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Background: The cartilage superficial zone is critical for tissue function and contains progenitor cells.

Results: Chromatin protein HMGB?2 is expressed in stem cells and inhibits differentiation.

Conclusion: HMGB2 is a key regulator of the stem cell pool in mature articular cartilage.

Significance: Understanding age-related changes in HMGB2 expression is crucial to advancing concepts of age-related diseases

such as osteoarthritis.

The superficial zone (SZ) of articular cartilage is critical in
maintaining tissue function and homeostasis and represents the
site of the earliest changes in osteoarthritis (OA). The expres-
sion of chromatin protein HMGB2 is restricted to the SZ, which
contains cells expressing mesenchymal stem cell (MSC) mark-
ers. Age-related loss of HMGB2 and gene deletion are associated
with reduced SZ cellularity and early onset OA. This study
addressed HMGB2 expression patterns in MSC and its role dur-
ing differentiation. HMGB2 was detected at higher levels in
human MSC as compared with human articular chondrocytes,
and its expression declined during chondrogenic differentiation
of MSC. Lentiviral HMGB2 transduction of MSC suppressed
chondrogenesis as reflected by an inhibition of Col2al and
Coll10al expression. Conversely, in bone marrow MSC from
Hmgb2~'~ mice, Coll10al was more strongly expressed than in
wild-type MSC. This is consistent with in vivo results from
mouse growth plates showing that Hmgb?2 is expressed in prolif-
erating and prehypertrophic zones but not in hypertrophic car-
tilage where Col10al is strongly expressed. Osteogenesis was
also accelerated in ngbZ_/ ~ MSC. The expression of Runx2,
which plays a major role in late stage chondrocyte differentia-
tion, was enhanced in Hmgh2~'~ MSC, and HMGB2 negatively
regulated the stimulatory effect of Wnt/fB-catenin signaling on
the Runx2 proximal promoter. These results demonstrate that
HMGB2 expression is inversely correlated with the differentia-
tion status of MSC and that HMGB2 suppresses chondrogenic
differentiation. The age-related loss of HMGB?2 in articular car-
tilage may represent a mechanism responsible for the decline in
adult cartilage stem cell populations.
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The superficial zone (SZ)* of articular cartilage is critical in
maintaining tissue function and homeostasis and represents
the site of the earliest changes in osteoarthritis (OA). The SZ
contains cells that express mesenchymal stem cell (MSC) mark-
ers and multilineage differentiation potential (1-4), and this
adult stem cell population may be important in cartilage home-
ostasis. Differentiation of stem cells or progenitor cells into
tissue-specific lineages is associated with global changes in gene
expression patterns that are in part controlled by epigenetic
mechanisms (5). For instance, gene expression profiling of
undifferentiated human ES cell lines showed that genes encod-
ing regulatory proteins such as transcription factors and tran-
scriptional co-regulators are up- or down-regulated during dif-
ferentiation. Microarray data shows that Hmgb2, which
encodes a non-histone chromatin protein, is one of those genes
highly up-regulated in human ES cells (6, 7).

HMGB?2 is a member of the HMGB protein family, which
includes the ubiquitous HMGB1 and the embryo-specific
HMGBS3. The three proteins are >80% identical at the amino
acid sequence level and characterized by two basic HMG box
domains followed by a long acidic tail (8). As nuclear proteins,
HMGB1 and HMGB?2 are known to regulate various cellular
activities, including transcription, DNA replication, and repair
(9); they both bind to transcription factors such as HOX pro-
teins (10), steroid hormone receptors (11), and p53 and p73 (12)
and enhance the transcription and recombination activities of
their partner proteins (9). Despite the high degree of amino acid
sequence similarity between HMGB1 and HMGB?2, studies
have shown that they have independent functions. Contrary to
the ubiquitous expression of HMGB1, HMGB?2 is restricted
mainly to lymphoid organs and testes, although it is widely
expressed during embryogenesis (13). Hmghl '~ mice die
shortly after birth because of hypoglycemia (14), whereas
Hmgb2 '~ mice are viable and only show a marked reduction
in spermatogenesis (13). We demonstrated that expression of
HMGB?2 is restricted to the SZ in adult articular cartilage and

2The abbreviations used are: SZ, superficial zone; OA, osteoarthritis; MSC,
mesenchymal stem cell(s); BSP, bone sialoprotein; LV, lentivirus; E14,
embryonic day 14; LEF1, lymphoid enhancer-binding factor 1; TCF, T-cell
factor.
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that expression declines with age in murine and human car-
tilage (15). In Hmgh2~'~ mice, we observed reduced SZ cel-
lularity and accelerated development of OA. These studies
demonstrated a correlation between HMGB2 expression
and progenitor maintenance in the SZ.

