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Abstract
Notch, an essential factor in tissue development and homoeostasis, has been reported to play an oncogenic function in a
variety of cancers. Here, we report ubiquitin-specific protease 8 (USP8) as a novel deubiquitylase of Notch1 intracellular
domain (NICD). USP8 specifically stabilizes and deubiquitylates NICD through a direct interaction. The inhibition of
USP8 downregulated the Notch signalling pathway via NICD destabilization, resulting in the retardation of cellular
growth, wound closure, and colony forming ability of breast cancer cell lines. These phenomena were restored by the
reconstitution of NICD or USP8, supporting the direct interaction between these two proteins. The expression levels of
NICD and USP8 proteins were positively correlated in patients with advanced breast cancer. Taken together, our results
suggest that USP8 functions as a positive regulator of Notch signalling, offering a therapeutic target for breast cancer.

Introduction

Notch signalling, a highly conserved pathway in evolu-
tion, plays an important role in the regulation of systemic
homoeostasis, development, and proliferation in most
tissues [1–4]. The Notch gene was first described in 1917
by Thomas Morgan, as partial loss of function resulting

from notches at the end of the wing blades in a strain of
Drosophila melanogaster [5]. The Notch gene encodes a
transmembrane (TM) receptor with a molecular weight of
300 kDa. The core Notch signalling pathway is activated
by cell-to-cell interaction, by which a ligand on one cell
induces a series of proteolytic cleavage events in the cell
containing a Notch receptor [6]. Through sequential
cleavages from S1 to S3, the Notch intracellular domain,
NICD, is released into the cytoplasm and translocates to
the nucleus to activate the transcription of Notch target
genes in association with CBF1/RBP-J, Su(H), Lag-1
(CSL) and Mastermind-like protein [7–9]. The activation
of Notch signalling induces hairy/enhancer of split (HES)
gene expression leading to systemic development and
proliferation [8–11]. Thus, it is expected that modulating
the stability of NICD is a potential way to regulate the
Notch pathway. In addition to its effects on development,
Notch is also well known for its oncogenic function. The
elevated expression of NICD is closely related to poor
prognosis in various types of cancer, including tumours of
the breast, lung, and colon [12–15]. Therapeutic approa-
ches targeting Notch for the inhibition of its function
are currently being greatly developed [16]. Most clinical
trials are currently evaluating Notch-targeting therapies
using either γ-secretase inhibitor (GSI) or α-secretase
inhibitor, which block the cleavage pathway of Notch
to NICD [17–20]. Ubiquitylation and deubiquitylation
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are highly coordinated processes, which allow for ubi-
quitin to be recycled. The substrates regulated via these
processes are subject to a variety of fates, including sta-
bilization, degradation, or inhibition [21–23]. As Notch
protein degradation occurs mostly through ubiquitylation,
E3 ligases of Notch may play an important role in deter-
mining the rate of turnover of the Notch signalling system
[24]. For example, F-box and WD repeat domain-
containing 7 (FBXW7;FBW7) is a well-known E3 ligase
for NICD [25, 26]. FBW7 has been reported to directly
interact with NICD, promoting its proteasomal degrada-
tion and poly-ubiquitylation status [27, 28]. In addition,
cytoplasmic E3 ligases such as Itch and Deltex also ubi-
quitylate Notch, which is mostly present in cell mem-
branes or intracellular endocytic vesicles [29, 30].
Meanwhile, little is known about the role of deubiquity-
lating enzymes (DUBs) in the modulation of NICD.
DUBs such as eIF3f and USP12 have been known to
regulate Notch signalling through mono-ubiquitylation
without any implication in protein stabilization [31, 32].
Markus et al. reported that USP28 is a deubiquitylase of c-
Myc together with c-Jun and NICD in murine and human
intestinal cancer [33]. However, its biochemical effect on
NICD and clinical implications in cancer have not been
fully explored.Ubiquitin-specific protease 8 (USP8), also
known as UBPY, is a deubiquitylating enzyme that is
involved in the growth regulation of various cancer cells
[34]. Emi Mizno et al. reported that USP8 negatively
regulates the ubiquitylation and lysosomal degradation of
epidermal growth factor receptor (EGFR) [35]. USP8
knockout mice show embryonic lethality due to sig-
nificant growth retardation and reduction of RTKs, such
as EGFR, ERBB2, ERBB3, and c-MET [36]. USP8 is
also known to be involved in modulating extrinsic apop-
tosis by enhancing Flip stability [37]. Recent studies have
suggested that the depletion of USP8 leads to the sup-
pression of STAM, HRS, RNF41, and Parkin, which
leads to general cell growth retardation and cell death
[36, 38–40]. Elevated expression of USP8 correlates with
a poor prognosis in various cancer cells, suggesting that
USP8 may be oncogenic and a potential target protein for
cancer therapy [41, 42].In this study, we identified USP8
as a direct regulator of NICD. Loss of USP8 in breast
cancer cell lines decreased cell growth, colony forming
ability, and wound closure, which were restored by NICD
reconstitution. Moreover, a combination of high USP8
and high NICD expression is associated with poor out-
comes in breast cancer patients. Supporting these findings,
USP8 was capable of stabilizing NICD by enhancing
cellular proliferation. Collectively, these data suggest that
USP8 functions as a positive regulator of NICD, offering
a potential therapeutic opportunity for the treatment of
cancer.

Materials and methods

Plasmids

A pCMV-FLAG-USP8 WT construct was kindly provided
by KyungAh Kim (Samsung Advanced Institute of Tech-
nology, South Korea). pCMV-MYC-NICD constructs were
generously provided by Guhung Jung (Seoul National
University, South Korea). A FLAG-USP8 C786S mutant
was generated via site-directed mutagenesis according to
the manufacturer’s instructions (Takara Bio, Shiga, Japan).
A MYC-tagged NICD WT from the pCMV-MYC vector
was also subcloned into the pBABEpuro vector. pHM6-
HA-Ub has been described previously [43]. siRNA-resis-
tant-USP8#1 and USP8#3 variants from pCDH vector were
generated via site-directed mutagenesis. pEGFP-C2 (Clon-
tech, San Diego, CA, USA) was used as a transfection
control.

