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Abstract

The Notch signaling pathway is a key regulator of stem cells during development, and its deregulated activity is linked to
developmental defects and cancer. Transcriptional activation of Notch target genes requires cleavage of the Notch receptor in
response to ligand binding, production of the Notch intracellular domain (NICD1), NICD1 migration into the nucleus, and
assembly of a transcriptional complex. Post-translational modifications of Notch regulate its trafficking, turnover, and
transcriptional activity. Here, we show that NICD1 is modified by small ubiquitin-like modifier (SUMO) in a stress-
inducible manner. Sumoylation occurs in the nucleus where NICD1 is sumoylated in the RBPJ-associated molecule (RAM)
domain. Although stress and sumoylation enhance nuclear localization of NICDI, its transcriptional activity is attenuated.
Molecular modeling indicates that sumoylation can occur within the DNA-bound ternary transcriptional complex, consisting
of NICD1, the transcription factor Suppressor of Hairless (CSL), and the co-activator Mastermind-like (MAML) without its
disruption. Mechanistically, sumoylation of NICD1 facilitates the recruitment of histone deacetylase 4 (HDAC4) to the
Notch transcriptional complex to suppress Notch target gene expression. Stress-induced sumoylation decreases the NICD1-
mediated induction of Notch target genes, which was abrogated by expressing a sumoylation-defected mutant in cells and in
the developing central nervous system of the chick in vivo. Our findings of the stress-inducible sumoylation of NICD1 reveal
a novel context-dependent regulatory mechanism of Notch target gene expression.

Introduction

The Notch pathway regulates development of most tissues.
The output of Notch signaling is strictly dose-dependent
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[1, 2], and Notch target gene expression needs to be fine-
tuned for the cells to meet changes in their physiological
environment [3-5]. Various forms of stress conditions
such as hypoxia, irradiation, inflammation, and oxidative
stress influence Notch activity [4, 6-8], but the mechan-
isms regulating context-specific Notch target gene
expression at the level of the transcriptional complex are,
however, unclear.

Notch signaling is activated by direct cell-cell contact
with Notch ligand-expressing cells. Upon ligand binding
the Notch receptor is cleaved, resulting in the release and
translocation of the Notch intracellular domain (NICD) to
the nucleus to activate target genes [9], such as bHLH genes
of the Hes and Hey families, which function as transcrip-
tional repressors [10, 11]. In the nucleus, the RBPIJ-
associated molecule (RAM) domain of NICD binds to the
transcription factor Suppressor of Hairless (CSL), which is
followed by the binding of a secondary low-affinity ankyrin
repeat (ANK) on NICD to CSL [12]. The interaction
between NICD and CSL leads to an allosteric change in
CSL causing displacement of co-repressors, which activates
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CSL, which then recruits the transcriptional co-activator
protein Mastermind-like (MAML) to activate target genes
[12, 13].

Post-translational modifications (PTMs) regulate Notch
activity [2]. PTMs influence nuclear translocation, target
gene expression, and half-life of NICD [1, 2]. NICD1 is
methylated by co-activator-associated arginine methyl-
transferase 1, which regulates NICDI stability and the
expression of specific Notch target genes [14]. PIM kinases
phosphorylate NICD1 and regulate its nuclear localization
and transcriptional activity [15]. In addition, NICDI1 is
subjected to hydroxylation [16] and acetylation [17], and
inhibition of global sumoylation increases Notch target gene
expression [18], but no direct role of sumoylation in the
regulation of Notchl has been reported.

The functional consequences of the modification of
proteins by small ubiquitin-like modifiers (SUMO) vary
depending on the target and range from regulating tran-
scription, cytoplasmic-nuclear transport, and DNA repair to
altering protein—protein interactions [19]. Sumoylation has
been implicated to regulate cell fate specification during
development [20].

The binding of SUMO to its substrate occurs stepwise
involving an El-activating enzyme, an E2 ubiquitin enzyme
9 (UbcY), and, in most cases, E3 ligases [21]. Only a small
fraction of most SUMO substrates are sumoylated at steady
state, challenging the detection of sumoylated proteins [22].
In addition to the SUMO consensus target sequence WKxE
(v is a bulky hydrophobic amino-acid residue, K is the
target lysine, x is any residue, and E represents glutamate)
[23], atypical sites with little similarity to the consensus
sequences exist [24]. Sentrin-specific proteases (SENPs)
regulate the conjugation/deconjugation balance by desu-
moylating the SUMO target proteins [25].

The genomic DNA is wrapped around histones. Histones
undergo constant acetylation and deacetylation, which
impacts chromatin landscape and regulates gene expres-
sion including Notch target genes [[56]26]. Histone dea-
cetylases (HDACSs) are divided into four classes based on
function and DNA sequence similarity: class I (HDACs 1,
2, 3, and 8), class Il (HDACs 4, 5, 6, 7, 9, and 10), sirtuin
class III, and class IV (HDAC11) [27]. In addition, HDACs
target non-histone proteins, including transcriptional fac-
tors, which may represent general regulatory mechanisms in
biological signaling. Class II HDACsS, including HDACH4,
have been reported to act as SUMO E3 ligases [28].
HDACH4 is also recruited by sumoylated LAP1, a member
of the CEBP family of transcription factors, thereby
attenuating the binding of HDAC4 on the cyclooxygenase 2
promoter and repressing its transcription [29].

Here, we addressed the key question of how transcrip-
tional tuning of Notch target genes by sumoylation occurs
during cell stress. We demonstrate that NICDI1 is

sumoylated in the nucleus in the RAM domain upon heat
stress, with consequent suppression of Notch target genes.
We show by biochemical assays and molecular modeling
that NICD1 can be sumoylated within the ternary tran-
scriptional complex. Sumoylation leads to the recruitment
of HDACH4 to the transcriptional complex, and represses the
expression of specific classical Notchl target genes Hes and
Hey. In vivo in the developing CNS of chicken embryos
Notch target genes are repressed upon stress by WT Notch,
whereas the target gene activation capacity is retained by a
sumo-deficient Notch mutant. Thus, stress-inducible
sumoylation provides a regulatory mechanism for
dynamic Notch target gene expression in vivo.

Results
The intracellular domain of Notch1 is sumoylated

We have previously developed screening approaches to
purify and identify novel SUMO2 substrates in heat-
shocked cells [30, 31]. The screens identified Notchl as a
putative SUMO substrate and indicated that the sumoyla-
tion of Notchl occurs within a sequence of the RAM
domain containing four lysine residues (K1774, K1780,
K1781, and K1782). Therefore, we wanted to determine
whether Notch is indeed subject to sumoylation. The lysines
are non-consensus sumoylation target sites located in
NICD1 (Fig. 1a). K1774, K1780, K1781, and K1782 are
unique to Notchl and are conserved in several species
including chicken, mouse, rat, and human (Fig. 1b).

