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Lateral meningocele syndrome (LMS) is a rare genetic disor-
der characterized by neurological complications and osteoporo-
sis. LMS is associated with mutations in exon 33 of NOTCH3
leading to a truncated protein lacking sequences for NOTCH3
degradation and presumably causing NOTCH3 gain of function.
To create a mouse model reproducing human LMS-associated
mutations, we utilized CRISPR/Cas9 to introduce a tandem ter-
mination codon at bases 6691-6696 (ACCAAG—TAATGA)
and verified this mutation (Notch3”""-'5“") by DNA sequencing
of F1 mice. One-month-old male and female heterozygous
Notch3"1-1E<@" mice had cancellous and cortical bone osteope-
nia but exhibited no obvious neurological alterations, and
histopathology of multiple organs revealed no abnormalities.
Microcomputed tomography of these mutants revealed a
35-60% decrease in cancellous bone volume associated with a
reduction in trabecular number and decreased connectivity.
During maturation, cancellous and cortical bones were restored
in female but not in male mice, which exhibited cancellous bone
osteopenia at 4 months. Cancellous bone histomorphometry
revealed increased osteoblast and osteocyte numbers and a
modest increase in osteoclast surface and bone formation rate.
Notch3"™1-1Ecan calyarial osteoblasts had increased proliferation
and increased bone vy-carboxyglutamate protein (Bglap) and
TNF superfamily member 11 (T#ufsf11) mRNA levels and lower
Tufrsf11b levels. Tufsf11 mRNA was increased in osteocyte-rich
femora from Notch3”'-'¥*" mice. Cultures of bone marrow—
derived macrophages from Notch3""-1E¢%" mice revealed
increased osteoclast formation, particularly in cocultures
with osteoblasts from Nozch37"1-15¢@" mijce. In conclusion, the
Notch3"1-1Eca" mutation causes osteopenia despite an increase
in osteoblast proliferation and function and is associated with
enhanced Tnufsfl1 expression in osteoblasts and osteocytes.

Notchl-4 are transmembrane receptors that mediate com-
munication between neighboring cells and play a fundamental

role in cell fate decisions (1, 2). The Notch extracellular domain
interacts with classic ligands of the Jagged and Delta-like fami-
lies (3) (Fig. 1). The negative regulatory region is the site of
cleavage required for Notch activation, and it is located at the
junction of the extracellular and the transmembrane domains
of Notch. Following the activation of Notch, its Notch intracel-
lular domain (NICD)? is released and translocates to the
nucleus (4, 5). There the NICD, recombination signal- binding
protein for Ig of k region (RBPJ«), and mastermind-like form a
complex that leads to the induction of target gene transcription
(2,6,7). Gene targets of this canonical Notch signaling are hairy
and enhancer of split (Hes) and HES-related with YRPW motif
(Hey) (8-10). A proline (P)-, glutamic acid (E)-, serine (S)-,
threonine (T)-rich motif (PEST) domain is located in the C
terminus of Notch, and ubiquitin ligases target this domain for
the degradation of the NICD (11, 12) (see Fig. 1).

Notchl, -2, and -3 and low levels of Notch4 are expressed in
skeletal cells (13, 14). Although some functional overlap is pos-
sible between Notch receptors, each Notch receptor exhibits
unique roles in physiology (15—17). Differences in the actions of
Notch receptors relate to differences in their structure, cellular
and temporal expression, and highly specific negative regula-
tory region domains and variations in the interactions of spe-
cific NICDs with RBPJk (18, 19). Notch1 and Notch2 have been
studied extensively for their role in skeletal homeostasis (13,
20-25). Notchl inhibits osteoblast and osteoclast differentia-
tion, whereas Notch2 inhibits osteoblastogenesis but induces
osteoclastogenesis, confirming distinct effects of the various
Notch receptors in skeletal cells (13, 20, 26). Notch3 has a dis-
tinct structure, and its NICD is different from that of Notchl
and -2, indicating a potentially unique physiological role for
Notch3 (27). However, knowledge regarding the actions of
Notch3 in the skeleton is limited.

Lateral meningocele syndrome (LMS) or Lehman syndrome
(Online Mendelian Inheritance in Man 130720) is a rare gen-
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Notch3 causes osteopenia

etic disorder that presents with neuromuscular dysfunction,
meningoceles, and distinct facial features (28). The clinical fea-
tures of LMS include developmental delay, decreased muscle
mass, and cardiac valve defects. Skeletal abnormalities are fre-
quent, including thickening of the calvarial vault, craniofacial
defects, short stature, scoliosis, and bone loss (29, 30). Exome-
wide sequencing of individuals affected by LMS demonstrated
the presence of mutations in exon 33 of NOTCH3. These muta-
tions create a stop codon so that the PEST domain is not trans-
lated (31). Because the PEST domain is necessary for the ubiq-
uitination and degradation of NOTCH3, the NOTCH3 NICD is
presumably stable, resulting in persistent signaling and gain of
function.

Despite the skeletal manifestations reported in LMS, there is
limited knowledge about the mechanisms that operate or the
actions of NOTCH3 in the skeleton. The purpose of the present
work was to provide an understanding of the skeletal manifes-
tations of LMS and responsible mechanisms. For this purpose,
a mouse (Notch3"*-'E¢@") model reproducing the NOTCH3
mutation harbored by subjects affected by LMS was engi-
neered. To create an LMS mutant mouse, we introduced a tan-
dem termination codon, ACCAAG—TAATGA, into exon 33
of the Notch3 gene at bp 6691-6696 from the start of transla-
tion. In the present work, we report the skeletal phenotype and
underlying mechanisms of Notch3”"5“" mice.

Results

Generation and general appearance of Notch3"™-'5<e"
mutant mice

The RNA-guided clustered regularly interspaced short pal-
indromic repeat (CRISPR)-associated Cas9 nuclease system
was used to target exon 33 of Notch3 and introduce a TAATGA
tandem termination codon at positions 6691—-6696 from the
start of translation (32—34). This genetic intervention leads to
the translation of the truncated NOTCH3 protein T2231X con-
sisting of 2230 amino acids (versus 2318 in WT). Single guide
(sg) RNA, designed to cleave between nucleotides 6691 and
6692 of Notch3, and a single-strand DNA containing the tan-
dem stop codon TAATGA were coinjected into C57BL/6] one-
cell embryos with Cas9 mRNA (Fig. 1). The proper insertion of
the Notch3 6691-6696 ACCAAG—TAATGA mutation was
confirmed by DNA sequencing of F1 mice (Fig. 1). Heterozy-
gous mutant mice were compared with sex-matched WT litter-
mates in a C57BL/6] genetic background. Breeding between
heterozygous LMS mutant and WT mice yielded offsprings
composed of 55% WT and 45% heterozygous Notch3”"" 5"
mice. Notch3""-'5<®" mice appeared healthy, did not exhibit
overt neuromuscular signs, and were fertile. Percent body fat,
fasting serum insulin and glucose levels, and serum 173-estra-
diol and parathyroid hormone (PTH) levels were not different
between Notch3"*1E¢@" and controls (Table 1). One-month-
old heterozygous Notch3"”"*'¥¢*" mice did not appear different
from controls and had a weight that was ~10% lower than con-
trols. However, the difference in weight was less pronounced as
the mice matured, and at 4 months of age Notch3""! /5" mice
weighed ~5% less than control littermates. Femoral length was
slightly shorter in Notch3”"""5¢“" mice at 1 month but not at 4
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months of age when femoral length was not different from con-
trols (Fig. S1).

