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Abstract: Preeclampsia is a pregnancy-specific disorder involving placental abnormalities. Ele-
vated placental Sialic acid immunoglobulin-like lectin (Siglec)-6 expression has been correlated with
preeclampsia. Siglec-6 is a transmembrane receptor, expressed predominantly by the trophoblast
cells in the human placenta. It interacts with sialyl glycans such as sialyl-TN glycans as well as binds
leptin. Siglec-6 overexpression has been shown to influence proliferation, apoptosis, and invasion in
the trophoblast (BeWo) cell model. However, there is no direct evidence that Siglec-6 plays a role in
preeclampsia pathogenesis and its signaling potential is still largely unexplored. Siglec-6 contains an
immunoreceptor tyrosine-based inhibitory motif (ITIM) and an ITIM-like motif in its cytoplasmic
tail suggesting a signaling function. Site-directed mutagenesis and transfection were employed
to create a series of Siglec-6 expressing HTR-8/SVneo trophoblastic cell lines with mutations in
specific functional residues to explore the signaling potential of Siglec-6. Co-immunoprecipitation
and inhibitory assays were utilized to investigate the association of Src-kinases and SH-2 domain-
containing phosphatases with Siglec-6. In this study, we show that Siglec-6 is phosphorylated at ITIM
and ITIM-like domains by Src family kinases. Phosphorylation of both ITIM and ITIM-like motifs is
essential for the recruitment of phosphatases like Src homology region 2 containing protein tyrosine
phosphatase 2 (SHP-2), which has downstream signaling capabilities. These findings suggest Siglec-6
as a signaling molecule in human trophoblasts. Further investigation is warranted to determine
which signaling pathways are activated downstream to SHP-2 recruitment and how overexpression
of Siglec-6 in preeclamptic placentas impacts pathogenesis.
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1. Introduction

Preeclampsia is a pregnancy-specific disorder affecting 3-8% of human pregnancies [1].
The placenta plays a central role in the development of preeclampsia. Fetal trophoblast cells
are key players that establish the placenta by invading the hormonally altered maternal
endometrium or decidua (interstitial invasion), as well as by remodeling maternal vascula-
ture (endovascular invasion) in the decidua basalis region of the placenta. Trophoblast cells
also form and line the chorionic villi which compose the majority of the placenta. Chorionic
villi are the site for transport between the mother and the fetus and are responsible for the
extensive production of hormones by the placenta. Defects of the trophoblasts within both
the decidua basalis and chorionic villous regions of the placenta have been associated with
preeclampsia pathogenesis [2].

Our investigations into differentially expressed genes at the maternal-fetal interface
revealed increased expression of Siglec-6 (Sialic acid immunoglobulin-like lectin-6) in
the trophoblasts of the placentas from severe, preterm preeclampsia compared to nor-
motensive preterm controls [3]. Siglec-6 is a transmembrane sialic acid-binding protein
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and a member of the immunoglobulin superfamily [4]. Siglec-6 is expressed in both the
syncytiotrophoblast and cytotrophoblast cells of the chorionic villi and the extravillous
trophoblasts of the decidua basalis in normal human placenta. It is also expressed in
B-cells of all studied primates; however, its placental expression is unique to humans [5].
Intriguingly, preeclampsia is a complication primarily observed in human pregnancies [6].
Although Siglec-6 overexpression has been well correlated with preeclampsia [7], the
Siglec-6 signaling mechanism in placental trophoblast cells has not been examined.

Despite extensive characterization of cell and tissue expression of Siglec-6 [5,8,9], a
CD33-related Siglec [4], little is known about the signaling capability of this transmembrane
protein. Members of the CD33-related Siglecs have conserved domains and amino acid
residues including (1) a terminal v-set immunoglobulin domain containing an arginine
residue critical for binding to sialic acids, (2) additional C2-set extracellular immunoglob-
ulin domains, (3) a transmembrane domain, and (4) intracellular domain with ITIM and
ITIM-like motifs [4]. Many members of this protein family have known intracellular signal-
ing functions involving tyrosine phosphorylation at one or both inhibitory tyrosine residues.
For many structurally similar Siglecs, Src-family tyrosine kinases have been shown to be
responsible for Siglec ITIM phosphorylation. Phosphorylated tyrosines within Siglec ITIMs
are known to recruit src homology (SH)-2 domain-containing phosphatases including SHP-1
and SHP-2 [10,11]. However, it is currently unknown if Siglec-6 becomes tyrosine phos-
phorylated and has intracellular signaling capability. We hypothesized that trophoblast-
expressed Siglec-6 becomes phosphorylated at ITIM and ITIM-like tyrosines leading to the
recruitment of phosphatases known to have downstream signaling capabilities.

To determine if Siglec-6 possesses intracellular signaling capabilities, we used an
immortalized first-trimester human trophoblast line (HTR-8/SVneo) stably expressing
Siglec-6. Site-directed mutagenesis of specific residues and transfection were employed to
create a series of Siglec-6 expressing HTR-8/SVneo cell lines to determine the contribution
of each of these residues to Siglec-6 intracellular signaling capabilities. Pervanadate, known
to prevent tyrosine dephosphorylation in other CD33 family Siglecs, was utilized to inhibit
tyrosine de-phosphorylation. Co-immunoprecipitation (Co-IP) and immunoblotting were
then used to detect tyrosine-phosphorylated Siglec-6. Further, we utilized first-trimester
placental tissue to extend our investigations to include endogenously expressed Siglec-
6. Finally, we investigated the association of Src-kinases and SH-2 domain-containing
phosphatases in Siglec-6 using kinase inhibitors and co-immunoprecipitation. This work
demonstrates the signaling potential of the uniquely expressed placental Siglec-6 suggest-
ing it plays a functional role in normal trophoblast biology and its overexpression may
contribute to preeclampsia pathogenesis.

2. Materials and Methods
2.1. Placental Tissue Collection

Placental collection was approved by the University of Colorado Multiple Institu-
tion Review Board (COMIRB #06-1098). All patients consented to donate placental tissue.
First-trimester placentas from elective pregnancy terminations between 6-10 weeks of
gestation were collected. Exclusion criteria for this study included evidence of infection,
hydropic changes, and known genetic or fetal anomalies. Gestational age was based on
last menstrual period (LMP) and confirmed by ultrasound. Tissue was washed exten-
sively in cold phosphate-buffered saline (PBS) and used for immunoprecipitation (IP) (as
described below).

