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Male infertility accounts for almost half of infertility cases worldwide. A subset of infertile men exhibit
reduced testosterone and enhanced levels of estradiol (E2), though it is unclear how increased E2 promotes
deterioration of male fertility. Here, we utilized a transgenic mouse strain that overexpresses human CYP19,
which encodes aromatase (AROM+ mice), and mice with knockout of Esrl, encoding estrogen receptor o
(ER0KO mice), to analyze interactions between viable Leydig cells (LCs) and testicular macrophages that may
lead to male infertility. In AROM+ males, enhanced E2 promoted LC hyperplasia and macrophage activation
via ERa signaling. E2 stimulated LCs to produce growth arrest-specific 6 (GAS6), which mediates phagocytosis
of apoptotic cells by bridging cells with surface exposed phosphatidylserine (PS) to macrophage receptors,
including the tyrosine kinases TYRO3, AXL, and MER. Overproduction of E2 increased apoptosis-indepen-
dent extrusion of PS on LCs, which in turn promoted engulfment by E2/ERa-activated macrophages that was
mediated by AXL-GASG6-PS interaction. We further confirmed E2-dependant engulfment of LCs by real-time
3D imaging. Furthermore, evaluation of molecular markers in the testes of patients with nonobstructive azo-
ospermia (NOA) revealed enhanced expression of CYP19, GAS6, and AXL, which suggests that the AROM+
mouse model reflects human infertility. Together, these results suggest that GAS6 has a potential as a clinical

biomarker and therapeutic target for male infertility.

Introduction
The exposure of phosphatidylserine (PS) on the surface of dead,
dying, or aged cells is a universal recognition cue for engulfment
by phagocytes (1, 2). Phagocytes interact with PS on target cells
with high affinity, either directly through the PS receptor or indi-
rectly through bridging molecules, such as milk-fat globule EGF-8
(MFG-E8) (3) or growth arrest-specific 6 (GAS6) (4). In particular,
GASG6 links exposed PS on apoptotic cells to the TYRO3-AXL-MER
(TAM) family of receptors on phagocytes, which then activates
phagocytosis (5, 6). Expression of PS on the cell surface can occur
in a wide variety of disorders, such as Scott’s syndrome or throm-
bocytopenia (7), which may lead to misregulation of phagocytosis.
Male infertility and subinfertility constitute approximately
40%-50% of infertility cases globally (8). Approximately 15% of
these cases result from infection or inflammation of the male
reproductive tract (i.e., orchitis), and histopathology sections
indicate the presence of lymphocytes and macrophages in affect-
ed testes (9). Testicular macrophages are increased in a rat model
of experimental autoimmune orchitis (EAO) (10). Infiltration of
testicular macrophages impairs human testicular function, lead-
ing to male infertility (11). However, the signaling pathways that
result in macrophage activation remain undefined. A subset of
infertile men has significantly lower serum testosterone (T) and
higher estradiol (E2) levels (12), indicative of Leydig cell (LC) mal-
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function that leads to an increased E2/T ratio. In utero and/or
neonatal exposure to excess estrogen in both rodents and humans
lead to male genital tract abnormalities, such as cryptorchidism,
hypospadia, and impaired spermatogenesis (reviewed in ref. 13).
Although the molecular basis for estrogen-induced deterioration
of male fertility remains unclear, estrogen receptors (ERs) play a
critical role in mediating this process (reviewed in ref. 14). These
observations suggest a plausible connection between the estrogen/
ERa pathway and the initiation of idiopathic chronic orchitis in a
subset of infertile men. However, there are no established molecu-
lar mechanisms underlying this phenomenon.

We have previously reported that aging CYPI9-aromatase trans-
genic male mice (referred to hereafter as AROM+ mice) present a
testicular phenotype of inflammation-associated infertility via the
ERa pathway (15). Testicular inflammation is completely absent
when AROM+ mice are crossbred with Esr17/~ (hereafter ER0KO)
mice (16, 17). To examine the molecular mechanisms underlying
the effects of E2 or an imbalanced E2/T ratio on infertility, we used
AROM+ and ERaKO mice to analyze viable testicular LC engulf-
ment by neighboring macrophages and to determine the long-term
consequences of increased E2/T ratio on testicular cell survival in
aging AROM+ mice. To assess the human relevance of the mecha-
nistic findings from the AROM+ mouse study, we also analyzed tes-
ticular samples and serum E2 and T levels in infertile men present-
ing with nonobstructive azoospermia (NOA). We also investigated
GASG6 as a novel potential clinical biomarker/therapeutic candidate
for male infertility caused by an impaired E2/T ratio.

Number 6 2709

Volume 124 June 2014



research article

S
]
*
*
*

W
1

-
'
*
»*
*

No. of LCs (x10°) per testis >

e ggegeegisgg
M ow oo ™ ow oo E T T OE
222325 §
WT AROM+ O g i
T = = et
< [s] :
vy
< k3
J K
< B9 =32mo " < 2 32zmo
= =5mo ok = =5mo *
CC 2004 wem10mo T 5] mm10mo
E —_ = :?"- *
2 & 150 o
B o 5.2 1001
& = 1004 W
S Bwe 35
8 s S 59
B a 3 WT (5 mo)
I o 0 3 WT/Let (5 mo)
h [ WT/Tam (5 mo)
WT AROM+ WT AROM+ S AROM: (5 mo)
E AROM+/Let (5 mo)
300- I AROM+Tam (5 mo)
L 2mo 5mo 10 mo M < Il AROM+/ERaKO (5 mo)
o
WT AROMs WT AROM: WT  AROM«+ = ol
=3
PCNA | == - e 36 kDa o
<
£
3 HSD —— — | 42 kDa £
E
L19 --------—--‘- 23 kDa %
o
Pcna Cdeg Tnfa
Figure 1