Recent studies show that articular chondrocyte hypertrophy
is an early event in OA pathogenesis (16). This abnormal chon-
drocyte differentiation process partially recapitulates the nor-
mal endochondral development process in that the degradation
and remodeling of the extracellular matrix promotes patho-
logic articular cartilage calcification (17). OA articular chon-
drocytes express markers of hypertrophic growth plate chon-
drocytes such as COL10A1, MMP-13, and RUNX2 (18).
RUNX2 plays a major role in late stage chondrocyte differenti-
ation (19). In Runx2~'~ mice, chondrocyte maturation is dis-
turbed (20, 21), and overexpression of a dominant-negative
form of RUNX2 in chondrocytes severely delays endochondral
ossification and suppresses chondrocyte maturation (22, 23).
RUNX2 also contributes to the pathogenesis of experimental
OA by stimulating chondrocyte hypertrophy and matrix break-
down (18) and directly regulates the Coll0al promoter (24).
Recently, we defined a pathway where protein interactions of
HMGB2 and LEF1 enhance Wnt/S-catenin signaling and pro-
mote SZ chondrocyte survival (25). As Wnt signaling mediates
chondrocyte hypertrophy through activation of Runx2 (26), we
hypothesized that HMGB2 might be involved in hypertrophic
cartilage differentiation through Runx2 transactivation. In this
study, we examined the expression pattern and function of
HMGB2 during MSC differentiation and reveal a mechanism
by which HMGB2 regulates chondrocyte hypertrophy via inter-
action with Wnt/B-catenin signaling and the Runx2 promoter.

EXPERIMENTAL PROCEDURES

Human MSC Differentiation Cultures—Human MSC were
purchased from Bio-Whittaker. MSC pellets (3 X 10° cells per
pellet) were prepared by centrifuging the cells at 500 X gin 15
ml polypropylene conical tubes. Pellets were cultured in 0.5 ml
of chondrogenic medium (Lonza), supplemented with TGF-33
(10 ng/ml) and BMP-2 (100 ng/ml) (27, 28). Medium was
changed every 2-3 days. Pellets were collected at the time
points indicated for analysis of protein or gene expression and
Safranin O staining. Human MSC were also induced toward
adipogenic and osteogenic lineages using Poietics Mesenchy-
mal Stem Cell Differentiation Systems according to the manu-
facturer’s instructions (Lonza).

Immunohistochemistry and in Situ Hybridization—Immu-
nohistochemisty was performed with rabbit anti-HMGB2 anti-
body (Abcam), and RNA in situ hybridization was performed
using the Col2al and Col10al probes as described (29, 30).

Western Blotting—Articular chondrocytes were isolated
from normal human knee cartilage and cultured as described
(31). After passaging twice, cells were harvested, and a total 20
pg of each cell lysate was separated on 12% (w/v) Tris-glycine
SDS-PAGE gels (Invitrogen). Western blotting was performed
as described with rabbit anti-HMGB2 antibody (PharMingen),
rabbit anti-RUNX2 antibody (IMGENEX), and mouse anti-
GAPDH antibody (Ambion) (15).
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Quantitative PCR—Total RNA was extracted from mono-
layer or pellet cultures and oligo(dT)-primed cDNA was pre-
pared using the SuperScript III first strand kit (Invitrogen). The
levels of Col2al, Coll10al, Agcl, CDI105, alkaline phosphatase,
bone sialoprotein (BSP, encoded by Ibsp), osteocalcin (encoded
by Bglap), Runx2, and GAPDH gene expression were assessed
by using Tagman primers and probes (Applied Biosystems).
Murine Hmgb2 expression was analyzed by SYBR Green system
using primers, which were designed not to react with Hmgbl
and Hmgb3 (5'-TCCTGGTAGGCCAACAGGCT; sense and
5'-AGCTAATGTTGAGCTGCACTTG; antisense) and nor-
malized to GAPDH (30). All reactions were performed using
the iCycler thermocycler (Bio-Rad).

Construction and Preparation of Lentiviral Vectors—The
c¢DNAs encoding FLAG and full open reading frames of murine
Hmgb2 were amplified from a pcDNA3-FLAG-murine
HMGB?2 vector (25) and subcloned into entry clones (pENTR/
SD/D-TOPO) by using the pENTR Directional TOPO Cloning
Kit (Invitrogen). Lentiviral vectors were prepared with the
ViraPower Lentiviral Expression System (Invitrogen) accord-
ing to the manufacturer’s instructions. Briefly, in vitro recom-
bination was promoted between the pENTR and pLenti4/V5-
DEST (Invitrogen) to generate the pLenti4/FLAG-murine
HMGB2. The control lentivirus, which expresses GFP under a
constitutive PGK promoter, was purchased from Sanford-
Burnham Medical Research Institute (La Jolla, CA).

Mouse MSC Isolation and Culture—MSC were generated as
described previously (32). Hmgb2 '~ mice were provided by
M. E. Bianchi (San Raffaele University, Milan, Italy) (13). Bone
marrow cells from Hmgb2 '~ mice and C57Bl/6] wild-type
mice were plated at a density of 5 X 10° cells/ml (3.5 ml per well
of six-well tissue culture dishes) in Dulbecco’s modified Eagle’s
medium (low glucose) containing 10% fetal bovine serum
(HyClone), 3.7 g/liter sodium bicarbonate, 10 mm N-2-hy-
droxyethylpiper azine-N'-2-ethanesulfonic acid, and 100
units/ml penicillin/streptomycin (Invitrogen). Cultures were
kept at 37 °C 5% CO,. The medium was changed 72 h after
plating and then every 3 days. At confluence, cultures were split
at a 1:2 ratio. At each passage, cells were stained with phyco-
erythrin-conjugated antibodies to CD44, CD45 (BD PharMin-
gen), CD34 (Biolegend), SCA-1, CD29, and CD31 (eBioscience)
and analyzed by flow cytometry to confirm MSC phenotype.

