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A20 promotes metastasis of aggressive basal-like
breast cancers through multi-monoubiquitylation

of Snaill

Ji-Hyung Lee"’, Su Myung Jung"’, Kyung-Min Yang’, Eunjin Bae’, Sung Gwe Ahn’, Jin Seok Park’,
Dongyeob Seo', Minbeom Kim', Jihoon Ha', Jaewon Lee', Jun-Hyeong Kim', Jun Hwan Kim', Akira Ooshima’,
Jinah Park?, Donghyuk Shin’, Youn Sook Lee', Sangho Lee', Geert van Loo*’, Joon ]eong3 , Seong-Jin Kim?®

and Seok Hee Park"®

Although the ubiquitin-editing enzyme A20 is a key player in inflammation and autoimmunity, its role in cancer metastasis
remains unknown. Here we show that A20 monoubiquitylates Snaill at three lysine residues and thereby promotes metastasis of
aggressive basal-like breast cancers. A20 is significantly upregulated in human basal-like breast cancers and its expression level is
inversely correlated with metastasis-free patient survival. A20 facilitates TGF-$1-induced epithelial-mesenchymal transition (EMT)
of breast cancer cells through multi-monoubiquitylation of Snaill. Monoubiquitylated Snaill has reduced affinity for glycogen
synthase kinase 33 (GSK3p), and is thus stabilized in the nucleus through decreased phosphorylation. Knockdown of A20 or
overexpression of Snaill with mutation of the monoubiquitylated lysine residues into arginine abolishes lung metastasis in mouse
xenograft and orthotopic breast cancer models, indicating that A20 and monoubiquitylated Snaill are required for metastasis.
Our findings uncover an essential role of the A20-Snaill axis in TGF-B1-induced EMT and metastasis of basal-like breast cancers.

Among the six major subsets of breast carcinomas, basal-like breast
cancers express basal/myoepithelial markers and are frequently triple
negative for ER, PR and HER2 (ref. 1). Basal-like breast cancers
are highly aggressive and have poorer prognoses than luminal
subtypes®. These aggressive types frequently relapse, are more prone
to metastasize to other organs, and lead to worse outcomes in breast
cancer patients®*,

A20, also called tumour necrosis factor o-induced protein 3
(TNFAIP3), acts as a key regulator of inflammation and immunity®~?,
due to its role as a nuclear factor (NF)-xB inhibitory and anti-apoptotic
signalling protein>'%!%, Recent in vivo gene targeting studies indicate
that A20 has cell- or disease-context-dependent functions'*~2!. These
diverse functions may be ascribed to the ubiquitin-editing activities
of A20: deubiquitylase (DUB)**-%%, and E3 ubiquitin ligase activities®.
A20 also acts as a ubiquitin-binding protein®*%".

Despite knowledge of the roles of A20 in inflammation and imm-
une responses, its functions in cancer are not yet clearly understood.
Several reports suggest an oncogenic role of A20 in diverse solid

tumour cell lines?*~*2

suggested for A20 in B-cell lymphoma
different roles in tumorigenesis through collaboration with specific

, whereas a tumour suppressor function has been

143334 Thys, A20 may play

oncoproteins or tumour suppressors in a context-dependent manner.

Epithelial-mesenchymal transition (EMT) is highly associated with
cancer progression such as invasion and metastasis in pathological
contexts*>?. Transcription factors including the Snail family (Snaill,
Snail2 and Snail3), the ZEB family (ZEB1 and ZEB2) and the basic
helix-loop-helix family (Twistl and Twist2) are known as regulators
driving the EMT process*®”’. Among them, Snaill is the most
studied, as its expression is regulated by dual mechanisms. Snaill
is transcriptionally induced by transforming growth factor (TGF)-3
(ref. 38), hypoxia® and reactive oxygen species®’. Snaill expression
is further regulated by proteasomal rapid degradation in normal
cells*'. Snaill degradation is promoted by the SCF (Skp1-Cullinl-
F-box)-p-TrCP (fB-transducin-repeat-containing protein) complex,
a multi-subunit RING type E3 ubiquitin ligase, and requires
phosphorylation of Snaill by GSK3f as well as Lys48-linked
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polyubiquitylation*". Although A20 and Snaill functions are well
studied in inflammation and EMT, respectively, it remains unknown
how A20 contributes to tumorigenesis, invasion and metastasis in
conjunction with Snaill.

Here we uncover a mechanism where upregulated A20 is involved
in TGF-B-induced EMT through stabilizing Snaill in the nucleus by
multiple monoubiquitylation, thereby promoting the metastasis of
aggressive basal-like breast cancers.

RESULTS

A20 is overexpressed in aggressive basal-like breast cancers

To identify E3 ubiquitin ligases or deubiquitylases engaged in human
breast cancer metastasis, we initially performed RNA sequencing in
several subtypes of human breast cancer cell lines. We found that A20
is significantly overexpressed in basal-like breast cancer cells (Fig. 1a),
further supported by immunoblot analysis (Fig. 1b). The MCF10A
series of cell lines, mimicking the stages of breast cancer progres-
sion from normal breast epithelial cells (M1) to highly metastatic
cells (M4), showed a positive correlation between A20 expression
and metastatic potential (Fig. 1c). Analysis of public microarray
data sets (GSE41313) in 52 breast cancer cell lines*? revealed
higher expression of A20 in basal-like types, compared with luminal
ones (Fig. 1d).

Analysis of The Cancer Genome Atlas (TCGA) databases and other
public microarray data (GSE2034)* indicated that A20 is significantly
upregulated in tumour samples of basal-like subtypes including triple-
negative breast cancers (TNBCs) (Fig. 1le-g). Computational analysis
of breast cancer tissue microarrays (TMAs) from Gangnam Severance
Hospital in South Korea demonstrated an association of high A20
expression with distant metastasis-free, overall, and breast cancer-
specific survival (Fig. 1h-j). Immunohistochemistry of the breast
cancer TMAs corroborated our finding that A20 expression is higher
in TNBC relative to other subtypes (Fig. 1k).

A20 is required for TGF-p-induced EMT
We hypothesized that A20 may be involved in TGF-f3-induced EMT,
because A20 expression was increased in aggressive basal-like breast
cancers. Thus, we observed morphological changes and protein
levels in A20-knockdown NMuMG mouse mammary epithelial
cells and MCF10A human breast epithelial cells following TGF-f31
treatment (Fig. 2a—e). Although TGF-f1 treatment induced EMT-
like morphological changes in green fluorescent protein (GEFP)-
specific short hairpin RNA (shGFP)- or control short interfering RNA
(siCON)-expressing cells, no morphological changes were observed
in A20-depleted NMuMG and MCFI10A cells (Fig. 2a,b). Unlike
control cells, no reduction in E-cadherin expression nor increase in
expression of mesenchymal markers, including N-cadherin, vimentin,
fibronectin and o-smooth muscle actin (SMA), was seen in A20-
depleted NMuMG and MCF10A cells following TGF-f1 treatment
(Fig. 2c—e). Such observations were further confirmed by quantitative
PCR with reverse transcription (QRT-PCR) analysis of CDH1, CDH2
and VIM messenger RNAs, which encode E-cadherin, N-cadherin and
vimentin, respectively (Fig. 2f-h), and by CDHI-specific reporter gene
analysis (Fig. 2i).

These observations prompted investigation of Snail transcrip-
tion factors. Interestingly, Snaill expression was decreased in
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A20-knockdown NMuMG and MCF10A cells, while Snail2 and Twist
expression was unaffected (Fig. 2d,e). A20 knockdown also reduced
expression of ZEB1, possibly due to A20-mediated decrease of Snaill,
which acts upstream of ZEB1 (ref. 44; Fig. 2d,e). Notably, A20 was
significantly induced by TGF-f1 treatment in both NMuMG and
MCF10A cells, with different kinetics (Fig. 2d,e). Also, immunoblot
of breast cancer cell lines and surgically dissected cancer samples
indicated that both A20 and Snaill are increased in aggressive basal-
like breast cancer subtypes (Fig. 2j,k). These results suggest that A20
is involved in TGF-B1-mediated EMT through regulation of Snaill.

A20 stabilizes the Snaill protein

Because Snaill transcription is induced by the TGF-f3/Smad signalling
pathway*®®, we examined whether A20 upregulates Snaill through
canonical TGF-f/Smad signalling. Although Snaill expression
was reduced in A20-knockdown NMuMG or MCF10A cells,
TGF-p1-mediated phosphorylation of Smad2/3 and expression of
plasminogen activator inhibitor (PAI)-1, a target of TGF-f/Smad
signalling, were not affected by A20 knockdown (Fig. 3a,b). In
addition, canonical TGF-f/Smad signalling was normal in A20-
knockdown NMuMG cells following TGF-f1 treatment as measured
by the CAGA-luciferase reporter and SMAD7 and PAII mRNAs
(Supplementary Fig. la-d), confirming that A20 does not regulate
canonical TGF-3/Smad signalling.

To understand how A20 regulates Snaill, we first examined SNAILI
mRNA in A20-knockdown NMuMG cells. Using qRT-PCR, similar
SNAILI expression was demonstrated following TGF-f1 treatment in
both control and shRNA- or siRNA-induced A20-depleted NMuMG
cells (Fig. 3¢ and Supplementary Fig. le). We next examined Snaill
expression in A20-knockout (A20~/~) mouse embryonic fibroblasts
(MEFs). Compared with wild-type A207/* MEFs, the Snaill level
was reduced in A20~/~ MEF cells (Fig. 3d), whereas SNAIL1 mRNA
expression and Smad2 phosphorylation following TGF-f1 treatment
were unaffected (Fig. 3d,e). Notably, A20 expression gradually
increased in A20"/* MEFs during TGF-B1 treatment (Fig. 3d).
Ectopic expression of A20 in A20~/~ MEFs restored both A20 and
Snaill expression to levels similar to that in A20"/* MEFs (Fig. 3f).
MEFs and A20-knockdown
NMuMG cells further supported our results (Fig. 3g and Supple-

Cycloheximide treatment of A207/~

mentary Fig. 1f). This decreased Snaill stability under A20 depletion
was restored by treatment with the proteasome inhibitor MG132
(Fig. 3h and Supplementary Fig. 1g). Moreover, A20 expression in
HEK293 cells augmented Snaill expression (Supplementary Fig. 1h).
The regulation of Snaill stability by A20 was also confirmed in
TGF-B1-induced EMT of pancreatic cancers. A20-knockdown Panc-1
cells showed reduction of Snaill and a decreased EMT phenotype
in the presence of TGF-f1 (Supplementary Fig. 1i). Furthermore,
ectopic expression of wild-type Snaill in A20-knockdown NMuMG
cells rescued EMT phenotypes including fibroblast-like morphology,
decreased E-cadherin expression, and increased vimentin expression
(Fig. 3i and Supplementary Fig. 1j lanes 6 and 8).

