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Notch signaling-dependent manner

Marika Sjéqvist"z‘ ", Daniel Antfolk"*", Saima Ferraris’, Vilma Rraklli’, Cecilia Haga]’z, Christian Antila"?,
Anders Mutvei®, Susumu Y Imanishi', Johan Holmberg”“, Shaobo Jin*, John E Eriksson"?, Urban Lendahl®,
Cecilia Sahlgren" >’

"Turku Centre for Biotechnology, University of Turku and Abo Akademi University, 20520 Turku, Finland; *Department of Biosci-
ences, Abo Akademi University, 20520 Turku, Finland; *Ludwig Institute for Cancer Research, Karolinska Institute, Box 240, SE-
171 77 Stockholm, Sweden; *Department of Cell and Molecular Biology, Karolinska Institutet, SE-171 77 Stockholm, Sweden;
’Department of Biomedical Engineering, Technical University of Eindhoven, 2612 Eindhoven, The Netherlands

Activation of Notch signaling requires intracellular routing of the receptor, but the mechanisms controlling the
distinct steps in the routing process is poorly understood. We identify PKCC as a key regulator of Notch receptor
intracellular routing. When PKCC was inhibited in the developing chick central nervous system and in cultured myo-
blasts, Notch-stimulated cells were allowed to undergo differentiation. PKCC phosphorylates membrane-tethered
forms of Notch and regulates two distinct routing steps, depending on the Notch activation state. When Notch is ac-
tivated, PKCC( promotes re-localization of Notch from late endosomes to the nucleus and enhances production of the
Notch intracellular domain, which leads to increased Notch activity. In the non-activated state, PKCC instead facili-
tates Notch receptor internalization, accompanied with increased ubiquitylation and interaction with the endosomal
sorting protein Hrs. Collectively, these data identify PKCC( as a key regulator of Notch trafficking and demonstrate

that distinct steps in intracellular routing are differentially modulated depending on Notch signaling status.
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Introduction

The Notch pathway regulates a cell-cell communica-
tion and thereby is important for control of cell differ-
entiation in many different cell types. The complex pro-
teolytic processing and intracellular routing of the Notch
receptor are two cardinal features of the pathway [1, 2].
Notch signaling is initiated by the interaction between
the cell-bound Notch receptors and transmembrane li-
gands on juxtaposed cells. This leads to two proteolytic
cleavages of the Notch receptor: an extracellular site 2
(S2) cleavage conducted by ADAM metalloproteases,
which generates a truncated transmembrane receptor
form, Notch Extracellular Truncation (NEXT), and a
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further processing of NEXT by the y-secretase complex
in the membrane. The second cleavage (at site 3, S3
cleavage) generates the Notch intracellular domain (Notch
ICD or NICD), which translocates to the nucleus, inter-
acts with the DNA-binding protein CSL (CBF1, Suppres-
sor of Hairless, Lag-1) and activates expression of Notch
downstream genes.

In contrast to the relatively simple molecular architec-
ture, it is becoming increasingly apparent that regulation
of Notch signaling is more complex and that endocyto-
sis and trafficking of the Notch receptor are important
constituents of the pathway [1, 2]. It is well known that
Notch receptors can be internalized, but the underlying
mechanisms and effects of receptor internalization on
Notch signaling activity are poorly understood [3]. There
are several reports advocating that endocytosis promotes
Notch activation [4-7], while other studies suggest
that intracellular trafficking exerts a negative effect [8-
12]. Similarly, there are conflicting views on where S3
processing occurs. A number of reports indicate that S3
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cleavage occurs after receptor internalization [4, 7, 12-
14], while other studies suggest that it may occur at the
cell surface [12]. Furthermore, S3 processing at the cell
surface versus in the endosomes may yield distinct N-ter-
mini on the resulting NICD, and may endow them with
distinct properties [15]. Proper routing of the internal-
ized Notch receptor may also be important for preventing
ligand-independent activation, and Notch signaling de-
fects are indeed linked to impaired endocytic trafficking
and endosome acidification [4, 16]. The internalization
step appears to be controlled by monoubiquitylation of
the Notch receptor at the cell surface [4], followed by a
deubiquitylation event, which is required for signaling
activation [17]. Deltex, an E3 ubiquitin ligase, is a regu-
lator of Notch internalization and processing, although
whether it functions to enhance or reduce Notch signal-
ing appears to be cell context-dependent [18-20]. Com-
promised sorting from early endosomes to multivesicular
bodies (MVBs) or lysosomes, resulting from ESCRT/
lethal giant larvae mutations in Drosophila, affects the
Notch signaling [21], and Numb and Itch likely regulate
postendocytic sorting events [22] (for review see [1, 3,
23)).

These findings point to a complex and dynamic
regulation of Notch receptor intracellular routing, but it
remains unknown as to how the distinct steps in the rout-
ing process from cell surface via internalization into en-
dosomes and onwards to the nucleus are controlled. It is
likely that additional proteins are involved in the control
of Notch trafficking, and that regulation of routing modu-
lates the Notch signaling output. Atypical protein kinase
C (aPKC) may be an interesting candidate for control
of Notch receptor intracellular trafficking and function,
as there is an emerging view that aPKCs play a key role
both in regulation of protein trafficking and in various
differentiation processes. aPKCs play critical roles in cell
polarization [24, 25], asymmetric cell division [26, 27]
and migration [28-30], and also link cell polarity cues to
differentiation [26, 27, 31-34]. aPKCs are critical regu-
lators of the organization of the apical-basal axis in epi-
thelial cells, a process in which aPKC functions together
with PAR-3 and PAR-6 in a complex, and this PAR-3/
PAR-6/aPKC complex is pivotal for establishing cellular
polarity and organizing cellular junctions [35-38]. aPKC
also regulates the Cdk5 kinase during myoblast differ-
entiation [39] and PAR1-aPKC antagonism regulates
neurogenesis through modulation of Notch signaling [40].
PARI1 (negatively regulated by aPKC) acts on the E3
ubiquitin ligase Mindbomb to regulate Notch ligands in
the signal-sending cells. Polarity proteins are key regula-
tors of endocytic trafficking [28, 41], and can function
to segregate proteins to the apical or basal side through

regulation of intracellular trafficking [42].

In this report, we unravel a novel role of atypical
PKCC (aPKC{) in control of intracellular localization
of Notchl and Notch signaling output. We demonstrate
that inhibition of aPKC( reduces the ability of Notch to
keep cells undifferentiated in the chick central nervous
system (CNS) in vivo and in myogenic progenitors in vi-
tro. aPKCC interacts with and phosphorylates membrane-
tethered but not cytoplasmic forms of Notchl, and con-
trols Notchl trafficking with different outcomes depend-
ing on the Notch activation state. When Notch signaling
is not activated, aPKC( regulates the transition of Notch
from cell surface and the secretory Golgi/ER pathway to
intracellular vesicles. In contrast, when Notch signaling
is active, aPKC{ governs the routing from intracellular
vesicles to the cell nucleus, leading to augmented activa-
tion of the Notch signaling pathway. These data identify
aPKC{ as a key regulator of intracellular localization of
Notch receptor and Notch signaling output, and show
that intracellular routing of the Notch receptor is differ-
entially modulated depending on the activity status of the
Notch signaling pathway itself.

