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Emk is a serine/threonine protein kinase implicated in regulating polarity, cell cycle progression, and
microtubule dynamics. To delineate the role of Emk in development and adult tissues, mice lacking Emk were
generated by targeted gene disruption. Emk™'~ mice displayed growth retardation and immune cell dysfunc-
tion. Although B- and T-cell development were normal, CD4* T cells lacking Emk exhibited a marked upregu-
lation of the memory marker CD44/pgp-1 and produced more gamma interferon and interleukin-4 on stimu-
lation through the T-cell receptor in vitro. In addition, B-cell responses to T-cell-dependent and -independent
antigen challenge were altered in vivo. As Emk™—'~ animals aged, they developed splenomegaly, lymphadenop-
athy, membranoproliferative glomerulonephritis, and lymphocytic infiltrates in the lungs, parotid glands and
kidneys. Taken together, these results demonstrate that the Emk protein kinase is essential for maintaining
immune system homeostasis and that loss of Emk may contribute to autoimmune disease in mammals.

Emk is a serine/threonine protein kinase with conserved
homologs in yeast, worms, flies, and humans. Murine Emk was
originally cloned by PCR using degenerate primers designed
for isolating novel protein kinases (10). Emk and related family
members are characterized by having a conserved amino-ter-
minal kinase domain followed by a divergent region of un-
known function and ending with a conserved region of about
100 amino acids that terminates with the sequence glutamate-
leucine-lysine/asparagine-leucine. This region has been re-
ferred to as the ELKL domain, and murine Emk derived its
name from ELKL motif kinase (10). Emk has also been called
MARK?2 (for microtubule affinity-regulating kinase 2) (7) and
mPar-1 based on homology with the Par-1 protein kinase of
Caenorhabditis elegans (4, 9). In mammals there are two addi-
tional Emk-related protein kinases, MARKI1 and kp78/C-
TAK1/MARKS3 (7, 19, 21).

PAR-1 in both C. elegans and Drosophila melanogaster is
essential for cellular polarity. In C. elegans, PAR-1 is required
for establishment of anterior-posterior (A/P) axis formation in
the one-cell embryo after fertilization (11). The PAR-1 protein
localizes to the posterior cortex of the one-cell embryo and is
segregated into the smaller posterior P1 cell after the first cell
division in C. elegans, which is asymmetric (9). Mutations in
par-1 disrupt the positioning of the mitotic spindle, leading to
a symmetric first division and missegregation of determinants
along the A/P axis. A Drosophila homolog of PAR-1 has re-
cently been reported to be essential for A/P polarization in flies
(22, 25). In both C. elegans and Drosophila, the PAR-1 protein
localizes to the posterior pole during the A/P axis specification.
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As in C. elegans, mutations in Drosophila par-1 disrupt the
polarized organization of the oocyte microtubule cytoskeleton
and block the localization of certain posterior determinants,
leading to defects both in the posterior patterning of the em-
bryo and in the formation of germ cells. In addition to its role
in regulating the microtubule cytoskeleton in the oocyte, Dro-
sophila par-1 is required at other stages of development (22).
Interestingly, the kinase localizes to basolateral membranes of
the mature follicular epithelium, perhaps suggesting a role in
epithelial cell polarization (22).

The physiological functions of the EMK/PAR/MARK family
of protein kinases are less clear in mammalian systems. The rat
homolog of Emk (MARK2) and a related family member,
MARKI, were cloned in the process of purifying protein ki-
nases in brain extracts that phosphorylate the microtubule-
associated proteins Tau, MAP2, and MAP4 in vitro. Phosphor-
ylation of these proteins reduced their binding affinity for
microtubules, resulting in microtubule destabilization (7). In
addition, Emk has been localized to the basolateral membrane
of cultured intestinal epithelial cells and expression of a dom-
inant negative version of Emk causes loss of polarity (4). Taken
together, these data suggest that Emk may be involved in
regulation and/or maintenance of mammalian cell polarity and
that this function may be facilitated via interaction with the
microtubule cytoskeleton.

A third member of this family of protein kinases, C-TAK1/
kp78/MARK3, phosphorylates the human Cdc25C protein
phosphatase (15, 21). Cdc25C promotes mitotic entry by de-
phosphorylating and activating the Cdc2 protein kinase. Phos-
phorylation of Cdc25C by C-TAKI occurs on serine 216 and
promotes the binding of 14-3-3 proteins to Cdc25C (21). Bind-
ing of 14-3-3 proteins negatively regulates Cdc25C function by
preventing it from accumulating in the nucleus. RNA interfer-
ence studies of a C. elegans Cdc25 homologue, CDC25.1, dem-
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onstrated that the CDC25.1 protein is required for proper
mitotic cleavage furrow positioning (2). Interestingly, loss of
CDC25.1 function in many of the embryos causes a symmetric
first division similar to that observed in par-1 mutants.

In this study, mice lacking the Emk protein kinase were
generated to elucidate the contributions made by Emk in de-
veloping and adult mice. In both C. elegans and Drosophila, loss
of the Emk homolog, par-1, results in embryonic death. In
contrast, mice lacking Emk were viable but exhibited embry-
onic and postnatal growth retardation. In addition, these mice
displayed a number of immunological and anatomical defects
that, taken together, are consistent with a defect in immune
system homeostasis in the mouse.

MATERIALS AND METHODS

Construction of the Emk targeting vector. Emk genomic clones of 9.3 and 6.7
kb were isolated from a 129/Sv] mouse embryonic stem (ES) cell genomic library
(BAC-4921; Genome Systems, St. Louis, Mo.) by hybridization with an isogenic
1-kb Emk-specific cDNA probe. Restriction enzyme maps of the Emk locus were
determined using bacterial artificial chromosome clones and genomic DNA from
NIH 3T3 L1 cells. The genomic clones contained overlapping sequences includ-
ing 1.9 kb of 5’ intron sequence upstream of the first identified exon (corre-
sponding to nucleotides 55 to 234 encoding amino acids 19 to 78). Neither clone
contained the 5'-most exon(s) of the Emk gene. We designated the first exon
contained in the genomic clones exon 2, although the 54 nucleotides encoding
the first 18 amino acids of Emk may be contained in more than one exon. The
genomic organization of the mouse Emk gene was disrupted by replacing part of
exon 2 and all of exons 3 and 4 of the Emk gene with the pTK-neo cassette
derived from pSSC9 (5). The cassette contains the neomycin phosphotransferase
cDNA as a selectable marker flanked 5’ by the thymidine kinase promoter and
3" by the thymidine kinase polyadenylation sequence.

