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INTRODUCTION

Sulfur mustard (SM) is a highly reactive compound that causes blisters in the skin
through a series of changes that we are beginning to identify. Studies have shown that SM
induces the death and detachment of the basal cells of the epidermis from the basal lamina
(Rosenthal et al., 1997). Much of the evidence points to a major role for calcium and calmodulin
in this response. For several years, I have been involved in studies demonstrating that Ca2+ plays
an important role in the maintenance and homeostasis of the skin. A number of laboratories,
including our own, have shown that terminal differentiation can be induced in both murine and
human keratinocytes via the elevation of intracellular Ca2+ (Hennings et al., 1980) (Stanley and
Yuspa, 1983) (Rosenthal et al., 1991). My interest in the potential role of SM in the induction of
markers of keratinocyte differentiation began with the observations of two groups of
investigators headed by Dr. William Smith and Dr. Radharaman Ray (presently collaborators) at
USAMRICD, who found that changes in Ca?+ homeostasis could be observed in keratinocytes
exposed to SM (Ray et al., 1993) (Ray et al., 1995) (Mol and Smith, 1996). Ca?* -buffering
experiments have supported the role of Ca2+ in the etiology of SM-induced cytotoxicity (Ray et
al., 1996). While Ca2+ plays pleiotropic roles in a number of different cell types, earlier studies
by myself as well as other groups showed that keratinocytes are exquisitely sensitive to changes
in the intracellular levels of Ca2+. We thus performed a series of experiments showing that SM
induces Ca2*/calmodulin- dependent differentiation in keratinocytes. An unexpected outcome of
these experiments was the observation that SM also induced Ca?*/calmodulin-dependent
apoptosis. Thus, both differentiation and apoptosis could account for the basal cell toxicity
observed in vivo in response to SM.

We tested, and are continuing to test this hypothesis by genetic and molecular methods to
experimentally modulate the effects of calcium and subsequent vesication response through the
use of stable genetically modified human keratinocytes that express antisense transcripts to
calmodulin. As a first step towards this goal, we utilized cultured keratinocytes as well as a graft
system to define the expression of normal differentiation-specific markers in the epidermis, to
examine how marker expression is modified upon exposure to SM. During the first year of the
contract, in collaboration with Drs. William Smith and Radharaman Ray at USAMRICD, 1
examined whether markers of differentiation and apoptosis are induced or altered by SM. 1
found that SM in fact induced both the terminal differentiation response as well as an apoptotic
response in keratinocytes (Rosenthal et al., 1998; Stoppler et al., 1998). Secondly, we
successfully interfered with the pathway leading to the alteration of these markers. Utilizing
both chemical inhibitors and antisense oligonucleotides, we determined that Ca®* and calmodulin
are important to both responses, and that these two related processes may in part play a role in

‘SM toxicity. During the second year of the contract, we made a number of other significant
advances towards the understanding of the mechanisms involved in the response to SM. We
characterized the molecular ordering of events responsible for SM-induced apoptosis, with
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respect to the activation of proapoptotic proteins. We determined that a Fas/TNF receptor
pathway was responsible for SM-induced apoptosis, and directly blocked this i)athway by using
a dominant-negative inhibitor of FADD. In the last year of the contract, we have continued to
generate calmodulin antisense constructs and have packaged these constructs into retroviral
vectors and used them to infect primary and immortalized cells. Finally, we have performed
grafting experiments utilizing these calmodulin and FADD constructs to examine the role of
these proteins in the vesication response to SM.

BODY

Original Hypothesis

SM causes blisters in the skin through a series of cellular changes leading to terminal
differentiation and cell death. Much of the evidence points to a major role for calcium and
calmodulin in this response. Blocking the calmodulin response will prevent terminal
differentiation, cell death, and SM vesication

Statement of work

C.2.1 Task 1: Immortalized human keratinocytes will be used in the performance of exploratory
studies to test the hypothesis that the expression of terminal differentiation markers can be
altered in grafted animals after the topical application of SM

1) Indirect immunofluorescence will primarily be used to examine the expression of basal
keratinocyte markers involved in cell attachment to the basal lamina.

2) Proteins showing marked changes will be examined by in sifu hybridization to determine with
the changes are based on transcriptional or posttranscriptional events.

C.2.2 Task 2: Experiments using inhibitors and/or modulators of calmodulin (CAM),
intracellular free calcium increase, and glutathione to determine whether the changes in ¢.2.1 can
be attenuated will be initiated.

C.2.3 Tasks 3 and 4: Experiments in C.2.1 and C.2.2 will be completed by examining marker
expression, at successive time points, in non-transfected keratinocytes after the application of
SM or agents dynamics/metabolism.

DAMD17-96-C-6065 6 Final Report




Research Accomplishments: Part 1

CALMODULIN AND P53 ARE TARGETS FOR MODULATING SM-INDUCED
APOPTOSIS.

Rosenthal, D. S., Rosenthal, C. M. G, Iyer, S., Smith, W., Ray, R., and Smulson, M. E. Sulfur
mustard induces terminal differentiation and apoptosis in keratinocytes via a Ca**-calmodulin
and apopain-dependent pathway. J. Invest. Dermatol. 111(1): 64-71 (1998).

To determine if SM altered keratin expression, NHEK were exposed to 100 uM SM,
fixed after 24 h, and then subjected to FACS analysis, using the broad-range-reactive cytokeratin
(CK) antibody as a tag. Following SM exposure, the number of CK+ cells increased
significantly (data not shown). Since the CK antibody recognizes the suprabasal keratin K10, we
were curious to determine if SM altered the expression of any differentiation-specific proteins.
Immunoblot analysis with specific antisera revealed that both K1 and K10 were induced in the
presence of 100 uM SM (Fig. 1A). We also examined the expression of involucrin, a precursor
protein that becomes crosslinked in the fully differentiated cornified envelope (Rosenthal et al.,
1997). In extracts derived from untreated cells, involucrin migrated as a 68 kDa monomer form.
Following 24 h exposure to SM, the staining pattern shifted to higher molecular weight forms
(Fig. 1B), suggesting that the protein is cross-linked in response to SM. In more recent studies
(Rosenthal et al., 2000), we have shown by RT-PCR that SM induces K1 at the RNA level
(Fig. 2)

We next examined the levels of fibronectin expressed in NHEK following SM treatment,
for two reasons. First, fibronectin is expressed in basal cells, but is suppressed in suprabasal
cells in vivo, and in response to differentiating agents in vitro (Adams and Watt, 1990; Nicholson
and Watt, 1991). In turn, contact with fibronectin also inhibits keratinocyte differentiation
(Staiano-Coico and Higgins, 1992; Drozdoff and Pledger, 1993; Watt et al., 1993). Secondly,
fibronectin is a major component of the basal lamina, and forms an attachment site for the alpha
5 beta 1 integrin of the basal cells (Adams and Watt, 1990). Thus, suppression of this protein by
SM could in part explain detachment of basal cells from the basal lamina during vesication in
vivo. Fibronectin is produced in keratinocytes (as well as fibroblasts), in two isoforms. Both the
220 kDa and 94 kDa forms of fibronectin were reduced with time after SM exposure. In
contrast, untreated NHEK showed no decrease in the levels of fibronectin (Fig. 1C).

SM induces p53 and suppresses Bel-2

To examine possible mechanisms by which SM altered the differentiation response, we
initially examined the expression of p53, which plays important roles in both the differentiation
and apoptotic responses in keratinocytes. FACS analysis showed a significant increase in the
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protein levels of p53 24 h after exposure to 100 uM SM, while immunoblot analysis (Fig. 3A)
shows that this increase in p53 levels occurs within 2 h.

The bcl-2 gene product inhibits both keratinocyte differentiation and apoptosis. Bcl-2
levels are high in basal keratinocytes and are reduced in the differentiating layers of the
epidermis (Hockenberry et al., 1991). Furthermore, expression of bcl-2 antisense RNA can
lower endogenous levels of Bcl-2 and induce markers of terminal differentiation in mouse
keratinocytes (Marthinuss et al., 1995). Following SM treatment, there is a significant decrease
in Bcl-2 protein levels in NHEK as determined by immunoblot analysis (Fig. 3B).

Newly discovered caspase-mediated cleavage of epidermal keratins during SM-induced
differentiation and apoptosis. -

In order to study the differentiation response to SM, we originally focused on the
suprabasal-specific keratins, K1 and K10, which are tightly regulated at the level of transcription
in keratinocytes both in vitro and in vivo. However, we found that many changes may occur at
the post-translational level, including a putative éaspase-mediated breakdown of keratin K1 that

occurs during apoptosis. Thus, we continued to employ Western analysis, as well as
immunofluorescent analysis to examine the changes in these gene products in the second year.
When we recently used a different polyclonal antibody directed against the C-terminus of K1,
and treated cells with higher concentrations of SM, we discovered an apparent cleavage product
of K1. The size of this product maps near a perfect consensus sequence for a site of cleavage by
caspase-6 (Fig. 4). Moreover, point mutations near this region of K1 give rise to a genetic
blistering disorder, epidermolytic hyperkeratosis (McLean et al., 1994). Thus, it is of interest
to determine if K1 can be cleaved by caspase-6 following treatment with SM. We are
performing the same experiments in the presence of the caspase-6 inhibitor, VEID-CHO.
Inhibition of the cleavage product in the presence of the inhibitor would strongly suggest that K1
is in fact the substrate for caspase-6, and that K1 is a target during keratinocyte apoptosis.

Inhibitors of CaM block markers of differentiation

Since previous studies have shown that SM can induce an increase in intracellular free
Ca2+ (Ca)) (Ray et al., 1995) and we have observed that a rise in Ca;is associated with the
normal terminal differentiation response of keratinocytes (Rosenthal et al., 1991; Rosenthal et
al., 1991; Yuspa et al., 1989), the expression of these markers suggested a role for Ca2* in the
SM response that was observed. Furthermore, we have shown that the K1 gene contains specific
Ca2+-inducible enhancer sequences located 3’ to the gene (Huff et al., 1993) and expression of
K1 (and other differentiation-specific genes) can be blocked by the Ca; chelator BAPTA (Li et
al., 1995). BAPTA also enhances the survival of keratinocytes in the presence of SM (Ray et
al., 1996). We therefore pre-incubated keratinocytes with 20 yM BAPTA-AM for 30 min prior
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to SM treatment. When NHEK were subsequently treated for 24 h with 100 uM SM, keratin K1
was suppressed (Fig. 5A). Although BAPTA treatment suppressed total protein synthesis by
50% after 24 h (not shown), this effect was not enough to account for the complete suppression
of K1. Ca?+ may induce differentiation via its role in the activation of protein kinase C (Dlugosz
and Yuspa, 1993). In addition, Ca?+-calmodulin complexes are also generated which modulate
this protein kinase C response (Chakravarthy et al., 1995). We therefore determined whether the
calmodulin inhibitor W-7 could alter the differentiation response to SM. Figure 5A shows that a
30 min pre-treatment with W-7 prior to exposure to 100 yM SM inhibited the expression of K1.
Protein calibration prior to gel-loading, followed by Ponceau-S-staining of the immunoblot (Fig.
5B), eliminated the possibility of loading artifact, indicating that SM induces the expression of
this differentiation-specific marker via a Ca2+ -calmodulin-dependent pathway. The suppression
of SM induction of K1 by inhibitors of CaM, as well as by inhibitors of CaM kinase II, was also
observed at the RNA level (Fig. 2). Interestingly, calmodulin itself was transiently down-
regulated by SM (Fig. 5C).

We also performed a time course (see Tasks 3 and 4), followed by Western analysis
using antibodies specific for the suprabasal keratins K1 and K10, which are the major
differentiation-specific proteins expressed in keratinocytes. Both K1 and K10 are weakly
induced by 10 uM SM, and strongly induced in the presence of 100 uM SM, between 8 and 24 h
following treatment (Fig. 1). We also examined the expression of other markers of
differentiation including involucrin, a precursor protein that becomes crosslinked in the fully
differentiated cornified envelope (Yaffe et al., 1993) (Robinson et al., 1996) (Steinert and
Marekov, 1997). In untreated cells, involucrin was expressed at low levels, and was restricted to
a 68 kDa monomer form. Following exposure to either 10 uM (not shown) or 100 uyM SM, the
level of involucrin increased; more importantly, the staining pattern shifted to heterogeneous
higher molecular weight forms by 24 h, suggesting that the protein is cross-linked in response to
SM.

SM induces apoptosis via caspase activation.

The striking increase in p53 levels and decrease in Bcl-2 levels suggested that in addition
to modulating differentiation, SM may induce apoptosis as well. Recent evidence has revealed
that Bcl-2 can complex with both the Caenorhabditis elegans death proteins 3 and 4 (Ced-3 and
Ced-4) (Chinnaiyan et al., 1997). p53 has been shown to antagonize this activity of Bcl-2,
perhaps via the induction of Bax, since p53 has been shown to induce bax gene transcription via
p53 response elements within the bax promoter (Miyashita et al., 1995). Importantly, pS3 has
been shown to upregulate Fas ligand and receptor, a potential mechanism for apoptosis that was
tested below. Thus, we assayed for markers of apoptosis following SM treatment. A hallmark
of apoptosis in a number of cell types is the appearance of nucleosome sized ladders due to the
presence of a Ca2+/Mg2* -dependent endonuclease that is induced in apoptotic cells, another
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direct role for Ca2* in apoptosis. At 300 uM SM, both Nco (immortalized keratinocytes) and
NHEK (primary keratinocytes) showed nucleosome-sized ladders analyzed by agarose gel
electrophoresis.

We have recently determined that the activation of PARP plays a role in the etiology of
apoptosis in osteosarcoma cells induced to undergo programmed cell death, in which poly(ADP-
ribosyl)ation corresponds with the early reversible stages of apoptosis (Simbulan-Rosenthal et
al., 1998, Rosenthal et al., 1997). Antisera specific for PAR did in fact detect a strong band at
116 kDa in extracts of primary keratinocytes treated with all concentrations of SM tested,
whereas no such band was present in extracts of control keratinocytes, indicating SM induces
DNA strand breaks and PARP is activated. After this time point, the level of poly(ADP-ribose)
decreases precipitously, similar to our previous observations using osteosarcoma cells induced to
undergo apoptosis (Rosenthal et al., 1997). The expression of PAR early in apoptosis was also
used as an in vivo marker of apoptosis as described below.

We previously determined that this characteristic rise and rapid decline in poly(ADP-
ribose) levels could be attributed to the proteolytic cleavage of PARP into the characteristic 89
kDa and 24 kDa fragments, the latter of which contains the Zn2+ finger region and DNA binding
domain (DBD). We therefore performed Western analysis to monitor the cleavage of PARP
using an antibody that recognizes both the full length 116 kDa protein as well as the 89 kDa
fragments of PARP. A significant conversion of full-length PARP to the 89 kDa fragment was
observed following 300 uM SM treatment . In order to monitor the in vivo cleavage of PARP in
the graft system, we used the antibody against the DBD of PARP.

A sensitive technique to verify that SM induces apoptosis is to determine the activation
of caspase-3 from its precursor (pro-caspase-3; CPP32) via the use of in vitro translated PARP.
We therefore used a combination transcription/ translation system to radiolabel full length
PARP, which was subsequently incubated with extracts derived from keratinocytes treated with
SM at different concentrations and time points. Figure 6 (top) shows that PARP cleavage
activity is clearly seen in NHEK (primary keratinocytes) in 300 uM SM after 24 h, as evidenced
by the strong appearance of the 24 kDa and 89 kDa cleavage products. In Nco (immortalized
keratinocytes), caspase-3 activity similarly increased with increasing concentrations of SM.
Quantitative phosphorimage analysis (Fig. 6, bottom) shows the relative PARP cleavage
activities that result from the treatment of NHEK or Nco with different concentrations of SM for
24 h. The high level of PARP-cleavage activity observed in 300 uM SM is indicative that this
vesicant is also a strong inducer of apoptosis in both primary and immortalized keratinocytes,
and that apoptosis is occurring via a caspase 3-like pathway.

We next further verified that SM induces apoptosis by determining whether the observed
caspase-3 activity in vitro could be associated with the processing of pro-caspase-3/CPP32 into
its active protease form. During apoptosis, procaspase-3/CPP32 is processed into 17 kDa and 12
kDa peptides, with the removal of a pro-peptide sequence from the N-terminus. The 17 kDa and
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12 kDa fragments then form the active proteolytic heterodimer. Using an antibody that
recognizes both the active (p17) and inactive (CPP32) forms of caspase-3, a slightly smaller
form of CPP32 was observed 24 h after the cells were exposed to 100 uM SM, equivalent in size
to CPP32 minus the pro-peptide sequence, suggesting that processing of the N-terminus of the
precursor protein was occurring (not shown). To confirm this, the same extracts were analyzed
utilizing an antibody that is specific for the pro-sequence that is removed when caspase-3 is
processed into its active form. The disappearance of the slightly smaller MW band previously
observed at 24 h in 100 pM SM, indicates that this band is missing the propeptide sequence, and
is thus the result of CPP32 N-terminal processing. Following treatment with 300 uM SM,
NHEK showed complete processing of a portion of CPP32 into the active p17 form (Fig. 7B). A
small amount of the partially processed p20, which represents pl7 + the N terminal pro-
sequence, is also observed. Thus, in both 100 pM and 300 pM SM, markers of apoptosis are
induced, although complete activation of caspase-3, PARP cleavage, and DNA fragmentation are
only observed at the higher dose of SM.