LC hyperplasia and testicular macrophage activation are estrogen/ERa-dependent. (A) Total number of LCs per testis in 2-, 5-, and 10-month-
old WT and AROM+ males (n = 6 per group); AROM+ males treated with letrozole (Let) or tamoxifen (Tam) (n = 10 per group); and ERaKO and
AROM+/ERaKO males (n = 6 per group). (B—-I) Testicular histopathology. (B) WT. (C) 2-month-old AROM+. (D) 5-month-old AROM+ testis with
LC hyperplasia (arrowheads). (E) 10-month-old AROM-+. Yellowish giant cells (arrow) represent activated testicular macrophages. (F) Tamoxifen-
treated AROM+. (G) Letrozole-treated AROM+. (H) ERaKO. (I) AROM+/ERaKO. (J and K) Expression of (J) Hsd3b7 and (K) Pcna in testes of
2-, 5-, and 10-month-old mice. (L) Western blot analysis of PCNA and 3fHSD from testes of 2-, 5- and 10-month-old mice. (M) Expression pro-
file of Pcna, Cd69, and Tnfa at testes of 5-month-old WT and AROM+ mice, untreated or treated with letrozole or tamoxifen for 3 months, and

5-month-old AROM+/ERaKO mice. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bars: 50 um.

Results

LC hyperplasia and testicular macrophage activation are estrogen/ERa.
dependent. Previously, we reported that the overexpression of CYP19
in AROM+ mice leads to disrupted spermatogenesis, LC hyper-
trophy and hyperplasia, and simultaneous activation of testicu-
lar macrophages at 4-5 months of age, the result of elevated E2,
decreased T, and impaired E2/T ratio (15, 18). Normally, mature
LCs do not undergo mitosis beyond 60 days of age in rodents
(19). In our AROM+ model, morphometric analysis showed
that the number of LCs at 2 and 5 months of age was signifi-
cantly increased compared with WT mice (P < 0.01 and P < 0.001,
respectively; Figure 1A). Surprisingly, the number of AROM+ LCs
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sharply decreased at 10 months compared with 2 and 5 months
(P <0.001; Figure 1A). These observations were confirmed by time
course histopathology of AROM+ testis at 2, 5, and 10 months.
LCs accumulated or hyperproliferated within the interstitium
of the AROM+ testis at 2 and 5 months of age (Figure 1, C and
D), but were depleted at 10 months of age due to the engulfment
of hypertrophic and hyperplastic LCs by activated macrophages
(Figure 1E and refs. 15, 18).

To test whether LC hyperplasia in AROM+ testes was directly
caused by overexpression of aromatase, and more precisely via the
E2/ER-dependent signal pathway, we treated mice either with the
aromatase inhibitor letrozole or with the ER antagonist tamoxifen
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Immunohistochemistry and gene expression profile analysis by gPCR for steroidogenesis and macrophage activation in testes. (A and B)
Immunohistochemical staining for (A) 3BHSD and (B) PCNA in 2-month-old WT testes. As there were no substantial histological alterations in
testis between 2 and 10 months, we used 2-month-old WT testes as controls. (C—H) 3BHSD (arrowheads) and PCNA (arrows) in LCs in testes
of AROM+ mice at 2 (C and D), 5 (E and F), and 10 (G and H) months of age. (I) Gene expression of Star, Cyp17a1, Hsd17b3, Hsd3b1, and
Cyp1iat in 5-month-old WT, AROM+ (untreated or treated with tamoxifen or letrozole for 3 months), and AROM+/ERaKO males (n = 6 per group).
Significant differences between groups (P < 0.05) are denoted by different letters above the bars. (J and K) Age-dependent expression of Cd69,
Gpnmb, Lgals3, Mpeg1, Gas6, Axl, Tyro3, and Mer in WT and AROM+ males at 2, 5, and 10 months of age. *P < 0.05, P < 0.01, P < 0.001 vs.

age-matched WT. Scale bars: 50 um.

and crossbred the AROM+ mice with EROKO mice to rescue their
testis phenotype as a control (AROM+/ERaKO mice; Figure 1I).

LC numbers were significantly decreased and normalized after
3 months of tamoxifen and letrozole treatment, and testes of
S-month-old AROM+ mice were similar to those of WT and/or
AROM+/ERaKO mice (P < 0.01; Figure 1, A, B, and F-I), which
indicated that chronic exposure to E2 (and an increased E2/T
ratio) induced ERa-dependent LC hyperplasia. LC hyperplasia
was further confirmed by mRNA expression, Western blot, and
THC assays for hydroxy-A-5-steroid dehydrogenase, 3f3- and ste-
roid A-isomerase 1 (3HSD; encoded by Hsd3b1) and proliferating
cell nuclear antigen (PCNA; encoded by Pcna) in adjacent slides to
visualize colocalization of LCs and PCNA in testis (Figure 1, J-L,
and Figure 2, A-H). Furthermore, expression levels of Pcna and the
macrophage activation markers Cd69 and Tnfa were significantly
decreased after 3 months of letrozole or tamoxifen treatment in
AROM+ mice, comparable to AROM+/ERaKO and WT controls
(Figure 1M). Treatment with letrozole or tamoxifen for 3 months
did not have any consequences on testicular histopathology in
WT mice (Supplemental Figure 1; supplemental material available
online with this article; doi:10.1172/JCI59901DS1).
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The expression profile of steroidogenic enzymes, including Star,
P450scc, Cypllal, Hsd3b1, Cypl7al, and Hsd17b3, was altered in
AROM+ testis cells, but was normalized after letrozole or tamoxi-
fen treatment and in AROM+/ERaKO mice (Figure 2I). Serum E2
levels were significantly elevated in 2- and 5-month-old AROM+
mice, while serum T levels were inversely correlated with E2 lev-
els and were significantly decreased in AROM+ males compared
with age-matched male WT controls (Table 1). After 3 months of
letrozole or tamoxifen treatment, S-month-old AROM+ males had
significantly elevated serum T and decreased E2 compared with
S-month-old AROM+ or the AROM+ control (oil), but there were
no significant changes in drug-treated WT males compared with
WT oil control (Table 2).

