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Abstract

Background: The regeneration of larvae zebrafish fin emerged as a new model of regeneration
in the last decade. In contrast to genetic tools to study fin regeneration, chemical probes to
modulate and interrogate regeneration processes are not well developed.

Results: We set up a zebrafish larvae fin regeneration assay system and tested activities of
natural product compounds and extracts, prepared from various microbes. Colomitide C, a recently
isolated product from a fungus obtained from Antarctica, inhibited larvae fin regeneration. Using
fluorescent reporter transgenic lines, we show that colomitide C inhibited fibroblast growth factor
(FGF) signaling and WNT/pB-catenin signaling, which were activated after larvae fin amputation.
By using the endothelial cell reporter line and immunofluorescence, we showed that colomitide C
did not affect migration of the blood vessel and nerve into the injured larvae fin. Colomitide C did
not show any cytotoxic activities when tested against FGF receptor-amplified human cancer cell
lines.

Conclusion: Colomitide C, a natural product, modulated larvae fin regeneration likely acting
upstream of FGF and WNT signaling. Colomitide C may serve as a template for developing new
chemical probes to study regeneration and other biological processes.
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INTRODUCTION

The zebrafish (Danio rerio) is a freshwater fish native to south Asia, and is a long-
established model organism that shares genetics and cell biology with humans?:2. Zebrafish
regenerate a variety of tissues and organs, such as the fin, heart, retina, kidney, liver and the
central nervous system34. Knowledge of tissue/organ regeneration in zebrafish contributes
to understanding of this remarkable biological process. Moreover, the study of regeneration
in zebrafish is relevant to the field of regenerative medicine with the potential of applying
the knowledge and tools to enhance regenerative capacity in humans. Fin regeneration in
zebrafish, in particular, is an amenable experimental system and has been extensively
studied®5.

Signaling pathways regulate a variety of biological processes from embryonic development
and tissue/organ regeneration to cancer’. The pathways include those initiated by fibroblast
growth factors (FGFs), WNTSs, bone morphogenic proteins, hedgehog, insulin-like growth
factor, Notch and retinoic acid®. Various studies have demonstrated that FGF signaling is
critical for fin regeneration in adult zebrafish. Multiple fgfligand genes (fgf3, fgf10a,
1gf20a, fgf20b) and fgf receptor 1 (fgfrl)are expressed in the regenerating caudal fin.
Inhibition of FGF signaling by dominant negative fgfrI expression or SU5402, a small
molecule inhibitor for Fgfrl tyrosine kinase, has a significant inhibitory effect on fin
regeneration®-12. WNT signaling is also critical for the regulation of adult fin regeneration.
Inhibiting WNT/R-catenin signaling in adult zebrafish blocks fin regeneration3-15,

Zebrafish embryos hatch at 48-72 hours post fertilization (hpf)16. At this stage, most of
morphogenesis is complete, and larvae mainly increase in sizel’. In the last decade, fin fold
regeneration in zebrafish embryos (amputation at 48 hpf)18-21 and larvae (amputation at 72
hpf)22:23 has emerged as an alternative model of regeneration. The embryonic fin fold,
amputated at 48 hpf, may fully regenerate within 72 hours after amputation, compared to
two weeks in the adult. In addition, fin fold regeneration shares mechanisms with adult fin
regeneration. For example, inhibition of Fgfr signaling by SU5402 blocks fin fold
regeneration®, similar to the adult fin. Contrary to this report, a molecular difference has
also been reported in regeneration of fins between adults and larvae. For instance, inhibition
of WNT signaling in adult zebrafish causes failure to regenerate the fin13-15, In contrast,
during fin fold regeneration, activating WNT signaling by 6-bromoindirubin-3’-oxime
(BI0O), a small molecule that blocks GSK3R and hence activates R-catenin signaling, inhibits
fin regeneration24, While the larvae fin is a suitable system for regeneration studies, the
difference from adult fin regeneration described above suggests that more characterization of
larvae fin regeneration is needed.

In the past two decades, various genetic methods have been developed to visualize and/or
modulate activities of signaling pathways. Transgenic reporters are one of the most widely
used approaches25. Tools to manipulate activities of specific components of signaling
pathways have also been adopted such as recombinase-driven cassette insertion28 and
CRISPR/Cas9 targeted knockouts?”. Such tools have contributed to uncovering mechanisms
of fin regeneration and the roles of the signaling pathways. In addition to genetic methods,
development and use of chemical tools that regulate specific components of signaling
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pathways is an important approach. Although some chemical tools have been developed,
further discovery and development of additional molecular probes that modulate activities of
signaling pathways would extend fin regeneration research.