A Ca?* Calmodulin-Dependent Pathway for SM-Induced Apoptosis

To determine if SM-induced apoptosis was proceeding via Ca2+ -calmodulin dependent
pathways, BAPTA and W-7 were utilized as pre-treatment agents. BAPTA had a small effect on
in vitro PARP-cleavage activity, while greater suppression was observed following W-7 pre
treatment (Fig. 7A). These agents also suppressed the level of DNA fragmentation.

We next determined whether this W-7-sensitive repression was related to the processing
of CPP32 into its active form. In control NHEK, one of the two subunits of the active form of
apopain, p17, can clearly be detected 24 h following treatment with 300 yM SM. However, p17
is completely suppressed by 50 yM W-7 (Fig. 7B). Thus, SM induces apoptosis via a
calmodulin-dependent pathway that involves the activation of caspase-3.

We utilized the CaM antagonists W-7 or W-13 as pre-treatment agents, as well as the
structurally similar, but inactive control compound W-12, to abrogate any CaM-response
pathways for SM-induced apoptosis. W-7 and W-13, but not W-12, suppressed caspase-3
activity. We also determined whether this W-7- and W-13-sensitive repression was related to the
processing of procaspase-3 into its active form. In control NHEK (untreated and W-12-treated),
one of the two subunits of the active form of caspase-3, pl7, can clearly be detected 24 h
following treatment with SM. In the presence of W-7, or W-13, p17 is markedly reduced in
NHEK (not shown).

The roles of CaM target proteins were also examined. Pretreatment of keratinocytes with
KN62 or KN93, inhibitors of CaM kinase IT (CaMKII), which has been implicated in apoptosis,
did not prevent apoptosis or the activation of caspase-3 at 24 h, although suppression was
observed at earlier time points (not shown). Similarly, pretreatment of keratinocytes with
Cyclosporin A, an inhibitor of calcineurin, partially inhibited SM-induced apoptosis within 24 h,

DAMD17-96-C-6065 11 Final Report




while at 48 h, caspase-3 activity was completely suppressed (not shown). These results indicate
that SM induces apoptosis via a CaM-dependent pathway that involves the activation of
procaspase-3. Calcineurin and CaMKII play partial roles, suggesting that additional CaM-
regulated proteins may be important in the induction of apoptosis by SM. Similarly, nuclear
fragmentation (as determined by agarose gel electrophoresis, as well as internucleosomal
fragmentation, determined by Hoechst staining, were inhibited by W-7).

To adopt a more specific approach we determined which of the calmodulin genes was
expressed in keratinocytes. PCR analysis indicated that CaM I was the major gene expressed in
both primary and immortalized keratinocytes (Fig. 8).

Additionally, CaM I antisense retrovirus suppressed the SM induction of K1 (below).
Our studies thus show that CaM plays a role in the expression of K1 in response to SM. In
addition, our initial inhibitor studies suggest that CaM KII or calcineurin may mediate the effects
of CaM. RT-PCR analysis reveals that this regulation of K1 is at the level of mRNA, and
appears to involve CaM kinase II, since K1 mRNA induction by SM is suppressed by KN62
(Fig. 2).

Stoppler, H., Stoppler, M. C., Johnson, E., Simbulan-Rosenthal, C. M. G., Iyer, S., Smulson, M.

E., Rosenthal, D. S.*, and Schlegel, R. The human papillomavirus 16 (HPV-16) E7 protein
sensitizes primary human keratinocytes to apoptosis. Oncogene 17: 1207-1214 (1998).
*corresponding author

We observed striking changes in the differentiation of primary and immortalized
keratinocytes in response to SM (see above). In repeated experiments, markers of differentiation
were induced, including K1, K10 and the crosslinking of involucrin, and the expression of
fibronectin was suppressed in both a dose- and time-dependent fashion. An unexpected outcome
of these experiments was the observation of the induction of significant apoptosis in primary and
immortalized human epidermal cells by SM. Further study of the apoptotic response was
performed for two major reasons: 1) Both differentiation and apoptosis are strongly induced in
keratinocytes in response to SM, and both of these responses could contribute to basal cell death
and vesication. 2) Keratinocyte differentiation and apoptosis share many similar features. For
example, low levels of Bcl-2 and high levels of p53 are markers of both differentiation and
apoptosis. Since these two processes may share common pathways, a single compound might
act as a dual inhibitor of differentiation and apoptosis, and have important therapeutic potential.
This is apparently the case for the calmodulin inhibitor W-7, which I showed to inhibit both the
apoptotic and differentiation responses in keratinocytes exposed to SM.
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The fact that p53 is induced in keratinocytes in response to SM, along with the important role
that p53 may play in apoptosis, lead me to investigate the potential role of p53 in the etiology of
apoptosis induced by SM. ‘

We infected primary keratinocytes with retroviral constructs containing either the E6, or
E7, or E6 +E7 genes of HPV18. These same retroviral vectors were also utilized for the
expression of calmodulin antisense RNA described below. E6 is known to bind to and degrade
p53, while E7 has been shown to upregulate the p53 gene. When cells were infected with E7
alone, p53 levels were increased (Fig. 9, top), indicating that E7 was expressed and functioning.
E7-expressing keratinocytes were also more susceptible to SM-induced apoptosis (Fig. 9,
bottom), as well as apoptosis induced by TNFo.. E6 expression inhibited p53, and did not alter
the apoptotic response of keratinocytes to SM compared to NHEK controls. On the other hand,
cells expressing both E6 and E7 had a lower index of apoptosis than cells expressing only E7,
indicating that E6 partially prevented E7-induced SM-susceptibility.

Thus, p53 partially mediates SM induced apoptosis. Recent evidence suggest that p53 may
function via upregulation of Bax, a pro-apoptotic member of the Bcl-2 family, as well as Fas.
The role of these proteins (e.g. Bad) in the apoptotic response in cultured keratinocytes is
addressed below.

Simbulan-Rosenthal, C. M., Rosenthal, D. S., Smulson, M. E. Poly(ADP-ribosyl)ation of p53
during apoptosis in human osteosarcoma cells. Cancer Res. 59: 2190-2194 (1999).

The previous two studies showed that both calmodulin and pS53 play important roles in
the differentiation and apoptotic responses of keratinocytes to SM. Since p53 is rapidly induced
in response to SM as well as many other apoptosis-inducing agents, we wished to determine the
mechanism for the increase in p53 levels. I showed that the intracellular pS3 concentration is
dramatically increased within 2 h of SM treatment, further evidence that apoptosis occurs early
and is the primary response of keratinocytes to SM. (Rosenthal et al., 1998). Other studies have
shown that p53 levels peak within 1 h of y-irradiation before returning to control values, about
the same time required for the completion of repair of DNA damage. Another early event
following DNA damage in response to exposure of cells to such agents as ‘y-irradiation, free
radicals, or SM and other alkylating agents, is the poly(ADP-ribosyl)ation of various proteins
that are localized predominantly adjacent to the DNA strand breaks. It was recently shown that
p53 is poly(ADP-ribosyl)ated in vitro by purified poly(ADP-ribose) polymerase (PARP), and
that binding to a specific p53 consensus sequence prevents its covalent modification (Wesierska-
Gadek et al., 1996b).

To clarify the role of PARP in the accumulation of p53 induced by DNA damaging
agents such as SM, we established and characterized a Burkitt’s lymphoma cell line that both
undergoes this response and contains a stably integrated PARP antisense construct under the
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control of a glucocorticoid-responsive promoter (PMAMneo). I have successfully used this
antisense construct to reduce levels of both PARP and calmodulin in keratinocytes. We have
now shown that p53 undergoes modification by poly(ADP-ribosyl)ation in vivo, and have further
explored how this modification is altered during apoptosis.

Control cells showed a marked increase in p53 concentration 30 min after y-irradiation,
peaked at 2 h, and returned to control values by 4 h. The p53 concentration in cells depleted of
PARP also increased after y-irradiation. However, whereas the magnitude of the maximal
increase was similar in induced and uninduced cells, the p53 concentration peaked later, at 4 h,
and remained elevated for 6 to 12 h after y-irradiation in the induced cells. Thus, depletion of
PARP did not affect the magnitude of the p53 response, but rather prolonged the accumulation of
this protein, presumably by a direct or indirect effect on its synthesis or degradation.

Poly(ADP-ribosyl)ation of p53 at the early stages of apoptosis in human osteosarcoma cells.

To confirm whether p53 undergoes poly(ADP-ribosyl)ation during apoptosis in human
osteosarcoma cells, extracts were prepared from osteosarcoma cells at various times during
spontaneous apoptosis and subjected to immunoprecipitation with an anti-p53 mAb. The
immunoprecipitated proteins (mainly p53 and its binding partners) were then subjected to
immunoblot analysis with mAb to PAR. This approach revealed marked poly(ADP-ribosyl)ation
of p53 at the early stages of apoptosis (Fig. 10A), coincident with the burst of PAR synthesis
during this stage. The extent of poly(ADP-ribosyl)ation of p53 declined thereafter at the onset of
caspase-3 (PARP cleavage) activity. Reprobing of the blot with polyclonal antibodies to p53
confirmed that the modified protein was indeed p53 (Fig. 10B). On the other hand, no
nonspecific binding of p53 was apparent when immunoprecipitation was performed with control
antibodies (pre-immune serum, “C”) or with protein A-Sepharose beads (‘B”) alone. The
observation that p53 is specifically poly(ADP-ribosylated) during the early stages of spontaneous
apoptosis in human osteosarcoma cells suggests that this specific post-translational modification
may have a role in regulating its activities during the cell death cascade.

THE ROLE OF THE FAS RECEPTOR AND CASPASE PATHWAY IN THE MEDIATION
OF APOPTOSIS INDUCED BY SM AND OTHER AGENTS

Cuvillier, O., Rosenthal, D. S., Smulson, M. E., and Spiegel, S. Sphingosine 1-phosphate
inhibits activation of caspases that cleave poly(ADP-ribose) polymerase and lamins during Fas-
and ceramide-mediated apoptosis. J. Biol. Chem. 273(5): 2910-2916 (1998).

Fas is a cell-surface receptor found or induced in most cell types, including keratinocytes
(Fig. 21), that mediates some forms of apoptosis. Upon activation by its specific ligand (Fas L),
or by agonist antibody, Fas forms a homotrimeric complex, which in turn recruits the Fas
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Associated Death Domain protein (FADD) to the membrane-bound complex. In turn, it appears
that one or more of the “upstream caspases” (caspase-8, -9 and/or -10) localize to the Fas-FADD
complex, and become activated autocatalytically. In our study, we showed that following
exposure to Fas antibody, caspase-8 is activated, which in turn causes the activation of the
“executioner caspases” 3, 6, and 7. It appears that the activation of caspase-3 is sufficient for
cell death by apoptosis to occur, since ectopic expression of this protein results in rapid cell
death. Since caspases appear to play a central role in apoptosis, we chose caspase assays as one
of the markers for apoptosis. In this study, we have further shown that caspase 8 functions to
ensure apoptosis by increasing the intracellular concentration of the sphingolipid, ceramide, and
that a further metabolite of ceramide, sphingosine 1-phosphate, can inhibit apoptosis induced by
both anti-Fas antibody, as well as by ceramide. Further, we have observed that the levels of
sphingosine 1- phosphate are regulated by calmodulin, and are elevated in differentiating
keratinocytes, further supporting the notion of an overlap in regulation of keratinocyte
differentiation and apoptosis pathways (Fig. 11).

Rosenthal, D. S., Ding, R., Simbulan-Rosenthal, C. M. G., Vaillancourt, J. P., and Nicholson, D.
W. Intact cell evidence for the early synthesis, and subsequent late apopain-mediated suppression
of poly(ADP-ribose) during apoptosis. Experimental Cell Research 232: 313-321 (1997).

We first showed that an early response to SM was the synthesis of PAR in the
reconstituted epidermis. At that time, we believed that this was merely a response to non-
specific DNA breaks induced by the alkylating effect of SM (Rosenthal et al., 1995). However,
further studies with a well-defined apoptotic system, showed that this burst of PAR activity was
in fact characteristic of early apoptosis. In this 1997 study we used a human osteosarcoma cell
line that undergoes a “slow,” spontaneous apoptotic death. On reaching confluency, these cells
undergo the morphological and biochemical changes characteristic of apoptosis. The cells
achieve confluency after ~6 days under our culture conditions. Internucleosomal DNA cleavage
became evident around day 7 and increased until day 10, at which time virtually all of the cells
have completed the death program. Cells from these same cultures were incubated for up to 10
days and fixed at daily intervals for examination of nuclear poly(ADP-ribosyl)ation with
antiserum to PAR. After 3 days, the nuclei of all attached cells stained intensely for the PAR.
The in vivo synthesis of PAR was observed to be markedly reduced after 4 days (Fig. 12).

The time course of PARP expression was similar to that of the synthesis of PAR, as
shown in the Fig. 12. Low levels of PARP were detected after 1 day in culture. However, a
substantial amount of PARP was detected in the nuclei of all cells after 2 days. PARP staining
showed a punctate pattern throughout the nucleus. Staining was more intense in perinucleolar
regions, but was excluded from the nucleoli. The intensity of PARP staining decreased between
days 3 and 10, although weak staining was still apparent at 10 days. These observations suggest
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that the initial catalytic activation of PARP is coincident with its synthesis in apoptotic
osteosarcoma cells. Our results support the idea that nuclear disruption involving strand breaks
may be present in the earliest stages of apoptosis (Neamati et al., 1995), before morphological
changes and the appearance of the characteristic nucleosome ladder.

To confirm that this cleavage also occurs in intact cells, we subjected human
osteosarcoma cells to immunofluorescence analysis with antibodies generated against a peptide
corresponding to the DBD of PARP. As with the other markers, samples were analyzed each
day throughout the total 10-day period; samples from immediate (day 1), early (day 3), mid- (day
6), and late (10) stages of apoptosis are shown in Fig. 12. Immunofluorescence analysis detected
the PARP DBD in human osteosarcoma cells only after 6 to 7 days in culture, a time at which the
abundance of both PARP and PAR is decreasing, PARP-cleavage activity is increasing, and
internucleosomal DNA cleavage is present (Nicholson et al., 1995). The pattern of staining for
the DBD also differed markedly from that of full-length PARP. Whereas PARP staining was
present throughout the nucleus, the DBD showed a more localized punctate pattern in the region

of the nucleolus and throughout the nucleus-disrupted cytoplasm.

DNA strand breaks and PAR status during late apoptosis in intact cells.
Using newly developed methodology (see published study below; Rosenthal et al., 1997),

we assessed the levels of DNA strand breaks in the fixed intact cells by staining the human
osteosarcoma cells with the biotinylated PARP DBD, followed by Texas red-conjugated
streptavidin. Samples from immediate (day 1), early (day 3), mid-(day 6), and late (10) stages of
apoptosis are shown in Fig. 12 (right). By day 10 the nuclei of many cells stained intensely.
Significant internucleosomal DNA breaks were also detected from days 6-9 (Nicholson et al.,
1995). Nuclear fluorescence was not detectable at day 1; however, a low level of staining,
consistent with a small number of DNA strand breaks was observed at day 3, when PAR
synthesis was most abundant and caspase-3 activity was only 15% of the maximum).

Taken together, the new immunofluorescent data further show that both protein
expression and catalytic activation of PARP appear early in osteosarcoma cell growth, while the
cleavage of PARP and the accumulation of a large number of DNA strand breaks confirm our
earlier in vitro results by showing in intact cells that these events occur later in the process. They
also confirm, in the context of the intact cell, that poly(ADP-ribosyl)ation is not associated with
the late stages of apoptosis. Our results show with individual, intact cells that PARP cleavage
and inactivation, the concomitant loss of poly(ADP-ribosyl)ation of target proteins and, hence,
the maintenance of adequate cellular pools of NAD and ATP, appear to be characteristic of later
stages of apoptosis during which cells become irreversibly committed to death. These
techniques for the study of individual cells are useful methods for examining apoptosis in the
graft system, putting us in a unique position to examine apoptosis induced by SM in vivo.
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Simbulan-Rosenthal, C. M. G., Rosenthal, D. S., Iyer, S., Boulares, A. H., and Smulson, M. E.
Transient poly(ADP-ribosyl)ation of nuclear proteins and role of poly(ADP-ribose) polymerase
in the early stages of apoptosis. J. Biol. Chem. 273(22): 13703-13712 (1998).

