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Castrate resistant prostate cancer in men shares several characteristics with canine

prostate cancer (PCa). Due to current insufficient therapies, evaluating novel therapeutic

agents for late-stage PCa is of considerable interest for both species. PDA

indolylmaleimides showed anticancer effects in several neoplastic cell lines. Herein, a

comparative characterization of PDA-66 and PDA-377 mediated effects was performed

in human and canine PCa cell lines, which is also the first detailed characterization of

these agents on cells derived from solid tumors in general. While PDA-377 showed

only weak growth inhibition on human PCa cell lines, PDA-66 inhibited proliferation

and induced apoptosis in human and canine cell lines with concentrations in the low

micromolar range. Morphological characterization and whole transcriptome sequencing

revealed that PDA-66 induces mitotic death through its microtubule-depolymerizing

ability. PDA-66 appears to be a worthwhile anti-mitotic agent for further evaluation. The

similarities in cellular andmolecular response observed in the cell lines of both origins form

a solid basis for the use of canine PCa in vivo models to gain valuable interchangeable

data to the advantage of both species.

Keywords: mitotic death, mitotic slippage, whole transcriptome sequencing, human, dog, prostate cancer

INTRODUCTION

Prostate cancer (PCa) is the most common malignancy diagnosed among males in almost all
western countries (1). PCa emerges in an androgen-dependent or androgen-independent manner
with a highly heterogeneous clinical course. Localized PCa has a 5-year survival rate close to
100% due to the availability of a broad range of curative treatment options. However, up to
20% of patients develops incurable and lethal metastatic castrate-resistant PCa within 5 years of
follow-up. The development of novel therapeutic options for treating high-risk locally advanced
PCa is needed (2–5).
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Canine tumors are valuable naturally occurring models
helping to reveal mechanisms in cancer development, behavior
and treatment (6, 7). Prostatic neoplasia in dogs are reported with
a prevalence below 1% (8) and poor prognosis (9–11). However,
unlike in men there is no screening for early detection and
only late stage cases are diagnosed. Actual numbers are likely to
be much higher based on the high frequency of preneoplastic
lesions (12). Canine prostate adenocarcinomas share several
characteristics with human castrate-resistant PCa, e.g., increased
occurrence with age, aggressive tumor progression, similar
metastatic spread (lumbar spine and pelvis as well as lymph
nodes), and castration-resistance (13, 14). Therefore, identifying
and evaluating novel effective agents to treat late-stage, metastatic
PCa may be beneficial for both species.

Indolylmaleimides as PDA derivatives PDA-66 and PDA-377
are synthetic molecules characterized by the conjugation of
a maleimide compound with a bicyclic indole ring (15, 16).
PDA-66 induces mitotic arrest and apoptosis in neuroblastoma,
lung cancer, and canine lymphoma cells (15, 17), and has
been shown to depolymerize microtubules (15). Known
microtubule-destabilizing agents, such as Vinca alkaloids,
are used in various cancers (18). These antimitotic drugs
lead to failures in spindle formation and chromosome
segregation in dividing cells, which activates the spindle
assembly checkpoint leading to mitotic arrest. Prolonged mitotic
arrest eventually triggers mitotic death (MD), an intrinsic
form of regulated cell death (19, 20). MD is considered an
onco-suppressive mechanism controlling mitotic failures and
therefore prevents aneuploidy. Those failures include extensive
DNA damage preventing replication, problems with the mitotic
machinery (e.g., equal distribution of chromosomes) or failure
of mitotic checkpoints leading to premature progress in the cell
cycle (19, 21, 22).

A comprehensive characterization of PDA effects in human
and canine PCa cells is missing. Before introducing such
novel inhibitors into clinics, conducting an evaluation of these
agents in model organisms is a prerequisite. Dogs classify as
an extraordinary naturally occurring model for human PCa
trials. As therapeutic options for dogs are limited and their
metabolism is highly comparable to humans, clinical trials in
dogs are considered to be of significant value (23). However,
before addressing veterinary patients in trials evaluating novel
agents, a detailed characterization of its effects in vitro
is necessary.

Therefore, the aim of this study was to comparatively
characterize the influence of PDA-66 and PDA-377 on two
human prostate carcinoma cell lines, PC-3 and LNCaP, and
on the canine cell line CT1258, which is also the first
detailed characterization of these agents on cells derived from
solid tumors. Besides cellular analysis, whole transcriptome
sequencing was performed. Based on these results, canine PCa is
evaluated as amodel for clinical trials, accelerating the translation
into human patients and providing direct benefit to both species.

