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Abstract

The subcellular localization, expression level, and activity of anti-cancer proteins alter in response
to intrinsic and extrinsic cellular stresses to reverse tumor progression. The purpose of this study
is to determine whether UBXN2A, an activator of the p53 tumor suppressor protein, has different
subcellular compartmentalization in response to the stress of DNA damage. We measured traf-
ficking of the UBXN2A protein in response to two different DNA damage stresses, UVB irradi-
ation and the genotoxic agent Etoposide, in colon cancer cell lines. Using a cytosol-nuclear frac-
tionation technique followed by western blot and immunofluorescence staining, we monitored and
quantitated UBXN2A and p53 proteins as well as p53’s downstream apoptotic pathway.

We showed that the anti-cancer protein UBXN2A acts in the early phase of cell response to two
different DNA damage stresses, being induced to translocate into the cytoplasm in a dose- and
time-dependent manner. UVB-induced cytoplasmic UBXN2A binds to mortalin-2 (mot-2), a
known oncoprotein in colon tumors. UVB-dependent upregulation of UBXN2A in the cytoplasm
decreases p53 binding to mot-2 and activates apoptotic events in colon cancer cells. In contrast,
the shRNA-mediated depletion of UBXN2A leads to significant reduction in apoptosis in colon
cancer cells exposed to UVB and Etoposide. Leptomycin B (LMB), which was able to block
UBXN2A nuclear export following Etoposide treatment, sustained p53-mot-2 interaction and had
partially antagonistic effects with Etoposide on cell apoptosis. The present study shows that nu-
cleocytoplasmic translocation of UBXN2A in response to stresses is necessary for its anti-cancer
function in the cytoplasm. In addition, LMB-dependent suppression of UBXN2A’s translocation to
the cytoplasm upon stress allows the presence of an active mot-2 oncoprotein in the cytoplasm,
resulting in p53 sequestration as well as activation of other mot-2-dependent growth promoting
pathways.
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Introduction

The p53 protein suppresses the formation of
tumor cells by arresting the cell cycle and by activat-
ing apoptosis in response to an array of cellular
stressors [1]. Primarily, p53 is a cytoplasmic protein in
normal cells and, upon genotoxic stresses, it translo-

cates into the nucleus in a tightly regulated manner [2,
3]. However, this subcellular localization and subse-
quent function of p53 in nuclear and cytoplasmic
compartments of a cancerous cell is compromised by
p53’s cytoplasmic sequestration. The Oncoprotein
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mortalin-2 (mot-2) [4] is the major player in this se-
questration processes which leads to the development
and progression of tumors. It is noteworthy that
mot-2 binds and sequesters p53 particularly after ex-
ogenous stress [5], making mot-2 protein a potential
candidate for targeted cancer therapies.

While cancer cells hijack the cell's signaling
network to promote their proliferation, several pro-
teins can interact with and inhibit the p53 nega-
tive-regulators and consequently reactivate p53 in a
home-defense mechanism [6-9]. We have previously
shown that a ubiquitin-like (UBX)-domain-containing
protein, UBXN2A, binds to the oncoprotein mot-2 and
unsequesters p53 from mot-2 in the cytoplasm, re-
sulting in translocation of p53 to the nucleus where
p53 proteins activate their downstream biological
effects, including apoptosis [10]. Whether UBXN2A’s
response to stresses is similar to that of other an-
ti-cancer defense proteins [9, 11, 12] remains obscure,
as do its underlying anti-mot-2 mechanisms.

In this study, we have shown that induction of
stresses, including exposure to Ultraviolet B radiation
(UVB) or the genotoxic agent Etoposide, enhances
UBXN2A translocation from the nucleus to the cyto-
plasm. Nucleocytoplasmic translocation of UBXN2A
and its consequent binding to mot-2 in the cytoplasm
is coordinated with p53 unsequestration and apopto-
sis events. The UBXN2A nucleocytoplasmic translo-
cation mechanism and its interactions with oncopro-
tein mot-2 in response to genotoxic stresses may con-
tribute to or enhance the anti-cancer pathways [13, 14]
activated during the progression of cancer.

Material and methods

Cell culture

HCT-116 and LoVo cells were purchased from
ATCC (American Type Culture Collection) and were
grown in appropriate media, supplemented with 10%
fetal bovine serum and penicillin/streptomycin.
Leptomycin B (25ng/mL) was obtained from Sig-
ma-Aldrich (St. Louis, MO, USA) and was used to
block nuclear export of proteins [9]. The list of the
primary antibodies and the titers used for western
blotting (WB) and immunofluorescence staining is
shown in Supplementary Table S1.

UVB treatment

UVB treatment of cells was carried out with a
custom-made Spectroline XL-1000B UV chamber with
a UVB unit that has a peak UV of 312 nm (Fisher Sci-
entific, Pittsburgh, PA, USA). The energy-set
(0-999,990 pJ/cm?2) and time-set (0-9,900 seconds)
modes of Spectroline XL-1000, based on a formula of
“UV Dosage (W-Sec/cm?) = UV intensity (W/cm?2) X Time
(second)”, were used to calculate UVB irradiation for

cell culture. Plates were exposed to UVB for desig-
nated doses without lids or media and were immedi-
ately returned to the CO2 incubator or subjected to
cell lysates.

