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«4Fig. 9 Downregulating Vma2l generates XMEA-like vacuolation in
normal cells, and restoring Vima2l mRNA levels in patient cells
corrects the XMEA autophagic disturbance phenotypes. a Western
blot with antibody against Vma2l showing reduced Vma21 in NIH
3T3 cells treated with VMA21 RNAIi; mock lane cells treated with
transfection reagents with no vectors; vector lane same as mock but
includes empty vector. b Electron micrograph of Vma2l RNAi-
treated NIH 3T3 cells shows typical vacuolation as in XMEA; left
panel representative cell from empty vector transfection; right panel
representative cell from Vma2l siRNA transfection; bar 0.5 pm.
¢ HIV-mediated expression of Vma21 followed by Western blotting
(top panel) and immunofluoresence microscopy (bottom panel) using
the Vma2l antibody; Control cell line from unaffected individual
with no treatment; Vector XMEA cell line treated with empty viral
vector; Patient XMEA cell line untreated; Patient-Vma2l XMEA cell
line treated with Vma2l viral vector; retroviral expression method
described in Supplement. d Improved V-ATPase assembly as verified
by normalization of cytosolic Subunit E levels (Western blot with
anti-E antibody); M membrane fraction and C cytosolic fraction.
e Improved V-ATPase activity. f Improved long-lived protein
degradation. g Correction of LC3. h Normalization of beclin and
hVps34-beclin-1 interaction; anti-HA antibody immunoprecipitation
control. i Correction of intracellular free amino acid level. j Normal-
ization of cellular morphology and disappearance of autophagic
vacuolation; representative patient cell following Vma2l viral trans-
fection; bar 0.5 pm

compensatory upregulation of macroautophagy with which
cells achieve the 50 % level. The block in the final stage of
autophagy is likely at least in part the driver of the pre-
degradative stages of autophagy that defines this disease.
As we here, and others [15, 37], have shown direct inhi-
bition of lysosomal hydrolases with leupeptin leads to
mTORC1 inactivation-dependent upregulation of autoph-
agy. Expected outcomes of blocked autophagy are reduced
recycling of defective and unneeded proteins, and reduced
generation of amino acids through this recycling. Reduced
amino acids, specifically leucine, are the most potent
inducer of macroautophagy, through inhibition of the
mTORC1 pathway. Total cellular amino acids, including
leucine, are reduced in XMEA cells by ~50 % and,
therefore, the autophagic upregulation in this disease is at
least in part due to amino acid insufficiency. This is con-
firmed by the correction of mTORCI1 signaling with
replenishment of leucine in the form of leucine esters. A
second explanation for the autophagic activation in XMEA
comes to light with recent elegant work showing that the
V-ATPase, in the lysosomal membrane, plays a central role
in the sensing of amino acid levels, and through direct
interactions with Rag GTPases regulating the mTORCI1
pathway [38]. Reduced V-ATPases would reduce
mTORC1 activation, which in turn activates autophagy.
This direct function of the V-ATPase in regulating
autophagy, like other V-ATPase functions, appears to be
only partially eliminated in our patients, as evidenced by
the correctability of the autophagic upregulation when an
excess of leucine esters is added to the cell media.

Why do amino acids, including leucine, remain low in
XMEA cells, despite their abundance in culture media (or
through nutrition in the patients), i.e., why do XMEA cells
not replenish their amino acids from the media? We
speculate that this is a physiological response. If the cells
were to fully replace their amino acid shortfalls resulting
from the autophagic defect with extrinsic amino acids they
would continually acquire net surpluses of proteins which
would increasingly tax already strained autophagy. The
cells may have adapted to a new homeostasis that allows
survival in a starvation-equivalent mode rather than demise
through total autophagic failure. Consistent with a reduc-
tion in amino acid uptake is our observation that leucine
proper which requires active transport, only partially res-
cues the mTORCI pathway inactivation in these cells,
compared to leucine ester, which does not require active
transport. It is, of course, also possible that the putative
amino acid transport defect is pathologic, a component of
the disease that requires future elucidation.

Increased macroautophagy means increased formation
of autolysosomes, but in XMEA each new autolysosome
formed faces a degradative block and is slow to progress
and disappear. We theorize that increased formation cou-
pled with delayed progression results in vast numbers of
autolysosomes, which fusing together form the giant
autophagic vacuoles that characterize the disease.

We posited that the autophagic block is a consequence
of decreased V-ATPase activity. The possibility exists that
it is instead caused by some other effect of the VMA21
mutations unrelated to their effect on the V-ATPase. This
is ruled out by the following. Bafilomycin is a specific
inhibitor of the V-ATPase. At concentrations above 10 nM,
it completely inhibits V-ATPase activity. Between 0.3 and
10 nM it reduces V-ATPase activity to 10-40 % of normal
[7], similar to the V-ATPase activity in XMEA. There are
several reports in the literature in which, as controls for
other experiments, cells of various types were treated with
these low concentrations of bafilomycin. This resulted in
decreased autophagy, mTORCI1 inactivation-dependent
activation of macroautophagy, and autolysosome prolifer-
ation and autophagic vacuolation [25, 31], which upon
review are identical to what we observe in XMEA.
V-ATPase blockage, therefore, has the same outcome as
VMA21 mutations, confirming that the mutations cause the
autophagic defect via their effect on the V-ATPase. The
literature also substantiates that decreased V-ATPase cau-
ses the autophagic block through raising lysosomal pH.
Chloroquine and siramesine are agents that accumulate in
lysosomes, raise lysosomal pH, block autophagy, and lead
to mTORC1 inactivation-dependent macroautophagy and
autophagic vacuolation [25, 31, 33]. Chloroquine is in
clinical use as an antimalarial and antirheumatic agent.
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Prolonged exposure to chloroquine causes an iatrogenic
disease clinically affecting only skeletal muscle, and retina
despite the fact that lysosomes of all tissues are affected.
This disease is an autophagic vacuolar myopathy that is so
similar to XMEA that it is its main pathological differential
diagnosis [12, 33]. Finally, that autophagic block is at least
in part the cause of the macroautophagic upregulation and
autophagic vacuolation, is demonstrated in this study.

Apart from chloroquine myopathy, the differential diag-
nosis of XMEA includes Danon disease, which results from
LAMP?2 deficiency [24]. LAMP?2 is a lysosomal membrane
protein that participates in chaperone-mediated autophagy,
lysosome biogenesis, lysosome—autophagosome fusion, and
lysosome locomotion along microtubules toward phago-
somes [17]. Defects in any or all of these processes could
reduce degradative autophagy and underlie the vacuolation
in Danon disease. In fact, in the mouse model of this disease,
organs with impaired long-lived protein degradation are the
ones that exhibit autophagic vacuolation [34]. As such, the
pathogenesis of both major forms of vacuolar myopathy,
Danon disease, and XMEA would include a block in the
degradative phase of autophagy, in Danon disease due to the
loss of the above lysosomal functions, in XMEA due to lost
V-ATPase activity. We did verify that Danon disease is
not associated with V-ATPase deficiency (Supplemental
Fig. 13).

Presence of autophagic vacuolation in all XMEA cell
types studied to date indicates that the disease is likely
subclinically widespread. Why only skeletal muscle is
affected clinically is unknown. This does not appear to be
due to a greater reduction in V-ATPase activity in muscle
compared to other tissues (Fig. 3a, b). The greater auto-
phagic vacuolation in skeletal muscle where 40-80 % of
cells are affected [12, 36] compared to the 10 % affected
cells in other tissues studied in this work, suggests that
skeletal muscle might be reacting more vigorously to the
blocked autophagy than other tissues. In fact, macroauto-
phagy in skeletal muscle is characterized by the
particularity of a vastly greater macroautophagic response
to decreased amino acids compared to other tissues, the
purpose of which is to break itself down to supply amino
acids to other organs [22, 29]. This enhanced response is
mediated through mTORCI inactivation, as in other
tissues, but also through a second much more potent
muscle-specific pathway, FoxO3 [19]. This drastic mac-
roautophagic response is highest in type II fast-twitch fibers
[16, 22], which are the fibers with the highest degree of
autophagic vacuolation and atrophy in XMEA [12, 36].

This work describes the clinical outcome at the cusp of
tolerable reduction in V-ATPase. Beyond XMEA, it has
implications for other, much more common, diseases. In
malaria, the parasite inserts a V-ATPase into the erythro-
cyte membrane conferring itself optimal pH, and increased

@ Springer

V-ATPase activity is an important component of HIV
infection, osteoporosis, and cancer metastasis [8]. Our
XMEA patients show that the safety margin of reducing
V-ATPase activity in humans is wide, increasing
the potential to utilize bafilomycin-related compounds, or
RNAIi against VMAZ21, as possible therapies against a host
of diseases processes that rely on the V-ATPase.
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Objective: To characterize the clinical course of my-
opathy associated with antibodies to signal recognition
particle (SRP), or anti-SRP myopathy.

Design: Case series.
Setting: Keio University Hospitals and National Insti-
tute of Neuroscience, National Center of Neurology and

Psychiatry, Tokyo, Japan.

