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HUMAN GENET ICS

Abrogation of MAP4K4 protein function causes
congenital anomalies in humans and zebrafish
Victoria Patterson1,2, Farid Ullah3, Laura Bryant4, John N. Griffin5, Alpa Sidhu6, Sheila Saliganan7,
Mackenzie Blaile8, Margarita S. Saenz8, Rosemarie Smith9, Sara Ellingwood9, Dorothy K. Grange10,
Xuyun Hu11, Maimaiti Mireguli12, Yanfei Luo12, Yiping Shen13,14, Maureen Mulhern15,
Elaine Zackai4, Alyssa Ritter4, Kosaki Izumi4, Julia Hoefele16, Matias Wagner16,17,18,
Korbinian M. Riedhammer16,19, Barbara Seitz20, Nathaniel H. Robin21, Dana Goodloe21,
Cyril Mignot22, Boris Keren23, Helen Cox23, Joanna Jarvis23, Maja Hempel24,
Cynthia Forster Gibson25, Frederic Tran Mau-Them26, Antonio Vitobello27,28, Ange-Line Bruel26,
Arthur Sorlin26, Sarju Mehta29, F. Lucy Raymond30, Kelly Gilmore31, Bradford C. Powell32,
Karen Weck33, Chumei Li34, Anneke T. Vulto-van Silfhout35, Thea Giacomini36,
Maria Margherita Mancardi37, Andrea Accogli38,39, Vincenzo Salpietro40, Federico Zara40,
Neeta L. Vora31, Erica E. Davis3, Rebecca Burdine1*, Elizabeth Bhoj4*

We report 21 families displaying neurodevelopmental differences and multiple congenital anomalies while
bearing a series of rare variants in mitogen-activated protein kinase kinase kinase kinase 4 (MAP4K4). MAP4K4
has been implicated in many signaling pathways including c-Jun N-terminal and RAS kinases and is currently
under investigation as a druggable target for multiple disorders. Using several zebrafish models, we demon-
strate that these human variants are either loss-of-function or dominant-negative alleles and show that decreas-
ing Map4k4 activity causes developmental defects. Furthermore, MAP4K4 can restrain hyperactive RAS
signaling in early embryonic stages. Together, our data demonstrate that MAP4K4 negatively regulates RAS sig-
naling in the early embryo and that variants identified in affected humans abrogate its function, establishing
MAP4K4 as a causal locus for individuals with syndromic neurodevelopmental differences.
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INTRODUCTION
The RAS signaling pathway is one of many signaling cascades used
throughout development to sculpt the growing embryo. The RAS
pathway is activated by ligand binding to a receptor tyrosine
kinase (RTK), which ultimately leads to a signaling cascade involv-
ing the sequential phosphorylation of RAS, rapidly accelerated fi-
brosarcoma, mitogen-activated protein kinase (MAPK) kinase
(MEK) and extracellular signal–regulated kinase (ERK). Many pro-
teins are directly involved in the transduction of signals, and many
more act to positively or negatively modulate pathway activity (1).

While RAS signaling helps direct cell survival, growth, and dif-
ferentiation in the healthy state, aberrations in signaling can cause
disease. Loss of signaling is embryonically lethal, but variants in
RAS, or other pathway components, that lead to hyperactive RAS
signaling are a common cause of cancer (2, 3). These activating var-
iants generally arise in somatic cells, but when such variants are in-
herited through the germ line, they cause a group of developmental
syndromes collectively known as RASopathies (4, 5). Although each
RASopathy is clinically distinct, there is substantial overlap in the
symptoms observed in affected individuals (6, 7). Particularly
common are craniofacial anomalies (CFAs), congenital heart
defects (CHDs), developmental delay (DD), short stature, and a pre-
disposition to developing cancer. Although some RASopathy syn-
dromes are rare, others are more common and collectively
RASopathies occur in one of 1000 births (5).

Many RASopathy-associated genes have been identified, and the
precise pathway disruption dictates the clinical presentation of the
disease (6, 7). For example, disease-causing variants in MEK cause

cardiofaciocutaneous syndrome, while disease-causing variants in
NRAS, RAF1, and others are associated with Noonan syndrome.
Still, many affected individuals lack a molecular diagnosis following
exome or genome sequencing, and many presumably carry variants
in genes not previously associated with human disease. Identifying
and validating pathogenic variants in candidate genes causing RAS-
opathy phenotypes in a multicenter cohort provides an opportunity
to discover regulators of RAS signaling while potentially providing
targets for therapeutic intervention in both the cases under study,
and larger RAS-related conditions.
MAPK kinase kinase kinase 4 (MAP4K4) encodes a Ste20 family

serine/threonine protein kinase, which contains a kinase domain,
an interdomain, and a citron homology (CNH) domain (8, 9).
The interdomain and CNH domain mediate binding to interaction
partners, with the CNH domain having an additional role in regu-
lating kinase activity (10, 11). MAP4K4 is expressed in all tissues,
although expression is highest in brain and testes, and five isoforms
have been isolated (12). Loss of MAP4K4 disrupts embryonic devel-
opment (13–16), whereas elevated protein levels have been implicat-
ed in diseases including cancer, atherosclerosis, and diabetes (12,
17–28). While MAP4K4 has been implicated in several signaling
pathways, the protein has been reported to have a role in regulating
RAS signaling (13, 29–31).

Here, we report a cohort of 26 affected individuals from 21 un-
related families with neurodevelopmental differences, cardiac
issues, and CFAs who share a phenotype overlap with RASopathies
and harbor a series of rare variants inMAP4K4.We use a zebrafish
model to demonstrate that these variants reduce MAP4K4 function.
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Some of the variants work through either a loss of function (LOF) or
dominant negative (DN) in nature. We show that increasing or de-
creasing MAP4K4 activity causes similar developmental defects in
zebrafish embryos. Last, we demonstrate that MAP4K4 can restrain
hyperactive RAS signaling in early zebrafish embryos. Together, our
data demonstrate that MAP4K4 is a negative regulator of RAS sig-
naling in the context of the early embryo and that variants identified
in affected humans abrogate its function, releasing inhibition of
RAS signaling. This work establishes an association of variants in
MAP4K4 with features that overlap other RASopathy syndromes.