Natural products are compounds produced by living organisms including bacteria, fungi,
plants, and animals. More than 200,000 diverse secondary metabolites have been isolated
and identified, and many have demonstrated significant biological activities. More than 70%
of clinically used drugs for infectious disease and cancer are derived from or inspired by
natural products and their active pharmacophores. Because these chemicals are “biologically
pre-validated”, they also hold great potential to be adapted as chemical tools and probes for
a diverse array of complex biological processes, such as cancer treatment and immune
modulation?8,

Zebrafish are an ideal model organism to use in phenotypical screening of natural products
for effects on endogenous processes such as regeneration2”-29, Whole animal assays take
into account both membrane permeability and overall toxicity which can be limitations with
in vitro target-based or cellular screens, respectively. Due to the relatively low yields of
natural products, the available material for screening is also frequently a limiting factor for
conducting vertebrate assays. However, due to their small body size, zebrafish larvae have
been a suitable model for testing chemicals and even for performing large scale chemical
screening in a multiple-well plate format with small volumes30-34,

We assayed a microbial natural products library to identify compounds that modulate
signaling processes involved in larval zebrafish fin regeneration. One active metabolite
identified in this screen was colomitide C, a volatile polyketide isolated from an Antarctic
fungus3®. We found that colomitide C inhibits larval fin regeneration and both FGF and
WNT signaling. Furthermore, our in vitro assays demonstrated that colomitide C has no
cytotoxic activities to various mammalian cell lines. Colomitide C may serve as a template
for development as a nontoxic tool for chemical modulation of signaling pathways.

Testing activities of natural compounds on larvae fin regeneration

Natural products have been used as sources for chemical tool development28. Due to the
relative lack of small molecule modulators of regeneration, we chose to screen a broad,
diverse library of natural products from bacteria, fungi and plants developed in-house over
many years. In addition to screening pure compounds, we also tested crude extracts and
fractions to potentially identify additional molecules of interest in complex mixtures, which
would then require follow up assay-guided fractionation. As an assay system, we chose
zebrafish fin regeneration. Due to their small body size, the larvae fin regeneration system
allows for chemical treatments in a small volume. We anesthetized and amputated the caudal
fin of larvae at 4 days post fertilization (dpf) at the posterior end of the spinal cord and
allowed them to regenerate the fin for 48 hours (Fig. 1A, B). The larvae were treated with
various microbial natural products, including both fractionated extracts and purified
compounds. As a control, we used DMSO (vehicle) and 0.5 uM BIO which is known to
inhibit larvae fin regeneration?4. We treated five larvae in a well of a 24-well plate dish with
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1 mL of fish water with compounds. We collected regeneration and toxicity data using the
following criteria: (1) three or more control larvae survived after 48 hours, which ensures
that the specific clutch of larvae were healthy; (2) three or more BIO-treated larvae survived
after 48 hours and exhibited inhibition of fin regeneration with p<0.05, which ensures that
the specific clutch of larvae responds to a known treatment; and (3) three or more larvae
treated with a natural product survived after 48 hours, which allows for examining the effect
by #test. We measured the length of the most regenerated fin tissue from the amputation
plane (Fig. 1B) and compared the length of larvae treated by a natural compound to that of
the average of DMSO-treated larvae. We then used unpaired #test to determine whether a
relative regeneration length is significant (p<0.05). We performed this screening using
fractions of extracts (at 1 — 10 pg/ml) and purified compounds (at 10-100 uM). Several
natural products were tested multiple times (Table 1). When a product exhibited both
positive (p<0.05 for inhibition or enhancing regeneration) and negative (p = 0.05) results in
multiple assays, we considered that the compound had a positive activity.

We screened a total of 417 unique compounds and fractions, which are derived from
bacteria, fungi and plants (Table 2). Out of the 417 compounds or fractions, 213 samples did
not exhibit significant activities on larval fin regeneration (p=0.05, Fig. 2). Forty-seven
samples were toxic, and more than three larvae died, while control larvae survived. Forty-
three compounds and fractions exhibited either inhibitory or stimulatory effects with less
than 10% of inhibition or enhancement of regeneration. Among compounds that exhibited
<90% regeneration length, 33 and 35 compounds exhibited 80-90% and <80% of
regeneration length, respectively. Among compounds that exhibited >110% regeneration
length, 31 and 15 compounds exhibited 110-120% and >120% of regeneration length,
respectively. Natural compounds that exhibited either positive or negative results included
pure compounds, extracts and fractions (Table 3). Most of the toxic samples were crude
extracts (Table 2).

Colomitide C blocks larvae fin regeneration

We focused our analysis on the polyketide metabolite colomitide C, which we recently
characterized and can obtain in high yields (>1g/L) from the producing fungus®. During the
initial screening, colomitide C exhibited both positive (n=3) and negative (n=2) results at 50
UM. In the following two assays colomitide C consistently inhibited fin regeneration at 100
UM. Therefore, we further tested colomitide C activity at 100 pM. Given the known function
of FGFR signaling and WNT signaling in larvae fin regeneration, we compared the activities
of colomitide C with SU5402 (FGFR kinase inhibitor) and BIO (WNT signaling agonist)
(Fig. 3) with an increased number of replicates. We measured two parameters with the test
samples: one is the maximum length of the regenerated fin from the amputation plane. The
other is measuring the total area of regenerated fin. Compared to DMSO-treated controls,
BIO and SU5402 inhibited regeneration by both the length (23-26% reduction compared to
controls) and area (26—32% reduction compared to controls) (Fig. 3B, C), consistent with
previous studies'824, Colomitide C consistently inhibited fin regeneration by >30% at 100
UM (Fig. 3). Larvae survived and looked healthy after colomitide C treatment with this
concentration over 2 days of treatment. The overall morphology and swimming behavior of
the colomitide C-treated larvae showed no sign of abnormalities. These results demonstrate
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that colomitide C inhibits fin regeneration at a high concentration without affecting larvae
viability.