Novel genes in the E2/ER pathway are involved in testicular macrophage
activation and LC hyperplasia in AROM+males. From cDNA microarray
analyses on an Agilent platform, comparing testes of S-month-old
AROM+ with age-matched WT mice, we obtained a list of the 200
most upregulated or downregulated candidate genes on the basis
of fold change compared with WT. We used the Ingenuity (IPA) bio-
informatics tool to select classified genes with changes greater than
2.0-fold (see Supplemental Table 1 for upregulated and downregu-
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Table 1
Serum T and E2 levels in male mice

2 months 5 months
WT AROM+ WT AROM+
T (ng/ml) 1.8+0.32 0.29+0.33* 6.5+4.71 0.46 + 0.35*
E2 (pg/ml) 8+14 88 + 324 13£1.9 120+36.2°

Values are mean + SEM (n = 6 per group). AP < 0.05 vs. WT.

lated genes). To validate the microarray data, we performed qPCR
analysis using testes from 2-, 5-, and 10-month-old AROM+ mice
(Figure 2, J and K). The significantly upregulated mRNA of Gas6,
a chemoattractant that bridges phagocytes to their target cells, in
AROM-+ versus WT testes was particularly interesting (Supple-
mental Table 1 and Figure 2K). As indicated by the microarray
analysis and validated by qPCR, Gas6 and several genes involved
in macrophage activation, such as Cd69, Gpnmb, Lgals3, Mpegl,
and AxI (one of the TAM receptors for macrophage), were elevated
(Figure 2,J and K). No significant alterations were observed in 2
other TAM receptors, Tyro3 and Mer (Figure 2K). To demonstrate
LC- and/or macrophage-specific impairments in testis, we visual-
ized testicular comarkers by immunofluorescence analyses. Double
immunostaining of the LC marker 3HSD and the macrophage
marker F4/80 showed that 90% of the interstitial cells were positive
for 3BHSD, and less than 10% were positive for F4/80 (Figure 3A).
These markers showed the distinct localization of the 2 different
testicular cell types in WT and AROM+ mice. Next, we performed
double immunofluorescence analysis of 3BHSD and GASG6 in testis.
We observed abundant GAS6-immunoreactive staining localized in
the plasma membrane and cytoplasm of AROM+ LCs, but we did
not find GAS6 in WT testes (Figure 3B). As GAS6 binds to TAM
receptors, we examined the protein expression and distribution of
TAM receptors in WT and AROM+ testes. To check the colocal-
ization of TAM and macrophages in AROM+ testis, we performed
double immunofluorescence analysis of AXL, MER, and TYRO3
versus F4/80 (Figure 3, C-E). Weak AXL staining was observed in
WT testicular macrophages, whereas strong AXL signals were pres-
ent in the plasma membrane and cytoplasm of AROM+ testicu-
lar macrophages (Figure 3C). In contrast, weak MER and TYRO3
signals were observed only on the membrane of macrophages in
AROM+ testes (Figure 3, D and E). Using a modified isolation and
purification protocol for LCs (20), we recovered a population of
LCs with 85%-90% purity. Western blot analysis further confirmed
our observations and demonstrated that AXL, MER, and TYRO3
were substantially upregulated in AROM+ versus WT macro-
phages, whereas only trace amounts of TAM receptors, or none at
all, were detected in WT and AROM+ LCs (Figure 3F).

E2 upregulates GAS6 expression in LCs
and subsequently activates macrophages in
vitro through ERa.. GAS6 is involved in
the recruitment of activated macro-
phages for phagocytosis (4). As AROM+
testes had highly elevated levels of

Table 2

GAS6, we tested in vitro whether E2/ Vehicle
ER was involved in and/or induced by T(ng/ml) —0.39 £0.42
E2 (pg/ml) 12925

the production of GAS6 in mLTC-1
cells and in LCs isolated from ERaKO
testes. Treatment with E2 and the ERo.-

2712
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selective agonist PPT elevated
Gas6 mRNA levels compared with
untreated control in mLTC-1 cells

10 months in vitro (Figure 4A). Moreover,

WT AROM+ addition of the ER antagonist ICI
787 +541 041 +0.45° to E2 blocked GAS6 upregulation
95+16 133 + 32A (P < 0.05, E2 plus ICI vs. E2 or

PPT alone; Figure 4A). The ERf-

selective agonist DPN did not

cause any changes at the mRNA

level (Figure 4A). There were no
significant changes in isolated ER0KO LCs (Figure 4A). More-
over, E2 treatment resulted in upregulated Pcna expression in
mLTC-1 cells, an effect that was blocked by addition of ICI (Fig-
ure 4B). E2 treatment did not have any effect on Pcna expression
in isolated LCs from testes of ER0OKO mice (Figure 4B), further
confirming the involvement of ERa signaling in this process.
GAS6 upregulation was confirmed by immunohistochemistry and
immunofluorescence assays in the mLTC-1 cells: upon E2 treat-
ment, 30% of mLTC-1 cells exhibited GAS6 expression in their
membranes and cytoplasm (Figure 4, C-F).

The E2- and PPT-induced upregulation of GAS6 observed in LCs
(Figure 4, A and C-F) suggested that Gas6 is a direct target gene of
ERa signaling. Therefore, we analyzed transactivation of the Gas6
promoter by E2. We cotransfected mLTC-1 cells with a construct
harboring firefly luciferase under the Gas6 promoter and a human
ERa expression plasmid, according to a previously described
method (21), and treated the transfected cells with E2, PPT, or
E2 and ICI combined. E2 and PPT treatment increased promoter
activity 2-fold compared with controls (Figure 4G). ICI blocked
the E2-induced transactivation of the Gas6 promoter, which sug-
gests that the Gas6 promoter has a functional estrogen response
element. In contrast, DPN treatment did not affect Gas6 promoter
activity, which indicates that Gas6 promoter transactivation is not
mediated by ERP. As E2 and PPT treatment showed no effects on
Gas6 mRNA levels in ER0OKO LCs (Figure 4A), we concluded that
the E2-mediated GAS6 upregulation occurred through ERa.