RESULTS
Individuals with rare variants in MAP4K4 display
neurodevelopmental differences and congenital anomalies
Exome sequencing of an affected female diagnosed with Noonan-
like syndrome identified a c.2591T>A;p.Leu864Ter variant in
MAP4K4 (GenBank identifier: NM_001242559.1), which was
absent from ~123,350 individuals in the genome aggregation data-
base [The Genome Aggregation Database (gnomAD) v2.1.1] and
had a probability of LOF intolerance of 1 and missense z score of
4.74. The affected individual displayed dysmorphic craniofacial fea-
tures, limb abnormalities, pulmonary artery stenosis, intellectual
disability (ID) and DD, and behavioral disorders (table S1). Se-
quencing of family members revealed that the variant was present
in the proband’s mother and sibling. Both mother and sibling pre-
sented with mild ID/DD, and the sibling displayed CFA. There were
no other MAP4K4 variants of interest identified in the remaining
affected individuals in this original discovery cohort.

A LOF de novo variant in MAP4K4 (p.Gln1157Ter) was previ-
ously reported in a fetus with a complex CHD and congenital ab-
normalities of the kidneys and urinary tract. The functional impact
of this change was not assayed, but the locus was considered a can-
didate disease-causing gene (32). Through international collabora-
tion, including via GeneMatcher (33), we identified 26 individuals
from 21 unrelated families with heterozygous variants in MAP4K4
(Table 1 and table S1). Two missense variants (p.Gly173Asp and
p.Arg152Trp) are recurrent and have arisen de novo in two families

each, yielding an allelic series of 19 variants; eight truncating, nine
missense, and two intronic splice site variants (Fig. 1, A and B).
These variants were not detected in gnomAD, and either arose de
novo, or were inherited from an affected parent. Some parents were
unavailable for testing to determine inheritance. Individuals har-
boring MAP4K4 variants display a high incidence of DD (80%),
ID (42%), and short stature (40%). Variable symptoms include
CFA (up to 29%), CHD (27%), hypotonia (25%), limb abnormali-
ties (29%), micrognathia (29%), posteriorly rotated ears (29%), at-
tention deficit disorder (30%), central nervous system structural
defects (31%), and fetal finger pads (19%) (Fig. 2 and Table 1). Al-
though the clinical presentation of affected individuals is varied,
most display symptoms of neurodevelopmental conditions with a
constellation of features overlapping those observed in patients
with RASopathies. These data are consistent with the previously re-
ported role for MAP4K4 in regulating RAS signaling.

Truncation of MAP4K4 abrogates protein function
To determine the effect of MAP4K4 variants on protein function,
we used zebrafish to conduct rapid screening. We generated an ex-
pression construct encoding human MAP4K4 and performed site-
directed mutagenesis to introduce seven randomly selected variants
identified in cases; five truncating and two missense variants. The
annotation of the variants differs between the protein encoded by
the patient reference sequence (NM_001242559.1) and the expres-
sion construct (34). However, the context of the affected residues
within the overall sequence is maintained (Fig. 1A).

Zebrafish embryos were injected at the one-cell stage with
mRNA encoding either wild-type (WT) or variant MAP4K4 at
equivalent doses across conditions. MAP4K4WT expression causes
a range of developmental defects by 3 days post fertilization
(dpf). Larvae had a shorter body length compared to vehicle-inject-
ed controls and displayed CFA, cardiac edema indicative of heart
defects, hydrocephaly, small or malformed eyes, yolk extension
defects, and curved body axes (Fig. 3A). These phenotypes occurred
in any and all combinations. Notably, ectopic human MAP4K4
mRNA is introduced to a WT background, in which endogenous
map4k4 is expressed starting from zygotic stages and continuing
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at least through larval day 5 (Expression Atlas: www.ebi.ac.uk/gxa/
experiments/E-ERAD-475). Hence, this assay does not recapitulate
affected human phenotype; rather, it allows assessment of the effect
of WT protein on development for comparison to variant protein.

We assessed the impact ofMAP4K4 variants on morphology. An
equivalent dose of mRNA bearing case-associated variants affected
the same tissues as MAP4K4WT, albeit with varying severity
(Fig. 3A). Larvae were scored for body defects (Fig. 3B), including
truncations, and lateral or dorsoventral curvatures. All variants
except MAP4K4P232X significantly increased the incidence of body
defects, with the greatest effects observed forMAP4K4R152W and the
least effect measured for MAP4K4L889X. A similar trend was ob-
served for the other three classes of defects; eye defects, including
small eyes and malformations such as coloboma; heart defects, ev-
idenced by pericardial edema; and yolk defects, observed as antero-
posterior shortening or dorsoventral thickening of the yolk
extension or absence of the yolk constriction (Fig. 3, C to E). We
also measured body length (Fig. 3F) and detected a similar trend,
with some variants having little effect on body length, while
others greatly reduced the length of embryos, as does ectopic ex-
pression of MAP4K4WT.

A subset of larvae expressingMAP4K4 variants appeared to have
CFA at 3 dpf, with the eyes appearing more anteriorly positioned
compared to controls. Because CFA was observed in our human
cohort withMAP4K4 variants, we next examined craniofacial devel-
opment at 5 dpf, using Alcian blue stain to visualize the cartilage
(Fig. 4A). We measured the distance between the Meckel’s and ce-
ratohyal cartilages at the midline as a proxy for jaw length. Expres-
sion of MAP4K4WT reduced the length of the jaw (Fig. 4B), as did
most variants, although to varying extents. The incidence of CFA
was also increased, with expression of MAP4K4 variants causing
misshapen or misplaced cartilages (Fig. 4C). In extreme cases, the
cartilage developed bilaterally instead of medially, possibly due to
aberrant neural crest cell migration.

For all the developmental structures assayed, the five truncation
variants had the least effect upon development. The missense vari-
ants, MAP4K4R152W and MAP4K4G173D, were the most disruptive.
Because MAP4K4WT disrupted larval development, this indicates
that the truncation variants reduce MAP4K4 function, such that
it no longer hinders development in the sameway as ectopic expres-
sion of MAP4K4WT does. While this finding supports the fact that
loss of MAP4K4 function underlies disease in cases with frameshift
variants, it does not explain how missense variants may lead to
disease in the remainder of our cohort.

Missense variants have DN effects
To address whether missense variants may confer a DN effect, we
examined the effect of introducing a known DN version of the
protein, MAP4K4D153N (Figs. 3 and 4). This variant is a kinase-
dead variant that is capable of interfering with the endogenously
expressed Map4k4 protein, effectively knocking down protein func-
tion (10). Expression of MAP4K4D153N caused an increase in em-
bryonic abnormalities of all classes and reduced the length of
both body and jaw. In most cases, the measured effect is similar
to or greater than that of expressing MAP4K4WT, suggesting that
decreasing Map4k4 function has a similar impact to increasing it
by supplying exogenous MAP4K4. We therefore hypothesized
that a subset of the missense variants that we observed to have

Table 1. Clinical features in 27 individuals with heterozygousMAP4K4
variants. The most common features are developmental delay (DD),
intellectual disability (ID), attention deficit disorder, abnormal brain
magnetic resonance imaging (MRI), and short stature. M, male; F, female;
Unk, unkown.