Antibodies and chemicals

The following antibodies were used for western blot and
immunoprecipitation assays: Cleaved-Notch1 (Val1744)
(4147s; Cell Signaling, Danvers, MA, USA; 1:1,000),
Notch1 (C-20) (sc-6014; Santa Cruz Biotechnology, Santa
Cruz, CA, USA; 1:500), Notch1 (D1E11) (3608 s; Cell
Signaling, 1:1,000), USP8 (A302-929A; Bethyl Labora-
tories, Montgomery, TX, USA; 1:2,000), HES1 (H-160)
(sc-25392; Santa Cruz; 1:500), EGFR (4267; Cell Signal-
ing; 1:1,000), phospho-EGFR (Tyr1068) (3777; Cell Sig-
naling; 1:1,000), GAPDH (14C10) (2118; Cell Signaling,
1:5,000), Larmin A/C (2032; Cell Signaling, 1:2,000),
MYC (sc-40; Santa Cruz, 1:1,000), HA (sc-805 rabbit;
Santa Cruz, 1:1,000), FLAG (F3165 mouse; Sigma,
1:5,000, F7425 rabbit; Sigma, 1:2,000, A8592 HRP-con-
jugated; 1:2,000; Sigma-Aldrich, St. Louis, MO, USA),
GFP (sc-8334; Santa Cruz; 1:1,000), β-actin (A5316;
Sigma, 1:5,000), and normal rabbit IgG (sc-2027; Santa
Cruz). MG132 and gefitinib were purchased from A.G.
Scientific (San Diego, CA, USA), cycloheximide (CHX;
C4859), N-ethylmaleimide (NEM; E3876), and dimethyl
sulfoxide (DMSO; D8418) were purchased from Sigma-
Aldrich. DAPT (GSI-IX) was purchased from Selleck
Chemicals (S2215; Houston, TX, USA), and USP8 inhi-
bitor (DUB-IN-2) was purchased from MedChem Express
(Monmouth Junction, NJ, USA).

Cell culture and transfection

The H1299 (human nonsmall cell lung carcinoma) and the
293T (embryonic kidney cell line) were purchased from
American Type Culture Collection (ATCC; Manassas, VA,
USA). The H1299 cells were cultured in the Roswell Park
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Memorial Institute (RPMI) medium (GIBCO) supple-
mented with 10% fetal bovine serum (FBS) and 1% peni-
cillin/streptomycin (PS) (Thermo Scientific, Grand Island,
NY, USA). The 293T cells were maintained in Dulbecco’s
modified Eagle’s medium (Corning Cellgro, Manassas, VA,
USA) supplemented with 10% FBS and 1% PS. The MDA-
MB-231 (breast cancer cell line) was obtained from the US
National Cancer Institute (NCI; MTA no. 2702-09) and was
cultured in RPMI supplemented with 5% FBS and 1% PS.
All cell lines were maintained in 5% CO2 at 37 °C and were
treated with plasmosin (Invitrogen, Carlsbad, CA, USA) to
prevent infection of mycoplasma. Polyethylenimine
(Sigma-Aldrich) was used for 293 T transfection, including
retrovirus and lentivirus production. Lipofectamine 2000
(Invitrogen) was used to transfect H1299 cells. siRNA was
transfected using Lipofectamine RNAiMAX (Invitrogen)
according to the manufacturer’s protocol.

siRNAs and shRNAs

USP8 siRNA #1 (5′-CAGGGTCAATTCAAATCTACA-3′),
#3 (5′-GGTTCAGGCAAGCCATTTA-3′), and control
siRNA were synthesized by Qiagen (Valencia, CA, USA).
USP8 shRNA #1 (5′-TRCN0000007435, GCTGTGTTAC
TAGCACTATAT-3′), #5 (5′-TRCN0000284769, GCTGTG
TTACTAGCACTATAT-3′), and control shGFP were pur-
chased from Sigma-Aldrich. Lipofectamine RNAiMax was
used for siRNA transfection according to the manufacturer’s
protocol (Invitrogen). Stable WT NICD-expressing cell lines
were developed using retroviral vectors (pBabe-puro-NICD).
The 293T cells were transfected with pBabe-puro together
with Gag-pol and VSV-G-expressing vectors for 48 h to
produce packaging retroviruses. pLKO.1 shRNA-expressing
vector and packaging vectors were co-transfected into
293T cells for 48 h. Supernatants were harvested, filtrated,
and co-transferred to MDA-MD-231 cells. To select for
retrovirus-and lentivirus-containing cells, cell lines were
incubated following 1 μg/ml puromycin (Sigma-Aldrich).

