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Notchl plays various roles in cancer development, and Notchl-induced
transactivation is controlled by phosphorylation of its cleaved intracellular
domain. However, it is unclear whether there are phosphatases capable of
dephosphorylating the cleaved Notchl transmembrane/intracellular region
(NTM) to regulate its function. Here, we show that DUSP6 can function as a
phosphatase for Notchl, thereby regulating NTM stability and transcriptional
activity, thus influencing colorectal cancer (CRC) development. In human CRC
cells, elevated DUSP6 expression correlates with increased NTM levels, leading
to enhanced CRC cell proliferation both in vitro and in vivo. High tumoral
DUSP6 protein expression is associated with poorer overall CRC patient sur-
vival. In mice, DUSP6 deficiency results in reduced CRC development.
Mechanistically, DUSP6 dephosphorylates phospho-Y2116, which in turn
reduces NTM ubiquitination, leading to increased NTM stability and tran-
scriptional activity. As a result, the expression of Notchl-targeted proliferation
genes is increased to promote tumour cell growth.

Pathogenesis of colorectal cancer (CRC) is multifaceted, involving
dysregulation of multiple cellular signalling pathways that control
intestinal epithelial cell proliferation, apoptosis and survival. Among
these pathways, the mitogen-activated protein kinases (MAPKs) path-
ways, particularly the extracellular signal-regulated kinase 1/2 (ERK1/2)
signalling, have been identified to be critical for the development of
CRC. Dysregulation of ERK1/2 in cancer could be due to the alteration
of various upstream regulators, leading to constitutive activation of
ERK1/2 and resulting in the overexpression of target genes involved in
tumorigenesis. For example, hyperactivating mutations along the

EGFR-Ras-Raf-MEK-ERK]1/2 signalling pathway that occurs in up to 45%
of all CRC cases are associated with increased tumour cell growth,
cancer progression and drug resistance'. Therefore, therapeutics that
target components of the EGFR-Ras-Raf-MEK-ERK1/2 pathway were
developed to limit ERK1/2 activation. On the other hand, others have
shown that treatment with chemotherapeutics such as 5-FU and oxa-
liplatin could increase the activation of p38 and JNK MAPKSs that, in
turn, influence the stress responses and tumour cell apoptosis™>.
Among the various intrinsic factors that control MAPKSs activities,
dual-specificity protein phosphatases (DUSPs, also known as MAPK
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phosphatases) are known as the major negative regulators of MAPKs".
At the same time, DUSPs are also regulated by MAPKSs in a feedback
loop system, operating alongside other post-translational modification
mechanisms®>®. The complex regulation of DUSPs have contributed to
its diverse roles in cancer pathogenesis. Studies have attributed DUSPs
with opposing roles as oncogenes or tumour suppressors, dependent
on the type of tumours and conditions. One such phosphatase is
DUSP6 which has high substrate specificity for ERK1/2”. DUSP6 was
shown to act as a tumour suppressor in lung cancer®, nasopharyngeal
carcinoma’ and melanoma cancer' by inhibiting ERK1/2 activation. On
the other hand, others have shown that DUSP6 expression could be
pro-tumorigenic, and has been implicated in the development of
gastric cancer”, cervical cancer, ovarian cancer® and glioblastomas™.
However, the mechanisms underlying the differential function of
DUSP6 in various types of cancers are unclear. Particularly, the
pathogenic role of DUSP6 in CRC remains undefined. Nevertheless,
studies have proposed that DUSP6 may contribute to the function of
other proteins in CRC. For example, protein kinase N2 (PKN2), a
member of a subfamily of protein kinase C, was found to inhibit IL-4
and IL-10 expression in CRC cell lines such as HCT116, thereby inhi-
biting macrophage M2 polarisation in CRC development®. Interest-
ingly, PKN2 was found to interact with DUSP6 that could inhibit ERK1/2
phosphorylation. However, it was also found that PKN2 inhibits the
binding of transcriptional factors, including Elk-1 and CREB, to the
promoters of IL-4/IL-10, thereby inhibiting their transcription. Hence,
the significance of DUSP6 in PKN2-mediated IL-4/IL-10 expression and
M2 macrophage polarisation in CRC remains unclear. Similarly, the
role of placenta-specific-8 (PLAC8) in unconventional ERK2-dependent
colorectal cancer cell epithelial-to-mesenchymal transition (EMT) has
been linked with DUSP6'. PLACS could bind to DUSP6 and somehow
downregulate its phosphatase activity, thereby enhancing ERK2
phosphorylation. In addition, the function of immunoglobulin-like
domain protein 3 (LRIG3) in the regulation of Slug-dependent EMT was
also associated with its interaction with DUSP6". It was shown that
knockout of LRIG3 in CRC cell line SW480 resulted in increased ERK1/2
activation and Slug expression. The negative correlation between
LRIG3 and Slug expression was likely due to the interaction of LRIG3
with both ERK1/2 and DUSPé. It was speculated that LRIG3 inhibits
ERK1/2 activation through DUSP6, thereby inhibiting Slug expression
and CRC EMT. While these studies suggest an association between
DUSP6 and CRC pathogenesis, the specific involvement and regulatory
function of DUSP6 remain unclear.

Besides EGFR, activation of other transmembrane molecules, such
as Notch, plays a pivotal role in cellular development, cell growth, and
cell fate determination. Consequently, aberrant Notch signalling is
closely linked to tumorigenesis'®”. In fact, Notch is implicated in var-
ious hallmarks of cancer. Notchl is one of the four Notch receptors
expressed in mammalian cells. Mutations in the NOTCHI gene play key
roles in the progression of human malignancies®. NOTCHI mutations
have been reported to account for 4.48% of all cancers, with colon
adenocarcinoma having the highest prevalence (https://www.
mycancergenome.org/). Additionally, NOTCHI mutations were found
in 8.37% of all cases of CRC based on data from the National Cancer
Institute Genomic Data Common Portal (https://portal.gdc.cancer.
gov/). Other studies have also shown that increased Notchl activation
is associated with a poorer prognosis for patients.””>. Moreover,
activation of Notchl has been demonstrated to induce EMT, often
contributing to metastatic CRC*. Activation of Notchl is initiated by
binding to its ligands, Delta-like proteins 1 and 3, or Jagged 1 and 2. This
is followed by a cascade of proteolytic cleavages to release the Notch
intracellular domain (NICD) which translocates into the nucleus for
transcription of proliferation-associated genes such as c-Myc. Phos-
phorylation of NICD, which regulates its stability, is a key process that
determines its biological activity. While phosphorylation of the
cleaved NICD by corresponding kinases is known to modulate

biological activity, the regulation by phosphatases has remained
unexplored.

