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S/T Phosphorylation of DLL1 Is Required for Full Ligand Activity In
Vitro but Dispensable for DLL1 Function In Vivo during Embryonic
Patterning and Marginal Zone B Cell Development
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Interaction of Notch receptors with Delta- and Serrate-type ligands is an evolutionarily conserved mechanism that mediates di-
rect communication between adjacent cells and thereby regulates multiple developmental processes. Posttranslational modifica-
tions of both receptors and ligands are pivotal for normal Notch pathway function. We have identified by mass spectrometric
analysis two serine and one threonine phosphorylation sites in the intracellular domain of the mouse Notch ligand DLL1. Phos-
phorylation requires cell membrane association of DLL1 and occurs sequentially at the two serine residues. Phosphorylation of
one serine residue most likely by protein kinase B primes phosphorylation of the other serine. A DLLI variant, in which all three
identified phosphorylated serine/threonine residues are mutated to alanine and valine, was more stable than wild-type DLL1 but
had reduced relative levels on the cell surface and was more effectively cleaved in the extracellular domain. In addition, the mu-
tant variant activated Notchl significantly less efficient than wild-type DLLI in a coculture assay in vitro. Mice, however, whose
endogenous DLL1 was replaced with the phosphorylation-deficient triple mutant developed normally, suggesting compensatory

mechanisms under physiological conditions in vivo.

he evolutionarily conserved Notch signaling pathway medi-

ates local interactions between adjacent cells, which are of cen-
tral importance for the regulation of developmental processes in a
wide variety of different tissues and species, and mutations in its
components cause human diseases (reviewed in references 1 to 7).
The Notch gene of Drosophila as well as its vertebrate homologues
encode large receptors that, at the surface of a cell, interact with
products of the Delta and Serrate genes acting as ligands. Notch,
Delta, and Serrate (called Jagged in vertebrates) encode trans-
membrane proteins with specific numbers of epidermal growth
factor (EGF)-like repeats in their extracellular domains (8-10).
The Notch protein is proteolytically processed in the Golgi net-
work and present as a noncovalently linked heterodimeric recep-
tor at the cell surface (11, 12). Ligand binding induces two subse-
quent proteolytic cleavages by ADAM proteases and y-secretase,
releasing the intracellular domain of Notch (NICD). NICD trans-
locates to the nucleus and, by complexing with the transcriptional
regulator suppressor of hairless [su(h)], activates transcription of
bHLH genes of the enhancer of split [e(spl)] family (13-19). Their
gene products in turn regulate the transcription of other down-
stream effector genes. Similar to the Notch receptors, ligands
can be cleaved by ADAM proteases releasing the ectodomain
(“ectodomain shedding”), followed by y-secretase-mediated gen-
eration of the intracellular domains (20-24), the significance of
which for Notch signaling is unclear.

Posttranslational modifications such as glycosylation, ubiq-
uitination or phosphorylation of receptor and ligands are critical
for normal Notch pathway function. For example, modification of
NOTCH by O-fucosylation of specific S or T residues in certain
EGF motifs (25, 26), followed by further modification of O-fucose
residues by Fringe (FNG) proteins (26, 27) modulates the
NOTCH response to ligands in a context-dependent manner (28—
31). Ubiquitination of Notch receptors by E3 ligases antagonisti-
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cally modulates the amount of receptor that is available for ligand
binding at the cell surface by regulating trafficking to distinct in-
ternalization pathways, but the physiologically important ubiq-
uitination sites and the consequences of their alternative usage are
not well understood on the molecular level (reviewed in references
32 to 36). Phosphorylation at S/T residues has been observed in
the intracellular domains (NICDs) of Drosophila and vertebrate
Notch receptors (37-41). NICD phosphorylation has been asso-
ciated with nuclear translocation (17, 42) and with both positive
and negative modulation of Notch activity: phosphorylation of
Notchl NICD by glycogen synthase kinase 33 (GSK3[) inhibited
proteasomal degradation (43) and led to enhanced Notch activity,
a finding consistent with the role of shaggy, the Drosophila homo-
logue of GSK3, as a positive modulator of Notch signaling (44).
In contrast, GSK3B-dependent phosphorylation of NOTCH2 ap-
pears to negatively regulate NOTCH2 activity (41). Phosphoryla-
tion of NOTCH1-ICD by Nemo-like kinase (NLK) suppresses
NOTCHI activity by interfering with the formation of an active
transcriptional complex, whereas NLK phosphorylation of
NOTCH3 enhanced NOTCH3-ICD activity (40).

Also, Notch ligands are posttranslationally modified, and their
activity is subject to complex regulation. Like Notch, ligands are
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modified by O-fucosylation (45). However, Drosophila Delta is
functional without O-fucosylation (46), and the significance of
such a modification for ligand function in vertebrates is unknown.
Similar to Notch, modification of the ligands by ubiquitination
regulates their activity. Ubiquitination is essential for endocytosis
of ligands, which has been shown to be critical for their ability to
activate Notch. Endocytosis has been suggested to convert by an
as-yet-ill-defined process initially inactive to active ligands that
are recycled back to the cell surface or to direct ligands to special-
ized membrane microdomains. Alternatively, endocytosis of li-
gand bound to the extracellular domain of the Notch receptor was
suggested to generate a pulling force that exposes the S2 cleavage
site to ADAM protease. These models are not mutually exclusive,
and both endocytic events might be required for productive
Notch signaling (reviewed in references 32 to 36, 47, and 48). In
addition to endocytosis and recycling, ligand activity is regulated
by proteolysis. Similar to Notch, ligands are subject to consecutive
proteolytic cleavages by ADAM proteases and y-secretase, leading
to ectodomain shedding and the subsequent release of the intra-
cellular domains (ICDs) into the cytoplasm. Both contribution to
downregulation of Notch signaling or to relief of cis-inhibition
have been suggested as functions for ectodomain shedding. How-
ever, its physiological role has to be demonstrated. The release of
the ICDs of Notch ligands, their detection in the nucleus, and the
effects of overexpressed ICDs in cultured cells led to the idea that
these ICDs have signaling functions in ligand-expressing cells (48;
reviewed in reference 49). However, overexpression of different
forms of mouse DLL1ICD in mice did not affect embryonic de-
velopment (50), arguing against such a role. Collectively, these
findings indicate that the activity of Notch ligands is regulated on
multiple levels.

Here, we report on the phosphorylation of the mouse Notch
ligand DLLI in cultured cells and in vivo. We found that DLLI is
phosphorylated at three S/T residues in the intracellular domain
and that the phosphorylation of two sites occurs sequentially, and
phosphorylation most likely by protein kinase B (PKB) primes for
the phosphorylation of another residue. Phosphorylation of all
three sites requires association with the plasma membrane. In
vitro, mutation of the phosphorylation sites increased the half-life
of the protein but reduced relative cell surface levels, enhanced
ectodomain shedding, and significantly attenuated DLL1 ligand
activity. However, mutation of all three phosphosites in vivo had
no obvious effects on processes regulated by DLL1 such as somi-
togenesis, myogenesis, neurogenesis, and marginal zone B cell de-
velopment, suggesting that in vivo compensatory mechanisms are
in place to maintain physiological DLL1 activity.

