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SUMMARY

Heat shock factor 1 (HSF-1) is a powerful, multifaceted modifier of carcinogenesis and cancer
progression. HSF-1 activates the heat shock response following stress and is frequently
upregulated in many tumor cell types already under physiological conditions. As HSF-1 is a key
transcription factor for heat shock protein 70 (Hsp70) and 27 (Hsp27), protein levels of these HSPs
are increased in numerous tumor cell types. Elevated HSP levels contribute to a malignant tumor
phenotype and mediate resistance to chemo- and radiotherapy.

Apart from the blockage of HSF-1, the inhibition of Hsp90 is considered as a promising concept
to overcome radioresistance. However, most Hsp90 inhibitors induce the release of HSF-1 from
the Hsp90 complex and therefore HSF-1 becomes activated. Active HSF-1 induces the
transcription of Hsp70 and Hsp27 that are known to promote tumor cell survival by interfering with
anti-apoptotic pathways.

A dual targeting of the heat shock response with NZ28 and Hsp90 with NVP-AUY922 potentiates
the radiation sensitivity of tumor cells that are otherwise resistant to ionizing radiation. NZ28 is
known to interfere with the heat shock response by inhibiting not only HSF-1 but also several other
transcription factors. Therefore, | wanted to study the combined effects of a specific HSF-1 and
Hsp90 inhibition on the sensitivity of tumor cells to ionizing irradiation.

In addition to its cytoprotective properties when located intracellular, Hsp70 is also present on the
plasma membrane (mHsp70) of many different tumor cell types. Membrane-bound Hsp70 exerts
a dual function as it also mediates protection against ionizing irradiation but also plays a role in
NK (natural killer) cell-mediated anti-cancer immunity, in vitro and in vivo. Besides Hsp70, MICA
and B (major histocompatibility class | chain-related proteins A and B) are also important
recognition structures (ligands) on tumor cells for activated NK cells.

As HSF-1 is not only known to regulate Hsp27 and Hsp70, but also the MICA/B expression, the
effects of a specific HSF-1 knockdown were analyzed with respect to radiation sensitivity and NK
cell-mediated tumor cell killing in two different lung carcinoma cell lines (H1339, EPLC-272H).
The depletion of HSF-1 resulted in a strong reduction of cytosolic Hsp70 levels, whereas the
density of membrane-bound Hsp70 remained unchanged. Since mHsp70 also is involved in
mediating radioresistance, a knockdown of HSF-1 alone was unable to increase radiosensitivity
in H1339 and EPLC-272H cancer cell lines. Due to an HSF-1-mediated downregulation of MICB
on the membrane of H1339 cells, NK cell-mediated lysis of these tumor cells was reduced. In
contrast, the combined inhibition of HSF-1 and Hsp90 resulted in an increased radiosensitivity of
H1339 cells. With respect to EPLC-272H ctrl and EPLC-272H HSF-1 knockdown sublines a
combined treatment regimen did not induce an increased radiosensitivity. This finding might be

due to the high basal Hsp27 levels in EPLC-272H cells which were not affected by an HSF-1
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knockdown. Surprisingly, an Hsp27 knockdown promotes the transition from G2 to M phase after
ionizing irradiation. A shorter G2 phase in which the DNA damage repair occurs presumably
increases the number of chromosomal aberrations. Further studies are ongoing to fully understand
the role of Hsp27 in DNA damage/cell cycle signaling pathways.



ZUSAMMENFASSUNG

Hitzeschockproteine (HSPs), auch Stressproteine genannt, wie z.B. Hsp90, Hsp70 und Hsp27
sowie deren Transkriptionsfaktor Hitzeschock Faktor 1 (HSF-1) knnen die Tumorprogression und
die Strahlenresistenz auf vielfaltige Weise unterstitzen. Als Haupttranskriptionsfaktor fir Hsp27
und Hsp70 aktiviert der HSF-1 die Stressantwort sowohl in Normal- als auch in Tumorzellen nach
Stresseinwirkung (z.B. erhdhte Temperatur, Strahlentherapie, Toxine/Chemotherapeutika etc.).
Im Gegensatz zu Normalzellen ist die Expression des HSF-1 in vielen Tumorzellarten bereits unter
physiologischen Bedingungen hochreguliert. Aus diesem Grund ist die Expression der
Stressproteine Hsp70 und Hsp27 in Tumorzellen unterschiedlicher Entitaten haufig ebenfalls
erhoht. Ein hoher intrazellularer HSP Gehalt tragt zu einem malignen Phanotyp des Tumors bei
und kann auRerdem Resistenzmechanismen gegen Chemo- und Strahlentherapie aktivieren,
indem apoptotische Signaltransduktionswege gehemmt werden.

Neben Hsp70 und Hsp27 spielt auch Hsp90 eine wichtige Rolle in der Tumorgenese. In jingster
Zeit gilt die Hemmung von Hsp90 als ein vielversprechendes Konzept zur Erhéhung der
Strahlenempfindlichkeit. Hsp90 wird in vielen Tumorzellarten ebenfalls vermehrt produziert und
dient der Stabilisierung onkogener Zielproteine und den entsprechenden Signalwegen. Eine
Inhibition von Hsp90 setzt jedoch HSF-1 aus dem Komplex mit Hsp90 frei und fordert somit
dessen Aktivierung. Der freie aktivierte HSF-1 induziert daraufhin die Expression der anti-
apoptotisch wirkenden Hitzeschockproteine Hsp70 und Hsp27.

Die simultane Inhibition der Stressantwort durch NZ28 und von Hsp90 durch NVP-AUY922 konnte
die Strahlensensitivitét in Tumorzellen, die bisher als radioresistent galten, signifikant erh6hen.
NZ28 hemmt allerdings die Funktion von verschiedenen anderen Transkriptionsfaktoren und ist
somit kein spezifischer Inhibitor fir HSF-1. Deshalb wurden in der vorliegenden Arbeit die Effekte
einer gezielten Herabregulation von HSF-1 untersucht.

Hsp70 wird nicht nur im Zellinneren, sondern auch auf der Membran von Tumorzellen exprimiert
und dient dem Schutz der Zellen vor Bestrahlung. Neben dieser Funktion agiert Membran-
gebundenes Hsp70 auch als Tumor-spezifische Zielstruktur fur aktivierte NK (Nattrliche Killer)
Zellen. Neben Hsp70 fungieren auch MICA und MICB (major histocompatibility class | chain-
related proteins A and B) auf der Oberflache von Tumorzellen als wichtige NK Zell-spezifische
Liganden.

Da der HSF-1 nicht nur die Expression von Hsp27 und Hsp70, sondern auch von MICA und MICB
induziert, wurde von mir der Effekt eines HSF-1 Knockdown auf die intrazelluldare und Membran-
Expression von Hsp27, Hsp70 und MICA/B in Bezug auf Radiosensitivitat und die NK Zell-
vermittelte Lyse von H1339 und EPLC-272H Lungenkrebszelllinien untersucht.



Ergebnisse: Die Herabregulation von HSF-1 fuhrt zu einer starken Reduktion des zytosolischen
Hsp70 in beiden Tumorzelltypen, beeinflusste jedoch nicht den Membranstatus von Hsp70. Ein
alleiniger HSF-1 knockdown fiihrte daher nicht zu der gewlinschten Radiosensitivierung in den
beiden Tumorzelllinien. Eine HSF-1 vermittelte Herabregulation von MICB auf der Zelloberflache
von H1339 Zellen fihrte tberdies zu einer reduzierten NK Zell-vermittelten Tumorzelllyse von
H1339 Zellen. Lediglich eine kombinierte Inhibition von HSF-1 und Hsp90 konnte die
Radiosensitivitat von H1339 Zellen signifikant erhéhen. Im Gegensatz zu H1339 Zellen konnten
EPLC-272H Zellen durch eine Kombinationsbehandlung mit Hsp90 Inhibitor und HSF-1
Knockdown nicht strahlenempfindlicher gemacht werden. Ein Grund dafir konnte die hohe basale
Expression von Hsp27 sein, die durch eine Herabregulation von HSF-1 nicht signifikant erniedrigt
werden konnte.

Allerdings beschleunigt die Eliminierung von Hsp27 nach Bestrahlung den Ubergang der Zellen
von der G2 Phase in die Mitosephase. Diese Erniedrigung der G2 Phase, in der normalerweise
die DNA Reparatur erfolgt, konnte dazu fiihren, dass Zellen mit einer erhéhten Anzahl an
chromosomalen Aberrationen in den Zellzyklus gehen.

Weitere Untersuchungen sind derzeit in Bearbeitung, um die molekularen Mechanismen

aufzuklaren wie Hsp27 in die DNA Reparatur bzw. den Zellzyklus eingreift.



I. INTRODUCTION

Lung cancer

Lung cancer is one of the most common diagnosed tumors and a leading cause of cancer-related
death in males and females worldwide [4, 5]. Lung cancers are classified as either small cell lung
cancer (SCLC, 15%) or non-small cell lung cancer (NSCLC, 85%) [6].

Despite novel therapeutic concepts the 5-year survival rate of late stage tumor diseases remains
poor with about 15% [7, 8]. Radiotherapy plays a central role in the therapy of many solid tumors,
including lung cancer, either as a single treatment modality or in combination with surgery or
systemic chemotherapy. However, radio- and chemoresistance of pulmonary tumor cells is a
major problem that limits the therapeutic outcome. Therefore, there is a high medical need for
well-tolerated new therapeutic compounds that significantly improve radiosensitivity of lung cancer
cells. In addition, a better understanding of the biological mechanisms which are involved in

radiation resistance of tumor cells might result in the development of novel therapeutic concepts.

Heat shock response and Hsp90 inhibition

Heat shock factor 1 (HSF-1) is a ubiquitously expressed transcription factor that plays a
fundamental role in tumor biology (e.g. malignant transformation, carcinogenesis, and metastasis)
[9-12]. As a key transcription factor of heat shock proteins (HSPs), heat shock factor 1 activates
the heat shock response in normal and tumor cells following stress [13-15]. In contrast to normal
cells, HSF-1 is frequently upregulated in human cancer cells already under physiological
conditions and thus the protein levels of Hsp27, Hsp70 and Hsp90 are increased in many tumor
types [16-18], including lung carcinoma. Elevated HSP levels contribute to a malignant tumor
phenotype and mediate resistance to chemo- and radiotherapy by inhibiting apoptotic signaling
pathways [17, 19, 20].

The inhibition of Hsp90 is also considered as a promising concept to improve radiotherapy [21-
25]. Previous studies have shown that Hsp90 inhibition enhances the radiosensitivity of different
human tumor entities [26-33] although the exact molecular mechanisms of the interaction of
irradiation and Hsp90 inhibition are not fully understood. However, many studies have shown that
inhibition of Hsp90 leads to the degradation of several different oncogenic client proteins that in
turn results in an inactivation of their corresponding oncogenic pathways [22-24, 34, 35].

The naturally occurring Hsp90 inhibitor geldanamycin and its derivates 17-AAG and 17-DMAG
were shown to elicit radiosensitizing effects [26, 27, 29, 31, 36-38], but these Hsp90 inhibitors
have several limitations for clinical practice because of their poor water solubility, bad

biodistribution and hepatotoxicity [34, 39-41]. These results initiated large research projects with
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the aim to design small synthetic Hsp90 inhibitors with improved bioavailability and lower toxicity.
The isoxazole resorcinol NVP-AUY922 meets these requirements and shows good
pharmaceutical and pharmacological properties referring to the well-tolerable toxicity against
different tumor cell types in vitro and in vivo [34, 42].

It was shown that the Hsp90 inhibitor NVP-AUY922 either alone or in combination with radiation
affects cell cycle, apoptosis and DNA repair mechanisms [43-45] and thus might increase
radiosensitivity of tumor cells [25, 46].

However, NVP-AUY922 as well as most Hsp90 inhibitors induce the release of HSF-1 from the
Hsp90 complex. As a result, HSF-1 trimerizes, translocates from the cytoplasm to the nucleus,
gets hyperphosphorylated and binds to the heat shock elements (HSE) in hsp promoters, and
thereby induces the transcription of Hsp70 and Hsp27 (Fig.1) [13-15, 47-53]. Hsp70 and Hsp27
are anti-apoptotic molecules that promote tumor cell survival. Furthermore, Hsp70 is also present
on the plasma membrane (mHsp70) of many different tumor types [54-56] where it mediates
protection against ionizing irradiation [1, 57].

Herein, | aimed to study the effects of a combined HSF-1 knockdown (HSF-1 k.d.) and Hsp90
inhibition on the expression of different HSPs, and on radiosensitivity of different lung cancer cell

lines.

NK cell cytotoxicity

Evidence is accumulating that the host’'s immune system is an important factor that determines
the outcome of different cancer therapies such as radio- and chemotherapy [58].

Natural killer (NK) cells that belong to the innate immune system are the first line of defense to
fight cancer and infectious diseases. NK cells have the ability to kill their target cells without prior
antigen-specific immune stimulation. The cytolytic activity of NK cells is regulated by a fine balance
of activating and inhibitory NK cell receptors. Among others, the C-type lectin natural killer group
2D receptor (NKG2D) acts as an activating receptor which recognizes the major histocompatibility
class | chain-related proteins A and B (MICA/B). An enhanced sensitivity of tumor cells to NK cell-
mediated lysis has been attributed to an increased membrane expression density of the NKG2D
ligands MICA and MICB [59-62]. Vice versa, a reduced MICA/B membrane expression on tumor
cells impairs the recognition by NK cells and promotes tumor immune escape [63]. While absent
on most normal tissues, MICA/B is expressed on the cell surface of various tumor cells of different
entities.

Membrane-bound Hsp70 (mHsp70) also plays a role in NK cell-mediated anti-cancer immune
response [64-66]. Our group has demonstrated that the pro-inflammatory IL-2 in combination with

the Hsp70-derived peptide TKD increases the cytotoxicity of NK cells against Hsp70-membrane
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positive tumors in vitro and in vivo. In detail, the transfer of IL-2/TKD activated human NK cells
into xenograft tumor-bearing SCID/beige mice, lacking functional T, B, and NK cells, reduced
tumor weight, delayed metastasis and prolonged their overall survival [67].

HSF-1 not only up-regulates the transcription of HSPs but also increases the transcription of MICA
and MICB genes (Fig. 1) [68]. In the promoter regions of MICA and MICB, heat shock elements
(HSE) which are similar to those of the hsp genes have been found [69].

As Hsp70 and MICA/B on tumor cells are important recognition structures (ligands) for activated
NK cells, | was interested to analyze the effects of an HSF-1 knockdown on the membrane and
intracellular expression of Hsp70 and MICA/B and its consequences on NK cell-mediated lysis in

human lung cancer cell lines.

Hspa0 inhibition

<—/1/— (NVP-AUY922)
cytosol
nucleus

Hsp27 | | Hsp70 | | MICA/B

anti-apoptotic MK cell ligands
cytoprotection, tumor recognition,
therapy resistance immune response

Fig.1 Diagram of HSF-1 activation and induction of HSPs and MICA/B after Hsp90 inhibition
(adapted from Trepel et al. [50])
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. AIMS

In my thesis, | aimed to study the effects of an HSF-1 knockdown on the human lung cancer cell
lines H1339 and EPLC-272H with respect to:

1. Hsp90 inhibition-mediated induction of the anti-apoptotic molecules Hsp70 and Hsp27 and
radiosensitivity.

2. the expression of the NK cell ligands Hsp70 and MICA/B with regard to NK cell-mediated tumor
cell killing.

13



Ill. MATERIAL AND METHODS

Reagents and treatment

10 mM stock solution of NVP-AUY922 (Novartis) was prepared in 100 % DMSO. Dilutions were
performed in PBS. A vehicle control with the respective amount of DMSO diluted in PBS was used
in all experiments to exclude an effect of DMSO itself. If not indicated otherwise, cells were
incubated for 24 h with NVP-AUY922.

Cells and cell culture

The human lung cancer cell lines H1339 (SCLC) and EPLC-272H (NSCLC) were cultured as
described previously [25, 70]. The authenticity of the tumor cell lines was tested by the DSMZ
(German Collection of Microorganisms and Cell Cultures). Cells were routinely checked and

determined as negative for mycoplasma contamination.

Retroviral vectors and transfection

For knockdown of HSF-1 in the lung carcinoma cell lines H1339 and EPLC-272H HSF-1 RNAI-
Ready pSIRENRetroQ vectors with a puromycin resistance were used. Target sequence for HSF-
1 short hairpin RNA was 5-TATGGACTCCAACCTGGATAA-3' [71]. Retroviruses were produced
by transfection of Phoenix cells with pSIREN-RetroQ/HSF-1 shRNA (HSF-1 k.d.) or pSIREN-
RetroQ (ctrl) (kindly provided by J. Yaglom and M. Sherman, Boston University School of
Medicine, USA) using Ca-phosphate. Tumor cells were infected with virus containing supernatants
in the presence of 10 ug/ml polybrene. Selection was performed with 2 ug/ml puromycin.

For knockdown of Hsp27, pRS vectors (OriGene; control: TR30012; Hsp27 k.d.: TR320383D) with
a puromycin resistance were used. Target sequence for Hsp27 short hairpin RNA was 5'-
AAATCCGATGAGACTGCCGCCAAGTAAAG-3'. Stable Hsp27 knockdown cell lines were
produced by transfection of tumor cells with pRS vector plasmids, either containing a non-effective
29-mer scrambled shRNA cassette (ctrl) or a gene specific ShRNA cassette (Hsp27 k.d.) using
Ca-phosphate.

HSF-1 and Hsp27 double knockdown cells (HSF-1/Hsp27 k.d.) were obtained by single cell

cloning as both plasmids carry a puromycin resistance.

Western blot analysis and ELISA
Cells were lysed in TBST buffer as described previously [72]. The protein content in the cell lysates
was determined using the BCA™ Protein Assay Kit (Pierce). On PVDF immunoblots, non-specific

binding of the membranes was blocked with 5 % skim milk in PBS supplemented with 1 % Tween-
14



20. Proteins were detected with antibodies (4 °C, overnight) against HSF-1 (ADI-SPA-901; Enzo
Life Sciences), HSF-1 phospho S326 (pHSF-1) (ab76076; abcam), Hsp70 (ADI-SPA-810; Enzo
Life Sciences), Hsp27 (ADI-SPA-800; Enzo Life Sciences), Hsp27 phospho Ser82 (9709; Cell
Signaling), ATM phospho Ser1981 (ab81292; abcam), MK2 phospho Thr334 (3007; Cell
Signaling), Cdc2 phospho Tyrl5 (9111; Cell Signaling) and B-actin (A5316; Sigma-Aldrich).
Horseradish-peroxidase (HRP)-conjugated anti-rabbit/anti-mouse antibodies (Promega,
W401B/W402B) were used as secondary antibodies. Immune complexes were detected using the
ECL detection system (Amersham Biosciences). Blots were imaged digitally (ChemiDoc Touch
Imaging System, Biorad). Total Hsp70 and Hsp27 protein amounts were verified by ELISA (R&D

systems) in cell lysates following the manufacturer’s recommendations.

HSE luciferase assay

In order to determine the HSF-1 transcriptional activity, cells were transfected with a heat shock
element (HSE) reporter plasmid that contains a HSF-1 responsive firefly luciferase construct
(Qiagen). One day after transfection, cells were treated with 100 nM NVP-AUY922 for 24 h. The
luciferase activity was measured using the Dual Glo Luciferase assay system (Promega). A
constitutive Renilla luciferase construct served as an internal control for normalizing transfection

efficiencies, cell viability and cell numbers.

Flow cytometry of mHsp70, MICA/B

Single cell suspensions of untreated and treated H1339 and EPLC-272H sublines were collected.
Cells were washed once with 10 % FCS in phosphate-buffered saline (PBS) and incubated with
fluorescein isothiocyanate (FITC)-conjugated mouse monoclonal antibody specific for mHsp70
(cmHsp70.1, IgG1; multimmune GmbH, Munich, Germany), a FITC-labeled isotype matched IgG-
negative control antibody (code 345815; BD Biosciences, NJ, USA), APC-conjugated MICA (clone
159227, FAB1300A, R&D Systems) and MICB antibodies (clone 236511, FAB1599A, R&D
Systems) or the corresponding isotype-matched control antibody (clone 133303, IC0041A, R&D
Systems) on ice in the dark for 30 min. Dead cells were stained with propidium iodide (PI), and
only viable cells were analyzed on a FACSCalibur flow cytometer (BD Biosciences). Fluorescence

data were plotted by using CellQuest software (Becton Dickinson, Heidelberg, Germany).
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NK cell isolation

NK cells were generated of PBMCs from healthy human volunteers by a standard magnetic bead
separation method (Miltenyi Biotec) using beads coupled with antibodies directed against CD3 (T
cells) and CD19 (B cells). The purity of NK cells (89.9 % of lymphocytes) was determined by flow
cytometry on a FACSCalibur flow cytometer (BD Biosciences) with antibodies against CD19
(#555413, BD Biosciences), CD3 (#345766, BD Biosciences) and CD56 (#345811, BD

Biosciences).

NK cell cytotoxicity

NK cells were stimulated with 100 IU/ml IL-2 (Novartis) for 4 days. Activation of NK cells was
checked by flow cytometry with antibodies against CD94 (#555888, BD Biosciences), NKG2D
(FAB139P, R&D Systems) and CD56 (#345811, BD Biosciences). Their cytotoxic activity against
tumor cells was determined either by europium or by CD107 degranulation assay.

For the europium assay, the tumor cells were labeled with BATDA (Perkin Elmer) and then co-
incubated with NK cells at different ratios in a V-bottom 96-well plate in 200 yl medium. After a 4
h co-incubation period at 37 °C, 25 ul of supernatants were transferred into ELISA plates
containing 200 pl europium solution (Perkin Elmer). The time-resolved fluorescence was
measured using a Victor X4 plate reader (Perkin Elmer).

