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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-I reduces DEX-dependent accumulation of
aromatase in lysosomes

We thereafter determined the in vivo effect of IGF-I in
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,
butitdid 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-I
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-1 inhibits the lysosomal transport of aromatase

Subcellular transport of aromatase was morphologi-
cally traced using KW cells that expressed pcDNA3.1D/
VS$-arom. V5-tagged aromatase was localized in the en-
doplasmic reticulum (Fig. 4, A-C). After 24 h of treatment
with IGF-I, the color of the lysosomes changed to areddish
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-),
pepstatin A (0.1 mg/ml, J-L), or pepstatin A plus IGF-I (M-O). 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-1.
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-l 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

Merged

L
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To show that the enhancementin 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-I 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, thus resulting 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 been reported (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 h in
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-I (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/ml), rapamycin (1 ng/ml), or both for 60 min. Aromatase activity
was determined by a 15-min incubation with 18-[>H]androstenedione
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 been reported 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-Ireduced 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 IGF-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-Iin 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-Iinhib-
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-I 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 a lelomyoma. 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, Lus. 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-1. 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-I, 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 enzyme 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 relevant situations
(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.
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