Chemotherapy Prevents OS Invasion by EGR1

A B so
51.2
70
2 60
8 s0
"'5 40
o 30
0
£ 20
-
=2 10
GFP positive 143B cells in blood flow 0 - |
control EGR1
(* p <0.05)
C
control vector EGR1
expression
vector
e
25100 & 12
@ = 0.60
n 80 'g
-S - 0.31
1) 60 © 0.8
« ®
Al £
2 40 an
£ 5
S o4
2 30 «
5]
3 ©
-0 g
control EGR1 < control  EGR1

Figure 7. EGR1 prevents osteosarcoma cell migration into blood vessel in vivo. GFP expression virus-transfected 143B cells were
inoculated into the knee joint. To examine tumour cell invasion of blood vessels, we counted GFP- positive- 143B cells within 50 pl blood aspirates
from hearts at 5 weeks after inoculation (A). The number of GFP- positive cells in blood was decreased in EGR1 -expressing 143B- inoculated mice (B)
[error bars represent mean (SD)] (P<<0.05). Metastatic nodules in lungs were evaluated under fluorescence microscopy. Six of 6 control cell-inoculated
mice exhibited lung metastases. Four of six (66.7%) EGR1-expressing cell-inoculated mice exhibited lung metastases. The percent of lung metastasis

area was calculated by Lumina Vision (C).
doi:10.1371/journal.pone.0016234.g007

These findings showed that one-third ol ostcosarcoma paticents are
even poor responders to chemotherapy. Even though chemother-
apy is quite benefit for osteosarcoma patients, administration of
preoperative chemotherapy results in delay of surgical resection of
es will develop

primary tumor. It is possible that new lung metast:
during preoperative chemotherapy in poor or non-responders. We
showed that Jow-dose anti-tumor agent treatment up-regulated
EGR1 expression and that EGRI prevented  ostcosarcoma
invasion via uPA/uPAR down-rcgulation. These [indings suggest
that preoperative chemotherapy prevents the development of new
lung metastases in poor or non-responders. In addition, osteosar-
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coma incidence rates in the United States peak in adolescence and
in the clderly [23]. Many clderly patients cannot tolerate
aggressive  chemotherapy. Our findings  suggest that low-dosc
chemotherapy might be useful for elderly osteosarcoma patients by
preventing new  metastasis when used - combination  with
racliation therapy or as maintenance therapy.

EGRI has reccived much attention recently because of its wide
range of activitics as a transcription factor. Remarkably, EGR1
can exert cflects as cither a growth promoter or a tumor
suppressor. EGR1 may induce or suppress cell proliferation or
imduce apoptosis of cancer cells [10,16,24-27]. Our MT'1" assay
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and colony formation assay showed that EGRI1 over-expression
had no effect on osteosarcoma cell growth. Our findings suggest
that the expression of EGR does not have general effects on
growth and instead exerts regulatory cffects that appear to be cell-
type-specific.

We  showed up-regulation of EGRI following cisplatin,
methotrexate, etoposide, or doxorubicin treatment, each of which
exerts cytotoxic effects by different pharmacological mechanisms.
EGRI1 can be rapidly induced by many stimuli, including growth
factors, cytokines, ultraviolet light, anti-tumour agents, and various
stresses [8,10,24, Cuo, 1992 #88,25,28-35]. The distinct types of
stress caused by anti-tumor drugs might promote up-regulation of
EGRI, although anti-tumor drugs exert different pathways.
Further, we examined which signaling pathway promotes EGR1
expression following anti-tumor agent treatment. We  treated
osteosarcoma cell lines with anti-tumor agent and some specific
imhibitors including ERK  inhibitor, HIFI-o inhibitor, JAK2
inhibitor, LY294002, and others but we were unable to inhibit
EGRI expression eflectively. Further examination for regulation
mechanisms of EGRI expression is needed.

The principle mode of action of doxorubicin, an anthracycline
antibiotic, appears to be its ability to cross-link DNA and RNA,
thereby affecting DNA and RNA synthesis [36,37]. However,
reecent studies have demonstrated that genotoxic (Ze, DNA
damaging) agents, including many important cancer chemother-
apy drugs, can have significant and sclective effects on the
expression of certain inducible genes [38]. It has also been
demonstrated that noncytotoxic doses of the DNA cross-linking
cancer chemotherapy drugs MMC, cisplatin, and carboplatin
were cffective at significantly altering the expression of the
MDRI gene coding for the multidrug resistance protein P-
glycoprotein [37]. We were therefore interested in whether
chemotherapy agents might similarly alter the expression of
inducible invasion-related genes, and thereby potentially alter
tumor invasiveness, and found that anti-tumour agents increased
the expression of EGR1, and EGR1 decrcased that of uPA and
uPAR.

The uPA system is thought to play roles in several different
processes important to tumor progression including angiogenesis,
tumor growth, and metastasis [39]. Expression of uPA and uPAR
frequently indicates a poor prognosis, and is in some casecs
predictive of invasion and metastasis. uPAR is also thought to play
roles in the growth and mectastasis of human osteosarcoma
[40—44]. We showed that forced expression of EGRI inhibited
expression of uPA and uPAR. In addition, EGR1 decreased the
activity of uPA. These findings suggest that up-regulation of EGR1
following chemotherapy inhibits osteosarcoma migration via uPA
system. Many signaling pathways activate transcription factors
that act on the uPAR promoter, driving uPAR expression in
cancer [45]. uPAR transcription is controlled by ERK through
activator protein 1 transcription factors [46]. Hypoxia-inducible
factor 12 drive uPAR expression through a hypoxia responsive
clement in the uPAR promoter [47]. Nuclear factor-kB also
activates uPAR expression [48]. Thus, multiple signaling inputs
can up-regulate uPAR transcription in tumors., We could not
detect the pathways that promote down-regulation of uPA/uPAR.
Further examination for regulation mechanisms of uPA/uPAR
system 1s needed.

Recently, many molecular target drugs have been developed
[49-52]. In addition, several Notch signal inhibitors have been
tested as molecular target drugs [533-535). We previously reported
that activation of Notch signaling promotes the progression of
human osteosarcoma [56]. We examined the EGR1 expression by
y-secretase inhibitor, a pharmacological agent known to elfectively
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block Notch activation. EGRI was up-regulated by y-secretase
inhibitor in human osteosarcoma cell lines (data not shown). These
findings suggest that EGR1 expression will also be up-regulated by
molecular target drugs.

In summary, anti-tumor agents increased the expression of
EGRI, and EGR1 decreased osteosarcoma invasion. Our findings
suggest that even though chemotherapy could not prevent
osteosarcoma growth in chemotherapy poor responders, chemo-
therapy prevents osteosarcoma cell migration into blood vessel by
down-regulation of urokinase plasminogen activation via up-
regulation of EGR1 during chemotherapy periods.

