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Figure 2. MiR-133a regulates cell invasion of tumor-initiating cell population within osteosarcoma and represents prognostic value.
(A): The upregulated expression levels of miR-1, 10b, and 133a in CD133"&" cell population. Data are presented as mean=SD (n=3
per group). ¥, p < .05; **, p < .01; *** p < .001; Student’s t test. (B, C): Invasion assays in purified CD133"°% $a0s2 cells transfected
with miR-1, 10b, and 133a oligos. CD133"°" Sa0S2 cell populations were transfected with miR-1, 10b, 133a, or NC mimics at a final con-
centration of 30 nM. At the time periods of 24 hours post-transfection, cells were seeded and cultured on the invasion chamber for 36
hours. The number of invaded cell were photographed (B) and counted (C). Scale bar =200 um. Data are presented as mean * SD
(n=3 per grouP). ** p < .01; *** p < .001, calculated with one-way ANOVA with Bonferroni’s multiple comparison when compared
with the CD133" cell population treated with miR-NC. (D): The expression level of miR-133a in CD133"€" and CD133™" populations of
freshly resected patient biopsies. (E, F): The Kaplan-Meier curves for overall survival (E) and disease-free survival (F) based on the levels
of miR-133a expression in 48 formalin-fixed paraffin-embedded tissues from osteosarcoma biopsy specimens, as determined using quan-
titative reverse transcriptase polymerase chain reaction. The overall survival rate (p = .032; log-rank test) and disease-free survival rate
(p = .081; log-rank test) for osteosarcoma patients with high miR-133a expression (red line) were compared with those for patients with
low miR-133a expression (green line). See also Supporting Information Figure S2B and Table S2. (G, H): Invasion assays in LNA-133a-
treated Sa0S2 CD133"€" populations. CD133"E" and CD133"°" Sa0S2 cell populations were isolated and transfected with LNA-133a or
LNA-NC to reduce the expression of miR-133a in the CD133"€" cell population. As a control, CD133'°% cell populations were transfected
with LNA-NC. At the time periods of 24 hours post-transfection, cells were seeded and cultured on the invasion chamber for 36 hours.
The number of invaded cell were photographed (G) and counted (H). Scale bar = 200 pm. Data are presented as mean £ SD {(n =3 per
group). ***, p < .001, calculated with one-way ANOVA with Bonferroni’s multiple comparison when compared with the CD133"&" cel|
populations treated with LNA-NC. Abbreviations: LNA, locked nucleic acid; NC, negative control.
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Figure 3. Chemotherapy induces the expression of miR-133a in highly malignant osteosarcoma 143B cells. (A, B): Invasion assay in
highly metastatic osteosarcoma 143B cells treated with LNA-133a and NC. At the time periods of 24 hours post-transfection, cells were
seeded and cultured on the invasion chamber for 24 hours. The number of invaded cell were photographed (A) and counted (B). Scale
bar = 200 um. Data are presented as mean * SD (n = 3 per group). *, p < .05; Student’s t test. {C): The induced expression of CD133 in
1438 cells in the presence of chemotherapeutics (DOX and CDDP, 48 hours). Data are presented as mean = SD (n =3 per group). **,
p < .01, ¥¥¥ p < 001, calculated with one-way ANOVA with Bonferroni’s multiple comparison when compared with untreated cells.
{D): The induced expression of miR-133a in 143B cells in the presence of chemotherapeutics (DOX and CDDP, 48 hours). Data are pre-
sented as mean = SD (n= 3 per group). ***, p < .001, calculated with one-way ANOVA with Bonferroni’s multiple comparison when

compared with untreated cells. Abbreviations: CDDP, cisplatin; DOX, doxorubicin; LNA, locked nucleic acid; NC, negative control.

The Expression Levels of MiR-133a in Osteosarcoma
Cells Are Enhanced by Chemotherapy

Next, we validated the efficacy of LNA-133a on highly malig-
nant metastatic osteosarcoma 143B cells, since Sa0S2 cells
represent low metastatic ability in vivo [42, 43]. Meanwhile,
we needed to evaluate the efficacy of LNA on “bulk” 143B
cells, assuming clinical situations. As a result, LNA-133a
reduced the invasiveness of 143B cells (Fig. 3A, 3B) but did
not influence cell proliferation (Supporting Information Fig.
5F). Since recent study has indicated a novel mechanism of
chemotherapy-induced tumor progression via expansion of TIC
population [44], the expression levels of CD133 and the
related miR-133a within cells treated with or without chemo-
therapeutics were analyzed. As a result, we observed that the
expression levels of miR-133a, together with CD133, were
enhanced by chemotherapy. gRT-PCR analysis revealed that
DOX-treated or CDDP-treated (2 days) 143B cells expressed
higher levels of CD133 and miR-133a compared with
untreated 143B cells (Fig. 3C, 3D). Therefore, silencing of miR-
133a before or during chemotherapy may prevent the
increased expression of miR-133a, which enhanced the malig-
nant phenotypes and was induced by chemotherapeutics.