Results

Inhibition of aPKC( reduces the capacity of Notch to
negatively regulate neuronal differentiation in the devel-
oping CNS

It is well established that Notch signaling in many cel-
lular contexts inhibits differentiation and maintains cells
in a more undifferentiated state. This has been exten-
sively explored in the developing chick CNS where ex-
pression of NICD maintains CNS progenitor cells close
to the ventricle and inhibits their maturation to early,
Tujl-positive neurons located at the marginal zone of
the neural tube [43]. We tested whether PKCC influenced
Notch-mediated block of neuronal differentiation in the
chick CNS. To this end, we engineered a membrane-
tethered activated form of Notchl, NotchlAE, that was
Myc-tagged and linked to a nuclear form of EGFP via
an IRES sequence to trace expression. We confirmed
that the construct, CAG-Notch1 AE-Myc-IRES-EGFP,
was expressed and that the expression indeed resulted in
robust activation of a reporter construct containing 12
CSL-binding motifs (12xCSL-dsRED) [44] (Figure 1A-
1C). To explore a possible role of PKC( in regulating
Notch activity and control of stem cell differentiation,
we next combined expression of CAG-Notchl AE-Myc-
IRES-EGFP with pharmacological inhibition of PKC(
activity using a pseudosubstrate peptide (PS; Myr-SIYR-
RGARRWRKL). The inhibitor was injected into the ven-
tricular space of HH stage 10 chick embryos and CAG-
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Notch1 AE-Myc-IRES-EGFP was electroporated. Expres-
sion of CAG-Notch1AE-Myc-IRES-EGFP in the absence
of inhibitors led to a marked reduction in the number
of Tujl-positive cells compared with the other side of
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the neural tube without NotchlAE overexpression, and
a localization of the Notch-expressing cells close to the
ventricle (Figure 1D and1F), which is in keeping with
previous observations [43]. In contrast, when CAG-
Notch1AE-Myc-IRES-EGFP was expressed in the pres-
ence of PKC( inhibitor, we observed a partial shift of
Notch-expressing cells (visualized by EGFP) to the mar-
ginal zone of the neural tube, and an increased overlap
between EGFP and Tujl expression (Figure 1E). This
suggests that the activity of Notch was reduced, allowing
electroporated cells to differentiate despite expressing
an activated form of Notch. However, the pharmacologi-
cal inhibition of PKCC was not sufficient to significantly
reduce the 12xCSL-dsRED reporter activity (data not
shown), which is likely an effect of the expression of
very high levels of Notch1AE following electroporation.
Embryos receiving the PKCC inhibitor exhibited an
altered intracellular localization of Notchl (Figure 1G-
11, Supplementary information, Figure S1A and S1B). In
the absence of the inhibitor, Notchl, visualized by Myc
immunostaining, was evenly distributed between the
nucleus and the cytoplasm, where it was expressed in a
speckled pattern (Figure 1G-11, Supplementary informa-

Figure 1 Regulation of Notch1 by PKC( affects in vivo neuronal
differentiation, protein localization and expression. (A-C) Cells
co-electroporated with CAG-Notch1 E-myc-IRES-EGFP and
the 12xCSL-DsRed reporter expressed eGFP (nuclear because
CAG-Notch1AE-myc-IRES-EGFP contains a nuclear localiza-
tion signal (NLS)) (A) and DsRed (B), which overlay in C, show-
ing that Notch1AE efficiently activates Notch signaling within 24
h. (D) Cells expressing CAG-Notch1AE-myc-IRES-EGFP (green)
did not show staining for the neuronal marker Tuj1 (red, inset)
and showed reduced migration out to the marginal zone, 40
h after electroporation. (E) In embryos injected with the aPKC
inhibitor, Notch1AE-expressing cells (green, inset) exhibited in-
creased expression of Tuj1 (red, inset). (F) Quantification of the
ratio of GFP" cells that also expressed Tuj1 40 h after electro-
poration with CAG-Notch1AE-myc-IRES-EGFP in the presence
or absence of the aPKC inhibitor. (G) Twenty-four hours after
electroporation, cells expressing CAG-Notch1AE-myc-IRES-
EGFP (green, inset) exhibited nuclear Myc localization in ap-
proximately half of the Myc-positive cells (red, inset). (H) In the
presence of the aPKC inhibitor, nuclear localization of Myc was
significantly reduced (red, inset). (I) Quantification of the propor-
tion of cells with nuclear-localized Myc compared to the total
number of Myc-expressing cells. (J) CAG-Notch1AE-myc-IRES-
EGFP-expressing cells (green, inset) retaining Myc (red, inset)
immunoreactivity 40 h post electroporation. (K) CAG-Notch1AE-
myc-IRES-EGFP-expressing cells (green, inset) treated with
aPKC inhibitor exhibited reduced Myc immunoreactivity (red,
inset) 40 h after electroporation. (L) Quantification of the num-
ber of GFP-expressing cells that exhibit Myc immunoreactivity.
Data are represented as mean + SEM. *P < 0.05, **P < 0.01,
Student’s t-test. Scale bars, upper 45 um, lower (inset) 15 pm.
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tion, Figure S1A and S1B). This is indicative of a loca-
tion in intracellular vesicles, which is in keeping with
the established view on Notch intracellular distribution.
In contrast, the presence of PKC{ inhibitor reduced the
levels of nuclear Notch protein and increased the ratio of
Myc immunoreactivity in the cytoplasm (Figure 1H and
D).

We next examined whether Notch protein levels were
affected by PKC{ by comparing the number of cells that
had at one point expressed NotchlAE (EGFP-expressing
cells) with the number of cells that contained Notch1AE,
or its derivative NICD (Myc immunoreactivity). Forty
hours after electroporation, embryos treated with PKC{
inhibitor exhibited a reduction in the proportion of
EGFP-expressing cells that also exhibited Myc immuno-
reactivity (Figure 1J-1L).

Taken together, these data indicate that blocking PKC(
activity mitigates Notch-mediated blocking of neuronal
differentiation. Inhibition of PKC( also caused a partial
re-localization of Notch from the nucleus to the cyto-
plasm and over time a reduction in the total levels of
Notch protein.

aPKC{ interacts with membrane-tethered but not cyto-
plasmic forms of Notchl and phosphorylates Notchl

To explore the mechanistic basis for the relationship
between PKCC and Notchl in vivo (Figure 1), we first
tested whether PKC( interacts with Notch1. The endoge-
nous Notchl was immunoprecipitated from non-differen-
tiating and differentiating C2C12 cells, and in both cases
PKC{ was shown to interact with Notchl (Figure 2A).
We next addressed whether the interaction was depen-
dent on the Notch signaling status. Notchl was immuno-
precipitated before and after activation by immobilized
Delta-like 1 ligand (DIl1) and in the presence or absence
of y-secretase inhibitor (GSI) treatment. PKC( interacted
with both the ligand-activated and non-activated Notchl,
but the interaction was stronger in GSI-treated cells when
Notchl was activated by the ligands (Figure 2B).

We next assessed whether PKC{ interacted with
Notch1AE. PKC{ interacted with Notch1AE, and like
in the full-length receptor situation, GSI treatment en-
hanced the interaction (Figure 2C). We then addressed
whether PKC( also interacted with NICD. In contrast
to the interaction observed when Notchl was immuno-
precipitated with the C20 antibody that recognizes all
forms of Notchl (full length, S2 and S3 cleaved forms)
(Supplementary information, Figure S2), no interaction
was seen when NICD was immunoprecipitated from
cells transfected with Notch1AE using the cleaved-Notch
antibody that only recognizes the S3 cleaved form (Fig-
ure 2D left and Supplementary information, Figure S2).

We further tested the interaction between PKCC and a
de novo generated NICD, which is structurally identical
to the intracellular domain of Notchl, but is produced
in the cytoplasm and thus never membrane-tethered. In
contrast to the interaction observed with NotchlAE, no
interaction was seen between NICD and PKC( (Figure
2D, right and below).

