Hivep3-dependent Alg2 Expression Inhibits Osteogenesis
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FIGURE 1. All three Hivep genes are expressed in bone and cartilage to support osteochondrogenesis except Hivep3, which is inhibitory for osteoblast
differentiation. A-C, tissue cDNA panel of a 3-month-old mouse was subjected to quantitative RT-PCR (QRT-PCR) for Hivep1 (A), Hivep2 (B), or Hivep3 (C). D,
expression level of Hivep1, Hivep2, or Hivep3 in the indicated cell lines was examined by qRT-PCR. E, ST-2 cells were transfected with siRNA for Hivep1, Hivep2,
or Hivep3 and treated with BMP-2 (300 ng/ml) for 6 days. Expression of Alp/ was analyzed by qRT-PCR, and activity of ALP on ECM was visualized by ALP staining.
F, ATDC5 cells were transfected with siRNA for Hivep1, Hivep2, and/or Hivep3 and treated with BMP-2 (300 ng/ml) for 3 days. Expression of Col17a2 was
evaluated by gRT-PCR. G, C3H10T1/2 cells were transfected with siRNA for Hivep2 and/or Hivep3 and treated with BMP-2 (300 ng/ml) for 4 days. Expression of
Col2a1 was analyzed by qRT-PCR.

which p < 0.05 was considered significant, and p < 0.01 was ular cartilage, and bone (Fig. 1, A-C). However, the in vitro

considered highly significant. results for the osteochondrogenic cell lines ST-2, MC3T3-E1,
ATDC5, and C3H10T1/2 showed that the expression profiles
RESULTS were completely different between the Hivep genes, with

Loss of Hivepl or Hivep2 Suppresses Osteoblast Differentia- Hivepl being expressed ubiquitously, Hivep2 abundant in ST-2
tion in ST-2 Cells, in Contrast to Hivep3 Silencing and All Three and ATDC5, and Hivep3 prominent in MC3T3-E1 osteoblasts
Hivep siRNAs Inhibited Chondrogenesis—The precise roles of  (Fig. 1D). If the Hivep genes cooperate in osteoblast differenti-
Hivep1 and Hivep?2 in osteoblast differentiation are unclear. In  ation, they should regulate some common sets of genes. To test
a tissue cDNA panel from a 3-month-old adult mouse, all the this hypothesis, ST-2 cells transfected with siRNA for Hivep1,
Hivep genes showed a relatively specific expression pattern Hivep2, or Hivep3 were analyzed by a microarray assay (supple-
with high expression being observed in the lung, spleen, artic- mental Tables 2—4, respectively), and the results were com-
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Hivep3-dependent Alg2 Expression Inhibits Osteogenesis

TABLE 1
Genes down-regulated by loss of the Hivep family genes

ST-2 cells were transfected with siRNA for Hivep1, Hivep2, or Hivep3 and treated with BMP-2 (300 ng/ml) for 2 days. mRNA samples were subjected to microarray analysis.
A, expression of five genes was commonly decreased by all the siRNAs for the three Hivep genes. B, expression of six genes was commonly down-regulated by the Hivep1
and Hivep2 siRNAs. C, expression of four genes was commonly down-regulated by the Hivepl and Hivep3 siRNAs. D, expression of three genes was commonly

down-regulated by the Hivep2 and Hivep3 siRNAs.

A Unique Sorted Transcript Cluster|D siCont

siHivep1 siHivep2 siHivep3 gene symbol gene description
17305520 21.529846 11.831301 9.75173 7.9562707 | Ear1 eosinophil-associated, ribonuclease A family, member 1
17467150 24.856544 14.449716 11.51435 15.580148| Vmn1r18 vomeronasal 1 receptor 18
17444697 31.70125 19.534565 21.051311 17.505947| Cyp3a59 cytochrome P450, subfamily 3A, polypeptide 59
17245120 44.998398 29.873207 26.863188 29.873207 | 1700030020Rik| RIKEN cDNA 1700030020 gene
17481207 17.905426 10.739602 10.739602 10.603919| OIfr608 olfactory receptor 608
B Unique Sorted Transcript ClusterlD siCont siHivep1 siHivep2 gene symbol gene description
17278822 65.41499 39.391872 41.367386 | Mir679 microRNA 679
17302598 42.895184 26.84824 22.885633| Gm6280 predicted gene 6280
17344852 19.322012 12.227982 11.5472975| OIfr97 olfactory receptor 97
17509018 24.977375 16.012548 11.412771|Adam34 a disintegrin and metallopeptidase domain 34
17495404 82.13324 52.76455 42.29805|Rps13 ribosomal protein S13
17541719 21.694231 14.250495 14.178923 | Mir450-2 microRNA 450-2
C Unique Sorted Transcript ClusterlD siCont siHivep1 siHivep3 gene symbol gene description
17356739 63.32018 36.357323 32.77719|Mir194-2 microRNA 194-2
17268088 22.22885 13.294091 13.626566 | Gm11543 predicted gene 11543
17324996 19.940779 12.472511 12.472511|Mir1947 microRNA 1947
17516159 30.844234 20.207043 19.56977| Olfr251/0Ifr900 |olfactory receptor 251 | olfactory receptor 900
D Unique Sorted Transcript ClusterID siCont siHivep2 siHivep3 gene symbol gene description
17395379 248.2335 129.81422 142.53452| LOC 100504873 |zinc finger protein 14-like
17320035 82.69005 51.436905 49.273067 | Mir1249 microRNA 1249
17366886 162.14816 104.84351 90.903786 | Mird67e microRNA 467e

