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Abstract

Neuropilins (NRP1 and NRP2) are co-receptors for heparin-binding growth factors and class 3
semaphorins. Different isoforms of NRP1 and NRP2 are produced by alternative splicing. We
found that in non—-small cell lung cancer (NSCLC) cell lines, transforming growth factor—f
(TGFB) signaling preferentially increased the abundance of NRP2b. NRP2b and NRP2a differ
only in their carboxyl-terminal regions. Although the presence of NRP2b inhibited cultured cell
proliferation and primary tumor growth, NRP2b enhanced cellular migration, invasion into
Matrigel, and tumorsphere formation in cultured cells in response to TGFp signaling and
promoted metastasis in xenograft mouse models. These effects of overexpressed NRP2b contrast
with the effects of overexpressed NRP2a. Hepatocyte growth factor (HGF)—induced
phosphorylation of the kinase AKT was specifically promoted by NRP2b, whereas inhibiting the
HGF receptor MET attenuated NRP2b-dependent cell migration. Unlike NRP2a, NRP2b did not
bind the PDZ domain scaffolding protein GAIP carboxyl terminus—interacting protein (GIPC1)
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and only weakly recruited phosphatase and tensin homolog (PTEN), potentially explaining the

difference between NRP2b-mediated and NRP2a-mediated effects. Analysis of NSCLC patient
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tumors showed that NRP2b abundance correlated with that of the immune cell checkpoint receptor

ligand PD-L1 as well as with epithelial-to-mesenchymal transition (EMT) phenotypes in the
tumors, acquired resistance to epidermal growth factor receptor (EGFR) inhibitors, disease
progression, and poor survival in patients. NRP2b knockdown attenuated the acquisition of
resistance to the EGFR inhibitor gefitinib in cultured NSCLC cells. Thus, in NSCLC, NRP2b

contributed to the oncogenic response to TGFP and correlated with tumor progression in patients.

INTRODUCTION

Lung cancer currently accounts for one-fifth of cancer deaths worldwide and is the leading
cause of cancer deaths in the United States (1). The disease would be eminently more
treatable if not for its propensity to invade, metastasize, and become drug-resistant. In part,
these malignant properties are driven by the epithelial-to-mesenchymal transition (EMT) and
the proliferation of associated cancer stem cells (CSCs) (2, 3). One of the most important
physiologic EMT inducers is transforming growth factor— (TGF), along with other
growth factors and cytokines secreted by the tumor microenvironment. In solid tumors,
CSCs have mixed epithelial-mesenchymal features, with the EMT program providing a
mechanism by which cells acquire stem-like properties (4). The incidence of EMT in lung
cancer is frequently underestimated. Although widespread E-cadherin loss, a marker of
complete EMT, occurs in ~10% of non—-small cell lung cancers (NSCLCs) (5), most of the
tumors have EMT features when one uses less stringent criteria (6). In breast cancer, a
partial EMT phenotype, marked by coexpression of epithelial and mesenchymal markers, is
sufficient to facilitate invasion and vascular dissemination of tumor cells (7).

Semaphorin 3F (SEMAZ3F), a ligand for the receptor neuropilin 2 (NRP2), was identified
from a recurrent chromosome 3p deletion in lung cancer (8, 9). SEMAS3F has potent tumor
suppressor activity, and its down-regulation in lung cancer cell lines involves the
transcription factor ZEB1 (8, 10-13). Reexpression of SEMAS3F causes decreased integrin
activation and integrin-linked kinase activity, along with decreased phosphorylation of
extracellular signal-regulated kinase (ERK), protein kinase B (PKB/AKT), and signal
transducer and activator of transcription 3 (STAT3)(10, 14). In contrast to SEMA3F down-
regulation, the two human NRPs (NRP1 and NRP2) are often up-regulated in tumors that
associate with poor patient prognosis [reviewed in (15)]. In addition to serving as high-
affinity receptors for SEMA3 ligands, both NRP1 and NRP2 were identified as co-receptors
for vascular endothelial growth factor (VEGF) isoforms containing a heparin-binding
domain (9, 16). Other heparin-binding growth factors, including hepatocyte growth factor
(HGF), placental growth factor, fibroblast growth factor (FGF), platelet-derived growth
factor (PDGF), and TGF, also interact with one or both NRPs (15).

We previously reported that NRP2 was up-regulated during TGFB-mediated EMT in
NSCLC cell lines and that NRP2 knockdown inhibited TGFB-mediated responses, including
invasive tumor growth (17). Notably, nearly all reported NRP2 studies have involved the
prototype NRP2a isoform, which is closely related throughout its entirety to NRP1. NRP2b
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is a largely uninvestigated, alternatively spliced isoform that diverges from NRP2a in its C-
terminal 93 amino acids. Here, we found that NRP2 up-regulation by TGFB preferentially
involves NRP2b and that NRP2b had distinct functions compared with those of the
“canonical” isoform NRP2a. Our results indicate that the relatively unknown NRP2b plays a
critical role in protumorigenic TGFp-mediated responses in lung cancer cells and may
promote lung cancer progression.

NRP2 up-regulation by TGFB preferentially involves the NRP2b isoform

On Western blots of NSCLC cell lines probed with NRP2 antibody, the corresponding
protein was frequently observed to migrate as a double band, as shown for H1975 and A549
(Fig. 1A). In other cell lines, such as H358, the NRP2 signal was diffused, consistent with
glycosylation. One possible explanation for the NRP2 doublet was the differences between
alternatively spliced isoforms. Originally described at the mRNA level, the NRP2b isoform
is predicted to be 30 amino acids shorter than NRP2a (18, 19). However, the function of
NRP2b has not been previously reported. Although the overall structure of the two isoforms
is similar (Fig. 1B), NRP2b diverges markedly in its C-terminal 93 amino acids. An
alignment of NRP2b and NRP2a cytoplasmic domains showed that only 4 of 43 amino acids
are identical, whereas NRP2a and NRP1 share 54% identity in this region (fig. S1A).
Nevertheless, the divergent C terminus of NRP2b is highly conserved among vertebrates, as
exemplified by the cytoplasmic domain (fig. S1B). Moreover, there is no corresponding “b-
like” isoform of NRP1 in the databases, suggesting that NRP2b has a unique biological
function.

