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ABSTRACT The physiological functions of the atypical mitogen-activated protein ki-
nase extracellular signal-regulated kinase 3 (ERK3) remain poorly characterized. Previ-
ous analysis of mice with a targeted insertion of the lacZ reporter in the Mapk6
locus (Mapk6lacZ) showed that inactivation of ERK3 in Mapk6lacZ mice leads to peri-
natal lethality associated with intrauterine growth restriction, defective lung matura-
tion, and neuromuscular anomalies. To further explore the role of ERK3 in physiol-
ogy and disease, we generated novel mouse models expressing a catalytically
inactive (Mapk6KD) or conditional (Mapk6�) allele of ERK3. Surprisingly, we found
that mice devoid of ERK3 kinase activity or expression survive the perinatal period
without any observable lung or neuromuscular phenotype. ERK3 mutant mice
reached adulthood, were fertile, and showed no apparent health problem. However,
analysis of growth curves revealed that ERK3 kinase activity is necessary for optimal
postnatal growth. To gain insight into the genetic basis underlying the discrepancy
in phenotypes of different Mapk6 mutant mouse models, we analyzed the regulation
of genes flanking the Mapk6 locus by quantitative PCR. We found that the expres-
sion of several Mapk6 neighboring genes is deregulated in Mapk6lacZ mice but not
in Mapk6KD or Mapk6� mutant mice. Our genetic analysis suggests that off-target ef-
fects of the targeting construct on local gene expression are responsible for the
perinatal lethality phenotype of Mapk6lacZ mutant mice.
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Extracellular signal-regulated kinase 3 (ERK3) and ERK4 are atypical members of the
mitogen-activated protein (MAP) kinase family (1). Despite their identification more

than 25 years ago, very little is known about their physiological functions. The ERK3
gene (MAPK6 in human) is expressed ubiquitously in adult mammalian tissues, while
the ERK4 gene (MAPK4) shows a restricted expression profile, being detected mainly in
brain tissue (2–4; www.gtexportal.org/home). During mouse embryogenesis, ERK3
mRNA and protein levels peak around embryonic day 11, after the onset of organo-
genesis, and then decline thereafter (3). Expression of ERK3 is also upregulated during
in vitro differentiation of cell line models along the neuronal or muscle lineage (2, 5).
These early observations have suggested a role for ERK3 signaling in cell differentiation
and tissue development.

Analogous to classical MAP kinases, ERK3 is activated by phosphorylation of the
activation loop, which stimulates its intrinsic catalytic activity and affinity for the
substrate MK5 (6). Activation loop phosphorylation is mediated by group I p21-
activated kinases (7, 8) and is reversed by the action of the MAP kinase phosphatase
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DUSP2 (9). Of note, it has been previously proposed that ERK3 enzymatic activity
is dispensable for MK5 activation and that ERK3 exerts a scaffolding function (10).
However, other experiments using coupled in vitro kinase assays did not suppport this
hypothesis (6, 11). A more recent study reported that overexpression of ERK3 induces
rounding of MDA-MB-231 breast cancer cells by an unknown mechanism independent
of its kinase activity (12). The physiological importance of catalytic and noncatalytic
functions of ERK3 remains an open question.

To investigate the physiological roles of ERK3, we have disrupted the Mapk6 gene
in the mouse by inserting a reporter lacZ gene in-frame with the ATG initiation codon
in exon 2 (13). We found that loss of ERK3 function in Mapk6lacZ homozygous mice leads
to intrauterine growth restriction, delayed lung maturation associated with defective
type II pneumocyte differentiation, and neuromuscular anomalies. About 40% of
Mapk6lacZ mutant mice died rapidly following delivery from respiratory distress syn-
drome. The other 60% of Mapk6lacZ pups survived the immediate neonatal interval but
subsequently died within 24 h from an unclear cause. These newborn mice were unable
to feed and displayed symptoms of muscular weakness. All mice exhibited kyphosis
and carpoptosis phenotypes. The perinatal lethality of Mapk6lacZ mutant mice has
precluded the analysis of ERK3 functions in postnatal development and growth.

