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the Survival of Individuals with Acute Myeloid Leukemia
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Abstract. Background: The current classification of acute
myeloid leukemia (AML) is based predominantly on the
cytogenetic abnormalities and morphology of the malignant
blasts and is not always helpful for optimization of the
treatment strategy. Gene expression profiles of AML blasts were
obtained and a gene expression-based means of predicting the
outcome of AML patients was developed. Materials and
Methods: CD133-positive hematopoietic stem cell-like fractions
were purified from the bone marrow of 99 individuals with
AML-related disorders and the expression profiles of ~ 33,000
human transcripts in these cells were characterized with the use
of DNA microarray analysis. Results: The comparison of the
expression data between individuals with short- or long-term
survival by application of Cox'’s proportional hazard model led
to the identification of four genes, whose expression patterns
discriminated between the two groups. The gene expression-
based stratification (GES) system, based on a combination of
the karyotype approach and the risk index calculated from the
expression levels of the four outcome predictor genes, was
developed to separate the patients into subgroups with distinct
prognoses. Conclusion: DNA microarray analysis of purified
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fractions provides novel stratification schemes for AML based
on the expression profiles of a handful of genes.

Acute myeloid leukemia (AML) is characterized by clonal
growth of immature leukemic blasts in the bone marrow
(BM). Although current chemotherapeutic regimens induce
an initial complete remission in >70% of affected
individuals, the long-term survival of such patients remains
poor (S-year survival rate of <30%) (1). Given that leukemic
blasts of individuals with AML differ in their abilities to
differentiate into cells of the granulocyte, monocyte,
erythrocyte, or megakaryocyte lineages, the French-
American-British Cooperative Group (FAB) established a
classification scheme for AML (MO to M7) based on blast
morphology and differentiation commitment (2). Although
some FAB subtypes have proved to be related to good or
poor prognosis, the clinical relevance of this classification
scheme is complicated by other clinical parameters. A
preceding history of myelodysplastic syndrome (MDS) or
anticancer treatment, for example, is an important indicator
of poor prognosis (3). ;
One of the most robust predictors of AML prognosis is the
blast karyotype (1, 4). A good prognosis is thus predicted
from the presence in leukemic clones of t(8;21), t(15;17), or
inv(16) chromosomal rearrangements ("favorable" karyotype),
whereas —7/7q-, 1123, or more complex (affecting three or
more chromosomes) abnormalities are indicative of a poor
outcome ("adverse" karyotype). Other karyotypes are
classified as "intermediate." The World Health Organization
(WHO) has proposed a classification of AML that separates
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individuals with cytogenetic (or molecular) evidence of
t(8;21), t(15;17), inv(16)/t(16;16), or 11q23 abnormalities into
distinct subcategories (5). However, this classification is of
little help for predicting the prognosis of AML patients with
a normal karyotype, who constitute ~50% of the AML
population. Given that AML patients with a normal
karyotype are considered to be at intermediate risk, the
corresponding leukemic blasts may harbor heterogeneous
minor genomic rearrangements or mutations.

DNA microarray analysis has the potential to provide a
stratification scheme for AML based on gene expression
profiles and is able to predict the prognosis of each affected
individual (6). To facilitate the development of such a
genomics approach to the classification of human leukemias,
a large-scale cell bank (the Blast Bank) was set up for the
storage of CD133 (AC133)-positive hematopoietic stem cell
(HSC)-like fractions purified from individuals with a wide
range of leukemic disorders (7, 8). CD133 is specifically
expressed on HSCs and hemangioblasts that are
CD347CD38" (9, 10). There are at least two advantages to the
use of such purified immature fractions for the
characterization of AML. First, given that the proportion of
leukemic blasts within BM varies substantially (20 to almost
100%) among patients and that leukemic blasts possess the
ability to differentiate to various extents, a simple comparison
of BM mononuclear cells (MNCs) among heterogeneous
AML patients is likely to reveal a large number of changes in
gene expression that reflect differences either in the
percentage of blasts within BM, or in the differentiation ability
of the blasts. Analysis of Blast Bank specimens should thus
minimize such population-shift effects (7). Second, although
leukemic cells in a given patient comprise a mixture of
malignant clones at various levels of differentiation, they are
thought to be generated from a small number of leukemic
stem cells (LSCs), similar to the situation for normal
hematopoiesis (11, 12). Characterization of the I.SCs should
provide insight into the molecular mechanisms of
leukemogenesis. Given that such LSCs are exclusively
CD341CD38", the Blast Bank may represent a diverse
collection of LSC specimens. Cancer stem cells of malignant
glioblastoma, but not their progenies, have also been shown
to specifically express CD133 (13).

DNA microarray analysis was used here to characterize
the expression profiles of ~ 44,000 probe sets in the CD133*
fractions of 99 adults with AML-related disorders. Statistical
analyses of the resulting large data set provided the basis for
a new classification of AML that facilitates prediction of the
long-term prognosis of affected individuals.

Materials and Methods
Purification of CDI33% cells. Informed consent was obtained from

each of the study subjects and the study was approved by the
appropriate institutional review boards. Table I shows the clinical
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characteristics of the study subjects. MNCs were isolated by density
gradient centrifugation from BM aspirates of each patient and were
subjected to chromatography on a miniMACS column (Miltenyi
Biotec, Auburn, CA, USA) with magnetic bead-conjugated
monoclonal antibodies to CD133 (AC133 MicroBeads; Miltenyi
Biotec) as described previously (7). In most instances, the
CD34hiCD38le fraction constituted >90% of the eluate of the
affinity column, as judged by flow cytometry.

Microarray analysis. Total RNA was extracted from the CD133* cell
preparations with the use of an RNeasy Mini column and RNase-
free DNase (Qiagen, Valencia, CA, USA). It was then subjected to
two rounds of amplification of mRNA with T7 RNA polymerase
(14); the high fidelity of the amplification step has been
demonstrated previously (15). The resulting cRNAs were labeled
with biotin and subjected to hybridization with GeneChip HGU133
A&B microarrays with the GeneChip system (Affymetrix, Santa
Clara, CA, USA). The fidelity of the microarray data was confirmed
by quantitative RT-PCR analysis.

Method for real-time RT-PCR. Portions of non-amplified cDNA
were subjected to-PCR with a QuantiTect SYBR Green PCR Kit
(Qiagen). The amplification protocol comprised incubations at
94°C for 15 sec, 60°C for 30 sec and 72°C for 60 sec. Incorporation
of the SYBR Green dye into the PCR products was monitored in
real time with an ABI PRISM 7700 sequence detection system (PE
Applied Biosystems, Foster City, CA, USA), thereby allowing
determination of the threshold cycle (Cy) at which exponential
amplification of products begins. The Cy values for cDNAs
corresponding to GAPDH and the target genes were used to
calculate the abundance of target gene mRNA relative to that of
GAPDH mRNA. The primer sequences used for RT-PCR were as
follows:

FGFR1:

Correlation coefficient between RT-PCR and microarray data=0.746.
Sense primer: 5-CCACCAGAGTGATGTGTG
GTCTTT-¥
5-CATCATCATGTACAGCTC
GTTGGT-3

Antisense primer:

NRLN1

Correlation coefficient between RT-PCR and microarray data=0.638.
Sense primer: 5-AATAGACGGAAAATGCTGCA
AGGT-%
5-TGAGGTGGTCTCTCAGTCTCC
AGT-3

Antisense primer:

ZNF6

Correlation coefficient between RT-PCR and microarray data=0.779.

