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ABSTRACT

Ruthenium is popular as a metal core for chemotherapeutics, due to versatile molecular coordination. Because new
metallodrugs are synthesized at high rates, our studies included assays in zebrafish to expedite the initial evaluation as
anticancer agents. Here we evaluated novel metallodrugs (PMC79 and LCR134), and cisplatin, a widely used platinum-based
chemotherapeutic. We hypothesized that this model could characterize anticancer properties and recapitulate previous

in vitro results in vivo. Our findings suggest anticancer properties of PMC79 and LCR134 were similar with less toxicity than
cisplatin. Exposures from 24 to 72 h at or below the LOAELs of PMC79 and LCR134 (3.9 uM and 13.5 pm, respectively),
impaired blood vessel development and tailfin regeneration. Blood vessel examination through live imaging of larvae
revealed distinct regional antiangiogenic impacts. The significant decrease in gene expression of the VEGF-HIF pathway and
beta-actin could explain the morphological effects observed in the whole organism following exposure. Tailfin amputation
in larvae exposed to PMC79 or LCR134 inhibited tissue regrowth and cell division, but did not impact normal cell
proliferation unlike cisplatin. This suggests Ru drugs may be more selective in targeting cancerous cells than cisplatin.
Additionally, in vitro mechanisms were confirmed. PMC79 disrupted cytoskeleton formation in larvae and P-glycoprotein
transporters in vivo was inhibited at low doses which could limit off-target effects of chemotherapeutics. Our results
demonstrate the value for using the zebrafish in metallodrug research to evaluate mechanisms and off-target effects. In
light of the findings reported in this article, future investigation of PMC79 and LCR134 are warranted in higher vertebrate
models.
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Platins or platinum-based metallodrugs are widely used in can- Lieberthal et al., 1996; NCI 2014). Ruthenium (Ru) has become
cer treatment, however their efficacy is restricted by dose- popular as a metal core due to its structural versatility (Abid
limiting side effects and drug resistance (Hall et al, 2008; et al., 2016; Alessio et al., 2004; Lin et al., 2018) and has shown a
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organisms.

The objective of this research was to assess the specific modes of action for novel metallodrugs in a higher through-put model
than rodents. The zebrafish model allows for mechanistic examination of whole organism effects, specific tissue effects, cellu-
lar and subcellular targets in an intact eukaryotic system. The culmination of this work has shown the zebrafish model as a
powerful platform for the evaluation of novel Ru metallodrugs as well as their promising candidacy for evaluation in higher

potential to out-perform the platins in terms of decreased toxic-
ity and targeted efficacy (Noffke et al, 2012). Two Ru-based
drugs, NAMI-A and KP1019, had successfully entered clinical tri-
als. NAMI-A, demonstrated antimetastatic properties in preclin-
ical trials and did not recapitulate these results in patients.
KP1019 showed anti-solid tumor effects and is currently being
re-trialed using its sodium salt NKP1339/IT-139 (Alessio and
Messori, 2019; Burris et al.,, 2016; Leijen et al.,, 2015; Lipponer
et al., 1996; Trondl et al., 2014). Improvements in these metallo-
drugs involved manipulating the molecule to target characteris-
tics of cancer, thereby improving delivery and limiting off-
target effects.

Here we compare two Ru(ll)-cyclopentadienyl (Cp)—(n°-
CsHs) compounds as potential anticancer agents: PMC79, the Cp
parental compound, and LCR134, a Cp derivative conjugated
with biotin with the structures [Ru(n>-CsHs)(PPhs)(2,2’-bipy-4,4-
CH,OH)]" and [Ru(n>-CsHs)(PPhs)(2,2'-bipy-4,4-dibiotin ester)]*,
respectively (Figure 1) (Corte-Real et al., 2019; Corte-Real et al.,
2019; Karas et al., 2019). These compounds belong to a novel
class of Ru-based compounds which bear an organometallic
fragment with proved cytotoxicity and improved aqueous sta-
bility (Moreira et al., 2019). Additionally, LCR134 contains two
biotins (vitamin B7) in its structure for active targeting.
Vitamin-drug targeting is a well-documented approach and is
attributed to the upregulated expression of vitamin receptors
on cancer cells from increased metabolic activity (Chen et al.,
2010; Shi et al., 2014). Specifically, the biotin receptor, sodium-
dependent multivitamin transporter, is overexpressed in vari-
ous cancer cell lines (Ren et al., 2015; Tripodo et al., 2014).

The zebrafish model has become a powerful tool for screen-
ing large numbers of compounds and is in a unique position to
provide a robust evaluation of in vitro endpoints. Zebrafish are
an asset to pharmacology and toxicology as this model allows
for examining adverse outcome pathways, in which cell culture
lacks the complexity and rodent model are cost limiting. Large
screening for drug activity and toxicity have been conducted in
zebrafish and successfully identified compounds to be tested in
clinical trials (Leonard and Randall, 2005; Santoriello and Zon,
2012; Tan and Zon, 2011). The aim of this study was to use an
in vivo eukaryotic model to determine if alterations observed
in vitro would be observed in the zebrafish model involving
multiple cellular and organ systems. We hypothesized that an-
ticancer activity initially discerned from in vitro studies would
be confirmed in the context of a whole organism.

