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To identify molecules that contribute to insulin resis-
tance, we compared the patterns of gene expression in
skeletal muscle of the obese ob/ob mouse, a genetic
model of obesity and severe insulin resistance, with
that of its thin littermate (ob/+) using the mRNA dif-
ferential display method. From about 9,000 cDNAs dis-
played, we found 12 differentially expressed in ob/ob
mice skeletal muscle that could be recovered from the
differential display gels and confirmed by Northern
blot analysis and sequenced. Eight mRNAs were over-
expressed in ob/ob muscle: 1d2 (a negative regulator of
the basic helix-loop-helix family of transcription fac-
tors), fast skeletal muscle troponin T, ribosomal protein
L3, the integral protein of the peroxisomal membrane
22PMP, the mammalian homolog of geranylgeranyl
pyrophosphate synthase, an mRNA related to phos-
phatidylinositol-glycan-specific phospholipase D, and
two unknown mRNAs. The level of overexpression of
these mRNAs in skeletal muscle varied from a 500%
increase to as little as a 25% increase. Two mRNAs
were underexpressed 20-35%, including the f-subunit of
mitochondrial ATP synthase and a retrovirus-related
DNA. Two proteins with multiple transcripts, skeletal
muscle «a-tropomyosin and one for a repetitive
sequence, showed a change in mMRNA pattern of expres-
sion in the muscle of the ob/ob mouse. Because the pri-
mary genetic defect in the ob/ob mouse is known to be
in the leptin gene, these data indicate how acquired
alterations in gene expression of multiple classes of
proteins may play a role in the complex pathogenesis of
insulin resistance in obesity and diabetes. Diabetes
47:1451-1458, 1998

ype 2 diabetes is a common disease with a strong
but complex genetic pattern. The development of
insulin resistance is an early event in the disease
and has been shown to be determined by genetic
factors (1,2). In many type 2 diabetic patients, this insulin
resistance is exacerbated by obesity, which may also have
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important genetic determinants (3). In addition to these pri-
mary genetic defects, alterations in gene expression in mus-
cle, fat, and liver may play a profound role in the pathogene-
sis of type 2 diabetes (4). A number of investigators have
screened genes encoding proteins involved in insulin action
as possible candidates for type 2 diabetes (5-9); however, thus
far there have been limited studies characterizing the expres-
sion of genes that might influence the pathogenesis of this dis-
ease. Several studies have focused on the expression of spe-
cific candidate genes at the mRNA level (10).

We previously reported a strategy for finding candidate
molecules by using subtraction cloning to screen for differ-
ences in mMRNA expression in tissues of diabetic and nondi-
abetic humans and have identified several changes in gene
expression with this technique (11,12). However the technique
is both difficult and cumbersome.

Using the mRNA differential display method described by
Liang and Pardee (13), we previously found that the neu-
ropeptide melanin-concentrating hormone is overexpressed in
the hypothalamus of ob/ob mice (14). In the present study, we
investigated the potential of this method for identifying
changes in gene expression related to insulin resistance. We
used the ob/ob mouse, which represents one of the most stud-
ied animal models of obesity-linked type 2 diabetes, and
focused on expression in skeletal muscle, one of the key tissues
in insulin resistance. With this approach, we found 12 changes
in gene expression in the skeletal muscle that might affect
insulin sensitivity as well as a wide variety of pathways in this
animal model. Among the differentially regulated genes, we
identified the transcription regulator factor 1d2, the mam-
malian version of geranylgeranyl pyrophosphate synthase, and
a homolog of phosphatidylinositol-glycan-specific phospholi-
pase D (PIG-PLD). We used this information to study the
expression of some of these mMRNAs in liver and white adipose
tissue as a preliminary characterization of their alterations in
this animal model of obesity-linked type 2 diabetes.

RESEARCH DESIGN AND METHODS

Mice. Male ob/ob and ob/+ mice age 6 weeks were obtained from the Jackson Lab-
oratory (Bar Harbor, ME). Mice were housed at least 4 days after arrival before
being used in experiments. All animals received ad libitum diets. Tissues (brain,
gastrocnemius muscle, liver, and epididymal fat pad) were removed from the fed
animals. Mice were anesthetized with sodium amytal (100 mg/kg) and decapitated;
the indicated tissues were immediately frozen in liquid nitrogen and kept at
—80°C until the RNA was extracted.