Individual gender 13 M/12 F/1 Unk

Age range 0–40 years
Clinical findings:

Short stature 8/20 (40%)

Frontal bossing 4/21 (19%)

Cranial abnormality 4/21 (19%)

Ocular hypertelorism 3/21 (14%)

Arched eyebrows 3/21 (14%)

High/broad nasal bridge 4/21 (19%)

Anteverted nares 5/21 (24%)

Long philtrum 6/21 (29%)

Micrognathia 6/21 (29%)

Down-slanted palpebral fissures 6/21 (29%)

Median nose tip groove 2/21 (10%)

Posteriorly rotated ears 6/21 (29%)

Preauricular pits/tags 2/21 (10%)

Cleft lip 0/19 (0%)

Cleft palate 1/21 (5%)

Webbed neck 2/21 (10%)

Limb abnormalities 6/21 (29%)

Wide nipples 6/21 (27%)

Pectus excavatum 3/21 (14%)

Hemangiomas 2/21 (10%)

Digestive anomaly 4/21 (19%)

Congenital heart defect 6/22 (27%)

Umbilical hernia/omphalocele 1/21 (5%)

Anorectal malformations 1/21 (5%)

Small broad hands 3/21 (14%)

Clinodactyly 4/21 (19%)

Fetal finger pads 4/21 (19%)

Renal anomaly 4/21 (19%)

Abnormal brain MRI 5/16 (31%)

Hearing loss 1/21 (5%)

DD 16/20 (80%)

ID 8/21 (42%)

Age first sitting Range: 6 months to 12 years

Age first walking Range: 10 months to 3 years

Age first words Range: 12 months to 5 years

Autism 3/18 (17%)

Attention deficit disorder 6/20 (30%)

Seizures 6/22 (27%)

Hypotonia 5/20 (25%)
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similar effects toMAP4K4WT in our assays may represent DN hypo-
morphic alleles.

Because our patient cohort was composed of individuals display-
ing overlap with the clinical features of RASopathy syndromes, we
expect that disease etiology will arise from modulation of the RAS
signaling pathway. Previous work has demonstrated that modulat-
ing the RAS pathway in zebrafish affects the aspect ratio of embryos
at 11 hours post fertilization (hpf) (35–44). Pathway activation by
expressing hyperactive RASopathy-associated MEK or BRAF vari-
ants causes embryo elongation, while pharmacological inhibition
of MEK shortens the embryo (35). Furthermore, the extent of elon-
gation or shortening correlates with the strength of pathway activa-
tion (44). We predicted that if MAP4K4 modulates RAS signaling,
then this assay would allow us to distinguish between four allele
types; compared toMAP4K4WT, DN variants should have an oppos-
ing effect on the aspect ratio, LOF variants should have no effect,
hypomorphic alleles should have a similar effect but to a lesser
degree, and gain-of-function variants should cause an effect
greater than MAP4K4WT.

Overexpression of MAP4K4WT significantly reduced the aspect
ratio at 11 hpf (Fig. 5A). This indicates that the signaling pathway is
inhibited upon increasing the amount of functional protein. Intro-
ducingMAP4K4D153N leads to elongation of the embryo, consistent
with hyperactivation of the signaling pathway as a result of losing
Map4k4 function. Together, these data demonstrate that

MAP4K4 acts as a negative regulator of RAS signaling in
this context.

We next assessed the impact of variants on the aspect ratio.
Ectopic expression of variant MAP4K4 mRNA either had little
effect or caused embryo elongation (Fig. 5A), allowing us to
group variants as either DN or LOF. DN variants
—MAP4K4R152W, MAP4K4G173D, and MAP4K4V1033X—increased
the aspect ratio, although not as strongly as the MAP4K4D153N
variant. The remaining variants—MAP4K4S17X, MAP4K4P232X,
MAP4K4L889X, and MAP4K4V1093X—had no effect on the aspect
ratio. These variants were designated as LOF, since they neither
exerted an additive effect like combining MAP4K4WT and endoge-
nous Map4k4 nor interfered with the function of endogenous
Map4k4, as does MAP4K4D153N. Thus, all the variants detected in
patients reduce protein function, with a subset capable of further
interfering with the function of WT alleles.

We also tested a variant that is not present in humans,
MAP4K4I841S, but resulted from plasmid mutagenesis. This
variant retained enough function to reduce the aspect ratio com-
pared to vehicle-injected controls, but not to the same extent as
MAP4K4WT. Thus, we concluded that p.Ile841Ser is a hypomorphic
allele. Although not directly relevant to our human cohort, this ser-
endipitous result demonstrates that we can distinguish between hy-
pomorphic and LOF alleles with this assay. The expression of
hypomorphic MAP4K4 represents an intermediate state between
overexpression of WT and LOF variants, and analysis of the later

Fig. 1. MAP4K4 variants identified in affected individuals cluster in functional domains. (A) A schematic of the mitogen-activated protein kinase kinase kinase
kinase 4 (MAP4K4) protein is shown (NP_001229488.1), with the positions of variants identified in our cohort indicated by arrows above the diagram. Green arrows
represent frameshift or truncation variants, and purple arrows representmissense variants. Arrows below the diagram represent the correspondingmutations introduced
to our expression construct (NM_001384485.1,Δ2078-2083). Regions reported to be phosphorylated are shown by red squares. (B) A schematic of the canonical transcript
and a longer isoform are shown. Gray boxes represent exons conserved between sequences, and black boxes represent exons that differ between sequences. Green
arrows represent variants in splice donor sites, and purple arrows represent variants in splice acceptor sites.
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phenotypes show a phenotype that is similar to but weaker than that
caused by overexpression of MAP4K4WT (Figs. 3 and 4). This sup-
ports our earlier conclusion that either increasing or decreasing en-
dogenous protein function disrupts development similarly, with
LOF alleles producing modest phenotypic consequences.

Both increasing and decreasing MAP4K4 function causes
similar phenotypes
To compare the phenotypic output induced by ectopic expression of
MAP4K4 across variants, we performed hierarchical clustering
(Fig. 5B). Clustering analysis ranked the DN MAP4K4D153N and
MAP4K4R152W and the hypomorphic MAP4K4I815S as being more

similar to MAP4K4WT than to the weaker DN variants or LOF
alleles. Thus, these aggregate data suggest that either increasing or
decreasing the amount of functionalMAP4K4 leads to similar phe-
notypic output in a developmental context.

