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Dissociation of the nuclear WWOX/TRAF2 1,

switch renders UV/cold shock-mediated nuclear
bubbling cell death at low temperatures

Szu-Jung Chen'", Cheng-Chang Tsai'", Sing-Ru Lin', Ming-Hui Lee', Sheng-Shyang Huang', Han-Yan Zeng?,
Lu-Hai Wang?, Ming-Fu Chiang®’, Hamm-Ming Sheu®" and Nan-Shan Chang"?*

Abstract

Background Normal cells express functional tumor suppressor WW domain-containing oxidoreductase (WWOX),
designated WWOXF. UV irradiation induces WWOXf cells to undergo bubbling cell death (BCD) — an event due

to the accumulation of nuclear nitric oxide (NO) gas that forcefully pushes the nuclear and cell membranes to form
one or two bubbles at room temperature (22 °C) and below. In contrast, when WWOX-deficient or -dysfunctional
(WWOXd) cells are exposed to UV and/or cold shock, the cells undergo nuclear pop-out explosion death (POD). We
aimed to determine the morphological and biochemical changes in WWOXT cells during BCD versus apoptosis.

Methods WWOXf and WWOXd cells were exposed to UV followed by measuring BCD or POD by time-lapse micros-
copy and/or time-lapse holographic microscopy at 4, 22, or 37 °C to visualize morphological changes. Live cell stains
were used to measure the kinetics of nitric oxide (NO) production and Ca?* influx. Extent of cell death was measured
by uptake of propidium iodide and by internucleosomal DNA fragmentation using agarose gel electrophoresis.

Results WWOXf cells were exposed to UV and then cold shock, or cold shock and then UV, and cultured at 4,

10, and 22 °C, respectively. Initially, UV induced calcium influx and NO production, which led to nuclear bubbling
and final death. Cold shock pretreatment completely suppressed UV-mediated bubbling at 37 °C, so the UV/cold
shock-treated cells underwent apoptosis. Without cold shock, UV only induced bubbling at all temperatures, whereas
the efficiency of bubbling at 37 °C was reduced by greater than 50%. Morphologically, the WWOXf cell height

or thickness was significantly increased during cell division or apoptosis, but the event did not occur in BCD. In com-
parison, when WWOXd cancer cells received UV or UV/cold shock, these cells underwent NO-independent POD. UV/
cold shock effectively downregulated the expression of many proteins such as the housekeeping a-tubulin (>70%)
and (3-actin (< 50%), and cortactin (> 70%) in WWOXf COS7 cells. UV/cold shock induced relocation of a-tubulin

to the nucleus and nuclear bubbles in damaged cells. UV induced co-translocation of the WWOX/TRAF2 complex

to the nuclei, in which the prosurvival TRAF2 blocked the proapoptotic WWOX via its zinc finger domain. Without
WWOX, TRAF2 did not relocate to the nuclei. Cold shock caused the dissociation of the WWOX/TRAF2 complex
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in the nucleus needed for BCD. In contrast, the formation of the WWOX/TRAF2 complex, plus p53, was strengthened

at 37 °C required for apoptosis.

Conclusions The temperature-sensitive nuclear WWOX/TRAF2 complex acts as a molecular switch, whose dissocia-
tion favors BCD at low temperatures, and the association supports apoptosis at 37 °C in UV-treated WWOXT cells.

Keywords WWOX, UV, Cold shock, TRAF2, Molecular switch, Signaling

Introduction

WW domain-containing oxidoreductase (WWOX), ini-
tially identified as a potential tumor suppressor, exhib-
its dual roles in biological functions. It not only controls
the development of the neural system but also prevents
neurodegeneration [1-6]. WWOX limits the progres-
sion of Alzheimer’s disease and other neurodegenerative
diseases. Functional deficiency of WWOX gene in new-
borns leads to severe neural disease, seizures, metabolic
disorder and early death [3, 4, 7, 8]. WWOX gene is a risk
factor for Alzheimer’s disease [9]. When WWOX is Y33
phosphorylated, pY33-WWOX supports normal physi-
ology, inhibits neurodegeneration, and blocks cancer
growth. Conversely, when pY33-WWOX is downregu-
lated, and pS14-WWOX is upregulated, pS14-WWOX
supports cancer growth and promotes the progression
of Alzheimer’s disease [10]. Thus, WWOX exhibits two
faces in managing the progression of Alzheimer’s disease,
cancer growth, and probably other diseases.

In contrast to the programmed cell death [11, 12], we
have previously reported nucleus-initiated cell death,
designated nuclear-bubbling cell death (BCD) [13, 14].
When the temperature is lowered in the surrounding
environment, dying cells do not undergo apoptosis but
go through BCD [13, 14]. Our study concerns the severity
of frostbite and UV irradiation in the polar regions and
even outer space [13, 14]. When exposed to severe cold
and strong UV irradiation, people suffer serious dam-
age to their skin. The damage causes further and rapid
destruction in internal organs, and eventually leads to
limb amputations, organ failure, and even death. BCD
was initially defined as “the formation of a single bub-
ble from the nucleus per cell and release of this swell-
ing bubble from the cell surface to extracellular space
that irreversibly causes cell death” [13, 14]. When cells
are subjected to UV irradiation and/or brief cold shock
(4 °C for 5 min) and then incubated at room temperature
(22 °C) or 4 °C, each cell releases an enlarging nuclear gas
bubble containing nitric oxide (NO) as determined by
time-lapse microscopy. Certain cells may simultaneously
eject hundreds or thousands of extracellular vesicles
(EV) or exosome-like particles. Unlike apoptosis, BCD
does not exhibit membrane phosphatidylserine flip-over,
mitochondrial apoptosis, damage to the Golgi complex,

and chromosomal DNA fragmentation. BCD stops when
the temperature is increased back to 37 °C, and apopto-
sis starts to proceed [13, 14]. Indeed, BCD can occur to
37 °C. For example, when cells are transiently overex-
pressed with the Hyal-2/WWOX/Smad4 signaling com-
plex, high-molecular-weight hyaluronan induces BCD at
37 °C [15].

Metastatic cancer cells are frequently deficient in
WWOX protein or express dysfunctional WWOX (des-
ignated WWOXd) [16, 17]. In response to UV irradiation
at 22 °C, WWOXd cells are not efficient in generat-
ing calcium (Ca®") influx, fail to produce nuclear nitric
oxide (NO), and ultimately undergo non-apoptotic
nuclear explosion or pop-out death (POD). However,
UV induces functional WWOX-expressing cells (des-
ignated WWOXf) to undergo efficient Ca** influx, NO
production, and then BCD. WWOXI cells migrate col-
lectively and expel the individually migrating WWOXd
cells. WWOXd cells in turn induce apoptosis of WWOXf
cells from a distance without physical contact [16, 17].
In summary, the research findings highlight the distinct
responses of WWOXf and WWOXd cells to UV irra-
diation, with implications for cancer cell behavior and
interaction.

