
UC San Diego
UC San Diego Previously Published Works

Title
Netrin-1 exerts oncogenic activities through enhancing Yes-associated protein stability

Permalink
https://escholarship.org/uc/item/90q9h5wk

Journal
Proceedings of the National Academy of Sciences of the United States of America, 
112(23)

ISSN
0027-8424

Authors
Qi, Qi
Li, Dean Y
Luo, Hongbo R
et al.

Publication Date
2015-06-09

DOI
10.1073/pnas.1505917112
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/90q9h5wk
https://escholarship.org/uc/item/90q9h5wk#author
https://escholarship.org
http://www.cdlib.org/


Netrin-1 exerts oncogenic activities through enhancing
Yes-associated protein stability
Qi Qia, Dean Y. Lib, Hongbo R. Luoc, Kun-Liang Guand, and Keqiang Yea,1

aDepartment of Pathology and Laboratory Medicine, Emory University School of Medicine, Atlanta, GA 30322; bProgram in Molecular Medicine, University
of Utah, Salt Lake City, UT 84132; cDepartment of Pathology and Lab Medicine, Harvard Medical School and Children’s Hospital Boston, Boston, MA 02115;
and dDepartment of Pharmacology and Moores Cancer Center, University of California at San Diego, La Jolla, CA 92037

Edited by Solomon H. Snyder, Johns Hopkins University School of Medicine, Baltimore, MD, and approved May 1, 2015 (received for review March 26, 2015)

Yes-associated protein (YAP), a transcription coactivator, is the major
downstream effector of the Hippo pathway, which plays a critical role
in organ size control and cancer development. However, how YAP is
regulated by extracellular stimuli in tumorigenesis remains incom-
pletely understood. Netrin-1, a laminin-related secreted protein,
displays proto-oncogenic activity in cancers. Nonetheless, the down-
stream signaling mediating its oncogenic effects is not well defined.
Here we show that netrin-1 via its transmembrane receptors, deleted
in colorectal cancer and uncoordinated-5 homolog, up-regulates YAP
expression, escalating YAP levels in the nucleus and promoting cancer
cell proliferation and migration. Inactivating netrin-1, deleted in co-
lorectal cancer, or uncoordinated-5 homolog B (UNC5B) decreases
YAP protein levels, abrogating cancer cell progression by netrin-1,
whereas knockdown of mammalian STE20-like protein kinase 1/2
(MST1/2) or large tumor suppressor kinase 1/2 (Lats1/2), two sets of
upstream core kinases of the Hippo pathway, has no effect in blocking
netrin-1–induced up-regulation of YAP. Netrin-1 stimulates phospha-
tase 1A to dephosphorylate YAP, which leads to decreased ubiquiti-
nation and degradation, enhancing YAP accumulation and signaling.
Hence, our findings support that netrin-1 exerts oncogenic activity
through YAP signaling, providing a mechanism coupling extracellular
signals to the nuclear YAP oncogene.

netrin-1 | YAP | cancer progression

The Hippo signaling pathway, first discovered in Drosophila, is
a conserved regulator of organ size. A core kinase cascade

leading from the tumor suppressor Hippo [mammalian STE20-
like protein kinase 1/2 (MST1/2)] to the oncoprotein Yki [Yes-
associated protein (YAP) and PDZ-binding motif (TAZ) in
mammals], a transcriptional coactivator of target genes involved
in cell proliferation and survival, is central to this pathway (1).
YAP and TAZ function predominantly through binding to nu-
clear TEAD transcription factors to initiate expression of genes
that promote proliferation and migration (2). YAP is not only a
key regulator of organ size/homeostasis but also a well-charac-
terized human oncogene. It is highly expressed via chromosome
amplification (3). Transgenic overexpression of YAP in mice
liver results in enlarged liver and liver carcinomas (4). During
cancer progression, YAP protein levels and its nuclear residency,
the key indicator of YAP activity, are also elevated (5). Notably,
the active mutation in YAP induces oncogenic cell transformation
(6), supporting the oncogenic functions of YAP protein.
Netrin-1, a secreted laminin-related protein, is a bifunctional

