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ABSTRACT Apoptosis serves as a protective mechanism by eliminating damaged cells Monitoring Editor

through programmed cell death. After apoptotic cells pass critical checkpoints, including mi- Kunxin Luo
. . . L - University of California,
tochondrial fragmentation, executioner caspase activation, and DNA damage, it is assumed Berkeley

that cell death inevitably follows. However, this assumption has not been tested directly. Here
we report an unexpected reversal of late-stage apoptosis in primary liver and heart cells,
macrophages, NIH 3T3 fibroblasts, cervical cancer Hela cells, and brain cells. After exposure
to an inducer of apoptosis, cells exhibited multiple morphological and biochemical hallmarks
of late-stage apoptosis, including mitochondrial fragmentation, caspase-3 activation, and
DNA damage. Surprisingly, the vast majority of dying cells arrested the apoptotic process and
recovered when the inducer was washed away. Of importance, some cells acquired perma-
nent genetic changes and underwent oncogenic transformation at a higher frequency than
controls. Global gene expression analysis identified a molecular signature of the reversal pro-
cess. We propose that reversal of apoptosis is an unanticipated mechanism to rescue cells
from crisis and propose to name this mechanism “anastasis” (Greek for “rising to life"”).
Whereas carcinogenesis represents a harmful side effect, potential benefits of anastasis could
include preservation of cells that are difficult to replace and stress-induced genetic diversity.
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INTRODUCTION

Apoptosis, or programmed cell death, plays essential roles in devel-
opment and homeostasis by eliminating unwanted, abnormal,
injured, or dangerous cells (Kerr et al., 1972; Jacobson et al., 1997;
Fuchs and Steller, 2011). In addition, activating apoptotic pathways
is an important strategy for treating intractable diseases such as can-
cer and autoimmunity, whereas limiting apoptosis may be beneficial
for treating liver and heart failure and neurodegenerative diseases
(Fischer and Schulze-Osthoff, 2005; Narula et al., 2006; Guicciardi
and Gores, 2010; Chabaud and Moulin, 2011).

Apoptosis is generally believed to be irreversible after mitochon-
drial fragmentation and caspase activation (Green and Kroemer,
2004; Ried! and Shi, 2004; Taylor et al., 2008; Chipuk et al., 2010)
because mitochondrial dysfunction alone can lead to cell death
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(Green and Kroemer, 2004; Luthi and Martin, 2007), and mitochon-
dria release cell-executing factors, including apoptosis-inducing
factor (AIF), endonuclease G (EndoG) (Li et al., 2001; Susin et al.,
1999), and cytochrome c (Riedl and Shi, 2004). Cytochrome crelease
activates the caspase cascade, and the active proteases then destroy
structural and functional components in cells, resulting in the mor-
phological manifestations of apoptosis, such as nuclear condensa-
tion, cell shrinkage, and membrane blebbing (Liu et al., 1997; Enari
et al., 1998; Coleman et al., 2001; Luthi and Martin, 2007). After
activation of executioner caspases such as caspase-3 and -7, apop-
tosis can follow within minutes (Takemoto et al., 2003; Riedl and Shi,
2004; Taylor et al., 2008; Chipuk et al., 2010), and so this stage of the
process is generally considered to be irreversible, although the pre-
cise “point of no return” is controversial (Kroemer et al., 2009).

Here we report an unexpected, intrinsic reversibility of execution-
stage apoptosis in multiple cell types, including primary liver and heart
cells, the embryonic fibroblast NIH 3T3 cell line, and human cervical
cancer Hela cells, which are important models for studies of oncogen-
esis and general cellular mechanisms, including apoptotic cell death
(Masters, 2002; McKillop and Schrum, 2005; Narula et al., 2006; Rubin,
2008). Removal of apoptotic inducers was sufficient to allow the major-
ity of cells to reverse the apoptotic process and recover. Dying cells
exhibited multiple morphological and biochemical hallmarks of apop-
tosis, including cell shrinkage and blebbing, mitochondrial fragmenta-
tion, nuclear condensation, caspase-3 activation, and DNA damage.
After washing, however, all these signs reversed, and the vast majority
of such cells survived and proliferated. Of note, some of the surviving
cells exhibited chromosomal abnormalities and oncogenic transfor-
mation, suggesting that they harbor mutations from the apoptotic pro-
cess. Therefore reversal of apoptosis may represent an important, un-
recognized mechanism for cell rescue and mutagenesis.

