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Fig. S1. Schematic diagram of all the reported USP19 splice isoforms. NCBI gene
accession numbers of USP19 splice variants are indicated on the left. The mRNA encoding
regions are indicated with boxes; black filled boxes correspond to coding exons that are shared
among different splice variants, white boxes indicate the 5’ untranslated region (UTR) on the
left or 3° UTR on the right, the blue and red boxes correspond to the splice variants containing
transmembrane region (red) or that lack that domain (blue) ), respectively. Exon IV exists two
variants, a short (15 amino acid deletion, indicated in light red-brown) and long variant (dark
red-brown). Exon V also exists in two variants, a short (10 amino acid deletion, indicated in
yellow) and a long variant (brown). Exon VI is either absent, or present in a short (50 amino
acid deletion, indicated in light green) or a long variant (dark green). Exon VII (dark grey) and
X1 (light grey) both exist in a short or long variant (1 amino acid deletion for exon VII and a
two amino acid deletion for exon XI), which are not individually indicated in the diagram.

There is one transcript (NM_001400294.1) that has a 3 amino acid deletion in exon XIX (white).
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The two red triangles indicate the splice variants used in this study: USP19-CY

(NM_001199161.2); USP19-ER (NM_001199160.2).



USP19-ER AGGGCAGGTCACTCTGAGCACCACCCAGACCTAGGCCCTGCAGCTGAGGCTGCTGCCAGCCAGGCTTCCCGGATTTGGCAGGAGCTGGAGGCTGnmmmremmm-A 4400

USP19-CY AGGGCAGGTCACTCTGAGCACCACCCAGACCTAGGCCCTGCAGCTGAGGCTGCTGCCAGCCAGGGACTAGGCCCTGGCCAGGCCCCCGAGGTGGCCCCCA

USP19-ER GGAGGAGCCGGTGCCTGAGGGGTCTGGGCCCCTGGGTCCCTGGGGGCCCCAAGACTGGGTGGGCCCCCTAC 4500
USP19-CY Forward Primer
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USP19-CY peptide (16 AA)
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Fig. S2. Sequence alignment of the C-termini of USP19-ER and USP19-CY splice
isoforms. (A) cDNA sequence alignment of parts encoding for the C-termini of USP19-ER and
USP19-CY. The sequences for forward and reverse PCR primers for isoform specific mRNA
expression measurement, and shRNAs for isoform specific knockdown, are highlighted.
Specific nucleotides in USP19-ER cDNA sequence are shown in blue and in USP19-CY cDNA
sequence are in red. (B) Protein sequence alignment of the C-terminal regions of USP19-ER
and USP19-CY. The peptide sequences that were used to generate the antibodies for specific
detection of the two isoforms are highlighted. The transmembrane domain of USP19-ER is

indicated in red. (C) Immunofluorescence analysis of the localization of USP19 (red) and



calnexin (green) in U20S cells transfected with FLAG-tagged USP19-CY-wt, USP19-CY-CA,
USP19-ER-wt or USP19-ER-CS expression plasmids. Nuclei were counterstained with 4,6-
diamidino-2-phenylindole (DAPI, blue). Images were captured with confocal microscopy.
Scale bar =5 um. (D) Analysis of USP19 activities in HEK293T cells transfected with pRK5
empty vector, wild type USP19-ER (ER-wt), USP19-ER enzyme inactive mutant (ER-CS),
wild type USP19-CY (CY-wt) or USP19-CY enzyme inactive mutant (CY-CA) expression

plasmids using TAMRA-ubiquitin-vinyl methyl ester (VME) probe assay.
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Fig. S3. USP19-CY isoform promotes TGF-p signalling. (A) gRT-PCR analysis of the

USP19, USP19-CY and USP19-ER gene expression levels in MDA-MB-231 cells stably

expressing USP19-CY-wt and USP19-CY-CA. The data are expressed as the mean + SD, n=3

