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Supplementary Material and Methods 

 

siRNA screening.  

The siRNA screening was performed according to the manufacturer’s instructions 

(Dharmacon) using the Human ON-TARGETplus RTF siRNA Library against 

Deubiquitinating Enzymes (H-104705W) by reverse transfection (RTF) of MDA-MB-

231 cells. This siRNA library reduces up to 90% the off-target effects. RTF 

optimization plates (Dharmacon) were used before performing the screening to optimize 

the transfection conditions. Briefly, 96-well white RTF siRNA Library plates containing 

6.25 pmol of siRNAs/well were rehydrated with a mix of DharmaFECT 1 Transfection 

Reagent (Dharmacon) (0.075 µL /well) with DharmaFECT cell culture reagent 

(Dharmacon). 20,000 cells/well were added in antibiotic-free complete medium to 

rehydrated plates and incubated for 72 h. The F-Luc and R-Luc enzymatic activities 

were measured after lysis of cells in the same plate using the Dual-Luciferase Reporter 
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assay system kit (Promega) in an Orion II Microplate Luminometer (Berthold) with the 

Simplicity Software V4. F-Luc values were normalized by Renilla expression. 

Comparing the two screenings, the variation of the F-Luc/R-Luc value for the mean 

CTL siRNAs was less than 2% and the variation between DUB siRNAs was never 

higher than 10%. Stable infected HEK293T and MDA-MB-231 with Snail-F-Luc and 

Renilla were used to perform time-course assays treating them with different 

components: cycloheximide (CHX), 20 µg/mL; PR619, 20 µM; and MG132, 20 µM.  

 

Immunofluorescence.  

Cells were grown on sterile coverslips for 24 h and fixed with PBS-4% 

paraformaldehyde for 15 min at room temperature. After washing with PBS, cells were 

permeabilized with PBS-Triton X-100 0.5% [vol/vol] for 5 min and blocked with PBS-

3% BSA for 1 h at room temperature (RT). For NMuMG cells control or treated with 

TGFβ, coverslips were incubated with primary antibodies for rabbit anti-USP27X 

(murine) (1:200), rabbit anti-Fibronectin (1:200) and mouse anti-Snail1 (1:2) in 

blocking buffer (PBS-3% BSA) and rinsed with PBS. For MDA-MB-231 cells 

transfected with Flag-USP27X and Snail1, coverslips were incubated with rabbit anti-

Flag (1:200) and mouse anti-Snail1 (1:2). Coverslips were incubated with secondary 

antibodies (Alexa 488-conjugated anti-rabbit IgGs for USP27X, Alexa 555-conjugated 

anti-mouse IgGs for Snail1, and Alexa 647-conjugated anti-rabbit IgGs for Fibronectin), 

stained with DAPI (Sigma-Aldrich) for 2 min, rinsed, and then mounted with 

Fluoromount G (Southern Biotech). Fluorescence was visualized using the inverted 

fluorescence microscope DM IRBE (Leica, Wetzlar, Germany) and captured with a 

TCS-NT Argon/Kripton confocal laser microscope (Leica, Wetzlar, Germany).  
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Colony formation and proliferation assays.  

For the colony formation assay, 1,000 cells were plated in 6-well plates and always in 

duplicate and allowed to grow for 10 days in the incubator. On day 10, cells were fixed 

and dyed in a buffer containing glutaraldehyde 6% [vol/vol] and Crystal violet 0.5% 

[wt/vol] for 30 min. Total number of colony-forming cells was quantified by ImageJ 

software.  

 

Invasion and Migration assay.  

