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romatase is a cytochrome P450 enzyme that plays a
A crucial role in the estrogen biosynthesis (1). It cat-
alyzes the conversion of A4-androstendione into estrone
and that of testosterone (T) into estradiol (E,) in the pla-
centa and ovary as well as in other tissues such as the fat,
skin, bone, and brain (1). It is encoded by CYP19A1 con-
sisting of at Jeast 11 noncoding exons 1 and nine coding
exons 2-10 (Supplemental Fig. 1, published on The En-
docrine Society’s Journals Online web site at http://
jcem.endojournals.org) (2, 3). Each exon 1 is accompa-
nied by a tissue-specific promoter and is spliced alterna-
tively onto a common splice acceptor site at exon 2, al-
though some transcripts are known to contain two of the
exons 1, probably due to a splice error (2, 4). Of the 11
exons 1, exon 1.4 appears to play a critical role in the
regulation of estrogen biosynthesis in males because this
exon contains a major promoter for extragonadal tissues
including the skin and fat (2).

Excessive CYPI19A1 expression causes a rare auto-
somal dominant disorder known as aromatase excess syn-
drome (AEXS) (5-8). AEXS is characterized by pre- or
peripubertal onset gynecomastia, advanced bone age from
childhood to the pubertal period, and short adult height in
affected males (5-8). Affected females may show several
clinical features such as macromastia, precocious puberty,
irregular menses, and short adult height (6—8). In this
regard, previous studies have identified four heterozygous
cryptic inversions around CYP19A1 in patients with
AEXS (5, 8). Each inversion results in the formation of a
chimeric gene consisting of a noncoding exon(s) of a neigh-
boring gene (CGNL1, MAPK6, TMOD3, or TLN2) and
coding exons of CYP19A1. Because this condition is pre-
dicted to cause aberrant CYP19A1 expression in tissues in
which each neighboring gene is expressed, such inversions
have been regarded to be responsible for AEXS (S5, 8).

However, such inversions have been revealed only in a
few patients with AEXS, and, despite extensive studies, no
other underlying genetic mechanisms have been identified
to date (6, 8-10). Here we report novel genomic rear-
rangements in AEXS and discuss primary phenotypic de-
termining factors in AEXS.

Patients and Methods

Patients

This study was approved by the Institutional Review Board
Committee at the National Center for Child Health and Devel-
opment and was performed after obtaining informed consent.
We examined 18 male patients aged 8—69 yr (cases 1-18) from
six unrelated families A-F (Fig. 1A). The probands were ascer-
tained by bilateral gynecomastia (Fig. 1B) and the remaining 12
males by familial studies. Ten other males allegedly had gyne-
comastia. There were four obligatory carrier females.
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Phenotypic assessment showed pre- or peripubertal onset gy-

~ necomastia in all cases, small testes and fairly preserved mascu-
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linization in most cases, obvious or relative tall stature in child-
hood and grossly normal or relative short stature in adulthood,
and age-appropriate or mildly advanced bone ages (Table 1) (for
detailed actual data, see Supplemental Table 1). Such clinical
features, especially gynecomastia, tended to be milder in cases
1-4 from families A and B than in the remaining cases from
families C-F. Fertility or spermatogenesis was preserved in all
adult cases (220 yr). In addition, the obligatory carrier females
from families B and D had apparently normal phenotype, and
such females from families E and F exhibited early menarche (9.0
yr) and short adult stature (—2.8 sp), respectively.

Blood endocrine studies revealed that LH values were grossly
normal at the baseline and variably responded to GnRH stim-
ulation, whereas FSH values were low at the baseline and re-
sponded poorly to GnRH stimulation, even after preceding
GnRH priming (Table 1) (for detailed actual data, see Supple-
mental Table 1) (see also Fig. 1C for the cases aged =15 yr).
A*-Androstendione, T, and dihydrotestosterone values were low
or normal. A human chorionic gonadotropin (hCG) test indi-
cated relatively low but normal T responses in five young cases.
In most cases, estrone values were elevated, E, values were nor-
mal or elevated, and E,/T ratios were elevated. These endocrine
data were grossly similar among cases 1-18.

Aromatase inhibitor (anastrozole, 1 mg/d) was effective in all
the four cases treated (Supplemental Table 1) (see also Fig. 1Cfor
cases aged =15 yr). Gynecomastia was mitigated within 6
months of treatment, and endocrine data were ameliorated
within 1 month of treatment.

Primers
Primers used in this study are shown in Supplemental Table 2.

CYP19A1 mRNA levels and aromatase activities

We analyzed relative mRNA levels of CYP19A1 and catalytic
activities of aromatase in skin fibroblasts (SF) and lymphoblas-
toid cell lines (LCL). mRNA were extracted by a standard
method and were subjected to RT-PCR using a high capacity
RNA-to-cDNA kit (Life Technologies, Carlsbad, CA). A relative
amount of CYPI9A1 mRNA against B2M was determined by
the real-time PCR method using the Tagman gene expression
assay on ABI PRISM 7500fast (Life Technologies) (assay no.
Hs00903411_m1 for CYP19A1 and Hs99999907_m1 for B2ZM).
PCR was performed in triplicate. Aromatase activity was deter-
mined by a tritium incorporation assay (11). In brief, the samples
were incubated with androstenedione-2-*H for 2 h,and *"HH, O in
the supernatant of the culture media was measured with a scintil-
lation counter LSC-5100 (Aloka, Tokyo, Japan).

Sequence analysis of CYPT19A1

Leukocyte or SF genomic DNA samples from the six pro-
bands and additional four male patients (Fig. 1A) were PCR
amplified for the coding exons 2-10 and their flanking splice sites
of CYP19A1. Subsequently the PCR products were subjected to
direct sequencing from both directions on CEQ 8000 autose-
quencer (Beckman Coulter, Fullerton, CA).

Genome structure analysis
Oligonucleotide array-based comparative genomic hybrid-
ization {CGH) analyses were carried out using a custom-built
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FIG. 1. Summary of clinical data. A, Pedigrees of six families with patients exhibiting AEXS-compatible phenotype. Families A-E are of Japanese
origin, and family F is of German origin. Cases from families A-D were hitherto unreported, whereas those from families £ and F have previously
been described as having AEXS phenotypes (6, 8). B, Gynecomastia of six cases. C, Endocrine data in cases 15 yr of age or older. The black, white,
and red colors represent the data in cases of the duplication, the deletion, and the inversion types, respectively; the blue color indicates the data of
GnRH test after GNRH priming in two cases of the duplication type. The data at the time of diagnosis are denoted by circles, and those on
aromatase inhibitor (anastrozole) treatment (1 mg/d in the duplication and the deletion types and 2-4 mg/d in the inversion types) are depicted by

squares. The light purple areas represent the normal reference ranges.

oligo-microarray containing 90,000 probes for the 15911.2-
q26.3 region and approximately 10,000 reference probes for
other chromosomal region (2 X 105K format, design identifi-
cation 026533) (Agilent Technologies, Palo Alto, CA). The pro-
cedure was as described in the manufacturer’s instructions. Flu-
orescence in situ hybridization (FISH) analysis was performed
for lymphocyte or SF metaphase spreads, using long PCR prod-
ucts (FISH probes 1 and 2) for rearranged regions and CEP 15
probe for D15Z4 used as an internal control (Abbott, Abbott
Park, IL). The FISH probes 1 and 2 were labeled with digoxigenin
and detected by rhodamine antidigoxigenin, and the CEP 15
probe was detected according to the manufacturer’s protocol.

Characterization of the duplications and deletions

The duplication junctions were determined by direct sequenc-
ing for standard PCR products obtained with a variety of com-
binations of primers hybridizing to different positions within the
CYP19A1 exons 1 region. The deletion junctions were identified
by direct sequencing of the long PCR products obtained with
primer pairs flanking the deletions. The sizes of duplications and
the deletions were determined by comparing obtained sequences
with NT_010194 sequences at the National Center for Biotech-
nology Information Database (http://www.ncbi.nlm.nih.gov/;
Bethesda, MD). The presence or absence of repeat sequences
around the breakpoints was examined with Repeatmasker
(http://www.repeatmasker.org).

For mRNA analysis, we preformed $'-rapid amplification of
c¢DNA ends (RACE) using a SMARTER RACE cDNA amplifi-
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cation kit (Takara Bio, Ohtsu, Japan). For both duplications and
deletions, first PCR was carried out using the forward primer mix
provided in the kit (Universal primer A mix) and an antisense
reverse primer specificto CYP19A1 exon 3 (RACE Rev). Second
PCR was carried out for diluted products of the first PCR, using
the nested forward primer of the kit (Nested universal primer A)
and a reverse primer for CYP19A1 exon 2 (Nested Rev). For du-
plications, furthermore, second PCR was also performed using var-
ious combinations of primers hybridizing to each CYP19A1 exon
1. Subsequently PCR products were subcloned into TOPO cloning
vector (Life Technologies) and subjected to direct sequencing.
Then, the obtained sequences were examined with BLAST
Search (National Center for Biotechnology Information). The
presence or absence of promoter-compatible sequences was an-
alyzed with the University of California, Santa Cruz, genome
browser (http://genome.ucsc.edu/).

Relative mRNA levels of CYP19A7 and its
neighboring genes

We investigated relative mRNA levels of CYP19A1 and
DMXL2 as well as those of CGNL1, MAPK6, TMOD3, and
TLN2 involved in the previously reported cryptic inversions (5,
8) in various human tissues. In this experiment, cDNA of SF and
LCL were obtained from control males, and the remaining
human ¢DNA samples were purchased from Life Technolo-
gies or Takara Bio. Relative quantification of mRNA against
TBP was carried out using Tagman gene expression assay kit
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TABLE 1. Summary of clinical studies in male patients with aromatase excess syndrome?

