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Fam3c, a cytokine-like growth factor, has been suggested to have a role in epithelial-to-mesenchymal transition (EMT),

tumor growth and metastasis. A single-nucleotide polymorphism affecting bone mineral density has been found in the

first intron of the Fam3c gene in a study analyzing an Asian population cohort. Other independent studies on different

population cohorts have found the fam3c locus to be associated with bone mineral density and fractures. In order to

investigate the role of Fam3c in bone biology, we have generated a Fam3c knock-out (KO) mouse strain. The Fam3c KO

mice were found to have normal appearance, behavior and fertility, but small changes in bone morphology and content

were also observed. Micro-CT analysis of tibiae of the female mice revealed decreased number of trabeculae. In male

mice the changes in the bone phenotype were smaller, but hematological changes were observed. Furthermore, there

was a negative correlation between body weight and tibial trabecular and cortical bone volume in the male KO mice.

There was a small increase in cortical bone mineral density, but in the lateral direction of tibiae the breaking strength was

reduced. Fam3c KO bone marrow cells showed accelerated osteogenic differentiation and mineralization in vitro. The

reduced number of bone trabeculae in Fam3c KO mice and the stimulated osteogenic differentiation indicate a role for

Fam3c in osteoblast differentiation and bone homeostasis.
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Introduction

The family of sequence similarity 3c (Fam3c; also known as
interleukin-like epithelial-to-mesenchymal transition (EMT)
inducer—ILEI) is a cytokine-like growth factor which is widely
expressed in adult tissues,1,2 the function of which has
been attributed to EMT, tumor growth and metastasis.3,4

However, little is known about its function in addition to the role
described in EMT. A large single-nucleotide polymorphism
(SNP) analysis of a Korean population cohort revealed that a
SNP affecting bone mineral density (BMD) at several skeletal
sites is located at the first intron of the Fam3c gene.5 A few later
independent genome-wide studies, on different population
cohorts, have also confirmed the association of Fam3c with
BMD and fractures.6–8 Recently, the structure of Fam3c was
modeled9 suggesting that Fam3c could interact via a distinct
mechanism, as it possesses a non-cytokine-like fold. As of

now, there is no published data regarding the receptor of
Fam3c.

Bone homeostasis is regulated by a multitude of nutritional,
biomechanical, hormonal and growth factors. Most of the bone
is formed by endochondral ossification, wherein collagen
matrix template is mineralized and subsequently remodeled.
Bone is constantly resorbed and formed, leading to complete
renewal of the skeleton B4–5 times during human lifespan. The
rate of bone formation and resorption is in balance during
adulthood.10

Osteoblasts are bone cells responsible for new bone
formation. Mesenchymal stromal cells (MSCs) in the bone
marrow undergo differentiation into osteoprogenitor cells,
which subsequently further differentiate into mature
osteoblasts.11 Many transcription factors, growth factors and
signaling pathways have been shown to regulate osteoblast
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differentiation. These include factors such as Sox9,12 Runx2,
Osterix,13,14 bone morphogenic proteins and SMADs,15 Indian
hedgehog,12 Wnt/b-catenin16 transforming growth factor-b
(TGFb), insulin-like growth factor-1, parathyroid hormone (PTH),
PTH-related peptide and fibroblast growth factors.17–20

A major cytokine affecting bone metabolism is TGFb which
regulates osteoblast proliferation and migration and inhibits
osteocyte apoptosis.21 Furthermore, TGFb has been recently
shown to inhibit osteogenic differentiation of bone marrow-
derived MSCs by downregulating the Wnt/b-catening signaling
pathway by upregulating DKK1 and GSK-3b expression.22

TGFb has been suggested to be an upstream regulator
of Fam3c as it activates Fam3c translation by inducing
disengagement of translational silencers from the Fam3c
mRNA.3,23 The secretion of Fam3c and the conversion of the
propeptide form of Fam3c to active protein are regulated
by the plasminogen-urokinase-plasminogen receptor system.
whereas in serum it is converted to its active form by serum
proteases.24

Osteoporosis is a condition affecting largely postmenopausal
women and also a significant proportion of elderly men.
Osteoporosis leads to a significant reduction in the quality of life
and increasing health-care costs because of fractures. To find
effective treatment options, it is important to expand our
knowledge about the regulation of bone tissue and the roles of
different proteins involved. Fam3c gene has been shown to be
an important determinant of BMD at the population level.5

