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Fig. 2. Identification of CASP family proteases responsible for CHK1 cleavage and the effect of cleavage on CHK1 kinase activity. (A) Recombinant 3x FLAG-CHK1-3x Myc was
incubated with apoptosis-related CASP2, CASP3, CASP6, CASP7, CASP8, CASP9, or CASP10 for 24 h at 37 °C. CHK1 cleavage was analyzed by western blotting using anti-Myc-Tag
antibody. (B) Recombinant 3 x FLAG-CHK1-3x Myc (CHK1 WT, D299E or D351) was incubated with CASP3 or CASP7 for 24 h at 37 °C. CHK1 cleavage was analyzed by western
blotting using anti-Myc-Tag antibody. (C) U20S cells were transfected with 10 nM siRNAs against GFP (siScr), CASP3 (siC3), CASP7 (siC7), or siC3 and siC7 for 24 h, and then
treated with 100 pM ETP for 48 h. CHK1 cleavage was analyzed by western blotting using the indicated antibodies. (D) In vitro translated full-length CHK1 (WT) or truncated
forms of CHK1(1-299, 1-351) were incubated with GST-CDC25C at 30 °C for 30 min. CHK1 kinase activity was analyzed by Western blotting with anti-CDC25C (pSer216). (E) Re-
combinant CHK1 was pre-incubated with or without CASP3, CASP7, at 37 °C for 8 h in the presence or absence of 100 pM zVAD-fmk. CHK1 was then incubated with GST-CDC25C at

30 °C for 30 min, and analyzed by Western blotting with the indicated antibodies.

siRNA-mediated knockdown of CASP3 or CASP7 inhibits CHK1 cleav-
age in DNA damage-induced PCD. As shown in Fig. 2C, knockdown of
CASP3, CASP7, or both CASP3 and CASP7 inhibited CHK1 cleavage.
These results show that CASP3 and CASP7 are responsible for CHK1
cleavage at both D?°° and D3,

We subsequently performed CHK1 kinase assays to evaluate
cleaved CHK1 kinase activity. Since CHK1 has an auto-inhibitory re-
gion at its C-terminus [24-27], we estimated that CHK1 cleavage
has the potential to elevate its kinase activity. In this study, we used
an assay that detects CDC25C phosphorylation by Western blotting
with an anti-CDC25C(phospho-52'®) probe [18]. We first prepared
full-length, CHK1(FL), and cleavage forms of CHK1 containing the rel-
evant kinase domain, CHK1(1-299) and CHK1(1-351). As shown in
Fig. 2D, kinase activities of both CHK1(1-299) and CHK1(1-351)
drastically increased in comparison to that of CHK1(FL). This observa-
tion is consistent with past studies that found that deletion of the
C-terminus of CHK1 enhances its kinase activity [15,24-27]. Next,
we tested whether the activity of the CASP-cleaved CHK1 containing
the kinase domain fragment and auto-inhibitory region was elevated.
Recombinant CHK1(FL) pre-incubated with or without CASP3 or
CASP7 in the presence or absence of 100 pM zVAD-fmk was subjected
to the CHK1 kinase assay (Fig. 2E). The kinase activity of CHK1
pre-incubated with CASP3 or CASP7 was elevated in comparison to
that of pre-incubated CHK1 alone, and the elevation was inhibited

by co-pretreatment with z-VAD. These results show that the cleavage
of CHK1 by CASP3 or CASP7 elevates its kinase activity.