A20 facilitates lung metastasis of aggressive breast cancer cells
Our findings led us to verify the in vivo functions of A20 in the
pathological progression of breast cancer cells. We initially examined
whether A20 affects tumour growth in cell lines and xenograft
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Figure 1 Overexpression of the A20 gene in human malignant breast
cancers. (a,b) Comparison of A20 expression levels between luminal and
basal subtypes of breast cancer cells using an RNA-sequencing data
set (GSE100878, a) and immunoblot analysis (b). The data in a are
presented as the mean of n=2 independent samples per cell line analysed.
(c) Immunoblots of A20 protein using lysates of MCF10A-derived cells with
different metastatic potential. Asterisks in b,c indicate non-specific bands.
The data in b,c are representative of three independent experiments and
p-actin was used as a loading control. (d) Scatter dot plots show A20
expression levels in 52 breast cancer cells from GEO data sets (GSE41313).
P values were calculated by unpaired, two-tailed Student’s t-tests. (e-g) Box
plots show A20 expression levels in breast cancer tissues of different breast
cancer subtypes with those in normal tissues. Analysis of A20 expression by
microarray (normal n=121, luminal A n=185, luminal B n=51, HER2-
enriched n=23 and basal n=55 patients) (e), and RNA sequencing (normal
n=225, luminal A n=335, luminal B n=88, HER2-enriched n=34 and
basal n=104 patients) (f) from public TCGA data sets. Analysis of A20

expression by microarray data from GEO data sets (GSE2034, normal n=53,
luminal A n=95, luminal B n=25, HER2-enriched n=34 and basal
n=>55 patients) (g). The boxes represent the interquartile range, centre is
the median, and the minimum and maximum values are represented by
the whiskers. P values were calculated using unpaired, two-tailed Student’s
t-tests. (h—j) Correlation between A20 expression and clinical outcomes
through analysis of TMAs of breast cancer patients. A Kaplan—-Meier plot
analysis showed distant metastasis-free survival (n=236 patients) (h), overall
survival (n=236 patients) (i), and breast cancer-specific survival (n=226
patients) (j) depending on the expression level of A20. P values were
calculated using a log-rank test. (k) Immunohistochemical (IHC) staining
against the A20 protein in TMAs of breast cancer patients. After scoring A20
expression in each tissue, expression level was analysed according to breast
cancer subtypes (luminal A n=93, luminal B-HER2 n=55, HER2 n=65
and TNBC n=43 patients) defined by three IHC markers (oestrogen receptor,
progesterone receptor and HER2). Unprocessed original scans of blots in b,c
are shown in Supplementary Fig. 9.
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Figure 2 A20 is involved in TGF-p-induced EMT. (a,b) NMuMG cells (a),
depleted by infections of lentiviruses expressing two independent shRNAs
targeting A20 mRNA (shA20 no. 3 and shA20 no. 5), and MCF10A cells
(b), depleted by two independent A20 siRNAs (siA20 no. 1 and siA20
no. 3), were treated with TGF-f1 (5ngml-!) for the indicated times to
induce EMT. GFP-specific sShRNA (shGFP) or control siRNA (siCON) was
used as a negative control. Phase-contrast images of NMuMG (a) and
MCF10A (b) cells were acquired at the indicated times. Scale bars, 50 um.
Knockdown efficiency was confirmed by immunoblot analysis with anti-
A20 antibody. (c) A20-knockdown NMuMG cells were treated with TGF-p1
for 48 h. Cells were immunostained with the indicated antibodies against
EMT marker proteins. Scale bars, 50um. (d,e) A20-knockdown NMuMG
(d) or MCF10A (e) cells were treated with TGF-p1 for the indicated times.
Immunoblots were performed on cell lysates with the indicated antibodies.
(f-h) Real-time gRT-PCR was performed to analyse mRNA expression

of CDH1 (f), CDH2 (g) and VIM (h) in A20-knockdown NMuMG cells
treated with TGF-p1 for 48h. As a control, shGFP-expressing NMuMG
cells were used. (i) A20-knockdown NMuMG cells were transfected with
a CDHI-Luc reporter plasmid. After 24 h, cells were treated with TGF-f1
for 48 h and luciferase activity was measured and normalized. The data
in f-i were statistically analysed by a t-test and show the mean + s.d.
of n=3 independent experiments. **P <0.01, **P <0.001 compared with
the shGFP control treated with TGF-B1. (j,k) Expression levels of A20 and
Snaill in breast cancer cell lines (j) and surgically dissected cancer samples
of breast cancer patients (k) were observed by immunoblotting with the
indicated antibodies. In all immunoblot analysis, expression of p-actin was
used as a loading control. The data in a—e,j-k are representative of three
independent experiments. Source data for f-i are available in Supplementary
Table 3. Unprocessed original scans of blots in a,b,d,e,j,k are shown in
Supplementary Fig. 9.
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Figure 3 Stabilization of the Snaill protein by A20. (a,b) Immunoblot analysis
in A20-knockdown NMuMG (a) or MCF10A (b) cells treated with TGF-f1
(5 ngml~!) for the indicated times. The asterisk indicates non-specific bands.
(c) Real-time gRT-PCR to analyse expression of SNA/LI mRNA in A20-
knockdown and control NMuMG cells treated with TGF-p1 for the indicated
times. (d) Immunoblot analysis in A20 wild-type (A20+/*) and A20-knockout
(A20-/-) MEFs treated with TGF-B1 (5ngml-!) for the indicated times.
(e) Real-time gRT-PCR to analyse expression of SNA/LI mRNA in A20*/+ and
A20-/~ MEFs treated with TGF-B1 for the indicated times. (f) A20~/~ MEFs
were infected with retroviruses expressing Flag-A20 to ectopically express
the A20 protein and subsequently treated with TGF-B1 for 24 h. Cell lysates
were immunoblotted with the indicated antibodies. (g) The stability of the
Snaill protein was measured by immunoblots in A20*/* and A20-/~ MEFs
in the presence of cycloheximide (CHX, 50 ug ml~!) for the indicated times.
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The data were quantified using ImageJ software® (right). For normalization,
B-actin expression was used as a control. (h) A20*/* and A20~/~ MEFs were
treated with the proteasome inhibitor MG132 (10 uM) for 6 h. Cell lysates
were immunoblotted with the indicated antibodies. (i) A20-knockdown and
control NMuMG cells, transfected with a plasmid encoding Flag-Snaill, were
treated with TGF-B1 for 24 h to induce EMT. Phase-contrast images of cells
were acquired and cells were immunostained with the indicated antibodies.
Scale bars, 50um. The data in ¢ and e were statistically analysed by a
t-test and show the mean + s.d. of n=3 independent experiments. In all
immunoblot analysis, expression of p-actin was used as a loading control.
The data in a,b,d,f-h are representative of three independent experiments
with similar results. Source data for c,e are available in Supplementary
Table 3. Unprocessed original scans of blots in a,b,d,f-h are shown in
Supplementary Fig. 9.
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models. A20 depletion in aggressive human MCF10CAla (M4) cells
and murine mammary carcinoma 4T1-Luc cells did not significantly
change cell numbers and tumour sizes (Supplementary Fig. 2).
We next investigated whether A20 influences the invasion of M4
and 4T1-Luc cells with Matrigel invasion and Transwell migration
assays. A20 depletion decreases the invasiveness of M4 and 4T1-Luc
cells (Fig. 4a—c). Since A20 depletion in M4 and 4T1-Luc cells also
increased expression of E-cadherin and reduced vimentin (Supple-
mentary Fig. 2a,e), we examined the role of A20 in the malignant pro-
gression of aggressive breast cancer cells. A20 depletion significantly
reduced lung metastasis of M4 cells that had been injected into the tail
vein of SCID mice (Fig. 4d,e). A pro-metastatic effect of A20 was also
confirmed by in vivo imaging of dramatically decreased lung metas-
tases (Fig. 4f) and a reduced number of metastatic pulmonary nodules
of A20-depleted 4T1-Luc cells at 35 day post-injection (Fig. 4g,h).

A20 monoubiquitylates multiple sites of Snaill

To examine how A20 molecularly promotes metastasis of aggressive
breast cancers, we checked the interaction between A20 and Snaill.
Immunoprecipitation assay against endogenous proteins as well as co-
immunoprecipitation indicated that A20 specifically binds to Snaill
(Fig. 5a,b). The endogenous interaction between these two proteins
was notably increased following TGF-f1 treatment (Fig. 5b).

Considering the ubiquitin-editing activities of A20, we examined
the ubiquitylation pattern of Snaill. Pulldown experiments revealed
that ectopically overexpressed A20 induces Snaill bands of higher
molecular weights corresponding to Snaill with one or two ubiquitins
(Fig. 5¢). By contrast, polyubiquitylation patterns, induced by co-
expression of HA-GSK3f and HA-BTrCP1, were not detected for
Snaill in the presence of A20 (Supplementary Fig. 3a). Pulldown
assays using the 7KR ubiquitin mutant (His-Ub7KR) where all seven
lysines were mutated to arginines, revealed two shifted bands, indicat-
ing the conjugation of 7KR ubiquitin mutants to Snaill (Fig. 5d). In the
absence of A20 overexpression, a shifted band for Snaill of size cor-
responding to monoubiquitylated Snaill was still detected. To check
whether endogenous A20 is responsible for the shifted band of Snaill,
we reconstituted murine A20-depleted NMuMG cells with a plasmid
encoding human A20 (HA-A20) and conducted a pulldown assay. The
human A20 gene was not depleted by the shRNA targeting murine A20
mRNA in NMuMG cells. The shifted Snaill bands disappeared fol-
lowing A20 depletion, and reappeared following reconstitution of A20
expression (Fig. 5¢). An immunoprecipitation assay revealed a strong
interaction between Snaill and A20 at 12h after TGF-31 treatment,
suggesting that Snaill monoubiquitylation by A20 is initiated between
6hand 12 h (Supplementary Fig. 3b). In vitro ubiquitylation assay also
provided evidence that Snaill monoubiquitylation is directly mediated
by A20 (Fig. 5f). Snaill has been reported to be polyubiquitylated
only by SCF (Skpl-Cullin1-F-box) E3 ubiquitin ligases including
SCEF-B-TrCP1, and Snaill polyubiquitylation induces its proteasomal
degradation®**#*. Therefore, our finding firmly establishes Snaill
monoubiquitylation.

To confirm which domain of A20 is responsible for Snaill
monoubiquitylation, we generated A20 mutants where key residues
in the ZnF4 and ZnF7 domains were substituted with alanines™?".
Pulldown assays using these A20 mutants indicated that Snaill
monoubiquitylation is decreased in the A20(F770A/G771A) and
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A20(4A;Y614A/F615A/F770A/G771A) mutants, whereas the
A20(C624A/C627A) mutant did not reduce Snaill monoubiqui-
tylation to the extent of the A20(F770A/G771A) mutant (Fig. 5g).
Because the A20(F770A/G771A) mutant (HA-A20_ZnF7*) still
bound to A20 protein (Supplementary Fig. 3c), the reduction of
Snaill monoubiquitylation by this mutant was not caused by the
loss of binding with Snaill. These results suggest that the F770 and
G771 of the ZnF7 domain are crucial for Snaill monoubiquitylation.
Consistently, the ZnF7 domain directly mediated Snaill monoubiqui-
tylation in an in vitro ubiquitylation assay. The A20(F770A/G771A)
mutant (GST-A20_ZnF7*) did not monoubiquitylate Snaill, while
wild-type A20 (GST-A20_WT) did without promoting Snaill polyu-
biquitylation (Supplementary Fig. 3d). Treatment with cycloheximide
indicated that Snaill protein stability was decreased in the presence
of the A20(F770A/G771A) mutant (Fig. 5h).

Next, we investigated whether monoubiquitylation levels affect
Snaill stabilization. Treatment of a DUB inhibitor G5 indicated
that Snaill expression and monoubiquitylation levels were increased
(Supplementary Fig. 3e). To check whether Snaill stabilization might
be due to the DUB activity of A20 targeting 3-TrCP1-mediated
Snaill polyubiquitylation, pulldown assays in NMuMG cells pre-
treated with MG132 were performed. Snaill polyubiquitylation by
GSK3p and B-TrCP1 was not affected by ectopic A20 expression
(Supplementary Fig. 3f). Expression of the HA-A20(C103A) mutant*’
with impaired DUB activity did not increase Snaill polyubiquitylation.
These results suggest that the DUB activity of A20 is not involved in
Snaill stabilization.