(technical replicates). (B) Quantification of the p-SMAD2 expression in MDA-MB-231 cells

that were infected with empty vector (pRK5), USP19-CY-wt or USP19-CY-CA expression

plasmids with TGF-f (2.5 ng/mL) treatment for 1 h. Results were normalized to GAPDH

expression levels and expressed as the mean &= SD, n=3 (biological replicates). ***, P <0.001,
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based on unpaired Student’s t test. (C) Immunoblotting analysis of the p-SMAD2, total (t)-
SMAD?2 and total USP19 levels in HEK293T cells that were transfected with pLV-EV, CY-wt
or CY-CA plasmids after stimulation of vehicle control or TGF-B (2.5 ng/mL) for 1 h. GAPDH,
loading control. (D) gRT-PCR analysis of the USP19, USP19-CY and USP19-ER mRNA
expression levels in MDA-MB-231 cells without or with shRNA-mediated knock down of
USP19-CY (sh-CY). The data are expressed as the mean + SD, n=3 (technical replicates). (E)
Quantification of the p-SMAD?2 expression in USP19-CY-depleted MDA-MB-231 cells with
TGF-B (2.5 ng/mL) treatment for 1 h. Results were normalized to GAPDH expression levels

and expressed as the mean = SD, n=3 (biological replicates). ***, P <0.001, based on unpaired

Student’s t test. Expression levels of the USP19, USP19-CY and USP19-ER mRNA in pLKO-
EV control or USP19-CY -deficient MCF10A-Ras cells (F) or A549-VIM-RFP cells (G). The
data are expressed as the mean + SD, n=3 (technical replicates). Western blotting analysis of
the p-SMAD2, t-SMAD2 and USP19 levels in MCF10A-Ras cells (H) or A549-VIM-RFP cells
(1) without or with shRNA-mediated knockdown of USP19-CY (sh-CY) treated with vehicle
control or TGF-B (2.5 ng/mL) for 1 h. GAPDH, loading control. qRT-PCR analysis of the
TGF-p target genes, i.e., SMAD7, CCN2 and SERPINEL, in USP19-CY-depleted MCF10A-
Ras cells (J) or A549-VIM-RFP cells (K) in the presence of vehicle control or TGF-p (2.5
ng/mL) for 6 h. Results were normalized to GAPDH expression levels and expressed as the

mean =+ SD, n=3 (biological replicates). *, P <0.05, **, P < 0.01, based on unpaired Student’s

t test.
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Fig. S4. USP19-ER isoform inhibits TGF-p signalling. (A) gqRT-PCR analysis of the USP19,
USP19-CY and USP19-ER mRNA expression levels in MDA-MB-231 cells stably expressed
USP19-ER-wt and USP19-ER-CS. The data are expressed as the mean + SD, n=3 (technical
replicates). (B) Quantification of the p-SMAD2 expression in MDA-MB-231 cells that were
infected with pLV-EV, ER-wt and ER-CS with TGF-f (2.5 ng/mL) treatment for 1 h. Results

were normalized to GAPDH expression levels and expressed as the mean = SD, n=3

(biological replicates). *, P < 0.05, based on unpaired Student’s t test. (C) Western blotting
analysis of the p-SMAD?2, t-SMAD?2 and total USP19 levels in HEK293T cells that were
transfected with pRK5, ER-wt or ER-CS expression plasmids after stimulation of vehicle
control or TGF-p (2.5 ng/mL) for 1 h. GAPDH, loading control. (D) gRT—PCR analysis of the

USP19, USP19-CY and USP19-ER mRNA expression levels in MDA-MB-231 cells without
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or with shRNA-mediated knock down of USP19-ER (sh-ER). The data are expressed as the
mean £ SD, n=3 (technical replicates). (E) Quantification of the p-SMAD?2 expression in
USP19-ER-depleted MDA-MB-231 cells with TGF-B (2.5 ng/mL) treatment for 1 h. Results

were normalized to GAPDH expression levels and expressed as the mean = SD, n=3

(biological replicates). **, P < 0.01, based on unpaired Student’s t test. (F) gqRT—PCR analysis
of the USP19, USP19-CY and USP19-ER mRNA expression levels in A549-VIM-RFP cells
with pLKO-EV and sh-ER. The data are expressed as the mean + SD, n=3 (technical replicates).
(G) Immunoblotting of the p-SMAD2 and USP19 levels in A549-VIM-RFP cells without or
with sh-ER treated with vehicle control or TGF-p (2.5 ng/mL) for 1 h. GAPDH, loading control.
(H) mRNA expression levels of TGF-f target genes, i.e., CCN2, SERPINE1 and SMAD7 in
pLKO-EV control or USP19-ER-deficient A549-VIM-RFP cells treated with vehicle control
or TGF-B (2.5 ng/mL) for 6 h. Results were normalized to GAPDH mRNA expression levels

and expressed as the mean & SD, n=3 (biological replicates). *, P < 0.05, based on unpaired

Student’s t test.
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Fig. S5. The opposite effect of USP19-ER and USP19-CY on the TGF-B-induced EMT.