3.3. Identification of a recognition sequence associated with non-CASP
family proteases in CHK1 cleavage

From the results of Fig. 2A, we noticed that none of the apoptotic
CASP proteases induced production of a C2 fragment. Since this result
raised the possibility that non-CASP family proteases are involved in
N2-C2 cleavage, we performed further analyses of the recognition
sequence. Previously, it has been reported that the P1 residue in the
CASP recognition sequence is an aspartic acid residue [3-5]. This
implies that if N2-C2 cleavage is catalyzed by the CASP family, a
mutation of the P1 residue would result in inhibition of cleavage.
Therefore, we sought to identify the recognition sequence of N2-C2
cleavage by using site-directed mutagenesis involving mutation of
aspartic acid to glutamic acid. Considering the molecular weights of
the cleavage products (Fig. 1), we explored aspartic acid residues in
the surrounding amino acid sequences- and found aspartic acid
residues at positions 258, 262, 299, 329, 336, 351, 385, and 387
(Fig. 3A). Next, we constructed plasmid vectors harboring a wild-
type or an aspartic acid-to-glutamic acid substitution mutant of
CHK1 with a Flag-tag at the N-terminus and a Myc-tag at the
C-terminus. After induction of PCD in U20S cells that had been
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transfected with each vector, the C-terminal fragments of CHK1 were proteases are involved in N2-C2 cleavage. Next, to identify the recog-
analyzed by Western blotting with anti-Myc (Fig. 3B). Although nition sequence associated with the non-CASP family proteases
D299E and D351E mutation inhibited production of C3 and C1, re- (termed as seq-X), we devised a strategy to narrow down the identi-
spectively, we could not identify any mutation that inhibited produc- fication of seq-X by using C- or N-terminal deletion mutants (Fig. 3C).
tion of C2. This result supported the notion that non-CASP family Firstly, for detection of cleaved products, C-terminal and N-terminal
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Fig. 3. Identification of a recognition sequence associated with non-CASP family proteases in CHK1 cleavage. (A) CHK1 amino acid sequences between position 251 and position 410
are shown. Bold letters represent aspartic acid residues. (B) A plasmid vector harboring a wild-type CHK1 or a glutamic acid substitution CHK1 mutant form of D%*8, D52, D?%°, D329,
D36 D31 D83 or D87 was transfected into U20S cells. The cells were treated with 100 uM Etp for 36 h, and the cleaved C-terminal fragments of CHK1s were analyzed by Western
blotting with anti-Myc. The asterisk indicates a non-specific band. (C) Strategy for identification of recognition sequences for cleavage at seq-X. N-terminal and C-terminal deletion
mutants were fused to 3x Myc at the N-terminal and C-terminal, respectively. For cleavage at only seq-X, D**° in each C-terminal deletion mutant and D** in each N-terminal
deletion mutant were mutated to alanine. After PCD induction, only mutants possessing the recognition sequences were cleaved into two fragments as shown. (D and E) U20S
cells were transfected with expression vectors encoding the indicated N-terminal (D) or C-terminal (E) deletion mutants. After 36 h of transfection, the cells were treated with
100 pM Etp for 48 h. (F) The recognition sequences for cleavage at seq-X were estimated from the data presented in panels D and E. The asterisk indicates a non-specific band.
(G) A plasmid vector harboring a wild-type CHK1 or an alanine substitution CHK1 mutant form of E32°, P321, R3%2, or T323 was transfected into U20S cells. The cells were treated
with 100 pM Etp for 36 h, and the C-terminal fragments of CHK1s were analyzed by Western blotting with anti-Myc. (H) A plasmid vector harboring a wild-type CHK1 or a glutamic
acid substitution CHK1 mutant form of D?*°, D**', or D**® and D**' was transfected into U20S cells. The cells were treated with 2 UM LLnV for 36 h, and the cleaved C-terminal
fragments of CHK1s were analyzed by Western blotting with anti-Myc. The asterisk indicates a non-specific band.
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deletion mutants were fused to 3x Myc at the C-terminus and
N-terminus, respectively. Secondly, for detection of products cleaved
at only seq-X but not other identified sequences, D**° in each
C-terminal deletion mutant and D! in each N-terminal deletion
mutant were mutated to glutamic acid. By this strategy, it is likely
that after PCD induction, only mutants possessing seq-X are cleaved
into two fragments and the smaller products fused to 3x Myc tag
are detected by Western blotting with anti-Myc antibody. Because
preliminary analyses using N-terminal deletion mutants (311-476,
316-476, and 321-476 mutants) and C-terminal deletion mutants
(1-318, 1-320, 1-322, and 1-324 mutants) suggested that the puta-
tive seq-X is located between positions 319 and 324 (data not
shown), we further analyzed using four C-terminal deletion mutants
(1-321, 1-322, 1-323, and 1-324) and three N-terminal deletion
mutants (319-476, 320-476, and 321-476). As shown in Fig. 3D, in
N-terminal deletion series, the 321-476 mutant was not cleaved. As
shown in Fig. 3E, In the C-terminal deletion series, the 1-321 and
1-322 mutants were not cleaved. These results show that the seq-X
is 320EPRT3%3 or, in other words, that it is not a CASP consensus
sequence (Fig. 3F), suggesting that the “EPRT proteases” in question
are non-CASP family proteases. Furthermore, we confirmed whether
alanine mutations of these sequences affect cleavage. As shown in
Fig. 3G, P321A and R322A mutation, but not E320A and T323A muta-
tion, efficiently inhibited production of the C2 fragment. Moreover,
the inhibition of EPRT cleavage by site-directed mutagenesis did not
affect either D?*® or D! cleavage. We also analyzed whether the
mutation of sites cleaved by CASP affect EPRT cleavage (Fig. 3H).
The mutation of D?° and/or D**! cleavage did not significantly affect
EPRT cleavage. Taken together, these results indicate that CHK1 cleav-
age by CASP and non-CASP can occur independently of each other.

