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Fig. 4. The reduced expressions of the lipogenic genes in the

adipo(—/—) mice were no longer seen in the adipo(—/-)
mice with a leptin-deficient background.
(A) AdipoR1 and AdipoR2 mRNA expression levels in
the liver (n= 3-6). (B) AMPK phosphorylation in the
liver (n=35). (C-D) mRNA levels of PPARalpha,
SREBP-1¢ (C) and SCD-1 (D) in the liver (n =4-5).
(E) Hepatic triglyceride content (n=5). (F) AMPK
phosphorylation in the skeletal muscle (n=15). (G)
PPARalpha expression level in the skeletal muscle
(n=15). (H) Triglyceride content in the skeletal muscle
(n=35). All values are expressed as means + SEM of
data obtained from the analysis of ob/ob (open bars)
and adipo(—/—)ob/ob mice (closed bars). *p<0.05.

was observed in the adipo(—/—) mice as compared with
that in the wild-type mice (Fig. 3C), suggesting that
fatty acid oxidation may be reduced in the liver of the
adipo(—/-) mice. The expressions of lipogenic genes
such as SREBP-1 (Fig. 3C) and SCD-1 (Fig. 3D) were
also significantly down-regulated in the adipo(—/-)
mice, and the hepatic triglyceride content was not ele-
vated in the adipo(—/~) mice (Fig. 3E). This unexpect-

ed down-regulation of lipogenic genes, which may be
explained by the increased leptin sensitivity seen in the
adipo(~/-) mice [17], might have prevented the eleva-
tion of the triglyceride content in the liver of the adi-
po(—/-) mice. In the skeletal muscle, we previously
reported that the phosphorylation of AMPK was in-
creased in adipo(—/—) mice, presumably due to in-
creased leptin sensitivity [17]. Consistent with this,
although the expression of PPARalpha was similar in
the wild-type and adipo(—/~) mice (Fig. 3F), the muscle
triglyceride content was significantly decreased in the
adipo(—/-) mice (Fig. 3G).

The reduced expressions of the lipogenic genes
observed in the adipo(~/~) mice no longer seen in the
adipo(—/~) mice with a leptin-deficient background

To evaluate the existence of the aforementioned
compensatory mechanism in the adipo(~/-) mice, we
generated adipo(—/—)ob/ob mice. The expression levels
of AdipoR1 and AdipoR2 were similar in the liver of
the ob/ob and adipo(—/-)ob/ob mice. Comparison of
the wild-type with ob/ob mice, and of the adipo(—/-)
with adipo(-/-)ob/ob mice demonstrated a tendency
towards reduced expression levels of the adiponectin
receptors in the leptin-deficient background (Fig. 4A).
Significant decrease of PPARalpha expression was
observed in the liver of the adipo(-—/—)ob/ob mice
(Fig. 4C), as in the liver of the adipo(—/—) mice
(Fig. 3C). The expression levels of SREBP-1¢ (Fig.
4C) and SCD-1 (Fig. 4D) were not altered in the liver
of the adipo(-/—)ob/ob mice, unlike in the liver of the
adipo(—/~) mice, indicating that the compensatory
mechanism in the adipo(—/—) mice was no longer oper-
ative in the adipo(—/-)ob/ob mice. In fact, the hepatic
triglyceride content was significantly increased in the
adipo(—/—)ob/ob mice (Fig. 4E). These data suggest
that the leptin pathway might have contributed to the
reduced expressions of the lipogenic genes and absence
of elevation of the hepatic triglyceride content in the
adipo(—/—) mice. In the skeletal muscle, increased
phosphorylation of AMPK in the adipo(-/—) was no
longer observed in the adipo(-/—)ob/ob mice (Fig. 4F).
The expression level of PPARalpha (Fig. 4G) and the
triglyceride content (Fig. 4H) were also unaltered in
the skeletal muscle of adipo(—/—)ob/ob mice.
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Discussion

In the present study, we investigated the molecular
mechanisms of the insulin resistance in adipo(—/-)
mice. Adipo(—/—) mice showed hepatic, but not mus-
cle, insulin resistance. Insulin-stimulated tyrosine
phosphorylation of IRS-1 and IRS-2 was impaired in
the liver of the adipo(—/~) mice, despite the absence of
any change in the hepatic triglyceride content. One of
the underlying mechanisms responsible for this may be
the increased phosphorylation of the serine/threonine
residue of IRS-1 in the liver of these mice, which is
currently under investigation. Moreover, the IRS-2
protein level was also significantly decreased in the ad-
ipo(—/—) mice; as a result, insulin-stimulated phospho-
rylation of Akt was significantly decreased in these
mice. In the skeletal muscle, on the other hand, insu-
lin-stimulated phosphorylation of IRS-1 and Akt was
similar in degree between the wild-type and adipo(-/-)
mice. In fact, while the EGP and expression levels of
PEPCK and G6Pase were increased, the Rd was not
found to be significantly changed in the adipo(—/-)
mice during the euglycemic-hyperinsulinemic clamp
study.

Triglyceride content in the liver was not increased in
the adipo(~/~) mice, despite the decrease in PPARal-
pha expression involved in lipid combustion, since the
expressions of lipogenic genes such as SREBP-1 and
SCD-1 were decreased in association with the in-
creased leptin sensitivity. Consistent with this, down-
regulation of SREBP-1 and SCD-1 observed in the adi-
po(—/—) mice was no longer observed in the adipo(—/—
)Job/ob mice, and the hepatic triglyceride content was
significantly increased in the adipo(—/—)ob/ob mice as
compared with that in the ob/ob mice. On the other
hand, the triglyceride content in the skeletal muscle
was significantly decreased in the adipo(—/-) mice,
probably due to the up-regulated muscle AMPK activi-
ty associated with the increased leptin sensitivity in
these mice [17]. In fact, the increase in AMPK activity
[17] and decrease triglyceride content in the skeletal
muscle were no longer observed in the adipo(—/—)ob/ob
mice. Therefore, increase in the leptin actions appears
to compensate for the adiponectin deficiency in both
the liver and the skeletal muscle of the adipo(—/—) mice,
accounting for the unexpected absence of a increase in
the hepatic triglyceride content and rather decreased

muscle triglyceride content in the adipo(-—/~) mice [13].

Why was the degree of insulin resistance different
between the liver and skeletal muscle of the adipo(-/-)
mice? We recently demonstrated that adiponectin in-
duces the expression of IRS-2 in the liver (Awazawa
M, Ueki K and Kadowaki T, manuscript in prepara-
tion). IRS-2 is a major IRS in the liver, but not in the
skeletal muscle [25], suggesting that the reduction of
IRS-2 due to adiponectin deficiency may have little ef-
fect on the insulin signaling in the skeletal muscle of
adipo(—/—) mice.

A similar degree of phosphorylation of AMPK was
seen in the liver of the wild-type and adipo(—/) mice,
even though adiponectin is known to activate AMPK
[9, 10]. SCD-1 expression was down-regulated in the
adipo(—/~) mice. Increased phosphorylation of AMPK
has been reported in the liver of SCD-1-knockout mice
[26]. Tt is suggested that the down-regulation of
AMPK resulting from adiponectin deficiency may be
balanced by the up-regulation of AMPK occurring as a
result of the decreased SCD-1 expression, resulting in
the absence of any net change in the phosphorylation
level of AMPK in the liver of the adipo(—/) mice. In
Nawrocki’s study, there appeared to be no differences
in the phosphorylation level and 4ctivity of AMPK be-
tween the wild-type and adipo(—/-) mice [16].

In conclusion, adipo(—/—) mice showed impaired
insulin signaling in the liver to cause hepatic insulin
resistance, however, no increase in the triglyceride
content was observed in either the liver or the skeletal
muscle, presumably on account of the increased leptin
sensitivity.
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SUMOylation of Kriippel-like transcription factor 5 acts
as a molecular switch in transcriptional programs of lipid
metabolism involving PPAR-0

Yumiko Oishil2, Ichiro Manabe®3, Kazuyuki Tobe®%, Mitsuru Ohsugi?, Tetsuya Kubota®*, Katsuhito Fujiu',
Koji Maemura!, Naoto Kubota??, Takashi Kadowaki** & Ryozo Nagai'

Obesity and metabolic syndrome are increasingly recognized as major risk factors for cardiovascular disease. Herein we show
that Kriippel-iike transcription factor 5 (KLF5) is a crucial regulator of energy metabolism. KIf5+ mice were resistant to high
fat-induced obesity, hypercholesterolemia and glucose intolerance, despite consuming more food than wild-type mice. This may
in part reflect their enhanced energy expenditure. Expression of the genes involved in lipid oxidation and energy uncoupling,
including those encoding carnitine-palmitoyl transferase-1b (Cpt1b) and uncoupling proteins 2 and 3 (Ucp2 and Ucp3), was
upregulated in the soleus muscles of KIf5*- mice. Under basal conditions, KLF5 modified with small ubiquitin-related modifier
(SUMO) proteins was associated with transcriptionally repressive regulatory complexes containing unliganded peroxisome
proliferator-activated receptor-6 (PPAR-5) and co-repressors and thus inhibited Cptlb, Ucp2 and Ucp3 expression. Upon agonist
stimulation of PPAR-5, KLF5 was deSUMOylated, and became associated with transcriptional activation complexes containing both
the liganded PPAR-5 and CREB binding protein (CBP). This activation complex increased the expression of Cptlb, Ucp2 and
Ucp3. Thus, SUMOylation seems to be a molecular switch affecting function of KLF5 and the transcriptional regulatory programs

governing lipid metabolism.

