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Figure S1. Pygo2 binding to histones is required for primary tumor growth and distant metastasis 

formation. 

Related to Figure 1 

(A) (i) Immunofluorescence analysis for cleaved Caspase-3 (cl Caspase-3; red) in tumor sections of 

+/+, AE/+ and AE/AE mice. Nuclei were counterstained blue with DAPI. Scale bar=50µm. (ii) 

Quantification of cleaved Caspase-3 positive cells in (i). Each dot represents the average number of 

cleaved Caspase-3-positive cells in each mouse. N=10 mice per genotype (1 tumor per mouse). Data 

represent mean ± SEM. 

(B) Immunohistochemical microscopy analysis to assess the expression and localization of Pygo2 in 

tumor sections of +/+, AE/+ and AE/AE mice. Magnification=20X. N=5 mice per genotype (1 tumor 

per mouse). 

(C) Total weight of mammary gland tumors in +/+, AE/+ and AE/AE mice sacrificed at the age 

indicated (in weeks). Each dot represents one mouse. Mice at 12 weeks of age are taken from the 

analysis from Figure 1A, ii. Data are represented as mean ± SEM. 

(D) Genotyping PCR for AE/+ or AE/AE mutation and PyMT oncogene in primary tumor-derived cell 

lines from +/+, AE/+ or AE/AE mice. ‘-’ represents a mouse negative for the PyMT oncogene and ‘+’ 

represents a positive control. 

(E) Primary tumor cell lines derived from +/+, AE/+ and AE/AE tumors were subjected to flow 

cytometry analysis following EdU/PI staining. Graph represents the percentage of cells in each phase 

of the cell cycle. N=3. Data represent mean ± SEM. 

(F) (i) Genomic DNA was isolated from tumor pieces of mice with indicated genotypes, and genotyping 

PCR was performed to confirm the deletion of Pygo1(D) in Pygo1fl/fl; M-Cre mice. (ii) Graph represents 

the total weight of all mammary gland tumors in Pygo1 WT (black) or Pygo1 conditional knockout 

(red) mice bearing the Pygo2 +/+, AE/+ and AE/AE mutation. Each dot represents one mouse. Data 

represent mean ± SEM. 

(G) Graphs represent the expression of Pygo2 in human breast cancer samples taken from the TCGA 

database with unmatched (top panel) or matched (bottom panel) normal mammary glands (NMG; 

N=112 unmatched and 105 matched), primary tumor (Tum; N=1069 unmatched and 102 matched) or 

metastases (Met; N=30 unmatched and 3 matched). Data represent mean ± SEM. 

(H) Immunohistochemistry for Pygo2 was performed on human breast cancer patient samples. Graphs 

represent quantification of Pygo2 positivity (i) across subtypes, (ii) TNM stages 1-3, (iii) BRE grades 

1-3, or (iv) in patients with lymph node metastasis.  

 

 

 

 



 
 

 

 



Figure S2. Pygo2 binding to histones is required for b-catenin-dependent Wnt signaling. 

Related to Figure 2 

(A) Primary tumor-derived +/+, AE/+ and AE/AE cell lines were treated with Wnt3a for 3 days 

followed by immunoblotting analysis for the canonical Wnt signaling targets c-Myc, cyclin-D1 and 

also non-phosphorylated active b-catenin. N=3.  

(B) Primary tumor-derived +/+, AE/+ and AE/AE cell lines were treated with the GSK3b inhibitor 

CHIR99021 (CHIR) for 3 days followed by RNA isolation and qRT-PCR for the canonical Wnt 

signaling targets Axin-2 and cyclin-D1. N=3. Data represent mean ± SEM. 

(C, D) Primary cells isolated from +/+, AE/+ and AE/AE tumors were subjected to an anchorage 

independent tumor spheroid formation assay. Tumor spheroids were immunostained after 7 days for 

active b-catenin (red) (C) and Axin-2 (green) (D). Nuclei were counterstained blue with DAPI. Scale 

bar=50µm. N=2 mice per genotype. 

(E) The tables display significantly up and down-regulated pathways obtained from gene ontology (GO) 

analysis of RNA sequencing and differential gene expression analysis between Pygo2 WT and AE/AE 

mutant cells. 

(F) ATAC sequencing was performed on Pygo2 AE/AE mutant (red) and WT (black) cells. Graphs 

represent regions of open chromatin (seen as peaks in IGV browser) around the TSS of the specified 

genes. Two biological repeats for each cell line are depicted. 

(G) Heatmap representing the expression of Wnt pathway genes in PYGO2 high and low-expressing 

breast cancer patients in the TCGA data base. 

 

  



 
 

 

 



Figure S3. Pygo2 binding to histones is required for TGFb signaling and EMT. 

Related to Figure 3 

(A) Tables represent significantly enriched pathways from GO analysis of RNA sequencing data in WT 

or AE/AE mutant cells treated for 4 days with TGFb.  

(B) Phase contrast photomicrographs of primary tumor-derived Pygo2  +/+ and AE/AE cell lines treated 

with TGFb for 4, 10 or 20 days. Scale bar=100µm.  

(C) Primary tumor-derived Pygo2 +/+ and AE/AE cell lines were treated with TGFb for 4 or 20 days 

followed by RNA isolation and qRT-PCR for EMT-related genes. N=3. Data represent mean ± SEM. 

(D) Human breast cell lines (i) Hs-578T and (ii) MDA-MB-231 transiently transfected with control or 

Pygo2 siRNA were treated with TGFb for 2 days followed by RNA isolation and qRT-PCR for the 

indicated genes. N=3. Data represent mean ± SEM. 

(E) Gene Set Enrichment Analysis (GSEA) on human breast cancer patients with low or high levels of 

Pygo2 using data from TCGA revealed (i) an enrichment of genes that are typically downregulated 

during EMT in Pygo2 high-expressing patients, and (ii) an enrichment of genes that are usually 

upregulated during EMT in the Pygo2 low-expressing patient group.   

 



 
 

 

 



Figure S4. Pygo2 binding to histones is required to suppress differentiation pathways. 

Related to Figure 4 

(A) The table displays significantly enriched pathways in Pygo2 AE/AE mutant cells compared to 

Pygo2 WT cells obtained from GO analysis of combined RNA sequencing and ATAC sequencing data.  

