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Supplementary Materials and methods 

 

Tissue processing and immunostaining  

The mouse intestinal lumen was washed with PBS and cut open on filter paper. Mouse samples were fixed 

with 4% paraformaldehyde (PFA) overnight, embedded into paraffin and 5 m sections were 

immunostained as described previously (1). The following antibodies were used: goat anti-human PROX1 

(R&D Systems #AF2727), rabbit anti-cleaved Notch1 (CST #4147S), rabbit anti-Olfm4 (CST #39141), 

rabbit anti-RFP (Rockland Immunochemicals #600-401-379), chicken anti-RFP (Rockland 

Immunochemicals #600-901-379), mouse anti--catenin (BD Transduction Laboratories #610153), rabbit 

anti-Mucin2 (Santa Cruz Biotechnology #sc-15334), rabbit anti-Lysozyme (DAKO #A0099), rabbit anti-

GFP (Torrey Pines Biolabs #TP401), goat anti-GFP (Abcam #ab5450), chicken anti-GFP (Abcam 

#ab13970). For signal detection, Alexa fluor 488, 594 or 647-conjugated secondary antibodies (Thermo 

Fisher Scientific) were used. For detecting the chicken anti-GFP or anti-RFP primary antibodies, the goat 



anti-chicken 488 (Jackson ImmunLaboratories #703-545-155) or 594 (Fitzgerald #43R-ID056AF) 

antibodies were used. For detecting cleaved Notch1, the sections were stained with biotinylated horse anti-

rabbit antibody (Vector laboratories #BA-1100), the signal was amplified using the TSA indirect kit 

(PerkinElmer #NEL700001KT) and then detected with streptavidin-Alexa 488 (Thermo Fisher Scientific 

#S32354). For detection of EdU, we used the Click-iT EdU Alexa fluor 488 Imaging kit (Thermo Fisher 

Scientific #C10337) according to manufacturer’s instructions. Samples were imaged with a Zeiss 

Axioimager upright epifluorescence microscope or Zeiss LSM 880 confocal microscope using 40x Plan-

Apochromat (NA 1.4) and 63x Plan-Apochromat (NA 1.4) oil objectives. Three-dimensional maximal 

projections were digitally constructed from confocal z-stacks using the Zeiss Zen lite software. The images 

were edited using the Fiji software (NIH) to optimize visualization. Representative images are presented 

in the figures. Where indicated, the ratio of positive cells was counted with the Fiji software. Unprocessed 

original files were used for analysis. 

 

Immunoprecipitation 

Cells were washed with cold PBS, incubated for 2h on ice with 1.4 mM DSP (Thermo Scientific) in PBS 

and inactivated for 15 min using 20 mM Tris. Cells were lysed using Pierce IP lysis buffer (Thermo 

Scientific) with Pierce protease and phosphatase inhibitors (Thermo Scientific #A32959), collected and 

centrifuged for 10 min at 12000 rpm. 1 mg of protein lysate was incubated overnight with Dynabeads 

coated with 1 μg of mouse anti-HDAC1 (CST #5356S), mouse IgG ctrl antibody (Santa Cruz #sc-2025), 

rabbit anti MTA1 (#5646) or rabbit IgG ctrl antibody (R&D Systems #AB-105-C). Dynabeads were 

washed with 0.2 % Tween20-PBS, resuspended in 50 μl of 2xLSB containing DTT and incubated for 5 

min at 95 oC. 

 



Western blot 

Western blotting was done according to previously published methods (1), using goat anti-hPROX1 (R&D 

Systems) and mouse anti-HSC70 (Santa Cruz Biotechnology #sc-7298). Images were captured with the 

Odyssey Fc imaging system (LI-COR). 

 

Chromatin immunoprecipitation and qPCR 

SW620 cells were fixed for 10 min at room temperature by adding formaldehyde dropwise to a final 

concentration of 1 %. The formaldehyde was quenched for 5 min with glycine and then washed twice with 

cold PBS. The cells were collected in Farham lysis buffer with Pierce protease and phosphatase inhibitors 

(Thermo Scientific #A32959), and then lysed with RIPA lysis buffer with Protease inhibitors. The cell 

lysates were sonicated 24 times for 30s to obtain DNA fragments between 150 bp and 500 bp. Chromatin 

immunoprecipitation and isolation of precipitated chromatin was done according to previously published 

method (2). Following antibodies were used for the immunoprecipitation: mouse anti-HDAC1 (CST 