A proper balance between energy intake and energy expenditure is
crucial for maintenance of normal body weight. This energy
homeostasis is intricately regulated despite variations in access to
nutrition and in the demands for physical activity and thermogen-

S, esis’2. Skeletal muscle accounts for >30% of energy expenditure and

is the primary site of insulin-stimulated glucose uptake, disposal and
storage; it also regulates cholesterol efflux and strongly influences
metabolism by modulating circulating and stored lipid flux®. Skeletal
muscle is also heavily innervated by the sympathetic nervous system
and seems to be a major target of neural control of energy expendi-
ture!. Consequently, dysregulation of energy metabolism in skeletal
muscle is a key component of systemic metabolic dysfunction. For
instance, a growing body of evidence suggests that defects in fatty acid
oxidation probably precede the obese diabetic state*, However, the
molecular mechanisms underlying the disruption of energy metabo-
lism in skeletal muscle remain poorly understood®.

Previous studies have extensively documented the intricate tran-
scriptional control mechanisms affecting fatty acid synthesis and
storage®S. By contrast, transcriptional regulation of fatty acid oxida-
tion is still only poorly understood, though the transcription factors
PPARs, ERRa, Foxa2 and C/EBPs are known to be involved® 11,

PPAR-§ (also known as PPAR-f) is the predominant PPAR isoform
expressed in skeletal muscle, and selective ablation of Ppard in skeletal
muscle diminishes the oxidative capacity of this tissue, thus leading to
the development of obesity and glucose intolerance!?. Activation of
PPAR with the specific agonist GW501516, however, coordinately
upregulates expression of genes involved in fatty acid oxidation and
energy uncoupling, which markedly diminishes weight gain while
increasing O, consumption in mice fed a high-fat diet!>1%. Likewise,

skeletal muscle-specific overexpression of an activated form of
PPAR-8 protects mice from diet-induced obesity!®. As a result,
PPAR-$ is now considered to be an attractive target for treatment of
metabolic syndrome.

Even so, it remains unclear how PPAR-8 functions within the
transcriptional regulatory programs that govern lipid catabolism. It
has been shown in macrophages that unliganded PPAR-O represses
expression of key genes encoding components of the fatty acid
oxidation pathway, and deletion of Ppard results in derepression of
those genes”. Moreover, in vitro studies have shown that unliganded
PPAR-5 represses transcription by interacting with corepressors and
histone deacetylases'®1%, This repressive activity may contribute to the
dynamic regulation of transcription that occurs in response to ligands
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and other signals. However, the mechanisms involved and the mole-
cular components that mediate such dynamic transcriptional control
have not been identified, nor has the role of this machinery in the
control of lipid metabolism.

SUMO proteins are moieties that are conjugated via an enzymatic
cascade to lysine residues in a variety of target proteins?’, SUMO
precursors are processed by SUMO-specific proteases and activated by
the E1 enzyme. SUMOs are then transferred to the E2 conjugating
enzyme Ubc9, and with the help of an E3 ligase such as PIAS, SUMOs
are ligated to a substrate. Because SUMOs can be deconjugated from
target proteins by SUMO-specific SENP family proteases, SUMOyla-
tion is reversible and highly dynamic, and it is known to suppress
transcription in most cases*'. Several transcription factors involved in
energy metabolism have been shown to be modified by SUMOylation,
including PPAR-y (ref. 22), C/EBPs (ref. 23) and SREBPs (ref. 24),
although the effect of SUMOylation of those transcription factors on
energy metabolism remains unknown.

KLF5 is a member of the large KLF family of transcription factors?.
KLF5 plays a key part in the pathogenesis of cardiovascular diseases
such as atherosclerosis and cardiac hypertrophy and fibrosis by
mediating tissue remodeling in response to external stresses?6?’.
KLF5 is also involved in adipocyte differentiation programs through

ARTICLES

its interaction with C/EBP-B and C/EBP-8 and through transactivation
of Pparg2, encoding PPAR-y,%%. Its role in the regulation of metabo-
lism in adult animals has not yet been addressed, however.

Our aim in the present study was to gain insight into the role of
KLE5 in regulating the expression of genes involved in lipid metabo-
lism and to better understand how the activity of KLF5 itself is
regulated. Our findings show that KLF5 is a unique regulator of lipid
metabolism and that its SUMOylation within transcription factor
complexes that also contain PPAR-3 serves as a molecular switch to
repress or activate genes involved in lipid catabolism in response to
PPAR-3 ligand and other signals.

RESULTS

KIf5+- mice are protected from diet-induced obesity

As we reported previously, KIf5*/~ mice showed retarded white adipose
tissue (WAT) development during the first postnatal week; however,
they developed normally thereafter when fed with chow diet?, so that
by 3 weeks after birth, the body weights of KIf5 *mice did not
significantly differ from those of their wild-type littermates (Supple-
mentary Fig. 1a online), When fed a high-fat diet, in contrast, KI5/~
mice gained significantly less weight than wild-type littermates
(Fig. 1a). Although the lean body masses and heart weights of
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Figure 1 Kif5* mice are protected from diet-induced obesity and metabolic dysfunction. (a) Top, body weights of wild-type (WT) and Kif5* mice fed a

high-fat diet for 17 weeks (n = 13 each, *P < 0.05 two-way ANOVA). Bottom,

food intake by 8-week-old mice on a normal chow diet or high-fat diet (HFD)

measured every day for 7 d. (b} Blood glucose (BG, left) and serum insulin (center) during oral glucose tolerance test and BG during insulin tolerance test

(right) in mice fed a HFD for 12 weeks (n = 13 each). (c) Oxygen consumption
(d) Glucose infusion rates (GIR), hepatic glucose production (HGP) and rates of

under fasting conditions in 18-week-old WT and KIf5*~ mice (n = 10 each).
glucose disappearance (Rd) in a hyperinsulinemic euglycemic clamp study in

WT and KIf5*- mice fed a HFD for 8 weeks (WT, n = 8; KIf5'~, n = 7). (e) Expression of KI/f5 mRNA in soleus muscle (left) and epididymal WAT (right) in

WT and KIf5* mice fed either normal chow diet or a HFD for 12 weeks (n = 6

, each genotype). The level of expression was normatized to the level of 18s

'RNA obtained for each condition. The normalized expression levels were then further normalized with respect to the levels in soleus muscle in WT mice fed
normal diet. (f) Expression of mRNA involved in energy metabolism in soleus muscle in WT and KIf5*- mice fed a HFD. Expression levels were normalized
with respect to the levels in WT mice {n = 6 each). (g) C2C12 myotubes were transfected with either KIf5-siRNA (si KLF5) or control SEAP-siRNA (si cont).
mRNA expression was assessed by real-time PCR (n = 6). (h) Effects of KLF5 on Cptlb, Ucp3 and Ucp2 promoter reporter activity in C2C12 cells. Not ali
statistically significant differences are indicated due to lack of space. Error bars, means + s.e.m in a—f; means + s.d. in g and h, NS, not significant.

*P < 0.05; **P < 0.01.
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KIf5*/~ mice fed a high-fat diet did not significantly differ from those
of wild-type mice (data not shown), the weights of the livers and
epididymal fat pads of KIf5 '~ mice were lower than those of their
wild-type littermates (Supplementary Fig. 1bc). To our surprise,
despite the smaller body weight gain, KI5+~ mice ate significantly
more food than wild-type mice, irrespective of diet (Fig. 1a).

The livers and brown adipose tissue (BAT) of Ki +~ mice showed
much milder steatosis than did those of wild-type mice, and, within
the epididymal WAT, the average size of adipocytes was signifi-
cantly smaller in KIf5*"~ mice than in wild-type mice (Supplementary
Fig. 1d,e).

Oral glucose tolerance tests indicated that KIf5*/~ mice were
protected from high fat-induced glucose intolerance (Fig. 1b).

b P:HA
Biot: KLF5 Ab

V]

Under fasting conditions, serum insulin abundance was lower, and
the glucose-lowering effect of insulin was greater, in Kif5*"~ mice than
in wild-type mice (Fig. 1b), which suggests that KIf5t~ mice are
protected from high-fat diet~induced insulin resistance.

Although levels of triglyceride and nonesterified fatty acid were
unchanged, serum cholesterol was lower than control levels in KIf5 -
mice on a high-fat diet (Supplementary Fig. 2a online). Decreased
cholesterol synthesis and increased sterol secretion seem to be two
major mechanisms by which serum cholesterol abundance was
reduced in KIf5*"~ mice (Supplementary Fig. 2b). Because KIf5
expression is undetectable in the liver, changes in the expression of
the genes involved in cholesterol metabolism are probably secondary
effects of the systemic metabolic changes.