pared. The expression of five genes decreased in all three
knockdown experiments (Table 1, A), whereas six genes, four
genes, or three genes were down-regulated in common by
siHivepl and siHivep2 (Table 1, B), siHivepl and siHivep3
(Table 1, C), or siHivep2 and siHivep3 (Table 1, D), respectively,
although no trend was observed in the purified genes. More-
over, none of the purified genes was reported to correlate with
differentiation of osteoblasts or chondrocytes. To investigate
the roles and possible synergism of the Hivep genes in osteo-
blast differentiation, the expression of the three Hivep genes
was knocked down in ST-2 cells, alone or in combination (Fig.
1E). Although combined genetic ablation of the Hivep2 and
Hivep3 genes in mice resulted in synergistically increased bone
formation and bone volume (17), siRNA-mediated silencing of
Hivep2 in BMP-2-stimulated ST-2 cells decreased the expres-
sion and activity of ALP (Fig. 1E, compare lanes 2 and 4),
whereas loss of Hivep3 alone enhanced the osteoblast differen-
tiation (Fig. LE, compare lanes 2 and 5). Interestingly, combined
transfection of siHivep2 with siHivep3 negated the enhance-
ment of ALP production by Hivep3 knockdown (Fig. 1E, com-
pare lanes 2, 5, and 8). Similar to siHivep2, Hivep I siRNA inhib-
ited ALP activity; however, there was no synergistic or additive
effect on combined knockdown of Hivepl and Hivep2. These
results suggest that, in ST-2 bone marrow stromal cells, the cell
autonomous actions of Hivep genes are diverse and show no
cooperation in osteoblast differentiation and that Hivepl and
Hivep2 promote the counteraction of the suppressive effect of

APRIL 4,2014+VOLUME 289-NUMBER 14

Hivep3. In contrast, in an siRNA-mediated knockdown assay in
ATDC5 chondrocytes, siHivepl, siHivep2, and siHivep3 all
decreased the BMP-2-induced expression of the chondrocyte-
specific type XI collagen gene (Coll1a2) (Fig. 1F). A similar
result was observed in another chondrocytic cell line,
C3H10T1/2, where knockdown of both Hivep2 and Hivep3
decreased the level of a chondrocyte marker, type II collagen
gene (Col2al) (Fig. 1G). In both experiments in chondrogenic
cells, the combined loss of the Hivep genes showed some addi-
tive effects.

Hivep3 Suppresses Osteoblast Differentiation in Vitro—Al-
though the mRNA level of Runx2 was comparable between
wild-type and Hivep3 knock-out cells, the protein levels of
Runx2, as well as the mRNA levels of the early osteoblast dif-
ferentiation markers osterix (Sp7), alkaline phosphatase (Alpl),
activating transcription factor 4 (Atf4), and bone sialoprotein
(Ibsp) and of the late maturation marker osteocalcin (Bglap2)
increased in knock-out osteoblasts (10). We first checked if this
effect could be reproduced via siRNA-mediated knockdown in
osteoblastic cell lines. We used the mouse bone marrow stro-
mal cell line ST-2 as a model for premature osteoblast progen-
itors and MC3T3-E1 mouse calvaria-derived osteoblasts as
mature osteoblasts. In both MC3T3-E1 and ST-2 cells, ~50%
knockdown was achieved by transfection of siHivep3 (Fig. 2, A
and C). As expected, Hivep3 silencing did not have any effect on
the mRNA expression of Runx2 (Fig. 2, A and C). In ST-2 cells
treated with cycloheximide to block de novo synthesis of Runx2
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FIGURE 2. Silencing of Hivep 3 increases protein stability of Runx2 to promote BMP-2-induced osteoblast differentiation. A, MC3T3-E1 osteoblasts were
transfected with siRNA for Hivep3 with or without BMP-2 treatment (300 ng/ml) for 6 days. gRT-PCR analysis was performed for the indicated genes. B,
siRNA-transfected ST-2 cells were treated with 100 ng/ml cycloheximide (CHX) with or without BMP-2 treatment (300 ng/ml) for the indicated time points. Cell