For invasion and migration assays, cells were resuspended in DMEM 0.1% FBS and 

0.1% BSA in a final volume of 0.15 mL and seeded in 8 µm pore Transwells (#3422, 

Corning). For invasion, Transwells were previously coated with 50 µl of growth factor 

reduced Matrigel diluted in sterile PBS (0.5 mg/mL; #354230, Corning), and left to 

polymerize during 30 minutes at 37ºC and 0.5 mL of DMEM plus 10% FBS was added 

to the lower chamber as chemoattractant in order to induce the invasion. Alternatively, 

rat tail Collagen I (2 mg/mL) (Corning) neutralized with NaOH to pH 7 was employed 

to coat Transwells. On the other hand, non-coated Transwells were used for migration 

assays. After 10 h (invasion of MDA-MB-231), 6 h (migration of MDA-MB-231), 8 h 

(migration of NMuMG cells) and 16 h (invasion of MEFs and CAFs) assay was 

stopped; cells were washed in cold PBS and fixed with 4% paraformaldehyde for 20 

min. Cells at the upper side of the membrane were removed using a cotton swap and 

invading/migrating cells were stained with DAPI and mounted for microscope analysis. 

Pictures from four 10X microscope fields of each Transwell were taken for 

invasion/migration quantification, and number of invading and migrating cells was 

determined using the ImageJ software. 
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Annexin V and cell viability assays.  

Cells were treated with cisplatin (40 µM) for 24 h and then trypsinized, and 5 x 105 cells 

were stained for 30 minutes with Annexin V and Dead Cell Reagent 7-amino-

actinomycin D (7-AAD) using the Muse® AnnexinV and Dead cell assay kit 

(Millipore) following manufacturer’s instructions and analyzed with the Muse® Cell 

Analyzer (Merck). The percentages of cells in each quadrant were analyzed using Muse 

Soft 1.4.0.0. Analysis of cell viability was performed after adding cisplatin (up to 100 

µM) for 48 h and 0.5 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT; Sigma-Aldrich) for 3 h at 37°C. After solubilization of cells in DMSO-

isopropanol (1:4), the absorbance of insoluble formazan (purple) at 590 nm was 

determined in an Infinite M200 microplate reader (Tecan). The absorbance at 590 nm 

was proportional to the number of viable cells. 

 

Lentiviral and retroviral production and infection.  

For lentiviral production HEK293T cells were seeded in p100 plates with 10 ml 

medium at high confluence and transfected by mixing 1.5 mL of 150 mM NaCl, and 78 

µL of PEI with a total of 10 µg DNA (50% was the lentiviral plasmid, 10% was the 

pCMV-VSV-G vector, 30% was the pMDLg/pRRE vector, and 10% the pRSV rev 

vector). Retroviruses were produced by transient transfection of 293T Phoenix gag-pol 

cells (1,2).	Cells were infected with high-titer retroviral and lentiviral stocks obtained 

after concentration of viral supernatants using the Retro-X or Lenti-X concentrators 

(Clontech).  

RNA analysis and primers sequences. 

RNA was extracted and retro-transcribed as described before (2). Analyses were carried 

out by qPCR using the LightCycler 480 Real Time PCR System (Roche), with 5 ng for 
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E-cadherin analysis, 50 ng for Zeb1, and 100 ng (other), per condition and always in 

triplicates. The primers (Sigma-Aldrich) used were: SNAI1 human, forward 5’- 

GTGCCTCGACCACTATGCC-3’, reverse 5’- GCTGCTGGAAGGTAAACTCTGG-

3’; USP27X human, forward 5′- GACACACAGACCTACCTGCAAT -3′, reverse 5′-

TCCTCACCCAGAGTGTTTCTAC-3′; OTUD7A/CEZANNE2 human, forward 

5’CCATCACGTGGTAAAATGCCC-3’, reverse 5’-AGTTTTTGCCTTCCAGCAGGT 

-3’; MPND human, forward	 5’-AAGAGGAGATCTACCAGAGCCT-3’, reverse 5’-

CCATGGGGATGCCATAGTCAC-3’; VCPIP1 human, forward 5’-

AAACCATGGGTATGGCTGATGG-3’, reverse 5’- GCCCATGTGAGGGACTTGAT-

3’; DUB3 human, forward 5’ GGTCTTTGTCTCCAGAGGGC-3’, reverse 5’-

GTGCTTTCCTGAGTGGCTCT-3’; Snai1 murine, forward 5’-

GCGCCCGTCGTCCTTCTCG-3’, reverse 5’-CTTCCGCGACTGGGGGTCCT-3’; 

