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T-Cell Protein Tyrosine Phosphatase Regulates Bone Resorption and
Whole-Body Insulin Sensitivity through Its Expression in Osteoblasts
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Department of Genetics and Development, Columbia University Medical Center, New York, New York, USA,? and Division of Pediatric Endocrinology, Diabetes and
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Insulin signaling in osteoblasts contributes to whole-body glucose homeostasis in the mouse and in humans by increasing the
activity of osteocalcin. The osteoblast insulin signaling cascade is negatively regulated by ESP, a tyrosine phosphatase dephos-
phorylating the insulin receptor. Esp is one of many tyrosine phosphatases expressed in osteoblasts, and this observation sug-
gests that other protein tyrosine phosphatases (PTPs) may contribute to the attenuation of insulin receptor phosphorylation in
this cell type. In this study, we sought to identify an additional PTP(s) that, like ESP, would function in the osteoblast to regulate
insulin signaling and thus affect activity of the insulin-sensitizing hormone osteocalcin. For that purpose, we used as criteria
expression in osteoblasts, regulation by isoproterenol, and ability to trap the insulin receptor in a substrate-trapping assay. Here
we show that the T-cell protein tyrosine phosphatase (TC-PTP) regulates insulin receptor phosphorylation in the osteoblast,
thus compromising bone resorption and bioactivity of osteocalcin. Accordingly, osteoblast-specific deletion of TC-PTP pro-
motes insulin sensitivity in an osteocalcin-dependent manner. This study increases the number of genes involved in the bone

regulation of glucose homeostasis.

he tenuous cross talk existing between bone remodeling and

energy metabolism was first demonstrated in vivo through the
realization that leptin, an adipocyte-derived hormone, inhibits
both appetite (23, 25, 44) and bone mass accrual (16). The exis-
tence of this cross talk was then further substantiated by the ob-
servation that, in turn, osteoblasts regulate whole-body glucose
metabolism through secretion of the hormone osteocalcin, which
favors insulin secretion and insulin sensitivity and increases en-
ergy expenditure (20, 33, 37).

Like other peptide hormones, osteocalcin undergoes signifi-
cant posttranslational modification before being released into
general circulation (29, 45). Specifically, osteocalcin, which is se-
creted by osteoblasts as a y-carboxylated protein, must be decar-
boxylated to become activated and able to fulfill its endocrine
functions (33). This activation of osteocalcin has been shown to
occur outside the osteoblast, in the bone resorption lacunae (21).
As the only mechanism known for decarboxylating proteins out-
side the cell is incubating them at an acidic pH, the passage of
osteocalcin through the acidic microenvironment of the resorp-
tion lacunae allows it to become decarboxylated and thus acti-
vated (18, 21). In effect, the resorbing function of osteoclasts fa-
vors glucose homeostasis by activating osteocalcin (21).

In addition to being an endocrine cell, the osteoblast receives
many endocrine signals, one of them being insulin. Among other
functions, insulin signaling in osteoblast inhibits the expression of
Opg, a gene encoding a decoy receptor for the RANKL osteoclast
differentiation factor. As a consequence, insulin signals to the os-
teoblast to promote bone resorption and osteocalcin bioactivity,
and thereby its own secretion (21).

As is the case in other insulin-sensitive cells such as the hepa-
tocytes and myocytes, the insulin signaling cascade in the osteo-
blast is tightly regulated (39,41, 48). In particular, protein tyrosine
phosphatases (PTPs) play a crucial role in attenuating insulin re-
ceptor phosphorylation to limit insulin signaling in many cell
types and maintain glucose homeostasis (31, 41, 48). To date, the
only tyrosine phosphatase expressed in the mouse osteoblast that
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has been shown to dephosphorylate the insulin receptor is ESP
(21). As a result, the deletion of Esp specifically in the osteoblast
enhances insulin signaling, increases circulating levels of active
osteocalcin, and accordingly favors glucose tolerance, insulin sen-
sitivity, and energy expenditure (21, 33). This and other experi-
ments have identified ESP as a major intracellular regulator of
osteocalcin’s endocrine function in the mouse.

However, ESP is not the only PTP present in osteoblasts, an
observation suggesting that other PTPs in addition to ESP may
contribute to the regulation of glucose metabolism through their
expression in osteoblasts. If this were the case, it would strengthen
the notion that bone is involved in the regulation of glucose me-
tabolism.