lysates were analyzed by immunoblotting with an anti-Runx2 antibody. Tubuli

nserved as aloading control. C, ST-2 cells were transfected with siRNA for Hivep3

with or without BMP-2 treatment (300 ng/ml) for 3 days. The expression level of the indicated genes was examined by qRT-PCR. D, ST-2 cells were transfected
with siRNA for Hivep3 with BMP-2 treatment (300 ng/ml) for 7 days. Cell lysates were analyzed by immunoblotting with the indicated antibodies. Tubulin served
as aloading control. £, ST-2 cells were transfected with Hivep3 siRNA and stimulated with BMP-2 (300 ng/ml) for 6 days. ALP staining was performed. F, ST-2 cells
were transfected with a human HIVEP3 expression vector and further stimulated with BMP-2 (300 ng/ml) for 4 days. The expression of the indicated genes was

evaluated by qRT-PCR. G, ST-2 cells transfected with a human HIVEP3 express

ion vector were stimulated with BMP-2 (300 ng/ml) for 5 days. Cell lysates were

analyzed by immunoblotting with the indicated antibodies. Tubulin served as a loading control. *, p < 0.05; **, p < 0.01.

protein, the protein level of Runx2 decreased in a time-depen-
dent manner (Fig. 2B), although the protein expression was
maintained in siHivep3-transfected cells. Moreover, combined
induction of BMP-2 and siHivep3 in ST-2 cells increased Runx2
protein in a time-dependent fashion (Fig. 2B). Therefore,
siRNA-mediated silencing of Hivep3 stabilized Runx2 protein.
As a result, expression of Sp7, Ibsp, and Bglap2 was up-regu-
lated in MC3T3-E1 and ST-2 cells (Fig. 2, A and C). In addition,
the expression of an osteocyte marker, dentin matrix protein 1
(Dmpl), was elevated by Hivep3 knockdown in MC3T3-E1
osteoblasts (Fig. 24). The siHivep3-mediated increase of osteo-
blastic differentiation in ST-2 cells was confirmed by immuno-
blotting against Sp7 and Ibsp (Fig. 2D) or ALP staining (Fig. 2E).
We introduced the human HIVEP3 gene in ST-2 cells through
transfection and confirmed the transgene expression by qRT-
PCR (Fig. 2F). HIVEP3 suppressed BMP-2-induced osteoblast
differentiation (Fig. 2, Fand G) and protein expression of Runx2
(Fig. 2G). Interestingly, the mRNA expression of Runx2
decreased following transfection with HIVEP3. As HIVEP3
destabilizes Runx2 protein, this result is likely due to loss of
auto-induction of Runx2 (22), in which endogenous Runx2
mRNA expression increased in Runx2 transgenic mice (23). In
both cases of knockdown and overexpression of Hivep3,
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expression of Atf4 did not change (Fig. 2, C and F), although it
increased in Hivep3 knock-out osteoblasts (10).

