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DEVELOPMENT

Site-specific methylation of Notch1 controls the
amplitude and duration of the Notch1 response

Kerstin Hein,'? Gerhard Mittler,'® Wiebke Cizelsky,* Michael Kiihl,* Francesca Ferrante,?
Robert Liefke,® Ina M. Berger,® Steffen Just,® J. Eric Striang,” Hans A. Kestler,”?
Franz Oswald,** Tilman Borggrefe'-**

Physiologically, Notch signal transduction plays a pivotal role in differentiation; pathologically, Notch
signaling contributes to the development of cancer. Transcriptional activation of Notch target genes in-
volves cleavage of the Notch receptor in response to ligand binding, production of the Notch intracellular
domain (NICD), and NICD migration into the nucleus and assembly of a coactivator complex. Posttrans-
lational modifications of the NICD are important for its transcriptional activity and protein turnover.
Deregulation of Notch signaling and stabilizing mutations of Notch1 have been linked to leukemia devel-
opment. We found that the methyltransferase CARM1 (coactivator-associated arginine methyltransferase
1; also known as PRMT4) methylated NICD at five conserved arginine residues within the C-terminal trans-
activation domain. CARM1 physically and functionally interacted with the NICD-coactivator complex and
was found at gene enhancers in a Notch-dependent manner. Although a methylation-defective NICD mutant
was biochemically more stable, this mutant was biologically less active as measured with Notch assays in
embryos of Xenopus laevis and Danio rerio. Mathematical modeling indicated that full but short and tran-

sient Notch signaling required methylation of NICD.

INTRODUCTION

Notch signaling regulates various processes during development. However,
aberrant Notch signaling—through NOTCH1 mutations or dysregulation—
contributes to human disease, such as cancer. Notch signal transduction is
mediated by a highly conserved signaling pathway that is activated upon
cell-to-cell contact (/). Ligand binding induces specific proteolytic cleav-
age events within the Notch receptor, resulting in a y-secretase—dependent
release of the Notch intracellular domain (NICD). NICD migrates into the
nucleus, binds to the basal transcription factor RBP-J, also known as CSL
[CBF1, Su(H), Lag-1], and activates transcription of target genes. The
timing of the Notch response is tightly regulated by receptor-ligand inter-
action, proteolytic processing, and turnover of the NICD (2, 3). Post-
translational modifications such as phosphorylation (4-6), acetylation
(7), and ubiquitination (8) determine the protein half-life of NICD. So
far, ubiquitination has been best described: the E3 ubiquitin ligase
FBXW?7 (also known as SEL10 or CDC4), first discovered to play a role
in Notch signaling in Caenorhabditis elegans (9), ubiquitinates the nuclear
form of the activated Notch receptor (10), thereby marking NICD for its
rapid degradation by the proteasome. In leukemia cells, FBXW7 mutations
stabilize NICD, leading to Notch pathway dysregulation (/1, 12). Thus,
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mutations not only in Notchl itself but also in Notch modifiers contribute
to the pathology of cancer (13, 14).

Protein arginine methyltransferases (PRMTs) have been described in
many species. They can methylate the terminal guanidino groups either
asymmetrically [asymmetric dimethylated arginine (aDMA)] or symmetrical-
ly [symmetric dimethylated arginine (SDMA)]. Thereby, they are classified
as type I (aDMA) or type II (sSDMA) PRMTs [reviewed in (15)]. Arginine
methylation emerges as a crucial regulatory mechanism in a variety of im-
portant cellular functions, for example, signaling (/6, /7) and gene regu-
lation (18-20). The type I methyltransferase CARMI1 (coactivator-associated
arginine methyltransferase 1; also known as PRMT4) was first identified
as coactivator of steroid receptor signaling (27, 22). Knockout of CARM1
confirmed the essential unique function of the methyltransferase that can-
not be compensated by other PRMTs. CARM1 knockout mice die just after
birth and are smaller than their littermates (23). The enzymatic activity of
CARML1 is required for all of its known in vivo functions (24). Here, we
investigated whether the NICD itself is targeted by the chromatin modifier
CARMI and subsequently characterized the functional role of CARMI1-
dependent Notch methylation in the stability and activity of the NICD
in vivo.

RESULTS

The C-terminal part of the NICD is methylated by CARM1
To investigate whether NICD itself is methylated at arginine residues, we
performed Western blotting using two commercial antibodies recognizing
either asymmetrically methylated arginine (ASYM24) or symmetrically
methylated arginine (SYM11). Bovine serum albumin (BSA) coupled to
aDMA or sDMA was used as a positive control. The NICD, which was
affinity-purified using a biotinylation tagging system as previously described
(25), was recognized by the ASYM24 antibody but not by the SYM11
antibody (Fig. 1A and fig. S1A), suggesting that the arginine(s) in NICD
is asymmetrically dimethylated. The main part of asymmetric arginine di-
methylation is mediated by the type I arginine methyltransferase PRMT],
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Fig. 1. CARM1 methylates the NICD at five conserved Arg residues in the TAD. (A) Streptavidin pull-down
of biotin-tagged NICD (Bio-NICD) from Beko cells and blotted for asymmetrically (Asym?24) or symmetri-
cally (Sym11) dimethylated Arg. Biotin ligase—transfected Beko cells (BirA) and aDMA or sDMA coupled to
BSA served as controls. (B) Autoradiography for in vitro methylation of GST-tagged NICD C- or N-terminal
(CT, NT) fragments incubated with the indicated methyltransferase and C-SAM (S-adenosyl-L-[methyl-"4C]
methionine). Ponceau stain shows input. *, methylated bands. (C) Heavy methyl SILAC pair for Arg®2%® in
FLAG-NICD purified by FLAG immunoprecipitation from transiently transfected 293 cells showing the
difference in molecular weight upon dimethylation. White circle marks unlabeled spectrum; blue circle
marks heavy methyl SILAC-labeled spectrum. m/z, mass/charge ratio. (D) Collision-induced dissociation
MS/MS spectrum of the peptide containing methylated Arg??%®. The spectrum is an overlay of the fragment
ions generated from the unlabeled (black) and heavy methyl SILAC-labeled (red) peptide ion. (E) Sche-
matic of murine Notch1 ICD domains and localization (blue outline) of the five methylated Arg in the TAD.
(F) In vitro methylation of wild-type (WT) or mutant (5RK) GST-tagged C-terminal NICD fragments incu-
bated with CARM1 and "“C-SAM. (G) Species alignment of the NICD TAD. HU, Hormo sapiens, accession
number P46531; MO, Mus musculus, Q01705; GA, Gallus gallus, FIN270; XL, Xenopus laevis, P21783;
DR, Danio rerio, AOPGHB. *, methylated Arg residues. Spectra are representative of two experiments. Blots
are representative of three experiments.

CARM1 (PRMT4), or PRMT6. To analyze whether one of these methyl-
transferases can methylate the NICD, we performed in vitro methylation

from human embryonic kidney (HEK) 293
cells and glutathione S-transferase (GST)—
fused NICD (either the N- or C-terminal
fragment) purified from bacteria (Fig. 1B
and fig. S1B). The active enzymes were in-
cubated with N- and C-terminal GST-NICD
deletion constructs. Autoradiography revealed
activity of CARM1 and, to a much lesser ex-
tent, PRMT6 against the C-terminal part of
the NICD. Regarding PRMT|, there were
only unspecific background bands of dif-
ferent molecular weight (Fig. 1B).

The NICD is methylated at five
conserved arginine residues in
the transactivation domain

To identify the exact methylation sites and
prove the occurrence of arginine methyla-
tion in vivo, we used heavy methyl SILAC
(stable isotope labeling by amino acids in
cell culture), a quantitative mass spectrom-
etry (MS) approach designed to detect novel
methylation sites (fig. S2A) (26). HEK 293
cells were grown in heavy or light medium
(containing different isotope-labeled methio-
nine) and transiently transfected with FLAG-
tagged NICD and CARMI. Purified NICD
was processed and analyzed by MS. Five
methylated residues were identified, as ex-
emplified in a tandem MS (MS/MS) spec-
trum of such a methylated peptides (Fig. 1,
C and D), and all of them were found in the
transactivation domain (TAD) of the NICD
(Fig. 1E). All five arginine residues were
present; heavy methyl SILAC paired with a
specific difference of 8 daltons and were
identified as being dimethylated (Fig. 1D
and fig. S2, B to E). The sites are distributed
over 108 amino acids in the TAD of Notchl
(Fig. 1E). A peptide containing two sites
that are both present in the methylated state
suggests that methylation of several arginine
residues occurs within the same protein. To
validate that the methylation observed in the
in vitro methylation assay occurred at the
sites identified by MS, we replaced all five
arginine residues with lysine residues (SRK),
which is chemically the most similar amino
acid to arginine because it bears the same
charge. Wild-type and mutant NICD pro-
teins were subsequently incubated with
purified CARMI1 1in in vitro methylation
assays and analyzed by autoradiography.
Wild-type NICD, but not the NICD-5RK
mutant, was methylated (Fig. 1F), suggest-
ing that there are no additional methylation
sites present in the NICD.

Sequence alignment of Notchl from different species reveals that the
five methylated arginine residues that are methylated are highly conserved.

assays using hemagglutinin (HA)- or FLAG-tagged enzymes purified ~Conservation for all five residues is observed from human to Xenopus
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laevis (Fig. 1G), and most of them are also conserved in Danio rerio,
whereas the methylated arginine residues are absent in Drosophila
melanogaster. The five arginine residues are present only in Notchl
but not in Notch2, Notch3, or Notch4 (fig. S1C). Thus, the five arginine
residues are well conserved between species and are specific for Notchl.

