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Germ-line mutations in components of the Ras/MAPK pathway re-
sult in developmental disorders called RASopathies, affecting about
1/1,000 human births. Rapid advances in genome sequencing make it
possible to identify multiple disease-related mutations, but there is
currently no systematic framework for translating this information
into patient-specific predictions of disease progression. As a first step
toward addressing this issue, we developed a quantitative, inexpen-
sive, and rapid framework that relies on the early zebrafish embryo
to assess mutational effects on a common scale. Using this assay, we
assessed 16 mutations reported in MEK1, a MAPK kinase, and provide
a robust ranking of these mutations. We find that mutations found in
cancer are more severe than those found in both RASopathies and
cancer, which, in turn, are generally more severe than those found
only in RASopathies. Moreover, this rank is conserved in other
zebrafish embryonic assays and Drosophila-specific embryonic and
adult assays, suggesting that our ranking reflects the intrinsic prop-
erty of the mutant molecule. Furthermore, this rank is predictive of
the drug dose needed to correct the defects. This assay can be readily
used to test the strengths of existing and newly found mutations in
MEK1 and other pathway components, providing the first step in the
development of rational guidelines for patient-specific diagnostics
and treatment of RASopathies.
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he Ras/MAPK (rat sarcoma/mitogen-activated protein Ki-

nase) signaling pathway is involved in essentially all aspects
of organismal development, from the first cell divisions in the
early embryo to postnatal development and growth (1-3). Given
its critical function, it is not surprising that deregulated Ras/
MAPK signaling, resulting from either genetic or environmental
perturbations, can lead to developmental abnormalities. A large
class of such abnormalities, known as RASopathies, is associated
with activating germ-line mutations in many components of the
Ras pathway (4). Estimated to affect 1/1,000 human births, these
abnormalities are characterized by a broad spectrum of pheno-
types, including cardiac defects, craniofacial dysmorphisms, and
neurocognitive delays (4). Although the origins of these pheno-
types are still poorly understood, studies of model organisms
show that many of the observed structural and functional defects
can indeed be mimicked by targeted introduction of mutations
found in RASopathies (5). Hundreds of such mutations have
already been identified, and many more are likely to be discov-
ered by the sequencing of affected individuals (6).

Importantly, these studies identify new mutations in the very same
components that are mutated in cancer and have been extensively
studied both in vitro and in vivo (7-9). In particular, multiple new
mutations were identified in MEK1, a MAPK kinase (10) and an
important target for anticancer therapeutics (11-19). Because it is
commonly believed that cancer mutations would be embryonic lethal
when inherited through the germ line, it might be expected that
mutations that cause developmental disorders, but allow survival of
the carrier, are weaker than those that cause cancer (20). However,
some of the MEK1 RASopathy mutations have also been recently
reported in cancer (21, 22), challenging to some extent the notion
that cancer mutations are more severe than RASopathy mutations.
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Currently, most phenotypic analyses in RASopathies are based on
comparison at the gene level (23-26), but there is high phenotypic
heterogeneity within patients having mutations in the same gene (12).
Independent of genetic background, it is important to know whether
some mutations can cause more severe phenotypes than others. The
answers to this and related questions may provide rational guidelines
for predicting disease progression and suggest strategies for their
management and therapeutic treatment of affected individuals.
Although previous studies have indirectly observed mutation-
based severity of effects using cultured cells (16, 27, 28) and model
organisms (29-31) by comparing a few mutations, in no case were
the studies comprehensive. To address this more systematically, we
develop a framework for the quantitative comparison of MEK1
mutants found in human diseases. Our approach relies on quanti-
tative analysis of morphological effects caused by these activating
mutations in zebrafish (Danio rerio) and fruit flies (Drosophila
melanogaster). First, using experiments in the early zebrafish em-
bryo, we discover a clear ranking of mutations. Specifically, muta-
tions found in cancer were more severe than those found in both
RASopathies and cancer, which, in turn, were generally more se-
vere than those found only in RASopathies. Furthermore, we de-
velop a quantitative assay to measure heart size of a developing
zebrafish embryo and find that the ranking is preserved in this assay.
Importantly, this ranking is largely consistent with the relative ef-
fects of the same mutations in Drosophila. This shows that our as-
says reveal the intrinsic property of affected molecules and not
the property of the model organism in which these mutations
are tested. Furthermore, we find that the established ranking
can be used to predict, for different mutations, the dose of
pharmacological MEK inhibitors, which have been proposed as
a potential strategy for correcting these developmental defects
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(32). The established ranking and the experimental approaches
provide a natural framework for evaluating the biological ef-
fects of not only already identified mutations but also yet-to-be-
discovered sequence variants of MEK1 and other components
of the RassMAPK pathway.