Therapeutic Administration of LNA-133a with Chemo-
therapy Inhibits Spontaneous Lung Metastasis and
Prolongs the Survival of Osteosarcoma-Bearing Mice

To extend our in vitro findings and to determine whether
silencing of miR-133a could be an effective therapeutic option
for osteosarcomas, we next examined the effect of LNA-133a
on a spontaneous lung metastasis model of osteosarcoma.
Experimentally, 1.5 X 10° 143B cells transfected with the fire-
fly luciferase gene (143B-luc) were implanted orthotopically
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into the right proximal tibia of athymic nude mice. The
implanted tumor growth and the presence of distant metasta-
ses were analyzed weekly for luciferase bioluminescence using
an in vivo imaging system. We used a new treatment protocol
(Fig. 4A) with the intravenous (i.v.) administration of LNA-
133a (10 mg/kg) 24 hours before intraperitoneal (i.p.) injec-
tion of CDDP (3.5 mg/kg) to prevent the induction of malig-
nant phenotypes by chemotherapy, which were indicated in
the in vitro experiments. Prior to conducting these animal
studies, we confirmed that miR-133a levels were reduced in
osteosarcoma tissues from LNA-133a-treated mice compared
with control mice (Supporting Information Fig. S6A, S6B). To
assess the efficacy of our protocol, the results were compared
with the results obtained for the following four control groups
(n=10 per group): the control saline followed by control
saline group, the LNA-NC followed by control saline group,
the LNA-133a followed by control saline group, and the LNA-
NC followed by CDDP group. After implantation of the 143B-
luc cells, five mice within each one cage were sacrificed at 3
weeks after evaluating lung metastasis by in vivo imaging and
validated for lung metastasis formation by additional in vivo
imaging and histological examination of the lung, whereas the
other five mice in the other cage were evaluated for survival
periods. The results demonstrated that the tumor expression
levels of miR-133a were decreased in the presence of LNA-
133a (Fig. 4B). Although tumor growth at the primary site
was significantly reduced in CDDP-treated group, we identified
no significant difference between LNA-133a-CDDP-treated
mice and LNA-NC-CDDP-treated mice (Fig. 4C, 4D). We
observed lung metastases on day 22 in nine (90%) saline-
saline-treated mice, eight (80%) LNA-NC-saline-treated mice,
seven (70%) LNA-133a-saline-treated mice, eight (80%) LNA-
NC-CDDP-treated mice, and three (30%) LNA-133a-CDDP-
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Figure 4. Therapeutic administration of LNA-133a with systemic chemotherapy inhibits osteosarcoma progression in vivo. (A): A sche-
matic representation of the LNA-133a (red arrow) and CDDP (blue arrow) administration schedule for 143B-luc-bearing mice. (B): The
expression levels of miR-133a in osteosarcoma tissues (n = 5 per group) analyzed by quantitative reverse transcriptase polymerase chain
reaction. The tumors were obtained during autopsy after completion of treatment on day 22. Data are presented as mean =SD (n=5
per group). **, p < .01, as compared to control saline-treated group; Student’s t test. {C, D): Tumors at the primary site of each treat-
ment group measured on day 22. The macroscopic appearances of 143B-luc tumors in each group of mice on day 22 are shown (C). The
tumor masses outlined by a dotted line. Scale bar = 10 mm. The 143B-luc tumors from each group of mice were weighed on day 22
(D). Data are presented as mean* SD (n =5 per group). *, p < .05, as compared to control saline-treated group; Student’s t test. (E—
G): The lung metastases of each treatment group measured on day 22 using an IVIS. The representative luminescence of the chest
regions in each group of mice was determined (E). For each mouse that was sacrificed to validate the lung metastases, each lung was
re-evaluated using IVIS (F). The representative average luminescence of the chest region in each group of mice (n = 10) was compared
among the treatment groups (G). Data are presented as mean == SD (n =5 per group). *, p < .05, as compared with LNA-NC/CDDP and
LNA-133a/CDDP group; Student’s t test. {H): Lung metastases validated by H&E staining. Black arrow represents metastatic foci in the
lung. Scale bars =500 um. {i}: Survival curves for each group of mice by Kaplan-Meier analysis. Log-rank test was performed between
LNA-NC/CDDP group (blue line) and LNA-133a/CDDP group (red line) (*, p = .026). Abbreviations: CDDP, cisplatin; IVIS, in vivo imaging
system; LNA, locked nucleic acid; NC, negative control.
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treated mice (n = 10; Fig. 4E, 4F). We observed the decreased
signal intensity in the chest regions of LNA-133a-CDDP-treated
mice compared to those of LNA-NC-CDDP-treated mice (Fig.
4G). Both the number and size of lung metastases were vali-
dated by histopathological examination (Fig. 4H). We found
low cell concentration in lung metastatic foci of CDDP-treated
groups, indicating therapeutic effect of chemotherapy, and
identified smallest number of osteosarcoma metastatic foci in
the lung of LNA-133a-CDDP-treated mice. Furthermore, LNA-
133a-CDDP-treated mice showed longest survival periods
among the five groups in Kaplan-Meier analysis (log-rank test,
p = .026; Fig. 41). Despite the conserved sequence of mature
hsa-miR-133a and mmu-miR-133a (Supporting Information Fig.
S7A), all mice exhibited minimal toxic effects on various tis-
sues, including the heart, liver, skeletal muscle, and blood
test, during the observation period (Supporting Information
Fig. S7B~S7H, S8A~S81}. Thus, systemic administration of LNA-
133a was effective for the suppression of lung metastases in
a xenograft model of a highly metastatic osteosarcoma in the
presence of CDDP.

