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Fig. 1. Basal cGMP concentrations are markedly elevated in cells expressing
V883M-GC-B. A, 293 cells transiently expressing HA-WT-GC-B or HA-V883M-GC-B
were incubated with the indicated concentrations of CNP for 3 min and then intracel-
fular cGMP concentrations were determined. The ECsgs for the two enzymes were not
significantly different, p = 0.42. B, ATDCS5 cells were transiently transfected with plas-
mids expressing WT-GC-B or GC-B-V883M and cGMP concentrations were measured
in basal (no CNP) serum-starved cells 2 days later. Cyclic GMP concentrations in cells
expressing WT-GC-B were slightly higher than those observed in un-transfected cells
(p < 0.01), but levels in cells expressing GC-B-V883M were 4.3-fold higher than
those in cells expressing WT-GC-B (p < 0.03).

HA-WT-GC-B or HA-V883M-GC-B under basal (1 mM Mg>*GIP),
hormone-stimulated (1 mM Mg?*GTP, 1 mM ATP and 1 uM CNP), or
detergent-stimulated (1 mM Mn?*+GTP and 1% Triton X-100) condition
(Fig. 2). Enzyme analysis was performed in the 293 cells because they
do not express detectable endogenous GC activity [6], which allows
more definitive interpretation of the data because most tissues and
cell lines express more than one GC.

GC activity measured in crude membranes from GFP transfected cells
was insignificant under all conditions. Consistent with the whole cell
CcGMP analysis describe in Fig. 1, basal GC activity was low for
WT-GC-B and HA-WT-GC-B but was elevated 28-fold over WT levels
for HA-V883M-GC-B. Saturating concentrations of CNP and ATP stimu-
lated WT-GC-B and HA-WT-GC-B similarly (>50-fold). However, GC ac-
tivity of HA-WT-GC-B was almost double that of the WT enzyme lacking
the HA tag, consistent with higher expression of the HA-tagged receptor.
As in whole cells, (NP and ATP activated HA-V883M-GC-B about
two-fold in enzyme assays. GC activity of HA-V883M-GC-B measured
in the presence of detergent was lower than that observed for
HA-WT-GC-B, which is consistent with reduced expression of
HA-V883M-GC-B compared to HA-WT-GC-B. Western analysis of
SDS-PAGE fractionated immunoprecipitated enzymes confirmed that
the more slowly migrating, completely processed species (upper band)
was expressed at lower levels than the comparably processed forms of
the tagged or untagged WT version of GC-B (Fig. 2, inset). We previously
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Fig. 2. GC activity but not the protein level of V883M-GC-B was elevated in the absence of
CNP. Crude membranes from 293 cells transfected with plasmids expressing the indicated
constructs were assayed for GC activity under the conditions indicated in the figure legend
and text. Bars within the symbols indicate the range of duplicate determinations. This fig-
ure is representative of two independent assays. The inset shows a Western blot of the in-
dicated forms of GC-B purified from 293 cells transiently transfected with the indicated
constructs. The numbers on the left indicate the molecular weight of standards.

demonstrated that only the upper band of GC-B is phosphorylated and
that phosphorylation is required for CNP-dependent activation of GC-B
[8,29].

Maximal velocity of HA-GC-B-V883M is elevated

To determine how the mutation increased the enzymatic activity
of GC-B, substrate-velocity curves were generated for HA-WT-GC-B
and HA-V883M-GC-B with or without 1 pPM CNP in the absence of
ATP (Fig. 3A). Basal activity of the WT enzyme was low and CNP in-
creased Vmax 12-fold without decreasing the Km. Consistent with
previous observations [6], WT-GC-B was positive cooperative as indi-
cated by a Hill slope of 1.3. In contrast, basal maximal velocity of the
mutant enzyme was elevated 15-fold compared to WT-GC-B and the
Km was unchanged. The Hill coefficient was 0.9, suggesting slight
negative cooperativity. CNP failed to increase the maximal velocity
of HA-V883M-GC-B, but reduced the Hill slope 0.4 units and the Km
10-fold. Thus, the V883M mutation increases basal maximal velocity,
reduces the Hill coefficient and allows CNP to reduce the Km in the
absence of ATP. In contrast, the reduction in Hill coefficient and Km
for the WT enzyme was previously shown to be completely depen-
dent on the presence of ATP [5]. These data are consistent with the
V883M mutation producing a structural change in GC-B that locks it
into a conformation that mimics that of the ATP-bound state. They
also indicate for the first time that the CNP-dependent changes in
the Vmax and Km of GC-B are separate but related processes.

CNP reduces the Hill coefficient and Km of HA-V883M-GC-B in a
concentration-dependent manner in the absence of ATP

Substrate-velocity curves were generated for HA-V883M-GC-B in
the presence of increasing concentrations of CNP to evaluate the
concentration-dependence of CNP on reductions in the Hill coefficient
and Michaelis constant (Fig. 3B). ATP was not included in these ex-
periments. In the absence of CNP, no cooperativity was observed,
but increasing concentrations of CNP progressively increased the
amount of negative cooperativity while concomitantly decreasing
the Km. These data indicate that CNP converts HA-V883M-GC-B to a
strongly negative cooperative enzyme. Similarly, in the absence of
CNP, the Km of the mutant enzyme was high; but in the presence of
increasing concentrations of CNP, the Km dropped progressively
while maximal velocity was unaffected.
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Fig. 3. Kinetic characterization of V883M-GC-B. GC activity shown in panels A-D was measured for 9 min in crude membranes from 293 cells transiently expressing either HA-GC-B-WT
or HA-GC-B-V883M. Bars within symbols indicate the SEM. Tables below each figure show Vmax, Km and Hill coefficient (ny). A. Maximal velocity of HA-V883M-GC-B is elevated in the
absence of CNP. GC activity was measured in the presence or absence of 1 iM CNP and the indicated concentrations of Mg?+GTP where n = 4. The # indicates a significant difference from
HA-WT-GC-B-CNP at p < 0.05. The ## indicates a significant difference from HA-V883M-GC-B-CNP at p < 0.03. B. CNP decreases the Hill coefficient and Km for HA-V883M-GC-B in a
concentration-dependent manner in the absence of ATP. GC activity was measured in the presence or absence of increasing concentrations of CNP and the indicated concentrations of
Mg?*GTP where n = 4. * and ** indicate a significant difference from no CNP values where p < 0.05 and 0.01, respectively. C. ATP does not affect the Hill coefficient or Km of
HA-V883M-GC-B. GC activity was measured in the presence or absence of 0.1 mM ATP, 1 uM CNP and the indicated concentrations of Mg?*GTP where n = 4. The * indicates a significant
difference from HA-WT-GC-B (—) ATP at p < 0.05. D. HA-V883M-GC-B is negative cooperative. GC activity was measured with the indicated concentrations of Mn? *GTP and 1% Triton
X-100 where n = 6. The * indicates a significant difference from the corresponding value obtained for the WT enzyme at p < 0.05; inset. Double reciprocal plots were generated from the
raw data to demonstrate a concave upward curve indicative of positive cooperativity or a slightly downward curve indicative of negative cooperativity.

