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The ubiquitin-specific protease (USP) family is the largest
group of cysteine proteases. Cancer genomic analysis
identified frequent amplification of USP21 (22%) in hu-
man pancreatic ductal adenocarcinoma (PDAC). USP21
overexpression correlateswith human PDACprogression,
and enforced expression of USP21 accelerates murine
PDAC tumor growth and drives PanIN to PDAC progres-
sion in immortalized human pancreatic ductal cells. Con-
versely, depletion of USP21 impairs PDAC tumor growth.
Mechanistically, USP21 deubiquitinates and stabilizes
the TCF/LEF transcription factor TCF7, which promotes
cancer cell stemness. Our work identifies and validates
USP21 as a PDAC oncogene, providing a potential drug-
gable target for this intractable disease.
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Current therapeutic options are ineffective in PDAC
(Adamska et al. 2017). Genomic profiling of PDAC has
provided a comprehensive atlas of recurrent genetic aber-
rations that may promote PDAC tumorigenesis (Biankin
et al. 2012; Waddell et al. 2015; Witkiewicz et al. 2015;
Bailey et al. 2016; The Cancer Genome Atlas Research
Network 2017). These genetic events include known on-
cogenes and tumor suppressor genes and numerous novel
genetic alterations. Moreover, classification of PDAC
based on molecular signatures suggests the existence of
distinct potential oncogenic drivers for different PDAC

subtypes. These observations prompted us to explore
newly characterized genetic alterations in PDAC with
the goal of identifying and understanding new oncogenes
that may expand therapeutic strategies.
Protein ubiquitination is one of themost common post-

translational modifications that can affect protein func-
tion in myriad ways including regulation of protein
stability, subcellular localization, and activity (Swatek
andKomander 2016). Ubiquitinmodification is controlled
by the opposing actions of E3 ligases and deubiquitinases
to add or remove ubiquitin, respectively. Ubiquitination
regulators are deregulated in PDAC, including tumor sup-
pressors FBXW7 and USP9X (Pérez-Mancera et al. 2012;
Jin et al. 2017), and potential oncogenes TRIM31 and
RNF13 (Zhang et al. 2009; Yu et al. 2018). Our analysis
of PDAC genomic data revealed frequent amplification
(22%) of the protein deubiquitinaseUSP21, prompting ex-
ploration of its potential role as an oncogene for PDAC.
In this study, we show that USP21 overexpression and

its nuclear localization correlate positively with PDAC
disease progression in patient samples. USP21 promotes
mouse PDAC growth and tumor-initiating capacity.
Moreover, USP21 accelerates colony formation and cell
proliferation of immortalized human pancreatic ductal
epithelial cells (hTERT-HPNE E6/E7 cells) in vitro and
promotes PanIN-to-tumor progression of the hTERT-
HPNE E6/E7 xenografts in vivo. Mechanistically, USP21
interacts with, deubiquitinates and stabilizes the Wnt
pathway transcription factor TCF7 to activate gene ex-
pression in the Wnt network. Together, these studies es-
tablish USP21 as an oncogene and potential therapeutic
target in PDAC.

Results and Discussion

USP21 is highly amplified in PDAC

The USP family, consisting of 58 members in human, is
the largest group of the cysteine proteases that belong to
deubiquitinases (Reyes-Turcu et al. 2009). Genomic anal-
ysis of all the USPs in human PDAC samples micro-dis-
sected for cancer cell enrichment (Cerami et al. 2012;
Gao et al. 2013; Witkiewicz et al. 2015) revealed USP21
amplification in 22% of cases (Fig. 1A) with the minimal
common region of ∼0.23 Mb, within which there were
no other known oncogenes (Supplemental Fig. S1A). Anal-
ysis of USP21 and PDAC signature mutations did not re-
veal co-occurrence or exclusive patterns of significance
(Supplemental Fig. S1B). USP21 amplification was also
observed in several other cancer types (Fig. 1B), which is
consistent with previous reports that USP21 regulates
cell proliferation and metastasis in bladder cancer (Chen
et al. 2017), hepatocellular carcinoma (Liu et al. 2017;
Li et al. 2018), triple-negative breast cancer and renal
cell carcinoma (Peng et al. 2016). However, there were
no molecular mechanistic insights as to whether and
how USP21 may contribute to oncogenesis.
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USP21 protein is highly conserved between human and
mouse (97% similarity), containing an N-terminal nucle-
ar export signal and a C-terminal USP domain (García-
Santisteban et al. 2012), which deubiquitinates numerous
cytoplasmic and nuclear substrates (Nakagawa et al. 2008;
Zhang et al. 2013; Fan et al. 2014). USP21 amplification
correlated positively with elevated mRNA levels (Fig.
1C,D) and higher histologic tumor grade (Fig. 1E) in the
TCGA pancreatic adenocarcinoma (PAAD) data set. Cor-
respondingly, tissue microarray (TMA) analysis of human
PDAC samples showed a positive correlation between
high USP21 expression and tumor progression (Fig. 1F).
Especially, nuclear localized USP21 correlated positively
with higher tumor grades and with higher expression lev-
els of USP21 (Fig. 1G,H), suggesting that the nuclear func-
tions of USP21 may regulate tumor progression.

