
The Hajdu Cheney mutation sensitizes mice to the osteolytic
actions of tumor necrosis factor �
Received for publication, June 18, 2019, and in revised form, July 29, 2019 Published, Papers in Press, August 1, 2019, DOI 10.1074/jbc.RA119.009824

Jungeun Yu‡§ and X Ernesto Canalis‡§¶1

From the Departments of ‡Orthopaedic Surgery and ¶Medicine, §UConn Musculoskeletal Institute, UConn Health,
Farmington, Connecticut 06030

Edited by Jeffrey E. Pessin

Hajdu Cheney syndrome (HCS) is characterized by craniofa-
cial developmental abnormalities, acro-osteolysis, and osteopo-
rosis and is associated with gain– of–NOTCH2 function muta-
tions. A mouse model of HCS termed Notch2tm1.1Ecan harboring
a mutation in exon 34 of Notch2 replicating the one found in
HCS was used to determine whether the HCS mutation sensi-
tizes the skeleton to the osteolytic effects of tumor necrosis fac-
tor � (TNF�). TNF� injected over the calvarial vault caused a
greater increase in osteoclast number, osteoclast surface,
and eroded surface in Notch2tm1.1Ecan mice compared with lit-
termate WT controls. Accordingly, the effect of TNF� on oste-
oclastogenesis was greatly enhanced in cultures of bone
marrow– derived macrophages (BMMs) from Notch2tm1.1Ecan

mice when compared with the activity of TNF� in control cul-
tures. TNF� induced the expression of Notch2 and Notch2
mutant mRNA by �2-fold, possibly amplifying the NOTCH2-
dependent induction of osteoclastogenesis. The effect of TNF�
on osteoclastogenesis in Notch2tm1.1Ecan mutants depended on
NOTCH2 activation because it was reversed by anti-NOTCH2
negative regulatory region and anti-jagged 1 antibodies. The
inactivation of Hes1 prevented the TNF� effect on osteoclasto-
genesis in the context of the Notch2tm1.1Ecan mutation. In
addition, the induction of Il1b, but not of Tnfa and Il6, mRNA by
TNF� was greater in Notch2tm1.1Ecan BMMs than in control
cells, possibly contributing to the actions of TNF� and
NOTCH2 on osteoclastogenesis. In conclusion, the HCS muta-
tion enhances TNF�-induced osteoclastogenesis and the
inflammatory bone-resorptive response possibly explaining the
acro-osteolysis observed in affected individuals.

NOTCH receptors 1– 4 are single-pass type I transmem-
brane proteins that play a central role in cell fate determination
and function (1, 2). In the skeleton, Notch signaling regulates
development and homeostasis by controlling the differentia-
tion and function of bone cells, including osteoblasts, oste-
oclasts, chondrocytes, and osteocytes (3–9). In mammals, there
are five ligands for the Notch receptors: namely jagged (JAG)1,
JAG2, delta-like (DLL)1, DLL3, and DLL4 (10). Activation of

NOTCH receptors follows their interactions with ligands on
adjacent cells, resulting in the cleavage of NOTCH by a disin-
tegrin and metalloprotease (ADAM) and the �-secretase com-
plex and the release of the NOTCH intracellular domain
(NICD)2 (11, 12). The NICD translocates into the nucleus to
form a complex with mastermind-like and recombination sig-
nal-binding protein for the immunoglobulin � region (RBPJ�)
and induce the expression of its target genes hairy enhancer of
split (Hes) and HES-related with YRPW motif (Hey) (2, 13, 14
Although NOTCH receptors share structural and some biolog-
ical functions, it is important to note that each NOTCH recep-
tor exerts distinct effects on the skeleton; these are in part
related to specific patterns of cellular expression of each recep-
tor (11).

Hajdu Cheney syndrome (HCS) is a rare inherited disease
characterized by craniofacial developmental abnormalities,
acro-osteolysis, short stature, and osteoporosis (15–17). HCS is
caused by point mutations or short deletions in exon 34 of
NOTCH2 that lead to the creation of a stop codon upstream of
the proline (P), glutamic acid (E), serine (S), and threonine (T)-
rich (PEST) domain (18 –22). The PEST domain is recognized
by the E3 ligase complex for ubiquitin-mediated degradation of
NOTCH2. Therefore, the mutations result in the translation of
a truncated NOTCH2 protein resistant to ubiquitin-dependent
degradation and a gain– of–NOTCH2 function (23). To inves-
tigate the mechanisms responsible for HCS, we created a mouse
model termed Notch2tm1.1Ecan harboring a point mutation
(6955C3T) in exon 34 of Notch2 upstream of the PEST
domain. Heterozygous Notch2tm1.1Ecan mice exhibit cancellous
and cortical bone osteopenia due to increased osteoclast num-
ber and bone resorption (5). Notch2tm1.1Ecan mice also display a
reallocation of B cells to the marginal zone of the spleen, short-
ening of the limbs, and sensitization to the development of
osteoarthritis in destabilized joints (24, 25). This is possibly
because of increased expression of interleukin (IL) 6, revealing
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a propensity to an enhanced inflammatory response (24).
Notch2tm1.1Ecan does not exhibit apparent acro-osteolysis, and
homozygous mice display craniofacial dysmorphism and new-
born lethality.3 The skeletal phenotype of Notch2tm1.1Ecan

reproduces the human syndrome, and iliac crest biopsies from
humans afflicted by HCS reveal osteopenia and trabeculariza-
tion of cortical bone (26).

Histological examination of biopsies from the acro-osteolysis
lesions in subjects with HCS reveal the presence of an inflam-
matory process and neovascularization, but the mechanisms
responsible for the bone lysis are not known (17, 27-29). Tumor
necrosis factor � (TNF�) is a proinflammatory cytokine pri-
marily produced by activated macrophages. TNF� induces
gene expression of Il6 and Il1b as well as its own expression (30,
31). TNF�, IL6, and IL1� enhance the differentiation of cells of
the myeloid lineage toward osteoclasts and increase the bone-
resorbing activity of mature osteoclasts (32–39).

The excessive release of TNF�, IL6, and IL1� during the
inflammatory response perturbs bone homeostasis and pro-
motes pathologic bone erosion and may be mechanistically
involved in the acro-osteolysis of HCS (40 –42). Therefore, we
asked the question whether the HCS mutation sensitizes the
skeleton to the osteolytic actions of TNF�. To this end, we
examined the effects of TNF� on bone resorption in vivo and
on osteoclastogenesis in vitro in Notch2tm1.1Ecan mice and
mechanisms responsible. Because we have found no differ-
ences in phenotypic manifestations between male and
female Notch2tm1.1Ecan mice, the studies were conducted in
male mice and sex-matched littermate controls.