Quantification of the EMT marker protein levels in A549-VIM-RFP cells with or without sh-
ER lentivirus (A) or with or without sh-CY (B) treated with TGF-p (2.5 ng/mL) for 1 h. Results
were normalized to Tubulin and GAPDH expression levels, respectively, and expressed as the
mean =+ SD, n=3 (biological replicates). *, P <0.05, **, P < 0.01, based on unpaired Student’s
t test. (C) Western blotting analysis of the epithelial marker E-cadherin, mesenchymal markers
N-cadherin and vimentin in MCF10A-Ras cells without (pLKO-EV) or with USP19-CY
knockdown that were treated with vehicle control or TGF-B (2.5 ng/mL) for 2 d. GAPDH,
loading control. (D) Immunoblotting analysis of the USP19-CY and total USP19 protein
expression levels in mCherry-labelled MDA-MB-231 cells infected with pLKO-EV and sh-
CY lentivirus. GAPDH, loading control. (E) Schematic representation of a 4-day-old zebrafish

fli:GFP Casper embryo and the Duct of Cuvier (Doc) injection site
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Fig. S6. USP19-ER binds to endogenous TPRI and decreases its expression on cell surface,
while USP19-CY promotes the stability of TPRI. (A) Immunoprecipitation (IP) and
immunoblot analysis of the interaction between USP19-ER and endogenous TBRI in MDA-
MB-231 cells overexpressed with FLAG-USP19-ER-wt or FLAG-USP19-ER-CS. (B) MDA-
MB-231 cell surface proteins without or with USP19-ER knockdown were biotinylated for 40
min at 4 °C. The biotinylated cell surface proteins were precipitated with streptavidin beads
and analysed by anti-TBRI immunoblotting. (C) Immunoblotting analysis of the endogenous
TPRI expression level in MDA-MB-231 cells infected with pLKO-EV or sh-CY after treatment
with cycloheximide (CHX; 50 ug/mL) for the indicated times. Vinculin: loading control. (D)
Quantification of the endogenous TPRI expression level in MDA-MB-231 cells in the pLKO-
EV and sh-CY groups after treatment with CHX. The data were normalized to the t=0 controls

and expressed as the mean & SD of two biological independent experiments. *, P <0.05, based

on two-way ANOVA.
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Fig. S7. USP19-CY is highly expressed in breast cancer tissues. (A) Immunofluorescence

USP19-CY staining in empty vector (pRK5) or USP19-CY -wt expression plasmid transfected

HEK293T cell line; plugs were formalin fixed, embedded in paraffin and sectioned. (B)

Quantification of the precent USP19-CY expression in breast cancer adjacent tissues and

different stages of cancer tissues. Adjacent tissues, n=45; adenocarcinoma (stage I1A), n=61;

adenocarcinoma (stage 11B), n=37; adenocarcinoma (stage I11A), n=16; adenocarcinoma (stage

[1IB), n=10; *, P <0.05, **, P <0.01, ****, P < 0.0001, based on unpaired Student’s t test.
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Fig. S8. Effect of various small molecule splicing modulators on mRNA expression levels
of USP19, USP19-CY and USP19-ER in different cells. (A) A549-VIM-RFP cells (B)
HEK293T cells (C) MDA-MB-231 cells (D) MCF10A-Ras cells. The different compound

concentrations with which cells were treated for 24 h are indicated.
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Fig. S9. Herboxidiene regulates the mRNA splicing of USP19 by inhibiting USP19-CY

and favouring USP19-ER isoform expression and inhibits TGF-B/SMAD signaling. (A)

The viability of A549-VIM-RFP cells with pLV-EV or USP19-CY-wt overexpression

constructs was determined using MTS cell viability assay after 0.2 or 1 uM herboxidiene

treatment for 24 h. (B) Quantification of the p-SMAD2 expression in MDA-MB-231 cells

stably infected with pLV-EV and USP19-CY-wt that were pretreated with 1 uM herboxidiene

(Herbo) for 24 h and then combined with TGF-B (2.5 ng/mL) for 1 h. Results were normalized

to t-SMAD?2 expression levels and expressed as the mean £+ SD, n=3 (biological replicates).

