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SUPPLEMENTARY INFORMATION 

Supplementary Materials and Methods 

Cells 

The human esophageal cancer cell lines, including KYSE180, KYSE520, KYSE140, KYSE30, 

KYSE410, KYSE510, were obtained from Deutsche Sammlung von Mikroorganismen und 

Zellkulturen (DSMZ, Braunschweig, Germany), the German Resource Centre for Biological Material 

1. Cell lines were authenticated by short tandem repeat (STR) fingerprinting. Cells were grown in 

DMEM medium supplemented with 10% fetal bovine serum (FBS), penicillin/streptomycin, 

hydrocortisone, insulin, HEPES, and L-glutamine. The human normal esophageal epithelial cells 

(NEECs) were purchased from ScienCell (Carlsbad, CA, USA) and propagated in the recommended 

serum-supplemented medium. All cells were maintained in 5% CO2 at 37°C. 

Chemicals 

Cigarette smoke extract (CSE) was prepared as previously described 2, 3. Briefly, cigarette smoke was 

collected by a vacuum machine into a container frozen with liquid nitrogen, then dissolved in 

dimethylsulfoxide (DMSO) and stored at −80°C. Smoke condense was used at a concentration of 100 

µg/ml relevant to the human exposure situation.  

Cigarette smoke chemical components including nicotine, cotinine, Nʹ-nitrosonornicotine (NNN), 

and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) were purchased from the National Center 

for Standard Substances (Beijing) and used at a concentration of 2 μM.  

Pathway-specific inhibitors, including PI3K inhibitor LY294002, RAF inhibitor LY3009120 and 

JAK2 inhibitor Fedratinib were obtained from Selleck Chemicals and used at concentrations of 500 

nM, 20 nM, and 3 nM, respectively. 

The proteasome inhibitor MG132 was obtained from Sigma-Aldrich and used at 10 µM.  

Immunohistochemistry (IHC) 

In this study, IHC staining was done in 228 human esophageal cancer tissues. In brief, paraffin-

embedded specimens were cut into 4-μm sections and baked at 65°C for 30 min. The sections were 

deparaffinized with xylenes and rehydrated. Sections were then submerged into EDTA antigenic 

retrieval buffer and microwaved for antigenic retrieval. Samples were treated with 3% hydrogen 
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peroxide in methanol to quench the endogenous peroxidase activity, followed by incubation with 1% 

bovine serum albumin to block nonspecific binding, and then incubated with primary antibodies 

overnight at 4°C. After washing, the tissue sections were treated with biotinylated anti-rabbit 

secondary antibody, followed by further incubation with streptavidin-horseradish peroxidase complex 

(Zsbio, BJ, China). Finally, the sections were immersed in 3-amino-9-ethyl carbazole and 

counterstained with 10% Mayer's hematoxylin, dehydrated, and mounted in Crystal Mount.  

  Primary antibodies used in the IHC staining include anti-OTUD3 (Sigma-Aldrich, HPA028544, 

1:100), anti-LYVE-1 (Sigma-Aldrich, HPA042953, 1:200), anti-VEGF-C (R&D, AF752, 1:50), and 

anti-ZFP36 (Merck Millipore, ABE285, 1:50). For negative controls, the primary antibody was 

replaced with normal rabbit serum at 4°C overnight preceding the immunohistochemical staining 

procedure.  

DNA constructs and establishment of stable cell lines  

Human OTUD3 and ZFP36 coding sequence was amplified by the polymerase chain reaction and 

subcloning into a pLVX-retro-puro and pLVX-retro-hygro vector. To silence endogenous OTUD3, 

two short hairpin RNA (shRNA) oligonucleotides were cloned into the pSuper-retro-neo vector, 

respectively. OTUD3 promoter was cloned into the pGL3-basic vector, while the VEGF-C-3'UTR was 

inserted into the pGL3-Control vector (Promega).  