A

Notch1 1770 1780 1790
Human RRQHGQLWFP EGFKVSEASK KKRREPLGED
B

Notch1

Human WFPEGFKVSEASKKKRREPLGEDS
Chicken WFPEGFKVTESSKKKRREPLGEDS
Mouse WFPEGFKVSEASKKKRREPLGEDS

Rat WFPEGFKVSEASKKKRREPLGEDS

Zebrafish WFPEGFKVNEP-KKKRREPVGEDS

Bovine WEFPEGFKVSEASKKKRREPLGEDS

Dog WFPEGFKVSEASKKKRREPLGEDS
1774 1780-1782

Fig. 1 Notch as a sumoylation target protein. a The sequence around
the putative sumoylation site K1774/K1780/K1781/K1782 is located
in the intracellular domain of Notch. b Sequence alignment of the
Notchl region surrounding the putative sumoylation site K1780 using
the Clustal Omega web-based tool. The putative sumoylation site is
highlighted in gray
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Fig. 2 Notchl is modified by
SUMO. a GFP-Flag-NICDI is
modified by Histidine-SUMO1
(His-SUMOL1) in HeLa cells. n
=4. b Activated Notchl (AEN)
is modified by transfected His-
SUMOIL in HeLa cells. The
samples were blotted with a-
Vall744 recognizing NICDI1. n
=4. ¢ Heat shock increases the
modification of Notchl by
SUMOI1 and SUMO3. HeLa
cells were transfected with GFP-
Flag-NICD1 and His-SUMOL1
(S1) or His-SUMO3 (S3). The
samples were left untreated or
heat-shocked for 1 h at 42 °C
followed by a 1-h recovery at 37
°C (HS +recovery). n=4. d
Proteotoxic stress enhances
Notch sumoylation. Transfected
HelLa cells were left untreated,
or were treated with the
proteasome inhibitor
Bortezomib at 37 °C for 8 or 16
h (h). n=3. e Notchl is
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(HA-SUMO2) was transfected
as a positive control and
pCMVKM empty vector
(pCMV) as a negative control. n
= 3. f Modification of Notchl
by endogenous SUMOLI is not
detectable. The indicated
samples were treated as in (e),
but blotted with a-SUMOI. His-
SUMO1 + GFP-Flag-NICD1
was transfected as a positive
control. n=3. g SENP1 and
SENP2 deconjugate SUMO1
and SUMO?2 from Notchl.
COS7 cells were heat-shocked
and recovered as in (c), lysed,
and immunoblotted with a-GFP
antibody. The sumoylated form
of Notchl is indicated with an
arrow or a bracket and the
unmodified form with an
asterisk. n =13
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To study whether NICD1 is a SUMO substrate, we first
expressed GFP-Flag-NICD1 and Histidine-tagged SUMO1
(His-SUMOL1) in HeLa cells. Whole-cell extracts were
collected, and samples were immunoprecipitated with His
beads and immunoblotted with a GFP-specific antibody.
Sumoylation of NICD1 was detected in a band between 150
and 250kDa (Fig. 2a). Furthermore, overexpressed
AENotchl (AEN1), a construct coding for a membrane-
tethered form of Notch1, which is constitutively cleaved by
y-secretase to generate NICDI, demonstrated, although
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weakly, sumoylation of NICD1 as detected with an anti-
body (Val-1744) that recognizes activated cleaved Notchl
(Fig. 2b).

Various environmental stresses can increase/decrease
sumoylation, and stress stimuli have been shown to boost
the interaction between SUMO and several of its target
proteins to provide an important post-translational reg-
ulatory mechanism [31].

To examine whether stress has an effect on
NICD1 sumoylation, we transfected HeLa cells with GFP-
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Flag-NICD1 together with either His-SUMO1 or His-
SUMO3 and heat-shocked the cells. Heat shock sig-
nificantly enhanced modification of NICD1 by both His-

a-Notch1 C20

SUMOI1 and His-SUMO3 (Fig. 2c). Heat-shocked cells
with transfected SUMO displayed several bands between
150 and 250kDa, indicating that NICDI1 potentially
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Fig. 3 SUMO enhances the nuclear localization of Notchl, interacts
with Notchl in the nucleus, and increases the levels of Notchl. a
Sumoylation of Notchl increases the nuclear localization of Notchl.
COS7 cells were transfected with activated Notchl (AEN) and/or His-
SUMOIL (S1), or a control vector. Twenty-four hours after transfection
the cells were left untreated or heat-shocked for 1 h at 42 °C followed
by a 1-h recovery at 37 °C (HS). Images were taken with a Zeiss
LSM510 META confocal microscope. n = 3. b Heat shock combined
with transfected SUMO increases the nuclear localization of Notchl
most efficiently. Values are statistically significant at **p < 0.01 and
represent averages from three independent experiments. Hundred cells
in average were counted for each sample. ¢ Notchl is sumoylated in
the nucleus. COS7 cells were heat-shocked and recovered as in (a).
Nuclear fractions (NE) and cytoplasmic fractions (Cyt) were extracted
and the samples were immunoblotted. GFP-Flag-NICD1 (NICD1)
shows strong sumoylation in the nuclear fractions, whereas the cyto-
plasmic fractions show no conjugation of His-SUMOI (S1) to NICDI.
n = 3. d Consistent with (c), NICDI cleaved from overexpressed AEN
does not interact with His-SUMOI1 (S1) in the cytoplasm, but only in
the nucleus. The samples were treated as in (c), but immunoblotted
with a-Notchl C20. e COS7 cells were transfected as indicated, and
left untreated or treated with the protein translation inhibitor cyclo-
heximide (CHX). The cells were heat-shocked at 42 °C followed by a
1-h recovery at 37 °C (HS +rec.), or left untreated, and the samples
were lysed and immunoblotted. f The levels of Notchl are increased
with increasing amounts of transfected SUMO1. COS7 cells were
transfected with GFP-Flag-NICD (NICD) and different amounts of
His-SUMOL (S1), heat-shocked and recovered, lysed, and immuno-
precipitated against Notchl with protein G-sepharose beads and a-
Notchl C20, and analyzed with immunoblotting. The sumoylated form
of Notchl is indicated with an arrow or a bracket and the unmodified
form with an asterisk. The lysates showed less difference in the levels
of NICD, presumably due to decreased sumoylation of Notchl in the
presence of desumoylating isopeptidases. n =3

contains multiple sumoylation sites (Fig. 2c). Ligand-
activated Full-Length Notchl (FLN; Supplementary
Fig. 1A) and endogenous Notch (Supplementary Fig. 1B)
were also shown to be sumoylated as NICD1. Without
overexpressed SUMO, sumoylation of NICD1 decreased
significantly, supporting the notion that conjugation of
endogenous SUMO to Notch is challenging to detect
(Supplementary Fig. 2A).

Acute heat shock enhanced transcription of Notch target
genes (Supplementary Fig. 2B). In contrast, we observed
the most efficient sumoylation of NICD1 upon recovery
from acute stress in cells exposed to a 1-h heat shock at 42 °
C, followed by a 1-h recovery at 37 °C (Supplementary
Fig. 2C). To determine if other stress conditions induce
Notch sumoylation, we exposed HeLa cells to proteotoxic
stress by treating the cells with the proteasome inhibitor
Bortezomib, and detected increased sumoylation of Notch
(Fig. 2d). To establish which endogenous SUMO isoforms
are capable of modifying Notchl we transfected GFP-Flag-
NICD1 into HeLa cells, immunoprecipitated Notchl, and
immunoblotted with an antibody recognizing either
SUMO2/3 or SUMOI1 (Fig. 2e, f and Supplementary
Fig. 2D). Only endogenous SUMO2/3 was able to modify
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NICD1. Next, we detected that the de-conjugating enzymes
SENP1 and SENP2 were able to remove His-SUMO!1 and
His-SUMO?2 from NICDI1 (Fig. 2g).