molecule (7). It acts as a bifunctional regulator on cell survival
through binding to or not binding to its receptors [mainly to de-
leted in colorectal cancer (DCC) and the UNC5 family], which are
named dependence receptors (8). In the absence of netrin-1, both
DCC and UNC5 trigger apoptosis. However, accumulating
evidence supports that binding of netrins and their receptors is
engaged in tumorigenesis. This loss of apoptosis as a selective
advantage for tumor development could, in the context of de-
pendence receptors, be conferred by at least two events: either by
losing receptor expression or by gaining netrin-1 expression. As a
matter of fact, DCC and UNC5 receptors are down-regulated in

numerous human cancers (9). On the other hand, netrin-1 func-
tions as an oncogene and is up-regulated in various kinds of can-
cers (10). In netrin-1 transgenic mice, netrin-1 expression in the
gastrointestinal tract is associated with tumor initiation and pro-
gression (11). Moreover, netrin-1 induces proinvasive tumor-pro-
moting signals in colon cancer cells (12). Clearly, netrins and their
dependence receptors are important regulators of tumorigenesis
and cancer progression. It should be noticed that upon netrin-1
binding, multiple pathways are activated, including integrins/FAK,
PI3K/Akt, ERK1/2, and small GTPase RhoA/Rac-1/Cdc-42 (13).
Although numerous upstream components of the Hippo pathway

have been identified, the extracellular ligands and cell surface re-
ceptors mediating Hippo pathways remain incompletely understood.
Accumulating evidence provides the rationale linking netrin and
YAP. For instance, (i) both are highly expressed in cancers, (ii) both
mediate cancer cell invasion and migration, (iii) both are related to
the key oncogenic kinase Akt, and (iv) both are linked to Rho
GTPases (14). In the current report, we show that netrin-1 up-reg-
ulates YAP signaling, although DCC and uncoordinated-5 homolog
B (UNC5B), mediating netrin-1’s oncogenic activities, are important
for understanding the signaling transduction induced by netrin-1.

Results
YAP is Required for Netrin-1 to Promote Cell Proliferation and
Migration. To explore whether netrin-1 mediates cancer cell pro-
gression, we monitored netrin-1 and its canonical receptor expres-
sion patterns in various cell lines by RT-PCR. UNC5s and DCC
were differentially expressed in different cell lines, whereas netrin-1
was expressed in all of the tested cell lines (Fig. S1A). Netrin-1
(100 ng/mL) treatment increased Huh7 hepatocyte carcinoma cell
proliferation and migration (Fig. 1 A and B). Neutralization of the
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secreted netrin-1 in the medium via its specific antibody repressed
cell proliferation and migration (Fig. 1 C and D). Netrin-1 also
dose-dependently elevated HepG2 hepatocyte carcinoma cell and
LN229 glioblastoma cell proliferation and migration (Fig. S1 B and
C). The effects of netrin-1 on cell proliferation were also confirmed
by BrdU incorporation assay (Fig. S1D). Inhibition of netrin-1 with
its specific antibody decreased cell proliferation/migration in
LN229, HepG2, and HEK293 cells as well (Fig. S1 E and F). To
explore whether the oncogenic proteins YAP and TAZ play any

role in netrin-mediated cancer cell progression, we depleted YAP
or TAZ or both with their specific siRNAs in Huh7 cells. Knocking
down these proteins decreased cell proliferation and migration and
abolished the stimulatory effect by netrin-1 compared with vehicle-
treated groups (Fig. 1 E and F). The regulatory effect of netrin-1
on YAP/TAZ activity was also confirmed by examining CTGF
(connective tissue growth factor), a readout gene whose tran-
scription is initiated by YAP/TAZ (15). As shown in Fig. 1G,
netrin-1 elicited a fourfold increase of CTGF expression at the
mRNA level, whereas knocking down either YAP or TAZ or both
evidently reduced this effect. The activity was strongly eradicated
when both YAP and TAZ were depleted. We made the same
observation in LN229 cells (Fig. S1 G–J).