To address this question, and since ESP belongs to the family of
classical PTPs, which are defined by their specificity for phospho-
tyrosine (2, 6), we tested all 37 other mammalian classical PTPs for
their ability to bind to the endogenous insulin receptor in osteo-
blasts and to be upregulated by isoproterenol, as is Esp (30). Only
one PTP was able to bind to the osteoblast insulin receptor and
respond to isoproterenol treatment—T-cell PTP (TC-PTP). We
show here that TC-PTP regulates osteocalcin bioactivity by inhib-
iting bone resorption, thus affecting whole-body glucose metab-
olism. Hence, these results identify a role for TC-PTP as a novel
regulator of energy metabolism through its expression in the os-
teoblast.
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MATERIALS AND METHODS

Animal studies. All mice studied were age-matched littermate males on a
mixed (87.5% C57BL/6]; 12.5% 129/Sv) background. Genotyping was
performed by PCR using DNA extracted from tail tips; primer sequences
are available upon request. All mice were maintained on a 12-hour light/
dark cycle in a barrier facility with free access to standard chow and water
and analyzed at 5 to 7 weeks of age.

Metabolic measurements. Glucose in tail blood was measured using a
glucometer (Accucheck). For the glucose tolerance test (GTT), mice were
fasted overnight and injected with 2 kg p-glucose per kg body weight.
Blood glucose was assayed immediately before and at 15, 30, 60, and 120
min postinjection. For the insulin tolerance test (ITT), mice were fasted
for 4 h and injected with 0.5 U/kg insulin (Humulin R; Lilly). Blood
glucose was measured immediately before and at 30, 60, 90, and 120 min
postinjection. For the glucose-stimulated insulin secretion (GSIS) assay,
mice were fasted overnight and injected with 2 kg p-glucose per kg body
weight. Tail blood was collected immediately before and at 2, 5, 15, and 30
min postinjection (33). Enzyme-linked immunosorbent assays (ELISAs)
were used to determine serum insulin (Mercodia), serum carboxy-
terminal collagen cross-links (CTx) (Serum Crosslaps; IDS), and serum
uncarboxylated (Glu), carboxylated (GLA), and total osteocalcin as pre-
viously described (22). Whole calvaria were collected in mice injected
through the inferior vena cava after overnight fasting. Quantification of
Western blot data was performed using Image].

Substrate trapping and coimmunoprecipitation. Glutathione
S-transferase (GST)-PTPDA proteins were generated by cloning the non-
receptor PTPs and cytoplasmic phosphatase domains of the receptor
PTPs into the BamHI site of pGEX 4T3. Site-directed mutagenesis was
used to mutate the catalytic aspartate acid (D) residue to inactive alanine
(A), as previously described (24). The expression vectors were then trans-
formed into BL21(DE3)pLysS bacteria (Novagen). Recombinant GST-
PTPDA proteins were induced and purified using glutathione-Sepharose
beads and then immediately incubated in lysate of pervanadate-treated
ROS17/2.8 cells, as previously described (21). The proteins were resolved
on SDS-PAGE gels followed by Western blotting. Anti-insulin receptor
B-subunit (anti-IRB) and anti-pTyr were obtained from Cell Signaling
Technology. For coimmunoprecipitation assays, PTP1B and TC-PTP and
their respective substrate-trapping mutants were cloned into the EcoRI
and BamHT sites of the pFLAG-5a expression vector. ROS17/2.8 cells were
transfected with FLAG fusion protein or empty vector, and InsR was ex-
pressed in pCNDA3.1 using Lipofectamine 2000. Twenty-four hours
posttransfection, FLAG fusion proteins were immunoprecipitated over-
night and eluted as previously described (21) and resolved on SDS-PAGE
gels followed by Western blotting. Anti-FLAG M2 affinity gel and
3 XFLAG peptide were obtained from Sigma.

Cell culture. Mouse primary osteoblasts were isolated as previously
described (17). Small interfering RNA (siRNA) knockdown was achieved
by transfection with siRNA pools (On-target; Dharmacon) according to
the manufacturer’s instructions. Anti-Y1150/Y1151 IR antibody was ob-
tained from Cell Signaling Technology. Ptpn2*'™ or Ptpn2~'~ osteoblasts
were generated by infecting Ptpn2//fe osteoblasts with either green flu-
orescent protein (GFP)- or Cre-expressing adenovirus (University of
Towa). For the stimulation with isoproterenol and analysis of mineralized
osteoblasts, cells were differentiated 3 days postconfluence in alpha min-
imal essential medium (a-MEM) containing 10% fetal bovine serum
(FBS), 10 mM B-glycerophosphate, and 100 ug/ml ascorbic acid. Osteo-
blasts differentiated for 5 days were stimulated with isoproterenol for 4 h.
Osteoblast/osteoclast cocultures were prepared as previously described
(21). In vitro resorption activity of osteoclasts was measured using the BD
Biocoat osteologic bone cell culture system according to the manufactur-
er’s instructions. Primary osteoblast mineralization was visualized using
Von Kossa staining and quantified by Image]J.

