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Siglees (Sialic acid-binding Immunoglobulin Superfamily
Lectins) are cell surface signaling receptors of the I-type
lectin group that recognize sialic acid-bearing glycans.
CD33-related-Siglecs are a subset with expression primar-
ily in cells of hematopoietic origin and functional rel-
evance to immune reactions. Earlier we reported a
human-specific gene conversion event that markedly
changed the coding region for the extracellular domain of
Siglec-11, associated with human-specific expression in
microglia (Hayakawa T, Angata T, Lewis AL, Mikkelsen
TS, Varki NM, Varki A. 2005. A human-specific gene in
microglia. Science. 309:1693). Analyzing human gene
microarrays to define new patterns of expression, we
observed high levels of SIGLECI11 transcript in the ovary
and adrenal cortex. Thus, we examined human and chim-
panzee tissues using a well-characterized anti-Siglec-11
mouse monoclonal antibody. Although adrenal expression
was variable and confined to infiltrating macrophages in
capillaries, ovarian expression of Siglec-11 in both humans
and chimpanzees was on fibroblasts, the first example of
Siglec expression on mesenchyme-derived stromal cells.
Cytokines from such ovarian stromal fibroblasts play
important roles in follicle development and ovulation.
Stable transfection of SIGLECII into a primary human
ovarian stromal fibroblast cell line altered the secretion of
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growth-regulated oncogene o, interleukin (IL)-10, IL-7,
transforming growth factor 1 and tumor necrosis factor-a,
cytokines involved in ovarian physiology. Probing for
Siglec-11 ligands revealed distinct and strong mast cell
expression in human ovaries, contrasting to diffuse stromal
ligands in chimpanzee ovaries. Interestingly, there was a
trend of increased Siglec-11 expression in post-menopausal
ovaries compared with pre-menopausal ones. Siglec-11
expression was also found on human ovarian stromal
tumors and in polycystic ovarian syndrome, a human-
specific disease. These results indicate potential roles for
Siglec-11 in ovarian physiology and human evolution.

Keywords: cytokine / mast cells / microarray / ovarian stroma /
PCOS

Introduction

Siglecs (Sialic acid-binding Immunoglobulin Superfamily
Lectins) are a family of sialic acid-binding members of immu-
noglobulin superfamily (Varki and Angata 2006; Crocker et al.
2007; Varki and Crocker 2009). Sialic acids are found mostly
at the outermost position of glycan chains on cell surface and
secreted glycoproteins in the Deuterostome lineage of animals
(Varki 2007). Previous studies showed that interactions
between Siglecs and sialic acids are involved in host-pathogen
interactions as well as in host self-recognition (Varki and
Angata 2006; Crocker et al. 2007; Varki and Crocker 2009).
Accumulating evidence indicates that Siglecs play critical roles
in immune signaling and functions. In this regard, a subset of
Siglecs, called CD33-related Siglecs (CD33rSiglecs), has
received attention due to their rapid evolution in mammalian
species and multiple human-specific changes (Angata et al.
2004; Varki 2010a). CD33rSiglecs are generally expressed in
hematopoietic and immune cells including monocytes, macro-
phages, dendritic cells, neutrophils, eosinophils, basophils,
mast cells and natural killer cells, with a cell type-specific
expression pattern in a given species (Crocker et al. 2007).

So far, only one instance of the non-hematopoietic
expression of CD33rSiglecs is known, the human-specific
expression of Siglec-6 on placental trophoblast cells
(Brinkman-Van der Linden et al. 2007) potentially playing
roles in slowing the tempo of the human birth process and/or
in a human disease called preeclampsia (Winn et al. 2009).
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Fig. 1. Expression patterns of human CD33-related Siglec genes. (A) Expression profile of human Siglec-6 mRNA in 84 human tissues and cell lines, as
acquired from BioGPS containing the HG_U133A/GNF1H gene atlas data set. Expression values are based on probe set 206520 x_at. (B) Expression profile of
Siglec-11 mRNA in 105 human tissues and cell lines as acquired from microarray Affymetrix U133. Expression values are based on probe set 1552910 at.