#5356S), mouse IgG ctrl antibody (Santa Cruz #sc-2025), rabbit anti PROX1 (Proteintech #11067-2-AP), 

rabbit anti MTA1 (#5646) or rabbit IgG ctrl antibody (R&D Systems #AB-105-C). 10% of starting 

chromatin was used as Input sample. Quantitative PCR was carried out using 2 μl of isolated chromatin 

and the SYBR Green qPCR Kit (Thermo Fisher Scientific #F-410XL) on a Biorad real-time PCR 

instrument according to the manufacturer’s instructions. The produced PCR products were run on a 2% 

agarose gel for visualization of the DNA fragments. Quantitative PCR results were calculated according 

to the following protocol: 100*2^(Adjusted input- Ct(IP), where Adjusted input= Ct Input-3.32. 

For each analysis, 2 biological replicates and 3 technical replicates were used. 

 

 



RT-qPCR 

Total RNA from organoid cultures or CRC cells was isolated with the NucleoSpin RNA II Kit (Macherey-

Nagel #740955), DNAse treatment was performed on the column during the purification and 1 µg RNA 

was reverse transcribed with cDNA Synthesis Kit (Thermo Fisher Scientific #4368814). Quantitative PCR 

reactions were carried out with the SYBR Green qPCR Kit (Thermo Fisher Scientific #F-410XL). For 

each analysis, 3-4 biological replicates and 3 technical replicates were used. Every experiment was 

repeated once or twice. Real-time PCR results were calculated according to the following protocol: 

Relative expression level = 2-Ct, where Ct = Ct (gene of interest) – Ct (housekeeping gene).  Human 

HPRT1 or mouse Tbp was used as a housekeeping gene. The following primers were used: 

 

Primer Sequence 

mOlfm4_fw GGACCTGCCAGTGTTCTGTT 

mOlfm4_rev GACCTCTACTCGGACCGTCA 

mHey2_fw TTCTGTCTCTTTCGGCCACT 

mHey2_rev TTTGTCCCAGTGCTTGTCTG 

mNrarp_fw AGGGCCAGACAGCACTACAC 

mNrarp_rev CTTGGCCTTGGTGATGAGAT 

mHes1_fw GAAAGATAGCTCCCGGCATT 

mHes1_rev GTCACCTCGTTCATGCACTC 

mPdk4_fw AAAGATGCTCTGCGACCAGT 

mPdk4_rev GGACGGTTTTCTTGATGCTC 

mPtn_fw GAATGGCAGTGGAGTGTGTG 

mPtn_rev GGCGGTATTGAGGTCACATT 



mDlx3_fw CCTATAGGCAGTACGGAGCG 

mDlx3_rev AGCTGGAGTAGATCGTTCGC 

mTrim31_fw TGAGTCACAGGCCCAAGATT 

mTrim31_rev TCATCTAGTCTCTGGCGCAG 

mCar13_fw TCAGCAATAGTGGCCATTCC 

mCar13_rev CTCCGTCTACCACATGCTCT 

mProx1_fw GCTATACCGAGCCCTCAACA 

mProx1_rev ATCCAGCTTGCAGATGACCT 

mTbp_fw GAAGCTGCGGTACAATTCCAG 

mTbp_rev CCCCTTGTACCCTTCACCAAT 

mLgr5_fw CCTGTCCAGGCTTTCAGAAG 

mLgr5_rev CTGTGGAGTCCATCAAAGCA 

mAscl2_fw CTACTCGTCGGAGGAAAG 
 

mAscl2_Rev ACTAGACAGCATGGGTAAG 
 

hHPRT1_fw GGACCTGCCAGTGTTCTGTT 

hHPRT1_rev GACCTCTACTCGGACCGTCA 

hPROX1_fw TCACCTTATTCGGGAAGTGC 

hPROX1_rev GTACTGGTGACCCCATCGTT 

hOLFM4_fw GAACGCTTGGAATTCACAGC 

hOLFM4_rev TCAGCTCGAAGTCCAGTTCA 

hHEY2_fw TCAAAAGCAGTTGGCACAAG  

hHEY2_rev GATTGAATTCTCCAACAACAACA  



hHDAC1_fw CTGAGGAGAGTGGCGATGAG 

hHDAC1_rev CCCTCTCCCTCCTCTTCAGA 

hHDAC2_fw GCTGTTAATTGGGCTGGAGG 

hHDAC2_rev GCTTCTTCAACACCATCACCA 

hMTA1_Fw CTGCGCATCTTGTTGGACAT 

 

hMTA1_Rev GCTTCGTCGTGTGCAGATAG 

 

 