Endogenous NICD methylation is CARM1-dependent and
occurs in the nucleus

To explore whether endogenous NICD is methylated in cells, we gener-
ated an antibody specific for asymmetrically dimethylated Arg®®' in
NICD, here called me2a-NICD (Fig. 2A). The Arg>¢" residue was chosen
because of the high abundance of methylation detected at that site in the
MS analysis and the interspecies conservation of the site. The antibody
detected a band in HEK 293 cells overexpressing wild-type or FLAG-
tagged NICD, but not FLAG-tagged NICD-5RK (Fig. 2B), demonstrating
its specificity. In peptide competition assays, only the addition of an
asymmetrically dimethylated peptide to the antibody solution abrogated
recognition by me2a-NICD in dot blot experiments (fig. S1D). Consistent
with our expectations, overexpressing CARMI1 in HEK 293 cells increased
the amount of methylated NICD (Fig. 2C), whereas overexpressing a
catalytically deficient CARM1 mutant (R169A) (24) showed no visible ef-
fect on the degree of NICD methylation (Fig. 2C). The R169A CARMI1
mutant has a different gel migration pattern because of the lack of the HA
tag (Fig. 2C). Furthermore, treating HEK 293 cells with the methyltrans-
ferase inhibitors 5’-deoxy-5'-(methylthio) adenosine (MTA) and adenosine
dialdehyde (Adox) decreased the abundance of methylated NICD below de-
tection (Fig. 2D). We detected methylation of the endogenous NICD in Beko
cells, a mouse leukemia pre—T cell line that is characterized by constitutively
active Notch signaling (Fig. 2E), as well as in various other cell types in-
cluding mouse embryonic fibroblasts (MEFs), the human kidney carci-
noma cell line SKRC-17, and the human pancreatic carcinoma cell line
Pancl (Fig. 2F and fig. S1E). CARMI overexpression increased the
amount of NICD methylation in Beko cells (Fig. 2G), and fractionation
experiments showed that most methylated NICD was found in the nuclear
fraction (Fig. 2H). Together, our data reveal that CARM1 methylates en-
dogenous NICD in live cells, and that this methylation may occur in the
nucleus. Additionally, we detected Carm! mRNA in all adult mouse tis-
sues tested (fig. S1F), suggesting that CARM1 is ubiquitously expressed.

CARM1 physically and functionally interacts with the
NICD-coactivator complex and is found at enhancers in a
Notch-dependent manner

To assess the physical association of CARM1 with Notch pathway com-
ponents, we generated a stable Beko cell line that overexpressed CARMI,
and we performed coimmunoprecipitation experiments. Both the endoge-
nous transcription factor RBP-J (Fig. 3A) and endogenous NICD (Fig.
3B) copurified with CARMI, suggesting that CARM1 may interact with
RBP-J and NICD. To explore the functional role of CARMI1, we per-
formed short hairpin RNA (shRNA)-mediated knockdown experiments
in Beko cells, which have constitutively active Notch signaling (27), and
analyzed the expression of endogenous Notch target genes and the methyl-
ation of endogenous NICD. Compared to controls, knocking down CARM1
(Fig. 3C) reduced the methylation of endogenous NICD (Fig. 3D) and
decreased the expression of a subset of Notch target genes (Fig. 3E). To
determine whether the decreased expression of Notch target genes was
due to reduced methylation of NICD, we performed inducible expression
experiments in Beko cells stably transfected with plasmids expressing ei-
ther wild-type or mutant (SRK) NICD fused to the tamoxifen-inducible
estrogen receptor (ER) ligand-binding domain (herein called NICD-ER),
in which tamoxifen treatment induces nuclear translocation of the fusion
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Fig. 2. A methylation-specific NICD antibody
CE NE

reveals methylation of endogenous NICD.
(A) Dot blot analysis with unmodified (R, left)
and asymmetrically dimethylated (Rme2a, right) peptide reveal specificity
of the me2a-NICD antibody. (B and C) Pull-down [immunoprecipitation (IP)]
and Western blotting for methylated NICD in 293 cells transfected with (B)
WT or mutant (5RK) FLAG-tagged NICD or (C) FLAG-NICD and WT or
catalytically deficient (mut: R169A) CARM1. (D) Pull-down and Western
blotting for methylated NICD in 293 cells cotransfected with FLAG-NICD
and HA and FLAG (HA/FLAG)-tagged CARM1 and treated with
methyltransferase inhibitors MTA or Adox. (E and F) Pull-down (IP) for
the intracellular domain of Notch1 (antibody: cleaved Notch1) and Western
blotting for methylated, endogenous NICD in (E) Beko cells or (F) MEFs,
renal carcinoma SKRC-17 cells (SKRC), and pancreatic cancer Panc1
cells. (G) As in (E) and (F), in Beko cells overexpressing CARM1. (H) Pull-
down for the intracellular domain of Notch1 (antibody: bTan20-Notch1) and
blotting for methylated NICD in the nuclear (NE) or cytoplasmic (CE) extract
in Beko cells. GAPDH (glyceraldehyde-3-phosphate dehydrogenase), cy-
toplasmic marker; TBP (TATA-binding protein), nuclear marker. All blots are
representative of at least two experiments.

protein. Cells were then treated simultaneously with the y-secretase inhib-
itor N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine #-butyl ester
(DAPT) and tamoxifen. y-Secretase inhibition reduced the expression
of Notch target genes Ptcra and Gm266, and tamoxifen-induced expres-
sion of the methylation-defective NICD was less effective than the wild-type
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S3, D and E), suggesting that the binding
of CARM1 was dependent on active Notch
signaling.

NICD protein stability

is regulated by

CARM1-dependent methylation

Phosphorylation (4-6), ubiquitination (8—11),

and acetylation (7) influence the stability of
= o NICD; therefore, we investigated whether
’—| ‘ methylation also affected its stability. Be-

cause mutating the five arginine residues to

lysines in the methylation-defective NICD
mutants (SRK) potentially introduces new
ubiquitination sites, we generated a second
mutant in which we mutated the five arginine
residues to alanines (SRA) and tested the protein
stability in HEK 293 cells in the presence of
the protein synthesis inhibitor cycloheximide.
Compared to the wild-type protein, degrada-
tion of the SRA mutant protein was substan-
tially slower (Fig. 4, A and B). In Beko cells,
overexpressing CARM1 accelerated the deg-
radation of endogenous Notch (fig. S4, A
and B). To determine if this difference was
due to CARM1-mediated NICD methylation,
we used a fluorescence-activated cell sorting
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Fig. 3. Physical and functional interaction of CARM1 with the NICD-coactivator complex. (A and B) Pull-
down of RBP-J (A) and Notch1 (B) with CARM1 immunoprecipitates from Beko cells transfected with a
CARM1 expression plasmid. (C) Western blot for CARM1 in Beko cells transfected with control (Scramble)
or CARM1-targeted shRNA. (D) Pull-down for cleaved Notch1 and Western blotting for methylated NICD in
Beko cells transfected with control or CARM1 shRNA. (E) Expression of Notch target genes Picra and
Gm266 in Beko cells transfected with control (Scramble) or CARM1 shRNA. Control gene: Hprt. ***, P =
0.0008 (Ptcra) and P = 0.0004 (GmZ266). (F) Expression of Notch target genes Ptcra and Gm266 in Beko
cells treated with the y-secretase inhibitor DAPT and transfected with tamoxifen-inducible vector (ER),
empty or encoding WT or mutant (5RK) NICD. Control, GusB. Expression was normalized to Tbp. *P =
0.0123; **P = 0.0012; n.s., not significant. (G to I) ChIP detection of CARM1 at Notch1/RBP-J binding sites
in Ptcra (G), Gm266 (H), or the MyoD transcriptional start site (TSS) (I) in Beko cells that were either un-
perturbed or treated with the y-secretase inhibitor (GSI) DAPT. Protein A beads served as a binding control
(mock). *P = 0.0189, **P = 0.004. Blots are representative of at least two experiments. Data are means +

(FACS)-based approach in MEFs using a bi-
cistronic vector expressing a green fluorescent
protein (GFP) fused to either wild-type or
SRA mutant NICD together with an inter-
nal red fluorescent control (Tomato) (Fig. 4C).
In wild-type MEFs, the stability of the non-
methylatable (SRA) NICD mutant was
increased compared with that of the wild-type
NICD protein, whereas in CARM1 "~ MEFs,
the stability of both constructs was similar
(Fig. 4C), suggesting that increased turnover
is indeed dependent on modification by
CARMLI at these arginine residues. In HEK

SD from at least three experiments.

NICD at restoring expression of both genes (Fig. 3F), suggesting that
methylation of NICD may promote a more effective Notch-induced tran-
scriptional effect.

In a previously reported microarray analysis (27), treating Beko cells with
the y-secretase inhibitor DAPT suppressed the expression of Notch target
genes, including Pzcra and Gm266 (fig. S3A). To confirm NICD binding
and investigate whether CARM1 is localized at RBP-J-Notch binding sites
in these Notch target genes, we performed chromatin immunoprecipitation
(ChIP) in transfected Beko cells. In cells expressing a Bio-NICD, we detected
NICD at several enhancer sites of known Notch target genes, including Prcra,
Gm266, Nrarp, CD25, and Hesl! (fig. S3B), which agrees with previously
reported ChIP-sequencing data (28, 29). In cells expressing CARM1, we de-
tected CARM1 at NICD-bound enhancer sites of several Notch target genes,
of which the expression was impaired by CARMI knockdown (Fig. 3E and
fig. S3C), in particular Ptcra (Fig. 3G), Gm266 (Fig. 3H), Hes! (fig. S3D),
and CD25 (fig. S3E). In contrast, no CARMI1 binding was observed at Nrarp
(fig. S3F) or a control locus (Fig. 3I). CARMI1 occupancy was lost upon
treatment with the y-secretase inhibitor DAPT (Fig. 3, E and F, and fig.