Present study

Previous studies

Family A Family B Family C Family D Family E Family F Family 1 Family 2 Sporadic
Cases Cases 1-3  Case 4 Cases 5-6 Cases 7-9 Case 10 Cases 11~18  Two cases®  Proband® Patient 1 Patient 2
Mutation type Duplication Duplication Deletion Deletion Deletion Deletion Inversion Inversion Inversion Inversion
Phenotypic findings
Gynecomastia Yes (mild)  Yes(mild)  Yes Yes Yes Yes Yes (severe) Yes (severe) Yes (severe) Yes (severe)
(moderate) (moderate) (moderate) (moderate)
Pubertal defect Yes (mild)  Yes (mild)  Yes (mild) No No Yes (mild) N.D. Yes (mild)  No N.D.
Short adult height No No N.D. No N.D. No Yes N.D. Yes N.D.
Spermatogenesis  Preserved N.D. N.D. Preserved N.D. Preserved Preserved N.D. N.D. N.D.
Endocrine findings
LH (basal) Normal Normal Normal Normal/low  Normal Normal/low Normal Normal/low Normal N.E.
LH (GnRH Low Normal High Normal Normal Normal N.E. Low N.E. N.E.
stimulated)?
FSH (basal) Low Low Low Low Low Normal/low  Normal/low Low Low N.E.
FSH (GnRH Low Low Low Low Low Low N.E. Low N.E. N.E.
stimulated)?
T (basal) Normal/low Normal Normal/low Normalflow  Normal Normal/low Normal Normallow Low N.E.
T(hCG N.E. N.E. Normal Normal Normal Normal N.E. Normal N.E. N.E.
stimulated)®
E, (basal) High High N.E. High High High High High High N.E.
E, (basal) Normal High High Normal High Normal/high  High High High N.E.
E, to T ratio High High High High High High High High High N.E.

E,, Estrone; N.D., not determined; N.E., not examined.
? Detailed actual data are shown in Supplemental Table 1.
5 A father-son pair.

¢ The sister has macromastia, large uterus, and irregular menses; the parental phenotype has not been described.
9 GnRH 100 wg/m? (maximum 100 pg) bolus iv; blood sampling at 0, 30, 60, 90, and 120 min.
€ hCG 3000 IU/m? (maximum 5000 IU) im for 3 consecutive days; blood sampling on d 1 and 4.

(assay no. Hs00903411_m1 for CYP19A1; Hs00324048_m1
for DMX12;Hs00262671_m1 for CGNL1; Hs00833126_g1
for MAPK6; Hs00205710_m1 for TMOD3; Hs00322257_m1 for
TLN2;and Hs99999910_m1 for TBP). The experiments were carried
out three times.

Results

CYP19A1 mRNA levels and aromatase activities

Although relative mRNA levels of CYP19A1 and cat-
alytic activities of aromatase were grossly similar between
LCL of case 3 (family A), case 4 (family B), and case 5
(family C) and those of control subjects, they were signif-
icantly higher in SF of case 3 (family A), case 4 (family B),
case 9 (family D), and case 10 (family E) than in those of
control subjects (Fig. 2).

Sequence analysis of CYP19A1
Direct sequencing showed no mutation in CYP19A1
coding exons 2~10 of the 10 cases examined.

Genome structure analysis

CGH analysis revealed heterozygous cryptic duplica-
tions involving most of the CYPI9A1 exons 1 region in
cases from families A and B, heterozygous cryptic dele-
tions involving most of DMXL2 and part of GLDN in
cases from family C, and heterozygous cryptic deletions
involving most of DMXL2 in cases from families D-F (Fig.
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3A). FISH analysis supported the duplications and con-
firmed the deletions.

Characterization of the cryptic duplications
Aberrant PCR products were obtained with the P2
primer (which amplifies a segment between exon 1.1 and
exon Ila with the P1 primer) and the P3 primer (which
amplifies a segment between exon1.2 and exon 1.6 with the
P4 primer), and sequencing of the PCR products showed
the same tandem duplication involving seven of the 11
exons 1 of CYP19A1 in cases from families A and B (Fig.
3B). The duplicated region was 79,156-bp long, and the
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FIG. 2. Relative CYPT9AT mRNA levels against B2M and catalytic
activities of aromatase.
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FIG. 3. Summary of molecular studies. For CYP19A1, the dark and light blue lines represent the genomic regions for noncoding exons 1 and
coding exons 2-10, respectively. A, Oligoarray CGH and FISH analyses. In CGH analysis, the black, red, and green dots denote signals indicative of
the normal, the increased (>+0.5), and the decreased (<—1.0) copy numbers, respectively. In FISH analysis, two red signals with an apparently
different density are identified in cases from families A and B by FISH probe 1, whereas only a single red signal is found in cases from families C~F
by FISH probe 2. The green signals are derived from the internal control probe. B, Schematic representation of the tandem duplication shared in
common by cases 1 and 3 from family A and case 4 from family B. Genome, The junction sequence of the tandem duplication (yellow boxes) is
shown, together with the original normal sequences at the 5’- and the 3’-ends of the duplicated region. The sequences highlighted with light
green and light orange are identical, and 1 bp (A) is shared at the junction point (highlighted with light yellow). mRNA, The sequence of a rare
clone is shown. The 3’-end of exon 1.4 is connected with the 5'-end of exon 1.8. C, Schematic representation of the deletion in sibling cases 5 and
6 from family C. Genome, The junction sequence of the deletion (a gray area) is shown. The fusion has occurred between a LINE 1 repeat
sequence (highlighted with blue) at intron 1 of DMXL2 and a nonrepeat sequence at intron 4 of GLDN and is accompanied by an addition of a
33-bp segment with a LINE 1 repeat sequence. mRNA, The sequence of a rare chimeric gene transcript is shown. DMXL2 exon 1 consisting of a
noncoding region (a red striped box) and a coding region (a red box) is spliced onto the common acceptor site (CAS) of CYPT9AT exon 2
comprising an untranslated region (a white box) and a coding region (a black box). Thus, this transcript has two translation initiation codons (ATG),
afthough the mRNA destined to produce a 47-amino acid protein from the ATG on DMXL2 exon 1 is predicted to undergo NMD. D, Schematic
representation of the deletion shared in common by cases 8 and 9 from family D, case 10 from family E, and cases 15 and 17 from family F.
Genome, The junction sequence of the deletion (a gray area) is shown. The fusion has occurred between a LINE 1 repeat sequence (highlighted
with blue) at intron 1 of DMXL2 and that at a downstream region of DMXL2, with an overlap of a 12-bp segment. mRNA, The sequence of a
chimeric gene transcript is delineated. The mRNA structure is the same as that described in the legend for Fig. 3C.

fusion occurred between nonrepeatelements withanover-  control materials. However, PCR amplifications for the
lap of one nucleotide. 5’-RACE products with a variety of combinations of prim-

Allthe 5'-RACE products (>500 clones) obtained from  ers hybridizing to each exon 1 and subsequent sequencing
LCL and SF of case 3 (family A) and case 4 (family B) were  of the PCR products revealed the presence of a chimeric
found to be associated with a single exon 1, as observed in  clone consisting of exon 1.4 at the 5’ side and exon 1.8 at
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the 3’ side in both LCL and SF (Fig. 3B). Although such a
chimeric clone would have been produced by a splice er-
ror, this indicated that duplicated exon 1.4 at the distal
nonphysiological position functioned as a transcription
start site.

Characterization of the cryptic deletions

In cases from family C, long PCR products were ob-
tained with the P7 primer and the P9 primer, and the de-
letion junction was determined by direct sequencing with
the P8 primer (Fig. 3C). The deleted region was 211,631-
bp long and involved exons 2—-43 of DMXL2 and exons
5-10 of GLDN. The two breakpoints resided within a
LINE 1 repeat sequence and a nonrepeat sequence respec-
tively, and a 33-bp segment with a LINE 1 repeat sequence
was inserted to the fusion point. In cases from families
D-F, long PCR products were obtained by sequential am-
plifications with the P12 primer and the P14 primer and
with the P13 primer and the P14 primer, and an identical
deletion was identified by direct sequencing with the P13
primer (Fig. 3D). The deletion was 165,901-bp long and
involved exons 2-43 of DMXL2. The fusion occurred
between two LINE 1 repeat sequences with an overlap of
a 12-bp segment.

Sequence analysis of the 5'-RACE products obtained
from LCL of cases 5 and 6 (family C) and from SF of case
9 (family D) and case 10 (family E) revealed the presence
of a few clones with DMXL2 exon 1 (2-5%), together
with multiple clones with a single wild-type CYP19A1 exon
1 (Fig. 3, Cand D). Such a chimeric mRNA clone was absent
from control materials. Furthermore, DMXL2 exon 1 was
found to be accompanied by a promoter-compatible se-
quence (Supplemental Fig. 2). This indicated a cryptic us-
age of DMLX2 exon 1 as an alternative CYP19A1 tran-
scription start site in cases with deletions. Notably, because
of the presence of the translation start codon on DMXL2
exon 1, mRNAs of the DMLX2/CYP19A1 chimeric genes
are predicted to produce two proteins, #.e. CYP19A1 protein
and an apparently nonfunctional 47-amino acid protein with
a termination codon on CYP19A1 exon 2, when the trans-
lation started from the initiation codons on CYP19A1
exon 2 and on DMLX?2 exon 1, respectively. Further-
more, mRNA destined to yield the 47-amino acid pro-
tein is predicted to undergo nonsense-mediated mRNA
decay {(NMD) because it satisfies the condition for the
occurrence of NMD (12).

Relative mRNA levels of CYP19A7 and its
neighboring genes

CYP19A1 showed a markedly high expression in the
placenta and a relatively weak expression in a limited
number of tissues including hypothalamus and ovary. By
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FIG. 4. Expression patterns of CYPT9AT and the five neighboring
genes involved in the chimeric gene formation. Relative mRNA levels
against TBP are shown.

contrast, DMXI.2 was expressed in a range of tissues with
some degree of variation as well as CGNL1, MAPKS®,
TMOD3, and TLN2 (Fig. 4).

Discussion

We identified cryptic duplications of the CYP19A1 pro-
moter region and deletions of the CYP19A1 upstream re-
gion in cases with AEXS. The tandem duplications would
have caused CYP19A1 overexpression because of an in-
creased number of the wild-type transcription start sites.
Indeed, because a rare mRNA variant with exon 1.4 and
exon 1.8 was identified, this implies that duplicated exons
1 at the distal nonphysiological position can also function
as transcription start sites. Similarly, the deletions would
have caused CYP19A1 overexpression because of a cryp-
tic usage of DMXL2 exon 1 with a putative promoter
function as an extra transcription start site for CYP19A1.
Indeed, because a few clones with DMXL2 exon 1 and
CYP19A1 exon 2 were identified, this confirms the for-
mation of a DMXIL.2/CYP19A1 chimeric gene. Thus, our
results suggest for the first time that duplications of a phys-
iological promoter and deletions of an upstream region
can cause overexpression of a corresponding gene and
resultant human genetic disease.

Such cryptic genomic rearrangements can be generated
by several mechanisms. The tandem duplication in fami-
lies A and Bwould be formed by a replication-based mech-
anism of fork stalling and template switching that occurs
in the absence of repeat sequences and is associated with
microhomology (13). The deletionin family Cisexplained
by nonhomologous end joining that takes place between
nonhomologous sequences and is frequently accompanied
by an insertion of a short segment at the fusion point (13).
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The deletion in families D-F is compatible with a repeat
sequence mediated nonallelic intrachromosomal or inter-
chromosomal recombination (13). Thus, in conjunction
with the previously identified four cryptic inversions that
are also explainable by fork stalling and template switch-
ing or nonallelic recombination (8), genomic sequence
around CYP19A1 appears to harbor particular motifs
that are vulnerable to replication and recombination
errors.