MATERIALS AND METHODS

Cell culture and transfection. Chinese hamster ovary (CHO), HEK293
(Human embryonickidney), HeLa, and L-cells were cultured in Dulbecco
modified Eagle medium (DMEM)-F-12 (Invitrogen) cell culture medium
supplemented with 10% fetal calf serum (FCS; Invitrogen), 1% penicillin-
streptomycin (Gibco), and 1% GlutaMAX (Gibco). Cells were transfected
with jetPEI (Polyplus-Transfection) or Perfectin (Genlantis) according to
the manufacturers’ instructions. CHO cells containing an attP-site were
generated by transfection of the pHZ-attP (51) plasmid and selection
with 500 pg of hygromycin B/ml. Transgenes were cloned into the attB
pNC-attB vector (51) after removal of enhanced green fluorescent protein
(eGFP), and recombination was mediated by transient expression of
phiC31 integrase. Cells were selected for correct integration with 250 pg
of zeocin/ml.
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Antibodies. The primary antibodies used in Western blots were as
follows: phospho-specific rabbit anti-pT638, -pS693, and -pS696 anti-
bodies (generated by Biogenes GmbH, Berlin, Germany), using peptides
C-KVRYP-pT-VDYNL (pT638), C-RKRPE-pS-VYSTS (pS693), and C-
PESVY-pS-TSKDT (pS696), respectively; anti-DLL1 (ab85346; Abcam;
directed against amino acids 148 to 162 of human DLL1 for the detection
of mouse, chicken, and Xenopus DLL1); rat anti-DLL1 1F9 (52) affinity
purified with a synthetic peptide (Genecust; CPGPMVVDLSERHME
SQG) coupled to SulfoLink resin (Thermo Scientific) according to the
manufacturer’s instructions; anti-Flag M2 POD (Sigma); antihemagglu-
tinin (anti-HA) 3F10 POD (Roche); and anti-His—horseradish peroxi-
dase (Miltenyi Biotec). B-Actin detected with mouse anti-B-actin anti-
bodies (clone C4; MP Biomedicals) or anti-sodium potassium ATPase
antibody (ab353; Abcam) was used as a loading control. Horseradish
peroxidase-conjugated secondary anti-rat, -mouse, -rabbit, -chicken,
or -goat antibodies were obtained from GE Healthcare or Dianova.
The antibodies used in immunoprecipitations were anti-Flag M2
(Sigma), anti-DLL1-c20 antibody (used for immunoprecipitation of
endogenous DLL1 [Santa Cruz]), and the rabbit non-phospho-specific
antibodies anti-T638, anti-S693, and anti-S696 (generated by Bio-
genes GmbH). The primary antibodies used for the immunofluores-
cence staining of CHO cells included DLL1 2A5 (50), anti-Rab11 clone
47/Rabl1 BD (Transduction Laboratories), anti-Rab5 clone Rab5-65
(Sigma), and anti-Rabé6a clone 3G3 (Sigma). Secondary antibodies
were conjugated to Alexa Fluor 488, 555, or 633 (Life Technologies).

Immunoprecipitation. CHO, HEK293, or L-cell cell lines stably or
transiently expressing mouse, Xenopus, or chicken DLLI were harvested
at 90% confluence at 24 h posttransfection in ice-cold cell lysis buffer (50
mM Tris-HCI [pH 7.5], 150 mM NaCl, I mM EDTA, 1% Triton X-100
[Applichem]) supplemented with protease inhibitor cocktail tablets
(Roche) and treated with PhosSTOP (Roche) or left untreated. The cells
were lysed on ice for 30 min, sonicated, and centrifuged at 13,000 X gat
4°C for 10 min. The supernatant was collected and incubated with the
appropriate antibody for 2 h or overnight at 4°C on an end-to-end rotator,
followed by incubation with Sepharose G-beads (GE Healthcare) over-
night at 4°C on an end-to-end rotator. The beads were washed three times
in ice-cold cell lysis buffer, mixed with sample buffer, boiled for 5 min at
99°C, and either loaded onto sodium dodecyl sulfate (SDS) gels or stored
at —20°C. If not otherwise indicated, immunoprecipitations of mDLL1-
tagged proteins were performed by incubating the lysates with directly
coupled anti-Flag M2 affinity gel (Sigma) or EZview red anti-HA affinity
gel (Sigma). XDLLI or cDLL1 were precipitated with anti-Flag M2 anti-
body (XDLL1) or anti-non-pS693 antibody (cDLL1).

32P metabolic labeling of HEK293 cells. Labeling of cells was per-
formed overnight with 0.1 mCi of **P-labeled phosphoric acid/ml in cell
culture medium supplemented with 10% dialyzed FCS (Invitrogen). The
cells were then lysed in (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 2 mM
EDTA, 1% Nonidet P-40, 1% Triton X-100, 1% deoxycholate [DOC],
0.1% SDS) and subjected to immunoprecipitation as described above
with the following differences. DNA was sheered by passing the lysate
through a 19-gauge needle attached to a 1-ml syringe. Before the lysate
was mixed with the appropriate antibodies, it was precleared by centrifu-
gation at 3,000 X gand incubation of the supernatant for 1 h at 4°C on an
end-to-end rotator. SDS gels were dried and used for autoradiography
(GE Healthcare) for 24 or 72 h.

Pulse-chase analysis. DLL1 or phosphomutant DLL1 expressing
CHO-attP-cells were cultured on 60-mm cell culture dishes to 100% con-
fluence. The cells were washed three times with prewarmed phosphate-
buffered saline (PBS) and cultured with cysteine-methionine-free RPMI
1640 cell culture medium (Sigma) for 2 h under normal culture condi-
tions. The cells were washed once with prewarmed PBS and pulse-labeled
in RPMI 160 medium supplemented with 250 wCi of >°S-labeled methi-
onine for 1 h. For the chase, cells were washed with PBS and medium was
replaced with RPMI medium (Sigma). The cells were lysed at different
time points in cell lysis buffer (50 mM Tris-HCI, 150 mM NaCl, 1% Triton

Molecular and Cellular Biology


http://mcb.asm.org

X-100, 1 mM EDTA, supplemented with protease inhibitor cocktail tab-
lets [Roche]) for 30 min on ice. DNA was sheered by passing the lysate
through a 19-gauge needle attached to a 1-ml syringe. Lysates were cen-
trifuged for 10 min at 10,000 X g. For preclearing, the supernatant was
incubated with Sepharose G-beads (GE) for 60 min on an end-to-end
rotator at 4°C. For immunoprecipitation of radiolabeled DLL1-protein
lysates were centrifuged for 1 min at 3,000 X g. The supernatant was
incubated with anti-Flag M2 affinity gel (Sigma) for 5 h or overnight.
Proteins were eluted from the beads by boiling in sample buffer and sep-
arated by SDS-PAGE. Dried gels were exposed to autoradiography film.
The intensity of the bands were measured from scans using Image]. Half-
life times were calculated using Prism software (GraphPad) based on a
one-phase decay fit.

Notch activation assay. To determine Notch activation by wild-type
(wt) and phosphomutant DLL1 HeLa cells stably expressing Notchl
(HeLaN1 [15]) were transfected with pGa981-6, a Notch1-firefly lucifer-
ase reporter construct (53), and for normalization to the transfection
efficiency with a plasmid (Promega) driving constitutive expression of
Renilla luciferase. At 18 to 20 h posttransfection 5 X 10° HeLa-Notchl
were cocultured with 5 X 10° wt) CHO cells or CHO cells expressing wt or
phosphomutant DLLI, respectively, for 18 to 20 h. After coculture, the
cells were lysed in lysis buffer (Promega), and the luciferase activity was
measured using a dual-luciferase reporter assay (Promega). The relative
transactivation potential was calculated relative to the activation obtained
by wt CHO cells.

Ubiquitination pulldown assay. HEK93 cells were transiently trans-
fected with an His-tagged ubiquitin expression vector and cotransfected
with wt DLL1 or phosphomutant DLL1 expression vectors in a 100-mm
cell culture dish. At 24 to 48 h posttransfection, the cells were treated with
25 uM proteasome inhibitor MG132 (Sigma) for 3 h. Cells were washed in
cold PBS, lysed in 1 ml of urea buffer (8 M urea, 10 mM imidazole, 0.1 M
phosphate buffer [pH 8]) and sonified on ice. Subsequently, lysates were
centrifuged for 10 min at 10,000 X g, and the supernatants were incubated
with Talon- or nickel-NTA Superflow beads (Clontech/Qiagen) for 4 h on
an end-to-end rotator at room temperature. The beads were washed three
times with urea buffer and resuspended with sample buffer containing
200 mM imidazole.