Input
Biot: KLF5 Ab

HA-SUMO1 HA-SUMO2 HA-SUMO1 HA-SUMO2

. &

AA

KLFs (W) [ JKTE 27 L IKOE

162 200 3 2Zadingers 458 & p@b {99‘?» &

]
£
8
]

@

=

&

b=

5
2

©
£

£

S

e

@

e

=
dat

]

&

3

3
2
Py

.
£
£

o

3

o

L
o

o
£
£
2
o

S
[«

o

S

3
2

©
2

(]
(=4
S
&
®

KUFS, en [ IBTE T
KLF50m | S RQES o
KLFSy 520 wagom L JRTE 0 IRQE 7 -
c d 40
SUMOT1 + + + >
Ubcs - + + g § 100
SENPT - 8 g
2 &
= 20
a S
‘;", 2 50
- o}
g g
0 - = 0
C/EBPfi — + - — + + CIEBP-f ~- + =~ - + + C/EBP-f§ - + -
Blot: KLF5 Ab . KLFS - - + - + - KLF5 - - + -~ + - KLFE -~ - +
KiFSs0m kooer = = — + — + KiFSkeem konsn -+ - KLFSyqeon kzoor — = ™
25 *
1 20 200 f g z E————
%30 = o 520 R
E . 215 £ P input o S
3 ~ g . 5 FLAGNCOR - + - + 8 15
Q20 ) ~— o KLF5 + + + + %
5 &1 & 100 KLFS  eis v e 210
S 3 3 2
910 S g s % P Input % s
2 ' & a FLAG-SMRT - - & 1 :
° ﬂ I KLFS + : + : £l i
ol fiyima [ KLFS oo VPigemply + - ~ +
C/EBP-j o+ 4 ClEBPp - + + +  CEBP-§ - + + + VPIGKLFS - + ~ -
KLF5 — — + + KLF5 - - + + KLFS — - + + VP18-KLFSyigon keoor — — + 7
SENPT ~ - - + SENP1 — - — + SENP1 - — — +
) Emply SENP1  Ubc9 +PIAST
. g e . . . - . Gal4-NCoR
Figure 2 SUMO-modification of KLF5 is required for transrepression activity and recruitment of corepressors.
(a) A schematic representation of WT human KLF5 protein and the indicated mutant proteins. AA, amino a
acid. (b) COS-7 cells cotransfected with plasmids expressing KLF5 (WT) or a KLF5 mutant, HA-SUMO1 §
(lanes 1-4) or HA-SUMO2 (lanes 5-8), Ubc9 and PIASL. IP, immunoprecipitation; KLF5 Ab, antibody to B
KLFS5. (¢) /n vitro-translated KLF5 protein was incubated with SUMO E1 activating enzyme and SUMO1 § 2
with or without SUMO. E2 conjugating enzyme (Ubc9), as indicated. After the SUMOylation reaction, the 8
SUMO-specific protease SENP1 was added to the reactants. (d) C2C12 cells were cotransfected with the E 1
indicated luciferase reporter plasmids and plasmids encoding C/EBP-B, KLF5 and the SUMOylation-deficient H
KLF5k162r x200r Mutant. {e) C2C12 cells were transfected with the indicated reporter constructs and §

plasmids expressing C/EBP-B, KLF5 and the deSUMOylating enzyme SENPL. (f) Interactions of 0
KLF5 with corepressors NCoR and SMRT in coimmunoprecipitation assays. (g) Mammalian two- Vv?f:&?.ﬁé
hybrid analysis of the effects of SUMOylation on interaction of KLF5 with NcoR or SMRT. Resuits VP16-KLFBy 152m, xa0am
are shown as fold activation over the pGL5-luc activity seen when the reporter was cotransfected with

empty VP16 plasmid (pACT) and empty, SENP1 or Ubc9 and expression plasmid. Error bars, means + s.d.

*P < 0.05. Not all statistically significant differences are indicated in d, e and g due to lack of space.
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Figure 3 KLF5 interacts with PPAR-8 and binds the Cpt1b, Ucp3 and Ucp2 promoters with seq:ChiP seqChiP
KLF5 1° Chip KLF5 1° Chip

PPAR-8 and co-regulators. (a) Lysates of{COS-7 cells expressing KLF5 and PPAR-3 were
immunoprecipitated with either PPAR-8-specific antibody or control rabbit IgG.
Immunoprecipitates were immunoblotted with monoclonal antibody to KLF5 (KM3918).

(b} Expression of Cptlb, Ucp3 and Ucp2 mRNA induced by the PPAR-5 agonist GW501516
(GW) in C2C12 myotubes and assessed with real-time PCR. *P < 0.08. (c) ChIP analysis of

Input 1gG PPAR-§ 2¢ChiP  input IgG PPAR-§ 2" ChiP

o

the association of transcription factors (C/EBP-8, KLF5 and PPAR-3), corepressors (NCoR and
SMRT) and SUMO1 with the endogenous Cptlb, Ucp3 and Ucp2 promoters in C2C12 myotubes, with and without GW501516 treatment. C2C12 myotubes

were fixed in formaldehyde after a 4-h incubation with or without GW5015186,

after which chromatin samples were prepared for ChIP analysis with the

indicated antibodies at top or no antibody.(No Ab). The binding motifs of KLF5 (KLF), PPAR-8 (PPRE) and C/EBP-f (C/EBP), as well as the positions of PCR
primers (arrows), are shown schematically. A PCR primer set that ampiified a region 2,000 base pairs 5’ of the Pparg?2 transcription start site, which does
not contain a KLF, C/EBP or PPRE motif, served as a negative control (Pparg2 -2,000). (d) Sequential ChIP analysis of the simultaneous association of
KLF5 and PPAR-6. Chromatin samples were subjected to sequential immunoprecipitation with antibodies to KLF5 and PPAR-8.

Serum leptin abundance was significantly lower and serum adipo-
nectin abundance was significantly higher in the K *~ mice than in
wild-type control mice (Supplementary Fig. 2a). Moreover, Kifst-

. mice maintained better leptin sensitivity when fed a high-fat diet

o
%(Supp]ementary Fig. 2c). Taken together, these findings suggest that

KIf5*'~ mice are protected from high-fat diet-induced obesity and
metabolic abnormalities.

Increased systemic energy expenditure in KIf5+~ mice
Although the respiratory exchange ratios were comparable between
Kifs*~ and wild-type mice (Supplementary Fig. 2d), O, consump-
tion was higher in the former mice (Fig. Ic), as was the rectal tem-
perature (wild-type, 37.7 £ 0.13 °C versus Kif5 t- 386 + 0.14 °C;
n = 11 each, P < 0.05). This means that the level of systemic energy
expenditure was higher in Ki *~ mice. In contrast, spontaneous
locomotive activity did not significantly differ between Kf5*/~ and
wild-type mice (Supplementary Fig. 2e).

Hyperinsulinemic euglycemic clamp studies showed that the hap-
loinsufficiency of KIf5 protected against insulin resistance in skeletal
muscle, but not in the liver (Fig. 1d).

Upregulation of lipid oxidation genes in KIf5*~ mice

Expression of Kifs mRNA has been detected in both skeletal muscle
and WAT, but not in liver’3 or BAT (data not shown). A high-fat
diet increased the expression of both KIf5 mRNA and KLF5 protein in
the soleus muscles of wild-type mice (Fig. le and Supplementary
Fig. 3a online). In KIf5*"~ mice, by contrast, not only was Kif5

expression mnot significantly upregulated by a high-fat diet,
but also its level was about half that seen in the wild-type mice
(Fig. 1e).

Expression of genes encoding CPT1b and medium chain acyl-CoA
dehydrogenase (ACADM), two key rate-limiting enzymes involved in
fatty acid oxidation, as well as acyl-CoA oxidase (ACOX1) and UCP2
and UCP3, was significantly higher in soleus muscle from KIf5*/~ mice
than in muscle from wild-type mice (Fig. 1f). Although WAT also
expresses KIf5, the levels of expression of the above-mentioned genes
were unchanged in WAT (Supplementary Fig. 3b).

KLF5 directly regulates fatty acid oxidation genes

C2C12 myotubes transfected with Klf5-specific short interfering RNA
(siRNA) showed significantly greater expression of Ucp2, Ucp3, Acoxl,
Cptlb and Acadm than those transfected with the control soluble
alkaline phosphatase (SEAP)-siRNA (Fig. 1g), supporting the notion
that KLF5 represses expression of these genes in skeletal muscle cells in
a cell-autonomous manner.

To analyze the mechanisms by which KLE5 controls those genes, we
focused on Cptlb, Ucp3 and Ucp2 because the promoter regions of
these genes have been shown to contain binding motifs for C/EBP,
which interacts with KLE5%8, As was reported previously®'4, C/EBP-
B strongly transactivated the Cptlb, Ucp3 and Ucp2 promoters in
reporter assays (Fig. 1h). By itself, KLFS increased the promoter
activities moderately; however, addition of KLF5 together with C/EBP-
B resulted in strong inhibition of C/EBP-B-mediated transactivation
of the promoters (Fig. 1h).
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myotubes were treated with 1 pM GW501516 and harvested at the indicated time points. Collected
chromatin samples were subjected to ChiP analysis with the specific antibodies indicated at left. The
amount of immunoprecipitated Cptlb, Ucp3 and Ucp2 promoter region was quantified by real-time

PCR with the specific primers indicated in Figure 3c. Values are expressed as percentage of input.

SENP1 association was analyzed in chromatin samples harvested at 5 min. All ChIPs were
performed from a single chromatin preparation for each time point. Data are representative of
three independent experiments.

KLF5 is SUMOylated, which is required for
transrepression

The results presented so far suggest that KLE5
directly inhibits expression of genes encoding
enzymes involved with fatty acid oxidation.
This finding is noteworthy in that, to our
knowledge, all of the genes identified to date
as direct targets of KLF5 are transactivated
by KLF5, with the possible exception of Kif4
(ref. 35), Recent studies have shown that
transcription factors that are post-translation-
ally conjugated with SUMO often inhibit
transcription”!. We found two sites that fit
the consensus motif for SUMOylation in
human KLF5; the Iysines are at amino acid
positions 162 and 209 (Fig. 2a). The SUMOy-
lation motifs containing those lysines are fully
conserved in mouse, rat and human KLF5.