A transient burst of poly(ADP-ribosyl)ation of nuclear proteins occurs early, prior to
commitment to death, in human osteosarcoma cells undergoing apoptosis, followed by caspase-
3-mediated cleavage of poly(ADP-ribose) polymerase (PARP). The generality of this early burst
of poly(ADP-ribosyl)ation was investigated with human HL-60 cells, mouse 3T3-L1, and
immortalized fibroblasts derived from wild-type mice. The effects of eliminating this early
transient modification of nuclear proteins by depletion of PARP protein either by antisense RNA
expression or by gene disruption on various morphological and biochemical markers of apoptosis
were then examined. In the course of developing our antisense RNA system we discovered a
novel feedback loop whereby the expression levels of PARP and/or its activity controlled the
levels of the enzyme primarily responsible for its activity, i.e. caspase-3. When 3T3 L1 cells
were transfected with inducible constructs expressing antisense to PARP, we found that the cells
were unable to undergo Fas-mediated apoptosis. This was also true of Jurkat cells transfected
with the same inducible vector expressing antisense RNA to PARP. In addition, cells derived
from animals depleted of PARP where unable to undergo Fas-mediated apoptosis. Upon
examination of pro-caspase-3, it was found that the precursor was not processed into its active
form in the absence of PARP, indicating that some form of feedback mechanism was
responsible. In addition, when PARP was retransfected back into PARP -/- cells, the phenotype
reverted to a Fas-apoptosis inducible cell type confirming the fact that PARP was in fact
responsible for the observed apoptosis.

The present study demonstrates the occurrence of a transient poly(ADP-ribosyl)ation of
nuclear proteins at an early stage of apoptosis induced by serum deprivation, camptothecin, or
antibodies to Fas in different cell lines. When this early poly(ADP-ribosyl)ation was prevented
as a result of depletion of endogenous PARP, either by gene disruption or by antisense RNA
expression, several morphological and biochemical markers of apoptosis were no longer
observed in response to such inducers.

Incubation of cells with a combination of anti-Fas and cycloheximide resulted in a
marked induction of caspase-3-like activity, as indicated by the generation of the 89- and 24-kDa
cleavage fragments of PARP. Densitometric scanning showed that ~60% of [**SJPARP substrate
was converted to the 89-kDa cleavage product under these conditions. Cycloheximide alone did
not induce apoptosis in these cells. The presence of Dex during the 72-h preincubation of mock-
transfected 3T3-L1 cells had no effect on induction of caspase-3-like activity .

Immunoblot analysis revealed that the amount of PARP in mock-transfected 3T3-L1 cells
was not affected by incubation with Dex. However, in the PARP-antisense cells, Dex induced a
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time-dependent depletion of PARP, with only ~5% of the protein remaining after 72 h. Ponceau
S staining for total protein on the same immunoblot confirmed essentially equal protein loading
and transfer among lanes. Whereas the in vitro PARP activity of control cells was not affected by
incubation with Dex, exposure of PARP-antisense cells to Dex for 72 h resulted in an ~80%
decrease in PARP activity.

Effects of the absence of early transient poly(ADP-ribosyl)ation on morphologiCal and
biochemical markers of apoptosis in 3T3-L1 cells.

We next tried to determine whether prevention of the early burst of PAR synthesis by
PARP antisense RNA expression could affect the development of other biochemical or
morphological markers of apoptosis when these cells are exposed to apoptosis inducers. The
combination of anti-Fas and cycloheximide induced a marked increase in caspase-3-like activity
in mock-transfected 3T3-L1 cells that had been preincubated in the absence or presence of Dex;
this effect was maximal 24 h after induction of apoptosis. Whereas PARP-antisense 3T3-L1
cells that were not exposed to Dex showed a similar increase in caspase-3-like activity in
response to anti-Fas and cycloheximide, no such increase was apparent in PARP-antisense cells
that had been depleted of PARP by preincubation with Dex before exposure to anti-Fas and
cycloheximide (Fig. 13A).

Caspase-3, similar to other members of the caspase family, is expressed in cells as an
inactive 32-kDa proenzyme (CPP32). During apoptosis, CPP32 is activated by cleavage at
specific Asp residues, with the active enzyme (caspase-3) consisting of a heterodimer of a 17-
kDa subunit (p17), containing the catalytic domain, and a 12-kDa subunit (p12) (Nicholson et al.,
1995). To confirm that CPP32 is proteolytically processed to p17 during apoptosis in control
3T3-L1 cells, and to determine whether the transient early poly(ADP-ribosyl)ation is necessary
for this activation, control and antisense cells were preincubated with Dex, exposed to anti-Fas
and cycloheximide for indicated times, and cell extracts were subjected to immunoblot analysis
with antibodies to the p17 subunit of caspase-3. The amount of CPP32 increased in both control
and antisense cells after exposure to anti-Fas and cycloheximide. However, whereas CPP32 was
proteolytically processed to p17 by 24 h, coinciding with the peak of in vitro caspase-3-like
PARP-cleavage activity, in control cells, proteolytic processing of CPP32 was not apparent in
the PARP-depleted antisense cells (Fig. 13C). Furthermore, using DNA fragmentation analysis
as another assay for apoptosis, control 3T3-L1 cells exposed to anti-Fas and cycloheximide for
24 h exhibited marked internucleosomal DNA fragmentation (DNA ladders), but not the PARP-
depleted antisense cells exposed to these inducers for the same time (Fig. 13B).

Consistently, whereas antisense cells preincubated in the absence of Dex showed changes
in nuclear morphology typical of apoptosis when exposed to anti-Fas and cycloheximide, those
depleted of PARP by preincubation with Dex did not.
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Immortalized fibroblasts derived from PARP knockout mice do not exhibit morphological and
biochemical markers characteristic of apoptbsis.

Anti-Fas and cycloheximide induced a marked increase in caspase-3-like activity in
PARP +/+ cells; this effect was maximal 24 h after induction of apoptosis, as indicated by the
complete cleavage of PARP into 89-kDa and 24-kDa fragments. In contrast, no such increase in
caspase-3-like activity was evident in PARP -/- cells after exposure to anti-Fas and
cycloheximide for up to 24 h.

To verify that CPP32 is proteolytically activated to caspase-3 during induction of
apoptosis in these cells, extracts of cells that had been exposed to anti-Fas and cycloheximide for
various times were subjected to immunoblot analysis with antibodies to CPP32. Whereas CPP32
was proteolytically processed to pl7 in PARP +/+ fibroblasts exposed to anti-Fas and
cycloheximide, no such effect was evident in the PARP -/- cells.

PARP +/+ cells showed substantial nuclear fragmentation and chromatin condensation 24
h after induction of Fas-mediated apoptosis; ~97% of nuclei exhibited apoptotic morphology by
this time. In contrast, no substantial changes in nuclear morphology were apparent in the PARP
-/- fibroblasts even after exposure to anti-Fas and cycloheximide for 24 h or 48 h.

Transfection of PARP -/- fibroblasts with wild-type PARP sensitizes these cells to Fas-mediated
apoptosis.

PARP -/- fibroblasts were stably transfected with pCD12, a plasmid expressing wild-type
PARP (Alkhatib et al., 1987). Immunoblot analysis showed that three different cell clones (1, 2,
and 3), and pooled clones (P) expressed PARP protein similar to the PARP +/+ cells, whereas
PARP -/- cells and the clone transfected with the vector alone (“vec”) did not (Fig. 13D). The
ability of these clones to express PARP was also confirmed by in vitro PARP activity assays.

These cells were induced to undergo apoptosis by exposure to anti-Fas and
cycloheximide for up to 48 h. In vivo caspase-3-like PARP-cleavage activity was monitored by
immunoblot analysis with antisera to PARP that recognizes both the 116 kDa PARP and its 24
kDa cleavage fragment (F1-23, Biomol). PARP +/+ cells as well as PARP -/- clones stably
transfected with PARP (clones 2 and 3) exhibited significant caspase-3-like activity after 48 h;
~95% of the PARP protein was cleaved in vivo to the 24 kDa cleavage fragment by 48 h (Fig.
13D). As expected, PARP was not expressed in the PARP -/- fibroblasts nor in -/- cells
transfected with vector alone. Consistently, whereas exposure to anti-Fas and cycloheximide
induced marked internucleosomal DNA fragmentation in PARP +/+ fibroblasts and PARP -/-
cells stably transfected with PARP (clone 2), no apoptotic DNA ladders were evident in the
PARP -/- cells when similarly treated (Fig. 13 E). Furthermore, exposure to anti-Fas plus
cycloheximide for 48 h induced apoptotic nuclear morphology in PARP -/- cells transfected with
PARP (clone 2), almost to the same extent as the PARP +/+ cells.
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We have obtained some potentially relevant targets for poly(ADP-ribosyl)ation during
the burst of PAR synthesis at the early stages of apoptosis. These results show that induction of
spontaneous apoptosis in osteosarcoma cells is associated with an increase in the intracellular
abundance of p53. Immunoprecipitation and immunoblot analysis further indicate that extensive
poly(ADP-ribosyl)ation of p53 occurs concomitant with the burst of poly(ADP-ribosyl)ation,
and that subsequent degradation of PAR attached to p53 occurs concomitant with the increase in
caspase-3-like activity. Thus, this posttranslational modification may play a role in the
regulation of pS3 function or, alternatively, in its degradation during p53-dependent apoptosis.
These results are consistent with recent studies showing substantial poly(ADP-ribosyl)ation of
p53, with polymer chain lengths from 4 to 30 residues, in cells undergoing apoptosis in response
to DNA damage (Kumari et al., 1997) (Nozaki et al., 1997). Electrophoretic mobility-shift
analysis further showed that ADP-ribose polymers attached to p53 blocked its sequence-specific
binding to a 26-bp oligonucleotide containing the palindromic p53 consensus binding sequence,
suggesting that poly(ADP-ribosyl)ation of p53 may negatively regulate p53-mediated
transcriptional activation of genes important in the cell cycle and apoptosis (Malanga and
Althaus, 1997). Recently, primary fibroblasts from PARP -/- mice were further shown to have a
two-fold lower basal level of p53 and are defective in the induction of p53 in response to DNA
damage (Agarwal et al., 1997). ’

Relevance of Research Accomplishments: Part I to Original Hypothesis

By demonstrating that SM induces markers of terminal differentiation via a calmodulin-
dependent pathway in keratinocytes, we accomplished tasks 1-4, and proved an important part of
the original hypothesis: SM induces markers of terminal differentiation and cell death.
Additionally, we demonstrated that a second mode of cell death: namely apoptosis, was induced
by SM in both primary and immortalized human keratinocytes. The rest of the hypothesis is
discussed under the heading of the other tasks below.

Recommended Changes and Future Work Relating to Research Accomplishments: Part I

~ Future work will further examine the mechanism for differentiation, although we have
already established a role for calmodulin. In addition, we will further delineate the apoptotic
pathways that lead to SM vesication in order to design prevention strategies, diagnostic markers,
and treatments.

C.2.4 Task 5 and 6: pMAMneo CAM and NB-1 antisense constructs, as well as those
containing the K1 keratinocyte-specific promoter, will be established for use in mouse skin graft
studies (task 5), and in the construction of transgenic mice (task 6)

C.2.5Task 7:
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1) Stable lines of transfected keratinocytes that contain dexamethasone-inducible expression
of antisense mRNA to CAM or NB-1 will be established. Transfected clones will be
tested using polymerase chain reaction analysis (PCR), RNase protection (RPA) analysis,
enzyme activity, and western blotting.

2) Keratinocytes with the K1 promoter constructs from C 2.4 will be transfected.
Transfected clones will be tested using PCR analysis, RPA analysis, enzyme activity, and
Western blotting. (ADDENDUM)

C.2.6 Task 8: The constructs expressing dexamethasone-inducible antisense mRNA to CAM
and NB-1 (from C3.1) will be injected into mouse oocytes to obtain transgenic mice. Use of
pMAMneo or the K1 keratinocyte-specific promoter will depend on the results of the in vitro
experiments. Following oocyte implantation, screening for transgenic founder mice will

commence.
Research Accomplishments: Part I1

REDUCTION OF THE ENDOGENOUS LEVELS OF CALMODULIN BY ANTISENSE
OLIGONUCLEOTIDES OR VECTORS ATTENUATES THE APOPTOTIC RESPONSE TO
SM

Antisense oligonucleotide constructs to CaM block apoptosis.

We showed that antisense oligonucleotides to calmodulin were effective in lowering
endogenous levels of calmodulin, and attenuated the apoptotic response. This strategy utilizes
unmodified short oligonucleotides (20 residues) at a high concentration (40 uM). We
synthesized antisense oligonucleotides directed against the human CaM 1, 2 and 3 genes, as well
as against CaM-like protein (CLP). In addition to the antisense oligonucleotide, a “nonsense”
oligonucleotide is synthesized that is identical in base composition to the antisense, but had a
randomly generated sequence. This is an important control, since it rules out other effects of
oligonucleotides on cells, including charge, etc. CaM I antisense oligonucleotide diminished the
intracellular concentration of CaM in keratinocytes (Fig. 14A). Furthermore, treatment of
keratinocytes with antisense oligonucleotides, but not with nonsense CaM nucleotides attenuated
or eliminated the apoptotic response of keratinocytes in response to SM, as measured by either in
vitro PARP cleavage (Fig. 14B) or by immunoblot analysis of caspase-3 processing (Fig. 14C).

Antisense vectors.

I originally proposed to establish stable lines of keratinocytes that express antisense RNA
to calmodulin. We wished to use an improved strategy for the expression of CaM antisense in
both primary and immortalized keratinocytes. A recent advance in molecular biological
technology has been in the establishment of improved retroviral vectors that are capable of
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delivering a cloned gene or cDNA into cells. These retroviral vectors, originally established
from mouse murine leukemia virus (MMLYV), have been engineered to infect any type of cell
including human keratinocytes. For this purpose, we utilized a retroviral vector. In a published
study (Stoppler et al., 1998) we first established the “proof of principal” by construbting and
utilizing retroviral vectors that express E6, E7, or both in primary keratinocytes. I used these
vectors to efficiently and stably deliver E6 and E7 genes of HPV into human keratinocytes in
order to regulate p53 and study its role in SM-induced apoptosis. We therefore focused our
efforts on the cloning and expression of antisense constructs that stably express antisense to
different isoforms of calmodulin RNA. In the fifth quarter I reported on the cloning of
calmodulin 2 and 3 cDNAs into retroviral expression vectors. In the sixth quarter I cloned both
calmodulin-like protein (CLP) cDNA as well as the 3’ end of the calmodulin 1 gene into the
LXSN retroviral expression vector. I have also employed the use of RT-PCR for the analysis
and cloning of calmodulin RNA from keratinocytes.

Calmodulin 2 and 3 were the two cDNAs that I first cloned into the retroviral vector
LXSN. Calmodulin cDNA was obtained from Dr. Emmanuel Strehler (Children’s Hospital
Center of Cincinnati), who has cloned most calmodulin and CLP cDNAs. I took advantage of
the unique site for Eco RI within the multicloning site of LXSN (Fig. 15A). Both calmodulin 3
and calmodulin 2 were cloned into this site. Digestion of the recombinant clones with Eco R1
revealed that the cDNA was inserted, while restriction digestion using wither Xho I, or Hpa I
revealed the orientation of these clones with respect to the MMLYV LTR promoter (not shown).
Thus we have both sense constructs and antisense constructs. The constructs wereused to
transfect a packaging cell line in order to produce infectious retroviral particles. These
recombinant retroviruses can be used to infect cells, or even live animals in order to generate
stable lines of keratinocytes that express antisense to calmodulin. In addition to these clones, we
have also cloned the same calmodulin and CLP cDNA inserts into pMAMneo and K1 vectors.