Catalytically active USP21 promotes PDAC tumor
growth

To test the oncogenic function of USP21, we observed
that, while enforced USP21 did not alter pancreas cancer
cell proliferation in vitro (Supplemental Fig. S2A), USP21
overexpression (but not enzyme dead USP21, ED-USP21)
promoted tumor growth of PDAC cells derived from the
murine iKPC model (Fig. 2A; Ying et al. 2012). Moreover,
USP21 overexpression promoted cell proliferation (Fig.
2B; Supplemental Fig. S2B) and anchorage-independent
colony formation (Fig. 2C,D) of hTERT-HPNE E6/E7 and
hTERT-HPNE E6/E7-KRASG12D cells. We examined the
tumorigenic role of USP21 in vivo by orthotopically trans-
planting hTERT-HPNE E6/E7 cells with USP21 or GFP
into the pancreases of NSG mice (designated as GFP-

HPNE and USP21-HPNE, n= 4 each), which were collect-
ed after 8wk.Whereas onlyone of fourGFP-HPNEpancre-
ases possessed a small mass, three of four USP21-HPNE
pancreases possessed sizeable masses. The GFP-HPNE
mass consisted of small PanIN lesions with limited prolif-
eration activity,while theUSP21-HPNEmasses consisted
of advancedadenocarcinomaswithhigh-proliferative indi-
ces (Fig. 2E), indicating that USP21 overexpression drives
tumor progression of human pancreas epithelial cells
from PanIN to PDAC. Conversely, genetic deletion of
Usp21 by CRISPR/Cas9 in iKPC cells impaired tumorige-
nicity that couldbe rescuedby re-expressionofUSP21 (Fig.
2F; Supplemental Fig. S2C–E). Together, these results sug-
gest that USP21 is a PDAC oncogene that depends on its
catalytic function.

Nuclear USP21 activates Wnt/β-catenin pathway and
promotes cancer cell stemness

To assess the biological relevance of USP21 subcellu-
lar localization, USP21 was engineered with nuclear
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Figure 1. USP21 is up-regulated in PDAC. (A,B) Genetic alterna-
tions of USPs in UTSW PDAC data set (A) and pan-cancer analysis
(B). (C,D)USP21mRNA level positively correlates with copy number
(C ) and GISTIC scores (D) in TCGA PAAD data set. (E) USP21 copy
number positively correlates with PDAC tumor grade analyzed in
Oncomine. (F ) USP21 expression positively correlates with PDAC
progression by TMA analysis. (G) USP21 nuclear localization posi-
tively correlates with tumor grade and USP21 expression by TMA
analysis. (H) Representative IHC images of USP21 in TMA tissues.
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Figure 2. USP21 promotes pancreatic tumor growth. (A) Tumor
growth comparison of GFP, WT-, and ED-USP21 OE iKPC cells (n =
5). Two-hundred-thousand cells were injected subcutaneously in
nude mice. Tumor sizes were measured on days 10, 12, and 14.
(B) Cell proliferation comparison of GFP-HPNE and USP21-HPNE
cells (n = 6). (C,D) Representative images (C ) and colony quantifica-
tion (D) of anchorage-independent colony formation of hTERT-
HPNE E6/E7 and hTERT-HPNE E6/E7-KRASG12D cells overexpress-
ing WT-USP21 and GFP. (E) Characterization of xenograft masses
from orthotopically injected GFP-HPNE and USP21-HPNE cells in
NSG mice (n = 4). Proliferative cells were positively stained by Ki67.
(T) Tumor. (F ) Knockout of Usp21 impaired iKPC tumor growth (n
= 5). For A, B, and F, data are represented as mean ±SEM.
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localization (NLS) or nuclear export (NES) signals (Fig.
3A–C). While USP21 or USP21 variants did not impact
colony formation, cell proliferation, migration, or inva-
sion in vitro (Supplemental Fig. S3A–D), nuclear NLS-
USP21, but not cytoplasmic NES-USP21, promoted the
iKPC tumor growth (Fig. 3D).
To dissect the oncogenic mechanisms governed by

