Published OnlineFirst August 24, 2017; DOI: 10.1158/1535-7163.MCT-17-0293

Small Molecule Therapeutics

Animacroxam, a Novel Dual-Mode Compound
Targeting Histone Deacetylases and Cytoskeletal
Integrity of Testicular Germ Cell Cancer Cells

Molecular
Cancer

Therapeutics

Check for
updates

Gustav Steinemann’, Alexandra Dittmer', Weronika Kuzyniak', Bjérn Hoffmann',
Mark Schrader?, Rainer Schobert®, Bernhard Biersack?®, Bianca Nitzsche', and

Michael Hopfner!

Abstract

Novel approaches for the medical treatment of advanced solid
tumors, including testicular germ cell tumors (TGCT), are des-
perately needed. Especially, TGCT patients not responding to
cisplatin-based therapy need therapeutic alternatives, as there is
no effective medical treatment available for this particular sub-
group. Here, we studied the suitability of the novel dual-mode
compound animacroxam for TGCT treatment. Animacroxam
consists of an HDAC-inhibitory hydroxamate moiety coupled to
a 4,5-diarylimidazole with inherent cytoskeleton disrupting
potency. Animacroxam revealed pronounced antiproliferative,
cell-cycle arresting, and apoptosis-inducing effects in TGCT cell
lines with different cisplatin sensitivities. The ICs, values of
animacroxam ranged from 0.22 to 0.42 umol/L and were not
correlated to the cisplatin sensitivity of the tumor cells. No
unspecific cytotoxicity of animacroxam was observed in either

Introduction

In contrast to most other malignancies, testicular germ cell
tumors (TGCT) occur early in life. They are the most common
malignancy in males between 20 and 45 years of age (1). Up to
80% of patients with advanced or metastatic disease can be cured
by cisplatin-based chemotherapy (2). However, 20% of the
patients show or develop cisplatin resistance, associated with
poor prognosis and long-term survival rates of only 30%
(3, 4). Furthermore, recent studies indicate long-term conse-
quences of platinum-based therapies, such as a higher risk to
develop neurologic disorders, cardiovascular diseases, metabolic
syndromes, kidney failure, pulmonary disorders (5, 6) or other
secondary malignancies (7, 8). This emphasizes the urgency to
develop new and platinum-free therapies for the treatment of
testicular germ cell cancer.
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cisplatin-sensitive or resistant TGCT cells, even at doses as high as
10 umol/L. Furthermore, animacroxam induced the formation of
actin stress fibers in cancer cells, thereby confirming the cytoskel-
eton-disrupting and antimigratory properties of its imidazole
moiety. When compared with the clinically established HDAC
inhibitor vorinostat, the novel dual-mode compound anima-
croxam exhibited superior antitumoral efficacy in vitro. Anima-
croxam also reduced the tumor size of TGCT tumors in vivo,
as evidenced by performing xenograft experiments on tumor
bearing chorioallantoic membranes of fertilizes chicken eggs
(CAM assay). The in vivo experiments also revealed a very good
tolerability of the compound, and hence, animacroxam may be
a promising candidate for innovative treatment of TGCT in
general and the more so for platinum-insensitive or refractory
TGCT. Mol Cancer Ther; 16(11); 2364-74. ©2017 AACR.

The inhibition of histone deacetylases (HDAC) with small-
molecule inhibitors has emerged as a new and promising approach
for cancer treatment. HDACs play an important role in chromatin
remodeling and are implicated in the epigenetic regulation of
cellular metabolism, growth, and differentiation (9-12). Deace-
tylation of histones increases the binding of positively charged
histones to the negatively charged DNA. This leads to a more
condensed DNA structure that, in turn, prevents transcription.

Tumor cells of different origin, including breast-, prostate-,
kidney, and also testicular cancer, show increased HDAC activity
leading to the repression of tumor suppressor genes like CDKN1A
(p21) and CDKN1B (p27) or DNA repair genes like TP53, which
results in increased cell activity and loss of apoptosis (13-16). The
connection between increased HDAC activity and HDAC-depen-
dent dysregulation of genes in cancer is best described for acute
promyelocytic leukemia (AML). HDAC inhibitors such as vorino-
stat (suberoylanilide hydroxamic acid or SAHA) and romidepsin
(Istodax) are already in clinical application for the treatment of
AML (17, 18).

Another interesting morphologic target for novel cancer ther-
apeutics is the cytoskeleton of tumor cells. It is composed of actin
and intermediate filaments as well as microtubules that confer the
structural integrity and adaptability of a cell. The filaments of the
cytoskeleton facilitate intracellular transport as well as the fixation
of cell organelles like mitochondria inside the cell, and they are
involved in cell division. In addition, the cytoskeleton has been
found to be involved in gene expression (19). In tumor cells, the
cytoskeleton is often altered in its dynamic capacity to facilitate
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Figure 1.