To date, three types of cryptic genomic rearrangements
have been identified in patients with AEXS, i.e. duplica-
tion type, deletion type (two subtypes), and inversion type
(four subtypes) (Fig. 5). Here, although the deletion and
the inversion types are associated with heterozygous
impairment of neighboring genes (deletion or discon-
nection between noncoding exon(s) and coding exons),
the phenotypes of patients are well explained by exces-
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sive CYP19A1 activity alone. Thus, haploinsufficiency
of these neighboring genes would not have a major clin-
ical effect.

For the deletion and inversion types, two factors should
be considered. One factor is expression patterns of each
chimeric gene. In this regard, the five genes involved in the
formation of chimeric genes are widely expressed, with
some degree of variation (Fig. 4). Furthermore, in silico
analysis revealed promoter-compatible sequences around
exon 1 of DMXL2, CGN1, MAPK6, and TMOD3 in
multiple cell types, although such sequences remain to be
identified for noncoding exons of TLN2 (Supplemental
Fig. 2). These findings imply that the chimeric genes show
wide expression patterns because expression patterns of
chimeric genes would follow those of the original genes.

The other factor is expression dosage of each chimeric
gene. In this context, the DMXL2/CYP19A1 chimeric
mRNA wasidentified only in 2-5% of transcripts from SF,
whereas the CGNL1/CYP19A1 chimeric mRNA and the
TMOD3/CYP19A1 chimeric mRNA accounted for 89—
100% and 80% of transcripts from SF, respectively (no
data for the MAPK6/CYP19A1 and the TLN2/CYP19A1
chimeric genes) (5). This difference is obviously inexpli-
cable by the relative expression level in SF that is grossly
similar between DMXIL.2 and TMOD3 and is quite low
for CGNL1 (Fig. 4). In this regard, it is notable that a
translation start codon and a following coding region are
present on exon 1 of DMXL2 (Fig. 5). It is likely that
DMXIL2/CYP19A1 chimeric mRNA transcribed by the
DMXL2 promoter preferentially recognized the natural
start codon on DMXL2 exon 1 and underwent NMD and
that rather exceptional chimeric mRNAs, which recog-
nized the start codon on CYP19A1 exon 2, were identified
by 5’-RACE. By contrast, such a phenomenon would not
be postulated for the inversion-mediated chimeric mRNA
because of the absence of a translation start codon on the
fused exon 1 of CGNL1 and TMOD3 (as well as exon 1
of MAPK6 and exons A and B of TLN2) (Fig. 5). For the
CGNL1/CYP19A1 chimeric gene, furthermore, the phys-
ical distance between CGNL1 exon 1and CYP19A1 exon
2 is short, and whereas a splice competition may be pos-
sible between exon 1 of neighboring genes and original
CYP19A1 exons 1, eight of 11 CYP19A1 exons 1 includ-
ing exon 1.4 functioning as the major promoter in SF have
been disconnected from CYP19A1-coding exons by in-
version. These structural characters would have also con-
tributed to the efficient splicing between CGNL1 exon 1
and CYP19A1 exon 2 (14). In this context, although the
CGNL1/CYP19A1 chimeric gene is associated with func-
tional loss of eight CYP19A1 exons 1 and the resultant
reduction of CYP19A1 expression in CYP19A1-express-
ing tissues, overall aromatase activity would be increased
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by the wide expression of the chimeric gene. These struc-
tural properties would primarily explain the difference in
the expression dosage of chimeric mRNA between the de-
letion and the inversion types.

Itisinferred, therefore, that the duplication type simply
increases CYP19A1 transcription in native CYP19A1-ex-
pressing tissues, whereas the deletion and the inversion
types cause relatively mild and severe CYP19A1 overex-
pression in a range of tissues, respectively. These notions
would grossly explain why clinical features of affected
males and carrier females and endocrine profiles of af-
fected males are apparently milder in the duplication and
the deletion types than in the inversion type and why clinical
findings were ameliorated with 1 mg/d of anastrozole in the
duplication and the deletion types and with 2-4 mg/d of
anastrozole in the inversion type. In addition, the different
expression pattern between CYP19A1 and DMXL2 may
explain, in terms of autocrine and/or paracrine effects, why
phenotypic features such as gynecomastia tended to be more
severe in the deletion type than in the duplication type under
similar endocrine profiles.

Furthermore, several findings are notable in this study.
First, a similar degree of FSH-dominant hypogonado-
tropic hypogonadism is present in the three types, with no
amelioration of FSH responses to GnRH stimulation after
GnRH priming in two cases with the duplication. This
suggests that a relatively mild excess of circulatory estro-
gens, as observed in the duplication and the deletion types,
can exert a strong negative feedback effect on FSH secre-
tion, primarily at the pituitary, as has been suggested pre-
viously (15-19). Second, although basal T values appear
to be mildly and similarly compromised in the three types,
age-matched comparison suggests that T responses to
hCG stimulation are apparently normal in the duplication
and the deletion types and somewhat low in the inversion
type. These data, although they remain fragmentary,
would primarily be compatible with fairly preserved LH
secretion in the three types and markedly increased estro-
gen values in the inversion type because T production is
under the control of LH (1), and excessive estrogens com-
promise testicular steroidogenic enzyme activity (20, 21).
Lastly, although testis volume appears somewhat small,
fertility (spermatogenesis) is normally preserved in the
three types. This would be consistent with the FSH-dom-
inant hypogonadotropic hypogonadism because FSH
plays only a minor role in male fertility (spermatogenesis)
(22). Indeed, males with mutations of FSHR encoding
FSH receptor as well as mice lacking FSHB or FSHR can
be fertile (23, 24).

The results of this study are contrastive to those of the
previous studies. In the previous studies, inversions only
have been identified, and each inversion is specific to each
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family or patient (8). By contrast, in this study, the iden-
tical duplication was found in two Japanese families A and
B, and the same deletion (subtype 2 in Fig. 5) was shared
by three Japanese and one Caucasian families D-F, despite
apparent nonconsanguinity. This may be explained by as-
suming that patients with severe phenotype were prefer-
entially examined in the previous studies, whereas those
with the AEXS phenotype were analyzed in this study
without ascertainment bias. Furthermore, because pheno-
types are milder in the duplication and the deletion types
than in the inversion type, this may have permitted the
spread of the duplication and the deletion types, but not
the inversion type, as the founder abnormalities. This no-
tion predicts that the duplication and the deletion types
would be identified by examining patients with mild
AEXS phenotype. )

In summary, the present study shows that AEXS can be
caused by duplications of the physiological promoters and
microdeletions of the upstream regions of CYP19A1 and
that phenotypic severity is primarily determined by the
tissue expression pattern of CYP19A1 and the chimeric
genes and by structural properties of the fused exons. Most
importantly, the present study provides novel models for
the gain-of-function mutations leading to human genetic
disease.
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Insulin-Like Growth Factor | Enhances the Expression
of Aromatase P450 by Inhibiting Autophagy

Bo Zhang, Makio Shozu, Masahiko Okada, Hiroshi Ishikawa, Tadayuki Kasai,
Kouich Murakami, Kazuhito Nomura, Nobuhiro Harada, and Masaki Inoue

Department of Obstetrics and Gynecology (B.Z., M.QO., T.K., K.M., K.N., M.L), Kanazawa University
Graduate School of Medicine, Kanazawa 920-0934, Japan; Reproductive Medicine (M.S., H.L.), Graduate
School of Chiba University, Chiba 260-8670, Japan; and Department of Biochemistry (N.H.), School of
Medicine, Fujita Health University, Toyoake, Aichi 470-1192, Japan

Aromatase, a key enzyme of estrogen biosynthesis, is transcriptionally regulated by many growth
factors. IGF-l enhances aromatase activity in a variety of cells, but the mechanism of action has not
been determined. We herein report our finding of a novel mechanism of action for IGF-1. IGF-
enhanced the dexamethasone (DEX)-induced aromatase activity by 30% in serum-starved THP-1
cells. The increase was associated with a corresponding increase in the level of aromatase protein
but not with any change in the mRNA level. Metabolic labeling experiments revealed that IGF-|
inhibited the degradation of aromatase. We identified pepstatin A as the most effective inhibitor
of aromatase degradation by in vitro assay. Using a nontoxic concentration of pepstatin A, we
examined IGF-1's action on aromatase distribution in microsomes and lysosomes. In the presence
of pepstatin A, DEX caused an increase in the amount of aromatase in both microsomes and
lysosomes, and IGF-1 attenuated the DEX-induced accumulation of aromatase in lysosomes and,
conversely, enhanced its accumulation in the microsomes. The addition of serum abolished the
IGF--induced changes. The transport from microsome to lysosome was fluorescently traced in cells
using a recombinant aromatase. I1GF-I selectively reduced the aromatase signal in the lysosomes.
Finally, we observed that IGF-l enhanced the aromatase activity by 50% as early as 1 h after
treatment; furthermore, rapamycin, an enhancer of autophagy, completely negated the effect of
IGF-I on the enzyme. These results indicate that IGF-l enhances aromatase by the inhibition of
autophagy. (Endocrinology 151: 4949-4958, 2010)

romatase, a member of the P450 superfamily, is a key
Aenzyme of estrogen biosynthesis and catalyzes the
conversion of androgen to estrogen. Aromatase is ex-
pressed in the gonads, placenta, and other extraglandular
tissues including adipose, breast, skin, brain, bone, arte-
rial wall, liver, and uterus. All of these extraglandular tis-
sues are estrogen receptor positive, and estrogen synthe-
sized in situ is supposed to work directly on cells in a
juxtacrine fashion. Currently, there is growing evidence
that dysregulated expression of aromatase in these extra-
glandular tissues has pathological relevance and that tar-
geting aromatase is an effective strategy for treatment of
hormone-dependent tumors arising from these tissues,
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i.e. breast cancer, endometriosis, and leiomyoma of the
uterus (1-35).