Activation of macrophage cells is mediated through ERo. in vitro. To test
whether macrophage activation was induced by estrogen/ERa, we
treated the RAW246.7 macrophage cell line with E2, PPT,and DPN
(Figure 4, H-M). E2 and PPT treatment upregulated expression
of Esrl and of macrophage activation-associated genes, includ-
ing Cd69, Tnfa, 116, Ccl2, and Axl (Figure 4, H-M). The upregulated
expression of these genes was blocked by ICI (P < 0.05, E2 plus
ICI vs. E2 or PPT alone; Figure 4, H-M). DPN treatment had no
effect on the expression levels of these genes. Moreover, the addi-
tion of E2, ICI, and PPT to ER0KO mouse macrophages did not
significantly alter Esr1, Cd69, Tnfa, 116, Ccl2, or AxI (Figure 4, H-M),
further demonstrating the role of ERa in macrophage activation.

Serum T and E2 levels after letrozole or tamoxifen treatment

AROM+ WT
Letrozole = Tamoxifen Vehicle Letrozole  Tamoxifen
71420 6.4+332° 7543 12437 81x47
8.8 £2.0° 12 £ 3.47 10224 7726 82+18

5-month-old male mice were treated with vehicle, letrozole, or tamoxifen for 3 months. Values are mean
+ SEM (n = 6 per group). AP < 0.05 vs. WT.
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E2 induces ERo-dependent, but apoptosis-independent, exposure of PS on
the surface of LCs. PS exposure on the cell surface is an important sig-
nal for phagocytosis as well as for apoptotic cells (22). PS also acts
as a ligand for GASG (4). We further tested whether the E2/ERa.-
and GAS6-dependent AROM+ LC engulfment by macrophages
in the AROM+ testis is dependent on PS. First, we tested whether
estrogen induced PS exposure on the surface of LCs in vitro by
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Figure 3

GAS6 and TAM receptors in 5-month-old AROM+
and WT male testes. (A—E) Testicular sections from
AROM+ and WT mice (n = 6 per group) were stained by
immunofluorescence for 3gHSD, F4/80, GAS6, AXL, MER,
and TYROS and evaluated by confocal microscopy. (A)
Immunofluorescence staining of 3BHSD (red) and F4/80
(green) showed these 2 distinctly localized markers in the
2 cell types in testes of WT or AROM+ mice. (B) 3HSD
(red) and LCs labeled by GAS6 (green). (C—E) In contrast
to AXL immunoreactivity (C; red), which was colocalized in
macrophages labeled by F4/80 (green), weak immunore-
activity for MER (D; red) and TYROS (E; red) was detected
in macrophages. (F) Western blot analysis of TYRO3, AXL,
and MER receptor expression in WT and AROM+ purified
LCs or macrophages (M®). Scale bar: 50 um.

annexin V staining, because annexin V binds to PS in a quantitative
manner (22) and thereby reflects the extent of exposure. E2 treat-
ment induced 20-fold higher PS exposure on the surface of mLTC-1
cells compared with vehicle-treated controls (Figure 5, A and B).
The annexin V* cells were propidium iodide negative (PI"), which
suggests that these cells were nonapoptotic. In fact, annexin V* cells
grew as efficiently as the parental annexin V- cells, with a doubling
Number 6 2713
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Figure 4

E2/ERa signaling effects on Gas6 and Pcna expression and on macrophage activation markers. (A and B) mRNA expression of (A) Gas6 and
(B) Pcna inisolated and purified LCs (1.75 x 105 cells/well in 12-well plates) from WT and ERaKO mice, treated or mock-treated with DMSO (con-
trols), 10 nM E2, 10 nM E2 plus 1 uM ICI, 10 nM PPT, or 10 nM DPN for 36 hours. (C—F) Immunofluorescent (C and D) and immunocytochemical
(E and F) analyses for GAS6 staining (arrow) in mLTC-1 cells in vitro. D and F are mock E2-treated controls. Scale bars: 50 um. (G) mLTC-1
cells were cotransfected with 1.5 ug of a construct containing firefly luciferase under control of the Gas6é promoter, 20 ng PCMV-ERa, and
0.1 ug PCMV-p, as well as with 10 nM E2, 10 nM E2 plus 1 uM ICI, 10 nM PPT, and 10 nM DPN as indicated. Luciferase activity was normalized to
-galactosidase activity (internal control) to show the transactivation of the Gas6 promoter by E2. Results represent the average of 3 independent
experiments. (H-M) mRNA levels of (H) Esr1, (I) Cd69, (J) Tnfa, (K) /l6, (L) Ccl2, and (M) Ax/ in macrophages from WT and ERaKO mice treated
as in A and B. Results represent the average of 3 independent experiments normalized to Rp/19. *P < 0.05, P < 0.01, $P < 0.001 vs. control.

time of 38 + 1.5 hours, and also went through normal mitosis (Fig-
ure 5C). Only a small percentage of the cells were positive for both
annexin V and PI, similar to the vehicle-treated control. Moreover,
the annexin V*PI* cells went through apoptosis, a natural occur-
rence in vitro. We also found significantly higher Pcna expression
in E2-treated annexin V* LCs compared with the control, and this
increased expression was blocked by addition of ICI (Figure 5D).
Mitochondrial membrane potential (MMP) is an important
parameter of mitochondrial function, membrane integrity, and

