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NOS1AP Functionally Associates with YAP To Regulate Hippo
Signaling
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Deregulation of cellular polarity proteins and their associated complexes leads to changes in cell migration and proliferation.
The nitric oxide synthase 1 adaptor protein (NOS1AP) associates with the tumor suppressor protein Scribble to control cell mi-
gration and oncogenic transformation. However, how NOS1AP is linked to the cell signaling events that curb oncogenic progres-
sion has remained elusive. Here we identify several novel NOS1AP isoforms, NOS1APd, NOS1APe, and NOS1APf, with distinct
cellular localizations. We show that isoforms with a membrane-interacting phosphotyrosine binding (PTB) domain can associ-
ate with Scribble and recognize acidic phospholipids. In a screen to identify novel binding proteins, we have discovered a com-
plex consisting of NOS1AP and the transcriptional coactivator YAP linking NOS1AP to the Hippo signaling pathway. Silencing
of NOS1AP reduces the phosphorylation of YAP and of the upstream kinase Lats1. Conversely, expression of NOS1AP promotes
YAP and Lats1 phosphorylation, which correlates with reduced TEAD activity and restricted cell proliferation. Together, these
data implicate a role for NOS1AP in the regulation of core Hippo signaling and are consistent with the idea that NOS1AP func-

tions as a tumor suppressor.

Cellular polarity is important for establishing and maintaining
the shape and function of a cell. Loss of cellular polarity is
associated with an epithelial-to-mesenchymal transition (EMT),
where cells lose cell-cell adhesion and gain migratory and invasive
properties that contribute to tumor progression. The Hippo sig-
naling cascade, first identified in Drosophila melanogaster (1, 2), is
highly conserved in mammals and is an important intracellular
signaling pathway that controls tissue growth by modulating cell
proliferation and cell differentiation (3). Deregulation of the
Hippo signaling pathway connects the EMT to increased invasion,
which has been associated with a number of different cancers (4).
At the core of the Hippo complex are the serine threonine kinases
MST1/2 and LATS1/2, which form a kinase cascade that controls
the phosphorylation of the transcriptional coactivators YAP and
TAZ (3, 5). Phosphorylation of YAP/TAZ on conserved serine
residues restricts them to the cytosol, where they can associate
with 14-3-3 proteins, be targeted for proteasomal degradation, or
localize to regions of cell-cell contact, all of which prevent the
nuclear localization and transcriptional activation of YAP/TAZ
target genes (6). Recently, both genetic (7-9) and biochemical (9,
10) studies have revealed an association between the Hippo path-
way and the polarity protein Scribble. Scribble is a large scaffold-
ing protein that contains leucine-rich repeats (LRRs) at its N ter-
minus and four PDZ domains that connect YAP/TAZ with
MST1/2 and LATS1/2 (10), downstream of LKB1 and PAR-1 ki-
nases (10). Together, these data suggest that Scribble regulates
Hippo signaling and that the loss of Scribble is an important trig-
ger to modify intracellular events leading to tumor development
in a Hippo-dependent manner. However, the precise mechanism
for the control of Hippo signaling by Scribble remains unknown.

We have previously shown that Scribble directly associates
with nitric oxide synthase 1 adaptor protein (NOS1AP), also
known as CAPON (carboxyl-terminal PDZ ligand of neuronal
nitric oxide synthase [nNOS] protein), and regulates dendritic
spine development (11). NOS1AP has been implicated in a num-
ber of disorders, including schizophrenia (12), anxiety (13), QT
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syndrome (14), and, more recently, breast cancer (15). NOS1AP
contains an amino-terminal phosphotyrosine binding (PTB) do-
main and a carboxyl-terminal PDZ binding motif that directly
associates with the PDZ domain of nNOS (16, 17). The association
of NOS1AP and nNOS has been shown to compete with the bind-
ing of nNOS and the postsynaptic density scaffolding protein
PSD95, implicating NOS1AP in NMDA receptor signaling (17).
The PTB domain of NOS1AP associates with (i) dexamethasone-
induced Ras-related protein 1 (Dexrasl), leading to a ternary
complex between NOSIAP, Dexrasl, and nNOS that is impor-
tant for nNOS to activate Dexras1 (18); (ii) synapsins L, II, and I1I,
establishing a complex that is important for the localization of
nNOS to presynaptic terminals (16); and (iii) Scribble, allowing
NOSI1AP to bridge a complex between Scribble and Rho GTPase
signaling through 3-Pix and Gitl (11). In addition to a link with
Rho GTPase, NOS1AP and Scribble associate with the planar cell
polarity protein Vangll to regulate breast cancer development
independent of B-Pix/Gitl/Pak (15). Together, these results sug-
gest that NOS1AP is an important adaptor protein controlling a
number of different signaling complexes.

Whereas multiple isoforms of the NOSIAP gene have been
annotated in the NCBI database, information regarding the func-
tional significance of this diversity is lacking. As NOS1AP can exist
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in different complexes (11, 15), we suspect that these differences
might be explained by NOS1AP isoforms with distinct biological
functions. Here we report that NOS1AP is a highly spliced protein
containing multiple isoforms. All NOS1AP isoforms containing
the PTB domain associate with Scribble yet have unique tissue and
subcellular localizations. The PTB domain is sufficient to recruit
NOSIAP to the plasma membrane, where it associates with acidic
phospholipids. Interestingly, NOSIAP and Scribble have been
coupled to breast cancer regulation, while in separate studies,
Scribble has been reported to scaffold Hippo components (9, 10,
15). Thus, we asked whether NOS1AP forms a complex with com-
ponents of the Hippo pathway. Here we link NOS1AP variants
with YAP and show that NOS1AP expression affects the nuclear
accumulation of YAP and TEAD activation, both of which corre-
late with reduced proliferation. Thus, NOSIAP functions with
Scribble to control Hippo pathway activity.

