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1. ABSTRACT

Heat shock proteins belong to a group of 
molecular chaperones responsible for the regulation of 
many intracellular processes. HSPs play a pivotal role 
in the survival of cells under stressful conditions. Over-
expression of these proteins have been found in both 
healthy and a great number of cancer cells. HSPs may be 
involved in numerous carcinogenic and chemoresistant 
processes. Due to that fact, they may be referred to 
as diagnostic biomarkers of oncogenesis and potential 
targets for anticancer drugs. Thus, we decided to review 
the involvement of major HSPs in the most malignant 
childhood cancers.

2. INTRODUCTION

Heat shock proteins (HSPs) belong to a group 
of molecular chaperones classified according to their 
molecular mass into six families: HSP100, HSP90, 
HSP70, HSP60, HSP40 and small HSPs (ranging from 
15 kDa to 30 kDa) including HSP27. The amino acid 
sequence of HSPs is strongly conserved (1). The function 
of HSPs depends mainly on their cellular localization. 
Intracellular HSPs take part in protein folding and their 
transport to appropriate organelles. They participate in the 
repair of damaged proteins or direct them to proteasomal 
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degradation. Extracellular HSPs induce innate immune 
responses through antigen presentation, activation of 
lymphocytes and macrophages, or maturation of dendritic 
cells (2-6).

HSPs are constitutively produced, though their 
expression increases when cells are exposed to various 
stress factors (e.g. elevated temperature, toxins, UV, 
radiation, hypoxia). One of the most abundant HSPs is 
HSP90. It is an antiapoptotic protein associated with a 
number of signaling pathways. Two isoforms of HSP90 
have been distinguished - HSP90 alpha, constitutively 
expressed in the cytoplasm of most mammalian cells, 
and HSP90 beta, with its expression induced by stress 
factors (7). Interestingly, elevated expression of HSP90 
has been observed in ovarian, breast, pancreatic 
and gastric cancer cells (8). HSP27 and HSP70 are 
induced by numerous physical and chemical factors, 
while their expression under physiological conditions 
is low (9). Increased concentrations of HSPs have 
been found in the cells of cancer patients. Thus, some 
HSPs may be useful as biomarkers of carcinogenesis, 
differentiation, and tumor aggressiveness in addition 
to being used as new anticancer targets. As a result, 
a great number of molecules inhibiting HSPs have 
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been synthetized (8-10). Among the best known HSPs 
inhibitors evaluated in ongoing clinical trials, the most 
distinguishable are: tanespimycin (17-N-allylamino-
17-demethoxygeldanamycin, 17-AAG) for multiple 
myeloma and breast cancer, IPI-504 (retaspimycin) 
for Her2-positive metastatic breast cancer, BIIB021 for 
breast cancer and GIST, or AUY922 for breast cancer 
therapies (10) (Table 1). Although the involvement of 
HSPs in adult patients’ tumors is fairly well described, less 
is known about their role in malignancies of childhood 
and adolescence. Herein, we will try to review the impact 
and expression of major HSPs in pediatric cancers.

3. ENGAGEMENT OF HSPS IN MAJOR 
PEDIATRIC MALIGNANCIES

3.1. Leukemia
The involvement of HSPs in leukemia mainly 

refer to adult patients. Only a few studies concerning 
the association of HSPs with acute leukemia in children 
have been published (11-13). These data have been 
obtained from bone marrow samples of patients with 
acute lymphoblastic and myeloblastic leukemia, or 
performed in vitro.

3.1.1. Involvement of HSP27
HSP27 is one of the most important factors 

involved in the pathogenesis and chemoresistance of 
acute leukemia (especially myeloid leukemia, subtype M4 
and M5) (13). HSP27 is overexpressed in bone marrow 
of patients with newly diagnosed acute myeloid 
leukemia (AML) M4/M5 (13-15). The increased level of 
HSP27 seems to be correlated to the clinical status of 
pediatric M4/M5 subtypes. Interestingly, the incidence 
of relapse and refractory leukemia have been more 
frequently observed in patients overexpressing HSP27. 
Chemosensitivity of leukemia cells and the effectiveness 
of anticancer drugs increased with decreased expression 
of HSP27. Yang and co-workers have examined the level 
of HSP27 in a few leukemia cell lines, including pediatric 
AML M5 (THP-1) and T-cell acute lymphoblastic leukemia 
(ALL, Jurkat) (15). HSP27 levels were elevated in THP-1 
leukemia cells as opposed to noticeably lower levels in 
Jurkat cell lines (14,15). Madsen and co-workers found 

increased expressions of the M2 isoform in B-cell ALL 
and in non-leukemic ALL precursors in comparison to the 
normal B-cell precursors (12).