Results

Hajdu Cheney Notch2tm1.1Ecan mutation enhances
TNF�-induced osteolysis in calvarial bone

To examine whether the Hajdu Cheney mutation sensitizes
mice to the osteolytic actions of TNF�, Notch2tm1.1Ecan mice
and control littermates were administered TNF� or PBS as a
vehicle control by subcutaneous injection over the calvarial
vault once a day for 4 days. Tartrate-resistant acid phosphatase
(TRAP)/hematoxylin-stained calvarial sections revealed that
TNF� administration increased the number of TRAP-positive
multinucleated cells and osteolysis in Notch2tm1.1Ecan and lit-
termate control mice. The effect was more pronounced in
Notch2tm1.1Ecan mice, and osteoclast number, osteoclast sur-
face, and eroded surface were 1.7-fold higher in Notch2tm1.1Ecan

calvarial bones than in controls (Fig. 1).

Hajdu Cheney mutation enhances TNF�-induced
osteoclastogenesis in vitro

TNF� acts directly and indirectly to induce osteoclastogen-
esis by promoting the osteoclastogenic potential of osteoclast
precursors and by increasing receptor activator of NF-�B (NF-
�B) ligand (RANKL) expression in osteoblasts (43, 44). To con-
firm a direct effect of TNF� on osteoclastogenesis in the
context, or not, of the Hajdu Cheney mutation, bone marrow-
derived macrophages (BMMs) from Notch2tm1.1Ecan and con-

trol littermates were cultured in the presence of macrophage
colony-stimulating factor (M-CSF) and TNF�. The effect of
TNF� on osteoclastogenesis was enhanced in cultures of
Notch2tm1.1Ecan BMMs compared with the effects of TNF� in
control cultures (Fig. 2). Although Notch2tm1.1Ecan BMMs were
sensitized to the action of TNF�, there was no difference in
Tnfr1 and Tnfr2 mRNA expression between Notch2tm1.1Ecan

and control mice either in vivo in calvariae or in vitro in
BMM cultures (Fig. 3). The effect of TNF� on early signal acti-
vation of mitogen-activated protein kinases and I�B� was com-
parable between Notch2tm1.1Ecan and control BMMs, although
a greater induction of AKT phosphorylation was observed in
Notch2tm1.1Ecan cultures than in control cultures treated with
TNF� (Fig. 3). TNF� treatment induced NF-�B activation in
BMMs of both genotypes, as defined by enhanced NF-�B bind-
ing to consensus DNA sequences, but there was no difference in
NF-�B activation between Notch2tm1.1Ecan and control BMM
cultures (Fig. 3). The results suggest that the enhanced oste-
oclastogenicresponseofNotch2tm1.1EcancellstoTNF�wasinde-3 E. Canalis, unpublished observations.

Figure 1. Hajdu Cheney mice display greater osteoclast number and
eroded surface than littermate controls following TNF� treatment. Cal-
varial bones of Notch2tm1.1Ecan and sex-matched littermate control mice were
administered 2 �g TNF� or PBS (vehicle, Veh) once a day for 4 days over the
calvarial vault by subcutaneous injection. A, representative images of histo-
logical sections of calvariae stained with TRAP and hematoxylin showing
increased number of osteoclasts and eroded surface in TNF�-treated
Notch2tm1.1Ecan mice. The scale bars in the right corner represent 100 �m. B,
bone histomorphometric analysis of the calvarial bones from Notch2tm1.1Ecan

(black bars) mutant mice and littermate controls (white bars). Values are
means � S.D.; vehicle n � 4 and TNF� n � 8 biological replicates for control
and Notch2tm1.1Ecan mice, respectively. Parameters shown are as follows: num-
ber of osteoclasts/bone perimeter (N.Oc/B.Pm); osteoclast surface/bone sur-
face (Oc.S/BS); eroded surface/bone surface (ES/BS). *, significantly different
between TNF� and vehicle, p � 0.05. #, significantly different between
Notch2tm1.1Ecan and control, p � 0.05.
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pendent of NF-�B activation and possibly related to enhanced
AKT phosphorylation.

TNF� promotes the expression of Notch2 and
proinflammatory cytokines

To test for the acute effect of TNF� on gene expression,
BMMs from Notch2tm1.1Ecan mice and control littermates were
treated with TNF� for 6 and 18 h. TNF� induced the expression
of Notch2 mRNA in Notch2tm1.1Ecan and control BMMs.
Notch2 mutant (Notch26955C3T) transcripts were detected
only in Notch2tm1.1Ecan cells, and their expression was
enhanced by TNF�. Hes1 mRNA levels were significantly
increased in Notch2tm1.1Ecan BMMs, but they were not affected
by treatment with TNF�. The expression of Tnfa, Il6, and Il1b
was significantly increased by TNF�, but only the induction of
Il1b was greater in Notch2tm1.1Ecan BMMs than in control cul-
tures (Fig. 4). To examine for changes in gene expression during
TNF�-induced osteoclast differentiation, Notch2tm1.1Ecan and
control BMMs were cultured in the presence of M-CSF and
TNF� for 3 and 6 days. TNF� induced Notch2 and
Notch26955C3T transcripts by up to 2-fold. Hes1 mRNA expres-
sion was increased in Notch2tm1.1Ecan cells but was not altered
by TNF� (Fig. 5). TNF� induced Tnfa, Il6, and Il1b in both
Notch2tm1.1Ecan and control osteoclasts, but only Il1b was
increased in Notch2tm1.1Ecan osteoclasts to a greater extent than
in control cells (Fig. 5). Osteoclastogenic gene markers, such as
Acp5 and Ctsk, were up-regulated during TNF�-induced oste-
oclastogenesis and were significantly greater in Notch2tm1.1Ecan

osteoclasts than in control cells (Fig. 5). The NF-�B– dependent
Nfatc1 gene was up-regulated by TNF�; but in accordance with
the results on NF-�B activation, its induction was of equal mag-
nitude in control and Notch2tm1.1Ecan cells.