Here, we investigated gene expression profiles for human  expression atlas targeted 44,775 human genes, representing a
CD33rSiglec genes using whole-genome transcript arrays. panel of mRNAs derived from 79 human tissues and cell
Such arrays provide global signatures of expression patterns  lines, and has become a valuable resource and a widely used
of de novo predicted transcripts. A recently built gene  database for candidate gene study or genome-wide analyses
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Prostate

Fig. 2. Detection of Siglec-11 protein expression in human and chimpanzee adrenals and ovaries. Mouse anti-Siglec-11 antibody 4C4 was used to detect the
presence of Siglec-11 (shown in red) on paraffin-embedded tissue sections. The scale bar indicates 50 um. (A) Expression of Siglec-11 is found in
macrophage-like cells inside capillaries of human adrenal cortex (upper panel). Some adrenals had infiltrating macrophages but no expression of Siglec-11 (lower
panel). Mouse IgG was used as the negative reagent control. CD68 is the macrophage marker. (B) Strong expression of Siglec-11 shows on ovarian stromal cells
from human and chimpanzee ovaries. Human spleen sections are used as a positive control (macrophage staining only) and mouse IgG was used as the negative
reagent control. (C) Comparison of Siglec-11 expression with Vimentin (stromal marker) and CD45 (hematopoietic cell marker) in human spleen, ovary and

prostate. The spleen is the positive control for Siglec-11 expression on macrophages, and the prostate sample shows lack of non-specific staining on stromal cells
in general.
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(Su et al. 2004). Using this tool, as well as a custom microar-
ray developed by a co-author (Lee et al. 2005), we found the
predicted expression of SIGLEC!] transcript in human ovary
and adrenal gland. This was unexpected, given our previous
finding of Siglec-11 expression primarily on macrophages in
many other human tissues (Angata et al. 2002) and given that
the ovary and adrenal are not known to be especially enriched
in macrophages. We here explore the biological and physio-
logical significance of these findings, in the light of unusual
features of the human condition.

Results
Microarray analysis suggests SIGLEC11 expression in the
adrenal gland cortex and ovaries

We used the web portal of Gene Atlas (http:/biogps.gnf.org/)
as well as an independent microarray Affymetrix U133 analy-
sis (Lee et al. 2005) to check expression profiles for human
CD33rSiglecs. Consistent with our previous report
(Brinkman-Van der Linden et al. 2007), SIGLEC6 expression
was prominently detected in the human placenta (Figure 1A).
However, despite our previous report of human-specific
microglial expression of Siglec-11 (Hayakawa et al. 2005),
central nervous system (CNS)-derived tissues did not show
elevated expression of this gene (Figure 1B). This is likely
because transcript microarrays provide expression profiles for
total homogenized tissues, and microglia represent only ~1—
2% of CNS cell types (Hanisch and Kettenmann 2007;
Ransohoff and Perry 2009), with the signal thus being diluted
by mRNAs from other CNS cell types. Surprisingly, we
instead found high SIGLEC1I expression in human ovary and
adrenal cortex based on the probe set 1552910 at of the
custom array (Figure 1B). The expression was equivalent to,
or greater than, that found in the spleen, where Siglec-11 is
expressed on macrophages. Gene Atlas analysis also indicated
clear expression of Siglec-11 in the adrenal gland and ovary
(probe gnf1h01192; data not shown). Our earlier study using
a Siglec-11-specific monoclonal antibody 4C4 had already
reported macrophage-specific expression in multiple human
tissues (Angata et al. 2002). Thus, we decided to characterize
Siglec-11 expression in human ovary and adrenal gland using
the same specific antibody.

Siglec-11 expression on ovarian stromal cells and adrenal
macrophages

We next sought to demonstrate protein expression using the
anti-Siglec-11 antibody 4C4. In keeping with our previous
report (Angata et al. 2002), we confirmed that many tissues
showed macrophage-specific staining (data not shown). In
keeping with this, the strong adrenal cortex expression
observed on microarray analysis was found to be present only
in macrophage-like cells inside the capillaries of the glands
(Figure 2A, upper panel). Furthermore, this expression varied
widely between individual samples, with some samples being
completely negative (see example in Figure 2A, lower panel).
The reason for this variation is unknown, but these samples
were all obtained at autopsy, and it is likely that major pathol-
ogies affect the adrenal cortex just prior to death, due to the
systemic stress response, perhaps resulting in pre-mortem

Siglec-11 in the human ovary

macrophage invasion related to autolysis. Interestingly, we
found that expression of Siglec-11 in the ovary was not on
the scattered hematopoietic cells (identified by CD45, a hema-
topoietic cell marker), but instead appeared to be on ovarian
stromal cells, in both humans and chimpanzees (Figure 2B
and C). This stromal cell expression was supported by parallel
staining of vimentin (a stromal cell marker). In contrast, no
expression of Siglec-11 was found on human prostate stromal
cells (Figure 2C). We confirmed the presence of Siglec-11 on
spleen and ovary using a commercially available biotinylated
anti-human Siglec-11 polyclonal antibody and observed the
same expression pattern (data not shown). To our knowledge,
this is the first example of expression of a CD33rSiglec in a
non-hematopoietic stromal cell of mesenchymal origin.

