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Increased E4 Activity in Mice Leads to Ubiquitin-containing
Aggregates and Degeneration of Hypothalamic Neurons

Resulting in Obesity™
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Obesity has become a serious worldwide public health prob-
lem. Although neural degeneration in specific brain regions has
been suggested to contribute to obesity phenotype in humans, a
causal relationship between these two conditions has not been
demonstrated experimentally. We now show that E4B (also
known as UFD2a), a mammalian ubiquitin chain elongation fac-
tor (E4), induces the formation of intracellular aggregates posi-
tive for ubiquitin and the adaptor protein p62 when overex-
pressed in cultured cells or the brain. Mice transgenic for E4B
manifested neural degeneration in association with aggregate
formation, and they exhibited functional impairment specifi-
cally in a subset of hypothalamic neurons that regulate food
intake and energy expenditure, resulting in development of
hyperphagic obesity and related metabolic abnormalities. The
neural pathology of E4B transgenic mice was similar to that of
human neurodegenerative diseases associated with the forma-
tion of intracellular ubiquitin-positive deposits, indicating the
existence of alink between such diseases and obesity and related
metabolic disorders. Our findings thus provide experimental
evidence for a role of hypothalamic neurodegeneration in obe-
sity, and the E4B transgenic mouse should prove to be a useful
animal model for studies of the relationship between neurode-
generative diseases and obesity.

Insight into signaling pathways that control food intake and
energy homeostasis in humans has been provided by animal
models of obesity associated with diet manipulation, spontane-
ous mutation of key molecules, transgenesis, or gene knock-
out, or physical intervention (1). Such models have implicated
hypothalamic neural circuits and related molecules such as lep-
tin, insulin, agouti-related protein, neuropeptide Y, cocaine-
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and amphetamine-regulated transcript protein, and pro-opi-
omelanocortin (POMC)? in this regulatory system (2—4). In
addition to shedding light on the mechanisms of human obesity
and related disorders, these model animals have contributed to
the development of new drugs for the treatment of this increas-
ingly prevalent threat to public health. Establishment of addi-
tional animal models for obesity based on newly identified
pathogenetic mechanisms may thus provide further key infor-
mation for potential therapeutic intervention.

The ubiquitin-proteasome system plays a pivotal role in
many cellular processes (5, 6). The ubiquitylation of proteins
serves to mark them for degradation by the 26 S proteasome.
Protein ubiquitylation is achieved by a multistep mechanism
involving several enzymes: a ubiquitin-activating enzyme (E1),
a ubiquitin-conjugating enzyme (E2), and a ubiquitin-protein
ligase (E3). A new class of ubiquitylation enzymes, the ubiquitin
chain assembly factor (E4), was recently discovered and shown
to be required for the degradation of certain types of substrate,
including an artificial fusion protein with an NH,-terminal
ubiquitin moiety, via a ubiquitin fusion degradation pathway (7,
8). Saccharomyces cerevisiae Ufd2, the prototype E4 enzyme,
binds to the oligoubiquitylated artificial ubiquitin fusion degra-
dation substrate and catalyzes extension of the ubiquitin chain.
We previously identified E4B (also known as UFD2a) as a mam-
malian ortholog of yeast Ufd2. E4B contains the conserved
U-box domain at its COOH terminus, and this domain medi-
ates the interaction of E4B with ubiquitin-conjugated targets.
The U-box domain appears to be an essential functional
domain for E4 activity (9, 10). E4B is expressed predominantly
in neuronal tissues of adult mice (10) and has thus been sug-
gested to play a biological role in the nervous system. Indeed,
E4B™'~ mice manifest axonal dystrophy in the nucleus gracilis as
well as degeneration of Purkinje cells associated with endoplasmic
reticulum stress, and develop a neurological disorder (11).

Neurodegenerative diseases including Parkinson disease,
Alzheimer disease, as well as polyglutamine diseases such as

2 The abbreviations used are: POMC, pro-opiomelanocortin; PVN, paraven-
tricular nucleus; BAT, brown adipose tissue; WAT, white adipose tissue;
UCP1, uncoupling protein 1; a-MSH, a-melanocyte-stimulating hormone;
WT, wild-type; Tg, transgenic.
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FIGURE 1. Accumulation of ubiquitin- and p62-positive aggregates induced by forced expression of E4B
in cultured cells. A, Neuro2A cells were transfected with expression vectors encoding Myc epitope-tagged
wild-type (WT) or AU mutant forms of E4B, or with the corresponding empty vector (Mock), for 24 h, after which
the cells were subjected to immunofluorescence analysis with antibodies to polyubiquitin (green) and the Myc
epitope (red). Nuclei were stained with Hoechst 33258 (blue). Arrowheads indicate cells expressing ectopic E4B.
Scale bar, 10 wm. B, Neuro2A cells transfected with the expression vector for Myc epitope-tagged WT E4B as in
A were subjected to immunofluorescence analysis with antibodies to polyubiquitin (green) and p62 (red).
Arrowheads indicate cellular aggregates stained by both types of antibodies. Scale bar, 10 um. C, Neuro2A cells
transfected as in A were lysed in radioimmunoprecipitation assay buffer, the lysates were centrifuged at
20,000 X gfor 15 minat4 °C,and the resulting pellet and supernatant (sup.) were subjected to immunoblot (/B)
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metabolic disorders induced by
genetic mutations or diet thus appear
to promote neural degeneration in
animals and humans (24). Con-
versely, certain hereditary neuro-
degenerative diseases in humans
are associated with obesity or dia-
betes (25). These findings suggest
that neurodegeneration in certain
brain regions might be responsible
for obesity in some individuals.
However, a causal relationship
between neural degeneration and
obesity has not been demon-
strated experimentally to date.