Luciferase Reporter Assay—The 0.6-kb rat proximal Runx2
promoter vector or the mutant TCF1 promoter (mTCF) (gift
from G. Stein and J. B. Lian, Massachusetts Medical School)
(33), HA-tagged LEF1 expression vector, mutant (-catenin
expression vector (25), and human sense and antisense
HMGB?2 vector (HMGB2-pcDNA3, asHMGB2-pcDNA3; gift
from M. Stros, Institute of Biophysics, Brno, Czech Republic)
(12) were used as reporter constructs. Chicken antisense
HMGB2 was prepared by PCR from the corresponding chicken
c¢DNAs. The amplified DNA samples were gel-purified and
cloned in-frame into the mammalian expression vector
pcDNA3 (Invitrogen). WNT3A vector was also constructed by
subcloning the entire open reading frame of mouse Wnt3a and
fused into pCAGGS. Upper sternal chondrocytes were isolated
from the cephalic core region of 15-day-old chicken embryo
sterna as described previously (26). The cells were seeded in
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24-well plates and transfected with expression vectors and
reporter constructs using GeneJammer transfection reagent
(Stratagene). The cytomegalovirus promoter-driven -galacto-
sidase reporter gene (pCMV3) was cotransfected for normal-
ization. Luciferase and 3-galactosidase activity were measured
using a luciferase assay kit and a 3-galactosidase enzyme Kkit,
respectively (Promega). In each experiment, these assays were
performed in triplicate.

GST Pulldown Assay—Using FLAG-tagged RUNX2 vector
(gift from T. Furumatsu, Okayama University) and LEF1
expression vector (34), RUNX2 and LEF1 were in vitro-tran-
scribed/translated with the TNT reticulocyte lysate kit (Pro-
mega) in the presence of [**S]methionine. GST-null and GST-
HMGB2 proteins were produced in Escherichia coli and
purified and then incubated overnight at 4 °C with the **S-Met-
labeled proteins as described (25). As a positive control, the
amount of [**S]methionine-labeled protein loaded was 20% of
the input.

ChIP Assay—ChIP assays were performed using the EZ ChIP
Assay Kit (Millipore) as described by the manufacturer.
ATDCS5 cells were incubated in 150-mm dishes overnight and
then the cells were cross-linked with 1% formaldehyde for 10
min at 37 °C. The cells were lysed in 1000 ul of SDS lysis buffer
for 15 min on ice, followed by nuclear lysis buffer, and sonicated
eight times for 15 s. The sonicated samples were incubated with
5 ug of rabbit anti-LEF1 antibody (Cell Signaling), mouse anti-
RUNX2 antibody (MBL International), and rabbit anti-
HMGB2 antibody (Abcam) or normal mouse IgG or normal
rabbit IgG (Santa Cruz Biotechnology) containing protein
G-agarose beads for 8 h at 4°C. Immune complexes were
washed following the manufacturer’s instructions. Immuno-
precipitated DNA was eluted and reverse cross-linked in elu-
tion buffer, followed by RNase A and proteinase K treatment.
An aliquot of the immunoprecipitated DNA and chromatin
input control (1% input) was used for PCR (33 cycles). All reac-
tions were done under an annealing temperature of 58 °C. Two
primers for amplifying LEF1 binding sites in the murine Runx2
promoter were described previously (33). As negative controls,
primers were set outside of the Runx2 proximal promoter
(GGCTCCCTCTCTCCATCTCT and GCTGAACGTGGC-
CTTTATGT, at —2.5 kb upstream of the Runx2 transcription
start site) (35). All PCR products were evaluated on 2% agarose
gels for appropriate size (245 bp for Runx2 proximal promoter,
224 bp for —2.5 kb region of the Runx2 gene, 225 bp for the
pl19*7F promoter).

Statistical Analysis—Results are expressed as mean * S.D.
Means of groups were compared by analysis of variance, and
significance of differences was determined by post hoc testing
using Bonferroni’s method. Statistical comparison between two
groups was performed with a two-tailed unpaired ¢ test. p values
<0.05 were considered significant.

