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Abstract

Chemotherapy-induced autophagy is a proposedmechanism of
chemoresistance and potential therapeutic target in osteosarcoma.
We evaluated heat shock protein 27 (HSP27) and autophagy-
related proteins as predictors of pathologic treatment response
and prognostic markers among osteosarcoma patients who receiv-
ed standard chemotherapy. We analyzed 394 tumor specimens
(pre-treatment, post-treatment, and metastases) from 260 osteo-
sarcoma patients by immunohistochemistry for cytoplasmic light
chain 3B (LC3B)-positive puncta, sequestosome 1 (SQSTM1), high
mobility group box 1 (HMGB1), and HSP27 expression. The
staining percentage and intensity for each marker were scored and
the extent to which marker expression was correlated with patho-
logic response, relapse-free survival (RFS), andoverall survival (OS)
was assessed. LCB3þ puncta in post-treatment primary tumors
(50%) and metastases (67%) was significantly higher than in
pre-treatment biopsy specimens (30%; P ¼ 0.023 and <0.001).
Among 215 patients with localized osteosarcoma, both pre-

treatment [multivariate hazard ratio (HR), 26.7; 95% confidence
interval (CI), 1.47–484; P ¼ 0.026] and post-treatment HSP27
expression (multivariate HR, 1.85; 95% CI, 1.03–3.33; P¼ 0.039)
were associated with worse OS. Lack of LC3Bþ puncta at resection
was an independent poor prognostic marker in both univariate
(HR, 1.78; 95%CI, 1.05–3.03; P¼ 0.034) andmultivariatemodels
(HR, 1.75; 95% CI, 1.01–3.04; P ¼ 0.045). Patients with LC3Bþ/
HSP27� tumors at resection had the best 10-year OS (75%)
whereas patients with LC3B�/HSP27þ tumors had the worst
10-year survival (25%). Neither HSP27 expression nor the pre-
sence of LCB3þ puncta was correlated with pathologic treat-
ment response. Our findings establish HSP27 expression and
LC3Bþ puncta as independent prognostic markers in osteosar-
coma patients receiving standard chemotherapy and support
further investigation into strategies targeting HSP27 or mod-
ulating autophagy in osteosarcoma treatment. Mol Cancer Ther;
17(6); 1315–23. �2018 AACR.

Introduction
Overall survival (OS) of patients with osteosarcoma who

have disease relapse after standard treatment has not improved

significantly in more than 30 years (1, 2). Standard therapy for
localized osteosarcoma consists of neoadjuvant chemotherapy
with cisplatin, doxorubicin, and high-dose methotrexate (MAP
chemotherapy), followed by primary tumor resection with
pathologic response assessment, followed by additional MAP
chemotherapy. Compared with patients who have a good
pathologic treatment response to MAP chemotherapy (�90%
tumor necrosis), patients with a poor response to MAP chemo-
therapy (<90% tumor necrosis) have significantly worse out-
comes (3, 4). Attempts to improve the survival of these poor
responders by modifying or intensifying postoperative MAP
chemotherapy have failed (5), underscoring the need to iden-
tify patients at high risk for metastatic relapse, as such patients
could instead be considered for clinical trials that combine
molecular biomarkers and targeted therapies in either the neo-
adjuvant or adjuvant setting. Thus, the identification of novel
prognostic biomarkers that can be assessed either at diagnosis
or at resection following neoadjuvant chemotherapy is an
unmet need in osteosarcoma.

Induction of autophagy and overexpression of HSPs are
2 proposed mechanisms of chemoresistance to MAP, and
therefore warrant evaluation as biomarkers and potential ther-
apeutic targets in osteosarcoma. Autophagy is a physiologic
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mechanism involving cellular catabolism to maintain homeo-
stasis and cell survival under stress. In cancer, it can play a dual
role either contributing to treatment resistance, cell survival,
and relapse or serving as an alternate pathway leading to
cell death (6, 7). Multiple preclinical studies of autophagy in
osteosarcoma have focused on chemotherapy-induced auto-
phagy as a mechanism of chemoresistance (8). The compo-
nents of MAP chemotherapy—cisplatin, doxorubicin, and
methotrexate—have all been shown to induce autophagy in
osteosarcoma cell lines, which then promotes tumor cell sur-
vival by decreasing sensitivity to chemotherapy (9–11). A
second mechanism of chemoresistance, HSPs protect cells
from stress-associated injury and are overexpressed in a wide
range of human malignancies (12). HSP27 expression can be
induced by cytotoxic drugs and protects cells from apoptosis.
Its overexpression is a biomarker of poor prognosis in multiple
cancers and has been shown to predict chemotherapy resis-
tance (12). In a small series, HSPs were shown to have prog-
nostic relevance in osteosarcoma (13, 14).

