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Calreticulin is a highly conserved, ubiquitous Ca2�-buffering
protein in the endoplasmic reticulum that controls transcrip-
tional activity of various developmental programs and also of
embryonic stem cell (ESC) differentiation. Calreticulin activates
calcineurin, which dephosphorylates and induces the nuclear
import of the osteogenic transcription regulator nuclear factor
of activated T cells 1 (NFATC1). We investigated whether calre-
ticulin controls a switch between osteogenesis and chondrogen-
esis in mouse ESCs through NFATC1. We found that in the
absence of calreticulin, intranuclear transport of NFATC1 is
blocked and that differentiation switches from osteogenic to
chondrogenic, a process that could be mimicked by chemical
inhibition of NFAT translocation. Glycogen synthase kinase 3�
(GSK3�) deactivation and nuclear localization of �-catenin crit-
ical to osteogenesis were abrogated by calreticulin deficiency
or NFAT blockade. Chemically induced GSK3� inhibition
bypassed the calreticulin/calcineurin axis and increased osteo-
blast output from both control and calreticulin-deficient ESCs,
while suppressing chondrogenesis. Calreticulin-deficient ESCs
or cells treated with an NFAT blocker had enhanced expression
of dickkopf WNT-signaling pathway inhibitor 1 (Dkk1), a
canonical Wnt pathway antagonist that blocks GSK3� deactiva-
tion. The addition of recombinant mDKK1 switched osteogenic
ESC differentiation toward chondrogenic differentiation. The
results of our study indicate a role for endoplasmic reticulum
calcium signaling via calreticulin in the differentiation of ESCs
to closely associated osteoblast or chondrocyte lineages.

Calreticulin is a highly conserved, ubiquitous high-capacity
Ca2�-buffering protein of the endoplasmic reticulum (ER)3

that is centrally located in a signaling network within the ER
lumen (1). Calreticulin is uniquely endowed for this role as it
controls ER [Ca2�] and the amount of Ca2� releasable from the
ER (2). Calreticulin-mediated ER signaling is poised to regulate
transcriptional activity of developmental programs in general,
and ESC differentiation in particular (3, 4). An important part
of the transcriptional circuitry is the Ca2�/calmodulin-depen-
dent phosphatase, calcineurin (5). Calreticulin regulates the
release of Ca2� from the ER required for activation of calcineu-
rin (6), hence modulating the activity of several downstream
genes that affect developmental processes (5). For example,
ablation of calreticulin in mice is embryonic lethal due to faulty
cardiomyogenesis (7), but it can be rescued in calreticulin-de-
ficient (crt�/�) mice by specific heart-targeted overexpression
of constitutively activated calcineurin (8). Overexpression of
calcineurin in mice enhances osteoblast differentiation and
bone formation (9), whereas calcineurin-null mice have dimin-
ished bone formation and severe osteoporosis, due to reduced
osteoblast differentiation (9). Treatment of adult mice with the
calcineurin inhibitor, FK506, reduces bone mass by primarily
blocking osteoblastic bone formation (10). Calcineurin affects
osteoblastogenesis by dephosphorylating transcription factors
called the cytoplasmic nuclear factors of activated T cells
(NFATC), thereby allowing their entry into the nucleus for gene
regulation (5). NFATC1-deficient mice have defective bone
formation, whereas mice with constitutively active nuclear
NFATC1 in osteoblasts have increased osteoblast proliferation,
high bone mass, and up-regulation of genes that promote
osteogenic Wnt pathways (11).

Presently, there is substantial evidence for the role of cal-
cineurin/NFAT in bone formation, but little for chondrocyte
determination. Osteoblast and chondrocyte cell lineages are
coupled during the nascent skeletal formation process known
as endochondral ossification (12) and associated spatially in
bone and cartilage of the mature skeleton, which requires a
coordinated mechanism to specify the distinct lineages during
development. ESCs can be differentiated to produce bone and
chondrocyte cell lineages through the combination of defined
media and the addition of bioactive signaling proteins and mol-
ecules (13). The present study focuses on the ER Ca2�-signaling
role of calreticulin via the calcineurin/NFATC1 axis and
GSK3�-deactivation in the differentiation to either osteoblasts
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or chondrocytes from murine ESCs. We found that calreti-
culin affects the fate in differentiating ESCs by determining
NFATC1 loci of residence. Calreticulin suppresses the
expression of the chondrogenic master transcription factor,
Sox9, thereby suppressing the specification of chondrocytes,
while simultaneously permitting osteoblast specification.
Lineage determination is also accomplished by deactivation
of GSK3�, which we show to be regulated by calreticulin and
its downstream effector, NFAT. The absence of calreticulin
and intranuclear NFAT favors chondrocyte specification
despite the cells being cultured under an osteogenic differ-
entiation protocol. Collectively, we describe a novel mecha-
nism by which ER-Ca2� signaling determines lineage speci-
fication to either an osteoblast or chondrocyte lineage in a
mutually exclusive manner.

Results

Calreticulin regulates osteoblasts versus chondrocyte lineage
specification

To characterize a role for calreticulin in osteoblastogenesis,
we compared differentiation of calreticulin-deficient (crt�/�)
ESCs to WT control ESCs. Mineralization was substantially
reduced in crt�/� cultures compared with the WT cells (Figs.
1A and 2 (A and D)). The increase in osteoblast activity of
crt�/� WT cells during differentiation was reflected in signifi-
cantly higher transcript levels of osteoblast-specific genes
Runx2, Sp7 (osterix), and Ibsp in WT cells versus crt�/� ESCs
(Fig. 1B). The osteogenic transcription factor, osterix, is over-
whelmingly located in the nuclei of the WT cultures at day 19
(Fig. 1E). Transcripts for Wnt signaling genes important for
osteogenesis, including Wnt10b and Wnt11 (14), were also ele-
vated by the first week, but not in calreticulin-deficient ESCs
(Fig. S1). Conversely, the anti-osteogenic canonical Wnt signal-
ing antagonist, Dkk1 (15), is enhanced in differentiating crt�/�

cultures (Fig. S1) and indicates a divergence from osteoblast
differentiation. Overall, the data confirm a favored osteoblast
specification from WT ESCs versus those from crt-null ESCs in
both signaling environment and function.