Femoral microarchitecture of Notch3™'-75€a" mutant mice

Microcomputed tomography (uwCT) of the distal femur dem-
onstrated that 1-month-old male and female Notch3""-1Ecan
mutant mice had a 35— 60% decrease in cancellous bone volume
(Table 2 and Figs. 2 and 3). The decreased cancellous bone
was associated with decreased trabecular number and connec-
tivity and higher structure model index, indicating a predomi-
nance of rodlike trabeculae. Trabecular thickness was not
affected. Cortical bone was thin and porous in 1-month-old
Notch3"™!- '@ mutant mice of both sexes, although total bone
area was not different from controls, indicating normal bone
size (Table 2 and Figs. 2 and 3). The decrease in trabecular
bone volume was sustained and observed in 4-month-old male,
but not female, Notch3”"* 15" mutant mice. Male mice had a
significant decrease in cancellous bone volume of ~30% asso-

ciated with decreased trabecular number and connectivity.
3tm1.1Ecazn

However, cortical bone was not altered in Notch mice
of either sex (Table 2).
Femoral histomorphometry of Notch3™"-"5¢®™ mutant mice

In accordance with the uCT findings, cancellous bone histo-
morphometry of femora from Notch3""'*“" mice of both
sexes revealed decreased bone volume/tissue volume and tra-
becular number (Table 3 and Fig. 3). There was an ~2-fold
increase in the number of osteoblasts and in osteoblast surface/
bone surface in Notch3"**£“" mutant mice of both sexes as
well as a 13—-33% increase in osteocyte cell density. The higher
osteoblast number was associated with an increase in mineral
apposition rate in male Notch3”"*5“" mutant mice and a
nonsignificant (1.8-2.1-fold) increase in bone formation
rate. Osteoclast surface/bone surface was increased in male
Notch3™-1E«@" mutant mice, but osteoclast number/bone
perimeter was not affected significantly in either sex. At 4
months of age, the cellular phenotype in male mutant mice was
sustained, and they exhibited decreased bone volume/tissue
volume associated with a 60% increase in osteoblast number
and elevated bone formation rate when compared with WT
sex-matched littermate mice (Table 4). However, neither
osteoclast surface nor osteoclast number was significantly
affected in Notch3""*-'E<“" mice. These results suggest that
Notch3""!-*E¢@" mice have a higher number of osteoblasts,
possibly as a manifestation of high bone remodeling, but
the cells are not sufficiently active to maintain skeletal
homeostasis.

Gene expression in Notch3"™ """ mutant mice

To search for mechanisms that could operate in Notch3"" ¢

mutants, tibiae were analyzed for changes in gene expression.
Quantitative RT-PCR (qRT-PCR) revealed expression of
Notch3°091-1AATGA transcripts and increased Heyl, Hey2, and
HeyL mRNA levels in tibiae from mutant mice, demonstrating
that Notch signaling was activated in bone (Fig. 4). In agree-
ment with the increase in osteoclast surface in mutant mice, the
expression of Tufsf11 mRNA, encoding for receptor activator
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Figure 1. Domains of Notch3 and engineering of the Notch3™-'5¢®" mutant allele. A, domains of the Notch3 receptor depicting the 1) extracellular
domain containing multiple epidermal growth factor (EGF)-like tandem repeats upstream of Lin12-Notch repeats (LNR); 2) heterodimerization domain (HD)
that, in association with the Lin12-Notch repeats, forms the negative regulatory region; 3) transmembrane domain (TMD); and 4) NICD consisting of an
RBPJk-association module (RAM) linked to ankyrin (ANK) repeats and a nuclear localization sequence (NLS) upstream of a PEST domain. Under the NOTCH3
protein domains, the genomic structure of mutant exon 33 aligned with the corresponding protein structure is shown. Black bars represent exons (E) 29-32,
the black box represents exon 33 containing the 6691-6696 ACCAAG—TAATGA mutation leading to a T2231X change at the amino acid level, and the white
box represents the 3’-UTR. B, WT Notch3 exon 33 sequence with protospacer adjacent motif (PAM) for CRISPR/Cas9 targeting. C and D, genomic DNA from ear
samples of F1 pups was used as a template for PCR, and products were sequenced by the Sanger method. Sequencing of the DNA fragment spanning the
Notch3°697-TAATGA mutation is shown in C. The 1:1 signal ratio for ACCAAG—TAATGA demonstrates heterozygosity for the mutation. The sequence of the
mutant Notch3™'-"E<@" allele is in D. E, sequence of donor oligonucleotide used to generate the Notch3%6°"-AT6A mytant, including a downstream c—g
mutation to ensure the mutation was not a random event. * represents phosphorothioate linkage to protect from exonuclease degradation.

Table 1 Calvarial osteoblast cultures

Percent body fat and hormonal/metabolic parameters in 4-month-old tml.1Ecan .
Notch3™'"’ Tedan mutant male and female mice and sex-matched con- To pursue the consequences of the Nozch3 mutation
trol littermates in skeletal cells, calvarial osteoblasts were cultured. Osteoblasts

Body fat was determined by total body densitometry, a{ldl %gcose and hormone levels  from Notch3?"41E“" mijce, but not from controls, expressed
were measured in fasting serum samples from Notch3”"*#**" mutant mice and sex-

6691-TAATGA : . .

matched control littermates. Values are means * S.D,; n = 3—4. 17BE,, 17B-estradiol. Notch3 transcripts. H eyl was tr: anSIEUtlY increased
Males Females in Notch3" 15" osteoblasts, whereas HeyL was increased
Control  Notch3™"'5  Control  Notch3™" " for a 3-week culture period, documenting sustained activa-
Body fat (%) 179+ 0.8 17.6 = 0.6 200 + 0.4 21.5+ 0.7 tion of Notch signaling (Fig. 5). Osteoblast cultures from
Glucose (mg/dl) 88 +2 84+ 1 91 =2 86 =2 tml.1Ecan __ : . _