Mass spectrometry. DLL1-Flag or DLLITMICD-HA were immuno-
precipitated as described above. For elution of the proteins, the resin was
prepared according to the manufacturer’s instructions and loaded onto a
disposable plastic column (Thermo Scientific). The resin was then incu-
bated with 0.3 M glycine (pH 3.5) for 5 min on ice. The proteins were
eluted by gravity flow in vials containing 0.5 M Tris-HCI (pH 8.0) and 1.5
M NaCl. After acetone precipitation, the dried pellet was mixed with
sample buffer and separated by SDS-PAGE. The respective bands were
excised and in-gel digested using trypsin as described previously (54). The
resulting peptide mixtures were purified by using Stage-Tips (55) and
subjected to liquid chromatography-tandem mass spectrometry (MS/
MS) analysis on an Easy-NanoLC liquid chromatographer (Proxeon,
Odense, Denmark) coupled to an LTQ-Orbitrap XL mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany). Peptides were loaded at a
flow rate of 500 nl/min onto an in-house-made C,4 nano-HPLC column
(bead diameter, 3 um; column size, 15 cm by 75 um) using high-pressure
liquid chromatography (HPLC) solvent A (0.5% acetic acid in water) and
eluted at a flow rate of 200 nl/min using a segmented gradient of 5 to 35%
of HPLC solvent B (0.5% acetic acid in 80% acetonitrile) over 100 min.
The LTQ-Orbitrap XL was operated in the positive-ion mode. The full
scan mass spectra were performed in the Orbitrap mass analyzer at a
resolution of 60,000, whereas the MS/MS fragmentation five most intense
ions (the “top-5 method”) was performed in the linear ion trap. Multi-
stage activation of frequencies corresponding to neutral loss of phos-
phoric acid (—98, —49, and —32.6 thomsons relative to the precursor
ion) was performed; dynamic exclusion was set to 90 s. The resulting mass
spectra were processed by using the MaxQuant software suite (v1.0.13.13)
and subjected to a database search against the ipi. MOUSE.v3.64 protein
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database (56,751 entries) using the Mascot search engine. The database
search parameters were set as follows: the precursor mass tolerance was 7
ppm; the fragment mass tolerance was 0.5 Da; the fixed modification was
carbamidomethylation (C); and the variable modifications were oxida-
tion (M), acetylation (protein N terminus), and phosphorylation (S/T/Y).
The false discovery rate was set to 1% at the peptide and protein level, and
the resulting phosphopeptide spectra were manually validated. The MS
analysis led to identification of two DLL1 phosphopeptides comprising
three phosphorylation events in the ECD domain: at T638, S693, and S696
(Fig. 1D; see Table S1 in the supplemental material).

Detection of endogenous phosphorylated DLLI. Posterior halves of
embryonic day 10.5 CD1 wild-type embryos or fetal kidneys were dis-
sected and collected in ice-cold cell lysis buffer (50 mM Tris-HCl [pH 7.5],
150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5% Nonidet-P40
[Roche]) treated with PhosSTOP (Roche) or left untreated. Lysates were
homogenized with a micropestle in Eppendorf tubes, subjected to sonifi-
cation, centrifuged at 13,000 X g at 4°C for 10 min, and then immuno-
precipitated with the indicated antibodies. In a second experiment, lysates
were additionally incubated with anti-DLLI1-c20 blocked with a double
amount of the corresponding peptide to demonstrate the specificity of the
immunoprecipitation for DLL1.

Phos-tag SDS-PAGE. A 2.5 uM concentration of Phos-tag AAL107
(NARD Institute, Ltd.) was used in SDS-PAGE analyses according to the
manufacturer’s instructions.

Generation of DLLI1 expression plasmids. pTracer-CMV vector was
used for the expression of either mDLL1-Flag wild-type or phosphomu-
tant protein. Mutagenesis of single or double phosphomutant DLLI vari-
ants was performed using a Stratagene QuikChange site-directed mu-
tagenesis kit according to the manufacturer’s instructions with the
following primers: T638-V, GCTTTAAGGTCCGATACCCCGTTGTGG
ACTATAACCTCGTTC and GAACGAGGTTATAGTCCACAACGGGG
TATCGGACCTTAAAGC; S693-A, CAGAAAAAGGCCAGAGGCTGTC
TACTCTACTTCAAAGGACAC and GTGTCCTTTGAAGTAGAGTAG
ACAGCCTCTGGCCTTTTTCTG; and $696-A, GCCAGAGTCTGTCTA
CGCCACTTCAAAGGACACCAAGTACCA and TGGTACTTGGTGTC
CTTTGAAGTGGCGTAGACAGACTCTGGC.

Site-directed mutagenesis was performed on a DIII fragment (bp 1605
to 2199 of the open reading frame) and reintroduced into pTracer-CMV-
DII1. A DI fragment (bp 1605 to 2199) mutated at all three phosphosites
was synthesized (Entelechon). The $S693/S696 DLL1 double mutant was
generated by site-directed mutagenesis with the triple mutant as a tem-
plate using the following primers: V638-T, GCTTTAAGGTCCGATACC
CCACTGTGGACTATAACCTCGTTC and GAACGAGGTTATAGTCC
ACAGTGGGGTATCGGACCTTAAAGC.

All vector constructs were generated by using standard cloning tech-
niques and were verified by sequencing. mDII1-ICD fused to a 5" myris-
toylation signal from rat PSD-Zip70 protein (56) was synthesized (Ent-
elechon) and cloned into pIRES-puro3 (Clontech).

Generation of the targeting construct and genotyping of mice. A
DLLI-knock-in targeting vector described previously (46) was used for
the generation of a phosphomutant DLL1 mouse. A NotI-Spel fragment
of this vector containing the coding sequence of the intracellular domain
was cloned into pZErO-1 (Invitrogen). The wild-type Mfel-Hpal frag-
ment was replaced with a fragment carrying mutations in all three phos-
pho-sites generated by gene synthesis (Geneart), and the mutated NotI-
Spel fragment was reintroduced into the targeting vector as a NotI-RsrlI
fragment. Mice were genotyped by using DNA prepared from tail biopsy
specimens by PCR with the following primers: DIII wild-type allele,
CTGAAGCGACCTGGCCCTGATAGCAC and CTGCGCGGGGAAGG
GGCG; DI, CTTCAACTGTGAGAAGAAGATG and CCTTTGA
AGTAGAGTAGACAGA; and DI[ P T638V:5693A,56964  CTTCAACTGTG
AGAAGAAGATG and CCTTTGAAGTGGCCTAGACGGC.

Surface biotinylation. Surface biotinylation was performed as de-
scribed previously (52) with the following modifications. Cells were
washed three times with ice-cold PBS supplemented with 1 mM MgCl,
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FIG 1 DLLL1 is phosphorylated in its intracellular domain. (A) Autoradiogra-
phy of immunoprecipitations of metabolically **P-labeled Flag-tagged full-
length DLLI transiently expressed in HEK293 cells. Row a shows the region of
the gel containing full-length DLL1; row b shows the region of the gel where
TMICD cleavage product is expected at the same exposure time as row a. Row
b’ is a longer exposure of row b. (B) Western blot (WB) analysis of immuno-
precipitations from lysates of CHO cells stably expressing Flag-tagged DLLI
after SDS-PAGE in Phos-tag gels. Note that DLLI full-length and TMICD run
at lower apparent molecular sizes in the sample without phosphatase inhibitor
(PhosSTOP). The absence of phosphorylated DLLI in the lysate lacking phos-
phatase inhibitors indicates phosphatase activity in that lysate. (C) Schematic
representation of DLLI variants used in the in vitro experiments. The position
of the phosphorylated residues is indicated in the full-length protein by hollow
circles. SP, signal peptide; DSL, DSL domain; E1 to E8, EGF-like repeats 1 to 8;
TM, transmembrane domain; white hexagon, Flag tag; black hexagon, HA tag;
ellipsoid, myristoylation signal. (D and E) WB analyses of stably overexpressed
HA-tagged DLLITMICD in CHO cells in the presence or absence of Phos-
STOP, Antarctic phosphatase (AntP), and phosphatase inhibitors as indicated.
(F) Mass spectrum from the phosphopeptide YP[pT]VDYNLVR of DLL1. The
fragment ions yg, X5, and b; point to T638 as the phosphorylation site. The
precursor ion was measured with mass deviation of 1.3 ppm (see Table S1 in
the supplemental material for details and data on the other phosphosites). WB,
Western blot; anti-DLL1, MAb 1F9.
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and 0.1 mM CaCl, (PBS-C/M) at 80% confluence and kept on ice for 10
min before the cells were incubated with 0.25 mg of Sulfo-NHS-LC
(Pierce)/ml on ice for 40 min. The cells were washed in ice-cold PBS-C/M
and incubated with DMEM supplemented with 100 mmol of glycine for
15 min on ice to quench the biotin reaction. Next, the cells were washed
twice in ice-cold PBS-C/M and lysed in lysis buffer (50 mM Tris-HCI [pH
7.6], 150 mM NaCl, 1% Triton X-100, 0.25% DOC, 0.1% SDS) supple-
mented with Complete protease inhibitor cocktail tablets and PhosSTOP
(Roche) on ice for 30 min, subjected to sonification, and centrifuged for
10 min at 4 ° C to remove cellular debris. NeutrAvidin beads (Pierce) were
washed in lysis buffer and used for the pulldown of biotinylated DLL1
species.