RESULTS

HMGB?2 Expression in MSC and Articular Cartilage—To
determine the expression pattern of Hmgb2 in relation to the
endogenous chondrocyte differentiation, we examined its
expression in mouse embryos by in situ hybridization.
Although Hmgb2 was expressed in proliferative and resting
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FIGURE 1. HMGB2 expression in developing cartilage. A, Hmgb2 expres-
sion is reduced in prehypertrophic cartilage (arrowheads) where Col10al is
positive in tibia and femur at E14.5. Col2aT is also reduced in prehypertrophic
cartilage in femur (arrow). B, Hmgb2 is eliminated in hypertrophic cartilage in
tibia at E15.5 and E16.5. Hmgb2 is highly expressed in bone marrow at E16.5.
C, HMGB2 expression in postnatal cartilage. Immunohistochemistry reveals
that HMGB?2 is expressed in cartilage surface (arrowheads) as well as bone
marrow cells (right panel), whereas that expression is not seen in hypertrophic
cartilage of femoral growth plate (arrows) at a month old. SO, safranin O stain-
ing; ph, prehypertrophic cartilage; h, hypertrophic cartilage; bm, bone mar-
row; ac, articular cartilage; p, patella. A magnification of X100 was used.

zones in the epiphyseal growth plate in the tibia and femur, its
expression was significantly lower in prehypertrophic cartilage
where Coll0al was positive at E14.5 (Fig. 14). At E15.5 and
E16.5, Hmgb2 was barely detectable in hypertrophic cartilage in
tibia, whereas Hmgb2 was strongly expressed in bone marrow
(Fig. 1B). These data suggest a correlation between the decline
of Hmgb?2 expression and chondrocyte differentiation in devel-
oping long bone. Furthermore, in 1-month-old postnatal
mouse skeletons, HMGB2 was strongly expressed in the artic-
ular cartilage surface as well as bone marrow, whereas it was not
detected in hypertrophic zone of a femoral growth plate (Fig.
1C). These observations indicate that HMGB2 expression
decreases with chondrocyte differentiation in growth plate but
remains at high levels in bone marrow.

To further examine the relationship between HMGB2
expression and chondrogenic differentiation, we analyzed
human bone marrow-derived MSC and differentiated human
articular chondrocytes and found that HMGB2 was highly
expressed in MSC compared with human articular chondro-
cytes (Fig. 2). Interestingly, we detected reduced HMGB?2 levels
in chondrocytes with aging. HMGB2 levels in young donors
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were significantly higher than in aged donors, in which HMGB2
was barely detectable. This result suggests a link between the
known age-related OA pathogenesis and the observed loss of
HMGB?2 in humans (15).

HMGB?2 Expression during Chondrogenesis of Human MSC—
As we found that HMGB2 is highly expressed in undifferenti-
ated cells such as MSC and articular cartilage SZ, which con-
tains a progenitor cell population (1, 4) and is not detectable in
differentiated hypertrophic cartilage as shown in Fig. 1, we
directly followed changes in HMGB2 expression during chon-
drogenic differentiation of human bone marrow MSC. Immu-
nohistochemistry showed that HMGB2 was highly expressed at
days 1 and 3 but that expression was absent except for the
peripheral area at day 7 and further decreased at day 14 (Fig.
3A). This expression pattern was confirmed by Western blot-
ting where a reduction in HMGB2 protein levels was consis-

AC (yo)
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FIGURE 2. HMGB2 expression in MSC and articular chondrocytes. Human
articular chondrocytes (AC) from knee cartilage of donors at the indicated
ages, and MSC were cultured in monolayer culture and then used for Western
blotting. yo, years old.
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o
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tently detected by 8 days of pellet culture (Fig. 3B). These results
demonstrate that HMGB2 expression pattern is inversely cor-
related with differentiation status of MSC.

Overexpression of HMGB2 in MSC Inhibits Chondrogenesis—
To address the role of HMGB2 during chondrogenesis, MSC
were transduced with lentivirus (LV) encoding HMGB2 or con-
trol LV expressing GFP. Immunohistochemistry showed that
HMGB?2 was intensely expressed in LV/HMGB?2 pellets at day
7, whereas in LV/GFP pellets, HMGB2-positive cells were
barely detectable (Fig. 44). After 3 weeks of culture, the size of
chondrogenic pellets with LV/HMGB2 was significantly
smaller than that of control pellets expressing GFP (Fig. 4B),
suggesting that extracellular matrix production, which
increases with chondrocytic differentiation is inhibited. At day
14, Safranin O staining was positive in the center of LV/GFP
pellets but not in LV/HMGB?2 pellets (Fig. 4C). Col2a1-positive
cells were found extensively in control pellets but not in
LV/HMGB?2 pellets. At day 21, control pellets showed high
Safranin O staining, whereas LV/HMGB?2 pellets were still neg-
ative. Quantitative PCR showed that extracellular matrix genes
Col2al, Agcl, and Col10al were suppressed in LV/HMGB2-
transduced pellets compared with control LV/GFP pellets (Fig.
4D). In contrast, CD105, a marker of human MSC that
decreases in chondrogenesis culture (36), was higher in
LV/HMGB?2 control group. These findings suggest that sus-
tained expression of HMGB2 in MSC blocks chondrogenic dif-

7 day 14 day

Donor 3

2 4 8 2 4
-

8 2 4 8 (days)

