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Abstract Zinc metallopeptidase STE24 (ZMPSTE24) is es-
sential for the conversion of farnesyl-prelamin A to mature
lamin A, a key component of the nuclear lamina. In the ab-
sence of ZMPSTE24, farnesyl-prelamin A accumulates in
the nucleus and exerts toxicity, causing a variety of disease
phenotypes. By ~4 months of age, both male and female
Zmpste24_/ ~ mice manifest a near-complete loss of adipose
tissue, but it has never been clear whether this phenotype is a
direct consequence of farnesyl-prelamin A toxicity in adipo-
cytes. To address this question, we generated a conditional
knockout Zmpste24 allele and used it to create adipocyte-
specific Zmpste24—knockout mice. To boost farnesyl-prela-
min A levels, we bred in the “prelamin A—only” Lmna allele.
Gene expression, immunoblotting, and immunohistochem-
istry experiments revealed that adipose tissue in these mice
had decreased Zmpste24 expression along with strikingly in-
creased accumulation of prelamin A. In male mice, Zmpste24
deficiency in adipocytes was accompanied by modest changes
in adipose stores (an 11% decrease in body weight, a 23%
decrease in body fat mass, and significantly smaller gonadal
and inguinal white adipose depots). No changes in adipose
stores were detected in female mice, likely because prelamin
A expression in adipose tissue is lower in female mice.
Zmpste24 deficiency in adipocytes did not alter the number
of macrophages in adipose tissue, nor did it alter plasma lev-
els of glucose, triglycerides, or fatty acids.Hll We conclude
that ZMPSTE24 deficiency in adipocytes, and the accompa-
nying accumulation of farnesyl-prelamin A, reduces adipose
tissue stores, but only modestly and only in male mice.—
Heizer, P. J., Y. Yang, Y. Tu, P. H. Kim, N. Y. Chen, Y. Hu,
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Zinc metallopeptidase STE24 (ZMPSTE24), an integral
membrane zinc metalloprotease (1), is required for the
biogenesis of mature lamin A, a key component of the nu-
clear lamina (2, 3). Lamin A is produced from a precursor
protein, prelamin A, by four enzymatic processing steps
(4). The cysteine in prelamin A’s carboxyl-terminal CaaX
motif (-CSIM) is farnesylated by protein farnesyltransferase.
Next, the last three amino acids of the protein (-SIM)
are clipped off by Ras-converting enzyme 1 (RCE1) or
ZMPSTE24. The newly exposed farnesylcysteine is then
methylated by isoprenylcysteine methyltransferase (ICMT).
Finally, the last 15 amino acids of prelamin A (including
the farnesylcysteine methyl ester) are clipped off by
ZMPSTE24, releasing mature lamin A. Prelamin A-to-mature
lamin A processing is normally very efficient, such that
prelamin A is virtually undetectable in cells and tissues.
However, prelamin A-to-lamin A processing is blocked by
ZMPSTE?24 deficiency (2, 3). In the absence of ZMPSTE24,

Abbreviations: BAT, brown adipose tissue; CLS, crown-like structure;
FACS, fluorescence activated cell sorting; HIV, human immunodefi-
ciency virus; HIV-PI, human immunodeficiency virus protease inhibitor;
IR, infrared; LmnaPI‘AO, prelamin A-only Lmna; UCLA, University of
California, Los Angeles; WAT, white adipose tissue; ZMPSTE24, zinc
metallopeptidase STE24.
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farnesyl-prelamin A accumulates in the cell nucleus, and
the biogenesis of mature lamin A is completely abolished.

The accumulation of farnesyl-prelamin A in Zmpste247/ N
mice is toxic, resulting in a variety of disease phenotypes
(e.g., reduced growth, nonhealing bone fractures, sclero-
dermatous changes in the skin, and loss of adipose tissue)
(2,5). The extent of disease depends on the level of prela-
min A expression. When farnesyl-prelamin A production
in Zmpste24~'~ mice is reduced by 50% (by introducing a
single knockout allele for Lmna), disease phenotypes are
completely abolished (5).