Abbreviations: PCa, prostate cancer; MD, mitotic death; DEG, differentially
expressed gene; SAC, spindle assembly checkpoint.

MATERIALS AND METHODS

Prostate Carcinoma Cell Lines and
Cultivation
Two human and one canine prostate carcinoma cell line were
used. The human PC-3 cell line (24) (DSMZ Cat# ACC-465,
RRID:CVCL_0035) was cultivated in DMEM/Ham’s F-12
medium (Biochrom GmbH, Berlin, Germany). The human
LNCaP cell line (25) (DSMZ Cat# ACC-256, RRID:CVCL_0395)
was grown in RPMI 1640 medium (Biochrom GmbH).
The canine cell line TihoDProAdcarc1258 (26) (CT1258,
RRID:CVCL_W737) was established by our group and cultivated
in medium 199 (Live Technologies GmbH, Darmstadt,
Germany). All media were supplemented with 10% heat-
inactivated fetal bovine serum (FBS Superior, Biochrom GmbH)
and 2% penicillin/streptomycin (Biochrom GmbH). All cells
were cultivated at 37◦C in a humidified atmosphere of 5% CO2.

Indolylmaleimides PDA-66 and PDA-377
Synthesis and chemical structures of indolylmaleimides were
previously described (15, 16, 27, 28). Both PDA derivatives were
dissolved in dimethyl sulfoxide (DMSO, AppliChem GmbH,
Darmstadt, Germany), and the stock solutions (10mM) were
stored at −20◦C. For experimental use, the PDA dilutions were
freshly prepared from the stock solution.

Different PDA concentrations and incubation times were
used and compared with DMSO-exposed controls, as the PDA
agents themselves were dissolved in DMSO. The final DMSO
concentrations of the control samples were equivalent to the
highest DMSO doses in the PDA-treated samples to ensure that
no possible effects of the solvent were measured.

Live Cell Imaging
PC-3, LNCaP andCT1258 cells were seeded in 96-well plates with
a cell density of 1 × 104 cells per well and incubated overnight
in 150 µl of culture medium. After 24 h different concentrations
of the PDA derivatives (0.25–10µM) were applied (0.1% DMSO
as control). The cells were observed for 72 h in 150 µl incubation
medium under a live cell imagingmicroscope (DMI 6000 B, Leica
Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) at 37◦C with
5%CO2. An image of each well was captured every 15min during
the incubation period and these single images were combined to
create time-lapse movies.

Analysis of Morphology
Morphological changes mediated by PDAwere analyzed byMay-
Grünwald-Giemsa staining.

Microscope slides were placed in 60 cm² cell culture dishes and
covered with 10ml of culture medium. Per dish and per cell line,
1 x 106 cells were seeded. On the following day, the microscope
slides were transferred to new dishes with incubation medium
or 0.15% DMSO for the control cells. The slides were exposed
to the PDA agents in two different settings. For the first setting,
the slides were incubated with 15µM PDA-66 or PDA-377 for
24 h, an application equal to the cells used in the transcriptomic
analyses. For the second setting, the slides were incubated with
5µM PDA-66 or PDA-377 for 72 h, a concentration that showed
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moderate effects in all cell lines in live cell imaging. Microscope
slides were washed with PBS and air dried at room temperature.
The slides were stained in May-Grünwald’s eosine-methylene
blue solution (Merck KGaA, Darmstadt, Germany) (undiluted)
for 5min and rinsed with tap water. Afterwards, they were
stained for 15min in Giemsa’s azur eosin methylene blue solution
(Merck KGaA) (1:10 dilution) and rinsed thoroughly with tap
water again. The slides were left to air dry before analysis.

BrdU Proliferation Assay
Proliferative index of cells in response to PDA-66 and PDA-377
exposure was evaluated using the assay Cell Proliferation ELISA,
BrdU (colorimetric) (Roche Diagnostics Deutschland GmbH,
Mannheim, Germany). The assay measures the incorporation
of the thymidine analog 5-bromo-2-deoxyuridine (BrdU) into
newly synthesized DNA of replicating cells using an anti-BrdU
monoclonal antibody.