Sense primer: 5-ATCTGGTGCAAAAACAGA
AAGGTG-3

5-GGCGGGTTTATGCAGTATTT

AACAG-3"

Antisense primer:

SCGF

Correlation coefficient between RT-PCR and microarray data==0.715.
Sense primer: 5-TACTACGTCTGCGAGTTC
CCCTTC-3
5-GCCCCTTCAAGGAAAGA
CACTAAC-3

Antisense primer:
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HOXA9

Correlation coefficient between RT-PCR and microarray data=0.586.

Sense primer: 5-CTCAGGTTGTTTATGAGG
GGAAAA-3
Antisense primer: 5-ATGAATCTATGCATCCCC

GAGAAC-3

ANGPT1

Correlation coefficient between RT-PCR and microarray data=0.719.

5-GGCTGGGGAATGAGTTT
ATTTTTG-3
5-AAATCAGCACCGTGTAAG
ATCAGG-3

Sense primer:

Antisense primer:

241376_at (EST)

Correlation coefficient between RT-PCR and microarray data=0.672,

5-CAACTCGAAGCTCAAA
TACCCTCA-%
5-ACCGTTTATACACCAACGG
TCACA-3

Sense primer:

Antisense primer:

FLJ13063

Correlation coefficient between RT-PCR and microarray data=0.502.

5-AGAGTTCTGCTGTGT
CCTCTG-¥
5-CAGGACAGTGCTGAAC
CAATG-¥

Sense primer:

Antisense primer:

TSPAN-2

Correlation coefficient between RT-PCR and microarray data=0.479.

5-GCAGTTGAAAATTGTG
GGAAAGAG-¥
5-CCCACACACAACTAGGA
GAAGATG-¥

Sense primer:

Antisense primer:

KIAA0830

Correlation coefficient between RT-PCR and microarray data=0.575.

5 TCCAGAGGCATCTGAGG
GAAGTAG-%
5-ATGGCCATGAAGTATGA
GATGGTG-¥

Sense primer:

Antisense primer:

DJ79P11.1

Correlation coefficient between RT-PCR and microarray data=0.625.

5-CCATCCTGCAGTATAG
ATGGGACA-3
5-GATTCAGGGCATAAGGC
AAAACTC-3

Sense primer:

Antisense primer:

POUA4F1

Correlation coefficient between RT-PCR and microarray data=0.643.

5-ATGAACAAGCCTGAGC
TCTTCAAC-3
5-GAGAATTTCATCCGCT
TCTGCTTC-3’

Sense primer:

Antisense primer:

IGHM

Correlation coefficient between RT-PCR and microarray data=0.593.

5'-CAGAAGAACATCGGAG
ACCAGAGA-3

Sense primer:

Antisense primer: 5-AACAAGCGTATACACAG

CAAAGCA-3

GAPDH

Sense primer: 5’-GTCAGTGGTGGACCT
GACCT-3

Antisense primer: 5-TGAGCTTGACAAAGTG
GTCG-3

Statistical analysis. The mean expression intensity of the internal
positive control probe sets (http:/www.affymetrix.com/support/
technical/mask_files.affx) was set to 500 units (U) in each
hybridization and the fluorescence intensity of each test probe set was
normalized accordingly. All normalized array data are available at the
Gene Expression Omnibus web site (http://www.ncbinlm.nih.gov/geo)
under the accession number GSE1427. All expression values were
transformed to logarithms prior to statistical analyses. Hierarchical
clustering of the data set and Student’s ¢-test were performed with
GeneSpring 7.0 software (Silicon Genetics, Redwood, CA, USA).
Principal component analysis (16) and survival analyses were
performed with the SAS software package (ver. 8.0.2).

Results

Purification of CD133" HSC-like fractions. The number of
CD133" cells isolated from BM MNCs varied markedly
among FAB subtypes of AML. For individuals whose
leukemic blasts had a low differentiation capacity (FAB
subtypes M0 to M2), for example, the blasts purified by
CD133-based affinity chromatography constituted =30%
with MNCs. In contrast, the blasts purified from individuals
with FAB subtypes M3 (characterized by prominent
differentiation to the promyelocyte level) or MS
(differentiation to the promonocyte level) constituted <1%
of MNCs. In both the latter instances, large promyelocytes
(M3) or large promonocytes (MS5) constituted a major
proportion of the BM MNCs, whereas the corresponding
column eluates contained only medium-sized, agranular
blasts with a high nucleus-to-cytoplasm ratio (Figure 1A).

The affinity column thus appeared to select for a minor
population of cells at a highly immature level of differentiation.
To verify that such cells in the column eluates did indeed
represent leukemic clones, fluorescence in situ hybridization
analysis was performed with the cells purified from several
individuals. In the case of FAB subtype M3, described above,
a t(15;17) was detected in 75% of the purified blasts (data not
shown). Similarly, in an AML case characterized by 5¢- or a
case of chronic myelogenous leukemia characterized by 1(9;22),
the corresponding abnormality was detected in >90 or 70.7%
(8) of cells in the column eluates, respectively. These findings
indicate that most of the cells in the column eluates were
malignant clones, especially given the only moderate sensitivity
of fluorescence in situ hybridization.

Gene expression profiles of the Blast Bank specimens. All the
specimens were collected from the patients before initiation
of chemotherapy. The expression profiles of >44,000 probe
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Table 1. Clinical characteristic of the study subjects.