TRAF2 (TNF receptor-associated factor 2) down-
regulation is a known phenomenon in human skin dur-
ing frostbite [14]. In this study, we aimed to uncover a
novel aspect of cell death mechanisms by investigating
the interaction and relocation of WWOX and TRAF2
under UV/cold shock exposure. Our approach, which
involved domain mapping by utilizing Forster resonance
energy transfer (FRET) imaging, yeast two-hybrid analy-
sis, and cell death assays, led to the discovery of a previ-
ously unknown molecular complex that controls UV/cold
shock-mediated cell death at low temperatures (22 °C and
below) for BCD and 37 °C for apoptosis. These findings
represent a significant step forward in our understanding
of cell death under extreme conditions.

Materials and methods

Cell lines and chemicals

We used the following WWOXf and WWOXd cell
lines [16]. WWOXTf cell lines were: 1) African green
monkey SV40-transfected kidney COS7 fibroblasts, 2)
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mouse tumor necrosis factor (TNF)-sensitive 1L.929S
fibrosarcoma cells, 3) human colon cancer HCT116
cells, 4) human prostate cancer DU145 cells, 5) human
breast MCF7 adenocarcinoma cells [18], 6) human
oral squamous cell carcinoma SCC9 and SCC15 cells,
and 7) wild type Wwox™'* MEF cells. WWOXd cell
lines were: 1) mouse TNF-resistant L929R fibrosar-
coma cells, 2) mouse 4T1 mammary carcinoma cells,
3) human neuroblastoma NB69 cells, 4) knockout
Wwox~'~ MEF cells, 5) mouse NIH-3T3 fibroblasts,
and 6) human breast MDA-MB-231 adenocarcinoma
cells. MDA-MB-231 cells were from our laboratory
(purchased at the American Type Culture Collec-
tion (ATCC), Manassas, VA, USA) [16]. Also, MDA-
MB-231 (NH) [18] and metastatic MDA-MB-231
(IV2-3) cells were from the National Health Research
Institute, Taiwan. MDA-MB-231 and MDA-MB-231
(NH) were considered to come from the exact cell ori-
gin. All cell lines were maintained in DMEM medium
(Thermo, Waltham, MA, USA) containing 10% heat-
inactivated fetal bovine serum (FBS) (Gibco, Billings,
MT, USA), except that L929S, L929R, and Wwox MEF
cells were maintained in RPMI-1640 medium (Sigma,
St. Louis, MO, USA) supplemented with 10% heat-
inactivated FBS. Cells were incubated at 37°C with a
5% humidified CO, atmosphere.

Chemicals used were 1) propidium iodide (PI), red
fluorescent nuclear stain; 2) 4’,6-diamidino-2-phe-
nylindole (DAPI), blue fluorescent nuclear stain; 3)
4-amino-5-methylamino-2,7’-difluorofluorescein
Diacetate (DAF-FM), green fluorescent live cell dye
for NO; 4) Fluo-8, green fluorescent calcium-binding
dye for live cells; 5) (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT): chemical for
measuring cell viability via redox potential; 6) betulinic
acid [19-22] (the above chemicals #1 to 6 from Sigma-
Aldrich, St. Louis, MO, USA); 7) staurosporine [22—
24] (LC Laboratories, Boston, MA, USA); 8) caspase
inhibitor I (z-VAD-FMK) [25-27]; 9) caspase inhibitor
X (specific for caspase 3 and 7) [28-30] (the chemical
#8 and 9 from Calbiochem-Merck, Rahway, NJ, USA);
10) Nec-1, inhibitor for RIPK1 {31-34] (Biomol, Ham-
burg, Germany); 11) GSK’872, inhibitor for RIPK3
[31-34] (Cayman Chemical, Ann Arbor, MI, USA).

cDNA constructs

Mouse Wwox cDNA expression constructs were made:
1) WWOX-pECFPC1 [6], 2) EGFP-TRAF2(124-233)
[14], and 3) ECFP-TRAF2 [14]. The human full-length
TRAF2 cDNA was from ATCC.
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Time-lapse bright field and fluorescent microscopy

and time-lapse holography

A UV crosslinker (CL-1000 Ultraviolet Crosslinker,
UVP, Upland, CA, USA), emitting UVC at 265 nm,
was used to irradiate cells at an indicated setting, e.g.,
960 mJoule/cm? (or mJ/cm?) [16]. Post-exposure, cells
were subjected to cold shock at 4 or 10 °C for indi-
cated times. The number of cells undergoing BCD or
POD was counted by an inverted microscope (Olym-
pus IX81 microscope with autofocus, Olympus, Tokyo,
Japan). Also, time-lapse bright field and fluorescent
microscopy (Nikon Eclipse TE2000-U, Tokyo, Japan)
were carried out to image BCD or POD [16, 17]. Fur-
ther, UV/cold shock-treated cells were imaged by time-
lapse holographic microscopy (HoloMonitor M4, Phase
Holographic Imaging PHI Inc., Boston, MA, USA) and
analyzed by Hstudio M4 Tracking software.

Trypan blue exclusion test

Cells were stained with trypan blue to determine the
extent of cell viability [16, 17]. Live cells exclude the
trypan blue dye, whereas dead cells retain it. Cells in
Petri dishes were washed with 1X phosphate-buffered
saline (PBS) for one time and then incubated with 0.2%
trypan blue in 1X PBS for 2 min. The dye was decanted,
and the total cells and trypan blue-positive cells were
counted.

MTT assay

MTT assay was used to measure functionally active
metabolism in live cells [5, 14, 15]. Cells were seeded
onto 96-well plates overnight, and then MTT was added
for incubation at 37°C for 4 h, then decanting the culture
supernatants and adding 100 uL DMSO to dissolve the
MTT-derived formazan purple crystals. Absorbance was
measured using a SpectraMax M3 Multi-Mode Micro-
plate Reader (Molecular Devices, San Jose, CA, USA) at a
wavelength of 570 nm.

Chromosomal DNA fragmentation assay

Chromosomal DNA fragmentation assay was carried out
[5, 14, 15]. Post UV/cold shock, cells were harvested and
lysed with 50 uL lysis buffer (1% NP-40 in 20 mM EDTA,
50 mM Tris—HCI, and pH 7.5) for 10 s. These samples
were centrifuged (1600 g, 5 min), and supernatants were
harvested. This step was repeated once. The supernatants
were added 1% SDS and RNase A (5 pg/pL) for incuba-
tion for 2 h at 56°C and then treated with proteinase K
(2.5 pg/pL) overnight at 37°C. After adding 1/2 volume
of 10 M ammonium acetate, DNA preparations were
precipitated with 2.5 volumes of ethanol, resuspended
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in Milli-Q H,O, and analyzed by 1.5% agarose gel
electrophoresis.