(B) The heatmap shows the RNA sequencing levels of all PDGF ligands and PDGF receptors in AE/AE 

mutant cells as compared with WT cells. Two biological repeats for each cell line are represented. 

(C) The graphs show the regions of chromatin (seen as peaks in IGV browser) obtained by ATAC 

sequencing around the TSS of genes which show differences in open chromatin between AE/AE mutant 

(red) and WT (black) cells. Two biological repeats for each cell line are shown. 

(D) A second set of primary tumor-derived +/+ and AE/AE cell lines (#2), were stimulated with PDGF-

BB ligand for 10 min. Immunoblots show the levels of phospho-PDGFRb (p-PDGFRb) and total-

PDGFRb (t-PDGFRb) levels. Alpha-tubulin (a-tubulin) was used as a loading control. N=3. 

(E) (i) Immunofluorescence microscopy analysis for Fibronectin (red) in tumor sections of +/+, AE/+ 

and AE/AE mice. Nuclei were counterstained blue with DAPI. N=5 mice per genotype (1 tumor per 

mouse). (ii) Immunofluorescence microscopy analysis for E-cadherin (red) and N-cadherin (green) in 

tumor sections of +/+, AE/+ and AE/AE mice. Nuclei were counterstained blue with DAPI. N=5 mice 

per genotype (1 tumor per mouse). Scale bars=50µm. 

(F) (i) Representative picrosirius red staining for collagen deposition in Pygo2 +/+ and AE/AE mutant 

tumors. Scale bar=250µm. (ii) Quantification of picrosirus red staining of (i) depicted as area fraction 

of the total tumor area. N=5 per genotype. Data represent mean ± SEM. 

(G) Quantitative RT-PCR was performed on RNA isolated from whole tumor lysates of +/+, AE/+ and 

AE/AE mice to assess the mRNA levels of Notch receptors and ligands. Axin-2 levels were also 

simultaneously analyzed in the same lysates. DCt values in the +/+ group were averaged and normalized 

to 1. Fold-change was calculated over WT (+/+) mice. Each dot represents one mouse. Data are shown 

as mean ± SEM. 

(H) Immunohistochemical microscopy analysis for Notch 3 in tumor sections of +/+ and AE/AE mice. 

Scale bar=50µm. N=5 mice per genotype (1 tumor per mouse). 

(I) Primary cells isolated from +/+ and AE/AE tumors were subjected to an anchorage-independent 

tumor spheroid formation assay. Tumor spheroids were immunostained after 7 days for Notch 3 (red) 

and E-cadherin (green). Nuclei were counterstained blue with DAPI. N=2 mice per genotype; Scale 

bar=50µm. 

(J) Gene Set Enrichment Analysis (GSEA) on human breast cancer patients with low or high levels of 

Pygo2 expression obtained from TCGA revealed an enrichment of the PDGFRb pathway in Pygo2 low-

expressing patient group.   

(K) Heatmap represents expression of PYGO2, PDGFRb and NOTCH 3 across 825 breast cancer 

patients (from Cancer Genome Atlas Network) using the cBioportal online tool.  



 
 

 



Figure S5. Pygo2 binding to histones is required to repress luminal cell fate. 

Related to Figure 5 

(A) (i) Phase contrast photomicrographs represent the morphology of solid or hollow tumor spheroids 

formed by primary cells isolated from +/+ and AE/AE mice. Scale bar=50µm. (ii) Quantification of the 

sphere formation efficiency over 3 passages of primary cells isolated from +/+ and AE/AE mice. N=2 

mice per genotype were analyzed. 

(B) Gene Set Enrichment Analysis (GSEA) of RNA sequencing data fromPygo2 +/+ and AE/AE tumor-

derived cell lines revealed that the luminal gene signature was upregulated in AE/AE (top) and 

downregulated in +/+ (bottom) tumor-derived cell lines. 

(C) Flow cytometry dot plot of the expression of CD29 and CD24 in primary cells derived from Pygo2 

+/+ and AE/AE mutant tumors. N=4, WT mice and N=2, AE/AE mice were analyzed. Data represent 

mean ± SEM. 

(D, i and ii) Phase contrast photomicrographs of the morphology of tumor spheroids formed by two 

independent Pygo2 +/+ and AE/AE tumor-derived cell lines (#1 and #2) upon PDGFR inhibition with 

AG1296 (Pi) and ligand stimulation with PDGF-BB. Scale bar=100µm. N=2. 

(E) Quantitative RT-PCR analysis of the mRNA expression of differentiation markers Gata3 and Fabp4 

in spheroids generated by Pygo2 AE/AE mutant cells upon treatment with PDGF-BB or PDGFR 

inhibitor AG1296 compared to DMSO control-treated spheroids. N=3. Data represent mean ± SEM. 

(F) Phase contrast photomicrographs of the morphology of tumor spheroids formed by +/+ and AE/AE   

tumor-derived cell lines (#1) upon Notch inhibition with the gamma-secretase inhibitor DAPT. Scale 

bar=100µm. N=2. 

(G) Primary tumor-derived AE/AE cells were transiently transfected transiently with either control or 

siRNA against PDGFRb  for 3 days followed by RNA isolation and qRT-PCR analysis for the 

expression of genes related to ECM organization. N=3. Data are represented as mean ± SEM. 

 

  



 
 

 

 



Figure S6. Pygo2 binding to histones drives canonical Wnt signaling and suppresses PDGFR 

expression through miR-29 expression. 

Related to Figure 6 

(A) Table represents the names of DNA binding motifs enriched in AE/AE mutant cells compared to 

WT cells as obtained from ISMARA analysis of differential gene expression data between WT and 

AE/AE mutant cells. Z-value cutoff >2.5 was used for analysis. 

(B) (i and ii) Graphs depict the mRNA expression of indicated genes on (i) Snai1 and (ii) Tfdp1 

transcription factor knockdown in AE/AE mutant cells. N=3. Data are represented as mean ± SEM. 

(C) The schematic network illustrates the genes regulated in our dataset which are also known targets 

of miR-29 family members. Data was obtained by ISMARA analysis of differential gene expression 

data between WT and AE/AE mutant cells.  

