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Abstract
Heat shock protein 90 (HSP90) inhibitors are considered as new radiosensitizing agents. PU-H71, a novel HSP90 inhibitor, is
under evaluation for the treatment of advanced cancer. It is however not known whether PU-H71 alters radiosensitivity of
metastatic breast cancer. Hence, we here evaluated mechanisms of possible anti-tumoral and radiosensitizing effects of PU-
H71 on breast carcinoma cells metastasized to vital organs such as the liver and brain. The effect of PU-H71 on proliferation of
breast carcinoma cells was determined using 4T1 cells and its brain (4TBM), liver (4TLM), and heart (4THM) metastatic subsets
as well as non-metastatic 67NR cells. Changes in radiation sensitivity were determined by clonogenic assays. Changes in client
proteins and levels of angiogenic and inflammatory mediators from these cancer cell cultures and ex vivo cultures were detected.
PU-H71 alone inhibited ERK1/2, p38, and Akt activation and reduced N-cadherin and HER2which further documented the anti-
tumoral effects of PU-H71. The combination of PU-H71 and radiotherapy induced cytotoxic effect than PU-H71 alone, and PU-
H71 showed a radiosensitizing effect in vitro. On the other hand, PU-H71 and radiation co-treatment increased p38 phosphor-
ylation which is one of the hallmarks of inflammatory response. Accordingly, IL-6 secretion was increased following PU-H71
and radiotherapy co-treatment ex vivo. Levels of angiogenic and inflammatory factors such as MIP-2, SDF-1, and VEGF were
increased under in vitro conditions but not under ex vivo conditions. These results demonstrated for the first time that PU-H71
enhances therapeutic effects of radiotherapy especially in highly metastatic breast carcinoma but a possible increase in inflam-
matory response should also be considered.
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Abbreviations
HSP90 Heat shock protein 90
SDF-1 Stromal-derived factor-1
MIP-2 Macrophage inflammatory protein-2
VEGF Vascular endothelial growth factor
IL-6 Interleukin 6

RT Radiotherapy
4THM 4T1 heart metastasis
4TLM 4T1 liver metastasis
4TBM 4T1 brain metastasis

Introduction

Themajority of deaths in breast cancer are due to metastasis to
vital organs such as the brain and liver (Jemal et al. 2011;
Weigelt et al. 2005). Small percentage of cells within the pri-
mary tumor can form metastasis, and these cells are resistant
to conventional treatments (Valastyan and Weinberg 2011).
Hence, new treatment modalities should have anti-tumoral
effects on metastatic cell in order to achieve clinically prom-
ising results.

Heat shock protein 90 (HSP90) induced by cell stress sta-
bilizes many of cellular proteins and protects them from
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degradation (Morimoto et al. 1997). These proteins are known
as HSP90’s client proteins. Increased expression of HSP90 is
closely associated with a poor prognosis and resistance to
therapy in cancer. HSP90 has distinct expression profiles in
normal and malignant cells (Guo et al. 2017; Neckers 2007).
HSP90 derived from tumor cells has a higher binding affinity
for HSP90 inhibitor 17-AAG compared to HSP90 from nor-
mal cells (Kamal et al. 2003). Hence, HSP90 inhibitors are
promising drugs for cancer treatment.

HSP90 interacts with specific client proteins which have
critical roles in signal transduction, cellular trafficking, cell
growth, and differentiation (Butler et al. 2015). PU-H71 has
a unique selectivity for binding the fraction of HSP90 that is
associated with oncogenic client proteins that are enriched in
tumor cells. For example, PU-H71 was shown to preferential-
ly target HSP90-client protein complexes in tumor cells
(Moulick et al. 2011). PU-H71, which is a purine scaffold
HSP90 inhibitor, has a higher affinity for activated state of
HSP90 (HSP90 complexes) and has anti-cancer activity on
triple-negative breast cancer (Caldas-Lopes et al. 2009;
Moulick et al. 2011). This property is thought to increase
anti-tumoral effects of PU-H71 and decrease its possible tox-
icity in normal cells. Effectiveness of PU-H71 in combination
with other anti-cancer agents was shown in myeloproliferative
neoplasms, Ewing sarcoma, and lymphoma xenografts
(Ambati et al. 2014; Bhagwat et al. 2014; Goldstein et al.
2015).