A mouse model where the Fam3c gene is inactivated has
been previously generated.25 Previously no significant bone
phenotype could be consistently associated with the gene
inactivation in mice.25 In this communication, we for the first
time show that genome-wide inactivation of the Fam3c gene in
mice leads to alterations in the trabecular and cortical bone
structure and volume, and cortical BMD (Ct.BMD). Taken
together, these changes in bone structure cause a marked
reduction in bone strength. Moreover, correlation of body

weight (BW) to cortical and trabecular bone volume (BV) was
altered in the knock-out (KO) mice. In addition, the in vitro
differentiation of bone marrow-derived MSCs to osteoblasts
was also accelerated in the KO mice suggesting a putative role
of Fam3c in the regulation of osteoblast differentiation.

Results

General phenotype and blood analysis
The efficacy of Fam3c gene silencing was demonstrated by
immunoblotting, showing strong protein expression of Fam3c in
the spleens of WT mice and total lack of Fam3c protein in KO
mice (Figure 1b).

Fam3c KO mice were apparently normal, fertile and their
weight gain was similar to their wild-type (WT) counterparts
(Figure 1c and d). Characteristic to mice with 129/C57BL/6N,
1:1 genetic background the fur color varied from black to almost
white on both Fam3c WT and Fam3c KO mouse lines. No
abnormalities were observed in a routine analysis of the
histology of a large assortment of soft tissues: esophagus,
stomach, jejunum, ileum, colon, rectum, pancreas, kidney,
adrenal gland, trachea, lung, heart, cerebellum, cerebrum,
pituitary gland, eye, salivary gland, thyroid gland, spleen, lymph
node, thymus, skeletal muscle, testicles, epididymis, bladder,
prostate, seminal vesicle, ovary and uterus (data not shown).
Analysis of various blood cell types showed elevated numbers
of polymorphonuclear neutrophils and reduced amounts of
lymphocytes in male mice. The red blood cell counts were also
higher (Table 1; 11.52 vs 9.77� 109 ml� 1, P¼ 0.049) but the
mean corpuscular volume of the cells was slightly smaller in KO
than in normal male mice (Table 1; 51.03 vs 52.73 fl, P¼ 0.006).
The amount of mean corpuscular hemoglobin concentration
was also smaller in male KO mice than in WT mice (Table 1;
14.98 vs 16.22 pg, Po0.001). This is not, however, manifested
as anemia because total hemoglobin did not differ significantly.
No significant differences were found between blood cell
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Figure 1 Generation of the Fam3c KO mouse. (a) Schematic illustration of the gene modification leading to inactivation of the fam3c gene and expression of the reporter
construct. Gene-trap cassette was located within an intron between the exons 3 and 4 of the fam3c gene. This yields to expression of an mRNA encoding the first 3 exons on the
fam3c gene, a sequence encoding b-galactosidase and neomycin resistance fusion protein (b-geo), intracistronic ribosome entry side and placental alkaline phosphatase.
(b) Western blot of splenic lysate from Fam3c WT (þ /þ ) and KO (� /� ) mice. Recombinant Fam3c (50 ng) was used as a positive control. No Fam3c protein could be detected
from � /� mice. The brightness and contrast were adjusted for optimal clarity. No significant differences were detected in the weight gain of WT and KO female (c) and male
(d) mice.
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counts or morphology between WT and KO female mice
(Table 1).

Analysis of the reporter-gene expression in bone
To reveal the activity of the Fam3c promoter in bone of adult
mice expression of the reporter b-galactosidase activity in KO
mice was demonstrated in proliferating and hypertrophic
chondrocytes of tibial growth-plate osteoclasts and osteo-
blasts (Figure 2a), periosteal cells (Figure 2c) and in some
osteocytes of cortical bone (Figure 2d). Further to that, articular
chondrocytes, especially at the lateral corners of the synovial
surface, were strongly positive for the reporter-gene activity
(Figure 2f) as well as the fibroblasts at the attachment of
ligaments (Figure 2h). No staining was detected in the WT
controls lacking the reporter construct (Figure 2b, e and g).