In this study, we show that high DUSP6 protein expression in
tumours correlate with high cleaved Notchl transmembrane/intracel-
lular domain (NTM), and is associated with poorer overall survival in
human CRC. Mechanistically, DUSP6 is a Notchl phosphatase that
regulates NTM level to promote CRC cell proliferation and hence is
pro-tumourigenic in CRC.

Results

DUSP6 promotes cell growth and migration while suppressing
the activation of MAPKSs in CRC cells

To examine the regulatory function of DUSP6 in CRC cells, we gener-
ated DUSP6 overexpressing Caco2 cells (Caco2 DUSP6 OE) and DUSP6
knockout DLD1 cells (DLD1 DUSP6 KO). To note, Caco2 cells expressed
a lower level of DUSP6 compared to DLDI cells (Supplementary
Fig. Sla). It was observed that Caco2 DUSP6 OE cells exhibited
increased proliferation after 48 h in standard culture condition, and
the growth continued to be significantly higher after 72 h of culture
compared to Caco2 vector control cells (Fig. 1a, left panel). Similarly,
increased growth was observed when Caco2 DUSP6 OE cells were
cultured in a medium containing EGF (Fig. 1a, right panel). When cells
were cultured in a serum-free medium, Caco2 DUSP6 OE cells also
exhibited increased proliferation after 48 and 72 h with or without EGF
(Supplementary Fig. S1b). In contrast, loss of DUSP6 in DLD1 resulted in
a significant reduction in cell growth after 48 and 72 h of culture with
or without EGF treatment in both standard and serum-free culture
conditions (Fig. 1b and Supplementary Fig. Slc). Results from the
wound healing assay demonstrated that Caco2 DUSP6 OE cells
migrated 60% faster compared to the control (Fig. 1c), whereas
migration was reduced in DLD1 DUSP6 KO cells by 60% compared to
control cells. These results demonstrated that CRC cell migration was
also positively regulated by DUSP6. The differences in cell migration
are independent of cellular proliferation since cells were pre-treated
with mitomycin-c to inhibit cell growth. Additionally, based on pre-
vious proliferation data, no significant differences in proliferation were
observed at the 24-hour timepoint (Fig. 1a). To verify the role of DUSP6
in promoting CRC growth, a full-length DUSP6 cDNA containing
plasmid was transfected into DUSP6 KO DLD1 cells to rescue its
expression (Fig. 1e). Measurement of cell proliferation showed that the
expression of DUSP6 rescued the reduced proliferation in DUSP6 KO
DLDI cells with or without EGF (Fig. 1f). Hence, it is evident that DUSP6
positively regulates CRC cell growth and migration.

DUSP6 has been shown to mainly target ERK1/2*, a MAPK that
plays an important role in controlling mitogenic signals for cell survival
and proliferation. We, therefore, examined the effect of DUSP6 in the
activation of MAPKs in both Caco2 DUSP6 OE and DLD1 DUSP6 KO
cells in response to EGF which would activate the EGFR-Ras-Raf-MEK-
ERK1/2 pathway. It was found that overexpression of DUSP6 in Caco2
cells resulted in reduced activation of ERK1/2, p38 and JNK, whereas
knockout of this molecule in DLDI1 cells increased their activation
(Fig. 2a and Supplementary Figs. S2, S3). Interestingly, the expression
of proliferation-associated genes, COX2 and c-MYC, was increased in
Caco2 DUSP6 OE cells, particularly after EGF treatment for 9 hours,
whereas reduced expression of COX2 and c-MYC was observed in DLD1
DUSP6 KO cells. The suppressive function of DUSP6 against the acti-
vation of MAPKs was further confirmed using Caco2 DUSP6 KO cells.
Consistent with the observation in DLD1 DUSP6 KO, loss of DUSP6 in
Caco2 cells resulted in increased phosphorylation of ERK, p38 and JNK,
as well as reduced expression of COX2 and ¢-MYC in response to EGF
treatment (Supplementary Fig. S4).

While the changes in proliferation profile were in accordance with
the levels of COX2 and c-MYC in both DUSP6 OE and KO cell lines, this
was surprising when compared to the alterations in MAPKs activity,
particularly pERK1/2, which is often reported to be positively
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Fig. 1| DUSP6 positively regulates cellular proliferation and migration in CRC
cells in vitro. a, b Bar charts show the effect of DUSP6 expression on the rate of cell
growth in Caco2 and DLD1 CRC cells with or without EGF treatment (n = 6 biolo-
gically independent samples). ¢, d Representative micrographs showing migration
of Caco2 or DLDI cells in wound healing assay. Bar charts under each micrograph
panel show the percentage of wound closure/migration of cells compared to Time
0. Arrows denote the distance of each “wound” at the start of the experiment
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f Cell proliferation of DLD1 KO cells with or without DUSP6 overexpression was
determined on Day 3 with or without EGF treatment. *, **, and ** denote P< 0.05,
P<0.01, and P<0.001, respectively (two-tailed, nonparametric, Mann-Whitney
test). Error bars = mean + standard deviations. ¢, d and f (n = 8 biologically inde-
pendent samples). Source data are provided as a Source Data file.

correlated with proliferation®. This suggests that alternative mechan-
isms and factors regulated by DUSP6 contribute to the proliferation
profile observed in both Caco2 DUSP6 OE and DLD1 DUSP6 KO cells.

DUSP6 positively regulates cleaved Notchl level and CRC cell
growth in vivo

In CRC, various proliferation-associated genes and signalling mole-
cules are upregulated in tumours. This includes Notchl which was
reported to be associated with poorer prognosis of CRC patients?. As a
transmembrane receptor protein, activation of Notchl requires pro-
teolytic cleavage by gamma-secretase (y-secretase) to release the
cleaved Notchl intracellular region for transcriptional activation of
target proliferation-associated genes or cooperation with other cel-
lular factors'®*. Changes in the amount of cleaved Notchl would
influence cellular proliferation in a positive manner. To examine the
potential regulation of Notchl by DUSP6, the levels of cleaved Notchl
intracellular region in Caco2 and DLD1 cells, which are Notchl
wildtype”, were examined. To note, the antibody used to examine the
cleaved Notchl intracellular region by Western blot analysis in this
study detects the entire Notchl intracellular domain, as well as a short
extracellular juxtamembrane peptide and a transmembrane sequence
with a molecular weight of 120 kDa, which is referred to as 'NTM'
(see Supplementary Methods).