Insulin (IU/ml) 11447 132+ 6 120 =36 110+ 20 NotchB mice expressed higher levels of Bglap (encod
PTH (pg/ml) 426 + 65 322+ 107 325+89 294+ 82 ing for osteocalcin) and TnufsfII mRNAs and lower levels of

17BE, (pg/ml) 374 42*+8

Tnfrsfl1b mRNA than control cultures. To estimate the rate of
cellular proliferation, the reduction of 3-[4,5-dimethylthiazol-
of NF-«kB ligand (RANKL), was increased in femora from 2-yl]-2,5-diphenyltetrazolium bromide (MTT) to its formazan
Notch3"™-"£¢@" mutant mice. A modest increase in TnfrsfI1b  salt was measured during the initial phases of the culture. This
mRNA, encoding for osteoprotegerin, was noted. “MTT assay” measures mitochondrial activity of cells and
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Table 2

Femoral microarchitecture assessed by uCT of 1- and 4-month-old
Notch3™"-7E<a" mytant male and female sex-matched mice and con-
trol littermates

nCT was performed in distal femora for trabecular bone and midshaft for cortical
bone from 1- and 4-month-old male and female Notch3"""'*“" mutant mice and
sex-matched control littermates. Values are means = S.D. *, significantly different

between control and Notch3""!-*5", p < 0.05 by unpaired ¢ test.

Males 1 Month 4 Month
Control | Notch3™"Een Control | Notch3™!-1Feen
n=7 n=7 n=11 n=10
Distal Femur Trabecular Bone
Bone Volume/Total Volume (%) 74+ 13 49+ 13% 8.6+24 63+27*
Trabecular Separation (um) 191+ 16 244 + 31* 217+ 9 283+ 23*
Trabecular Number (1/mm) 53+05 42+ 0.5* 46+02 3.6+ 03*
Trabecular Thickness (um) 28+ 2 26+ 3 38+ 6 41+7
Connectivity Density (1/mm?*) 362+ 124 | 201 + 108* 173+ 51 106+ 51*
Structure Model Index 27£0.1 3.0+ 0.2% 24+03 26+03
Density of Material (mg HA/cm®) 796+ 40 781 + 31 940 + 87 969 = 67
Femoral Midshaft Cortical Bone
Bone Volume/Total Volume (%) 844+ 1.5 | 813+ 1.6% 89.1+0.7 | 880+ 1.5
Porosity (%) 156+ 1.5 | 187+ 1.6* 10907 | 120£15
Cortical Thickness (um) 103+ 10 87 + 6* 167+ 8 158+ 13
Total Area (mm?) 1.7+ 0.1 1.7+0.1 18+03 1.7£0.1
Bone Area (mm?®) 0.57+ 0.05 | 0.51 + 0.02* 0.84+ 0.08 | 0.81+0.08
Periosteal Perimeter (mm) 47+0.1 47+0.1 47+04 47+02
Endocortical Perimeter (mm) 38+ 0.1 39+ 0.1* 34+ 04 34+02
Density of Material (mg HA/cm®) 994+ 17 974 + 13* 1216 + 33 1226 + 32
Females 1 Month 4 Month
Control | Notch3™!-1Feen Control | Notch3™*1Eean
n=4 n=4 n=38 n=38
Distal Femur Trabecular Bone
Bone Volume/Total Volume (%) 54+ 1.0 22+ 04* 47+18 56+13
Trabecular Separation (pm) 225+ 21 360 + 19* 305+ 24 290+ 21
Trabecular Number (1/mm) 45+ 04 2.8+ 0.1*% 33+03 35+03
Trabecular Thickness (um) 28+ 3 24+ 4 41+ 6 40+ 4
Connectivity Density (1/mm?) 207+ 74 64 + 8* 70 + 38 99+ 30
Structure Model Index 3.0+ 02 32+0.1 30+ 04 2.8+0.2
Density of Material (mg HA/cm®) 768+ 12 739 + 14* 924+ 62 945 + 86
Femoral Midshaft Cortical Bone
Bone Volume/Total Volume (%) 843+ 0.6 | 802+ 0.7% 885+ 0.5 | 88.6x1.0
Porosity (%) 157+ 06 | 199+ 0.7* 115+ 0.5 114+ 1.0
Cortical Thickness (um) 102+ 6 83 £ 3* 169+ 6 166+ 7
Total Area (mm?) 1.5+ 0.1 1.6+ 0.2 1.6+ 0.1 1:5¥0.1
Bone Area (mm?) 0.51+ 0.06 | 046 £ 0.05 0.78+ 0.04 | 0.77+0.03
Periosteal Perimeter (mm) 44+ 02 44+ 03 44+ 0.1 44+0.1
Endocortical Perimeter (mm) 3.6+02 37+£02 31+0.1 31+0.1
Density of Material (mg HA/cm®) 998+ 9 964 + 9% 1239 + 35 1229 + 44

as such is a proxy for cell proliferation. Osteoblasts from
Notch3"*"'5¢@" mice proliferated at a rate 1.5 higher than
that of cells from WT controls, an effect that is consistent
with the increased number of osteoblasts in Notch3™ 1"
mutants in vivo (Fig. 5). The results indicate enhanced
osteoblast proliferation and differentiation in cells from
Notch3"!-1E¢an mutants as well as an increased ratio of
RANKL to osteoprotegerin, providing a possible explanation
for the findings in vivo.

Osteocyte-enriched cultures

Because a possible explanation for the Notch3”"**£®" phe-

notype was an increase in osteoclastogenesis and because
osteocytes play a major role in the control of bone resorption,
we examined the expression of Tufsf11 mRNA in enzymatical-
ly/EDTA-digested osteocyte-rich femora (14, 35). Osteocytes
expressed the Notch3°6%1-TAATGA transcript and increased lev-
els of Heyl, Hey2, and HeyL, indicating enhanced Notch signal-
ing. Tnfsfll mRNA was increased 1.6-fold in osteocytes
from Notch3”*-'E<“" mutant mice, whereas the expression of
Tnfrsfl1b was not affected (Fig. 6).

14168 . Biol. Chem. (2018) 293(36) 14165-14177
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Figure 2. Femoral architecture assessed by uCT of distal femora from
1-month-old male (A) and female (B) Notch3'™"-"5?" mutant (black bars)
and control littermates (white bars) mice. Data are expressed as cancellous
bone volume/total volume (BV/TV), trabecular number (Tb.N), connectivity
density (Conn.D), and cortical bone thickness (Ct.Th). Values are expressed as
means * S.D. (error bars); number of observations for Notch3"™'6¢9" and
control males, n = 7 each, and Notch3"™"-"£¢a" and control females, n = 4 each.
* significantly different between Notch3™'-"5<@" mutantand WT controls, p <
0.05 by unpaired t test.

