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ABSTRACT UNC5B is a dependence receptor that promotes survival in the pres-
ence of its ligand, netrin-1, while inducing cell death in its absence. The receptor
has an important role in the development of the nervous and vascular systems. It is
also involved in the normal turnover of intestinal epithelium. Netrin-1 and UNC5B
are deregulated in multiple cancers, including colorectal, neuroblastoma, and breast
tumors. However, the detailed mechanism of UNC5B function is not fully under-
stood. We have utilized the murine polyomavirus small T antigen (PyST) as a tool
to study UNC5B-mediated apoptosis. PyST is known to induce mitotic arrest fol-
lowed by extensive cell death in mammalian cells. Our results show that the ex-
pression of PyST increases mRNA levels of UNC5B by approximately 3-fold in os-
teosarcoma cells (U2OS) and also stabilizes UNC5B at the posttranslational level.
Furthermore, UNC5B is upregulated predominantly in those cells that undergo
mitotic arrest upon PyST expression. Interestingly, although its expression was
previously reported to be regulated by p53, our data show that the increase in
UNC5B levels by PyST is p53 independent. The posttranslational stabilization of
UNC5B by PyST is regulated by the interaction of PyST with PP2A. We also show
that netrin-1 expression, which is known to inhibit UNC5B apoptotic activity,
promotes survival of PyST-expressing cells. Our results thus suggest an important
role of UNC5B in small-T antigen-induced mitotic catastrophe that also requires
PP2A.

IMPORTANCE UNC5B, PP2A, and netrin-1 are deregulated in a variety of cancers.
UNC5B and PP2A are regarded as tumor suppressors, as they promote apoptosis
and are deleted or mutated in many cancers. In contrast, netrin-1 promotes survival
by inhibiting dependence receptors, including UNC5B, and is upregulated in many
cancers. Here, we show that UNC5B-mediated apoptosis can occur independently of
p53 but in a PP2A-dependent manner. A substantial percentage of cancers arise due
to p53 mutations and are insensitive to chemotherapeutic treatments that activate
p53. Unexpectedly, treatment of cancers having functional p53 with many conven-
tional drugs leads to the upregulation of netrin-1 through activated p53, which is
counterintuitive. Therefore, understanding the p53-independent mechanisms of the
netrin-UNC5B axis, such as those involving PP2A, assumes greater clinical signifi-
cance. Anticancer strategies utilizing anti-netrin-1 antibody treatment are already in
clinical trials.
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Dependence receptors are a unique type of receptors that are capable of promoting
either cell survival or cell death, depending upon ligand availability. Unlike the

normal type of cell receptors that are activated solely upon ligand binding and initiate
only one type of signaling inside the cells, these receptors are functional in both the
bound and unbound states. Thus, they can transmit different types of signals which
have opposite impacts on the host cell. UNC5 (A to D) proteins, p75 neurotrophin
receptor (p75NTR), and deleted in colon cancer (DCC) belong to this category of
receptors. Mammals express four UNC5 receptors in the cell membrane: UNC5A, -B, -C,
and -D (1–5), designated UNC5H1, -2, -3, and -4 in rodents. The UNC5B is a protein with
an approximate size of 100 kDa that has three regions: extracellular, transmembrane,
and intracellular. The extracellular region contains two immunoglobulin domains (IG)
and two thrombospondin domains (TS) and is involved in ligand binding. The crystal
structure of cytoplasmic portion of UNC5B has already been determined (6). It has three
domains, namely, ZU5, UPA, and DD (death domain). The cytoplasmic region contains
a caspase-3 cleavage site (7), and this region is involved in downstream signaling that
involves DAPK1 activation. The extracellular domain binds multiple ligands, including
netrin-1, netrin-3, and netrin-4 (4, 8–12). However, netrin-1 is the most studied among
them. Upon netrin-1 binding to the extracellular domain, UNC5B initiates a survival
pathway in the cells, while in the unbound state, it promotes apoptotic signaling (7).
Death-associated protein kinase (DAPK) is constitutively associated with UNC5B. Bind-
ing of PP2A to DAPK1 leads to its dephosphorylation and resultant activation. The
dephosphorylated DAPK in turn promotes activation of caspase-3 and initiates apop-
tosis. In contrast, binding of netrin-1 to UNC5B recruits the PP2A inhibitor CIP2A to the
complex, thereby impeding the apoptotic pathway (13). The netrin-1/UNC5B pathway
plays a very important role in regulating cell survival in mammalian cells.

Expression of UNC5B is known to be regulated by p53 (10), a well-known transcrip-
tional factor that promotes apoptosis or cell cycle arrest at the G1/S checkpoint. p53
binds to intron-1 of UNC5B and stimulates the transcription of UNC5B. p53 therefore
exerts its apoptotic functions at least partly through the upregulation of UNC5B
expression. On the other hand, netrin-1 binding to UNC5B promotes cell survival,
partially by activating Akt signaling (14). Netrin-1 is involved in normal nervous system
development and developmental angiogenesis (4, 15–17). Furthermore, netrin-1 and its
receptors are associated with homeostatic maintenance of intestinal epithelium (18,
19). Both netrin-1 and UNC5 receptors are implicated in cancer development. Netrin-1
is upregulated and autocrinally synthesized in metastatic breast cancer, lung cancer,
neuroblastoma, and pancreatic cancer (2, 18–21). On the other hand, expression of
human UNC5A to -C is downregulated in many tumor types, including colorectal,
breast, ovary, uterus, stomach, lung, and kidney cancers (22). Since netrin-UNC5B
signaling is involved in multiple cellular pathways (23) and has diverse roles in normal
physiology and in disease development, understanding the regulation and mechanism
of this pathway has clinical significance.

Protein phosphatase 2A is an important cellular serine-threonine phosphatase that
regulates numerous cellular functions in eukaryotic cells, including cell cycle regulation,
DNA replication, transcription, translation, signal transduction, and apoptosis. It has
three subunits: A, B, and C. The A subunit is the scaffolding subunit, whereas C is the
catalytic subunit. Both subunits have two isoforms each: � and �. The regulatory B
subunit in encoded by any one of many genes representing a very large number of
isoforms, which make it complex. The B subunits are broadly categorized into four
groups, B (B55), B= (B56), B==, and B===, and confer temporal and spatial specificity to
PP2A complexes. PP2A A and B subunits are mutated in many types of cancers (24–27).

Multiple viral proteins of DNA tumor viruses are known to interact with and
modulate PP2A activity by binding to one or more PP2A subunits. These notably
include the middle T/small T antigen of the polyomavirus family of viruses (28, 29) and
E4orf4 protein of adenoviruses (30). Exogenous expression of polyomavirus small T
antigen (PyST) in mammalian cells is known to cause severe mitotic arrest followed by
apoptosis in a PP2A-dependent manner (31, 32). Historically, it has been very difficult
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to obtain stable cell lines expressing PyST because of its ability to induce mitotic arrest
and apoptosis following acute expression of this protein. We previously circumvented
that problem by making stable a cell line called pTREX-PyST-HA-FLAG that inducibly
expresses small T antigen (32). However, the detailed mechanism of PyST-mediated
apoptosis is not yet well understood. Here, we report that small T antigen expression
in mammalian cells upregulates the expression of UNC5B, which promotes apoptosis in
a p53-independent manner. We also observed that PyST expression induced apoptosis
in various cancer cell lines, thus suggesting that this mechanism may have applications
in treating different types of cancer. These studies are also important given the role of
UNC5B in neural and vascular development and the turnover of intestinal epithelium
on one hand and in tumorigenesis on the other hand.

