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Abstract

Zebrafish have become an invaluable vertebrate animal model to interrogate small molecule
libraries for modulators of complex biological pathways and phenotypes. We have recently
described the implementation of a quantitative, high-content imaging assay in multi-well plates to
analyze the effects of small molecules on Fibroblast Growth Factor (FGF) signaling in vivo. Here
we have evaluated the ability of the assay to identify compounds that hyperactivate FGF signaling
from a test cassette of agents with known biological activities. Using a transgenic zebrafish
reporter line for FGF activity, we screened 1040 compounds from an annotated library of known
bioactive agents including FDA approved drugs. The assay identified two molecules, 8-
hydroxyquinoline sulfate and pyrithione zinc that enhanced FGF signaling in specific areas of the
brain. Subsequent studies revealed that both compounds specifically expanded FGF target gene
expression. Furthermore, treatment of early stage embryos with either compound resulted in
dorsalized phenotypes characteristic of hyperactivation of FGF signaling in early development.
Documented activities for both agents included activation of extracellular signal-related kinase
(ERK), consistent with FGF hyperactivation. To conclude, we demonstrate the power of
automated quantitative high-content imaging to identify small molecule modulators of FGF.
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Introduction

In recent years the interrogation of small molecule libraries in whole animal model systems
has emerged as a rapid and efficient means to identify novel agents in the future treatment of
disease (den Hertog, 2005; Gosai et al., 2010; Peterson et al., 2000; Tomlinson et al., 2009;
Tsang, 2010; White et al., 2011; Zon and Peterson, 2005). Among different animal models,
zebrafish have attracted most attention owing to their cost effective maintenance, high
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fecundity, and rapid development. Above all, zebrafish embryos are optically transparent at
early stages, which facilitates real-time monitoring of development and early organogenesis.
This makes zebrafish a perfect model for automated in vivo high-content analysis (HCA).
The most commonly used method to identify compounds that cause a desired biological
effect is visual examination of live embryos for phenotypic changes or for changes in gene
expression by in situ hybridization (de Groh et al., 2010; Murphey et al., 2006; North et al.,
2007; Peterson et al., 2000; Stern et al., 2005; Yeh et al., 2009). However, the relative ease
of introducing exogenous reporter genes such as green fluorescent protein (GFP) into
zebrafish has enabled both real-time analysis of embryonic development and the observation
of molecular events through changes in reporter gene expression. Transgenic embryos that
report on Retinoic Acid, Notch, Bone Morphogenetic Protein, Wnt and Nodal signaling are
available and serve as biosensors of the activity of these pathways during development
(Collery and Link, 2011; Laux et al., 2011; Lorent et al., 2010; Parsons et al., 2009; Perz-
Edwards et al., 2001; Swanhart et al., 2010). Our lab has generated a number of transgenic
zebrafish lines that serve as reporters for Fibroblast Growth Factor (FGF) signaling through
the use of an FGF target gene, Dual Specificity Phosphatase 6 (Dusp6), promoter to drive
GFP expression (Molina et al., 2007; Wang et al., 2011). We validated the Tg(dusp6: EGFP)
line as a reporter for FGF activity by treating transgenic embryos with known inhibitors of
the FGF pathway and showed that GFP expression was suppressed (Molina et al., 2007;
Znosko et al., 2010). Moreover, a manual chemical screen of over 5000 compounds
identified a novel agent, (E)-2-benzylidene-3-(cyclohexylamino)-2,3-dihydro-1H-inden-1-
one (BCI), that enhanced FGF activity (Molina et al., 2009). Recently, we extended these
studies by developing automated HCA methodology that permits quantification of reporter
gene expression in Tg(dusp6: EGFP) embryos (Vogt et al., 2009; Vogt et al., 2010). The
improved method accurately quantified a robust, dose-dependent induction of GFP
expression in BCl-treated transgenic embryos. Here we further validated the automated
imaging and analysis system by examining its ability to identify FGF hyperactivators from a
library of small molecules with known biological activities. We treated Tg(dusp6: EGFP)
embryos with 1040 well-characterized compounds from the MicroSource Discovery
Systems US Drug Collection and identified two molecules, 8-hydroxyquinoline hemisulfate
(Oxyq) and pyrithione zinc (PYZ), which increased GFP expression in specific areas of the
brain previously shown to be under the control of active FGF signaling. In follow-up
studies, treatment of early stage embryos with either compound resulted in mild dorsalized
phenotypes that are known to occur when the FGF pathway is hyperactivated. In addition,
expression of dusp6 was mildly expanded in treated embryos, suggesting that both
compounds are moderately active enhancers of FGF signaling. The results document the
ability of our previously developed HCA method to identify weak activators of FGF
signaling from a small molecule library, which would have been difficult if not impossible
with manual visual scoring. The results suggest HCA could be a useful tool in the discovery
of novel FGF activators from chemically diverse collections of small molecules.
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Results