* P <0.05, **, P <0.01, based on unpaired Student’s t test. (C) MDA-MB-231 cells stably

infected with pLV-EV or USP19-CY-wt were pre-treated with 1 uM T025 for 24 h and then

combined with vehicle control or TGF-B (2.5 ng/mL) for 1 h, followed by immunoblotting

analysis of the p-SMAD2, t-SMAD?2, USP19-CY with short exposure time (exp.) and long
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exposure time and USP19 expression levels. GAPDH: loading control. (D) Quantification of
the p-SMAD2 expression in MDA-MB-231 cells stably infected with pLV-EV and USP19-
CY-wt that were pre-treated with 1 uM T025 for 24 h and then combined with TGF-f (2.5
ng/mL) for 1 h. Results were normalized to t-SMAD2 expression levels and expressed as the
mean £ SD, n=3 (biological replicates). **, P < 0.01, based on unpaired Student’s t test. (E)
HEK293T cells transfected with pRK5 or USP19-CY-wt were pre-treated with 1 uM T025 for
24 h and then combined with vehicle control or TGF-B (2.5 ng/mL) overnight, followed by the
analysis of CAGA1.-luciferase transcriptional responses. The data were expressed as the mean
+ SD, n=3 (biological replicates). **, P < 0.01, *** P < 0.001, based on unpaired Student’s t

test.
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Fig. S10. The ELISA results of the rabbit blood serum with USP19-ER or USP19-CY

specific antibodies. The optical density (OD) at 492 nm in the preimmune serum (PPI) or large

bleed (GP) with (A) USP19-ER or (B) USP19-CY of the rabbit #1 and rabbit #2.
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Table S1. Sequences of primers and plasmids.

gRT-PCR Primers

Species | Gene name Forward (5' to 3") Reverse (5' to 3")

Human | GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG
Human | SERPINE1 CACAAATCAGACGGCAGCACT CATCGGGCGTGGTGAACTC

Human | SMAD7 TCCAGATGCTGTGCCTTCC GTCCGAATTGAGCTGTCCG

Human | CCN2 TTGCGAAGCTGACCTGGAAGAGAA AGCTCGGTATGTCTTCATGCTGGT
Human | CDH1 CAGCCGCTTTCAGATTTTCAT CCCGGTATCTTCCCCGC

Human | CDH2 CAGACCGACCCAAACAGCAAC GCAGCAACAGTAAGGACAAACATC
Human | SNAI1 ACCACTATGCCGCGCTCTT GGTCGTAGGGCTGCTGGAA

Human | USP19 TCCGGGACTTCTTCCATGAC GACGCCCACCAGTCCCTAGT
Human | USP19-ER ACGTGGCCCTACCACACCAGATGAG CTTTGGTGGCCCTCGTGCTCAA
Human | USP19-CY AGCCCCCACCTACAGCAACA AGCTCCTTGCCGCTTCTCCT

PCR primers

Species | Name Forward (5' to 3") Reverse (5' to 3")

Human | USP19-CY-CA | CAATTTAGGCAACACCGCCTTCATGAACAGCGTC | GACGCTGTTCATGAAGGCGGTGTTGCCTAAATTG
ShRNAs Target sequences (5' to 3")

Human | USP19-ER GGCCATGCCTGCCTTTGTTGT

Human | USP19-CY GCGTGATTTGATTCTGTTGTA
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Table S2. Structures and functions of splicing modulators.

Name Structure Target/Mechanism of
Action

CFs SRPIN340 inhibits  the
N phosphorylation ~ of  the
SRPIN340 N YOS serine-arginine protein
kinase (SRPK) to interfere
splicing [1]

rCHa TGO003 inhibits the

HsCO N phosphorylation of serine-

TG003 \@3:\[(% arginine (SR) protein CLK
© kinase 1,2,4 [2]

P Indisulam inhibits the G1/S

m transition and recruits the

0w M splicing factor RBM39 to the

Indisulam o /@/S\b E3 ligase substrate receptor

s DCAF15, resulting in altered

RNA splicing and cell death
[3.4]

An inhibitor of protein

H 2 arginine methyltransferase 5
O/ NH/Y\P(D (PRMT5), which mediates

N NN o methylation of the
spliceosome is a key event in
spliceosome assembly [5,6]

GSK3326595 o

An inhibitor of Cdc2-like
kinases (CLKs) that
facilitate exon recognition in
the splicing machinery [7]

T025

A mixed lineage kinase
(MLK) inhibitor to suppress
cell proliferation and
migration [8]

URMC-099

Herboxidiene noncovalently

N (lj binds SF3B1, a core

Herboxidiene oH * N component of spliceosome,
é\(OH and alters the confirmation of
) SF3BL1 to disrupt splicing [9]

v o An inhibitor that targets the
Sudemycin . gl U2 snRNP component SF3B,

D6 Q and modulates alternative
0NN ° splicing [10]
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