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Appropriate bone mass is maintained by bone-forming osteoblast and bone-resorbing osteoclasts. Mesenchymal stem cell (MSC)
lineage cells control osteoclastogenesis via expression of RANKL and OPG (receptor activator of nuclear factor κB ligand and
osteoprotegerin), which promote and inhibit bone resorption, respectively. Protein crosslinking enzymes transglutaminase 2 (TG2)
and Factor XIII-A (FXIII-A) have been linked to activity of myeloid and MSC lineage cells; however, in vivo evidence has been lacking
to support their function. In this study, we show in mice that TG2 and FXIII-A control monocyte-macrophage cell differentiation
into osteoclasts as well as RANKL production in MSCs and in adipocytes. Long bones of mice lacking TG2 and FXIII-A
transglutaminases, show compromised biomechanical properties and trabecular bone loss in axial and appendicular skeleton.
This was caused by increased osteoclastogenesis, a cellular phenotype that persists in vitro. The increased potential of TG2 and
FXIII-A deficient monocytes to form osteoclasts was reversed by chemical inhibition of TG activity, which revealed the presence of
TG1 in osteoclasts and assigned different roles for the TGs as regulators of osteoclastogenesis. TG2- and FXIII-A-deficient mice
had normal osteoblast activity, but increased bone marrow adipogenesis, MSCs lacking TG2 and FXIII-A showed high adipogenic
potential and significantly increased RANKL expression as well as upregulated TG1 expression. Chemical inhibition of TG activity
in the null cells further increased adipogenic potential and RANKL production. Altered differentiation of TG2 and FXIII-A null MSCs
was associated with plasma fibronectin (FN) assembly defect in cultures and FN retention in serum and marrow in vivo instead of
assembly into bone. Our findings provide new functions for TG2, FXIII-A and TG1 in bone cells and identify them as novel
regulators of bone mass, plasma FN homeostasis, RANKL production and myeloid and MSC cell differentiation.
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Maintenance of postnatal bone mass is tightly regulated by
bone remodeling, which is orchestrated by reciprocal activity
of bone-resorbing osteoclasts and bone-forming osteoblasts.1

Increased resorption over formation leads to bone loss
(osteopenia) and ultimately osteoporosis, which is first
observed in the trabecular bone that is surrounded by bone
marrow. Bone marrow functions as a maturation site for
mesenchymal stem cells (MSCs) that give rise to osteoblasts.2

It also serves as a maturation and homing site for hemato-
poietic stem cells that give rise to lymphoid and myeloid
lineage cells including monocytes that can mature into
osteoclasts under appropriate signals.3,4 It can be considered
that the bone and the bone marrow form a continuous organ
system.2 Osteoclastogenesis is regulated bymany factors, the
most notable being the RANKL/OPG system (receptor
activator of nuclear factor κB ligand/osteoprotegerin) which
promote and inhibit osteoclastogenesis, respectively.4–6

These cytokines are secreted by bone marrow MSCs
(bmMSCs), preosteoblasts, osteoblasts, osteocytes and pre-
adipocytes and adipocytes,4,7–9 whose activity and differentia-
tion can be in turn be regulated by extracellular matrix

(ECM).10 Bone marrow matrix (stroma) contains several
extracellular molecules, including types I, III and IV collagens,
and laminin and fibronectin (FN).10,11

Transglutaminases are a family of enzymes that are able to
modify glutamine residues of their specific substrate proteins.
Best known modification is a Ca2+-dependent acyl-transfer
reaction between polypeptide-bound glutamine (Q) residues
and lysine (K) residues (or primary amines), which results in
formation of a γ-glutamyl-ε-lysyl bond (an isopeptide crosslink/
bond). This enzymatic reaction is exclusively performed by
TGs and takes place mostly at the cell surface and/or in
ECM compartments.12–16 Crosslinking can stabilizemolecular
structures, increase protein network formation and stiffness as
well as change protein solubility and stability and enhance cell
adhesion.14 TGs can also have functions that do not require
their enzymatic activity.17,18 The transglutaminase enzyme
family currently contains eight genes encoding active
enzymes: Factor XIII-A and TG1-7 of which TG2 and FXIII-A
are found in monocyte-macrophage lineage cells and number
of cells of mesenchymal origin osteoblasts as well as in bone
tissue.13,15,19–24 FN, a ubiquitous ECM glycoprotein required
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for cell adhesion, proliferation, survival and differentiation of
many cell types25–27 including bmMSCs, and osteoblasts,28,29

is a well-known substrate for TGs, particularly for FXIII-A.30–32

Postnatally, FN exists in two main forms which arise from
alternate splicing of one gene: as the soluble, circulating
plasma FN (pFN) produced by hepatocytes in liver, and as
cellular FN (cFN) synthesized by certain tissue-resident
cells.25,33 Both plasma and cell-derived FNs undergo assem-
bly into fibrillar network which adhesion-dependent cells bind
to, and migrate, proliferate and differentiate on.26,33 We have
recently demonstrated that pFN, but not cFN, acts as a TG
substrate and requires TG activity for its assembly in
osteoblast and adipocyte cultures, where this pFN matrix
subsequently regulates cell proliferation and differentiation
and ECM deposition.23,31 pFN is a major component of many
tissues34 including bone where 90% of FN matrix is plasma-
derived.34 FN deletion in liver decreases the biomechanical
properties of bone.35