Reduced Alg2 Gene Expression Following Knockdown of
Hivep3—We next screened for genes whose expression was
commonly reduced in both ST-2 cells and MC3T3-E1 cells
upon Hivep3 silencing by microarray analysis. The genes with
decreased expression in MC3T3-E1 or ST-2 cells by >1.5-fold
are listed in supplemental Table 5 (38 genes) or supplemental
Table 4 (74 genes), respectively. Among these genes, only five
were commonly down-regulated by siHivep3 in the two cell
lines (Fig. 3A). For more stringent screening, we further
increased the cutoff threshold to a >1.8-fold decrease, which
left two genes each in the two cell lines, Lypla2 and Alg2 in
MC3T3-E1 cells and Alg2 and Igfbp5 in ST-2 cells (Fig. 3A).
Therefore, Alg2 most commonly showed a decrease in expres-
sion due to Hivep3 knockdown in both MC3T3-E1 and ST-2
cells. Asparagine-linked glycosylation (ALG) is one of the most
common protein modification reactions in eukaryotic cells, as
many proteins that are translocated across or integrated into
the rough ER carry N-linked oligosaccharides (24). Alg2 is an
a-1,3-mannosyltransferase forming a type I transmembrane
protein on the ER, with its active site being cytosolically ori-
ented (25). To date, no information has been reported to link
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A MC3T3-E1
gene symbol gene description siCont siHivep3 | fold decrease
Lypla2 lysophospholipase 2 855.57886 385.55112 | 2.219106146
Alg2 asparagine-linked glycosylation 2 1875.0286 875.0924 | 2.142663563
lgfbp5  |insulin-like growth factor binding protein 5 3540.0374 | 2207.5708 | 1.60358952
Ankfy1  Jankyrin repeat and FYVE domain containing 1 1102.1857 719.4798 | 1.531920285
Gpr133 G protein-coupled receptor 133 545.9816 362.30106 1.50698317
ST-2
gene symbol gene description siCont siHivep3 | fold decrease
Alg2 asparagine-linked glycosylation 2 568.02734 314.0774 | 1.808558464
Igfbp5 insulin-like growth factor binding protein 5 179.31311 99.23038 | 1.807038429
Lypla2 lysophospholipase 2 586.02966 349.82162 || 1.675224247
Ankfy1 ankyrin repeat and FYVE domain containing 1 1006.6627 650.5681 1.547359454
Gpr133 G protein-coupled receptor 133 93.81231 61.831158 1517233593
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FIGURE 3. Expression of the Alg2 gene is reduced upon knockdown of Hivep3 in osteoblastic cells. A, siRNA for Hivep3 was transfected into
MC3T3-E1 or ST-2 cells prior to treatment with BMP-2 (300 ng/ml) for 2 days and analyzed by microarray. A list of five genes with decreased signal
intensity, in common between MC3T3-E1 and ST-2 cells, is presented. B, ST-2 cells were transfected with siRNA for Hivep3 with or without BMP-2
treatment (300 ng/ml) for 3 days. The expression level of Alg2 was examined by qRT-PCR. C, ST-2 cells were transfected with siRNA for Hivep3 with BMP-2
treatment (300 ng/ml) for 7 days. Cell lysates were analyzed by immunoblotting with an anti-Alg2 antibody. Tubulin served as a loading control. D, ST-2
cells were transfected with a human HIVEP3 expression vector to be stimulated with BMP-2 (300 ng/ml) for 4 days. The expression of Alg2 was evaluated
by qRT-PCR. E, tissue cDNA panel of a 3-month-old mouse was subjected to real time PCR for Alg2. F, expression level of Alg2 in the indicated cell lines

was examined by a qRT-PCR assay. **, p < 0.01.

Alg2 to cell differentiation. We confirmed the microarray
results by qRT-PCR (Fig. 3B) or immunoblotting (Fig. 3C) and
verified that knockdown of Hivep3 in ST-2 cells decreased the
level of Alg2 by over 50%. However, forced expression of
HIVEP3 did not increase Alg2 expression (Fig. 3D). We next
examined the tissue distribution of Alg2 in 3-month-old mice
by quantitative PCR analysis of a tissue cDNA panel (Fig. 3E). In
tissues with low expression of Hivep3 (Fig. 1C), i.e. the heart or
skin, Alg2 also showed a minimum level of expression, although

APRIL 4,2014-VOLUME 289-NUMBER 14

both genes were highly expressed in the brain and lungs, sug-
gesting a linkage between the levels of the two genes. However,
there were some exceptions, e.g. Hivep3 was expressed at high
levels in fat, cartilage, and bone, whereas Alg2 was detected at a
moderate level in these tissues. From the osteoblastic and/or
chondrocytic cell lines, MC3T3-E1 showed a significantly high
level of Hivep3 expression (Fig. 1D), whereas Alg2 was detected in
arelatively ubiquitous pattern (Fig. 3F). These results suggest that
Hivep3 is essential but not sufficient for the expression of Alg2.
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FIGURE 4. Loss of Alg2 enhances osteoblast differentiation in ST-2 cells without affecting the protein level of Runx2. A and B, ST-2 cells were transfected
with siRNA for Alg2 with or without BMP-2 treatment (300 ng/ml) for 3 days. Knockdown efficiency for Alg2 was examined by qRT-PCR (A) or by immunoblotting
(B). C, ST-2 cells were transfected with siRNA for Alg2 or Hivep3 with or without BMP-2 treatment (300 ng/ml) for 3 days. Cell lysates were analyzed by
immunoblotting with an anti-Runx2 antibody. Tubulin served as a loading control. D-F, ST-2 cells were transfected with siRNA for Alg2 with or without BMP-2
treatment (300 ng/ml) for 3 days. Expression of indicated genes was analyzed by qRT-PCR. G, ST-2 cells were transfected with siRNA for Alg2 and treated with
BMP-2 (300 ng/ml) for 6 days. ALP staining was performed. H, ST-2 cells were transfected with siRNA for Alg2 with or without BMP-2 treatment (300 ng/ml) for
3 days. Expression of Ibsp was analyzed by qRT-PCR. /, ST-2 cells were transfected with siRNA for Alg2 with BMP-2 treatment (300 ng/ml) for 2 days. Cell lysates

tubulin

mock

were analyzed by immunoblotting with indicated antibodies. **, p < 0.01.