For calmodulin 1, I also utilized the unique site for Eco RI within the multicloning site of
LXSN. However, this cloning experiment was slightly more difficult, since there were no
convenient compatible restriction sites for either calmodulin 1 and CLP. I thus utilized two
different cloning strategies. The CLP cDNA and the calmodulin 1 gene fragment were digested
with different restriction enzymes to generate approximately 1 kb fragments. This target size is
suitable for antisense inhibition, as we have previously used a 1.1 kb fragment to completely
inhibit the expression of mouse poly (ADP-ribose) polymerase. Both CLP and calmodulin 1
were blunt-ended with T4 polymerase, and ligated with Eco R1 linkers. This thus created
compatible ends for the ligation ofboth inserts into the Eco R1 site of the LXSN vector in both
the sense and antisense orientations . To determine the sense vs. antisense orientation of CLP-
containing retrovirus, we digested the recombinant with Xba I, which revealed the presence of 4
antisense clones and one sense clone. For calmodulin 1, recombinant clones were also obtained.
A second strategy that we employed is the direct cloning of cDNA using reverse-transcriptase-
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mediated polymerase chain reaction (RT-PCR). In this technique, we have derived total mRNA
from different keratinocyte cell lines. This RNA is then reverse transcribed to make a
complementary DNA (cDNA) pool. Using the appropriate oligonucleotide primers, we then
amplified regions of calmodulin 1, 2, 3, or CLP. Fig. 9 shows that we have been able to amplify
calmodulin 1 cDNA from a total keratinocyte mRNA pool (unlike the other calmodulin cDNAs,
calmodulin 1cDNA had not yet been cloned, and was only available as a gene fragment), and we
cloned this region into a vector in order to express antisense RNA. We thus derived the cDNA
for CaM I, utilizing RT-PCR of mRNA derived from NHEK, and specific primers. This 787 bp
CaM I fragment was then ligated into pCR3.1 (Invitrogen). The pCR3.1-CaM I clone was then
digested to remove the insert, which was then ligated in the sense and antisense orientation into
the retroviral vector, LXSN (Clontech) (Fig. 15 B, C). Furthermore, this RT PCR technology
clearly works well for the different isoforms of calmodulin RNAs, and can be used to screen cell
lines either before or after transfection with antisense clones or retroviruses. The retroviral
constructs were transfected into packaging cell lines in order to generate retroviral particles
capable of efficient delivery of CAM antisense into human keratinocytes. High-titer viral
supernatants from LXSN CaM I antisense constructs were used to transduce NHEK. Although
viral titer is high, a 10-day selection in G418 (100 pg/ml medium) ensured that 100% of the cells
are expressing CaM antisense RNA. The endogenous level of CaM protein was significantly
inhibited by the CaM antisense RNA expression (Fig. 16A), as was processing of caspase-3 (Fig.
16B), and apoptotic morphology following exposure to SM. PARP cleavage was also inhibited
(Fig. 16C), as was the processing of caspases-8 and -7 into their active forms (Fig. 17). This
study suggests that inhibition of CaM protects keratinocytes from SM-induced apoptosis.

This work directly addresses Tasks 5 and 6, the construction of calmodulin antisense
constructs for the generation of keratinocytes for grafting (Task 7), as well as generating
transgenic animals (Task 8). The RT-PCR technique described for calmodulin specifically
further addresses Task 7, in that it was used for the analysis of expression of calmodulin
antisense and sense RNA in stable clones.

What is the mechanism by which CaM induces markers of apoptosis?

Bcl-2 is an anti-apoptotic protein located on the nuclear membrane, ER, and outer
mitochondrial membrane. Several Bcl-2-related proteins have been described, including Bcel-xL,
and Bcl-w, both of which are anti-apoptotic. In addition, some Bcl-2-related proteins are anti-
apoptotic, including Bax, Bak, and BAD. In numerous recent studies, BAD has been implicated
as a key player in programmed cell death (Datta et al., 1997; del Peso et al., 1997; Hsu et al.,
1997; Scheid and Duronio, 1998; Yang et al., 1995; Zha et al., 1997; Zundel and Giaccia, 1998)
and the Ca®* /CaM-regulated protein, calcineurin, has been shown to interact with the Bcl-2
family members (Shibasaki et al., 1997), and to dephosphorylate BAD (Wang et al., 1997). This
dephosphorylated form of BAD can interact with Bcl-2 or Bcl-xL and induce apoptosis (Zha et
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al., 1997). We also obtained evidence that cam exerts its effects on apoptosis via activation of
calcineurin which dephosphorylates BAD, destabilizes mitochondria, and induces apoptosis.
This blot shows the dephosphorylation of BAD, which is blocked by the CaM inhibitor W-13,
but not its inactive analogue, W-12 (Fig. 18, top), although the total levels of BAD protein were
not significantly altered (Fig. 18, bottom).

Relevance of Research Accomplishments: Part II to Original Hypothesis

As outlined in the SOW tasks 5-8, we designed antisense oligonucleotides as well as
retroviral vectors that express antisense to CaM. Furthermore, we were able to inhibit the
apoptotic response to SM using these reagents.

Recommended Changes and Future Work Relating to Research Accomplishments: Part I1

Future work will further examine the role for CaM in SM-mediated apoptosis. Since we
have already established a role for CaM we are looking at downstream targets for therapeutic
intervention, including Bad, which becomes dephosphorylated by calcineurin. Thus, inhibitors
such as cyclosporin A (which inhibits calcineurin), which has been used clinically as an
immunosuppressant, may reduce the response to SM.

C.2.7Task 9
1) Stable keratinocyte cell lines will be grafted onto mice
2) Grafts in C.2.7 (1) will be exposed to SM to measure histological and
immunocytochemical changes, as defined in c¢.2.1 and c.2.2 for comparison with effects on
control grafts.
3) If SM effects can be attenuated, experiments will be undertaken in which animals will be
either systemically of topically treated with antisense oligonucleotides to CAM or NB-1.
C.2.8 Task 10:
1) Breeding populations of transgenic mice will be established.
2) Mice will be tested for their ability to lower endogenous levels of CAM and NB1 in the
epidermis as determined by methods similar to those used in ¢.2.7 (2).
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Research Accomplishments: Part I1I

THE ROLE OF THE DEATH RECEPTOR PATHWAY FOR APOPTOSIS IN VIVO

SM induces apoptosis via FADD.
In the first year we focused primarily on caspase-3 in the apoptotic response. In order to

further understand the apoptotic response, we have devoted much of our effort to assay for the
activation of other key caspases, in particular the “upstream" caspases 8, 9, and 10, and the
“executioner” caspases 3, 6, and 7 (Fig. 19), since a number of studies for the past several years
have shown that the central signaling proteins for many of the pathways that coordinate
apoptosis are members of this family of cysteine proteases (named for their preference for
aspartate at their substrate cleavage site (Alnemri et al., 1996). Caspases cleave key proteins
involved in the structure and integrity of the cell. |

Accordingly, during the past two years, I focused on the roles of Ca®* /calmodulin in the
modulation of differentiation and apoptosis in epidermal cells, and potentially involved in
vesication, as well as the role of the Fas/TNF receptor pathway. I have utilized much of the
same technology that I have successfully employed in the first year to answer an essential
question- How do Ca® /calmodulin and the Fas/TNF receptor family alter the apoptotic and
differentiation responses in keratinocytes, and can these pathways be modulated to alter SM
vesication in animal models (and ultimately, in humans)?

In the first year, we showed that SM induces both terminal differentiation and apoptosis
in human keratinocytes. Further, we have demonstrated that these processes are Ca** and
calmodulin dependent, and involve the activation of caspase-3. These responses may, in part,
explain the death and detachment of basal cells of the epidermis that occurs following exposure
to SM. Additionally, utilizing a combination of techniques including the stable expression of a
dominant-negative inhibitor of FADD, we have begun to shown the potential role of a Fas/TNF
family receptor in mediating the response of human keratinocytes to SM (Fig. 19). Because of
the unexpected results we obtained regarding apoptosis as well as differentiation, during the
second and third years, I focused on the roles of both calmodulin and FADD in the (premature)
induction of differentiation and apoptosis in epidermal cells leading to vesication (grafting
experiments are still ongoing).

Accordingly, we further analyzed changes in the expression of apoptotié markers
following exposure of primary keratinocytes to SM. Consistent with our previous results, we
observed a strong activation of caspase-3 activity (detected by the PARP-cleavage assay, the
fluorometric assay, and immunoblot analysis as described in Materials and Methods; Appendix).
In addition to the activation of caspase-3, we tested whether other caspases within the cascade
were similarly activated. We found that there was an early activation of caspase-8 and a later
activation of caspases- 3, 6, and 7. Since this is similar to the pattern of caspase activation
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following stimulation of the Fas receptor with either Fas ligand or with agonist antibody, we
reasoned that SM may in fact induce apoptosis via the Fas pathway, or a related receptor within
the Fas/TNF receptor family. First, we subjected primary keratinocytes to treatment with an
anti-Fas agonist antibody to induce “pure” apoptosis, and compared the response to that of
keratinocytes that were treated with SM. . The response of the keratinocytes to each of these
agents was remarkably similar with respect to the time course, dose response and the order of
activation of different caspases, including the upstream caspase-8, which is activated by death
receptors (Fig. 20).

Recent evidence has suggested that certain agents, in particular anticancer drugs, induce
apoptosis by up-regulating the levels of Fas receptor, Fas ligand, or both, and experiments have
shown that over-expression of either of these proteins can induce apoptosis. In addition, it has
been shown that Fas transcription can be up-regulated by p53, which we have shown is rapidly
induced in keratinocytes following treatment with SM. Thus, we examined the levels of Fas and
Fas-ligand following treatment of primary keratinocytes with SM utilizing immunoblot analysis
employing the antibodies and techniques described above. Fig. 21 shows that both Fas and Fas
ligand are induced in primary keratinocytes following exposure to SM.

In order to determine if SM apoptosis was mediated by a death receptor pathway, we
transfected keratinocytes with a construct expressing a dominant-negative mutant of FADD
(FADD-DN). Upon stimulation of the death receptor, the truncated protein, lacking the N-
terminal death effector domain (DED; Fig. 22A), occupies the Fas/TNFR binding site (death
domain; DD) normally occupied by FADD, but does not transmit the downstream apoptotic
signals, and thus acts as an inhibitor to Fas and other death receptor pathways. FADD-DN was
stably expressed in several different clones of immortalized human keratinocytes, as determined
using an antibody to either FADD or to AU1, which is an epitope tag that was placed on FADD
(Fig. 22B).

A hallmark of apoptosis in a number of cell types is the appearance of nucleosome sized
ladders due to the presence of a Ca**/Mg**-dependent endonuclease that is induced in apoptotic
cells. Control or FADD-DN cells were then exposed to different concentrations of SM, followed
by isolation of the DNA. In control keratinocytes, but not those stably transfected with FADD-
DN, nucleosome-sized DNA ladders are observed (Fig. 23, top). In addition, the cleavage of
nuclear lamin by caspase-6 is also inhibited in cells expressing FADD-DN, as determined by
immunoblot analysis (Fig. 23, bottom).

We then examined the activation of caspase-3 by two different means. The first was by a
quantitative fluorometric assay, which measures DEVDase activity, while the second assay is a
Western analysis. In both cases, FADD-DN inhibited the apoptotic markers induced by SM
(Fig. 24).
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Graftin

In order to study the in vivo response of human keratinocytes to different gene products,
as well as to topical agents, we have developed a graft system utilizing an immortalized human
keratinocyte line, Nco. When these keratinocytes are grafted to the dorsal surface of athymic
nude mice, a histologically normal epidermis is formed. In addition, immunocytochemical
staining revealed a normal pattern of expression of markers compared to control skin sections
derived from normal volunteers. K14 staining is restricted to the proliferating basal layer, while
K1 expression is confined to the suprabasal layers of the epidermis. Since the pattern of K1
mRNA and protein expression is altered in cultured keratinocytes by SM exposure in a CaM-
dependent manner (below), this graft system is being utilized for the in vivo studies of the role of
CaM and SM in K1 expression.

In order to examine the role of FADD in vivo, the grafting system was utilized. A
grafting chamber was used to graft engineered human keratinocytes to nude mice. The grafted
human keratinocytes (parent line from which the FADD-DN clones were derived) form a
morphologically normal epidermis. We next determined whether we could detect expression of
FADD-DN in the grafted epidermis by using antibodies specific to the AU-1 epitope tag. An
AU-1-specific antibody recognized grafted epidermis derived from FADD-DN, but not control
keratinocytes (Fig. 25, top). Keratin K14 is also expressed normally in the epidermis derived
from control or FADD-DN transfectants (Fig. 25, bottom). In addition, K1 is expressed
normally, indicating that FADD-DN does not interfere with the expression of the differentiation-
specific markers in grafted human skin (Fig. 26).

Utilizing Nco cells as recipients for transfection, we have thus demonstrated a normal
pattern of expression of keratins K1, K14 within the grafted epidermis by immunofluorescence.
These differentiation markers were detected employing an immunofluorescent technique, which
affords greater sensitivity than Western analysis, and also provides additional information on
which cell layers are expressing the marker under each experimental condition. In addition, the
K1 antibody recognizes only the human, but not the mouse K1 protein.

The earliest stage of apoptosis is marked by the activation of PARP and the synthesis of
poly(ADP-ribose). The requirement for the early synthesis of poly (ADP-ribose) for eventual
morphological apoptosis has been shown in several of our recent publications (Rosenthal et al.,
1997; Simbulan-Rosenthal et al., 1998). Using this technique on grafted skin sections, we
demonstrated that poly(ADP-ribose) can be detected within the epidermis following exposure to
SM. Following SM exposure, we determined if there are differences in the levels of poly(ADP-
ribose) in control and FADD-DN grafts (Fig. 27, top), using indirect immunofluorescence of
sections as described previously (Rosenthal et al., 1997). All exposure times are identical to
allow comparisons of relative staining intensities at various times during apoptosis. These
techniques for the study of individual cells are useful methods for examining apoptosis in the
graft system, putting us in a unique position to examine apoptosis induced by SM in vivo. In
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collaboration with Dana Anderson and Dr. Larry Micheltree (USAMRICD), we found that those
grafts expressing FADD-DN are more resistant to vesication (Fig. 27, bottom; reproduced
below).

Animal Site Exposure Pustular Epidermal Microvesicle | Follicular
Time (min) | Epidermitis | Necrosis (Cleft) Involvement
FADD-DN 1 GRAFT 6 0 0 0 0
FADD-DN 2 “ 6 2 2 1 0
FADD-DN 3 “ 8 0 0 0 0
FADD-DN 4 i 8 0 1 0 0
CONTROLI “ 6 0 0 0 0
CONTROL2 “ 6 0 0 0 0
CONTROL3 “ 8 0 0 2 0
CONTROL4 “ 8 2 3 3 0
FADD-DN 1 HOST 6 2 4 2 3
FADD-DN 2 “ 6 2 3 1 3
FADD-DN 3 “ 8 1 2 0 2
FADD-DN 4 “ 8 1 4 3 3
CONTROLI1 “ 6 2 4 2 4
CONTROL2 “ 6 0 1 0 1
CONTROL3 “ 8 4 1 2 3
CONTROL4 « 8 2 4 3 2

NEW TOOLS FOR DETECTING MARKERS OF APOPTOSIS IN VIVO FOR FURTHER
STUDIES ON GRAFTED EPIDERMIS

‘Rosenthal, D. S., Ding, R., Simbulan-Rosenthal, C. M. G., Cherney, B., and Vanek, P. and
Smulson, M. E. Detection of DNA breaks in apoptotic cells utilizing the DNA binding domain of
poly(ADP-ribose) polymerase with fluorescence microscopy.. Nucleic Acids Research 27(7):
1437-1441 (1997).

The DNA binding domain of poly(ADP-ribose)polymerase (PARP) has proved to be a
novel, highly sensitive probe for detecting DNA breaks in intact cells undergoing apoptosis. A
recombinant peptide spanning the DNA-binding domain of PARP was expressed, purified, and
used to detect DNA strand breaks in fixed cells. Fluorescence microscopy with this probe
followed by detection with anti-PARP antisera initially revealed an increased binding following
treatment of cells with DNA strand-breaking agents (such as MNNG), and subsequently, using
biotinylated PARP DBD, during the later stages of apoptosis in several cell systems, when
internucleosomal strand breaks become evident. This procedure was found to be at least as
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sensitive and required fewer steps to detect DNA strand breaks than those utilizing a Klenow
incorporation of biotinylated nucleotides.

Visualization at the level of individual cells allows for the assay of apoptosis. At the
single cell level, the study of apoptosis requires morphological examination of cells and nuclei,
using chromatin and DNA-specific fluorescent dyes, such as ethidium bromide, bis-benzamide,
and DAPI. At the biochemical level, DNA breaks have been detected in situ utilizing the free 3’-
OH ends of DNA as a substrate for either terminal transferase or the Klenow fragment of DNA
pol I to incorporate biotin or digoxigenin, which can be subsequently visualized with either
visible of fluorescent dyes.

Many of the currently available methods for examining DNA strand breaks in situ rely on
the ability of exogenous enzymes such as DNA polymerase or terminal transferase to add labeled
dNTPs to the 3°-OH ends of the strand breaks and subsequent detection of the incorporated
nucleotides by immunofluorescence microscopy. We reasoned that the DBD of PARP might
provide a more sensitive probe for DNA strand breaks that would eliminate the requirement for
the often-labile enzymes and nucleotide substrates.

Clone pCD12, containing the full-length cDNA encoding human PARP in an Okayama-
Berg vector, was used as a polymerase chain reaction (PCR) template for construction of a PARP
DBD expression vector. The PARP cDNA fragment thus amplified encompassed the region that
encodes the two zinc fingers of the enzyme as well as the KKKSKK nuclear localization signal.
he product was then ligated into the bacterial protein expression vector pQE30 (Qiagen).