3.1.2. Involvement of HSP60 and HSP10
Significantly increased HSP60 gene expression 

has been reported in all leukemia cell lines in comparison 
to the healthy control samples. The highest level of 
HSP60 mRNA has been observed in Jurkat and CCRF-
CEM cell lines (13). The main function of HSP60 
depends on HSP10 - a co-chaperone that participates 
in the folding of client proteins (16). Cappello and 
co-workers have evidenced the positive expression of 
HSP10 characteristics for precursors of myeloid and 
megakaryocytic cells, while mature cells remained 
consistently negative (17). Thus, further investigations 
should be carried out to determine the role of HSP10 in 
hematological diseases including leukemia.

3.1.3. Involvement of HSP70 isoforms
HSP72, a member of the HSP70 chaperone 

family, has been detected on the cell surface of tumor 
cells and not in normal cells (18). However, the increased 
expression of Hsp70 on the cell surface of leukemia 
cells probably depends on biological sample processing 
methods (13). Any manipulation, chemical reagents, 
freezing/thawing may induce Hsp70 expression on the cell 
surface (13). Interestingly, high Hsp70 membrane positivity 
has been reported mainly in leukemia cell lines (19,20). 
This is consistent with the data of Gehrmann et al., who 
observed intense expression of HSP70 in leukemia cells 
after thermal stress, radiation, and chemotherapy (21). 
Furthermore, a new parameter, plasma-circulating HSP70 
(cHSP70), may be an interesting and useful tool in clinical 
practice. The advantage of cHSP70 is its independency 
on any physical or chemical manipulation. cHSP70 levels 
have been associated with the severity of the cancer. 
Thus, cHSP70 may be an important biomarker of poor 
prognosis (22).

3.1.4. Involvement of HSP90 isoforms
HSP90 gene expression has been reported to 

play an important role in the proliferation of leukemia cells. 
Yufu et al. have found increased levels of HSP90 alpha 

Table 1. Major HSPs inhibitors in ongoing clinical trials of cancer therapy
HSP inhibitor Cancer Phase of clinical trial

Tanespimycin with trastuzumab Her2 positive metastatic breast cancer II

Tansespimycin with bortezomib Relapsed-refractory multiple myeloma II/III

Tanespimycin with bortezomib Advanced solid tumors of lymphomas I

Retaspimycin with trastuzumab Her2 positive metastatic breast cancer II

BIIB021 with exemestane (aromasin) Hormone receptor- positive metastatic breast cancer II

BIIB021 GIST refractory to imatinib and sunitinib II

Luminespib (NVP-AUY922) with trastuzumab Her2 positive advanced breast cancer I/II
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mRNA in acute leukemia and mononuclear cells, derived 
from peripheral blood patients with acute leukemia, in 
comparison to the normal peripheral blood mononuclear 
cells (23). Moreover, Xiao et al. have found elevated 
HSP90 alpha mRNA levels in patients with acute non-
lymphoid leukemia and acute lymphoid leukemia (24). 
Intracellular over-expression of HSP90 alpha/beta has 
been also observed by Flandrin et al. in a poor-prognosis 
AML (25). Due to that, it has been suggested that Hsp90 
plays an important role in the regulation of cell survival 
and resistance to chemotherapy (25). AML cell lines 
have been evidenced with increased HSP90 alpha gene 
expression. Moreover, K562 (chronic myeloid leukemia 
(CML)), Jurkat (ALL), and CCRF-CEM (ALL) cells are 
characterized by high levels of HSP90 alpha mRNA (13).

3.2. Central nervous system (CNS) tumors
CNS tumors are the second most common 

cancers in children. About 21% of childhood cancers 
are CNS tumors. Many brain tumors have been 
distinguished with medulloblastoma (MB) being the 
most common malignant brain tumor. MB, according 
to the WHO classification published in 2007, is divided 
into the four histological subtypes: classic; desmoplastic/
nodular; extensive nodularity; and large-cell/anaplastic. 
Classic and nodular/desmoplastic MBs are the 2 major 
histological subtypes. The extensive nodular subtype 
and large-cell/anaplastic MBs are the least frequent and 
mainly associated with poor prognosis.

3.2.1. Involvement of major HSPs in MB tumors
HSPs expression and activity have been often 

highly upregulated in brain tumors. Hauser et al. have 
evidenced the high expression of HSP27, HSP70, and 
HSP90 in MB cells (26). Thus, these proteins may be 
used as potential therapeutic targets for novel anticancer 
drugs. Correlating HSPs expression directly with the MB 
histological subtype and the patients’ prognoses have 
been suggested (26-28). Expression of almost each 
group of HSPs (HSP40, HSP60, HSP70, HSP90 alpha, 
HSP27 phosphorylated in position of Serine 82and 
Serine 15) have been examined in MB cells (26-28). 
HSP27 (pSer15), HSP70 and HSP60 may have 
prognostic implications in patients with MBs. MB with 
extensive nodularity presents definitely lower expression 
of HSP27 (pSer15) but higher HSP60 expression than 
classic MB (28-33). Significantly elevated expression of 
HSP70 has been found in a large-cell MBs (28-33).