2.2. Cell Lines

The immortalized first-trimester human trophoblast cell line, HTR-8/SVneo (estab-
lished by immortalizing trophoblast cells via transfection with SV-40 containing plas-
mid [12]), was cultured in RPMI 1640 supplemented with 5% fetal bovine serum, 100 U/mL
penicillin, and 100 ug/mL streptomycin. HTR-8/SVneo cells were maintained in mono-
layer cultures on plastic at 37 °C in 5% CO,, 95% air, and 95% humidity. Jurkat cells, which
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are an immortalized human T lymphocyte cell line [13], were grown in RPMI 1640 with 10%
cosmic calf serum, 10 mM Hepes, 100 units/mL penicillin, and 100 pg/mL streptomycin.
Jurkat cells were grown at 37 °C in 5% CO,, 95% air and 95% humidity in suspension on
plastic T-75 flasks for use as a positive control for SHP-1 and SHP-2 protein.

2.3. Expression Plasmids and Site-Directed Mutagenesis

From the pCDNA3.1+ (Invitrogen) vector full-length Siglec-6 cDNA was sub-cloned
into the pCDH-CMV-MCS-EF1-GFP-T2A-Puro (pCDH, System Biosciences, Palo Alto, CA,
USA) vector using EcoRI and Notl restriction sites as previously described [7,8]. Empty
pCDH plasmid was used as a negative control. Individual mutants of the full-length
Siglec-6 constructs were generated by site-directed mutagenesis using the QuickChange
II Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA) according to the manu-
facturer’s protocols. Arginine to Alanine (R111A) mutation that disables sialic acid ligand
binding was introduced in the variable set domain of the Siglec-6 receptor and tyrosine
to phenylalanine mutation was created in membrane-proximal ITIM (Y413F) and distal
ITIM-like (Y433F) domain. A double mutant (YFYF) with both Y413F and Y433F mutations
was also generated. Serine 1521 was mutated to a STOP codon to generate an intracellularly
truncated version of Siglec-6 (ICTrunc) to use as a negative control. A cartoon representing
the structural domains of Siglec-6 protein with specific site-directed mutations created in
these domains is shown in Figure 1. Site-directed mutagenesis was performed using a set
of mutagenic primers (IDT, Coralville, IA, USA) listed in Table 1.

R111A

ccc aac atc tec atc cca gga cct gga gtc tgg

g ccc tgg gtc tgt gag cag ggg acg ccc ccc atc tic
Y ¢ 'E 0 @ T F ¥ T

Btg acc atg gag aga acc atc cag ctc aat gtc tcc tat got cca cag aaa gtg goc atc age
Foop N--E- - ¥ I @ LWV § F o}y 4KV K °F B

9 v @ 8 A B E G D P T C R A OB PEL
Eaa atc tct ctg agt ctc ttt gtg cat tgg aaa cca gaa ggc agg get
Q S B G R A

b £ W K P
ICtrunc
Y413F (1 pag act aga agg ag cca gtg ca Icg gat gat gtg aac
K R R U $ D D V ¥
k Btc tca ggc tcc agg ggt cat cag cac cag ttc cag aca ggc ata gtt tga gac cac cot get
L [ v 6 s R G H 0 B Q0 F 0 T 6 I V D_H_P_A
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gtg caa cct cag gaa
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(a)

Figure 1. (a) A graphical representation of Siglec-6 representing the structural components of the
proteins including the v-set sialic-acid binding domain (green), two extracellular immunoglobulins
(Ig) domains (gold), the transmembrane domain (grey), and the intracellular ITIM (pink) and ITIM-
like (blue) putative signaling motifs (adapted from [9]). (b) SIGLEC6 gene sequence with primers
used for mutagenesis (highlighted in red) and specific site-directed mutations that were created
in the structural domains (highlighted in bold): Alanine to arginine mutation in the v-set domain
(R111A), Tyrosine to phenylalanine mutations in the membrane-proximal ITIM (Y413F), distal ITIM-
like (Y433F), and both (YFYF). A serinel521 to a STOP codon mutation was created to generate an
intracellularly truncated version of Siglec-6 (ICTrunc) (highlighted in red and bold).
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Table 1. Primers used for mutagenesis in this study.

Name Sequence
R111A Forward 5-GACAATGCTGCATACTTCTTTGCCTTGAAGTCCAAATGGATG-3'
R111A Reverse 5'-CATCCATTTGGACTTCAAGGCAAGAA GTA TGC AGC ATT GTC-3'
Y413F Forward 5'-GAAGATGAGCAGGAGCTCCACTTCGCTGTCCTACACTTCCACAAG-3/
Y413F Reverse 5-CTTGTGGAAGTGTAGGACAGCGAAGTG GAGCTCCTGCTCATCTTC-3
Y433F Forward 5'-CCAAAG GTCACCGACACTGAGTTCTCAGAAATCAAGATACACAAG-3'
Y433F Reverse 5-CTTGTGTATCTTGATTTCTGAGAACTCAGTGTCGGTGACCTT TGG-3'

ICtrunc Forward

5'-CAGTTCCAGACAGGCATAGTTTGAGACCACCCTGCTGAGGCTGGC-3/

ICtrunc Reverse

5'-GCCAGCCTCAGCAGGGTGGTCTCAAACTATGCCTGTCTGGAACTG-3'

Note-Nucleotide changes introduced for generating each mutant are highlighted in bold.

The resultant DNA constructs were transformed in XL-10 Gold (Agilent Technologies,
Santa Clara, CA, USA) or DH5« (Invitrogen, Waltham, MA, USA) competent cells which
were then plated onto LB Agar plates containing 100 mg/mL ampicillin overnight. Individ-
ual colonies were selected and used to inoculate LB broth incubated at 37 °C with shaking.
Plasmid DNA was isolated using QIAprep Spin Miniprep kit (Qiagen, Hilden, Germany).
Successful introduction of the desired mutations was confirmed by DNA sequencing using
a set of sequencing primers shown in Table 2.

