










FIG 3 ERK3 is largely dispensable for intrathymic T-cell development. (A) Representative flow cytometric analysis of thymi from WT and
Erk3�/� mice stained with antibodies against CD4 and CD8�. Numbers in quadrants represent frequencies. Total cellularity of thymi from
WT, ERK3�/�, and ERK3�/� mice. Statistical analysis of flow cytometric results from WT, ERK3�/�, and ERK3�/� mice. Cells were defined
as DN (CD4� CD8��), DP (CD4� CD8��), SP4 (CD4� CD8��), SP8 (CD4� CD8��), and �� T cells (CD4� CD8�� TCR���). (B) Representative
flow cytometric analysis of thymi from WT and ERK3�/� mice stained with antibodies against CD4, CD8�, TCR�, and CD5. Numbers
adjacent to gates represent frequencies. For statistical analysis of flow cytometric results, cells were defined as DP1 (TCR�lo CD5lo), DP2
(TCR�int CD5hi), and DP3 (TCR�hi CD5int) thymocytes. (C) Representative flow cytometric analysis of thymi from WT and ERK3�/� mice
stained with antibodies against CD4, CD8�, CCR7, and CD69. Numbers in quadrants represent frequencies. For statistical analysis of flow
cytometric results, cells were defined as described for panel A and as CD69� CCR7�, CD69� CCR7�, and CD69� CCR7� thymocytes. (A
to C) Pooled data of two independent experiments (n � 5 for WT, n � 6 for ERK3�/�, and n � 6 for ERK3�/�). Statistically significant
differences with P values of �0.05 are indicated; P values of �0.05 are not shown.
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FIG 4 ERK3 is largely dispensable for T-cell homeostasis and proliferation. (A) Treg cell numbers in thymus and spleen. Dot plots show
representative flow cytometric analysis of thymi and spleen from WT and ERK3�/� mice stained with antibodies against CD4, TCR�, Foxp3,
and CD25. Numbers adjacent to gates represent frequencies. Graphs display statistical analysis of flow cytometric results from WT,
ERK3�/�, and ERK3�/� mice. (B) Representative flow cytometric analysis of spleen from WT and ERK3�/� mice stained with antibodies
against CD19, TCR�, CD4, and CD8. Numbers in quadrants represent frequencies. Total cellularity of spleen from WT, ERK3�/�, and
ERK3�/� mice. For statistical analysis of flow cytometric results from WT, ERK3�/�, and ERK3�/� mice, cells were defined as T cells (TCR��),
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steady state. T cells from conventional ERK3 KO mice had reduced proliferation capacity
upon unspecific TCR stimulation using anti-CD3 and anti-CD28 antibodies (4). Although
T-cell activation was not altered in our newly generated ERK3 knockout mice at steady
state, we compared proliferation capacity of WT and ERK3-deficient cells upon CD3/
CD28 stimulation. In contrast to the conventional ERK3 KO, we could not observe any
differences in T-cell proliferation, in either CD4 or CD8 T cells, for our new ERK3 KO (Fig.
4D). Taking these data together, we conclude that ERK3 is dispensable for intrathymic
T-cell development, T-cell homeostasis, and T-cell proliferation.

DISCUSSION

Here, we report the generation and analysis of a novel Erk3 null allele and show that
deletion of ERK3 is not essential for viability, pulmonary function, or T-cell develop-
ment, in contrast to previously described mice carrying a lacZ insertion into exon 2 of
Erk3 (17, 19–21). The reason for these differences likely lies in the different targeting
strategies used to disrupt Erk3. The constitutive ERK3 knockout was generated by
insertion of lacZ in frame with the translation start of exon 2 of the ERK3 gene 12
codons downstream of the initiation codon and a neomycin resistance cassette down-
stream of lacZ. The conditional allele reported here removes exon 3 of Erk3 and leaves
only a single FRT and a single loxP site in intron 2. The insertion of a lacZ-neomycin
resistance cassette often altered transcription of genes in the flanking DNA around the
targeted gene and, accordingly, the phenotype of the mutation (26–29). This may be
due to the loss or disruption of intragenic regulatory elements, the constitutive
promoter driving the neomycin gene, removal of insulating DNA in the targeted alleles,
and local silencing due to disruption of normal chromatin organization by the exoge-
nous construct (26). The detailed transcriptome analysis of 29 targeted alleles in mice
revealed that downregulated genes flanking the targets were rather equally distributed
5= and 3= of the target, and the median distance from the target was 34 kb (26). In this
regard, it is interesting that on chromosome 9 the gene for an essential subunit of RNA
polymerase II, leo1, is 40 kb 3= to the Erk3 gene. Hence, one can speculate that
downregulation of essential genes, such as leo1, severely compromises cell viability and
contributes to the previously reported Erk3 mutant phenotype. In contrast to effects of
insertion cassettes and to the best of our knowledge, no effects of insertions of single
loxP and FRT sites into intronic sequences have been described. Therefore, a likely
explanation for the perinatal lethality and lung and T-cell defects observed in the
previous ERK3 knockout mice is ERK3-unrelated effects of the inserted lacZ-neomycin
resistance cassette.