We have now established an ani-
mal model of obesity that is induced
by neural degeneration. We found
that forced expression of E4B in cul-
tured cells resulted in heterotopic
accumulation of ubiquitin- and
p62-positive aggregates similar to
those associated with neurodegen-
erative diseases. Aggregate forma-
tion was also observed in hypotha-
lamic neurons responsible for
regulation of food intake and energy
expenditure in E4B transgenic mice.
It was accompanied by degenera-
tion and functional impairment of
these neurons, resulting in the
development of hyperphagic obe-
sity and other metabolic abnormal-
ities. The E4B transgenic mouse
model thus appears to recapitulate
the pathological features both of
neurodegenerative diseases as well
as of obesity and related metabolic
disorders, indicating the existence
of a direct link between these
conditions.

E4B WT

analysis with antibodies to polyubiquitin or the Myc epitope, respectively. Asterisk indicates ubiquitin conju-

gates of high molecular weight.

Huntington disease and spinocerebellar ataxias are character-
ized by the formation of intracellular protein aggregates in neu-
rons and neuronal loss. These diseases have been linked to the
ubiquitin-proteasome system by the observation that the intra-
cellular aggregates are recognized by antibodies to ubiquitin.
Furthermore, several ubiquitylation enzymes including E4B
have been implicated in the pathogenesis of such diseases (12—
18). The multifunctional adaptor protein p62, which contains
domains that mediate protein-protein interaction, was also
recently shown to associate with the ubiquitin-positive aggre-
gates and promote their formation (19 —23). This protein is thus
now used as a marker for cellular ubiquitin aggregates.

Several studies have suggested the existence of a link between
neurodegenerative diseases and obesity. Obesity and associated
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EXPERIMENTAL PROCEDURES

Cell Culture, Construction of
Expression Plasmids, and Cell Transfection—Neuro2A cells
were cultured in Dulbecco’s modified Eagle’s medium supple-
mented with fetal bovine serum (10%), sodium pyruvate (1 mm),
L-glutamine (2 mMm), 2-mercaptoethanol (50 uMm), non-essential
amino acids (10 ml/liter), penicillin (100 units/ml), and strep-
tomycin (100 mg/ml). The ¢cDNAs for mouse E4B or its
E4B(AU) mutant (26) tagged with the Myc epitope at their NH,
termini were subcloned into pcDNA3 (Invitrogen), and the
resulting vectors were introduced into Neuro2A cells with the
use of the Lipofectamine 2000 reagent (Invitrogen). The forma-
tion of ubiquitin-positive aggregates was observed at a low level
in cells exposed to the transfection reagent alone, but the for-
mation of such aggregates was greatly increased by overexpres-
sion of E4B. Cells for immunoblot analysis of polyubiquitin
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FIGURE 2. Accumulation of ubiquitin- and p62-positive aggregates in hypothalamic nuclei of E4B trans-
genic mice. A, the brain of WT or E4B transgenic mice harboring one allele of the transgene (line 1, Tg'/+ orline
2, Tg%/+) was lysed with RIPA buffer and then subjected to immunoblot (/B) analysis with antibodies to E4B.
B,immunofluorescence analysis of the brain of Tg'/+ mice with antibodies to the Myc epitope. Representative
images of the cerebral cortex and the hypothalamic PVN are shown. Scale bars, 100 um. C, confocal immuno-
fluorescence microscopy of the PVN region of 4-month-old WT or Tg'/+ mice with antibodies to polyubiquitin
(green) and p62 (red). Nuclei were stained with Hoechst 33258 (blue). Insets show higher magnification views of

portions of the main images. Scale bars, 50 um.

were cultured at 33 °C overnight before transfection to further
facilitate aggregate formation.

Histological Analysis and Sample Preparation for Immuno-
fluorescence Analysis of the Brain—The inguinal fat pad (as
WAT), BAT, and liver were fixed with 4% paraformaldehyde
and embedded in paraffin. Sections (thickness, 4 um) of WAT
and BAT were stained with hematoxylin-eosin. The brain was
fixed by perfusion with 4% paraformaldehyde and subjected to
postfixation for at most 3 days. After fixation, the liver and brain
were infiltrated with 25% (w/v) sucrose in 0.1 M phosphate
buffer for at least 2 days, and frozen sections (thickness, 30 to 40
pm) were prepared with a sliding microtome (Yamato Kohki
Industrial, Saitama, Japan). Sections of the liver were stained
with oil red O (Nacalai tesque, Kyoto, Japan), and floating sec-
tions of the brain were subjected to immunofluorescence
analysis.