Antibodies, co-immunoprecipitation, and Western blotting
Commercial antibodies used in this study were against:
1) lamin B1, 2) a-tubulin, 3) TRAF2, 4) WWOX (D-9),
5) Bclx, 6) Bak, 7) Bcl-2, 8) p53, 9) pS20-p53, 10) pS46-
p53, 11) cortactin, 12) TRADD (the above antibodies
from Santa Cruz Biotechnology, Santa Cruz, CA, USA),
13) B-actin (from Gentex), and 14) caspase 3 (from Pro-
mega). Homemade antibodies were against: 1) WWOX7-
21, 2) pY33-WWOX, and 3) pS14-WWOX [15-17]. For
Western blotting, cells were lysed with a lysis buffer (1%
SDS, 0.5% NP-40, 0.1% Triton X-100) in the presence of
7 uL of a protease inhibitor cocktail (Sigma) plus 1 mM
PMSF and 1 mM Naz;VO,, and incubated on ice for
30 min. The lysates were centrifuged at 4°C at 20,817 g (or
relative centrifugal force) for 15 min (Eppendorf 5430/R
microfuge) and then processed for standard SDS-PAGE
and immunoblotting [15-19]. For co-immunoprecipita-
tion [15-18, 31], 500 ug of the whole cell lysates (in 500
uL lysis buffer) were prepared and precleared with 23 pL
protein G agarose beads (Invitrogen, Carlsbad, CA, USA)
for 1 h. After centrifugation, the supernatants were har-
vested, and the pellets were discarded. A specific anti-
body (3 pg) or 4 pL. homemade antiserum was added to
the precleared lysate supernatants, followed by adding
18 pL protein agarose G beads and incubating in an end-
over-end shaker for 6 to 18 h at 4°C. The beads were pel-
leted by centrifugation (8,990 g for 90 s) and washed four
times. The antibody-bound proteins were released by
adding an aliquot of reducing sample buffer and heating
the beads at 90 °C for 10 min. Finally, SDS-PAGE, elec-
trotransferring to nitrocellulose membranes, and West-
ern blotting were carried out.

Immunofluorescence staining

Cells were cultured on coverslips overnight or 48 h.
After the indicated experiments, cells were fixed with
3.7% paraformaldehyde for 20 min at room tempera-
ture and permeabilized with 0.5% Triton X-100 in 3.7%
paraformaldehyde for another 10 min [15-18, 35]. Cells
were washed three times with 1X PBS and added with 4%
BSA for overnight incubation at 4 °C to block the non-
specific binding sites. For antigen detection, primary
antibodies (in 4% BSA) were added to the cells for 2 h at
room temperature, or 3 to 6 h at 4 °C. Cells were washed
three times with 1X PBS and then stained for 1 h with
fluorescent secondary antibodies, conjugated with red
fluorescent rhodamine, Texas red, or Alexa 555 (Molec-
ular Probes/Invitrogen, Eugene, OR, USA). For dual-
color staining, secondary antibodies were conjugated
with green fluorescent Alexa Fluor 488 or Fluorescein
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(Molecular Probes/Invitrogen) and counter-stained the
nuclei with 4,6-diamidino-2-phenylindole (DAPI) for
2 min. Confocal or immunofluorescence microscopy was
then carried out.

Yeast two-hybrid analysis

The Ras rescue-based CytoTrap yeast two-hybrid analy-
sis (Stratagene, La Jolla, CA, USA) was carried out to
map the binding of WWOX with TRAF2 [14-17]. The
procedure, which involves the binding of a cytosolic bait
protein (e.g. pSos-WWOX) with a membrane-anchored
target protein (pMyr-p53 or pMyr-TRAF2), triggers the
Sos/Ras/Raf/MEK/ERK signal pathway, enabling the
growth of mutant yeast cdc25H at 37 °C under a synthetic
defined galactose media (— Ura, —Leu) in agarose plates.
Without binding, no yeast growth occurred at 37 °C. Pos-
itive controls included WWOX/p53 physical association
and MafB self-interaction, while empty pSos/pMyr vec-
tors served as negative controls.

Quantification and statistics analysis

Where indicated, data were analyzed by one-way Anova
and Student’s ¢ test using Microsoft Excel and Prism
7. Data were expressed as meanz*standard deviation.
p<0.05 was considered statistically significant.

Results

UV induction of BCD and POD, respectively, in WWOXf

and WWOXd cells at room temperature and below

Six randomly selected WWOXI cell lines [16], includ-
ing DU145, HCT116, Wwox™" wild-type MEF, 19295,
COS7, and MvlLu, were cultured overnight, exposed
to UV irradiation (480 or 960 mJ/cm?), and then sub-
jected to time-lapse microscopy at room temperature
(22 °C). The NO-dependent nuclear bubble formation,
which is shown in each WWOXIf cell line (see white
stars), reveals in a time-dependent manner (Fig. 1A;
Video S1; Fig. S1 for enlarged figures). Similarly, six ran-
domly selected WWOXd cells, including MDA-MB-231,
NB69, Wwox™~ knockout MEF, L929R, NIH-3T3, and
4T1, were subjected to UV exposure followed by time-
lapse microscopy. WWOXd cells may undergo shrink-
age and whole cell explosion due partly to the generated
non-NO gas in the nuclei (Fig. 1B). Nuclear condensa-
tion occurred eventually. Typical morphological changes
in L929R are shown in a video from time-lapse micros-
copy (Video S2). When L929S cells were exposed to UV
irradiation (480 mJ/cm?) and cold shock at 4 °C, the cells
underwent time-related bubbling (see arrows for bub-
bles; Fig. 2A), suggesting that cold shock enhances BCD
at 22 °C and below.
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Fig. 1 UV induction of BCD in WWOXf cells and POD in WWOXd cells. A WWOXf cells, including DU145, HCT116, Wwox“’/* wild type MEF, COS7,
Mv1Lu, and L9295 cells, in 35-mm Petri dishes were exposed to UV (960 mJ/cm?) and then subjected to time-lapse microscopy at 22 °C (200x; scale
bar 50 um). Bubbles were indicated by white stars. Also, see the enlarged figures in Fig. STA. B Similarly, WWOXd cells, including MDA-MB-231, NB69,
Wwox™~ knock out MEF, 4T1, NIH-3T3, and L929R cells, were exposed to UV (960 mJ/cm?), followed by time-lapse microscopy at room temperature
(200x; scale bar 50 um). Where indicated, cells were stained with nuclear stains DAPI (blue) and PI (red). Also, see the enlarged figures in Fig. S1B