RESULTS
Expression of PyST induced mitotic arrest and apoptosis in mammalian cells.

Expression of PyST in mammalian cells is known to induce prolonged mitotic arrest
followed by extensive cell death. The regulated U2OS cell line (pTREX-PyST-HA-FLAG)
that stably expresses polyomavirus small T antigen was previously described (32).
Expression of PyST in these cells is induced by the addition of doxycycline. Consistent
with our previous findings (32), PyST expression caused overwhelming rounding up of
U2OS cells and extensive cell death, as seen by microscopy and also detected by crystal
violet staining (Fig. 1A and B). Increases in Bub1 expression and PARP1 cleavage were
used to confirm mitotic arrest and apoptosis, respectively, in these cells (Fig. 1C).
Recently, we have shown that PyST expression in U2OS cells changes the expression of
commonly used loading controls such as tubulin, vinculin, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (33); therefore, we have used Ponceau S staining
as a loading control in experiments that involved PyST expression. We also confirmed
mitotic arrest in PyST-expressing cells by immunofluorescence experiments, using an
anti phospho-histone 3 serine 10 antibody. Our results showed an approximately
3.6-fold increase in mitotic index in PyST-expressing cells (Fig. 1D and E). This is an
underestimate, because many mitotic cells, which are generally rounded up and hence
less sticky, are lost during immunofluorescence experimental procedures. DAPI (4=,6-
diamidino-2-phenylindole) staining also showed a substantial increase in the percent-
age of arrested mitotic cells, as evidenced by condensed chromosomal DNA in PyST-
expressing cells (Fig. 1F). Mitotic arrest was clearly visible due to various abnormalities,
including lack of chromosomal congression and predominantly prometaphase nuclear
phenotype with almost no anaphase and telophase stages. Furthermore, fluorescence-
activated cell sorting (FACS) analysis of PyST-expressing cells showed increases in the
G2/M and sub-G1 peaks, indicating mitotic arrest and cell death, respectively (Fig. 1G
and H). We also observed that PyST expression induced mitotic arrest and apoptosis in
various cancer cell lines, though their sensitivities to PyST expression varied as they
took different durations to show the rounded up mitotic phenotypes as indicated (Fig.
1I). We, however, noted that the rat glioma C6 cell line had a very modest mitotic arrest
phenotype even after 9 days of doxycycline addition, indicating that they are resistant
to PyST-induced mitotic arrest. Western blotting for mitotic markers such as Bub1
confirmed that these cell lines, except for C6, were indeed arrested in mitosis (Fig. 2E
and F), which was consistent with the observed phenotypes as shown in Fig. 1I. These
results are significant, as they suggest that many cancer cell lines are sensitive to PyST
expression-induced mitotic arrest and apoptosis.

UNC5B is upregulated in PyST-expressing cells following mitotic arrest. Though
it is well established that the small T antigen’s ability to induce cell death is dependent
upon its interaction with protein phosphatase 2A (PP2A) (31), the detailed mechanism
by which PyST expression causes cell death is not well understood. To get deeper
insights into these details, whole-genome microarray analysis was performed on total
cellular RNA obtained from this inducible PyST-expressing cell line by using Affymetrix
human genome U133 Plus 2.0 (HG-U133_Plus_2) chips. RNA was isolated simultane-
ously from these cells in triplicates at approximately 20 h of doxycycline addition when
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FIG 1 Expression of PyST induces mitotic arrest and apoptosis in mammalian cells. (A) Doxycycline (10 �g/ml) was added for approximately
24 h to PyST-U2OS cells (�DOX), and cells were visualized by microscopy (�10 magnification). (B) Doxycycline (10 �g/ml) was added for

(Continued on next page)
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the mitotic phenotype, as indicated by extensive cell rounding, was clearly visible. The
data revealed more than 900 genes that had 1.5-fold or greater levels of change in RNA
expression compared to that in the control uninduced cells (P values, 0.000081 to
0.049936). We considered log2 fold change for subsequent data analyses, which yielded
approximately 100 genes that were most notably affected by PyST expression (P value,
0.000081 to 0.009525), as shown in the heat map (Fig. 2A). The data obtained from
these experiments were quite consistent with the phenotype, as most of the genes
whose expression was affected in this cell line are involved in cell cycle regulation,
particularly mitosis and apoptosis. Since PyST expression leads to cell death, one gene
that particularly caught our attention was UNC5B because of its known role in apop-
tosis. Microarray data showed that expression of UNC5B was elevated by approximately
2.7-fold (P value, 0.003063) in small-T antigen-expressing cells (plus doxycycline
[�DOX]) compared to that in the uninduced controls (minus doxycycline [�DOX]), as
shown in the heat map (Fig. 2A). In contrast, expression of other dependence receptors
of this family (UNCA, -C, and -D) was not affected. These data are available online at
NCBI/GEO (accession number GSE149525). To get an idea about which cellular path-
ways were affected by PyST expression, we performed a gene set enrichment analysis
(GSEA) using microarray data. Interestingly, GSEA showed upregulated expression of
numerous genes associated with apoptosis. Among these genes, UNC5B was the most
significantly affected candidate in PyST-expressing (�DOX) cells (Fig. 2B) (data not
shown).

Next, we wanted to confirm the microarray data by real-time quantitative PCR
(RT-qPCR) and Western blotting. RT-qPCR performed with mRNA obtained at approx-
imately 30 h postdoxycycline addition revealed that UNC5B mRNA levels were indeed
increased by approximately 3-fold in PyST-expressing cells (Fig. 2C). Using Western
blotting, a visible time-dependent increase in UNC5B levels was observed starting from
16 h of doxycycline addition, which was proportionate to the increase in PyST expres-
sion (Fig. 2D and E). Though there was no further significant increase in PyST expression
after 24 h of doxycycline addition, UNC5B levels were maximally increased at the 40-h
time point. Next, we checked if PyST increased UNC5B expression in some other cell
lines as well. Interestingly, we found that besides U2OS, PyST also upregulated UNC5B
protein levels in various cell lines, namely, HBL (breast cancer) and SW480 (colon
cancer), while HeLa (cervical cancer) and C6 (rat glioma) cells had a modest increase
(Fig. 2F and G). These results were mostly in accordance with the observed mitotic
phenotype of these cell lines as shown in Fig. 1I. For HeLa cells, though the UNC5B
increase was not pronounced at this time point (48 h), they did show the mitotic
phenotype. It is possible that the increase in UNC5B levels occurred at a later time
point.

We were curious to know whether the increase in UNC5B expression occurs specif-
ically in response to PyST expression or can also occur as a result of general toxicity in

