NaResERcLITOVI-ERA

Shozu et al. New Engl J Med. 2003

~0.5Mb

[T#OD3] i ﬁ | RP11-613b1
Normal ] . + strand

RP11- 657013 < > :f wory - strand
I '
__[TMOD3_\_ ;

Affected,

wcuv

§ 4

Androgen Excess Family #3

60 y.o.
Thelarche (8 y.0.)
Irregular menstruation (10 y.o. ~)

D_

o & b

30y.o. 29y.0.

Macromastia Gynecomastia (8 y.0.~)
Surgical reduction Mastectomy

(22y.0)

22 y.o. Female

7Ov Yy —ERMEDRETFRE

85 .30k BEFRE
#1 18 AN - BEMER - | Inversion of
xR TMOD3 promoter
" 28 AN - BENMER - | Inversion of
EXR CGNLI1 promoter
1B HELAR
#3 g;:! TENOAER Inversion of
2% |W- FAMAE. FiEsn | MAPKG promoter
{EME
#4 18 HIE Inversion of

E¥S& TLN2 promoter

Inverted repeat facilitate non-homologous

recombination
Fork Stalliing
MAPK6 and Template
Switching
(FoSTeS) model
23
-t o
g fide = @
[Cle]
g 5§ %5
] 3 Bold:5" end
3 g M E
j =4 o3
() o3 [ o]
> oo P =
! S8 & Y
>8 8 J 8
£ e & N
_-_/ o > 2
“6p
AGa >

Genome Map of Chromsome 15

Centromere

Telomere CYP19

§ 2 MmN o 3 I W ey W
e 2T Fe 2502 32 .

%iﬂ?%é%i%%gagv £ 3833 28 23

36




Inverted Promotes Are Close to Aromatase
TLN2 CGNLI MAPK6 TMOD3
| S| 2l i 248KD
" 112Mb  61Mb 075Mb  0.59Kb Umgene
TMOD3___,§_|. Electronic
177K Northern
MAPK6 oF
l’ 17 Kb
CGNLI1 a___
lﬁ 10Kb

TLN2 . O

184 Kb

The 1Mb Neighborhoods of CYP19A1 (NCBI Map View) Pedigrees of AEXS Families
> = Famity A NGY Famiy BOSK Family C YNS. Family D TYO
T ARR S
g -
=
: Case2Case 3 Case5 Cose _-—
R ] T I
S § 5 i % 3 $ H S 4 -, N
sl comantd Bile. . L L ML ixom i o rnckl B coadd Ladil
i Family E TTR Family F Germany
- e o = - C‘.II
.ﬁ-«‘ o] 5 { f’-mr@ !013 Case 13| Case 14 i l l
£ ,v l:: k 2 EE Case 10 Casets Case 1S %017 Case 18
Ll --
- o - IW endocrine, lldmﬂbwm(‘}
Allegedly affected with )
g Probable obligatory carrier
NGY & OSK Family : Duplication of CYP19A1 promoter
Array CGH FISH
PRDPEPORRRRIT PG b Lot b Sk SO REOp PO
CYP19A1
ATG
R—uunp———n 156bp —— 10,983 bp
Normal allele !! !!E“: L! s
“. 1813 Exons2-10 RT-PCR (5'RACE)

m)n.!psumz
; 11 llal8 1.415171f 12 1llal8 |.4151L71f 12 16| 3Pl

£

Sesatp | TeSBbET.

Mutant allele -9—4

ARSI YT IVTEIEEF b

| HHREHHEENS

1418

o A e e ————

37




YNS

Genome

TTR, TKO & Germany

2357 ]e——“tmbp
e DMXL2 GLDN P1gA1
Exed 1 Exons 243 . o 210
el - R RS cen

aDmxL2
DMXL2 Exon 1 | CYP1SA1 Exon2
@
L )