Three monoubiquitylated Snaill lysine residues are critical

for metastasis

Snaill contains 14 lysine residues distributed in amino (N)-terminal
serine-rich and carboxy (C)-terminal zinc-finger domains (Fig. 6a).
To determine which lysine residues are critical for A20-mediated
Snaill monoubiquitylation, we initially generated two Snaill mutants,
Snail1(N-6KR) and Snaill(C-8KR) (Fig. 6a). After these mutants were
transiently transfected into NMuMG cells in the absence or presence of
A20, pulldown assays were performed (Supplementary Fig. 4a). While
wild-type Snaill and the Snaill(N-6KR) mutant behaved similarly,
the Snaill(C-8KR) mutant did not undergo monoubiquitylation
or increase stability by A20 (Supplementary Fig. 4a). Therefore,
monoubiquitylation sites of Snaill by A20 are probably localized in
the zinc-finger domain. The Snaill(N-6KR) mutant was not stabilized
by A20 although monoubiquitylation was observed (Supplementary
Fig. 4a lane 5). This could be explained by the intrinsic instability of
the Snail1(N-6KR) mutant, evidenced by its extremely low expression
in the absence of A20 (Supplementary Fig. 4a lane 2). We subsequently
generated single lysine-to-arginine mutants of Snaill and examined
the stability of these mutants in the presence of A20 (Supplementary
Fig. 4b). Snaill(K206R) and Snaill(K234,235R) mutants showed
decreased expression in the presence of A20 (Supplementary Fig. 4b),
suggesting that Lys206, Lys234 and Lys235 of Snaill are potential
monoubiquitylation sites by A20.

Therefore, we generated a Snaill(3KR) mutant (K206R/K234R/
K235R). Pulldown assays indicated that the Snail1(3KR) mutant is not
monoubiquitylated by A20 and its expression is decreased, similar to
the Snaill(C-8KR) mutant (Fig. 6b). Cycloheximide treatment showed
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Figure 4 A20 promotes the metastasis of aggressive breast cancer cells.
(a) A20-knockdown MCF10CAla (M4) cells or shGFP-expressing control
cells were seeded for invasion assays. After 48h, invading cells across
the Matrigel were stained with haematoxylin and counted. (b,c) A20-
knockdown or shGFP-expressing control 4T1-Luc cells were seeded for
Transwell migration and invasion assays. After 24 h, migrating cells across
the chamber (b) or invading cells across the Matrigel (c) were stained with
haematoxylin and counted. The data in a—c were statistically analysed by
a t-test and show the mean + s.d. of n=3 independent experiments.
*P <0.01 compared with the shGFP-expressing control M4 or 4T1-Luc
cells. (d,e) 5x 10° of A20-knockdown MCF10CAla (M4) cells were tail-
vein injected into NOD/SCID mice (n=6 mice per group). After the mice
were euthanized 5 weeks later, lungs were removed and stained with India
ink. As a control, the same amounts of shGFP-expressing M4 cells were
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tail-vein injected into the mice (n=6 mice). Representative images of lung
metastatic nodules are shown in d and the numbers of metastatic nodules
were measured (e). (f-h) 5 x 10* of A20-knockdown 4T1-Luc cells were
orthotopically injected into the mammary fat pads of Balb/c mice (n=6 mice
per group). After injection, bioluminescence images were monitored at the
indicated time points (f). After the mice were euthanized 5 weeks later, lungs
were removed and stained with India ink. Representative images of lung
metastatic nodules are shown in g and the numbers of metastatic nodules
were measured (h). As a control, the same amounts of shGFP-expressing
4T1-Luc cells were orthotopically injected into mice (n=6). The data in
e and h were statistically analysed by a t-test and show the mean =+ s.d.
n=6 mice per group. **P <0.001 compared with the shGFP-expressing
control M4 or 4T1-Luc cells. Source data for a—c,e,h are available in
Supplementary Table 3.
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Figure 5 The ZnF7 domain of A20 induces the monoubiquitylation of Snaill.
(a) Co-immunoprecipitation assay in HEK293 cells co-transfected with Flag-
Snaill and HA-A20 plasmids. TCL, total cell lysates. (b) Immunoprecipitation
assay in NMuMG cells, treated with TGF-B1 for the indicated times,
with anti-Snaill antibody. (c,d) After a plasmid encoding wild-type (c)
or a lysine mutant (7KR) (d) of His-Ub was co-transfected with Flag-
Snaill plasmid into NMuMG cells in the absence or presence of HA-
A20, Ni-NTA-mediated pulldown assays were performed. (e) Plasmids
encoding Flag-Snaill and wild-type His-Ub were co-transfected into A20-
knockdown NMuMG cells with shRNA-resistant human HA-A20 in the
indicated combinations. Ni-NTA-mediated pulldown assays were performed.
(f) For in vitro ubiquitylation assays, Flag-Snaill proteins were eluted
from HEK293 cells transfected with Flag-Snaill plasmid, and GST-A20
proteins were purified from Escherichia coli. The reactions were performed
in the presence of the E1 and E2 enzymes as indicated and samples were

that the stability of the Snaill(3KR) mutant was decreased even in the
presence of A20 (Fig. 6¢). Lys206, Lys234 and Lys235 of Snaill are
evolutionarily conserved in other species (Fig. 6d).

immunoblotted with the indicated antibodies. (g) Plasmids encoding wild-
type A20 or A20 mutants (C624A/C627A, F770A/G771A, Y614A/F615A,
4A: Y614A/F615A/F770A/G771A) were co-transfected with Flag-Snaill and
wild-type His-Ub plasmids into NMuMG cells in the indicated combinations.
Ni-NTA-mediated pulldown assays were performed. Ubiquitylated Snaill in
the data (c-g) was observed by immunoblotting using anti-Flag antibody.
(h) Plasmids expressing wild-type A20 (HA-A20) or the ZnF7* mutant (HA-
A20_ZnF7*; F770A/G771A) were co-transfected with Flag-Snaill plasmid
into NMuMG cells in the presence of CHX (50ugmi-!) for the indicated
times. Cell lysates were immunoblotted by antibodies as indicated (left). The
data were quantified using ImageJ software (right). For normalization, p-actin
expression was used as a control. In all immunoblot analysis, expression of
f3-actin was used as a loading control except for f. The data are representative
of three independent experiments with similar results. Unprocessed original
scans of blots in Fig. 5 are shown in Supplementary Fig. 9.

We next examined whether A20-mediated monoubiquitylation
of Snaill is linked to other mechanisms stabilizing Snaill, since
Snaill is reportedly stabilized through phosphorylation at Ser82
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Figure 6 Three lysine residues of Snaill monoubiquitylated by A20 are
critical for metastasis. (a) Schematic diagram of Snaill mutants. (b) Ni-
NTA pulldown assays in NMuMG cells transfected with a plasmid expressing
wild-type Snaill or Snaill mutants (C-8KR and 3KR) together with His-
Ub and HA-A20. Ubiquitylated Snaill was observed by immunoblotting
using an anti-Flag antibody. p-actin expression was used as a loading
control. (¢) A plasmid encoding Flag-Snaill or Flag-Snaill-3KR was co-
transfected into NMuMG cells with or without HA-A20. Cells were treated with
cycloheximide (CHX, 50 ugmli-!) for the indicated times. Cell lysates were
immunoblotted with the indicated antibodies (left). The data were quantified
using Imagel software (right). For normalization, f-actin expression was
used as a control. (d) Conservation of Snaill lysine residues at amino
acids 206, 234 and 235 in diverse species. () NMuMG cells, depleted
by shRNAs (shSnaill no. 5) specific to mouse SNA/LI mRNA, were
reconstituted by infection with retroviruses expressing wild-type or the 3KR
mutant of human Snaill. shGFP-expressing NMuMG cells were used as a

and Ser104 by ERK*. A phosphorylation-incapable Snaill mutant
(Flag-Snail1(S82A/S104A)) was stabilized by A20 to levels similar to
that of wild type (Supplementary Fig. 4c). Thus, A20-mediated Snaill
stabilization is not due to ERK phosphorylation.

control. Cells were treated with TGF-B1 for 48h. Phase-contrast images
of NMuMG cells were acquired and cells were immunostained with the
indicated antibodies. Scale bars, 50 um. (f-h) 5 x 10* 4T1-Luc cells, infected
with retroviruses expressing wild-type Snaill or Snaill-3KR mutant, were
injected into Balb/c mice (n=6 mice per group). As a control, the same
amounts of 4T1-Luc cells infected with retroviruses expressing empty vector
(Mock) were used. Bioluminescence imaging was monitored at the indicated
time points (f). Lungs were removed five weeks later and stained with
India ink. Representative images of lung metastatic nodules are shown in
g and the numbers of metastatic nodules were measured (h). The data
in h were statistically analysed by a t-test and show the mean + s.d.
n=6 mice per group. *P <0.01 and **P <0.001 compared with wild-type
Snaill-expressing 4T1-Luc cells. Images in b,c,e are representative of three
independent experiments. Source data for h are available in Supplementary
Table 3. Unprocessed original scans of blots in b,c are shown in
Supplementary Fig. 9.

We also investigated whether Snaill monoubiquitylation by A20
is crucial for TGF-B-induced EMT and metastasis of aggressive
breast cancers. We established Snaill-knockdown NMuMG cells using
shRNAs (Supplementary Fig. 4d) and examined TGF-f1-induced
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EMT after re-expression of wild-type Snaill or Snaill(3KR) mutant.
In contrast to the wild-type Snaill, the 3KR mutant failed to restore
cellular changes following TGF-f1 treatment despite comparable
protein levels (Fig. 6e and Supplementary Fig. 4e,(f). Next, we
examined the metastatic potential of Snaill monoubiquitylation
in an orthotopic 4T1-Luc breast cancer model by using 4T1-Luc
cells expressing Snaill(WT) or the 3KR mutant (Supplementary
Fig. 5a). Wild-type Snaill-expressing 4T1-Luc cells metastasized
into lungs more rapidly than the control cells, whereas metastasis
of 3KR mutant-expressing cells was reduced during the same
time (Fig. 6f). Consistently, a reduction in metastatic pulmonary
nodules was observed in mice injected with 3KR mutant-expressing
cells (Fig. 6gh). The 3KR mutant-expressing cells did not affect
tumour growth in a xenograft model (Supplementary Fig. 5b,c).
In vivo reconstitution experiments in additional combinations in the
orthotopic 4T1-Luc breast cancer model further supported the crucial
role of the A20-Snaill axis in the metastasis of aggressive breast
cancers (Supplementary Fig. 5d-h).

Snaill monoubiquitylation by A20 inhibits GSK3p-mediated
Snaill phosphorylation

the of A20-mediated Snaill
monoubiquitylation in the regulation of EMT and metastasis, we

To understand importance
turned to GSK3f, which induces Snaill phosphorylation and nuclear
export, ultimately resulting in the degradation of Snaill through
the ubiquitin ligase SCF-3-TrCP1 (refs 36,41). A20 did not bind
to GSK3p (Supplementary Fig. 6a), contrary to the A20 binding to
Snaill (Fig. 5a,b). However, ectopic expression of A20 simultaneously
increased Snaill stability and decreased the interaction between
Snaill and specifically GSK3f (Fig. 7a, lanes 2 and 3), but not protein
kinase D1 (PKD1) (Fig. 7a lanes 5 and 6), which can induce Snaill
phosphorylation®. TGF-B1-induced expression of endogenous A20
reduced Snaill interaction with GSK3f3 and A20 depletion enhanced
the GSK3f-Snaill interaction (Fig. 7b). The stronger binding of
GSK3p with Snaill following A20 depletion may accelerate Snaill
degradation through increased Snaill phosphorylation.