Chondrocyte generation is strongly coupled to osteoblasts
via their common cell lineage ancestors (16); therefore, we
examined the cell fate of differentiated crt�/� ESCs cultured in
conditions favoring osteoblasts. The absence of calreticulin
permitted a switch of the ESC fate from osteogenic toward a
chondrogenic fate, as demonstrated by enhanced Alcian blue
staining of glycosaminoglycans secreted by chondrocytes (Fig.
1C). Increased expression of chondrocytic genes, such as type II
collagen �1 and aggrecan, and, importantly, increased tran-
script and protein levels of the chondrocyte master transcrip-
tion factor Sox9 (Fig. 1D and Fig. S2 (A and B)) in crt�/� cells
versus WT cells confirmed this switch in fate. The permissive
effect of calreticulin absence on the cell fate switch from osteo-
blast to chondrocyte is apparent in the disparate manners of cell
packing: WT culture cell colonies are tightly packed, whereas in
crt�/� colonies, the cells are more spread with less defined col-
ony edges, and colonies are much less cell-dense (Fig. 1F).
There was also a shift in the abundance of nuclear SOX9 over
nuclear osterix between WT and crt�/� cells. Immunofluores-

cence images show that at day 19, crt�/� cells express signifi-
cantly lower nuclear osterix levels and higher levels of the chon-
drogenic transcription factor SOX9 in the nucleus. There is also
a higher level of staining of the cartilage marker type II collagen
compared with WT cells (Fig. 1E), demonstrating a shift to
chondrocyte specification in the absence of calreticulin.

A signaling axis comprising calreticulin/Ca2�/calcineurin
promotes osteoblast specification over chondrocyte
specification

Calreticulin, by being the most robust ER Ca2� buffer, is
critical for Ca2� homeostasis; the absence of calreticulin
reduces both ER-releasable and total [Ca2�], and the converse
is true for calreticulin overexpression (17). Ca2� content of
mineralized deposits in WT cultures was �7-fold higher than
that in the crt�/� cultures (Fig. 2A), and chelation of intracel-
lular [Ca2�] with BAPTA/AM caused a substantial decrease in
WT cell mineralization (Fig. 2 (A and D), von Kossa plates).
Decreased osteoblast activity in the presence of BAPTA/AM
was confirmed with a decrease of mRNA abundance of the
osteoblast markers Runx2, osterix, and osteocalcin (Fig. 2B). In
contrast, increasing intracellular [Ca2�] with ionomycin
restored mineralization of the nonosteogenic crt�/� cell cul-
tures (Fig. 2 (A and D), von Kossa plates). Again, mRNA levels of
osteoblast markers in crt�/� cell cultures treated with ionomy-
cin are increased compared with vehicle-treated cells (Fig. 2B).
These results strongly indicate that the role of calreticulin in
osteoblastogenesis is through its Ca2� homeostasis function.
Concurrently, as BAPTA/AM decreased osteoblast activity of
WT cell cultures, there was a modest increase in acidic pro-
teoglycan staining with Alcian blue (Fig. 2D) along with a mod-
estly enhanced expression of Sox9 and aggrecan mRNA (Fig.
2C) and SOX9 protein (Fig. S2, C and D) promptly detected
after the time frame of treatment with the intracellular Ca2�

chelator (days 3–5). The inverse is more notable when crt�/�

cell cultures were treated with ionomycin and the early Sox9
expression decreased (Fig. 2C and Fig. S2 (C and D)). Aggrecan
mRNA levels decreased at later time points (Fig. 2C), along with
decreased Alcian blue staining (Fig. 2D).

Ca2� released by calreticulin activates calcineurin (18, 19);
hence, we examined the involvement of the calreticulin/Ca2�/cal-
cineurin axis in osteoblastogenesis. Calcineurin activity was low in
crt�/� cells when compared with WT ESCs (Fig. S3A). A stable
transfection of nonosteogenic crt�/� cells with constitutively
active calcineurin (cell line denoted crt�/��CaN*) restored cal-
cineurin activity (Fig. S3A) and induced dramatically high mRNA
levels of osteoblast markers during the early period of differentia-
tion (day 7; Fig. S3B) that translated to a restoration of osteogenic
potential similar to that of crt�/� WT cells (Fig. 2, A and E). Pre-
dictably, cyclosporin A inhibited calcineurin activity (Fig. S3A),
which also suppressed mineralization in both differentiating con-
trol and crt�/��CaN* ESCs (Fig. 2, A and E).

The calreticulin/Ca2�/calcineurin axis controls NFATC1
nucleocytoplasmic trafficking

NFATC1 has been shown to be an effector for calreticulin
and calcineurin to induce osteoblast specification (11, 20).
Importantly, intranuclear localization of NFATC1 is signifi-
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cantly (�80% of cells) restored upon expression of constitu-
tively active calcineurin in crt�/��CaN* cells (Fig. 3A); there-
fore, akin to other systems, calcineurin dephosphorylates

NFATC1 to promote its nuclear translocation. Immunofluores-
cence observations have been complemented by manual counts
of NFATC1 distribution and Manders’ overlap coefficients to

Calreticulin regulates osteogenesis and chondrogenesis

J. Biol. Chem. (2020) 295(20) 6861–6875 6863



quantify colocalization with propidium iodide nuclear staining
(Table S1, NFAT localization).

Western blot analysis of the nuclear fractions of WT ESCs
throughout the timeline of differentiation demonstrates that
NFATC1 is detected by day 6 and peaks by days 8 –12 of differ-

entiation, after which nuclear levels sharply decline (Fig. 3, B
and C). Calreticulin protein expression increases and peaks by
day 6 in WT cells (Fig. 3B), and hence its expression pattern
overlaps with NFATC1 nuclear entry within the first week of
osteoblast specification. In contrast, NFATC1 nuclear entry is

Figure 1. Calreticulin affects specification of osteoblasts and chondrocytes from ESCs. WT control ESCs and crt�/� ESCs were differentiated using an osteogenic
protocol and evaluated for Ca2�-based mineralization with von Kossa stain at day 26 (A) or for acidic proteoglycans secretion using Alcian blue stain on day 21 (C). B
and D, real-time quantitative RT-PCR (RT-qPCR) analysis of osteoblast marker genes (B) or chondrocyte markers (D) of WT (f) and crt�/� (�) ESCs through time of
osteoblast differentiation. E, confocal images of immunofluorescence localization analysis using osterix, SOX9, or type II collagen antibody at day 19 of the osteogenic
differentiation protocol of WT control ESCs or crt�/� ESCs. Dual-channel images of a single field are displayed with protein of interest labeled in the left panel,
DAPI-stained nuclei in the right panel, and the RGB panel as a merged image of green (protein of interest) and blue (DAPI). Scale bar, 50 �m. F, phase-contrast images of
day 10 differentiated WT or crt�/� cells. Scale bar, 500 �m. Data are expressed as means � S.D. (error bars), n � 3, and two-way ANOVA between WT and crt�/� ESCs
results (B and D): Runx2 (p � 0.0001, F 	 158.7); osterix (p � 0.0001, F 	 111.7); Ibsp (p � 0.000.1, F 	 108.9); Sox9 (p � 0.0001, F 	 20.84); aggrecan (p � 0.0002, F 	
19.51), Col2a1 (p 	 0.0001, F 	 20.63). Bonferroni post hoc analysis was as indicated: *, p � 0.05; **, p � 0.01; ***, p � 0.001.