Suppression of UV-mediated BCD by cold shock in WWOXf
cellsat 37 °C

We continued to examine the efficacy of BCD by stimu-
lating WWOXIf cells to UV only, UV then cold shock
(4 °C for 5 min), or cold shock (4 °C for 5 min) then
UV. Then, these cells were cultured at 4, 10, 22, and
37 °C, respectively, for indicated times (Fig. 2B-J).
When MCEF7 cells were treated with UV/cold shock
or cold shock/UV, BCD occurred most effectively at
22 °C (Fig. 2B-D; Video S3). The BCD was blocked by
greater than 70% at 37 °C, compared to other temper-
atures. For L929S cells, 4 °C was the best temperature
for UV-mediated BCD (Fig. 2E-G). Cold shock blocked
the UV-induced nuclear bubbling at 37 °C, compared
to UV treatment only (Fig. 2E-G). Cold shock pre-
treatment inhibited unknown chemical reactions that
strongly block BCD. Similarly, either UV/cold shock
or cold shock/UV stimulated nuclear bubbling and
BCD in COS7 cells at 4, 10, and 22 °C, but not at 37 °C
(Fig. 2H-J). When COS7 cells were exposed to UV only,
nuclear bubbling and BCD occurred at 4, 10, and 22 °C
(Fig. 2H). The observations again suggest cold shock
suppresses nuclear bubbling and BCD at 37 °C.

WWOXd L929R fibroblasts were exposed to UV only
or UV and then cold shock. These cells underwent POD
at 10 and 22 °C. However, POD was retarded at 37 °C
under both conditions (Fig. 2K, L). In contrast, POD
occurred in MDA-MB-231, MDA-MB-231(NH), and
metastatic MDA-MB-231(IV-2-3) cells upon exposure to
UV only or UV then cold shock (Fig. 2M-O). Tempera-
ture and treatment changes failed to alter the extent of
POD (Fig. 2M-O and Video S4).

Reduction in cell viability during BCD

When COS7 cells were exposed to UV and incubated
at room temperature for 2 h, the cells failed to exclude
trypan blue (see red arrows; Fig. S2A). Similar results
were observed in the UV/cold shock-treated COS7
cells (Fig. S2B). The observations indicate that the cells
have reduced viability. Rapid loss of metabolic func-
tion occurred in UV-treated COS7 cells, as determined
by MTT assay (Fig. S2C). Dramatically functional loss
occurred if UV-irradiated cells were cultured overnight
at 37 °C (Fig. S2D). COS7 cells were UV irradiated and
cultured at 4, 22, or 37 °C for various durations. Sub-
culture of these cells for overnight incubation at 37 °C
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Fig. 2 UV/Cold shock-mediated BCD in WWOXf cell lines. A WWOXf L9295 fibroblasts were exposed to UV (480 mJ/cm?) and then cold shock

at 4 °C for indicated times. Black arrows indicated bubbles. In controls, cells were treated with or without cold shock for 8 h. No bubble formation
occurred. B-D WWOXf breast MCF7 cells were exposed to UV (480 mJ/cm?) only (B), cold shock at 4 °C for 5 min and then UV (480 mJ/cm?) (C),
or UV (480 mJ/cm?) and then cold shock at 4 °C for 5 min (D). The cells were then incubated at indicated temperatures for various durations,

followed by measuring bubble formation (mean + standard deviation; n=

3). E-J Similar results were observed when WWOXf L929S (E-G) and COS7

(H-J) cells were subjected to identical treatments. K, L WWOXd L929R were treated with UV only or cold shock then UV. The cells exhibited similar
profiles in POD. The efficiency of POD was retarded at 37 °C. M-0, Two identical MDA-MB-231 cell lines (original and NH) and a metastatic line
(IV-2-3) were treated similarly with UV and/or cold shock under different temperatures. The POD profiles were very similar despite the changing

temperatures and various UV and/or cold shock treatments

resulted in cell death by>90% (Fig. S2E). Similar results
were observed when these UV-treated cells were cultured
overnight at 37 °C (Fig. S2F). Rapid suppression of meta-
bolic function was observed when the UV-treated COS7
cells were cultured at 4 °C for 1-4 h, compared to other
temperatures (Fig. S2G).

Failure of mitochondrial apoptosis-inducing chemicals
in blocking BCD
Next, COS?7 cells were treated with betulinic acid (10 pM)
or staurosporine (1 pM) for 1 h to initiate mitochondrial
apoptosis, and then exposed to UV and cold shock (4 °C
for 5 min), followed by incubation at room temperature
for indicated times. Compared to UV/cold shock-treated
cells, pre-induction of mitochondrial apoptosis did not
block BCD (Fig. S2H). When COS7 cells were pretreated
with caspase inhibitor I or caspase inhibitor X, these cells
still underwent BCD (Fig. S2H).

Internucleosomal DNA fragmentation was not
detected in the UV/cold shock-treated cells during incu-
bation at 22 °C (Fig. S2I). When L929S, but not COS7,

were exposed to UV and then cultured at 37 °C for 8 h,
DNA fragmentation occurred (Fig. S2J, K). As positive
controls, staurosporine at 1 M induced DNA fragmen-
tation at 37 °C but not at 22 or 4 °C (Fig. S2J, K). Failure of
UV-treated COS7 cells to undergo DNA fragmentation
during incubation for 8 h at 37 °C was probably due to
insufficient incubation time.

Necroptosis inhibitors incapable of blocking UV/cold
shock-induced BCD in WWOXf cells and POD in WWOXd
cells

When L929S cells were pretreated with a necroptosis
inhibitor Nec-1 or GSK’872 for 1 h, and then exposed to
UV (480 mJ/cm?) and cold shock for 5 min at 4° C, the
treated cells exhibited bubbling in 1.5 h (Fig. S3A). Com-
pared to controls, no retardation was observed. Similarly,
pretreatment of L929S cells with necroptosis inhibitors
Nec-1 for 30 min failed to abolish the nuclear bubbling
(Fig. S3A). Under similar conditions, L929R cells under-
went UV-mediated POD, and Nec-1 failed to block the
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effect (Fig. S3B). The observations suggest that necropto-
sis is not involved in BCD or POD.