Several studies demonstrated that HSP90 inhibitors may
enhance sensitivity of tumor cells to ionizing radiation
(Gandhi et al. 2013; Ha et al. 2011; Lee et al. 2016; Li et al.
2016; Segawa et al. 2014; Yoshida et al. 2011). Up to our
knowledge, the effect of HSP90 inhibitors on metastatic cells
of breast carcinoma alone or in combination with radiotherapy
(RT) was not studied before. Hence, one of the aims of this
study was to examine possible anti-tumoral effects of HSP90
inhibitors alone and in combination with RT on breast cancer
cells metastasized to vital organs such as the brain (4TBM),
liver (4TLM), and heart (4THM).

Chemokines, such as stromal-derived factor-1 (SDF-1; also
known as CXCL12) and macrophage inflammatory protein-2
(MIP-2; also known as CXCL2), play a critical role in tumor
growth, angiogenesis, metastasis, and resistance to chemo-
therapy (Barbero et al. 2003; Lee et al. 1995; Shen et al.
2008; Singh et al. 2013; Xu et al. 2015). Vascular endothelial
growth factor (VEGF) is another angiogenic factor involved
in tumor progression and angiogenesis (McMahon 2000).
Previous studies suggest that HSP90 inhibitors decrease se-
cretion of angiogenic and inflammatory factors such as IL-8
(functional counterpart in mouse MIP-2), VEGF, and SDF-1
(Liu et al. 2017; Nagaraju et al. 2013; Seaton et al. 2009;
Terwisscha van Scheltinga et al. 2014; Xiang et al. 2014; Xu
et al. 2013). Interleukin-6 (IL-6), an inflammatory cytokine,
plays an important role in cancer formation and metastasis

(Knupfer and Preiss 2007). Previous studies suggest that in-
flammatory mediators may decrease radiosensitivity (Chin
and Wang 2014). IL-6 also causes radioresistance which
might be due to increased inflammation and angiogenesis
(Wu et al. 2013). Up to our knowledge, the effects of HSP90
inhibitors on cancer-induced IL-6 secretion are not known.
Hence, we here further examined changes in SDF-1, MIP-2,
VEGF, and IL-6 secretion following treatment with PU-H71
alone or in combination with RT. Treatment-induced changes
in HSP-client proteins were also determined.

Methods and materials

Cell culture, pre-irradiation treatments,
and radiotherapy

4T1 (highly metastatic) and 67NR (non-metastatic) cells were
previously derived from spontaneously formed breast tumors
in Balb-c mice (Aslakson and Miller 1992). The 4THM cell
line was derived from cardiac metastases of 4T1 cells (Erin
et al. 2004; Erin et al. 2013; Erin et al. 2006). 4THM cells
when implanted orthotopically into Balb/c mice generated
macroscopic liver and brain metastases, which in turn were
used to develop additional cell line, designated as 4TLM (liver
metastatic) and 4TBM (brain metastatic) (Erin et al. 2009).

These cells were grown in DMEM-F12 (Gibco, 11320-
074) supplemented with 5% FBS (fetal bovine serum),
2 mM L-glutamine, 1 mM sodium pyruvate, and 0.02 mM
nonessential amino acids. PU-H71 (Adooq, A11130) and
17-AAG (LC laboratories, A-6880) were dissolved in dimeth-
yl sulfoxide (DMSO).

Cells in culture dishes were irradiated with 2–10 Gy at
room temperature using Cobalt 60 (Co60) irradiator at a dose
rate of 0.4 Gy/min. Cells were irradiated for a field size of
40 × 40 cm2 at distance and SSD of 100 cm (skin-source
distance).