Over-expression of HSP90 has been related to 
the prognosis of many tumors (34,35). HSP90 inhibitors 
have been reported to reduce the survival of tumor 
cells derived from a variety of pediatric neoplasms 
including MB (34,35). One of the HSP90 inhibitors is 
a derivative of geldanamycin, 17-demethoxy-17-N,N-
dimethylaminoethylaminogeldanamycin (17-DMAG) 
(7). Calabrese et al. have reported that MB cells 
are sensitive to another derivative of geldanamycin, 

17-allylamino-demethoxygeldanamycin (17-AAG) (35). 
Interestingly, the recombinant HSP70 administered into 
the cavity after resection of a brain tumor can be a novel 
strategy for the treatment of malignant brain tumors in 
children (36).

3.3. Osteosarcoma (OS)
OS is one of the most aggressive malignant 

bone neoplasms of childhood and adolescence (37-40).

According to the WHO classification, OS is divided 
into several subtypes with distinct biological behaviors and 
clinical outcomes: conventional, telangiectatic, small cell, 
low-grade central, secondary, parosteal, periosteal, and 
high-grade surface (37). The most common pathologic 
subtype is a conventional central osteosarcoma. The 
other subtypes are much less common (38). Remarkable 
progress has been made in terms of improving surgical 
techniques combined with neoadjuvant and adjuvant 
chemotherapy; however, the 5-year survival rate of OS 
patients has plateaued at 50–70% (39,40).

3.3.1. Involvement of major HSPs in OS
The expression and potential role of HSP27, 

HSP60, and HSP70 have been reported as conventional 
and low-grade central OSs (41). A low-grade tumor 
is usually noninvasive, small, and associated with an 
excellent outcome (41). The conventional subtype of OS 
demands more aggressive actions including neoadjuvant 
chemotherapy followed by limb-salvage procedures and 
postoperative-multidrug treatment (42). Significantly higher 
expressions of HSP27 and HSP70 have been observed in 
the conventional subtype in comparison to the low-grade 
central OS (42) while HSP60 has been over-expressed in 
both types of OS. Higher expression of HSP27 has been 
significantly related to the metastases in conventional 
OS (43). HSP27, together with HSP60 and HSP70, 
have been shown as a negative factors of OS patients’ 
survival (41,42). Furthermore, HSP47, a collagen-specific 
HSP, is more highly expressed in OS than other HSPs. 
Expression of HSP90 alpha decreased in patients after 
biopsy and surgery (44). Trieb et al. have suggested that 
the expression of HSP90 seems not to be a predictive 
value of cancer but more likely the humoral immune 
response (45). The presence of anti-HSP90 antibodies 
in patients’ serum is consistent with a good response to 
neoadjuvant chemotherapy with the absence of the anti-
HSP90 antibodies being connected to the occurrence of 
metastases (45). The mechanism of the protective effect 
HSP90 has not been yet clarified. It might be accompanied 
by the immune response or direct protective effects of 
anti-HSP90 antibodies (45). The serum antibodies against 
HSP60 have been definitely increased in patients with OS 
(47), though the level of the anti-HSP60 antibodies has not 
been correlated to such clinical parameters as: response 
to preoperative chemotherapy, duration of symptoms, age, 
gender, tumor size, serum alkaline-phosphatase levels or 
metastases (47).
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3.4. Neuroblastoma (NB)
NB is the most common extracranial solid cancer 

in childhood and the most common cancer in infancy. 
Prognosis and treatment of NB depend on clinical and 
biological risk factors (48).

3.4.1. Involvement of major HSPs in NB
Little is known about the functions of HSPs in 

NB cells (49). Glucose-regulated protein 75 (GRP75), 
a member of the HSP70 family of chaperones, is 
up-regulated in NB tumor tissues. Positive GRP75 
expression has been strongly correlated to the 
differentiation of NB and early clinical stages. The 
expression of GRP75 seems to be a favorable prognostic 
factor in NB (50), with the expression of HSP27 
associated with an increase in the aggressiveness of the 
histological type of NB. It has been suggested that the 
protein may be used as a differentiation and prognostic 
marker for NBs (51). 17-DMAG inhibits NB cell growth 
by triggering NB cell apoptosis (52). Downregulation 
of HSP70 signaling in NB has resulted in apoptotic cell 
death with effects similar to that of triptolide, the new 
HSP70 inhibitor. Administration of triptolide induced NB 
cell death by multiple signaling pathways (53,54). Among 
these pathways, triptolide decreased HSP70 mRNA 
and protein levels in a dose-dependent manner. These 
findings support the hypothesis that inhibition of HSP70 
signaling plays a significant role in NB cell death (53,54).