Supporting Information

Figure S1 Anti-tumor agent treatment increased the
expression of EGRI. Following 48 h or 5 days drug trecatments,
total RNA extracted from osteosarcoma cell lines were analyzed
by real-time PCR. Following 48 h treatmemnt, cisplatin, metho-
trexate, etoposide or doxorubicin increased EGRI expression in
143B cell and Saos-2 cells. Following 5 days wreatment, cisplatin
increased KGRI expression in 143B cell. Following 5 days
treatment, etoposide or doxorubicin increased EGRI expression
in Saos-2 cells. The comparative Gt (AACt) method was used to
determine fold change in expression using GAPDH or ACTB.
Experiments were performed in triplicate with similar results
[error bars represent mean (SD)].

(111

Figure 82 Chemotherapy increased EGRI expression.
Total RNA cextracted from osteosarcoma patients’  biopsy
specimens and excised tumors following chemotherapy were used
for real-time PCR. Real-time PCR revealed that 3 of 3 excised
specimens of osteosarcoma increased EGRI expression 7.87- to
1.73-fold (A). Once day after 4 pg doxorubicin treatment, RNA
was extracted [rom tumor in nude mice xenograflt models. Real-
time PCR revealed that low dose chemotherapy increased EGRI
expression in vivo (B) (P<0.05). The comparative Ct (AACY)
method was used to determine flold change in expression. These
experiments were performed in triplicate with similar results [error
bars represent mean (SD)J.

(1119

Figure 83 Forced expression of EGR1 does not affect
osteosarcoma cell growth in vitro. We wranslected control
vector or EGR1 expression vecior, and examined osteosarcoma
cell growth. MT'T assay revealed that growth of viable 143B, Saos-
2, and HOS cells over 8 days was not affected by forced expression
of EGR1 (A). These experiments were performed in triplicate with
similar results [error bars represent mean (SD)]. Colony formation
assay revealed that forced expression of EGR1 did not affect the
number of colonics in soft agar (B). 'These experiments were
performed in triplicate with similar results [error bars represent
mean (SD)}.

(I'LEF)

Figure 84 Forced expression of EGR1 decreased the
expression of uPA and uPAR. Cell lysatc were prepared from
control vector or EGR1 expression vector stably transfected cells.
ELISA assay showed that forced expression of EGR1 decreased
the expression of uPA and uPAR proteins in 143B (P<<0.03) (A).
The expression of uPA and uPAR decreased in Saos-2 and HOS
(P<<0.05) (B, C). These experiments were in triplicate with similar
rvesults [error bars represent mean (SD)).

(LTF)
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Figure S5 Low dose anti-tumor agent treatment de-
creased the expression of uPA and uPAR. Yollowing 24 h
drug treatments, total RNA extracted from osteosarcoma cell lines
were analyzed by real-ime PCR. Treatment with cisplatin,
methotrexate, etoposide or doxorubicin decrcased uPd and uPAR
expression in 143B and Saos-2 cells (P<<0.05). The comparative Gt
(AACH method was used to determine fold change in expression
using GAPDH or ACTB. Experiments were performed in triplicate
with similar results [error bars represent mean (SD)).

(TIF)

Figure 86 Chemotherapy prevents expression of uPA
and #PAR by down-regulation of EGR1. Twenty four hours
aficr 4 pg doxorubicin treatment, RNA was extracted from
tumour in nude mice xenograll model. Real-time PCR revealed
that chemotherapy decreased uPd and «PAR cxpression in vivo (A)

(P<0.05). To examined whether EGR1 affects the expression of

uPA and uPAR in vivo. RNA was prepared [rom tumor formed by
control vector or EGR1 expression vector transfected cells. Real-
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Abstract

The Hedgehog pathway functions as an organizer in embryonic development. Aberrant activation of the Hedgehog
pathway has been reported in various types of malignant tumours. The GLI2 transcription factor is a key mediator
of Hedgehog pathway but its contribution to neoplasia is poorly understood. To establish the role of GLI2 in
osteosarcoma, we examined its expression by real-time PCR using biopsy tissues. To examine the function of GLI2,
we evaluated the growth of osteosarcoma cells and their cell cycle after GLI2 knockdown. To study the effect of
GLI2 activation, we examined mesenchymal stem cell growth and the cell cycle after forced expression of GLI2.
We found that GLI2 was aberrantly over-expressed in human osteosarcoma biopsy specimens. GLI2 knockdown
by RNA interferences prevented osteosarcoma growth and anchorage-independent growth. Knockdown of GLI2
promoted the arrest of osteosarcoma cells in G; phase and was accompanied by reduced protein expression of the
cell cycle accelerators cyclin D1, SKP2 and phosphorylated Rb. On the other hand, knockdown of GLI2 increased
the expression of p219P', In addition, over-expression of GLI2 promoted mesenchymal stem cell proliferation
and accelerated their cell cycle progression. Finally, evaluation of mouse xenograft models showed that GLI2
knockdown inhibited the growth of osteosarcoma in nude mice. Our findings suggest that inhibition of GLI2 may

represent an effective therapeutic approach for patients with osteosarcoma.
Copyright © 201 | Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
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Introduction

Osteosarcoma is a highly malignant bone tumour and
is the most commonly encountered malignant bone
tumour in children and adolescents [1,2]. Furthermore,
a large number of patients with osteosarcoma even-
tually develop pulmonary metastases and die, despite
conventional multi-agent chemotherapy and surgical
excision of the tumour mass [3]. The survival rate of
patients treated with intensive multidrug chemother-
apy and aggressive local control interventions has
been reported to be 60-80% [4,5]. In patients with
a high-grade osteosarcoma, the clinical detection of
a metastatic disease at first diagnosis is predictive of
a poor outcome, with long-term survival rates in the
range 10—40% [6]. It has been reported that aberrant
activation of cell cycle progression affects the patho-
genesis of osteosarcoma [7]. Although inactivation of
the deregulated cell cycle seems promising, the molec-
ular mechanisms of osteosarcoma cell growth remain
unclear.

Hedgehog—GLI signalling is involved in various
steps of development and is induced via the Patched

Copyright © 201 | Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

(PTCHI1) and Smoothened (SMO) Hedgehog receptors.
Activated SMOs promote the translocation of GLI
zinc-finger transcription factors into the nucleus [8,9].
In mammals, three transcription factors, viz GLII,
GLI2 and GLI3, activate the transcription of Hedge-
hog target genes [10,11]. The transcription induced by
Gli2 is crucial for development, because Gli2 knock-
out mice die prenatally and show defects of the central
nervous system [12]. Aberrant activation of Hedge-
hog pathway is associated with malignant tumours
(reviewed in [13]). Our findings indicate that GLI2 is
actively involved in the patho-aetiology of osteosar-
coma, because suppression of GLI2 inhibits osteosar-
coma growth via cell cycle regulation.