In vitro studies have shown that MAP chemotherapy upre-
gulates the protein high mobility group box 1 (HMGB1),
thereby inducing autophagy and resulting in chemoresistance
in osteosarcoma, indicating the protein's potential as a ther-
apeutic target in osteosarcoma (15, 16). HMGB1 regulates
autophagy and mitophagy through multiple mechanisms; in
particular, nuclear HMGB1 regulates the expression of heat
shock protein 27 (HSP27, also known as HSPB1), a cell
cytoskeleton regulator that plays a critical role in the intracel-
lular trafficking necessary for autophagy (17). Loss of either
HMGB1 or HSP27 can result in a similar autophagy-deficient
phenotype with decreased adenosine triphosphate synthesis
suggesting that HSP27 is functionally necessary to maintain
cytoprotective autophagy.

Previously, we demonstrated that chemotherapy-induced
autophagy has a dual role in osteosarcoma in vitro, leading to
either cell survival or cell death, and that the overexpression of
phosphorylated HSP27 (pHSP27) in osteosarcoma cells fol-
lowing chemotherapy treatment is correlated with chemoresis-
tance and the cytoprotective role of autophagy (18, 19). There-
fore, we hypothesized that induction of autophagy following
chemotherapy and overexpression of HSP27/pHSP27 would
be associated with poor response to chemotherapy and inferior
survival in osteosarcoma patients. The purpose of the present
study was to determine the clinical significance of two proposed
mechanisms of chemoresistance in osteosarcoma, autophagy
and HSP27. We used immunohistochemistry to evaluate the
presence of and relationship between LC3Bþ puncta and
HSP27 expression in a clinically annotated osteosarcoma tissue
microarray. We assessed pre-treatment biopsy specimens, post-
treatment primary tumor resection specimens, and resected
metastasis specimens for these markers and sought to determine
the extent to which they are correlated with pathologic treat-
ment response, relapse-free survival (RFS), and OS.

Patients and Methods
Patients

The study population included 260 pediatric and adult
patients with primary appendicular skeletal osteosarcomas
evaluated at The University of Texas MD Anderson Cancer
Center between 1985 and 2012 whose 392 tissue specimens

were included on an institutional tissue microarray. In all cases,
an expert sarcoma pathologist had established the diagnosis
according to the World Health Organization Classification of
Tumors of Soft Tissue and Bone (20). Patients with extraskeletal
osteosarcoma, considered a separate entity, were excluded from
the study. Clinical data were collected by a retrospective chart
review. The study was approved by MD Anderson's Institution-
al Review Board and was exempt from obtaining patients'
written informed consent due to the low risk nature of the
study. Specifically, the study used de-identified archival surgical
pathology material. All patient information was maintained in
a separate encrypted file with restricted access. All studies were
conducted in accordance with the Declaration of Helsinki.

Construction of tissue microarrays
Decalcified formalin-fixed, paraffin-embedded (FFPE) blocks

of osteosarcoma tissue from biopsy specimens obtained before
neoadjuvant chemotherapy and surgical resection specimens
(resected primary tumors and resected metastases) were retrieved
from MD Anderson's institutional tumor bank. All specimens
were fixed for at least 8 hours in buffered formalin-fixed and
decalcified using 10% formic acid. Two bone and sarcoma patho-
logists reviewed slides of hematoxylin and eosin–stained sections
from each FFPE block to identify representative tumor areas.
Two tissue cores (0.6-mm diameter) extracted from representa-
tive tumor areas of the FFPE blocks were used to construct
tissue microarrays.

Immunohistochemical studies
Slides of 4-mm-thick unstained tissue sections were prepared

from the tissue microarrays of decalcified FFPE human osteosar-
coma specimens. Immunohistochemical studies were performed
using a Bond III/Rx autostainer (Leica Biosystems) with mono-
clonoal antibodies against human HSP27 (1:1,000; Thermo
Fischer Scientific, clone MA3–15), LC3B (1:50; NanoTools/
Axorra, clone 5F10; ref. 21), SQSTM1 (also known as p62;
1:25,000; Progen Biotechnik, clone GP62-C), and HMGB1
(1:700; Thermo Fischer Scientific, clone PA1-1692).