Analysis of the trabecular bone phenotype
Micro-CT analysis of 3-month-old female mice revealed that in
Fam3c KO mice the tissue volume (TV) of tibial metaphysis was
significantly increased compared with Fam3c WT counter pairs
(2.6 vs2.2 mm3, P¼ 0.002;Figure 3a). Thiswas accompanied by
an increased trabecular separation (0.20 vs 0.30 mm, Po0.001;
Figure 3a) and decreased trabecular number (3.0 vs 2.5 mm� 1,
P¼ 0.049; Figure 3a), but there was not a significant difference in
BV (Figure 3a) all indicating that the same volume of bone is
distributed to a larger TV in the female KO mice. In 7-month-old

female mice, the trabecular number was even more reduced
(0.25 vs 0.39 mm, Po0.001; Figure 3a) leading to a significant
reduction in the BV (0.30 vs 0.47 mm3, P¼ 0.003; Figure 3a) and
BV/TV ratio (9.8 vs 17.2% mm, Po0.001; Figure 3a).

In 3-month-old male mice, the TV of tibial metaphysis was
slightly elevated in KO mice as compared with WT mice (3.9 vs
3.7 mm3, P¼ 0.009; Figure 3a), whereas in 7-month-old male
mice the situation was the opposite (3.7 vs 4.5 mm3, P¼ 0.021;
Figure 3a). There was no significant difference in any other
parameters of the tibial trabecular bone analyzed (Figure 3a).

Analysis of the cortical bone phenotype
In 3-month-old female mice, the BV/TV ratio of cortical bone
was slightly decreased in KO mice when compared with WT
mice (63.1 vs 66.4%, P¼ 0.031; Figure 3b). This was owing to
increased TV (0.23 vs 0.21 mm3, P¼ 0.015; Figure 3b), which
was reflected as increased tissue area (T.Ar; 1.45 vs 1.30 mm2,
P¼ 0.015; Figure 3b) and endocortical area (Ec.Ar; 0.54 vs
0.43 mm2, P¼ 0.012). There was no significant difference in
cortical thickness and bone perimeter (B.Pm) although the
medians of these parameters were slightly elevated in KO mice,
which is consistent with the differences in TV, T.Ar and Ec.Ar
(Figure 3b). In 7-month-old female mice, the TV was even more
increased and BV/TV ratio reduced in the KO mice as compared
with the WT mice (0.26 vs 0.22 mm2, P¼ 0.001 and 63.8 vs
74.3%, Po0.001, respectively; Figure 3b). This was accom-
panied by an increased B.Pm (10.5 vs 9.7 mm, P¼ 0.045), T.Ar
(1.63 vs 1.35 mm2, P¼ 0.001) and Ec.Ar (0.59 vs 0.35 mm2,
Po0.001). Interestingly, the BMD was also elevated in the KO
mice (1.10 vs 0.97 g cm� 3, P¼ 0.012). As shown in Figure 3c, in
3-month-old male mice the cortical BV/TV ratio was decreased
in KO mice as compared with WT mice (57.0 vs 61.4%,
Po0.001) and Ec.Ar increased (0.81 vs 0.64 mm2, P¼ 0.011).
The Ct.BMD was higher in KO mice (1.08 vs 0.99 g cm� 3,
P¼ 0.035). However, the difference in cortical BV/TV ratio was
reversed in 7-month-old mice, where the BV/TV was slightly
higher in KO mice when compared with WT (61.5 vs 57.3%,
P¼ 0.011) mice and Ec.Ar correspondingly decreased (0.65 vs
0.78 mm2, P¼ 0.038). The mean Ct.BMD was still higher in KO
mice although the difference was not any more statistically
significant (Figure 3c).

Break-point analysis
Three-point bending of tibial shafts at the distal attachment
point of fibula revealed that in both sexes the break-point
strength was significantly reduced in KO mice when compared
with WT mice (Table 2, male mice, 19.8 N vs 25.3 N, Po0.001;
female mice 17.2 N vs 20.4 N, P¼ 0.015). In the male mice this
was probably partly attributed to the altered bone geometry as
the tibial shat was narrower at the site of analysis (Table 2).
However, the thickness or the Ct.BMD of the tibial shafts of
female KO and WT mice did not differ significantly (Figure 3b).