To understand the mechanisms responsible for the lo-
calized dysregulation (overexpression) of aromatase, re-
searchers, including the authors of this paper, have exten-
sively studied and found that a variety of tumor-derived
humoral factors play pivotal roles in the localized induc-
tion of aromatase. For example, in breast cancer, malig-
nant epithelial cells secrete significant quantities of pros-
taglandin E2, which induces transcription of aromatase in
stromal cells surrounding breast cancer cells via the most
proximal promoters of aromatase {promoter 1.3 and PII)
(6). Cytokines such as IL-6, oncostatin M, IL-11, TNFq,

Abbreviations: DEX, Dexamethasone; FBS, fetal bovine serum; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; mTOR, mammalian target of rapamycin; PMSF, phenylmeth-
ylsulfonyl fluoride; RIPA, radioimmunoprecipitation assay.
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and IL-18 stimulate aromatase transcription in stromal
cellsviaa distal aromatase promoter (promoter 1.4) (7-11)
in the presence of circulating levels of glucocorticoids,
which play a permissive role for the transcription (12). In
addition to the transcriptional activation, TNFa and
IL-11 can also enhance aromatase in breast cancer tissues
by inhibiting the differentiation of aromatase-positive ad-
ipose stromal cells into aromatase-negative mature adi-
pocytes (13).

IGF-I, a potent signaling molecule whose signaling
pathway isimplicated in the development and progression
of anumber of human neoplasms, including breast cancers
(14), is also known to enhance aromatase. The precise
mechanism is, however, still the subject of investigation.
Unlike other factors that act in a cell- and promoter-spe-
cific fashion as described above, IGF-I consistently en-
hances aromatase in different types of cells (granulosa lu-
tein cells, adipose stromal cells, skin fibroblasts, breast
cells and breast cancer cells, and Leydig tumor cells) that
use different types of aromatase promoters (15-19). Tran-
scriptional activation through the induction of steroido-
genic factor-1, a key transcription factor for the PII pro-
moter, and indirect actions through the acceleration of
follicular development and granulosa cell proliferation
have been proposed as mechanisms of IGF-I’s action in
Leydig cells and granulosa cells, respectively (18,20-22).
These mechanisms explain the PII promoter-induced en-
hancement of aromatase in these cells but do not explain
how IGF-I enhances aromatase in such a wide variety of
cells that use different types of promoters.

We herein uncovered a novel mechanism whereby
IGF-I enhances aromatase in a variety of cells, namely
inhibition of autophagy. This action may explain the non-
selective enhancement of ectopic expression of aromatase
by IGF-I and its role in many human pathologies, includ-
ing polycystic ovary syndrome and endometrial cancer,
where free IGF-I and insulin are both high in serum (23,
24). This may also indicate the therapeutic relevance of a
new class of anticancer drugs targeting mammalian target
of rapamycin (mTOR), a gatekeeper of autophagy as well
as cell proliferation (i.e. the use of an mTOR inhibitor may
interfere with aromatase in situ).

Materials and Methods

Chemicals

IGF-1 was purchased from R&D Systems (Minneapolis,
MN). Dexamethasone (DEX) and all other chemicals, unless
specifically indicated, were purchased from Sigma Chemical Co.
(St. Louis, MO).

Endocrinology, October 2010, 151(10):4949-4958

Cell culture

THP-1 (a human acute monocytic leukemia cell line) and
JEG-3 cells (a human placental choriocarcinoma cell line) were
purchased from the American Type Culture Collection (Rock-
ville, MD) and cultured as described. For serum starvation,
THP-1 cells were maintained for 6-24 h in RPMI 1640 medium
supplemented with 0.1% BSA (albumin solution from fraction V
from bovines; Sigma). The intrinsic aromatase-negative KW
cells, previously established from an aromatase-positive myo-
metrial cell line, were used for transfection experiments to trace
extrinsic aromatase without interference from intrinsic aro-
matase (25-27).

Aromatase activity

Serum-starved THP-1 cells and KW cells were treated with
IGE-I(5 ng/ml), DEX (25 nm), or both for 15 minto 48 hin RPMI
1640 medium supplemented with 0.1% BSA and 15-[*H]andro-
stenedione (final concentration 60 nM; NEN Life Science Prod-
ucts, Boston, MA) was added to the medium 1 h before the end
of incubation, unless otherwise specified. The aromatase activity
was assayed by formation of tritiated water from 18-[*H]an-
drostenedione as previously described (12, 28). The aromatase
activity was expressed as the rate of formation of tritiated water
per milligram of protein corresponding to 2 h of incubation.

Western blot

Western blotting was conducted as described previously (27).
The polyclonal anti-aromatase antibody was obtained from the
serum of rabbits immunized with placenta-derived aromatase
(29). The antibody for P450 cytochrome oxidoreductase
(CYPOR) was purchased from Santa Cruz Biotechnology (sc-
25263; Santa Cruz, CA) and used to assure even loading of mi-
crosomal protein. The protein concentrations were determined
by the bicinchoninic acid method (BCA Protein Assay Reagent,
Pierce, Rockford, IL).

Quantification of aromatase mRNA

The aromatase P450 mRNA was measured by real-time PCR
using primer pairs designed to amplify the exon 2~4 sequences
as described previously (30). We also quantified the promoter-
specific transcript levels of aromatase by exon-1-specific com-
petitive RT-PCR using internal standard RINA as described pre-
viously (27, 31).

Aromatase expression vectors and transient
transfection

The full-length aromatase cDNA was amplified from the
pCMV-aromatase expression vector (pCMV-arom) (32) by
PCR and was subcloned into the pcDNA3.1D/V5-His vector
(pcDNA3.1D/V5-arom), in which a 14-amino-acid V5 epitope
was added on the C-terminal end of the aromatase cDNA
(pcDNA3.1 Directional TOPO expression kit; Invitrogen, Carls-
bad, CA). The fidelity of the sequence was confirmed by
sequencing.

Expression vectors were transiently transfected into KW cells
using Superfect Reagent (QIAGEN, Valencia, CA) as described
elsewhere (30, 33). The aromatase activity of the pPCMV-arom-
and pcDNA3.1D/V5-arom-transfected KW cells was examined
by the tritiated water formation assay as described above.
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Preparation of subcellular fractions

The cellular fractions of THP-1 cells were prepared by se-
quential centrifugations as described elsewhere (27). Briefly,
cells were lysed on ice with buffer A [10 mm PBS, 15 mm KCl, 1
mM EDTA (pH 6.88)] and subsequently sonicated on ice. The
lysate was centrifuged 10 min at 800 X g to remove nuclei, 10
min at 5000 X g to remove mitochondria, and 10 min at
10,000 X g to recover lysosomes as precipitates. The lysosome-
rich precipitates were washed one time and solubilized using a
modified radioimmunoprecipitation assay (RIPA) buffer [S mM
Tris, 1 mM EDTA, 1% Nonidet P-40 (pH 7.5)]. The supernatant
was again centrifuged for 60 min at 105,000 X g to recover
microsomes (27). The pellets were washed one time and resus-
pended in 50 ul buffer containing S0 mm PBS, 20% glycerol, 1
mM EDTA, and 1 mm dithiothreitol. Both microsomal and cy-
tosolic fractions were snap-frozen in liquid nitrogen and stored
at —80 C until use.

Placental tissues were obtained from patients, who gave the
consent for the study, after normal delivery. The institutional
review board approved this study. The placental tissues were
homogenized, and microsome fractions were similarly prepared
and stored at —80 C until use.

For detection of cellular aromatase, microsomal fractions
were used for Western blotting. For detection of aromatase in the
lysosome, crude lysosome fractions were refined by density-gra-
dient centrifugation (lysosome enrichment kit; Pierce) to assure
the subcellular localization.

355 metabolic labeling experiments

THP-1 cells were pretreated with DEX (25 nM) in serum-free
medium for 24 h. For pulse-labeling experiments, the cells were
preincubated for 60 min in DMEM without methionine and
cysteine supplemented with 0.1% BSA and were then pulse la-
beled for 60 min with SO uCi/ml of Pro-Mix L-3°S in vitro cell
labeling mix (GE Healthcare, Buckinghamshire, UK). 3°S-la-
beled cells were rinsed twice with PBS and incubated with regular
RPMI 1640 culture medium (with 0.1% BSA) supplemented
with cold methionine and cysteine {0.2 mM L-cystine HCl, 2 mm
L-glutamine) with or without IGF-I (5 ng/ml). The cells were
lysed with 1 ml modified RIPA buffer. The lysates were centri-
fuged at 10,000 X g for 10 min at 4 C, and the supernatants were
used as the whole-cell extract. To remove any nonspecific pro-
teins, 100 pl extract was gently mixed with 20 pl recombinant
protein A agarose beads (protein A-Sepharose 4B conjugate; In-
vitrogen) and then incubated for 1 h at 4 C. The mixture was
thereafter briefly centrifuged to remove the agarose beads; 0.5 ul
rabbit polyclonal antihuman aromatase antibody, anti-B-actin
antibody, and anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) antibody were added to the supernatant; and the re-
action was allowed to proceed with incubation at 4 C overnight
with continuous agitation. After incubation, 20 ul agarose beads
was added, and incubation was resumed for 1 h. The sample was
centrifuged at 5000 X g for 1 min and the antigen-antibody
complex-bound beads were saved and washed five times with
modified RIPA buffer. The washed beads were suspended with
10 pl 2 SDS-PAGE sample buffer [125 mm Tris-HCI (pH 6.8),
10% 2-mercaptoethanol, 10% SDS, 10% glycerol] and boiled
for 5 min. The extracted proteins were separated on a 10% SDS-
polyacrylamide gel. Gels were dried and developed using the BAS
2000 system (Fujifilm, Tokyo, Japan). Radioactivity was ex-
pressed as the percentage of that at time zero.
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In vitro degradation assay

The degradation of aromatase was assessed by the in vitro
coincubation with fractionated cell lysates as a source of degra-
dation enzymes. Placental microsomal fractions (1-5 ug protein)
as a measure of crude aromatase were incubated with an aliquot
of solubilized cellular factions (1.0 ug whole-cell homogenates,
lysosome fraction, or cytosol fraction), prepared from JEG-3
cells or THP-1 cells. After an 8-h incubation at room tempera-
ture, residual aromatase protein was detected by Western blot-
ting. Preliminary experiments showed that degradation pro-
ceeded most efficiently using a lysosomal fraction prepared from
JEG-3 cells. The lysosome fractions were thus used for in vitro
degradation assay. '

Placental aromatase was stable in neutral to mild acidic con-
ditions (pH 7.4~7.0) for at least 8 hat room temperature and was
degraded by coincubation with lysosomal fractions in acidic con-
ditions (pH = 7.0). Degradation occurred more rapidly as the pH
became more acidic, and acidic hydrolysis (a nonenzymatic
mechanism resulting in degradation) became prominent under
extremely acidic conditions (pH ~4.0). Therefore, the following
experiments were conducted at pH 5.3 to minimize the contri-
bution of nonenzymatic hydrolysis and maximize enzymatic
digestion.