Chemical structure of animacroxam. The dual mode inhibitor animacroxam
consists of a cinnamoyl hydroxamic acid group linked to a 4,5-diarylimidazole
moiety.

proliferation, migration, and metastasis formation. Targeting the
dynamics of the cytoskeleton of tumor cells with specific mod-
ulators, such as tubulin polymerization inhibitors, is already in
use for the therapy of TGCT. For instance, the tubulin-targeting
Vinca alkaloid vinblastine is routinely given in combination with
cisplatin and the antibiotic bleomycin (20).

The novel compound animacroxam (4-(1-methyl-4-anisyl-
imidazol-5-yl)-N-hydroxycinnamide hydrochloride) (Fig. 1) was
designed to combine the inhibition of HDAC activity and of the
cytoskeletal dynamics of cancer cells. Animacroxam consists of a
cinnamoyl hydroxamic acid, a prominent structural motif of
second-generation HDAC inhibitors, linked to a 4,5-diarylimi-
dazole, which is known to interfere with the integrity and dynam-
ics of actin and microtubules of the cytoskeleton of transformed
cells (21).

Hydroxamic acids are prominent (pan-)HDACI, and deri-
vatives such as vorinostat, panobinostat, belinostat, and romi-
depsin have already been approved for the treatment of
hematologic and lymphoid malignancies or are in advanced
clinical development (22, 23). However, the disadvantage of
HDACIi containing only hydroxamic acids is that they are
often leading to intrinsic drug resistance and could even
promote tumor growth (21). To enhance the efficacy of the
HDACI, we have combined the zinc-chelating hydroxamic acid
fragment, which is common in many potent HDACIi, with a
4,5-diarylimidazole moiety with proven anticancer activity in
solid tumors. Moreover, the new imidazole-based derivatives
were recently shown to be orally applicable and well tolerated
in mice (24).

We now investigated the antitumoral effects of this new dual
mode inhibitor in TGCT for the first time. Its capability to
simultaneously act on different cell growth and survival mechan-
isms should diminish the probability of resistance as observed
frequently for monotherapeutic agents like cisplatin or vorinostat
(25, 26).
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Materials and Methods

Compounds

Stock solutions of animacroxam (20 mmol/L), vorinostat
(20 mmol/L), and cisplatin (3.3 mmol/L) were prepared in
DMSO and stored at 4°C. Vorinostat was purchased from LC
Laboratories and used without further purification. Animacroxam
was prepared as a hydrochloride salt according to a literature
procedure (27). Cisplatin was purchased from TEVA GmbH.

Cell culture and reagents

All TGCT cell lines were cultured in an incubator (5% CO,,
37°C, humidified atmosphere). The nonseminoma (teratocarci-
noma) cell line NCCIT was obtained from ATCC in 2013. 2102EP
(nonseminoma, teratocarcinoma, and yolk-sack tumor) cells were
kindly provided by Dr. F. Honecker (Tumor- und Brustzentrum
ZeTuP, 9006 St. Gallen, Switzerland) in 2013. Cisplatin-resistant
2102EP-R cells were established by long-term culture of native
2102EP cells with sublethal concentrations of cisplatin as
described earlier (28). New cells were thawed after passage 10
was reached. Cells were not tested for mycoplasma. NCCIT were
cultured in DMEM UltraGlutamine medium (Lonza) supple-
mented with 10% FCS, 2 mmol/L r-glutamine, 50 U/mL pen-
icillin, and 50 ug/mL streptomycin. 2102EP and 2102EP-R cells
were cultured in DMEM/F12 (1:1) medium (Life Technologies
Gibco) supplemented with 10% FCS, 2 mmol/L 1-glutamine,
50 U/mL penicillin, and 50 pg/mL streptomycin.

Determination of cell proliferation

Crystal violet staining was performed to determine treatment-
induced changes in TGCT cell numbers as described in a previous
study (29). Briefly, 1.500 cells per well were seeded in 96-well
plates for 24 hours at 37°C, 5% CO,. Subsequently, cells were
incubated with rising concentrations of animacroxam (0.1-
3.2 umol/L), vorinostat (0.1-10 pmol/L), or cisplatin (0.1-10
pumol/L) for up to 96 hours. Thereafter, the cells were fixed with
1% glutaraldehyde and stained with 0.1% crystal violet (Sigma-
Aldrich). The unbound dye was removed by rinsing with water.
Bound crystal violet was solubilized with 0.2% Triton X-100
(Sigma-Aldrich). Light extinction of crystal violet, which increases
linearly with the cell number, was analyzed at 570 nm using an
ELISA-Reader (Dynex Technologies). The experiments were per-
formed in hexaplicate with n = 5.