Quantitative reverse transcription-PCR analysis

RNA from H1299 and MDA-MB-231 cells were extracted
with TRIzol reagent (Invitrogen) according to the manu-
facturer’s guidelines. cDNA was amplified using 1 µg of total
RNA using PrimeScript Reverse Transcriptase (2680A; Takara
Bio), and analyzed using QuantiTech SYBR Green PCR Kit
(204143; Qiagen) and real-time PCR (Rotor-GeneQ 2plex,
Qiagen). Total RNA samples were analyzed for NOTCH1,
USP8, HES1, p21, c-MYC, and GAPDH expression. The fol-
lowing primers (IDT, Coralville, IA) were used for qRT-PCR:
NOTCH1, 5′-GTTGATCTCGCAGTTGGGT-3′ (forward), 5′-
CAACATCAACGAGTGCTCCA-3′ (reverse), USP8, 5′-
CCAAACTGAAGCGCTCCTAC-3′ (forward), 5′-CTGGTC

CAGAACCTCCAAAA-3′ (reverse), HES1, 5′-TCACCTCG
TTCATGCACTC-3′ (forward), 5′-GAAATGACAGTGAAG
CACCTC-3′ (reverse), p21(CDKN1B), 5′-CGCACGTTTG
ACATCTTTCTC-3′ (forward), 5′-CTGTGTCTTTTGGCTC
CGA-3′ (reverse), c-MYC, 5′-TCTTCCTCATCTTCTTGTT
CCTC-3′ (forward), 5′- TCCTCGGATTCTCTGCTCTC-3′
(reverse), GAPDH, 5′-GATCATCAGCAATGCCTCCT-3′
(forward), 5′-TGTGGTCATGAGTCCTTCCA-3′ (reverse).
All mRNA levels were normalized to those of GAPDH.

Cell fractionation

Cytoplasmic and nuclear fraction was conducted using NE-
PER Nuclear and Cytoplasmic Extraction Reagents (78835;
Thermo Scientific) according to the manufacturer’s
protocol.

Immunoprecipitation and ubiquitylation assays

For immunoprecipitation assays, cells were lysed with a
lysis buffer composed of 50 mM Tris-HCl (pH 7.5), 150
mM NaCl, 0.5% Triton X-100, 0.5% NP-40, 0.1% Na-
deoxycholate, 1 mM EDTA, and protease inhibitors (2 µM
leupeptin, 1 µM pepstatin A, 2 µM aprotinin, 200 µM
PMSF). Cell lysates were immunoprecipitated with 1 µg of
antibodies overnight at 4 °C and incubated with protein G
Sepharose beads (GE Healthcare, Buckinghamshire, UK)
for 2 h at 4 °C. The beads were centrifuged and eluted with
2× sample buffer then boiled for 10 min. Ubiquitylation
assays with HA-Ub and endogenous ubiquitylation assays
were performed under denaturation conditions. Using PBS
containing NEM, cells were lysed by boiling in 1% sodium
dodecyl sulfate (SDS) for 10 min. Lysates were produced
by adding the protease inhibitors and lysis buffer
described above.

Luciferase reporter assay

The luciferase assay was conducted using a luciferase assay
kit (Promega, Madison, WI, USA). The luciferase reporter
plasmids were under the control of 4XCSL-Luc (a four-time
repeating section of the RBP-Jk target sequence,
CGTGGGAA, with the luciferase gene), Hes1-Luc (–467 to
+46 of the Hes-1 promoter with the luciferase gene).

Crystal violet staining, wound healing, colony
forming assays

For crystal violet staining, cells were plated into six-well
culture dishes and fixed in 1% glutaraldehyde (G6257,
Sigma-Aldrich) for 10 min. After washing with phosphate
buffered saline (PBS), cells were stained with 0.5% crystal
violet for 20 min at room temperature. For the scratch assay,
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cells were cultured to confluence (80%) in six-well plates
then scratched with a micropipette tip. The wound healing
area was continuously monitored at 12 and 24 h using a
microscope. Cells were grown at 37 °C under 5% CO2

conditions. For the colony forming assay, cells were seeded
at 200 cells per well (six-well plates), incubated at 37 °C,
5% CO2 for 10–12 days. The medium was replaced with
fresh medium every 3 days. Cells were stained with 0.5%
crystal violet as described above.

Clinical samples

A total of 167 breast cancer cases were selected from the
pathology case archive of Kangbuk Samsung Hospital
based on the diagnosis and the quality of the available tissue
on the paraffin blocks. This study was approved by the
Institutional Review Board of Kangbuk Samsung Hospital
(approval no. #2017-08-017; Seoul, South Korea). All
procedures were conducted in accordance with the
Declaration of Helsinki. The tumours were graded accord-
ing to the modified Bloom-Richardson grading system [44].
The patients’ mean age at operation was 52.0 years old
(range; 28–92 years) and the mean follow-up period after
operation was 59.4 months (range; 2–89 months). The
pathologic tumour grade was 1, 2, and 3 in 77 (46.1%), 82
(49.1), and 8 (4.8%) patients, respectively. The regional
lymph node metastasis was reported in 86 (51.5%) patients.
Fifteen (9.0%) patients underwent a distant metastasis and
the recurrence occurred in 25 (15.0%) patients (Supple-
mentary Table S1).

Immunohistochemistry

Tissue microarrays (TMAs) were constructed from 167
formalin-fixed, paraffin-embedded (FFPE) tissue speci-
mens. Briefly, 2-mm-diameter tissue cylinders were cored
from the tumour areas of each FFPE tissue block and
manually arrayed into recipient blocks. The TMA sections
were cut to a thickness of 5 μm followed by deparaffiniza-
tion through xylene and dehydration with graded ethanol.
Heat-induced antigen retrieval was performed in an antigen
retrieval buffer of pH 6.0 (Dako, Carpinteria, CA, USA).
The endogenous peroxidase activity was quenched with 3%
H2O2 in water for 10 min, and the TMA sections for NICD
were incubated with a protein block (Dako) for another 20
min. USP8 (rabbit polyclonal, ab228572, Abcam, 1:400)
and NICD (rabbit polyclonal, ab8925, Abcam, 1:250)
antibodies were applied to individual slides. The primary
antibodies were incubated for 30 min (NICD) or 1 h (USP8)
at room temperature. Immunohistochemical staining was
performed on a Dako Autostainer (Dako) using the EnVi-
sion+Dual Link System-HRP (Dako) according to the
standard protocol. Antigen–antibody reaction was

visualized with 3,3′-diaminobenzidine and lightly counter-
stained with haematoxylin. The percentage of stained cells
was recorded for each intensity of staining (from 0 to 3) for
each TMA core and the histoscore (range; 0–300) was
obtained by multiplying the intensity and the percentage.
The mean values of the histoscore were used as the cut-off
value of high expression.

