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Abstract

The ly-6 proteins are a large family of proteins that resemble the snake three finger alpha toxins
such as a-bungarotoxin and are defined by their multiple cysteine residues. Multiple members of
the ly-6 protein family can modulate nicotinic signaling including lynx1, lynx2, slurp-1, slurp-2
and prostate stem cell antigen (PSCA). Consistent with the expression of multiple nicotinic
receptors in bronchial epithelium, multiple members of the nicotinic-modulatory ly-6 proteins are
expressed in lung including lynx1 and lynx2. We studied the role of lynx1 as an exemplar of the
role of ly-6 proteins in lung. Our data demonstrates that lynx1 acts as a negative modulator of
nicotinic signaling in normal and neoplastic lung. In normal lung lynx1 serves to limit the ability
of chronic nicotine exposure to increase levels of nicotinic receptors and also serves to limit the
ability of nicotine to upregulate levels of GABAA receptors in lung. In turn this allows lynx1 to
limit the ability of nicotine to upregulate levels of mucin which is mediated by GABAergic
signaling. This suggests that lynx1- mimetics may have potential for treatment of asthma and
COPD. In that most lung cancer cells also express nicotinic receptor and lynx1 we examined the
role of lynx-1 in lung cancer. Lynx1 levels are decreased in lung cancers compared to adjacent
normal lung. Knockdown of lynx1 by siRNAs increased growth of lung cancer cells while
expression of lynx1 in lung cancer cell decreased cell proliferation. This suggests that lynx1 is an
endogenous regulator of lung cancer growth. Given that multiple small molecule negative and
positive allosteric modulators of nicotinic receptors have already been developed, this suggests
that lynx1 is a highly druggable target both for development of drugs that may limit lung cancer
growth as well as for drugs that may be effective for asthma or COPD treatment.
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1. Introduction

Nicotinic acetylcholine receptors (NAChRs) are widely expressed in lung as part of a
nonneuronal paracrine and autocrine network as well as for targets of traditional sympathetic
and parasympathetic signaling. Acetylcholine is synthesized by bronchial epithelial cells and
pulmonary neuroendocrine cells from which it is released to feedback on itself (autocrine),
on neighboring cells (paracrine) or to be circulated in blood to effect distal cells (endocrine)
[1,2]. Many aspects of nonneuronal acetylcholine are similar to neuronal acetylcholine
signaling; indeed it is likely that cholinergic signaling evolved in simple epithelial structures
prior to being borrowed for synaptic signaling [3-5]. Non-neuronal cholinergic signaling
uses the same nAChRs as does cholinergic signaling and the nAChRs in non-neuronal
networks are modulated by ly-6 family members just as neuronal nAChRs are.

The ly-6 proteins are a large family of small proteins related to snake a-neurotoxins [6,7]
such as the a7 nAChR antagonist a-bungarotoxin. Ly-6 proteins are also known as 3 finger
proteins because of their conserved structure of 3 fingers anchored by cysteine bonds
surrounding a hydrophobic core. In humans more than 25 genes encoding ly-6 proteins have
been identified, most with multiple forms produced by alternate splicing [7-9]. Most of the
ly-6 proteins are membrane bound, anchored by a GPI linkage; however some of family
members lack the GPI linkage and are secreted. The GPI linkage can be cleaved by
phospholipases so it is likely that some of the family members can exist in both membrane-
bound and secreted forms.

Consistent with the similarity of structure of the mammalian ly-6 proteins to a-
bungarotoxin, many of the ly-6 proteins modulate nNAChR signaling. Miwa et al [10,11] used
similarity to a-bungarotoxin to identify a mammalian a-bungarotoxin-like protein in mouse
brain which they named lynx1 and then demonstrated it was a negative allosteric regulator
of a4P2 and a7 nAChR receptors. Subsequently lynx1 has also been shown to modulate a6-
containing nAChR [12] as well as shifting nAChR stoichiometry from high sensitivity
(alpha4)2 (beta2)3 to low sensitivity (alpha4)3 (beta2)2 nAChR through interaction as a
chaperone in the endoplasmic reticulum [13]. In addition to lynx1, Miwa and co-workers
also identified a second ly-6 protein in brain, lynx2 and showed it too was a negative
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regulator of a7 nAChR [14]. Of note, the cDNA for lynx2 had in fact been previously
described twice before, though not in the context of NAChR regulation, and named both
lypd1 and PHTS which is indicative of the nomenclature problems surrounding the ly-6
proteins, in which many of the family members have been described multiple times and
given multiple names.