15540 JOURNAL OF BIOLOGICAL CHEMISTRY

Immunoblot and Immunofluores-
cence Analyses—Immunoblot and
immunofluorescence analyses of
cultured cells or the brain were per-
formed as described previously with
some optimization (27). Immuno-
blots were probed with antibodies
to the Myc epitope (9E10, Sigma),
polyubiquitin (FK2; Nippon Biotest
Laboratories, Tokyo, Japan), E4B
(BD Transduction Laboratories), or
Hsp70 (BD Transduction Laborato-
ries). Immunofluorescence analysis
of both cultured cells and brain sec-
tions was performed with antibod-
ies to the Myc epitope (9E10),
polyubiquitin (FK2), p62 (28), glial
fibrillary acidic protein (Cy3-conju-
gated, Sigma), or c-Fos (Calbio-
chem). Nuclei were stained with
Hoechst 33258. Specimens were
observed with a fluorescence micro-
scope (Nikon) or a confocal micro-
scope (LSM510, Carl Zeiss).

Animal Experiments—Animal
experiments were performed in
accordance with the guidelines of
Kyushu University. For generation
of transgenic mouse lines, cDNAs
for mouse E4B or E4B(AU) (26)
tagged with the Myc epitope at their
NH, termini were subcloned into
the Xhol site of the pPrPpE1l/
E2,E3sal plasmid (29). The resulting
vectors were digested with Notl for
linearization and removal of the
backbone vector. The prepared
DNA constructs were then injected
into fertilized eggs of the B6D2F1/
Crlj (BDF1) background. Primary
genotyping was performed by PCR
and Southern blot analysis followed
by immunoblot analysis with antibodies to the Myc epitope.
Examination of phenotypes was performed with C57BL/6] X
DBA/2 background mice because E4B transgenic mice on the
C57BL/6] background were sterile for some unknown reason.
Wild-type (WT) littermates were used as control mice. For the
leptin tolerance test, individually housed mice deprived of food
for 12 h were injected (intraperitoneal) with recombinant
mouse leptin (30 mg/kg of body weight; R&D Systems) or vehi-
cle, and food intake was determined over the subsequent 12-h
period. CT scanning and calculation of the percentage of body
fat were performed as described previously (30). For determi-
nation of paraventricular nucleus (PVN) neuron activity, an
indwelling cannula was implanted into the left lateral ventricle
(0.2 mm posterior, 0.95 mm left of the bregma, 1.5 to 1.6 mm
below the surface of the skull) of 4-week-old mice anesthetized
with pentobarbital (55— 60 mg/kg, intraperitoneal). One week
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FIGURE 3. Neural degeneration and gliosis in the hypothalamic PVN of
E4B transgenic mice. A, brain sections of 9- to 10-month-old WT or Tg'/+
mice were stained with Hoechst 33258 and observed with a confocal micro-
scope. The area of the PVN was calculated by accessory software, and the
density of cell nuclei in this area (right and left regions of the PVN from four
mice of each genotype) was determined. Data are shown as a dot plot with
the means indicated by horizontal lines (¥, p < 0.05, one-tailed Student’s t
test). B,immunofluorescence analysis of the PVN region of 10-week-old WT or
Tg'/+ mice with antibodies to glial fibrillary acidic protein (GFAP) (red). Nuclei
were stained with Hoechst 33258 (blue fluorescence). SCN and 3Vindicate the
suprachaismatic nucleus and third ventricle, respectively. Scale bar, 100 um.

later, 2 ul of either a-melanocyte-stimulating hormone
(a-MSH) (2 ug/pl; Peptide Institute, Osaka, Japan) or saline
vehicle were injected through the cannula at a rate of 3 ul/min.
The animals were killed and subjected to perfusion fixation at
1 hafter injection of «-MSH or vehicle, and serial sections of the
PVN were prepared and subjected to immunofluorescence
staining for c-Fos. All images were collected at the same expo-
sure time, and a pair of images of the PVN of WT and transgenic
mice with the strongest c-Fos signals was selected for further
analysis. The intensity of the c-Fos signal at each soma in the
PVN region was calculated with Photoshop software (Adobe).
Serum leptin concentration (fasted condition) as well as serum
insulin, adiponectin, triglyceride, and total cholesterol concen-
trations (fed condition) were determined as described previ-
ously (31). The glucose tolerance test and insulin tolerance test
were also performed as described previously with some modi-
fications (30).

Quantitative Reverse Transcription-PCR Analysis—Total
RNA (1 pg) isolated from the hypothalamus or BAT with the
use of Isogen (Wako) was subjected to reverse transcription
with the use of a Quantitect Kit (Qiagen). The resulting cDNA
was subjected to real-time PCR analysis as described previously
(32). The amount of each target mRNA was normalized by the
corresponding amount of glyceraldehyde-3-phosphate dehy-
drogenase mRNA, and the normalized values were then
expressed relative to that for WT mice. The PCR primers (for-
ward and reverse, respectively) were as follows: 5-TAC-
CAAGCTGTGCGATGT-3" and 5-AAGCCCAATGATGT-
TCAGT-3' for Ucpl; 5'-CTTTGGCGGAGGTGCTAGA-3’
and 5-GGACTCGTGCAGCCTTACACA-3' for agouti-re-
lated protein; 5'-CTACTCCGCTCTGCGACACT-3" and
5'-AGTGTCTCAGGGCTGGATCTC-3’ for neuropeptide Y;
and 5'-AACATCTTTGTCCCCAGAGAGCT-3" and 5'-AGC-
AGAATCTCGGCATCTTCC-3' for Pomc.