FIG 1 Legend (Continued)
approximately 48 h to PyST-U2OS (�DOX) cells, and adherent cells were fixed and stained with crystal violet solution. (C) Doxycycline was
added for 32 h to PyST-U2OS cells (�DOX), and cell lysates were blotted for Bub1 and PARP1 expressions using appropriate antibodies.
Ponceau S was used as loading control. (D) Immunofluorescence was measured using anti-phospho-histone 3 serine 10 (pH3 S10) antibody
in control (�DOX) and PyST-expressing (�DOX; 24 h) cells. DAPI was used to stain the nuclei. Pictures were taken at �20 magnification.
(E) pH3 immunofluorescence was analyzed in control cells (n � 337) and PyST-expressing cells (n � 380), and percentages of pH3-positive
cells were compared using t test in GraphPad Prism. Graph indicates comparison of percentages of pH3-positive cells in control (�DOX)
and PyST-expressing U2OS cells (�DOX). Values indicate means � standard errors of the means (SEMs); n � 7 for �DOX and n � 14 for
�DOX (where n represents the number of immunofluorescence fields of image) used for counting percentages of pH3-positive cells. ****,
P � 0.0001 (two-tailed unpaired Student’s t test). (F) Doxycycline was added to PyST-U2OS cells for 30 h, and cells were fixed and stained
with DAPI to visualize DNA. Normal mitosis can be seen in control cells. However, PyST expression arrests the cells predominantly in
prometaphase as shown by arrows (�20 magnification). (G) Doxycycline was added for approximately 30 h to PyST-U2OS cells, and cells
were analyzed for cell cycle analysis by flow cytometry. (H) Graph representing comparison of percentages of cells in different phases of
cell cycle (as indicated) in control (�DOX) and PyST-expressing U2OS cells (�DOX). Values indicate means � SEMS; n � 3 replicates. ****,
P � 0.0001, ***, P � 0.0001 to 0.001 (two-tailed unpaired Student’s t test). (I) Different stable cell lines expressing PyST showed mitotic arrest
and apoptotic phenotype after doxycycline addition. Cells were plated at equal densities and treated with doxycycline (�DOX) until the
mitotic phenotype (rounding up) was visible: U2OS, 24 h; HBL, 7 days; SW480, 3 days; HeLa, 48 h; and C6, 9 days. Pictures were taken at �10
magnification.
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FIG 2 UNC5B is upregulated in PyST expressing cells. (A) Microarray analysis of whole human genome using total cellular RNA obtained from PyST-expressing
U2OS stable cell lines was carried out in triplicates, in the absence and presence of PyST expression (�DOX and �DOX, respectively). Change in expression
of genes that were affected by log2 fold or more is shown in the heat map. UNC5B location on the heat map is highlighted and indicated by an arrow. (B) Gene
set enrichment analysis (GSEA) showed that the expression of genes in the apoptosis pathway was enriched in DOX-treated cells (False discovery rate [q] � 0.5).
(C) Doxycycline was added for approximately 30 h to PyST-U2OS cells, and UNC5B mRNA expression was analyzed by RT-qPCR. Experiments were performed
in duplicates, and the gene expression normalized to actin expression (ΔΔCq) was calculated by using Bio-Rad CFX Manager. (D) Doxycycline was added for
the indicated time periods in the same cell line, and cell lysates were blotted for UNC5B expression using an anti-UNC5B antibody. (E) Graph representing
relative UNC5B expression at different time periods of doxycycline addition compared with control (0 h of DOX addition) UNC5B expression, which was
arbitrarily taken as 1. Values indicate means � SEMs; n � 3 for 16 h, n � 4 for 24 and 32 h, and n � 2 for 40 h of DOX addition, where n represents the number
of biological replicates. (F) Western blotting was used to confirm UNC5B upregulation, mitotic arrest (by Bub1 expression), and PyST expression upon
doxycycline addition (at corresponding time points as mentioned in the legend for Fig. 1I) in different cell lines as indicated using appropriate antibodies as
shown. (G) Graph representing relative UNC5B expression in various PyST-expressing cell lines normalized to PyST levels. The lowest UNC5B protein level in C6
cells was arbitrarily taken as 1, and UNC5B levels in other cell lines were calculated as fold changes with respect to the level in C6 cells. (H) U2OS cells were
given different treatments overnight (16 h), and cell lysates were blotted for UNC5B expression. Strv, starvation; Etop, etoposide, 50 �M; Hu, hydroxyurea, 5 mM;
Noc, nocodazole, 100 ng/ml; Pac, paclitaxel, 500 nM. Dimethyl sulfoxide (DMSO) was used as vehicle control (Con). (I) Graphical representation of the fold
expression as depicted in panel H. Values indicate means � SEMs; n � 2 for Strv and Pac, n � 4 for Etop and Hu, and n � 3 for Noc, where n represents the
number of biological replicates. (J) UNC5B expression was detected by immunofluorescence microscopy at �63 magnification (DOX, 30 h). DAPI was used to
stain the nuclei, and anti-tubulin antibody was used to stain the cytoskeleton. In control (�DOX) cells, arrows indicate cells in metaphase (top) and anaphase
(bottom). In PyST-expressing cells (�DOX), yellow arrow indicates cells in interphase, while white arrow shows cells in mitosis. (K) One cell was chosen from
the control (�DOX) and PyST-expressing cells (�DOX) from the experiments as shown in panel J and magnified to highlight the expression of UNC5B along
the plasma membrane.
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response to various DNA-damaging and/or apoptosis-inducing stimuli. To test that,
U2OS cells were subjected to various cytotoxic treatments. Results showed that general
cytotoxicity does not increase UNC5B levels (Fig. 2H and I), though these treatments did
provoke an apoptotic response, as was revealed by PARP1 cleavage. Even drugs such
as nocodazole and paclitaxel (34), which are well known to induce mitotic arrest, did
not increase UNC5B levels until 24 h of treatment. This suggested that activation of
UNC5B is specific to PyST-induced mitotic arrest/apoptosis and may need some addi-
tional stimuli or cellular interactors (i.e., protein-protein interactions) that these drugs
may not be able to provide or stimulate.

Immunofluorescence microscopy results also showed that PyST expression substan-
tially increased UNC5B levels, particularly in those cells that underwent mitotic arrest as
identified by cell rounding and chromatin condensation using DAPI staining (Fig. 2J).
UNC5B expression was clearly seen in cells that were induced for PyST expression,
indicating its higher expression in the presence of doxycycline (�DOX), while no

FIG 2 (Continued)

Polyomavirus Small T Antigen Induces Apoptosis through UNC5B Journal of Virology

July 2020 Volume 94 Issue 14 e02187-19 jvi.asm.org 7

https://jvi.asm.org


staining was seen in control cells (�DOX). Interestingly, UNC5B expression was much
more prominent in PyST-expressing cells (�DOX) that were in mitotic phase (white
arrows) than in those in the interphase stage (yellow arrows). This staining of UNC5B
along the cell membrane boundary is seen more clearly in Fig. 2K. In contrast, control
cells (�DOX) had no visible UNC5B staining either in interphase or in mitosis (Fig. 2K,
as indicated by arrows showing metaphase [top] and anaphase [bottom]). Mitotic cells
are indicated by DAPI (chromosomal congression) and tubulin (centrosome) staining in
control cells (�DOX). Putting these data together, it can be inferred that UNC5B
expression is stimulated in response to mitotic arrest-induced apoptosis in PyST-
expressing cells.