(D)(i) The transient expression of each miR-29 family member in the Pygo2 AE/AE mutant cell line as 

described in Figure 6B was assessed by qRT-PCR. N=3. Data are represented as mean ± SEM. (ii) The 

mRNA expression levels of WIF1 and sFRP2 upon overexpression of each member of the miR-29 

family in Pygo2 AE/AE mutant cells were determined by qRT-PCR. N=3. Data represent mean ± SEM. 

(E) Immunoblotting analysis for PDGFRb and WIF1 expression upon the transient expression of miR-

29 family members in Pygo2 WT and AE/AE mutant cells. N=4.  

(F) Quantitative RT-PCR analysis of the expression of PDGFRa, PDGFRb and WIF1 upon 3 days of 

expression of miR-29-3p family members in a second primary tumor-derived AE/AE mutant cell line. 

N=3. Data are represented as mean ± SEM. 

 

 



 
 

 

 

 



Figure S7. Pygo2 binding to histones drives canonical Wnt signaling and suppresses PDGFR 

expression through miR-29 expression. 

Related to Figure 6 

(A) Growth curves of Pygo2 AE/AE cells transiently expressing control miRNA or miR-29 family 

members as quantified by an MTT-based assay, N=2. Data are represented as mean ± SEM. 

(B) Quantitative RT-PCR analysis of the overexpression of (i) each miR-29 family member and (ii) 

PDGFRb and WIF1 upon sustained overexpression of a control miRNA or each member of the miR-

29 family in AE/AE mutant cells. N=3. Data are represented as mean ± SEM.  

(C) Quantification of the tumor mass generated by the orthotopic implantation of AE/AE mutant cells 

stably overexpressing miRNA control or miR-29 family members at the time of tumor resection. Each 

dot represents one mouse. 

(D) Number of lung metastases formed in NSG mice orthotopically transplanted with AE/AE mutant 

cells stably overexpressing miRNA control or miR-29 family members. 

(E) Heatmap displays the expression of miR-29 family members in human breast cancer patients 

classifed according to PAM50 subtypes (Breast cancer subtypes), TNBC subtype, or BRE grade. A 

significant association between PAM50 subtypes and BRE Grade was observed. 

(F) Top: Schematic depiction of the promoter region (2500 bp upstream and 200 bp downstream of the 

TSS) of WIF1. Red vertical lines mark the positions for TCF/LEF motifs, and red arrows indicate the 

primer pairs (1-3) that were used to amplify the regions containing the TCF/LEF motifs in ChIP 

experiments. Bottom: Graph represents the fold-enrichment by ChIP with antibodies against b-catenin 

and Pygo2 at WIF1 promoter regions in Pygo2 +/+ versus AE/AE mutant cells. An intergenic-1 (IG1) 

region was used as a negative control. Pygo2 and b-catenin occupancy at the Notch3 promoter (site ‘e’ 

from (1)) was used as a positive control. Data were normalized to control IgG and are presented as 

mean fold-enrichment above background ± SEM. N=3. 

 

 

 

Suppl. Table I: Sequences of all PCR primers used in the study. 

Suppl. Table II: Excel File list of differentially expressed genes (DEGs) obtained from bio-informatics 

based analysis of RNA-Sequencing performed between Pygo2+/+ and Pygo2AE/AE cell lines. 

Suppl. Table III: Excel file list of differentially expressed extracellular matrix genes (ECM) in 

untreated (UT) or Wnt3a-treated (Wnt3a) AE/AE mutant cells. 

 

Suppl. Video 1: Confocal analysis of a Pygo2+/+ tumor spheroid stained for b-catenin. (Related to 

Figure S2C). 



Movie depicts the staining for b-catenin (red) in primary cell-derived tumor spheroids from a Pygo2+/+ 

mouse. Nuclei were counterstained blue with DAPI. N=2 mice per genotype. Movie was rendered on 

the images acquired in Z-stack on Leica SP5 confocal microscope. N=2 mice per genotype.  

 

Suppl. Video 2: Confocal analysis of a Pygo2AE/AE tumor spheroid stained for b-catenin. (Related to 

Figure S2C). 

Movie depicts the staining for b-catenin (red) in primary cell-derived tumor spheroids from a 

Pygo2AE/AE mouse. Nuclei were counterstained blue with DAPI. N=2 mice per genotype. Movie was 

rendered on the images acquired in Z-stack on Leica SP5 confocal microscope. N=2 mice per genotype.  

 

Suppl. Video 3: Confocal analysis of a Pygo2+/+ tumor spheroid stained for Axin-2. (Related to Figure 

S2D). 

Movie depicts the staining for Axin-2 (green) in primary cell-derived tumor spheroids from a Pygo2+/+ 

mouse. Nuclei were counterstained blue with DAPI. N=2 mice per genotype. Movie was rendered on 

the images acquired in Z-stack on Leica SP5 confocal microscope. N=2 mice per genotype.  

 

Suppl. Video 4: Confocal analysis of a Pygo2AE/AE tumor spheroid stained for Axin-2. (Related to 

Figure S2D). 

Movie depicts the staining for Axin-2 (green) in primary cell-derived tumor spheroids from a 

Pygo2AE/AE mouse. Nuclei were counterstained blue with DAPI. N=2 mice per genotype. Movie was 

rendered on the images acquired in Z-stack on Leica SP5 confocal microscope. N=2 mice per genotype.  