293 cells overexpressing either wild-type or

SRA FLAG-tagged NICD, addition of the

proteasome inhibitor N-carbobenzyloxy-L-leucyl-L-leucyl-L-leucinal (MG132)
for 6 hours substantially increased the stability of the wild-type NICD protein,
whereas there was little effect observed for the SRA mutant (Fig. 4, D and E).
Additionally, NICD was phosphorylated in HEK 293 cells (fig. S4C).
Phosphorylation of NICD triggers subsequent ubiquitination-dependent
proteasomal degradation (4); therefore, our data suggest that the mutation
of the arginine residues may impair proteasome-mediated degradation. Indeed,
less ubiquitination was detected on the nonmethylatable mutant (SRA) NICD
than the wild-type protein in HEK 293 cells cotransfected with HA-tagged
ubiquitin (Fig. 4, F and G). We also observed that methylation coincided with
phosphorylation because the me2a-NICD antibody preferentially recognized
the upper, phosphorylated band of FLAG-NICD (fig. S4, C and D). Togeth-
er, these data suggest that methylation promotes ubiquitin-dependent protea-
somal degradation of NICD. Increased stability of the methylation-defective
NICD was also inferred from a luciferase assay in HeLa cells expressing the
Notch-dependent promoter construct pGA981/6 (30) together with a membrane-
bound, truncated form of Notch1 that lacks a major portion of the extracellular
domain, called N1AE, but is constantly cleaved into NICD by y-secretase
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Fig. 4. Methylation-defective NICD protein is more stable and less ubiquitinated. D ¥ ¥

(A and B) Detection (A) and quantification (B) of the stability of the WT and

nonmethylatable mutant (5RA) FLAG-NICD protein in 293 cells treated with cy-

cloheximide (CHX). The abundance of FLAG was normalized to GAPDH. (C) Schematic representation of
the constructs used for the NICD stability assay in CARM T+ and CARM 1~ MEFs transfected with either
WT or mutant (5RA) GFP-tagged NICD. (D and E) Detection (D) and quantification (E) of the stability of
FLAG-NICD proteins expressed in 293 cells treated for 6 hours with MG132. The abundance of FLAG
signal was normalized to GAPDH. (F and G) Detection (F) and quantification (G) of ubiquitinated NICD
in HEK 293 cells transfected as indicated. The HA signal was normalized to that of FLAG. (H) Luciferase
assay in Hela cells using the Notch-responsive promoter construct (12 x CSLRE-Luc) alone (control) or
with the indicated expression construct (100 ng). Blots are representative of three experiments. Data are
means + SD from three or six (H) experiments. *P = 0.0158, **P = 0.0012, ***P < 0.0001.

at the same neurula stage (stage 15) was
slightly reduced after injection of mRNA en-
coding the methylation-deficient, truncated
mutant (N1AE-5RA), activation of Notch
target genes was less pronounced compared
with that induced by injection of the wild-
type mRNA (Fig. 5C). In a later stage (stage
42), embryos injected with wild-type N1AE
showed developmental defects that were al-
so reported previously: smaller eyes, smaller
components of the jaw (Meckel’s cartilage,
palatoquadrate, and ceratohyale), deforma-
tion of the intestine, smaller branchial arches,
and edemas in the heart region (32). The in-
cidence of defects was significantly less in em-
bryos injected with the methylation-deficient
mutant N1AE than in embryos injected with
the wild-type construct (Fig. 5, D and E). Be-
cause these defects are the results of aberrant
Notch activity in early development, differ-
ences in Notch target gene expression were
no longer observed anymore at this late de-
velopmental stage (Fig. SF).

To analyze the role of methylation of
NICD in a second in vivo system, we over-
expressed the wild-type or nonmethylatable
truncated Notch1 construct by injecting the
mRNA produced from the respective expres-
sion vectors (NIAE-WT, N1AE-5RK, and
NI1AE-5RA) into one-cell-stage zebrafish
embryos. To confirm protein abundance and
activity after mRNA injection, we co-injected
a reporter plasmid that expresses GFP under
the control of a Notch-dependent promoter
(Fig. 5G). Endogenous NICD was not able
to clearly induce GFP expression in zebrafish
relative to that induced by the overexpressed
NIAE mRNAs at 24 hours post-fertilization
(hpf). As observed with X. laevis embryos,
zebrafish embryos injected with wild-type
NIAE at the one-cell stage showed severely
impaired development of eye and brain struc-
tures at 24 hpf, whereas a significantly lower
number of embryos injected with N1AE-
SRK or NIAE-5RA displayed impaired for-
mation of eyes and brain (Fig. 5, G and H).

In both Xenopus and zebrafish, expres-
sion of the constitutively active N1AE con-

activity and acts as a constitutively active form of Notch1 (37). Despite a
much greater protein stability, expression of methylation-defective N1AE mu-
tants (either SRA or SRK) increased the activation of a Notch1-dependent
luciferase construct by only 1.2- to 1.5-fold compared to wild-type N1AE
(Fig. 4H), suggesting that the mutants may have lower transcriptional activity.

Methylation-defective NICD shows decreased biological
activity in X. laevis and zebrafish

Next, we tested the function of the N1AE-SRA mutant in X. laevis during
embryonic development. Injection of mRNA encoding constitutively active,
truncated wild-type Notchl (NIAE-WT) decreased the abundance of N-tubulin,
a marker for neurogenesis (Fig. 5, A and B). Although N-tubulin abundance

struct caused developmental defects (Fig. 5, E and H). However, animals
expressing the nonmethylatable form had a significantly lower incidence
of these defects than those expressing the wild-type form. This agrees with
our Notch target gene expression data in vivo (Fig. 5C) and in cells (Fig. 3,
E and F), suggesting that methylation-deficient NICD induces a dampened
transcriptional effect.

Mathematical modeling suggests that wild-type but not
methylation-defective NICD exhibits a sharp and
punctuated Notch response

The apparent inconsistencies between our results [NICD stability (Fig. 4,
A and B), transcriptional activity in reporter gene assays (Fig. 4H), and
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Fig. 5. Methylation-deficient but constitutively active Notch1 is biologically less active than

its WT counterpart. (A to C) Detection and quantification of the primary neurogenesis
marker tubb2b (A and B) and Notch target genes (C) in stage (st.) 15 X. laevis embryos injected with mRNA encoding constitutively active WT or
methylation-deficient N1AE. (D to F) Images (D), the number with developmental defects (E), and Notch target gene expression (F) at developmental
stage 42 in X. laevis embryos injected with the indicated mRNA. (G and H) Images at 24 hpf (G) and the number with developmental defects (H) in
zebrafish embryos injected with the indicated mRNA. Co-injection of a Notch activity-dependent EGFP reporter plasmid was used to monitor the
translation of the injected mRNA (G, right). Data in (C) and (F) are means + SD from four experiments. Data in (B), (E), and (H) are means + SD of
the total number of embryos analyzed (n) in five or six independent experiments (N). **P < 0.001 by nonparametric Mann-Whitney rank sum test. (1)
Mathematical model predicting the dynamics of Notch-dependent transcriptional activation as a function of methylation-regulated stability of the NICD.
Numbers in the legend alongside mutant simulations (red lines) refer to the relative transcriptional activity of these mutants in the luciferase assay (Fig. 4H).

in vivo activity (Fig. 5, A to H)] prompted us to develop an ordinary dif-
ferential equation model for Notch target gene activation. This model (Fig.
SI) integrates wild-type or methylation-defective NICD protein stability
and transcriptional output in our data combined with known dissociation
constants between NICD and RBP-J (table S5). The interaction between
RBP-J and wild-type NICD or methylation-defective NICD was similar
(fig. S4E). Although the net result of transcription was slightly enhanced
by expression of the methylation-defective NICD protein compared to a
wild-type NICD protein (Fig. 4H), the stability of a mutant protein was
significantly increased (Fig. 4, A and B). Our mathematical model re-
vealed a differential Notch response. Whereas the wild-type NICD pro-
duces a short strong pulse, the methylation-defective NICD results in a
flattened but prolonged response (Fig. 5I). This generic single-cell model

captures the principal dynamic behavior of the Notch transcriptional re-
sponse with or without methylation of NICD. It also generalizes to the
in vivo situation because it shows significantly reduced phenotypes on a
different time scale.

DISCUSSION

Our mathematical model suggests that Notch methylation is indispensable
for the control of amplitude and duration of the Notch response ensuring
accurate timing of Notch target gene transcription. This may play a crucial
role in T cell development; CARM1 knockout mice display a cell-intrinsic
severe phenotype in T cell development and in fetal hematopoiesis
(24, 33). This is in line with a recent report that Notchl signaling in
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Notchl hypomorphic mice is required for fetal hematopoietic stem cells
(34). We detected Carmi mRNA in all adult mouse tissues tested, suggest-
ing ubiquitous expression. CARM1 was shown to be dysregulated in co-
lorectal and prostate cancer (35—37). In addition, CARM1 overexpression
correlates with tumor grade in invasive mamma carcinoma (38), indicating
that CARM1 expression might be a prognostic marker for breast cancer.
In the context of diabetic nephropathy, CARM1 and Notchl have been
already linked (39). Regarding expression of CARMI1 during develop-
ment, the temporal expression patterns were analyzed in X. laevis and
Xenopus tropicalis (40). CARM1 transcripts are maternally present and
continuously increase from stage 10 (early gastrulation) to stage 33 (late
tadpole). In zebrafish, carml is already expressed at the two-cell stage,
indicating its maternal distribution and necessity during early develop-
ment. During further embryogenesis (at 6, 14, and 24 hpf), carm! mRNA
is ubiquitously distributed with pronounced expression in the somites and
anterior neural structures (47). At 48 and 72 hpf, carml expression is
more restricted to the ventricular system of the developing zebrafish brain
and specific regions of the retina (42).