Blast Age Gender Disease FAB Karyotype
Bank  (yr) subtype

ID

ID020 66 Female AML evolved from MDS M2 Normal
ID023 34 Female de novo AML M6 Others>=3
D026 46 Male de novo AML M3  Otherss2
ID027 49 Male AMIL evolved from MDS M2 Normal
ID028 62 Male AML evolved from MDS M2 Normal
ID032 75 Male RAEB Others>=3
ID035 61 Male de novo AML M2  Otherss2
ID036 74 Male de novo AML MO Normal
ID042 67 Female AML evolved from MDS M2 Others>=3
ID045 69 Male RAEB +8
ID046 84 Male de novo AML M2 -7
ID051 42  Male RAEB Others>=3
ID054 84 Male AML evolved from MDS M2 ~7
ID062 72 Male de novo AML MO Normal
ID063 67 Female RAEB Others>=3
ID066 73 Male RAEB t(8;21)
ID076 37 Male de novo AML M2 t(8;21)
ID077 55 Male RAEB +8
ID083 64 Female de novo AML M4 Normal
ID087 66 Male de novo AML M5 Normal
ID093 53 Female de novo AML M5  Others<2
ID098 66 Male AML evolved from MDS MO Normal
ID104 72 Male de novo AML MO Others>=3
ID107 48 Female de novo AML M5  Others<2
ID109 86 Male de novo AML M1 Normal
D127 41 Male de novo AML M2 Normal
ID139 50 Male de novo AML M1  Others<2
ID142 38 Male de novo AML M2 t(8;21)
ID148 74 Male AML evolved from MDS M2 Normal
ID154 49 Male RAEB Normal
ID174 51 Male de novo AML MO Normal
ID180 47 Male de novo AML M4 Normal
ID183 50 Female de novo AML M2 t(8;21)
ID188 59 Male de novo AML M2 t(8;21)
ID195 61 Female de novo AML M2 t(8;21)
ID205 39 Male de novo AML M1 Normal
ID215 52 Male RAEB Others>=3
ID226 52 Male de novo AML M2 1(8;21)
ID227 29 Male de novo AML M2 Normal
ID234 68 Male RAEB Others=<2
ID239 48 Male de novo AML M2 t(8;21)
ID243 54 Female RAEB Others>=3
ID262 70 Female de novo AML M2  Others<2
ID265 65 Male de novo AML M7 Normal
ID266 38 Male de novo AML M4 Normal
ID267 80 Male de novo AML M2 Normal
ID269 32 Female de novo AML M4  Otherss2
ID270 46 Female de novo AML M1  Others<2
ID272 57 Female de novo AML M4 +8
ID274 67 Male de novo AML M1 ~7
ID275 70 Male AML evolved from MDS M2 Others>=3
172

Blast Age Gender Disease FAB Karyotype
Bank  (yr) subtype

1D

ID276 64 Male de novo AML M2 -7, >3
ID277 23 Female de novo AML M4 invl6
ID278 16 Female de novo AML M4 Normal
D279 68 Male de novo AML M2 1(8;21)
ID280 68 Male de novo AML M1 -7
D288 61 Male de novo AML M5 Normal
ID292 74 Male de novo AML M6 Normal
ID305 63 Male de novo AML M2 Normal
ID306 43 Male de novo AML M1 Normal
ID310 75 Male de novo AML MO Normal
ID313 88 Female AML evolved from MDS M1 Others>=3
ID314 55 Female de novo AML M5 +8
ID315 45 Female RAEB Others>=3
ID316 30 Male de novo AML M1 Others>=3
ID317 36 Male de novo AML M2 t(8;21)
ID318 53 Male de novo AML M2 Normal
ID319 47 Male de novo AML M6 Others>=3
ID321 68 Female de novo AML M2 t(8;21)
1D325 49 Male de novo AML M2  Others>=3
1D326 68 de novo AML M1 Normal
ID329 79 Female de novo AML M2 Normal
ID338 57 Male RAEB Normal
ID339 72 Female de novo AML M4 invl6
ID347 52 Male de novo AML M2  Others<2
1ID349 70 Male de novo AML M6 Others>=3
ID355 69 Male de novo AML M2 1(8;21)
ID362 59 Female de novo AML M2 Normal
ID363 67 Male de novo AML MO  Others>=3
ID375 32 Male de novo AML M2 Normal
ID376 23 Male de novo AML MO  Others=2
ID378 28 Female de novo AML M2 t(8;21)
ID379 62 Male de novo AML M2 Normal
ID380 51 Female de novo AML M6 Others>=3
ID382 49 Female AML evolved from MDS M2 Others>=3
ID385 79 Male RAEB Normal
ID388 45 Male de novo AML M5 invlé
ID395 80 Male AML evolved from MDS MO Normal
ID402 63 Male de novo AML M1  Otherss2
ID409 72 Female de novo AML M1  Otherss2
ID410 67 Female RAEB Normal
ID413 61 Female de novo AML M2 Normal
D414 61 Male de novo AML MO Normal
ID415 85 Female de novo AML M2 Others>=3
ID416 42 Female de novo AML M2 Normal
ID418 57 Female de novo AML M2 Normal
D421 81 Female RAEB Normal
ID427 62  Male de novo AML M5 Normal
ID430 66 Female RAEB Others<2
AML=acute myeloid leukemia; MDS=myelodysplastic

syndrome; FAB=French-American-British Cooperative Group;
RAEB=refractory anemia with excess of blasts.
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sets (corresponding to ~ 33,000 human genes) were then
determined for Blast Bank specimens derived from 83
individuals with AML and 16 individuals in the advanced
stage [refractory anemia with excess of blasts (RAEB)] of
MDS. The clinical characteristics of the study subjects are
provided in Table L.

For analysis of the expression data, the criterion that the
expression level of a given probe set should receive the
"Present" call (from Microarray Suite 5.0 software) in at least
30% (n=30) of the samples was applied in order to exclude
transcriptionally-silent genes from the analysis. A total of
11,595 probe sets passed this selection window.
Unsupervised two-way hierarchical clustering analysis (17)
was then applied to the 99 patients based on the expression
profiles of these 11,595 probe sets, generating a dendrogram
of the subjects (Figure 1B). Six out of the 16 patients with
RAEB (MDS) clustered together in the dendrogram,
whereas the remaining ten RAEB patients were intermixed
with the AML cases. Given that eleven of our AML subjects
had experienced a previous MDS phase, it was not surprising
that the gene expression profiles did not clearly separate
RAEB from heterogeneous AML.

Patients with a normal karyotype or "other" abnormalities
(<3 or =3) were widely distributed throughout the
dendrogram, indicative of the highly heterogeneous
character of their blasts. Previous unsupervised clustering
analysis of the gene expression profiles of BM MNCs from
individuals with AML separated the patients into subgroups
that were strongly related to the FAB subtype (18,-19).
However, such a relationship was not apparent in our
analysis of CD133" cells (data not shown), suggesting that
changes in gene expression that accompany the
differentiation of leukemic blasts within BM might greatly
influence the overall gene expression profiles of MNCs.

Gene expression profiles linked to good prognosis. Among the
83 AML patients studied, 66 individuals were treated with
standard chemotherapeutic regimens according to the
protocols of the Japan Adult Leukaemia Study Group
(JALSG). Kaplan-Meier analysis of these 66 cases revealed
that, although the prognosis of individuals with the adverse
karyotype was significantly worse than that of the other two
karyotype groups (long-rank test, p<0.001), the prognosis
of patients with the favorable karyotype did not differ from
that of those with the intermediate one (p=0.06) (Figure 2).
The poor prognosis of individuals with the adverse
karyotype (S-year survival rate of ~10%) has been
confirmed extensively (1, 4, 20), but the intermediate group
apparently contains both patients with a curable disorder
and those with an intractable one. It is, therefore, of clinical
importance to be able to identify individuals with a bona fide
good prognosis from among those with a favorable or
intermediate karyotype.