We then tested whether the potential
SUMO-targeted lysines could be SUMOy-
lated. Plasmids encoding wild-type KLF5
and hemagglutinin (HA)-tagged SUMOI
were transfected into COS-7 cells. Three
major bands containing KLF5 (~85 kDa,
~95 kDa and ~ 120 kDa) were detected in
the immunoprecipitates pulled down with an
antibody to HA, indicating that there are
three major forms of SUMOylated KLEF5
(Fig. 2b). The most slowly migrating form,
with an apparent molecular weight of
120 kDa, was the most abundant (Fig. 2b).
A KLF5 mutant in which Lys162 was replaced
with an arginine (KLE5g6r) produced a
single band at 95 kDa, whereas a mutant in
which Lys209 was replaced with arginine
(KLF5koor) produced an 85-kDa band
(Fig 2b). The KLFSKIéZR,KZ(BR double
mutant produced no SUMOylated KLF5 pro-
tein (Fig. 2b). These results indicate that two
lysines, Lys162 and Lys209, can be ligated
with SUMOIL. In contrast to SUMOIL,
SUMO2 was a poor modifier of KLF5
(RFig. 2b), and, given that SUMO2 and
SUMO3 are closely related to each
other’®%7, we suggest that KLF5 is a substrate
for modification with SUMO!L only. To
further test this idea, we performed an
in vitro SUMOylation assay and found that
KLF5 was SUMOylated when incubated with
SUMOI, El1 activating enzyme and the
SUMO-conjugating enzyme Ubc9 (Fig. 2c).
The deSUMOylating enzyme SENP1 effi-
ciently removed SUMO1 from KLF5
(Fig. 2c).

To analyze the effects of SUMOylation on
the function of KLF5, we next cotransfected
C2C12 myotubes with CPT1b, UCP3 and
UCP2 promoter reporter plasmids along
with either wild-type KLF5 or the SUMOyla-
tion-deficient ~ mutant

Whereas the wild-type

KLF5x1628 k209R-
KLF5 strongly
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reporter plasmid was cotransfected with the indicated combinations of expression plasmids and then treated with DMSO or GW501516 as in ¢. The
luciferase activity was normalized to the activity in the cells transfected with plasmids encoding CBP and NCoR and treated with DMSO. (e) C2C12
myotubes were transfected with siRNA, and 40 h later the cells were treated with either GW501516 or DMSO and cultured for an additional 3 h. mRNA
expression levels were normalized with respect to the levels in celis transfected with control siRNA and treated with DMSO (n = 3). Error bars, means + s.d.
*P < 0.05. Not all statistically significant differences are indicated in a, b, d and e due to lack of space. )

inhibited the transactivation of promoter activity of Cptlb, Ucp3 and
Ucp2 by C/EBP-B, the KLF5K162/209R mutant did not, suggesting

“ithat SUMOylation of Lys162 and Lys209 is essential for transrepres-

sion of promoter activity by KLF5 (Fig. 2d). This finding was
confirmed by cotransfecting a plasmid encoding the deSUMOylating
enzyme SENP1, which reversed the repression of promoter activity by
KLF5 (Fig, 2¢). Thus, SUMOylation of KLF5 seems to be essential for
its transrepressive activity on the Cptlb, Ucp3 and Ucp2 promoters.

KLF5 interacts with corepressors NCoR and SMRT

Previous studies have shown that SUMOylation of the transcription
factors PPAR-y and KLF3 increased their affinity for the corepressors
NCoR and SMRT223. We found that NCoR and SMRT specifically
bound KLF5 in coimmunoprecipitation assays (Fig. 2f). In addition,
‘wild-type KLF5 and NcoR or SMRT interacted in mammalian
two-hybrid assays (Fig. 2g). By contrast, the unSUMOylatable
VP16-KLE5y 62r k209r cOnstruct showed a significantly lower degree
of interaction with Gal4-NcoR and no interaction with Gal4-SMRT
(Fig. 2g). The reporter activities indicating the interactions between
KLF5 and NcoR or SMRT were significantly diminished when deSU-
MOylation was promoted by overexpression of SENP1; conversely, the
reporter activities were significantly augmented when SUMOylation
was promoted by Ubc9 and PIAS] overexpression (Fig, 2g). Collec-
tively, these findings show that SUMOylation of XLF5 is key for its
interactions with NcoR and SMRT. :

Another possible mechanism by which SUMOylation could inhibit
transcriptional ‘activity is through inhibition of DNA binding®.
However, DNA affinity binding assays showed that SUMOylated
KLF5, as well as unSUMOylated KLF5, could bind target oligomeric
DNA (Supplementary Fig. 4 online).

KLF5, PPAR-& and corepressors bind endogenous promoters

We next investigated the role of KLF5 and its SUMOyltion in
transcriptional programs regulating energy metabolism and its inter-
play with other regulatory molecules. We noticed a striking similarity
between the metabolic phenotypes of KIf5*'~ mice and those of mice
treated with the PPAR-S-specific agonist GW501516!, which has
been shown to induce expression of Cptlb, Ucp3 and Ucp2 in skeletal
muscle!315, The promoters of these genes contain potential PPAR
binding sites’*%, and coimmunoprecipitation assays showed that
KLF5 is capable of physically associating with PPAR-6 (Fig, 3a). On
the basis of these findings, we hypothesized that KLF5 controls
expression of genes involved in energy metabolism by working within
transcriptional regulatory complexes, where it interacts with PPAR-S,
NcoR and SMRT.

To test this notion, we asked whether KLF5, PPARS, NCoR
and SMRT associates with the endogenous Cptlb, Ucp3 and Ugp2
promoters and whether this association could be modulated by
GW501516. Chromatin samples were prepared from C2C12 myotubes
incubated for 4 h with GW501516 and subjected to chromatin
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Figure 6 KLF5 has an essential role in the
formation of transcriptional regulatory complexes
that respond to GW501516 action on the target
gene promoters. {(a) C2C12 myotubes were
transfected with siRNAs for K/f5.and Ppard

(si PPAR-8). After 40 h, the cells were incubated
with GW501516 or DMSO for an additional 5
min (SENP1) or 40 min (SUMO1, NCoR, SMRT
and CBP) and harvested for ChiP analyses. The
amount of immunoprecipitated Cptlb, Ucp3 and
Ucp2 promoter region was quantified by real-time
PCR. Values are expressed as percentage of
input. Knocking down KIf5 resulted in decreased
association of NCoR and SMRT with the
promoters at baseline and decreased GW501516-
induced association with CBP. All ChiPs were
performed from a single chromatin preparation for
each setting. (b) A model of the transcriptional
regulatory programs governing expression of
Cptlb, Ucp3 and Ucp2 in skeletal muscle,
indicating that under basal conditions,
SUMOylated KLF5 and unliganded PPAR-8
interact with the corepressors NcoR and SMRT to
— form transcriptionally repressive complexes.
GW501516, however, initiates rapid local
deSUMOylation that is followed by an exchange
of co-regulators, chromatin remodeling and
activation of transcription. In transcriptionally
active complexes, unSUMOylated KLF5 interacts
with CBP and liganded PPAR-3.

(J DMSO

assays further confirmed that KLF5 and
PPAR-8 simultaneously associated with the
promoters and that this association was
found under both baseline conditions and
during GW501516 treatment (Fig. 3d). This
prompted us to hypothesize that KLF5 and
PPAR-§ have different roles within repressive

Uep2 and activating regulatory complexes. To test
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immunoprecipitation (ChIP) assays. GW501516 treatment increased

* expression of all three genes (Fig. 3b). ChIP analyses showed that

under basal conditions, C/EBP-B, KLF5, PPAR-3, NCoR and SMRT all
associated with the endogenous promoters (Fig. 3c). As expected,
SUMOL also associated with the promoters, indicating that one or
more of the bound proteins, which very likely included KLF5, were
SUMOylated (Fig. 3c). Given the ability of KLF5 to transrepress
promoter activity, we anticipated that GW501516 might eliminate
KLF5 from the transcriptional regulatory complexes, but to our
surprise GW501516 did not significantly affect the association of
KLE5 with the promoters (Fig. 3c). In contrast, GW501516 clearly
inhibited the association of NcoR and SMRT (Fig. 3c). The association
of SUMO1 was also much reduced (Fig. 3c). GW501516 thus seems to
reduce the association of SUMOylated proteins to the promoters and
to promote an exchange of co-regulators that likely leads to activation
of the promoters. Consistent with the notion that GW501516 affects
the SUMOylated states of KLE5, the band corresponding to doubly
SUMOylated KLE5 found in untreated C2C12 lysates was eliminated
by GW501516 treatment (Supplementary Fig. 5 online).