The loss of adipose tissue in Zmpste24 '~ mice is pro-
found, such that white adipose tissue (WAT) is nearly un-
detectable in both male and female Zmpste24”~ mice by
~b months of age (2, 5). However, the mechanism for the
loss of adipose tissue has been unclear. One possibility is
that the loss of adipose tissue is a direct consequence of
farnesyl-prelamin A toxicity in adipocytes. Such a mecha-
nism is plausible—for several reasons. Missense mutations in
LMNA cause partial lipodystrophy in humans (6-8). Also,
patients with mandibuloacral dysplasia type B, a disease re-
sulting from loss-of-function mutations in ZMPSTE24, have
reduced adipose tissue stores (9, 10). Finally, human im-
munodeficiency virus (HIV) protease inhibitors (HIV-PIs)
that have been linked to the side effect of partial lipodys-
trophy (e.g., lopinavir) inhibit ZMPSTE24 in cultured fi-
broblasts, resulting in an accumulation of farnesyl-prelamin
A (11, 12). Darunavir, an HIV-PI that is largely free of the
lipodystrophy side effect, does not inhibit ZMPSTE24 or
lead to an accumulation of farnesyl-prelamin A in fibro-
blasts (12). Despite these observations, there are ample
reasons to be cautious about ascribing the loss of adipose
tissue to the toxic effects of farnesyl-prelamin A. First, no
one has actually tested the impact of farnesyl-prelamin A
accumulation in adipocytes, and it is entirely conceivable
that adipose tissue is resistant to the toxicity of farnesyl-
prelamin A. For example, Zmpste24-deficient mice are free
of liver disease despite a substantial expression of prelamin
A in hepatocytes (2, 5). Also, Zmpst6247/ ~ mice have non-
healing bone fractures, most prominently in the ribs and
the zygomatic arch (2, 5), and it is conceivable that the loss
of adipose tissue is secondary to these bone fractures (and
reduced food intake) rather than being a direct result of
farnesyl-prelamin A accumulation in adipose tissue.

In the current study, our goal was to determine whether
the loss of adipose tissue is a direct consequence of
ZMPSTEZ24 inactivation in adipocytes (and the resulting
accumulation of farnesyl-prelamin A). To pursue this goal,
we created a conditional knockout allele for Zmpste24
(Zmpst324{ 1) and used it to create mice lacking ZMPSTE24
specifically in adipocytes. To minimize the possibility of
overlooking a small effect of farnesyl-prelamin A on adi-
pocyte biology, we generated adipocyte-specific Zmpste24
knockout mice that were homozygous for the prelamin A-
only Lmna (LmnaPLAO) allele (13, 14). Prelamin A produc-
tion from the Lmna - allele is approximately twice-normal;
thus, we were able to examine whether an exaggerated ac-
cumulation of farnesyl-prelamin A in adipocytes alters adi-
pose tissue stores in mice.
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MATERIALS AND METHODS

A conditional knockout allele for Zmpste24

A recombineering-ready mouse genomic BAC library (library
ID: CHORI-38) gridded on eleven 22 x 22 cm high-density nylon
filters was screened for Zmpste24 with an oligonucleotide hybrid-
ization probe (GCTGACTATATTGCCCCTCTGTTTGACAAATT-
CACACCTC). Positive BACs were used to construct a targeting vector
by A-Red recombination with FRT-Creand Gateway (Invitrogen) reac-
tions. Exon 6 of Zmpste24 was “floxed” by introducing loxP sites on
either side of exon 6 with three sequential recombineering reac-
tions. First, Gateway attR1 and attR2 sites were introduced upstream
of exon 6 between sequences GTTTCTCATATTCTAATCTGCTT-
CATCACAGACAATCATACAGGCAAGGG and TGAGAGATAAA-
GCAACAAACGCCACACAGTTCAGGTGGAAATAACCCTCA.
Second, a floxed kanamycin-resistant cassette was introduced
downstream of exon 6 between sequences GCCTGGCTCCTTT-
GGGTAATTGAATTGGACTCTTGAATGAATGATTAGCT and
AAACAGTTTAATAATGTGAGGTGTCTGATGGTGCCACAGAT-
TAGAGTCCC. Third, an ~9.5 kb genomic fragment was intro-
duced into a pBR-based plasmid flanked by attR3 and attR4 sites.
The resultant clones were transformed into Creexpressing bacte-
ria to excise the floxed kanamycin-resistant cassette, leaving behind
asingle 3" loxP site in intron 6. Gateway reactions were performed
to introduce a 5" loxP site (as a component of a B-galactosidase—
neomycin trapping cassette) at the attR1 to attR2 sites and a
diphtheria toxin fragment A negative-selection marker at the
attR3 to attR4 sites. The targeting vector was sequenced, verified,
linearized with AsiSI, and electroporated into mouse embryonic
stem cells.