Endocytosis assay. Biotinylation of cell surface proteins was per-
formed as described above. Instead of Sulfo-NHS-LC, cleavable Sulfo-
NHS-SS-Biotin (Pierce) was used. Endocytosis was then assayed as de-
scribed previously (57) with the following minor modification. Before
lysis, all cells were incubated with 5 mg iodoacetamide/ml in PBS for 15
min to quench the MesNa (Sigma) reaction.

Kinase inhibitor assay. Single-copy wild-type DLL1 expressing CHO
cells at 80% confluence were incubated for 24 or 48 h with the indicated
concentrations of the selective InSolution Akt Inhibitor V (Triciribine) or
with the selective InSolution casein kinase I (CK1) inhibitor D4476 (Cal-
biochem), respectively. As a control, cells were also incubated with di-
methyl sulfoxide or left untreated. After 24 h, the cells were washed in
ice-cold PBS and then subjected to immunoprecipitation as described
above.

MMP inhibition. For the inhibition of matrix-metallo-proteases
(MMPs), equal amounts of CHO cells were treated with different concen-
trations of the MMP inhibitors TAPI-2 or GM6001 for 6 h, washed in cold
PBS, and lysed in cell lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100) supplemented with a protease inhibitor cocktail
tablet (Roche) for 30 min on ice. After centrifugation at 8,000 X g, the
supernatant was mixed with sample buffer. The samples were boiled for 5
min at 99°C minutes and loaded onto SDS gels.

Quantification of proteins. Proteins detected in Western blots were
quantified by using ImageJ with B-actin for normalization. All calcula-
tions are based on a minimum of three independent Western blots.

Whole-mount in situ hybridization. Whole mount iz situ hybridiza-
tions were performed according to standard procedures (58). Pictures
were taken with the Leica Z6 APO macroscope with a Leica DFC420
camera and Leica Firecam software, v3.4.1.

Immunofluorescence staining. Stable DLL1 or phosphomutant
DLL1 CHO-attP cells were grown on gelatin-coated coverslips to 50 to
60% confluence. Cells were washed in cold PBS and fixed for 10 min in
methanol on ice and washed again three times in PBS. Nonspecific bind-
ing was blocked by incubating the cells for 1 h in PBS supplemented with
10% goat serum. The cells were incubated for 1 h with primary antibodies
in blocking solution, washed three times for 5 min each time with PBS,
and incubated with specific secondary fluorescence-coupled antibodies in
blocking solution for 1 h in the dark. The cells were then washed three
times in PBS and incubated for 10 min in PBS containing DAPI (4',6'-
diamidino-2-phenylindole) for nuclear staining. Subsequently, the cells
were washed twice in PBS. Samples were mounted on microscope slides
with Pro-Long antifade gold mounting medium (Life Technologies). Pic-
tures were taken with a Leica TCS SP2 AOBS scanhead mounted on an
DM IRB inverse microscope. Pictures were processed by using Leica Ap-
plication Suite advanced fluorescence software (Leica AF). For tonal value
correction of whole pictures, Adobe Photoshop was used.

RESULTS

DLL1 is phosphorylated at S/T residues in its intracellular do-
main. First, we analyzed phosphorylation of DLL1 by immuno-
precipitation of DLL1 from lysates of transiently DLL1-Flag-ex-
pressing HEK293 cells metabolically labeled with **P using a
monoclonal antibody (MAb) directed against the extracellular
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domain of DLL1 or against the C-terminal Flag tag. Both immu-
noprecipitations pulled down full-length DLL1 that had incorpo-
rated **P (Fig. 1A, row a). Labeled protein corresponding to the
size of TMICD, a fragment containing the transmembrane and
intracellular domain that is generated by ADAM proteases releas-
ing the ectodomain (20-24), was only detected after immunopre-
cipitation with the anti-Flag antibody and extended exposure time
(Fig. 1A, row b'), most likely reflecting that TMICD is less preva-
lent or stable than full-length DLL1. A similar result was obtained
with metabolically labeled CHO cells (data not shown). Next, we
analyzed DLL1 phosphorylation using Phos-tag {1,3-bis[bis(pyri-
din-2-ylmethyl)amino]propan-2-olatodizinc(Il) complex} gels,
which allow for the detection of phosphorylated proteins based on
their lower mobility in SDS-PAGE (59). We immunoprecipitated
DLL1 from lysates of CHO cells expressing DLL1-Flag in the pres-
ence or absence of phosphatase inhibitors (PhosSTOP), separated
the proteins by SDS-PAGE using Phos-tag gels, and analyzed them
by Western blotting with anti-Flag antibodies (Fig. 1B). In the
lysate treated with PhosSTOP full-length DLL1 migrated at a
higher apparent molecular size consistent with phosphorylation
(Fig. 1B, blot a). In this lysate, we weakly detected a protein mi-
grating at ~28 Da (white arrowhead in Fig. 1B, blot a), a very weak
protein band slightly above (gray arrowhead in Fig. 1B, blot a) and
a strong band at ~32 kDa (black arrowhead in Fig. 1B, blot a). In
the lysate not treated with PhosSTOP, the most slowly migrating
protein was not detected, and the two faster-migrating proteins
were readily detected in comparable amounts (Fig. 1B, blota). We
interpret these results such that the protein migrating at ~32 kDa
represents the phosphorylated TMICD and the fragments migrat-
ing at lower molecular sizes represent partially and nonphosphor-
ylated TMICD. Since the presumed TMICD proteins migrated at
higher apparent molecular masses in Phos-tag gels than predicted,
we analyzed immunoprecipitated DLL1 from lysates of CHO cells
expressing DLL1-Flag in the presence or absence of PhosSTOP by
Western blotting after conventional SDS-PAGE (Fig. 1B, blot b).
In these blots, we observed a single band migrating at the expected
size of TMICD at 28 kDa (24) in the absence of PhosSTOP, and an
additional band migrating slightly higher, supporting the notion
that these bands correspond to phosphorylated and nonphospho-
rylated TMICD fragments. The severe reduction of protein species
with lower mobility in lysates without PhosSTOP also suggests
that DLL1 is dephosphorylated under these conditions. The addi-
tional band below full-length DLLI (Fig. 1B, blots a and b) repre-
sents a cleavage product of unknown significance, which we fre-
quently observe in cultured cells. Since this fragment is detected by
antibodies directed against the C-terminal flag tag, as well as by
antibodies directed against the proximal extracellular domain
(data not shown), most likely this fragment lacks the N-terminal
portion of DLLI1.

To test whether the extracellular domain of DLLI is required for
phosphorylation of the ICD, we used overexpressed hemagglutinin
(HA)-tagged TMICD, which lacks the extracellular domain (except
for the signal peptide and 21 N-terminal amino acids; DLL1ITMICD-
HA) (Fig. 1C). DLLITMICD-HA is phosphorylated (Fig. 1D), indi-
cating that the presence of the extracellular domain and thus interac-
tion with Notch is not required for this modification. To address
whether S/T and/or Y residues are phosphorylated, lysates of CHO
cells stably expressing DLLITMICD-HA were treated with vanadate,
an inhibitor of phosphotyrosine phosphatases, or Na,P,O, or NaF,
inhibitors of phosphoserine/phosphothreonine phosphatases, or
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FIG 2 DLLI is phosphorylated in various cell lines and in vivo. (A) Western
blot (WB) analysis with phospho-specific or anti-Flag antibodies of immu-
noprecipitations (IP) of Flag-tagged DLL1 stably expressed in mammalian
(CHO, Chinese hamster; HeLa, human; L, mouse) cell lines as indicated.
wt, wild-type DLL1; T638V, S693A, S696A, DLL1 mutated at all three
phosphosites. (B) WB analysis with anti-pS693 and anti-DLL1 (MAb 1F9)
antibodies of DLL1 immunoprecipitated from E10.5 wt embryos (a) or
from embryonic day 15.5 (E15.5) to E16.5 fetal kidneys (b) in the presence
or absence of phosphatase inhibitor. Note that the anti-pS693 antibody
detects a unique band only in the fraction treated with the phosphatase
inhibitor (arrow; the asterisk indicates background band; mock, IP without
antibody). a-DLL1 IP, 20 (Santa Cruz).