To determine whether Notchl serves as a direct en-
zymatic target for PKCC, we analyzed whether Notchl
immunoprecipitated from C2C12 cells could be in vitro
phosphorylated by recombinant PKCZ. We found that
Notchl was phosphorylated by PKC, and no phosphor-
ylation was observed when PKCC was omitted (Figure
2E). Mass spectrometry analysis of the phosphorylated
Notchl identified Serine (S) 1791, located in the intra-
cellular domain, as the predominant PKC( phosphory-
lation site (Supplementary information, Figure S3A).
The S1791 residue is highly conserved from amphibia
to human, and is present in both Notchl and 2 (Figure
2F). The site is however not found in Drosophila or Cae-
norhabditis elegans and is also absent from Notch3 and
4 in vertebrates (Supplementary information, Figure S4).
Mass spectrometry analysis of Notchl phosphorylated in
vitro with PKCt yielded similar results (Supplementary
information, Figure S3B), showing that different aPKC
isoforms can phosphorylate Notch at the same residue.
Taken together, these data indicate that Notch is a novel
target for phosphorylation by PKC( and that PKCC inter-
acts with membrane-tethered full-length and Notch1AE
forms of the receptor but not with activated forms of the
Notch receptors that are produced in the cytoplasm and
thus not membrane-localized.

aPKC{ increases production of NICD, enhances Notch
signaling and relocates Notchl from endosomes to the
nucleus

We then tested whether PKC( affected Notch signal-
ing output. Notch signaling was activated in 293 HEK
cells stably expressing the full-length Notchl (293FLNT1)
by culturing the cells on immobilized Jagged! ligand,
and the downstream signaling was measured by a report-
er construct with multimerized CSL-binding sites linked
to the luciferase gene (12xCSL-luc) [45]. 12xCSL-luc
reporter activity was enhanced by culturing the 293FLN1
cells on immobilized Fc-Jaggedl as compared to Fc-
IgG as control, and transfection of a constitutively ac-
tive form of PKC( (caPKCQ) led to a further increase in
reporter activity (Figure 3A). Reporter activity resulting
from transfection of NotchlAE was similarly enhanced
by caPKC{ (Figure 3B). In contrast, when NICD was
transduced, there was no further activation in the pres-
ence of caPKC( (Figure 3C), in keeping with the ob-
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Figure 2 Notch1 interacts with PKCC at the membrane. (A) Untransfected C2C12 cells undergoing differentiation were har-
vested at different time points and subjected to immunoprecipitation (IP) using a Notch1 antibody (C20 goat). Immunoblotting
was performed with an antibody against PKCC. (B) Immunoprecipitation of Notch1 from C2C12 cells stably expressing the
full-length Notch1 receptor and transfected with constitutively active PKC{ (caPKCZ) and grown on immobilized DII1 or Fc-IgG
as control. The cells were treated with the y-secretase inhibitor (GSI) DAPT for 24 h prior to harvesting. Immunoblotting was
performed with an antibody against PKC{. (C) Immunoprecipitation of Notch1 (C20 goat) from HelLa cells transfected with
Notch1AE and caPKC( and treated with DAPT or vehicle control for 24 h. Immunoblotting was performed with an antibody
against PKCC. (D) Left: Immunoprecipitation of NICD (using cleaved-Notch antibody) from 293 HEK cells transfected with
Notch1AE and caPKCC. Immunoblotting was performed using an antibody against PKCC. Right: Immunoprecipitation of PKC{
using an antibody against the His tag of PKCC from 293 HEK cells transfected with NICD and PKCZC. Immunoblotting was
performed using an antibody against Notch1 (C20 goat). Below: Immunoprecipitation of Notch1 ICD using a GFP antibody
from 293 HEK cells transfected with a GFP-tagged NICD (NICD®™) and caPKC{. Immunoblotting was performed using an
antibody against PKCC. (E) Autoradiograph of Notch1 phosphorylated in vitro by recombinant PKCZ. Notch1 was immunopre-
cipitated (C20 goat) from C2C12 cells. Recombinant PKC({ and *P ATP were added to the immunoprecipitate. The reaction
was incubated at 37 °C for 15 min and stopped by adding Laemmli Sample Buffer and boiling for 5 min. The samples were
separated by SDS-PAGE and the proteins were transferred to a nitrocellulose membrane. The upper image shows an autora-
diograph of the membrane and the lower image shows an immunoblot of the same membrane performed after the radioactive
signal had decayed. (F) Sequence alignment shows that the phosphorylation site S1791 is highly conserved in different spe-
cies and is also present in Notch2.

served lack of interaction between PKC{ and NICD
(Figure 2D). Further, caPKC{ did not enhance the re-
porter activity induced by Notchl1AE carrying a mutation
in K1749 (Notchl1 AE**®) (Figure 3D). K1749 has been
suggested to be critical for monoubiquitylation and sub-
sequent S3-processing of NotchlAE [4]. An alternative
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view is that the S3-cleavage site is altered, which gener-
ates a short-lived NICD. Our results are compatible with
both models.

Co-transfection of Notchl1AE with caPKC( or caPKCt
led to increased levels of NICD in a dose-dependent
manner (Figure 3E), indicating that caPKCs trigger an
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increased production of NICD from Notchl1AE. To verify
whether the observed increase in NICD levels requires
aPKC{ kinase activity, we used two dominant-negative
mutants of the kinases (dnPKC{ and dnPKCt). The dom-
inant-negative mutants did not enhance Notch process-
ing, demonstrating that kinase activity is required (Figure
3F). The caPKC{/1-induced increase in NICD production
was blocked by GSI, suggesting that aPKCZ/1 operate
upstream of S3 cleavage (Figure 3F).

The observation that inhibition of PKC( shifted the
localization of Notchl1AE towards the cytoplasm in
vivo (Figure 1 and Supplementary information, Figure
S1) suggests that caPKC{/1-enhanced S3 cleavage and
Notch activation may occur in endosomes. In keeping
with this, blocking dynamin-induced internalization of
the Notch receptor by dynasore [46] in cells expressing
caPKC{ resulted in reduced amounts of NICD following
ligand-induction (Figure 3G). To further extend these
observations, we investigated the possible role of aPKC
in intracellular Notch localization. In 293 HEK cells,
Notchl was predominantly localized in intracellular
vesicles and only to a smaller extent in the nucleus (Figure
3H). Co-expression of NotchlAE with caPKC{ shifted
the Notch immunoreactivity to the nucleus, whereas ex-
pression of dnPKC( resulted in Notch immunoreactivity
predominantly in vesicles in the cytoplasm (Figure 3H).
A similar shift in intracellular localization was observed
in C2C12 cells, in which dnPKC( enhanced the pres-
ence of Notch immunoreactivity in cytoplasmic vesicles,
at the expense of nuclear localization (Figure 31, left).
Expression of caPKCC(, but not dnPKC(, resulted in an
increase in NICD expression as demonstrated by western
blotting (Figure 31, right). The localization of Notchl
in the nucleus in PKCC-expressing cells was shifted to
cytoplasmic vesicles upon GSI treatment, suggesting
that PKCC operates upstream of endosomal S3 cleavage
and nuclear translocation (Supplementary information,
Figure S5). Together, these data suggest that under con-
ditions of active Notch signaling, aPKC further enhances
Notch signaling by increasing production of NICD from
Notchl1AE and shifting the localization of Notchl from
intracellular vesicles to the nucleus, which corroborates
the in vivo observations.