Stable cells were generated from cell pools by retroviral infection using the pLVX-retro-puro and 

pLVX-retro-hygro for OTUD3 or ZFP36 overexpression, and p-Super-retro-neo for OTUD3 

silencing. Briefly, the retroviral vectors were co-transfected with packaging plasmid into 293T cells. 

The supernatant containing the virus was collected, and viral infections were done serially for 3 days. 

Stable cell lines were selected with 0.5μg/ml puromycin, 25μg/ml hygromycin, or 250 μg/ml G418, 

respectively. 

Antibodies used in western blot analysis 

Western blot analyses were performed using primary antibodies, including anti-p-Akt, anti-Akt, anti-

p-ERK1/2, anti- ERK1/2, anti-p-p38, anti-p38 antibodies (Cell Signaling Technology, Danvers, MA, 

USA), anti-OTUD3 (Sigma-Aldrich, MABS1819M) , anti-ZFP36 (Merck Millipore, ABE285) and 

anti-FBXW7 (Abcam, ab109617). GAPDH and α-Tubulin were used as the loading controls.  
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Luciferase reporter assays 

In this study, we performed OTUD3 promoter-luciferase reporter assays to examine the role of 

FOXO1 on OTUD3 transcription; on the other hand, we conducted VEGF-C-3'UTR luciferase 

reporter assays to assess whether ZFP36 induced VEGF-C mRNA decay via its ARE in the 3'UTR. 

Briefly, twenty thousand cells were seeded in triplicate in 48-well plates and allowed to settle for 24 

hours. One hundred nanograms of reporter plasmid, plus 1ng of pRL-TK Renilla plasmid (Promega), 

was transfected into cells using the Lipofectamine 3000 reagent according to the manufacturer's 

recommendation. Luciferase and Renilla signals were measured 24 hours after transfection using the 

Dual Luciferase Reporter Assay Kit (Promega) according to a protocol provided by the manufacturer. 

Relative luciferase activity was calculated as the ratio of luciferase to renilla signal. 

Chromatin immunoprecipitation (ChIP) assays 

Cells were first treated with 1% formaldehyde to cross-link proteins to DNA. The lysates were then 

sonicated and sheared to a 300–1000 bp range. Aliquots were incubated with either 1μg anti-FOXO1 

antibody (Cell Signaling Technology, #2880, Danvers, MA, USA), or anti-p300 antibody, or anti-

H3K27ac, or anti-Polymerase II antibodies (Abcam, Cambridge, MA, USA), or 1 μg normal IgG 

antibody as a negative control, at 4°C overnight. Cross-linking of Protein-DNA complexes was 

further reversed and DNA was purified. The enrichment of indicated proteins in OTUD3 promoter 

was evaluated by qRT-PCR. Amplification of the non-promoter region was used as a negative control. 

Primers were provided below.  

Protein immunoprecipitation assays 

Cell lysates were prepared from the indicated cells using lysis buffer (150 mM NaCl, 10 mM HEPES, 

pH 7.4, 1% NP-40). Lysates were then incubated with anti-OTUD3 (Sigma-Aldrich,, MABS1819M) 

or anti-ZFP36 (Merck Millipore, ABE285) antibody and protein G-conjugated agarose (Millipore) 

overnight at 4°C. Beads containing affinity-bound proteins were washed 6 times by wash buffer (150 

mM NaCl, 10mM HEPES, pH 7.4, 0.1% NP-40), followed by eluting using 1 M glycine (pH 3.0). 

Elutes were subjected to mass spectrometry or western blot analysis. 