Statistical Analysis—Quantitative data are presented as
mean = S.D. unless indicated otherwise and were analyzed by
Student’s ¢ test (two-tailed unless indicated otherwise) or the
Mann-Whitney U test as performed with Excel or R software,
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respectively. A p value of <0.05 was considered statistically
significant.

RESULTS

Intracellular Aggregate Formation Induced by Expression
of E4B—W e introduced a vector encoding Myc epitope-tagged
WT E4B or an E4B mutant that lacks the U-box domain (AU)
into mouse neuronal cell line Neuro2A. Immunofluorescence
analysis with antibodies to polyubiquitin and the Myc epitope
tag revealed the formation of ubiquitin-positive aggregates in a
part of cells expressing WT E4B, whereas few such aggregates
were detected in cells expressing E4B(AU) or in mock trans-
fected cells (Fig. 1A4). The aggregates were also reactive with
antibodies to p62 (Fig. 1B), an adaptor protein that was recently
shown to associate with ubiquitin-positive aggregates (19, 22).
Consistent with these observations, immunoblot analysis with
antibodies to polyubiquitin revealed that the intensity of the
slow-migrating smear corresponding to polyubiquitin conju-
gates was greater in the pellet fraction of cells expressing WT
E4B than in that of E4B(AU)-expressing or mock transfected
cells (Fig. 1C). These results thus suggested that elongation of
ubiquitin chains resulting from increased E4B activity leads to
the formation of ubiquitin- and p62-positive intracellular
aggregates.

Aggregate Formation and Neural Degeneration in Hypotha-
lamic Nuclei of E4B Transgenic Mice—To investigate whether
the E4B-induced formation of intracellular aggregates was
reproducible in neural cells in the brain, we generated mice
transgenic for a Myc epitope-tagged E4B construct controlled
by the promoter of the gene for the mammalian prion promoter
(29). Neuron-specific transgene expression in regions of the
brain in which endogenous E4B is also expressed (data not
shown) was confirmed by immunoblot (Fig. 24) and immuno-
histofluorescence (Fig. 2B) analyses. Among the generated
transgenic mouse lines, animals of line 1 harboring one allele of
the transgene (Tg'/+) were used for most of the examinations
described below because of their higher level of transgene
expression (Fig. 2A4). As observed in cultured cells, ubiquitin-
and p62-positive aggregates were detected in a subset of hypo-
thalamic neurons of Tg'/+ mice including those of the PVN
(Fig. 2C), dorsomedial hypothalamic nucleus, arcuate nucleus,
and lateral hypothalamus, but such aggregates were not appar-
ent in the cerebral cortex (supplemental Fig. S1). These aggre-
gates were formed particularly in hypothalamic neurons that
expressed the transgene at high levels (supplemental Fig. S2), as
was also observed in cultured Neuro2A cells (Fig. 14). Ectopic
E4B was not localized to the aggregates (supplemental Fig. S2),
however, excluding the possibility that overexpression of E4B
resulted in the aggregation of E4B itself.

Similar formation of aggregates by aggregation-prone toxic
proteins is associated with neural cell death in neurodegenera-
tive diseases such as Alzheimer and Huntington (33). We there-
fore investigated whether aggregate formation in E4B trans-
genic mice is also associated with neural degeneration. The
number of cell nuclei in the PVN region was found to be
decreased in aged Tg'/+ mice compared with that in WT ani-
mals (Fig. 34). The number of glial fibrillary acidic protein-
positive glial cells was also increased around the PVN region
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iture leading to obesity. Indeed,
Tg'/+ mice were unequivocally
obese (Fig. 4A) and manifested
increased lipid accumulation in
subcutaneous and visceral adipose
tissue as well as the liver (Fig. 4B).
Excessive lipid accumulation was
also apparent in CT images (Fig. 4C)
as well as in tissue sections of WAT
or BAT (Fig. 4D) and the liver (Fig.
4E). The body weight of Tg'/+ mice
was increased at 2 to 3 months of
age compared with that of WT
mice, and this increase was pre-
ceded by an increase in the amount
of body fat apparent at 8 weeks of
age (Fig. 4, F and G). An increase in
body weight was also observed
in another E4B transgenic line (Tg?/
+), excluding the possibility that the
phenotype was artifactual or the
result of unintended gene disrup-
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FIGURE 4. Development of obesity in E4B transgenic mice on a normal diet. A-C, gross appearance (A),
anatomy (B), and CT scans of the abdomen (C) of 9-month-old Tg'/+ and WT littermates. D and E, hematoxylin-
eosin staining of white (WAT) or brown (BAT) adipose tissue (D) as well as oil red O staining of the liver (E) of
6-7-month-old Tg'/+ and WT littermates. Scale bars, 100 wm in D or 200 um in E. F, body fat as a percentage
of body weight for WT (n = 3) or Tg'/+ mice (n = 3-4) at 5 and 8 weeks of age. Error bars represent = S.D. (%,
p < 0.05, Student's t test). G and H, time course of body weight for WT (n = 6-8), Tg'/+ (n = 7-8), Tg*/+ (n =
6-7) or Tg?/Tg? mice (n = 4-7). Error bars represent + S.D. (¥, p < 0.05; **, p < 0.01 for WT versus Tg'/+ (G) or
Tg?/Tg? (H) animals, Student’s t test). /,immunoblot (IB) analysis with antibodies to the Myc epitope for brain