Numb is a negative regulator of Notch signaling [47]
and regulates Notch endocytosis [48]. Numb has recently
been shown to be phosphorylated by aPKCs [49], which
prompted us to test whether the effect of PKCC on Notch
was influenced by Numb. Overexpression of Numb
reduced Notch activity (Supplementary information,
Figure S2), in keeping with previous reports [48]. Im-
portantly, Numb overexpression did override the enhanc-
ing effect of PKC{ as expression of Numb together with
caPKC{ reduced signaling from Notch1AE (Supplemen-

tary information, Figure S6). Furthermore, expression of
Numb combined with blocking of PKC( led to a stronger
inhibition of Notch activity as compared to expression
of Numb or blocking of PKC{ alone (Supplementary in-
formation, Figure S6). These data suggest that Numb and
PKCC affect Notch signaling at distinct steps.

The PKC{/t phosphorylation site S1791 is critical for
NICD production, Notch intracellular localization and
Notch signaling

To assess the effect of PKC{/1 -mediated phosphory-
lation of Notchl at S1791 (Figure 2 and Supplemen-
tary information, Figure S3), we generated PKC{/
t-phosphorylation-deficient and phosphomimetic forms
of Notch1AE: Notch1AE®'”' and Notch1AE®''", re-
spectively. In addition, we generated a phosphomimetic
form of the full-length receptor Notch1FLN*""'" (Figure
4A). Treatment with GSI, which blocks S3 cleavage,
revealed that although similar amounts of uncleaved
NotchlAE protein were produced from NotchlAE
and Notch1AE®'"'"* (Figure 4B, upper), expression of
Notch1AE®'™'" led to a significant decrease in the level
of NICD in 293 HEK cells (Figure 4B, lower). Consis-
tently, 12xCSL-luc activity in response to Notch1AE®'"'*
expression was decreased compared with Notch1AE
expression (Figure 4C). Conversely, expression of the
phosphomimetic mutant Notch1AE®'”'® resulted in an
enhanced production of NICD (Figure 4B, lower) and
12xCSL-luc reporter activity (Figure 4C) compared
with NotchlAE expression. Interestingly, when caPKC(
was co-expressed with NotchlAE, 12xCSL-luc reporter
activity was further increased, whereas caPKC( did
not enhance the reporter activity from Notchl AE®'™'*
(Figure 4D). On the contrary, the reporter activity was
reduced which might reflect downregulation of endog-
enous Notch activity. Both D111 (Figure 4E) and Jag-
gedl (data not shown) induced an enhanced activation
of the phosphomimetic form of the full-length receptor
Notch1FLN®*"""" (Figure 4E) and higher levels of NICD
were detected (Supplementary information, Figure S7)
as compared to wild-type full-length Notch1. This effect
was dose-dependent, i.e., more pronounced at high con-
centrations of ligands (Figure 4F).

To assess whether the increased level of NICD fol-
lowing caPKCC( expression was due to altered stabil-
ity of NICD, we performed a cycloheximide (CHX)
chase experiment. Expression of caPKC( did not affect
the decrease rate of NICDs produced from the various
NotchlAE forms (Supplementary information, Figure
S8A). Treatment with the proteasome inhibitor MG132
yielded no significant difference in the degradation rate
of the NICDs generated from different mutants (Supple-
mentary information, Figure S§B). Further, caPKC(
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luciferase-based reporter system (12xCSL-luc). 293 HEK cells stably expressing full-length Notch1 (293FLN1) were trans-
fected with 12xCSL-luc, CMV-B-galactosidase and caPKC{ or empty vector and grown on immobilized recombinant Jagged1
or Fc-IgG (FC) control. (B-D) The luciferase-based reporter system was used to measure the signaling activity of Notch1AE
and NICD in the presence and absence of caPKCC. 293 HEK cells were transfected with 12xCSL-luc, CMV-B-galactosidase,
Notch1AE (B), NICD (C) or the monoubiquitylation mutant Notch1AEK1749R (D) and caPKC{ or empty vector. The figures
in A-D represent means from three separate experiments. Error bars indicate SD. (E) Western blot analysis using a cleaved-
Notch antibody against NICD in 293 HEK cells transfected with Notch1AE and increasing amounts of caPKCC, caPKCt or
empty vector. (F) Western blot using a cleaved-Notch antibody in 293 HEK cells transfected with Notch1AE and caPKCC,
dnPKCE, caPKCt or dnPKCt. The cells were treated with GSI DAPT for 24 h prior to harvesting. (G) Western blot using a
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stained with antibodies against Notch1 and PKC( and counterstained with DAPI. (I) Representative microscopy images
showing localization of Notch1 in C2C12 cells transfected with caPKCZ or dnPKC( and Notch1AE. The western blot shows
expression of NICD, Notch1 and PKC( in C2C12 cells transfected with Notch1AE and caPKCC or dnPKC{. Heat shock pro-
tein 70 (Hsc70) was used as a loading control. Scale bars in Hand I, 10 um.
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did not significantly affect the stability of NICD in cells
transfected with caPKC( and NICD (Supplementary in-
formation, Figure S8C). Taken together, these data sug-
gest that NICD stability is not altered by aPKCC.

Upon blocking of lysosomal function, the levels of
NotchlAE®”'* increased significantly, whereas the lev-
els of Notch1AE only increased slightly and the levels of

Notchl1AE®'™'"" showed no change (Supplementary infor-
mation, Figure S8E). Blocking of lysosomal degradation
during a CHX chase inhibited the reduction in the level
of Notch1 AE®""* but not that of Notch1AE (Supplemen-
tary information, Figure S8F). This is in line with the
data that the interaction between Notchl and lysosomal
protein LAMP1 was enhanced and Notchl accumulated
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in lysosomes upon PKCC inhibition (Figure 5G-5H).
These observations also support the notion that NEXT is
contained in endocytic vesicles, routed to lysosomes and
degraded when PKC( is inactivated. Furthermore, the ob-
servation that aPKC( does not directly alter the stability
of NICD but that inhibition of aPKC( leads to lysosomal
routing and degradation of Notch is in keeping with the
in vivo observations that Notchl accumulated in vesicles
and the number of Notchl-expressing cells went down
upon aPKCC inhibition (Figure 1).

We next assessed the intracellular localization of the
different Notch1AE forms. Notch1AE and Notch1 AE®' "'
showed pronounced nuclear localization with limited
immunolabeling of intracellular vesicles (Figure 5A). In
contrast, Notchl AE*'”'* was localized predominantly
in cytoplasmic vesicles with very limited nuclear local-
ization (Figure 5A), which resembles the distribution
pattern of Notchl in cells co-expressing Notchl1AE and
dnPKC( (Figure 3H) or in the chick CNS upon pharma-
cological inhibition of PKC{. Consistently, the amount
of NICD protein in the nucleus was indeed increased
when the phosphomimetic mutant Notch1 AE®'”'*, not
Notchl1AE®™" was expressed compared with wild-type
NotchlAE overexpression (Figure 5B). The purity of
the nuclear fraction was demonstrated by the absence of
markers for Golgi and endoplasmic reticulum (Supple-
mentary information, Figure S9). A similar increase in
the percentage of cells with activated nuclear Notchl
was observed for Notch1 AE®'™'* (Figure 5C).

To explore which type of intracellular vesicles Notchl
was localized to, we analyzed whether the phospho-
mimetic and phosphodeficient forms of NotchlAE in-
teracted with the endosomal proteins Rab5, Rab7 and
Lampl. Rab5 is a marker for early endsosomes, while
Rab7 and Lampl are associated with late endosomes and
late endosomal/lysosomal compartment, respectively
[50]. Both phosphomimetic and phosphodeficient forms
of NotchlAE were present in Rab5- and Rab7-positive
vesicles (Figure 5D). Further, all three Notchl1 AE
forms interacted with both Rab5 and Rab7, although
Notch1AE®”" showed a somewhat reduced interaction
with Rab7 (Figure 5E). Notch1AE®"”'* showed enhanced
interaction with Lamp1, as compared to Notch1AE (Fig-
ure 5F). Knockdown of PKC{ mRNA expression by
siRNA enhanced the interaction between endogenous
Notchl and Lampl in C2C12 cells (Figure 5G). Simi-
larly, pharmacological inhibition of PKC( for 24 h led
to accumulation of Notchl immunoreactivity in Lampl1-
positive late endosomes/lysosomes but not in EEA1-
positive early endosomes (Figure SH). This is in line
with the data showing enhanced lysosomal degradation
of phosphodeficient forms of Notchl (Supplementary
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information, Figure S8). Taken together, these data in-
dicate that PKC{-mediated phosphorylation of Notchl
promotes its processing in late endosomes/lysosomes and
thereby enhances nuclear translocation of Notchl, and
conversely, blocking of PKC{ results in Notchl accu-
mulation in Lamp]l-positive late endosomes/lysosomes,
eventually leading to degradation of the ligand-activated
Notchl.