In the degranulation assay, the cytotoxicity of NK cells was determined by measuring the cell
surface expression of the lysosomal marker, CD107a, which is associated with NK cell cytotoxicity
[73]. Tumor cells were mixed with NK cells at a ratio of 1:1 in a U-bottom 96-well tissue culture
plate. Anti-CD107a-FITC (#555800, BD Biosciences) or the isotype-matched control antibody
(#555748, BD Biosciences) was added. After 1 h, GolgiStop™ (BD Biosciences) was added and
after a co-incubation period of 3 h, the cells were stained with anti-CD3-PerCP (#345766, BD
Biosciences) and anti-CD56-APC (#555518, BD Biosciences) antibodies. The CD107a expression
on the CD3"CD56" NK cell population was determined by flow cytometry on a FACSCalibur flow
cytometer (BD Biosciences).

Proliferation assay

Cells were seeded in 96-well plates (4000 cells/well) and allowed to attach overnight. Cells were
treated with various concentrations of NVP-AUY922 (2, 5, 10, 20, 50, 75, 100 nM) and incubated
under standard conditions for 24 h and 48 h. As a control, the same volume of PBS was added.
The proliferation was measured using the MTT-like colorimetric alamarBlue assay, according to
the manufacturer’s instructions (Biosource-Invitrogen, Germany). Briefly, alamarBlue was added,

and 4 h after incubation at 37 °C, the absorption at 570 and 630 nm (reference wavelength) was
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measured using an absorbance microplate reader (ELx808; BioTek, Germany). The proliferation

of untreated cells incubated with PBS was set to 100 % in each experiment.

Cell death and apoptosis

Cells were stained with propidium iodide (PI) to determine cell death after treatment with NVP-
AUY922. Apoptosis of the cells was assessed by FITC Active Caspase-3 Apoptosis Kit (BD
Pharmingen) and Annexin V-FITC staining (Roche Diagnostics, Mannheim, Germany). Cells were
collected 24 h after treatment with 100 nM NVP-AUY922 or 24 h after irradiation. The single cell
suspension containing 1.5 x 10° cells were stained according to the manufacturer's instructions.
Then cells were analyzed on a FACSCalibur flow cytometer (BD Biosciences).

Clonogenic assay and irradiation

To measure the radiosensitivity, clonogenic assays were performed. The cells were seeded in 12-
well plates, one day later treated with NVP-AUY922 and 24 h later irradiated using the RS225A
irradiation device (GulmayMedical Ltd) at a dose rate of 1 Gy/min (70 keV, 10 mA). Cells were
irradiated with a single dose of 0, 2, 4 or 6 Gy, if not indicated otherwise. 1 h after irradiation the
medium was exchanged by a drug-free medium. On day 7-9 after irradiation, colonies were fixed
in ice cold methanol, stained with 0.1 % crystal violet and counted. All colonies with more than 50
cells were counted automatically using a Bioreader® (Bio-Sys GmbH, Karben, Germany). Survival

curves were fitted to the linear quadratic model using Sigmaplot (Systat Software Inc).

Cell cycle analysis

To analyze the cell cycle distribution, cells were treated with 10 nM NVP-AUY922 for 24 h following
irradiation with 6 Gy. 24 h after irradiation cells were harvested. After washing in PBS and fixation
(70 % ethanol over night; -20 °C), cells were incubated in PI staining solution (PBS containing 0.1
% Triton X-100, 0.2 mg/ml RNase A, 0.02 mg/ml PI) for 1 h at room temperature and analyzed on
a FACSCalibur flow cytometer (BD Biosciences). Cell cycle distribution was determined using
ModFit LT (Verity Software House, Topsham, ME).

Alkaline comet assay

DNA damage was assessed using the alkaline comet assay. The protocol is based on a
publication of Singh et al. [74], was modified according to the protocol of Sipinen et al. [75]. Briefly,
cells were seeded into 6 cm petri dishes (4 x 10° cells) and allowed to attach overnight. Cells were
treated with 10 nM NVP-AUY922 for 24 h following irradiation with 6 Gy. 24 h after irradiation,

cells were harvested, resuspended (5 x 104 cells/100 ul) in cold phosphate-buffered saline (PBS)
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and kept on ice until they were mixed 1:1 with 1 % low melting point agarose. The samples were
subsequently casted onto standard glass slides pre-coated with 2 % normal melting point agarose
and top-layered with 0.5 % low melting point agarose. Cell lysis was achieved through submerging
the slides in lysis buffer (2.5 M NaCl, 100 mM Na;EDTA, 10 mM Trizma base, and 1 % Triton X-
100, pH 10) for 60 min at 4 °C. After lysis, the slides were incubated in electrophoresis buffer (300
mM NaOH and 1 mM Na;EDTA, pH 13.2) at 4 °C for 20 min to unwind DNA and then subjected
to electrophoresis at 25 V (0.8 V/cm on platform, 300 mA) for 20 min. Before staining with SYBR
Gold (Invitrogen) slides were neutralized (0.4 M Trizma base, pH 7.5) 3 times for 5 min each.
Comet visualization and scoring were performed with an epifluorescence microscope equipped
with a charge-coupled device camera from Leica (Wetzlar, Germany) using the image analysis
software Komet 6.0 (Andor, Belfast, UK). For each individual sample, 3 independent experiments

were performed, and for each experiment, 100 cells were scored in a blinded assay.

Flow cytometry of yH2AX

DNA double strand breaks (DBSs) were measured by using yH2AX (phosphorylated Histone
H2AX) antibody which is a marker of radiation induced DNA double strand breaks (DSBs). The
single cell suspensions of untreated and treated cells were collected 24 h after irradiation using
trypsin. Single cell suspensions were washed in 0.5 ml PBS and fixed with 70 % ethanol. Fixed
cells were kept at -20 °C for up to two weeks before analysis. After removal of the fixative, cell
pellets were resuspended in 1 ml 0.15 % Triton X-100 solution and incubated on ice with anti-
phospho Histone H2AX, Alexa Fluor 488 conjugate (Novus Biologicals). The MFI (mean

fluorescence intensity) of cells that bound the antibody was analyzed by flow cytometry.

Immunostaining for 53BP1 and Rad51 foci

Cells were seeded into 2-well chamber slides (Nunc, LabTek) and allowed to attach overnight.
Cells were treated with 10 nM NVP-AUY922 for 24 h following irradiation with 2, 4 or 6 Gy. 4 h or
24 h after irradiation, cells were fixed in 2 % paraformaldehyde and dissolved in PBS for 15 min
at room temperature. Cells were subsequently washed twice with PBS. Cell lysis was achieved
through submerging the slides in lysis buffer (0.15 % Triton X-100 in PBS) for 3 x 5 min. After
lysis, slides were submerged in blocking buffer (1 % BSA, 0.15 % glycine in PBS) for 3 x 10 min.
Then, 53BP1 antibody (1:300 in blocking buffer; Novus) or Rad51 antibody (1:300 in blocking
buffer, Merck) was applied, and slides were incubated overnight at 4 °C. Slides were subsequently
washed three times for 5 min each with PBS, followed by incubation with Alexa Fluor 555
secondary antibody (1:500 in blocking buffer; Invitrogen, Carlsbad, CA, USA) overnight at 4 °C.

Finally, unbound antibody was washed off with PBS (3 x 5min), and the cells were embedded in
18



4' 6-diamidino-2-phenylindole (DAPI)/Vectashield (Vector Laboratories, Burlingame, CA, USA)
solution. Foci were counted throughout the whole nucleus.

Statistics
Statistical analysis was performed using SPSS 18.0.2 software (IBM). The Student’s t-test was
used to evaluate significant differences (*p < 0.05, **p < 0.01, ***p < 0.001).

Graphs represent mean values of at least 3 independent experiments + SD (standard deviation).
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IV. RESULTS

IV.1 The knockdown of HSF-1

HSF-1 knockdown reduces HSF-1 transcriptional activity and Hsp70 protein levels

HSF-1 was specifically knocked down in H1339 small cell lung carcinoma (SCLC) cells and EPLC-
272H non-small lung carcinoma (NSCLC) cells by transfection with shRNA (HSF-1 k.d.). As a
control, cells were transfected with an empty plasmid (ctrl). After puromycin selection the HSF-1

k.d. cells showed a drastic reduction of HSF-1 and activated phosphorylated HSF-1 (pHSF-1) as

well as Hsp70 protein levels compared to empty vector control cells (Fig. 2A). In H1339 cells,

Hsp27 was weakly expressed under normal conditions but strongly induced after treatment with
100 nM NVP-AUY922 for 24 h. The HSF-1 k.d. completely inhibited the NVP-AUY922-induced
Hsp27 expression in H1339 cells. In contrast, in EPLC-272H cells the high basal Hsp27

expression could hardly be increased by a treatment with NVP-AUY922 or decreased by HSF-1

knockdown (Fig. 2A).
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Fig. 2 A loss of HSF-1 reduces the HSP expression and HSF-1 activity
A. Representative immunoblot showing the expression of HSF-1, HSF-1 phospho S326 (pHSF-1), Hsp70,
Hsp27 and B-actin in H1339 and EPLC-272H cells transfected with control (ctrl) or HSF-1 (HSF-1 k.d.)
shRNA. Cells were treated with 100 nM NVP-AUY922 for 24 h. B. Transcriptional activity assay of ctrl and
HSF-1 k.d. cells transfected with a HSF-1 responsive firefly luciferase construct. Cells were treated with 100
nM NVP-AUY922 for 24 h. Significance *p < 0.05; **p < 0.01; ***p < 0.001.

20



The reduction in active pHSF-1 was associated with a loss in HSF-1 transcriptional activity in both
cell lines (Fig. 2B). Treatment with the Hsp90 inhibitor NVP-AUY922 for 24 h resulted in an
activation of HSF-1 in both, control and HSF-1 knockdown cells. However, the NVP-AUY922-
mediated induction of HSF-1 activity was significantly lower in HSF-1 k.d. cells compared to control
cells. (Fig. 2B).

In line with this finding and the Hsp70 expression levels detected by immunoblot (Fig. 2A), the
intracellular Hsp70 levels in HSF-1 k.d. cells and their induction by Hsp90 inhibitor NVP-AUY922
were found to be significantly reduced compared to control cells (Fig. 3A). Hsp70 is also present
on the plasma membrane (mHsp70) of many different tumor types [54-56] where it mediates
protection against ionizing irradiation [1, 57] and plays a role in NK cell-mediated anti-cancer
immune response, in vitro and in vivo [64-66]. Despite a drastic reduction in the cytosol of H1339
and EPLC-272H cells, the knockdown of HSF-1 did not lead to significant changes in the amount
of Hsp70 positive cells or differences in the cell surface density (mean fluorescence intensity
(MFD)) of Hsp70 compared to control cells (Fig. 3B, C) [1]. This is in line with previous data from
our group demonstrating in an autologous tumor cell system that the density of the Hsp70
membrane expression is independent of intracellular Hsp70 levels [65]. Even after NVP-AUY922

treatment, neither the percentage of Hsp70 positive control cells nor the MFI of Hsp70 was altered.
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HSF-1 knockdown reduces MICB and impairs the NK cell-mediated cytotoxicity against
H1339 lung cancer cells
As HSF-1 also has been described to regulate the transcription of the NK cell ligands MICA and
MICB [76, 77], | investigated whether a knockdown of HSF-1 alters the intracellular (ic) and/or cell
surface expression of the NK cell ligands MICA and MICB on H1339 and EPLC-272H lung tumor
cells and hence, affects NK cell-mediated cytotoxicity.
Intracellular and membrane expression of MICA/B was measured by ELISA and FACS,
respectively. As shown in Figure 4A, the HSF-1 knockdown did not reduce intracellular levels of
MICA in H1339 cells. Corresponding to that, there was no significant change in the cell surface
expression of MICA (Fig. 4B, C). EPLC-272H cells were not tested for MICA expression as it is
known that these cells do not express MICA on their cell surface [78].
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Fig. 4 Intracellular and membrane expression of
MICA after HSF-1 knockdown

A. ELISA of intracellular MICA protein amount of
H1339 ctrl and HSF-1 k.d. cells. B. Percentage of
MICA positive cells and C. mean fluorescence

intensity of ctrl and HSF-1 k.d. cells.
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The knockdown of HSF-1 sensitizes H1339 tumor cells towards Hsp90 inhibition

Since the loss of HSF-1 has been shown to increase sensitivity to Hsp90 inhibition in certain cell
types [80], | tested the sensitizing effects of an HSF-1 k.d. on H1339 and EPLC-272H lung cancer
cells. Targeting HSF-1 and additional inhibition of Hsp90 for 24 h or 48 h resulted in concentration-
dependent reduced proliferation rates in H1339 cells. In contrast, HSF-1 knockdown did not
sensitize EPLC-272H cells to Hsp90 inhibition (Fig. 7A, B).

In line with this, the NVP-AUY922-induced cell death was significantly increased in H1339 HSF-1
k.d. cells, but not in EPLC-272H HSF-1 k.d. cells, compared to their respective controls (Fig. 8A).
Next, | analyzed the induction of apoptosis after treatment with NVP-AUY922, as determined by
Annexin V and Caspase-3 staining. As expected, the treatment with NVP-AUY922 induces
significant higher apoptosis in H1339 HSF-1 knockdown cells compared to control cells whereas
no significant changes could be detected in EPLC-272H knockdown cells compared to controls
(Fig. 8B, C).
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B. NK cells were stimulated for 4 days with 100 U/ml IL-2. The cytotoxicity of IL-2-stimulated NK cells was measured after a 4-h
co-incubation with H1339 tumor cells transfected with control (ctrl) or HSF-1 (HSF-1 k.d.) shRNA by europium assay. The
cytotoxicity of stimulated NK cells against control tumor cells at an E:T (effector to target) ratio of 5:1 was set to one. Significant
differences between control and HSF-1 knockdown cells are indicated (*p < 0.05). C. NK cells from two different healthy donors
were stimulated for 4 days with 100 U/ml IL-2. The cytotoxicity of IL-2-stimulated NK cells was measured after a 4-h co-incubation
with H1339 tumor cells transfected with control (ctrl) or HSF-1 (HSF-1 k.d.) shRNA by the CD107a degranulation assay. The
relative cytotoxicity of NK cells incubated with HSF-1 k.d. cells compared to NK cells incubated with control tumor cells is shown
for each NK cell donor.
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Fig. 8 Hsp90 inhibition-induced apoptosis is increases in H1339 cells after HSF-1 knockdown
A. Measurement of cell death by PI staining, B. apoptosis induction by Annexin V and C. Caspase-3
staining of H1339 and EPLC-272H ctrl and HSF-1 k.d. cells treated with 100 nM NVP-AUY922 for 24 h.
Significance *p < 0.05; **p < 0.01.

A combined HSF-1 knockdown and Hsp90 inhibition results in radiosensitization of H1339
cells

A lack of HSF-1 alone does neither radiosensitize H1339 cells nor EPLC-272H cells as determined
by clonogenic cell survival and Dso values (dose to reduce survival fraction to 50 %) (Fig. 9A, Tab.
1A). Even though intracellular Hsp70 is strongly reduced, membrane Hsp70 (mHsp70) levels are
not affected by a HSF-1 knockdown (Fig. 3). These results indicate that not only cytosolic but also
mHsp70 might have an impact on radiosensitivity [1].

Next, | studied the combined effects of a HSF-1 knockdown and Hsp90 inhibition on the
radiosensitivity of H1339 and EPLC-272H cells. Low concentrations of NVP-AUY922 (1 and 2 nM)
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had no effect on control cells, but significantly increased the radiosensitivity of H1339 HSF-1
knockdown cells (Fig. 9B, Tab. 1B). A higher NVP-AUY922 concentration of 5 nM also increased
the radiosensitivity of H1339 control cells but the radiosensitizing effect was much more
pronounced in HSF-1 k.d. cells. Surprisingly, radiosensitivity of EPLC-272H HSF-1 k.d. cells did
not differ from control cells after Hsp90 inhibition.
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Fig. 9 Radiosensitivity after HSF-1 knockdown alone and in combination with Hsp90 inhibition
A. Colony forming assay of H1339 and EPLC-272H ctrl and HSF-1 k.d. cells after irradiation with 0, 2, 4 and 6 Gy. B. Colony
forming assay of ctrl and HSF-1 k.d. cells. Cells were treated with 0, 1, 2 and 5 nM NVP-AUY922 for 24 h and then irradiated with
0, 2, 4 and 6 Gy. Significance *p < 0.05; **p < 0.01; ***p < 0.001.
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Tab. 1 Summary of radiobiological parameters
A. Loss of HSF-1 has
radiosensitivity of H1339 and EPLC-272H cells.
D,,, dose to reduce survival fraction to 50 %.

no influence on

Sensitizing enhancement ratio (SER)

=D50(irradiation ctrI)/Dso(irradiation HSF-1 k.d.).

B. Radiosensitizing effect of Hsp90 inhibition is
much more pronounced in H1339 HSF-1 k.d. cells
SER
(D, (irradiation)/D, (irradiation + drug)) greater

compared to control cells.

than 1.20
(indicated in bold).

is indicative for radiosensitization
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Fig. 10 HSF-1 k.d. cells show no difference in cell cycle distribution after combined Hsp90 inhibition and irradiation
H1339 and EPLC-272H ctrl and HSF-1 k.d. cells were treated with 10 nM NVP-AUY922 for 24 h and irradiated with 6 Gy. Cells
were stained with PI to analyze cell cycle distribution 24 h after irradiation.
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Hsp90 inhibition and irradiation induce increased DNA damage in H1339 HSF-1 k.d. tumor
cells

To identify the mechanisms underlying the radiosensitizing effect of Hsp90 inhibition in H1339
HSF-1 knockdown tumor cells, | analyzed their cell cycle phase distribution by flow cytometry.
Although no radiosensitizing effects in EPLC-272H HSF-1 k.d. cells could be detected, | also
examined cell cycle phase distribution in these cells to figure out whether any changes can be
detected.

As seen in Figure 10, the loss of HSF-1 or Hsp90 inhibition alone had no effect on the cell cycle
of both, H1339 and EPLC-272H cells. Even in HSF-1 k.d. cells an Hsp90 inhibition did not cause
any changes in the cell cycle. Both, control und HSF-1 knockdown cells showed an increase in
the G2/M phase 24 h after irradiation which was not further affected by a treatment with NVP-
AUY922.

Next, | examined apoptosis induction in control and HSF-1 knockdown cells after Hsp90 inhibition
and irradiation. As shown for both cell lines in Figure 11A and B, irradiation increased the
apoptosis induction in control and HSF-1 k.d. cells to the same extent, as determined by Annexin
V and Caspase-3 staining. Even in combination with Hsp90 inhibition there was no significant
difference in radiation-induced apoptosis induction between control and HSF-1 k.d. cells.

To elucidate the mechanisms that are responsible for the NVP-AUY922-mediated
radiosensitization in HSF-1 knockdown cells, | examined the DNA damage in H1339 ctrl and HSF-
1 k.d. cells. The results of the alkaline comet assay (representative pictures are shown in Figure
12A) clearly demonstrate significantly more DNA damage 24 h after the combined treatment with
the Hsp90 inhibitor NVP-AUY922 and irradiation in HSF-1 k.d. cells compared to control cells (Fig.
12A, B).

In H1339 control as well as in HSF-1 k.d. cells the DNA damage in the irradiated and NVP-AUY922
treated cells is significantly higher compared to that of the respective non-irradiated, drug-treated

control cells (Fig. 12B).
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Fig. 12 HSF-1 knockdown leads to more DNA damage after combined Hsp90 inhibition and irradiation

A. Comet assay 24 h after irradiation. Representative pictures of H1339 ctrl and HSF-1 k.d. cells treated with 10 nM NVP-AUY922
for 24 h and irradiated with 6 Gy.

B. Quantification of the comet assay. Significance ***p < 0.001.

Hsp90 inhibition delays the repair of radiation-induced DNA DSBs in H1339 HSF-1 k.d. cells
The alkaline comet assay is indicative for single and double strand DNA breaks. To determine the
exact amount of DNA double strand breaks (DSBs), the mean fluorescence intensity (MFI) of
phosphorylated histone H2AX (yH2AX) and the number of 53BP1 foci were determined, as these
markers are both DSB repair enzymes. The induction of DSB repair was measured 30 min and
24 h after irradiation of non-treated or NVP-AUY922 (10 nM) treated tumor cells by flow cytometry

(yH2AX MFI) and immunofluorescence staining (53BP1 foci) assays.
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30 min after irradiation with a dose of 6 Gy the expression of yH2AX in control and HSF-1
knockdown cells increased by a factor of 2—3, whereas exposure to Hsp90 inhibition alone or in
combination with irradiation showed no effects on the initial DNA damage in both, H1339 control
and HSF-1 k.d., cell lines (data not shown). 24 h after irradiation, no difference between irradiated
control and HSF-1 knockdown cells could be detected. In line with the results of the comet assay,
a combined drug-irradiation treatment led to a significant increase in the yH2AX expression
specifically in HSF-1 k.d. cells (Fig. 13A). In contrast, a pretreatment with NVP-AUY922 (10 nM)
did not alter yH2AX expression in control cells 24 h after irradiation.