Homologous recombination and generation of germ line chimeras. RW4 ES
cells (Siteman Cancer Center at Washington University School of Medicine)
were electroporated with linearized targeting vector and selected with Geneticin
(G418; Gibco) (for detailed procedures, see: http://medicine.wustl.edu/~escore).
A total of 126 G418-resistant ES colonies were analyzed for homologous recom-
bination by Southern blotting using a 500-bp PCR-generated probe correspond-
ing to a BamHI-Xbal genomic DNA fragment at the 5" end of the 9.3-kb genomic
clone described above. Five ES clones, heterozygous for Emk, were injected into
C57BL/6 blastocysts, which were subsequently implanted into the uteri of pseu-
dopregnant B6C3F1 foster mothers. Male chimeras from three clones selected by
agouti color were mated to C57BL/6 females. Germ line transmission was ob-
tained for all three clones. F, animals were tested for the targeted Emk allele by
Southern blotting and PCR analysis of tail DNA, using a three-primer PCR with
a 5" primer from exon 2 (5’AGCCACCTCTGCTGACGAGCAGCC), a 3’
primer from the intronic sequence between exons 2 and 3 (3'GCACCAAGTC
CTGGTTCAGTCTGC), and a 3" primer from the neomycin cassette (3" CCT
GATGCTCTTCGTCCAGATCAT). Heterozygous F; males and females were
interbred to generate F, littermates.

Generation of MEFs. Mouse embryonic fibroblasts (MEFs) were derived from
13.5-day-old embryos. Following removal of the head and internal organs, em-
bryos were rinsed with phosphate-buffered saline (PBS), minced, and digested
with 1 ml of trypsin-EDTA (0.5% trypsin, 0.53 mM EDTA) per embryo for 20
min at 37°C. Trypsin was inactivated by addition of Dulbecco’s minimal essential
medium containing 10% fetal bovine serum, 2 mM L-glutamine, 0.1 mM nones-
sential amino acids, 100 pM 2-mercaptoethanol, 100 U of penicillin G per ml,
and 100 pg of streptomycin per ml. Cells from single embryos were plated into
one 60-mm-diameter tissue culture dish and incubated at 37°C in a 10% CO,
humidified chamber. Cells were trypsinized and replated every 2 days. Each
trypsinization and replating represented one passage. Cells were analyzed for
Emk expression prior to undergoing crisis.

Emk protein analysis. A total of 2 X 10° MEFs were harvested from p60 tissue
culture by tryspsinization. The cells were washed once with PBS and lysed in 300
wl of mammalian cell lysis buffer (50 mM Tris [pH 8.0], 100 mM NaCl, 2 mM
dithiothreitol [DTT], 5 mM EDTA, 0.5% NP-40, 1 uM microcystin, 1 mM
sodium orthovanadate, 2 mM phenylmethylsulfonyl fluoride, 0.15U of aprotinin
per ml, 20 pM leupeptin, 20 pM pepstatin) at 4°C for 20 min. Various mouse
tissues were homogenized in mammalian cell lysis buffer using a Fisher Scientific
Powergen 700 homogenizer fitted with a sawtooth generator. After homogeni-
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zation of splenic tissue, red blood cells were removed by density gradient cen-
trifugation using Histopaque-1119 (Sigma Chemical Co.). Lysates from MEFs
and whole organs were clarified by centrifugation, and protein concentrations
were determined using the Bio-Rad protein assay kit. For Western blot analysis,
250-pg portions of total cellular or tissue proteins were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (7% polyacryl-
amide). Western blot analysis was performed using a 1:500 dilution of affinity
purified rabbit polyclonal Emk antibody (100 pg/ml) generated against a bacte-
rially produced fusion protein of human EMK with glutathione S-transferase
(GST-hEMK). Secondary rat anti-rabbit immunoglobulin G (IgG)-horseradish
peroxidase-conjugated antibodies (Zymed) were used at a 1:2,000 dilution. An
Amersham enhanced chemiluminescence detection kit was used for chemilumi-
nography on Kodak (Rochester, N.Y.) X-OMAT AR film.

Immune complex kinase assays. A 1-mg portion of total tissue protein was
incubated with 20 pl of affinity-purified Emk-specific antibody (100 wg/ml) in a
volume of 550 pl for 2 h at 4°C followed by an additional hour at 4°C with 80 pl
of a 50% slurry of Sepharose CL-4B-protein A beads. The beads were washed
three times in mammalian cell lysis buffer and once in incomplete kinase buffer
(50 mM Tris HCI [pH 7.5], 125 mM MgCl,, 1 mM DTT) and then incubated
with 1.2 pg of recombinant GST-Cdc25C(200-256) protein (20) at 30°C for 10
min in 40 pl of complete kinase buffer (50 mM Tris HCI [pH 7.5], 12.5 mM
MgCl,, 1 mM DTT, 50 uM ATP and 2 pCi of [y->2P]JATP [>4,000 Ci/mmol]).
The reaction mixtures were adjusted to 100 mM EDTA before being boiled
in SDS-PAGE sample buffer. Samples were resolved on an SDS-12% polyacryl-
amide gel, and proteins were visualized by Coomassie blue staining and auto-
radiography. 3?P incorporation into GST-Cdc25C motif was determined by
excision of radiolabeled proteins followed by counting in a Beckman 6500
multipurpose scintillation counter.

Northern blotting. Mouse and human multiple-tissue Northern blots (Clon-
tech) were probed for Emk mRNA as specified by the manufacturer. The probe
used for screening mouse tissues was a PCR product of 480 bp (bp 1245 to 1725
of murine Emk) generated with the primers 5 CCACCTCGAATTCCTACTC
TAA and 3' CTCCACTACTGCTGCTGATGTT. The probe used for screening
human tissues was an 855-bp EcoRlI restriction fragment of human EMK (bp 495
to 1350). The probes were labeled with [a-**P]dCTP (NEN) using the Mega-
prime DNA-labeling system (Amersham) at 10° cpm/mg. The multiple-tissue
Northern blot was prehybridized with ExpressHyb solution (Clontech) for 1 h at
68°C with shaking. Labeled Emk probe was added to 2 X 10° cpm/ml, and the
blot was hybridized in ExpressHyb solution for 1 h at 68°C. The blot was then
rinsed three times for 30 min at room temperature in 2X SSC (1X SSCis 0.15 M
NaCl plus 0.015 M sodium citrate)-0.05% SDS. The blot was washed three times
in 0.1X SSC-0.1% SDS for a total of 40 min with shaking at 50°C. The bottom
half of both human and mouse multiple-tissue Northern blots was probed for
human B-actin using a probe prepared as described above.

Histology, immunofluorescence, and electron microscopy. For histological
studies, tissues were fixed in 10% neutral-buffered formalin, rinsed in PBS, and
stored in 70% ethanol. Fixed tissues were embedded in paraffin by standard
procedures. Blocks were sectioned (5 pm) and stained with hematoxylin and
eosin. For electron microscopy, fresh kidney samples were sectioned into 1-mm
blocks, fixed in 2% glutaraldehyde in PBS, and embedded in epoxy resin. Thin
sections were stained with uranyl acetate, and electron microscopy was then
performed by the Research Histology Facility, Washington University Depart-
ment of Pathology.

Immunofluorescence was used to detect and localize IgG and C3 deposition
within the renal parenchyma. Fresh kidneys were mounted in Tissue Tek O.C.T.
compound (Sakura Finetek, Inc.), snap-frozen on dry ice, and stored at —70°C.
Cryostat sections (5 pm) were cut and fixed in acetone for 20 min. The sections
were washed in PBS three times for 5 min each and then preincubated with
either 5% normal donkey serum (for IgG staining) or with 5% normal goat
serum (for C3 staining) in PBS for 30 min. They were stained for 1 h at room
temperature with a 1:100 dilution of donkey anti-mouse IgG conjugated to Cy3
(Jackson Immunoresearch) and/or with a 1:100 dilution of goat anti-mouse C3
conjugated to fluorescein (Cappel). They were washed again three times with
PBS for 5 min for each were. Specimens were analyzed under an Olympus BX60
microscope.