To determine whether the faster migrating band represented NRP2b, two independent short
hairpin RNAs (shRNAs) were developed for each isoform and stably transfected into
recipient cells. Atthem RNA level, each shRNA specifically inhibited its intended target (fig.
S2). At the protein level, NRP2b knockdown substantially reduced the faster migrating band,
whereas shRNAs targeting NRP2a eliminated the larger isoform, confirming their identities
(Fig. 1C). However, each of the four sShRNAs, which target unrelated sequences,
reproducibly affected the non-targeted isoform. This might occur if NRP2a and NRP2b
formed hetero-dimers (see below) and if the knockdown of one isoform affected the stability
of the other. Additional verification of the migration differences was obtained by ectopic
expression of each isoform in cells with knockdown of endogenous total NRP2 (Fig. 1D);
similar findings were obtained in an independent cell line (fig. S2C). We also developed a
rabbit polyclonal antibody (9080) using unique peptides from the NRP2b cytoplasmic
domain (fig. S3). This antibody recognized ectopic and endogenous NRP2b with no
reactivity against overexpressed NRP2a (Fig. 1D and fig. S3B). Using cell lines with
endogenous total NRP2 knockdown and ectopic expression of each isoform,
immunofluorescence staining demonstrated that both isoforms were expressed at the cell
surface (Fig. 1E). Thus, the divergent C terminus of NRP2b does not impair plasma
membrane localization. Last, using total NRP2 and NRP2b-specific antisera, TGFp
treatment of A549 cells was found to predominantly up-regulateNRP2b (Fig. 1, F and G).
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Densitometry indicated that the increase in NRP2b after short-term TGFp exposure in A549
cells was 11-fold, whereas the increase in NRP2a was significantly less (about six fold; Fig.
1G). Using isoform-specific primers and real-time reverse transcription polymerase chain
reaction (RT-PCR), TGFp stimulation caused a time-dependent relative increase in NRP2b
mMRNA expression (Fig. 1H). In addition, compared to total RNA, NRP2b message was
preferentially enriched on two of three heavy polysome fractions (Fig. 11). Furthermore, the
protein half-life of NRP2b was ~12 hours compared to ~5 hours for NRP2a (Fig. 1J). Thus,
the increase in NRP2b protein by TGFp may be accounted for by changes in splicing,
polyribosome loading, and protein stability.

TGFB-mediated migration and invasion is NRP2b-dependent

In lung cancer cell lines, total NRP2 knockdown impaired baseline and TGFp-induced
migration and invasion (17). The corresponding effect of isoform-specific knockdowns was
examined using transwell assays. Knockdown of NRP2b in H358 cells significantly
inhibited TGFB-stimulated migration as effectively as did the knockdown of total NRP2
(Fig. 2A). In contrast, NRP2a knockdown significantly increased migration above that
exhibited by controls, whereas TGFP exposure enhanced this effect. Invasion across
Matrigel-coated membranes was also inhibited by NRP2b knockdown and enhanced by
NRP2a knockdown (Fig. 2B). Equivalent results were obtained in A549 cells (Fig. 2, C and
D). To further explore these findings, we reexpressed shRNA-resistant NRP2 isoforms in
H358 cells that had been knocked down for endogenous NRP2. NRP2a reexpression failed
to restore TGFB-induced migration (Fig. 2E). In contrast, reexpression of NRP2b restored
and significantly enhanced migration above that exhibited by control cells. Growth assays
verified that the effects of NRP2b on migration were not confounded by enhanced
proliferation (fig. S4).

NRP2b supports invasion and metastasis in vivo

Previously, we demonstrated that local tumor invasion in subcutaneous xenografts was
NRP2-dependent (17). To extend these results to the isoforms, we subcutaneously injected
H358 cells with endogenous NRP2 knockdown and reexpression of shRNA-resistant NRP2a
and NRP2b into immunodeficient mice. Cells containing control ShRNA produced tumors
that were generally uninterrupted by interspersed stromal compartments (Fig. 3A). NRP2a
expression did not substantially change this appearance. In contrast, NRP2b-expressing
tumors were distinguished by their marked interdigitation of stroma, resembling the
previously described effect of TGFB (17).

In an orthotopic model, H358 cells with individual isoform knockdowns were injected into
the right lung of immunodeficient mice (Fig. 3B). Visual inspection of the thoracic cavity of
mice bearing control tumors demonstrated numerous bilateral lesions on the inner chest wall
(white arrows). NRP2b knockdown reduced the number of visible tumors, whereas NRP2a
knockdown had the opposite effect. Because the number of metastases reflects both the
metastatic potential and growth over time, we used a metastatic index based on the number
of metastases divided by the number of weeks until symptom-induced sacrifice (Fig. 3C). As
was apparent from visual inspection, the metastatic burden of shNRP2b mice was
significantly reduced compared to controls, whereas the ShNRP2a group had significantly
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greater metastatic disease. These differences were reflected in survival, with mice bearing
the NRP2b knockdown tumors having significantly improved survival compared to animals
bearing NRP2a knockdown tumors (Fig. 3D).

Tumorsphere formation is NRP2b-dependent

In part, EMT contributes to cancer progression through the development of CSCs, which are
more tumorigenic and resistant to chemotherapy, radiation, and various targeted agents (3, 4,
20, 21). In culture, these cells form tumorspheres with a frequency that reflects their
abundance in the population (2, 3). In H358 cells, knockdown of either total NRP2 or
NRP2b significantly inhibited tumorsphere formation, whereas NRP2a knockdown had a
modest effect (Fig. 4, A and B). Notably, in contrast to NRP2b knockdown, NRP2a
knockdown in epidermal growth factor receptor (EGFR)-mutant HCC4006 cells
significantly increased tumorsphere formation (Fig. 4C). In addition, flow cytometry was
used to examine DyeCycle Violet—-excluding cells (DCV™ side populations), an indicator of
stem-like phenotypes. Like the DCV™ control cells, shNRP2a HCC4006 side-population
cells showed enhanced spheroid-forming capacity (Fig. 4D). In contrast, DCV~ cells were
substantially reduced in NRP2b knockdown cultures; this prevented assessment of their
spheroid-forming capacity.

NRP2 is associated with acquired resistance to an EGFR inhibitor

Known mechanisms of acquired EGFR inhibitor resistance include acquisition of the
T790M mutation (22), activation of other tyrosine kinases, such as MET (23) and AXL (24),
transformation to a small-cell phenotype (25), and development of EMT along with stem
cell features (26—28). Notably, Uramoto et a/. (29) reported that nearly half of patient tumors
with acquired EGFR inhibitor resistance had associated EMT features. In cell lines, TGFp is
shown to induce EGFR inhibitor resistance by various mechanisms, including EMT, ligand
shedding and receptor clustering (30), interleukin-6 up-regulation (31), and kinase switching
(32).