Here, we report on the generation of two novel genetically engineered mouse
models to address the importance of ERK3 catalytic activity and to study the role of
ERK3 in postnatal development. We found that mice expressing a catalytically inactive
allele of ERK3 are born at normal Mendelian ratios and do not exhibit signs of
respiratory distress or neuromuscular problems. Surprisingly, mice with a conditional
disruption of the ERK3 gene also survived to adulthood, demonstrating that ERK3
expression and activity are dispensable for postnatal survival. However, we found that
ERK3 catalytic activity is required for optimal postnatal growth in mice.

RESULTS AND DISCUSSION
Mice expressing a catalytically inactive ERK3 mutant survive to adulthood and

are fertile. To address the physiological importance of ERK3 catalytic activity, we used
a genetic approach to generate a mouse mutant bearing a kinase-dead (KD) allele of
ERK3. To minimize disruption of the gene sequence, we have constructed a knock-in
targeting vector that, upon homologous recombination, introduces the double muta-
tion K49A/K50A in exon 2 of the Mapk6 gene (Fig. 1A). Lys49 is part of the AXK motif
in the �3 strand of the kinase domain N-lobe that bridges to the conserved Glu65 in the
C-helix to anchor the � and � phosphates of ATP. The Lys-Glu salt bridge is considered
a signature of the active kinase conformation and is essential for catalysis (14). To make
sure that Lys50 could not substitute for Lys49, we also mutated this residue (Fig. 1B).
As predicted, the K49A/K50A mutation abolishes ERK3 kinase activity in vitro (6). The
targeting vector was electroporated in embryonic stem (ES) cells, and two correctly
targeted clones were identified by Southern blot analysis (Fig. 1C). One clone was
injected in blastocysts to generate chimeric mice and was shown to transmit the
Mapk6KD allele to the germ line.

Analysis of heterozygous Mapk6KD/� mouse intercrosses revealed the presence of
viable Mapk6KD/KD homozygous mice at the time of weaning (Fig. 1D). The mutant
mice appeared healthy and showed no gross anatomical abnormality. Genotypes of
offspring were distributed according to normal Mendelian inheritance (Table 1).
Mapk6KD/KD mice survived to adulthood, were fertile, and remained generally healthy.
We confirmed that ERK3 wild-type and KD proteins are expressed at similar levels in
mouse tissues (Fig. 1E). Importantly, we further validated by DNA sequence analysis
that Mapk6KD/KD mice express the Mapk6KD allele (Fig. 1F).

ERK3 expression is dispensable for perinatal survival. The perinatal lethality of
Mapk6lacZ mutant mice has precluded an analysis of the role of ERK3 in postnatal
development and adult physiology. To circumvent this problem, we have generated a
conditional allele of Mapk6 by flanking exon 3 of the gene with loxP sites (Fig. 2A). Two
correctly targeted ES clone were identified (Fig. 2B) from which a single clone produced
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chimeric mice that could transmit the floxed allele to the germ line. Deletion of exon
3 in the kinase domain is predicted to disrupt the kinase fold and introduce a frameshift
to yield a null allele. To validate that we had created a conditional null allele of Mapk6,
we crossed Mapk6flox/flox mice to Sox2-Cre transgenic mice to inactivate Mapk6 in
the epiblast and resulting embryo. Immunoblot analysis of embryonic day 12.5
(E12.5) embryos confirmed the absence of ERK3 protein in Mapk6�/� (Δ symbolizes the
Cre-excised allele) homozygous embryos (Fig. 2C).
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FIG 1 Generation of mice expressing kinase-dead ERK3. (A) Schematic representation of the gene targeting strategy used to generate a catalytically inactive
knock-in allele of Mapk6. The targeting vector harbors a neomycin resistance gene (neor) and DNA mutations that replace lysines 49 and 50 with alanine
residues in exon 2 of the Mapk6 coding sequence. Exons 2 to 6 and restriction sites are shown (E, EcoRI; K, KpnI; S, ScaI). Open boxes correspond to
untranslated regions (UTRs), and closed boxes indicate coding regions. Black triangles correspond to loxP sites. (B) Nucleotide and amino acid sequences of
codons 49 and 50 in the kinase domain of wild-type and kinase-dead ERK3 protein. (C, upper) Southern blot analysis of EcoRI-digested genomic DNA with
probe A showing two correctly targeted ES clones with wild-type (9.1 kb) and mutant (6.8 kb) alleles. (Lower) Southern blot analysis of ScaI-digested genomic
DNA with probe B showing the expected 9.5-kb recombinant band. (D) PCR analysis of a litter from a Mapk6KD/� heterozygous cross at weaning. (E)
Immunoblot analysis of ERK3 protein expression in lysates prepared from brain and skeletal muscle of wild-type and ERK3KD/KD adult mice. (F) Chromatograms
of genomic DNA sequences from Mapk6�/� and Mapk6KD/KD mice confirming the mutation of lysines 49 and 50 to alanines in exon 2 of the Mapk6 gene.