RESULTS
Dying cells recover from execution stage of apoptosis
after removal of apoptotic stimuli
To test directly whether apoptosis is an irreversible process, we ex-
posed cells to an apoptotic inducer until they showed typical hall-
marks of apoptosis and then washed the inducer away. Untreated
healthy cells spread on the substrate (Figure 1Ai) and contained fila-
mentous mitochondria that extended throughout cytoplasm (Figure
1Bi). After exposure to 4.5% ethanol for 2.5 h, liver cells displayed
morphological hallmarks of apoptosis, including cell shrinkage, plasma
membrane blebbing, nuclear condensation (Figure 1A, ii and iii), and
altered mitochondrial morphology (Figure 1Bii). These are well-recog-
nized signs of effector caspase activation and define the execution
stage of apoptosis (Taylor et al., 2008; Kroemer et al., 2009). Of inter-
est, time-lapse live-cell fluorescence microscopy revealed that, upon
washing, the same cells that had exhibited the morphological hall-
marks of apoptosis recovered normal morphology (Figure 1, A, iv-vi,
and B, iii and iv, Supplemental Figure S1, and Supplemental Video
S1), ruling out the interpretation that the apparent recovery repre-
sented cells that failed to respond to the inducer in the first place.
The reversal of the signs of apoptosis occurred in the vast major-
ity of both primary liver and NIH 3T3 cells (Figure 1, C and D). After
exposure to 4.5% ethanol for 5 h, >80% of liver cells shrank and
displayed morphological hallmarks of apoptosis, and >90% of NIH
3T3 cells exhibited muiltiple hallmarks of apoptosis in response to
10% dimethyl sulfoxide (DMSO) for 20 h (Figure 1D). Strikingly, >90%
of both cell types reversed all signs of apoptosis after removal of the
inducer for 24 h (Figure 1D). The survival of cells was further assessed
by their ability to take up Quantum Dots (Jaiswal et al., 2003) through
endocytosis, which was abolished during ethanol induction and re-
covered following washing (Figure 1, C and D). Moreover, time-lapse
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microscopy of >30 living cells in a single field showed morphological
recovery of the majority of them after removal of the apoptotic stim-
ulus (Supplemental Figure S2). In contrast, virtually all cells died
when they were left in the inducer (Supplemental Figure S3).
Cleavage and activation of caspase-3 is a biochemical hallmark
of execution-stage apoptosis (Riedl and Shi, 2004; Taylor et al.,
2008; Kroemer et al., 2009). Western blotting revealed an increase
in cleaved caspase-3 and a decrease in full-length caspase-3 in both
liver cells induced with ethanol and NIH 3T3 cells induced with
DMSO (Figure 1E). Of importance, after washing and then culturing
of the apoptotic cells in fresh medium for 24 h, both full-length and
cleaved caspase returned to pretreatment levels (Figure 1E).
Time-lapse live imaging of Hela cells expressing a caspase bio-
sensor confirmed that dying cells could reverse apoptosis, even after
executioner caspase activation (Figure 1, F and G). The biosensor
(NES-DEVD-YFP-NLS) is a protein composed of a nuclear exclusion
signal (NES), a caspase-cleavable linker peptide (DEVD), which is the
preferred cleavage site for caspase-3 (Talanian et al., 1997; Takemoto
et al., 2003), yellow fluorescent protein (YFP), and a nuclear localiza-
tion signal (NLS). In healthy cells, YFP is kept in the cytosol by the NES
(Figure 1F). On caspase activation, however the peptide is cleaved
and the YFP is free to translocate to nucleus due to the NLS. As ex-
pected, the majority of YFP localized in the cytosol at the untreated
cells (Figure 1Gi). When exposed to 4.3% ethanol for 3 h, the vast
majority of cells exhibited morphological hallmarks of apoptosis, in-
cluding nuclear condensation, membrane blebbing, and cell shrink-
age (Figure 1G, ii and iii, and Supplemental Figure S4). YFP translo-
cated to the nucleus, where it accumulated in many cells, whereas in
others it appeared to be degraded. Of interest, after removal of the
apoptotic inducer, the same cells regained normal morphology within
2 h (Figure 1G, iv—vi, Supplemental Figure S4, and Supplemental Vid-
eos S2 and S3). This indicates that single cells can reverse apoptosis
after caspase activation. After removal of the inducer, >90% of cells
recovered normal morphology, and 32% of them retained nuclear
YFP (Figure 1H). Taken together, our results indicate that cells can
reverse apoptosis even after executioner caspase activation.
Reversal of apoptosis also occurred in primary rat heart cells ex-
posed to 4.5% ethanol for 5 h, in Mustela putoris furo (Mpf) brain
cells (CRL1516) exposed to 2 pM jasplakinolide for 50 h (Figure 2,
A-C), and in primary mouse macrophages exposed to 1 uM cucur-
bitacin | for 24 h (Figure 2, D and E). Greater than 90% of each cell
type displayed morphological hallmarks of apoptosis, including nu-
clear condensation, mitochondrial fragmentation, and cell shrinkage.
After removal of the inducer for 24 h, ~90% of the cells recovered
morphology. Fluorescently labeled annexin V was also used to track
reversal of apoptosis in heart and brain cells (Figure 2A). Annexin V
binds efficiently to phosphatidylserine, which moves from the inner
to the outer leaflet of the plasma membrane during apoptosis (Logue
etal., 2009). Ten minutes before washing, fluorescein isothiocyanate—
conjugated annexin V (annexin V-FITC) was applied to label apop-
totic cells (Figure 2B), and >90% of both cell types were labeled
(Figure 2, B and C). After removal of the inducer for 2 h to heart and
3 h to brain cells, >20% of heart cells and 60% of brain cells retained
the annexin V-FITC label after morphological recovery (Figure 2, B
and C). This provides an additional strategy to track cells that un-
dergo apoptosis and survive, without the need of transfection.

Cells can reverse apoptosis after DNA damage has occurred
Genomic destruction is a hallmark of apoptosis (Kerr et al., 1972;
Taylor et al., 2008), raising the interesting possibility that cells that
reverse apoptosis might acquire genetic alterations. During apop-
totic induction, nuclear translocation of mitochondrial AIF and
EndoG (Figure 3, A and B), which are apoptotic nucleases (Susin
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FIGURE 1: Reversibility of apoptosis in primary mouse liver, NIH 3T3, and Hela cells. (A) Time-lapse live-cell fluorescence
microscopy of a primary liver cell before, during, and after exposure to ethanol. The same cell before ethanol induction
(Untreated, i), induced with 4.5% ethanol in culture medium for 2.5 h (Treated, ii and iii), and then washed and further
cultured with fresh medium (Washed, iv-vi). Merged images, mitochondria (red) and nuclei (blue) were visualized by
fluorescence and cell morphology by DIC. Time presented as h:min. Scale bar, 10 ym. Also see Supplemental Figure S1 and
Supplemental Video S1. (B) Monochrome images of mitochondria from A. Mitochondrial fragmentation is indicated by red
arrows. (C) Fluorescence and DIC microscopy of healthy liver and NIH 3T3 cells (Untreated), cells that were exposed to
apoptotic inducers (liver cells, 4.5% ethanol for 5 h; NIH 3T3 cells, 10% DMSO for 20 h) (Treated), and treated cells that were
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FIGURE 2: Reversibility of apoptosis in primary rat heart cells, ferret brain cells, and primary mouse macrophages.

(A) Schematic diagram of approach using annexin V-FITC to track cells that reverse apoptosis. (B) Confocal and DIC
microscopy of rat primary heart cells that were exposed to 4.5% ethanol for 5 h (Treated) or not (Untreated). Treated cells
were then washed to remove apoptotic inducers and further cultured for 2 h (Washed). Merged images, mitochondria
(red), nuclei (blue), and annexin V-FITC (annexin V)-labeled exposed phosphatidylserine (PS) (green) were visualized by
fluorescence, and cell morphology was by DIC. Scale bar, 10 pm. (C) Quantification of the apoptotic response and its
reversal on primary rat heart cells and Mpf brain cells. Percentage of cells showing morphological signs of apoptosis
including mitochondrial fragmentation, nuclear condensation, cell shrinkage, and cell surface phosphatidylserine labeled
with annexin V-FITC (Annexin V) for control cells (Untreated), cells treated with apoptotic inducer (heart cells with 4.5%
ethanol for 5 h, brain cells with 2 pM jasplakinolide for 50 h) (Treated), and treated cells that were washed and further
cultured with fresh medium (heart cells for 2 h, brain cells for 3 h) in standard conditions (Washed). *p < 0.01; n=3
independent experiments. Error bars denote SD. (D) Fluorescence of healthy, untreated macrophages, those that were
exposed to 1 pM cucurbitacin | (Cul) for 24 h (Treated), and treated cells that were washed to remove apoptotic inducers
and further cultured for 24 h (Washed). Merged images, mitochondria (red) and nuclei (blue). Scale bar, 30 pm.