Colomitide C downregulates FGF signaling and WNT signaling

Inhibition of larvae fin regeneration suggests that colomitide C may influence signaling
pathways, such as FGFR signaling known to regulate larvae fin regeneration8. To test this
idea, we used a fluorescent reporter fish line. The Et7-EGFP line is an enhancer trap-line,
generated by EGFP cassette insertion near the duspé locus using the sleeping beauty
transposon system36. It has been shown that expression of duspé is regulated by FGF
signaling®7:38, and therefore, the EGFP signal in the Et7-EGFP line reports activation of
FGF signaling3®. Strong Et7-EGFP signals were detected in the spinal cord without fin
amputation (white arrows, Fig. 4A, D, n=5). After fin amputation, the Et7-EGFP signals
were upregulated in the regenerating fin mesenchyme (yellow arrows, Fig. 4B, E, n=5),
consistent with the requirement of FGF signaling in larvae fin regeneration. Colomitide C
treatment significantly downregulated the Et7-EGFP signals in the regenerating fin
mesenchyme as well as the endogenous Et7-EGFP signals in the spinal cord (white
arrowheads, Fig. 4C, F, n=10). These data indicate that colomitide C inhibits FGF signaling
in vivo during larvae fin regeneration.

The TCF-mCherry line reports activation of the canonical WNT signaling pathway that
requires a TCF transcription factor and B-catenin3?. Since activating canonical WNT
signaling by BIO inhibits larvae fin regeneration24, we examined endogenous status of the
canonical WNT signaling pathway by the TCF-mCherry line. Strong TCF-mCherry signals
were detected in the spinal cord and the periphery of the tail fin without amputation (white
arrows, Fig. 4G, n=5). After fin amputation, the signals at the fin periphery and the spinal
cord became stronger (yellow arrows, Fig. 4H, n=5). In addition, fin mesenchyme also
exhibited increase in the TCF-mCherry signals (red arrows, Fig. 4H, n=5). These
observations indicate that canonical WNT signaling is upregulated in the regenerating fin
and proximal fin mesenchyme. Treating larvae with colomitide C reduced the TCF-mCherry
signals in the periphery of the fin and the spinal cord (white arrowheads, Fig. 41, n=10).
These results indicate that colomitide C also inhibits WNT signaling in vivo during larvae
fin regeneration.

Colomitide C does not affect migration of the nerve and endothelial cells into the
regenerating area

It is known that the nerve plays a crucial role in pectoral fin regeneration in adult
zebrafish#0. In addition, it has been shown that fin amputation in zebrafish larvae promotes
regeneration of nearby axons*l. We next investigated whether colomitide C affects
innervation of regenerating larvae fins by visualizing axons through immunostaining of
acetylated tubulin. Without amputation, the nerve was detected along the spinal cord, which
spread to the distal parts of the tail fin (Fig. 5A, D, n=3). Two days after amputation, the
nerve was similarly detected in the regenerating fin with DMSO treatment (Fig. 5B, E, n=7)
and colomitide C treatment (Fig. 5 C, F, n=7). In order to evaluate whether colomitide C
affects innervation more precisely, we assessed the density of axons in the regenerating area
by measuring the relative ratio of axon area in the regenerating fin (depicted by red dotted
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area, Fig. 5E, E’)*1. The density of axons is similar between DMSO-treated control and
colomitide C-treated larvae (Fig. 5G). This result indicates that nerve migration is not
affected by colomitide C, and suggests that the action of colomitide C on larvae fin
regeneration does not involve nerves.

In the amputated adult fin, the blood vessel becomes open at the amputation plane. A
previous study showed that after the amputated vessel ends are connected, the truncated
vessels regenerate during fin regeneration?2. We tested whether vessels in the larvae fin
regenerate after amputation, and if colomitide C modulates the blood vessel regeneration
process. For this purpose, we used the flila-EGFP fish line, which reports endothelial
cells*3. In 6 dpf fin without amputation, the flila-EGFP signals were detected along the
spinal cord, which spread ventrally, but do not extend into the fin (Fig. 5H, K, n=2). In
regenerating fins, this pattern of flila-EGFP signals was similar with both DMSO treatment
(Fig. 51, L, n=4) and colomitide C treatment (Fig 5J, M, n=3). In both DMSO-treated and
colomitide C-treated larvae, flila-GFP-positive endothelial cells were not detected in the
regenerating fin (depicted by red dotted area, Fig. 5L, L’, K). We further assessed whether
endothelial cells just proximal to the amputation plane were affected by measuring the ratio
of flila-GFP-positive area in the trunk within 100 um from the amputation plane (depicted
by blue dotted area, Fig. 5L, L’). The ratio of flila-GFP positive area in the trunk was
similar with and without colomitide-C-treatment (Fig. 5 K). These results indicate that
endothelial cells do not migrate immediately into the regenerating fin in larvae, and that
colomitide C does not exhibit activity related to endothelial cell migration.