A higher level of NTM was observed in parental DLDI cells, which
express higher DUSP6, compared to that of Caco2 cells, which express
alower level of DUSP6 (Supplementary Fig. S1). The overexpression of
DUSP6 in Caco2 cells led to elevated NTM levels, whereas knockout of
DUSP6 resulted in reduced levels of NTM in DLD1 cells compared to
their respective control cells (Fig. 2b and Supplementary Figs. S3, S4).
These results suggest that the expression of DUSP6 is positively
associated with the NTM level. On the other hand, the expression of

key components of y-secretase, including Presenilin 1 (PSEN1), Pre-
senilin 2 (PSEN2), PEN2 and Nicastrin (NCSTN) were comparable in
both DUSP6 OE and DUSP6 KO cells compared to their respective
controls after EGF treatment. However, endogenous y-secretase
activity was found to be increased in Caco2 DUSP6 OE cells by 80%
(Fig. 2¢). Contradictorily, y-secretase activity was reduced by 48% in
DLD1 DUSP6 KO cells compared to that in control cells.

It has been shown that ERK1/2 could phosphorylate PSENI,
thereby regulating the activity of y-secretase”. To test if DUSP6 reg-
ulates cleaved Notchl level through ERK1/2, DUSP6 KO DLD1 and
control cells were treated with an ERK-specific inhibitor to examine the
levels of NTM. Interestingly, ERK inhibition did not affect the levels of
NTM in both vector and DUSP6 KO cells (Fig. 2d), despite the differ-
ences in the level of y-secretase activity (Fig. 2e). Both vector and KO
cells exhibited reduced proliferation upon ERK inhibition (Fig. 2f), but
the proliferation of KO cells remained significantly lower compared to
vector cells.

Next, Caco2 and DLD1 xenograft models were employed to test
the function of DUSP6 in CRC cell growth in vivo. Increased expression
of DUSP6 in Caco2 cells led to the development of larger tumour
xenografts, which were 3.3-fold heavier than the xenografts developed
from Caco2 vector control cells (Fig. 3a). In contrast, loss of DUSP6 in
Caco2 cells resulted in the formation of xenografts that were 8.5-fold
smaller than control cells (Supplementary Fig. S5). Immunostaining of
the xenografts showed significant increases in both Ki67 and cleaved
Notchl levels in Caco2 DUSP6 OE tumour xenografts compared to
control (Fig. 3b, c). Consistent with these findings, loss of DUSP6 in
DLDI resulted in smaller tumour formation and reduced Ki67 and
cleaved Notchl immunostaining compared to control cells (Fig. 3d-f).
Together, these results demonstrate that DUSP6 promotes CRC cell
growth both in vitro and in vivo, possibly through Notchl.
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pendent experiments). d-f Effects of ERK inhibition on DLD1 DUSP6 KO cells.

& 1000
& * c *
® 20000 ,g 800
g g
] g‘ 15000+ & 600
8
2 $ 10000 g 400
§ 50007 X 200
© o 0
036 036 & WO o © &F O & ©
Pl S S O 0
Vector KO K K KCS K
ERKi DMSO ERKi DMSO ERKi

d Western blot analysis showing changes in the levels of NTM and ERK1/2 phos-
phorylation in DLD1 KO cells with or without ERK inhibition. The blots were ana-
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calculated and presented in the bar chart. The data shown is representative of two
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biologically independent samples). * denotes P< 0.05 (two-tailed, nonparametric,
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membrane/intracellular domain. Source data are provided as a Source Data file.

To verify the function of DUSP6 in CRC development, we gener-
ated a DUSPé6-inducible Caco2 cell line using the Tet-on inducible
system, whereby DUSP6 expression occurred solely upon doxycycline
(Dox) treatment (Supplementary Fig. S6A). Consequently, increased
proliferation was observed in DUSP6-inducible OE cells on Day 3 after
Dox treatment compared to control or non-treated cells (Supple-
mentary Fig. S6b). Results from western blot analysis demonstrated
that the levels of NTM, COX2, and c-MYC were only increased when
DUSP6-inducible OE cells were treated with Dox compared to control
cells (Supplementary Fig. S6c). Consistently, DUSP6-inducible OE cells
formed larger tumours in NSG mice with Dox treatment, compared to
those formed by vector cells or DUSP6-inducible OE cells without Dox
treatment (Fig. 4a). Immunohistochemical staining of the tumour tis-
sues showed increased DUSP6 and cleaved Notchl levels only in
DUSPé6-inducible OE tumours from mice with Dox treatment, but not
those from mice treated with saline, compared to tumours formed by
vector cells (Fig. 4b, ¢). Together, these results conformed the tumour-
promoting function of DUSP6 in CRC, which was associated with
increased NTM.

Loss of DUSP6 in mice results in reduced colonic tumour
development

The azoxymethane (AOM)/dextran sodium sulfate (DSS) animal model
recapitulates the development of human CRC and highly resembles
that of colitis/inflammation-associated CRC*. We applied this model
to both DUSP6 wildtype (WT) and knockout (KO) mice to assess the
role of DUSP6 in CRC tumorigenesis. It was observed that WT mice
developed an average of nine colonic tumours with a size of

approximately 23 mm? (macroscopic measurements) at 16 weeks post-
AOM injection (Fig. 4d). In contrast, DUSP6 KO mice developed an
average of three colonic tumours of ~10 mm? in size. Tumours devel-
oped in DUSP6 KO mice were less proliferative as indicated by 43%
reduction in Ki67 staining in colonic tumour tissues (Fig. 4e). In addi-
tion, there was significantly less cleaved Notchl staining in tumours
from DUSP6 KO mice (Fig. 4f). Together, these results indicate that
DUSP6 has pro-tumourigenic function in vivo, which may have resul-
ted from the regulation of Notchl.

DUSP6 inhibits ubiquitin-mediated proteasomal degradation
of NICD

The cleaved Notchl intracellular region acts as a transcriptional acti-
vator for the activation of various genes involved in tumour
development”. Overall cleaved Notchl intracellular region activity can
be regulated via phosphorylation to mark it for ubiquitin-mediated
proteasomal degradation®*°. Several kinases such as CdkS,
homeodomain-interacting protein kinase 2 (HIPK2), and dual-
specificity tyrosine-regulated kinase 2 (DYRK2) were shown to phos-
phorylate Notchl for this purpose. However, there is no report of any
negative regulators that could dephosphorylate cleaved the Notchl
intracellular region to preserve its cellular activity/abundance. The
association between DUSP6 and the level of NTM suggests the possible
regulation of NTM by DUSP6. To test this, we examined the interaction
between DUSP6 and NTM. Results from the co-immunoprecipitation
assay showed that endogenous NTM could bind to Flag-tagged DUSP6
in DLD1 cells (Fig. 5a). Similarly, when HA-tagged NTM was over-
expressed in DLDI cells, and immunoprecipitated with anti-HA beads,
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endogenous DUSP6 was subsequently detected in the immunopreci-
pitate of HA-NTM (Fig. 5b). These results confirmed that DUSP6 binds
to NTM. Next, we performed an in vitro dephosphorylation assay to
test if DUSP6 could dephosphorylate NTM, which was purified from
DLD1 cells. The results showed that the amount of total phospho-
tyrosine on NTM was reduced by ~55% when incubated with DUSP6
(Fig. 5¢). Similarly, DUSP6 was able to dephosphorylate endogenous
NTM immunoprecipitated from Caco2 cells (Supplementary Fig. S7).
These results demonstrated that DUSP6 is able to dephosphorylate
NTM directly.