2714 The Journal of Clinical Investigation

http://www.jci.org

energy coupling and is also an early marker for apoptosis (23). To
determine whether the estrogen-induced PS exposure on the sur-
face of LCs was a downstream effect of the cells undergoing apopto-
sis, we measured the relative MMP of these cells upon E2 treatment.
We did not observe any significant MMP changes in E2-treated
annexin V'PI- mLTC-1 cells (Figure SE), which may indicate that
the cells were nonapoptotic and that PS exposure was independent
of programmed cell death. E2 treatment did not have any effect on
PS exposure on the cell surface compared with vehicle treatment in
Number 6
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Estrogen effects on PS asymmetry, apoptosis, MMP, cell proliferation, and scramblase expression in AROM+ LCs and in mLTC-1 cells. (A and
B) PS exposure on the surface of mLTC-1 LCs (passage 16) was measured by annexin V-FITC staining (x axis) without (A) or with (B) 10 nM
E2 treatment, and apoptosis was measured by PI staining (y axis). (C) Dividing annexin V+ mLTC-1 LCs after E2 treatment were observed by

phase-contrast microscopy after 36 hours of incubation at 37°C. Scale b

ar: 100 um. (D) Pcna mRNA levels, normalized to Rp/19, in annexin V+

mLTC-1 LCs without (Cont) or with 10 nM E2, 10 nM E2 plus 1 uM ICI, 10 nM PPT, or 10 nM DPN treatment. (E) MMP of control (with or without

DMSO) or E2-treated mLTC-1 LCs was measured using the JC-1 dye.

Phosphatidylcholine-treated cells (PC) were used as positive controls

for mitochondrial dissipation. (F) Intracellular [Ca?*] in mLTC-1 cells, treated as in D, was measured using the Ca?* indicator Fura2/AM. (G)
Plscri—Plscr4 mRNA levels of 5-month-old WT and AROM+ mouse testes, normalized to Rp/19. (H) Plscr1—Plscr4 mRNA levels, normalized to
Rpl19, in mLTC-1 cells treated as in D. Each sample was assessed in triplicate, and each experiment was repeated 3 individual times. *P < 0.05,
**P < 0.01, ***P < 0.001 vs. respective control (no DMSO), or as indicated by brackets.

ERaKO LCs (Supplemental Figure 2), thereby suggesting that the
induced PS exposure was a direct effect of E2/ERa signaling.
Estrogen alters phospholipid asymmetry by increased intracellular Ca?*
levels and scramblase expression, leading to PS exposure on the surface of
AROM+ LCs and mLTC-1 cells. To maintain the natural lipid asym-
metry of a normal cell, a group of P-type ATPases (mainly ATP8B3,
a flippase that specifically transports PS and phosphatidylethanol-
amine [PE| inward, and ABCA1, a floppase that pumps phospho-
lipids in an outward direction) actively transports PS and PE from
the external leaflet to the internal leaflet of the plasma membrane
(24). ATP8B3 and ABCAL are expressed in the testis (25) and liver
(26). We tested whether estrogen exposure affected the expression
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of these 2 enzymes in the testes of 2-, 5-,and 10-month-old WT and
AROM+ mice as well as in mLTC-1 cells treated with E2, E2 and ICI
combined, PPT, and DPN. No significant differences in Atp8b3 and
Abcal mRNA levels were found between AROM+ and WT mice or
among different treatments in mLTC-1 cells (Supplemental Fig-
ure 3, A and B). An increase in intracellular [Ca?*], either due to
transcriptional activation or the exposure of cells to environmental
stress, activates phospholipid scramblases (PLSCRs), leading to the
loss of membrane asymmetry (27-29). Therefore, we tested whether
intracellular [Ca?'] levels mediate this upregulation process. E2 and
PPT treatment significantly upregulated intracellular [Ca?] levels
compared with control treatment in mLTC-1 cells (Figure SF). This
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effect was blocked by ICI treatment (P < 0.05; E2 plus ICI vs. E2
or PPT alone); however, DPN had no effect (Figure 5F). Next, we
measured the levels of Plscr1-Plscr4, which belong to another class
of ATPases involved in the transbilayer movement of plasma mem-
brane phospholipids (30). Significantly elevated levels of Plscrl
and Plscr2 were observed in AROM+ versus WT testes (Figure 5G).
E2 and PPT treatment of mLTC-1 cells upregulated expression of
Plscr2 (Figure SH). Although Plscr1, Plscr3, or Plscr4 expression was
not significantly changed in mLTC-1 cells compared with control,
expression of Plscrl (E2, P = 0.016; PPT, P = 0.047) and Plscr3 (E2,
P =0.008; PPT, P = 0.034) was significantly elevated compared with
combined E2 and ICI treatment (Figure SH), implicating the acti-
vation of Plscr] and Plscr3 upon E2/ERa action. The increase in
Plscr1, Plscr2, and Plscr3 was blocked by ICI (P < 0.05; E2 plus ICI vs.
E2 or PPT alone), and DPN treatment did not induce any changes
(Figure SH). Treatment of isolated ER0KO LCs with E2, E2 and
ICI combined, and PPT did not have any significant effects on the
mRNA levels of Plscr1-Plscr4 (Supplemental Figure 4). Upon E2/
ERoa induction, Ca?*-mediated upregulation of Plscr2, and to some
degree Plscrl and Plscr3, resulted in loss of membrane asymmetry
and increased PS exposure on the surface of LCs.

E2-induced GASG6 serves as an engulfment signal on living AROM+
LCs. GASG bridges apoptotic cells and macrophages by binding
to exposed PS on the apoptotic cell surface and to TAM recep-
tors, such as AXL, on the macrophage plasma membrane (2). We
performed 3D live cell imaging of phagocytes that were incubated
with living LCs isolated from WT or AROM+ testes (Supplemental
Videos 1-3). In the videos, the floating, unlabeled, irregular-shaped
2716
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Figure 6

Serum steroid hormone and GAS6 levels from infertile men and nor-
mal control male patients. (A—D) Serum levels of (A) E2, (B) T, and
(D) GAS6 and (C) the E2/T ratio from NOA infertile men (n = 42), OA
infertile men (n = 11), and 3 control groups: normal healthy men with
children (n = 18), healthy semen donors (n = 12), and a normal cohort
of healthy volunteers (n = 15). *P < 0.05 vs. all other groups.