In vitro osteoclast formation

To explore whether a direct effect on osteoclast differentia-
tion was operational, bone marrow—derived macrophages
(BMMs) were isolated from Notch3""*-?£¢4" mutants and litter-
mate controls. BMMs were cultured in the presence of macro-
phage colony-stimulating factor (M-CSF) at 30 ng/ml for 3
days and subsequently in the presence of M-CSF (30 ng/ml)
and RANKL at 10 ng/ml. The number of tartrate-resistant
acid phosphatase (TRAP)-positive multinucleated cells was
increased in cultures from Notch3”" 5" mutants (Fig. 7).
However, Notch3""*'E<“" mutant BMMs did not express
Notch30091-TAATGA transcripts, and neither mutant nor WT
cells expressed detectable levels of Notch3 mRNA. The results
indicate that even though Notch3”"*-*£¢" mutant cells exhib-
ited enhanced osteoclast differentiation the cellular phenotype
is likely secondary to events that occurred in vivo prior to cell
isolation, such as exposure to increased levels of RANKL. To
determine whether the osteoblast or osteoclast was responsible
for the enhanced osteoclastogenesis, BMMs from control and
Notch3"!-1Ee@" mice were cocultured with osteoblasts from
the respective mouse lines. Osteoclast differentiation was
increased in BMMs from Notch3""'-'¥*" mutants whether they
were cultured in the presence of WT or mutant osteoblasts. In
addition, osteoblasts from Notch3”""-'5**" mice enhanced oste-
oclastogenesis in both WT and Notch3”"*-*5*" mutant BMMs.
The results demonstrate both a BMM- and an osteoblast-de-
pendent effect as responsible for the increased osteoclast differ-
entiation in Notch3”-'5¢“" mutants.

SASBMB
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Figure 3. A, representative microcomputed tomography images of proximal
trabecular bone and midshaft of femora showing cancellous bone osteope-
nia and decreased trabecular number and thinner cortical bone in
Notch3t™ "¢an mutant mice. The complete data set is shown in Table 2. B,
representative static cancellous bone histological sections stained with tolu-
idine blue showing increased number of osteoblasts (arrows) (B, upper panels)
and osteocytes (B, lower panels) in Notch3™-'5<%" mice. C, calcein and deme-
clocycline labeling of cancellous bone showing a higher mineral apposition
rate in Notch3'™"-™5¢4" mjce compared with control. The complete data set is
shown in Table 3. All representative images are from femora from 1-month-
old male Notch3'™"6<a" mutant and sex- and age-matched littermate WT
controls. Scale bars, 50 um.

Discussion

The present work indicates that mice harboring a Notch3
gain-of-function mutation exhibit bone loss that affects both
the cancellous and cortical compartments. The osteopenia was
detected in 1-month-old mice of both sexes, although in mature
animals the osteopenic phenotype affected the cancellous bone
of male, but not female, mutant mice. The abatement of the
osteopenia in mature female mice might have been related to a
decrease in bone remodeling, secondary to an effect of estro-
gens on the skeleton. Estrogens decrease the lifespan of oste-
oclasts by promoting their apoptosis and suppress the secretion
of the cytokine IL-7 by osteoblasts with a consequent decrease
in RANKL expression and osteoclastogenesis (36-38). The
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phenotype of the Notch3”"'-'¥*" mutant mouse is congruent
with the bone loss observed in humans with LMS. However,
there is no information on sex- or age-related changes in bone
mass in subjects affected by LMS because the number of cases
reported is small (29, 31). Notch3""*'5¢*" mutant mice did not
have obvious neurological manifestations reported in humans
afflicted by the disease. Moreover, histopathology of brain,
lungs, heart, liver, spleen, and kidneys did not reveal any obvi-
ous abnormalities in Notch3”"-'¢“" mice.* A limitation of the
present work is that relatively young mice were studied, and the
phenotype might evolve as the mice age.

Stabilization of NOTCHS3 protein is probably responsible for
the increased Notch3 activity. The mutation in Notch3™" £
mice was introduced upstream of the PEST domain, and this
domain is essential for the ubiquitination of NOTCH3 (39).
Similarly, mutations in exon 34 upstream of the PEST domain
of Notchl or Notch2 result in Notch gain of function and
enhanced Notch signaling (40 —42). The mechanism in LMS is
analogous to that found in Hajdu—Cheney syndrome where
affected individuals harbor mutations in exon 34 of NOTCH2
(43-45). The inheritance of LMS is not established, and auto-
somal-dominant inheritance as well as de novo heterozygous
truncating mutations in exon 33 of NOTCH3 has been reported
(29).

The osteopenia of Notch3”*-/F““" mutants was associated
with an increase in the number of osteoblasts secondary
to enhanced cell replication. Although bone formation was
increased, the enhanced osteoblast number and function were
not sufficient to maintain skeletal homeostasis, so bone loss
occurred. In vitro cultures of osteoblasts revealed increased
Bglap expression in Notch3""!-'5¢*" cells, indicating that osteo-
blast maturation was not impaired. There was a 45% increase in
osteoclast surface/bone surface. This finding indicates that an
increase in bone resorption contributed to the phenotype. This
was secondary to an increased expression of RANKL and
suppressed osteoprotegerin in cells of the osteoblast lineage.
The capacity of osteoclast precursors to differentiate into
mature osteoclasts in response to RANKL was enhanced in
Notch3™!-Eeam mutants, although cells of the myeloid lineage
do not express either WT or mutant Notch3 transcripts. This
suggests that the enhanced osteoclastogenesis in vitro reflected
events occurring in vivo. Cocultures of BMMs with osteoblasts
confirmed that the osteoblast of Notch3"*-'*¢“" mutants con-
tributed to the enhanced osteoclastogenesis, an effect congru-
ent with the increased expression of RANKL by the osteoblast.
There was a greater number of osteocytes in cancellous bone of
Notch3""'-'E¢@" mice, and this is probably secondary to the
increased number of osteoblasts. Osteocytes are an important
source of RANKL and likely contributed to the osteopenic phe-
notype observed (46 —49).

The phenotype reported in Notch3”"''¥*" mutant mice is
different from that observed in Notch1 NICD—- expressing mice
or that reported in mice harboring a Notch2 gain-of-function
mutation replicating Hajdu—Cheney syndrome (26). Notchl
activation in undifferentiated osteoblasts precludes their mat-

4E. Canalis, unpublished observations.
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Table 3

Cancellous bone histomorphometry of 1-month-old Notch3™-6¢" mytant male and female mice and sex-matched control littermates
Histomorphometry was carried out on sagittal sections of distal femora from 1-month-old male and female Notch3""**£*" mutant mice and sex-matched control

littermates. Values are means * S.D.