TABLE 1 Genotypic analysis of offspring from Mapk6KD/� intercrossesa

Stage Total no. of pups Genotype (%; �/�:KD/�:KD/KD)

E18.5 136 27.2:47.8:25
Adult 192 25.5:53.7:20.8
aMixed C57BL/6J-129/Sv genetic background.
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To verify that the Cre-excised Mapk6� allele behaves like the Mapk6lacZ null allele, we
intercrossed Mapk6�/� mice. Surprisingly, we observed that ERK3-deficient Mapk6�/�

mice are born at the expected Mendelian frequency (Table 2) and survive to adulthood
without any apparent health issues. Immunoblot analysis of various tissues isolated
from adult Mapk6�/� mice confirmed the absence of ERK3 expression in all tissues
examined (Fig. 2D). Mapk6�/� mice were further shown to be fertile. We conclude that
ERK3 expression is dispensable to survive the perinatal period.

Phenotypic analysis of Mapk6KD/KD and Mapk6�/� mutant mice. Homozygous
Mapk6lacZ mutant mice display an intrauterine growth restriction phenotype, which is
associated with adverse perinatal outcome (13). In contrast, we did not observe any
decrease in the body weight of heterozygous or homozygous Mapk6KD and Mapk6�

E18.5 embryos compared to that of wild-type littermates, consistent with their perinatal
survival (Fig. 3A to C). We also reported that Mapk6lacZ/lacZ mutant mice exhibit a lung
maturation defect characterized by decreased saccular space and the persistence of
type II pneumocytes with high glycogen content (13). Histological examination of the
lungs of Mapk6KD/KD and Mapk6�/� mutant E18.5 embryos revealed a normal lung
architecture with the saccular space comparable to that of wild-type animals (Fig. 3D).
Mapk6KD/KD and Mapk6�/� mutant E18.5 embryos appeared morphologically normal
and did not exhibit the smaller size and carpoptosis (wrist drop) phenotypes of
Mapk6lacZ/lacZ mutant mice (Fig. 3E). These results argue that the phenotypes of
Mapk6lacZ homozygous mutant mice originally reported are not a direct consequence
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FIG 2 Generation of mice expressing a conditional Mapk6 allele. (A) Schematic representation of the Mapk6 locus, targeting vector, recombinant conditional
allele, and conditional deleted allele. The targeting vector carries a neomycin resistance cassette (neor) flanked by two FRT sites, and exon 3 is flanked by two
loxP sites. Exons 2 to 5 and restriction sites are shown (N, NheI; N, NotI; S, SfiI). Open boxes correspond to UTRs, and closed boxes indicate coding regions.
White and black triangles correspond to loxP and FRT sites, respectively. (B) Southern blot analysis of SfiI-digested genomic DNA showing two correctly targeted
ES clones. Wild-type (16 kb) and targeted mutant (12 kb) alleles are indicated. (C) Immunoblot analysis of ERK3 protein expression in lysates prepared from
wild-type (�/�), heterozygous Mapk6�/� (�/�), and Mapk6�/� (�/�) E12.5 embryos. (D) Immunoblot analysis of ERK3 protein expression in lysates prepared
from different tissues of Mapk6�/� and Mapk6�/� adult mice.