Netrin-1 Up-Regulates YAP Signaling and Induces Its Accumulation in
the Nucleus.Netrin-1 treatment elicited prominent phospho-YAP
S127 signals. By contrast, phospho-YAP S397 was slightly changed
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Fig. 1. YAP/TAZ is required for netrin-1 to promote cell proliferation and
migration. (A and B) Netrin-1 treatment enhances cell proliferation and
migration in Huh7 cells. Following treatment with netrin-1 (100 ng/mL) for
48 h, cell proliferation was examined by MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] assay (A) and transwell migration assay
(B), respectively. Data are presented as mean ± SEM (**P < 0.01, two-tailed
Student’s t test; n = 3). (C and D) Netrin is required for cell proliferation and
migration. Huh7 cells were treated with the antibody of netrin-1 (5 μg/mL)
for 48 h. Cell proliferation and migration were examined by MTT assay (C)
and transwell cell migration assay (D). Data are presented as mean ± SEM
(**P < 0.01, one-way ANOVA; n = 3). (E and F) YAP/TAZ are required for
netrin-1 to stimulate cell proliferation and migration. YAP/TAZ were knocked
down by their specific siRNAs in Huh7 cells, followed by treatment with or
without 100 ng/mL netrin-1 for 48 h. Netrin-1 was replenished every day. Cell
proliferation and migration were determined by MTT assay (E) and transwell
cell migration assay (F), respectively. Data are presented as mean ± SEM (*P <
0.05, **P < 0.01, two-tailed Student’s t test; n = 3). (G) YAP/TAZ are required
for netrin-1 to induce their responsive CTGF gene expression. Following
transfection with the indicated siRNA, Huh7 cells were treated by netrin-1 (100
ng/mL) for 2 h. The mRNA levels of the CTGF were measured by RT-PCR as
described in Methods. Data are presented as mean ± SEM.
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Fig. 2. Netrin-1 up-regulates YAP expression and accumulation in the nucleus.
(A) Netrin-1 induces YAP expression and activity in Huh7 cells. Cells were treated
with netrin-1 (100 ng/mL) for the indicated times. Cell lysates were subjected to
Western blotting with the indicated antibodies. (B) Quantification of the effect
of netrin-1 on YAP expression and YAP (S127/S397) phosphorylation. Data are
presented as mean ± SEM from three experiments. (C) Netrin-1 antibody de-
creases YAP expression in Huh7 cells. The netrin-1 antibody (5 μg/mL) was added
into cell culture medium for 48 h. Cell lysates were subjected to Western blot-
ting with the indicated antibodies. (D) Knocking down netrin-1 reduces YAP
phosphorylation and its expression. Huh7 cells were transfected with control
siRNA or netrin-1 siRNA, followed by treatment with vehicle or netrin-1
(100 ng/mL) for 2 h. Cell lysates were subjected to Western blotting with the
indicated antibodies. (E and F) Netrin-1 induced YAP accumulation in the nu-
cleus. Cells were treated with netrin-1 for 30 or 120 min and subjected to sub-
cellular fractionation. Equal amounts of proteins from the nuclear and cytosolic
fractions were subjected to immunoblotting with antibodies of PARP and Cav-
eolin-1 (E). Netrin-1–treated cells (120 min) were stained with anti–phospho-YAP
(S127) or anti-YAP antibodies, respectively, followed by analysis with immuno-
fluorescence assay under a confocal microscope (F). (Scale bar, 25 μm.)
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(Fig. 2A, Top and Second panels). Remarkably, total levels of
YAP and TAZ were robustly elevated in response to netrin treat-
ment, as was the downstream target CTGF (Fig. 2A, Third to Fifth
panels). Quantitative analysis indicated that upon netrin-1 treat-
ment, total YAP protein levels were potently escalated, whereas the
ratios of phospho-YAP/total YAP were decreased and the re-
duction of phospho-YAP S397 was much more than that of phos-
pho-YAP S127 (Fig. 2B). To validate indeed that netrin-1 regulates
YAP signaling, we antagonized netrin-1 with its specific antibody,
which incurred an evident reduction in total YAP and a modest
decrease in phospho-YAP S127 (Fig. 2C). To further test the role
of netrin-1 in regulating YAP signaling, we knocked down endog-
enous netrin-1 with its specific siRNA. Depletion of netrin-1 led to
suppression of YAP levels and adding the exogenous netrin-1 in the