Regarding the methylation sites within the Notchl protein, there are
human disease—associated arginine mutations found either directly in the
residues or in neighboring residues that cause frameshifts that effectively
delete the arginine residues (table S1). In line with this, the pathophysiol-
ogical and, most recently, physiological roles of Notch1-TAD were already
elucidated in mice: A retroviral Notchl mutant that lacks the TAD (A-TAD)
fails to induce T cell leukemia in bone marrow transplantation experiments
(43), and A-TAD within the endogenous Notchl locus causes a severe de-
fect in fetal hematopoiesis and heart development (34). NICD1-A-TAD pro-
tein is more stable than wild- type NICD, but transcriptional activation of a
subset of Notch target genes is repressed (34). The observed link between
transcriptional activation and protein turnover is similar to the mechanism
proposed for c-Myc protein. Here, the c-Myc-TAD also harbors the degron
sequence and promotes its own proteasomal degradation (44, 45). This
overlap between TAD and degron sequences is also valid for a significant
number of other potent transcriptional activators such as E2F-1, c-Fos,
GCN4, or p53 (46). In the case of Notchl, the degron sequence is local-
ized in the C-terminal PEST domain that is central for the stability of the
NICD and is a substrate for the E3 ubiquitin ligase FBXW?7. The crosstalk
between NICD arginine methylation and other posttranslational modifica-
tions such as phosphorylation, acetylation, hydroxylation, and ubiquitina-
tion (/3) needs to be further investigated. It remains to be seen whether
CARM I -mediated Notch methylation plays a central role in Notch-dependent
diseases, such as leukemia.

MATERIALS AND METHODS

Cells and cell culture

Mouse leukemia pre-T cells (Beko) were cultured in Iscove’s modified
Dulbecco’s medium (Gibco) supplemented with 2% fetal bovine serum
(FBS; Pan Biotech), nonessential amino acids (Gibco), Primatone (0.3 mg/ml),
penicillin/streptomycin (Gibco), and insulin (5 mg/liter; Sigma). A
Beko cell line was generated stably expressing a biotin ligase (BirA) (25).
HEK 293 and HEK 293T cells, HeLa cells, Pancl cells, and MEFs (a gift
from M. Bedford) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM,; Gibeo) supplemented with 10% FBS (Pan Biotech) and penicillin/
streptomycin. The renal cell carcinoma line SKRC-17 (provided by G. Ritter,
Sloan Kettering Cancer Center) was cultured in RPMI (Gibco) supplemented
with 10% FBS and penicillin/streptomycin. All cell lines were maintained at
37°C in 5% CO,.

Reagents and pharmacological treatments

HEK 293 cells were treated with 20 uM MG132 (CalBiochem), 20 uM
Adox (Sigma), 50 uM MTA (Sigma), or cycloheximide (150 pg/ml;
CalBiochem). Beko cells were treated with 5 uM MG132, cycloheximide
(50 pg/ml), 0.5 uM tamoxifen, or the y-secretase inhibitor DAPT (10 pg/ml;
Alexis). The chemicals’ respective vehicles were used as controls. To in-
hibit protein degradation and enable detection of methylated NICD, cells
were treated with MG132 for 6 hours before cell lysis.

Antibodies

This study used commercial antibodies against CARM1 (Millipore 09-818,
Bethyl A300419A), GAPDH (Abcam, ab8245), FLAG (Sigma MS, F4042),
HA (Santa Cruz Biotechnology, sc-805), ASYM24 (Millipore, 07-414), SYM11
(Millipore, 07-413), RBP-J (Cosmo Bio Co.), TBP (Santa Cruz Biotechnol-
ogy, N-12, sc-204), and two antibodies that recognize the intracellular
domain of Notchl [cleaved Notchl (Cell Signaling Technology, Val'7*,
2421, D3B8 #4147) and bTan20 Notchl antibody (Abcam)].

Plasmids and transfections

The mouse Notch1-specific constructs pcDNA-FLAG-NICD, pcDNA3-FLAG-
NI1AE pCS2-N1AE, and pcDNA3-N1AE-ARBP mutant and the luciferase-
based reporter construct 12 x CSLRE-Luc (pGa981/6) were described
previously (30, 32). For construction of the NICD-5RK and NICD-5RA
mutant expression plasmids, a mouse Notchl-specific, 755-base pair
Nco I fragment was generated by gene synthesis (GENEART/Life Technol-
ogies) that contained the mutated codons and was inserted into pcDNA3-
mNICD, pcDNA3-mN1AE, and pCS2-mN1AE using the Nco 1 restriction
sites. The reporter plasmid 12 x CSLRE-EGFP was constructed by first di-
gesting pGL3-basic (Promega) with Nco I/Xba I to cut out the luciferase
complementary DNA (cDNA). The EGFP cDNA was amplified by polymer-
ase chain reaction (PCR) and inserted into the vector to generate pGE-basic
(table S2). Then, the Notch-responsive promoter fragment from pGA981/6
(30) was inserted into pGE-basic after Nco I/Klenow/Hind III digestion.
pcDNA-HA-PRMT or pcDNA-HA-FLAG-PRMT constructs were a gift
from the laboratory of R. Schneider. CARM1-mut (R169A) was cloned
from pGEX-CARMI1-mut (R169A) (provided by M. Bedford) through
Eco RI/Not I digestion into pcDNA3.1. To produce the GST-NICD fusion
plasmids, mouse NICD fragments were subcloned from pcDNA-FLAG-
NICD into the pGEX6P1 in-frame with GST via Eco RI/Not I (CT) or
Eco RI/Xho I (NT) restriction sites (table S2). For the GFP-NICD fusions,
pCSGS vectors were provided by J. Lindner (MPI Freiburg), and wild-
type NICD or NICD-5RA mutant was cloned in-frame with GFP using
Sma I restriction sites (table S2). To generate the stable cell line expressing
CARM1, CARMI was cloned from mouse cDNA into the retroviral pMY-
Bio-IRES-GFP vector in two steps: it was cloned first into the pLXSP-Bio
vector using Bgl II/Not I, then into the pMY-IRES-GFP vector using Eco
RI/Not I. From this vector, Bio-CARM1 was cloned into pcDNA3.1 using
Eco RI/Not I. Generation of pMT123-HA-8x-ubiquitin was described
previously (47). pMY-Bio-NICD (25), pMIGR-NICD-ER, and pMIGR-
dnMAML-ER (27) were described previously. pMIGR-mNICD-WT-ER-
IRES-GFP and pMIGR-mNICD-5RK-ER-IRES-GFP were created by
amplification of wild-type or mutant (SRK) mNICD from pcDNA-
FLAG-NICD constructs using PCR and cloned using Sal I/Xho I digestion-
insertion into pMIGR-ER-IRES-GFP.

Transient transfections of HEK 293 cells were performed with the
calcium phosphate transfection method. MEFs were transfected using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instruc-
tions. HeLa cells were transfected with the Nanofectin transfection reagent
according to the manufacturer's instructions (GE Healthcare). To gen-
erate stable Beko cell lines, we used the Phoenix retroviral packaging
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cell line (ATCC) to produce viral supernatants, which were used in spin
infections.

Luciferase assay

HeLa cells (5 x 10*) were seeded in 24-well plates 24 hours before tran-
sient transfection. Transfection was performed using the Nanofectin re-
agent (see above) with 1 ug of reporter plasmid, either alone or together
with 50 ng of NICD expression plasmid as indicated in the figure legend.
Luciferase activity was determined 24 hours after transfection from at least
four independent experiments with 20 ul of cleared lysate in an LB 9501
luminometer (Berthold), using the luciferase assay system from Promega.

X. laevis embryos, RNA microinjections, and
whole-mount in situ hybridization
X. laevis embryos were obtained by in vitro fertilization, cultured, and
staged as previously described (48). Experiments were performed in
agreement with the German animal use and care law and were approved
by the Regierungsprésidium Tiibingen. GFP and NIAE mRNAs were ob-
tained using the mMMESSAGE mMACHINE SP6 Kit (Ambion) following
the manufacturer’s protocol after linearization of the pCS2 vectors with
Kpn I (NEB). Embryos were injected at the two-cell stage bilaterally with
20 pg of mRNA into one blastomere for a total of 40 pg per embryo.
A digoxigenin-labeled antisense RNA probe of tubb2b was synthe-
sized by restriction digestion and subsequent transcription with RNA poly-
merase (Roche). Injected embryos were fixed at stage 15 with MEMFA
[0.1 M Mops (pH 7.4), 2 mM EGTA, 1 mM MgSO,, 4% formaldehyde]
overnight at 4°C. Whole-mount in situ hybridization was performed
according to standard protocols (49). BM Purple (Roche) was used for
staining. Afterward, embryos were refixed in MEMFA and bleached in
30% H,0,.