Real-time monitoring of cell proliferation

2102EP and 2102EP-R (1.0 x 10* cells/well) and NCCIT cells
(4.0 x 10* cells/well) were seeded in 8-well micro E-plates in
600 pL medium/well and maintained in an incubator for 24 hours
to allow attachment. Thereafter, the cells were incubated with 0.25
to 2 umol/L animacroxam for 72 hours. The iCELLigence system
(ACEA Biosciences) was used to monitor proliferation of viable
cells every 15 minutes for 96 hours in two PET 8-well plates,
recording the cells' attachment through electronic sensors at the
bottom of each well. Cell proliferation was recorded as arbitrary
units (cell index) defined as (Rn—Rb)/15 Q, with Rn being the
impedance at time point n and Rb being the background imped-
ance of wells containing complete growth medium only. Prolif-
eration of cells was calculated as slope of cell index curve per hour.

Enzyme activity of total HDAC

Nuclear extracts of 2102EP and 2102EP-R cells were prepared
using the EpiQuik Nuclear Extraction Kit according to the man-
ufacturer's instructions (Epigentek). The protein concentrations
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were determined with a BCA Protein Assay Kit (Thermo Fisher
Scientific). Enzyme activity was measured with the Epigenase
HDAC Activity/Inhibition Direct Assay Kit according to protocol.
Briefly, 15 pg of the nuclear extracts were incubated with 0.5 and 1
umol/L animacroxam or without inhibitor (control) for 90 min-
utes at 37°C in 96-well plates. Active HDACs bind to the substrate
and remove acetyl groups from the substrate. The HDAC-deace-
tylated products can be recognized with a specific antibody.
Finally, solution for color development was added and enzyme
activity was measured at 450 nm using an ELISA-Reader (Dynex
Technologies). The activity of the total HDAC enzymes is pro-
portional to the OD intensity measured. The experiments were
performed three times, and the data are given as mean values +
SD.

Unspecific cytotoxic effects of animacroxam in TGCT cells
Unspecific cytotoxicity of animacroxam on TGCT cell lines was
determined on the basis of lactate dehydrogenase (LDH) release
from the cytosol of damaged cells (Cytotoxicity Detection Kit,
Roche). A total of 4 x 10* cells per well were seeded in 96-well
plates for 24 hours at 37°C, 5% CO, and then incubated with
animacroxam (0.1-10 umol/L) for 10 hours in culture medium
containing 1% FCS. Cells incubated with 1% Triton X-100 served
as control for maximum LDH release. The supernatant was trans-
ferred to fresh plates and mixed with catalyst and dye solution for
30 minutes, resulting in the formation of formazan dye propor-
tional to enzyme activity. Absorbance was measured at 490/630 nm
using an ELISA Reader (Dynex Technologies) and cytotoxicity
calculated with untreated cells set at 0% and Triton X-100 lysed
cells set at 100%. All experiments were performed in triplicate.

Determination of caspase-3 activity

Preparation of cell lysates and determination of apoptotic
caspase- 3 activity was performed as described previously (30).
Cleavage of the AC-DEVD-AMC (Calbiochem-Novabiochem)
by active caspase-3 resulted in the generation of fluorescent
AC-DEVD and was measured with a VersaFluor fluorometer
(Bio-Rad; wavelengths: excitation 360 nm, emission 460 nm).
Caspase-3 activity is given as the mean + SD increase in AC-DEVD
fluorescence compared with basal activity of untreated controls,
which was set to 100%. The experiments were performed n = 3.

Cell-cycle analysis by flow cytometry

Cell-cycle distribution was analyzed by flow cytometry of
propidium iodide (PI)-stained DNA of treated TGCT cells (31).
Cisplatin-sensitive 2102EP, moderately sensitive NCCIT, and
cisplatin-resistant 2102EP-R cells were incubated with anima-
croxam (0.11-0.8 pmol/L), vorinostat (0.7-2.2 umol/L), or cis-
platin (1.4 pmol/L) for 48 hours. Pl-stained cellular DNA was
analyzed using a BD FACScanto II FACS machine and BD
FACSDIVA v6.1.3 software. For each treatment condition, a
minimum of 10,000 events per sample were recorded. The
experiments were performed n = 3.

Western blotting

Western blotting was performed as described before (32). The
protein-loaded membranes were incubated with antibodies
directed against BAX (1:1,000), BCL-2 (1:1,000; Santa Cruz Bio-
technology), CYCLIN D1 (1:200; Sigma-Aldrich), GAPDH
(1:5,000; Calbiochem, Merck), and APAF-1 (1:1,000; Cell Sig-
naling Technology). After incubation with horseradish peroxi-
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dase-coupled anti-IgG antibodies (1:10,000; Amersham), the
blot was developed using the Celvin-S developer (Biostep) and
the software SnapAndGo 1.8.1 (Rev.23).