Flow cytometry. Spleen, lymph node, and thymic tissues were homogenized in
K5 medium (RPMI 1640 containing 10% fetal bovine serum, 15 mM HEPES, 10
M nonessential amino acids, 1 mM sodium pyruvate, 2 mM L-glutamine, 50 nM
2-mercaptoethanol, 100 U of penicillin/ml, and 100 pg of streptomycin/ml) using
a wire mesh. The cell suspensions were pelleted, washed twice in K5 medium,
and counted using a hemacytometer. They were mixed with various monoclonal
antibodies (MADbs) conjugated to either fluorescein isothiocyanate (FITC) or
phycoerythrin (PE). Antibodies from PharMingen included FITC- and PE-con-
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jugated anti-CD4, PE-conjugated anti-CDS8, FITC- and PE-conjugated anti-
CD45R/B220, PE-conjugated anti-CD44(Pgp-1), PE-conjugated anti-CD62L/
MEL-14, PE-conjugated anti-CD69, PE-conjugated anti-NK1.1, PE- and FITC-
conjugated anti-CD24/HSA, FITC- and PE-conjugated anti-IgM, FITC-anti-IgD,
PE-conjugated anti-CDS5, FITC-conjugated anti-CD90.2/Thy-1.2, FITC-conju-
gated anti-CD11b/MAC-1, FITC-conjugated anti-MAC-3, FITC-conjugated
anti-CD3, PE-conjugated anti-CD25/IL-2RB, PE-conjugated anti-Ly-6G/Gr-1,
PE-conjugated anti-CD138, PE-conjugated anti-Ter119, and PE-conjugated
anti-CD19. All antibodies were used at 1 pg/10° cells after blocking nonspecific
Fc binding with anti-CD16/CD32 antibody cocktail (PharMingen). Analyses
were performed on a Becton Dickinson FACSCalibur instrument equipped with
CellQuest software.

Purification of B- and T-cell populations. CD4" T cells and B220" B cells
were purified from crude splenocyte preparations by removing red blood cells by
denisty gradient centrifugation using Histopaque-1119 followed by staining with
PE-conjugated anti-CD4 MADb or PE-conjugated anti-B220/CD45R MAD at
1 pg/10° cells. B220" B cells and CD4" T cells were then sorted using a
Cytomation MoFlo cell sorter to >95% purity.

Determination of IFN-y and IL-4 production by activated CD4™ T cells. For
cytokine analysis, CD4" T cells pooled from two or three mice were grown on
plate-bound anti-CD3 MADb (5 pg/ml) and anti-CD28 MAD (5 wg/ml; PharMin-
gen) for 3 days under one of three sets of conditions as indicated in the figure
legends. A total of 2.5 X 10° cells were seeded into each well of a 48-well plate
under Thl development conditions containing murine recombinant interleu-
kin-12 (rIL-12) (10 U/ml) (Genetics Institute) and anti-IL-4 MADb (10 ng/ml)
(11B11) (16), under Th2 development conditions containing murine rIL-4 (100
U/ml) (from transfected P815 mastocytoma cell supernatant) and anti-IL-12
MAD (3 pg/ml) (Tosh antibody) (26), or under neutralizing conditions containing
anti-IL-12 and anti-IL-4 MAbs. After 3 days, the cells were counted, replated in
T175 flasks in the presence of human rIL-2 (200 U/ml) (Takeda Chemical
Industries, Inc.), and expanded for four more days. Finally, on day 7, 2.5 X 10°
cells were restimulated with either anti-CD3 MAD (5 wg/ml) or phorbol myristate
acetate (PMA) (50 ng/ml) and ionomycin (1 pM) or concanavalin A (Sigma
Chemical Co.) for 48 h in 96-well plates. Culture supernatants were then used for
gamma interferon (IFN-y) and IL-4 enzyme-linked immunosorbent assays
(ELISAs).

Proliferation assays. Proliferation assays were performed with crude spleno-
cytes or with purified populations of CD4" T cells and B220* B cells. A total of
2 X 10° cells were plated in each well of a 96-well Costar tissue culture dish and
incubated for the indicated times. B-cell mitogens included goat anti-mouse IgM
F(ab"), (Jackson ImmunoResearch) used at a final concentration of 20 pg/ml,
anti-mouse CD40 (PharMingen) (1 pg/ml final concentration), and PMA-iono-
mycin (100 ng/ml and 1 pM final concentration, respectively), unless otherwise
stated. Lipopolysaccharide and concanavalinA (Sigma Chemical Co.) were used
in proliferation assays at concentrations of 50 and 5 pg/ml, respectively, unless
otherwise indicated. All experiments were done in triplicate. The cells were
incubated with 2 pCi of [*H]thymidine per well (10 p.Ci/ml final concentration)
during the final 8 h of culture. They were harvested using a Skatron Instruments
Micro96Harvester and counted using a Beckman 6500 multipurpose scintillation
counter.

Humoral immune responses. Retroorbital bleeds were obtained from wild-
type and Emk '~ littermates prior to injection with either the T-cell-dependent
antigen 4-hydroxy-3-nitrophenyl acetyl-keyhole limpet hemocyarin (NP-KLH)
(Biosearch Tech., Inc.) or the T-cell-independent antigen NP-Ficoll (Biosearch
Tech., Inc.). Mice were injected intraperitoneally with either 10 pg of NP-KLH
or 20 pg of NP-ficoll. For NP-KLH, a second bleed was taken on day 10
postinjection and a second injection was given on day 14. A third bleed was taken
from NP-KLH-injected mice 7 days after the second injection (21 days after the
initial injection). For NP-Ficoll, a second bleed was taken on day 7 after the first
injection followed by a second injection on day 10. A third bleed was taken 7 days
after the second injection (17 days after the initial injection). Titers of NP-
specific antibodies from serum samples were determined by ELISA. Immulon 4
HBX plates (96 wells) (Dynex Tech., Inc.) were coated with 1 g of NP-bovine
serum albumin (Biosearch Tech., Inc.) per ml. Serum samples were bound to the
plates in a dilution series ranging from 1:50 to 1:3 X 10°. NP-specific antibodies
were then bound to biotin-conjugated goat anti-mouse Ig isotype antibodies
(anti-IgM, anti-IgG1, anti-IgG2a, and anti-IgG3) from CalTag, Inc. Streptavidin-
conjugated horseradish peroxidase was then used for detection of biotin-Ig with
2,2"-azino-di(3-ethylbenzthiazolinesulfonate) (ABTS) substrate. Titers of Ig
from individual mice were obtained by determining the dilution at which serum
samples gave optical density readings at 414 nm of 0.2 over background. The
statistical significance of differences was calculated using log values of titers in a
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Student ¢ test. Levels of NP-specific IgG were not significant prior to injection
(day 0).