Statistical analysis

Statistical analyses were performed using PASW Statistics
18 for Windows (version 18.0; IBM SPSS Inc., Chicago,
IL, USA) and the R statistical package (version 3.2.3). To
evaluate the association between the expression of USP8
and NICD and the clinicopathologic parameters, crosstabs,
and Pearson’s chi-squared (χ2) test were used as needed.
Survival distributions were plotted using the Kaplan–Meier
method, and the relationship between survival and each
parameter was analyzed with the log-rank test. A Cox
proportional hazards model was created to identify inde-
pendent predictors of survival. Statistical significance was
defined as a p-value lower than 0.05.

Results

Notch signalling is downregulated upon USP8
depletion

USP8 has been previously shown to enhance cell growth by
stabilizing epidermal growth factor receptors [28]. The
depletion of USP8 in cells grown under 10% FBS retarded
MDA-MB-231 cell growth and destabilized EGFR and its
phosphorylated form, as previously reported (Supplemen-
tary Fig. S1a–c) [35]. Interestingly, cell growth was further
downregulated in the serum starved conditions with 0.1%
FBS under which no EGFR was active, implicating that
USP8 may have another target other than EGFR for
enhancing cellular growth (Supplementary Fig. S1a–c).
These observations led us to further investigate the role of
USP8 independent of EGFR by employing gefitinib, an
EGFR inhibitor, or via silencing of EGFR using EGFR
siRNA. As shown in the Supplementary Fig. S1d–i, USP8
knockdown further restrained the cell growth under EGFR
inhibition, confirming that USP8 may have other targets
besides EGFR to support cell proliferation.To determine the
molecular signalling pathways responsible for USP8 mod-
ulating cell growth in EGFR-independent manner, mRNA
sequencing was conducted on MDA-MB-231 cells depleted
of USP8 followed by gene set enrichment analysis (GSEA).
Of a variety of pathways affected, the target genes asso-
ciated with Notch signalling were shown to be prominently
affected by the downregulation of USP8 (Fig. 1a). As
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previously reported, the signalling pathways associated with
EGFR were also suppressed under the same conditions.
Based on this result, we selected a variety of breast cancer
cell lines, including MCF7, T47D, ZR-75-1, and SK-BR-3,
and lung cancer cell lines, including A549, PC-9, H23, and
H460, with physiological relevance to USP8 and NICD in
different types of cancer. The data showed that, under the
inhibition of USP8, all the cell lines displayed decreased
protein levels of NICD (Supplementary Fig. S2a, c) and
growth retardation (Supplementary Fig. S2b, d), indicating
that the effect of USP8 on NICD could be plausible in both
lung and breast cancer. These observations were further
confirmed by transient or stable depletion of USP8 in either
H1299 or MDA-MB-231 cells, a lung or breast cancer cell
line, respectively. Corroborating with the RNA sequencing

data, the protein levels of NICD as well as its target genes,
including HES1, p21, and c-MYC, were downregulated
upon USP8 inhibition in both cases (Fig. 1b and Supple-
mentary Fig. S3a). On the other hand, the mRNA levels of
Notch1 were not altered upon USP8 knockdown while the
mRNA levels of other targets of Notch were reduced under
USP8 depletion, indicating that USP8 may regulate NICD
in the posttranslational step (Fig. 1c and Supplementary
Fig. S3b). The knockdown of USP8 leading to the sup-
pression of NICD transcriptional activities measured by the
luciferase assay further confirmed that USP8 is associated
with the Notch signalling pathway (Fig. 1d). The data
suggest that the possibility of USP8 having effects on the
protein levels of either Notch1 or its intracellular domain, or
both. Is it worth noting that the protein levels of NICD were

Fig. 1 Depletion of USP8 regulates Notch signaling pathway. a Gene
set enrichment analysis (GSEA) of NOTCH and EGFR target sig-
natures using transcriptomes from MDA-MB-231 cells transfected
with USP8 siRNA (20 nM). b Depletion of USP8 induces degradation
of endogenous NICD protein levels. Stable knockdown of USP8 using
shRNAs (shUSP8#1, shUSP8#5) in MDA-MB-231 cells also down-
regulates endogenous NICD protein levels and indicated downstream
targets genes. Each protein was detected by western blotting with the
indicated antibodies. Relative NICD protein levels were quantified
with ImageJ. c mRNA levels are shown in the right panel. Error bars
indicate mean ± standard deviation (s.d.); n= 3, n.s= not significant,
*p < 0.05, **p < 0.01 compared with shGFP. d Transient knockdown

of USP8 downregulated Notch downstream promoter activities. After
24 h of gene silencing using control and USP8 siRNAs in H1299 cells,
HES-1, HES-5, and 4×CSL plasmids were transfected. Cells were
measured using a luminometer. P values were determined using a two-
tailed Student t test (*p < 0.05, **p < 0.01). e The MDA-MB-231 cells
transiently transfected with USP8 siRNA (siUSP8#1, siUSP8#3) and
treated with 10 µM DAPT for 24 h were analyzed by western blotting.
Cells were harvested at 72 h post transfection. f Cells were separated
into cytoplasmic and nuclear proteins using fractionation kit and
immunoprecipitated with indicated antibodies. MG132 was treated
with 20 µM for 6 h before cell harvesting
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reduced under USP8 depletion, suggesting that USP8 could
modulate only NICD protein (Fig. 1e). However, knock-
down of USP8 did not affect full length Notch1 or Notch
TM protein levels with or without DAPT-a novel GSI fur-
ther proving that USP8 specifically targets NICD (Fig. 1e).
Moreover, cytoplasmic and nucleus fractionation IP assay
showed that USP8 interacted with NICD in the nucleus
rather than in the cytoplasm (Fig. 1f). Lastly, USP8 deple-
tion showed no effect on the surface levels of Notch1
(Supplementary Fig. S3c). Collectively, these data indicate
that USP8 enhanced the stability of the NICD protein,
which resulted in the enhancement of the Notch-dependent
signalling pathways.