Lynx1 and lynx2 are not the only ly-6 proteins that regulate nAChR. The ly-6 protein,
slurp-1 was initially characterized for its role in the skin disease Mal de Maleda [15,16] and
is a positive regulator of a7 nAChR [17,18]. Slurp-1 differs from most of the ly-6 proteins
as it lacks a GPI linkage and is secreted. Slurp-2 is encoded by an alternate transcript of the
LYNX1 gene and has been reported to be a negative nAChR regulator [19]. Slurp-1, like
slurp-2, lacks a GPI-anchor and is secreted. Prostate stem cell antigen (PSCA) has been
shown by Nishi and co-workers to be yet another ly-6 protein that negatively regulates a7
nAChR [20]. The Pates (named for prostate and testis expression, the site of their original
characterization) are another group of ly6 proteins, of which human Pate B has been shown
to be a positive regulator of a7 [21]. Thus lynx1, lynx2, Slurp-1, Slurp-2, PSCA and Pate-B
are ly-6 proteins that have been demonstrated to modulate nAChR activity but it is likely
that other members of the ly-6 family will also turn out to modulate nicotinic signaling.

As shown in figure 1A, the LYNX1 gene gives rise to both the lynx1 and slurp-2 proteins
through alternate splicing. Such alternate splicing is typical of the ly-6 family, with most of
the ly-6 genes giving rise to multiple proteins. Another characteristic of the ly-6 genes is that
many of the genes fall in gene clusters. The 10-gene cluster on chromosome 8 that
encompasses LYNX1 is shown in figure 1B. Another ly-6 gene cluster encodes the PATE
genes on chromosome 11. Lynx2 however (encoded by the LYPD1 gene) occurs by itself on
chromosome 2.

Given the expression of multiple ly-6 modulators of NAChR activity in brain, our previous
characterization of multiple nAChR subtypes in airway epithelium [22,23] raised the
question of whether ly-6 proteins are similarly expressed in normal lung to modulate
nicotinic signaling in lung and the potential role of such ly-6 proteins in lung cancer. In this
review, we discuss data on the roles of nAChR-modulatory ly-6 proteins in normal and
neoplastic lung.

2. Materials and Methods

2.1 Drugs and epithelial cell cultures

All animal procedures were approved by the Oregon National Primate Research Center
Institutional Animal Care and Utilization Committee. Bronchial epithelial cell cultures were
established from lungs obtained from rhesus macaques (hewborn to 2 years old) undergoing
necropsy from protocols not expected to alter lung function as described by Wu et al [24,25]
with modifications as previously described by Fu et al [3]. All drugs used for the study were
obtained from Sigma (St. Louis, MO).
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2.2 Immunohistochemistry

Single and dual immunohistochemistry shown in figure 2 was performed after Proskocil et
al [1]. The antibody used for lynx1 was as described and validated by Sekhon et al [26].
Localization of expression of lynx1 in pulmonary neuroendocrine cells was determined by
colocalization with serotonin as described by Fu and Spindel [27]. The antibody used for
a7-nAChR staining was rat monoclonal 219 generously provided by Jon Lindstrom [28] as
previously described by Sekhon et al [22] and validated by comparison to fluorescently-
labeled a-bungarotxon toxin binding. Other antibodies used were sc-135296 for lynx2 (goat
anti-lypd1, Santa Cruz Biotechnology, Dallas TX) and sc-98140 for slurpl (goat anti-slurpl,
Santa Cruz Biotechnology). These antibodies were validated by RT-PCR detection of target
molecules in same tissues.

2.3 gPCR and siRNA knockdown

Quantitative PCR on lynx1, nAChR, GABA receptors and mucin in bronchial epithelial
cells was performed using primers and probes as described by Fu et al [29]. ON-TARGET
plus siRNAs for lynx1 and negative control siRNA were purchased from Dharmacon
(Lafayette, CO). siRNAs were transfected at a concentration 100 - 150 nM with
DharmaFECT 1 according to the manufacturer’s instruction. Forty-eight hours after
transfection, cells were harvested for real-time PCR or for Western blotting. The lynx1
SIRNA (TCAGCAACATCGAGAACTT) was chosen to be distinct from the other
transcripts of the lynx1 gene and was 100% homologous to NM_001266622. The lynx1
SiRNA caused a 75% decrease in lynx1 siRNA levels as measured by gPCR and confirmed
by western blotting. Quantification of lynx1 RNA levels in human tumors was as described
by Song et al [30]. All human samples were deidentified prior to receipt.