To determine whether NRP2 has a role in acquired inhibitor resistance, we first exposed
EGFR-mutant HCC2279 cells to TGFp for 24 hours and observed a trend toward gefitinib
resistance in control cells, which was blocked by NRP2 knockdown (Fig. 5A). To provide
more definitive evidence, we chronically exposed EGFR-mutant PC-9 cells to gefitinib at its
median inhibitory concentration (ICsq) for 4 weeks. This resulted in a highly significant shift
toward resistance in control cells that was prevented by NRP2 knockdown (Fig. 5B, left).
Moreover, the gefitinibnaive cultures of ShNRP2 cells became intrinsically more sensitive to
gefitinib. The gefitinib-exposed cells displayed significantly increased migration reminiscent
of an EMT (Fig. 5B, middle), whereas previous knockdown of total NRP2 blocked this
increase. The potential effect of individual isoforms on the development of gefitinib
resistance was examined using clonogenic assays (Fig. 5B, right). Colony formation by
gefitinib-exposed cells knocked down for NRP2b was significantly impaired. In contrast,
cells knocked down for NRP2a formed equivalent numbers of colonies without regard to the
presence of the drug and formed more colonies in the presence of gefitinib than control, total
shNRP2, or shNRP2b cells. The relative difference in fold change between shNRP2a cells
with or without gefitinib (0.3) and shNRP2b cells with or without gefitinib (1.2) was
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significant (P=0.04). Thus, the NRP2 isoforms appear to have differential effects on the
ability of EGFR-mutant cells to develop gefitinib resistance.

HCC827 cells selected in low-level gefitinib were also examined for expression of NRP2
and EMT markers (Fig. 5C, left). These were compared to HCC827-ER, an independently
derived erlotinib-resistant cell line with high MET activation. The short-term gefitinib-
selected cells had substantial up-regulation of NRP2, which was predominantly the NRP2b
isoform, as evidenced by its characteristic gel migration and detection by the NRP2b-
specific antibody. These cells exhibited a partial EMT phenotype with up-regulation of the
mesenchymal markers, vimentin and fibronectin. Despite this mesenchymal shift, there was
no loss of total E-cadherin or other epithelial markers. By comparison, MET-activated
HCC827-ER cells had no evidence of EMT with minimal NRP2 up-regulation. Also shown
(Fig. 5C, right) are results from EGFR-mutant HCC4006 cells selected for erlotinib
resistance, which have a complete, stable EMT phenotype with evidence of increased TGFp
signaling (33). In these cells, the degree of NRP2 up-regulation was marked and equally
involved the a and b isoforms.

To examine patient tumors, we stained slides from three pre- and posttreatment gefitinib-
resistant cases, reported by Uramoto et a/. (29), which had undergone EMT changes, for
total NRP2 and NRP2b (Fig. 5D, representative data from case 2). In contrast to the initial
sensitive tumor, the gefitinib-resistant sample demonstrated strong membrane staining with
total and NRP2b-specific antibodies. Of the three matched cases, two demonstrated NRP2b
up-regulation. In summary, NRP2 up-regulation occurs frequently in cell lines and patient
samples with acquired EGFR inhibitor resistance and a partial or complete EMT phenotype.
NRP2 up-regulation predominantly involved either the b isoform or both isoforms, but in no
instance have we observed NRP2a up-regulation as the predominant or sole isoform in
acquired EGFR inhibitor resistance. Total NRP2 or NRP2b knockdown blocked the acquired
EGFR inhibitor resistance, whereas NRP2a knockdown did not.

NRP2b abundance in human lung tumors correlates with stage, progression, and PD-L1

abundance

To examine NRP2b abundance as a prognostic marker in patient samples, we studied 546
lung cancers present on two tumor microarrays (TMAS) (selected staining results are shown
in fig. S5; tumor histologies and clinical parameters are summarized in tables S1 and S2).
Membrane staining for NRP2b was absent among all 10 normal lung samples from the 110-
case array, in contrast to 79% positivity (87 of 110) among the lung cancers (P < 0.001,
Fisher’s exact test). The absence of NRP2b membrane staining in the normal lung was
confirmed in 15 additional independent samples.

A multivariable logistic regression model, adjusted for age and sex, found that the risk of a
stage 3 to 4 tumor among the 110-case TMA was significantly associated with the
percentage of cells positive for membrane-localized NRP2b. Among cases with >50%
NRP2b-positive cells, the odds ratio for stage 3 to 4 disease was 3.0 (P= 0.04), whereas
there was no significant relationship observed with total NRP2 staining, suggesting that this
is an NRP2b-specific association. In the second cohort of 436 cases, progression-free
survival (PFS) was modeled using the Cox proportional hazard regression, adjusted for
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stage, grade, smoking status, age, and histology. The PFS was significantly negatively
associated with the percentage of NRP2b-positive cells, but not for total NRP2 (P=0.03
versus 0.12). Considering the percentage of NRP2b-positive cells as a continuous variable,
the hazard ratio for the progression was 1.19 for every 20% increase in positivity. These
results indicate that poor outcomes are associated with the percentage of tumor cells
specifically expressing NRP2b, but not total NRP2. In addition, the regulation of
programmed death ligand 1 (PD-L1) expression in lung cancer has been linked to the EMT-
associated transcription factor ZEB1(34), a known downstream target of TGFP and essential
factor in NRP2 up-regulation (17). In this system, ZEB1-mediated suppression of the
microRNA miR-200 enables the up-regulation of PD-L1. Using the 110-case TMA, NRP2b
staining positively correlated with PD-L1 (R = 0.27, = 0.006).

NRP2 isoforms differentially activate MET signaling and differentially recruit GIPC1 and

PTEN

NRPs serve as co-receptors for growth factors containing heparin-binding domains, such as
HGF (35). A secretome analysis of TGFp-treated H358 cells identified HGF as the most
induced heparin-binding ligand (table S3), suggesting that MET signaling might be
differentially activated by NRP2b. To test this, H358 cells with endogenous NRP2
knockdown and selective reexpression of each isoform were serum-starved, then treated with
exogenous HGF for varying times up to 8 hours. Compared to controls, phosphorylation of
MET on Tyr1234/1235 \yas attenuated by NRP2 knockdown (Fig. 6A). Reexpression of
NRP2a led to a transient increase in MET phosphorylation. By comparison, reexpression of
NRP2b led to modest but progressively increasing phosphorylation, peaking several hours
after the maximum observed with NRP2a. The activation of AKT by HGF was dependent on
NRP2b, whereas the phosphorylation of ERK was similar regardless of which isoform was
reexpressed. Higher NRP2b protein in these experiments reflect its longer half-life (Fig. 1J).
Together, these results demonstrate that NRP2 isoforms differentially affect MET activation
and signaling.