Stress-inducible sumoylation of Notch occurs in the
nucleus

Sumoylation is known to regulate a variety of cellular
processes including nuclear transport and expression of
genes [32]. We assessed by immunofluorescence confocal
microscopy whether the nuclear localization of NICDI is
altered in response to stress and sumoylation. A prominent
portion of NICD1 generated from AEN1 was detected in the
nucleus in cells overexpressing SUMO. Since heat stress
increased the modification of NICD1 by SUMO (Fig. 2c¢), it
was of interest to determine whether overexpressed SUMO,
in combination with heat shock, further enhanced the
nuclear accumulation of NICD1. The strongest nuclear
localization was observed when heat shock was combined
with overexpression of Notch and SUMO (Fig. 3a, b). In
average, 58% of those cells displayed strong nuclear
staining of Notchl, whereas only 41% of the cells expres-
sing only endogenous SUMO displayed strong nuclear
staining (Fig. 3b, Supplementary Figs. 3A, B).

SUMO interacts with many of its substrates in the
nucleus [33]. Although SUMOI1, SUMO2/3, SAE1/SAE2,
and UbcY are predominantly located in the nucleus [34],
SUMO modifications have also been observed to occur in
the cytoplasm, plasma membrane, ER membrane, and
mitochondria [35]. To determine the cellular localization of
NICDI1 sumoylation, we extracted cytoplasmic and nuclear
fractions and observed NICD1 to be sumoylated only in the
nuclear fractions (Fig. 3c, d). Therefore, it was important to
investigate the functional outcome of NICD1 sumoylation
in the nucleus. Alterations in protein levels have been
documented for a variety of SUMO target proteins [36]. To
determine whether sumoylation affects NICD levels, we
inhibited de novo protein synthesis by cycloheximide
treatment for up to 6 h and monitored the amount of NICD
with and without heat shock and overexpressed SUMO
(Fig. 3e and Supplementary Figs. 3C and D). Immuno-
blotting displayed higher levels of NICD by overexpression
of SUMO both with and without heat shock. In a SUMO
dose response experiment SUMO enhanced NICD levels in
a dose-dependent manner (Fig. 3f and Supplementary
Fig. 3E).

Sumoylation of NICD1 decreases expression of
Notch target genes

Dynamic expression of Notch target genes Hes and Hey is
crucial for a proper timing of Notch-driven fate-determining
steps during development and to elicit proper cellular
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Fig. 4 Three-dimensional model of sumoylated Notchl transcription
complex. CSL (light green), MAMLI1 (purple), DNA (orange), ANK
repeat domain (cyan), and the N-terminal part (until E1777) of the RAM
peptide (cyan) are from the crystal structure of the Notchl transcription
complex (PDB 3V79; 56). The C-terminal part of the RAM peptide

responses in a changing environment. Since the mechan-
isms of dynamic control of Notch target gene expression
during different cellular contexts have remained elusive, we
investigated a putative effect of stress-induced sumoylation
on Notch-mediated transcription. We first used molecular
modeling to assess whether sumoylation of NICD1 within
the Notchl transcriptional complex is possible. Secondary
structure prediction for NICD1 follows the secondary
structure pattern of the crystallized Notchl transcription
complex [37]. K1774 is located in the last helix (F1773-
S1779) of the crystallized RAM peptide, which is followed
by a predicted loop region (K1780-L1794) with K1780,
K1781, and K1782. The secondary structure prediction for
residues 1780-1794 agrees with the notion that sumoylation
often occurs on residues located in loop regions or in
intrinsically disordered regions [32]. On the basis of our
three-dimensional model of the sumoylated Notchl tran-
scription complex, the loop with K1780, K1781, and K1782
is on the surface of the complex (Fig. 4 and Supplementary
Fig. 4). The RAM peptide interacts with the CSL subunit of
the Notchl transcription complex, but K1780, K1781, and
K1782 are not involved in these interactions. Instead, they
are solvent-exposed and hence easily accessible to sumoy-
lation without having an impact on the interaction with CSL
or any other component of the Notchl transcriptional
complex (Fig. 4 and Supplementary Fig. 4).

We generated a tetra-SUMO mutant (TSM) of GFP-Flag-
NICD1, where the four conserved lysines in the RAM

ANK repeat Q_

(A1778-D1790) containing the sumoylated K1780 (shown as a repre-
sentative for sumoylation with cyan spheres), K1781 and K1782 was
modeled, along with SUMO (green) and the E2-conjugating enzyme
UbcY (wheat), using the crystal structure of sumoylated Ran GTPase-
activating protein 1 (PDB 3UIP; 80) as a template for modeling

domain were mutated to arginine, to generate K1774/1780/
1781/1782R. The TSM could not be sumoylated as effi-
ciently as wild-type NICD1, demonstrating that the RAM
domain is indeed a bona fide sumoylation site (Fig. 5a). Since
stress-induced sumoylation increased the nuclear localization
of NICDI (Fig. 3a, b), we studied by immunofluorescence
confocal microscopy how the TSM localizes in the cell. In
response to heat shock and overexpressed SUMO, the
nuclear accumulation of the TSM was significantly weaker
compared to the wild type (Fig. 5b). Thereafter, Notchl
activity was analyzed using a 12xCSL luciferase reporter
gene and, interestingly, the TSM displayed higher activity
than the wild-type NICDI (Fig. 5c), suggesting that
sumoylation decreases Notch transcriptional activity. Next,
we investigated whether the repressive effect of sumoylation
also applies to target gene expression. Using quantitative RT-
PCR analysis, we found that the expression of the classical
Notchl target genes Hesl, Heyl, and Hey2 upon heat stress
decreased by SUMO. The results showed that addition of
SUMO decreased the expression of each target gene
regardless of the recovery time after heat shock (Figs. 5d—f).
The TSM increased the expression levels of HesI, Heyl, and
Hey2, which further supports our finding that the RAM
domain is a fundamental SUMO site and a key regulator of
Notchl transcriptional activity. All three target genes were
most repressed by heat shock-induced sumoylation of wild-
type NICDI1. Since the TSM increased the expression of
Heyl and Hey2, but not Hes! during heat stress, albeit all

SPRINGER NATURE
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NICDI. In addition, Notch sumoylation clearly repressed the
expression of the three mentioned Notch target genes during
proteotoxic stress. This applied both to ligand-activated FLN

stress-induced repression of Hes! is likely to

)

these target genes showed the same response to sumoylation
involve additional mechanisms besides sumoylation of