The increase in UNC5B protein levels by PyST is p53 independent. UNC5B
expression at the transcriptional level was previously shown to be regulated by p53 (10,
35). Since both UNC5B and p53 have an important role in apoptosis, we wanted to test
whether UNC5B expression in PyST-expressing cells is also regulated by p53. Though
real-time quantitative PCR data showed an increase in p53 levels at the mRNA level in
cells expressing PyST (Fig. 3A), Western blotting results, however, showed that PyST
expression decreases p53 expression at a time period where UNC5B levels are elevated
by PyST (Fig. 3B and C), thus indicating that UNC5B protein levels may not be regulated
by p53 in PyST-expressing cells. To further support our data, we also inhibited endog-
enous p53 activity by making a stable cell line expressing dominant negative p53 in
PyST-U2OS cells. Expression of dominant negative p53 in U2OS cells was confirmed by
Western blotting (Fig. 3D). We found that overexpression of PyST induced mitotic arrest
as well as apoptosis in both control (PyST) and dominant negative p53-expressing cells
(DNp53) to an almost equal extent, as was evident by cell morphologies at both 24 and
48 h (Fig. 3E). In similar experiments, PyST (control [Con]) and DNp53-PyST (DNp53)
cells were subjected to crystal violet staining at 48 h after doxycycline addition (Fig. 3F).
These results were also consistent with the above phenotype. Further support came
from PARP1 blotting results, which showed comparable expression/cleavage levels
between control and DNp53 cells expressing PyST upon doxycycline addition (Fig. 3G).
All of these results were consistent with our previous findings that PyST-induced
apoptosis is independent of p53 (32). Consistent with these data, UNC5B protein levels
were still elevated by PyST expression even in the presence of DNp53 (Fig. 3H and I).
This suggested that the increase in UNC5B levels by PyST is regulated by a p53-
independent mechanism. To confirm that DNp53 cells truly had a defective p53
response, both U2OS control and U2OS-DNp53 cell lines were treated for 2 days with
different drugs that typically provoke a p53 response: aphidicolin (10 �M), hydroxyurea
(2 mM), and etoposide (2 �M). Prolonged exposure to these drugs is known to induce
cell death in various cell lines (36, 37). Our results showed that while control U2OS cells
were arrested and died when treated with these drugs, the dominant negative cells
were substantially resistant to cell cycle arrest and apoptosis, thus confirming that
these cells had a defective p53 response (Fig. 3J). We obtained similar results by crystal
violet staining, confirming that DNp53-overexpressing cells had a truly defective p53
pathway (Fig. 3K).

PyST stabilizes UNC5B expression in a PP2A-dependent manner. The UNC5B
pathway was previously extensively studied in HEK 293T cells also, where it has been
shown to induce apoptosis (7, 13, 14, 22, 35, 38). An additional reason for using 293T
cells was that, compared to that of most other cell lines, they have very high transfec-
tion efficiency and also express exogenously transfected genes at high levels. To check
whether PyST expression has any effect on UNC5B protein levels in HEK 293T cells also,
hemagglutinin (HA)-UNC5B and PyST constructs were cotransfected in these cells.
Interestingly, it was seen that exogenous HA-UNC5B protein amounts were elevated in
these transfected cells, with UNC5B levels proportional to the amounts of PyST trans-
fected (Fig. 4A). pCDNA-topo-UNC5B used for transient transfections has a constitutive
viral promoter (cytomegalovirus [CMV]) that does not contain the endogenous UNC5B
gene promoter elements. With numerous other experiments also, we have observed
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FIG 3 PyST-induced mitotic arrest and increase in UNC5B amounts are p53 independent. (A) Doxycycline was added for approximately 30 h to
PyST-expressing U2OS cells, and p53 expression was analyzed by RT-qPCR. Data were normalized to actin expression, and gene expression was

(Continued on next page)
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that PyST does not increase the basal promoter activity of many expression vectors
during transient transfections (data not shown). These results suggested that, in
addition to increasing the endogenous expression of UNC5B at the mRNA level, PyST
might be involved in increasing its stability at the posttranslational level as well. To
confirm this, cycloheximide (CHX) assays were performed with 293T cells for different
time intervals. Results showed that PyST expression indeed increased the stability of
UNC5B protein levels (Fig. 4B and C).

PyST is well known to bind heat shock proteins (HSPs) and PP2A via its N-terminal
J domain and C-terminal regions, respectively (Fig. 4D) (39). Most of the critical PyST
functions in mammalian cells, including the induction of mitotic arrest/apoptosis, are
dependent upon its ability to bind PP2A (31). To check the role of these PyST domains
in UNC5B upregulation, we used PyST mutants, which are unable to bind PP2A (PP2A�)
or heat shock proteins (HSP�). BC1075 (PP2A�) is a PyST mutant in which the cysteine
142 has been mutated to a tyrosine residue and consequently does not bind PP2A (31,
40, 41), while the PyST D44N construct (HSP�) has a J domain in which the HPDKGG
motif has been mutated at residue 44. The HPDKGG motif is conserved in the J domain
of all T antigens of the polyomavirus family, and mutation in this region affects their
ability to bind heat shock proteins (42–45). Our results showed that coexpression of the
HSP� mutant of PyST (D44N) increased UNC5B protein levels similarly as wild-type
PyST. In contrast, the PP2A� mutant (BC1075) was defective in this role (Fig. 4E and F).
Hence, increase in UNC5B protein levels is dependent upon the ability of PyST to bind
PP2A, which is consistent with the dependence of PyST on PP2A binding to induce
apoptosis.

Unbound UNC5B was previously shown to promote cell death by recruiting PP2A
complex via its C-terminal domain on the cytoplasmic side (13). It was intriguing to find
out which specific subunits of PP2A are involved in this mechanism of UNC5B regula-
tion. We transiently expressed many PP2A subunit isoforms along with UNC5B to check
their impact on UNC5B protein levels. Interestingly, our results showed that overex-
pression of A� and C� subunits increased UNC5B protein levels (Fig. 4G). Also, many B
subunit isoforms, particularly B55� and B56�, were individually capable of increasing
UNC5B protein levels (Fig. 4H). The relative changes in UNC5B amounts in the presence
of different subunits of PP2A as shown in Fig. 4G and H are shown graphically in Fig.
4I. We believe that these specific subunits of PP2A have an important role in promoting
stabilization of UNC5B and hence promoting apoptosis through this signaling pathway.
Our results are consistent with the earlier reports in which UNC5B apoptotic activity was
shown to involve the A� subunit (13). The identity of other PP2A subunits that affect
UNC5B activity has, however, not been reported. It was also quite interesting to note
that the mRNA expression of protein phosphatase methylesterase 1 (PPME1), an
endogenous cellular PP2A inhibitor (46–50), was also downregulated by approximately
2-fold in PyST-expressing cells (�DOX) (Fig. 4J and 2A, heat map). That it was among
the top 20 downregulated genes in the microarray analysis data indicates its impor-
tance in regulating PP2A (and possibly UNC5B)-mediated signaling in PyST-expressing
cells.

FIG 3 Legend (Continued)
calculated by using Bio-Rad CFX Manager. (B) Cell lysates were blotted for p53 expression using anti-p53 antibody (DOX, 32 h). (C) Graph representing
relative p53 expression in PyST-expressing U2OS cells (�DOX) compared with that in control cells (�DOX), where the expression was arbitrarily taken
as 1. Values indicate means � SEMS; n � 3 biological replicates. (D) PyST-expressing (Con) and DNp53-PyST (DNp53) cell lysates were subjected to
Western blotting to detect the expression of dominant negative p53, using antibodies against p53. Expression of PyST after doxycycline addition was
confirmed using an anti-HA antibody. Ponceau S staining was used as a loading control. (E) Doxycycline was added for approximately 24 h and 48 h in
PyST (Con) and dominant negative expressing PyST-U2OS cells (DNp53), and cell morphologies (rounding up) were observed. Pictures were taken at �10
magnification. (F) PyST-expressing (Con) and DNp53-PyST (DNp53) cells were treated with doxycycline for 48 h and stained with crystal violet to compare
cell densities. Cell lysates were blotted for PARP1 expression/cleavage (G) and for UNC5B expression (H) (�DOX, 30 h). Ponceau S staining was used as
a loading control. (I) Graph representing relative UNC5B expression (as in panel H) in control (PyST-U2OS) and DNp53-expressing cells. UNC5B levels
under the �DOX conditions were arbitrarily taken as 1. Values indicate means � SEMs; n � 2 biological replicates. (J) Control (bottom) and
DNp53-expressing U2OS cells (top) were subjected to different treatments that elicit the DNA damage response and block DNA synthesis. Aphidicolin
(Aph), 10 �M; hydroxyurea (Hu), 2 mM; etoposide (Etop), 2 �M. DMSO was used as vehicle control. Time, 24 h of drug treatment; �10 magnification. (K)
Control U2OS and DNp53-expressing cells were subjected to treatment as in panel H, fixed, and stained with crystal violet to compare cell densities.
Experiments were repeated 2 to 3 times.
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FIG 4 PyST promotes posttranslational stabilization of UNC5B. (A) pCDNA-UNC5B-HA and increasing amounts
of pCDNA-PyST-HA (as indicated) were transiently transfected in HEK 293T cells, and cell lysates were blotted for
UNC5B and PyST expressions using and anti-HA antibody. (B and C) UNC5B (1 �g) was transfected in HEK 293T cells
with or without PyST (1 �g). After 2 days, cells were treated with 25 �g/ml CHX for different time points as
indicated. Cell lysates were then blotted for UNC5B expression using an anti-HA antibody. After normalizing initial
protein levels, graphs were drawn for UNC5B levels alone or in the presence of PyST. (D) Diagram depicting
positions on PyST protein where heat shock proteins (HSPs) and PP2A bind. (E) HEK 293T cells were transiently
transfected with constructs expressing UNC5B-HA (1.0 �g), Pinco-GFP (0.5 �g), and wild-type PyST or its mutants
BC1075 (PP2A�) or D44N (HSP�) (1.0 �g each). Cell lysates were blotted for expression of UNC5B and PyST and
its mutants using an anti-HA antibody. Pinco-GFP construct was used as a transfection control and was blotted with
an anti-GFP antibody. Tubulin was also used as a loading control. (F) Graph representing relative UNC5B protein