Immunohistochemical staining was independently scored by
two trained sarcoma pathologists (W.-L. Wang and J.-W. Tsai),
both of whom were blinded to the clinical data at the time
of assessment. The immunostaining percentage (0%–100%)
and intensity (0, negative; 1, weak; 2, moderate; 3, strong) were
evaluated. LC3B expression was evaluated using previously
validated immunohistochemical methods (22) that included
assessments of granular cytoplasmic or punctate staining.
To evaluate the presence of autophagic flux, we quantified
the intensity of SQSTM1/p62 (sequestesome 1) staining in
osteosarcoma cells in relation to LC3B. Both the nuclear and
cytoplasmic staining of SQSTM1 and HMGB1 were assessed.
Specimens were considered to have HSP27 or LC3B expres-
sion if �10% of their tumor cells stained positive for the
protein. In addition, cutoff points of the staining percentage
(�median vs. <median) and staining intensity (negative vs.
weak/moderate/strong) were assessed as prognostic factors.

Statistical analysis
OS was defined as the time from the date of diagnosis to the

date of death or last contact. RFS was defined as the time from
the date of surgery to the date of relapse or death, whichever
occurred first, or to the date of last contact. Progression-free
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survival (PFS) was defined as the time from the date of diag-
nosis to the date of progression or death, whichever occurred
first, or to the date of last contact amongst patients with
primary metastatic disease. The distributions of OS, RFS, and
PFS were estimated by the Kaplan–Meier method (23). The
log-rank test was performed to assess differences in survival
between groups (24). Regression analyses based on the Cox
proportional hazards regression model were conducted on OS,
RFS, and PFS (25). For the biomarker analysis in resection
specimens and pathologic response to neoadjuvant chemo-
therapy (good defined as tumor necrosis �90% vs. poor, tumor
necrosis <90% as previously described; ref. 3), the landmark
analysis method was used; the date of surgery was the start-
ing point for defining OS and RFS (26). The stepwise method
was used to build a multivariate Cox proportional hazards
regression model. Functional form, proportional hazard
assumption, and multicollinearity were examined. The cor-
relation between two continuous factors was measured by
Spearman correlation (27). The c2 test and Fisher exact test
were used to determine whether proportions of patients with
factors of interest differed significantly between groups (28).
The McNemar's test was used to assess the association in pair-
ed specimens. Logistic regression models using generalized
estimating equations (GEE) were used to compare biomarker
expressions (positive vs. negative) between specimens obtained
before treatment, at resection following neoadjuvant chemo-
therapy, and in resected metastasis considering the intra-
patient correlations in paired specimens. A two-sided P value
of <0.05 was considered statistically significant. SAS version 9.4
was used to perform all analyses.

Results
Patients

The patients' clinical and pathologic characteristics are
summarized in Table 1. Of the 260 patients included in the
study, 215 (83%) had localized disease and 45 (17%) had
metastatic disease at diagnosis. Most patients were diagnosed
with high-grade (253; 97%), conventional osteosarcomas
(205; 79%) involving either the femur (140; 54%) or tibia
(43; 17%). Almost all patients (241; 93%) received neoadju-
vant chemotherapy followed by resection of the primary
tumor. Of these patients, 108 (45%) had a good pathologic
response to chemotherapy, and 133 (55%) had a poor
response.

The 215 patients with localized disease at diagnosis had a
median follow-up time of 11 years. During the follow-up period,
107 of these patients had disease relapse and 105 died, including
15 patients without a documented relapse. Among the patients
with relapse, 17 (16%) were alive at the time of analysis. As
expected, patients with radiation-associated osteosarcoma
had worse RFS as compared with those with primary osteosar-
coma [hazard ratio (HR), 2.85; 95% confidence interval (CI),
1.33–6.12; P¼ 0.007]. Higher age at diagnosis (HR, 1.02; 95%CI,
1.00–1.03; P ¼ 0.0063) and radiation-associated osteosarcoma
(HR, 3.76; 95% CI, 1.74–8.12; P ¼ 0.001) were significantly
associated with worse OS in the univariate model; these factors
remained significant in the multivariate analysis (P < 0.03 for
all; Table 2). In the landmark analysis, patients with poor path-
ologic response to neoadjuvant chemotherapy had a trend
towards worse OS (HR, 1.40; 95% CI, 0.94–2.07; P ¼ 0.097).

The 45 patients with metastatic disease at diagnosis had a
median follow-up time of 10.6 years. During the follow-up
period, 32 of these patients (71%) died. The median OS duration
was 2.47 years (95% CI, 1.70–3.51 years). Patients with poor
response to neoadjuvant chemotherapy hadworse PFS (HR, 2.40;
95% CI, 1.11–5.22; P ¼ 0.027). Although a failure to receive
preoperative chemotherapy was associated with inferior OS
in this subset, no other clinical characteristics were significantly
associated with OS in the univariate analysis (Supplementary
Table S1).