Colomitide C does not exhibit cytotoxicity to breast cancer cell lines with FGFR
amplification

Given the significant inhibition of amputation-induced activation of FGF signaling in
zebrafish larvae, we tested whether colomitide C affects other systems where FGF signaling
has a critical role. For this purpose, we chose to use several well-characterized cancer cell
lines. FGFR1 amplification is observed in ~10% of patients with estrogen receptor (ER)-
positive/human epidermal growth factor receptor 2 (HERZ2, also known as ERBB2)-negative
breast cancer, and mutations in FGFR genes have been associated with progression of breast
cancer*45, Inhibition of FGF signaling is considered a potential therapeutic strategy for
breast cancer to overcome the resistance to ER-targeting treatment#°. With this information,
we tested whether colomitide C exhibits cytotoxicity by a standard tetrazolium assay in
vitro*6, We used three human breast cancer cell lines, CAMA-1, HCC38 and MDA-
MB-361, which are known to have FGFRI amplification and FGFR1 protein
overexpressiont’.

We also compared the activity of colomitide C to known modulators of different components
of FGF signaling (AZD4547, brivanib, GSK690693, MK-2206, wortmannin) to identify
patterns of activity and potential mechanisms of action. We present full dose-response
curves for each compound against each cell line at two time points (Fig. 6, 7) in order to
provide a visual indication of both the potency and range of activity (steepness of slope).
This presentation provides additional information to supplement the EC50 values (Table 4).
AZD4547 is a potent and selective inhibitor of autophosphorylation of FGFR tyrosine
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kinases 1-348, AZD4547 exhibited moderate cytotoxicity to all three cell lines for the 48 and
72 hour timepoints (ECsq = 8.7 — 20.3 uM, Table 4, Fig. 6B, H, N, Fig. 7B, H, N). Brivanib
is an investigational, anti-tumorigenic drug that inhibits VEGFR1 and FGFR 1-349:0,
Brivanib was only active towards HCC38 cells after the 72 hour treatment (ECsg = 5.9 UM,
Table 4, Figs. 6, 7) and was nontoxic towards CAMA-1 and MDA-MB-361 cell lines (ECsgq
> 50 uM, Table 4, Figs. 6, 7).

We also tested activities of compounds that target the phosphatidylinositol 3-kinase (PI3K) —
protein kinase B (AKT) pathway. GSK690693 is a potent, ATP-competitive, pan-AKT
kinase inhibitor>152, GSK690693 showed potent sub-micromolar inhibition of CAMA-1
cells at the 48 and 72 hour timepoints (ECsg = 0.09 and 0.07 uM, respectively) and MDA-
MB-361 cells at 72 hour (ECsg =0.56 uM) (Table 4, Figs. 6, 7). MK-2206 is a selective
allosteric inhibitor of AKT 1-3%3, and exhibited potent cytotoxicity towards CAMA-1 (ECx
=1.4and 0.19 uM, 48 and 72 hr, respectively) and MDA-MB361 cells (EC5g = 0.55 and
0.06 uM, 48 and 72 hour, respectively) (Table 4, Figs. 6, 7). Wortmannin is a cell-permeable,
fungal metabolite that acts as a potent, selective and irreversible inhibitor of PI3K>4,
Wortmannin was most cytotoxic towards HCC38 (ECsg =0.77 and 1.67 uM at 24 and 48
hour, respectively) and MDA-MB-361 cell lines (1.69 uM at 48 hour) (Table 4, Figs. 6, 7).

Colomitide C was non-toxic towards CAMA-1, HCC38 and MDA-MB361 cell lines (ECsq
>50 uM) for all timepoints (Table 4, Figs. 6, 7). These results suggest that colomitide C
downregulated FGFR signaling during larval fin regeneration through other mechanisms
distinct from these compounds. Colomitide C was previously tested for antimicrobial
activity against a panel of bacterial and fungal pathogens and found to be inactive (minimal
inhibitory concentration > 100 pM) (Rusman et al. 2018).

DISCUSSION

Chemical screenings have been successfully performed in several whole organism systems.
For example, Drosophila melanogaster®®, Caenorhabditis elegans®®, miceS” and zebrafish>8
have been established as whole organism models for phenotypic screening. These models
share physiological similarities and/or pathway homology to humans, so that phenotypes
produced by chemicals will translate to the same target phenotypes in humans. Zebrafish and
mice are useful as vertebrate model systems, but the small size, a large number of embryos
from a mating (~100) and genetic tractability of zebrafish provide for an ideal screening
platform. In addition, the zebrafish system offers a unique experimental setting due to the
organisms’ exceptional ability to regenerate a variety of tissues and organs®?. Chemical
screens for modulators of adult fin regeneration have been previously performed, which
identified the compound AGN192403 that targets the imidazole receptor as an inhibitor of
fin regeneration32. The use of embryos or larval is an ideal way to minimize both the volume
of each assay and amount of test material needed and also saves time by reducing the need
to grow fish to the adult stage. Accordingly, a previous study showed a chemical screening
method for fin regeneration using zebrafish embryos during the hatching period (48-72 hpf),
which were amputated at 2 dpf and the results were evaluated at 3 dpf33. Our experiments in
larvae were performed by amputating the caudal fin at 4 dpf, after near completion of
morphogenesist’. We then evaluated fin regeneration after 2 days of treatment. This assay is
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an efficient and information-rich system to screen chemical libraries for physiological
responses while simultaneously identifying toxicity and membrane permeability.