Table 2. Primers used for sequencing the DNA constructs.

Name Sequence
CMV Forward 5'-CACGCTGTTTTGACCTCCATAGA-3’
Siglec-6 Forward 5-GGAGAGAACATGGTACCTCTCAGT-3’
Siglec-6 Mid Forward 5'-GCTGCCCCCCACCTCCTGGGCCCC-3
Siglec-6 Reverse 5'-AAGACACAAGGAGGAGACAGCCAT-3

2.4. Generation of Stably Expressing Full-Length and Mutated Siglec-6 HTR-8/SVneo Cell Lines

HTR-8/SVneo cells were transfected with pCDH plasmid DNA containing no insert,
full-length Siglec-6 or one of the mutated versions of Siglec-6 (R111A, Y413F, Y433F, YFYF
and ICTrunc,) using Lipofectamine 2000 (Invitrogen, Waltham, MA, USA) as per the
manufacturer’s protocol. 24 h post-transfection, transfection efficiency was determined
by measuring cellular green fluorescent protein (GFP)-expression using a Nikon eclipse
80i fluorescent microscope. 48 h post-transfection cells were selected using 1 pg/mL
puromycin, which was experimentally determined to be the minimum dose necessary to
kill 100% of non-transfected HTR-8/SVneo cells.

2.5. Analysis of Tyrosine Phosphorylation of Siglec-6 and Interaction with SHP-1 and SHP-2 in
HTR-8/5Vneo Cells and Chorionic Villi from First-Trimester Placenta
Co-Immunoprecipitation-HTR-8 /SVneo cells grown on plastic plates (Thermo Sci-
entific, Waltham, MA, USA), were treated with 100 uM pervanadate (100 M sodium
orthovanadate, 3.4% hydrogen peroxide) or PBS for 10 min at 37 °C, washed with PBS, and
lysed with lysis buffer (PBS with 1% Triton-X-100, 1% Protease Inhibitor Cocktail (Sigma,
St. Louis, MO, USA, P8340, 1 mM EDTA, 1 uM NaF, 2 mM NaVOy). Similarly, chorionic
villi dissected from first-trimester placental tissue were either treated with pervanadate
or PBS for 10 min at 37 °C. The chorionic villi tissue was pulverized using a 15 mL closed
tissue grinder system and then the cells were lysed using a cell lysis buffer. Anti-Siglec-6
antibody (R&D Systems, Minneapolis, MN, USA) was incubated with Sepharose A beads
((GE Healthcare) (1 ug antibody per 10 pL beads) for 1 h at 4 °C with rotation. The lysates
prepared from HTR-8/SVneo cells and chorionic villous tissue were separately centrifuged
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at 5900x g for 10 min at 4 °C, precleared with Sepharose A beads and then incubated
overnight at 4 °C with anti-Siglec-6 antibody bound to Sepharose A beads. The beads
were washed after incubation, three times in lysis buffer and then heated in lamelli buffer
(Bio-Rad, Shinagawa City, Tokyo) with 3-mercaptoethanol (Sigma, St. Louis, MO, USA) for
10 min at 95 °C and then chilled on ice.

Immunoblotting—Protein or immunoprecipitated lysates were immunoblotted us-
ing standard reducing SDS-PAGE techniques. Briefly, equal volumes of protein or (co-)
immunoprecipitated lysates were loaded on precast 10% Tris-HCl criterion gels (Bio-Rad,
Shinagawa City, Tokyo). Because Siglec-6, SHP-1land SHP-2 migrate to a similar position on
an SDS-PAGE gel, one gel was run per antibody for each replicate (n = 2—4). The resolved
protein bands were transferred to either polyvinylidene difluoride (PVDF) (BioRad, Shi-
nagawa City, Tokyo) or nitrocellulose (Bio-Rad, Shinagawa City, Tokyo) membrane. All
membranes were incubated overnight with primary antibody at 4 °C on a rocking platform.
Anti-Siglec-6 1:500 (R & D Systems, Minneapolis, MN, USA), anti-phosphotyrosine (1:1000)
(Millipore, 4G10) anti-SHP-1, 1:200 (Santa Cruz), and anti-SHP-2 1:200 (Santa Cruz) primary
antibodies were used. Anti-Siglec-6 blots were blocked with 5% blocking grade milk in
TBST (BioRad, Shinagawa City, Tokyo); anti-SHP-1, anti-SHP-2 and anti-phosphotyrosine
blots were blocked with 3% BSA in TBST. The bound antibody was detected with the
appropriate horseradish-peroxidase (HRP)-conjugated secondary antibodies (Siglec-6, anti-
goat; SHP-1/SHP-2, anti-rabbit; anti-phosphotyrosine, anti-mouse from Rockland) and
visualized using western-lightning chemiluminescent substrate (PerkinElmer, Waltham,
MA, USA) as per manufacturer’s instructions.

2.6. Src Kinase Inhibition Studies

HTR-8/SVneo cells expressing empty pCDH plasmid or Siglec-6 were grown in mono-
layers on plastic plates and treated with 5 uM pervanadate (experimentally determined
dose sufficient to allow detection of phosphorylated tyrosine by immunoprecipitation),
followed by immunoblotting with anti-phosphotyrosine antibody. Cells were treated
with 5 uM pervanadate for 10 min alone or in combination with the Src-kinase inhibitor
Pyrazolopyrimidine (PP2) (100 uM, Tocris, Bristol, UK). This experiment was also per-
formed using PP2 as a 1 h pretreatment, followed by the addition of 5 uM pervanadate for
10 min. HTR-8/SVneo cells expressing pCDH and Siglec-6 were pretreated for 1 h with
or without 10 uM Dasatinib (Cell Signaling Technology, Danvers, MA, USA), followed by
addition of 5 pM pervanadate for 10 min. Following treatment, cells were washed, lysed,
immunoprecipitated, and immunoblotted as described above.