TABLE 2 Genotypic analysis of offspring from Mapk6�/� intercrossesa

Stage Total no. of pups Genotype (%; �/�:�/�:�/�)

E18.5 115 29.6:51.3:19.1
Adult 110 23.6:55.5:20.9
aMixed C57BL/6J-129/Sv genetic background.
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of the loss of ERK3 activity or expression but rather reflect an off-target effect of the
targeting construct.

Targeted insertion of the Mapk6lacZ construct influences neighboring gene
expression. Insertion of foreign DNA fragments into the genome may have unintended
effects on the expression and function of neighboring genes. In a recent study, West et
al. (15) used transcriptome sequencing to analyze in a systematic manner the tran-
scriptional impact of targeted mouse mutations on local changes in gene expression.
They measured the expression levels of genes within 500 kb upstream or downstream
of the targeted gene in tissues from 44 homozygous mutants generated by the
International Knockout Mouse Consortium (16) compared with C57BL/6N inbred con-

FIG 3 Phenotypic analysis of Mapk6KD/KD and Mapk6�/� E18.5 embryos. (A to C) Body weight distribution of E18.5 embryos from Mapk6lacZ/� (A), Mapk6 KD/�

(B), and Mapk6�/� intercrosses. *, P � 0.05; ***, P � 0.001 (unpaired Student’s t test). (D, left) Representative photographs of H/E staining of lung sections from
E18.5 embryos of the indicated wild-type or mutant Mapk6 genotype. Scale bar, 250 �m. (Right) Saccular space quantification of E18.5 lungs from Mapk6 KD/�

(n � 6) or Mapk6�/� (n � 4) intercrosses. Results are expressed as means � standard errors of the means (SEM). AU, arbitrary units. (E) Representative images
of E18.5 embryos of the indicated wild-type or mutant Mapk6 genotype. Arrows point to the wrists and show carpoptosis, which is present exclusively in
Mapk6lacZ/lacZ embryos.
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trol mice. The targeting strategies insert a bacterial beta-galactosidase reporter (lacZ
gene) downstream of the target gene endogenous promoter and a neomycin resis-
tance selection cassette, similar to the strategy used to produce Mapk6lacZ mutant mice.
The authors found that one or more neighboring genes are downregulated or upregu-
lated in up to 59% of the mouse mutants, depending on the targeting approach (15).
Various mechanisms have been proposed to explain this local transcriptional dysregu-
lation, including disruption of regulatory and insulating elements with cis-acting con-
sequences and effects of the exogenous neor promoter on expression of 3= genes.

The impact of local changes in gene expression on the phenotypic spectrum of
targeted mouse mutants has not been thoroughly studied. However, an accumulating
number of reports indicate that some phenotypes associated with a targeted gene
mutation are causally related to off-target effects on neighboring genes (17–21). For
example, mice with a homozygous disruption of the Ampd1 gene generated by a
targeted trap mutation (knockout-first allele) die within 2 days postnatally and show
reduced body weight, decreased lung saccular space, and lack of milk in their stomach
(20). However, after removal of the knockout-first cassette containing the lacz and neor

genes to generate a conditional allele and further deletion of exon 3 of the Ampd1 gene
to produce a null allele, homozygous mutant mice survived to adulthood. RNA-seq
analysis revealed that expression of the neighboring Man1a2 and Nras genes was
downregulated in the knockout-first Ampd1 mice but not in the conditional Ampd1
mutant mice. Another recent study reported that replacement of the coding region of
the steroid metabolizing enzyme gene Hsd17b1 with the lacZ gene inserted in the
translation initiation site and a neor selection cassette (Hsd17b1-LacZ/Neo mice) results
in reduced adipose mass, increased lean mass, and lipid accumulation in the liver of
male mice (17). Further characterization revealed that the metabolic phenotype of
Hsd17b1-LacZ/Neo mice is caused by the reduced expression of the immediate 5= gene
Naglu, which encodes the N-acetyl-�-glucosaminidase enzyme, and not by a defi-
ciency in HSD17B1 activity. Local changes in gene expression due to vector insertion
may also explain the differences in phenotypes observed for multiple null mutants of
the same gene (19).