Consistent with this hypothesis, treating zebrafish embryos with
the MAP4K4 inhibitor PF06260933 to deplete endogenous Map4k4
caused developmental defects in a dose-responsive manner. Larvae
exhibited cardiac edema, small eyes, and yolk malformations at 3
dpf as well as CFA at 5 dpf (Fig. 6, A and B). The incidence of ab-
normal embryos is increased upon exposure to higher doses of in-
hibitor (Fig. 6C), while both body and jaw lengths are shortened by

Fig. 2. Affected individuals display CFAs and limb abnormalities. (A to D) Affected individual at the age of 4 months (A), 14 months (B), and 28 years (C and D).
Individual displays ptosis, high arched eyebrows, broad nasal root, thin lips, and posteriorly rotated ears. (E to H) Affected mother at 29 years of age (E and F) and her
affected child (G and H) at 11months of age. Individuals display down-slanting palpebral fissures, low-set ears, and thin upper lip. (I) Affected individual at 18 years of age.
Individual displays high anterior hairline, ptosis, and down-slanting palpebral fissures. (J to L) Affected infant displays asymmetric crying facies, wide and flat nasal bridge,
posteriorly rotated ears, as well as shoulder, hand, and elbow malformations. (M to P) Affected individuals display limb abnormalities including brachydactyly (M to O)
and wrist contractures (P).
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drug treatment (Fig. 6, D and E). These phenotypes are highly rem-
iniscent of those observed for embryos that overexpress MAP4K4.

To corroborate the observations from MAP4K4 pharmacologi-
cal inhibition, we performed ablation of the endogenous map4k4
transcript. We obtained a splice blocking morpholino (MO) target-
ing the exon 13 donor site, validated exon skipping by reverse tran-
scription polymerase chain reaction (RT-PCR) of embryos injected
with either 6 or 9 ng of MO, and performed cloning and sequencing

to confirm the excision of 73 base pairs to induce a frameshift and
premature truncation (fig. S1, A to C). Next, we assessed the man-
dibular phenotype of larvae injected with increasing doses of MO at
3 dpf using live automated imaging of the -1.4col1a1:egfp transgene
(45). Consistent with our observations with the MAP4K4 inhibitor
compound, we noted a dose-dependent exacerbation of CFA, as in-
dicated by broadening of the ceratohyal angle and shortening of the
mandible, while body length was decreased significantly only at the

Fig. 3.MAP4K4 variants cause LOF. (A) Larvae microinjected with variantMAP4K4 were imaged at 3 days post fertilization (dpf ); representative lateral views are shown.
Ectopic expression of MAP4K4 caused developmental defects, including craniofacial anomalies (CFAs; closed arrowhead), hydrocephaly (white arrowhead), and cloacal
defects (closed square). Larvae are arranged according to the position of the variant within the protein (top to bottom; N to C terminus). (B to E) Developmental defects
were quantified as a percentage of total larvae displaying the defect. (B) Body defects included dorsal (*), ventral (**) and lateral (***) curvatures, and truncations (white
square). (C) Eye defects included coloboma ($), cyclopia (#), and small eyes (~). (D) Heart defects included pericardial edema (^). (E) Yolk defects included thickening of the
yolk extension (solid arrow) and absent yolk constriction (dashed arrow). (F) Body length was measured and normalized to the average of the vehicle-injected siblings
(Veh) and is reduced by expression ofMAP4K4WT andmissense variants but is less affected by truncation variants. Scale bar, 500 μm (A). Graphs (B to F): pale gray, vehicle;
dark gray, MAP4K4WT; purple, missense variants; and green, truncation variants. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by pairwise chi-square test (B to E) or
Student’s t test (F) compared to vehicle. Analysis of variance (ANOVA) gives P < 0.0001 for (F). n numbers are inset to graphs in gray text. Error bars represent SEM. WT,
wild type.
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highest dose (Fig. 7, A to C; and fig. S1, D to H). Furthermore, we
injected MO in cmlc2:gfp cardiac reporter (46) embryos and noted a
significant increase in atrium and ventricle chamber size at
maximum diastole at 2 dpf, a direct proxy for cardiac defects ob-
served in human cases. Both the cardiac chamber size and jaw phe-
notypes were rescued significantly by coinjection of MAP4K4WT

mRNA (Fig. 7).

MAP4K4 is a negative regulator of RAS signaling in early
zebrafish embryo
Loss of endogenous Map4k4 function affects similar tissues to those
affected in affected individuals, supporting the model that loss of
MAP4K4 function causes RASopathy-like disease. Accordingly,
MAP4K4 acts as a negative regulator of RAS signaling in the early

zebrafish embryo (Fig. 5A). To confirm this, we tested the ability of
MAP4K4WT to restrain hyperactive RAS signaling, which can be
induced by ectopic expression of MEK1F53L mRNA (44), a
cancer-associated variant (Fig. 8A). Increased signaling then
causes embryo elongation at 11 hpf. Coexpression of MAP4K4WT
rescues this morphological defect significantly, but by contrast,
the LOF variant MAP4K4L889X only partially ameliorates the
aspect ratio elongation. Thus, increasing the levels of MAP4K4 in
the embryo can counter the morphological effects of increasing
RAS pathway activity, consistent with a role as a negative pathway
regulator.

We also tested whether the embryo elongation observed upon
expression ofMAP4K4D153N is caused by hyperactive RAS signaling.
We treated injected embryos with either PD0325901, a MEK inhib-
itor, or SU5402, a fibroblast growth factor receptor (FGFR) inhibi-
tor (Fig. 8B). Treatment with either drug reduced the aspect ratio of
vehicle-injected embryos and those expressing MAP4K4D153N.

Fig. 4. Ectopic MAP4K4 expression causes CFAs at 5 dpf. (A) Representative
ventral view of Alcian blue staining of jaw cartilage. Schematic of the cartilages
shown in gray with the distance between the Meckel’s and ceratohyal cartilages
shown by a red arrow. Malformations included misshapen cartilage (arrow), in-
creased angle between ceratohyal cartilages (arrowhead), and bilateral positioning
of cartilage (double-headed arrow). (B) Jaw length was measured and normalized
to the average of the vehicle-injected siblings (Veh) and is reduced by expression
ofMAP4K4WT andmissense variants. (C) The incidence of malformations was quan-
tified as a percentage of total larvae showing a defect. Scale bar, 200 μm (A).
Graphs (B to C): pale gray, vehicle; dark gray,MAP4K4WT; purple, missense variants;
green, truncation variants. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by
pairwise Student’s t test (B) or chi-square test (C) compared to vehicle. ANOVA
gives P < 0.0001 for (B). n numbers are inset to graphs in gray text. Error bars rep-
resent the SEM.