An aPKC({ phosphorylation-deficient NotchIAE mutant
does not block myogenic differentiation

Notch keeps myogenic progenitors in an undifferenti-
ated state and blocks differentiation to myotubes [45,
51, 52]. We next tested whether the phosphorylation of
Notchl at S1791 by aPKC{ was important for Notchl
control of myogenic differentiation. When aPKC{ was
pharmacologically inhibited in primary myoblasts or
C2C12 cells (data not shown), a reduction in the amount
of NICD was observed (Figure 6A). Pharmacological in-
hibition of aPKC( also resulted in a pronounced increase
in the number of cells expressing the differentiation
marker myosin heavy chain (MHC) 48 h after induction
of differentiation in primary myoblasts (Figure 6B).
Further, downregulation of PKC{ in C2C12 myoblasts
reduced Notch activity and caused a precocious upregu-
lation of MHC levels (Figure 6C). Conversely, when
C2C12 myoblast cells were shifted to differentiation-
promoting conditions, overexpression of caPKC{ or
caPKCt resulted in increased NICD levels (Figure 6D
and Supplementary information, Figure S10). An in-
crease in the proportion of C2C12 cells expressing MHC
was observed after Notchl AE®'"'* expression: 29% of
Notch1AE®*'"_expressing cells were MHC-positive,
while only 10% of NotchlAE-expressing cells expressed
MHC at 48 h of differentiation (Figure 6E). At 72 h,
there were 71% MHC-positive cells for Notchl AE®'"'*
as compared to 14% for NotchlAE expression (Figure
6E). In conclusion, these data show that aPKC( activ-
ity influences myogenic differentiation, and that the
phosphorylation-deficient Notch1 AE mutant is unable to
block myogenic differentiation.

PKC{ promotes a shift in Notch receptor distribution
from the cell surface to endosomes in the non-activated
state

The data above demonstrate that under conditions of
activated Notch signaling, either by ligand stimulation
or expression of NotchlAE, PKC{ augments the Notch
signaling response. As PKC( interacted with the full-
length Notch1 that was not ligand-activated (Figure 2), it
is possible that PKC{ may also exert an effect on Notchl
in the non-activated state. We therefore tested whether
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PKCC affected full-length Notchl1 distribution in the non-
activated state, i.e., when cells were cultured very sparse-
ly and did not contact each other, thus avoiding cell-cell
interaction and activation of Notch. Under these condi-
tions, expression of caPKC( in 293 HEK cells (293FLN1
cells) or in C2C12 cells, both stably expressing full-
length Notchl, resulted in a shift of Notchl distribution
from the cell surface to intracellular vesicles (Figure 7A
and 7B). To further assess receptor internalization, we
labeled Notchl on the cell surface with a fluorescently
tagged antibody at 4 °C. After transfer to 37 °C, the in-
ternalization of Notchl was determined by flow cytom-
etry, and cells transfected with caPKCC showed higher
internalization of Notch1 than control cells (Figure 7C).
The low level of NICD observed in sparsely cultured
C2C12 cells as well as the low 12xCSL-luc basal activ-
ity were further reduced by caPKC{ (Figure 7D). Re-
ceptor ubiquitylation is an important event in receptor
internalization and degradation, and we tested whether
aPKC-mediated Notchl internalization was accompanied
by Notchl ubiquitylation. Overexpression of both aPKC1
and aPKC( in sparsely cultured C2C12 cells led to in-
creased ubiquitylation of Notchl when lysosomal matu-
ration or endosomal trafficking was blocked by chloro-
quine (Figure 7E). As an alternative measure of receptor
internalization, we explored whether Notchl interacted
with Hrs, which is an endosome-associated ubiquitin-
binding protein involved in cargo selection and important
for endosomal sorting. Transfection of caPKC{ resulted
in an enhanced interaction between Notchl and Hrs in
the non-activated state (Figure 7F). Although aPKC en-
hanced internalization of Notchl, this was not associated
with increased lysosomal degradation, as chloroquine
treatment resulted in a similar increase in Notchl pro-
tein levels in the absence and presence of PKCC (Figure
7G). Unexpectedly, in a cell surface protein biotinylation
experiment, we did not observe a decrease in Notchl at
the surface of cells expressing PKCC (Figure 7H). While
these data indicate that a full-length Notch receptor not
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engaged in Notch signaling could be internalized to en-
dosomes, we attempted to extend the analysis to address
whether a full-length receptor that never even reaches
the cell surface could be relocalized to endosomes by
aPKC. To this end, we engineered a full-length Notchl
lacking the two ligand-interacting EGF repeats 10 and
11 (FLN1AEGF10-11), which was trapped in the ER/
Golgi compartment and therefore unable to engage in
activation in trans by ligands (Supplementary informa-
tion, Figure S11). Co-expression with PKCC resulted
in a shift in intracellular localization of Notchl, which
was predominantly localized to endosomal vesicles
(Supplementary information, Figure S11). This indicates
that full-length Notch receptors can be moved from the
exocytic pathway to endosomes and that aPKC presum-
ably interacts with Notch receptors early in the process.
In conclusion, these data suggest that when Notchl is in
the non-activated state, aPKC( serves to shift the distri-
bution of Notch receptors from the cell surface and the
secretory pathway to intracellular vesicles, which is not
accompanied by enhanced Notch signaling nor enhanced
degradation.

Discussion

In Notch signaling, receptor internalization is an inte-
gral part of the intracellular signaling cascade. However,
it is still largely unknown how endocytosis and intracel-
lular routing of the Notch receptor are controlled. In this
report, we demonstrate that PKC( interacts with and
phosphorylates Notchl and acts as a novel regulator of
Notch receptor trafficking. PKCC controls two distinct
steps in Notch receptor intracellular routing, depending
on the Notch signaling state. During active Notch signal-
ing, i.e., after ligand stimulation or after expression of
an activated membrane-tethered form of Notch, PKC(
enhances production of NICD and shifts the localization
of Notch from late endosomes to the nucleus, leading to
elevated Notch signaling. In contrast, when the Notch re-

Figure 5 Phosphorylation at S1791 affects intracellular localization of Notch1. (A) Representative microscopy images show-
ing the localization of Notch1AE, Notch1AE®"*™ or Notch1AE®'*'E. (B) Western blot using an antibody against NICD of nu-
clear extracts isolated from cells transfected with Notch1AE®'"*"*, Notch1AE®"*'® or Notch1AE. The graph (below) shows the
quantification of nuclear levels of NICD from three different experiments. (C) The ratio of cells containing nuclear Notch immu-

noreactivity to all cells with Notch immunoreactivity (nuclear+cytoplasmic) in cells transfected with Notch1AE, Notch1A