RESULTS

Targeted disruption of the Emk gene. Genomic clones of the
murine Emk gene obtained from a 129/Sv] mouse ES cell
library were used for construction of the pPKOEMKI1-neo tar-
geting construct (Fig. 1A). pKOEMKI1-neo removes part of
exon 2 and all of exons 3 and 4 from the endogenous mouse
Emk gene by homologous recombination. Exons 2 and 3 en-
code conserved residues in the small lobe of protein kinases,
including the glycine-rich motif, that contributes to MgATP
binding (12). Southern blot and PCR analyses indicated that
~50% of the offspring produced by chimeric males were het-
erozygous for the targeted mutation of the Emk locus. Mice
from three independent targeted ES cell lines were separately
bred to homozygosity for the disrupted Emk gene. The phe-
notypes described for null mice were observed in all three
lineages.

Heterozygous mice were used to generate an F, generation
of 398 mice which were genotyped by PCR (Fig. 1B) and
Southern blot analysis (data not shown). The following ratios
of offspring in the F, generation were observed at 3 weeks of
age: 74 (19%) Emk'~, 176 (47%) Emk™'~, and 148 (34%)
Emk™*'*. The numbers of Emk '~ mice were slightly below the
expected Mendelian value of 25%. Using a large sample Z test
for statistical comparison, the number of Emk /= mice ob-
served was significantly smaller than expected, with a signifi-
cance level, , of 0.005. In addition, Emk '~ mice were ~25 to
30% smaller, based on weight, than their wild-type littermates
from day 13.5 of embryogenesis and throughout adulthood
(data not shown). Although both male and female mice lacking
Emk were fertile, the litter size was smaller than expected
when females lacking Emk were bred with wild-type males
(data not shown).

Western blotting (Fig. 1C) and kinase reactions (Fig. 1D)
demonstrated that the targeted disruption of Emk produces a
null allele of the locus. MEFs derived from wild-type and
knockout mouse embryos were generated and assayed for the
presence of Emk by Western blotting using an affinity-purified
antibody specific for Emk (Fig. 1C). Two electrophoretic forms
of Emk were detected in MEFs derived from wild-type (lane 2)
and heterozygous (lane 3) embryos. The 80- and 75-kDa forms
of Emk arise by alternative splicing (8). Both electrophoretic
forms of Emk were absent in MEFs derived from knockout
embryos (lane 4). Next, homogenates of testis and brain de-
rived from mice that were wild type, heterozygous, or null for
Emk were prepared (Fig. 1D). Emk was immunoprecipitated,
and kinase assays were performed in vitro using GST-Cdc25C
(200-256) as a substrate. We previously demonstrated that one
of the Emk-related kinases, C-TAK1, phosphorylates human
Cdc25C on serine 216 (20) and confirmed that Emk phosphor-
ylates the same residue (data not shown). GST-Cdc25C(200-
256) contains amino acids 200 to 256 of human Cdc25C fused
to GST. Immunoprecipitates of tissue extracts derived from
wild-type but not null animals efficiently phosphorylated GST-
Cdc25C(200-256) in vitro (Fig. 1D). Immunoprecipitates pre-
pared from heterozygous animal tissues demonstrated reduced
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FIG. 1. Targeted disruption of the mouse Emk gene. (A) Structure of the targeting construct. The genomic organization of the mouse Emk gene
was disrupted by replacing part of exon 2 and all of exons 3 and 4 of the Emk gene with the neomycin phosphotransferase cDNA driven by the
thymidine kinase promoter (pTK-neo) as a selectable marker. Restriction sites in the introns flanking the targeted exons are indicated. Exons 2
to 8 are represented by shaded boxes. Small arrows depict the location of PCR primers used for genotyping. The probe used for Southern blot
analysis is indicated by a bar under the targeted locus. (B) PCR analysis of genomic DNA isolated from tail clippings of F, Emk mice. Emk™'*
mice produced a 310-bp PCR fragment, Emk '~ mice generated a 437-bp fragment, and Emk ™'~ mice gave rise to both products. (C) Western
blot analysis of Emk protein. Lysates were prepared from 293 cells (lane 1) or from MEFs derived from Emk™*'* (lane 2), Emk™'~ (lane 3), or
Emk ™'~ (lane 4) animals. A 250-pg portion of total cellular protein was resolved by SDS-PAGE, and Western blotting was performed using
affinity-purified Emk antibody. Endogenous Emk is expressed as two alternatively spliced mRNAs encoding protein products of ~75 and 80 kDa.
(D) Immune complex kinase assays. Homogenates of testis and brain were prepared from Emk*/*, Emk*'~, and Emk™'~ mice. Emk was
immunoprecipitated using 2.5 mg of total tissue protein, and kinase assays were performed in vitro using GST-Cdc25C(200-256) as a substrate.

Proteins were resolved by SDS-PAGE, and radiolabeled proteins were visualized by autoradiography. >*P-labeled substrate was excised from the
gel, and radioactivity was quantitated by Cerenkov counting.
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FIG. 2. Expression pattern of Emk in mouse tissues by Western
blot analysis. A Western blot analysis of Emk and a-actin protein in
selected lymphoid tissues and cells is shown. Enriched populations of
T and B lymphocytes were isolated from the spleens of BLNK /~ and
ZAP70~'" mice, respectively. The 80- and 75-kDa forms of Emk arise
by alternative splicing.

ability to phosphorylate Cdc25C relative to those prepared
from wild-type animal tissues.

Emk expression in lymphoid tissues and cells. Northern blot
analysis of various normal mouse tissues indicated that Emk
mRNA is ubiquitously expressed with highest levels in the
brain, kidneys, testes, and lungs, as reported previously (refer-
ence 3 and data not shown). Due to the unexpected finding of
an immunological phenotype in Emk '~ mice (see below), we
also examined murine lymhoid tissues for levels of Emk pro-
tein (Fig. 2). Western blot analysis revealed that murine Emk
protein was present in the thymus, lymph nodes, and, to a
lesser extent, spleen (Fig. 2, lanes 1 to 3). To further define the
lymphoid cells that express Emk, Western blot analysis was
performed on purified populations of T and B cells. Splenic B
cells were isolated from mice lacking the ZAP-70 tyrosine
kinase, and splenic T cells were isolated from mice lacking
BLNK. ZAP-70-deficient mice have defects in T-cell develop-
ment, and therefore >90% of their spleen lymphocytes are B
cells (14). Conversely, BLNK-deficient mice have impaired
B-cell development and >90% of their spleen lymphocytes are
T cells (17). As seen in Fig. 2, Emk protein was detected in
both T and B cells (lanes 4 and 5).