Patients: We reviewed clinical features of 27 patients
with anti-SRP myopathy and analyzed disease progres-

rum were detected by RNA immunoprecipitation assay
using extracts of K562 cells.

Resulis: Of the 27 patients, 5 (19%) showed chronic pro-
gressive muscle weakness as well as atrophy of limbs and
trunk muscles from a younger age with more severe neu-
rological outcomes compared with the other 22 patients
(81%) with the subacute form.

Conclusion: A subset of patients with anti-SRP myopa-
thy can show a chronic progressive form associated with
severe clinical deficits.

sion and neurological outcome.

Main Outcome Measures: Anti-SRP antibodies in se-
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UTOANTIBODIES AGAINST
signal recognition par-
ticle (SRP) were first found
in the serum of a patient
with polymyositis and
were listed as myositis-specific antibod-
ies.! Myopathy associated with antibodies
to SRP (anti-SRP myopathy) has recently
been regarded as an immune-mediated
necrotizing myopathy based on histo-
logical findings and has been clinically
characterized by severe muscle weak-
ness, marked elevation of serum creatine
kinase (CK) levels, and poor response to
corticosteroid therapy.>” These observa-
tions were gathered mainly from patients
with a clinical diagnosis of inflammatory
myopathies. However, the clinical spec-
trum of anti-SRP myopathy may be
broader.
The rapid progression of weakness is
a characteristic clinical feature of anti-
SRP myopathy.>” The mean interval from
its onset to diagnosis is 3 to 4 months, and
clinical symptoms are usually progres-
sive for 5 to 6 months.>” In contrast, Dimi-
tri et al® first described a 31-year-old man
in whom weakness progressed for more
than 3 years. Before the anti-SRP anti-

body was detected, he was diagnosed as
having limb-girdle muscular atrophy. We
also described a 32-year-old man with
childhood-onset myopathy whose diag-
nosis alternated between inflammatory
myopathy and muscular dystrophy for 21
years.” These results suggested that pa-
tients with anti-SRP myopathy can show
chronic progression indistinguishable from
muscular dystrophy. Herein, we ana-
lyzed the disease course and neurologi-
cal outcomes in patients with anti-SRP
myopathy.

B MEmHos

We chose 27 patients with myopathy with the
anti-SRP antibody, including 10 previously re-
ported cases.”!® The diagnosis of anti-SRP my-
opathy was based on clinical, electrophysi-
ological, histopathological, and serological
findings. Muscle weakness was assessed by
manual muscle strength (Medical Research
Council scale grade), and severe weakness was
defined as grade 3 or lower. Muscle biopsy was
performed in all 27 patients and showed fiber
size variation as well as fiber necrosis and re-
generation with or without lymphocyte infil-
tration. No patients had taken statins.
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Anti-SRP antibodies were detected by RNA immunoprecipi-
tation assay using extracts of K562 cells as previously de-
scribed.! Briefly, 10 pL of serum was mixed with 2 mg of Pro-
tein A Sepharose CL-4B (Pharmacia Biotech AB) in 500 pL of
immunoprecipitation buffer (10mM TRIS hydrochloride, pH 8.0,
500mM sodium chloride, 0.1% Nonidet P40) and incubated for
2 hours. After washing 3 times with immunoprecipitation buf-
fer, antigen-bound Sepharose beads were mixed with 100 pL of
K562 cell extract (6 X 10° cell equivalents per sample) for 2 hours,
and 30 pL of 3M sodium acetate, 30 pL of 10% sodium dodecyl
sulfate, and 300 pL of phenol:chloroform:isoamyl alcohol (50:
50:1, containing 0.1% 8-hydroxyquinoline) were added to ex-
tract bound RNA. After ethanol precipitation, the RNA was re-
solved by using a 7M urea~8% polyacrylamide gel, and the gel
was silver stained (Bio-Rad). Immunoprecipitated RNA located
in the 7SL-RNA lesion was regarded as anti-SRP antibody. Other
myositis-specific and myositis-associated autoantibodies were also
detected by the RNA immunoprecipitation assay.

Neurological outcomes were assessed using the modified
Rankin Scale (mRS)." This scale was principally used for evalu-
ating function of patients with stroke; however, it was also ap-
plied to patients with myositis.”* Neurological outcomes were
divided into 3 groups: recovered, mild deficit, and severe defi-
cit. Patients who responded optimally to the treatment and re-
turned to their jobs (mRS score of 0-1) were defined as recov-
ered. Patients who responded partially to treatment and resumed
most activities of daily living (mRS score of 2-3) were defined
as having a mild deficit. Patients who showed reworsening muscle
weakness or re-elevation of serum CK levels after the treatment
were also included in this group. Patients who responded mini-
mally to the treatment and required support in daily activities
(mRS score of 4) were defined as having a severe deficit.

This study was approved by the institutional review boards
at Keio University and the National Center of Neurology and
Psychiatry. Statistical analyses were performed using Stat-
View version 5.0 statistical software (SAS Institute, Inc).

BN RESULTS

Figure 1 shows the distribution of periods between dis-
ease onset and the first examination. We divided 27 pa-
tients with anti-SRP myopathy into 2 subtypes (sub-
acute and chronic forms) based on the clinical course.
Of the 27 patients with anti-SRP myopathy in our study,
5 (19%) were considered to have the chronic form. The
patients’ demographic and clinical features are com-
pared between those with the subacute and chronic forms
(Table 1). Disease onset occurred at a younger age in
those with the chronic form than in those with the sub-
acute form (mean age, 15.4 vs 52.4 years, respectively;
P<C.001). No patients with the chronic form had a clear
clinical history of antecedent infection, whereas 3 pa-
tients (14%) with the subacute form had antecedent in-
fection. Despite a previous report,’ seasonal occurrence
was not clear in our series. Disease progression of the sub-
acute form was usually rapid, and the mean duration be-
tween disease onset and the first examination was 3.1
months. In particular, 3 patients showed rapid disease
progression in 2 to 3 weeks. In contrast, patients with
the chronic form showed significantly slower progres-
sion, and the mean duration between disease onset and
the first examination was 10.2 months (P=.001).

In our series, asymmetrical muscle involvement was
seen in 2 patients, whereas the other 25 patients showed
proximal-dominant symmetrical limb muscle weak-

Chronic

Subacute

Patients, No.

1 2 3 4 5 6 7 8 g 10 11 12 13
Time Required for First Examination, mo

Figure 1. Period between disease onset and the first examination in 27
patients with anti—signal recognition particle myopathy. They were divided
into 22 patients with the subacute form and 5 patients with the chronic form
based on the clinical course.

ness. Lower limbs were more severely affected than up-
per limbs. All 5 patients with the chronic form and about
half of the patients with the subacute form showed se-
vere muscle weakness and atrophy at the first examina-
tion. Several reports emphasized that dysphagia, but not
dysarthria, was observed at a high frequency in 43% to
75% of patients with anti-SRP myopathy.>*” In our se-
ries, 7 patients (26%) had dysphagia and 3 (11%) re-
ported it as the initial symptom. Previous reports also
showed a high frequency of cardiac involvement,>” while
only 1 patient in our series had arrhythmias, which did
not require treatment. Respiratory muscle involvement
was detected in 3 patients. Myalgia was noted in 9 pa-
tients (36%) and tended to precede muscle weakness. Ex-
tramuscular manifestations were observed only in pa-
tients with the subacute form. Skin rash and interstitial
lung disease, which were clinically suggestive of derma-
tomyositis, were observed in 2 and 4 patients, respec-
tively. Serum CK levels were markedly elevated to more
than 1000 IU/L (to convert to microkatals per liter, mul-
tiply by 0.0167) in all 27 patients; however, there was
no difference between the subacute and chronic forms.
Other autoantibodies were found in 6 patients with the
subacute form, including Ro/SSA (3 patients), Th/To (1
patient), ribosome (1 patient), and ULRNP (1 patient).

All 27 patients were treated with oral prednisolone (1
mg/kg/d). Half of the patients were treated with addi-
tional immunosuppressive agents, including methotrex-
ate (n = 5), azathioprine (n = 4), tacrolimus (n = 2), cy-
clophosphamide (n = 1), and cyclosporine (n = 1), or with
intravenous immunoglobulin (n = 6). Although some pa-
tients required 2 to 3 months to respond to treatment,
the patients with anti-SRP myopathy did not always re-
spond poorly. The combination of oral prednisolone and
intravenous immunoglobulin appears to be most effec-
tive for patients with the subacute form as the initial treat-
ment. The neurological outcomes showed that 10 pa-
tients (45%) with the subacute form recovered. In contrast,
all 5 patients with the chronic form had more severe neu-
rological outcomes compared with the 22 patients with
the subacute form (P = .008) (Figure 2).
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- Table 1. Comparison of kalin,i'céI,Featufes,Bélween Subacute and ckhr'oyni‘c ,Fdr'nis‘ of AntiQSign,al 'Recognition‘l?ar:ticlé Myopathy’ o

Pahems Nu (%)

o - Suhacute Chrnmc ' L
- Clinical Feature ‘(n=22) (n=5) ~ PValue
- Age atonset mean (range) 524 (14 82) 154(5-32) - <0018
Female - nts 12(55) 360y 78b
,Antecedentmfecnon e , G .93b
‘Tlme reqmred for first exammatlon mean (range) 0012
- Muscle weakness = o . .
©Ams < legs: . .980
- Arms >legs 98b
~ Severe mvolvement 12
. Laterality 800 -
Facial musc!e mvolvement 80P
Bulbar sign. - .81
_ Cardiac involvement 808
. .Respiratory failure vl
 Neck weakness Co2rh
* Muscle atrophy - 08P
Myalgia. L - .86P
Extramuscular mvolvement . :
Fever , 4(18) = ele
- Skin: rash 2(9) 800
- Arthritis 1(8) . L
Raynaud phenomenon : 1(5) 0 800
Interstitial lung disease 4(18) 0 o i
B Assocxated disorder B S
~ Cancer 1O g - .80P
- Rheumatic dlsorder 1(9) S 0 L .80b
' Serum creating kmase mean (range), [U/L , 6101 (1149 15585) : 4190 (2465-5725) = .082

Sl conversion factor: To convert serum creatine kinase to microkatals per liter, mulnply by 0.0167.

aStatistical analysis by ttest.
b Statistical analysis by x? test.