To identify the most effective inhibitors of degradation, the
above assay was conducted in the presence of several type of
inhibitors, including pepstatin A (an aspartate protease inhibi-
tor), 3,4-dicholoroisocoumarin (a serine protease inhibitor), E64
(a cysteine protease inhibitor), aprotinin (a serine protease in-
hibitor), phenylmethylsulfony! fluoride (PMSF, a serine protease
inhibitor), sodium fluoride (an esterase inhibitor), sodium meta-
vanadate (a phosphatase inhibitor), and MG132 (a proteasome
inhibitor). ‘

Detection of aromatase in subcellular fractions

The serum-starved THP-1 cells were treated with DEX (25
nM), IGF-I (Sng/ml), or both for 24 h in serum-free medium. Six
hours before the end of the incubation, 0.1 mg/ml pepstatin A
was added to the medium. The lysosomal and microsomal frac-
tions were prepared and purified as described above in the pres-
ence of protease inhibitors (1 mM PMSF, 1 ug/ml aprotinin, and
1 pg/ul pepstatin A). The lysosomal fractions (0.3 ug protein per
lane) and microsomal fractions (0.25 pg protein per lane) were
then examined for aromatase expression by Western blotting.

Immunofluorescence staining

KW cells were grown on coverslips for 24 h and transiently
transfected with pcDNA3.1D/arom-VS plasmid (0.05 ug DNA
per well of six-well plates) with 0.45 ug pUC19 DNA. After a
16-h recovery in complete medium containing 10% fetal bovine
serum (FBS), the cells were fed with serum-free medium supple-
mented with 0.1% BSA for 6 h and thereafter with fresh serum-
free medium containing IGF-I (5 ng/ml) for the last 24 h. Pep-
statin A (0.1 mg/ml) and LysoTracker Red DND-99 (50 uM;
Invitrogen), and ER-Tracker RED (glibenclamide BODIPY TR;
Invitrogen) were added to the medium 6 and 1 h before the end
of the incubation, respectively. Aromatase was stained using an
anti-V5-fluorescein isothiocyanate antibody (Invitrogen). Briefly,
the cells on the coverslips were fixed in 100% methanol for 5 min
at room temperature and then subsequently with 1% BSA/PBS
for blocking and finally were incubated with anti-V5-fluorescein
isothiocyanate antibody diluted to 1:500 (Invitrogen). The cells
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were imaged with an Olympus BXS51 epifluorescence micro-
scope. The images were captured with a charge-coupled device
camera and the OpenLlab software program (Nippon Roper,
Tokyo, Japan) using a constant exposure time for each filter
combination. Composite images were colored and assembled
with Adobe Photoshop 5.5 (Adobe Systems, Mountain View,
CA) with no alterations in the relative gray scale levels.

The aromatizing ability was confirmed by tritiated water re-
leased from 1B-[®H]androstenedione in pcDNA3.1D/arom-VS5-
transfected KW cells.

Statistical analysis

Data are expressed as the means = SEM unless otherwise spec-
ified. Differences in the transcription level and activity between
the two groups were evaluated using the Mann-Whitney U test
for unpaired data and Wilcoxon signed rank test for paired data.
Statistical significance was established at the P < 0.05 level.

Results

IGF-1 enhances aromatase activity without
increasing the mRNA level

The aromatase activity of serum-starved THP-1 cells
was measured in the presence or absence of IGF-I. IGF-I
alone increased the basal level of aromatase activity by
roughly 30% after 24 h of treatment (Fig. 1A). IGF-I sim-
ilarly enhanced the DEX-induced level of aromatase ac-
tivity by 30% (Fig. 1A). When the activity was assessed in
the presence of DEX, the enhancement was significant at
12 and 24 h of IGF-I stimulation but was no longer sig-
nificant by 48 h after initiation of treatment (Fig. 1B).

To clarify the mechanism by which IGF-I increases aro-
matase activity, the level of aromatase protein was quan-
titated by Western blot analysis at 24 h. IGF-I increased
the amount of aromatase protein by 30% in the presence
of DEX, which corresponded to the increase in its activity
(Fig. 1C). To determine whether the increase in protein
was due to increased transcription, the mRNA level of
aromatase was subsequently measured by real-time RT-
PCR. In contrast to the protein level, the mRNA level of
aromatase did not show any increase in response to IGF-,
either in the presence or absence of DEX (Fig. 1D). The
absence of any transcriptional influence of IGF-I was also
confirmed by promoter-specific RT-PCR for aromatase.

This lack of effect on aromatase transcription was con-
firmed using KW cells, which were transiently transfected
with pCMV-aromatase.IGF-Ienhanced the aromatase ac-
tivity without inducing a significant increase in aromatase
transcription from the cytomegalovirus promoter-driven
promoter (Fig. 1, E and F).

IGF-] stabilizes the aromatase protein
The coordinated increase in the protein and activity
levels of aromatase (without a corresponding increase in
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FIG. 1. The effect of IGF-I on the expression of aromatase in THP-1
cells. A, C, and D, The effect of 24 h IGF-I treatment on the activity
(A), protein level (C), and coding mRNA level (D) of aromatase. Each
bar represents the mean = sem of the values obtained from five
independent experiments conducted in triplicate wells. The microsomal
fraction was prepared by sequential ultracentrifugation and used
for Western blot analysis. Inset images were taken from the same
film. The amount of aromatase-coding mRNA was expressed as the
ratio to GAPDH mRNA. Data represent the mean = sem of four
independent experiments. B, The time course of the effects of IGF-I
on aromatase activity. Data represent the mean = sem of four
independent experiments. £ and F, Effect of IGF-I on aromatase activity
(E) and aromatase mRNA expression (F) in KW cells expressing pCMV-
arom. After the recovery in complete medium for 12 h, transfected
cells were starved for 6 h and then treated with IGF-l (5 ng/ml) for

20 h. Data were obtained from five independent experiments.

the transcript level) suggested that IGF-1 exerts its effects
via a posttranscriptional mechanism. To confirm this hy-
pothesis, the degradation of the aromatase protein was
assessed by a >°S metabolic labeling experiment. As shown
inFig. 2, A and B,IGF-I reduced the turnover of aromatase
as early as 2 h after the initiation of treatment, and this
effect continued for at least 6 h. GAPDH, a microsomal
enzyme that is a target of chaperone-mediated autophagy,
was similarly immunoprecipitated, and a degradation
curve was produced for comparison purposes (Fig. 2C).
The degradation curve of GAPDH was similar to that of
aromatase under normal conditions, but IGF-I had no ef-
fect on GAPDH degradation.

Aromatase degradation is sensitive to pepstatin A
To determine the proteases responsible for aromatase
degradation, we conducted an in vitro degradation assay
and sought the most effective protease inhibitor(s). Pep-
statin A efficiently inhibited aromatase degradation, whereas
3,4-dicholoroisocoumarin, E64, aprotinin, and PMSF did
not. The inhibitory actions of sodium fluoride and sodium
metavanadate were suboptimal. These results suggest that

107



Endocrinology, October 2010, 151(10):4949-4958

A

Aromatase

GAPDH

b-actin

Chasetime(h) 0 1 3 6 0 1 3 6

Treatment

100% 100%

5% oy

%

2%

=9
=

2 4 6 2 4 6
Chase time (h) Chase time ()
—&— Control —O— |GF-1

=
=

=
=

GAPDH radioactivity (% control)
g =
Y

=]
=

Aromatase radioacivity (% control) gg

FIG. 2. Effect of IGF-l on the degradation rate of pulse-labeled
aromatase protein in THP-1 cells. A, A representative autoradiogram of
immunoprecipitated proteins; B and C, time course of radioactivity of
aromatase and GAPDH obtained from four independent experiments.

lysosomal cathepsin families, such as cathepsin D (which
is sensitive to pepstatin A), are primarily involved in the
degradation of aromatase.

IGF-l reduces DEX-dependent accumulation of
aromatase in lysosomes

We thereafter determined the in vivo effect of IGF-1in
the presence of pepstatin A, a cell membrane-permeable
inhibitor. A concentration of 0.1 mg/ml pepstatin A in the
culture medium did not result in any toxicity to the THP-1
cells according to a morphological assessment; further-
more, it did not affect the cell number or lactic dehydro-
genase activity. We initially thought that this nontoxic
concentration of pepstatin A would enhance aromatase,
butit did notincrease either the activity or the protein level
in the microsomal fraction (Supplemental Fig. 1, pub-
lished on The Endocrine Society’s Journals Online web site
at http://endo.endojournals.org).

We subsequently compared the subcellular localization
of aromatase. Immunogenic aromatase (54 kDa) was
barely detectable in lysosomal fractions under normal
conditions (Fig. 3A). However, in the presence of pepsta-
tin A, DEX alone caused a profound increase in the
expression of immunogenic aromatase (54 kDa) in the
lysosomal fraction, whereas IGF-I attenuated the DEX-
induced accumulation of lysosomal aromatase (Fig. 3B).
Conversely, IGF-I enhanced the DEX-induced accumula-
tion of immunogenic aromatase in the microsomal frac-
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FIG. 3. The subcellular localization of aromatase in the presence of
pepstatin A. Cellular fractions were prepared from THP-1 cells
incubated with vehicle alone (A), pepstatin A (B), or pepstatin A plus
10% FBS (C). The arrows indicate the size of the placental microsome
that run in the same gel.

tion (Fig. 3, A and B, second vs. third line). This reciprocal
action of IGF-I in the lysosomal and microsomal fractions
suggests that DEX simultaneously increases the synthesis
of aromatase and also increases the transport of the newly
synthesized aromatase into lysosomes; furthermore, IGF-1
inhibits this transport of aromatase into lysosomes and
consequently enhances the accumulation of aromatase in
the microsomes.

The addition of serum markedly reduced the levels of
aromatase in the lysosomal fractions and enhanced the
aromatase level in microsomal fractions (Fig. 3C). Fur-
thermore, the addition of serum completely abolished the
IGF-I-induced changes in the aromatase levels by enhanc-
ing the concentration in the microsomal fractions and at-
tenuating the expression in the lysosomal fractions.