PPAR-$ agonist promotes deSUMOylation and transactivation
Unexpectedly, we observed an association between KLE5 and PPAR-8
on both repressed and activated promoters (Fig. 3¢c). Sequential ChIP

Cpttb this possibility, we analyzed the molecular

steps leading to promoter activation in more
detail by a set of ChIP assays using C2CI2 chromatin samples
obtained at various time points after liganding PPAR-O with
GW501516. We found that GW501516 treatment induced dynamic
alterations in SUMOylation, cofactor binding and histone acetylation
on the Cptlb, Ucp3 and Ucp2 promoters (Fig. 4). It induced rapid and
transient recruitment of SENP1 by 5 min after the initiation of
treatment (Fig, 4). This SENP1 recruitment was followed by a
reduction in the association of SUMO1 with the promoter by 10-
20 min, suggesting that GW501516 promoted local deSUMOylation
of regulatory factors, most likely including KLFS, by recruiting SENP1
(Fig. 4). As SUMOI1 modification declined, the association of the
corepressors NCoR and SMRT also declined, beginning at 20 min
(Fig. 4). Conversely, the association of the coactivator CBP began
increasing at 20 min and peaked at 40 min (Fig. 4). Hyperacetylation
of histones H3 and H4 was observed beginning at 20 min (Fig. 4).
Thus, GW501516 treatment promoted local deSUMOylation within
10 min, and this was followed by release of corepressors, recruitment

_of coactivators and chromatin remodeling, all of which led to

transcriptional activation.

KLF5 and PPAR-8 were found to associate with the promoters even
under basal conditions in cells not treated with GW501516 (0 min;
Fig. 4). That SUMO1, NCoR and SMRT were also associated with the
promoters at 0 min suggests that KLF5 and unliganded PPAR-8 form
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transrepressive complexes on the promoters under basal conditions.
GW501516 treatment did not eliminate the association between KLF5
and PPAR-$ and even increased their association somewhat at 10 min
(Fig. 4). By 20-30 min, however, it had declined to levels similar to
those observed at 0 min, but it increased again by 40 min (Fig. 4).

KLF5 SUMOylation toggles associated co-regulators

Our reporter and ChIP analyses showed that SUMOylated KLF5
represses Cptlb, Ucp3 and Ucp2 promoter activity, but they
also  suggest that KLF5 associates with transcriptional
activating complexes on the promoters in GW501516-treated cells.
We therefore hypothesized that unSUMOylated KLF5 activates the
promoters by interacting with appropriate coactivators. Because we
found CBP to be associated with activated promoters in our ChIP
assays (Fig. 4), we first tested this hypothesis by analyzing the
interaction between KLF5 and CBP. Mammalian two-hybrid assays
showed that KLE5 interacts with CBP and that this interaction
requires intact Lys162 and Lys209 residues (Fig. 5a). Enhancement
of deSUMOylation by overexpression of SENP1 increased the inter-
action, whereas promotion of SUMOylation by overexpression of
Ubc9 and PIASI strongly inhibited the interaction (Fig, 5a). This
inhibitory effect of SUMOylation on the association of CBP with
KLE5 is in sharp contrast to the interactions between KLF5 and NcoR
or SMRT, which were enhanced by SUMOylation (Fig. 2g). SUMOy-
lation may thus toggle the interaction of KLF5 between the coactivator
CBP and corepressors NcoR and SMRT.

Mammalian two-hybrid assays showed that KLF5 also interacts with
PPAR-S, that the interaction is dependent on the presence of intact
Lys162 and Lys209 residues and that it was strongly inhibited by
overexpression of Ubc9 and PIASI (Fig. 5b). This suggests that
SUMOylation of KLF5 inhibits its interaction with PPAR-8. Notably,
treatment with GW501516 completely reversed the inhibitory effect
of the overexpression of Ubc9 and PIASI on the KLF5-PPAR-3
interaction (Fig. 5b), suggesting that liganding PPAR-3 might
induce deSUMOylation, thereby increasing the affinity between the
two molecules.

© 2008 Nature Publishing Group http://www.nature.com/naturemedicine

SUMOylation of KLF5 is required for GW501516 response
%%The results presented so far suggest that KLE5 and PPAR-8 each have
dual roles in the transcriptional regulation of Cptib, Ucp3 and Ucp2
promoter activity. Of note, these three promoters were not activated
by GW501516 in reporter assays in C2C12 cells when only PPAR-6
was overexpressed (Fig. 5¢ and data not shown). This led us to
hypothesize that KLF5 plus its SUMOylation and co-regulators are
required for GW501516-dependent transcriptional control. Bearing in
mind the results of our earlier ChIP assays, we tested this idea by
attempting to recapitulate GW501516-induced deSUMOylation by
coexpressing PPAR-3, KLFS5, C/EBP-B, NCoR, CBP and SENP1 with a
" Ucpd promoter reporter (Supplementary Fig. 6 online). In this
setting, GW501516 increased promoter activity, and KLF5 was
required for the GW501516-dependent activation (Supplementary
Fig. 6). To assess the specific roles of the factors involved, we next
analyzed various combinations of the factors and found that over-
expression of C/EBP-B is dispensable with respect to the GW501516-
dependent response (Fig. 5d and data not shown). We then analyzed
the role of SUMOylation using the combinations of coexpressed
factors indicated in Figure 5d. When PPAR-8 alone was expressed
with NCoR and CBP, no response to GW501516 was observed, and
addition of SENP1 did not yield a GW501516 response (Fig. 5d).
Addition of KLF5 to the combination of PPAR-8, NCoR and CBP
resulted in a modest increase in reporter activity, and although farther
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addition of SENPI did not alter baseline promoter activity, the activity
was now significantly increased by GW501516, confirming that KLF5
is required for GW501516 to elicit a response with this combination of
regulatory factors (Fig. 5d). Replacement of wild-type KLF5 with
KLFSg160r K200 €liminated the response to GW501516, confirming
that SUMOylatable KLF5 is necessary for execution of the transcrip-
tional regulatory programs. These results show that KLF5 is essential
for GW501516-dependent transcriptional regulation of Ucp3 promo-
ter activity and that the SUMOylation state of KLF5 is probably a key
determinant in that control.

To further analyze the role of KLF5 in the control of endogenous
target genes, we knocked down KIf5 expression in C2C12 myotubes
(Fig. 5¢). As shown previously in Figure 1g, knockdown of Kif5 led to
increased expression of Cptlh, Ucp2 and Ucp3. Treatment with
GW501516 did not significantly increase expression of these genes
in the KIf5 knockdown cells (Fig. 6a). KLF5 thus seems to be crucial
for GW501516-mediated induction of these genes. In addition, knock-
ing down Ubc9 and Piasl led to increases in Cptlb, Ucp2 and Ucp3
expression under both baseline and GW501516-treated conditions,
indicating that Ubc9 and PIAS! are crucial in the transcriptional
regulation of these genes, presumably via control of SUMOylation
(Supplementary Fig. 7 online).

To gain further insight into the roles of KLF5 and PPAR-3 in the
formation of repressive and activating transcriptional complexes, we
knocked down these transcription factors in C2C12 myotubes, after
which we subjected the cells to ChIP analyses. Knocking down Kif5
reduced the association of SUMO1, NCoR and SMRT with the
promoter in the GW501516-untreated cells, indicating that KLF5 is
required for the formation of transcriptionally repressive complexes
(Fig. 6a). In contrast, the recruitment of CBP induced by GW501516
was also clearly repressed in Kif5-knockdown cells, suggesting that
KLF5 is also required for activation of the promoters (Fig. 6a).
Knockdown of Ppard led to increases in the association of NCoR
and SMRT with the target Cptlb, Ucp2 and Ucp3 promoters under
baseline conditions, and GW501516-induced CBP recruitment was
also inhibited by Ppard knockdown (Fig. 6a), suggesting that KLF5
and PPAR-8 play differential parts in the formation of transcriptional
regulatory complexes.

DISCUSSION

We have found that haploinsufficiency of Kif5 protects mice from
high-fat diet—induced obesity and insulin resistance, particularly in
skeletal muscle, and that enhanced systemic energy expenditure is a
key mechanism underlying the metabolic phenotypes in Ki *~ mice
(Fig. 1). Knocking down KIf5 in the skeletal muscle (Klfb'”‘) and in
C2C12 myotubes upregulated expression of several genes involved in
fatty acid oxidation and energy uncoupling, including Cpt1b, Acadm,
Acoxl, Uep2 and Ucp3 (Fig. 1f,g). CPT1b is the rate-limiting enzyme
catalyzing fatty acid import into mitochondria for B-oxidation®. Its
overexpression reportedly protects cultured myotubes from fatty acid—
induced insulin resistance?!, and its pharmacological inhibition leads
to insulin resistance in rats*2. Although the results of our study and a
number of earlier studies have shown that expression of Ucp2 and
Ucp3 mRNA is coordinately regulated in skeletal muscle, the main
uncoupling protein expressed in skeletal muscle is reportedly UCP3%,
Although the effect of Ucp3 ablation on obesity is unclear in mice®?,
overexpression of UCP3 increases fatty acid oxidation and protects
against high-fat diet~induced obesity and insulin resistance**#>, Taken
together, the observed reduction in high-fat diet-induced obesity and
insulin resistance and the enhanced energy expenditure in KIf5*~ mice
probably reflect, at least in part, a coordinated alteration of the
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expression of genes involved in fatty acid metabolism caused by the
haploinsufficiency of KIf5. Although we focused on Cptlb, Ucp3 and
Ucp2 in the present study, it is very likely that expression of other
genes (for example, Acox] and Acadm) also is controlled by transcrip-
tional programs involving KLF5 and also contributes to the metabolic
phenotypes in Kif5*/~ mice.

SUMOylation is now considered to be a major regulatory mod-
ification leading to repression of transcription®!. Our results show that
SUMOylation is a key modulator of transcriptional regulatory pro-
grams governing fatty acid metabolism, in part because SUMOylation
of KLF5 increases its affinity for NCoR and SMRT (Fig. 2g) while
decreasing its affinity for CBP and PPARS (Fig. 5a,b). This change in
interacting co-regulators induced by SUMOylation apparently
enables KLF5 to have dual roles in transcriptional regulation.
SUMOylation thus seems to serve as a molecular switching mechan-
ism controlling fatty acid metabolism in response to cellular and
environmental cues.