Next, we examined the potential role of A20-mediated Snaill
monoubiquitylation in the interaction between Snaill and GSK3f.
While the binding of wild-type Snaill protein with GSK3f was
reduced in the presence of A20 (Fig. 7c, lanes 2 and 3), the
Snail1(3KR) mutant comparatively showed stronger binding with
GSK3p regardless of the presence of A20 (Fig. 7c, lanes 4 and 5). The
reduced expression of the 3KR mutant was restored in the presence of
LiCl, a GSK3p inhibitor (Fig. 7d, lanes 3 and 5).

Nuclear and cytoplasmic fractionation of wild-type Snaill- or
Snail1(3KR) mutant-expressing NMuMG cells showed that a con-
siderable amount of wild-type Snaill was localized in the nucleus
in the presence of A20 (Fig. 7e, lanes 2 and 8) whereas nuclear
localization of the 3KR mutant was reduced in the nucleus even
in the presence of A20 (Fig. 7e, lanes 8 and 11). Immunoflu-
orescence analysis confirmed the localization of the 3KR mu-
tant (Supplementary Fig. 6b). However, GSK3f inhibition restored
expression of both wild-type Snaill and the 3KR mutant (Fig. 7e),
demonstrating that A20-mediated Snaill monoubiquitylation is
critical to decrease Snaill and GSK3[ interaction, augmenting
Snaill stability.
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We further assessed the relationship between GSK3(-mediated
phosphorylation and A20-mediated monoubiquitylation of Snaill
(Fig. 7f). A20 expression decreased the phosphorylation of wild-
type Snaill by GSK3[3, whereas the 3KR mutant showed increased
phosphorylation even in the presence of A20 (Fig. 7f, lanes 3 and 6).
Increased phosphorylation of the 3KR mutant caused translocation
from the nucleus into the cytoplasm for degradation by SCF-f3-
TrCP1, as confirmed by treatment with leptomycin B (Fig. 7g,
lanes 11 and 12), a nuclear export inhibitor, and 3-TrCP1 depletion
(Supplementary Fig. 6¢,d). Immunofluorescence indeed revealed that
both Snaill and A20 translocate and co-localize in the nucleus of
shGFP-expressing control NMuMG cells following TGF-f31 treatment
(Fig. 7h). However, nuclear Snaill was significantly decreased in
A20-knockdown NMuMG cells even in the presence of TGF-f1 and
this decreased expression was restored by MG132 treatment (Fig. 7h
and Supplementary Fig. 6e). Co-immunoprecipitation and chromatin
immunoprecipitation assays revealed that the Snaill(3KR) mutant
shows decreased interaction with the transcriptional co-repressors
HDACI1, HDAC2 and Sin3A without the loss of DNA binding activity
(Supplementary Fig. 6f,g).

A20 is required for cancer stemness and chemoresistance
Although EMT has been considered as a major mechanism for
cancer metastasis, recent studies demonstrate that EMT induces

051 To understand the role

cancer stemness and chemoresistance
of A20 in EMT-induced cancer stemness and chemoresistance, we
generated A20-depleted M4 and MDA-MB-231 cells. Mammosphere
and fluorescence-activated cell sorting (FACS) analyses revealed
that the mammosphere formation and CD44%/CD24~ cancer cell
population are decreased in A20-depleted M4 breast cancer cells
(Fig. 8a,b and Supplementary Fig. 7a), compared with control cells.
In addition, A20-depleted MDA-MB-231 and M4 cells significantly
reduced cell viability following treatment with anti-cancer drugs,

doxorubicin and docetaxel (Fig. 8c).

A20 is involved in TNF-a-mediated Snaill stabilization

The fact that the inflammatory cytokine TNF-a induces A20
(refs 10,11) and stabilizes Snaill (refs 52,53) raised the possibility that
A20 may contribute to inflammation-induced EMT by TNF-a. To
examine this possibility, stable cell lines expressing Snaill in A20~/~
MEFs as well as A207/* MEFs were treated with TNF-a. Whereas
Snaill expression increased following TNF-o treatment in A20%/*
MEFs, Snaill expression was decreased in A20~/~ MEFs (Fig. 8d) and
restored by MG132 pre-treatment (Fig. 8¢, lanes 2 and 4). Additionally,
considerable amounts of Snaill were translocated to the nucleus of
A20"/* MEFs (Fig. 8f), similar to TGF-B1 treatment (Fig. 7g). A20-
depleted HS578T cells, a TNBC cell line with mesenchymal features,
showed decreased levels of Snaill and N-cadherin proteins following
TNF-a or TGF-f1 treatment, but no change in SNAILI mRNA levels
(Fig. 8g,h). However, TNF-a-induced Snaill stabilization is probably
distinct from the TGF-f1-induced one. The major difference is the
kinetics of A20 induction; 24 h post-TGF-f1 treatment versus 6 h post-
TNF-o treatment in MEF and HS578T cells (Figs 3d and 8d,g). Indeed,
the analysis of the GEO data set GSE41970 (ref. 54) covering mRNA
expression of different TNBC stage patients may support different
expression kinetics of two cytokines. In this data set, TNF-a expression
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Figure 7 A20 retains Snaill protein in the nucleus through inhibition
of GSK3p-mediated Snaill phosphorylation. (a) Co-immunoprecipitation
assay in NMuMG cells co-transfected with Flag-Snaill, HA-PKD1, HA-
GSK3p and pcDNA-A20 plasmids in the indicated combinations. (b) To
analyse time-dependent interactions of endogenous A20, Snaill and GSK3p
protein, A20-knockdown and control NMuMG cells were treated with TGF-
B1 (5ngml=?) for the indicated times. Cell lysates were immunoprecipitated
with anti-Snaill antibody and immunoblotted. (c) Plasmids encoding
WT Flag-Snaill or Flag-Snaill-3KR mutant were co-transfected with
HA-GSK3p into NMuMG cells in the absence or presence of pcDNA-
A20. Cell lysates were immunoprecipitated with anti-Flag antibody and
immunoblotted. (d,e) Plasmids encoding wild-type Flag-Snaill or Flag-
Snail1-3KR were co-transfected with HA-A20 into NMuMG cells, which were
treated with LiCl (20mM) for 5h. Cell lysates were immunoblotted with
the indicated antibodies (d). Cells were fractionated into cytoplasmic and
nuclear extracts (e). Both extracts were immunoblotted by the indicated

was decreased in stage IIl TNBC patients, whereas TGF-f31 expression
was increased in stage III TNBC patients (Fig. 8i). In addition, A20
expression by TGF-f1 was later induced by a Smad-independent non-
canonical pathway (Supplementary Fig. 7b-d).

DISCUSSION

We here identified a role for A20 in the metastasis of basal-like
breast cancers and TGF-f3-induced EMT. Therefore, our present study
strongly proposes a pathway linking the immune regulator A20 to the

antibodies. (f) Plasmids encoding wild-type Flag-Snaill or Flag-Snaill-3KR
were co-transfected with HA-GSK3p into NMuMG cells in the absence
or presence of pcDNA-A20. Cell lysates were immunoprecipitated with
anti-phospho-serine and anti-Flag antibodies and immunoblotted. (g) A20-
knockdown or control NMuMG cells were treated with TGF-B1 for 24h,
respectively, and then treated with leptomycin B (5ngml-!) for 4h.
Cells were fractionated into cytoplasmic and nuclear extracts and both
extracts were immunoblotted with the indicated antibodies. (h) A20-
knockdown or control NMuMG cells were treated with TGF-pl. After
treatment for 24 h, cells were immunostained with the indicated antibodies.
Scale bars, 20um. All data are representative of three independent
experiments. Expression levels of tubulin and lamin (e,g) were used as
cytoplasmic and nuclear markers and loading controls. In all immunoblot
analysis except for e,g, expression of f-actin was used as a loading
control. Unprocessed original scans of blots in Fig. 7 are shown in
Supplementary Fig. 9.

EMT-mediated metastatic process. Besides the induction of A20 by
TNF-a treatment'®!!, our results suggest that A20 expression may be
upregulated by TGF-f1, crucial in tumour progression. Inflammation

is critical in cancer progression®>*®

, and a significant number of im-
mune cells infiltrate into neoplastic tissues, and various cytokines and
chemokines, including TNF-a and TGF-f1, are released by both these
infiltrated immune cells and cancer cells*”*®. Our studies indicated
that A20 is required for TNF-a- and TGF-f1-induced Snaill stabi-

lization. Hence, increased levels of TNF-a or TGF-f1 may augment
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Figure 8 A20 is required for cancer stemness, chemoresistance, and TNF-a-
induced Snaill stabilization. (a) Mammosphere formation of A20-depleted
M4 cells. Mammospheres with diameter above 50 um were counted. Scale
bars, 50 um. (b) FACS analysis of CD44+/CD24~ cancer cells in A20-depleted
M4 cells. The proportion of CD44+/CD24~ fraction was described with the
density plots and in a bar graph. In a and b, shGFP or control siRNA was
used as a control. (c) 2 x 10* cells of A20-depleted MDA-MB-231 and M4
were respectively treated with doxorubicin and docetaxel and their viabilities
were monitored at 24 h. Data in a—c were statistically analysed by a t-test
and show the mean + s.d. of n=3 independent experiments. *P <0.05,
*P<0.01 and **P <0.001 compared with control cells. (d) Immunoblots
of Snaill in A20%/* and A20~/~ MEFs expressing Flag-Snaill following
TNF-a (20 ngml-!) treatment for the indicated time. (e) Immunoblots of
Snaill in A20** and A20-/~ MEFs expressing Flag-Snaill with or without
MG132. (f) Cells were fractionated into cytoplasmic and nuclear extracts.

A20 induction, subsequently inducing EMT by stabilizing multi-
monoubiquitylated Snaill, eventually contributing to the metastasis of
breast cancers.

Both extracts were immunoblotted. (g,h) Expression of Snaill protein (g)
and SNA/LI mRNA (h) in A20-depleted and control HS578T cells following
TNF-a (20ngmli~!) or TGF-B1 (5ngml-!) treatment. Images in d-g are
representative of three independent experiments. Data from gRT-PCR analysis
(h) were statistically analysed by a t-test and show the mean + s.d. of n=3
independent experiments. Expression of 3-actin was used as a loading control
ind,e and g. Expression levels of tubulin and lamin were used as cytoplasmic
and nuclear markers and loading controls (f). (i) Expression levels of TNF-a
and TGF-B1 mRNAs in different stage TNBC samples (GSE41970, n=44
stage | tumours, n=83 stage Il tumours and n=20 stage Ill tumours).
Boxes represent the interquartile range and the centre is the median. The
minimum and maximum values are represented by the whiskers. P values
were calculated by a t-test. **P <0.01 compared with stage | or stage Il
TNBC samples. Source data for a—c,h are available in Supplementary Table 3.
Unprocessed scans of blots in d-g are shown in Supplementary Fig. 9.