P=.008 [ Recovered

"I B Mild deficit
B Severe deficit

1004

Patients, %
S

Chronic
(n="5)

Subacute
(n=22)

Figure 2. Neurological outcomes were assessed using the modified Rankin
Scale' with some modifications and were compared between subacute and
chronic forms of anti-signal recognition particle myopathy. The neurological
outcomes were divided into recovered, mild deficit, and severe deficit.
Differences between the groups were analyzed with the Mann-Whitney test.
Five patients with the chronic form showed more severe outcomes than 22
patients with the subacute form (P =.008).

Detailed clinical features of 5 patients with the chronic
form are summarized in Table 2. All patients had se-
vere muscle weakness and marked atrophy in all 4 limbs
and the trunk. Two patients (patients 2 and 5) noticed
arm muscle weakness as the initial symptom. Impor-
tantly, scapular winging was noted in 2 patients (pa-

tients 2 and 3) at the first examination and was sus-
pected to involve facioscapulohumeral muscular
dystrophy. The serum CK level was decreased after treat-
ment in patients with the chronic form, but muscle weak-
ness gradually progressed and recovery of muscle strength
was delayed. Three patients (patients 1, 2, and 3) be-
came unable to walk independently, and 1 (patient 3)
required mechanical ventilation. Because muscle biop-
sies were not suggestive of inflammatory myopathy, 1
patient (patient 3) was treated for only 3 months and 2
(patients 1 and 2) were treated after the detection of
anti-SRP antibody. Of these younger patients, 2 (patients
2 and 3) became severely disabled, whereas the other 2
(patients 4 and 5) were treated soon after the muscle
biopsy and responded partially to treatment.

There are 2 methods for detecting anti-SRP antibodies:
the RNA immunoprecipitation assay we used and an
immunoassay using the signal peptide-binding 54-kDa
subunit of SRP (SRP54) as the antigen. Because SRP54 is
regarded as the main antibody target, the immunoassay
using SRP54 is easily conducted and the antibody level
is also available."*!* However, epitopes of anti-SRP anti-
bodies may also be located in other subunits of SRP
proteins or 7SL-RNA.”*® In contrast, RNA immunopre-
cipitation assay, the standard method for detection of
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 Table 2. Clinical Features of 5 Patients With the Chronic Type of Anti-Signal Recognition Particle Myopathy

 Feature

kAtrophym proxmal ;
i andtrunk it

‘and edematous
; change in proxurnal
Ilmbs and trunk -

5y5 mo .

' Scattered o

: Y.
: Var:atlon in flber size. Scattered
 Fiber necrosis and - Maderate
; regeneranon .
Lymphocyte - .None
~infitration oo
Endomysaal ﬁbrosss - Minimal .

Age atanti-SRP.

o antlbody detectlon
Age at treatment. starf[
Treatment

PSL MTX; IVCY AZA
S e - tacrolimus-
Age at final follow-up -

- Response and o

Pamal response‘ ~ Minimal response; -

; neurologlcal outcome progressmn f0r2y, f : p‘r()gres’smn f0r2y,
: o - relapse; MMT grade' MMT grade 2-3;
~walking 20 m;

' Gowers ssgn

dlshes

’ }’Marked .

, ‘,“:PSL (3 mo)

. 13yt0mo
No response;
progressmnforSy,

dn‘ﬂculty xn ho!dmg v

32y9mo

lenculty ralsmg hIS g

ity climbing stairs

change in proximal
limbs and trunk

32y6mo k, : '

33y 'g"m'o

" PSL 'MPR

MTX, IVlg,
tacrohmus :
34y8mo 23y3mo 35y6mo

. Partial response; -
~progressionfor1y;
- WMTgaded

: Partlai response
*-progression for1:5y;
~ weakness recovered
relapse ;

Abbreviations: AZA, azathioprine; IVCY, intravenous cyclophosphamide; IVIg, intravenous immunoglobulin; L, lower; MMT, manual muscle strength; MPR, high-dose
methylprednisolone sodium succinate; MTX, methotrexate; PSL, prednisolone; SRP, signal recognition particle; U, upper.
Sl conversion factor: To convert serum creatine kinase to microkatals per liter, multiply by 0.0167.

2These patients were previously described.®1°

anti-SRP antibodies, has advantages in sensitivity and
specificity.}**5%11 The RNA immunoprecipitation assay
can recognize the conformational epitopes of SRP, al-
though the titer of antibodies is not available. Many stud-
ies showed that anti-SRP antibodies were principally spe-
cific to myositis or necrotizing myopathy except in a few
patients with systemic sclerosis or rheumatoid arthri-
tis.1?*$% In regard to myopathies, we demonstrated that
anti-SRP antibody was not detected in patients with vari-
ous types of muscular dystrophy, and it was useful for
the differential diagnosis of myopathies using RNA im-
munoprecipitation assay.’

Anti-SRP myopathy can show a wider variety of clini-
cal symptoms than was previously considered. When
weakness progresses rapidly, within 2 to 3 weeks, with
extremely high serum CK levels (>10 000 IU/L), acute
rhabdomyolysis should be differentiated.® When pa-
tients experience progressive weakness within 2 to 6
months*” accompanied by interstitial lung disease, skin
rash, or associated rheumatic disorders, polymyositis or
dermatomyositis should be considered. Because skin rash
is observed in approximately 10% of cases of anti-SRP

myopathy in the present and previous studies,” anti-
SRP antibodies may be also detected in patients clini-
cally diagnosed as having dermatomyositis. In fact, Hama-
guchi et al' reported that anti-SRP antibodies were
detected in 7 of 376 patients (2%) with dermatomyosi-
tis using a similar detection method.

In our series, 5 of 27 patients with anti-SRP myopa-
thy (19%) showed chronic progressive muscle involve-
ment. The mean age at onset in these 5 patients was sig-
nificantly younger than that of the patients with the
subacute form, and patients with the chronic form showed
severe weakness and atrophy in limbs and trunk muscles
as well as poorer outcomes. It was speculated that the
poor outcome may be partially ascribed to the delay of
the first examination or anti-SRP antibodies detection.
Importantly, these clinical features may indicate the pos-
sibility of muscular dystrophy rather than inflamma-
tory myopathy,5'° although the disease progression was
faster than occurs in muscular dystrophy. In fact, fa-
cioscapulohumeral muscular dystrophy was initially sus-
pected in 2 patients owing to prominent shoulder-
girdle weakness.>!
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Itis well known that anti-SRP myopathy is usually re-
sistant to treatment, resulting in severe disable-
ment.**%" However, our observation suggested that pa-
tients with the subacute form had relatively good
neurological outcomes. Early diagnosis by screening for
anti-SRP antibodies is important for choosing intensive
immunotherapy, which might contribute to better out-
comes. In this regard, Hengstman et al® reported that the
response to treatment for patients with anti-SRP myopa-
thy did not differ significantly from that of myositis with-
out anti-SRP antibodies. They reported that 75% of pa-
tients with anti-SRP myopathy could walk without any
assistance after treatment. The severe outcomes of anti-
SRP myopathy described in the previous studies may be
attributable partly to results for patients with the chronic
form. Rituximab therapy is potentially effective for pa-
tients with the chronic form.” Based on these findings, it
may be useful to divide patients by disease progression
to predict the neurological outcome.

An apparent question about the relationship be-
tween anti-SRP antibodies and muscle involvement is
whether the anti-SRP antibodies themselves have any
pathogenic effect against muscle. This hypothesis may
be supported by several lines of data: (1) anti-SRP anti-
bodies purified from patients’ serum samples can in-
hibit the in vitro translocation of secretory proteins into
endoplasmic reticulum®; (2) the levels of anti-SRP54 au-
toantibodies are closely associated with the levels of my-
olysis™; and (3) the removal of anti-SRP antibodies by
plasma exchange improves muscle strength.**!® Never-
theless, the causal relationship between anti-SRP anti-
bodies and muscle involvement is still not established,
and further experiments such as passive transfer to ani-
mals are necessary to elucidate the pathogenesis of anti-
SRP antibodies.