Automated high-content screen for FGF modulators

We previously described methodology to automate both image capture and analysis of
reporter gene expression in transgenic zebrafish embryos arrayed in multi-well plates (Vogt
et al., 2010). Using cognition network technology (CNT, Definiens AG, Germany), we
developed a ruleset that quantitatively measured GFP expression in Tg(dusp6: EGFP)
embryos. The ruleset delivered graded responses and quantified a dose-dependent increase
in GFP expression upon BCI treatment, with a concentration required to elicit a half-
maximal response (ECsgg) of 8.5 uM and saturation above 20 uM (Vogt et al., 2010). We
next screened the US drug collection set from MicroSource Discovery Systems, Inc., which
contains 1040 diverse chemical structures that have either been approved or have reached
clinical trial stages in the USA. Our goal was to validate the quantitative imaging assay by
asking whether members of a known well-characterized library of small molecules could
hyperactivate FGF signaling. One Tg(dusp6:EGFP) embryo at 24 hours post fertilization
(hpf) was arrayed into each well of a 96-well plate containing 30uM of sample compound.
For each compound, duplicate assay plates were run in parallel in order to limit biological
variability and to nullify the effects of loading artifacts, toxicity, and random off-target
fluorescence in the embryos or wells. On each plate, both negative (DMSQ) and positive (10
UM BCI) controls were included as to serve as the baseline (minimum) and maximal
response, respectively. Embryos were incubated for 5 hours embryos followed by imaging
as described in the Materials and Methods Section. GFP fluorescent images were acquired
and archived before processing with the CNT ruleset to quantitate GFP intensity. For each
well, the total integrated GFP intensity in the head was calculated and GFP intensity from
the two replicate plates was averaged. Positives were identified as embryos exhibiting GFP
intensity at least three fold greater than the standard deviation (SD) from the mean of all of
the samples on the microplate excluding controls (i.e. a z-score > 3), a commonly used hit
selection criterion based on plate statistics (Malo et al., 2006). A second criterion was that
the compound had to show activity in both duplicate plates in order to be designated as a
“hit”. Figure 1A shows a representative plate graph with DMSO control (orange squares),
BCI positive controls (green triangles) and sample compounds (blue circles). Visually there
was a clear separation of negative and positive controls. The signal to background ratio of
BCI to DMSO was 5.7. The coefficients of variation (CV) for the minimum and maximum
controls were 12% and 38%, respectively, indicating that the positive controls were the
major source of variability. To gauge the degree of separation, we calculated the strictly
standardized mean difference (SSMD) between the negative and positive controls,
respectively. The SSMD, defined as