TNF� accelerates NOTCH2 signal activation and increases
JAG1 expression

NOTCH signaling is activated following interactions with
ligands of the JAG and DLL families. In previous work, we
found that Jag1, but not Jag2 or Dll1, Dll3, and Dll4 transcripts,
is expressed as BMMs differentiate toward osteoclasts (11).
Jag1 mRNA and JAG1 protein levels were increased about 1.4-

and 3-fold, respectively, during TNF�-induced osteoclasto-
genesis, but the induction was of equal magnitude in
Notch2tm1.1Ecan and control osteoclasts (Fig. 6). In accordance
with the increase in Notch2 mRNA during osteoclastogenesis,
the levels of NOTCH2 were increased as BMMs matured as
osteoclasts in the presence of TNF�. The NOTCH2 intracellu-
lar domain (N2ICD), representative of NOTCH2 signal
activation and cleavage of NOTCH2, was increased in
Notch2tm1.1Ecan and control osteoclasts following TNF� treat-
ment. Although N2ICD was increased in both Notch2tm1.1Ecan

and control cells, the truncated form of NOTCH2, lacking
the PEST domain (N2ICD�PEST), was only detected in
Notch2tm1.1Ecan cells and increased during differentiation.
Therefore, the total levels of N2ICD, intact and truncated, were
2-fold greater in Notch2tm1.1Ecan cells than in control cells
(Fig. 6). HES1 levels were 2-fold greater in Notch2tm1.1Ecan

cultures, but NFATc1 was increased to an equal extent in
Notch2tm1.1Ecan and control cultures as they differentiated
toward osteoclasts in the presence of TNF� (Fig. 6).

Preventing NOTCH2 signaling reverses the sensitizing effect of
the Hajdu Cheney mutation on TNF�-induced
osteoclastogenesis

To determine whether preventing NOTCH2 signal activa-
tion can reverse the effect of the Notch2tm1.1Ecan mutation on
TNF�-induced osteoclastogenesis, BMMs from Notch2tm1.1Ecan

mice and control littermates were cultured in the presence of
M-CSF and TNF� with antibodies directed to the NRR of
NOTCH2 or with anti-JAG1 antibodies (45–47). ��F�
induced osteoclastogenesis in Notch2tm1.1Ecan BMMs by
�1.6 –1.7-fold, an effect that was reversed by anti-NOTCH2
NRR and by anti-JAG1 antibodies (Fig. 7). Moreover, anti-JAG1
antibodies reduced osteoclast differentiation in control as well
as in Notch2tm1.1Ecan cultures treated with TNF�, demonstrat-
ing that NOTCH signal activation is a requirement for TNF�-
dependent osteoclastogenesis (Fig. 7).

Inactivation of Hes1 reverses the sensitizing effect of the Hajdu
Cheney mutation on TNF�-induced osteoclastogenesis

In preliminary experiments, we demonstrated that Hes1 is
expressed in BMMs, and its expression increases during oste-
oclastogenesis, whereas Hey1, Hey2, and HeyL transcripts are
not detected in this cell lineage (11). To examine the effect of
HES1 on osteoclastogenesis in Notch2tm1.1Ecan cells, osteoclast
precursors from Notch2tm1.1Ecan;Hes1loxP/loxP and Hes1loxP/loxP

littermate controls were transduced with adenoviruses carrying
CMV-Cre (Ad-Cre) or GFP (Ad-GFP) control vectors. Hes1
mRNA levels were decreased by 55– 80% in Notch2tm1.1Ecan;
Hes1�/� and Hes1�/� osteoclasts transduced with Ad-Cre com-
pared with Notch2tm1.1Ecan;Hes1loxP/loxP and Hes1loxP/loxP cells
transduced with Ad-GFP. Notch2 and Notch26955C3T mutant
transcripts were not affected by the Hes1 inactivation, whereas
the down-regulation of Hes1 decreased the Il1b induction
observed in Notch2tm1.1Ecan cells (Fig. 8). Notch2tm1.1Ecan;
Hes1loxP/loxP osteoclast precursors treated with TNF� exhib-
ited a 1.5-fold increase in osteoclast number compared with
Hes1loxP/loxP cells. Osteoclast number was decreased by 60%
in Notch2tm1.1Ecan;Hes1�/� and decreased by about 30% in

Figure 2. Hajdu Cheney mutant BMMs are sensitized to the action of
TNF� on osteoclastogenesis. BMMs derived from 2-month-old Notch2tm1.1Ecan

mice and control littermates were cultured in the presence of M-CSF at 30
ng/ml and of TNF� at 50, 100, and 200 ng/ml for 6 days. Cells were stained
with TRAP, and representative images of TRAP-stained multinucleated cells
are shown. The scale bar in the right corner represents 500 �m. TRAP-positive
cells with more than three nuclei were considered osteoclasts, and values
are means � S.D.; n � 4 biological replicates for control (white bars)
and Notch2tm1.1Ecan (black bars) cells. *, significantly different between
Notch2tm1.1Ecan and control, p � 0.05.
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Hes1�/� cells so that the Hes1 inactivation reversed the TNF�
effect on osteoclastogenesis in the context of the Notch2tm1.1Ecan

mutation and reduced the effect of TNF� in control cultures
(Fig. 8).

Preventing NOTCH2 signaling reverses the sensitizing effect of
the Hajdu Cheney mutation on TNF�-induced osteolysis

To examine whether preventing NOTCH2 signal activation
can reverse the effect of the Notch2tm1.1Ecan mutation on
TNF�-induced osteolysis, Notch2tm1.1Ecan mice and control lit-

termates were administered anti-NOTCH2 NRR or control
anti-ragweed antibodies with TNF� by subcutaneous injection
over the calvarial vault once a day for 4 days. TRAP/hematox-
ylin-stained calvarial sections revealed that osteoclast number,
osteoclast surface, and eroded surface were 2-fold higher in
TNF�-treated Notch2tm1.1Ecan calvarial bones than in TNF�-
treated WT controls. The effect of the Notch2tm1.1Ecan muta-
tion was reversed by the administration of anti-NOTCH2 NRR
antibodies, and osteoclast number, osteoclast surface, and
eroded surface were significantly reduced compared with anti-