medium partially rescued YAP expressions (Fig. 2D). Subcellular
fractionation assay demonstrated that phosphorylated YAP
exclusively resided in the cytoplasmic fraction and its signals were
increased upon netrin-1 treatment, and YAP levels were aug-
mented in both cytoplasmic and nuclear fractions (Fig. 2E). Im-
munofluorescent staining also confirmed the accumulation of
YAP in the nucleus induced by netrin-1 (Fig. 2F). These similar
effects exerted by netrin-1 were observed in HepG2 and LN229
cells (Fig. S2). Thus, netrin-1 increases total YAP levels and up-
regulates its nuclear accumulation.

Netrin-1 Regulates YAP Expression Through UNC5B/DCC. To explore
whether the canonical netrin receptors play any role in up-regu-
lating YAP signaling, we depleted UNC5B in Huh7 cells, as
UNC5B is the only detected netrin receptor expressed. Knocking
down UNC5B reduced the levels of phospho-YAP S127, phospho-
YAP S397, and total YAP regardless of netrin-1 treatment (Fig.
3A). Noticeably, netrin-1 oncogenic activities were diminished
when UNC5B was depleted (Fig. 3B and Fig. S3A). Next, we ex-
tended the study into LN229 cells that express both DCC and
UNC5C. Strikingly, knocking down DCC completely abolished
netrin-1–induced YAP up-regulation. Moreover, phospho-large
tumor suppressor kinase 1 (Lats1) S909 and phospho-Lats1 S1079
signals were prominently abrogated regardless of netrin-1 treat-
ment (Fig. 3C). In addition, depletion of UNC5C inhibited netrin-
1’s activity on phospho-Lats1 S909/phospho-Lats1 S1079 and
subsequent phospho-YAP S397, whereas phospho-YAP S127 and
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treatment and analyzed by Western blotting with the indicated antibody.
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total YAP levels were barely affected (Fig. 3C), fitting with the
observation that depletion of DCC but not UNC5C abolished
netrin-1’s stimulatory activity in cell proliferation and migration
(Fig. 3D and Fig. S3 B–D). Remarkably, overexpression of netrin
receptors alone enhanced the levels of YAP/TAZ, and netrin-1
treatment further elevated the up-regulation (Fig. 3E). Similar
results were observed in HepG2 cells (Fig. S4). To further explore
whether the UNC5B receptor is necessary for netrin-1 to exert its
stimulatory effects on YAP signaling, we knocked out the UNC5B
receptor in the liver of UNC5Bflox/flox mice by infecting the mice
with the Cre recombinase lentivirus and i.v. injecting the mice with
netrin-1. Knockout of UNC5B in the liver evidently suppressed
netrin-1’s effect on phospho-YAP S127 and total YAP and TAZ
levels. By contrast, phospho-YAP S397 was only slightly affected
regardless of whether UNC5B was knocked out or not (Fig. 3F).
Together, these findings support that netrin-1 up-regulates YAP
signaling via its canonical receptors.