USP21, we compared the transcriptome of iKPC cells
overexpressing wild-type (WT) USP21 and ED-USP21.
Gene set enrichment analysis (GSEA) showed that the
Wnt/β-catenin pathwaywas the top up-regulated pathway
by USP21 (Fig. 3E,F), which was validated in both iKPC
cells and tumors by semiquantitative real-time (RT)-
PCR (Fig. 3G; Supplemental Fig. S3E). Correspondingly,
we found that NLS-USP21, but not NES-USP21 or ED-
USP21, up-regulated Wnt pathway genes (Fig. 3G).
In cancer, the Wnt/β-catenin pathway has been shown

to regulate tumor cell stemness in multiple cancer types
(Reya and Clevers 2005; Vermeulen et al. 2010), prompt-

ing us to conduct limited dilution tumor-initiating assays.
We found thatWT-USP21 andNLS-USP21 supported effi-
cient tumor formation at 50%–80% with five iKPC cells
compared with 10%–20% efficiency for five iKPC
cells overexpressing ED-USP21 or GFP controls (Fig. 3H;
Supplemental Fig. S3F). Conversely, Usp21 depletion de-
creased the tumor formation efficiency from about 40%
to 5%–10% with 20 iKPC cells (Supplemental Fig. S3G).
Thus, nuclear USP21 up-regulates Wnt pathway signaling
and promotes tumor-initiating potential in PDAC cells.

USP21 promotes cancer cell stemness via TCF7

Consistentwith the known function ofUSP21 (Nakagawa
et al. 2008), overexpression of NLS-USP21 dramatically
decreased H2AK119ub1 in iKPC cells (Supplemental Fig.
S4E). Knockdown of Rnf2, the E3 ligase of Polycomb-re-
pressive complex 1 that monoubiquitinates H2AK119
(Di Croce andHelin 2013), decreasedmonoubiquitination
of H2AK119 (Supplemental Fig. S4A,B) but did not alter
the Wnt pathway gene expression (Supplemental Fig.
S4C), suggesting that the up-regulation of Wnt pathway
genes by USP21 may involve mechanisms other than
H2AK119ub1 deubiquitination.
Since only nuclear USP21 activated the Wnt pathway

genes, we next explored the Wnt pathway components
that either reside in the nucleus or shuttle between the cy-
toplasm and nucleus in iKPC cells, including β-catenin,
Dishevelled proteins and TCF/LEF transcription factors
(Supplemental Fig. S4D).We observed that overexpression
of NLS-USP21 dramatically increased protein level of the
long isoform of TCF7 in iKPC cells but not those of β-cat-
enin, Dishevelled proteins, and TCF7L2 (Fig. 4A; Supple-
mental Fig. S4E,F).
TCF7 belongs to the TCF/LEF family, which has at least