Expression of Siglec-11 in ovarian stromal fibroblasts alters
cytokine expression

It is well known that ovarian cytokines play active roles in
regulating ovarian cycle, ovulation, corpus luteum regression
and follicular atresia (Vinatier et al. 1995). We obtained
ovarian stromal fibroblast cell cultures from normal human
ovaries (Quiros et al. 2008) and found that they did not
express Siglec-11 at baseline growth by reverse transcriptase-
PCR (data not shown). This is likely because Siglec-11
expression is a differentiated phenotype that is not maintained
in tissue culture conditions. Regardless, this gave us the
opportunity to ask if Siglec-11 expression alters cytokine pro-
duction in these cells. We established stable expression of
Siglec-11 in these cells by transfection of a pcDNA3.1-based
Siglec-11 construct, followed by selection for G418 (Neo)
resistance. Control cells were transfected with the pcDNA3.1
vector alone and selected identically with G418. Western blot-
ting confirmed the expression of Siglec-11 in positively trans-
fected cells (Figure 3). The delicate nature of these
untransformed cells did not allow serum-free culture and also
limited the stringency of G418 selection that could be used.
However, immunohistology on formalin-fixed paraffin-
embedded pellets of these cells showed that a minimum of
15-20% of cells are strongly transfected (data not shown). To
ensure reproducibility of results, the primary human ovarian
fibroblast cells were independently transfected twice, each
time also with an empty vector control and each time

HFN0402 293T

Vector Siglec-11 Vector Siglec-11

== 98 kDa

Fig. 3. Siglec-11 expression in transfected HFN0402 cells confirmed by
western blot. Human ovarian fibroblast primary cell line HFN0402 was
transfected with Siglec-11-pcDNA3.1 or vector only. G418 (100 ng/mL) was
used to select positively transfected cells for 3 weeks. Transiently transfected
293T cells with Siglec-11-pcDNA3.1 or vector only were used as positive and
negative controls, respectively. Cells were lysed with RIPA buffer (Cell
Signaling Technology). Western blots of reduced cell lysates were probed
with mouse anti-Siglec-11 antibody 4C4, and then goat anti-mouse IgG
horseradish peroxidase.
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Table 1. Effects of Siglec-11 expression on cytokine secretion by human
ovarian stromal fibroblasts

Cytokine Siglec-11 (mean + Control (mean + Fold P-value
SD) SD) change

G-CSF 0.01+0.01 0.01+0.01 0.96 0.96
GM-CSF  0.05+0.03 0.05+0.03 1.04 0.69
GRO 0.92+0.17 0.95+0.04 0.98 0.81
GRO-o 0.96+0.19 0.59+0.27 1.61 0.01*
IFN-y 0.03+0.02 0.03+0.02 0.85 0.69
IL-10 0.24+0.03 0.18+0.01 1.32 0.03*
IL-13 0.02+0.00 0.01+0.01 1.66 0.41
IL-15 0.01+0.01 0.00+0.01 1.29 0.69
IL-lo 0.07+0.03 0.06+0.02 1.19 0.60
IL-2 0.01+0.01 0.00+0.01 2.61 0.47
IL-3 0.03+0.01 0.04+0.01 0.75 0.17
IL-5 0.00+0.01 0.02+0.01 0.04 0.05
IL-6 1.03+0.03 0.87+0.13 1.18 0.08
IL-7 0.12+0.08 0.07+0.07 1.68 0.01*
IL-8 0.86+0.14 0.99+0.07 0.87 0.27
MCP-1 0.85+0.08 0.88+0.15 0.96 0.75
MCP-2  —0.02+0.08 0.00+0.01 —4.89 0.65
MCP-3 0.02+0.03 0.00+0.01 9.47 0.10
MIG 0.05+0.03 0.03+0.03 1.61 0.21
RANTES  0.31+0.05 0.31+0.03 0.99 0.77
TGF-B1 0.04+0.02 0.01+0.01 3.71 0.01*
TNF-o 0.16+0.04 0.11+£0.04 1.44 0.02*
TNF-B 0.04+0.02 0.02+0.01 1.71 0.12