The DBD of PARP was subsequently expressed in E coli, and purified to more than 95%
homogeneity by affinity chromatography using a Ni-NTA column. The PARP DBD fusion
protein, but not full-length PARP, was recognized on immunoblot analysis by polyclonal
antibodies, obtained subsequently, to this region of PARP (Fig. 28, bottom). To establish
conditions for detecting DNA strand breaks in fixed mouse cells with the PARP DBD, we first
adopted an immunofluorescence approach usihg anti-human PARP. The antibody used does not
react with the murine PARP (Bhatia et al., 1990), even though the amino acid sequences of the
proteins are >80% identical. We therefore incubated mouse 3T3 cells for 30 min in the absence
or presence of 0.4 mM MNNG to induce a significant number of DNA breaks, after which the
cells were fixed on slides, incubated at room temperature with excess purified PARP DBD (25
pg/ml) for 1 h, and washed with phosphate-buffered saline. DBD bound to DNA strand breaks
was then detected by incubating the slides with the rabbit antibodies which recognize human
PARP DBD followed by Texas red-conjugated goat antibodies to rabbit immunoglobulin IgG.
Whereas no immunofluorescence was detected in 3T3 cells not incubated with MNNG, marked
immunofluorescence was apparent in cells treated with the alkylating agent. These results
indicated the feasibility of using PARP DBD to detect DNA strand breaks in fixed cells.
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Use of biotinylated PARP DBD.
To avoid the use of antibodies to detect the PARP DBD bound to the DNA strand breaks,

we conjugated the bacterially expressed DBD to biotin so as to allow detection by reaction with
horseradish peroxidase-conjugated streptavidin and enhanced chemiluminescence (ECL,
Amersham). We first tested the modified DBD detection system in two human B cell lines that
are known to undergo apoptosis via endonuclease cleavage of DNA following serum depletion,
unlike normal B cells which become quiescent upon serum withdrawal. Apoptosis was induced
in either a B cell line immortalized with EBV in vitro, or in Burkitt Lymphoma-derived B cells
by withdrawal of autocrine growth factor as described. The occurrence of apoptosis was
confirmed by a morphology assay using fluorescence microscopy with a mixture of acridine
orange and ethidium bromide (data not shown). The cells were then examined by phase-contrast
microscopy and by fluorescence microscopy with biotinylated DBD and horseradish peroxidase-
conjugated streptavidin. In virtually all instances, only those cells showing the morphological
characteristics (cell shrinkage and nuclear condensation) of apoptosis were stained by the
biotinylated PARP DBD. The number of stained cells increased with time after autocrine factor
withdrawal (Fig. 28, top).

We first confirmed that the osteosarcoma cells were undergoing apoptosis, as measured
by apopain activity. There was a marked increase in PARP cleavage activity by day 8. We then
measured the ability of the PARP DBD to detect DNA breaks at these two time points. In both
attached and floating cells, an increase in the binding of PARP DBD was observed in the late
stage of apoptosis. ‘

We then tested a well-established assay for DNA strand breaks in apoptotic cells which
relies upon the ability of the Klenow fragment of DNA polymerase I to incorporate nucleotides
in situ. We therefore measured the levels of DNA strand breaks in the fixed cells by incubating
the human osteosarcoma cells with Klenow enzyme in the presence of biotinylated nucleotides.
In general, the number of osteosarcoma cell nuclei positive for in situ nucleotide incorporation
also increased with time, consistent with our other assays for apopain activity and DNA strand
breaks. However, fewer apoptotic nuclei were detected by the Klenow assay than by the PARP-
DBD assay. At day 3, none of the nuclei were stained. By day 6, several nuclei that appeared
morphologically apoptotic stained positively for nucleotide incorporation. More nuclei stained
positively for strand breaks by day 8, although the proportion of positive cells remained in the
minority.

In a comparison with a commonly used system based on Klenow incorporation of
biotinylated nucleotides for the detection of DNA strand breaks in fixed cells, our biotinylated
DBD method proved at least as sensitive. The differential sensitivity of the two assays may
relate to several factors including increased sensitivity of fluorescence. In addition, Klenow
incorporation of biotinylated nucleotides only occurs at 5° dsDNA overhangs, but not with
ssDNA, dsDNA with 3’-OH overhangs, or dsDNA with blunt ends. On the other hand, the
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PARP DBD binds directly to all ssDNA and dsDNA breaks and requires no enzyme catalysis,
indicating that this a useful and simple tool for detecting apoptotic DNA breaks in situ.

Smulson, M.E., Pang, D., Jung, M., Dimtchev, A., Chasovskikh, S., Spoonde, A., Simbulan-
Rosenthal, C., Rosenthal, D., Yakovlev, A., and Dritschilo, A. Irreversible binding of
poly(ADP-ribose) polymerase cleavage product to DNA ends revealed by atomic force
microscopy: possible role in apoptosis. Cancer Research, 58: 3495-3498 (1998).

As described above, caspase-3 catalyzes the cleavage of PARP into a 24-kDa fragment
containing the DNA binding domain (DBD) and an 89-kDa fragment containing the catalytic and
automodification domains. These fragments persist in apoptotic cells for up to several days after
exposure to ionizing radiation or drugs (10), suggesting that they are not substrates for further
proteolytic processing and that they might play a role in the death program. In this study, the
interaction of recombinant full-length PARP with plasmid DNA fragments was examined by
atomic force microscopy (AFM), which reveals the topography of DNA and proteins at
nanometer resolution. . In addition to binding to the DNA fragments, PARP was observed to
link the fragments into chainlike structures. Automodification of PARP in the presence of
nicotinamide adenine dinucleotide (NAD) resulted in its dissociation from the DNA fragments,
which, nevertheless, remained physically aligned. A recombinant 28-kilodalton fragment of
PARP containing the DBD but lacking the automodification domain bound to and linked DNA
fragments in the absence or presence of NAD. Identical results were obtained on incubation of
internucleosomal DNA fragments isolated from apoptotic cells with the products of in vitro
cleavage of recombinant PARP by purified caspase-3. Our data demonstrate the usefulness of
AFM for investigating the interactions of proteins with DNA and provide support for a role for
PARP cleavage by caspase-3 in apoptosis. These data suggest that the 24-kilodalton product of
PARP cleavage by caspase-3 may contribute to the irreversibility of apoptosis, possibly by
blocking the access of DNA repair enzymes to DNA strand breaks.

CELL CYCLE AND DNA REPLICATION

Simbulan-Rosenthal, C. M. G., Rosenthal, D. S., Boulares, A. H., Hickey, R., Malkas, L.,
Coll, J., and Smulson, M. E. Regulation of the expression or recruitment of components of
the DNA synthesome by poly(ADP-ribose). Biochemistry 37(26): 9363-9370 (1998).

Poly(ADP-ribose) polymerase (PARP) is a component of the multiprotein DNA replication
complex (MRC, DNA synthesome) that catalyzes replication of viral DNA in vitro. PARP
poly(ADP-ribosyl)ates 15 of the ~40 proteins of the MRC, including DNA polymerase oo (DNA
pol d), DNA topoisomerase I (topo I), and proliferating-cell nuclear antigen (PCNA). Although
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about equal amounts of MRC-complexed and free forms of PCNA were detected by immunoblot
analysis of HeLa cell extracts, only the complexed form was poly(ADP-ribosyl)ated, suggesting
that poly(ADP-ribosyl)ation of PCNA may regulate its association with or its function within the
MRC. NAD inhibited the activity of DNA pol § in the MRC in a dose-dependent manner,
whereas the PARP inhibitor, 3-AB, reversed this inhibitory effect. The roles of PARP in
modulating the composition and enzyme activities of the DNA synthesome were further
investigated by characterizing the complex purified from 3T3-L1 cells before and 24 h after
induction of a round of DNA replication required for differentiation of these cells; at the latter
time point, ~95% of the cells are in S phase and exhibit a transient peak of PARP expression.
The MRC was also purified from similarly treated 3T3-L1 cells depleted of PARP by antisense
RNA expression; these cells do not undergo DNA replication nor terminal differentiation. Both
PARP protein and activity and essentially all of the DNA pol o and § activities exclusively
cosedimented with the MRC fractions from S phase control cells, and were not detected in the
MRC fractions from PARP-antisense or uninduced control cells. Immunoblot analysis further
revealed that, although PCNA and topo I were present in total extracts from both control and
PARP-antisense cells, they were present in the MRC fraction only from induced control cells,
indicating that PARP may play a role in their recruitment into the DNA synthesome. In contrast,
DNA pol o, DNA primase, and RPA were absent from MRC fractions and total cell extracts of
PARP-antisense cells, suggesting that PARP may be involved in the expression of these proteins.
Depletion of PARP also prevented induction of the expression of the transcription factor E2F-1,
which positively regulates transcription of the DNA pol o and PCNA genes, thus, PARP may be
necessary for expression of these genes when quiescent cells are stimulated to proliferate. Note
this study shows that PARP regulates expression of E2F1, and E2F1 in turn regulates p53, an
important component of the SM-induced apoptotic pathway.

We next investigated the effect of PARP depletion on the abundance of E2F-1, a
transcription factor that positively regulates the transcription of several gene products required
for DNA replication and cell growth, including DNA pol a, PCNA, dihydrofolate reductase,
thymidine kinase, c-MYC, ¢c-MYB, cyclin D, and cyclin E (DeGregori et al., 1995) (Slansky et
al., 1993) (Pearson et al., 1991) (Blake and Azizkhan, 1989) (Nevins, 1992). Immunoblot
analysis of total cell extracts revealed that, whereas control cells exhibited a marked increase in
the expression of E2F-1 as early as 1 h after induction of differentiation, consistent with the fact
that the E2F-1 gene is an early-response gene (Johnson et al., 1994), PARP-depleted antisense
cells contained negligible amounts of E2F-1 during the 24 h exposure to inducers of
differentiation. The induction of both DNA pol o and PCNA in control cells occurred
subsequent to that of E2F-1, consistent with their being encoded by late-response genes (Pearson
et al., 1991). These results indicate that PARP may regulate the expression of DNA pol o and
PCNA genes during early S-phase indirectly by affecting the expression of the transcriptional
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factor, E2F-1, which in turn can regulate the transcription of both the DNA pol o and PCNA
genes, as well as the E2F-1 gene itself.

Simbulan-Rosenthal, C. M. G., Rosenthal, D. S., Hilz, H., Hickey, R., Malkas, L., Applegren,
N., Wu, Y., Bers, G., and Smulson, M. E. The expression of poly(ADP-ribose) polymerase
during differentiation-linked DNA replication reveals that this enzyme is a component of the
multiprotein DNA replication complex. Biochemistry. 35(36):11622-11633 (1996).

In this paper, we showed that the multireplication complex consists of approximately 40
different proteins including polymerases alpha delta, RPA, RPC, helicase, topoisomerases I and
I, DNA ligase, PCNA, PARP, and that many of these proteins are modified by poly(ADP-
ribosylation). During the cell cycle, this complex stays intact. However, during a complete
withdrawal from the cell cycle, such as occurs during serum starvation, when the cells go into the
GO phase of the cell cycle, the MRC appears to be dissociated, and some of the components of
the complex are not present either at the protein or the mRNA level. This appears to be due at
least in part due to the absence of stimulation of E2F-1 responsive promoters, including
polymerase alpha and E2F-1 itself. Upon restimulation with serum, control cells rapidly
upregulated the E2F-1 transcripts and protein, by antisense cells lacking PARP were unable to
stimulate E2F-1. These results may relate directly to the finding that these same antisense cells
are unable to undergo apoptosis when stimulated with anti-Fas antibody

Relevance of Research Accomplishments: Parts I-III to Original Hypothesis v
Keratinocytes respond to Ca* -signaling pathways in a fashion that makes them unique
from other cells, which may explain the exquisite sensitivity of the skin to SM vesication. In
collaboration with Dr. William Smith and Radharaman Ray at USAMRICD, I found that SM
induced both the terminal differentiation response as well as the apoptotic response in
keratinocytes. Furthermore, upon following up on previous studies by these two investigators in
which they showed changes in Ca®" fluxes in keratinocytes following exposure to SM, I found,

using both chemical inhibitors and antisense oligonucleotides, that Ca”* and calmodulin are
important to both of these responses to SM, and that these two processes may in part play a role
in the vesication response of skin to SM. In addition, we have found that the Fas/TNF receptor
family also plays an important role in SM-induced apoptosis in vivo. A scheme of the role of
SM in keratinocyte differentiation and apoptosis is presented in Flg 29.
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Recommended Changes and Future Work Relating to Research Accomplishments: Parts 1-

III
The roles of Ca’?*, calmodulin and Fas/TNF receptor family in the modulation of

differentiation and apoptosis in epidermal cells leading to vesication will be further studied. This
future work, which utilize much of the same technology that I have successfully employed in the
last granting period, is designed to answer an essential question- How do Ca*, calmodulin and
the Fas/TNF receptor family regulate the apoptotic and differentiation responses in keratinocytes,
and can these pathways be modulated to alter SM vesication in animal models (and ultimately, in

humans)?
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KEY RESEARCH ACCOMPLISHMENTS

We found that SM induces terminal differentiation and apoptosis.
Inhibition of calmodulin inhibits both responses.

Inhibition of the death receptor pathway inhibits apoptosis.
Inhibiton of apoptosis reduces the vesication response in vivo.

REPORTABLE OUTCOMES

Manuscripts

1.

Simbulan-Rosenthal, C. M., Haddad, B. R., Rosenthal, D. S.*, Weaver, Z., Coleman, A.,
Luo, R., Young, H., Wang, Z.Q., Ried, T., and Smulson, M. E. Chromosomal aberrations in
PARP-/- mice: genome stabilization in immortalized cells by reintroduction of PARP ¢cDNA.

Proc. Natl. Acad. Sci. USA 96: 13191-13196 (1999). * first three authors contributed
equally

Rosenthal, D. S., Simbulan-Rosenthal, C. M, Liu, W.F., and Smulson, M. E. Poly(ADP-
ribose) polymerase and Aging. In: DNA Repair and Aging (Gilchrest, B. and Bohr, W.
(eds.)), in press (2000).

Rosenthal, D. S., Simbulan-Rosenthal, C. M., Smith, W., Benton, B., Ray, R., and Smulson,
M. E. Poly(ADP-ribose) polymerase is an active participant inprogrammed cell death and
maintenance of genomic stability. In: Cell Death: The Role of PARP (Szabo, C. (ed.)), in
press (2000).

Simbulan-Rosenthal, C. M., Rosenthal, D. S., Luo, R., and Smulson, M. E. Poly(ADP-
ribose) polymerase upregulates E2F-1 promoter activity and DNA pol o expression during
entry into S-phase. Oncogene 18(36) 5015-5023 (1999).

Simbulan-Rosenthal, C. M., Rosenthal, D. S., Smulson, M. E. Poly(ADP-ribosyl)ation of
p53 during apoptosis in human osteosarcoma cells. Cancer Res. 59: 2190-2194 (1999).
Simbulan-Rosenthal, C. M. G., Rosenthal, D. S., Iyer, S, Yoshihara, K., and Smulson, M. E.
Requirement for PARP and poly(ADP-ribosyl)ation in apoptosis and DNA replication. Mol.
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SM Induction of Keratinocyte Apoptosis, Medical Bioscience Review, Hunt Valley MD,
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Tissues, Indiana University School of Medicine, Indianapolis, IN, October 4, 1999

CONCLUSIONS

Sulfur mustard (SM) causes blisters in the skin through a series of cellular changes that
we are beginning to identify. We found a major role for Ca* and calmodulin in the induction of
differentiation in human keratinocytes in response to SM. We also obtained the unexpected
results that SM induces markers of apoptosis, and that this process also proceeds via a Ca**-
calmodulin-dependent pathway. In addition, we found that SM-induced apoptosis was also
mediated by a FADD-dependent pathway which induces caspase activation. The involvement of
such varied molecules as Ca®*, calmodulin, and FADD suggests a complex network involved in
SM-induced differentiation and apoptosis. However, in our progress to date, we have found that
blocking any one of these upstream signals can inhibit terminal differentiation or apoptosis,
indicating that these molecular pathways are potential targets for therapeutic intervention. An
understanding of the mechanisms for SM vesication will hopefully lead to strategies for
prevention or treatment of SM toxicity. This study, which was performed in fulfillment of the
Statement of Work, suggests that inhibition of calmodulin (upstream), or caspase-3
(downstream) may protect the epidermis from SM-induced apoptosis. Although the mechanism
for their protection has not been described, calmodulin inhibitors have already been used
successfully in the treatment of both thermal burns and frostbite (Beitner et al., 1989; Beitner et
al., 1989), and may prove effective for SM as well, either alone, or in combination with caspase-
3 inhibitors. We used antisense oligonucleotide and chemical inhibitors of calmodulin and have
successfully attenuated the apoptotic response in cultured cells, and these inhibitors can be used
in vivo as well.