two major isoforms with different β-catenin-binding ca-
pacities (Shiokawa et al. 2017). The long isoform of
TCF7 has a β-catenin-binding domain at the N terminus,
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Figure 3. Nuclear function of USP21 activates Wnt pathway and in-
creases cancer cell stemness. (A) Plasmid construction for specific
subcellular localization of USP21. (B) Validation of subcellular local-
ization of USP21 variants. (C ) Representative IHC images of USP21
localization in iKPC cells overexpressing USP21 variants. (D) Com-
parison of tumor growth between iKPC cells overexpressing GFP
and USP21 variants (n = 5). (E) GSEA of pathways enriched in
WT-USP21 versus ED-USP21 OE iKPC cells. (F ) Enrichment of Wnt
pathway in WT-USP21 versus ED-USP21 OE iKPC cells. (G) RT-
PCR validation of Wnt pathway genes comparing iKPC cells overex-
pressingGFP andUSP21 variants (n = 3). Data are represented asmean
±SD. (H) Limited dilution assay comparing iKPC cells overexpressing
GFP and USP21 variants. n = 3 independent experiments. For D and
H, data are represented as mean ±SEM. Comparison is between
GFP control with other groups as indicated.
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Figure 4. TCF7 mediates tumor-promoting function of USP21.
(A) CHX protein chasing assay of TCF7 and TCF7L2 in GFP, NLS-
USP21, and ED-USP21 OE iKPC cells. Data are represented as
mean±SD (n = 3). (B) Western blot analysis of TCF7 isoforms in
iKPC cells. (C ) Co-IP analysis between WT-USP21 and TCF7 in
293T cells. Arrowhead indicates the correct band size. (D) Ubiquitina-
tion assay of TCF7 in GFP, NLS- USP21, and ED-USP21 OE 293T
cells. (E) Ubiquitination assay of TCF7 in 293T cells overexpressing
WT TCF7 and TCF7 mutants. (F ) Ubiquitination assay in 293T cells
overexpressing WT TCF7 and TCF7 mutants with and without
USP21 cotransfection. (G) Tumor growth comparison of iKPC cells
overexpressing indicated ORFs (n = 4). (H) Limited dilution assay
comparing iKPC cells overexpressing indicated ORFs. n = 3 indepen-
dent experiments. (I ) Schematic graph of the USP21 regulation of
TCF7 to promote cancer stemness in PDAC. Statistical analysis
was performed between indicated groups. ForG andH, data are repre-
sented as mean ±SEM.
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while the short isoform of TCF7 lacks it and instead re-
presses Wnt signaling. Only the long isoform of TCF7 is
expressed in iKPC cells (Fig. 4B). Protein stability analysis
showed that expression of NLS- or WT-USP21 increased
the half-life of the long isoform of TCF7 to ∼6 h from a
baseline of 3 h in cells with ED-USP21 or GFP controls
(Fig. 4A; Supplemental Fig. S4G). Consistent with the
known ability of TCF7 to activate its own promoter (Wu
et al. 2012), Tcf7 was also transcriptionally up-regulated
in WT-USP21 and nuclear NLS-USP21 overexpressed
(OE) iKPC cells (Supplemental Fig. S4H). Conversely,
Usp21 depletion decreased TCF7 protein expression
and stability (Supplemental Fig. S5A,B) as well as Tcf7
mRNA levels (Supplemental Fig. S5C). MG132 treatment
blunted USP21 regulation of TCF7 protein stability (Sup-
plemental Figs. S4I, S5D), indicating that USP21 prevents
TCF7 from proteasome-mediated protein degradation.
Furthermore, the pan-DUB inhibitor PR-619 decreased
TCF7 protein levels in USP21-OE iKPC cells in a dose-de-
pendent manner (Supplemental Fig. S4J).

USP21 and TCF7 were shown to interact physically by
coimmunoprecipitation (co-IP) assay (Fig. 4C). Overex-
pression of WT-USP21 or NLS-USP21 decreased the ubiq-
uitination levels of TCF7 in iKPC cells compared with
ED-USP21 or GFP controls (Fig. 4D–F). To determine
the specific sites of TCF7 protein that are deubiquitinated
by USP21, we ranked the predicted ubiquitinated lysine
residues of TCF7 conserved in human andmouse by three
bioinformatic tools (UbiSite, BDM-PUB, and UbPred), the
top four of which (K52, K99, K277, and K406) with high
confidence scores were mutated from lysine to arginine
(K to R) individually to block the site-specific ubiquitina-
tion. Mutations of K52R, K99R, and K406R deceased the
TCF7 ubiquitination levels compared with WT control
(Fig. 4E), while USP21 was unable to further deubiquiti-
nate K99R TCF7 (Fig. 4F), suggesting that the Lys99 of
TCF7 is the major residue deubiquitinated by USP21. Ac-
cordingly, overexpression of USP21 increased the protein
stability of the exogenous WT TCF7 (Supplemental Fig.
S5E) but did not affect the protein stability of K99Rmutat-
ed TCF7 (Supplemental Fig. S5F).

To assess the functional role of Tcf7 in tumorigenesis,
overexpression of the long isoform of TCF7 promoted tu-
mor growth of iKPC cells to a level similar to that of NLS-
USP21 (Fig. 4G), while the dominant-negative TCF7
lacking the β-catenin-binding domain (TCF7DN) blocked
the tumor-promoting actions of NLS-USP21 (Fig. 4G; Sup-
plemental Fig. S4K). Moreover, enforced TCF7 promoted
iKPC cell “stemness” similar to that described above by
limited dilution assay and, conversely, TCF7DN blocked
NLS-USP21-mediated stemness (Fig. 4H). Thus, TCF7 is a
nuclear substrate of USP21, which participates in the on-
cogenic actions of USP21 in PDAC (Fig. 4I).