Males

Females

Control (1 = 6)

Notchgtml.lEcan (n = 6)

Control (n = 7) Notch3™-1Ecan (y = 7)

Static histomorphometry

Bone volume/tissue volume (%) 14.2 = 3.1 9.8 + 2.6% 103+ 1.5 7.5+ 2.3%
Trabecular separation (um) 226 * 48 307 * 66 268 + 40 427 *+182¢
Trabecular number (1/mm) 39+07 3.0 £ 0.5 3.4 * 0.6 2.4 * 0.74
Trabecular thickness (um) 36.0 = 3.4 321 +6.1 30.4 + 2.8 31.0 + 4.8
Osteoblast surface/bone surface (%) 10.5 + 6.8 254 *+ 7.6% 12.1 £ 6.2 21.6 =7.7¢
Osteoblasts/bone perimeter (1/mm) 10.3 += 6.6 24.5 £ 7.2¢ 119 +59 20.3 £ 6.67
Osteoid surface/bone surface (%) 1.2+ 1.4 3.5+24 1.0 0.9 24+ 1.6
Osteocytes (mm?) 565 * 46 751 = 151* 628 + 29 710 *+ 84
Osteoclast surface/bone surface (%) 139 +59 20.3 = 4.2° 20.5 = 3.3 23.7 + 4.1
Osteoclasts/bone perimeter (1/mm) 6.6 + 1.4 8.0+ 17 79+ 1.1 8.7+ 19
Eroded surface/bone surface (%) 8.3 *+ 5.8 6.1 =23 6.2+ 24 7.5 *22
Dynamic histomorphometry

Mineral apposition rate (um/day) 23*+0.3 4.0 = 0.8* 2.9 *0.9 39*1.2
Mineralizing surface/bone surface (%) 29 +0.7 3.8+25 4.1 +2.0 6.0 =35
Bone formation rate (um?/um?/day) 0.07 * 0.02 0.15 * 0.09 0.12 * 0.06 0.21 * 0.09

“ Significantly different between control and Notch3""!-1£¢4n, ; < 0,05 by unpaired  test.

b p < 0.055.

Table 4

Cancellous bone histomorphometry of 4-month-old Notch3™'- 62" male and female mutant mice and control littermates

Bone histomorphometry was performed on sagittal sections of distal femora from 4-month-old male and female Notch,

littermates. Values are means = S.D.

3imi-1Eean mytant mice and sex-matched control

Males Females
Distal femur trabecular bone Control (7 = 8) Notch3!1-1Ean (5 = 7) Control (n = 5) Notch3!1-1Ean (3 = @)

Bone volume/tissue volume (%) 11.0 £ 2.4 8.0 = 2.0° 57 +3.3 7.4+ 24
Trabecular separation (um) 326 + 52 455 *+ 93“ 718 * 257 481 * 160
Trabecular number (1/mm) 2.8+ 0.4 2.1 =047 1.5*+0.6 2.1+0.6
Trabecular thickness (pm) 40.3 = 11.5 38.5*8.1 38.0 £ 6.4 36.0 * 4.6
Osteoblast surface/bone surface (%) 7.7 *26 12.7 + 3.37 9.2+ 0.8 103 +2.2
Osteoblasts/bone perimeter (1/mm) 6.8+ 1.9 10.8 * 3.4 7.7+ 15 7.8+ 3.8
Osteoid surface/bone surface (%) 0.7 = 0.4 1.5+ 0.6* 1.0+ 1.0 1.2+0.8
Osteocytes/bone area (mm?) 599 + 118 660 * 99 735 * 205 779 * 148
Osteoclast surface/bone surface (%) 8.1+25 102 =29 135+ 75 14.9 = 6.0
Osteoclasts/bone perimeter (1/mm) 32 *0.9 41+1.2 54 +25 55+22
Eroded surface/bone surface (%) 33+ 1.0 3.7+ 1.0 4.7 + 3.5 51=*17
Mineral apposition rate (pm/day) 0.8 +0.2 1.0 £0.1 1.2*+0.1 1.6 = 0.3
Mineralizing surface/bone surface (%) 6.5+ 1.1 9.8 +4.7 89+ 1.6 10.0 £ 5.0
Bone formation rate (um?/um?/day) 0.05 * 0.02 0.09 = 0.04* 0.11 = 0.02 0.15 + 0.09

“ Significantly different between control and Notch3™ /6", < 0.05 by unpaired ¢ test.

uration and causes marked osteopenia, whereas NOTCH2 gain
of function causes osteopenia secondary to an increase in oste-
oclast number and bone resorption (22, 26, 50). In contrast to
the inhibitory actions of Notchl and Notch2 on osteoblasto-
genesis, Notch3 gain of function enhanced osteoblast replica-
tion and function, establishing a distinct role of Notch3 in the
skeleton. Although Notch2 and Notch3 enhance osteoclasto-
genesis, the mechanisms appear to be distinct. Notch2 is
expressed by osteoclasts and has direct as well as osteoblast-
dependent effects on osteoclastogenesis, whereas Notch3 is
not expressed in cells of the myeloid/osteoclast lineage and
enhances osteoclast differentiation by inducing RANKL and
suppressing osteoprotegerin in the osteoblast lineage (20, 26).
Notch3, like Notchl and Notch2, induced the expression of
Notch canonical target genes. It is reasonable to believe that
the Notch3 NICD and RBPJk have interactions distinct from
the interactions of the Notchl or Notch2 NICD; this would
result in specific downstream events not shared by either
Notch1 or Notch2 (19). Another source of the different actions
of Notch receptors relates to their pattern of cellular expression
as shown in the present work.

14170 J Biol Chem. (2018) 293(36) 14165-14177

Although the goal was to replicate LMS, a limitation of the
work is the use of a global mutation, so systemic or indirect
consequences of the mutant Notch3""**5“" in bone cannot be
excluded. However, no obvious neurological alterations were
observed in mutant mice, and histopathology of multiple
organs revealed no abnormalities. Other limitations of the work
relate to the use of the CRISPR/Cas9 approach to create the
Notch3"*"'5¢“" mouse model because it could have resulted
in off-target effects. However, most of the off-target effects
reported with CRISPR/Cas9 technology have used human-in-
duced pluripotent or embryonic stem cells transfected with
Cas9 and sgRNA expression vectors, generating Cas9 and
sgRNA in significant amounts for a prolonged period of time
and therefore increasing the possibility of off-target effects (51,
52). A limited amount of Cas9 mRNA and sgRNA was injected
into one-cell embryos to create the Notch3”"'“" mutants
described, decreasing the likelihood of off-target effects. More-
over, the sgRNA selected scored high by inverse likelihood of
off-target binding, and we did not detect a change in phenotype
following three to four rounds of matings of Notch3”"'-£c"
heterozygous mice with WT mice (53). This suggests that off-
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Figure 4. Notch3%6°"-TAATGA Hey1, Hey2, HeyL, Hes1, Tnfsf11 (RANKL), and
Tnfrsf11b (osteoprotegerin) mRNA levels in tibiae from 1-month-old
Notch3™-7<a" mutant (black bars) and control littermate mice (white
bars). Transcript levels are expressed as copy number corrected for Rpl38.
Values are means = S.D. (error bars); n = 8 for control; n = 8 for Notch3™™-Ecan
for all transcripts with the exception of Tnfsf11 where n = 7 for control. Data
are derived from biological replicates. *, significantly different between
Notch3™"-"€¢an mytant and WT control, p < 0.05 by unpaired t test.

target effects, which should segregate out, are not responsible
for the phenotype.