(Figs. 5g-i)
SPRINGER NATURE
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<« Fig. 5 Sumoylation decreases Notchl activity and represses the

expression of Notchl target genes. a K1774/1780/1781/1782R GFP-
Flag-NICD1 (TSM) cannot be sumoylated as efficiently as wild-type
GFP-Flag-NICD1 (WT). The sumoylated form of Notchl is indicated
with an arrow and the unmodified form with an asterisk. n=3. b
Wild-type NICD1 localizes more potently in the nucleus than TSM.
COS7 cells were transfected with GFP-Flag-NICD1 (WT) or TSM,
and some samples with His-SUMO1 (S1) as indicated. Images were
taken with a Zeiss LSM510 META confocal microscope. ¢ TSM
increases the activity of the Notchl1 signaling pathway. Notchl activity
was measured from HeLa cells by the 12xCSL luciferase reporter
reflecting the activity of the Notchl signaling pathway. The values
shown are normalized luciferase units. n =3. d—f Sumoylation (S1)
decreases the expression of Notch (N1) target genes Hesl, Heyl, and
Hey?2 during heat shock. The relative expression of mRNA was ana-
lyzed by quantitative RT-PCR. n = 3. g-i Sumoylation (S1) decreases
expression of Notchl (WT) target genes Hesl, Heyl, and Heyl,
whereas TSM increases the expression of Hesl, Heyl, and Hey2. The
relative expression of mRNA was analyzed by quantitative RT-PCR.
n=3.j, k SUMO (S1) represses the expression of the indicated Notch
target genes during proteotoxic stress in the form of Bortezomib (Brz).
The relative expression of mRNA was analyzed by quantitative RT-
PCRn=3

in HEK 293 FLN cells (Fig. 5j) and overexpressed NICD in
HeLa cells (Fig. 5k). As with heat shock (Figs. Sh—i) the
TSM increased target gene expression during proteotoxic
stress (Fig. 5k).

To examine whether mutated NICD1 (NOTCHI-TSM)
lacking the domains necessary for proper sumoylation
retains a capacity to activate downstream target genes
in vivo, we electroporated chick embryos with vectors
either encoding wild-type NICD1 (NOTCHI-WT) or the
mutant NOTCHI-TSM. When electroporated, both con-
structs inhibited the upregulation of the neuronal marker
TUJ1 and induced expression of the Notchl target gene
Hes5 (Figs. 6a—d). However, when heat-shocked at 55 °C
for 1 h prior to retrieval there was a pronounced reduction in
RNA levels of Hes5 in the embryos electroporated with
NOTCHI-WT (Figs. 6e, f). In contrast, in embryos elec-
troporated with NOTCHI-TSM there was still a robust
increase in Hes5 expression despite the heat shock (Fig. 6g,
h). The effects of heat shock on Hesl expression in
NOTCHI-WT- and NOTCH I-TSM-electroporated embryos
were not as pronounced as those on Hes5 (Supplementary
Fig. 5), in line with the data on the effect of TSM on Hes!
expression during stress in vitro (Fig. 5g). To test whether
also other stresses influence Notch sumoylation and target
gene expression in vivo we treated NOTCHI-WT and
NOTCH1-TSM electroporated embryos with Bortezomib to
induce proteotoxic stress (Supplementary Fig. 6). Bortezo-
mib reduced Hes5 in embryos expressing NOTCHI-WT
(Supplementary Fig. 6). In embryos exposed to 50 uM
Bortezomib there was a stronger reduction in Hes5 levels in
NOTCHI-WT than in NOTCHI-TSM electroporated
embryos (Supplementary Fig. 6). Taken together, both heat

stress and proteotoxic stress affected Notch target gene
expression in vivo through NICD sumoylation.

Sumoylated NICD1 interacts with the transcription
factor CSL and the deacetylase HDAC4 to repress
gene expression

To reveal by which mechanism sumoylation of
NICD1 suppressed the activity of Notchl (Fig. 5c) and
expression of its target genes Hesl, Heyl, and Hey2
(Figs. 5d-k), we addressed the effect of sumoylation on the
interaction between NICD1 and CSL. For this purpose, we
performed a modified ChIP assay where we crosslinked
NICD1 and CSL on DNA in order to maintain their interaction
within the transcriptional complex on DNA (Fig. 7a). SUMO
did not impair the NICDI-CSL-DNA interaction. This is in
accordance with the three-dimensional model of the sumoy-
lated Notchl transcriptional complex, in which the K1780/
K1781/K1782 are easily available for sumoylation, and neither
SUMO nor the conjugating enzyme Ubc9 interferes with the
NICD1-CSL-DNA interactions (Fig. 4, Supplementary
Fig. 4). The modeled complex suggests that Ubc9 interacts
with CSL, but the RAM peptide and K1780/K1781/K1782
mediate the majority of the interactions with SUMO and Ubc9.
Therefore, we conclude that sumoylation mediates its repres-
sive effect on Notchl target genes mainly through some other
mechanism(s) than by decreasing the interaction with CSL.
An important mechanism by which sumoylation med-
iates repression of gene expression is association of
sumoylated proteins with HDACs [38]. HDACs negatively
regulate transcription by causing local structural changes in
the chromatin, which stems from HDACs deacetylating
histones and in some cases by HDACSs recruiting and
modifying additional repressors or co-repressors [29].
Intriguingly, when screening for protein modifiers inter-
acting with Notch under stress, we observed an interaction
between HDAC4 and Notch (data not shown). To investi-
gate a potential role of HDAC4 in the SUMO-mediated
effect on Notchl activity we downregulated HDAC4 with
small interfering RNAs (siRNAs). Downregulation
increased the stress-induced Notchl activity and the
increase was more pronounced in the presence of SUMO
(Fig. 7b, right and left graph). We found that HDAC4
repressed the activity of wild-type Notchl more than that of
TSM in the presence of heat shock (Fig. 7c, left and right
graph). We confirmed that HDAC4 interacted with NICD1
and demonstrated that the interaction was enhanced in the
presence of SUMO and heat shock (Fig. 7d). We next
analyzed the binding of the TSM to HDAC4 and observed a
reduced interaction (Fig. 7e), demonstrating that sumoyla-
tion of NICD1 enhances the binding to HDAC4. To find out
whether NICD1 and HDAC4 interact on the chromatin, we
crosslinked the proteins on DNA in a modified ChIP assay,
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Hes5 |

| GFP TUJ1 ||

| NOTCH1-WT

CONTROL

NOTCH1-TSM

NOTCH1-WT

HEAT SHOCK

NOTCH1-TSM

pulled down Notch, and immunoblotted the pulled down
samples with an HDAC4-specific antibody, which showed
the presence of HDAC4 (Fig. 7f).

SPRINGER NATURE

<« Fig. 6 Sumoylation-resistant Notchl mutant retains capacity to acti-

vate Hes5 after heat shock. a—d In embryos not exposed to heat shock
(CONTROL) there is a reduction in TUJ1 immunoreactivity and an
increase in Hes5 expression both when electroporated with NOTCH1-
WT (a, b) and NOTCHI-TSM (¢, d). n = 3. e~h In embryos exposed to
heat shock for 1h at 55°C (HEAT SHOCK) there is a reduction in
Hes5 levels in embryos electroporated with NOTCHI-WT (e, f),
whereas NOTCHI-TSM electroporation induced high levels of the
Hes5 transcript (g, h). n=3

Since HDAC4 lowered Notch activity in the presence of
SUMOIL1 (Fig. 7b), HDAC4 may have a repressive role in
the expression of specific Notchl target genes as a con-
sequence of NICDI sumoylation. Thus, we performed
overexpression and siRNA-mediated knockdown of
HDACH4 and analyzed the expression of the Notchl target
genes Hesl, Heyl, and Hey2 in the presence of heat shock
and SUMO. Silencing of HDAC4 activated Notch target
genes, whereas overexpression of HDAC4 had an opposite
effect (Figs. 7h—j). A model of the stress-inducible repres-
sion of Notch target gene expression and the regulatory
mechanisms involved is presented in Fig. 8. Taken together,
these results support the repressive role of HDAC4 in the
regulation of Notchl target genes as a result of NICDI1
being conjugated by SUMO.