We next compared the transcriptomes of individuals with
these two karyotype designations. Among the 66 AML
patients who underwent standard chemotherapy, the blasts
of 16 and 39 individuals had the favorable and intermediate
karyotypes, respectively. Probe sets that received the
"Present" call in 210% (n=6) of these 55 cases were selected
first. The selected 17,724 probe sets were then screened for
those whose expression differed significantly between the
two karyotype groups (Student’s ¢-test, p<0.001), resulting
in the identification of 378 such sets. Application of principal
component analysis reduced the number of principal gene
expression patterns from 378 to three. On the basis of the
calculated coordinates of these three principal expression
patterns, the 55 samples were projected into a virtual three-
dimensional space (Figure 3A). The samples with favorable
and intermediate karyotypes were not clearly separated from
each other, however.

We, therefore, examined whether it was possible to
identify a gene expression profile, or "molecular signature,”
that was directly linked to the prognosis of leukemic
patients. Among the 55 patients with favorable or
intermediate karyotypes who underwent standard
chemotherapy, 14 individuals survived for =755 days (long-
term survivors) and eight individuals died within 365 days
(short-term survivors) after the first chemotherapy. The
application of the Student’s t-test to the gene expression
data for these 22 cases identified five probe sets, the
expression level of which contrasted the two groups
(p<0.001) (Table II).- Principal component analysis and
three-dimensional projection indicated that the molecular
signature was clearly different between the two patient
classes (Figure 3B).

Gene expression-based stratification scheme for AML. We next
attempted to develop a gene expression-based stratification
(GES) system for AML. Given that the adverse karyotype is
a reliable indicator of poor prognosis, we tried to construct a
GES scheme to isolate those individuals with good prognosis
from other patients. The 66 AML patients who underwent
standard chemotherapy were divided into training (n=44)
and test (n=22) sets (Figure 4A). The former contained 37
patients with favorable or intermediate karyotypes, seven
and six of whom were long-term or short-term survivors,
respectively, To identify a prognosis-related molecular
signature, the Student’s t-test was first applied to the
expression data for these latter 13 cases to isolate probe sets
whose expression differed significantly (p <0.01) between the
two groups. The expression profiles of the resulting 38 probe
sets were then subjected to Cox’s proportional-hazard
regression analysis (21) (p<0.01) for the 13 selected
individuals. Four independent probe sets (outcome predictor
genes) were finally isolated, the expression profiles of which
are shown in a dendrogram in Figure 3B. The risk index (RI)
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Figure 1. Clustering analysis of purified CD133* fractions from individuals with acute myeloid leukemia (AML)-related disorders. A) The CD133%
fractions (right panels) were purified from bone marrow mononuclear cells (MNCs) (left panels) of AML patients of FAB subtypes M3 (upper panels)
or M5 (lower panels). The cells were stained with Wright-Giemsa solution. Scale bar, 10 um. B) Unsupervised clustering of the study subjects based on
the similarity in expression profiles of 11,595 probe sets. The karyotype of each patient is colored differentially. Individuals with refractory anemia with

excess blasts are indicated by dots.

(22) was calculated for each patient based on the expression
intensity and the parameter estimate (Table III) for each of
these four probe sets.

A GES system for AML, based on a combination of this
RI-based classification scheme and the karyotype-based
scheme, is thus proposed (Figure 5A). AML patients with
an adverse karyotype are classified as GES class III,
whereas the other patients are classified as either GES class
I (RI < -9.36) or GES class II (RI = -9.36) on the basis of
the calculated RI for the four outcome predictor genes. To
examine whether the GES system is able to select patients
with good prognosis, Kaplan-Meier analysis was performed
with the 44 individuals in the training set classified
according either to the karyotype-based scheme (Figure 5B)
or to our GES scheme (Figure 5C). The prognosis of the
favorable group of the karyotype-based classification did not
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Figure 2. Long-term survival according to the keryotype-based
stratification of the 66 acute myeloid leukemia patients treated with
standard chemotherapy.
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Figure 3. Comparison of gene expression profiles by principal component analysis. A) Three principal components were derived from the gene expression
patterns of 378 probe sets that contrasted acute myeloid leukemia (AML) patients with favorable or intermediate karyotypes who underwent standard
chemotherapy. Samples were projected into a virtual space based on the coordinates of the three components. B) Sample projection was similarly
performed for five probe sets that contrasted the long-term and short-term survivors among the patients in A.
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Figure 4. Isolation of probe sets linked to survival time. A) Approach adopted to identify four probe sets whose expression contrasted the long-term and
short-term survivors in a training set of acute myeloid leukemia (AML) patients. The numbers in parentheses indicate the corresponding numbers of
subjects. RAEB; refractory anemia with excess of blasts. B) Gene tree for the expression levels (color coded as indicated by the scale at the bottom) of
the four human genes identified in A for CD133% cells derived from seven long-term and six short-term survivors. Each row corresponds to a single gene
(symbol shown at right) and each column to a different patient (Blast Bank ID shown at top).

differ significantly (log-rank test, p=0.10) from that of the The efficacy of the GES system was then examined
intermediate group. In contrast, the GES system clearly with the 22 individuals in the test set, who were also
separated the patients into three groups with distinct classified by either the karyotype-based (Figure 5D) or
prognoses. Importantly, only GES class I contained the GES (Figure 5E) schemes. Again the former scheme
long-term survivors. failed to separate the patients into prognosis-related
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Table III. The outcome predictor genes for acute myeloid leukemia (AML).

Affymetrix designation Gene symbol GenBank accession no. Parameter estimate P value
203801 _at MRPS14 NM_022100 -2.30663 0.003
212070 _at GPR56 NM_005682 0.69679 0.0045
217147 s_at TCRIM NM_016388 -0.79050 0.0041
244517 _x_at RNF146 NM_030963 -0.97626 0.0018
A (“Adverse” karyotype?)
No Yes
R! scoring with
4 predictor genes
Ri<-9.36 Rl =-9.36
\d
Class | Class lf Class Il
B w ~o~Favorable D . 5 o —~Favorable
° " | ~o-Intermediate s —o=intermediate
&0 ;*W"—da
! o Adverse @ o= Adverse
f§ 70 i - 70 T
£ w e T £
g g
2 50 2 80
3 P=0.10 I3
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Figure 5. The gene expression-based stratification (GES) system for acute myeloid leukemia (AML). A) Flow chart for GES classification of AML
patients. B~-E) Kaplan-Meier analysis of the 44 AML patients in the training set (B, C) and the 22 patients in the test set (D, E) classified according to
karyotype-based stratification (B, D) or to the GES system (C, E).
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Recent microarray analyses of BM MNCs from AML
patients identified a cluster of ~ 100 genes whose expression
patterns discriminated among AML subtypes (19) and 133
genes whose expression patterns were predictive of clinical
outcome (32). Both GPR56 and TCRIM were among the
former group of genes.

Given that our data set was obtained with purified HSC-
like fractions, it should prove informative with regard to
characterization, through various approaches, of
undifferentiated leukemic clones (probably including LSCs).
For example, comparison between the individuals with good
and poor prognosis among the 66 AML patients who
underwent standard chemotherapy revealed preferential
expression of ANGPT1I in the latter group (Table IV); this
gene encodes an angiogenic factor (angiopoietin 1) and is
frequently overexpressed in a wide variety of human cancers
(33, 34). An increased level of expression of TEK, which
encodes a receptor for ANGPT, was also detected in the
blasts of ~10% of all 99 study subjects, some of whom
overexpressed both TEK and ANGPTI (data not shown).
These data suggest that an autocrine loop consisting of
ANGPT1 and TEK might contribute to the malignant
transformation in AML.