Figure 2. Calreticulin/Ca2�, calcineurin, and NFAT regulates osteoblast and chondrocyte specification. Differentiating WT control, crt�/�, and crt�/��CaN*
ESC cultures were treated on days 3–5 with cyclosporin A, BAPTA-AM, and ionomycin or on days 6–17 with A-285222, and then Ca2�-based mineralization was
measured on day 21 by an Arsenazo III assay (A) or von Kossa (D and E). Acidic proteoglycans were stained with Alcian blue where indicated (D). B and C, RT-qPCR
analysis of osteoblast (B) and chondrocyte (C) markers using RNA extracted at the indicated time points during the osteogenic differentiation protocol. WT (f) ESCs
were treated with BAPTA/AM (‚), and crt�/� (�) ESCs were treated with ionomycin (�) between days 3 and 5. Data are expressed as means � S.D. (error bars), and
n � 3. A, one-way ANOVA result: p �0.0001, F 	18.29; B and C, two-way ANOVA: transcript levels in WT control ESCs treated or not with BAPTA-AM (Runx2, p 	0.0002,
F 	 17.85; osterix, p 	 0.0054, F 	 8.815; osteocalcin, p 	 0.0003, F 	 16.21; Sox9, p 	 0.5169, F 	 0.4296; aggrecan, p 	 0.0173, F 	 6.261); transcript levels in crt�/�

ESCs treated or not with ionomycin (Runx2, p 	 0.0462, F 	 4.257; osterix, p 	 0.0079, F 	 7.931; osteocalcin, p 	 0.0004, F 	 15.07; Sox9, p 	 0.0001, F 	 18.65;
aggrecan, p 	 0.0003, F 	 16). Bonferroni post hoc analysis was as indicated (A–C): *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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delayed and significantly reduced in the nonosteoblastic but
chondrogenic crt�/� cells (Fig. 3, B and C). Immunolocaliza-
tion experiments throughout timeline of differentiation (Fig.
3E) corroborate NFATC1 cytosolic-nuclear trafficking cited in
the above nuclear fractionation analysis. As a control, we mea-
sured expression of the direct target of NFATC1, Dscr1 (21),
and found that its mRNA expression profile correlated with the
timing of NFATC1 nuclear translocation and that the absence
of calreticulin attenuated Dscr1 expression (Fig. 3D), indicating
NFATC1 transcriptional activity.

Next, we inhibited intranuclear translocation of NFATC1
using a small molecule, A-285222, which inhibited intranuclear
translocation of NFATC1 (Fig. S4A) and attenuated NFATC1 tar-
get gene, Dscr1, expression (Fig. 3D), while affecting neither NFAT
phosphorylation status nor calcineurin activity (22). The absence
of NFATC1 from the nucleus resulted in decreased mineralization
in both differentiating WT control and crt�/��CaN* ESCs (Fig. 2,
A and E) and decreased mRNA levels of osteoblast genes Runx2,
osterix, and osteocalcin (Fig. S4B), highlighting NFATs role in reg-
ulating osteoblast differentiation.

NFATC1 suppresses chondrocyte specification

The decrease of NFATC1 nuclear translocation in differen-
tiating crt�/� ESCs (Fig. 3) led us to examine whether or not
NFAT regulates chondrocyte specification in cell culture favor-
ing osteoblasts. Given that NFATC1 localizes to the nucleus
around day 6 and is still present at day 17 of differentiation but
at decreasing levels, we treated differentiating WT ESCs with
the inhibitor of intranuclear NFAT transport, A-285222,
between days 6 and 17. Preventing intranuclear presence of
NFAT resulted in increased staining for chondrocyte extracel-
lular glycosaminoglycans (Fig. 4A) and increased expression
and stabilization of chondrocyte-specific aggrecan and chon-
drocyte master transcription factor Sox9 (Fig. 4B) and SOX9
protein (Fig. 4, C and D). Immunofluorescence analysis at day
19 shows enhanced nuclear SOX9 and cartilage marker, type II
collagen expression (Fig. 4E; compare with Fig. 1E for WT con-
trol), in the presence of A-285222. In contrast, nuclear osterix
levels decreased (Fig. 4E). Additionally, in the presence of
A-285222, expression levels of osteogenic Wnt-signaling genes
Wnt10b and Wnt11 were attenuated (Fig. S1) as were the osteo-
genic genes cited above (Fig. S4B).

Calreticulin and NFAT enable GSK3� deactivation

Because we demonstrated that genes of the canonical Wnt
signaling pathway are affected by calreticulin, and inhibition

of GSK3� increases mice bone formation and bone mass (23,
24), we looked at the role GSK3� deactivation plays in osteo-
blast specification from ESCs. Using an antibody specific for
the phosphorylated serine 9 of GSK3�, which marks kinase
deactivation (25), Western blot analysis demonstrated that
GSK3� is deactivated in a biphasic pattern overlapping with
that seen in NFATC1 nucleocytoplasmic trafficking during
the differentiation as demonstrated biochemically (compare
Fig. 5 (A and B) with Fig. 3 (B and C)) and morphologically
(Fig. 3E). Similar to the observation that nuclear import of
NFATC1 depended on the presence of calreticulin, we show
that the transient deactivation of GSK3� was also dependent
on the presence of calreticulin as it was entirely absent from
crt�/� ESCs (Fig. 5, A and B). Accordingly, Ser-9 phosphor-
ylation of GSK3� is attenuated when differentiating cultures
are treated with the NFAT transport blocker A-285222 for
days 6 –17 (Fig. 5, C and D).

A downstream consequence of GSK3� deactivation is the
intranuclear accumulation of �-catenin where it induces
gene transduction critical to osteoblast differentiation, while
suppressing chondrocyte differentiation (16, 26). Nuclear
�-catenin levels analyzed by Western blotting throughout
differentiation increase in parallel to the levels of both
nuclear NFATC1 and phosphorylated serine 9 GSK3� (com-
pare Fig. 6 (A and B) with Figs. 3 (B and C) and 5 (A and B)).
In contrast, nuclear �-catenin levels in crt�/� ESCs do not
significantly increase (Fig. 6, A and B). Immunolocalization
of �-catenin in WT control cultures on day 14 of differenti-
ation shows a diverse distribution of the protein that
includes localization to cytosol, proximity to the plasma
membrane in a pattern similar to adherens junctions, and
intranuclear residence (Fig. 6C). In crt�/� ESCs, �-catenin is
predominately junctional and absent from nuclei (Fig. 6C).
To assess whether �-catenin responds as anticipated in our
differentiation model, we directly inhibited GSK3� with the
small molecule CHIR99021 in differentiating WT ESCs.
Indeed, the images demonstrate that CHIR99021 treatment
restricted the entire pool of detectable cellular �-catenin to
the nucleus (Fig. 6C). Alternatively, we treated WT cells with
the canonical Wnt pathway antagonist, mouse recombinant
DKK1 (rbDKK1), and that blocked intranuclear transloca-
tion of �-catenin, rendering it predominantly junctional
(Fig. 6C). In the absence of calreticulin, or by blocking trans-
location of NFATC1 from the cytoplasm to the nucleus with
A-285222 in both cell lines, �-catenin primarily resides in a