Antarctic phosphatase that completely dephosphorylates proteins
(60), or with PhosSTOP, a general inhibitor of phosphatases. Samples
treated with both Na,P,0, and NaF showed a band pattern indistin-
guishable from PhosSTOP-treated samples, whereas vanadate-
treated samples showed a single band migrating at the same apparent
molecular size as the sample treated with Antarctic phosphatase or
the sample kept in the absence of phosphatase inhibitors (Fig. 1E).
Collectively, the results of these experiments suggested that the intra-
cellular domain of DLL1 (DICD) is phosphorylated at S and/or T and
not Y residues. To identify the residues that are phosphorylated, we
purified overexpressed DLL1 and TMICD from CHO cells in the
presence of PhosSTOP and subjected the purified protein to mass
spectrometric analysis on an LTQ-Orbitrap mass spectrometer. Con-
sistent with our inhibitor analysis, mass spectrometry identified
phosphorylation at S and T residues (T638, S693, and S696, indicated
in Fig. 1C) with a sequence coverage of the ICD of 75% (Fig. 1F; see
Table S1 in the supplemental material).

DLL1 is phosphorylated in vivo. To be able to directly detect
phosphorylated DLL1, we generated polyclonal antibodies di-
rected against peptides containing phospho-5693, phospho-S696,
or phospho-T638 (BioGenes, Berlin, Germany). In Western blot
analyses, these antibodies detected Flag-tagged wild-type DLL1
that was immunoprecipitated from L, HeLa, and CHO cells in the
presence of phosphatase inhibitors but not a DLLI variant that
had all three phosphosites mutated (T638V, S693A, and S696A)
(Fig. 2A). Similarly, DLL1 that was immunoprecipitated from
CHO cells in the absence of phosphatase inhibitors was not rec-
ognized by these antibodies (Fig. 2A). These analyses indicated
that the antibodies specifically recognize DLLI that is phosphor-
ylated at the respective S/T residues and that DLL1 is phosphory-
lated in cell lines from different mammalian species. To analyze
whether DLLI is phosphorylated in vivo, DLL1 was immunopre-
cipitated from mouse E10.5 embryo lysates in the presence or
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absence of phosphatase inhibitors and analyzed by Western blot-
ting with the antiphosphopeptide antibodies or an MAb directed
against the extracellular domain of DLL1. The MAb detected a
band at the molecular weight corresponding to DLL1 under both
conditions (Fig. 2B, blot a). In contrast, anti-pS693 antibodies
detected a specific band only in immunoprecipitates from phos-
phatase inhibitor-treated lysates (arrow in Fig. 2B) in several in-
dependent experiments, indicating that endogenous DLLI is
phosphorylated in early embryos at S693. anti-pT638 and anti-
pS696 antibodies did not detect specific bands in these experi-
ments (data not shown). Similarly, we detected phosphorylation
of DLLI at S693 in lysates of fetal kidneys (Fig. 2B, blot b), which
express DLL1 at high levels during nephron formation (61, 62),
indicating that phosphorylation is not restricted to early develop-
ment.

Phosphorylation of DLL1 requires membrane association.
To get first hints as to where in the cell DLL1 is phosphorylated, we
compared the phosphorylation status of full-length DLL1 and
DLLITMICD-HA, which are both transmembrane proteins, with
the phosphorylation of the intracellular domain of DLL1 (DICD-
Flag, Fig. 1C) expressed as a cytosolic protein. Phosphorylation at
S693 was readily detected in full-length DLLI1, as well as in
DLLITMICD expressed in CHO cells (Fig. 3A). In contrast, phos-
phorylation at S693 was not detected when DICD was expressed
as cytoplasmic protein (Fig. 3A). In contrast to DLL1 and
DLL1ITMICD, DICD is not presented at the cell surface (Fig. 3B),
suggesting that membrane anchoring or association is a prerequisite
for S693 phosphorylation. To test this idea, we generated a DICD
variant that was artificially directed to the membrane by addition of
an N-terminal myristoylation site (myr-DICD-Flag; Fig. 1C). Indeed,
phosphorylation at all three sites was observed in this DICD variant
(Fig. 3C), suggesting that phosphorylation of DLL1 occurs after DLL1
has reached the cell membrane.

Phosphorylation of S693 and S696 occurs sequentially. To
test whether phosphorylation at one of the phosphosites is a pre-
requisite for phosphorylation at any of the other sites, we gener-
ated mutations at individual phosphorylation sites or combina-
tions thereof. Mutant proteins were expressed in CHO cells, and
the phosphorylation status at the three sites was determined by
Western blotting analyses of cell lysates using the phospho-spe-
cific antibodies. These analyses showed that phosphorylation of
S696 required the presence of S693 (asterisks in Fig. 4A), whereas
phosphorylation of T638 and S693 occurred irrespective of muta-
tions in the other sites (Fig. 4A). S693 is part of a consensus se-
quence (RXRXXS/T) recognized by AKT/PKB (63, 64), which is
recruited to and activated at the cell membrane (reviewed in ref-
erence 65). Since DLL1 phosphorylation depends on membrane
association, AKT/PKB is a possible candidate for the kinase that
phosphorylates S693 of DLL1. Indeed, treatment of DLL1 express-
ing CHO cells with the AKT/PKB inhibitor Triciribine caused a
significant decrease in S693 phosphorylation, as well as phosphor-
ylation of S696 (Fig. 4B). S693 and S696 are parts of a pSXXS
consensus sequence, in which serine residue S696 can be phos-
phorylated by CK1 subsequent to phosphorylation of residue
S693 (66, 67), raising the possibility that CK1 is the kinase phos-
phorylating S696. However, treatment of DLL1 expressing CHO
cells with the CK1 inhibitor D4476 at different concentrations
gave inconsistent results, low concentrations inhibiting and
higher concentrations enhancing S696 phosphorylation (data not
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FIG 3 Phosphorylation of DLLI requires membrane association. (A) Western
blot (WB) analysis of immunoprecipitations (IPs) from lysates of cell lines
expressing tagged DLLI protein variants with anti-Flag or anti-pS693 antibod-
ies. Only variants anchored to the cell membrane are phosphorylated. (B)
Surface biotinylation assay with DLLI variants immunoprecipitated with anti-
Flag or anti-HA antibodies indicates that DLL1 mutated at all three phospho-
sites is present at the cell surface. (C) WB analysis of immunoprecipitations of
DLLI variants with phospho-specific and anti-Flag antibodies in the presence
or absence of a phosphatase inhibitor indicates that myr-DICD that is not
exposed extracellularly (see panel B) is phosphorylated at all three sites. wt,
wild-type DLL1-Flag; T638V, S693A, S696A, DLL1-Flag mutated at all three
phosphosites; DLLITMICD-HA, DLL1 with a deletion of the extracellular
domain; DICD-Flag, DLLI intracellular domain; myr-DICD, DICD with N-

terminal myristoylation signal. StrepAv, streptavidin.

shown), which did not allow us to confirm CK1 as the relevant
kinase.