LC3B and HSP27 expression
The tissue microarray included 392 osteosarcoma specimens

consisting of 114 pre-treatment biopsy specimens, 184 primary
tumor resection specimens, and 94 metastasis resection speci-
mens, which included 26 synchronous metastasis specimens
(28%) and 66 metachronous metastasis specimens (72%). These
specimens' biomarker expression profiles are given in Table 3.
Because of the fragility of specimens following the decalcification
and staining process, not all specimens were evaluable for all
biomarkers analyzed.

The percentages of osteosarcoma cells with clearly visible
cytoplasmic LC3Bþ puncta were quantified, and specimens
with �10% of osteosarcoma cells with LC3Bþ puncta were

Table 1. Patients' clinical and pathological characteristics

Factor No. of patients (%)

Median age at diagnosis (range) 18 (4–90)
Gender
Male 153 (59)
Female 107 (41)

Stage at presentation
Localized 215 (83)
Metastatic 45 (17)

Primary site
Femur 140 (54)
Tibia 43 (17)
Fibula 10 (4)
Humerus 32 (12)
Radius/ulna 3 (1)
Mandible 1 (0)
Rib/chest wall 7 (3)
Pelvis/acetabulum 18 (7)
Other 5 (2)

Histologic subtype
Osteoblastic 110 (42)
Chondroblastic 49 (19)
Fibroblastic 46 (18)
Telangiectatic 23 (9)
Dedifferentiated parosteal 12 (5)
Small cell 6 (2)
High-grade surface 3 (1)
Other high grade 6 (2)
Other intermediate/low grade 5 (2)

Radiation-associated osteosarcoma
No 250 (97)
Yes 8 (3)

Grade
Low 6 (2)
Intermediate 1 (0)
High 253 (97)

Pathologic responsea

Good (�90% necrosis) 108 (45)
Poor (<90% necrosis) 133 (55)

aPathologic response was assessed in 241 patients who received preoperative
chemotherapy only.
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considered positive for LCB3 expression based on established
cutoffs in other tumor types (29). The rates of LCB3 expression
of the primary tumor resection specimens and metastasis
resection specimens were significantly higher than that of
pre-treatment biopsy specimens (50% and 67%, respectively,
vs. 34%, P ¼ 0.023 and P < 0.001, GEE). The intensity of
cytoplasmic LC3B staining was heterogeneous as well. A higher
proportion of pre-treatment biopsy specimens were graded
as 0 or negative (66%) as compared with resection (47%) or
metastasis (30%, Table 3). Examples of LC3B staining are
shown in Fig. 1A–B.

Paired pre-treatment biopsy and post-treatment primary
tumor resection specimens from 18 patients were assessed for
the presence of LC3Bþ puncta. Of the 9 patients whose biopsy
specimens were negative for LC3Bþ puncta, 5 (56%) had
resection specimens positive for the autophagy marker. Con-
versely, of the 9 patients whose biopsy specimens were positive
for LC3Bþ puncta, 8 (89%) had resection specimens positive
for the marker (P ¼ n.s. Supplementary Table S2). Similarly, of
6 patients without LC3Bþ puncta in pre-treatment specimens,

Table 2. Univariate and multivariate analysis for factors associated with OS in patients with localized osteosarcoma

Univariate analysis Multivariate analysisa

Factor No. of deaths Total no. of patients HR (95% CI) P HR (95% CI) P

Age at diagnosis (y) 105 215 1.02 (1.00–1.03) 0.0063 1.01 (1.00–1.03) 0.0294
Sex
Female 40 89 Ref
Male 65 126 1.11 (0.75–1.64) 0.615

Radiation-associated osteosarcoma
No 98 207 Ref Ref
Yes 7 8 3.76 (1.74–8.12) 0.001 3.08 (1.38–6.86) 0.0061

Primary site
Others 48 103 Ref
Femur 57 112 1.10 (0.76–1.65) 0.556

Grade
Low 1 6 Ref
High/Intermediate 104 209 4.23 (0.59–30.4) 0.152

Preoperative chemotherapy
No 2 7 Ref
Yes 103 208 1.49 (0.37–6.05) 0.577

Pathologic responseb

Good 43 92 Ref
Poor 59 113 1.40 (0.94–2.07) 0.097

Pre-treatment biomarkers
LC3Bþ

�10% 3 16 Ref Ref
<10% 9 34 1.38 (0.37–5.12) 0.631 1.40 (0.34–5.82) 0.646

LC3B (%)
>Median 3 16 Ref Ref
�Median 9 34 1.38 (0.37–5.12) 0.631 1.40 (0.34–5.82) 0.646