Multiple Target Genes of MiR-133a Function as Regula-
tors of Cell Invasion and Closely Correlate with Clinical
Behavior of Osteosarcoma

We demonstrated that miR-133a regulated the malignancy of
CD133"E" psteosarcoma cell population and that silencing of
miR-133a expression with chemotherapeutics inhibited the
osteosarcoma metastasis in vivo. Next, to understand the
molecular mechanism regulated by miR-133a in the tumor-
initiating population, we performed mRNA expression profiling
using two different microarray analyses together with in silico
predictions (Supporting Information Fig. S9A). We detected
1,812 genes that were downregulated by at least 1.2-fold in
the first microarray analysis, which was performed from total
RNA collected from 5a0S$2 CD133"% cells transduced with
miR-133a or NC. Furthermore, 4,976 genes were upregulated
by at least 2-fold in the second microarray analysis of mRNA
expression using RNA collected using anti-Argonaute 2 anti-
body immunoprecipitation (Ago2 IP) in CD133"°% cells trans-
duced with miR-133a or NC. Subsequently, 226 genes were
collected using both methods, and 20 genes were identified
in TargetScanHuman 6.0, a publicly available in silico database
(Fig. 5A). Overall, 10 putative miR-133a target genes were
selected from these combined data, and we reduced the
expression of these molecules using an siRNA-induced gene
knockdown system to investigate whether these candidates
are functionally important targets of miR-133a in osteosar-
coma cells. As a result, the knockdown of four genes (SGMS2,
UBA2, SNX30, and ANXAZ) enhanced the invasiveness of
€D133"% $a0S2 cells (Fig. 5B). To validate whether these mol-
ecules are regulated by miR-133a, we cloned the 3’ UTR frag-
ment (Fig. 5C) containing the putative miR-133a binding sites
downstream of a luciferase coding sequence and performed
cotransfection of the luciferase reporter and miR-133a oligos
in Sa0S2 cells. Luciferase activity levels were reduced by
approximately 36%-55% in the cells cotransfected with miR-
133a compared with the cells cotransfected with the NC oli-
gos (Fig. 5D). Consequently, SGMS2, UBA2, SNX30, and ANXA2
functioned as direct targets of miR-133a. Indeed, these mole-
cules have been suggested to have antitumor function in the
other types of tumors [45-47]. Among them, ANXA2 is down-
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regulated in osteosarcoma metastases compared to primary
site [48]. The expression levels of these targets were
decreased in CD133™#" cells (Supporting Information Fig. S9B)
and reduced via miR-133a upregulation in CD133"% cells
(Supporting Information Fig. S9C). The increased expression
levels of the targets after silencing of miR-133a were con-
firmed by immunohistochemistry of LNA-treated tumors and
qRT-PCR (Fig. 5E, 5F; Supporting Information Fig. S9D). Taken
together, LNA-133a was found to inhibit cell invasion of the
malignant cell population of osteosarcoma through multiple
molecular pathways. Finally, we observed a strikingly close
correfation between these mRNA expression levels of the
miR-133a targets and osteosarcoma patient prognosis (Fig.
6A~6D). Patients with higher expression levels of these targets
significantly survived longer than those with lower expression
levels. These results would support the importance of regulat-
ing the expression of miR-133a during current osteosarcoma
treatment, providing insight into the development of more
effective therapies against osteosarcoma.