Cdh1 murine, forward 5’-TTCAACCCAAGCTATCA-3’, reverse, 5’-

ACGGTGTACACAGCTTTCCA-3’; Zeb1 murine, forward 5’-

TCAGCTGCTCCCTGTGCAGT-3’, reverse 5’-AAGGCCTTCCCGCATTCAGT-3’; 

Usp27x murine, forward 5’-CCCACGGAGAAGAAGGATCG-3’, reverse 5’-

CTGCTAGATGACGAGCGTG-3’; Pumilio, forward 5’-

CGGTCGTCCTGAGGATAAAA-3’, reverse 5’-CGTACGTAGGCGTGAGTAA-3’.	

 

Transfection, cell lysis, immunoprecipitation, pull-down and Western Blot. 

For Snail1-HA degradation/stabilization assays, HEK293T cells were seeded in 60 mm 

plates for 24 h and transfected using polyethylenimine (PEI, Polyscience, Inc.) with 200 

ng of pCDNA3-Snail1-HA (3) and 1 µg of DUBs: pFLAG-CMV2-USP27X, pFLAG-

CMV2-USP27X-C87A, pFLAG-CMV2-USP22, pFLAG-CMV2-USP51 (4) that were a 

kind gift from Dr. T. Kobayashi (Institute for Virus Research, Kyoto University, Japan); 
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pCMV-3Tag-2A-Myc-DUB3 and Myc-DUB3-C89S (5) that were kindly provided by 

Dr. Yadi Wu (The University of Kentucky, Lexington, Kentucky, USA); pCMV-

FLAG-Cezanne2 and pCMV-FLAG-MPND (GeneCopoeia) and pDEST-LTR-N-

FLAG-HA-IRES-Puro-VCPIP1 (Addgene). pFLAG-CMV2-USP27X-C87A was 

obtained after HindIII/NotI subcloning from pENTR-FLAG-USP27X C87A (4). Cells 

were treated with CHX for indicated times after 24 h of transfection, rinsed with cold 

PBS and total extracts were obtained using total lysis buffer (SDS 2%, Tris-HCl pH 7.5, 

glycerol 10% [vol/vol]), boiled at 95ºC and centrifuged at 13,000 rpm for 15 min. Other 

transfections were carried out using Lipofectamine2000 or Lipofectamine-Plus reagent 

(Invitrogen) for 6 h following manufacturer’s instructions for MDA-MB-231 cells.  

 

For immunoprecipitation experiments, cells were transfected with FLAG-DUBs and 

pCDNA3.1-Snail1-Myc (1) and total cell extracts were obtained with lysis buffer (50 

mM Tris-HCl, pH 8; 150 mM NaCl; Triton X-100 0.5% [vol/vol]) supplemented with 

the Complete Protease Inhibitor Cocktail (Roche). Extracts were homogenized in the 

rotator at 4ºC during 30 minutes and centrifuged at 11.000 x g for 10 minutes. Clarified 

supernatants were incubated with anti-Flag M2 resin (Sigma-Aldrich) overnight at 4ºC 

and analyzed by Western blot with the rabbit anti-Myc; rabbit Anti-Flag and rabbit 

Anti-HA (Sigma-Aldrich) antibodies. Endogenous immunoprecipitation was performed 

with cells growing in DMEM-10% FBS after O/N serum synchronization in DMEM-

0.1% FBS. Cells were scraped in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 

Glycerol 5% [vol/vol], 5 mM MgCl2, Triton X-100 1% [vol/vol]) supplemented with 

the Complete Protease Inhibitor Cocktail (Roche) and 1 mg of protein was pre-cleared 

with Protein-A magnetic beads (Millipore), incubated O/N with 1 µg of anti-Snail1 
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rabbit antibody (#3879, Cell Signaling) or a rabbit control IgG (Sigma-Aldrich), 2 h 

more with magnetic beads and extensively washed in lysis buffer.  