In conclusion, anti-SRP myopathy can show quite vari-
able disease progression and neurological outcomes.
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Perlecan (Hspg2) is a heparan sulfate proteoglycan expressed in basement membranes and cartilage. Perlecan
deficiency (Hspg2~/~) in mice and humans causes lethal chondrodysplasia, which indicates that perlecan
is essential for cartilage development. However, the function of perlecan in endochondral ossification is
not clear. Here, we report the critical role of perlecan in VEGF signaling and angiogenesis in growth plate for-
mation. The Hspg2 ™/~ growth plate was significantly wider but shorter due to severely impaired endochon-
dral bone formation. Hypertrophic chondrocytes were differentiated in Hspg2 '~ growth plates; however,
removal of the hypertrophic matrix and calcified cartilage was inhibited. Although the expression of MMP-
13, CTGF, and VEGFA was significantly upregulated in Hspg2 ~/~ growth plates, vascular invasion into the
hypertrophic zone was impaired, which resulted in an almost complete lack of bone marrow and trabecular
bone. We demonstrated that cartilage perlecan promoted activation of VEGF/VEGFR by binding to the
VEGFR of endothelial cells. Expression of the perlecan transgene specific to the cartilage of Hspg2 =/~ mice res-
cued their perinatal lethality and growth plate abnormalities, and vascularization into the growth plate was
restored, indicating that perlecan in the growth plate, not in endothelial cells, is critical in this process.
These results suggest that perlecan in cartilage is required for activating VEGFR signaling of endothelial cells
for vascular invasion and for osteoblast migration into the growth plate. Thus, perlecan in cartilage plays a crit-
ical role in endochondral bone formation by promoting angiogenesis essential for cartilage matrix remodeling
and subsequent endochondral bone formation.

Published by Elsevier B.V.

1. Introduction

osteoblasts. Although cartilage is a neovascular tissue, factors such as
vascular endothelial growth factor (VEGF) produced by hypertrophic

Most bones, such as the long bones, are formed by endochondral
ossification, in which cartilage during growth is first formed as a
template and then replaced by bone (Karsenty, 2003; Kronenberg,
2003). Endochondral ossification is initiated by the condensation of
mesenchymal cells, which differentiate into chondrocytes. The cells
surrounding the mesenchyme condensation differentiate into the
perichondrium. Proliferating chondrocytes produce a large number
of matrix molecules, such as collagen 1l and aggrecan, to expand the
cartilage template, cease proliferation at the prehypertrophic zone in
the middle of the growth plate, and further differentiate into collagen
X-expressing hypertrophic chondrocytes. The matrix surrounding
mature hypertrophic chondrocytes is mineralized and replaced with

* Corresponding author at: Bldg. 30, Rm. 407, NIDCR, NIH, 30 Convent Drive MSC
4370, Bethesda, MD 20892-4370, USA. Tel.: +1 301 496 2111; fax: +1 301 402 0897.
E-mail address: yoshi.yamada@nih.gov (Y. Yamada).

0945-053X/$ - see front matter. Published by Elsevier B.V.
doi:10.1016/j.matbio.2012.02.006

chondrocytes induce vascular invasion into the perichondrium and
cartilage near the terminal region of the cartilage template, which is
required for cartilage matrix remodeling and osteoblast migration
from the perichondrium for ossification and bone marrow formation
(Zelzer et al., 2004). This indicates that endochondral bone forma-
tion is a process highly coordinated between chondrogenesis and
osteogenesis.

Perlecan plays critical roles in normal development, tissue func-
tions, and diseases (Olsen, 1999; DeCarlo and Whitelock, 2006; Knox
and Whitelock, 2006; Zoeller et al., 2009). Perlecan is a proteoglycan
present in all basement membranes and other tissues, such as carti-
lage, plays important roles in development and tissue functions, and
is associated with various diseases (Olsen, 1999; Morita et al., 2005;
DeCarlo and Whitelock, 2006; Knox and Whitelock, 2006; Zoeller
et al., 2009). Perlecan consists of a large elongated core protein with
a complex modular structure and is usually substituted with several
heparan sulfate and/or chondroitin sulfate chains (Noonan et al.,
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1991). Perlecan binds basement membrane components, such as
laminins and collagen 1V, providing scaffolding for cells in many tis-
sues and creating a barrier to the passage of molecules in the kidneys
(Hopfetal., 1999; Morita et al., 2005). Perlecan also binds other extra-
cellular proteins, such as fibronectin and fibulin. Perlecan modulates
cell proliferation and differentiation through interaction with cell
surface receptors such as integrins and with growth factors such as
FGFs (Aviezer et al.,, 1994; Brown et al.,, 1997). Many biological func-
tions of perlecan have been reported, such as aiding supramolecular
organization of basement membranes and cell-matrix interactions
(Brown et al., 1997; Hopf et al., 1999; Kvist et al., 2006), storage and
release of various cytokines (Klein et al, 1995; Whitelock et al.,
1996; Ghiselli et al., 2001; Govindraj et al., 2006; Smith et al., 2007),
control of extracellular proteolysis and macromolecular filtration
(Mongiat et al., 2003; Morita et al., 2005), and angiogenesis (Aviezer
et al., 1994; Jiang and Couchman, 2003; Segev et al,, 2004; Zhou
et al,, 2004).

Studies in knockout mice and mutations in the perlecan gene
(HSPG2) in humans revealed that perlecan is essential for cartilage
development (Arikawa-Hirasawa et al, 1999; Costell et al, 1999;

A Wild-type
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Wild-type Hspg2-/-

Arikawa-Hirasawa et al., 2001a,b). Perlecan knockout (Hspg2 /")
mice develop severe skeletal dysplasia characterized by shortened
bones and craniofacial abnormalities and die shortly after birth of
respiratory failure due to the cartilage defects of the rib cage
(Arikawa-Hirasawa et al,, 1999; Costell et al., 1999). Proliferation of
chondrocytes is reduced in Hspg2™~ mice (Arikawa-Hirasawa
et al., 1999). The cartilage matrix of the knockout mice contains disor-
ganized collagen fibrils and glycosaminoglycans, which suggests that
perlecan plays an important role in the cartilage matrix structure
(Kvist et al, 2006). A human disorder, dyssegmental dysplasia,
Silverman-Handmaker type (DDSH), was identified as a functional
null mutation of perlecan and causes skeletal abnormalities similar
to those of the knockout mice (Arikawa-Hirasawa et al., 2001a,b). In
addition, subtle functional mutations of perlecan cause Schwartz-
Jampel Syndrome (SJS), a rare autosomal recessive osteochondrodys-
plasia associated with myotonia (Nicole et al, 2000; Arikawa-
Hirasawa et al., 2002; Rodgers et al., 2007). Patients with SJS survive
and show much milder skeletal dysplasia compared to those with
DDSH. We also showed that perlecan is critical for maintaining fast
muscle mass and fiber composition by regulating myostatin signaling
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Fig. 1. Endochondral ossification was impaired in the growth plate of Hspg2 ™/~ mice. (A) H-E staining of the proximal end of the humerus in E16.5 wild-type and Hspg2 ™/~ mice.
The long bones of Hspg2 ~/~ mice were shorter than those of wild-type mice, as the distal end of the growth plate (arrowhead) was observed in Hspg2 '~ mice but not in wild-type
mice. (B) Comparison of the humeral length of Hspg2 ~/~ mice with that of wild-type mice. The relative length of the humerus in wild-type mice was set at 100%. * indicates p<0.05.
(C) Comparison of the humeral width of Hspg2 '~ mice with that of wild-type. The relative width of the humerus in wild-type mice was set at 100%. **Indicates p<0.01. (D) Double
staining of Safranin-O (red) and von Kossa (brown) staining of the proximal end of the humerus at E16.5 in wild-type and Hspg2 ~/~ mice. Reduced glycosaminoglycan levels in the
growth plate of Hspg2 =/~ mice were observed compared with those of wild-type mice. In the growth plates of wild-type mice, the terminal hypertrophic zone was replaced with
trabecular bone, and the perichondrium formed bone collars by membranous ossification. The bone collar aligns parallel to the longitudinal axis of the limb. In Hspg2 ™/~ mice,
levels of the calcified matrix in the terminal cartilage template were increased, and levels in the trabecular bone were reduced. Boxed areas are enlarged and shown below.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)




M. Ishijima et al. / Matrix Biology xxx (2012) xXx-Xxx 3

D Wild-type Hspg2™”

Fig. 1 (continued).

using lethality-rescued Hspg2™/~-Tg mice by expressing recombi-
nant perlecan specifically in the cartilage of the perlecan-null
(Hspg2~/~) genetic background (Xu et al., 2010), where perlecan is
expressed in cartilage but absent in muscle, endothelial basement
membranes, and other tissues.

Although perlecan plays a critical role in growth plate develop-
ment, the function of perlecan in endochondral ossification is not
clear. Here we analyzed the growth plates of Hspg2~/~ and
Hspg2 ~/~-Tg mice and demonstrated that perlecan in cartilage, not
in endothelial basement membranes, is required for vascular invasion
and cartilage matrix remodeling that is essential for the formation of
the trabecular bone and bone marrow.