Materials and methods

Cell culture

The osteosarcoma cell lines 143B, Saos-2 and HOS
were purchased from the American Type Culture Col-
lection (ATCC; Manassas, USA). Osteosarcoma cells

J Pathol 201 1; 224: 169-179
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were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS), peni-
cillin (100 U/ml) and streptomycin (100 pg/ml). The
human hTERT-immortalized mesenchymal stem cell
line (YKNK-12) was kindly provided by Dr Kobayashi
(Okayama University) [14]. YKNK-12 cells were
grown in the culture medium described above. Nor-
mal human osteoblast cells (NHOsts; Sanko Junyaku,
Tokyo, Japan) were grown in OBM™ medium (Cam-
brex, East Rutherford, NJ, USA). All cells were cul-
tured at 37 °C in a humidified incubator containing 5%
CO,.

Biopsy samples

Human osteosarcoma biopsy tissues were collected
from primary lesions before any diagnostic or ther-
apeutic treatment. Control specimens were collected
from the femoral bone of patients undergoing total hip
arthroplasty. The study protocol was approved by the
Review Board of Graduate School of Kagoshima Uni-
versity. Written informed consent was obtained from
all patients.

Cell growth assay

The 3-(4,5-dimethylthiazol-2-yl)-2.5-diphenyltetra-
zolium bromide (MTT) assay was used to evaluate
cell proliferation, as previously described [15]. Briefly,
cells cultured on microplates were incubated with the
MTT substrate for 4 h, and subsequently lysed. The
developed optical density of the compound was then
analysed using a microplate reader (Bio-Rad, Her-
cules, CA, USA). GANT61 was obtained from Alexis
Biochemicals (CA. USA). The pCS2-MT GLI2AN
plasmid was provided by Addgene (MA, USA). GLI2
siIRNA was purchased from Santa Cruz Biotechnol-
ogy (CA., USA). An shRNA plasmid for human GLI2
was purchased from SA Biosciences (MD, USA). GLI2
and control shRNAs were cloned into the pGeneClip™
neomycin-resistant vector, which is under the control of
the Ul promoter. Transfection of the plasmid was per-
formed according to the supplier’s recommendations,
using FuGENEG6 (Roche, Basel, Switzerland).

Soft agar assay

Cells were suspended in DMEM containing 0.33% soft
agar and 5% FBS, and then plated on a 0.5% soft agar
layer. The cells were cultured at a density of 5 x 10
cells/well in six-well plates. Fourteen days later, the
number of colonies was counted. Every experiment
was performed in triplicate, and all experiments were
performed three times.

Real-time quantitative PCR assay

Real-time quantitative PCR assay was performed as
previously described [16]. Each primer set used ampli-
fied a 150-200 bp amplicon. The miR-Vana RNA iso-
lation kit or TRIzol (Invitrogen, Carlsbad, CA, USA)
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were used for total RNA purification. PCR was per-
formed using SYBR Green as the dye for quantifi-
cation (Bio-Rad) and analysed using MiniOpticon™
(Bio-Rad). The comparative Ct (#* Ct) analysis
method was used to evaluate the fold change of
mRNA expression, using the expression of GAPDH
or ACTB as a reference. All PCR reactions were
performed in triplicate. All primers were designed
using Primer3 software. The following primers were
used: PTCHI: 5-TAACGCTGCAACAACTCAGG-3,
5'-GAAGGCTGTGACATTGCTGA-3'; SMO: 5'-GGG
AGGCTACTTCCTCATCC-3, 5-GGCAGCTGAAGG
TAATGAGC-3; GLI2: 5'-CGACACCAGGAAGGAA
GGTA-3', 5-AGAACGGAGGTAGTGCTCCA-3"; ¢y-
clin DI: 5-ACAAACAGATCATCCGCAAACAC-3,
5-TGTTGGGGCTCCTCAGGTTC-3'; SKP2: 5'-TGG
GAATCTTTTCCTGTCTG-3, 5-GAACACTGAGAC
AGTATGCC-3"; GAPDH : 5-GAAGGTGAAGGTCG
GAGTC-3, 5-GAAGATGGTGATGGGATTTC-3;
ACTB: 5'-AGAAAATCTGGCACCACACC-3', 5-AG
AGGCGTACAGGGATAGCA-3'.

Western blotting

Cells were lysed using NP40 buffer including 0.5%
NP40, 10 mM Tris—HCI, pH 7.4, 150 mM NaCl,
3 mM pAPMSF (Wako Chemicals. Kanagawa, Japan),
5 mg/ml aprotinin (Sigma, St Louis, MO, USA),
2 mM sodium orthovanadate (Wako Chemicals, Kana-
gawa, Japan) and 5 mM EDTA. SDS-PAGE and
immunoblotting were subsequently performed and the
following antibodies used: GLI2, cyclin D1, p21,
SKP2, pRb and actin (Santa Cruz). The ECL reagent
was used and chemiluminescence detected (Amersham,
Giles, UK).

Plasmid construction

A fragment containing the GLI2ZAN region was ob-
tained from the pCS2-MT GLI2AN plasmid (Addgene)
and subcloned into the pcDNA3 plasmid.

Luciferase assay

8 x 3’GIi-BS—851Lucll (GLI-Luc) and 8 x m3'Gli-
BS—-351Lucll (mutant-Luc) reporter genes were kindly
provided by Dr Sasaki H. [17.18]. Luciferase assays
were carried out as described previously [19]. In
brief, cells (1.5 x 10* cells/well) were transfected with
400 ng/well of firefly luciferase expression vectors and
1 ng/well internal control vector, pGL4.74 (Promega,
Madison, W1, USA) using the FuGENES6 followed by
the incubation for 24 h. Recombinant Sonic Hedgehog
(R&D Systems, Minneapolis, MO, USA) was added
to the well and after 24 'h the activities of luciferase
were measured, using the Dual-Luciferase Reporter
Assay System (Promega) according to the supplier’s
instructions.
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Animal model

Xenograft experiments were performed as previously
described [20]. Briefly, control or GLI2Z shRNA-
transfected 143B cells (1 x 10°) were suspended in
100 pl Matrigel (BD, NJ, USA). Cell suspensions were
subcutaneously inoculated in 5 week-old nude mice.
Tumour size was calculated weekly, using the for-
mula LW?2/2 (where L and W represent the length and
width of the tumour). Mice were randomly treated with
GANT61 (50 mg/kg) or an equal volume of DMSO as
control. GANT61 or DMSO was also injected subcu-
taneously. Injection of GANT6! started 1 week after
inoculation of 143B cells. Treatments with GANT61
or DMSO were performed every other day. All ani-
mal experiments were performed in compliance with
the guidelines of the Institute of Laboratory Ani-
mal Sciences, Graduate School of Medical and Den-
tal Sciences, Kagoshima University. Every effort was
employed to minimize the number of animals used and
animal pain.