We and others have described the ERK3/MK5 and ERK4/MK5 signaling modules (7,
9, 10, 30). Deletion of MK5 and ERK4 in mice resulted in some mild growth retardation
(31, 32) and no significant phenotype at all (18), respectively. In contrast, disruption of
Erk3 had a lethal phenotype (17). So far, it was difficult to understand that deletion of
different components of these modules do not mutually phenocopy but display
completely different phenotypes. This also questioned the physiological relevance of
these signaling modules. However, the phenotype of slight and transient male growth
retardation described for deletion of exon 3 of Erk3 here phenocopies the MK5
knockout and reconciles the genetic analysis of these signaling complexes with their
existence in a specific signaling module. Furthermore, the observation that the level of
the interaction partner MK5 is significantly reduced in the Erk3�ex3/�ex3 BMDMs strongly
supports the existence of the ERK3/MK5 signaling complex in vivo. Possibly the remain-
ing MK5 in our Erk3�ex3/�ex3 mice is stabilized by its interaction with ERK4.

FIG 4 Legend (Continued)
B cells (CD19�), SP4 (TCR�� CD4�), and SP8 (TCR�� CD8�). (C) Representative flow cytometric analysis of SP4 and SP8 splenic T cells from
WT and ERK3�/� mice stained with antibodies against CD4, CD8, CD44, and CD62L to identify naive (CD44� CD62L�), central memory
(CD44� CD62L�), and effector memory (CD44� CD62L�) T-cell subsets. Pooled data from two independent experiments were used for
panels A to C (n � 5 for WT, n � 6 for ERK3�/�, and n � 6 for ERK3�/�). Statistically significant differences with P values of �0.05 are
indicated; P values of �0.05 are not shown. (D) Flow cytometric analysis of CD4 (upper) and CD8 (lower). T-cell proliferation from WT and
ERK3–/– mice after 3 and 4 days of culture. Shown are representative contour plots of experiments with n � 2 mice per genotype.
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So far, the differences between the phenotypes of the conventional knockouts of
ERK3 and ERK4 were explained by specific nonredundant functions of these closely
related atypical MAPKs (18), which contrasts with the similarities in structure and
molecular interactions of both kinases (5, 33, 34). The viability and fertility of mice with
deletion of exon 3 of Erk3 is much more similar to the phenotype of the conventional
ERK4 knockout. Hence, one cannot exclude a redundant function of both atypical
MAPKs, which could be revealed in the future by generation of the exon 3 ERK3/ERK4
double knockout mouse.

MATERIALS AND METHODS
Generation of ERK3 (MAPK6) conditional knockout mice. Erk3ex3lox mice (Mapk6tm1Mgl) were

generated as indicated in Fig. 1A. Briefly, the targeting vector, containing lox sites flanking exon 3 of the
mouse Erk3 gene and FRT sites flanking the neomycin cassette, was linearized with AsiSI and electro-
porated in 129Ola ES cells. Two positive clones (2H3 and 2B5) were obtained by PCR screen, and
homologous recombination was confirmed by Southern blot analysis. DNA samples were digested with
ScaI and probed with a 5= external probe (PCR product that amplified the 846-bp genomic fragments
5=probe-ERK3-FW, 5=-GTACAGACATGCCTGTACTCATGC-3=, and 5=probe-ERK3-RC, 5=-CTATGCTAACCGAC
TTAACATGGGAC-3=). Positive clones were injected into blastocysts for the generation of chimeric mice.
Agouti germ line pups were derived from the mating of chimeric male mice, obtained following the
blastocyst injection of Erk3-targeted ES cell clone 2H3, with C57BL/6 females. The resulting Erk3ex3loxNeo