SSMD= (mean(ma:ﬁ)—mean(min)/ \/U(min)2+a(max)2>

is a statistical parameter that has recently been suggested to be appropriate for quality
control of screening assays with high inherent variability, as it measures separation between
two populations regardless of their shape of distribution, and has a solid statistical
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foundation and a clear probabilistic interpretation (Zhang, 2007; 2008). The SSMD provides
a numerical value that denotes the size of the mean difference as multiples of the SD of the
difference between two populations (Zhang, 2007). As a probability interpretation, SSMDs
of 1, 2, and 3 indicate that the probabilities that a value from the first population exceeds a
value from the second population are 0.5, 0.95, and 0.975, respectively when the data show
a unimodal distribution with finite variance (for a detailed discussion see (Zhang, 2008)).
The microplate presented in Figure 1 had an SSMD of 2.2, which would have passed plate
QC criteria suggested by Zhang (2008). Consistent with these considerations, the agents in
well A02 and D06 had z-scores in both runs that were well above the plate SSMD.
Furthermore, as all of the images are archived for future analysis, positive hits can be
verified by morphological observation to determine if GFP expression is localized to the
known domains of FGF activity in the embryo. In Figure 1A, both wells A02 and D06 were
considered potential positives. However, upon analysis of the zebrafish images, D06 was
eliminated as the fluorescence was localized in the yolk. In contrast, A02 (8-
hydroxyquinoline or isoquinoline, Oxyq) showed the expected increase in GFP expression
in the mid-hindbrain boundary (MHB) and in hindbrain rhombomeres, a phenotype similar
to BCI treatment (Fig. 1B). Using this approach, we identified a second small molecule
activator of FGF (pyrithione zinc, PYZ) that was located on another plate (data not shown).

Oxyqg and PYZ are weak activators of FGF signaling

A dose response study was undertaken to determine if these compounds resulted in a dose
dependent increase in GFP expression and to derive the concentration required to elicit a
half-maximal response (ECsg). We exposed transgenic embryos to repurchased, authentical
lots of Oxyq (1-50uM range) and PYZ (0.1-5 uM range). For each dose, eight embryos
were treated and GFP intensity was measured as described above. We observed statistically
significant increases in GFP intensity with both compounds (Fig 2). Numbers in bars shown
normalized fold increase over DMSO. The magnitude of response, however, was small
compared to BCI and precluded fitting of the curves to a four parameter logistic equation
(Fig. 2). These results suggested that both Oxyq and PYZ were weak enhancers of FGF
signaling.

Oxyq is not a Dusp6 inhibitor

Duspé6 is a dual specificity phosphatase that specifically dephosphorylates extracellular
signal-related kinase (ERK) and a known feedback inhibitor of the FGF pathway (Keyse,
2008). We previously determined that BCI activates FGF signaling through inhibition of
Dusp6 activity (Molina et al., 2009). We therefore reasoned that Oxyq could enhance FGF
signaling by inhibiting Dusp6 activity. Cell-based chemical complementation assays were
performed to determine if Oxyq could suppress Dusp6 activity. Although BCI could block
Dusp6 activity in this assay Oxyq had no effect at concentrations 10 times those that
hyperactivated FGF signaling in zebrafish (Fig 3). Thus Oxyq does not appear to inhibit
Dusp6 and likely has a mechanism of action different from BCI. At present it is not clear
how Oxyq enhances FGF activity; future experiments should focus on this issue.
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Early embryos treated with Oxyq or PYZ are dorsalized

In order to understand the effect of Oxyq and PYZ on embryonic development, we treated
with embryos from 1K-cell (3.3hpf) stage until early somitogenesis stage (12hpf). Treated
embryos exhibited mildly dorsalized phenotypes (Fig 4 A-C), a phenotype that is similar to
knockdown of dusp6 or microinjection of fgf8 mMRNA (Furthauer et al., 2004; Tsang et al.,
2004). In order to confirm the early effect of dorsalized phenotypes in compound treated
embryos, we analyzed the expression of two neural markers, pax2a and krox20, which
delineate the mid-hindbrain boundary and hindbrain rhombomeres 3 and 5, respectively
(Krauss et al., 1991; Puschel et al., 1992; Woo and Fraser, 1998). Both Oxyq and PYZ
resulted in the lateral expansion of pax2a and to a lesser extent, krox20 (also known as
egr2b) (Fig. 4D-F). These results recapitulated the phenotypes observed by knockdown of
dusp6, by BCI treatment or through injection of fgf8 mRNA (Furthauer et al., 2004; Molina
etal., 2009; Tsang et al., 2004). To determine if Oxyq and PYZ treated embryos were
dorsalized, we analyzed expression of chordin (chd) at shield stage. Chordin marks the
dorsal organizer, and expansion of this gene is indicative of dorsalization. Oxyq and PYZ
treated embryos showed a marked expansion of chd expression (Fig 4G-1). Finally, to
confirm that FGF signaling was enhanced in Oxyq or PYZ treated embryos, dusp6
expression was measured by in situ hybridization. The FGF target gene, dusp6, was weakly
expanded in Oxyq and PYZ treated embryos as compared to DMSO control (Fig. 4J-L).
These experiments confirmed that both Oxyq and PYZ are weak enhancers of FGF
signaling.