Mst1/Mst2 Is Not Required for Netrin-1 to Mediate YAP Signaling. To
test whether Mst1/Mst2 plays any role in mediating netrin-1’s ef-
fect in YAP up-regulation, we used Mst1/Mst2-null JF001 cells.
Netrin-1 treatment elicited a marked up-regulation of YAP pro-
tein levels, associated with robust phospho-YAP S127 activation.
However, phospho-Lats S909 and phospho-YAP S397, down-
stream signaling of Mst1/2, were scarcely activated (Fig. 4A),
suggesting that Mst1/Mst2 might not be required for netrin-1 to
enhance YAP expression. To further explore the role of Mst1/
Mst2 in netrin-1’s stimulatory effect on YAP, we depleted Mst1 or
Mst2 or both using specific siRNAs. Noticeably, knockdown of
either Mst1 or Mst2 or both slightly down-regulated phospho-Lats

S909 and phospho-YAP S397 in Huh7 cells (Fig. 4B). Netrin-1
treatment prominently activated phospho-YAP S127 without agi-
tating phospho-Lats1 or phospho-YAP S397. Accordingly, YAP
protein levels were strongly increased regardless of whether Mst1
or Mst2 or both were depleted (Fig. 4B). We made the same
observation in LN229 (Fig. 4C). Furthermore, we examined the
role of MST1/2 in netrin-1–induced YAP up-regulation in vivo
with MST1/2flox/flox mice. We knocked out MST1/2 in the liver by
infecting the mice with the Cre recombinase lentivirus, and then we
treated the mice with netrin-1 intravenously. As shown in Fig. 4D,
netrin-1 up-regulated YAP expressions in the livers regardless of
MST1/2 status. Thus, these data indicate that Mst1 and Mst2 are
not implicated in netrin-1–induced up-regulation of YAP signaling.

Netrin-1 Up-Regulates YAP Expression Through Enhancing Its Stability.
Netrin-1 treatment up-regulated total YAP, whereas the ratios of
phospho-YAP S127 and phospho-YAP S397 against total YAP were
decreased. Moreover, the decrease of phospho-YAP S397 was much
more than that of phospho-YAP S127 (Fig. 2B). It is reported that
phosphorylation of YAP Ser127 and YAP Ser397 contributes to YAP
degradation and that YAP Ser397 phosphorylation by Lats primes its
subsequent phosphorylation by CK1 δ/e in a phosphordegron, leading
to YAP polyubiquitination and degradation (6). Therefore, a
plausible assumption is that netrin-1 represses YAP ubiquiti-
nation and enhances its stability, leading to YAP accumulation.
Quantitative RT-PCR analysis demonstrated that netrin-1 did not
regulate either YAP or TAZmRNA levels in Huh7 or LN229 cells
(Fig. S5). Cycloheximide (CHX, a protein synthesis inhibitor)
chase assay was then used to study the effect of netrin-1 on YAP
stability. Clearly, netrin-1 treatment elevated endogenous YAP
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Fig. 5. Netrin-1 suppresses YAP ubiquitination and enhances its stability. (A) Netrin-1 increases the stability of YAP in Huh7 cells. Cells were treated with CHX
(50 μg/mL) for the indicated times in the presence or absence of netrin-1 (100 ng/mL). Cell lysates were collected and the expression of YAP was determined by
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(C) YAP up-regulation by netrin-1 is independent of Lats1/2. Following knockdown of Last1/2 by using siRNA, Huh7 cells were treated with netrin-1 for the indicated
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7258 | www.pnas.org/cgi/doi/10.1073/pnas.1505917112 Qi et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505917112/-/DCSupplemental/pnas.201505917SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505917112/-/DCSupplemental/pnas.201505917SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505917112/-/DCSupplemental/pnas.201505917SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505917112/-/DCSupplemental/pnas.201505917SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1505917112/-/DCSupplemental/pnas.201505917SI.pdf?targetid=nameddest=SF5
www.pnas.org/cgi/doi/10.1073/pnas.1505917112