HSP27þ

<10% 1 8 Ref Ref
�10% 16 42 3.78 (0.50–28.6) 0.198 26.7 (1.47–484) 0.0263

Resection biomarkers
LC3Bþ

�10% 22 53 Ref Ref
<10% 36 54 1.78 (1.05–3.03) 0.0337 1.75 (1.01–3.04) 0.0448

LC3B (%)
>Median 18 48 Ref Ref
�Median 40 59 2.12 (1.21–3.70) 0.0082 2.15 (1.21–3.81) 0.0089

HSP27þ

<10% 18 47 Ref Ref
�10% 35 56 2.00 (1.12–3.56) 0.0197 1.85 (1.03–3.33) 0.0395

Abbreviations: CI, confidence interval; HR, hazard ratio.
aAdjusted for age and radiation-associated osteosarcoma.
bLandmark analysis.

Table 3. HSP27 and LC3B expression in osteosarcoma specimens

No. of specimens (%)

Factor All
Pre-treatment

biopsy

Primary
tumor

resection
Metastasis
resection

HSP27 intensity
None 41 (16) 9 (16) 28 (21) 4 (6)
Weak 144 (57) 28 (48) 74 (56) 42 (67)
Moderate 38 (15) 16 (28) 13 (10) 9 (14)
Strong 29 (12) 5 (9) 16 (12) 8 (13)

HSP27 (%)
<10% 85 (34) 9 (15) 63 (48) 13 (21)
�10% 168 (66) 50 (85) 68 (52) 50 (79)

LC3B intensity
None 122 (47) 38 (66) 64 (47) 20 (30)
Weak 82 (31) 7 (12) 43 (31) 32 (48)
Moderate 54 (21) 11 (19) 29 (21) 14 (21)
Strong 3 (1) 2 (3) 1 (1)

LC3B (%)
<10% 128 (49) 38 (66) 68 (50) 22 (33)
�10% 133 (51) 20 (34) 69 (50) 44 (67)
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3 subsequently had LC3Bþ puncta in their metachronous
metastasis specimens. Paired primary tumor resection and
metastasis resection specimens were available for 26 patients.
Among the 13 patients with primary tumors without LC3Bþ

puncta at resection, 9 (69%) had LC3Bþ puncta in metachro-
nous metastasis specimens (P ¼ n.s, Supplementary Table S2).

Assessment of the osteosarcoma specimens' nuclear and
cytoplasmic expressions of SQSTM1 showed limited staining
with the majority of specimens negative for any expression.
Only a few specimens demonstrated predominantly cyto-
plasmic labeling, whereas others demonstrated both nuclear
and cytoplasmic labeling (Supplementary Fig. S1A–S1B).
SQSTM1 intensity (both nuclear and cytoplasmic) was higher
in post-treatment resection and metastasis specimens as com-
pared with pre-treatment, with 38% of metastasis demonstrat-
ing moderate or strong cytoplasmic staining (Supplementary
Table S3). There was no statistically significant difference in
SQSTM1 cytoplasmic intensity amongst LC3Bþ versus LC3B�

tumor specimens (P ¼ 0.083).
Evaluation of HMGB1 revealed predominant nuclear HGMB1

staining, with 41% of specimens showing moderate or strong
staining intensity; a few specimens had both nuclear and cyto-
plasmic HGMB1 staining (Supplementary Fig. S1C). Given a
cutoff of >50% of tumor cells with nuclear HMGB1 expression,
55% of all specimens were considered positive for HMGB1.
The proportions of HMGB1þ specimens did not differ signif-
icantly between pre-treatment and resection specimens (43%
vs. 52%, P ¼ 0.375, GEE) but was significantly higher in
osteosarcoma metastasis as compared with pre-treatment
(43% vs. 66%, P ¼ 0.048, GEE; Supplementary Table S3).
Furthermore, nuclear HMGB1 expression was not correlated
with LC3B expression in pre-treatment specimens (Spearman
correlation �0.091, P ¼ 0.73) or post-treatment primary resec-
tion specimens (Spearman correlation 0.092, P ¼ 0.323).

The percentage and intensity of HSP27 expression varied,
with some specimens having strong diffuse HSP27 expression
in tumor cells and others having no appreciable HSP27 expres-
sion (Fig. 1C–D). Two thirds of all specimens were positive for
HSP27 expression. The proportions of HSP27þ pre-treatment
biopsy specimens and metastasis resection specimens were
significantly higher than that of HSP27þ primary tumor resec-
tion specimens (85% and 79%, respectively, vs. 52%, P < 0.001
and P < 0.001, GEE). The intensity of HSP27 staining varied
across groups. HSP27 expression was not correlated with LC3B
expression in pre-treatment biopsy specimens (Spearman cor-
relation 0.006, P ¼ 0.945).