G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-
macrophage colony-stimulating factor; IFN, interferon; MCP, monocyte
chemoattractant protein; MIG, monokine Induced by Interferon-gamma;
RANTES, regulated upon activation, normal T cell expressed and secreted.
Human ovarian stromal fibroblast primary cell line HFN0402 was stably
transfected in two independent experiments with Siglec-11-pcDNA3.1 or with
vector only. In each case, selection was applied with G418 for 3 weeks.
Collected supernatant from each transfected cell pool was assayed for various
cytokine secretions in duplicate using Raybio human cytokine antibody array
I (Raybiotech). Signal value for each cytokine was normalized by dividing
with the average value of positive controls on each block. The mean and the
standard deviation are derived from the reads (one read is the average of the
duplicate) of two independent assays. Two-tailed P-values are estimated from
a r-test.

*P<0.05.

subjected to the same G418 selection. The cytokine assays
were also conducted twice in duplicates. The values from the
duplicates were taken as average and used as one read for
each assay. As shown in Table I, expression of Siglec-11
caused a statistically significant change in the pattern of cyto-
kine  secretion, specifically with  up-regulation of
growth-regulated oncogene o (GRO-a), interleukin (IL)-10,
IL-7, transforming growth factor (TGF)-B1 and tumor necrosis
factor (TNF)-a (P <0.05), in comparison with the cells trans-
fected with the empty vector control and selected with G418
in the same manner. The fact that stable transfection efficiency
was not so high actually makes the difference even more
likely to be significant.

Different Siglec-11 binding sites in human

and chimpanzee ovaries

The functional roles of Siglec-11 in ovarian stromal cells are
unknown, but are likely to be related to recognition of ligands
present in the same tissue. The amino-terminal V-set domain
of Siglec-11 is known to recognize sialic acids (Hayakawa
et al. 2005). We used recombinant soluble human or
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chimpanzee Siglec-11-Fc chimera proteins to probe human or
chimpanzee ovaries, respectively, for the presence of intrinsic
Siglec-11 binding sites (potential ligands). While chimpanzee
Siglec-11-Fc showed diffuse staining throughout the chimpan-
zee ovaries, human Siglec-11-Fc gave a markedly different
pattern on human ovaries, showing only weak diffuse staining
and strong staining of scattered cell types that had the appear-
ance of mast cells (Figure 4A). The specificity of these inter-
actions was further shown by lack of staining of either human
or chimpanzee ovaries with a human Siglec-6-Fc chimera or
IgG control (Figure 4A) or with a human Siglec-9-Fc chimera
(not shown). This rules out Fc¢ receptor binding or other non-
specific interactions. Mast cell expression of human Siglec-11
ligands was confirmed by double staining with anti-tryptase
antibody (Figure 4B). We also noted that human ovaries gen-
erally had larger numbers of mast cells than chimpanzee
ovaries. Mast cells in other tissues such as tonsil and intestine
were also labeled with human Siglec-11-Fc (data not shown).

As published previously a gene conversion event drastically
changed the binding domain of human Siglec-11 after human/
chimpanzee divergence (Hayakawa et al. 2005). Thus, cross-
species studies of Siglec-11-Fc binding were not considered
to be biologically meaningful. However, the fact that chim-
panzee Siglec-11-Fc did not stain human mast cells (data not
shown) indicates that the human-specific gene conversion
event of Siglec-11 has generated new binding to potential
ligands that already pre-existed in ancestral human mast cells.
This finding may thus have relevance to the biology of poten-
tial mast cell interactions with Siglec-11 positive macrophages
in other human tissues.

Sialic acid independence of Siglec-11 ligands
in human ovaries

To ask if the human Siglec-11-Fc binding to ligands was
sialic acid-dependent, we also used a human Siglec-11-Fc
with RI120A mutation that abrogates sialic acid binding.
Interestingly, the mutant human protein could still recognize
the endogenous human mast cell ligands with the same inten-
sity as the wild-type protein (data not shown). Moreover, siali-
dase or mild periodate treatment before overlay of human
Siglec-11-Fc had no impact on this mast cell staining
(Figure 4C). The success of sialidase and periodate treatment
was confirmed by the loss of binding of SNA (Sambucus
nigra agglutinin, which recognizes terminal o2-6-linked sialic
acids) on parallel tissue sections (data not shown). These
results indicate that the interaction of human Siglec-11 and its
ovarian ligands is not mediated by sialic acid recognition, but
rather by protein—protein interactions and/or as yet unknown
periodate-resistant glycans. In contrast, the diffuse staining on
chimpanzee ovaries was partially sensitive to sialidase treat-
ment or periodate treatment (Figure 4C).