Cell proliferation and viability assays

Cells, plated in 96-well plates (500 cells/well) in growth me-
dia, were treated with varying concentration of PU-H71 or 17-
AAG for 72 h. After treatment, the number of viable cells was
determined using the WST-1 (Roche) cell proliferation assay.
The concentration of drugs at which cell growth was inhibited
by 50% (IC50) was estimated using GraphPad Prism5
software.

Colony formation assay

Cells, plated in a 6-well plate at 300 cells/well density, were
treated with various concentrations of PU-H71 (0.1 and
0.01 μM) 6 h after plating and were irradiated (2, 4, 6, or
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8 Gy) 24 h after PU-H71 treatment. After RT, mediums were
removed and fresh medium was added to remove PU-H71.
The colonies were fixed and stained 12–14 days after RT.
Colonies containing at least 50 cells were counted. The assay
was repeated three times. Plating efficiencies and surviving
fractions were calculated as described before (Franken et al.
2006). In addition, the effects of PU-H71 and RTco-treatment
on cell proliferation were determined.

Measurement of VEGF, MIP-2, SDF-1, and IL-6

Cells, plated in 24-well plates (4 × 103 cells/well), were treated
with 0.1 μM PU-H71 for 24 h followed by 10 Gy RT.
Conditioned mediums (CM) were collected after 48 h of RT
to determine VEGF (PEPROTECH 900-K99), CXCL12/
SDF-1 (R&D Systems, DY460), MIP-2 (PEPROTECH 900-
K152), and IL-6 (BioLegend, 78,417) levels using enzyme-
linked immunosorbent assay. Protocols provided by the man-
ufacturer were followed. All experiments were performed in
triplicate.

Ex vivo culture

4TLM cells (105 cells /mouse) were injected orthotopically
into the right upper mammary gland of 8–10-week-old female
Balb-c mice (from Kobay, Ankara-Turkey). Necropsies were
performed 15–20 days after injection of tumor cells. Primary
cell cultures were prepared from primary tumors as described
before (Erin et al. 2013). Primary tumor explants were ex-
posed to varying dose of PU-H71 and RT when the cells
reached 80% confluence. CM from primary tumor explants
were collected 48 h after treatments to measure IL-6, VEGF,
and MIP-2 levels.

Western blot analysis

Cells were treated with varying concentration of PU-H71 for
24 h followed by 5 Gy irradiation. Cell lysates were obtained
24 h after RT. Immunoblotting of target proteins was per-
formed as described before (Erin et al. 2003). Dilutions of
primary antibodies used were p-Akt (1:1000, Cell Signaling,
4060, Ser473), p-ERK1/2 (1:1500, p-p44/42, Cell Signaling,
9106, Thr202/Tyr204), p-p38MAPK (1:1000, Cell Signaling,
4511, Thr180/Tyr182), N-Cadherin (1:1000, BD Biosciences,
610,921), HER-2 (1:1500, Millipore, 06-562), HSP90
(1:1000, Cell Signaling, 4875), and HSP70 (1:1000, Cell
Signaling,4876). Proteins were visualized using enhanced
chemiluminescence (ECL). GAPDH (1:100000, Meridian
Life Science, H86504M) was used as a housekeeping protein
to ensure equal loading and transfer of proteins. Experiments
were repeated three times.

Statistical analysis

Data were presented as mean values ± standard error.
Depending on the data, statistical comparisons among groups
were performed using one of the following tests: ANOVA
followed by Tukey post-test and Student’s t test with or with-
out Welch correction. These analyses were performed using
GraphPad Software.

Results

PU-H71 dose dependently inhibits cell proliferation
and enhanced anti-proliferative effects of RT
in metastatic breast cancer cells

