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Double negative feedback loop between reprogramming factor LIN28 and microRNA let-7 

regulates aldehyde dehydrogenase 1-positive cancer stem cells 

 

Supporting Materials and Methods 

 

Patients and specimens  

The ovarian cancer specimens for microarray analysis (n=26, Table S1) were collected at the 

University of Turin, Italy. Clinical characteristics have been previously defined (1). Optimal surgical 

debulking was ≤1 cm residual individual tumor nodules. Front-line chemotherapy was platinum, 

platinum-cyclophosphamide, or (after 1995) platinum-paclitaxel. Complete response to therapy was 

defined by normalization of physical examination, abdomino-pelvic CT scan, and serum CA-125. 

Non-complete response included partial response (≥50% decrease in the sum of greater tumor 

dimensions by CT) and no response (<50% decrease or any increase in tumor). All tumors were from 

primary sites, and were immediately snap-frozen and stored at -80°C. Specimens were acquired and 

processed under procedures approved by the local IRBs and were compliant with the HIPAA act. 

 

Cell lines and cell culture  

T47D and MCF7 cells were purchased from ATCC, A2780 and 2008 cells were obtained from the 

Ovarian Cancer Tissue & Cell Bank, And Hela tet-on cells were purchased from Clontech. All cancer 

cell lines were passaged in the Principle Investigator’s laboratory for no longer than 3 months after 
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receipt, and cultured in RPMI1640 medium (Invitrogen) supplemented with 10% fetal bovine serum 

(FBS, Invitrogen).  

 

RNA isolation  

Total RNA was isolated from 100 to 500 mg of frozen tissue or 1 x 106 cultured cells using TRIzol 

reagent (Invitrogen). The quality and quantity of the isolated RNA was analyzed using a Bioanalyzer 

2100 system (Agilent).  

 

cDNA microarray  

A two-cycle amplification protocol (Affymetrix) was used to generate sufficient cRNA for microarray 

analysis according to the recommendations of the manufacturer. Briefly, 10 ng total RNA was used in 

the first-round synthesis of double-stranded cDNA. The RNA was reverse transcribed using a two-

cycle cDNA synthesis kit (Affymetrix) followed by amplification using a MEGAscript T7 kit 

(Ambion), and the cRNA generated from the first-round synthesis was cleaned using a GeneChip 

sample clean-up Module IVT column (Affymetrix). The second-round double-strand cDNA 

amplification was carried out using an IVT labeling kit (Affymetrix), and the resulting biotin-labeled 

cRNA was purified using an IVT clean-up kit (Affymetrix) and quantified using a UV 

spectrophotometer (A260/280, Beckman). An aliquot (15 µg) of cRNA was fragmented by heat and ion-

mediated hydrolysis at 94°C for 35 minutes. Fragmented cRNA was hybridized in a hybridization oven 

(16 hours, 45°C) to a human genome U133 Plus 2.0 GeneChip oligonucleotide array (Affymetrix) 

representing 47,000 transcripts and variants, including 38,500 well-characterized human genes. The 
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washing and staining of the arrays with phycoerythrin-conjugated streptavidin (Molecular Probes, 

Eugene, OR) was completed in Fluidics Station 450 (Affymetrix). The arrays were subsequently 

scanned using a confocal laser GeneChip Scanner 3000 and GeneChip operating software (Affymetrix).  

 

Microarray analysis  

The normalized microarray data were managed and analyzed using GeneSpring (Agilent), microarray 

software suite 4 (TM4, http://www.tm4.org/) (2), BRB-ArrayTools version 3.8 

(http://linus.nci.nih.gov/BRB-ArrayTools.html), and GenePattern 

(http://www.broad.mit.edu/cancer/software/genepattern/) (3). Cluster and TreeView 

(http://rana.lbl.gov/EisenSoftware.htm) was used for cluster analysis and tree visualization (4). 

 

Tissue microarray  

The tissue microarray was constructed at the University of Helsinki as described previously (5, 6). 