In contrast to the requirement for quantitation of the
expression of >100 genes in the previously described
approaches to prognosis prediction with BM MNCs from
AML patients (19, 32), our GES system relies on
determination of the expression levels of only four genes.
Analysis of such a small number of genes is within the scope
of an assay based on simple methodology, such as multiplex
PCR. Although the GES system requires purification of
CD133% cells, a combination of karyotyping and multiplex
PCR is relatively straightforward even in current clinical
settings. A large prospective study is now needed to verify
whether individuals with AML of GES class I should be
treated by standard chemotherapies, and those with AML of
GES class II or III should receive more aggressive
treatments such as BM transplantation.
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Summary

Intra-abdominal fat accumulation is involved in development of the metabolic syndrome, which is associated with insulin
and leptin resistance. We show here that ectopic expression of very low levels of uncoupling protein 1 (UCP1) in epididymal
fat (Epi) reverses both insulin and leptin resistance. UCP1 expression in Epi improved glucose tolerance and decreased food
intake in both diet-induced and genetically obese mouse models. In contrast, UCP1 expression in Epi of leptin-receptor mu-
tant mice did not alter food intake, though it significantly decreased blood glucose and insulin levels. Thus, hypophagia in-
duction requires a leptin signal, while the improved insulin sensitivity appears to be leptin independent. In wild-type mice,
local-nerve dissection in the epididymis or pharmacological afferent blockade blunted the decrease in food intake, suggest-
ing that afferent-nerve signals from intra-abdominal fat tissue regulate food intake by modulating hypothalamic leptin sen-
sitivity. These novel signals are potential therapeutic targets for the metabolic syndrome.

Introduction

The explosive increase in obesity has become a major public
health concern in most industrialized countries (Flier, 2004;
Friedman, 2003). Insulin resistance is a fundamental contributor
to the metabolic syndrome associated with type 2 diabetes,
hypertension, hyperlipidemia, and atherosclerosis. Major ad-
vancements in this field include the discoveries of adipocyte-
derived humoral factors, such as leptin (Friedman and Halaas,
1998). Leptin conveys energy-storage information from adipose
tissue to the central nervous system, leading to food-intake
suppression. However, in patients with ordinary obesity, serum
leptin levels are increased in proportion to body fat (Considine
et al., 1996), but the responses to leptin are impaired (Heyms-
field et al., 1999), which defines a state of leptin resistance. Lep-
tin resistance also contributes to the development of obesity
and obesity-related metabolic disorders.

Fat accumulation in intra-abdominal fat tissue is involved
in development of the metabolic syndrome (Bjorntorp, 1992;
Matsuzawa et al., 1995) associated with insulin and leptin resis-
tance (Friedman, 2003). Therefore, in this study, to examine
whether the metabolic changes in intra-abdominal fat tissue af-
fect insulin and leptin resistance as well as systemic glucose
metabolism, we attempted to express uncoupling protein 1
(UCP1), which functions to dissipate energy as heat {Klingen-

berg and Huang, 1999), in epididymal fat tissue (Epi) in mice
with obesity and diabetes.

Results and discussion

C57BL/6 mice were subjected to direct injection of the UCP1
adenovirus vector into Epi (UCP1 mice) after the development
of diabetes associated with obesity in response to high-fat
chow preloading for 4 weeks. Mice given the LacZ adenovirus
were used as controls (LacZ mice). Immunoblotting detected
adenovirus-mediated UCP1 expression in Epi (see Figure S1A
in the Supplemental Data available with this article online), and
this expression was restricted to Epi (Fig. S1A). UCP1 expres-
sion in Epi was detectable on the first day after adenoviral injec-
tion and was increased on day 3 but had fallen to very low levels
by day 7 (Figure S1B). However, expression levels were far
below those of endogenous protein in BAT: on day 3, approxi-
mately 5% per unit weight protein (Figure S1B). UCP1 expres-
sion was restricted to very limited portions of the tissue (left
panel of Figure 1B). Judging from the intensity of immunostain-
ing, UCP1 expression levels in UCP1-expressing white adipo-
cytes did not reach those in brown adipocytes (right panel of
Figure 1B). UCP1-expressing adipocytes were significantly
smaller than UCP1-nonexpressing adipocytes in the same tis-
sue (Figure 1C), suggesting enhanced metabolism in the former.
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We further confirmed enhanced metabolism by adenoviral
UCP1 expression using 3T3-L1 adipocytes. UCP1 expression
decreased intracellular ATP concentrations (Figure S1C) and in-
creased levels of peroxisome proliferator-activated receptor y
coactivator (PGC) 1a.and cytochrome ¢ expression (Figure S1D).
Thus, exogenous UCP1 was functionally active, resulting in in-
creased mitochondrial biosynthesis in adipocytes.

However, neither total Epi weights nor body weights differed
between LacZ and UCP1 mice on day 3 after adenoviral admin-
istration {Figures 1D and 1E). Oxygen consumption was not af-
fected by UCP1 expression in Epi during either the light or the
dark phase (Figure 1F), also reflecting the very limited UCP1 ex-
pression. Therefore, to avoid the secondary effects of body-
weight change, we analyzed metabolic parameters on day 3.
To our surprise, however, even very limited UCP1 expression
in Epi resulted in marked changes in metabolic phenotype.

Figure 1. UCP1 expression in Epi improved glucose
tolerance and insulin sensitivity

A) immunoblotting, with anti-UCP1 antibody, of Epi
extracts from LacZ and UCP1 mice on day 3 after
adenoviral administration.

B) immunchistochemistry, with anti-UCP1 antibody,
of Epi (left panel) and BAT {right panel} sections from
a UCP1 mouse on day 3 after adenoviral administra-
tion. These two samples were immunostained under
the same conditions.

C) Diameters of UCP1-nonexpressing (gray bar) and
UCP1-expressing (hatched bar) adipocytes in Epi
from UCP1 mice on day 3 after adenoviral adminis-
tration.

D-J) Epididymal fat weights (D), body weights (E),
resting oxygen consumption during light and dark
phase (F), and metabolic parameters (G-J) of LacZ
mice (black bars) and UCP1 mice (white bars) on
day 3 after adenoviral administration. Glucose-
tolerance (G) and insulin-tolerance tests (H) were
performed on day 3. Data in (H) are expressed as
percentages of the blood glucose levels immediately
before intraperitoneal insulin loading. Serum insulin
levels (1) and serum lipid parameters ([J}; left: total
cholesterol, middle: triglyceride, right: free fatty
acids) were measured after a 10 hr fast (n = 6 per
I group). Data are presented as means = SD(n=6
* per group). *p < 0.05 by unpaired t test,

Dark

-
1

Insulin (ng/ml)
hrd

Glucose- and insulin-tolerance tests indicated marked im-
provements in glucose tolerance and insulin sensitivity (Figures
1G and 1H). Fasting blood glucose (Figure 1G) and insulin (Fig-
ure 1) levels were significantly lower in UCP1 mice, further con-
firming improved insulin sensitivity. in addition, serum lipid
parameters, including triglycerides and free fatty acids (Fig-
ure 1J), were also improved with UCP1 expression in Epi.
Thus, limited regional expression of UCP1 in Epi markedly im-
proved systemic insulin resistance, resulting in improvement
of diabetes and dyslipidemia.