Cancer researchers today are confronted with how to over-
come the natural resistance and the acquired resistance of
cancer cells within tissue, despite the many cancer treatment
options. The CSC or TIC hypothesis has been an attractive
model to account for the functional heterogeneity that is
commonly observed in solid tumors [7]. To characterize and
eliminate the malignant cells in cancers that follow this
model, it has been necessary to focus on the small subpopu-
lations of tumorigenic cells [49]. Tremendous efforts and evi-
dence have accumulated to identify these subpopulations
[13-18, 20, 21]. However, these markers are generally difficult
to be targeted because of their distribution on the normal
stem cells. For example, targeting CD133 seems unsafe
because this cell-surface protein is primarily expressed in
stem and progenitor cells [50] such as the embryonic epithe-
lium [51], brain stem cells [52], and hematopoietic stem cells
[32, 53]. Therefore, the molecular mechanisms underlying the
malignant phenotypes must be elucidated to avoid toxicities,
which have not been fully accomplished. On the basis of our
results, we propose novel therapeutic strategies, beyond the
use of traditional antiproliferative agents, for suppression of
the highly malignant cell population within osteosarcoma
using RNAI therapeutics, which is expected to be the “next-
generation” anticancer strategy. Subsequently, we present
four novel discoveries that were identified in a preclinical trial
of novel therapeutic strategies against osteosarcoma.

First, we identified human miR-133a as a key regulator of
the malignant tumor-initiating phenotypes of osteosarcoma,
The other miRNAs that might regulate these phenotypes
included miR-1 and miR-10b. The human miRNA hsa-miR-10b
is also positively associated with high-grade malignancies,
including breast cancer [54, 55], pancreatic adenocarcinomas
[56], and glioblastomas [57]. However, the importance of miR-
10b in sarcoma development has not been previously
reported. In our experiment, miR-10b regulated, less than
miR-133a, the cell invasion of osteosarcoma. The human miR-~
NAs hsa-miR-1 and hsa-miR-133a are located on the same
chromosomal region in a so-called cluster. We found that miR-
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Figure 5. The direct target genes of miR-133a regulate malignant phenotypes of osteosarcoma. {A): A Venn diagram of the candidate
target mRNAs of miR-133a based on the cDNA microarrays and in silico database. {B}: Invasion assays performed using Sa0S2 cells 24
hours post-transfection of the 10 siRNAs. €D133"8" and CD133°% Sa0S2 cell populations were isolated using flow cytometry and trans-
fected with 10 siRNAs against the identified genes in {(A). Data are presented as mean x SD {n = 3 per group). *, p < .05; **, p < .01;
*Ekp < .001, calculated with one-way ANOVA with Bonferroni’s multiple comparison when compared with the €D133" cells trans-
fected with nontargeting siRNA. (C): Schematics of the miR-133a binding site within the 3’ UTR of the target mRNAs. {D): Luciferase
activities measured by cotransfecting miR-133a oligos and the luciferase reporters. Data are presented as mean = SD (n = 3 per group).
* p < .05; **, p < .01; Student’s t test. (E, F}: Representative SGMS2 immunchistochemistry images of 143B-luc tumor sections (E) and
the relative SGMS2 expression of 143B-luc tumor sections performed by quantitative reverse transcriptase polymerase chain reaction
analysis (F). Scale bars =50 pum. Data are presented as mean = SD (n =3 per group). **, p < .01; Student’s t test. Abbreviations:
ANXA2, annexin A2; IP, immunoprecipitation; LNA, locked nucleic acid; NC, negative control; SGMS2, sphingomyelin synthase 2; SNX30,
sorting nexin family member 30; UTR, untranslated region; UBA2, ubiquitin-like modifier activating enzyme 2.
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Figure 6. The low expression levels of miR-133a target genes correlate with poor survival of osteosarcoma patients. (A-D): Kaplan-
Meier survival curves of disease-free survival according to the expression levels of the miR-133a target genes including SGMS2 (A),
UBAZ2 (B), SNX30 (C), ANXA2 (D) in 35 patient biopsy samples. The optimal cutoff points were determined by the Youden index under
the receiver-operating characteristic curve. The statistical significance of differences were determined by the log-rank test. Abbreviations:
ANAX2, annexin A2; SGMS2, sphingomyelin synthase 2; SNX30, sorting nexin family member 30; UTR, untranslated region; UBA2,

ubiquitin-like modifier activating enzyme 2.