Correlation of BV to BW
In mammals BV has been shown to allotropically correlate with
BW. The correlation trend between Tb.BV and BW was positive
in 7-month-old WT mice, but significantly negative in KO mice
(Figure 4). Also the correlation between Ct.BV and BW was
clearly and significantly negative in male KO mice and positive in
WT female mice (Figure 4). Moreover, the BW distribution was
clearly wider in KO mice within this age group (Figure 4; 28–40 g

Table 1 Blood composition analysis

Female Average ±s.d. Male Average ±s.d.

WBC
(�106 ml� 1)

WT 11.45 ±2.21 WT 10.25 ±1.65

KO 9.58 ±1.65 KO 9.71 ±0.64
Neutrophils (%) WT 7.15 ±1.58 WT 11.93 ±2.58**

KO 12.16 ±4.16 KO 16.18 ±1.17
Lymphocytes
(%)

WT 85.85 ±6.52 WT 82.05 ±3.71*

KO 82.66 4.22 KO 77.28 ±1.66
Monocytes (%) WT 0.98 ±0.34 WT 1.17 ±0.40

KO 1.68 ±0.96 KO 2.03 ±0.67
Eosinophils (%) WT 2.28 ±2.25 WT 2.38 ±0.87

KO 1.28 ±0.40 KO 2.48 ±2.54
Basophils (%) WT 0.40 ±0.08 WT 0.33 ±0.05

KO 0.28 ±0.08 KO 0.33 ±0.13
RBC
(�109 ml� 1)

WT 9.82 ±0.39 WT 9.77 ±0.18*

KO 10.34 ±0.26 KO 11.52 ±1.10
HGb (mg ml� 1) WT 158.25 ±4.35 WT 158.33 ±3.14

KO 160.20 ±1.79 KO 172.50 ±17.25
HCT (%) WT 51.28 ±1.42 WT 51.55 ±1.54

KO 53.44 ±1.46 KO 58.73 ±5.07
MCV (fl) WT 52.03 ±1.80 WT 52.73 ±0.91**

KO 51.62 ±2.19 KO 51.03 ±0.56
MCH (pg) WT 16.13 ±0.68 WT 16.22 ±0.16***

KO 15.50 ±0.55 KO 14.98 ±0.10
MCHC
(mg ml� 1)

WT 310.00 ±3.56 WT 307.67 ±6.15*

KO 300.60 ±7.77 KO 289.00 ±12.36
Platelets
(�106 ml� 1)

WT 943.5 ±249.2 WT 1051.00 ±66.5

KO 1072.0 ±108.4 KO 1035.00 ±231.1
Abbreviations: HCT, ; HGb, hemoglobin; KO, knock out; MCH, mean corpuscular
hemoglobin; MCHC, MCH concentration; MCV, mean corpuscular volume; RBC,
red blood cell; WBC, white blood cell; WT, wild type. Blood samples (n¼6 per
group) were analyzed with an Advia 120 instrument (Bayer-Siemens). The
percentage of neutrophils out of WBCs was significantly increased and
lymphocytes reduced in male KO mice as compared with male WT mice.
Also red blood cell count was higher in male KO mice than in male WT mice. The
MCH was also reduced in male KO mice, as well as MCV and MCHC.
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in WT vs 21–52 g in KO female mice and 41–47 g in WT vs
45–65 g in KO male mice). However, corresponding relation-
ships between BW and BMD were not found (data not shown).

Bone histomorphometry
As shown in Figure 5a, the findings on trabecular bone obtained
by conventional histomorphometry from a separate set of
mouse samples were similar to those acquired with micro-CT
(Figure 3a and b). In female mice the number of osteoclasts/
T.Ar was decreased in KO mice when compared with WT mice
(9.8 vs 17.2, P¼ 0.046). No significant differences were found in
the number of osteoblasts (Figure 5a).

Osteogenic differentiation of bone marrow MSCs
Upon osteogenic differentiation the mRNA expression for tissue
non-specific (bone) ALP was significantly higher at d9 and d15
in the osteogenic female KO bone marrow-derived MSC cell

cultures than in WTcells (Figure 5b). The expression of collagen
a1 mRNA was significantly stronger in KO cultures at d15
(Figure 5c) and also the osteocalcin mRNA, which was sig-
nificantly stronger at d15 in KO culture than in the WT culture,
where the osteocalcin mRNA began to emerge at d21
(Figure 5d). In male and female osteogenic MSC cultures, Von
Kossa staining for the calcium precipitate/nodule detection
displayed heavy staining earlier in male KO culture (d14) than in
WTculture, where weak nodule formation was only detected at
d21 (Figure 5d). In KO female culture the Von Kossa staining
was similarly stronger, but later, at d21, only weak nodule
formation was seen in the WT culture.