Gene expression analysis. RNA isolation, cDNA preparation, and
quantitative PCR (qPCR) analysis were performed using standard proto-
cols, and relative threshold cycle (C;.) values are standardized to C;. values
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of control B-actin or S18 (for osteoclasts), unless otherwise indicated.
Exonic qPCR primers used to compare expression were normalized ac-
cording to a standard curve of mouse genomic DNA.

Bone histomorphometry. Static and dynamic histomorphometric
analyses were performed on vertebral column specimens collected from
7-week-old mice using undecalcified sections according to standard pro-
tocols using the Osteomeasure analysis system (Osteometrics).

Statistics. Results are given as means * standard errors of the means.
Statistical analyses were performed using an unpaired, two-tailed Student
t test. For all experiments shown in the figures, significance is indicated as
follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001.

RESULTS

TC-PTP and PTP1B bind to the insulin receptor in osteoblasts.
With the goal of identifying additional protein tyrosine phospha-
tases that could dephosphorylate the insulin receptor in osteo-
blasts, we tested members of the classical protein tyrosine phos-
phatase (PTP) family for in vitro binding of the insulin receptor
and expression in osteoblasts.

For the first purpose, we generated substrate-trapping mutants
of all PTPs by introducing a DA substitution mutation in each
phosphatase domain that abolishes catalytic activity but preserves
the ability of the PTPs to bind substrate(s) (9, 24). These mutant GST
fusion proteins were incubated with extracts from pervanadate-
treated ROS17/2.8 osteoblast cells and then pulled down using gluta-
thione beads. As shown in Fig. 1A, Western blot analysis indicated
that, in addition to ESP, five PTPs were able to interact directly with
the endogenous 3 subunit of the insulin receptor in osteoblasts:
PTPIB (Ptpnl), TC-PTP (Ptpn2), PTPCL (Ptpn3), PTPMEG
(Ptpn4), and MEG2 (Ptpn9).

In an effort to further narrow our search, we relied on one
particularity of the ESP/osteocalcin metabolic pathway. Esp gene
expression in osteoblasts is upregulated upon treatment of osteo-
blasts with the 32-adrenergic receptor agonist isoproterenol (30).
We considered this response a defining feature of the osteocalcin
regulation of energy metabolism and thus tested whether expres-
sion of Ptpnl, Ptpn2, Ptpn3, Ptpn4, and Ptpn9 was affected by
isoproterenol treatment of osteoblasts. Remarkably, Ptpn2 ex-
pression was significantly affected by isoproterenol treatment in
mineralized osteoblasts (Fig. 1B). These results identify TC-PTP
as the leading candidate to be a second PTP involved in the osteo-
blast regulation of energy metabolism.

To formally demonstrate that the insulin receptor is a physio-
logical substrate of TC-PTP in osteoblasts, we performed coim-
munoprecipitation with the TC-PTP substrate-trapping mutant
expressed in the osteoblast, using ESP as a positive control in this
assay (24). For that purpose, we transfected ROS17/2.8 osteoblast
cells with FLAG-tagged wild type (WT) and substrate-trapping
mutants of PTP1B, TC-PTP, or ESP. IRB coimmunoprecipitated
with DA substrate-trapping mutants of PTP1B, TC-PTP, and ESP,
while it did not with FLAG alone (Fig. 1C). Interestingly, wild-
type ESP protein also exhibited binding to the insulin receptor,
which was not detected with PTP1B and TC-PTP, suggesting that
ESP can bind to the insulin receptor independently of its phos-
phatase domain (Fig. 1C). These results confirm that the insulin
receptor is a substrate of PTP1B and TC-PTP in rodent osteo-
blasts.