Importantly, our initial inhibition experiments indicate that the Ca**-calmodulin and
FADD pathways converge upstream of caspase-3 processing, since inhibitors of either
pathway inhibit SM-induced apoptosis. Furthermore, since calmodulin inhibitors have been
used clinically, and the FADD pathway can be manipulated at the level of a cell surface
(Fas/TNF), receptor, these two molecules represent attractive targets for the modulation of the
effects of SM in humans. ‘
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The observation that 3-aminobenzamide, which in-
hibits a variety of ADP-ribose transferases, prolongs
the y-irradiation-induced increase in intracellular p53
concentration suggested that one or more of such en-
zymes may determine the duration of the p53 response
during G1 arrest. The role of poly(ADP-ribose) poly-
merase (PARP), an abundant nuclear enzyme acti-
vated by DNA strand breaks, in the p53 response to
y-irradiation was investigated in Burkitt’s lymphoma
AGS8T76 cells stably transfected with an inducible PARP
antisense construct. Immunoblot analysis revealed
that the cellular content of PARP was reduced to vir-
tually undetectable levels after incubation of trans-
fected cells for 72 h with the inducer dexamethasone.
In noninduced antisense cells, the p53 concentration
reached a maximum 2 h after exposure to 6.3 Gy of
y-radiation and returned to control values by 4 h. In
contrast, the p53 response in PARP-depleted antisense
cells peaked at 4 h, with the levels of p53 remaining
elevated for up to 12 h after y-irradiation. The maxi-
mal increase in p53 concentration was similar in both
induced and noninduced cells. These results thus in-
dicate that PARP activity, in part, determines the du-
ration, but not the magnitude, of the p53 response to
DNA damage. © 1998 Academic Press

The tumor suppressor gene p53 encodes a nuclear
phosphoprotein that presumably reduces the occur-
rence of mutations by either promoting cell cycle arrest
in G1 or inducing apoptosis in cells that have accumu-
lated substantial DNA damage (1-4); the arrest allows
time for the cells to repair the DNA before proceeding
in S-phase. Repair of DNA damage caused by
y-irradiation is usually complete within 1 h, at about
the same time that the intracellular p53 concentration
peaks before returning to control values. Treatment of
cells with the nicotinamide analog 3-aminobenzamide
(8-AB), an inhibitor of various ADP-ribose transferases
including poly(ADP-ribose) polymerase (PARP) (5),
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markedly prolongs the p53 response in y-irradiated
cells (6). Although many of the biological functions of.
PARP have been studied in cells treated with inhibi-
tors such as 3-AB, these compounds lack specificity. In
addition to their inhibitory effects on several cytoplas-
mic mono(ADP-ribosyl)ation reactions that require
NAD and involve GTP-binding proteins (7, 8), these
inhibitors markedly affect diverse metabolic reactions
unrelated to (ADP-ribosylation (9). Thus, whether the
prolonged p53 response to 7y-irradiation in 3-AB-
treated cells is attributable to specific inhibition of
PARP remains unclear.

One of the earliest nuclear events that follows DNA
strand breakage during DNA replication, or during
DNA repair in response to exposure of cells to such
agents as y-irradiation, carcinogens, free radicals, or
alkylating agents, is the poly(ADP-ribosyl)ation of var-
ious proteins that are predominantly localized adjacent
to the DNA strand breaks (10, 11). The doses of ultra-
violet or y-radiation or of alkylating agents that are
used experimentally to induce G1 arrest and concomi-
tant accumulation of p53 are similar to those that
induce a rapid synthesis of long chains of poly(ADP-
ribose) (PAR) covalently attached to various nuclear
protein acceptors. PARP catalyzes the poly(ADP-
ribosyl)ation of nuclear proteins only when bound to
single- or double-stranded ends of DNA (12-14). In-
deed, PARP cycles on and off the ends of DNA during
DNA repair in vitro (15, 16). In addition to undergoing
automodification, PARP catalyzes the poly(ADP-
ribosyDation of such nuclear proteins as histones, to-
poisomerases I and II (17), SV40 large T antigen (18),
DNA polymerase «, and proliferating cell nuclear an-
tigen (PCNA) (19), all of which play a role in reac-
tions involving DNA strand breaks. The poly(ADP-
ribosyl)ation of nucleosomal proteins also alters the
nucleosomal structure of DNA containing strand
breaks and thereby, promotes the access of various
replicative and repair enzymes to these sites (20, 21).

To clarify the role of PARP in the accumulation of
p53 induced by DNA damage, in the absence of poten-
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tially nonspecific PARP inhibitors, we have now estab-
lished and characterized a Burkitt’s lymphoma cell line
that both undergoes this response (3) and contains a
stably integrated PARP antisense construct under the
control of glucocorticoid-responsive promoter.

MATERIALS AND METHODS

Cell culture. The Burkitt's lymphoma cell line AG876 was main-
tained in RPMI 1640 medium (Mediatech) supplemented with 15%
fetal bovine serum, 2 mM L-glutamine, penicillin (50 U/ml), and
streptomycin (50 ug/ml). Cell cultures were maintained as exponen-
tially growing cells in a humidified 5% CO2 incubator.

Transfection of Burkitt’s lymphoma cell line AG876 with an induc-
ible PARP antisense construct. A 3.9-kb human ¢DNA fragment
encoding full-length PARP was subcloned previously in the antisense
orientation into the expression vector pMAMneo (Clontech), under
the control of the mouse mammary tumor virus promoter (Fig. 1).
Burkitt’s lymphoma AG876 cells, which have previously been shown
to accumulate p53 in response to y-radiation (3), were transfected
with the pMAMneo containing PARP antisense construct or the
empty vector by electroporation, with conditions optimized for this
cell line. 107 cells were suspended in Hank’s balanced salt solution
containing 10 to 20 ug of DNA, and were exposed to pulses of 250
volts at 250 uF. Electroporated cells were allowed to grow without
selection for 24 to 48 h, and were then maintained in RPMI 1640
supplemented with 15% charcoal-treated fetal bovine serum (Gibco),
2 mM L-glutamine, penicillin (50 U/ml), streptomycin (50 pg/ml), and
G-418 (1.6 mg/ml).

Induction of PARP antisense RNA expression and irradiation of
cells. Expression of PARP antisense RNA was induced by addition
of 1 uM dexamethasone (Sigma) to the culture medium for up to 72 h.
Exponentially growing cultures were exposed to 6.3 Gy of y-radiation
with a '37Cs irradiator at a dose rate of 5.25 Gy/min.

PARP activity assays. At various indicated times after exposure
to 1 uM dexamethasone, control and PARP-antisense cells were
harvested and washed with ice-cold PBS. Samples were assayed for
PARP activity by incorporation of [?2P]NAD into acid-insoluble ac-
ceptors at 25°C for 1 min, with 20 pg protein per determination and
triplicate determinations per treatment as previously described (22).

Immunoblot analysis with antibodies to PARP or p53. SDS-
polyacrylamide gel electrophoresis and protein transfer to nitrocel-
lulose membranes were performed according to standard procedures.
Membranes were stained with Ponceau S (0.1%) to confirm equal
loading and transfer. After blocking of nonspecific sites, the blots
were incubated with rabbit polyclonal antibodies to PARP (1:2000
dilution) (23) or to monoclonal antibodies to p53 (Ab-6, Calbiochem)
and then detected with appropriate peroxidase-labeled secondary
antibodies (1:3000 dilution) and enhanced chemiluminescence (ECL,
Pierce).

RESULTS

Depletion of PARP protein by antisense RNA expres-
sion. The Burkitt’s cell line AG876 was stably trans-
fected with a vector containing human PARP ¢cDNA in
the antisense orientation under the control of a
dexamethasone-responsive promoter (Fig. 1). Previous
studies with HeLa cells (24, 25) and immortalized hu-
man keratinocytes (26) showed this construct to be
effective in depleting cells of PARP protein and activity
to concentrations of <5% of control values. Eighteen
antisense and four control G-418 resistant colonies

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
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FIG.1. Structure and restriction sites of the pMAM-As plasmids
containing human PARP ¢DNA in the antisense orientation. The
expression vector contains the dexamethasone-inducible MMTV pro-
moter ligated to a reverse orientation of 3.9-kb human PARP ¢cDNA
comprising the entire PARP untranslated and translated regions as
described previously. The PARP sequence is flanked downstream by
the SV-40 early splicing and polyadenylylation regions and a tran-
scription start site within the MMTV LTR is located 260 bp upstream
of the cloning site. The entire expression plasmid is 12.2 kb.

were isolated and screened for PARP depletion after
incubation with dexamethasone (1 uM) for 72 h; the
half-life of PARP protein is estimated to be ~18 h in
exponentially growing HeLa cells (27) and PARP anti-
sense RNA expression for up to 72 h is required for
maximal depletion of PARP (24-26). Burkitt’s lym-
phoma antisense clone AG876-7 (AS-7) was selected for
further analysis on the basis of depletion of PARP
protein by immunoblot analysis with antibodies to
PARP. Immunoblot analysis revealed that clone AS-7
showed almost complete depletion of PARP protein
after incubation with dexamethasone for 72 h, whereas
such treatment had no effect on the amount of PARP in

~ control cells (transfected with the empty vector); incu-

bation of AS-7 cells for 72 h in the absence of dexa-
methasone also had no effect on PARP concentration
(Fig. 2). Densitometric analysis showed that the
amount of PARP was reduced by ~98% in the induced
antisense cells.

Inhibition of PARP activity by antisense RNA expres-
sion. To confirm whether the depletion of immunolog-
ically detectable PARP corresponds to a decrease in the
levels of endogenous PARP activity, enzyme assays
were performed on sonicated extracts of control and

865




Vol. 253, No. 3, 1998

Control Antisense
Dexamethasone: - + - +
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FIG. 2. Effect of dexamethasone induction of PARP antisense
RNA expression on PARP protein concentration in control and AS-7
Burkitt’s lymphoma cells. Transfected control and antisense AS-7
cells were incubated in the absence (—) or presence (+) of dexameth-
asone (1 uM) for 72 h, after which cell lysates were prepared and
subjected to immunoblot analysis with antibodies to PARP. The
arrow at 116 kDa indicates the position of human PARP.

antisense cells at various times after induction with
dexamethasone. Consistent with the immunoblot anal-
ysis, endogenous PARP activity decreased by 55% in
Burkitt AG876-AS-7 cells after 48 h after induction
with 1 uM dexamethasone, with a maximal reduction
in activity of nearly 100% by 72 h (Table 1). In contrast,
uninduced antisense cells or control cells treated with
dexamethasone for the same time periods exhibited no
reduction in PARP activity.

Effect of PARP depletion on pb53 accumulation in
response to DNA strand breaks. lonizing radiation
induces rapid p53 accumulation in AG876 cells (3).
AS-7 cells that had been incubated in the absence or
presence of dexamethasone (1 uM) for 72 h were ex-
posed to 6.3 Gy of y-radiation and, after incubation for
various times, subjected to immunoblot analysis with
antibodies to p53. For cells preincubated in the absence
of dexamethasone, p53 concentration showed a marked
increase 30 min after y-irradiation, peaked at 2 h, and
returned to control values by 4 h (Fig. 3). The p53

TABLE 1

Effects of Antisense RNA Expression on Endogenous PARP
Activity in Antisense Burkitt AG876 Cells®

Endogenous PARP activity
(% activity relative to
uninduced cells)

Time after dexamethasone

induction (h) Control Antisense
0 ~100 100
48 ~100 45
72 ~100 5

¢ Burkitt AG876 cells transfected with either vector alone (control)
or PARP antisense constructs were induced with 1 uM dexametha-
sone for the indicated time periods and sonicated, and PARP activity
assays were performed on cell extracts by measurement of [?P]NAD
incorporation into acid-insoluble acceptors at 25°C for 1 min, with
triplicate determinations per time point. PARP activity of uninduced
cells was taken as 100%, and PARP activity of treated cells was
calculated relative to this value. Similar results were obtained in two
independent experiments.
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FIG. 3. Effect of depletion of PARP on p53 accumulation in
response to y-irradiation. (A) AS-7 cells were incubated for 72 h in
the absence (top) or presence (bottom) of 1 uM dexamethasone,
exposed to 6.3 Gy of y-radiation, and, after incubation for the indi-
cated times, subjected to immunoblot analysis with antibodies to
p53. (B) The amount of p53 in noninduced (open squares) and PARP-
depleted (closed circles) AS-7 cells was quantitated by densitometry.
The densities of the p53 bands at the various incubation times were
expressed relative to that of the corresponding p53 band of cells
immediately after y-irradiation (time 0).

concentration in AS-7 cells depleted of PARP by prein-
cubation with dexamethasone also increased after
vy-irradiation. However, whereas the magnitude of the
maximal increase was similar in induced and nonin-
duced cells, the p53 concentration peaked later, at 4 h,
and remained elevated for 6 to 12 h after y-irradiation
in the induced cells.

Since the exposure times were different in the two
immunoblots in Fig. 3, densitometric analysis of the
immunoblots was normalized by expressing the densi-
ties of the p53 bands at the various incubation times
relative to that of the corresponding p53 band in cells
immediately after y-irradiation (time 0). The extent
and kinetics of p53 accumulation was compared in
noninduced antisense cells and in cells depleted of
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PARP (Fig. 3B). In both cases, p53 concentration rela-
tive to levels prior to y-irradiation was about 1.8-fold.
The major difference in the p53 levels is apparent
when the levels of p53 between the induced and non-
induced cells are compared at late periods into the
experiment. In noninduced antisense cells, p53 accu-
mulation peaked ~2 h after treatment with 6.3 Gy of
y-radiation and decreased thereafter; whereas in
PARP-depleted cells, p53 accumulation maximized ~4
h after irradiation and remained elevated for 6 h. The

"levels of p53 were still elevated at 12 h post irradiation

in antisense cells (data not shown). Thus, depletion of
PARP did not affect the magnitude of the p53 response,
but rather prolonged the accumulation of this protein,
presumably by a direct or indirect effect on its synthe-
sis or degradation.

DISCUSSION

Both PARP activity and p53 accumulation are in-
duced by DNA damage, and both proteins have been
implicated in the normal cellular responses to such
damage. Whereas PAR synthesis increases within sec-
onds after induction of DNA strand breaks (28), the
amount of wild-type p53, which is usually low because
of the short half-life (20 min) of the protein and re-
mains constant due to a balance between protein syn-
thesis and degradation, increases several hours after
DNA damage as a result of reduced degradation (29,
30). A functional association of PARP and p53 has
recently been suggested by coimmunoprecipitation of
each protein in vitro by antibodies to the other (31, 32).
Furthermore, inhibition of PARP activity with a spe-
cific inhibitor 1,5-dihydroxy isoquinoline prior to
y-irradiation of cells suppresses the DNA binding ac-
tivity of p53 and consequent expression of p53 target
genes, such as those encoding p21 and MDM2 (32).

Our observation that PARP depletion by induction of
PARP antisense RNA expression prolongs the p53 re-
sponse to DNA damage is consistent with previous
results showing that the PARP inhibitor 3-AB induces
a delay of up to 5 h in the repair of DNA strand breaks
and prolongs the p53 response by a similar extent in
cells exposed to y-irradiation (6). Our results thus con-
firm that the effect of 3-AB on the p53 response is
indeed attributable to specific inhibition of PARP ac-
tivity. We have also previously shown that of PARP
depletion by antisense RNA expression reduces the
survival of HeLa cells after exposure to methyl meth-
ane sulfonate or nitrogen mustard (25, 33). Both the
overall repair of methyl methane sulfonate-induced
DNA damage (25) and the preferential repair of the
dihydrofolate reductase gene (33) are also delayed in
these cells. The signaling mechanism(s) by which p53
accumulation occurs in response to DNA damage and
how it is turned off following repair remain to be clar-
ified. The prolonged accumulation of p53 in cells de-
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pleted of PARP by antisense RNA expression may be
correlated with delayed DNA strand break rej oining in
these cells and, consequently, delayed repalr of DNA
strand breaks.