Total RNA preparation. To obtain total RNA for the mRNA differential display,
the muscles from four mice were homogenized in Ultraspec RNA (Biotecx, Hous-
ton, TX) (50 mg/ml) onice for 30 sec at maximum speed using a Polytron homog-
enizer (Kinematika, Switzerland). Next 0.2 ml of chloroform was added per ml of
homogenate and, after being mixed, was centrifuged at 12,000g at 4°C for 15 min.
Total RNA was precipitated from the aqueous phase with isopropanol and cen-
trifugation at 12,0009 at 4°C for 10 min. The pellet was washed with 75% ethanol,
air dried, and dissolved in diethyl pyrocarbonate-treated water. DNA contami-
nation was removed by digestion with DNase | (Boehringer Mannheim, Indi-
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FIG. 1. Schematic diagram indicating the results of the study of mRNA
differential display in skeletal muscle of ob/+ and ob/ob mice.

anapolis, IN), and the RNA was re-extracted with phenol/chloroform and ethanol
precipitated. Total RNA for Northern blot analysis was obtained from 0.5 g of mus-
cle following asimilar procedure. To explore the tissue distribution of low abun-
dance RNAs, polyA RNA was extracted from 1 g of tissue using the Poly (A) Pure
Kit (Ambion, Austin, TX).

mRNA differential display. mRNA differential display between ob/+ and
ob/ob muscle RNA was performed in duplicate following the method described
by Liang and Pardee (13). In brief, the total RNA was divided in aliquots used
to duplicate all the subsequent reactions. cDNA was synthesized using Maloney
murine leukemia virus reverse transcriptase (RT) (Superscript RNase H-
Reverse Transcriptase; Gibco, Grand Island, NY). We used 0.5 pg of total RNA
in nine different RT reactions primed by nine different anchored primers (see
below). The cDNA generated was used in polymerase chain reaction (PCR) dif-
ferential display.

We used 9 downstream anchored primers with the sequence T12VV (where V
can be A, C, or G) in conjunction with 20 upstream random, arbitrary primers for
PCR display. The arbitrary upstream primers were 10 bases long, did not contain
more than 50% guanine and cytosine nucleotides, and had no internal homology.
Next 2.5 pl of the RT reaction were amplified by PCR (0.05 U/ul AmpliTag DNA
polymerase [Perkin Elmer/Cetus, Norwalk, CT], 2.0 umol/l deoxynucleotide
triphosphate (dNTP), 0.5 pCi/ul o-[*S]JdATP [>1,000 Ci/mmol], 0.2 umol/l
upstream primer, and 0.1 pmol/l downstream primer) for 40 cycles (denaturation
94°C X 30 s; annealing 40°C X 2 min; extension 72°C X 30 s) in a Perkin Elmer
Thermal Cycler (Perkin Elmer/Cetus). The duplicate PCR products were separated
on sequencing gels under denaturing conditions. Dried gels were exposed to
Kodak X-OMAT AR film (Eastman-Kodak, Rochester, NY) for 24-48 h. Bands that
were unique to the ob/+ or ob/ob mouse and were present in both duplicate reac-
tions were excised from the dried gel, extracted by being boiled in 100 pl of Tris-
EDTA buffer, and precipitated with ethanol in the presence of mussel glycogen
(Boehringer Mannheim). DNA was further amplified using the original set of
primers and the same thermal conditions used to generate the particular band, but
with increased concentrations of dNTPs (50 pmol/l), upstream primer (0.32
pumol/l), and downstream primer (0.16 pmol/l). Reaction products were runon a
1.7% agarose gel and stained with ethidium bromide to check the purity and com-
pare the band size with the size of the band excised from the sequencing gel. Bands
successfully amplified were ligated in PCR Vector and cloned in TA Cloning One
Shot competent cells using the TA Cloning Kit (Invitrogen, San Diego, CA).
Sequence of the cloned inserts and searches for homologies. Miniprep cul-
tures were grown from each clone, and the plasmids were purified using
QIlAprep columns (Qiagen, Santa Clarita, CA). The inserts were sequenced in
both directions using an ABI-373 automated sequencer (Foster City, CA) and
M13R and M13(-40)F oligonucleotides as primers. Analyses of the sequences
were done using the computing facilities of the Molecular Biology Computing
Research Resource (Dana Farber Cancer Institute and Harvard School of Pub-
lic Heath, Boston, MA). Searches of DNA and protein databases for homologies
with the cloned sequences were performed with the Blast and Fasta programs
(public domain), and comparisons and alignments were performed with the
Genetic Computer Group Sequence Analyses Software Package (Genetics Com-
puter Group, Madison, WI).
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FIG. 2. Typical differential display gel. Duplicate differential display
RT-PCR reactions were conducted using RNA from lean (+) and obese
(ob) mice; the reaction products were separated side by side on
sequencing gels. The autoradiography shown corresponds to the pair
of primers T12AC (downstream) and UP-27 (upstream). The band
labeled OB-10 was reproducibly overexpressed in ob-RNA samples.
This band was cut from the gel and subsequently identified as the
mouse homolog of N. crassa geranylgeranyl pyrophosphate synthesis
by sequence analysis. The other bands are examples of a nonrepro-
ducible change (NR-1) and questionably reproducible differences
(QR-1). These bands were not subjected to further analysis.