TC-PTP is expressed in insulin-responsive tissues, including
osteoblasts. In view of these results, we then determined the level
of expression of TC-PTP in bone cells in vivo. Western blot and
qPCR analysis confirmed the presence of mRNAs encoding TC-
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FIG 1 Identifying PTP(s) that parallels ESP. (A) In vitro substrate trapping. Extracts from pervanadate-treated ROS17/2.8 cells were pulled down using GST only
or DA mutants of PTP-GST fusion proteins. IRB was detected by Western blotting. An antiphosphotyrosine antibody (a-pTyr) was used for detection. MW,
molecular weight. (B) Stimulation of primary osteoblasts with isoproterenol (10 uM). (C) In vivo substrate trapping. WT and DA FLAG-tagged PTP1B and
TC-PTP proteins were immunoprecipitated from ROS17/2.8 cells. Immunoprecipitated proteins (IP) and total cell lysates were then analyzed by Western
blotting. (D) qPCR expression analysis across different tissues. (E) Expression analysis by Western blotting. WAT, white adipose tissue. (F) qPCR expression

analysis in proliferative and differentiating mouse primary osteoblasts.

PTP (Ptpn2) in isolated femur tissue, coinciding with the presence
of the insulin receptor (Fig. 1D and E). When comparing the rel-
ative levels of Ptpnl, Ptpn2, and Esp expression by qPCR analysis
using exonic primers normalized to genomic DNA, we observed
that in all tissues tested, Ptpn2 expression exceeded that of both
Esp and Ptpnl, with prominent expression in bone (Fig. 1D). Be-
cause bone is composed of multiple cell types, we also analyzed
expression of the PTPs in primary osteoblasts isolated from new-
born calvaria. Consistent with data obtained from whole bone, we
observed that Ptpn2 was more highly expressed in primary osteo-
blasts than were Ptpnl and Esp (Fig. 1F). Interestingly, Ptpn2 but
not Ptpnl expression was enhanced when osteoblasts were in-
duced to fully differentiate in medium containing B-glycero-
phosphate and ascorbic acid (Fig. 1F).

Generation of mice lacking TC-PTP or PTP1B specifically in
the osteoblast. To study the function of TC-PTP in osteoblasts in
vivo, we used a cell-specific loss-of-function strategy in the mouse
and generated a floxed allele of Ptpn2 and Ptpnl by homologous
recombination in mouse embryonic stem (ES) cells. For the Ptpn2
floxed allele targeting strategy, we used a targeting vector includ-
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ing the genomic sequence from exon 4 to exon 8. Two loxP sites
were added to flank exons 5 to 7, which contain the catalytic do-
main of TC-PTP (Fig. 2A). In addition, a neomycin (NeoR) cas-
sette flanked by two Frt sites was inserted in the intron between
exons 6 and 7 (Fig. 2A). Southern blot analysis identified the tar-
geted Ptpn2 allele using a 5" probe directed to intron 2 and a 3’
probe directed to the region containing exon 9 and a portion of
intron 8 (Fig. 2A). The inserted NeoR cassette was subsequently
removed by crossing mice containing the targeted allele with mice
expressing Flp recombinase. NeoR excision was verified by PCR
analysis (Fig. 2A).

To delete TC-PTP specifically in osteoblasts (Ptpn2,, "~
mice), mice harboring the floxed allele of Ptpn2 were crossed with
mice expressing the al(I)collagen-Cre transgene (12). PCR analy-
sis confirmed that recombination of the Ptpn2 floxed allele was
limited to bone only (Fig. 2B). Ptpn2,,, '~ mice were born at the
expected Mendelian ratio and appeared phenotypically normal at
birth, indicating that Ptpn2 expression in osteoblasts is dispens-
able for normal embryonic development.

To generate the Ptpnl floxed allele, we used a targeting vector
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of the Ptpn1 allele in indicated tissues. (F) qPCR analysis of PtpnI expression in bone marrow-derived osteoblasts (normalized to osteocalcin expression). WAT,
white adipose tissue; BAT, brown adipose tissue. Asterisks are defined in Materials and Methods.

including the genomic sequence from exon 3 to exon 9, similarly
to what has been done previously (7). Two loxP sites were added to
flank exons 6 to 8, since the catalytic domain of PTP1B is con-
tained in exons 7 and 8 (Fig. 2A). A neomycin (NeoR) cassette
flanked by two Frt sites was inserted in the intron between exons 8
and 9 (Fig. 2A). Southern blot analysis identified the targeted
Ptpn] allele using a 5" probe directed to intron 2 and a 3’ probe
directed to the region containing exon 9 (Fig. 2A). The inserted
NeoR cassette was subsequently removed by crossing mice con-
taining the targeted allele with mice expressing Flp recombinase
and confirmed by PCR analysis (Fig. 2B). qPCR analysis of bone
marrow-derived osteoblasts estimated recombination efficiency
of 47.3% (Fig. 2C).