mice were crossed with C57BL/6-(C3)-Tg(Pgk1-FLPo)10Sykr/J flippase-expressing mice (23) to delete the
neomycin cassette retaining the loxP-flanked (floxed) exon 3, leading to Erk3ex3lox mice. Subsequent Cre
recombinase expression then catalyzes exon 3 excision, resulting in an additional frameshift mutation
downstream of this exon. For generation of oocyte-specific knockout animals, Erk3 homozygous floxed
mice were crossed with B6-Zp3CretmTgCre (24). Erk3wt/ex3lox; Zp3Cre mice were bred to generate Erk3wt/�ex3

mice. Erk3wt/�ex3 mice were crossed, and littermates of different resulting genotypes (Erk3wt/wt [�/�],
Erk3wt/�ex3 [�/�], and Erk3�ex3/�ex3 [�/�]) were analyzed. All mice were maintained at the animal facility
of the Hannover Medical School under individually ventilated cage (IVC) conditions with free access to
food and water. Mice were handled according to European guidelines (2010/63/EU) as well as the
German Animal Welfare Act. All animal experiments were approved by the Lower Saxony State Office for
Consumer Protection and Food Safety (file Z2017/47).

DNA isolation and genotyping. Tail biopsy specimens, cells, and colonies were digested over-
night at 55°C in lysis buffer (50 mM Tris-Cl [pH 8.0], 100 mM EDTA, 100 mM NaCl, and 1% SDS)
containing proteinase K (0.5 mg/ml). For tissue samples, proteins were salted out with extra NaCl.
DNA was precipitated with isopropanol, washed with 70% ethanol, and dissolved in water. Geno-
typing PCR was performed with Hotstar Taq (Qiagen) with extra Mg2� under standard conditions.
The primers used were the following: primer 1, ERK3-1-genotyping-FW, CCGTTTGAGTTTCTTGAGTG;
primer 2, ERK3-3-genotyping-RV, CGTGGTATCGTTATGCG (primer 1 and 2 combination amplifies a
2.4-kb fragment in the case of homology recombination [short-arm integration]); primer 3, long-arm
FW, CAGCTTTTGTTCCCTTTAGTGCTCGAC; primer 4, long-arm RC, AGGACTCCTACATCCTGAGCTACCT
CTCTAG (primer 3 and 4 combination amplifies a 10.2-kb fragment in the case of homology
recombination [long arm integration]); primer 5, ERK3_1-target-seq.-FW, TGGACAGAGCACTGGAAG;
and primer 6, ERK3-loxP-RC, CTTAAGACAGGAGTGTGGATC (primer 5 and 6 combination amplifies 943
bp of WT, 1,055 bp of exon 3 floxed, or 336 bp of exon 3 deleted fragment).

PCRs were separated on 2% agarose gels and images were acquired using the INTAS gel documen-
tation system.

Cell culture. To generate BMDMs, bone marrow cells were flushed from the femurs of mice. Cells
were cultured on 10-cm dishes in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum, penicillin-streptomycin, and 50 ng/ml recombinant macrophage colony-stimulating
factor (M-CSF) (Wyeth, Boston, MA) under humidified conditions with 5% CO2 at 37°C for 7 days.

Analysis of ERK3 mRNA expression. Total RNA was isolated from BMDM of ERK3�/� and ERK3�/�

mice. RNA was purified using the Extractme total RNA extraction kit (BioScience) according to the
manufacturer’s instructions. cDNA from 500 ng RNA was synthesized using the first-strand cDNA syn-
thesis kit (Fermentas/Thermo) in combination with random hexamer primers. Sense and antisense
oligonucleotides (ERK3-mRNA-FW, 5=-TGGACAGAGCACTGGAAG-3=; ERK3-mRNA-RC, 5=-CTTAAGACAGGA
GTGTGGATC-3=) specific for Erk3 were used to amplify a 619-bp ERK3 mRNA fragment spanning exons
2 to 4 from ERK3�/� or a 474-bp fragment lacking the 145 bases of exon 3 from ERK3�/� cells.
Amplification of a glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA fragment was used as
a loading control (GAPDH-fw, 5=-CATGGCCTTCCGTGTTCCTA-3=; GAPDH-rc, 5=-CCTGCTTCACCACCTTCTT
GAT-3=).