4. POST-TRANSLATIONAL MODIFICATIONS 
OF HSPS

Post-translational modifications may affect the 
chemical and physical properties of the proteins, including 

their stability, activity, and function. Post-translational 
modifications such as hyper-phosphorylation, hyper-
acetylation, S-nitrosylation, oxidation, and ubiquitination 
regulated the chaperones’ function (55). Phosphorylation 
of HSPs is one of the most investigated topic and the 
most important post-translational modification. The 
phosphorylation of HSP90 resulted in changes of its 
interaction with other proteins. Tyrosine phosphorylation 
of HSP90, induced by 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) reductase inhibitors (statins), 
increased its association with endothelial nitric oxide 
and potentiated nitric-oxide-dependent angiogenic 
processes (56). Moreover, suppression of constitutive 
phosphorylation of HSP90 beta at positions Ser-226 and 
Ser-255 may have contributed to chemoresistance (57). 
Acetylation and hyper-acetylation of HSPs are other very 
important post-translational modifications, where acetyl 
groups are usually attached to lysine residues. The 
acetylation of HSP90, mediated by histone deacetylase 
inhibitors (HDACi), resulted in the destabilization of 
HSP90 complexes with its client proteins (ErbB2, Raf-1, 
mutant p53)(58). Additionally, we have demonstrated that 
hyperacetylation of HSP60 is associated with anticancer 
activity of geldanamycin and leads to induction of 
apoptosis in OS cells (46) (Figure 1).

5. SUMMARY AND PERSPECTIVE

Due to the complex mechanisms of action 
of HSPs and their expression in both healthy cells 
and cancer cells, HSPs may be considered as novel 
prognostic biomarkers of increased cell proliferation, 
differentiation, metastasis or poor therapeutic outcome. 
Despite numerous studies, the involvement of HSPs in the 

Figure 1. The mechanisms of inhibition of apoptosis by major HSPs. HSP27 blocks the release of Smac and cytochrome c from mitochondria and 
activation of caspase 9. HSP70 and HSP90 inhibits apoptotic protease activating factor 1 (Apaf-1), in addition HSP70 blocks activation of procaspase-9.
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processes of carcinogenesis and chemoresistance needs 
to be further elucidated. Undoubtedly, the combination 
of HSP inhibitors with conventional chemotherapy may 
constitute the future of effective anticancer strategies.

6. ACKNOWLEDGEMENTS

The project was funded by grant No. 2012/07/B/
NZ1/00010 from National Science Center resources. 
The funders had no role in study design, data collection 
and analysis, decision to publish, or preparation of the 
manuscript. We kindly thank prof. Elzbieta Adamkiewicz-
Drozynska and prof. Michal Wozniak for their valuable 
comments and suggestions. We kindly thank Michael 
Golian for his linguistic assistance and valuable 
corrections.

7. REFERENCES

1. K Arbeiter, B Bidmon, M Endemann, T Onno 
Bender, O Eickelberg, D Ruffingshofer, T 
Mueller, H Regele, K Herkner, C Aufricht: 
Peritoneal dialysate fluid composition 
determines heat shock protein expression 
patterns in human mesothelial cells. Kidney 
Int. 60, 1930–1937 (2001)
DOI: 10.1046/j.1523-1755.2001.00004.x

2. Z Li, A Menoret, P Srivastava: Roles of heat-
shock proteins in antigen presentation and 
cross-presentation. Curr. Opin. Immunol. 
14(1), 45–51 (2002)
DOI: 10.1016/S0952-7915(01)00297-7

3. RP Wallin, A Lundqvist, SH More, A von Bonin, 
R Kiessling, HG Ljunggren: Heat-shock 
proteins as activators of the innate immune 
system. Trends Immunol. 23, 130–135 (2002)
DOI: 10.1016/S1471-4906(01)02168-8

4. MF Tsan, B Gao: Cytokine function of heat 
shock proteins. Am. J. Physiol. Cell Physiol. 
286, C739–C744 (2004)
DOI: 10.1152/ajpcell.00364.2003

5. SK Calderwood, SS Mambula, PJ Gray 
Jr., JR Theriault: Extracellular heat shock 
proteins in cell signaling. FEBS Lett. 581, 
3689–3694 (2007)
DOI: 10.1016/j.febslet.2007.04.044

6. AG Pockley, M Muthana, SK Caderwood: The 
dual immunoregulatory roles of stress proteins. 
Trends Biochem. Sci. 33, 71–79 (2008)
DOI: 10.1016/j.tibs.2007.10.005

7. M Gorska, U Popowska, A Sielicka-Dudzin, 
A Kuban-Jankowska, W Sawczuk, N Knap, 
G Cicero, F Wozniak: Geldanamycin and its 

derivatives as Hsp90 inhibitors. Front Biosci 
(Landmark Ed). 1(17), 2269-2277 (2012)

8. HJ Ochel, G Gademan: Heat-shock protein 90: 
potential involvement in the pathogenesis of 
malignancy and pharmacological intervention. 
Onkologie 25, 466–473 (2002)
DOI: 10.1159/000067442

9. SB Qian, H McDonough, F Boellmann, DM Cyr, 
C Patterson: CHIP-Mediated stress recovery 
by sequential ubiquitination of substrates and 
HSP70. Nature 440, 551–555 (2006)
DOI: 10.1038/nature04600