Proximity ligation assays 

Proximity ligation was performed using the Rabbit PLUS and Mouse MINUS Duolink in situ PLA 
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kits (Sigma-Aldrich) according to the manufacturer’s protocol. Briefly, KYSE180 cells (5×104) were 

plated on coverslips and treated with nicotine or vehicle for 24 h. The cells were then washed twice 

with PBS, and fixed in 3.7% formaldehyde in PBS for 15 min at room temperature. Subsequently, 

cells were washed with TBS (25 mM Tris, 100 mM NaCl, pH 7.4), incubated for 10 min in 50 mM 

NH4Cl, TBS, washed with TBS, permeabilized for 15 min in 0.1% Triton X-100 in TBS, washed with 

TBST (0.05% Tween 20 in TBS), and then blocked for 2 h with 0.5% milk powder in TBST in a 

humidified chamber at at room temperature and incubated overnight at 4°C with anti-OTUD3 (Sigma-

Aldrich, HPA028544) and anti-ZFP36 (Abcam, ab124024) antibodies. After washing with TBST, 

proximity ligation was performed using the PLA kits (Sigma-Aldrich). Cells were further 

counterstained with DAPI (Sigma-Aldrich) to visualize the nuclei.  

Tube formation of human lymphatic endothelial cells (LECs) 

The human lymphatic endothelial cells (LECs) tube formation assay was performed by first pipetting 

200 μl Matrigel (BD Biosciences, Bedford, MA) into a 24-well plate which was then polymerized for 

30 min at 37°C. LECs (2 × 104) in 200 μl of conditioned medium (CM) were added to each well and 

incubated at 37°C, 5% CO2 for 12 h. Images were taken using a bright-field microscope at ×100 

magnification. The capillary tubes were quantified by measuring the total length of completed tubule 

structures. 

Primers and oligonucleotides 

Primers for qRT-PCR 

OTUD3, forward primer, 5'-TGCGAGGAGGAGTTCGTCA-3';  

reverse primer, 5'-GTGCTTGAGATGATTTCGTGAGT-3'; product size, 141bp.  

VEGF-C, forward primer, 5'-GCCACGGGAGGTGTGTATAG-3';  

reverse primer, 5'-TATTGCAGCAACCCCCACAT-3'; product size, 107bp.  

VEGF-D, forward primer, 5'-GGCAAAGAACTCAGTGCAGC-3';  

reverse primer, 5'-CGGAACACGTTCACACAAGG-3'; product size, 106bp. 

GAPDH, forward primer, 5'-GTCTCCTCTGACTTCAACAGCG-3'; reverse primer, 5'-

ACCACCCTGTTGCTGTAGCCAA-3'; product size, 131bp.  

ACTB, forward primer, 5'- CACCATTGGCAATGAGCGGTTC-3';  
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reverse primer, 5'- AGGTCTTTGCGGATGTCCACGT-3'; product size, 135bp.  

Primers for RNA pulldown assays 

VEGF-C-3’UTR, forward primer, 5'-CCCTTGTGGGTCCATGCTAA-3';  

reverse primer, 5'-TTGCAGATGAGCTCCAGTCC-3'; product size, 91bp.  

VEGF-C-CDS, forward primer, 5'-TGAACACCAGCACGAGCTAC-3';  

reverse primer, 5'-TACTGGTTTGGGGCCTTGAG-3'; product size, 77bp.  

VEGF-C-5’UTR, forward primer, 5'-GGGGAATACAAGAGTCGG-3';  

reverse primer, 5'-CACCCAGGTAGTGAGCAA-3'; product size, 87bp.  

Primers for ChIP assays 

OTUD3 promoter region, forward primer, 5'-CCGAGGTCCCATAGGGTT-3';  

reverse primer, 5'-GCCACTCCCGAGTTCTTGT-3'; product size, 136bp.  

non-Promoter region, forward primer, 5'-TGAAGAACATTCCTCGGTAA-3';  

reverse primer, 5'-AACAACTCCAGTGGTGGC-3'; product size, 96bp.  