Discussion

The generation of transgenic zebrafish reporter lines that respond to signaling pathways with
spatially defined fluorescence expression provides a non-invasive tool for the identification
of small molecules that modulate signal transduction pathways. HCA is an especially useful
approach to measure such locally specific changes in fluorescent reporter gene activation.
Besides its ability to detect and quantify fluorescence intensity in defined regions of the
embryo, a critical component of HCA is the ability to archive images and data so that it is
possible to reexamine each sample at a future date to confirm the quantitative analysis. This
is especially useful when analyzing compound-induced changes in a multicellular organism,
as it is possible to eliminate artifacts, rule out non-specific effects, and to assess toxicity.
Furthermore, the multiparametric nature of HCA makes it uniquely suited to capture the rich
and complex biology of a living organism by providing information about target activity,
localization, and possibly functional activity, all in the same assay system. The zebrafish is
quickly becoming a preferred subject for HCA due to its small size and optical transparency.

Compared with in situ hybridization, a clear advantage of HCA of fluorescent biosensors is
the lack of additional labor-intensive post treatment sample processing of each sample as
reporter gene expression can be measured directly in the living animal. This more than
offsets the need to measure changes within a limited time window. Having shown that it is
possible to automate the quantitation of transgene detection in multi-well plates, we now
evaluated the ability of the previously developed, HCA assay to identify known or new FGF
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hyperactivating agents from a test cassette of agents with known biological activities (Vogt
etal., 2010).

We selected the US Drug collection from MicroSource Discoveries as this library contains
well-characterized compounds such that follow-up studies could be easily carried-out. From
the library of 1040 compounds, we identified two positive hits, Oxyq and PYZ. Dose-
response studies with repurchased, authentic material confirmed that both compounds were
mild activators of FGF signaling as compared to BCI (Fig. 2). 8-hydroxyquinoline
hemisulfate (Oxyq), a monoprotic bidentate chelating agent, exhibits antiseptic, disinfectant
and pesticide properties (Heeb et al., 2011). Recently, Oxyq derivatives were found to up
regulate MAPK signaling when Hela cells were treated in presence of bivalent copper as the
chelating agent (Chen et al., 2009). In another report, Oxyq was identified as a molecule that
activated ERK and p38 MAPKSs, consistent with activation of FGF signaling (Giuliano et al.,
2003). Because one known mechanism for ERK activation is the inhibition of MAPK
phosphatases (Dusps), we tested Oxyq for inhibition of Dusp6 in mammalian cells but
determined that Oxyq does not inhibit Dusp6. This suggests that Oxyq activates the MAPK
signaling pathway at points other than phosphatase-mediated feedback regulation. The
second positive found in the US Drug collection, PYZ (pyrithione zinc) a co-ordination
complex of zinc that was recently described to play a cardioprotective role in ischemia/
reperfusion studies using neonatal rat ventricular cardiomyocytes, presumably through
ERB?2 expression and PI3K/AKkt activation (Viswanath et al., 2011). Another group reported
that Zn2* has a role in neuronal cell death through sustained activation of ERK1/2 (Ho et al.,
2008). Since both Oxyq and PYZ seem to activate ERK signaling and because our reporter
gene is regulated by FGFs, which signal through the ERK pathway, it is satisfying that our
assay could successfully capture these molecules in an unbiased screen. Secondary
phenotypic characterization studies demonstrated that both Oxyq and PYZ induced a
dorsalized phenotype, similar to previous dusp6 knock-down experiments or through
overexpression of fgf8 mMRNA (Furthauer et al., 2004; Tsang et al., 2004). We have
confirmed the dorsalization phenotypes by the lateral expansion of neural markers, pax2a
and krox20, supporting the hypothesis that Oxyq and PYZ upregulate FGF signaling. It has
been reported that hyperactivation of FGF can induce expression of the BMP4 inhibitor, chd
(Koshida et al., 2002). Consistent with this, we showed here that treating embryos prior to
gastrulation increased chd expression.

