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The mouse ortholog of human FACE-1, Zmpste24, is a multi-  To clarify the function of Zmpste24, and to identify in vivo
spanning membrane protein widely distributed in mammalian substrates targeted by this proteinase, we generated Zmpste24-
tissues’? and structurally related to Afclp/ste24p, a yeast null mice (Fig. 1a). After heterozygote intercrossing, we obtained
metalloproteinase involved in the maturation of fungal Zmpste24-null, heterozygous and wildtype mice in the expected
pheromones3. Disruption of the gene Zmpste24 caused severe mendelian ratio. We verified homozygosity with respect to the
growth retardation and premature death in homozygous-null mutated allele by Southern blot (Fig. 1b), and lack of Zmpste24
mice. Histopathological analysis of the

mutant mice revealed several abnormalities,

including dilated cardiomyopathy, muscular a b S probe 3 probe
dystrophy and lipodystrophy. These alter- A N
ations are similar to those developed by mice EaoRi T - s 0K
deficient in A-type lamin?, a major component T B Lindit— o (it by e Bk
A 6 kb

of the nuclear lamina>, and phenocopy most exon1 exon2 exon3 exon4 exon5 exon6 g "“.
defects observed in humans with diverse con- 5" probe X 3" probe :
genital laminopathiesé-2. In agreement with EcoRl BamHi s> W

. . . . . . ATG Hindlll  Hindlll  Notl
this finding, Zmpste24-null mice are defective in vector “nnl
the proteolytic processing of prelamin A. This exont  IRES” B-GEO 507 cxons
deficiency in prelamin A maturation leads to c kfsﬁ e
the generation of abnormalities in nuclear Ecoll o E°°RI Bamil o Bami o

architecture that probably underlie the many KO
phenotypes observed in both mice and humans

with mutations in the lamin A gene. These
results indicate that prelamin A is a specific sub-

strate for Zmpste24 and demonstrate the use-
fulness of genetic approaches for identifying d
the in vivo substrates of proteolytic enzymes.
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Fig. 1 Generation of Zmpste24-deficient mice. a, Schematic

representation of the wildtype Zmpste24 locus (WT), tar-

geting vector and targeted allele (KO). Positions of restric- —— ==
tion enzyme sites and probes used for Southern-blot

analysis are shown. b, Southern-blot analysis of genomic

DNA from three littermate progeny of Zmpste24 het-

erozygote crosses. Probing of EcoRI-digested DNA

revealed fragments of 6 kb and 4 kb for wildtype and dis- f

rupted alleles, respectively. Probing of BamHI-digested

= ‘
DNA revealed fragments of 10 kb and 8 kb for wildtype 2 = L ;@ T
and disrupted alleles, respectively. ¢, Extracts of kidneys S 2 (S >.2
from wildtype and Zmpste24~- mice were examined with 2 15 s ATt e,
a monoclonal antibody directed against the C terminus of 3 = ¢ f
Zmpste24. d, Photograph of two littermate progeny of a 8 A
Zmpste24 heterozygote cross, at 3 mo. e, Radiograph of a %
Zmpste24~ mouse at 3 mo, compared with a wildtype 0+
control. f, Cumulative plot of body weight versus age. ° ° *© ' 2
Dots represent mean values, and error bars indicate s.e.m. age (wk)
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protein by western blot (Fig. 1¢). Heterozygous mice were mor-
phologically indistinguishable from their wildtype littermates. At
birth, Zmpste24-null mice were also indistinguishable from their
heterozygous or wildtype siblings and seemed healthy, until four
weeks of age. Subsequently, null mice could be distinguished
from wildtype littermates by size and weight. Within four to six
weeks, their growth rate was reduced; by seven weeks, they
stopped growing, despite normal feeding habits. At this stage,
null mice were 30% smaller and had gained 40% less weight than
their wildtype or heterozygous littermates (Fig. 1d—f). After two
months of age, homozygous null mice began to progressively lose
weight, showing an abnormal posture characterized by a
hunched position and scoliosis (Fig. le). They became less
mobile and began to slap and splay their hind paws while walk-
ing. When lifted by their tails, they reflexively overextended their
hind limbs, trembled and were unable to bow upwards, unlike
wildtype mice. In addition, most Zmpste24-null mice died pre-
maturely, having an average lifespan of 20 weeks. We dissected
animals between 14 and 20 weeks of age and found that the rela-
tive weight of the heart was greater in the mutants than in their
littermate controls (0.53% =+ 0.028% versus 0.44% + 0.014%,
mean * s.e.m.; P<0.05). The relative weight of the kidneys was
also higher in the Zmpste24-null mice than in controls (P<0.05).