Mice

Zmpste24”’~ and Lmn mice have been described pre-
viously (1, 2, 14, 15). Transgenic adiponectin-Cre (Adipoq-Cre)
(stock no. 028020) and ROSA™/™¢ reporter (stock no. 007676)
mice were purchased from the Jackson Laboratory (Bar Harbor,
ME). The Adipog-Cre mouse strain was genotyped by PCR with
forward primer 5-GGATGTGCCATGTGAGTCTG-3" and reverse
primer 5-~ACGGACAGAAGCATTTTCCA-3’ (yielding an ~200 bp
product). The ROSA™/™ mouse strain was genotyped with a mu-
tant forward primer 5-TAGAGCTTGCGGAACCCTTC-3’, a wild-
type forward primer 5-~AGGGAGCTGCAGTGGAGTAG-3’, and a
common reverse primer 5-CTTTAAGCCTGCCCAGAAGA-3’
(yielding a 128 bp product for the mutant allele and a 212 bp
product for the wild-type allele). The Zmpste24ﬂ allele was genotyped
by PCR with forward primer 5-GGTAGCCTGATGCCAAATCC-3
and reverse primer 5-CACACGGTTGAAAGGTAGAG:-3'. The 550
bp product was incubated with NoA-HF (New England Biolabs
#R3189L) at 37°C for 2 h. The mutant allele yields a 330 bp and
220 bp product. The PCR product from the wild-type allele is not
cleaved by Noil. Mice were housed in a specific pathogen—free bar-
rier facility with a 12 h light/dark cycle. The mice were fed pel-
leted mouse chow (NIH31) and water ad libitum, and nutritional
food cups (ClearH,O, Westbrook, ME) as required for supportive
care. All animal studies were approved by Univerisity of California,
Los Angeles (UCLA)’s Animal Research Committee.

PLAO/PLAO
a

Echo-MRI

Body composition in live mice was measured using an EchoMRI
3-in-1 analyzer (EchoMRI Corp., Houston, TX), which assesses
lean mass, fat mass, free water (mostly urine), and total water.

Plasma glucose, triglyceride, and free fatty acid levels

Ablood sample (100 pl) was collected from anesthetized mice by
retro-orbital puncture with a heparinized capillary tube (Kimble



Chase). Plasma was separated from red blood cells by centrifuga-
tion (13,000 gfor 30 s) and stored at —80°C until analysis. Plasma
triglycerides (Sigma; TR0100), free fatty acids (Abcam; ab65341),
and glucose (Cayman Chemical; 10009582) were measured ac-
cording to kit instructions.