Etoposide treatment

Etoposide (ETO) was purchased from Sig-
ma-Aldrich. We used Etoposide in this study as a
DNA damaging agent in the cells. Cells were cultured
as per ATCC instructions and allowed to grow to 70%
confluence before treatment with ETO. HCT-116 and
LoVo cells were treated with different concentrations
of ETO for different periods of time. Cells were pre-
pared for downstream analysis.

Protein Extraction

Cells were harvested via mechanical scraping
and split into nuclear and cytoplasmic fractions uti-
lizing the NE-PER nuclear and cytoplasmic protein
extraction kit (Thermo Fisher Scientific, Waltham,
MA, USA). Total protein concentration was assessed
using a BCA assay technique (Life Technologies,
Grand Island, NY).

Immunoprecipitation

To investigate the interaction between UBXN2A,
mot-2, and p53 proteins under genotoxic stress,
HCT-116 cells were exposed to UVB or Etoposide, and
cytoplasmic and nuclear fractions were prepared after
24 hours. Immunoprecipitation (IP) was performed
with Dynabeads magnetic beads (Life Technologies).
Briefly, 50pl beads were pelleted by the magnet,
washed, and incubated for 15mins with anti-mot-2 or
anti-p53 antibodies at room temperature by gentle
rotation. Mouse or rabbit serum IgG were used as
negative controls. Cytoplasmic lysates were added to
the beads and incubated for 1-2 hours at 4° C by gen-
tle rotation. Beads were washed and the immunopre-
cipitated proteins released with the sample buffer,
followed by WB analysis.

Western blot, immunofluorescence staining,
and flow cytometry analysis

Proteins in cellular lysates or following IP ex-
periments were separated on 4-20% SDS-PAGE fol-
lowed by transfer of proteins to nitrocellulose mem-
brane for WB analysis. Immunoblotting was carried
out using antibodies against UBXN2A, p53, mot-2,
p47, p97, HSC70 and cleaved-PARP, followed by
secondary antibodies for chemiluminescent WB or
infrared (LI-COR Odyssey, Lincoln, NE) imaging.
Equal protein loading for cytoplasmic and nuclear
fractions was confirmed by blotting against GAPDH
(cytoplasmic marker) and ORC-2 (nuclear marker),
respectively. Immunofluorescence staining with an-
ti-UBXN2A and nuclear marker DAPI was conducted
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as previously described [10]. The rates of cell apopto-
sis were analyzed by a BD Accuri C6 flow cytometer
following  PerCP-Cy™55  Annexin V  (BD
Pharmingen, San Diego, CA) staining as previously
described [15].

Densitometric quantification of western blot
bands

Digitalized WB bands were quantified by meas-
uring pixel numbers with an automated digitizing
system (Image Studio, version 3.1). The total meas-
ured pixels of each band were normalized to the cor-
responding loading control.

Statistical analysis

Comparisons for differences in means (+ SEM)
were assessed by unpaired t-test or one-way ANOVA
and post hoc Bonferroni's multiple-comparison t-test
using GraphPad Prism 6.0. A p value of < 0.05 was
considered significant.

Results

UVB irradiation induces nucleocytoplasmic
translocation of UBXN2A

We reported previously that UBXN2A facilitates
the nuclear localization of the p53 tumor suppressor
by binding to mot-2 in the cytoplasm [10]. To further
elucidate the mechanisms of action of UBXN2A in
colon cancer cells, we first examined the presence of
subcellular localization signals within UBXN2A pro-
tein using ESLpred software developed by Bhasin and
Raghava [16]. The software predicted potential nu-
clear export signals (NES) at amino acids 224-233 of
the UBXN2A protein, with prediction accuracies of
95.3% (Fig. S1A). This protein structure analysis
showed UBXN2A's anti-cancer function can be partly
mediated through its subcellular trafficking pathway
besides its functional SEP domain [10] and the ubig-
uitin regulatory X domain (UBX domain) [17]. Based
on the information provided by the prediction server,
ESLpred, cell lysates of HCT-116 poorly differentiated
colon cancer cells were separated into cytoplasmic
and nuclear fractions and were subjected to WB
analysis. WB results showed UBXN2A proteins were
dominantly located in the nuclear fraction in the ab-
sence of exogenous stresses (Fig. S1B-C). As previ-
ously described for other p53 regulators [9, 18], we
hypothesized that genotoxic stresses induce UBXN2A
nucleocytoplasmic translocation in colon cancer cells
where UBXN2A acts as a negative regulator of mot-2,
resulting in activation of p53. To examine whether the
subcellular localization of UBXN2A can alter upon
genotoxic stresses, we chose UVB as the most biolog-
ically relevant mutagenic lesion that were also well
characterized in the p53 pathways [19-21]. Further-

more, UVB irradiation was found to induce apoptosis
through both intrinsic and extrinsic pathways,
whereas UVC induces apoptosis only via the intrinsic
pathway [22].