Enn!
—— 174315p ——>
SN 1
Exons 210
CEN
DMXL2 Exon 1 | CYP19A1 Exon2

DMXL2 Exon 1 CYP18A1 Exon2
Eﬁ

o EREXE2,

DOMXL2 Exon 1 CYP19A1 Exon 2

LINE 1 is franking break points in deletion rearragnemtns

CEN-—
CYP19AT
Exons 210

DMXL2
Exen 1 Exons 2.43

.~

u‘li{\

+ B

Yamanashi cvmw

ey

mmhmm—

{UNE ) TTOCATTTCTCTGATOSCCAGTGATGA TCAGCA
AGLDN crpisat
Exen 1 m - [Exons 2-10
—F—— e e
AGAGTAT.
Oreriap (LINE 1)

Relative Expression levels of genes

Relative mRNA level

50

40

30

WRCYPIAT

20

| PR
N

YNS: Deletion of DMLX2 & GLDN

%& 39bp addion L 1 ropeat)
W sh i

Non-repeat

+ Wikdtype mRNAS with
only one of CYP19A1 exons 1

\"*‘* * |nversion type

Phenotype-Genotype
relationship

E2/T ratio

- E2 (pg/mL), T (ng/mL)

x10-3)
80

o Deletion type

* Duplication
type

5.0 e s e

T2 2 S RMESRHSHRRADSRAIESTHAXER
BEEXEEIET O 2 —tBRE)
DEEILE & DMEEDER

- REHEOHRE
- P - AROBIRIEE
- BEMZEEDOEILE AT AL

38




4 BT R LA

ERAXED 7 E

nmE
ke REERR
39513»201.0 o 201051 xenn
[ (RIS TH or IHLILB/AL wm——
= RERAS
L]
EEeREE wInsrFrung
1983-2010 SEHERR
HPRERLEVRS
ar
FaR
on
o BRAS
L 221
RS
A |
Z2RE
L 32 ‘ |
mAH —
- ER -
wpRA an
BRE e
- HEW
WS ol
"R e
o EEE
wRERHE —
o
25t
L EX
=2 v \ |
Rt BRE B M ERL VI SEHS )
nH
R
ChRE
MR
BRAE
L2
R
B’A
MpRAE
ncheE
“RE
kS|
AR
T8

39




-..2.

- BERAXHTE. BREEANBIHRESAT
L=,

c EAXEESHT, 1977FEURICISRR20E
BPINBESHh TS,

o THCAEEIX. 2SEETICREL. FEA
ENFEFTRRENBOH NI,

HBEFDOFELD

E o3k "jt

o 1980-20005F D205 M) (< B — b i B M 2 > % — T#EE L 1-Gynecomastia
FS8HBY . TDSH29MANBEMEMNTH > 1=,

o 0EMP. (MCOHARKESNHY. TR FOF L RENED N,
SEMEOREERFRORAELA SN, ABWRFE. TAPRT0O
UEREAMBENIETRBELTRO LN,

« COEHNMIMICIE. WThOERLBOHLhGEL >, ABOXES
PREFHN, LROBBAD, AEXSEDRANEITELGMA o1, BEL
1B3cBHohTz, MFIR PO ANIZ. FRELTH 7z, 27T
IREHNFHT, FRfreshiz,

. u.t&'d !\IMG)'M&{HLHEM lit/vtb‘ﬁﬂﬁ (MEFH) T

N 5 FKE - T2 FOTUBMLNHDNSAEXSHBHLND, O

sl‘lt Ixrn‘rzlﬁl xétd)t#ﬁﬁéhbiiﬁxlﬁ
‘l*‘%ﬂ)ﬂﬁﬂ‘ﬂ!éh

Prepubertal gynae iol course and
Einav-Bachar R, et al. Clin Endocrinol (Oxf). 2004 Jul;61(1):55-60.