protein levels in comparison to the vehicle control (Fig. 5A). As
expected, depletion of Lats increased YAP stability. In addition,
netrin-1 treatment further escalated the accumulation of YAP
(Fig. 5B). Remarkably, netrin-1 up-regulated YAP expression in
both control and Last1/2 siRNA-treated groups (Fig. 5C), in-
dicating that Last1/2 is not required for the activity of netrin-1 in
stabilizing YAP. Because YAP degradation occurs through the
ubiquitin–proteasome proteolytic pathway, we further investigated
the regulatory effect of netrin-1 on YAP ubiquitination. As shown
in Fig. 5D, netrin-1 treatment decreased YAP ubiquitination in
cells independent of MG132. Furthermore, netrin-1 suppressed
endogenous YAP ubiquitination, and the inhibition was much
more evident in cells treated with MG132 (Fig. 5E). Collectively,
these data demonstrate that netrin-1 up-regulates YAP expression
but inhibits its ubiquitination and enhances its stability.

Netrin-1 Stimulates PP1A-Induced YAP Dephosphorylation. Because
phosphorylation of YAP Ser127 and YAP Ser397 plays an important
role in YAP nuclear translocation and stability, we further examined
the effect of netrin-1 on protein phosphatase 1A (PP1A), which acts
as the phosphatase dephosphorylating YAP/TAZ at S127/S89,
leading to their oncogenic activity (16). We observed that PP1A
interacted with UNC5B and DCC in cells and netrin-1 enhanced the
binding of PP1A to UNC5B/DCC receptors (Fig. 6A). The binding
of YAP and PP1A has been demonstrated, and we further observed
that netrin-1 treatment induced the binding of YAP and PP1A in
both the cytoplasm and the nucleus (Fig. 6B). The in vitro phos-
phatase assay also showed that PP1A activity was induced by netrin-1,
leading to dephosphorylation of both phospho-YAP S127 and
phospho-YAP S397 (Fig. 6C), correlating with temporal patterns of
YAP nuclear translocation and protein up-regulation. However,
phospho-Rb Ser795, another substrate of PP1A (17), did not re-
spond to netrin-1 (Fig. 6C), indicating that netrin-1–induced PP1A
specifically dephosphorylates YAP but not any other substrates.
Remarkably, dephosphorylation of phospho-YAP S397 was more
prominent than that of phospho-YAP S127, indicating that netrin-1–
induced PP1A might preferentially dephosphorylate phospho-YAP
S397, which is the main phosphorylation event responsible for YAP
ubiquitination and degradation (6). To further explore the role of
PP1A regulated by netrin-1 in YAP up-regulation, we treated cells
with netrin-1 in the presence or absence of okadaic acid (OA, a
PP1A phosphatase inhibitor). We found that OA blocked the effect
of netrin-1 on the up-regulation of YAP and YAP Ser397 was highly
phosphorylated compared with YAP Ser127 in cells treated with OA
(Fig. 6D), indicating that netrin-1–provoked PP1A activity mediates
YAP expression and phospho-YAP Ser397 is more sensitive to the
phosphatase activity. Collectively, these data support that netrin-1
enhances PP1A activity and induces YAP dephosphorylation, lead-
ing to YAP stabilization and accumulation.

Discussion
In the present study, we provide several lines of evidence demon-
strating that netrin-1 via its transmembrane canonical receptors
UNC5B and DCC enhances YAP activity. Depletion of either YAP
or TAZ or both cripples netrin-1’s oncogenic activities on both cell
proliferation and migration (Fig. 1). This finding provides an in-
novative molecular mechanism explaining how netin-1 exerts its
oncogenic activity and how YAP signaling is regulated by extra-
cellular signals.
Here we show that levels of phospho-YAP S127 and phopho-