1 showed only a little efficacy on invasiveness in osteosar-
coma cells. The most important miRNA that could regulate
the multiple phenotypes of osteosarcoma-initiating cells was
miR-133a. Although miR-1 and miR-133a correlate with the
proliferation of muscle progenitor cells and promote myogen-
esis [58], their importance in muscle physiology and disease
remains unclear [59]. Indeed, miR-133a may be dispensable
for the normal development and function of skeletal muscle
because skeletal muscle development and function appears
unaffected in miR-133a transgenic mice [59]. In this study,
silencing of miR-133a had no toxic effect on muscle, including
heart and skeletal muscle in vivo {Supporting Information Fig.
S7E-S7G). Because the upregulation of miR-133a in osteosar-
coma cells did not regulate the expression levels of CD133,

©AlphaMed Press 2013
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we determined that it regulated multiple pathways that are
not upstream of CD133 expression. Since the inducible factors
of CD133 in osteosarcoma have not been cleared, further
investigation of the relationship between the tumor microen-
vironment and CD133 might be warranted. Indeed, the activa-
tion of the hypoxia signaling pathway, for example, has been
reported to trigger many pathways important for stem cell
maintenance [60-62].

Second, we determined the efficacy of LNA technology, an
antisense  miRNA inhibitor oligonucleotide, as therapeutics
against solid cancer. To date, the efficacy of LNAs against
human disease has been reported in hepatitis and lymphoma.
For example, LNA-antimiR-122 (Miravirsen, Santaris Pharma,
San Diego, CA) effectively treats chimpanzees infected with
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hepatitis C virus without any observable resistance or physio-
logical side effects [63]. This treatment has advanced to phase
Il clinical trials, which emphasizes the strengths of LNA-
mediated miR-122 silencing, including high efficacy and good
tolerability without adverse effects [64]. The other report rep-
resents the preclinical trial of LNA-mediated miR-155 silencing
against low-grade B-cell lymphoma [65]. Therefore, our pre-
clinical study contributes to the broad application of LNA
treatment including solid tumors. While an effective drug
delivery system has been the most challenging remaining con-
sideration for the successful translation of RNAI to the clinic
for broad use in patients, the systemic administration of LNA-
133a did not need assistance of drug delivery system to
decrease the expression of miR-133a. These results are con-
sistent with the results of the trial of LNA against HCV
infection, in which the LNA was injected via subcutaneous
injection. This preclinical trial will not only provide a novel
treatment strategy against osteosarcoma but will also support
a wide range of LNA applications against cancers that require
the silencing of specific miRNAs.

Third, the multiple targets of miR-133a were identified
to have antitumor functions against osteosarcoma with clini-
cal relevance. Using an siRNA-induced gene knockdown sys-
tem and a 3’ UTR luciferase reporter assay, we identified
SGMS2, UBA2, SNX30, and ANXA2 as novel antitumor mole-
cules of osteosarcoma. Some of these molecules have been
reported their association with other cancers but not for
osteosarcoma. SGMS2, located on 4q25, is an enzyme that
catalyzes the conversion of phosphatidylcholine and cer-
amide to sphingomyelin and diacylglycerol [66]. The specific
activation of SGMS2 explains the ability of this gene to trig-
ger cell cycle arrest, cell differentiation, and autophagy or
apoptosis in cancer cells [47]. UBA2, located on 19q12,
forms a heterodimer that functions as a small ubiquitin-like
modifier (SUMO)-activating enzyme for the sumoylation of
proteins [67]. Conjugating SUMO-1, one of the four SUMO
isoforms, to wild-type p53 increases the transactivation abil-
ity of p53 [45]. SNX30, located on 9g32, may mediate mem-
brane association either through the lipid-binding PX domain
(a phospholipid-binding motif) or protein-protein interac-
tions. Although SNX30 has not been well studied in cancer,
loss of SNX1, one of the SNX families, plays a significant role
in the development and aggressiveness of human colon can-
cer, at least partially through increased signaling from the
endosomes [46]. In this study, we found correlations
between the expression of SGMS2, UBA2, and SNX30 and
osteosarcoma cell invasion, as well as a close correlation
with the prognosis of osteosarcoma patients. ANXA2, located
on 1522, belongs to a large family of diverse proteins that
are characterized by conserved annexin repeat domains and
the ability to bind negatively charged phospholipids in a
calcium-dependent manner [68]. The expression levels of
ANXAZ are decreased in a subset of human OS metastases
and metastatic lines [69], but the actual role of ANXA2 in
suppressing OS metastasis has remained unclear [37], which
was identified as a regulator of osteosarcoma cell invasion.
In this study, we were unable to identify the target genes of
miR-133a that were involved in. cellular proliferation, which
is a general characteristic of TICs. This result may provide
one explanation for why the difference in the proliferation
rate of the CD133"8" and €D133"" cell populations was rel-
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atively small. Another reason for this difference may have
been heterogeneiety even within the CD133"8" cell popula-
tion. Further investigation of additional markers might shed
further light on the mechanisms underlying these
phenotypes.