Similarly to Ptpn2,, ', mice harboring the floxed allele of
Ptpnl were crossed with mice expressing the al(I)collagen-Cre
transgene (Fig. 2D) (12). PCR and qPCR analysis confirmed
that recombination of the Ptpn2 floxed allele was limited to bone
only and at approximately 53.6% efficiency (Fig. 2E and F).
Ptpnl,, '~ mice were also born at the expected Mendelian ratio
and appeared phenotypically normal throughout life.
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TC-PTP regulates insulin signaling in osteoblasts. Next, we
evaluated the contribution of TC-PTP in the regulation of insulin
signaling in isolated osteoblasts and compared it to that of PTP1B.
Primary cultures of calvarial osteoblasts were transfected with
siRNA to suppress expression of either PTP1B or TC-PTP. In
response to insulin stimulation, phosphorylation of the insulin
receptor on the Y1150 and Y1151 residues was enhanced in osteo-
blasts deficient specifically for TC-PTP (Fig. 3A). There was no
apparent increase in phosphorylation of the insulin receptor in
osteoblasts lacking PTP1B. However, normalization of the signal
with the amount of total insulin receptor indicated that phosphor-
ylation was in fact increased nearly 2-fold in these osteoblasts,
compared to the 5-fold increase observed in osteoblasts treated
with TC-PTP siRNA (Fig. 3A). We also observed that osteoblasts
lacking either PTP1B or TC-PTP had increased basal expression of
the insulin target gene Gsyl, though this increase reached statisti-
cal significance only in TC-PTP-deficient osteoblasts (Fig. 3B).
Taken together, these results suggested that TC-PTP might play a
more important role in regulating insulin signaling in the mouse
osteoblast.
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FIG 3 TC-PTP regulates insulin receptor phosphorylation in osteoblasts. (A) (Left) Phosphorylation of the insulin receptor B-subunit 5 min after treatment
with insulin (10 nM) in mouse primary osteoblasts. (Right) Quantification of signal normalized to IR using Image]J. (B) Expression of the insulin target gene
Gsyl in primary osteoblasts. Treatment of control is with 10 nM insulin. Asterisks are defined in Materials and Methods. (C) (Top) Phosphorylation of the insulin
receptor 3-subunit in whole calvaria after injection of insulin. (Bottom) Quantification of signal normalized to IR using Image].

In view of these results, we focused our subsequent work on
TC-PTP and asked whether insulin signaling is enhanced in the
osteoblasts of Ptpn2,, '~ mice. Western blot analysis of whole
calvaria isolated after intravenous injection of 0.5 U/kg insulin
revealed that insulin receptor phosphorylation was increased in
Ptpn2,, '~ calvaria (Fig. 3C). It is important to underline that
because bone is a mixture of multiple cell types and Ptpn2 deletion
is specific to osteoblasts only, the difference in insulin receptor
phosphorylation in whole calvaria was expected to be subtle. Nev-
ertheless, phosphorylation of the insulin receptor on Y1150 and
Y1151 was enhanced more than 30% in the calvaria of Ptpn2,,, '~
mice compared to their floxed littermate controls, confirming
that TC-PTP regulates insulin receptor phosphorylation in vivo
(Fig. 3C).

Mice lacking TC-PTP specifically in osteoblasts demonstrate
increased osteocalcin bioactivity and insulin sensitivity. To test
if TC-PTP or PTP1B regulates osteocalcin bioactivity, we quanti-
fied, using an ELISA developed in the laboratory (22), serum un-
dercarboxylated osteocalcin (GLU13-OCN) levels in Ptpn2,, "~
and Ptpnl,, '~ mice. Compared to their WT littermates,
Ptpn2,, "'~ mice have increased serum levels of GLU13-OCN,
though osteocalcin bioactivity was not significantly altered in
Ptpnl,, '~ mice (Fig. 4A and B). This result confirmed that the
increase in insulin signaling in the osteoblasts lacking TC-PTP
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coincided with an increase in serum undercarboxylated, i.e., ac-
tive, osteocalcin (Fig. 4A). This finding suggested that one func-
tion of TC-PTP in osteoblasts is to regulate osteocalcin bioactivity.