2. Results

2.1. Endochondral ossification is inhibited in the growth plate of
Hspg2 ~'~ mice

Perlecan is essential for cartilage development, as perlecan deficiency
in mice displays perinatal lethal chondrodysplasia (Arikawa-Hirasawa
et al, 1999; Costell et al,, 1999). In humans, null mutations of perlecan
cause severe chondrodysplasia and DDSH, similar to Hspg2 ™~ mice.
The humeri of E16.5 Hspg2 ™/~ mice were shorter and wider than those

of wild-type mice (Fig. 1A). Quantification analyses revealed that the
humeri of Hspg2 ~/~ mice were significantly shorter (Fig. 1B) and wider
(Fig. 1C) compared to those of wild-type mice. The humeri of Hspg2 ~/~
mice contained reduced levels of glycosaminoglycan, as shown with
Safranin-O staining (Fig. 1D, red) and as described previously (Arikawa-
Hirasawa et al, 1999; Costell et al,, 1999). The striking abnormality of
the growth plate of mutant mice is the almost complete lack of bone
marrow cavities and trabecular bone (Fig. 1). In the E16.5 growth plates
of wild-type mice, von Kossa staining (brown) showed that bone collar
and trabecular bone were formed, and calcification of the matrix
surrounding mature hypertrophic chondrocytes, as well as of the matrix
surrounding the periosteum (bone collar) and trabecular bone, was
observed (Fig. 1D). In contrast, in Hspg2 ™~ mice, thin calcified layers
were observed along the bottom border of the cartilage and separated
two cartilage regions, which were located close together in the almost
complete absence of bone marrow.

2.2. Defect of perlecan in chondrocytes inhibits vascular invasion into the
hypertrophic chondrocyte

The inhibition of the formation of bone marrow and trabecular
bone suggests a defect in angiogenesis in the hypertrophic zone in
Hspg2~/~ growth plates. Therefore, we examined vascular invasion
into the hypertrophic zone. Immunostaining of CD31 (PCAM-1), a
marker of endothelial cells, showed that endothelial cells invaded
cartilage from surrounding tissues, including the perichondrium
and bone marrow, in wild-type mice (Fig. 2A). The chondro-
osseous region was arranged perpendicularly to the long axis of
the bone (Fig. 2A) in wild-type mice. In Hspg2 ~/~ mice, bone mar-
row was almost completely absent, and CD31-positive endothelial
cells (black) were observed in the perichondrium/periosteum and
surrounding tissues (Fig. 2A). In addition, the proximal and distal
cartilage areas were separated by thin calcified layers in the humeri
of the Hspg2™/~ mice (Figs. 1A, B, and 2A). These results suggest
that vascular invasion into the hypertrophic zone from the sur-
rounding tissues was severely inhibited in the absence of perlecan.
TRAP-positive osteoclasts with multiple nuclei, which are differenti-
ated from hematopoietic stem cells, migrated into the cartilage-
bone interface and trabecular bone through the vasculature in
wild-type mice (Fig. 2B). TRAP-positive osteoclasts (dark red)
were present, but their numbers were reduced in the bone collar
and surrounding region of the Hspg2 '~ growth plates (Fig. 2B).
These results further indicate that vascular invasion into the growth
plate is impaired in Hspg2 ™/~ mice.

2.3. VEGFA expression is increased in chondrocytes of Hspg2 ™'~ mice

Vascular invasion is a crucial step in removing the cartilage matrix
for endochondral ossification. VEGFA plays an important role in
vascular invasion for endochondral ossification (Maes et al., 2002;
Zelzer et al., 2002; Maes et al., 2004; Zelzer et al,, 2004). Therefore,
we examined the VEGFA protein expression level in chondrocytes in
HSPG2~/~ mice with immunostaining and confirmed with Western
blot (Fig. 3). In Hspg2 ™/~ mice, the expression levels of VEGFA
proteins in hypertrophic chondrocytes were substantially increased
compared with the control mice (Fig. 3A). Consistent with this immu-
nostaining result, Western blotting revealed that VEGFA protein
levels in the Hspg2 ™/~ growth plate were increased compared to
those in the wild-type growth plate (Fig. 3B).

2.4. VEGF, 4 expression is increased in chondrocytes of Hspg2 ™~ mice

VEGFA consists of three splice variants, VEGF;59, VEGFg4, and
VEGF;gs (Ruhrberg et al., 2002). Although VEGF;3q, which does not
have a heparan sulfate binding site in the C-terminal region, is impor-
tant for vascular invasion in the epiphysis of the growth plate to form
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Fig. 2. Vascular invasion into the hypertrophic zone is inhibited in Hspg2~/~ mice. (A) Immunostaining of CD31 (PCAM-1) (black) shows that endothelial cells invaded the
chondro-osseous boundary and bone marrow from surrounding tissues in wild-type mice. Dotted line, chondro-osseous boundary; bone marrow (BM); hypertrophic zone (H);
surrounding tissues (S). The dotted line in the growth plates of Hspg2 ™/~ mice indicates the boundary between the hypertrophic zone and the abnormally curved perichondrium
layer and bone collar surrounding the terminal hypertrophic zone. (B) Osteoclast differentiation was inhibited in the growth plates of Hspg2 =/~ mice. Multinucleated TRAP-positive
osteoclasts (dark red) were observed in the chondro-osseous boundary as well as bone marrow in wild-type mice. In Hspg2 ™/~ mice, TRAP-positive osteoclast numbers are lower in
the boundary. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the secondary ossification center (Maes et al., 2004), VEGF;g4, which
contains one of the two heparan sulfate binding sites, is critical for
vascular invasion to form trabecular bone in the growth plate
(Zelzer et al,, 2004). We examined the mRNA expression levels of
these isoforms of VEGFA in the growth plate chondrocytes in
Hspg2~/~ mice. Although two VEGF mRNA isoforms were expressed
in chondrocytes prepared from the growth plates of wild-type mice,
the expression levels of VEGF;g4 were more dominant than those of
VEGF;20 (Fig. 4A). In Hspg2 ™/~ mice, these VEGF mRNA were also
expressed, but their expression levels were found to be increased fur-
ther than those in wild-type mice by using semi-quantitative RT-PCR
analysis (Fig. 4A). Real-time PCR analysis of the expression levels of
these three isoforms showed that, although these isoforms of VEGF
mRNA were significantly increased in chondrocytes of Hspg2™/~
mice compared to those of wild-type mice, the VEGF;54 mRNA levels
were most profoundly increased in the absence of perlecan (Fig. 4B).
These results indicate that the VEGFA expression level was not a
major cause of the defect in vascular invasion into the growth plate
cartilage of Hspg2 ™/~ mice.

2.5. Expression of CIGF, Chm-1, and MMPs in the hypertrophic
chondrocytes of Hspg2 ™'~ mice

In addition to VEGFA, connective tissue growth factor (CTGF)
plays an important role in vascular invasion in endochondral ossifica-
tion. The absence of CTGF impairs vascular invasion (Ivkovic et al.,
2003), while the absence of chondromodulin-1 (Ch-1) in vivo does
not impair vascular invasion (Brandau et al,, 2002). We found that
the CTGF and Ch-1 mRNA levels in Hspg2 ~/~ mice were significantly
increased compared with those of the wild-type mice (Fig. 5A, B).
Matrix metalloproteinases (MMPs) are also important for vascular
invasion, as MMPs degrade most components of the extracellular

matrix (ECM) that allow promotion of sprouting and migration of
endothelial cells (Noel et al., 2004; Sottile, 2004). We found that the
MMP13 mRNA levels were significantly increased in the growth
plates of Hspg2~/~ mice compared with those of wild-type mice
(Fig. 5C). MMP-9 is also expressed in the hypertrophic chondrocytes
of wild-type mice and Hspg2 ~/~ mice (data not shown)(Gustafsson
et al., 2003). These results indicate that the inhibition of vascular
invasion in the growth plates of Hspg2 ™/~ mice was not due to the
reduced expression levels of CTGF and MMP.

2.6. Removal of hypertrophic matrix is inhibited in the absence of
perlecan

We examined cartilage calcification and osteopontin (OPN) ex-
pression in E18.5 Hspg2 ~/~ growth plates. Type X collagen expression
was observed in Hspg2 ~/~ mice (data not shown), as reported previ-
ously, although its expression levels are decreased in Hspg2 ~/~ mice
compared with those in wild-type mice (Arikawa-Hirasawa et al.,
1999; Costell et al, 1999). At E18.5, formation of hydroxyapatite
nodules {calcospherites) was observed in the hypertrophic zone of
Hspg2 ™/~ mice, which is one of the characteristics of the defects in
perlecan-deficient cartilage in mice and humans (Arikawa-Hirasawa
et al., 1999)(Fig. 6A). In addition, although the calcified matrix was
observed only in the last few layers of hypertrophic chondrocytes in
wild-type mice, the calcified matrix was found in multiple layers in
the hypertrophic zone in perlecan-deficient mice, suggesting impaired
remodeling of the calcified cartilage matrix. The expression of OPN
mRNA, a marker of terminally differentiated mature chondrocytes,
was significantly increased in chondrocytes in Hspg2 ™/~ mice com-
pared with those in wild-type mice (Fig. 6B). In wild-type growth
plates, perlecan (red) was expressed and surrounded hypertrophic
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Fig. 3. Increased VEGF expression by chondrocytes in Hspg2~/~ mice. (A) Immunos-
taining of VEGFA. Expression of VEGFA in prehypertrophic and hypertrophic chondro-
cytes was increased in Hspg2™'~ mice compared to that in wild-type mice.
Hypertrophic zone (H). (B) Western blot of VEGFA protein. The expression level of
the VEGFA proteins was increased further in the chondrocytes of Hspg2 ~/~ mice com-
pared to that in wild-type mice.

chondrocytes, while perlecan was absent in Hspg2 ~/~ mice (Fig. 6C)
(Xu et al., 2010).