giant cell is the macrophage, and the viable LCs are labeled in green
and additionally identifiable by the rapid movement of their filo-
podial protrusions. WT LCs were not engulfed by phagocytes, and
rapid engulfment occurred only in AROM+ LCs at 10 hours (Sup-
plemental Videos 1 and 2 and Supplemental Figure 5). When we
cocultured viable LCs and macrophages from WT testes in vitro
and treated them with or without E2, E2 and ICI combined, PPT, or
DPN, the phagocytosis of living LCs by macrophages was induced
by E2/ERa. (Supplemental Figure 5). Phagocytosis was dependent
on E2 and ERa action when the WT macrophages and LCs were
preincubated with E2 for 4 hours prior to the engulfment assay
(Supplemental Video 3 and Supplemental Figure 5). Moreover, pre-
incubation of cells with anti-GAS6, anti-annexin V, or soluble anti-
AXL antibodies completely abrogated phagocytosis (Supplemental
Videos 4-6), which further confirmed that an AXL-GAS6-PS com-
plex mediates the bridging of LCs to phagocytes.

Molecular changes in the testes of a subset of infertile men are similar
to the AROM+ mice phenotype. To test whether this AROM+ mouse
model reflects human male infertility, we measured steroid hor-
mones and GAS6 expression in patient serum and testes, respec-
tively. Significantly elevated serum E2 and GASG levels, decreased
T levels, and an increased E2/T ratio were found in NOA infertile
subjects (n = 42) compared with obstructive azoospermia (OA)
infertile subjects (#n = 11) and normal healthy Chinese men with
children (n = 18) (Figure 6, A-D). Serum E2, T, GAS6, and E2/T
ratio values from normal healthy Chinese men with children did
not differ significantly from those of 2 additional control groups:
healthy men who were semen donors (» = 12), and a normal
cohort of healthy male volunteers (n = 15) (Figure 6, A-D). We
observed abundant and stronger expression of CYP19, GAS6, and
TNF-a proteins in needle biopsy testicular samples from Chinese
men with NOA (n = 20) compared with OA controls (n = 10) by
immunofluorescence analysis (Figure 7, A-R). Next, we validated
the selected important genes found in AROM+ mice by cDNA
microarray and qPCR on testicular biopsies of OA (n = 47) and
NOA (n = 11) infertile Japanese patients. We found significantly
elevated CD69, TNFA, CYP19, GAS6, TYRO3, and AXL, but down-
regulated HSD17B3 and MER, in NOA versus OA testes (P < 0.01;
Figure 8, A-H). PLSCR1, PLSCR3, and PLSCR4 were significantly
upregulated, but PLSCR2 was downregulated, in NOA versus OA
testes (P < 0.001; Figure 8, I-L). Overall, these results suggested
that NOA patients have a pattern of molecular markers rather
similar to that of AROM+ mice.

Discussion
We have previously shown that LC hyperplasia appears in AROM+
testes by 4-5 months of age and that LC adenoma appears by 6-8
months (15, 18). No signs of malignancy are observed in testes
from aged AROM+ mice (15, 18). Marked activation of testicu-
lar macrophages beginning at 4 months, along with subsequent
LC depletion, is evident in AROM+ mice (15, 18). In the present
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study, we demonstrated that E2 or an increased E2/T ratio not
only promoted macrophage activation, but also regulated GAS6
production and induced PS exposure on the surface of LCs, in an
ERa-dependent manner. This ERa-dependent macrophage activa-
tion was independent of apoptosis and led to E2/ERa-mediated
phagocytosis. As a consequence, phagocytosis most likely pre-
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Figure 7

Immunofluorescence analysis of CYP19, GAS6, and TNF-a. in tes-
ticular biopsies of NOA (n = 20) and OA (n = 10) infertile patients.
Shown are OA (A-C, G-, and M-0) and NOA (D-F, J-L, and
P-R) testicular biopsy sample sections stained with anti-3HSD
(A and D; green) and anti-CYP19 (B and E; red); with anti-3HSD
(G and J; red) and anti-GAS6 (H and K; green); and with anti-
F4/80 (M and P; green) and anti—-TNF-a (N and Q; red). (C, F, I,
L, O, and R) Merged images show colocaliztion (yellow); nuclear
counterstaining with DAPI (blue). Scale bars: 50 um.

vented the development of malignancy. By real-time 3D imag-
ing, we monitored E2-induced PS exposure facilitating GAS6
anchoring to the surface of living LCs, which in turn served as
an engulfment (i.e., “find-me”) signal for E2-activated macro-
phages, leading to viable LC engulfment.