Fig. 5. Increasing and decreasing MAP4K4 has similar effects on develop-
ment. (A) Aspect ratio was measured at 11 hours post fertilization (hpf ) as the
ratio of a divided by b, shown on the embryo schematic. WT and hypomorphic
variants reduce the aspect ratio, loss-of-function (LOF) variants have no effect,
and dominant-negative (DN) variants elongate the embryo. (B) Hierarchical clus-
tering of the quantitative phenotypic metrics ranks DN alleles as closer to
MAP4K4WT in phenotypic output than to loss of function alleles. The P value for
each measurement is shown in the box, with the absence of symbols indicating
nonsignificant changes. Graph: pale gray, vehicle; dark gray, MAP4K4WT; purple,
missense variants; green, truncation variants. *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001 by pairwise Student’s t test compared to vehicle. ANOVA gives P
< 0.0001 for (A). n numbers are inset to graph in gray text. Error bars represent
the SEM.
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Together, these data suggest that embryo elongation in the context
of MAP4K4 ablation is mediated through elevated RAS signaling.

We further tested this hypothesis that MAP4K4 affects RAS sig-
naling at the molecular level. Embryos were injected with
MAP4K4WT, and protein was extracted at 50% epiboly, a time
point at which we have previously shown that hyperactivation of
the RAS pathway causes increased levels of dually phosphorylated
ERK (dpERK) at the blastoderm margin. We performed Western
blotting, quantified band intensity using ImageJ, and normalized
the level of dpERK to the amount of total ERK (Fig. 8C).

Overexpression of MEKF53L, a variant of MEK associated with
cancer and shown to increase RAS signaling, caused an increase in
the amount of dpERK consistent with hyperactivation of the
pathway. Conversely, overexpression of MAP4K4WT caused a stat-
istically significant decrease in the amount of dpERK compared to
uninjected siblings, suggesting that increasing MAP4K4 levels in-
hibits the RAS signaling pathway at the molecular level. This de-
crease is smaller than the extent of the change caused by
overexpression of MEKF53L but is consistent with the fact that
we observe a smaller effect on aspect ratio at 11 hpf for
MAP4K4WT overexpression than observed for MEKF53L overex-
pression (Fig. 8B). This is likely due to the fact that MEKF53L is
associated with cancer rather than RASopathies and cancer-associ-
ated mutations disrupt the pathway more severely. Thus, increasing
the levels of MAP4K4 in the embryo can counter the morphological

effects of increasing RAS pathway activity, consistent with a role as a
negative pathway regulator.

DISCUSSION
Here, we report MAP4K4 as the cause of a previously undescribed
syndrome with phenotypes overlapping with RASopathy syn-
dromes. These heterozygous pathogenic variants are reported
here in 26 individuals from 21 pedigrees. Individuals display over-
lapping clinical features affecting development of the brain, heart,
and face. Affected individuals with rare variants inMAP4K4 should
be clinically assessed, as they are at risk of DD, cardiac disease, renal
disease, hearing loss, short stature, and neurobehavioral differences.

Functional studies in zebrafish showed that MAP4K4 variants
caused hypomorphic, LOF, or DN effects. The missense variants
identified in our cohort were mostly clustered within the kinase
domain (Fig. 1A). Arg152 and Asp153 are both found within the ar-
ginine-glycine-aspartic acid (RGD) motif of the catalytic loop, while
Gly173 is located within the activation loop, close to the adenosine
5′-triphosphate (ATP) binding region. The variants at these resi-
dues all acted as DN alleles, consistent with a reduction in kinase
activity with no effect on protein interaction.

It is expected that the truncation variants would abolish protein
function, but previous studies into the role of the CNH domain have
been contradictory (10, 11). In our studies, truncating MAP4K4 at
p.Ser17, p.Pro232, p.Leu864, or p.Val1068 all caused loss of protein

Fig. 6. Pharmacological inhibition of Map4k4 impacts similar tissues to those affected in affected individuals. (A and B) WT embryos were treated with different
doses of the MAP4K4 inhibitor PF06260933. (A) At 3 dpf, Map4k4 inhibition induced developmental defects including shortening of the body, small eyes (~), cloacal
defects (closed square), pericardial edema (^), and thickening of the yolk extension (arrow) or reduced yolk constriction (dashed arrow). Representative lateral images are
shown. (B) Representative ventral images of Alcian blue staining of the jaw cartilage at 5 dpf. At higher doses, the swollen hearts obscure the jaw. For clarity, the black
dashed line outlines the head, the red dashed line outlines edematous heart, and the solid red line indicates the distance between the ceratohyal and Meckel’s cartilages.
(C to E) Quantitation of abnormalities (C), body length (D), and jaw length (E) reveals increasing defects and shortening of both body and jaw in a dose-responsive
manner. Scale bars, 500 (A) and 200 μm (B). Graphs: pale gray: vehicle (Veh); orange, drug treated. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 by pairwise Student’s
t test (D and E) compared to vehicle. ANOVA gives P < 0.0001 for (D) and (E). n numbers are inset to graphs in gray text. Error bars represent the SEM.
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function. p.Val1093Ter contains the sequence for the full kinase
domain and interdomain, and half of the CNH domain, while
p.Ser17Ter contains no functional domains. This may indicate
either that the truncated protein does not fold, no matter its
length, or that the complete CNH domain is necessary for protein
function.

A subset of identified variants disrupts the canonical splice site
sequences (Fig. 1B), but specimens were unavailable for experimen-
tal testing of mRNA splicing. A splice acceptor site is disrupted by
c.695-3del, and we predict that this will cause skipping of the sub-
sequent exon. Loss of exon 9 would be predicted to cause a frame-
shift (p.Pro232ArgfsTer8), which we modeled using the
p.Pro232Ter variant and showed to be a LOF variant. A splice
donor site is disrupted by c.639+1G>C, and we predict that this
variant will cause skipping of the preceding exon, exon 7, during
splicing. Loss of exon 7 would be predicted to cause a frameshift
of the protein (p.Leu169fsTer2), which would likely be a LOF allele.

By extrapolating from our functional data for a subset of vari-
ants, we can make predictions about the allelic series (Table 2).
We cannot exclude the possibility of nonsense-mediated decay
causing loss of the mRNA before translation in patients, such that
the protein would never be expressed regardless of the predicted
variant. Furthermore, we engineered the truncation variants to in-
troduce stop codons instead of frameshifts. It is therefore possible
that frameshift variants act slightly differently in patients than in
our overexpression assays. However, our data suggest that all vari-
ants reduce protein function, even if they do so by reducing the
amount of mRNA expressed.