TETTRA

CMARUEEITHORLE,

newTy,

CRRE T LERREBIALTRBLY T A

CRBE EIRUASOEACKSRLL KR L FY

mmn 1 smmas . m ?
o = Ty e— ] vl s s
L EEEEE o) -0 8 Sfengiedll WEL, 5=
L F—— ZHEALED

— T | RE R

= e ey
— L eI, PR ExN
P (—. S Se——
L == mam
L - - me.
W e e L e
L - [

7o —OBIEAR

o HE¥28178

o RIEH: 9778

« BYLDEIE: 18641

s BULDEAJEHIH: 30441

- BohE2REEXELEE: 9f

- BEHEN: 2954

X

—RAEHBR

BIEEXELE
,J_jl pa—
T REE |REEK AEEOTRER BEN
la HY <258 L 23
. 53
1b FHor ZL| <258 Rt 146
2-X T Dty T Ot {ELY or 7Ly 135

ait 304




REFHAINBER (—RAD) BEEE I EE
" « CYPIOALEBOEEFHAAMAICEY ., EH
1 — BEFTOE—F—MCYPIALIZY Z)L—F
" VA SINECEICKYRRAEESZLEZID,
o |
X - ERAGENT. BHETIIEEN KLY XL
0 I ‘ AEEERET 2,
2l L l [ 1 x fi sl o SBREFRERBRICEBEENHD.
oemeexenoIRBRRS SE g2gsggpranr
smmamu)

ety

Summary of CYP19A1 Mutations

3 . - No.of | Activity/ Proposed

Genotype | Heredity | Symptome Detection subtypes | whole body Mschanism

Normal - - 1

Paint AR | Deficiency | Scquencing | ~20 | 0~0.2 | Replication error

mutation - s - P

Inversion AD Excess 5-RACE 4 10~50 NAHR (FoSTeS)

Deletion AD Excess | CGH array 2 5-10 | NAHR (LINE 1)
Duplication | AD Excess | CGH array 1 1.5 NAHR

BEMEECEAREE ...Z.

Aromatase Excess Syndrome
DIREEOEE (UE)

« ELNRIRERELAEER . BEHARE
D& EEAEE

o BEENHD
< El >30pgmldD T EABL

+ TREFETERMEE
« E2TH LCIFEUT > 10(5)

41



V.

5]

RRERDTNITY - Bl




J Clin Endocrin Metab. First published ahead of print April 6, 2011 as doi:10.1210/jc.2011-0145

ORIGINAL ARTICLE

ISSN Print 0021-372X  ISSN Online 1945-7
Printed in U.S.A.
Copynght © 2011 by The Endocrine Society

Endocrine Research

Aromatase Excess Syndrome: Identification of Cryptic
Duplications and Deletions Leading to Gain of
Function of CYP19A1 and Assessment of Phenotypic
Determinants

Maki Fukami, Makio Shozu, Shun Soneda, Fumiko Kato, Akemi Inagaki,
Hiroshi Takagi, Keiichi Hanaki, Susumu Kanzaki, Kenji Ohyama, Tomoaki Sano,
Toshinori Nishigaki, Susumu Yokoya, Gerhard Binder, Reiko Horikawa,

and Tsutomu Ogata

Department of Molecular Endocrinology (M.F., S.S., F.K., T.0.), National Research Institute for Child
Health and Development, Tokyo 157-8535, Japan; Department of Reproductive Medicine (M.S.),
Graduate School of Medicine, Chiba University, Chiba 206-8670, Japan; Department of Diabetes and
Endocrinology (A.l., H.T.), Nagoya Second Red Cross Hospital Nagoya 466-8650, Japan; Department of
Women's and Children’s Family Nursing (K.H.) and Division of Pediatrics and Perinatology (S.K.), Tottori
University, Yonago 683-8503, Japan; Department of Pediatrics (K.O., T.S.), Interdisciplinary Graduate
School of Medicine and Engineering, University of Yamanashi, Chuo 408-3898, Japan; Department of
Pediatrics (T.N.), Osaka Police Hospital, Osaka 543-0035, Japan; Department of Medical Subspecialties
(S.Y., R.H.), National Medical Center for Children and Mothers, Tokyo 157-8535, Japan; and Pediatric
Endocrinology Section (G.B.), University Children’'s Hospital, Tuebingen 72076, Germany

Context: Aromatase excess syndrome (AEXS) is a rare autosomal dominant disorder characterized
by gynecomastia. Although cryptic inversions leading to abnormal fusions between CYP719A1
encoding aromatase and its neighboring genes have been identified in a few patients, the mo-
lecular basis remains largely unknown.