The most interesting and surprising results were the close
correlations between the clinical behaviors of osteosarcoma
and the expression of the factors associated with malignant
tumor-initiating phenotypes, including CD133, miR-133a, and
the target genes of miR-133a. These results support the
importance of silencing of miR-133a during osteosarcoma
treatment. Indeed, the target molecules of miR-133a were
found to be significant and novel prognostic factors for osteo-
sarcoma patients. Further analyses of these factors, including
SGMS2, UBA2, and SNX30, would allow a better understand-
ing of the molecular mechanisms that regulate osteosarcoma
progression.

Overall, our study represents a novel approach for the
use of RNAI therapeutics against the lethal phenotype of
osteosarcoma. To the best of our knowledge, this study is
the first preclinical trial of RNAI therapy overcoming the sar-
coma malignancy. We found that miR-133a, which was
induced by chemotherapy treatment, is a key regulator of
cell invasion of the malignant cell population within osteo-
sarcoma. In a preclinical in vivo experiment, systemic admin-
istration of LNA-133a with chemotherapy suppressed the
osteosarcoma metastasis via the multiple pathways without
any significant toxicity. Silencing of miR-133a may therefore
represent a novel therapeutic strategy against osteosarcoma,
which would lead to an improvement in the prognosis of
osteosarcoma patients.

Silencing of miR-133a reduced the malignancy of cD133Men
osteosarcoma-initiating cell population through restoring the
expression of multiple target genes. Systemic administration
of LNA-133a with CDDP reduced lung metastasis and pro-
longed the survival of osteosarcoma-bearing mice. A clinical
study revealed that high miR-133a expression levels within
the patient biopsy specimens were significantly correlated
with poor prognosis, providing the importance of regulating
miR-133a levels in osteosarcoma for more efficient therapy in
future.
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Introduction

For malignant bone and soft-tissue tumors of the forearm,
various reconstructions after curative resection have been
described [1, 2]. However, amputation is sometimes neces-
sary for complete eradication when the tumors are large or
have neurovascular involvement [3]. Resection~replantation
is a surgical method for partial limb salvage for upper-
extremity malignant tumors [4-8]. Its principle is derived
from rotationplasty, and the technique is similar. The
tumor-bearing area is resected as a cylindrical segment
that includes bone, soft tissues, involved skin, and
sometimes vessels and nerves. The distal part of the arm
is reimplanted with shortening, adjustment of all structures
and, if necessary, vessel anastomosis [4-8]. Resection—
replantation is indicated for treating primary malignant
tumors of Enneking stage IIB when any other limb-salvage
procedures are not indicated and amputation appears to be
the only way to achieve wide margins [5, 6]. Although this
procedure can retain a relatively functional limb, there
have been few reports that describe its long-term results
[6, 7]. Here, the long-term result of resection—replantation
for mesenchymal chondrosarcoma (MCS) in the distal
radius of a 13-year-old boy is presented.

Each author’s institution approved the reporting of this
case, and all investigations were conducted in conformity
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with ethical principles of research. The patient was
informed that data from the case would be submitted for
publication and gave his consent.

Case report

A 13-year-old boy suddenly developed a mass in the right
distal forearm. The patient had no history of recent trauma.
However, plain radiographs taken at a local clinic revealed
an abnormal lesion in the right distal radius, and he was
referred to our institute for further examination. A hard,
bony mass was felt in the right distal forearm. A slight
tenderness and local heat were noted. Range of motion of
the right wrist was slightly restricted. General physical
examination, neurological examination, and laboratory
data were unremarkable. Plain radiographs demonstrated
erosion of the cortex with periosteal reaction and perme-
ative bone destruction in the distal radius (Fig. 1). Com-
puted tomography (CT) revealed a calcifying surface lesion
with circumferential involvement of the radius (Fig. 2).
Magnetic resonance imaging (MRI) revealed a large lesion
of the distal radius with a circumferential extraosseous
mass showing isointensity on T1-weighted images and high
intensity on T2-weighted images (Fig. 3a, b). Gadolinium-
enhanced MRI revealed heterogeneous enhancement
(Fig. 3c). Bone scans showed an increased focal uptake at
the site of the lesion. Subsequent CT of the chest revealed
no metastases. After open biopsy, histological diagnosis
was MCS. The patient received neoadjuvant chemotherapy
with high-dose methotrexate (MTX), cisplatin (CDDP),
Adriamycin (ADM), and ifosfamide (IFO). Two courses of
MTX were administered at a dose of 10 g/m?. Seven days
later, the patient received a course of CDDP (120 mg/mz)
and ADM (30 mg/m?*/day x 2 days). After 3 weeks, he
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Fig. 1 Periosteal reaction and permeative bone destruction in the
distal radius is shown in a preoperative plain radiograph