Notch3 is associated with a variety of pathological conditions
in addition to LMS. Notch3 promotes tumor cell proliferation
and has been implicated in the bone-invasive potential of car-
cinoma of the breast and multiple myeloma and in the patho-
genesis of mandibular torus (27, 54-57). Mutations in the
extracellular domain of NOTCH3 cause cerebral autosomal-
dominant arteriopathy with subcortical infarcts and leukoen-
cephalopathy syndrome (CADASIL) (58-60). This cerebral
vascular disorder is characterized by strokes at a young age and
accumulation of NOTCHS3 in small vessels of affected individ-
uals (61).

In conclusion, Notch3"”""-'¥*" mice harboring a mutation
analogous to that found in subjects with LMS exhibit marked
osteopenia despite an increase in osteoblast proliferation and
function. The osteopenia is associated with enhanced RANKL
and suppressed osteoprotegerin expression by cells of the
osteoblast lineage.

Experimental procedures
Lateral meningocele mutant mice (Notch3™-'5<?")

RNA-guided CRISPR-associated Cas9 nuclease technology
was used to create a mutation mimicking that found in a subject
afflicted by LMS at the Center for Mouse Genome Modification
of UConn Health (31-34). The subject harbored a single bp
insertion at ¢.6692_93insC (from the start of translation)
of NOTCHS3, predicting the premature termination of a pro-
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tein product devoid of the PEST domain. To engineer the
Notch3""!-'F¢@" global mutant allele, the corresponding human
NOTCHS3 mutation was introduced into the mouse genome
(6691-6696 ACCAAG—TAATGA), leading to a T2231X
change at the amino acid level and creating a truncated protein
of 2230 amino acids (versus 2318 in wildtype) devoid of the
PEST domain. The databases http://zifit.partners.org/ZiFiT/®
(80, 81) and http://crispr.mit.edu® were utilized to evaluate
potential sgRNAs, and Notch3 sgRNA 5'-AACCCGCAGUAG-
CCCCACCA was selected because of its high score and limited
probabilities of off-target effects and designed to cleave
between nucleotides 6691 and 6692 of exon 33 of Notch3 adja-
cent to a protospacer adjacent motif (Fig. 1). A synthetic DNA
fragment containing a T7 promoter driving sequences coding
for Notch3 sgRNA was used as a template to synthesize the
sgRNA. A single-strand DNA of 146 nucleotides containing the
tandem stop codon TAATGA and 70 nucleotides of Notch3
homologous 5'- and 3’-arms (Fig. 1) were coinjected into
C57BL/6] one-cell embryos with Notch3 sgRNA and Cas9
mRNA. Injected embryos were transferred into CD1 pseudo-
pregnant foster females, and progeny were screened by PCR.
The proper insertion of the Notch3 6691-6696 ACCAAG—
TAATGA mutation was confirmed by sequencing of genomic
DNA obtained from ear punches from F1 mice (Fig. 1)
(GENEWI1Z, South Plainfield, NJ). Heterozygous F1 mice were
crossed with C57BL/6] WT mice to establish the mutant mouse
line. Notch3""!1#<*" heterozygous mutant mice were crossed
with WT mice to generate Notch3"""'#“" mutants and sex-
matched littermate controls in a C57BL/6] genetic background
for study. Genotypes were determined by PCR analysis of tail
DNA using forward primer 5'-GTGCTCAGCTTTGGTCTG-
CTC-3' and reverse primer 5'-CGCAGGAAGCGCGCTCA-
TTA-3' for Notch3""'5«" or 5'-CGCAGGAAGCGGGCCT-
TGG-3' for the WT allele (Integrated DNA Technologies, Cor-
alville, IA). Studies were approved by the Institutional Animal
Care and Use Committee of UConn Health.

Serum glucose and hormone assays

17B-Estradiol, murine PTH, and insulin were measured by
ELISA assays in serum from Notch3”"""#“*" and control mice
following an overnight fast using commercially available kits
(17B-estradiol ELISA kit from Abcam, Cambridge, MA; murine
insulin ELISA kit from Thermo Fisher Scientific, Waltham,
MA; and mouse PTH(1- 84) ELISA kit from Quidel Corp., San
Diego, CA). Serum glucose was measured using an EnzyChrom
glucose assay kit from BioAssay Systems (Hayward, CA).

Densitometry and body composition

Total body fat (grams) was measured on anesthetized mice
using a PIXImus small animal DEXA system (GE Medical Sys-
tem/Lunar, Madison, WT) (62).

Microcomputed tomography

Femoral microarchitecture was determined using a uCT
instrument (Scanco uCT 40, Scanco Medical AG, Bassersdorf,

® Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party-hosted site.
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Figure 5. Cultured calvarial osteoblast-enriched cells from Notch3"™"-"5¢?" mutant (black bars; filled black circles) and WT (white bars; open circles)
littermate controls. A, total RNA was extracted, and gene expression was measured by qRT-PCR in the presence of specific primers and probes. Data are
expressed as Notch3%°°"TA4T¢A copy number corrected for Rpl38 (n = 4) or relative expression of Notch3, Hey 1, Hey2, HeyL, Bglap, Tnfsf11 (RANKL), and Tnfrsf11b
(osteoprotegerin) after correction for Rp/38. Values are means =+ S.D. (error bars); number of observations for control, n = 8, and for Notch3'™"-'%9" n = 8, Data
were pooled from two experiments derived from technical replicates, and the control for each transcript (except Notch3%°°"- 4764y was normalized to 1. B,
change in the number of biochemically active cells estimated by measuring absorbance at 490 nm following a 4-h exposure to MTT. Data from control or
Notch3™-"6¢an cels at day O are normalized to 1. Values are means = S.D. (error bars); number of observations for control, n = 4, and for Notch3"™"-"5<@" . n = 4

with the exception of Notch3t™'-1Eean

at day 1 where n = 3. Data are derived from technical replicates. ¥, significantly different between Notch3™'-"5" mutant

and WT control cells, p < 0.05 in A by unpaired t test and in B by ANOVA with Holm-Sidak post hoc analysis.