S1791A
E

or Notch1AE®"*'F_ (D) Representative microscopy images showing the colocalization of Notch1AE®"*" or Notch1AE®"*'® with
Rab5 and Rab7. (E) Immunoprecipitation of Notch1 from 293 HEK cells transfected with either wild-type or mutant Notch1AE
and GFP-Rab5 or GFP-Rab7. Immunoblotting was performed with an antibody against GFP. (F) Immunoprecipitation of
Lamp1 from 293 HEK cells transfected with Notch1AE, Notch1AES"*" or Notch1AE®'*"E. (G) Confluent C2C12 cells treated
with siRNA against PKC( (siPKCK) or control (siSCr) were lysed and subjected to immunoprecipitation using a Lamp1 an-
tibody. Immunoblotting was performed with an antibody against Notch1 to detect NEXT. (H) Immunofluorescence images
showing the localization of Notch1 in C2C12 cells. The late endosomal/lysosomal marker Lamp1 versus the early/sorting en-
dosomal markers EEA1 and FYVE in cells treated with the PKCC inhibitor (PS). Scale bars, 10 pm.
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ceptor is not activated, i.e., in cells cultured very sparsely
and thus not engaged in cell-cell contact, PKC{ interacts
with the receptor to induce a shift in receptor distribution
from the plasma membrane to intracellular vesicles, a
transition which is not accompanied by enhanced Notch
signaling.

We present several lines of evidence supporting the
notion that PKC{ under active Notch signaling promotes
S3 cleavage of membrane-tethered forms of Notchl that
are localized to late endosomes, which results in libera-
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tion of NICD and its nuclear entry. First, knockdown of
endogenous PKC( enhanced the interaction of Notchl
with Lampl, a marker for late endosomes/lysosomes
and blocking of PKCC in the CNS in vivo reduced the
number of cells with nuclear Notchl. Second, expression
of a constitutively active PKCC shifted the Notch1 distri-
bution from endosomes to the nucleus. In keeping with
this, elevated PKCC activity resulted in increased Notch
signaling output, indicative of increased presence of
NICD in the nucleus. Third, the identification of S1791
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as the key PKCC phosphorylation site in Notchl allowed
us to test the effects of phosphomimetic and phosphory-
lation-deficient mutants of Notchl, which were congru-
ent with enhancement and reduction of PKC{ activity,
respectively. Indeed, expression of the phosphomimetic
Notch1AE® ™' resulted in re-localization of Notch im-
munoreactivity from intracellular vesicles to the nucleus,
enhanced NICD production and Notch signaling. In
contrast, the phosphorylation-deficient Notch1 AE®'”'*
yielded the opposite phenotype, i.e., accumulation in
intracellular vesicles, less NICD production and Notch
signaling. The notion that Notch processing is actively
controlled in the late endosome compartment is corrobo-
rated by earlier reports that mutations in ESCRT proteins,
which regulate endocytic sorting and further transition to
lysosomes, led to endosomal accumulation of Notch and
enhanced Notch signaling [53, 54].

In the non-activated state, PKC( affects Notch recep-
tor routing in a different manner. Notch is shifted from
the cell surface to intracellular vesicles. The observation
that PKCC was associated with the full-length Notchl
prior to y-secretase cleavage supports the view that
PKCC can control Notch in the non-activated state. It is
interesting to note that membrane-tethering of the recep-
tor appeared to be a prerequisite for PKC( binding and
phosphorylation; an NICD without a transmembrane
domain did not interact with PKC(, and was also not
phosphorylated. Increased internalization of Notchl by
PKCC in the non-activated state is further supported by
an enhanced interaction of Notch1 with Hrs, a protein lo-
calized in early endosomes/multivesicular bodies. While
it may appear reasonable to surmise that internalization

of Notch receptors by PKC{ would be associated with
increased signaling, we did not observe an increase in the
amount of NICD or in the immediate downstream signal-
ing. In the light of increased receptor internalization, we
unexpectedly did not observe a decrease in biotinylation
of Notch receptors at cell surface upon expression of a
constitutively active PKCC{. We currently cannot explain
this finding, but the data raise the intriguing possibility
that non-activated Notch receptors may be recycled back
to the cell surface from endosomes rather than being de-
graded in lysosomes. PKC{ may then shift the balance
towards the endosomal localization at the expense of cell
surface localization rather than blocking the recycling
process per se. This would be compatible with the data
on Notchl localization and Hrs interaction, and a contin-
ued recycling may also explain why cell surface labeling
of Notchl was not reduced and why there was no in-
crease in lysosomal degradation.

Different from other proteins known to affect Notch
intracellular routing, PKC( acts at two distinct steps in
receptor trafficking depending on the activation state
of Notch, i.e., shifting Notch from cell surface to early
endosomes in the non-activated state and from late endo-
somes to nucleus in the activated state. The distinct acti-
vation-dependent outcomes may explain why endocyto-
sis in certain situations enhances Notch signaling, while
in other settings it downregulates Notch signaling [4-12].
Our data show that PKC( not only modulates Notch1 lo-
calization and signaling activity, but also exerts an effect
on Notch-controlled differentiation processes. Inhibition
of PKCC abrogated Notchl-mediated block of differen-
tiation in the developing CNS. Ossipova et al. [40] have

Figure 7 aPKC regulates localization of Notch1 in the non-activated state. (A) Representative microscopy images showing
localization of Notch1 and PKCC in a Notch signaling off state. 293FLN1 cells were cultured sparsely and transfected with
caPKC( or control vector. The cells were stained with antibodies against Notch1 (green) and PKC{ (red), and counterstained
with DAPI. (B) Representative microscopy images showing localization of Notch1 and PKC( in C2C12 cells expressing full-
length Notch1 transfected with caPKC{C or empty vector. The cells were stained with antibodies against Notch1 and PKC(, and
counterstained with DAPI. (C) Quantification of the internalization of the receptor using a fluorescently labeled recombinant
peptide Jagged1 extracellular domain which binds to the extracellular domain of Notch. Quantification was performed by flow
cytometry. The number above the bars denotes the percentage of positive cells, i.e., cells which have internalized the fluores-
cent peptide and show positive fluoresence. These cells were gated and MFI denotes mean fluorescence intensity, i.e., mean
intensity per cell within the gated population (in this case 79.8% of mock and 68.4% of caPKC{ were gated). (D) Upper, west-
ern blot using an antibody against NICD in 293FLN1 cells transfected with increasing amounts of caPKCZ. Lower, Notch sig-
naling activity in 293FLN1 cells transfected with increasing amounts of PKC{ and a control vector. (E) Immunoprecipitation us-
ing an antibody against Notch1 in HeLa cells transfected with Notch1AE, HA-tagged ubiquitin (Ub-HA) and caPKC{, caPKCt or
empty vector. The cells were subjected to a 24-h treatment with chloroquine prior to harvesting. Immunoblotting was performed
with an antibody recognizing the HA-tag, for the input an antibody against Notch1 was used. (F) Immunoprecipitation with an
antibody against the endosome-associated ubiquitin-binding protein Hrs in HelLa cells transfected with Notch1AE and caPKC{
or empty vector. Cells were treated with chloroquine or vehicle control 24 h prior to harvesting. Immunoblotting was performed
using an antibody against Notch1. (G) Western blotting showing Notch1 levels in 293FLN1 cells transfected with caPKCC or
empty vector and treated with chloroquine or vehicle control 24 h prior to harvesting. (H) Immunoblot using a Notch1 antibody
on streptavidin immunoprecipitates of biotin-labeled surface Notch1. Scale bars in A and B, 10 um.
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previously demonstrated that PKC( suppresses neuronal
differentiation, which is in line with the results presented
here. They showed that PKC negatively regulates PAR-
1, which in turn blocks the function of the E3 ubiquitin
ligase Mindbomb, thereby enhancing the level of DII1
ligands. While this can clearly lead to blocked neurogen-
esis, it is mechanistically distinct from the direct action
of aPKC on Notchl presented here.