Fluorescence microscopy

Cells were seeded on glass coverslips in 6-well plates (1 x 10°
cells/well) and maintained in an incubator for 24 hours at 37°C.
Thereafter, cells treated with animacroxam (0.11-2.0 umol/L) for
3 to 48 hours were washed and fixed for 10 to 15 minutes with 4%
paraformaldehyde. After fixation, the cells were washed three
times with PBS and blocked with 5% BSA in PBS for 1 hour at
room temperature. Then, the cells were washed three times with
PBS and incubated with a primary antibody against o-tubulin
(1:500; Sigma) at 4°C overnight. After washing with PBS the
secondary anti-mouse antibody (1:500; Thermo Fisher Scientific)
was applied for 1 hour at room temperature. Cells were then
incubated with phalloidin 568 nm (1:200; Invitrogen) for 1 hour
at room temperature and DAPI (1:10,000; Merck) for 10 minutes
at room temperature. After a final washing step, the coverslips
were mounted on glass slides with 10% glycerin in PBS and
enclosed with nail polish. Fluorescence microscopy was per-
formed with an Axioskop 40-microscope (Zeiss) at a x40 mag-
nification. Pictures were taken with a Kappa digital camera system
(Kappa Optronics GmbH).

Scratch assay

Scratch assays were performed to investigate animacroxam-
induced inhibition of TGCT cell migration. Cells were grown to
confluency in a 6-well plate. The cell monolayer was then
scratched using a pipet tip. Cells at the edge of this artificial gap
migrate into the cell-free area to close the gap in a time-dependent
manner. Cisplatin-sensitive 2102EP cells were seeded at a density
1.5 x 10 cells per well and treated with animacroxam (0.22-1
umol/L) for 24 hours. Changes in the migration of treated cells
were determined by comparison and normalization to the migra-
tion of the untreated controls using the analysis software TScratch
Version 1.0 (CSE Lab). The experiments were performed n = 3.

In vivo evaluation of antineoplastic effects of animacroxam
The in vivo analysis of the antineoplastic potency of anima-
croxam was performed using the chorioallantoic membrane assay
(CAM assay). This model is an established nonanimal testing
method that allows pharmacologic characterization in the living
organism but does not require an animal experiment approval.
Briefly, fertilized chicken eggs were incubated, and day 1 of
incubation is considered the first day of embryonic development.
Prior to examination, the eggs were opened and tumors inoculated
as described previously (33). Briefly, 1.5 x 10° 2102EP cells were
resuspended in growth factor-reduced Matrigel (BD Biosciences).
The cell suspension was pipetted into a silicone ring (0 5 mm),
which was placed on the CAM of a 10-day-old fertilized chicken
egg and maintained for 48 hours at 37°C to develop microtumors
that are attached to the microvasculature of the CAM. Thereafter,
the microtumors were topically treated for 96 hours with 20 ul
animacroxam (0.8-5 pumol/L). PBS served as the control treat-
ment. Growth of microtumors as well as the viability of the
developing embryo was controlled daily by stereomicroscopy
using a Kappa digital camera system (Kappa Optronics GmbH).
Safety and tolerability of the novel compound was tested by
intravenous injection of animacroxam into a superficial CAM vein
at day 11 of chicken embryo development. Twenty microliters
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of 0.9% NaCl containing rising concentrations of animacroxam
was injected using a 301/2 G needle. Hemorrhage was stopped
by applying gentle pressure with a cotton swap for approxi-
mately 30 seconds. The effective blood concentration of the
injected animacroxam amounted to 0, 2.5, and 5 umol/L,
respectively, assuming a total blood volume of 1 mL of embryo
and CAM together for an 11-day-old embryo (34, 35). Chicken
embryo development and survival was checked daily for the
following 4 days.

Results

Antiproliferative effects of animacroxam in TGCT cells

Three TGCT cell lines with different cisplatin sensitivities
(2102EP, sensitive; NCCIT, moderate sensitivity; 2102EP-R,
insensitive) were investigated. The ICs, values of cisplatin ranged
from 1.36 £+ 0.12 pumol/L in cisplatin-sensitive 2102EP cells to
5.94 + 0.5 umol/L in NCCIT cells, which are regarded as mod-

Dual-Mode Anticancer Compounds in TGCT

erately cisplatin sensitive to almost 9 umol/L in cisplatin-insen-
sitive 2102EP-R cells (Fig. 2D).

Crystal violet staining of animacroxam-treated cells (0.1-3.2
pumol/L) revealed a marked time- and dose-dependent effect on
cell survival and decrease in cell number in the three investigated
TGCT cell lines. After 96 hours, a drop in cell number of >95% in
each cell line (Fig. 2A-C) was observed. The ICs, values of
animacroxam amounted to 0.22 £+ 0.02 pumol/L in cisplatin-
sensitive 2102EP cells, 0.42 £+ 0.06 umol/L moderately sensitive
NCCIT cells, and 0.30 £ 0.01 umol/L in cisplatin-resistant
2102EP-R cells (Fig. 2D), showing that animacroxam-induced
growth inhibition of TGCT cells occurs at nanomolar concentra-
tions, independently of the level of cisplatin sensitivity. The
growth-inhibitory effects of the approved HDAC inhibitor vor-
inostat were less pronounced with ICsy doses of 1.43 =+
0.22 wmol/L (2102EP), 1.73 £ 0.13 pmol/L (NCCIT), and
2.22 4+ 0.3 umol/L (2102EP-R), respectively (Fig. 2D).
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Inhibition of HDAC enzyme activity by animacroxam. Total HDAC enzyme
activity was measured in 15 pug nuclear extracts of 2102EP and 2102EP-R cells
after incubation with 0.5 or 1 umol/L animacroxam for 90 minutes. Enzyme
activity is given relative to untreated control extracts as means + SD of n = 3
independent experiments.

