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Supplemental Information 

EXTENDED EXPERIMENTAL PROCEDURES 

Cell culture. The immortalized human mammary epithelial cells (HMLE) and the transformed 

cells (HMLE-Ras) were kindly provided by Dr. Robert A. Weinberg, and maintained as described 

(Elenbaas et al., 2001). HeLa and HEK293 cells were maintained in DMEM with10% FBS. 

Freshly isolated primary normal human MEC or breast cancer cells were cultured in MEGM 

with supplements (Keller et al., 2012). 

Generation of stable cell lines. For overexpression, Pin1 and RAB2A CDS were subcloned into 

the pBabe retroviral vector or pBybe lentiviral vector. To overexpress Rab2A and the Q58H 

mutant using lentivirus-mediated gene expression at levels similar to or 3 times over the 

endogenous level, less optimal Kozak sequences were introduced into the vector, namely 

GCCTTT and GCCGCC, respectively. Specific point mutations were introduced using the 

Quickchange kit (Stratagene) and sequences were verified. All lentiviral shRNA constructs were 

provided by Dr. William C. Hahn. The target sequence of Pin1 shRNA is 

CCACCGTCACACAGTATTTAT. The target sequences of Rab2A shRNAs are 

GCTCGAATGATAACTATTGAT and CCAGTGCATGACCTTACTATT. The production of 

retroviruses or lentiviruses as well as the infection of target cells was described 

previously(Stewart et al., 2003). Following infection, the cells were selected using puromycin, 

hygromycin or blasticidin. Cells were used immediately following selection and for up to one 

month after selection.  

Flow Cytometry. For human cell lines, CD24-PE and CD44-APC antibodies (eBioscience) were 
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used to fractionate the CD24-CD44+ population, as described (Al-Hajj et al., 2003). Sorting for 

CD24-CD44+ cells freshly isolated from human breast cancers was performed with Epics Altra 

flow cytometer (Beckman Coulter). To deplete non-tumor cells from primary cancer samples, a 

cocktail of lineage marker antibodies including CD2, CD3, CD10, CD16, CD18, CD31, CD64 

and CD140b (PharMingen) were used, while to deplete non-tumor cells from mouse specimens, 

anti-H2 Kd antibody was used. 

Microarray Data Processing. Affymetrix CEL files were analyzed with BRB-ArrayTools 

(Simon et al., 2007). Genes that expressed lower in KO cells than in WT cells with fold change < 

0.8 (P < 0.05) were selected as "downregulated" ones. Two datasets obtained from NCBI’s Gene 

Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) with GEO Series accession 

numbers GSE3711 (Stingl et al., 2006) and GSE8863 (Zhang et al., 2008) were reanalyzed 

together with our raw data. In GSE3711, mammary stem cells (MaSC, defined as lineage- 

CD49f++CD24+) were compared to myoepithelial cells (MYO, defined as lineage- CD49f+CD24+) 

and colony-forming progenitor cells (CFC, defined as lineage- CD49f+CD24++). Genes that 

expressed higher in MaSC than in both MYO and CFC with fold change > 1.5 (P < 0.05) were 

selected as "upregulated" ones. In GSE8863, The Lin-CD29HighCD24High subpopulation of CSCs 

was compared to the Lin-CD29LowCD24Low subpopulation of non-CSCs. Genes that expressed 

higher in CSC than in non-CSC with fold change > 1.5 (P < 0.05) were selected as "upregulated" 

ones. When comparing the upregulated gene list in these two datasets (SC/non-SC > 1.5, P < 

0.05) with the downregulated gene list in Pin1 KO cells (KO/WT < 0.8, P < 0.05), 14 genes were 

repeatedly found in the two gene lists and were identified as candidate genes. 
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Western blot. Primary monoclonal Pin1 antibody (1:5000), polyclonal RAB2A antibody (1:1000) 

(Proteintech Group), polyclonal Erk1/2 (1:4000) and pErk antibody (1:2000) (Cell Signaling 

Technology), monoclonal unphosphorylated β-catenin antibody (1:2000) (Millipore), 

monoclonal M2 antibody for Flag tag (1:2000) (Sigma) and monoclonal Actin antibody (1:5000) 

(Sigma) are used. 

Quantitative RT-PCR. RNA from cells was extracted with the Total RNA isolation mini kit 

(Agilent). cDNA was prepared with transcriptor first strand cDNA synthesis kit (Roche) and 

PCR was carried out with iQ SYBR Green Supermix (Bio-Rad). Samples were run on the 

QIAGEN Rotor-Gene Q real-time cycler. GAPDH was used as an internal control. Analysis was 

performed with the delta-delta ct method. The following primers were used: 