Additionally, the different induction kinetics of A20 in several cell
types by TNF-a or TGF-31 may reflect a distinct role of each cytokine
during cancer progression. TNF-a, which is secreted from cancer cells
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or infiltrated immune cells at early stages of cancer progression, can
increase inflammation-induced EMT of breast cancers through the in-
duction of A20, and at the late stage, cancer cells or other immune cells
secrete TGF-f31, resulting in TGF-f-induced EMT. This speculation
was supported by analysis of the GSE41970 data set™ (Fig. 8i). How-
ever, not all public data sets we analysed reveal a similar correlation.
This is probably in part due to the infiltrating immune cells recruited
into the tumours of TNBC patients. Although TNF-a and TGF-f31
contribute to the malignant progression of TNBC, their amounts in
the tumour microenvironments of different stages of TNBC can be
affected by infiltrated immune cells as well as tumour cells. Because
expression profiles of mRNAs in public data sets are obtained from
tumour samples, they do not fully reflect the profiles of TNF-a and
TGF-fB1 in a tumour microenvironment. Therefore, further compre-
hensive work is needed to understand the in vivo role of these cytokines
in the tumour microenvironments of breast cancer patients.

A20 expression might act as a prognostic biomarker to predict
metastasis and survival of breast cancer patients, in addition to Snaill,
aknown biomarker in breast cancers*"*. A role for A20 as a prognostic
biomarker was observed in the analysis of relapse-free survival of
breast cancer patients of GSE public data sets (GSE9195 and GSE2603)
(Supplementary Fig. 8a). Although the increased expression of A20
is apparently related to worse outcomes in breast cancer patients, the
correlation between A20 expression and clinical outcomes seems to be
specific for breast and pancreatic cancers, which are subject to TGF-
B1-induced EMT. Considering that unidentified E3 ubiquitin ligases
may be responsible for Snaill monoubiquitylation in other cancers,
it is worth investigating E3 ligase candidates and subsequent Snaill
monoubiquitylation in other malignant tumours.

In conclusion, our results reveal a mechanism regulating the TGF-
B-mediated EMT process through Snaill multi-monoubiquitylation,
as well as a unique function of A20 in the metastasis of aggressive
basal-like breast cancers (Supplementary Fig. 8b). Modulation of the
A20-Snaill axis in TGF-f-mediated EMT may be a promising tar-
get for therapeutic intervention against the metastasis of aggressive
breast cancers. ]

METHODS

Methods, including statements of data availability and any associated
accession codes and references, are available in the online version of
this paper.

Note: Supplementary Information is available in the online version of the paper
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METHODS

Cell culture and reagents. Normal murine mammary gland (NMuMG) cells were
purchased from the American Type Culture Collection (ATCC) and maintained
in DMEM (GIBCO) with 10% FBS (HyClone) and 10ugml™" insulin (Sigma).
Both wild-type and A20-knockout mouse embryonic fibroblast cells (MEFs) were
previously described®'. 4T1-Luc mouse breast cancer cells expressing luciferase®
and human embryonic kidney (HEK293) cells* were previously described. Human
pancreatic cancer Panc-1 cells were kindly provided by D.-K. Lee (Sungkyunkwan
University, Korea)®®. MEFs, 4T1-Luc, HEK293 and Panc-1 cells were maintained
in DMEM with 10% FBS. The human mammary epithelial cell line MCF10A cells
were purchased from ATCC and maintained in MEBM (Lonza) supplemented with
100 ng ml™" cholera toxin (Sigma) and MEGM SingleQuot (Lonza) except for GA-
1000 (gentamycin—amphotericin B mix). The MCF10A-derived breast cancer cell
lines MCF10AT, MCF10CA1h and MCF10CA1a® were maintained in the following
conditions: MCF10AT cells were maintained in DMEM/Ham’s F-12 nutrient
mixture (GIBCO) with 5% horse serum (GIBCO), 20 ngml™ EGF (Peprotech),
10 ugml™ insulin, 0.5 ugml™" hydrocortisone (Sigma), 100 ng ml™" cholera toxin.
The MCF10CA1lh and MCF10CA1la cells were maintained in DMEM/Ham’s F-12
nutrient mixture with 5% horse serum. Other human breast cancer cells, as
previously described®*, were grown in DMEM (MDA-MB-435, MCF7, HS578T
and MDA-MB-231) or RPMI (ZR-75B, ZR-75-1, SK-BR-3, T47D and BT549)
with 10% FBS. The cell lines in this study were not found in the database of
commonly misidentified cell lines maintained by ICLAC and NCBI Biosample and
were routinely tested for mycoplasma contamination by PCR. Human and murine
recombinant TGF-B1 and TNF-o were obtained from HumanZyme, and R&D
Systems, respectively. Cycloheximide (C4859), LiCl (213233), SB431542 (54317),
doxorubicin (D1515) and docetaxel (O1885) were purchased from Sigma. MG132
(M-1157) was obtained from A.G. Scientific, Leptomycin B (L-6100) was purchased
from LC Labs. Ubiquitin isopeptidase inhibitor G5 was purchased from Calbiochem
(662125). Company names, catalogue numbers, clone numbers, species and dilution
ratios of the antibodies used in this study are described in Supplementary Table 1.

Animal studies. All procedures for animal experiments were approved by the
CHA Laboratory Animal Research Center (Seongnam, Korea) and the Animal
Research Center of Sungkyunkwan University (Suwon, Korea) and performed in a
manner compliant with all relevant ethical regulations regarding animal research.
Animals were housed in a pathogen-free barrier facility with 12h light/dark
cycles and maintained on standard chow. Human MCF10CAla (M4) breast
cancer cells (5 x 10°), infected with lentiviruses, were injected orthotopically into
5-6-week-old NOD/SCID female mice to measure tumour growth. For metastasis
assays, lentivirus-infected MCF10CA1la cells (5 x 10°) were injected into female
NOD/SCID mice through the tail vein. For simultaneous tumorigenesis and
metastasis assays, 4T1-Luc mouse breast cancer cells (5 x 10*), initially infected
with lentiviruses or retroviruses, were orthotopically injected into 6-week-old
Balb/c female mice. Monitoring of primary tumour growth and the occurrence of
lung metastasis was performed by bioluminescence imaging after intraperitoneal
injection of D-luciferin. The intensities of bioluminescence signals were measured
using an IVS-200 (Xenogen Corp) and IVIS-Lumina XR (Caliper Life Sciences).
After five weeks, mice were euthanized and inspected to check primary tumour
growth and the presence of lung metastasis. Primary tumour volume was measured
by the formula: (length) x (width)* x 0.5. To quantify lung metastasis, lungs were
stained with India ink and metastatic nodules were counted. For tumorigenesis and
metastasis analysis, the observer was blinded to which animal of each group was
being analysed. In all animal experiments, mice were randomly allocated into each
experimental group.

Plasmids. Flag-tagged human A20 complementary DNA (cDNA) was previously
described”. Using Flag-A20 plasmid as a template for PCR with specific primers,
A20 cDNA was subcloned into the EcoRI and Xhol sites of the pcDNA3-HA,
pcDNA3.1 (Invitrogen) and pGEX-5x-1 (Addgene) vectors, resulting in HA-A20,
PcDNA-A20 and GST-A20, respectively. Human Flag-Snaill and Myc-BTrCP1
were kindly provided by C. Y. Choi (Sungkyunkwan University, Korea) and Myc-
BTrCP1 was subcloned into the EcoRV and Xhol sites of the pcDNA3-HA vector
after PCR amplification. Plasmids expressing human HA-GSK3f, wild-type His-
ubiquitin (His-Ub) and His-Ub7KR mutant were provided by J. Song (Yonsei
University, Korea). In His-Ub7KR, all seven lysine residues were mutated into
arginine. Human PKD1 and mouse A20 cDNAs were amplified by PCR from the
cDNAs of HEK293 and NMuMG cells, respectively. The amplified fragments were
cloned into the EcoRI and Xhol sites of the pcDNA3-HA and Xhol and EcoRI
sites of pMSCV-puro (Clontech) vectors, respectively. Flag-Snaill was subcloned
into the Xhol and EcoRI sites of the pMSCV-puro vector. Point mutations of A20
or Snaill were generated by the QuikChange Mutagenesis kit (Stratagene). Briefly,
the A20(C624A/C627A) mutant has two cysteine residues of ZnF4 mutated to
alanines and the A20(F770A/G771A) mutant has the phenylalanine and glycine of
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ZnF7 replaced by alanines, on the basis of the previous reports*?. Both a tyrosine
and phenylalanine of ZnF4 of A20 were mutated into alanines, resulting in the
A20(Y614A/F615A) mutant. The A20(4A; Y614A/F615A/F770A/G771A) mutant
has four critical amino acids, tyrosine (614) and phenylalanine (615) in ZnF4 as well
as phenylalanine (770) and glycine (771) in ZnF?7, substituted with alanines. The HA-
A20(C103A) mutant with impaired DUB activity was previously described”. The
Snaill(N-6KR) mutant has all six lysine residues in the Snaill SNAG and serine-
rich domain substituted with arginines, and the Snaill(C-8KR) mutant has a total
of eight lysine residues in the Snaill zinc-finger domains replaced with arginines.
The Snaill mutant (Flag-Snail1(S82A/S104A)) has two serine residues mutated into
alanines*. The mouse CDHI promoter region (—178 to +92 base pairs from the
transcription start site) was amplified by PCR from the genomic DNA of NMuMG
cells, isolated by G-spin (iNtRON). The amplified PCR fragment was cloned into the
Xhol and HindIII sites of the pGL3 basic vector (Promega). PCR-generated portions
of all constructs in this study were verified by sequencing. Primer sequences for PCR
amplification in this study are described in Supplementary Table 2. The (CAGA),,-
Luc luciferase reporter plasmid was previously described*’.

Construction of small hairpin RNAs and lentiviral, retroviral infection. The short
hairpin RNA (shRNA) sequences targeting endogenous mouse and human A20,
mouse SNAILI and mouse SMDA4 are described in Supplementary Table 2. Specific
shRNAs were purchased from Mission-shRNA (Sigma). Lentiviruses expressing
each shRNA were produced by a lentiviral packaging system from Invitrogen.
To generate retroviruses, HEK293FT cells were transfected with pMSCV-puro
retroviral vectors expressing Flag-A20, Flag-Snaill WT and Flag-Snaill-3KR in
combination with the retroviral packaging system (Invitrogen), respectively. The
culture media containing virus particles were harvested after 48 h. These culture
media were added into target cells and subsequently incubated for 24h with
Polybrene (8 ugml™"). After incubation, the medium was replaced with complete
medium. After 1 day, the target cells, infected with recombinant lentiviruses or
retroviruses, were trypsinized and subjected to puromycin selection.

In vivo and in vitro ubiquitylation assays. To perform in vivo ubiquitylation assays,
cells were harvested in PBS buffer containing 5 mM N -ethyl maleimide (NEM). Cells
were lysed in binding buffer (6 M guanidine HCI, 0.1 M Na,HPO,, 0.1 M NaH,PO,,
0.01 M Tris (pH8.0), 10 mM [-mercaptoethanol, 5mM NEM, 5mM imidazole)
and incubated with Ni-NTA agarose (Qiagen) at 4°C for 12 h. Ni-NTA-mediated
pulldown assays were performed as described previously”. To perform in vitro
ubiquitylation assays, 10 ul of purified Flag-Snaill proteins from HEK293 cells were
added to a reaction with 100 ng of E1 (UBE1, BML-UW9410, Enzo Lifesciences),
250 ng of E2 (UbcH5a, E2-616, Boston Biochem), 500 ng of bacterially produced
GST-fusion proteins (GST-A20 or GST-A20 ZnF7*) and 5 ug of ubiquitin (U6253,
Sigma) in 25 ul of reaction buffer (40 mM Tris (pH 7.6), 50 mM NaCl, 5 mM MgCl,,
1mM dithiothreitol, 2mM ATP) for 3h at 37°C. The reaction was stopped by
addition of 4x sample buffer and boiling. Immunoblotting was next performed
using anti-Flag antibody to detect ubiquitin-conjugated Snaill proteins.