Despite the reported in vitro importance of TG activity for
osteoblast function, neither TG2 nor FXIII-A-null mice showan
overt bone phenotype.36,37 Moreover, a recent study shows
that mice deficient in both enzymes have normal bone
deposition and mineralization; however in this study, main-
tenance of bone mass or remodeling activity of bone cells was
not examined.38 Here, we also have generated a mouse
lacking both TG2 and FXIII-A (Tgm2− /−;F13a1− /−). We report
that the combined absence of the two produces a major bone
phenotype and causes altered activity of both osteoclasts and
bmMSCs. Tgm2− /−;F13a1− /− mice show severe trabecular
bone loss attributable to increased osteoclastogenesis and
bone resorption in vivo and bmMSC differentiation towards
adipogenesiswith increased RANKL production, which further
contributes to a bone marrow microenvironment that is highly
skewed towards bone-resorption. Both cellular phenotypes
persists in vitro demonstrating that cellular TG2 and FXIII-A in
the monocyte-macrophage lineage are negative regulators of
osteoclastogenesis and inhibitors of adipogenesis. Interest-
ingly, normal and Tgm2− /−;F13a1− /− osteoclasts show
expression of transglutaminase 1 (TG1) whose chemical
inhibition blocks osteoclastogenesis, which identifies TG1 as
a promoter of bone resorption. TG1 expression is also seen in
Tgm2− /−;F13a1− /− deficient bmMSC where it is significantly
upregulated. Chemical inhibition of TG activity in normal and
Tgm2− /−;F13a1− /− bmMSCs dramatically increases adipo-
genic potential of the MSCs, but affects RANKL expression
only in the absence of TG2 and FXIII-A. Furthermore, TG2 and
FXIII-A deficiency changes pFN homeostasis and its accu-
mulation from blood to bone marrow and bone in vivo. It also
decreases pFN assembly intomatrix increases its degradation
in MSC culture which is associated with increased adipogen-
esis. The present study is the first to report on the role for the
three TGs in bone homeostasis in mice.

Results

TG2 and FXIII-A jointly regulate skeletal growth, bone
strength and mass. Mice lacking both TG2 and FXIII-A
enzymes (Tgm2− /−;F13a1− /−) were born with no obvious
developmental or skeletal defects based on birth weight, and

on radiographic and histological assessment of bone at birth
(data not shown). By the time Tgm2− /−;F13a1− /− reached
4 weeks of age, roughly half (51.5%) of the male mice had
died (Supplementary Figure S1a) – death was seemingly
attributable to hemorrhaging caused by blood vessel rupture
in various tissues (females were not used in this study).
Although mice were normal in size at 1 month age, the
surviving Tgm2− /−;F13a1− /− mice were smaller in size at
3 month age as apparent from weight/tibia measurements of
1- versus 3-month-old mice (Supplementary Figure S1b-c)
and X-rays taken at those same time points (Supplementary
Figure S1d). The smaller size was observed at 3 and
6 months but size was normal at 12 months age as per body
weight (Supplementary Figure S1b) demonstrating that the
mild growth defect was transient. This minor, but significant
growth delay is likely not due to compromised nutrition intake
because dentition is intact (Supplementary Figure S1d), and
no behavioral alterations due to stress was observed
(data not shown). Furthermore, normal eating is supported
by normal serum calcium and phosphate levels (calcium
levels were 9.0±0.186 and 8.8±0.071 mg/ml in WT and
double-null mice, respectively, and phosphate levels
7.7± 0.315 and 8.0±0.463, respectively) and unaltered
bone formation/synthesis (described below, Figure 4b), these
levels/parameters would be expected to be decreased under
nutritional deprivation.39

Examining bone mineral density (BMD) at 1-, 3-, 6- and
12-month-old mice showed significantly lower BMD in
3-month-old Tgm2− /−;F13a1− /− double-null mice compared
with WT controls and the double null at other ages (1-,
6- and 12-month-old mice) supporting transient phenotype
(Supplementary Table 1 and Supplementary Figure S1e).
Mineralization was intact and no unmineralized osteoid (sign
of osteomalacia) was seen (Figure 1e) suggesting normal
bone formation and mineralization mechanisms as reported
before for TG2 and FXIII-A double null.38 The individual
Tgm2− /− and F13a1− /− knockout mice showed no decrease
in BMD at 3 months age (Supplementary Table 1).
Analysis of quantity of bone, that is, bone mass parameters