First, we established organism tolerability of PMC79 com-
pared with our previous studies of LCR134 and cisplatin
(Supplementary Tables 1 and 2) (Corte-Real et al.,, 2019; Karas
et al., 2019). Using these data, we conducted gene expression
analysis of key components of the VEGF-HIF pathway, which
are highly conserved across vertebrates (Liang et al., 2001).
Overexpression of these genes are correlated with poor patient
prognosis, metastasis, and tumor resistance (Baba et al., 2010;
Campbell et al., 2019; Chen et al., 2014; Zhan et al., 2017). In tan-
dem, we conducted antiangiogenesis and regeneration studies

with markers of proliferation. Not only can we utilize the zebra-
fish model to assess direct toxicity at different levels of organi-
zation, the tailfin regenerating model can be used to examine
wound repair processes that incorporate a number of genes
that are relevant to tumor invasion and angiogenesis.
Angiogenesis is pivotal in cancer progression as it provides a
mechanism by which rapidly growing tissue can acquire
nutrients, oxygen, and deplete toxic waste. In the developing
zebrafish embryo angiogenesis and later in development vascu-
lar genesis/sprouting occurs, which allows for examination of
both processes. Furthermore, angiogenesis is a hallmark of me-
tastasis as blood vessel development provides an opportunity
for cancerous cells to migrate (Zetter, 1998). Zebrafish can re-
generate certain tissue including the fins. The caudal fin located
at the posterior end of the body makes it easily accessible for
surgical amputation. Larval fin regeneration offers an assay to
assess impaired proliferation and remodeling of tissue. Fin re-
generation allows for the examination of multiple factors and
endpoints relevant to cell proliferation, migration, and differen-
tiation. In our studies, LCR134 and PMC79 inhibited proliferation
and regeneration with less toxicity than cisplatin. Additionally,
our results showed that PMC79 exposure impaired site-specific
angiogenesis.

According to previously published in vitro results, PMC79
accumulates in the membrane of cancer cells and causes disor-
ganization of the cytoskeleton, specifically by depolymerization
of F-actin (Moreira et al., 2019). Cytoskeleton inhibitors are a
class of anticancer compounds which prevent cancerous cells
from dividing. Early exposure of PMC79 to developing larvae
confirmed cytoskeletal disorganization. Although LCR134 also
accumulates in the cell membrane, its cellular interactions are
distinct. PMC79 is transported by P-glycoprotein efflux trans-
porter (P-gp pump), whereas LCR134 causes an inhibition of P-
gp pump specific activity in NIH3T3 cells overexpressing this
transporter (Corte-Real et al., 2019). This transporter is responsi-
ble for removing drugs from sites of action resulting in low effi-
cacy and increased resistance. This resistance is correlated with
poor prognosis and remains a limitation for chemotherapeutic
treatment (Chung et al. 2016). As such, strategies to overcome P-
gp-mediated resistance have become a target of drug develop-
ment. The zebrafish studies were carried out to examine if simi-
lar effects could be reproduced in an in vivo model and a
relevant vertebrate dose. Zebrafish express genes orthologous
to ABCB1 called abcb4 and abcb5 that form a protein with similar
structure, function, and pharmacological response (Cunha et al.,
2017; Fischer et al., 2013; Zhu et al., 2019). These similarities have
resulted in the successful use of the zebrafish model in evaluat-
ing P-gp protein activity. Specifically, the inhibition of this
pump in zebrafish could have translational relevance result for
overcoming chemotherapeutic resistance. We previously dem-
onstrated that LCR134 can inhibit human P-gp in vitro (Corte-
Real et al., 2019) and sought to investigate the clinical translat-
ability of the zebrafish proteins. This endpoint has implications
in chemotherapeutic treatment, as this transporter is one of the



most prominent causes of multidrug resistance (Pluchino et al.,
2012; Shaffer et al., 2012).We investigated the ability of LCR134
to inhibit a homologous P-gp protein in zebrafish, Abcb1, both
by cell culture flow cytometry and waterborne exposure in
zebrafish larvae. Together, these studies provide evaluation of
highly conserved and translatable biological processes that are
critical targets of chemotherapeutic treatment.

MATERIALS AND METHODS

Zebrafish husbandry. The AB or the eGFP vascularly labeled trans-
genic Tg(flil: EGFP)y* strain zebrafish (Zebrafish International
Resource Center, Eugene, Oregon) was used for all experiments.
Breeding stocks less than 2 years postfertilization were bred and
housed in Aquatic Habitats (Apopka, Florida) recirculating sys-
tems under a 14/10h light/dark cycle. System water was
obtained by carbon/sand filtration of municipal tap water and
water quality was maintained at <0.05ppm nitrite, <0.2ppm
ammonia, pH between 7.2 and 7.7, and water temperature be-
tween 26°C and 28°C. All experiments were conducted in accor-
dance with the zebrafish husbandry protocol and embryonic
exposure protocol (no. 08-025) approved by the Rutgers
University Institutional Animal Care and Use Committee. Males
and females were maintained separately and co-mingled the
night before breeding to allow spawning the next morning.
Embryos were collected within 1h after fertilization, removed of
unfertilized embryos and stored in egg water (60 pg/ml Instant
Ocean in DI water) until treatment.

Inductively coupled plasma-mass spectrometry (ICP-MS). Ru and cis-
platin concentrations in solution and larval tissue were quanti-
fied by high-resolution ICP-MS (Nu Instruments Attom,
Wrexham, UK). Data were recorded by the Attom software
(Attolab v.1) as outlined previously (Karas et al., 2019).

Metallodrug treatment and morphometric analysis. A modified fish
embryo acute toxicity OECD protocol (OECD, 2013) was used in
order to establish adverse outcomes and tissue development
during PMC79 exposure. All treatments including the vehicle
controls were maintained at or below 0.05% DMSO, a nontoxic
dose previously established (Maes et al., 2012). In the solvent
control, no adverse effects were identified. Daily observations of
individually housed embryos were recorded and included the
following: death, lesions, yolk sac edema, and hemorrhaging.
Zebrafish embryos were exposed to concentrations of PMC79
solutions (mg/l) at 0.05% of DMSO in individual glass vials
through a waterborne exposure from 3hours postfertilization
(hpf) until 120 hpf (5days) in a static nonrenewal protocol.
Nominal zebrafish dose response concentrations 0, 3.1, 6.2, 9.2,
12.4mg/l were determined using derivatives of an ICso value
(3.1mg/l) established following A2780 human ovarian cancer
cells after 72 h (Corte-Real et al., 2019). These doses were analyti-
cally determined to contain 0, 0.17, 0.44, 0.66, and 0.76 mg/l of
Ru in previous work (Supplementary Tables 1 and 2) (Karas
et al., 2019). The exposure vials were continuously rocked on
shaker platforms at 26°C for the duration of the study to insure
constant egg exposure. PMC79 experiments were conducted as
static nonrenewal. The dose response curve and morphometric
analysis was conducted identically to previously published
works for LCR134 and cisplatin in which two independent
experiments from two different clutches were assessed (Corte-
Real, 2019; Corte-Real, 2019; Karas, 2019, 2020). Each concentra-
tion included 20-30 larvae for a total of 40-60 independent bio-
logical replicates. The controls had >90% survival rate. Lesion
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presence and death were recorded, during the major stages of
organ development. A randomized portion of larvae surviving
at the end of the toxicological experiment (120 hpf) were used
for morphological data and included total body length as an in-
dication of growth and development, pericardial sac size to
evaluate cardiovascular impacts, yolk sac size for metabolic
function and nutrient deposition and intraocular distance as an
indication of craniofacial development (Supplementary Figure
1). Remaining larvae were quantified by ICP-MS Ru quantifica-
tion analysis previously reported (Karas et al., 2019).