HMGB2

-— -

R s iy

FIGURE 3. HMGB2 expression during chondrogenesis of human MSC. A, immunohistochemistry shows that HMGB?2 is expressed at days 1 and 3 but that
expression is reduced at days 7 and 14 upon induction of chondrogenesis. Arrowheads indicate Safranin O (SO)-positive region. Boxes are shown in bottom as
enlarged pictures. B, human bone marrow MSC from three different donors were collected from chondrogenesis pellet cultures on days 2, 4, and 8, and Western
blotting was performed to detect HMGB2 and GAPDH. A reduction in HMGB2 protein levels is consistently seen by 8 days of pellet culture.
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FIGURE 4. Ectopic expression of HMGB2 by lentivirus transduction in human MSC. A, LV/GFP transduction in MSC of a monolayer culture by immunoflu-
orescence (top left panel). HMGB2-positive cells are found in LV/HMGB2 pellets (bottom right panel) at day 7 (7d). B, macroscopic image of differentiating MSC
showing the size of chondrogenic pellet with LV/HMGB2 and LV/GFP control pellet at day 21. GFP is still observed in control pellet with LV/GFP. C, at day 14
upon chondrogenesis induction, safranin O is positive in the center of LV/GFP control pellet (arrowheads) but not in LV/HMGB2 pellet. Col2a1-positive cells are
found extensively in control pellet but are absent in LV/HMGB2 pellet. At day 21, GFP pellet shows high Safranin O staining, whereas the LV/HMGB2 pellet
remains negative. D, quantitative PCR shows that Col2al, Col10a1, and Agc1 are suppressed in LV/HMGB2 pellets compared with control LV/GFP pellets,

whereas CD105 is higher in the LV/HMGB2 (¥, p < 0.01; n = 3).

ferentiation and maintains immature status of MSC even after
chondrogenesis was induced.

Chondrogenesis in MSC from Wild-type and Hmgh2 "~ Mice—
To further address the function of HMGB2 during MSC differ-
entiation, we harvested mouse bone marrow-derived MSC
from 6- to 8-week-old wild-type and Hmgh2 '~ mice (13). At
each passage, cells were analyzed by flow cytometry for CD44,
CD29, SCA-1, CD45, CD31, and CD34 to monitor and confirm
the MSC phenotype (supplemental Fig. 1) (37) and then
induced chondrogenesis, osteogenesis, and adipogenesis to
confirm their multipotency (Fig. 54). In chondrogenesis cul-
tures, Hmgb2 levels were gradually reduced in wild-type MSC
pellets (Fig. 5B), which was similar to the observations with
human MSC as shown in Fig. 3. Western blotting confirmed
that HMGB2 was expressed in wild-type MSC but not in
Hmgb2 '~ MSC (Fig. 5C). In situ hybridization demonstrated
extensive Col2al expression in pellets with both types of MSC
(Fig. 5D). Col10al was expressed only in the peripheral area of
pellets with wild-type MSC, whereas pellets with Hmgh2 '~
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MSC showed increased Col10al expression. Quantitative PCR
showed that Col2al and Agcl, representative chondrogenic
markers, were comparable between the two groups. In contrast,
the chondrocyte hypertrophy marker Coll0al was more
strongly expressed in Hmgb2 '~ MSC compared with wild-
type MSC in pellet culture at day 14 (Fig. 5E). These data dem-
onstrate that chondrogenesis starts in the absence of Hmgb2,
and chondrogenic differentiation toward hypertrophic status
was significantly up-regulated. Overall, these data strongly sug-
gest that HMGB?2 is not required for initial chondrogenic dif-
ferentiation, but it negatively regulates expression of the hyper-
trophy marker Col10al during chondrocyte differentiation of
bone marrow MSC.

Osteogenesis in MSC from Wild-type and Hmgb2™ '~ Mice—
Given that the loss of HMGB?2 is correlated with accelerated
chondrocyte differentiation, we assumed that HMGB2 might
also modulate osteogenesis. Thus, we investigated the role of
HMGB2 in osteogenesis using wild-type and Hmgb2~ '~ MSC.
Similar to the reduction of HMGB2 expression during chon-
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FIGURE 5. Chondrogenesis of MSC established from 6- to 8-week-old wild-type and Hmgb2 /'~ mice. A, multipotency of bone marrow MSC established
from C57BI/6 wild-type mice. MSC were cultured under conditions to induce chondrogenesis, osteogenesis and adipogenesis as determined by Safranin O
(S0), alizarin red S, and Qil Red staining, respectively. B, in chondrogenic pellet cultures, Hmgb2 levels are gradually reduced in wild-type MSC pellets, whereas
Col2a1 and Col10a1 are increased. mono, monolayer MSC. C, HMGB2 expression in WT and Hmgb2~/~ (KO) MSC by Western blotting. D, in situ hybridization
shows that Col2al expression is found extensively in both types of pellets. Col10a1 is expressed exclusively in peripheral areas of wild-type MSC, although
Hmgb2~'~ MSC shows high Col70a1 expression throughout. SO, safranin O straining. E, quantitative PCR for Col2a1, Agc1, and Col10a1 expression in wild-type

and Hmgb2~'~ MSC at 14 days (14d) pellet culture (*, p < 0.05,n = 4).