2.4 Lentiviral transduction of lynx1

The human lynx1 cDNA was subcloned into the lentiviral shuttle vector pLVI-IRES which
contains a CMV promoter to drive cDNA expression and a bicistronic-expressed GFP
marker. Lentivirus was prepared and titrated as previously described [31]. A549 cells were
infected at a ratio of 5 transforming units per cell. One week post infection, cells were sorted
by flow cytometry (FACSCalibur, BD Bioscience, San Jose, CA) and used for studies
shown in figure 4.

2.5 Statistics

All data are given as mean (£ SEM), and statistical comparisons were made using ANOVA
followed by post-hoc multiple comparisons or unpaired, two-tailed Student’s t-tests.

3. nAChR-modulatory ly-6 proteins in normal lung

3.1 Expression of nAChR-modulatory ly-6 proteins in normal lung

To examine this we initially sequenced cDNAs from monkey lung and showed the presence
of lynx1 [26] mRNAs in lung. Next we prepared antibodies to lynx1 and showed that lynx1
was co-expressed in airway epithelial cells along with nAChR (Fig 2, A-C). Consistent with
a negative regulatory action of lynx1 on effects of nicotine on lung development, exposure
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of monkeys to prenatal nicotine throughout gestation increased levels of lynx1 mRNA and
protein in lung [26].

3.2 Regulation of NAChR expression by lynx1 and downstream sequelae in lung

Multiple reports both from our laboratory and others have demonstrated that chronic
nicotine exposure increases levels of nicotinic receptors. Mechanisms appear to involve both
increased gene transcription [32,33] and stabilization of receptor proteins [34]. This is
significant because upregulation of nAChRs expression plays a role in pathophysiologic
responses to smoking as well as describing likely responses to endogenous release of
epithelial ACh. Therefore if lynx1 is a significant modulator of nicotinic signaling, it should
modulate how levels of nicotinic receptors respond to nicotine exposure. This is indeed the
case as shown in figure 3A in which siRNA knockdown of lynx1 increased basal levels of
nAChRs and significantly potentiated the rise in nicotine-induced increases in nAChRs
levels. This shows that lynx1 acts as endogenous break to this aspect of nicotinic signaling.

The physiologic significance of the ability of lynx1 to act as a break on nicotinic signaling is
shown in figure 3B & C. Our laboratory has previously reported that one function of
nicotinic signaling in airway epithelium is to regulate levels of GABA signaling in airway
epithelium [3,29]. This is important because GABA signaling in airway epithelium plays a
critical role in regulation of mucin secretion and asthma development as reported by Xiang
et al [35]. As shown in figure 3B, lynx1 decreased the ability of nicotine to increase GABAA
receptor levels in airway epithelium which translates to decreased levels of GABAA-
mediated currents in airway epithelial cells [3]. The mechanism of regulation appears to
involve Src signaling as the effects of lynx1 knockdown on GABA receptor expression are
blocked by the Src inhibitor PP2 (Fig. 3B, C). This is consistent with reports from Dasgupta
and coworkers that some non-neuronal signaling events of a7 are mediated by Src [36,37].
The ability of lynx1 to modulate levels of GABA signaling in turn translates to lynx1
modulation of levels of mucin expression (Fig. 3C) [3,35]. This therefore shows a clear role
for lynx1 in airway physiology as well as suggesting that nicotinic negative allosteric
modulators might have clinical potential for modulating mucus production in asthma and
COPD.

Underlying mechanisms of signaling by the ly-6 proteins still remains poorly understood. It
is not clear the extent to which binding sites for the ly-6 proteins overlap with the site of
conventional nAChR ligands such as acetylcholine, with the allosteric sites that modulate
small molecule allosteric modulator binding sites [38] or to a different site altogether. In
addition how ly-6 binding may initiate signalling is not clear. Signalling my result in
modification of ion channel activity, activation of kinases secondary to receptor
conformation shift, or a mix of both mechanisms. In particular, the relative importance, or
lack therof, of ion-channel activity in ly-6 protein-mediated signaling remains to be
answered, especially in non-excitable cells.