(Continued on next page)
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Exogenous UNC5B expression slows the growth of U2OS cells and induces
apoptosis. As shown in previous results, UNC5B levels were increased in PyST expres-
sion in a U2OS background. Overexpression of UNC5B is known to promote cell death
in the absence of netrin-1. To find out whether expression of UNC5B by itself (in the
absence of PyST expression) could also induce apoptosis in U2OS cells, we made a
stable U2OS cell line with inducible expression of UNC5B. Expression of UNC5B was
induced by doxycycline addition (Fig. 5A), and cells were visualized by microscopy or
crystal violet staining (Fig. 5B and C). There was a clear decrease in the density of cells
upon UNC5B expression. Quantification via crystal violet staining of cells grown for 3
days in doxycycline showed that there was an approximately 25% decrease in cell
density (Fig. 5D). We wanted to independently confirm whether the decrease in cell
density occurred as a consequence of apoptosis in these cells. Results showed that at
48 h of doxycycline addition, UNC5B expression promoted an increase in expression as
well as in cleavage of PARP1 (Fig. 5E and F). Thus, UNC5B expression alone slows
growth and induces apoptosis in U2OS cells. The cell death induced on its own by
UNC5B overexpression is, however, clearly less than that induced by PyST, thus indi-
cating that cell death by UNC5B might need some additional stimuli.

Inhibition of UNC5B by netrin-1 promotes cell survival. Binding of netrin-1 to the
UNC5B receptor is known to inhibit cell death (7, 12, 14, 15). We wondered whether the
weak apoptotic phenotype in UNC5B-overexpressing cells in the previous experiment
(Fig. 5) was because of the endogenous expression of netrin-1 by U2OS cells, which
would bind to UNC5B extracellularly and inhibit apoptotic signaling. Western blotting
did not show any endogenous netrin-1 protein expression in U2OS cells in the absence
or presence of PyST expression either in the cell lysates or in the culture medium (Fig.
6A). Together with results in Fig. 5, these data suggested that the modest apoptotic
phenotype in U2OS cells in response to UNC5B expression may not be because of
extracellular netrin-1 availability. Rather, it could be due to the lack of an additional
signal that may be needed to provoke UNC5B-mediated apoptotic signaling. In order
to determine the significance of increased UNC5B expression in the PyST background,
a U2OS cell line with constitutive expression of netrin-1 was constructed in PyST-U2OS
cells (Fig. 6B). Even though the induction of PyST expression decreased the netrin-1
levels appreciably, significant levels of netrin-1 were maintained which would poten-
tially bind the UNC5B receptors. Our results showed that netrin-1 expression decreased
PARP1 cleavage induced by PyST (Fig. 6C and D), thus indicating a decrease in
apoptosis in the presence of netrin-1. We also observed a decrease in Bub1 expression
in netrin-1-expressing cells, which indicates a decrease in the percentage of cells
arrested in mitotic phase (Fig. 6E and F). When control and netrin-1-expressing PyST-
U2OS cells were grown in the presence of doxycycline for several days, substantial
number of PyST-resistant colonies were observed in netrin-1-expressing cells, as visu-
alized by crystal violet staining of adherent cells (Fig. 6G). These results suggested that
netrin-1 promotes survival in PyST-expressing cells and that UNC5B overexpression and
stabilization plays an important role in PyST-induced apoptosis.

DISCUSSION

In this study, we found that expression of PyST increases the expression of UNC5B
in several cell lines. Apart from increasing the mRNA levels, we found that PyST

FIG 4 Legend (Continued)
levels in cells transfected with PyST-, PP2A-, and HSP-expressing constructs. Normalization was to the protein levels
of PyST and its mutants. Protein level of UNC5B in the lane transfected with PP2A� construct (with the lowest
expression) was arbitrarily taken as 1. Values indicate means � SEMs; n � 3 biological replicates. (G and H) HEK
293T cells were transfected with UNC5B-HA and different FLAG-PP2A subunit constructs as indicated (1.0 �g each).
Cell lysates were blotted for exogenously expressing HA-UNC5B and FLAG-PP2A subunits using anti-HA and
anti-FLAG antibodies, respectively. (I) Graph representing relative UNC5B expression in cells transfected with PP2A
subunit isoforms. Normalization was to the protein levels of the isoforms. In each case, protein levels of the isoform
with the lowest expression were arbitrarily taken as 1. Values indicate means � SEMs; n � 2 biological replicates.
(J) Graph representing PPME1 mRNA expression detected by microarray analysis in PyST-U2OS cells under the
�DOX and �DOX conditions. Values indicate means � SEMs; n � 3 replicates. ***, P � 0.0001 to 0.001 (two-tailed
unpaired Student’s t test).
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stabilizes UNC5B protein at the posttranslational level as well. The increase in UNC5B
expression is dependent on PyST’s ability to bind PP2A. Interestingly, our microarray
results also revealed that, as opposed to other dependence receptors of the same
family (i.e., UNC5A, -C, and -D or DCC), only UNC5B mRNA levels were increased.
Interestingly, despite extensive structural similarities between dependence receptor
members, PyST expression induced apoptosis specifically through the UNC5B receptor.
UNC5B’s ability to respond to mitotic abnormalities within the cells and trigger apop-
totic signals is one area that certainly merits future investigations.