(E) Percentage of the untreated, treated, and washed macrophages that displayed mitochondrial fragmentation, nuclear
condensation, and cell shrinkage. *p < 0.01; n = 3 independent experiments. Error bars denote SD.

washed to remove apoptotic inducers and further cultured for 24 h (Washed). Merged images, mitochondria (red), nuclei
(blue), and Quantum Dots (Qdots) taken up by endocytosis (green) were visualized by fluorescence and cell morphology by
DIC. Scale bar, 10 pm. (D) Quantification of the apoptotic response and its reversal. Morphological signs of apoptosis
included nuclear condensation, mitochondrial fragmentation, and cell shrinkage. Uptake of Quantum Dots by endocytosis is
characteristic of healthy cells, whereas the other features are characteristic of apoptotic cells. Apoptosis was induced in liver
cells with 4.5% ethanol for 5 h and in NIH 3T3 cells with 10% DMSO for 20 h (Treated). Treated cells were then washed and
further cultured for 24 h in standard conditions. *p < 0.01; n = 3 independent experiments. Error bars denote SD.

(E) Western blot analysis of the total cell lysate of untreated, treated, and washed liver and NIH 3T3 cells for the protein level
of caspase-3 (Casp-3). ¢, cleaved form. (F) Schematic diagram of the caspase biosensor NES-DEVD-YFP-NLS. (G) Real-time
live-cell microscopy of Hela cells expressing the caspase biosensor before (Untreated, i), during (Treated, ii and iii), and after
(Washed, iv-vi) exposure to 4.3% ethanol. Merged images, caspase biosensor (YFP, green) and nuclei (blue) were visualized
by confocal microscopy and cell morphology by DIC. Corresponding monochromatic YFP image is shown in each panel.
Time presented as h:min. Scale bar, 10 pm. Also see Supplemental Figure S4 and Supplemental Videos S2 and S3. (H)
Quantification of the caspase biosensor response in Hela cells. Treated cells were exposed to 4.3% ethanol for 5 h. After
washing, cells were cultured for 2 h in standard conditions. *p< 0.01; n = 3 independent experiments. Error bars denote SD.

Volume 23 June 15, 2012 Anastasis: reversal of late-stage apoptosis | 2243



w

Untreated Treated Washed O AIF B EndoG
CC) * * * *
®100
2 80
3 60
AIF S 40
290 100 100 — EndoG & 2°
‘2 80 80 80 — Nucleus 3 0
) 2 ST S SN N
2 60 60 l 60 S @@ Q‘)@, @ ,5@ & @
< 40 | 40 / 40 ° Qx@ <& \$’<>°" ((\‘3’ <@ \$®g
g 20 W 20 201 N D
® 0720 40 e0MmO 20 40 eopm O 20 40 80 pm Liver cells NIH3T3 cells
C le @b D Q/b le
> .@6 é@é @6‘ ’5@6 é@b @6‘ rz}@b é\ob @6‘ @@b é\@a’
SRS N MRS F ¢

— . — -g- < PARP — — -| |-“- < ICAD

— < cPARP
Liver cells NIH3T3 cells Liver cells NIH3TS cells
F O Liver cells M NIH3T3 cells
Untreated Treated Washed x5k *k
EtOH.4.5%, 5h Revetsalj24h T 100
‘ © 80

E 60
o 401 L 1
T 20 rl—h_
R Q== v

Untreated Treated Washed

DNA A Unrepaired
damage DNA damage
Wash .
jjj’; @ Inducer off . Micronucleus
@ Apoptotic —=» Acentric
chromosome fragments

dying cell

[ C B
yto
* O Untreated d|\(l:|§II:)n
l_. B Washed

H =
K%)
3 20 ol %
5 15 [
g 10 v
S 5
)
5 Liver NIH3T3 Hela Cell from Cell undergoing Cytokinesis
= cells cells cells  reversal of apoptosis nuclear division - block cell

Untreated i | Treated ii | Washed jii | Washed i Washed
EtOH 4.3%

b *®

Nuclei

e

Washed i | Washed ii | Washed jii | Washed i Washed

Damage of DNA in dying cells before reversal of apoptosis. (A) Fluorescence micrographs showing the
subcellular localization of AIF (green), EndoG (red), and nuclei (blue) in primary liver cells that were untreated (Untreated)
or treated with 4.5% ethanol for 5 h (Treated) and treated cells that were then cultured for 24 h in fresh medium after
removal of the ethanol (Washed) from cells. Quantification of the corresponding fluorescence signals of AlF, EndoG, and
nucleus along the dotted line as indicated in their respective images. Scale bar, 10 pm. (B) Percentage of liver and NIH
3T3 cells that displayed nuclear accumulation of AIF and EndoG. Treated liver cells were exposed to 4.5% ethanol for

2244 | H.L.Tangetal. Molecular Biology of the Cell



etal., 1999; Li et al., 2001), occurred in both liver and NIH 3T3 cells,
suggesting that DNA was likely to be damaged.

We also detected caspase-mediated damage of DNA repair sys-
tems. For example, the enzyme poly(ADP)-ribose polymerase-1
(PARP), which is required for genomic stability (Lazebnik et al., 1994;
Wang et al., 1997), was cleaved in the induced cell population
(Figure 3C). Activated caspases also unlock DNA fragmentation fac-
tor/caspase-activated DNase (DFF40/CAD) by cleaving its inhibitor
DFF45/ICAD (Figure 3D; Liu et al., 1997; Enari et al., 1998). Thus
mitochondria- and caspase-mediated DNA damage mechanisms
were activated in the dying cells before washing.

The single-cell gel electrophoresis (comet) assay is a sensitive
method for detecting DNA damage, including single- and double-
strand breaks (Olive and Banath, 2006). The vast majority of both
liver and NIH 3T3 cells treated with apoptotic inducers showed
prominent comet tails before washing (Figure 3, E and F). After re-
moval of apoptotic inducers, the comet tails disappeared from most
cells, indicating repair of the broken DNA (Figure 3, E and F). In ad-
dition, nuclear AIF and EndoG were reduced (Figure 3, A and B), and
both full-length and cleaved PARP and ICAD returned to pretreat-
ment levels (Figure 3, C and D). Taken together, these results indicate
that cells can reverse the dying process even after DNA damage.

Genetic alterations and transformation occur

after reversal of apoptosis

To address how completely the DNA damage could be repaired, we
performed cytokinesis-block micronucleus assays. At 16 h after re-
moval of the inducer of apoptosis, although most nuclei appeared
normal, there was a significant increase in the number of cells that
displayed micronuclei compared with untreated controls in both
liver and NIH 3T3 cells (Figure 3, G and H). Micronuclei are biomark-
ers of DNA damage, including chromosome breakage and/or whole
chromosome loss in dividing cells (Fenech, 2007). The formation of
micronuclei is evidence of unrepaired DNA damage (Figure 3l), indi-
cating that whereas many breaks were repaired, some remained.
Increased in formation of micronuclei also occurred after reversal of
ethanol-induced apoptosis in Hela cells (Figure 3H). Time-lapse
live-cell microscopy revealed abnormalities, including formation of
micronuclei during the first cell division after reversal of apoptosis
(Figure 3J, i-vii, and Supplemental Figure S5). Of note, new micro-
nuclei formed during the division of the daughter cells (Figure 3J,

viii=x, Supplemental Figure S5, and Supplemental Video S4), sug-
gesting that some DNA damage persisted.