IGF-I inhibits the lysosomal transport of aromatase

Subcellular transport of aromatase was morphologi-
cally traced using KW cells that expressed pcDNA3.1D/
V5-arom. V5-tagged aromatase was localized in the en-
doplasmic reticulum (Fig. 4, A-C). After 24 h of treatment
with IGF-1, the color of the lysosomes changed to a reddish
orange (Fig. 41) from a yellowish orange in the merged
figures (Fig. 4F), indicating that IGF-I reduced the con-
centration of aromatase in the lysosomes. An IGF-I-in-
duced color change of the lysosome was observed even in
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FIG. 4. Fluorescent detection of the subcellular localization of the recombinant
aromatase in KW cells. A, Antibodies against His tag of aromatase; B, ER-Tracker
RED for endoplasmic reticulum; C, a merged image of A and B; D-O, aromatase (D,
G, J, and M) was stained green, and lysosomes were stained red (E, H, K, and N).
KW cells were cultured in the presence of vehicle only (D-F), IGF-I (5 ng/ml, G-1),
pepstatin A (0.1 mg/ml, J-L), or pepstatin A plus IGF-I (M=0). A representative figure

is shown for each treatment. Note that the exogenous aromatase was

overexpressed in the transfected KW cells without DEX, despite lower dilutions of
the vector. Thus, it might be possible to suppose that autophagy occurred in these

cells without DEX.

the presence of pepstatin A (Fig. 4, O vs. L). As shown in
Fig. 4L, pepstatin A alone induced no or a minimal change
in the lysosomal color. The results after a 1-h treatment
with IGF-I were essentially the same, thus demonstrating
that the activity occurs rapidly after treatment with IGF-I.
These findings are consistent with the notion that IGF-I
inhibits the transport of aromatase into lysosomes and
that pepstatin A inhibits the degradation of aromatase in
lysosomes.

The action of IGF-I on aromatase activity is rapid,
rapamycin dependent, and serum starvation
dependent

Based on the results reported above, we hypothesized
that IGF-I enhances aromatase activity by inhibiting au-
tophagy. To support this hypothesis, we performed two
complementary experiments.

Merges
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To show that the enhancement in expression
and activity by IGF-Lis a rapid process, THP-1
cells, which were preincubated with DEX in
serum-free medium to induce aromatase, were
challenged with IGF-1 in serum-free medium,
and the aromatase activity was measured every
15 min. As expected, the aromatase activity de-
creased in a time-dependent fashion (Fig. SA).
IGF-I overcame the reduction in aromatase and
reversed the trend, resulting in an increase in
expression by approximately 50% vs. a time-
matched control as early as 60 min after the
initiation of treatment. The increase in activity
observed with IGF-I treatment was most likely
due to the temporal continuation of protein
synthesis from preexisting mRNA in the ab-
sence of protein degradation after the removal
of DEX. Conversely, the rate of protein degra-
dation probably exceeded the rate of protein
synthesisin the control groups, thusresulting in
the rapid decrease in activity over time. There-
fore, IGF-I’s action on aromatase is a rapid pro-
cess, comparable to the rapid regulation of the
autophagic process through the sequential ac-
tivation of the kinase cascade (34, 35).

We next examined the effect of inhibiting
autophagy on the expression and activity of
aromatase. The addition of 1% serum and 1%
ethanol eliminated the acute IGF-I-induced in-
crease in aromatase activity at 60 min (data not
shown). Similarly, the addition of rapamycin,
which directly inhibits mTOR and induces au-
tophagy, abolished the IGF-I-induced enhance-
ment of aromatase activity at 60 min after treat-
ment (Fig. 5B).

Discussion

Aromatase is a short-lived protein, and its expression is reg-
ulated primarily at the transcriptional level (12,36 -39). Reg-
ulation through protein phosphorylation and degradation
by the proteasome have also beenreported (37,39-42). The
present study demonstrated a previously unknown mecha-
nism of aromatase regulation, namely autophagy. Autoph-
agy down-regulated aromatase, and conversely, the inhibi-
tion of autophagy by IGF-I caused an acute and profound
increase in aromatase activity. This autophagy-dependent
mechanism well explains the serum dependence of the effects
of IGF-1, and does demonstrate the importance of the serum
concentration in culture medium for the measurement of
aromatase activity in cell-based assays.
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FIG. 5. Acute effects of IGF-| and rapamycin on aromatase activity.
A, THP-1 cells were maintained to fully induce aromatase for 42 hin
complete medium containing 10% FBS and 25 nm DEX. After 6 h of
starvation in serum-free medium containing 25 nm DEX, the cells were
washed three times with PBS and fed with serum-free and DEX-free
medium containing IGF-1 (5 ng/ml). Aromatase activity was measured
by every 15-min incubation with 18-[>H]androstenedione. Data are
presented as the mean = sem of four independent experiments. B,
THP-1 cells were pretreated as above and were challenged with IGF-I
(5 ng/mi), rapamycin (1 ug/ml), or both for 60 min. Aromatase activity
was determined by a 15-min incubation with 18-[>Hlandrostenedione
at the end of the culture. Data are from five independent experiments.

It has previously been reported that the addition of
serum in culture media potentiates the expression of aro-
matase in many different cell types (12, 28, 43). This ac-
tion has been ascribed to the effects of serum-derived fac-
tors on the transcription of the protein (9, 15). In fact,
several humoral factors (including cytokines, growth fac-
tors, prostaglandins, and some hormones) in the serum
activate aromatase promoters and therefore activate its
transcription. In addition to transcriptional up-regula-
tion, our results revealed the contribution of the proteo-
lytic process to the acute control of aromatase activity.
Increased aromatase activity was also observed after the
addition of albumin to serum-starved breast cancer cellsin
the mid 1990s, but the underlying mechanism of this phe-
nomenon had never been determined {15, 44). The sup-
pression of autophagy by albumin would, at least in part,
explain the enhancement of aromatase activity. In fact, it
has already been shown by the same author that IGF-I
increases the cellular uptake of iodo-labeled albumin (44).
Ethanol also increases the basal activity of aromatase, and
transcriptional up-regulation by ethanol has beenreported in
breast cancer cells (45). This enhancement of aromatase
activity could also be attributed, at least in part, to auto-
phagy, because ethanol suppresses autophagy (46). -

Our Western blot analysis of cellular fractions demon-
strated that IGF-I reduced aromatase in the lysosomes and
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concurrently increased aromatase in the microsomes (Fig.
3B). In concert with the change in the aromatase activity,
the addition of serum completely abrogated the IGF-I-
induced changes in aromatase expression levels seen in the
lysosomes and microsomes (Fig. 3C). This close coupling
between microsomal and lysosomal aromatase supports
the notion that IGE-I enhances the functional aromatase
residing in microsomes by inhibiting its translocation into
lysosomes. This type of subcellular translocation can oc-
cur through autophagy.

Autophagy is a degradation pathway for the disposal of
cellular components, by which eukaryotic cells can renew
their own components and restore the metabolic balance
during conditions of nutrient starvation. There are three
major mechanisms for autophagy: chaperone-mediated
autophagy (degradation of specific cytosolic proteins),
macroautophagy (bulk degradation of cytosol and or-
ganelles), and microautophagy (engulfing portions of cy-
tosolic material and organelles) (47). Autophagy is in-
duced by amino acid deficiency and is inhibited by IGF-I
through the activation of mTOR kinase complexes (34,
35). Serum abolished the aromatase-enhancing activity of
IGF-1in THP-1 cells. Rapamycin, an inhibitor of mTOR,
also repressed the IGF-I-induced enhancement of aro-
matase activity, thus supporting the role of autophagy.
The effect of IGF-I on aromatase is observed in nearly all
types of aromatase-expressing cells that were examined
under serum-free conditions, including the intrinsic aro-
matase-negative KW cells that were transfected to express
aromatase driven by a viral promoter. This suggests that
the mechanism for disposing of aromatase was not spe-
cifically developed for aromatase-expressing cells. The ki-
netics of aromatase degradation shown by our pulse-chase
experiment were different from that of GAPDH, a well
known target of chaperone-mediated autophagy (48, 49).
Collectively, these results are consistent with the notion
that autophagy, specifically macroautophagy, is the mech-
anism responsible for the translocation of aromatase. We
are currently using electron microscopic analysis to di-
rectly assess the process of macroautophagy under these
conditions.

During macroautophagy, a small double-membrane
structure is initially induced in the cytosol. This structure
subsequently expands around and sequesters an organelle
to form an autophagosome. The autophagosome eventu-
ally fuses with the lysosomal membrane, thus allowing the
contents to be digested (in the autophagolysosome) (47).
The lysosomal fraction that we prepared by density gra-
dient centrifugation included both autophagosomes and
autophagolysosomes (50, 51), whereas the microsome
fraction contained the endoplasmic reticulum, where aro-
matase resides as a functional protein. Therefore, the re-
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duction in lysosomal aromatase signifies that IGF-I inhib-
ited the step before the completion of autophagosome
formation, thus keeping enzymes active. In contrast, pep-
statin A prevented just the final step of autophagy, leading
to conservation of the aromatase protein in the autoph-
agolysosome, which had already been sequestrated from
substrates in the cytosol, so that the protein would no
longer function. This explains why IGF-1, but not pepsta-
tin A, enhanced aromatase activity in cells, whereas both
suppressed autophagy.

To confirm the effect of IGF-1 on autophagy, we con-
ducted a morphological examination using KW cells that
expressed cytomegalovirus promoter-driven aromatase.
KW cells are derived from myometrial smooth muscle cells
that express low basal levels and high induced levels of
aromatase under pathological conditions, such as the gen-
eration of aleiomyoma. KW cells, despite being aromatase
negative, are therefore potentially equipped with a system
to express and dispose of aromatase, and this system
would be affected by IGF-I in the same way as cells with
higher basal expression levels. We used the KW cells to
examine the fate of recombinant aromatase, without the
potential interference of endogenous aromatase. Our re-
sults demonstrated that IGF-I reduced the aromatase sig-
nal within the lysosomes, even in the presence of pepstatin
A (Fig. 4, L vs. O). The use of pepstatin A, an inhibitor of
lysosomal proteases, would intensify the aromatase signal
within the lysosomes if formation of aromatase-contain-
ing autophagolysosomes continued in the presence of
IGF-I. Our observation that this did not occur indicates
that the formation of aromatase-engulfing autophago-
somes had been virtually stopped by treatment with IGF-1.