Using transient transfections in HEK 293T cells, we found that exogenous expression
of PP2A-A� and -C� (but not PP2A-A� and -C�) as well as some regulatory B subunits,
increases UNC5B protein levels. These results point to the role of specific PP2A subunits

FIG 5 UNC5B expression induced apoptosis in U2OS cells. (A) UNC5B-U2OS stable cell line was induced with doxycycline
(24 h), and cell lysates were blotted for UNC5B-HA expression using an anti-HA antibody. (B) Doxycycline was added to
UNC5B-U2OS cells for 3 days, and cell morphology was determined by microscopy (�20 magnification). (C) UNC5B was
induced in UNC5B-U2OS with doxycycline for 6 days, and adherent cells were stained with crystal violet solution. (D) In a
separate experiment, UNC5B was induced in UNC5B-U2OS with doxycycline for 3 days, and stain was extracted and
quantified at 595 nm; a graph was plotted for control (�DOX) versus induced (�DOX) cells. Values indicate means � SEMs;
n � 3 replicates. ***, P � 0.0001 to 0.001 (two-tailed unpaired Student’s t test). (E) UNC5B was induced in UNC5B-U2OS with
doxycycline, and cell lysates were blotted for PARP1 expression using an anti-PARP1 antibody. UNC5B expression was
detected using an anti-HA antibody. (F) Graph representing relative PARP1 and PARP1 cleavage fragment (PARP1-CF)
expression in UNC5B-U2OS cells under the �DOX and �DOX (48 h) conditions. PARP1 and PARP1-CF levels under the
�DOX condition were arbitrarily taken as 1. Values indicate means � SEMs; n � 2 biological replicates.
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or holoenzyme complexes in the regulation of UNC5B-mediated apoptosis. These data
are consistent with the findings of Mehlen’s group (13), who have shown that PP2A-A�

is needed to promote UNC5B-mediated apoptosis. Activation of the UNC5B pathway
could also explain the tumor suppressor role of PP2A-A�. Such a role for PP2A-A� is

FIG 6 Expression of netrin-1 prevented UNC5B-mediated apoptosis: (A) Doxycycline was added to control and
PyST-expressing U2OS cells for 30 h, and cell lysates and medium proteins were blotted for netrin-1 expression. HEK 293T
cells transiently transfected with human netrin-1 were used as a positive control for detecting netrin-1 expression. (B)
A U2OS cell line with a constitutive expression of netrin-1 was made in the PyST expression background. Cell lysates
were blotted for Myc-netrin-1 expression using an anti-Myc antibody. (C) Control and netrin-1-expressing PyST-U2OS
cells were grown in the presence of doxycycline for 30 h, and cell lysates were blotted for PARP1 expression. (D) Graph
representing relative PARP1 cleavage fragment (PARP1-CF) expression in control and netrin-1-expressing PyST-U2OS
cells under the �DOX and �DOX conditions. PARP1-CF levels in the control cells under the �DOX condition were
arbitrarily taken as 1. Values indicate means � SEMs; n � 2 biological replicates. (E) Control and netrin-1-expressing
PyST-U2OS cells were grown in the presence of doxycycline (�DOX) for approximately 32 h, and cell lysates were blotted
for Bub1 expression as a marker for mitosis. (F) Graph representing relative Bub1 expression in control and netrin-1-
expressing PyST-U2OS cells under the �DOX and �DOX conditions. Bub1 level in the control cells under the �DOX
condition was arbitrarily taken as 1. Values indicate means � SEMs; n � 2 biological replicates. (G) Control and
netrin-1-expressing PyST-U2OS cells were grown in the presence of doxycycline (�DOX) for several days, and adherent
cells were stained with crystal violet solution to compare cell densities.
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also supported by the findings of Hahn’s group (26). They have shown that PP2A-A�,
but not PP2A-A�, dephosphorylates RalA GTPase, thereby inhibiting its oncogenic
activity. They also showed evidence that PP2A-A� knockdown promotes cellular pro-
liferation and anchorage independence in immortalized cells as well as tumor forma-
tion in mouse models. In contrast, overexpression of PP2A-A� reversed the tumorigenic
phenotype of numerous cancerous cell lines and reduced the percentage of tumors in
mice. It is quite possible that PP2A-A� might promote some of its tumor suppressor
and proapoptotic functions through activation of the UNC5B pathway. Mutations as
well deletions in PP2A-A� have been reported in numerous types of human cancers as
well as in cancer cell lines (51–53). Quite interestingly, we found that the expression of
PPME1, an endogenous PP2A inhibitor (46–50), was also downregulated by approxi-
mately 2-fold in PyST-expressing cells (Fig. 4J), which suggests that PP2A could be
activated in these cells. This goes together with our results obtained with transient
transfections showing that UNC5B protein amounts are stabilized in the presence of
overexpressed PP2A subunits. Under stressful conditions, downregulation of PP2A
inhibitors such as PPME1 might be a way of enhancing PP2A activity, which can
contribute to UNC5B protein stabilization. The requirement of PP2A in this mechanism
can be underscored by the fact that nocodazole and paclitaxel, well-known mitotic
inhibitors that induce apoptosis, did not increase UNC5B levels in our experiments (Fig.
2H and I). These inhibitors affect the microtubule organization but not PP2A.

Our data support a mechanism in which PyST promotes an increase in UNC5B
expression in a PP2A-dependent manner. We believe that changes in the subunit
composition, localization, and activity of PP2A by PyST may affect some critical cellular
activities, including mitotic regulation. PP2A is known to be extremely important at the
entry as well as exit of mitosis (54–57). Deregulation of PP2A activity in actively dividing
cells therefore leads to severe abnormalities during mitosis, as is clearly visible in
PyST-expressing cells also, leading to the activation of the spindle assembly checkpoint
(SAC). This is also supported by our data, as we have seen an upregulation of SAC
markers (e.g., Bub1) in PyST-expressing cells. We believe that, due to prolonged SAC
activation and mitotic arrest, these cells somehow enhance UNC5B transcription as well
as posttranslational stabilization.

The tumor suppressor p53 is a known positive regulator of UNC5B transcription (10,
35), but our results show that the increase in UNC5B protein levels by PyST is p53
independent. We have previously shown and further confirmed in this study that
PyST-induced apoptosis is independent of p53. Some other viral proteins such as E4orf4
of adenovirus also bind PP2A similarly to the polyomavirus T antigens and induce
mitotic arrest and apoptosis in p53-independent manner (58). It is quite possible that
in PyST-expressing cell lines, some transcriptional regulator(s) other than p53 may be
involved in mRNA upregulation of UNC5B, while p53 may induce UNC5B under a
different set of conditions. These findings are significant given the fact that the
majority of cancers have nonfunctional p53 and hence are refractory to the
conventional chemotherapeutic treatments that provoke p53 activation to induce
apoptosis. Alternatively, such tumors may possibly be targeted for apoptosis in a
p53-independent manner involving the activation of UNC5B or another such path-
way(s) or regulators such as PP2A. Since PyST by itself does not have any intrinsic
transcriptional activity, it must increase UNC5B expression by affecting some cel-
lular transcriptional factor(s) other than p53. Since numerous transcriptional factors
are regulated by their phosphorylation-dephosphorylation mechanisms, PP2A
could play its role by promoting their dephosphorylated state. Identification of such
transcriptional factor(s) would thus be of considerable clinical significance in the
treatment of p53 mutant tumors.

A more serious point of concern is that netrin-1 expression is surprisingly increased
when cells/tumors are treated with conventional chemotherapeutic agents such as
doxorubicin, paclitaxel, 5-fluorouracil (5FU), cisplatin, etc. (59). Paradoxically, these
drugs increase the expression of both netrin-1 and its receptors through the activation
of p53, thus promoting cell survival and growth. The netrin-1/UNC5B pathway plays a
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crucial role in the angiogenesis process as well, thus favoring tumor growth (17).
Disruption of this signaling pathway has thus been proposed to be a promising strategy
for the treatment of cancer, with many advantages. One is that this pathway is involved
in numerous cancers and also at different levels, affecting both apoptosis and angio-
genesis. Second is that these proteins are expressed extracellularly, thus making them
accessible to agents such as antibodies, decoy proteins, and drugs, thus reducing the
toxicity burden. A promising treatment that involves disruption of netrin-1 binding to
UNC5B, so as to inhibit the prosurvival signaling, has already been designed. In such
cases, blocking netrin-1 binding to UNC5B using an antibody against netrin-1 or
molecules such as TRAP-netrinUNC5A and Trap-netrinDCC as proposed by Mehlen’s group
(18, 59, 60) may be quite effective in overcoming resistance promoted by netrin-1
binding to UNC5B. These antibodies are already in clinical trials and assume great
significance in the treatment of at least some types of cancers such as colorectal cancer
(19), breast cancer (21), and neuroblastomas (20), where netrin-1 expression is quite
high.