Figure 3. Calreticulin regulates NFATC1 nucleocytoplasmic trafficking. A, confocal immunofluorescence localization using NFATC1 antibody on WT
control, crt�/�, and crt�/��CaN* ESCs on day 10 of the osteoblast differentiation protocol. Dual-channel grayscale images of a single field are displayed with
NFATC1-labeled cells in the left panel, PI-labeled nuclei in the right panel, and the RGB panel of a merged image of green (NFATC1) and red (PI) where yellow
indicates overlap. Scale bar, 50 �m. B, Western blot analysis of nuclear fractions of WT control and crt�/� ESCs undergoing osteoblast differentiation through
time using NFATC1 antibodies and antibodies for GAPDH and histone H3 as cytosolic and nuclear markers, respectively. Shown are expression of calreticulin
and (below) GAPDH from whole-cell lysates of WT and crt�/� cells undergoing osteoblast differentiation. C, the graph is a quantitative representation of the
density of the Western blotting bands of nuclear NFATC1 normalized to nuclear histone H3 of three experiments. Shown are WT (f) and crt�/� (�) ESCs. Shown
is RT-qPCR analysis of the NFATC1 target gene Dscr1 (D) through time of differentiation in DMSO-treated WT (f) or crt�/� (�) ESCs or WT ESCs treated with
A-285222 (E) for days 6 –17. Data are expressed as means � S.D. (error bars), n � 3; two-way ANOVA. C, p � 0.0001, F 	 65.09. D, transcript levels of Dscr1
between WT control and crt�/� ESCs, p 	 0.0304, F 	 4.929; WT control ESCs treated or not with A285222, p � 0.0001, F 	 47.5. Bonferroni post hoc analysis
was as indicated (C and D): ***, p � 0.001; **, p � 0.01; *, p � 0.05; �, p � 0.001 for DMSO-treated WT versus A-285222–treated WT ESCs (D). E, confocal
immunofluorescence localization analysis of NFATC1 trafficking in WT control and crt�/� ESCs throughout the differentiation timeline. Dual-channel grayscale
images of a single field are displayed with the top rows showing NFATC1 immunolocalization, PI-labeled nuclei in the middle row, and the merged RGB images
in the bottom rows. Scale bar, 50 �m.
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junctional pattern (Fig. 6C). These results strongly suggest
that NFATC1 is a link between calreticulin and GSK3� deac-
tivation and consequently �-catenin accumulates in the
nucleus, which is critical to osteoblast specification.

Blocking canonical Wnt pathway signaling increases
chondrogenesis and decreases osteogenesis

Because calreticulin- and NFAT-dependent deactivation of
GSK3� is important for osteogenic differentiation, we hypoth-
esized that blocking GSK3� deactivation would enhance chon-
drocyte differentiation during osteogenic differentiation. This
is predicated by our observation that the expression of the
canonical Wnt pathway inhibitor gene Dkk1 is enhanced in
chondrogenic crt�/� ESCs or WT ESCs treated with the NFAT
transport blocker A-285222 during differentiation (Fig. S1).
Hence, to alleviate canonical Wnt pathway–induced GSK3�
deactivation, we treated differentiating WT ESCs with recom-
binant mouse DKK1 on days 6 –17. As expected, Western blot
analysis of whole-cell lysates extracted throughout differentia-

tion showed that rbDKK1 treatment of WT ESCs decreased
levels of phosphorylated Ser-9 GSK3� (Fig. S5, A and B). This
indicates that rbDKK1 blocked the canonical Wnt signaling
pathway. Treatment with rbDKK1 of crt�/� ESCs did not affect
their already low levels of phosphorylation of Ser-9 GSK3� (Fig.
S5, A and B). Recombinant DKK1 treatment enhanced Alcian
blue staining (Fig. 7A), increased transcript expression of chon-
drocyte marker genes Sox9 and aggrecan (Fig. 7B), and
increased levels of SOX9 protein expression, but did not signif-
icantly change expression levels of SOX9 in crt�/� cells (Fig.
7C). There was also a concomitant decrease of mineralization
(Fig. 7A) and osteoblast gene expression of osterix and osteo-
calcin (Fig. 7B). Immunofluorescence analysis shows that
rbDKK1 treatment increased SOX9 nuclear localization and
type II collagen staining and decreased osterix nuclear localiza-
tion (Fig. 7D). Recombinant DKK1 induced an increased junc-
tional-like localization of �-catenin in WT cells first cited above
(Fig. 6C). This observation corroborates with the Western blot
analysis of WT nuclear fractions that shows that rbDKK1 treat-

Figure 4. NFAT nuclear entry determines lineage fate. A, day 21 Alcian blue staining of WT ESCs treated with DMSO vehicle control or A-285222 for days
6 –17 of osteoblast differentiation. B, RT-qPCR analysis of chondrocyte gene markers through time of differentiation; DMSO-treated WT (f) or WT ESCs treated
with A-285222 (E) for days 6 –17. C and D, Western blot analysis of whole-cell lysates extracted through time of differentiation (DMSO-treated WT ESCs (f);
A-285222-treated WT ESCs (�)). Utilized antibodies were specific for SOX9 and internal loading standard, GAPDH. Data are expressed as means � S.D. (error
bars), n � 3; two-way ANOVA. B, Sox9, p � 0.0001, F 	 24.73; aggrecan, p � 0.0001, F 	 42.03; D, p 	 0.0001, F 	 17.94. Bonferroni post hoc analysis was as
indicated: *, p � 0.05; **, p � 0.01; ***, p � 0.001. C, confocal images of immunofluorescence localization analysis using SOX9, type II collagen, or osterix
antibodies on WT ESCs at day 19 of the osteogenic differentiation protocol in the presence of A-285222 for days 6 –17. Dual-channel grayscale images of a single
field are displayed with the labeled protein of interest in the left panel and DAPI-stained nuclei in the right panel, and the RGB panel is a merged image of green
(protein of interest) and blue (DAPI). See Fig. 1E for the WT ESC nontreated control. Scale bar, 50 �m.
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ment decreased nuclear �-catenin levels compared with non-
treated cells and that in the nuclear fractions of differentiating
crt�/� ESCs the lower levels of �-catenin do not significantly
change regardless of rbDKK1 treatment (Fig. S5, C and D).
These results confirm that osteogenic ESC differentiation
depends on the canonical Wnt signaling pathway and that dis-
ruption of calreticulin, NFAT nuclear translocation, or canon-
ical Wnt signaling induces chondrocyte specification in con-
ditions that otherwise favor the differentiation of ESCs to
osteoblasts.