Discussion

Here we show that stress-inducible conjugation of SUMO1
to NICD1 regulates Notch target gene expression. Specifi-
cally, sumoylation of NICD1 represses the expression of
Notch target genes during stress conditions. Sumoylation of
NICD1 does not interfere with the formation of the tran-
scriptional complex, and sumoylated Notchl interacts with
CSL on chromatin. This finding is supported by our three-
dimensional model of the Notchl transcription complex
demonstrating that K1780/K1781/K1782 are accessible for
sumoylation, and neither SUMO nor the presence of the
SUMO-conjugating enzyme Ubc9 interferes with the
binding of NICD1 to CSL. The repressive effect of SUMO
appears to be mediated by the recruitment of HDAC4 to the
transcriptional complex, which is in line with several stu-
dies reporting that SUMO promotes HDAC-mediated
transcriptional repression [29, 39—41]. In agreement, we
show that wild-type Notchl interacts more potently with
HDAC4 than the TSM, and silencing of HDAC4 enhances
Notch target gene expression. Sumoylation enhanced the
nuclear levels of NICDI, but reduced its transcriptional
activity. As sumoylation is highly dynamic and reversible,
this provides a mechanism for transcriptional switching and
Notch can be reactivated upon desumoylation. Notch
activity is regulated at several levels of the pathway and
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PTMs have been shown to modulate receptor trafficking,
proteolytic processing, NICD1 nuclear translocation, and
stability [1, 2, 14, 16]. Our data reveal a new regulatory

mechanism and show that NICD1 is sumoylated in the
nucleus to control the activity of the Notch transcriptional
complex.
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Fig. 7 HDAC4 decreases Notchl activity in the presence of SUMO. a
Sumoylated Notchl binds to CSL and remains bound to DNA. n =4.
b Blocking the expression of HDAC4 by siRNA increases Notchl
activity. Notchl activity was measured from HeLa cells by the
12xXCSL luciferase reporter reflecting the activity of the
Notchl signaling pathway. The values shown are normalized lucifer-
ase units. The difference in Notchl activity is greater in samples with
overexpressed SUMOI (S1) n = 3. ¢ HDAC4 represses the activity of
wild-type GFP-Flag-NICD1 (WT) more than it represses the activity
of the K1774/1780/1781/1782R GFP-Flag-NICD1 (TSM). n=3. d
SUMO increases Notch-HDAC4 interaction. Control samples with-
out antibody during IP are indicated with an “M” referring to mock. n
=3. e Consistent with the results in (¢), K1774/1780/1781/1782R
GFP-Flag-NICD1 (NICD TSM) decreases NICD1-HDAC4 interac-
tion compared to wildtype NICD1 (NICD WT). f Notch interacts with
HDAC4 on the DNA. n=3. g The levels of HDAC4 as related to
Notch in the immunoprecipitates in (e) were quantified. Values indi-
cate the average of three independent experiments. n = 3. h—j Inhibi-
tion of HDAC4 expression by siRNA increases, and HDAC4
overexpression decreases the expression of Notchl (N1) target genes
Hesl, Heyl, and Hey2 in the presence of SUMOL1 (S1). The relative
expression of mRNA was analyzed by quantitative RT-PCR. n =3

It has previously been shown that sumoylation regulates
other proteins in the Notch signaling pathway [42]. For
example, MAMLI1 undergoes sumoylation, which causes
enhanced interaction between MAMLI1 and HDAC?7 lead-
ing to decreased MAMLI1 transcriptional activity, and oxi-
dative stress-induced sumoylation of Hesl represses the
expression of GADD45a [39, 43]. Sumoylation has been
shown to be a mechanism for coordinated regulation of
signaling pathways. In some cases a protein group of the
same pathway can be simultaneously multisumoylated,
stabilizing the interaction between the modified proteins
[44]. Furthermore, protein complexes may be held together
by several SUMO-SUMO interacting motifs (SIMs) [45],
and elimination of one SUMO site may thus have no major
physiological consequences. Proteins engaged in inter-
related complexes have been demonstrated to be subjects to
synchronous SUMO2 modification in heat-shocked cells
[46]. Since SUMO-mediated regulation operates through
signaling network control, the physiological significance of
sumoylation of a single target protein may become more
difficult to substantiate [45]. Such network control is fea-
sible in the regulation of the Notchl pathway, given that
both MAMLI in the NICDI1 transcriptional complex and
the target gene Hesl are sumoylated [39, 42, 43]. Coordi-
nated control of the activity of different components in the
Notch pathway would constitute a dynamic, but robust cell-
intrinsic system to regulate cellular responses to Notch
activation.

The Hes family of repressors controlled by Notch sig-
naling display cyclic expression patterns, mainly controlled
through negative feedback, to coordinate cell fate decisions
during development. Sumoylation has been implicated to
influence cell fate specification during development [20],

SPRINGER NATURE

and sumoylation of NICDI1 provides an additional reg-
ulatory mechanism for dynamic expression of Notch target
genes. Since sumoylation is stress-inducible, modification
of NICD1 by SUMO provides a cell autonomous mechan-
ism for regulating Notchl in response to the cellular con-
text. We observed that stress reduced WT Notch-mediated
expression of Hes5 in the developing chick CNS, but
expression was not affected in cells expressing the mutated
Notch, indicating that the stress-induced sumoylation of
Notch represses target genes in vivo. Hence, sumoylation
provides a mechanism for fine-tuning Notch-mediated cell
functions in response to changes in the physiological state.
Due to the reversible nature of sumoylation, SUMO con-
jugation allows for transcriptional switching at the level of
chromatin without the requirement of reactivation of the
pathway by interaction with ligand-expressing cells.

To date, only a few PTMs of Notch have been reported.
Sumoylation presents a mechanism for cell autonomous,
context-specific modulation of Notch target gene expres-
sion. Since dysregulation of Notch signaling is linked to a
wide range of pathologies [2], mechanistic insight into
SUMO-mediated Notch regulation provides a novel aspect
of the pathway, which can be amendable to therapeutic
intervention.