These results were confirmed by an evaluation of 53BP1 foci 24 h after irradiation. Approximately
1 foci per nucleus was counted in non-irradiated cells, independent of the drug-pretreatment (Fig.
13B). Irradiation at 6 Gy increased the estimated range of 53BP1 foci to 20-30 per nucleus in
control and HSF-1 k.d. cells. When treated with radiation plus NVP-AUY922 H1339 HSF-1 k.d.
cells demonstrated a higher proportion of nuclei with estimated 30-40 53BP1 foci in contrast to
control cells, where the estimated number of foci per nucleus ranged from 20-30. Representative
pictures of the 53BP1 foci are shown in Figure 13B. Since these images are taken only from one
microscopic cell layer, the estimated number of 53BP1 foci differs from that shown in Figure 13B.
In order to obtain less 53BP1 foci and thus increase counting precision, the tumor cells were
irradiated with lower irradiation doses (2 and 4 Gy). 24 h after irradiation with 2 and 4 Gy about
1.8 and 3 foci per nucleus, respectively, could be counted in control cells, irrespectively of a
pretreatment with Hsp90 inhibitor. In contrast, combined drug-IR treatment induced more 53BP1
foci in HSF-1 k.d. cells compared to IR alone. At a dose of 2 Gy cells show about 1.8 foci per
nucleus, similar to the results of the control cells. Around 2.1 foci per nucleus were detected in
HSF-1 k.d. cells after a combined drug-irradiation treatment. The tendency of NVP-AUY922 to
increase the number of 53BP1 foci in HSF-1 k.d cells after IR was confirmed at a dose of 4 Gy,
where the difference of a combined treatment (~4.5 foci/nucleus) versus irradiation alone (~3
foci/nucleus) was significant (Fig. 13C).

These data suggest that a combined drug-IR treatment significantly augments the number of
DSBs that persist 24 h after irradiation in HFS-1 k.d. cells in a dose-dependent manner. There
was no difference in the initial DNA damage of control and HSF-1 k.d. cells after irradiation alone
or in combination with Hsp90 inhibition. Hence, | hypothesized that the DNA DSB repair might be
impaired in H1339 HSF-1 k.d. cells after combined drug-IR treatment.
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Fig. 13 HSF-1 knockdown increases DNA double strand breaks after combined Hsp90 inhibition and irradiation
A. Mean fluorescence intensity of yH2AX measured by flow cytometry 24 h after irradiation. H1339 ctrl and HSF-1 k.d. cells were
treated with 10 nM NVP-AUY922 for 24 h following irradiation (0, 2, 4, 6 Gy). Significance *p < 0.05. B. Representative pictures
of 53BP1 foci in H1339 ctrl and HSF-1 k.d. cells 24 h after irradiation. Cells were treated with 10 nM NVP-AUY922 for 24 h
following irradiation with 6 Gy. C. Quantification of 53BP1 foci. H1339 ctrl and HSF-1 k.d. cells were treated with 10 nM NVP-
AUY922 for 24 h following irradiation with 2 or 4 Gy. Significance *p < 0.05.
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NVP-AUY922 and irradiation combined treatment impairs Rad51-mediated homologous
recombination in H1339 HSF-1 k.d. cells

In eukaryotic cells, the two main pathways that are involved in DSB repair are homologous
recombination (HR) and non-homologous end joining (NHEJ) [81-83]. It was previously shown,
that Hsp90 inhibition reduces HR associated proteins such as BRCA2 and Rad51 [84] and that
NVP-AUY922 delays Rad51 foci formation after irradiation [46]. To investigate whether and how
NVP-AUY922 affects the homologous recombination in H1339 HSF-1 knockdown cells, | studied
Rad51 foci formation 4 h after IR or combined drug-IR treatment (10 nM NVP-AUY922 and 4 Gy).
In H1339 cells, Rad51 mainly resides to the nucleoli. Similar results are seen in U-2 OS
(osteosarcoma), A-431 (epidermoid carcinoma) and U-251 MG (glioblastoma) cells [85].
Irradiation alone significantly induced the formation of Rad51 foci in control as well as in HSF-1
knockdown cells at similar levels (Fig. 14A). Pretreatment with NVP-AUY922 significantly reduced
the number of Rad51 foci in both cell lines. This is in line with the results of Noguchi et al. [84] and
Zaidi et al. [46]. Representative pictures of one microscopic cell layer are shown in Figure 14A.
Interestingly, radiation-induced HR was significantly more impaired after Hsp90 inhibition in HSF-
1 k.d. cells compared to control cells (Fig. 14B).

Based on my current data | cannot completely exclude the possibility of the involvement of NHEJ
but my results reveal that an HSF-1 knockdown in combination with Hsp90 inhibition and
irradiation has a larger effect on HR.

| could show that the knockdown of HSF-1 improves the therapeutical effects of a combined drug-
irradiation treatment and thus, these findings can provide a new effective alternative for treatment

of solid tumors. However, further studies are required to elucidate the exact mechanism.
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Fig. 14 Homologous recombination is more affected by combined treatment of Hsp90 inhibition and irradiation in HSF-
1 knockdown cells compared to control cells

A. Representative pictures of Rad51 foci in H1339 ctrl and HSF-1 k.d. cells 4 h after irradiation. Cells were treated with 10 nM
NVP-AUY922 for 24 h following irradiation with 4Gy.

B. Quantification of Rad51 foci 4 h after irradiation. H1339 ctrl and HSF-1 k.d. cells were treated with 10 nM NVP-AUY922 for
24 h following irradiation with 4 Gy. Significance *p < 0.05; **p < 0.01; ***p < 0.001.
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IV.2 The knockdown of Hsp27

Hsp27 knockdown does neither sensitize tumor cells to Hsp90 inhibition nor increase
radiosensitivity after NVP-AUY922 treatment

Hsp27 levels are considered to be regulated by HSF-1 in a similar manner like Hsp70 levels. As
seen in Figure 2A, in H1339 cells, Hsp27 was weakly expressed under normal conditions but
strongly induced after treatment with NVP-AUY922. The HSF-1 knockdown completely inhibited
the NVP-AUY922-induced Hsp27 expression in H1339 cells. In contrast, in EPLC-272H cells the
high basal Hsp27 expression could hardly be increased by a treatment with NVP-AUY922.
Furthermore, an HSF-1 knockdown could not decrease the high Hsp27 levels, as shown by
immunoblot (Fig. 2A).

According to that, in H1339 cells, but not in EPLC-272H cells, a HSF-1 knockdown affected the
sensitivity to Hsp90 inhibition (Fig. 7, 8) and radiosensitivity after combined drug-IR treatment (Fig.
9B). | assumed that the resistance of EPLC-272H control and HSF-1 knockdown cells to Hsp90
inhibition might be due to the high basal Hsp27 expression. Therefore, | analyzed the effects of
an Hsp27 knockdown on the sensitivity to Hsp90 inhibition and radioresistance in the human lung
cancer cell lines H1339 and EPLC-272H.
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Hsp27 was specifically knocked down in H1339 and EPLC-272H lung carcinoma cells by
transfection with shRNA (Hsp27 k.d.). As a control, cells were transfected with a plasmid that

contains a non-effective 29-mer scrambled shRNA cassette (ctrl). After puromycin selection the
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H1339 and EPLC-272H Hsp27 k.d. cells showed a drastic reduction of Hsp27 protein levels
compared to control cells (Fig. 15A, C). The Hsp27 knockdown did not affect the levels of Hsp70
in both cell lines. It is worth mentioning that the basal Hsp27 levels in EPLC-272H ctrl cells were
much higher compared to that in H1339 ctrl cells. Treatment with the Hsp90 inhibitor NVP-AUY922
for 24 h resulted in an increase of Hsp27 in both cell lines (ctrl and Hsp27 k.d.), although the
increase was much more pronounced in H1339 ctrl cells (~ 12-fold) compared to EPLC-272H ctrl
cells (~ 2-fold). However, the Hsp27 protein levels which are induced by Hsp90 inhibition in Hsp27
k.d. cells were significantly lower compared to that in control cells (Fig. 15B, C).

Belkacemi et al. [86] showed that an Hsp27 knockdown in combination with Hsp90 inhibition
results in a decrease in cell viability and proliferation in glioblastoma multiforme cells. Hence, |
tested the sensitizing effects of an Hsp27 k.d. in lung cancer cells. The knockdown of Hsp27 did
not sensitize H1339 and EPLC-272H lung cancer cells to Hsp90 inhibition (Fig. 16).
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Fig. 16 Sensitivity to Hsp90 inhibition is not increased by the knockdown of Hsp27
Proliferation assay of H1339 and EPLC-272H ctrl and HSF-1 k.d. cells treated with 0, 2, 5, 10, 20, 50,
75 and 100 nM NVP-AUY922 for 24 h.

A lack of Hsp27 alone does neither radiosensitize H1339 cells nor EPLC-272H cells as determined
by clonogenic cell survival (Fig. 17A). Furthermore, | studied the combined effects of an Hsp27
knockdown and Hsp90 inhibition on the radiosensitivity of H1339 and EPLC-272H cells.
Surprisingly, radiosensitivity of H1339 and EPLC-272H Hsp27 k.d. cells did not differ from control
cells after Hsp90 inhibition even with a higher (5 nM) concentration of NVP-AUY922 (Fig. 17B).
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Fig. 17 Radiosensitivity after Hsp27 knockdown alone and in combination with Hsp90 inhibition

A. Colony forming assay of H1339 and EPLC-272H ctrl and Hsp27 k.d. cells after irradiation with 0, 2, 4 and 6 Gy. B. Colony
forming assay of ctrl and Hsp27 k.d. cells. Cells were treated with 0, 1, 2 and 5 nM NVP-AUY922 for 24 h and then irradiated with
0, 2, 4 and 6 Gy. Significance *p < 0.05; **p < 0.01; ***p < 0.001.

The double knockdown of HSF-1 and Hsp27 in EPLC-272H cells does neither affect
sensitivity to Hsp90 inhibition nor radioresistance after NVP-AUY922 treatment
EPLC-272H cells that lack either HSF-1 or Hsp27 did not show any effects in sensitivity to Hsp90
inhibition or radiosensitivity after Hsp90 inhibition.

Whereas EPLC-272H HSF-1 k.d. cells have high basal levels of Hsp27 but reduced Hsp70
expression, Hsp27 k.d. cells have reduced Hsp27 levels but normal basal Hsp70 protein amounts.
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Hence, | hypothesized that the reduction of HSF-1, and therefore Hsp70, in combination with the
knockdown of Hsp27 might lead to an increase in sensitivity to NVP-AUY922 and radiosensitivity
after Hsp90 inhibition.

Thus, Hsp27 was specifically knocked down in EPLC-272H HSF-1 k.d. cells (HSF-1/Hsp27 k.d.).
After selection by single cell cloning the HSF-1/Hsp27 k.d. cells showed a strong reduction of

HSF-1 as well as activated phosphorylated HSF-1 (pHSF-1), Hsp70 and Hsp27 protein levels
compared to control cells (Fig. 18).
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Fig. 19 Sensitivity to Hsp90 inhibition is not increased by the

double knockdown of HSF-1 and Hsp27 in EPLC-272H cells
Proliferation assay of EPLC-272H ctrl and HSF-1/Hsp27 k.d. cells
treated with 0, 2, 5, 10, 20, 50, 75 and 100 nM NVP-AUY922 for
24 h.

Fig. 18 Double knockdown of HSF-1 and
Hsp27 in EPLC-272H cells

Representative immunoblot showing the
expression of HSF-1, HSF-1 phospho S326
(pHSF-1), Hsp70, Hsp27 and B-actin in ctrl
and HSF-1/Hsp27 double knockdown EPLC-
272H cells. Cells were treated with 100 nM
NVP-AUY922 for 24 h.

Treatment with the Hsp90 inhibitor NVP-AUY922 for 24 h increased pHSF-1 as well as Hsp70
protein levels in control cells. In contrast, after NVP-AUY922 treatment for 24 h HSF-1/Hsp27
double knockdown cells showed no induction of pHSF-1. Furthermore, Hsp70 as well as Hsp27
protein levels were hardly induced upon Hsp90 inhibition (Fig.18).

Unexpectedly, EPLC-272H HSF-1/Hsp27 k.d. cells showed no increase in sensitivity to Hsp90
inhibition (Fig. 19) and the radiosensitivity did not differ from control cells (Fig. 20A), even after
pretreatment with different concentrations of NVP-AUY922 (Fig.20B).
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The knockdown of Hsp27 leads to a reduced G2/M phase 24 h after irradiation

Even though, a knockdown of Hsp27 did not radiosensitize H1339 and EPLC-272h cells, |
analyzed the cell cycle phase distribution 24 h after irradiation with a dose of 6 Gy. The knockdown
of Hsp27 per se has no effects on the cell cycle phase distribution. However, the irradiation-
induced G2/M arrest of Hsp27 knockdown cells was significantly decreased in both H1339 and
EPLC-272H cells, whereas the percentage of cells in GOG1 phase was increased compared to

irradiated control cells (Fig. 21).
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Fig. 21 G2/M arrest in Hsp27 knockdown cells is impaired 24 h after irradiation
H1339 and EPLC-272H ctrl and Hsp27 k.d. cells were treated irradiated with 6 Gy. Cells were stained with Pl to analyze cell cycle
distribution 24 h after irradiation. Significance **p < 0.01; ***p < 0.001.

Cell cycle phase distribution also plays a role in mediating radiosensitivity. Cells are most
radiosensitive in the G2/M phase, less sensitive in the GOG1 phase, and most radioresistant
during the S phase. Hence, 24 h after the first irradiation with a dose of 6 Gy, cells were irradiated
a second time with doses of 2, 4 or 6 Gy. As seen in Figure 22, H1339 and EPLC-272 Hsp27 k.d.
cells tend to be less radiosensitive after the second irradiation compared to control cells, with this
effect being significant when EPLC-272H cells were irradiated twice with 6 Gy.
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Fig. 22 Hsp27 knockdown cells appear to be less radiosensitive after repeated irradiation than control cells
Colony forming assay of H1339 and EPLC-272H ctrl and Hsp27 k.d. cells. Cells were irradiated with a dose of 6 Gy and 24 h later

they were given a second dose of 2, 4 or 6 Gy. Significance *p < 0.05.

The cell cycle analysis indicates that there might be a defect in the G2/M checkpoint, in which
DNA double strand break (DSB) repair takes place, as the cells that lack Hsp27 pass earlier from
G2 to M phase after irradiation and hence, return sooner to normal cell cycle phase distribution
compared to control cells. To identify the molecular mechanisms behind these observations, |
analyzed proteins that are involved in cell cycle regulation and DNA damage signaling.
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As shown in Figure 23, the knockdown of Hsp27 impairs phosphorylation of ATM (Ataxia-
Telangiectasia mutated) after irradiation in both H1339 and EPLC-272H cell lines. ATM is a master
regulator of DNA damage signaling.

It is known that the p38 MAPK (mitogen-activated protein kinase) pathway is activated in response
to DSBs and therefore leads to the G2/M arrest [87, 88]. One of the main downstream targets of
p38 MAPK is the mitogen-activated protein kinase (MAPK)-activated protein kinase 2 (MAPKAPK-
2 or MK2) [89], that is also activated after DNA damage [90, 91]. The activation of MK2 is required
for the induction of a G2/M cell cycle arrest [90, 92]. My studies showed that the radiation-induced
phosphorylation of MK2 is mostly affected by Hsp27 knockdown in both lung cancer cell lines.
Interestingly, Hsp27 is a substrate of MK2. Figure 23 shows that Hsp27 phosphorylation at Ser82
is slightly increased in control cells 24 h after irradiation. As expected, this phosphorylation was
abrogated in Hsp27 knockdown cells.

In addition, the phosphorylation of Cdc2 (cell division cycle protein 2) at Tyrl5 after irradiation is
reduced in Hsp27 knockdown cells (Fig. 23). The dephosphorylation at Tyrl5 is an essential step
in activating the CyclinB1/Cdc2 complex which drives the transition from G2 to M phase [93-96].
Presently these studies are continued to further investigate the role of Hsp27 in radiation-induced
DNA damage and cell cycle signaling pathways.
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Fig. 23 Hsp27 knockdown affects proteins in DNA
damage and cell cycle signaling pathways
Representative immunoblot showing the expression of the
phosphorylated forms of ATM (Ser1981), MK2 (Thr334),
Cdcd2 (Tyrl5) and Hsp27 (Ser82) 24h after irradiation with a
dose of 6 Gy. B-actin was used as loading control.
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V. DISCUSSION

The heat shock proteins Hsp90, Hsp70 and Hsp27 as well as the transcription factor heat shock
factor 1 (HSF-1) are frequently over-expressed in many tumor cell types [16-18], including lung
carcinoma.

Elevated HSP levels contribute to a malignant tumor phenotype and mediate resistance to chemo-
and radiotherapy [19, 20]. The inhibition of Hsp90 is considered as a promising concept to
enhance radiosensitivity [21-25]. It was shown that the Hsp90 inhibitor NVP-AUY922 either alone
or in combination with radiation affects cell cycle, apoptosis and DNA repair mechanisms [43-45]
and thus might increase radiosensitivity of tumor cells [25, 46]. However, the inhibition of Hsp90
induces the release of HSF-1 from the Hsp90 complex and as a result activates HSF-1 which in
turn stimulates the transcription of Hsp70 and Hsp27 [13-15, 47-52]. Since Hsp70 and Hsp27 act
as anti-apoptotic molecules that promote tumor cell survival, herein | aimed to study the combined
effects of an HSF-1 knockdown (k.d.) and Hsp90 inhibition on the radiosensitivity of lung cancer
cell lines.

| observed that the combined treatment with HSF-1 shRNA and Hsp90 inhibitor leads to a
reduction of Hsp90 inhibitor-induced Hsp27 and Hsp70 expression and significantly diminishes
proliferation of H1339 cells. My results are consistent with published data [80] and show also for
the small cell lung carcinoma cell line H1339 that a loss of HSF-1 leads to an increase in sensitivity
to Hsp90 inhibition, also shown by the increase in apoptosis marker in HSF-1 k.d. cells.

My previous data have already shown that the reduction of HSF-1 alone does not radiosensitize
H1339 and EPLC-272H cells [1]. This is inconsistent with a publication from Li and Martinez in
which downregulation of HSF-1 alone was shown to sensitize cancer cells to radiotherapy [97].
The discrepancy to their results might be either explained by different tumor cell lines which were
used or by the fact that membrane expression of Hsp70 has not been taken into account. It has
been shown that mHsp70-positive tumor cells are better protected against ionizing irradiation
compared to their mHsp70-negative counterparts [1, 57]. A better understanding of the Hsp70
associated pathways which contribute to the development of radiation resistance might enable
novel strategies to increase the radiation sensitivity of tumor cells.

It was previously shown that the heat shock response inhibitor NZ28 alone significantly increased
the radiation response in human lung and breast tumor cells. When combined with the Hsp90
inhibitor NVP-AUY922 the concentration of NZ28 could be significantly reduced to achieve the
same radiosensitization [3]. These results demonstrate that a dual targeting of the heat shock
response and Hsp90 with NZ28 and NVP-AUY922 potentiates the radiation response of tumor

cells that are otherwise resistant to ionizing radiation. Further experiments revealed that NZ28
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simultaneously inhibits several transcription factors and is therefore not specific to HSF-1 [2].
Therefore, in my thesis | combined a specific HSF-1 knockdown, Hsp90 inhibition and irradiation
to study the impact of HSF-1 on radiosensitivity.

The survival curves show that a HSF-1 knockdown in combination with Hsp90 inhibition
radiosensitizes H1339 cells. Compared to control cells, lower concentrations of NVP-AUY922
were needed to obtain a radiosensitizing effect in H1339 HSF-1 k.d. cells. In contrast, EPLC-272H
HSF-1 k.d. cells showed no differences in susceptibility to a combined drug-IR treatment
compared to control cells.

Findings of Stingl et al. [44] point to the fact that NVP-AUY922 affects apoptosis and thus induces
a radiosensitizing effect in HT 1080 (fibrosarcoma) and GaMG (glioblastoma) cells. In line with
these findings, Niewidok et al. [43] and Gandhi et al. [98] could show that the depletion of pro-
apoptotic proteins results in radiosensitization in NVP-AUY922 treated lung and prostate
carcinoma cells, in vitro. In contrast to these studies, NVP-AUY922 combined with radiation had
no effect on cell cycle distribution or apoptosis induction in both H1339 and EPLC-272H cells,
even if the expression of HSF-1 was reduced. These different results might be due to the
differences in the applied concentration of this Hsp90 inhibitor, which was much lower in my study.
Nevertheless, this low concentration of NVP-AUY922 led to a significant increase in DNA damage
in H1339 HSF-1 k.d. cells, 24 h after irradiation. In line with these findings, | also found that the
loss of HSF-1 and inhibition of Hsp90 led to an increase of the DNA double strand break markers
yH2AX and 53BP1 in H1339 cells, 24 h after irradiation. As double strand breaks are the most
lethal form of DNA damage, the radiosensitizing effect in this experimental setup might be due to
DSBs. Zaidi et al. [46] could show that NVP-AUY922 impaired homologous recombination after
irradiation. My results for H1339 ctrl cells are in line with these findings. Furthermore, HSF-1
knockdown in H1339 cells in combination with Hsp90 inhibition strongly enhances the impairment
of Rad51-mediated homologous recombination.

These results show for the first time in H1339 lung cancer cells that a combined and selective
targeting of Hsp90 and HSF-1 can improve radiotherapy effectiveness by impairing homologous
recombination. Hence, these data might offer a new possibility to treat lung cancer by dual
targeting of HSF-1 and Hsp90 thereby reducing the concentration of Hsp90 inhibitor and thus,
alleviating negative side effects. In future, this might be a promising approach to improve the
efficacy of chemoradiotherapy.

An important open question refers to the fact how to target HSF-1 in patient’'s tumors. One
auspicious approach is to use therapeutic siRNA to knockdown HSF-1. Despite great progress in
developing siRNA therapy, there are still a number of problems that have to be addressed [99].

Another way is to address the heat shock response/HSF-1 with the help of small drug-like
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inhibitors. KRIBB11 is so far the only inhibitor that directly binds to HSF-1 [100, 101]. All other
currently available inhibitors display a wide variety of inhibitory activities, and their particular mode
of action is not restricted to HSF-1 (reviewed in [102, 103]). Therefore, more basic research is
necessary to identify molecules that selectively target HSF-1 and thus improve siRNA therapy.
Another point that has to be considered is that HSF-1 plays a role in a multitude of physiological
processes, also under non-stressed conditions [104]. HSF-1 not only up-regulates the
transcription of heat shock proteins but also increases the transcription of MICA and MICB (major
histocompatibility class | chain-related proteins A and B) genes [68] by binding to their heat shock
elements (HSE) in the promoter regions [69].