The membrane lipid asymmetry of mammalian cells is
maintained by P-type ATPases of the following 3 types:
flippase, floppase, and Ca?'-dependent scramblase (24).
Scramblases are of particular interest, as cytoplasmic [Ca?’]
increases can activate these enzymes and cause phospho-
lipid asymmetry (31). Increased [Ca?‘] levels and the appear-
ance of PS at the cell surface occur in a variety of diseases
(7). The present study demonstrated that E2/ERa signal-
ing may result in elevated intracellular [Ca?*] in LCs, which
may lead to abnormal Ca?*-dependent scramblase-mediated
PS exposure. Although expression of expression of PLSCR2
has been suggested to be restricted to the testis, PLSCRI,
PLSCR3, and PLSCR4 are ubiquitously expressed in all tis-
sues, including testis (30). Here, we observed elevated levels
of Plscrl and Plscr2 in AROM+ mice and elevated Plscr2 in
mLTC-1 cells. In the testes of NOA infertile men, PLSCR1,
PLSCR3, and PLSCR4 were elevated, but surprisingly, PLSCR2
was decreased. For now, we are not able to explain this dif-
ferential expression pattern of PLSCRI-PLSCR4 (especially
PLSCR2) among AROM+ mice, mLTC-1 cells, and NOA men,
which needs to be further explored. A plausible explanation
for this differential expression could be that some cell- or
strain/species-specific PLSCRI1-PLSCR4 expression differ-
ences exist between murine and human testis. Transcriptome
analysis for PLSCR2 expression in GEO profiles showed simi-
lar PLSCR2 expression in multiple human tissues (e.g., testis,
brain, muscle, and skin); moreover, the expression patterns
of PLSCR2 in normal tissues were different for human and
mouse (accession nos. GDS596 and GDS182). This combina-
tion effect of elevated PLSCR expression would imply that PS
exposure is increased on the outer leaflet of LCs. Although
PS exposure is an engulfment signal for apoptotic cells (1, 2),
we observed that E2-induced PS exposure in LCs was apopto-
sis independent. Earlier findings of Fricker et al. and Segawa
et al., who reported constitutive PS exposure on other viable
cells, also support the present results (32, 33). Nevertheless,
exposed PS could served as a beacon for specific molecules,
such as GAS6 or MFG-E8 (32), leading to the downstream
effects. In contrast to the present results, a former study has
demonstrated that acute estrogen exposure leads to the ERa-
dependent blunting of agonist-induced [Ca?'] responses (34).
This discrepancy may be due to the fact that E2/ERa signaling is
largely dependent on the recruitment of coactivators or corepres-
sors in different cellular and tissue contexts (35).
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We also observed E2-induced expression of GAS6 and PCNA in
AROM+ LCs and mLTC-1 cells, but not in AROM+/ER0oKO and
ERaKO LCs. We showed that GAS6 upregulation was transcription-
ally regulated by E2/ERa signaling. Mo et al. reported that GAS6
expression is ERa dependent (21). Given the role of GAS6 in stim-
ulating the proliferation of several cells (21, 36, 37) and its induc-
tion by estrogen, GAS6 has been proposed to be one of the factors
involved in estrogen-stimulated autoimmune disorders (36).

Even though testicular tumors are the leading form of cancer in
men 20-39 years of age, LC neoplasms account for merely 2%-3%
of testicular tumors (38). Previously, our group and another group
have shown that chronic estrogen stimulation induces LC hyper-
plasia and multinucleated giant cells in the testicular interstitium
in AROM+ and estrogen sulfotransferase knockout mice (15,
39), but that these cells never develop into LC tumors (15, 39).
Our present data provide insight into the molecular mechanisms
behind this protection against tumorigenic transformation. A
report showing the inactivation of monocytes, macrophages, and
neutrophils in a murine ERa conditional knockout model also
supports this notion (40). Genes related to macrophage activa-
tion, such as Gpnmb, Cd68, and Tnfa, were significantly increased in
AROM+ testis and significantly downregulated upon letrozole and
tamoxifen treatment and in AROM+/ERaKO mice. These mark-
ers of macrophage activation were also significantly increased by
E2 and PPT treatment in mLTC-1 cells and blocked by ICI. These
findings suggested that the E2-mediated activation of macro-
phages may be the driving force in preventing testicular tumor for-
mation in AROM+ mice. Therefore, higher estrogen levels may also
2718
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be protective against testicular LC tumor formation in humans,
albeit at the cost of male fertility.

We previously reported that intratesticular T concentration sig-
nificantly decreased, and intratesticular E2 concentration signifi-
cantly increased, in AROM+ males compared with age-matched
WT males (41). The low level of intratesticular T was thought to
reflect a markedly declined circulating T concentration in AROM+
mice (41, 42), as similar results were also reported previously in
men (43). No significant difference was found in serum luteinizing
hormone (LH) concentrations between AROM+ and WT males (41,
42). However, there were less individual variations in LH concen-
tration in AROM+ versus WT mice, suggesting the possibility of
reduced LH amplitude in AROM+ males (42). Similar effects on LH
amplitude have been also reported in men after exogenous estro-
gen administration (44). We also reported significantly decreased
serum follicle-stimulating hormone (FSH) levels in AROM+ males
(42), which exert E2 feedback effects on serum FSH, supporting the
hypothesis that estrogens suppress FSH secretion in males (45, 46).
It seems that, despite normal serum LH concentrations, androgen
levels were reduced significantly in AROM+ mice, which supports
the idea of testicular failure in AROM+ mice.

TYRO3, MER, and AXL are differentially expressed in LCs, Ser-
toli cells, and testicular macrophages, respectively (47). GAS6
binds to these TAM receptors with markedly different affinities
(AXL>TYRO3>>MER) (2), and GAS6 binds to AXL-Fc, TYRO3-
Fc, and MER-Fc at 0.4, 2.7, and 29.0 nM, respectively (48). It is
highly likely that AXL may be the favored receptor of GAS6 in
vivo. The present data from AROM+ mice and NOA infertile men
Volume 124
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demonstrated that AXL was preferentially upregulated in testes.
Furthermore, we showed via real-time 3D imaging assay that pre-
incubation of LCs and macrophages with anti-AXL, soluble GAS6,
and anti-GAS6 antibodies fully blocked phagocytosis, even upon
E2 treatment. Therefore, we concluded that increased E2 and/or
an increased E2/T ratio induced testicular macrophages to engulf
viable LCs, predominantly via an AXL-GAS6 interaction. Accord-
ingly, we detected increased levels of CYP19, GAS6, PLSCRs, and
CD69 in NOA patients compared with OA controls. An important
caveat to consider when using OA infertile men as a control is
the potential underestimation of the alterations in gene expres-
sion. We demonstrated the significantly increased levels of CYPI9,
GAS6,and CD69 in the testicular biopsies of NOA infertile men, in
concert with the increased serum E2/T ratio in infertile men with
elevated serum levels of GAS6. Collectively, these results suggest
that GAS6 is a strong potential clinical biomarker for male infertil-
ity detection. These preliminary findings highlight the need for a
large-scale clinical investigation of GAS6 in infertile men.