Measurement of macrophage content in WAT by
fluorescence activated cell sorting

The stromal vascular fraction from gonadal WAT was pre-
pared as described (16). Briefly, gonadal WAT was minced on
ice, digested with collagenase type II (Worthington; L.S004176)
in PBS containing 0.5% BSA at 37°C and filtered through a 100
pm filter. After centrifugation at 300 gfor 10 min at 4°C, the cell
pellet was incubated with RBC lysis solution (Caprico Biotech),
centrifuged, and the resuspended cell pellet filtered a second
time through a 100 pm filter. The single-cell suspension was
counted and immediately stained with fluorescently labeled anti-
bodies. Anti-mouse CD16/CD32 antibody (Fc block) was added
to the cells (1 p,g/IOb cells) and incubated on ice for 10 min. An
FITC-labeled Cd11b antibody (eBioscience; #11-0112-41) and an
APC-labeled F4/80 antibody (eBioscience; #17-4801-82) were
added to the samples (1:100 dilution) and incubated in the dark
at 4°C for 30 min. The cells were washed with 3 ml of fluores-
cence activated cell sorting (FACS) buffer (PBS containing 0.5%
BSA and 0.2 mM EDTA) and centrifuged at 500 g for 5 min at
4°C. The cell pellets were resuspended in 300-400 ul of FACS
buffer and stored at 4°C until analysis by FACS. Cells were stained
with propidium iodide (Invitrogen; P3566) ~15 min before
FACS analysis.

Western blotting

Urea-soluble protein extracts from tissues were prepared as
described (5, 17). Proteins were size fractionated on 4-12%
gradient polyacrylamide Bis-Tris gels (Invitrogen) and transferred
to nitrocellulose membranes. The membranes were blocked with
Odyssey blocking solution (LI-COR Bioscience, Lincoln, NE) for
1 h at room temperature and incubated with primary antibodies
at 4°C overnight. Primary antibodies included anti-prelamin A
(clone 3C8; 2 wg/ml) (18), anti-lamin A/C (Santa Cruz Biotech,
SC376248; 1:1,500), and anti-tubulin (Novus Bio, NB600-506;
1:3,000) antibodies. After washing the membranes with PBS con-
taining 0.2% Tween-20, they were incubated with infrared (IR)
dye-labeled secondary antibodies at room temperature for 1 h.
The IR signals were quantified with an Odyssey IR scanner (LI-COR
Biosciences).

Immunofluorescence microscopy

Formaldehyde-fixed paraffin-embedded sections (4—6 pm thick)
were deparaffinized and exposed to heat and pressure in
R-Universal buffer using the Antigen-Retriever 2100 (Aptum Bio-
logics, UK). Frozen sections (10 pm thick) were prepared from
OCT-embedded-fixed tissues. The tissue sections were then pro-
cessed for immunofluorescence microscopy (17, 19). Primary an-
tibodies included a rat anti-prelamin A monoclonal antibody
(clone 3C8; 12 pg/ml) (18), a goat anti-CD31 antibody (Novus,
AF3628; 4 pwg/ml), a rabbit anti-collagen IV antibody (Abcam,
ab19808; 1:300), and a mouse anti-lamin A/C antibody (Santa
Cruz Biotechnology, sc-375248; 1:500) labeled with Alexa 647
(Thermo Fisher). Secondary antibodies included Alexa 488-la-
beled donkey anti-rat IgG, Alexa 555-labeled donkey anti-goat
IgG, and Alexa 555-labeled goat anti-rabbit IgG, all used at
1:1,000 dilution. Confocal fluorescence microscopy images were
obtained with a Zeiss LSM700 laser—scanning microscope and
processed by Zen 2010 software (Zeiss) to generate maximum im-
age projections.

Histological studies

Mice were perfused in situ with PBS followed by fixative solu-
tion (3% paraformaldehyde in PBS). Excised tissues were stored
in fixative for 1-3 days at 4°C and then embedded in paraffin.
Tissue sections (4-6 wm thick) were prepared and stained with
H&E or processed for immunohistochemical detection of F4,/80
by UCLA’s Translational Pathology Core Laboratory. The stained
sections were coded, and photographs captured on a Nikon E600
light microscope with 20x and 40x objectives using a Nikon DS-
Fi2 camera operated by NIS Elements software (version 4.0). To
quantify crown-like structures (CLSs), six representative images of
H&E-stained sections were recorded for each sample by a micros-
copist blinded to genotype. Coded images were scored by three
trained observers (the variation between observers was <9%).
Numbers of CLSs in each photograph were counted and ex-
pressed relative to the total number of adipocytes examined.