The presence of unrepaired DNA damage in cells after reversal
of apoptosis raised the question of whether surviving cells bear
chromosomal abnormalities. Therefore we performed karyotyping
on colchicine-treated, metaphase-arrested cells 3 d after induction
and washing. We found a significant increase, compared with un-
treated cells, in chromosomal aberrations, including variations in
chromosome number (Figure 4, A and B) and radial configurations
(Figure 4, C and D), the latter of which result from misjoining of bro-
ken chromatids (German, 1964). This indicates the presence of ge-
netic alterations in cells after reversal of apoptosis.

Genetic alterations in individual cells can promote phenotypic
diversity (Bloom, 1972; Stratton et al., 2009) and can lead to trans-
formation (Bloom, 1972; Rubin, 2008; Gordon et al., 2012), for which
NIH 3T3 cells serve as an important experimental model (Rubin,
2008). A fraction of cells that reversed apoptosis displayed classic
transformed phenotypes (Bloom, 1972; Cifone and Fidler, 1980;
Rubin, 2008), including focus formation (Figure 4, E and F) and pro-
liferation in soft agar (Figure 4, G and H), indicating loss of contact
inhibition of growth and anchorage-independent growth, respec-
tively. In contrast, similar phenotypes were virtually undetectable in
untreated control cells. These phenotypes are also hallmarks of can-
cer cells (Bloom, 1972; Cifone and Fidler, 1980; Rubin, 2008), sug-
gesting that reversal of apoptosis may be carcinogenic.

New transcription is critical to reverse apoptosis

To gain insight into the mechanism by which cells reverse apoptosis
and survive, we first tested whether new transcription is required.
We detected new RNA synthesis immediately after removal of the
apoptotic inducers (Figure 5A), suggesting that new transcription
occurs. We then exposed cells transiently to the reversible tran-
scription inhibitor actinomycin D (Sawicki and Godman, 1972). This
promoted persistence of cleaved caspase-3 (Figure 5B) and irre-
versible cell death (Figure 5C) as indicated by trypan blue staining,
which labels dead cells due to their plasma membrane permeability
(Kroemer et al., 2009). In contrast, the same concentration of ac-
tinomycin D did not cause significant cell death in control cells that
had not been treated with apoptotic inducers (Figure 5, B and C).
These results indicate that new transcription is required for the re-
versal of apoptosis.

5 h. NIH 3T3 cells were treated with 10% DMSO for 20 h. Treated cells that were then washed to remove apoptotic inducers
were further cultured for 24 h (Washed). *p < 0.01; n = 3 independent experiments. Error bars denote SD. (C, D) Western
blot analysis of total cell lysates of untreated, treated, and washed liver and NIH 3T3 cells were probed for (C) PARP and
(D) ICAD. ¢, cleaved form. (E) Fluorescence microscopy for the SYBR-stained DNA of untreated, treated, and washed
liver cells subjected to the comet assay for DNA damage. Cells embedded in agarose were subjected to electrophoresis.
Broken DNA forms comet tails such as the one indicated by an arrow. Intact DNA remains within the nuclear envelop.

(F) Percentage of untreated, treated, and washed liver and NIH 3T3 cells that displayed a comet tail. **p < 0.01; n=3
independent experiments. Error bars denote SD. (G) Fluorescence microscopy on nuclear morphology of untreated as
well as treated and washed primary liver cells 16 h after removal of apoptotic inducer. Cytokinesis was blocked with
cytochalasin B (Cyto B). Arrows indicate micronuclei in the washed cells. Scale bar, 10 pm. (H) Percentage of untreated, as
well as treated and then washed, liver, NIH 3T3, and Hela cells that displayed micronuclei. Apoptotic inductions for the
liver and NIH 3T3 cells were as described in (B) and for Hela as in (J). See Materials and Methods for detail. *p < 0.05;
**p < 0.01; n = 3 independent experiments. Error bars denote SD. (I) Proposed model for the formation of micronuclei in
cells that divide after reversal of apoptosis, likely as a result of unrepaired DNA damage. (J) Time-lapse live-cell
fluorescence microscopy of Hela cells before, during, and after exposure to ethanol. The same cell before ethanol
induction (Untreated, i), induced with 4.3% ethanol in culture medium for 5 h (Treated, ii), and then washed and further
cultured with fresh medium (Washed, iii—x). Monochromatic images of nuclei stained with Hoechst 33342. Arrows indicate
some of the micronuclei. Time presented as h:min. Scale bar, 30 um. See Supplemental Figure S5 and Supplemental
Video 5S4 for images and video with fluorescence microscopy for the corresponding mitochondria and nuclei and phase
contrast microscopy for cell morphology of the same cells. Cytochalasin B was not present in this experiment.
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FIGURE 4: Genetic alterations and transformation after reversal of apoptosis. (A) Inverted

DAPI-banding image of metaphase spreads of untreated liver cells (Untreated) compared with

cells that were treated with 4.5% ethanol for 5 h, washed, and then cultured for 3 d after

removal of apoptotic inducer (Washed). The number of metaphase chromosomes is indicated on

the corresponding images. An abnormal chromosomal configuration is indicated by an arrow.

(B) Percentage of untreated and washed liver cells (3 d after 5-h exposure to 4.5% ethanol) and

NIH 3T3 cells (3 d after 20-h exposure to 10% DMSO) displaying the indicated number of
chromosomes in metaphase spreads. ns, p > 0.05; *p < 0.05; **p < 0.01; n = 3 independent
experiments. Error bars denote SD. (C) Representative inverted DAPI-banding images of the
configuration of metaphase chromosomes of untreated (Untreated) as well as treated and

washed (Washed) liver cells. Configurations indicated by arrows: triradial (TR, red); quadriradial

(QR, blue); complex figures (CF, green); deletion (DE, black). (D) Percentage of the untreated
and the washed liver and NIH 3T3 cells displaying at least one abnormality in chromosomal
configuration. *p < 0.05; n = 3 independent experiments. Error bars denote SD. (E) Image of
untreated NIH 3T3 cells and the foci from the cells after being treated and washed (Washed)
after 3 wk of culture. Scale bars: 50 pm. (F) Number of foci in untreated as well as treated and
washed NIH 3T3 cells after 3 wk of culture. *p < 0.05; n = 3 independent experiments. Error

bars denote SD. (G) Image of crystal violet-stained colonies in soft agar in untreated as well as
treated and washed NIH 3T3 cells from the foci after 5 wk of culture. Inset, enlarged image of a
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Prosurvival factors contribute

to reversal of apoptosis

To determine the transcriptional profiles of
liver cells undergoing reversal of apoptosis,
we conducted time-course gene expression
analysis of 30,774 transcripts using RNA mi-
croarrays and quantitative PCR with reverse
transcription (QRT-PCR). We observed en-
hanced expression of multiple prosurvival
genes, including antiapoptotic BCL-2 family
members (Bag3, Bcl2, and Mcl1), X-linked
inhibitor of apoptosis protein (XIAP), the
murine double minute (MDM2), and heat
shock proteins (Dnajb1, Dnajb?, Hsp?0aa1,
Hspalb, and Hspb1), after removal of the
apoptotic inducer (Figure 5D and Supple-
mental Figure S6). Expression of most of
these genes peaked at the 3- and 6-h time
points after removal of the apoptotic in-
ducer and then dropped again.