MATERIALS AND METHODS

Antibodies. A NOS1APc rabbit polyclonal antibody was generated
against a peptide corresponding to the rat NOS1APc sequence CAFPLLD
PPPITRKRT (here pep-NOS1APc). An additional antibody was gener-
ated against the entire unique 30-kDa C-terminal extension region of
NOSI1APc. The following primers were used to amplify a unique region of
the NOS1APc sequence: 5'-TTTTCGAATTCTATGTTTGAGAATTT
and 3'-TTTGTCGACTGGTTACTACTCAAAGGACAG. The resulting
fragment was cut with EcoR1 and Sall and subcloned into pGEXT3 to
generate a purified glutathione S-transferase (GST) fusion protein that
was used as an immunogen to generate GST-NOS1APc antibodies (here
GST-NOS1APc). The pan-NOSIAP and Scribble antibodies were de-
scribed previously (11); Scribble H-300, Yap, GST, c-Myc (9E10), and
NOSIAP R-300 (here R-300) (catalog number sc-9138) were all obtained
from Santa Cruz. nNOS was obtained from BD Transduction Laborato-
ries. Green fluorescent protein (GFP) was obtained from Abcam. FLAG
M2 was obtained from Sigma. Phospho-YAP(Ser127), Lats, and phospho-
Lats (Ser909) were obtained from Cell Signaling Technologies.

Cell culture and transfections. Human embryonic kidney HEK293T
or HEK293A cells were grown at 37°C with 5% carbon dioxide in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/ml pen-
icillin, and 100 pg/ml streptomycin. A rat primary epithelial cell line
(IEC-18), a gift from Neale Ridgeway, Dalhousie University, was grown at
37°C with 5% carbon dioxide in DMEM supplemented with 5% heat-
inactivated FBS, 2 mM t-glutamine, 100 U/ml penicillin, and 100 pg/ml
streptomycin.

Immunoprecipitations and Western blotting. Fresh or frozen rodent
brains or cell lines were homogenized in NP-40 lysis buffer (10% glycerol,
1% NP-40, 20 mM Tris [pH 8.0], 37.5 mM NaCl) containing 1 mM
phenylmethylsulfonyl fluoride (PMSF), 10 pg/ml aprotinin, and10 pg/ml
leupeptin. For lysis of rodent tissues, the NP-40 lysis buffer was combined
with tissue at a 1/10 (wt/vol) ratio. Immunoprecipitation and Western
blotting experiments were performed as previously reported (11). For
analysis of Latsl, phospho-Latsl, and phospho-YAP levels, HEK293T
cells were transfected with 1 to 10 pg of an expression plasmid encoding
yellow fluorescent protein (YFP)-PTB, YFP-NOS1APa, or YFP-
NOS1APc. The protein concentration in whole-cell lysates was quantified
at 48 h posttransfection by using the Bradford assay (19), and lysates were
prepared for Western blotting.

Immunocytochemistry. Cells were grown on 18-mm coverslips and
transfected on 35-mm plates, as outlined previously (11). To visualize
transfected cells, the coverslips were washed twice with phosphate-buft-
ered saline (PBS) and then fixed with 4% paraformaldehyde (PFA) con-
taining 4% sucrose in PBS for 10 min at room temperature. PFA was
removed, followed by 3 washes in PBS. The coverslips were then incu-
bated for 5 min at room temperature in BisBenzamide nuclear stain at a
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1:2,000 dilution in PBS. Coverslips were then washed 2 times in PBS.
Coverslips were then dipped into sterile double-deionized water and then
mounted onto glass slides in 20 .l of mounting medium. All epifluores-
cent images were acquired on a 3i Marianas system (Intelligent Imaging
Innovations) equipped with Slidebook 5.5. All post hoc imaging was done
with Photoshop.

Cloning of NOS1AP isoforms. The cerebellum was collected from an
adult Wistar rat and flash frozen by using liquid nitrogen. The tissue was
combined with 1.0 ml of TRIzol reagent (Invitrogen) per 50 mg of tissue,
and total RNA was isolated according to the manufacturer’s protocol. The
RNA concentration was determined prior to RNA storage at —80°C until
required. Isolated RNA was diluted to 0.5 pg in nuclease-free water for use
in reverse transcription (RT) for cDNA synthesis. The diluted RNA was
combined with oligo(dT) primers (250 ng/ul) heated to 65°C for 5 min
and allowed to cool to 25°C for 10 min prior to the addition of RT master
mix (RNase Out, 10 mM dithiothreitol [DTT], 1 mM deoxyribonucleo-
tide triphosphate [dNTP], 10% Affinity Script buffer, 2% Affinity Script
reverse transcriptase). The cDNA synthesis reaction was allowed to pro-
ceed for 1 h at 42°C, and the mixture was then incubated for a further 5
min at 95°C prior to snap-freezing. NOSIAP isoforms were amplified
from rat brain cDNA by using the Expand High Fidelity PCR system
(Roche) and the following full-length NOS1AP primers: 5'-TTTGCTTC
GAATTCTGCAATGCCCAGCAAAACCAAGTAC and 3'-TTTAGCGT
CGACTGCCTACTCAAAGGACAGCAG. Standard PCR cycling was per-
formed on a Bio-Rad MyCycler as follows: 95°C for 3 min and 35 cycles of
95°C for 45 s, 58°C for 45 s, and 72°C for 2.5 min, followed by 72°C for 10
min. Samples were stored at —20°C until use. The resulting PCR products
were then cloned into the pPGEM-T Easy vector (Pierce). This was used to
transform DH5a cells, individual clones were selected, and plasmid DNA
was isolated and sent for sequencing. Positive clones were then subcloned
into YFP or myc vectors by using EcoRI and Sall restriction sites.