Results

Ranking of MEK1 RASopathy Mutations in Zebrafish. Ectopic Ras/
MAPK signaling in the early zebrafish embryo has been reported
to cause dorsalization, which is apparent through pleiotropic
phenotypes, including oval shape of the embryo at 11 h post-
fertilization (hpf), which is caused by abnormal convergence and
extension movements during gastrulation (33, 34). This easily
detectable oval shape phenotype in the zebrafish embryo was
first noticed to be caused by RASopathy variants in Shp2, a
protein tyrosine phosphatase (35), and later observed with four
MEKI1 RASopathy mutations (36). This assay has since been
used in a more quantitative manner by using the major-to-minor
axis ratio of the zebrafish embryo as a metric to denote the se-
verity of the defect (29). Because previous studies measured
embryo shapes at different times, we measured the major-to-
minor axis ratio (aspect ratio) over time and determined 11 hpf
as the best time to maximize dynamic range (SI Appendix, Figs.
S1 and S24), a time point where we see minimal lethality that
would render the embryos unscorable. Measuring the ratio at 11
hpf for both wild-type (WT) and injected embryos yields distri-
butions that can be used to quantitatively characterize the se-
verity of defect (SI Appendix, Fig. S2B).

We synthesized mRNA for WT MEKT1; 14 reported RASopathy
MEKI variants (11-18), of which 5 are also found in cancer
(37); and two MEKI variants that are found in cancer alone (37)
(Fig. 14 and SI Appendix, Table S1). By injecting an equal amount
of mRNA into all zebrafish embryos, we induced expression of
similar amounts of MEKI1 protein (SI Appendix, Fig. S3) and
found that MEK1 mutations result in varying degrees of aspect
ratio at 11 hpf. Specifically, we found a clustering of three classes
of mutations, such that those found only in cancer had the highest
ratio, followed by those found in both cancer and RASopathies,
whereas those found in RASopathies alone had the lowest ratios
(Fig. 1B and SI Appendix, Table S2). There were a few exceptions
to this categorization, namely F53S and Y130H, which are found
to be at least as severe as mutations found in both RASopathies
and cancer. Based on this observation, we predict that there is a
possibility that these mutations might be found in cancer in the
future. Conversely, some currently cancer-only mutations may lie
in the RASopathies and cancer region and may be found to cause
RASopathies in the future. Because Ras/MAPK signaling is in-
volved in many developmental processes, we also determined the
amount of embryonic lethality at 48 hpf. The clustering observed
in our ranking by aspect ratio is largely consistent with the fraction
of embryos that die, although the lethality assay is not as differ-
entiating between mutations (Fig. 1C and SI Appendix, Table S3).

Heart defects, including hypertrophic cardiomyopathy, which is
marked by increased heart size, are clinical phenotypes observed
in cardio-facio-cutaneous syndrome, a RASopathy (38). Previous
studies reported that RASopathy mutations in Shp2 do not affect
heart size at 20 hpf based on myl7 in situ hybridizations, although
left-right asymmetry is affected at a later time (39). Other studies
using pharmacological activation of the Ras/MAPK pathway,
however, have shown an increase in heart size at 18 hpf using myl7
in situ hybridizations (40). To reconcile these opposing findings,
we developed a quantitative assay using two-photon microscopy to
capture the size of the primordia in a line of zebrafish with green
fluorescent protein (GFP) under the control of the myl7 promoter
(Fig. 24). We characterized the surface area of the maximum
intensity projection at 19.5 hpf of hearts from fixed embryos in-
jected with a MEKI variant and hearts from their uninjected
siblings (Fig. 2B). We performed this analysis for mutations in
each of the three classes and normalized the heart size of the
embryos injected with a MEK1 variant by the average of that of
their uninjected siblings. We found that zebrafish carrying more
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Fig. 1. Ranking of MEK1 RASopathy mutations in zebrafish. (A) Schematic