Zebrafish strains and injection procedures

Care and breeding of zebrafish (D. rerio) was conducted as described (50).
The present study was performed after securing appropriate institutional
approvals and conformed with the National Institutes of Health (NIH)
Guide for the Care and Use of Laboratory Animals. For all injection pro-
cedures, the TE4/6 wild-type strain was used. Sense-capped RNA was
synthesized using the mMESSAGE mMACHINE system (Ambion) as
described above. mRNA was diluted (20 ng/ul in 0.2 M KCI) and co-
microinjected with reporter plasmid (12 x CSLRE-EGFP; 10 ng/ul) into
one-cell-stage embryos. Siblings from the same pool were injected using
the reporter DNA as a control. Pictures were recorded at 24 hpf with an
Olympus SZX16 stereomicroscope.

Mass spectrometry

To identify the Arg methylation sites on NICD, we used the heavy methyl
SILAC approach (26). FLAG-NICD and HA/FLAG-CARM1 were over-
expressed in HEK 293 cells. For five cell divisions, cells were cultured in
light or heavy medium [DMEM containing unlabeled L-methionine or
L-methionine-(methyl-'>C?Hs) (15 mg/liter) and 10% dialyzed FCS].
As an internal control, the medium also contained light- or heavy-labeled
L-lysine (*Hy). Whole-cell extracts were prepared using CHAPS buffer.
Equal amounts of heavy and light extracts were mixed, and the NICD
was purified using an antibody against FLAG coupled to agarose beads
(Sigma). Samples were loaded on an SDS—polyacrylamide gel electrophoresis
(4 to 12% NuPAGE) gel and stained with colloidal Coomassie (Invitrogen).
The band corresponding to FLAG-NICD was excised with a scalpel into
cubes about 1 x 1 mm, and gel pieces were destained, dehydrated, and
dried. Afterward, disulfide bonds were reduced with 10 mM dithiothreitol
(DTT) and alkylated to prevent reoxidation. Then in-gel digestion with

chymotrypsin was as previously described (57), stopped by the addition
of trifluoroacetic acid (1% final concentration) followed by extraction of
the peptides from the gel pieces. To desalt, clean, and concentrate the pep-
tide mixture, homemade stop-and-go extraction (STAGE) tips were used
(52). STAGE tip-eluted peptides were separated on-line to the mass spec-
trometer by using an Agilent nano-HPLC 1200 system. For each run, a
2.5-ul sample volume was applied with a loading flow rate of 0.5 ul/min.
Peptides were eluted with a linear gradient of 10 to 60% buffer B (80%
MeCN and 0.5% acetic acid) at a flow rate of 0.25 pl/min over 60 min.
The nano-liquid chromatography system was coupled to a Thermo Fisher
LTQ Orbitrap XL+ETD mass spectrometer, and MS data were acquired
essentially as previously described (53) with the following modifications:
The survey full-scan range was set to 350 to 2000 m/z, and each sample was
measured in triplicates using a “Top5” strategy with either collision-induced
dissociation, electron transfer dissociation, or higher-energy collisional disso-
ciation fragmentation. Raw files were processed using the DTASuperCharge
program of the MSQuant software suite, version 2.0b7 (54). Peak lists were
searched by MASCOT (version 2.2, Matrix Science) against the IPI mouse
database (version 3.65) combined with frequently observed contaminants
and concatenated with the reversed versions of all sequences. Fixed and var-
iable modifications were set as previously described (26). Protein and peptide
identifications were further analyzed and manually verified by inspection
of chromatograms and spectra.

Lentiviral shRNA knockdown

CARMI knockdown was performed with the pLK0.1 Harvard shRNA
library using a combination of targeted sequences against CARM1 (CCC-
TTAGCTAACACAGGGATT and CCACGATTTCTGTTCTTTCTA) or a
scrambled shRNA as a control. HEK 293T cells were transfected using 30 ul
of Lipofectamine 2000 reagent (Invitrogen) with the shRNA construct and
the packaging vectors psPAX and pMD2G. After 48 hours of incubation,
the supernatant from HEK 293T cells was used for spin infection of Beko
cells, which were afterward selected by adding puromycin (2 pg/ml).

Cell extracts

Whole-cell extracts from HEK 293 cells were prepared by washing cells
twice with ice-cold phosphate-buffered saline (PBS), then scraping them
off and resuspending them in CHAPS buffer [SO0 mM tris-HCI (pH 7.8),
300 mM NaCl, 0.01 M CHAPS, 2 mM EDTA]. After 15 min of incuba-
tion on ice and vortexing for 15 s, lysates were centrifuged for 15 min at
14,000 rpm at 4°C. Alkaline phosphatase (NEB) was added to the cell ex-
tract, and the mixture was incubated for 1 hour at 37°C. To isolate the nu-
clear extract from Beko cells, 40 million cells were washed twice with PBS,
and the pellet was resuspended in 1 ml of ice-cold hypotonic buffer [20 mM
Hepes, 20 mM NaCl, 5 mM MgCl,, 0.2 mM phenylmethylsulfonyl fluoride
(PMSF), 1x protease inhibitors (Roche)], incubated 20 min on ice, and vor-
texed for 20 s. After a 2-min centrifugation at 14,000 rpm at 4°C, the pellet
was washed once in PBS and resuspended in 200 ul of hypertonic buffer
[20 mM Hepes, 300 mM KCl, 1 mM MgCl, 0.2% NP-40, 1 mM DTT, 1x
protease inhibitors (Roche), and 0.2 mM PMSF]. After 20 min of incubation
on ice, the lysate was cleared by centrifugation at 14,000 rpm for 5 min at 4°C.
Protein concentrations were determined by Bradford assay (Bio-Rad), and
extracts were analyzed by Western blot or used for immunoprecipitation.

Coimmunoprecipitation

The salt concentration of nuclear or whole-cell extracts was lowered, and
preclearing was performed for 1 hour at 4°C with protein A beads. Anti-
bodies or IgG control was added to the protein solutions and incubated in
a cold room on a rotating wheel. Protein A beads were added to collect the
protein-antibody complexes. After being washed, immunoprecipitated
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proteins were analyzed by Western blot. Streptavidin pull-down was
performed as described previously (25).

In vitro methylation assay

HA- or FLAG-tagged PRMTs were purified from HEK 293 cells. Cells were
lysed in Ex-250 [20 mM Hepes (pH 7.9), 250 mM NaCl, 0.5% NP-40], and
PRMTs were immunoprecipitated with HA antibody and protein G beads.
After being washed, immunoprecipitated PRMTs were resuspended in
PBS. Three micrograms of GST or GST-fusion proteins was incubated
with 10 pl of immunoprecipitated PRMT enzymes. "“C-SAM (0.5 pCi)
was added, and the reaction was incubated for 90 min at 30°C. The
samples were loaded on a gel, blotted onto a nitrocellulose membrane,
and incubated with a radiosensitive film at —80°C before developing.

FACS-based stability assay

MEFs transfected with a bicistronic vector expressing a GFP-fusion con-
struct and an internal red fluorescent control (tdTomato) (pCSGS-NICD-WT
or pCSGS-NICD-5RA; see Fig. 4C) were acquired by FACS 24 hours
after transfection using a FACSCalibur. The tdTomato fluorescence signal
was used as a marker to identify transfected cells, whereas the GFP signal
was used to monitor the expression of the GFP-NICD fusion proteins. The
GFP/Tomato ratio was calculated using FlowJo software. The mean GFP/
Tomato ratio for the peak representing MEFs transfected with wild-type
GFP-NICD or GFP-NICD-5RA was calculated from three independent
experiments, and the wild-type NICD GFP/Tomato ratio for each cell line
was used as reference.

Cycloheximide chase assay

HEK 293 cells were transfected with an equal amount of the NICD-WT or
NICD-5RA expression plasmid. After 36 hours, normal medium was re-
placed with medium containing cycloheximide (150 pg/ml). Samples were
collected at the indicated time points, and whole-cell extracts were pre-
pared and frozen immediately at —80°C. To monitor the degradation of
endogenous NICD, 3 x 10° Beko cells per time point were seeded in a
six-well plate, pretreated for 1 hour with cycloheximide (50 ug/ml), and
then removed at the indicated time points for whole-cell extract prepara-
tion. Protein amounts were analyzed by Western blot and quantified with
Image] software (NIH). NICD protein abundance was normalized to that
of GAPDH.

In vivo ubiquitination

HEK 293 cells were cotransfected with expression plasmids encoding
FLAG-NICD or HA-ubiquitin. Thirty-six hours after transfection, 20 uM
MG132 was added and cells were washed twice with PBS 6 hours later.
Cells were lysed in 300 pul of denaturing lysis buffer [20 mM tris-HCl
(pH 7.4), 5 mM EDTA, 2% SDS, 10 mM DTT], and after incubation for
15 min at 99°C, the samples were diluted 10 times in immunoprecipitation
buffer [S0 mM tris-HCI (pH 7.4), 300 mM NaCl, 5 mM EDTA, 1% NP-40].
FLAG-NICD was immunoprecipitated with M2-FLAG-agarose beads
(Sigma), and ubiquitination was analyzed after extensive washings with
immunoprecipitation buffer and PBS by Western blotting with antibodies
against the HA and FLAG tags.

Generation of an antibody against me2a-NICD

Antibody was raised against the asymmetrically dimethylated (R*) se-
quence CG-GLPNTR*LATQP (Biosyntan) in rabbit and affinity-purified
with peptides immobilized on SulfoLink beads (Thermo Scientific, catalog
no. 20401). The serum was first passed over a column with methylated
NICD peptide; afterward, unspecific antibody was depleted over a column
with unmethylated NICD peptide. The supernatant was saved as an anti-

body to me2a-NICD and dialyzed overnight against PBS. Specificity of
the purified antibody was analyzed by dot blot. In competition assays,
peptide (10 ng/ml) was added to the antibody solution and incubated
for 30 min before incubation with the membrane.