GAPDH forward CATGAGAAGTATGACAACAGCCT 

GAPDH reverse AGTCCTTCCACGATACCAAAGT 

Pin1 forward GCCTCACAGTTCAGCGACT 

Pin1 reverse ACTCAGTGCGGAGGATGATGT 

Ecad forward TGCCCAGAAAATGAAAAAGG 

Ecad reverse GTGTATGTGGCAATGCGTTC 

Ncad forward ACAGTGGCCACCTACAAAGG 

Ncad reverse CCGAGATGGGGTTGATAATG 

FN1 forward CAGTGGGAGACCTCGAGAAG 

FN1 reverse TCCCTCGGAACATCAGAAAC 

Vim forward GAGAACTTTGCCGTTGAAGC 
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Vim reverse GCTTCCTGTAGGTGGCAATC 

Cmpk1 forward TGGGAAGGCAGATGTATCTTTCG 

Cmpk 1 reverse TGTTGACTGAAGGTAGGTCTGA 

ELAVL1 forward AACCATTAAGGTGTCGTATGCTC 

ELAVL1 reverse CGCCCAAACCGAGAGAACA 

EMP2 forward CATCCAGCTAATGTCATGTCTGT 

EMP2 reverse CTCTGGTCACGGGATAGAATTTC 

GLE1 forward ACGCAAGCTCTGCCTTTTC 

GLE1 reverse CGTGAGGACTGAAGTACCATAGA 

HMGN1 forward GCGAAGCCGAAAAAGGCAG 

HMGN1 reverse TCCGCAGGTAAGTCTTCTTTAGT 

HTATSF1 forward ATGGTGACACCCAGACCGAT 

HTATSF1 reverse GAGAAGCCATAATTGGCCTGAT 

LAMP2 forward TCCCAAAGATCTGCCTTCAC 

LAMP2 reverse TTCTGCATTGTGCTGAGAGG 

Magi3 forward TCTTCTTTTGAGGCCAGGAA 

Magi3 reverse GGAAAGACCAAGAAAAGCCC 

RAB2A forward AGTTCGGTGCTCGAATGATAAC 

RAB2A reverse AATACGACCTTGTGATGGAACG 

SEH1L forward TGAATCTCAGCCAGTGGTCTT 

SEH1L reverse TCATCACTTCCTACGGCGAT 



 5

TM7SF3 forward TTCCTTTTCTCCGACTCTCCTT 

TM7SF3 reverse CCCCAAGTACCAAGTGCATGT 

TM9SF3 forward TGCCAGCCACTTACTGTGAAA 

TM9SF3 reverse GCCTCACCAACAATACCCCATA 

ZDHHC3 forward AGATTGGACAACCTATGGACTGA 

Zdhhc3 reverse GCACTCTGTCGAACTGAAGTTA 

ZYG11B forward GAGGAGGCGTCTCCCTATTC 

ZYG11B reverse GCATCTGGTTGCCCCTAAAAA 

Luciferase reporter assays. For the reporter assay of RAB2A promoter, two deletion luciferase 

reporter constructs of RAB2A were generated. The promoter sequences from -1310 and -904, 

which contain the -1293 and -890 AP-1 binding sites, respectively, were subcloned into pGL3 

vector. HEK293 cells were plated in 12-well plates for 24 hr and transfected with luciferase 

reporter constructs, pRL-tk renilla luciferase and Flag-Pin1 or control vector. Increasing dose of 

Flag-Pin1 or control vector plasmid were add as 0.15, 0.5 1.5 g. Cells were harvested and 

luciferase activity was measured 48 hr later using the Dual-Luciferase Reporter Assay System 

(Promega). 

Chromatin immunoprecipitation (ChIP). ChIP assay was performed according to the 

manufacturer's instruction (Upstate Biotechnology). Monoclonal Pin1 antibody (generated by 

our lab) or polyclonal c-Jun antibody (Abcam) were used to precipitate the chromatin-protein 

complexes. Re-ChIP assay was performed as described (Petruk et al., 2012). Real-time PCR 

primers for the -1293 locus were CCTGTGGTCTTTTTGAACAGAG and 
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CAACTGGAGGCCCTGTATGT, and for the -890 locus were 

ACACACACATAAACAGATCATCTCGG and AGTCTCTGAACCTGTCCTGGTTCTG. 

In vitro assays. Mammosphere culture was performed as described(Dontu et al., 2003). 

Single-cell suspension was plated on ultra-low attachment plates (Corning, Costar) in 

DMEM/F-12 HAM medium containing bFGF, EGF, heparin and B-27 supplement. The 

mammospheres were cultured for two weeks. Then the mammospheres with diameter >75 μm 

were counted.  

Soft agar assays were done by seeding cells at a density of 103 in 60 mm culture dishes 

containing 0.3% top low-melt agarose and 0.5% bottom low-melt agarose, as described(Ryo et 

al., 2002). Cells were fed every 4 days, and colonies were stained with 0.2% 

p-iodonitrotetrazolium violet and counted after 3 weeks. 

For wound healing assays, cells were grown to confluence and then wounded using a yellow 

pipette tip, and migration was visualized by time-lapse imaging. The rate of wound closure was 

calculated by a ratio of the average distance between the two wound edges and the total duration 

of migration. 