Figure 3. TNF� receptor expression and TNF�-induced early signal activation are not altered in Hajdu Cheney mutants. A, total RNA was extracted from
calvarial bones (left) or BMMs (right) of Notch2tm1.1Ecan and sex-matched littermate control mice and examined for relative Tnfr1 and Tnfr2 gene expression by
qRT-PCR, corrected for Rpl38 copy number. Values are means � S.D.; n � 4 biological replicates for control (white bars) and Notch2tm1.1Ecan (black bars) calvarial
bones or BMMs. B–D, BMMs derived from 2-month-old Notch2tm1.1Ecan mice and control littermates were cultured for 2 h in the absence of serum and exposed
to TNF� at 200 ng/ml for the indicated periods of time, and whole-cell lysates (35 �g of total protein except panel C, 15 �g of total protein for C) were examined
by immunoblotting. B, using anti-p-p38, p-ERK, and p-JNK antibodies, stripped and reprobed with anti-p38, ERK, and JNK antibodies. C, using anti-p-AKT
antibodies and reprobed with anti-AKT antibodies. D, using anti-p-I�B� or �-Actin antibodies, stripped and reprobed with I�B� antibodies. The band intensity
was quantified by ImageLabTM software (version 5.2.1), and the numerical ratios of phosphorylated/unphosphorylated signal in B and C or of p-I�B�/�-Actin
and of I�B�/�-Actin in D are shown below each blot. Control ratios at day 0 are normalized to 1. E, BMMs from 2-month-old Notch2tm1.1Ecan mice and control
littermates were cultured for 2 h in the absence of serum and exposed to TNF� at 200 ng/ml for 1 h. 20 �g of nuclear extracts for each sample were examined
by TransAMTM Flexi NF-�B p65 activation assay kit, and colorimetric changes were measured at 450 nm. Values are means � S.D.; n � 3 technical replicates for
control (white bars) and Notch2tm1.1Ecan (black bars) BMMs. *, significantly different compared with control without TNF�, p � 0.05.
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ragweed–treated Notch2tm1.1Ecan mice (Fig. 9). As a conse-
quence, osteoclast number and surface were no longer different
between TNF�-treated Notch2tm1.1Ecan and control mice; the

anti-NOTCH2 NRR antibody also reduced eroded surface in
control mice (Fig. 9).

Notch2tm1.1Ecan mice have normal serum TNF� levels

To determine whether mice harboring the Notch2tm1.1Ecan

mutation have altered serum levels of TNF�, serum was
obtained from Notch2tm1.1Ecan and control littermates. At 2
months of age, serum TNF� was (means � S.D.; n � 3– 4)
15.5 � 0.2 pg/ml in control and 15.3 � 0.1 pg/ml in
Notch2tm1.1Ecan mice; at 12 months of age TNF� was 15.8 � 0.4
pg/ml in control and 15.6 pg/ml in Notch2tm1.1Ecan mice (both
p 	 0.05).

Discussion

In this study, we demonstrated that the TNF�-induced oste-
oclastogenesis and the inflammatory bone-resorptive response
to TNF� are enhanced in a mouse model of HCS (Fig. 10). The
effect of TNF� required the activation of NOTCH2 signaling
because it was reversed in vitro and in vivo by anti-NOTCH2
NRR and by anti-JAG1 antibodies. Moreover, anti-JAG1 anti-
bodies inhibited control and Notch2tm1.1Ecan mutant-depend-
ent osteoclastogenesis demonstrating that NOTCH activation
is necessary for optimal osteoclast differentiation secondary to
TNF�.

A limitation of the in vivo experiments is that they were con-
ducted in male Notch2tm1.1Ecan and sex-matched controls, and
as a consequence caution should be exerted before extrapolat-
ing the results to female mice. Recently, an alternative mouse
model of HCS with a 6272delT in exon 34 of Notch2 was
reported, and mice were studied up to 12 months of age (48).
Like Notch2tm1.1Ecan mutants, these mice developed osteopenia
secondary to increased bone resorption; the major difference
between Notch2tm1.1Ecan and mice harboring the 6272delT
mutation is that the latter exhibit increased bone formation and
high bone turnover (48). Neither mouse model exhibited acro-
osteolysis. This could suggest that environmental factors or
vascular injury are required in addition to the inflammatory
component for the development of acro-osteolysis. These addi-
tional factors do not seem to occur in the available mouse mod-
els of the disease that are suitable to examine the inflammatory
component of the syndrome but not the fully established
acro-osteolysis.

Our results are in contrast to previous work demonstrating
that RBPJ�, a component of Notch canonical signaling, inhibits
TNF�-induced osteoclastogenesis by suppressing Nfatc1 (49).
It is possible that RBPJ� acts directly on osteoclastogenesis
and independently of Notch signaling or that the effects of
NOTCH2 and HES1 on osteoclastogenesis are independent of
canonical Notch signaling. However, we and others have con-
sistently demonstrated a stimulatory effect of NOTCH2 on
osteoclastogenesis that is congruent with the results observed
in this work (5, 7, 23).

NOTCH activation results in the induction of Hes and Heys,
and cells of the osteoclast lineage express Hes1 and low levels of
Hes3 and Hes5 mRNA but do not express Hey1, Hey2, or HeyL
transcripts (11). Hes1 expression levels were increased in
Notch2tm1.1Ecan mutant cells and played a role in the TNF�-
mediated osteoclastogenic effect because this was no longer

Figure 4. TNF� enhances the expression of Notch2 and proinflammatory
cytokines in Hajdu Cheney mutant and control BMMs. BMMs derived from
2-month-old Notch2tm1.1Ecan mice and control littermates were cultured for
the indicated periods of time in the presence of M-CSF at 30 ng/ml and TNF�
at 200 ng/ml. Total RNA was extracted, and gene expression was determined
by qRT-PCR. Data are expressed as Notch26955C3T, Notch2, Hes1, Tnfa, Il6, and
Il1b, corrected for Rpl38 copy number. Values are means � S.D.; n � 4 biolog-
ical replicates for control (white bars) and Notch2tm1.1Ecan (black bars) BMMs. *,
significantly different compared with time 0, p � 0.05. #, significantly differ-
ent between Notch2tm1.1Ecan and control, p � 0.05.

Figure 5. Expression of Notch2 and proinflammatory cytokines is
increased during TNF�-induced osteoclastogenesis. BMMs derived from
2-month-old Notch2tm1.1Ecan mice and control littermates were cultured in the
presence of M-CSF at 30 ng/ml and TNF� at 200 ng/ml for 6 days. Total RNA
was extracted, and gene expression was determined by qRT-PCR. Data are
expressed as Notch26955C3T, Notch2, Hes1, Tnfa, Il6, Il1b, Nfatc1, Acp5, and Ctsk,
corrected for Rpl38 copy number. Values are means � S.D.; n � 4 biological
replicates for control (white bars) and Notch2tm1.1Ecan (black bars) cells. *, sig-
nificantly different compared with day 0, p � 0.05. #, significantly different
between Notch2tm1.1Ecan and control, p � 0.05.