Normal development and impaired T-cell function in
Emk~'~ mice. Due to the relatively high level of Emk expres-
sion in T cells, we examined T-cell development and function
in Emk~'~ mice. Fluorescence-activated cell sorter (FACS)
analysis using the T-cell markers Thyl, CD4, and CDS indi-
cated that thymic T-cell development was normal in Emk ™/~
mice (Table 1 and data not shown). In addition, the percent-
ages of total CD4" and CD8" T cells were similar in the
spleens and superficial inguinal lymph nodes of 8-week-old
wild-type and null animals (Table 1). Although T-cell devel-
opment was normal in mice lacking Emk, FACS analysis re-
vealed differences in cell surface expression levels of the mem-
ory markers CD44 (Pgp-1) and CD62L (Mel-14) on CD4* T
cells isolated from wild-type and null animals. CD44-low cells
showed a 2.5-fold increase in CD44 expression, bringing them
to a level intermediate between that of CD44-low and CD44-
high cells. This was the case in CD4™" splenic T cells in 12 of 13
Emk™'~ mice examined at 6 to 10 weeks of age (Fig. 3A).
CD44 was also found to be upregulated in CD4" T cells iso-
lated from the lymph nodes of eight of eight Emk /'~ mice

MoL. CELL. BIOL.

examined at 6 to 10 weeks of age (Fig. 3B). Downregulation of
CD62L was observed in CD4 " splenic T cells in three of eight
Emk ™'~ mice (data not shown). No differences were observed
in the cell surface expression of either the IL-2 receptor
a-chain (CD25) or the very early activation marker, CD69
(data not shown). These results indicate that CD4" T cells
from mice lacking Emk express elevated levels of memory
markers relative to their wild-type counterparts.

The role of Emk in T-cell function was determined by mea-
suring proliferative responses and cytokine production after
T-cell receptor (TCR) cross-linking in vitro. CD4* splenic T
cells isolated from 8-week-old Emk ™'~ and wild-type mice
showed similar proliferative responses to either anti-CD3 or
anti-CD3 plus anti-CD28 stimulation (Fig. 3C). However,
Emk~'~ splenocytes activated with concanavalin A or with
anti-CD3 antibody produced ~threefold more IFN-y than did
Emk*'" splenocytes after 3 days in culture (data not shown).
To distinguish whether there was a specific effect in Th differ-
entiation, we measured IFN-y and IL-4 production in T cells
that were induced to differentiate into Th1 or Th2 cells. CD4™
splenic T cells stimulated with anti-CD3 and anti-CD28 were
driven to differentiate to either a Th1l or Th2 phenotype and
then given a secondary stimulation with anti-CD3 (see Mate-
rials and Methods). Emk /= Thl cells produced threefold
more IFN-y than did wild-type controls, while Emk ™'~ Th2
cells produced threefold more IL-4 than did wild-type controls
(Fig. 3D and E). These data suggest that there was no specific
defect in Th1 or Th2 differentiation by Emk—'~ T cells. No
differences in IL-2 production, as measured by CTLL-2 bioas-
says, were observed (data not shown). The population of
CD4™" T cells expressing intermediate levels of CD44 may
account for the increased cytokine production observed after
TCR stimulation of CD4" T cells derived from mice lacking
Emk.

B-cell development and function in Emk™'~ mice. We next
investigated B-cell development and function in Emk '~ mice.
B-cell development in 8-week-old Emk /~ mice appeared nor-
mal based on the presence of similar numbers of B220™ cells in
the spleens (Table 1) and bone marrow (data not shown) of
Emk™*'* and Emk~'~ mice. In addition, surface expression of
IgM and IgD on splenocytes from Emk '~ animals was similar
to that observed for Emk™" mice. However, B cells lacking
Emk demonstrated a consistent decrease in proliferative ca-
pacity of two- to threefold relative to cells containing wild-type
levels of Emk over a wide range of anti-IgM concentrations
(Fig. 4A and B). In contrast, the proliferative response of
B220™" splenocytes to PMA and ionomycin was unaffected by
loss of Emk (Fig. 4C) whereas the proliferative response of
B220" splenocytes to anti-CD40 was slightly enhanced in cells
lacking Emk (Fig. 4D). Taken together, these data suggest that
Emk™'~ B cells have a specific defect in their proliferative
response to IgM cross-linking.

Perturbed humoral immune responses in Emk™'~ mice.
Mice challenged with T-cell-independent antigens secrete
IgM, and this is followed by a switch to IgG3 (6). To determine
whether this response was altered in Emk ™'~ mice, animals
were immunized with NP-Ficoll and the serum antibody re-
sponse was measured. On day 7, the average serum IgM levels
in Emk~’~ mice were somewhat lower than in Emk ™" mice;
however, this difference was not statistically significant (Fig.
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5A). On day 17 after challenge, IgM levels in Emk '~ mice
were on average ~4.0-fold lower than IgM levels in their
Emk™™* littermates (P < 0.001). Average IgG3 levels in
Emk '~ mice were ~3.5-fold lower than in Emk ™" controls
(P < 0.05). Taken together, these data suggest a subtle defect
in the ability of Emk ™/~ mice to produce both IgM and IgG3
in response to a T-cell-independent challenge. This defect may
correlate with in vitro data indicating a B-cell proliferative
defect in Emk~'~ mice in response to IgM cross-linking.

Challenging mice with T-cell-dependent antigens induces
the rapid secretion of low-affinity IgM antibodies in B cells,
followed by a switch to secretion of IgG and, following somatic
mutation, secretion of higher-affinity antibodies (1). To assess
the T-cell-dependent responses of Emk ™'~ and Emk™*'* litter-
mates, animals were immunized with NP-KLH. Early NP-spe-
cific IgM responses were not statistically different in Emk ™/~
mice on day 10 or 21 (Fig. 5B) postinjection. However, T-cell-
dependent IgG1 and IgG2a responses in Emk '~ mice were on
average ~7.5-fold (P < 0.005) and ~9.5-fold (P < 0.005)
higher, respectively, than in their Emk™" littermates (Fig.
5B). Given that isotype switching to IgG1 and IgG2a in re-
sponse to T-cell-dependent antigen challenge is dependent on
the cytokines IL-4 and IFN-vy, respectively (18), these data
correlate well with the T-cell activation assays carried out in
vitro, showing elevated IL-4 and IFN-y production by Emk '~
T cells relative to Emk™'* T cells after TCR cross-linking (Fig.
3D and E).

Late-onset immunological disorders in Emk™'~ mice. Alter-
ations in T- and B-cell function were observed in young mice
lacking Emk (Fig. 3 to 5). T cells from Emk '~ mice displayed
elevated levels of memory marker expression, and B cells ex-
hibited reduced proliferative responses to B-cell receptor cross-
linking in vitro. These observations suggested that Emk '~
mice might have a predisposition to immunological disorders
including immunodeficiency or autoimmunity. Indeed, at 6 to
12 months of age, a number of gross and microscopic abnor-
malities became evident in Emk /" mice that support the
observation of T- and B-cell dysfunction. Splenomegaly and/or
lymphadenopathy was observed in ~30% of 7- to 12-month-
old Emk ™'~ mice (Tables 1 and 2). Total splenocyte counts
from aged null animals with splenomegaly were on average
twofold higher than those from their wild-type littermates, al-
though Emk '~ mice were on average 30% smaller than their
wild-type littermates (Table 1). Occasionally older mice pre-
sented with spleens up to 30 times larger, by weight and cell
number, than their wild-type counterparts did. This increase in
splenocyte cell number could not be accounted for by CD4™,
CD8™", and B220™" cells, since a proportionate increase in each
of these cell types was not observed (Fig. 6A). Superficial
inguinal lymph nodes of both young and aged Emk '~ mice
were also on average more cellular than those of their wild-
type counterparts due to increases in B220" cell numbers
(Table 1).