Obijective: The objective of the study was to examine the genetic causes and phenotypic deter-
minants in AEXS.

Patients: Eighteen affected males from six families participated in the study.

Results: We identified three types of heterozygous genomic rearrangements, i.e. a 79,156-bp
tandem duplication involving seven of 11 noncoding CYP19A1 exons 1, a 211,631-bp deletion
involving exons 2-43 of DMXL2 and exons 5-10 of GLDN, and a 165,901-bp deletion involving exons
2-43 of DMXL2. The duplicated exon 1 functioned as transcription start sites, and the two types of
deletions produced the same chimeric mRNA consisting of DMXL2 exon 1 and CYP19A1 coding
exons. The DMXL2 exon 1 harbored a translation start codon, and the DMXL2/CYP19A1 chimeric
mRNA was identified in only 2-5% of CYP19A71-positive transcripts. This was in contrast to the
inversion-mediated chimeric mRNA that had no coding sequence on the fused exon 1 and ac-
counted for greater than 80% of CYP19A1-positive transcripts. CYP19AT was expressed in a limited
number of tissues, whereas its neighboring genes involved in the chimeric mRNA formation were
expressed widely.

Conclusions: This study provides novel mechanisms leading to gain of function of CYP19A1. Fur-
thermore, it appears that clinical severity of AEXS is primarily determined by the tissue expression
pattern of relevant genes and by the structural property of promoter-assaciated exons of chimeric
mRNA. (J Clin Endocrinol Metab 96: 0000-0000, 2011)

197 Abbreviations: AEXS, Aromatase excess syndrome, CGH, comparative genomic hybrid-
ization; E;_ estradiol; FISH, fluorescence in situ hybridization; hCG, human chorionic go-
nadotropin; LCL, lymphoblastoid cell line; NMD, nonsense-mediated mRNA decay, RACE,

dor: 10.1210/¢.2011-0145 Received January 18, 2011. Accepteo March 22, 2011, rapid amplification of cONA ends; SF, skin fibroblast; T, testosterone
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romatase is a cvtochrome P450 enzyme that plays a
A crucial role in the estrogen biosynthesis (1). Tt 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 fa,
skin, bone, and brain (1). It is encoded by CYPI9A1 con-
sisting of at least 11 noncoding exons | and nine coding
exons 2-10 (Supplemental Fig. 1, published on The En-
docrine Society’s Journals Online web site at htep//
jcem.endojournals.org) (2, 3). Each exon 1 is accompa-
nied by a tssue-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 CYPI9A1 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 heightin
affected males (5-8). Affected females may show several
clinical features such as macromastia, precocious puberty,
irrcgular 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 aneigh-
boring gene (CGNLI, MAPK6, TMOD3, or TLN2) and
coding exons of CYPI9AT. 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 (S, 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 Insticutional 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-
linization in most cascs, 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 acrual data, see Supplemental Table 1). Such clinical
fearures, 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 spermatogencsis was preserved in all
adult cases (=20 yr). In addition, the obligatory carrier females
from families B and D had apparently normal phenotype, and
such females from families F and F exhibited early menarche (9.0
yr) and short adult stature (—2.8 ), 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 ro GnRH stimulation, cven after preceding
GnRH priming (Table 1) (for detailed actual data, sce 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.

Aromartase inhibiror (anastrozole, 1 mg/d) was cffective in all
the four cases treated (Supplemental Table 1) (see also Fig. 1C for
cases aged =15 yr). Gynecomastia was mitigated within 6
months of trearment, and endocrine data were ameliorated
within | 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 caralyric
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 CYP19A1 mRNA against B2ZM 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 CYP19AT 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 CYP19A1

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-=10and their flanking splice sites
of CYP19AT1. 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



J Clin Endocrinol Metab, June 2011, 96(6):0000-0000

A Farmily A Family B Farmly C FamiyD
Caset
¥ N
"~ Case5 Case@
Case? Case3
A
ased

Famiy £

D—

il O

Case 10

Case |5 Case 16

] ~
| Il Chirical endocnne andmolecular studies (+) |
i B Clirucal and'or endocnne studies (+}