In addition to assessing fin regeneration by morphological evaluation of length and area, the
availability of fluorescent reporter lines further facilitates the testing of compound activity
on specific signaling pathways. For example, previous chemical screening using a auspé-
dGFPtransgenic reporter fish line led to identification of the compound BCI that modulates
FGF signaling®0:61, Similarly, the use of the Et7-EGFP enhancer trap line in this study
allowed us to assess FGFR signaling status during larvae fin regeneration. Development of
other zebrafish lines that report developmental signaling, such as WNT, Hedgehog, bone
morphogenetic proteins, transforming growth factor 8 and Notch, have been reported?®.
These reporter lines will be useful tools in screening bioactive compounds and assessing the
status of signaling pathways. Moreover, we also utilized the flila-EGFP line, which reports
endothelial cells and immunofluorescence of the nerve. Various cell-type specific reporter
lines have also been established and used for fin regeneration research, which includes those
reporting osteoblasts®2:63, macrophages®4:65 and neutrophils63-67. Such reporter lines in
combination with fluorescent imaging are useful tools to identify molecules that modulate
signaling pathway activities during complex biological processes, such as fin regeneration.

Our study reported here provides an example of the utility of larval screening for identifying
a natural product that modulates fin regeneration. In this study, we observed that colomitide
C inhibits fin regeneration and modulates the FGF and WNT signaling pathways, two
developmental signaling pathways that have been extensively studied. In contrast, colomitide
C was non-toxic to human breast cancer cell lines that are associated with FGFR
amplification. Known drugs that target various components of the FGFR signaling pathway
exhibited different degrees of cytotoxicity to these cell lines. The difference between in vivo
(fin regeneration) and /n7 vitro (cancer cell lines) suggests that colomitide C acts on
molecules or mechanisms upstream of FGF and WNT signaling during regeneration.
Moreover, the activity of the FGF and WNT reporters in colomitide C-treated regenerating
larvae resembles that of non-regenerating fins. This observation indicates that colomitide C
affects FGF and WNT signaling related to fin regeneration, but the effect on the endogenous
FGF and WNT signaling is minor. Colomitide C may have low affinity to its target
molecules, and may modulate activities of putative targets only when their activities are
upregulated during regeneration.

A previous study demonstrated that activating WNT signaling through inhibition of GSK3R
by BIO causes inhibition of embryonic fin fold regeneration?4. Similarly, BIO inhibited
larvae fin regeneration in our study, indicating that the effect of activating WNT signaling
has negative impact on regeneration of both embryonic fin fold and larvae fin. In contrast,
our analysis using the TCF-mCherry reporter system showed WNT signaling is activated
during larvae fin regeneration. Moreover, colomitide C treatment caused downregulation of
WNT signaling, which is associated with inhibition of larvae fin regeneration. These results
also confirm that activating WNT signaling is associated with larvae fin regeneration. These
observations suggest that proper levels of WNT signaling activation is needed for larvae fin
regeneration, and modulating WNT signaling above or below certain levels might interfere
with proper fin regeneration. Further study will identify the specific molecular targets and
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mechanisms of action of colomitide C and this work will contribute towards its development
as a tool to better understand and manipulate fin regeneration.

For more than a century, secondary metabolites have been central to the drug discovery and
development process8:69, For example, a comprehensive and meticulous series of studies of
FDA approved drugs revealed that from January1946 — September 2019, 79% of the 259
novel small molecule antitumor drugs were either direct natural products, derivatives of
natural products, or synthetic analogues of natural products’%-74. These reports clearly
indicate that the majority of functional drug categories are mostly comprised of small
molecules natural products or inspired by natural product pharmacophores. Colomitide C is
a structurally unique secondary metabolite with five chiral centers, and closely related
compounds were recently synthesized”>. While colomitide C did not exhibit cytotoxic
activities to cancer cell lines, synthetic modification of the colomitide C structure and testing
the activities of the derivatives may be a useful approach to develop a novel chemical tool
that targets cancer cells. Furthermore, identifying target proteins of colomitide C and
structural modifications to alter the interaction with components of signaling pathways may
offer an opportunity to develop new tools to elucidate mechanisms of fin regeneration.

EXPERIMENTAL PROCEDURES
Zebrafish husbandry

Zebrafish were housed in the University of Minnesota zebrafish core facility with a light
cycle of 14:10 at 28.5°C according to approval of the Institutional Animal Care and Use
Committee of the University of Minnesota. Adult fish were bred in a 2:2 ratio in non-sloped
breeding tanks. Upon embryo collection, embryos were separated into groups of
approximately 100 into 10 cm plastic petri dishes with embryo water. Embryos were
incubated at 28.5°C, and debris, chorions, disfigured, and dead embryos were removed daily
until 4 dpf.