Figure 7 depicts a simplified model of this pathway in light of the existing
knowledge and our findings. However, more work needs to be undertaken to fill the
obvious gaps and fully understand the PP2A/netrin-UNC5B pathway and its role in
apoptosis.

FIG 7 Proposed model of PyST-induced apoptosis through the netrin-UNC5B mechanism. PyST upregu-
lates UNC5B expression both at mRNA and protein (posttranslational) levels. Increase in UNC5B stabili-
zation occurs as a result of displacement of particular B subunit(s) of PP2A by PyST and hence change
in PP2A activity. This promotes mitotic catastrophe, as PP2A has a very important role in the regulation
of mitosis. As a result of PP2A-dependent mitotic arrest, UNC5B is upregulated through an unknown
mechanism. Simultaneously, increased UNC5B expression through enhanced transcription also occurs as
a result of numerous mitotic abnormalities, the details of which are not yet fully understood. As UNC5B
is unbound by the ligand, it promotes cells death. However, when netrin-1 is expressed, it inhibits
UNC5B-mediated apoptosis and promotes cell survival.
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MATERIALS AND METHODS
Reagents. Antibodies against UNC5B, PARP1, p53, and GAPDH and secondary antibodies (horserad-

ish peroxidase [HRP]-conjugated and IRDye 680 and 800) were purchased from Cell Signaling Technol-
ogy, USA). Anti-HA and anti-Flag antibodies, cycloheximide, okadaic acid, doxycycline, propidium iodide,
polybrene, crystal violet, and protease and phosphatase inhibitors (Complete, Roche) were obtained
from Sigma-Aldrich. All cell culture reagents, including Dulbecco’s modified Eagle’s medium (DMEM),
fetal calf serum (FCS), and antibiotics were purchased from Invitrogen/Thermo Fisher Scientific, USA.
Reagents for cDNA synthesis (iScript cDNA synthesis kit), a quantitative real-time PCR master mix (iTaq
Universal SYBR Green supermix), a protein estimation kit (Bradford reagent), and nitrocellulose mem-
branes were purchased from Bio-Rad Laboratories, USA. Reagents for cell cycle analysis were purchased
from BD Biosciences, USA. Inhibitors such as etoposide, aphidicolin, hydroxyurea, and nocodazole were
obtained from EMD Biosciences/Thermo Fisher Scientific, USA. Primers were obtained from Integrated
DNA Technologies (IDT), Singapore. Polyethyleneimine (PEI) was obtained from Polysciences, USA.

Cell lines. 293T, U2OS, Phoenix, HeLa, A549, FT, and inducible pTREX-PyST-HA-FLAG U2OS cells were
provided by Thomas M. Roberts. C6 rat glioma, HBL glioma cell lines, and SW480 cell lines were obtained
from Firdous Khanday, University of Kashmir. All cell lines were cultured in DMEM, 10% FBS, and
appropriate antibiotics (penicillin and streptomycin) and at 37°C with 5% CO2.

Plasmid constructs. pCDNA-topo-UNC5B-HA (the HA tag is at the C terminus of UNC5B) and
pGNET1-myc constructs were kindly provided by Patrick Mehlen (CRCL, Lyon, France). Gateway cloning
was used to make a UNC5B-expressing construct. For Gateway cloning, primers were designed to have
flanking attB sites required for recombination. Gateway cloning is a two-step cloning procedure involving
BP and LR reactions. The gene of interest was amplified from pCDNA-topo-UNC5B-HA using primers with
flanking attB sites. The BP reaction was then carried out to transfer the gene of interest to the entry
vector (pDONR-223), which resulted in the generation of donor vector containing the gene of interest
(pDONR-223-UNC5B). The BP reaction was followed by the LR reaction, which transferred the insert to the
destination vector (pLenti-CMV-TO-Neo-DEST; Addgene). pLenti-CMV-TO-Neo-DEST is a lentiviral mam-
malian expression vector which requires a TetR (tetracycline repressor)-expressing construct to function
in an inducible manner. The UNC5B-expressing construct named pLenti-CMV-TO-Neo-UNC5B was used
to generate a stable cell line with inducible expression of UNC5B. The primers used for gateway cloning
were UNC5B-forward, GGG GAC AAG TTT GTA CAA AAA AGC AGG CTA CCA TGA GGG CCC GGA GCG G,
and HA-reverse, GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC TAT GCA TAA TCC GGC ACA TCA TAC
GG. Netrin-1 was cloned from the pGNET1-myc vector to pWZL-BLAST using common restriction enzyme
sites for EcoRI and XhoI in these vectors. pWZL-BLAST is a retroviral mammalian expression vector and
is constitutive. The netrin-1-expressing construct named pWZL-BLAST-Net1 was used to generate a
stable cell line with a constitutive expression of netrin-1. A Pinco-GFP construct was used as transfection
control (31, 61).

Dominant negative p53 (pWZL-DNp53DD) was obtained from Jean Zhao, DFCI, Harvard University.
PyST-HA-FLAG was previously cloned in inducible pTREX-puro vector (designated pTREX-PyST-HA-FLAG).
Both these plasmids have been described previously (32). The wild-type PyST-HA-FLAG gene and its
tagged mutants HSP� (D44N) and PP2A� (BC1075) were cloned in pCDNA3.1 in our laboratory. The
D44N construct has a J domain in which the HPDKGG motif has been mutated at residue 44, and BC1075
is a PP2A binding mutant in which cysteine 142 is mutated to tyrosine. These mutations were previously
reported by other groups (31, 40–45). PP2A constructs were provided by Thomas M. Roberts. Flag-tagged
versions of the PP2A constructs were cloned in the pLenti-CMV-BLAST vector (Addgene) also in our
laboratory, using standard cloning procedures. For experiments needing transfection control, the
Pinco-GFP construct was used.

Cell culture and transient transfections. U2OS cells and HEK 293T cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) medium containing 10% fetal bovine serum (FBS) and antibiotics
(penicillin and streptomycin) at 37°C and 5% CO2. Cells were split 1 day prior to transfection so as to have
approximately 50% confluence at the time of transfection. Polyethyleneimine solution (PEI) (stock
concentration, 1 mg/ml) was used as the transfection reagent. Plasmid DNA and a PEI solution were
added to 400 �l of DMEM in a 1 �g/3�l ratio, mixed, and incubated at room temperature for approxi-
mately 15 min before being added dropwise to culture plates. The plates were kept in the incubator
overnight. The next day, the medium was changed and cells were harvested at approximately 48 h.

Viral transductions. For retroviral/lentiviral transductions, packaging cells were grown in 6-cm
plates. Phoenix and FT packaging cells (packaging constructs were still transfected for supplementation)
were used for retro- and lentiviral infections, respectively. Retroviral expression plasmids (3 �g) were
mixed in DMEM with viral packaging plasmids Gag-Pol (1 �g) and VSVG (1 �g). For lentiviral transduc-
tions, lentiviral expression plasmids (2.5 �g) were mixed in DMEM with lentiviral packaging plasmids ΔR
(2.25 �g) and VSVG (0.25 �g). As for the transient transfections, polyethyleneimine (PEI) was used as the
transfection reagent. The medium was changed the next day, viral titers were collected at 48 h and 72
h, and the virus was used to infect host cells for 4 to 6 h on consecutive days. Polybrene (8 �g/ml) was
used as a cell binding agent for virus. Cells were grown for 1 day after infections and were subsequently
selected in the presence of appropriate selection drugs for 5 to 7 days until the selections were
completed.