Blood vessel measurements. Zebrafish blood vessel formation is
very characteristic and has been thoroughly investigated.
Development begins at around 12 hpf with all functioning vas-
culature developed by 72 hpf. A circulatory network containing
the dorsal aorta (DA) and axial vein form around 24 hpf and
blood circulates adjacent to the yolk sac through the Ducts of
Cuvier (a large blood circulation sinus on the yolk sac where an-
terior and posterior cardinal vessels join) to begin sprouting of
the subintestinal vessels (SIVs) into the gut (Fouquet et al., 1997;
Kimmel et al., 1995; Serbedzija et al., 1999).

Group-housed Tg(flil: EGFP)y' zebrafish embryos were
treated with negative controls (egg water with 0.05% DMSO), a
positive control of 23mg/l sorafenib, a multikinase inhibitor
that targets tumoral angiogenesis, and is used in the treatment
of metastatic cancers, based on previously establish literature
(Chimote et al., 2014), or doses of PMC79 or LCR134 at or below
the lowest observed adverse effect level (LOAEL) established
previously (Corte-Real et al., 2019; Karas et al., 2019). The treat-
ments were conducted in 20 ml glass vials through a waterborne
exposure beginning at 3hpf in a static nonrenewal solution.
Live animal imaging was conducted by anesthetizing larvae at
72 hpfin a 0.01% concentration of tricaine mesylate (MS-222) so-
lution. This time point was selected in order to overlap with
blood vessel development which begins at around 12 hpf with
all functioning vasculature developed by 72 hpf. Larvae were
then transferred onto 35mm glass bottom dishes in 5% methyl
cellulose and imaged using an Olympus TH4-100 inverted mi-
croscope with X-cite 120 Fluorescent Illumination. The subin-
testinal basket (SIV) area and branching number, and the
intersegmental blood vessels (ISV) were measured using NIH
Image] software. Three experimental replicates were con-
ducted; N =39-80.

In vivo reverse-transcriptase (RT) quantitative PCR. Group-housed
zebrafish embryos were exposed to either egg water with 0.05%
DMSO vehicle or doses of PMC79 or LCR134 at or below the
LOAEL established previously (Corte-Real et al., 2019; Karas et al.,
2019). All treatments contained at or below 0.05% of DMSO. The
treatments were conducted in 20 ml glass vials through a water-
borne exposure beginning at 3hpf static nonrenewal solution.
At 24h, samples were rinsed 3xs with DI water and snap frozen
in liquid nitrogen. This exposure time was chosen due to the
high expression of the genes of interest during initial develop-
ment. The genes investigated included vascular endothelial
growth factors (vegfa and c), a mitogenic factor for angiogenesis;
wingless-related integration (wnt 3a and 8a), critical for upregu-
lating vegf, cell growth, proliferation, and migration; as well as
an inducer for all of these genes, hypoxia inducible factor o
(hifla). Total RNA was isolated from 50 embryo composite sam-
ples using RNAzol (Sigma-Aldrich). Reverse transcription was
performed on 1 pg aliquots of RNA to produce cDNA for RT-PCR
using a High-Capacity cDNA Reverse Transcription Kit
(Thermofischer) using a PTC-200 Peltier Thermal Cycler. RT-PCR
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Figure 1. Chemical structures of PMC79 and LCR134. Two cyclopentaldienyl ruthenium (Ru) metallodrugs: PMC79 (left) the parental compound, and LCR134 (right) con-

taining 2 biotin conjugated to the bipyridine ligand.

reactions were performed in triplicate using PowerUp SYBR
Green Master Mix (ThermoFischer) and the primers listed in
Supplementary Table 3. cDNA amplification was performed for
40 cycles on a QuantStudio 3 (Applied Biosystems) and recorded
with QuantStudio Design and Analysis Software and analyzed
in Thermocloud (ThermoFischer). Analysis was conducted as
AACT using 28S as an endogenous control. Three experimental
replicates were conducted; N=09.

Tail fin regeneration and PCNA/DAPI staining. Tg(flil: EGFP)y" strain
zebrafish embryos were raised to 48 hpf and anesthetized in
0.01% MS-222. Tail fins were manually cut using a razor blade
posterior to the notochord. Immediately following amputation,
larvae were imaged and individually housed. Larvae were
treated with either egg water with DMSO vehicle or doses of
PMC79 or LCR134 at or below LOAEL, as established previously,
for 24 h (Corte-Real et al., 2019; Karas et al., 2020). This exposure
time was selected based on the amount of time necessary for
tissue regeneration and recovery. All treatments contained at or
below 0.05% of DMSO and 5 x 10°% methylene blue to inhibit
bacterial growth. At 24 hours postamputation (hpa), larvae were
reimaged, sacrificed, and fixed in 4% paraformaldehyde (PFA)
for 2-4h at room temperature (RT). Fixed larvae were rinsed
with PBS-T (rinse indicates 3xs for 5 min with phosphate-
buffered saline + 0.1% Tween-20 [PBS-T]) and dehydrated in a
methanol/PBST gradient (25%, 50%, 75%, 100%; 5 min each) and
stored at —20°C until rehydration was conducted in the reverse
gradient. After rehydration, larvae were PBST rinsed, and subse-
quently washed (1x; 5min) and incubated in 150 mM Tris HCI,
PH 9.0 incubate at 70°C for 15 min. Larvae were then permeabi-
lized in prechilled acetone at —20°C for 10 min. Samples were
then incubated in 10% normal horse serum (NHS)/PBST blocking
buffer at 4°C for 3h and subsequently anti-PCNA antibody
[PC10] (ab29) (Abcam, Cambridge, UK) 1:500 NHS at rocked at 4°C
for 3days. Samples were then washed in 1% NHS block (5xs; 10
min) and incubated with DyLight 549 Horse Anti-Mouse IgG
Antibody (Vector Labs) 1:1000 NHS at 4°C rocking for 2days.
After secondary incubation, samples were PBS-T rinsed and
stored in Vectashield Antifade Mounting Medium with DAPI
(Vector Laboratories, Burlingame, California) until fluorescent
confocal imaging. Z-stack images were taken on an Olympus