Next, we performed a sequential dephosphorylation and ubiqui-
tination experiment to test if the dephosphorylation of NTM by DUSP6
could lead to reduced ubiquitination. NTM was purified from DLD1 by
immunoprecipitation, after which it was incubated with DUSP6 for
dephosphorylation. The resultant NTM was then used as input for in
vitro ubiquitination assay. Consistent with previous data (Fig. 5c), a
reduction in total phospho-tyrosine was detected after NTM was
incubated with DUSP6 (Fig. 5d, top bar chart). Importantly, the amount
of ubiquitination on the dephosphorylated NTM was reduced by ~38%
compared to the control (Fig. 5d, bottom bar chart). These results
demonstrated that dephosphorylation of NTM by DUSP6 could lead to
reduced ubiquitination of NTM.

Ubiquitination of NTM is followed by proteasome degradation. To
address if the reduced ubiquitination of NTM triggered by DUSP6
could lead to changes in proteasomal-mediated degradation, we
treated DUSP6 KO and control DLD1 cells with MG132, a potent pro-
teasome inhibitor, followed by examination of the levels of NTM. It was
found that DUSP6 KO cells had more than 2-fold lower NTM than the

vector control cells (Fig. 5e). When proteasome was inhibited by
treatment with MG132, NTM level was increased by 2.8- and 2.6-folds at
10 and 15hours in control cells. In contrast, the level of NTM was
increased by 5.8- and 5.0-folds in the KO cells treated with MG132
compared to KO cells without MG132 treatment. As such, the differ-
ence in NTM levels between DUSP6 KO and vector control cells after
treatment with MG132 was reduced to only 1.3-fold. We also confirmed
the negative association between DUSP6 and ubiquitinated NTM levels
in Caco2 DUSP6 OE and DLD1 DUSP6 KO cells. In Caco2 DUSP6 OE cells
where the NTM level was higher than the vector control cells, the
proportion of ubiquitinated NTM (relative to total NTM) was ~3-fold
lower than the control cells (Fig. 5f). Conversely, the ratio of ubiqui-
tinated NTM was 1.4-fold higher in DLD1 DUSP6 KO cells compared to
that in control cells. Together, these results demonstrate that DUSP6
inhibits NTM ubiquitination to enhance its stability.

DUSP6-mediated CRC cell proliferation is Notchl dependent

To verify if DUSP6 regulates CRC cell proliferation through Notchl, we
knocked out NOTCHI in Caco2 DUSP6 OE cells, followed by an
examination of cell proliferation. Consistent with previous results
(Fig. 1), DUSP6 OE cells had increased proliferation compared to vector
control cells (Fig. 6a, bar 3 vs bar 1). However, when the NOTCHI gene
was deleted from vector control cells, cell proliferation was sig-
nificantly reduced on days 2 and 3 compared to vector control cells
(Fig. 6a, bar 2 vs bar 1). Importantly, when the NOTCHI gene was
deleted from Caco2 DUSP6 OE cells, cell proliferation became com-
parable to that of vector control cells (Fig. 6a, bar 4 vs bar 1). Western
blot analysis showed that there was no NTM after NOTCHI gene was
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Fig. 4 | Induced expression of DUSP6 promotes CRC growth and loss of DUSP6
in mice resulted in reduced colonic tumour development. a Caco2 cells trans-
fected with Tet-on vector and full-length DUSP6 cDNA were subcutaneously
injected into NSGS mice (5 x 10° cells per mice). Mice (8-10 weeks old) were treated
with doxycycline (Dox) (1mg/kg) or saline twice a week for 4 weeks before
assessment of tumour growth. The bar chart shows the weight of Caco2 xenograft
tumours with or without Dox treatment (n =4 biologically independent samples).
b Representative micrographs of immunohistochemical staining and (c) bar charts
showing the level of DUSP6 and cleaved Notchl staining in the xenograft tumour
tissues (n =4 biologically independent samples). d Representative photograph of
colonic tumours found in wildtype (WT) and DUSP6 knockout (KO) mice given
AOM/DSS for induced tumour development. Bar charts show the total number of
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colonic tumours and the average size of tumour found in each mouse (WT n=14,
KO n=11). e Representative micrographs showing Ki67 staining in the tumours
from WT and DUSP6 KO mice (8-10 weeks old). Boxed areas are shown magnified
in the bottom panels. The percentage of Ki67 positive cells per tumour is shown in
the bar chart (WT n=14, KO n =11). f Representative micrographs showing cleaved
Notchl staining in the tumours from WT and DUSP6 KO mice (8-10 weeks old).
Boxed areas are shown magnified in the bottom panels. The percentage of cleaved
Notchl positive cells per tumour is shown in the bar chart (WT n=14, KO n=11).
Scale bar = 100 um. Statistical analysis = two-tailed, nonparametric Mann-Whitney
test. Error bars = mean + standard deviations. Source data are provided as a Source
Data file.

deleted (Fig. 6b). In addition, COX2 levels became comparable
between vector control and DUSP6 OE/NOTCHI KO cells, and c-MYC
was reduced in Caco2 DUSP6 OE/NOTCH1 KO compared to Caco2
DUSP6 OE/PX458 vector control (Fig. 6b). These results suggest that
DUSP6 regulates CRC cell proliferation through Notchl.

Dephosphorylation of phospho-Y2116 of Notchl by DUSP6 is
critical for its regulation of CRC cell proliferation

To further confirm that DUSP6 could dephosphorylate phospho-
tyrosine residue on NTM and regulate the level of Notchl activity, mass
spectrometry analysis was employed to screen for phospho-sites on
NTM that may be targeted by DUSP6. A total of 17 phospho-serine, 3
phospho-threonine and 2 phospho-tyrosine were detected in the NTM
purified from Caco2 vector cells (Table 1). Of which, phospho-Y2116 (p-
Y2116) was the only tyrosine residue that had lost its phosphorylation
when DUSP6 was overexpressed. In addition, two serine residues,
S1951 and S2205, had also lost their phosphorylation in DUSP6 OE cells.
Next, to test the importance of p-Y2116, p-S1951 and p-S2205 in Notchl
signalling, we generated Notchl mutants in which the tyrosine residue
at position 2116 (Y2116), the serine residue at position 1951, or the
serine residue at position 2205 were changed to alanine (Y2116A,
S1951A and S2205A) respectively. Using the CSL (CBF1/RBP-Jk) reporter
and the Notchl pathway reporter assay, we found that overexpression
of DUSP6 resulted in increased Notchl-mediated transcriptional
activity (Fig. 6c). Interestingly, only in cells with NICD Y2116A, but not
in those with NICD S1951A or S2205A, the transcriptional activity was

increased compared to cells with wildtype NTM without DUSP6 over-
expression (NTM FL +vector vs NTM Y2116A + vector; P=0.0007).
This observation suggests that among the three mutations, only the
Y2116A mutation rendered NTM with the capacity to escape ubiquiti-
nation and, subsequently, proteasomal degradation. To further verify
the importance of Y2116 in DUSPé6-regulated Notchl signalling, we
transfected NTM WT or NTM Y2116A into DUSP6 KO DLDI cells, fol-
lowed by measurement of cell proliferation. The results demonstrated
that both NTM WT and NTM Y2116A were able to rescue the reduced
proliferation of DUSP6 KO cells (Fig. 6d). Together, these results
suggest that Y2116 is the phospho-site that is targeted by DUSP6 to
control Notchl activity.