In C2C12 myoblasts, PKC{ enhanced Notch signal-
ing, in keeping with a Notch signaling-promoting role of
PKCC when Notch signaling is engaged, and reduced dif-
ferentiation to MHC-positive myotubes under differenti-
ation-promoting conditions. Conversely, pharmacologi-
cal inhibition of PKC{ led to precocious differentiation
of myotubes and reduced levels of NICD. Similarly, a
phosphodeficient NotchlAE increased the proportion of
differentiated cells, as compared to wild-type Notch1AE.
These observations add to an emerging view of PKC( as
an important regulator of cell differentiation in various
settings [40, 55, 56]. The influence of PKCC on differ-
entiation is multifaceted and we have previously dem-
onstrated that PKCC is required for fusion and terminal
differentiation of myoblasts through the regulation of
Caspase-3 and Cdk5/p35 kinase [39]. It is interesting to
note that in the present study, PKC( plays a differentia-
tion-inhibiting role at the earlier stages of myogenic dif-
ferentiation when Notch signaling is active.

In conclusion, the data presented here shed new light
on Notch receptor intracellular routing and identifies
PKC( as a key controller of distinct steps in Notch recep-
tor trafficking. In addition to providing a new regulatory
mechanism for Notch signaling, the newly discovered
link between aPKC and Notch may also be important
to be taken into consideration when pharmacologically
intervening with aPKC function in diseases, as such ap-
proaches may inadvertently impinge on Notch signaling.

Materials and Methods

Cell culture

Mouse C2C12 myoblasts, human embryonic kidney 293 cells
(293 HEK) and cervical cancer HeLa cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM), supplemented with
10% fetal bovine serum (FBS), 2 mM glutamine, penicillin (100
U/ml) and streptomycin (100 pg/ml). Differentiation of C2C12
myoblasts was induced by replacing the cell culture medium with
differentiation medium (DMEM supplemented with 1% FBS, 2
mM glutamine, penicillin (100 U/ml) and streptomycin (100 pg/
ml)). The y-secretase inhibitor DAPT was used at a concentration
of 5 pg/ml. The concentrations of lysosomal inhibitor chloroquine
and the proteasomal inhibitor MG132 were 20 uM. The dynamin
inhibitor Dynasore was used at a concentration of 80 uM. To in-
hibit PKC( activity, cells were grown in the presence of 20 uM
pseudosubstrate inhibitor peptide (PS; Myr-SIYRRGARRWRKL)
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or control scrambled peptide (Scr-P; Myr-RLYRKRIWRSAGR;
MilleGen Prologue Biotech, Labege Cedex, France). Alternatively,
PKCC was downregulated by siRNA. Note that the timing of the
treatment/downregulation was adjusted to inhibit PKC( activity
under conditions of active Notch signaling.

In vivo analysis of chick CNS development

DNA constructs were electroporated into the caudal neural
tube of HH stage 10 chick embryos. After 24-40 h, embryos were
fixed and processed for immunohistochemistry. In the cohort of
embryos in which PKC( activity was to be inhibited, 20 uM pseu-
dosubstrate inhibitor peptide was included in the DNA mix prior
to electroporation. Images were acquired with a Zeiss Axiovert mi-
croscope fitted with a LSM5 Exciter confocal unit. The objectives
used were Plan Apochromat 10x and 20 objectives with apertures
of 0.45 and 0.8, respectively. The Zeiss LSM Imaging software
was utilized for image acquisition. Images were processed in
Adobe Photoshop (AS5). Contrast enhancement of the images was
performed utilizing the tool “Levels” in AS5. The images of the
different experimental groups were processed in an identical man-
ner. The fluorochromes used were Alexa 555, and Alexa 647 from
Life Technologies.

Primary mouse myoblast culture

Cultures of primary myoblasts were established from the limb
skeletal muscles of two-day-old FVB/N mice. Muscle tissue was
minced and enzymatically digested by incubation in 0.2% (wt/vol)
type XI collagenase (Roche Diagnostics, Basel, Switzerland) and
0.1% (wt/vol) trypsin at 37 °C for 45 min. The resulting slurry was
filtered to remove large pieces of tissue and rinsed with growth
medium as follows: Ham’s F-10 (Sigma-Aldrich, St Louis, MO,
USA) supplemented with 15% (vol/vol) FBS, 2 mM glutamine,
penicillin G (100 U/ml)/streptomycin (100 pg/ml) and 2.5 ng/ml
B-FGF (fibroblast growth factor). Cells were centrifuged at 1 000x
g for 5 min, resuspended in growth medium and seeded into tissue
culture dishes. After attainment of 80% confluence, differentiation
was induced by replacing growth medium with differentiation me-
dium as follows: DMEM supplemented with 2% (vol/vol) FBS, 2
mM glutamine and penicillin G (100 U/ml)/streptomycin (100 ng/
ml).

Transfection

For transfection, HeLa and 293 HEK cells were pelleted and
resuspended in Opti-MEM (Invitrogen) together with the desired
plasmid and electroporated at 220 V and 975 pF. The transfected
cells were plated and harvested after 24 h for further analysis.
C2C12 myoblasts were transfected using jetPEI transfection re-
agent (Polyplus transfections) according to the manufacturer’s
instructions.

Western blotting

Proteins were separated by SDS-PAGE and transferred to a
Protran nitrocellulose membrane (Perkin Elmer) using a wet trans-
fer apparatus (Amersham Biosciences). Non-specific binding was
blocked by incubating the membranes in 5% non-fat dry milk at
room temperature (RT) for 1 h. Membranes were incubated with
primary antibody overnight at 4 °C, followed by incubation with
a secondary antibody coupled to horseradish peroxidase for 1 h
at RT. Proteins were detected using Western Lightning® Plus-
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ECL Enhanced chemiluminescence substrate (Perkin Elmer, MA,
USA), according to the manufacturer’s instructions.

Antibodies and constructs

The following antibodies were used: PKC (C20 rabbit) (Santa
Cruz Biotechnology), B-actin (rabbit) (Cell Signaling Technology),
Cleaved Notchl (rabbit Vall1744) (Cell Signaling Technology),
Notchl (Cleaved-Val-1744 rabbit) (Sigma Aldrich), HA.11 (mouse)
(Covance), Hsc70 (rat 1BS) (StressGen), GFP (rabbit JL-8) (Clon-
tech), a-GFP (rabbit) (Invitrogen), Lamp1 (mouse H4A3) (Abcam),
Myosin heavy chain (rabbit H-300) (Santa Cruz Biotechnology),
Notchl (C20 rabbit for western blot and goat for IP) (Santa Cruz
Biotechnology). Fluorescent secondary antibodies: Alexa Fluor
555 donkey anti-goat IgG, Alexa Fluor 488 donkey anti-goat IgG,
Alexa Fluor 488 donkey anti-rabbit IgG, Alexa Fluor 546 donkey
anti-rabbit IgG, Alexa Fluor 488 Donkey anti-goat IgG 488 (Invi-
trogen). GFP-Rab5, Lamp1-GFP and GFP-Rab7 were kind gifts
from Dr J Ivaska (VTT, Turku, Finland), GFP-Fyve and GFP-
EEA1 have been previously described. The table in Supplementary
information, Figure S2 denotes the proteolytic processing and the
respective products of endogenous Notchl in the pathway, the dif-
ferent Notch1 constructs and their immunoreactivity.