FV1000MPE microscope (Olympus XLPlan N 25x objective NA
1.05) in 3um step size. Z-stacks were compressed and Image]J
was used to count DAPI, PCNA and co-stained cells. Three ex-
perimental replicates were conducted and images were blinded,;
N =29-66.

Cytoskeletal evaluation. Group-housed Tg(flil: EGFP)y" strain zebra-
fish embryos were collected and treated at 3 hpf with egg water
with DMSO vehicle, 1pg/ml cytochalasin D (Millipore, St Louis,
Missouri) or doses of PMC79 at or below LOAEL, as established pre-
viously, for 24 h (Corte-Real et al., 2019; Karas et al., 2019). The expo-
sure time was selected to maintain consistency between
experiments and compare exposure endpoints. Additionally, these
exposure times were selected specifically during rapid develop-
mental time periods. At 24h post exposure, larvae were manually
dechorionated and fixed in 4% PFA for 2-4h at RT. Samples were
then PBS-T rinsed (2xs for 5 min with Phosphate Buffered Saline +
0.1% Tween-20 [PBS-T]) and permeabilized for 2h in PBS + 2%
Triton X100. After permeabilization, samples were PBS-T rinsed
and subsequently stained at 250nM of Acti- stain 555 phalloidin
(Cytoskeleton, Inc, Denver, Colorado) for 1h at RT protected from
light. Samples were then destained overnight and stored in
Vectashield Antifade Mounting Medium with DAPI (Vector
Laboratories, Burlingame, California) until fluorescent confocal im-
aging. Z-stack images were taken on an Olympus FV1000MPE mi-
croscope (Olympus XLPlan N 25x objective NA 1.05) in 3pm step
size. Z-stacks were compressed and Image] was used to evaluate
cytoskeletal disruption. Ten somites were evaluated for fluorescent
intensity and filament fragmentation anterior to the tapered end
of the yolk sac. Additionally, the first somite anterior and distal to
the tapered yolk was used to count the number of filaments. Three
experimental replicates were conducted. During analysis, larvae
without filaments were not considered outliers. Filament fragmen-
tation and filaments per somite counts were conducted blind,;
N=21-31

In vitro P-gp efflux assay. The ability of LCR134 to inhibit rhoda-
mine 123 (Rh123) efflux mediated by zebrafish Abcb4 or Abcb5
was examined by flow cytometry as described previously
(Robey et al., 2008). Human embryonic kidney 293 (HEK293) cells,
obtained from American Type Culture Collection (Manassas,
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Figure 2. PMC79 daily observations. Four waterborne concentrations of PMC79
(3.1, 6.2,9.3, and 12.4 mg/1) were used as exposure treatments in comparison to a
0.05% DMSO vehicle control over the course of 5days. Lethality (A) and (B)
hemorrhaging were measured cumulatively. Two experimental replicates were
conducted, the ranges of which are displayed; N =60.

Virginia), were transfected with empty vector, or vectors encod-
ing zebrafish abcb4, or abcb5. MDR-19 cells that express human
ABCB1 have been previously characterized (Robey et al., 2008).
Cells were cultured in minimum essential medium (MEM),
obtained from Mediatech (Manassas, Virginia), with 10% FBS, 1%
glutamine, and 1% penicillin and expression was enforced by
selection in 2 mg/ml G418 (Mediatech). For the efflux assay, cells
were trypsinized, transferred to a 96-well round-bottom plate,
resuspended in complete medium alone (phenol red-free MEM
with 10% FBS, 1% glutamine, and 1% penicillin) or in complete
medium with 0.5 ug/ml Rh123 (Sigma-Aldrich), with or without
the desired inhibitors—120 mg/1 of the known human ABCB1 in-
hibitor cyclosporine A (CSA) (Sigma-Aldrich) or 1, 20, or 50 uM
LCR134 and incubated for 30 min at 37°C in 5% CO,. Cells were
subsequently washed, resuspended in substrate-free complete
medium with or without inhibitors, and incubated for 1h at
37°C in 5% CO,. Cells were then washed with cold PBS and
maintained on ice until analysis. Intracellular fluorescence was
measured with a FACSCanto II flow cytometer (BD Biosciences,

Table 1. Morphometric Impacts of Three Anticancer Metallodrugs
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San Jose, California). Rh123 was detected with a 488-nm argon
laser with a 530-nm bandpass filter. At least 10 000 events were
recorded for all samples. Histograms were generated using
Flow]Jo software version 10.6.1 (Becton, Dickinson & Company,
Franklin Lakes, New Jersey).