Larval caudal fin amputation assay

At 4 dpf, larvae were anesthetized with MS-222 (also known as Tricaine, pH 7) in embryo
medium in a 6 cm petri dish. When they became unresponsive, one larva was moved via a
transfer pipette on to a dry 6 cm dish lid. The water around the caudal fin was removed such
that the fin adhered to the plastic surface. Making sure not to allow the exposed fin to dry
substantially, the larva was aligned such that a vertical amputation could be made
perpendicularly and immediately proximal to the posterior end of the spinal cord under
stereomicroscope. The amputation was made with a No. 21 surgical blade (Feather).
Immediately, a transfer pipette was used to rehydrate the amputated larva and transfer it to a
well in a 24-well plate containing 1 mL of embryo water. After five such amputations were
successfully performed, each one being moved into the same well, the embryo water in the
well was changed to 1 mL of media with the chemical being tested. The 24-well plates,
containing a chemical and amputated larvae, were incubated for 24 hours at 28.5°C. At 5
dpf, the treatment media within the wells was replaced with newly prepared chemical
treatment media. The plates were incubated for another 24 hours. At 6 dpf, after 48 hours of
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regeneration with chemical treatment, the larvae were euthanized by cold hypoxia and fixed
in 4% paraformaldehyde.

Measurement of regenerated fin area

After fixation, the heads of the larvae were removed with forceps to prevent buoyancy
during photography. Larvae were placed onto a translucent agarose gel and photographed by
a Zeiss Discovery V8 stereoscope. Pictures were measured for length using iSolutionL.ite
software. Length was measured as the horizontal distance from the amputation plane to the
distal-most regenerated tissue. Area was measured with FIJI software. It was measured as
the area of regenerated tissue distal to the amputation plane. Length and area values were
normalized to the average value of DMSO-treated control larvae in the same set of
experiment.

Reporter fish lines and imaging

The mn7Et line (referred to as Et7-EGFP)36, the Tg(7xTCF-Xla.Sia:NLS-mCherry) line
(referred to as TCF-mCherry)3? and the Tg(flila:EGFP)Y! (referred to as flila-EGFP)*3 are
used in this study. For fluorescent imaging larvae were anesthetized with MS-222, mounted
on a glass plate using 1% low melting agarose, and images were taken by Zeiss LSM710
confocal microscope.

Whole-mount immunostaining of acetylated tubulin

Zebrafish larvae were fixed in 4% paraformaldehyde/phosphate buffered saline + 0.1%
Tween 20 (PBS-T) at 4°C overnight. The larvae were washed, dehydrated and stored at
—20°C. After rehydration, the samples were washed three times with PBS-T at room
temperature. The samples were equilibrated in 150mM Tris-HCI (pH9.0) for 5min, heated at
70°C for 15min, and washed with PBT. Then, the samples were blocked with 2% donkey
serum + 2% BSA/PBS + 0.1% Triton-X100 for 1 hour at room temperature, and reacted
with anti-acetylated tubulin antibody (Sigma, T7451, dilution 1:1000). The larvae were
washed with PBT, reacted with Alexa 647-labelled donkey anti-mouse IgG (Invitrogen,
A-11091, dilution 1:500), washed with PBT, and stained with 1 ug/ml of 4’,6-diamidino-2-
phenylindole, dihydrochloride (DAPI)/PBT. Confocal images were acquired similar to
reporter fish lines described above.

Measurement of nerve and endothelial cell density

Confocal images were converted into 8-bit images and binary images were created by FIJI
software. The area positive for acetylated tubulin or flila-GFP signals was measured as a
pixel value, and the ratio of signal-positive area over the area pixel value of regenerating tail
fin or the trunk (100 um from the amputation plane) was determined.

Natural compound libraries

Microbial samples were collected from Minnesota caves, mines, and terrestrial soils and
cultured on various media including ISP2, water, nutrient, marine, and tryptone soy broth
agars (bacteria) and on Sabouraud dextrose, potato, and yeast malt agars (fungi). Several
Cadophora fungi were collected from wooden structures in Antarctica3®. Plant extracts were
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obtained from the National Cancer Institute of the NIH as crude extracts and were
fractionated and purified as part of a different project’S. Microbial cultures were archived as
frozen glycerol stocks at =80 °C in the Center for Drug Design at the University of
Minnesota.

For solid production cultures of fungi and bacteria (rice and agar, respectively), the cultures
were exhaustively extracted with ethyl acetate and methanol (three times for each solvent).
Extracts were combined, concentrated and successively partitioned with ethyl acetate, n-
hexane and n-butanol. Each partition sample was dried and subjected to vacuum liquid
chromatography with reversed phase C-18 or normal phase silica gel. These fractions were
subsequently purified using Sephadex LH-20 size exclusion media, flash chromatography
using an 1ISCO®combiflash instrument, and semipreparative reversed phase C-18 high
performance liquid chromatography separations (Agilent 1260). Pure compounds were
identified and characterized using nuclear magnetic resonance spectroscopy, mass
spectrometry, optical rotation measurements, circular dichroism spectroscopy and semi-
synthesis3>.77.78,

The mycelia and supernatants from liquid cultures were separated by filtration and
separately extracted three times using methanol and ethyl acetate, respectively. Supernatants
were also subsequently extracted with n-butanol. Both the liquid culture extracts and plant
extracts were further purified as described above for the solid media culture samples.