Chicken DLL1 and Xenopus DLL1 are phosphorylated in
mammalian cell lines. S693 (Fig. 4C, dark gray arrowhead) is
presentin DLL1 homologues in all analyzed vertebrate species and
embedded in a highly similar sequence context but was not found
in Drosophila Delta (results not shown). S696 (Fig. 4C, light gray
arrowhead) is present in vertebrate DLL1 ligands except in ze-
brafish. T638 (white arrowhead in Fig. 4C) is the least well con-
served phosphosite residue and is replaced by S in chicken and
Xenopus and by other amino acids in human and zebrafish. Be-
cause S693 and S696 are present in chicken (¢cDLL1) and Xenopus
(XDLLI) proteins in a conserved sequence context, we analyzed
whether these DLLI proteins are also phosphorylated when ex-

Molecular and Cellular Biology


http://mcb.asm.org

S/T Phosphorylation of DLL1

B O

A IP: a-FLAG S
o 2 E A e R PKB-Inhibitor (uM) 1 10 20 40 Q S
T638V L )
ggggﬁ It LTI DI IPoFlAG szzzz 0 ee
I N
T638V, S693A oo ol 4o o PSE96 @ we o+ +« GDED
T638V, SB96A Sl 4o o .
S693A, SE96A Sl - o - Input  a-B-actin [
T638V, S693A, SBA - - - - - - - +
a-pT638 =
ol a-psess (D -
= a-pS696 @M= x  x
a - FLAG (DS se gy
C

mDLL1ICD
hDLL1_ICO
cDLLT_ICD
XDLL1_ICD
ZfDLd_ICD

GATQIKNTNKK"DF

B R L[ K (LTI e )y ETMNN LANCQRREKD (IGATQIKNTNKKADF[]
cv R LY ok [EYLIWOL: C[¥e Elj ETMNNLANCQRREKD I 1 A

cv R LY ok GEETLAF (¥ EYj ETMNNLANCQRREKD IGATQIKNTNKK Y DFE DM
v RUKSY Qk GEETEAH (e ELTE TMNN LANCQEREKD GIGHTQIKNTNKKY D FRENY
g R L8 QPSR ORSTE £ £TMNN L NI SR EK D) 1 1GATQYKNE NKK Y D F D[RRI

HGA
H SA

S S HQVEREL VAN IRYR D
i KARY PRIVDY N LV (0]
KYRYPEVDYNLV IS
K[gRYPEVDYNLV i3
i KERY SHIVDY N LV (i3

mDLL1ICD [R4GDEATVRDTH &R D QSQ IR LA EA RKRP[: SYY STSKDTKYQSVYV [ SHEKDECY IATEV
hDLL1_ICO [R4GDDTAVRDAH LR D QPQAYS (AN LAqaF SERKRP[ S STSKDTKY QSVYV S|z EKDEC] IATEV
CDLLT_ICD [RY-NEDSVKEEH{YCE ETY OE -KSAV RN SERKRP[ SUY STSKDTKYQSVYV R Si: EKDECUIATEV
XDLL1_ICD [R4- NEDSPKEER L4CE SD spE eSS GCEOE SERE RPB SAY STSKDTKY QSVYV i Sb EKDECH IATEV
ZfDLd_ICD [R4Q0EDLGKEDSERSEA EP LORD -KHRN}G(S-D : SEERINGKDTKY QSVV[I S|z EKDECRHIATEV

D
DLL1 R
cDLL1 EE R
XDLL1 B |
Phos-Stop + + + - - -
a-DLL1 e

a-pS693 '-
a-ps6os tefe =

FIG 4 Sequential phosphorylation of mouse DLLI and phosphorylation of chick and frog DLL1 homologues. (A) Expression and phosphomodification analyses
of DLL1 phosphomutant variants stably expressed in CHO cell lines with phospho-specific and anti-Flag antibodies. Note that the anti-pS696 antibody detects
no bands (missing bands indicated by asterisks) in immunoprecipitation (IP) fractions with DLL1S693A mutant proteins (“T638V, S693A, S696A” indicates
mutations of the specific phosphosites). (B) Western blot (WB) analysis of DLL1 phosphorylation at S693 and S696 in the presence of the PKB inhibitor
Triciribine. Inhibition of PKB significantly reduces phosphorylation at both sites in a concentration-dependent manner. (C) CLUSTAL W alignment of the
mDLLI C terminus and vertebrate homologues. Phosphorylated residues detected by mass spectrometric analysis of mDLL1 are indicated by arrowheads
(dark-shaded region indicates conserved amino acids). (D) WB analysis with anti-pS693 and anti-pS696 antibodies of immunoprecipitated mouse (mDLL1),
Xenopus (XDLL1), and chick (cDLL1) DLLI in the presence or absence of a phosphatase inhibitor. wt, wild-type DLL1; combinations of T638V, S693A, and

S696A, DLL1 mutated at the respective phosphosites; h, human; ZF, zebrafish.

pressed in mammalian (CHO) cells. In Western blots anti-pS693
antibodies detected immunoprecipitated cDLL1 in phosphatase
inhibitor-treated but not in untreated lysates (Fig. 4D), indicating
phosphorylation of cDLL1 at S693. anti-pS696 antibodies gave a
strong signal with cDLL1 in phosphatase inhibitor-treated lysates
and a much weaker signal in lysates without inhibitor (Fig. 4D),
suggesting that cDLLI is also phosphorylated at S696 in CHO
cells. No signal with anti-pS693 antibodies was detected with im-
munoprecipitated XDLL1 (Fig. 4D). However, anti-pS696 anti-
bodies reacted with XDLLI in phosphatase inhibitor-treated but
not in untreated lysates, indicating phosphorylation at S696.
Thus, also chicken and Xenopus DLL1 expressed in mammalian
cells are phosphorylated at S residues equivalent to S693 and S696
in mouse DLL1, suggesting that the chicken and Xenopus DLL1
proteins are also substrates for kinases in these species.
Phosphorylation of DLL1 is required for full ligand activity
in vitro. To test whether phosphorylation of DLL1 affects its func-
tion, we generated CHO cells stably expressing wild-type and mu-
tant DLL1 from single transgene copies inserted at identical
genomic locations via attP site integration (51). Transcript levels
of both DLL1 variants were indistinguishable by semiquantitative
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reverse transcription-PCR (data not shown). In contrast, protein
levels of the DLL1 variant with the mutated phosphosites were
~4-fold higher (Fig. 5Aa), suggesting increased protein stability.
To analyze this possibility, we determined the protein half-life of
wt and phosphomutant DLL1 protein by *S pulse-chase labeling
of CHO cells stably expressing these proteins. These analyses
showed that in CHO cells wt DLLI has a half-life of 144 min,
whereas the halflife of phosphomutant DLL1 protein was 249 min
(Fig. 5Bb). To analyze whether phosphorylation of DLLI affects
Notch activation, we cocultured the CHO cells expressing wild-
type or triple-phosphomutant DLL1 with HeLa cells stably ex-
pressing Notch1l (HeLaNT1 cells) that allow for efficient detection
of Notch activation (15) and determined the Notch activation
using a luciferase reporter. Despite higher protein levels, the DLL1
variant with the mutated phosphosites activated Notch only about
half as efficiently as wild-type DLL1 in the cocultivation assay (Fig.
5C), indicating that phosphorylation of DLL1 is required for effi-
cient Notch activation in the in vitro coculture assay.