In vivo P-gp efflux assay. At 48 hpf, AB strain zebrafish embryos
were manually dechorionated and treated with egg water with
0.05% DMSO vehicle, 120 mg/l CSA (Millipore, St Louis, Missouri)
based on previous literature (Fischer et al., 2013), or at or below
the LOAEL for LCR134. This time point was selected due to the
high expression of the zebrafish P-gp homolog. All treatments
contained at or below 0.05% of DMSO and 3mg/l Rh123
(Millipore, St Louis, Missouri). Treatments were conducted in
group housing with a maximum of 12 larvae; an N=4 per dose.
Free swimming larvae were rocked in the dark at RT for 2h.
Larvae were then rinsed in ice cold DI water, moved into fresh
vials and rinsed again 3xs. After the final rinse larvae were
transferred into microcentrifuge tubes, mechanically homoge-
nized for 1 min and sonicated for 5 min. After sonication, sam-
ples were centrifuged with a quick spin, and aliquoted onto a
black, clear bottom 96-well plate. The plate was read on a
Varioskan LUX Fluorometer. The optics were directed from the
bottom at excitation: 505nm; emission: 530nm with a band-
width of 5nm. Measurements were collected on SkanlIt RE 6.0.2
software and were averaged as measurements from 29 points
per well. Concentrations were calculated from a 10-point stan-
dard curve of Rh123 dissolved in egg water. Images were taken
immediately after treatment and rinsing. Larvae were anesthe-
tized in 0.01% MS-222 and imaged on a Zeiss Axio Observer 1
microscope with a X-Cite XFO 120 Light Source, Liquid Light
Guide and Microscope Adapter and images were collected using
ZEN 2 (Blue Edition) software. Three separate studies were con-
ducted for a total N=11-12 per treatment.

Statistical analysis. Statistical analysis was conducted using
SigmaPlot Version 11. t tests were conducted between positive
and negative controls concurrently with a 1-way ANOVA in
which metallodrugs were used at a single dose. For parametric
and nonparametric data, 1-way ANOVA (post-hoc Holm-Sidak
method) or Kruskal-Wallis 1-way analysis of variance on ranks
(post-hoc Dunn’s method) was used, respectively. Significance
levels were set at p <.05.

RESULTS

PMC79 Treatment and Morphometric Analysis

The LOAEL doses for the metallodrugs were established for
PMC79 as 0.17 + 1.7x10 >mg/] analytically determined Ru water-
borne concentration and corresponding tissue dose 0.19 * 0.05
Ru (ng/organism). LCR134 was established as 0.27+4.6 x
10~?mg/1 analytically determined Ru waterborne concentration
and corresponding tissue dose 0.30+0.06 Ru (ng/organism).

Total Body Length Intraocular Distance Yolk Sac Size Pericardial Sac Size
Cisplatin (Karas et al., 2020) =) (=) ) NC
PMC79 =) ) ) NC
LCR134 (Corte-Real et al., 2019) -) ) (+) NC

NC, no change; (-), decreased; (+), increased. Morphometric measurements conducted for three metallodrugs, including total body length, intraocular distance, yolk

sac size, and pericardial sac size indicated similar morphometric impact.
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These data indicate that a LOAEL was established for LCR134 at
approximately 1.5 fold higher than the waterborne and deliv-
ered tissue dose for PMC79.

Daily monitoring indicated that minimal lethality occurred
at all but the highest dose (12.4mg/l) of PMC79 (Figure 2A). In
contrast, yolk sac edema was observed at all but the lowest
dose (3.1mg/l) and increased in the number of afflicted larvae
after 72 hpf. Additionally, at or after 72 hpf, all but the lowest
dose had hemorrhaging identified along the heart, DA, or poste-
rior cardinal vein (PCV) with slowed heartbeats (Figure 2B). A
significant dose-dependent decrease in total body length mir-
rored with a dose-dependent increase in yolk sac size after ex-
posure to the 3 highest doses (nominal values: 6.2, 9.3, and
12.4mg/1) of PMC79 was observed. A significant decrease in the
intraocular distance of the highest three doses was observed,
and although this was not dose dependent, the threshold dose
of 3.1mg/ml appeared to have a wider range of distribution
than the top two doses. Lastly, pericardial sac did not appear to
be significantly impacted by PMC79 exposure. Because lesions
and/or lethality were observed at all doses, no NOAEL was
established for PMC79.

Delayed hatching was not observed in PMC79 or LCR134 ex-
posed embryos although it has been well established that cis-
platin causes delay hatching in zebrafish in low doses with no
lethality or additional lesions and, strikingly, up to 5days post-
fertilization (dpf).( Karas et al., 2019; 2020; Kovacs et al., 2016).
Table 1 summarizes the morphometric endpoints observed in
all 3 metallodrugs exposures. Each drug resulted in similar mor-
phometric impacts including a decrease in total body length,
and intraocular distance as well as an increase in yolk sac size.
Although, PMC79 did not significantly alter pericardial sac size,
it was the only compound tested that caused vascular damage.

Gene Expression

RNA transcript levels of several genes involved in proliferation
and angiogenesis were measured after 24 h of exposure at or be-
low the LOAELs of PMC79 and LCR134. Exposure to the parent
compound PMC79, resulted in a significant decrease in all inves-
tigated genes (except wnt3a), with hifla and wnt8a as the most
impacted at a ~0.5-fold reduction. LCR134 exposure did not re-
sult in a significant alteration of gene expression in the pathway
(Figure 3).

23 mg/L Sorafenib

Inhibited Branching

] Inhibited 1SV
No Apparent SIV

Figure 4. Zebrafish blood vessel inhibition. Exposure to the potent antiangiogenic compound sorafenib, caused severe inhibition of blood vessel development and
branching. Numbers refer to the compartments formed by subintestinal interconnecting vessels or branching. Vehicle control organisms demonstrate normal subin-
testinal vessel (SIV) development as well as intersegmental vessels (ISV). Sorafenib treated larvae demonstrated inhibited branching, SIV, and ISV formation.
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Figure 5. Basket branching. Live animal fluorescent imaging was conducted at
72 hpf. Graphs represent the average total number of compartments formed by
subintestinal basket branching after exposure to 0.05% DMSO vehicle control,
23 mg/1 sorafenib positive control, PMC79 (A) or LCR134 (B). The highest dose of
PMC79 showed a 57% reduction in the average number of compartments.
Kruskal-Wallis 1-way ANOVA on Ranks with Dunn’s post hoc was used to deter-
mine significance; * indicates p <.05. Counts were taken using ImageJ software.
N =39-80. Experiments were conducted in triplicate.