Notch2 and TNF�

J. Biol. Chem. (2019) 294(39) 14203–14214 14207



detected following the inactivation of Hes1. Whereas HES1
plays an inhibitory role in osteoblast differentiation, and its
overexpression in osteoblasts causes osteopenia, there is virtu-

ally no knowledge regarding its function in osteoclast differen-
tiation or function (50). It is likely that HES1 plays a critical role
in osteoclastogenesis and that its function is not limited to the
osteoclastogenesis occurring during an inflammatory state.

Figure 6. TNF� accelerates NOTCH2 signal activation during osteoclast differentiation and enhances JAG1 expression. BMMs derived from 2-month-
old Notch2tm1.1Ecan mice and control littermates were cultured in the presence of M-CSF at 30 ng/ml and of TNF� at 200 ng/ml for 6 days. A, total RNA was
extracted, and gene expression was determined by qRT-PCR. Data are expressed as Jag1, corrected for Rpl38 copy number. Values are means � S.D.; n � 4
biological replicates for control (white bars) and Notch2tm1.1Ecan (black bars) cells. *, significantly different compared with day 0, p � 0.05. B, whole-cell lysates (35
�g of total protein) were examined by immunoblotting using anti-JAG1, NOTCH2 and N2ICD, HES1, NFATc1, and �-Actin antibodies. The band intensity was
quantified by ImageLabTM software (version 5.2.1), and the numerical ratio of JAG1/�-Actin, NOTCH2/�-Actin, N2ICD (including N2ICD�PEST)/�-Actin, HES1/
�-Actin, and NFATc1/�-Actin is shown below each blot. All control ratios at day 0 are normalized to 1.

Figure 7. Preventing NOTCH2 signal activation reverses the effect of the
Hajdu Cheney mutation on TNF�-induced osteoclastogenesis. BMMs
derived from 2-month-old Notch2tm1.1Ecan mice and control littermates were
cultured with M-CSF at 30 ng/ml and TNF� at 200 ng/ml in the presence of
control anti-ragweed at 10 or 20 �g/ml (Ctrl) or anti-NOTCH2 NRR (N2NRR) at
10 �g/ml (A), or anti-JAG1 (JAG1) at 20 �g/ml (B) for 6 days. A and B, repre-
sentative images of TRAP-stained multinucleated cells obtained after 6 days
of culture are shown. The scale bars in the right corners represent 500 �m.
TRAP-positive cells with more than three nuclei were considered as oste-
oclasts, and values are means � S.D. (top and bottom right); n � 4 biological
replicates for control (white bars) and Notch2tm1.1Ecan (black bars). *, signifi-
cantly different between Notch2tm1.1Ecan and control, p � 0.05. #, significantly
different between anti-NOTCH2 NRR or anti-JAG1 and control anti-ragweed
antibodies, p � 0.05.

Figure 8. Hes1 inactivation reverses the effect of the Hajdu Cheney
mutation on TNF�-induced osteoclastogenesis. Osteoclast precursors
derived from 2-month-old Notch2tm1.1Ecan;Hes1loxP/loxP and Hes1loxP/loxP litter-
mate controls were transduced with adenoviruses carrying CMV-Cre (Ad-Cre)
or GFP (Ad-GFP) as control at m.o.i. 100 and cultured with M-CSF at 30 ng/ml
and TNF� at 200 ng/ml for 3 days until the formation of multinucleated TRAP-
positive cells. A, total RNA was extracted, and gene expression was deter-
mined by qRT-PCR. Data are expressed as Notch26955C3T, Notch2, Hes1, and
Il1b, corrected for Rpl38 copy number. Values are means � S.D.; n � 4 techni-
cal replicates for Hes1loxP/loxP (white bars) and Notch2tm1.1Ecan;Hes1loxP/loxP

(black bars) cells transduced with Ad-Cre or Ad-GFP. B, representative images
of TRAP-stained multinucleated cells are shown. The scale bars in the right
corner represent 500 �m. TRAP-positive cells with more than three nuclei
were considered osteoclasts, and values are means � S.D.; n � 4 technical
replicates for Hes1loxP/loxP (white bars) and Notch2tm1.1Ecan;Hes1loxP/loxP (black
bars) transduced with Ad-Cre or Ad-GFP. *, significantly different between
Notch2tm1.1Ecan;Hes1loxP/loxP and Hes1loxP/loxP control, p � 0.05. #, significantly
different between Ad-Cre and Ad-GFP, p � 0.05.
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It has been reported that toll-like receptor signaling and pro-
inflammatory cytokines, such as TNF� and IL1�, induce gene
expression of NOTCH receptors and ligands as well as signal
activation of NOTCH in several cells and tissues (51). TNF�
increased the expression of JAG1 and NOTCH2 during oste-
oclast differentiation to a similar extent in Notch2tm1.1Ecan and
control cells. However, only Notchtm1.1Ecan mutant cells synthe-
sized the truncated form of N2ICD (N2ICD�PEST) and the
intact N2ICD. The summation of the intact and truncated
forms of N2ICD resulted in an �2-fold greater expression of
N2ICD in Notch2tm1.1Ecan mutants than in control cells. The
N2ICD�PEST is more stable than WT N2ICD because it is
resistant to ubiquitin-mediated degradation, explaining the
gain– of–NOTCH2 function and the Hes1 induction in
Notch2tm1.1Ecan cells (23, 52). The direct effects of NOTCH2
signaling and HES1 on TNF�-induced osteolysis and osteoclast
differentiation in the context of the Notch2tm1.1Ecan mutation
were reversed by treatment with anti-NOTCH2 NRR and anti-

JAG1 antibodies and by the Hes1 inactivation. Moreover, anti-
JAG1 antibodies and the down-regulation of Hes1 tempered the
effects of TNF� in control cultures. This indicates that the
effects of TNF� on osteoclastogenesis require NOTCH signal
activation and HES1 expression.