lysates prepared with RIPA buffer from Tg?/+ or Tg*/Tg? mice.

of Tg'/+ mice (Fig. 3B). Together, these observations were
indicative of neural cell death and gliosis in the transgenic
animals. Neural degeneration was thus associated with the
formation of ubiquitin-positive aggregates in hypothalamic
neurons (especially, PVN neurons) of Tg'/+ mice.
Development of Obesity in E4B Transgenic Mice—The hypo-
thalamus functions as the center for regulation of food intake
and energy expenditure. In particular, the PVN has long been
identified as a satiety center, given that lesions within the PVN
result in the development of hyperphagic obesity (34). Given
that the formation of ubiquitin-positive aggregates and associ-
ated neural degeneration were observed in the hypothalamus of
E4B transgenic mice, we examined whether these animals
might exhibit dysregulation of food intake and energy expend-
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4@G). These observations thus indi-
cated that the obese phenotype is
directly related to the expression level
of the transgene. The body weight of
Tg'/+ mice or Tg*/Tg> mice at 9
months of age was about twice that of
age-matched WT animals (Fig. 4, G
and H).

Dependence of E4B Transgenic Mouse Phenotypes on Ubiqui-
tylation Activity—To examine whether the phenotypes of E4B
transgenic mice are dependent on the ubiquitylation activity of
E4B, we generated transgenic mice that express Myc epitope-
tagged E4B(AU) under control of the same prion gene pro-
moter as that used for expression of the WT protein. Because
the comparable expression level of the E4AB(AU) transgene to
the WT E4B transgene of Tg'/+ mice were achieved in mice
harboring two alleles of the E4B(AU) transgene (Tg*"/Tg*")
(Fig. 5A), these mice were used for most examinations and com-
parisons described below. No aggregates positive for polyubiq-
uitin and p62 were detected in the hypothalamus of Tg*"/Tg*"
mice (Fig. 5B). Furthermore, Tg*"/Tg*" mice did not differ
substantially from WT animals in terms of body weight (Fig.
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Ucpl gene in BAT was previously
shown to be controlled by the action
of several hypothalamic neuropep-
tides (35—41). The amount of Ucpl
mRNA in BAT of Tg'/+ mice
tended to be decreased at 5 weeks of
age and was significantly decreased
at 8 weeks of age compared with
WT mice (Fig. 6B). These results

WT female

Brain
60 ]
N
>
i v&@ 50
) N
IB: Myg —
10 7
0
2 3

Age (months)

TgAU/TgAU

Ubiquitin
p62
Hoechst

TgAU/TgAU “"’ £

vl 3 a0 3 AR 0 e | 8¢

FIGURE 5. Phenotypes of E4B(AU) transgenic mice. A, the brain of Tg'/+ mice or E4B(AU) transgenic mice
harboring two alleles of the transgene (Tg*Y/Tg*") mice was lysed with RIPA buffer and subjected to immu-
noblot (/B) analysis with antibodies to the Myc epitope. B, immunofluorescence analysis of the PVN region of
6-month-old WT or Tg*¥/Tg*¥ mice or a 4-month-old Tg'/+ mouse was performed as described in the legend
to Fig. 2C. Scale bar, 50 um. C, time course of body weight for WT (n = 5) or Tg*Y/Tg*" mice (n = 6). Error bars
represent £ S.D. (no significant difference). D, hematoxylin-eosin staining of BAT or WAT as well as oil red O
staining of the liver of 6-month-old WT or Tg*Y/Tg*" mice. Scale bars, 100 (BAT and WAT) or 200 um (liver).

5C) or the extent of lipid accumulation in adipose tissue or liver
(Fig. 5D). These results were also confirmed with another
Tg*Y/Tg*" line (data not shown). These results thus indicated
that the obese phenotype of E4B transgenic mice is largely
dependent on the increased enzymatic activity of E4B.
Association of Obesity in E4B Transgenic Mice with Func-
tional Impairment of the Hypothalamic Satiety Center—We
next examined whether the obese phenotype of E4B transgenic
mice is attributable to malfunction of the hypothalamic satiety
center that regulates food intake and energy expenditure. Com-
pared with WT mice, Tg'/+ mice showed an increase in food
intake that was apparent as early as 5 weeks of age (Fig. 64),
before the development of leptin resistance (see Fig. 7A) and
obesity (Fig. 4G). We estimated energy expenditure by moni-
toring expression of the gene for uncoupling protein 1 (UcpI),
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Tg'/+

suggested that the regulation of
food intake and energy expenditure
was impaired in E4B transgenic
mice prior to development of the
obese phenotype.