 

 

 Supplementary Table I 

PCR Primer sequences 

Name Forward (5’-3’) Reverse (5’-3’) 
Primers used for Genotyping  
PyMT 
transgene 

CGGCGGAGCGAGGAACTGAGG TCAGAAGACTCGGCAGTCTTAG  

Pygo2A342E CCAGAAACAGAGGTAGG CTGTACACGAAAGCCTCC 
Pygo1fl/fl ATGGTCCGCATATATTTCTG TGGCGCCCAGCACATAGAC 
Pygo1D ATGGTCCGCATATATTTCTG CCCCCCATTAATCTCATTTC 
Primers used for qPCR (mouse) 
Axin-2 GGGGGAAAACACAGCTTACA TTGACTGGGTCGCTTCTCTT 
cyclin-D1 CCAGAGTCATCAAGTGTGACC CACGTCGGTGGGCGTGCAGG 
N-cadherin CAATGACGTCCACCCTGTTCT CTGCCATGACTTTCTACGGAGA  
Bcan CGCTCACGGATGTGTCTCTA TCCAGCAAAGGAGAAAGCAT 
Chst11 GCATCCAGCTCAACAGTGAA TTCTTGTGTTGGGCAATGAA 
Col2a1 CAACACAATCCATTGCGAAC TCTGCCCAGTTCAGGTCTCT 
Col4a1 AAAGGGAGAAAGAGGCTTGC CCTTTGTACCGTTGCATCCT 



Col9a2 AGTGGGGCTACCAGGTTTCT AACCCCTCCCTCACTGAACT 
c-Myc GAGACACCGCCCACCACCAGC GGCACCTCTTGAGGACCAGTGG 
Dll1 GGGACAGAGGGGAGAAGATG CACACCCTGGCAGACAGAT 
Dll4 AGGTGCCACTTCGGTTACAC GGGAGAGCAAATGGCTGATA 
Dp-1 CACCAGCAGGAAGACAGTCA GCTTGAGCACCTCAATGTCA 
ERa TGTGCACCCTGGAAATAACA AGCGTTGTTTGTACGCTGTG 
ERb GAAGCTGGCTGACAAGGAAC AACGAGGTCTGGAGCAAAGA 
Fabp4 TCACCTGGAAGACAGCTCCT AATCCCCATTTACGCTGATG 
Fibronectin CCCAGACTTATGGTGGCAATT  AATTTCCGCCTCGAGTCTGA 
Gata3 GTGGTCACACTCGGATTCCT GCAAAAAGGAGGGTTTAGGG 
Itga11 CTGAGCCTTGCCACCAAC CACTCGTGCGACCAGAGA 
Itgb3 GTCCGCTACAAAGGGGAGAT TAGCCAGTCCAGTCCGAGTC 
NCAM-1 CAGGAGTCCTTGGAATTCAT  TGGAGAAGACGGTGTGTCTG  
Notch 1 GGACATGCAGAACAACAAGG CAGTCTCATAGCTGCCCTCA 
Notch 2 TGCCTGTTTGACAACTTTGAGT GTGGTCTGCACAGTATTTGTCAT 
Notch 3 AGCTGGGTCCTGAGGTGAT AGACAGAGCCGGTTGTCAAT 
Notch 4 GGACCTGCTTGCAACCTTC CCTCACAGAGCCTCCCTTC 
PDGF-A GTGCGACCTCCAACCTGA GGCTCATCTCACCTCACATCT 
PDGF-B CGGCCTGTGACTAGAAGTCC GAGCTTGAGGCGTCTTGG 
PDGF-C TGTGTCCCACGTAAAGTTACAAA TCAGTGAGTGACTTATGCAATCC 
PDGF-D TGTATCTGGACACCCCTCATT GCCTGTCCAGGTCCACTTT 
PDGFRa ACCTCCCACCAGGTCTTTCT GCCAGCTCACTTCACTCTCC 
PDGFRb ACCTGCAGAGACCTCAAAAGGTG CTGATCTTCCTCCCAGAAAGTCACA 
Pgr GGTGGAGGTCGTACAAGCAT CTCATGGGTCACCTGGAGTT 
Procr CTCTCTGGGAAAACTCCTGACA CAGGGAGCAGCTAACAGTGA 
RPL19 ATCCGCAAGCCTGTGACTGT TCGGGCCAGGGTGTTTTT 
Sdc3 AGCTGCAGTCTTGGGGACTA ACCCACTGCCTCTTCTCTCA 
sFRP-2 AGCCTGAGAATCGGCATCTA TATTTGAGGGCATCATGCAA 
Snai1 CTCTGAAGATGCACATCCGAA GGCTTCTCACCAGTGTGGGT 
Vimentin CCAACCTTTTCTTCCCTGAA TTGAGTGGGTGTCAACCAGA 
WIF-1 CGGCAGACACTGCAATAAGA GCTGTGAACCCGGTGTAACT 
Zeb1 GCCAGCAGTCATGATGAAAA TATCACAATACGGGCAGGTG 
Zeb2 GGAGGAAAAACGTGGTGAACTAT GCAATGTGAAGCTTGTCCTCTT 
Primers used for qPCR (human) 
Axin-2 CGGAAACTGTTGACAGTGGA CACTGGATATCTCACTGTCGTTG 
Cyclin-D1 GACCTTCGTTGCCCTCTGT GGTTCAGGCCTTGCACTG 
Fibronectin GAACTATGATGCCGACCAGAA GGTTGTGCAGATTTCCTCGT 
N-cadherin TAGTCACCGTGGTCAAACCAAT GTGCTGAATTCCCTTGGCTAAT 
Pygopus2 TCATGCACACATTCCTCCAT  GCCTCAAAGGTTGTCAGCTC  
Vimentin AGTCCACTGAGTACCGGAGAC CATTTCACGCATCTGGCGTTC 
Zeb1 GCCAACAGACCAGACAGTGTT TCTTGCCCTTCCTTTCCTG 
Primers used for ChIP-qPCR  
miR-29a/b1_1 CCCAGAGTCCGCACTTGTAT ATTTCAGCAAGTCCCAGCTC 
miR-29a/b1_2 CTTTCGGTTTGGTGCTGTTT CCAGGCTACAGACTGGGAAT 
miR-29a/b1_3 TAGGTGAAGTCCCATGCACA GGGGCACAGCACTGTTTAAG 
miR-29a/b1_4 AGCACCTGGCTGATCTTCTC AGCCGGCTTAGTCCATGTAA 
miR-29a/b1_6 CAAAAGACCTGAACTCACTACTGC ATAAGCGTGACACTTTTTACTTCCA 
miR-29a/b1_7 ACCTTCCCTCTCCGTAGGAA GGCAGCGAAGTAGTTCTCCA 
miR-29a/b1_8 ACGTTGGAGCCACAGGTAAG TTCTAAAACACACCCACCATCA 
PDGFRB_1 CCAGGGAGTTTGCCTTTGTA CGGAAAAGGGGATTGAAAC 