All three cell lines were seeded in 96-well plates with a density
of 1× 104 cells per well and incubated in 150 µl culture medium
for 24 h to allow the cells to attach to the surface. Afterwards,
the cells were exposed to different concentrations of the PDA
derivatives. The human cell lines were treated with 0.25–10µM
of the derivatives and 0.1% (v/v) DMSO as control. CT1258
cells were exposed to 0.25–25µM of both derivatives (0.25%
DMSO as control) as no significant effect was displayed after 24 h
with 10µM PDA-66. The proliferation assay was carried out in
accordance with the manufacturer’s protocol for adherent cells
with the exception that BrdU was added simultaneously with the
PDAs. The reaction products were quantified by measuring the
absorbance at 370 nm minus the absorbance at 492 nm over a
30min period using the Multi-Mode Reader Synergy 2 (BioTek
Instruments Inc., Winooski, VT, USA). Each single experiment
was performed 8-fold.

After this point, no further tests were performed with PDA-
377 due to its limited effect on the human cell lines.

Cell Count Analyses
The concentrations used for cell count analysis and apoptosis
are based on the 72 h values of the BrdU assay. Concentrations
were chosen, that lead to 50% inhibition (2.5µM PDA-66 in
PC-3 and 5µM PDA-66 in LNCaP). These values were chosen
to ensure that there would be some margin in both directions
to calculate possible significances, even if the other tests would
show higher or lower efficiencies. Based on this criterion,
5µM PDA-66 should have been used for the CT1258 cell line.
However, this concentration showed no effect after 24 h. As it
was crucial to be able to detect effects early after exposure for the
transcriptomic analysis, 15µMwas used for this cell line, the first
concentration to show a significant effect in the BrdU assay after
24 h of exposure.

Cells were seeded in 24-well plates with a cell density of
5 × 104 cells per well in 1ml culture medium and incubated
overnight. Based on the proliferation assay, PC-3 cells were
treated with 2.5µM PDA-66 and 0.025% DMSO, LNCaP with
5µM PDA-66 (0.05% DMSO), and CT1258 cells with 15µM
PDA-66 (0.15% DMSO). After 24 h, 48 h and 72 h, the cells were
detached by TrypLETM Express (Thermo Fisher Scientific Inc.,

Waltham, MA, USA) and counted via automatic cell counter
(CellometerTM Auto T4, Nexcelom Bioscience LLC, Lawrence,
MA, USA). The experiment was carried out in biological
replicates three times.

Analyses of Early and Late Stage
Apoptosis
Apoptosis rates were determined by staining cells with the
fluorescence dyes Annexin V FITC and Propidium Iodide (PI)
(Annexin V-FITC Detection Kit, PromoCell GmbH, Heidelberg,
Germany) in accordance with the manufacturer’s protocol and
determined by flow cytometry using a FACSCaliburTM (BD
Biosciences GmbH, Heidelberg, Germany). In addition to the cell
specific concentrations used in the cell count analysis, two lower
concentrations were used to demonstrate that the induction
of apoptosis already starts at lower concentrations. The data
were evaluated using BD CellQuest software (BD CellQuest
Pro, RRID:SCR_014489).

All three cell lines were seeded in 12-well plates with a cell
density of 2 × 105 cells per well and incubated in 1.5ml culture
medium overnight and exposed after 24 h to three different PDA-
66 concentrations and DMSO based on the BrdU assay and cell
count analyses. PC-3 cells were exposed to 0.5, 1.0, and 2.5µM
PDA-66 (0.025% DMSO as reference), LNCaP to 1.0, 2.5, and
5.0µM PDA-66 (0.05% DMSO), and CT1258 to 7.5, 10 and
15µM PDA-66 (0.15% DMSO). After the drug exposure period,
the medium was saved to collect the non-adherent cell fraction to
count all treated cells regardless of their condition. Remaining
adherent cells were detached by TrypLETM Express (Thermo
Fisher Scientific Inc, Waltham, MA, USA) and combined with
the medium cell fraction. In addition to the double stained
samples, for each cell line and each incubation time point, single
stained controls were measured. Exposure of the cells to PDA-
66 and DMSO as reference was conducted in biological replicates
three times.

Transcriptomic Analyses
As PDA-66 is a strong inducer of apoptosis, the transcriptomic
analysis was performed on early time points (12 and 24 h). This
early time points, before all the apoptosis signaling cascades are
fully active and most transcripts would be cell death related,
were chosen for the best chance to detect the direct effects of
PDA exposure. As 15µM was the first concentration to show
significant effects in CT1258 after 24 h, this concentration was
used for all cell lines to keep the transcriptomic data comparable
(0.15%DMSO for the control groups). After 12 and 24 h, the cells
were harvested and total RNA was extracted using the AllPrep
DNA/RNA Mini Kit (Qiagen GmbH, Hilden, Germany) in
accordance with the manufacturer’s protocol. For each treatment
condition (DMSO control and PDA-66 exposed cells), three
independent biological replicates were prepared and sequenced.