High DUSP6 protein expression is associated with high NICD
levels and worse overall survival in CRC patients

To further verify the regulation of NTM by DUSP6, we examined the
levels of DUSP6, full-length Notchl and NTM in 10 human CRC cell
lines, including DLD1, Caco2, OUMS23, RCM1, SW480, HCT116, HCC56,
Col0205 and LoVo, by western blot. Nonparametric Spearmen corre-
lation analysis of the results showed that the level of DUSP6 is posi-
tively associated with the level of NTM, but not the full-length Notchl
(Supplementary Fig. S8a).

Next, DUSP6 protein expression in primary tumours and adjacent
normal tissues from 81 CRC patients were analysed by immunostain-
ing. Results revealed higher DUSP6 expression in adenocarcinoma
cells in tumour tissues compared to the surrounding tumour stroma
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Table 1| Mass spectrometry screening for Notch1 phos-
phorylated amino acid residues

Caco2 vector control Caco2 DUSP6 overexpression

Amino acid Site Amino acid Site
S 1801 S 1801
T 1861 T 1861
S 1951 Not detected

T 1897 T 1897
S 1900 S 1900
S 1970 S 1970
Y 2116 Not detected

S 2121 S 2121
T 2132 T 2132
S 2136 S 2136
S 2141 S 2141
Y 2145 Y 2145
S 2170 S 2170
S 2194 S 2194
S 2198 S 2198
S 2202 S 2202
S 2205 Not detected

S 2215 S 2215
S 2221 S 2221
S 2290 S 2290
S 2303 S 2303
S| 2516 S 2516

(Fig. 7a). Whereas in normal adjacent tissues, DUSP6 was expressed in
crypt epithelial cells as well as cells in the luminal propria, sub-mucosa
and muscularis. Overall, increased DUSP6 expression was identified in
tumours compared to matched normal adjacent tissues. On the other
hand, there were no significant differences in DUSP6 expression in
tumours from patients at various stages of disease (Supplementary
Fig. S8b). When patients were grouped based on tumour DUSP6
expression level for Kaplan-Meier analysis and the log-rank test, we
found that high DUSP6 in tumours is associated with overall poorer
survival compared to patients with low tumour DUSP6 expression
(median overall survival, 60.5 vs. 67.8 months respectively, P=0.029)
(Fig. 7b). Survival rate was approximately 20% lower after ~60 months
post-first diagnosis of the disease in patients with high DUSP6
expression. Furthermore, compared to normal adjacent tissues,
increased cleaved Notchl levels were detected in tumour tissues
(Fig. 7c), which was positively correlated with the level of DUSP6
(Fig. 7d). These results suggest that DUSP6 influence tumour devel-
opment and in turn the clinical outcome of CRC through regulation
of NTM.

Discussion

Notchl signalling is important for various cellular activities, including
cell growth, migration, cell cycle arrest and cell death. Dysregulation of
Notchl signalling can promote the development of various types of
cancer, including T-cell acute lymphoblastic leukaemia, breast cancer,
lung cancer and colorectal cancer'®*. Notchl activity is regulated by
posttranscriptional modifications, including phosphorylation and
ubiquitination of its intracellular domain which can subsequently
translocate to the nucleus to regulate target gene expression upon
release. Several protein kinases, including Cdk8, HIPK2 and DYRK2,
have been shown to phosphorylate serine/threonine residues in the
PEST domain of Notch1***>**, These phosphorylation events could lead
to FBXW?7 ubiquitin E3 ligase-mediated degradation, thereby inhibiting

the transcriptional activity of Notchl target genes. However, it is
unclear if such phosphorylation could be reversed by specific phos-
phatases. Here we demonstrated that DUSP6 is a Notchl phosphatase
that dephosphorylates p-Y2116, thereby reducing NTM ubiquitination
and proteasome degradation. This leads to enhanced stability and
transcriptional activity of Notchl in CRC cells to promote growth and
CRC development. As such, DUSP6 KO mice developed less tumours
with smaller sizes compared to WT mice, associated with reduced NTM
in response to DSS/AOM treatment (Fig. 4d-f). Markedly, in CRC
patients, the expression of DUSP6 protein was positively correlated
with Notchl levels, and patients with higher DUSP6 expression in
tumours had reduced survival compared to those with lower DUSP6
(Fig. 7). Together, these findings demonstrated that DUSP6 is a Notchl
phosphatase which promotes CRC development through regulation of
NTM stability and transcriptional activity.

DUSP6 was previously identified as a MAPK phosphatase that
preferentially dephosphorylates ERK1/2 to p38 and JNK**. While others
have shown a possible association of DUSP6 expression with the
pathogenesis of various cancers, the role of DUSP6 in colorectal cancer
(CRC) has not been clearly defined. In this study, we showed that
tumoral DUSP6 protein expression is significantly increased in
tumours from CRC patients compared to paired normal adjacent tis-
sues (Fig. 7). Unlike the previous study that showed reduced tissue
DUSP6 mRNA transcripts® in advanced CRC tumours, we measured
DUSP6 protein in the tumour and normal epithelial tissues via IHC
staining to better evaluate DUSP6 expression independent of other
host cells such as immune cells, connective tissues and tumour stroma
in patients’ specimens. It is also important to note that DUSP6 tran-
scripts are prone to post-transcriptional modification by MEK/ERK
signalling and is enhanced by hypoxia, a condition that is commonly
found in solid tumours®®. Moreover, mRNA transcripts level may not
necessarily translate to protein level without extensive mathematical
corrections, and the ratio of mRNA and proteins are not constant for
most genes”. Measurement of DUSP6 protein level in the tumour and
adjacent normal epithelial cells by immunostaining provides a more
reliable result for the examination of the possible influence of DUSP6
on patient outcome (there was no survival data from Beaudry, K et al).
Nevertheless, further analysis identified a negative association
between tumoral DUSP6 protein level and CRC clinical outcome. Based
on Kaplan-Meier survival analysis, high DUSP6 protein expression in
the tumours was associated with worse survival outcomes with ~20%
lower survival rate (Fig. 7b). Thus, our study shows the association of
tumoural DUSP6 protein levels with cleaved Notchl and patient sur-
vival in CRC. DUSP6 was also reported to be negatively associated with
survival in another gastrointestinal cancer. Wu et al. reported that high
DUSP6 was found in gastric tumours and was associated with poorer
overall and progression-free survival in gastric cancer patients®. In
addition to mere association, our study provided evidence showing
how DUSP6 controls the growth of CRC cells through Notchl.