The effects of HSP90 inhibitor PU-H71 (0.01–10 μM) on cell
viability and proliferation of metastatic breast cancer cells were
determined, and its effects were compared with a classical
HSP90 N-terminal inhibitor, 17-AAG (Supplementary Fig. 1).
Although PU-H71 inhibited proliferation of cells in all metasta-
tic cell lines, the sensitivity to PU-H71 differed. The IC50 of
PU-H71 was 0.11 μM, 0.05 μM, 0.24 μM, and 0.04 μM for
4T1, 4TBM, 4THM, and 4TLM cells, respectively (Fig. 1a).
Hence, 4TLM and 4TBM cells were more sensitive to PU-H71
than 4THM cells. Surprisingly non-metastatic breast carcinoma
cells (67NR) were markedly less sensitive to PU-H71 (IC50:
0.23 μM) (Supplementary Fig. 1). In addition, PU-H71 was a
more potent inhibitor of cell proliferation compared to 17-
AAG, the effect observed mainly in 4TBM and 4TLM
(Fig. 1a) cells as well as 67NR cells (Supplementary Fig. 1).

The possible radiosensitizing effects of PU-H71 on the
proliferation of metastatic cell lines were also determined.
Initially, two different doses of RT were used to determine
its effects on cell proliferation (Supplementary Fig. 2). PU-
H71 at relatively low concentrations increased anti-
proliferative effects of RT (10 Gy) on both 4TLM (Fig. 1b)
and 4THM (Fig. 1c) cells. Ineffective concentration of PU-
H71 (0.1 μM) markedly enhanced anti-proliferative effects of
RT on 4TLM cells. Interestingly, 4THM cells were partly
resistant to anti-proliferative effects of RT under this experi-
mental setting, which was restored with the treatment of PU-
H71, further demonstrating radiosensitizing effects of HSP90
inhibition (Fig. 1c).

We used another approach to further examine possible
radiosensitizing effects of PU-H71. Colony formation assay
was used to determine the effect of PU-H71 administration
(0.01 and 0.1 μM) on RT-induced (2, 4, 6, 8 Gy) inhibition
of cell survival in 4THM (heart), 4TLM (liver), and 4TBM
(brain) metastatic cells of 4T1 murine breast carcinoma cells.
Results were given as survival fractions (Fig. 2). We also
included actual changes in colony numbers in order to dem-
onstrate the effects of PU-H71 treatment alone. PU-H71 at

Naunyn-Schmiedeberg's Arch Pharmacol (2020) 393:253–262 255



0.1 μMconcentration significantly inhibited colony formation
in all cell lines. RT dose dependently inhibited colony forma-
tion in all cell lines. Brain metastatic cells (4TBM) were more
sensitive to RT such that at 2 Gy RT inhibited colony forma-
tion in 4TBM cells but not in 4TLM and 4THMcells (Fig. 2a).
4TLM and 4THM cells became sensitive to 2 Gy RT in the
presence of PU-H71 (0.1 μM) (Fig. 2a, c).

Radiosensitizing effects of PU-H71 at 0.01 μM concentra-
tion were also observed in all cell lines. Specifically, PU-H71
(0.01 μM) did not affect colony numbers in the absence of RT
but markedly enhanced the inhibitor effects of 6 Gy irradiation
in 4TBM cells (Fig. 2b). Similar effects of 0.01 μM PU-H71
were observed in 4TLM and 4THM cells exposed to 8 Gy RT
(Fig. 2a, c).
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Fig. 2 Clonogenic survival assay.
Cells, plated in a 6-well plate at
300 cells/well density, were treat-
ed with various concentrations of
PU-H71 (0.1 and 0.01 μM) 6 h
after plating and were irradiated
(2, 4, 6, or 8 Gy) 24 h after PU-
H71 treatment. After RT, me-
diums were removed and a fresh
medium was added to remove
PU-H71. The colonies were fixed
and stained 12–14 days after RT.
Colonies containing at least 50
cells were counted. The assay was
repeated three times. Number of
colonies and surviving fractions
were demonstrated for 4TBM (a),
4TLM (b) and 4THM (c).
$p < 0.05 compared to the 0.1 μM
PU+ 0 GY group. *p < 0.05. T0
denotes number of cells just be-
fore treatments. $p < 0.05 com-
pared to PU-H71-treated 4TLM
and 4TBM cells. *p < 0.05
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Fig. 1 The effects of HSP90 inhibitors on cell proliferation alone or in
combination with radiotherapy (RT). Cells, plated in 96-well plates (500
cells/well) in growth media, were treated with varying concentration of
PU-H71 for 72 h. After treatment, the number of viable cells was deter-
mined using the WST-1 (Roche) cell proliferation assay. “Inhibitor