Briefly, tumors were embedded in paraffin and 5-µm sections were stained with hematoxylin–eosin to 

select representative regions for biopsies. Four core tissue biopsies were obtained from each specimen. 

The presence of tumor tissue on the arrayed samples was verified on hematoxylin–eosin stained 

sections. 

 

Immunohistochemistry and image analysis  

Immunohistochemistry was performed using the VECTASTAIN ABC Kit as described by the 

manufacturer (Vector). The following primary antibodies were used in this study: mouse anti-human 
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ALDH1 (clone: 44/ALDH, 1:250, BD Pharmingen) and rabbit anti-human LIN28 (1:4,000, Abcam). 

Antibodies were incubated overnight at 4oC. The immunoreaction was visualized with 3,3'-

diaminobenzidine, and the images were collected and analyzed using Image-Pro Plus 4.1 software 

(Media Cybernetics). 

 

Lentiviral transduction and stable cell line generation  

Two individual lentiviral shRNA clones targeting human LIN28 were purchased from OpenBiosystms. 

eGFP shRNA (SHC005). Non-target shRNA (SHC002) was used as control. The pSin-EF2-LIN28 

lentiviral expression vector was purchased from Addgene, and the pSin-EF2 empty vector was used as 

control. Lentiviral vector and packaging vectors were transfected into the packaging cell line 293T 

(ATCC) using FuGene6 Transfection Reagent (Roche). The media was changed 8 hrs post-transfection 

and the media containing lentivirus was collected 48 hrs later. Tumor cells were infected with 

lentivirus in the presence of 8 µg/ml of polybrene (Sigma). Puromycine (Sigma) was used to select 

stable cell clones. 

 

Protein Isolation and Western blot  

Cells were lysed in 200µl of mammalian protein extraction reagent (Pierce). After quantification using 

a BCA protein assay kit (Pierce), 15ug of total protein was separated by 10% SDS-PAGE under 

denaturing conditions, and transferred to PVDF membranes (Millipore). Membranes were blocked in 5% 

non-fat milk (Biorad) and then incubated with an anti-LIN28 primary antibody (1:10,000, Abcam), 

followed by incubation with an anti-rabbit secondary antibody conjugated with horseradish peroxidase 

(HRP, 1:10,000; Amersham Biosciences) together with HRP-conjugated primary antibody for beta-
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actin (1: 10,000; Sigma). Immunoreactive proteins were visualized using the LumiGLO 

chemiluminescent substrate (Cell Signaling). 

 

ALDEFLUOR Assay and FACS analysis 

ALDH1 activity was detected using the ALDEFLUOR assay kit (StemCell Technologies) as described 

by the manufacturer. Briefly, dissociated single cells from cell lines or tumor specimens were 

suspended in ALDEFLUOR assay buffer containing an ALDH substrate, bodipy-aminoacetaldehyde 

(BAAA), at 1.5 µM, and incubated for 1 hr at 37 oC. BAAA is converted by ALDH into the 

fluorescent product bodipy-aminoacetate (BAA). A specific inhibitor of ALDH, 

diethylaminobenzaldehyde (DEAB), at a 10-fold molar excess, was used as negative control. For 

further characterization and purification, brightly fluorescent (ALDHbr) cells were identified and 

enumerated using a flow cytometer (FACS Canto Becton Dickinson, San Jose, CA) or isolated by 

fluorescence-activated cell sorting (FACS) (MoFlo cell sorter, Cytomation, Fort Collins, CO). Flow 

cytometry data was analyzed by BD FACSDiva software V6.1.3 (BD Biosciences) or FlowJo software 

(TreeStar, Ashland, OR).  

 

Mammosphere culture   

Mammosphere cultures were performed as described by Dontu et al (7, 8). Briefly, single cells were 

plated in ultra-low attachment 24-well plates (Corning, Acton, MA) at a density of 20,000 viable 

cells/ml and 5000 cells/ml in subsequent passages. Cells were grown in a serum-free mammosphere 

culture medium (MammoCult, StemCell Technologies) supplemented with MammoCult Proliferation 
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Supplements. Mammospheres were collected by gentle centrifugation (800 rpm) after 7–10 days and 

dissociated both mechanically and enzymatically (10 min in 0.05% trypsin, 0.53 mM EDTA-4Na). 