DEX induced an increase in lysosomal aromatase re-
gardless of whether IGF-I existed (Fig. 3B, compare the
second lane to the first lane and the third lane to the fourth
lane to observe the action of DEX in the absence and pres-
ence of IGF-1, respectively). When there is increased pro-
tein synthesis, more mis- or unfolded proteins accumulate
as more new protein is formed, and this dysfunctional
protein is tracked into the lysosome for disposal (34). Be-
cause DEX strongly induces aromatase transcription (12),
it is reasonable to assume that DEX activates the tran-
scription (and therefore the translation) of aromatase,
which consequently increases the number of dysfunctional
aromatase molecules translocated into the lysosomes. Un-
der conditions of relative malnutrition, there may be more
chances of mis-incorporation of amino acids and therefore
much production of dysfunctional aromatase protein.
However, this quality-control mechanism may not fully
explain all of the DEX-induced increase in the amount of
aromatase in lysosomal fractions. When the cells were
treated with IGF-1, it led to the preservation of the DEX-
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induced aromatase that had been synthesized during the
malnutrition, and this enzymé was still functional. This
means that even normally folded, and thus functional,
protein had been routed into the lysosomes under serum-
free conditions. Based on these findings, we reasoned that
DEX induces autophagy in nutrient-poor cells, which con-
sequently reduces the amount of aromatase protein. Our pre-
liminary experiment using electron microscopy demon-
strated that autophagosome is increased in DEX-treated
THP-1 cells. Recently, similar DEX-induced autophagy was
reported for the mouse lymphoma cell line WEHI7.2 (52,
53). Therefore, DEX appears to have a dual action on aro-
matase activity in serum-starved THP-1 cells; it increases the
aromatase activity by transcriptional activation and de-
creases its activity by enhancing autophagy.

It is interesting to note that the rapid control observed
in our study, including the down-regulation by autoph-
agy, may play an important role in the brain, where rapid
changes in estrogen action through rapid changes in aro-
matase activity occur in physiologically relevantsituations
(54). Such activity may also be important in the ovary,
where rapid control of aromatase activity may be respon-
sible for rapid fluctuations in the serum estradiol concen-
tration (55). However, the precise pathophysiological sig-
nificance remains to be determined. New drugs targeting
the mTOR complex, a gatekeeper for cell proliferation,
apoptosis, and autophagy, are currently being developed
for various types of cancer, including breast, colon, and
esophageal cancer. Because aromatase is overexpressed in
all of these cancers, it is expected that these mTOR inhib-
itors may be especially effective. It may also be worthwhile
to consider the potential modification of aromatase when
these drugs are examined in clinical trials.

In summary, we have demonstrated that IGF-I en-
hances aromatase activity by inhibiting the induction of
autophagy in serum-starved cells treated with DEX. This
finding reveals a novel mechanism for the rapid and pro-
found clearance of aromatase activity. Moreover, our
findings emphasize the need to pay attention to the nutri-
tional condition of cells when aromatase expression is ex-
perimentally assessed.

Acknowledgments

Address all correspondence and requests for reprints to: Prof.
Makio Shozu, Department of Reproductive Medicine, Graduate
School of Medicine, Chiba University, 1-8-1 Inohana, Chuoh-ku,
Chiba 260-8670, Japan. E-mail: shozu@faculty.chiba-u.jp.

This study was supported by a Grant-in-Aid for Scientific
Research (A) 16209049 and a Grant-in-Aid for Exploratory Re-
search No. 20659257 from the Japanese Ministry of Education,
Culture, Sports, Science, and Technology and by the Megumi
Medical Foundation, Kanazawa, Japan.

111



Endocrinology, October 2010, 151(10):4349~4958

Disclosure Summary: None of the authors have anything to

disclose.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18,

SantenR], Brodie H, Simpson ER, Siiteri PK, Brodie A 2009 History
of aromatase: saga of an important biological mediator and thera-
peutic target. Endocr Rev 30:343-375

. Bulun SE, Imir G, Utsunomiya H, Thung S, Gurates B, Tamura M,

Lin Z 2005 Aromatase in endometriosis and uterine leiomyomata.
J Steroid Biochem Mol Biol 95:57-62

. Shozu M, Murakami K, Inoue M 2004 Aromatase and leiomyoma

of the uterus. Semin Reprod Med 22:51-60

. Shippen ER, West Jr WJ 2004 Successful treatment of severe endo-

metriosis in two premenopausal women with an aromatase inhibi-
tor. Fertil Steril 81:1395-1398

. Shozu M, Murakami K, Segawa T, Kasai T, Inoue M 2003 Success-

ful treatment of symptomatic uterine leiomyoma with a nonsteroidal
aromatase inhibitor in a perimenopausal woman. Fertil Steril 79:
628-631

. Bulun SE, Lin Z, Zhao H, Lu M, Amin S, Reierstad S, Chen D 2009

Regulation of aromatase expression in breast cancer tissue. Ann NY
Acad Sci 1155:121-131

. Zhao Y, Mendelson CR, Simpson ER 1995 Characterization of the

sequences of the human CYP19 (aromatase) gene that mediate reg-
ulation by glucocorticoids in adipose stromal cells and fetal hepa-
tocytes. Mol Endocrinol 9:340-349

. Zhao Y, Nichols JE, Valdez R, Mendelson CR, Simpson ER 1996

Tumor necrosis factor-e stimulates aromatase gene expression in
human adipose stromal cells through use of an activating protein-1
binding site upstream of promoter 1.4. Mol Endocrinol 10:1350—
1357

. Zhao Y, Nichols JE, Bulun SE, Mendelson CR, Simpson ER 1995

Aromatase P450 gene expression in human adipose tissue. Role of
aJak/STAT pathway in regulation of the adipose-specific promoter.
] Biol Chem 270:16449-16457

Shozu M, Zhao Y, Simpson ER 2000 TGF-betal stimulates expres-
sion of the aromatase (CYP19) gene in human osteoblast-like cells
and THP-1 cells. Mol Cell Endocrinol 160:123-133

Shozu M, Sumitani H, Segawa T, Yang HJ, Murakami K, Kasai T,
Inoue M 2002 Overexpression of aromatase P-450 in leiomyoma
tissues is driven through the promoter I. 4 of aromatase P-450. J Clin
Endocrinol Metab 87:2540-2548

ShozuM, Zhao Y, Simpson ER 1997 Estrogen biosynthesisin THP1
cells is regulated by promoter switching of the aromatase (CYP19)
gene. Endocrinology 138:5125-5135

Meng L, Zhou J, Sasano H, Suzuki T, Zeitoun KM, Bulun SE 2001
Tumor necrosis factor « and interleukin 11 secreted by malignant
breast epithelial cells inhibit adipocyte differentiation by selectively
down-regulating CCAAT/enhancer binding protein « and peroxi-
some proliferator-activated receptor : mechanism of desmoplastic
reaction. Cancer Res 61:2250-2255

Pollak MN, Schernhammer ES, Hankinson SE 2004 Insulin-like
growth factors and neoplasia. Nat Rev Cancer 4:505-518

Reed M], Topping L, Coldham NG, Purchit A, Ghilchik MW,
James VH 1993 Control of aromatase activity in breast cancer cells:
the role of cytokines and growth factors. J Steroid Biochem Mol Biol
44:589-596

Steinkampf MP, Mendelson CR, Simpson ER 1988 Effects of epi-
dermal growth factor and insulin-like growth factor I on the levels
of mRNA encoding aromatase cytochrome P-450 of human ovarian
granulosa cells. Mol Cell Endocrinol 59:93-99

Emoto N, Ling N, Baird A 1991 Growth factor-mediated regulation
of aromatase activity in human skin fibroblasts. Proc Soc Exp Biol
Med 196:351-358

Chabrolle C, Tosca L, Ramé C, Lecomte P, Royére D, Dupont J

19.

20.

21.

22.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

112

endo.endojournals.org 4957

2009 Adiponectin increases insulin-like growth factor I-induced
progesterone and estradiol secretion in human granulosa cells. Fertil
Steril 92:1988-1996

Randolph Jr JF, Kipersztok S, Ayers JW, Ansbacher R, Peegel H,
Menon KM 1987 The effect of insulin on aromatase activity in
isolated human endometrial glands and stroma. Am ] Obstet Gy-
necol 157:1534-1539

Sirianni R, Chimento A, Malivindi R, Mazzitelli I, Andd S, Pezzi V
2007 Insulin-like growth factor-1, regulating aromatase expression
through steroidogenic factor 1, supports estrogen-dependent tumor
Leydig cell proliferation. Cancer Res 67:8368—-8377

Ginther O], Bergfelt DR, Beg MA, Meira C, Kot K 2004 In vivo
effects of an intrafollicular injection of insulin-like growth factor 1
on the mechanism of follicle deviation in heifers and mares. Biol
Reprod 70:99-105

Spicer L}, Chamberlain CS, Maciel SM 2002 Influence of gonado-
tropins on insulin- and insulin-like growth factor-I (IGF-I)-induced
steroid production by bovine granulosa cells. Domest Anim Endo-
crinol 22:237-254

. Thierry van Dessel HJ, Lee PD, Faessen G, Fauser BC, Giudice LC

1999 Elevated serum levels of free insulin-like growth factor I in
polycystic ovary syndrome. ] Clin Endocrinol Metab 84:3030-3035
Ayabe T, Tsutsumi O, Sakai H, Yoshikawa H, Yano T, Kurimoto
F, Taketani Y 1997 Increased circulating levels of insulin-like
growth factor-I and decreased circulating levels of insulin-like
growth factor binding protein-1 in postmenopausal women with
endometrial cancer. Endocr | 44:419-424

Matsuo O, Fukao H, Izaki S, Matsuo C, Ueshima S 1989 Production
and characterization of single-chain tissue-type plasminogen acti-
vator produced by an established cell line from human uterine mus-
cle. Cell Struct Funct 14:45-60

Sourla A, Reyes-Moreno C, Koutsilieris M 1994 Characterization of
KW smooth muscle-like. human myometrial cells. Anticancer Re-
search 14:1887-1892

Sumitani H, Shozu M, Segawa T, Murakami K, Yang HJ, Shimada
K, Inoue M 2000 Iz situ estrogen synthesized by aromatase P450 in
uterine leiomyoma cells promotes cell growth probably via an au-
tocrine/intracrine mechanism. Endocrinology 141:3852-3861
Shozu M, Simpson ER 1998 Aromatase expression of human os-
teoblast-like cells. Mol Cell Endocrinol 139:117-129

Harada N 1988 Novel properties of human placental aromatase as
cytochrome P-450: purification and characterization of a unique
form of aromatase. ] Biochem 103:106-113

Ishikawa H, Shozu M, Okada M, Inukai M, Zhang B, Kato K, Kasai
T, Inoue M 2007 Early growth response gene-1 plays a pivotal role
in down-regulation of a cohort of genes in uterine leiomyoma. ] Mol
Endocrinol 39:333-341

Shozu M, Zhao Y, Bulun SE, Simpson ER 1998 Multiple splicing
events involved in regulation of human aromatase expression by a
novel promoter, 1. 6. Endocrinology 139:1610-1617

Corbin CJ, Graham-Lorence S, McPhaul M, Mason JI, Mendelson
CR, Simpson ER 1988 Isolation of a full-length cDNA insert en-
coding human aromatase system cytochrome P-450 and its expres-
sion in nonsteroidogenic cells. Proc Natl Acad Sci USA 85:8948-
8952

Shozu M, Murakami K, Segawa T, Kasai T, Ishikawa H, Shinohara
K, Okada M, Inoue M 2004 Decreased expression of early growth
response-1 and its role in uterine leiomyoma growth. Cancer Res
64:4677-4634

Klionsky DJ, Emr SD 2000 Autophagy as a regulated pathway of
cellular degradation. Science 290:1717-1721

Young AR, Narita M, Ferreira M, Kirschner K, Sadaie M, Darot JF,
Tavaré S, Arakawa S, Shimizu S, Watt FM, Narita M 2009 Auto-
phagy mediates the mitotic senescence transition. Genes Dev 23:
798-803

Bulun SE, Sebastian S, Takayama K, Suzuki T, Sasano H, Shozu M
2003 The human CYP19 (aromatase P450) gene: update on phys-



4958

37.