Cell cycle analysis

Cells were harvested with trypsin—EDTA. The cells
were rinsed with PBS. fixed with 70% ethanol for
2 hr at 4°C, washed three times with cold PBS
and resuspended with 500 pL staining buffer con-
taining PBS, pH 7.4. RNase A and 50 pg/ml pro-
pidium iodide (Wako). DNA content was examined
by flow cytometry, using FACS Vantage SE (Becton-
Dickinson. Franklin Lakes, NJ, USA) or CyAn™ ADP
(Beckman Coulter, CA. USA) with FlowJo software
(Tree Star) and Summit software (Beckman Coulter),
respectively.

Statistical analysis

All experiments were performed three times unkess
otherwise stated, and samples were analysed in trip-
licate. Results are presented as mean (SD). The statis-
tical difference between groups was assessed by apply-
ing Student’s 7-test for unpaired data, using Microsoft
Office Excel (Microsott, Albuquerque, NM, USA) and
Statistica (StatSoft, Tulsa. OK, USA).

Results

Activation of Hedgehog pathway in human
osteosarcoma

We previously reported that several genes of the
Hedgehog pathway were increased in five osteosar-
coma cell lines and nine osteosarcoma biopsy spec-
imens [21]. In the present study, we examined the
expression of SMO, PTCHI and GLI2 in three addi-
tional osteosarcoma biopsy tissues. We found that SMO
expression was up-regulated in all osteosarcoma patient
tissues, from 7.3- to 183-fold (Figure |A). Similarly,
the expression of PTCHI and GLI2 was up-regulated
in all three biopsy samples. from 8.6- to 72.3-fold
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and from 1.6- to 45.6-fold, respectively (Figure 1A).
In agreement with these results, recombinant Sonic
Hedgehog activates a reporter gene carrying 8 x 3’ Gli-
BS—851Lucll (GLI-Luc) in 143B and Saos-2 human
osteosarcoma cells (Figure 1B) [17.18]. These findings
corroborate our previous findings and indicate that the
Hedgehog pathway is active in human osteosarcoma
[21].

Inhibition of GLI prevents osteosarcoma cell
proliferation

To examine the effects of GLI inhibition. we used
GANTG61. a pharmacological agent known to effec-
tively block GLI transcription [22]. The MTT assay
revealed that GANT61 dose-dependently inhibited
the proliferation of 143B, Saos-2 and HOS cells
(Figure 2A-C). In contrast, the same concentration of
GANTG61 did not affect the proliferation of normal
human osteoblasts (NHOst) (Figure 2D). These find-
ings suggest that inhibition of GLI prevents osteosar-
coma proliferation in vitro.

Knockdown of GL/2 prevents osteosarcoma
proliferation in vitro

In order to evaluate the function of GLI in osteosar-
coma, we knocked down GLI expression by using
siRNA; scrambled siRNA was used as a negative
control. MTT assay revealed that knockdown of
GLIT did not affect the osteosarcoma cell prolifer-
ation (data not shown). On the other hand, MTT
assay showed that knockdown of GLI2 inhibited the
proliferation of 143B and Saos-2 cells (Figure 3B).
To rule out the possibility of an artifact due to
off-target effects, we transfected the cells with two
other shRNA sequences and obtained results com-
parable to those observed with GLI2 siRNA (data
not shown). We next examined the effects of GLI2
knockdown on anchorage-independent osteosarcoma
growth. The colony formation assay revealed that
knockdown of GLI2 reduced the number of colonies
formed in soft agar (Figure 3C). These findings
revealed that GLIZ knockdown inhibits osteosarcoma
growth.

GLI2 knockdown prevents cell cycle progression
of human osteosarcoma cells

We next examined the role of GLI2 in the regulation of
cell cycle. In 143B cells, following GLI2 knockdown
by GLI2 shRNA., the proportion of cells in G; phase
increased from 74.2% to 80.4% (Figure 4A). In Saos-
2 cells, following GLI2 knockdown by GLI2 shRNA,
the proportion of cells in G| phase increased from
60.5% to 68.7% (see Supporting information, Figure
S1A), indicating that knockdown of GLI2 promoted
cell cycle arrest. We further examined the expression
of cell cycle-related genes. Real-time PCR revealed
that knockdown of GLI2 decreased the expression
of cell cycle accelerators. such as cyclin DI and

J Pathol 201 |; 224: 169—179
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Figure 1. Activation of the Hedgehog pathway in human osteosarcoma. (A) Total RNA obtained from osteosarcoma biopsy tissues was
examined by real-time quantitative PCR. Comparative Ct (44 Ct) analysis was performed to evaluate fold changes of mRNA expression
using GAPDH or ACTB. All three human osteosarcoma biopsy specimens showed increased expression of SMO (7.3-183.0-fold), PTCH1
(8.6-72.3-fold) and GLI2 (1.6-45.6-fold). (B) 143B and Saos-2 cells were co-transfected with 8 x 3’ Gli-BS-851Lucll (GLI-Luc), 8 x m3’
GLI-BS-351Lucll {mutant-Luc) and internal control luciferase vector. The cells were treated with recombinant sonic hedgehog (rSHH). The
luciferase activity was analysed after 24 h transfection and normalized to internal control luciferase activity. Values represent mean =+ SD

(n=13).

SKP2 (Figure 4B). In mammals, cell cycle regula-
tors are short-lived proteins that are regulated by pro-
tein degradation. Western blot analysis further con-
firmed that knockdown of GLI2 decreased the pro-
tein levels of cyclin D1, pRb and SKP2 (Figure 4C).
We next examined the expression of p219P!, a neg-
ative regulator of cell cycle progression. Western
blot analysis revealed that p21°P! was up-regulated
following knockdown of GLI2Z (Figure 4C). Taken
together, these findings indicate that knockdown of
GLI2 promoted cell cycle arrest in Gy phase by
inhibiting the progression of the cycle from Gy to S
phase.