Immunohistochemical analyses revealed that the OPN protein
(green) was expressed at the end layer of hypertrophic chondrocytes
in wild-type mice. However, in Hspg2 ~/~ growth plates, OPN protein ex-
pression was observed in multiple layers of hypertrophic chondrocytes
(Fig. 6C). These results suggest that remodeling of the hypertrophic
matrix was inhibited in Hspg2 /'~ mice.

2.7. Inhibition of vascular invasion is due to the defect of perlecan in
chondrocytes, but not in endothelial cells

Perlecan is expressed not only in chondrocytes but also in all base-
ment membranes, including vessel walls. Therefore, the inhibition of
vascular invasion in the hypertrophic zone in the absence of perlecan
could have been due to the absence of perlecan in the basement mem-
branes of endothelial cells. To exclude this possibility, mice in which
perlecan was expressed specifically in chondrocytes were created by
introducing the transgene (Per-Tg) under the control of a cartilage-
specific Col2al promoter and enhancer in the Hspg2 ~/~ genetic back-
ground (Hspg2 ~/~-Tg mice) (Xu et al., 2010). In the Hspg2 ~/—-Tg
mice, perlecan is expressed in cartilage but absent in the basement
membranes of blood vessels, muscle, and other tissues surrounding
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Fig. 4. VEGF,44 expression is increased in chondrocytes of Hspg2 ™~ mice. (A) Semi-
quantitative RT-PCR-of VEGF isoforms. VEGFi20 and VEGF164 mRNA were expressed
in chondrocytes prepared from the growth plates of wild-type mice. Expression levels
of VEGF;64 mRNA were most prominent in wild-type mice. In Hspg2 ™/~ mice, these
VEGF mRNA were also expressed, with the highest level for VEGF;64. (B) Real-time
RT-PCR analysis of the expression levels of VEGF mRNA in chondrocytes in wild-type
and Hspg2 ™/~ mice. VEGF;30 and VEGF;6, mRNA were increased in the chondrocytes
of Hspg2~/~ mice. The increase in the levels of VEGF;s4 mRNA was largest in the ab-
sence of perlecan. The relative expression levels of each isoform in wild-type mice
were set as 1. *Indicates p<0.05.

cartilage (Xu et al., 2010). The bone sizes of the HSPG2~/~-Tg mice
were similar to those of wild-type mice (Fig. 7A). Histological analysis
showed that the columnar structure of the growth plate can be
restored in Hspg2 ~/~-Tg mice (Fig. 7B). Type Il collagen, type X colla-
gen, and osteopontin expression of Hspg2 ~/~-Tg mice were similar to
those of wild-type mice.

Vascular invasion into the chondro-osseous region observed in the
Hspg2 ~/~-Tg mice was also similar to that of wild-type mice (Fig. 7D).
Since Hspg2—/~-Tg mice expressed perlecan in cartridge but not
surrounding tissues, these results indicate that the inhibition of vascu-
lar invasion in Hspg2 ~/~mice is due to the absence of perlecan in
cartilage but not to its absence in endothelial cells.

2.8. Perlecan promotes VEGF-induced VEGFR2 activation in endothelial
cells

VEGF; ¢4 is expressed in hypertrophic chondrocytes and is critical
for inducing vascular invasion into the hypertrophic zone (Zelzer
et al, 2004). As VEGF;4 contains a heparan sulfate binding site,
perlecan may bind to VEGF;64 , which promotes VEGF signaling of
endothelial cells for angiogenesis. We tested the binding of purified
perlecan from cartilage to VEGF;64 in a solid phase binding assay
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Fig. 5. Expression of molecules involved in vascular invasion. (A, B) Quantitative RT-
PCR. Expression of mRNA for the connective tissue growth factor (CTGF) and
chondromodulin-1 (Ch-1), which are known to be involved in vascular invasion in en-
dochondral ossification, were significantly increased in chondrocytes from Hspg2 ™/~
mice compared to those in wild-type mice. * and ** indicate p<0.05 and <0.01, respec-
tively. (C) Expression of MMP13, which is expressed by hypertrophic chondrocytes,
was strongly increased in the growth plates of Hspg2 ~/~ mice. **Indicates p<0.01.

using perlecan-coated dishes with different amounts of growth fac-
tors or growth factor receptors (Fig. 8A). Perlecan bound to FGF2
and to FGF receptors 2 and 3, as reported (Knox et al., 2002; Knox
and Whitelock, 2006; Patel et al., 2007; Smith et al., 2007). Perlecan
bound to VEGF receptor 2 (VFGFR2), in agreement with recent find-
ings (Goyal et al., 2011). However, perlecan did not bind to VEGFg4.
To test whether perlecan promotes VEGF;g4-mediated VEGFR2 acti-
vation, primary endothelial cells from wild-type mouse skin were
incubated with VEGF;g4 in the presence of various amounts of perle-
can. After being incubated for 5 min at 37 °C, the cells were lysed, and
VEGFR2 was immunoprecipitated with anti-VEGFR2 antibody. The
proteins were analyzed with Western blotting using anti-pVEGFR2
(Tyr951) and anti-VEGFR2 antibodies as described in the Materials
and Methods section. We found that perlecan promoted VEGFR2
phosphorylation (Fig. 8B). The cartilage perlecan-promoted activa-
tion of VEGF/VEGFR?2 is consistent with the VEGFR2 activation by per-
lecan from endothelial cells (Zoeller et al., 2009; Goyal et al., 2011).

3. Discussion

Endochondral bone formation occurs through highly coordinated
biological processes, including chondrocyte hypertrophy, deposition
and remodeling of the cartilage matrix, vascular invasion, apoptosis,
osteoblast replacement, and subsequent trabecular bone formation.

In this study, we demonstrated that perlecan present in cartilage,
but not in capillary basement membranes, is essential for cartilage
matrix remodeling, vascular invasion, and the formation of bone
marrow and trabecular bone.

Perlecan had been suggested to play crucial roles not only in
vasculogenesis but also in the maturation and maintenance of differ-
entiated tissues, including cartilage (Handler et al., 1997). In growth
plates of Hspg2™'~ mice, the matrix structure is disorganized, and
glycosaminoglycans are reduced (Fig. 1A) (Arikawa-Hirasawa et al.,
1999; Costell et al., 1999). Biochemical studies in vitro confirmed
that perlecan is required for cartilage collagen fibril formation
(Kvist et al, 2006). In Hspg2~/~ mice, growth plate cartilage is
wider, and chondrocytes are located more sparsely in the cartilage
matrix than in wild-type mice (Fig. 1). These phenotypes are differ-
ent from those of cartilage-deficient (cmd/cmd) mice, which are
caused by the absence of functional aggrecan, a major chondroitin
sulfate proteoglycan in cartilage (Watanabe et al, 1994). These
cmd/cmd mice die perinatally; the width of the cartilage of the
long bone is narrow, and chondrocytes are rather densely packed
in the matrix (Watanabe and Yamada, 2002). In the absence of
perlecan, chondrocytes were able to differentiate into mature hyper-
trophic chondrocytes, which express VEGF (Figs. 3 and 4), MMP13
(Fig. 5C), and osteopontin (Fig. 6B,C). Removal of the hypertrophic
matrix and its calcified regions is essential for endochondral bone
formation. In wild-type growth plates, only a few layers containing
osteopontin and calcification surround mature hypertrophic chon-
drocytes in the chondro-osseous boundary (Fig. 6). However, in
Hspg2 ™/~ growth plates, multiple layers were accumulated near
the end of the hypertrophic zone, indicating that hypertrophic carti-
lage removal was inhibited in the absence of perlecan (Fig. 6).
Matrix metalloproteinases, such as MMP-9 and MMP-13, are involved
in degradation of the hypertrophic matrix (Vu et al, 1998; Engsig
et al.,, 2000; Inada et al.,, 2004; Stickens et al., 2004). However, we
found that MMP-13 expression was increased in Hspg2 ~/~ growth
plates compared to those of wild-type mice. MMP-9 is also expressed
in the growth plates of Hspg2 ~/~ mice. Since perlecan interacts with
MMPs and is most abundantly expressed in the hypertrophic zone
compared with other chondrocyte zones, perlecan may play a role in
the activation of MMPs for cartilage remodeling.