38.

39.

40.

41.

42.

43.

44,

45.

Zhang et al. IGF-I Regulates Aromatase Expression

iologic roles and genomic organization of promoters. J Steroid Bio-
chem Mol Biol 86:219-224

Shozu M, Sumitani H, Murakami K, Segawa T, Yang HJ, Inoue M
2001 Regulation of aromatase activity in bone-derived cells: possi-
ble role of mitogen-activated protein kinase. J Steroid Biochem Mol
Biol 79:61—-65

Chen S, Ye J, Kijima I, Kinoshita Y, Zhou D 2005 Positive and
negative transcriptional regulation of aromatase expression in hu-
man breast cancer tissue. ] Steroid Biochem Mol Biol 95:17-23
Catalano S, Barone I, Giordano C, Rizza P, Qi H, Gu G, Malivindi
R, Bomnofiglio D, Andd S 2009 Rapid estradiol/ER« signaling en-
hances aromatase enzymatic activity in breast cancer cells. Mol En-
docrinol 23:1634-1645

Balthazart J, Baillien M, Charlier TD, Cornil CA, Ball GF 2003
Multiple mechanisms control brain aromatase activity at the
genomic and non-genomic level. J Steroid Biochem Mol Biol 86:
367-379

Wang X, Chen S 2006 Aromatase destabilizer: novel action of ex-
emestane, a food and drug administration-approved aromatase in-
hibitor. Cancer Res 66:10281-10286

Miller TW, Shin I, Kagawa N, Evans DB, Waterman MR, Arteaga
CL 2008 Aromataseis phosphorylatedinsitu atserine-118. J Steroid
Biochem Mol Biol 112:95-101

Lanoux M]J, Cleland WH, Mendelson CR, Carr BR, Simpson ER
1985 Factors affecting the conversion of androstenedione to estro-
gens by human fetal hepatocytes in monolayer culture. Endocrinol-
ogy 117:361-368

Singh A, Blench I, Morris HR, Savoy LA, Reed MJ 1992 Synergistic
interaction of growth factors and albumin in regulating estradiol
synthesis in breast cancer cells. Mol Cell Endocrinol 85:165-173
Etique N, Chardard D, Chesnel A, Merlin JL, Flament S, Grillier-
VuissozI2004 Ethanol stimulates proliferation, ERe@ and aromatase
expression in MCF-7 human breast cancer cells. Int ] Mol Med
13:149-155

46.

47.
48.

49.
50.

51,
S2.

53.

54.

SS.

THE
== [NDOCRINE
= SOCIETY®

Endocrinology, October 2010, 151(10):4949-4958

Donohue Jr TM 2009 Autophagy and ethanol-induced liver injury.
World J Gastroenterol 15:1178-1185

ToddeV, Veenhuis M, van der KleiIJ 2009 Autophagy: principles
and significance in health and disease. Biochim Biophys Acta
1792:3-13

Franch HA, Sooparb §, Du J, Brown NS 2001 A mechanism regu-
lating proteolysis of specific proteins during renal tubular cell
growth. | Biol Chem 276:19126-19131

Shen W, Brown NS, Finn PF, Dice JF, Franch HA 2006 Akt and
Mammalian target of rapamycin regulate separate systems of
proteolysis in renal tubular cells. ] Am Soc Nephrol 17:2414-
2423

Nixon RA, Wegiel J, Kumar A, Yu WH, Peterhoff C, Cataldo A,
Cuervo AM 2005 Extensive involvement of autophagy in Alzheimer
disease: an immuno-electron microscopy study. ] Neuropathol Exp
Neurol 64:113-122

Singh R, Kaushik S, Wang Y, Xiang Y, Novak I, Komatsu M,
Tanaka K, Cuervo AM, Czaja MJ 2009 Autophagy regulates lipid
metabolism. Nature 458:1131-1135

Swerdlow S, McColl K, Rong Y, Lam M, Gupta A, Distelhorst CW
2008 Apoptosis inhibition by Bcl-2 gives way to autophagy in glu-
cocorticoid-treated lymphocytes. Autophagy 4:612-620

Laane E, Tamm KP, Buentke E, Ito K, Kharaziha P, Khahariza P,
Oscarsson J, Corcoran M, Bjorklund AC, Hultenby K, Lundin J,
Heyman M, Soderhill S, Mazur J, Porwit A, Pandolfi PP, Zhivot-
ovsky B, Panaretakis T, Grandér D 2009 Cell death induced by
dexamethasoneinlymphoid leukemia is mediated through initiation
of autophagy. Cell Death Differ 16:1018-1029

Cornil CA, Ball GF, Balthazart J 2006 Functional significance of the
rapid regulation of brain estrogen action: where do the estrogens
come from? Brain Res 1126:2-26

Lephart ED, Simpson ER, McPhaul MJ 1992 Ovarian aromatase
cytochrome P-450 mRNA levels correlate with enzyme activity and
serum estradiol levels in anestrous, pregnant and lactating rats. Mol
Cell Endocrinol 85:205-214

Earn more than 100 hours of CME credit through
ENDO 2010 Session Library.

http://www.endo-society.org/endo

113



804 (64) ERILHBAR-E77E 75

FENRESHAEOSEE

10. 75

[Eim] FZEED LD ONEELE

NIRTE SR &

7OV y—tEEA

Eﬂéﬁ%*

3% LW UD DO

TERZPAFREFMFETERERES .

EOREE -

3.

FERRERMICRTOT 2 - U/MBRICRRAL THY, BACEESNSIZ bOTHIRR
EEICEE L TWAHEEEEY & 3.,
TOYE—HEEEMNASFELTWS, BElbH L BEFRRIVECFHR GNRH 732X b EEDOHHE
BET, EEOERICES THEAEEIREB IR TVWS, EREOREDRICOVTIETETSH

TR E—EHEERIC & 3RIEERER, OB

Key Words aromatase inhibitor,

endometriosis

7

TENBEEREERRLE YV ZEERBEETS
D, FERhBEERANLE VEIBBRICHVSN
TE72, FENEREERTZ s VSRS
HTHY, T2 buy VREFEOREERT I
Enb, TAMOT VG ERBEENE EoT
W5, GaRH 7 I=2Z MZ, pE» 5D X b
Oy YV AWMERTEESENTHEZATY
5, BRALEVHIRLF = LIZBTFF b
v VHIRHER A5 0, IBESRODEL L]
—ERiE, BT Z ru v DETICL 5.

ZD10FFEDOHDOMEL S, T EHNBIE
HEEgRLAIZ ru s vV ARERTHSATUY
4 —EERBLTHED, MPOTY ey i
FRE UTHBN T2 ba sy v AL T
LTI EEST.

Z OB CEE SNz X bay Y
PWNEREMAEE & OBEIEZ R L, 7 DRREZE

0386-9792/10/¥100/E./ICOPY

WS L TWAHEERH D, BiioTaw
A — % NIEISROEN & 3 2ERRITZE & 17
bhTWs, KT, 7uva—YHEAC
X AWBOMBRIERE I E TORKHE 4
WEEid 5.

FENERERZICSITS
FO?5—EDHIR

TENBEE#TIE, B IcHEMlaTra
A —-ERBRICEELTEBY, T2 tusry
PWENCEEIN TS (K1), ZOTZ L0
FUR, WERRICERUTEMZREST 2 &
LylD, vour vy - 2 BER
(cycloxygenase type 2, COX2) DRH #FHEL 7
UARTZ VY E2EDEEERRT. Tux
8750V E2 BREERIGD AT 4 L —
g&—LkD, NIEEREDETPEROREEZ

114



ER IR ARL - 20104E - 75 (65) 805

Cytokines

[macrophage]

inframmation

SF1

Nw

[epithelial cells]

ERS

E |

proliferation

[stroma cells]

1
(positive feed forward loop)

AREREABCSIT2IX OS>V ETORS TS

VIVEERENEREERNDES

PGE2 . S UAA LT VDV E2, B, DA T VLI

BET S, 60, TURE I VPV E2IC
i, BBl 7 a4 - Y REEHETSE
Ards5. L7 vd—¥ T2 teys
VEEEL, TA P URE 5T COX2 DFH
RERET S, T4b%, MEOTHYH -
L LE®D COX2 At positive feed forward loop %
fEoTHT, TNTHOEEY THST A 1
FrEIFuzg sV E2EHLT, AR
FEDENE - ERICE DS LHERIE NS,

70 LORAF IR A F AL ED TS
J ABALD, FENBEICETSTuv s —¥
& 2 OFEFHRKF, i steroidogenic factor
1 DFEBEITEICBEIH > T3 L ORI S 5.
LL, 77 ADPAF AR EDIES /) A
ZAIL, REWAT 42— —RIICERAL
RERTHLIAREMEEHD, Tuv s —¥RH
BEEODHEDRRIZ I Do THAN,

115

BEAIDIERERE

7uv & — YHEROIEESRIL, PWEER
BWADZZ bar y URALDIETICE->TE 7%
bEhaeEiLbh5,

7uv i —YHERNINEDO T X —-¥ i
HHIST B REMEE & 54, AREICBEE LR
BEUEBAICd 726 3ha3hT A b5V —
IVREDETIZIZADODT T, BERMHEEIE
EAEEDLS OIS LI 1/2~1/5FBED
BTFEEZ6NZ2Y(Fuv s —-YHEROD
BEEIZ, FARBRIESELRNFICUTRES
nTn3, Tx5bs, EEAHORHIE L =2
THEBRATOIA b uy VEEAMET T 5
BEBIZREINTWS)., LadoT, JIEIC
BUBIA b uy v EEDERT A, BEDED
AR EE Z 120,

IR LT, FEABREMEBEANTOLZ b
oV EEE, Tuvy s —EHERICL IR