Next, we measured serum adipocytokine levels (Figure 2A).
Adiponectin and tumor necrosis factor « levels were not signifi-
cantly altered. In contrast, serum leptin was markedly de-
creased, by 46%, with UCP1 expression in Epi. Although in-
tra-abdominal fat-tissue weights were unaltered or only very
slightly decreased in UCP1 mice (Figure 1D and Figure S1E),
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leptin mMBNA expression was markedly decreased in intra-
abdominal fat tissues (Figure 2B). Thus, the effects of UCP1 ex-
pression in Epi are also exerted in fat tissues other than those
injected with the adenovirus. Food intake was significantly sup-
pressed (Figure 2C), indicating that hypothalamic leptin sen-
sitivity was markedly improved despite the lack of significant
changes in body weights. Decreased leptin expression in sev-
eral adipose tissues suggests efferent sympathetic nerve acti-
vation, which also supports leptin signal enhancement.
Administration of green fluorescent protein-adenovirus ex-
erted minimal metabolic effects (Figures S1F-31J). On day 7,
when adenoviral UCP1 expression was markedly decreased
(Figure S1B), blood glucose, insulin, and leptin levels did not dif-
fer between the UCP1 and LacZ mice (Figure S2). In addition, we
confirmed the metabolic effects of UCP1 expression in Epi using
three other obese models: AKR mice on high-fat chow and KK
mice and KK-Ay mice on normal chow. In these three models,
similar metabolic impacts were observed with UCP1 adenovirus

Epididymal WAT

Body weight change (g)
o

t
S

Intra-abdominal fat and insulin/leptin sensitivity

Figure 2. UCP1 expression in Epi improved leptin
sensitivity

A-F) LacZ (black bars) or UCP1 (white bars) adeno-
virus was injected into Epi of mice with dietary obe-
sity.

A) Serum adipocytokine levels (left: adiponectin,
middle: TNF«, right: leptin) in LacZ mice and UCP1
mice after a 10 hr fast on day 3 after adenoviral
administration.

B) Relative amounts of leptin mRNA in adipose tis-
sues.

C) Total food intakes on days 2 and 3 after adenoviral
administration.

D) Relative amounts of neuropeptide Y (left) and
proopiomelanocortin (right) mRNA were measured
by gquantitative RT-PCR using total RNA obtained
from the hypothalamus on day 2 after adenoviral ad-
ministration. Data were corrected with B-actin as the
standard (B and D).

E and F) Leptin-tolerance tests were performed on
day 3 after adenoviral administration. Data were ex-
pressed as ratios to the food intakes of vehicle-
treated mice (E). Mice were weighed at 12 hr after
each daily injection of leptin or vehicle (F).

G-K) LacZ (black bars) or UCP1 (white bars) adeno-
virus was injected into Epi of db/db mice.

@) Total food intakes on days 2 and 3 after adenoviral
administration are presented.

H-K) Blood leptin (H), glucose (I), and insulin (J)
levels and serum lipid parameters ([K]; left: triglyc-
eride, right: free fatty acids) of db/db mice were
measured after a 10 hr fast. Data are presented as
means =+ SD (n = 8 per group). *p < 0.05; ™*p < 0.01
by unpaired t test.
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administration into Epi (Figure S3). Thus, UCP1 expressionin Epi
exerts acute, beneficial metabolic effects in both diet-induced
and genetically obese models.

Increased leptin signals in the hypothalamus induced by
UCP1 expression in Epi were further confirmed by changed
levels of hypothalamic neuropeptide expression in UCP1 mice
on day 3 after adenoviral administration. Real-time RT-PCR
revealed adipose UCP1 expression to significantly decrease ex-
pression of neuropeptide Y, an orexigenic neuropeptide, while
tending to increase that of proopiomelanocortin, a precursor
of an anorexigenic neuropeptide, in the hypothalamus (Fig-
ure 2D).

To directly test whether leptin sensitivity was improved, we
performed leptin-tolerance tests. When leptin was injected in-
traperitoneally into fasting mice on day 3, leptin-induced food-
intake inhibition was far more profound in UCP1 mice than in
LacZ mice (Figure 2E). In addition, when leptin was given daily,
body weights were significantly decreased (Figure 2F). Thus,
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even very limited UCP1 expression in Epi exerts a remote ther-
apeutic effect on hypothalamic leptin resistance, which had al-
ready developed in response to preloading with high-fat chow.
Transgenic overexpression of UCP1 (Kopecky et al., 1995)
and rather minor induction of UCP1 in white adipose tissue
(Cederberg et al., 2001; Leonardsson et al., 2004; Tsukiyama-
Kohara et al., 2001; Um et al., 2004) resulf in resistance to
high-fat-diet-induced obesity but do not reportedly cause hypo-
phagia. In this study, however, we expressed UCP1 after the
development of obesity and leptin resistance and were thus
able to observe acute, beneficial effects, i.e., improved leptin
sensitivity, which would be difficult to detect using congenitaily
UCP1-overexpressing mice.

increased leptin sensitivity is likely to be involved in the phe-
notype of UCP1 mice. If this is the case, at least some of the phe-
notypic features of UCP1 mice would presumably be absent in
mice lacking the hypothalamic leptin signal. To test this, UCP1
or LacZ adenovirus was injected into Epi of db/db mice, iep-
tin-receptor Ob-Rb mutants. Food intake (Figure 2G) and serum
leptin (Figure 2H) did not differ between LacZ-expressing and
UCP1-expressing db/db mice. These findings confirm that the
effect of UCP1 expression in Epi on food intake is leptin-signal
dependent. On the other hand, UCP1 expression in Epi of db/db
mice caused small but significant decreases in blood glucose
(Figure 2l), insulin (Figure 2J), and triglyceride (Figure 2K) levels,
as well as tending to decrease serum free-fatty-acid levels
(Figure 2K). These findings demonstrate that UCP1 expression
in Epi improves insulin sensitivity, in part, independently of leptin
signaling.

To eliminate the secondary effects of reduced food intake,
pair-feeding experiments were performed using C57BL/6 wild-
type mice (Figure S4). Pair feeding did not significantly alter
the body weights of LacZ mice. Fasting blood glucose did not
differ between UCP1 mice and pair-fed LacZ mice, but after glu-
cose loading, blood glucose levels were significantly lower in
UCP1 mice. In addition, serum insulin and leptin levels were sig-
nificantly lower in UCP1 mice than in pair-fed LacZ mice. Taken
together with the results obtained using db/db mice, the im-
proved insulin sensitivity induced by UCP1 expression in Epi ap-
pears not to be mediated solely by decreased food intake.