To analyze the molecular alterations underlying the observed
abnormalities in Zmpste24-null mice, we first studied Zmpste24
expression during mouse development and in adult tissues.
Northern-blot analysis identified a transcript of 3.5 kb in all tis-
sues, indicating widespread expression of this gene (data not
shown). To dissect more precisely the spatial and temporal
expression pattern of Zmpste24 during mouse development, we
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Fig. 2 Expression analysis of Zmpste24 during mouse development and in adult
tissues. a, Whole-mount staining of E10.5 embryos showing X-gal staining in
heart, skin and central nervous system (left). b, Section of the same embryo show-
ing X-gal staining in cardiomyocytes. c—h, X-gal staining of organ cryostat sections
from an adult heterozygous mouse. ¢, Skin showing staining in keratinocytes of a
hair follicle and in dermal fibroblasts. d, Hippocampus of the brain. Most of the
staining localized to neuronal cells. e, Heart showing staining in cardiomyocytes.
f, Kidney showing staining mainly in epithelial cells of proximal/distal tubules.
g, Pancreas showing positive staining in endocrine (arrow), but not exocrine, tis-
sue. h, Paravertebral muscle. Sections were counterstained with either eosin
(b.f,g,h) or safranin (c-e). Scale bars represent 50 um in b—g and 200 pm in h.

took advantage of the lacZ-neo" fusion expressed under the con-
trol of the Zmpste24 promoter as a consequence of the targeting
strategy. We saw extensive X-gal staining as early as embryonic
day (E) 10.5, with the strongest activity being detected in the
heart (Fig. 2a). We also carried out staining on tissue sections
from mice at different stages of postnatal development, from 3 to
24 weeks of age (Fig. 2b—h). The intensity of the X-gal staining
increased with age. We observed strong signals in cardiomy-
ocytes, proximal and distal tubules and collecting ducts of kid-
ney, neuronal cells of brain and the basal layer of epidermis, as
well as hair follicles and fibroblasts of dermis. We also detected
staining in pancreatic islets, smooth muscle cells of intestine, uri-
nary bladder, blood vessels, seminiferous tubules of the testes,
epithelial cells of the thyroid and skeletal muscle cells (Fig. 2 and
data not shown).

As Zmpste24 is highly expressed in the heart and kidney, we
carried out serum and blood analyses to explore the possible
causes of death. Blood glucose and serum triglyceride levels
did not differ between Zmpste24-null mice and controls prior
to the stage in which the mutants began to lose weight. Levels
of both biochemical markers decreased in mutant animals that
were losing weight, however (see Web Table A online). The
serum levels of aspartate aminotransferase, creatine kinase,
glutamate dehydrogenase and creatinine were normal in Zmp-
ste24-null mice until 8 weeks of age. In end-stage mutants
(approximately 20 weeks), however, we noticed a significant
rise in serum aspartate aminotransferase, creatine kinase and
glutamate dehydrogenase levels, whereas serum creatinine lev-
els remained normal (see Web Table A online). These results
suggest damage of the cardiac muscle. In agreement with sero-
logical data, we observed a significant thinning of the ventricu-
lar wall and, in some cases, a dilatation of both right and left
ventricles. Microscopic analysis revealed foci of muscle degen-
eration, infiltration of inflammatory cells and interstitial
fibrosis (Fig. 3a,b). We found an increased number of lipid
droplets in hepatocytes surrounding the hepatic veins in liver
from null mice, suggesting a chronic cardiac dysfunction (Fig.
3c¢). Taken together, these abnormalities observed in the heart
suggest that dilated cardiomyopathy and heart failure probably
caused the death of the Zmpste24-null mice.

In addition to the heart pathology, muscular fibers of the para-
vertebral region and the deltoid and quadriceps were dystrophic,
showing a significant increase in abnormal small round fibers
(Fig. 3d—e). Moreover, about one-third of the Zmpste24-null
mice over 16 weeks of age started to lose their fur, whiskers and
sometimes eyelashes. Microscopic analysis revealed that mutant
mice at 16 weeks had completely lost the subcutaneous fat layer
(Fig. 4). The epidermis and hair follicles were atrophic. There
was an increased number of apoptotic bodies in the basal layer of
the epidermis and in hair follicles, indicating the involvement of
apoptosis in the pathogenesis of these skin-related lesions (Fig.
4). Notably, we saw thymic hypoplasia with loss of cortico-
medullary demarcation in young null mice. Finally, there was a
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Fig. 3 Histology of heart, liver and muscle from Zmpste24-null (left) and wildtype
(right) mice. a, Gomori trichrome staining showing foci of muscle degeneration
and fibrosis in mutant heart (left). Arrows indicate foci of fibrosis of the heart.
Collagen was stained blue-green. b, Higher magnification (x400) of a heart sec-
tion stained with hematoxylin and eosin showing muscle degeneration, lympho-
cytic infiltration, interstitial fibrosis and intracellular vesicles in the mutant heart
(left). Arrow indicates a degenerating cardiac muscle and infiltration of lympho-
cytes. ¢, Histology of liver (x400) showing congestion and fatty degeneration of
liver in the mutant mouse (left). Arrow indicates intracellular lipid accumulation.
d,e, Semi-thin sections of quadriceps (d) and paravertebral (e) muscles at x400
from mutant (left) and wildtype (right) mice. Scale bars represent 50 um in a and
¢, and 25 umin b,d and e.