3.4. PCD induction at a specific cell cycle phase and CHK1 cleavage

Considering that CHK1 is involved in cell cycle regulation, we
explored the relationship between PCD at a specific cell cycle phase
and CHK1 cleavage, using DNA damaging agents. We chose to use
(is, a direct DNA crosslinker as a PCD inducer. Indirect DNA damaging
agents such as Cpt and Etp, for example, were not appropriate for our
purposes, because their pharmacological effects are dependent on cell
cycle phases. First, using the DTB method, G1/S-boundary, S, G2, or G1
phase-enriched cells were prepared and then induced to PCD by
treatment with Cis (Fig. 4A). PCD induction of G1 phase-enriched
cells induced a CHK1 cleavage profile that was different to the profiles
induced by PCD induction of cells enriched from the other phases. The
cleavage products (both N- and C-terminus) from >2°EPRT>?® marked-
ly increased compared with those from D?°° and D*! (Fig. 4B). Using a
marker of apoptosis, PARP1 cleavage, it was apparent that the
induction efficiency of PCD in G1/S or G1 phase-enriched cells was
higher than that of S and G2 phase-enriched cells. To exclude the
possibility that these findings result from an artifact of the DTB meth-
od, we confirmed the finding by using cells synchronized by the TNB
method. By this method, M, G1, or S phase-enriched cells were pre-
pared and then treated with Cis to induce PCD (Fig. 4C). As shown in
Fig. 4D, PCD induction of cells enriched from G1 phase, but not M and S
phases, caused increased cleavage at *?°EPRT>?, Furthermore, from the
results of PARP1 cleavage and CASP3 activation, the efficiency of PCD in-
duction in M or G1 phase-enriched cells was higher than that of S
phase-enriched cells. These results indicate that CHK1 cleavage, when in-
ducing PCD at G1 phase, is different from that of the other phases.

4, Discussion

In this study, we showed the intricate regulatory mechanisms of
CHK1 cleavage during PCD (Fig. 5). Firstly, we showed that CHK1
cleavage efficiently occurs in PCD induced by DNA damaging agents
such as Cis, Cpt, and Etp, as well as cathepsin, calpain, and proteasome

inhibitors such as LLnV and LLnL (Fig. 1B and 1C). DNA damage-
induced PCD led to increases in protein levels of cleaved CHK1 and
decreases in protein levels of full-length CHK1. On the other hand,
LLnV and LLnL-induced PCD led to increases in protein levels of
cleaved CHK1 without any significant decrease in full-length CHK1.
Considering that ubiquitin-proteasome pathway is involved in turn-
over of CHK1 protein [28-30], the increases of total CHK1 protein
may spoil the decreases in the protein levels of full-length CHK1 in-
duced by PCD. Next, we showed that both CASP and a specific serine
protease family regulate CHK1 cleavage. Interestingly, serine protease
inhibitors efficiently inhibited CHK1 cleavage and slightly inhibited
PARP1 cleavage (Fig. 1D). Considering that PARP1 is cleaved by
CASP3 and CASP7 as well as CHK1 [31,32], these results means that
although the CASP3 or CASP7-mediated PCD pathway were still
active, CHK1 cleavage was completely inhibited. Hence, CASPs
activation is essential but not sufficient for CHK1 cleavage. It may be
that the serine proteases are required for changing CHK1 to a “cleav-
able state” (for example, elimination of endogenous CHK1 cleavage
inhibitor) rather than cleaving CHK1 directly. In any case, our results
indicate that even if PCD is CASP independent, CASP activation would
be required for CHK1 cleavage. Furthermore, we demonstrated that
one candidate serine protease involved in CHK1 cleavage is HTRA2.
It is known that HTRA2 enhances both CASP-dependent and
CASP-independent PCD pathways [33]. Consistent with this result,
serine protease inhibitor treatment slightly inhibited the activation
of some apoptotic CASPs in DNA damage-induced PCD (data not
shown). Considering that CASP3 and CASP7 are activated even
under serine protease inhibition, HTRA2 may contribute to CHK1
cleavage in a CASP-independent manner. Interestingly, we noticed
that even in the absence of Etp or LLnV treatment, HTRA2 inhibition
by siRNA-mediated gene knockdown or chemical inhibition elevated
the CHK1 protein levels (Fig. 1E and F). This result may imply the
physiological interaction between HTRA2 and CHK1. To address
whether only HTRA2 contributes to CHK1 cleavage as the serine
protease, HTRA2 deficient cells would be required.