MAP4K4 was previously shown to be required for embryonic de-
velopment. In Drosophila, the MAP4K4 homolog misshapen is re-
quired for dorsal closure during embryogenesis (14). MO-mediated
knockdown in zebrafish was reported to cause mild gastrulation
defects, but these were not characterized (15). Complete loss of
Map4k4 is embryonic lethal in mice, causing posterior truncation,
while endothelial cell–specific deletion causes vascular defects and
early postnatal lethality (13, 16). DeletingMap4k4 from adult mice,
however, had little effect on tissue homeostasis (47).

The precise function of MAP4K4 in regulating the RAS pathway
remains unclear. MAP4K4 was shown to associate with FGFR1, an
RTK that signals via RAS, and to be required for mediating an FGF-
induced signal (31). Furthermore, MAP4K4 can inhibit protein
phosphatase 2A (PP2A), which itself can dephosphorylate ERK to
inactivate signaling (30). Treating MAP4K4D153N-injected embryos
with a MEK inhibitor prevents elongation of the embryonic axis,
suggesting that MAP4K4 may inhibit RAS signaling upstream of
MEK. This would exclude the possibility of MAP4K4 modulating
the pathway via PP2A, which exerts its effects on ERK (30). Accord-
ingly, the actions of MAP4K4 upon PP2Awere reported to positive-
ly regulate the pathway, while we found that MAP4K4 was an
inhibitor of signaling.

MAP4K4 has also been reported to be necessary to inhibit RAS
signaling and maintain endothelial cell fate, potentially by activating
Ras p21 protein activator 1 (RASA1), a guanosine triphosphatase
(GTPase)–activating protein that promotes inactivation of RAS
(13). Because RASA1 is upstream of MEK and inhibits signaling
by enhancing the GTPase activity of RAS, it represents a plausible
candidate for affecting the role of MAP4K4 in the pathway. RASA1
was shown to interact with MAP4K4 to maintain endothelial fate in
mouse by inhibiting signaling, although it has roles beyond

Fig. 7.map4k4 ablation results in altered craniofacial patterning and cardiac
phenotypes in zebrafish larvae. (A) Representative ventral images show cartilage
structures in the anterior region of -1.4col1a1:egfp zebrafish larvae at 3 dpf for
control, morpholino (MO), and MO rescued with WT human MAP4K4 mRNA. Ad-
joining white dashed lines indicate the ceratohyal (CH) angle; vertical dashed line
indicates the distance from Meckel’s cartilage (MK) to CH. CB, ceratobranchial
arches. (B and C) Quantification of CH angle and CH to MK distance measurements
on ventral green fluorescent protein–positive (GFP+) images acquired at 3 dpf [as
shown in (A)]; n = 35 to 40 larvae per batch, repeated. (D) Representative ventral
images of cardiac chambers of cmlc2:egfp zebrafish larvae at 2 dpf. (E and F) Quan-
tification of atrium and ventricle area measured on ventral images at maximum
diastole [as shown in (D)]; n = 38 to 45 larvae per batch, repeated. For (B), (C),
(E), and (F), each condition is normalized to its respective experimental control
and expressed as a percentage. Scale bars, 300 (A) and 200 μm (D). *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001; n.s., not significant, by pairwise Student’s
t test compared to vehicle. Error bars represent the SEM.
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angiogenesis (13). Furthermore, RASA1 is involved in the patho-
genesis of diverse conditions, including CHD and cancer (48),
while MAP4K4 has also been implicated in cancer (12, 17, 20, 25,
26), and we link it to CHD in our work. Thus, the effects of
MAP4K4 on RAS signaling may be mediated through RASA1, al-
though it is possible that additional targets are involved. MAP4K4 is

also known to act through c-Jun N-terminal signaling, which would
be of interest to test in further experiments.
MAP4K4 is likely haplosensitive. This is consistent with our

finding that the levels of MAP4K4 must be maintained within a
window of activity to promote proper embryonic development.
This conclusion may be explained by the fact that variants that

Fig. 8. MAP4K4 is a negative regulator of RAS signaling. (A) Embryos were injected with a hyperactive variant ofMEK,MEKF53L, in combination withMAP4K4 variants.
Embryos were imaged at 11 hpf, and the aspect ratio was calculated.MEKF53L increases aspect ratio, and this elongation is rescued byMAP4K4WT but notMAP4K4L889X. (B)
Embryos were injected withMAP4K4D153N and then treated with an inhibitor of MAPK kinase (MEK), PD0325901, or the fibroblast growth factor receptor (FGFR), SU5402.
Embryos were imaged at 11 hpf, and the aspect ratio was calculated. Inhibiting ligand binding or MEK activity rescues the elongation caused by MAP4K4D153N. DMSO,
dimethyl sulfoxide. (C) Western blotting with quantification and normalization of the level of dually phosphorylated extracellular signal–regulated kinase (dpERK) to the
amount of total ERK. Scale bars, 250 μm (A and B). Graph (A): pale gray, vehicle (Veh); orange, drug treated. Graph (B): pale gray, vehicle; purple,MAP4K4D153N. *P < 0.05; **P
< 0.01; ***P < 0.001; ****P < 0.0001 by pairwise Student’s t test compared to vehicle. ANOVA gives P < 0.0001 for (A) and (B). n numbers are inset to graphs in gray text.
Error bars represent the SEM.
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increase RAS signaling can ultimately lead to reduced pathway ac-
tivity (42). Considering the similarity of the phenotypic conse-
quences of increasing and decreasing MAP4K4 function, it is
possible that many of the developmental defects observed here are
caused by down-regulation of signaling. If that is the case, then in-
creasing WT MAP4K4 levels would cause inhibition of signaling,
while reducing protein function by supplying DN MAP4K4
would initially lead to activation of the pathway, followed by
down-regulation in response to negative feedback. The fact that el-
evated amounts of MAP4K4 are detected in conditions such as

cancer, atherosclerosis, and diabetes and that reducing MAP4K4 ac-
tivity can rescue the disease state lends further support to the critical
importance of maintaining MAP4K4 at a suitable level (12, 19, 23,
26–28).

In summary, we have added MAP4K4 to the repertoire of genes
that may be associated with RASopathy-like developmental disease.
Targeted reduction of MAP4K4 activity has been touted as a possi-
ble therapeutic approach for diverse conditions (23, 27), yet we
demonstrate that abrogation of MAP4K4 function is also associated
with disease. The implications of our work, therefore, suggest that

Table 2. Predicted impact ofMAP4K4 variants upon protein function. DN, dominant negative; LOF, loss of function; CNH, citron homology; ATP, adenosine 5′-
triphosphate.