Detection of methylated Notch1

To detect methylated Notchl, cells were treated for 6 hours with the pro-
teasome inhibitor MG132. Cell extracts were prepared, and immuno-
precipitation was performed with the antibody against cleaved Notchl
(Val'"**) (D3BS; Cell Signaling, #4147). Briefly, 200 ul of cell extract
with a concentration of 1 pg/ul were precleared with protein A beads
and afterward incubated with Notchl antibody or rabbit IgG in a dilution
of 1:200 overnight with rotation in a cold room. The next morning, 10 ul of
protein A beads was added to precipitate the antibody-protein complexes
for 1 hour, then washed four times with washing buffer (20 mM Hepes,
200 mM NaCl, 0.3% NP-40, 10% glycerol) and boiled for 5 min at 95°C
in SDS loading buffer. Samples were loaded on a 6% acrylamide gel and
then blotted onto a polyvinylidene difluoride membrane. The me2a-NICD
antibody was diluted 1:1000 in 5% milk in tris-buffered saline with Tween
20 and incubated overnight at 4°C with the membrane.

Fractionation

To obtain clean cytoplasmic and nuclear fractions, we used a sucrose-based
cell lysis buffer. Briefly, 1 x 10® Beko cells (previously treated for 6 hours
with 5 uM MG132) were washed twice with ice-cold PBS and resuspended
in 1 ml of sucrose buffer [20 mM Hepes (pH7.9), 250 mM sucrose, 10 mM
K], 1.5 mM MgCl,, 1 mM EDTA]; extraction of nuclei was confirmed by
microscopy. After centrifugation for 5 min at 2000 rpm at 4°C, the super-
natant was saved as the cytosolic fraction, and the pellet was washed twice
with ice-cold PBS containing protease inhibitors and resuspended in 250 ul
of buffer C [20 mM Hepes (pH 7.9), 300 mM NaCl, 1 mM MgCl,, 0.1%
NP-40, 20% glycerol] with micrococcus nuclease (Fermentas) and benzo-
nase (Novagen). After 20 min of rotation in the cold room, the sample was
spun down for 5 min at 14,000 rpm at 4°C, and the supernatant was saved
as the nuclear extract. Protein concentration was determined, and both
extracts were used to analyze the distribution of methylated Notchl by
immunoprecipitation and Western blotting.

Chromatin immunoprecipitation

ChIP assays were performed according to the Millipore protocol with a
few modifications. Briefly, 20 million of Beko cells were fixed with 1%
formaldehyde at room temperature for 15 min. Reaction was stopped by
addition of 1:8 (v/v) of 1 M glycine, and cells were lysed in ChIP SDS
lysis buffer [S0 mM tris-HCI (pH 8.1), 10 mM EDTA, 1% SDS]. Chroma-
tin was sheared using the Bioruptor (Diagenode). After preclearing, 5 pug of
CARMI1 antibody (Bethyl, A300-419A) was added, and the antibody
complex was collected by adding 30 ul of protein A beads. Beads were
washed once with low-salt buffer [20 mM tris-HCI (pH 8.1), 150 mM NaCl,
2 mM EDTA, 0.1% SDS, 1% Triton X-100], twice with high-salt buffer
[20 mM tris-HCI (pH 8.1), 500 mM NaCl, 2 mM EDTA, 0.1% SDS, 1%
Triton X-100], once with LiCl buffer [10 mM tris-HCI (pH 8.1), 250 mM
LiCl, 1 mM EDTA, 1% NP-40], and finally twice with tris-EDTA (TE)
buffer. DNA was purified, resuspended in TE buffer, and analyzed by
quantitative real-time PCR (qPCR) using ChIP primers (table S3).

For the Bio-NICD ChIP, 28 x 10° Beko cells were first fixed for 1 hour in
dimethyl adipimidate at room temperature and then for 30 min in 1% formal-
dehyde. After chromatin shearing in a Covaris S220 (28 cycles of 30 s on, 30 s
off), chromatin was diluted, and preclearing was performed for 1 hour at
4°C with IgG magnetic beads M280 (Invitrogen, catalog no. 112.01D)
blocked with salmon sperm DNA (10 mg/ml, Invitrogen) and fish skin
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gelatin (Sigma-Aldrich, G7041). To precipitate Bio-NICD, 100 ug of
chromatin was incubated overnight with streptavidin magnetic beads
(M280 Invitrogen, catalog no. 112.06D). The next day, beads were washed
two times with 1 ml of 150 mM NaCl washing buffer, two times with 1 ml
of 500 mM NaCl washing buffer, and two times with 1 ml of TE. After
removing the cross-linking, DNA was purified and resuspended in TE.

Inducible Notch switch-on/off system

Stable lines of Beko cells were created through retroviral infection with
pMIGR-mNICD-WT-ER-IRES-GFP, pMIGR-mNICD-5RK-ER-IRES-GFP,
or pMIGR-ER-IRES-GFP. Cells were sorted by FACS to obtain a defined
low GFP—expressing population to achieve comparable expression and not
to oversaturate promoters. Endogenous Notch signaling was then inhibited
by adding DAPT (10 ug/ml) while simultaneously inducing the trans-
location of NICD-WT or NICD-5RK into the nucleus by adding 0.5 uM
tamoxifen. As a control, cells were treated only with the vehicles DMSO
and ethanol. After 8 hours, cells were harvested and total RNA was iso-
lated as described below.

RNA extraction, reverse transcription, and qPCR

Total RNA was isolated using TRIzol reagents (Ambion, 15596018). For cDNA
synthesis, 1 pg of RNA was reverse-transcribed using random hexamers
and reverse transcriptase according to the manufacturer’s protocol (Thermo
Scientific, K1622). qPCRs were performed using Absolute QPCR ROX
mix (Thermo Scientific, AB-1139) and gene-specific oligos and double-
dye probes (Roche) and run in a 7300 ABI PRISM sequence detector
system (Applied Biosystems) according to the manufacturer’s recommen-
dations. X. laevis samples were stored in RNAlater TissueProtect Tubes
(Qiagen) until use, and mRNA abundance was assessed by quantitative
reverse transcription PCR (RT-PCR). To determine mRNA expression,
the SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen)
and SYBR Green PCR Master kit (Applied Biosystems) were used ac-
cording to the manufacturer’s instructions. The cDNAs were amplified with
specific primers designed by using ProbeFinder software (Roche Applied
Science). hist]h4a was used as a housekeeping gene for normalization.
Primer sequences are shown in table S4. RNA isolation from adult mouse
tissues and cDNA synthesis were described previously (27). QuantiTect Pri-
mer Assays (Qiagen) were used for subsequent qPCR of HPRT (QT00166768)
and CARM1 (QT00149170). In all cases, samples were tested at least in
triplicate, and qPCRs were run on a 7500 Real-Time PCR System (Applied
Biosystems) following the manufacturer’s protocol.

Microarray

For microarray analysis of wild-type Beko cells upon treatment with a
y-secretase inhibitor, cells were treated with inhibitor (2 pg/ml) or the sol-
vent (DMSO) for 24 hours. For microarray array analysis upon induction
of NICD-ER or DNMaml-ER, the cells were stably infected with retroviral
vector containing the respective construct. After selection, cells were treated
with 4-hydroxytamoxifen (0.75 pg/ml) or the solvent (ethanol) for 48 hours.
The cells were collected, and mRNA was purified using the RNeasy Mini
Kit (Qiagen). Microarrays were performed using the GeneChip Mouse
Gene 1.0 ST Array (Affymetrix). The data were normalized using RMA
(robust multichip average) and represented in the heatmap visualizing their
expression changes (55).

Mathematical model integrating Notch protein stability
and transcriptional activation

The mathematical model of the Notch pathway (Fig. 5I) was built on the
basis of both published findings (56-61) and data in this study. The model
is described in detail in the Supplementary Materials.

Statistical analysis

Statistical analysis was carried out with the GraphPad Prism 5 software.
Unless indicated, the two-tailed unpaired Student’s ¢ test was applied. Dif-
ferences were considered significant if P < 0.05

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/8/369/ra30/DC1

Methods: Assumptions, parameters, and numerical methods underlying the mathematical
model integrating NICD stability and transcriptional activation.

Fig. S1. Arginine residues in NICD are asymmetrically dimethylated and CARM7 mRNA is
expressed in adult mouse tissues.

Fig. S2. Methylation sites identified by heavy methyl SILAC.

Fig. S3. Selection of direct Notch target genes in pre—T cells.

Fig. S4. Methylation of the NICD in the context of its stability, phosphorylation, and binding
to RBP-J.

Table S1. Mutations at the methylated arginine or surrounding residues in Notch1.
Table S2. Cloning primers used in this study.

Table S3. ChIP primers used in this study.

Table S4. gPCR primers used in this study.

Table S5. Available dissociation constants between the domains of NICD and RBP found
in the literature.
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SUPPLEMENTARY MATERIALS

Supplementary Methods: Assumptions, parameters, and numerical methods underlying

the mathematical model integrating NICD stability and transcriptional activation.

Assumptions and differential equations for the core Notch pathway model

The model shown in Fig. 51 is based on the core constituents of the transcription-enabling
complex, namely NICD, RBP-J and the corresponding DNA-binding sites (called LOCI
herein). To avoid confusion, we shorten “RBP-J” to RBP in this section. We also do not take
into account the role of Mastermind (MAML). We assume that it is ubiquitously present and
that its binding is instantaneous. We focused on the core constituents of the transcription-
enabling complex, namely NICD and RBP after NICD cleavage.