Our results showed that UVB irradiation of
HCT-116 cells caused an increase in UBXN2A levels in
the cytoplasm in a dose-dependent manner, with
maximum expression of UBXN2A 24 hours after ex-
posure to 1, 2, or 4 KJ/m?2 UVB (Fig. 1A). Simultane-
ously, expression of UBXN2A in the nucleus de-
creased as doses of UVB radiation were increased
(Fig. 1B). These results indicate that the induction of
DNA damage by biological doses of UVB [19, 21]
triggers nucleocytoplasmic translocation of UBXN2A
in colon cancer cells. Expectedly, we observed two
individual peaks of p53 in the cytoplasm and nucleus
in response to low or high DNA damages induced by
different levels of UVB treatment [23]. p53 accumu-
lates in the nucleus and cytoplasmic fractions before
and after upregulation of cytoplasmic UBXN2A upon
DNA damage. We observed that the second p53 peak,
which can activate the apoptosis pathways, is over-
lapped with UBXN2A translocation from the nucleus
to the cytoplasm of cells (UVB=1, 2, and 4K]/m?; Fig.
1A-B). Due to p53-induced apoptosis in these higher
concentrations of UVB, cells were not able to recover
and undergo apoptosis, and the p53 level reduced
significantly when cells received 4KJ/m?2. As previ-
ously described [24], we observed comparable levels
of p53 upregulation in the nuclear compartment in
response to DNA damage (Fig. 1B).

It has been shown that cleaved poly
(ADP-ribose) polymerase (PARP) can be a reliable
apoptosis marker activated downstream of p53 in
HCT-116 colon cancer. Indeed, the silencing or
knockout of p53 in HCT-116 can lead to a lower level
of cleaved PARP [25]. Because cleaved PARP protein
is one of the central steps in apoptotic cell death in
colorectal cancer [26], we therefore decided to exam-
ine the effect of UBXN2A translocation from the nu-
cleus to the cytoplasm on cleaved PARP. The WB data
for cleaved PARP also showed two peaks of PARP in
the cytoplasm (Fig. 1A), the second peak of which was
coincident with UBXN2A upregulation in the cyto-
plasm.

To determine whether the upregulation of
UBXN2A in response to UVB is a selective event, we
also examined the expression of another
UBX-domain-containing protein, p47. Interestingly,
p47 (UBXN2C) was only detected in the cytoplasm
(Fig. 1A). While the level of p47 (UBXN2C) remains
unchanged following low doses of UVB (<0.25
KJ/m?), p47 levels decrease in higher doses of UVB
(20.5 KJ/m?2). Due to their different co-factor roles [27,
28], members of the UBXD family can compete with
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each other (Fig. 1A) [29]. Therefore, downregulation
of p47, which seems to concur with upregulation of
UBXN2A in cytoplasm at higher doses of UVB, could
be a compensatory mechanism between these two
proteins during DNA damage response. Conceivably,
p47 might be a target of proteasomal degradation
during DNA damage response, as previously re-
ported for other co-factors [30]. Future research in-
vestigations in our group will determine whether
there is a cross-talk between UBXN2A and p47 fol-
lowing DNA damage response.

Because UBXIN2A is also a co-factor of the p97
complex at the endoplasmic reticulum [31, 32], which
responds to stresses, we decided to examine whether
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the p97 complex is involved in the UBXN2A-p53 axis
during UVB exposure. The results showed that in-
creased expression of UBXN2A in the cytoplasm has
no effect on p97 expression (Fig. 1A). To further sta-
tistically confirm the above finding, we repeated the
above experiments using 1 to 2 KJ/m? UVB doses
followed by WB analysis of the cytoplasm and nuclear
lysates 24 hours after exposure. Quantification of
signals after normalizing with the respective loading
controls revealed that UBXN2A levels were signifi-
cantly increased in the cytoplasm (Fig. 1C), whereas
they were significantly decreased in the nucleus (Fig.
1D) of HCT-116 cells treated with 1 and 2 KJ/m? of
UVB, as compared to non-treated cells.
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Figure 1: UVB induces nucleocytoplasmic translocation of UBXN2A. (A-B) HCT-116 colon cancer cells were UVB irradiated with doses of 0.05, 0.125, 0.250, 0.5, I,
2, and 4 KJ/m2, followed by 24 hours recovery time. Proteins were extracted from cytoplasmic and nuclear fractions followed by a BCA assay to measure the total level of
proteins. Proteins were loaded into 4-20% gradient SDS-PAGE followed by WB analysis. (A) Results indicate that UVB irradiation upregulated UBXN2A protein in the cytoplasm
and, simultaneously, the UBXN2A level decreased in the nucleus fraction in the corresponding dosages (0.5, 1, 2, and 4 KJ/m?). Upregulation of UBXN2A in the cytoplasm was
accompanied by the second p53 peak in the cytoplasm fraction and accumulation of p53 in the nucleus. P47 (UBXN2C), another member of the UBXD family showed no
significant change in response to low UVB, while it decreased in higher doses of UVB (0.5, 1, 2, and 4 KJ/m?) when UBXN2A is increased in the cytoplasm. UBXN2A’s protein
partner, p97 showed no changes in the cytoplasm. Upregulation of UBXN2A in the cytoplasm and consequent accumulation of p53 in the nucleus were associated with the
second peak of cleaved PARP at 1, 2, and 4 KJ/m2. Anti-GAPDH and ORC-2 antibodies were used as subcellular and loading control markers in Panels A and B. (C-D) HCT-116
colon cancer cells were UVB irradiated with biologically relevant doses of | and 2 K}/m2. The total proteins from cytoplasmic and nuclear fractions were measured by BCA assay
followed by WB analysis. The band density of UBXN2A was quantified and normalized with GAPDH and ORC-2 loading controls for the cytoplasm and nucleus, respectively. The
data is shown as mean + SEM of three different experiments where *p<0.05 using Bonferroni’s t-test. UVB irradiation significantly increases UBXN2A protein in the cytoplasm,
whereas in the nucleus UVB significantly decreased the level of UBXN2A protein.