PDGFRB_2 AGGTAGTCATGGTCTCTCTCTCTC ACTGTCCAGGCAGCAGTGAC 
PDGFRB_3 CTGTAAGATTTGCTGTTTCTGGA TGGAGCTTTCTCCCTTGCTA 
PDGFRB_4 TAACCGATTTCTCAGGGTTGG CCAAGCACAAGGTCTAGGTG 
WIF-1_1 AATCCTCACTTGGAGGAAGC TCGTTGAAGGTTTTTCTTCCGTA 
WIF-1_2 TTTTCCGGGGTCTGAAAACT CATTACCTCTGCACGGAAGG 
WIF-1_3 TGCTTTCCGTTAGCTCCACT GTGAATGAAAACGGGGACAC 
IG1 GCTCCGGGTCCTATTCTTGT  TCTTGGTTTCCAGGAGATGC 
Notch3 GGGTGCGGCTACTTTTGTT GACTTGCAGACCTCGGTACA 

 

 

 

Supplemental Material and Methods 

 

Tumor cell transplantation 

For orthotopic implantations, 12–13 weeks old immunocompromised NOD/ SCID; common gamma 

receptor -/- (NSG) female mice were anesthetized with isoflurane and injected with 1×106 Pygo2 

AE/AE mutant cells stably overexpressing either the control miRNA or miR-29-a, miR-29-b or miR-

29-c in 100µl Matrigel plus PBS (1:1) in the 9th mammary fat pad. Tumors were measured during their 

progression and mice were sacrificed when either the tumors reached the total volume of 1.5cm3 or 

when mice appeared unhealthy during the course of the experiment, whichever was earlier. 6 mice per 

cohort were used. Tumor volume was calculated according to the formula V = 0.543 × (L × W × W) 

where L represents length and W represents width of tumors measured by a digital Vernier caliper. 

 For tail vein injections, 12-13 weeks old NSG mice were injected with 1×106 Pygo2 AE/AE 

mutant cells stably overexpressing either the control miRNA or miR-29-a, miR-29-b or miR-29-c in 

100µl PBS into the tail vein (intravenously). Mice were routinely observed for general health status. 

Mice were sacrificed 4 weeks post-injection and lungs were assessed for metastases formation 

histologically. 6 mice per group were used. All studies involving mice were approved by the Cantonal 

Veterinary Office of Basel Stadt (license numbers 1878 and 1907). During the whole course of animal 

experiments, all efforts were made to minimize suffering.  

 

Tissue collection 

For tumor growth, mice were sacrificed at 12 weeks of age (unless otherwise specified) before a tumor 

volume of 1500 mm3 was reached. All mammary glands were resected and weighed, and the sum was 

represented as tumor mass in grams (g). Small pieces were taken from the tumors of mammary gland 

2/3 for RNA expression, protein expression and genotyping. Rest of the tumor was divided into two 

equal halves for making OCT or paraffin blocks for subsequent immunofluorescence or 

immunohistochemical analysis, respectively. Lungs from the same mice were collected in 4% 

paraformaldehyde for subsequent quantification of metastatic lesions. 

 



Tumor staging and lung metastases estimation 

For histopathological analysis, tissues (mammary tumors or lungs) were fixed in 4% paraformaldehyde 

overnight at 4°C followed by embedding in paraffin after ethanol/xylene dehydration. Paraffin-

embedded samples were cut at 5 µm thickness and subjected to Hematoxylin and Eosin (H&E) staining. 

For tumor staging, photomicrographs of whole mammary gland tumors were captured on a Zeiss Axio 

Imager Scanning Microscope at 10X magnification with ZEN software and stitched together. After 

acquisition of the pictures of the upper (gland 1 and 2) and lower (gland 4) mammary gland tumors, the 

hyperplasia-, adenoma- and carcinoma-like areas were outlined using the polygon-function of ImageJ 

and the area was calculated. The sum of all the areas was considered as 100%, and the percentages of 

hyperplasia-, adenoma- and carcinoma-like areas were calculated and represented as a part of this 100%.  

To quantitate lung metastases, in the transgenic mice or the NSG mice in which AE/AE cells were 

injected orthotopically, 9 slides per organ spaced 50µm were stained with H&E and number of 

metastases in the lungs were counted under the microscope at 10 X magnification.  

 To quantify lung metastasis in NSG mice tail vein injected with AE/AE cells, resected lungs 

were sectioned and one of the sections from the middle of the lung was stained with H&E. The whole 

lung sections were then scanned using the Zeiss Axio Imager Scanning Microscope at 10X 

magnification with ZEN software and the lung metastases were quantified in Image J software.  

 

Generation of Pygo2 AE/AE mutant cells stably overexpressing miR-29 

Lentiviral control miRNA vector (Scramble control hairpin in pCDH-CMV-MCS-EF1-copGFP;  SBI-

PMIRH000PA-1) or vectors expressing miR-29-a (Mouse pre-microRNA Expression Construct mir-

29a; SBI-MMIR-29A-PA-1), miR-29-b (Mouse pre-microRNA Expression Construct mir-29b-1; SBI-

MMIR-29B-1-PA-1), or miR-29-c (Mouse pre-microRNA Expression Construct mir-29c; SBI-MMIR-

29C-PA-1) were procured from Systems Biosciences. In order to produce lentiviral particles, HEK-

293T cells were transfected with the miRNA containing plasmids, the helper vectors pMDL and pREV 

and the envelope encoding plasmid pVSV using FuGENE® HD (Promega). 48 hours post transfection, 

the viral particles were harvested and used to infect Pygo2 AE/AE mutant cells with 8 µg/ml polybrene. 

48 hours post-infection, the GFP positive cells were sorted on BD FACS Aria Flow Cytometer (BD 

Biosciences) and allowed to recuperate and proliferate in a 6cm petri dish with DMEM cell culture 

media supplemented with 10% FBS, 2mM Glutamine and penicillin/ streptomycin. Early passages of 

the cells were confirmed for miR-29 overexpression compared to the control cells and then used for 

transplantation into mice.  

 

Mouse genotyping 

To extract genomic DNA, mouse toe (~1 to 2mm) was dissociated with 5µl Proteinase K (10mg/ml). 