Copyright © 201! Pathological Society of Great Britain and Ireland.
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Over-expression of GLI2 accelerates mesenchymal
stem cell proliferation

To examine the role of GLI2Z in the pathogenesis
of osteosarcoma, we over-expressed GLI2. Although
the origin of osteosarcoma is still controversial, it is
believed that it originates from osteoblasts or mes-
enchymal stem cells [23]. In this regard, we studied
the effects of GLI2 over-expression in the immor-
talized human mesenchymal stem cell line (YKNK-
12) [14]. We assessed the proliferation of YKNK-12
cells following transfection with the GLI2AN expres-
sion vector, which exhibits potent transcriptional activ-
ity in vivo [24]. The MTT assay showed that forced

] Pathol 201 1; 224: 169~179
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Figure 2. Inhibition of GLI prevents osteosarcoma cells proliferation. (A-C) GANT61 dose-dependently inhibited the growth of 143B,
Saos-2 and HOS cells at 72 h (*p < 0.01). (D) At the same time point, GANT61 did not affect the growth of normal osteoblast cells (NHOst)

(n > 3; error bars indicate SD).

expression of GLI2ZAN promoted YKNK-12 prolifera-
tion to a greater extent than transfection with control
vector (Figure 5B). These findings suggest that GLI2
promotes mesenchymal stem cell proliferation. We also
examined the role of GLI2 in regulating cell cycle in
mesenchymal stem cells. Following forced expression
of GLI2AN. 62.9% of the cells were in G; phase,
12.5% were in S phase and 22.9% were in the G;—M
phase, whereas 72.0%, 9.8% and 17.0% of cells were
in G;. S and G,—M phases, respectively, following
transfection with the control vector (Figure 5C). These
findings suggest that GLI2 accelerates cell cycle pro-
gression of mesenchymal stem cells.

GLI2 knockdown inhibits osteosarcoma growth
in nude mice

To confirm the role of GLI2 knockdown in osteosar-
coma growth. we tested the effects of GLI2 knockdown
in nude mice. Inoculation of 143B cells, previously
transfected with GLI2 shRNA, resulted in a statisti-
cally significant reduction of tumour growth as com-
pared with inoculation of 143B cells transfected with
control shRNA (Figure 6A). Kaplan—Meier analysis
revealed that knockdown of GLI2 in 143B cells pro-
vided a statistically significant survival benefit in mice

Copyright © 201 | Pathological Society of Great Britain and Ireland.
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(Figure 6B). These findings show that GLI2 knock-
down inhibits osteosarcoma cell growth in nude mice.

Discussion

Our findings demonstrate that GLI2 transcription factor
significantly contributes to the growth of osteosarcoma
cells. Our findings thus suggest that GLI2 might be
an attractive target for therapeutic intervention, par-
ticularly in patients with high-grade and/or metastatic
osteosarcoma. Small-molecule inhibitors of GLI tran-
scription factors. such as GANT61, that efficiently
inhibit the proliferation of prostate cancer cells have
recently been identified [22]. MTT assay showed that
GANTG6! effectively inhibited osteosarcoma cell pro-
liferation in vitro. We used 50 mg/kg GANT6! to
inhibit GLI in a mouse xenograft model as previ-
ously described [22]. All injections were performed
at a distance of 2-3 cm from the tumour site. We
found no differences in osteosarcoma growth between
the GANTO61- and the control DMSO-treated groups
(see Supporting information, Figure SIB). One possi-
ble explanation for this discrepancy is given by the
difference in cell viability or permeation of GANT61

J Pathol 201 1; 224: 169—179
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Figure 3. GLI2 knockdown inhibits proliferation of osteosarcoma cells. (A) Transfection of GL/2 siRNA resulted in a >70% knockdown
efficiency of GLI2 [error bars represent mean (SD)]. 44 Ct analysis was performed to evaluate the fold change in GLIZ mRNA expression,
using GAPDH or ACTB. (B) Growth at 72 h of 143B and Saos-2 cells was inhibited by GLI2 siRNA. The experiment was performed in triplicate
with similar resuits (*p < 0.01) [error bars represent mean (SD)]. (C) A reduced number of colonies was observed in soft agar following
GLI2 knockdown. These experiments were performed in triplicate with similar results (*p < 0.01; **p < 0.05) [error bars represent mean

(SD)].

between the osteosarcoma and prostate cancer cells
in vivo. Nonetheless, these two studies independently
suggest that low-molecular-weight compounds can
inhibit malignant tumours in vitro. Moreover, these
findings suggest that other GLI-specific inhibitors may
have a powerful therapeutic potential for the manage-
ment of osteosarcoma and other malignancies char-
acterized by constitutive activation of the Hedgehog
signalling pathway.

For invive GLIZ RNA interference studies, we
inoculated 143B osteosarcoma cells that had been
previously transfected with GLI2 shRNA. Although
knockdown of GLI2 by shRNA significantly inhibited

Copyright © 2011 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

osteosarcoma growth in nude mice, this method is
not clinically applicable. Recently, the potential clin-
ical usefulness of RNA interference in mammalian
cells has been demonstrated, with no reported inter-
feron activation {25]. In addition, Davis eral [26]
reported a human phase [ clinical trial involving the
systemic administration of siRNA to patients with solid
cancers; they demonstrated that siRNA administered
systemically to a human can inhibit a specific gene.
These findings strongly suggest that administration of
GLI2 siRNA might be a promising new treatment for
osteosarcoma.
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Figure 4. Knockdown of GL/2 promotes cell cycle arrest in the G; phase. (A) Following transfection of GLI2 shRNA, the efficacy of
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(B) When 143B cells were transfected with control shRNA, 74.2% of them were in G; phase, while when they were transfected with GL/2
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GLI2 decreased the expression of the cell cycle accelerators, cyclin D1 and SKP2 [error bars represent mean (SD)]. (C) Western blot analysis
revealed that knockdown of GL/2 decreased the protein levels of cyclin D1, pRb and SKP2. Western blot analysis revealed that knockdown

of GLI2 increased the expression of p219°", a negative regulator of cell cycle progression.

We previously reported that inhibition of SMO by
cyclopamine or by SMO RNA interference reduced
the growth of osteosarcoma via cell cycle regulation
[21]. Compared to several potential mutational targets
within the Hedgehog pathway downstream of SMO
already discovered, the group of tumours that would
benefit from direct GLI inhibition is substantial and
likely to increase. For instance, it has been reported
that inhibition of GLI. but not SMO. induced apoptosis
in chronic lymphocytic leukaemia cells [27].

In order to examine the molecular mechanisms of
GLI2 up-regulation. we examine genomic amplification
of the GLI2 locus. We performed cytogenetic studies
in three osteosarcoma specimens. FISH analysis using
specific probes for the GLI2 locus revealed no chromo-
somal abnormalities in our osteosarcoma biopsy tissues
(data not shown): this region of the genome is known
to be amplified in some tumour specimens [28-32].

Copyright © 201 | Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

Further examinations should be done to elucidate the
molecular mechanisms of GLI2 up-regulation.