USP21 regulation of TCF7 is conserved in human cells

Consistent with our findings in mouse cells, we observed
dramatically up-regulated TCF7 protein levels in USP21-
HPNE xenograft tumors compared with GFP-HPNE
controls (Fig. 5A). USP21 also increased TCF7 protein
half-life from ∼1.5 to 3 h in human MIA PaCa-2 PDAC
cells compared with GFP controls (Fig. 5B), while USP21
depletion decreased TCF7 protein expression and stability
(Supplemental Fig. S6A,B). Functionally, overexpression
of USP21 promoted MIA PaCa-2 xenograft tumor growth,

and TCF7DN neutralized the oncogenic impact of USP21
(Fig. 5C). Thus, USP21 stabilizes TCF7 to promote tumor
growth in human cells.

Consistent with functional studies, we observed that
increased coexpression of TCF7 and USP21 correlated
positively with disease progression in human PDAC
TMA analysis (Fig. 5D; Supplemental Fig. S6C) and that
USP21 overexpression positively correlated with the hall-
mark of Wnt pathway signature in Moffitt PDAC data set
(Supplemental Fig. S6D;Moffitt et al. 2015) aswell as with
poor patient survival in both Moffitt and Stratford PDAC
data sets (Supplemental Fig. S6E,F; Stratford et al. 2010;
Moffitt et al. 2015). Additionally, the negative impact of
USP21 on patient survival was more significant in the
PDAC basal-like subtype—in which the Wnt pathway
activation is one of the major molecular characteristics
(Nicolle et al. 2017)—than in the classical subtype (Sup-
plemental Fig. S6G,H), reinforcing the role of USP21 in
regulating the Wnt pathway.

In summary, our study identifiedUSP21 as a frequently
amplified gene in PDAC with the capacity to promote tu-
mor progression and growth, and enhance cancer stem
cell self-renewal.USP21 executes its oncogenic functions
via its deubiquitination activity, which serves to stabilize
TCF7 that conveys the biological actions of an activated
Wnt pathway, including enhancement of cancer cell
stemness (Fig. 4I). Thus, we conclude thatUSP21 is an on-
cogene for PDAC.

USP21 has been shown to exhibit oncogenic functions
in other cancer types, in which whether USP21 promotes
cancer cell stemness via TCF7will require further investi-
gation. Additionally, examination of USP21 overexpres-
sion in spontaneous PDAC mouse models may further
enhance our understanding of its oncogenic role at tumor
initiation stage and its cooperative effect with oncogenic
KRAS.

The precise role of TCF7 in tumorigenesis may relate to
the differential expression of its long or short isoforms. In
normal colon cells, the short isoform of TCF7 is expressed
and antagonizes the tumorigenic function of TCF4 (Najdi
et al. 2009), while the long isoform of TCF7 is required for
colon tumorigenesis and promotes R-spondin-indepen-
dent organoid growth of normal colon stem cells (Shio-
kawa et al. 2017). In our study, only the long isoform of

BA C D

Figure 5. USP21 stabilizes TCF7 and promotes tumor growth via
TCF7 in human PDAC cells. (A) Comparison of TCF7 protein expres-
sion in GFP-HPNE and USP21-HPNE xenografts by IHC. (B) CHX as-
say of TCF7 in GFP and USP21 OE Mia PaCa-2 cells (n = 2). Data are
represented as mean ±SD. (C ) Tumor growth comparison of MIA
PaCa-2 cells overexpressing indicated ORFs (n≥ 4 for each group).
Data are represented as mean±SEM. (D) Coexpression of TCF7 and
USP21 positively correlates with PDAC progression by TMA analy-
sis. (T) Tumor grade; (DP) TCF7 and USP21 double-positive samples;
(USP21+ or TCF7+) USP21 or TCF7 single-positive samples; (DN)
TCF7 and USP21 double-negative samples. Statistical analysis was
performed between indicated groups.
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TCF7 is expressed and stabilized by USP21 in PDAC cells,
which provides further support of a tumorigenic role for
the long isoform of TCF7 in cancer.
β-Catenin protein levels increased in more than 65%

PDAC tumors (Zeng et al. 2006), and high nuclear local-
ized β-catenin correlates positively with poor clinical out-
come in PDAC patients. Consistently, activation of Wnt/
β-catenin signaling promotes PDAC tumorigenesis, while
inhibition of the pathway suppresses PDAC development
(Sano et al. 2016). Our work identifies USP21 as a thera-
peutically trackable target for disruption of TCF7-mediat-
ed Wnt signaling activation and impairment of PDAC.