DLL1 T638V, S693A, S696A is present at the cell surface (Fig.
3B) but might be less abundant there than wild-type DLL1, which
could be a potential explanation for the reduced activation of
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FIG 5 DLL1 phosphorylation is required for full ligand activity in vitro and affects surface presentation, ectodomain shedding, and endocytosis. (A) Expression
analysis (a) and quantitation (b) of full-length wt DLL1 and DLL1 T638V, S693A, S696A expressed from single-copy transgene insertions in CHO cells. Values
in panel b represent the means of eight independent measurements (P < 0.001). (B) Nonlinear fit of data obtained from **S pulse-chase experiments (wt [n =
2]; T638V, S693A, S696A [n = 3]). The calculated half-life times are 144 and 249 min for the wild-type or phosphomutant proteins, respectively (P = 0.02). (C)
Notchl transactivation assay of CHO cells stably expressing DLL1 wild-type or phosphomutant proteins from a single-copy insertion, indicating a lower
transactivation potential of the phosphomutant protein compared to wt DLL1. Values represent the means of eight independent measurements (P = 0.0119). (D)
Percentage of wt DLL1 and DLL1 T638V, S693A, S696A present on the cell surface. Values represent the means of four independent measurements (P =
0.013289). (E) Western blot (WB) of cell lysates of CHO cells stably expressing DLL1 wild-type or phosphomutant protein probed with an anti-Flag antibody (a)
and quantification of TMICD (b). Values represent the means of 12 independent measurements (P < 0.0001). (F) WB analyses of lysates of CHO cells expressing
wt and phosphomutant DLL1 in the absence or presence of the y-secretase inhibitor DAPT, indicating that phosphorylation is not required for y-secretase
cleavage. Asterisks indicate the y-secretase-dependent cleavage product. The double band in the presence of PhosSTOP most likely reflect the phosphorylated
and unphosphorylated cleavage product. (G) Quantitation of endocytosis of wt and phosphomutant DLL1. Equally filled (DLL1 wt) and open (phospho-
mutant) shapes represent the corresponding results of one experiment. In each single experiment the phosphomutant protein was endocytosed more efficiently.
(H) Immunofluorescence of CHO cells stably expressing wild-type or phosphomutant DLLI. Cells were stained for DLLI and the indicated markers for markers
for vesicular trafficking. Arrows point to colocalization of DLL1 with the indicated markers. wt, wild-type DLL1; T638V, S693A, S696A, DLL1 mutated at the
three phosphosites. Error bars indicate the standard errors of the mean.
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Notch by DLL1 T638V, S693A, S696A. Therefore, we compared
the total level of each full-length protein with its level on the cell
surface. A total of 68% of wild-type DLL1 and 32% of DLL1
T638V, S693A, S696A were present on the cell surface (Fig. 5D),
indicating that relative cell surface levels of the mutant protein are
reduced. During these analyses, we noticed that in lysates of cells
expressing wt DLL1 the C-terminal DLLITMICD fragment ap-
peared significantly less abundantly than in lysates of DLL1
T638V, S693A, S696A-expressing cells (Fig. 5Ea). Quantitative
analysis showed that on average the TMICD cleavage fragment of
DLL1 T638V, S693A, S696A made up roughly one-third of the
total DLLI protein, whereas only ca. 12% of wt DLL1 were present
as TMICD (Fig. 5Eb), indicating that phosphomutant DLL1 is
cleaved in the ectodomain more efficiently than wild-type DLL1.
To further analyze the sensitivity of wt and phosphomutant DLL1
protein to matrix metalloproteases (MMPs), we quantitated the
relative amounts of TMICD DLLI that were obtained in the pres-
ence of increasing concentrations of GM6001 and TAPI2, inhibi-
tors of MMPs and ADAMs (68, 69). Treatment of DLL1-express-
ing CHO cells with GM6001 over a range from 10 to 40 pM
showed no consistent and reproducible inhibition of cleavage of
either wt or of phosphomutant DLL1 protein in three indepen-
dent experiments (data not shown), suggesting that the pro-
tease(s) that cleaves DLL1 in CHO cells was not effectively inhib-
ited by GM6001. In CHO cells expressing wild-type DLL1 treated
with 31.25 wM TAPI-2, the lowest effective inhibitor concentra-
tion in two independent experiments, the TMICD/total DLL1 ra-
tio decreased 2-fold. Increased inhibitor concentrations did not
change the ratio further (Fig. 5Ec). Similarly, in CHO cells ex-
pressing phosphomutant DLL1 treated with 31.25 wM TAPI-2
the ratio of TMICD/total decreased ~1.4-fold, which was not
changed by increasing the TAPI-2 concentration (Fig. 5Ec). Thus,
cleavage of both DLL1 proteins is slightly inhibited, but because
there was considerable protease activity that was not inhibited by
TAPI2 in these experiments, we could not determine the differ-
ence in sensitivity toward these proteases. To test whether the loss
of phosphorylation at T638, S693, and S696 affects DLL1 cleavage
by y-secretase, we analyzed DLL1 C-terminal fragments of wild-
type DLL1 that were generated in the presence or absence of the
v-secretase inhibitor DAPT and of PhosSTOP, respectively, and of
the phosphomutant variant in the presence or absence of DAPT.
In the presence of DAPT, the TMICD levels of both wild-type and
phosphomutant DLL1 were enhanced, and a DAPT-sensitive
cleavage product of wt DLL1 was obtained both in the absence and
in the presence of PhosSTOP, as well as with the phosphomutant
protein (Fig. 5F), indicating that both phosphorylated and non-
phosphorylated TMICDs are substrates for y-secretase.
Ubiquitylation of DSL ligands by Neuralized and Mindbomb
(Mib) E3 ligases appears to be required for ligand endocytosis, for
generating fully active ligands, and to contribute to ligand degra-
dation, but how different ubiquitylation states are regulated is
unclear (reviewed in references 32 to 34, 36, and 70 to 72). Phos-
phorylation can regulate ubiquitylation (reviewed in reference
73). Therefore, we analyzed the ubiquitylation of wild-type and
phosphomutant DLL1 in HEK293 cells, which endogenously ex-
press Mib1l (74), the critical E3 ligase required for Jagged/Delta
mediated Notch signaling in mouse development (75, 76) in ubiq-
uitin pulldown assays. We observed complex patterns of ubiqui-
tylated DLL1 both with the wild-type and with the phosphomu-
tant protein but could not detect consistent changes between the
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proteins in different experiments (data not shown), which did not
allow us to unambiguously conclude that ubiquitylation of DLL1
is altered in DLL1 T638V, S693A, S696A. Altered ubiquitylation
states might be revealed by effects on endocytosis. Therefore, we
compared the endocytosis of wt and phosphomutant DLL1 pro-
teins by using reversible cell surface biotinylation. In four inde-
pendent experiments, we consistently observed that more phos-
phomutant protein was endocytosed after 20 min (Fig. 5G).
However, due to the large variability between different experi-
ments, the difference was statistically not significant (P = 0.12).
To test whether the apparently different endocytosis rate might
lead to different intracellular localization of wt and phosphomu-
tant DLL1, we analyzed the distribution of both proteins in com-
parison to various markers for vesicular trafficking. Both wt and
phosphomutant DLLI colocalized similarly with these markers
(Fig. 5H), suggesting that the endocytotic routes of both proteins
do not obviously differ.

Phosphorylation of DLLI is dispensable for DLL1 function
during development and postnatally for marginal zone B cell
development. To analyze the physiological significance of DLL1
phosphorylation, we have mutated the three phosphosites in mice
by integrating a triple phosphomutant Deltal “minigene” into the
Deltal locus (Fig. 6A and B). Homozygous mice carrying a wild-
type DIl “minigene” introduced by a similar strategy (DI,
here to referred to as DIIIP"**) are viable and fertile and appear
phenotypically normal (77), indicating that the minigene can
functionally replace endogenous Deltal. Likewise, mice homozy-
gous for the DI[]P!1T638V:56934,56964 glle]e were obtained at the ex-
pected Mendelian ratio, appeared phenotypically normal and
were fertile.

During embryonic development, DLLI is required for anteri-
or-posterior somite patterning, and muscle and neuronal differ-
entiation (77-81). To detect potential effects caused by the muta-
tions abolishing DLL1 phosphorylation during embryogenesis,
we analyzed the expression of representative markers for these
processes by in situ hybridization. Uncx4.1 expression marks pos-
terior somite compartments (82) and is severely downregulated
and irregular in mutants lacking DLL1 function or Notch activity
(81). All analyzed mutant embryos (n = 10) at somite stages (ss)
29 to 32 had Uncx4.1 expression patterns indistinguishable from
DI embryos (Fig. 6Cd and data not shown). During mus-
cle differentiation DLL1-mediated Notch activity is required to
prevent premature and excessive muscle differentiation (77, 83).
To analyze whether early muscle differentiation was affected, we
analyzed expression of Myog, which marks differentiating myo-
blasts in somites (84). In DI[] P! T638V:S6934,5694 embryos (n = 4 at
ss 34 to 35; n = 7 at ss 30 to 31) Myog expression was indistin-
guishable from expression in DIII”"™™ embryos (Fig. 6Ce and
data not shown). To address whether neuronal differentiation is
affected, we analyzed the expression of the Notch target
NeuroG1, which is expressed in sensory neuron precursors (85).
Like the other markers, the expression of NeuroGl in
DI PITe38V:56934,56964 embyryos (n = 5 at ss 30 to 32; n = 4 at ss 29
to 30) was virtually identical to DIII”""* embryos (Fig. 6Cf and
data not shown). Our marker gene analysis suggests that somito-
genesis, myogenesis, and neurogenesis proceed normally in phos-
phomutant DLL1 embryos.