ATP does not allosterically activate V883M-GC-B

We recently determined that CNP reduces the Hill coefficient and Km
of WT-GC-B by a process that requires ATP binding to an allosteric site in
the catalytic domain [6]. Therefore, we investigated whether the V883M
mutation affected these processes as well. Substrate-velocity curves
were generated for HA-WT-GC-B and HA-V883M-GC-B in the presence
of 1 uM CNP with or without 0.1 mM ATP. With the WT enzyme, ATP re-
duced the Km 6-fold and the Hill coefficient 0.3 units without affecting
the Vmax (Fig. 3C). However, ATP failed to reduce the Km or Hill coeffi-
cient or increase the Vmax of HA-V883M-GC-B. These data are consistent
with a scenario where the V883M mutation causes a conformational
change in GC-B that abolishes the need for ATP in the CNP-dependent re-
duction in Hill coefficient and Km.

HA-V883M-GC-B is slightly negative cooperative when manganese is
used as a cofactor

Substrate~velocity curves were also generated on membranes
expressing HA-WT-GC-B or HA-V883M-GC-B under non-physiologic,
detergent conditions using manganese-GTP as substrate (Fig. 3D).
Substrate-velocity curves generated under these conditions were pre-
viously shown to be positive cooperative for GC-A [37]. Vmax was
lower when measured under these conditions but the Km/S0.5 was

strikingly lower compared to physiologic activation conditions. Maxi-
mal velocity was not different between the WT and mutant GC-B en-
zymes. The substrate-velocity curve for HA-WT-GC-B was positive
cooperative as demonstrated by concave upward reciprocal plots and
a Hill coefficient of 1.3 (Fig. 3D, inset). To our knowledge, this is the
first demonstration of positive cooperativity for GC-B when assayed
under detergent-stimulated conditions. In contrast to HA-WT-GC-B,
HA-V883M-GC-B was weakly negative cooperative as indicated by a
slightly concave downward curve and a Hill coefficient of 0.9 (Fig. 3D,
inset), which is consistent with the slight negative cooperativity ob-
served for V883-GC-B when assayed under basal conditions.

HA-V883M-GC-B is resistant to desensitization

Cyclic GMP concentrations in cells expressing V883M-GC-B were
highly elevated two days after transfection (Fig. 1), which suggests that
the mutant enzyme was not completely desensitized or downregulated.
In contrast, CNP activated WT-GC-B was shown to desensitize in less
than one hour [8]. Therefore, we examined whether the V883M muta-
tion disrupted the inactivation of GC-B.

GC activity was measured on membranes from cells expressing
HA-WT-GC-B or HA-V883M-GC-B for up to 2 h to evaluate the effect
of the V883M mutation on the inactivation of GC-B as a function of
time (Fig. 4, top panel). WT GC activity was determined in the
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Fig. 4. V883M-GC-B is resistant to desensitization. A. GC assays were conducted on
crude membranes from 293 cells transfected with HA-WT-GC-B or HA-V883M-GC-B
for the period of time indicated in the presence of 1 mM GIP, 1 mM ATP and
5 mM Mg?*Cl, with or without 1 yM CNP. Each value represents 4 determinations.
The asterisks indicate a significant difference from corresponding values obtained in
membranes expressing WT-GC-B at p < 0.02. B. Whole 293 cells transfected with
HA-WT-GC-B or HA-V883M-GC-B were incubated with 1 pM CNP for the indicated
times. Membranes were then prepared and assayed for GC activity in the presence of
1 mM GTP, 1 mM ATP and 5 mM Mg?*Cl,. N = 4. The asterisks indicate significance
from the O time point value where p < 0.05. The bars within the symbols indicate
SEM in all panels.

presence of CNP, whereas mutant activity was determined in the
presence and absence of CNP. The GC activity of the WT enzyme de-
clined with time and was inactive after 60 min. In contrast, the GC ac-
tivity of the mutant receptor was linear for the duration of the assay
regardless of whether CNP was included in the assay.

We also examined the inactivation of the WT and mutant enzymes
under whole cell conditions. In this experiment, intact cells were treat-
ed with 1 pM CNP for 0, 30 or 90 min then membranes were prepared
from the cells and assayed for GC activity for 3 min (Fig. 4, bottom
panel). The WT enzyme demonstrated a time-dependent inactivation
similar to that previously reported for GC-B expressed in 3T3 cells [8].
However, exposure of the V883M-GC-B to saturating concentrations
of CNP failed to inactivate the enzyme after 30 or 90 min. Together,
these data indicate that the Val substitution at position 883 not only in-
creases the maximal velocity of the enzyme, it also disrupts the normal
desensitization process.

Activation of GC-B by the V883M substitution does not require
phosphorylation

CNP only activated a GC-B construct containing alanine substitutions
for the first six phosphorylation sites identified in GC-B (S513, T516,
S$518, 5523, S526, T529) two-fold as opposed to greater than 30-fold
for WT-GC-B [29], whereas the analogous substitutions left GC-A
completely unresponsive to NP stimulation {38]. These observations
led to the idea that phosphorylation is required for NP-dependent acti-
vation of GC-A and GC-B. Here, we asked whether phosphorylation is
also required for the V883M mutation to increase GC-B activity.

To do this, we mutated Val-883 to Met in the rat GC-B-7A con-
struct that contains alanine substitutions for the first six identified
sites plus Ser-522, which is not phosphorylated [23]. We also created

a constitutively phosphorylated mimetic version of rat GC-B-V883M
by mutating Val-883 to Met in GC-B-7E. Rat GC-B-7E contains gluta-
mate substitutions for the first six identified sites as well as Ser-489,
a newly identified putative site that reduces the Km of GC-B when
phosphorylated [30].

Introducing the Val-883~Met mutation into WT-GC-B increased basal
activity 39-fold, whereas the same mutation in the dephosphorylated
form of the enzyme (GC-B-7A) increased activity 17-fold (Fig. 5). How-
ever, introduction of the V883M mutation into the GC-B-7E construct in-
creased activity 68-fold. Thus, phosphorylation is not required for the
elevated basal activity associated with the V883M mutation, but phos-
phorylation results in greater activation since the WT and phosphoryla-
tion mimetic enzymes (GC-B-7E) were activated to a greater degree
than the non-phosphorylated enzyme (GC-B-7A).

Discussion

Characterization of the missense mutant revealed several important
changes in GC-B that occurred as a result of this single amino acid sub-
stitution. First, basal maximal velocity was dramatically increased. Sec-
ond, the CNP-dependent reduction in Km was rendered independent of
ATP, and thirdly, the normal desensitization process was inactivated.
Another worthy point of discussion is that the V883M-GC-B mutant is
the first example of a GC where ligand binding reduces the Km without
increasing maximal velocity. Thus, the kinetic analysis of this mutant
allowed the separation of the maximal velocity increasing effects of li-
gand binding from the Km reducing effects of ligand binding for the
first time. This mutant enzyme also provides unequivocal support for
the new GC-B activation model where CNP binding increases activity
by reducing the Km as well as increasing maximal velocity [6].