concentration 50” values of PU-H71 were calculated and reported here
as IC50. The IC50 values (in μM) for 4TBM, 4TLM, 4THM, and 4T1
cells are shown in a. RT and PU-H71 co-treatment-induced changes in
cell proliferation for 4TLM and 4TBM cells are shown in b and c, re-
spectively. T0 denotes number of cells just before treatment*,$ p<0,05.
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PU-H71 inhibited ERK1/2, p38, and Akt activation
and reduced HER2 and N-cadherin

PU-H71 inhibited activation (phosphorylation) of ERK1/2,
p38, and Akt in metastatic cell lines especially at relatively
high concentration (1 μM) 24 h after treatment (Fig. 3a, b).
PU-H71 treatment did not alter the total level of ERK
(Supplementary Fig. 3). Similarly, PU-H71 markedly de-
creased cellular levels of HER2, a well-known HSP90 client
protein (Mimnaugh et al. 1996). The 4T1 model is considered
as HER2 (−) based on the percent of cells expressing HER2
under in vivo conditions. Hence, it was shown that 4 T1 tu-
mors do not overexpress HER2 (Bao et al. 2011). Our results
are somewhat in agreement with these findings and 4T1 and
4T1-derived cells express detectable levels of HER-2. PU-
H71 also increased HSP70, a marker for HSP90 inhibition,
as demonstrated before in different models (Ambati et al.
2014; Caldas-Lopes et al. 2009). We here also examined

changes in N-cadherin expression, which is not a classical
client protein. PU-H71 decreased N-cadherin expression dose
dependently. Surprisingly, we observed a hormetic effect
(Lushchak 2014) such that PU-H71 at 1, 0.1, and 0.01 μM
concentration markedly suppressed N-cadherin expression
while the opposite effect was observed at 0.5 μM concentra-
tion in both 4THM and 4TLM.

Low concentration of PU-H71 and radiation
co-treatment inhibited ERK1/2 activation,
but increased p38 phosphorylation

Low concentration of PU-H71 (0.1–0.001 μM) was used here
because higher concentrations in combination with 5 Gy RT
induced cell death in 48 h preventing evaluation of cellular
changes. Co-treatment with PU-H71 and RT markedly sup-
pressed ERK1/2 phosphorylation especially in 4TBM cells.
Surprisingly PU-H71 alone or in combination with RT signif-
icantly increased p38 phosphorylation in 4TBM, 4THM, and
4TLM cells (Fig. 4a–c, respectively).

Combination of PU-H71 and RT altered secretion
of MIP-2, SDF-1, and VEGF from 4TLM and 4TBM cells
under in vitro conditions

PU-H71 alone or in combination with RT significantly in-
creased MIP-2 secretion correlating with enhanced p38 phos-
phorylation. RT alone also increased MIP-2 secretion in
4TLM cells (Fig. 5a). RT and PU-H71 co-treatment induced
increases in MIP-2 secretion which were significantly higher
compared to RT or PU-H71 treatment alone (Fig. 5a, d).
Similar effects of RTand PU-H71 co-treatment were observed
in SDF-1 secretion (Fig. 5b, e). VEGF secretion, detectable
only in 4TLM cells, was also markedly increased after co-
treatment (Fig. 5c). We also examined the changes in SDF-
1, VEGF, and MIP-2 levels in 4THM cells. VEGF levels were
low in 4THM cells. PU-H71 did not alter MIP-2 and SDF-1
levels in 4THM cells at concentrations that were effective in
4TLM and 4TBM cells. This is most likely due to the lower
sensitivity of 4THM cells to PU-H71 (Supplementary Fig. 4).