The contributions of some of the identi-
fied candidates to reversing apoptosis were
tested by application of pharmacological
inhibitors to liver cells after removal of the
apoptotic stimuli. Inhibition of BCL-2, XIAP,
MDM?2, or HSP?0 significantly suppressed
reversal of apoptosis, as indicated by the in-
creased percentage of trypan blue-stained
cells (Figure 5E) and persistence of cleaved
caspase-3 (Supplemental Figure S7), sug-
gesting their roles in reversing apoptosis by
suppressing activated proapoptotic path-
ways (Figure 5F).

DISCUSSION

Apoptosis is critical in multicellular organ-
isms (Kerr et al., 1972; Jacobson etal., 1997;
Fuchs and Steller, 2011). It is widely ac-
cepted that there are both proapoptotic
and antiapoptotic signals in cells, and the
balance between the two determines
whether a cell lives or dies. Although the
precise point of no return may vary in differ-
ent cell types and conditions (Kroemer et al.,
2009), it has generally been assumed that
apoptosis is irreversible after caspase activa-
tion and DNA damage (Riedl and Shi, 2004;
Taylor et al., 2008; Chipuk et al., 2010). Strik-
ingly, the time-lapse live imaging and bio-
chemical studies reported here reveal that
apoptotic cells can survive and reverse the
process of dying even after they have
reached an advanced stage of apoptosis,
including caspase-3 activation and even

colony. Scale bars, 400 pm (white), 2 mm
(black). (H) Number of colonies formed in soft
agar in untreated as well as treated and
washed NIH 3T3 cells after 5 wk of culture.
*p < 0.05; n = 3 independent experiments.
Error bars denote SD.
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DNA damage. This phenomenon was not limited to one cell type or
apoptotic inducer but rather was observed for different types of
cells and inducers. We propose to name this process anastasis,’
which is a Greek word that means “rising to life” and thus represents
an apt contrast to the word apoptosis (Kerr et al., 1972), which is a
Greek word meaning “falling to death.”

Although it was surprising to observe cells recovering normal cell
morphology after reaching such an advanced stage of apoptosis, in
a few other biological contexts it is known that substantial caspase
activation does not obligatorily lead to cell death. One example is
sperm maturation in Drosophila melanogaster (Arama et al., 2003).
Late in sperm development, most of the spermatocyte cytoplasmic
contents are destroyed in a process that requires apoptosome com-
ponents and caspase activity. In this case, apoptosis proceeds part-
way and then stops but does not actually reverse. Presumably sperm
DNA is protected from damage, although this has not been exam-
ined directly.

In another example, we previously reported reversible apoptosis
in human cancer cells after various inductions (Tang et al., 2009).
Here we show that removal of apoptotic inducers was sufficient to
promote anastasis in primary cells, indicating that it is an endoge-
nous mechanism and suggesting that it is a normal physiological
process rather than a function restricted to abnormal cells. The pres-
ent study also suggests that anastasis may be a general phenome-
non in mammalian cells.

Of interest, chromosomal abnormalities and oncogenic transfor-
mation of primary liver cells and NIH 3T3 fibroblasts occurred after
reversal of apoptosis. These observations suggest that anastasis
could represent a previously unrecognized cause of genetic altera-
tions. It also represents a form of stress-induced mutagenesis, pos-
sibly analogous to that described in prokaryotic and eukaryotic or-
ganisms (McClintock, 1984; Capy et al., 2000; Rosenberg, 2001;
Jiang et al., 2003). In bacteria and plants, stress-induced mutagen-
esis has been proposed to accelerate evolution by natural selection
by increasing the mutation frequency precisely when organisms find
themselves maladapted to their environments.

The observation that anastasis can occur in normal cells has mul-
tiple intriguing implications. For example, anastasis could represent
one mechanism underlying the observation that repeated injury in-
creases the risk of cancer in a variety of tissues (Boffetta and Hashibe,
2006). Alcohol abusers are more prone to liver cancer (McKillop and
Schrum, 2005), and massive apoptosis has been observed in mouse
liver after exposure to ethanol (Goldin et al., 1993). Here we show
that transient exposure of primary liver cells to high concentrations
of ethanol caused them to initiate and then reverse apoptosis, in-
creasing the frequency of oncogenic transformation. Therefore re-
versal of apoptosis could be a mechanism that allows cells to survive
a transient crisis but then results in genomic rearrangements similar
to those recently reported in cancer genome sequencing studies
(Liu et al., 2011; Stephens et al., 2011).

Reversal of apoptosis could also be a mechanism by which can-
cer cells initially survive chemotherapy and radiation treatments and

"We thank Ralph Bohlmann and James Voelz for their ideas and suggestions for
the word anastasis. The word apoptosis is a compound made up of a Greek
prefix (apo) attached to a Greek stem (ptosis) and refers to the dropping or
falling of petals from a flower or leaves from a tree (Kerr et al., 1972). Anastasis is
a compound consisting of a prefix (ana) and stem (stasis) and is commonly used
to denote “standing again” or “rising to life.” In Luke 2:34, the Greek phrase for
“falling and rising” is ptosin kai anastasin (in the accusative case, ending in “n”
because of the preposition “unto”). Because the key concept in ptosis is “falling
to death” and in anastasis is “rising to life,” anastasis seems a good antonym to
the term apoptosis. We therefore propose the word anastasis to describe the
process of reversal of apoptosis.
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later evolve resistance. As we show here, cells that reverse apopto-
sis may acquire new mutations from the dying process, in addition
to the direct mutagenic effects of radiation and chemotherapy drugs
(Ross, 1999; Johnstone et al., 2002; Fu et al., 2012). Therefore can-
cer cells that undergo reversal of apoptosis after anticancer treat-
ment could acquire new mutations and thus transform into more
aggressive and metastatic cancers. Acquisition of mutations in nor-
mal cells as a consequence of reversal of apoptosis might also cause
new tumors after cycles of anticancer therapy.

In addition to its pathophysiological implications such as oncogen-
esis, a possible beneficial effect of anastasis could be to preserve in-
jured cells that are difficult to replace, such as mature neurons and
heart cells. Neuronal cell death occurs, for example, in the retinas of
flies, rabbits, and rats after exposure to excess light (McKechnie and
Foulds, 1980; Milligan et al., 1997, Gordon et al., 2002). Of interest,
the features of apoptosis vanish quickly in the corresponding tissues
when the environment improves (McKechnie and Foulds, 1980;
Milligan et al., 1997, Gordon et al., 2002). During heart failure, signifi-
cant numbers of cells release cytochrome ¢ and activate caspase-3
but manage to maintain normal nuclear morphology (Narula et al.,
1999; Reed and Paternostro, 1999), suggesting arrest of the apoptotic
process in heart cells (Narula et al., 2006). The results shown here sug-
gest that heart cells can even reverse the apoptotic process.