Our results suggest that CHK1 cleavage is directly executed by
CASP3, CASP7, and as yet unidentified non-CASP family proteases,
and that CHK1 cleavage by CASP and non-CASP can occur indepen-
dently of each other (Figs. 2 and 3). As shown in Fig. 2A, we obtained
in vitro data that both CASP3 and CASP7 cleave CHK1 at both D?*° and
D331, and none of the apoptotic CASPs cleave CHK1 by recognizing
320EpRT323(Fig. 3C-G). Taken together with the fact that EPRT is not
a CASP consensus recognition sequence, our results strongly suggest
that the unidentified protease is not a member of the CASP family.
While the truncation analysis suggests that *2°EPRT>?? is the recogni-
tion sequence, P321A and R322A mutation, but not E320A and T323A
mutation, efficiently inhibited 32°EPRT32® cleavage (Fig. 3C-G).
Hence, mutation analyses other than Ala would be required to deter-
mine the essential amino acid residue(s) in the **°EPRT>%* cleavage.
We suspected the involvement of lysosomal proteases such as the
cathepsin family in 3?°EPRT®*® cleavage, because lysosomes are
reportedly involved in apoptotic cell death [34]. The inhibition of
Cathepsin B, D, G, or L by chemical compounds [34-37], which are
involved in certain types of PCD [38], did not inhibit all instances of
CHK1 cleavage (data not shown). In addition, the inhibition of pH-
dependent lysosomal proteases by bafilomycin A1 [35] did not affect
CHK1 cleavages (data not shown). These results indicate that prote-
ases other than those described above would contribute to CHK1 cleav-
ages. Moreover, we obtained data that, under conditions whereby
calpains, cathepsins, and proteasomes are inhibited, CHK1 cleavage
can occur (Fig. 1C). The fact that siRNA-mediated knockdown of
CASP3 and/or CASP7, and z-VAD-fmk treatment, inhibit EPRT cleavage
suggests that EPRT protease(s) is also regulated by the CASP
pathway (Fig. 2C). We are currently exploring candidate prote-
ases of 32°EPRT3?? cleavage. Furthermore, in the induction of
PCD in cell cycle-synchronized cells, we obtained the interesting
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observation that >2°EPRT3? cleavage of CHK1 occurs efficiently in PCD,
which is induced at the G1 phase (Fig. 4). On the other hand, we did
not observe a cell cycle phase preference for D**° and D! cleavage.
We suggest two possibilities that may explain this cell cycle-related dif-
ference in *?°EPRT>?? cleavage. The first possibility is that EPRT proteases
may be activated and/or up-regulated at G1 phase. Currently, we do not
know any PCD-related proteases that are regulated in a cell cycle
phase-specific manner. However, considering the existence of cell
cycle-selective PCD such as mitotic catastrophe [1,2], such proteases
may exist. The second possibility is that post-transcriptional modification
of CHK1 may increase the efficiency of **°EPRT>2? cleavage. A previous
study has reported that cleavage-site phosphorylation is disadvanta-
geous with respect to cleavability by CASPs [39]. We are interested in
the relationship between post-transcriptional modifications of CHK1
and effects on CHK1 cleavage. Our group and another have already

confirmed that $*'7 and $**° phosphorylations, which are well known

as DNA damage-responsive phosphorylation sites, do not critically af-
fect CHK1 cleavage during PCD (data not shown, 15). Furthermore, in
PCD in G1 phase-enriched cells, since the CASP-cleaved sites D% and
D3> are also cleaved, the physiological significance appears to not be
simple as the EPRT cleavage compensates for D?° and/or D**' cleavage.
Itremains unclear whether the preferential cleavage of *°EPRT>* at G1
phase contributes to the regulation of cell cycle-selective PCD, directly
or indirectly.