drogenesis, there was a time-dependent reduction of Hmgb2
levels during osteogenic differentiation in wild-type MSC (Fig.
6A). Using Hmgh2 '~ MSC under osteogenesis conditions,
alizarin red S staining was significantly stronger as compared
with wild-type MSC (Fig. 6B). In addition, the levels of alkaline
phosphatase and Ibsp, an early marker of osteoblastic differen-
tiation (38), were elevated in Hmgh2~'~ MSC. Bglap, a late
differentiation marker (38), was also expressed robustly at day 7
in Hmgb2 '~ MSC but was barely detectable in wild-type MSC
(Fig. 6C).
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Importantly, we found that Runx2, a transcriptional regulator of
Ibsp and Bglap (39), showed a significantly greater elevation during
osteogenesis in Hmgh2 '~ MSC compared with wild-type MSC
(Fig. 6C). RUNX2 protein was also more strongly expressed in
Hmgb2 '~ MSC as compared with wild-type at day 7 upon osteo-
genesis induction (Fig. 6D). These findings indicate that osteogen-
esis was enhanced in ngbZ_/ ~ MSC, and this enhancement was
related to increased RUNX2 expression.

HMGB2 Negatively Regulates Runx2—As RUNX2 not only
regulates osteogenesis but also promotes hypertrophic differ-
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FIGURE 6. Osteogenesis of MSC from wild-type and Hmgb2 ™/~ mice. A, a time-dependent reduction of Hmgb2 level in wild-type MSC (*, p < 0.05,n = 3).
mono, monolayer MSC. B, after 8 days of culture under osteogenesis conditions, alizarin red S staining is much stronger in Hmgb2~/~ MSC compared with WT
MSC. C, quantitative PCR shows that alkaline phosphatase (Alpl), Ibsp, Bglap, and Runx2 are significantly increased in Hmgb2~/~ MSC at day 7 (7d) upon
osteogenesis induction (¥, p < 0.05, n = 4). D, Western blotting shows that RUNX2 is strongly expressed in Hmgb2~’~ (KO) MSC at day 7 during osteogenesis.

entiation in growth plate and OA cartilage (24, 40), we hypoth-
esized that RUNX2 expression is up-regulated during chondro-
genesis in the absence of Hmgb2 and examined Runx2
expression in wild-type and Hmgh2 '~ MSC during chondro-
cyte differentiation. In wild-type MSC, Runx2 expression
showed a time-dependent decrease. Runx2 expression was sig-
nificantly higher in Hmgh2~'~ MSC at each time point during
chondrogenesis culture (Fig. 7A), demonstrating an up-regula-
tion of Runx2 in the absence of Hmgb2. To directly determine
whether HMGB2 regulates RUNX2 expression, we employed
siRNA and demonstrated that loss of Hmgb2 potentiated
Runx2 expression in murine articular chondrocytes (Fig. 7B).
MSC were transduced with LV/HMGB2 to sustain HMGB2
expression, and this functional manipulation suppressed
Runx2 mRNA levels (Fig. 7C).

To address the mechanism involved in HMGB2 regulation
of RUNX2 in more detail, we focused on Wnt/@B-catenin sig-
naling, which mediates chondrocyte hypertrophy through
activation of Runx2 (26). As we reported that HMGB2 phys-
ically interacts with LEF1 and enhances Wnt signaling
according to the result of TOPflash promoter vector and
TOP-GFP in zebrafish (25, 41), we examined whether
HMGB?2 affects Wnt/B-catenin-dependent activation of the
Runx2 proximal promoter (0.6 kb), which contains the TCF/
LEF consensus site (Fig. 7D) (26, 33). Runx2 and its promoter
activity were enhanced by ectopic expression of B-catenin
and Wnt in chicken upper sternal chondrocytes as reported
(26). Importantly, transfection of antisense HMGB2 signifi-
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cantly enhanced the WNT3A-dependent transcriptional
activation from the Runx2 promoter, whereas expression of
sense HMGB2 plasmid did not have significant effects.
Mutation of the TCF-binding site resulted in loss of activa-
tion by WNT3A (Fig. 7E). After transfection with LEF1/B-
catenin and antisense HMGB2, Runx2 promoter activity was
increased (Fig. 7E), and the relative levels of endogenous
protein RUNX2 were elevated (Fig. 7F).

LEF1 physically interacts with RUNX2, and this down-
regulates Runx2 promoter activity (42, 43). Interestingly,
HMGB2 is also capable of binding RUNX2 as well as LEF1 by
GST pulldown assay (Fig. 84). To detect the interaction of
HMGB2 with RUNX2 or LEF1 in the normal genomic con-
text, ChIP assay was performed in chondrogenic ATDC5
cells using primer pairs designed to encompass the TCF/LEF
element within the Rumnx2 promoter (33). The results
showed that LEF1 and HMGB2 are associated with the
Runx2 promoter (Fig. 8B). RUNX2 has previously been
found to bind the promoter region of the Runx2 gene that
includes several RUNX2 sites (43, 44). The specificity of the
binding of these proteins to the Runx2 proximal promoter
was confirmed by the absence of binding outside of this
region and to a promoter of an unrelated gene (Fig. 8B).
Thus, both LEF1/HMGB2 and RUNX2 occupy the proximal
promoter to control levels of Runx2. These results suggest
that HMGB2 regulates MSC chondrogenesis in part by mod-
ulating the LEF1-dependent transactivation of Runx2.