We then asked whether TGF@-stimulated migration was dependent upon MET. Migration
assays were performed in the presence of the MET inhibitor PHA-665752 (Fig. 6B). As can
be seen, PHA-665752 reduced TGFp-stimulated migration of cells transfected with control
shRNA, whereas it had no apparent effect on cells knocked down for total NRP2, with or
without reconstitution of NRP2a. In contrast, leaky reexpression of NRP2b, even without
further induction by doxycycline, restored migration in a PHA-665752—sensitive manner.
Western blotting (Fig. 6B) confirmed that PHA-665752 inhibited MET phosphorylation and
downstream signaling. These results suggest that TGFp-stimulated migration of H358 cells
involves NRP2b in concert with MET signaling.

The NRP2 isoforms are distinguished by divergent C termini. In particular, NRP2a
terminates in a Ser-Glu-Ala (SEA) motif, which in NRP1 was shown to bind GAIP (Ga
interacting protein) C terminus—interacting protein (GIPC1) (also known as NIP or synectin)
(36), a PDZ domain protein known to regulate endocytosis and endosomal trafficking (37).
In contrast, NRP2b terminates in a Ser-His-Cys (SHC) motif (Fig. 1B). Thus, we suspected
that NRP2a would bind GIPC1, whereas NRP2b would not. To test this, we transiently
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transfected cells containing doxinducible NRP2a or NRP2b with murine Gipcl (mGipcl)
and examined them by immunoprecipitation. As we predicted, mGipcl coprecipitated with
NRP2a but not NRP2b (Fig. 7A).

To examine the role of the cytoplasmic termini and GIPC1 binding on the migratory
differences resulting from the isoforms, we deleted the cytoplasmic segment from each (AC)
and also added a GIPC1-binding SEA maotif to the cytoplasmic domain of NRP2b (+SEA).
As expected, GIPC1 binding was lost with deletion of the NRP2a cytoplasmic domain,
whereas the addition of SEA to NRP2b led to ectopic GIPC1 binding (Fig. 7B). In migration
rescue assays (Fig. 7C), the loss of GIPC1 interaction failed to convert NRP2a into a
promigratory molecule. For NRP2b, deleting the cytoplasmic domain resulted in loss of the
“super-rescue” phenotype seen with the full-length molecule, although there was sufficient
residual activity to rescue migration to that of control cells. This residual activity may be the
result of the retained juxtamembrane and transmembrane segments. Forcing NRP2b to bind
GIPC1 (b + SEA) resulted in complete loss of rescue ability, resembling NRP2a. From these
results, we conclude that the divergent NRP2b C terminus along with the absence of GIPC1
binding are responsible for its promigratory activity.

Previously, it was reported that NRP1 interacted with phosphatase and tensin homolog
(PTEN) in a manner dependent on its C-terminal SEA motif, and this attenuated AKT and
mMTORC1 activity in regulatory T cells (38). On the basis of the extensive similarity between
NRP1 and NRP2a, including the SEA motif, we hypothesized that the isoforms of NRP2
would differentially recruit PTEN. Immunoprecipitation of Flag hemagglutinin (HA)-tagged
NRP2a coprecipitated enhanced green fluorescent protein (EGFP)-tagged PTEN from
transfected human embryonic kidney (HEK) 293T cells, confirming that NRP2a binds
(directly or indirectly) PTEN (Fig. 7D). In contrast, PTEN binding to NRP2b was
substantially reduced. Nevertheless, in multiple independent experiments using stringent
wash conditions, the apparent interaction of PTEN with NRP2b persisted. We reasoned that
residual coimmunoprecipitation of PTEN might occur if NRP2b formed heterodimers with
endogenous NRP2a. Robust heterodimerization of NRP2b with NRP2a was confirmed by
reciprocal coimmunoprecipitations using Flag HA-NRP2a and untagged NRP2b (Fig. 7E).
Thus, the reduced recruitment of PTEN by NRP2b likely underlies its unique ability to
promote activation of AKT in response to HGF and stimulate migration in a MET-dependent
manner. In addition, heterodimer formation provides an explanation for why knockdown of
either NRP2a or NRP2b affected the stability of the other isoform (Fig. 1C).

DISCUSSION

Our results demonstrate that TGFp preferentially induces up-regulation of a largely
uninvestigated protumorigenic NRP2 isoform, NRP2b, whereas the prototype receptor
NRP2a had demonstrable antitumor properties. The actions of NRP2b were supported by the
analysis of patient samples showing that its expression was correlated with advanced stage,
worse PFS, PD-L1 staining, and acquired EGFR inhibitor resistance associated with EMT
changes.
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NRP1 was originally identified as a cell surface antigen in Xenopus that mediated neuronal
interaction (39). Subsequently, NRP1 was identified as the receptor for collapsin-1/SEMA3a
(40, 41). NRP2 was cloned on the basis of its sequence similarity and further work showed
that it functioned as a high-affinity receptor for SEMA3 (18, 41). In addition, NRP1 and
NRP2 were independently identified as co-receptorsfor certain VEGF isoforms and are
important in vascular development (16, 42, 43). The NRP2b isoform was described at
themRNA level morethan 15years ago (18, 19). By Northern blot analysis, NRP2a mRNA is
reportedly high in the placenta, liver, small intestine, and lung, whereas NRP2 b expression is
low or absent in these tissues (19). In contrast, NRP2b expression was abundant in skeletal
muscle, and both isoforms were detected in the heart. However, nearly all subsequent studies
have exclusively involved the prototype NRP2a isoform.