Early studies indicated that product formation by membrane GCs in
the presence of detergent is positive cooperative [39,40]. We found that
GC-B is positive cooperative under basal conditions as well as when
assayed in the presence of Mn?*GTP and Triton X-100. However, the
single V833M mutation converts the enzyme from positive cooperative
to slightly negative cooperative when assayed under both physiologic
and detergent-activated conditions. Interestingly, CNP increased the
degree of negative cooperativity of V883M-GC-B in a concentration-
dependent manner.
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Fig. 5. The GC-B-V883M mutation activates a dephosphorylated version of GC-B. The
V883M mutation was introduced into WT-GC-B, constitutively phosphorylated (7E)
or constitutively dephosphorylated (7A) forms of GC-B. 293 cells were transiently
transfected with plasmids expressing the indicated GC-B constructs. GC assays were
performed for 3 min in the presence of 0.1 mM GTP, 1 mM ATP and 5 mM Mg?*Cl,
with or without 1 M CNP. Each value represents 6 determinations. The bars within
the symbols indicate SEM. The values above the brackets indicate the fold-difference
above basal values.
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The reduction in Km and increase in negative cooperativity appear CNP alone markedly decreased the Km of GC-B-V883M, a phenomenon
paradoxical. We hypothesize that the V883M mutant locks the enzyme  that requires ATP with the WT enzyme. Since cooperativity is
into a conformation that mimics an ATP bound state, This hypothesis is maintained, this suggests that the mutation does not destroy the ability
supported by low or no cooperativity under basal conditions and the in- of GTP to bind to the allosteric site but rather modifies how GTP binding
ability of ATP to change the activity of the mutant enzyme. In addition, to the allosteric site affects the catalytic site. However, an alternative
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Fig. 6. Activation models for wild type and mutant GC-B. The models are described in detail under the Discussion section. The blue spheres indicate known phosphorylation sites in
the kinase homology domain of GC-B. The white 883M indicates that the Val to Met mutation is in the catalytic domain. The abbreviations are: CNP, C-type natriuretic peptide; Km,

Michaelis constant; ny, Hill coefficient; and Vmax, maximal velocity.
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explanation is that the reduction in the Hill coefficient results from in-
creased inhibition resulting from GTP binding to a site independent of
the allosteric site. This third GTP binding site would explain the appear-
ance of negative cooperativity while also allowing for the Km reduction
resulting from the previously identified allosteric site. It is also possible
that the V883M mutation could increase the affinity of GC-B for the
products of the reaction (pyrophosphate and cGMP), which would re-
sult in reduced GC activity and apparent negative cooperativity. Impor-
tantly, since the V883M mutation did not affect Vmax when measured
in the presence of detergent and manganese, it suggests that the
mutation modifies the conformation of the active site under physiologic
conditions and does not directly interact with the substrate.

Near linear ¢cGMP production with time by HA-V883M-GC-B
assayed both in the presence and absence of CNP indicated that
HA-V883M-GC-B is resistant to desensitization. Experiments with al-
anine and glutamate substituted receptors indicated that unlike CNP ac-
tivation of WT-GC-B, the increased activity observed with the V883M
mutation does not require phosphorylation of the kinase homology do-
main, although activation was greater with the phosphorylated and
phosphomimetic enzymes. The lack of dependence on phosphorylation
for activity of the mutant enzyme may contribute to its resistance to
desensitization.

Itis surprising how much the single amino acid substitution changes
the regulation of GC-B (Fig. 6). In the absence of CNP and ATP, maximal
velocity of WT-GC-B was low, affinity for substrate was low (high Km),
and cooperative was significant and positive. In contrast, under the
same conditions, maximal velocity of V883M-GC-B was high, affinity
for substrate was low, and cooperativity was low and negative. Addition
of ATP in the absence of CNP abolished positive cooperativity of the WT
enzyme due to ATP replacing GTP at the allosteric site [6], but had no
effect on the mutant enzyme under identical conditions. CNP alone in-
creased maximal velocity of the WT enzyme, but it did not decrease
the Km in the absence of ATP. In contrast, CNP alone failed to increase
maximal velocity of the mutant enzyme but decreased the Km
ten-fold in the absence of ATP. Finally, CNP reduced the cooperativity
of both enzymes, but the WT enzyme went from positive to no
cooperativity, whereas the mutant went from slightly negative cooper-
ative to very negative cooperative.

In conclusion, we established a molecular mechanism for how a single
amino acid substitution in GC-B activates the enzyme, which results in
abnormally long and fragile human bones. It will be interesting to deter-
mine the prevalence of this mutation in humans and other species.
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Identification of AP257 Mutation and Effects of Low
Calcium Formula in an Infant With Hypercalcemia
and Hypercalciuria
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Context: Although AP257 has recently been shown to be a causative gene for familial hypocalciuric
hypercalcemia type 3 (FHH3), knowledge about FHH3 remains poor.

Objective: Our objective was to report AP2S7 mutation and effects of low calcium formula in a
patient with hypercalcemia and hypercalciuria.

Patient: This Japanese female infant was found to have hypercalcemia by a routine laboratory
test for poor weight gain on breast feeding. At 49 days of age, serum calcium (adjusted by
Payne’s formula) was 13.1 mg/dL, intact PTH 27 pg/mL, and urinary calcium-to-creatinine ratio
1.29 mg/mg. There was no evidence for hyperparathyroidism, PTHrP-producing neoplasm, and
vitamin D excess. These data, except for hypercalciuria, appeared to be consistent with defec-
tive calcium-sensing receptor-mediated signaling. With use of low calcium formula containing
2.6 mg/dL of calcium, she showed catch-up growth, and serum calcium was decreased, as was
urinary calcium-to-creatinine ratio. Furthermore, feeding with a mixture of low calcium for-
mula and standard formula with a 2:1 ratio maintained serum calcium ~12 mg/dL without
markedly increasing serum PTH.

Results: Although no pathologic mutation was detected in CASR or GNAT1, a presumably de novo
heterozygous mutation (p.Arg15Leu), a previously reported causative mutation for FHH3, was
identified in AP2S7 of this patient.

Conclusions: The results imply that lack of hypocalciuria does not necessarily argue against the
presence of AP2S7 mutations. The early infantile age of this patient would have played a certain
role in the occurrence of hypercalciuria, and low calcium formula is worth attempting in infants
with FHH. (J Clin Endocrinol Metab 98: E2022-E2027, 2013)

amilial hypocalciuric hypercalcemia (FHH) is an au-
F tosomal-dominant disorder characterized by persis-
tently increased serum calcium values and inappropriately
low urinary calcium excretion, together with nonsup-
pressed serum PTH values (1). The term FHH is also con-
ventionally applied to sporadic cases. FHH is classified
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into three types on the basis of chromosomal locations
(3g21.1, 19p13.3, and 19q13.3) (2-5), and subsequent
studies have shown that 1) FHH1 is caused by heterozy-
gous loss-of-function mutations of CASR encoding calci-
um-sensing receptor (CASR) that belongs to the G protein-
coupled receptor (GPCR) superfamily (6, 7); 2) FHH3

Abbreviations: AP2¢2, adaptor-related protein complex 2, sigma subunit; [Ca?*],, extra-
cellular calcium concentration; CASR, calcium-sensing receptor; FHH, familial hypocalciuric
hypercalcemia; Ga11, G-protein subunit a,4; GPCR, G protein-coupled receptor; SNP,
single-nucleotide polymorphism.

doi: 10.1210/jc.2013-2571
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results from heterozygous mutations of AP2S1 encoding
adaptor-related protein complex 2, sigma subunit
(AP202) (8); and 3) FHH2 is due to heterozygous loss-of-
function mutations of GNA11 encoding G-protein sub-
unit a7 (Gall) (9). CASR, AP251, and GNA11 muta-
tions have been identified in ~65% of FHH patients,
>20% of CASR mutation-negative FHH patients, and
>10% of CASR and AP2S1 mutation-negative FHH pa-
tients, respectively (1, 8, 9). CASR exists primarily on
parathyroid chief cells and renal tubular cells and plays an
essential role in calcium homeostasis, and Gall and
AP202 are involved in CASR-signaling (8, 9). Thus, FHH
would primarily be ascribed to defective CASR-signal
transduction in response to extracellular calcium concen-
tration ([Ca**],).