RNA integrity numbers (RIN) were determined using a
Bioanalyzer 2100 (Agilent Technologies Inc., Santa Clara,
CA, USA). Sequencing libraries were prepared using 1 µg
total RNA with RIN > 7. PolyA RNA was enriched and
ligated to sequencing adapters using the NEBNext Ultra RNA
preparation kit (New England Biolabs Inc., Ipswich, MA,
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USA) in accordance with the manufacturer’s protocols. Single-
read sequencing (75 bp) was conducted on an Illumina
NextSeq500 (Illumina Inc., San Diego, CA, USA). Sequences
were aligned to the canine genome (Broad CanFam3.1/canFam3,
Sep. 2011) using the Burrows-Wheeler Aligner (BWA) (29)
(BWA, RRID:SCR_010910). For each of the 24,581 annotated
protein-coding canine genes (EMBL gene ID nomenclature), the
aligned reads were counted using the R package GAGE (30)
(GAGE, RRID:SCR_017067). For the human PC-3 and LNCaP,
mapping and read counting were conducted using the RNA
Express (version: 1.0.0) workflow within the Illumina basespace
environment (BaseSpace, RRID:SCR_011881). In brief, after
mapping to the human HG19 reference genome using the
STAR (2.3.1s) aligner (STAR, RRID:SCR_015899) read counts for
23,710 annotated RefSeq genes were generated.

Statistical Analyses
Within each experiment, results were described using the mean
values of the replicates. The graphs show the mean ± standard
deviation. Significant differences between treatment and control
were calculated by Dunnett’s multiple comparison test for the
confidence levels 95, 99, and 99.9% (BrdU proliferation assay
and analyses of apoptosis) or student’s t-test (cell count analyses)
using SAS enterprise guide 7.1 (Statistical Analysis System,
RRID:SCR_008567). Differences were considered statistically
significant for p < 0.05. IC50 values were calculated using
GraphPad Prism 7.02 (GraphPad Prism, RRID:SCR_002798).

Differential gene expression analyses for canine and human
samples were conducted using the BioconductorR package edgeR
3.14.0 (31) (edgeR, RRID:SCR_012802). The average total read
counts mapped within annotated genes were 12.2M (STD: 0.7M),
15.8M (STD: 1.1M), 13.5M (STD: 0.9M) for CT1258, PC-
3 and LNCaP samples, respectively. Each PDA-66 treatment
group (12 or 24 h) was compared to the respective control
cells treated with DMSO. After multidimensional scaling and
plotting of the data, one PC-3 DMSO treated control sample
was identified as outlier and was excluded from further analyses
so that the PC-3-24 h-DMSO group consisted of only two
independent samples. Genes with a false discovery rate adjusted
p-value (FDR) of < 0.001 were considered to have significantly
different expressions compared to the control samples. These
genes were mapped to the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways for functional enrichment
analyses using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) Functional Annotation Tool (32,
33) (DAVID, RRID:SCR_001881).

RESULTS

PDA-66 and PDA-377 Cause Morphological
Changes
May-Grünwald-Giemsa staining revealedmorphological changes
in the three tested cell lines (Figure 1). Incubation with 5µM
PDA-66 caused an increased amount of large multinucleated cells
as well as cells with pyknotic nuclei and karyorrhexis. Moreover,
the cells aggregated in clusters and their cytoplasmic borders
loosened. In LNCaP and CT1258 cells, 24 h after high-dose

(15µM) PDA-66 application, karyorrhexis was pronounced in
most cells.

PDA-377 incubation caused no visual effects after 5µM
treatment for 72 h, and only minor effects on the PC-3 cell line
after 15µM treatment for 24 h. The morphological changes on
LNCaP and CT1258 cells were similar to PDA-66 incubation but
less pronounced.

Time-lapse imaging movies of the three PCa cell lines
showing the cellular response to 5 and 10µM of either PDA-
66 or PDA-377 as well as the control groups are given for
demonstration (Supplementary Movies 1–15). Moreover, the
formation of enlarged multi-nucleated cells as well as apoptosis
during or shortly after mitosis was observed at higher PDA
concentrations (Figure 2).