Thus, there are two differences in Siglec-11 ligands
between human and chimpanzee ovaries. First, while chim-
panzees have diffuse Siglec-11 ligands throughout the ovary,
human ligands are mostly confined to mast cells (which also
appear increased in number). Second, while both sialic acid
and non-sialic acid ligands are present in chimpanzee ovaries,
the uniquely human mast cell ligands are sialic
acid-independent.
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Fig. 4. Different Siglec-11 ligands in human and chimpanzee ovaries. Paraffin sections of human or chimpanzee ovaries were overlaid with human
Siglec-11-FLAG-Fc or chimpanzee Siglec-11-FLAG-Fc, respectively. (A) Binding was detected using rabbit anti-FLAG and peroxidase-conjugated anti-rabbit
1gG. Siglec-6-FLAG-Fc was used as a negative control for non-specific binding. Control slides had no added Siglec-Fc. The scale bars indicate 50 um. Note that
the human ovary slides are deliberately shown at a higher magnification, in order to highlight the bright staining of a few cells, which are shown below to be
mast cells. (B) Siglec-11-FLAG-Fc binding was detected using rabbit anti-flag and Cy3-conjugated anti-rabbit IgG. Mast cells in human and chimpanzee ovaries
were probed using a biotinylated mouse anti-human tryptase antibody, detected by Alexa-Fluor 488 labeled streptavidin. Rabbit IgG or mouse IgG was used as
negative controls (not shown). The scale bar indicates 50 um. (C) Sections were treated with sialidase or periodate before the overlay of Siglec-11-FLAG-Fc.
Efficacy of both treatments was confirmed by loss of binding of SNA to the sections (not shown). The human Siglec-11 ligand on mast cells is not sensitive to
either treatment. The chimpanzee Siglec-11 ligand on ovarian stroma is partially sensitive to both treatments.
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Potential roles of Siglec-11 in human ovarian physiology

and pathology

The marked difference between the Siglec-11 ligands in chim-
panzee and human ovary suggest the possibility of unique
human roles for ovarian Siglec-11. We noted a qualitative
trend (data not shown) that while great ape (chimpanzee and
gorilla) ovaries had uniform strong expression of Siglec-11,
human ovary expression was much more variable. Thus, we
also obtained initial data on the potential role of Siglec-11 in
human ovarian pathologies. First, when we sorted 25 human
ovarian samples based on the patient’s age, there appeared to
be a trend toward increased expression of Siglec-11 in older
ages (data not shown). This is of interest because menopause
was thought to be a human-specific process in comparison to
the great apes (Varki and Altheide 2005). However, this has
now become a controversial subject (Lacreuse et al. 2008;
Atsalis and Videan 2009; Hawkes et al. 2009; Finch 2010;
Finch and Holmes 2010; Hawkes 2010; Herndon and Walker
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2010). Regardless, due to the somewhat subjective nature of
histological quantitation and the technical challenges associ-
ated with obtaining quantitative western blot data from paraf-
fin sections, we are not able to conduct a statistical
significance analysis on the age-associated trend.

We also studied ovarian samples from patients with poly-
cystic ovarian syndrome (PCOS), which is thought to be a
human-specific disease (Mason et al. 2008; Yii et al. 2009;
Glintborg and Andersen 2010), that can only be induced
experimentally in other primates (DiGiacomo 1977; Zhou
et al. 2005; Abbott et al. 2008; Abbott and Bird 2009). All 11
PCOS cases were from patients between the ages of 19 and
38, ages at which ovarian function is usually preserved in the
unaffected population. We found strong Siglec-11 staining on
stromal cells throughout the whole ovarian cortex surrounding
the enlarged follicles in 9 of 11 of such samples (see
Figure 5A for two examples). We also noted mast cell ligands
for Siglec-11-Fc in PCOS ovaries, but with no obvious

Mouse anti-Siglec-11

Fig. 5. Expression of Siglec-11 in pathologic human ovaries. Paraffin sections of ovaries were overlaid with mouse anti-Siglec-11 antibody 4C4 to detect the
presence of Siglec-11 (shown in red). Mouse IgG as the negative control. (A) Siglec-11 expression in human PCOS sample. CD68 is the macrophage marker.
The scale bar indicates 500 um. (B) Siglec-11 expression in one of two human ovarian stromal tumors. A spleen section is shown as a positive control. The scale

bar indicates 50 pum.
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difference in pattern compared with normal ovaries (data not
shown). Finally, we found clear expression of Siglec-11 in
two samples of human ovarian stromal tumors (see Figure 5B
for one example).