We next considered whether the disruption of canonical
Wnt signaling by rbDKK1 alters NFATC1 translocation to the
nucleus and thereby negatively affects this pro-osteogenic
event. Western blot analysis of WT and crt�/� ESC nuclear
fractions showed that rbDKK1 did not significantly alter the
levels of nuclear NFATC1 in the differentiating WT nuclear
fractions nor the blockage of NFATC1 nuclear transport
observed in nontreated crt�/� ESC nuclear fractions (Fig. S5, E
and F). This observation supports the role for nuclear NFAT
transport— dependent on calreticulin—to positively regulate a
pro-osteoblast differentiation response by the canonical Wnt
signaling pathway that concomitantly suppresses chondrocyte
differentiation from a culture of ESCs.

Calreticulin via GSK3� deactivation enhances osteoblast
specification as it suppresses chondrocyte specification

To examine the effect of GSK3� deactivation in differentia-
tion, we enhanced and prolonged the GSK deactivation of the
differentiating WT ESC population with the potent and specific
inhibitor, CHIR99021 between days 6 and 17. There was a sig-
nificant increase of mineralization as visualized by von Kossa
staining (Fig. 8A) and enhanced expression of the osteoblast
markers Runx2, osterix, and osteocalcin (Fig. 8B). In the pres-
ence of CHIR99021, the WT cells grow into tightly packed
spherical nodules by day 10 (Fig. 8E). Immunofluorescence
analysis of these packed nodules at day 19 shows substantial
levels of nuclear osterix (Fig. 8H) and enhanced nuclear
�-catenin (Fig. 6C, CHIR99021 row) and low levels of both
nuclear SOX9 and extracellular type II collagen immuno-
staining (Fig. 8H).

We propose that direct inhibition of GSK3� would miti-
gate the requirement of calreticulin, calcineurin, and
NFATC1, which are all absent or attenuated in differentiat-
ing crt�/� ESCs. Indeed, inhibition of GSK3� in differenti-
ating crt�/� ESCs increased mineralization, comparable
with control ESCs (Fig. 8C). Osteoblast gene expression pro-

Figure 5. Calreticulin and NFAT regulate GSK3�-deactivation. A and C, Western blot analysis of whole-cell lysates harvested at the indicated times from WT
control, crt�/� ESCs (A), or WT ESCs treated with A-285222 for days 6 –17 undergoing osteoblast differentiation (C). Utilized antibodies were specific to GSK3�,
serine 9 –phosphorylated GSK3�, and GAPDH as an internal control. B and D, quantitative representation of the density of the Western blotting bands of
phosphorylated GSK3� normalized to internal control GAPDH. Data are expressed as means � S.D. (error bars), n � 3. Shown are WT (f), crt�/� (�) ESCs, and
WT ESCs treated with A-285222 (E); two-way ANOVA. B, p � 0.0001, F 	 80.51. D, p 	 0.018, F 	 6.448. Bonferroni post hoc analysis was as indicated: *, p � 0.05;
**, p � 0.01; ***, p � 0.001.
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files of crt�/� ESCs in the presence of CHIR99021 are ele-
vated (Fig. 8D). Phase-contrast morphology of the compact
nodules grown in the presence of CHIR99021 is also indis-
tinguishable between the WT and crt�/� cell lines (Fig. 8E).
In contrast, CHIR99021-induced inhibition of GSK3�
decreased Alcian blue staining in both WT and crt�/� ESCs
to similar levels (Fig. 8F). Transcript levels of aggrecan and
Sox9 were suppressed in WT cells (Fig. 8G). Likewise,
CHIR99021 treatment of crt�/� ESCs suppressed the inher-
ently enhanced expression of Sox9 and aggrecan (Fig. 8G).
CHIR99021 treatment of crt�/� ESCs also increased the
abundance of nuclear osterix (Fig. 8H) and nuclear �-catenin
(Fig. 6C, CHIR99021 row), while decreasing nuclear SOX9
and expression of the cartilage marker type II collagen (Fig.

8H; compare with crt�/� cells treated with vehicle control in
Fig. 1E) similarly to WT ESCs treated with CHIR99021. We
observe that CHIR99021 treatment of crt�/� ESCs did not
enhance osteogenic gene expression as robustly as
CHIR99021 treatment of WT ESCs (Fig. 8, B and D). Like-
wise, �-catenin is not as effectively sequestrated to the nuclei
of CHIR99021-treated crt�/� ESCs (Fig. 6C, CHIR99021
row). This suggests that calreticulin has additional roles in
the maintenance of osteoblast functionality, which might
extend to other signaling pathways or to the stability and
trafficking of �-catenin. Collectively, these data demonstrate
that, in differentiating ESCs, calreticulin-dependent deacti-
vation of GSK3� promotes osteoblast specification while at
the same time suppressing chondrocyte specification.

Figure 6. Calreticulin regulates levels of nuclear �-catenin during osteoblast differentiation. A, Western blot analysis of nuclear fractions extracted
from WT control and crt�/� ESCs on the indicated days. B, quantitative representation of the density of the Western blotting bands (WT control (f) and
crt�/� ESCs (�)). Utilized antibodies were specific to �-catenin and the internal nuclear and cytosolic standards, histone H3 and GAPDH, respectively.
Data are expressed as means � S.D. (error bars), n � 3; two-way ANOVA of band densities: B, p � 0.0001 and F 	 19.76. Bonferroni post hoc test was as
indicated: **, p � 0.01; ***, p � 0.001. C, confocal immunofluorescence images of localization of �-catenin at day 14 of the osteogenic differentiation
protocol of WT control ESCs or crt�/� ESCs with or without treatment starting at day 6 by the molecules labeled on the left. Dual-channel greyscale images
of a single field are displayed with �-catenin in the left panel, DAPI-stained nuclei in the right panel, and the RGB panel of a merged image of green
(�-catenin) and blue (DAPI). Scale bar, 10 �m.
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Discussion

We propose that calreticulin conducts a Ca2�-mediated sig-
nal from the ER to promote osteoblast specification from ESCs.
The Ca2�-buffering capacity of calreticulin is chiefly responsi-
ble for the induction of the osteoblast program, which is medi-
ated by the cytosolic Ca2�-dependent phosphatase, calcineu-
rin. Calcineurin dephosphorylates and induces the nuclear
translocation of NFATC1 as part of the signaling pathway for
bone formation (5, 10, 11). Concurrently, calreticulin also sup-
presses chondrocyte specification from differentiating ESCs.
We demonstrate for the first time that blocking NFAT nuclear
transport, either by calreticulin ablation or use of a specific
NFAT inhibitor, enhanced and stabilized the expression of
Sox9. Consequently, by controlling the locus of NFATC1 resi-
dence, calreticulin regulates a molecular switch in the fate of
differentiating ESCs to osteoblasts or chondrocytes.