Real-time monitoring of cell proliferation

Changes in the proliferation rates of animacroxam-treated
TGCT cells were determined in real time by using the noninvasive
iCELLigence system for 72 hours in 15-minute intervals. Cell
index calculations served as an indicator of cell proliferation and
showed a marked reduction of TGCT cell growth at 0.5 umol/L
(2102EP-R) or 1 umol/L (2102EP), respectively, as depicted
in Fig. 2E. NCCIT cells treated with animacroxam showed a profile
comparable with that of treated 2102EP cells. ICs, values calcu-
lated after 48 hours amounted to 0.6 pmol/L for 2102EP and 0.33
umol/L for 2102EP-R, verifying the crystal violet staining data.
Furthermore, the continuous monitoring also revealed that the
onset of the animacroxam-induced growth inhibition occurred
after 10 hours (Fig. 2F).

Inhibition of HDAC enzyme activity

To verify the HDAC inhibitory effectiveness of animacroxam,
nuclear extracts of cisplatin-sensitive 2102EP and cisplatin-resis-
tant 2102EP cells were incubated with 0.5 or 1 umol/L anima-
croxam, and the inhibition of total HDAC enzyme activity was
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measured using the Epigenase HDAC Enzyme Activity Kit. Pan-
HDAC activity was reduced by up to 80% in 2102EP and up to
85% in the cisplatin-resistant 2102EP-R cells (Fig. 3), confirming
the HDAC-inhibitory potency of the hydroxamic acid moiety of
animacroxam.

Unspecific cytotoxicity of animacroxam

TGCT cell lines were also checked for unspecific cytotoxic effects
after 10 hours of incubation with 0.1 to 10 umol/L animacroxam
by measuring the release of LDH from damaged cells into the
supernatant of the culture medium. However, no increased LDH
release was observed at nanomolar animacroxam concentrations
that were shown to be effective in inhibiting cell growth (Fig. 4).
Even at its maximum dose of 10 umol/L, animacroxam gave rise to
only a marginal increase in unspecific cytotoxicity of approxi-
mately 3%, indicating that the mode of action of animacroxam is
not based on the induction of unspecific cell damage.

Regulation of apoptosis by animacroxam

Treatment of TGCT cells with animacroxam (0.1-2.0 pmol/L)
led to a dose-dependent increase in caspase-3 activity after 48
hours, for example, to an approximately 14-fold increase in
cisplatin-sensitive 2102EP cells relative to untreated control cells.
In NCCIT cells, the caspase-3 activity rose 9-fold, and in cisplatin-
resistant 2102EP-R cells, animacroxam induced a hike in caspase-
3 activity by a factor of 16.5 (Fig. 5A).

Treatment with vorinostat (0.2-2 umol/L) led to a comparable
rise in caspase-3 activities (Fig. 5B). To further elucidate anima-
croxam-induced apoptosis, the expression levels of the pro- and
antiapoptotic proteins BAX and BCL-2, as well as of APAF-1, were
investigated by Western blot analysis. Interestingly, Western blot
assays revealed that the protein expression ratio of BCL-2/BAX
differed for the two cell lines 2102EP and 2102EP-R. Specifically,
animacroxam was able to attenuate the expression of BCL-2 while
not enhancing the expression of BAX in the cisplatin-sensitive cell
model 2102EP upon 12 hours of treatment (Fig. 5C). In contrast,
in the cisplatin-resistant 2102EP-R cells, the expression levels of
BCL-2 and BAX were not significantly altered after animacroxam
treatment (Fig. 5D). In both cell models, the expression level of
the proapoptotic protein APAF-1 was significantly upregulated
even after short periods of incubation (6 hours), indicating a
mitochondria-driven apoptosis induction. As seen already in the
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Figure 4.

Unspecific cytotoxic effects of
animacroxam in TGCT. LDH release of
2102EP, 2102EP-R, and NCCIT cells was
measured after 10 hours of incubation
with 0.1 to 10 umol/L animacroxam.
Results show changes in LDH release as
compared with untreated cells. Data are
given as percentage changes of basal
LDH release of controls. Means + SD of
n = 3 independent experiments.
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Apoptotic effects of animacroxam in TGCT cells. A, Caspase-3 activation in cisplatin-sensitive 2102EP cells, moderately sensitive NCCIT cells, and cisplatin-
resistant 2102EP-R cells after treatment with increasing concentrations of animacroxam (0.1-2.0 umol/L) for 48 hours. B, Caspase-3 activation in 2102EP, NCCIT, and
2102EP-R cells after treatment with increasing concentrations of vorinostat (0.2-2.0 umol/L) for 48 hours. Results are given as means + SD of n = 3 independent
experiments. C and D, Representative Western blots showing animacroxam induced changes in the expression of anti-apoptotic BCL-2, pro-apoptotic BAX,
and the mitochondrial mediator of apoptosis APAF-1 after 6 and 12 hours of incubation with animacroxam and vorinostat, respectively.

caspase-3 activity assay, vorinostat treatment led to similar effects
on the levels of apoptosis-related proteins in both cell lines.