10. JR Porter, CC Fritz, KM Depew: Discovery 
and development of HSP90 inhibitors: a 
promising pathway for cancer therapy. Curr. 
Opin. Chem. Biol. 14, 1–9 (2010)
DOI: 10.1016/j.cbpa.2010.03.019

11. L Yang, L Cao, M Yang, D Tang, R Kang, X 
Min, S Zhu, Y Yu: Hsp27: a novel therapeutic 
target for pediatric M4/M5 acute myeloid 
leukemia. Oncol. Rep. 29(4), 1459-66 (2013)

12. PS Madsen, P Hokland, N Clausen, J 
Ellegaard, M Hokland: Differential expression 
levels of the heat shock protein 27 isoforms 
in pediatric normal, nonleukemic and 
common acute lymphoblastic leukemia B-cell 
precursors. Blood 85(2), 510–21 (1995)

13. L Sedlackova, M Spacek, E Holler, Z 
Imryskova, I Hromadnikova: Heat-shock 
protein expression in leukemia. Tumor Biol. 
32, 33–44 (2011)
DOI: 10.1007/s13277-010-0088-7

14. AA Khalil, NF Kabapy, SF Deraz, C Smith: 
Heat shock proteins in oncology: Diagnostic 
biomarkers or therapeutic targets? Biochim. 
et Biophys. Acta 1816, 89–104 (2011)

15. L Yang, L Cao, M Yang, D Tang, R Kang, X 
Min, S Zhu, Y Yu: Hsp27: a novel therapeutic 
target for pediatric M4/M5 acute myeloid 
leukemia. Oncol Rep. 29(4), 1459-66 (2013)

16. F Cappello, A Marino Gammazza, A Palumbo 
Piccionello, C Campanella, A Pace, E 
Conway de Macario, AJ Macario: Hsp60 
chaperonopathies and chaperonotherapy: 
targets and agents. Expert Opin Ther Targets. 
18(2), 185-208 (2014)
DOI: 10.1517/14728222.2014.856417

17. F Cappello, C Tripodo, F Farina, V Franco, 
G Zummo: HSP10 selective preference for 
myeloid and megakaryocytic precursors in 

http://dx.doi.org/10.1046/j.1523-1755.2001.00004.x
http://dx.doi.org/10.1016/S0952-7915(01)00297-7
http://dx.doi.org/10.1016/S1471-4906(01)02168-8
http://dx.doi.org/10.1152/ajpcell.00364.2003
http://dx.doi.org/10.1016/j.febslet.2007.04.044
http://dx.doi.org/10.1016/j.tibs.2007.10.005
http://dx.doi.org/10.1159/000067442
http://dx.doi.org/10.1038/nature04600
http://dx.doi.org/10.1016/j.cbpa.2010.03.019
http://dx.doi.org/10.1007/s13277-010-0088-7
http://dx.doi.org/10.1517/14728222.2014.856417


HSPs in main pediatric malignancies

 162 © 1996-2016

normal human bone marrow. Eur J Histochem 
48(3), 261-265 (2004)

18. G Multhoff, C Botzler, M Wiesnet, E Müller, 
T Meier, W Wilmanns, RD Issels: A stress-
inducible 72-kDa heat-shock protein (HSP72)
is expressed on the surface of human tumor 
cells, but not on normal cells. Int J Cancer 10, 
61(2): 272-9 (1995)

19. I Hromadnikova, R Volchenkov, L Sedlackova, 
M Spacek, T Kozak: Expression of heat shock 
protein 70 and NKG2D ligands in acute 
myeloid leukemia cell lines. J Recept Signal 
Transduct 30(3), 161–9 (2010)
DOI: 10.3109/10799891003671154

20. I Hromadnikova, L Sedlackova: Analysis of 
cell surface and relative gene expression of 
heat shock protein 70 in human leukemia cell 
lines. Leuk Lymphoma 49(3), 570–576 (2008)
DOI: 10.1080/10428190701851372

21. M Gehrmann, J Radons, M Molls, G Multhoff: 
The therapeutic implications of clinically 
applied modifiers of heat shock protein 70 
(Hsp70) expression by tumor cells. Cell Stress 
Chaperones 13(1), 1–10 (2008)
DOI: 10.1007/s12192-007-0006-0

22. C Yeha, R Tsenga, A Hannahc, Z Estrovb, 
E Esteyb, H Kantarjianb, M Albitar: Clinical 
correlation of circulating heat shock protein 70 in 
acute leukemia. Leuk Res. 34, 605–609 (2010)
DOI: 10.1016/j.leukres.2009.09.014

23. Y Yufu, J Nishimura, H Nawata: High 
constitutive expression of heat shock protein 
90 alpha in human leukemia cells. Leuk Res. 
16(6-7), 597–605 (1992)
DOI: 10.1016/0145-2126(92)90008-U