To identify the NOS1APf isoform, we utilized a 5" rapid amplification
of cDNA ends (RACE) kit (Ambion). The procedure was performed ac-
cording to the manufacturer’s instructions. Two sets of inner and outer 3’
primers were designed: (i) 5'-AAATGGTCCTCCTGGCTCTCC and 5'-
AAAGCTGGATTGGAGCTTGG and (ii) 5'-AAATGGCTTCCGAGTTA
TGGG and 5'-AAATGGAGGATCCAGCAGAGG. Amplification prod-
ucts were cloned into pGEM-T Easy plasmid vectors according to the
manufacturer’s instructions (Promega). Conditions for the PCR were as
follows: 95°C for 2 min; 95°C for 45 s, 56°C for 45 s, and 72°C for 1.5 min
for 35 cycles; and 72°C for 10 min.

qPCR. cDNA from different adult rat tissues was generated as outlined
above. To determine the levels of expression, quantitative PCR (qPCR)
conditions were developed according to the manufacturer’s protocols for
Brilliant IT SYBR green qPCR master mix (Stratagene). The following
primers were chosen: 5'-CTGGTGATGCAGGACCCTAG and 5'-CCCA
CTGTCCGTACGATTCT for the PTB domain, GCCTGGAGCTCATCA
AGTTC and 5'-GGCGATCTCATCATCCAAAC for exon 10, 5'-GCAGA
CACTTCACGACCAGA and 5'-CTGTTCTCCCAGGACTCAGC for
NOS1APc, 5'-AGAACCAGGGGTGATGGTG and 5 -AATGCTGGATT
GGAGCTTT for NOSIAPf, and 5'-GAGCTGTTTGCAGACAAAGTTC
and 5'-CCCTGGCACATGAATCCTGG for cyclophilin A. To determine
copy numbers, we used the YFP-NOS1APc or YFP-NOS1APf expression
plasmid. Each of these constructs was serially diluted to generate a stan-
dard curve. This standard curve was used to determine the copy numbers
of each construct in different tissue regions. A total of 3 independent runs
were performed on each tissue, and the average and standard error of the
mean (SEM) were calculated. To compare the ratios of the different iso-
forms, the threshold cycle (C;) values for cyclophilin A were used to
normalize the expression level of each isoform by using the AAC method
(20).

GST fusion proteins and in vitro binding experiments. GST fusion
proteins were produced and purified as described previously (11). Lipid
spot blots were purchased from Echelon. Blots were reconstituted accord-
ing to the manufacturer’s instructions and then blocked in 3% bovine
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serum albumin (BSA) in Tris-buffered saline~Tween (TBST) for 1 h. A
total of 0.5 pg/ml of either purified GST, GST-PTB, or GST-PTBinsert
(PTB domain from NOS1APe) was added to 3% BSA in TBST. This mix-
ture was incubated overnight at 4°C. Blots were then washed in TBST and
incubated in anti-GST antibody at a 1:5,000 dilution. Blots were washed 3
times in TBST, incubated with goat anti-rabbit horseradish peroxidase
(HRP) for 1 h, and then washed and incubated with ECL reagent (Pierce)
to reveal positive reactions.

siRNA. For knockdown of endogenous protein, we used a mix of
four ON-TARGETplus rat NOS1AP Smart Pool small interfering
RNAs (siRNAs) (product number L-099264-02-0005; Dharmacon) and a
nontargeting siRNA control (Csi) nonhomologous to any known verte-
brate sequence (product number SIC001-1NMOL; Sigma). For transfec-
tions, 20 wM siRNA (final concentration, 20 nM) was mixed with Lipo-
fectamine 2000 transfection reagent (Invitrogen) according to the
manufacturer’s instructions. Complexes were added to IEC-18 cells (1 X
10° cells), incubated for 24 to 72 h, and prepared for Western blot analysis.

MCEF7 stable lines. MCF7 cells were grown to 60% confluence on
10-mm? dishes prior to transfection. Ten micrograms of cDNA encoding
YFP, YFP-NOS1APa, YFP-NOS1APc, YFP-NOS1APd, YFP-NOSIAPe,
or YFP-NOS1APf was transfected with Lipofectamine 2000 according to
the manufacturer’s protocols. Cells were maintained in serum-free
DMEM overnight, washed, and returned to DMEM with 10% FBS. At 2
days posttransfection, 5 mg/ml Geneticin (G418) was added to the me-
dium, and cells were maintained for 1 week in this medium. Fresh me-
dium containing antibiotic was replaced every 3 days. Individual colonies
that were fluorescent were selected and expanded. At least 3 independent
lines for each construct were examined for localization and expression by
Western blotting to ensure that the clones selected were expressing a pro-
tein of the expected size.

Live-cell imaging. MCF?7 cells stably expressing YFP, YFP-NOS1APa,
YFP-NOS1APc, YEP-NOS1APd, YFP-NOS1APe, or YEP-NOS1APf were
grown on 18-mm coverslips to 70 to 90% confluence. Cells were then
washed in PBS, transferred into Hanks balanced salt solution (HBSS)
supplemented with 10% FBS, and maintained at 37°C in a humidified
heated chamber slide that was transferred to a 3i Marianas system with a
Zeiss Axio observer. Confocal images were acquired on the 3i Marianas
system equipped with a Yokogawa confocal scanner unit (CSU-X1) spin-
ning-disk system. All images were captured with either a 515-nm or a
640-nm laser line. All post hoc imaging was done with Photoshop 6.0.