Influence of animacroxam on cell-cycle regulation of TGCT

Cell cycle-modulating effects of animacroxam in cisplatin-
sensitive and resistant cells were investigated by flow cytometry.
After 48 hours of incubation with animacroxam (0.11-0.8
umol/L), a dose-dependent arrest of TGCT cells in the Go-
G;-phase of the cell cycle and a concomitant decrease in the
G,-M-phase population was observed (Fig. 6A-C). The cell-
cycle arresting effect of animacroxam was independent of the
cisplatin sensitivity of the cells. In contrast, vorinostat exhibited
only marginal cell-cycle arresting effects in 2012EP and 2102EP-R
cells. However, in NCCIT cells, the cell-cycle arresting effects of
vorinostat were as pronounced as those of animacroxam.

To further elucidate the molecular mechanism of the Gy—G;-
phase arresting effects of animacroxam, the expression of the cell-
cycle promotor CYCLIN D1, which acts at the transition from the
G, to S phase, was examined at two different time points.
Animacroxam treatment (2.0 umol/L) caused a slight downregu-
lation of cyclin D1 in cisplatin-sensitive cells after 12 hours of
incubation but not in the cisplatin-resistant 2102EP cells (Fig.
6D). In the moderately sensitive NCCIT cells, CYCLIN D1 was
upregulated until 24 hours of incubation with animacroxam. The
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positive control vorinostat did not enhance the expression of
Cyclin D1 in the 2102EP and 2102EP-R cells. Only in the
moderately sensitive cell line NCCIT, vorinostat induced an
increase in CYCLIN D1 expression after 24 hours, confirming the
findings observed by flow cytometry analysis.

Cytoskeletal alterations by animacroxam

The effect of animacroxam on the cytoskeleton was investi-
gated in cisplatin-sensitive 2102EP cells. Incubation with ani-
macroxam (0.22 or 2 umol/L) for 48 hours led to actin stress
fiber formation, while the architecture of tubulin structures was
not affected (Fig. 7A-C). The occurrence of actin stress fibers
was time dependent and was not observed until 24 hours of
incubation. In contrast, no actin stress fiber formation was
observed upon incubation with vorinostat (2 umol/L) for up
to 48 hours, underlining the pleiotropic mode of action of
animacroxam as compared with the merely HDAC-inhibitory
effect of vorinostat.

Influence of animacroxam on the migration of TGCT cells

As cytoskeletal alterations strongly influence the plasticity and
the migratory propensity of tumor cells, so-called "wound heal-
ing" assays were performed. These assays allow ascertaining the
potential of tumor cells to fill a gap in the cell monolayer created
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Influence of animacroxam on the cell cycle of TGCT. Animacroxam induced a cell-cycle arrest in the Go-G; phase of cisplatin-sensitive 2102EP cells (A),
moderately sensitive NCCIT cells (B), and cisplatin-resistant 2102EP-R cells (C) after 48 hours of incubation. Data are given as percentage of untreated controls
(means of n = 3 independent experiments). D, Representative Western blots of animacroxam and vorinostat induced changes in the expression of the

cell-cycle promotor CYCLIN D1in TGCT cells.

by scratching, not by proliferation but by active migration. They
revealed that untreated control cells reduced the scratch area by
23.5% after 24 hours (Fig. 7D and E), while 2102EP cells treated
with animacroxam (0.22 umol/L) closed the scratch by only
18.8%. When applied at higher concentrations, animacroxam
(1.0 umol/L) almost completely inhibited cell migration to the
effect of a reduction of the scratch area of only 4% after 24 hours.

In vivo evaluation of animacroxam

Using the CAM assay, the effects of animacroxam on TGCT
tumor growth were evaluated in vivo. Microtumors of 2102EP cells
were inoculated onto the CAM of 10-day-old chicken embryos,
and after connection to the microvasculature of the CAM, the
tumors were treated with animacroxam for up to 96 hours.
Animacroxam treatment led to a dose- and time-dependent
inhibition of tumor growth, as compared with the untreated
controls, which steadily increased in size and volume (Fig. 8).