24. K Xiao, W Liu, S Qu, H Sun, J Tang: Study 
of heat shock protein HSP90 alpha, HSP70, 
HSP27 mRNA expression in human acute 
leukemia cells. J Tongji Med Univ 16(4), 
212–216 (1996)
DOI: 10.1007/BF02888109

25. P Flandrin, D Guyotat, A Duval, J Cornillon, E 
Tavernier, N Nadal: Significance of heat-shock 
protein (HSP) 90 expression in acute myeloid 
leukemia cells. Cell Stress Chaperones 13(3), 
357–364 (2008)
DOI: 10.1007/s12192-008-0035-3

26. P Hauser, Z Hanzély, Z Jakab, L Oláh, E 
Szabó, A Jeney, D Schuler, G Fekete, L 
Bognár, M Garami: Expression and Prognostic 

Examination of Heat Shock Proteins (HSP 27, 
HSP 70, and HSP 90) in Medulloblastoma. 
J Ped Hematol Oncol 28(7), 461-466 (2006)
DOI: 10.1097/01.mph.0000212954.35727.ad

27. MF Elshal, JP McCoy: Multiplex Bead 
Array Assays: Performance Evaluation and 
Comparison of Sensitivity to ELISA. Methods 
38(4), 317–323 (2006)
DOI: 10.1016/j.ymeth.2005.11.010

28. GA Alexiou, G Vartholomatos, K Stefanaki, A 
Patereli, L Dova, A Karamoutsios, G Lallas, 
G Sfakianos, M Moschovi, N Prodromou: 
Expression of heat shock proteins in 
medulloblastoma. J Neurosurg Pediatr. 12(5), 
452-7 (2013)

29. M Moschovi, GA Alexiou, A Patereli, K 
Stefanaki, I Doussis-Anagnostopoulou, 
A Stofas, G Sfakianos, N Prodromou: 
Prognostic significance of cyclin A and B1 in 
pediatric embryonal tumors. J Neurooncol. 
103, 699–704 (2011)
DOI: 10.1007/s11060-010-0451-y

30. CS McManamy, JM Lamont, RE Taylor, M 
Cole, AD Pearson, SC Clifford, DW Ellison, 
United Kingdom Children’s Cancer Study 
Group: Morphophenotypic variation predicts 
clinical behavior in childhood non-desmoplastic 
medulloblastomas. J Neuropathol Exp Neurol. 
62, 627–632, (2003)

31. CS McManamy, J Pears, CL Weston, Z 
Hanzely, JW Ironside, RE Taylor, RG Grundy, 
SC Clifford, DW Ellison, Clinical Brain Tumour 
Group: Nodule formation and desmoplasia 
in medulloblastomas-defining the nodular/
desmoplastic variant and its biological 
behavior. Brain Pathol. 17, 151–164 (2007)
DOI: 10.1111/j.1750-3639.2007.00058.x

32. M. Moschovi, E Koultouki, K Stefanaki, G 
Sfakianos, N Tourkantoni, N Prodromou, 
GA Alexiou: Prognostic significance of 
angiogenesis in relation to Ki-67, p-53, p-27, 
and bcl-2 expression in embryonal tumors. 
Pediatr Neurosurg 47, 241–247 (2011)
DOI: 10.1159/000335398

33. A Ray, M Ho, J Ma, RK Parkes, TG Mainprize, 
S Ueda, J McLaughlin, E Bouffet, JT Rutka, 
CE Hawkins: A clinicobiological model 
predicting survival in medulloblastoma. Clin 
Cancer Res 10, 7613–7620 (2004)
DOI: 10.1158/1078-0432.CCR-04-0499

http://dx.doi.org/10.3109/10799891003671154
http://dx.doi.org/10.1080/10428190701851372
http://dx.doi.org/10.1007/s12192-007-0006-0
http://dx.doi.org/10.1016/j.leukres.2009.09.014
http://dx.doi.org/10.1016/0145-2126(92
http://dx.doi.org/10.1007/BF02888109
http://dx.doi.org/10.1007/s12192-008-0035-3
http://dx.doi.org/10.1097/01.mph.0000212954.35727.ad
http://dx.doi.org/10.1016/j.ymeth.2005.11.010
http://dx.doi.org/10.1007/s11060-010-0451-y
http://dx.doi.org/10.1111/j.1750-3639.2007.00058.x
http://dx.doi.org/10.1159/000335398
http://dx.doi.org/10.1158/1078-0432.CCR-04-0499


HSPs in main pediatric malignancies

 163 © 1996-2016

34. O Ayrault, MD Godeny, C Dillon, F Zindy, P 
Fitzgerald, MF Roussel, H Beereb: Inhibition 
of Hsp90 via 17-DMAG induces apoptosis 
in a p53-dependent manner to prevent 
medulloblastoma. Proc Natl Acad Sci U S A 
6 106(40), 17037–17042 (2009)

35. C Calabrese, A Frank, K Maclean, R 
Gilbertson: Medulloblastoma sensitivity to 
17-allylamino-17-demethoxygeldanamycin 
requires MEK/ERKM. J Biol Chem 4, 278(27), 
24951-24959 (2003)