Prognostic significance of LC3Bþ puncta andHSP27 expression
in patients with localized osteosarcoma

The presence of LC3Bþ puncta in pre-treatment biopsy speci-
mens was not associated with RFS or OS. Patients with localized
osteosarcoma and LC3Bþ puncta at resection (50% of cases) had
better OS (P ¼ 0.031; Fig. 2A). The lack of LCB3þ puncta at
resection was associated with worse RFS in the univariate analysis
(HR, 1.81; 95% CI, 1.10–2.98; P ¼ 0.019; log-rank P ¼ 0.017,
Supplementary Fig. S2) but only maintained borderline signi-
ficance in the multivariate analysis adjusted for radiation-
associated disease (HR, 1.65; 95% CI, 0.99–2.75; P ¼ 0.053).
The lack of LC3Bþ puncta in primary tumor resection specimens
was significantly associated with worse OS in both the univariate
analysis (HR, 1.78; 95% CI, 1.05–3.03; P ¼ 0.034) and multi-
variate analysis adjusted for age and radiation-associated disease
(HR, 1.75; 95% CI, 1.01–3.04; P ¼ 0.045; Table 2). The use of
LC3B staining intensity in primary tumor resection specimens
for risk stratification of patients with localized disease was also
investigated; negative expression verses weak/moderate/strong
expression showed the greatest significance in stratifying risk
groups (HR, 1.78; 1.05–3.00; P ¼ 0.032). Taken together, our

Figure 1.

Representative LC3B and HSP27
labeling. Variable tumoral labeling and
intensity was seen (see Table 2).
Illustrated are some examples of
staining patterns seen. Tumor with
A scattered cytoplasmic and punctate
LC3B labeling; B, diffuse cytoplasmic
and punctate LC3B labeling;
C, positive HSP27 labelin; and
D, negative HSP27 labeling;
magnification, �400.
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findings suggest that the presence of LC3Bþ puncta is an inde-
pendent prognostic biomarker of improved survival following
neoadjuvant chemotherapy.

The prognostic significance of nuclear HMGB1 expression in
pre-treatment biopsy and primary tumor resection specimens
was evaluated. Neither HMGB1 staining intensity nor HMGB1
expression (>50% nuclear expression) held prognostic signif-
icance in relation to RFS or OS at either time point. Similarly,
the combination of LC3Bþ puncta and nuclear HMGB1 expres-
sion was not associated with clinical outcomes.

Most pre-treatment osteosarcoma specimens had HSP27
expression. Although HSP27 expression in pre-treatment speci-
mens was not a significant predictor of RFS or OS in the
univariate analysis, in the multivariate analysis, it was associ-
ated with worse RFS (HR, 12.5; 95% CI, 1.34–116; P ¼ 0.027)

and OS (HR, 26.7; 95% CI, 1.47–484; P ¼ 0.026; Table 2).
Patients with HSP27þ osteosarcoma at resection had a signi-
ficantly shorter OS duration than patients whose tumor lacked
HSP27 expression (Fig. 2B, P ¼ 0.017). In both the univariate
and multivariate models, HSP27 expression in resection
specimens was associated with worse RFS (univariate: HR,
1.92; 95% CI, 1.13–3.28; P ¼ 0.016; multivariate: HR, 1.76;
95% CI, 1.03–3.03; P ¼ 0.040; log-rank P ¼ 0.014, Supple-
mentary Fig. S3) as well as worse OS (univariate: HR, 2.00;
95% CI, 1.12–3.56; P ¼ 0.020; multivariate: HR, 1.85; 95% CI,
1.03–3.33; P ¼ 0.040; Table 2).

The combined assessment of HSP27 expression and LC3Bþ

puncta was evaluated for further risk stratification among
patients with localized disease. In pre-treatment biopsy speci-
mens from 36 evaluable patients, the HSP27þ/LC3B� combi-
nation was associated with a trend toward worse OS (P ¼
0.087). Among the 92 patients with localized disease for
whom resection specimens with HSP27 and LC3B biomarker
data were available, those with HSP27�/LC3Bþ tumors had
significantly better OS as compared with all others (P ¼ 0.012;
Fig. 3A). Among these 92 patients, those with HSP27�/LC3Bþ

tumors had favorable survival outcomes; those with HSP27þ/
LC3Bþ or HSP27�/LC3B� tumors were at an intermediate
risk of death; and those with HSP27þ/LC3B� tumors had the
worst survival outcomes (P ¼ 0.017, Fig. 3B). The estimated
10-year OS rates for these groups were 75.4%, 55.4%, 37.2%,
and 25%, respectively.