Environmental stresses also trigger apoptosis in germ cells in
mammals and other organisms (Aitken et al., 2011). For example, in
Drosophila melanogaster and Caenorhabditis elegans, germ cells un-
dergo apoptosis in response to starvation (Drummond-Barbosa and
Spradling, 2001; Salinas et al., 2006). In this setting, reversal of apop-
tosis, if it occurs, could in principle promote genetic diversity and
thereby accelerate evolution by natural selection, specifically in stress-
ful environmental conditions. Further investigations of this newly dis-
covered process will be necessary to test these hypotheses, with sig-
nificant implications for our understanding of development,
homeostasis, diseases, and evolution.

MATERIALS AND METHODS

Cell culture

Primary liver cells were isolated from BALB/c mice by collagenase
B according to the manufacturer’s instructions (Worthington Bio-
chemical, Lakewood, NJ) and cultured as described (Zurlo and
Arterburn, 1996). Primary cultures of heart cells were dissociated
from ventricles of 1- or 2-d-old neonatal Sprague Dawley rats (Har-
lan, Indianapolis, IN) by enzymatic digestion of 0.1% trypsin over-
night (US Biochemicals, Cleveland, OH) and then 0.1% collagenase
(Worthington Biochemical) for dissociation as previously described
(Iravanian et al., 2003). Peritoneal macrophages were isolated from
BALB/c mice as previously described (Hu et al., 2009). NIH 3T3
cells, human cervical cancer Hela cells, and Mpf brain cells
(CRL 1656) were purchased from the American Type Culture
Collection (Manassas, VA). The cells were cultured in DMEM/F-12
(DMEM:nutrient mixture F-12) supplemented with 10% fetal bo-
vine serum, 100 U/ml penicillin, and 100 pg/ml streptomycin (Life
Technologies, Carlsbad, CA) at 37°C under an atmosphere of 5%
CO,/95% air. Cells were seeded onto tissue culture plates for 2 d
with 70% confluence before being subjected to each experiment.
The medium was changed every 24-36 h.

Apoptotic inductions

Unless specifically mentioned, apoptosis in the primary mouse liver
cells and primary rat heart cells was induced by 5-h exposure to
4.5% ethanol (Scharlau, Barcelona, Spain), Hela cells by 5-h expo-
sure to 4.3% ethanol, and NIH 3T3 cells by 20-h exposure in 10%
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FIGURE 5: Critical contributing factors in reversal of apoptosis. (A) RNA blot for detecting new RNA synthesis in
untreated vs. treated and washed (Washed) liver cells 1 h after a 5-h exposure to 4.5% ethanol and with and without
transient exposure (1 h, 1pg/ml) to actinomycin D (AMD). No s4U served as negative control for the probe binding to
RNA. The detailed procedure is described in Materials and Methods. (B) Western blot analysis of the cleavage of
caspase-3 (Casp-3) on the total lysate of untreated, treated (5-h exposure to 4.5% ethanol for liver cells, 20-h exposure
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actinomycin D (AMD) immediately after removal of apoptotic stimuli. The AMD-exposed cells were cultured in fresh
medium for 23 h and then subjected to the analysis. ¢, cleaved form. (C) Percentage of untreated as well as treated and

2248 | H.L.Tangetal Molecular Biology of the Cell



DMSO (Sigma-Aldrich, St. Louis, MO) in culture medium (vol/vol).
Mpf cells were induced by 50-h incubation in 2 pM jasplakinolide
(Invitrogen, Carlsbad, CA) and primary mouse macrophages by 24-h
incubation in 1 uM cucurbitacin | (ChromaDex, Irvine, CA) in culture
medium. These conditions were chosen because they represented
the lowest concentration of inducer that caused >90% of cells to
undergo apoptosis. For removal of apoptotic inducers, cells were
washed three times with culture medium and then cultured for the
period of time indicated in the individual experiments.

Immunocytochemistry and fluorescence

and confocal microscopy

Mitochondria and nuclei were stained in living cells with 50 nM
Mitotracker Red CMXRos and 250 ng/ml Hoechst 33342 (Invitro-
gen), respectively, for 20 min in culture medium. Cells with active
endocytosis were labeled by green fluorescence—emitting Quan-
tum Dots from Qtracker 525 Cell Labeling Kit (Invitrogen) as de-
scribed (Jaiswal et al., 2003). ApoAlert pCaspase3-Sensor Vector
(BD Clontech, San Jose, CA) was transfected to Hela cells using
X-tremeGENE 9 DNA Transfection Reagent (Roche, Indianapolis,
IN). Cell surface membrane phosphatidylserine (PS) was detected
by using Annexin V Apoptosis Detection Kit according to manufac-
turer’s instructions (BioVision, Milpitas, CA). The cells were fixed
with 3.7% (wt/vol) paraformaldehyde in phosphate-buffer saline
(PBS) solution for 20 min at room temperature, and incubated with
0.1% Triton X-100 (vol/vol) (Sigma-Aldrich) for 10 min before im-
munostaining. Endogenous AIF and EndoG were stained with anti-
AlF and anti-EndoG primary antibodies (Santa Cruz Biotechnology,
Santa Cruz, CA) and conjugated with green fluorescent Alexa Fluor
488 and red fluorescent Alexa 594 anti-rabbit immunoglobulin G
secondary antibodies with Zenon Tricolor Labeling kit (Invitrogen),
respectively. Cell images were captured with a monochromatic
CoolSNAP FX camera (Roper Scientific, Tucson, AZ) on an inverted
fluorescence microscope Cell Observer Z1 using a 63x, numerical
aperture (NA) 1.4 plan-Apochromat objective or LSM 710 on an
upright microscope Axio Examiner using a 40x, NA 1.1W Corr LD
C-Apochromat objective (Carl Zeiss, Jena, Germany). Images were
analyzed by using AxioVision 4.2 software (Carl Zeiss).

Real-time live-cell microscopy

Cells were cultured in CO,-independent medium (Invitrogen) on a
glass-bottom culture dish (MatTek Corporation, Ashland, MA) or a
thermo-cell culture FCS2 chamber (Bioptechs, Butler, PA), which
was mounted onto the adapter in the stage of an inverted fluores-
cence microscope. Ethanol (4.5% for liver, 4.3% for Hela cells
[vol/vol]) in culture medium was introduced to the cells through
perfusion tubes (Bioptechs), which were connected to the cell
chamber. The ethanol was removed, and fresh medium was then

introduced to the chamber through these tubes after apoptotic
induction. Fluorescence signals of mitochondria and nuclei were
visualized by fluorescence with excitation at 561 and 405 nm, re-
spectively, and cell morphology by differential interference contrast
(DIC) or phase contrast microscopy. Time-lapse images were cap-
tured by Cell Observer Z1 (Carl Zeiss) with a monochromatic Cool-
SNAP FX camera (Roper) or Evolve 128 EMCCD (Photometrics,
Tucson, AZ) using a 63x, NA 1.4 Plan-Apochromat objective or a
40x, NA 0.95 Corr Plan-Apochromat objective (Carl Zeiss), a Bio-
Station IMQ time-lapse imaging system (CELL-S2) using a 40x,
NA 0.8 Plan-Apochromat objective (Nikon, Melville, NY), or a C2
Confocal on a TiE Invert microscope using a 60x, NA 1.4 Plan-
Apochromat objective (Nikon). Images and heat map were ana-
lyzed by using AxioVision 4.2 software.