SEMA3-NRP signaling has widespread roles in mammalian development (15, 38, 44). In
cancer, altered SEMA3 or NRP expression has been implicated in tumor progression,
invasion, and metastasis (17, 45). Recently, we reported that NRP2 was up-regulated during
TGFp1-driven EMT and that NRP2 knockdown inhibited EMT and invasive tumor growth
(17). Mechanistically, NRP2 up-regulation by TGFp involved noncanonical signaling
through ERK and AKT, leading to increased translation of NRFP2 mRNA by polyribosomes.
In contrast, the NRP2 ligand, SEMAZF, is down-regulated during EMT in a ZEB1-
dependent manner (13, 17). Whereas SEMAG3F inhibits integrin activation and impairs
multiple signaling pathways (10), NRP2 is a co-receptor for growth factors either implicated
in EMT or known to function in the mesenchymal state, including HGF, PDGF, and FGF
[reviewed in (15)]. Thus, the reciprocal changes in SEMA3F and NRP2 appear to be part of
a coordinated program by which cells ac quire a motile, invasive phenotype. Our results
suggest that the NRP2b isoform is specifically required for this behavior.

The NRP2 isoforms are identical through much of their extracellular domains. However,
they diverge markedly in the juxtamembrane, transmembrane, and cytoplasmic segments,
which in NRP2b is composed of 93 amino acids compared to 123 for NRP2a. The divergent,
yet highly conserved, nature of NRP2b and the absence of an NRP1 paralog suggested that it
has a unique function. This was confirmed by isoform-specific knockdowns and
overexpression experiments where NRP2a and NRP2b demonstrated opposite responses. In
cell culture migration and invasion assays, NRP2b expression enhanced these responses,
whereas the effect of NRP2a was inhibitory. Likewise, NRP2b facilitated invasion and
metastasis in vivo, whereas NRP2a had an opposite effect. Although enhanced proliferation
could confound both migration and invasion assays, we found that NRP2b suppressed
proliferation in culture and in vivo. Thus, the effect of NRP2b on migration and invasion is
not due to increased growth rates.

The ability to grow as spheroids is characteristic of CSCs, known to be associated with
aggressive tumor biology and resistance to chemotherapy, radiation, and targeted agents,
including EGFR and anaplastic lymphoma receptor tyrosine kinase (ALK) inhibitors (3, 4).
NRP2b specifically stimulated tumorsphere formation in unselected HCC4006 cells, as well
as in dye-excluding cells sorted by flow cytometry. In EGFR-mutated PC-9 cells, NRP2b
knockdown impaired the development of acquired gefitinib resistance, whereas NRP2a
knockdown did not. In patient pre- and post-treatment samples, NRP2b staining was
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elevated in cases of acquired EGFR inhibitor resistance and EMT features. In unselected
lung cancer patients, increased NRP2b staining was significantly associated with disease
progression and poor survival, whereas no correlation was observed with an antibody that
detects all isoforms. In addition, NRP2b protein also correlated with PD-L1, which
mechanistically has been linked to miR-200 suppression by ZEB1 (34). Notably, normal
lung tissue showed very little or no NRP2b membrane staining, whereas staining with a total
NRP2 antibody was positive in 40% of normal samples. These results are in agreement with
earlier RNA studies using Northern blots (19).

Oncogenic MET was originally identified as a fusion gene that induced transformed foci
after chemical mutagenesis of an osteogenic sarcoma cell line (46). Activated AKT was
shown to contribute significantly to the antiapoptotic effect of MET (47). AKT, as well as
mitogen-activated protein kinase (MAPK) signaling has been implicated in HGF-induced
migration, depending on the cellular context (48-52). Using a reverse-phase protein binding
assay, we found that TGFp-treated cells secreted significantly higher HGF, which was of
interest because NRP1 and NRP2 have been reported to bind HGF and enhance MET
signaling (53). We found that NRP2b expression was specifically associated with HGF-
mediated AKT activation and a MET inhibitor, PHA-665752, significantly reduced TGFp-
stimulated NRP2b-dependent migration. By analogy, we anticipate that signaling from other
heparin-binding growth factors interacting with NRP2 may also be differentially affected by
the NRP2 isoforms.

The NRP2a isoform terminates in SEA, which in NRP1 was shown to bind GIPC1 (36), a
PDZ domain protein known to regulate endocytosis and endosomal trafficking (37). In
contrast, NRP2b terminates in SHC, which has not been reported to interact with PDZ
domains. As expected, we found that NRP2a coprecipitated with GIPC1, whereas NRP2b
did not. We then examined the effect of the cytoplasmic segments and GIPC1 binding on
migration rescue after knockdown of endogenous total NRP2. One possible scenario was
that the loss of GIPC1 binding by NRP2a might convert the molecule into a promigratory
form like NRP2b. However, both wild-type NRP2a and its cytoplasmic deletion mutant
failed to rescue migration. On the other hand, deletion of the NRP2b cytoplasmic domain
only partially impaired its ability to rescue migration, whereas forced GIPC1 binding by the
addition of a C-terminal SEA motif resulted in a complete loss of activity. These results
suggest that the unique promigratory activity of NRP2b is a function of its distinct C
terminus, including the juxtamembrane, transmembrane, and cytoplasmic domains, as well
as the absence of GIPC1 binding. NRP2a has been implicated in receptor endocytosis and
endosome maturation (54), although the role of GIPC1 in this process was not addressed.
How NRP2b differs in this regard will be a subject for future studies.

GIPC1 was originally isolated by its interaction with GAIP (RGS19), a guanosine
triphosphatase activating protein for heterotrimeric G proteins (55, 56). Subsequent studies
demonstrated that GIPCL1 interacts with a variety of transmembrane proteins, including
receptors and integrins. For NRP1 and VEGF receptor 2, persistent complex formation after
VEGF stimulation was dependent on GIPC1 (57), and NRP1-dependent angiogenesis was
shown to require GIPC1 and the PDZ domain-interacting motif of NRP1 (58). For another
receptor, lysophosphatidic acid receptor 1, deleting GIPC1 slowed inward trafficking and
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was associated with increased phospho-AKT, migration, and proliferation (37). GIPC1 has
also been shown to affect AKT activation through its interaction with insulin like growth
factor 1 receptor (IGF1R) during mammalian eye development (59). However, for the nerve
growth factor receptor, TrkA, GIPC1 overexpression inhibited the phosphorylation of ERK,
but had no detectable effect on AKT (56). Thus, the effect of GIPC1 interaction is context-
dependent. Although the loss of GIPC1 bindingby NRP2a failed toconvert it into a
promigratory molecule, whether the observed anti-tumorigenic effects of NRP2a are GIPC1-
dependent is presently unknown.