Another important signaling event necessary for bone for-
mation is the deactivation of GSK3� (23, 24). Deactivation of
GSK3� in WT cells during osteoblast differentiation overlaps
with NFATC1 residence in the nucleus. In the absence of cal-
reticulin, GSK3� deactivation is abolished. This strongly
implies that calreticulin affects the osteogenic signaling mech-
anisms that deactivate GSK3�. We found that blocking NFAT
nuclear translocation also blocked deactivation of GSK3�, pos-
sibly through NFAT-dependent stimulation of canonical Wnt
pathway genes, such as Wnt10b (14), and suppression of the
Wnt signaling antagonist Dkk1 (15). Indeed, we found that dur-
ing differentiation, Wnt10b expression depended on calreticu-
lin and NFAT signaling and that at similar differentiation peri-
ods, crt�/� cell cultures had enhanced Dkk1 expression, which
was also enhanced in WT ESCs upon treatment with the NFAT
blocker A-285222 (Fig. S1). DKK1 is closely associated with
lytic bone lesions in patients with multiple myeloma (27), and
neutralizing secreted DKK1 protected bone from damage in
arthritic joints (28). These cited studies indicate that DKK1
impedes bone integrity by disrupting osteoblast differentiation
and are supported by our observations that treatment of WT
ESCs with recombinant DKK1 also disrupted osteoblast differ-
entiation. Instead, recombinant DKK1 stimulated the expres-
sion of chondrocyte characteristics supporting previous studies
demonstrating that DKK1 was indispensable for the promotion
of chondrogenic differentiation of human mesenchymal stem
cells (29).

The situation whereby calreticulin stimulates canonical Wnt
pathway signaling and suppresses its antagonism augments
deactivation of GSK3� for osteoblastogenesis at the expense of

chondrocyte formation. To further explore this, we inhibited
GSK3� with CHIR99021, which rescued osteoblast output in
otherwise chondrogenic crt�/� ESCs to levels like those in con-
trol WT ESCs treated for GSK3� inhibition. CHIR99021 treat-
ment also robustly increased functional osteoblast output com-
pared with the previously published differentiation protocol
that relies on high serum levels and yields heterogeneity
(30). The ability of CHIR99021 to alter the outcome of differen-
tiation indicates that within a week of the start of differentia-
tion, the cell population is amenable to either osteoblast or
chondrocyte specification. Indeed, GSK3� inhibition starting
on day 6 suppressed the expression of Sox9 in both cell lines.
Sox9 is a potent and dominant inhibitor of Runx2 (31) and pro-
motes chondrogenesis. Conversely, stabilized canonical Wnt/
�-catenin signaling reduces the expression of Sox9 (16) while
promoting skeletogenesis. Kumar and Lassar (32) irreversibly
silenced the Sox9 gene by canonical Wnt signaling–induced
activation of the DNA methyltransferase, DNMT3A. This
agrees with our data, which demonstrate that pharmacologic
inhibition of GSK3� significantly suppresses Sox9 expression,
ensuring that a higher level of Sox9 does not interfere with
specification of osteoblasts.

Anatomically (33, 34) and functionally (1), the ER is a signal-
ing organelle that plays an important role in development (3).
Calreticulin, acting as a Ca2�-sensitive spigot for ER Ca2�

stores, affects outcomes of developmental decisions by control-
ling trafficking of transcriptionally crucial factors. Little is
known about what directly controls calreticulin function dur-
ing cell lineage specification, but its effect on the locus of
NFATC1 residence and the status of GSK3� activation suggests
a mechanism that asserts the essential mutual exclusivity of the
osteoblast and chondrocyte lineages in skeletal development.

Materials and methods

Cell culture and ESC differentiation

G45 calreticulin knockout (crt�/�) mouse ESCs (7), WT
ESCs (R1, derived from J1 129/Sv mice, purchased from the
Embryonic Stem Cell Facility, Laboratory of Dr. Janet Rossant,
Developmental and Stem Cell Biology, Hospital for Sick Chil-
dren, Toronto, Canada) (35), and crt�/� cells stably transfected
with constitutively active calcineurin (crt�/��CaN* (19)) were
maintained on feeder cells of mitomycin C (Sigma)-treated
mitotically inactive mouse embryonic fibroblasts on gelatin-
coated plates. The ESCs were cultured in high-glucose ESC-
optimized Dulbecco’s modified Eagle’s medium (Multicell,
Wisent), supplemented with 10% premium fetal bovine serum

Figure 7. Recombinant DKK1 increases chondrocyte specification while blocking osteoblast specification. Differentiated WT ESCs were stained with
either Alcian blue or von Kossa as indicated (A), treated without or with rbDKK1 for days 6 –17 of osteoblast differentiation. B, RT-qPCR analysis of chondrocyte
or osteoblast markers in WT ESCs differentiated in the absence (f) or presence (ƒ) of rbDKK1 for days 6 –17. C, Western blot analysis of whole-cell lysates
harvested at the indicated times from ESCs during osteoblast differentiation in the absence (f, WT ESCs; �, crt�/� ESCs) or presence of mouse rbDKK1 for days
6 –17 (ƒ, WT ESCs; �, crt�/� ESCs). Utilized antibodies were specific to SOX9 and GAPDH as an internal control. The graph is a quantitative representation of
the density of the Western blotting bands of SOX9 normalized to internal control GAPDH. Data are expressed as means � S.D. (error bars), n � 3; two-way
ANOVA of transcript levels (B) and band densities (C). B, Sox9, p � 0.0001, F 	 31.25; aggrecan, p � 0.0001, F 	 94.4; osterix, p 	 0.0073, F 	 7.874; osteocalcin,
p 	 0.0007, F 	 13.24. C, p � 0.0001 and F 	 24.55 for WT control and crt�/� ESCs data set; p � 0.0001 and F 	 48.83 for WT control ESCs treated or not with
rbDKK1; p 	 0.3412 and F 	 0.9386 for crt�/� ESCs treated or not with rbDKK1. Bonferroni post hoc test was as indicated: *, p � 0.05; **, p � 0.01; ***, p � 0.001;
�, p � 0.001 for WT control ESCs treated or not with rbDKK1; ***, p � 0.001 for WT control and crt�/� ESCs (C). D, confocal images of immunolocalization using
SOX9, type II collagen, or osterix antibodies on WT ESCs at day 19 of the osteogenic differentiation protocol in the presence of rbDKK1 on days 6 –17.
Dual-channel grayscale images of a single field are displayed with the labeled protein of interest in the left panel and DAPI-stained nuclei in the right panel, and
the RGB panel is a merged image of green (protein of interest) and blue (DAPI). See Fig. 1E for the WT ESC nontreated control. Scale bar, 50 �m.
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(virus- and mycoplasma-screened; Multicell, Wisent), 10 ng/ml
recombinant leukemia-inhibitory factor, nonessential amino
acids (Gibco), and 0.1 mM �-mercaptoethanol (BioShop). To
initiate differentiation, we followed the protocol described by
Yu et al. (36), but in brief, ESCs were trypsinized to single cells
and suspended in base differentiation medium (high-glucose
Dulbecco’s modified Eagle’s medium supplemented in 20% pre-
mium fetal bovine serum, nonessential amino acid solution,
�-mercaptoethanol). On average, 250 cells were allocated per
25-�l drop and hung upside-down on a Petri dish lid for 3 days
to generate spherical differentiated cell aggregates called
embryoid bodies. They were collected in base differentiation
medium supplemented with 0.1 �M retinoic acid (Sigma) and
into Petri dishes that did not permit embryoid body (EB) sur-
face attachment. After 2 days (day 5), the EBs were directly
plated onto gelatin-coated tissue culture–treated plates, or to
reduce cardiomyocyte formation, we trypsinized the EBs, fil-
tered the suspension for single cells through a 100-�m nylon
cell strainer (BD Falcon), and plated on tissue culture–treated
plates at a density of 30,000 cells/cm2 in differentiation medium
supplemented with 50 �g/ml ascorbic acid (Sigma) and 10 mM