Western blot analysis

Approximately 3 pg of protein from total cell lysate per lane was
separated on a 12% SDS-PAGE gel and transferred onto a Hybond
ECL membrane (Amersham Biosciences, Chalfont St Giles, United
Kingdom). After blocking, the membrane was incubated overnight
at 4°C with primary antibody detecting targeted protein as stated in
the text with 1:1000 dilution, followed by another hour of incubation
with the corresponding horseradish peroxidase—conjugated sec-
ondary antibody (Bio-Rad, Hercules, CA) at room temperature with
1:5000 dilution. Primary antibodies used were as follows: anti-cas-
pase-3, anti-PARP (Cell Signaling Technology, Danvers, MA), and
anti-ICAD (BD PharMingen, BD Biosciences, Le Pont de Clax,
France). The signal from the secondary antibody was detected with
the ECL Western blotting detection system (Amersham-Pharmacia
Biotech, GE Healthcare Bio-Sciences, Piscataway, NJ).

Single-cell gel electrophoresis (comet) assay

Comet assay was performed by using the Trevigen Comet Assay kit
(Trevigen, Gaithersburg, MD) according to manufacturer’s instruc-
tions. Alkaline electrophoresis of gelled slides was performed using
Ready Sub-Cell GT Cells (Bio-Rad) on ice with 20 V and 200 mA for
30 min. The current was adjusted by the volume of the buffer in the
gel tank. The DNA was visualized by SYBR Green staining (Trevigen),
followed by fluorescence microscopy.

Cytokinesis-block micronucleus assay

Cells were grown on glass coverslips (Marienfeld, Lauda-Kiiniga-
hofen, Germany) with 70% confluence in six-well cell culture
plates (Nunc, Roskilde, Denmark) and were induced to apoptosis
as described in the section Apoptotic inductions. To study ge-
nomic damage in apoptotic cells that reversed apoptosis and pro-
liferated, the apoptosis-induced cells were washed and cultured
for 16 h in fresh medium that contained cytokinesis-blocking

washed liver cells and NIH 3T3 cells with and without transient AMD exposure that displayed plasma membrane
permeability in trypan blue exclusion assay. The AMD exposed-cells were cultured in fresh medium for 23 h and then
subjected to the assay. ns, p > 0.05; *p < 0.05; n = 3 independent experiments. Error bars denote SD. (D) A time-course
microarray study in liver cells, log2-fold change of gene expression comparison between ethanol-induced apoptotic
cells (RO), untreated cells (Ctrl), and induced cells that were then washed and further cultured in fresh medium for 3 (R3),
6 (R6), 24 (R24), and 48 h (R48). The log2 signal values from three biological replicates were averaged (geometric mean)
for each time point. (E) Percentage of untreated and washed liver cells with and without 24-h exposure of inhibitors of
BCL-2 (ABT 263, 1 uM), XIAP (Embelin, 20 pM), MDM2 (Nutlin-3, 10 pM), and HSP90 (17-allylaminogeldanamycin,

0.5 pM) that displayed full plasma membrane permeability in trypan blue exclusion assay. The corresponding cells were
exposed to the inhibitors after apoptotic stimuli had been removed from the treated cells and then further cultured for
24 h. ns, p > 0.05; *P < 0.05; n = 3 independent experiments. Error bars denote SD. (F) Proposed model for reversal of
apoptosis. Expression of multiple prosurvival factors and new transcripts during reversal of apoptosis promotes cell
survival by suppressing the activated apoptotic pathways and repairing the cells.
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cytochalasin B (3 pg/ml; Sigma-Aldrich). Cells without apoptotic
induction served as control. The cells were then fixed by incubat-
ing in methanol/acetic acid (5:1, vol/vol) twice for 15 min, fol-
lowed by overnight fixation at 4°C. After washing three times with
PBS, the fixed cells were stained for nuclei by incubation with
250 ng/ml Hoechst 33342 in PBS for 20 min at room temperature.
Slides were then prepared as described for fluorescence micros-
copy and observed under a 63x objective to image micronucleus.
The micronuclei in the cytokinesis-blocked cells were scored as
described (Fenech, 2007). Only binucleated cells were scored, so
as to include only cells that divided once after addition of cy-
tochalasin B. The two main nuclei should have a clear boundary
from each other, and micronuclei were counted only when clear
boundary from the main nuclei was observed. The diameter of a
micronucleus should lie between 1/16 and 1/3 that of the main
nuclear diameter. Triplicates were performed, with >100 cells for
each condition per set.

Karyotyping

Metaphase chromosome spreads were prepared as described
(MaclLeod et al., 2007) with modifications. Briefly, cells were ar-
rested at metaphase by adding colchicine (Sigma-Aldrich) at a final
concentration of 1 pg/ml into growing culture for 6 h. The arrested
cells were then collected by trypsinization with immediate neutral-
ization with cell culture medium and then followed by 5 min of
centrifugation at 400 x g. After discarding the supernatant, we
loosened the cell pellet by gentle flicking in residual medium. To
swell the mitotic cells, we incubated the cell suspension in hypo-
tonic buffer, potassium chloride (5.59 g/l in double-distilled water),
and sodium citrate (9.0 g/l in double-distilled water) in 1:1 (vol/vol),
for 8 and 15 min for NIH 3T3 and primary liver cells, respectively,
at 37°C. The cells were then pelleted at 400 x g for 5 min to re-
move the hypotonic buffer. The cells were then fixed by gently
adding freshly prepared ice-cold fixative (methanol/acetic acid,
3:1, vol/vol) to the pellet while agitating the centrifuge tube for the
whole time so as to prevent cell clumps formation and ensure thor-
ough mixing. The fixative was changed once, and then the cells
were fixed overnight at 4°C. Next, the cells were concentrated in
fixative of a volume such that the suspension became slightly
cloudy for optimal cell concentration. To spread the metaphase of
the fixed cells onto slides, we dropped the cell suspension from
height onto a chilly, precleaned SuperFrost Plus microscopic slide
(Gerhard Menzel, Braunschweig, Germany) slightly sloped on a
freezer block. Then the slides were breathed on to enhance spread-
ing and were mounted with 4’,6-diamidino-2-phenylindole (DAPI)/
Antifade kit (MetaSystems, Altlussheim, Germany) after drying.
The metaphase chromosomes of metaphase-arrested cells were
identified and captured by an automated cytogenetic scanner
workstation (MetaSystems) for analysis. Only metaphases of dis-
tinctly separated chromosomes and of chromosome spreading
patterns from one nucleus were counted in order to avoid over-
lapped metaphases. Three replicates of >100 metaphases each
were counted for the presence of radial configurations in each cor-
responding metaphase spread for chromosomal abnormality.