Discussion

Siglec-11 belongs to a sialic acid-binding family of immuno-
globulin superfamily lectins that are widely distributed
throughout various cell types in the immune system of pri-
mates and rodents. We have previously shown the expression
of Siglec-11 on tissue macrophages including microglial cells
and infiltrating mononuclear leukocytes in inflammatory
tissues (Angata et al. 2002; Hayakawa et al. 2005). Here, we
report for the first time the high amount of SIGLECI] mRNA
in human ovarian tissues, based on the microarray expression
data. Expression of Siglec-11 was then shown to be
co-expressed with vimentin on ovarian stromal cells. Siglec-11
is known to interact with both SH2 domain-containing tyrosine
phosphatase-1 (SHP-1) and SH2 domain-containing tyrosine
phosphatase-2 (SHP-2). These phosphatases play critical roles
in signaling pathways of innate immune responses against
foreign antigens (Angata et al. 2002). The newly identified
expression of Siglec-11 on ovarian stroma suggests the possi-
bility of an unusual function in a cell type not in the immune
system. This ovarian stromal expression of Siglec-11 is not
human-specific since it was also observed in chimpanzee
and gorilla ovaries. However, Siglec-11 ligands in the ovary
show a very different distribution pattern between human
and chimpanzee. While ligands for human Siglec-11 are
located on mast cells only (which also seem increased in
number), chimpanzee Siglec-11 ligands are diffusely present
all over the chimpanzee ovary. Thus, there are potential impli-
cations for uniquely human aspects of ovarian physiology and
pathology.

Ovaries have two interrelated functions: the production of
gametes and the production of sex steroids. The majority of
the cortex area in which ovarian follicles are distributed is
occupied by ovarian stroma. Cortical stroma provides a micro-
environment to support the development of follicles (Picton
et al. 2008). A cyclic pattern of follicular maturation, ovu-
lation and regression continues in parallel with the menstrual
cycle before menopause. Although it has been noted that
ovarian stroma is critical to support and nurture ovarian fol-
licles, the functions and mechanisms provided by ovarian
stromal cells in follicle maturation, menstrual cycle, meno-
pause and ovarian disease have been addressed only to a
limited extent. In the present study, we found that overexpres-
sion of Siglec-11 on ovarian stromal cells in vitro is able to
cause significantly more secretion of TNF-o, IL-7, IL-10,
TGF-B1 and GRO-o. (Table I).

Cytokines appear to be important in folliculogenesis, ovu-
lation and in the process of follicular atresia and corpus
luteum regression through immune cell activation. TNF-o is
one well-studied cytokine in mammalian ovaries, staying
active through the whole menstrual cycle. During follicle
maturation, TNF-o. is able to guide the arrival of leukocytes
into the developing follicles (Wang et al. 1992) by degrading

Siglec-11 in the human ovary

collagens, as well as preventing premature luteinization of the
follicle (Vinatier et al. 1995). During ovulation, TNF-a
increases the local synthesis of prostaglandins, which is
involved in ovulation and in the luteinization of granulosa
cells (Vinatier et al. 1995). Moreover, TNF-o. induces apopto-
sis of the endothelial cells of granulosa cells and of the luteal
cells, finally leading to follicular atresia and luteolysis
(Hughes and Gorospe 1991; Tilly et al. 1991). Like TNF-o,
TGF-B1 is also a multifunctional cytokine in human ovary.
First, TGF-B1 is active at the end of the follicular phase by
facilitating differentiation of granulosa cells. Second, it stimu-
lates progesterone production by promoting the differentiation
of theca cells and maintains the corpus luteum. Third, like
TNF-o, TGF-B1 is also able to induce apoptosis which leads
to follicular atresia and luteolysis (Hughes and Gorospe 1991;
Rotello et al. 1991; Tilly et al. 1991).