Conclusion

We have developed and validated an automated image capture and analysis routine to
identify small molecules that modulate FGF signaling using zebrafish. By applying the
system to analyzing an annotated small molecule library of 1040 agents with known
biological activities, we identified two molecules, Oxyq and PYZ that mildly enhanced FGF
signaling. Such mild activation of FGF signaling would be very difficult to discern with the
naked eye. Thus, the work presented here validates the HCA assay as a drug discovery tool
and demonstrates the power of automated, image-based analysis in whole animal chemical
screens.
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Materials and Methods

Zebrafish care and maintenance

All the procedures involving zebrafish were carried out with the prior review and approval
by the University of Pittsburgh Institutional Animal Care Use committee. Heterozygous
Tg(dusp6: EGFP)P embryos (24hpf) were obtained by single pair homozygous out crossing
(Molina et al., 2007). For phenotypic assays, embryos at 1000-cell stage were treated with 8-
hydroxyquinoline (H6878 Sigma-Aldrich, St. Louis, MO) or pyrithione zinc (H6377 Sigma-
Aldrich, St. Louis, MO) until embryos reached 1-somite stage.

Plate preparation and processing

Each well of a 96-well plate was loaded with a single transgenic embryo in 200 pL E3 (5
mM NacCl, 0.17 mM KCI, 0.33 mM CaCl2, 0.33 mM MgS04). Each microplate contained
embryos from a single mating pair. The US drug collection (MicroSource Discovery
Systems, Inc., Gaylordsville, CT) was screened at a final concentration of 30 uM in 1%
DMSO. Each microplate contained eight wells of vehicle controls (1% DMSO) and eight
wells of 10 uM BClI as the positive control (Molina et al., 2007). Each plate was scanned
and analyzed in duplicates on the same day to eliminate loading and toxicity artifacts and to
further limit variability. Plates were incubated at 28.5 °C for 5 hours. Subsequent dose
response studies were carried out with repurchased authentic material to confirm the results
from the primary screen and to determine the concentration required to elicit a half-maximal
response (ECsp).

Automated embryo imaging and analysis

Cell Culture

Embryos were anesthetized with MS222 (0.61mM tricaine methanesulfonate, Sigma-
Aldrich, St. Louis, MO) at the end of the drug treatment in order to restrict their movement
during imaging. Images were acquired on an ImageXpress Ultra high-content reader
(Molecular Devices, Sunnyvale, CA) using a 4X objective at excitation/emission
wavelengths of 488/525 nm (GFP) (Vogt et al., 2010). Archived fluorescence micrographs
were uploaded into Developer (Definiens AG) using the Cellenger module and analyzed for
GFP expression in the head using a slightly modified version of our CNT algorithm
developed as described previously (Vogt et al., 2010). The algorithm was designed to
identify the zebrafish larva irrespective of their orientation in the well and a threshold
defined based on overall larval fluorescence. Regions within the zebrafish larva were
classified as positive for GFP expression if their fluorescence intensity exceeded this
threshold. Total head structures brightness was defined as the integrated GFP intensity of the
four brightest head structures.

HeLa cells were obtained from ATCC (Manassas, VA), and were maintained in Dulbecco’s
minimum essential medium containing 10% fetal bovine serum (HyClone, Logan, UT), and
1% penicillin-streptomycin (Invitrogen, Carlsbad, CA) in a humidified atmosphere of 5%
CO, at 37 °C.
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Chemical complementation assay for DUSP6