in 3-month-old mice revealed severe osteopenia in Tgm2− /−;
F13a1− /−mice (Figure 1). Quantitative μCTof trabecular bone
from both appendicular and axial skeletal sites – from proximal
tibia and lumbar vertebra – revealed dramatic trabecular bone
loss in Tgm2− /−;F13a1− /− mice compared with WT controls
(Figure 1a). Individual Tgm2− /− and F13a1− /− showed no
trabecular bone loss at 3month age (Figure 1b). Quantification
of structural parameters from μCT data of tibial trabecular
bone showed a significant decrease in trabecular bone
quantity (Figure 1c). Mineralized bone volume (over tissue
volume) (BV/TV), number of trabeculae (Tr.N.) and trabecular
thickness (Tr.Th) were significantly decreased, and conver-
sely, trabecular spacing (Tr.Sp.) increased (Figure 1c) in
Tgm2− /−;F13a1− /− mice compared with their WT controls.
Bone biomechanical quality was significantly reduced in
Tgm2− /−;F13a1− /− mice compared with WT controls as
analyzed by the femoral three-point bending test at the 1
and 3 month time points (Figure 1d). Bone loss in double null
mice was also evident in histological analyseswhich showed a
significant loss of bone trabeculae immediately below the
cartilaginous growth plate, which itself showed no overt
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changes (Figure 1e). Cortical thickness (C.Th.) was not
significantly altered (Figure 1f). In support of the transient
phenotype, no bone loss was apparent in 1-month-old
Tgm2− /−;F13a1− /− mice as per to μCT analysis
(Supplementary Figure 2). Only mineralized bone volume
over tissue volume (BV/TV) showed significant decrease,
which may explains the decreased biomechanical strength at
this age (Supplementary Figure 2).
Numerical and statistical comparison of some of the bone

parameters of Tgm2− /−;F13a1− /− to individual Tgm2 − /− and
F13a1 − /− knockouts and their controls showed consistently
lower values in the double null (Supplementary Table 1-3)
although ANOVA analysis between the six mouse groups
showed significance only between double null and its mixed-
background control.

Deletion TG2 and FXIII-A causes increased osteoclasto-
genesis in vivo and in vitro. To determine the cellular basis
of the bone loss in Tgm2− /−;F13a1− /− mice, we analyzed
bone resorption parameters in vivo. Serum measurements
of the bone resorption marker (RatLapsTM) of 1-, 3-, 6- and

12-month-old mice showed significant increase in resorption
in Tgm2− /−;F13a1− /− mice up to 6 month age (Figure 2a)
(Supplementary Table 4 shows resorption marker levels in all
six mouse groups at 3 months age). Similarly, serum
osteocalcin (OCN), the majority of which has been recently
described to arise from osteoclastic resorption activity,40 was
significantly higher at 3-month-old Tgm2− /−;F13a1− /− mice
(Figure 2b). Staining of trabecular bone for the osteoclast
marker TRAP and quantification of osteoclast numbers per
trabecular area (N.Oc/T.Ar.) and bone perimeter (N.Oc/Tr.
Pm.) demonstrated significantly increased osteoclast num-
bers (twofold) in Tgm2− /−;F13a1− /− mice compared with WT
mice (Figure 2c and d). Levels of bone marrow monocytes,
precursor cells to osteoclasts, were unaltered as per to flow
cytometric analysis indicating that only osteoclastogenesis
was increased (Supplementary Figure S3). Analysis of the
serum RANKL levels and RANKL/OPG ratio revealed a
significantly increased production of RANKL and its dom-
inance over OPG in Tgm2− /−;F13a1− /− mice (Figure 2e
and f).

Cortical bone

P
ro

xi
m

al
 ti

bi
al

tr
ab

ec
ul

ar
 b

on
e

Lu
m

ba
r 

ve
rt

eb
ra

 3
tr

ab
ec

ul
ar

 b
on

e

0.00
0.04
0.08
0.12
0.16
0.20

0
2
4
6
8

10
12

dWT dKO
0.0

0.5

1.0

1.5

2.0

dWT dKO

*

Tr.N.
(1/mm)

BV/TV
(%)

*

0.00

0.02

0.04

0.06

0.08

dWT dKO

Tr.Th.
(mm) 

*

0.0
0.1
0.2
0.3
0.4
0.5

Tr.Sp.
(mm)

*

C
.T

h.
(m

m
)

WT (C57BL6;CBA) Tgm2 -/- ;F13a1-/-

CBA/CA F13a1-/-

Tgm2-/-C57BL/6

P
ro

xi
m

al
 ti

bi
al

tr
ab

ec
ul

ar
 b

on
e

0

5

10

15

20

25

30

W
T

dK
O

W
T

dK
O

U
lti

m
at

e 
fo

rc
e 

(N
)