Given the influence exerted by osteocalcin on glucose metab-
olism (33), we then asked whether osteoblast-specific deletion of
TC-PTP might affect whole-body glucose metabolism. A glucose
tolerance test (GTT) performed at 6 weeks of age revealed no
difference in glucose tolerance in Ptpn2,, '~ mice (Fig. 4C). As
expected, there was similarly no difference in glucose tolerance of
Ptpnl,, '~ mice (Fig. 4D). However, Ptpn2,, '~ mice consis-
tently exhibited increased insulin sensitivity as measured by an
insulin tolerance test (ITT) (Fig. 4E). This effect was not observed
in Ptpnl,, '~ mice (Fig. 4F). The increase in insulin sensitivity of
Ptpn2,,, "'~ mice was also apparent when calculated as the area
under the curve of the insulin tolerance test (Fig. 4G). To test
whether glucose homeostasis was altered in the insulin-sensitive
Ptpn2,, '~ mice under challenge conditions, we performed a glu-
cose tolerance test on mice that were fed a high-fat diet for 5 weeks.
Glucose tolerance was also unaffected under these conditions (Fig.
41). These data indicated that osteoblast expression of TC-PTP but
not of PTP1B regulates insulin sensitivity, presumably by influ-
encing osteocalcin bioactivity. A glucose-stimulated insulin secre-
tion (GSIS) test confirmed that insulin secretion was normal in
Ptpn2,,”'~ mice (Fig. 4H). Energy expenditure was also in-
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Glucose tolerance tests (GTTs) on male Ptpn2,,~'~ (C) and Ptpnl,, '~ (D) mice. (E and F) Insulin tolerance tests (ITTs) on male Ptpn2,,~’~ (E) and
Ptpnl,, '~ (F) mice. (G) Area under the curve of panel E. (H) Glucose-stimulated insulin secretion (GSIS) test of Ptpn2,, '~ male mice. (I) GTT on male
Ptpn2,,,~'~ mice on a high-fat diet (HFD). (J) Energy expenditure of Ptpn2,, '~ male mice. Asterisks in bar graphs are defined in Materials and Methods. n.s.,
not significant.

creased in Ptpn2,, '~ mice during the day cycle (Fig. 4]). These For that purpose, we performed a classical coculture assay (47).
results indicated that although the increase in activated osteocal-  In this experiment, wild-type (WT) or Ptpn2~'~ osteoblasts were
cin of Ptpn2,,, '~ mice was sufficient to affect insulin sensitivity — cultured with WT monocytes in the presence of vitamin D,
and energy expenditure, it was insufficient to affect insulin secre-  (VitD;) and prostaglandin E, (PGE,) for 8 days. At the end of the
tion, glucose tolerance, and night cycle energy expenditure. The experiment, we stained for tartrate-resistant acid phosphatase
role of TC-PTP is not identical to that of ESP, as Esp,y, '~ mice (TRAP), an enzyme expressed only in mature osteoclasts, to eval-
suffer from both hypoglycemia and hyperinsulinemia and display ~ uate osteoclast differentiation (10). TRAP staining revealed that
increased energy expenditure in both day and night cycles (33). osteoblasts lacking TC-PTP (Ptpn2~'") induced greater osteoclast