PDA-66 and PDA-377 Inhibit Proliferation
of Prostate Carcinoma Cell Lines
PDA-66 exposure demonstrated an inhibitory effect on both
human cell lines and the canine cell line determined by BrdU
proliferation assay (Figure 3). Application of 2.5µM PDA-66
resulted in a significant decrease in the proliferative index in PC-
3 and LNCaP cells 24 h after treatment. Moreover, PC-3 cells
displayed significantly slower proliferation at 1.0µM PDA-66
exposure after 48 and 72 h. Proliferation was reduced to 50%
compared to the DMSO-exposed controls at 2.5µM PDA-66 for
PC-3 and at 5.0µM for LNCaP cells after 72 h. Compared to the
human cell lines, inhibition of proliferation of the canine cell line
CT1258 was delayed, but was also more pronounced after 72 h
post PDA-66 application, starting with concentrations of 0.5µM.
For all cell lines, the proliferative index did not drop below
25%. IC50 values were 2.07µM (PC-3), 4.23µM (LNCaP), and
2.19µM (canine cell line CT1258) after a 72 h incubation period.

Incubation with PDA-377 also led to a significant decrease in
the proliferative index in all tested cell lines. PC-3 and LNCaP
cells were inhibited at concentrations of 0.5µM and 0.25µM
PDA-377 after 48 h. However, proliferation did not drop below
50% compared to the control samples for all tested incubation
times and doses in the two human cell lines. For the canine cell
line CT1258, the proliferative index dropped below 10% with an
IC50 of 3.14µM after a 72 h incubation period. Compared to
PDA-66, PDA-377 treatment displayed a weaker inhibition on
the human cell lines, especially within the first 24 h and a slightly
stronger effect on the canine PCa cell line.

PDA-66 Induces Apoptosis
Consistent with live cell imaging observations and the
proliferation assay, a significant change in the total number
of cells was observed 48 h after PDA-66 application in all tested
cell lines compared to their tested control cells (Figure 4). While
the control cells showed a steady increase in cell numbers over
time and at least doubled within 72 h, the number of PDA-66
treated cells decreased. The decrease below the amount of seeded
cells (5× 104) indicated the induction of cell death.

PDA-66 significantly induced apoptosis in all three PCa
cell lines compared to the DMSO-exposed controls at different
concentrations (Figure 5, representative dot blots are given
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FIGURE 1 | PC-3, LNCaP, and CT1258 cells were grown on microscope slides and incubated with both PDA derivatives for either 72 h with 5µM PDA or 24 h with

15µM. Representative pictures are displayed. After incubation with PDA-66, cells tend to aggregate and the cytoplasmic border loosens. Multinucleated cells,

pyknosis (white arrows) and karyorrhexis (black arrows) can be determined. Post PDA-377 application, only minor morphological changes can be observed in PC-3

cells. In LNCaP and CT1258 cells, the reactions of cytoplasm and nucleus are similar to incubation with PDA-66.

in Supplementary Figure 1). Application of 2.5µM PDA-66
led to an increase in both early and late apoptotic cells in
the two human cell lines after 72 h, reaching up to 35.8%.
The rate of late apoptotic/dead cells even increased to 43%
in LNCaP cells after incubation with 5µM PDA-66. In the
canine cell line, early apoptotic induction increased over time
for all concentrations up to 13.4% (72 h, 15µM PDA-66),
while the rate of late apoptotic/dead cells varied between 20.9
and 52.7%.

Transcriptomic Analyses of PDA-66
Treated Prostate Carcinoma Cells
All cell lines displayed a higher number of differentially expressed
genes (DEG; FDR < 0.001) after 12 h compared to the 24 h
treatment groups (Table 1), correlating with larger distances
between clusters of the multidimensional scaling (MDS) plots
and the control samples (Supplementary Figure 2). PC-3 and
CT1258 cells showed more than 4,000 DEG after a 12 h and 24 h
incubation period with PDA-66. In the LNCaP cell line, there
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FIGURE 2 | Two fates of PC-3 cells exposed to 5µM PDA-66. Live cell imaging pictures show the same cell and image section during a 72 h incubation period.

(A–D) apoptosis of cell in blue circle; (A) start of live cell imaging; diploid cell; (B) cell becomes round/detached in preparation for cell division; (C) formation of

apoptotic bodies; (D) dead cell; (E–J) mitotic slippage of cell in red circle; (E) start of live cell imaging; diploid cell; (F) cell becomes round/detached in preparation for

cell division; (G) two daughter cells with unbalanced distribution of chromosomes; (H,I) daughter cells merge again; (J) survival of a tetraploid/multi-nucleated cell.