The same amounts of recombinant adenovirus encoding
UCP1 were directly injected into subcutaneous fat tissues in
the flank of C57BL/6 mice with dietary obesity and diabetes.
UCP1 expression levels were similar to those obtained by injec-
tion into Epi (data not shown). Food intake was significantly de-
creased by UCP1 expression, as compared with LacZ expres-
sion, in subcutaneous fat (Figure 3A), but the effects were
much smaller than those produced by UCP1 expression in Epi
(Figure 2C). Furthermore, there were no statistically significant
decreases in blood glucose (Figure 3B), insulin (Figure 3C), or
leptin (Figure 3D) levels. Thus, exogenous UCP1 expression in
subcutaneous fat was far less effective in improving insulin
and leptin resistance than that in intra-abdominal fat tissue.
These findings suggest the anatomical location of the manipu-
lated adipose tissue to be involved in the observed therapeutic
effects, which would appear to be important for understanding
the metabolic differences between visceral fat-dominant and
subcutaneous fat-dominant obesity.

How does the signal (or signals) from intra-abdominal fat tis-
sue exert these remote effects? The importance of anatomical
fat-tissue location suggests the involvement of neuronal signal-

ing. The afferent activity from Epi is reportedly transmitted
through the nerve bundle, which runs alongside blood vessels
supplying Epi, in rats (Niijima, 1998). To study the possible in-
volvement of neuronal signals from Epi, we dissected this nerve
bundle in mice with dietary obesity and diabetes. Ten days after
bilateral nerve-bundle dissection, adenoviruses were injected
into Epi. No significant differences in body weights or Epi
weights were observed between sham-operated and nerve-
dissected mice (data not shown). While UCP1 adenoviral admin-
istration significantly decreased food intake in sham-operated
mice, nerve dissection blunted this decrease in food intake
such that it was no longer statistically significant (Figure 3E).
Similarly, nerve dissection blunted a decrease in hypothalamic
NPY mRNA expression, rendering it statistically insignificant
(NPY; LacZ versus UCP1: 12.06 + 6.16 versus 6.39 = 3.10;
p = 0.15). These findings suggest that neuronal signals from in-
tra-abdominal fat tissue are involved in food-intake regulation.
In contrast, in nerve-dissected mice, blood glucose (Figure 3F)
as well as serum insulin (Figure 3G) and leptin (Figure 3H) levels
were significantly suppressed in a fashion similar to in sham-
operated mice. Thus, improved insulin resistance is largely inde-
pendent of this neuronal pathway.

To confirm that afferent-nerve signals are involved in UCP1-
expression-mediated suppression of food intake, we next
examined the effects of functional deafferentation by adminis-
tering capsaicin (Fu et al., 2003}, a selective neurotoxin for un-
myelinated C fibers. In LacZ mice, food intake was not altered
by capsaicin treatment 10 days prior to adenoviral administra-
tion. In contrast, capsaicin pretreatment significantly reversed
the food-intake suppression induced by UCP1 expression in
Epi (Figure 3l). The inhibitory effect of capsaicin pretreatment
was very similar to that of local-nerve dissection (Figure 3E).
Taken together, these observations suggest that afferent-nerve
signals from Epi are involved in food-intake regulation. To eluci-
date the molecular mechanism whereby UCP1 expression in Epi
modulates neuronal activity, we searched for genes upregulated
by adipose UCP1 expression. Using the DNA microarray tech-
nique, gene expressions were examined in LacZ- and UCP1-
adenovirus-treated Epi (Table S1) and in 3T3-L1 adipocytes
(Table S2). With the exception of UCP1, however, there was
no overlap in genes showing significantly increased expression.
Although further expression profiling including proteomic ap-
proaches might elucidate the underlying mechanisms, the ap-
parent lack of genes showing increased expression raises the
possibility that the activation of afferent nerves does not involve
gene-expression alterations. For instance, UCP1 generates
heat, and a capsaicin receptor, TRPV1, is activated by a slightly
above normal body temperature (Caterina et al., 1997). Capsa-
icin treatment affected UCP1-induced food-intake suppression
(Figure 3l), raising the possibility that UCP1 expression activates
capsaicin-sensitive nerves via TRPV1 activation. Another pos-
sibility is involvement of reactive oxygen species, which are af-
fected by mitochondrial uncoupling (Bernal-Mizrachi et al.,
2005; Jezek et al., 2004} and reportedly regulate capsaicin-
sensitive afferent fibers (Ruan et al., 2005). Further studies are
required to examine these hypotheses.

In this study, very limited UCP1 expression in Epi markedly
improved insulin and leptin resistance, thereby improving glu-
cose tolerance and decreasing food intake. UCP1 mice were
more insulin sensitive than pair-fed LacZ mice. In addition, in
db/db mice, despite no food-intake suppression, blood glucose
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and insulin levels were modestly but significantly decreased by
UCP1 expression in Epi. Thus, the mechanism underlying im-
proved insulin sensitivity with UCP1 expression in Epi is, in
part, independent of leptin signaling and food-intake suppres-
sion (Figure 4). Dissection of the nerve bundle from Epi did not
alter the decreases in blood glucose and insulin levels. Taken to-
gether with the findings that UCP1 expression in subcutaneous
fat did not significantly decrease blood glucose or insulin levels,
our observations indicate that nonneuronal signals including hu-
moral factors from intra-abdominal adipose tissue possibly par-
ticipate in systemic improvement of insulin resistance. Since
UCP1 expression was observed in a very limited population of
adipocytes in Epi, suppression of insulin-resistant adipocyto-
kine secretion is unlikely to explain the beneficial effects. Serum
adiponectin levels were not altered, suggesting involvement of
other unknown insulin-sensitizing factor (or factors).

On the other hand, decreased food intake is likely to be, at
least partially, mediated by afferent-nerve signals from Epi (Fig-
ure 4). Afferent-nerve signals from Epi to the central nervous

Leptin (ng/ml)

[ 8]

—

Intra-abdominal fat and insulin/leptin sensitivity

Figure 3. Neuronal signals are likely to be involved in
food-intake regulation

A-D) LacZ {black bars) or UCP1 (white bars) adeno-
virus was injected into subcutaneous fat, and meta-
bolic markers were measured. Total food intakes
on days 2 and 3 after adenoviral administration are
presented. Blood glucose (B), insulin {C}, and leptin
(D) levels were determined after a 10 hr fast on day
3 after adenoviral administration. *’p < 0.01 by un-
paired t test.