 

Production of recombinant GST-Snail1 and GST-USP27X was performed after 

expression in BL21 bacteria as previously described (6). Recombinant His-Snail2-HA 

was obtained from Sf9 insect cells similarly to previously described for His-Snail1-HA 

(1). GST-USP27X was obtained after BamH1/NotI subcloning from pFLAG-USP27X 

into pGEX6P1. For Snail1-GST pull-down assays cells were transfected with pFLAG-

USP27X WT and deletion mutants (pFLAG-CMV2-USP27X-N2; pFLAG-CMV2-

USP27X-N3 and pFLAG-CMV2-USP27X-N4) provided by Dr. T. Kobayashi (Institute 

for Virus Research, Kyoto University, Japan); for GST-USP27X pull-down cells were 

transfected with peGFP-C1, peGFP-C1-Snail1 and GFP-Snail1 deletion mutants 

(ΔZnF4; ΔZnF3-4; ΔZnF2-4; Snail1-CT; Snail1-NT; Snail1-∆S; Snail1-∆80) (1,2,6) and 

pull-down was performed as previously described (1). For ubiquitination assays, 

HEK293T cells were transfected with the indicated Snail1, USP27X and ubiquitin 

(pMT107-3xHis-Ub) plasmids and assays were performed as previously described (1,2). 

 

To obtain cell extracts with differentiated cytoplasmic and nucleoplasmic fractions, 

cells were scrapped in ice-cold buffer A (10 mM HEPES-KOH, pH 7.8; 1.5 mM 

MgCl2; 10 mM KCl) supplemented with the Complete Protease Inhibitor Cocktail 

(Roche) and kept on ice for 10 min (1). A 1/30 volume of the lysate of 10% Triton X-

100 was added, and the tubes were mixed by vortexing for 20s. Centrifugation of the 

sample for 1 min at 11,000 separated out the cytoplasmic extract. The remaining pellet 

was lysed with 2% SDS buffer for the total nuclear fraction or with buffer C (20 mM 

HEPES-KOH, pH 7.8; glycerol 25% [vol/vol]; 0.42 M NaCl; 1.5 mM MgCl2; 0.2 mM 
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EDTA; 0.5 mM DTT) during 30 min to obtain the soluble nucleoplasmic fraction and 

the chromatin pellet that was further solubilized with 2% SDS and boiling. Western 

blotting was performed as previously reported (2), quantified with ImageJ software and 

normalized with respect to tubulin.  
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Supplementary Figure S1. Determination of Snail1 protein stability by analyzing 

luciferase activity of Snail1-F-Luc fusion protein and DUB siRNA screening. A) 
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Normalized values of Snail1-F-Luc/R-Luc in HEK293T expressing cells. Cell 

treatments with MG132 and cycloheximide (CHX) show stabilization and decay along 

time, respectively. B) Analysis of Snail1-F-Luc protein by Western Blot (WB) after 

addition of CHX, MG132 or PR619 DUB inhibitor. C) Treatment with the PR619, a 

general DUB inhibitor decreases Snail1-F-Luc stability. Values represent the mean ± s.d 

of three independent experiments. Statistical significance was determined by two-tailed, 

unpaired T-test with ***P<0.001. D) Summarized workflow with experimental steps 

performed to validate data from Figure 1A.  
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Supplementary Figure S2. Validation of DUB siRNA screening. A) MDA-MB-231 

cells transfected with the indicated siRNAs: control (siRNAs #2 and 3 #); DUB and 
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SNAI1 siRNAs were analyzed by WB. Blots are representative of two independent 

experiments with similar results. B) mRNA levels of the Snail1 DUB candidates 

determined by qRT-PCR after transfection of indicated CTL or DUB siRNAs. Data are 

the mean ± s.d of four (SNAI1, CEZANNE2 (CEZ2), MPND and USP27X) and three 

(VCPIP1) independent experiments. Statistical significance was determined by two- 

tailed, unpaired T-test with *P<0.05, **P<0.01, ***P<0.001. C) Immunoprecipitation 

of Flag-tagged DUBs with Snail1-Myc after treatment with MG132 (compare with Fig. 