representation of the MEK1 protein with mutations that cause RASopathies
(blue), RASopathies as well as cancer (green), and cancer only (red). (B) Rank of
16 activating MEK mutations based on the oval shape of the zebrafish embryo
at 11 hpf upon injection of MEK mRNA with an activating mutation. The oval
shape was quantified as the ratio of the major (a) to minor (b) axis (see Inset) or
alb. The average of at least three technical replicates for each mutation is
plotted with the SEM indicated (for N values and P values of pairwise com-
parisons, see S/ Appendix, Table S2)—each technical replicate being the average
of about 30 embryos. (C) Embryonic lethality at 48 hpf after injection of MEK
mRNA with an activating mutation. The average of at least three technical
replicates for each mutation is plotted with the SEM indicated (for N values and
P values of pairwise comparisons, see S/ Appendix, Table S3). The Kruskal-Wallis
test with the Bonferroni correction was used for statistical analysis.

severe MEK1 mutations had larger hearts, yielding a ranking that is
consistent with the aspect ratio assay (Fig. 2C). Note that a differ-
ence between the zebrafish MEK1 models and human hypertrophic
cardiomyopathy is that the enlarged zebrafish heart has more cells
than normal, but of similar size, whereas enlarged human hearts
have similar numbers of cells with larger size than normal (38, 40).

In summary, we have developed a rigorous, inexpensive, and
rapid framework to rank mutations by strength. Furthermore, we
have shown that our ranking is consistent with assays of embry-
onic lethality and heart size in zebrafish.

Ranking of MEK1 RASopathy Mutations in Drosophila. The general
question for any assay, such as expression of MEKI1 in the early
zebrafish embryo, is the extent to which the results reflect the true
property of the tested molecule versus a property of the system into
which it is introduced. To address this question, we examined the
effects of a select group of mutations in the fruit fly. We expressed
Dsorl, the fly ortholog of MEK, during early embryogenesis by using
a maternal driver (MTD-Gal4). The mutation positions used in this
section reflect the corresponding positions in human MEKI1.
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Fig. 2. Ranking of MEK1 RASopathy mutations in the zebrafish heart.
(A) Schematic of zebrafish orientation during heart imaging. (B) Representative
images of the zebrafish heart at 19.5 hpf with the outline of the heart in
yellow. Cardiac cells are labeled by membrane GFP expressed from the myl7
promoter. (Scale bar, 50 pm.) (C) Rank of selected mutations based on zebrafish
heart size in embryos overexpressing MEK variants (+) compared with unin-
jected siblings (-, black). The average for each mutation is plotted with the SEM
indicated. RASopathies, blue; RASopathies and cancer, green; cancer only, red.
Here, N values are Nexozo-= 12, Ne2osq.+ = 9, Na12sv- = 12, Ne12sv,+ = 9, NesaL-= 9,
and Ngs3 . = 8. One-way analysis of variance (ANOVA) with Bonferroni cor-
rection was used for statistical analysis: *P < 0.1. The differences of the fol-
lowing pairs were not statistically significant: E203Q, G128V; G128V, F53L.

Furthermore, for the mutations we used for characterization, the
amino acids were conserved in all but one case, where at residue 44,
instead of glutamic acid (E), there was a structurally similar aspartic
acid (D). Although expression of WT Dsorl did not produce phe-
notypes, we observed defects in larval cuticles including segmentation
defects, minor defects in head structures, and occasional holes in the
cuticular midbody when we expressed Dsorl-carrying RASopathy
mutations (Fig. 34). Furthermore, we found that the eight larval
abdominal segments, characterized by anterior denticle belts in WT,
are reduced to about five (SI Appendix, Fig. S4). These phenotypes
are similar to those reported for different gain-of-function (GOF)
mutations in Torso, a receptor tyrosine kinase (RTK) (41). These
defects result in embryonic lethality, albeit to various degrees for
different mutants (Fig. 3B). For example, although overexpression of
WT and D44G versions of Dsorl lead to no significant lethality,
overexpression of other mutants resulted in high lethality (Fig. 3B).
However, the assay could not differentiate between F53S, F53L, and
E203K, suggesting that the fly lethality assay is at saturation for
highly activating mutations and that other assays should be used to
compare highly activating mutations. Nevertheless, the mutation-
specific severity is broadly conserved from zebrafish- to fly-specific
embryonic assays.
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To study whether such a rank is preserved during adulthood, we
used a Tubulin-Gal4 driver to ubiquitously drive expression of
Dsorl variants. Ras/MAPK signaling is involved in wing formation,
and we quantified the defects induced by GOF mutations, which
include formation of stereotypic ectopic veins (31, 42). Surpris-
ingly, D44G, which does not show any significant deviation from
WT in zebrafish and fly embryonic assays, displayed ectopic wing
veins, suggesting either that this mutation displays more activity in
this context or that wing development is more sensitive to pathway
perturbations (Fig. 44). In addition, we could consistently rank the
other mutations, and E203K was the most severe mutation, con-
sistent with the aspect ratio assay (Fig. 4 B and C). Furthermore,
the severity of wing defects was sex-specific, such that wings of
females had more defects, although the respective ranking was
conserved (Fig. 4 B and C). This is also consistent with a recent
report that fly wings display sex-dependent effects in different
genetic backgrounds (43). Additionally, multiple studies have
suggested a role of sex on the severity of defects in individuals with
RASopathies. For example, studies of RASopathy mouse models
associated with Neurofibromatosis 1 (NF1) showed that females
have more severe neuronal dysfunction than males (44).