Although matrix components are expressed in the cartilage of
Hspg2~/~ growth plates, the fibrillar formation and density are
especially reduced in the hypertrophic zone (Gustafsson et al.,
2003). In addition, the columnar structure of hypertrophic chondro-
cytes is disorganized, and the hypertrophic matrix is often disrupted
in Hspg2 ™/~ mice, especially during later stages such as birth
(Arikawa-Hirasawa et al., 1999; Costell et al, 1999; Arikawa-
Hirasawa et al,, 2002). These observations suggest that perlecan
provides the strength and rigidity of the hypertrophic matrix struc-
ture by interacting with matrix molecules for proper growth plate
development. In Hspg2 ~/~ growth plates, the ossified periosteum
is formed but apparently curved into the hypertrophic zone, in con-
trast to the longitudinal growth seen in bone collars of wild-type
mice (Fig. 1). Because the formation of bone marrow and the trabec-
ular bone was severely inhibited, the bone collar structure separated
two adjacent cartilage molds within the humerus close together
(Fig. 1). The abnormal alignment of the bone collar seen in
Hspg2 ~/~ growth plates is likely due in part to the less rigid hyper-
trophic matrix structure.

In addition to MMP-9 and MMP-13, other molecules, such as CTGF
(CCN2) and Ch-1, are implicated in matrix remodeling and vascular
invasion in the growth plates (Ivkovic et al., 2003). In Hspg2 ™/~
growth plates, the expression levels of CTGF and Ch-1 were signifi-
cantly increased (Fig. 5). VEGFA plays an important role in angiogen-
esis for endochondral ossification. Administration of an inhibitor of
VEGFA activity in mice reduced vascular invasion into the hypertro-
phic zone and inhibited endochondral bone formation (Gerber et al.,
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Fig. 6. Accumulation of mature population of hypertrophic chondrocytes in the growth plates of Hspg2 ™~ mice. (A) Double staining of Safranin-O (red) and von Kossa (brown)
staining at the proximal end of the humerus in E18.5 wild-type and Hspg2 ™/~ mice. In E18.5 Hspg2 ~/~ mice, the matrix surrounding multiple layers of hypertrophic chondrocytes
is calcified, whereas in the wild-type growth plate, the matrix surrounding only a few hypertrophic layers at the end of cartilage is calcified. Arrowheads indicate the formation of
hydroxyapatite nodules (calcospherites) in the hypertrophic zone of Hspg2 ™/~ mice. (B) Real-time RT-PCR analysis. Osteopontin OPN mRNA expression was significantly increased
in the chondrocytes of E18.5 Hspg2 ™/~ mice compared with the expression in wild-type mice. ** indicates p<0.01. (C) Double immunostaining for OPN (green) and perlecan (red) of
the proximal end of the humerus in E18.5 wild-type and Hspg2 ™/~ mice. OPN-expressing mature hypertrophic chondrocytes accumulated in the growth plates of Hspg2 ™/~ mice.
Only a few hypertrophic cell layers expressed OPN in the terminally differentiated chondrocyte area (TDC) of the wild-type mice . Perlecan was expressed in the area of hypertrophic
chondrocytes (H) and TDC, but not in the trabecular bone area (T) of the growth plate of wild-type mice. Perlecan was completely absent in all of these areas in Hspg2 ~/~ mice. Scales
show 100 pm in length. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

1999). Conditional VEGFA knockout in mice specific in chondrocytes
using Col2alCre displayed an expansion of the hypertrophic zone,
delayed vascular invasion, and impaired endochondral ossification
(Zelzer et al., 2004). Forced expression of Runx2 in hypertrophic
chondrocytes using the Col10a1 promoter reduced VEGFA expression
and resulted in impaired cartilage matrix remodeling and an almost
complete lack of bone marrow due to the inhibition of vascular
invasion into hypertrophic cartilage (Hattori et al., 2010). In the
Hspg2~/~ growth plates, the VEGF protein levels were increased.
VEGF;50 and VEGF;64 mRNA were expressed in the growth plates
of wild-type mice. The mRNA expression levels for VEGF;3 and
VEGF;64 Were increased in Hspg2 ~/~ growth plates, with the high-
est level for VEGF;g4 (Fig. 4B). In the zebrafish, perlecan regulates
angiogenic blood vessel formation, and perlecan knockdown results

in an abnormal increase and relocation of the VEGFA proteins
(Zoeller et al., 2009). In wild-type mice, perlecan is expressed not
only in cartilage but also in blood vessel basement membranes.
We therefore examined whether cartilage or endothelial perlecan
is important for normal vascular invasion into the hypertrophic
zone and endochondral bone formation by expressing the perlecan
(Hspg2) transgene (Tg) specifically in the cartilage of HSPG2~/~
mice (Xu et al, 2010). The mutant mice (Hspg2~/~-Tg) expressed
perlecan in cartilage but not in surrounding tissues (Fig. 7C)(Xu
et al,, 2010). Hspg2 ~/~-Tg mice survived and showed normal carti-
lage development and endochondral bone formation (Fig. 7A, B, D).
These results suggest that perlecan is critical in cartilage but not in
endothelial cell basement membranes for vascular invasion into
the hypertrophic zone. Since vascularization in other tissues
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occurred without perlecan, the mechanism of angiogenesis must be
unique in endochondral ossification processes.

Perlecan purified from bovine cartilage enhanced the activation
of VEGF,54-VEGFR2 signaling in endothelial cells (Fig. 8). This acti-
vation is facilitated via direct binding of perlecan to VEGFR2
(Fig. 8A). Perlecan from endothelial cell culture and recombinant
endorepellin, the C-terminal part of perlecan, binds to VEGFR1
and 2 (Goyal et al,, 2011). Perlecan promotes angiogenesis, while
its fragment acts as an anti-angiogenic factor by disrupting the
actin assembly of endothelial cells through interaction with a2p1
integrin (Bix et al, 2004). Endorepellin attenuated VEGFA-
mediated activation of VEGFR2 in endothelial cells, and this atten-
uation is required for o231 integrin (Goyal et al., 2011). Cartilage
perlecan did not bind to VEGF,s4, while endothelial cell perlecan
binds to the heparin-binding site containing VEGFA (Goyal et al.,
2011). This difference may be because cartilage perlecan is
substituted with not only heparan sulfate chains but also chon-
droitin sulfate chains, which may inhibit perlecan interactions
with VEGF 4.

Wild-type

Hspg2™ Hspg2”-Tg

Studies by Takimoto et al., (Takimoto et al., 2009), with overex-
pression of VEGFA in cartilage in transgenic mice and in chick embry-
onic forelimbs, revealed the perichondrium prevents vascular
invasion into cartilage from highly vascularized surrounding tissues
at early stages, but at later stages, perichondrial angiogenesis occurs
and is followed by vascular invasion into the hypertrophic zone.
This process is required for heparin-binding VEGF isoforms. In
Hspg2 ~/~ mice, heparin-binding VEGF;s4 Was excessively expressed
in the hypertrophic zone, and vasculature in the perichondrium and
bony collar was observed, but osteoclasts were reduced, and vascular
invasion was inhibited (Fig. 2A). Since perlecan is not expressed in
the perichondrium (data not shown) (Melrose et al., 2004; Smith
et al, 2010), other molecules, such as Nrp1 and Nrp2, which are
expressed in the vasculature of surrounding tissues (Takimoto et al.,
2009), enhance VEGFR?2 signaling via binding to VEGFA as a receptor
(Staton et al,, 2007; Herve et al., 2008).

In summary, we demonstrated that perlecan in cartilage is essen-
tial for vascular invasion from the perichondrium into the hypertro-
phic zone. We showed that cartilage perlecan enhances VEGF/

Hspg2-/-  Hspg2’-Tg

B Wild-type

Hspg2™”-Tg

)

Fig. 7. Restore skeletal abnormalities of Hspg2 ~/~ mice to normal by mating with transgenic mice (Col2a1-PerTg). (A) Skeletal abnormalities of Hspg2 ™/~ mice were rescued by
creating Hspg2 ~/~-Tg mice containing the Hspg2 transgene (Col2a1-PerTg) under the control of a chondrocyte-specific Col2al promoter and enhancer. The left three panels show
skeletal preparations of E18.5 whole embryos (wild-type, Hspg2~/~, and Hspg2~/~-Tg); the right two panels show hind limbs from E18.5 Hspg2~/~ and Hspg2~/~-Tg mice.
Cartilage was stained with Alcian blue, and bone was stained with Alizarin red S. (B) Histological sections of the growth plate of E18.5 hind limbs of wild-type mice stained
with H-E. Columnar structure of the growth plate was restored in Hspg2~/~-Tg mice. (C) Immunostaining of extracellular matrix proteins in E18.5 growth plates from wild-
type and Hspg2™/~-Tg mice. Perlecan was expressed in the growth plates of Hspg2~/~-Tg mice. Expression of type Il collagen (Col2), type X collagen (Col10), and osteopontin
(OPN) was similar for the wild-type and Hspg2 ~/~-Tg mice. (D) Immunostaining of CD31 in the growth plate of E18.5 wild-type and Hspg2~/~-Tg mice, The vascular invasion
of the chondro-osseous boundary and bone marrow observed in Hspg2~/~-Tg mice was similar to that in wild-type mice.
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Fig. 7 (continued)

VEGFR signaling of endothelial cells in culture. In Hspg2 ™/~ growth
plates, hypertrophic chondrocytes express molecules such as MMP-
13, OPN, CTGF, and VEGFA, which are important for cartilage matrix
remodeling and for vascular invasion. However, without perlecan in

cartilage, the osteopontin-expressing hypertrophic chondrocyte
layers and calcified areas expand, and formation of bone marrow
and the trabecular bone is inhibited. The defect in vascular invasion
results in the inhibition of cartilage remodeling and replacement of
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Fig. 8. Perlecan binds to VEGFR2 and promotes VEGF-induced VEGFR2 activation in endothelial cells. Binding of cartilage perlecan to FGF2 and VEGF,¢4 and their receptors at various
concentrations in solid phase assays. Perlecan bound to FGF2 and FGFR2. Perlecan did not bind to VEGF;s4 but bound to its receptor, VEGFR2. (B) Western blots of VEGFR2 and
phosphorylated VEGFR2 of endothelial cells treated with VEGF;g4 and perlecan. Perlecan promoted the phosphorylation levels of VEGFR2 in the presence of VEGFA.

hypertrophic chondrocytes with osteoblasts, which leads to severe
defects in endochondral bone formation of Hspg2 ™/~ mice.