For FHH3, it is notable that AP2S1 mutations identi-
fied to date invariably affect the Argl5S residue
(p.Argl15Cys, p.Argl5Leu, and p.Arg15His) (8). In this
regard, calcium binding to CASR results in G protein-
dependent stimulation, followed by CASR/B-arrestin/AP2
complex formation that is essential for clathrin-mediated
endocytosis as well as for activation of G protein-inde-
pendent pathways (8). Because the Argl5 residue of
AP202, a component of AP2, forms key contact with a
dileucine motif of CASR, this would primarily explain
why the Argl$5 residue represents the mutation hot spot
(8). Furthermore, functional studies using mutant AP202
protein and CASR-expressing HEK293 cells have revealed
1) significantly higher ECs, values in the intracellular cal-
cium concentration responses to changes in [Ca®*],,
which is indicative of decreased sensitivity to [Ca**],; and
2) significantly increased cell-surface localization of CASR
after calcium stimulation, which is consistent with reduced
CASR endocytosis (8). Because endocytosis plays a critical
role in receptor recycling (ie, desensitization and resensitiza-
tion) {10), defective endocytosis may be relevant to impaired
sensitivity of CASR-expressing cells to [Ca**]..

To our knowledge, however, AP2S1 mutations have
been identified only in a few patients with FHH, and
knowledge about FHH3 remains poor. Here, we report a
heterozygous AP2S1 mutation in a patient with hypercal-
cemia accompanied by hypercalciuria rather than hy-
pocalciuria at the initial examination and discuss urine
calcium excretion and clinical effects of low calcium
formula.

Case Report

This Japanese female infant was born at 38 weeks of ges-
tation after an uncomplicated pregnancy and delivery.

docrine.org by [${individualUser.
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Her birth lengthwas48.0 cm (+0SD), her birth weight 2.7
kg (—0.6 SD), and her head circumference 33 cm (=0 SD).

At 41 days of age, she was seen at a local hospital due
to poor sucking, constipation, and poor weight gain and
was referred to us at 49 days of age because of hypercal-
cemia that was identified by a routine laboratory test. She
was fed with breast milk with an average calcium concen-
tration of ~25 mg/dL. Physical examination showed a
somewhat feeble infant with no dysmorphic features. Her
length was 50.9 cm (—2.1 SD), and her weight 3.7 kg
(—2.0 SD). Biochemical data are summarized in Table 1
(because of low serum albumin, serum calcium values
were adjusted by the Payne’s formula: adjusted calcium
[mg/dL] = calcium [mg/dL] ~ albumin [g/dL] + 4.0,
which has been derived from the regression equation of
calcium on albumin) (11). Bone survey was apparently
normal, with no signs of osteolysis, osteopenia, or osteo-
sclerosis (Supplemental Figure 1, published on The Endo-
crine Society’s Journals Online web site at Error! Hyper-
link reference not valid.). Ultrasound studies revealed no
nephrocalcinosis. Chest and abdominal computed tomog-
raphy showed no tumor-like mass lesion. Scintigraphy
with 99mTc-methoxyisobutylisonitrile delineated four
parathyroid glands with a similar intensity. Thus, she was
found to have hypercalcemia, hypercalciuria, and inap-
propriately normal PTH value, as well as hypophos-
phatemia, high alkaline phosphatase, low 25-(OH)-vita-
min D, and hypermagnesemia.

Her clinical course is summarized in Figure 1A. Intra-
venous infusion was immediately started with 0.9% saline
solution. In addition, because her breast milk intake as-
sessed by weight change before and after feeding was in-
sufficient (~100 mL/kg/d), standard formula with a cal-
cium concentration of 50 mg/dL was added from 50 days
of age and, subsequently, she was fed by standard formula
alone from 59 days of age because of gradual decrease in
breast milk production. She was also treated with pred-
nisolone and elcatonin (calcitonin derivative), together
with drip infusion. Despite such treatments, her serum
calcium remained high, and she manifested hypercalcemic
symptoms such as insufficient sucking (daily formula in-
take, ~100 mL/kg/d) and constipation. Her growth re-
mained compromised after admission, with a weight of
4.2 kg (—2.5 SD) at 72 days of age.

Thus, low calcium formula with a calcium concentra-
tion of 2.6 mg/dL was started at 72 days of age. Conse-
quently, the adjusted serum calcium value gradually de-
creased to 11-12 mg/dl, and urinary calcium-to-
creatinine ratio also decreased to a low to low-normallevel
(<0.1). Furthermore, her clinical condition improved
promptly with sufficient daily formula intake (~160 mL/
kg/d), and drip infusion was discontinued. However, this

11 on 09 March 2014. at 22:55 For personal use only. No other uses without permission. . All rights reserved.



E2024 Fujisawa et al AP2ST Mutation

J Clin Endocrinol Metab, December 2013, 98(12):E2022-E2027

Table 1. Summary of Biochemical Data
Patient
Father, Mother,

Age 49 d 175 d Normal Range 33y 34y Normal Range

Serum
Calcium (corrected), mg/dL 13.1 11.9 (9.0-11.0) 9.2 9.2 (8.8-10.2)
Inorganic phosphate, mg/dL 3.5 4.9 (4.8-7.5) 3.5 4.1 (2.5-4.5)
Alkaline phosphatase, miU/mL 2226 1512 (500-1600) N.E. N.E.

Intact PTH, pg/dL 27 97 (10-65) 25 50 (14-55)
PTHrP, pmol/L <1.1 N.E. (<1.1) N.E. N.E.
25-(0OH)-vitamin D, ng/mL 14 24 (7-40) N.E. N.E.
1,25-(0OH),-vitamin D, pg/mL 99 N.E. (15-90) N.E. N.E.
Calcitonin, pg/mL 59 N.E. (15~-86) N.E. N.E.
Magnesium, mg/dL 2.4 2.9 (1.8-2.2) N.E. N.E.

Urine N.E. N.E.
Calcium/creatinine, mg/mg 1.29 0.10 (0.03-0.86)° 0.03 0.05 (<0.25)
Fractional excretion of calcium, % 2.5 0.12 (<2)° N.E. N.E.

Tubular reabsorption of phosphate, % >99 93 (78-97) N.E. N.E.

Abbreviation: N.E., not examined.

Calcium intake of this patient is ~25 mg/kg/d at 49 d of age and 30 mg/kg/d at 175 d of age.

The values in the parentheses indicate age-matched normal range.