Gene silencing oligonucleotides 

shOTUD3#1, target sequence: 5'-GGACAATAACAGAAGCGAAGC-3'. 

shOTUD3#2, target sequence: 5'-GGGACGGCAATTGCTTGTTCA-3'. 

siZFP36#1, target sequence: 5'-GAGCTATGTCGGACCTTCTCAGAGA-3'. 

siZFP36#2, target sequence: 5'-CCTGGGATCCGACCCTGATGAATAT-3'. 
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Supplementary Tables 

Supplementary Table 1. Clinicopathological characteristics of 228 esophageal cancer specimens 

Parameters Number of cases (%) 

Gender  

Female 71 (31.14%) 

Male 157 (68.86%) 

Age (years)  

< 58 117 (51.32%) 

≥ 58 111 (48.68%) 

Pathological type  

Squamous cell carcinoma 228 (100.00%) 

T classification  

T1 15 (6.58%) 

T2 50 (21.93%) 

T3 155 (67.98%) 

T4 8 (3.51%) 

N classification  

LN- 102 (44.74%) 

LN+ 126 (55.26%) 

Clinical stage  

I 11 (4.82%) 

II 115 (50.44%) 

III 102 (44.74%) 

Pathological grade  

G1 94 (41.23%) 

G2 114 (50.00%) 

G3 20 (8.77%) 

Smoking  

Non-smokers 81 (35.53%) 

Heavy-smokers 147 (64.47%) 

Drinking  

No 129 (56.58%) 

Yes 99 (43.42%) 

5-year tumor relapse status 

No 64 (28.07%) 

Yes 164 (71.93%) 

5-year vital status  

Alive 72 (31.58%) 

Dead 156 (68.42%) 

OTUD3 expression  

Negative 77 (33.77%) 

Weak 67 (29.39%) 

Moderate 45 (19.74%) 

Strong 39 (17.10%) 
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Supplementary Table 2. The correlation between OTUD3 expression and clinicopathological 

characteristics in esophageal cancer patients (n = 228) 

 OTUD3 expression  

Characteristics Low, High, P values 

 no. cases (%) no. cases (%)  

Gender    

Male 109 (69.43%) 48 (30.57%) 0.004 

Female 35 (49.30%) 36 (50.70%)  

Age (years)    

< 58 82 (70.09%) 35 (29.91%) 
0.026 

≥ 58 62 (55.86%) 49 (44.14%) 

T stage    

T1-2 29 (44.62%) 36 (55.38%) 
< 0.001 

T3-4 115 (70.55%) 48 (29.45%) 

N stage    

N0 53 (51.96%) 49 (48.04%) 
0.002 

N1 91 (72.22%) 35 (27.78%) 

Clinical stage    

I-II 63 (51.22%) 60 (48.78%) 
< 0.001 

III 81 (77.14%) 24 (22.86%) 

Grade    

G1 52 (55.32%) 42 (44.68%) 
0.040 

G2-3 92 (68.66%) 42 (31.34%) 

Smoking    

Non-smokers 33 (40.74%) 48 (59.26%) 
< 0.001 

Heavy-smokers 111 (75.51%) 36 (24.49%) 

Drinking    

No 81 (62.79%) 48 (37.21%) 
0.896 

Yes 63 (63.64%) 36 (36.36%) 

5-year tumor relapse status   

No 30 (46.88%) 34 (53.12%) 
0.001 

Yes 114 (69.51%) 50 (30.49%) 

5-year vital status   

Alive 34 (47.22%) 38 (52.78%) 
< 0.001 

Dead 110 (70.51%) 46 (29.49%) 
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Supplementary Figure 1. (A) qRT-PCR of OTUD3 mRNA inKYSE180 and KYSE520 cells treated 

with nicotine alone, or co-administration with PI3K inhibitor LY294002 (500nM), or RAF inhibitor 

LY3009120 (20nM), or JAK2 inhibitor Fedratinib (3nM). (B) Western blotting of indicated proteins 

in esophageal cancer cells under treatment of nicotine or co-administration with LY294002. (C) The 

putative OTUD3 promoter (-1500 to +500) contains four potential FOXO1-binding sites. Schematic 

illustration of predicted binding sites of FOXO1 in the putative OTUD3 promoter (-1500 to +500). 