Materials and methods

Cell culture, transfection, immunoprecipitation, and
immunoblotting

African green monkey COS7 cells (generous gift from J.
Eriksson group, Turku Centre for Biotechnology), human
cervical cancer HeLa cells (ATCC), and human HEK 293
cells expressing FLN (generous gift from U.Lendahl group,
Karolinska Institut, Stockholm) were cultured in DMEM
(Dulbecco’s Modified Eagle’s Medium, Sigma-Aldrich)
supplemented with 10% fetal calf serum, 2 mM L-gluta-
mine, 100 U/ml penicillin, and 100 pg/ml streptomycin. For
HEK 293 FLN cells, 10 pg/ml puromycin was added to
DMEM. The cells were grown at 37 °C in an atmosphere
containing 5% CO,. Transfection was performed by resus-
pending 10 pg of plasmid DNA, and HeLa or COS7 or
HEK 293 FLN cells in 400 pl Opti-MEM (Invitrogen) in
BTX cuvettes. Cells were subjected to electroporation at
220V and 975 pF (Gene Pulser Transfection Apparatus,
Bio-Rad). Prior to treatments, cells were left to recover for
24 h. For blocking the expression of HDAC4 by siRNA,
Genesolution siRNA pools for HDAC4 (cat.no. 1027416)
and control siRNAs (cat.no. 1027415) were purchased from
Qiagen. The siRNAs were prepared according to the
instructions of the manufacturer. HeLa cells were separately
transfected with siRNAs by using Lipofectamine 2000
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s DNA

Fig. 8 A model of the involvement of SUMO and HDAC4 in the
repression of Notchl target gene expression. In the absence of SUMO,
NICD binds to CSL leading to the recruitment of MAML and

(Invitrogen). The cells were then cultured for 48—72 h prior
to transfection of vector plasmids into the cells followed by
harvesting of the cells for luciferase assay or quantitative
RT-PCR. The TSM K1774/1780/1781/1782R was gener-
ated from human wild-type GFP-Flag-NICD1 by using the
QuikChange® Site-Directed Mutagenesis kit (Stratagene)
and sequenced to ensure successful mutagenesis.

The immunoprecipitations were performed on trans-
fected and treated HeLa or COS7 cells. For harvesting,
cells were washed twice with cold PBS (phosphate-buffered
saline). For immunoprecipitating polyhistidine-tagged pro-
teins, Talon magnetic beads (Clontech) were used. The cells
were resuspended in 1% SDS (sodium dodecyl sulfate) in
PBS, and the lysates were boiled for 5 min. A concentration
of 8 M urea/PBS/20 mM N-Ethylmaleimide (NEM, Sigma-
Aldrich) was added into each sample. The DNA was
sheared into smaller fragments by sonication, which was
followed by a centrifugation for 10 min at 15,000g. Lysates
were taken from the supernatants, which were incubated
with 40 pl of washed Talon magnetic beads under rotation
for 1 h at 4 °C, and beads were washed six times with 8 M
urea/PBS/850 mM NaCl and once with 8 M urea/PBS, and
eluted with 20pl of 200 mM imidazole/8 M urea/PBS.
Proteins were run on an 8% SDS-polyacrylamide gel,
transferred to a nitrocellulose membrane (Protran nitro-
cellulose, Schleicher & Shuell), and immunoblottted with o-
GFP (Invitrogen) or o-cleaved Notchl (Val-1744, Cell
Signaling). a-HSC70 (Stressgen) was used as a loading
control.

For immunoprecipitating Myc-NICD1-, GFP-Flag-
NICD1-, or the TSM-transfected and -treated (either control
treatment or 1h heat shock at 42°C water bath+ 1h
recovery at 37 °C) HeLa cells were resuspended in 1% SDS
in PBS, and the lysates were boiled for 5 min. Triton X-100
(1%)/20 mM NEM in PBS was added into each sample, and
the samples were sonicated followed by a centrifugation for
10 min at 15,000g. Lysates were taken from the super-
natants, which were incubated with either Flag M2 beads
(Sigma-Aldrich), or with 40 pl of protein G-sepharose (GE
Healthcare) and 3 pl of a-Notchl C20 (Santa Cruz Bio-
technology) under rotation for 1h at 4 °C. The beads were
washed six times with 1% Triton X-100/20 mM NEM in
PBS, and the proteins were eluted with 3 x Laemmli sample

CELL.STRESS

consequent activation of specific Notch target genes. Recruitment of
HDACH4 to the NICD/CSL/MAML transcriptional complex by sumoy-
lated NICD promotes HDAC4-mediated transcriptional repression

buffer sample buffer. The proteins were run on an 8% SDS-
polyacrylamide gel, and immunoblottted with a-SUMOI1
(Zymed Laboratories), a-SUMO2/3 (Zymed Laboratories),
a-Notchl C20 (Santa Cruz Biotechnology), Flag (Sigma-
Aldrich), or HDAC4 (Abcam). a-actin (Cell Signaling) was
used as a loading control.

To study Notch sumoylation in HEK 293 FLN cells
in which FLN was activated with Notch-specific ligands, cell
culture plates were coated with Protein G (Invitrogen) 50 pg/
ml in PBS at room temperature overnight. The
plates were washed three times with PBS and blocked with
10 mg/ml of bovine serum albumin (BSA) at PBS for 1 h at
room temperature. The plates were washed three times with
PBS and incubated with recombinant Jagged1-FC (R&D
Systems) with a final concentration of 0.5 pg/ml in 0.1%
BSA/PBS for 2h at room temperature. During the last
incubation, HEK 293 FLN cells were transfected. After
incubation, the plates were washed three times with PBS and
once with DMEM, and immediately plated with the trans-
fected cells. Cells in which Notch target gene expression was
studied were treated 24 h after transfection as described in
section (Quantitative RT-PCR). To study whether ligand-
activated FLN can be sumoylated as NICD1 in HEK 293
FLN cells, the plates were 24h after transfection left
untreated or treated with 1 h heat shock at 42 °C water bath
+ 1 h recovery at 37 °C), and the lysates were collected with
3x Laemmli sample buffer. The proteins were run on an
SDS-polyacrylamide gel and immunoblottted with a-Notchl
C20 (Santa Cruz Biotechnology). a-actin (Cell Signaling)
was used as a loading control.

To study the effect of Bortezomib-induced sumoylation,
HEK 293 FLN cells or HeLa cells were 24 h after trans-
fection exposed to Bortezomib in dimethyl sulfoxide
(DMSO) at a final concentration of 100 nm for 8 h at 37 °C,
and in Fig. 2f also for 16 h. The HeLa cells were either
lysed in 3x Laemmli sample buffer and analyzed by
immunoblotting, or treated as described in section (Quan-
titative RT-PCR).