These findings indicate that the severity of effects of mutations
from embryonic and adult assays in Drosophila is consistent with
those found in fish. Furthermore, these results from the fly suggest
that some assays are more sensitive to weak genetic perturbations
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Fig. 3. Ranking of MEK1 RASopathy mutations in Drosophila. (A) Larval cuticle
defects in flies with overexpressed MEK variants using MTD-Gal4. (Scale bar,
100 pm.) (B) Rank of selected MEK mutations based on embryonic lethality. The
average of technical replicates for each mutation is plotted with the SEM in-
dicated. RASopathies, blue; RASopathies and cancer, green; cancer only, red.
Here, pooled N values are as follows: Nyt = 286, Npasg = 282, Nyi3oc = 382,
Nis3s = 382, Nis3. = 873, and Nexosk = 907. Black bars represent basal lethality in
the UAS-MEK-WT/Mutant transgenic flies without the presence of a Gal4 driver.
Here, Mwr = 502, Npaag = 279, Nyizoc = 277, Nesss = 265, Ness = 317, and Nesosk =
287. One-way analysis of variance (ANOVA) with Bonferroni correction was used
for statistical analysis: ***P < 0.001. The differences of the following pairs were
not statistically significant: WT, D44G; F53S, F53L; F53S, E203K; F53L, E203K.
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Fig. 4. Ranking of MEK1 RASopathy mutations in the Drosophila wing.
(A) Ectopic wing veins in flies with overexpressed MEK variants using a low-
level ubiquitous driver (Tub-Gal4). Here, classes denote ectopic wing veins at
specific locations in the wing. (B and C) Rank of selected MEK mutations
based on the number of ectopic wing veins from all classes in females (f) and
males (m). The average for each mutation is plotted with the SEM indicated.
RASopathies, blue; RASopathies and cancer, green; cancer only, red. Here,
Norerm = 404, Norer ¢ = 335, Nwr,m = 69, Nwr,¢ = 59, Npasg,m = 68, Npasg,s =
71, Ny1zoc,m = 70, Ny130¢,f = 66, Nis3s,m = 23, Neszs ¢ = 85, Nesai,m = 70, Nesa s =
77, Neaoskm = 42, and Neyosk s = 59. One-way analysis of variance (ANOVA)
with Bonferroni correction was used for statistical analysis: *P < 0.1, **P < 0.01,
***P < 0.001. The differences of the following pairs were not statistically
significant: (B) Y130C, F53S; Y130C, F53L; F53S, F53L; (C) OreR, WT; WT, D44G;
Y130C, F53S; Y130C, F53L; F53S, F53L.

than others. The consistency of our zebrafish and fly results suggests
that we can reliably use the aspect ratio assay to carry out com-
parative analysis of mutations on a common quantitative scale.