 

RNA-immunoprecipitation (RIP) 

For RIP, 5 X106 A2780 cells were lysed for 15 min on ice in a polysome lysis buffer 

containing100mM KCl, 5mM MgCl2, 10mM HEPES pH7.0, 0.5% NP-40 supplemented with fresh 

1mM DTT, 100U RNase Out (Invitrogen), 400µM VRC (New England Biolabs) and a protease 

inhibitor cocktail (Sigma). The cell lysate was further diluted (1:10) with NT2 buffer containing 50mM 

Tris-HCl pH7.4, 150mM NaCl, 1mM MgCl2, 0.05% NP-40 supplemented with fresh 200U RNase Out, 

400µM VRC, 1mM DTT, 20mM EDTA and a protease inhibitor cocktail. The insoluble particles in 

the lysate were removed by centrifugation at 15,000g for 15min at 4 oC. LIN28 antibody (1:125, 

Abcam) or control IgG was added to protein A Sepharose beads (Sigma), which were pre-incubated in 

5% BSA-NT2 buffer for 1 hr at 4 oC. After binding antibody to protein A Sepharose beads by gentle 

rotation for 4 hrs at 4 oC, the beads were washed 4 times in cold NT2 buffer and added to cell lysates 

(10µl beads/ml lysate). Immunoprecipitation was performed by gentle rotation overnight at 4 oC, then 

the immunoprecipitated complex was washed 4 times in NT2 buffer and resuspended in 100µl NT2 

buffer containing 30 µg proteinase K (QIAGEN) to release the RNP complex. TRIzol reagent 

(Invitrogen) was used for RNA extraction from the immunoprecipitates. 

 

Quantitative Real-time RT-PCR   
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Total RNA was reverse-transcribed using a High Capacity RNA-to-cDNA Kit (Applied Biosystems) 

under conditions provided by the supplier. cDNA was quantified by real-time PCR on an ABI Prism 

7900 Sequence Detection System (Applied Biosystems, Foster City, CA) using human LIN28 forward 

primer: CAA AAG GAA AGA GCA TGC AGA AG, and reverse primer: GCA TGA TGA TCT AGA 

CCT CCA CA, pre-let-7 forward primer: TGA GGT AGT AGG TTG TGT GGT, and reverse primer: 

GGA AGG CAG TAG GTT GTA TAG. PCR was performed using SYBR Green PCR Core reagents 

(Applied Biosystems) according to manufacturer's instructions. PCR amplification of the housekeeping 

gene GAPDH was performed for each sample as a control for sample loading and to allow 

normalization across samples. 

 

TaqMan miRNA assay  

Expression of mature miRNAs were analyzed using the TaqMan miRNA Assay (Applied Biosystems) 

under conditions defined by the supplier (9). Briefly, single-stranded cDNA was synthesized from 5.5 

ng of total RNA in a 15µl reaction volume, using the TaqMan MicroRNA Reverse Transcription Kit 

(Applied Biosystems). The reactions were incubated first at 16 °C for 30 minutes, then at 42 °C for 30 

minutes, then inactivated by incubation at 85 °C for 5 minutes. Each cDNA generated was amplified 

by quantitative PCR using sequence specific primers from the TaqMan microRNA Assays Human 

Panel on an Applied Biosystems 7900HT Sequence Detection System (Applied Biosystems). Each 20 

µl PCR reaction included 10 µl 2x Universal PCR Master Mix (No AmpErase UNG), 2 µl each of 10x 

TaqMan MicroRNA Assay Mix, and 1.5 µl RT product. The reactions were incubated in a 384-well 

plate at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min.  
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Let-7-responsive sensor construction and transfection 

An miRNA-responsive sensor, a technique for monitoring miRNA activity, has been used to detect let-