To study desumoylation of Notch, transfected COS7
cells were heat-shocked for 1h at 42 °C followed by a
recovery for 1h at 37°C. The cells were lysed in 3x
Laemmli sample buffer and the proteins were analyzed by
western blotting with an antibody targeted against GFP.
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To study whether sumoylation enhances the levels of
Notch, COS7 cells were transfected with GFP-Flag-NICD
and some samples in addition with His-SUMOI1. Twenty-
four hours after transfection, the cells were control-treated or
treated with the protein translation inhibitor cyclo-
heximide (Sigma-Aldrich) at a final concentration of
10 pg/ml in ethanol for 0.5, 1, 2, 4, or 6 h. The cells were left
untreated or heat-shocked for 1h at 42 °C followed by a
recovery for 1h at 37°C, and the samples were lysed
in 3x Laemmli sample buffer and immunoblotted with
a-GFP (Invitrogen). To study Notch sumoylation in a SUMO
dose-dependent manner, increasing amounts of SUMO was
transfected into COS7 cells. After 24 h, for heat shocking the
plates were kept for 1 h at 42 °C water bath followed by a 1-h
recovery at 37 °C. The cells were resuspended in 1% SDS in
PBS and the lysates were boiled for 5 min. Triton X-100
(1%)/20 mM NEM in PBS was added into each sample and
the samples were sonicated followed by a centrifugation for
10 min at 15,000g. Lysates were taken from the supernatants,
and the supernatants were incubated with 40 pl of protein G-
sepharose (GE Healthcare) and 3 pl of a-Notchl C20 (Santa
Cruz Biotechnology) under rotation for 1h at 4°C. The
beads were washed six times with 1% Triton X-100/20 mM
NEM in PBS and the proteins were eluted with 3 x Laemmli
sample buffer. The proteins were run on an 8% SDS-
polyacrylamide gel and immunoblotted with a-Notchl C20
(Santa Cruz Biotechnology).

Immunocytochemistry and confocal microscopy

Transfected COS7 cells were plated on coverslips and left to
recover for 24 h. Cells were left untreated or heat-shocked
for 1 h at 42 °C followed by a 1-h recovery at 37 °C. Cells
were fixed in 3% PFA, washed with PBS, permeabilized for
Smin in 0.1% Triton X-100 in PBS, blocked for 1 h with
3% BSA/0.05% Triton X-100 in PBS, and incubated
overnight with primary antibody rabbit o-Notchl C20
(Santa Cruz Biotechnology), which had been diluted 1:200
in blocking solution. The cells were washed three times
with PBS, and incubated for 1h with secondary antibody
donkey a-rabbit Alexa 488 (Molecular Probes), which had
been diluted 1:1000 in blocking solution. The cells were
washed three times with PBS, and for visualization of nuclei
the cells were incubated for 2 min with 0.5 mg/ml DAPI in
0.1M PBS and mounted to slides with ProLong Gold
mounting medium (Invitrogen). Immunostaining was
visualized with a Zeiss LSM510 META confocal micro-
scope. Cells transfected with GFP-Flag-NICD1 WT or
the TSM were visualized by GFP. Values shown in
the figures are statistically significant at ***P < (0.001 or
**P <0.01, and are averages from three independent
experiments. Hundred cells in average were counted for
each sample.
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Extraction of nuclear and cytoplasmic fractions

For extracting nuclear fractions of transfected and treated (1
h heat shock at 42 °C 4 1 h recovery at 37 °C) COS7 cells,
1-1.5x 10 cells were resuspended in buffer I (10 mM Tris
pH 7.4, 10mM NaCl, 3mM MgCl,, 1x Complete Mini
EDTA-free Protease Inhibitor Cocktail Tablets, 2 mM
dithiothreitol (DTT)) and incubated on ice for 10 min. For
breaking the nuclear membrane, 10% NP40 was added to a
final concentration of 0.2%. The tube was flipped 10 times
to achieve homogenization. The sample was incubated for
1 min on ice and centrifuged for 4 min at 400g, and the
pellet was resuspended in buffer I. The sample was cen-
trifuged for 4 min at 400g, and the pellet was resuspended in
buffer I (20mM Tris pH 7.4, 40 mM Na,P,0;, 5 mM
MgCl,, 50 mM NaF, 100 mM NazVO,, 10 mM EDTA, 1%
Triton, and 1% SDS). NP40 (10%) was added to each
sample, incubated 10 min on ice, and centrifuged for 10 min
at 20,000g. Laemmli sample buffer (3x) was added to the
collected supernatant and the samples were boiled for 5 min.

For extracting cytoplasmic fractions, COS7 cells were
resuspended in buffer I and incubated on ice for 10 min. For
breaking the nuclear membrane, 10% NP40 was added to a
final concentration of 0.2%. The tube was flipped 10 times
to achieve homogenization. The sample was incubated for
2min on ice and centrifuged for 2 min at 10,000g. For
elimination of nuclear residue, the supernatant was cen-
trifuged for 2 min at 10,000g. Laemmli sample buffer (3 x)
was added to the collected supernatant and the samples
were boiled for 5min. The proteins from nuclear and
cytoplasmic extracts were separated in SDS-PAGE and
immunoblotted with a-GFP (Invitrogen) and a-Notch1l C20
(Santa Cruz Biotechnology). a-HSC70 (Stressgen) was
used as a loading control.

Quantitative RT-PCR

The RNeasy kit (Qiagen) was used to isolate RNA from
transfected and control-treated/heat-shocked/Bortezomib-
treated HeLa cells or HEK 293 FLN cells. DNase I treat-
ment of 1 pg of each RNA sample was carried out by using
RQ1 DNase (Promega M610A). The DNase-treated sam-
ples were reverse-transcribed to cDNA by using the M-
MLV Reverse transcriptase protocol (Promega). Kapa
Probe Fast gPCR Master Mix (Kapa Biosystems) was uti-
lized and Tagman quantitative RT-PCR was performed with
7900HT Fast Real-Time PCR System (Applied Biosys-
tems). Primers for human Hesl, Heyl, and Hey2 were
designed by using Universal Probe Library Assay Design
Center (Roche Applied Biosciences). The primers for Hes!,
Heyl, and Hey2 were purchased from Oligomer and were as
follows: Hesl forward 5'-GTGAAGCACCTCCGGAAC-3,
Hesl reverse 5'-GTCACCTCGTTCATGCACTC-3', Heyl
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forward 5'-CGAGCTGGACGAGACCAT-3', Heyl reverse
5'-GAGCCGAACTCAAGTTTCCA-3', Hey2 forward 5'-
CCCGCCCTTGTCAGTATC-3', and Hey2 reverse 5'-
TTGTTTGTTCCACTGCTGGT-3". Tagman probes from
Roche were used, no. 60 for Hes!, no. 39 for Heyl, and no.
73 for Hey2. Primers and probes for human GAPDH have
been described earlier [47]. Relative quantities of Hesl,
Heyl, and Hey?2 transcripts were normalized against their
own GADPH. Experiments were repeated at least three
times. The results were analyzed with SDS 2.3 and RQ
manager software (Applied Biosystems) and statistics was
made with GraphPad Prism 5. Values shown in the figures
are statistically significant at ***P < 0.001, **P < 0.01, or
*P < 0.05 as indicated. Values indicate the average of three
independent experiments.

Notch activity assay

Transfected and heat-shocked HeLa cells were washed with
PBS and lysed with passive lysis buffer (Promega), which had
been diluted to 1x with mq H,O. For measuring luciferase
activity from cells expressing the 12xCSL luciferase reporter
gene, 2 ul of sample was mixed with 18 ul of passive lysis
buffer, and the luciferase activity was measured from tripli-
cates with a luminometer (Thermo Scientific). The 12xCSL
luciferase reporter has been described earlier [48, 49]. For
measuring [-galactosidase activity, a mixture of 10ul of
sample and 240 ul of ONPG (ortho-nitrophenyl-f-galactoside)
buffer was incubated for 30 min at 37 °C, and the absorbance
was measured from triplicates with a Multiskan Ascent pho-
tometer (Thermo Scientific) at 420 nm. Notch activity was
calculated by relating the luciferase expression levels to the
expression levels of pB-galactosidase. To verify equal expres-
sion levels of Notch, lysates for immunoblotting were taken
prior to adding passive lysis buffer. The lysates were immu-
noblotted against Notch with a-Notchl C20 (Santa Cruz
Technology), and a-actin (Cell Signaling) was used as a
loading control. Values shown in the figures are statistically
significant at ***P < 0.001 or *P < 0.05 as indicated. Values
indicate the average of at three independent experiments.