USP8 functions as a deubiquitylase of NICD

The possibility of USP8 modulating NICD protein in the
posttranslational stage led us to examine whether USP8
could interact with NICD. Both the exogenous and endo-
genous NICD and USP8 were demonstrated to interact by
immunoprecipitation assays (Fig. 2a, b). NICD is composed
of several domains, including two NLS domains. Based on
this structural information, truncated forms of NICD
mutants were constructed to identify the domain responsible
for its interaction with USP8. The domain analyses showed
that the Ankyrin domain of NICD was responsible for its
interaction with USP8 (Fig. 2c, d). Next, we tested whether

USP8 is capable of promoting the stabilization of NICD
protein. The overexpression of USP8 led to the stabilization
of exogenous (Fig. 3a) as well as endogenous protein levels
of NICD (Fig. 3b), without any change of FL-Notch1
protein levels (Fig. 3b). These data were further confirmed
by the treatment of cycloheximide (CHX), an inhibitor of
the protein translation process. The half-life of over-
expressed NICD and endogenous NICD protein was pro-
longed in the presence of USP8 while it was significantly
diminished upon USP8 inhibition (Fig. 3c–e and Supple-
mentary Fig. 4a, b). FL-Notch1 levels were not affected by
the presence or absence of USP8 (Fig. 3c–e). Since USP8 is
a deubiquitylase, next, we tested whether ubiquitin and
proteasome-dependent pathways are involved in the inter-
action between USP8 and NICD. The observations that
NICD being stabilized by MG132, the inhibitor of protea-
some, was no longer being affected by the overexpressed
USP8 indicated that there could be a ubiquitin and protea-
some system involved in the USP8 and NICD interaction.
Furthermore, the destabilized NICD upon USP8 depletion
was restored by MG132 treatment, which also indicated that
USP8 may regulate NICD levels, as suggested above
(Fig. 3f, g). To further demonstrate the roles of USP8 in
NICD regulation, wild-type (WT) USP8 and catalytically
inactive mutant C786S (CS) were employed. As expected,
only WT USP8 increased NICD protein levels (Fig. 3h) and
its transcriptional activities (Fig. 3i), while the CS mutant

Fig. 2 NICD interacts with USP8. a NICD and USP8 proteins interact
with each other. FLAG-tagged USP8 alone or with MYC-tagged
NICD plasmids were transfected into 293T cells. MG132 (20 µM)
were treated for 8 h. Whole cell lysates were immunoprecipitated with
FLAG- and MYC- antibody. b Endogenous USP8 and endogenous

NICD bind to each other. The 293T cell lysates were immunopreci-
pitated with anti-NICD or anti-USP8. NICD WT and each deletion
mutant plasmids were transfected into the 293T cells. c Diagram of
NICD truncated mutant constructs. d Ankyrin region of NICD is
required for interaction with USP8
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had no effect. These events were irrelevant to its binding to
NICD since both WT and its mutant were able to bind to
NICD in a similar manner (Fig. 3j). These data suggest that
the deubiquitylase activity of USP8 is required for stabi-
lizing NICD. Next we tested whether USP8 could mediate
the deubiquitylation of NICD. Poly-ubiquitylated forms of

NICD accumulated upon MG132 treatment were almost
diminished by USP8 regardless of the presence or absence
of MG132 (Fig. 4a). These experiments were conducted
under denaturation conditions, suggesting that there were no
nonspecific interactions involved. As FBW7 is a well-
known E3 ligase of NICD, we tested whether FBW7-

Fig. 3 USP8 is required for upregulation and stabilization of NICD. a
NICD protein levels were increased in a USP8-dose dependent man-
ner. The H1299 cells were transfected with mixtures of plasmids
expressing MYC-tagged NICD and FLAG-tagged USP8 with
increasing concentrations. 2× GFP was used as a transfection control.
b USP8 induces endogenous NICD protein levels. The H1299 cells
were transfected with FLAG-tagged USP8. Relative NICD protein
levels were shown in the right panel. Error bars indicate mean ± s.d.;
n= 3. c USP8 increases NICD protein stability. The H1299 cells were
transfected with MYC-tagged NICD in the absence or presence of
FLAG-tagged USP8 followed by 100 µg/ml cycloheximide (CHX)
treatment before harvesting at the indicated time points. Cells were
lysed and analyzed by western blotting. The relative amounts of NICD
were analyzed using ImageJ, as shown in the right panel. Error bars
indicate mean ± s.d.; n= 3. d Endogenous NICD protein stability was
enhanced by USP8 overexpression. The H1299 cells were transfected
with Mock or FLAG-tagged USP8 followed by 100 µg/ml CHX for
the indicated times. The relative amounts of NICD are shown in the
right panel. (e) Knockdown of USP8 decreases stability of endogenous
NICD. The H1299 cells stably expressing shGFP and shUSP8#1 were
treated with 100 µg/ml CHX treatment before harvesting at the indi-
cated time points. Western blotting analysis was then performed using