We showed that knockdown of GLI2 decreased the
expression of SKP2 [33.34]. In addition, we found
that knockdown of GLIZ increased the expression of
p21¢iPl  SKP2 is a subunit of the SCFS¥P? complex,
a ubiquitin-dependent ligase. Down-regulation of the
SCFSKP2 complex may promote a cell cycle arrest in
G phase by inhibition of p21“P! degradation. Several
key signalling pathways. including Hedgehog, TGFp.
BMP, Notch and Wnt, are engaged in essential pro-
cesses of embryonic development. Recently. it has been
clarified that these pathways also play important roles
in the pathogenesis of malignant tumours (reviewed in
[35]). In addition, it has been shown that there is a
direct interaction or crosstalk among these key path-
ways (reviewed in [36]). We previously reported that

J Pathol 201 1; 224: 169179
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Figure 5. Over-expression of GLI2 accelerates mesenchymal stem cell proliferation. (A) Western blot analysis revealed that cells transfected
with the GLI2AN expression vector reacted positively with the anti-GLI2 antibody. (B) We assessed the proliferation of YKNK-12 cells
following transfection with the GLI2AN expression vector, which exhibits a potent transcriptional activity. The MTT assay showed that
forced expression of GLIZAN promoted YKNK-12 cell proliferation to a greater extent than transfection with control vector (*p < 0.01)
[error bars represent mean (SD)]. (C) Cell cycle analysis of YKNK-12 cell revealed that 62.9% and 72.0% of the cells were in G phase
following forced expression of GLIZAN and transfection with control vector, respectively. Furthermore following forced expression
of GLI2ZAN, 12.5% and 22.9% of the cells were in the S and G;-M phase, respectively, whereas 9.8% and 17.0% of the control

vector-transfected cells were in the S and G, ~M phase, respectively (*p < 0.01; **p < 0.05).

the Notch pathway is activated in human osteosar-
coma and that its activation promotes osteosarcoma
cell growth [37]. In turn, activation of the Notch path-
way promotes transcription of SKP2. SKP2 might thus
mediate the crosstalk between the Notch and Hedge-
hog pathways. Further studies are needed to elucidate
the role of interaction between these pathways in the
pathogenesis of osteosarcoma.

Several recent studies have demonstrated that the
anti-tumour effects of Hedgehog pathway inhibitors
are mediated by their effects on tumour stromal
cells [38,39]. Other studies have demonstrated that
Hedgehog pathway inhibitors directly affect cancer
cells [21,22,40-44]. Our findings showed that both
GLI inhibition and GLI2 knockdown directly inhibit

Copyright © 2011 Pathdlogical Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd. www.pathsoc.org.uk

osteosarcoma cell growth. Further studies are needed
to establish the role of GLIZ activation in response
to paracrine and autocrine Hedgehog signalling in
osteosarcoma cells.

The hypothesis that malignant tumours are generated
by rare popuiations of tumour-initiating cells (TICs),
also called cancer stem cells, that are more tumouri-
genic than other cancer cells, has gained increas-
ing credence [22.45]. We and others have reported
that some bone and soft tissue sarcomas are gener-
ated by TICs [16,46]. The Hedgehog pathway has
been implicated in the maintenance of normal stem
cell or progenitor cells in many tissues, including the
epithelia of many internal organs and brain [47]. Mag-
ali er al [48,49] reported that inhibition of Hedgehog

] Pathol 201 1; 224: 169179
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Figure 6. GLI2 knockdown inhibits osteosarcoma growth in nude mice. (A) Following transfection of control shRNA or GL/2 shRNA, 1 x 10°
143 B cells were subcutaneously inoculated in nude mice. Tumour size was calculated weekly by using the formula LW?/2 (where L and W
represent the length and width of tumours). Seven days after inoculation, tumour volume was set as 1 and the increase in tumour volume
was calculated at different time points, using the above formula. GL/2 shRNA-transfected cells demonstrated a significant inhibition of
tumour growth as compared with control shRNA-transfected cells (n = 6; *p < 0.01) [error bars represent mean (SD)]. Kaplan-Meier
analysis revealed that knockdown of GLI2 provided a significant survival benefit (n = 6; *p < 0.01).

signalling depletes TICs, whereas constitutive activa-
tion of Hedgehog signalling increases the number of
TICs and accelerates tumour progression. These find-
ings suggest that inhibition of the Hedgehog path-
way might decrease the proportion of osteosarcoma
TICs. The presence of a high aldehyde dehydroge-
nase (ALDH) activity has been used to identify TICs in
malignant tumours [S0-52]. Recently, Wang ¢t al [53]
reported that TICs obtained from osteosarcoma can be
identified by a high ALDH activity. In this regard. we
determined the proportion of cells with a high ALDH
activity following GLI2 siRNA transfection. At base-
line, 30.6% of 143B cells showed a high ALDH activ-
ity. Seven days after GLI2 siRNA transfection, there
was no change in the proportion of cells with a high
ALDH activity (data not shown). Further studies are
needed to determine the impact of Hedgehog pathway
inhibition on the proportion of TICs in other osteosar-
coma cell lines or using other methodologies to identity
TICs. In conclusion, our findings demonstrate that inhi-
bition of GLI2 prevents osteosarcoma growth. These
finding improves our understanding of osteosarcoma
pathogenesis and suggest that inhibitions of GLI2 may
be regarded as an effective treatment for patients with
osteosarcoma.
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Incidence of Outer Foveal Defect After Macular
Hole Surgery

HIROKI KAWANO, AKINORI UEMURA, AND TAIJI SAKAMOTO

® PURPOSE: To determine the incidence of outer foveal
defects after macular hole surgery and to evaluate the
relationship between the defect and visual outcome.

® DESIGN: Retrospective, observational case series.

® METHODS: A retrospective analysis was performed
on 50 eyes from 50 patients who underwent macular
hole surgery with a follow-up period of 12 months or
more. We evaluated the presence of outer foveal
defects using time-domain optical coherence tomogra-
phy and best-corrected visual acuity at several postop-
erative time points. The main outcome measures are
the incidence of an outer foveal defect and the best-
corrected visual acuity.

® RESULTS: The incidence of an outer foveal defect at 1,
3, 6, and 12 months after surgery was 49%, 50%, 47%,
and 31%, respectively. There were no statistical differ-
ences in the postoperative visual acuity between eyes
with and without an outer foveal defect at each postop-
erative time point.

® CONCLUSIONS: Outer foveal defects after successful
macular hole surgery were observed in approximately
half of the eyes during the early postoperative period and
one third of the eyes at 12 months postoperatively, suggest-
ing that it takes longer than expected to recover the normal
foveal anatomy after surgery. The presence of outer foveal
defects did not significantly correlate with the visual out-
come. (Am ] Ophthalmol 2011;151:318-322. © 2011
by Elsevier Inc. All rights reserved.)

INCE THE INTRODUCTION OF VITRECTOMY FOR THE
treatment of macular hole in 1991, vitreous surgery

has become the standard in therapy for the disease.

The success rate of macular hole surgery after the intro-
duction of the internal limiting membrane peeling tech-
nique has been reported to be as high as 85% to 100%."*
Optical coherence tomography (OCT) has become the
gold standard for the diagnosis of macular hole and for
confirming the anaromic closure of the macular hole after
surgery. Recent imnovations in OCT enable the detailed
observation of retinal anatomy, including the photorecep-
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tor layer. Previous reports suggested that repair of the
photoreceptor layer was associated with visual improve-
ment after macular hole surgery.”™!!