Thymidine incorporation studies. A thymidine incorporation assay
was used to analyze the serum-free or serum-induced proliferation of
YFP- or YFP-NOS1APa-expressing cells as described previously (21, 22).
The incorporation of 1 wCi/ml radioactive [methyl->H]thymidine (Per-
kin-Elmer) into cellular DNA during a 15-min pulse time was quantified
by liquid scintillation counting. The entire assay was repeated in two in-
dependent experiments, and the data are the averages of data from four
independent replicates in each experiment.

TEAD transcriptional assays. HEK293A cells were plated into 48-well
tissue culture plates (17,500 cells/well) and allowed to adhere overnight.
Cells were transfected with 75 ng of 8 X GTIIC-luciferase (TEAD response
element containing 8 TEAD binding sites) (a gift from Stefano Piccolo)
(Addgene plasmid 34615), 75 ng of a B-galactosidase (3-Gal)-expressing
control plasmid, and 50 ng of either the myc control, YFP-NOS1APa, or
YFP-PTB with or without 20 ng YAP by using 0.4 g polyethylenimine
transfection reagent (Sigma-Aldrich) in Opti-MEM (Life Technologies).
After 24 h of transfection, cells were lysed in 100 pl reporter lysis buffer
(Promega), and -Gal activity was determined by incubating a 1:1 mix-
ture of the cell lysate with 3-Gal assay buffer (200 mM sodium phosphate
buffer, 2 mM MgCl,, 100 mM B-mercaptoethanol, 1.33 mg/ml ortho-
nitrophenyl-B-galactoside) for 5 min prior to reading the absorbance at
420 nm. Luminescence was determined by mixing 10 wl of the cell lysate
with 80 pl of luciferase assay substrate (Promega) in a white 96-well plate
and immediately measuring total luminescence by using a FluoStar
Omega plate reader. The fold change in luminescence was calculated by
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measuring the luciferase-to-B-Gal luminescence ratio for each sample
and was expressed relative to the indicated control. All incubations were
done under standard culture conditions (37°C in 95% air and 5% CO,).

Nucleotide sequence accession numbers. All sequences have been
deposited in the NCBI GenBank database with the following accession
numbers: NOS1APd, KR558686; NOS1APe, KR558687; NOSI1APf,
KR558688.

RESULTS

Identification and characterization of multiple NOS1AP iso-
forms. In a previous proteomic screen, we identified a splice
variant of the nitric oxide synthase 1 adaptor protein
(NOS1APa), which we termed NOS1APc (11). This isoform
shares the phosphotyrosine binding (PTB) domain with
NOS1APa but contains an ~30-kDa C-terminal extension that
is absent from NOS1APa (Fig. 1A). To better characterize the
longer NOS1AP isoform, we generated two different NOS1APc
isoform-specific antibodies, a peptide antibody raised against a
unique peptide in the extended region of NOS1APc (CAFPLLDP
PPITRKRT) (here pep-NOSIAPc) and a GST fusion antibody
generated against the entire unique 30-kDa C-terminal extension
region of NOSIAP (here GST-NOSIAPc) (see the schematic in
Fig. 1A for regions against which the antibodies were raised).
These antibodies, along with a pan-NOS1AP antibody (which de-
tects multiple isoforms of NOS1AP, including NOS1APa) (11),
were used to immunoprecipitate endogenous NOSIAP from
adult brain lysates. The resulting Western blots were probed with
either the pep-NOS1APc (Fig. 1B) or the GST-NOS1APc (Fig. 1C)
antibodies. Both the pep-NOSIAPc antibody and the GST-
NOS1APc antibody revealed a band migrating at ~95 kDa corre-
sponding to NOS1APc, as previously reported (Fig. 1B and C,
arrows). Interestingly, both NOS1APc isoform-specific antibod-
ies detected a faster-migrating (70-kDa) band in the immunopre-
cipitates (Fig. 1B and C, arrowheads), indicating that there are
uncharacterized isoforms with molecular masses similar to that of
NOSI1APa. Finally, two faster-migrating bands, at ~40 kDa and 25
kDa, were detected in the pep-NOSIAPc immunoprecipitates
when probed with the pep-NOS1APc antibody, while only the
40-kDa band was detected by the GST-NOS1APc antibody (Fig.
1B and C, single [40 kDa] or and double [25 kDa] asterisks). These
results suggest that mammals express multiple splice variants of
NOSIAP in the rodent brain.

To further characterize the nature of these other isoforms, we
created a cDNA library from an adult rat cerebellum. Primers
were chosen based on previously reported 5" and 3" sequences
from rat NOS1APa and NOS1APc (11), which were used to am-
plify NOS1AP isoforms from a cerebellar cDNA library that we
had generated. We initially identified and characterized NOS1APc
through a bioinformatics approach (11); however, in this study,
we cloned and sequenced NOS1APc from our cerebellar cDNA
library. Sequence analysis of the resulting cDNAs revealed a dif-
ferent splice site than the one previously reported. While a num-
ber of the clones corresponded to NOS1APc (Fig. 1D), we identi-
fied other clones that contained a second unique splicing event in
exon 10 of NOS1APa that was fused with the unique C-terminal
region found in NOS1APc. We have termed this isoform
NOSI1APd (Fig. 1D). In addition, we identified a third NOSIAP
isoform that was identical to NOS1APd, except for a unique
5-amino-acid insert (LLLLQ) in the PTB domain (NOS1APe)
(Fig. 1D). Finally, using 5" RACE, we identified another isoform
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the isoform-specific antibodies used in this study. (B and C) NOS1AP isoforms were precipitated (I.P.) from rat brain lysate with the indicated antibodies. Bound
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identical to that previously annotated in the NCBI database
(GenBank accession number NM_001190459.1), with a predicted
molecular mass for the corresponding protein of ~40 kDa; we
have termed this isoform NOS1APf (Fig. 1D). None of the iso-
forms that we identified could explain the 70-kDa band observed
on our Western blots (Fig. 1B and C, arrowheads). Whether these
represent novel splicing of NOS1APb with the unique C-terminal
region from NOS1APc to give rise to novel isoforms, which we
have termed NOS1APg and -h (Fig. 1D), remains to be deter-
mined. Together, these results suggest that NOS1AP is a highly
spliced protein and that multiple isoforms are expressed in differ-
ent cell types.