Loss of Alg2 Promotes Osteoblast Differentiation in ST-2 Cells
without Affecting the Protein Level of Runx2—T o investigate the
possible role of Alg2 in osteoblast differentiation, siRNA for
Alg2 was transfected into ST-2 cells to obtain an ~80% decrease
in mRNA expression (Fig. 4A4) and in protein level (Fig. 4B).
Although silencing of Hivep3 increased the level of Runx2 pro-
tein, siAlg2 had no effect (Fig. 4C). As expected, loss of Alg2 also
did not change the RNA level of Runx2 (Fig. 4D). However, Alg2
knockdown mildly enhanced Sp7 expression (Fig. 4, E and 1),
although it dramatically increased the expression (Fig. 4F) and
activity (Fig. 4G) of ALP. A similar effect was seen on the level of
Ibsp mRNA (Fig. 4H) and protein (Fig. 4/), suggesting a sup-
pressive role of Alg2 in osteoblast maturation.

Forced Expression of Alg2 Inhibits Osteoblast Differentiation
and Bone Formation—We investigated the effect of overex-
pression of Alg2 in osteoblasts by infection of adenovirus or
lentivirus carrying an Alg2 expression cassette. In ST-2 cells,
forced expression of Alg2 showed no effect on Runx2 protein
level (Fig. 5A), whereas it strongly suppressed the expression of
Sp7, Alpl, and Ibsp (Fig. 5B). The lentivirus-mediated expres-
sion of the Alg2 transgene product was confirmed at the protein
and mRNA level (Fig. 5, C and D). Combined induction of
Hivep3 siRNA with the Alg2 lentivirus completely negated the
enhanced expression of Ibsp by siHivep3, suggesting that Alg2
is a downstream mediator of Hivep3 for blocking osteoblast
differentiation (Fig. 5E). To assess the role of Alg2 in osteoblas-
tic bone formation, we employed the ex vivo culture system of

9872 JOURNAL OF BIOLOGICAL CHEMISTRY

calvarial bone harvested from E17.5 mouse embryo. The infec-
tion efficiency of lentivirus in bone culture was evaluated by
immunofluorescence, and the V5-tagged transgene product
was detected by anti-V5 antibody (Fig. 5F). The rate of osteo-
blastic intramembranous bone formation can be examined by
measuring the width of the fontanelle (20). Application of
BMP-2 promoted the bone formation, and it significantly
decreased the fontanelle width, whereas combined induction of
Alg2-expressing lentivirus cancelled the narrowing (Fig. 5G),
indicating that Alg2 inhibited BMP-induced osteoblastic bone
formation.

Alg2 Knockdown Does Not Affect ER Stress nor BMP Signaling
in ST-2 Cells—A defect in ALG may affect the quality control of
protein folding in the ER, which might subsequently evoke ER
stress (26, 27). In addition, because physiologically mild ER
stress is required for proper osteoblast differentiation and mat-
uration (28, 29), we investigated the effect of Alg2 siRNA on ER
stress-related genes by qRT-PCR (Fig. 6A). Atf4, a downstream
target of PKR-like endoplasmic reticulum kinase of ER stress
transducer, is crucial for the expression of Bglap2 and synthesis
of type I collagen during osteoblast maturation (28, 30). Alg2
silencing showed no remarkable effect on the Azf4 mRNA level
(Fig. 6A). An ER stress transducer called cAMP-responsive ele-
ment-binding protein 3-like 1 (Creb3[1), alternatively known as
Qasis, is also crucial in osteoblast differentiation (29). However,
the level of Creb311 was unchanged by Alg?2 silencing (Fig. 6A4).
DNA damage-inducible transcript 3 (Ddit3), a target gene of
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Atf4 also known as CCAAT/enhancer-binding protein homo-
logous protein (Chop), was indeed mildly up-regulated by
siAlg2, but only in BMP-2-treated cells (Fig. 6A4). The expres-
sion of a target of the Atf6é pathway, heat shock protein 5
(Hspas), also known as Bip, was not altered by loss of Alg2 (Fig.
6A). These data suggest that ER stress is not substantially accel-
erated by loss of Alg2. To identify other mechanisms by which
siAlg2 promotes osteoblast differentiation, we next evaluated if
BMP signaling was increased by Alg2 knockdown, by assessing
the expression of the representative direct target genes of the
BMP-Smad pathway, IdI and Smad6 (31, 32). We found no
change in the level of Id1 or Smad6 upon Alg2 silencing (Fig.
6B).