Notch2tm1.1Ecan mutant cells displayed greater Il1b mRNA
levels than control cells. The induction of Il1b was HES1-de-
pendent, and this is in agreement with observations in alterna-
tive cellular systems (53). Notch signaling and HES1 inhibit the
phosphatase and tensin homolog (PTEN) and as a consequence
up-regulate the PI3K–AKT signaling pathway, and PI3K–AKT
signaling enhances IL1� expression (54 –56). In this study,
we found greater induction of phospho-AKT by TNF� in
Notch2tm1.1Ecan BMM cultures. Therefore, it is possible that
HES1 signals through the PI3K–AKT pathway to enhance oste-
oclastogenesis and induce IL1� (57). IL1� is involved in the
bone-resorbing activity of osteoclasts and in osteoclast forma-
tion (37). IL1� might accelerate TNF�-induced osteolysis
by increasing the bone-resorbing activity of osteoclasts in
Notch2tm1.1Ecan mice in vivo and contribute to the induction of
Hes1 mRNA, as was reported in chondrocytes (58).

RANKL and TNF� signaling activate transcription factor
NF-�B. It has been reported that RANKL-induced N2ICD
associates with p65 subunit of NF-�B to enhance the transcrip-
tional activity of Nfatc1 (7). We confirmed that TNF� induced
NF-�B activation; however, this was not different between
Notch2tm1.1Ecan and control cultures. In accordance with this
finding, the expression of target genes dependent on NF-�B
activation, including Tnfa, Il6, and Nfatc1, but not Il1b, was not
different between Notch2tm1.1Ecan and control cultures treated
with TNF�. This would suggest that mechanisms independent
of NF-�B activation are responsible for the induction of IL1�
as well as for the enhanced osteoclastogenic response of
Notch2tm1.1Ecan mice to TNF�. This could entail either direct
effects of the N2ICD or effects of HES1 on osteoclastogenesis,
possibly by inducing AKT phosphorylation as a result of an
inhibition of PTEN.

Serum levels of TNF� were not different between
Notch2tm1.1Ecan and control mice. In addition, the serum from
Notch2tm1.1Ecan and control mice was examined by Proteome
Profiler Mouse Cytokine Array (R&D Systems, Minneapolis,
MN) to address whether other proinflammatory cytokines were
up-regulated in the systemic circulation of Notch2tm1.1Ecan

mice. Few cytokines, including CXC motif chemokine ligand
13, complement component 5a, CD54, M-CSF, and stromal
cell-derived factor 1, were detected in both Notch2tm1.1Ecan and
control serum, although there was no significant difference
between genotypes (data not shown). These findings coincide
with the RNA analysis of Notch2tm1.1Ecan BMMs, where the
induction of inflammatory cytokines was comparable between
Notch2tm1.1Ecan and control cells and observed only after TNF�
stimulation. These observations suggest that TNF� is required
for Notch2tm1.1Ecan mice to exhibit an inflammatory response.
However, the circumstances leading to a possible increase in
local or systemic TNF� in subjects afflicted by HCS are not
known.

It has been an issue of controversy whether TNF� has direct
effects on osteoclastogenesis or whether it requires RANKL to

Figure 9. Preventing NOTCH2 signal activation reverses the effect of the
Hajdu Cheney mutation on TNF�-induced osteolysis. Calvarial bones
from Notch2tm1.1Ecan and sex-matched littermate control mice were adminis-
tered 2 �g of TNF� with anti-NOTCH2 NRR or control anti-ragweed antibod-
ies at a dose of 10 mg/kg once a day for 4 days over the calvarial vault by
subcutaneous injection. A, representative images of histological sections of
calvariae stained with TRAP and hematoxylin showing reversal of the TNF�-
induced osteolysis in Notch2tm1.1Ecan mice by anti-NOTCH2 NRR antibodies.
Scale bars in the right corner represent 100 �m. B, bone histomorphometric
analysis of calvarial bones from Notch2tm1.1Ecan (black bars) mutant mice and
littermate controls (white bars). Values are means � S.D.; control anti-rag-
weed antibody (Ctrl) n � 4 –5 and anti-NOTCH2 NRR (N2NRR) n � 5 biological
replicates for control and Notch2tm1.1Ecan mice, respectively. Parameters
shown are as follows: number of osteoclasts/bone perimeter (N.Oc/B.Pm);
osteoclast surface/bone surface (Oc.S/BS); and eroded surface/bone surface
(ES/BS). *, significantly different between Notch2tm1.1Ecan and control, p �
0.05. #, significantly different between anti-NOTCH2 NRR and control anti-
ragweed antibodies, p � 0.05.
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exert its actions (59). In this work, we did not detect Tnfsf11
(encoding RANKL) in BMM cultures, treated or not, with
TNF� (data not shown) suggesting that the effects observed
were secondary to the direct actions of TNF� and not mediated
by RANKL. Moreover, there was no difference on the induc-
tion of Tnfsf11 by TNF� in Notch2tm1.1Ecan and control osteo-
blasts (data not shown) so that a differential expression of
RANKL does not explain the phenotypic changes observed in
Notch2tm1.1Ecan mutant mice under the influence of TNF�.

In conclusion, Notch2tm1.1Ecan mice are sensitized to the
actions of TNF� on osteoclastogenesis and bone resorption,
possibly explaining the acro-osteolysis observed in individuals
affected by HCS.

Experimental procedures

Mice and TNF�-induced osteolysis in vivo

Notch2tm1.1Ecan mice harboring a 6955C3T substitution in
the Notch2 locus have been characterized in previous studies (5,
25, 46). Genotyping was conducted in tail DNA extracts by PCR
using forward primer Nch2Lox gtF 5
-CCCTTCTCTCTGTG-
CGGTAG-3
 and reverse primer Nch2Lox gtR 5
-CTCAGA-
GCCAAAGCCTCACTG-3
 (Integrated DNA Technologies;
IDT, Coralville, IA). Hes1loxP/loxP mice, where loxP sequences
are knocked into the first intron and downstream of the 3
UTR
of Hes1 alleles, were obtained from RIKEN (Wako Saitama,
Japan) (60). Genotyping was performed using forward primer
5
-CAGCCAGTGTCAACACGACACCGGACAAAC-3
 and
reverse primer 5
-TCGCCTTCGCCTCTTCTCCATGATA-3

(IDT).

Two-month-old heterozygous male Notch2tm1.1Ecan mice in
a C57BL/6 background and control sex-matched littermates
were administered TNF�, at a dose of 2 �g, or PBS by injection
in the subcutaneous space over the calvarial vault once a day for
4 consecutive days and sacrificed 24 h after the last injection as

reported previously (61). TNF� cDNA and expression vector
were obtained from S. Lee (Farmington, CT), and TNF�
was purified using nickel-nitrilotriacetic acid–agarose columns
(Qiagen, Germantown, MD), in accordance with manufactu-
rer’s instructions. To test whether the effect of TNF� on oste-
olysis in Notch2tm1.1Ecan calvariae can be reversed by blocking
NOTCH2 activation, antibodies directed to the NRR of
NOTCH2 (anti-NOTCH2 NRR) or control anti-ragweed anti-
bodies at a dose of 10 mg/kg (all from Genentech, South San
Francisco, CA) (46) were injected with TNF� at a dose of 2 �g
over the calvarial vault of male Notch2tm1.1Ecan mice and sex-
matched littermate controls. All animal experiments were
approved by the Institutional Animal Care and Use Committee
of UConn Health.