2 The upper value (0.86) is the 95%ile level in infants aged <7 months (13).

5 The value below 1% is the hallmark of FHH in adults (1).

Conversion factor to the Sl unit: 0.25 for calcium (mmol/L), 0.32 for inorganic phosphate (mmol/L), 1.0 for alkaline phosphatase (IU/L), 0.106 for
intact PTH (pmol/L), 2.50 for 25-(OH)-vitamin D (nmol/L), 2.40 for 1,25-(OH),-vitamin D (pmol/L), 1.0 for calcitonin (ng/L), and 0.41 for magnesium

(mmol/L).

treatment resulted in markedly high serum PTH and al-
kaline phosphatase values, although skeletal findings re-
mained apparently unremarkable at 132 days of age (Sup-
plemental Figure 1). Thus, we modified the amount of oral
calcium intake by mixing the low calcium formula and the
standard formula. Consequently, feeding with a mixture
of low calcium formula and standard formula with a 2:1
ratio containing ~18 mg/dL of calcium (the amount of
oral calcium intake: ~30 mg/kg/d by taking ~160 mL/
kg/d of formula) maintained the adjusted serum calcium
value ~12 mg/dL, while avoiding a markedly high serum
PTH value. On the last examination at 175 days of age, she
showed catch-up growth with a length of 62.0 cm (—1.8
SD), a weight of 5.8 kg (—1.9 SD), and a head circumfer-
ence of 42.2 cm (%0 SD), and biochemical data were re-
stored toward normal (Table 1).

The nonconsanguineous parents were healthy, with
normal biochemical data (Table 1). The elder sister was
also clinically normal.

Mutation analysis

Because the clinical data, except for the initial hyper-
calciuria, were grossly consistent with defective CASR-
mediated signaling (1, 8, 9), we examined all the coding
exons and their flanking splice sites of CASR, AP2S1, and
GNA11, using leukocyte genomic DNA samples. The

The Endocrine Society. Downloaded from press. ine.org by [${individualUser.

primers used were as reported previously (8, 9, 12). This
study was approved by Institutional Review Board
Committee at Hamamatsu University School of Medi-
cine and was performed after obtaining written in-
formed consent.

Sequencing analysis identified a heterozygous missense
mutation (¢.44G>T, p.Argl5Leu) at exon 2 of AP2S1 in
this patient (Figure 1B). This mutation was absent from
the parents and the elder sister, and restriction enzyme
analysis and wild-type and mutant allele-specific amplifi-
cation for the AP2S1 mutation revealed no trace of mo-
saicism in the parents (Supplemental Figure 2). By con-
trast, no pathologic mutation was detected in CASR or
GNA11. Furthermore, several single-nucleotide polymor-
phisms (SNPs) were identified, including CASR
p-Arg990Gly (rs1042636) that was present in a heterozy-
gous condition in the patient and the parents (Supplemen-
tal Table 1). The results of microsatellite genotyping were
consistent with paternity and maternity of the parents
(Supplemental Table 2).

Discussion

We identified p.Argl5Leu mutation of AP2S1 in this in-
fant. Because the p.Argl5Leu has been demonstrated asa
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Figure 1. Clinical and molecular findings of this patient. Panel A, Clinical course of this patient. The data before admission have been measured
at the previous local hospital. The gray areas indicate age-matched normal ranges. A: Breast milk, calcium intake ~25 mg/kg/d (calcium
concentration, ~25 mg/dL; sucking volume, ~100 ml/kg/d). B: Breast milk plus standard formula (~1:1), calcium intake ~40 mg/kg/d (calcium
concentration, ~40 mg/dL; sucking volume, ~100 mU/kg/d). C: Standard formula, calcium intake ~50 mg/kg/d (calcium concentration, 50 mg/dL;
sucking volume, ~100 ml/kg/d). D: Low calcium formula, calcium intake ~4.2 mg/kg/d (calcium concentration, 2.6 mg/dL; sucking volume, ~160
ml/kg/d). E: Low calcium formula: standard formula = 1:1, calcium intake ~42 mg/kg/d (calcium concentration, 26.3 mg/dL; sucking volume,
~160 ml/kg/d). F: Low calcium formula: standard formula = 2:1, calcium intake ~29 mg/kg/d (calcium concentration, 18.4 mg/dL; sucking
volume, ~160 ml/kg/d). Panel B, Electrochromatograms showing a heterozygous missense mutation of AP2S7 (c.G44T, p.Arg15Leu) in this
patient (indicated with asterisks). In addition to direct sequencing, sequencing has also been performed for normal and mutant alleles in this

patient, after subcloning with TOPO TA Cloning Kit (Life Technologies).

causative mutation for FHH3 (8), this patient would also
be diagnosed as having FHH3 in terms of the responsible
gene. In addition, while parental somatic mutation involv-
ing germline but not leukocytes would remain possible,
molecular data of this family argue for a de novo occur-
rence of this mutation.

Notably, this infant lacked hypocalciuria characteristic
of FHH at the initial examination. This may primarily be
ascribed to the early infantile age of this patient, because
urine calcium excretion is high in (early) infancy and de-
creases with age (13, 14). Indeed, urine calcium excretion
was higher in the initial period when the patient took ~25
mg/kg/d of calcium through breast feeding than in the
recent period when she took ~30 mg/kg/d of calcium

1User.disp
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through formula feeding. However, apparent hypocalci-
uria has been described in a neonate with the same
heterozygous p.Argl5Leu mutation and hypercalcemia
(8), and apparent hypercalciuria has been reported in a
neonate with a heterozygous inactivating mutation of
CASR and hypercalcemia (15). Thus, infantile hypercal-
ciuria would not be characteristic of FHH3 and may occur
in a substantial fraction of FHH patients in the presence of
hypercalcemia of a certain degree. In addition, hypercal-
ciuria has exceptionally been documented in a few adult
FHH patients of unknown type (16). In this regard, bio-
chemical data of this patient may suggest the presence of
mild vitamin D deficiency, although there was no discern-
ible abnormality of radiological findings. Furthermore,
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this patient had a heterozygous CASR p.Arg990Gly SNP
with a gain-of-function effect (17) that may constitute a
susceptibility factor for hypercalciuric hypocalcemia,
although the parents heterozygous for this SNP had no
abnormal findings. There would also be various hidden
factors related to calcium homeostasis. Such diversity in
multiple genetic and environmental factors, together
with the effects of pathologic mutations, would be rel-
evant to the variation in calcium-related biochemical
data including urine calcium excretion among FHH
patients.

Low calcium formula was given to this infant. This
management not only reduced serum calcium value, but
also ameliorated hypercalcemia-related clinical symp-
toms such as poor sucking, thereby permitting catch-up
growth. Furthermore, although this management re-
sulted in markedly increased PTH and alkaline phos-
phatase values, modification of the oral calcium intake
mitigated such biochemical data without reoccurrence
of clinical symptoms. Thus, low calcium formula with
an appropriate mixture of standard formula is recom-
mended as a therapeutic option in infantile patients
with FHH.

Several findings would also be worth pointing out in
this patient. First, aberrant calcium homeostasis was the
sole discernible clinical phenotype in this patient, despite
AP202 being involved in signal transductions via multiple
GPCRs other than CASR (8). This would provide further
support for the notion that AP262 plays a specific role in
CASR-signaling (8). Second, although adjusted serum cal-
cium value of ~12 mg/dL served to ameliorate clinical
symptoms and biochemical values, serum PTH remained
above the normal range. Such high serum PTH, although
it is apparently uncommon in FHH1 and FHH2, may not
be uncommon in FHH3 (especially in aged patients) (1, 9,
18), whereas hypocalciuria is shared by FHH1-3 (1, 8, 9).
Thus, AP202 might have distinctive effects on parathyroid
function, although such a possible tissue-specific effect
awaits further investigations. Third, hypermagnesemia
was identified. Because hypermagnesemia is also identi-
fied in FHH1 and FHH2 (1, 9), this would be consistent
with a positive role of CASR-signal transduction in mag-
nesium homeostasis (19).