1 mo 3 mo

**

*

WT

WT

Tgm2-/-;F13a1-/-

V
o

n
 K

o
ss

a
/ 

T
o

lu
id

in
e 

B
lu

e

WT

Tgm2-/-;
F13a1-/-

WT

Tgm2-/-;F13a1-/-WT

Tgm2 -/-;
F13a1-/-

Tgm2 -/-;
F13a1-/-

NS

Figure 1 Trabecular bone loss in 3-month-old Tgm2− /−;F13a1− /− mice. (a) Micro-computed tomography (μCT) images of proximal tibia and lumbar vertebra trabecular
bone showing bone loss in appendicular and axial skeleton of the double-null mouse. (b) No trabecular bone loss was observed in Tgm2− /− or
F13a1 − /− mice. (c) Quantified μCT parameters of trabecular bone confirms dramatic and significant bone loss, that is, decreased mineralized bone volume over tissue
volume (BV/TV), trabecular number (Tr.N.), trabecular thickness (Tr.Th.) and increased trabecular spacing (Tr.Sp.) in Tgm2− /−;F13a1− /− mice. μCT data derives from five mice
and images are representative of five mice. (d) Three-point bending test results obtained using a MACH-1 micro-mechanical testing system of the right femur from double-null and
wild-type mice. Bones of Tgm2− /−;F13a1− /− mice require less ultimate force to induce fracture. n= 4–6. (e) Histology and von Kossa staining (black) of tibial trabecular bone
and cartilaginous growth plates of WTand Tgm2− /−;F13a1− /− mice showing bone loss (osteopenia). Mineralization is normal and no unmineralized osteoid (osteomalacia) is
seen. Cartilage and growth plate appears normal. Images are representative of three mice. (f) Cortical thickness was not decreased (C.Th). n= 5. P-values are as follows:
*Po0.05, **Po0.01. Scale bars, 500 μm (a, b and f); 200 μm (e)
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To determine whether the increased osteoclastogenesis
was caused solely by an increased RANKL levels, we isolated
monocytes from the bone marrow of 2-month-old Tgm2− /−;
F13a1− /− and WT mice (this age is optimal for isolation), and
examined their osteoclastogenesis and resorption potential
in vitro. A 6-day exposure of monocytes to M-CSF (monocyte
colony-stimulating factor) and RANKL resulted in increased
osteoclastogenesis from Tgm2− /−;F13a1− /− monocytes
compared with WT monocytes (Figure 3a). Quantification
of osteoclast number demonstrated a twofold increase
(Figure 3b) and significantly increased TRAP levels in the
culture media (Figure 3c). Functional analysis of resorption
potency of the osteoclast cultures demonstrated a visible
and significant increase in the area of resorption pits
after exposure to a bone-mimicking osteological surface
(Figure 3d). Data indicated that TG2 and FXIII-A are inhibitors
of osteoclast formation.

Chemical inhibition of TG activity inhibits osteoclasto-
genesis – presence of TG1 in osteoclasts. To examine if
chemical inhibition of TG activity would result the same
cellular behavior as the absence of TG2 and FXIII-A, we
treated monocytes during osteoclastogenesis with NC9
which is a broad spectrum, irreversible TG inhibitor.41

Surprisingly, treatment of WT and Tgm2− /−;F13a1− /− mono-
cytes with the inhibitor resulted in complete blockage of
osteoclast formation in both, indicating that TG activity
from another enzyme may be present and responsible
for osteoclastogenesis (Figure 3e). Indeed, RT- and
qRT-PCR screening of expression of TG family members
showed strong expression of Tgm1 (TG1) in both Tgm2− /−;
F13a1− /− and WT osteoclasts (Supplementary Figure S4)
where it was upregulated during osteoclastogenesis in
response to M-CSF (Figure 3f). Tgm1 was not upregulated
in the absence of TG2 and FXIII-A and showed same level
expression as WT (Figure 3g) suggesting that it does not
compensate for the absence of TG2 and/or FXIII-A, but
functions to promote osteoclastogenesis as opposed to TG2
and FXIII-A which inhibit the process.

TG2 and FXIII-A deficiency increases bone marrow
adipogenesis and RANKL production by bmMSCs. To
continue our examination of bone cell function as well as to
determine the source for skewed RANKL/OPG balance
towards RANKL production in bone marrow, we analyzed
osteoblast function and numbers in vivo. Histomorphometric
analysis of 3-month-old mice showed no significant change in
osteoblast (N.Ob/T.Ar) or osteocyte numbers (N.Ocy/T.Ar) in
Tgm2− /−;F13a1− /− versus WT mice (Figure 4a). Assess-
ment of dynamic bone formation by serial calcein injections in
the 3-month-old mice showed no change in mineral apposi-
tion rate (MAR) in WT versus Tgm2− /−;F13a1− /− mice
(2.09± 0.12 μm/day and 2.12± 0.25 μm/day, respectively)
(Figure 4b). Histological analysis of ALP (alkaline phos-
phatase levels/positive cells) showed similar ALP staining
around bone trabeculae in Tgm2− /−;F13a1− /− and WT bone
(Figure 4c). As apparent from the histological images and cell
counts of serial bone marrow sections (Figure 4c and d)
Tgm2− /−;F13a1− /− bone marrow showed a dramatically and
significantly increased number of adipocytes. Cultures of
bmMSCs isolated from 2-month-old mice (this age is optimal
for isolation) Tgm2− /−;F13a1− /− mice showed significantly
increased potential to differentiate into adipocytes under
adipogenic conditions as visualized and quantified by Oil Red
staining (Figure 4e and f). Moreover, mRNA expression
analysis showed higher Pparg2 production by Tgm2− /−;
F13a1− /− cells upon treatment with adipogenic media
(Figure 4g). Most striking was the very high and significantly
increased RANKL production in Tgm2− /−;F13a1− /− cells
compared with WT cells (Figure 4g and Supplementary
Figure S4a). Opg production was decreased in Tgm2− /−;
F13a1− /− cells but this was not significant (Figure 4g and
Supplementary Figure S5a). mRNA expression of M-CSF
(Csf1) was not altered (Figure 4g).