3. Results
3.1. pCDH Vector-Mediated Expression of Siglec-6 in HTR-8/SVneo Cells Allows for In Vitro
Detection of Siglec-6 Tyrosine Phosphorylation

To investigate the tyrosine phosphorylation-mediated signaling capabilities of Siglec-6
expressed in trophoblasts we utilized an in vitro model system. We transfected the immor-
talized first-trimester human trophoblast line, HTR-8/SVneo, that does not express Siglec-6
under normal culture conditions with a pCDH vector containing no insert (pCDH) or a
Siglec-6 cDNA (Siglec-6). Successful transfection of pCDH or Siglec-6 was confirmed by
RT-qPCR (Figure 2a) and by visualizing Green Fluorescent Protein (GFP) expression in
transfected HTR8/SVneo cells (Figure 2b). To investigate if Siglec-6 can become tyrosine
phosphorylated, pCDH and Siglec-6 expressing HTR-8/SVneo cells were treated with and
without the phosphatase inhibitor pervanadate, immunoprecipitated, and the resulting
lysates were immunoblotted in duplicate using anti-Siglec-6 and anti-phosphotyrosine
(4G10) antibodies (Figure 2c). As expected, due to the lack of Siglec-6 expression in HTR-
8/SVneo cells under normal conditions; no Siglec-6 was immunoprecipitated from pCDH
transfected HTR-8/SVneo cells (Figure 2c, upper panel, Lane 1 and 2). A specific band
of 60kDa corresponding to Siglec-6 was observed in the immunoprecipitated lysate from
Siglec-6 transfected HTR-8/SVneo cells. When treated with pervanadate, immunoprecipi-
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tated Siglec-6 shows an upward gel shift consistent with phosphorylation on SDS-PAGE gel
under reducing conditions. (Figure 2¢, upper panel, Lane 3 and 4). Anti-phospho-tyrosine
antibody confirmed the mobility shift was due to tyrosine phosphorylation of Siglec-6,
(Figure 2¢, Lower panel, Lane 3 and 4). Siglec-6 is phosphorylated on tyrosine residues and
rapidly dephosphorylates in normal culture conditions without pervanadate.

g
aa
- 3 Lane: 1 2
k- Siglec-6 IP: + +
E Pavanadate: - +
B 24
- 75
; Siglec-6
Siglec-
B $
& 1 &
- ]
£ 50
£
=
0 T T
X o 75
& e J;P"' Plu.)sphu-T‘\'ruHinc—p .
(4G10)
50

() (b) (c)

Figure 2. Siglec-6 Stably Expressed in HTR-8/SVneo Cells Undergoes Tyrosine Phosphorylation
following pervanadate treatment. Successful transfection of pCDH or Siglec-6 in HTR-8/SVneo cells
was confirmed by (a) qPCR showing Siglec-6 expression in HTR-8/SVneo cells transfected with
pCDH or Siglec-6. (Data are depicted as Mean + SEM,; triplicates) and (b) visualizing cellular GFP
expression. (yellow bar =75 um). (c) Upper panel: immunoblot for Siglec-6 of HTR-8/SVneo cells
transfected with either pCDH vector alone or pCDH vector containing Siglec-6 cDNA insert. Lower
panel: immunoblot for tyrosine phosphorylation of HTR-8/SVneo cells transfected with pCDH vector
alone or containing Siglec-6 cDNA insert plus and minus pervanadate-treatment (1 = 3).

3.2. Human Placental Siglec-6 Is Tyrosine-Phosphorylated

To confirm our in vitro finding that Siglec-6 tyrosine phosphorylation recapitulates
endogenously expressed Siglec-6 in the human chorionic villi, we used first-trimester
human placental tissue given its known high expression of Siglec-6. [8]. Siglec-6 was
found to be tyrosine-phosphorylated in pervanadate-treated chorionic villi as shown by
the anti-phosphotyrosine immunoreactivity of immunoprecipitated Siglec-6 (Figure 3).

3.3. Site-Directed Mutations of Siglec-6 Reveal Intracellular ITIM and ITIM-like
Tyrosine Phosphorylation

To determine which conserved structural domains of Siglec-6 are critical for the
Siglec-6 tyrosine phosphorylation, we created mutant forms of Siglec-6 using site-directed
mutagenesis. (Figure 4). Both ITIM tyrosine Y413 and the ITIM-like Y433 were mutated to
phenylalanine individually (Y413F and Y433F) and in combination (YFYF). As an additional
negative control, we generated a truncated version of Siglec-6 that retained the transmem-
brane and extracellular domains, but no longer included the cytoplasmic tail, by changing
serinel521 to a stop codon. Siglec-6 contains a conserved arginine residue (R111), which is
critical for Siglec-Sialic acid interactions. Thus, arginine 111 was mutated to alanine (R111A)
to determine if a mutation in the ligand binding domain impacted the tyrosine phospho-
rylation. HTR-8/SVneo cells stably transfected with pCDH, Siglec-6, Y413F, Y433F, YFYF,
ICTrunc and R111A were treated with PBS or pervanadate and immunoprecipitated with
anti-Siglec-6 antibody. Lysates were analyzed with immunoblots probed with anti-Siglec-6
and anti-phosphotyrosine antibodies (Figure 3b). The immunoblot demonstrates a Siglec-6
band corresponding to 60 kDa molecular weight except for ICTrunc construct which lacks
the intracellular domain and shows a downward shift on the gel. The anti-phosphotyrosine
immunoblot confirms phosphorylation of the ITIM (Y413) and ITIM-like (Y433) tyrosines.
Although not quantitative, the mutation of either tyrosine (Y413F or Y433F) dramatically re-
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duced the amount of Siglec-6 tyrosine phosphorylation signal as compared to Siglec-6 with
neither tyrosine mutation. As expected, both the YFYF and ICTrunc mutations resulted in
the complete abrogation of Siglec-6 tyrosine phosphorylation. Additionally, HTR-8/SVneo
cells expressing R111A were not prevented from pervanadate-induced Siglec-6 tyrosine

phosphorylation.
9w 8w
Siglec-6 IP: + o+ + 0+
Pervanadate: .+ .3

kDa
15

Siglec-6 —>

75
Phospho-Tyrosine

(4G10) 50

Figure 3. Siglec-6 undergoes Tyrosine Phosphorylation in First Trimester Human Placenta. First
trimester human placental chorionic villus tissue (gestational age 8 and 9 weeks, 8W and 9W)
was incubated with PBS alone or pervanadate. Tissue was then washed, pulverized, lysed, and
immunoprecipitated with an anti-Siglec-6 antibody. The immunoprecipitates were analyzed by
duplicate immunoblots probed with anti-Siglec-6 or anti-phosphotyrosine antibodies. A total of four
human placental samples were used over two experiments with similar results.