TC-PTP affects bone resorption through its expressioninos-  differentiation than did WT osteoblasts, as quantified by number
teoblasts. We had previously shown that insulin signaling in os-  of TRAP-positive cells (Fig. 5A). Functional analysis confirmed
teoblasts is a molecular determinant of osteocalcin bioactivity by  that the resorptive function of osteoclasts was also increased, as
promoting bone resorption. Accordingly, bone resorption is the resorptive pit area covered by osteoclasts cocultured with
higher in Esp,,;, /™ mice that are a model of a gain of function of ~ Ptpn2~'~ osteoblasts was significantly larger than that of oste-
insulin signaling in osteoblasts and have an increase in active os-  oclasts cultured with WT osteoblasts (Fig. 5B). Osteoblasts lacking
teocalcin (21). To determine whether TC-PTP regulates osteocal-  TC-PTP (Ptpn2~'~) demonstrated decreased expression of Opg
cin activity by utilizing the same mechanism of action, we asked ~ but no change in Rankl expression, as do Esp~’~ osteoblasts (Fig.
whether TC-PTP influences bone resorption. 5C) (21). In addition, we observed an increase in expression of
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FIG 5 TC-PTP in osteoblasts regulates osteoclast differentiation. (A) Representative pictures of TRAP staining of osteoclasts cocultured in the presence of WT
or Ptpn2~'~ osteoblasts. Quantification of the number of TRAP-positive cells is shown below. (B) Representative pictures of resorptive activity of osteoclasts
cocultured in the presence of WT or Ptpn2~'" osteoblasts. Quantification of resorptive pit area is shown below. (C) qPCR analysis of Opg, Rankl, and Ccl8
expression in WT or Ptpn2~'~ osteoblasts cocultured with osteoclasts. (D) qPCR analysis of Tcirgl, Trap, and Clcn7 expression in osteoclasts cocultured in the
presence of WT or Ptpn2~'~ osteoblasts. (E) CTx serum levels in 6-week-old mice. Asterisks in panels C to E are defined in Materials and Methods. n.s., not
significant. (F) Representative pictures and histomorphometric analysis of Ptpn2,, '~ mice and control Ptpn2;,, littermates. BV/TV, bone volume/tissue
volume; N.Oc./T.Ar., number of osteoclasts/trabecular area; Nb.Ob./T.Ar., number of osteoblasts/trabecular area; BFR, bone formation rate/bone surface. (G)

WT or Ptpn2~'~ primary osteoblasts in culture differentiated for 14 and 21 days.

Ccl8, a monocyte chemoattractant supporting osteoclast forma-
tion (Fig. 5C) (49). These results confirmed that TC-PTP, primar-
ily through its regulation of insulin signaling in osteoblasts, influ-
ences bone resorption. Consistent with this contention,
expression of Tcirgl, a gene expressed in osteoclasts but whose
expression is regulated by insulin signaling in osteoblasts (21), was
significantly increased in the osteoclasts cocultured with Ptpn2 ="'~
osteoblasts (Fig. 5D). The same was true for Clcn7, a chloride
channel also regulating the acidity of the resorption lacunae (27,
40), and Trap, a marker of osteoclasts (4) (Fig. 5D). Taken to-
gether, these experiments indicate that in cell culture, TC-PTP,
presumably through its ability to inactivate the insulin receptor in
the osteoblasts, affects Opg expression and thus regulates oste-
oclast differentiation and function.

Accordingly, compared to control littermates, Ptpn2,, '~ mice
have increased osteoclast activity as demonstrated by increased serum
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levels of CTx, a marker of bone resorption (Fig. 5E) (38). However,
osteoclast number in these mice was not significantly changed, indi-
cating that in vivo deletion of TC-PTP is sufficient to affect osteoclast
activity but not osteoclast number (Fig. 5F).

Bone histomorphometry analysis performed in vertebrae re-
vealed that at 6 weeks of age, bone volume was slightly decreased,
though this did not reach statistical significance (Fig. 5F). Osteo-
blast number and bone formation rate were also not significantly
altered. Primary osteoblasts lacking Ptpn2 similarly displayed no
apparent proliferation and differentiation defect, as demonstrated
by Von Kossa staining (Fig. 5F). This result suggests that TC-PTP
does not affect osteoblast proliferation and ability to differentiate.

These data indicate that TC-PTP, by modulating insulin sig-
naling in osteoblasts, is a determinant of osteoclast activity. It is
through this mechanism that TC-PTP affects osteocalcin bioac-
tivity and thus insulin sensitivity.
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DISCUSSION

We demonstrate here that in addition to ESP, another tyrosine
phosphatase, TC-PTP, regulates whole-body insulin sensitivity
and day cycle energy expenditure by increasing osteocalcin activ-
ity through its expression in the osteoblast. These results further
our understanding of the complexity of the regulation of osteo-
calcin activity and underscore the importance of the osteoblast as
an endocrine cell type.

Using substrate-trapping assays and loss-of-function models,
we show that a function of TC-PTP is to attenuate insulin signal-
ing in the osteoblast. In view of these results, we generated mice
lacking TC-PTP specifically in the osteoblast (Ptpn2,, ") and
observed that the level of circulating active osteocalcin is increased
in these mice compared to their littermate controls. This corre-
sponded to an increase in whole-body insulin sensitivity and day
cycle energy expenditure in Ptpn2,, '~ mice on a standard chow
diet. These mice are therefore a partial phenocopy of Esp,,, '~
mice, which, in addition, display an increase in insulin secretion
and increase in energy expenditure in the night cycle. These results
suggest that activated osteocalcin may differentially regulate insu-
lin secretion and insulin sensitivity. Accordingly, target tissues
may respond to different activation thresholds of osteocalcin.