Taken together, our present findings are indicative of pos-
sible molecular mechanisms underlying estrogen-mediated LC
hyperplasia and the subsequent macrophage engulfment process
(Figure 9). In addition to their crucial role in reproduction, E2
and ERa influence numerous inflammatory responses (49, 50).
Moreover, macrophages play a pivotal role in the modulation of
immune responses by E2 (40, 51, 52). LCs express abundant ERa.
and GASG6 (21, 53). In the present study, we demonstrated that E2/
ERa promoted LC hyperplasia and GAS6 production, transactiva-
tion of the Gas6 promoter by E2 through ERa and Ca?*-dependent
PS exposure on the surface of LCs. Simultaneously, we showed
that E2/ERa activated macrophages. The subsequent interaction
among GAS6, LCs, and testicular macrophages resulted in the for-
mation of an AXL-GAS6-PS complex that led to LC engulfment.
Moreover, by 3D real-time imaging, we confirmed that E2 pro-
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Figure 9

Possible mechanism of estrogen/ERa-mediated engulfment of LCs by
testicular macrophages. Binding of estrogen to its receptor, ERa, in
testicular macrophages induces their activation, resulting in CD69 and
TNF-a production and TAM receptor expression on the macrophage
cell surface. Simultaneously, in LCs, E2/ERa signaling increases solu-
ble GAS6 production and intracellular [Ca2+], which in turn induces PS
exposure independent of apoptosis. Next, GAS6 is anchored on the
surface of LCs by binding to the exposed PS and serves as an engulf-
ment signal mainly for AXL on E2-activated macrophages. Finally, the
formation of an AXL-GAS6-PS complex leads to the phagocytosis of
LCs by testicular macrophages.

motes macrophage activation via ERa signaling, and the E2/ERa-
activated macrophages engulf the living LCs via the AXL-GAS6-PS
interaction. This mechanistic series of events maintains a finely
tuned balance between testicular macrophages and LCs. Conse-
quently, the depletion of testosterone-producing LCs resulted in
disrupted spermatogenesis, thereby leading to male infertility. Our
findings suggest a novel potential application of GAS6 as a clinical
biomarker for male infertility and as a possible therapeutic for a
subset of infertile men with an impaired E2/T ratio.

Methods
Further information can be found in Supplemental Methods.

Mouse studies. AROM+ and ER0KO mice (both C57BL/6 genetic back-
ground) have been described previously (18, 54). Mice had free access to soy-
free chow (SDS RM-3; Whitham) and tap water ad libicum and were handled
in accordance with the animal care policies of Chinese Agricultural Universi-
ty. WT and AROM+ mice were sacrificed at similar ages (2, 5, and 10 months;
n =6 per group), anesthetized by i.p. injection of 200 pl of 1% Avertin. Blood
was collected by cardiac puncture, and tissues were dissected for macro-
scopic analyses. For the drug treatment studies, 2-month-old male AROM+
and age-matched WT mice (# = 10 per group) were randomly assigned into
groups, fed soy-free chow, and s.c. injected once daily with vehicle (corn oil),
2.0 mg/kg/d letrozole, or 0.4 mg/kg/d tamoxifen for 90 days. ER0KO and
AROM+/ERaKO mice (n = 6 per group) were used for isolation of testicular
LCs and macrophages. We used cDNA microarray analyses on an Agilent
platform to determine transcriptional changes in the testes of 5-month-old
AROM+ mice compared with age-matched WT mice. Microarray data for
mouse studies were deposited in GEO (accession no. GSE55254).

Human testicular and serum studies. Microarray analysis was performed
on testicular biopsy specimens from Japanese patients with NOA (n = 47;
aged 24-52 years) and OA (n = 11; aged 22-57 years). Microarray data
for human studies were deposited in GEO (accession no. GSE9210).
Immunohistochemical analysis was performed on testicular biopsy speci-
mens obtained from Chinese patients with NOA (n = 20; aged 28-45 years)
and OA (n = 10; aged 24-40 years). Additionally, serum samples were obtained
from normal healthy Chinese men with children (n = 18), healthy men who
were semen donors (n = 12), a normal cohort of healthy volunteers (n = 15;
aged 20-45 years), Chinese patients with NOA (n = 42; aged 22-45 years),
and Chinese patients with OA (n = 11; aged 24-40 years). The definition of
OA and NOA and the biopsy analysis were as previously described (55). Due
to the difficulties in obtaining normal human testicular samples, biopsies
from the OA infertile men served as controls for the NOA cases. Briefly, the
testicular biopsies for microarray analysis and immunohistochemical exami-
nation included a minimum of 3 biopsies per individual, and multiple uni-
lateral testicular sites were sampled from each individual. Furthermore, each
patient went through testicular sperm extraction for assisted reproduction
and/or diagnostic biopsy for histological evaluation. The histology of OA
Volume 124~ Number 6
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patients revealed the presence of germ cells at all stages of spermatogenesis.
In contrast, NOA patients had defects in spermatogenesis, and the degree of
spermatogenic defects in NOA patients was histologically evaluated accord-
ing to Johnsen’s scoring (56). The average Johnsen’s scores in the NOA and
OA groups ranged 1-6.5 and 5.1-9, respectively.

Statistics. Data were analyzed for statistical significance with SPSS 12.0.1.
Data for all groups were first tested for normality with the Shapiro-Wilk test.
If the group data were normally distributed, they were compared using 1-way
ANOVA. CI for means was 95%. Logarithmic transformations were carried out
for analysis of groups with non-Gaussian distributions. All numerical data are
presented as mean + SEM. A Pvalue less than 0.05 was considered significant.
All graphs were generated with GraphPad Prism 5.0 (GraphPad Software Inc.).

Study approval. The Ethics Committee for Animal Experimentation of China
Agricultural University (Beijing, China) approved all animal experiments
(approval no. SKLAB2010-01-03). All studies involving human subjects were
performed with approval from the Ethics Committees of Niigata University
(Niigata, Japan), Tachikawa Hospital (Tachikawa, Japan), St. Mother Hospital
(Fukuoka, Japan), Tokai University (Tokyo, Japan), and 306th Hospital of PLA
(Beijing, China), and study participants provided written informed consent.
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