Previously, it was reported that NRP1 interacted with PTEN in an SEA-dependent manner
(38). On the basis of the extensive similarity between NRP1 and NRP2a, we hypothesized
that NRP2a would interact with PTEN, whereas NRP2b would not. This was confirmed for
NRP2a by coimmunoprecipitation. However, although the amount of PTEN bound by
NRP2b was markedly less, it was clearly present compared to background binding. We
reasoned that this might occur if NRP2b formed heterodimers with endogenous NRP2a,
which was confirmed by reciprocal coprecipitation of Flag-tagged NRP2a and untagged
NRP2b. Thus, the reduced interaction of PTEN with NRP2b may explain why this isoform
was specifically associated with AKT activation by HGF. How much of the protumorigenic
effects of NRP2b are dependent on the relative lack of PTEN recruitment is an important
future avenue of investigation. During preparation of this manuscript, PTEN binding by
NRP2 was reported by Nakayama et a/. (60). Thus, our results confirm this finding and
further extend the observation to differential PTEN binding by NRP2a versus NRP2b.

In summary, NRP2 isoforms can have markedly different effects on tumor biology, and
NRP2b expression may be closely linked with lung cancer development or progression.
These results also suggest that NRP2b may represent a therapeutic target, although more
knowledge regarding its expression and function on vascularity, other stromal components,
and immune cells will be required. Targeting NRP2b specifically would have the advantage
of blocking its protumorigenic properties while preserving the observed antitumor effects of
NRP2a. In addition, TGFB-induced EMT plays a major role in inflammation, fibrosis, and
normal development, where NRP2b may be similarly important.

MATERIALS AND METHODS

Cell lines, tissue culture, and reagents

Validated cell lines were obtained from the University of Colorado Specialized Program of
Research Excellence (SPORE) (Aurora, CO; NCI-H358, NCI-H157, A549, HCC827,
HCC4006, and HCC2279) and from the Moffitt Cancer Center (Tampa, FL; PC-9 and
HCC4006-ER). Lines were cultured in RPMI 1640 under standard conditions and
periodically verified by allele analysis. Selections used puromycin (2 pg/ml; lentiviral
transfections) or hygromycin (100 pg/ml) and blasticidin (5 pg/ml; for Flp-In T-REX lines).
TGFp was provided by P. Howe (Medical University of South Carolina); gefitinib was
obtained from AstraZeneca Pharmaceuticals; other specialty chemicals (cycloheximide,
crystal violet, diaminobenzidine, methylcellulose, DyeCycle Violet, and PHA665752) were
obtained from commercial sources. EGFR tyrosine kinase inhibitor (TKI)-resistant cells
were generated from gefitinib-sensitive lines, HCC2279, PC-9, and HCC827, by continuous
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culture at their respective ICsq for gefitinib (50, 50, and 3 nM, respectively). Resistance was
monitored by MTS viability assays according to the suppliers’ instruction (Promega Inc).
Antibodies included phospho-SMAD?2, vimentin, phospho-MET-Y1234/5, total MET,
phospho-AKT-S473, pan-AKT, phospho-ERK1/2 (T202 and Y204), PTEN, and PD-L1(Cell
Signaling Inc); fibronectin and E-cadherin (BD Transduction Laboratories); pan-cytokeratin
(Invitrogen); total NRP2 (R&D Systems); p-actin and FlagM2 (Sigma-Aldrich); HA-Y11
(Santa Cruz Biotechnology); GIPC1 (Proteus); GFP (GeneTex); and ERK1/2 (Promega).
The NRP2b-specific antibody 9080 was generated by Pacific Immunology.

shRNASs, expression constructs, and protein analyses

Isoform-specific hairpins (table S4) were designed using the BLOCK-iT tool (Life
Technologies Inc.), cloned into pLKO.1, packaged into lentivirus, and tested for efficacy.
The NRP2a clone W22c11 (variant 1) was obtained from G. Neufeld (Technion — Israel
Institute of Technology). A nonconservative missense mutation, L180P, was corrected using
QuikChange according to the manufacturer’s instructions (Stratagene Inc.). Xba I-cleaved
NRP2a was cloned into pcDNA5/FRT/TO. The NRP2b(0) (variant 5) was cloned using RT-
PCR amplification and replacement of a corresponding Not | fragment from NRP2a. Site-
specific mutations included synonymous changes in the shNRP2-1 (TRCN0000063308)
seed sequence, deletions of the cytoplasmic domains (ACYT), conversion of six terminal
amino acids of NRP2b to match NRP2a, creating a GIPC1 binding motif (NRP2b + SEA),
and insertion of Flag HA tandem affinity purification tags at the N terminus of each isoform.
Mutagenic primer sequences are listed in table S4; all mutants were sequence verified.
Western blots were performed as described previously (17). Densitized images were
analyzed using ImageJ. Additional constructs included pcDNA4/HisMax-Synectin (mGipcl)
(61) and pEGFP-PTEN (62), which are gifts from A. Horowitz and A. Ross, respectively
(AddGene plasmids 35943 and 13039).

Immunofluorescence and immunohistochemistry

Ibidi microwell plates seeded with H358 and H157 cells were treated with dox or vehicle for
24 hours, fixed with 4% paraformaldehyde, and incubated with primary NRP2 antibodies for
2 hours. After incubation with Alexa488 donkey anti-goat antibodies, cells were mounted
and imaged on a CARV |1 confocal fluorescence imager (BD Biosciences). Formalin-fixed
paraffin-embedded tumor tissues mounted on TMASs were sectioned, mounted, and
processed for immunohistochemistry, as described previously (17). Each sample was scored
(from 0 to 300) by multiplying the percentage of positive cells (0 to 100%) by the average
staining intensity (0 to 3).

RNA isolation and real-time RT-PCR

RNA was purified using Qiagen RNeasy kits. Superscript 111 cDNA synthesis (Invitrogen
Inc.) and SYBR Green FAST qRT-PCR (ABI Inc.) were performed as recommended by the
manufacturers. Products of isoform-specific primer pairs (table S4) were sequence-verified.
Results are reported as the percentage of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) using the formula: %GAPDH = (2-2%) x 100. Sucrose gradient purification of
polysome-associated RNA was performed as described (17).
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Migration, invasion, and tumorsphere assays

Transwell migration and invasion assays were performed as described (17) using 5% fetal
calf serum as the chemoattractant in the lower chamber. Each condition was performed in
triplicate with five counted fields per filter. Where indicated, the MET inhibitor
PHA-665752 was added to 100 nM. Trypan blue—excluding cells (200 cells per well) were
cultured in MethoCult methylcellulose CSC medium in 96-well, ultra-low attachment plates
to form tumorspheres (63). Cultures were incubated for 2 to 3 weeks with refeeding every 3
to 4 days and photographed. Spheroids with >50 cells were counted. DyeCycle Violet
(Molecular Imaging/Invitrogen) negative side-population cells were sorted by flow
cytometry into 96-well ultra-low attachment plates containing CSC medium and similarly
assayed for tumorsphere-forming capacity.