Angiogenesis Impacts

Vascular insult was investigated by assessing SIV vessel length
and corresponding area, number of interconnecting vessels
(branching) within the SIV, and inhibition of blood vessel length
extension from DA to dorsal lateral vein by an ISV to trunk
width to vessel length ratio (Chimote et al., 2014; Delov et al.,
2014; Serbedzija et al. 1999). In this study, we used sorafenib, a
multikinase inhibitor that targets tumoral angiogenesis, and is
used in the treatment of metastatic cancers. In almost all larval
exposure to sorafenib, both SIV baskets and ISV blood vessels
were severely inhibited or not formed (Figure 4). No significant
blood vessel inhibition was found in the ISV vessels or decrease
in basket area for either PMC79 or LCR134. However, PMC79
appeared to cause perturbations. The lowest dose of PMC79
caused an increase in basket area (data not shown), whereas
the highest treated dose caused a 57% reduction in SIV basket
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branching, while the highest dose of LCR134 caused a 17% re-
duction (Figure 5).

Tail Fin Regeneration

Cisplatin, PMC79, and LCR134 resulted in a significant reduction
in the total area of regenerated tail fin compared with the cut
control (Figure 6A). PMC79 and LCR134 exposure resulted in sig-
nificantly less overall DAPI-labeled cells. Tail fins were addition-
ally stained for proliferating cell nuclear antigen (PCNA) as a
marker for cells undergoing proliferation. When PCNA was con-
sidered in terms of overall DAPI (PCNA/DAPI), exposure to each
metallodrugs resulted in significantly less cel proliferation
(Figs. 6B and 6C and 7).

P-gp Efflux Regulation

Inhibited transportation of Rh123 was assessed in human
ABCB1 (P-gp), zebrafish Abcb4 and Abcb5 in vitro through flow
cytometry analysis (Figure 8). HEK293 cells were transfected to
derive human ABCB1 (P-gp), zebrafish Abcb4, and zebrafish
Abcb5 expressing cell lines. Rh123 readily diffuses across the
plasma membrane of cells, but is selectively effluxed by P-gp
transporters. As such, accumulation of this fluorescent sub-
strate indicates a lack of P-pg activity. The control group was
treated with media only and no fluorescent signal was
detected. The efflux group was treated with Rh123 only. At
120mg/1, CSA, a known human P-gp inhibitor, caused accumu-
lation of Rh123 in cells transfected with human P-gp as well as
by zebrafish Abcb4 and Abcb5. LCR134 did not appear to have
an effect on any of the transporters at 1.3mg/l, whereas
25.8mg/l was only partially effective on zebrafish Abcb4. At a
concentration of 64.6mg/l, LCR134 inhibited all of the
transporters.

P-gp pump inhibition in the whole zebrafish was evaluated
by the retention of the fluorescent substrate Rh123. CSA-treated
larvae retained approximately twice the amount of Rh123 as
control larvae (0.045 *+0.012 and 0.026 = 0.016 picomol/larvae),
whereas 2-fold LOAEL treatments of LCR134 contained 7 and
44xs higher Rh123 compared to control: 0.181+0.116 and
1.125 *+ 0.420 picomol/larvae, respectively (Figure 9). The mRNA
levels of the P-gp gene (mdrl) were analyzed in zebrafish treated
with LCR134. Relative expression of this gene was unchanged
after 24 h of exposure (data not shown).

Cytoskeletal Evaluation

Cytoskeletal disruption by PMC79 was evaluated by fluorescent
intensity, filament fragment number, and filament number
within the area of a somite (Figure 10). The 10 somites adjacent
to the yolk extension were chosen in order to observe impacts
on gradation of maturity due to anteroposterior development
(Kimmel et al., 1995). Results indicated that 3.1 and 6.2mg/1 of
PMC79 showed significant and proportional reduction in fluo-
rescent intensity as the positive control, 1mg/l Cytochalasin D
(Figure 10A). This is in agreement with the number of filaments
per somite area in which PMC79 (6.1 mg/l) and Cytochalasin D
exposure caused a significant reduction in filament density
(Figure 10B). However, Cytochalasin D exposure clearly caused a
greater decrease compared with the negative control as op-
posed to the PMC79 at 6.1 mg/] (median values: 17, 2, and 14 fila-
ments per 10* ym somite area; vehicle control, Cytochalasin D,
and 6.1 mg/l PMC79, respectively).

The number of fragments within the 10 somites anterior to
the tapering of the yolk sac were evaluated. Results demon-
strated that Cytochalasin D had approximately twice the oc-
currence of fragments compared with the negative control
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Figure 6. Caudal fin regeneration. Regeneration of caudal fins and whole mount fluorescent imaging was conducted after 24 h of regeneration in selected media: 0.05%
DMSO vehicle control, 30 mg/1 cisplatin positive control, 3.1 mg/l PMC79, and 5.8 mg/l LCR134. (A) Total area of regeneration after exposure to respective metallodrug or
vehicle control (B) DAPI-stained cells (C) the relative number of PCNA to DAPI labeled cells. Kruskal-Wallis ANOVA on Ranks was used to determine a significant effect
of metallodrugs. * indicates a significant difference analyses with post-hoc Dunn’s method (p <.05). Counts were conducted using Image] software. Three experimental
replicates were conducted: N =26-66. (D) During wound repair tail fins begin to heal by forming a wound epithelium, depicted here as a dense area of cells along the
point of amputation (upper image). Normal proliferative growth at the ventral posterior region occurs simultaneously as a blastema, or mass of proliferating mesen-
chymal cells, forms for regeneration (lower image). DAPI a cellular marker is stained as cyan and proliferating cell nuclear antigen (PCNA) a marker for proliferation is

stained red.

(medians: 25 and 13 fragments per 10* um somite area). Both
doses of PMC79 showed a decrease in the number of frag-
ments within this area compared with the negative control,
although these data were not significant (median values: 13, 9,
and 7, vehicle control, 3.1 and 6.2mg/l PMC79, respectively)
(Figure 10C). A visual comparison of the level of disorganiza-
tion in the muscle myomers caused by treatments can be seen
in Figure 10D.