These considerations led us to evaluate the potential impact of the targeted
Mapk6lacZ mutation on the transcription of neighboring genes. We first focused on
genes within 1 Mb upstream or downstream of the Mapk6 locus on mouse chro-
mosome 9 (Fig. 4A) and quantitatively measured their level of expression by
quantitative reverse transcription-PCR (qRT-PCR) in littermate wild-type and Mapk6lacZ

homozygous E12.5 embryos. Of the 18 genes found in this interval, 15 were found to
be significantly expressed. We observed a global dysregulation of the expression of
Mapk6 neighboring genes in Mapk6lacZ/lacZ mutant embryos, with 7 genes being
statistically upregulated by more than 50% (Fig. 4B). In contrast, none of the genes was
deregulated in Mapk6KD/KD (Fig. 4C) or Mapk6�/� (Fig. 4D) embryos compared to their
respective wild-type littermate controls. We then selected 14 genes associated with
embryonic development outside the 1-Mb interval around Mapk6 to determine
whether the Mapk6lacZ mutation exerts longer-range transcriptional effects. Notably,
we observed that the expression of 5 genes was significantly upregulated in Mapk6lacZ/

lacZ embryos compared to that in littermate Mapk6�/� embryos (Fig. 4E), whereas none
of the genes were deregulated in Mapk6KD/KD (Fig. 4F) or Mapk6�/� (Fig. 4G) mutant
embryos. These results indicate that targeted insertion of the Mapk6lacZ construct exerts
unintended effects on the regulation of local gene expression.

We next analyzed the enrichment in biological functions for the 89 genes within
plus or minus 5 Mb of the Mapk6 locus using Ingenuity Pathway Analysis software
(Qiagen) (22). Interestingly, 14 out of 35 significantly enriched biological functions were
associated with development or embryogenesis, thereby revealing an enrichment of
genes involved in developmental processes in the 10-Mb chromosomal region sur-
rounding the Mapk6 locus (Fig. 4H). We hypothesize that the off-target effects of the
Mapk6lacZ construct are responsible for the perinatal lethality phenotype of Mapk6lacZ

mutant mice rather than the loss of ERK3 function.
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FIG 4 Targeted insertion of the Mapk6lacZ construct influences the transcription of neighboring genes. (A) Schematic representation of mouse
chromosome 9 and neighboring genes of Mapk6 within a 1-Mb interval. (B to D) Relative mRNA expression of 15 genes within a 1-Mb interval
around Mapk6 in E12.5 embryos of wild-type or homozygous Mapk6lacZ/lacZ (B), Mapk6 KD/KD (C), and Mapk6�/� (D) genotypes. Gene expression
was measured by quantitative RT-PCR. Results are expressed as means � standard deviations (SD). *, P � 0.05 (unpaired Student’s t test). (E
to G) Relative mRNA expression of 14 developmental genes on mouse chromosome 9 outside 1 Mb from the Mapk6 locus in E12.5 embryos
of wild-type or homozygous Mapk6lacZ/lacZ (E), Mapk6 KD/KD (F), and Mapk6�/� (G) genotypes. Results are expressed as means � SD. *, P � 0.05
(unpaired Student’s t test). (H) Functional enrichment analysis of the 89 genes located within 5 Mb upstream or downstream of the Mapk6
locus on mouse chromosome 9 using Ingenuity Pathway Analysis software. Enrichment of biological functions is expressed as log10 P value.