JOURNAL OF BIOLOGICAL CHEMISTRY 41495



HMGB2 in MSC Differentiation

A Runx2 B
1 N.S. " WT
_ 5 B Hmgb2-/- Hmgb2 Runx2
<3 15 81 *
Z8 4
oc = T
£ g 34 * é «<_2 1.04 61
0B £< 1
5 2 s 22 *
2 % T 59 05
o 14 él' % g 21
o o
0- 0.0- 0-
mono  1d 7d 14d N/C siRNA N/C  siRNA
C Runx2 D
1,54 Runx2 promoter I—b
— | |
g -600
< = 1.0 "
0B
2@
% £ 051 UNX2 RUNX2 TCF/LEF
T s 5" CAGTGGTAGGCAGTCCCACTTTACTTTGAGTACTGTGAGGTC 3’
gl -120 HIF2a NKX3-2 VDRE -79
GFP HMGB2
E 151 Runx2 promoter F g Runx2 promoter
* -
I | WT *
o 0 mTCF °
& 104 a 6
5 o
2 _ N.S. 2 N.S.
3T ST 44 —
Jde 38 *
£Z 57 2z N.S
- .= © > —
&3 3 E 2-
© o
0- 04
LEF1+4WNT3A - - - + + + + LEF1+8CA - - - + + +
HMGB2 -+ - -+ - - HMGB2 -+ - -+ -
asHMGB2 - -+ - -+ - asHMGB2 - -+ - -+
G LEF1+8CA - - + +
asHMGB2 - + = +

o — e -—— RUNX2

— e e——— G APDH

FIGURE 7. HMGB2 negatively regulates RUNX2 expression. A, Runx2 in Hmgb2~'~ MSC is significantly higher than in WT MSC throughout chondrogenesis
culture (*, p < 0.05, n = 4). mono, monolayer MSC. B, Runx2 is significantly increased by Hmgb2 siRNA in murine articular chondrocytes. N/C, negative control
siRNA. C, Runx2 is suppressed in LV/HMGB2 pellets compared with LV/GFP control 3 days after chondrogenesis induction (¥, p < 0.05, n = 3). D, a schematic
illustration of the Runx2 promoter showing the relative positions of binding sites, including functionally validated RUNX2, HIF-2a, NKX3-2, TCF/LEF, and
vitamin D-responsive elements (VDRE). E and F, HMGB?2 affects Wnt/B-catenin-dependent transactivation from the Runx2 promoter in chicken upper sternal
chondrocytes. The cells were transfected with the Runx2 promoter or mutant Runx2 promoter (mTCF) (100 ng), second reporter plasmid pCMV (10 ng), LEF1
expression construct (33 ng), WNT3A, B-catenin, HMGB2, or antisense HMGB2 (100 ng each) plus empty vector (pcDNA3) to compensate for equal DNA
amounts. Cells were harvested after 24 (E) or 48 h (F), followed by luciferase assay (*, p < 0.05, n = 3). asHMGB2, antisense HMGB2. N.S., Not significant.
G, the relative levels of endogenous RUNX2 expression in chicken chondrocytes transfected with the LEF1 (150 ng), B-catenin (450 ng), HMGB?2, or antisense
HMGB2 (450 ng) expression construct. Cells were harvested after 48 h for protein isolation and subsequent analysis by Western blotting.

DISCUSSION

In this study, we demonstrate that the chromatin protein
HMGB?2 is highly expressed in undifferentiated MSC, and its
expression is down-regulated during chondrogenesis and
osteogenesis. HMGB?2 is identified as a novel regulator of MSC
differentiation as it inhibits chondrogenesis, and this is related
to binding with LEF1 and suppression of RUNX2.

As expression of HMGB2 is restricted to the SZ of articular
cartilage that contains progenitor cells (1, 25), we analyzed
HMGB2 expression in undifferentiated human bone marrow
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MSC and differentiated articular chondrocytes and found that
HMGB2 is more highly expressed in MSC. In vitro chondrogen-
esis studies revealed that Hmgh2 transcript levels are reduced
with progressive differentiation of MSC. To directly investigate
the role of HMGB2 in regulating chondrogenic differentiation
we used lentiviral transduction for ectopic expression of
HMGB2 and found that LV/HMGB2 suppressed glycosamino-
glycan production, chondrogenic markers Col2al, Agcl, and
the hypertrophy marker Coli0al. These observations were
supported by experiments using MSC derived from Hmgbh2 '~
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FIGURE 8. Physical interaction of HMGB?2 in the Runx2 promoter. A, inter-
action of in vitro-translated RUNX2 with GST-HMGB?2. In vitro-translated LEF1
was used as positive control. B, ChIP assay was performed in chondrogenic
ATDCS5 cells using primer pairs designed to encompass the TCF/LEF element
within the Runx2 promoter. LEF1, RUNX2, and HMGB2 are associated with the
promoter region of the Runx2 gene but not outside this region of the Runx2
gene (Runx2, —2.5kb) and to a promoter of an unrelated gene, p19**". C,
summarizing schema showing functional and physical interactions between
HMGB2, RUNX2, and LEF1 on the Runx2 proximal promoter containing TCF/
LEF motif. HMGB2 can bind with LEF1 as well as RUNX2, and this down-regu-
lates Runx2 promoter activity. When HMGB?2 is decreased during MSC differ-
entiation, Wnt/B-catenin-dependent activation of Runx2 promoter is
enhanced, and this accelerates chondrogenesis and osteogenesis.