�-glycerophosphate (Sigma) for specification and maintenance
of the osteoblast lineage. On day 10, dexamethasone (Sigma) at
100 nM was added, and medium supplemented with ascorbic
acid, �-glycerophosphate, and dexamethasone was changed
every other day for 21 or 26 days.

Ca2� manipulation and inhibitor studies

Differentiating cultures were treated with 0.1 �M cell
membrane–permeable Ca2� chelator BAPTA-AM (Sigma) for
a 30-min incubation on each of days 3–5 of differentiation.
Differentiating cultures were treated with the Ca2� ionophore
ionomycin (Sigma) at 1 �M for 2 h on each of days 3–5. For
inhibition of calcineurin at days 3–5, cultures were treated with
1 �g/ml cyclosporin A (Sigma) for 2 h each day. Differentiating
cells were treated with the inhibitor of intranuclear transport of
NFAT A-285222 (Mr 416.28) (22) (a generous gift from
AbbVie) at 5 �g/ml, a 3 �M concentration of the GSK inhibitor
CHIR99021 (Tocris), or 100 ng/ml mouse recombinant DKK1
(R&D Systems), each continuously for days 6 –17.

Calcineurin activity assay

Calcineurin activity was assessed as described previously by
Fruman et al. (37). Briefly, a peptide corresponding to the reg-
ulatory domain of protein kinase A (RII-peptide, Sigma) was
used as the substrate in an in vitro dephosphorylation assay.

1.0 
 106 ESCs were lysed in hypotonic buffer (50 mM Tris, pH
7.5, 0.1 mM EGTA, 1 mM EDTA, 250 mM DTT, and protease
inhibitors). �-32P-radiolabeled RII-peptide was added to a frac-
tion of the lysate, and the dephosphorylation reaction was car-
ried out for 20 min at 30 °C in the presence of 0.5 mM okadaic
acid to eliminate contaminating serine/threonine phosphata-
ses. Released radiolabeled phosphate was isolated away from
the RII-peptide, and calcineurin phosphatase activity was
expressed in pmol of phosphate released per mg of total
protein.

Mineral deposition assays and Alcian blue staining

Differentiated cell cultures were stained for the presence of
mineral deposits using von Kossa and alizarin red S (Sigma) as
described in previous studies (38). Briefly, for von Kossa stain-
ing, cells were rinsed three times with PBS, fixed in 10% neutral
formalin buffer for 2 h, and then washed three times with dis-
tilled water. The fixed cells were stained with 2.5% silver nitrate
solution for 30 min in the presence of light produced from a
100-watt incandescent light bulb and then washed three times
with distilled water. The amount of Ca2� in the matrix was
measured using the Arsenazo III (Sigma) staining method
described previously (39). To visualize acidic proteoglycans
secreted by chondrocytes, we stained 10% formalin-fixed cells
with 1% Alcian blue 8GX (Sigma; 1 g of Alcian blue 8GX dis-
solved in 100 ml of 0.1 N HCl) for 30 min and then washed twice
with 0.1 N HCl. All of the fixed and stained cells were air-dried,
and the images were captured using an Epson Perfection V750
flat-bed light scanner.

Reverse transcriptase real-time PCR analysis

The Macherey–Nagel NucleoSpin RNA plus kit (D-Mark
Biosciences) was used to extract total RNA from ESCs and dif-
ferentiating cell progeny. 1 �g of total RNA was reverse-tran-
scribed to cDNA using Bio-Rad iScript cDNA synthesis kit.
Real-time PCR analysis was performed in Bio-Rad’s CFX384
Touch detection system. The accumulation of PCR products
was monitored by measuring the fluorescence produced by the
binding of SYBR Green from the SensiFAST SYBR No-ROX
kit (Bioline) to dsDNA. The cDNA levels were normalized
with L32 (a housekeeping gene). Primer sequences are listed
in Table S2.

SDS-PAGE and Western blot analysis

Cell lysates were collected in buffer that contained 50 mM

Tris-HCl, pH 8.0, 120 mM NaCl, and 0.5% Nonidet P-40. The

Figure 8. GSK3� deactivation promotes osteoblast specification and suppresses chondrocyte specification from ESCs. A–D, day 26 von Kossa staining
of WT ESCs (A) or crt�/� ESCs (C) and RT-qPCR analysis of osteoblast genes in WT ESCs (B) treated with DMSO vehicle control (f) or CHIR99021 (�) for days 6 –17
or crt�/� ESCs (D) treated with DMSO vehicle control (�) or CHIR99021 (�) for days 6 –17 of osteoblast differentiation. E, phase-contrast images of day 10
differentiated WT cells or crt�/� cells treated with vehicle control, DMSO, or CHIR99021 for days 6 –10. Scale bar, 500 �m. F, day 21 Alcian blue staining for WT
and crt�/� cells treated with DMSO or CHIR99021 for days 6 –17. G, RT-qPCR analysis of chondrocyte markers through time. ESCs were treated with DMSO (WT
ESCs (f); crt�/� ESCs (�)) or CHIR99021 (WT ESCs (�); crt�/� ESCs (�)) for days 6 –17 of differentiation. Data are expressed as means � S.D. (error bars), n � 3.
H, confocal immunofluorescence localization of osterix, SOX9, or type II collagen at day 19 of the osteogenic differentiation protocol of WT ESCs or crt�/� ESCs
treated with CHIR99021 for days 6 –17 of the osteoblast differentiation protocol. Dual-channel grayscale images of a single field are displayed with the protein
of interest labeled in the left panel and DAPI-stained nuclei in the right panel. The RGB panel shows a merged image of green (protein of interest) and blue (DAPI).
See Fig. 1E for the respective nontreated ESC line control. Scale bar, 50 �m; two-way ANOVA. B, Runx2, p � 0.0001, F 	 20.53; osterix, p � 0.0001, F 	 52.42;
osteocalcin, p � 0.0001, F 	 20.05. D, Runx2, p � 0.0001, F 	 29.55; osterix, p 	 0.0001, F 	 18.71; osteocalcin, p 	 0.0023, F 	 10.84. G, transcript levels between
WT control and crt�/� ESCs (Sox9, p � 0.0001, F 	 41.62; aggrecan, p � 0.0001, F 	 53.95); transcript levels between WT control ESCs treated or not with
CHIR99021 (Sox9, p 	 0.0001, F 	 16.89; aggrecan, p � 0.0001, F 	 19.62); transcript levels between crt�/� ESCs treated or not with CHIR99021 (Sox9, p �
0.0001, F 	 20.52; aggrecan, p � 0.0001, F 	 39.2). Bonferroni post hoc analysis was as indicated (B, D, and G): *, p � 0.05; **, p � 0.01; ***, p � 0.001.