Several cell surface markers were examined to identify the
expanded cell population observed in spleens of aged Emk ™/~
animals with splenomegaly. This expanded population of cells
lacked lineage markers for T cells (CD3, CD4, CD8, and Thy1),
B cells (B220, IgM, IgD, CD19, CD138, and CD5), and mye-
loid cells (GR1, MAC-1, MAC-3, and NKI1.1) (data not shown).
However, a dramatic increase in the number of splenocytes
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FIG. 3. Analysis of CD44 expression levels, proliferative capacity, and cytokine production in T lymphocytes of Emk*/* and Emk™'~ mice. (A
and B) CD44 (pgp-1) expression levels were analyzed by FACS on CD4™ T cells isolated from spleens (A) and lymph nodes (B) of Emk™'* and
Emk~'~ mice. (C) Cell proliferation (CD4" T cells) was measured by [*H|thymidine incorporation after stimulation with either anti-CD3 or
anti-CD3 plus anti-CD28. Standard deviations for triplicate samples obtained from two Emk™* and two Emk™'~ mice are shown as error bars
along the y axis. (D and E) CD4" splenic T cells pooled from two to three animals were driven to differentiate to Th1, Th2, or neutral phenotypes,
and ELISAs for IFN-y (D) or IL-4 (E) were performed as described in Materials and Methods. Each experiment was performed a minimum of
three times, and standard deviations are shown as error bars along the y axis.
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FIG. 4. Reduced B-cell proliferative capacity in Emk ™'~ mice. B220" splenocytes isolated from 8-week-old Emk™*/* and Emk ™'~ mice were
induced to proliferate by incubation with 20 pg of anti-IgM antibody per ml for the indicated times (A), with different concentrations of anti-IgM
antibody (5 to 80 pg/ml) for 48 h (B), with PMA and ionomycin (C), or with anti-CD40 antibody (D). Cell proliferation was measured by
[*H]thymidine incorporation using pooled splenocytes from two animals per genotype, and each experiment was repeated a minimum of three
times. Standard deviations for triplicate samples are shown as error bars along the y axis.

coexpressing the heat-stable antigen (HSA) (mouse CD24)
and Ter119 (an erythroid cell lineage marker) was detected. As
seen in Fig. 6B, ~11% of wild-type splenocytes were HSA
Ter119 double positive. This is in contrast to the situation for
aged Emk /'~ animals with enlarged spleens, where the HSA™
Ter119™" cells represented between 20 and 80% of the total
population (Fig. 6C). Forward- and side-scatter FACS analysis
of the Ter119" cells indicated that these cells are nucleated
(data not shown) and suggest that they are erythrocyte pro-
genitors. Emk '~ spleens often displayed follicular expansion,
which was due to enlargement of follicular cells rather than to
increased cell numbers (data not shown).

Lymphocytic infiltrates were observed in the kidneys (Fig.
7B) and lungs (Fig. 7D) of aged Emk '~ mice (Table 2) but
not of age-matched controls. These infiltrates consisted of a

mixture of cell types including a large proportion of plasma
cells and B220™" cells, as observed by hematoxylin and eosin
staining (Fig. 7E) and immunohistochemistry (data not shown).
Lymphocytic infiltrates accumulated in both perivascular and
peribronchiolar regions of the lung and in the renal cortex and
medulla of the kidney. Lymphocytic infiltrates were also fre-
quently seen in parietal salivary glands (data not shown). No
evidence of vasculitis was detected in the hearts or lungs of
Emk '~ mice. Lymphocytic infiltrates were not observed in the
heart, pancreas, brain, liver, skeletal muscle, testes, or ovaries
of aged mice, nor were they observed in the organs of young
Emk ™'~ mice. This data suggest that although the combination
of immunological disorders seen in 6 to 12-month-old individ-
ual Emk~’'~ mice was somewhat pleiotropic, perturbation of
the immune system was highly penetrant in aged Emk '~ mu-
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FIG. 5. The immune response of Emk '~ mice after challenge with T-cell-dependent and -independent antigens. Emk '~ (open diamonds) and
Emk*'* (open squares) littermates (8 weeks old) were injected intraperitoneally with NP-Ficoll (A) or NP-KLH (B). Serum samples were analyzed
for IgM, IgG1, IgG2a, and IgG3 by ELISA as described in Materials and Methods. The results are expressed as the dilution at which the optical
density is 0.2 over background. (A) The log values of the titers were analyzed statistically. T-cell-independent IgM and IgG3 responses were ca.
4-fold lower (P < 0.001) and ca. 3.5-fold lower (P < 0.05), respectively, in Emk ™/~ mice than in their Emk™'™ littermates after 17 days. (B) The
T cell-dependent IgG2a response in Emk ™'~ mice was ca. 7.5-fold higher than that in their Emk*/™" littermates (P < 0.005) after 21 days. Similarly,
the IgG1 response in Emk~’~ mice (B) was ca. 9.5-fold higher than in their Emk™/* littermates (P < 0.005).

tants. Of Emk ™/~ mice between the ages of 5 and 12 months,
85% exhibited some combination of these immunological dis-
orders.

Proteinuria, hemoglobinuria, MPGN and colorectal pro-
lapse in Emk™'~ mice. The lymphoid infiltrates in the lungs,
kidneys, and salivary glands of Emk ™/~ mice suggested the
possibility of T- and/or B-cell dysfunction. Further evidence for
this model was obtained from closer examination of kidneys
from Emk ™'~ mice. Examination of aged Emk ™'~ kidneys af-
ter hematoxylin and eosin staining revealed glomeruli in Emk '~
mice that were markedly hypercellular and lobulated (Fig. 8B).
Emk ™'~ glomeruli also showed diffuse mesangial hypercel-
lularity and thickening of the capillary walls (Fig. 8B). This
microscopic pattern is suggestive of membanoproliferative glo-
merulonephritis (MPGN) in humans (23). To confirm this, im-
munofluorescent staining of frozen kidney sections from
Emk*’" and Emk ™'~ mice revealed that the majority of
Emk '~ mice had significant IgG and C3 deposits that stained
both capillary loops and the mesangium (Table 2; Fig. 8D to
F). Finally, scanning electron microscopy of kidney sections
from Emk ™'~ mice showed the presence of both subendothe-
lial and intramembranous Ig deposits in renal capillary loops,
as seen in MPGN (Fig. 8H). Scanning electron microscopy
analysis also indicated the proliferation of mesangial cells,
which in some cases caused capillary loop occlusion (data not
shown).