Fig. 2 Calcifying surface lesion and circumferential involvement
of the radius is shown on computed tomography

received two courses of IFO (4 g/m* on the first day, fol-
lowed by 2 g/m?*/day x 6 days) with a 3-week interval.
MRI after preoperative chemotherapy demonstrated a
slight reduction in the extraosseous mass (Fig. 4).
Meticulous surgical planning was performed with the
radiological information. A wide margin of 5 cm proximal
and distal to the tumor was planned. In this case, the
neurovascular bundle was free from tumor, although the
size and extensiveness of the tumor made limb salvage
difficult with wide resection. For resection-replantation,
two circular skin incisions were delineated proximal and
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distal to the region of the tumor on the midforearm, with
sufficient distance from the tumor and including the biopsy
scar. A longitudinal extension of the incision was made on
the medial and lateral side of the distal forearm (Fig. 5a).
The median and ulnar nerves and ulnar artery were care-
fully exposed by longitudinal skin incisions within the
circular incisions and preserved. The superficial radial
nerve was sacrificed. The radial artery was exposed and
transected proximally and distally. The flexor (flexor carpi
ulnaris, flexor carpi radialis, flexor digitorum superficialis,
flexor digitorum profundus, palmaris longus, and flexor
pollicis longus) and extensor (extensor carpi radialis lon-
gus, extensor carpi radialis brevis, extensor digitorum
communis, extensor digiti minimi, extensor carpi ulnaris,
extensor pollicis longus, extensor pollicis brevis, extensor
indicis, and abductor pollicis longus) muscles and tendon
groups were transected proximal and distal to the tumor-
bearing region. Proximal osteotomy of the radius and ulna
at the midforearm level was performed 10 cm from the
radial styloid process. A distal disarticulation at the level of
the midcarpal joint was also performed, allowing the
specimen to be removed (Fig. 5b). The distal ends of the
radius and 2nd metacarpal bone were fixed with a plate
(Fig. 6). The radial artery and radial cephalic vein were
reanastomosed. The median and ulnar nerves were placed
in loops between muscles. The extensor (extensor digito-
rum communis, extensor pollicis longus, extensor pollicis
brevis, and abductor pollicis longus) and flexor (flexor
digitorum superficialis, and flexor digitorum profundus)
tendons and muscles were repaired in place (Fig. Sc).
A short-arm splint was applied in the replanted limb.
Active and passive range of motion exercises of the fingers
were begun 2 and 3 weeks after surgery, respectively. No
complications occurred during surgery or the postoperative
course. Postoperative chemotherapy was performed with
two cycles of MTX, CDP, ADM, and IFO. The patient
received two courses of IFO (4 g/m> on the first day, fol-
lowed by 2 g/m*/day x 6 days) with a 3-week interval.
Seven days later, two courses of MTX was administered at
a dose of 10 g/m?, followed by a course of CDDP (120 mg/
m?) and ADM (30 mg/m?%day x 2 days) after 1 week.
Although wide marginal resection was performed, a small
lesion appeared 5 cm proximal to the operation scar at
18 months’ follow-up; it was resected marginally and
histologically determined to be an intravenous metastasis
of the MCS.

At 10 years’ follow-up, there was no sign of local
recurrence or distant metastases. Functional evaluation at
the last follow-up was performed according to the criteria
of the Musculoskeletal Tumor Society [9], with a score of
30 points (100 %). Although the right forearm was short-
ened about 10 cm, acceptable appearance and unrestricted
function of the hand was achieved. Holding, stabilizing,
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Fig. 3 Magnetic resonance
images (MRI) at the first visit
demonstrated a large
circumferential extraosseous
mass of the distal radius that
showed a isointensity on
T1-weighted imaging, b high
intensity on T2-weighted
imaging, and ¢ heterogeneous
enhancement on gadolinium-
enhanced MRI

Fig. 4 Magnetic resonance
imaging (MRI) after
preoperative chemotherapy
demonstrated a slight reduction
in the extraosseous mass.