4. Experimental procedures
4.1. Mice

Perlecan knockout (Hspg2™~) mice were generated as described
previously (Arikawa-Hirasawa et al,, 1999). About half of the Hspg2 ™/~
mice died around embryonic day (E) 10 of hemorrhage due to defective
myocardium basement membranes (Arikawa-Hirasawa et al, 1999;
Costell et al., 1999; Xu et al., 2010). Perinatal lethality-rescued perlecan
knockout mice (Hspg2~~-Tg, Hspg2~~; Col2al-Hspg2™") were
created by expressing a transgene for perlecan under the control of the
Col2a1 promoter and enhancer specifically to cartilage (Col2a1-PerTg)
in Hspg2 ™/~ mice (Xu et al, 2010). The animal protocol approved by
the NIDCR ACU Committee was used for maintaining and handling
mice, and all mice were housed in a mouse facility affiliated with the
American Association for the Accreditation of Laboratory Animal Care.

4.2. Skeletal histology

Paraffin sections (5pm) of mouse embryos were deparaffinized
using xylene, rehydrated through an alcohol gradient series to water,
and then used for histological and immunohistochemical analysis.
Paraformaldehyde (4%) was used for fixation in histology and immu-
nohistochemistry. Double staining for Safranin-O and von Kossa stain-
ing was performed as described (Aszodi et al.,, 2003 ). Immunostaining
was performed using a Histostain-SP kit (Zymed) according to the
manufacturer's instructions. The following antibodies were used for
immunohistochemical studies: a rabbit polyclonal antibody for perle-
can from Dr. T. Sasaki (University of Erlangen-Nuremberg, Erlangen,

Germany), a monoclonal antibody for osteopontin (R&D Systems), a
monoclonal antibody for VEGF (R&D Systems), a monoclonal antibody
for type Il collagen (Hybridoma Bank, University of lowa), and a type X
collagen chain from Greg Lunstrum (Shriners Hospital for Children
Research Center, Portland). Immunostaining for CD31 was performed
using a monoclonal antibody for CD31 (Pharmingen) as described pre-
viously (Colnot et al., 2005). For the immunofluorescence study, fluo-
rescein isothiocyanate (FITC)-conjugated or Alexa-488-conjugated
(Jackson ImmunoResearch Laboratories) was used as a secondary
antibody. Tartrate-resistant acid phosphatase (TRAP) was stained as
described previously (Ishijima et al., 2001, 2007).

4.3. Skeletal analysis

Bones and cartilage of newborn mice were stained with Alizarin
red and Alcian blue as described previously (Arikawa-Hirasawa
et al, 1999). The bone length and width were histologically mea-
sured, and the relative length and width of the humeri in the wild-
type mice were set at 100%.

4.4. RT-PCR analysis

Total RNA was extracted from growth plate cartilage of the distal
end of the femora and the proximal end of the tibiae of E16.5 or
E18.5 embryos using TRIzol (Invitrogen).

For reverse transcription, 2 pg of total RNA were used to generate
cDNA, which was used as a template for PCRs with gene-specific primers.
cDNA was amplified with an initial denaturation at 95 °C for 3 min, and
then at 95 °C for 30s, 60 °C for 30's, and 72 °C for 30 s for 25 cycles. A
final elongation step was conducted at 72 °C for 5 min, and then the
¢DNA was separated on agarose gels. Real-time PCR analysis was per-
formed using a TagMan Real-Time PCR detection system (ABI7000,

174 -



M. Ishijima et al. / Matrix Biology xxx (2012) xxx-xxx 11

Applied Biosystems). TagMan Universal Master Mix and TagMan
Gene Expression Assays Hs99999901_s1 and Hs01078483_g1 (Applied
Biosystems) were used according to the manufacturer's protocol, with a
final reaction volume of 25 pl. Sequences for VEGF-120, -164, -188,
CTGF, Ch-1, MMP13, and OPN specific PCR primers are available from
the authors upon request.

4.5. Western blotting

Growth plate cartilage of the distal end of the femora and the
proximal end of the tibiae of E16 mice was dissected from the right
side of the knee joint and then lysed. The lysates were run on a 10%
SDS-PAGE. A monoclonal antibody for VEGF (C-1, Santa Cruz) was
used for Western blot analysis.

For the phosphorylation assay of VEGFR2, primary endothelial
cells were prepared from the wild-type mouse skin at postnatal day
4 by immunopanning using anti-ICAM2 antibody (BD Biosciences),
as described previously (Kataoka et al,, 2003). The endothelial cells
were cultured in DMEM: F12=1:1 (Invitrogen) containing 100 pM
nonessential amino acid (Invitrogen), 20% fetal calf serum (FCS;
Hyclone), 100 pg/ml heparin (Sigma-Aldrich), 100 U penicillin (Invi-
trogen), 100 pg/ml streptomycin (Invitrogen), and 50 pug/ml endothe-
lial cell growth supplement (ECGS; BD Biosciences). For starvation of
the phosphorylation assay, FCS, heparin, and ECGS were eliminated
from the medium, and endothelial cells were incubated overnight.
VEGF;64 and various amounts of perlecan were mixed and preincu-
bated at room temperature for 1 h. After preincubation, the mixture
of VEGF;e4 and perlecan was added to the starved endothelial cell cul-
ture, and the cells were incubated for 5 min at 37 °C. The cells were
lysed with the lysis buffer (1% Triton-X100, 1.5 mM EDTA, 1 mM
NasPO,4, 25 mM NaF, and 1 mM Na3VO, in Tris-buffered saline) for
5min on ice. The cell lysate was centrifuged at 15,000 rpm for
30 min at 4 °C and separated from the cell pellet. Fifty pg of the cell
lysate was incubated with anti-VEGFR2 antibody (Cell Signaling) in
the binding/washing buffer (0.1% Triton-X100, 1.5 mM EDTA, 1 mM
NazP0Oy4, 25 mM NaF, and 1 mM Na3VQ, in Tris-buffered saline) for
1h at 4°C. Then, protein-G Sepharose beads (Invitrogen) were
added to the reaction mixture and incubated for 1 h at 4 °C. After
incubation, the beads were washed with the binding/washing buffer.
Proteins bound to the beads were eluted with the LDS-sample buffer
(Invitrogen) with 10 pM DTT. The proteins were detected with Western
blotting using anti-pVEGFR2 (Tyr951) and anti-VEGFR2 antibodies (Cell
Signaling).

4.6. Binding assays

A solid phase binding assay was performed using purified perlecan
from bovine cartilage (Govindraj et al., 2002). Two hundred and fifty
ng of perlecan was coated onto 96-well plates at 4 °C overnight. The
wells were blocked with the blocking buffer (3% bovine serum
albumin: Sigma-Aldrich) at room temperature for 2 h. After blocking,
various amounts of FGF-basic (PeproTech), VEGF;g4 (R&D Systems),
and recombinant fusion proteins of extracellular domains of FGFR2,
FGFR3, and VEGFR2 with the human IgG Fc portion (R&D Systems)
in the blocking buffer were added and incubated at room tempera-
ture for 1h. The proteins bound to perlecan were detected with
anti-FGF-basic (Millipore), anti-VEGF (Santa Cruz Biotech.), biotiny-
lated anti-human IgG (Jackson ImmunoResearch Inc.), and horserad-
ish peroxidase (HRP)-conjugated secondary antibodies (Thermo) and
streptavidin (Sigma-Aldrich). After incubation with appropriate anti-
bodies, 3,3',5,5'-tetramethyl-benzidine solution (Sigma-Aldrich) was
added to the wells and incubated for 10 min at room temperature.
After 0.5N H,S04 was added to stop the colorimetric reaction by
HRP, the optical density at 450 nm was measured using a microplate
reader (Safire, Tecan Ltd.).

4.7. Statistical analysis

Group means were compared with analysis of variance, and the
significance of differences was determined by using an unpaired
t-test. P values less than 0.05 were considered significant.
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