Suppression of BCD in WWOXf cells by antioxidant
U74389G at 22 °C

To further elucidate the mechanisms underlying nuclear
bubbling, WWOXf SCC15 cells were pretreated with
EGTA (1 mM), proteasome inhibitor MG132 (30 pM)
[36, 37], p53 activator Prima-1 (30 uM) [38—-40], CHK2/
ATM inhibitor (30 uM) [41, 42], or antioxidant U74389G
(30 uM) [43-45] for 30 min. These cells were then
exposed to UV irradiation (480 mJ/cm?) or UV/cold
shock (5 min at 4 °C). By time-lapse microscopy at room
temperature, U74389G strongly suppressed the nuclear
bubbling (Fig. S4). EGTA, a calcium ion chelator, also
retarded the occurrence of BCD (Fig. S4). No inhibitory
effects were observed for MG132 and Prima 1, whereas
CHK2/ATM inhibitor enhanced the occurrence of BCD.
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UV or UV/cold shock induction of NO production

and calcium influx in WWOXf cells but not in WWOXd cells
We investigated the role of calcium (Ca**) influx and NO
production for nuclear bubbling in UV or UV/cold shock-
induced BCD. WWOXf HCT116 cells were exposed to
UV (960 mJ/cm?) and then cold shock at 4 °C for 10 min.
Endogenous NO production was then measured by using
a live cell dye, DAF-FM [46], for time-lapse microscopy at
22 °C (Fig. 3A, B). The nuclear bubbling (see red arrows)
occurred 30 min after NO production, suggesting that
the increased NO is responsible for nuclear bubbling.
Under similar conditions, UV/cold shock could not effec-
tively raise the levels of intracellular NO in WWOXd 4T1
cells (Fig. 3C).

When HCT116 cells were pretreated with a calcium
chelator EGTA at 200 uM for 1 h at 37 °C, calcium
influx was retarded in 30 min, as measured by a live cell
stain Fluo-8 (Fig. 3D). The first bubbling at 22 min was
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Fig. 3 Calcium influx and NO production during UV/cold shock-mediated nuclear bubbling. A, B WWOXf HCT116 cells were exposed to UV

and then cold shock at 4 °C for 10 min. Increased NO production was shown (stained with green fluorescent DAF). Red arrows indicate the time

of initiation of nuclear bubble formation. C Under similar conditions, WWOXd 4T1 cells had little or no increased production of NO. D Calcium influx
was observed in UV-treated HCT116 cells (stained with green fluorescent Fluo-8). Calcium chelator EGTA retarded the bubble formation. EHCT116

cells were added 1 pL of DAF for probing Ca*tion (green) and DAPI (blue) and P! (red) for staining nuclei, followed by exposure to UV (960 mJ/cm?)

and cold shock at 4 °C for 10 min, and then time-lapse microscopy at 22 °C
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prolonged to approximately 48 min at 22 °C (Fig. 3D).
To be effective, greater than 1 mM EGTA was needed to
achieve 50% inhibition of calcium influx at 22 °C. These
observations suggest that NO production and calcium
influx co-occur and calcium ions support the formation
of nuclear bubbles. The NO bubbles shrink and disappear
quickly without sufficient calcium ions in the microen-
vironment. A summary panel of images shows the time-
related event of UV/cold shock-treated HCT116 cells,
involving initial calcium influx (green), DAPI uptake, and
final PI uptake in the nuclei (Fig. 3E).

Dramatic increases in cell thickness during apoptosis

and division but not BCD, as determined by time-lapse
holographic microscopy

Next, we investigated cell morphological changes dur-
ing BCD by time-lapse holographic microscopy [47].
The imaging technique allows visualization of three-
dimensional changes of cell division, apoptosis, and
BCD. Cell bubbling occurred when WWOXf COS7
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cells were exposed to UV and cold shock at various
durations at 4 °C (Fig. 4A; magnification at 100X and
400 x for Videos S5 and S6, respectively). The thick-
ness of cell bubbles was significantly shorter than the
body of L929S cells (shorter than 2 to 3 um; Fig. 4B, C;
Video S7). When L929S cells were treated with stau-
rosporine and cultured at 37 °C, the cells underwent
apoptosis, which showed whole cell shrinkage and
increased thickness, reaching~12 pum (Fig. 4D; Video
S8). In comparison, apoptosis occurred when UV/
cold shock-treated L929S cells were cultured at 37 °C,
and the cell thickness reached ~ 15 pm (Video S9). No
bubble formation was observed. During cell division,
L929S cells started getting tall (~17 pm) and then
underwent division (Video S10). During BCD, there
were brief increases in cell volumes followed by reduc-
tion, and cell areas remained relatively stable (Fig. 4E).
When cells underwent apoptosis, cell areas and vol-
umes were reduced. However, cells became taller, last-
ing 5-8 h (Fig. 4E). These observations clearly show the
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Fig. 4 Dramatic increases in cell thickness during apoptosis, but not BCD, determined by time-lapse holographlc microscopy. A, B Cos7 ceIIs were
exposed to UV and then cold shock at 4 °C for 12 h. Cell bubbles were observed, as determined by light and holographic microscopy, respectively.
The COS7 cell thickness (height) is approximately 4.5 pum, and the bubble thickness less than 2 um (n=10; p <0.0001 versus time zero controls;
Student’s t-test). C Under similar conditions, time-related bubbling is shown at 4 °Cin L929S cells. D By contrast, staurosporine-induced apoptosis
of L9295 cells at 37 °C exhibited condensation and increased whole cell thickness reaching~12 um. E A summarized graph shows the changes
in area, thickness, and volume of COS7 and 1L929S cells during BCD and apoptosis
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fundamental differences between BCD and apoptosis, irradiation and incubated at 4°C for indicated times.
especially in the cell heights. Downregulation of house-keeping proteins a-tubulin

and B-actin occurred rapidly (Fig. 5A;>70% for a-tubulin
UV/cold shock or UV-mediated downregulation of caspase and >30% for P-actin). Cortactin, a protein involved in
3, Bak, and a-tubulin cell shape and migration [48], was downregulated rap-
We examined whether UV/cold shock affects protein idly in UV-irradiated COS7 cells (Fig. 5A;>90%). In
expression in cells. COS7 cells were exposed to UV  response to UV/cold shock, the level of p53 was relatively
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Fig. 5 Downregulation of housekeeping proteins and leaking of cytosolic a-tubulin to the enlarging nuclear bubbles during BCD. A COS7 cells
were UV irradiated (480 mJ/cm?) and cold shocked for indicated times, which led to rapid downregulation of cortactin and a-tubulin. B L929S cells
were exposed to UV (480 mJ/cm?) and then cold shock for 5 min and incubated at 4 or 37 °C for indicated times. UV/cold shock downregulated
caspase 3, Bak, and a-tubulin at 4 °C. C, D L9295 cells were treated with or without UV/cold shock. Confocal microscopy shows downregulation

of a-tubulin (bottom panel; magnification: 1000X) (C). a-Tubulin was shown in the bubbles (right panel; red arrows) (D). E COS7 cells were treated
with UV (480 mJ/cm?) and then cultured at 4 or 37°C for 90 min, or 4 °C for 90 min without UV exposure. When cells were treated with UV/cold
shock, a-tubulin was downregulated and depolymerized during continuous culture at 4 °C. At 37°C, the cells underwent apoptosis (confocal
microscopy; magnification: 1000X). The filamentary structure of a-tubulin was remodeled. Lamin B1 is a nuclear membrane protein
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unchanged (<20% reduction), whereas reduced p53
phosphorylation at S20 occurred in a time-related man-
ner (Fig. 5A; >90% reduction in 2 h).