Discussion

In this communication we show for the first time that in addition
to the suggested role in EMT, Fam3c is also involved in the

Figure 2 Reporter-gene activity in bone. Decalcified tibias from 8-week-old male and female mice were stained with x-gal for b-galactosidase activity and counter stained with
safranin O. (a) Expression of the reporter gene was detected in osteoclasts (thick arrows), osteoblasts (double arrow) and proliferating growth-plate chondrocytes (thin arrow) as
shown for (� /� ) male mice. (b) Corresponding þ /þ control for a. Periosteal cells were positive for the reporter (c) � /� male mouse and (d) � /� female mouse. Occasional
positive osteocytes could be seen at the cortical bone of tibial diaphysis (d, inset). (e) þ /þ control (female) from a similar location. (f) Chondrocytes of the articular cartilage were
positive for the reporter showing most intense staining at the lateral edges of the knee joint (arrow, image form a � /� male mouse). (g) Corresponding þ /þ control for f.
(h) Attachment region of ligaments (shown for ligamentum collaterale mediale) were strongly positive for the reporter. The brightness and contrast were brought to visual uniformity
between images. (i–q) Immunohistochemical staining with a polyclonal anti-Fam3c antibody. i, k, m, o, WT mice; j, l, p KO mice. (n, q) Conjugate controls with WT mice.
(i,j) Immuno-positive osteoblasts indicated with a double arrow in i. (k, l) Periosteal cells and cortical bone osteocytes, immuno-positive cells indicated with arrows in k. (m) An
immuno-positive osteoclast (thick arrow).
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regulation of MSC differentiation and BV. The reporter-gene
activity for Fam3c expression was detected in all major
bone cells and the expression was seen also with

immunohistochemistry. Inactivation of the gene led to
increased cortical mineral density. The latter observation might
reflect in mice the Fam3c-allele-dependent cortical bone
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density seen in human subjects5–8 and was in line with the
accelerated differentiation and mineralization seen in osteo-
genic cell culture of bone marrow cells.

Interestingly, the trabecular bone phenotype was clearly
manifested in female mice, but not in males. This phenomenon
was demonstrated by two independent methods (micro-CTand
histomorphometry) used to analyze independent sets of
samples. The gender difference in the manifestation of the bone
phenotype might indicate that Fam3c could be involved in the
sex hormone receptor-mediated signaling mechanisms in
bone.26,27 The reduction of Tb.BV is apparently contrary to the
effects on BMD and osteogenic cell cultures. However, the
formation of trabeculae is a sum of consorted actions of
many bone cell populations, all of which are affected by the
inactivation of Fam3c.

The allometric correlation of BW vs BV is well-established
between various mammalian species.28 The ability of the bone
to adapt to mechanical load (mechanoreceptor-mediated
signaling) is also a well-known phenomenon, the mechanisms
of which are currently under intensive investigation.29–31

Correlation of BMD and bone mineral content with human
BW has been found in several studies.32,33 Profound obesity
has been shown to lead to diminished BMD and bone strength
both in mice and men.33,34 In many human studies, dual-energy

x-ray absorptiometry analysis which does not take into account
the bone geometry has been applied, thus introducing a
possibility of a bias in the analysis.35 In rodents, limited data
exists about the physiological variation of BW vs BV. Never-
theless, we found that in Fam3c WT mice the trabecular BV
increased upon increasing BW, whereas in Fam3c KO mice this
correlation was disturbed. Furthermore, the regulation of BW
appeared to be less strictly controlled in KO mice than in WT
mice after the period of rapid growth of young animals. This was
evident as the variation of BW was clearly wider in 7-month-old
KO mice than in WT mice (see Figure 4). The breaking strength
of the tibiae was reduced in both sexes despite the slightly
higher Ct.BMD. This can be mostly attributed to the altered
bone geometry (narrower tibiae in the lateral direction) espe-
cially in the males. The change in geometry may indicate change
in the bone response to mechanical load. In females the
difference in geometry was not so clear. This might indicate that
there could be also alterations in the bone–collagen matrix.
However, further studies would be needed to find out if the
Fam3c hass a role in the bone mechanoreceptor function.