4
'
f
t

Pervanadate: - + - + - + -

PCDH
PCDH
YFYF
YFYF
ICTrunc
ICTrunc

S6

S6

RI11A
RI111A
Y413F
Y413F
Y433F
Y433F

kDa

Siglec-6

75

Phospho- -
Tyrosine (4G10)

50

Figure 4. Siglec-6 ITIM and ITIM-like Tyrosine are Phosphorylated in HTR-8/SVneo Cells. pCDH,
Siglec-6, and mutated forms of Siglec-6 were transfected into HTR-8/SVneo cells to generate stable cell
lines. Cells were treated with PBS (control) or pervanadate, washed, lysed, and immunoprecipitated
with anti-Siglec-6 antibody. Immunoprecipitates were run on duplicate immunoblots and probed
with anti-Siglec-6 or anti-phosphotyrosine antibodies (1 = 3).
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3.4. Dually Tyrosine Phosphorylated Siglec-6 Associates with SHP-2

To determine if SHP-1 and/or SHP-2, the SH-2 domain-containing phosphatases
recruited to phosphorylated tyrosines, are expressed in HTR-8/SVneo cells, we treated HTR-
8/SVneo with or without pervanadate and the lysates were immunoblotted and probed
with anti-SHP-1 and anti-SHP-2 antibodies. Jurkat cells were used as a positive control.
Only SHP-2 was found to be expressed in HTR-8/SVneo cells at detectable levels regardless
of treatment condition (Figure 5a). Next, to determine if SHP-2 is recruited and which
tyrosine phosphorylated sites are involved, Siglec-6 was co-immunoprecipitated from
HTR-8/SVneo cells expressing the various Siglec-6 mutants. Immunoblots were probed
with anti-Siglec-6 and anti-SHP-2 antibodies (Figure 5b). Full-length wildtype Siglec-6
associated with SHP-2 in trophoblasts following pervanadate treatment. The recruitment of
SHP-2 to Siglec-6 was abrogated when either or both intracellular tyrosines were mutated to
phenylalanine suggesting that SHP-2 recruitment requires phosphorylation at both tyrosine
sites. A mutation in the sialic acid-binding region of Siglec-6 (R111A) did not affect the
ability of phosphorylated Siglec-6 to recruit SHP-2 following pervanadate treatment.

8 8
3 S % g g
7 %) CE g e e EERS
= Fs BRI IFEEEESS
A A s i e ™
_5, 'ﬂ_: E Siglec_6|P++++++++++++++
I Pervanadate = + = + =+ -t -+ ="+ -+
Pervanadate: - - + kD
kD: 7
i Siglec-6.,
SHP1_-L 80
50
i *
SHP2™
() (b)

Figure 5. SHP-2 is Recruited to Siglec-6 Following Tyrosine Phosphorylation. (a) Whole cell lysates
from Jurkat and HTR-8/SVneo treated with and without pervanadate were immunoblotted using
anti-SHP-1 (upper panel) and anti-SHP-2 (lower panel) antibodies (b) pCDH, Siglec-6, and mutated
Siglec-6 were transfected into HTR-8/SVneo cells to generate stable cell lines. Cells were treated with
PBS (control) or 100 pM pervanadate, and lysates immunoprecipitated with anti-Siglec-6 antibody. Co-
immunoprecipitates were run on duplicate immunoblots and probed with anti-Siglec-6 or anti-SHP-2
antibodies (1 = 2-4). * A non-specific band was observed across all lanes.

3.5. Siglec-6 Phosphorylation and Recruitment of SHP-2 Was Prevented by Treatment with
Inhibitors of Src-Family Kinases

To determine which kinase phosphorylate Siglec-6, HTR-8/SVneo cells expressing
Siglec-6 were treated with Src and Abl kinase inhibitors in combination with pervanadate.
Since SHP-2 was found to only be strongly recruited to dually tyrosine-phosphorylated
Siglec-6, only HTR-8/SVneo cells expressing non-mutated Siglec-6 were included in this
experiment. We pre-treated non-mutated Siglec-6 expressing HTR-8/SVneo cells with the
Src and Abl kinase inhibitor, Dasatinib (DAS) followed by treatment with 5 uM pervanadate.
DAS treatment led to a reduction of Siglec-6 phosphorylation and inhibition of SHP-2
recruitment (Figure 6a). Next, we co-treated Siglec-6 expressing HTR-8/5SVneo cells with a
specific Src kinase inhibitor, pyrazolopyrimidine (PP2), in combination with pervanadate.
SHP-2 recruitment was also abrogated by PP2 treatment (Figure 6b). Together, these results
suggest that Siglec-6, expressed in trophoblasts, is phosphorylated by Src-family kinases
and that the resultant phosphorylation of Siglec-6 at both ITIM and ITIM-like tyrosine
residues leads to the recruitment of SHP-2.
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Figure 6. Inhibition of Src-kinases Prevents Siglec-6 Phosphorylation and SHP-2 Recruitment. HTR-
8/5Vneo cells stably transfected with Siglec-6 or pCDH control were treated with PBS (control)
or pervanadate in conjunction with (a) one-hour pretreatment with DMSO or DAS. Anti-Siglec-
6 immunoprecipitates were immunoblotted with anti-Siglec-6, anti-phosphotyrosine (4G10), and
anti-SHP-2 antibodies. (b) HTR-8/SVneo lysates from cells pretreated with DMSO or PP2 were
immunoprecipitated and immunoblotted with anti-Siglec-6 and anti-SHP-2 antibodies (1 = 2—4).