Mutations of binding sites in the OTUD3 promoter were indicated. (D) Luciferase assays examine the 

activity of wild-type (wt) or site-mutant OTUD3 promoter reporters in control and FOXO1-

overexpressing KYSE180 cells. (E) Relative luciferase activities of OTUD3 promoter in KYSE180 

cells treated with vehicle or nicotine. (F) The enrichment of FOXO1, p300 acetyltransferase, 

H3K27ac, and RNA polymerase II (Pol II) on the OTUD3 promoter in KYSE180 cells treated with 

vehicle or nicotine was determined by ChIP assays. The non-promoter region "-6297~-6202" was 

used as a negative control. (G and H) RFS and OS analyses in heavy-smoking (G) or non-smoking 

(H) esophageal cancer patients stratified by low and high OTUD3 expression. 
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Supplementary Figure 2. (A) Western blot analysis of p-AKT, AKT, p-ERK1/2, ERK1/2 in LECs 

treated with vehicle or nicotine. (B) Quantification of migrating LECs treated with vehicle or nicotine. 

(C) Relative tube length of LECs treated with vehicle or nicotine. (D) Scheme of conditioned-medium 

(CM) treatment experiments for analysis of tumor-induced lymphangiogenesis in human lymphatic 

endothelial cells (LECs). (E) Western blot analysis of OTUD3 in control or OTUD3-silencing 

KYSE180 and KYSE520 cells. (F) Quantification of migrating LECs treated with indicated CM. (G) 

Relative tube length of LECs under treatment of indicated CM. (H) ELISA assays examined cotinine 

concentration in mouse serum at days 0, 10, 20 and 30. 
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Supplementary Figure 3. (A) KYSE180 cells were treated with vehicle or nicotine for the indicated 

time and then subjected to qRT-PCR analysis of VEGF-D. (B) ELISA assays examined the secreted 

VEGF-C concentration in the CM derived from esophageal cancer cells that stably silenced OTUD3 

expression. (C and D) Luciferase activities of VEGF-C promoter in KYSE180 and KYSE520 cells 

with nicotine treatment (C) or OTUD3 overexpression (D). (E) Representative MS plots of OTUD3-

interacting proteins. (F) qRT-PCR analysis of ZFP36 in KYSE180 and KYSE520 cells with or 

without OTUD3 overexpression.  
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Supplementary Figure 4. OTUD3 inhibits the K48-linked ubiquitination and degradation of 

ZFP36. (A) Reciprocal IP assays were performed in KYSE180 cells with or without nicotine 

treatment. (B) Interactions between Flag-ZFP36 and MYC-OTUD3 or MYC-OTUD3C76A were 

examined in 293T cells. (C) The 293T cells were transfected with HA-UbK63 and MYC-OTUD3. 

Lysates were then subjected to ZFP36 ubiquitination analysis. 

 

 

 

Supplementary Figure 5. Control or ZFP36-overexpressing KYSE180 cells were transfected with 

VEGF-C 3'UTR or 3'UTR-mut luciferase constructs then subjected to analysis of luciferase mRNA at 

indicated time points. 
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Supplementary Figure 6. (A) Western blot analysis of OTUD3 and ZFP36 expression in indicated 

KYSE180 and KYSE520 cells. (B) Western blot analysis of TBL1XR1 and ZFP36 expression in 

indicated KYSE180 and KYSE520 cells. (C) qRT-PCR analysis of VEGF-C mRNA expression in 

indicated esophageal cancer cells. (D) Quantification of migrating LECs under treatment of indicated 

CM.  (E) Relative tube length of LECs under treatment of indicated CM. 

 

 

 

Supplementary Figure 7. The distributions of ZFP36 and VEGF-C staining in non-smoking and 

heavy-smoking esophageal cancer patients were compared. χ2 test was used.  