We found that CHK1 cleavage leads to elevated kinase activity
(Fig. 2D and E). Although the data presented here indicate that CASP3
and CASP7-mediated cleavage elevates CHK1 kinase activity, we were
not able to address the effect on kinase activity by 32°EPRT3?
protease-mediated cleavage because the position of amide bonds
cleaved by 32°EPRT3?2 proteases has been not identified. Nevertheless,
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ment of the serine protease pathway.

we anticipate that CHK1 cleavage by **°EPRT3%* proteases would in-
duce up-regulation of its kinase activity as well as that by CASPs. The
basis for this prediction is as follows: i) The auto-inhibitory region of
CHK1 is located at approximately 100 amino acids from its C-terminus
(full-length CHK1; 476 amino acids) [24-27], ii) *?°EPRT*% lies be-
tween 2%°SNLD?*® and 348TCPD>*' (Fig. 3), iii) the kinase activity of
CHK1(1-299) and CHK1(1-351) increases compared with that of
full-length CHK1 (Fig. 2), and iv) the kinase activity of CHK1(1-308)
and CHK1(1-335) increases compared with that of full-length CHK1
[26]. The most important question is how PCD-specific CHK1 activation
affects PCD. The regulation of CHK1 cleavage may be a secondary event
in PCD because, as shown in Fig. 2, CHK1 cleavage requires CASP3 and
CASP7 activation, which generally occur after loss of mitochondrial
membrane potential [1,2]. Considering that CHK1 inhibits cell cycle
progression in response to DNA damage, cell cycle progression should
already be arrested prior to the execution of DNA damage-induced
PCD. Therefore the cleavage-mediated CHK1 activation may contribute
to shutdown the cell cycle machinery or to afford more efficient
processing of cellular components during PCD. To clarify this question
would require investigation of the differences of binding partners or
substrate specificity between full-length CHK1 and cleaved CHKI1.

It has been reported that previously identified “death substrates in-
volved in DNA damage response” are cleaved or regulated by CASP
|7-13]. On the other hand, CHK1 cleavage is involved in multiple prote-
ase families (serine protease, CASP, and unidentified EPRT protease
family). These findings may imply that CHK1 cleavage plays an impor-
tant role in DNA damage-induced PCD, or that “death substrate
cleavage” itself may involve more complicated mechanisms than previ-
ously thought. In any case, the contribution of CHK1 cleavage to PCD is
not likely to be simple. To study the contribution of CHK1 cleavage to
PCD via these intricate regulatory mechanisms, requires not only the
identification of proteases involved in CHK cleavage but also lethality
and the processes of various types of PCD. Furthermore to clarify the
physiological roles of CHK1 cleavage, requires evaluation of whether
the inhibition of all CHK1 cleavages and subsequent changes of kinase
activity affect PCD. We are constructing cells that stably express
mutants that are kinase active and uncleavable and kinase inactive
and uncleavable. By using these cells, we will evaluate the effects of
CHK1 cleavage on PCD by coordinating various viewpoints such
as ATP/NAD™ levels, chromatin condensation, mitochondrial outer

membrane potential, membrane blebbing, and so on. In summary, our
results shed light on the complexity of PCD-mediated protein cleavage
and cell cycle-specific regulation of the PCD pathway. CHK1 cleavage
may provide a useful model to show the complexity involved in this
regulation.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbagen.2012.10.009.
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profiles was explored in this study. We analyzed the
WAT morphology of 6-7-month-old wild-type Wistar
rats fed ad libitum (WdAL) or subjected to CR (WdCR),
and of heterozygous transgenic dwarf rats bearing an
anti-sense GH transgene fed ad libitum (TgAL) or sub-
jected to CR (TgCR). Although less effective in TgAL,
the adipocyte size was significantly reduced in WdCR
compared with WAAL. This CR effect was blunted in
Tg rats. We also used high-density oligonucleotide
microarrays to examine the gene expression profile of
WAT of WAAL, WACR, and TgAL rats. The gene
expression profile of WACR, but not TgAL, differed
greatly from that of WdAL. The gene clusters with the
largest changes induced by CR but not by Tg were genes
involved in lipid biosynthesis and inflammation, partic-
ularly sterol regulatory element binding proteins
(SREBPs)-regulated and macrophage-related genes, re-
spectively. Real-time reverse-transcription polymerase
chain reaction analysis confirmed that the expression
of SREBP-] and its downstream targets was upregu-
lated, whereas the macrophage-related genes were
downregulated in WACR, but not in TgAL. In addition,
CR affected the gene expression profile of Tg rats
similarly to wild-type rats. Our findings suggest that
CR-associated remodeling of WAT, which involves
SREBP-1-mediated transcriptional activation and sup-
pression of macrophage infiltration, is regulated in a
GH-IGF-1-independent manner.
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Introduction

Ames and Snell mutant dwarf mice, which lack
growth hormone (GH), prolactin, and thyroid-
stimulating hormone, live approximately 20-50 %
longer than wild-type mice (Brown-Borg et al. 1996;
Flurkey et al. 2001). Similarly, disrupted GH receptor/
binding protein (GHR/BP) knockout (KO) mice live
significantly longer than their wild-type controls
(Coschigano et al. 2000). The longevity of heterozy-
gous insulin-like growth factor (IGF)-1 receptor KO
mice, and both heterozygous and homozygous insulin
receptor substrate-1 KO mice (particularly females)
show markedly extended lifespan compared with their
counterparts (Holzenberger et al. 2003). We have also
reported that heterozygous transgenic dwarf rats, bear-
ing an anti-sense GH transgene, live longer than con-
trols (Shimokawa et al. 2002). Based on these studies,
the GH-IGF-1 axis and/or its related signaling path-
ways are important lifespan regulators (Bartke 2005).