Though its role in the mouse osteoblast is more robust, ESP is
nonfunctional in humans (11). In contrast, TC-PTP is conserved
in humans (PTPN2) and has been implicated as a susceptibility
gene in early-onset type I diabetes (19). Though TC-PTP may
have a more minor role in mouse osteoblasts, its function of reg-
ulating osteocalcin activity is translatable to humans. Further
study will be required to investigate whether ESP and TC-PTP
regulate insulin signaling cooperatively in the mouse osteoblast.

That deletion of Ptpn2 in osteoblasts is insufficient to affect
mineralization and proliferation highlights the dissociative effect
of insulin signaling on osteoblast differentiation and osteocalcin
activation and suggests the presence of other factors affecting in-
sulin receptor activation (27). It thus remains to be seen if addi-
tional regulatory factors in the osteoblast are involved in the con-
trol of energy metabolism by bone. In particular, the role of the
other tyrosine phosphatases expressed in osteoblasts that can bind
the insulin receptor but that are not regulated by isoproterenol
stimulation will need to be investigated. That Pfpn2 expression is
stimulated upon treatment of osteoblasts with isoproterenol also
raises the question of whether osteoblast expression of Ptpn2 con-
tributes to the sympathetic regulation of bone mass and/or glu-
cose homeostasis (30, 32).

As insulin signaling in osteoblasts has been shown to favor
bone resorption (21), we also examined how TC-PTP deficiency
in these cells affects osteoclast function. A coculture system dem-
onstrated that TC-PTP regulates the differentiation and resorp-
tive activity of osteoclasts though Opg expression in osteoblasts.
Previous work had demonstrated a cell-autonomous function of
TC-PTP in hematopoietic cell differentiation (42, 43). Mice lack-
ing TC-PTP globally exhibit an increase in osteoclast density and
bone resorption (15). The current work expands the importance
of TC-PTP by showing that it is able to regulate differentiation cell
nonautonomously.

TC-PTP has been previously implicated in the regulation of
metabolism, as demonstrated by its role in the liver of regulating
gluconeogenesis and function in the hypothalamus of regulating
leptin signaling (26, 34). It also shares a phosphatase domain with
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PTP1B, the prototypical phosphatase of the insulin receptor and
functional human homologue of ESP (3, 21). A ubiquitously ex-
pressed protein, PTP1B is implicated in the regulation of energy
metabolism through its functions in muscle, fat, and liver and in
the pro-opiomelanocortin (POMC) neurons of the brain (1, 5, 7,
13, 14). Hence, we explored the possibility that PTP1B expression
in the osteoblast may also contribute to the regulation of energy
metabolism. In vitro experiments suggest that PTP1B does not
seem to affect insulin receptor activation in osteoblasts, at least not
to the same extent that TC-PTP does. Additionally, mice specifi-
cally lacking Ptpnl in osteoblasts (Ptpnl,, ') have no apparent
differences in body weight, glucose tolerance, and insulin sensitiv-
ity from those of control littermates when fed on a normal diet.

That TC-PTP, but not PTP1B, regulates the osteocalcin activa-
tion pathway in mouse osteoblasts may be due to their relative
levels of expression, as quantified by qPCR analysis (Fig. 1F).
However, this difference may also be another example of diver-
gent function between the two highly related phosphatases. Such a
difference in the roles of PTP1B and TC-PTP has been docu-
mented for the regulation of cell spreading and adhesion (46) and
pancreatic islet response to endoplasmic reticulum (ER) stress (8),
as well as to the specificity of their substrates (36, 42, 43, 50). In
addition, PTP1B and TC-PTP have been shown to contribute dif-
ferentially to glucose homeostasis through their expression in
muscle (35). Evidence from previous studies has also indicated
that at a molecular level, the difference in PTP1B and TC-PTP
regulation of the insulin receptor can be dissected to the level of
the phosphorylated residue (28).

This work extends our understanding of the bone regulation of
energy metabolism, by identifying TC-PTP as an additional regu-
lator of the osteocalcin activation pathway. The finding that TC-
PTP, a bona fide phosphatase of the insulin receptor, functions in
osteoblasts to affect insulin sensitivity further establishes the role
of insulin signaling in bone remodeling and energy metabolism.
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