ERK3 Is Dispensable for Perinatal Survival Molecular and Cellular Biology

March 2019 Volume 39 Issue 6 e00527-18 mcb.asm.org 7

https://mcb.asm.org


ERK3 activity is required for optimal postnatal growth in mice. The availability
of surviving Mapk6 mutant mice allows us to explore the function of ERK3 in postnatal
development. Despite the fact that Mapk6KD/KD and Mapk6�/� mutant mice have a body
weight comparable to that of wild-type mice at birth, we noticed that some mutant
mice appear smaller at weaning. To investigate the possible role of ERK3 in postnatal
growth, we measured the weight of mouse cohorts of different Mapk6 genotypes from
birth through weaning at 3 weeks of age. The growth rate of Mapk6�/� homozygous
mice was clearly reduced compared to that of control Mapk6flox/� mice and heterozy-
gous Mapk6�/flox or Mapk6�/� mice (Fig. 5A). The difference in body weight already
reached statistical significance at day 5 and was maintained up to the time of weaning
(Fig. 5A and B). A similar phenotype was observed for Mapk6KD/KD mice (Fig. 5C and D).
The growth retardation phenotype affected both female and male Mapk6 mutant mice
(Fig. 5B and D). These results provide strong evidence that ERK3 kinase activity is
necessary for optimal postnatal growth in mice. Future studies will be required to
understand the cellular and molecular basis of this complex phenotype and to evaluate
its long-term physiopathological impact.

Conclusions. We have generated two novel genetically engineered models of
Mapk6 mutant mice. We show that ERK3 activity and expression are dispensable for
perinatal survival, contrary to previous findings obtained from the analysis of Mapk6lacZ

mice. We also unveil a novel role of ERK3 kinase activity in regulating postnatal growth.
These mouse models will provide valuable tools to study the poorly understood
physiological functions of the atypical MAP kinase ERK3. The Mapk6KD mutant mouse
will also be useful to genetically validate the selectivity of future small-molecule
inhibitors of ERK3. Our findings also emphasize the importance of evaluating the
impact of targeted mutant constructs on local gene regulation and, whenever possible,
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FIG 5 Impact of the loss of ERK3 activity or expression on postnatal growth in mice. (A) Growth curves of Mapk6flox/�,
Mapk6�/flox, Mapk6�/�, and Mapk6�/� mice (pooled animals, �11) over 15 postnatal days. (B) Analysis of Mapk6�/�,
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to analyze more than one mouse line harboring different mutant alleles for interpreting
the phenotypes associated with mutations in a specific gene.

MATERIALS AND METHODS
Generation of mouse mutants. To generate mice bearing a catalytically inactive allele of Mapk6, we

introduced a mutation in the essential AXK motif of the kinase domain in exon 2 by homologous
recombination. Part of exon 2 was amplified by PCR using primers containing a modified DNA sequence
to change the sequence coding for lysines 49 and 50 (AAG AAA) to a sequence coding for two alanine
residues (GCA GCA). An ScaI restriction site was also introduced to reassemble the mutated exon 2 in a
pBluescript II cloning vector. Left and right arms of genomic DNA coding for intronic sequences were PCR
amplified and cloned upstream and downstream of the mutated exon 2. A second right arm containing
exon 3 was added downstream of the shorter right arm, allowing us to insert an XhoI restriction site in
which the neor selection cassette, flanked by loxP sites, was introduced. The targeting vector was
linearized and electroporated into G4 mouse ES cells. Recombinant clones were selected with G418 and
screened by Southern blot analysis for homologous recombination. One correctly targeted ES cell clone
was injected into C57BL/6 blastocyst-stage embryos to produce chimeric mice and was shown to
transmit the mutant allele to the germ line.