Variant Location Predicted impact on gene and protein Allele type

c.46-47dup
p.Ser17ProfsTer55

N terminus Frameshift: loss of kinase domain, interdomain, and CNH
LOF

demonstrated

c.52delC
p.Leu18CysfsTer53

N terminus Frameshift: loss of kinase domain, interdomain, and CNH LOF predicted

c.116 T>G
p.Val39Gly

P loop,
kinase domain

Loss of kinase activity: Val39 is criptical for ATP binding within the P loop DN predicted

c.328G>A
p.Ala110Thr

Kinase domain
Loss of kinase activity: not a known critical residue but lies close to ATP binding site and likely

reduce kinase function
DN predicted

c.391G>A
p.Ala131Thr

Kinase domain
Loss of kinase activity: not a known critical residue but lies close to ATP binding site and likely

reduce kinase function
DN predicted

c.454C>T
p.Arg152Trp

RGD motif,
kinase domain

Loss of kinase activity: Arg152 is part of the RGD motif of the catalytic loop
DN

demonstrated

c.639+1G>C
p.Leu169fsTer2

Splice donor
site

Excision of exon 7 from the transcript. Frameshift: truncation of kinase domain, loss of
interdomain and CNH

LOF predicted

c.518G>A
p.Gly173Asp

Activation
loop,

kinase domain
Loss of kinase activity: Gly173 is the activation loop, close to the ATP binding region

DN
demonstrated

c.560C>G
p.Thr187Arg

Activation
loop,

kinase domain
Loss of kinase activity: Thr187 lies in the activation loop LOF predicted

c.695-3delC
p.Pro232LfsTer8

Splice
acceptor
site

Excision of exon 9 from transcript. Frameshift: truncation of the kinase domain, loss interdomain
and CNH

LOF
demonstrated

c.736C>T
p.Pro246Ser

Kinase domain
Loss of kinase activity: Pro246 is not a known critical residue, but variants likely reduce kinase

function
DN predicted

c.1489C>T
p.Arg497Ter

Interdomain Premature stop codon: truncation of the interdomain and loss of CNH LOF predicted

c.2426T>G
p.Ile836Ser

Interdomain
Reduced function or disrupted regulation: The interdomain harbors protein interaction sites and

phosphorylation sites
LOF predicted

c.2591T>A
p.Leu864Ter

Interdomain Premature stop codon: truncation of the interdomain, loss of CNH
LOF

demonstrated

c.3023-42del
p.Val1008GlyfsTer19

CNH domain
Frameshift: truncation of CNH. DN properties may suggest possible autoinhibitory region

within CNH
DN

demonstrated

c.3146C>T
p.Ala1049Val

CNH domain
Reduced function: CNH domain regulates kinase function and contains protein interaction sites

that may be disrupted
LOF predicted

c.3197-3200dup
p.Val1068IlefsTer4

CNH domain Frameshift: truncation of the CNH
LOF

demonstrated

c.3218-9del
p.Tyr1147TrpfsTer61

CNH domain Frameshift: truncation of the CNH LOF predicted

c.3469C>T
p.Gln1157Ter

CNH domain Premature stop codon: truncation of the CNH LOF predicted
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care must be taken not to reduce activity too far at the risk of exac-
erbating disease. Despite this caveat, MAP4K4 remains an attractive
target for pharmacological modulation of RAS signaling in humans.

MATERIALS AND METHODS
This study was approved by the Institutional Review Board (IRB) of
the Children’s Hospital of Philadelphia. Informed consent was ob-
tained from all individual participants included in the study. Addi-
tional informed consent was obtained from all individual
participants for whom identifying information is included here.

Exome and genome sequencing
Genomic DNA was extracted from whole blood from the affected
children and their parents. The original patients were enrolled
under an approved IRB from the Children’s Hospital of Philadel-
phia. Exome or genome sequencing was performed with a variety
of standard capture kits and the general assertion criteria for variant
classification following American College of Medical Genetics and
Genomics, Association of Molecular Pathology (ACMGG/AMP)
guidelines (49). There were no other variants in these patients
who survived filtration and analysis using either dominant or reces-
sive models and could explain the phenotypes.

Zebrafish strains and husbandry
Zebrafish were maintained, and all experiments conducted accord-
ing to Princeton University or Northwestern University Institution-
al Animal Care and Use Committee–approved protocols. The PWT
strain (50) was used for injection of mRNA; -1.4col1a1:gfp (45) and
cmlc2:gfp (46) transgenic lines were used for map4k4 knockdown
studies. Embryos were raised at 28°C until phenotypic end point.

Pharmacological treatment of zebrafish embryos
PF06260933 (Sigma-Aldrich) was added immediately following
embryo collection to a final concentration of 1, 5, or 10 μM.
Water was changed on the second day, with fresh drug applied.
For inhibition of MEK, PD0325901 (Sigma-Aldrich) in dimethyl
sulfoxide (DMSO) was added to a final concentration of 1 μM,
while the FGFR inhibitor SU5402 (Sigma-Aldrich) in DMSO was
used at a concentration of 5 μM. These concentrations were previ-
ously shown to rescue embryo elongation caused by MEK (43, 44).
Control embryos were treated with an equivalent amount of DMSO.
Both drugs were applied from 4.5 hpf until imaging (35).

Cloning and site-directed mutagenesis
pDONR223-MAP4K4 was a gift from W. Hahn and D. Root
(Addgene, plasmid no. 23486) (34). This construct contains
human MAP4K4 transcript variant 13 (NM_001384485.1) with a
deletion of six nucleotides (Δ2078–2083). The human MAP4K4 se-
quence was subcloned into pCS2+ and tagged with mCherry and a
p2A termination sequence. Plasmids were transfected into 5-alpha
competent cells (New England Biolabs) and purified using the
QIAprep Spin Miniprep Kit (QIAGEN) or the Quantum Prep
Plasmid Midiprep Kit (Bio-Rad). Overlapping primers (Integrated
DNA Technologies) were designed to contain base changes corre-
sponding to variants identified in affected individuals, obtained
from Integrated DNATechnologies, and used in a PCR to introduce
changes to the plasmid sequence. Sequence changes were verified by
Sanger sequencing (GeneWiz).

mRNA transcription and microinjection in zebrafish
mRNA was generated using the mMESSAGE mMACHINE Sp6 kit
(Invitrogen) according to the manufacturer ’s instructions and
quantified using a NanoDrop One (Thermo Fisher Scientific).
Embryos were injected as described (51) using a PV820 Pneumatic
PicoPump (World Precision Instruments). Embryos at the one- to
four-cell stages were injected with 150 pg of MAP4K4 mRNA and/
or 55 pg of MEK mRNA suspended in 500 pl of phenol red (phe-
nolsulfonphthalein; 5 mg/ml)/0.2 M KCl. Vehicle-injected embryos
received 500 pl of phenol red (5 mg/ml)/0.2 M KCl. For each
variant, at least three clutches of at least 30 embryos each were in-
jected, with mRNA generated on at least two separate occasions.