http://lwww.jcancer.org



Journal of Cancer 2015, Vol. 6

1070

P53 has tight temporal regulation in response to
genotoxic stress [33], and this regulation is coordi-
nated with several adaptor proteins in a timely man-
ner [34]. Based on the quantitative results illustrated
in Panels C and D of Figure 1, we decided to deter-
mine the time interval of UBXN2A translocation in
response to an intermediate dose of UVB. We there-
fore irradiated cells with 1K]J/m2of UVB for different
time periods (between 1 to 48 hours), followed by WB
analysis. The results showed an increase in UBXN2A
levels in the cytoplasm and subsequent decrease in
levels of UBXN2A in the nucleus (Fig. 2A-B) is a
time-dependent response event. This event starts 6
hours after UVB exposure and subsequently increases
to maximum accumulation in the cytoplasm after 24
hours and is sustained until 48 hours after UVB ex-
posure. Due to significant cell death, the WB of cells
after 48 hours was not conclusive. Furthermore, we
found the time frame of p53 accumulation in the nu-
cleus and upregulation of the apoptotic marker,
cleaved PARP, partially overlapped with UBXN2A’s
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upregulation (Fig. 2A). This result resembles a posi-
tive feedback mechanism between UBXN2A and
p53’s downstream apoptotic pathway. Meanwhile,
the levels of HSC70 proteins, a general heat shock
protein in the cytoplasm, remained unchanged fol-
lowing UVB exposure (Fig. 2A). As previously de-
scribed [35], the time required to recruit and upregu-
late the specific co-factors and regulators can contrib-
ute to the delayed accumulation of p53 in the nucleus
(12 hours after UBXN2A peak, Fig. 2B), resulting in an
intermediate-to-late induction of apoptotic genes.
Because UBXN2A acts as a functional inhibitor of
mot-2 in the cytoplasm [10], we decided to determine
whether upregulated UBXN2A is functional in the
cytoplasm following UVB treatment. Cytoplasmic cell
lysates of HCT-116 cells treated with 0 to 2 KJ/m? of
UVB followed by 24 hours incubation were subjected
to immunoprecipitation by anti-mot-2 antibodies. WB
analysis in Fig. 2C shows that upregulated UBXN2A

binds to mot-2 in the cytoplasm in a
UVB-dose-dependent manner.
B
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Figure 2: Nucleocytoplasmic translocation of UBXN2A in response to UVB is an early event. (A-B) Cells were exposed to UVB radiation for different time intervals
followed by WB analysis of cytoplasmic and nuclear fractions. (A) The nucleocytoplasmic translocation of UBXN2A in response to UVB started 6 hours after UVB exposure and
reached a maximum 24 hours after 1KJ/m2UVB exposure in the cytoplasm. Meanwhile, the levels of heat shock protein HSC70 showed no alteration in response to 1KJ/m2UVB
irradiation. Upregulation of p53 in the cytoplasm and its maximized accumulation in the nucleus were coincident with the cytoplasmic upregulation of UBXN2A. Anti-cleaved
PARP showed a typical fluctuation of cleaved-PARP representing the level of apoptosis after UVB exposure. (C) HCT-116 cells were treated with three different doses of UVB
followed by immunoprecipitation with anti-mot-2 antibody. Immunoblotting of the pulled down protein revealed UVB-induced UBXN2A binds to mot-2 in a dose-dependent
manner. (D) Following UVB treatment, cell lysates were subjected to immunoprecipitation using anti-p53 antibodies followed by WB. Results showed reduction of p53-mot-2
binding at | and 2 KJ/m2 can coincide with increased association of UBXN2A with mot-2 (Panel D versus panel C). IgG immobilized on magnetic beads was used as control.
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Binding UBXN2A to mot-2 leads to
un-sequestration of p53 in the cytoplasm [10]. Based
on the results shown in Figure 2C, we hypothesized
that UBXN2A nuclear export following UVB ulti-
mately displaces p53 from mot-2. HCT-116 cells were
treated with UVB (0, 1, and 2 KJ/m?2). After 24 hours,
cytoplasmic fractions were subjected to immunopre-
cipitation using anti-p53 polyclonal antibodies or
rabbit IgG (control). Pulled down proteins were ana-
lyzed with WB. Panel D in Figure 2 confirmed p53
binding to mot-2 protein attenuates following UV
irradiation, and this event is synchronized with
UBXN2A binding to mot-2 following 1 and 2 KJ/m?
UVB exposures (Fig. 2, Panel C).

These results indicate that nucleocytoplasmic
translocation of UBXN2A is part of a positive regula-
tory element of DNA damage during UVB exposure.
This can result in un-sequestration of p53 in the cyto-
plasm and consequent accumulation of p53 in the
nucleus.