Primers used for ChIP-qPCR 

-3638 to -3540_Fw GTGACCGAGGAGCGTGTC 

-3638 to -3540_Rev CTAGCCCAGCGGCTTCACT 

-1589 to -1475_Fw CCTGAGCTTTGCACACAGGT 

-1589 to -1475_Rev CCAGGCAGCTGTGGGAAC 

-991 to -745_Fw CCGCGCTTCCTTCTATGGA 

-991 to -745_Rev GTAACATCTTGGGGTCAGCG 
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Supplementary figure legends 

 

 

Supplementary Table S1. PROX1 interacting proteins. Ranking list of the top 10 interacting proteins 

identified by BirA-mediated proximity labeling 

 

Supplementary Figure S1. Notch activity is essential for the maintenance of intestinal stem cells 

during a transient phase after Apc deletion. A-B) The percentage of viable organoids and indicated 

transcripts in 4-OH-Tam treated Apcflox/flox; Lgr5-EGFP-IRES-CreERT2 (LApc∆/∆ d8) (A) and untreated 

Apcflox/flox; Lgr5-EGFP-IRES-CreERT2 (LApc) (B) organoids. Organoids were treated for 5 days with the 

indicated -secretase inhibitor, starting on day three after the addition of 4-OH-Tam (A). Student’s 

unpaired t-test, n=3+3, *P<0.05, **P<0.01, ***P<0.005 

 

 

Supplementary Figure S2. Chemical Notch inhibition provides the PROX1+ adenoma cells a growth 

advantage. A-B) PROX1 and MUC2 (A) or EdU (B) immunostaining of Apcflox/flox; Lgr5-EGFP-IRES-

CreERT2 intestines treated with the γ-secretase inhibitor DBZ. DBZ treatment was started on d21 after the 

addition of Tam. C-D) PROX1, tdTomato and lysozyme (C) or MUC2 (D) immunostaining in Tam treated 

Apcmin/+; Rosa26LSL-TdTomato; Prox1-CreERT2 intestine treated with DBZ.  Analysis was performed three 

days after the last injection of DBZ. Arrowheads mark PROX1-/TdTomato+/Lysozyme+ or MUC2+ cells. 

Mice were given four (C-D) or five (A-B) i.p injections of DBZ (20 μmol/kg/day). Student’s unpaired t-

test, n=8-14. Scale bars= 20 µm. 

 



Supplementary Figure S3. PROX1 suppresses the Notch pathway. A-C) Gene set enrichment analysis 

of microarray data derived from tdTomato+ and tdTomato- cells showing the intestinal stem cell signature 

gene set (A), gene set suppressed by NICD1 (B) and gene set induced by NICD1 (C) in Apcmin/+ mouse 

tumors. D) RNA expression of genes regulated by NICD1 in Apcmin/+ and Apcmin/+; Prox1flox/flox; Villin-

CreERT2 organoids three days after addition of 4-OH-Tam (RT-qPCR). E) Schematic picture showing 

gRNA targeting sites of PROX1 exon 2. Red arrowheads indicate cutting sites. F) Testing of gRNA pairs 

for deletion of PROX1 exon 2 in HEK293 cells. Black arrowheads indicate deletion amplicon products. 

Amplicon sizes indicated in base pairs.  G) PROX1 and HSC70 western blot of SW1222 cells transduced 

with sgCTRL, sgPROX1-1 or sgPROX1-2. Data is presented as fold change, mean+SD (D). Student’s 

unpaired t-test was used, n=4+4, *P<0.05, **P<0.01, ***P<0.005 

 

Supplementary Figure S4. Implication of the PROX1-NuRD corepressor in Notch pathway 

suppression. A-B) NLS-Cherry signal (A) or PROX1 (B) and Streptavidin staining of biotin or vehicle 

treated SW1222 cells transduced with BirA-PROX1 or BirA-NLS-Cherry lentivirus. C) RNA expression 

of Notch targets in SW1222 cells treated with the HDAC inhibitors Entinostat and Vorinostat (1 µM) for 

72 h.  D) HDAC1, HDAC2 or MTA1 RNA expression in SW1222 cells transduced with shSCR, 

shHDAC1 (D), shHDAC2 (E) or shMTA1 (F). G) Chromatin immunoprecipitation of PROX1, HDAC1 

and MTA1 from SW620 cells, followed by RT-qPCR of three regions of the NOTCH1 promoter. Data is 

presented as fold change, mean+SD (C-F). Student’s unpaired t-test was used, n=4+4, *P<0.05, **P<0.01, 

***P<0.005 
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