Transient suppression of map4k4 in zebrafish
A splice-blocking MO was designed to target the exon 13 splice
donor site of Danio rerio map4k4 (ENSDART00000165230.2;
e13i13; Gene Tools). We injected 1 nl of MO at different doses (3,
6, and 9 ng) into one- to four-cell–staged zebrafish embryos. MO
efficiency was validated by extracting total RNA from pools of 2
dpf embryos (30 animals per condition; controls and MO injected)
using TRIzol (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. cDNAwas synthesized with the QuantiTect RT
kit (QIAGEN). We performed RT-PCR of the MO target using
flanking primers, and resulting PCR product was migrated on a
1% agarose gel. Bands were excised, and PCR product was purified
with the QIAquick Gel Extraction Kit (QIAGEN) and cloned in
TOPO-TA vector (Thermo Fisher Scientific). Purified plasmid
from resulting colonies (n = 4 per PCR product) were sequenced
using BigDye 3.1 terminator chemistry according to standard pro-
tocols. Rescue experiments were carried out with 9 ng of map4k4
MO and 150 pg of WT human MAP4K4 mRNA.

Alcian blue staining for zebrafish craniofacial analysis
Larvae were euthanized at 5 dpf and fixed in 4% paraformaldehyde/
phosphate-buffered saline (PBS) overnight. Larvae were washed in
PBS, dehydrated through an ethanol series to 70% EtOH, and incu-
bated in 0.04% Alcian blue 8GX/50 mM MgCl2/70% EtOH over-
night at 4°C. After several rinses in 70% EtOH, embryos were
rehydrated through an ethanol series to 0.1% Tween 20/PBS,
washed in 2% KOH, bleached in 1% H2O2/2% KOH, washed in
2% KOH, and then processed through a glycerol series to 80% glyc-
erol/2% KOH for imaging.

Zebrafish imaging and analysis
mRNA-injected embryos were imaged using a Leica M205 FA ster-
eoscope with a DFC365FX or DFC450C camera attachment. For
imaging at 3 dpf, embryos were immobilized in tricaine (ethyl-3-
aminobenzoate methane sulfonate salt; 0.08 mg/ml; Sigma-
Aldrich), which was removed after image acquisition. Phenotypic
abnormalities were manually scored for each embryo, and preva-
lence was calculated as a percentage of all embryos injected with
that condition.

MO-injected larvae were tricaine-anesthetized at 3 dpf, and cra-
niofacial features were imaged using the Vertebrate Automated
Screening Technology (VAST) BioImager (Union Biometrica)
mounted to an Axio Imager.M2m microscope (Zeiss) with a 10×
objective lens. Larvae were passed sequentially through a 600-mm
capillary on the detection platform. Each larvawas detected and ori-
ented automatically for ventral [green fluorescent protein (GFP)] or
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lateral (brightfield) images with a preprovided template setting in
the VAST software (version 1.2.6.7) operated in automatic
imaging mode with a 70% minimum similarity threshold, as de-
scribed (52). We captured fluorescent images from ventrally posi-
tioned larvae with an Axiocam 503 monochrome camera (Zeiss)
and ZenPro software (Zeiss). For heart phenotyping, we captured
GFP signal of the ventral aspect of live embryos with a Nikon
AZ100 microscope facilitated by a Nikon camera controlled by
Nikon NIS-Elements Software at 2 dpf. For aspect ratio phenotyp-
ing of gastrulating embryos, we captured brightfield images at 11
hpf with a Nikon SMZ745 stereoscope and Nikon digital
sight camera.

ImageJ was used to measure the lengths of the major and minor
axes of the yolk at 11 hpf, the length of the embryo at 3 dpf, the
ceratohyal angle and the distance between the ceratohyal and
Meckel’s cartilages at 3 and 5 dpf, and the area of heart chambers
at 2 dpf. Measurements were performed with the investigator
masked to experimental condition and normalized to the mean of
the vehicle-injected control group to allow combination of embryos
from multiple clutches. A one-way analysis of variance (ANOVA)
with Bonferroni correction was performed to compare the whole
group, while pairwise Student’s t tests were used to compare
variant-injected embryos to vehicle-injected controls. Hierarchical
clustering was performed using RStudio.

Protein extraction and Western blotting
A total of 100 injected embryos were incubated in pronase (1.3 mg/
ml; Sigma-Aldrich) at 28°C for 5 min, and then chorions were
removed by agitation at 50% epiboly. Embryos were rinsed three
times in E3 buffer (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2,
and 0.33 mM MgSO4), then resuspended in 200 μl of E3 buffer,
and homogenized by pipetting. One milliliter of 0.5× Ringer’s sol-
ution (50 mM NaCl, 10 mM KCl, and 1.25 μM NaHCO3) was
added, and samples were vortexed before cells were precipitated
by centrifugation [300 relative centrifugal force (rcf ), 1 min, 4°C].
Cells were resuspended in 50 μl of lysis buffer [20 mM tris (pH 8.0),
50 mM NaCl, 2 mM EDTA, 1% Igepal CA-630, and 200 μM phenyl-
methylsulfonyl fluoride] with protease inhibitor cocktail (Sigma-
Aldrich), and debris was pelleted (14,000 rcf, 10 min, 4°C). Equal
amounts of protein lysate were prepared by adding NuPAGE LDS
sample buffer and reducing agent (Thermo Fisher Scientific) and
boiling at 100°C for 10 min. SDS–polyacrylamide gel electrophore-
sis was performed using 4 to 12% Tris-Bis NuPAGE gels and the
XCell SureLock Mini-Cell Electrophoresis system (Thermo Fisher
Scientific) according to the manufacturer’s instructions. Proteins
were transferred to nitrocellulose (Li-COR) and blocked with 5%
milk powder in 1% Tween 20/PBS (PBT), and primary antibody
(Cell Signaling Technology) was applied at 1:1000 dilution in 5%
bovine serum albumin (BSA; Sigma-Aldrich)/PBT. Membranes
were incubated with shaking overnight at 4°C and then washed
with PBT. Fluorescently labeled secondary antibody (Li-COR, Invi-
trogen) was applied at 1:5000 dilution in 5% BSA/PBT, and mem-
branes were incubated with shaking for 1 hour at room temperature
and then washed with PBT. Membranes were imaged using the
Azure 600 imager, and band intensity was quantified using ImageJ.
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