Under similar conditions, 1L929S cells were exposed to
UV and then cold shock, followed by incubation at speci-
fied temperatures for indicated times (Fig. 5B). UV/cold
shock or UV alone drastically downregulated the expres-
sion of caspase 3, Bak and a-tubulin by greater than 90%
in L929S cells at 4 °C (Fig. 5B). Bcl-2, Bcl-x (Bcl-xL and
Bcl-xS) and heat shock protein 70 (HSC70) were less
affected (< 10%; Fig. 5B). The reduction of caspase 3 may
account for the failure of BCD-induced internucleoso-
mal DNA fragmentation at room temperature or 4 °C
(Fig. 5B). UV/cold shock-treated cells failed to migrate
due, in part, to drastic loss of a-tubulin and cortactin.

UV/cold shock-mediated relocation of a-tubulin

to the nucleus and nuclear bubble

By confocal microscopy, lamin B1 was shown to localize
in the nuclear membrane and a-tubulin in the cytoplasm
of untreated L929S cells (Fig. 5C). When L929S cells
were exposed to UV and cold shock, downregulation of
a-tubulin and nuclear condensation occurred (Fig. 5C).
Merge of confocal sections for nucleus (DAPI), lamin Bl
and a-tubulin is shown (Fig. 5D). UV/cold shock-treated
L929S cells exhibited relocation of o-tubulin to the
nuclear bubble (Fig. 5D, right panel; red arrows; also see
an enlarged insert). The inner membrane of the bubble is
from the nucleus, and the outer membrane is from the
cell membrane [13, 14]. Accumulating evidence shows
that a-tubulin is associated with apoptosis [49, 50].

Next, we examined whether a-tubulin undergoes mor-
phological changes caused by UV/cold shock exposure.
COS7 cells were exposed to UV (480 mJ/cm?) and then
cultured at 4 or 37°C for 90 min. UV rapidly decreased
the expression of a-tubulin, whereas cold shock had no
effect (Fig. 5E). Compared to control cells (Fig. 5E), cold
shock shrank the cells and reduced the cell sizes (Fig. 5E).
In contrast, UV/cold shock-treated cells, which under-
went BCD, had reduced levels of o-tubulin and the
a-tubulin appears to be depolymerized (Fig. 5E). Notably,
presence of the a-tubulin in the nucleus was observed
(Fig. 5E). At 37°C, UV-treated cells underwent apoptosis,
and a-tubulin did not relocate to the nuclei (Fig. 5E).

UV/cold shock induction of nuclear accumulation

of TRAF2/WWOX complex to regulate bubbling

We further elucidated the functional interactions
between TRAF2 and WWOX during BCD. When L9295
cells were exposed to UV (480 mJ/cm?) and then cold
shock at 4°C for 15 min to 4 h, expression of WWOX,
TRAF2, and a-tubulin was downregulated by greater
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than 50% (Fig. 6A). Cold shock alone did not affect the
expression of WWOX, TRAF2 and a-tubulin (Fig. 6A).
pY33-WWOX levels were not reduced. Cold shock
or UV/cold shock gradually reduced p53 expression
(Fig. 6A).

Next, we investigated the functional role of TRAF2
domains in regulating BCD. A schematic graph for the
primary structure of TRAF2 is shown (Fig. 6B). We
reported the inhibition of UV/cold shock-mediated BCD
in COS?7 cells by transiently overexpressing TRAF2(113—
312) of the zinc finger domain and the full-length of
TRAF2 (14). An EGFP-TRAF2(124-233) construct was
made for transient expression of the zinc finger domain
in TRAF2. We established stable transfectants of L929S
cells expressing EGFP-TRAF2(124-233), ECFP-TRAF2,
ECFP, or EGFP (Fig. 6B). EGFP-TRAF2(124-233)
strongly suppressed UV/cold shock-induced BCD. The
full-length ECFP-TRAF2 was not expressed properly in
this experiment and did not exhibit an inhibitory activity
(Fig. 6B). Similarly, when COS7 cells were stably trans-
fected with EGFP-TRAF2(124-233), suppression of BCD
was observed Fig. 6C). Also, the full-length ECFP-TRAF2
inhibited BCD in L929S cells in a time-related manner
(Fig. 6D; p<0.05 for ECFP versus ECFP-TRAF2 in each
time point; Student’s t test).

By Cytotrap yeast two-hybrid analysis [6, 14—17], we
determined the positive binding of full-length WWOX
with full-length TRAF2 to allow mutant yeast growth at
37 °C (Fig. 6E). In positive controls, p53 physically bound
WWOX and MafB underwent self-association (Fig. 6E).
In negative controls, empty pSos and pMyr did not sup-
port yeast growth at 37 °C. TRAF2 did not bind the SDR
domain of WWOX (Fig. 6E), suggesting that the N-ter-
minal WW domains of WWOX interact with TRAF2.
Additionally, we carried out Forster resonance energy
transfer (FRET) microscopy [14—17]. There was an
increased binding of EGFP-TRAF2 with DsRedM (mono-
meric DsRed)-WWOX in UV/cold shock-treated COS7
cells at 37 °C (Fig. 6F). At a low temperature (4 °C), the
EGFP-TRAF2/DsRedM-WWOX complex became disso-
ciated in 60 min (Fig. 6F).

Co-relocation of TRAF2 and WWOX complex to the nucleus
in response to UV/cold shock

By fluorescent immunostaining, UV/cold shock-induced
nuclear co-localization of endogenous WWOX with
TRAF2 occurred in COS7 cells (Fig. 7A). In the absence
of WWOX, endogenous TRAF2 in Wwox™~ knockout
MEEF cells did not undergo UV/cold shock-mediated relo-
cation to the nucleus (Fig. 7B), suggesting that TRAF2
requires WWOX to co-translocate to the nucleus. In
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of EGFP-TRAF2 with DsRedM-WWOX in UV/cold shock-treated COS7 cells at 37 °C, whereas the binding was significantly reduced at 4 °C

during incubation for 60 min

the knockout Wwox™'~ MEF cells, UV/cold shock did
not cause the translocation of cytosolic TRAF2 to the
nucleus in (Fig. 7C). However, p53 localized in both cyto-
plasm and nucleus (Fig. 7C).