Exposure of human cell lines expressing wild-type
pH3 to various DNA-damaging agents that also stimu-
late PAR synthesis (including ionizing radiation, bleo-
mycin, and DNA topoisomerase-targeting drugs)
results in a rapid increase in the intracellular concen-
tration of p53 (34). Chinese hamster cells that are
unable to synthesize PAR because of unavailability of
NAD show a marked decrease in baseline p53 concen-
tration and activity, and they fail to exhibit a p53
response and to undergo apoptosis in response to DNA-
damaging agents (35). Moreover, compared with wild-
type cells, primary fibroblasts from PARP—/— mice
express lower constitutive levels of p53 protein and
exhibit a defective p53 response to DNA damage (36),
indicating that PARP-dependent signaling may influ-
ence the synthesis or degradation of p53 in response to
DNA damage. In agreement with our results, exposure
of primary splenocytes derived from PARP knockout
mice to MNU show elevated p53 induction presumably
associated with a lack of and/or delay in DNA repair
(37). Consequently, these PARP knockout mice also
exhibit extreme sensitivity to y-irradiation and MNU
(37). Thus, specific PARP inhibitors or antisense oligo- -
mers could be useful as chemo- or radio- potentiation
agents for cancer therapy and a number of pharmaceu-
tical companies have in the past and are currently
targeting PARP for drug development (38). PARP an-
tisense oligomers added extraneously to cells, have
been shown to be capable of reducing endogenous
PARP levels by up to 60%, prior to exposure to
v-irradiation (Vicente Notario, Georgetown University
Medical Center, personal communication), but whether
this has any effect on the sensitivity of the cells to
y-irradiation is still under study.
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ABSTRACT

The DNA binding domain (DBD) of poly(ADP-ribose)
polymerase (PARP) has proved to be a novel, highly
sensitive probe for detecting DNA breaks in intact cells
undergoing apoptosis. A recombinant peptide span-
ning the DNA binding domain of PARP was expressed,
purified and used to detect DNA strand breaks in fixed
cells. Fluorescence microscopy with this probe fol-
lowed by detection with anti-PARP antisera initially
revealed an increased binding following treatment
of cells with DNA strand-breaking agents (such
as N-methyl-N-nitro-N-nitrosoguanidine) and, subse-
quently, using biotinylated PARP DBD, during the later
stages of apoptosis in several cell systems, when
internucleosomal strand breaks became evident. This
procedure was found to be at least as sensitive and
required fewer steps to detect DNA strand breaks than
those utilizing Klenow incorporation of biotinylated
nucleotides.

INTRODUCTION

Poly(ADP-ribose) polymerase (PARP) is an abundant nuclear
protein that is associated with chromatin. This enzyme covalently
attaches to and elongates homopolymers of poly(ADP-ribose) to
anumber of nuclear proteins, using NAD, an abundant nucleotide
in eukaryotic nuclei, as substrate. PARP is a zinc finger-contain-
ing protein, allowing the enzyme to bind to either double- or
single-strand DNA breaks without any apparent sequence
preference. Cell culture systems have demonstrated that PARP is
involved in numerous biological functions, all of which are
associated with the breaking and rejoining of DNA strands (1-6).
The enzyme has an absolute requirement for DNA for activity and
is activated proportionately by the number of strand breaks in
DNA. We recently demonstrated that one of the earliest stages of
apoptosis is characterized by activation of PARP and poly(ADP-
ribose) addition to nuclear proteins during the reversible stages of

apoptosis (7) and specific proteolysis of PARP has now been
closely associated with a later stage of programed cell death
(8~10). This process occurs in a variety of cell types during
organogenesis and during maturation of the immune system.
During apoptosis, clumps of heterochromatin form adjacent to
the nuclear matrix, nuclear fragmentation occurs and, ultimately,
membrane-enclosed apoptotic bodies appear. These changes are
accompanied by an increase in intracellular free C22* concentra-
tion. Increasing amounts of DNA strand breaks also occur during
apoptosis, The first strand breaks that are associated with DNA
cleavage at chromatin loops yield DNA fragment sizes >200 kb
and can only be visualized by pulsed field electrophoresis. This
is the stage that corresponds with activation of PARP (7). Later
in apoptosis, a specific Ca2*/Mg?*-dependent nuclease is acti-
vated that cleaves DNA in the linker region between nucleo-
somes, yielding a characteristic nucleosome ladder when the
chromosomal DNA is analyzed by agarose gel electrophoresis.

Visualization at the level of individual cells allows for the assay
of apoptosis. At the single cell level, the study of apoptosis
requires morphological examination of cells and nuclei, using
chromatin- and DNA-specific fluorescent dyes, such as ethidium
bromide, bis-benzamide and 4',6-diamidino-2-phenylindole. At
the biochemical level, DNA breaks have been detected in situ
utilizing the free 3"-OH ends of DNA as a substrate for either
terminal transferase or the Klenow fragment of DNA polymerase
1 to incorporate biotin or digoxigenin, which can be subsequently
visualized with either visible or fluorescent dyes.

Proteolytic cleavage of PARP was first demonstrated in
chemotherapy-induced apoptosis (11), where it was shown that
PARP was processed into 85 and 24 kDa fragments. The 85 kDa
fragment contains the catalytic and automodification domains,
while the 24 kDa region consists of the DNA binding domain
(DBD) of the enzyme. We recently explored the significance of
PARP cleavage in the osteosarcoma cell model of apoptosis by
examining the various participants in this specific aspect of
programed cell death by immunofluorescence in whole cells (7).

In doing so, we recognized the potential to utilize the unique

aspect of the PARP DNA binding domain as a direct indicator of
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DNA strand breaks that occur during apoptosis, as well as those
that occur following DNA damage induced by alkylation.
Accordingly, the experimental validity and general characteriz-
ation of this new marker of apoptosis are described in detail
below.

MATERIALS AND METHODS
Cells

Human osteosarcoma cells (American Type Culture Collection
no. 11226) were cultured and apoptosis was induced as described
previously (9). Burkitt lymphoma cell line BL-30 (12) and
EBV-induced lymphoblastoid cell line YB-26 were maintained
(13) and induced to undergo apoptosis (14,15).

Expression, purification, renaturation and biotinylation
of the recombinant PARP DBD

The PARP DBD fusion protein was expressed in Escherichia coli
(as described in detail in Results) and purified to >95%
homogeneity in a single step by Ni resin column chromatography
(Qiagen). Bacterial cell lysate was loaded onto a Ni-NTA column
pre-equilibrated in buffer A (10 mM Tris—HCl, pH 8.0, 1%
NP-40, 10 mM 2-mercaptoethanol, 6 M guanidine-HCI). After
the column was washed extensively in buffer A, buffer B
(containing 8 M urea instead of guanidine-HCI) and buffer C
(buffer B adjusted to pH 6.3), recombinant protein was eluted
with buffer D (buffer B adjusted to pH 5.7). Fractions were then
collected and analyzed by SDS-PAGE. SDS-PAGE revealed the
size of the fusion protein to be ~30 kDa, consistent with the
predicted molecular mass of the PARP DBD attached to six
histidine residues. PARP DBD protein was subsequently rena-
tured by dialysis against seven changes of dialysis buffer (50 mM
NaCl, 0.5 mM ZnCl, and 10 mM MgCls in 50 mM phosphate
buffer, pH 7.2) containing decreasing concentrations of urea (6,
4, 2 and 1 M), followed by decreasing concentrations of NaCl
(1 M and 100mM). Biotin labeling of PARP DBD was performed
by incubating 5 pl biotin (long arm) N-hydroxysuccinimide ester
in dimethylsulfoxide (5 mg/ml) with 25011 PARP DBD (1 pg/pl)
for 2 h at room temperature. The reaction was terminated with
5 mg glycine and the biotinylated PARP DBD protein was then
dialyzed against 50 mM HEPES, pH 7.2, 20 mM ZnCl, 100 mM
NaCl and 70 pl 2-mercaptoethanol.

Immunofluorescence and immunoblot analysis

Antibodies to PARP DBD were derived by immunization of
rabbits with a peptide corresponding to amino acids 2541 of
human PARP. Fixation of cells, immunofluorescence and immu-
noblot analysis were performed as previously described (7,16).

Detection of DNA fragmentation

DNA breaks were detected in situ using a Klenow fragment-based
assay system (TACS1; Trevigen). Cells were fixed and labeled
with biotinylated nucleotides, using streptavidin-conjugated horse-
radish peroxidase and diaminobenzidine for detection. Cells were
counterstained with methyl green. Brown nuclei were positive for
Klenow labeling. DNA nucleosome ladders were observed by
isolation of total genomic DNA and agarose gel electrophoresis
as described previously (9). ’

PARP cleavage assay

Cytosolic extracts were prepared from cultured human osteosar-
coma cells by homogenizing phosphate-buffered saline (PBS)
washed cell pellets in 10 mM HEPES-KOH, pH 74, 2 mM
EDTA, 0.1% (w,v) CHAPS, 5 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride, 10 pg/ml pepstatin A, 20 pg/ml
leupeptin, 10 pg/ml aprotinin (at 1 X 108 cells/ml) and collecting
the post-100 000 g supernatant. Assays contained 10 g protein
from the cytosol fractions of osteosarcoma cells derived from
days 2 and 8 with purified [3>SJPARP (~5 x 10* c.p.m.), 50 mM
PIPES-KOH, 2 mM EDTA, 0.1% (w/v) CHAPS and 5 mM
dithiothreitol in a volume of 25 Jil. Incubations were performed
at 37 C for 1 h and terminated by the addition of 25 pl 2x
SDS-PAGE sample buffer containing 4% SDS, 4% B-mercap-
toethanol, 10% glycerol, 0.125 M Tris—HC, pH 6.8 and 0.02%
bromophenol blue. Samples were analyzed by SDS-PAGE and
fluorography.

RESULTS

Development of a new cytochemical assay for apoptotic
DNA strand breaks based on a recombinant PARP
cleavage product

Many of the currently available methods for examining DNA
strand breaks in situ rely on the ability of exogenous enzymes such
as DNA polymerase or terminal transferase to add labeled dNTPs
to the 3-OH ends of the strand breaks and subsequent detection of
the incorporated nucleotides by immunofluorescence microscopy.
We reasoned that the DBD of PARP might provide a more sensitive
probe for DNA strand breaks that would eliminate the requirement
for the often labile enzymes and nucleotide substrates.

Clone pCD12, containing the full-length cDNA encoding
human PARP in an Okayama-Berg vector (17), was used as a
polymerase chain reaction (PCR) template for construction of a
PARP DBD expression vector. PCR was performed with: (i) a
28 bp primer that contained a BamHI restriction site upstream
(nt 164—-180) of PARP cDNA; (ii) a 22 bp primer that contained
a HindlI restriction site downstream (nt 837-854) of PARP
cDNA. The PARP cDNA fragment thus amplified encompassed
the region that encodes the two zinc fingers of the enzyme as well
as the KKKSKK nuclear localization signal. Amplification was
performed for 21 cycles and the product was then ligated into the
bacterial protein expression vector pQE30 (Qiagen).

The DBD of PARP was subsequently expressed in E.coli and
purified to >95% homogeneity by affinity chromatography using
a Ni-NTA column (Fig. 1). The PARP DBD fusion protein was
recognized on immunoblot analysis by polyclonal antibodies,
obtained subsequently, to this region of PARP (7). The double
bands of the PARP DBD shown in the Coomassie stained gel in
Figure 1 may be due to premature termination of transcription or
translation, although both of these proteins reacted specifically to
antibodies to PARP DBD (not shown). To establish conditions for
detecting DNA strand breaks in fixed mouse cells with the PARP
DBD, we first adopted an immunofluorescence approach using
anti-human PARP. The antibody used does ‘not react with the
murine PARP (18), even though the amino acid sequences of the

‘proteins are >80% identical (17,19). We therefore incubated

mouse 3T3 cells for 30 min in the absence or presence of 0.4 mM
N-methyl-N"-nitro-N-nitrosoguanidine (MNNG) to “induce a
significant number of DNA breaks, after which the cells were
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Figure 1. Expression and purification of the DBD of PARP. The PARP DBD
was expressed in bacteria and purified as described in Materials and Methods.
Samples obtained from five different clones were resolved by PAGE and
stained for total proteins with Coomasie blue. Molecular size standards are
indicated on the left in kilodaltons.

fixed on slides, incubated at room temperature with excess
purified PARP DBD (25 pg/ml) for 1 h and washed with PBS.
DBD bound to DNA strand breaks was then detected by
incubating the slides with the rabbit antibodies which recognize
human PARP DBD, followed by Texas red-conjugated goat
antibodies to rabbit immunoglobulin IgG. Whereas no immuno-
fluorescence was detected in 3T3 cells not incubated with
MNNG, marked immunofluorescence was apparent in cells
treated with the alkylating agent (data not shown). These results
indicated the feasibility of using PARP DBD to detect DNA
strand breaks in fixed cells.

Use of biotinylated PARP DBD

To avoid the use of antibodies to detect the PARP DBD bound to
DNA strand breaks, we conjugated the bacterially expressed
DBD to biotin so as to allow detection by reaction with
horseradish peroxidase-conjugated streptavidin and enhanced
chemiluminescence (ECL; Amersham). We first tested the
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modified DBD detection system in two human B cell lines that are
known to undergo apoptosis via endonuclease cleavage of DNA
following serum depletion, unlike normal B cells which become
quiescent upon serum withdrawal (15). Apoptosis was induced in
either a B cell line immortalized with EBV in vitro (Fig. 2) or in
Burkitt lymphoma-derived B cells (Fig. 3) by withdrawal of
autocrine growth factor as described (15). The occurrence of
apoptosis was confirmed by a morphological assay (20) using
fluorescence microscopy with a mixture of acridine orange and
ethidium bromide (data not shown). The cells were then
examined by phase contrast microscopy and by fluorescence
microscopy with biotinylated DBD and horseradish peroxidase-
conjugated streptavidin (Figs 2 and 3). In virtually all instances,
only those cells showing the morphological characteristics (cell
shrinkage and nuclear condensation) of apoptosis were stained by
the biotinylated PARP DBD. The number of stained cells
increased with time after autocrine factor withdrawal.

We recently characterized the stages of apoptosis with respect to
PARP activation, PARP proteolysis and DNA fragmentation in a

" human osteosarcoma cell line that undergoes a slow (8-10 days),

spontaneous and reproducible death program in culture (7).
Activation of PARP occurred early, within 2 days of cell plating for
apoptosis, while PARP proteolysis was detected immunocytochemi-
cally between 4 and 6 days. DNA fragmentation was not evident
until 6-10 days in culture, as determined by nucleosome ladder
formation. In the current study we wished to compare the sensitivity
of this new methodology for detecting strand breaks, using the
osteosarcoma system, to a widely used technique. We first
confirmed that the osteosarcoma cells were undergoing apoptosis, as
measured by apopain activity (9). Figure 4 shows a marked increase
in PARP cleavage activity by day 8. We then measured the ability
of the PARP DBD to detect DNA breaks at these two time points
(Fig. 5). In both attached and floating cells, an increase in the binding
of PARP DBD was observed in the late stage of apoptosis.

Phase Contrast

. PARP-DBD (Fluorescence)

Day Thres

Figure 2. Binding of the PARP DBD to DNA strand breaks in apoptotic, EB V-immortalized human B cells. B lymphocytes were immortalized by EBV infection of peripheral
B cells as described (25). Apoptosis was induced by culturing the cells at low density in the absence of serum (15). Cells were fixed after 1 & and B) or 3 (C and D) days
and incubated with biotinylated PARP DBD followed by streptavidin-Texas red. (A and C) Phase contrast microscopy; (B and D) fluorescence microscopy.
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Day One

Biotinylated PARP-LIBD (Fluoréscencs)

Figure 3. Binding of the PARP DBD to DNA strand breaks in apoptotic clonal Burkitt lymphoma cells. BL-30 cells were cultured in the absence of autoctine factor
to induce apoptosis, fixed after 1 (A) or 3 (B) days and incubated with DBD as above.

Day

. TIntact PARP.
89 sz clenvage product:

24 kDa cleavage product

Figure 4. Apopain activity in human osteosarcoma cells during apoptosis.
Human osteosarcoma cells were maintained in culture for either 2 or 8 days,
after which cytosolic fractions were prepared and assayed for apopain activity
(9) with purified [33SJPARP as substrate (Materials and Methods).

We then tested a well-established assay for DNA strand breaks
in apoptotic cells which relies upon the ability of the Klenow
fragment of DNA polymerase I to incorporate nucleotides in situ
(21). We therefore measured the levels of DNA strand breaks in
fixed cells by incubating the human osteosarcoma cells with
Klenow enzyme in the presence of biotinylated nucleotides.
Samples were analyzed from early (day 3), middle (day 6) and
late (day 8) stages of apoptosis; the results of a typical experiment
are shown in Figure 6. In general, the number of osteosarcoma
cell nuclei positive for in situ nucleotide incorporation also
increased with time, consistent with our other assays for apopain
activity and DNA strand breaks. However, fewer apoptotic nuclei
were detected by the Klenow assay than by the PARP DBD assay
(Figs 5 and 6). At day 3, none of the nuclei were stained. By day
6, several nuclei that appeared morphologically apoptotic stained
positively for nucleotide incorporation. More nuclei stained
positively for strand breaks by day 8, although the proportion of
positive cells remained in the minority (Fig. 6). At this time point
<30% of attached cells were Klenow-positive, compared with
>80% that were DBD-positive.