Quantitative Effects of Drug Dose on Reversal of Phenotypes. Clinical
phenotypes of RASopathies include both embryonic and postnatal
defects, the latter of which might be partially reversible in humans
pharmacologically (4). Previous studies have attempted to pharma-
cologically reverse prenatal defects in mice that have in utero fer-
tilized embryos (45) and embryonic defects in zebrafish that have ex
utero fertilized embryos (36, 46). Specifically, Ras/MAPK pathway
inhibitors were used to correct the developmental abnormalities
induced by RASopathies in zebrafish. Experiments in zebrafish have
revealed that a 1-uM dose of MEK inhibitor from 4.5 to 5.5 hpf
reverses early embryonic defects and lethality for different MEK
mutations (36). However, it is unclear whether there is a minimum
dose sufficient to reverse certain defects while still low enough to
ensure that there are no deleterious side effects. Furthermore, if our
rank is predictive, one might expect that mutations scoring weaker
with our assay would need a smaller dose of pharmacological in-
hibitor. Here, we choose a mutation from each of the three classes to
determine the minimal dose of drug that reverses the phenotype.
To test this hypothesis, we administered PD0325901, a second-
generation MEK inhibitor, at various concentrations for a
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specific time window (Fig. 54). We found that the minimal con-
centration that rescues the aspect ratio was consistent with the rank
revealed by the aspect ratio assay (Fig. 5B and SI Appendix, Table
S4). For example, although embryos carrying G128V required 1 pM
of PD0325901, FS3L required a 10-fold higher concentration
(10 pM), whereas E203Q needed only 0.5 uM to reverse the de-
fect, suggesting the need for patient-specific drug doses. Hence,
here we show that RASopathy mutations have different reversal
drug concentrations.

The combined effects of aberrant MAPK signaling on differ-
ent cell types may result in embryonic lethality because Ras/
MAPK signaling is involved in multiple processes during zebra-
fish development. Therefore, we also studied the rescue of
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Fig. 5. Quantitative effects of drug dose on reversal of phenotype.
(A) Schematic of drug treatment assay where mRNA is injected at 0 hpf, embryos
were subjected to drug treatment from 4.5 to 5.5 hpf (red), and embryo shapes
were measured at 11 hpf. (B) Reversal of oval embryo phenotype with varying
doses of MEK inhibitor for F53L (red), G128V (green), E203Q (blue), and mock-
injected (gray). The average for each mutation at the drug dose tested is plotted
with the SEM indicated (for N values and P values of pairwise comparisons, see S/
Appendix, Table S4). One-way analysis of variance (ANOVA) with Bonferroni
correction was used for statistical analysis. Arrows indicate reversal doses of MEK
inhibitor for each mutation. (C) Embryonic lethality measured with and without
the reversal dose of MEK inhibitor for E203Q (blue), G128V (green), F53L (red),
and mock-injected (gray). The average of at least three technical replicates for
each mutation is plotted with the SEM indicated. Student’s t test (two-sided,
homoscedastic) was used for statistical analysis: not significant (n.s.), *P < 0.1,
**P < 0.01, ***P < 0.001. Here, pooled N values are as follows (-, without drug;
+, with drug): Nesozq- = 39, Neaozq,+ = 59, Na12sv,- = 57, Ng12gv,+ = 70, Ns3 - =55,
Neszi i = 58, Nviock~ = 18, and Nyiock+ = 53.
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lethality using the drug concentrations that were sufficient to
correct oval embryo shape as determined above. As expected,
the MEK inhibitor reduced the embryonic lethality for the
G128V and F53L MEKI1 variants (Fig. 5C). However, even very
high doses of MEK inhibitor (10 pM) could not fully rescue the
lethality for FS3L (Fig. 5C). Furthermore, upon treating mock-
injected WT embryos with the dose used for correcting F53L
(10 pM), 100% of the embryos die, as characterized by a mal-
formed tail (Fig. 5C). This could be a result of embryo elongation
along the minor axis b (i.e., aspect ratio < 1) observed with 10 uM
(Fig. 5B). Therefore, the dose for each mutation should not be too
high or else the deleterious side effects may become over-
whelming. To summarize, because the minimum dose for each
mutation differs significantly, it is not appropriate to apply a
common dose to all of the different RASopathy mutations.

Discussion

As sequencing becomes cheaper and more readily available, there is
now an increased emphasis on developing patient-specific diagnoses
and treatments. There is an increasing realization that many human
diseases are dependent on the unique single nucleotide polymor-
phisms (SNPs) that exist in an individual. As an example, cancer
treatments and therapeutics are beginning to be designed around the
concept of personalized medicine (47). Because hundreds of muta-
tions have already been reported to be associated with RASopathies,
we believe that the disease prognosis should take into account in-
formation about the specific SNPs associated with the disease.