YAP S397 were decreased upon netrin-1 treatment when normal-
ized to total YAP (Fig. 2B). However, Lats is also weakly agitated
by netrin-1 (Fig. 2 and Fig. S2). Currently, it remains unknown
how netrin-1 provokes Lats activation. It has been reported before
that netrin-1 regulates PP2A phosphatase activity. The associa-
tion of the UNC5B/DAP kinase complex with the PP2A com-
plex is negatively regulated by netrin-1 (18). Because PP1A de-
phosphorylates YAP/TAZ at S127/S89 and induces YAP/TAZ

stability and nuclear translocation, leading to their oncogenic ac-
tivity (19), we then investigated the effect of netrin-1 on PP1A.
Interestingly, we observed that UNC5B/DCC associated with
PP1A (Fig. 6A). Although the escalation of binding between
UNC5B/DCC and PP1A by netrin-1 was not dramatic, netrin-1
significantly induced the binding between YAP and PP1A (Fig.
6B) and triggered PP1A phosphatase activity to selectively
dephosphorylate YAP Ser127 and YAP Ser397 (Fig. 6C). Hence,
our data support the notion that there may be a complex among
UNC5B/DCC, PP1A, and YAP that is involved in the regulation
of YAP activity by netrin-1. Upon netrin-1 treatment, PP1A ac-
tivity was escalated, leading to YAP S127/S397 dephosphorylation
and YAP nuclear translocation and stabilization.
Netrin-1 plays a crucial role in neuronal navigation during nervous

system development mainly through its interaction with its receptors
DCC and UNC5B. Upon netrin-1 binding, DCC receptors mediate
chemo-attraction, whereas the UNC5 receptor elicits chemo-repul-
sive activity (20). However, accumulating evidence demonstrates
that both of them belong to a family of dependence receptors that
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Fig. 6. Netrin-1 induces YAP dephosphorylation through PP1A. (A) PP1A is
associated with UNC5H2/B and DCC in cells. HEK293 cells were transfected
with HA-UNC5H2 or HA-DCC. PP1A-associated proteins were pulled down
through immunoprecipitation with anti-PP1A antibody and examined with
the indicated antibodies. (B) Netrin-1 stimulates the interaction between
YAP and PP1A both in the cytoplasm and in the nucleus. Huh7 cells were
incubated in the presence or absence of netrin-1 (100 ng/mL), and the cy-
tosolic and the nuclear lysates were immuoprecipitated with the anti-PP1A an-
tibody. The binding of YAP was analyzed by Western blotting. Equal amounts
of proteins from the nuclear and cytosolic fractions were determined by an-
tibodies of PARP and α-tubulin, respectively. (C) Netrin-1 enhances the de-
phosphorylation of YAP via PP1A. Using the antibody against p-YAP Ser127/
Ser397-immunoprecipitated samples from Huh7 cells as a substrate, reg-
ulation of the activity of PP1A by netrin-1 was determined by in vitro
dephosphorylation assay, as described in Methods. (D) OA blocks netrin-1–
induced YAP up-regulation, and phosphorylation of YAP Ser397 is highly in-
duced by OA. Huh7 cells were incubated with vehicle or netrin-1 (100 ng/mL)
for 120 min in the presence or absence of OA (200 nM). Cell lysates were
collected and analyzed by immunoblotting with the indicated antibodies.
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transmit either pro- or antiapoptosis signals depending on the
availability of the ligand. In the absence of netrin-1, both DCC and
UNC5B act as tumor suppressors through the cleavages of their
intracellular portion by caspase activity, and subsequent cellular
apoptosis is induced. By contrast, caspase-dependent cellular ap-
optosis is inhibited upon netrin-1 binding (21). Therefore, it is
rational that elimination of netrin-1 suppresses cancer cell pro-
liferation and migration and interferes in YAP signaling (Fig. 2C
and Fig. S1 E and F).
In the presence of netrin-1, the multimerized receptors recruit