Effects of PU-H71 and RT on IL-6, VEGF, and MIP-2
under ex vivo conditions

The metastatic cell lines studied here do not secrete IL-6 under
in vitro conditions. IL-6 secretion however was observed freshly
prepared primary tumor explants (Erin et al. 2015b). Hence,
ex vivo cultures from primary tumors of 4TLM-injected mice
were prepared to determine possible treatment-induced changes
in IL-6 secretion. We here found that ex vivo cultures are much
more sensitive to cytotoxic effects of PU-H71 and combination
treatment. Specifically, PU-H71 at 0.1 μM concentration in-
duced excessive cell death such that WST-1 reading of the
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Fig. 3 PU-H71-induced changes in levels and/or phosphorylation (p) of
intracellular proteins. Cells, plated in a 6-well plate at 300000 cells/well
density, were treated with various concentrations of PU-H71 (1, 0.5, 0.1,
and 0.01 μM). Cell lysates were prepared 24 h after treatment. Effects of
PU-H71 on 4THM (a) and 4TLM (b) are shown. GAPDH was used as a
loading control (housekeeping gene)
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treated group was similar to the background reading. Hence, we
decreased the drug concentration at 10 times magnitude in order
to evaluate changes in IL-6, MIP-2, and VEGF levels. RT alone
or in combination with PU-H71 treatment significantly in-
creased IL-6 secretion (Fig. 6a). Surprisingly, PU-H71 alone
decreased IL-6 secretion but markedly potentiated the effects
of RT on IL-6 secretion. Because ex vivo cultures may reflect
in vivo conditions better than in vitro cell culture, we also ex-
amined changes in VEGF andMIP-2 levels. RTalone increased
MIP-2 levels similar to the results obtained under in vitro con-
ditions. Differently, PU-H71 treatment alone did not increase
VEGF and MIP-2 levels; on the contrary, PU-H71 treatment
decreased VEGF levels and prevented RT-induced increases in
VEGF and MIP-2 levels (Fig. 6b, c).

Discussion

Cells metastasize to visceral organs comprise stem cell prop-
erties and are resistant to most conventional treatments
(Charafe-Jauffret et al. 2009). We here demonstrated that
HSP90 inhibitor PU-H71 inhibited the proliferation of brain
(4TBM) and liver (4TLM) metastatic cells more efficiently
than non-metastatic 67NR breast cancer cells. Furthermore,
PU-H71 was a more potent inhibitor of cell proliferation com-
pared to 17-AAG. 4TLM and 4TBM cells are more aggressive
and induce more systemic metastasis compared to parental
cell line (4T1) (Erin et al. 2013). The sensitivity of 4TLM
cells, the most aggressive subset of breast carcinoma, to PU-
H71 was approximately 5–6 times more than non-metastatic
67NR breast carcinoma cells. In addition, PU-H71 sensitized
the metastatic breast cancer cells to growth inhibitory effects
of irradiation. Similarly, radiosensitivity of PC3 and LNCaP
metastatic prostate carcinoma increased with 17-DMAG, an-
other HSP inhibitor, treatment (Rae and Mairs 2017). HSP90
inhibitors were shown to enhance the radiosensitivity of lung,
cervical, breast, and bladder cancer cell lines in vitro (Ha et al.
2011; Hashida et al. 2015; Provencio and Sanchez 2014;
Yoshida et al. 2011). PU-H71 enhanced the sensitivity of the
SQ-5, A549 human lung cancer cells, and LM8 murine oste-
osarcoma cells but not fibroblasts to radiation (Lee et al. 2016;
Li et al. 2016; Segawa et al. 2014). It is however not known
whether PU-H71 alters radiosensitivity of breast cancer cells
that metastasized to vital organs. Up to our knowledge, there
are two studies that extensively examined the effects of PU-
H71 in metastatic breast cancer. In the first study, PU-H71
inhibited tumor growth markedly without major toxicity dem-
onstrating that PU-H71 could be considered for the treatment
of metastatic breast cancer (Caldas-Lopes et al. 2009). In the
second study, PU-H71 was found to induce death of MDA-
MB-231 breast carcinoma cells in the presence of TNF-α (Qu
et al. 2014). We here found that PU-H71 sensitized 4TLM,
4THM, and 4TBM cells to growth inhibitory effects of RT.