Please see Supplementary Material for the full movie.

FIGURE 3 | PC-3, LNCaP and CT1258 cells were exposed to increasing concentrations of PDA-66 and PDA-377 ranging from 0.25 to 10µM and up to 25µM in the

case of CT1258. The cells were incubated for 24, 48, and 72 h, respectively. BrdU proliferation assay was used to determine the proliferative index. The results are

expressed as a percentage of the DMSO-exposed control cells. The diagrams show the mean ± standard deviation of eight measurements. Significance of a treatment

effect compared to the respective DMSO control (white bar) was determined using Dunnett’s Multiple Comparison Test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

Frontiers in Veterinary Science | www.frontiersin.org 6 January 2021 | Volume 7 | Article 558135

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Schille et al. PDA Indolylmaleimides Prostate Cancer Effects

FIGURE 4 | PC-3 cells were incubated with 2.5µM PDA-66, LNCaP cells with 5µM PDA-66 and CT1258 cells with 15µM PDA-66 for 24, 48, and 72 h. After the

incubation period, cells were counted via automatic cell counter. The diagrams show the mean ± standard deviation of three independent counting experiments.

Significance of a treatment effect compared to the DMSO control was determined using the student’s t-test. *, p < 0.05; ***, p < 0.001.

FIGURE 5 | PC-3 cells were exposed to 0.5, 1.0, and 2.5µM PDA-66, LNCaP cells were exposed to 1.0, 2.5, and 5.0µM PDA-66, and CT1258 cells were exposed

to 7.5, 10, and 15µM PDA-66 for 24, 48, and 72 h, respectively. As a reference, DMSO-exposed cells were analyzed. Analysis of apoptosis was performed using

Annexin V-FITC and propidium iodide (PI) staining with subsequent flow cytometry analysis. Rates of vital (FITC-, PI-) early apoptotic (FITC+, PI-) and late apoptotic

(FITC+/-, PI+) cells are displayed as the mean ± standard deviation of three independent measurements. Significances compared to the DMSO control were

determined using Dunnett’s multiple comparison test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

were only up to 479 DEGs. Therefore, we focused on LNCaP for
the KEGG pathway analysis (Table 2) with corresponding PC-3
and CT1258 values in comparison. Cell cycle, DNA replication
and p53 signaling pathway were the only KEGG pathways
significantly enriched (FDR < 0.05) in all three cell lines.
Within these three pathways, 38 genes showed at least three
significant values compared to the corresponding controls for
the six analyzed groups and were further analyzed (Figure 6).
The fold change pattern was highly consistent between the six

groups. Within the relevant 38 genes, only five genes were
inconsistent in the direction of their deregulation (upregulated
vs. downregulated) across the three cell lines.

DISCUSSION

In the present study, the effects of PDA-66 and PDA-377,
two indolylmaleimide derivatives, were comparatively evaluated
on three prostate carcinoma cell lines with a diverse genetic
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background. The human PC-3 and LNCaP cells are among
the most used and best described PCa cell lines (34, 35), both
established from metastatic adenocarcinomas. While PC-3 is
androgen-independent (36), LNCaP is described as androgen-
sensitive (37, 38). Well-characterized canine PCa cell lines are
rare. Herein, CT1258 was used, a canine cell line derived by our
working group from a metastatic adenocarcinoma, which has
been previously established and characterized (26, 39–42).

Both PDA derivatives caused two distinct morphological
changes in all tested cell lines. Live cell imaging and May-
Grünwald-Giemsa staining revealed clear apoptotic features
through observed pyknosis and karyorrhexis in May-Grünwald-
Giemsa staining as well as the formation of apoptotic bodies in
live cell imaging. These features match the proposed mechanism

TABLE 1 | Number of differentially expressed genes (DEGs) in treated prostate

carcinoma cell lines compared to control samples.

Cell line Application DEGs

PC-3 15µM PDA-66, 12 h 5,198

LNCaP 15µM PDA-66, 12 h 479

CT1258 15µM PDA-66, 12 h 5,316

PC-3 15µM PDA-66, 24 h 4,013

LNCaP 15µM PDA-66, 24 h 205

CT1258 15µM PDA-66, 24 h 4,289

of induced mitotic arrest and subsequent MD. Secondly, some
enlarged multinucleated cells formed. Cells can overcome the
mitotic arrest before MD is triggered; a process known as
slippage. After DNA replication in the S phase and escaping
the mitotic arrest, these cells fail cytokinesis and/or the
equal distribution of chromosomes, leading to enlarged multi-
nucleated cells similar to those we observed (22, 43, 44).