Additional evidence for the importance of the ly-6 proteins in epithelial functioning is
provided by the work of Grando and co-workers who have shown that slurp-2 stimulated
keratinocyte proliferation, migration and inhibited apoptosis, potentially acting through the
a3 nAChR [19,39]. By contrast slurp-1 appears to stimulate apoptosis of keratinocytes [40].
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4.0 Lynx1 and lung cancer

Multiple laboratories have demonstrated that nicotine and nicotinic receptors stimulate the
growth of lung cancers [30,41-44]. Nicotine stimulates growth of lung cancer cells through
nicotinic receptors and ACh released by airway epithelial cells stimulates growth of lung
cancer cells through both nicotinic and muscarinic mechanisms [41]. Consistent with the
secretion of ACh by airway epithelial cells [1,2], most lung cancers also secrete ACh which
acts as an autocrine growth factor for lung cancer [41]. Thus lung cancer cell growth can be
stimulated by endogenous ACh release and by exogenous nicotine. This nicotinic regulation
of lung cancer cell growth suggests that lynx1 acting as a nicotinic modulator may regulate
lung cancer cell growth. The potential role of lynx1 in modulating lung cancer cell growth is
further supported by the increase in cholinergic signaling that has been reported in lung
cancers in which levels of ACh and nicotinic receptors are increased in most lung cancers
[30] and of course by the fact that most lung cancers occur in smokers, so there is also
chronic exposures of the lung cancers to nicotine.

The potential role for lynx1 in regulating lung cancer cell growth is also supported by our
previous report that levels of lynx1 are decreased in most lung cancers as compared to
adjacent normal tissue [30]. This is shown in figure 4A, and as can be seen level of lynx1
are significantly decreased in lung cancer compared to normal lung and the magnitude of
this decrease increases as the tumors become less differentiated. This raises the key question
of whether levels of lynx1 can modulate growth of lung cancer cells? As shown in figure
4B, siRNA knockdown of lynx1 significantly increased growth of lung cancer cells. This
suggests that the decreased levels of lynx1 in lung cancers shown in figure 4A may have
significance in terms of rate of growth of lung cancers. What about the converse; can
increased levels of lynx1 inhibit lung cancer cell growth. To investigate this we constructed
a lentiviral vector expressing lynx1 and infected A549 lung cancer cells. Infection of cells
with this vector significantly increased levels of lynx1 both at the mRNA and protein level
(data not shown) and as shown in figure 4C, this resulted in significantly decreased growth
of the A549 cells compared to cells infected with a control lentivirus. This confirms the role
of lynx1 as a modulator of lung cancer cell growth and suggests that small molecule
mimetics of lynx1 could have therapeutic potential in lung cancer. A key question yet to be
answered is the exact target of lynx1 to modulate lung cancer cell growth since lynx1
interacts with a7, a4p2 and a6 containing receptors [10-13]. Indeed it may be that one
reason why lynx1 significantly modulates lung cancer cell growth is its promiscuity in
interacting with multiple nAChR subtypes, each of which has effects on lung cancer cell
growth. If this is the case this serves to further emphasize the potential importance of lynx1
as a therapeutic target.

While we have focused on lynx1 here, there is also evidence supporting roles of other
nAChR-modifying ly-6 proteins in cancer. PSCA was identified in part due to its ability to
modify neuroblastoma growth [20] and polymorphisms in PSCA are associated with clinical
course of gastric carcinomas [45]. Likewise the ability of lynx2 to modulate alpha7
signaling suggests that it may similarly modulate lung cancer cell growth.
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5.0 Conclusions

The expression of multiple ly-6 proteins that regulate nAChR function in bronchial
epithelium suggests an important role for these proteins. It is striking that the same cell types
can express three or more ly-6 proteins that all appear to regulate a7 function. While it is
likely that the different proteins link to different mediators, this does suggest key roles both
for the ly-6 proteins and the nAChR they regulate. It is also likely that the different ly-6
proteins have different specificities and affinities for the multiple NAChR expressed in
bronchial epithelial cells and the cancers arising from those cells. Given that a number of
small molecule allosteric modulators for NAChR, both positive and negative [46-48], have
already been reported for nAChR, this shows that the ly-6 proteins are a highly druggable
target, that can yield new classes of drugs that modulate airway growth, mucin production,
bronchial reactivity, bronchial secretion and cancer growth and development.