Transformation assays

For the focus formation assay, cells were seeded in 10-cm? culture
dishes (Nunc) to reach 70% confluence. They were induced and
washed as described. Then the culture medium was changed every
3 d. After 3 wk of culture, morphologically transformed foci whose
diameter exceeded 0.5 mm were counted. The assay was performed
three times. From each replicate, at least five transformed foci were
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isolated by picking with sterile pipette tip and were then cultured for
soft agar assay. Anchorage-independent colony formation of NIH
3T3 cells undergoing anastasis was determined as described previ-
ously (Cifone and Fidler, 1980) with some modifications. Briefly, the
cells were harvested by trypsinization. A total of 3 x 10° cells were
resuspended in 1.5 ml of complete cell culture medium containing
0.3% agarose. The suspensions were cultured in single wells of six-
well cell culture plates (Nunc) above a layer of solidified 0.5% aga-
rose in the medium. After incubation at 37°C under an atmosphere
of 5% CO,/95% air for 5 wk, plates were stained with 0.5 ml of
0.005% crystal violet solution (Sigma-Aldrich) for 1 h before being
subjected to microscopy.

New RNA detection

For newly synthesized RNA detection, cells were incubated in the
presence of 50 pM 4-thiouridine (s4U; Sigma-Aldrich) for 1 h and
total RNA was extracted by TRIzol (Invitrogen). The RNAs were then
subjected to biotinylation as described (Zeiner et al., 2008). The bi-
otin-labeled RNAs were agarose electrophoresed, transferred to
nylon membrane (Bio-Rad) with Trans-Blot SD DNA/RNA Blotting
Kit (Bio-Rad), and then detected by chemiluminescence using Light-
Shift Chemiluminescent EMSA Kit (Pierce, Rockford, IL).

Microarray and gene expression data analysis

Mouse primary liver cells were treated with 4.5% ethanol for 5 h
(RO) and then washed and cultured in fresh medium for 3 (R3),
6 (R6), 24 (R24), and 48 (R48) h. The untreated cells were used as
control (Ctrl). Total RNA was isolated and purified by RNeasy Mini
Kit (Qiagen, Cologne, Germany). As a first level of quality control,
to detect possible batch effects or sample outliers, we performed
principal component analysis with Partek Genomics Suit 6.5 (Partek,
St. Louis, MO) on log2-normalized signal values for all samples;
biological replicate samples were observed to cluster together.
Furthermore, an analysis of variation was run on all data, including
variables for cell sample, batch, and error, in which analysis also
showed an excellent ratio of signal (biological variation) to noise
(batch and error). The RNA was subjected to reverse transcription
using SABiosciences C-03 RT? First Strand Kit (SABiosciences-
Qiagen, Frederick, MD). These cDNA samples were analyzed on
the lllumina MouseWG-6 v2.0 Expression BeadChip (lllumina, San
Diego, CA).

Processed lllumina signal value data were imported into the
Partek and Spotfire DecisionSite 9.1 (TIBCO, Palo Alto, CA) plat-
forms for evaluation for expression fold change at the gene level
between time points and for fold change across time when com-
pared with a common starting point. First, all signal values were
converted into log2 space and quality control tests run to ensure
data integrity. Signals for the three biological replicates at each time
point were taken together for comparison to other time points; Stu-
dent’s t test used to determine statistical significance as p values,
and fold change was based on averaged values. For our time-course
analysis, all time points were compared with time point RO, the time
at which ethanol treatment ended. Functional Gene Ontology (The
Gene Ontology Consortium, www.geneontology.org) and pathway
analyses were run with Spotfire's Gene Ontology Browser and
Ingenuity Pathway Analysis (Ingenuity Systems, www.ingenuity
.com) software, respectively.

qRT-PCR

Total RNA was isolated and purified by RNeasy Mini Kit (Qiagen,
Cologne, Germany), and 1.5 pg of the total RNA was reverse tran-
scribed into cDNA via the M-MLV reverse transcriptase (Invitrogen)
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with oligo-dT as primer. RT-PCR was performed on an IQ5 machine
(Bio-Rad) using SYBR GreenER gPCR SuperMix (Invitrogen) in 25 pl
of reaction with the following PCR cycle parameters: 10 min at 95°C
(pre-denaturation and hot start); 40 cycles of 35 s at 95°C; 35 s at
58°C; 30 s at 72°C (denaturation/annealing/amplification). The fol-
lowing primers were used for detection of their corresponding
mRNA. Bcl2 forward primer sequence, 5-CCT GTG GAT GAC TGA
GTA CC-3’; reverse primer sequence, 5-GAG ACA GCC AGG AGA
AAT CA-3’ (Sigma-Aldrich). Xiap forward primer sequence, 5-CTG
AAA AAA CAC CAC CGC TAA C-3’; reverse primer sequence,
5-CTA AAT CCC ATT CGT ATA GCT TCT TG-3". Mdm2 forward
primer sequence, 5-CGG CCT AAA AAT GGC TGC AT-3’; reverse
primer sequence, 5-TTT GCA CAC GTG AAA CAT GAC A-3.
Hsp90aa forward primer sequence, 5’CTC CAATTC ATC GGA CGC
TCT G 3’; reverse primer sequence, 5 TCA AGT CGG CCT TGG
TCATTC C 3". Gapdh forward primer sequence, 5-TGC CTC CTG
CAC CAC CAA CT-3’; reverse primer sequence, 5-CGC CTG CTT
CAC CAC CTT C-3". All RT-PCR assays were completed in triplicate,
and the threshold cycle of each reaction was converted to DNA
equivalent by reading against its corresponding standard curve
generated by amplifying dilutions of cDNA containing the relevant
target sequences. The relative mRNA expression levels of the target
genes were normalized to the mean of Gapdh, which served as the
internal control.

Inhibitor treatment

Immediately after removal of apoptotic inducers, specific inhibitor
targeting BCL-2 (ABT 263, 1 pM; Selleck Chemicals, Houston, TX),
XIAP (Embelin, 20 pM; Sigma-Aldrich), MDM2 (MDM2 inhibitor,
20 pM; Sigma-Aldrich), or HSP90 (17-allylaminogeldanamycin,
0.5 pM; Sigma-Aldrich) was applied to the cells together with fresh
culture medium. A mock experiment was also performed in the un-
treated cells.

Statistics

Statistical comparison was performed using two-tailed (unless stated
otherwise) Student's t test (except in microarray and gene expression
data analysis, as described in the corresponding section). Differences
were considered to be significant when the p value was <0.05.
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