In summary, the results imply that lack of hypocal-
ciuria does not necessarily argue against the impaired
CASR-signal transduction, especially in infancy, and
that low calcium formula is worth attempting in infants
with FHH.
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Abstract It has been suggested that interleukin-6 (IL-6)
plays a key role in the pathogenesis of theumatoid arthritis
(RA), including osteoporosis not only in inflamed joints but
also in the whole body. However, previous in vitro studies
regarding the effects of IL-6 on osteoblast differentiation
are inconsistent. The aim of this study was to examine the
effects and signal transduction of IL-6 on osteoblast dif-
ferentiation in MC3T3-El cells and primary murine cal-
varial osteoblasts. IL-6 and its soluble receptor
significantly reduced alkaline phosphatase (ALP) activity,
the expression of osteoblastic genes (Runx2, osterix, and
osteocalcin), and mineralization in a dose-dependent
manner, which indicates negative effects of IL-6 on
osteoblast differentiation. Signal transduction studies
demonstrated that IL-6 activated not only two major sig-
naling pathways, SHP2/MEK/ERK and JAK/STAT3, but
also the SHP2/PI3K/Akt2 signaling pathway. The negative
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effect of IL-6 on osteoblast differentiation was restored by
inhibition of MEK as well as PI3K, while it was enhanced
by inhibition of STAT3. Knockdown of MEK2 and Akt2
transfected with siRNA enhanced ALP activity and gene
expression of Runx2. These results indicate that IL-6
negatively regulates osteoblast differentiation through
SHP2/MEK2/ERK and SHP2/PI3K/Akt2 pathways, while
affecting it positively through JAK/STATS3. Inhibition of
MEK?2 and Akt2 signaling in osteoblasts might be of
potential use in the treatment of osteoporosis in RA.

Keywords Interleukin-6- Osteoblastdifferentiation -
MEK?2 - Akt2 - Signaling pathway

Introduction

Inflammation-mediated bone loss is a major feature of
various bone diseases, including rheumatoid arthritis (RA).
Interleukin-6 (IL-6) contributes to the development of
arthritis and is present at high concentrations in the serum
and synovial fluid of patients with RA [1-4]. Soluble IL-6
receptor (sIL-6R) is also elevated in the serum and synovial
fluid of RA patients [5, 6], and IL-6 exerts its action by
binding either to its membrane-bound receptor (mIL-6R) or
to sIL-6R. Moreover, IL-6 is closely associated with the
expression of receptor activator of NF-xB ligand (RANKL)
in osteoblasts [7]. That is to say, IL-6 acts indirectly on
osteoclastogenesis by stimulating the release of RANKL by
cells within bone tissues such as osteoblasts [8]. It can
unquestionably be said that IL-6 plays a major role in the
pathogenesis of RA [9-12], including osteoporosis not only
in inflamed joints but also in the whole body.

There have been several studies on the effect of IL-6 on
bone turnover in animal models. In IL-6 knock-out mice,
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microstructure abnormalities in cortical bones and delayed
fracture healing were observed [13, 14], in spite of the
evident normal phenotype [15]. Also, bone loss after
estrogen depletion was mitigated in IL-6-deficient mice,
while a high level of IL-6 and bone loss are seen in wild-
type mice [13]. Moreover, IL-6-overexpressed-transgenic
mice develop osteopenia and defective ossification, in
which the activity of mature osteoblasts is significantly
decreased [16]. All these findings, together with studies on
human RA patients [17, 18], indicate that IL.-6 plays a
major role in bone turnover and is an important regulator of
bone homeostasis.

Recently, several biological agents have been intro-
duced for the treatment of RA and have demonstrated not
only potent anti-inflammatory effects but also inhibitory
effects on joint destruction. Among these biological agents,
tocilizaumab, an anti-IL-6 receptor antibody, has been
reported to increase serum bone formation markers in RA
patients [19], suggesting that IL-6 has a negative effect on
osteoblast differentiation. However, previous reports
regarding the effects of IL-6 on osteoblast differentiation
in vitro have been inconsistent [20]. IL-6 has been shown
to decrease the expression of differentiation markers in
osteoblasts [21, 22] and to inhibit bone formation [23],
while it has been shown to induce osteoblast differentiation
[24, 25].

Binding of IL.-6 with sIL-6R or mIL.-6R leads to sub-
sequent homodimerization of the signal-transducing mol-
ecule gpl130, followed by activation of two major
intracellular signaling pathways, Janus protein tyrosine
kinase (JAK)/signal transducer and activator of transcrip-
tion factors (STAT) 3, or Src-homology domain 2 con-
taining protein-tyrosine phosphatase (SHP2)/mitogen-
activated protein kinase-extracellular signal-regulated
kinase kinase (MEK)/mitogen-activated protein kinase
(MAPK), also called extracellular signal-regulated kinase
(ERK) [26]. There have been many reports in which the
effects of IL-6 on JAK/STAT3 and SHP2/ERK signal
transduction pathways have been studied in osteoblasts,
though it is still controversial whether differentiation is
enhanced by IL-6 [9, 20]. SHP2 can also form a tertiary
complex with the scaffolding proteins Gab1/2 and the p&5
subunit of phosphatidylinositol-3-kinase (PI3K) [27],
which leads to activation of the Akt pathway. Several
papers have so far reported that the PI3K/Akt pathway
triggered by IL-6 plays important roles in various cells
[28-32], but no reports have been published regarding the
effect of IL-6 on this pathway in osteoblasts.

The purpose of this study was to clarify the effect of
IL-6 on osteoblast differentiation in vitro, with consider-
ation of intracellular signaling pathways in murine
MC3T3-E1 osteoblastic cells and primary murine calvarial
osteoblasts.
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Materials and methods
Ethics statement

Prior to the study, all experimental protocols were
approved by the Ethics Review Committee for Animal
Experimentation of Osaka University School of Medicine.

Cell culture

MC3T3-E1 osteoblastic cells were purchased from Riken
Cell Bank (Tsukuba, Japan). MC3T3-E1 cells were cul-
tured in o-minimum essential medium (¢-MEM) contain-
ing 10 % fetal bovine serum (FBS; Equitech-Bio,
Kerrville, TX, USA) and 1 % penicillin and streptomycin
at 37 °C in a humidified atmosphere of 5 % CO,. All
media were purchased from Life Technologies Japan
(Tokyo, Japan). Murine primary ostecblasts were isolated
from the calvariae of 3-day-old C57BL/6 mice (Charles
River Laboratories Japan, Inc, Osaka, Japan) by sequential
collagenase digestion as described previously [33].

MC3T3-El cells and murine calvarial osteoblasts were
seeded at 1 x 10° cells per well in 12-well plates. After the
cells reached confluence, the medium was replaced to
induce osteoblast differentiation. The differentiation med-
ium contained 10 % FBS, 10 mM B-glycerophosphate, and
50 pg/ml ascorbic acid in the absence or presence of
recombinant mouse (rm) IL-6 (R&D Systems, Inc., Min-
neapolis, MN, USA) (10, 50 ng/mL), and rm sIL-6R (R&D
Systems) (100 ng/mL). The medium and reagents were
renewed every 3 days.