Of the three MAPKs, ERK1/2 is a critical regulator during tumour
cell development. High ERK1/2 activation was found in cancer cells
with a high proliferation rate and contributed to metastasis and cell
mobility*’. However, other than the level of pERK1/2, the duration and
location of activated ERK/1/2 may have an impact on cellular functions.
For example, sustained ERK activation could result in cell cycle arrest
due to disruption of overall interaction between DUSP6 and ERK1/2*°.
On the other hand, p38 and JNK, known to be involved in stress
responses, could also influence cell survival and apoptosis®. Interest-
ingly, while DUSP6 negatively regulates all three MAPKSs, it did not
exert negative regulatory function against proliferation-associated
genes, including COX2 and c-MYC, which are targets of MAPKs, par-
ticularly ERK1/2* (i.e. increased DUSP6 which led to reduced pERK1/2
did not result in reduced COX2 and c-MYC) (Fig. 2a, b). This thereby
implied that DUSP6 regulates CRC development through an alter-
native mechanism, rather than MAPKs. Therefore, it is plausible that
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Fig. 5 | DUSP6 binds and dephosphorylates cleaved Notchl, thereby regulating
its ubiquitination and proteasomal degradation. a Western blots showing
endogenous cleaved Notchl immunoprecipitated with Flag-DUSP6 in DLD1 cells.
b Western blots showing endogenous DUSP6 immunoprecipitated with HA-NTM in
DLD1 cells. ¢ Western blots show dephosphorylation of NTM purified from

DLDI cells using immunoprecipitation. The blots were analysed by densitometric
analysis before the level of total p-tyrosine on NTM is calculated and presented in
the bar chart. d Western blots show results from sequential dephosphorylation of
NTM and ubiquitination of the dephosphorylated NTM in vitro. NTM was purified
from DLD1 cells by immunoprecipitation. Blots were analysed by densitometric
analysis before the level of total p-tyrosine on NTM and total ubiquitinated NTM are

calculated and presented in the bar charts. e Western blots show the changes in
NTM level in DLD1 DUSP6 KO and sg-vector control cells after treatment with
MGI32 for 10 and 15 h to inhibit proteasomal degradation. Blots were analysed by
densitometric analysis before the changes in NTM level are calculated and pre-
sented in the bar charts. f Western blots show the level of endogenous ubiquiti-
nated NTM from the respective Caco2 and DLDI1 cells. Blots were analysed by
densitometric analysis before the ratio of ubiquitinated NTM are calculated and
shown in the bar charts. Data shown in (a—c), (e, f) are representative of three
independent experiments, (d) is representative of two independent experiments.
Source data are provided as a Source Data file.

DUSP6 could positively regulate cellular proliferation and migration of
CRC cells through Notchl.

The release of cleaved Notchl following ligand binding of Notch
receptor requires the cleavage by y-secretase, which is a multimeric
complex made up of PSEN1 or PSEN2, NCSTN, anterior pharynx
defective 1 (APH-1), and presenilin enhancer 2 (PEN2). However, the
absolute amount of each y-secretase component may not be the sole
factor that controls its catalytic activity. It has been shown that NCSTN
and PSENI can be phosphorylated by ERK1/2 to regulate y-secretase
activity for cleavage of amyloid protein precursor*’, suggesting that
post-translational regulation of y-secretase components could reg-
ulate y-secretase activity. Interestingly, it has been shown that phos-
phorylation of PSENI on serine 367 did not affect y-secretase activity
toward B-amyloid precursor protein (APP) but reduced its activity
toward Notch****, On the other hand, phosphorylation of NCSTN by
ERK1/2 resulted in reduced y-secretase activity without changing its
protein expression®. In this study, we did not observe changes in the
expression level of the four components of y-secretase in both DUSP6
OE Caco2 and DUSP6 KO DLDI1 cells compared to their respective
control (Fig. 2b) but observed increased y-secretase activity in DUSP6
OE Caco2 cells and conversely decreased y-secretase activity in DUSP6
KO DLD1 cells (Fig. 2c). The endogenous y-secretase activity was
negatively associated with pERK1/2 level in both types of CRC cells,
which is in line with previous findings on the negative regulation of y-
secretase activity by ERK1/2*, These results suggest that DUSP6
positively regulate y-secretase activity through a post-translational
modification, possibly through ERK1/2. Indeed, when ERK1/2 phos-
phorylation was inhibited in vector and DUSP6 KO DLDI cells, y-

secretase activity was increased (Fig. 2e). The detailed mechanisms
underlying the regulation of y-secretase activity by ERK1/2 are unclear.
It is likely that the phosphorylation of NCSTN and PSEN1 by ERK1/2
changed their interaction with substrates, thereby influencing the
enzymatic activity of y-secretase and probably also substrate pre-
ference, which requires further investigation. However, despite the
increase of y-secretase activity in DLD1 KO cells upon ERK1/2 inhibi-
tion, the NTM levels remain unchanged in both vector and KO cells.
One possible explanation is that cleaved Notchl is more potently
regulated at the post-translational level, and the ERK1/2-regulated y-
secretase activity is not powerful enough to cause a detectable change
in NTM level. Another possibility is that the modification of y-secretase
by ERK1/2 in this case did not increase its substrate affinity toward
Notchl but instead affected its preference toward other substrates,
however this requires further investigation.