Our ChIP analyses clearly showed that GW501516 induces dynamic
changes in the assembly of transcriptional regulatory complexes,
chromatin structure and SUMO-modification of factors binding to
endogenous Cptib, Ucp2 and Ucp3 promoters (Fig. 4). Of note,
SENPI was recruited within 5 min after GW501516 treatment, leading
to dissociation of SUMO1 from the promoter within 10 min. This
rapid local deSUMOylation was followed by dissociation of the
corepressors NCoR and SMRT, increased association of CBP and
hyperacetylation of histones on the promoters. Thus, liganding of
PPAR- seems to induce rapid local deSUMOylation and exchange of
the components of transcriptional regulatory complexes and chroma-
tin remodeling. On the basis of these findings and our data on the
interactions between KLF5, PPAR-§ and their co-regulators, we
propose the following model of transcriptional regulation of Cptlb,
Ucp2 and Ucp3 promoter activity (Fig. 6b). Under basal conditions,
SUMOylated KLF5 is associated with NCoR and SMRT and functions
to repress transcription. Because mammalian two-hybrid assays indi-
cate that SUMOylated KLF5 has a low affinity for PPAR-3, it is
unlikely that it directly associates with unliganded PPAR-3. Instead,
the findings that unliganded PPAR-3 interacts with NCoR and

Sig, SMRT'®1? suggest these two co-regulators mediate the interaction

€

“between KLF5 and unliganded PPAR-§ to form transcriptionally
repressive complexes. Upon GW501516 treatment, liganded PPAR-8
recruits SENP1 and promotes local deSUMOylation. Release of
SUMOI from KLF5 increases its affinity for PPAR-3 and CBP, leading
to formation of transcriptional activating complexes. C/EBP-f seems
to be a component of transcriptional activating complexes and is
probably required for promoter transactivation. However, its precise
regulatory function is not immediately clear.

The model depicted in Figure 6b predicts that KLF5 and its
SUMOylation are integral to GW501516-dependent transactivation
of PPAR-3 targets. As expected, PPAR-6 required KLF5, SENP1 and
various co-regulators to activate the Ucp2, Ucp3 and Cptlb promoters
in response to GW501516 (Fig, 5d). The fact that SUMOylation-
deficient KLF5y 6r x200r Was not capable of supporting GW501516-
dependent activation highlights the importance of the SUMOylation
state of KLF5 in determining its interaction with co-regulators and
with PPAR-8 within transcriptional regulatory complexes. Moreover,
whereas knockdown of KIf5 resulted in increased baseline Cptlb, Ucp2
and Ucp3 expression, it reduced GW501516-mediated induction of
the genes (Fig. 5e). And although association of SUMO1, NCoR and
SMRT with the target promoters was reduced in Kifs5-knockdown cells
under baseline conditions, recruitment of CBP induced by GW501516
was also reduced (Fig. 6a). These findings support a model in which

KLFS5 is required for the formation of both repressive and activating
complexes (Fig. 6b). The finding that the association of corepressors
with the Cptlb, Ucp2 and Ucp3 promoters was reduced by Kifs
knockdown also suggests that the increased expression of these
genes observed in KIf5*/~ skeletal muscle probably reflects derepres-
sion of the genes due to KIf5 haploinsufficiency.

Our ChIP analyses showed that proteins associated with the Ucp2,
Ucp3 and Cptlb promoters are SUMOylated under basal conditions
(Fig. 4). However, current ChIP methods do not enable identification
of a single protein that has a specific modification; instead, because
formaldehyde crosslinks macromolecular complexes nonspecifically,
they can only report that a modification exits within a protein
complex. Nonetheless, given our findings that KLF5 can be SUMOy-
lated (Fig. 2), that SUMOylated KLF5 interacts with NCoR and SMRT
(Fig. 2g), which are also associated with repressive promoters, and
that endogenous levels of SUMOylated KLF5 in C2C12 myotubes
were diminished by GW501516 treatment (Supplementary Fig. 5), it
seems very likely that KLF5 was among the SUMOylated proteins
detected in the ChIP assays on the repressed promoters. That said, it is
also possible that other molecules other than KLF5 are also SUMOy-
lated. It would be useful to know whether SUMOylation of other
molecules, including PPAR-3, is involved in the transcriptional reg-
ulation of fatty acid metabolism.

Transient recruitment of SENP1 to the GW501516-treated promo-
ters and the subsequent disassociation of SUMO1 from the promoters
strongly suggests that deSUMOylation takes place locally. However,
the findings that the amount of associated KLF5 and PPAR-3 was
altered by GW501516 also suggest the possibility that unSUMOylated
KLF5 was recruited to the promoters to replace SUMOylated KLF5.
Consistent with this possibility, it is known that molecules within
transcriptional regulatory complexes are dynamically exchanged
during transcriptional activation, which may involve protein
degradation®. Although the precise molecular events will need to be
clarified in future studies, our ChIP results clearly indicate that
GW501516 induces ordered and sequential protein modifications
and exchanges including deSUMOylation, exchange of co-regulators
and chromatin remodeling.

Because a growing body of evidence indicates that PPAR-S is a key
transcription factor governing fatty acid metabolism, PPAR-3 is now
considered to be an attractive target for the development of
therapeutic strategies against metabolic syndrome!>14748, However,
PPAR-3 is widely expressed in tissues other than skeletal muscle and so
may have a variety of tissue-specific functions. As a consequence,
strategies focusing on PPAR-8 need to be carefully evaluated for
possible side effects’’. Efforts are now underway to develop ligands
for nuclear receptors that activate only a subset of the functions
activated by the cognate ligand, or that act in a cell type-selective
manner. Unlike PPAR-8, KLF5 is not expressed in the liver, suggesting
that further elucidation of the transcriptional regulator programs
involving PPAR-§ and KLF5 could potentially lead to development
of such selective ligands.

In conclusion, we have shown that KLF5 is a key component of
lipid metabolism in skeletal muscle and that SUMOylation of KLF5
functions as a molecular switch for fatty acid oxidation programs
involving PPAR-8 and various co-regulators.

METHODS

Mice, KIf5-knockout heterozygous mice (KIf5*/") were generated as previously
described*®, We backcrossed the founder mice with C57/BL6] mice at least
seven times. We used wild-type littermates as controls throughout the study.
We fed mice either a standard chow that had a 4.6% (w/w) fat content or a

664

VOLUME 14 | NUMBER 6 | JUNE 2008 NATURE MEDICINE



™

© 2008 Nature Publishing Group http://www.nature.com/naturemedicine

BE)
= turer’s protocols.

&

high-fat diet that had a 32% (w/w) fat and 6.75 % (w/w) sucrose content
{Crea). We fed mice the high-fat diet for 12 weeks, beginning at 4 weeks of age.
All experiments were approved by the University of Tokyo Ethics Committee
for Animal Experiments and strictly adhered to the guidelines for animal
experiments of the University of Tokyo.

Small interfering RNA. We generated siRNAs with a Silencer siRNA construc-
tion kit (Ambion) according to the manufacturer’s protocols for the experi-
ments shown in Figure 1g. The siRNA sequences for KIf5 were reported
previously?®. For the experiments in Figures 5e and 6a, we purchased siRNAs
for Kif5, Ppard and control (ON-TARGET plus SMART pool) from Dharma-
con. We transfected fully differentiated C2C12 myotubes grown in a 6-cm dish
with 280 ng of double-stranded siRNA using a Deliver X kit (Veritas) according
to the manufacturer’s instructions. Forty-eight hours later, we harvested the
cells for real-time PCR analysis or ChIP analysis.

KLE5 antibody. Monoclonal mouse KLF5-specific antibody (KM3918) was
raised against the polypeptide CIPEHKKYRRDSASV. We thoroughly analyzed
the specificity of this antibody by western blotting and immunchistochemical
analyses (data not shown).

Mammalian two-hybrid assays. We fused cDNAs encoding full-length wild-
type KLF5 and the SUMOylation site mutant KLF5x65r x209r to the VP16
activation domain in pACT (Promega) to generate VP16-KLF5 and VP16-
KLE5¢ 63n ka00r- We fused the full-length NCoR ¢DNA to the Gal4 DNA
binding domain in pBIND (Promega) to generate Gal4-NCoR. We transfected
the constructs into C2C12 cells with Polyfect transfection reagent {Qiagen). We
measured luciferase activity in whole cell lysates 48 h after transfection. For
GWS501516 treatment, beginning 48 h after transfection, we incubated the cells
with or without 1 pM GW501516 for an additional 5 h before harvesting them.

SUMOpylation assay. To analyze SUMOylation within cells, we used Lipofecta-
mine 2000 to transfect COS-7 cells with plasmids encoding wild-type KLF5 or a
SUMOylation site mutant, along with HA-tagged SUMOL, Ubc9 and PIASI
(Invitrogen). We then immunoprecipitated cell lysates with an HA-specific
affinity matrix gel (Roche), after which we washed the immunoprecipitate in
lysis buffer (50 mM Tris-Cl pH 7.5, 150 mM NaCl, 0.1% Triton X-100, 1 mM
DTT, 10% glycerol, 10 mM EDTA), resolved the proteins by SDS-PAGE and
immunoblotted with monoclonal KLF5-specific antibody (KM3918).