Quantitative real time-PCR

Total RNA was isolated and treated with DNase I (Ambion, Life
Technologies). RNA was reverse-transcribed with random prim-
ers, oligo(dT), and SuperScript III (Invitrogen). Quantitative
PCR reactions were performed on a 7900HT Fast Real-Time PCR
system (Applied Biosystems) with SYBR Green PCR Master Mix
(Bioline, Taunton, MA). Transcript levels were determined with
the comparative cycle threshold method and normalized to levels
of cyclophilin A. Primer sequences are listed in supplemental
Table S3.

Statistical analysis

Statistical analyses were performed with Microsoft Excel for
Mac 2011. Unless indicated, experimental groups were analyzed
by a two-tailed Student’s #test. Groups were considered different
at P<0.05.

RESULTS

A conditional knockout allele for Zmpste24

A gene-targeting vector to produce a conditional knock-
out allele for Zmpste24 (Zm[)st624ﬂ) was constructed by BAC
recombineering (20-22). Exon 6 of Zmpste24, which en-
codes transmembrane domain 5 and part of ZMPSTE24’s
protease domain (23), was flanked by loxP sites, and a
B-galactosidase—neomycin (Bgeo) cassette was introduced
into intron 5 (Fig. 1A). Cremediated excision of exon 6 is
predicted to yield a frameshift. Targeted mouse embryonic
stem cells were identified by long-range PCR and used to
generate chimeric mice, which were bred with C57BL/6
females to create Zmpst624ﬂ ’* mice.

Adipocyte-specific Zmpste24 knockout mice

To inactivate Zmpste24 in adipocytes, we bred Zmpst324ﬂ /
mice harboring a Cre transgene driven by the adiponectin
promoter (Adipoq-Cre) (24, 25). Quantitative RT-PCR stud-
ies revealed that the Adipog-Cre transgene was expressed in
adipose tissue but not in liver. Also, fluorescence micros-
copy studies on tissues of Rosa™/™¢ transgenic mice (26)
carrying the Adipoq-Crerevealed recombination in adipose
tissue but not in kidney or peritoneal macrophages (sup-
plemental Fig. SIA-C). In ZmpsteZ‘lfl/flAdipoq-CreJr mice,
Zmpste24 transcript levels were reduced by ~50% in WAT

ZMPSTE24 deficiency has only modest effects on mouse adipose 415
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Fig. 1. Creating adipocyte-specific Zmpste24 knockout mice. A: Strategy to create a conditional Zmpste24 knockout allele (Zmpste%’f . A
gene-targeting vector was used to introduce a 3-galactosidase-neomycin (8geo) selection cassette into intron 5 and loxP sites (arrowheads)
flanking exon 6 of Zmpste24, creating the Zm[)steZ4“ allele. Exons are depicted as boxes. Cremediated excision of exon 6 creates a frameshift
and inactivates ZMPSTE24. B, C: %antitative RT-PCR studies of Zmpste24 expression in gonadal WAT (gWAT) and interscapular BAT (BAT)
from male and female Lmna™/" OZmpst624ﬂ/ ﬂAdipoq-CrE (gray) and littermate Lmnd™°’ PLAOZmpsleZ4ﬂ/ ﬂAdipoq-()ﬂf+ (blue) mice. Data
were normalized to cyclophilin A. Data are expressed as mean = SEM for 5-7 male mice and 4-5 female mice per genotype. *P < 0.01. D:
Western blots of tissue extracts from Lmnd O/PMOZm[)ste24ﬂ/ﬂ mice with and without the Adipog-Cre transgene. Liver extracts from a
ij)st624+/+ (WT) and Zmpsl(3247/7 (ZmpKO) mice were included as controls. Prelamin A was detected with a prelamin A—specific antibody
(top). Tubulin was assessed as a loading control (bottom).