We used following cell lines. CAMA-1 (ATCC® HTB-21™) is a luminal-type human breast
cancer cell line’9:80, HCC-38 (ATCC® CRL-2314™) is a human mammary gland-derived
breast cancer cell line8l. MDA-MB-361 (ATCC® HTB-27™) is a human breast
adenocarcinoma-derived cancer cell line®2,

CAMA-1 cells were maintained in RPMI 1640 growth media (Invitrogen 11875-119)
supplemented with 10% FBS (Invitrogen 16000-044), 1% Penicillin/Streptomycin
(Invitrogen 15140-122), 5 pug/ml bovine insulin (Akron Biotech AK8213-0100) and 10
ng/ml human epidermal growth factor (Invitrogen PHG0311L). Cells were plated in 96-well
plates at 25 x 10% cells/ml and allowed to grow overnight. After 24 hours, compounds were
added at 9, 3x dilutions from 100 uM final concentration in growth media. MDA-MB-361
and HCC-38 cells were maintained in growth media: DMEM/F12 (Invitrogen 11320-033)
supplemented with 10% FBS (Invitrogen 16000-044) and 1% Penicillin/Streptomycin
(Invitrogen 15140-122). MDA-MB-361 cells were plated in 96-well plates at 50 x 10%
cells/ml. HCC38 cells were plated at 25 x 104 cells/ml. After 24 hours, compounds were
added at 9, 3x dilutions from 100 uM final concentration in growth media.

Cytotoxicity assay

The cytotoxicity of each compound was determined with a standard tetrazolium assay*®. For
all cell lines, plates were incubated for 24, 48, and 72 hours at 37°C in a 5% C0O,/95% air
humidified atmosphere after which time the media was removed and (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added in RPMI phenol
red-free media. The MTT was removed after 3 hours and formazan crystals were solubilized
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with 200 uL of isopropanol and plates were read on a M5e spectrophotometer (Molecular
Devices) at 570 nm for formazan and 690 nm for background subtraction. ECsq (half
maximal effective concentration) values were calculated by fitting the data in GraphPad
Prism software.
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Bullet points

We performed screening of natural products on zebrafish larvae fin
regeneration.

Colomitide C inhibited larvae fin regeneration.

Colomitide C downregulated FGF and WNT signaling, but did not affect
endothelial cells and the nerve.

In vitro assays demonstrate that colomitide C has low or no cytotoxicity.
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Fig. 1. Zebrafish larvae fin regeneration assay system
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(A) Schematic of experimental design from setting up mating to sample fixation at 6 dpf.
(B) Caudal fin images at 4dpf and 6 dpf with and without amputation at 4dpf. Dotted line in
the lower right panel indicates the amputation plane. The arrow in the lower right panel

indicates a maximum regenerated length. Scale bar, 150 um.
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k]

n=417
No effect, p=0.05
l toxic

p<0.05, 90-110% regeneration
N p<0.05, 80-90% regeneration
B p<0.05, <80% regeneration
1 p<0.05, 110-120% regeneration
B p<0.05, >120% regeneration

Fig. 2. Summary of larvae fin regeneration screening
(A) Summary of experiments with 429 unique compounds are shown as a pie chart. The

number in each fraction shows the number of fractions or purified compounds.
(B) Color-coding of the results shown in A.

Dev Dyn. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cavanah et al.

DMSO
A H
SPIOTA

-
E 1.2
=

= 1

=

9 o8

§ o6

©

o 0.4

o

© 02

[0)

o 0
F

12

©

e 1

<

c 0.8

k)

® 06

(0]

S 04

oy

c 0.2

0

BIO

I ***

I ***

DMSO BIO

Page 20

SU5402 Colomitide C

Cie D
G
R
- | -

* % %

* k%

* %%
| * %%

SU5402 Colomitide C

n= 20 n=12 n=13 n=10

Fig. 3. Colomitide C inhibits zebrafish larvae fin regeneration
(A-D) Images of larvae fin 2 days after amputation. Larvae were treated with indicated

chemicals. Dotted lines indicate the amputation plane. Arrows indicate the maximum
regenerated length in each image. Scale bar, 100 pm.

(E,F) Graphic presentation of maximum regenerated length (E) and total area of regenerated
fin (F). Values are normalized using the average value of DMSO-treated fin as 1.0. **

p<0.01, *** p<0.001 by ~test.
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No Amputation ~ Amputation
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mCherry Et7-EGFP Bright field
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TCF-mCherry

Fig. 4. Colomitide C modulates FGF and WNT signaling during larvae fin regeneration
Images of 6 dpf larvae fin without amputation (A, D, G, J). Images of 6 dpf larvae fin,

amputated at 4dpf (B, C, E, F, H, I, K, L). Larvae in the middle and right column are treated
with DMSO and colomitide C, respectively.