Although new genetic interventions that extend the
lifespan of mammals are emerging, caloric restriction
(CR) remains the most robust, reproducible, and simple
experimental manipulation known to extend both medi-
an and maximum lifespan, and to delay the onset of
many age-associated pathophysiological changes in lab-
oratory rodents (Weindruch and Walford 1988; Yu
1994). In general, attenuation of oxidative and other
stresses, the modulation of glycemia and insulinemia,
and the activation of sirtuin may be significant factors in
the beneficial effects of CR (Weindruch and Walford
1988; Yu 1994; Sohal and Weindruch 1996; Masoro
2005; Sinclair 2005). Moreover, Nisoli et al. (2005)
suggested that the enhanced mitochondrial biogenesis
is also involved in the beneficial action of CR. Thereaf-
ter, several investigators reported that CR induces mito-
chondrial biogenesis (Anderson and Prolla 2009;
Lopez-Lluch et al. 2006; Shi et al., 2005). On the other
hand, Hancock et al. (2011) and Gesing et al. (2011)
demonstrated that CR does not increase it. Recently, we
also reported that CR enhances mitochondrial biogene-
sis in white adipose tissue (WAT) but not in brown
adipose tissue (Okita et al. 2012). Thus, the exact
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mechanisms underlying CR are still debated. CR ani-
mals share many characteristics with long-living dwarf
mice, including smaller body size, and lower plasma
insulin and IGF-1 levels (Sinclair 2005; Al-Regaiey et
al. 2005). CR does not further extend the lifespan of the
already long-lived GHR/BP KO mice (Bonkowski et al.
2006). In contrast, CR further extends the longevity of
Ames dwarf mice and heterozygous transgenic dwarf
rats bearing an anti-sense GH transgene, which live
longer than their wild-type controls (Bartke et al. 2001;
Shimokawa et al. 2003). Therefore, the beneficial effects
of CR are not solely dependent on the GH-IGF-1 axis. In
terms of the hepatic gene expression profile, CR mainly
alters the expression of genes involved in the stress
response, xenobiotic metabolism, and lipid metabolism.
Most genes involved in stress response and xenobiotic
metabolism are regulated in a GH-IGF-1-dependent
manner, while those involved in lipid metabolism are
regulated in a GH-IGF-1-independent manner. More-
over, CR enhances the expression of genes involved in
fatty acid synthesis after feeding, and of genes encoding
mitochondrial (3-oxidation enzymes during food short-
age, probably via transcriptional regulation by sterol
regulatory element binding protein 1 (SREBP-1) and
peroxisome proliferator-activated receptor (PPAR)-, re-
spectively (Higami et al. 2006b). Considering these find-
ings together with serum biochemical parameters, we
proposed that CR enhances lipid utilization via hepatic
transcriptional changes and prevents hepatic steatosis in
a GH-IGF-1-independent manner (Higami et al. 2006b).