We assume intracellular transport processes as instantaneous; as such, the time between
binding of NOTCH to its ligand on the cellular surface to the proteasomal degradation of
NICD in the nucleus will be regarded as instantaneous. In the current setting this is of little
importance, because we can focus on the actual onset of transcription rather than the
activation of the NOTCH receptors, whereupon the time between the release of NICD in the
nucleus and actual transcription is of larger importance.

The basic properties of the system are described with the help of measured dissociation
constants (56-63) (table S5) and we further assume that the nuclear concentrations of
respective cofactors are appropriate. In other words we assume that enough molecules are
present and that those are properly mixed throughout the nucleus. In addition, we
experimentally validated that the interaction of RBP with NICD mutants does not change
(fig. S4E). Thus we assume that the interaction between RBP and NICD is unaffected by the
considered mutations.

To represent the behavior of the system with a set of differential equations, the reactions need
to be characterized by appropriate forward and reverse (dynamic) reaction rates. The reaction
rates are scaled from the dissociation constants using the measurements reported previously
(61). Their results show that the maximal concentration of the NICD-RBP complex will
occur 2 to 3 hours after activation.

The system of ordinary equations was formulated using the flows corresponding to the
following reversible reactions, each associated with its dissociation constant K:

NICD + RBP = NICD|RBP

NICD|RBP +LOCI = NICD|RBP |LOCI



K3
RBP +LOCI = RBP|LOCI

Denoting the concentrations of each species by square brackets and introducing the
shorthands, wherein [LOCI] stands for the effective concentration of free DNA-binding
regions and 7 represents the time, we get:

n (t) = [NICD](¢t),r (t) = [RBP](t), (t) = [LOCI](t),nr (t) = [NICD|RBP](t)
rl (t) = [RBP|LOCI](t), nrl (t) = [NICD|RBP|LOCI] (t)

Upon introducing k,, 4 as the reaction rates corresponding to the nt/Z dissociation constant
and k the rate of degradation of NICDIRBP (the NICD-RBP complex), the corresponding set
of differential equations are:

n
— = kiy - nr-ki_-n-r
r
— = kig-nmr —ky_-n-r+ky_rl —kyyor -1
[
— = ks -nrl — kyy -nr - L+ kvl —kyyp -7 - 1
nr
— = kion-rv —kyy-nr +kgyonrl —ks_onr -l —k - nr
rl
_t = k2+'r' l —_ kz_'rl
nrl
= ksyp nr -l —ks_ -nrl

The initial conditions are given by the steady state values corresponding to [NICD] (t) = 0.
The system of equations is then solved with [NICD] (0) = n,, the induced amount of NICD
is thus corresponding to an unstimulated Notch pathway responding to an induced activity at
t = 0. The given system thus mimics the NICD induced activity of the Notch pathway under
the above simplifying assumptions.

The transcription rates are then assumed to be proportional to the amount of
NICDIRBPILOCI which in turn is proportional to the concentration [NICD|RBP|LOCI] since
a constant nuclear volume is assumed. Assuming that the degradation rates for the transcripts
are negligible, the quotient Q(t) of transcripts amounts, TRANS, corresponding to the wild-
type (wt) and methylation-defective mutant (SRA) forms accumulated up to time ¢ will be
given by:



J, TRANS,;(t)dt
J; TRANSsp(t)dt

Q(®)

[T f . [NICDIRBP|LOCI],, dx*dt
= T
Jo | ctens INICDIRBP|LOCI] 5,4 dx3dt

ke f, INICD|RBP|LOCI],,; dt
* Kmue Jyf INICD|RBP|LOCI] 54 dt

In the equation above, k,,,,; and k,,; denote the effective transcription rates of the mutated
and wild-type forms of NICD, respectively. Having measured the quotient after some time T,
and assuming that the system of differential equations approximates the evolutions of

[NICD|RBP|LOCI](t), it is hence possible to extrapolate kkWt the quotient of effective

mut

transcription efficiency. Choosing a large enough T further ensures that the effects due to
transient behaviors neglected by the system of equations remain small.

Parameter modeling

When only considering the evolution of [NICDIRBPILOCI], the principal difference for the
dynamics for wild-type or methylation-defective  mutant NICD is the
ubiquitination/degradation rates. As our model describes the ubiquitination/degradation of
NICD through NICDIRBP decay, we assumed, as experimentally measured in Fig. 4, A and
B, that the corresponding free half-lives of 1.8 hours and 10 hours for wild-type NICD and
mutated NICD forms, respectively:

_In

we = 1.8 i

In(2) _
fome ==/

All other parameters of the model were identical. As realistic values for the nuclear
concentrations of RBP are not available, the quotient between the number of RBP and LOCI
molecules/sites, g, was assumed to satisfy

102 < g <10%
Similarly, no definitive figures for the number of DNA-binding regions per nucleus are

known. The corresponding values, [tot, were assumed to lie in an interval including the
values found in the literature (62, 63).



118 < ltot < 1.3 x 10%

As the measured dissociation constants showed some variability, the simulations were
conducted for combinations of dissociation constants in the intervals spanned by the values
found in the literature (table S5) up to T = 24 hours, the time at which transcription was
measured.

14nM < K1 < 510nM
200nM < K2 < 300nM

200nM < K3 < 300nM

The corresponding reaction rates were extrapolated using the finding that a NICDIRBP peak
will follow approximately 2.5 hours after Notch activation.

As the actual value of ny has little bearing on the output concentrations of NICDIRBPILOCI
compound (see below), n, was fixed at 100 nM. Additionally, we take into account variations
in the cumulative transcriptional activity, as depicted in the luciferase assay (Fig. 4H), and
assume the corresponding activity of the mutant SRA construct amount takes values between
1.2 and 1.6 relative to the wild-type (1.0).

Numerical considerations

All simulations where conducted using MATLAB 2012b/2013a software (MathWorks Inc.).
Optimizations were made using fiminsearch the Matlab implementation of the Nelder-Mead
algorithm (64). The system of differential equations was solved numerically by odel5s, a
MATLAB solver for stiff equation systems (65). For each set of parameters, the system was
started at equilibrium with [NICD] = 0. Att = 0, an amount, ny of NICD was introduced.
The reaction rates were optimized in such a way that the maximum [NICD|RBP] was
achieved after 2.5 hours after the NICD activation and that [NICD|RBP|LOCI] peaks after 10
hours. The reaction rates corresponding to K; and K, were defined by a single common
scaling factor and those corresponding to K3 by a second scaling factor.

As expected, the actual value of ny had no impact on the actual value of the quotient

[, INICD|RBP|LOCI},; dt
J; [NICD|RBP|LOCI5g, dt

and was fixed to an arbitrary value of 100 nM. Simulations varying all parameters verified



that the actual value of ny was not of importance.

Subsequent simulations varying the two remaining parameters, namely [tot and g, led us to
conclude that:

J; [NICD|RBP|LOCI],,,, dt

0.19 < =2
J, INICD|RBP|LOCI]sg, dt

<0.2

or equivalently:

Kmue kwe Jo INICD|RBP|LOCI],, dt

0.19 < -
kwe Kmut Jo INICD|RBP|LOCI] 54 dt

<0.2,

0.19 < % Q(24 hours) < 0.2. (1)
wt

As in the luciferase assay (Fig. 4H), we assume that the relative transcriptional activity by the
mutant compared to the wild type is 1.4 + 0.2:

1.2 < Q(24 hours) < 1.6.

Insertion of Q into the first equation yields a transcription efficiency of:

mut

011 < < 0.2,

wt

In other words, the transcriptional activity of the wild-type NICD is 6 to 8.5 times larger than
its mutant equivalent under the above assumptions.
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Fig. S1: Arginine residues in NICD are asymmetrically dimethylated and CARM]I1
mRNA is expressed in adult mouse tissues. (A) Input control for biotinylated NICD
(BioNICD) purified from Beko cells (Fig. 1A). (B) Schematic representation of the NICD
constructs used for in vitro methylation assays. NICD was split in an N-terminal (NT) and a
C-terminal (CT) fragment. Purification was confirmed by Coomassie staining. (C) Schematic
domain structure of the four different Notch intracellular domains (NICD1-4) with the region
containing the modified arginine residues indicated by the black rectangle. (D) In peptide
competition assay recognition of the Arg2361m62a peptide in dot blot is abolished after
addition of the methylated peptide (10 ng/ml) to the antibody solution; the unmodified
peptide did not have any effect. (E) Negative control (IgG) for pulldown of me2a-NICD in
MEFs, SKRC cells, and Pancl cells (see Fig. 2F). Blots are representative of 2 experiments.
(F) Expression of CARM1 in adult mouse tissues, normalized to that of endogenous HPRT
mRNA in each. Data are means =+ SD from four experiments. Blots are representative of 3
experiments.
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Fig. S2: Methylation sites identified by heavy methyl SILAC. (A) Setup of the Heavy-
Methyl SILAC approach. 293 cells grown in heavy or light medium (different isotopes of
methionine that get incorporated in the methylgroup donor adenosyl methionine, AdoMet)
were transiently transfected with FLAG-NICD together with a construct expressing CARM1.
After 6 hours of proteasome inhibitor treatment (MG132, 20 pM) the cells were lysed, equal
input for heavy and light sample was determined and then mixed in a ratio of 1:1. After
immunoprecipitation the sample was run on a SDS-PAGE gel. The NICD corresponding
band was cut out, digested with chymotrypsin and further analyzed by mass spectrometry.
Methylated samples show a specific difference of 4 Da per methyl group adapted from (26).