Since we had isolated a number of different NOS1AP ¢cDNAs,
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we next wanted to determine the relative expression of each iso-
form in several adult tissues. PCR primers were chosen to flank
unique regions in each NOSIAP isoform for quantitative PCR
analysis (Fig. 2A to E). Since most of the isoforms identified to
date contained the PTB domain, we first quantified the number of
mRNA copies of NOS1AP isoforms containing the sequence cor-
responding to this region (Fig. 2A). High levels of PTB-containing
NOSI1AP isoforms were found in the cortex, hippocampus, olfac-
tory bulb, and striatum (Fig. 2A). Next, a primer set was chosen to
amplify sequences in the PDZ binding motif common to both
NOS1APa and NOS1APshort (23, 24) (here NOS1APD). Al-
though the distribution of the NOS1APa/b isoforms was similar to
that of NOS1AP isoforms containing the PTB domain (Fig. 2B),
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the expression levels were lower, suggesting the presence of iso-
forms containing the PTB domain that do not contain the PDZ
binding motif (compare Fig. 2A and B). Next, we selected primers
that would amplify the unique C-terminal regions of NOS1APc,
-d, -, and -fand determined their expression patterns in different
tissues. The highest copy numbers of mRNA for NOS1APc, -d, -e,
and -f were found in the olfactory bulb, with similar levels being
found in the cortex, hippocampus, cerebellum, striatum, kidney,
and pancreas (Fig. 2C). Lower levels were found in the brainstem,
midbrain, spinal cord, and heart and skeletal muscle. Since
NOS1APf contained a unique 5’ region, we designed primers to
amplify this region to determine mRNA levels of NOS1APf. The
overall levels were lower than those of NOS1APc, -d, and -e, sug-
gesting that NOS1APf was a subset of NOS1APc, -d, and -e. The
highest levels of NOS1APf expression were seen in the olfactory
bulb, with lower levels in the cortex, hippocampus, and striatum;
very little expression was found in nonneuronal tissues (Fig. 2D).
Taken together, NOS1APa is expressed at higher levels through-
out the central nervous system (CNS), while the expressions of
NOSI1APc, -d, and -e are more evenly distributed across multiple
tissues, with the exception of higher levels in the olfactory bulb.
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The functional significance of these isoform differences remains
to be determined.

NOSI1AP isoforms containing the PTB domain are directed
to membranes. Since NOS1AP has been shown to associate with
Scribble (11, 15), and Scribble localizes to the basolateral mem-
branes of MDCK cells, we had anticipated that NOS1AP would
localize to basolateral membranes along with Scribble in polarized
MDCK cells; however, we saw a diffuse staining pattern using
several different NOS1AP antibodies (data not shown). One pos-
sibility is that cells contain multiple NOS1AP isoforms that may
have different subcellular localizations within the cell, and since
our NOSIAP antibodies recognize multiple isoforms, this may
manifest as diffuse staining within the cell. Therefore, to better
characterize the subcellular localization of the different isoforms,
we generated stable cell lines expressing each of the different
NOSIAP isoforms as YFP fusions in both the HEK293T and
MCEF?7 cell lines. While similar results were obtained from the
HEK293 cell lines, we report here only the MCF?7 stable line ex-
pression pattern. YFP-NOS1APa and YFP-NOS1APe are enriched
at cell-cell contacts (Fig. 3A, middle). Both YFP-NOS1APc and
YFP-NOS1APd remained cytoplasmic, with the exception of a
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weak localization observed for NOS1APc at cell-cell contacts (Fig.
3A, top right, arrows). Interestingly, YFP-NOS1APd, which dif-
fered from NOS1APe by 5 amino acids in the PTB domain, was
enriched in the cytoplasm (Fig. 3A, bottom left). Finally, YFP-
NOS1APfwas diffusely distributed in the cytoplasm (Fig. 3A, bot-
tom right). We noted that weak nuclear localization was also de-
tected for YFP and the YFP-NOSI1APc, -d, and -f isoforms (Fig.
3A, arrowheads). These results demonstrate that the NOS1AP
variants localize differently when expressed in epithelial cells.