Compounds were analyzed for inhibition of DUSP6 in intact cells as described (Molina et
al., 2009; Vogt and Lazo, 2007). HelLa cells were transfected in 384 well plates with human
c-Myc-DUSP6 using Fugene HD (Roche, Indianapolis, IN). After 48h, cells were treated in
quadruplicate wells for 15 min with ten two-fold concentration gradients of BCI or 8-
hydroxyquinoline and stimulated for 15 min. with phorbol ester (TPA, 500 ng/ml). Cells
were immunostained with a mixture of anti-pERK (1:200 dilution) and anti-c-Myc (1:100
dilution) antibodies. Positive pERK and c-Myc-DUSP6 signals were visualized with
AlexaFluor-594 (pERK) and Alexa-488 (c-Myc) conjugated secondary antibodies,
respectively. Plates were analyzed by three-channel multiparametric analysis for pERK and
c-Myc-DUSP6 intensities in an area defined by nuclear staining using the Target Activation
Bioapplication on the ArrayScan Il (Cellomics, Pittsburgh, PA). DUSP6 transfected cells
were classified as expressors if their average c-Myc staining intensity exceeded a threshold
defined as the mean intensity + 2 SD of untransfected cells. pERK levels were quantified in
the DUSP6-expressing subpopulation by Kolmogorov-Smirnov (KS) statistics, comparing
the cumulative pERK distribution of each test well to a reference distribution from 14
DUSP6-transfected and vehicle-treated wells. High KS values denote large differences in
ERK phosphorylation levels compared with vehicle control and indicate suppression of
DUSP6 activity. KS values were plotted against compound concentration and 1Csq values
calculated by fitting curves to a four parameter logistic equation, with the top defined by the
maximum KS value obtained in the presence of the highest concentration of the positive
control (BCI).

In situ hybridization

In situ protocols were carried out as described previously (Shima et al., 2009). Following
probes generated in the previous studies were used in this study: dusp6 (Kawakami et al.,
2004; Tsang et al., 2004), chordin (Schulte-Merker et al., 1997). krox20 (Kudoh et al.,
2001), pax2a (Krauss et al., 1991).
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Automated chemical screen in zebrafish identifies Oxyq as a potential activator of FGF
signaling. (A) Graph showing mean GFP intensity from two plates together with the mean +
3 SD limits of the negative control wells (B) Morphology of Tg(dusp6:d2eGFP) embryos in
the presence of negative control (DMSO), positive control (BCI) and 8-hydroxyquinoline
hemisulfate (A02). Well D06 illustrates the appearance of a fluorescent yolk that is not the
site of FGF activity and this “hit” was eliminated. Upper panels show original scan images;
lower panels show images with CNT analysis applied.
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Fig 2.

Oxyq and PYZ are mild activators of FGF signaling. A graphical representation of
Tg(dusp6: d2eGFP) embryos after drug exposure. The total GFP intensity is expressed as
normalized values and treatment response is represented as fold increase over the control
(numbers in bars). BCI demonstrated an eight-fold increase whereas Oxyq and PYZ elicited
two to three-fold increases in GFP intensity over the control. Treatment bars are represented
as mean + SE. Statistical significance was tested using Student’s t-test (two-tailed assuming
unequal variances. *, p<0.05, n=8.

Birth Defects Res C Embryo Today. Author manuscript; available in PMC 2015 May 31.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saydmohammed et al. Page 13

1.0- B BCI
0
0.8- O Oxyq
0.6-

0.4

PERK KS

0.2

IIIIIII L T IIIIII' T T LI

1 10 100
uM

0.0

Fig 3.
O)?yq is not a DUSP6 inhibitor in a cell based chemical complementation assay quantifying
pPERK levels in DUSP expressing cells. HeLa cells were transfected with c-Myc tagged
DUSP6. Cells with high levels of c-Myc-tagged DUSP6 were identified based on c-Myc
staining. pERK levels were measured in the DUSP expressing cells and a cumulative
distribution function (cdf) assembled for each well. Cdfs of each well were compared to a
reference distribution from 16 vehicle treated cells. Large KS values denote high
dissimilarity from control and indicate high pERK levels in the DUSP expressing cells due
to phosphatase inhibition. Data are the mean + SE of four replicates from a single
experiment that was repeated once with identical results.
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Fig 4.

Oqu and PYZ treatment induced dorsalization in zebrafish. Morphology of zebrafish
embryos treated with Oxyq and PYZ from 1K cells until early somitogenesis stage. The
neural markers pax2a and krox20 showed lateral expansion (compare 4D to 4E and F). chd
expression was expanded in treated groups over control (compare 4G to 4H and 1). dusp6
expression showed mild expansion in OxyQ and PYZ treated groups over control.
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