While the generation of cleaved Notchl is primarily regulated by y-
secretase, the activity of cleaved Notchl intracellular region is regu-
lated by post-translation modification processes such as
phosphorylation-dependent proteasomal degradation®. The majority
of the predicted Notchl phosphorylation sites reported are based on
high throughput mass spectrometry analysis*. The physiological
relevance of these phospho-sites is largely unknown. Studies have
shown the importance of FBXW?7 ubiquitin E3 ligase recognising
phosphorylated Thr-2512 of Notchl to target the cleaved Notchl for
ubiquitination and subsequent proteasomal degradation®. An out-
standing question that is underreported pertains to the modulation of
Notchl activities by dephosphorylation and the corresponding biolo-
gical impact. There is no answer to this question in the current
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Fig. 6 | Regulation of tumour cell proliferation by DUSP6 is Notchl dependent.
a Bar chart shows the effect of DUSP6 expression and loss of NOTCH1 gene on the
rate of Caco2 cell growth (n = 8 biologically independent samples). b Western blot
analysis showing changes in protein expression of NTM and target genes after
treatment of Caco2 cells with 100 ng/mL EGF for 3 h. Blots were analysed by den-
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experiments. ¢ Bar chart shows the level of cleaved Notchl-mediated Notchl
pathway activity using Notchl reporter assay (n =14 biologically independent
samples). d Bar chart shows the growth of DUSP6 control and KO DLD1 cells with or
without transfection of NTM WT or NTM Y2116A mutant (n = 8 biologically inde-
pendent samples). ** and “ns” denote P < 0.01 and “not significant”, respectively
(ANOVA Kruskal-Wallis, Dunn’s multiple comparisons test). Error bars =mean +
standard deviations. Source data are provided as a Source Data file.

literature. In this study, we demonstrated that DUSP6 interacts with
and dephosphorylates NTM, resulting in decreased ubiquitination
(Fig. 5a-d), and consequently increased NTM levels. The total amount
of endogenous ubiquitinated NTM was negatively correlated with
DUSP6 expression (Fig. 5f). Furthermore, treatment of DUSP6 KO
DLDI cells with proteasome inhibitor MG132 largely restored the level
of NTM (Fig. 5e). Together, these results confirmed that DUSP6 reg-
ulates NTM mainly through a proteasomal-dependent mechanism.

As mentioned earlier, multiple phosphorylation sites were pre-
dicted on Notchl. However, antibodies for specific phospho-Notchl
are not available commercially. Therefore, mass spectrometry analysis
was carried out to identify the potential phosphorylation sites that are
targeted by DUSP6. This led to the identification of phospho-Y2116
residue in this study. Overexpression of DUSP6 resulted in depho-
sphorylation at Y2116, reduced ubiquitination and increased NTM
level, suggesting that phosphorylation of Y2116 also leads to ubiqui-
tination and proteasomal degradation of NTM. However, the identity
of Y2116 phosphorylating kinases and the corresponding ubiquitin
ligases warrants further investigation. Functionally, we confirmed that
this residue is important for Notchl activity, whereby mutation
resulting in Y2116A leads to increased Notchl activity since this site is
no longer targeted for phosphorylation and ubiquitination. Indeed,
this mutation resulted in a similar effect as DUSP6 overexpression on
the transcriptional activity of NTM (Fig. 6¢). Together, our study
showed that DUSP6 expression induced CRC tumour cell growth by
dephosphorylating phospho-Y2116, thereby positively regulating NTM
level. This mechanism could potentially be targeted in patients for CRC
therapy.

DUSP6 has been shown to play an important role in the regulation
of hepatic glucose metabolism. Increased expression of Dusp6 was
detected in the insulin-resistant liver from diet-induced and genetically

obese mice (e.g. ob/ob and db/db mice) compared to their respective
control’*%, Overexpression of Duspé in the liver of lean mice pro-
moted hepatic gluconeogenesis and insulin resistance, whereas liver-
specific knockdown of this molecule led to reduced hepatic gluco-
neogenesis, improved glucose tolerance and insulin sensitivity*s. It was
further found that DUSP6 promotes hepatic gluconeogenesis through
activation and promoting nuclear translocation of Forkhead box O1
(FOXO01) protein to induce the expression of gluconeogenic genes
such as Glucose-6-phosphatase (Gépase). Interestingly, Notchl also
plays a crucial role in the regulation of hepatic glucose production,
which is dependent on FOXOL1. This mechanism relies on the associa-
tion of Notch1 with FOXOL1 to induce the expression of Gépase, thereby
promoting hepatic gluconeogenesis®’. Together, these studies suggest
the possible link between DUSP6 and Notchl in the regulation of
hepatic gluconeogenesis. It is possible that DUSP6 dephosphorylates
and increases the stability of Notchl, leading to increased activation of
FOXO1 and expression of hepatic gluconeogenic genes such as
Gopase. Further investigation is warranted to confirm this possible
mechanism underlying the function of DUSP6 in hepatic gluconeo-
genesis and metabolic disorders.

In summary, we showed that DUSP6 is a Notchl phosphatase
which regulates Notchl intracellular protein level through phosphor-
ylation-dependent, ubiquitin-mediated proteasomal degradation.
Phospho-Y2116 is the main target of DUSP6 for this purpose. Through
dephosphorylation of phospho-Y2116, DUSP6 reduces NTM ubiquiti-
nation and proteasomal degradation. Increased expression of DUSP6,
therefore, increases NTM level and, in turn, transcriptional activity to
promote CRC development. Our discoveries, therefore, shed light on
the regulation and function of Notchl in cancer and provide a new
avenue for targeting Notchl signalling to develop therapy for human
diseases.
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Fig. 7 | High DUSP6 expression in CRC tumours is associated with higher
cleaved Notchl levels and worse overall survival in CRC patients.

a Representative micrographs showing DUSP6 staining in tumours and normal
adjacent tissues from CRC patients. Scale bar =100 pM. Dot-plot shows the com-
parisons of the level of DUSP6 staining in normal and tumour tissues, Statistical
test = two-tailed, nonparametric, Mann-Whitney test. Error bars = mean + standard
deviations. b Kaplan-Meier survival curve and log-rank (Mantel-Cox) test showing
overall survival of CRC patients stratified by high or low DUSP6 expression in

Normal Tumour DUSP6 staining scores

tumours cells. ¢ Representative micrographs showing cleaved Notchl staining in
tumours and normal adjacent tissues from CRC patients. Scale bar =100 uM. Dot-
plot shows the comparisons of the level of cleaved Notchl staining in normal and
tumour tissues. Statistical test = two-tailed, nonparametric, Mann-Whitney test.
Error bars = mean + standard deviations. d Dot-plot shows the correlation between
the levels of DUSP6 and cleaved Notchl in tumours from patients. Normal samples
n=81; tumour samples n=81. Source data are provided as a Source Data file.

Methods

Animal studies

All animal studies conformed to ethical compliance were approved by
NUS Institutional Animal Care and Use Committee (IACUC). DUSP6
knockout (KO) male mice (Jackson Laboratory (Bar Harbor, USA) were
backcrossed with local C57BL/6] mice for ten generations, and the
subsequent offspring of DUSP6 wildtype (WT) and DUSP6 KO mice
were maintained in-house. NSGS mice were obtained from Jackson
Laboratory and were inbred for all xenograft experiments in this study.
The DUSP6 WT and KO mice used in this study are 8-10 weeks old,
whereas NSGS mice are 6-8 weeks old.