Immunoprecipitation

Cells were lysed in immunoprecipitation buffer (50 mM Tris,
pH 8.0, 150 mM NacCl, 1% NP-40, 0.5% deoxycholic acid, 0.05%
SDS, 5 mM EDTA, 5 mM EGTA and protease inhibitor (Complete
protease inhibitor cocktail, Roche)) for 30 min on ice, followed by
centrifugation at 15 000x g for 10 min at 4 °C. Lysates were pre-
cleared by incubating with a small amount of protein G dynabeads
(Invitrogen) on rotation at 4 °C for 1 h. Immunoprecipitation was
conducted with the denoted antibodies (C20 goat IgG for Notch
and cleaved Notchl (Vall744) for NICD) overnight at 4 °C. Im-
munocomplexes were captured by addition of protein G dynabeads
and incubation for 2 h at 4 °C, washed three times with immuno-
precipitation buffer and resuspended in Laemmli Sample buffer
for analysis.

Alternatively, cells were lysed in immunoprecipitation buffer
(50 mM HEPES, pH 7.4, 140 mM NaCl, 5 mM MgCl,, 5 mM
EGTA, 0.4% (vol/vol) NP-40, 10 mM pyrophosphate, 5 mM so-
dium orthovanadate and a protease inhibitor cocktail (Roche Di-
agnostics) for 30 min on ice followed by centrifugation at 12 000x
g for 10 min at 4 °C. Protein concentration was measured by the
Bradford assay, and 800 pg of each lysate was precleared using
Sepharose beads, for 45 min, followed by immunoprecipitation
with the indicated antibodies. Immunocomplexes were captured on
protein G-Sepharose beads, washed four times in 20 mM HEPES,
pH 7.4, 2 mM EGTA, 100 mM NacCl, 0.4% (vol/vol) NP-40, and
1 mM dithiothreitol (DTT), and finally resuspended in Laemmli
sample buffer.

Immunocytochemistry

Cells grown on cover slips were fixed in 3% paraformaldehyde
and permeabilized with 0.1% Triton X-100 in PBS for 5 min at
RT. Non-specific binding sites were blocked by incubation in 3%
bovine serum albumin (BSA) in PBS with 0.05% Triton X-100
for 30-60 min at RT. Cells were stained with primary antibodies
overnight at 4 °C or 2 h at RT, after which coverslips were rinsed
three times with PBS and stained for 40-60 min with fluorescence
tag-labeled secondary antibodies. Cells were counterstained

with DAPI and washed three times in PBS before mounting with
Prolong Gold (Invitrogen). Images were collected using a Zeiss
LSM510 META laser scanning microscope. Images were pro-
cessed in Adobe Photoshop (CS5). Contrast enhancement of the
images was performed utilizing the tool “Levels” in ASS. The
images of the different experimental groups were processed in an
identical manner. The fluorochromes used were Alexa 488, 555
and Alexa 647 from Life Technologies.

Luciferase reporter assay

Cells stably expressing the full-length Notch receptor were
transfected with 12xCSL-luc and CMV-fB-galactosidase using
electroporation. Depending on the experiment, cells were also
co-transfected with Notchl1AE, Notch1 AE*'”'*, Notch1 AE®'7**,
NICD and caPKC{. Twenty-four hours later, the cells were lysed
in Cell culture lysis reagent (Promega) and analyzed for lucif-
erase activity using a Luciferase assay system (Promega) with a
Luminoskan ascent microplate luminometer (Thermo Scientific).
B-galactosidase activity is measured using a Multiskan ascent
(Thermo Scientific).

Activation of Notch signaling by immobilized recombinant
Notch ligands

Cell culture plates were coated with 50 pg/ml Protein G (Zymed)
in PBS at RT overnight. The plates were washed three times with
PBS and blocked with 10 mg/ml BSA in PBS for 2 h at RT. The
blocked plates were washed three times with PBS and incubated
with recombinant Jagged1-FC chimera (R&D Systems) or Fc-IgG
(Jackson ImmunoResearch) at concentrations of 0.5 ug/ml in 0.1%
BSA/PBS for 2 h at RT. Alternatively, conditioned medium from
293 HEK cells expressing soluble DII1 was used as a source for
immobilized ligand. After final washing with PBS and cell culture
medium, the cells were plated on the coated plates and harvested
for analysis 24 h later.

Ubiquitylation assay

The cells were pelleted and suspended in ice-cold PBS. Pre-
heated 1% SDS in PBS was added and the samples were boiled for
7 min. The samples were further suspended in 1% Triton X-100,
0.5% BSA in PBS and sonicated, followed by centrifugation at 10
000x g for 10 min at 4 °C. Finally, the samples were immunopre-
cipitated with the indicated antibodies as described previously.

Biotinylation assay

Cells were placed on ice and washed with cold PBS. Surface
proteins were labeled with 0.5 mg/ml EZ-link sulfo-NHS-SS-bio-
tin in PBS for 30 min at 4 °C. The cells were washed three times
with cold 0.1 M glycine in PBS, followed by three washes with
cold PBS. The cells were pelleted by scraping in immunoprecipita-
tion buffer containing protease inhibitors and incubated on ice for
10 min. The lysates were centrifuged at 15 000 rpm for 10 min at
4 °C and the supernatant was collected. EZ-link sulfo-NHS-SS-bi-
otin-labeled proteins were immunoprecipitated by incubating with
Streptavidine agarose beads at 4 °C on rotation. The pellets were
washed three times with immunoprecipitation buffer before resus-
pension in Laemmli Sample buffer for analysis by SDS-PAGE.

In vitro phosphorylation and kinase activity assays

In vitro phosphorylation assays were performed using immu-
noprecipitated Notch as substrates. Cell lysates were incubated
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with Notch antibody (C20) for 1 h and subsequently with protein
G-Sepharose beads for 45 min. Immunoprecipitates were washed
for four times in 50 mM HEPES (pH 7.4), 5 mM EDTA, 125 mM
NaCl, 0.2% (v/v) NP-40 and 1 mM DTT, and twice with 50 mM
HEPES (pH 7.4), 25 mM NaCl and 1 mM DTT, and resuspended
in PKCC kinase buffer (50 mM HEPES, pH 7.4, 1 mM EDTA, 1
mM DTT, 10 mM MgCl,) with 200 uM unlabeled ATP, 10 pCi
(v5,P)-ATP and 50 ng recombinant PKC{ (Upstate Biotechnology,
New York, USA). The reaction was allowed to proceed for 30 min
at 32 °C. Reactions were stopped by addition of Laemmli sample
buffer and boiling for 5 min. Gels were stained with Coomassie
Blue, dried and subjected to autoradiography. As loading controls,
8 ul aligoutes of immunoprecipitates were subjected to SDS-
PAGE, transferred to nylon membranes, stained with Red Ponceau
and visualized using the ECL Western blotting kit (Amersham).
Identification of phosphorylation sites by mass spectrometry is de-
scribed in Supplementary information, Figure S3.

Receptor internalization by FACS

293FLN1 cells were transfected with caPKCC or control vector
and plated on 12-well plates. The following day recombinant rat
Jagged1-FC chimera (R&D systems, Cat# 599-JG) (1 pg/ml) and
Alexa Fluor 488 goat anti-human IgG (Invitrogen, Cat# A11013)
(1:200) were diluted in sterile PBS and incubated on rotation at 4
°C for 1 h. Simultaneously, the cells were blocked with DMEM
containing 10% goat serum and 1 % BSA for 45 min at 37 °C.
The Jagged FC-Alexa 488 solution was further diluted in block-
ing solution at a ratio of 1:5 and this solution was added to the
cells, followed by incubation at 37 °C for 2 h. The cells were then
detached, centrifuged (450x g, 5 min) and quenched with 200 pg/
ml trypan blue in PBS for 5 min at RT. Next, the cells were centri-
fuged again and excess trypan blue was removed. The cells were
finally resuspended in PBS and analyzed by FACS.
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