To the tissue, 45 µl tail tip buffer (50mM Tris-HCl pH8, 100mM NaCl, 100mM EDTA, 1% SDS) was 

added, followed by incubation at 55ºC for 60 minutes. The samples were mixed and spun at full speed 



in a tabletop centrifuge. Supernatant was added to 1 ml water, boiled for 5 minutes in a thermomixer 

and stored at 4ºC. The samples were analyzed using standard PCR procedures. The nucleotide 

sequences of the primers used for genotyping are listed in Suppl. Table III. 

 

Cell line genotyping 

To extract genomic DNA, cells grown on a confluent 10 cm petri dish were trypsinized, washed in PBS 

and pelleted. To the pellet, 250µl of Buffer B (20mM Tris-Cl pH 7.4, 4mM EDTA, 10mM NaCl) and 

5µl of 20mg/ml Proteinase K were added. Following incubation at 55°C for 2 hours, 200µl 5.3M NaCl 

was added and samples were centrifuged at 13,000 g for 20 minutes at 4°C. The supernatant was 

transferred to a fresh tube and DNA was precipitated by adding equal volume of cold isopropanol. 

Samples were centrifuged at 13,000 g for 20 minutes at 4°C and the pellet was washed with 70% 

ethanol. The DNA pellet was dried for 15 minutes at 37°C and then suspended in 100µl of TE buffer. 

The samples were analyzed using standard PCR procedures. The nucleotide sequences of the primers 

used for genotyping are listed in Suppl. Table III. 

 

Immunofluorescence of tissue sections, cell lines and tumor spheroids 

For immunohistochemistry, tumors were fixed at 4°C in 4% paraformaldehyde for 2 hours, followed 

by cryopreservation overnight in 20% sucrose (in PBS) prior to embedding in OCT-compound freezing 

matrix. For immunofluorescence analysis, cryosections were cut at 7µm thickness and dried for 30 

minutes prior to rehydration in PBS. Tissue sections were permeabilized with 0.2% TritonX-100 (in 

PBS) and blocked for 30 minutes in 5% normal goat serum (in PBS) followed by incubation with the 

primary antibody in blocking buffer overnight at 4°C. Next day, sections were incubated with 

fluorophore-coupled secondary antibody (Alexa Fluor, Invitrogen) for 1 hour at room temperature in 

dark. Cell nuclei were counterstained with DAPI (Sigma-Aldrich). After staining, the coverslips were 

mounted in fluorescence mounting medium (Dako, S302380-2) on microscope slides and imaged using 

a fluorescence microscope (Leica DMI 4000). 

For immunocytochemistry, cells were grown on uncovered glass coverslips (#1, 12 mm round, 

Menzel-Glaser) and treated with TGFb1 for 4 days. Cells were fixed with 4% paraformaldehyde for 20 

minutes at room temperature, followed by permeabilization with 0.5% NP40 for 5 minutes and blocking 

with 3% BSA/0.01% Triton X-100 (in PBS) for 30 minutes. Cells were then incubated with primary 

antibodies diluted in blocking solution at room temperature for 2 hours followed by incubation with a 

fluorophore-coupled secondary antibody (Alexa Fluor, Invitrogen) for 1 hour at room temperature in 

dark. Cell nuclei were counterstained with DAPI (Sigma-Aldrich, D9542). After staining, the coverslips 

were mounted in fluorescence mounting medium (Dako, S302380-2) on microscope slides and imaged 

using a fluorescence microscope (Leica DMI 4000). 

Tumor spheroids were harvested by spinning down at 1000 g, 4 minutes, washed once with 1X 

PBS followed by 10 minutes fixation at room temperature in prechilled 1:1 methanol:acetone. The fixed 



spheroids were added to wells of 15-well IBIDI slides (IBIDI, 81506) and air dried for storing at -20°C 

or subsequent immunofluorescence. For staining, spheroids were rehydrated for 15 minutes in PBS at 

room temperature and then exposed to 1X warm trypsin for 2 minutes at room temperature. After 

washing thrice with PBS, spheroids were permeabilized with 0.5% TritonX-100 in conjunction with 

blocking in 3% BSA for 1 hour. Spheroids were then incubated with primary antibodies at 4°C, 

overnight. After three washes, spheroids were incubated with fluorophore-coupled secondary antibody 

(Alexa Fluor, Invitrogen) and DAPI (2µg/ml) parallelly for 1 hour at room temperature in dark. 

Following three washes, spheroids were mounted with IBIDI mounting medium (IBIDI, 50001). 

Spheroids were imaged on a Leica SP5 confocal microscope.  

 

Immunohistochemistry 

Paraffin embedded, 4% PFA fixed tumors were cut on a microtome at 7µm thickness and ribbons of 2-

3 sections were taken per slide. For staining, the sections were de-paraffinized in Roticlear followed by 

stepwise rehydration in 100, 90, 80, 70, 30% ethanol and finally water. Antigen retrieval was performed 

in citrate buffer (10mM, pH6) in a pressure cooker. Following permeabilization in 0.2% Triton X-100 

(in PBS) for 20 minutes, samples were blocked with 5% normal goat serum (in PBS), for one hour 

followed by overnight incubation with specified primary antibodies at 4°C. Samples were further 

processed using DAKO EnVison dual link system HRP (Dako, K4065) according to manufacturer’s 

instructions. Finally, the samples were briefly stained with hematoxylin and then dehydrated stepwise 

in increasing concentrations of ethanol and xylene and mounted with cytoseal (Thermo Scientific, 8312-

4). Images were captured on a Leica DMI 4000 microscope. 

Immunohistochemistry on human breast tumor sections was performed using anti-Pygopus2 

antibody (Abcam, ab155262) at dilution 1:100, pH=6. Staining was performed on a Benchmark 

immunohistochemistry staining system (Bond, Leica) with BOND polymer refine detection solution 

for DAB. All the samples were evaluated by a pathologist. For both tumor and non-tumor breast tissues 

separately, the staining intensity (scored on a scale of 0–3+) and the proportion of positive tumor cells 

were recorded for each tissue. Nuclear and cytoplasmic staining was considered. Based on these values, 

a final IHC result was calculated according to the following criteria: Negative in case of no staining at 

all or in weak; positive in case of moderate, and strong (weak: 1 + staining intensity in ≤70 % positive 

tumor cells or 2+ staining intensity in ≤30 % positive tumor cells; positive subclassified in moderate: 

1+ staining intensity in >70 % tumor cells, 2+ in >30 % but ≤70 % positive tumor cells or 3+ in ≤30 % 

positive tumor cells; strong: 2+ >70 % or 3+ >30 % positive tumor cells) (2). The pathologic stage, 

tumor diameter, and nodal status were obtained from the primary pathology reports. All slides from all 

tumors were reviewed by one of a pathologist to define the histologic grade according to Bloom, 

Richardson, Elston-Ellis grading [BRE] (3) and the histological tumor type. 