The observations on bone phenotype—and also BW—might
be related to the major difference seen in the kinetics of in vitro
osteogenic differentiation, wherein KO bone marrow cells
displayed faster differentiation into mineralizing cells. However,
there was no evidence of gross osteopetrosis, because in spite
of slightly increased cortical BMD the amount of trabecular
bone was reduced in KO mice. MSCs are a key component of
the bone marrow niche, which also comprises many different
cellular populations, for example, cells of the lymphoid and
myeloid lineages, hematopoietic stem cells, endothelial cells,
neuronal cells and osteoclasts.36,37 Cells of the hematopoietic
lineage are known to differentiate in the bone marrow niche and
their differentiation is suggested to be regulated by different
cellular populations residing in the niche.38 The small changes in
the number of neutrophils and lymphocytes and red blood cells
manifested in the KO mice could result from an altered function
of the osteoblasts.

Table 2 Break-point force, length and thickness of tibiae

Length (mm) Thickness (mm) Force (N)

Male WT (8) 16.23±0.64 1.66±0.11 25.3±2.5
Male KO (8) 15.86±0.61 1.54±0.06* 19.8±2.5***
Female WT (8) 15.89±0.52 1.41±0.05 20.4±1.9
Female KO (8) 15.82±0.38 1.40±0.11 17.2±2.3*

Abbreviations: KO, knock out; WT, wild type. Tibiae from 3-month-old mice were
used (n¼8 per group). The thickness was measured in the lateral direction at the
proximal attachment of fibula. Breaking force was measured with a three-point
bending device and the maximal force before breakage was recorded.
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6 APRIL 2016 | www.nature.com/bonekey

http://www.nature.com/bonekey


It is known that the Fam3c propeptide attaches to the
extracellular matrix (ECM) through fibronectin.24 On the other
hand, fibronectin has been shown to regulate osteoblastic
differentiation of human MSCs in vitro.39 It could be hypo-
thesized that the ECM-bound Fam3c could be released by
resorbing osteoclasts and thus be involved in the signaling
crosstalk between osteoclasts and osteoblasts.

Interestingly, expression of Fam3c has been shown to be
regulated by upstream TGFb signaling during the EMT in cancer
cells.3 Furthermore, this was confirmed in another study
showing that TGFb induces the translation of Fam3c mRNA by
disengaging its translational silencer heterogeneous nuclear
ribonucleoprotein E1.23 TGFb is present in the bone matrix and
is released upon osteoclast-mediated resorption during bone
remodeling.40 It induces the migration of perivascular MSCs to
the resorption site for osteoblast differentiation and new bone
formation.41 TGFb signaling is mediated by the SMAD proteins
and regulates the transcriptional activation of target genes.42

TGFb signaling also regulates mechanical properties and the
mineral concentration of bone matrix.43 Fam3c KO mice
displayed accelerated osteogenic differentiation and miner-
alization. It could be hypothesized that TGFb signaling induces
the expression of Fam3c in bone cells and that Fam3c might be
involved in the regulation of bone matrix properties and
mineralization. The phenotype seen in in vitro osteogenic
differentiation was, however, surprising. In vivo osteogenic
differentiation is an intricately coordinated process. Many
factors, for example, transcription activators, hormones,
hematopoietic niche and crosstalk between different cellular

populations, regulate the process. In vitro osteogenic differ-
entiation takes place under much more simplified
conditions, which would probably have allowed the effect of
Fam3c during differentiation to be manifested.

Sex hormones and sex hormone receptor-mediated signaling
mechanisms have been shown to regulate bone growth and
composition.26,27,44,45 The gender difference in the manifes-
tation of the fam3c-related bone phenotype could be explained
by the proposed mechanisms of how E2-mediated signaling is
related to TGFb production and the translational regulation of
Fam3c mediated by TGFb.23,46,47

One limitation of this study is that the gene inactivation was
not cell specific. Therefore, it was not possible to deduce which
bone cell population was mostly responsible for the bone
phenotype observed. It is possible, that deletion of Fam3c could
have disturbed its own regulatory system and therefore this
could be responsible for a part of the phenotype observed.
However, this is a universal concern regarding KO mouse
models. However, based on our findings Fam3c is not a vital
protein for mouse development. KO embryonic development
was normal: the mice had normal outlook, fertility, behavior and
lifespan. Instead, Fam3c appears to have a role in the fine tuning
of bone morphology, BV and osteogenic differentiation.