1B). D) MDA-MB-231 cells infected with indicated shRNAs (CTL or 3 different 

shRNAs for CEZ2) were analyzed for Snail1, Cezanne2 and Fibronectin levels after 

stably selection of infected cells. E) WB analysis of Snail1 and USP27X in cell extracts 

from breast (right panel) and pancreatic cancer cell lines (left panel). 
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Supplementary Figure S3. Snail1 and USP27X interact. A) Extracts from cells 

transfected with the different Flag-USP27X constructs indicated in panel B were pulled-

down with GST-Snail1 fusion protein. FL, full-length USP27X; S, short-form starting 



	 15	

from the canonical ATG (Uniprot: A6NNY8); N2-N4, USP27X deletion mutants; φ, 

empty vector. *, non-specific bands. B) USP27X domains and constructs used in the 

pull-down. The proposed Snail1 binding sequence in USP27X is indicated. C) 

Interaction between Snail1 deletion mutants and USP27X. Extracts from cells 

transfected with different GFP-Snail1 deletion constructs were pull-down with GST-

USP27X or GST. FL, full-length; NT, N-terminal; CT, C-terminal; ΔS, mutant lacking 

the Serine rich central region; Δ80, mutant lacking the first 80 amino acids. D) Pull-

down with GST-USP27X of extracts from cells transfected with different GFP-Snai1l 

C-terminal deletion constructs lacking indicated Zinc Finger domains (ZnF). E) The 

diagram summarizes the different Snail1 deletion mutants used in this figure and the 

interaction obtained with GST-USP27X. The proposed USP27X binding sequence in 

Snail1 is indicated. NES, nuclear export sequence. F) Pull-down assays were carried out 

with recombinant GST-USP27X and extracts of cells transfected with Snail1-HA or 

Snai12-HA (top) or purified recombinant proteins expressed in Sf9 cells (bottom). 
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Supplementary Figure S4. Interaction between Snail1 and USP27X or other 

USP27X related DUBs. A) The indicated DUBs labelled with Flag epitope were 

cotransfected with Snail1-Myc and immunoprecipitated with anti-Flag and analyzed by 

WB. B) Extracts from cells transfected with different Flag-DUBs constructs indicated 

were pull-down with GST-Snail1 or control GST; retained DUBs were determined by 

anti-Flag WB.  
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Supplementary Figure S5. USP27X expression stabilizes nuclear and cytoplasmic 

Snail1. A) Flag-USP27X (long 72 kDa form) and Snail1-HA were expressed in 

HEK293T cells; subcellular fractions were prepared as indicated in Supplementary 

Material and Methods. Expression of histone 3 (H3) and tubulin were used as control of 

nuclear/chromatin (chrom.) and cytoplasmic (cytop.) compartments. B and C) siRNA 

depletion of USP27X in RWP-1 (B) and MDA-MB-231 (C) Snail1-HA expressing 

cells. Expression of Lamin B and tubulin were used as control of total nuclear and 
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cytoplasmic (cytop.) compartments. D) CHX-time course experiments similar to those 

performed in Fig. 2E after expression of USP27X with GFP-Snail1-SD (cytosolic 

Snail1, with all Ser of the central Serine-Rich region mutated to Asp), GFP-Snail1-SA 

(nuclear Snail1, with all Ser of the central Serine-Rich region mutated to Ala) and GFP-

Snail1-LA (nuclear Snail1, with Leu of the nuclear export sequence mutated to Ala) (6). 