The mRNA levels of beta-actin were analyzed in zebrafish
treated with 1.6 and 3.1 mg/1 PMC79. Relative expression of this
gene was significantly reduced after 24h of exposure to both
doses of the PMC79 metallodrug (Supplementary Figure 3).

DISCUSSION

Gross Morphological Impact

Morphometric analysis demonstrated that PMC79 and LCR134
exposure resulted in reduced total body length complementary
with increased yolk sac size in a dose-dependent manner
(Supplementary Figure 1). Neither Ru drugs caused delayed
hatching, unlike cisplatin exposure which results in chorionic
hardening and impaired hatching (Karas et al., 2020). All metal-
lodrugs caused a reduction in total growth and proliferation
which was mirrored by a reduction in nutrient uptake and dis-
tribution from the yolk (Corte-Real et al, 2019). In addition,
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Figure 7. Immunofluorescent labeling. Whole mount fluorescent imaging was conducted after 24 h of regeneration in selected media: 0.05% DMSO vehicle control,
30mg/1 cisplatin positive control, 3.1 mg/l PMC79, and 5.8 mg/l LCR134. The first column depicts a merged image of PCNA and DAPI, whereas the second two columns

depict DAPI and PCNA, respectively.

exposure to each metallodrugs resulted in a decrease in intraoc-
ular distance, indicating an impact on craniofacial development
at higher doses in the developing organisms. These results
could indicate impaired proliferation and migration of dividing
cells. Furthermore, hemorrhaging identified after exposure to
PMC?79, but not in cisplatin or LCR134 indicates that these com-
pounds may impact disparate pathways (Figure 2). The grossly
observed lesions are likely a manifestation of one or multiple
endpoints presented in the Results and discussed in the sec-
tions below. Impacting the cytoskeletal characteristics of the
vascular endothelial cells, decreased VEGF/Hif pathway, de-
creased cell proliferation and altered transporters could explain
the similarities and dissimilar lesions associated with PM79 and
LCR134.

Antiproliferative and Angiogenic Properties

Whole organism antiproliferative properties observed by
stunted growth were further evaluated by gene expression,
blood vessel measurements, and tail fin regeneration. Although

both PMC79 and LCR134 impeded growth, development, and tail
fin regeneration, gene transcription analysis demonstrated that
PMC79 impacted the HIF-VEGF pathway at 24 hpf whereas
LCR134 did not (Figure 3). As the parent compound of LCR134,
PMC79 may be inducing its antiproliferative capabilities through
a separate cellular pathway and this difference in gene regula-
tion suggests that biotin is not cleaved from LCR134 giving rise
to its parental structure during interaction with the cell. This is
supported by a unique hemorrhaging lesion observed after the 3
highest doses of PMC79 exposure (Figure 2) and localized near
the DA, as well as 57% inhibition in basket branching within the
SIV at the lowest dose: 3.1 mg/1 (Figure 5). Sorafenib exposure in
developing zebrafish embryos caused a near inhibition of blood
vessels within the trunk as well as the yolk sac (Figs. 4 and 5).
This was almost always visualized with significant pericardial
sac edema and is commonly associated with VEGFR inhibitors
in zebrafish as well as clinically (Chimote et al., 2014; Chu et al.,
2007). However, treatment of PMC79 resulted in specific impact
to the SIV without pericardial sac or ISV insult (Figs. 9-11). SIVs
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ated using FlowJo software version 10.6.1.

are outgrowths of the PCV and subsequently form a plexus with
organized branching, whereas the ISVs are a retained primary
structure (Childs et al., 2002). Although there are regional differ-
ences in angiogenesis signaling and physiology, sorafenib was
able to inhibit both ISVs and SIVs, most likely due to its nonspe-
cific kinase targeting. However, PMC79 appears to specifically
cause insult during the organization branching of the subintes-
tinal plexus. Here the zebrafish model was able to elucidate dis-
tinct regional angiogenic impacts that would have been unable
to be observed without the context of in vivo heterogeneity.
Although alternative in vivo angiogenic assays exists, such as
the matrigel plug and chick chorioallantoic membrane assays
they are limited by their throughput capacity. Given the distinc-
tion in results, it is important for future studies of novel com-
pounds to evaluate both regions of blood vessels due to
potential targeting selectivity.

The doses selected for tail fin regeneration coupled with im-
munofluorescent staining were based off the 5-day dose re-
sponse LOAEL PMC79 and LCR134 concentrations. However, the
cisplatin dose was selected at the established 5-day LCsp, which
demonstrated minimal lethality for a 24-h exposure. Although
cisplatin exposure was conducted at a more toxic dose, expo-
sure to each of the three metallodrugs demonstrated similar re-
duction in total area of regeneration and reduced PCNA
signaling for proliferation (Figure 6). This complemented with
cell culture ICso results demonstrating increased sensitivity to

the Ru drugs compared with cisplatin (Corte-Real et al., 2019). In
addition, a study conducted by Wang et al.,, in 2009 demon-
strated novel Ru drugs resulted in PCNA downregulation and a
significant caudal fin-reduction phenotype compared with cis-
platin and were less toxic, although fins in this study were not
amputated. This suggests that the Ru drugs enact their antipro-
liferative capabilities comparatively to cisplatin with the advan-
tage of being well below a lethal endpoint. Additionally, PMC79
and LCR134, unlike cisplatin, did not appear to impact normal
cell proliferation at the ventral posterior region which form in-
dependently of injury as previously demonstrated by Kawakami
et al. in 2004 and confirmed in our studies as shown in Figure 17.
The alkylating activity of cisplatin is unable to distinguish can-
cerous and normal proliferating cells, however, PMC79 and
LCR134 show distinct targeting during tail fin regeneration stud-
ies. The repair of an epithelial wound involves transient activa-
tion of cellular mechanisms alongside proliferation including
inflammatory response, angiogenesis, cellular migration, and
tissue matrix remodeling (Eming et al., 2014). Due to differences
in downregulation of normal and injury induced PCNA after
metallodrugs treatment, Ru drugs may be more selectively tar-
geting signaling involved in these mechanisms.