Switzerland), which was calibrated periodically using a phan-
tom provided by the manufacturer (63, 64). Femora were
scanned in 70% ethanol at high resolution, energy level of 55
peak kilovoltage (kVp), intensity of 145 pA, and integration
time of 200 ms as reported previously (26, 50). A total of 100
slices at midshaft and 160 slices at the distal metaphysis were
acquired at an isotropic voxel size of 216 um? and a slice thick-
ness of 6 um and chosen for analysis. Cancellous bone volume
fraction (bone volume/total volume) and microarchitecture
were evaluated starting ~1.0 mm proximal from the femoral
condyles. Contours were manually drawn every 10 slices, a few
voxels away from the endocortical boundary, to define the
region of interest for analysis, whereas the remaining slice con-
tours were iterated automatically. Total volume, bone volume,
bone volume fraction, trabecular thickness, trabecular number,
connectivity density, structure model index, and material den-
sity were measured in trabecular regions using a Gaussian filter
(o = 0.8) and user-defined thresholds (63, 64). For analysis of
cortical bone, contours were iterated across 100 slices along the
cortical shell of the femoral midshaft, excluding the marrow
cavity. Analysis of bone volume/total volume, porosity, cortical
thickness, total cross-sectional and cortical bone area, perios-

14172 J Biol Chem. (2018) 293(36) 14165-14177

teal and endosteal perimeter, and material density were con-
ducted using a Gaussian filter (o = 0.8, support = 1) with oper-
ator-defined thresholds.

Bone histomorphometry

Bone histomorphometry was carried out in 1- and 4-month-
old mice injected with 20 mg/kg calcein and 50 mg/kg deme-
clocycline at a 2- and 7-day interval, respectively, and sacrificed
2 days after demeclocycline administration as reported previ-
ously (26, 50). Femora were dissected, fixed in 70% ethanol, and
embedded in methyl methacrylate. For cancellous bone analy-
sis, bones were sectioned at a thickness of 5 wm along the sag-
ittal plane on a Microm microtome (Richards-Allan Scientific,
Kalamazoo, MI) and stained with 0.1% toluidine blue. Static and
dynamic parameters of bone morphometry were measured in a
defined area between 0.35 and 2.16 mm from the growth plate
at a magnification of 100X using an OsteoMeasure morphom-
etry system (Osteometrics, Atlanta, GA). Stained sections were
used to measure trabecular bone area; trabecular number and
thickness; osteoblast, osteocyte, and osteoclast number; and
osteoid and eroded surface. Mineralizing surface per bone sur-
face and mineral apposition rate were measured on unstained

U
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Figure 6. Isolated osteocyte-enriched cells from Notch3*™"-"5¢®" mutant
(black bars) and WT (white bars) littermate controls. Total RNA was
extracted, and gene expression was measured by qRT-PCR in the presence of
specific primers and probes. Data are expressed as Notch3°97TA4TCA Hey1,
Hey2, HeyL, Hes1, Tnfsf11 (RANKL), and Tnfrsf11b (osteoprotegerin) copy num-
ber corrected for Rp/38. Values are means = S.D. (error bars); number of obser-
vations for control, n = 7, and for Notch3'™'-'5¢%" 'n = 7.Date are derived from
biological replicates. *, significantly different between Notch3™™'- "6 mutant
and WT control cells, p < 0.05 by unpaired t test.

sections visualized under UV light and a triple diamidino-2-
phenylindole/fluorescein/Texas Red set long-pass filter, and
bone formation rate was calculated. Terminology and units
used for cancellous and cortical bone histomorphometry are
those recommended by the Histomorphometry Nomenclature
Committee of the American Society for Bone and Mineral
Research (65, 66).

Osteoblast-enriched cell cultures and cell viability assay

Parietal bones from 3-5-day-old Notch3”""*£“" mice and
littermate controls were exposed to 1.2 units/ml Liberase TL
(Sigma-Aldrich) for 20 min at 37 °C, and cells were extracted in
five consecutive reactions (67). Cells from the last three diges-
tions were pooled and seeded at a density of 10,000 cells/cm? as
described previously (50, 68). Osteoblast-enriched cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented
with nonessential amino acids (both from Thermo Fisher Sci-
entific), 20 mm HEPES, 100 ug/ml ascorbic acid (both from
Sigma-Aldrich), and 10% heat-inactivated fetal bovine serum
(FBS; Atlanta Biologicals, Norcross, GA) in a humidified 5%
CO, incubator at 37 °C. The number of biochemically active
osteoblasts was estimated by measuring the product of MTT
reduction to formazan with the Vybrant MTT cell proliferation
assay kit (Thermo Fisher Scientific) according to the manufa-
cturer’s instructions (69).

Osteocyte-enriched cultures

Osteocyte-enriched cells were obtained following a modifi-
cation of a method described previously (26, 35). Femora were
removed aseptically from 1-month-old experimental and con-
trol mice. The surrounding tissues was dissected, the proximal
epiphyseal end was excised, and the bone marrow was removed
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by centrifugation. The distal epiphysis was excised, and femora
were digested for 20 min at 37 °C with type II bacterial colla-
genase pretreated with N-a-tosyl-L-lysyl-chloromethyl ketone
hydrochloride and subsequently exposed to 5 mm EDTA for 10
min at 37 °C. The resulting osteocyte-enriched cortical femora
were cultured individually in Dulbecco’s modified Eagle’s
medium supplemented with nonessential amino acids (both
from Life Technologies), 100 ug/ml ascorbic acid, and 10% FBS
for 3 days at 37°C in a humidified 5% CO, incubator as
described (26).