PTB domains of multiple proteins, including Dab1 (25) and
SHC (26), have been shown to associate with the plasma mem-
brane, while an 11-amino-acid insert in the NUMB PTB domain
has been reported to confer phospholipid recognition of NUMB
(27, 28). The membrane localization of NOS1APa suggests that
the PTB domain in NOS1AP isoforms may be critical for mem-
brane localization. Furthermore, the lack of membrane enrich-
ment of NOSIAPc or NOS1APd to membranes may be a function
of an inter- or intramolecular interaction created by the extended
C-terminal region that blocks the association of PTB domains
with membranes. We noted that an alignment of the NOS1AP
sequence with the Drosophila NUMB PTB nuclear magnetic res-
onance (NMR) structure revealed that the insert would be posi-
tioned in a surface-exposed loop in the protein (Fig. 3B, arrow). It
is unlikely that this would disrupt the structure of the PTB do-
main, yet in the context of NOS1APe, the LLLLQ insert may either
induce a conformational change or relieve an interaction allowing
the PTB domain to access membranes. To test for the possibility
that the PTB domain directs NOSIAPa and NOS1APe to the
membrane, we performed a lipid strip assay. Purified GST-PTB
domains or GST alone was incubated with different types of lipids
found in cell membranes that had been spotted onto hydrophobic
membranes. After washing, the PTB domains were detected
with an anti-GST antibody. We found that the PTB domains
from all NOS1AP isoforms associated primarily with phos-
phoinositides (Fig. 3C, middle). Specifically, the PTB domain
bound with the highest affinity to phosphatidylinositol 4-phos-
phate [PtdIns(4)P], PtdIns(5)P, and phosphatidylinositol
(3,4,5)-trisphosphate [PtdIns(3,4,5)P;]. However, the 5-ami-
no-acid insert did not provide any additional selectivity in lipid
recognition to NOS1APe, while GST alone did not bind any of
the phospholipids (Fig. 3C, middle and left). Together, these
results are consistent with the idea that the PTB domain re-
cruits NOS1APa and NOS1APe to the plasma membrane.
These results also indicate that acidic phospholipids are the
primary targets for these isoforms.

The identification of novel NOS1AP isoforms and the differ-
ences in their localization within the cell next led us to determine
if there were distinct protein-protein complexes forming with the
different NOS1AP isoforms. Since we have previously shown that
NOS1AP associates with Scribble through a PTB-PDZ interaction
(11), we first tested whether the novel NOS1AP isoforms contain-
ing the PTB domain could associate with Scribble. Additionally, as
a positive control for binding, the lysates were also probed with
nNOS, as it is precipitated in Scribble and NOS1AP complexes.
First, we precipitated different NOS1AP isoforms or Scribble from
adult rat brain lysates using our pan-NOS1AP, pep-NOSIAPc, or
Scribble antibodies and probed for the presence of bound pro-
teins. As anticipated, the pan-NOS1AP, pep-NOS1APc, and
Scribble antibodies all precipitated complexes that contained
Scribble (Fig. 4A, top) and NOS1APc (Fig. 4A, middle). Interest-
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ingly, reprobing the membranes with anti-nNOS revealed that
only the pan-NOS1AP and Scribble antibodies precipitated com-
plexes containing nNOS (Fig. 4A, bottom). This suggests that
NOSI1APa is the primary isoform that binds nNOS. To more di-
rectly test if NOS1AP isoforms containing the PTB domain could
interact with Scribble, we cotransfected HEK293T cells with
cDNA encoding YFP-NOSIAPa, -c, -d, -e, or -f together with
myc-Scribble. The YFP-tagged NOS1AP isoforms were immuno-
precipitated, and the membranes were probed for the presence of
myc-Scribble. Scribble associated with NOS1APa, -¢, -d, and -e
but, as expected, not with NOS1AP, since this isoform lacks the
PTB domain (Fig. 4B and C). Thus, the association of NOS1APd
and NOS1APe with Scribble likely involves the PTB domain, as
demonstrated previously for NOS1APa and NOS1APc.

Scribble is a regulator of cell polarity that functions to sort
proteins into defined membrane domains (29). A recent study
linked NOS1AP to Scribble tumor-suppressive activity through
the regulation of anchorage-independent cell growth (15). Impor-
tantly, the Hippo pathway effectors YAP and TAZ can induce
anchorage-independent growth, and Scribble has been reported
to control the assembly of these components (10). This gave rise to
the question of whether NOSIAP is part of a Scribble/YAP/TAZ
complex. To determine if NOS1AP is associated with the Hippo
pathway, we precipitated endogenous NOS1AP or Scribble from
distinct cell lines using pan-NOS1AP or Scribble antibodies and
probed the precipitates for YAP. Consistent with data from a pre-
vious report (7), Scribble coprecipitated with YAP (Fig. 5A). No-
tably, we also detected multiple NOS1AP isoforms that were able
to interact with YAP (Fig. 5A and B), suggesting that NOS1AP is in
the same complex as Scribble and YAP. These data demonstrate
that multiple NOS1AP isoforms may have a function in Hippo
signaling.

The MST1/2-Savl complex activates the downstream Lats ki-
nases, which in turn phosphorylate YAP, leading to its nuclear
exclusion (3). To examine whether YAP phosphorylation is influ-
enced by NOS1AP, we transfected HEK293T cells with increasing
amounts of cDNA encoding YFP-NOS1APa or YFP-NOS1APc
and probed the lysates with phosphospecific antibodies against
Lats1 and YAP. Increasing amounts of NOS1APa promoted the
kinase activity of endogenous Lats1 by increasing phosphoryla-
tion in the activation loop at S909 (Fig. 5C). This increase in Lats1
phosphorylation was accompanied by an increased phosphoryla-
tion of YAP at S127 (Fig. 5D), suggesting that NOS1AP regulates
YAP phosphorylation through Lats1 activity. Similar results were
seen for NOS1APc in the activation of Latsl (Fig. 5E). We next
tested whether increased expression of the NOS1AP PTB domain
alone affects the levels of Lats1. Indeed, PTB domain expression
induced Lats] phosphorylation at S909 (Fig. 5F), indicating that
this effect is PTB domain dependent.