Hsp70 and MICA/B on tumor cells are important recognition structures for activated natural killer
(NK) cells which are key components of the innate immune system as they have an essential
function in the first line anticancer immune response.

Whereas HSF-1 knockdown did not affect membrane expression of Hsp70 and MICA, membrane
expression of MICB was found to be significantly reduced in H1339 cells. According to these
results, Venkataraman et al. [77] have shown that MICA is less inducible by HSF-1 than MICB
due to a weaker binding capacity of HSF-1 to the HSE. HSF-1 knockdown in H1339 cells led to a
reduction in the NK cell-mediated cytotoxicity most likely mediated by the downregulation of MICB
in the membrane.

In summary, my data show that the knockdown of HSF-1 alone does not increase radiosensitivity,
but even reduces NK cell-mediated lysis of tumor cells. Radiotherapy has been found to enhance
NK cell cytotoxicity and thereby can contribute to the anti-tumor immune response [105-107].
Further studies are needed to figure out which effect might dominate in the in vivo situation.
However, my data point into the direction that the combination of HSF-1 knockdown and Hsp90

inhibition might provide a promising approach to improve the outcome of radiotherapy.

Despite these interesting results which are obtained for H1339 cells, an HSF-1 knockdown did
neither increase sensitivity to Hsp90 inhibition nor affected radiosensitivity in EPLC-272H cells
when combined with NVP-AUY922.

EPLC-272H cells have very high basal Hsp27 levels which could not be decreased by HSF-1
knockdown. As it has been shown that Hsp27 protein levels are associated with radioresistance
in tumor cells [108-111], Hsp27 was downregulated in H1339 and EPLC-272H cells.

The single knockdown of Hsp27 as well as the double knockdown of HSF-1 and Hsp27 in EPLC-
272H cells did not radiosensitize these lung tumor cell lines, even when combined with Hsp90
inhibition.
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Unexpectedly, 24 h after irradiation both H1339 and EPLC-272H Hsp27 knockdown cells exhibit
a reduced G2/M arrest compared to control cells. As G2/M is the most radiosensitive phase in cell
cycle, cells were irradiated a second time. Indeed, Hsp27 knockdown cells were less
radiosensitive after the second irradiation. Therefore, | asked the question how Hsp27 influences
the G2/M checkpoint, as the data indicate a deregulation in the cell cycle arrest.

It was previously shown in head-and-neck squamous cell carcinoma cells that the phosphorylation
of ATM (Ataxia-Telangiectasia mutated), a master regulator of DNA damage signaling, is impaired
after irradiation by Hsp27 knockdown [52]. This finding is consistent with my data. Vice versa, it
was shown in human fibroblasts that the radiation-induced phosphorylation of Hsp27 was
abrogated by an inhibition of ATM. This finding needs to be examined in H1339 and EPLC-272H
ctrl/ Hsp27 k.d. cells.

Further studies of cell cycle proteins revealed that the phosphorylation of MK2, a target protein of
p38 MAPK [112, 113], is also inhibited after irradiation in Hsp27 knockdown cells. Under normal
conditions Cdc2 is activated via dephosphorylation on tyrosine 15 (Tyrl5) and thus drives G2 to
M transition [114]. After irradiation Hsp27 knockdown cells display less Tyrl5-phosphorylated
Cdc2, indicating that Cdc2 is (more) active and thus, Hsp27 k.d. cells enter mitosis earlier after
irradiation compared to control cells that remain in the G2 arrest. Therefore, G1 phase is also
increased in Hsp27 knockdown cells after irradiation. Venkatakrishnan et al. showed that Hsp27
regulates p53 transcriptional activity leading to p21 upregulation and G2/M phase cell cycle arrest
[115]. H1339 and EPLC-272H are both p53 mutants [116, 117]. Reinhardt et al. stated that p53-
deficient cells rely on ATM- and ATR-mediated checkpoint signaling through the p38 MAPK/MK2
pathway for survival after DNA damage [91], therefore, | assume that Hsp27 is likely to interfere
with this pathway.

On the basis of my previous data and data from the literature, | assume an involvement of Hsp27
in the DNA damage/cell cycle signaling pathway (Fig. 24) as follows:

In control cells, DNA damage, especially DSBs, activates ATM and the p38 MAPK pathway [87,
88, 118, 119]. Whether the activation of the p38 MAPK-MK2 axis after irradiation is ATM-
dependent needs to be elucidated. Radiation induces the phosphorylation and activation of MK2
which phosphorylates Hsp27 [120] and inactivates Cdc25 [92]. It is also necessary to examine
whether Chk2 (checkpoint kinase 2), activated mainly by ATM, is involved in the inactivation of
Cdc25 [121]. Under non-stress conditions, Cdc25 dephosphorylates and thereby activates Cdc2
what leads to the activation of the CyclinB/Cdc2 complex driving progression of the cell cycle [96].
After DNA damage, Cdc25 is inactivated by its MK2-dependent phosphorylation, and therefore
Cdc2 maintains the Tyrl5 phosphorylation and the CyclinB/Cdcd2 complex remains inactive.

Hence, cells undergo a G2 arrest, which is important for the DNA is repair. The phosphorylation
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of Hsp27 by MK2 might also influence ATM phosphorylation, which could be part of a feedback
loop as the phosphorylation status of Hsp27 is also a general stress sensor [122].

In contrast, in Hsp27 knockdown cells, DNA damage does not induce the phosphorylation of ATM
and MK2. Therefore, Cdc25 is active and dephosphorylates Cdc2 at Tyrl5, thereby activating the
CyclinB/Cdc2 complex which initiates mitosis. | hypothesize that Hsp27 knockdown cells undergo
mitosis, even though the DNA repair is incomplete, because the signal to arrest in G2 phase is
missing due to an Hsp27 knockdown-mediated deregulation of the cell cycle. A scheme

summarizing the role of Hsp27 in DNA damage and cell cycle is shown in Figure 24.

DNA damage

I OPC

ctrl Hsp27 knockdown

P ATM ATM
(p38 MAPK) ? Chk2 Chk2 7 (p38 MAPK)

®Hsp27._ ® | | o H327

MK2 MK2
| |
(P) Cdc25 Cdc25
| |
(P) Cdc2 Tyr15 Cdc2 Tyr15
|
CyclinB/Cdc?2 CyclinB/Cdc2
complex complex
| |
G2/M arrest active G2 > M transition
DNA repair | DNA repair 7

Fig. 24 Scheme of Hsp27 involvement in DNA damage / cell cycle signaling pathways
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Radiation Oncology 2015 Jul 22;10:149.
Naoya Murakami*, Annett Kilhnel*, Thomas E. Schmid*, Katarina llicic, Stefan Stangl, Isabella

S. Braun, Mathias Gehrmann, Michael Molls, Jun Itami and Gabriele Multhoff
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Background: The major stress-inducible heat shock protein 70 (Hsp70) is frequently
overexpressed in the cytosol and integrated in the plasma membrane of tumor cells. Following
stress such as non-lethal irradiation Hsp70 synthesis is upregulated. Intracellular located Hsp70
is known to exert cytoprotective properties, however, less is known about membrane (m)Hsp70.
Herein, the role of mHsp70 in the sensitivity towards irradiation in tumor sublines that differ in their
cytosolic and/or mHsp70 levels was investigated.

Principal findings: CX+/CX- tumor cells were used that exhibited similar cytosolic but differed

significantly in their mHsp70 levels, 4 T1 ctrl/4 T1 Hsp70 knockdown (k.d.) cells which showed
significant differences in their cytosolic and mHsp70 levels and H1339 and EPLC-272H ctrl/ HSF-
1 k.d. lung carcinoma cells that had similar mHsp70 but significantly different cytosolic Hsp70
levels.

The DNA double strand break (DSB) marker yH2AX was significantly upregulated in irradiated
CX-and 4 T1 Hsp70 k.d. with low basal mHsp70 levels, but not in their mHsp70 high expressing
counterparts, irrespectively of their cytosolic Hsp70 content. After irradiation yH2AX, Caspase 3/7
and Annexin V were upregulated in the lung carcinoma cells H1339 and EPLC-272H, but no
significant differences were observed between ctrl and HSF-1 k.d. sublines that exhibit identical
mHsp70 but strongly differ in their cytosolic Hsp70 levels.

According to that, clonogenic cell survival was significantly lower in CX—and 4 T1 Hsp70 k.d. cells
with low mHsp70 expression, than in CX+ and 4 T1 ctrl cells, whereas no difference in clonogenic
cell survival was observed in ctrl and HSF-1 k.d. sublines of H1339 and EPLC-272H with identical
mHsp70 but different cytosolic Hsp70 levels.

Conclusion: In summary, these results point at an important role of mHsp70 on radiation

resistance.
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Background: The activity of natural killer (NK) cells is regulated by activating and inhibiting
receptors, whereby the C-type lectin natural killer group 2D (NKG2D) receptor serves as the major
activating receptor on NK cells which recognizes major histocompatibility class | chain-related
proteins A and B (MICA/B). The MICA/B expression has been described to be regulated by the
transcription factor heat shock factor 1 (HSF-1). Inhibition of heat shock protein 90 (Hsp90) is
known to induce the heat shock response via activation of HSF-1 which is associated with tumor
development, metastasis and therapy resistance and with an increased susceptibility to NK cell-

mediated lysis.

Principal findings: The effects of Hsp90 inhibitor NVP-AUY922, HSF-1 inhibitor NZ28 and HSF-1
knockdown on the sensitivity of lung (H1339) and breast (MDA-MB-231, T47D) cancer cells to NK
cell-mediated cytotoxicity and the expression of the NKG2D ligands MICA/B were tested.

Although NVP-AUY922 activates HSF-1, neither the MICA/B surface density on tumor cells nor

their susceptibility to NK cell-mediated lysis was affected.

A single knockdown of HSF-1 decreased the surface expression of MICB but not that of MICA,
and thereby, the NK cell-mediated lysis was only partially blocked. In contrast, NZ28 completely
blocked the MICA/B membrane expression on tumor cells and thereby strongly inhibited the NK
cell-mediated cytotoxicity. This effect might be explained by a simultaneous inhibition of the
transcription factors HSF-1, SP1 and NF-kB by NZ28.

Conclusion: These findings suggest that the immune-activatory and -inhibitory effects of new

anticancer therapeutics should be investigated.
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C) Sensitizing tumor cells to radiation by targeting the heat shock response

Cancer Letters 2015 May 1;360(2):294-301.
Daniela Schilling, Annett Kihnel, Sarah Konrad, Fabian Tetzlaff, Christine Bayer, Julia Yaglom,
Gabriele Multhoff

Background: Elevated levels of heat shock proteins (HSPs) contribute to tumor cell survival and
mediate protection against radiation-induced cell death. Hsp90 inhibitors are promising
radiosensitizers but also activate heat shock factor 1 (HSF-1) and thereby induce the synthesis of
cytoprotective Hsp70. In this study, the heat shock response inhibitor NZ28 either alone or in
combination with the Hsp90 inhibitor NVPAUY922 was investigated for radiosensitizing effects,
alterations in cell cycle distribution and effects on migratory/invasive capacity of radioresistant

tumor cells.

Principal findings: NZ28 reduced the constitutive and NVPAUY922-induced Hsp70 expression by

inhibition of the HSF-1 activity and inhibited migration and invasion in human lung and breast
tumor cells. Treatment of tumor cells with NZ28 significantly increased their radiation response.
One possible mechanism might be a decrease of the radioresistant S-phase. When combined with
the Hsp90 inhibitor NVP-AUY922 the concentration of NZ28 could be significantly reduced
(1/10th—1/20th) to achieve the same radiosensitization.

Conclusion: These results demonstrate that a dual targeting of Hsp70 and Hsp90 with NZ28 and

NVP-AUY922 potentiates the radiation response of tumor cells that are otherwise resistant to

ionizing radiation.
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Abstract

Background: The major stress-inducible heat shock protein 70 (Hsp70) is frequently overexpressed in the cytosol
and integrated in the plasma membrane of tumor cells via lipid anchorage. Following stress such as non-lethal
irradiation Hsp70 synthesis is up-regulated. Intracellular located Hsp70 is known to exert cytoprotective properties,
however, less is known about membrane (m)Hsp70. Herein, we investigate the role of mHsp70 in the sensitivity
towards irradiation in tumor sublines that differ in their cytosolic and/or mHsp70 levels.

Methods: The isogenic human colon carcinoma sublines CX* with stable high and CX™ with stable low expression
of mHsp70 were generated by fluorescence activated cell sorting, the mouse mammary carcinoma sublines 4 T1
(4 T1 ctrl) and Hsp70 knock-down (4 T1 Hsp70 KD) were produced using the CRISPR/Cas9 system, and the Hsp70
down-regulation in human lung carcinoma sublines H1339 ctrl/H1339 HSF-1 KD and EPLC-272H ctrl/EPLC-272H
HSF-1 KD was achieved by small interfering (si)RNA against Heat shock factor 1 (HSF-1). Cytosolic and mHsp70 was
quantified by Western blot analysis/ELISA and flow cytometry; double strand breaks (DSBs) and apoptosis were
measured by flow cytometry using antibodies against yH2AX and real-time PCR (RT-PCR) using primers and
antibodies directed against apoptosis related genes; and radiation sensitivity was determined using clonogenic cell
surviving assays.

Results: CX*/CX™ tumor cells exhibited similar cytosolic but differed significantly in their mHsp70 levels, 4 T1 ctrl/
4 T1 Hsp70 KD cells showed significant differences in their cytosolic and mHsp70 levels and H1339 ctrl/H1339 HSF-1
KD and EPLC-272H ctrl/EPLC-272H HSF-1 KD lung carcinoma cell sublines had similar mHsp70 but significantly
different cytosolic Hsp70 levels. yH2AX was significantly up-regulated in irradiated CX™ and 4 T1 Hsp70 KD with low
basal mHsp70 levels, but not in their mHsp70 high expressing counterparts, irrespectively of their cytosolic Hsp70
content. After irradiation YH2AX, Caspase 3/7 and Annexin V were up-regulated in the lung carcinoma sublines, but
no significant differences were observed in H1339 ctrl/H1339 HSF-1 KD, and EPLC-272H ctrl/EPLC-272H HSF-1 KD
that exhibit identical mHsp70 but different cytosolic Hsp70 levels. Clonogenic cell survival was significantly lower in
CX™ and 4 T1 Hsp70 KD cells with low mHsp70 expression, than in CX+ and 4 T1 ctrl cells, whereas no difference in
clonogenic cell survival was observed in H1339 ctrl/H1339 HSF-1 KD and EPLC-272H ctrl/ EPLC-272H HSF-1 KD
sublines with identical mHsp70 but different cytosolic Hsp70 levels.

Conclusion: In summary, our results indicate that mHsp70 has an impact on radiation resistance.
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Background

Apart from surgery and chemotherapy, radiotherapy is
one of the three key treatment modalities to treat local-
ized solid tumors. The major goal of therapeutic irradi-
ation is to inflict deleterious damage selectively in tumor
cells. While some cancer cells are directly killed by irradi-
ation, others appear to activate mechanisms of resistance.
Similar to other stress stimuli such as hyperthermia, hyp-
oxia, reactive oxygen species (ROS), heavy metals, cytotoxic
drugs, glucose deprivation also ionizing irradiation induces
a complex stress reaction in the exposed tumor and normal
tissues [1, 2]. Heat shock protein 70 (Hsp70), one of the
major stress-inducible members of the 70 kDa stress pro-
tein family (HSP70) whose expression is mainly regulated
by Heat Shock Factor 1 (HSF-1) consists of at least 8 hom-
ologous members, exerts tumorigenic functions by sustain-
ing proliferative cell signaling, increasing invasive and
metastatic activity and migration and by preventing apop-
totic signaling [3, 4]. Hsp70 is frequently constitutively
overexpressed in the cytosol and present on the plasma
membrane of many different tumor types [5-7] to promote
cancer cell survival, tumorigenicity and anti-apoptotic activ-
ities, such as interfering with the apoptosis signal regulating
kinase 1 (ASK1) and the co-chaperone CHIP [5-11], block-
ing BAX translocation to the mitochondria [12] or by inter-
fering with lysosomal membranes and thereby inhibiting
their permeabilization [13]. Apart from its intracellulat
localization, Hsp70 can be transported to and anchored on
the plasma membrane of tumor, but not normal cells, via
tumor-specific lipid vesicular transport which is not com-
pletely unravelled [14]. Membrane Hsp70-positive tumors
have been shown to actively release Hsp70 in exosomes
[14, 15] that can fuse with the plasma membrane. Since
normal cells do not present Hsp70 on their cell surfaces,
mHsp70 serves as a tumor-specific targeting structure for
in vivo imaging [16, 17], and lipid-bound Hsp70 in the
blood might provide a novel tumor biomarker in liquid bi-
opsies [14, 15].

As mentioned before, cytosolic Hsp70 exerts cytopro-
tective properties by interfering with anti-apoptotic sig-
naling pathways [18]. In mammalian cells, apoptosis can
be caused by either intrinsic or extrinsic pathways [19]
whereby apoptotic factors such as cytochrome ¢ which
are released by mitochondria with a disturbed mem-
brane potential induce the intrinsic pathway [20, 21],
and the binding of extracellular protein death ligands of
the tumor necrosis factor (TNF) family to pro-apoptotic
death receptors (DRs) on the cell surface can initiate the
extrinsic apoptotic cascade [20].

Overexpression of Hsp70 can provide tumor cells with a
selective survival advantage in part due to its ability to in-
hibit multiple pathways of cell death, including both intrin-
sic and extrinsic apoptosis [10, 22, 23]. Hsp70 can bind
directly to the pro-apoptotic Bcl-2 family member BAX,
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which is part of the intrinsic apoptosis pathway and thus
prevents its activation and translocation to the mitochon-
dria [24, 25]. Hsp70 can also interact with death receptors
DR4 and DR5 of the extrinsic apoptotic pathway and thus
inhibits the assembly of the death-inducing signaling com-
plexes [26]. Therefore, inhibition of cytosolic Hsp70 pro-
vides a promising concept in anti-cancer therapies. It also
has been described that mHsp70-positive tumor cells are
better protected against ionizing irradiation compared to
their mHsp70-negative counterparts [27]. Herein, we want
to study the impact of cytosolic versus mHsp70 in the ra-
diosensitivity of four isogenic tumor cell systems.

Materials and methods

Cells and cell culture

Three human and one mouse carcinoma subline of dif-
ferent origin was used in the study. The size of mouse
carcinoma cells significantly smaller than that of the hu-
man tumor cell lines. The human adeno colon carcin-
oma cell line CX-2 (Tumorzellbank, DKFZ Heidelberg,
Germany) gave rise to the sublines CX* with a stable
high and CX™ with a low mHsp70 expression after fluor-
escence activated cell sorting [27, 28]. The HSF-1
knock-down (HSF-1 KD) and ctrl human lung cancer
cell lines H1339 (small cell lung carcinoma, SCLC) and
EPLC-272H (non-small cell lung carcinoma, NSCLC;
kindly provided by Prof. Rudolf Huber, Dpt. of Pneu-
monology, University Munich, Germany) as well as the
CX*/CX™ sublines were cultured in Roswell Park
Memorial Institute (RPMI)1640 medium (GIBCO,
Eggenstein, Germany) supplemented with 10 %v/v
heat-inactivated fetal calf serum (FCS) (PAA, Pasching,
Austria), 1 %v/v antibiotics (100 IU/ml penicillin,
100 pg/ml streptomycin, GIBCO), 2 mM L-glutamine
(GIBCO) and 1 mM sodium pyruvate (GIBCO). All
adherent growing tumor cells were trypsinized for less
than 3 min with trypsin-ethylene diamine-tetra-acetic
acid (EDTA) (GIBCO), and single cell suspensions were
seeded at constant cell densities of 1.5x 10° cells in
15 ml fresh medium in T-75 ventilated culture flasks
(Greiner, Nuertingen, Germany).

For knock-down of Hsp70 in the lung carcinoma cells
H1339 and EPLC-272H HSF1 RNAi-Ready pSIREN-
RetroQ vectors with a puromycin resistance (BD Bio-
sciences) was used. Target sequence for HSF-1 small
interfering RNA was 5'-TATGGACTCCAACCTGGA-
TAA-3" [29]. Retroviruses were produced by transfection
of Phoenix cells with pSIREN-RetroQ/HSF1 shRNA
(shHSF1) or pSIREN-RetroQ (control) (kindly provided by
Profs. J. Yaglom and M. Sherman, Boston University School
of Medicine, USA) using Ca-phosphate. Tumor cells were
infected with virus containing supernatants in the presence
of 10 pg/ml polybrene. Selection was performed with 2 pg/
ml puromycin.
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The mouse mammary carcinoma derived 4 T1 cell line
(ATCC°CRL-2539™, American Type Culture Collection,
Manassas, USA) was used to knock-down Hsp70 by the
CRISPR/Cas9 system [17, 30]. The RNA-guided Cas9
nuclease [31], derived from Streptococcus pyogenes was
used to induce specific DSBs in regions of the chromo-
some that are coding for Hsp70 (HSPA1A/B). After
DSBs were introduced to specific loci, damaged DNA
was repaired by non-homologous end joining (NHE])
[32] which resulted in shift of the sequence and a
knock-down (KD) of the targeted gene was achieved
[33]. By using this procedure the subline 4 T1 Hsp70
KD was generated which showed a significant but not
complete reduction in cytosolic and mHsp70. As a con-
trol, 4 T1 cells were transfected with a control vector
4 T1 (ctrl). To obtain a complete Hsp70 knock-out a
second and third treatment cycle using the CRISPR/
Cas9 system was necessary [17]. The 4 T1 sublines were
cultured in Roswell Park Memorial Institute 1640
medium (GIBCO, Eggenstein, Germany) supplemented
with 10 % v/v heat-inactivated fetal calf serum (FCS)
(GIBCO), 1 % v/v antibiotics (penicillin-streptomycin,
GIBCO), 2 mM L-glutamine (GIBCO), non-essential
amino acids, and [-mercaptoethanol. All adherent
tumor cells were trypsinized for 5 min with trypsin-
ethylene diamine-tetra acetic acid (EDTA) (GIBCO),
and single cell suspensions were seeded at constant
cell densities of 1.0 x 10° cells in 20 ml fresh medium
in T-75 ventilated culture flasks (Greiner, Nuertingen,
Germany). Following exposure to stress the 4 T1
Hsp70 KD cell line showed a moderate up-regulation
of Hsp70 in the cytosol which was less pronounced
than that of 4 T1 ctrl cells (data not shown).