Leptin is an adipocyte-derived
satiety factor that acts on a subset of
neurons in the hypothalamus and
thereby regulates food intake and
energy expenditure (2, 42). Hyper-
phagia associated with impaired
hypothalamic function is attributa-
ble, at least in part, to a reduced
response of hypothalamic neurons
to leptin. We therefore next per-
formed a leptin tolerance test to
examine leptin sensitivity in Tg'/+
mice. Whereas injection (intraperi-
toneal) of leptin inhibited food
intake in WT mice, it had no effect
on that in Tg'/+ mice at 5 weeks of
age (Fig. 6C), supporting the notion
that the hypothalamus of the trans-
genic animals is functionally im-
paired. Furthermore, the amounts
of mRNAs for the hypothalamic
orexigenic neuropeptides agouti-
related protein and neuropeptide
Y in the fasted condition were sig-
nificantly decreased in Tg'/+
mice at 5 weeks of age compared
with WT mice (Fig. 6D). These
neuropeptides antagonize anorexigenic signals mediated by
POMC neurons (2—4), but the abundance of Pomic mRNA in
the hypothalamus did not differ between WT and Tg'/+
mice (Fig. 6D), suggesting that the altered expression of the
orexigenic neuropeptide genes was not attributable to a pri-
mary loss of POMC neurons but was rather likely due to
defects in secondary neurons in the feeding circuit, such as
PVN neurons. We investigated the activity of PVN neurons
evoked by intracerebroventricular injection of a-MSH, a
proteolytic product of POMC that activates PVN neurons
mainly by binding to melanocortin receptor 4 and regulates
food intake (43— 46). The activity of PVN neurons was mon-
itored by immunostaining of c-Fos, an immediate-early gene
product expressed in response to neural stimulation.
Whereas the activity of PVN neurons was markedly in-
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FIGURE 6. Functional impairment of the hypothalamic satiety center in E4B transgenic mice. A, cumula-
tive food intake over 3 days for WT (n = 8) or Tg'/+ mice (n = 4) at 5 and 8 weeks of age. Error bars
represent = S.D. (¥, p < 0.05; **, p < 0.01, Student’s t test). B, quantitative reverse transcription-PCR
analysis of Ucp7 mRNA in BAT of 5- or 8-week-old WT or Tg'/+ mice (n = 9in each group). Normalized data
are expressed relative to the corresponding value for WT mice, and are mean = S.D. (¥, p < 0.05, Student’s
ttest). C, leptin tolerance test for 5-week-old WT (n = 9-10) or Tg'/+ mice (n = 9). Error bars represent *
S.D. (*, p < 0.05, Student’s t test). D, quantitative reverse transcription-PCR analysis of agouti-related
protein (AgRP), neuropeptide Y (NPY), and Pomc mRNAs in the hypothalamus of 5-week-old WT (n = 5-6)
orTg'/+ mice (n = 6-7) in the fed or fasted (for 48 h) conditions. Normalized data are expressed relative
to the corresponding value for fed WT mice, and are mean = S.D. (¥, p < 0.05, two-tailed Student’s t test;
t, p < 0.05, one-tailed Student’s t test). E, immunofluorescence analysis with antibodies to c-Fos for the
PVN of 5-week-old WT or Tg'/+ mice at 1 h after intracerebroventricular injection of vehicle (saline) or
a-MSH. Scale bar, 100 um. F, quantitative analysis of c-Fos signals in images similar to those in E. The
median of the cumulative frequency (CF) of fluorescence intensity at each somain the PVN (n = 7 in each
genotype) is shown in the left panel. The dotted line indicates a threshold (CF = 0.6) for the comparison of
fluorescence intensity between individual animals of the two genotypes shown in the right panel. The
horizontal lines in the right panel indicate medians (¥, p = 0.0175, Mann-Whitney U test).

creased by intracerebroventricular injection of a-MSH in
WT mice, this effect was greatly attenuated in Tg'/+ mice
(Fig. 6, E and F). Together, these results indicated that the
responsiveness of PVN neurons to anorexigenic stimuli is
reduced in E4B transgenic mice as a result of neuronal
organic disorders, and that consequent functional impair-