For in vitro SUMOylation assays, we generated KLF5 protein by in vitro
translation with a TNT-T7 quick coupled reticulocyte lysate system (Promega).
We then subjected a 1.5-pl aliquot of translation product to i vitro SUMOyla-

, tion assays with a SUMOylation kit (BIOMOL) according to the manufac-

Chromatin immunoprecipitation assay. We carried out ChIP assays as
previously described?®, For quantitative analysis of the abundance of targeted
genomic regions in immunoprecipitates, we determined the levels of the
targeted sequences by real-time PCR and normalized them to the levels in
untreated control samples?®?’. We used antibodies to C/EBP-p, PPAR-3, NCoR
(all from Santa Cruz), SMRT (Upstate), SUMO1 (Zymed) and SENP1
(Abgent). For sequential ChIP assays, we immunoprecipitated cross-linked
chromatin samples with KLF5-specific antibody, after which we eluted the
precipitates and subjected them to another round of ChIP using PPAR-3-
specific antibody. The sequences of the PCR primers are available in the
Supplementary Methods online.

Statistical analyses. We analyzed differences in the body weight change by two-
way ANOVA. Luciferase and mammalian two-hybrid assays and gene expres-
sion measured by real-time PCR were compared with one-way ANOVA
followed by a post hoc Tukey-Kramer test for multiple groups, and comparisons
between two groups were made with Student’s ttest. We considered P values
<0.05 as significant.

Note: Supplementary information is available on the Nature Medicine website.
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Abstract. Peroxisome proliferator-activated receptor (PPAR)y, a transcription factor belonging to the nuclear receptor
superfamily, is essential for adipogenesis. PPARy is recognized as a major target for the insulin-sensitizing effects of the
thiazolidinediones. Previous studies have demonstrated that heterozygous PPARy-deficient mice are protected from high-
fat diet (HFD)-induced adipocyte hypertrophy, obesity and insulin resistance, which suggests that PPARy may have a
pivotal role in adipocyte hypertrophy, obesity and insulin resistance. In this study, we generated transgenic mice with the
gain-of-function PPARy Ser112Ala mutation (S112A mice) using the aP2 promoter, 1o elucidate the impact of increased
PPARy activity in mature adipocytes. Despite a 2-3-fold increase in the adipocyte PPARY2 gene expression and PPARy
activity, the S112A mice showed comparable adiposity and insulin sensitivity to wild-type mice under both normal and
HFD conditions. Although the expression levels of the PPARy target genes involved in lipid metabolism, such as aP2 and
stearoyl-CoA desaturase 1, were upregulated in the white adipose tissue of the S112A mice, the serum levels of free fatty
acid, triglyceride, adiponectin and leptin, as well as the oxygen consumption, were comparable between the wild-type and
$112A mice under the HFD condition. Moreover, treatment with rosiglitazone ameliorated insulin resistance and glucose
intolerance to a similar degree in the two genotypes under the HFD condition. In conclusion, whereas the 50% decrease in
PPARy activity showed protection from HFD-induced obesity and insulin resistance, in the present study, the 2-3-fold
increase in PPARY2 expression and PPARYy activity failed to show obesity and insulin resistance even under the HFD

condition.

Key words: Peroxisome proliferator-activated receptor v, Rosiglitazone

(Endocrine Journal 55: 767776, 2008)

PEROXISOME proliferator-activated receptor (PPAR)y,
a member of the nuclear hormone receptor family of
transcription factors, plays a central role in adipogene-
sis and lipid storage [1]. PPARy exists as two iso-
forms, PPARy1 and PPARy2 [2]. While PPARy1 is
known to be expressed in several tissues, PPARy2 ex-
pression is mainly restricted to the adipose tissue [1].
Previous studies have demonstrated that heterozy-
gous PPARy-deficient mice are protected from high-
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fat diet (HFD)-induced adipocyte hypertrophy, obesity
and insulin resistance [3, 4], which suggests that
PPARy may have a pivotal role in adipocyte hypertro-
phy and insulin resistance. Consistent with this, a
polymorphism of the human PPARY2 gene, Prol2Ala,
which decreases PPARy activity, was shown to be
associated with enhanced insulin sensitivity and a low-
er body mass index [5, 6]. In addition, partial PPARy
antagonists decreased the triglyceride (TG) content in
white adipose tissue (WAT), skeletal muscle and liver,
and ameliorated HFD-induced obesity and insulin re-
sistance [7]. Thus, moderately reduced PPARYy activity
was shown to be associated with improvement of insu-
lin sensitivity.

The thiazolidinediones (TZDs), synthetic PPARy
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ligands, are widely used in the treatment of type 2 dia-
betes [1]. TZD-induced PPARy activation increases
the plasma levels of the insulin-sensitizing adipokine,
adiponectin [8], and simultaneously decreases the
plasma levels of free fatty acid (FFA) and insulin-
resistance-causing adipokines such as TNFo and resis-
tin [8]. Thus, PPARy activation by TZD ameliorates
insulin resistance, whereas heterozygous PPARy-defi-
cient mice are protected from HFD-induced adipocyte
hypertrophy, obesity and insulin resistance [3, 4].

PPARy activity is regulated by mitogen-activated
protein (MAP) kinase phosphorylation of the serine
112 residue, which reduces its transcriptional activity
[9]. The PPARy Serl12Ala (S112A) mutation has
been shown to be non-phosphorylable and indeed
more active than wild-type PPARy [9]. S112A knock-
in mice showed improved insulin sensitivity without
body weight gain [10]. A gain-of-function PPARy
mutation in humans had no impact on the insulin resis-
tance, but induced obesity {11]. These phenotypes can
probably be explained by the induction of PPARy ex-
pression in the early stage of differentiation of preadi-
pocytes [12]. In contrast, overexpression of wild-type
PPARYy in mature 3T3L1 adipocytes increased both the
cell size and intracellular TG content [13]. Although
expression of PPARy2 is maintained at a high level
even in mature adipocytes [14], the physiological role
of increased PPARy activity in mature adipocytes in
vivo remains unknown.

To understand the role of increased PPARY activity
in mature adipocytes in vivo, we produced transgenic
mice with the PPARy2 S112A mutation to activate
PPARy under the aP2 promoter. Moreover, we exam-
ined the effect of increased PPARY activity in mature
adipocytes on TZD-induced amelioration of insulin
sensitivity.

Materials and Methods
Generation of transgenic PPARy2-51124 mutant mice

The mouse PPARY2 ¢cDNA (1.8 kb) with the S112A
mutation, generated by PCR mutagenesis, was sub-
cloned into the Kpnl-Sacl site of pBluescript SK(-)
(Stratagene, La Jolla, CA, USA). PPARy2-S112A
cDNA was ligated into the unique EcoRI site between
the rabbit B-globin intron and the polyadenylation sig-
nal. The resultant fragment was ligated into the Smal

site of a plasmid containing the aP2 promoter in

‘pBluescript SK(-). The DNA fragment was excised

from its plasmid by digestion with Clal-Nofl, then pu-
rified and microinjected into the pronuclei of fertilized
eggs obtained from CS57BI/6N mice (Nippon CREA
Co. Ltd., Tokyo, Japan). Transgenic founder mice
were identified by Southern blot analysis of tail DNAs.
F1 offspring were then crossed with C57BI/6N mice to
establish a transgenic lineage. Male mice with access
to food ad libitum and reared under a light-dark cycle
of 12 h were used for the experiments at 810 weeks
of age. All experimental procedures conformed to the
guidelines of the Animal Care Committee of the Uni-
versity of Tokyo.

Genotyping by PCR

Genotype was determined by PCR analysis of
genomic DNA obtained from tail snips. To detect the
S112A transgene, the sense primer corresponded to
sequences in the rabbit B-globin intron (5-TTATTG
GTAGAAACAACTACATCCT-3"), and the antisense
primer corresponded to sequences in the coding region
of PPARy (5-ATATTTGTAATCAGCAACCATTG
GG-3". To detect the wild-type allele, the sense prim-
er corresponding to sequences in the coding region of
PPARy (5'-AACTTCGGAATCAGCTCTGTGGACC-
3') and the same antisense primer as that indicated
above for detection of the S112A transgene, were
used. The three primers and a genomic DNA template
were mixed in a tube. The thermal reaction cycles
consisted of an initial step at 94°C for 5 min, followed
by 35 cycles of 94°C for 30 seconds, 55°C for I min
and 72°C for 1 min, with a final step at 72°C for 5 min.
The wild-type allele yielded a 393 base-pair (bp) prod-
uct, and the transgene, a 529 bp product.

In vivo glucose homeostasis

Glucose tolerance test: The mice were fasted for
more than 16 h before the study. They were then
given 1.0 mg/gram (body weight) of glucose orally.
Blood samples were collected at difterent time-points
and the blood level of glucose was measured immedi-
ately with an automatic blood glucose meter (Glutest
Pro: Sanwa Chemical, Nagoya, Japan). Whole blood
specimens were collected and centrifuged, and the
serum samples obtained after separation were stored at
—20°C. Insulin levels were determined with an insulin
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radioimmunoassay (RIA) kit (BIOTRAK: Amersham
Biosciences, Buckinghamshire, UK) using rat insulin
as the standard.