7 expression in mouse embryos in vivo (10, 11) and in mammary epithelial progenitor cells in vitro 

(12). The sensor contains a constitutively expressed reporter bearing sequences complementary to let-7 

in the downstream region of the 3' UTR of a reporter gene (Figure 3E). In cultured cells transfected 

with the sensor, expression of the reporter is deceased when let-7 is present. Thus, the let-7-responsive 

senor is able to monitor let-7 activity in real-time. The let-7-sensor was constructed by introducing two 

copies of let-7b perfect complement sequences into the 3' UTR region of firefly luciferase in the 

psiCheck 2 vector (Promega). The let-7complementary oligonucleotides (sense: TCG AGA ACC ACA 

CAA CCT ACT ACC TCA GGA TCC AAC CAC ACA ACC TAC TAC CTC AGC; antisense: GGC 

CGC TGA GGT AGT AGG TTG TGT GGT TGG ATC CTG AGG TAG TAG GTT GTG TGG TTC) 

were purchased from IDT, and annealed in buffer containing 100 mM K-acetate, 30 mM HEPES-KOH 

pH 7.4, and 2 mM Mg-acetate. A2780 cells were seeded in 6-well plates and grown overnight to 40% 

confluence prior to transfection. To test let-7 activity, a total of 1 µg sense vector was introduced to the 

cells using FuGene6 Transfection Reagent (Roche). All transfection experiments were done in 

triplicate and repeated at least twice. Then, 48 hours post-transfection, luciferase analysis was 

performed using a Fluoroskan Ascent FL (Thermo Fisher Scientific) using Dual-Luciferase Reporter 

Assay System (Promega) according to the manufacturers’ instructions.  

 

miRNA in situ hybridization (ISH) and image analysis 

In situ detection of miRNA expression was performed on formalin-fixed paraffin-embedded tissue 

microarray sections. Slides were deparaffinized in xylene and rehydrated through an ethanol series 
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(100% to 25%). After proteinase K digestion (10ug/ml; Roche) for 10 min, slides were prehybridized 

in hybridization solution (50% formamide, 5XSSC, 500 ug/ml yeast tRNA, 1X Denhardt’s solution) 

for 1 hour then hybridized overnight with double digoxigenin labeled mir-30d locked nucleic acid 

probe (2.5µM; Exiqon) in hybridization solution. After stringent washes (50% formamide, 2XSSC) at 

hybridization temperature, chromogenic detection of signals was performed using an anti-digoxigenin-

AP antibody (1:1500 dilution; Roche) and BCIP/NBT substrate (Sigma). The evaluation of the results 

was performed without knowledge of the clinicopathological information. No staining or weak 

cytoplasmic signal was scored as weak staining. Moderate and strong cytoplasmic signals were 

recorded accordingly.  

 

Retroviral transduction and stable cell line generation  

The retroviral human miRNA expression vector (Figure S3A) was purchased from GeneService. The 

retroviral vector containing human let-7i, let-7b, or control vector was transfected into the packing cell 

line PT67 (Clontech) using the FuGene6 Transfection Reagent (Roche). The media was changed 24-48 

hrs post-transfection and the media containing retrovirus was collected 48 hrs later. Human tumor cells 

were infected with retrovirus in the presence of 8 µg/ml of polybrene. Blasticidin (Invitrogen) was used 

to select stable cell clones. 

 

Tet-on inducible cell lines 

Stable cell lines inducibly expressing let-7b were generated using a retrovirus-based RevTet-On 

system (Clontech). The human genomic sequence of let-7b and an upstream reporter gene (DsRed) 
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were cloned into the pRevTRE response vector downstream of the tetracycline-responsive element 

(TRE) (Figure S3B). pRevTet-On and pRevTRE-DsRed-let-7b were separately introduced into HeLa 

cells by retroviral gene transfer, and stable clones were identified by antibiotic selections (pRevTet-On: 

G418, pRevTRE: Hygromycin B). The stable clones with high inducibility and low background were 

screened and generated by FACS sorting. Doxycycline and Tet system approved serum were 

purchased from Clontech. The reporter gene expression was monitored by fluorescent microscope 

(Figure S3C) and FACS analysis (Figure S3D), and the let-7b expression was measured using real-

time RT-PCR (Applied Biosystems).  