DISCUSSION
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ment of the satiety center leads to
increased food intake, reduced
energy expenditure, and obesity.
Obesity-associated Metabolic Dis-
orders in E4B Transgenic Mice—We
finally investigated obesity-associ-
ated disorders in E4B transgenic
mice. Monitoring serum leptin con-
centration revealed the presence of
hyperleptinemia in Tg'/+ mice as
early as 6 weeks of age (Fig. 7A4), sug-
gesting the development of leptin
resistance at the age before the
increase in body weight and fat mass
at 2 to 3 months of age (Fig. 4, F and
G). We further examined whether
E4B transgenic mice manifested
glucose intolerance and insulin
resistance associated with obesity.
To this end, we performed a glucose
tolerance test and insulin tolerance
test at 2 or 9 months of age. Two-
month-old Tg'/+ mice, which do
not differ from their WT littermates
in body weight (Fig. 4G), exhibited
normal glucose tolerance and did
not manifest insulin resistance
(Fig. 7B). In contrast, 9-month-old
Tg'/+ mice, which are markedly
obese (Fig. 4G), exhibited signifi-
cant glucose intolerance and insu-
lin resistance (Fig. 7B), indicating
that the transgenic animals
develop type 2 diabetes mellitus in
association with obesity. Consist-
ent with these observations,
whereas 2-month-old Tg'/+ mice
exhibited only slight hyperinsu-
linemia, this condition had deteri-
orated substantially by 9 months
of age (Table 1), indicative of the
progression of obesity-associated
insulin resistance. In addition,
Tg'/+ mice manifested significant
hypercholesterolemia and hypoa-
diponectinemia (Table 1). These
findings thus revealed that E4B
transgenic mice develop many of
the characteristics associated with
human obesity, suggesting that
these animals represent a new
model for the study of obesity and

metabolic disorders induced by neurodegeneration.

We have shown that an increased abundance and activity
of E4B result in the formation of intracellular aggregates
positive for both ubiquitin and p62. The formation of such
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aggregates in the brain leads to degeneration and functional
impairment of a subset of hypothalamic neurons that are
responsible for the regulation of food intake and energy
expenditure and the consequent development of hyper-
phagic obesity. Collectively, our results obtained with E4B
transgenic mice shed light on the physiological link between
neurodegeneration and obesity, providing new opportuni-
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FIGURE 7. Obesity-associated metabolic disorders in E4B transgenic
mice. A, serum concentration of leptin in WT (n = 5-6) or Tg'/+ mice (n =
5-7) at 5, 6, or 7 weeks of age after the animals had been deprived of food for
at least 12 h. Error bars represent = S.D. (**, p < 0.01, Student’s t test). B, glu-
cose tolerance test (GTT) and insulin tolerance test (/ITT) for WT (n = 6-8) or
Tg'/+ mice (n = 6-8) at 2 or 9 months of age. Error bars represent *+ S.D. (¥,
p < 0.05; **, p < 0.01, two-tailed Student’s t test; T, p < 0.05, one-tailed
Student’s t test) versus the corresponding WT value.

TABLE 1
Serum analysis of Tg'/+ and WT mice

ties for the study of the mechanism and treatment of obesity
and its related disorders in humans.

Obesity and its associated metabolic abnormalities have
become a worldwide public health problem, and new well
defined animal models for obesity research are urgently
needed. We now propose that E4B transgenic mice possess sev-
eral advantages as such a model. First, these animals spontane-
ously develop obesity and thus do not need to be fed a high-fat
diet. Second, they manifest abnormalities in the highly
restricted area of the hypothalamic satiety center and thus
exhibit pathological features similar to those of some other
mouse models of obesity such as 0b/0b and db/db mice in which
hypothalamic leptin circuit is impaired (42, 47). Third, only one
allele of the E4B transgene is required for mice to develop obe-
sity. Furthermore, the extent of obesity can be varied by selec-
tion of transgenic lines with different levels of expression or
different numbers of alleles of the transgene, whereas most
other mouse models are loss-of-function mutants and there-
fore require homozygosity of the mutant allele for manifesta-
tion of the phenotype. And finally, E4B transgenic mice develop
leptin and insulin resistance, glucose intolerance, hypercholes-
terolemia, and hypoadiponectinemia during progression of the
obesity phenotype, indicating that these animals recapitulate
the course of human obesity. In addition to providing support
for the usefulness of E4B transgenic mice as a model for human
obesity, our findings suggest the possibility that aberrant activ-
ity of E4B might be a cause of this condition in humans, a notion
that is also consistent with the localization of obesity-related
genetic markers in the vicinity of the Ueb4b (the gene symbol
for E4B) gene locus (48, 49).

Our results also indicate that E4B transgenic mice are a use-
ful model for investigations into the more general physiological
relevance of intracellular aggregate formation. Dysfunction of
the ubiquitin-proteasome system has been implicated in the
pathogenesis of various neurodegenerative diseases including
Alzheimer, Parkinson, and polyglutamine diseases such as
Huntington, given that the intracellular deposits of aggregated
proteins associated with these conditions have been shown to
contain ubiquitin conjugates. Although the toxicity of these
deposits and their relevance to disease pathogenesis remain
controversial, their formation appears to result in part from an

Serum concentration of triglyceride, total cholesterol, insulin, and adiponectin in WT or Tg'/+ mice at 2 or 9 months of age are shown. Hypercholesterolemia, hyperin-
sulinemia, and hypoadiponectinemia, all of which are metabolic abnormalities associated with obesity, had deteriorated substantially by 9 months of age of Tg'/+ mice.

Upper and lower values of each pair are from WT and Tg'/+ mice, respectively.