Northern blots and quantitative analysis of mMRNA signal. Plasmids were
digested with EcoRl, and inserts were agarose purified and extracted from the
gel with QIAquick columns (Qiagen). Next 25 ug of DNA were random labeled
(Megaprime; Amersham, Arlington Heights, IL) with «-[*P]deoxycytidine 5'-
triphosphate and purified with Nick Columns (Pharmacia, Piscataway, NJ). Total
RNA (25 pg) from ob/+ and ob/ob was subjected to formaldehyde-agarose gel elec-
trophoresis. Equal loading of samples was confirmed by ethidium bromide stain-
ing of ribosomal RNA bands. The RNA was transferred for 16 h to a nylon mem-
brane, UV cross-linked (UV Stratalinker 2400; Stratagene, La Jolla, CA), prehy-
bridized for 1 h at 42°C, and hybridized with o-[*P]dCTP-labeled probes at 42°C
for 16 h. Blots were washed under different degrees of stringency, beginning with
the less stringent 2 X sodium chloride-sodium citrate (SSC), 0.1% sodium dode-
cyl sulfate (SDS), 42°C, and ending with the more stringent 0.1 X sodium chlo-
ride-sodium citrate, 0.1% sodium dodecyl sulfate, 60°C. Membranes were either
exposed to X-OMAT film (Eastman-Kodak) and their signals quantified by den-
sitometry or analyzed using the Molecular Dynamics Phosphorolmager (Sun-
nyvale, CA).Quantitative results are reported as the difference (in percentage of
the value for the control group) between the value, in arbitrary units, of ob/+and
ob/ob mice. The same procedure was followed for Northern blots with polyA RNA.
Possible variation of mMRNA loading was tested by reprobing some of the blots
for 36B4, a gene whose expression does not change under a variety of conditions
(15). Differences in 36B4 levels between ob/+ and ob/ob in six separate blots var-
ied from —16 to +11%. Therefore only changes in expression >20% were consid-
ered significant; all those <50% were reproduced in at least two independent blots.

RESULTS

Analysis of initial PCR display of ob/ob mouse muscle.
To identify alterations in gene expression associated with
insulin resistance and type 2 diabetes, 180 differential display
reactions were conducted using skeletal muscle of the ob/ob
mouse and its lean ob/+ control (Fig. 1). From a total number
of roughly 9,000 bands that could be visualized, there were 55
differences that were reproducible on duplicate determina-
tions: 27 were visible in only the ob/+ and 28 were uniquely
visible in only the ob/ob sample (Fig. 2). To identify these dif-
ferentially displayed cDNAs, each band was cut from the gel,
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TABLE 1
MRNAS overexpressed in ob/ob mouse skeletal muscle
OB number MRNA size %
(size of cloned PCR product) (kb) change Best match in GenBank
OB-10 (222 bp) 4.3 500 Geranylgeranyl pyrophosphate synthase:
1.7 700 N. crassa, H (P: 1; 41 a; 60%; C-term)
OB-12 (279 bp) 11 35 PIG-PLD: human. H (N: 1; 102 bp; 83%; CDS-3'UTR).
Bovine. H (P: 1; 39 a; 71%; C-term)
OB-13 (262 bp) 1.2 25 ID-2 protein: mouse | (N: 3'UTR)
OB-24 (380 bp) 35 60 No match
0OB-29 (362 bp) Smear 250 No match
0.9-1.8
OB-30 (301 bp) 1.3 30 22-kDa integral peroxisomal membrane protein:
rat. H (N: 1; 274 bp; ~85%; CDS-3'UTR)
OB-48 (167 bp) 7.0 25 Fast skeletal muscle troponin T:
3.4 30 rat. H (N: 1; 166 bp; ~95%; CDS/P: 1; 54 a; 96%)
1.3 53
OB-52 (205 bp) 1.4 60 Ribosomal protein L3:

mouse. | (N: CDS-3'UTR/P: C-term)

H, homology; I, identity; N: n, homology at the nucleotide sequence and number of matched regions; bp, number of matched base
pairs; n%, homology; CDS, coding DNA sequence; P: n, homology at the protein level and number of matched regions; a, number of

matched amino acids; C-term, COOH-terminal.