Aliegedly affected with gynecomasha
Obligatory camer female

B FamilyA Family B FamilyC Family £
Case1 Case3 Cased Case5 Case® Case 10
o6 yrs 20y1s 15yrs 15yrs 13y1s 13yrs

2

sd ]
| S

jcem.endojournals.org 3

C 0 LH (miU/mL) 20, FSHMIU/mML)
35 18
16
30 14
25 12
20 10
15 g
LR
10 4 o
0 : 0 ——

Basal Stimulated éasal Stimulated

5 E2/T ratio
2 (pg/ T (ng/
) E2 (pg/mL) (x10%) ;. (ng/mL)
400 180 o "
350 150 9
300 120 F—
250 { 5
o | 6} =
2000 © 4 %0 ! .l
150| { e0}— e
100| | 3
50& e s j 30*:7— l—‘::'
39 0 g;:
Basal Basal Basal

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 15q11.2-
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 sitie 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, Abbortt
Park,IL). The FISH probes | 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 obrained 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 obrained sequences
with NT_010194 sequences at the National Center for Biotech-
nology Information Database (htep://www.ncbinlm.nih.gov/;
Bethesda, MD). The presence or absence of repeat sequences
around the breakpoints was examined with Repeatmasker
(http:/fwww.repeatmasker.org).

For mRNA analysis, we preformed 5'-rapid amplification of
¢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 specific to CYP19A [ 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, sccond 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 (hrep://genome.ucsc.edu/).

Relative mRNA levels of CYP19A1 and its

neighboring genes

We investigated relative mRNA levels of CYPI9A1 and
DMXI.2 as well as those of CGNLI, MAPK6, TMOD3, and
TILN2 involved in the previously reported cryprtic inversions (35,
8) in various human tissues. In this experiment, cDNA of SF and
LCL were obtained from control males, and the remaining
human ¢cDNA samples were purchased from Life Technolo-
gics 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?  Pioband' 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 Normallow  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 Normallow Normallow Low Low N.E.
FSH (GnRH Low Low Low Low Low Low N.E. Low N.E. N.E.
stimulated)”
T (basal) Normallow Normal Normallow  Normalflow  Normal Normal/low  Normal Normalflow 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 Tratio High High High High High High High High High N.E.

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

¢ The sister has macromastia, large uterus, and irregular menses; the parental phenotype has not been described.

7 GnRH 100 pg/m? (maximum 100 ug) 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 DMXTL.2;Hs00262671_m1 for CGNL1;Hs00833126_g1
for MAPK6; Hs00205710_m1 for TMOD3; Hs00322257_m1 for
TIN2;and Hs99999910_m1 for TBP). The experiments were carried
our 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 CYP19AT exons 1 region in
cases from familics 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 DMXL.2 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 I.1 and
exon Ila with the P1 primer) and the P3 primer (which
amplifies a segment between exon I.2 and exon .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

Relative mRNA level Aromatase activity
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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 orniginal normal sequences at the 5'- and the 3’-ends of the duplicated region. The sequences highlighted with /ight
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),
although 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 nonrepeat elements withan over-  control materials. However, PCR amplifications for the
lap of onc nucleotide. $'-RACE products with a varicty 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 observedin  clone consisting of exon I.4 at the §' 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 pmduud 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 DMXI.2 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 segmentwith 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 DMXIL2.
between two LINE | repeat sequences with an overlap of
a 12-bp segment.

Sequence analysis of the 5'-RACE products obtained
from LCL of cases § 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 DMXT.2 exon 1 (2-5%), together
with multiple clones with a single wild-type CYPT9AT exon
1 (Fig. 3, Cand D). Such a chimeric mRNA clone was absent
from LOHU’OI materials. Furthermore, DMXI.2 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 CYP19AT tran-
scription start site in cases with deletions. Notably, because
of the presence of the translation start codon on DMXI.2
exon 1, mRNAs of the DMLX2/CYP19A1 chimeric genes
are predicted to produce two proteins, .e. CYP19A1 protein

The fusion occurred

and anapparently nonfunctional 47-amino acid protein with
a termination codon on CYP19AT1 ¢xon 2, when the trans-
lation started from the initation codons on CYPI19A1
exon 2 and on DMLX2 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 CYP19A1 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 CYP79A7 and the five neighboring
genes involved in the chimeric gene formation. Relative mRNA levels
against 7BP are shown.

contrast, DMXI.2 was expressed in a range of tissues with
some degree of variation as well as CGNL1, MAPKG6,
TMOD3, and TLN2 (Fig. 4).