Etoposide induces nucleocytoplasmic translo-
cation of UBXN2A

To further confirm that the nucleocytoplasmic
translocation of UBXN2A is a general response to
different types of DNA damage, we decided to use
Etoposide, a genotoxic agent that induces DNA
damage response in a p53-dependent manner [3] and
is an alternative chemotherapeutic drug in colon
cancer patients [36]. A poorly differentiated HCT-116
(Fig. 3A) colon cancer <cell line and a
well-differentiated LoVo (Fig. 3B) colon cancer cell
line were treated with Etoposide (20uM and 50uM)
[10] for 24 hours. We observed that, in both cell lines,
Etoposide significantly increased UBXN2A levels in
the cytoplasm while decreasing UBXN2A in the nu-
cleus (Fig. 3A-3B). We then performed statistical
analysis of the UBXN2A levels in the cytoplasm and
the nucleus of HCT-116 after normalizing with the
respective loading controls. A Bonferroni’s modified
t-test revealed that the Etoposide-induced DNA
damage can significantly increase UBXN2A levels in
the cytoplasm and decrease levels of UBXN2A in the
nucleus, similar to UBXN2A’s response to UVB (Fig.
3C-3D). With the same rationalization used for Figure
2A-B, we decided to determine the time line of
UBXN2A’s response to Etoposide. We treated
HCT-116 cells with a clinical dosage of Etoposide
(50pM) for different periods of time. WB analysis of
the cytoplasm and nuclear cell lysates revealed that
Etoposide increases cytoplasmic UBXN2A for up to 24
hours, and this event is coincident with a sustained
decrease of nuclear UBXN2A (Fig. 3E-F). In addition,
Etoposide induced a sustained increase of p53 levels
in the cytoplasm and nucleus (Fig. 3E-F). Expectedly,

we observed a decrease in the UBXN2A level after 48
hours incubation with Etoposide, which could be due
to the late apoptosis and cell death induced by
Etoposide-induced p53. Similar to UVB, we observed
a coincident relationship between UBXN2A and p53
in response to Etoposide in the cytoplasm and nuclear
compartments.

The orchestrated UBXNZ2A nuclear export
and its apoptosis events are only partially
p53-dependent.

We decided to determine whether the presence
of p53 is essential for UBXN2A nuclear export as well
as apoptotic events (cleaved PARP) which occurs after
UBXN2A nuclear export. We treated HCT-116 p53
+/+ and HCT-116 p53 -/- cells with the DNA dam-
aging agent Etoposide (50puM) for 24 hours to evaluate
the levels of UBXN2A and cleaved PARP in both cy-
toplasmic and nucleus compartments, as previously
described [37, 38]. Cytoplasm and nuclear lysates
were subjected to WB analysis using anti-UBXN2A,
anti-cleaved PARP antibodies as well as cytoplasmic
and nuclear markers and loading controls. Panels A
and B in Figure 4 confirmed UBXN2A’s nuclear ex-
ports in both HCT-116 p53 +/+ and p53 -/- cells. In
addition, this set of experiments revealed a significant
increase in cleaved PARP in both cytoplasmic and
nuclear compartments in the presence of Etoposide in
both p53 -/- and p53 +/+ cells. However, the sum of
pixel intensities within the nucleus and cytoplasm of
cleaved PARP revealed Etoposide generates more
cleaved PARP in the presence of p53 protein (Fig. 4C).
The experiment was reproduced two times with sim-
ilar results. This set of results suggests UBXN2A nu-
clear export can be co-incident with apoptosis events
(cleaved PARP) even in the absence p53, indicating
p53 may have only a partial role in pre-apoptotic
function of UBXN2A following DNA damage.

UBXNZ2A is an essential factor in apoptosis
events following DNA damage

To further understand the pre-apoptotic function
of UBXN2A, we decided to employ an early apoptosis
marker called Annexin V. Enns ef al. showed both
caspase-3 and phosphatidylserine translocation (An-
nexin V binding) represent apoptosis events in several
cancer cells, including HCT-116 cells in the presence
of WT-p53, while apoptosis was not detectable by
Annexin V or caspase-3 assays in HCT-116 with inac-
tivated p53 protein [39]. Based on this fact, we first
decided to examine the level of Annexin V early
apoptosis marker in HCT-116 exposed to Etoposide
and UVB. Panels D and E in Figure 4 show that An-
nexin V showed a significant increase in response to
Etoposide (20 and 50uM) and UVB (0.5 and 1 KJ/m?)
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in HCT-116 cells.
Using SilenciX technology (Tebu-bio, France),
we stably silenced UBXN2A in the HCT-116 plus a
control HCT-116 cell line expressing scrambled
shRNA. A set of qRT-PCR (data not shown) and WB
analysis (Fig. 4F) confirmed successful stable silencing
of UBXN2A in HCT-116 cells. We then examined the
levels of Annexin V in the presence of UBXN2A
(scrambled shRNA) and shRNA against UBXN2A
(clones 5 and 6). The data shown in Panels G and H of
Figure 4 revealed the absence of UBXNZ2A signifi-