Transfection and reporter assay. Plasmids were transiently transfected into HEK293
or NMuMG cells using PEI (polyethylenimine) or Lipofectamine 2000 (Invitrogen),
respectively. siRNAs (Qiagen) were reverse-transfected by using Lipofectamine
RNAIMAX (Invitrogen). The siRNA sequences targeting endogenous human and
mouse A20 or mouse -TrCP1I are described in Supplementary Table 2. To analyse
CDHI-Luc or (CAGA)y,-Luc activity, cells were treated with TGF-f1 (5 ngml™") for
the indicated time. Firefly and Renilla luciferase activities were measured by a dual-
luciferase reporter assay system (Promega). All experiments were independently
repeated at least three times with similar results.

Immunofluorescence and subcellular fractionation assays. For immunofluores-
cence assay, cells were fixed by cold methanol at —20°C for 7 min, followed
by blocking (5% BSA in PBS) at room temperature for 30 min and incubation
with primary antibodies at 4°C for 12h. Company names, catalogue numbers,
dilution ratios of anti-E-cadherin, anti-vimentin, anti-N-cadherin, anti-fibronectin,
anti-Snaill, anti-A20 and anti-Flag primary antibodies used in this assay are
described in Supplementary Table 1. After washing with PBS five times, cover-
slips were stained with the following secondary antibodies at room temperature
for 2h: Alexa Fluor-488-conjugated goat anti-mouse IgG (Invitrogen, 1:400 for
anti-E-cadherin, 1:2000 for anti-Flag), Alexa Fluor-594-conjugated donkey anti-
mouse IgG (Invitrogen, 1:200 for anti-N-cadherin, anti-fibronectin and anti-Snaill,
1:400 for anti-E-cadherin) and Alexa Fluor-488-conjugated goat anti-rabbit IgG
(Invitrogen, 1:200 for anti-A20, 1:400 for anti-vimentin). Coverslips were stained
with DAPI (Sigma) and mounted on glass slides. Cells were examined with a
laser-scanning confocal microscope (Carl-Zeiss). The Subcellular Protein Frac-
tionation Kit for Cultured Cells (Thermo Scientific, cat. no. 78840) was used for
subcellular fractionations.
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Immunoblot analysis and immunoprecipitation. For immunoblot analysis, cells
were harvested in cold PBS and lysed in lysis buffer (1% Triton X-100, 20 mM Hepes
at pH7.4, 150mM NaCl, 12.5mM f-glycerol phosphate, 1.5mM MgCl,, 10 mM
NaFE, 2 mM dithiothreitol, 1 mM NaOV, 2mM EGTA, 1 mM phenylmethylsulfonyl
fluoride, protein inhibitor cocktail). For immunoblot analysis of surgically dissect
cancer samples, tissues were homogenized and lysed in RIPA buffer (150 mM
NaCl, 50 mM Tris-HCl at pH7.5, 0.1% SDS, 1% Triton X-100, 2mM EDTA,
0.5% Na-deoxycholate) containing protein inhibitor cocktail. After elution by 4x
sample buffer, protein extracts were boiled, separated by SDS-PAGE, transferred to
polyvinylidene difluoride (PVDF) membrane filter and subjected to immunoblot
analysis. For immunoprecipitation, cell extracts were incubated with appropriate
antibodies and protein G agarose beads (Genedepot) at 4°C for 12h. Immuno-
complexes were washed twice with lysis buffer, eluted from the beads by 2x sample
buffer and boiled. Immunoblot analysis was subsequently performed using the
indicated antibodies.

RNA extraction and real-time qRT-PCR. Total RNA was isolated using the TRIzol
reagent (Invitrogen). cDNA synthesis was performed using PrimeScript Reverse
Transcriptase (TaKaRa). For real-time qRT-PCR, primer sequences used for the
A20, SNAIL1, CDHI, CDH2, VIM, PAI-1, Smad7 and Gapdh genes are described
in Supplementary Table 2. Real-time qRT-PCR was performed using an iCycler
real-time PCR machine and iQ SYBR Green Supermix (Bio-Rad) to measure the
expression of genes under the following conditions: 40 cycles of 95 °C for 30, 60 °C
for 30s, and 72 °C for 30s. All reactions were independently repeated at least three
times to ensure reproducibility.

Cell invasion, migration and proliferation assay. Cells were harvested and
resuspended into serum-free medium. The migration assay was performed with
Transwells (Corining Costar), according to the manufacturers protocol. For the
invasion assay, Matrigel invasion chambers were prepared by coating the upper
chamber surface with Matrigel (BD Biosciences) at 37°C for 12h in a 5% CO,
incubator. MCF10CAla (M4) cells (1 x 10*) and 4T1-Luc cells (2 x 10*) were
plated onto the upper chamber containing culture media with 0.1% FBS. The
bottom chamber contained culture media with 10% FBS. After 48 h for MCF10CAla
(M4) cells and 24h for 4T1-Luc cells, non-invasive cells in the upper chamber
were removed by a cotton swab. Cells that migrated through the Matrigel and
the membrane were fixed with methanol and stained with haematoxylin. Cells
were counted in three predetermined fields for quantification. For cell proliferation
analysis, cells were plated in 6-well plates on day 0. After the indicated time, cells
were trypsinized, resuspended in media and counted with a haemocytometer. All
experiments were performed at least three times to ensure reproducibility.

Human breast cancer tissue microarray and immunohistochemistry. Tumour
tissues from specimens of surgically dissected breast carcinoma were collected at
the Gangnam Severance Hospital, Yonsei University College of Medicine (Seoul,
Korea) between January 1996 and December 2004 after approval by the institutional
review board (IRB approval number 3-2013-0268) in compliance with all relevant
ethical regulations regarding research involving human participants. Among these
samples, cases presenting an invasive focus by review of archival H&E-stained slides
were used to construct tissue microarray (TMA) blocks. Two hundred and fifty-six
patients with invasive breast carcinoma were finally enrolled. All volunteers officially
gave informed consent for this study. For immunohistochemistry, each TMA slide
was stained with rabbit monoclonal anti-A20 antibody (ab92324, Abcam, 1:200)
and counterstained with haematoxylin. After staining, slides were scored under a
microscope and the correlation between A20 expression level and clinical outcomes
was analysed together with A20 expression depending on breast cancer subtypes.

RNA sequencing. Total RNAs of each cell were isolated using the TRIzol reagent for
RNA sequencing following the manufacturer’s instructions. The total RNAs were
treated with DNase I, purified with the miRNeasy Mini Kit (Qiagen) and their
qualities were checked using an Agilent 2100 Bioanalyzer (Agilent). An Illumina
platform (Illumina) was used to analyse transcriptomes with a 90bp paired-end
library. Samples were paired-end sequenced with the IlluminaHiSeq 2000 using
HiSeq Sequencing kits.

Chromatin immunoprecipitation (ChIP). Cells were crosslinked with 1%
formaldehyde and lysed with SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM
Tris at pH 8.1 and protease inhibitor cocktail). Cell lysates were sonicated on wet
ice and centrifuged to obtain the sheared DNA-protein complexes. DNA-protein
complexes were incubated for 12h at 4°C with mouse anti-Flag antibody (F1804,
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Sigma) and incubated with Protein A/G agarose beads (sc-2003, Santa Cruz) for 1h
at 4 °C. Immunoprecipitated material was washed according to standard procedures
(Upstate protocol). After washing, DNA-protein complexes were eluted with 1%
SDS, 100 mM NaHCO; and reverse-crosslinked with 200 mM NaCl at 65°C for
12h. Next, RNAs and proteins were removed by treating RNase A (iNtRON) and
Proteinase K (TaKaRa) and DNAs were purified by purification kit (iNtRON).
Purified DNAs were amplified and analysed by PCR or qPCR. Primer sequences for
ChIP assay in this study were described in Supplementary Table 2.

Mammosphere formation and FACS analysis. Mammosphere formation assay was
performed as described previously®>. MCF10CAla cells (1,000 cells per well) were
seeded in 96-well ultralow-attachment plates (Corning, 3474) and grown for 5 days
in serum-free medium with B27 (Gibco, 17504-044), 20 ngml~" hEGE 20 ng ml™
hFGF (Invitrogen). Mammospheres with diameters above 50 um were counted. For
FACS analysis, dissociated single cells were subjected to fluorescence-activated cell
sorting (FACS) analysis using cell surface markers for CD44 (eBioscience, 11-0441-
81) and CD24 (BioLegend, 101823). The proportion of CD44-positive (+) and
CD24-negative (—) population was measured by FACS analysis using FACSCanto
II (BD Biosciences) and data were analysed by FlowJo 7.6.5 software.

Cytotoxicity assay. Cells were cultured in 96-well plates. After incubation for 36 h,
cells were treated with doxorubicin (20 nM for MDA-MB-231 cells, 5nM for M4
cells) and docetaxel (10 nM for MDA-MB-231 cells, 1 nM for M4 cells) for 12 h.
At the end of the treatment, MTT reagent was added to each well and cells were
incubated for 20 min at 37 °C in the dark. After supernatants were aspirated, DMSO
was added into each well. The absorbance at a wavelength of 550 nm was finally
measured using an VersaMax ELISA microplate reader.

Statistics and reproducibility. Quantitative data in this study are presented as
means =+ s.d. and were analysed by a two-tailed unpaired Student’s ¢-test to compare
the difference between groups. P < 0.05 was considered statistically significant.
The Kaplan-Meier (KM) Plotter Tool (http://kmplot.com/analysis)®® was used to
show correlation between A20 expression and the relapse-free survival rates of
breast cancer patients. Statistical significance was calculated by a log-rank test.
For quantification of protein stability following treatment of cycloheximide, Snaill
and B-actin proteins detected by immunoblotting were quantified using Image]
software®. For normalization, -actin expression was used as a control. GraphPad
Prism 5 and SPSS version 18 software were used in this study. All experiments were
repeated at least three times. RNA sequencing using breast cancer cell lines was
performed one time. N numbers of immunohistochemical analysis and public data
set analysis are indicated in the figure legends. Animal studies were performed with
adequate n numbers to ensure statistical evaluation. No statistical method was used
to predetermine sample size. Sample size was chosen on the basis of literature in
the field.

Data availability. RNA-sequencing data that support the finding of this study have
been deposited in the Gene Expression Omnibus (GEO) under accession code
GSE100878. Previously deposited microarray data that were re-analysed here are
available under access codes GSE41313 (ref. 42), GSE2034 (ref. 43), GSE41970
(ref. 54), GSE9195 and GSE2603. The microarray data (AgilentG4502A_07) from
314 tumour (breast invasive carcinoma) and 121 normal samples (normal breast
tissue) and RNA-Seq data (IlluniniaHiSeq) from 561 tumour (breast invasive
carcinoma) and 225 normal samples (normal breast tissue) were downloaded from
the TCGA Data Portal (https://portal.gdc.cancer.gov). The source data for Figs 2f-i,
3c,e, 4a—c,e,h, 6h and 8a—c,h and Supplementary Figs 1a,c-e and 2b,d,f;h, 4f, 5¢,h,
6g and 7d have been provided as Supplementary Table 3.
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Supplementary Figure 1 A20 does not affect the canonical TGF-f/Smad
signaling, but stabilizes the Snaill protein. a, A20-knockdown and shGFP-
expressing NMuMG cells were transfected with a Smad- specific CAGA-Luc
reporter. Cells were treated with TGF-B1 (5 ng/ml) for 24 h, and luciferase
activities were measured and normalized. n.s., not significant. b, NMuMG
cells were reverse-transfected with 20 nM of control siRNA (siCON) or four
different siRNAs targeting mouse A20 mRNA. Knockdown efficiency was
confirmed by immunoblot analysis with anti-A20 antibody. c-e, Quantitative
real-time RT-PCR analysis of indicated target genes, induced by the TGF-p/
Smad-dependent signaling pathway, in A20-knockdown NMuMG cells treated
with TGF-B1 for 24 h. The data in (a, c, d, and e) were statistically analyzed by
a t-test and show the mean = s.d. of n=3 independent experiments. f, Stability
of the Snaill protein was measured in A20-knockdown and shGFP-expressing
control NMuMG cells in the presence of TGF-f1, followed by treatment of
protein translation inhibitor, cycloheximide (CHX, 50 ug/ml) for the indicated
times. Cell lysates were immunoblotted by the indicated antibodies (upper).