E) Pull-down experiments to determine the interaction with the indicated Snail1 mutants 

fused to GFP with GST-USP27X. 
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Supplementary Figure S6. USP27X does not affect endogenous Snail2 expression 

and increases Snail1 stability more potently than with Snail2. Both DUB3 and 
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USP27X stabilize Snail1: comparative analysis. A) MDA-MB-231 cells stably 

infected with a doxycycline (doxy) regulated plasmid for USP27X WT or mutant C/A. 

Doxycycline was added and endogenous Snail2 expression was determined at 6 h as 

shown in Fig. 2D for Snail1. B) Snail1-Myc and the different forms of USP27X were 

co-expressed in HEK293T cells; Flag-USP27X WT or C/A mutant were 

immunoprecipitated and associated Snail1-Myc was determined by WB. C) Snail2 

shows a lower stabilization by USP27X than Snail1 in HEK293T. HEK293T cells 

transiently transfected with Snail2-HA and Flag-USP27X (WT or C/A) were treated 

with CHX for the indicated time and analyzed by WB. D) Densitometric quantification 

of three independent experiments such as the one shown in C, comparing Snail1 (black 

line; data shown in Fig 2E) and Snail2 (red line) stabilization after USP27X expression 

(relative half-life times, t1/2, of Snai1 and Snail2 are indicated upon calculation from 

linearized data). Dotted lines show the decay of the two proteins in control not 

USP27X-transfected cells. E) Left panel, transfection of siRNAs against USP27X, 

DUB3 or SNAI1 to compare Snail1 down-regulation. Right panel, DUB3 mRNA 

quantification after transfection of indicted siRNAs. F) CHX-time course experiments 

as those described in Fig. 2E with USP27X to analyze Snail1 stabilization upon DUB3 

or mutant DUB3 (C/S) transfection in HEK 293T cells. G) Comparative analysis of 

Snail1 interaction with DUB3 and USP27X after immunoprecipitation of DUBs with 

Myc (DUB3) or Flag (USP27X) antibodies.  
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Supplementary Figure S7. USP27X knock-down (KO) inhibits cell growth and 

affects the expression of EMT markers. A) SNAI1 mRNA quantification by qRT-

PCR of two independent cell lines (#1 and #2, showed in Fig. 3A) stably selected after 

CRISPR/Cas9-mediated knock-down of USP27X in MDA-MB-231 cells. B) Effect of 

CRISPR/Cas9-mediated USP27X depletion (independent clones #3 and #4) on Snail1 

protein expression. C) Clonogenic assay with WT and USP27X KO #1 and #2 (1,000 

cells/well; 10 days of cell growth). The photograph (top) corresponds to a representative 

experiment in which cell colonies were stained with crystal violet. A quantification 

performed with ImageJ from multiples wells of at least n=3 independent experiments is 

shown at the bottom. D) In vivo tumor growth of MDA-MB-231 cells with WT and 
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USP27X KO#2 subcutaneously injected in NOD/SCID mice (500,000 cells/flank; 30 

days of growth). The picture (top) shows the tumors obtained in a representative 

experiment performed with USP27X KO #2 (data with USP27X KO #1 is shown in Fig. 

3D). The quantification (bottom) was performed with at least three mice per condition. 

Statistical significance was determined by two-tailed, unpaired T-test with **P<0.01. 

ns, not significant. E) Staining of tumor sections from experiment described in Fig. 3D 

with the indicated antibodies of samples. Hem&Eos, Hematoxilin and Eosin staining.  
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Supplementary Figure S8. USP27X mRNA is up-regulated in cancer database.  

Left and middle panels: Volcano plots showing mRNA over-expressed or under-

expressed in high levels (x-axys) and statistical significance (y-axis). The specific value 

of USP27X mRNA is indicated by a red dot and was found to be significantly over-

expressed in invasive breast (left plot) (7) and pancreatic cancer (8) (middle plot). Data 

are from RNA-seq expression TCGA datasets using cBioPortal (9). Right panel: High 

levels of USP27X mRNA were found in colon adenocarcinoma compared to normal 

colon (dataset from Kaiser in Oncomine) (10,11). P individual values are indicated. 

 

 

 

 

 

 

 

 

 

 