Bone histomorphometry

Calvariae were excised and fixed in 10% formalin for 3 days,
decalcified in 14% EDTA (pH 7.2) for 7 days, and embedded in
paraffin. Histomorphometry of the medial aspect of each cal-
varia was carried out in 7-�m-thick sections stained with TRAP
and hematoxylin (Thermo Fisher Scientific, Waltham, MA).
TRAP enzyme histochemistry was conducted using a commer-
cial kit (Sigma), in accordance with manufacturer’s instruc-
tions. Stained sections were used to outline bone tissue area and
to measure osteoclast number and surface as well as eroded
surface at a magnification of �100 using an OsteoMeasure
morphometry system (Osteometrics, Atlanta, GA) (62).

BMM, adenovirus-Cre-mediated gene deletion, and osteoclast
formation

To obtain BMMs, the marrow from heterozygous male
Notch2tm1.1Ecan mutant and control sex-matched littermate
mice was removed by flushing with a 26-gauge needle, and
erythrocytes were lysed in 150 mM NH4Cl, 10 mM KHCO3 and

Figure 10. Schematic model to show the effects of the Hajdu Cheney mutation on TNF�-induced osteolysis. The blue arrows indicate signal activation.
The red arrows and boxes in bold represent increased signal activation and expression in Hajdu Cheney mutants.
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0.1 mM EDTA (pH 7.4), as described previously (46). Cells were
centrifuged, and the sediment was suspended in �-minimum
essential medium (�-MEM) in the presence of 10% fetal bovine
serum (FBS; both from Thermo Fisher Scientific) and recombi-
nant human M-CSF at 30 ng/ml. M-CSF cDNA and expression
vector were obtained from D. Fremont (St. Louis, MO), and
M-CSF was purified as reported previously (63). Cells were
seeded on plastic Petri dishes at a density of 300,000 cells/cm2

and cultured for 3 days.
For osteoclast formation, cells were collected following treat-

ment with 0.25% trypsin/EDTA for 5 min and seeded on tissue
culture plates at a density of 62,500 cells/cm2 in �-MEM with
10% FBS, M-CSF at 30 ng/ml, and TNF� at 50, 100, or 200
ng/ml, respectively. Cultures were carried out until the forma-
tion of multinucleated TRAP-positive cells. TRAP-positive
cells containing more than three nuclei were considered oste-
oclasts. To test whether the effect of TNF� on osteoclastogen-
esis in Notch2tm1.1Ecan BMMs depended on NOTCH2 activa-
tion, anti-NOTCH2 NRR at 10 �g/ml, anti-JAG1 antibodies at
20 �g/ml, or control anti-ragweed antibodies at 10 or 20 �g/ml
(all from Genentech) were added directly to the culture
medium (45–47).

To inactivate Hes1 in osteoclast precursors in the context
of the Notch2tm1.1Ecan mutation, Hes1loxP/loxP alleles were
introduced into Notch2tm1.1Ecan mice to create hetero-
zygous Notch2tm1.1Ecan;Hes1loxP/loxP mice. Notch2tm1.1Ecan;
Hes1loxP/loxP mice were crossed with Hes1loxP/loxP mice to
obtain Notch2tm1.1Ecan;Hes1loxP/loxP and Hes1loxP/loxP control
littermates for study. BMMs from both cohorts were cultured
in the presence of M-CSF at 30 ng/ml and TNF� at 200 ng/ml
for 3 days. The cells were transduced with adenoviruses carry-
ing cytomegalovirus (CMV)-Cre or CMV-GFP as control at a
multiplicity of infection (m.o.i.) of 100 and cultured with
M-CSF and TNF� for three additional days until formation of
multinucleated TRAP-positive cells.

Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted from osteoclasts with the RNeasy
kit (Qiagen, Valencia, CA) and from homogenized calvarial
bones with the micro-RNeasy kit (Qiagen), in accordance
with manufacturer’s instructions. The integrity of the RNA
extracted from bones was assessed by microfluidic electropho-
resis on an Experion system (Bio-Rad), and RNA with a quality
indicator number equal to or higher than 7.0 was used for sub-
sequent analysis. Equal amounts of RNA were reverse-tran-
scribed using the iScript RT-PCR kit (Bio-Rad) and amplified in
the presence of specific primers (all primers were from IDT;
Table 1) with the SsoAdvancedTM Universal SYBR Green
Supermix (Bio-Rad) at 60 °C for 40 cycles. Transcript copy
number was estimated by comparison with a serial dilution of
cDNA for Acp5, Ctsk, Il1b, Il6, Jag1, Notch2, and Tnfa (all from
Thermo Fisher Scientific), Hes1 (American Type Culture Col-
lection (ATCC), Manassas, VA), and Nfatc1 (Addgene plasmid
11793 created by A. Rao, La Jolla, CA).

The level of Notch26955C3T mutant transcript was measured
as described previously (5). Total RNA was reverse-transcribed
with Moloney murine leukemia virus reverse transcriptase in
the presence of reverse primers for Notch2 and Rpl38 (Table 1).
Notch2 cDNA was amplified by qPCR in the presence of Taq-
Man gene expression assay mix, including specific primers (5
-
CATCGTGACTTTCCA-3
 and 5
-GGATCTGGTACATA-
GAG-3
) and a 6-carboxyfluorescein–labeled DNA probe of
sequence 5
-CATTGCCTAGGCAGC-3
 covalently attached
to a 3
-minor groove binder quencher (Thermo Fisher Scien-
tific), and SsoAdvanced Universal Probes Supermix (Bio-Rad)
at 60 °C for 45 cycles (59). Notch26955C3T transcript copy num-
ber was estimated by comparison with a serial dilution of a
synthetic DNA fragment (IDT) containing �200 bp surround-
ing the 6955C3T mutation in the Notch2 locus, and cloned
into pcDNA3.1(�) (Thermo Fisher Scientific) by isothermal

Table 1
Primers used for qRT-PCR determinations
GenBankTM accession numbers identify transcript recognized by primer pairs.