4. Discussion

We demonstrate that human placental Siglec-6 expressed in chorionic villi is tyrosine
phosphorylated in the presence of the phosphatase-inhibitor pervanadate. In vitro inhibitor
studies reveal that Src-family kinases are responsible for phosphorylating Siglec-6 at its
phospho-tyrosine sites. Further, the SH-2 domain-containing phosphatase, SHP-2, is
recruited to tyrosine phosphorylated Siglec-6. By mutating both Siglec-6 intracellular
tyrosine residues, we demonstrate that each can be phosphorylated independently of
the other. However, phosphorylation of both the ITIM Y413 and ITIM-like Y433 are
necessary for the robust recruitment of SHP-2 to Siglec-6. Siglec-6 phosphorylation is only
detectable in the presence of a phosphatase inhibitor, suggesting that the activity of SH-2
phosphatases, including SHP-2, predominates over the phosphorylation of Siglec-6 by
Src-family kinases. These data support our hypothesis that trophoblast-expressed Siglec-6
becomes phosphorylated at the ITIM and ITIM-like tyrosine leading to the recruitment
of phosphatases with downstream signaling capabilities. Additionally, these data add
to the existing body of evidence that Siglec-6 is a functional CD33-related receptor with
intracellular signaling potential.

In the absence of tyrosine phosphorylation, recruitment of SHP-2 to Siglec-6 was
dramatically decreased, as demonstrated in cells expressing mutated ITIM and ITIM-like
domains. This is consistent with evidence from CD33 in which mutation of either the
ITIM or ITIM-like tyrosine residue reduced recruitment of SHP-2 [14]. The downstream
signaling consequences of Siglec-6 phosphorylation and recruitment of SHP-2 are yet to
be demonstrated. SHP-2 participates in a variety of intracellular signaling functions, but
its actions are not yet well described in the placenta. Interestingly, SHP-2 is known to
participate in two of the major signaling pathways thought to regulate trophoblast function:
the receptor-associated tyrosine kinase mitogen-activated protein kinase (RTK-MAPK) and
the Janus kinase-signal transducers and activators of transcription (Jak-Stat) [15]. SHP-2
activation of MAPK members, extracellular signal-related kinases 1 and 2 (ERK), have
been shown to promote cell growth and differentiation in many systems. For normal
placental development, ERK is required for normal growth, differentiation, and invasion of
trophoblasts [16,17]. Interestingly, the expression pattern of active ERK in early pregnancy
is similar to that of Siglec-6 in villous cytotrophoblasts, with high trophoblastic expression at
the beginning of gestation [8]. In trophoblast stem cells, the SHP-2/SFK/Ras/Erk signaling
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pathway is necessary for the FGF4-mediated stem cell survival and maintenance [18].SHP2
is also known to regulate IGF-mediated proliferation in human trophoblast cells [19,20].

SHP-2 is also known to interact with members of the Jak-Stat pathway and may be
required for the activity of STAT3, STATS5, and Jak2 [15,21,22]. In trophoblasts, STAT3
activation is positively correlated with invasiveness in trophoblast cells [23]. Increased
STAT3 expression has also been associated with villous trophoblast differentiation [24]. Fur-
ther investigation is critical to gain insights into the signaling pathways that are activated
downstream of SHP-2 following dephosphorylation of Siglec-6, including investigation
of SH-2 domain-containing proteins such as SOCS3 and SHIP. This investigation would
bring to light, a novel mechanism of STAT3 activation mediated by Siglec-6 apart from the
known LIF (Leukemia Inhibitory Factor)-mediated STAT3 activation in trophoblast cells. In
addition to regulating downstream molecules, SHP-2 may also activate Src-family kinases
indirectly [25].

One possible cellular consequence of aberrantly increased Siglec-6 in preeclampsia is
the recruitment of Src-family kinases and SHP-2 to Siglec-6, thereby altering the signaling of
other membrane-associated receptors containing tyrosine signaling motifs such as growth
factors and other receptor tyrosine kinases. Specifically, crosstalk between the RTK-MAPK
and Jak-Stat pathways by multiple signaling molecules has been reported, including via
SHP-2 [15]. By sequestering signaling proteins to areas of the membrane rich in Siglec-6,
they would be spatially and temporally unavailable to interact with SH2 domain-containing
proteins that utilize the same signaling molecule for their normal function, thus throwing
off the balance of intracellular signals and ultimately altering cellular function.

Investigations of CD33 demonstrate that phosphorylation of the ITIM and ITIM-like
tyrosine residues regulate the rate of CD33 internalization [26]. Although we did not
directly address Siglec-6 internalization, the observation of phosphorylation of ITIM and
ITIM-like tyrosines support the potential for Siglec-6 endocytosis following extracellular
ligand binding as is currently thought to be a functional mechanism of all CD33-related
Siglecs. Further investigation is needed to determine if Siglec-6 is internalized and whether
internalization is tyrosine phosphorylation-dependent.

We show that Siglec-6 is phosphorylated at ITIM and ITIM-like domains by Src family
kinases. Phosphorylation of both ITIM and ITIM-like motifs is essential for the recruitment
of phosphatases like Src homology region 2 containing protein tyrosine phosphatase 2 (SHP-
2), which has downstream signaling capabilities. This work demonstrates the signaling
potential of the uniquely expressed placental Siglec-6 suggesting it plays a functional
role in normal trophoblast biology. In addition, further investigation is warranted to
understand how overexpression of Siglec-6 in placentas from preeclamptic pregnancies
impacts trophoblast function.

Author Contributions: This study was conceived and conceptualized by A.L.S. and V.D.W. and
supervised by V.D.W. Experiments were designed performed and analyzed by A.L.S.,, M.D.R,, KK.R.
A K. and PN, ALS., M.DR, S.S,, PN,, and K.KR. did data interpretation and original draft
preparation. V.D.W. reviewed, edited, and approved the final draft. V.D.W. acquired the funding
and resources to carry out this study. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by grants from CTSA TL1 TR000155 (ALS), UC SOM Department
Obstetrics & Gynecology (VDW) R01 HD60723 (VDW). 5K12 HD001271 (VDW) March of Dimes Basil
O’Conner (VDW).

Institutional Review Board Statement: Placental tissue collection for this study was approved by
the University of Colorado Multiple Institution Review Board and the Stanford Institution Review
Board. All patients consented to the use of placental tissue for research.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.