reamplified by PCR, cloned into the PCR Il Vector (Invitro-
gen), and used for sequence determination and Northern
blot analysis. This was successfully achieved for 17 bands. In
all of these, the sequence of the primers used for the differ-
ential display was present. In five cases, the sequence
matched exactly those of mouse cDNAs already cloned
(Tables 1-3). In four cases (OB-10, -12, -17, and -30), the
sequences either matched cDNA sequences or contained
open reading frames (ORFs) that were homologous to pro-
teins cloned in other organisms. The remaining eight
sequences (OB-1, -2, -11, -24, -26, -29, -42, and -49) did not
match any of those present in the cDNA databases.
Characterization of clones overexpressed in ob/ob
mouse muscle (Table 1)

OB-10 is the mouse homolog of geranylgeranyl
pyrophosphate synthase. OB-10 was overexpressed in
the muscle of ob/ob mouse in the differential display (Fig. 2).
Northern blot of 2 ug polyA RNA from liver and skeletal
muscle showed two mRNA species of 4.3 and 1.7 kb in both
tissues, but the level of expression varied (Fig. 4). The 4.3-
kb band was the main message in muscle, whereas the 1.7-
kb band was more abundant in liver. The expression of OB-
10 was increased in skeletal muscle and liver of ob mice by
5- to 20-fold. The OB-10 sequence encoded an ORF of 67

amino acids with a homology of 60 and 50% to the COOH-ter-
minals of geranylgeranyl pyrophosphate synthase from Neu -
rospora crassa (16) and Saccharomyces cerevisiae (17).
This enzyme catalyzes the synthesis of geranylgeranyl
pyrophosphate, the isoprenoid moiety required in the post-
translational modification of a large number of ras-related
proteins, such as Rho, Rab and Rac. The OB-10 sequence also
matched the 3’ end of a mouse expressed sequence tag
(EST) (accession number D19344). By combining the
sequence of OB-10 with this EST, an ORF of 130 amino acids
homologous to the fungal and yeast geranylgeranyl
pyrophosphate synthase could be obtained.

OB-13 corresponds to mouse 1d2. Using the OB-13 probe
and a Northern blot of polyA RNA from brain, liver, fat, and
muscle, a single band of 1.2 kb in muscle and 1.4 kb in brain,
liver, and fat was detected (Fig. 5). The message was upregu-
lated by only 23% in muscle, but was increased by 2- and 11-
fold in liver and fat, respectively. Although the increase in
muscle was small, this was probably not due simply to fat con-
tamination, since on Northern blots the isoform of 1d2 mRNA
expressed in these tissues is different. The expression of OB-
13 in brain was decreased by 50%. The sequence of OB-13
matched with the 3’ untranslated region (UTR) of the mouse
1d2 cDNA (18). 1d2 is a member of a family of helix-loop-helix

TABLE 2

MRNAs underexpressed in ob/ob mouse skeletal muscle

OB number mRNA size %

(size of cloned PCR product) (kb) change Best match in GenBank

OB-11 (277 bp) 1.9 35 Retrovirus-related DNA (MuRRS):
mouse. H (N: 8; ~250 bp; ~85%)

OB-17 (375 bp) 0.4 20 F,F,-ATP synthase (subunit f):cattle. H

(N: 2; 297 bp; ~85%; CDS-3'UTR / P: 2; 67 a; ~80%; C-term)

H, homology; N: n, homology at the nucleotide sequence and number of matched regions; bp, number of matched base pairs; n%,
homology; CDS, coding DNA sequence; P: n, homology at the protein level and number of matched regions; a, number of matched

amino acids; C-term, COOH-terminal.
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TABLE 3

MRNAs that change the expression pattern in ob/ob mouse skeletal muscle

OB number MRNA size %

(size of cloned PCR product) (kb) change Best match in GenBank

OB-15/25 (206/351 bp) 3.4 75 Skeletal muscle a-tropomyosine:
2.6 =30 mouse. | (N: CDS-3'UTR/P: C-term)
15 +65

0OB-49 (190 bp) 14 +25 L1Md-14LH repetitive sequence:
1.1 -25 mouse. H (N: 3; 182 bp; ~80%)

H, homology; N: n, homology at the nucleotide sequence and number of matched regions; bp, number of matched base pairs; n%, homol-
ogy; CDS, coding DNA sequence; P: n, homology at the protein level and number of matched regions; C-term, COOH-terminal.

proteins (Id1 to 4), termed “Id” for inhibitors of differentiation.
The Id proteins are negative regulators of the basic helix-
loop-helix (bHLH) family of transcription factors that have
been shown to play a key role in the differentiation of a num-
ber of eukaryotic cell lineages, including muscle (19). Id pro-
teins bind to bHLH transcription factors forming het-
erodimers that are unable to bind DNA, in this way inhibiting
their transcriptional activity (20).