(B-E) Heavy-Methyl SILAC pairs of Arg2262 B), Arg23 7 (D) and Arg2361 (E) are displayed
that possess the specific difference of 8§ Da for two methyl groups. For the dimethylated
Arg?® (C) the difference is 12 Da due to the presence of a methionine in the peptide. The
white circle marks the unlabeled, blue the Heavy-Methyl SILAC-labeled spectrum. Data are
representative of two experiments.
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Fig. S3: Selection of direct Notch target genes in pre-T cells. (A) A selection of Notch
target gene expression changes identified by microarray analysis (55) in Beko cells treated
with the y-secretase inhibitor (GSI) DAPT or induced by tamoxifen to induce dominant-
negative Mastermindl (DnMAMLI1)-ER or NICD-ER to translocate to the nucleus. (B)
Binding of NICD to enhancers of Notch target genes in a stable pMY-Bio-NICD-IRES-GFP
infected Beko cell line was detected by Streptavidin-ChIP. As control, BirA (biotin ligase)-
transfected cells were used. Control locus: chromosome X. *P = 0.0209, **P = 0.0035
(Nrarp) or 0.0014 (HeslI), ***P = 0.0001 (Gm266) or 0.0008 (CD25). (C) Knockdown of
CARMI reduced the expression of Notch target genes CD25 and Hes! in Beko cells. *P =
0.0111, **P = 0.0022, ns P = 0.1211. (D-F) Abundance of CARMI1 on Notchl1/RBP-J
binding sites of Hesl (D), CD25 (E) and Nrarp (F) detected by ChIP in Beko cells
transfected with CARMI1 or Protein A beads (mock). *P = 0.0347, ***P = 0.004, ns P =
0.9424. Data are means + SD from three experiments. P values were calculated using the
unpaired z-test.
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Fig. S4: Methylation of the NICD in the context of its stability, phosphorylation, and
binding to RBP-J. (A and B) Western blotting shows the degradation of endogenous NICD
in wild-type (wt) Beko cells or cells transfected with the CARM1 expression plasmid (pMY-
CARM1), both treated with protein synthesis inhibitor cycloheximide (CHX, 50 pg/ml) for
the indicated time. Relative NICD abundance was quantified by ImageJ software (B). Data
are means = SD from three experiments. (C) Cell extracts of 293 cells transfected with
FLAG-NICD and treated with alkaline phosphatase (CIP). Upon treatment, the two bands
were not distinguishable by Western blot. (D) Pulldown for total or methylated NICD in 293
cells transfected with wild-type FLAG-NICD and pMY-CARMI and treated with either
DMSO or MG132 for 6 hours. (E) Pulldown for RBP-J with FLAG-NICD in HEK 293 cells
transfected with the indicated wild-type (wt) or mutant NICD construct. NICD-ARBP: 1758
WFP/LAA 1760 mutation in the RAM?23 domain. The asterisk denotes the heavy chain of the
antibody used for immunoprecipitation.



Arginine | Mutation Tissue Nr | PMID and | COSMIC
Residue Reference Mutation ID
R2263 G2262fs*6 Haematopoetic and lymphoid tissue | 1 16707600 *®° | COSM21910
(T-ALL)
S2163_S2283 | Haematopoetic and lymphoid tissue | 1 22077063 | COSM255088
dell21 (CLL)
R2272 P2271S Hematopoietic and lymphoid tissue | 1 21798897 * | COSM99629
(T-ALL),
upper aerodigestive tract 1 16707600 *° | COSM21911
R2272fs*78 Hematopoietic and lymphoid tissue | 1 19458356 ® | COSM36046
(T-ALL)
R2313 R2313G Lung 1 22980975 | COSM377778;
COSM377779
R2327 R2327TW Large intestine, 2 21720365 ™" | COSM 120008
ovary, 1
lung 1 20007775 | COSM43356
N2324fs*9 Haematopoietic and lymphoid tissue | 1 23354995 | COSM123503
(T-ALL) 4
R2372 S2329fs*25 Haematopoietic and lymphoid tissue | 3 19458356 ® | COSM36047
(T-ALL, CLL)
L2335fs*19 Haematopoietic and lymphoid tissue | 2 22077063 ¥ | COSM28653
(T-ALL, CLL) 16614245 7™

Table S1: Mutations at the methylated arginine or surrounding residues in Notchl.
Mutations reported to occur at or near the methylated arginine residues in Notch1. Data was
obtained from the COSMIC (Catalogue of Somatic Mutations in Cancer) database,
http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/ . Nr, number of samples with the

corresponding mutation.




Construct Primer Sequence

pMY-Bio-CARM1 BglIl fw agatctgcagcggeggeagega
Notl rev gcggecgectaactcceatagtgeatggtgtt
pcDNA3.1-CARMI1-mut | EcoRI-fw gaattcgcageggeggeagega
Notl-rev gcggecgectaactcceatagtgeatggtgtt
pCSGS-NICD-wt/SRA Smal fw geceecgggeggeageatggecagetetggtt
Smal rev gcececgggttatttaaatgectctggaatgtgg
pGEX6P1-NICD-NT EcoRI fw gaattccggeggeageatggecage
Xhol rev ctcgagtcacagetgtgggctgcgeace
pGEX6P1-NICD-CT EcoRI fw gaattcatcgtgcggcttttggat
Notl rev gcggecgceteatttaaatgectetggaatgte
pGE-basic EGFP_Ncol_fw atccatggtgagcaagggcg
EGFP_Xbal_rev attctagattacttgtacagctcgtccatge
pMIGR-mNICD-ER (wt | Sall fw gtcgacatggactacaaagacgatgac
or SRK) Sall rev gtcgacgctttaaatgcctctggaatg

Table S2: Cloning primers used in this study. Fw, forward primer; Rev, reverse primer;
sequences 5°-3’.

Position relative to TSS ‘ Probe (Roche library) ‘ ChIP primer sequence
MyoD TSS #25 Fw: gtcagctccgaagtgagea
Rev: cacttggctatctggtgcag
Ptcra -4 kb #60 Fw: ctgcactgtggtcgcaga
Rev: ggaggcaggtgtcectaac
Gm266 +11 kb #17 Fw: cccaggtgactaagggacac
Rev: gagactgactgttcccacgag
Hesl TSS #81 Fw: gccagaccttgtgectage
Rev: tctttcccacagtaactttcage
CD25 -19.6 kb #21 Fw: ggctgttggagaccacga
Rev: tcaattccaagaccttetttce
Nrarp -3 kb #66 Fw: cctatcctctcttctaccaggtgt
Rev: tgggaaagaggagagtgtttct
Chrom. X #68 Fw: gagttccagggactgtcacg
Rev: atggtgtctacttgtaagcccagt

Table S3: ChIP primers used in this study. Fw, forward primer; Rev, reverse primer;
sequences 5°-3’.




Gene ‘ Probe (Roche library) ‘ cDNA primer sequence
mus musculus
HPRT #25 Fw: tgtgggcattgtgctacct
Rev: atttttgtcccggegaac
Ptcra #45 Fw: cagctctecttgecttctga
Rev: cctggctgtcgaagattce
Gm266 #81 Fw: caaggccgacctagatge
Rev: gtcgtgatttcaggaacg
Carml #26 Fw: tgtgggcagacagtccttc
Rev: ccgacaggttttcaggatgt
Hesl #99 Fw: acaccggacaaaccaaagac
Rev: cgcctcttctccatgatagg
Nrarp #49 Fw: gctacacatcgecgettt
Rev: ttggccttggtgatgagata
CD25 #89 Fw: caatggagtataaggtagcagtgg
Rev: catctgtgttgccaggtgag
GusB #25 Fw: tgtgggcattgtgctacct

Rev: atttttgtcccggegaac

Xenopus laevis

hes5.1

Fw: ggaaaagatgcgcagagacag
Rev: gggttectgettgtgaaattct

hes3.3 Fw: agatgcgcagggaccgtat
Rev: ggctggaggagctggaattc
hes5.2 Fw: caaaagcagccagaaaccga
Rev: atgatgaaatgcagctggca
hes9.1 Fw: atcgagcagctcaggatgtt
Rev: tggtttggatgggagatgat
esrl0 Fw: agcagcacatgacaaccaaa
Rev: tgcagagagtcctggagaca
heyl Fw: tgcaggaggcaaaggctact
Rev: tgaatcccaagetgeggta
hes4 Fw: taccgacggccagtttge
Rev: atacagagggataacaggtccgg
dil1 Fw: gcagtaatgcggaccccac
Rev: ccaggccatgtgaatccaa
tubb2b Fw: agcagcacatgacaaccaaa
Rev: tgcagagagtcctggagaca
histlh4a Fw: ggcaaaggaggaaaaggactg

Rev: ggtgatgccctggatgttat

Table S4: qPCR primers used in this study. Fw, forward primer; Rev, reverse primer;

sequences 5°-3’.




BTD RBP RAM-ANK-
RBP
RAM 31nM, 720M®® | 22 nM¥%, 1100 nM®*"
RAM-ANK 200 nM™® 14 nM*™*, 510 nM*©"
DNA 200 - 300 nM”"** 200-300 nM*"*

Table S5: Available dissociation constants between the domains of NICD and RBP
found in the literature. Dissociation constants reported in the literature by Blacklow and
colleagues (56), Kovall and colleagues (57, 58), and Barrick and colleagues (59, 60). *,
measured by FRET.