Upregulation of TG1 in the absence of TG2 and FXIII-A
bmMSCs – all three regulate RANKL production. Inter-
estingly, both WT and Tgm2− /−;F13a1− /− bmMSCs also
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showed Tgm1 expression (Supplementary Figure S5b) which
was significantly higher in the knockout cells (Figure 5a).
Inhibition of TG activity by NC9 in both WT and Tgm2− /−;
F13a1− /− bmMSC cultures under adipogenic conditions,
significantly increased adipogenic transcription factor Pparg2
expression (Figure 5b and c) suggesting that TG1 can
regulate bmMSC fate and that its production is activated in
the absence of TG2 and FXIII-A. Interestingly, NC9 upregu-
lated RANKL mRNA significantly only in Tgm2− /−;F13a1− /−

bmMSC but not in WT cells, suggesting that TG2 and
FXIII-A proteins, but not their enzymatic activity, regulates
TG1 which then negatively regulates RANKL mRNA
production.

TG2 and FXIII-A regulate pFN assembly and homeostasis
in liver-plasma-bone axis. To examine which biochemical

conditions in the bone marrow may be contributing to the
microenvironment that switches MSC differentiation towards
adipogenesis in Tgm2− /−;F13a1− /− mice we first confirmed
that bone marrow in these mice is indeed devoid of TG
activity (Supplementary Figure S6a). We also considered that
FN – which we have shown before to be the main TG
transamidation substrate in osteoblast and adipocyte cell
cultures23,31 – can regulate the differentiation of the two
cell types.31,35,42 Thus, we examined FN homeostasis in WT
and Tgm2− /−;F13a1− /− mouse bones and bone marrow.
Sequential extraction of bone with the chaotropic agent
Guanidium-HCl (G1 and G2), mineral dissolving EDTA and
DOC/SDS-detergents (Figure 6a and b) showed that sig-
nificantly more FN was present in the G1 and G2 extracts,
and less in the last DOC/SDS extracts, strongly suggesting
that FN in 3-month-old Tgm2− /−;F13a1− /− bone has
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monocytes. n= 3 (three separate experiments). (c) Quantification of TRAP staining from media shows significant increase in Tgm2− /−;F13a1− /− cultures. Triplicate analysis
from three separate experiments is presented. (d) Tgm2− /−;F13a1− /− osteoclasts show dramatically increased resorption activity as visualized by resorption pit assay on
mineral coated plates. Images are representative of three experiments. Quantification of the resorbed area (%) shows significantly increased, threefold osteoclast activity of
Tgm2− /−;F13a1− /− osteoclasts. n= 3. (e) Chemical inhibition of TG activity with NC9 in WT and Tgm2− /−;F13a1− /− cultures, however, shows complete attenuation of
osteclastogenesis suggesting presence of other TGs. Triplicate analysis from three separate experiments in presented. (f) RT-PCR analyses of Tgm1 expression during
osteoclastogenesis shows increase upon M-CSF stimulation in both WTand Tgm2− /−;F13a1− /− cells. Representative data from three separate experiments is shown. (g) qRT-
PCR analysis shows that Tgm1 is not upregulated in Tgm2− /−;F13a1− /− osteoclasts. n= 3. P-values are as follows: ***Po0.001. NS; not significant. Scale bars, 200 μm
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increased solubility. The increased FN in the G1-extract was
not attributable to increased EDA-FN secretion by cells in the
bone marrow – while EDA-FN was produced in Tgm2− /−;
F13a1− /− osteoblasts, EDA-FN, was not externalized or found
in the bone extracts (G1-extract) nor bone marrow
(Supplementary Figure S6b-c). However, total FN levels were
clearly increased in bone marrow (Figure 6c) suggesting that
this represented pFN. Immunohistological analysis of bone
sections showed more intense total FN staining in the osteoid
layer and in the bone marrow space of Tgm2− /−;F13a1− /−

mice compared with WT mice. Cells adhering to this FN layer
appeared morphologically larger and rounder (Figure 6d).
Analysis of pFN levels in WT and Tgm2− /−;F13a1− /−

mouse serum showed a dramatic and significant increase
indicative of defective integration into tissues (Figure 7a).

Serum FN levels were significantly higher in 1-, 3- and
6-month-old mice, but not in 12-month-old mice (Supple-
mentary Figure S7), which correlates with the other para-
meters, particularly the resorption marker (Figure 3a). Cellular
(EDA-FN) levels were not increased in serum (Figure 7b).
Hepatocytes isolated from WT and Tgm2− /−;F13a1− /−

showed no altered FN production (Figure 7c) further support-
ing the concept of a tissue-integration defect. Intraperitoneal
injections of Oyster488-labeled pFN into WT and Tgm2− /−;
F13a1− /− mice for 3 consecutive days (Figure 7d) followed
by fluorometric detection in serum, bone marrow and
bone (G1-extract), showed that the double-null mice
had significantly higher levels of pFN in serum and bone
marrow compared with WT mice, and a conversely decreased
amount in bone (Figure 7e). Furthermore, as the marrow
space also showed a significant decrease in TG activity
(Supplementary Figure S6a) pFN matrix in this milieu is
likely not appropriately crosslinked and/or assembled into
fibrillar networks. Indeed, Tgm2− /−;F13a1− /− bmMSCs
had decreased ability to assemble exogenously added
biotinylated pFN into DOC-soluble fibrils (Figure 8a). pFN
was more prone to fragmentation indicating that non-
crosslinked bpFN and/or bpFN matrix was biochemically
labile (Figure 8a). Tgm2− /−;F13a1− /− bmMSCs did not
assemble bpFN into rounded nodules like in WT cells
(Figure 8c). This decreased pFN matrix assembly was not
linked to bmMSC proliferation as seen from the results of
MTTassay and Ki67 staining of the bmMSC cultures (Figure 8
b and c).