E-H} Mice were subjected to local-nerve dissection
10 days prior to adenoviral injection into Epi. Total
food intakes of sham-operated (sham) and nerve-
dissected (cut) mice (E) on days 2 and 3 are pre-
sented graphically. Blood glucose {F), serum insulin
(G}, and leptin (H) levels were determined on day 3.
1) Mice were treated with capsaicin or vehicle 10 days
prior to adenoviral injection into Epi. Total food in-
takes on days 2 and 3 after administration of LacZ
(black bars) or UCP1 {(white bars) adenovirus are pre-
sented. in (E) and {l}, the food intakes of UCP1 mice
are expressed in the right graph as ratios to those of
LacZ mice. p < 0.01 assessed by one-factor
ANOVA, Data are presented as means + SD.

sham cut

0\:ehicle capsaicin

system reportedly result in a reflex from epididymal fat to white
adipose tissues via efferent sympathetic-nerve activation (Nii-
jima, 1998; Tanida et al., 2000). In addition, vagal afferent
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Figure 4. The proposed mechanism whereby UCP1 expression in Epi decreases
food intake and improves glucose tolerance
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neuronal signals from intra-abdominal tissues, including the gut
(Fu et al.,, 2003; Smith et al., 1981) and the liver (Friedman, 1998;
Scharrer, 1999}, are known to play a part in regulating food in-
take. We also reported that UCP1 gene administration into the
liver modulates food intake (Ishigaki et al., 2005). Herein we re-
port that intra-abdominal fat tissue is likely to convey metabolic
signals to the brain via a neuronal pathway, in addition to via
the circulation, resulting in modulation of food intake. Although
the precise molecular mechanism remains to be elucidated,
this neuronal pathway might play a role in development of the
metabolic syndrome, making it a potentially novel therapeutic
target.

Experimental procedures

Preparation of recombinant adenovirus

Recombinant adenovirus containing murine UCP1 cDNA (ishigaki et al,,
2005) was constructed as described previously (Katagiri et al., 1996).
Recombinant adenoviruses bearing the bacterial B-galactosidase gene
(Adex1CAlacZ) and green fluorescent protein (AdCMV-GFP) were used as
controls.

Animals and in vivo adenovirus injection into fat pad

Animal studies were conducted in accordance with the institutional guide-
lines for animal experiments at Tohoku University. Male C57BL/6N and
AKR/N mice were housed individually, and high-fat-chow feeding {32% saf-
flower oil, 33.1% casein, 17.6% sucrose, and 5.6% cellulose) (Ishigaki et al.,
2005) was initiated at 5 weeks of age. After 4 weeks of high-fat-chow loading,
body-weight-matched mice were anesthetized prior to dissection of the skin
and body wall. The adenoviral preparation (1 x 10% plaque-forming units in
a volume of 20 ul) was injected at two points each on each side of the epidid-
ymal fat pad or subcutaneous fat tissues in the flank, i.e., a total of four points.
KK mice and KK-Ay mice maintained on a standard diet (65% carbohydrate,
4% fat, 24% protein) were similarly administered adenoviruses at 9 weeks
and 5 weeks of age, respectively.

Immunobilotting

Tissue protein extracts (250 pg total protein) were boiled in Laemmii buffer
containing 10 mM dithiothreito!, subjected to SDS-polyacrylamide gel elec-
trophoresis, and transferred onto nitrocellulose filters. The filters were in-
cubated with anti-UCP1 antibody (Santa Cruz Biotechnology, Santa Cruz,
California) and then with anti-goat immunoglobulin G coupled to horseradish
peroxidase. The immunoblots were visualized with an enhanced chemilumi-
nescence detection kit (Amersham, Buckinghamshire, UK). The intensities of

_ bands were quantified with the NIH Image 1.62 program.

Histological analysis

Mouse epididymal fat and BAT were immunostained as previously reported

(Ishigaki et al., 2005). Mature white adipocytes were identified by their char-
- acteristic unilocular appearance. Diameters of 100 or more white adipocytes

per mouse in each group were traced manually and analyzed.

Oxygen consumption
Oxygen consumption was measured as previously reported (Ishigaki et al.,
2005).

Pair-feeding experiments
Pair-feeding experiments were performed as previously described {Ishigaki
et al., 2005).

Blood analysis

Blood glucose and serum insulin, leptin, adiponectin, TNFa, total cholesterol,
triglyceride, and free-fatty-acid levels were determined as previously de-
scribed (Ishigaki et al., 2005).

Measurement of quantitative RT-PCR-based gene expression
The skull was reflected from the brain and the hypothalamus was isolated by
snap freezing in liquid nitrogen as previously reported (Bjorbaek et al., 1998).

Total RNA was isolated from mouse hypothalamus, fat tissues, or 3T3-L1 ad-
ipocytes with ISOGEN (Wako Pure Chemical Co., Osaka, Japan), and cDNA
synthesized from total RNA was evaluated with a real-time PCR quantitative
system (Light Cycler Quick System 350S; Roche Diagnostics GmbH, Mann-
heim, Germany).The relative amount of mRNA was calculated with B-actin
mRNA as the invariant control. The primers used are shown in Table S3.

Glucose-, insulin-, and leptin-tolerance tests
Glucose-tolerance tests were performed on fasted (10 hr, daytime) mice.
Mice were given glucose (2 g/kg of body weight) intraperitoneally, followed
by measurement of blood glucose levels. Insulin-tolerance tests were per-
formed on ad libitum-fed mice. Mice were intraperitoneally injected with hu-
man regular insulin (0.75 U/kg of body weight; Eli Lilly Co., Kobe, Japan).
Leptin-tolerance tests were carried out as described in a previous report
(igel et al., 1997), with slight modification. Fasted {12 hr) mice were injected
with mouse leptin (7.2 mg/kg of body weight; R&D Systems, Inc.) intraperito-
neally, and food intakes were monitored for 12 hr after the injection. To exam-
ine effects on body-weight change, these two groups of mice were given lep-
tin daily starting on the day of adenoviral administration. Each mouse was
then weighed.

Capsaicin treatments

Capsaicin treatment was performed as described in a previous report (Fu
et al., 2003), with minor modification. Mice were anesthetized prior to subcu-
taneous injection of capsaicin solution (50 mg/kg, 12.5 mg/mi dissolved in
vehicle). The control group received vehicle treatment (10% Tween 80,
10% ethanol, and 80% saline) under identical administration conditions. Ad-
enoviral administration into Epi was carried out 10 days later.

Local-nerve dissection

The small nerve bundle which runs along side blood vessels supplying Epi
was dissected as previously reported (Niijima, 1998). Ten days after bilateral
dissection of this nerve bundle, adenoviruses were injected into epididymal
fat pad.

Measurement of ATP

Fully differentiated 3T3-L.1 adipocytes were infected with recombinant ade-
noviruses as previously described (Katagiri et al., 1996). Intracellular ATP
levels were measured using an ATP determination kit (TOYO B-Net, Tokyo,
Japan).

Microarray experiments

Total RNA from epididymal fat or 3T3-L1 adipocytes was used to synthesize
cRNA, which was then hybridized to an HG-U133A oligonucleotide array
(Affymetrix, Santa Clara, California) according to standard protocols, as de-
scribed previously (Hippo et al., 2002).

Statistical analysis
All data were expressed as means = SD. The statistical significance of differ-
ences was assessed by the unpaired t test and one-factor ANOVA.

Supplemental data

Supplemental Data include four figures and three tables and can be found
with this article online at http://www.cellmetabolism.org/cgi/content/full/3/
3/223/DC1/.
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