In the human ovarian cycle, the ovulation phase has fea-
tures similar to an inflammatory reaction (Espey 1994).
Histamine released by degranulation of the mast cells can
facilitate the permeability of the endothelium and increase
blood flow to the ovary accompanying the ovulation process
(Vinatier et al. 1995). The concentration of histamine in the
follicle was found to increase up to its maximum when ovu-
lation occurs (Morikawa et al. 1981). Our study found that
the ligand of Siglec-11 is located on human mast cells, which
suggests the possibility that interaction between stromal
Siglec-11 and its ligands on mast cells might stimulate the
secretion of histamine right before ovulation. Another cyto-
kine related to ovulation is GRO-o, which belongs to the
C-X-C motif chemokine subfamily. An in vitro study showed
that GRO-a is able to attract and activate neutrophils, as well
as stimulate new blood vessel formation for the corpus luteum
(Kawano et al. 2007). Proteolytic enzymes secreted by neutro-
phils, such as collagenase and elastase, can digest extracellular
matrix proteins and conceivably contribute to the final stages
of weakening the follicular wall that precedes ovulation
(Kawano et al. 2007). Moreover, the function of neutrophils
in ovulation has been supported by the observation that the
number of ovulations is reduced in rats with neutrophils
depleted by antineutrophil monoclonal antibodies (Brannstrom
et al. 1995).

The marked difference of Siglec-11 ligands between human
and chimpanzee raises the possibility of roles unique to
human physiology and pathology. In the pathological human
ovary, such as in PCOS and in ovarian stromal tumors,
normal ovarian functions may be disturbed through immune
cells and cytokine perturbation. PCOS is one of the most
common female endocrine disorders affecting ~5-10% of
women of reproductive age and is thought to be one of the
leading causes of female infertility (Mason et al. 2008; Yii
et al. 2009; Glintborg and Andersen 2010). The PCOS ovary
contains arrested follicles with disturbed oocyte development
and failed ovulation. In the present study, we found strong
expression of Siglec-11 in human PCOS ovaries. Interestingly,
somewhat increased expression of Siglec-11 was also
observed in post-menopausal ovaries compared with pre-
menopausal ones. PCOS and menopause are two different
conditions, but they share some common features such as per-
turbed follicle growth and fertility deficiency. It is possible
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that Siglec-11 on ovarian stroma might be involved in follicu-
lar atresia and corpus luteum regression by modulating
secretion of certain cytokines. It has been shown that TGF-B1
can promote fibroblast collagen biosynthesis and is critical to
the development of fibrosis in a mouse model (Ong et al.
2009). TNF-o might also play a pathophysiologic role in
human PCOS and insulin resistance with its overexpression
being found in some cases (Hotamisligil et al. 1993; Naz
et al. 1995; Spaczynski et al. 1999). The source of this
increased TNF-o. in PCOS in uncertain, and our finding of
increased TNF-o production by a stromal cell line expressing
Siglec-11 is potentially relevant for further study. Finally, it is
of note that Gro-1 links RAS (RAt Sarcoma) oncogene signal-
ing to the senescence of stromal fibroblasts and ovarian
tumorigenesis (Yang et al. 2006).

Given the data, we speculate that expression of Siglec-11
on stromal cells of human ovaries might help create a unique
microenvironment of cytokines or hormones for ovarian fol-
licles and leukocytes, which is critical to the process of
normal ovarian function and cycle and potentially for unusual
aspects of human ovarian physiology and pathology, such as
menopause and PCOS. Additional studies are obviously
needed to analyze these possibilities further. Such studies are
truly challenging, given that great ape tissue samples are very
difficult to obtain (Varki 2010b), and the fact that variations
during the menstrual cycle in humans are very hard to control
for, as we are confined to studying the random ovarian
samples that do become available from various surgical pro-
cedures. On the other hand, the SIGLEC1 gene is not present
in rodents, making mouse models irrelevant. Future studies
must also consider the fact that a small minority of humans
can also express Siglec-16, an activatory Siglec that has a
nearly identical N-terminal sequence to Siglec-11 (Cao et al.
2008).

Finally, this paper emphasizes that CD33-related Siglecs
should no longer be thought of as just involved in the
immune system. These molecules need to be searched for also
in non-immune cell types, not only by gene expression and
western blot analyses, but also by carefully controlled immu-
nohistology, which can pick up minor cell-type expression
patterns missed by techniques that evaluate whole-cell
extracts.

Materials and methods
Ovarian samples and cells

In total, 25 normal human and 13 chimpanzee ovarian
samples, 11 PCOS ovarian samples, 10 human adrenal
samples and 2 human ovarian fibrothecoma samples were
investigated in this study. Human spleen or tonsil tissues were
used as positive controls in all immunohistochemistry ana-
lyses. All samples were sectioned from paraffin-embedded
blocks. Human ovarian fibroblast primary cell line HFN0402
was generated as previously described by a co-author (Quiros
et al. 2008).