Cells 2022, 11, 3427 11 0f12

Acknowledgments: We would like to thank all our group’s current and former members for insightful
scientific discussions.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Young, B.C.; Levine, R.J.; Karumanchi, S.A. Pathogenesis of preeclampsia. Annu. Rev. Pathol. 2010, 5, 173-192. [CrossRef]
[PubMed]

2. Huppertz, B. Placental origins of preeclampsia: Challenging the current hypothesis. Hypertension 2008, 51, 970-975. [CrossRef]
[PubMed]

3. Winn, V.D.; Gormley, M.; Paquet, A.C.; Kjaer-Sorensen, K.; Kramer, A.; Rumer, K.K.; Haimov-Kochman, R.; Yeh, R.-F.; Overgaard,
M.T.; Varki, A; et al. Severe preeclampsia-related changes in gene expression at the maternal-fetal interface include sialic
acid-binding immunoglobulin-like lectin-6 and pappalysin-2. Endocrinology 2009, 150, 452-462. [CrossRef] [PubMed]

4.  Patel, N.; Brinkman-Van der Linden, E.C.; Altmann, S.W.; Gish, K.; Balasubramanian, S.; Timans, J.C.; Peterson, D.; Bell, M.P,;
Bazan, J.F.; Varki, A.; et al. OB-BP1/Siglec-6: A leptin- and sialic acid-binding protein of the immunoglobulin superfamily. . Biol.
Chem. 1999, 274, 22729-22738. [CrossRef] [PubMed]

5. Brinkman-Van der Linden, E.C.M.; Hurtado-Ziola, N.; Hayakawa, T.; Wiggleton, L.; Benirschke, K.; Varki, A.; Varki, N. Human-
specific expression of Siglec-6 in the placenta. Glycobiology 2007, 17, 922-931. [CrossRef]

6.  Benirschke, K.; Kaufmann, P.; Baergen, R.N. Pathology of the Human Placenta, 5th ed.; Springer: New York, NY, USA, 2006.

7. Rumer, K.K,; Uyenishi, J.; Hoffman, M.C.; Fisher, B.M.; Winn, V.D. Siglec-6 expression is increased in placentas from pregnancies
complicated by preterm preeclampsia. Reprod. Sci. 2013, 20, 646—653. [CrossRef] [PubMed]

8. Rumer, K.K; Post, M.D.; Larivee, R.S.; Zink, M.; Uyenishi, J.; Kramer, A.; Teoh, D.; Bogart, K.; Winn, V.D. Siglec-6 is expressed
in gestational trophoblastic disease and affects proliferation, apoptosis, and invasion. Endocr.-Relat. Cancer 2012, 19, 827-840.
[CrossRef] [PubMed]

9. Crocker, PR.; Paulson, J.C.; Varki, A. Siglecs and their roles in the immune system. Nat. Rev. Immunol. 2007, 7, 255-266. [CrossRef]
[PubMed]

10.  Varki, A. Essentials of Glycobiology, 2nd ed.; Cold Spring Harbor Laboratory Press: New York, NY, USA, 2009.

11. O’Shea, ]J.J.; McVicar, D.W,; Bailey, T.L.; Burns, C.; Smyth, M.J. Activation of human peripheral blood T lymphocytes by
pharmacological induction of protein-tyrosine phosphorylation. Proc. Natl. Acad. Sci. USA 1992, 89, 10306—10310. [CrossRef]
[PubMed]

12.  Graham, C.H.; Hawley, T.S.; Hawley, R.G.; MacDougall, ].R.; Kerbel, R.S.; Khoo, N.; Lala, PK. Establishment and characterization
of first trimester human trophoblast cells with extended lifespan. Exp. Cell Res. 1993, 206, 204-211. [CrossRef] [PubMed]

13.  Schneider, U.; Schwenk, H.-U.; Bornkamm, G. Characterization of ebv-genome negative null and t cell lines derived from
children with acute lymphoblastic leukemia and leukemic transformed non-hodgkin lymphoma. Int. J. Cancer 1977, 19, 621-626.
[CrossRef]

14.  Walter, R.B.; Raden, B.W.; Zeng, R.; Hausermann, P; Bernstein, I.D.; Cooper, ].A. ITIM-dependent endocytosis of CD33-related
Siglecs: Role of intracellular domain, tyrosine phosphorylation, and the tyrosine phosphatases, Shp1 and Shp2. J. Leukoc. Biol.
2008, 83, 200-211. [CrossRef] [PubMed]

15.  Fitzgerald, ].S.; Busch, S.; Wengenmayer, T.; Foerster, K.; de la Motte, T.; Poehlmann, T.G.; Markert, U.R. Signal transduction in
trophoblast invasion. Chem. Immunol. Allergy 2005, 88, 181-199. [PubMed]

16. Nadeau, V.; Charron, ]. Essential role of the ERK/MAPK pathway in blood-placental barrier formation. Development 2014,
141, 2825-2837. [CrossRef] [PubMed]

17.  Zhu, R,; Huang, Y.-H.; Tao, Y,; Wang, S.-C.; Sun, C.; Piao, H.-L.; Wang, X.-Q.; Du, M.-R;; Li, D.-]. Hyaluronan up-regulates growth
and invasion of trophoblasts in an autocrine manner via PI3K/AKT and MAPK/ERK1/2 pathways in early human pregnancy.
Placenta 2013, 34, 784-791. [CrossRef] [PubMed]

18.  Yang, W.; Klaman, L.D.; Chen, B.; Araki, T.; Harada, H.; Thomas, S.M.; George, E.L.; Neel, B.G. An Shp2/SFK/Ras/Erk signaling
pathway controls trophoblast stem cell survival. Dev. Cell 2006, 10, 317-327. [CrossRef] [PubMed]

19. Forbes, K.; Skinner, L.; Aplin, J.D.; Westwood, M. The tyrosine phosphatase SHP-1 negatively regulates cytotrophoblast
proliferation in first-trimester human placenta by modulating EGFR activation. Cell. Mol. Life Sci. 2012, 69, 4029-4040. [CrossRef]
[PubMed]