Previous studies suggest that HSP90 inhibitors decrease
secretion of angiogenic and inflammatory factors such as IL-
8 (functional counterpart in mouseMIP-2), VEGF, and SDF-1
(Liu et al. 2017; Nagaraju et al. 2013; Seaton et al. 2009;
Terwisscha van Scheltinga et al. 2014; Xiang et al. 2014; Xu
et al. 2013). We however found that PU-H71 alone increased
MIP-2, SDF-1, and VEGF secretion correlating with en-
hanced p38 phosphorylation in 4TBM and 4TLM cells under
in vitro conditions. Activation of p38 pathway is considered to
be one of the hallmarks of inflammatory response (Gupta and
Nebreda 2015). Inflammatory mediators may decrease radio-
sensitivity (Chin andWang 2014). Hence, other inflammatory
mediators such as MIP-2 and SDF-1 may also cause
radioresistance. Specifically MIP-2 is known to be a
chemoattractant for neutrophils and increases local inflamma-
tion as well as angiogenesis in tumor microenvironment (Erin
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Fig. 4 The effects of radiotherapy (RT) and/or PU-H71 treatment on the
levels and/or phosphorylation (p) of intracellular molecules. Cells, plated
in a 6-well plate at 300000 cells/well density, were treated with lower
concentrations of PU-H71 (0.1, 0.05, 0.01, 0.001 μM) for 24 h followed
by 5 Gy irradiation. After RT, the culture mediumwas changed to remove
PU-H71. Cell lysates were obtained 24 h after RT. Effects of RT and or
PU-H71 on 4TBM (a), 4THM (b), and 4TLM (c) are shown. GAPDH
was used as a loading control (housekeeping gene)
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et al. 2015a; Kollmar et al. 2006; Kwon et al. 2015; Wagner
et al. 2012). Similarly, inhibition of SDF-1 activity decreases
inflammation and suppresses cancer growth (Mao et al. 2015).
Recently, it was shown that anti-VEGF treatment increases
radiosensitivity of schwannoma demonstrating that increased
local VEGF levels may cause radioresistance (Gao et al.
2015). Hence, increasedMIP-2, SDF-1, andVEGFmay coun-
teract radiosensitizing effects of PU-H71.

IL-6, an inflammatory cytokine, enhances stemness of tu-
mor cells and metastasis (Chin and Wang 2014). Previous

studies documented that IL-6 causes radioresistance which
might be due to increased inflammation and angiogenesis
(Wu et al. 2013). Similarly, IL-6 was found to inhibit
radiation-induced apoptosis of pancreatic cancer cells,
suggesting a role for IL-6 in radioresistance (Miyamoto et al.
2001). RTwas also found to elevate serum IL-6 levels in head
and neck cancer patients (Akmansu et al. 2005). Similar IL-6
levels were increased after RT in colon cancer cell lines
(Pathak et al. 2015). Accordingly, we here found that RTalone
or in combination with PU-H71 treatment significantly
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(RT) and/or PU-H71 treatment on
secretion of MIP-2, SDF-1, and
VEGF in vitro. Cells, plated in
24-well plates (4 × 103 cells/well),
were treated with 0.1 μM PU-
H71 for 24 h followed by 10 Gy
RT. Conditioned mediums (CM)
were collected after 48 h of RT to
determine secreted levels of
VEGF, CXCL12/SDF-1, and
MIP-2 using enzyme-linked im-
munosorbent assay. Changes in
4TLM cells (a–c) and 4TBMcells
(d, e) are shown. *p < 0.05 com-
pared to control, #p < 0.05 com-
pared to PU-H71 or RT alone.
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protein-2, VEGF vascular endo-
thelial growth factor