Pathologic treatment response assessed by the percentage of
tumor necrosis following neoadjuvant chemotherapy is the most
well-established prognostic marker in patients with localized
osteosarcoma. Neither the percentage of LC3B expression nor
that of HSP27 expression in pre-treatment specimens was corre-
lated with the percentage of tumor necrosis following neoadju-
vant chemotherapy (Spearman correlation, �0.12 and �0.063,
respectively; P ¼ 0.384 and 0.655, respectively). Furthermore,
neither the presence of LC3Bþ puncta nor HSP27 expression in
pre-treatment specimens was associated with good pathologic
response (P¼ 0.391 and 1.00, respectively; Supplementary Table
S4). In addition, neither marker in resection specimens was
associated with good pathologic response (P ¼ 0.479 for LC3Bþ

and P ¼ 0.847 for HSP27). In a subset of patients with localized
osteosarcoma that had poor response to neoadjuvant chemother-
apy, the lack of LC3Bþ puncta was associated with a trend toward
worse OS (log-rank P¼ 0.062; Cox HR, 1.87; 95% CI, 0.96–3.64;
P ¼ 0.067; Supplementary Fig. S4).

Discussion
LC3Bþ puncta, a surrogate marker of autophagy, and HSP27

have both been shown to have prognostic significance in various
tumor types. Although preclinical data have suggested that auto-
phagy and HSP27 are potential therapeutic targets in osteosar-
coma, no studies have evaluated these markers in relation to
RFS, OS, or treatment response. Here, we show that both cyto-
plasmic LC3Bþ puncta and HSP27 expression are relevant prog-
nostic biomarkers in patients with localized osteosarcoma in
the largest series to date. Patients whose tumors lack LC3Bþ

puncta at resection following neoadjuvant chemotherapy
have a poor prognosis, as do patients whose tumors express
HSP27 at resection. By combining these 2 markers at resection,
we were able to identify a favorable risk group (HSP27�/LC3Bþ)

Figure 2.

OS of patients with localized osteosarcoma based on LC3Bþ puncta
status or HSP27 expression status at resection. A, Stratified by cytoplasmic
LC3Bþ puncta status [�10% (positive) vs. < 10% (negative)]. The presence
of LC3Bþ puncta at resection was associated with better OS. B, Stratified
by HSP27 expression status [�10% (positive) vs. <10% (negative)].
HSP27 expression was associated with worse OS. P values were
calculated with a log-rank test.
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and those with particularly high risk of death (HSP27þ/LC3B�)
when treated with standard therapy. As such, these markers may
be valuable in risk stratification.

Several studies have examined the role of chemotherapy-
induced autophagy in osteosarcoma cell lines. The majority of
this preclinical data suggest that chemotherapy-induced autop-
hagy is a mechanism of chemoresistance to standard MAP che-
motherapy in osteosarcoma. Autophagy inhibition either via the
knockdown of key autophagy genes such as the Beclin-1 gene,
BECN1 (30), or pharmacologic inhibition with compounds such
as 3-methyladenine (11), bafilomycin A1 (31), or chloroquine
(10) results in a decrease in proliferation and an increase in

apoptosis of osteosarcoma cells treated with doxorubicin or
cisplatin. Conversely, Hollomon and colleagues (18) found that
autophagy-inhibition via ATG5 knockdown could have opposing
effects and resulted in decreased chemotherapy-induced cell
death in DLM8 cells. In addition, agents that enhance autophagy
such as the cyclin-dependent kinase inhibitor roscovitine have
shown synergistic cytotoxicity when combined with doxorubicin
in vitro, suggesting that autophagy may serve as an alternate cell
death pathway in osteosarcoma (32). Given this duality, it is
prudent to analyze the presence and prognostic significance of
autophagymarkers such as LC3Bþ puncta, SQSTM1, andHMGB1
expression in osteosarcoma patients.

In our study, a limited number of patients' pre-treatment
specimens exhibited LC3Bþpuncta suggestive of basal autophagy.
However, the presence of LC3Bþ puncta before treatment was not
associated with RFS, OS, or pathologic response to neoadjuvant
chemotherapy. Overall a significantly higher proportion of post-
treatment specimens had LC3Bþ puncta and in the limited subset
of patients with paired samples, themajority of patients whowere
initially negative for LC3Bþ puncta at diagnosis became positive
for the marker at resection following chemotherapy (although
this finding was not statistically significant). The presence of
LC3Bþ puncta at resection was associated with improved OS but
did not correlate with pathologic treatment response. Taken
together, these findings suggest that LC3Bþ puncta may be
induced by standard chemotherapy in osteosarcoma and that the
presence of LC3Bþ puncta is an independent prognostic biomark-
er rather than a surrogate marker of pathologic treatment
response. As there are multiple pathways to achieve autophagy,
additional studies are needed to confirm the mechanistic signif-
icance of these findings.