(Fig. 1B) and ~70% in brown adipose tissue (BAT) (Fig.  lacking the Adipog-Cre transgene (Fig. 2). Also, no prelamin
1C), whereas transcript levels were not altered in liver and A was detected in the endothelial cells of adipose tissue
kidney and reduced by only 9% in peritoneal macrophages (supplemental Fig. S2).

(supplemental Fig. SID-F).

We were uncertain whether the levels of farnesk?/l—prela- Reduced body weight and fat mass in male adipocyte-
min A accumulation in adipocytes of Zmpste24”"Adipoq-  specific Zmpste24 knockout mice
Cre" mice would be sufficient to elicit disease phenotypes. Body weights in male Lmnd™*% PLAOZmpst624ﬂ / ﬂAdipoq—
For that reason, we bred Zmpste24ﬂ/ ﬂAdipoq—Cre+ mice ho- Cre' mice were lower than in littermate controls lacking the

mozygous for the Lmnd™*° (14, 15). All of the outputfrom  Adipoq-Cre transgene (P< 0.0001); however, no significant
the Lmnd™° allele is channeled into prelamin A (rather changes were observed in the female mice (P=0.199) (Fig.
than into both lamin C and prelamin A) (14, 15), resulting 3A, B). Reduced fat mass (as c1udged by Echo-MRI) was ob-
in an ~2-fold increase in prelamin A ex&ression. We served in male Lmnd /" Zmpst624ﬂ/ ﬂAdipoq-Cré“ mice
showed previously that prelamin A in Lmna™ 9" mice (P < 0.05) but not in the female mice (Fig. 3C, D). Both
is fully processed to mature lamin A and that twice-normal gonadal and inguinal WAT fat pad weights were lower in male

amounts of lamin A have no effect on the vitality of mice or Lmnd ™’ PLAOZmpst324{ v HAdipoq—CreJr mice than in littermates
body weight (14, 15). Also, the levels of farnesyl-prelamin lacking the Adipog-Cre transgene (P < 0.05) (Fig. 4A, B).
A in Zmpst624_/ ~Lmnd "™ mice are double those in There was a trend for lower BAT weights in male mice, but
Zmpste247/ “Lmna”" mice (15). Not surprisingly, the dis- the difference did not achieve statistical significance (Fig. 4C)
ease phenotypes in Zmpst6247/7LmnaPI‘A /PLAG ice (e.g., (P =0.24). There were no differences in kidnez weights
reduced weight gain, bone fractures) occur earlier and are (Fig. 4D). Fat pad weights in female Lmna LAO/FLAO
more severe than in Zmpsle247/ ~Lmna”" mice (15). Zmpste24ﬂ/ ﬂAdipoq-Cre+ mice were no different than in

Western blots of BAT and WAT extracts from Lmnd /"€ littermate controls ( .i% 4A-C). The aditg)ose tissue pheno-
Zmpste24ﬂ/ “Adipoq-Crf mice revealed an accumulation of types in male Lmnd" 'O/PLAOZmpst624ﬂ/ Adipoq-Crg mice

farnesyl-prelamin A (Fig. 1D). There was no prelamin A did not appear to be explained by changes in food con-
accumulation in the liver of these mice. The accumulation sumption (supplemental Fig. S3).

of prelamin A in the WAT and BAT of Lmna"™ /A0 Because the severity of disease phenotypes in conventional
Zmpste24ﬂ/ ﬂAdipoq-Cre+ mice was located in adipocytes, as Zmpste24-deficient mice depends on the level of prelamin
judged by immunohistochemistry (Fig. 2). As expected, A expression (5, 15), we hypothesized that the more
the prelamin A was located at the nuclear rim (Fig. 2). No prominent adipose tissue findings in male Lomnd”™""°
prelamin A accumulation was observed in littermate mice Zmpst624ﬂ/ ﬂAdipoq—Cre+ mice might relate to greater
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confocal microscope using a 20x objective and a 2x digital zoom. Identical microscope settings were used for all three tissue samples. Scale

bar, 20 pm.