Discussion

In vitro work on transglutaminases TG2 and FXIII-A has
strongly suggested them to have a role in bone formation;
however, the respective individual knockout mice have not
shown a bone phenotype possibly due to compensation from
each other.43 Nevertheless, a recent report suggests that their
double deletion neither results in overt changes to skeleton nor
bone deposition defect.38 In this study we have also generated
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a mouse lacking TG2 and FXIII-A. Our evidence supports
these previous in vivo findings showing no phenotype in
osteoblasts; however, we provide new evidence via additional
skeletal phenotyping that TG2 and FXIII-A do have a
synergistic function in the maintenance of bone mass. TG2
and FXIII-A regulate osteoclastogenesis, RANKL expression
and bone marrow adipogenesis suggesting a role in myeloid
lineage and MSC cell differentiation in mice. The parameters
revealing this phenotypewere not examined previously. This is
the first report to identify TGs in the regulation of bone
remodeling and in balancing bone cell activity via RANKL.
The presence of TG2 and FXIII-A in monocytes and

macrophages is well documented,15,20,44,45 and a recent
report shows the relevance of FXIII-A in osteoclast function in
arthritis where FXIII-A deficiency is protective of osteoclast-

mediated bone erosion.46 In our study, we show that absence
of TG2 and FXIII-A result in dramatic 'increase' in osteoclas-
togeneis in vivo – a phenotype that persists in vitro. An
unexpected finding was that monocytes and osteoclasts
express TG1, which is increased during osteoclastogenesis
both in normal mice and in the absence of TG2 and FXIII-A.
Blocking of TG activity with a chemical inhibitor, NC9,41 in both
WT and double null monocytes/osteoclast cultures inhibits
osteoclastogenesis suggesting that TG1 is required for
osteoclast formation. Thus, our data supports the findings of
Rahgu et al.46 who showed blocking of osteoclastogenesis by
cystamine as TG inhibitor. Our data reveals a role for TG1 in
osteoclasts and a regulatory circuitry between the three TGs.
TG1 is a keratinocyte TG responsible for the formation of
cornified cell envelope that acts as protective skin barrier.
Mutations in TGM1 cause lamellar ichthyosis.14 No skeletal
phenotype has been reported for Tgm1 deficient mice that die
soon after birth.47 TG1 expression has not been previously
documented in any bone cells.
Although TG2 and FXIII-A have been implicated in

osteoblast function and activity in vitro,28,31,48,49 the double-
null mouse phenotype reported before38 and our work here
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strongly suggests that they do not regulate osteoblast activity
per se but regulate the function of their precursor cells in the
postnatal skeleton. This is supported by the increased
adipogenesis in double null bone marrow and by the
enhanced potential of TG2 and FXIII-A double null bmMSCs
to differentiate to adipocytes as well as by our previous
findings showing enhanced adipogenesis in both FXIII-A as
well as TG2-deficient mouse embryonic fibroblasts.23,24 The
absence of osteoblast phenotype may at first appear contra-
dictory to the in vitro data where us and others demonstrated a
role for TG2 and FXIII-A in matrix deposition and cell adhesion
in human (HOS, HOBs and MG-63 cells)49 and mouse
osteoblasts MC3T3-E1 and primary cells).21 However, the
absence of bone deposition phenotype does not exclude the
possibility that the function of TG2 and FXIII-A in osteoblasts
could be to enhance adhesion of osteoblasts as well as to
provide quality to the bone and strengthen the organic bone
matrix via orchestrating or assisting assembly of ECM
proteins, such as pFN fibrillogenesis, as shown in our study.
Indeed, quality and quantity of pFN network in bonemay affect
total matrix quality via downstream effects on lysyl oxidase
crosslinking activity,50 BMP1 activation51 and subsequent
collagen fibril assembly/maturation. This role for TGs in
osteoblasts is currently under investigation.
FN is a well-established TG substrate32,52,53 although the

exact in vivo physiological role of its transglutaminylation and
crosslinking has remained unclear. Accumulating evidence
suggests though that particularly FXIIII-A promotes FN

fibrillogenesis in vitro30 and we have shown that the main
crosslinking/transamidation substrate of FXIII-A is liver
(serum)-derived pFN in cell cultures using inhibitor NC9 and
FXIII-A deficient mouse embryonic fibroblasts.23,31 Here we
provide first in vivo evidence on the role of TG2 and FXIII-A in
whole-body pFN homeostasis by showing solubility changes
of FN matrix in the double null mouse as well as decreased
integration of injected pFN into bone tissue and its pooling into
serum and bone marrow fluid. In cultures, TG2- and FXIII-A-
deficient bmMSCs form poorly the cell clustering nodules of
pFN. This likely promotes bmMSCdifferentiation to adipocytes
as FN is a regulator of preadipocyte stage jointly with Pref-1/
Dlk-1 (refs 24,42), which we have previously shown to be
absent from TG2-deficient mouse embryonic fibroblasts.24