OB-12 encodes a protein related to the phosphoinosi -
tol-glycan-specific phospholipase D. Two independent
Northern blots analyses of 25 ug total RNA showed that the
message level of OB-12 was increased by ~30-40% (Fig. 6A).
The OB-12 sequence had no significant matches in DNA data-
bases in its 5’ to 3’ direction of translation, but its comple-
mentary sequence showed high homology with the end of the
coding region and beginning of 3" UTR of two PIG-PLD
cDNAs cloned from human and bovine liver (21). This was
due to the fact that instead of annealing with the polyA tail of
the sense strand, the anchored primer annealed with an inter-
nal region reach in adenines on the antisense strand in an
inverted position, thereby allowing for amplification of an
inverted sequence. The complementary sequence of OB-12
encodes the COOH-terminal 63 amino acids of a protein, the
last 39 of which were 71% homologous to the COOH-terminal
of the bovine and human PIG-PLD. The remaining 24 amino
acids encoded in this cDNA had no homology with the Gen-
Bank sequence, suggesting that it is either a different isoform
or that there are significant species differences.

PIG-PLDs are enzymes that can specifically cleave the gly-

cosyl phosphatidylinositol anchor that maintains many pro-
teins associated with the external face of the cell membrane
(22). Although the enzyme has been purified from serum and
two cDNAs have been cloned from human and bovine tissues,
the physiological function of this protein is uncertain (23).
However, phosphatidylinositol-glycan—specific phospholi-
pases have been suggested to play a role in generation of some
mediators of insulin action (24).
OB-30 corresponds to the mouse 22-kDa integral per -
oxisomal membrane protein mRNA. OB-30 was overex-
pressed in ob/ob mouse on duplicate Northern blots by ~30%
(Fig. 6A). The DNA sequence of OB-30 had an 85% homology
with the 3’ end of the coding region and the 3" UTR of a
cDNA encoding the rat 22-kDa integral peroxisomal mem-
brane protein (25) and the 3’ end of the mouse coding
sequence (26). This protein is the major component of liver
peroxisomes and is thought to be responsible for the per-
meability of the peroxisomal membrane (27).
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OB-52 corresponds to the mouse ribosomal protein L3.
OB-52 showed a perfect match with the end of the coding
region (last 48 amino acids) and the 3' UTR of the mouse ribo-
somal protein L3 (28), and was overexpressed on Northern
blots of 25 g total RNA by 60% (Fig. 6A). L3 is the largest pro-
tein of the 60S ribosomal subunit. It is at the center of the chan-
nel through which the nascent peptide emerges from the ribo-
some (29), and has been reported to be part of the peptidyl-
transferase complex (30). The functional relevance of L3 is
underscored by the fact thatin yeast a mutation on this protein
isable to confer resistance to antibiotics (e.g., trichodermin, ani-
somicin) that inhibit protein synthesis in eukaryotic cells (31).
OB-48 is the mouse fast skeletal muscle troponin T.
Northern blot analysis using OB-48 as probe revealed three
bands at 7.0, 3.4, and 1.3 kb, the latter being the dominant mes-
sage. All of these mRNA species were overexpressed in mus-
cle of the ob/ob mouse by 25-53% (Fig. 6C). The sequence of
OB-48 encodes an ORF of 55 amino acids with a 95% match
to the DNA of rat fast skeletal muscle troponin T cDNA. The

_Liver  Muscle
+ ob + ob
43kb -
1.7 kb —=

FIG. 3. Northern blot analysis for OB-10 mRNA expression. Shown are
2 pg of PolyA RNA from skeletal muscle and liver of lean (+) and obese
(ob) mice used in a Northern blot and probed with a random primed
probe made to the mRNA (i.e., mouse geranylgeranyl pyrophosphate
synthase OB-10).
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1.4 kb

encoded region corresponds to exons 11 and 12 of the rat
gene, which are represented in all described isoforms of the
protein (32). Troponin T is a sarcomeric protein that binds
tropomyosin and, together with troponin I and C, controls the
calcium-dependent interaction of actin and myosin that
results in muscle contraction.