To perform a comparative analysis of mutations, we chose an
appropriate assay by comparing the specific strengths and weak-
nesses of existing assays. For example, a simple approach using
purified components in a test tube and quantifying kinase activity
does not necessarily provide an accurate measure of functional
implications in vivo. Another approach, comparing mutational
strengths in cultured cell assays, yields a cellular context, but it is
usually difficult to provide a mixture of endogenous growth factors
that precisely mimic normal cellular environments. These assays
also do not allow monitoring of development in time and 3D
space, making it therefore difficult to predict the consequences of
specific mutations on crucial features of a developing organism.
Finally, it would be very time-intensive to create the ideal disease
model of transgenic mice with the RASopathy mutations knocked
into the endogenous locus and then perform a comparative de-
velopmental analysis. Here, we decided instead to use mRNA
microinjection into zebrafish, and this provided us with an excel-
lent functional assay for assessing mutation strength. The aspect
ratio assay not only is quick but also takes place in a developing
organism with organ structure and physiological levels of growth
factors. Indeed, using this controlled experimental framework, we
were able to show that activating mutations in MEK1 have dif-
ferent strengths. Furthermore, we found this assay to be more
informative than the activated MAPK Western blot assay on
zebrafish embryos, which could not differentiate between muta-
tions as reliably (SI Appendix, Fig. S5).

A notable feature of RASopathies is that they affect only a subset
of organs and to varying degrees. Although we see a consistent
ranking of mutations in developing flies and zebrafish, we find that
the sensitivity in terms of measurable phenotypes can be different in
various cellular contexts (SI Appendix, Fig. S6). In flies, for example,
we find an aberrant larval cuticle phenotype and ectopic wing veins,
both of which are Ras/MAPK-dependent processes. However, eye
development, which also depends on Ras/MAPK signaling, is not
affected in these mutants (SI Appendix, Fig. S7), which is consistent
with a previous report on GOF Csw (the Drosophila ortholog of
Shp2) mutations (31). Furthermore, because ectopic wing vein for-
mation was sensitive to the weak mutation D44G and the other as-
says were not, this suggests that some cellular contexts are more
sensitive to small perturbations in the Ras/MAPK pathway.

We believe that the ranking established in this study is in-
formative and could be predictive of disease progression. For
example, vertical transmission of RASopathy variants is rare,
presumably occurring only in individuals carrying the weaker
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variants. Indeed, only E44G, a mutation revealed to be weak by
our assay, was reported to be passed from parent to child (15).
We also determined that our phenotypic ranking agrees with
phenotypic severity reported in patients in certain studies by
performing a pairwise comparison between phenotypes repor-
ted for different MEK1 mutations within a study. We per-
formed this analysis by assigning a binary number, 0 or 1, for the
absence or presence of reported aberrant phenotypes, respectively.
Based on the literature, we find that an individual with F53S has
more aberrant phenotypes than an individual with Y130C in the same
study (S Appendix, Table S5) (16). Similarly, LA2F was found to be
generally less severe than averaged data on two Y130C patients from
the same study (SI Appendix, Table S5) (12). Although the patient
data are not sufficient to perform statistics, these observations are
largely consistent with our results. Hence, there are indeed indica-
tions of mutation-specific severity of human phenotypes. Clearly, this
indicates a need for systematic mutation-based comparative analysis
of human phenotypes.

It is important to know what features of hyperactivated sig-
naling lead to different defects in the mutant backgrounds. One
might expect some defects to emerge from the constitutive ac-
tivity of RASopathy mutants where the pathway is active in the
absence of upstream growth factors. In other cases, the defects
could emerge from precocious activation or delayed deactivation
of the pathway in tissues normally receiving transient Rass/MAPK
activation. Although there have been a few attempts to answer
related questions (48, 49), the assays used thus far have lacked
quantitative spatiotemporal resolution. Therefore, our static
measurements describing final outcomes, which allowed us to
rank the mutations, should be complemented in the future by
developing quantitative assays to study perturbations to signaling
levels in a spatiotemporal manner.