PMC79 and LCR134 In Vivo Mechanistic Activity
We previously demonstrated that LCR134 inhibits human P-gp
in vitro (Corte-Real et al., 2019), and although the zebrafish does
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was conducted between the two controls and Kruskal-Wallis 1-way ANOVA, with post-hoc Dunn’s method was conducted for the control and two doses of LCR134.

Three experimental replicates were conducted; N=11-12.

not express a direct homolog of ABCB1, the gene that encodes
for human P-gp, it does express two genes that have similar
function, abcb4 and abcb5 (Fischer et al., 2013). This led us to ex-
amine the effects of LCR134 on Rh123 efflux from cells trans-
fected to express zebrafish Abcb4 or Abcb5 as well as cells
expressing human P-gp. LCR134 demonstrated an ability to in-
hibit the multidrug resistant P-gp transporter across species
in vitro supporting pharmacological translatability. In the whole
organism model, larvae treated with LCR134 showed a dose de-
pendent increase in the amount of accumulated P-gp substrate,
Rh123, during a 2-h exposure both quantitatively and qualita-
tively (Figure 9). Unexpectedly, LCR134 showed a marked in-
crease in accumulation compared with CSA, even at levels

below the 120h LOAEL exposure dose established in zebrafish
larvae. Additionally, mdrl mRNA transcript levels of embryos
exposed for 24h were unaffected, further supporting a form of
protein inhibition. The potency at which LCR134 inhibits P-gp
transporters may suggest the clinical efficacy at very low doses,
potentially limiting off-target effects and increasing compatibil-
ity with coadministered chemotherapeutics. Because this trans-
porter is responsible for removing drugs from sites of action,
the upregulation of these transporters in cancer cells is corre-
lated with poor prognosis and remains a limitation for chemo-
therapeutic treatment (Chung et al, 2016). Specifically, the
inhibition of this pump in zebrafish could have translational
relevance for overcoming chemotherapeutic resistance. In
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future studies, the compatibility and drug interaction of LCR134
with cisplatin and additional P-gp effluxed chemotherapeutics
should be investigated.

Although PMC79 is the parental compound of LCR134, the
in vivo activity was dissimilar. Cytoskeletal impacts, that is the
depolymerization of F-actin observed in vitro, were investigated
in the zebrafish model. PMC79 significantly decreased the fluo-
rescent intensity quantified within the somites of the fish in ad-
dition to increased disorganization. This was in agreement with
a decrease in the number of filaments assessed per somite area
(Figure 10). Overall, this suggests a decrease in the density of cy-
toskeleton within the area adjacent to the yolk extension. The
number of fragments caused by disruption of cytoskeletal de-
velopment was also assessed. Significance was found between
the vehicle control and cytochalasin D, which binds to the end
of F-actin preventing the addition of new monomers (Cooper,
1987). However, PMC79 exposure did not cause an increase in
fragment number. This may be due to a different mechanism of
cytoskeletal impact in which PMC79 is depolymerizing and re-
ducing the overall number of filaments and therefore fragmen-
tation sites. Additionally, zebrafish mRNA transcript levels of
beta-actin were significantly reduced at both PMC79 exposure
doses (Supplementary Figure 3). Beta-actin is responsible for the

maintenance of total actin and regulation of the cellular G-actin
concentration (F-actin monomer), and as such may be interfer-
ing with actin formation signaling pathways (Bunnell et al.,
2011). Cytoskeleton inhibitors are a class of anticancer com-
pounds, but not without inherent issues. Compound differenti-
ation between healthy and cancerous cells continues to be a
challenge, as actin cytoskeleton is essential for cell function. In
these studies, previously established LOAEL doses based on
morphometric evaluation were able to decrease cytoskeleton
density. However, the zebrafish larvae are a particular sensitive
model for cytoskeleton toxicity due to active development.
Further studies are warranted in adult organisms for off-target
toxicity and specificity.

Zebrafish show great promise as an asset to pharmacology
and toxicology and do well to complement the drug develop-
ment paradigm. These studies suggest that the zebrafish can be
utilized to study novel metallodrugs and can include lead dis-
covery, modes of action, target identification, and toxicological
studies. Although the zebrafish model has been limited due to
the difficulties in determining drug uptake due to waterborne
treatments, our previous bioanalytical work applying ICP-MS
quantification for metallodrugs overcomes this. To conclude,
the zebrafish serves as a highly applicable model to investigate
metallodrugs in the context of a whole organism.



Summary

PMC79 and LCR134 are next-generation Ru-based metallodrugs.
Ru-based drug candidates were designed with the intent to im-
prove upon the broad spectrum and resulting off-target toxicity
of cisplatin. In this study, we showed two Ru drugs with anti-
proliferative capacity at doses at or below established LOAELs
with comparative capacity at toxic doses of cisplatin in the
zebrafish model. We also established that PMC79 may have
antiangiogenic capabilities specific for areas of blood vessel
remodeling which may be pertinent to the tumor microenviron-
ment. However, careful consideration of this model for blood
vessel functionality, not just inhibited formation, should be
taken, considering developmental zebrafish survivability in the
absence of blood vessels by passive oxygen diffusion (Wilkinson
and van Eeden, 2014). In conclusion, PMC79 and LCR134 show
promising anticancer properties and warrant further investiga-
tion into higher vertebrate models.

Future studies could examine zebrafish tumor xenograft
screening. These screenings have shown to be useful in eluci-
dating solid tumor proliferation, tumor inducible neovasculari-
zation, and cancer cell invasion (Ren et al., 2017; Lee et al., 2009;
Marques et al., 2009; Nicoli et al., 2007). Recently, the zebrafish
tumor xenograft screening tool has been exploited in personal-
ized medicine for patient specific efficacious drugs (Veinotte
et al., 2014). Given the heterogeneity of cancers, the success of
these screening xenografts could by-pass patient chemothera-
peutic trial and error which result adverse side effects and lower
quality of life. These studies have shown promising antiprolifer-
ative potential of Ru metallodrugs in a higher throughput
in vivo model. Although, the mechanisms by which these com-
pounds act are still unknown, the zebrafish have shown to be a
successful platform in elucidating relative efficacy and toxicity
of novel Ru metallodrugs.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.
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