OB-29 contains a B1 element. The last 100 bases of OB-
29 contain a B1 sequence that produced 428 matches in a DNA
search with the Blast program. The remaining 264 bases had
no match in DNA databases. On Northern blot analysis, OB-
29 gave a smeary signal between 1.8 and 0.9 kb; the main com-
ponent at 1.8 kb was increased by 2.5-fold in the ob/ob mouse
(Fig. 6D). B1 elements are the murine homolog of human Alu
sequences. They are found in the UTRs of many mRNAs and
as small cytoplasmic transcripts (33).

Characterization of clones underexpressed in ob/ob
mouse (Table 2)

OB-17 encodes subunit f of mouse F,F;,-ATP synthase.
OB-17 showed only a 25% reduction on duplicate Northern
blot analysis (Fig. 6B). OB-17 encoded an ORF of 67 amino
acids that is 82% identical with the COOH-terminal of the f-

A

Fat

FIG. 4. Northern blot analysis for OB-13 (1d2 protein)
7 mRNA expression. A: There were 2 ug of polyA RNA
from brain (B), skeletal muscle (M), liver (L), and white
adipose tissue (F) of lean (+) and obese (ob) mice used
in a Northern blot probed with a random primed probe
to OB-13 mRNA. B: Analysis of the same experiment as
in A, except that exposure has been increased to make
visible the bands in adipose tissue.

—_—

+ ob

subunit of mitochondrial F, F,-ATP synthase from cattle (34).
The 5’ end of the DNA sequence also overlapped with the 3’
91 bases of a 144-base mouse EST (GenBank accession num-
ber z31049). By extending our sequence with this tag
sequence, an ORF of 86 amino acids could be identified that
was 94% homologous with bovine F;F,-ATP synthase.
Mitochondrial ATP synthase is the central enzymatic com-
plex of mitochondrial oxidative phosphorylation. Subunit f is
a transmembrane protein of the internal membrane of the
mitochondria and is part of the membrane-associated part of
the complex F, (34,35). Mitochondrial ATP synthase has also
been shown to play a central role in coupling fuel metabolism
to insulin secretion in the B-cell, and its activity is decreased
in diabetic rats. For these reasons it has been considered as
a candidate molecule for diabetes (36).
OB-11 contains a long-terminal repeat sequence, but
does not match with known genes or proteins. OB-11
was underexpressed on repeated Northern blots by 30—40%
(Fig. 6B). OB-11 did not match any known genes. There is a
polyadenylation signal 18 bases upstream of the polyA talil,
suggesting that it corresponds to the 3’ end of an mMRNA mol-
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FIG. 5. Northern blot analysis of differ-
entially expressed cDNAs. We analyzed
25 pg of total RNA from skeletal muscle of
lean (+) and obese (ob) mice by Northern
blot using random primed probes to each
of the indicated clones. The ethidium bro-
mide-stained bands for the 18S riboso-
mal RNAs are shown under the band or
bands detected on the autoradiography.
A: Example of OB mRNAs that were over-
expressed in ob mouse muscle and
detected as a single band. B: Examples of
OB mRNAs that were underexpressed in
ob mouse muscle and detected as a single
band. C: Examples of OB mRNAs detected
as multiple bands. In the case of OB-48
(skeletal muscle troponin), all three
bands were increased in ob mouse,
whereas OB-25 (a-tropomyosin) and OB-
49 (anovel gene) showed a change in the
pattern of expression. D: A smeary signal
was detected for OB-29 (new gene),
which was clearly overexpressed in the
ob mouse.
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ecule. There was no obvious ORF encoded in its sequence.
OB-11 sequence matched with genes that contained long-
terminal repeat-insertion sequence elements.
Characterization of clones associated with changes in
MRNA expression pattern in the ob/ob mouse (Table 3)
OB-15 and 25 were alternatively spliced transcripts
of the a-tropomyosin gene. The OB-25 sequence matched
with the coding region (last 48 amino acids) and the 3’ UTR
of an isoform of mouse skeletal muscle a-tropomyosin. A
polyadenylation signal was present 22 bases upstream of
the 3’ end. The cDNA sequence reported in GenBank for this
isoform has a 3’ extension of 67 bases, with a second
polyadenylation signal 17 bases upstream of the 3’ end (37).
OB-15 corresponds to the last 206 bases of OB-25, encoded
in exon 12. OB-15 was overexpressed but OB-25 was under-
expressed in the differential display. On Northern blot analy-
sis using OB-25 as a probe, three bands of 3.4, 2.6, and 1.5 kb
were detected (Fig. 6C). A 1.5-kb band, which is the main
component, was overexpressed by about 66% in the ob
mouse, whereas the 2.6 and 3.4 bands were underexpressed
by 73 and 29%, respectively. This complex pattern of expres-
sion is most likely related to the way a-tropomyosin iso-
forms are generated.