All tumor cell sublines were routinely checked and de-
termined as negative for mycoplasma contamination.

SDS-PAGE, western blot analysis, ELISA

Cytosolic proteins were obtained as described previously
[1]. Briefly, 2 x 10° cells were lysed in 10 mM Tris-buffered
saline (TBST buffer, pH 7.5) containing 1 % Nonidet P-40
(NP-40; Sigma Aldrich, St. Louis, MO, USA) on ice for
45 min. Non-soluble material was pelleted by centrifugation
at 10,000 g and discarded. Protein concentration was deter-
mined with the bicinchoninic acid method (BCA Protein
Assay Kit; Pierce, Thermo Fisher Scientific Inc., Rockford,
IL, USA). Equal protein amounts (20 pg) were subjected to
the 10 % sodium dodecyl sulfate-polyacrylamide gel (SDS-
PAGE) following a standard protocol [34]. 10 ng and 25 ng
of recombinant Hsp70 protein [35] were loaded as positive
control and for protein quantification. After SDS-PAGE,
the proteins were transferred to nitrocellulose membranes
(Millipore Corp., Bedford, MA, USA) and/or PVDF mem-
branes following a standard protocol [36]. Non-specific
binding of the membranes was blocked with 5 % skim milk
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in PBS supplemented with 1 % Tween-20. Blots were incu-
bated with the Hsp70 primary antibody (cmHsp70.1, IgG1;
multimmune, Munich, Germany) and a B-actin antibody
(A5316, Sigma-Aldrich) at 4 °C for 14 h. After two washing
steps, membranes were incubated with a secondary anti-
body (goat anti-mouse IgG peroxidase-conjugated; Pro-
mega, Madison, W1, USA) at room temperature for 1 h. All
antibodies were diluted in 1 % skim milk in PBS sup-
plemented with 1 % Tween-20. Immune complexes
were detected using the ECL detection system (Amer-
sham Biosciences, Buckinghamshire, UK). Blots were
imaged digitally (ChemiDoc Touch Imaging System,
Biorad Laboratories, Hercules, CA, USA) and quanti-
fied using Image Lab Software (Biorad Laboratories)
with automatic settings. The absolute amount of
Hsp70 was determined by the ratio of the $3-actin-nor-
malized integrated volumes of bands, related to Hsp70
positive controls with known amounts which were
used as internal standards.

Hsp70 concentrations were verified by ELISA (R&D
systems) in cell lysates following the manufacturer’s rec-
ommendations. Hsp70 concentrations were calculated
relative to the total protein content of each sample.

Irradiation of tumor cells

CX sublines were irradiated with a single dose of 0 Gy
(sham) to 20 Gy, using the Gulmay RS225A irradiation
machine (Gulmay Medical Ltd., Camberley, UK) at a
dose rate of 0.90 Gy/min (15 mA, 200 keV). A dose of
20 Gy was chosen for yH2AX and Caspase 3/7 and
Annexin V assays because concentrations below did not
result in statistically significant results but showed the
same trend. 4 T1, H1339 and EPLC-272H cell sublines
were irradiated with a single dose of 0 Gy (sham) to
6 Gy with same irradiation equipment as used for the
CX sublines.

Flow cytometry of mHsp70

Single cell suspensions of untreated and treated CX, 4 T1,
H1339 and EPLC-272H sublines were collected at different
time-points after irradiation. A sample of 0.4 x 10° cells was
washed once with 10 % FCS in phosphate-buffered sa-
line (PBS) and incubated with fluorescein isothiocyan-
ate (FITC)-conjugated mouse monoclonal antibody
specific for mHsp70 (cmHsp70.1, IgG1; multimmune
GmbH, Munich, Germany) or a FITC-labeled isotype-
matched IgG-negative control antibody (code 345815;
BD Biosciences, NJ, USA) on ice in the dark for
30 min. Only propidium iodide-negative, viable cells
were gated and the mean fluorescence intensity (mfi)
of antibody-bound cells was analyzed by a FACSCali-
bur flow cytometer (Becton Dikinson, Heidelberg,
Germany). The mfi is a relative value of the total in-
tensity of the signal derived from cmHsp70.1-FITC
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antibody stained, viable cells (50,000) subtracted by
the intensity of the signal intensity which is derived by
viable cells stained with an isotype-matched IgG1-
FITC control antibody. Fluorescence data were plotted by
using CellQuest software (Becton Dickinson, Heidelberg,
Germany).

Flow cytometry of yH2AX

DSBs were assessed by using yYH2AX (phosphorylated
Histone H2AX) antibody. The single cell suspensions of
either sham irradiated and/or irradiated CX, 4 T1,
H1339 and EPLC-272H sublines were collected 1 h after
irradiation using trypsin and by mechanical disruption.
Single cell suspensions containing 0.6 x 10° cells were
washed in 0.5 ml PBS and fixed with 70 % ethanol/acetic
acid (3:1). Fixed cells were kept at —20 °C for up to two
weeks before analysis. After removal of the fixative, cell
pellets were re-suspended with 1 ml of 0.15 % Triton X-
100 solution and incubated on ice with anti-phospho-
Histone H2AX, Alexa Fluor 488 conjugate (Novus Bio-
logicals). The mfi of cells that did bind the antibody was
analyzed by flow cytometry.

Quantitative analysis of gene expression

48 h after irradiation total RNA was extracted from
cell pellet containing 1.0 x 10° cells of CX or 4 T1 cells
with MasterPureTM RNA Purification Kit (Epicentre,
Madison, USA). The concentration of RNA was mea-
sured by a Nanodrop™ spectrophotometer at 260 nm.
RNA was reversely transcribed into cDNA using High
Capacity cDNA Reverse Transcription Kits (Life Tech-
nologies GmbH, Darmstadt, Germany). The resulting
cDNA was subjected to quantitative RT-PCR using
primers directed towards Caspase 3, Caspase 7, Cas-
pase 8, Caspase 9, BAD and BAX. Actin B (ActB) was
used as a house keeping gene. The reaction mix was
prepared according to the standard protocol of the kit.
RT-PCR was carried out with a LightCycler® 480
(Roche Diagnostics, Mannheim, Germany) with a
standard thermal profile. Transcriptional changes were
calculated with delta Ct method and normalized with
the house keeping gene. Mean values were obtained
from triplicate samples.

Expression of active Caspase 7, phosphorylated (p)BAD
and BAX

Cell lysates (50 pg/ml) were subjected to SDS-PAGE
(12.5 %) and after transfer, membranes [36] were incu-
bated with a primary rabbit-anti-active Caspase 7,
rabbit-anti-phospho-BAD (1:1000; Ser'?®), and rabbit-
anti-BAX (1:1000; Cell Signaling Technology, Beverly,
MA, USA) antibody. Following washing, the nitrocel-
lulose (NC) membranes were incubated with a horse-
radish peroxidase (HRP) conjugated secondary anti-
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rabbit IgG and detected using the ECL system, as de-
scribed above.

Flow cytometry of active Caspase 3/7 and Annexin V
Apoptosis was assessed in all tumor sublines using
CellEvent® Caspase 3/7 Green Detection Reagent (Life
Technologies, Darmstadt, Germany). Single cell suspen-
sions of sham irradiated and irradiated tumor cells were
collected 24 and 48 h after irradiation using trypsin and
mechanical disruption. The single cell suspension con-
taining 0.4 x 10° were washed in 1 ml PBS and incubated
with CellEvent Caspase 3/7 Green Detection Reagent
and SYTOX AADvanced® dead cell stain solution. The
percentage of antibody-bound cells among viable cells
was determined on a flow cytometer.

Apoptosis was determined in CX"/CX™ and 4 T1 ctrl/
4 T1 Hsp70 KD tumor sublines also by Annexin V-FITC
staining. After washing with Annexin V binding buffer cells
were incubated with Annexin V-FITC (Roche Diagnostics,
Mannheim, Germany) for 15 min at room temperature.
After another washing step in PBS/10 %v/v FCS and
2.5 mM CaCl,, propidium iodide (PI) was added for 1 min.
Then cells were analyzed on a FACSCalibur flow cytometer
(BD).

Clonogenic cell survival assay

Single cell suspensions were seeded onto 12-well
plates. CX tumor sublines were irradiated with 0, 2, 4,
6, and 10 Gy and 4 T1, H1339, and EPLC-272H tumor
sublines were irradiated with 0, 2, 4, and 6 Gy at the
Gulmay RS225A irradiation machine (Gulamy Medical
Ltd., Cambereley, UK). A dose of 20 Gy resulted in
too few colonies and thus could not be analyzed (data
not shown). Cells were fixed in ice cold methanol after
reaching colonies containing more than 50 cells and
stained with 0.1 % crystal violet. All colonies with
more than 50 cells were counted automatically using a
Bioreader® (Bio-Sys GmbH, Karben, Germany). To cre-
ate a radiation survival curve, the survival fraction at
each radiation dose was normalized to that control
which was sham-irradiated with 0 Gy.

Statistical analysis

Mean value was calculated and presented with standard de-
viation. The Student #-test was used to evaluate the rele-
vance between variables. A p-value of <0.05 was considered
as statistically significant.

Results

Comparison of cytosolic and mHsp70 levels in isogenic
tumor sublines

We investigated cytosolic and mHsp70 levels in isogenic
human colon carcinoma sublines CX*/CX", mouse mam-
mary carcinoma cell lines 4 T1 ctrl/4 T1 Hsp70 knock-



Murakami et al. Radiation Oncology (2015) 10:149

down (4 T1 Hsp70 KD), human lung carcinoma cell
sublines H1339 ctrl/H1339 HSF-1 KD and EPLC-272H
ctrl/EPLC-272H HSF-1 KD. Figure 1 shows representative
Western blots of tumor cell lysates of all cell lines under
non-stressed conditions using cmHsp70.1 antibody for the
detection of Hsp70. A defined amount of recombinant
Hsp70 protein (10 ng and 25 ng) was loaded onto the gel
for quantification and B-actin was used as a loading control
and for normalization. Although CX" (36.4 + 4.8 ng) and
CX™ (32.9+5.0 ng) tumor sublines revealed similar cyto-
solic Hsp70 levels (Fig. la and c), the tumor sublines
differed significantly in their mHsp70 expression under
non-stressed conditions (sham; Fig. 2a). Following irradi-
ation at 20 Gy the mHsp70 expression was significantly up-
regulated on CX™ but not CX" tumor cells (20 Gy; Fig. 2a).
A lower irradiation dose of 10 Gy showed a similar trend
with respect to the mHsp70 expression on CX cells but
did not reach statistical significance (data not shown).

No differences in the cytosolic Hsp70 levels were de-
tected in 4 T1 cells that had been transfected with a
control vector (ctrl) versus 4 T1 wild type (WT) cells
(data not shown). A CRISPR/Cas9 Hsp70 knock-down
(4 T1 Hsp70 KD) revealed significantly lower cytosolic
Hsp70 levels than in 4 T1 ctrl (Fig. 1a and b) and 4 T1
WT cells (data not shown), and mHsp70 levels were
significantly higher in 4 T1 ctrl versus 4 T1 Hsp70 KD
cells under non-stressed conditions (sham; Fig. 2b).
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Following irradiation at 6 Gy the mHsp70 expression
was significantly up-regulated in 4 T1 Hsp70 KD cells
but not in 4 T1 ctrl cells (6 Gy; Fig. 2b). A lower ir-
radiation dose of 4 Gy showed a similar trend but the
values did not reach statistical significance (data not
shown). 4 T1 mouse mammary carcinoma cells
showed lower Hsp70 levels in the cytosol than human
CX"/CX™ cells (Fig. 1a). Although the density of
Hsp70 molecules on the cell surface is similar in
mouse and human tumor cells, the mfi appears to be
higher in 4 T1 cells due to their smaller size.

A siRNA knock-down of HSF-1 in HI1339 and
EPLC-272H lung carcinoma cells resulted in a sig-
nificant down-regulation of Hsp70 in the cytosol of
these tumor sublines, as determined by Western blot
analysis (Fig. 1d) and ELISA (Fig. le). However, the
reduced cytosolic Hsp70 levels induced by HSF-1
knock-down did not affect the mHsp70 levels, under
non-stressed conditions (Fig. 2c and d) and following
irradiation at 6 Gy (Fig. 2d).

Comparison of radiation-induced DNA double strand
breaks (DSBs) in tumor sublines with different cytosolic
and mHsp70 levels

A quantification of the yH2AX foci as a measure for
DSBs was determined by flow cytometry one hour after
irradiation of CX*/CX"™ cells (Fig. 3a) with 0 Gy (sham)
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Fig. 1 Representative Western blot analysis of cytosolic Hsp70 in CX*/CX™ (a), 4 T1 ctrl/4 T1 Hsp70 KD (a), H1339 ctrl/H1339 HSF-1 KD, EPLC-272
ctrl/EPLC-272H HSF-1 KD (b) tumor sublines under non-stressed conditions. 20 ug of cytosolic proteins were administered to each lane of a SDS/
PAGE and blotted onto nitrocellulose membranes. Hsp70 and -actin were detected using primary antibodies, an appropriate HRP-conjugated
secondary antibody, followed by visualization with ECL kit. 3-actin and recombinant Hsp70 protein (10 ng, 25 ng; data not shown) were used as
loading control and for normalization. Normalized Hsp70 values of CX*/CX™ and 4 T1 ctrl/4 T1 Hsp70 KD (c), H1339 ctrl/H1339 HSF-1 KD and
EPLC-272H ctrl/EPLC-272H HSF-1 KD (d, e) cell lysates, as determined by Western blot analysis (¢, d) and ELISA of cell lysates (e). Bars represent
the mean values of n=3-4 independent experiments. Significance: *p £ 0.05, *p < 0.01, ***p < 0.001
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and 20 Gy, 4 T1 ctrl/4 T1 Hsp70 KD cells (Fig. 3b) with
0 Gy (sham) and 6 Gy, H1339 ctrl/H1339 HSF-1 KD
(Fig. 3c) and EPLC-272H ctrl/EPLC-272H HSF-1 KD
cells (Fig. 3d) with 0 Gy (sham) and 6 Gy. After irradi-
ation a significant increase in yH2AX was observed in
CX™ (40.58 £ 6.45 vs. 88.52+14.19, p<0.01) and 4 T1
Hsp70 KD cells (60.64 +15.20 vs. 257.81 +32.04, p <
0.01), whilst no statistically significant increase was ob-
served in non-irradiated versus irradiated CX" and 4 T1
ctrl (or WT cells, data not shown) with initially high
mHsp70 expression. The YH2AX mfi values of irradiated
CX*/CX™ (20 Gy; p<0.001) and 4 T1 ctrl/4 T1 Hsp70
KD (6 Gy; p<0.05) sublines also differed significantly.
YH2AX did not differ significantly in the sublines H1339
ctrl/H1339 HSF-1 KD and EPLC-272H/EPLC-272H
HSF-1 KD that show an identical mHsp70 expression
(Fig. 3c and d). However, significant differences in yH2AX
foci were observed in sham (0 Gy) and irradiated (6 Gy)
lung cancer sublines were compared (Fig. 3c and d).
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Comparison of radiation-induced apoptosis in tumor
sublines with different cytosolic and mHsp70 levels

For measuring radiation-induced apoptosis the percentage
of active Caspase 3/7 positive cells was determined 48 h
after sham (0 Gy) and 20 Gy irradiation of CX*/CX™ tumor
cells by flow cytometry (Fig. 4a). After radiation exposure,
the number of apoptotic cells increased in both, CX*
(3.11 %+0.06 % vs. 6.70 % +0.97 %, p<0.01) and CX~
(4.16 % +0.16 % vs. 16.67 % £ 0.81 %, p<0.001) cells, but,
the percentage of apoptotic cells after irradiation (20 Gy)
was significantly higher in CX™ than in CX" cells (p<
0.001). Fig. 4b shows similar results for the 4 T1 cell system
48 h after irradiation with 6 Gy. Apoptosis was significantly
more pronounced in irradiated (6 Gy) compared to sham
irradiated 4 T1 ctrl cells (0.60 % +0.06 % vs. 4.55 % +
0.54 %, p<0.01) and 4 T1 Hsp70 KD cells (0.16 % + 0.06 %
vs. 7.72 % + 0.21 %, p < 0.001). Compared to irradiated 4 T1
ctrl cells, the percentage of apoptotic cells in 4 T1 Hsp70
KD cells with partial Hsp70 knock-down (p <0.001) was

A 20 kK cx+ B 20 m— 4T1 ctrl
_ *kk  —— oX- < == 4T1 Hsp70 KD
IS m = 15 *kk
= 15 ~o
5% x &% * Kk
2% 10 — % o 10 ~—
a2 a2
2% 5 8% 5
© g_ o g_
0 0
sham 20 Gy sham 6 Gy
*
C L) b aokn (REE
= 25 &k %k
S — _
kst g5 Fedk
2 20 2 20 —
o =
z8 45 >8 *k
% 9 £ o —
o= % >
2= 10 2= 10
c g c @
<3 5 <8 5
0 0
sham 20 Gy sham 20 Gy
E 20 7 = H1339 ctrl F 20 = EPLC-272H ctrl
= H1339 HSF-1 KD = EPLC-272H HSF-1 KD
15 15
*kk
—

caspase 3/7
positive cells [%]
=5

;

(]
8

- NN
a o O

positive cells [%]
s

Annexin V

o o

sham 6 Gy

Fig. 4 Percentage of apoptotic cells as assessed by active Caspase 3/7 (a,

after sham (0 Gy) and 20 Gy irradiation and 4 T1 ctrl/4 T1 Hsp70 KD cells (b, d), H1339 ctrl/H1339 HSF-1 cells (e, g), EPLC-272H ctrl/EPLC-272H
HSF-1 KD cells (f, h) 48 h after sham (0 Gy) and 6 Gy irradiation, respectively. Bars represent the mean values and the corresponding standard
error of the mean (SEM) of n = 3-4 experiments. Significance: *p < 0.05, *p < 0.01, ***p < 0.001

positive cells [%]
s

E

caspase 3/7

sham 6 Gy
H 30 1
T 25 A
2 20
>3 x
:015 *
= S r—
0:.210.
%
<8 5
0.
sham 6 Gy

b, e, f) and Annexin V (¢, d, g, h) staining in CX*/CX™ cells (a, ¢) 48 h




Murakami et al. Radiation Oncology (2015) 10:149

again significantly higher (Fig. 4b). Apoptosis as measured
with the Annexin V assay in CX"/CX™ (Fig. 4c) and 4 T1
ctrl/4 T1 Hsp70 KD (Fig. 4d) tumor cells after sham (0 Gy)
and 20 Gy irradiation and H1339 ctrl/H1339 HSF-1 KD
and EPLC-272H ctrl/EPLC-272H HSF-1 KD cells con-
firmed the results of the Caspase3/7 assay. A radiation dose
of 4 Gy for 4 T1 ctrl/4 T1 Hsp70 KD cells and 10 Gy for
CX*/CX™ cells showed a similar trend, however, the data
did not reach statistical significance (data not shown).

In contrast, lung tumor sublines H1339 ctrl/H1339 HSE-
1 KD and EPLC-272H ctrl/EPLC-272H HSF-1 KD with
identical mHsp70 levels did not show significant differences
in apoptosis, as determined by active Caspase 3/7 and
Annexin V positivity under non-irradiated (sham) and irra-
diated (6 Gy) conditions (Fig. 4e and f), although an in-
creased apoptosis was observed following irradiation at
6 Gy in both tumor cell systems.

For further evaluation of radiation-induced changes the
relative gene expression levels of the 4 T1 tumor sublines
were analyzed 1 h after radiation at 0 Gy and 6 Gy. After ir-
radiation, a more than 2-fold up-regulation in the gene ex-
pression of Caspase 3, Caspase 7, and the Bcl-2 subfamily
members BAD (BH3) and BAX (Bcl-2-like protein 4) was
observed in the mHsp70 low expressing 4 T1 Hsp70 KD
cell line but not in the 4 T1 ctrl cell line (Fig. 5a).
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Significant differences in the gene expression ratios be-
tween 4 T1 ctrl and 4 T1 Hsp70 KD cells were observed
for Caspase 7 (0.9-fold vs.3.3-fold, p <0.05), BAX (1.1-fold
vs. 2.5-fold, p<0.05) and BAD (0.7-fold vs. 2.0-fold, p <
0.05). No differences in the gene expression analysis were
observed in 4 T1 ctrl cells that had been transfected with a
control vector versus 4 T1 WT cells (data not shown).

Due to their higher radiation-resistance no significant
changes in apoptosis regulated gene expression was ob-
served in CX" and CX" cells after irradiation with 20 Gy
(data not shown). However, also in these tumor sublines,
CX" cells with the lower mHsp70 expression showed an
increased expression in Caspase 3/7, BAD and BAX
compared to CX" cells.