Human patients with MPGN also exhibit proteinuria and
mild hemoglobinuria (23). We therefore tested the mice for
these two conditions. Unlike their wild-type counterparts, a
significant proportion of aged Emk '~ mice exhibited protein-
uria and/or hemoglobinuria (Table 2). Mild to severe protein-
uria (=30 mg/dl) was observed in 29% of the Emk ’~ males
and 17% of the Emk™~'~ females. Only 1 of 8 Emk ™~ males
and 0 of 10 Emk™/~ females displayed mild proteinuria. Sig-
nificant hemoglobinuria (trace to 500 red blood cells/ml of

urine) was also observed in 33% of Emk '~ males and 45% of
Emk '~ females, while 2 of 11 and 0 of 7 Emk™*’~ females and
males, respectively, exhibited hemoglobinuria.

One unexpected finding was that many of the Emk '~ mice
with splenomegaly also presented with a colorectal prolapse
(Table 2). Colorectal prolapse was seen in 20 of 67 Emk '~
mice (30%), 3 of 107 Emk™/~ mice, and 0 of 85 Emk*'* mice.
Of those aged Emk '~ animals with prolapse, 14 were female
(14 of 34 [41%]) and 6 were male (6 of 33 [18%]), suggesting
that females were more severely affected than males. Colorec-
tal prolapse was never observed in Emk '~ mice younger than
5 months of age. Histological analysis of the prolapsed rec-
tum indicated local epithelial cell proliferation with a small
accumulation of neutrophils (data not shown). Absent from
the colorectal prolapse was any involvement of the under-
lying colorectal musculature, and no other abnormalities were
seen in either proximal regions of the colorectum or in more
proximal regions of the intestinal tract. In addition, Emk ™/~
mice tested negative for several organisms including Helico-
bacter bilus, Helicobacter hepaticus, Salmonella spp., and Shi-
gella spp. (data not shown). Thus, an inability to cope with gut
flora does not appear to be cause of the colorectal prolapse, as
has been observed in other immunocompromised mouse mod-
els (27). A second explanation for the appearance of the pro-
lapse is a proliferative disorder in the colorectal epithelia of
these mice, although colorectal tumors have not been observed
to date.

DISCUSSION

This study describes the complex immunological pheno-
types that arise in mice lacking the Emk protein kinase.
Although both B- and T-cell development were normal in
Emk ™'~ mice, CD4" T cells derived from spleens and lymph
nodes of 8-week-old null animals expressed elevated levels of
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TABLE 2. Phenotypic summary of F, generation mice

Mouse Age Enlarged Kidney Lung IeG Prolapsed Urine analysis®
Sex“*

1D (mo)” spleen” infiltrates® infiltrates® deposits? rectum® (protein/blood)

Emk™'*
171 11 M N + - + N ND/
232 11 M N - - - N ND
250 7 M N + - - N —/=
252 12 M N - ++ - N —/=
121 7 F N - - ND N ND
166 12 F N + + ++ N —/=
159 8 F N + - - N ND
242 8 F N - - - N ND
179 7 F N - + ++ N —/=
194 8 F N + - - N trace/—
253 11 F N - - ND N ND
254 11 F N - - + N ND

Emk™'~
170 11 M Y - ND + Y ND
172 11 M Y ++ - ++ N ND
199 12 M N + + - N trace/—
251 12 M N + - + N —/=
306 12 F N ++ + +++ N —/=
173 12 F N ++ + ++ N trace/—
175 12 F N + + ++ N —/=
158 10 Y ++ - ++++ N ND

Emk~'~
164 7 M Y ++ ++ - Y —/250
250 12 M N ++ + — N trace/—
293 7 M Y ++ + + Y trace/—
202 12 M N +++ + ++ N 30/50
212 12 F N +++ ++ + N trace/—
195 12 F N ++ + + N trace/—
307 12 F N ++++ + ++++ N —/50
119 7 F Y ++++ ++++ ND Y ND
127 8 F Y ++++ ++++ ++ Y —/50
144 8 F Y +++ +++ ++++ Y —/250
149 7 F Y +++ +++ +++++ N 500/250
184 7 F Y +++ - - Y —/250
235 8 F Y + + + Y —/250

“ Mice are specified by an identification (ID) number, and their sex and age (male [M] or female [F]) are indicated.
® The presence (Y) or absence (N) of prolapsed rectum and enlarged spleen is indicated. Spleen enlargement was evaluated by weight and/or total splenocyte counts

(see the text).

¢ Hematoxylin and eosin staining was used to detect lymphocytic infiltrates in the kidneys and lungs; — no infiltrate; +, minor infiltrate; ++ + +, maximal infiltrate.

9 1gG deposition on the kidneys was determined by indirect immunofluorescence using anti-mouse IgG antibody conjugated to Cy3. Frozen kidney sections were
evaluated for intensity and frequency of immunofluorescent glomeruli, and those data were used to determine a score (see Fig. 4C and D for examples of no deposition
and maximal deposition, respectively); — no IgG deposition; +, minor deposition; ++-+++, maximal deposition.

¢ Urine was analyzed for the presence of protein (values on the left) and blood (values on the right). Protein levels range from undetectable (—) to 30-500 mg/dl,

and hemoglobin levels varied from undetectable (—) to 50-250 erythrocytes/ml.

/Samples that were not evaluated are indicated by ND.

the cell surface memory marker CD44/pgp-1. In addition,
cross-linking of the TCR on CD4* splenic T cells null for Emk
produced higher levels of IFN-y and IL-4 than did cross-link-
ing of the TCR on CD4™" T cells derived from wild-type litter-
mates. Thus, CD4" T cells lacking the Emk protein kinase
exhibited properties consistent with those of previously acti-
vated, memory-like T cells. In accord with these findings,
Emk ™'~ mice also exhibited an enhanced response after chal-
lenge with the T-cell-dependent antigen NP-KLH. Elevated
levels of IgG1 and IgG2a produced in Emk /= mice after in
vivo challenge may be due to enhanced help provided by
Emk~'~ CD4" T cells since isotype switching of B cells to IgG1
and IgG2a are IL-4- and IFN-vy-driven processes, respectively
(18).

The molecular pathway by which lack of Emk leads to ele-
vated levels of CD4" T cells with a phenotype typical of mem-

ory or activated cells in null animals is not known. Emk is
expressed in both thymic and splenic T cells. One possibility is
that Emk is required for keeping CD4™ T cells in a naive state
and that loss of Emk results in the inappropriate activation of
these cells. In the absence of Emk, CD4" T cells may respond
to self or environmental antigens. Because apoptotic cell death
is an important mechanism for maintaining self-tolerance and
homeostasis in the immune system, we performed antigen-
induced cell death assays. Activation-induced cell death was
found to be equivalent in Emk™" and Emk~'~ T cells, indi-
cating that that the apoptotic regulatory pathway was intact in
the absence of Emk (data not shown). In addition to the
changes in T-cell function described above, we have observed
differences in the response of B cells to activation after IgM
cross-linking. The proliferative response of B220" Emk ™/~
splenocytes was normal in response to treatment with PMA-
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FIG. 6. Expansion of Ter119* HSA* lymphocytes in spleens of Emk ™'~ mice. (A) Graphical representation of the numbers of B220*, CD4 ",
and CD8" splenocytes obtained from Emk ™" and Emk™'~ mice at 7 to 12 months of age (from Table 2). (B and C) Splenocytes of Emk™'* (B)
and Emk '~ (C). Splenocytes isolated from mice at ~7 months of age were double stained with FITC-conjugated anti-HSA and PE-conjugated
anti-Ter119. The stained cells were analyzed by flow cytometry gated on lymphocytes, and the results are shown as dot plots. The percentage of

gated cells in each quadrant is indicated.

ionomycin and anti-CD40 but was reduced by ~60% relative
to Emk™™ on IgM cross-linking in vitro. The finding that
phorbol ester-ionomycin treatment elicits a normal prolifera-
tive response suggests that signaling downstream of protein
kinase C is intact in B cells lacking Emk.