Discussion

We identified cryptic duplications of the CYP19A1 pro-
moter region and deletions of the CYP19AT upstream re-
gion in cases with AEXS. The tandem duplications would
have caused CYP19AI 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 implics 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 CYPI9AT.
Indeed, because a few clones with DMXI.2 exon 1 and
CYP19A1 exon 2 were identified, this confirms the for-
mation of a DMXL2/CYP19AT 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 B would 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 deletion in family Cis explained
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 CYPI19A1 appears to harbor particular mortifs
that arc vulnerable to replication and recombination
errors.

To date, three types of cryptic genomic rearrangements
have been identified in patients with AEXS, z.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-

Wildtype Duplication type (Families A & B)
Genome MAPKE DMXL2 CYP19A1
TNLZ NLT i “GLDN ----------
Genome—= : R —
Exons 1 E2 E3-10
CYP19A1 E1] CYP19AT E2 CYP1SATE1| CYP19ATE2
RNA-‘_F
m CYP19A1 CYP19A1
Deletion subtype 1 (Family C) Deletion subtype 2 (Families D, E & F)
=87 915 b R === 2513 645 bp—»| :
_‘ﬁ\
DMXL2 E1J CYP19AT E2 DMXLZ u;_gymsm E2
> CYP19A1 5 ECYP19A1
Inversion subtype 1 (Family 1) Inversion subtype 2 (Family 2)
16,553 bp : 108816 5 :
L "}_;(CYPWA1 E2 MAPKS E 1¥CYP19A1 E2
' CYP19A1 CYP19A1
Inversion subtype 3 (Sporadic case 1)  Inversion s dic case 2
A — W0 g, OO

E.'.:--—~177.'1'-3§ iaﬂ—- :

gcvam E2
CYP19A1 ' 'Ecvpmm

FIG. 5. Schematic representation of the rearranged genome and
mRNA structures. The white and black boxes of CYPT9AT exon 2 show
untranslated region and coding region, respectively (for detalils, see
Supplemental Fig. 1). For the duplication type and the deletion
subtypes, see Fig. 3, C and D, for details. For genome, the striped and
painted arrows indicate noncoding and coding exons, respectively
(5'—3"). The inverted genomic regions are delineated in blue lines. For
mRNA, colored striped boxes represent noncoding regions of each
gene. For TLN2, exons A and B correspond to the previously reported
exons 1 and 2 (8); because current exon 1 in the public database
indicates the first coding exon, we have coined the terms exons A and
B for the noncoding exons. The deletion and inversion types are
associated with heterozygous impairment of neighboring genes
[deletion or disconnection between noncoding exon(s) and the
following coding exons]. The inversion subtype 1 is accompanied by
inversion of eight of the 11 CYP19AT exons 1, and the inversion
subtype 2 is associated with inversion of the placenta-specific
CYP19AT exon I.1.
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sive CYP19AT activity alone. Thus, haploinsufficiency
of these neighboring genes would not have a major clin-
ical effect.