Occurrence of the TRAF2/WWOX complex dissociation

and increased p53/WWOX complex formation at low
temperatures

By co-immunoprecipitation, UV/cold shock induced
the dissociation of the endogenous WWOX/TRAF2
complex in 30 min in COS7 cells (Fig. 7D). TRADD, a
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in Wwox™~ knockout MEF cells did not relocate to the nuclei (stained with DAPI) in response to UV/cold shock (~ 200 cells counted). C UV/
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TNF receptor adaptor protein [51], physically bound
TRAF2 without dissociation during UV/cold shock
(Fig. 7D). Dissociation of the TRAF2/WWOX com-
plex correlates with WWOX dephosphorylation at
Y287. pY287-WWOX is subjected to ubiquitination
and proteasomal degradation [44]. Notably, there was
an increased complex formation for p53 and WWOX
at 4°C, as determined by FRET microscopy (Fig. 7E).
Accordingly, transiently overexpressed dominant
negative (DN)-p53(S46G) abolished UV/cold shock-
mediated BCD (Fig. 7F). pS46-p53 is known to bind
pY33-WWOX in UV-treated cell lines [37]. p53 was
cloned in a pDsRed monomer (pDsRedM) vector to
prevent the self-binding of p53 when expressed in cells.
In controls, DsRedM-p53 and DsRedM were not able
to block BCD (Fig. 7F). We confirmed the observa-
tions by co-immunoprecipitation that WWOX became

dissociated from the WWOX/TRAF2/p53 complex
in UV/cold shock-treated COS7 cells (Fig. 7G). The
complex exhibited the presence of pY33-WWOX and
pS46-p53 when interacting with TRAF2. Again, by co-
immunoprecipitation, transiently overexpressed DN-
p53(S46G) caused the dissociation of TRAF2 from the
WWOX/TRAF2/p53 complex in COS7 cells at 4°C
(Fig. 7H).

Together, in response to UV/cold shock, WWOX
binds and carries TRAF2 to relocate to the nucleus,
followed by dissociation at 4°C. The zinc finger
domain of TRAF2 blocked the function of WWOX/
p53 in inducing BCD at low temperatures. Conceiv-
ably, dissociation of the complex at low temperatures
facilitates the function of WWOX, p53, NOS2 (nitric
oxide synthase) and other related proteins to induce
NO production [13, 14].
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Discussion

This study concerns UV/cold shock-mediated frostbite
in humans and animals. The disaster may accidentally
occur in the polar regions or outer space. In particular,
increased human travel to the outer space is expected in
the near future. If an accident occurs during the travel,
humans will get exposed to strong ultraviolet irradiation
such as UVC (wavelength 100 to 280 nm) and extreme
cold and die immediately [52]. Here, we first demonstrate
the presence of a temperature-sensitive WWOX/TRAF2/
p53 complex for regulating UV-mediated cell death. We
determined that UV induces WWOXf cells to undergo
BCD and WWOXd cells to undergo POD at low tem-
peratures (less than 22 °C). Reduced cell viability occurs
during BCD. BCD cannot be effectively blocked by
chemicals in modulating mitochondrial apoptosis such
as staurosporine, betulinic acid, and caspase inhibitors.
Inhibitors of necroptosis Nec-1 and GSK’872 fail to block
UV/cold shock-induced BCD in WWOX( cells and POD
in WWOXd cells. Significantly, antioxidant U74389G
strongly suppresses BCD in WWOXf cells at 22 °C. The
observation agrees with our previous report that NO
production is needed for BCD [13, 14]. UV or UV/cold
shock induces simultaneous NO production and calcium
influx in WWOXf cells. However, neither event occurs
in the UV or UV/cold shock-treated WWOXd cells. In
WWOXIf cells, dramatic increases in cell thickness or
height occur during apoptosis, but not BCD, as deter-
mined by time-lapse holographic microscopy. Whether
this event happens in WWOXd cells is unknown. UV/
cold shock or UV alone downregulates caspase 3, Bak,
cortactin, and o-tubulin, and induces relocation of
a-tubulin to the nucleus and the nuclear bubble. Down-
regulation of cortactin and cytoskeletal proteins renders
immobility in cells.

We determined that the cell morphological changes
during BCD and POD are unique, unlike in apoptosis
or necrosis [11, 12]. Furthermore, BCD, unlike apop-
tosis, is an irreversible cell death event [13, 14]. A fasci-
nating aspect is the role of cold shock in enhancing the
UV-mediated NOS2 accumulation in the nucleus for NO
production and bubble formation [13, 14]. This event,
distinct from apoptosis or necrosis, is a testament to the
complexity of cellular processes. Notably, the NO levels
are barely detectable in the WWOXd cells, and UV fails
to increase nuclear NO production. These intriguing
observations suggest that WWOX works together with
NOS2 to induce NO production. The use of nw-nitro-
L-arginine methyl ester hydrochloride (Now-LAME), an
inhibitor of NO synthase, has revealed that it blocks NO
production in WWOXf cells [14]. UV, on the other hand,
increases cell membrane permeability, allowing rapid
DAPI accumulation in the cytoplasm. As the nuclear
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bubble enlarges to a certain extent, PI uptake in the
nuclei occurs. This is due to the increased permeability of
nuclear membrane and the enlarged nuclear pores [14].

Our study has uncovered a crucial finding: the dra-
matic downregulation of antiapoptotic TRAF2 during
frostbite in human skin [13, 14]. This discovery, along
with the revelation that TRAF2 counteracts the function
of WWOX and p53 in inducing BCD, not only enhances
our understanding of molecular biology but also has
practical implications. In response to UV only or UV/
cold shock, WWOX binds TRAF2 to co-translocate to
the nucleus in WWOXf cells. No nuclear translocation
for TRAF2 occurs in Wwox knockout MEF cells, sug-
gesting that WWOX carries TRAF2 to migrate to the
nucleus. At low temperatures (22 °C and below), WWOX
preferentially dissociates itself from interacting with
TRAF2 in the nucleus. WWOX gains a tighter binding
with p53 to carry out BCD at low temperatures. Proap-
optotic tumor suppressors WWOX and p53 are known
partners in causing apoptosis and BCD [6, 13, 14, 53-56].