growth plate dysplasia in the distal femur and proximal tibia
(data not shown). Mice deficient in Zmpste24 have previously
been generated, but no phenotypic abnormalities or putative
substrates targeted by this enzyme in mammalian cells were
reported®. Apparently, these null mice were analyzed only during
early development, which resulted in failure to detect the many
phenotypes described here that are shown later in mouse devel-
opment. Nevertheless, we cannot rule out the possibility that
putative differences between those mice and the Zmpste24-null
mice described here may be caused by the different targeting
strategies used for inactivating the gene. The abnormalities that
we observed in Zmpste24-null mice, including postnatal growth
retardation, shortened lifespan, loss of fat layer and muscular
dystrophy, are very similar to those developed by mice lacking
A/C-type lamin#, a major protein component of the nuclear lam-
ina®. Moreover, mutations in the gene encoding lamin A are
responsible for a series of rare and seemingly unrelated human
diseases that resemble the phenotype observed in the Zmpste24-
null mice. These genetic disorders include dilated cardiomyopa-
thy with conduction-system disease, Dunnigan-type familial
partial lypodystrophy, Emery-Dreifuss muscular dystrophy and
limb girdle muscular dystrophy (type 1B)%8,

The finding that the Zmpste24-null phenotype in mice seemed
to recapitulate the diverse pathological features associated with
lamin A deficiencies in both human and mice led us to hypothe-
size that lamin A could be an in vivo substrate of Zmpste24. The
lamin A protein is synthesized as a precursor that undergoes a
complex maturation process, initiated by the farnesylation of a
cysteine residue present in a conserved CaaX motif (C, cysteine;
a, aliphatic; X, any residue) at the carboxy-terminal end of this
protein. This step is followed by removal of the aaX tripeptide
and methylation of the carboxyl group of the S-prenyl-cysteine!©.
These modifications are shared by other mammalian proteins,
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including the Ras family of oncoproteins and some het-
erotrimeric G proteins'!. Farnesylated prelamin A undergoes a
second endoproteolytic cleavage characteristic of this protein,
however, resulting in the release of 15 amino acids from its C-ter-
minal region, including the farnesylated cysteine residue!2. The
enzyme responsible for this specific endoproteolytic maturation
step of the lamin A precursor has not been identified.

To evaluate whether Zmpste24 is involved in prelamin A pro-
cessing, we first examined by western blot the maturation stage
of this protein in cells and tissues from Zmpste24-null mice.
Murine embryonic fibroblasts (MEFs) and tissue extracts from
mutant mice lack the mature lamin A band (72 kD) present in
wildtype extracts. Instead, we observed a band of the expected
molecular mass for prelamin A (74 kD; Fig. 5a4). We confirmed
this finding by hybridizing the same blot with an antibody