36. MA Shevtsov, AV Kim, KA Samochernych, 
IV Romanova, BA Margulis, IV Guzhova, IV 
Yakovenko, AM Ischenko, WA Khachatryan: 
Pilot study of intratumoral injection of 
recombinant heat shock protein 70 in the 
treatment of malignant brain tumors in children. 
Onco Targets Ther. 18, 7, 1071-81 (2014)

37. G Yarmish, MJ Klein, J Landa, RA Lefkowitz, 
S Hwang: Imaging characteristics of primary 
osteosarcoma: nonconventional subtypes. 
Radiographics 30(6), 1653-72 (2010)
DOI: 10.1002/cncr.22574

38. A Weiss, JD Khoury, FA Hoffer, J Wu, CA 
Billups, RK Heck, J Quintana, D Poe, BN 
Rao, NC Daw: Telangiectatic osteosarcoma: 
the St. Jude Children’s Research Hospital’s 
experience. Cancer 109(8), 1627-1637 (2007)

39. ML Broadhead, JCM Clark, DE Myers, 
CR Dass, PFM Choong: The molecular 
pathogenesis of osteosarcoma: a review. 
Sarcoma, 959248–959248 (2011)

40. DS Geller, R Gorlick: Osteosarcoma: a review 
of diagnosis, management,and treatment 
strategies. Clin Adv Hematol Oncol 8, 
705–718 (2010)

41. NC Daw, CA Billups, AS Pappo, JJ Jenkins, 
HH Mahmoud, MJ Krasin,BN Rao: Malignant 
fibrous histiocytoma and other fibrohistiocytic 
tumors in pediatric patients: the St. Jude 
Children’s Research Hospital experience. 
Cancer 97(11): 2839-2847 (2003)
DOI: 10.1002/cncr.11384

42. MA Blake, MK Kalra: Imaging in Oncology. 
New York: Springer Science+Business Media 
(2008)

43. A Moon, P Bacchini, F Bertoni, LG Olvi, E 
Santini-Araujo, YW Kim, YK Park: Expression 
of heat shock proteins in osteosarcomas. 
Pathology 42(5), 421-5 (2010)

DOI: 10.3109/00313025.2010.493866
44. H Uozaki, T Ishida, C Kakiuchi, H Horiuchi, 

T Gotoh, T Iijima, T Imamura, R Machinami: 
Expression of heat shock proteins in 
osteosarcoma and its relationship to prognosis 
Pathol Res Pract. 196(10), 665–673 (2000)
DOI: 10.1016/S0344-0338(00)80118-1

45. K Trieb, R Gerth, G Holzer, JG Grohs, P 
Berger, R Kotz: Antibodies to heat shock 
protein 90 in osteosarcoma patients correlate 
with response to neoadjuvant chemotherapy. 
Br J Cancer 82(1), 85–87 (2000)
DOI: 10.1054/bjoc.1999.0881

46. M Gorska, A Marino Gammazza, MA 
Zmijewski, C Campanella, F Cappello, T 
Wasiewicz, A Kuban-Jankowska, A Daca, A 
Sielicka, U Popowska, N Knap, J Antoniewicz, 
T Wakabayashi, M Wozniak: Geldanamycin-
induced osteosarcoma cell death is 
associated with hyperacetylation and loss of 
mitochondrial pool of heat shock protein 60 
(hsp60). Plos one 28;8(8), e71135 (2013)

47. K Trieb, R Gerth, R Windhager, JG Grohs, G 
Holzer, P Berger, R Kotz: Serum antibodies 
against the heat shock protein 60 are elevated 
in patients with osteosarcoma. Immunobiology 
201(3-4), 368-376 (2000)
DOI: 10.1016/S0171-2985(00)80091-1

48. MS Irwin, JR Park: Neuroblastoma: Paradigm 
for Precision Medicine. Clin Cancer Res. 
1;14(19), 6237-6245 (2008)

49. B Panaretou, G Siligardi, P Meyer, A Maloney, 
JK Sullivan, S Singh, SH Millson, PA Clarke, 
S Naaby-Hansen, R Stein, R Cramer, M 
Mollapour, P Workman, PW Piper, LH Pearl, C 
Prodromou: Activation of the ATPase activity 
of hsp90 by the stress-regulated cochaperone 
aha1. Mol Cell. 10(6), 1307-1318 (2002)
DOI: 10.1016/S1097-2765(02)00785-2

50. WM Hsu, H Lee, HF Juan, YY Shih, BJ 
Wang, CY Pan, YM Jeng, HH Chang, MY 
Lu, KH Lin, HS Lai, WJ Chen, YG Tsay, YF 
Liao, FJ Hsieh: Identification of GRP75 as an 
independent favorable prognostic marker of 
neuroblastoma by a proteomics analysis. Clin 
Cancer Res. 1; 14(19), 6237-6245 (2008)