amounts of farnesyl-prelamin A accumulation in adipose
tissue. Indeed, as judged by Western blotting, the prelamin
Alevels in BAT and WAT extracts were ~60% greater in male
mice than in female mice (P<0.02) (Fig. 5A, B). The higher
prelamin A protein levels in the male mice are likely due to
increased expression of the Lmna gene. Prelamin A transcripts
in adipose tissue were 46% higher in male mice than in
female mice (P< 0.05) (Fig. 5C). Prelamin A transcripts in
the liver were similar in male and female mice (Fig. 5D).
The modest decrease in adiposity in male Lmnd™*/"°
Zm/}slf324ﬂ/ﬂAdipoq-CVe+ mice was not accompanied by
perturbations in free fatty acid, triglyceride, or glucose
levels (supplemental Fig. S4).

We examined gene expression related to adipocyte differen-
tiation, triglyceride metabolism, extracellular matrix synthesis,
and the pb3 pathway in the adipose tissue of Lmnd /"4
Zmpste24ﬂ/ ﬂAdipoq—(]re+ mice and littermate controls, but
we did not find significant changes (supplemental Tables
S1, S2). We also quantified CLSs (macrophages in the
process of engulfing dead or dying adipocztes) in the
adipose tissue of Lmnd™°’ PI‘;\OZm[)steZZIH/ Adipoq—(?re+
mice (Fig. 6A). CLSs were more numerous in male mice
than in female mice (P < 0.05), but we found no differ-
ences in CLSs in the adipose tissue of Lmnd™*°’ PIAOZm[)—
ste24" ﬂAdipoq-CrE mice and littermate controls lacking

the Adipog-Cre transgene (P = 0.11) (Fig. 6B). We also

ZMPSTE24 deficiency has only modest effects on mouse adipose

performed FACS analysis on the stromal vascular fraction
of adipose tissue from 40-week-old male Lmnd"™ /P40
Zm])ste24“/ ”Adipoq-CrJ mice and littermate controls, with
the goal of quantifying numbers of macrophages (CD11b
and F4/80 double-positive cells) (Fig. 6C); however, we
found no differences in the macrophage content of
adipose tissue in the two groups of mice (Fig. 6D). Consis-
tent with these findings, we did not observe changes in
the expression of macrophage-related genes (Cd11b, Ly71,
Cdllc, 111D) or changes in the expression of genes reflecting
macrophage activation state (Tnfa, Nos2) in Lmnd™""

Zm/}ste24‘ v fAdipoq-Cre+ mice and littermate controls (Fig. 6E).

DISCUSSION

We used a newly developed Zmpste24 conditional knockout
allele and the Adipoq-Cre transgene to create adipocyte-
specific Zmpste24 knockout mice. Our goal was to examine
the impact of farnesyl-prelamin A accumulation in adipo-
cytes. We created adipocyte-specific Zmpste24 knockout
mice that were homozygous for the Lmna™*° allele, rea-
soning that twice-normal amounts of prelamin A expression
would make farnesyl-prelamin A toxicity more pronounced
and easier to detect.
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Our a priori expectation was that we would encounter