Fig. 4 Masson trichrome staining of skin and subcutaneous tissue, showing
lypodystrophy. The Zmpste24-null mouse (left) shows complete loss of sub-
cutaneous adipose tissue and severe atrophic epidermis and hair follicles
(arrow), as compared with the wild type (right). a,b, Lower magnification
(x200). ¢,d, Higher magnification (x400). Scale bars represent 100 um in a
and b, and 50 um in c and d.
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Fig. 5 Loss of Zmpste24 prevents
prelamin A processing. a-c, Extracts
of MEFs and kidney from wildtype
and mutant mice were probed with
anti-lamin A/C (a), anti-prelamin A
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against the C-terminal tail, which is proteolytically removed dur-
ing prelamin A maturation (Fig. 5b). High accumulation of
prelamin A was seen in Zmpste24~~ cell extracts, but was absent
in wildtype controls. By contrast, we did not see molecular
weight changes in either lamin C (Fig. 5a), a splice variant of
lamin A without the CaaX box, or in lamin B1 (Fig. 5¢), a CaaX-
prenylated lamin that does not undergo the second proteolytic
maturation event characteristic of lamin A. To demonstrate a
direct role of Zmpste24 in the processing of prelamin A, we
transfected wildtype and Zmpste24~ MEFs with an hemagglu-
tinin-tagged murine prelamin A cDNA, alone or in combination
with a Zmpste24 expression construct. When we analyzed the
transfected cells by western blot, we detected bands of 72 kD and
74 kD in wildtype and Zmpste24-null mice, respectively, con-
firming the lack of prelamin A processing in the mutant cells
(Fig. 5d). Co-transfection with the Zmpste24 expression plasmid
resulted in the appearance of the 72 kD band in Zmpste24~/~
MEFs, indicating that re-expression of the proteinase is sufficient
to revert the deficiency in prelamin A processing observed in
these cells (Fig. 5d). These results indicate that Zmpste24 is nec-
essary for the in vivo maturation of prelamin A.

To examine whether the observed deficiency in prelamin A
maturation causes nucleoskeleton abnormalities, we carried out
immunofluorescence analysis of nuclear lamina components in
MEFs and newborn fibroblasts of both wildtype and Zmpste24-
null mice. Prelamin A was associated with the nuclear envelope
in mutant cells (Fig. 6a). Co-localization of lamin Bl and lamin
A/C confirmed this observation. Prelamin A, however, could not
be readily detected in wildtype nuclei under the same conditions.
By contrast, we did not observe differences in lamin Bl and
emerin (two additional intermediate filament components of the
nuclear lamina) between Zmpste24~'~ cells and wildtype controls
(Fig. 6b and data not shown). We obtained similar results in

Fig. 6 Nuclear envelope architecture in wildtype and Zmpste24-deficient cells.
a,b, MEFs were analyzed by immunofluorescence with anti-prelamin A (a), or
with anti-lamin A/C and anti-lamin B1 antibodies (b) and counterstained with
DAPI. ¢, Electron microscope micrographs of cardiac muscle fibers and nuclei of
cardiac muscle cells (arrowhead) showing irregular shape of the nuclei in
mutant mice (left) compared with wildtype mice (right). d, Higher magnifica-
tions of the nuclei of cardiac muscle from mutant end-stage (left) and wildtype
(right) mice. Scale bars represent 5 umin cand 1 umin d.
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analysis also confirmed the abnormalities in nuclear architecture
of mutant cardiac muscle cells (83% abnormal shape in mutant
nuclei versus 8% in wildtype; see Methods; Fig. 6¢,d). Taken
together, these results indicate that although uncleaved prelamin
A is able to assemble normally in the nucleus during interphase,
the integrity of the nuclear envelope becomes partially compro-
mised in Zmpste24~'~ cells. In addition, and consistent with the
proposed role of Zmpste24 in prelamin A processing, immuno-
fluorescence analysis of hemagglutinin-Zmpste24 transfected
cells revealed that this protease localizes at the endoplasmic retic-
ulum and at the nuclear envelope (data not shown).

The links between prelamin A accumulation and tissue
alterations could operate through two distinct but not mutu-
ally exclusive mechanisms. First, the altered structure of the
nuclear lamina could affect directly mechanically stressed tis-
sues, such as the muscle fibers of the heart and skeleton, where
lamin B1 is not expressed!?. In addition to this structural func-
tion, there is growing evidence that lamins are implicated in
DNA replication, chromatin organization, regulation of tran-
scription and cell division. These effects on nuclear dynamics
may account for many of the clinical features and tissue-spe-
cific alterations observed in human laminopathies'4-1%. Our
studies of Zmpste24-deficient mice confirm and extend these
proposals. We provide further structural evidence of the
occurrence of marked nuclear abnormalities associated with
these diseases in mutant mice. The finding that proteins inter-
acting with prelamin A and lamin A, like emerin, are incorpo-
rated into the nuclear lamina in mutant cells suggests that
beyond structural alterations, downstream regulatory effects
must also contribute to the observed phenotypes. Notably, the
Zmpste24-null mice described here have a milder and later-
acting phenotype than that observed in lamin A/C—deficient
mice*. These Zmpste24-null mice can be considered a multiple
knockout model, owing to the simultaneous deficiency of
lamin A and lamin C and to the functional inactivation of
emerin, which is mislocalized in lamin A/C—-null cells*. Our
Zmpste24 knockout model thus resembles more precisely the
phenotype observed in individuals with hereditary
laminopathies and may provide a useful tool to further dissect
the mechanisms by which lamin alterations compromise mus-
cular and adipocyte function, leading to these progressive and
life-threatening diseases.