In the process of macular hole closure, bridging of the
inner retina was first observed.'? In the early postoperative
period, therefore, OCT occasionally demonstrated hypore-
flective defects in the outer fovea.'>"® In fact, several
reports have documented the hyporeflective defects using
OCT after macular hole surgery or after spontaneous
closure of macular holes.® 116 However, there is little
information about the incidence of this anatomic change
following macular hole surgery.”® Additionally, the rela-
tionship between the presence of outer foveal defects and
the visual outcome has not been fully understood.

The purpose of this study was to determine the inci-
dence of an outer foveal defect after successful macular
hole surgery. Also, we investigated the possible correlation
between the presence of an outer foveal defect and the
visual outcome.

METHODS

WE RETROSPECTIVELY REVIEWED PATIENT RECORDS TO
identify patients who underwent pars plana vitrectomy for
idiopathic macular holes performed by a single surgeon
between December 1, 2004 and July 31, 2008 at a single,
referral-based hospital. Inclusion criteria were stage 2-4
idiopathic macular hole and a 12-month or longer fol-
low-up after surgery. Patients with myopia greater than 6
diopters, symptoms longer than 12 months, or history of
vitreous surgery were excluded. Also excluded from the
study were patients with failure to close the macular hole.
Therefore, a total of 50 eyes from 50 patients (15 male and
35 female; mean age, 65.6 years) were included in this
study. The study included 19 in stage 2 macular hole, 22 in
stage 3, and 9 in stage 4. The staging of the macular hole
was determined by slit-lamp examination and classified
according to Gass classification.

Surgery was performed by a single surgeon. Informed
consent was obtained prior to surgical intervention in all
patients. A standard 3-port pars plana vitrectomy was
performed in all patients using retrobulbar anesthesia. The
crystalline lens was removed by phacoemulsification fol-
lowed by intraocular lens implantation before pars plana
vitrectomy in phakic eyes. After core vitrectomy, the
posterior vitreous was separated from the retina, if still

0002-9394/$36.00
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FIGURE 1. Tomographic features of an outer foveal defect
after macular hole surgery. Outer layer defect with (Top) a
disruption of an inner and outer segment (IS/OS) line,
(Middle) a foveal detachment with a continuous IS/OS line,
and (Bottom) a foveal detachment with a disruption of IS/OS
line.

attached. The internal limiting membrane (ILM) peeling
was performed using a microvitreoretinal blade and vitreo-
retinal forceps after staining the ILM with triamcinolone
acetonide. After a fluid-air exchange, an air-gas exchange
was performed using 20% sulfur hexafluoride (SF6), and
the patient was asked to maintain a face-down position for
at least 5 days.

The patients underwent complete ophthalmologic ex-
aminations including best-corrected visual acuity measure-
ments, slit-lamp biomicroscopy, indirect ophthalmoscopy,
fundus photography, and OCT examinations. Before sur-
gery, the macular hole size was recorded using OCT,
specifying its minimum, or aperture, diameter from the
closest lip of the hole to its center. Preoperative examina-
tions were performed the day before the macular hole
surgery, and follow-up was scheduled at 1, 3, 6, and 12
months after the surgery. At each visit, all patients
underwent visual acuity measurements, indirect ophthal-
moscopy, slit-lamp examinations, fundus photographs, and
OCT.

OCT examinations were performed using Stratus OCT
(Carl Zeiss Meditec, Inc, Humphrey Division, Dublin,

Vor. 151, No. 2

California, USA) after pupil dilation using fixation on
an internal target to define the center of the fovea and
recording 10 horizontal transfoveal scans and 10 vertical
scans by a single expert examiner. Particular attention
was paid to the outer layers of the fovea, especially outer
foveal hyporeflective defects over the retinal pigment
epithelium (RPE). If at least 1 of the scans showed an
outer foveal defect, the scans from that eye were
selected for analysis.

The definition of outer foveal defect for the purpose
of this study was the appearance of an outer foveal
hyporeflective defect on OCT images. We divided the
outer foveal defects seen on OCT into 4 groups: outer
layer defect, foveal detachment, complex, and unclassi-
fied (Figure 1). The outer layer defect type included a
complete disruption of the photoreceptor inner and
outer segment (IS/OS) junction with a hyporeflective
empty space between them. The foveal detachment type
included an elevation of the outer foveal layer with a
continuous [S/OS junction. The complex type demon-
strated foveal detachment with a disruption of IS/OS
junction.

Visual acuity data were converted to the logarithm of
the minimal angle of resolution (logMAR) and analyzed
using StatView software (Abacus; Abacus Concepts,
Inc., Berkeley, California, USA). The ¢ test was used to
compare preoperative and postoperative visual acuities.

RESULTS

THE INCIDENCE OF AN OUTER FOVEAL DEFECT AT 1, 3, 6,
and 12 months was 49% (23/47), 50% (21/42), 47%
(17/36), and 31% (15/48), respectively (Table 1). The
types of outer foveal defects in the 23 eyes ar 1 month
included outer layer defects in 18 eyes (78%) and foveal
detachment in 4 eyes (17%). At 12 months, all 15 eyes
with defects were classified as outer foveal layer defects
(Figure 2).

We compared the preoperative and postoperative
characteristics between eyes with and without an outer
foveal defect at each visit. There were no statistical
differences in visual acuity at the 12-month follow-up
time point between eyes with and withour defects
(Table 2). Also, preoperative macular hole stage was not
associated with the presence of defects. Eyes without an
outer foveal defect had better improvement in visual
acuity, but the difference was not statistically signifi-
cant. Similar results were found at the 1-, 3-, and
6-month follow-up examinations, although preoperative
macular hole size was significantly smaller in eyes with a
defect than in eyes without a defect at the 1-month visit

(365 pm vs 464 pm).
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TABLE 1. Type of Outer Foveal Defect at Each Postoperative Period

Postoperative Time

1 Month 3 Months 6 Months 12 Months
Outer layer defect 18 (78%) 20 (95%) 16 (94%) 15 (100%)
Foveal detachment 4 (17%) 1(5%) 0 0
Combined 1(4%) 0 0
Unclassified 0 1(6%) 0
Total 23/47 (49%) 21/42 (50%) 17/36 (47 %) 15/48 (31%)

FIGURE 2. A persistent outer foveal defect after macular hole surgery in a 62-year-old man. (Top left) Preoperative fundus
photograph showing a macular hole in the left eye. (Bottom left) Fundus photograph at 12 months postoperatively showing
a closed macular hole. (Top right) Preoperative optical coherence tomography (OCT) shows a stage 2 macular hole. The visual
acuity is 20/100. (Second row right) Postoperative (1-month) OCT image shows a closed macular hole with an outer foveal
defect. Visual acuity is 20/50. (Third row right) Postoperative (6-month) OCT image demonstrates a persistent outer foveal
defect. Visual acuity is 20/20. (Bottom right) Postoperative (12-month) OCT image still demonstrates a defect of the outer

fovea. Visual acuity is 20/20.