Gene Strand Sequence GenBankTM accession no.

Acp5 Forward 5
-GACAAGAGGTTCCAGGAGAC-3
 NM_001102404; NM_001102405; NM_007388
Reverse 5
-TTCCAGCCAGCACATACC-3


Ctsk Forward 5
-AGATATTGGTGGCTTTGGAA-3
 NM_007802
Reverse 5
-AACGAGAGGAGAAATGAAACA-3


Hes1 Forward 5
-ACCAAAGACGGCCTCTGAGCACAGAAAGT-3
 NM_008235
Reverse 5
-ATTCTTGCCCTTCGCCTCTT-3


Il1b Forward 5
-GGACAGAATATCAACCAACAAGTG-3
 NM_008361
Reverse 5
-TCGTTGCTTGGTTCTCCTT-3


Il6 Forward 5
-CGGCCTTCCCTACTTCACAAGTCCG-3
 NM_001314054; NM_031168
Reverse 5
-CAGGTCTGTTGGGAGTGGTATCC-3


Jag1 Forward 5
-TGGGAACTGTTGTGGTGGAGTCCG-3
 NM_013822
Reverse 5
-GTGACGCGGGACTGATACTCCT-3


Nfatc1 Forward 5
-GCGCAAGTACAGTCTCAATGGCC-3
 NM_198429; NM_001164110; NM_001164111; NM_001164112;
NM_00116641091; NM_016791Reverse 5
-GGATGGTGTGGGTGAGTGGT-3


Notch2 Forward 5
-TGACGTTGATGAGTGTATCTCCAAGCC-3
 NM_010928
Reverse 5
-GTAGCTGCCCTGAGTGTTGTGG-3


Rpl38 Forward 5
-AGAACAAGGATAATGTGAAGTTCAAGGTTC-3
 NM_001048057; NM_001048058; NM_023372
Reverse 5
-CTGCTTCAGCTTCTCTGCCTTT-3


Tnfa Forward 5
-CCACCATCAAGGACTCAAATGG-3
 NM_001278601; NM_013693
Reverse 5
-CCTTTGCAGAACTCAGGAATGGACATTCG-3


Tnfr1 Forward 5
-GGTCTGCTGATGTTAGGA-3
 NM_011609
Reverse 5
-CTTGGCATCTCTTTGTAGG-3


Tnfr2 Forward 5
-TGTTCTTGTCTCAGTTTGTAGGG-3
 NM_011610
Reverse 5
-AGTCGTCCTTCTCACCTCTT-3
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single reaction assembly using commercially available reagents
(New England Biolabs, Ipswich, MA) (60).

Amplification reactions were conducted in CFX96 qRT-PCR
detection systems (Bio-Rad), and fluorescence was monitored
during every PCR cycle at the annealing step. Data are
expressed as copy number or relative expression corrected for
Rpl38 expression estimated by comparison with a serial dilu-
tion of cDNA for Rpl38 (ATCC) (64).

Immunoblotting

TNF�-treated BMMs or osteoclasts from control or
Notch2tm1.1Ecan mice were extracted in buffer containing 25 mM

Tris-HCl (pH 7.5), 150 mM NaCl, 5% glycerol, 1 mM EDTA,
0.5% Triton X-100, 1 mM sodium orthovanadate, 10 mM NaF, 1
mM phenylmethylsulfonyl fluoride and a protease inhibitor
mixture (all from Sigma). Quantified total cell lysates (35 �g of
total protein) were separated by SDS-PAGE in 8 or 10% poly-
acrylamide gels and transferred to Immobilon-P membranes
(Millipore, Billerica, MA). The blots were probed with anti-p-
I�B� (9246), I�B� (9242), p-p38 (9211), p38 (9212), p-ERK
(9101), ERK (9102), p-JNK (4668), JNK (9252), p-AKT (9271),
AKT (9272) HES1 (11988), and �-Actin (3700) antibodies
(all from Cell Signaling Technology, Danvers, MA). Anti-
NOTCH2 (C651.6DbHN) and anti-JAG1 (TS1.15H) antibodies
were obtained from Developmental Studies Hybridoma Bank
(DSHB C651.6DbHN, University of Iowa, Iowa City). Anti-
NFATc1 antibody (556602) was obtained from BD Biosciences.
The blots were exposed to anti-rabbit IgG, anti-rat IgG, or anti-
mouse IgG conjugated to horseradish peroxidase (Sigma) and
incubated with a chemiluminescence detection reagent (Bio-
Rad). Chemiluminescence was detected by ChemiDocTM

XSR
 molecular imager (Bio-Rad) with Image LabTM software
(version 5.2.1) (65), and the amount of protein in individual
bands was quantified.

NF-�B activation assay

TNF�-treated BMMs from control or Notch2tm1.1Ecan mice
were lysed prior to nuclear extraction using the nuclear extract
kit (Active Motif, Inc., Carlsbad, CA). To detect and quantify
NF-�B activation, 20 �g of nuclear extract samples were exam-
ined using a commercial ELISA-based kit (TransAMTM Flexi
NF-�B p65, Active Motif, Inc.) (66), in accordance with man-
ufacturer’s instructions. Briefly, nuclear extracts were incu-
bated with a biotinylated consensus NF-�B– binding sequence
(5
-GGGACTTTCC-3
) (1 pmol/well), and the reaction mix-
tures were transferred into assay wells. Subsequently, samples
were incubated with anti-NF-�B p65 antibody, and anti-rabbit
IgG was conjugated to horseradish peroxidase and developed,
and colorimetric changes were measured in an iMarkTM

Microplate Absorbance Reader (Bio-Rad) at 450 nm with a ref-
erence wavelength of 655 nm. To assess the specificity of NF-�B
binding to the biotinylated probe, unlabeled WT or mutated
consensus NF-�B binding oligonucleotide was added in excess
(10 pmol/well) to the reaction mixture.

Serum TNF�

Serum levels of TNF� were measured in 2- and 12-month-
old Notch2tm1.1Ecan male mice and control littermates using a

mouse TNF�-uncoated enzyme-linked immunosorbent assay
kit in accordance with manufacturer’s instructions (Thermo
Fisher Scientific; catalogue 88-7324).

Statistics

Data are expressed as means � S.D. Statistical differences
were determined by Student’s t test or two-way analysis of vari-
ance with Holm-Šídák post hoc analysis for pairwise or multiple
comparisons, respectively.
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