SDS-PAGE, Western blotting, and antibodies. Protein extracts were prepared by direct lysis of the
cells in the culture plate with 2� Laemmli’s SDS sample buffer. Protein lysates were separated by
SDS-PAGE on 7.5% to 16% gradient gels and transferred by semidry blotting to Hybond ECL nitrocel-
lulose membranes (GE Healthcare). Primary antibodies used were anti-ERK3 (EP1720Y; ab53277) from
Abcam, MK5 (HPA015515) from Atlas antibody, and GAPDH from Millipore. Secondary horseradish
peroxidase-conjugated antibodies (Santa Cruz Biotechnologies) were used. Antigen-antibody complexes
were detected with enhanced chemiluminescence (ECL) detection solution (solution A, 1.2 mM luminol
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in 0.1 M Tris-HCl [pH 8.6]; solution B, 6.7 mM p-coumaric acid in dimethyl sulfoxide; 35% H2O2 solution;
ratio, 3333:333:1) using an LAS-3000 luminescent image analyzer (Fujifilm).

Histology. Mice were euthanized individually with carbon dioxide in a standard mouse IVC. Lungs
were harvested and inflation fixed with 10% neutral buffered formalin after euthanasia. Lung was cut at
different levels, processed through a gradient of alcohols and xylene, and embedded in paraffin. For
histological examination, 2- to 3-�m-thick sections were cut and stained with hematoxylin and eosin.

Flow cytometry and cell sorting. Monoclonal antibodies specific for CCR7 (4B12), CD4 (GK1.5), CD5
(53-7.3), CD8� (53-6.7), CD19 (6D5), CD25 (PC61.5), CD44 (IM7), CD62L (MEL-14), CD69 (H1.2F3), Foxp3
(MF23), TCR� (H57-597), and TCR�� (GL3) were AmCyan, brilliant violet 510 (BV510), BV421, Pacific blue
(PB), eFluor450, fluorescein isothiocyanate (FITC), Alexa Fluor 488, Alexa Fluor 647, phycoerythrin (PE),
peridinin chlorophyll protein-Cy5.5 (PerCP-Cy5.5), PE-Cy7, allophycocyanin (APC), and APC-Cy7 and were
purchased from eBioscience, BD Biosciences, or BioLegend. Cells were acquired using a BD FACSCanto
II, and data were analyzed using FlowJo software (Tree Star). Discrimination of dead cells was performed
using either the Zombie Aqua fixable viability kit or 7-amino-actinomycin D according to the manufac-
turer’s instructions, and doublets were excluded.

Cell preparations. Thymus and spleen were crushed through a 70-�m cell strainer (Corning) to
obtain single-cell suspensions. For spleen, red blood cells (RBCs) were lysed using Qiagen RBC lysis
solution according to the manufacturer’s instructions.

Statistical analysis. All analyses were performed using GraphPad Prism software (version 7). Data are
represented as means plus or minus standard errors of the means. Analysis of significance between 3
groups of mice was performed using one-way analysis of variance followed by Tukey’s test.

Analysis of T-cell proliferation. Splenic and peripheral lymph node single-cell suspensions were
pooled and stained with cell proliferation dye eFluor670 (eBioscience). Staining was performed at a cell
concentration of 1 � 107 cells/ml in phosphate-buffered saline with 1.25 �M eFluor670 for 10 min at
37°C. For in vitro activation, 0.15 � 106 labeled cells in 200 �l medium (RPMI 1640 supplemented with
10% fetal calf serum, 1% penicillin-streptomycin, 1.75 �l �-mercaptoethanol/500 ml medium, and
100 U/ml freshly added recombinant human interleukin-2 [rhIL-2]) were seeded into coated round-
bottom 96-well plates. Plates were coated overnight at 4°C with anti-CD3 (clone 17.A2; final concentra-
tion of 0.5 �g/ml) and anti-CD28 (clone 37.51; final concentration of 1 �g/ml) in a volume of 100 �l per
well. After 48 h of incubation at 37°C with 5% CO2, cells were split 1:2 into noncoated 96-well plates and
supplemented with fresh rhIL-2. Seventy-two and 96 h after the start of culture, cells were harvested and
stained with anti-CD4 (clone RM4-5; BioLegend) and anti-CD8b (clone RMCD8; homemade) antibodies,
and proliferation was analyzed by flow cytometry. For live-dead discrimination, 4=,6-diamidino-2-
phenylindole was used.
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