Culture of BMMs and osteoclast formation

To obtain BMMs, the marrow from Notch3""-'*" mice and
littermate controls was removed by flushing with a 26-gauge
needle, and erythrocytes were lysed in 150 mm NH,Cl, 10 mMm
KHCO,, and 0.1 mm EDTA (pH 7.4) as described previously
(26, 50, 70). Cells were centrifuged, and the sediment was sus-
pended in a-minimum essential medium (a«-MEM) (Thermo
Fisher Scientific) in the presence of 10% FBS and recombinant
human M-CSF at 30 ng/ml as described (50). M-CSF cDNA and
expression vector were obtained from D. Fremont (Washing-
ton University, St. Louis, MO), and M-CSF was purified as
reported previously (71). Cells were seeded on uncoated plastic
Petri dishes at a density of 300,000 cells/cm® and cultured
for 3—4 days. For osteoclast formation, cells were collected
following treatment with 0.25% trypsin and EDTA for 5 min
and seeded on tissue culture plates at a density of 47,000
cells/cm? in a-MEM with 10% FBS, 30 ng/ml M-CSF, and 10
ng/ml recombinant murine RANKL. Tnfsf11 cDNA, encoding
RANKL, and expression vector were obtained from M.
Glogauer (Toronto, Canada), and glutathione S-transferase—
tagged RANKL was expressed and purified as described (72).
To determine the contribution of osteoblast-derived factors to
osteoclast formation, calvarial osteoblast-enriched cells from
Notch3" '@ mutant and WT control littermates were
seeded at a density of 15,700 cells/cm” in a-MEM in the pres-
ence of BMMs from either genotype at a density of 47,000 cells/
cm?and cultured with 1,25-dihydroxyvitamin D, at 10 nm. Cul-
tures were carried out until the formation of multinucleated
TRAP-positive cells was achieved. TRAP enzyme histochemis-
try was conducted using a commercial kit (Sigma-Aldrich), in
accordance with the manufacturer’s instructions, as reported
previously (50). TRAP-positive cells containing three or more
nuclei were considered osteoclasts.

Quantitative reverse transcription-polymerase chain reaction

Total RNA was extracted from cells with the RNeasy kit (Qia-
gen, Valencia, CA) and from homogenized tibiae or osteocyte-
enriched femoral fragments, following the removal of the bone
marrow by centrifugation, with the micro RNeasy kit (Qiagen),
in accordance with the manufacturer’s instructions, as reported
previously (26, 50, 73, 74). The integrity of the RNA from tibiae
and osteocyte-rich fragments was assessed by microfluidic elec-
trophoresis on an Experion instrument (Bio-Rad), and only
RNA with a quality indicator number equal to or higher than
7.0 was used for subsequent analysis. Equal amounts of RNA
were reverse transcribed using the iScript RT-PCR kit (Bio-
Rad) and amplified in the presence of specific primers (Inte-
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Figure 7. BMMs harvested from long bones of Notch3"™"-"£<®” mutants (black bars) and WT littermate controls (white bars) cultured for 72 h in the
presence of M-CSF at 30 ng/ml. In A, cells were seeded on culture dishes in the presence of M-CSF at 30 ng/ml and RANKL at 10 ng/ml and assessed for
the appearance of osteoclasts defined as TRAP-positive multinucleated cells. In B, BMMs from control and Notch3"™'-"5¢4" mutant mice were seeded on culture
dishes in the presence of osteoblasts (OB) from control or Notch3™'-"5<?" mutant mice with 1,25-dihydroxyvitamin D5 at 10 nmand assessed for the appearance
of TRAP-positive multinucleated cells. Representative images of TRAP-stained multinucleated cells are shown in the left panels. Data are expressed as total
number of TRAP-positive multinucleated cells/well. Values are means * S.D. (error bars); n = 4 technical replicates. *, significantly different between
Notch3t™"-"€¢an and WT control BMMs, p < 0.05 in A by unpaired t test and in B by ANOVA with Holm-Sidék post hoc analysis. #, significantly different between
Notch3™-"E¢a" and WT osteoblasts by ANOVA.

Table 5

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

Gene Strand Sequence (5'-3") GenBank accession no.

Bglap Forward 5'-GACTCCGGCGCTACCTTGGGTAAG-3' NM_001037939
Reverse 5'-CCCAGCACAACTCCTCCCTA-3'

Hesl Forward 5'-ACCAAAGACGGCCTCTGAGCACAGAAAGT-3’ NM_008235
Reverse 5'-ATTCTTGCCCTTCGCCTCTT-3"

Heyl Forward 5'-ATCTCAACAACTACGCATCCCAGC-3' NM_010423
Reverse 5'-GTGTGGGTGATGTCCGAAGG-3’

Hey2 Forward 5'-AGCGAGAACAATTACCCTGGGCAC-3’ NM_013904
Reverse 5'-GGTAGTTGTCGGTGAATTGGACCT-3'

HeyL Forward 5'-CAGTAGCCTTTCTGAATTGCGAC-3' NM_013905
Reverse 5'-AGCTTGGAGGAGCCCTGTTTC-3’

Notch3 Forward 5'-CCGATTCTCCTGTCGTTGTCTCC-3’ NM_008716
Reverse 5'-TGAACACAGGGCCTGCTGAC-3'

Notch36091-TAATGA Forward 5'-AACCCGCAGTAGCCCCTAATG-3’ Not applicable
Reverse 5'-ATAAGGATGCTCGCTGGGAACC-3'

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

Tnfrsf11b Forward 5'-CAGAAAGGAAATGCAACACATGACAAC-3’ NM_008764
Reverse 5'-GCCTCTTCACACAGGGTGACATC-3'

Tnfsf11 Forward 5'-TATAGAATCCTGAGACTCCATGAAAAC-3’ NM_011613
Reverse 5'-CCCTGAAAGGCTTGTTTCATCC-3'

grated DNA Technologies) (Table 5) with iQ SYBR Green estimated by comparison with a serial dilution of cDNA for
Supermix or SsoAdvanced Universal SYBR Green Supermix Bglap (encoding for osteocalcin; fromJ. Lian, University of Ver-
(Bio-Rad) at 60 °C for 35 cycles. Transcript copy number was mont, Burlington, VT), Heyl and Hey2 (both from T. Iso,
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Gunma University, Gunma, Japan), HeyL (from D. Srivastava,
Gladstone Institute of Cardiovascular Disease, San Francisco,
CA), Tnfsf11 (from Source BioScience, Nottingham, UK), or
Tnfrsfl1b (from American Type Tissue Culture Collection
(ATCC), Manassas, VA) (75-77). Notch3"""'5¢“" transcript
copy number was estimated by comparison with a serial dilu-
tion of a synthetic DNA fragment (Integrated DNA Technolo-
gies) containing ~90 bp surrounding the Notch3 6691-6696
ACCAAG—TAATGA mutation and cloned into pcDNA3.1(—)
(Life Technologies) by isothermal single-reaction assembly
using commercially available reagents (New England Bio-
labs, Ipswich, MA) (78). Amplification reactions were con-
ducted in a CFX96 qRT-PCR detection system (Bio-Rad),
and fluorescence was monitored during every PCR cycle at
the annealing step. Data are expressed as copy number or
relative transcript expression, both corrected for Rpl38
(from ATCC) (79).

Statistics

Data are expressed as means = S.D. All data except for osteo-
blast and BMM cultures represent biological replicates. qRT-
PCR values were derived from two technical replicates of bio-
logical replicates as indicated in the text and tables. Statistical
differences were determined by unpaired Student’s ¢ test or
analysis of variance (ANOVA) with Holm—S$idék post hoc anal-
ysis for pairwise or multiple comparisons.
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