Materials and Methods

Generation of Fam3c KO mice
The gene-trap clone LST057 was obtained from Bay Genomics
(Mutant Mouse Regional Resource Centers, MMRRC, San
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RT-qPCR analysis of (b) ALP, (c) collagen 1a and (c) osteocalcin during osteogenic differentiation of bone marrow-derived MSCs of 8-week-old female WT and KO mice. (e) Von
Kossa staining of a separate set of male and female KO and WT osteogenic cell cultures. KO cultures showed strong mineralization 1 week earlier that WT cultures. The brightness
and contrast of the images were brought to visual uniformity. Similar results as shown in b, c, d and e were obtained from three independent experiments.

Fam3c regulates bone
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Francisco Bay Region, CA, USA). In that clone the gene-trap
construct is integrated in the intron between exons 3 and 4 of the
Fam3c gene in 129P2 (former 129/Ola) embryonic stem (ES)
cells (Figure 1a). The 129P2 ES cells were injected into
C57BL/N6 mouse blastocysts to generate chimeric mice.
Breeding of the chimeras with C57BL/N6 mice produced
heterozygous animals carrying the trapped allele. Hetero-
zygous mice were used to generate mice homozygous for the
WT and trapped (KO) fam3c allele. All the studies were carried
out in mixed (129/C57BL/6N) genetic background. The
C57BL/6N mice used as blastocyst donors were obtained from
Charles River Laboratories (Wilmington, MA, USA). The mice
were fed with a soya-free diet, and they were maintained in a
specific pathogen-free stage at Central Animal Laboratory at
the University of Turku, Turku, Finland. All studies carried out
with the mice were approved by the Finnish Animal Ethics
committee, complying with international guidelines on the care
and use of laboratory animals. The corresponding licenses
provided by the State Provincial Office and National Animal
Experiment Board were: #2009-06915 and #2165/04.10.07/
2015, respectively.

Blood analysis
Blood was collected in heparinized tubes by heart puncture,
immediately after killing of 3-month-old mice. Complete blood
analysis was performed with an Advia 120 Hematology System
(Siemens Healthcare, Erlangen, Germany) at Clinical Research
Services Turku (CRST, Turku, Finland).

Micro-CT computer tomography analysis
Micro-CT computer tomography was performed with
Skyscan 1070 x-ray computer tomography scanner (Bruker,
Madison, WI, USA) essentially as described previously.44,45

Reconstruction of cross-sectional images was done with
NRecon v1.4 software and data analysis and 3D model building
by CTan 1.9.32 software, both from Skyscan (Bruker). Following
parameters were applied for scanning � 55 magnification (pixel
resolution of 5.33 mm), x-ray tube voltage 72 kV, tube current
140mA, x-ray filtration with a 0.25-mm aluminum filter. Exposure
time was 3.9 s for each frame and the object was rotated in
steps of 0.451 (total rotation angle¼ 182.451). Parameters for
transverse image reconstruction were as follows: dynamic
range 0.0025–0.130 arbitrary units, smoothing level 3, beam
hardening reduction 85%, ring artifact reduction level 7.

For analysis of trabecular bone, a volumetric region of interest
was defined at the metaphysis of the tibia starting 20 layers
(106.6 mm) below an anatomic marker, showing lower surface of
the growth plate at the cross-sectional middle of the tibia, and
extending 301 layers (1604 mm). Cortical bone was excluded
from the region used for analysis of trabecular bone. For
analysis of cortical bone a slice at the diaphysis of tibia starting
4100mm below the growth plate and extending for 51 layers
(272mm) was defined.

Bone break-point analysis
Right femora of 3-month-old mice were extracted and stored in
40% ethanol until use. The length and lateral cross-sectional
thickness of tibia were measured with a caliper. The breaking
forces of tibiae were analyzed in lateral direction with a three-
point bending device48 at the distal attachment point of the
fibula.