0

10

20

30

40

50

60

CONTROL PU 0,01 RT RT +PU 0,01

M
IP

-2
 p

g/
m

l

0

50

100

150

200

250

CONTROL PU 0,01 RT RT + PU 0,01

VE
GF

 p
g/

m
l

ba

0
20
40
60
80

100
120
140
160

CONTROL PU 0,01 RT RT + PU 0,01

IL
-6

 p
g/

m
l

* * *
c

*

*

Fig. 6 Ex vivo effects of radiotherapy (RT) and/or PU-H71 treatment on
secretion of IL-6 (a), MIP-2 (b), and VEGF (c) in 4TLM tumor explants.
4TLM cells (105 cells /mouse) were injected orthotopically into the right
upper mammary gland of 8–10-week-old female Balb-c mice. Necropsies
were performed 15–20 days after injection of tumor cells. Primary cell
cultures were prepared from primary tumors as described before (Erin

et al. 2013). Primary tumor explants were exposed to varying dose of
PU-H71 and RT when the cells reached 80% confluence. CM from pri-
mary tumor explants were collected 48 h after treatments to measure IL-6,
VEGF, and MIP-2 levels.*p < 0.05 compared to control. MIP-2 macro-
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increased IL-6 secretion under ex vivo conditions. Hence,
increased IL-6 levels may limit the effectiveness of RT and
PU-H71 co-treatment and inhibition of IL-6 activity in addi-
tion to PU-H71 and RT co-treatment should be considered
clinically. Hence, caution should be taken during PU-H71
treatment of carcinomas that induce excessive inflammation.

The cell signaling molecules ERK1/2, p38, and Akt are
client proteins of HSP90 and they play a crucial role in cell
growth, survival, and apoptosis. Accordingly, we found that
PU-H71 treatment inhibited phosphorylation of ERK1/2, p38,
and Akt in breast cancer cells metastasized to visceral organs
(Weigelt et al. 2005). Similarly, PU-H71 decreased phosphor-
ylation of ERK1/2 and Akt in a dose-dependent manner in the
triple-negative breast cancer cell lines, acute myeloid leuke-
mia cells, and Burkitt lymphoma cells (Caldas-Lopes et al.
2009; Giulino-Roth et al. 2017; Zong et al. 2015). HER2 is
a HSP90’s client protein that is amplified in approximately
25% of breast cancers. We found that PU-H71 decreased
HER2 expression dose dependently in metastatic cells.

N-Cadherin, a mesenchymal marker, plays a critical role in
breast cancer progression and in maintaining malignant phe-
notype (Rezaei et al. 2012). Hence, we also evaluated changes
in N-cadherin levels. Although N-cadherin is not considered
as a client protein, our results suggest that N-cadherin could be
one of the HSP90’s client proteins because PU-H71 markedly
decreased N-cadherin level which is highly expressed in liver
metastatic breast carcinoma cells (Zuehlke and Johnson
2010). PU-H71 in combination with radiation also reduced
activation of ERK1/2 in 4TBM and 4TLM cells. We however
observed differential effects of PU-H71 and RT co-treatment
in p38 activation. Specifically, co-treatment increased p38
phosphorylation in metastatic breast carcinoma cells. Similar
effects were observed another HSP90 inhibitor, 17-AAG,
which induced activation of p38 in EGFR overexpressed pan-
creatic cancer cells (Adachi et al. 2010).

Interestingly, we also found that experimental conditions
affected the outcome of PU-H71 and RT co-treatment.
Specifically, PU-H71 prevented RT-induced increases in
VEGF and MIP-2 levels under ex vivo conditions in which
freshly prepared tumor explants were used. This might be due
to a stress response induce by RT that increases the secretion
of chemokines and cytokines under ex vivo conditions since
these cells are more vulnerable to cytotoxic effects of PU-
H71. Prevention of these stress response with HSP90 inhibi-
tion was sufficient to reverse the increases in MIP-2 and
VEGF. These results also demonstrate that different experi-
mental conditions should be used to thoroughly evaluate the
effects of possible therapeutic agents.

In conclusion, PU-H71 may enhance therapeutic effects of
radiotherapy especially in highly metastatic breast carcinoma.
Further clinical and basic studies however are required to
evaluate the possible role of IL-6 in resistance to this treatment
approach.
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