With respect to the levels of apoptosis related pro-
teins differences were observed in phosphorylated
(p)BAD (Fig. 5b) and active Caspase 7 (Fig. 5¢), as de-
termined by Western blot analysis. The amount of
anti-apoptotic pBAD decreased in 4 T1 Hsp70 KD
cells 24 h after irradiation at 6 Gy, but not in 4 T1 ctrl
cells, and active Caspase 7 was found to be up-
regulated following irradiation in 4 T1 Hsp70 KD
cells, but not in 4 T1 ctrl cells. No significant differ-
ences were observed in the amount of the cytosolic
protein BAX after irradiation (data not shown). A
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similar trend which did not reach statistical signifi-
cance was found in the CX*/CX™ tumor sublines.

Comparison of radiation-induced changes in the
clonogenic cell survival in tumor sublines with different
cytosolic and mHsp70 levels

Radiation sensitivity of CX (Fig. 6a), 4 T1 (Fig. 6b),
H1339 (Fig. 6¢) and EPLC-272H (Fig. 6d) tumor sublines
was assessed in clonogenic cell survival assays. Data
were fitted by the linear quadratic model (Y =(aD
+BD?) to describe the cell survival following irradiation.
In line with the data obtained by the apoptosis assays
(Fig. 4a), the CX" cell line, which shows a higher
mHsp70 expression than the CX™ cell line, was signifi-
cantly more radiation-resistant at 2 Gy (p<0.05), 4 Gy
(p<0.01), and 6 Gy (p<0.05), respectively. Despite
differences in the mHsp70 expression density, CX* and
CX™ tumor sublines did not differ in their cytosolic
Hsp70 levels (Fig. 1). The o/p ratio was 9.67 for CX*
(Dsp =2.09 Gy) and 35.9 for CX™ (D5 = 1.45 Gy).

Figure 6b shows the results of colony forming assays
for 4 T1 ctrl and 4 T1 Hsp70 KD tumor cells. In line
with the data of the apoptosis assay shown in Fig. 4b,
4 T1 Hsp70 KD cells which do express very little Hsp70
in the cytosol under non-stressed conditions and exhib-
ited a lower expression density on the membrane were
significantly more radiation-sensitive than 4 T1 ctrl at
each individual radiation dose (p <0.001, p <0.001 and
p<0.001 in 2, 4, and 6 Gy, respectively). The a/f ratio
was 0.6 for 4 T1 ctrl (Dso=3.6 Gy) and 4.3 for 4 T1
Hsp70 KD (D5 = 1.9 Gy). No significant difference in ra-
diation sensitivity was observed when clonogenic cell
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survival was compared in 4 T1 ctrl cells that were trans-
fected with a control vector and 4 T1 WT cells (data not
shown).

H1339 and EPLC-272H lung carcinoma cells and their
mHsp70 identical HSF-1 KD counterparts did not show
any significant differences in clonogenic cell survival
(Fig. 6¢c and d) despite significant differences in their
cytosolic Hsp70 levels.

Discussion

Radiotherapy plays a central role in the therapy of solid
tumors, either as a single treatment modality or in com-
bination with surgery or systemic chemotherapy. How-
ever, therapeutic outcome is limited due to radiation-
resistant tumor cell clones. Therefore, a better under-
standing of the biological mechanisms which are in-
volved in radiation resistance of tumor cells might
improve the outcome of clinical radiotherapy. Several
biomarkers such as EpCAM [37], mutated p53 [38] or
Bcl-2 [39] have been investigated which were found to
be associated to radiation sensitivity.

Hsp70 the major stress-inducible member of the
HSP70 family [40] is rapidly up-regulated when cells ex-
perience stress, such as ionizing radiation, cytostatic
compounds, heat and hypoxia, nutrient deficiency or
any other stressful events [41-43]. It is important to
note that high cytosolic levels of Hsp70 are frequently
found in cancer cells even under physiological, non-
stressed conditions [8, 22] and that an increased Hsp70
expression correlates with tumor progression, metasta-
sis, resistance to cytostatic drugs and poor prognosis
[8, 40, 41]. Hsp70 plays important roles in the protection
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against programmed cell death [10, 23] by interfering
with apoptosis pathways downstream of the execution
protease caspase-3-like [10], and as an inhibitor of apop-
tosis by the recruitment of pro-caspase 9 and binding to
the apoptosome Apaf-1 [44, 45]. Together with its co-
chaperone CHIP, Hsp70 can block TNFa-induced apop-
tosis through the formation of a complex consisting of
Hsp70/CHIP and the apoptosis signal-regulating kinase
1 ASK1 [11, 46]. Furthermore, Hsp70 can inhibit the
translocation of the pro-apoptotic molecule BAX to
mitochondria [12]. A translocation and anchorage of
Hsp70 into lysosomal membranes also has been found
to promote tumor cell survival by stabilization of lyso-
somal membranes [22, 47]. In collaboration with the
group of Jadtteld, we could show that tumor cells that do
present Hsp70 on their plasma membrane also exhibit
Hsp70 in their lysosomal membranes and thus are better
protected towards apoptotic stimuli such as irradiation
[22]. As shown previously, Hsp70 is transported to the
plasma membrane via a non-classical ER/Golgi transport
pathway, since inhibitors of this pathway such as Brefel-
din A or Monensin did not block Hsp70 plasma mem-
brane expression [5]. These findings are in line with
earlier work of Hightower and Guidon [48] who have
shown an ER-independent release of Hsp70 from viable
cells with intact cell membrane. Similar to Hsp70 other
molecules lacking a secretory signal such as IL1-a, IL-
1B, HMGBI are described to be exported and imported
in a similar way [49]. The work of Jaittelad et al. [22]
and our own data [17, 50] demonstrate a localization of
Hsp70 in lysosomal membranes and endosomes. There-
fore, we speculate that Hsp70 might be transported to
the plasma membrane via fusion of Hsp70 carrying lipid
vesicles with the plasma membrane. Potential lipid can-
didates which have been proven to interact with recom-
binant Hsp70 are phosphatidylserine PS and the lipid
raft component globoyltriaosylceramide Gb3 [35, 51].
Furthermore, Hsp70 and peptides derived thereof have
been found to be able to cross membranes of living tumor
cells by the involvement of lipid rafts and endocytosis-
dependent/independent mechanisms [16, 52, 53]. There-
fore, it was assumed that after interaction of cytosolic
Hsp70 with lipid vesicles containing PS or Gb3, Hsp70 can
interact with these vesicles in the cytosol. After fusion of
these vesicles with the plasma membrane, Hsp70 gets inte-
grated into the plasma membrane.

Vice versa the fluorescently labelled antibody
cmHsp70.1 which binds to mHsp70 on viable tumor
cells translocates from the plasma membrane into
early endosomes and lysosomes [17]. We hypothesize
that this Hsp70-vesicle mediated translocation is re-
versible and also can occur from the cytosol to the
membrane. Regarding these later findings herein, we
asked the question as to whether plasma mHsp70 is
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associated with resistance of tumor cells to apoptotic
cell death and thus might negatively affect sensitivity
of tumor cells towards radiation [5].

Screening of more than 1000 primary human tumor
biopsies and the corresponding normal tissues revealed
that human carcinomas, but none of the tested corre-
sponding normal tissues, frequently present Hsp70 on
their cell surface [5-7]. Functionally, mHsp70 serves as
a tumor-specific target structure for cells of the innate
immune system, especially Natural Killer (NK) cells that
had been activated with Hsp70 peptide TKD plus low
dose IL-2. Furthermore, Hsp70 stabilizes cell membranes
under stress and acts cytoprotective against apoptosis in-
ducing mechanisms [13, 22, 54].

Although cytosolic Hsp70 has been described to exert
cytoprotective properties against irradiation [27] only lit-
tle is known about the role of mHsp70 in the Hsp70-
mediated radiation resistance. It has been shown that
mHsp70-positive tumor cells are better protected against
ionizing irradiation compared to their mHsp70-negative
counterparts [27]. A better understanding of the Hsp70
associated pathways which contribute to the develop-
ment of radiation resistance might stimulate novel strat-
egies to increase the radiation sensitivity of tumor cells.

To address this research question three human and
one mouse isogenic tumor cell system that differed not
only in their cytosolic but also in their mHsp70 levels
were analyzed comparatively. Although CX* tumor cells
exhibited significantly higher mHsp70 expression levels
than CX™ cells their cytosolic Hsp70 were similar
[27, 28]. In contrast, the CRISPR/Cas9 Hsp70 knock-
down mouse mammary carcinoma cell line 4 T1 did
only express low levels of Hsp70 on the plasma mem-
brane and in the cytosol, while 4 T1 ctrl and WT cells
exhibited a strong membrane and cytosolic expression
[17]. To further analyze the impact of mHsp70 in radi-
ation resistance, Hsp70 was down-regulated in two lung
carcinoma cells by a siRNA HSF-1 KD. In contrast to
the CRISPR/Cas9 Hsp70 KD, an HSE-1 KD resulted in a
significant decrease in cytosolic Hsp70 levels whilst
mHsp70 expression remained unaffected.

Among other assays, of radiation-induced the meas-
urement DSBs is an important endpoint for investigating
radiation sensitivity because DSBs potentially lead to cell
death if they are not repaired properly before start of the
next cell division [55, 56]. The phosphorylation of H2A
Histone family, member X (H2AX) on serine 139 which
is then termed yH2AX provides a sensitive marker for
DSBs. Since tumor sublines with low or missing mHsp70
expression in both isogenic cell systems (CX~, 4 T1
Hsp70 KD) showed higher yH2AX fluorescence inten-
sities than their high mHsp70 expressing counterparts,
irrespectively of their cytosolic Hsp70 levels we specu-
late that mHsp70 might be involved in the protection of
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tumor cells against radiation-induced stress. In contrast,
tumor sublines with identical mHsp70 expression but
different cytosolic Hsp70 levels did not show differences
in their yH2AX values.

Radiation-induced apoptosis was analyzed using acti-
vated Caspase 3/7 antibodies and Annexin V in flow cy-
tometry in the non-irradiated and irradiated tumor
sublines. In line with the results of the YH2AX assay,
significantly more apoptotic cells were found in irradi-
ated tumor cells with a low mHsp70 expression, whereas
tumor sublines with identical mHsp70 levels did not dif-
fer in apoptosis, despite differences in their cytosolic
Hsp70 levels.

Apoptosis can be induced either by an intrinsic or ex-
trinsic pathway. Both pathways depend on the initiator
Caspases 2, 8, 9 and 10 and the effector Caspases 3, 6
and 7. The intrinsic pathway of apoptosis gets activated in
response to various noxious stimuli, such as radiation-
induced DNA damage. The balance between pro- and
anti-apoptotic Bcl-2 proteins controls the permeability of
the outer mitochondrial membrane [57]. BAX and BAD
are both pro-apoptotic members of the Bcl-2 family and
mediate the release of cytochrome ¢ from the mitochon-
dria and thus induce the intrinsic apoptotic pathway [58].

In the current study, gene expression analysis was per-
formed with representative initiator Caspases 8, 9 and
effector Caspases 3 and 7 and the pro-apoptotic mole-
cules BAD and BAX. Following irradiation, only Hsp70
KD cells lacking Hsp70 in the cytosol and on the plasma
membrane showed a significant up-regulation of effector
Caspases 3, 7 and BAD and BAX. These data point to-
wards a dependency of the intrinsic apoptotic pathway
on cytosolic and mHsp70 following radiation-induced
DNA damage. Although not reaching statistical signifi-
cance a similar trend could be seen in the isogenic
CX*/CX™ cell system. Previous findings of Gotoh and
Stankiewicz [24, 25] showed that Hsp70 can block
stress-induced apoptosis primarily by inhibiting the
activation of BAX. In the absence of cytosolic Hsp70,
BAX might be activated and thus could stimulate
apoptosis. Despite differences in the BAX gene ex-
pression the cytosolic BAX protein levels did not dif-
fer significantly in the tested tumor sublines.

Traditionally, cellular radiation sensitivity is mea-
sured using the clonogenic cell survival assay as the
gold standard. In line with the results of the DSB re-
pair and apoptosis assays, the clonogenic cell survival
was also significantly lower in tumor sublines with a
low mHsp70 expression, irrespectively of their intra-
cellular Hsp70 levels. These data also correspond well
with the findings of Gehrmann et al. who showed that
high mHsp70 expressing tumor cells are better pro-
tected against ionizing irradiation compared to their
low mHsp70 expressing counterparts [27]. Moreover,
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patients with membrane Hsp70-positive tumors have
shown a significantly decreased overall survival com-
pared to those with mHsp70-negative tumors [59].

Our current study demonstrates that a reduction of
the amount of mHsp70 might improve the possibility to
induce apoptosis through the intrinsic apoptotic pathway
after X-ray irradiation. This finding is in line with previ-
ous reports showing that chemotherapy and radiother-
apy predominantly initiate apoptosis through the
intrinsic pathway [20]. By using an HSF-1 KD system
which down-regulates cytosolic but not mHsp70 levels
we could demonstrate that mHsp70 but not cytosolic
Hsp70 levels have an impact on the radiation sensitivity
of tumor cells. This is an important finding for the de-
velopment of novel radiotherapy strategies for the treat-
ment of radiation resistant tumor cells. Future studies
assessing radiation-sensitization with inhibitors of the
vesicular transport of Hsp70 to the plasma membrane of
tumor cells could be taken into account. Furthermore,
the mHsp70 status which could be determined in the
serum of patients using a novel ELISA detecting liposo-
mal Hsp70 which is actively released by mHsp70 positive
viable tumor cells [60] might provide a useful tool to
predict the radiation sensitivity of tumors over time. We
have shown previously that the majority of Hsp70 found
in the circulation of tumor patients is actively released
in lipid vesicles. Patients with inflammatory diseases
have significantly lower serum Hsp70 levels than tumor
patients [61]. In these patients Hsp70 is released as a free
protein which is predominantly derived from dying cells.
Therefore, we speculate that significantly elevated Hsp70
serum levels which are detectable by the novel lipHsp70
ELISA [59] might have diagnostic/prognostic value.

Conclusion

The results of this study indicate that not only cytosolic
but also mHsp70 has an impact on radiation sensitivity.
Thus, mHsp70 expression is associated with defined var-
iations in the regulation of survival pathways in response
to radiation. The expression of mHsp70 on tumor cells
should be considered as potential new biomarker to
identify radiation-resistance of tumor cells.
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Abstract The activity of natural killer (NK) cells is reg-
ulated by activating and inhibiting receptors, whereby the
C-type lectin natural killer group 2D (NKG2D) receptor
serves as the major activating receptor on NK cells which
recognizes major histocompatibility class I chain-related
proteins A and B (MICA/B). The MICA/B expression has
been described to be regulated by the transcription fac-
tor heat shock factor 1 (HSF1). Inhibition of heat shock
protein 90 (Hsp90) is known to induce the heat shock
response via activation of HSF1 which is associated with
tumor development, metastasis and therapy resistance and
also with an increased susceptibility to NK cell-medi-
ated lysis. Therefore, we compared the effects of Hsp90
inhibitor NVP-AUY922, HSF1 inhibitor NZ28 and HSF1
knockdown on the sensitivity of lung (H1339) and breast
(MDA-MB-231, T47D) cancer cells to NK cell-mediated
cytotoxicity and the expression of the NKG2D ligands
MICA/B. Although NVP-AUY922 activates HSF1, nei-
ther the MICA/B surface density on tumor cells nor their
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susceptibility to NK cell-mediated lysis was affected.
A single knockdown of HSF1 by shRNA decreased
the surface expression of MICB but not that of MICA,
and thereby, the NK cell-mediated lysis was only par-
tially blocked. In contrast, NZ28 completely blocked the
MICA/B membrane expression on tumor cells and thereby
strongly inhibited the NK cell-mediated cytotoxicity. This
effect might be explained by a simultaneous inhibition of
the transcription factors HSF1, Spl and NF-kB by NZ28.
These findings suggest that new anticancer therapeutics
should be investigated with respect to their effects on the
innate immune system.

Keywords Heat shock factor 1 (HSF1) - MICA/B -
Natural killer (NK) cells - NKG2D - NVP-AUY922 - NZ28
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Introduction

Inhibition of heat shock protein 90 (Hsp90) which pro-
motes tumor cell survival and proliferation by stabilizing
multiple oncogenic client proteins is a promising concept to
overcome resistance of tumor cells to anticancer therapies.
Numerous inhibitors of Hsp90 are currently tested in clini-
cal trials. A negative side effect of Hsp90 inhibition is the
activation of heat shock factor 1 (HSF1) which induces the
expression of other cytoprotective stress proteins includ-
ing Hsp70. Consequently, inhibition of Hsp70 or HSF1 has
been shown to improve the anticancer effectivity of Hsp90
inhibitors [1-5]. With respect to ionizing irradiation, a
simultaneous treatment of tumor cells with the HSF1 inhib-
itor NZ28 [5] and the Hsp90 inhibitor NVP-AUY922 has
been shown to potentiate the radiosensitizing effect medi-
ated by NVP-AUY922 alone (unpublished data). Herein,
we study how modulators of the heat shock response can
affect natural killer (NK) cell-mediated immunity. The
cytolytic activity of NK cells is regulated by a fine bal-
ance of activating and inhibitory NK cell receptors. Among
others, the C-type lectin natural killer group 2D receptor
(NKG2D) acts as an activating receptor which recognizes
the major histocompatibility class I chain-related proteins
A and B (MICA/B). An enhanced sensitivity of tumor
cells to NK cell-mediated lysis has been attributed to an
increased membrane expression density of the NKG2D
ligands MICA and MICB [6-9]. Vice versa, a reduced
MICA/B membrane expression on tumor cells impairs
the recognition by NK cells and promotes tumor immune
escape [10]. The molecular mechanisms that regulate the
expression of MICA/B on tumor cells are not completely
understood. In the promoter regions of MICA and MICB,
heat shock elements (HSE) which are similar to those of
the hsp70 genes have been found [11]. Stress such as heat
shock induces the binding of the transcription factor HSF1
to the HSE in the promoter region of MICA/B and thus up-
regulates mRNA and protein expression of MICA/B [12,
13]. Inhibitors of Hsp90 which are also known to activate
HSF1 increase the expression of MICA/B in a variety of
multiple myeloma cells [6].

However, besides HSF1, other factors such as the tran-
scription factor SP1 which binds constitutively to the
MICA/B promoter [12] have been described to participate
in the transcriptional regulation of MICA/B. Histone dea-
cetylase inhibition (HDAC) can increase the binding of
HSF1 and SP1 to the promoter of MICA/B and thus results
in an increased membrane MICA/B expression [8, 14]. In
endothelial cells, a treatment with TNF-a induces binding
of the transcription factor NF-«kB to the MICA promoter and
thereby causes an up-regulated expression of MICA [15].

In the present study, we were interested to analyze the
effects of HSF1 activation (Hsp90 inhibitor NVP-AUY922)

@ Springer

and inhibition (NZ28, HSF1 knockdown) in different
human cancer cells on the NK cell ligands MICA/B and
its consequences on NK cell-mediated lysis. Our data dem-
onstrate that Hsp90 inhibition alters neither the MICA/B
surface density nor the sensitivity of the tumor cells to
NK cell-mediated lysis. A knockdown of HSF1 decreases
the membrane expression of MICB but not that of MICA,
whereas a treatment with NZ28 inhibits the expression
of both, MICA and MICB on the surface of the investi-
gated tumor cells. In line with these findings, the loss of
MICA and MICB on NZ28-treated tumor cells resulted in
a complete inhibition of the NK cell-mediated cytotoxicity,
whereas down-regulation of MICB by HSF1 knockdown
resulted in a partial reduction in lysis mediated by NK
cells. We also could show that NZ28 inhibits not only HSF1
but also other transcription factors such as NF-kB and Sp1
which are responsible for the expression of MICA/B.

Materials and methods
Reagents

10 mM stock solutions of NZ28 (J. Yaglom and M. Sher-
man; Boston University School of Medicine, USA) and
NVP-AUY922 (Novartis) were prepared in 100 % DMSO.
Dilutions were performed in PBS. A vehicle control with
the respective amount of DMSO diluted in PBS was tested
in all experiments to exclude an effect of DMSO itself
(maximal 0.2 %).

Cells and cell culture

The human lung (H1339) and breast (MDA-MB-231,
T47D) cancer cell lines were cultured as described previ-
ously [16, 17]. Cells were routinely checked for myco-
plasma contamination. The authenticity of the cell lines
was tested by the DSMZ (German collection of microor-
ganisms and cell cultures).

Retroviral vectors and infection

For knockdown of HSF1, RNAi-Ready pSIREN-RetroQ
vector with puromycin resistance (BD Biosciences) was
used. Target sequence for HSF1 small interfering RNA was
5'-TATGGACTCCAACCTGGATAA-3" [5]. Retroviruses
were produced by transfection of Phoenix cells with pSI-
REN-RetroQ/HSF1 shRNA (shHSF1) or pSIREN-RetroQ
(control) (provided by J. Yaglom and M. Sherman, Boston
University School of Medicine, USA) using Ca phosphate.
Tumor cells were infected with virus containing superna-
tants in the presence of 10 ug/ml polybrene. Selection was
performed with 2 ug/ml puromycin.
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Western blot analysis and ELISA

Cells were lysed in TBST buffer as described previously
[18]. The protein content in the cell lysates was determined
using the BCA™ Protein Assay Kit (Pierce). On immuno-
blots, proteins were detected with antibodies against HSF1
(ADI-SPA-901; Enzo Life Sciences), HSF1 phospho S326
(pHSF1) (ab76076; abcam), Hsp70 (ADI-SPA-810; Enzo
Life Sciences) and p-actin (A5316; Sigma-Aldrich).

MICA and MICB concentrations in the cell lysates were
measured by ELISA (R&D Systems), and the concentra-
tions were calculated relative to the total protein content of
each sample.