different adapter proteins and activate PI3K/Akt, ERK1/2, and small
GTPase RhoA/Rac-1/Cdc-42 to affect cell survival, motility, invasion,
and morphogenesis through cytoskeletal rearrangements (22–24). It
is reported that PP1A acts downstream of RhoA in LPA-induced
YAP dephosphoryaltion (25) and PI3K and ERK1/2 signaling is
involved in the regulation of PP1A activity in cancer cells (26, 27).
Conceivably, netrin-1 elevates YAP stability through regulating
PP1A activity induced by the signaling transduced from the binding
of netrin and its receptors. Except for the UNC5 family and DCC,
dozens of netrin receptors, such as neogenin, integrin, adenosine
A2b, and DSCAM, have been reported (13). Presumably, signaling
transmitted from these receptors may exert a different regulatory
effect on YAP signaling in a pattern that looks similar to the up-
regulation and down-regulation of YAP activity through activating
different GPCRs. Indeed, as shown in Fig. 3, UNC5B and UNC5C
function differentially in mediating netrin-1’s signaling cascade to
YAP. Imaginably, the cancer cells can secrete the intracellular
netrin-1 and activate the receptors on the plasma membrane via
autocrine, leading to YAP signaling regulation. It is also reported
that YAP activity in modulation of proliferation and senescence is
regulated by Ras association domain family 1A (RASSF1A) (28)
and RASSF4 (29), respectively. The RASSF family of proteins
consists of 10 members, most of which are considered as tumor
suppressor proteins that undergo loss of expression through pro-
moter methylation in various types of cancers. RASSFs can associate
via the SARAH domain with downstream kinases such MST1/MST2
to promote apoptosis (30). Although our data indicate that MST1
and MST2, key members of Hippo pathways, are not required for
netrin-1–induced YAP activity (Fig. 4), the regulation of the up-
stream signaling of MST1/2 by netrin-1 is not excluded. Moreover,

RASSF5 plays an important role in mediating apoptosis in response
to death receptor ligands (31). Thus, netrin-1, as the ligand of de-
pendence receptors, through up-regulation of YAP activity, may
exert the antagonistic action against RASSF.
In summary, we provide compelling evidence demonstrating

that netrin-1 provokes YAP activation through its canonical re-
ceptors. Moreover, netrin-1 also elevates PP1 phosphatase activity
and dephosphorylates YAP, leading to its accumulation in the
nucleus and to its enhanced stability. Our findings not only provide
insight into the mechanism regulating the complicated YAP sig-
naling but also delineate the downstream signaling for the even
more complicated dependence receptors. Certainly, YAP/TAZ
oncoproteins, combined with netrin-1 and its dependence re-
ceptors, are promising targets for cancer therapy (13).

Methods
Cell Lines and Animal Treatments. Human liver cancer cells Huh7 and HepG2,
human glioblastoma LN229 cells, and human embryonic kidney 293 cells were
maintained in DMEM with 10% (vol/vol) FBS and 1× pen/strep/glutamine at
37 °C in a 5% (vol/vol) CO2 atmosphere in a humidified incubator. JF001
cells are typically grown in type I collagen-coated plates, in DMEM:F12 me-
dium supplemented with 5% (vol/vol) FBS, 2.5% (vol/vol) 1× pen/strep, 1 mM
sodium pyruvate, 10 mM nicotinamide, insulin (10 μg/mL), IGFII (60 μg/mL),
and hEGF (50 ng/mL). The UNC5Bflox/flox (6 wk old; a gift from Dean Y. Li,
University of Utah, Salt Lake City, UT) or MST1/2flox/flox mice (The Jackson
Laboratory, stock no. 017635) received 200 μL of the phosphate-buffered
Cre recombinant lentivirus (1 × 108 pfu per mouse) by tail vein injection.
The protocol was reviewed and approved by the Emory Institutional Animal
Care and Use Committee. After 8 d, the mice were treated with either ve-
hicle or netrin-1 (1 μg per mouse) via tail vein injection. Livers were har-
vested 2 h after treatment and analyzed by Western blotting.

Statistics Analysis. Data are presented as mean ± SEM from three independent
experiments. Statistical evaluation was carried out by Student’s t test or one-way
ANOVA. Data were considered statistically significant at *P < 0.05 and **P < 0.01.
All statistical analyses were performed by Prism (GraphPad Software).
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