For the deletion and inversion tyvpes, 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 DMXIL2, 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 CGNILT/CYP19AT 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 berween DMXI.2 and TMOD3 and is quite low
for CGNLI1 (Fig. 4). In this regard, it is notable thar a
translation start codon and a following coding region are
present on exon 1 of DMXL2 (Fig. 5). It is likely that
DMXL2/CYP19A1 chimeric mRNA transcribed by the
DMXI.2 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 CYP19AT 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 CGNL1T and TMOD3 (as well as exon 1
of MAPKG6 and exons A and B of TLN2) (Fig. 5). For the
CGNLI1/CYP19A1 chimeric gene, furthermore, the phys-
ical distance between CGNL1 exon 1 and CYPT9AT 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 L.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 CGNLI exon 1
and CYP19A1 exon 2 (14). In this context, although the
CGNL1/CYP19A1 chimeric gene is associated with func-
tional loss of eight CYPI9AT exons 1 and the resultant
reduction of CYPI9AT expression in CYPI9AT-cxpress-
ing tissues, overall aromatase activity would be increased
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by the wide expression of the chimeric gene. These struc-
tural propertics would primarily explain the difference in
the expression dosage of chimeric mMRNA berween the de-
letion and the inversion types.

Itisinferred, therefore, that the duplication type simply
increases CYP19A1 transcription in native CYPT19AT-ex-
pressing tissues, whereas the deletion and the inversion
types causce relatively mild and severe CYPI9AT 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 CYP19AT 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 tvpes and markedly increased estro-
gen values in the inversion type because T production is
under the control of LH (1), and excessive estrogens com-
promisc testicular steroidogenic enzyme activity (20, 21).
Lastly, although testis volume appears somewhat small,
fertility (spermartogenesis) 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 resules of this study are contrastive to those of the
previous studies. In the previous studics, 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. §) 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 CYPI9AT 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 lcading to human genctic

disease.
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of Aromatase P450 by Inhibiting Autophagy
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Aromatase, a key enzyme of estrogen biosynthesis, is transcriptionally regulated by many growth
factors. IGF-1 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-I. IGF-I
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-I
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-I'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-l attenuated the DEX-induced accumulation of aromatase in lysosomes and,
conversely, enhanced its accumulation in the microsomes. The addition of serum abolished the
IGF-l-induced changes. The transport from microsome to lysosome was fluorescently traced in cells
using a recombinant aromatase. IGF-| 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-1 on the enzyme. These results indicate that IGF-1 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 (1-5).

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, TNFa,

Abbreviations: DEX, Dexamethasone; FBS, fetal bovine serum; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; mTOR, mammalian target of rapamycin; PMSF, phenylmeth-
ylsulfonyl fluoride; RIPA, radioimmunoprecipitation assay.

endo.endojournals.org 4949



4950 Zhang et al. IGF-I Regulates Aromatase Expression

and IL-1pB stimulate aromatase transcription in stromal
cells via a distal aromatase promoter (promoter1.4) (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-1, a potent signaling molecule whose signaling
pathway is implicated 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-1 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-I 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).
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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 624 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
IGF-1(5 ng/ml), DEX (25 nM), or both for 15 min to 48 hin RPMI
1640 medium supplemented with 0.1% BSA and 18-[*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 RNA as described pre-
viously (27, 31).

Aromatase expression vectors and transient

transfection

The full-length aromatase cDNA was amplified from the
pCMYV-aromatase expression vector (pCMV-arom) (32) by
PCR and was subcloned into the pcDNA3.1D/V5-His vector
(pcDNA3.1D/VS5-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 pCMV-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 [5 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 pl buffer containing 50 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 50 nCi/ml of Pro-Mix L-3°S in vitro cell
labeling mix (GE Healthcare, Buckinghamshire, UK). #*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 HCI, 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 ul 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 pul
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 pl 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-HCl (pH 6.8),
10% 2-mercaptoethanol, 10% SDS, 10% glycerol] and boiled
for S min. The extracted proteins were separated ona 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 g 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 h at room temperature and was
degraded by coincubation with lysosomal fractions in acidic con-
ditions (pH =< 7.0). Degradation occurred morerapidly 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), phenylmethylsulfonyl 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 pg protein per
lane) and microsomal fractions (0.25 ug 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-VS5 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 OpenLab 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-VS$-
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
withpCMV-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-1 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. /nset 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. E and F, Effect of IGF-l 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- (5 ng/ml) for

20 h. Data were obtained from five independent experiments.

the transcript level) suggested that IGF-I exerts its effects
via a posttranscriptional mechanism. To confirm this hy-
pothesis, the degradation of the aromatase protein was
assessed by a 3°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 thatis 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 iz 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