Immunostaining for Siglec-11 expression

Paraffin sections were deparaffinized, rehydrated, blocked for
endogenous peroxidases, endogenous biotin and non-specific
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binding to extracellular matrix and overlaid with appropriate
concentrations of mouse anti-Siglec-11 antibody 4C4, mouse
universal IgG (DAKO, North America), mouse anti-vimentin
(DAKO) or mouse anti-CD45, anti-CD68 (DAKO) following
established protocols (Angata et al. 2002). The CSA kit was
purchased from DAKO. A biotinylated polyclonal goat
anti-human-Siglec-11 antibody was purchased from R&D
systems. For fluorescent labeling, the last step used
Alexa-Fluor 488 labeled Streptavidin (Molecular Probes) or
Cy3 labeled Streptavidin (Jackson Laboratories). These slides
were viewed by epifluorescence using a Nikon Axiophot
microscope, with appropriate filters, and photographed using
a Spot Camera and imaging software. Images were analyzed
using Adobe Photoshop. Brightfield images were captured
using an Olympus Magnfire digital camera mounted on an
Olympus BH2 microscope.

Immunostaining for Siglec-11 ligands

Paraffin sections were deparaffinized, blocked for endogenous
non-specific sites and overlaid with recombinant human or
chimpanzee Siglec-11-FLAG-Fc chimera (Angata et al. 2002)
at 1 pg/mL. Control sections were overlaid with human
Siglec-6-FLAG-Fc or Siglec-9-FLAG-Fc chimera at 1 pg/mL
or with blocking buffer alone. Slides were incubated overnight
at 4°C, followed by washes before incubation with Rabbit
anti-FLAG (Sigma, St Louis, MO) at 1:500, further washes
and then incubated with peroxidase-labeled anti-rabbit or
Cy3-labeled anti-rabbit IgG at 1:500 (Jackson Laboratories).
Sialidase treatment was done by incubating sections with
AUS (250 mU/mL) in sodium acetate (pH 5.5) for 2.5h at
37°C  in  humid chambers before applying the
Siglec-11-FLAG-Fc. Periodate treatment was done by incubat-
ing sections with cold 2 mM sodium periodate in Phosphate
buffered saline in the dark for 30 min at 4°C. After additional
washes, if enzyme labels were used, appropriate substrates
were added, nuclei were counterstained and the sections were
aqueous mounted for brightfield viewing. Fluorescent-tagged
slides were analyzed using epifluorescence as above. Mast
cells were detected using either rabbit anti-human tryptase
(AbD Serotec) or a biotinylated monoclonal anti-human tryp-
tase antibody (Promega) at 1 ug/mL. Sections of tonsil or
spleen were included as tissue controls. Double staining was
done with fluorescent tags, as above.

Western blotting

Western blotting was done using mouse anti-Siglec-11 anti-
body 4C4 (1:100) as primary and peroxidase-conjugated goat
anti-mouse IgG (1:7500; Jackson Laboratories) as the second-
ary following established protocols (Angata et al. 2002).

Human cytokine antibody array

A human cytokine antibody array containing 23 cytokine-
specific antibodies was purchased from Raybiotech (Norcross,
GA). According to the manufacturer, this approach has
several advantages over enzyme-linked immunosorbent assay
(ELISA). In addition to detecting many cytokines simul-
taneously, sensitivity is greatly increased and the detection
range is much greater than ELISA. Finally, variation between



two spots ranges from 0 to 10% in duplicated experiments.
Human ovarian fibroblast HFN0402 was cultured in
Dulbecco’s modified eagle's medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). Cells were transfected in
10 cm plate with Siglec-11-pcDNA3.1 or pcDNA3.1 vector
by lipofectamine 2000 following the recommended procedure
from Invitrogen. Twenty-four hours after transfection, G418
(100 pg/mL) was used to select positively transfected cells.
After 3 weeks selection, DMEM with 0.2% FBS was used to
culture cells for 4h. Then, cells were cultured in fresh
DMEM with 0.2% FBS for 48 h. The conditioned supernatant
was collected and overlaid on human cytokine antibody arrays
without dilution. The protocol recommended by Raybiotech
was followed. The signals were developed on Hyblot CL
autoradiography film (Denville Scientific Inc.). Image analysis
was carried out with Genepix Pro 6.0 software (Molecular
Devices Corporation).
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