Microarray analysis. Total cellular RNA was isolated by the TRIzol method (Invitrogen) from
pTREX-PyST-HA-FLAG U2OS cell lines from control (�DOX) and PyST-expressing cells (�DOX, 20 h) in
triplicates. RNA was isolated at the same time from cells grown in three separate 6-cm plates each for
control (�DOX) and PyST-expressing cells (�DOX). At this time point, extensive cell rounding, which
indicates mitotic arrest, was clearly visible. The samples were further purified using the RNeasy Miniprep
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kit (Qiagen). The quantity and quality of the samples were further confirmed by spectrometry and
running on an agarose gel, respectively. RNA samples were then subjected to microarray analysis at DFCI,
Harvard Medical School microarray core facility. Microarray experiments were conducted for technical
triplicates for both the samples, using whole-genome Affymetrix human genome U133 Plus 2.0 (HG-
U133_Plus_2) chips. Genes having log2 fold or more fold changes in expression were considered for
further analyses and for generating the heat map. Gene set enrichment analysis (GSEA) was carried out
using GSEA (V4.0.3) (https://www.gsea-msigdb.org/gsea/index.jsp) (62).

Western blotting. Cells were lysed in NP-40 lysis buffer (Tris-Cl, 50 mM; NaCl, 150 mM; glycerol, 10%;
SDS, 0.1%; NP-40, 1%; EDTA, 2 mM) containing protease and phosphatase inhibitors (Complete, Roche).
Cell lysates were centrifuged, and supernatants were mixed with 5� sample buffer (0.5 M Tris-Cl [pH 6.8],
1.25 g SDS, 0.0025 g bromophenol blue), followed by boiling at 100°C. Protein estimations were
conducted by using the Bradford assay (Bio-Rad Laboratories). Equal amounts of proteins were loaded
on SDS-PAGE gels and then blotted on nitrocellulose membranes. Membranes were blocked with 3%
milk in 1� TBS-T (8 g of NaCl, 0.2 g of KCl, 0.3 g of Tris-Cl for 1 liter), incubated with primary antibody
solution at 4°C overnight, washed with TBS-T, and then incubated with secondary antibodies (DyLight
680 and DyLight 800 for infrared detection or HRP-conjugated antibodies for chemiluminescence). The
blots were then detected using LI-COR Odyssey (for infrared detection) or ChemiDoc MP (Bio-Rad
Laboratories; for chemiluminescence). Quantifications for all Western blots were carried out by densito-
metric analysis using Image Studio Lite ver 5.2 (LI-COR Biosciences). Normalization was to total protein
detected by Ponceau S staining, to an internal loading control, or to a coexpressing protein depending
on the experiment. For total protein quantification, the whole lane as detected by Ponceau S staining
was quantified using Image Studio Lite software. Data were analyzed using GraphPad Prism software.

Cycloheximide chase assay. HEK 293T cells were split in 60-mm dishes. The next day, they were
transfected with 1 �g of pCDNA-topo-UNC5B and 2 �g of pCDNA3.1-PyST-HA-FLAG constructs. After
approximately 40 h posttransfection, cycloheximide was added at a concentration of 25 �g/ml for
different time periods (3, 6, 9, and 12 h). Cell lysates were obtained using cell NP-40 lysis buffer
containing protease and phosphatase inhibitors and subjected to Western blotting as described above.
Data obtained after densitometry analysis using Image Studio Lite ver 5.2 (LI-COR Biosciences) were used
for making graphs for comparing protein amounts from different samples. Statistical analysis was
performed using GraphPad Prism software.

Flow cytometry. Equal numbers of cells from different cell lines were grown in 60-mm dishes. At the
required time points, medium was collected in 15-ml tubes. Cells were washed with phosphate-buffered
saline (PBS) containing 0.1% EDTA, which was also collected. PBS-EDTA was then added to the plates, and
the plates were incubated at 37°C for 5 to 10 min. Cells were collected and pelleted at 1,000 � g for 5
min followed by washing in PBS-serum (1% serum) and centrifuged again at 1,000 � g. Cells were then
resuspended in 0.5 ml PBS. Next, 5 ml ethanol was added dropwise, and the cell mixtures were vortexed
to prevent cell clumping. Cells were then stored at �20°C for at least overnight. Prior to FACS analysis,
fixed samples were spun down at 1,000 � g for 5 min, washed with PBS/serum, and then resuspended
in RNase/propidium iodide solution (50 �g/ml propidium iodide, 10 mM Tris [pH 7.5], 5 mM MgCl2, and
20 �g/ml RNase A). Samples were acquired in a BD FACSVerse machine and analyzed by BD FACSuite
software. GraphPad Prism software was used for statistical analysis of our data.

Crystal violet staining. This method was used to compare cell densities among different samples.
Equal numbers of cells from different cell lines were initially seeded in different plates and were grown
for the required time periods. At the time of terminating the experiments, cells were washed with 1�
PBS, fixed with methanol for 10 min, and then stained with 0.5% crystal violet dye for 10 to 15 min. The
stain was subsequently discarded, and plates were washed with distilled water and allowed to dry. For
quantification purposes, plates were destained by using a 10% acetic acid solution. The destained
solutions were used for measuring absorbance at 595 nm. Data were analyzed using GraphPad Prism
software.

Real-time quantitative PCR. Cells were grown for the required time periods and harvested. RNA was
isolated by the TRIzol extraction method (Invitrogen) and quantified by a NanoDrop. cDNA synthesis was
conducted using a Bio-Rad iScript cDNA synthesis kit. Real-time quantitative PCR (RT-qPCR) was per-
formed using iTaq Universal SYBR green supermix. CAG GGC AAG TTC TAC GAG AT forward and TGG TCC
AGC AGG ATG TGA reverse primers were used for UNC5B amplification, and TTA GTT GCG TTA CAC CCT
TTC forward and ACC TTC ACC GTT CCA GTT T reverse primers were used for actin amplification.
Normalized gene expression (ΔΔCq) was carried out by Bio-Rad CFX Manager. Normalization was
performed by using actin as control.

Immunofluorescence. Cells were grown on coverslips overnight, given appropriate treatment, and
washed with PBS. This was followed by fixation in 4% paraformaldehyde in PBS for 15 min at room
temperature. Cells were washed with PBS, permeabilized in 100% methanol at �20°C for 10 min, and
washed in PBS for 5 min. The samples were blocked in 3% bovine serum albumin (BSA) in PBS-Triton (1�
PBS, 0.3% Triton X-100) for 1 h, followed by incubation in an appropriate primary antibody (anti-UNC5B
or anti-tubulin; 1:100 dilution) overnight at 4°C. The samples were then rinsed three times in PBS for 5
min each. This was followed by incubation in secondary antibody (1:3,000 to 1:5,000 dilution) at room
temperature for approximately 1 h and rinsing in PBS three times for 5 min each. Coverslips were finally
mounted on glass slides on which DAPI-containing antifade solution was applied, and the samples were
observed by using an immunofluorescence microscope. Pictures were taken at �63 magnification with
a Carl Zeiss Axio Observer 7.0 microscope using apotome.

Data availability. The microarray data discussed in this paper are available in NCBI’s Gene Expression
Omnibus (GEO) under accession number GSE149525.
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