Colonic tumours were induced in mice by treatment with azox-
ymethane (AOM) and dextran sodium sulfate (DSS)*°. Briefly, male
mice were given a single administration of 10 mg/kg of AOM in sterile
saline via intraperitoneal injection before initiation of three cycles of
1% DSS ad libitum for 5 days with 2 weeks rest starting from Day 7 post
AOM injection. Mice were sacrificed to determine the colonic tumour
load at Week 16 post-AOM injection. For establishment of colorectal
cancer cell line xenograft model, 5x10° Caco2 cells stably over-
expressing DUSP6 (or ppy-vector control); or DUSP6 KO (or sgRNA-
vector control) DLD1 cells were subcutaneously injected into the flanks
of either male or female NSGS mice. Caco2 DUSP6 OE or DLD1 DUSP6
KO cells were injected in the left flank, whereas the respective control
cells were injected in the right flank of each mouse. Tumour xenografts
were allowed to develop over 3 weeks before harvest. All the xenograft
tumours are less than the maximal combined tumour size of 1.5 cm as
permitted by NUS IACUC.

Clinical specimens and survival analysis

A total of 81 CRC patients were included in this study, and the
clinical features are summarised in Supplementary Table 1. Access to
archival tissue sections and patient demographics was approved by
the National Health Group, Domain Specific Review Board (NHG
DSRB). Informed consent was obtained for these specimens to be
used for research purposes. The survival curve was calculated by
using the Kaplan-Meier method, whereas the significance was
determined by the log-rank test. Patients were stratified based on
DUSP6 expression level in the tumours as assessed by immunohis-
tochemical staining (see Immunohistochemistry section in Supple-
mentary Material and Methods). Median expression value was used
as the cut-off for selection of DUSP6 high (53 out of 81) or low group
(28 out of 81).

Western blot analysis

Western blot analysis was performed as described previously™.
Briefly, cells were harvested at respective timepoints in lysis buffer
(1M Tris-Cl, 5 M NaCl, 10% NP40) containing 1x phosphatase inhibitor
(Roche, Switzerland) and 1x protease inhibitor (Roche) before
quantification using Bio-Rad Bradford reagent. Protein lysates were
resolved in Tris/Glycine gel (10 or 12% acrylamide, 1.5M Tris (pH8.8),
10% SDS, 10% APS, TEMED) before transferred to PVDF membrane for
detection of proteins (see Supplementary Table 2. 'Antibodies and
immunoprecipitation beads used in this study' for information of
antibodies used). ImageJ software was used for western blot densi-
tometry analysis where required”. To note, the Notchl antibody
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from Cell Signaling (D1E11/#3608) can detect both the full-length
Notchl protein (-300kDa) and the cleaved Notchl intracellular
domain together with a short extracellular juxtamembrane peptide
and a transmembrane sequence (120 kDa, referred to as 'NTM' in this
study). This antibody was used for all Western blot analyses to detect
the cleaved Notchl intracellular domain region. For immunostaining
to detect cleaved Notchl intracellular region, the Abcam antibody
#ab52301 was used. This antibody detects the fragment of activated
cleaved Notchl resulting from cleavage adjacent to Vall744 of
Notchl.

In vitro dephosphorylation and ubiquitination

For the dephosphorylation assay, 0.9 x 10° 293T cells in a six-well plate
were transfected with Flag-tagged DUSP6 or HA-tagged NICD plasmid
using TransIT®-293 Transfection Reagent (Mirus Bio LLC, USA) to
overexpress the respective proteins overnight. Cells were lysed in
NP40 lysis buffer before purification of target proteins by immuno-
precipitation. To note, a phosphatase inhibitor was not added to the
lysis buffer for cells transfected with Flag-DUSP6 to preserve the
phosphatase activity. Proteins were purified by immunoprecipitation
using the respective Tag beads for 2 h at 4 °C. Purified proteins bound
to the beads were washed 3x with sterile PBS and used for depho-
sphorylation assay. For purification of endogenous NICD protein,
1.8 x10° DLD1 cells were treated with 10 uM proteasome Inhibitor
MG132 for 16 h, after which the proteins were lysed with NP40 lysis
buffer and subsequently purified by immunoprecipitation using 1/50
dilution of anti-Notchl antibody and 1/25 dilution of Protein A/G
magnetic beads (Sigma) for 2 h at 4 °C. All the protein-bound beads
were divided into tubes equally and used in the respective depho-
sphorylation reactions. About 300 pL of dephosphorylation buffer
containing 50 mM HEPES, 100 mM NaCl, 1ImM MnCI2, 2mM DTT,
0.1mM EGTA and 0.025 % Tween 20 was added to the protein-bound
beads and incubated at 37 °C for 1.5 h before purification of the beads
for Western blot analysis.

In vitro ubiquitination was carried out using the Abcam ubiqui-
tylation assay kit with slight modifications. Equal proportions of input
endogenous NTM protein (immunoprecipitated from DLDI cells using
anti-Notchl antibody and magnetic A/G beads) that were subjected to
in vitro dephosphorylation was added to the in vitro ubiquitination
reaction (total volume of 50 uL). Each reaction contained 5nM E1,
100 nM E2, 20 nM FBW? E3 ligases and 2 mM ATP in 1X ubiquitination
buffer (Abcam). The mixture was incubated at 30°C for 1h before
analysis using Western blot.

Notchl reporter assay

Activation of the Notchl pathway was assessed using the Notchl
Pathway Reporter Kit (BPS Bioscience, USA) based on the manu-
facturer’s instructions with modification. Briefly, 293T cells seeded in
96-well plates were transfected with 60 ng of CSL (CBF1/RBP-J k) luci-
ferase reporter vector plasmid together with either 100 ng of DNA
plasmid to overexpress wildtype or mutation NTM with or without
ppy-DUSP6 (ppy-vector as control for DUSP6). Transfected cells were
left to grow overnight before detection of the luciferase activity using
the Dual-Glo® Luciferase Assay System (Promega, USA). To note, three
mutant NTM constructs were made by creating point mutation in the
wildtype NTM construct at either position 2116 (Y2116A), 1951 (S1951A)
or 2205 (S2205A) where the tyrosine or serine residues were mutated
to alanine at these positions.

Statistical analysis

All statistical analyses were performed using GraphPad Prism v10.0.3
(217) software (GraphPad; CA, USA). Two-tailed, nonparametric,
Mann-Whitney test was used in all comparisons unless otherwise
stated. Additional information is available in Supplementary
Methods.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw mass spectrometry spectra and search data were uploaded to
the jPost repository with the following accession numbers: JPST002116
(jPOST, https://repository.jpostdb.org/entry/JPST002116) and
PXD041338 (ProteomeXchange, https://proteomecentral.
proteomexchange.org/cgi/GetDataset?ID=PXD041338). The remain-
ing data were available within the Article, Supplementary Information
or Source Data file. Source data are provided with this paper.
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