We generated a conditional Mapk6 allele by flanking the essential exon 3, which encodes kinase
subdomains VIII and IX, with loxP sites. Briefly, this was achieved by assembling left- and right-arm
genomic fragments containing exon 2 and exons 4 and 5, respectively, with exon 3 by Gibson Assembly
(New England Biolabs). An upstream loxP site was inserted in intron 2 upstream of exon 3, and an FLP
recombination target (FRT)-flanked neor selection cassette followed by a second loxP site was inserted
downstream of the exon. The targeting vector was linearized and electroporated into G4 mouse ES cells.
Recombinant clones were screened as described above. A correctly targeted ES cell clone was injected
into C57BL/6 blastocyst-stage embryos to produce chimeric mice, and germ line transmission was
obtained.

Genotyping and DNA sequencing. Genomic DNA was extracted using a phenol-chloroform pro-
tocol and was subjected to PCR. Mapk6KD/KD genotyping was performed with the following priming
sequences: wild-type and kinase-dead allele CTG TTT CTG CCT CCC ATG TG, wild-type allele GAT AGA TTC
ATC TAT CTC TCC C, and kinase-dead allele ATT CCA TCA GAA GCT ATA AAC TTC G. For sequencing of
the kinase-dead allele, PCR amplifying exon 2 of Mapk6 (priming sequences GCT TTA AGT CTG AGG GGA
AC and GCA GAA TGG ATA TAT TTG AG) was first perform, followed by Sanger sequencing using an ABI
3730 DNA analyzer.

Mapk6�/� genotyping was performed with the following priming sequences: Δ allele, CCT GCC TCC
AAA CTG ATA CTG and GAC GTG ATC CAC CTA ATA ACT TCG; exon 3 (wild-type and flox), AAC ACT GAC
CTG CAA AGA GG and TCT CTC CCT CAC CTT TCC C; flox allele, ACC ACC AAG CGA AAC ATC G and GAC
GTG ATC CAC CTA ATA ACT TCG; wild-type allele, TGC AGG TCA GTG TTG TAT GG and AGT GCT TGA TTT
GAA ACA CAG G.

Animal husbandry and experimentation. Animals were housed under pathogen-free conditions
and were handled according to procedures and protocols approved by the Université de Montréal
Institutional Animal Care Committee. Male and female mice maintained on a mixed C57BL/6/129/Sv
genetic background were used for these studies. For timed matings, pregnant females were sacrificed at
gestation day 12.5 or 18.5 by CO2 euthanasia, and embryos were removed by caesarean section. Each
embryo was weighed and processed for further analysis.

Histology. Lungs were fixed in 10% formalin, embedded in paraffin, and sliced in 5-�m thin sections.
Tissue sections were mounted on glass slides and stained with hematoxylin-eosin using a standard
protocol. Morphometric analysis of lung saccular space was performed using Visiomorph software
(Visiopharm). Saccular space was expressed as saccular area/total area.

Immunoblot analysis. Cell lysis and immunoblotting analysis were performed as described previ-
ously (5), using commercial anti-ERK3 (dilution, 1:1,000; Abcam) and anti-HSC70 (dilution, 1:2,000; Santa
Cruz Biotechnology) antibodies.

qRT-PCR. Total RNA was isolated from E12.5 embryos, purified with the RNeasy kit (Qiagen), and
reverse transcribed using the Maxima first-strand cDNA synthesis kit with dsDNase (ThermoFisher
Scientific). Gene expression was determined using assays designed with the Universal Probe Library from
Roche (www.universalprobelibrary.com). For each quantitative PCR (qPCR) assay, a standard curve was
performed to ensure that the efficiency of the assay was between 90% and 110%. Target DNA
amplification was measured on the Viia7 real-time PCR system (Life Technologies), programmed with an
initial step of 20 s at 95°C followed by 40 cycles of 1 s at 95°C and 20 s at 60°C. Relative expression (RQ �
2�ooCT) was calculated using ExpressionSuite software (Life Technologies), and normalization was done
using both glyceraldehyde-3-phosphate dehydrogenase and �-actin. All primers used for qPCR analysis
are listed in Table S1 in the supplemental material.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/MCB

.00527-18.
SUPPLEMENTAL FILE 1, XLSX file, 0.01 MB.
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