Calreticulin regulates osteogenesis and chondrogenesis

J. Biol. Chem. (2020) 295(20) 6861–6875 6873

https://www.jbc.org/cgi/content/full/RA119.011029/DC1


Bradford method was used to quantify the concentrations of
protein samples (40). Protein samples (10 –30 �g/lane) were
separated by SDS-PAGE (7.5% or 4 –20% gradient gels; Bio-
Rad) and transferred to nitrocellulose membrane. Rabbit anti-
SOX9 (EMD Millipore) and mouse anti-b-catenin (BD Trans-
duction Laboratories) were used at a 1:2000 dilution. The
following primary antibodies were used at 1:1000 dilution (Cell
Signaling Technology): anti-GSK3�, anti-phospho-GSK3�
(Ser-9), anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
anti-NFAT2, anti-histone H3. The secondary antibody used
was goat polyclonal secondary antibody to rabbit IgG-H&L
(horseradish peroxidase) (Abcam). Immunoreactive bands
were detected using the DNR MicroChem chemiluminescence
camera system (DNR Bio-Imaging Systems). Bands were quan-
tified with GelQuant software.

Immunofluorescence staining

Cells plated on gelatin-coated coverslips were rinsed three
times with PBS and then fixed in 3.7% formaldehyde for 15 min.
After washing (three times for 5 min each time) in PBS, the cells
were permeabilized with 0.1% Triton X-100 in buffer contain-
ing 100 mM PIPES, 1 mM EGTA, and 4% (w/v) PEG 8000 (pH
6.9) for 15 min. Fixed cells were then washed three times in PBS
for 5 min and incubated with rabbit anti-NFAT2 (Cell Signaling
Technology; dilution of 1:50), rabbit anti-SOX9 (EMD Milli-
pore; 1:500), rabbit anti-Sp7/osterix and rabbit anti-collagen II
(Abcam; 1:250), and mouse anti-�-catenin (BD Transduction
Laboratories; 1:500) overnight at 4 °C. After washing in PBS
(three times for 5 min), the cells were stained with the second-
ary antibody (FITC-conjugated donkey anti-rabbit (1:50) or
Alexa Fluor 594 goat anti-rabbit (1:1000)) for 1 h at room tem-
perature. The cells were washed three times in PBS for 5 min
and incubated with 100 �g/ml DNase-free RNase in PBS for 30
min at 37 °C, followed by rinsing in PBS three times for 1 min
each. For nuclear staining, 500 nM propidium iodide (PI) solu-
tion was added to cover the cells for 5 min. After a final rinse in
PBS, the slides were mounted in fluorescent mounting medium
(Dako) or ProLong Gold Antifade with DAPI (Molecular
Probes). To confirm the specificities of the secondary antibod-
ies used, we performed immunofluorescence staining using cal-
reticulin WT cells omitting primary antibodies. There was no
nonspecific binding seen with anti-rabbit secondary antibodies.
A confocal fluorescence microscope (MRC 600, Bio-Rad)
equipped with a 
60/1.40 numerical aperture plan apochro-
matic oil immersion objective (Nikon) and krypton-argon laser
was used for fluorescence imaging. COMOS software (Bio-Rad)
was used for image acquisition. Additionally, we used an LSM
880 Elyra super-resolution confocal microscope with a 
20/0.8
numerical aperture M27 plan apochromatic objective and ZEN
blue edition (Carl Zeiss) for image processing. Mander’s coef-
ficients were calculated using ImageJ (National Institutes of
Health).

Subcellular fractionation

Nuclear fractions were obtained by a modification of the
method described previously (41). Briefly, cells were collected
and washed with ice-cold 1
 PBS, lysed on ice for 30 min in
cold cytosolic extraction buffer (20 mM sucrose, 50 mM Tris-

HCl, pH 7.4, 5 mM MgCl2, and protease and phosphatase inhib-
itors). The cytosolic protein was collected by centrifugation at
800 
 g for 15 min at 4 °C. The pelleted nuclei was treated with
nuclear extraction buffer (20 mM HEPES, pH 7.9, 1.5 mM

MgCl2, 0.5 mM EDTA, 20% glycerol, 1% Triton X-100, and pro-
tease and phosphatase inhibitors). The nuclei were incubated
with the nuclear extraction buffer on ice for 30 min followed by
centrifugation at 9000 
 g for 30 min at 4 °C to remove cellular
debris from the nuclear extract. Protein concentration was mea-
sured for both the nuclear and cytosolic fractions using the
Bio-Rad DC Protein Assay followed by denaturing and boiling
with 2
 SDS-PAGE sample buffer.

Statistical analysis

Statistical differences were calculated by one- or two-way
analysis of variance followed by a Bonferroni post hoc test using
GraphPad Prism 3.02.
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16. Hill, T. P., Später, D., Taketo, M. M., Birchmeier, W., and Hartmann, C.
(2005) Canonical Wnt/�-catenin signaling prevents osteoblasts from dif-
ferentiating into chondrocytes. Dev. Cell 8, 727–738 CrossRef Medline

17. Michalak, M., Groenendyk, J., Szabo, E., Gold, L. I., and Opas, M. (2009)
Calreticulin, a multi-process calcium-buffering chaperone of the endo-
plasmic reticulum. Biochem. J. 417, 651– 666 CrossRef Medline

18. Lynch, J., and Michalak, M. (2003) Calreticulin is an upstream regulator of
calcineurin. Biochem. Biophys. Res. Commun. 311, 1173–1179 CrossRef
Medline

19. Lynch, J., Guo, L., Gelebart, P., Chilibeck, K., Xu, J., Molkentin, J. D.,
Agellon, L. B., and Michalak, M. (2005) Calreticulin signals upstream of
calcineurin and MEF2C in a critical Ca2�-dependent signaling cascade.
J. Cell Biol. 170, 37– 47 CrossRef Medline

20. Sitara, D., and Aliprantis, A. O. (2010) Transcriptional regulation of bone
and joint remodeling by NFAT. Immunol. Rev. 233, 286 –300 CrossRef
Medline
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