Although we did not dissect the mechanism linking TGs,
adipogenesis and RANKL, recent advances suggest that the
link may involve at least canonical Wnt-pathway, which inhibits
adipogenesis, suppresses RANKL production,54 and which is
regulated by TG255,56 as well as FN.57 TG2 was also recently
shown to correlate with RANKL production in human period-
ontal ligament cells as part of the engaged inflammatory
response in periodontitis.58 Links betweenMSC differentiation
towards adipogenesis with increased RANKL expression also
exists.59 The mechanisms how TGs regulate osteoclasto-
genesis may involve c-Src and regulation of cytoskeletal
dynamics.56 It is likely that these functions involve both
transamidation (pFN crosslinking) and non-transamidating
functions.
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In summary, our data links TG2 and FXIII-A for the first time
to maintenance of bone mass and marrow stem cell fate as
well as coupling of bone cells in vivo which identifies them as
potential targets to modulate RANKL levels in osteoporosis.

Materials and Methods

More in Supplementary Materials and Methods.

Mice. Generation of individual Tgm2− /− and F13a1− /− knockout mice were
described previously.36,37 All mice were maintained in a pathogen-free animal facility
and kept on a diurnal cycle and fed a normal chow diet. The experiments described

in this study were approved by the Animal Care Committee of McGill University.
Crossbreeding of the two genotypes was done using heterozygote female F13a1− /+

(on CBA/CaJ background) and knockout male Tgm2− /− (on C57BL/6 ) mice to
avoid the spontaneous miscarriages that occur for F13a1− /− mice.60 Despite
numerous attempts, we failed to generate double null mice from the Tgm2+/− ;
F13a1+/− breeding which could have generated matching wild-type controls.
Mating Tgm2− /−;F13a1− /− males with Tgm2− /−;F13a1+/− females resulted in
Tgm2− /−;F13a1− /− mice that we used in our experiments. Since this breeding
scheme does not generate littermate wild-type mice, mixed-background wild-type
controls were generated by parallel breeding by crossing C57BL/6 and CBA/CaJ
strains. Genotyping was done as described previously.36,37 Genomic DNA was
extracted from tail biopsies using Genomic DNA Extraction Kit (Life Technologies
Inc., Burlington, ON, Canada). The weight, BMD and resorption parameters of all
genotypes was monitored up to 1 year (n= 6–17). For analysis of individual
knockouts, age and gender matched littermate controls were used.

Serum markers. Mice were fasted for 6 h, anesthetized with isoflurane, and
whole blood was collected by cardiac puncture into serum collection tubes. Bone
resorption levels were assessed by measuring C-terminal telopeptides of type I
collagen in mouse serum using the RatLapsTM Kit (Immunodiagnostics Systems,
Gaithersburg, MD, USA). Total mouse osteocalcin levels were measured with kits
from Biomedical Technologies (Ward Hill, MA, USA). OPG and RANKL levels were
measured with kits from Abcam (Toronto, ON, Canada), total serum FN and serum
cellular FN were measured with kits from MyBioSource, (San Diego, CA, USA).
Calcium and phosphate were measured using a kit from Sekisui Diagnostics
(Lexington, MA, USA).

Micro-Computed tomography (μCT). Tibias and vertebrae of 3-month-
old mice (n= 5) were dissected and fixed in 3.7% formaldehyde for 24 h at room
temperature and washed with 70% ethanol. μCT was performed on trabecular and
cortical bone, with quantification done for the tibia samples, using a SkyScan 1072
(Aartselaar, Antwerp, Belgium) instrument. Mineralized bone volume, tissue volume,
and trabecular and cortical bone parameters were recorded. SkyScan software was
used for three-dimensional reconstructions.