a-Tropomyosins are a group of actin-binding proteins
encoded by a single gene that is expressed in muscle and non-
muscle cells. In skeletal muscle, tropomyosins are part of the
sarcomere, the fibrillar structure that performs skeletal mus-
cle contraction. In association with the troponin complex,
tropomyosin regulates the calcium-sensitive interaction of
actin and myosin. The mouse and rat a-tropomyosin genes
have 13 exons (37,38). At least nine isoforms are derived
from the rat a-tropomyosin gene by use of alternative pro-
moters, splicing, and polyadenylation sites (38,39). OB-25
corresponds to part of exon 10 and exons 11 and 12, and OB-
15 corresponds to exon 12.
OB-49 does not correspond to any known gene. OB-49
does not have a polyadenylation signal nor does itencode an
obvious ORF. Its sequence contains an L1Md-14LH element
that produces a number of matches in DNA searches. OB-49
was underexpressed in ob/ob mouse by differential display and
gave two bands in the Northern blot: one at 1.5 kb that was
overexpressed in the ob mouse by 25% and another at 1.1 kb
that was underexpressed by 26% (Fig. 6C). In this case, as for
a-tropomyosin, this different regulation may be due to post-
transcriptional modifications that change the pattern.

DISCUSSION

The identification of molecules that contribute to the insulin
resistance seen with obesity is an important step in the elu-
cidation of the pathogenesis of type 2 diabetes. Although
insulin resistance is one of the earliest detectable defects in
longitudinal studies of type 2 diabetes and appears to be
genetically linked, thus far no single gene has been shown to
play a determinant role in insulin resistance of a significant
number of diabetic patients. The results obtained in the cur-
rent study using mRNA differential display and the best char-
acterized rodent model of obesity-related type 2 diabetes,
the ob/ob mouse, indicate the broad range of secondary mod-
ifications in gene expression that occur in muscle.

Twelve changes in gene expression were found in the
~9,000 mRNAs examined. The messages detected by this
technique represent genes with every level of expression,
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from very high (skeletal muscle troponin T) to very low
(1d2). The ability of the differential-display method to
detect rare messages implies that the amplification of
cDNAs is dependent mainly on the primers sequence and not
on the template concentration (40). There was no redun-
dancy among the identified genes, with the exception of
OB-15 and OB-25, which both correspond to transcripts
from the a-tropomyosin gene but appear to correspond to
different messengers from this gene, one of which is over-
expressed and the other of which is underexpressed.

One of the most interesting of the overexpressed genes is
1d2, a gene product that regulates the activity of a set of bHLH
transcription factors, including ubiquitously expressed factors
such as E12/47 and tissue specific factors such as MyoD, the
latter of which controls differentiation of a number of cells,
including skeletal muscle (18). Our results showed that 1d2 is
overexpressed in fat, liver, and muscle and underexpressed in
brain in ob/ob mice. The difference of expression in muscle was
small in comparison with the difference found in fat, but was
not due to contamination of muscle with adipose tissue, since
the size of the message in both tissues is different. Preliminary
experiments also suggest that the isoform of the protein that
is expressed may be different.

Two of the mRNAs found in this differential display, fast
skeletal muscle troponin T and skeletal muscle a-tropomyosin,
are developmentally regulated genes that are constitutively
expressed in the terminally differentiated muscle cells (41).
The tissue specificity of fast skeletal muscle troponin T
expression is determined at the level of transcription and by
alternative splicing during development (32). Cell type—spe-
cific regulation of expression for a-tropomyosin takes place
at multiple levels by use of alternative promoters, splicing,
and polyadenylation sites (38,39). In the case of skeletal
muscle troponin T, the increase in all the messages detected
by Northern blot is compatible with an increased tran-
scription in the ob mouse. For a-tropomyosin, three inde-
pendent facts suggest that in the ob mouse there are post-
transcriptional changes: 1) the expression of OB-15 (exon
12) in the differential display was increased, whereas
expression of OB-25 (exons 10, 11 and 12) was decreased;
2) the sequences of both cDNAs show a processing of the
3’ end that corresponds to the brain isoform-2 instead of the
skeletal muscle isoform, suggesting that the transcripts
amplified by the PCR and differentially displayed do not
correspond to the major isoform in skeletal muscle; and 3)
in the ob mouse, the pattern of transcripts that hybridize in
the Northern blot with a probe specific for the skeletal mus-
cle isoform was changed, with a decrease in bands corre-
sponding to minor mRNA species, whereas the major form
was overexpressed.