 

Picro Sirius red staining and quantification 



Staining for collagen deposition in Pygo2 WT and AE/AE mutant tumor sections was performed with 

the Picro Sirius Red Stain Kit (Connective Tissue Stain) from Abcam (ab150681) according to the 

manufacturer’s instructions. The whole tumor sections were then scanned using the Zeiss Axio Imager 

Scanning Microscope at 20 X magnification with ZEN software and the quantification of the staining 

was performed using Image J software by applying pre-set thresholding. Shanbagh preset thresholding 

was used to quantify the area stained with Picro Sirius red and Otsu preset thresholding was used to 

calculate the whole tumor section area. Ratio of Shanbagh/ Otsu was calculated and represented as area 

fraction graphically. 

 

RNAi transfections 

For Pygo2 siRNA transfections in human breast cancer cells, 1.5×105 BT-474, BT-549, Hs-578T or 

MDA-MB-231 cells were seeded in 6 well plates and reverse transfected with 20nM non-targeting 

control siRNA (Dharmacon ON-TARGETPlus Non-targeting Pool; D-001810-10-20) or human Pygo2 

siRNA (SMARTpool: ON-TARGETplus; L-017154-00-0005) using Lipofectamine RNAimax 

(ThermoFisher Scientific) as per the manufacturer’s instructions. Two days later, the cells were re-

transfected with siRNA followed by treatment with either TGFb (2ng/ml) or Wnt3a (100ng/ml) for 

another 2 days. After a total of 4 days knockdown and 2 days treatment with TGFb or Wnt3a, cells 

were harvested in TRI reagent (Sigma) for RNA isolation and subsequent RT-qPCR analysis.  

For PDGFRb siRNA transfections, 2×105 Pygo2 AE/AE cells were seeded in 6 well plates and 

reverse transfected with 20nM non-targeting control siRNA (Dharmacon ON-TARGETPlus Non-

targeting Pool; D-001810-10-20) or  PDGFRb siRNA (SMARTpool: ON-TARGETplus; L-048218-

00-0005). 3 days post transfection, cells were harvested in TRI reagent (Sigma) for RNA isolation and 

subsequent RT-qPCR analysis.  

 

RNA-isolation and RT-qPCR, miRNA qPCR 

Total RNA was isolated using the guanidine isothiocyanate and phenol/chloroform method from cells 

harvested with TRI reagent (Sigma-Aldrich). Reverse transcription of mRNA was carried out using 

ImProm-II™ Reverse Transcription System (Promega, A3803) according to the manufacturer’s 

instructions. mRNA levels were quantified by real-time qPCR using PowerUp SYBR Green Master 

Mix (ThermoFisher, A25743) according to the manufacturer’s instructions. Mouse Riboprotein L19 

(mRPL19) primers were used for normalization. qPCR assays were performed in duplicates, and fold 

changes were calculated using the comparative Ct method (DDCt). Sequences of the specific primers 

used in the study are listed in Suppl. Table III.  

To estimate miRNA expression, total RNA containing the miRNA fraction was isolated using 

miRNAeasy Mini kit (Qiagen, 217004) according to the manufacturer’s instructions. Mature miRNAs 

were reverse-transcribed by using the miRCURY LNA RT kit (Qiagen/Exiqon; 339340) and estimated 



by qPCR using miRCURY LNA SYBR Green PCR kit (Qiagen/ Exiqon, 339345) according to the 

manufacturer’s instructions. miR-29a-3p (Qiagen/Exiqon; YP00204698), miR-29b-3p 

(Qiagen/Exiqon; YP00204679) and miR-29c-3p (Qiagen/Exiqon; YP00204729) expression was 

measured by RT-qPCR and normalized to U6 small nuclear RNA (Qiagen/ Exiqon; 203907) expression 

as internal control. Fold changes were calculated using the comparative Ct method (DDCt).  

 

Immunoblotting 

Cells were lysed on ice for 30 minutes in RIPA buffer (50mM Tris-HCl (pH8.0), 15 mM NaCl, 10% 

glycerol, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 2mM MgCl2, 2mM CaCl2) with 1mM DTT, 

1mM NaF, 2mM sodium orthovanadate and 1X protease inhibitor cocktail (Sigma-Aldrich) followed 

by scraping into tubes and centrifugation for 10 minutes at 10,000 rpm at 4°C. Protein concentration in 

the supernatants was determined using Bio-Rad Bradford solution (BioRad, 500-0006) according to the 

manufacturer’s instructions. Proteins were mixed with 1X Laemmli sample buffer and equal amounts 

were size-fractionated on SDS polyacrylamide gels. Proteins were then transferred onto an Immobilon-

P PVDF membrane (Millipore) using the wet transfer method for 2 hours at constant current (0.4A). 

Following blocking for 1 hour in 5% skimmed milk prepared in TBS containing 0.05% Tween 20, the 

membranes were incubated with appropriate primary antibodies overnight at 4°C. Next day, after 

washes, the blots were incubated with HRP-conjugated secondary antibodies for 1 hour at room 

temperature and visualized with Immobilon Western Chemiluminescent HRP Substrate (Millipore, 

WBKLS0500) on a Fusion Fx7 chemiluminescence reader.   

For immunoblotting using tumor tissues, lysates were prepared by adding 300µl of T-Per tissue 

protein extraction reagent (ThermoFisher, 78510) to the tumor piece in Metal Bead Lysing matrix tubes 

(MP Biomedicals, 116925050) followed by homogenization using MP Fastprep-24. Subsequent steps 

including protein concentration estimation and immunoblotting were same as described above for cell 

lines. 