Adipose tissue plays a central role in the regulation
of both energy storage and expenditure (Saely et al.
2012). Numerous WAT-derived secretory molecules,
including leptin, tumor necrosis factor (TNF)-«, and
adiponectin, have been characterized, and some of
these molecules play significant roles in obesity and
insulin resistance (Torres-Leal et al. 2010; Ouchi et al.
2011). Therefore, WAT is now recognized as an endo-
crine organ rather than an inert tissue, and is implicat-
ed in the pathogenesis and complications of type 2
diabetes. It has been reported that fat-specific insulin
receptor knockout mice live longer than their controls
(Blither et al. 2003). These mice show reduced adi-
posity and altered secretion of adipokines, including
higher adiponectin and lower pro-inflammatory cyto-
kine levels (Blither et al. 2002). The transcription
factors C/EBPa, C/EBPf, and PPARYy are master
regulators of adipocyte differentiation (Farmer 2006).
Mice in which C/EBP is replaced with C/EBP3 (3/3
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mice) live longer and have reduced adiposity com-
pared with their wild-type controls (Chiu et al.
2004). In contrast, hetero-deficient PPARy KO mice
have a shortened lifespan (Argmann et al. 2009).
Transgenic mice expressing adiponectin in the liver
live longer than controls, and are resistant to high-
calorie diet-induced obesity (Otabe et al. 2007). Thus,
altered adipose tissue gene expression and modulation
of adipokine secretion seem to influence the lifespan
of rodents. CR reduces adiposity and reduces adipo-
cyte size by altering the gene expression profile
(Higami et al. 2004, 2006a). CR decreases plasma
insulin and leptin levels, and increases plasma adipo-
nectin levels (Higami et al. 2005; Yamaza et al. 2007).
CR also reverses age-associated insulin resistance,
possibly by decreasing adiposity (Barzilai et al.
1998). Moreover, Masternak et al. (2012) reported that
visceral fat removal improved insulin sensitivity, sup-
pressed fat accumulation in the skeletal muscle, and
reduced body temperature and respiratory quotient in
wild-type mice and had opposite effects on long-living
GHR/BP KO mice. Therefore, we hypothesized that
the beneficial actions of CR may be partially mediated
by WAT remodeling as well as decreasing adiposity.
In the present study, to explore the role of the GH-IGF-
1 axis in CR-associated remodeling of WAT, we compared
adipocyte size and gene ‘expression profiles of WAT be-
tween CR rats and transgenic dwarf rats, bearing an anti-
sense GH transgene. We propose that CR-associated
remodeling of WAT, which is transcriptionally regulated
by SREBP-1 and modulated by macrophage infiltration,
could be regulated in a GH-IGF-1-independent manner.

Materials and Methods
Animals

The present study was conducted in accordance with the
provisions of the Ethics Review Committee for Animal
Experimentation at Nagasaki University. The rat charac-
teristics and animal care are described elsewhere
(Higami et al. 2006a). Briefly, in this study we used ad
libitum (AL)-fed male heterozygous transgenic dwarf
rats, bearing the anti-sense growth hormone transgene
(tg/—; Tg), and their genetic background, Jel:Wistar (—/—;
wild-type) rats. From 6 weeks of age, both wild-type and
Tg rats were divided into two groups: AL and CR (70 %
of the energy intake). CR was started without adjustment

for food shortage. CR rats were fed every other day.
Their 2-day food allotment was equal to 140 % of the
mean daily intake of AL rats. Wild-type AL (WdAL) and
CR (WdCR), and Tg AL (TgAL) and CR (TgCR) rats
were killed at 67 months of age. The day before the rats
were killed, they were all provided with their allocated
food 30 min before the lights were turned off in the
evening and were killed after the lights were turned on
the following morning. Thus, all rats were not under
fasting condition when killed. Immediately after killing
the rats, epididymal white adipose tissue (WAT) was
collected and its weight was measured. Some of the
isolated WAT was fixed in a buffered formalin solution
for histological examination and the rest was immediate-
ly diced, frozen in liquid nitrogen, and stored at —80°C.
Total RNA was extracted from the stored WAT for DNA
microarray analysis and quantitative real-time reverse-
transcription polymerase chain reaction (RT-PCR).

Histological examination

Fixed tissues were processed routinely and embedded
in paraffin. Tissue sections (5 pm thick) were stained
with hematoxylin—eosin. The stained sections were
scanned by microscopy with a charge-coupled device
camera (Nikon, Tokyo, Japan). All images were
recorded after precise focusing. Imagel 1.43u/Ja-
val.6.0 22 software was used for all tissue analyses.
The size distribution of each white area in the black-
and-white images, corresponding to lipid droplets, was
counted and calculated. To avoid inter-rater variation,
a single observer (YC) carried out tissue analyses.

Microarrays and data normalization

Total RNA was measured using an Affymetrix Rat
Genome 230 2.0 GeneChip (Affymetrix, Santa Clara,
CA, USA), with four biological repeats per group. The
raw data were deposited in Gene Expression Omnibus
(accession code: GSE30668). The perfect match data
were normalized and the expression levels of each gene
were estimated using the SuperNORM data service
(Skylight Biotech Inc., Akita, Japan) according to a
three-parameter log-normal distribution model (Konishi
et al. 2008). To reduce noise effects, the analyses were
focused on genes identified as positive by two-way
analysis of variance (ANOVA), with a two-sided thresh-
old of 0.001. Out of 31,099 genes on each chip, 6,641
were positive.
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Principal component analysis

To compare the effects of CR (WdAL vs. WdCR)
with those of Tg (WdAL vs. TgAL), we performed
principal component (PC) analysis (Jackson 2005)
on the ANOVA-positive genes. To reduce the
effects of individual differences between samples,
the axes of the PC analysis were estimated on a
matrix of each group’s sample means and applied
to all data, which were centered using the sample
means of WAAL rats (the R scripts used are avail-
able in the Supplemental Materials and Methods).
The methodology rotated the original data matrix
around the center of the WdAL rats, to fit perpen-
dicular axes toward which most of the variations in
the data appeared. The distribution of each PC
value was checked on a normal QQ plot and outlier
genes that departed from the normality (PC1: >0.16
and < -016 in Supplemental Fig. 1; PC2: >0.1 and
< —0.1 in Supplemental Fig. 2) were selected.