The presence of LC3B puncta following chemotherapy was a
positive prognostic marker in our series of osteosarcoma. A
similar association has been shown in a large series of breast
cancer patients where the presence of cytoplasmic LC3B was a
favorable prognostic marker (29). Using the same methodology
and cutoff (>10%) used in the present study, Ladoire and collea-
gues (29) found that the combination of LC3Bþ puncta and
nuclear HMGB1 expression in tumor cells was associated with
prolonged metastasis-free and disease-specific survival in breast
cancer patients. They also showed that the presence of LC3Bþ

puncta was correlated with a reduction in SQSTM1 expression,
suggesting an increase in autophagic flux. In the current study,
most osteosarcoma specimens had no or weak SQSTM1 expres-
sion.Neither nuclearHMGB1 expression alone or in combination
with LC3Bþ puncta was prognostically relevant.

The findings of our study are in agreement with those of prior
studies showing that HSP27 overexpression in pre-treatment
biopsy specimens is an independent factor for poor prognosis
(14, 33). In the prior two small series, the proportions of HSP27þ

biopsy specimens (22% and 24%) and resection specimens (33%
and 37%) were much lower than those in the present study (85%
and 52%, respectively). Furthermore, whereas one of these series
found an association between HSP27 expression in resection
specimens and poor response among 19 patients, we found that
HSP27 expression was not correlated with pathologic treatment
response. Our findings, in conjunction with prior preclinical
studies (34–36), support further investigation into targeting
HSP27 in osteosarcoma treatment.

Finally, we investigated the combination of HSP27 and LC3B
on the basis of preclinical data suggesting an association among

Figure 3.

OS of patients with localized osteosarcoma based on analysis of the
combination of LC3Bþ puncta and HSP27 expression statuses at resection.
A, Patients with LC3Bþ puncta and negative HSP27 expression versus all
other groups. B, Groups stratified according to the presence or absence of
both HSP27 expression and LC3Bþ puncta. The combination of negative
HSP27 expression and the presence of LC3Bþ puncta was associated with
favorable OS. P values were calculated with a log-rank test.
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HSP27, HMGB1, and autophagy. Loss of HSP27 has been shown
to decrease autophagy, and phosphorylation ofHSP27 is required
for the protein's function as a cytoskeleton regulator inmitophagy
and autophagy (17). In osteosarcoma cell lines, post-treatment
pHSP27 overexpression is associated with a cytoprotective role of
autophagy and chemoresistance. In the current study, we
attempted to assess pHSP27 expression in osteosarcoma speci-
mens; however, staining results were limited, possibly due to
decalcification (representative pHSP27 labeling is available in
Supplementary Fig. S5; summary of pHSP27 expression Supple-
mentary Table S5).We found no correlation between the presence
of LC3Bþ puncta and total HSP27 expression in osteosarcoma
specimens.

HSP27 and LC3B can be considered as independent bio-
markers in osteosarcoma; analyzed together, they enable
improved risk stratification for patients with localized osteo-
sarcoma following neoadjuvant chemotherapy. One of the
limitations of this approach, however, is awaiting evaluation
of these markers at resection following approximately 12 weeks
of therapy. Unlike tumor necrosis, which relies on adequate
sampling and mapping, the assessment of these biomarkers
may be easier to implement reliably and accurately in the
clinic. Predictive biomarkers of response to conventional MAP
chemotherapy are still needed. A prospective analysis of paired
specimens may be beneficial in validating HSP27 and LC3Bþ

puncta as prognostic—and potentially predictive—biomarkers
in osteosarcoma and would support further investigation into
HSP27-targeted therapies or adding agents that promote
autophagy to standard chemotherapy in high-risk osteosarco-
ma patients.

Conclusions
The presence of the autophagy-associated protein LCBþ

puncta in osteosarcoma tumor cells following standard che-
motherapy is associated with favorable outcomes. Conversely,
HSP27 expression at diagnosis or after neoadjuvant chemo-
therapy is a negative prognostic marker in osteosarcoma.
Patients whose tumors lack LC3Bþ puncta and express HSP27
following neoadjuvant chemotherapy have a particularly high
risk for disease relapse and death. These findings establish

HSP27 and LC3Bþ puncta as prognostic biomarkers in osteo-
sarcoma and serve as a rationale for future studies examining
the underlying mechanisms and potential clinical applications
of targeting HSP27 and/or modulating autophagy in osteosar-
coma treatment.
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