To examine whether the loss of NOS1AP has the opposite ef-
fect of overexpression on Latsl/YAP phosphorylation, we
knocked down endogenous NOS1AP expression by siRNA and
monitored the levels of pLats1/pYAP. A pool of siRNAs effectively
reduced NOS1AP levels over 72 h compared to the control, which
correlated with decreased phosphorylation of Lats1 and YAP (Fig.
5G and H). We next examined the localization of YAP in epithelial
MCEF?7 cells stably expressing YFP or YFP-NOS1APa and stained
for endogenous YAP. Unlike cells expressing YPF alone (Fig. 6B),
where YAP was enriched in the nucleus (Fig. 6C), cells plated at a
similar density expressing YFP-NOS1APa (Fig. 6E) revealed a
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more diffuse distribution of YAP throughout the cell (Fig. 6F).
Taken together, these data demonstrate that NOS1AP expression
levels affect both the subcellular localization and activity of Lats1
and YAP.

The TEAD family of transcription factors binds to and is acti-
vated by YAP (30). We next tested whether NOS1APa affected the
ability of YAP to activate TEAD transcription by utilizing a previ-
ously described TEAD-luciferase reporter system (31, 32). Here
we coexpressed myc-NOS1APa and FLAG-YAP in the presence of
the TEAD reporter and found that NOS1APa suppressed the abil-
ity of YAP to activate this reporter (Fig. 7A), consistent with the
redistribution of YAP staining to the cytoplasm (Fig. 6). In addi-
tion, since we had shown that the PTB domain was sufficient to
regulate Lats1 activity, we tested if the PTB domain influenced
YAP-mediated TEAD activation. Overexpression of the myc-PTB
domain in the presence of FLAG-tagged YAP was able to suppress
TEAD in the reporter assay to a greater extent than NOS1APa (Fig.
7A). Finally, we examined whether NOS1AP or the PTB domain
was able to suppress TEAD activation in the absence of YAP. Re-
porter activity was significantly suppressed in the presence of the
PTB domain (Fig. 7B), further implicating the NOS1AP PTB do-
main as the functional region in NOS1AP-mediated Hippo com-
ponent regulation. These results show that NOS1APa has the abil-
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ity to control YAP-dependent TEAD activity and possibly also
target genes involved in proliferation and apoptosis.

Overexpression of NOS1AP leads to a decrease in the amount
of YAP localized to the nucleus and a reduction in the ability of
YAP to activate TEAD. Therefore, we tested whether NOS1AP
influences proliferation. To address this, we used a thymidine in-
corporation assay to measure the proliferation rate of MCF?7 cells
stably expressing NOS1APa compared to a line expressing YFP
alone. In the NOS1APa-expressing cells, we saw a reduction in
proliferation in the absence and presence of serum (Fig. 7C and
D). These data indicate that NOSIAP functions though YAP to
influence both basal and stimulated cell growth.

DISCUSSION

In this study, we have identified several novel NOS1AP isoforms
by using antibodies against the C-terminal region of NOS1APc,
whose sequence we previously identified through bioinformatics
strategies (11). AIINOS1AP isoforms detected are abundantly dis-
tributed in the brain, with lower levels being found in nonneuro-
nal tissue. While some PTB domain-containing NOSIAP iso-
forms are targeted to the plasma membrane, where they can
associate with inositol phospholipids, others that bind Scribble do
not share thislocalization, indicating that different NOS1AP com-
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plexes exist in mammalian cells. This idea is consistent with our
results that link NOS1AP to proteins in the Hippo pathway by
demonstrating that the signaling activities of the transcriptional
coactivator YAP and its upstream kinase Lats] are controlled by
NOSIAP. Thus, our data are consistent with NOS1AP function-
ing as an important regulator of the Hippo pathway to control
cellular proliferation.

To determine whether the NOSIAP gene produces splice vari-
ants, we sequenced a number of clones obtained from a cerebellar
c¢DNA library. This led to the identification of two new isoforms
that are variants of NOS1APc, which we have named NOS1APd
and NOS1APe. The NOS1APc isoform, which migrates at 95 kDa,
results from a splicing event that fuses amino acid 440 of Rattus
norvegicus NOS1APa with the unique C-terminal region found in
NOS1APc. The splice variants NOSIAPd and NOS1APe result
from a splicing event that fuses amino acid 415 of Rattus
NOS1APa with the unique C-terminal region that we have iden-
tified in NOS1APc (11), with NOS1APe having a further 5-amino-

July 2015 Volume 35 Number 13

Molecular and Cellular Biology

acid insert in its PTB domain (Fig. 1D). We also identified a
shorter isoform that contains a unique 17-amino-acid sequence 5’
to the C-terminal region common to the NOSIAPc, -d, and -e
isoforms. This isoform, which we named NOS1APf, has previ-
ously been annotated in the NCBI database (GenBank accession
number NM_001190459). Intriguingly, we identified a protein
that migrated at ~70 kDa, which precipitated with and was rec-
ognized by all antibodies used in our study. We surmise that this
protein cannot be NOS1APa, as two of the antibodies that were
used to detect this isoform recognize epitopes unique to
NOS1APc. However, to date, we have been unsuccessful in iden-
tifying the nature of this isoform. We speculate that part of the
protein is common to regions in NOS1APa, while it also contains
the C-terminal extension identified in NOS1APc. One interesting
possibility is that this isoform is a fusion between a previously
reported NOS1APshort isoform (NOS1APb) that is upregulated
in patients with bipolar disorders and schizophrenia (23) and the
C-terminal extension found in NOS1APc (NOS1APg and -h)
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(Fig. 1E). Taken together, these results demonstrate a diversity of
NOSIAP splice variants that may have different functions and
targets in cell lines and tissues.