Luciferase assay

Cells were transfected with an inducible transcription fac-
tor-responsive (HSF1, Spl, NF-kB) firefly luciferase con-
struct (Qiagen). The luciferase activity was measured using
the Dual-Glo Luciferase assay system (Promega). A consti-
tutive Renilla luciferase construct served as an internal con-
trol for normalizing transfection efficiencies, cell viability
and cell numbers.

Flow cytometry

Cells were incubated with the APC-conjugated MICA
(clone 159227, FAB1300A, R&D Systems) and MICB
antibodies (clone 236511, FAB1599A, R&D Systems) or
the corresponding isotype-matched control antibody (clone
133303, IC0041A, R&D Systems) for 30 min at 4 °C. Dead
cells were stained with propidium iodide, and only viable
cells were analyzed on a FACSCalibur flow cytometer (BD
Biosciences).

NK cell isolation

NK cells were generated by a CD3/CDI19 depletion of
PBMCs from healthy human volunteers using a magnetic
separation method (Miltenyi Biotec). The purity of NK
cells (89.9 % of lymphocytes) was determined by flow
cytometry with antibodies against CD19 (#555413, BD
Biosciences), CD3 (#345766, BD Biosciences) and CD56
(#345811, BD Biosciences).

NK cell cytotoxicity

NK cells were stimulated with 100 IU/ml IL-2 (Novartis)
for 4 days. Activation of NK cells was checked by flow
cytometry with antibodies against CD94 (#555888, BD
Biosciences), NKG2D (FAB139P, R&D Systems) and
CD56 (#345811, BD Biosciences). Their cytotoxic activ-
ity against differentially pre-treated tumor cells was

determined either by europium or by CD107 degranulation
assay. During the co-incubation of tumor and NK cells, no
drugs were added.

For the europium assay, the tumor cells were labeled
with BATDA (Perkin Elmer) and then co-incubated with
NK cells at different ratios in a V-bottom 96-well plate in
200 pl-medium. After a 4-h co-incubation period at 37 °C,
25 ul of supernatants were transferred into ELISA plates
containing 200 ul europium solution (Perkin Elmer). The
time-resolved fluorescence was measured using a Victor X4
plate reader (Perkin Elmer).

In the degranulation assay, the cytotoxicity of NK cells
was determined by measuring the cell surface expression
of the lysosomal marker, CD107a, which correlates with
NK cell cytotoxicity [19]. Tumor cells were mixed with
NK cells at a ratio of 1:1 in a U-bottom 96-well tissue cul-
ture plate. Anti-CD107a-FITC (#555800, BD Biosciences)
or the isotype-matched control antibody (#555748, BD
Biosciences) was added. After 1 h, GolgiStop™ (BD Bio-
sciences) was added and after a co-incubation period of
3 h, the cells were stained with anti-CD3-PerCP (#345766,
BD Biosciences) and anti-CD56-APC (#555518, BD
Biosciences) antibodies. The CD107a expression on the
CD37CD56™ NK cell population was determined by flow
cytometry.

Statistics

Statistical analysis was performed using SPSS 18.0.2 soft-
ware (IBM). The unpaired Student’s ¢ test was used to
evaluate significant differences (*p < 0.05, **p < 0.01,
##kp < 0.001).

Results

NZ28 impairs susceptibility of tumor cells to NK
cell-mediated lysis

To investigate whether inhibitors of the stress response can
modulate the sensitivity of human tumor cells to NK cell-
mediated cytotoxicity, HSF1 inhibitor NZ28 and/or Hsp90
inhibitor NVP-AUY922-treated tumor cells were used
as target cells for IL-2 (100 IU/ml)-activated NK cells. A
successful stimulation of purified NK cells was shown by
an up-regulated cell surface density of the NK cell mark-
ers CD94, CD56 and NKG2D (Fig. 1a) [20]. The cyto-
toxic activity of NK cells against H1339 (lung) and MDA-
MB-231 (breast) cancer cells was determined by measuring
the expression of the lysosomal marker CD107a [6, 19].
As shown in Fig. 1b, the NK cell-mediated cytotoxicity
against H1339 and MDA-MB-231 tumor cells that were
treated with 2 or 20 uM NZ28 was significantly reduced
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« Fig. 1 NZ28 impairs killing of tumor cells by activated NK cells.

Tumor cells were treated with 2 or 20 pM NZ28 and/or 100 nM NVP-
AUY922 for 24 h. DMSO (0.2 %)-treated cells served as control. NK
cells were stimulated for 4 days with 100 U/ml IL-2. a The expression
of CD94, CD56 and NKG2D on NK cells was determined by FACS
analysis. The fold increase in mean fluorescence intensity (MFI) of
cell surface markers on stimulated compared to unstimulated NK
cells is shown. Graphs represent mean values of seven independent
experiments £SEM. *p < 0.05, **p < 0.01, ***p < 0.001. b The
cytotoxicity of activated NK cells was measured after a 4-h co-incu-
bation with tumor cells by the CD107a degranulation assay. The rela-
tive cytotoxicity of activated NK cells incubated with differentially
treated tumor cells compared to control cells is shown. Graphs rep-
resent mean values of 2-3 independent experiments =SEM. White
dots in the bar graphs indicate treatment of tumor cells with NVP-
AUY922. *p < 0.05, **p < 0.01, ***p < 0.001. ¢ Tumor cells were
stained with antibodies against MICA/B or the respective isotype
control. Representative FACS analysis shows MICA (left) and MICB
(right) surface staining on tumor cells. The black solid lines represent
MICA or MICB staining of control cells (ctrl; upper panels) or cells
treated with 100 nM NVP-AUY922 (NVP; lower panels). The gray
solid lines represent MICA or MICB staining of cells treated with
20 uM NZ28 (NZ28; upper panels) or with 20 pM NZ28 plus 100 nM
NVP-AUY922 (NZ28 + NVP; lower panels). Dotted lines represent
the respective isotype controls. Graphs show mean values of at least
two independent experiments =SEM of the mean fluorescence inten-
sity (MFI) of MICA and MICB. White dots in the bar graphs indicate
treatment of tumor cells with NVP-AUY922. *p < 0.05, **p < 0.01,
##%p < (0.001. d The intracellular levels of MICA (icMICA, left) and
MICB (icMICB, right) in tumor cells were determined by ELISA.
The concentrations in the cell lysates were calculated relative to the
total protein content of each sample. Graphs represent mean values
of four independent experiments -=SEM. White dots in the bar graphs
indicate treatment of tumor cells with NVP-AUY922. *p < 0.05,
**p <0.01, ***p < 0.001

compared to untreated tumor cells (Fig. 1b). Treatment
of tumor cells with 100 nM NVP-AUY922 alone did not
affect the NK cell-mediated cytotoxicity, and a combined
treatment with NZ28 and NVP-AUY922 did not reverse the
immunosuppressing effect of NZ28. Similar findings were
observed in another breast cancer cell line (T47D, supple-
mentary Fig. 1a). A direct drug-induced cytotoxicity could
be excluded since the drug concentrations which were used
in the cytotoxicity assays did not affect cell viability of the
tumor cells (supplementary Figs. 1b, 2).

NZ28 suppresses the expression of activating NK cell
ligands MICA and MICB

Hsp90 inhibitors such as NVP-AUY922 are known to acti-
vate HSF1, whereas NZ28 has been shown to inhibit the
heat shock response by reducing the HSF1 activity [5, 21].
As HSF1 has been described to regulate the transcription of
the NK cell ligands MICA and MICB [12, 13], we investi-
gated whether treatment of tumor cells with NZ28 and/or
NVP-AUY922 alters the cell surface density [mean fluores-
cence intensity (MFI)] of the NK cell ligands MICA and
MICB on tumor cells.

To test whether detaching adherent tumor cells with
trypsin is suitable to measure the MICA/B membrane
expression, the surface expression of MICA/B on cells
that were detached with trypsin and accutase was com-
pared by FACS analysis. Accutase has been described
to perform exceptionally well in detaching cells without
altering the membrane expression of MICA/B [22]. As no
differences were observed (supplementary Fig. 3), tumor
cells treated for 24 h with NZ28 and/or NVP-AUY922
were detached with trypsin and the MICA/B membrane
expression was determined by FACS analysis. Repre-
sentative flow cytometric histograms are shown in Fig. 1c
(upper part). Treatment of H1339 and MDA-MB-231
tumor cells with 100 nM NVP-AUY922 did not affect
the MICA and MICB cell surface density (MFI) (Fig. Ic,
lower part). In contrast, NZ28 significantly reduced the
MICA and MICB membrane expression (MFI) in both
tumor cell lines. In T47D tumor cells which lack a MICA
membrane expression, the MICB expression was found to
be strongly reduced upon treatment with NZ28 (supple-
mentary Fig. 4).

In line with the membrane expression, the intracellu-
lar (ic) expression of MICA and MICB was significantly
reduced in H1339 and MDA-MB-231 cells by NZ28
(Fig. 1d). The Hsp90 inhibitor NVP-AUY922 did not affect
the icMICA levels but increased the icMICB levels.

The activation of HSF1 by NVP-AUY922 and the inhi-
bition of HSF1 by NZ28 were proven by immunoblots
and HSE-luciferase reporter assays. As expected, NVP-
AUY922 increased, whereas NZ28 decreased phospho-
rylated HSF1 at serine residue 326 (pHSF1 Ser326) and
Hsp70 expression as well as HSF1 activity (Fig. 2, supple-
mentary Fig. 5).

HSF1 depletion mimics NZ28 by impairing NK
cell-mediated lysis

To investigate whether an inhibition of HSF1 can explain
the effects of NZ28 on the NK cell-mediated cytotoxic-
ity and MICA/B expression, we knocked down HSF1 in
H1339 tumor cells by RNA interference. H1339 cells were
infected either with a retrovirus encoding a specific ShRNA
against HSF1 (shHSF1) or with a control retrovirus (ctrl).
The successful knockdown of HSF1 is shown in Fig. 3a.
The HSF1 knockdown also strongly reduced the expres-
sion of Hsp70 (Fig. 3a) and of a HSE-luciferase reporter
construct (Fig. 3b). Despite the HSF1 knockdown, tumor
cell growth under standard cell culture conditions was not
impaired (Fig. 3c).

To investigate whether depletion of HSF1 in H1339
tumor cells affects NK cell-mediated cytotoxicity, control
and HSF1 knockdown tumor cells were used as target cells
for IL-2-activated NK cells. The cytotoxicity of stimulated
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Fig. 3 HSF1 depletion impairs lysis of H1339 tumor cells by acti-
vated NK cells. a Representative immunoblot showing the expression
of HSF1, HSF1 phospho S326 (pHSF1), Hsp70 and B-actin in H1339
cells transfected with control (ctrl) or HSF1 shRNA (shHSF1). b
Luciferase assay of H1339 ctrl and shHSF1 cells transfected with a
HSF1 responsive firefly luciferase construct. Graphs represent mean
values £ SEM of five experiments. Significant differences are indi-
cated (*p < 0.05). ¢ Growth curve of H1339 cells transfected with
control (ctrl) or HSF1 shRNA (shHSF1). d NK cells from two dif-
ferent healthy donors were stimulated for 4 days with 100 U/ml IL-2.
The cytotoxicity of IL-2-stimulated NK cells was measured after a
4-h co-incubation with H1339 tumor cells transfected with control
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(ctrl) or HSF1 shRNA (shHSF1) by the CD107a degranulation assay.
The relative cytotoxicity of NK cells incubated with shHSF1 cells
compared to NK cells incubated with control tumor cells is shown
for each NK cell donor. e NK cells were stimulated for 4 days with
100 U/ml IL-2. The cytotoxicity of IL-2-stimulated NK cells was
measured after a 4-h co-incubation with H1339 tumor cells trans-
fected with control (ctrl) or HSF1 shRNA (shHSF1) by europium
assay. The cytotoxicity of stimulated NK cells against control tumor
cells at an E:T (effector to target) ratio of 5:1 was set to one. Graphs
represent mean values == SEM of at least three independent experi-
ments. Significant differences between control and HSF1 knockdown
cells are indicated (*p < 0.05)
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NK cells against shHSF1 knockdown tumor cells was
strongly reduced compared to control cells as demonstrated
by degranulation (Fig. 3d) and europium assay (Fig. 3e).
However, the reduction in NK cell-mediated lysis was
much more pronounced after treatment of the H1339 tumor
cells with NZ28 (Fig. 1b) compared to that of a HSF1
knockdown (Fig. 3d).
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Fig. 4 HSF1 knockdown reduces membrane and intracellular MICB
levels. The expression of MICA and MICB on the membrane of
H1339 tumor cells transfected with control (ctrl) or HSF1 shRNA
(shHSF1) was determined by flow cytometry (a, b) and the intracel-
lular expression by ELISA (c). a Representative FACS analysis show-
ing MICA and MICB surface staining. The black solid lines represent
MICA or MICB staining of control (ctrl) cells. The gray solid lines
represent MICA or MICB staining of cells transfected with shRNA
against HSF1 (shHSF1). Dotted lines represent the respective iso-
type controls. b The mean fluorescence intensity (MFI) of MICA and
MICB on H1339 cells transfected with control (ctrl) or HSF1 shRNA

HSF1 regulates MICB but not MICA expression

To ascertain whether the HSF1 knockdown has any impact
on MICA/B levels, the membrane expression and ic expres-
sion of MICA/B were measured by FACS and ELISA,
respectively. As shown in Fig. 4a, b, the HSF1 knockdown
did not affect the MICA, but reduced the MICB surface
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(shHSF1) and treated with 20 pM NZ28 for 24 h is shown. Graphs
represent mean values == SEM of at least three independent experi-
ments. Significant differences are indicated (*p < 0.05, **p < 0.01,
##%p < 0.001). ¢ The intracellular levels of MICA (icMICA, left) and
MICB (icMICB, right) of H1339 cells transfected with control (ctrl)
or HSF1 shRNA (shHSF1) and treated with 20 uM NZ28 for 24 h
were determined by ELISA. The concentrations in the cell lysates
were calculated relative to the total protein content of each sample.
Graphs represent mean values = SEM of at least three independ-
ent experiments. Significant differences are indicated (*p < 0.05,
*kp < 0.01, #¥p < 0.001)
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density significantly. In line with the membrane expres-
sion, the ic MICB levels were significantly down-regulated
by HSF1 knockdown, whereas the ic MICA expression
remained unaffected (Fig. 4c). These data suggest that
HSF1 regulates the transcription of MICB but not that of
MICA.

NZ28 inhibits activity of the MICA/B transcription factors
NF-kB and Sp1

Although HSF1 knockdown only diminished the MICB
expression in H1339 cells, NZ28 strongly reduced the
ic and membrane MICA and MICB expression in con-
trol as well as in HSF1 knockdown cells (Fig. 4b, c).
Therefore, we asked the question whether other tran-
scription factors that have been described to regulate
the transcription of MICA/B might also be affected by
NZ28. As shown by the luciferase assay, NZ28 inhibited
not only the transcriptional activity of HSF1 but also
that of NF-kB and Sp1 in H1339 and T47D tumor cells
(Fig. 5).
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o
o W i
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; 0.5 4 Tt
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Fig. 5 NZ28 reduces NF-kB and SP1 transcriptional activity in
tumor cells. H1339 and T47D cells were transfected with reporter
plasmids that contain NF-«B and SP1 responsive firefly lucif-
erase constructs and treated with 20 pM NZ28 for 24 h. DMSO
(0.2 %)-treated cells served as control (0 uM NZ28). Mean val-
ues = SEM of two independent experiments (each measured in dupli-
cate) are presented. Significant differences are indicated (*p < 0.05,
**p <0.01, ¥**p < 0.001)
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Discussion

Targeting the heat shock response (Hsp70 or its main tran-
scription factor HSF1) by small molecules or RNA inter-
ference has been shown to sensitize tumor cells to Hsp90
inhibition [1-5]. Previous work of our group revealed that
HSF1 inhibition by NZ28 increases the radiosensitizing
efficiency of the Hsp90 inhibitor NVP-AUY922 in lung
and breast cancer cell lines (unpublished data). In recent
years, evidence has accumulated that not only the inter-
play between radio- and chemotherapy, but also the host
immune system plays an important role in determining
the clinical outcome of cancer patients [23]. Radiochemo-
therapy has been reported to affect the antigen expression
on tumor cells and the secretion of soluble factors that con-
tribute to immune stimulation [24]. Lung and breast tumors
are frequently treated with radiotherapy, and NK cells have
been documented to be critically involved in anti-tumor
immunity against these very common tumor entities [25,
26]. Therefore, in this study, we investigated the effects of
this novel combined treatment modality (NZ28 and NVP-
AUY922) with respect to NK cell cytotoxicity and NK cell
ligand expression on lung and breast tumor cells.

Whereas NVP-AUY922 was shown to increase the
activity of HSF1 and the icMICB expression, it did not
alter the icMICA expression, suggesting that MICA is not
regulated by HSFI1 in our investigated cell lines. Indeed,
HSF1 knockdown reduced the expression of MICB but not
that of MICA. In line with our results, Venkataraman et al.
[12] have shown that MICA is less inducible by stress than
MICB due to a weaker binding capacity of HSF1 to the
HSE.

In contrast to icMICB, the MICB cell surface density
was not increased by NVP-AUY922. This might be due to
a default in the membrane translocation of MICB. Consist-
ently, the sensitivity of tumor cells toward NK cell-medi-
ated lysis was not improved. Other groups demonstrated
that high concentrations of the Hsp90 inhibitor 17-AAG
(1 and 6 uM) up-regulate the cell surface density of MICA
and MICB on multiple myeloma cells and Hodgkin’s lym-
phoma cells and thereby can enhance NK cell cytotoxic-
ity [6, 7]. The discrepancy to their results might be either
explained by differences in the tumor cell lines or by the
lower and more physiological concentration of the Hsp90
inhibitor used in our study.

NZ28 down-regulated the HSF1 activity and the MICA/B
expression on lung and mammary tumor cells, and this cor-
related with a reduced sensitivity to NK cell-mediated lysis.
As NZ28 treatment also reduced the MICA and MICB
expression in HSF1-depleted cells, we assume that NZ28
exerts its effects on MICA/B expression not only via HSF1.
Luciferase reporter assays revealed that the activity of other
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Fig. 6 Model depicting the
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transcription factors such as Spl and NF-«kB was also inhib-
ited by NZ28. In line with our results, treatment of Hela cells
with a NF-kB inhibitor also reduced the MICA expression
[27]. In contrast, in Jurkat cells NF-kB down-regulation by
siRNA did not modify the MICA/B expression but silencing
of Sp1 reduced the MICA/B expression [14].

Like NZ28, the naturally derived compound trip-
tolide has originally been shown to inhibit the heat shock
response [28]. Later on, Banerjee et al. [29] demonstrated
that triptolide reduces the activity of Spl and this in turn
leads to decreased HSF1 and NF-kB activities. By silenc-
ing Spl, they could clearly show that Spl is a master
regulator for HSF1 and NF-«B. Therefore, we propose
that NZ28 might inhibit the transcriptional activity of Spl
which in turn results in a reduced HSF1 and NF-«kB activ-
ity. Subsequently, this leads to the down-regulation of both
MICA and MICB which causes a complete loss in NK cell-
mediated killing.

In summary, our data reveal that HSF1 activation by
NVP-AUY922 neither affects MICA/B surface density nor
affects the associated NK cell cytotoxicity (Fig. 6). How-
ever, HSF1 depletion decreases the MICB but not MICA
membrane expression and thereby leads to a reduction
in the NK cell-mediated cytotoxicity. In contrast, NZ28
severely blocks NK cell-mediated cytotoxicity by a sub-
stantial down-regulation of both NK2D ligands, MICA and
MICB. This effect might be explained by the fact that NZ28
impairs not only HSF1 but also Sp1 and NF-kB activities.

Despite these negative effects of NZ28 on the function
of NK cells, NZ28 has been shown to be very efficient in
sensitizing tumor cells toward radiation (unpublished data)
and chemotherapy [5].
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Elevated levels of heat shock proteins (HSPs) contribute to tumor cell survival and mediate protection
against radiation-induced cell death. Hsp90 inhibitors are promising radiosensitizers but also activate
heat shock factor 1 (HSF1) and thereby induce the synthesis of cytoprotective Hsp70. In this study the
heat shock response inhibitor NZ28 either alone or in combination with the Hsp90 inhibitor NVP-
AUY922 was investigated for radiosensitizing effects, alterations in cell cycle distribution and effects on
migratory/invasive capacity of radioresistant tumor cells. NZ28 reduced the constitutive and NVP-
AUY922-induced Hsp70 expression by inhibition of the HSF1 activity and inhibited migration and invasion
Heat shock protein 90 (Hsp90) in human lung and breast tumor cells. Treatment of tumor cells with NZ28 significantly increased their
Radiosensitization radiation response. One possible mechanism might be a decrease of the radioresistant S-phase. When
NZ28 combined with the Hsp90 inhibitor NVP-AUY922 the concentration of NZ28 could be significantly reduced
(1/10th-1/20th) to achieve the same radiosensitization. Our results demonstrate that a dual targeting
of Hsp70 and Hsp90 with NZ28 and NVP-AUY922 potentiates the radiation response of tumor cells that
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are otherwise resistant to ionizing radiation.
© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The major stress-inducible molecular chaperone, heat shock
protein 70 (Hsp70, Hsp70A1A), fulfills a variety of housekeeping and
cytoprotective functions. Normal cells constitutively express low
amounts of Hsp70. Following a broad variety of different stress
stimuli (e.g. heat shock, Hsp90 inhibition) the expression of Hsp70
is strongly increased. The main factor which is involved in the tran-
scription of Hsp70 is heat shock factor 1 (HSF1). After trimerization
HSF1 translocates to the nucleus and binds to the heat shock element
(HSE) in the promoter region of Hsp70. HSF1 activation is regu-
lated by posttranslational modifications such as phosphorylation,
sumoylation and deacetylation [1].