As Emk~'~ mice aged, a number of additional phenotypes
were observed. At ~6 months of age, lymphocytic infiltrates
were observed in the lungs, kidneys, and salivary glands of
Emk~'~ mice. The majority of lymphocytic infiltrates seen in
the kidneys and lungs were B220" cells and plasma cells. Su-
perficial inguinal lymph nodes of both young and aged Emk ™/~
mice were on average more cellular than their wild-type coun-
terparts, and this increase was attributable to increases in
B220" cells. In addition, ~30% of Emk '~ mice developed
splenomegaly at 6 to 7 months of age. B220" populations
decreased significantly in enlarged Emk '~ spleens in spite of
the increase in total nucleated cells. One possible explanation
for the observed decline in the number of splenic B220™" cells
may be the exhaustive activation and differentiation of Emk '~

B cells to plasma cells (which do not express B220 on their cell
surface) as a result of chronic T-cell activation. Similar obser-
vations have been observed in IL-2RB ™/~ mice, where activa-
tion of CD4" T cells precedes the disappearance of B220™
cells from the periphery (24). A dramatic increase in the num-
ber of splenocytes coexpressing HSA (mouse CD24) and Ter119
(an erythroid cell lineage marker) was observed in Emk '~
mice. The cause of the increased erythropoiesis is unclear.
Interestingly, mice deficient in both Stat5a and Stat5b have T
cells with an activated or memory phenotype, and as these
mice age they also develop splenomegaly associated with ele-
vated levels of Ter119" cells (13).

The finding of activated CD4" T cells and differentiated B
cells in mutant mice indicated a risk for autoimmunity. In
support of this, accumulation of subendothelial IgG deposits in
the capillary loops of the kidney were observed in ~50% of
Emk™'~ mice. Both electron microscopy and standard histo-
logical analysis also revealed hypercellularity of glomeruli due
to mesangial cell proliferation. Combined, these observations
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indicate that Emk '~ mice develop autoimmune MPGN. Al-
though autoimmunity could explain the phenotypes observed
in Emk ™'~ mice, defects in adhesion and or homing of lym-
phocytes could also explain the lymphocytic infiltrates ob-
served in the kidneys and lungs. It should also be noted that
this study has not distinguished whether the immunological
defects observed in Emk~’~ mice are cell autonomous for
lymphocytes. Bone marrow and organ transplants would help
to distinguish whether the observed phenotypes are due to, for
example, defects in antigen-presenting cells or alterations in
the structural integrity of the kidneys and/or lungs. Interest-
ingly, several of the phenotypes described in Emk ™/~ mice
have also been observed with lower frequency and severity in
Emk™'~ mice, suggesting that haploinsufficiency of the Emk
kinase can also lead to immune system perturbation. A role for
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FIG. 7. Histological analysis of hematoxylin-eosin-stained organs
from Emk ™' and Emk™’~ mice. (A and B) Kidneys from 8-month-old
Emk™* (A) and Emk~'~ (B) mice. Magnification, x200. (C and D)
Lungs from 8-month-old Emk™'* (C) and Emk~'~ (D) mice. Magni-
fication, X200. (E) High-power magnification of a kidney from an
8-month-old Emk '~ mouse, showing cellular components of lympho-
cytic infiltrates. Magnification, X1,000. Abbreviations: G, glomerulus;
T, tubule; BV, blood vessel; LI, lymphocytic infiltrate; B, bronchiolus;
PC, plasma cell.

the Emk/Par-1/MARK family of protein kinases in regulating
immune cell function has not been described previously.
Bessone et al. generated mice lacking Emk using a gene-trap-
ping approach (3). They reported growth retardation in
Emk ™/~ mice and impaired fertility in Emk /'~ females. We
have also observed growth retardation and hypofertility phe-
notypes in Emk '~ mice. However, the study by Bessone et al.
(3) did not report immunological disorders in Emk '~ mice.
This is not unexpected, in part because the major immunolog-
ical disorders described here do not appear until ~6 months of
age. In addition, few mice die of these disorders, and with the
exception of colorectal prolapse, the other phenotypes are not
visible except after histological examination of affected tissues
of aged mice.

In C. elegans and D. melanogaster, the Emk homolog, par-1,
acts at an early step in establishing embryonic polarity (9, 22,
25). Mammalian EMK protein has been localized to the lateral
membrane domain of cultured epithelial cells, and expression
of a dominant-negative version of EMK disrupts polarity of
these cells, suggesting a conserved function for this family of
protein kinases throughout evolution (4). However, expression
of a dominant negative form of EMK also resulted in cell
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FIG. 8. Emk™'~ mice develop autoimmune glomerulonephritis. (A and B) Glomeruli of representative Emk™/* (A) and Emk™'~ (B) mice
analyzed by hematoxylin and eosin staining. Magnification, X630 (oil). (C and D) Glomeruli of representative Emk™*'* (C) and Emk™'* (D) mice
incubated with anti-mouse IgG coupled to Cy3 and visualized by indirect immunofluorescence. Magnification, X400. (E) The glomerulus seen in
panel D was incubated with FITC conjugated to anti-mouse C3 (anti-C3) and was visualized by direct immunofluorescence. Magnification, X400.
(F) Anti-IgG-Cy3 immunofluorescence staining of a representative Emk '~ kidney. Magnification, X200. (G) Electron micrograph of an Emk*/*
kidney capillary loop. Magnification, X7,700. (H) Electron micrograph of Emk '~ kidney capillary loop. Magnification, x10,000. Abbreviations:
RBC, red blood cell; BL, basal lamina; ID, Ig deposit; CL, capillary lumen; EC, epithelial cell.
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death, making it unclear from these studies whether loss of
polarity was a cause or a consequence of cell death. Lympho-
cytes must polarize in order to form cell-cell contacts during
antigen recognition and in order to migrate through endothe-
lial cells to sites of infection. One way to monitor the polar-
ization of T cells is to measure their ability to move toward a
chemoattractant in vitro. To examine the possible contribution
made by Emk to T-cell polarization, Emk™'~ T cells were
monitored for their ability to move towards the chemoattrac-
tant, stromal cell-derived factor 1. No observable differences
were noted between Emk™/™ and Emk ™'~ T cells in this assay
(data not shown). However, these experiments do not rule out
a possible role for Emk in polarization, since the EMK-related
family members C-TAK1/MARKI1 or MARK3 may function-
ally compensate for loss of Emk under these conditions. In
summary, our results demonstrate that disruption of Emk leads
to loss of immune system homeostasis and suggest a role(s) for
the Emk protein kinase in regulating T- and B-cell functions in
mice.
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