the indicated antibodies. The relative amounts of NICD are shown in
the right panel. f Endogenous NICD protein levels were checked in the
presence of FLAG-tagged USP8. The H1299 cells, transfected with
the indicated plasmids, were treated with 20 µM MG132 for 8 h. Cells
were lysed and measured using the indicated antibodies. g Knockdown
of USP8 decreased endogenous NICD protein levels. This effect was
rescued by MG132 (20 µM, 8 h). Lysed cells were immunoblotted. h
Deubiquitylase activity of USP8 is required for the induction of
endogenous NICD protein levels. Plasmids expressing FLAG-tagged
USP8 WT or C786S mutant and MYC-tagged NICD were transfected
into H1299 cells. i Transcriptional activities of HES-1 were measured
by luciferase reporter analysis. The H1299 cells were transfected with
indicated plasmids. P values were determined using a two-tailed
Student t test (***p < 0.001). j Both USP8 WT and its catalytic mutant
C786S interact with NICD. The 293T cells were transfected with
mixtures of plasmids expressing MYC-tagged NICD, FLAG-tagged
USP8 WT, or FLAG-tagged USP8 C786S, followed by immunopre-
cipitation using anti-FLAG antibodies. MG132 (20 µM) was treated
for 8 h before cell harvesting. Immunoprecipitated proteins were
detected with anti-MYC and anti-FLAG antibodies
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mediated degradation of NICD could be rescued by the
presence of USP8. The data showed that USP8 could
restore the protein levels of NICD degraded by FBW7
and remove the ubiquitin chain from FBW7-mediated
ubiquitylated NICD, suggesting that FBW7 and USP8
may be obligatory partners for the regulation of NICD
(Fig. 4b, c). To test whether the protease activities of
USP8 are involved WT USP8 and its protease defective
mutant, the CS form was employed. The data shows that
only the WT was able to mediate deubiquitylation of
NICD, indicating that protease activities are directly

required (Fig. 4d). In accordance with these data, only
WT USP8, but not the CS mutant, decreased endogenous
ubiquitylation status (Fig. 4e). Furthermore, USP8
depletion led to a greater accumulation of endogenous
poly-ubiquitylated forms of NICD compared to the con-
trol (Fig. 4f, lanes 2 and 3). These processes were
reserved by the overexpression of USP8 resistant to its
own siRNA, indicating that USP8 is responsible for
deubiquitylation (Fig. 4f, lane 4). In summary, these
results demonstrate that USP8 functions as a bona fide
deubiquitylase of NICD.

Fig. 4 NICD is deubiquitylated by USP8. a USP8 induces deubiqui-
tylation of NICD. The H1299 cells were transfected with the indicated
plasmids, treated with or without 20 µM MG132 for 8 h. Cell lysates
were immunoprecipitated with anti-MYC antibodies, followed by
western blotting analysis using HA-HRP, anti-MYC, or anti-FLAG
antibodies. HA-tagged ubiquitination analysis was performed under
denaturation conditions using 1% SDS buffer. b Protein levels
downregulated by FBW7 were restored by USP8 overexpression.
Cells were lysed and detected using the indicated antibodies. c FBW7-
mediated ubiquitylation of NICD was deubiquitylated by USP8.
Twenty micrometres MG132 was treated for 8 h. HA-tagged ubiqui-
tination analysis was performed under denaturation conditions. d
USP8 WT deubiquitylates NICD, whereas its mutant C786S does not.

The H1299 cells were transfected with the indicated plasmids and
treated with 20 µM MG132 for 8 h. Cell lysates were immunopreci-
pitated with anti-MYC antibodies, followed by western blotting ana-
lysis using HA-HRP, anti-MYC, or anti-FLAG antibodies. HA-tagged
ubiquitination analysis was performed under denaturation conditions
using 1% SDS buffer. e Endogenous NICD ubiquitylation upon
FLAG-tagged USP8 WT or CS plasmids and treated with 20 µM
MG132 for 8 h. Cells were immunoprecipitated with anti-NICD anti-
body, followed by western blotting analysis under denaturation con-
ditions. f Depletion of USP8 induces ubiquitylation of NICD. Stable
cell lines of the control and siRNA-resistant USP8 were used. Cells
were transiently transfected as indicated with control and
USP8#1 siRNAs for 48 h, then treated with 20 µM MG132 for 8 h
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Cell growth retardation under USP8 ablation is
restored by NICD

The biochemical data suggest that the overexpression of
USP8 and NICD are closely correlated. Thus, we further
analyzed the physiological relevance of these two factors
using the MDA-MB-231 breast cancer cell line. First,
MDA-MB-231 cell lines stably overexpressing pBabe
control or WT NICD co-expressing with shUSP8#1,
shUSP8#5 for stable knockdown of USP8 were generated
(Fig. 5a). As expected, cell growth was downregulated in
cells with USP8 depletion. However, this effect was

rescued by NICD overexpression, even in USP8 knock-
down conditions (Fig. 5a–c). As the protein levels of
EGFR and phosphorylated EGFR were not changed when
NICD was overexpressed (Fig. 5a), these regulatory
effects are solely dependent on the presence of NICD.
Similar results were obtained with the scratched wound
healing and colony forming analyses indicating that the
cellular proliferation retardation caused by USP8 ablation
could be rescued by NICD overexpression (Fig. 5d, e).
Taken together, these data strongly support the hypoth-
esis that cancer cell proliferation is mediated by NICD
stabilized by USP8.