Tolerability and safety of animacroxam in vivo

Embryo toxicity in terms of regular development and lethality
was evaluated by intravenous injections with increasing concen-
trations of animacroxam (0-5 pumol/L). Injections were per-
formed on 11-day-old chicken embryos, and survivability was
followed for 4 days. Animacroxam was well tolerated, and even at
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concentrations as high as 5 umol/L, no increased lethality was
observed when compared with untreated controls. Embryo devel-
opment appeared to be age based and did not differ from those of
untreated controls. All chicken embryos were sacrificed at the end
of the study and examined for developmental defects, such as
encephalic hernia or cleft beak (36). However, no such defects
were found in animacroxam-injected embryos, further supporting
the good tolerability of the novel compound.

Discussion

Malignant germ cell tumors of the testis are the most common
solid tumors in males under 50 years of age. Although the general
platinum-based chemotherapy is very effective, it also implies
severe risks and drawbacks, such as the occurrence of early and late
toxicities, primary and secondary platinum resistances, or a higher
incidence of secondary malignancies. Moreover, high require-
ments are to be met (general good condition, good renal func-
tioning, etc.) by patients to qualify for a platinum-based
chemotherapy.

Thus, a key challenge in an alternative treatment of recurrent
germ cell tumors is to overcome the aforementioned difficulties
that may occur under the currently used second-line salvage
treatment with a platinum-based high-dose combination
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Figure 7.

Cytoskeletal alterations and
antimigratory effects of animacroxam.
In contrast to vorinostat, animacroxam
induced the formation of f-actin stress
fibers in cisplatin-sensitive TGCT cells,
as indicated by arrows. A, Untreated
control, B, Treatment (48 hours)

with animacroxam (0.22 umol/L).

C, Treatment (48 hours) with
vorinostat (1.5 umol/L). Green,
a-tubulin; red, f-actin; blue, DAPI.
Magnification, x40. D, Representative
images of antimigratory effects of
animacroxam analyzed by scratch .
assays. Incubation for 24 hours with ‘3,
animacroxam (0.22 and 1.0 umol/L) X
resulted in a reduced migration of
cisplatin-sensitive 2102EP cells as
shown by a repressed closure of the
open image area. E, Quantification of
the open image area (in %) after O and
24 hours of incubation with
animacroxam. Results are given as
means =+ SD of n = 3 independent
experiments.

D Control t=0h

Animacroxam 1.0 pmolL t=0h  Animacroxam 1.0 umollL =24 h

regimen (37, 38). Recently, we introduced conjugates of hydro-
xamic acids and imidazoles as promising new dual-mode com-
pounds for cancer treatment. They combine HDAC inhibition
with cytoskeleton modulation, causing a strong overall cell
growth-inhibitory effect, as recently shown by us for several
non-TGCT cancer cell lines (27). Herein, we investigated anima-
croxam, one of the most efficacious compounds of this series, for
its antitumor effects on TGCT cells with different platinum
sensitivities.

We demonstrated that animacroxam exerts a strong antiproli-
ferative effect at nanomolar concentrations in TGCT cells, regard-
less of their cisplatin sensitivity. This growth-inhibitory effect
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occurred 10 hours postincubation and at significantly lower doses
when compared with the clinically established HDACi vorinostat
(39). The antitumor effects of animacroxam were found to orig-
inate from a strong inhibition of HDAC enzyme activity and
specific alterations in signaling pathways connected to apoptosis
and cell-cycle regulation, but were not based on unspecific cyto-
toxicity of the compound. The remaining approximately 15% of
HDAC activity in TGCT (see Fig. 3) occurred due to an incomplete
pan-HDAC inhibition at the given concentrations, but may also
reflect a subtype-specific inhibition of the majority of HDACs, but
not of all. This open question needs further clarification in coming
experiments, as it is valuable information for predicting the
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Day 0

Day 2

efficacy of the novel compound in different tumor entities with
different HDAC expression patterns.

Animacroxam caused a pronounced increase in apoptosis-
specific caspase-3 activity in TGCT cells. This is in line with earlier
findings that showed that animacroxam can induce apoptosis in
certain human melanoma cells (40). The extent of caspase-3
induction by 0.6 pmol/L animacroxam exceeded by far a similar
effect of vorinostat, again regardless of the cisplatin sensitivity of
the investigated cell lines. The downregulation of BCL-2 after 12
hours of incubation in the cisplatin-sensitive 2102EP cells shows
that animacroxam inhibits antiapoptotic signaling, resultingin an
increased caspase-3 activation. BAX levels were not affected. This
is in line with the observed caspase-3 activation and induction of
cell death. APAF-1 was upregulated early on in both the cisplatin-
sensitive and resistant 2102EP cells. This fact corroborated the
assumption of a mitochondria-mediated apoptosis induction.

Flow cytometric analysis of animacroxam-treated TGCT cells
showed a dose-dependent Gy—-G;-phase arrest in all investigated
TGCT cell lines, again independent of their cisplatin sensitivity.
CYCLIN D1 is required for progression through the G, phase of
the cell cycle, and it regulates the transition and entry into the S-
phase by binding to cyclin-dependent kinases 4 and 6 (Cdk4/6).
CYCLIN D1 is often overexpressed in cancer and is associated with
early cancer onset and tumor progression (41).