Alg2 Interferes with the Transcriptional Activity and Nuclear
Localization of Runx2—To test whether Alg2 interferes with
Runx?2 activity, we analyzed a Runx2-binding 6 X OSE2 lucifer-
ase reporter. We found that Alg2 dose-dependently suppressed
the Runx2-induced elevation of luciferase activity in COS-7
cells, whereas it showed no effect on the activity of 6XOSE2

APRIL 4,2014+VOLUME 289-NUMBER 14

reporter with Runx2-binding site mutation, suggesting that the
inhibitory effect was Runx2-dependent (Fig. 6C). A similar
result was obtained in ST-2 cells where Alg2 reduced Runx2
activity with an efficiency comparable with that of Hivep3 (Fig.
6D). To investigate the mechanism by which Alg2 suppresses
Runx2 activity, we examined the impact of siAlg2 on the
expression of an inhibitor and an activator of Runx2. Hairy/
enhancer-of-split related with YRPW motif 1 (HeyI) is a tran-
scriptional repressor that binds to Runx2 and suppresses its
transcriptional activity (33). Contrary to our hypothesis, the
expression of Heyl was not decreased by Alg2 knockdown;
rather, it increased in a statistically significant manner (Fig. 6E).
The expression of hairy and enhancer of split 1 (HesI), which
forms a complex with Runx2 to promote Runx2-dependent
transcription (34, 35), was found to be unchanged by Alg2
siRNA (Fig. 6E). We next investigated the possibility of whether
Alg2 forms a complex with Runx2 to interfere with its localiza-
tion, because targeting of Runx2 to subnuclear foci, the nuclear
matrix, is crucial for the bone-specific transcription of Runx2
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(36). In a co-transfection experiment using COS-7 cells, Alg2
was immunoprecipitated with Runx2 (Fig. 6F). By an immuno-
fluorescence assay in ST-2 cells, we found that Alg2 protein
overexpressed alone was localized to the ER (Fig. 6G, panel d),

whereas Runx2 overexpressed alone was stained in the nuclei
(Fig. 6G, panel b). However, in cells with combined transfection
of Alg2 and Runx2, in the portion of cells in which abundant
expression of Alg2 was observed, Runx2 was excluded from

pCSEVEN
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nucleus and co-localized with Alg2 in the cytoplasm (arrows),
whereas cells with a lower level of Alg2 had a nuclear pattern of
Runx2 staining (arrowheads) (Fig. 6G, panels c, f, and [). These
data suggest that the interaction of Runx2 with Alg2 interfered
with proper subnuclear localization of Runx2, thereby decreas-
ing its transcriptional activity.

Hivep3 Promotes the Expression of Creb3I2 and Differentia-
tion of Chondrocytes—Next we investigated the mechanism by
which Hivep3 supports chondrocyte differentiation. Hivep3
silencing in ATDC5 chondrocytes strongly suppressed Col2al
in mRNA (Fig. 7A) and in protein levels (Fig. 7B). Conversely,
HIVEP3 overexpression significantly enhanced expression of
Col2al (Fig. 7C). At day 21 of micromass culture, BMP-2-
treated ATDC5 cells produced an abundant cartilage matrix
that was stained with Alcian blue and was significantly enlarged
by Hivep3 vector transfection (Fig. 7D). Chondrocytes secrete
cartilage ECM proteins such as type II or XI collagens during
differentiation, which evokes mild ER stress and induces an
ER stress sensor, BBF2 human homolog on chromosome 7
(Bbf2h7), also known as Creb312. Creb312 plays a crucial sup-
portive role in chondrocyte differentiation by directly inducing
the expression of Sec23a, encoding a coat protein complex II
component cargo protein responsible for the transport of
secretory ECM proteins from the ER to the Golgi (18). Atf4
expression was increased by loss of Hivep3, but only in the
absence of BMP-2 (Fig. 7E), although gain of HIVEP3 enhanced
the level in the presence of BMP-2 (Fig. 7F). Ddit3 showed sim-
ilar expression patterns as A#f4, where its basal level was
elevated by siHivep3 (Fig. 7G), although overexpression of
HIVEP3 suppressed basal expression but promoted expression
in the presence of BMP-2 (Fig. 7H). These data indicate that the
ER stress pathway of PERK-Atf4-Chop may be associated with
the enhancement of BMP-2-induced differentiation by forced
expression of HIVEP3. Expression of Hspa5 was decreased or
increased by knockdown or overexpression of Hivep3, respec-
tively (Fig. 7, I and J). The expression of a spliced form of Xbp1
was examined to monitor the inositol-requiring 1 (IRE1) path-
way of ER stress and found to be suppressed or enhanced by
silencing or addition of Hivep3, respectively (Fig. 7, K and L).
These data suggest that Hivep3 evoked mild ER stress through
the Atf6-Bip and Irel-Xbpl pathways. We found that Creb3I/2
expression was decreased or increased by loss or gain of Hivep3,
respectively (Fig. 7, M and N). Importantly, the siHivep3-medi-
ated reduction in Creb3[2 expression was reflected in that of
Sec23a (Fig. 70), which may be responsible for the inhibition of
differentiation.