A

HCT-116 poorly differentiated colon cancer cells

cantly suppresses elevation of Annexin V apoptosis in
HCT-116 cells exposed to Etoposide and UVB. The
level of Annexin V showed a significant difference in
clone 6 in response to UVB perhaps due to remaining
UBXN2A protein. However, the level of Annexin V
was significantly lower than control (Fig. 4H, column
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hance the UBXN2A-induced apoptosis pathway.
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cancer cells. (A-B) HCT-116 and LoVo cells were treated with Etoposide (20 and 50uM) for 24 hours. Nuclear and cytoplasm fractions were analyzed for UBXN2A localization.
Etoposide induces UBXN2A nuclear export in both HCT-116 (poorly differentiated) and LoVo (well-differentiated) colon cancer cells. (C-D) The statistical analysis of HCT-116
data using Bonferroni’s t-test revealed a significant upregulation and associated downregulation of UBXN2A levels in the cytoplasm and nucleus, respectively (n=3, *p<0.05). (E-F)
HCT-116 cells were incubated with a clinical dose of Etoposide (50uM) for different time periods (4-48 hours). (E) DNA damage induced by Etoposide led to UBXN2A nuclear
export following 4 hours incubation, and nucleocytoplasmic translocation was completed after 24 hours incubation. An anti-p53 antibody showed that upregulation of p53 started
as early as 4 hours and reached maximum level at 48 hours, and it partially coincided with constitutively increased UBXN2A levels in the cytoplasm. Downregulation of UBXN2A

after 48 hours may be due to the late-apoptosis/necrosis induced by p53.
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Figure 4: Silencing of UBXN2A decreases stress-induced apoptosis in colon cancer cells. (A-B) HCT-116 p53 -/- and p53 +/+ were treated with Etoposide (20uM)
for 24 hours. Cytoplasmic and nuclear lysates were subjected to WB analysis using anti-cleaved PARP and anti-UBXN2A antibodies as well as anti-GAPDH and Orc-2 antibodies.
(C) Signal intensities of cleaved PARP were quantified in both cytoplasmic and nuclear fractions. The sum of pixel densities of the cleaved PARP bands, normalized to the pixel
densities of corresponding loading controls, was represented by bar graph. This experiment was conducted twice and generated comparable results. (D-E) Early apoptosis
marker Annexin V significantly upregulated in HCT-116 p53 +/+, indicating the Annexin V marker can reliably indicate apoptosis following Etoposide and UVB stresses. (F) WB
analysis verified efficient silencing of UBXN2A protein in HCT-116 cells (clones 5 and 6) stably expressing shRNA against UBXN2A. (G-H) HCT-116 expressing scrambled
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In another set of experiments we decided to de-
termine the kinetics of the nuclear and cytoplasmic
p53 levels in HCT-116 UBXN2A-silenced. Control and
silenced (clones 5 and 6) were treated with 1 and 2
KJ/m? followed by WB analysis (Fig. S2A). Quantifi-
cation of signals followed by normalization per-
formed separately for treatment groups revealed the
absence of UBXN2A can interfere with UVB-induced
upregulation of p53 levels in the cytoplasm effectively
at 1 KJ/m? and moderately at 2 KJ/m? (Fig. 52B). The

absence of UBXN2A had no effects on upregulation of
nuclear p53 (Fig. S2C). We repeated the same
UVB-treatments (1 and 2 KJ/m?) in LoVo
well-differentiated colon cancer cells and we achieved
similar results (data not shown). One explanation for
these contradictory results is that the nature of DNA
damage induced by UVB is different from the DNA
damage induced by Etoposide [40]. UVB induces
double DNA breaks [41] as well as production of re-
active oxygen species (ROS) [42] which can be more
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deleterious than Etoposide. An example is chromo-
some repositioning and altered nuclear organization,
which are different in response to hydrogen peroxide
versus UVB [43]. Therefore, while p53-mot-2 interac-
tion sustains in the absence of UBXN2A, the upregu-
lation of p53 in the nuclear compartment may in part
be caused by other UVB-induced pathways in
stressed cells.

Leptomycin B blocks UBXN2A nucleocyto-
plasmic translocation and its consequent
apoptosis event in response to stress.

To further understand the underlying mecha-
nism of UBXN2A nucleocytoplasmic translocation,
we decided to use Leptomycin B (LMB), a small mol-
ecule that inhibits nuclear export of proteins via inhi-
bition of the CRM1 (chromosome region maintenance
1) pathway [9]. In this set of experiments, we first
confirmed that Etoposide induces UBXN2A translo-
cation from nucleus to cytoplasm in a dose-dependent
manner following 24 hours incubation. When we
blocked nuclear export with LMB, the level of
UBXN2A showed no significant increase in the cyto-
plasm (Fig. 5A). In fact, UBXN2A remained in the
nucleus regardless of the different doses of Etoposide
(Fig. 5B). The level of p47, another member of the
UBXD family in the cytoplasm, did not change in re-
sponse to Etoposide with or without the presence of
LMB treatment (Fig. 5A-B).

We quantified UBXN2A levels in Panels 5A (cy-
toplasmic fraction) and 5B (nucleus fraction). After
normalization of UBXN2A signals with GAPDH (cy-
toplasmic marker) and Orc-2 (nuclear marker), we
compared UBXN2A nuclear export in the presence
and the absence of LMB. Quantification of UBXN2A
signals confirmed LMB can suppress UBXN2A nu-
clear export following Etoposide (Fig. 5C-D). This
experiment was conducted twice with similar results.