It is however important to point out that there is still much we do not know about the
nAChR-modulating ly-6 proteins. Do multiple ly-6 proteins bind to a single receptor, do
they bind only to alpha subunits like acetylcholine or can they bind to both alpha and beta
subunits? Is there cooperativity when multiple ly-6 proteins bind to the same receptor and
what is the mechanism by which these proteins signal? Future studies can be expected to
answer these important questions.
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Highlights

e There are multiple ly-6 proteins that modulate nicotinic receptor (nAChR)
signaling

»  Ly-6 proteins that modulate nAChR include lynx1, lynx2, slurp-1, slurp-2 and
PSCA

» Lynx1 modulates nicotinic signaling in normal lung to regulate mucin secretion
o Lynx1 modulates lung cancer cell growth
e Lynx1 is a potential therapeutic target for COPD and lung cancer

e The family of ly-6 proteins needs a unified nomenclature
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Figure 1. Chromosomal structure of the LYNX1 gene and locus
A. The gene is named LYNX1, and alternate splicing gives rise to the lynx1 protein and to

two slurp-2 proteins. Slurp-2 exists in a short and long form and both forms of slurp-2 lack
the exon of lynx1 which encodes the GPI linkage thereby resulting in the secretory nature of
Slurp-2. The shorter form of slurp-2 has no amino acids in common with the lynx1 protein
while the longer form of slurp-2 shares the second coding exon of the lynx1 gene with the
lynx1 protein. B. The LYNX1 gene occurs in a cluster of 10 ly-6 proteins spanning
approximately 650,000 bases.
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Figure 2. Expression of nAChR-modulatory ly-6 proteins in monkey lung
A. Lynx1-staining seen in airway epithelial cells (black arrow shows apical staining and

green arrow shows basal staining) and submucosal glands (red arrow) of a large airway. AW
= airway. B. Colocalization of lynx1 (red) with a7 (green) in airway epithelial cells (white
arrow). Inset box shows section of same field at higher magnification (blue = DAPI). C.
Expression of lynx1 in pulmonary neuroendocrine cells as defined by co-expression with
serotonin (white arrow). Green = lynx1, red = serotonin, blue = DAPI). D. Expression of
lynx2 in monkey lung airway epithelial cells (white arrow). E. Expression of a7 in monkey
lung airway epithelial cells (white arrow). F. Co-expression of lynx2 and a7 in airway
epithelial cells (white arrow) (red = lynx lynx2, green = a7, blue = DAPI). G. Expression of
slurp-1 in monkey lung airway epithelial cells (white arrow). H. Expression of a7 in
monkey lung airway epithelial cells (white arrow). 1. Co-expression of slurp-1 and a7 in
airway epithelial cells (white arrow) (red = slurp-1, green = a7, blue = DAPI).
Immunohistochemistry was performed as described in the materials and methods.
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Figure 3. Regulation of nicotinic signaling and mucin expression by lynx1 in airway epithelial
cells

A. Effect of lynx1 siRNA knockdown on the ability of nicotine (1 uM for 48 hours) to
increase levels of nAChR subunits. Values are expressed as means = SE. B. sSiRNA
knockdown of lynx1 increased the nicotine-induced upregulation GABAAR a5 (n= 8 per
group). Relative fold change of each condition versus control with error bars showing SEM
(*p< 0.05 compared to control by Fisher’s multiple comparison tests after 1-way ANOVA).
The Src inhibitor PP2 (1 uM) decreased the ability of nicotine (1 uM) and lynx1 knockdown
to increase GABAAR a5 mRNA expression in cultured BEC. p<0.05 for nicotine + siRNA-
treated group compared to groups shown by Fisher’s multiple comparison tests after 1-way
ANOVA. C. The nicotine-induced increase in mucin mRNA was blocked by PP2. PP2 also
blocked the additional increase in mucin mRNA caused by lynx1 knockdown. * p<0.05 for
nicotine + siRNA-treated group compared to groups shown by Fisher’s multiple comparison
tests after 1-way ANOVA. (n=5 per group). Drugs and siRNAs were added to cultures 48
hours prior to harvesting of cells. The figure was modified from Fu et al [29].
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Figure 4. Lynx1 expression and function in lung cancers cells
A. Relative RNA levels of Lynx1 in squamous cell carcinomas compared to normal and also

plotted according to degree of differentiation. Tp< .03 by t-test, *p<.05 compared to normal
tissue by Tukey-Kramer after 1 WAY ANOVA. Number of samples of each grade is shown
in figure legend in parentheses. Figure modified after Song et al [30]. B. siRNA knockdown
of lynx1 increased cell growth of A549 lung adenocarcinoma cells. Levels of lynx1 were
decreased by ~70% by the siRNA knockdown (data not shown). Data are mean = SD of 20
replicates in two separate experiments. * p < 0.05 versus control siRNA. C. Effect of
increased lynx1 expression in A549 cells. A lentivirus expressing lynx1 was prepared and
Ab549 cells transduced with the lynx-1 lentiviral vector or a control lentivirus. Lynx1 protein
expression was highly expressed after transduction (data not shown). Cell growth is shown
relative to day 0. * p < .05 compared to controls.
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