We also found that subunit f of mitochondrial ATP syn-
thase is underexpressed in skeletal muscle of the ob mouse.
F,F,-ATP synthase is the central enzyme complex of mito-
chondrial oxidative phosphorylation and contains subunits
encoded in nuclear DNA, such as subunit f, as well as sub-
units encoded in mitochondrial DNA. The expression of
these needs to be coordinated to produce a functional
enzyme. Although the mitochondrial genes are considered
housekeeping genes, their transcription is regulated dur-
ing differentiation and in response to specific stimuli, such
as continuous muscle contraction. Previous results from
our group have shown that in the diabetic state, including
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the ob mouse, the coordination between nuclear and mito-
chondrial expression is lost (11). The expression of some
mitochondrial-encoded components of the oxidative phos-
phorylation chain is upregulated, whereas the expression of
cytochrome oxidase 7a, which is encoded in the nucleus,
shows no change or is decreased, as it is the case for subunit f.

0OB-10 and OB-12 encode two proteins that may be related
with insulin resistance. OB-10 (including a sequence from the
EST database) contains a characteristic motif for prenyl-
transferases (42) and corresponds to mouse geranylgeranyl
pyrophosphate synthase, a gene previously cloned only in the
fungus N. crassa and in the yeast S. cerevisiae (16,17).
Although this protein has been purified from bovine brain, and
its enzymatic activity and tissue distribution characterized
(43,44), this is the first cloning of the mammalian homologene.
The tissue distribution of mMRNA expression supports the
fact that OB-10 corresponds to the mouse geranylgeranyl
pyrophosphate synthase.

Protein isoprenylation (farnesylation and geranylgeranyla-
tion) plays a critical role in the function of many proteins that
regulate cellular processes, including cell growth, vesicular
trafficking, and actin network integrity (45). Among the many
protein families that are geranylgeranylated, the Rab and Rho
families of small GTPases can be directly related with insulin
action through their role in vesicular traffic (46) and effects on
the cytoskeleton (47). The overexpression of geranylgeranyl
pyrophosphate synthase in muscle and liver of the ob mouse
would imply alteration of a general regulatory mechanism for
the cell in this animal model of insulin resistance.

OB-12 shows a high homology with the bovine PIG-PLD.
The homology is limited to the COOH-terminal of the protein,
a domain related to the enzymatic activity (48). The phos-
phatidylinositol-glycan anchors proteins to the external face
of the cell membrane and is present in all types of eukaryotic
cells. Among the proteins known to be anchored by this gly-
colipid in mammalian cells are hydrolytic enzymes (e.g., alka-
line phosphatase), adhesion molecules, lymphocyte differ-
entiation antigens, and transforming growth factor-32 recep-
tor (49). The biological function of PIG-PLD is unclear
because the purified enzyme is unable to hydrolyze the gly-
cosyl-phosphatidylinositol anchor (GPI) in vivo (50). Never-
theless the existence of an anchor-specific phospholipase
has been inferred because some of the anchored proteins are
present in soluble form; in addition, there is experimental evi-
dence to support the existence of a cell-associated PIG-PLD
activity (51). Thus far no such protein has been purified or
cloned. The high homology at a protein level of OB-12 with
the COOH-terminal of both bovine and human PIG-PLD
makes it a suitable candidate for a cell-associated phospho-
lipase specific of the GPI anchor. Apart from its function as
a protein anchor, GPI has been implicated in signal trans-
duction as a substrate for the generation of putative media-
tors of signaling produced in response to insulin (24), nerve
growth factor (52), and interleukin-2 (53).

In summary, using the mRNA differential display method,
we identified 12 changes in gene expression in skeletal mus-
cle of the ob/ob mouse model of type 2 diabetes. This animal
model of diabetes is clearly linked to obesity with a primary
genetic defect in leptin synthesis (54), but is characterized by
severe insulin resistance. The results of the present study indi-
cate the extensive nature of secondary acquired changes in
gene expression that may develop in the pathogenesis of this

DIABETES, VOL. 47, SEPTEMBER 1998

disease. Although none of the identified genes is known to be
directly involved in insulin signaling, several of them affect a
variety of important cellular functions that could affect the
insulin responsiveness of the cell. These include major reg-
ulators of transcriptional activity, protein prenylation, and
membrane anchoring. Future studies should determine not
only the impact of these changes on metabolic pathways,
but also the possibility of reversing these alterations in the
ob/ob mouse with dietary restriction or leptin treatment to
explore the mechanisms involved in producing the changes
described herein and their physiological relevance.
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