Alg2 Is Decreased by Hivep3 Silencing in ATDCS Chondro-
cytes, although Loss of Alg2 Suppresses the Expression of Creb3[2
and Chondrocyte Differentiation—We investigated whether
Alg2 is a mediator of Hivep3 also in chondrocytes to affect
differentiation. Indeed, knockdown of Hivep3 strongly sup-
pressed the expression of Alg2 in ATDCS5 chondrocytes (Fig.
8A). Moreover, Alg2 siRNA inhibited the BMP-2-induced
expression of type II collagen in mRNA (Fig. 8B8) and in protein
level (Fig. 8C). We checked whether the loss of Alg2 evoked ER
stress and that the basal expression of Atf4 (Fig. 8D) and Hspas
(Fig. 8F) decreased, whereas Ddit3 expression increased in the
presence of BMP-2 (Fig. 8E), following siAlg2 transfection.

APRIL 4,2014+VOLUME 289+-NUMBER 14

Importantly, Creb3[2 was down-regulated by Alg2 silencing
(Fig. 8G), and silencing of Alg2 or Hivep3 both diminished the
band of Creb3l2 in immunoblotting (Fig. 8H). Finally, we
infected Alg2-expressing adenovirus in cultured mouse meta-
tarsal cartilage, because this ex vivo organ culture is an excellent
system to evaluate the rate of chondrocyte maturation (37).
Indeed, application of BMP-2 into this cartilage culture pro-
moted the calcification of cartilage matrix by mature hyper-
trophic chondrocytes (Fig. 8/, Ist and 3rd lanes). The infection
efficiency of adenovirus was evaluated by immunofluorescence,
and the V5-tagged transgene product was detected by anti-V5
antibody in the cartilage sample (Fig. 81). Importantly, Alg2-
expressing adenovirus mildly but significantly increased the
zone of mature chondrocytes regardless of BMP-2 treatment
(Fig. 8J), indicating that Alg2 promotes cartilage maturation.
Taken together, these data suggest that Alg2, induced by
Hivep3, is necessary for the induction of Creb3[2 to promote
chondrogenesis.

DISCUSSION

Drosophila Schnurri was one of the first partners identified
for BMP-specific Smads (38, 39) for positive or negative regu-
lation of BMP signaling. The structure of three Schnurri
homologs in vertebrates, Hivepl, Hivep2, and Hivep3, is also
similar to that of the fly Schnurri and shares additional features,
including an unusually large size (~2500 amino acids) and
acidic domains. We initially hypothesized that Hivep3 may
inhibit BMP signaling to suppress osteoblast differentiation;
however, the expression of the direct target genes of the BMP-
Smad pathway, IdI or Smad6, was not altered by Hivep3 knock-
down in osteoblasts (data not shown). In this study, we found
that the A/g2 gene was commonly down-regulated in both ST-2
and MC3T3-E1 osteoblasts by Hivep3 knockdown. Alg2 inhib-
ited the activity of Runx2 without affecting its protein expres-
sion unlike Hivep3. Therefore, the Hivep3-Alg2 pathway effi-
ciently blocks Runx2-mediated transcription and subsequent
osteoblast differentiation by two approaches, regulation of pro-
tein degradation and intracellular localization. In ATDC5
chondrocytes, Alg2 expression was also controlled by Hivep3 to
support chondrocyte differentiation (Col2al expression), but
its possible actions against Runx2 in chondrocytes remain
elusive. Because Runx2 is directly crucial for transcription of
the chondrocyte maturation marker gene type X collagen
(Col10al) in promoting chondrocyte hypertrophy (40), loss of
Hivep3 or Alg2 may increase expression of Col10al if they tar-
get Runx?2 in chondrocytes. However, because expression of
Coll0al arises sequentially after expression of early markers
such as Col2al or Collla2, which had diminished expres-
sion in response to transfection with siRNA for Hivep3 or
Alg2, we could not clearly evaluate their effect on Coll10al
expression (data not shown). Indeed, in Hivep2/Hivep3 dou-
ble knock-out mice, hypertrophic chondrocytes as well as
expression of Coll0al have been found to decrease in the
growth plates of long bones (17). Our data and those of other
researchers suggest that Runx2 is not the target of Hivep3 in
chondrocytes.
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FIGURE 8. Hivep3 is essential for Alg2 expression in ATDC5 chondrocytes, althoughAlg2 promotes chondrogenesis. A, ATDC5 cells were transfected with
siRNA for Hivep3 and treated with BMP-2 (300 ng/ml) for 4 days. Expression of Alg2 was evaluated by qRT-PCR. B, D, E, Fand G, ATDC5 cells were transfected with
siRNA for Alg2 and treated with BMP-2 (300 ng/ml) for 4 days. The expression of the indicated genes was analyzed by qRT-PCR. C, ATDC5 chondrocytes were
transfected with siRNA for Alg2 with BMP-2 treatment (300 ng/ml) for 7 days. Cell lysates were analyzed by immunoblotting with an anti-type Il collagen
antibody. Tubulin served as a loading control. H, ATDC5 chondrocytes were transfected with siRNA for Alg2 or Hivep3 with BMP-2 treatment (300 ng/ml) for 3
days. Cell lysates were analyzed by immunoblotting with an anti-Creb3|2 antibody. Tubulin served as a loading control. | and J, metatarsal cartilages of E17.5
mouse embryos were infected with indicated adenovirus for 16 h. Immunostaining using FITC-linked anti-V5 antibody on bone coronal sections was per-
formed at day 2 of culture (/). Nuclei were stained with Hoechst dye. Merged images are presented. Scale bar, 100 um. Alcian blue/alizarin red staining was
performed at day 3 of BMP-2 treatment (J). The length of calcified zone (matured hypertrophic chondrocytes) was measured. Scale bar, 500 um. *, p < 0.05;
* p<001.