 

Transfection of let-7 mimic and inhibitor oligonucleotides 

Pre-miR miRNA precursor and control oligos were purchased from Ambion, and miRCURY LNA 

microRNA inhibitors and control oligos were purchased from Exiqon. Cells were seeded in 24-well 

plates or T25 flasks and reached 40~50% confluence the next day. Transfections were performed using 

the Lipofectamine™ RNAiMAX transfection reagent (Invitrogen) following the manufacturer’s 

instructions. Cells were incubated in the media containing the transfection mixture for 72 hrs until 

RNA extraction (from 24-well plates) or ALDEFLUOR assay (in T25 flasks) was performed. 

 

3’UTR reporter construct and assay 

The full length sequence of the human LIN28 3’UTR was cloned from human genomic DNA using the 

Expand High Fidelity PCR System (Roche). The PCR product was ligated into the PCR2.1 TOPO 

cloning vector (Invitrogen) and then subcloned into the psiCHECK2 reporter vector (Promega). 
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Mutagenesis of microRNA binding sites on reporter vectors was performed using an approach of 

overlap extension by PCR as described previously (13). For reporter assays, cells were plated in 24-

well plates and transfected with 0.125µg reporter vector together with 0.25µg miRNA expression 

vector using FUGENE 6 Transfection Reagent (Roche). Then, 48h after reporter vector transfection, 

cells were harvested for reporter assay using the Dual Luciferase Reporter Assay Kit (Promega) 

according to manufacturer’s instruction. Reporter activity was measured using a  Fluoroskan Ascent 

FL (Thermo). 

 

Mammary gland epithelial cell isolation and infection 

The fourth and fifth mammary glands were dissected from 8 week old virgin female C57BL/6 mice 

(Jackson Labs) using a previously published protocol (14, 15). Briefly, after mechanical dissociation, 

the mammary gland tissue was placed in EpiCult-B Medium (mouse, StemCell Technologies) 

supplemented with 5% FBS (Invitrogen) and 300 U/ml collagenase/ 100 U/ml hyaluronidase 

(StemCell Technologies), and digested for 6 hrs at 37 oC with occasional pipetting and vortexing. The 

resultant organoid suspension was resuspended with cold Hanks’s solution supplemented with 2% FBS 

and NH4Cl and centrifuged at 450 g for 5 minutes. The pellet was sequentially resuspended in 0.25% 

Trypsin-EDTA (Invitrogen) for 2 minutes, 5 mg/ml Dispase and 0.1 mg/ml DNase I (StemCell 

Technologies) for 1 minute, followed by filtration through a 40 µm cell strainer. The fresh isolated 

mammary gland epithelial cells were transduced with lentivirus (LIN28/control or let-7b/control) by 

centrifugation at 300 g for 3 hrs at room temperature with 8 µg/ml of polybrene (Sigma) in 12-well 

low-attachment dishes (Corning) (16).  
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Mammary colony forming assay 

Mammary cells were seeded at 500 cells/cm2 density onto a layer of Mitomycin C (10 µg/ml, 2 hrs, 

Sigma) pre-treated viable NIH 3T3 (ATCC) feeder cells (1 X 104 cells/cm2) in complete EpiCut-B 

Medium (mouse, StemCell Technologies) supplemented with 10 ng/ml EGF, 10 ng/ ml bFGF and 4 

µm/ml Heparin and 5% FBS. After 24 hrs, the medium was changed to serum-free complete EpiCut-B 

medium with above cytokines. Epithelial colonies were generated after 1 week, and were fixed with 

acetone: methanol (1:1) and stained with Giemsa (Sigma). 

 

Statistics  

Statistical analysis was performed using the SPSS statistics software package (SPSS, Chicago, IL). All 

results were expressed as mean ± SD and with significance at p<0.05.   
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