Fig. 5 USP8 regulates cell proliferation, colony forming ability, and
wound healing ability. a The MDA-MB-231 cells were generated by
pBabe-puro and pabe-NICD WT-expressing viral vectors using virus
infection systems and stably expressing shGFP, shUSP8#1, and
shUSP8#5 using retroviral vectors. Lysed cells were measured using
the indicated antibodies. The data represent the average value from
three independent experiments. b In total, 1 × 105 USP8-silenced
MDA-MB-231 cells expressing NICD were plated equally, counted at
each time point. Three independent experiments were performed in
this setting. Error bars indicate the mean ± s.d.; n= 3. c Inhibition of
USP8 led to the suppression of cell proliferation and showed growth

recovery by NICD reconstitution. Cells were stained with 0.5% crystal
violet. d Scratched wound healing assay upon USP8 silencing in
pBabe or pBabe-NICD-expressing MDA-MB-231 cells. Wound clo-
sure was verified at each time point after the scratch. Dashed lines
(white) represent the initial scratch wounds. Images were quantified by
measuring intensity using ImageJ software (right panel). Data repre-
sent the mean ± s.d. of triplicates (**p < 0.01, ***p < 0.001). Scale bar,
100 µm. e Stably overexpressed NICD reversed a decrease in colony
forming ability due to USP8 silencing. Cells were stained with crystal
violet. Error bars indicate the mean ± s.d.; n= 3
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Notch signalling pathway regulated by USP8 could
be targeted to restrain cancer cell growth

As DUBs-IN-2 is a potent deubiquitylase inhibitor of USP8,
next, we investigated whether DUBs-IN-2 could regulate
NICD protein status. Endogenous NICD protein and its
downstream target protein HES1 was dose-dependently
degraded by DUBs-IN-2 treatment (Supplementary
Fig. S5a). Accordingly, the endogenous ubiquitylated forms
of NICD were significantly increased by DUBs-IN-2
(Supplementary Fig. S5b). We then investigated whether
DUBs-IN-2 showed physiologically similar effects to USP8
depletion. DUBs-IN-2 downregulated NICD and HES1
protein levels (Supplementary Fig. S6a). Interestingly, the
inhibitory effect of DUBs-IN-2 was mitigated by NICD
overexpression. The inhibitory effects of DUBs-IN-2
treatment on cell growth, wound closure, and colony
forming ability were rescued by NICD overexpression in

the MDA-MB-231 cells (Supplementary Fig. S6b–e). These
data indicate that the inhibition of USP8 by DUBs-IN-2
could suppress the stabilization of NICD and result in
regression of cell proliferation. However, overexpression of
NICD mitigated the inhibitory effect of DUBs-IN-2 on
USP8 and stimulated cell growth and proliferation.To fur-
ther analyze the positive effect of USP8 on NICD, MDA-
MB-231 cells harbouring USP8 resistant to its own siRNA
were made to exclude siRNA off-target effects. The protein
levels of NICD and downstream target molecules were
downregulated upon control cell line transfection with
USP8 siRNAs, whereas cells expressing USP8 resistant to
its own siRNA were unable to suppress their levels
(Fig. 6a). Cell growth, scratched wound healing, and colony
forming abilities were restored by the expression of USP8
in cells treated with USP8 siRNA (Fig. 6b–e). Corroborat-
ing these results, the overexpression of USP8 alone induced
significant stabilization of NICD and HES1 proteins with

Fig. 6 USP8 positively regulates cell growth. a USP8 siRNA-resistant
cell lines were obtained using a virus infection system in MDA-MB-
231 cells. The data represent the average value from three independent
experiments. b Cell growth curve data. Cells were counted at the
indicated time points. Error bars indicate the mean ± s.d.; n= 3, **p <
0.01, ***p < 0.001. c Cells were stained with 0.5% crystal violet. d
Scratched wound healing assay. Images were quantified by measuring

intensity using ImageJ software (right panel). Data represent the mean
± s.d. of triplicates (***p < 0.001). Scale bar, 100 µm. e Colony
forming ability. Cells were stained with crystal violet. Experiments
were performed as described in Fig. 5b–e. The data represent the
average value from three independent experiments. Error bars indicate
the mean ± s.d.; n= 3, ***p < 0.001
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the enhancement of cell growth (Supplementary Fig. S7).
Collectively, these data suggest that USP8 exhibited an
oncogenic effect by stabilizing NICD proteins, which
resulted in the augmentation of its function leading to the
proliferation of cancer cells.

USP8 is overexpressed in breast cancer patients

Based on these observations, we assessed the clinical sig-
nificance of USP8 and NICD expression levels in the tissues
of patients with breast cancer. We examined their expression
levels in the TMA by immunohistochemistry (Fig. 7a), and
analyzed the correlation between USP8 and NICD. Dual
USP8 and NICD immunoreactivity was significantly corre-
lated with distant metastasis (p= 0.005), estrogen receptor
status (p= 0.039), and progesterone receptor status (p=
0.001). The expression level of USP8 exhibited a moderate
positive correlation with that of NICD (Spearman’s ρ=
0.252, p= 0.002) (Fig. 7b). The 5-year recurrence-free
survival (RFS) rate for patients exhibiting enhanced
expression levels of USP8 (77.1%) and NICD (79.8%), was

significantly lower than that for patients exhibiting low
expression levels of USP8 (91.9%) and NICD (89.7%) (p=
0.018 and p= 0.070, Fig. 7c). Furthermore, patients exhi-
biting double positive expression had significantly shorter 5-
year RFS rate (71.2%) when compared with that of patients
exhibiting double negative (92.3%) and single positive
(90.5%) (p= 0.004, Fig. 7c) expression. The Cox propor-
tional hazard model demonstrated that the combination of
USP8high and NICDhigh expression (hazard ratio= 1.651)
(95% confidence interval (CI), 1.064–2.563, p= 0.025) is an
independent predictor of shorter RFS (Supplementary
Fig. S8). These data indicate that USP8 expression posi-
tively correlated with NICD expression and that USP8
potentially plays an important role in breast tumorigenesis.