In contrast to normal cells, HSF1 and Hsp70 are highly
overexpressed in tumor cells already under physiological conditions

Abbreviations: Hsp, heat shock protein; HSF1, heat shock factor 1; HSE, heat shock
element; SER, sensitizing enhancement ratio.
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and thus contribute to tumor cell survival, migration, invasion
and angiogenesis [1-6]. High HSF1 and Hsp70 levels are associ-
ated with poor prognosis, metastasis and therapy resistance [1,7,8].
Consequently, a knock-down of HSF1 or Hsp70 results in an in-
creased radiation-induced cell killing [9-12]. The small molecular
weight inhibitor NZ28 was found to reduce HSF1 and Hsp70 levels
and therefore is meant to exert effects similar to a HSF1 depletion
[13,14].

Apart from HSF1/Hsp70, Hsp90 is an attractive anticancer target
since Hsp90 chaperones a number of oncogenic client proteins
(e.g. HER2, mutant EGFR, AKT, BCR-ABL, survivin, mutant p53, HIF-1¢,
MMP2, hTERT). Several Hsp90 inhibitors are currently tested in clin-
ical trials. By a simultaneous degradation of multiple oncogenic client
proteins, Hsp90 inhibitors reduce tumor cell proliferation and
enhance the radiosensitivity of tumor cells [15,16]. However, a neg-
ative side effect of Hsp90 inhibition is the activation of HSF1 and
subsequently the induction of Hsp70. Therefore, a down-regulation
or inhibition of HSF1 or Hsp70 increases the sensitivity of tumor
cells toward Hsp90 inhibitors [14,17-20]. Herein, we studied the
role of the heat shock response inhibitor NZ28 either alone or in
combination with the Hsp90 inhibitor NVP-AUY922 on the
activation of HSF1, Hsp70 expression, migration, invasion and ra-
diosensitivity of radioresistant human tumor cell lines.

0304-3835/© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
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Fig. 1. NZ28 reduces HSF1 activity and Hsp70 expression in tumor cells. (A) Representative immunoblot showing the constitutive expression of Hsp70 in EPLC-272H, H1339,
T47D and MDA-MB-231 tumor cells and human fetal lung fibroblasts (HFL). (B) Representative HSF1 phospho S326 (pHSF1) and Hsp70 immunoblots of EPLC-272H, H1339,
T47D and MDA-MB-231 tumor cells that were treated for 24 h with different concentrations of NZ28. DMSO (0.2%) treated cells served as control (0 uM NZ28). The protein
bands were quantified by densitometry using Image]. Numbers under the lanes represent the expression levels of pHSF1 or Hsp70 relative to -actin. The value of control
cells was set to 1 for each cell line. (C) Luciferase assay of EPLC-272H, H1339, T47D and MDA-MB-231 tumor cells transfected with a HSF1 responsive firefly luciferase con-
struct and treated with 10 or 20 uM NZ28 for 24 h. The luciferase activity of vehicle (0.2% DMSO) treated cells (0 LM NZ28) was set to 1. Data are expressed as mean + SEM
of at least 3 independent experiments (**p <0.01, **p <0.01, ***p<0.001). (D) The Hsp70 mRNA expression in H1339 and T47D cells treated with 20 uM NZ28 or 0.2% DMSO
(0 uM NZ28) for 24 h was quantified by qRT-PCR. The mRNA levels were normalized to the housekeeping gene B-actin. Data are expressed as mean + SEM of 3 independent
experiments (***p <0.01).
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Fig. 2. NZ28 inhibits migration and invasion. (A) Migratory capacity was assessed by a wound healing assay. EPLC-272H, H1339, T47D and MDA-MB-231 tumor cells were
plated in culture-inserts and 24 h later, inserts were removed and cells were treated with 2, 10 and 20 pM NZ28 (0 h). 0.2% DMSO diluted in PBS was used as control (0 uM
NZ28). The percentage of wound closure was quantified at the indicated time points. Data are expressed as mean + SEM of 3 independent experiments (*p < 0.05, **p <0.01,
***p<0.001). (B) The invasive capacity of EPLC-272H, H1339, T47D and MDA-MB-231 tumor cells treated with 2 and 20 uM NZ28 for 24 h in relation to vehicle (0.2% DMSO)
treated cells was determined by a transwell Matrigel invasion assay. Data are expressed as mean + SEM of 4 independent experiments (*p <0.05, **p <0.01***, p<0.001).
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Materials and methods
Reagents and treatment

10 mM stock solutions of NZ28 (M. Sherman; Boston University School of Med-
icine, USA) and NVP-AUY922 (Novartis) were prepared in 100% DMSO. Dilutions were
performed in PBS. A vehicle control with the respective amount of DMSO diluted
in PBS (maximal 0.2%) was used in all experiments. If not indicated otherwise, cells
were incubated for 24 h with NZ28 and/or NVP-AUY922.

Cells and cell culture

The human lung (H1339 and EPLC-272H) and breast (MDA-MB-231 and T47D)
cancer cell lines and human fetal lung fibroblasts (HFL) (kindly provided by Prof.
Rodemann) were cultured as described previously [15,21,22]. The authenticity of the
tumor cell lines was tested by the DSMZ (German Collection of Microorganisms and
Cell Cultures). Cells were routinely checked and determined as negative for myco-
plasma contamination.

Western blot analysis

Cells were lysed as described previously [23]. On immunoblots, proteins were
detected with antibodies against Hsp70 (ADI-SPA-810, Enzo Life Sciences), HSF1
phospho S326 (pHSF1) (ab76076, abcam) and B-actin (A5316, Sigma-Aldrich). The
protein bands were quantified by densitometry using Image]. The expression levels
of pHSF1 or Hsp70 were calculated relative to B-actin.

HSE luciferase assay

In order to determine the HSF1 activity, cells were transfected with a HSE re-
porter plasmid that contains a HSF1 responsive firefly luciferase construct (Qiagen).
On day one after transfection, cells were treated with NZ28 for 24 h. The luciferase
activity was measured using the Dual Glo Luciferase assay system (Promega). A con-
stitutive Renilla luciferase construct served as an internal control.

Quantitative real-time PCR

To investigate the mRNA expression of Hsp70, RNA was isolated with the RNeasy
Mini Kit (Qiagen) and reverse transcription of RNA was performed with the QuantiTect
Reverse Transcription Kit (Qiagen) according to the manufacturer’s instructions. qRT-
PCR was performed in a LightCycler 480 (Roche) by using the QuantiTect SYBR Green
PCR Kit (Qiagen). Primers used for qRT-PCR were as follows: ACTB-F:
GACGACATGGAGAAAATCTG, ACTB-R: ATGATCTGGGTCATCTTCTC, HspA1A-F:
AATTTCCTGTGTTTGCAATG, HspA1A-R: AAAATGGCCTGAGTTAAGTG. Each sample was
measured in triplicate and the mean Ct was calculated. Relative expression was cal-
culated using the AACt method. The mRNA expression of B-actin was used as an
internal control.

Wound healing assay

To determine the migratory capacity of tumor cells, wound healing assays were
performed. Cells were plated in culture-inserts (Ibidi) and 24 h later, inserts were
removed and cells treated with 2, 10 and 20 uM NZ28 (0 h). 0.2% DMSO diluted in
PBS was used as control (0 uM NZ28). After 24 h the medium was replaced by fresh
medium without NZ28 or DMSO. The migration of cells into the cell-free gap was
monitored microscopically and quantified using Image]’s wound healing tool.

Matrigel invasion assay

Invasion of tumor cells was measured by transwell Matrigel assay. Cells were
seeded in 6 cm dishes and 24 h later treated with 2 and 20 uM NZ28. 0.2% DMSO
diluted in PBS was used as control (0 uM NZ28). After 24 h, cells were trypsinized,
counted and plated in Biocoat™Matrigel® Invasion chambers (Corning) in serum-
free medium. 10% FCS-containing medium was added as a chemo-attractant to the
wells in the bottom. Transmigrated cells were fixed after 24 h, stained with DAPI
and counted. The number of NZ28-treated cells that migrated through the matrigel
was calculated in relation to vehicle treated (0.2% DMSO) cells (0 uM NZ28).

Clonogenic assay and irradiation

To measure the radiosensitivity, clonogenic assays were performed as de-
scribed previously [15]. The cells were seeded in 12-well plates, one day later treated
with NZ28/NVP-AUY922 and 24 h later irradiated using the RS225A irradiation device
(Gulmay Medical Ltd) at a dose rate of 1 Gy/min (70 keV). After irradiation the medium
was exchanged by a drug-free medium. On day 9 (H1339) or 16 (T47D) after seeding,
colonies were fixed, stained and counted. Survival curves were fitted to the linear
quadratic model using Sigmaplot (Systat Software Inc).
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Fig. 3. NZ28 increases radiosensitivity of tumor cells. Clonogenic survival of cells
treated with NZ28 (A) or with NZ28 and irradiation (B). (A) One day after seeding
H1339 and T47D cells were treated with different concentrations of NZ28. DMSO
(0.2%) treated cells served as control. After 24 h the medium was replaced by a drug-
free medium. Colonies were fixed either 9 (H1339) or 16 (T47D) days after seeding.
The survival fractions were calculated relative to the DMSO-treated control. ICso (half
maximal inhibitory concentration) values are indicated. (B) One day after seeding
H1339 and T47D cells were treated with NZ28 for 24 h, then irradiated and imme-
diately after irradiation fresh medium without NZ28 was added. DMSO treated cells
served as control (0 UM NZ28). Colonies were fixed either 9 (H1339) or 16 (T47D)
days after seeding. The survival fractions were calculated after normalization for cell
killing by NZ28 alone. Data are expressed as mean + SEM of at least 3 independent
experiments (*p <0.05, **p<0.01, ***p <0.001).
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Cell cycle analysis

To analyze the cell cycle distribution, cells were fixed, stained with propidium
iodide in the presence of RNase and analyzed on a FACSCalibur flow cytometer (BD
Biosciences) as described previously [24]. The cell cycle distribution was calcu-
lated using Modfit software (Verity Software House Inc).

Statistics

Statistical analysis was performed using SPSS 18.0.2 software (IBM). The St-
udent’s t-test was used to evaluate significant differences (*p <0.05, **p <0.01,
***p<0.001). All experiments were independently performed at least 3 times.

Results
NZ28 decreases Hsp70 levels and inhibits activation of HSF1

As shown in Fig. 1A, lung (EPLC-272H, H1339) and breast (T47D,
MDA-MB-231) cancer cell lines exhibited high constitutive Hsp70
levels in comparison to normal human fetal lung fibroblasts (HFL).
Knock-down of HSF1 revealed that the high constitutive Hsp70 ex-
pression levels in H1339 tumor cells depend on HSF1 [25].

Following treatment with different concentrations of the small
molecule inhibitor NZ28 [13,14] the Hsp70 levels decreased in all
4 cancer cell lines (Fig. 1B). In parallel, the amount of HSF1 phos-
phorylated at serine 326 (pHSF1 Ser326) was down-regulated, which
indicates that the HSF1 activation was reduced by NZ28 (Fig. 1B)
[26]. The inhibitory effect of 10 and 20 uM NZ28 on the HSF1 ac-
tivity was confirmed in EPLC-272H, H1339, T47D and MDA-MB-
231 tumor cells transfected with a HSE reporter luciferase gene
(Fig. 1C). Quantitative RT-PCR was performed to address the ques-
tion of whether inhibition of HSF1 by NZ28 affects the transcription
of Hsp70. In line with the reduced HSF1 activity, NZ28 signifi-
cantly down-regulated Hsp70 mRNA expression in H1339 and T47D
tumor cells (Fig. 1D). These data suggest that NZ28 inhibits the basal
HSF1 activity and down-regulates constitutive Hsp70 transcrip-
tion in tumor cells.

NZ28 inhibits tumor cell migration and invasion

Hsp70 and HSF1 were found to be associated with the migra-
tory capacity of tumor cells [2,4,6,11]. Therefore, we examined
whether NZ28 affects tumor cell migration. In wound healing assays
we could show that NZ28 significantly inhibited the migration of
lung and breast cancer cell lines in a concentration-dependent

manner (Fig. 2A, Supplementary Fig. S1). In addition to migration,
the invasive capacity through Matrigel was also significantly in-
hibited by NZ28 in all 4 cell lines (Fig. 2B).

NZ28 increases the radiosensitivity

A comparison of the intrinsic radiosensitivity of the 4 different
tumor cell lines revealed that H1339 and T47D cells are the two most
radioresistant tumor cell lines (indicated by the highest Ds, values)
(Dso: EPLC-272H, 3.7 Gy; H1339, 4.0 Gy; T47D, 4.5 Gy; MDA-MB-
231, 3.2 Gy). Therefore, H1339 and T47D cells were chosen to test
the radiosensitizing effect of NZ28. NZ28 alone similarly affected
the clonogenic survival of T47D and H1339 cells with ICs (half
maximal inhibitory concentration) values of 14.3 and 17.1 uM, re-
spectively (Fig. 3A). When combined with irradiation, concentrations
above 5 M NZ28 significantly reduced the survival fraction of both
cell lines (Fig. 3B, Table 1). The radiosensitizing effect of NZ28 was
confirmed by calculating the sensitizing enhancement ratios (SER)
which were 1.99 in H1339 and 1.34 in T47D cells treated with 20 uM
NZ28 (Table 1).

For a better understanding of the mechanisms that result in the
NZ28-mediated radiosensitization, apoptosis, DNA double strand
breaks and cell cycle distribution were analyzed. Neither radiation-
induced apoptosis (Caspase-3, 24 h post irradiation) nor the amount
of residual DNA double strand breaks (yH2AX/p53BP1 foci, 24 h post
irradiation) were significantly affected by a treatment with 20 uM
NZ28 (data not shown). In contrast, NZ28 significantly reduced the
fraction of tumor cells in the radioresistant S-phase from 33.8% to
25.5% in H1339 and from 10.5% to 4.0% in T47D cells (Fig. 4).

A combined treatment with low doses of NZ28 and NVP-AUY922
potentiates the radiosensitivity of tumor cells

We have previously shown that a continuous treatment of H1339
cells with the Hsp90 inhibitor NVP-AUY922 can enhance the ra-
diosensitivity but also increases the expression of Hsp70 [15]. Herein,
we investigated whether NZ28 can inhibit the NVP-AUY922-
induced activation of HSF1 and the expression of Hsp70 to increase
the NVP-AUY922-mediated radiosensitization. As shown in Fig. 5,
NZ28 reduced the NVP-AUY922-induced activation of HSF1 (as de-
termined by a phosphorylation of serine 326) and the expression
of Hsp70. As a consequence, a combined treatment of tumor cells
with low concentrations of NZ28 (1 uM) and NVP-AUY922 (2 nM)

Table 1
Summary of radiobiological parameters depicted in Figs. 3B and 6.
SF»? SF4? SFs? oGy 1P B[Gy 2] Dso [Gy]* SERY

H1339
Control 0.79+0.03 0.47 +0.02 0.29+0.03 0.085 0.022 4.01 1.00
1 uM NZ28 0.82+0.03 0.40+0.05 0.24+0.04 0.049 0.037 3.74 1.07
5 uM NZ28 0.69 +0.04 0.33+0.04** 0.18 £0.04 0.103 0.026 3.18 118
10 uM NZ28 0.60 £0.02*** 0.36+0.02" 0.17 £0.02 0.179 0.013 2.73 1.47
20 uM NZ28 0.50 +£0.06*** 0.24+0.05"** 0.10+0.03* 0.225 0.010 2.01 1.99
2 nM NVP-AUY922 0.75+0.06 0.42+0.02 0.22+0.03 0.101 0.026 3.56 112
1 uM NZ28 + 2 nM NVP-AUY922 0.64 £0.04* 0.32+£0.02** 0.17 £0.04 0.191 0.019 2.83 141
T47D
Control 0.86+0.06 0.53+0.03 0.33+0.01 0.035 0.027 4.46 1.00
1 uM NZ28 0.83£0.04 0.48 +0.04 0.24+0.04 0.024 0.037 4.00 112
5 UM NZ28 0.91+0.06 0.43 +0.02* 0.22 +0.06 -0.057 0.060 3.92 114
10 uM NZ28 0.92+0.22 0.53+0.05 0.21+0.02** -0.067 0.055 419 1.06
20 uM NZ28 0.74+0.11 0.38+0.02* 0.17 £0.05* 0.083 0.037 334 1.34
2 nM NVP-AUY922 0.81+0.06 0.44 +0.02* 0.15+0.02* -0.001 0.052 3.64 1.22
1 uM NZ28 + 2 nM NVP-AUY922 0.78 +0.03 0.28+0.01"** 0.11+0.01"* -0.033 0.082 312 143

3 SF,, SF4, SFs, survival fraction at 2, 4 and 6 Gy, respectively. Mean values + SEM are shown. Significant differences between vehicle control and cells treated with NZ28

and/or NVP-AUY922 are indicated (*p <0.05, **p <0.01, ***p <0.001).

b o and B values were derived from the linear quadratic equation SF = exp [-o.x D - x D?].

¢ Dso, dose [Gy] to reduce survival fraction to 50%.

d SER, sensitizing enhancement ratio = Dsg (irradiation)/Dso (irradiation and drug). A SER greater than 1.20 is indicative for radiosensitization (indicated in bold).
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Fig. 6. Treatment with low concentrations of NZ28 and NVP-AUY922 potentiates
radiosensitivity of tumor cells. One day after seeding H1339 and T47D cells were
treated with 1 uM NZ28 and 2 nM NVP-AUY922 (NVP). 24 h after treatment cells
were irradiated and immediately after irradiation fresh medium without NZ28/
NVP-AUY922 was added. DMSO (0.01%) treated cells served as control. Colonies were
fixed either 9 (H1339) or 16 (T47D) days after seeding. The survival fractions were
calculated after normalization for cell kill by NZ28 and/or NVP-AUY922. Data are
expressed as mean + SEM of at least 3 independent experiments (*p < 0.05, **p<0.01,
**p<0.001).

significantly enhanced the radiosensitivity with SER values of 1.41
and 1.43 for H1339 and T47D cells, respectively (Fig. 6 and Table 1).
The radiosensitization which was achieved by a combined treat-
ment with low concentrations of NZ28 and NVP-AUY922 was
comparable to that of a single treatment with NZ28 at 10-20-fold
higher concentrations (Fig. 3B, Table 1).

Discussion

Hsp70 is abundantly overexpressed in a variety of human tumor
cells and high Hsp70 levels are associated with poor clinical outcome
since Hsp70 promotes tumor cell survival and contributes to ra-
dioresistance [10,12]. The group of M. Sherman demonstrated that
the small molecule inhibitor NZ28 reduces both the stress-induced
and basal Hsp70 expression levels in HER2-positive cancer cell lines
[13,14]. In line with their data we show that NZ28 down-regulated
basal and NVP-AUY922-induced Hsp70 expression in different lung
and breast cancer cell lines. Moreover, we could show that NZ28
reduces the phosphorylation of HSF1 at serine 326 and thus inhib-
its HSF1 transcriptional activity as measured by a luciferase reporter

assay. Concomitantly the Hsp70 mRNA levels were found to be
reduced under non-stressed conditions. This suggests that NZ28
down-regulates Hsp70 expression via inhibition of HSF1. Zaarur et al.
showed that NZ28 does not alter heat-induced Hsp70 mRNA levels
and a weak inhibition of the HSF1 transcriptional activity [14]. There-
fore, they propose a post-transcriptional reduction of the stress-
induced Hsp70 expression by NZ28. This discrepancy might be
explained by the fact that the HSF1 activation and Hsp70 expres-
sion is regulated differently by NZ28 under stressed and non-
stressed conditions or by the use of different tumor cell lines,
incubation times and NZ28 concentrations.

Previous studies demonstrated that knocking-down Hsp70 or
HSF1 reduces the invasiveness of tumor cells [3,4,11]. Consistent
with these findings, we could show that NZ28 decreases migra-
tion and invasion of different human tumor cell lines. Silencing HSF1
or Hsp70 by siRNA is assumed to increase the radiosensitivity of
human tumor cell lines [9-12]. However, only few inhibitors tar-
geting HSF1 and/or Hsp70 have been tested with respect to their
radiosensitizing capacity and the published data have been con-
troversially discussed. As an example, the small molecule Hsp70
inhibitor VER-155008 has been shown to increase the radiosensi-
tivity of A549 lung cancer cells [27], whereas the HSF1 inhibitor
KNK437 exerted an opposite effect in glioblastoma cells [28]. We
could demonstrate that NZ28 increases the radiation response of
different human lung and breast cancer cells. One possible mech-
anism might be a decrease of the radioresistant S-phase. In line with
our data, the Hsp70 inhibitors, VER-155008 and pifithrin-p have been
found to exert identical effects on the cell cycle distribution
[27,29,30].

Hsp90 inhibition is a promising strategy in cancer therapy.
However, clinically applied Hsp90 inhibitors induce the synthesis
of the cytoprotective chaperone Hsp70 by activation of HSF1. There-
fore, it was not astonishing to find that inhibition of HSF1 and/or
Hsp70 can sensitize tumor cells toward Hsp90 inhibitors
[14,17-19,31-34]. In contrast, knowledge on the effects of HSF1/
Hsp70 and Hsp90 inhibition on radiation therapy is limited [35].
Here, we could show that a combined treatment of tumor cells with
low, non-toxic concentrations of NZ28 and NVP-AUY922 potenti-
ates the radiosensitization of different tumor cells.

We have demonstrated that NZ28 reduces HSF1 activation
and expression of cytoprotective Hsp70, inhibits migration and
invasion, decreases the percentage of tumor cells in the radiore-
sistant S-phase and increases their radiosensitivity. In combination
with NVP-AUY922, 1/10th-1/20th of the concentration of NZ28
was sufficient to achieve a significant radiosensitization com-
pared to the treatment with a single drug. Therefore, we assume
that a simultaneous inhibition of Hsp90 and HSF1/Hsp70 com-
bined with radiotherapy might provide a promising anti-cancer
strategy.
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