Data were quantified using ImageJ software (lower). For normalization,
expression of B-actin was used as a control. g, A20-knockdown NMuMG

cells were treated with TGF-B1 for 24 h, followed by exposure to proteasomal
inhibitor MG132 (10 uM) for 6 h. Cell lysates were immunoblotted with the
indicated antibodies. h, A plasmid encoding Flag-Snaill was co-transfected
with increasing amounts of HA-A20 plasmid into HEK293 cells. Cell lysates
were immunoblotted. i, Panc-1 cells were reverse-transfected with 20 nM

of control siRNA or two independent A20 siRNAs (siA20 #1 and siA20

#3) and treated with TGF-B1 for the indicated times. Cell lysates were
immunoblotted. j, A20-knockdown and shGFP-expressing control NMuMG
cells were transfected with Flag-Snaill and then treated with TGF-B1 for 24 h.
Cell lysates were immunoblotted. Expression of B-actin was used as a loading
control for all immunoblot analysis shown in this figure. Immunoblot images
are representative of n=3 independent experiments. Statistics source data for
(a) and (c)-(e) are available in Supplementary Table 3. Unprocessed original
scans of blots in (b) and (f)-(j) are in Supplementary Fig. 9.
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Supplementary Figure 2 A20 depletion does not affect tumor growth. a, e,
MCF10CAla (M4) (a) and 4T1-Luc (e) cells were infected with the indicated
lentiviruses expressing shRNAs targeting AZ0 mRNA. Cell lysates were
immunoblotted with the indicated antibodies. Expression of -actin was
used as a loading control. The data are representative of n=3 independent
experiments. b, f, A20-knockdown MCF10CA1la (M4) (b) or A20-knockdown
AT1-Luc (f) cells were cultured in 6-well plates and harvested at the
indicated time points. Cell proliferation was analyzed by counting cell
numbers in each well, compared to shGFP-expressing control cells. The
data were statistically analyzed by a f-test and show the mean + s.d. of n=3
independent experiments. *P < 0.05 compared to the shGFP control cells.
n.s., not significant. ¢, d, 5 x 10° of A20-knockdown and shGFP-expressing

shA20 #5

! e el - S il 5

MCF10CA1la (M4) cells were orthotopically injected into NOD/SCID

mice (n=6 mice per group). After the mice were sacrificed 5 weeks later,
representative primary tumor images were shown in (c) and tumor volumes
were measured (d). g, h, 5 x 104 of A20-knockdown and shGFP-expressing
control 4T1-Luc cells were orthotopically injected into Balb/c mice (n=6 mice
per group) and the mice were sacrificed 5 weeks later. Representative images
of primary tumors were shown in (g) and tumor volumes were measured (h).
The data in (d and h) were statistically analyzed by a t-test and show the
mean + s.d. n=6 mice per group per experiment. * P < 0.05 compared to the
shGFP control cells. n.s., not significant. Statistics source data for (b), (d), (f)
and (h) are available in Supplementary Table 3. Unprocessed original scans of
blots in (a) and (e) are in Supplementary Fig. 9.
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Supplementary Figure 3 A20 induces monoubiquitination of the Snaill
protein through ZnF7 domain. a, Plasmids encoding Flag-Snaill and wild
type His-Ub were co-transfected with HA-A20, HA-GSK3p and HA-BTrCP1
into NMuMG cells in the indicated combinations. Ni-NTA-mediated pull-
down assays were performed and ubiquitinated Snaill was observed by
immunoblotting using anti-Flag antibody. Total cell lysates (TCL) were
immunoblotted with the indicated antibodies. b, Dynamics of the interaction
between endogenous A20 and Snaill in NMuMG cells. Cells were treated
with TGF-B1 (5 ng/ml) for the indicated times, immunoprecitated with
anti-Snaill antibody and immunoblotted with the indicated antibodies.

¢, Plasmid encoding wild-type HA-A20 or A20 ZnF7 mutant (HA-A20_
ZnF7%*) was co-transfected into HEK293 cells together with Flag-Snaill
plasmid. Cell lysates were immunoprecipitated with anti-HA antibody and
subsequently immunoblotted with the indicated antibodies. d, For in vitro
ubiquitination assays, Flag-Snaill proteins were eluted from HEK293 cells

transfected with Flag-Snaill plasmid, and wild-type GST-A20 and mutant
GST-A20_ZnF7* proteins were purified from E.coli. The reactions were
performed in the indicated combinations and samples were immunoblotted
with the indicated antibodies. e, Plasmids encoding Flag-Snaill and wild
type His-Ub were co-transfected into NMuMG cells with HA-A20. After
cells were treated with the ubiquitin isopeptidase inhibitor G5 for 6 h, Ni-
NTA pull-down assays were performed, followed by immunoblotting with
the indicated antibodies. f, Plasmid encoding HA-A20 or HA-A20(C103A)
mutant was co-transfected into NMuMG cells with HA-GSK3p and HA-
BTrCP1 in the presence of His-Ub and Flag-Snaill. After cells were pre-
treated with MG132, Ni-NTA pull-down and immunoblot assays were
performed. Expression of B-actin was used as a loading control in all
immunoblot assays except for (d). Immunoblot images in this figure are
representative of n=3 independent experiments. Unprocessed original scans
of blots in Supplementary Fig. 3 are in Supplementary Fig. 9.
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Supplementary Figure 4 A20 monoubiquitinates three Snaill lysine
residues, which are crucial for Snaill stability and TGF-B1-induced EMT.
a, Plasmids encoding wild type Snaill(Flag-Snail1-WT) or Snaill mutants
(Flag-Snail1-N-6KR and Flag-Snail1-C-8KR) were co-transfected into
NMuMG cells with wild-type His-Ub and HA-A20 plasmids in the indicated
combinations. Ni-NTA-mediated pull-down assays were performed and
ubiquitinated Snaill was observed by immunoblot analysis using anti-Flag
antibody. Total cell lysates (TCL) were immunoblotted with the indicated
antibodies. b, A plasmid encoding wild-type Snaill (Flag-Snaill) or

single K-to-R mutants of Snaill was co-transfected into NMuMG cells

in the absence or presence of HA-A20. Cell lysates were immunoblotted
with the indicated antibodies. ¢, To examine whether A20-mediated
monoubiquitination of Snaill is linked to the phosphorylation of Snaill

by ERK, a plasmid encoding a Snaill mutant [Flag-Snail1(S82A/S104A)]
or wild-type Snaill, was co-transfected into NMuMG cells with or without
HA-A20. Cell lysates were immunoblotted with the indicated antibodies.
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d, Snaill depletion in NMuMG cells by lentiviruses expressing different
shRNAs was confirmed by immunoblot analysis with anti-Snaill antibody.
e, Snaill-depleted NMuMG cells were infected with retroviruses expressing
wild-type Snaill (Flag-Snail1-WT) or the Snail1(3KR) mutant (Flag-
Snail1-3KR). After treatment with TGF-1 (5 ng/ml) for 48 h to induce
EMT, cell lysates were immunoblotted with the indicated antibodies. f,

The CDH1-Luc reporter plasmid was co-transfected into Snaill-depleted
NMuMG cells with an indicated plasmid. After treatment with TGF-p1

for 48 h, luciferase activities were measured and normalized. The data
were statistically analyzed by a t-test and show the mean + s.d. of n=3
independent experiments. **P < 0.01 compared to cells not treated with
TGF-pB1 in the case of shGFP and compared to cells treated with TGF-p1

in others. Immunoblot images in this figure are representative of n=3
independent experiments and expression of f-actin was used as a loading
control. Statistics source data for (f) are available in Supplementary Table 3.
Unprocessed original scans of blots in (a)-(e) are in Supplementary Fig. 9.
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Supplementary Figure 5 Three lysine residues of Snaill are essential for
breast cancer metastasis. a, 4T1-Luc cells stably expressing wild-type
Snaill (Flag-Snail1-WT) or the Snail1(3KR) mutant (Flag-Snail1-3KR)
were generated by infection with recombinant retroviruses. Expression of
Flag-Snail1-WT or Flag-Snail1-3KR in 4T1-Luc cells were confirmed by
immunoblot analysis with anti-Flag antibody. b, ¢, 5 x 104 of 4T1-Luc cells
stably expressing Flag-Snail1-WT or Flag-Snail1-3KR were orthotopically
injected into Balb/c mice (n=6 mice per group). As a control, the same
amounts of 4T1-Luc cells infected with retroviruses expressing empty
vector (Mock) were used. After the mice were sacrificed 5 weeks later,
representative images of primary tumors (b) were shown and tumor volumes
(c) were measured. The data in (c) were statistically analyzed by a t-test
and show the mean + s.d., compared to control 4T1-Luc cells (Mock).

n=6 mice per group per experiment. n.s., not significant. d, Generation of
recombinant 4T1-Luc cell lines expressing Flag-Snail1-WT or Flag-Snaill-

3KR in A20-depleted and shGFP background by consecutive retroviral and
lentiviral infections. A20 depletion and Snaill expression were confirmed

by immunoblot analysis. e-h, Each recombinant 4T1-Luc cell line (5 x 104
cells) was orthotopically injected into Balb/c mice (n=6 mice per group).
Bioluminescence imaging was monitored at the indicated time points