Discussion

Notch plays an essential function in various human cancers
in a tissue- or cellular context-dependent manner [13, 45].
Studies have demonstrated the oncogenic roles of NICD in

Fig. 7 Clinical significance of USP8-NICD expression in breast cancer
patients. Protein expression levels of USP8 and NICD were deter-
mined using immunohistochemical analysis. a Representative immu-
nohistochemical images stained with USP8 and NICD in breast cancer
tissues. High magnification images are shown in inset. Scale bar, 100
µm. b The expression level of USP8 positively correlated with that of

NICD (Spearman’s ρ= 0.252, p= 0.002). c Patients exhibiting
USP8high (5-year RFS rate; 77.1%, p= 0.018) and USP8high/NICDhigh

(5-year RFS rate; 71.2%, p= 0.004) expression had significantly
shorter recurrence-free survival than patients exhibiting USP8low (5-
year RFS rate; 91.9%), double negative (5-year RFS rate; 92.3%) and
single positive (5-year RFS rate; 90.5%) expression
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many types of cancer, including breast, lung, and colon
cancer [46–51]. Because aberrant activation of Notch sig-
nalling in these cancers is associated with poor prognosis,
identifying the factors and their associated mechanisms
involved in the stabilization of Notch or NICD could pro-
vide potential therapeutic targets. The protein homoeostasis
of NICD has been reported to be modulated by FBW7
[52, 53], a potent E3 ubiquitin ligase which also targets
major oncogenes such as c-Myc, c-Jun, and Cyclin E [54–
59]. Here, we found that USP8 restores the protein levels of
NICD and suppresses ubiquitylated forms of NICD off-
setting to action of FBW7, suggesting the obligatory part-
nership between FBW7 and USP8 (Fig. 4b, c). In addition
to a previous report where USP8 was found to regulate cell
growth through EGFR [36, 38–40], we demonstrated that
USP8 regulates growth in an EGFR-independent manner
(Supplementary Fig. S1). RNA-seq analyses revealed that
this event was strongly related to the regulation of the Notch
signalling pathway (Fig. 1a). Notch signalling was down-
regulated upon USP8 depletion, without any changes to FL-
Notch1 protein, mRNA, or surface levels. These results
indicate that USP8 specifically regulates NICD, and that
this event is a unique and interesting phenomenon because
the levels of FL-Notch1 and Notch-IC normally change
together. Our study suggests that USP8 is a deubiquitylating
enzyme of NICD by directly inducing stabilization and
deubiquitylation through posttranslational modifications
(Figs. 3 and 4). The physiological correlation between the
USP8 and NICD signalling pathways is shown by the
retardation of cellular growth, colony formation, and wound
healing ability led by USP8 depletion or its inhibitor
(DUBs-IN-2) and the subsequent rescue by the re-
introduction of NICD (Fig. 5 and Supplementary Fig. S6).
Cross-talk between Notch and EGFR in non-small cell lung
cancer (NSCLC) has been reported by many research
groups attempting to elucidate the association between the
two different mechanisms in a tissue-dependent manner
[60–62]. For example, EGFR activation may negatively
regulate the Notch-dependent pathway or Notch could up-
regulate the expression of EGFR, thereby enhancing tumour
apoptosis or tumour cell growth, respectively [63]. The fact
that both the Notch and EGFR signalling pathways may be
regulated by USP8 indicate that both signalling pathways
could be simultaneously enhanced by USP8 expression,
possibly augmenting cellular proliferation. Indeed, a posi-
tive correlation between NICD and USP8 was determined
in several NSCLC and breast cancer cells (Supplementary
Fig. 2). In support of this data, the low survival rate of the
breast cancer patients expressing both high levels of USP8,
and combination of USP8 and NICD addresses the possible
association and oncogenic roles both two proteins in human
cancer (Fig. 7). The biochemical and physiological data
indicate that USP8 may enhance the oncogenic intensity of

NICD in combination with EGFR in various types of can-
cer, including breast cancer, and is a potential target for use
in therapeutic trials.The fact that USP8 acts as a deubiqui-
tylase for both NICD and EGFR is particularly interesting
and noteworthy since the synergistic effects of both proteins
have been reported in several types of cancer. Previously, it
was reported that Notch1 regulates EGFR through p53 in
gliomas, and that p53-null cells had no significant changes
in EGFR mRNA levels or promoter activities. However, the
fact that USP8 was found to enhance the protein stability of
both proteins suggest the existence of alternative pathways
to EGFR and NICD [64]. The p53-null cell lines, H1299
and MDA-MB-231, used in our experiments clearly show
that either USP8 depletion or overexpression in these cells
resulted in the destabilization or stabilization of both NICD
and EGFR, respectively. Clinically, efforts have been taken
to develop therapeutic strategies for various cancers
employing a combination of treatment with both NICD
inhibitors and EGFR inhibitors. For example, combination
therapy such as γ-secretase inhibitor RO4929097 with
erlotinib is currently a phase I/II clinical trial [65]. DAPT
with gefitinib in NSCLC)has shown effective tumour
growth retardation in vitro and in vivo [66]. Although the
role of USP8 in enhancing the expression levels of NICD
and EGFR would provide an alternative target to arrest the
development of cancer in addition to the current combina-
tion trials, some issues must first be addressed in future
studies. Firstly, the regulatory mechanism underlying the
overexpression of USP8 in cancer, which was observed in
our clinical data, must be elucidated. The clinical data in
this study were analyzed using a relatively small sample
size at a single institution. Thus, large-scale or multi-
institutional studies including triple negative breast cancer
samples are needed for validating the prognostic values of
USP8 and NICD. Posttranslational as well as epigenetic
changes must be evaluated to examine the role of various
pathways. Secondly, clinical trials using DUBs-IN-2, an
inhibitor of USP8 [67], must be established. The toxicity of
the chemical could limit its usage at a systemic level. Fur-
thermore, the suppression of USP8 may result in physio-
logical defects, which would reduce the potential of USP8
as a good therapeutic target. To overcome this limitation,
chemicals that regulate the protein interaction between
USP8 and NICD or EGFR, rather than those that directly
target USP8 catalytic activities, must be evaluated in future
studies. Finally, in vivo studies using the USP8 conditional
knockout mouse model or nude-mouse transplanted tumour
model can aid in validating the oncogenic role of USP8 in
various types of cancer.
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