To study signal transduction, the following inhibitors or
vehicle (DMSO) (Sigma-Aldrich, St.Louis, MO, USA)
were added to culture medium at several concentrations;
MEK inhibitor (U0126; 1, 2.5, 5 uM; Cell Signaling
Technology, Danvers, MA, USA), STAT3 inhibitor (V
Stattic; 2.5, 5 pM; Calbiochem, La Jolla, CA, USA), PI3K
inhibitor (LY294002; 1, 2.5, 5 uM; Cell Signaling Tech-
nology), and SHP2 iphibitor (PHPS1; 5, 20, 40 pM;
Sigma-Aldrich). These inhibitors were added 1 h before,
treatment with IL-6/sIL-6R. All inhibitors were maintained
until the end of the culture period at the indicated
concentrations.

Alkaline phosphatase (ALP) staining and activity

MC3T3-E1 cells and murine calvarial osteoblasts were
treated with or without IL-6/sIL-6R and signal pathway
inhibitors after the cells reached confluence and were
incubated for 6 days.

For ALP staining, after fixation with 10 % formalin,
cells were washed twice with phosphate-buffered saline
(PBS) (pH 7.4) and incubated with ALP substrate solution,
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0.1 mg/mi naphthol AS-MX (Sigma-Aldrich), and 0.6 mg/
ml fast violet B salt (Sigma-Aldrich) in 0.1 M Tris—-HCl
(pH 8.5) for 20 min.

To measure ALP activity, cells were washed twice with
PBS and lysed in Mammalian Protein Extraction Reagent
(Pierce, Rockford, IL, USA) according to the manufac-
turer’s protocol. ALP activity was assayed using p-nitro-
phenylphosphate as a substrate by an Alkaline Phosphatase
Test Wako (Wako Pure Chemicals Industries, Ltd., Osaka,
Japan), and the protein content was measured using the
Bicinchoninic Acid Protein Assay Kit (Pierce).

Proliferation assay

MC3T3-EI cells were cultured in 96-well plates at a con-
centration of 2.0 x 10* cells/cm? in o-MEM containing
10 % FBS. Cells were incubated for 1 day, after which the
medium was treated with IL-6/sIL-6R for 3 days. Cell
proliferation was assessed using the Premix WST-1 Cell
Proliferation Assay System (Takara Bio, Inc., Otsu, Japan)
according to the manufacturer’ s instructions. We per-
formed this assay every 24 h.

Alizarin red staining

After fixation with 10 % formalin, MC3T3-E1 cells and
murine calvarial osteoblasts were washed with distilled
water, and stained with alizarin red S solution (Sigma-
Aldrich) (pH 6.0) for 10 min, followed by incubation in
100 mM cetylpyridinium chloride for 1 h at room temper-
ature to dissolve and release calcium-bound alizarin red. The
absorbance of the released alizarin red was then measured at
570 nm [34]. To measure the value of absorbance for alizarin
red, the absorbance data were normalized by total DNA
content. Total DNA was extracted using a DNeasy Blood &
Tissue Kit (Qiagen, Diisseldorf, Germany).

Knockdown of MEK1, MEK?2, Aktl and Akt2 using
RNA interference

MC3T3-El1 cells were transfected with small interfering
RNAs (siRNA) using Lipofectamine RNAIMAX (Life
Technologies Japan) according to the reverse transfection
method in the manufacturer’s protocol.

The siRNAs for MEK2, Aktl and Akt2 and that for
MEK1 were purchased from Cell Signaling Technology
and Qiagen, respectively, with negative controls for each
molecule. MC3T3-E1 cells transfected with siRNA were
seeded in 24-well plates at a concentration of 1.0 x 10*
cells/cm? for 48 h. The medium was then replaced with
differentiation medium with vehicle or with 20 ng/m! IL-6
and 100 ng/ml sIL-6R and the cells were incubated for
3 days prior to use for further experiments.

Western blotting

Cells cultured in 6-well plates for 2 days were washed
twice with PBS and then homogenized with 100 pl of
Kaplan buffer (150 mM NaCl, 50 mM Tris-HCL pH 7.4,
1 % NP40, 10 % glycerol, and 1 tablet per 50 ml buffer of
protease inhibitor cocktail and phosphatase inhibitor
cocktail). The lysates were centrifuged at 13,000 rpm for
20 min at 4 °C, and the supernatants were used for elec-
trophoresis after a protein assay using bovine serum albu-
min as standard. Western blotting was performed by use of
the following antibodies purchased from Cell Signaling
Technology, except for phosphate anti-Akt2 antibody from
Enogene Biotech (New York, NY, USA): phosphate anti-
STAT3 (Tyr705) (1:2000) and anti-STAT3 (1:1000);
phosphate anti-Akt (Ser473) (1:2000), phosphate anti-Akt2
(Serd74) (1:1000), anti-Aktl, anti-Akt2, and anti-Akt
(1:1000); phosphate anti-ERK (Thr202/Tyr204) (1:2000),
anti-MEK1, anti-MEK2 and anti-ERK (1:1000); and
phosphate anti-SHP2 (Tyr542) (1:1000). To control for
protein loading, blots were additionally stained with anti-§
actin antibody (1:1000).

Reverse transcription polymerase chain reaction (RT—
PCR)

Total RNA was extracted from cells with an RNeasy Mini
Kit (Qiagen), and first-strand cDNA was synthesized using
SuperScript II RNase H-reverse transcriptase (Life Tech-
nologies Japan). Then PCR was performed using Ex Taq
(Takara Bio) and the following primers:

Osteocalcin (forward primer 5'-CTCACTCTGCTGGCC
CTG-3'; reverse primer 5-CCGTAGATGCGTTTG-
TAGGC-3);

Osterix (forward primer 5'-AGGCACAAAGAAGCCA-
TAC-3'; reverse primer 5'-AATGAGTGAGGGAAGGG
T-3";

Runx2 (forward primer 5'-GCTTGATGACTCTAAACC
TA-3'; reverse primer 5-AAAAAGGGCCCAGTTCT-
GAA-3");

GAPDH (forward primer 5-TGAACGGGAAGCTCAC
TGG-3'; reverse primer 5'-TCCACCACCCTGTTGCTG
TA-3).

Quantitative real-time PCR analysis

We obtained cDNA by reverse transcription as mentioned
above, and proceeded with real-time PCR using a Light
Cycler system (Roche Applied Science, Basel, Switzer-
land). The SYBR Green assay using a Quantitect SYBR
Green PCR Kit (Qiagen), in which each cDNA sample was
evaluated in triplicate 20-pl reactions, was used for all
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target transcripts. Expression values were normalized to
GAPDH.

Statistical analysis

The results are expressed as the mean = standard error
(SE). Between-group differences were assessed using the
ANOVA test. A probability value of <0.05 was considered
to indicate statistical significance.

Results

IL-6/sIL-6R does not affect proliferation,
but significantly reduces ALP activity and expression
of osteoblastic genes in MC3T3-E1 cells

We first measured the proliferation of MC3T3-E1 cells
with IL-6. Cell proliferation did not show significant dif-
ference in any culture condition (Fig. 1a).

To investigate the influence of IL-6 treatment on
osteoblast differentiation, we examined ALP activity in
MC3T3-E1 cells. As shown in Fig. 1b and c, IL-6/sIL-6R
significantly reduced ALP activity in a dose-dependent
manner. The single addition of sIL-6R did not show a
significant difference as compared to the negative control
with vehicle. As shown in Fig. 1d and e, gene expression of
Runx2, osterix and osteocalcin was significantly down-
regulated by IL-6/sIL-6R in a dose-dependent manner.
Again, the single addition of sIL-6R did not show signifi-
cant difference as compared to the negative control with
vehicle.