(A-C) Bright filed image. (D-F) Et7-EGFP signals, shown in black/white. (G-1) TCF-
mCherry signals, shown in black/white. (J-L) Merged images of Et7-EGFP signals (green)
and TCF-mCherry signals (magenta).
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Fig. 5. Colomitide C does not affect density of nerve and endothelial cells during larvae fin
regeneration

Images of 6 dpf larvae fin without amputation (A, D). Images of 6 dpf larvae fin, amputated
at 4dpf (B, C, E, F). Larvae in the middle and right column are treated with DMSO and
colomitide C, respectively.

(A-G) DAPI (A-C) and acetylated tubulin (D-F) signals after whole-mount immunostaining.
Tail fin without amputation (A, D), with amputation and DMSO-treatment (B, E, E”), and
with amputation and colomitide C-treatment (C, F) are shown. E” shows a closeup indicated
in E. Red dotted area in E’ show the regenerating fin. (G) Relative density of the nerve in the
regenerating fin. . n.s., not significant by #test.

(H-K) Bright field images (H-J) and flila-GFP signals (K-M) of the tail fin without
amputation (H, K), with amputation and DMSO-treatment (I, L, L"), and with amputation
and colomitide C-treatment (J, M). L’ shows a closeup indicated in L. Red dotted area and
blue dotted area in L’ show the regenerating fin and the trunk area 100 um from the
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amputation plane, respectively. (K) Relative density of endothelial cells in the trunk and
regenerating fin. . n.s., not significant by #test.

White dotted lines and red dotted straight lines indicate the amputation plane, respectively.
A-F and H-M are at the same scale. Scale bar in A, E’, Hand L’, 100 um
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Fig. 6. Cytotoxicity assay results after treating breast cancer cells lines for 24 hours

Dose-dependent cytotoxicity assay results after treating CAMA-1 (A-F), HCC38 (G-L) and
MDA-MN-361 (M-R) cell lines for 24 hours. Colomitide C (A, G,M), ZAD4547 (B, H, N),
Brivanib (C, I, 0), GSK690693 (D,J,P), MK-2206 (E,K, Q) and Wortmannin (F, L, R) were
used.
The x axis represents concentration of chemicals in logg scale and the y axis represents
fractional viability.
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Fig. 7. Cytotoxicity assay results after treating breast cancer cells lines for 48 hours

Dose-dependent cytotoxicity assay results after treating CAMA-1 (A-F), HCC38 (G-L) and
MDA-MN-361 (M-R) cell lines for 48 hours. Colomitide C (A, G,M), ZAD4547 (B, H, N),
Brivanib (C, I, O), GSK690693 (D,J,P), MK-2206 (E,K, Q) and Wortmannin (F, L, R) were

used.

The x axis represents concentration of chemicals in logg scale and the y axis represents
fractional viability.
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Table 1

Number of assays for natural products

Positive  Negative  Toxic
Assayed once 50 162 43
Assayed twice 58 34 4
Assayed = 3 times 49 17 0
Total 157 213 47

Page 26

The numbers of natural products that were assayed once, twice or more than three times that exhibited positive (p < 0.05), negative (p = 0.05) or

toxic effects are shown.
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Table 2

Numbers of natural products derived from various sources

Sources Positive  Negative  Toxic
Bacteria 68 169 44
Fungus 38 22 0
Plants 47 18 1
Derivatives of purified compounds 3 4 2
Purchased compound 1 0 0
Total 157 213 47

The numbers of compounds derived from bacteria, fungus, plants, derivatives of purified compounds or a purchased compound that exhibited
positive (p < 0.05), negative (p = 0.05) or toxic effects are shown.
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Table 3

Numbers of pure compounds, extracts and fractions assayed in this study

Positive  Negative  Toxic

Pure compounds 89 37 3
Extracts 55 62 44
Fractions 13 114 0
Total 157 213 47

The numbers of pure compounds, extracts or fractions that exhibited positive (p < 0.05), negative (p = 0.05) or toxic effects are shown.
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Table 4
EC50 values of various compounds on cell lines

Cell line Compound 24 hours 48 hours 72 hours
CAMA-1 Colomitide > 100 >100 > 100
CAMA-1 AZD4547 2013 20.25 14.75
CAMA-1 Brivanib 60.98 56.76 57.48
CAMA-1 GSK690693  50.84 00917  0.0696
CAMA-1 MK-2206  3.466 1.406 0.1853
CAMA-1 Wortmannin ~ 3.957 15.25 6.825
HCC38 Colomitide > 100 68.94 > 100
HCC38 AZD4547 3210 8.664 11.64
HCC38 Brivanib > 100 95.85 5.875
HCC38 GSK690693  9.396 11.83 3.175
HCC38 MK-2206  15.33 4.718 13.82
HCC38 Wortmannin 07717 1.671 15.89
MDA-MB-361  Colomitide > 100 59.61 > 100
MDA-MB-361 AZD4547 2151 16.66 15.59
MDA-MB-361  Brivanib > 100 94.0 54.32
MDA-MB-361 GSK690693  9.021 4.907 0.559
MDA-MB-361 MK-2206  8.205 05505  0.0557
MDA-MB-361 Wortmannin ~ 3.474 1.692 2.909

All EC50/IC5( values in uM.
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