More importantly, we found upregulation of
UBXN2A in the cytoplasm led to upregulation of
cleaved PARP in the absence of LMB. However, in the
presence of both Etoposide and LMB, we observed a
lower level of apoptotic marker cleaved PARP, which
was coincident with nuclear tethering of UBXN2A
(Fig. 5A). Finally, we decided to determine whether
LMB treatment can nullify the disrupted interaction
between mot-2 and p53 by Etoposide-mediated
UBXN2A cytoplasmic relocation. We conducted a set
of immunoprecipitation (IP) experiments in HCT-116
cells treated with Etoposide (50mM), LMB
(25ng/mL), and a combination of Etoposide and LMB
for 24 hours. Cytoplasmic cell lysates were subjected
to IP using anti-p53 polyclonal antibodies immobi-
lized on IgA magnetic beads. Pulled down proteins
were subjected to WB analysis using anti-mot-2 anti-

bodies. We normalized the mot-2 signal after IP to
mot-2 inputs. As illustrated in Figure S2D, while
Etoposide can decrease mot-2-p53 binding (lane 3
versus lane 2), the presence of LMB increases mot-2
binding to p53 (lane 4 versus lane 3). In the reverse
reaction, a combination of Etoposide and LMB de-
creases mot-2 binding to p53 in comparison to LMB
alone (lane 5 versus lane 4). Together, these results
suggest inhibition of nuclear export by LMB can par-
tially nullify UBXN2A-dependent disruption between
mot-2 and p53 upon Etoposide stress.

Using immunofluorescent staining followed by
confocal microscopy of fixed HCT-116 cells, we ex-
amined the distribution of UBXN2A after 24 hours’
incubation with DMSO or Etoposide. Figure 5E shows
that the activated UBXN2A is indeed translocated
from the nucleus stained with DAPI (blue) to the cy-
toplasm upon Etoposide DNA damage response. We
observed similar translocation of UBXN2A from the
nucleus to the cytoplasm when we stained UBXN2A
and the nucleus in LoVo colon cancer cells treated
with DMSO or Etoposide for 24 hours (Fig. 5F). As a
well-differentiated colon cancer cell line, LoVo cells
showed greater sensitivity to Etoposide, representing
with condensed DNA and apoptotic bodies as re-
ported previously with overexpression of UBXN2A
[10].

Based on these current findings, we propose a
model in which, under DNA-damaging stress condi-
tions, UBXN2A can be trafficked to the cytoplasm to
bind and inhibit mot-2 oncoprotein and consequently
release p53. Suppression of mot-2 oncoprotein and the
presence of free p53 can functionally activate the rel-
evant downstream apoptotic pathways (Fig. 5G).

Discussion

To achieve an efficient and coordinated execu-
tion of cell death, signals generated in the nucleus
following DNA damage need to propagate to all cel-
lular compartments. The nucleocytoplasmic translo-
cation of execution factors and their regulators is a
vital part of the pro-apoptotic and apoptotic path-
ways, and this translocation is typically deregulated
in cancer. Several proteins involved in the apoptosis
pathway have been shown to traffic in and out of the
nucleus in a timely manner following exogenous
stresses [9, 33, 44]. Due to the vital role of p53 in the
nucleus upon DNA damage, there is a set of specific
regulators that translocate across the nuclear mem-
brane to tightly regulate the nuclear import of p53
following genotoxic stresses [8, 9, 45]. Understanding
the mechanisms of the nucleocytoplasmic transporta-
tion of these regulators provides a more detailed pic-
ture of their roles in cancer biology and their thera-
peutic potential.
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LMB caused less dramatic accumulation of cleaved-PARP following Etoposide treatment. (C-D) Quantification of the protein bands detected in WB further confirmed that the
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and LoVo cells treated with Etoposide for 24 hours confirmed the induction of DNA damage results in a significant translocation of UBXN2A from the nucleus to the cytoplasmic
compartment. DAPI-stained cells show characteristic chromatin condensation and apoptotic bodies, particularly in LoVo well-differentiated cells treated with Etoposide. (E) The
proposed working model suggests that, following genotoxic stress, UBXN2A proteins translocate from nucleus to cytoplasm. This leads to the binding of UBXN2A to mot-2
oncoprotein, which has several oncogenic functions in tumors, including cytoplasmic tethering of p53 protein.
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UBXN2A disrupts tumor cell proliferation and
survival in colon cancer cells largely by reactivation of
wild-type p53 in the cytoplasm without affecting
normal cells [10]. Understanding how UBXN2A in-
teractions and functions are regulated in cancer cells
remains a subject of intense interest. In this study, we
examined the effects of the DNA damage stress in-
duced by UVB and Etoposide on the subcellular dis-
tribution of UBXN2A. We found that increased cyto-
plasmic UBXN2A following exogenous stress is a
functional protein and binds to mot-2 oncoprotein
[46] depending on the severity of the stress [5] in a
dose-dependent manner. As previously described,
UBXN2A’s binding to mot-2 protein results in unse-
questration, stabilization, and upregulation of p53 in
the cytoplasm and nucleus compartment [10]. A set of
immunoprecipitation experiments confirmed UVB
stress decreases p53-mot-2 interaction in a UVB
dose-dependent manner. As previously described,
upregulation of p53 in both nucleus and cytoplasmic
fractions following DNA damage stress [47] were
observed before and after UBXN2A nuclear export
following DNA damage. The present results indicate
that stress-induced elevation of UBXN2A in the cyto-
plasm is a critical modulator that exists alongside
other p53 regulatory mechanisms activated during
DNA damage response.