Osteoclast cultures, TRAP staining and resorption assay. Bone
marrow monocytes were isolated and cultured from 6–8-week-old mice as follows.
Mice were sacrificed, and long bones were dissected and kept in ice-cold PBS.
Bone marrow was collected by centrifugation.61 Marrow was resuspended in
complete alpha MEM (Invitrogen), supplemented with 10% FBS, penicillin and
streptomycin, 1 mM sodium pyruvate and 1 mM L-glutamine, and then passed
through 70 μm cell strainer. After centrifugation, the cell pellet was resuspended in
red blood cell (RBC) lysis buffer (Sigma-Aldrich, Oakville, ON, Canada) for
10 minute on ice. RBC lysis buffer was then neutralized with complete medium.
Cells were pelleted and washed twice with complete medium. Cell counts were
done, and 15 × 106 cells were cultured with 25 ng/ml M-CSF for 24 h in a humidified
37°C incubator with 5% CO2. The following day, non-adherent cells were collected
and centrifuged. Cells were plated at 50 000 cells/cm2 and supplemented with
50 ng/ml M-CSF and 50 ng/ml RANKL (Peprotech Inc., Rocky Hill, NJ, USA). Cells
were treated every two days, and TRAP staining was done at day 5. For TRAP
staining, cultured medium was removed and cells were washed with PBS and fixed
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Figure 8 Plasma FN matrix assembly defect and its increased degradation in
Tgm2− /−;F13a1− /− bmMSC cultures. (a). BMMSCs isolated from 2-month-old mice
were grown with biotinylated plasma FN (bpFN) and assembly of DOC-soluble matrix
was examined by Western blotting. A decrease is seen in DOC-soluble bpFN matrix
in Tgm2− /−;F13a1− /− mouse cultures. A smaller pFN fragment is also seen in
Tgm2− /−;F13a1− /− cultures indicative of increased degradation. Western blot
image is representative of two separate cell culture experiments. (b) Double-null
bmMSCs show no altered proliferation under regular media or adipogenic media as
per MTT assay. Triplicate analysis from two separate experiments is presented. (c)
Immunofluoresence analysis of bpFN assembly (green), cell density (DAPI, blue)
proliferation (Ki67+DAPI)(pink) around bpFN. WT bmMSCs assemble bpFN into clear
rounded patches that are associated with cell nodules. Tgm2− /−;F13a1− /− bpFN
matrix lacks this rounded shape and nodular configuration of the cells. Cell
proliferation appears normal. Immunofluoresence images are representative of two
separate cell culture experiments. NS, not significant. Scale bars, 10 μm
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in 3.7% formaldehyde for 10 min at room temperature. TRAP staining was done
according to the manufacturer’s instructions (Sigma) and quantified using a
colorimetric kit (Corning Life Sciences, Corning, NY, USA). Resorption assays
were conducted using Corning Osteo Assay plates (Corning Life Sciences)
having a bone biomimetic synthetic surface coating. Cells were plated into the
plates at 50 000 cells/cm2 and were cultured for further 5 days in the presence of
M-CSF and RANKL as described above. Resorption pits were visualized by light
microscopy after von Kossa staining and quantified as per to instructions of plate
manufacturer.

Bone marrow mesenchymal stem cell isolation and culture. Bone
marrow was collected from 6–8-week-old mice by removing the bone marrow from long
bones via a centrifugation step. Bone marrow cells were resuspended in MesenCult
Complete Media with stimulatory supplement (StemCell Technologies, Vancouver, BC,
Canada). Cell suspensions were passed through a 70 μm cell strainer and pelleted by
centrifugation. Cells were resuspended in media and plated at 1 500 000 cells/cm2 in
tissue culture plates. After the cells had reached 80% confluency, adipogenic
differentiation was initiated by adding MesenCult Media with adipogenic supplements
(StemCell Technologies) or MesenCult Complete Media for the control cultures. Media
was changed every 3 days, and the experiment was terminated on day 13. Lipid were
visualized and quantified by Oil red staining as before.23

Hepatocyte isolation. Hepatocytes were isolated from mouse livers following
a previously published protocol.62 Briefly, 3-month-old mice were anesthetized with
pentobarbital and liver perfusion was done through the heart and through the portal
vein using perfusion medium and using a peristaltic pump. Collagenase-containing
solution was perfused for 10 min, and the liver was dissected and transferred into a
petri dish containing perfusion medium I (as per Li et al.62). The liver capsule was
disrupted with tweezers and hepatocytes were released by gentle shaking. Cells
were passed through a 70-μm cell strainer and centrifuged, then washed with fresh
perfusion medium II (as in Li et al.62) and resuspended in William E medium
(Sigma). Hepatocytes were plated at 0.4 × 106 cells/ml in culture plates coated with
type I collagen (Sigma), and plates were placed at 37 °C incubator with 5% CO2 for
6–8 h to form a monolayer. Unattached cells were removed and fresh William E
media was added. Hepatocytes were cultured up to 4 days, after which culture
media was collected and cells were extracted for analysis.

Fibronectin labeling and injections. Labeling was done with a similar
approach as published before.35 One milligram of human pFN was labeled with
Oyster-488 (LUMINARTIS, Muenster, Germany) and injected intraperitoneally into
12-wk-old mice on 3 consecutive days. Four experimental groups were used: WT
labeled with pFN-Oyster-488, WT labeled with inactivated Oyster-488, double-null
mice labeled with pFN-Oyster-488 and double-null mice labeled with inactivated
Oyster-488 (n= 3). Inactivation of Oyster-488 was done by incubating the dye for
1 h in 0.1 M Tris-buffer, pH 8.4. On day 5, mice were sacrificed, and bone marrow
was collected by removing growth plates and centrifuging out soft interior tissue.
This was followed by a cleaning step with PBS, and bones were used for bone
protein extraction as described above. Only the G1-extract was prepared. The
fluorescence signal from Oyster-488 labeled pFN in extracted material was
measured with a Synergy 2 Multi-Mode plate Reader (BioTek, Winooski, VT, USA)
equipped with Gen5 2.05 data analysis software (Winooski, VT, USA). The
background signal from the inactivated labeling control was subtracted from the
experimental group.

Statistical analyses. All data are presented as mean and error bars represent
S.E.M. of mouse groups with an n of 5–11. In cell culture experiments, S.E.M. derived
from either two or three independent experiments. Statistical significance between two
groups was determined by two-tailed, unpaired Student’s t-test using statistics software.
P-values are indicated as follows: *Po0.05, **Po0.01, and ***Po0.001. One way
ANOVA followed by Tukey’s multiple comparison posttest was used to compare multiple
groups using Origin 8. The significance level was set at *Po0.05.
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