Proliferation was measured via BrdU assay to quantify growth
inhibition seen in live cell imaging. PDA-66 caused significant
and dose-dependent anti-proliferative effects in all tested PCa
cell lines. The herein demonstrated doses to inhibit proliferation
significantly by at least 50% were between 5 and 10µM PDA-
66 within 72 h. The analyzed PCa cell lines were slightly less
sensitive compared to other neoplastic cell lines like human
neuroblastoma, human acute lymphoblastic leukemia or canine
lymphoma (15–17). Consistent with live cell imaging movies,
a significant reduction in total cell count and induction of
apoptosis were separately quantified after PDA-66 incubation in
all cell lines.

PDA-377 also induced anti-proliferative effects in all tested
cell lines. However, for both human cell lines, the inhibition
of proliferation was limited and most likely dose-independent,
as a comparable decrease in proliferation was measured for
almost all tested concentrations after 48 h. The proliferative
index did not drop below 50%. In the canine cell line, the
proliferation inhibition was clearly dose-dependent. After a 72 h
incubation period, the proliferative index dropped below 10%
with an IC50 of 3.14µM. PDA-377 may be suitable for the

TABLE 2 | KEGG pathways in LNCaP cells with an FDR < 0.05 and the corresponding values of these pathways in PC-3 and CT1258 cells after 12 h (A) and 24 h (B) of

PDA-66 exposure.

(A) LNCaP PC-3 CT1258

KEGG pathways, 12h PDA-66 Genes FDR Genes FDR Genes FDR

Cell cycle 29 4.99E-18 54 8.79E-04 69 2.87E-09

DNA replication 14 3.29E-11 23 1.82E-04 22 1.99E-03

p53 signaling pathway 10 7.24E-04 30 2.98E-02 38 1.49E-05

Fanconi anemia pathway 9 8.06E-04 23 1.60E-01 32 8.51E-06

Retinol metabolism 8 1.88E-02

Base excision repair 6 1.96E-02 16 1.84E-01 20 8.62E-03

Pyrimidine metabolism 10 2.00E-02 35 7.51E-01 44 3.77E-03

Progesterone-mediated oocyte maturation 9 2.46E-02 45 7.43E-05

Mismatch repair 5 3.46E-02 11 5.62E-01 17 6.13E-04

(B) LNCaP PC-3 CT1258

KEGG pathways, 24h PDA-66 Genes FDR Genes FDR Genes FDR

Cell cycle 14 6.44E-08 46 1.16E-03 54 1.01E-11

Retinol metabolism 7 2.18E-03

DNA replication 5 1.36E-02 24 5.55E-07

p53 signaling pathway 6 2.02E-02 21 5.88E-01 27 4.16E-05

Metabolism of xenobiotics by cytochrome P450 6 3.12E-02

Chemical carcinogenesis 6 4.35E-02

Missing values showed no enrichment of genes for this pathway.

Frontiers in Veterinary Science | www.frontiersin.org 8 January 2021 | Volume 7 | Article 558135

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Schille et al. PDA Indolylmaleimides Prostate Cancer Effects

FIGURE 6 | DEGs belonging to the KEGG pathways p53 signaling pathway, cell cycle and DNA replication after PDA-66 exposure. Numbers given for each gene are

the fold changes expressed as logarithmized ratios (base 2) in the PCa cell lines after 12 and 24 h. Values highlighted in red or blue indicate significantly higher or lower

expression compared to the DMSO control. Non-highlighted values were not significantly different (FDR ≥ 0.001).

treatment of prostate cancer in dogs. Nevertheless, no further
testing with this substance was conducted, as the limited effect on
the human cell lines contradicts the cross-species approach with
dogs as a model to generate transferable findings to the benefit of
both species.