An example of a nuclear-positive regulation is
the USP10 deubiquitinating enzyme, which translo-
cates to the nucleus and stabilizes p53 upon DNA
damage [9]. PUMA acts as a cytoplasmic positive
regulator of p53 upon DNA damage [8], allowing p53
to induce mitochondrial membrane permeabilization
and apoptosis [48]. UBXN2A increases in the cyto-
plasmic fraction upon DNA damage and displaces
those p53 attached to mot-2 oncoprotein during the
DNA damage response [5]. Further investigations are
underway in our group to determine the fate of p53 in
both cytoplasmic and nuclear fractions after releasing
from mot-2 by UBXN2A.

Following the above experiments, three ques-
tions remained to be answered: 1) Does translocation
of UBXIN2A take place in the absence of p53? 2) Does
UBXN2A induce apoptosis in the absence of p53 by
inhibiting mot-2? 3) Is stress-induced apoptosis (UVB
and Etoposide) in colon cancer cells suppressed in the
absence of UBXN2A? The present study showed
UBXN2A can translocate to the cytoplasm regardless
of p53 status and induce apoptosis. These results in-
dicate cytoplasmic UBXN2A can target other onco-
genic functions of mot-2 [5, 49-52] beyond the p53
axis. However, as previously described, the presence
of WT-p53 can further enhance apoptotic events fol-
lowing un-sequestration from mot-2 [46, 53].

Our results demonstrated that UBXN2A trans-

location to the cytoplasm is associated with induction
of apoptosis determined by cleaved PARP protein.
The fragmentation of PARP protein is an accepted
protein marker for the activation of the p53/caspase-3
apoptotic pathway, and a high level of this cleaved
PARP is correlated with a better prognosis in colon
tumors [54]. In addition to cleaved PARP, we showed
upregulation of cytoplasmic UBXN2A was also coin-
cident with increased Annexin V, an early apoptosis
marker following both UVB and Etoposide exposure.
More importantly, we found silencing of UBXN2A
suppresses elevation of Annexin V observed in the
presence of DNA damage stress induced by UVB and
Etoposide. These sets of results suggest the presence
of UBXN2A and its mot-2 inhibitory functions is a
critical step during the execution of DNA damage
response in colon cancer cells.

HSC70 expression remained unchanged during
the nucleocytoplasmic translocation of UBXN2A, im-
plying that the induction of UBXN2A during DNA
damage response is controlled by specific pathways
and is not simply the consequence of the general heat
shock stress following UVB exposure. Treatment of
cancer cells with the CRMI-specific inhibitor LMB
interrupted the cytoplasmic translocation of UBXN2A
in response to stress and recovery of p53-mot-2 bind-
ing, confirming that nucleocytoplasmic trafficking of
UBXN2A following DNA damage occurs through the
CRM-1 nuclear export pathway and is essential in
order to inhibit mot-2 and unsequester p53.

Posttranslational modification such as phos-
phorylation, ubiquitination, and sumoylation has
been shown to regulate nuclear export of several
proteins through the CRM-1 pathway [33, 55, 56].
UBXN2A can be posttranslationally modified, and the
modification(s) of UBXN2A is likely to regulate
UBXN2A nuclear export in response to DNA damage.
As previously described for other proteins with an
NES signal [56, 57], it is also possible that posttransla-
tional modification of one or more UBXN2A nuclear
protein partners in response to DNA damage may
cause them to dissociate from UBXN2A, unmasking
the NES signal and enabling UBXIN2A to interact with
the CRM-1 receptor for nuclear export. The specific
role of these mechanisms in regulating the nuclear
export of UBXN2A is under investigation by our
group. Finally, it has been shown that APC (adeno-
matous polyposis coli), a dominant tumor suppressor
protein in colon cancer, uses its NES signals to coor-
dinate nuclear export of the oncogene product
B-catenin for proteasomal degradation in the cyto-
plasm [58, 59]. Due to its ubiquitin-like activity [28], it
is possible that UBXN2A, as part of its home-defense
mechanism, also facilitates nuclear export of specific
potential oncogenic factor(s) generated during the
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progression of cancer to be degraded by the 26S pro-
teasome complex in the cytoplasm compartment. As a
matter of fact, Ryu et al. recently reported that the
oncogenic protein mot-2 localized in the nucleus in
addition to its upregulation in the cytoplasm in cancer
cells. Nuclear mot-2 promotes carcinogenesis and
cancer cell metastasis by inactivation of p53 and by
activation of telomerase and heterogeneous ribonu-
cleoprotein K (hnRNP-K) proteins [52]. Ongoing in-
vestigation in our group will determine whether
UBXN2A can interfere with oncogenic function of
mot-2 in a similar mechanism as described for APC
[58, 59].

In summary, our data show the DNA damage
response is one of the underlying mechanisms that
regulates UBXN2A in two colon cancer cell lines, one
poorly- and one well-differentiated. This nuclear ex-
port would be expected to be necessary for the cyto-
plasmic apoptotic function of UBXN2A [10] but may
also be important for its nuclear anti-cancer effect,
which remains to be determined. A deeper under-
standing of how this process is initiated, regulated,
and ended during the progression of colon tumors
with and without genotoxic stress will help to resolve
the relative importance of these activities to overall
UBXN2A function. The cellular response to p53 acti-
vation following DNA damage is determined by cell
type and stimuli [60]. The DNA damage stimuli (UVB
and Etoposide) used in this study clarified the role of
UBXN2A, mot-2 oncoprotein, p53 and its downstream
biological cascade during DNA damage.

Supplementary Material

Figures S1-52, and Table S1.
http:/ /www jcancer.org/v06p1066s1.pdf
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