. . . . PLAO,/PLAO A1/
substantial loss of adipose tissue in Lmna Zmpste2

Adipoq-Cre+ mice. This expectation was based on the

fact that adipose tissue is virtually undetectable in
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4-5-month-old conventional Zmpste24 knockout mice (2,
5) and on the fact that the levels of farnesyl-prelamin A
accumulation in our mouse model would be twice those in
conventional Zmpste24 knockout mice. However, despite
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an exaggerated accumulation of farnesyl-prelamin A ex-
pression in adipocytes, the body weight, body fat content,
and adipose tissue depot weights were normal in female
Lmnd™ %/ PIAOZmpsteZ‘Iﬂ/ flAdipoq-CVe+ mice. In male mice,
body weight, body fat content, and adipose tissue depot
weights were lower but the differences were modest—
never approaching the striking loss of adipose tissue ob-
served in conventional Zmpste24 knockout mice. We did
not identify significant changes in p53-related gene ex-
pression (27) in the adipose tissue of Lmnd™*°’ LAOZmp-
ste24" ﬂAd'}gc:q—CrE mice, nor did we find more CLSs in
Lmnd™*° 'OZmpst324ﬂ/ ﬂAdipoq-Cre+ mice than in litter-
mate mice lacking the Adipoq-Cre transgene. Thus, the
impact of ZMPSTE24 deficiency in adipocytes (and the ac-
companying accumulation of farnesyl-prelamin A) is
modest. Adipocytes, like hepatocytes in the liver, do not
appear to be particularly sensitive to farnesyl-prelamin A
toxicity. In view of these findings, it seems likely that the
profound loss of adipose tissue in conventional Zmpst624_/ N
mice is secondary to disease in other tissues [e.g., the re-
sult of poor nutrition as a result of nonhealing bone frac-
tures of the zygomatic arch (5)] or the inhibition of
ZMPSTE24 in cell types important for adipose develop-
ment (e.g., adipocyte stem cells).

We were initially puzzled by the fact that changes in adi-

. . . PLAO/PLAO
pose tissue mass were evident only in male Lmna

ZmpsteZ‘lﬂ/ ﬂAdipoq-Crf mice, but we uncovered a likely
explanation. The expression of prelamin A transcripts was
~40% higher in male mice than in female mice, and by
Western blotting, the level of prelamin A accumulation in
adipose tissue was ~60% higher in male mice. These 40—
60% differences are obviously not enormous, but it is im-
portantto note thatmodestdifferencesin farnesyl-prelamin
A accumulation have a huge effect on disease phenotypes.
Reducing prelamin A expression levels by 50% in
Zmpste24”’~ mice completely eliminates disease pheno-
types (5), whereas doubling prelamin A expression levels
with the Lmnd"™ allele markedly increased the severity of
disease (15). However, we cannot exclude the contribution
of other mechanisms. For example, differences in genetic
background have been suggested to explain the more se-
vere lipodystrophy in male R482Q-lamin A transgenic mice
(28), whereas androgen synthesis has been suggested to ac-
count for the earlier onset of cardiomyopathy in male
Lomnd12220/02220 - (29).

The fact that a deficiency of ZMPSTE24 in adipocytes
and the accompanying accumulation of farnesyl-prelamin
A did not induce lipodystrophy and lipodystrophy-related
metabolic abnormalities will likely raise doubts about the
relevance of ZMPSTE24 inhibition to the lipodystrophy
observed in patients treated with HIV-PIs (e.g., lopinavir).
The fact that therapeutic concentrations of lopinavir bind
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and Adipog-Cre’ (n = 7) mice.

to ZMPSTE24 (30) and inhibit ZMPSTE24 activity in cul-
tured fibroblasts is well documented (11, 12, 31), but it is
important to note that the level of inhibition is far from
complete. Even in the presence of high levels of lopinavir,
more than half of the prelamin A in fibroblasts is cleaved
by ZMPSTE24 and processed to mature lamin A (11, 12).
Also, it is not clear that the lopinavirinduced accumula-
tion of farnesyl-prelamin A observed in cultured fibro-
blasts occurs in the tissues of patients. In one study (32),
prelamin A was detected by Western blot in the adipose
tissue of patients undergoing treatment for HIV, but the
amount of prelamin A, relative to mature lamin A, was ex-
tremely low. Another study failed to detect any prelamin A
in leukocytes from HIV-PI-treated patients (33). Those
observations, combined with the findings in the current
studies (i.e., modest effects of complete ZMPSTE24 inacti-
vation on adipocyte biology), it seems unlikely that the li-
podystrophy in HIV-PI-treated patients can be ascribed to
drug-induced inhibition of ZMPSTE24 or an accumula-
tion of farnesyl-prelamin A1l
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Zm[)ste24ﬂ/ ﬂAdipoq-Cre+ (blue) mice. The mean + SEM is shown for Adipoq-Cre” mice (n = 5)
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