We determined that the zinc finger domain of TRAF2
blocks the function of WWOX/p53 in inducing BCD at
low temperatures. The binding of the zinc finger domain
of TRAF2 with the Y33-phosphorylated first WW
domain of WWOX is suggested. At 37 °C, the WWOX/
TRAF2/p53 is intact and stable, facilitating apopto-
sis. Cells undergo BCD at low temperatures. BCD stops
when the surrounding temperature is raised to 37 °C,
and apoptosis resumes. Again, the TRAF2/WWOX com-
plex dissociates at low temperatures, and p53/WWOX
complex formation is increased to push BCD forward.
Accordingly, WWOX/TRAF2/p53 is a temperature-
sensitive molecular switch controlling the transition
between BCD and apoptosis—treatment of localized
skin cancer with liquid nitrogen results in downregulat-
ing TRAF2 but upregulating WWOX [14]. The proapop-
totic WWOX causes skin cancer cell death, suggesting a
potential new approach for cancer treatment..

By FRET analysis, we showed the binding of EGFP-
TRAF2 with DsRedM-WWOX, and the complex
becomes readily dissociated at 4 °C. However, the com-
plex is relatively stable at 37 °C. WWOX is tagged with
a monomeric DsRed, which may make it easily dissoci-
ated from TRAF2. By co-immunoprecipitation, we deter-
mined the presence of the TRADD/TRAF2/WWOX/
p53 complex. This complex is relatively stable. However,
when WWOX is Y287 phosphorylated, pY287-WWOX
becomes dissociated from the complex. Whether pY287-
WWOX is subjected to ubiquitination and proteasomal
degradation remains to be established. Our recent stud-
ies determined that the stronger the binding of WWOX
with intracellular protein partners, the weaker the can-
cer cells grow [57-59]. Thus, a scenario is that when



Chen et al. Cell Communication and Signaling (2024) 22:505

pY287-WWOX is dissociated from the TRADD/TRAF2/
WWOX/p53 complex, the UV/cold shock-treated cells
are readily subjected to death. UV induces p53 and
WWOX to undergo nuclear translocation [53-55]. Traf-
ficking protein TRAPPC6A carries WWOX to relocate to
the nucleus [2, 60]. TRAPPC6A can be a tour guide for
leading the TRADD/TRAF2/WWOX/p53 complex to
undergo nuclear translocation.

When the ambient temperature goes up from 22 °C to
37 °C, BCD readily stops and switches to apoptosis [13,
14]. Similarly, ongoing apoptosis turns into BCD when
the temperature drops from 37 °C to 22 °C and below
[13, 14]. Unlike apoptosis, no internucleosomal DNA
fragmentation occurs during BCD. When L929S cells
are exposed to UV, downregulation of caspase 3 occurs.
This downregulation may account for the failure of inter-
nucleosomal DNA fragmentation during BCD at room
temperature and below. EGTA, at 1 mM, retards the for-
mation of a nuclear bubble, suggesting that calcium ion is
needed for bubble formation. When cells are exposed to
greater than 2 mM EGTA, bubble formation is disrupted,
suggesting that calcium ion strengthens the bubble mem-
brane stability.

Supporting evidence showed that caspase 1 and reac-
tive oxygens participate in BCD as lazaroid antioxidant
U74389G strongly retards nuclear bubble formation by
greater that 15 h. Inhibition of proteasomes by MG132
does not block BCD. Activation of p53 by Prima-1
slightly retards nuclear bubbling. Inhibition of check-
point kinases by CHK2/ATM inhibitor does not affect
nuclear bubble formation. Inhibitors of necroptosis such
as Nec-1 and GSK'872 cannot block UV/cold shock-
induced nuclear bubbling in L929S cells. Similarly, Nec-1
does not inhibit UV/cold shock-induced nuclear explo-
sion in L929R cells.

Hypothetically, the jet stream of NO gas drives in a sin-
gle direction to push out the nuclear membrane to form
a bubble [13]. Numerous nuclear proteins and nucleoli
relocate to the nuclear bubble during BCD [13, 14]. Both
actin and a-tubulin are housekeeping proteins. UV rap-
idly reduces the expression of cytosolic a-tubulin, but
has less effect on actin. Intriguingly, cytosolic a-tubulin
relocates to the nuclear bubble in UV/cold shock-treated
L929S cells, suggesting that nuclear membrane in the
bubble leaks. Alternatively, a-tubulin relocates to the
bubble through enlarged nuclear pores. In stark contrast,
a-tubulin does not undergo relocation to the bubbles of
COS7 cells during BCD. The mechanism of this regard
is unknown. Compared to control cells, cold shock
shrinks and reduces the cell sizes. No apparent struc-
tural changes, including shortening or depolymerization,
are shown for a-tubulin. In contrast, UV/cold shock-
treated cells are shown to have depolymerized a-tubulin.
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Whether degradation of a-tubulin occurs is not known.
When cultured at 37°C, UV-treated cells undergo apop-
tosis, and a-tubulin appears to be shortened but without
relocating to the nuclei.

Finally, by time-lapse holography, we have demon-
strated for the first time that there is an increased thick-
ness or height in dividing or apoptotic cells. Cell volume
increase occurs normally in dividing cells. The tallness
lasts less than 20 min, and then the cell divides. In con-
trast, during apoptosis, the increased cell height can
last for 5 to 8 h, followed by a breakdown of the whole
cell. However, during BCD, the bubble released from the
nucleus is indeed flattened, compared to the cell body,
suggesting that the nuclear bubble contains NO and
cytoplasmic liquid. These observations were done with
WWOXf L929S and COS7 cells, and whether WWOXd
cells tall up before explosion remains to be established.

Conclusions

Our research has uncovered a novel aspect of cell death
regulation. We demonstrated the presence of a tempera-
ture-sensitive WWOX/TRAF2/p53 complex for regulat-
ing UV-mediated cell death, either apoptosis or BCD. UV
induces WWOXf cells to undergo BCD and WWOXd
cells to undergo POD at low temperatures (less than
22 °C). UV or UV/cold shock induces simultaneous NO
production and calcium influx in WWOXTf cells, but not
in WWOXd cells. Dramatic increases in the cell thick-
ness or height occur during apoptosis at 37 oC, whereas
the event did not occur during BCD at low temperatures.
UV/cold shock or UV alone downregulates caspase 3,
Bak, and a-tubulin, induces relocation of a-tubulin to the
nucleus and nuclear bubble, and rapidly reduces house-
keeping proteins such as cortactin, a-tubulin and p-actin,
thus rendering immobilization of the cells. UV induces
co-translocation of the WWOX/TRAF2 complex to the
nucleus. At low temperatures, the WWOX/TRAF2 com-
plex dissociates to carry out BCD. At 37 °C, the WWOX/
TRAF2 complex has a strong binding to support apop-
tosis. Thus, the complex is temperature-sensitive and
acts as a molecular switch for either BCD or apoptosis in
WWOXf cells.
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