Runx2

mice, which also showed enhanced Col10al expression during
chondrogenesis. These findings indicate that as HMGB2 inhib-
its differentiation, it maintains the immature status of adult
stem cells and suggest that the age-related loss of HMGB2 in
articular cartilage may represent a mechanism responsible for
the decline in adult cartilage stem cell populations (15).

In vivo results from mouse growth plates show that Hmgb2 is
expressed in proliferating and prehypertrophic zones but not in
hypertrophic cartilage where CollOal is strongly expressed.
Because RUNX2 regulates COL10A1 and MMP-13 in growth
plate as well as OA cartilage (19, 24), we examined RUNX2
expression in wild-type and Hmgb2 '~ MSC during chondro-
cytic differentiation. We found that Runx2 was increased in
Hmgb2~ '~ MSC compared with wild-type MSC throughout
chondrogenesis culture. However, cartilage maturation in
Hmgb2~'~ tibia was similar to that in wild-type (15), and we
also did not observe apparent differences in cartilage matura-
tion in Hmgb1 ~/~ mice (30). As mammalian HMGBs contain
two HMG boxes arranged in tandem and share >80% identity
(9), redundancy could exist between HMGB2 and HMGBL.
Several lines of evidence show that B-catenin-mediated Wnt
signaling induces chondrocyte maturation (26, 45, 46). In this
regard, we already reported that not only HMGB2 but also
HMGBI can bind with LEF1 in vitro (25).

DECEMBER 2,2011+VOLUME 286+NUMBER 48

HMGB2 in MSC Differentiation

Ectopic expression of HMGB2 in human MSC suppressed
Runx2 expression. Similarly, HMGB2 repressed the augmenta-
tion of Runx2 promoter activity by co-transfection of B-catenin
and LEF1. Although HMGB2 enhanced Wnt/f3-catenin signal-
ing in chondrosarcoma cells by binding LEF1 (25), our data
shows that in chicken upper sternal chondrocytes, HMGB2
functions as a co-repressor on the Runx2 promoter, suggesting
an involvement of other cellular factors that can modulate the
ability of HMGB2 to affect the transcriptional activity of genes
containing LEF1-responsive promoters. Drissi et al (43)
reported that forced expression of RUNX2 protein down-reg-
ulates Runx2 promoter activity and that a single RUNX2 site is
sufficient for transcriptional autosuppression. We found that
HMGB2 can bind with RUNX2 as well as LEF1 (25), and
RUNX2 also interacts with LEF1 (42). The TCF/LEF consensus
sequence is located downstream of a purine-rich region of the
Runx2 promoter in a highly conserved area that contains bind-
ing sequences for NKX3-2, HIF-2q, and vitamin D-responsive
elements as well as RUNX2 itself (43, 47-50). As these proteins
mediate Runx2 promoter activity, a possible mechanism that
explains the observed modulation of LEF1-dependent transac-
tivation by HMGB2 in vivo could be a differential interaction of
HMGB2 with nuclear factors affecting transcription of genes
containing LEF1-responsive elements (Fig. 8C).

RUNX2 expression initially occurs in mesenchymal cells just
before differentiation into chondrocytes, and then its expression is
maintained in chondrocytes until the cells complete the terminal
differentiation step (51). This suggests that RUNX2 may play other
roles in the regulation of chondrocyte differentiation in addition to
promoting chondrocyte maturation. In fact, Runx2~ '~ mice have
not only suppressed endochondral ossification but also retarded
cartilage growth and poor organization of growth plate structures
(20), and transgenic mice expressing a dominant-negative form of
RUNX2 had cartilage elements of reduced size (22). Also, the
expression of a native truncated form of RUNX2 inhibited chon-
drogenic differentiation of ATDC5 prechondrogenic cells (52),
suggesting that RUNX2 may be involved in the early phase of
chondrocyte differentiation. These findings indicate that RUNX2
may participate in multiple aspects of the differentiation and func-
tion of chondrocytes. Our data shows that ectopic HMGB2
expression in MSC suppresses chondrogenesis markers Col2a1l
and Agcl as well as Runx2, suggesting that suppression of the
Runx2 promoter by HMGB2 in MSC might abrogate chondrocyte
differentiation as well as hypertrophic differentiation.

In conclusion, we propose that as HMGB2 inhibits differen-
tiation, it maintains the immature state of adult MSC. HMGB2
may play a similar role in maintaining the adult stem cell pop-
ulation in the normal articular cartilage SZ. Age-related loss of
HMGB2 may not only contribute to SZ disruption but also to
the abnormal hypertrophic differentiation that is a feature of
OA cartilage.
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