To confirm whether MD takes place, whole transcriptome
sequencing was conducted. The transcriptome analysis revealed
the KEGG pathways cell cycle, p53 signaling pathway and DNA
replication to be the only pathways with an enrichment of
genes across the three PCa cell lines exposed to PDA-66. Other

known microtubule-depolymerizing agents, like Vinca alkaloids
or colchicine-binding site drugs, lead to failures inmitotic spindle
formation and therefore chromosome segregation, which triggers
the spindle assembly checkpoint (SAC; mitotic checkpoint).
SAC activation causes mitotic arrest in the metaphase of
the M phase of the cell cycle. Within the enriched KEGG
cell cycle pathway, several important genes involved in SAC
are upregulated after PDA-66 exposure, e.g., BUB1B, CDC20,
CDK1, and MAD2. These DEGs are commonly involved in
MD (20, 21, 45, 46).
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MD resembles intrinsic apoptosis, and p53 and its pathway
play a major role in most cells undergoing MD (19, 21,
46). Little is known about the downstream targets of SAC
that trigger MD following a prolonged mitotic arrest (20),
but the upregulated cyclin-dependent kinases CDK1 and
CDK2, normally known for cell cycle progression, are directly
linked with apoptosis after stress events like a mitotic
arrest (47, 48).

Interestingly, there was also an upregulation of genes involved
in G1/S phase cell cycle progression and DNA replication,
especially within the two human cell lines. Given the M
phase cell cycle arrest induced by SAC, an enrichment of
S phase transcripts is unexpected. Moreover, G1/S phase
transcripts were downregulated in canine lymphoma cell lines
after PDA-66 exposure (17). However, formation of enlarged
multinuclear cells, as observed in the PCa cell lines, has not been
described for these lymphoma cells post PDA-66 incubation.
These multinuclear cells have three possible fates: Post-slippage
cell death (before re-entering mitosis), senescence or further
proliferation (43, 49, 50). Senescent polyploid cells, locked in
the next interphase after slippage, might be an explanation for
the enrichment of G1/S phase transcripts seen in the PCa cell
lines after PDA-66 application. For example, tumor suppressor
BRCA1was significantly upregulated compared to the controls in
all PCa cell line samples post PDA-66 exposure (data not shown),
a gene that plays an important role in interphase checkpoint
activation (51).

The observed morphological changes and the transcriptome
analysis match other anti-mitotic drugs causing MD. While
most cells die as a result of this intrinsic cell death, some cells
remain in a polyploid state after mitotic slippage. These cells are
usually senescent and therefore incapable of further proliferation.
However, they bear the risk of reinforcing the tumor, as their
potential proliferation can lead to aneuploid cells, a hallmark of
cancer (43, 49, 50, 52). The selection of aneuploid karyotypes
promotes aneuploidy tolerance, a major driving force in cancer
evolution and drug resistance (46, 52). Docetaxel, the first-
line treatment for castration-resistant prostate cancer in men,
is also an anti-mitotic drug causing microtubule perturbations.
Similar to PDA-66, treating PC-3 cells with Docetaxel generates
multinucleated polyploid cells, which have been linked to clinical
relapse and chemoresistance (53). While slippage limits the
effectiveness of anti-microtubule drugs, these substances have
been proven successful in clinics and are commonly used in a
variety of malignancies in addition to PCa (18, 20, 49, 50).

PCa cell lines of human and canine origin showed comparable
cellular and molecular reactions, including significant inhibition
of proliferation and induced apoptosis after PDA-66 incubation.
Furthermore, efficacy of PDA-66 was not influenced by the
androgen status of the cell line. As PDA-66 mediates its
effects in a hormone-independent manner through microtubule
destabilization, the compound is suitable to be used in
androgen-dependent as well as -independent PCa subtypes.
Based on the findings of this study, PDA-66 appears to
be a worthwhile agent for further evaluation and potential

treatment of PCa in dogs and, if successfully introduced, also
in humans.

The cellular and molecular in vitro characterization of PDA-
66 effects on PCa cells encourage, as a next step, to initiate
an early clinical trial in dogs to evaluate the compound in
naturally occurring PCa in the presence of an immune system.
First, however, a pharmacokinetic study in dogs needs to be
performed. An early study in mice revealed that i.p. application
of 100 mg/kg PDA-66 once per day was well-tolerated (17).
The value for humans will be enhanced by the fact that
dogs have several advantages over laboratory models, e.g.,
mice for comparative pharmacokinetics, as dogs represent an
outbred non-immunodeficient model population. As companion
animals, dogs are exposed to the same environmental risk factors
as humans and the parallel evolution of humans and dogs led
to a more similar genomic organization compared to rodents
(54–57). Treatment of spontaneously occurring PCa in dogs can
provide additional valuable information that can benefit both
humans and dogs.
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