Immunoprecipitations

NRP2a or NRP2b expressing H358 Flp-In T-REx or HEK293 cells were transiently
transfected with constructs expressing mGipcl or GFP-PTEN. The following day, cells were
split; some plates were dox-induced for 48 hours to express high NRP2 isoforms. Protein
lysates in radio immunoprecipitation assay (RIPA) buffer (200 to 400 ug of protein) were
tumbled overnight at 4°C with primary antibodies or control immunoglobulins along with 10
ul of prewashed Protein G Dynabeads. Beads were washed three times with fresh RIPA
buffer and coprecipitating proteins analyzed by Western blot.

Xenografts and statistical methods

Subcutaneous xenografts were generated as previously described (17). Orthotopic xenografts
were generated by direct injection of cells into the right lung of immunocompromised
female NU/J (Foxnl/M) mice using an established protocol (64). In both cases, H358 cells
were used, bearing either total or isoform-specific NRP2 knockdowns or with endogenous
NRP2 knockdown and isoform-specific rescue. For orthotopic tumors, the inner surface of
the thoracic cavity was colonized by tumor deposits that were photographed and counted.
Counts were scaled to 1: <10 mets, 2: between 10 and 20 mets, and 3: >20 mets, then
divided by the number of weeks to generate the metastatic index. Kaplan-Meier methods
were used to generate survival curves; survival distributions were compared between groups
with the log-rank test. The humber of metastatic deposits per animal were averaged within
groups and compared using two-sample ftests. Pairwise comparisons of the metastatic index
used one-way ANOVA modeling and Tukey’s highly significant difference test.
Immunohistochemical staining for NRP2 and NRP2b from the 110-case TMA was
tabulated. Multivariable logistic regression modeling, adjusted for age and sex, determined
the association of tumor stage with NRP2 and NRP2b staining, categorized as high and low,
with >10% and >50% as cutoffs. The cutoffs for percent stain in the logistic regressions
were based on plots assessing linearity in the logit. These plots were constructed by dividing
the independent variables (%ostained) into percentiles (quartiles) and calculating the logit of
the probability of being stage 3 to 4 within each percentile and then plotting those values
against the percentile midpoints. Percent stain was categorized due to nonlinearity in these
plots. For the 436 tumor TMA, PFS was modeled using Cox proportional hazard regression,
adjusted for stage, grade, smoking status, age, and histology. Progression was defined as
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disease recurrence or death from any cause. All significance tests were two-sided and used
an a level of 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. NRP2b isdifferentially induced by TGF@
(A) Western blot of cell lysates from indicated NSCLC cell lines probed for NRP2 and actin;

arrowheads indicate double band. A549 cells were pretreated with TGF for 24 hours. (B)
Diagram of NRP2a and NRP2b isoforms indicating shared extracellular domains [CUB (al/
a2), Factor V/VIII (b1/b2), and MAM (c)] and C-terminal sequences comprising the
juxtamembrane (JM), transmembrane (TM), and cytoplasmic (CYT) domains. Three C-
terminal amino acids of each isoform are indicated. (C) A549 cells stably transfected with
isoform-specific ShRNAs were analyzed by Western blot for NRP2; actin confirmed equal
loading. Bands corresponding to NRP2a and NRP2b are indicated. (D) H358 cells
expressing dox-inducible shRNA-resistant isoforms were analyzed by Western blot for total
NRP2 and for NRP2b using the b-specific antibody 9080. (E) Confocal immunofluorescence
microscopy of H358 cells expressing dox-inducible NRP2 isoforms. Fixed cells were stained
with an antibody recognizing NRP2 (green); nuclei were counterstained with 4”,6-
diamidino-2-phenylindole (DAPI, blue). Scale bars, 50 um. (F) Western blot of A549 cells
treated with TGFB (5 ng/ml; 24 hours) using indicated antibodies. (G) Quantitation of
isoform-specific bands from (F). Densitometric values were processed by ImageJ and
normalized to the control NRP2a band. Data are means + SEM from 7= 4 experiments; *P
<0.05, ***P<0.001, one- or two-sample ztests on a log scale. (H) Quantitative RT-PCR for
NRP2 isoforms in the indicated cell lines after a time course of TGFp exposure. The
NRP2b/NRP2a ratio is plotted versus time. Data are means + SEM from 7= 3 experiments;
*P<0.05, **P< 0.01, two-sample #test analyzed on a log scale. (1) Quantitative RT-PCR
for NRP2b/NRP2a ratio in total and polyribosome-bound RNA from sucrose gradient
fractions (Suc. fx.) from H358 cells after 24 hours of TGFp exposure. Data are means +
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SEM from n= 3 experiments; *P< 0.05, two-tailed ftest analyzed on a log scale. (J)
Reanalysis of a previously published Western blot for A549 cells after 24 hours TGFf £
cycloheximide (17). Top: Cycloheximide decay time course. Bottom: Densitometric analysis
of NRP2a (top) and NRP2b (bottom) bands, plotted separately. The fractions remaining
were used to calculate the approximate £, for each isoform.
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Fig. 2. Effects of NRP2 isoforms on migration and invasion

(A to D) Transwell migration (A and C) and invasion (B and D) for H358 (A and B) and
A549 (C and D) cells in response to TGFp. Cells bearing indicated knockdowns were
compared over 24 (A) or 18 (C) hours. Data in (A) and (C) are means + SEM from 7= 3
experiments; *£< 0.05, **P< 0.01, linear combinations of analysis of variance (ANOVA)
parameters analyzed on a log scale. Data in (B) and (D) are dot plots (n= 2; horizontal bars
represent the mean). (E) Migration-rescue assay in H358 cells bearing the indicated
knockdowns, with or without reexpressed shRNA-resistant isoforms, treated with dox and
placed into Boyden chambers. Cells that migrated after 24-hour exposure to TGFp were
counted. Data are means + SEM from = 3 experiments; *P< 0.05; **P< 0.01; ***P<
0.001, linear combinations of ANOVA parameters analyzed on a log scale. n.s., not
significant.
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Fig. 3. Promotion of invasion and metastasis by NRP2b
(A) Immunohistochemical staining for NRP2 in tumors derived from control H358 cells