Evaluation of frequently occurring biological
functions in gene annotations

To test the significance among categories of biological
functions that appeared in the selected genes’ annota-
tions, we applied binomial statistical tests based on the
frequencies found in the Gene Ontology (GO) Biolog-
ical Process annotations (release 31) provided by
Affymetrix (Konishi et al. 2008).

Quantitative real-time RT-PCR

To obtain cDNA, 1 pg of RNA extracted from WAT of
WdAAL, WACR, TgAL, and TgCR rats was reverse
transcribed using PrimeScript Reverse Transcriptase
(Takara, Shiga, Japan) with random hexamers (Takara).
Quantitative real-time PCR was performed using an
Applied Biosystems 7300 real-time PCR system (Ap-
plied Biosystems, Carlsbad, CA, USA) with SYBR
Premix ExTaqll (Takara). The primer sequences for
SREBP-la, SREBP-1c, SREBP-2, fatty acid synthase
(FASN), acetyl-CoA carboxylase 1 (ACCI), squalene
epoxidase (Sqle), mevalonate kinase (Mvk), F4/80,
monocyte chemotactic protein-1 (MCP-1), CDI11c (also
known as integrin alpha X), CD163, and TATA box
binding protein (TBP) are shown in Table 1. TBP was
used as a normalization control. The amount of target
mRNA relative to 7BP mRNA in the three groups was
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obtained. Data from three to six rats per group are
expressed as means+SEM and were compared using
Tukey’s ¢ test. Differences were considered statistically
significant at P<0.05.

Results

CR markedly reduced the body weight of both wild-
type and Tg rats. Tg also significantly decreased the
body weight of both AL and CR rats (WdAL, 486.9+
29.9 g; WACR, 349.7+£15.6 g; TgAL, 310.3+12.1 g;
TgCR, 237.8425.7 g). Similarly, CR markedly re-
duced the epididymal WAT weight of both wild-type
and Tg rats. Tg also significantly reduced it in both AL
and CR rats (WdAL, 7.02£1.04 g; WdCR, 4.96=
0.97 g; TgAL, 4.76+0.74 g; TgCR, 4.32+£0.88 g). In
contrast, WAT weight as a percentage of body weight,
which represents adiposity, did not differ among
WdAL, WACR, and TgAL rats, but it was mark-
edly increased in TgCR rats (WdAL, 1.44+
0.18 %; WACR, 1.42+0.27 %; TgAL, 1.53=+
0.22 %; TgCR, 1.814+0.26 %).

CR significantly reduced the size of white adipo-
cytes, but this effect was predominantly found in wild-
type rats compared with Tg rats (Fig. la—d). Tg also
slightly reduced their size, but it was likely that the
effect of Tg was less than that of CR (Fig. la and ¢). In
fact, the median adipocyte size was significantly
smaller in WAdCR than in WdAL, but not in TgCR
compared with TgAL. It was slightly but significantly
smaller in TgAL than in WdAL (WdAL vs. WdCR:
p=0.001, TgAL vs. TgCR: p=0.100, WAL vs.
TgAL: p=0.026, Fig. 1f). The percentage of adipo-
cytes showing >5,000 um?* was also significantly low-
er in WACR than WdAL, but not in TgCR compared
with TgAL. It was slightly but significantly smaller in
TgAL than in WdAL (WdAL vs. WdCR: p<0.001,
TgAL vs. TgCR: p=0.090, WdAL vs. TgAL: p=
0.039, Fig. 1g). In WAT of WACR and TgCR, the
adipocytes were predominantly 1,000-3,000 pm? in
area, whereas those in WdAL and TgAL WAT showed
amuch greater size distribution. This pattern was more
significant in WdAL than in TgAL rats (Fig. le).

Based on the DNA microarray data of WdAL,
WACR, and TgAL, using high-density oligonucleotide
microarrays, 6,641 genes were positive based on two-
way ANOVA (P<0.001). These genes were applied to
PC analysis. The PC scores for each group and their