Cell culture
Osteogenic differentiation of bone marrow cells from 10-week-
old mice was performed applying a protocol described by
Morko et al..49 Bone marrow cells were isolated from the
endosteal cavity of diaphysis of tibiae and femorae with
aspiration with a-MEM supplemented with pre-screened 15%
heat-inactivated FBS (Gibco, Thermo-Fischer Scientific,
Waltham, MA, USA). Cells were further detached by extrusion
with a syringe and 22-guage needle, pelleted and cultured in
flasks at density 106 cells mm� 2 in a-MEM supplemented with
15% heat-inactivated FBS, 10� 8

M dexamethasone (Sigma-
Aldrich, St.-Louis, MO, USA), 10 mM HEPES and penicillin/
streptomycin (both from Gibco, Thermo-Fischer Scientific,
Waltham, MA, USA). After 2 days of culture non-attached cells
were removed and the medium replaced. After 1 week adherent
cells forming colonies were detached with trypsin-EDTA (Gibco,
Thermo-Fischer Scientific), washed, counted and plated on
six-well plates (50 000 cells per well) or 24-well plates
(20 000 cells per well). Osteogenic differentiation was started
with medium containing 15% heat-inactivated FBS, 10 mM

Na-b-glycerophosphate, 50 mg ml� 1 ascorbate-2-phosphate
and for the three initial days 10� 8

M dexamethasone (all from
Sigma-Aldrich).

Bone histology, immunohistochemistry and
histomorphometry
Bone histology and histomorphometry were performed as
previously described.43,44 Briefly, left femorae was fixed with
10% phosphate-buffered formalin, decalcified with 14% EDTA
for 2 weeks and embedded in paraffin. Tartrate-resistant acid
cellular phosphatase was detected on deparaffinized sections
(5-mm thick) with an Acid Phosphatase Leukocyte kit
(Sigma-Aldrich). For immunohistochemistry antigen retrieval
was done with standard microwave oven treatment in citrate
buffer. An in-house made polyclonal rabbit anti-Fam3c
antiserum (raised with recombinant rat Fam3c protein) was
used at 1:500 dilution and immunoreaction was detected with a
Vectastain ABC streptavidin-HRP, biotin goat-anti-rabbit
system using 3,30-diaminobenzidine as a chromogen (Vector
Laboratories, Burlingame, CA, USA). The lengths of right tibiae
were measured with a caliper. Subsequently they were fixed
with 40% ethanol, embedded in methyl metacrylate, cut into
5-mm sections and stained with Masson-trichrome stain.
Histomorphometry was done under light microscopy and with
the aid of OsteomeasureXP 3.1.0.1 program and digital drawing
equipment (Osteometrics, Decatur, GA, USA).

RNA extraction, cDNA synthesis and quantitative-PCR
RNA was extracted by using the Nucleospin RNA kit (Macherey-
Nagel, Duren, Germany). Briefly, cells at different time points
were lysed using the lysis buffer provided in the extraction kit.
DNAse treatment and column-based purification was per-
formed according to the kit instructions and RNA was eluted in
RNAse-free water. cDNA synthesis was performed using the
Dynamo cDNA kit (Thermo Fisher Scientific). Quantitative-PCR
was performed on a CFX96 thermal-cycler (Biorad Labara-
tories, Hercules, CA, USA) with iTaq universal SYBR green
(Biorad Labaratories). nnCt method was used for relative
quantification. b-Actin was used as a reference gene. D3
differentiation cDNA was used as a calibrator. Primers: tissue
non-specific mouse alkaline phosphatase (liver/bone/kidney),
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forward: 50-GGGAGATGGTATGGGCGTCT-30, reverse: 50-AGG
GCCACAAAGGGGAATTT-30 (product size: 117 bp). Mouse
osteocalcin: forward, 50-CTGACAAAGCCTTCATGTCCAAG-30,
reverse: 50-AGCAGGGTCAAGCTCACATA-30 (product size:
131 bp). Mouse collagen a1: forward, 50-CGATGGATTCCCG
TTCGAGT-30, reverse: 50-GCTACGCTGTTCTTGCAGTG-30

(product size: 132 bp). Each forward primer was designed to
span an exon boundary to prevent amplification of genomic
DNA.

Statistical analysis
The data are presented as means and standard deviations.
Statistical significance was analyzed with two-tailed Student’s
test. Variance equality was analyzed with Levene’s test. On the
basis of the test, unequal variances were assumed between the
groups. P-values of o0.05 were considered as statistically
significant. All analyses were performed with IBM SPSS
Statistics for Windows, version 21 (Armonk, NY, USA).
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