 

miRNA overexpression 

miRNA mimics for mir-29-3p family members were procured from ThermoFisher (Pre-miRTM 

miRNA precursor, Catalog no. AM17100, Assay ID, PM10618, PM12499 and PM10103). 50 nM of 

mimics were reverse transfected into cells using RNAiMax (Thermo Fisher, 13778150) according to 

manufacturer’s instructions. Pre-miRTM miRNA Precursor molecules negative control #1 

(ThermoFisher, AM17110) was used as a control. Three days later, cells were harvested in Qiazol 

(Qiagen, 79306) and subjected to RNA isolation and qRT-PCR analysis as described above.  

 

RNA sequencing 



Pygo2 WT and AE/AE mutant cell lines were either treated with Wnt3a for 3 days or TGFb for 4 days. 

Each treatment had its own untreated control. Biological duplicates were prepared for RNA sequencing. 

Total RNA was isolated from the samples above using the miRNeasy Mini Kit (Qiagen, 217004) with 

on-column DNAse digestion according to the manufacturer’s instructions. RNA quality control was 

performed with an RNA ScreenTape on the Agilent 4200 TapeStation and the concentration was 

measured by using the Quanti-iT RiboGreen RNA assay Kit (Life Technologies). 200 ng of RNA was 

processed with the TruSeq Stranded mRNA HT Sample Prep Kit (Illumina). Library QC was performed 

with a Fragment Analyzer (AATI) using the Standard Sensitivity NGS Fragment Analysis Kit (DNF-

473). RNA-Seq libraries were sequenced with the SR75 with NextSeq 500 High Output v2 kit 

(Illumina) on an Illumina NextSeq 500 using protocols defined by the manufacturer. Primary data 

analysis was done using Illumina RTA Version 2.4.11. 

Single-end RNA-seq reads (75-mers) were mapped to the mouse genome assembly, version 

mm10, with RNA-STAR, with default parameters except for allowing only unique hits to genome 

(outFilterMultimapNmax=1) and filtering reads without evidence in spliced junction table 

(outFilterType="BySJout"). Expression levels per gene (counts over exons) for the RefSeq mRNA 

coordinates from UCSC (genome.ucsc.edu, downloaded in December 2015) were quantified using 

qCount function in QuasR package (version 1.12.0). The differentially expressed genes were identified 

using the edgeR package (version 3.14.0). Genes with p-value ≤ 0.05 and minimum log2 fold change of 

+/- 0.58 were considered as differentially regulated and were used for downstream functional and 

pathway enrichment analysis. 

 

ATAC sequencing 

Pygo2 WT and AE/AE mutant cell lines were either treated with Wnt3a for 3 days or TGFb for 4 days. 

Each treatment had its own untreated control. Biological duplicates were prepared for ATAC-Seq 

(Assay for Transposase-Accessible Chromatin with high throughput Sequencing).  Barcoded libraries 

were prepared according to the protocol described previously (4). 75x10^3 cells were used in each 

transposition reaction using the Nextera Tn5 Transposase kit (Illumina, FC-121-1030) followed by 

purification using Qiagen MinElute PCR purification kit (Qiagen, 28004). Transposed DNA fragments 

were PCR amplified over 13 cycles using barcoded PCR primers and NEB High Fidelity PCR Master 

Mix (NEB, M0541). Libraries were purified using QIAquick PCR purification kit (Qiagen, 28104) and 

library QC was performed with a Fragment Analyzer (AATI) using the High Sensitivity NGS Fragment 

Analysis Kit (DNF-474). Libraries were sequenced PE41 with NextSeq 500 High Output v2 kit 

(Illumina) on an Illumina NextSeq 500 using protocols defined by the manufacturer. Primary data 

analysis was done using Illumina RTA Version 2.4.11. 

Paired-end RNA-seq reads (41-mers) were mapped to the mouse genome assembly, version 

mm10, using Bowtie2 alignment tool with default parameters. After alignment, duplicate reads were 



marked and removed using MarkDuplicates (Picard) (http://broadinstitute.github.io/picard) from the 

BAM files. Peaks were identified from replicates using “getDifferentialPeaksReplicates.pl” option and 

further annotated using “annotatePeaks.pl” option, both the above-mentioned programs are part of 

HOMER’s (Version 4.5) pipeline. The differential peaks were visualised using high-performance 

visualization tool Integrated Genomics Viewer (IGV).  

 

Functional enrichment analysis 

Functional enrichment analysis of differentially expressed genes for biological processes or pathways 

were performed in R using several publicly available Bioconductor resources, including org.Ms.eg.db 

(version 3.6.0) GO.db (version 3.6.0), GOstats (version 2.48.0), KEGG.db (version 3.2.3) and 

ReactomePA (version 1.26.0). Significance of each biological processes or pathways identified was 

calculated using the hypergeometric test (equivalent to Fisher’s exact test) and those processes and 

pathways with p-values ≤ 0.05 were considered significant. Since various GO terms from functional 

enrichment analysis (Reactome) contained the same genes, they were compressed under one term and 

represented according to their significance. 

 

Gene-set enrichment analysis 

The Gene Set Enrichment Analysis (GSEA) analysis was performed using JAVA application from the 

Broad Institute version 3.0 (5). The gene sets used for the analysis were derived from Molecular 

Signatures Database (MSigDB) version 6.2 (6)(40) and Reactome databases  (7). 

 

Genome-wide predictions of regulatory sites 

Integrated System for Motif Activity Response Analysis (ISMARA) was used to identify binding sites/ 

motifs recognized by transcription factors (TFs) and microRNAs (miRNAs). Fastq files obtained after 

sequencing were directly uploaded and obtained regulatory motifs of both TFs and miRNAs were sorted 

based on Z-score. Motifs with Z-score ≥ 2.5 were considered significant. 

 

TCGA data 

We downloaded normalized gene expression data (TCGA-BRCA) from TCGA database 

(https://portal.gdc.cancer.gov/) and classified the data, PYGO-High or PYGO-Low based on the 

expression of PYGO2 gene. Samples having PYGO2 expression greater than median value were 

considered PYGO-High and those samples with PYGO2 expression less than median value were 

considered PYGO-Low. Of these top 10 % samples were analyzed (resulting in 60 samples each for the 

high and low expressing group) and were sorted high to low based on PYGO2 expression.  
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