Insulin tolerance test: Mice were given free access
to chow before the study. They were administered an
intraperitoneal injection of 0.75 mU/gram (body
~weight) of human insulin (Humulin R: Lilly,
Indianapolis, IN, USA). Blood samples were taken at
different time-points from the tail vein and the blood
levels of glucose were measured with an automatic
blood glucose meter.

RNA preparation, Northern blot analysis and real-
time quantitative PCR

Total RNA was prepared from epididymal WAT
with TRIzol (invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions. Northern blot analy-
sis was performed using the standard protocol. A
20 ug sample of total RNA was electrophoresed
through denaturing formaldehyde-agarose (1%) gel
and. then transferred to a Hybond N* nylon membrane
(Amersham Biosciences). Real-time quantitative PCR
was performed on an ABI Prism 7900 HT Sequence
Detection System (Applied Biosystems, Foster City,
CA) using TagMan PCR Master Mix Reagent Kit
(Applied Biosystems), with cyclophilin as the internal
control. The primers and probe used for cyclophilin
were as follows: forward, GGTCCTGGCATCTTGTC
CAT; reverse, CAGTCTTGGCAGTGCAGATAAAA,;
probe, CTGGACCAAACACAAACGGTTCCCA. The
primers and probes for the other genes were purchased
from Applied Biosystems.

Generation of probe and RNase protection assay
(RPA)

A partial murine PPARy cDNA probe was generated
by reverse transcriptase-PCR using total RNA and
primers designed to amplify a region including 90 bp
of the PPARY2 transcript and a 185 bp region common
to both PPARy1 and PPARY2, as previously described

[15]. The PPARy cDNA PCR product was subcloned

into the PstI-EcoRI site of the pBluescript SK(-)
(Stratagene). The antisense cRNA was transcribed
with [a-32PJUTP (PerkinElmer Life and Analytical
Sciences, Inc., Boston, MA, USA) using the T7 RNA
polymerase (MAXIscript: Ambion, Inc., Austin, TX,
USA). A 10 pg sample of total RNA was subjected to

RPA using an RPAIII kit (Ambion, Inc.) and hybrid-
ized overnight with the cRNA probe in Hybridization
111 Buffer (Ambion, Inc.) at 42°C. After digestion
with RNaseA/RNaseT1 diluted 1 : 100, the protected
fragments were separated on 8 M urea/5% polyacryl-
amide gels and analyzed quantitatively using an imag-
ing plate and BAS2000 (Fuji Film, Tokyo, Japan).

Diets and rosiglitazone treatment

The normal diet (MF) was purchased from Oriental
Yeast Co., Ltd. (Tokyo, Japan). The diet was com-
posed of 5.3% (wt/wt) fat, 23.6% protein, 54.4% car-
bohydrate, 2.9% dietary fiber, and 6.1% minerals. The
HFD, containing 32% safflower oil, 33.1% casein,
17.6% sucrose and 5.6% cellulose, was prepared as
described previousty [3]. Rosiglitazone (BRL49653),
procured from GlaxoSmithKline (Brentford Middle-
sex, UK), was given at a 0.01% (wt/wt) mixture with
the HFD.

Histochemistry

Epididymal adipose tissue was removed from each
animal, fixed in 10% formaldehyde/PBS, and stored at
4°C until use. The tissue specimens were routinely
processed for paraffin embedding, and 5-pm sections
were cut and mounted on silanized slides. The adipose
tissue was stained with hematoxylin and eosin, and the
total adipocyte area was analyzed with Win ROOF
software (Mitani Co., Ltd., Chiba, Japan). The white
adipocyte area was measured in 400 or more cells per
mouse in each group as described previously [3].

Blood sample assays

The serum levels of FFA and TG were determined
by a nonesterified fatty acid-C test and triglyceride
L-type test (Wako Pure Chemical Industries, Japan),
respectively. The serum levels of adiponectin and
leptin were assayed with a mouse adiponectin immuno-
assay kit (Otsuka Pharmaceutical, Tokushima, Japan)
and Quantikine M kit (R&D Systems, Minneapolis,
MN), respectively.

Energy expenditure

Oxygen consumption was measured every 3 minutes
for 24 h in fasting mice using an O,/CO, metabolism
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measurement device (Model MK-5000; Muromachikikai,
Tokyo, Japan). Each mouse was placed in a sealed
chamber (560 ml volume) with an air flow rate of
500 ml/min at room temperature. The amount of oxy-
gen consumed was converted to milliliters per minute
by multiplying it with the flow rate.

Statistical analysis

Data were expressed as means+ SE. Differences
between two groups were analyzed by Student’s ¢ test
for unpaired comparisons. Individual comparisons
among more than two groups were assessed with post-
hoc Fisher’s PLSD test. Differences were considered
significant at P<0.05.

Results

Two-fold increase of PPARy activity in the S1124
mouse adipocytes

Transgenic mice with the PPARy2 S112A mutation
expressed under the control of the aP2 promoter were
established to investigate the physiological role of
increased PPARYy activity in mature adipocytes (Fig.
1A). A 13.5 kb wild-type allele and a 1.2 kb mutant
allele in the transgenic mice were identified by South-
ern blot analysis (Fig. 1B). Eleven founder mice car-
rying 2 to 10 copies of the transgene were produced
and four lines of transgenes carrying 2 copies ex-
pressed PPARy2 in the adipose tissue. While a 3-fold
higher PPARy2 mRNA expression was found in the
S112A mouse than in the wild-type mouse adipose tis-
sue, there was no significant difference in the expres-
sion level of PPARy1 (Fig. 1C). The mRNA levels of
aP2, stearoyl-CoA desaturase (SCD)1 and C/EBPa,
downstream target genes of PPARy, were significantly
upregulated in the WAT of the S112A mice as com-
pared with that in the wild-type mice (Fig. 1D), con-
firming that enhanced PPARy activity in the S112A
mice.

S1124 mice showed comparable WAT mass, insulin
sensitivity and serum lipid levels to wild-type mice
under the HFD condition

S112A mice showed similar body weight, epididy-
mal WAT mass and food intake to wild-type mice on a

normal diet (data not shown). Administration of a
HFD for 20 weeks, while inducing a 2-fold increase in
the PPARy2 expression in the WAT of the S112A
mice (Fig. 2A), had no significant effect on the body
weight, linear growth (Fig. 2B) or epididymal WAT
mass (wild-type: 1.58 £0.14 g; S112A; 1.78 +0.17 g
(n="T7)) of these mice. Histological analyses revealed
that the adipocyte size in the WAT was not significantly
different between the wild-type and S112A mice under
either the normal or HFD condition (Fig. 2C). No dif-
ferences in insulin sensitivity or glucose tolerance
were found between the wild-type and S112A mice
under either the normal (data not shown) or HFD con-
dition (Fig. 2D and E). The serum FFA, TG, adi-
ponectin and leptin levels were comparable between
the wild-type and S112A mice mice under both normal
and HFD conditions (Fig. 2F-I). Oxygen consumption
was also similar between the two genotypes (Fig. 2]).

Gene expressions in the WAT of the wild-type and
S112A mice under the HFD condition

We next investigated the expression of the genes in-
volved in lipid metabolism in the WAT of the S112A
mice. The expressions of aP2, lipoprotein lipase
(LPL), acyl-CoA oxidase (ACO), SCD1 and hormone-
sensitive lipase (HSL), whose promoters contain a
peroxisome proliferator response element (PPRE),
were upregulated in the S112A mice (Fig. 3A and B).
The expression levels of CD36 remained unchanged,
even though the CD36 promoter also contains a PPRE
(Fig. 3A).

Rosiglitazone increased the insulin sensitivity to a sim-
ilar degree in both the mouse genotypes

We examined the effects of rosiglitazone on the in-
sulin sensitivity and glucose tolerance in the wild-type
and S112A mice. The body weights of the wild-type
and ST112A mice were comparable, and rosiglitazone
treatment did not change the body weight of either
genotype (Fig. 4A). The adipocyte size was reduced
to a similar degree in the wild-type and S112A mice
after rosiglitazone treatment (Fig. 4B). Rosiglitazone
significantly increased the insulin sensitivity to a simi-
lar degree in both the wild-type and S112A mice (Fig.
4C). Moreover, wild-type and S112A mice treated
with rosiglitazone showed similar decreases of the
blood glucose and insulin levels in the glucose toler-



Fig. 1.

ance test (Fig. 4D). Rosiglitazone treatment signifi-
cantly reduced the serum levels of FFA, but not TG, to
a similar degree (Fig. 4E and F) in both the mouse
genotypes. The serum adiponectin levels increased
(Fig. 4G) and leptin levels decreased to a similar degree
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Generation of transgenic mice expressing PPARy2 with the S112A mutation. A, Schematic of the transgene and the probe used
for Southern blot analysis. B, Southern blot analysis of BamH1-digested mouse genomic DNA from wild-type (wt) and S112A
mice hybridized with the probe, a 0.4 kb ¢cDNA fragment. C, Expression of PPARy mRNAs under the fed and 24 h fasting
conditions as determined by RPA. PPARyl and PPARy2 mRNAs are shown as protected bands of 185 and 273 bp,
respectively. 36B4 RNA (220 bp protected band) was used as the internal control. D, TagMan RT-PCR analyses of aP2, SCDI1
and C/EBPo. mRNAs after 24 h’ fasting. Values are expressed as means = S.E. (n = 3) *P<0.05. NS, no significant difference.

in both the mouse genotypes after rosiglitazone treat-
ment (Fig. 4H). These data suggest that rosiglitazone
increased the insulin sensitivity to a similar degree in
the two genotypes.