Mutations in the ALG2 gene cause the rarest form of congen-
ital disorders of glycosylation (CDG) in humans, CDG type-Ii
(CDG-Ii) (25). A single patient of CDG-Ii has been identified,
who was only mildly affected with developmental delay, sei-
zures, poor vision, coagulopathy, and delayed myelinization
(25), with no remarkable bone phenotype. However, because
the reported patient was 3 years old, and Hivep3 knock-out
mice have been reported to show adult-onset osteosclerosis
(10), skeletal disorders may develop during the adulthood of the
CDG-Ii patient. The glycosyltransferase enzymes of the ALG
pathway use nucleotide- or dolichol-activated monosaccha-
rides as donor substrates (41), which are biosynthesized by the
cytosolic enzyme PMM2. CDG-Ia is the largest group of CDG
cases with more than 800 patients who have been identified as
having mutations in the PMM2 gene (41). It is noteworthy that

CDG-Ia patients show a variety of skeletal phenotypes, includ-
ing osteopenia, rhizomelia, and ossification delay of bones (42).
Fibrillar collagens, such as type I or type II collagens, are found
predominantly in the ECM of bone or cartilage, respectively,
and mature through ALG of the C-terminal pro-collagen,
resulting in cleavage of the N- and C-terminal pro-peptide
domains. Therefore, dysregulation of ALG may affect the mat-
uration and function of collagens in the skeleton. Conversely,
during the differentiation of osteoblasts and chondrocytes, nas-
cent ECM protein is delivered in amounts that exceed the
capacity of the ER, whose machinery processes the post-trans-
lational modifications and folding of proteins; ALG proteins
play important roles for these steps. Such events of “overload”
trigger mild ER stress (physiological ER stress) (43). In ST-2
cells, loss of Hivep3 did not influence mild ER stress during

FIGURE 7. Hivep3 potentiates the physiological mild ER stress to promote chondrocyte differentiation. A, E, G, /, K, M, and O, ATDC5 cells were transfected
with siRNA for Hivep3 and treated with BMP-2 (300 ng/ml) for 4 days. The expression of the indicated genes was evaluated by qRT-PCR. B, ATDC5 chondrocytes
were transfected with siRNA for Hivep3 with BMP-2 treatment (300 ng/ml) for 7 days. Cell lysates were analyzed by immunoblotting with an anti-type Il collagen
antibody. Tubulin served as a loading control. C, F, H, J, L, and N, ATDC5 cells were transfected with a human HIVEP3 expression vector and further stimulated
with BMP-2 (300 ng/ml) for 4 days. The expression of the indicated genes was evaluated by qRT-PCR. D, ATDCS5 cells were stably transfected with a pEF-Shn3
(Hivep3) expression vector. Micromass culture of the transfectants was treated with BMP-2 (300 ng/ml) for 21 days and stained with Alcian blue dye. *, p < 0.05;
** p<001.
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