a T1-weighted imaging,

b T2-weighted imaging, and

¢ gadolinium-enhanced MRI

and releasing objects with the affected hand, as well as
adequate hand movement (including opposition of the
thumb) were also achieved (Fig. 7), as were full range of
pronation and supination of the forearm. Tactile sense was
partially lost in the dorsal aspect of the thumb, with no
accompanying disturbances. A radiograph 4 years and
3 months after surgery showed little change compared with
the postoperative one (Fig. 8). At 10 years’ follow-up, the
patient had no physical handicaps in daily life and was
working as an office worker without any problems with
writing or operating a computer.
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Discussion

Developments in adjuvant therapies, imaging diagnostics,
and surgical techniques have made limb-salvage surgery a
standard procedure for most primary sarcomas of the upper
limbs [10]. However, amputation is sometimes indicated in
selected patients with Enneking stage IIB sarcomas in
order to achieve wide surgical margins around the tumors
for local control [3]. In these circumstances, segmental
resection of the tumor-bearing region in a cylindrical
fashion and reimplantation of the distal part of the limb for
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Fig. 5 Surgical procedure:

a Longitudinal extension of the
incision on the medial and
lateral side of the distal forearm.
b Appearance after removal

of tumors with soft tissues and
bones in the tumor-bearing
region excluding the median
and ulnar nerves and ulnar
artery. ¢ Postoperative
appearance

Fig. 6 A postoperative anteroposterior and lateral radiograph dem-
onstrated the distal end of the radius and the second metacarpal bone
fixed with a plate

limb-function enhancement might be an alternative to
amputation [4-8]. At 10 years’ follow-up, the patient in
this case had an acceptable appearance, unrestricted hand
function, no handicaps in daily life, and reported being
very satisfied with the treatment outcome. Sparing the
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major peripheral nerves is thought to be particularly
important for patient satisfaction. Windhager et al. [7]
suggested that unrestricted hand function can be obtained
when the radial, median, and ulnar nerves are spared,
allowing excellent hand function. Although the right
forearm was shortened about 10 cm, our patient was
accepting of the appearance. Windhager et al. [7] suggested
that after resection—replantation, cosmetic appearance
appears to be of minor importance to the patient as long as
function of the shortened limb is satisfactory.

The indication for resection—replantation is treating
primary malignant tumors of Enneking stage IIB when any
other limb-salvage procedure is not indicated and ampu-
tation seems to be the only way of achieving wide resection
margins [4-8]. Previous studies of resection-replantation
report good local control, with a local cancer recurrence
rate of 0-25 % [4-8]. Some studies report that only half of
the patients were alive at the last follow-up [5, 7]. This
mortality rate might be related to the procedure’s inclusion
criteria. One of these studies included patients with Stage
IIIB sarcomas who had distant metastases [7]. Therefore,
patient selection seems to be an important factor in
expectations of long-term survival with this procedure.
Although our case was a high-grade malignancy, the
patient was alive and free from any signs of local recur-
rence or distant metastases 10 years postoperatively.
Resection—replantation may also be useful for treating local
recurrence when several compartments have been con-
taminated by previous inadequate resections [7].

When determining the indication of this procedure,
patient characterization is also important [4]. In our opinion,
this procedure should be performed for carefully selected
and educated patients. Well-supervised rehabilitation should
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Fig. 7 Postoperative
appearance: a, b Hand
movement, and ¢ opposition
of the thumb were achieved

Fig. 8 Anteroposterior and lateral radiograph 4 years and 3 months
after surgery shows the distal end of the radius and the second
metacarpal bone fixed with a plate without breakage

be performed to obtain good postoperative function, and the
patient should be highly motivated. In this case, the patient
was young, and rehabilitation was performed in good course,
so unrestricted function of the hand was obtained.

MCS is a rare malignancy for which the effectiveness of
adjuvant chemotherapy and radiotherapy is not well defined
[11-13]. The prognosis of MCS is poor, with reported
5- and 10-year survival rates of 42-54 % and 20-68 %,
respectively [14, 15]. In our case, a neoadjuvant chemo-
therapy regimen for bone sarcoma was performed, and the
tumor responded to the regimen. Although wide resection
was performed, intravenous metastasis appeared several
centimeters proximal to the operation scar, which was
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resected marginally. At 10 years’ follow-up, the patient was
free from local recurrence or distant metastases.

Results in this case indicate that resection—replantation
is a reasonable option as a limb-salvage procedure in
carefully selected patients with stage IIB primary sarco-
mas. The procedure can achieve wide surgical margins
comparable with amputation and maintain useful hand
function that prostheses and amputation cannot achieve.
The long-term oncological and functional result was sat-
isfactory in this case. However, this technique can be
described only as an alternative in extreme situations in
which no other limb-sparing options are indicated. Patient
age and characteristics should also be carefully considered.
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