Methods

Microinjection of Zebrafish Embryos. Microinjection of 500 pL (measured in
mineral oil on a micrometer) of the RNA mixture (see S/ Appendix, SI Ma-
terials and Methods, RNA Synthesis for Microinjection) at a concentration of
~110 pg/nL (i.e., 55 pg per embryo) was performed using the PV280 Pneu-
matic PicoPump (World Precision Instruments). A set of injected embryos was
discarded if the injection bolus significantly decreased in size after the in-
jection. Yolk injections were used for the aspect ratio assay, whereas one-cell
injections were used for the heart size assay and for the drug treatments.
Embryos and adults were raised and maintained at 28.5 °C. Embryos were
acquired by pair mating of Tg(myl7:memGFP) (a gift from Fang Lin, Uni-
versity of lowa, lowa City, IA) (50) to PWT. Established zebrafish protocols
were adhered to in accordance with the Princeton University Institutional
Animal Care and Use Committee.

Generation of Transgenic Flies. Five mutations were introduced into Dsor1 (a gift
from Alexey Veraksa, University of Massachusetts Boston, Boston) with site-di-
rected mutagenesis using the Phusion enzyme (NEB) and verified by sequenc-
ing. WT and mutant versions were cloned into the transformation vector
PTIGER (51) between the Nhel and Xbal restriction sites. These constructs were
integrated into the second chromosome using the ¢$C31-based integration
system (52) at the Attp site estimated to be at 25C6. Dsor1 expression is driven
by the UAS promoter only in the presence of Gal4.

Zebrafish Phenotypes.

Aspect ratio. nRNA was injected at the one-cell stage, and the embryos were then
sorted for the presence of phenol red after 2 h. At 11 hpf, the embryos were
oriented on their side and imaged on the Leica M205 FA stereomicroscope. The
major and minor axis of the yolk of the embryos were measured in ImagelJ.
Lethality. After 48 hpf, an embryo was counted as being lethal if it was dead or
if the embryo was grossly deformed, including severe cardiac edema and/or
absence of a tail that would allow it to propel itself. The results in Fig. 1Cwere
normalized to uninjected siblings with the following formula: normalized
lethalitymutation = 1 = (1 = lethalitymutation) / (1 = lethalityyninjected siblings)-
Heart size. Embryos from a Tg(myl7:memGFP) and PWT cross were micro-
injected as described earlier and fixed with paraformaldehyde at 19.5 hpf in
4 °C overnight. After dechorionation and washes with PBS with Tween-20, the
embryos were mounted in 1.5% low-melt agarose on the coverslip of a 35-mm
dish with the heart positioned so as to be imaged on an upright Bruker Multi-
Photon microscope. The z stacks of the hearts of multiple embryos injected
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with a MEK variant as well as multiple uninjected siblings were taken. Using
Imaris, these z stacks were oriented such that the viewing angle is perpen-
dicular to the base of the heart cone and the resulting 2D image was exported
to the TIF file format. This image was then opened in Imaris again, and the
Surface tool was used to quantify the area that the heart cone occupied.

Fly Phenotypes.

Lethality. UAS-Dsor (WT and mutant) flies were crossed with MTD-Gal4, a
maternal driver, for expression in the early embryo, and the eggs of the
resulting females were collected. Analysis of embryonic lethality was per-
formed at ~40 h or later, after the embryos were laid by counting
unhatched eggs.

Cuticle. Embryos were dechorionated after being aged for more than 24 h.
Dechorionated embryos were shaken in methanol and heptane (1:1) and
incubated overnight in a media containing lactic acid and Hoyer’s media (1:1)
at 65 °C. Embryos were imaged on a Nikon Eclipse Ni in darkfield.

Wing. Transgenic flies were crossed with Tubulin-Gal4, and the wings of the
resulting progeny were imaged using a Leica M205 FA stereomicroscope. Wing
metric is the average number of ectopic stereotypic wing veins (Fig. 4A).

Eye. Transgenic flies were crossed to GMR-Gal4, an eye-specific driver, and the
resulting progeny were imaged using a Hitachi TM-1000 tabletop scanning
electron microscope.
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Statistical Analysis. For comparisons of three or more independent groups, the one-
way analysis of variance (ANOVA) with Bonferroni correction and the Kruskal-
Wallis test (nonparametric version of ANOVA) with the Bonferroni correction
were used for statistical analysis. The data analysis was performed in MATLAB,
where the anoval, kruskalwallis, and multcompare functions were used. For
comparisons of two independent groups, Student's t test (two-sided, homosce-
dastic) was used, and data analysis was performed in Excel with the ttest function.

Additional experimental procedures are in S/ Appendix, S| Materials and
Methods. They include a description of fly stocks, RNA synthesis for micro-
injection, drug treatments, and protein blotting.
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