DISCUSSION

THE PRESENCE OF A SUBFOVEAL HYPOREFLECTIVE SPACE
on OCT image after macular hole surgery has been
observed since the introduction of the first-generation
OCT. Takahashi and Kishi reported on a series of 25 eyes
with successfully closed macular holes, 44% of which had
a bridge formation of the tissue continuous with the inner

320 AMERICAN JOURNAL OF OPHTHALMOLOGY

retina within 1 month after surgery.'> Recent innovations
in OCT technology have revealed the detailed foveal
anatomy, including the photoreceptor layer, leading to a
more detailed analysis of macular pathology after surgery.
Several reports have described the importance of the
foveal photoreceptor layer and the relationship between
the disruption of the photoreceptor layer and visual out-
comes.” ! Therefore, the presence of an outer foveal

FEBRUARY 2011



atures Between Eyes
‘at 12-Month

With and Without Quter Foveal Defect:

Quter Foveal Defect

Present Absent P Value
Number of eyes 15 33
Female gender 66% 70% 54
Mean age, years 67.7 84.5 21
Preoperative MH diameter, um  419.3 407.1 .80

Preoperative VA logMAR 0.69 (0.20) 0.84(0.14) .09

(decimal)

Postoperative VA logMAR 0.13(0.75) 0.13(0.74) .92
(decimal)

Improvement of VA logMAR 0.56 0.71 .08

(Preoperative-12 months)

logMAR = logarithm of m
‘magcular hole; VA S

defect was thought to interfere with postoperative visual
improvement.’? However, little is known about the inci-
dence of defects in the macular hole surgery postoperative
course and the relationship between defects and visual
outcomes.

In the current study, outer foveal defects after unevent-
ful macular hole surgery were observed in half of the
patients at the early postoperative periods. Interestingly,
only one third of the patients still had the defect at 12
months after surgery. Previous reports have described the
incidence of hyporeflective defects after macular hole
surgery. Sano and associates observed foveal detachments
in 43% of eyes at 1 month and in 25% at 6 months after
macular hole surgery using spectral-domain OCT.? In their
report, there was no obvious description of the difference
between a foveal detachment and an outer foveal defect.
Ko and associates reported the incidence of an outer foveal
defect after macular hole surgery using ultrahigh-resolution
OCT: outer foveal defects were observed in 65% of the
eyes and persistent foveal detachments in 18%.'* Because
the patients underwent OCT examination at various
postoperative intervals, we cannot compare the results
with those of our study. Baba and associates observed
subretinal gaps in 17% of eyes 6 months after macular hole
surgery using Stratus OCT.” Christensen and colleagues
found persistent subfoveal fluid in one third of eyes at 3
months after macular hole surgery and in 6.8% atr 12
months after surgery.!’

The incidence of an outer foveal defect in the current
study was higher than those in previous reports, despite the
use of time-domain OCT. Although the real reason for the
high incidence is unknown, we speculate that detailed
OCT examinations searching for abnormalities of the
outer fovea may have resulted in the high incidence rate of
the defect. Therefore, it is expected that the incidence

VOL. 151, NO. 2

would have been even higher in the prospective study
using a high-resolution QCT. In fact, Inoue and associates
reported a detailed analysis of the photoreceptor layer after
macular hole surgery using spectral-domain OCT, and
observed 1S/OS junction abnormalities in 93% of patients
at the 12-month follow-up.!! These observations suggest
that outer foveal defects were present at a higher rate than
expected not only at the eatly postoperative time point but
also at 12 months after surgery.

We defined outer foveal defect as a hyporeflective
empty space directly below the center of the fovea in
this series. Most outer foveal defects were divided into 3
patterns: a disrupted IS/OS line, a foveal detachment
with continuous IS/OS line, and a foveal detachment
with a disrupted IS/OS line. Although foveal detach-
ments were seen in 21% of eyes at the early postopera-
tive period, all outer foveal defects at the 12-month
follow-up were IS/OS disruption type. Although these
empty spaces are thought to be the result of bridging of
the inner retinal layers in the early postoperative period,
the current study could not demonstrate how the empty
space was formed.

There have been no reports concering the preoperative
clinical factors associated with the development of an
outer foveal defect. In our study, there were no significant
factors associated with the presence of outer foveal defects
that were observed at 12-month follow-up. The only
televant factor was the preoperative macular hole size,
which was related to the defect observed at 1 month
postoperatively, but not at the 3-, 6-, and 12-month
follow-ups. It is probable, in a small macular hole, that a
bridge formation is likely to develop in the early postop-
erative period before the reapproximation of the outer
fovea.

Several reports have documented the relationship be-
tween the presence of an outer foveal defect and postop-
erative visual acuity. In this series, we found that the
presence of an outer foveal defect was not associated with
visual outcome at each time point. Sano and associates
showed that visual acuity was significantly better in eyes
with a continuous IS/OS line compared to eyes with a
disrupted 1S/OS line, in spite of the presence or absence of
outer foveal defects.® These facts might indicate that visual
acuity is determined not by the presence or absence of
defects but by the disruption of the photorecepror layer.
Previous reports have documented that larger disruption
of the photoreceptor layer was associated with a poorer
visual acuity after macular hole surgery.”™'! Therefore,
despite the presence of an outer foveal defect below the
center of the fovea, favorable visual acuity outcomes
may be possible when the defect is small and the
photoreceptor layer around the defect is relatively
normal on an OCT image.?’

This study has several limitations. The most important
limitation of the present study is that it is not a prospective
investigation. Additionally, we used a time-domain OCT
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in this study. Therefore, the percentage of eyes with an
outer foveal defect may have been underestimated in our
retrospective series. However, these limitations do not
change the fact that the presence of an outer foveal defect
on OCT is higher than expected even in the long-term
follow-up measurements.

In conclusion, an outer foveal defect after successful
macular hole surgery was observed in half of the eyes at
the early postoperative time point and in one third at 12
months postoperatively. After macular surgery, ana-
tomic recovery of the fovea might be gradual and take

more than a year to reach its maximum, as shown in
the functional recovery. The visual outcome may not be
dependent on the presence or absence of an outer foveal
defect, but rather on the size of the defect or the status
of the photoreceptor layer around the defect. Therefore,
macular hole surgeons should know that the presence of
a defect after macular hole surgery is common and not a
source of grave concern. Further studies with longer
follow-up times using high-resolution OCT are
needed to understand the pathogenesis of outer foveal
defects.
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