20. Forbes, K.; West, G.; Garside, R.; Aplin, ].D.; Westwood, M. The protein-tyrosine phosphatase, SRC homology-2 domain containing
protein tyrosine phosphatase-2, is a crucial mediator of exogenous insulin-like growth factor signaling to human trophoblast.
Endocrinology 2009, 150, 4744—4754. [CrossRef] [PubMed]

21. Huang, Y,; Wang, ].; Cao, E; Jiang, H.; Li, A.; Li, J.; Qiu, L.; Shen, H.; Chang, W.; Zhou, C.; et al. SHP2 associates with nuclear
localization of STAT3: Significance in progression and prognosis of colorectal cancer. Sci. Rep. 2017, 7,17597. [CrossRef] [PubMed]

22. Chong, Z.Z.; Maiese, K. The Src homology 2 domain tyrosine phosphatases SHP-1 and SHP-2: Diversified control of cell growth,

inflammation, and injury. Histol. Histopathol. 2007, 22, 1251-1267. [PubMed]


http://doi.org/10.1146/annurev-pathol-121808-102149
http://www.ncbi.nlm.nih.gov/pubmed/20078220
http://doi.org/10.1161/HYPERTENSIONAHA.107.107607
http://www.ncbi.nlm.nih.gov/pubmed/18259009
http://doi.org/10.1210/en.2008-0990
http://www.ncbi.nlm.nih.gov/pubmed/18818296
http://doi.org/10.1074/jbc.274.32.22729
http://www.ncbi.nlm.nih.gov/pubmed/10428856
http://doi.org/10.1093/glycob/cwm065
http://doi.org/10.1177/1933719112461185
http://www.ncbi.nlm.nih.gov/pubmed/23171684
http://doi.org/10.1530/ERC-11-0379
http://www.ncbi.nlm.nih.gov/pubmed/23089140
http://doi.org/10.1038/nri2056
http://www.ncbi.nlm.nih.gov/pubmed/17380156
http://doi.org/10.1073/pnas.89.21.10306
http://www.ncbi.nlm.nih.gov/pubmed/1279675
http://doi.org/10.1006/excr.1993.1139
http://www.ncbi.nlm.nih.gov/pubmed/7684692
http://doi.org/10.1002/ijc.2910190505
http://doi.org/10.1189/jlb.0607388
http://www.ncbi.nlm.nih.gov/pubmed/17947393
http://www.ncbi.nlm.nih.gov/pubmed/16129946
http://doi.org/10.1242/dev.107409
http://www.ncbi.nlm.nih.gov/pubmed/24948605
http://doi.org/10.1016/j.placenta.2013.05.009
http://www.ncbi.nlm.nih.gov/pubmed/23806178
http://doi.org/10.1016/j.devcel.2006.01.002
http://www.ncbi.nlm.nih.gov/pubmed/16516835
http://doi.org/10.1007/s00018-012-1067-5
http://www.ncbi.nlm.nih.gov/pubmed/22797910
http://doi.org/10.1210/en.2009-0166
http://www.ncbi.nlm.nih.gov/pubmed/19589868
http://doi.org/10.1038/s41598-017-17604-7
http://www.ncbi.nlm.nih.gov/pubmed/29242509
http://www.ncbi.nlm.nih.gov/pubmed/17647198

Cells 2022, 11, 3427 12 0of 12

23. Corvinus, EM,; Fitzgerald, ].S.; Friedrich, K.; Markert, U.R. Evidence for a correlation between trophoblast invasiveness and
STATS3 activity. Am. J. Reprod. Immunol. 2003, 50, 316-321. [CrossRef] [PubMed]

24. Borg, A].; Yong, H.E.; Lappas, M.; Degrelle, S.A.; Keogh, R.J.; Da Silva-Costa, F.; Fournier, T.; Abumaree, M.; Keelan, J.A.; Kalionis,
B.; et al. Decreased STAT3 in human idiopathic fetal growth restriction contributes to trophoblast dysfunction. Reproduction 2015,
149, 523-532. [CrossRef] [PubMed]

25. Zhang, S.Q.; Yang, W.; Kontaridis, M.L; Bivona, T.G.; Wen, G.; Araki, T.; Luo, J.; Thompson, J.A.; Schraven, B.L.; Philips, M.R.; et al.
Shp2 regulates SRC family kinase activity and Ras/Erk activation by controlling Csk recruitment. Mol. Cell 2004, 13, 341-355.
[CrossRef]

26. McMillan, S.J.; Crocker, PR. CD33-related sialic-acid-binding immunoglobulin-like lectins in health and disease. Carbohydr. Res.
2008, 343, 2050-2056. [CrossRef] [PubMed]


http://doi.org/10.1034/j.1600-0897.2003.00099.x
http://www.ncbi.nlm.nih.gov/pubmed/14672334
http://doi.org/10.1530/REP-14-0622
http://www.ncbi.nlm.nih.gov/pubmed/25713425
http://doi.org/10.1016/S1097-2765(04)00050-4
http://doi.org/10.1016/j.carres.2008.01.009
http://www.ncbi.nlm.nih.gov/pubmed/18279844

	Introduction 
	Materials and Methods 
	Placental Tissue Collection 
	Cell Lines 
	Expression Plasmids and Site-Directed Mutagenesis 
	Generation of Stably Expressing Full-Length and Mutated Siglec-6 HTR-8/SVneo Cell Lines 
	Analysis of Tyrosine Phosphorylation of Siglec-6 and Interaction with SHP-1 and SHP-2 in HTR-8/SVneo Cells and Chorionic Villi from First-Trimester Placenta 
	Src Kinase Inhibition Studies 

	Results 
	pCDH Vector-Mediated Expression of Siglec-6 in HTR-8/SVneo Cells Allows for In Vitro Detection of Siglec-6 Tyrosine Phosphorylation 
	Human Placental Siglec-6 Is Tyrosine-Phosphorylated 
	Site-Directed Mutations of Siglec-6 Reveal Intracellular ITIM and ITIM-like Tyrosine Phosphorylation 
	Dually Tyrosine Phosphorylated Siglec-6 Associates with SHP-2 
	Siglec-6 Phosphorylation and Recruitment of SHP-2 Was Prevented by Treatment with Inhibitors of Src-Family Kinases 

	Discussion 
	References