Chromatin immunoprecipitation

For studying the impact of sumoylation on the interaction
between Notch and CSL, or Notch and HDAC4, transfected
COS7 cells were heat-shocked for 1 h at 42 °C followed by a
recovery for 1h at 37 °C. For crosslinking of protein-DNA
interactions, 1 ml of 11% formaldehyde containing 100 M
NaCl, 1 mM EDTA, 0.5 mM EGTA, and 50 mM HEPES was
added into the cell plate containing 10 ml of DMEM. The
plates were rotated for 5min after which 660 pl of 2.5M
glycine were added dropwise and the plates were rotated for
another 5 min. The formaldehyde was removed and the plates

were washed once with cold PBS inside a hood. The cells
were harvested with 5 ml of PBS into polystyrene falcon tubes
in which the cells were washed twice by centrifugation for 5
min, 1000g at 4 °C. Two milliliters of Joost’s lysis buffer (1%
SDS, 10mM EDTA pH 8, 50 mM Tris-HCL pH 8)/1x pro-
tease inhibitor (Roche) was added/sample and let to stand for
10 min. The DNA was sheared into smaller fragments with a
Bioruptor sonicator. Lysates were taken, and 700 pl of sample
was mixed with 700 pl of ChIP buffer (150 mM NaCl, 20 mM
Tris-HC1 pH 8, 1% Triton X-100)/1x protease inhibitor
(Roche), and was incubated under rotation for 1 h at 4 °C with
20 pl of Flag M2 beads (Sigma-Aldrich) for studying Notch-
CSL interaction, or 40pul of protein G-sepharose (GE
Healthcare) and 3 pl of a-Notchl C20 (Santa Cruz Bio-
technology) for studying Notch-HDAC4 interaction. The
samples were centrifuged for 1 min, 2000g at 4 °C. The beads
were washed twice with wash buffer 1 (0.1% SDS, 1% Triton
X-100, 2mM EDTA pH 8, 150 mM NaCl), twice with wash
buffer 2 (0.1% SDS, 1% Triton X-100, 2 mM EDTA pH 8§,
500 mM NaCl, 20 mM Tris-HCI pH 8), and twice with wash
buffer 3 2mM EDTA pH 8, 20mM Tris-HCI pH 8, 10%
glycerol), and the proteins were eluted with 3x Laemmli
sample buffer. The proteins were run on an 8% SDS-
polyacrylamide gel and immunoblottted with a-Notchl C20
(Santa Cruz Biotechnology), a-Flag (Sigma-Aldrich), or o-
HDAC4 (Abcam). a-actin (Cell Signaling) was used as a
loading control.

In ovo electroporation

Fertilized chicken eggs were incubated at 38 °C for 42—45 h
to reach stage HH11. Albumen (5 ml) was withdrawn with a
syringe and the top of the shell was opened in order to
expose the embryo. NICD1-WT and NICD1-TSM (K1774/
1780/1781/1782R), previously subcloned from a pCMV
vector into a pCIG vector, were injected in the neural tube
using pulled glass microcapillaries (1.5 pg/pl in PBS; 1 mM
MgCl,; fast green). Five electric pulses of 21 V for 50 ms
each were discharged at intervals of 1 s. The opening of the
eggs was then taped in order to avoid the embryos to dry.
Eggs were incubated at 38 °C for 16 h. Heat shock: control
eggs were incubated for one more hour at 38 °C, while heat-
shocked eggs were incubated at 55°C for 1h and then
dissected in PBS. Bortezomib treatment: 20 h after elec-
troporation, the eggs were opened again in order to check
survival and to have access to the developing embryo.
Bortezomib (5 or 50 uM) were injected in the amniotic
cavity where the developing embryo lays. The eggs were
then taped again to avoid the embryos from drying and
incubated for two more hours at 38 °C. After the stress
treatment, embryos were retrieved and dissected in PBS.
After dissection, neural tubes were incubated in 4% paraf-
ormaldehyde (PFA) for 1 h. After washing with PBS, neural
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tubes were transferred in 30% sucrose solution overnight
and then cryosectioned (10 pm) onto Superfrost Plus slides
(Thermo Scientific). Immunohistochemistry was performed
with Tujl (MMS-435P, Covance; 1:2000) and GFP
(ab6673, Abcam; 1:500) antibodies. In situ hybridization
was performed as described [50] using chick probes for
Hesl and Hes5, cDNA encoding Hesl and Hes5 was
obtained from MRC Geneservice (chEST356J15 and
chEST382I21).

Structural modeling of sumoylated Notch1
transcription complex

The crystal structure of the Notchl transcription complex
(PDB 3V79) [37] was used as a basis for modeling the
sumoylation of NICD1 into the complex. According to the
amino-acid sequence of human NICD1 (UniProtKB
P46531), the crystallized RAM peptide (residues K1759 —
E1777) ends three amino acids before the sumoylated
K1780. Because of the lack of sumoylated homologs with
known structure, we used the crystal structure of sumoy-
lated Ran GTPase-activating protein 1 (PDB 3UIP) [51] as
a template to model the sumoylated loop (A1778 — D1790)
of the RAM peptide in complex with SUMOI1 and Ubc9. In
the BODIL modeling environment [52], the last helix before
the sumoylated K524 in Ran GTPase-activating protein 1
was first manually superimposed on top of the last helix of
the crystallized RAM peptide in the Notch 1 transcription
complex. Thereafter, the coordinates for the RAM peptide
were saved together with the superimposed coordinates of
the sumoylated loop (residues G521 — N524) of Ran
GTPase-activating protein 1, SUMOI1, and Ubc9. On the
basis of these superimposed coordinates, amino acids
A1778 — D1790 in NICD1 were modeled in complex with
SUMOI1 and Ubc9 with the program MODELLER [53].
Hence, the resulting model of the sumoylated Notchl
transcription complex is a hybrid between the crystallized
structure of the complex and a modeled structure of the
sumoylated loop (A1778 — D1790), SUMOI1 and Ubc9.
Secondary structure prediction was performed with Jpred
[54], sequence alignments with the program MALIGN [55]
in the BODIL modeling environment [52], and pictures
were prepared with PyMOL (version 1.6; Schrodinger,
LLC).

Statistical analyses

Cell culture and chicken egg experiments were repeated three
or more times. One-way ANOVA with Bonferronis’ post hoc
test or two-tailed Student’s t-test (GraphPad Prism Software,
CA, USA) were used to determine the statistical difference. p
values of *p<0.05, **p <0.01, ***p<0.001 were con-
sidered as significant with 95% confidence interval.
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