NOS1APe contains a small (LLLLQ) insert in its PTB do-
main, which is important for its membrane localization, as
NOS1APd lacking this motif has a cytoplasmic localization
(Fig. 3C). Since NOS1APe, which contains the insert, and
NOS1APa, which lacks this insert, exclusively localize to the
plasma membrane, this suggests that the C-terminal extensions
found in NOS1APc (and NOS1APd) likely form an intra- or
intermolecular interaction that restricts the PTB domain from
recognizing membranes. In the context of NOSIAPe, the
LLLLQ insert may relieve this restriction, allowing binding of
NOS1APe to the membrane. Consistent with this view, PTB
domains have a preference for membrane recognition (33),
and Numb, a protein involved in Drosophila neurogenesis, ex-
presses a splice form that contains an 11-amino-acid insert in the
a2 helix and B2 strand in its PTB domain, which is critical for
phospholipid association (28). Additionally, the insert in
NOSI1APe flanks regions rich in basic residues. Stretches of basic
residues in the PTB domains have been suggested to be essential
for PTB domain-mediated membrane recognition (33). Thus, al-
though we do not know the precise mechanism by which the
NOSIAP PTB domain targets the membrane, we find that the
short NOS1APe insert is found in a stretch of lysine residues,
creating a basic region in the domain. Whether the 5-amino-acid
insert exposes this basic stretch allowing for electrostatic interac-
tions with membranes or disrupts a protein-protein interaction
permitting the PTB domain to bind phospholipids remains to be
tested. Nonetheless, our results show that similar to PTB domains
contained in other proteins, the NOSIAP PTB domain can direct
the protein to phospholipid-rich regions.
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The PTB domain is also essential for the association with Scrib-
ble, as NOS1APf, which lacks this domain, fails to interact. How-
ever, the abundant expression of NOSIAPf mRNA in the CNS
suggests that this isoform may have a distinct role in the brain that
remains to be established. Scribble has been shown to associate
with membranes through its LRR while the PDZ domains act as
scaffolds for various ligands and are critical for the functions of
Scribble in controlling cellular proliferation and migration (34—
36). We have previously reported that the NOS1AP PTB domain
can interact with PDZ domains 3 and 4 in Scribble. Our current
findings show that isoforms that are not preferentially enriched at
the membrane can still associate with Scribble. Thus, it seems
likely that NOS1APa and -e link Scribble to its function at the
membrane, while NOS1APc and -d connect Scribble to spatially
distinct events. This idea would also be consistent with data from
a recent report suggesting the existence of different NOS1AP-
Scribble complexes (15).

Our findings demonstrate that NOS1AP forms a complex with
the transcriptional coactivator YAP (Fig. 5A to C) as well as with
Scribble. Furthermore, the expression of increasing amounts of
NOSIAP induces the phosphorylation of YAP at S127, while
NOSIAP silencing abolishes this effect. Likewise, the expression
levels of NOSIAP alter the phosphorylation state of Latsl, indi-
cating that NOS1AP acts upstream of both Lats1 and YAP. Similar
results on phosphorylation were obtained with other isoforms
containing the PTB domain as well as with the expression of the
PTB domain alone. We also found that NOS1AP induces the re-
distribution of YAP to the cytoplasm in stable MCF7 cells that
express NOS1APa. This effect coincided with reduced cell prolif-
eration as well as with decreased transcriptional activity of the
YAP target TEAD. It is unlikely that NOS1AP proteins directly
associate with YAP, since we were unable to detect binding be-
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FIG 7 The PTB domain is sufficient to reduce YAP-mediated TEAD activity. (A and B) HEK293T cells transfected with TEAD-luciferase together with the
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tween overexpressed NOS1AP and YAP. This suggests that other
proteins are necessary to bridge the interaction, and these proteins
are likely important in influencing the role of NOS1APa in TEAD
activity, as full-length NOS1APa was less effective than the PTB
domain alone in suppressing YAP-dependent TEAD activity.
Nonetheless, given that the PTB domain of NOS1AP is sufficient
to influence the activity of YAP/Lats1, we speculate that NOS1AP,
through the PTB domain, exerts its effect on Hippo signaling
functions through Scribble, which is required for proper Hippo
pathway activity (9, 10). It will be of interest to further define the
role of the PTB domain in the context of Hippo signaling and the
roles that the different NOS1AP isoforms play, as they all contain
the PTB domain but have differential subcellular localizations
within the cell (Fig. 3). Finally, YAP and TAZ function as tran-
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scriptional coactivators, and TAZ has been shown to associate
with Scribble and members of the Hippo core complex (9); thus,
whether TAZ functionally connects with a Scribble-NOS1AP
complex to regulate Hippo-dependent signaling remains to be
tested. Nonetheless, our data demonstrate that NOS1AP plays an
important role in regulating Hippo signaling to control cellular
proliferation. This is important in light of NOS1AP’s function as a
tumor suppressor in breast cancer (15).

In summary, we have shown that NOSIAP is a highly spliced
protein, with the different isoforms having differential tissue ex-
pression and subcellular localizations and forming different sig-
naling complexes. Given that NOS1AP has been implicated in a
number of disorders, including bipolar disorder (23, 37), schizo-
phrenia (38), QT syndrome (14, 39, 40), anxiety (13), and post-
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traumatic stress disorder (PTSD) (41), it will be important to de-
termine if any of the isoforms identified here play a role in
modifying or antagonizing any of these disorders. Further charac-
terization of the nature of splicing in different tissues will help
dissect the role of NOS1AP in disease processes.
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