51. C Zanini, F Pulera, F Carta, G Giribaldi, 
G Mandili, MM Maule, M Forni, F Turrini: 
Proteomic identification of heat shock protein 
27 as a differentiation and prognostic marker 

http://dx.doi.org/10.1002/cncr.22574
http://dx.doi.org/10.1002/cncr.11384
http://dx.doi.org/10.3109/00313025.2010.493866
http://dx.doi.org/10.1016/S0344-0338(00
http://dx.doi.org/10.1054/bjoc.1999.0881
http://dx.doi.org/10.1016/S0171-2985(00
http://dx.doi.org/10.1016/S1097-2765(02


HSPs in main pediatric malignancies

 164 © 1996-2016

in neuroblastoma but not in Ewing’s sarcoma. 
Virchows Arch. 452(2), 157-167 (2008)
DOI: 10.1007/s00428-007-0549-6

52. B Yi, J Yang, L Wang: The growth inhibitory 
effect of 17-DMAG on ALK and MYCN double-
positive neuroblastoma cell line. Tumour Biol. 
35(4), 3229-3235 (2014)
DOI: 10.1007/s13277-013-1422-7

53. TC Krosch, V Sangwan, S Banerjee, 
N Mujumdar, V Dudeja, AK Saluja, SM 
Vickers: Triptolide-mediated cell death in 
neuroblastoma occurs by both apoptosis and 
autophagy pathways and results in inhibition 
of nuclear factor-kappa B activity. Am J Surg 
205(4), 387-396 (2013)
DOI: 10.1016/j.amjsurg.2013.01.008

54. MB Antonoff, R Chugh, SJ Skube, V Dudeja, 
D Borja-Cacho, KA Clawson, SM Vickers, AK 
Saluja: Role of Hsp-70 in triptolide-mediated 
cell death of neuroblastoma. Surg Res. 
163(1), 72-78 (2010)
DOI: 10.1016/j.jss.2010.04.047

55. BT Scroggins, L Neckers: Post-translational 
modification of heat shock protein 90: impact 
on chaperone function. Expert Opin Drug 
Discov 2, 1403–1414 (2007)
DOI: 10.1517/17460441.2.10.1403

56. A Brouet, P Sonveaux, C Dessy, S Moniotte, 
JL Balligand, O Feron: Hsp90 and caveolin 
are key targets for the proangiogenic nitric 
oxide-mediated effects of statins. Circ Res. 
89, 866–873 (2001)
DOI: 10.1161/hh2201.100319

57. M Kurokawa, C Zhao, T Reya, S Kornbluth: 
Inhibition of apoptosome formation by 
suppression of Hsp90beta phosphorylation in 
tyrosine kinase-induced leukemias. Mol Cell 
Biol. 28, 5494–5506 (2008)
DOI: 10.1128/MCB.00265-08

58. X Yu, ZS Guo, MG Marcu, L Neckers, DM 
Nguyen, GA Chen, DS Schrump: Modulation 
of p53, ErbB1, ErbB2, and Raf-1 expression in 
lung cancer cells by depsipeptide FR901228. 
J Natl Cancer Inst. 94, 504–513 (2002)
DOI: 10.1093/jnci/94.7.504

Abbreviations: ALL: acute lymphoblastic 
leukemia, AML: acute myeloid leukemia, 
Apaf-1: apoptotic protease activating factor 
1, cHSP70: circulating HSP70, CML: chronic 
myeloid leukemia, CNS: central nervous 

system, HMG-CoA: 3-hydroxy-3-methylglutaryl-
coenzyme A, HSP: heat shock protein, MB: 
Medulloblastoma, NB: neuroblastoma, OS: 
osteosarcoma 17-AAG: 17-allylamino-demothoxy 
geldanamycin,17-DMAG:17-demethoxy-17-N,N 
dimethylaminoethylaminogeldanamycin

Key Words: Heat Shock Proteins, Cancer, 
Leukemia, Osteosarcoma, Neuroblastoma, 
Medulloblastoma, Review

Send correspondence to: Magdalena Gorska, 
Department of Medical Chemistry, Medical 
University of Gdansk, Gdansk 80-211, Debinki 
1 Street, Poland, Tel: 0048 (58) 349-14-50, Fax: 
0048 (58) 349-14-56, E-mail: m.gorska@gumed.
edu.pl

http://dx.doi.org/10.1007/s00428-007-0549-6
http://dx.doi.org/10.1007/s13277-013-1422-7
http://dx.doi.org/10.1016/j.amjsurg.2013.01.008
http://dx.doi.org/10.1016/j.jss.2010.04.047
http://dx.doi.org/10.1517/17460441.2.10.1403
http://dx.doi.org/10.1161/hh2201.100319
http://dx.doi.org/10.1128/MCB.00265-08
http://dx.doi.org/10.1093/jnci/94.7.504
mailto:m.gorska%40gumed.edu.pl?subject=
mailto:m.gorska%40gumed.edu.pl?subject=