(e). After the mice were sacrificed 35 days later, lungs were removed and
stained with India ink. Representative images and the numbers of metastatic
nodules (f), images of primary tumors (g) and tumor volumes (h) were shown.
The data in (f and h) were statistically analyzed by a t-test and show the
mean + s.d. n=6 mice per group per experiment. **P < 0.01 and ***P <
0.001 compared to the indicated groups. n.s.; not significnat. Immunoblot
images in (a and d) are representative of n=3 independent experiments and
expression of B-actin was used as a loading control. Statistics source data for
(c), (f), and (h) are available in Supplementary Table 3. Unprocessed original
scans of blots in (a), and (d) are in Supplementary Fig. 9.
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Supplementary Figure 6 A20-mediated Snaill monoubiquitination is
required for nuclear retention of Snaill and interaction with transcriptional
co-repressors. a, A plasmid encoding HA-GSK3p was transfected into
HEK293 cells with or without A20 expression plasmid. Cell lysates

were immunoprecipitated with anti-A20 antibody and subsequently
immunoblotted. b, NMuMG cells were infected with retroviruses expressing
wild-type Snaill (Flag-Snail1-WT) or the Snail1(3KR) mutant (Flag-
Snail1-3KR). After cells were stained with anti-Flag antibody and DAPI,

the localization of Snaill protein was observed by confocal microscopy.
Scale bars, 20 um. ¢, B-TrCP1 depletion in NMuMG cells by different
siRNAs targeting p-TrCP1 mRNA or control siRNA (siCON) was confirmed
by immunoblot analysis with anti-B-TrCP1 antibody. d, p-TrCP1-depleted
(sipTrCP1 #2) NMuMG cells were transfected with a plasmid encoding Flag-
Snail1-WT or Flag-Snail1-3KR in the absence or presence of HA-A20. Cell
lysates were immunoblotted. e, A20-depleted and control shGFP-expressing
NMuMG cells were treated with TGF-B1 (5 ng/ml) for 24 h, followed by
exposure to MG132 (10 uM) for 4 h and fractionated into cytoplasmic and
nuclear extracts. Both extracts were immunoblotted with the indicated

antibodies. Expressions of tubulin and lamin were used as cytoplamic and
nuclear markers, respectively, and loading controls. f, A plasmid encoding
Flag-Snail1-WT or Flag-Snail1-3KR was co-transfected into NMuMG cells
with or without HA-A20 plasmid. Cell lysates were immunoprecipitated
with anti-Flag antibody and subsequently immunoblotted. g, Chromatin
immunoprecipitation analysis (ChIP) on NMuMG cells transfected with

a plasmid encoding Flag-Snail1-WT or Flag-Snail1-3KR. Chromatin
fragments were immunoprecipitated with anti-Flag antibody. PCR primers
for E-cadherin promoter region were used to amplify the DNA isolated
from the immunoprecipated chromatins and input samples. The data in
quantitative real-time PCR (lower panel) were statistically analyzed by a
t-test and show the mean + s.d. of n=3 independent experiments. ***P <
0.01 compared to 1gG control. n.s.; not significant. Images shown in this
figure are representative of n=3 independent experiments. Expression of
B-actin was used as a loading control for the immunoblot analysis except
for (e). Statistics source data for (g) are available in Supplementary Table 3.
Unprocessed original scans of blots in (a) and (c)-(f) are in Supplementary
Fig. 9.
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Supplementary Figure 7 A20 expression is induced by the Smad-
independent noncanonical pathway upon TGF-f1 treatment. a, Gating
strategy of CD44(+)/CD24(-) cancer cell populations in A20-depleted and
control M4 (MCF10CA1a) cells. M4 cells were initially gated by FSC-A vs
FSC-H for single cells and these separated cells were further gated by FSC-A
vs SSC-A for the exclusion of debris. Live cells were finally gated by using
fixable dye, APC-Cy7. b, After NMuMG cells were pre-treated with the TGF-$
type | receptor inhibitor SB431542 (10 uM) for 1 h, they were treated

with TGF-B1 (5 ng/ml) for the indicated times. A20 expression and Smad2
phosphorylation were monitored by immunoblot analysis. ¢, d, NMuMG cells

expressing Smad4-specific shRNAs or GFP-specific control shRNA were
treated with TGF-B1 for the indicated times. A20 expression was analyzed
by immunoblot (c) and quantitative real-time RT-PCR (d) analysis. In gRT-
PCR analysis, expression of Gapdh mRNA was used for normalization. The
data in (d) were statistically analyzed by a t-test and show the mean + s.d.
of n=3 independent experiments. All data of immunoblot analysis shown in
this figure are representative of n=3 independent experiments. Expression of
B-actin was used as a loading control for the immunoblot analysis. Statistics
source data for (d) are available in Supplementary Table 3. Unprocessed
original scans of blots in (b) and (c) are in Supplementary Fig. 9.

WWW.NATURE.COM/NATURECELLBIOLOGY

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



SUPPLEMENTARY INFORMATION

a GSE9195 GSE2603
HR=3.85, P=0.0091 HR=3.34, P=0.0364
g 100 ¢_>U 1004
2 e
? 3
g 80 g 804
q', 3
(723 172}
Q Q
5601 L A20low T 601 A%giow
4 - A20 high 14 - A20 high
S ®
40 T T | 40 T )
0 50 100 150 0 50 100 150
Months Months
In the absence of A20 In the presence of A20
L o
Kag-linked / Kag-linked
ubiquitination ublquitination
Proteasomal Proteasomal
degradation degradation
o 0 o o

thphnryfathn

at one of Serine
96, 100 residues

107.111,115,119

Nucleus residues

Supplementary Figure 8 A20 expression is correlated with relapse-free
survival of human breast cancer patients. a, Using Kaplan-Meier (KM)
Plotter Tool (http://kmplot.com/analysis)®®, the correlation between A20
expression and the relapse-free survival rates of breast cancer patients was
analyzed in two independent public GEO datasets (left; GSE9195, right;
GSE2603). Pvalues were calculated using a log-rank test. HR = hazard ratio
b, Proposed model demonstrating Snaill stabilization by A20-mediated
multi-monoubiquitination. In the absence of A20, Snaill is phosphorylated
by GSK3p at one of serine 107, 111, 115 and 119 residues and exported
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from the nucleus to the cytoplasm. Additional phosphorylation occurs at

one of the serine 96 and 100 residues by GSK3p in the cytoplasm. g-TrCP1
subsequently recognizes these Snaill phosphorylations and builds a K48-
linked polyubiquitin chain on Snaill, resulting in proteasomal degradation.

In the presence of A20, Snaill is monoubiquitinated by A20 at multiple

sites of lysine 206, 234 and 235 residues in the nucleus. This multi-
monoubiquitination inhibits the interaction between Snaill and GSK3p. Thus,
GSK3B-mediated Snaill phosphorylation is decreased and Snaill stability in
the nucleus is increased, eventually promoting EMT and metastasis.
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Supplementary Figure 9 Unprocessed scans of immunoblots shown in main figures and supplementary figures.
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Supplementary Table Legends
Supplementary Table 1 Primary antibodies used in this study.
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Life Sciences Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life
science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list
items might not apply to an individual manuscript, but all fields must be completed for clarity.

For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research
policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist.

» Experimental design

1. Sample size

Describe how sample size was determined. No sample-size calculation was performed. Based on the literature, we chose the
sample size routinely used in the field of molecular cell biology regarding reporter
assays, quantitative real-time RT-PCR, cell invasion, migration, and proliferation
assays (at least three independent experiments). All animal experiments to
statistically analyze the results were performed with 6 mice per group.
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For the analysis of A20 expression in tissue microarray (TMA), we prospectively
collected tumor tissues from specimens of surgically dissected breast carcinoma at
the Gangnam Severance Hospital, Yonsei University College of Medicine, Seoul,
Korea, between January 1996 and December 2004. Among these samples, cases
presenting an invasive focus by review of archival H&E-stained slides were used to
construct tissue microarray (TMA) blocks. Two hundred fifty-six patients with
invasive breast carcinoma were finally enrolled. To test a prognostic effect of A20
expression, sample size more than 200 cases is adequate to discriminate clinical
outcome according to A20 expression.

2. Data exclusions

Describe any data exclusions. No data were excluded from the analysis.

3. Replication

Describe whether the experimental findings were For each experiment, all attempts at replication were successful.
reliably reproduced.

4. Randomization

Describe how samples/organisms/participants were In animal experiments, mice were randomly allocated into each experimental
allocated into experimental groups. group.
However, a randomized sample selection in the experiment that explore A20
expression in human mammary carcinoma using TMA was not conducted due to its
nature of retrospective study.

5. Blinding
Describe whether the investigators were blinded to For animal data analysis, the observer was blinded to which animal of each group
group allocation during data collection and/or analysis. was being analyzed.

The interpretation of immunohistochemical (IHC) stain was carried out blindly,
without any information regarding clinical parameters or outcome.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.




6. Statistical parameters

For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).

n/a | Confirmed

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

|X| A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly

|X| A statement indicating how many times each experiment was replicated

|X| The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more
complex techniques should be described in the Methods section)

|X| A description of any assumptions or corrections, such as an adjustment for multiple comparisons
& The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

|X| A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

OOodg o oo

|X| Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.

» Software

Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this GraphPad Prism 5 Software and SPSS version 18
study.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.

» Materials and reagents

Policy information about availability of materials
8. Materials availability

Indicate whether there are restrictions on availability of  All materials such as antibodies and reagents are available from for-profit

unique materials or if these materials are only available companies. A20+/+ and A20-/- MEFs were provided by Geert van Loo, based on

for distribution by a for-profit company. MTA.
Our TMA slides of invasive breast cancer are available for further research such as
exploring biomarkers and testing prognostic impact in breast cancer patients. They
are not distributed by a for-profit company.

9. Antibodies

Describe the antibodies used and how they were validated = Antibodies and their validation, including species and dilution ratio, were described
for use in the system under study (i.e. assay and species).  in Supplementary Table 2 and the Online Methods (p2, p6).

10. Eukaryotic cell lines

a. State the source of each eukaryotic cell line used. NMuMG, MCF10A and HEK293 cell lines were purchased from ATCC. A20+/+ and
A20-/- MEFs were provided by Dr. Geert van Loo (Ghent University, Belgium). 4T1-
Luc, MCF10AT, MCF10CA1h and MCF10CA1a cells were obtained from Dr. Seong-
Jin Kim (Seoul National Univeristy, Korea). MCF7, T47D, MDA-MB-435, HS578T, SK-
BR-3, BT-549 MDA-MB-231, ZR-75B and ZR-75-1 cells were provided by Dr. Seong-
Jin Kim (Seoul National University, Korea). Human pancreatic cancer Panc-1 cells
were kindly provided by Dr. Dong-Ki Lee (Sungkyunkwan University, Korea).

b. Describe the method of cell line authentication used.  The cell lines have not been authenticated in the present study.

c. Report whether the cell lines were tested for All cell lines tested were negative for mycoplasma contamination.
mycoplasma contamination.

d. If any of the cell lines used are listed in the database No commonly misidentified cell lines were used.
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.
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» Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals

Provide details on animals and/or animal-derived For tumorigenesis and metastasis analysis, 5-6 week old NOD/SCID female mice
materials used in the study. and 6 week old Balb/c female mice were used.

Policy information about studies involving human research participants

12. Description of human research participants

Describe the covariate-relevant population For retrospective transplantation studies with TMA slides, the need for informed

characteristics of the human research participants. consent was waived by the institutional review board of Gangnam Severance
Hospital, Yonsei University, Seoul, Korea, in accordance with good clinical practice
guidelines and the Declaration of Helsinki (3-2014-0239).
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Flow Cytometry Reporting Summary

Form fields will expand as needed. Please do not leave fields blank.

» Data presentation

For all flow cytometry data, confirm that:
[X] 1. The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

< 2. The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of
identical markers).

[X]3. All plots are contour plots with outliers or pseudocolor plots.

[X] 4. Anumerical value for number of cells or percentage (with statistics) is provided.

» Methodological details

5. Describe the sample preparation. We trypsinized the control or A20 depleted MCF10CAla human breast
cancer cells to dissociate single cell and thus we stained cell surface
marker protein using fluorescence conjugated antibodies (FITC-anti-CD44,
PerCP/Cy5.5-anti-CD24).

6. ldentify the instrument used for data collection. We used FACSCanto Il (BD Biosciences) for data collection.

7. Describe the software used to collect and analyze ~ We collected and analyzed the data using FlowJo 7.6.5 software.
the flow cytometry data.

8. Describe the abundance of the relevant cell After gating, live cells were 98.7 %. CD24(-)/CD44(+) cells were 54.5 % in
populations within post-sort fractions. control M4 cells and 16.2 % in A20-depleted M4 cells when FACS analysis
was completed.

9. Describe the gating strategy used. To gate samples for FACS analysis, cells were initially gated by FSC-A vs
FSC-H for single cells and these separated cells were further gated by FSC-
A vs SSC-A for the exclusion of debris. Live cells were finally gated by using
fixable dye, APC-Cy7.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information. [X
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