IL-6/sIL-6R significantly inhibits mineralization
of extracellular matrix (ECM) in MC3T3-E1 cells

As shown in Fig. 2a, IL-6/sIL-6R significantly inhibited
the mineralized area in a dose-dependent manner. The
single addition of sIL-6R did not show a significant dif-
ference as compared to the negative control with vehicle
(Fig. 2a). Quantitative analysis of mineralization by mea-
suring the absorbance of alizarin red revealed a significant
decrease by IL-6/sIL-6R in a dose-dependent manner

(Fig. 2b).

IL-6/sIL-6R activates ERK, STAT3 and Akt2 signal
transduction pathways in MC3T3-E1 cells

When MC3T3-E1 cells were incubated in the presence of
IL-6/sIL-6R, phosphorylation of ERK, STAT3 and Akt
was clearly observed at 15 min, and their activation
became weaker at 30 min. When only sIL-6R was added,
there was no apparent activation of ERK, STAT3, or Akt as

| Springer

compared to the negative control (Fig. 3a). As for Akt, the
phosphorylation by IL-6/sIL-6R was recognized more
strikingly as early as 5 min in a dose-dependent manner,
both for whole and for Akt2 only, one of its three isoforms
(Fig. 3b).

IL-6-induced activation of ERK is enhanced

by blocking the STAT3 signaling pathway, and IL-6-
induced ERK and Akt signaling pathways negatively
regulate each other reciprocally

The SHP2 inhibitor PHPS1 [35] inhibited IL-6-induced
phosphorylation of ERK and Akt to the constitutive level,
but did not inhibit STAT3 (Fig. 4a and Supplementary
Fig. Sla), suggesting that the downstream pathways of
SHP2 are ERK and Akt, not STAT3. The STAT3 inhib-
itor V Stattic inhibited the phosphorylation of STAT3 but
enhanced ERK significantly (Fig. 4a and Supplementary
Fig. Sla), suggesting that STAT3 could negatively regu-
late ERK, which is consistent with previous reports [36].
The MEK/ERK inhibitor U0126 completely inhibited
both constitutive and IL-6-induced phosphorylation of
ERK but enhanced those of Akt. Moreover, the PI3K/Akt
inhibitor 1. Y294002 completely inhibited both constitutive
and IL-6-induced phosphorylation of Akt but enhanced
those of ERK (Fig. 4b and Supplementary Fig. S1b).
From these findings, we concluded that IL-6-induced
ERK and Akt signaling pathways, both of which are
downstream of SHP2, can negatively regulate each other
reciprocally.

The negative effects of IL-6 on osteoblast
differentiation are restored by inhibition of MEK, PI3K
and SHP2, while they are enhanced by inhibition

of STAT3

To identify the intracellular signaling pathways associated
with the downregulation of osteoblast differentiation, the
effects of various signal transduction inhibitors, consisting
of a MEK inhibitor (U0126), PI3K inhibitor (L'Y294002),
SHP2 inhibitor (PHPS1), and STATS3 inhibitor (V Stattic),
were assessed for ALP activity, the expression of osteo-
blastic genes (Runx2, osterix and osteocalcin), and the
mineralization of ECM.

The negative effect of IL-6/sIL-6R on ALP activity was
restored by treatment with either U0126, 1.Y294002, or
PHPS1 in a dose-dependent manner. On the other hand, the
negative effect of IL-6/sIL-6R on ALP activity was
enhanced by treatment with V Stattic (Fig. 5a). These
results indicate that the SHP2-associated signal transduc-
tion molecules MEK/ERK and PI3K/Akt have a negative
effect on osteoblast differentiation, whereas the JAK-
associated molecule STAT3 has a positive effect.
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Fig. 1 IL-6/sIL-6R significantly reduced ALP activity and expres-
sion of osteoblastic genes in MC3T3E1l cells, but did not affect
proliferation. a Proliferation of MC3T3-El cells with IL-6/sIL-6R
was examined. Cells were pre-incubated for 1 day and then the
medium was treated with or without IL-6/sIL-6R for 3 days. Cell
proliferation assay was performed daily throughout the 4 days of
incubation. Cell proliferation did not show significant differences in
any culture condition. b ALP staining was performed in MC3T3-El
cells treated with or without IL-6/sIL-6R for 6 days. Apparently
significant reduction of ALP staining was recognized in cells treated
with either 10 or 50 ng/ml IL-6. ¢ ALP activity of the lysates of
MC3T3-E1 cells treated with or without IL-6/sIL-6R for 6 days was
measured using p-nitrophenylphosphate as a substrate. IL-6/sIL-6R
significantly reduced ALP activity in a dose-dependent manner.

d Total RNA was extracted from MC3T3-El cells treated with or
without IL-6/sIL-6R for 6 days and subjected to RT-PCR for
osteoblastic genes Runx2, osterix, and osteocalcin. Apparently
significant reduction of osteoblastic gene expression was recognized
in cells treated with either 10 or 50 ng/ml IL-6. e Real-time PCR for
Runx2, osterix, and osteocalcin was performed for quantitative
analysis. Data were normalized to GAPDH expression and are shown
as the ratio of expression compared to control cells treated with
vehicle. The expression of osteoblastic genes was significantly
downregulated by IL-6/sIL-6R in a dose-dependent manner. Repre-
sentative data from at least 3 independent experiments are shown.
Data are shown as mean & SE. n.s. not significant; *P < 0.05;
**P < 0.001; ***P < 0.001
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Fig. 2 IL-6/sIL-6R significantly inhibited the mineralization of
ECM in MC3T3E1 cells. MC3T3-E1 cells were treated with or
without IL-6/sIL-6R and were incubated for 21 days. a After fixation,
the cells were stained with alizarin red solution. Apparently
significant reduction of alizarin red staining was recognized in the
cells treated with either 10, 25, or 50 ng/ml IL-6. b Matrix
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mineralization was quantified by the measurement of absorbance of
alizarin red and normalized by total DNA content. Matrix mineral-
ization was significantly reduced by IL-6/sIL-6R in a dose-dependent
manner. Representative data from at least 3 independent experiments
are shown. Data are shown as mean =+ SE. n.s. not significant;
*P < 0.05; **P < 0.001; ***P < 0.001
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Fig. 3 IL-6/sIL-6R-activated ERK, STAT3, and Akt2 signal trans-
duction pathways in MC3T3-E1 cells. a MC3T3-E1 cells were treated
with vehicle or with 10 or 50 ng/ml IL-6 and 100 ng/ml sIL-6R in a
time-course experiment (0, 15, and 30 min). Western blot analysis
was performed using cell lysates for the detection of ERK, STAT3,
and Akt, either phosphorylated or not. IL-6/sIL-6R significantly
induced the phosphorylation of ERK, STAT3, and Akt in a dose-
dependent manner. b MC3T3-E] cells were incubated with increasing
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concentrations of IL-6 and 100 ng/ml sIL-6R for 5 min. Western
blotting was performed using cell lysates for the detection of ERK,
STATS3, as well as Akt, either non-phosphorylated, phosphorylated, or
the phosphorylated isoform Akt2. The phosphorylation of both whole
Akt and Akt2 by IL-6/sIL-6R was recognized more strikingly in a
dose-dependent manner. Representative data from at least three
independent experiments are shown