(shCtl, left) or shNRP2 cells with reexpression of either NRP2a (middle) or NRP2b (right),
grown as subcutaneous xenografts in immunocompromised mice (n7= 8 for each condition).
(B) Orthotopic model of H358 cells knocked down with shCtl, shNRP2b, or shNRP2a (7=
10 for each condition). Macroscopic deposits of metastatic tumor cells attached to the
thoracic cavity (white arrows) were photographed and counted. (C) Metastatic index.
Numbers of chest wall metastases/animal formed from shNRP2b and shNRP2a cells were
normalized to the time after injection and compared to shControls. Significance was
determined by linear combinations of ANOVA parameters analyzed on a log scale. (D)
Kaplan-Meier survival analysis of the orthotopic cohorts from (B). Significance was
assessed using the log-rank test. In (C) and (D), *P< 0.05; **P< 0.01; ***P< 0.001.
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Fig. 4. NRP2b promotes tumor sphere formation
(A) Representative micrographs of tumorspheres generated by H358 cells bearing indicated

shRNAs. 1 =3 experiments. (B) Mean numbers of tumorspheres per well (six replicates)
from (A). n= 3 experiments; linear combinations of ANOVA parameters analyzed on a log
scale. (C) HCC4006 cells bearing indicated knockdowns were cultured under spheroid
conditions and analyzed as in (B). (D) DyeCycle Violet-negative (DCV™) side-population
cells were sorted by flow cytometry and cultured for spheroid growth. Comparsions were
made between DCV-positive (DCV*) main population and DCV~ side-population cells
bearing the indicated knockdowns. /7= 3; one-way ANOVA. f indicates that the DCV~
population in shNRP2b cells was insufficient for analysis with <40 cells per well compared
to 200 cells for all other genotypes. In (B) to (D), *P< 0.05; **P< 0.01; ***P< 0.001.
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Fig. 5. NRP2b abundance is associated with acquired EGFR inhibitor resistance
(A) Gefitinib senstivity of HCC2279 cells, without and with NRP2 knockdown, was

assessed by MTS proliferation assay in the presence or absence of TGFp (n=5
experiments). A trend to increased resistance was observed in TGFp-exposed control cells,
but not when NRP2 was knocked down. n.s., not significant. (B) Left: Proliferation assay of
shControl and shNRP2 PC-9 cells, cultured in the presence (+Gefit) or absence (naive) of 50
nM of gefitinib for 4 weeks. 7= 4 experiments; two-way ANOVA. Middle: Transwell
migration assays of gefitinib-exposed PC-9 cells bearing the indicated knockdowns. n=3
experiments; linear combinations of ANOVA parameters analyzed on a log scale. Right:
Clonogenic colony formation assay of gefitinib-exposed PC-9 cells bearing the indicated
knockdowns performed in the absence or presence of 50 nM of gefitinib. 7= 3 experiments;
linear combinations of ANOVA parameters analyzed on a log scale; f.c., fold change. *P<
0.05; **P<0.01; *** P<0.001. (C) Left: HCCB827 cells selected in gefitinib (+) or not (-)
were analyzed by Western blot with the indicated antibodies. Erlotinib-resistant HCC827-
ER cells (ER) are included for comparison. Right: HCC4006 and erlotinib-resistant
HCC4006-ER cells were analyzed for NRP2 and NRP2b. Blots are representative of at least
three independent experiments. (D) Staining for total NRP2 and NRP2b (9080) in patient
biopsies from an EGFR mutant tumor, before and after development of gefitinib resistance
[n = 3; shown is case #2; Uramoto et al. (29)].
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Fig. 6. NRP2 isoforms differentially affect MET activation
(A) Western blotting for MET-signaling markers in response to HGF (h, hours) in serum-

starved H358 cells bearing the indicated NRP2 knockdown, without or with reexpressed
isoforms. (B) Left: TGFB-induced migration of H358 cells bearing NRP2 knockdown and
reexpressed isoforms was assessed in the presence or absence of the MET inhibitor,
PHA-665752 (PHA). Data were analyzed as in Fig. 2, A and C. Dox induction was omitted
in these experiments, accounting for the reduced NRP2b-mediated migration rescue. 7= 3
experiments; linear combinations of ANOVA parameters analyzed on a log scale. (f) P>
0.05 for these pairwise comparisons in the ANOVA model. However, in stand-alone ftests, P
= 0.0006 and 0.0003, respectively. The results for shCtl and shNRP2 with reex-pressed
NRP2b had lower variability compared to shNRP2 alone and shNRP2 with reexpressed
NRP2a. Thus, their comparisons were adversely affected by pooling errors in the ANOVA
model, which by default assumes equal variance among groups. Right: Western blot
confirmation of MET inhibition. Blots are representative of three independent experiments.
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Fig. 7. Differential binding of GIPC1 and PTEN by NRP2 isoforms
(A) H358 cells knocked down for NRP2 and rescued by dox-inducible NRP2a or NRP2b

were transfected with murine mGipcl and exposed (+) or not (=) to dox. Lysates were
immunopreciptated and analyzed by Western blot for NRP2 and coprecipitated mGipcl, as
indicated. Transfected mGipcl and endogenous GIPC1 compose the upper and lower input
bands, respectively. (B) As in (A), except cells expressed cytoplasmic deletion mutants of
NRP2a (a AC) or NRP2b (b AC) or a chimeric NRP2b bearing an ectopic GIPC1 binding
motif (b + SEA), as indicated. (C) TGFB-stimulated migration was determined for H358
cells expressing the NRP2 isoform mutants from (B). Results for wild-type NRP2 isoforms
(from Fig. 2E) are included for comparison. n = 3 experiments; linear combinations of
ANOVA parameters analyzed on a log scale. (D) HEK293T cells were transfected with
EGFP-tagged PTEN and Flag HA-tagged NRP2 isoforms, as indicated. Lysates were
immunoprecipitated and analyzed by Western blotting with the listed antibodies. (E)
HEK?293 T cells were transfected with Flag HA-NRP2a, untagged NRP2b, or the
combination. Lysates were immunoprecipitated with either anti-Flag or the 9080 NRP2b-
specific antibody and analyzed by Western blotting using the reciprocal antibody, Flag for
9080 immunoprecipitates, and 9080 for Flag immunoprecipitates. Blots are representative of
three independent experiments.
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