After 12 hours of incubation, animacroxam induced a down-
regulation of CYCLIN D1 and thereby the accumulation of
cisplatin-sensitive 2102EP cells in G,-phase. This effect of ani-
macroxam fits in with the observed Gy-G;-phase arrest and
indicates that the new compound acts on this crucial regulator
of cell-cycle progression, which is known to be dysregulated in
TGCT and whose repression has already been suggested as a
molecular target for germ cell tumors (42). Interestingly and
contrary to the FACS analysis, this effect was not observed in
cisplatin-resistant 2102EP-R cells. These findings suggest that
animacroxam might be applied as a component of a combination
regimen with chemotherapeutic agents that act in different or
several phases of the cell cycle, thus enabling additive or syner-
gistic effects. Potential combination drugs are bleomycin, a prov-
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Control

Figure 8.

Antineoplastic effects of animacroxam
in vivo. TGCT microtumors inoculated
onto the CAM of fertilized chicken eggs
showed a time- and dose-dependent
reduction in tumor size and volume
after animacroxam treatment. In
contrast, NaCl (0.9%) treated control
tumors time dependently increased in
size and volume. A-C, NaCl-treated
microtumor at the beginning of the
treatment (A), after 2 days (B), and
after 4 days (C). D-1, Animacroxam-
treated microtumors (0.8 and

5 umol/L) at the beginning of the
treatment (D; G), after 2 days (E; H), and
after 4 days (F; ). Representative
findings of n = 3 independent
preparations for each concentration.

Animacroxam 0.8 umol/L

Animacroxam 5.0 pmol/L

Day 4

en antitumor antibiotic, etoposide, a well-established topoisom-
erase II inhibitor (43), or anthracyclines such as doxorubicin,
which is widely used in combination therapy (44).

Next, we investigated the effects of animacroxam on the cyto-
skeletal organization of the TGCT cells. It was found earlier that
aptly substituted 4,5-diarylimidazoles disrupt the cytoskeleton
preferentially of cancer cells (45), and induce the formation of
actin stress fibers in HUVEC cells (46). As a consequence, these cell
structures likely lack the normal dynamic cytoskeletal turnover,
which is essential for active proliferation and migration (47).
Exemplarily, we investigated cisplatin-sensitive 2102EP cells for
changes of their cytoskeletal organization upon animacroxam
treatment. In accordance with recent findings on human HUVEC
cells, we could show that animacroxam induces the formation of
actin stress fibers in TGCT cells after 48 hours of incubation. These
cytoskeletal effects also explain the higher sensitivity of TGCT of
animacroxam, when compared with the HDAC inhibitor vorino-
stat, which does not interfere with the integrity or dynamics of the
actin cytoskeleton.

The loss of cytoskeletal plasticity and dynamics, which are
thought to be responsible for the loss of cancer cell motility
(48), was investigated by scratch assays. Animacroxam (0.22-
1.0 umol/L) led to a reduction of TGCT cell migration of up to
96%. When treated with 1.0 umol/L animacroxam, TGCT cells
showed virtually no migration anymore and even started to
detach from the surface, which is an indication for the loss of
the adhesive capacity of their cytoskeleton. Migration of tumor
cells is characterized by the formation of finger-like projections
called filopodia (49), which were absent in treated TGCT cells as
depicted in the microscopy images. This underlines that cancer
cell migration, and hence aggressiveness and metastasizing, is
effectively inhibited or at least attenuated by the pleiotropic agent
animacroxam.

The CAM assay is an established (xenograft) model for the in
vivo testing of antineoplastic compounds (50-52). Moreover, it is
an easy method to check for toxic effects of experimental com-
pounds in vivo, as it can be injected into the embryo-feeding CAM,
and the development and survival of the chicken embryo can be
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evaluated in the following days. Establishing TGCT microtumors,
which got connected to the microvasculature of the CAM of
fertilized chicken eggs, we could show that the treatment with
animacroxam reduced TGCT tumor growth in vivo time- and dose
dependently, thus confirming the pronounced antiproliferative
and apoptosis-inducing effects seen in our in vitro experiments.

Moreover, investigations on possible toxic effects of anima-
croxam in the fragile and sensitive chicken embryos revealed that
the compound was very well tolerated and did not induce embryo
toxicity or developmental delays. Even at a very high concentra-
tion of 5 umol/L, which was maximally effective in reducing TGCT
tumor growth, there was no increased lethality.

In the current work, we could demonstrate the growth-inhib-
itory, apoptosis-inducing, cell-cycle arresting, and cytoskeleton-
disrupting effects of the novel dual-mode inhibitor animacroxam
in TGCT cells, regardless of their cisplatin sensitivity. Moreover,
the compound showed pronounced antineoplastic potency and
excellent tolerability in vivo. The results indicate that animacroxam
may be a promising lead compound for the development of novel
drugs that could complement the platinum-based chemotherapy
that is generally used for TGCT today.
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