In the adult animal, DLLI is critical for the development of
marginal zone (MZ) B cells (86, 87). These cells are located at the
interface between red pulp and white pulp of the spleen (88).
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FIG 6 Targeting strategy and analysis of mutant embryos. (A) Schematic representation of targeting vector comprising a minigene, including 4 kb of the
promoter region (providing the 5" region of homology), exons 1 to 9 as cDNA followed by the remainder of the Deltal gene (intron 9, exon 10, intron 10, and
exon 11). After homologous recombination, the minigene replaces the coding portion of exon 1 and most of exon 2 analogously to our targeting strategy used
to generate a lacZ knock-in allele of Deltal (78), which has no apparent effect on the regulation of the DIII locus in vivo (61). The neo gene can be removed by
Cre-mediated site-specific recombination. Coding exons are indicated by black boxes; the 5" and 3" untranslated regions are indicated by white boxes. Triangles
flanking the neo gene indicate loxP sites. (B) A fragment encoding the intracellular domain with the three mutated phosphosites was synthesized and introduced
into the targeting vector by conventional cloning. (C) Whole-mount in situ hybridization of wild-type and phosphosite mutant embryos. Markers for anterior-
posterior somite patterning (Uncx4.1), myogenesis (MyoG), and neurogenesis (NeuroG1) were expressed indistinguishably in wild-type and mutant embryos.

Shown are age-matched embryos at the indicated somite stage (ss). DT, diphtheria toxin A chain; pA, polyadenylation signal.

DLL1 expressed by splenic red pulp endothelial cells is required
for the development and maintenance of Notch2-expressing MZ
B cells (89, 90). In order to test whether phosphorylation regulates
DLL1-dependent processes postnatally, we analyzed the splenic B
cell compartment of homozygous DI[]P"T638VS6934.86964 pjce
compared to homozygous DIII”""™* mice by flow cytometry.
Spleens from homozygous DI[JP7638V:56934,56964 mjce displayed
a composition of MZ B cells and conventional follicular B cells
that was indistinguishable from spleens from DIII”""* mice
(Fig. 7), suggesting that phosphorylation of DLL1 is not required
for the development and/or maintenance of splenic MZ B cells.

DISCUSSION

We have identified three S/T residues in the intracellular domain
of the Notch ligand DLLI that are phosphorylated in cell lines of
various mammalian species. Antibodies specific for pS693 de-
tected phosphorylated DLL1 in vivo, whereas anti-pT638 and an-
ti-pS696 antibodies did not detect phosphorylated DLL1 in em-
bryo lysates. This might indicate the absence of or a reduced
phosphorylation at these residues in vivo at the analyzed stage and
tissues. An alternative explanation could be that these antibodies
are not sensitive enough to detect DLL1 phosphorylation at T638
and S696 in animal tissues, which is a likely possibility since anti-
pT638 and anti-pS696 antibodies detected phosphorylated DLL1
less efficiently than the anti-pS693 antibodies also in overexpress-
ing cell lines (see, for example, Fig. 3C). We thus favor the idea that
DLLL1 is phosphorylated at all three sites also in vivo but was not
detected at all sites due to sensitivity differences of the antibodies.

Phosphorylation requires membrane association of DLL1 (Fig.
3B). Phosphorylation of myristoylated DICD also indicates that
phosphorylation at the identified sites does not require interaction
of DLL1 with Notch receptors in trans or other extracellular com-
ponents. The efficient surface biotinylation of a DLL1 variant in
which all three identified phosphosites were mutated (Fig. 3B)
also indicated that phosphorylation at these sites is not essential
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for presentation on the cell surface, although the portion of mu-
tant DLL1 on the cell surface was reduced. Our results suggest that
phosphorylation of DICD occurs after DLL1 has reached the cell
membrane. We cannot distinguish at present whether phosphor-
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FIG 7 Phosphorylation of DLLI is dispensable for the development of MZ B
cells. (A) Splenocytes from DIIIP" and DI T638V:56934,56964 mice were
analyzed flow cytometrically for the expression of CD19, B220, CD23, and
CD21/35. The right panels are electronically gated on CD19* B220™ B cells.
The data are representative for two independent experiments. Numbers indi-
cate the percentages of the circled cell populations. (B) Cumulative analysis of
results presented in panel A from two independent experiments. Each dot
represents an individual mouse. Follicular (Fo) B cells are defined as CD23"!
CD21/35"°. MZ B cells are defined as CD23'> CD21/35".
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ylated DLLI at the cell surface represents newly synthesized pro-
tein that has reached the surface, DLLI that has been endocytosed
and recycled to the membrane, or DLL1 that has been endocyto-
sed and is targeted for degradation.

Our analysis of DLLI variants carrying mutations at individual
phosphorylation sites or combinations thereof showed that phos-
phorylation of T638 and S693 occurred irrespective of mutations
in the other sites. However, phosphorylation of S696 required the
presence of S693, suggesting that phosphorylation at S693 is a
prerequisite for phosphorylation at S696, and these phosphoryla-
tions occur sequentially. Consistent with S693 being part of a con-
sensus sequence (RXRXXS/T) recognized by AKT/PKB (63, 64),
inhibition of AKT/PKB caused a severe reduction of phosphory-
lation at S693 and at S696. This is consistent with loss of phos-
phorylation at S696 in the DLL1 S693A variant (Fig. 4A) and sup-
ports the notion that S693 and S696 are phosphorylated
sequentially. In Xenopus, however, we detected phosphorylation
only at S696 but not at S693. Thus, Xenopus DLL1 could be phos-
phorylated at S696 independently from S693. Alternatively, this
could be a detection problem. Phosphorylated S693 in Xenopus
DLL1 might not be recognized by the anti-pS693 antibodies,
which appears likely due to three amino acid changes in Xenopus
DLL1 compared to the peptide used for the generation of anti-
pS693 of mouse (Fig. 4C). Thus, also XDLL1 might be phosphor-
ylated sequentially at both S residues.

Mutation of the three identified phosphosites led to a longer
half-life and increased overall abundance in cultured cells in vitro
but attenuated the activity of DLL1 as a Notch ligand. Loss of
phosphorylation caused alterations in various biochemical prop-
erties of DLL1, which might in part be interrelated and together
could contribute to the reduced ability of phosphomutant DLL1
to activate Notch in the coculture assay. First, the relative amount
of mutant protein on the cell surface was reduced to roughly 50%
(Fig. 5D), which could be a plausible explanation for reduced
ligand activity. However, because the steady-state level of full-
length mutant protein was increased ~4-fold, this is unlikely to
solely account for the reduced capacity to activate Notch in the in
vitro coculture assay. Second, DLL1 T638, S693, S696 was extra-
cellularly cleaved more efficiently than wild-type DLLI. Cleavage
in the extracellular domain has been associated with downregula-
tion of Notch signaling (91, 92) and thus could contribute to the
reduced activity of phosphomutant DLL1. Third, we observed
that there is apparently increased endocytosis of phosphomutant
DLL1 in CHO cells. Enhanced endocytosis might reduce cell sur-
face levels and thereby reduce Notch activation. However, endo-
cytosis of DLLI (and other ligands) has been associated with the
ability of ligands to activate Notch and not with downregulation
of ligand activity (reviewed in references 32 to 36, 47, and 48).
Consistent with this view, blocking DLL1 endocytosis correlated
with increased DLLI cleavage and reduced Notch activation (93).
In contrast, in our experiments enhanced endocytosis correlated
with increased DLL1 cleavage and reduced ligand activity, al-
though the effects of the mutated phosphosites on endocytosis
and DLLI cleavage could be unrelated. Potentially, the loss of
phosphorylation leads to increased endocytosis and abnormal re-
cycling that alters the distribution of DLL1 on the cell surface or
affects an unknown activation step of DLL1 such as posttransla-
tional modification during endocytosis that is required for full
ligand activity (reviewed in references 34 and 47). However, we
cannot rule out that the altered amino acid sequence due to the
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exchange of the serine or threonine residues that are phosphory-
lated rather than the actual loss of phosphorylation underlies the
observed changes in biochemical properties.

Surprisingly, despite the clearly reduced effectivity of DLL1
T638, 5693, S696 to function as a Notch ligand in the in vitro assay,
mice homozygous for mutations at all three phosphosites devel-
oped normally without any apparent defects in various processes
that depend on DLL1 function during embryonic or B cell devel-
opment. However, we cannot formally exclude that there are sub-
tle differences or differences in specific cell populations that we
did not detect and which do not have obviously recognizable con-
sequences. Overall, our in vivo analyses indicate that phosphory-
lation of DLLI is not essential for ligand function under physio-
logical conditions. This suggests that the effects causing the
observed reduced activity of phosphomutant DLL1 in vitro are less
important or compensated in vivo or that the reduced activity that
was found in the in vitro transactivation assay is still sufficient to
activate Notch to functional levels under physiological conditions.
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