Analyte Triglyceride Total cholesterol Insulin Adiponectin
mg/dl ng/ml pg/ml

2-Month-old males

WT (n=5-6) 93.47 * 23.98 87.88 = 6.23 0.80 *+ 0.31 1.75 = 0.087

Tg'/+ (n = 8) 110.78 + 27.53 108.85 *+ 15.67¢ 3.43 *+ 2.32° 2.48 * 0.76”
2-Month-old females

WT (n=6) 67.13 £ 29.18 60.47 * 8.57 1.95 = 2.17 2.43 * 0.55

Tg'/+ (n = 8) 59.85 * 24.50 79.19 *+ 8.05% 1.72 + 0.78° 3.47 + 0.59%
9-Month-old males

WT (n=6-7) 174.56 * 45.63 86.44 + 11.82 3.47 + 2.04 2.44 *+ 0.40

Tg'/+ (n = 6-8) 214.26 * 48.10 154.51 * 56.897 25.51 + 12.36% 1.74 + 0.55°
9-Month-old females

WT (n=6-7) 228.11 = 97.55 66.90 * 21.60 1.00 = 0.48 4.58 £ 1.21

Tg'/+ (n=7) 243.31 = 131.49 108.41 * 35.62¢ 7.22 *+ 6.40° 4.29 + 1.08

“ Data are mean = S.D., p < 0.01, versus the corresponding value for WT mice using the Student’s ¢ test.
? Data are mean *+ S.D., p < 0.05, versus the corresponding value for WT mice using the Student’s ¢ test.
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impairment of a ubiquitin-proteasome system flux (50-67)
that is attributable to several factors including the accumula-
tion of ubiquitin-conjugated proteins to an extent that exceeds
the capacity of the proteasome, retention of proteasome com-
ponents in the aggregates, and inhibition of substrate delivery
by aggregate-associated p62 (61, 68 —-74). Similar aggregates
have been observed in tissues or cells including neurons with
defects in autophagy, another pathway for the clearance of cel-
lular components (19, 75). We have now shown that increased
activity of E4B also induced intracellular aggregate formation in
cultured cells or neurons in the brain. Although the mechanism
of aggregate formation induced by excess E4B activity remains
to be elucidated, there are several possibilities. First, the E4B-
mediated elongation of ubiquitin chains attached to physiolog-
ical substrates might inhibit the degradation of these proteins
by the proteasome. Appropriate pruning of ubiquitin chains is
necessary for recognition of substrates by the proteasome, and
the balance between chain elongation and pruning might be
shifted by excess E4B activity. Second, substrates that are not
ubiquitylated in the presence of normal levels of E4B might
become ubiquitylated in the presence of excess E4B, and the
resulting ubiquitylated proteins might be prone to form intra-
cellular aggregates. Although we have not identified the ubiq-
uitylated components of the E4B-induced aggregates, our
observation that aggregate formation was restricted to a limited
area of the hypothalamus in the brain, a feature not apparent in
most other models of neurodegenerative diseases, is suggestive
of the presence of a specific E4B substrate in the hypothalamic
neurons. So far, few proteins were shown to have properties of
forming aggregates in hypothalamic neurons. One such protein
is poly(A)-binding protein nuclear 1 (PABPN1), which was
shown to form filamentous structures in neurosecretory neu-
rons of the hypothalamus (76). We thus speculate that such
aggregate-prone protein(s) may be involved in the process.
Alternatively, it is also possible that overexpressed E4B aber-
rantly activates a specific E3—E4 ubiquitylation pathway only
in the hypothalamus, resulting in ubiquitylation of proteins
expressing broadly in the brain. If it is the case, proteins
involved in other neurodegenerative diseases, such as Tau,
a-synuclein, and Huntingtin, might be targeted by the E4B-de-
pendent ubiquitylation in the hypothalamus, given that the
aggregates seen in E4B transgenic mice resemble those in other
neurodegenerative diseases.

Most studies of the relationship between obesity and neuro-
degeneration in animal models or humans have focused on the
possibility that obesity and related metabolic disorders exacer-
bate neurodegeneration and thereby promote cognitive decline
and increase vulnerability to brain injury (24). Few studies have
addressed the possibility that neurodegeneration in the
brain may cause obesity, as is suggested by hereditary neu-
rodegenerative disorders associated with obesity such as
Prader-Willi syndrome (25). Our genetic mouse model has
provided the first experimental demonstration that neuro-
degeneration can indeed result in obesity, suggesting that
some cases of human obesity might be attributable to hypo-
thalamic neurodegeneration.

In conclusion, we have shown that increased activity of the
mammalian E4 pathway results in the accumulation of intracel-

15546 JOURNAL OF BIOLOGICAL CHEMISTRY

lular aggregates both in cultured cells and in a subset of hypo-
thalamic neurons in the brain that are responsible for regula-
tion of food intake and energy expenditure. The formation of
these aggregates in hypothalamic neurons resulted in associ-
ated structural and functional abnormalities as well as the
development of hyperphagic obesity. Our E4B transgenic mice
have thus revealed a physiological link between the pathogen-
esis of neurodegenerative diseases and obesity.
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