Methods

Gene targeting of Zmpste24. We isolated PAC clones enclosing Zmpste24
from a 129 Sv library (HGMP Resource Centre, UK). This gene consists of
1,475 bp of coding sequence, organized in 10 exons distributed along a
genomic segment of 38 kb (Fig. 1a). To create Zmpste24-null mice, we
designed a targeting vector to replace exons 2 and 3 with a promoter-less
IRES [-geo containing a splice acceptor sequence. Expression of the lacZ
reporter gene was thus driven by the endogenous Zmpste24 promoter, and
the Zmpste24 coding sequence was interrupted after codon 39. After elec-
troporation of NotI-linearized targeting in 129 Ola embryonic stem cells,
Southern-blot analysis of 120 neomycin-resistant colonies revealed
homologous recombination in six independent clones. We used two of
these heterozygote clones to generate chimeric mice. Five highly chimeric
males were bred to C57BL/6 females; two gave germline transmission of
the Zmpste24 targeted allele, as confirmed by PCR genotyping and South-
ern-blot analysis. Animal experimentation was done in accord with the
guidelines of the Universidad de Oviedo and the Karolinska Institutet
regarding the care and use of laboratory animals.

Histology, whole-mount staining and p-gal histochemistry. We fixed
samples with cold 4% paraformaldehyde in PBS, processed them into serial
paraffin sections and stained them with hematoxylin and eosin or with the
Masson’s trichromic staining. We stained epoxy semithin muscle sections
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with toluidine blue following standard procedures. We carried out whole-
mount embryo staining and histochemical analysis of [-galactosidase
reporter activity in frozen sections as described!”.

Electron microscopy. We killed mice by cervical dislocation and immedi-
ately placed the heart in 2% glutaraldehyde and 0.5% paraformaldehyde
in 0.1 M sodium cacodylate buffer containing 0.1 M sucrose and 3 mM
CaCl,, pH 7.4. We cut small pieces from the myocardium and stored them
in the fixative overnight at 4 °C. We rinsed samples in 0.15 M sodium
cacodylate buffer containing 3 mM CaCl, and post-fixed them in 2%
050, in 0.07 M sodium cacodylate buffer containing 3 mM CaCl, for 2 h.
Specimens were dehydrated and embedded in LX-112, and we examined
them in a Tecnai 10 transmission electron microscope at 80 kV.

Evaluation of nuclear morphology in heart muscles. We defined normal
nuclei as spool-shaped or rounded, and pathological nuclei as irregular
and more elongated. We randomly took electron micrographs and blindly
selected counting areas at low magnification. We counted the number of
‘pathological nuclei’ at x4400 and divided by the total number of nuclei in
controls and knockouts, respectively. We analyzed a total of 60 wildtype
and 104 mutant nuclei.

Expression constructs. To produce hemagglutinin-lamin A (epitope-
tagged at the N terminus), we subcloned a PCR fragment (Bg/lI-Xbal)
encoding mouse prelaminA in-frame into pcDNA3-HA (Invitrogen).
Human FACE-1 cDNA was subcloned into pcDNA3.

Western blot and immunofluorescence analysis. We separated in SDS-
polyacrylamide gels total protein extracts homogenized in SDS lysis buffer
containing Tris-HCI (60 mM, pH 6.8), 1% SDS, 8% glycerol. We trans-
ferred proteins to nitrocellulose and incubated them overnight at 4 °C
with the different primary antibodies polyclonal anti—prelamin A (sc-
6214, Santa Cruz Biotechnology), polyclonal anti-lamin Bl (sc-6217,
Santa Cruz Biotechnology), monoclonal anti-lamin A/C (Manlac-1, pro-
vided by G. Morris), monoclonal anti—-FACE-1 (Daiichi) and monoclonal
anti-HA (Roche). We used a secondary antibody (rabbit anti-goat or goat
anti-mouse) coupled to peroxidase for detection of the reaction with
Supersignal Chemiluminiscent Substrate (Pierce). We derived MEFs from
embryos at E13.5 as previously described!® and transiently transfected
them with Fugene-6 (Roche). For immunofluorescence, we fixed cells in
cold paraformaldehyde, rinsed them in PBS and permeabilized them with
0.2% Triton X-100. Finally, we incubated cells with the corresponding pri-
mary antibodies diluted in 15% FCS in PBS. The rhodamine and FITC-
conjugated secondary antibodies were from Santa Cruz Biotechnology.
We counterstained nuclei with DAPI.
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