Transwell migration assay were performed as previously described (Luo et al., 2006). Assay 

media with EGF (5 ng/ml) was added to the bottom chamber. Cells (5×104/100 l) were added 

to the top chamber of cell culture inserts (8 mm pore size) (Corning, Costar). After 12 h of 

incubation, cells that migrated to the bottom surface of the insert were fixed with methanol and 

stained with 0.4% crystal violet. The number of cells that had migrated was quantified by 

counting ten random distinct fields using a microscope. 
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GTP hydrolysis assay. Rab2A GTPase hydrolysis assay were performed as described(Davis et 

al., 2013) with small modifications. GST-Rab2A or GST-Rab2A Q58H (100 nM) was incubated 

in 20 mM Tris-HCl (pH 7.5), 50 mM NaCl, 10 mM MgCl2, 0.5uM GTP and 3 pmol of [32P] 

GTP at room temperature for the indicated time. The Rab2a-bound nucleotides were eluted with 

elution buffer (2 mM EDTA, 0.2% sodium dodecyl sulfate, 1 mM GDP, 1 mM GTP). 1uL of the 

reaction mixture was spotted onto polyethyleneimine-cellulose sheets. Chromatograms were 

developed in 0.75M KH2PO4 (pH 3.4). GTP and GDP resolved by thin-layer chromatography 

were visualized by autoradiography film exposure. 

Tumor Implantation 

Aliquots of indicated numbers of cells were injected into 5-week-old BALB/c nude mice 

(Jackson Laboratories), as described (Mani et al., 2008). The tumor incidence was monitored by 

palpation and determined at two months after injection, with the same tumor incidence at 6 

months postinjection. After tumors were detected, tumor size was measured every three days.  

Preparation of single-cell suspensions. Human mammary reduction plasty tissues and breast 

cancer tissues were mechanically disaggregated and then digested with 200 U/ml collagenase 

(Sigma) and 100 U/ml hyaluronidase (Sigma), as described(Al-Hajj et al., 2003). The resultant 

organoids were further digested in 0.25% trypsin-EDTA and Dispase/DNaseI, and then filtered 

through a 40 m mesh. 

Immunohistochemistry analyses on tissue microarrays. Formalin-fixed and 

paraffin-embedded tissue microarrays of human breast tissue were purchased from Imgenex 

(IMH-364 and 371). Rab2A (Proteintech Group) and ALDH1 (BD biosciences) staining was 
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performed following the manufacturer’s protocol. Immunolabeling was visualized with a mixture 

of DAB solution (Vector Laboratories), followed by counterstaining with hematoxylin. 

Microscopic analysis was assessed in a blinded manner. Immunostaining results were scored 

using percentage (P) × intensity (I), as described(Ginestier et al., 2002). In brief, percentage of 

positive cells ranged from 0 to 100, and intensity was categorized into three groups as 1 

(negative or weak), 2 (moderate) and 3 (strong).  Expression levels are scored as low (0 < P×I 

≤ 100), medium (100 < P×I ≤ 200) and high (200 < P×I ≤ 300). For ALDH1, only the 

intensity was estimated, because the percentages of positive cells were low. Intensity in foci with 

maximum staining was scored as low, medium and high, as described(Kunju et al., 2011). 
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Table S1. Downregulated genes in Pin1 KO mammary epithelial cells. 
 
Table S2. Upregulated genes in Pin1 KO mammary epithelial cells. 
 
Table S3. Gene ontology analysis of dysregulated genes in Pin1 KO mammary and neuron 
cells comparing to WT cells. 
 
Table S4. Genes that are downregulated in Pin1 KO mammary epithelial cells and are 
upregulated in normal or tumorigenic mammary stem cells. 
 
Table S5. Patient information for isolation of Lin-CD24-CD44+ cells from human breast 
cancer 
 

Case 

No. 
Age 

Tumor size 

(cm) 
ER PR HER Grade 

Lymp 

node 
Stage 

Lin-CD24- 

CD44+ 

1 35 3.8×3.0 (+) (+) (-) III N1  II 1.35% 

2 44 3.6 ×2.8 (+) (-) (+) II N2  III 28.61% 

3 40 4.5 ×2.6 (-) (-) (-) III N2  III 14.00% 

4 48 3.3 ×2.5 (-) (-) (+) III N1  II 5.22% 

5 42 3.6 ×2.8 (+) (+) (-) III N2  III 4.61% 

6 45 4.3 ×2.9 (+) (-) (-) III N2  III 2.07% 

7 45 3.0 ×1.8 (+) (-) (-) II N1  II 1.99% 

8 40 3.9 ×2.5 (-) (-) (-) III N1  II 25.54% 

Notes: All eight patients were diagnosed as invasive ductal breast cancer. The tumor size is the 
original tumor size measured after surgery. ER, Estrogen receptor; PR, progesteron receptor; 
HER2, Human Epidermal Growth Factor Receptor 2. The hormonal receptor status was 
determined by the immunohistochemistry, which were done on the paraffin-embedded sections 
of the primary tumors. The lymph node information is according to the breast cancer TNM 
staging system. The Lin-CD24-CD44+ cells were isolated for primary breast tumors. 
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