Materials and methods

Transgenic mice

All mouse-related experiments were approved by MD Anderson Cancer
Center’s Institutional Animal Care and Use Committee (IACUC). The
iKPC mouse model was described previously (Ying et al. 2012).

Establishment of primary iKPC PDAC cell lines and 2D and 3D cell
culture

The iKPC tumors were dissociated using tumor dissociation kit (Miltenyi
Biotec). Cells were cultured in RPMI1640 + 10%HI FBS (Gibco) with 1 µg/
mL doxycycline (Clontech). For 3D culture, 400–500 iKPC cells were seed-
ed in 50 µL of GR-Matrigel (Corning) droplets in 24-well low attachment
cell culture plates (Thermo) and cultured in the same medium above.

Human cell culture and colony formation assay

The hTERT-HPNE E6/E7 and hTERT-HPNE E6/E7-KRASG12D cells were
cultured as American Type Culture Collection indicated. MIA PaCa-2
cells were cultured in DMEM with 10% FBS. For colony formation assay,
0.6% soft agar was used as the bottom layer, and cells were suspended in
0.3% soft agar as the top layer. Culture medium was added on top of
agar layers and changed every 3 d.

Plasmid construction, genetic manipulation, and lentivirus production

DNA sequence information for protein tags, shRNAs, sgRNA, and primers
are listed in Supplemental Table 1. USP21 (BC090946.1) and Tcf7
(XM_006532800) were cloned in pHAGE lentivirus vector. HA and Flag
tags were added at the N-terminus of USP21 and Tcf7 ORFs, respectively.
HA-tagged ubiquitin was from Addgene. Site mutations of Tcf7 ORF were
generated by the QuikChange site-directed mutagenesis kit. Viruses were
packaged using second-generation lentiviral systems.

In vivo cell transplant and limited dilution assay

Nude mice and NSG SCID mice were purchased from Taconic and the
Department of Experimental Radiation Oncology of MDACC. For trans-
plantation, cells were resuspended in mixture of Opti-MEM (Gibco) and
GR-Matrigel (1:1). We transplanted 200,000 iKPC cells subcutaneously
in nude mice fed by doxycycline water immediately. We transplanted
1,000,000 USP21-HPNE or GFP-HPNE cells into the tails of pancreases
and MIA PaCa-2 cells subcutaneously into NSG SCID mice. For limited
dilution assay, serially diluted iKPC cells were transplanted subcutane-
ously in NSG SCID mice.

Cell proliferation, migration, invasion, and colony formation assays

Cell proliferation wasmeasured every 4 h by IncuCyte (Essen BioScience).
Cell migration was determined by cell scratch assays. Cell invasion assay
was performed on Matrigel in Boyden chambers. Invaded cells were
stained by crystal violet and quantified by ImageJ. For colony formation,

500 cells per well were seeded in 6-well plates and stained with crystal vi-
olet after 1 wk.

RT-PCR, mRNA sequencing, and GSEA

RT-PCR was run using 7500 Fast real-time PCR system, and data were an-
alyzed by GraphPad Prism 7.0c. The parameter for mRNA sequencing was
NGS-75-nt paired end. Data were processed as described previously (Con-
esa et al. 2016) and analyzed by GSEA software (Mootha et al. 2003; Sub-
ramanian et al. 2005). The data accession number is GSE134686.

Antibody information and protein assays

Antibody information is in Supplemental Table 2. Western blot, IHC, co-
IP, and ubiquitination assay were performed as described previously (Choo
and Zhang 2009; Ying et al. 2012). TMA slides were from Biomax. Cells
were fractionated using Subcellular Protein Fractionation Kit (Thermo).
For protein chasing assay, cells were treated with 100 µg/mL cyclohexi-
mide (CHX) (Sigma) for serial time lengths before collection. Cells were
treated with 10 µM MG132 (Sigma) for 6 h. Protein levels were quantified
by ImageJ.

Bioinformatic analysis

TCGA PAAD data set was obtained from the GDAC data portal (2016-01-
26 archive). Moffitt and Stratford PDACdata sets were obtained fromGEO
databases. Pearson’s correlation and patient survival were analyzed in R.

Statistical analysis

Statistical analysis was performed using the unpaired Student’s t-test to
generate two-tailed P-values. Asterisk labeling for P-values is as follows:
P> 0.1 (ns), 0.05 <P≤ 0.1 (#), 0.01 <P≤0.05 (∗), 0.001 <P≤0.01(∗∗), 0.0001
<P≤0.001 (∗∗∗), and P≤0.0001 (∗∗∗∗).
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