DlSCUSSION ‘

Satoh and Lindahl (4,5) recently demonstrated that unmodified
PARP binds to a damaged DNA plasmid in vitro and inhibits
repair in the absence of NAD. It is hypothesized that PARP cycles

phase: bistinsated PARP-DED

» Detached Cills
» Detachod Cils

sy
ey

Figure 5. Time course of staining of human osteosarcoma cells for the presence
of DNA strand breaks using biotinylated recombinant PARP DBD in attached
(upper panel) and detached cells (lower panel).

between an unmodified form, which blocks DNA strand ends,

and a modified form, which is released from DNA, thereby
allowing access of repair enzymes. Automodification of intact
PARP by long chains of branched ADP-ribose polymers has in
fact been shown to result in a loss of affinity of the enzyme for
DNA (22). Werecently tested this model by cycling PARPin vitro
with bacterlally expressed deletion mutants of PARP (6). Our data
using this irn vitro assay of DNA showed that those mutants that




‘Klenow'

 Days

Figure 6. Time course of the labeling of DNA strand breaks with the Klenow
fragment during apoptosis of human osteosarcoma cells. Cells were cultured for
3, 6 or 8 days and fixed and labeled by a Klenow-based assay, using horseradish
peroxidase and diaminobenzidine for detection. Cells were counter-stained
with methyl green. Brown nuclei are positive for Kienow labeling.

possess an intact DBD and are therefore able to bind to
single-strand breaks inhibit DNA repair when added to a
PARP-depleted HeLa cell extract. However, deletions in the
automodification domain or the NAD binding domain prevented
alleviation of the inhibition exerted by these mutants by NAD. We
thus reasoned that the DBD could be used as a tool to detect DNA
damage in intact cells.

The cleavage of PARP into a separate DBD that cannot be
automodified also suggests the possibility that the 24 kDa
cleavage product binds irreversibly to the numerous strand breaks
characteristic of the final stages of apoptosis. This may account
for the fact that expression of the DBD in living cells has been
shown to interfere with the DNA repair function of endogenous
PARP (23,24).

We examined the above hypotheses directly by synthesizing a
recombinant peptide spanning this proteolytic fragment of PARP.
We tested this new assay by measuring binding of the recombi-
nant DBD in 3T3 cells treated with MNNG, which is known to
induce strand breaks, as well as in other well-defined apoptotic
systems. Immunofluorescence analysis demonstrated an in-
creased binding of excess biotinylated PARP DBD during the
later stages of apoptosis in osteosarcoma cells. This analysis was

easier to perform and was at least as sensitive as an assay utilizing

Klenow incorporation of biotinylated nucleotides.

In a comparison with a commonly used system based on
Klienow incorporation of biotinylated nucleotides for the detec-
tion of DNA strand breaks in fixed cells, our biotinylated DBD
method proved at least as sensitive (compare Figs 5 and 6). The
differential sensitivity of the two assays may relate to several
factors, including increased sensitivity of fluorescence. In
addition, Klenow incorporation of biotinylated nucleotides only
occurs at double-stranded DNA 5° overhangs, but not with

single-stranded DNA, double-stranded DNA with 3-OH over- |

hangs or double-stranded DNA with blunt ends. On the other
hand, the PARP DBD binds directly to all single-stranded DNA

Nucleic Acids Research, 1997, Vol. 25, No. 7 1441

and double-stranded DNA breaks and requires no enzyme
catalysis, indicating that this a useful and simple tool for detecting
apoptotic DNA breaks in situ.
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Poly(ADP-ribose) polymerase (PARP), which is cata-
lytically activated by DNA strand breaks, has been im-
plicated in apoptosis, or programmed cell death. A pro-
tease (CPP32) responsible for the cleavage of PARP
and necessary for apoptosis was recently purified and
characterized. The coordinated sequence of events re-
lated to PARP activation and cleavage in apoptosis has
now been examined in individual cells. Apoptosis was
studied in a human osteosarcoma cell line that under-
goes a slow (8 to 10 days), spontaneous, and reproduc-
ible death program in culture. Changes in the abun-
dance of intact PARP, poly(ADP-ribose) (PAR), and a
proteolytic cleavage product of PARP that contains
the DNA-binding domain were examined during
apoptosis in the context of individual, whole cells by

-immunofluorescence with specific antibodies. The syn-

thesis of PAR from NAD increased early, within 2 days
of cell plating for apoptosis, prior to the appearance
of internucleosomal DNA cleavage and before the cells
become irreversibly committed to apoptosis, since re-
plating yields viable, nonapoptotic cells. Strong ex-
pression of full-length PARP was also detected, by im-
munofluorescence as well as by Western analysis, dur-
ing this same time period. However, after ~4 days in
culture, the abundance of both full-length PARP and
PAR decreased markedly. After 6 days, a proteolytic
cleavage product containing the DNA-binding domain
of PARP was detected immunocytochemically and
confirmed by Western analysis, both in the nuclei and
in the cytoplasm of cells. A recombinant peptide span-
ning the DNA-binding domain of PARP was expressed,
purified, and biotinylated, and was then used as a
probe for DNA strand breaks. Fluorescence micros-
copy with this probe revealed extensive DNA fragmen-
tation during the later stages of apoptosis. This is the
first report, using individual, intact cells, demonstra-
ting that poly(ADP-ribosyl)ation of nuclear proteins
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Biochemistry and Molecular Biology, Georgetown University School of
Medicine, 3900 Reservoir Road, NW, Washington, DC 20007, Fax: (202)
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occurs prior to the commitment to apoptosis, that inac-
tivation and cleavage of PARP begin shortly thereaf-
ter, and that very little PAR per se is present during
the later stages of apoptosis, despite the presence of a
very large number of DNA strand breaks. These results
suggest a negative regulatory role for PARP during
apoptosis, which in turn may reflect the requirement
for adequate NAD and ATP during the later stages of
programmed cell death. o© 1997 Academic Press

INTRODUCTION

Poly(ADP-ribose) polymerase (PARP)? catalyzes the
poly(ADP-ribosyl)ation of nuclear histone and nonhis-
tone proteins, using NAD, an abundant nucleotide in
eukaryotic nuclei, as substrate. PARP contains two
zine fingers, which are sequence-nonspecific but facili-
tate the binding of the enzyme to either double- or sin-
gle-strand breaks. Exposure of cells to agents that in-
duce severe DNA strand breakage results in a rapid
depletion of nuclear NAD and cellular ATP [1, 2]. Spe-
cialized tissue culture systems have demonstrated that
PARP plays pleiotropic biological roles, all of which
are associated with the breaking and rejoining of DNA
strands [3—-5]. For example, we have established and
characterized several mammalian cell lines, including
HelLa cells [6], keratinocytes [7], and 3T3-L1 preadipo-
cytes [8], that are stably transfected with PARP anti-
sense cDNA under the control of an inducible promoter.

Induction of PARP antisense RNA in these cells results

in depletion of endogenous PARP protein and activity
and has revealed that the lack of PARP and hence poly-

‘(ADP-ribosyl)ation suppresses an early event of DNA

repair in HeLa cells [6]. Survival after exposure to DNA
damaging agents is reduced, chromatin structure is al-

tered, and gene amplification is increased in PARP-
depleted cells [9].

2 Abbreviatibﬁs used: DBD, DNA-Binding domain; PAR, poly(ADP-
ribose); PARP, poly(ADP-ribose)polymerase.
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Wang et al. [10] recently showed that PARP knockout
mice appear to exhibit normal development, fertility,
and health, although one-third of the animals devel-
oped a hyperproliferative skin disorder. Fibroblasts de-
rived from these mice apparently retain the normal
capacity for DNA excision repair and nucleotide exci-
sion repair; however, their proliferation is impaired in
culture. More recently, de Murcia and colleagues [10a]
have noted stronger phenotypic abnormalities in PARP
knockout animals, including reduced fertility and ab-
normal apoptosis. These data suggest that the roles of
PARP and poly(ADP-ribosyl)ation may be more com-
plex than anticipated and might best be studied in the
context of specialized cells grown in culture.

Recently, PARP has been implicated in the induction
of p53 and apoptosis [11], and the specific proteolysis
of PARP has now been closely associated with pro-
grammed cell death [12-14]. This process is important
for a variety of cells during embryogenesis and also for
immunological competence. During apoptosis, clumps
of heterochromatin form adjacent to the nuclear ma-
trix, nuclear fragmentation occurs, and, ultimately,
membrane-enclosed apoptotic bodies appear. These
changes are accompanied by an increase in intracellu-
lar free Ca®* concentration and internucleosomal DNA
degradation. Because poly(ADP-ribosyl)ation is stimu-
lated by DNA fragmentation, the potential role for
PARP in cell death via NAD and ATP depletion has
been proposed [15].

Kaufmann et al. [16] have shown that PARP under-
goes proteolytic cleavage during chemotherapy-in-
duced apoptosis. By immunoblot analysis with epitope-
specific antibodies, it was demonstrated that pro-
grammed cell death was accompanied by early cleavage
of PARP into 85- and 24-kDa fragments that contain
the active site and the DNA-binding domain of the en-
zyme, respectively. This latter domain is required for
full PARP activity.

We have recently participated in a study involving
the purification and characterization of an enzyme,
termed “apopain,” that is responsible for the cleavage
of PARP during apoptosis [13]. This enzyme is com-
posed of two subunits of 17 and 12 kDa that are derived
from a common proenzyme identified as CPP32, which
is related to interleukin-18-converting enzyme and to
CED-3, the product of a gene required for programmed
cell death in Caenorhabditis elegans [17]. The identity
of this protease as CPP32 was also demonstrated by
Tewari et al. [12]. We developed a highly specific assay
with [**S]PARP and also used a specific fluorescent sub-
strate to study this cleavage activity in cultured human
osteosarcoma cells that undergo confluence-associated
apoptosis over a 10-day period. With these in vitro
assays, it was shown that apopain achieved maximum
activity 6 to 7 days after initiation of apoptosis, which
coincided with the onset of production of 200-bp inter-
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nucleosomal DNA ladders. A tetrapeptide aldehyde
(Ac-DEVD-CHO) that specifically inhibits apopain was
also synthesized, and we showed that this inhibitor
also blocked apoptotic events studied ir vitro, sug-
gesting that the protease plays a key role in the initia-
tion of apoptosis. Clearly, PARP and apopain may
prove to be pivotal targets for pharmacological develop-
ment especially under those conditions where inappro-
priate apoptosis occurs, such as in Alzheimer’s, Parkin-
son’s, and Huntington diseases and in immune defi-
ciency disorders.

Most of the early research on apoptosis, including
our own studies, has relied on in vitro assays or immu-
noblot analysis. We have now further explored the sig-
nificance of PARP activation and cleavage in the osteo-
sarcoma cell model of apoptosis by examining the vari-
ous participants in this specific aspect of programmed
cell death by immunofluorescence in individual cells.

MATERIALS AND METHODS

Cell lines and cell culture. Human osteosarcoma cells (American
Type Culture Collection No. 11226) were cultured and apoptosis was
induced as described previously [13). Briefly, 1.5 X 10° cells were
plated in 10-cm dishes in DMEM with 10% fetal calf serum. Cells
were allowed to grow for 10 days without medium changes to induce
apoptosis.

PARP cleavage assay. The full-length cDNA clone for PARP [18]
(pcD-12) was excised and ligated into the Xhol site of pBluescript II
SK(+) (Stratagene) and then used to drive the synthesis of PARP
labeled with [**Slmethionine (Dupont-NEN) by coupled T7 transcrip-
tion/translation in a reticulocyte lysate system (Promega). [**SIPARP
was separated from the other constituents by gel filtration chroma-
tography on a Superdex-75 FPLC column (Pharmacia; 1 X 30 cm)
in 10 mM Hepes—KOH (pH 7.4), 2 mM EDTA, 0.1% (w/v) Chaps,
and 5 mM dithiothreitol.

Cytosolic extracts were prepared from cultured human osteosar-
coma cells by homogenizing PBS-washed cell pellets in 10 mM Hepes/
KOH (pH 7.4), 2 mM EDTA, 0.1% Chaps, 5 mM dithiothreitol, 1
mM phenylmethylsulfonyl fluoride, 10 ug/ml pepstatin A, 20 ug/ml
leupeptin, 10 pg/mil aprotinin (at 1 X 108 cells/ml). The post-100,000g
supernatant was recovered after centrifugation.

PARP cleavage activity was measured in mixtures containing 4.5
ug protein from the cytosol fractions of osteosarcoma cells derived
every 24 h during the 10-day apoptotic program. Assay mixtures also
contained purified [*S]PARP (=5 X 10* cpm), 50 mM Pipes—KOH,
2 mM EDTA, 0.1% (w/v) Chaps, and 5 mM dithiothreitol in a total
volume of 25 pl. Incubations were performed at 37°C for 1 h and
terminated by the addition of 25 ul of 2x SDS-PAGE sample buffer
containing 4% SDS, 4% [-mercaptoethanol, 10% glycerol, 0.125 M
Tris—HCI (pH 6.8), and 0.02% bromophenol blue. Samples were re-
solved by 10% SDS-polyacrylamide gels and PARP cleavage prod-
ucts were visualized by fluorography. The 24-kDa cleavage product
of [**SIPARP was quantified by laser densitometry of the resulting
films and data are expressed as percentage of the maximum cleavage
activity. : : .

Indirect immunofluorescence microscopy and immunoblot analysts.
The details for fixation and staining with rabbit antiserum to human
PARP [6] and guinea pig antiserum to PAR {7] have been described
previously in detail. Antibodies to PARP DBD were derived by immu-
nization of rabbits with a peptide corresponding to amino acids 25
to 41 of human PARP and were a kind gift from Dr. Intisar Husain

.(Glaxo Inc. Research Institute). The specificity of the antisera for




the PARP DBD vs full-length PARP was tested by immunoblot and
immunofluorescence analysis. Both recombinant PARP DBD and
DBD generated by apopain cleavage of PARP in vitro were stained
strongly by this antibody using Western analysis. However, this anti-
peptide antibody possessed negligible reactivity to full-length PARP
in experiments repeated in two independent laboratories, using dif-
ferent cell and tissue extracts.

Osteosarcoma cells were grown on coverslips, fixed as previously
described for antibody staining {7], and then incubated with biotin-
DBD (20 pg/ml) in PBS containing 12% BSA for 4 h at room tempera-
ture. Cells were washed with PBS and then incubated with streptavi-
din conjugated to Texas Red (Life Technologies) diluted 1:800 in PBS
with 12% BSA for { h at room temperature. Cells were then washed
with PBS, mounted, and visualized using a Zeiss immunofluores-
cence microscope. To allow comparisons of relative staining intensi-
ties at different time points during apoptosis, all film exposure times
were identical.

Synthesis and purification of the DNA strand break probe. Clone
pcD12, containing the full-length ¢DNA encoding human PARP in
an Okayama-Berg vector, has been described [18). This clone was
used as a polymerase chain reaction (PCR) template to amplify the
DNA fragment encoding the PARP DBD (PARP aa 1-234, encom-
passing the zinc fingers as well as the nuclear localization signal
KKKSKK), which was then cloned into bacterial protein expression
vector pQE30 (Qiagen).

The PARP DBD fusion protein was expressed in Escherichia coli
and purified to >95% homogeneity in a single step by Ni-resin col-
umn chromatography (Qiagen). SDS—polyacrylamide gel electropho-
resis revealed the size of the fusion protein to be ~30 kDa, consistent
with the predicted molecular mass of the PARP DBD attached to six
histidine residues. The bacterially expressed DBD was renatured
and biotinylated by reaction with biotin N-hydroxysuccinimide ester
at room temperature for 2 h, as recommended by the manufacturer
(Vector Labs). The ability of the PARP DBD to bind to cellular DNA
strand breaks was verified by the use of Hel.a cells treated with
MNNG. The ability of the probe to detect DNA breaks arising during
apoptosis was also confirmed using several serum-starved Burkitt
lymphoma-derived cell lines. Briefly, cells were fixed on coverslips,
incubated with excess biotinylated PARP DBD (~25 pg/ml), and
washed with PBS; strand break-DBD complexes were then detected
utilizing streptavidin-conjugated Texas red. Fluorescence was local-
ized to the nuclei of cells only under apoptotic conditions, when in-
creases in the TUNEL labeling index, nucleosome ladders, and apo-
pain activity were observed. A characterization of this DNA strand
break assay will be described in greater detail elsewhere (18a).

RESULTS

Spontaneous Program of Apopain Activation and Cell
Death in Human Osteosarcoma Cells.

In the previous study on PARP-cleavage activity [13),
we used a human osteosarcoma cell line that undergoes
a “slow,” spontaneous apoptotic death. On reaching
confluency, these cells undergo the morphological and
biochemical changes characteristic of apoptosis, includ-
ing cell shrinkage, membrane blebbing, chromatin con-
densation and fragmentation, and internucleosomal
DNA cleavage. We incubated osteosarcoma cells in cul-
ture for various times, after which DNA was extracted
and resolved on agarose gels as previously described
[13]. The cells achieve confluency after ~6 days under
our culture conditions. Internucleosomal DNA cleavage
became evident around Day 7 and increased until Day
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TABLE 1

Apopain Activity in Human Osteosarcoma
Cells during Apoptosis

Time Apopain aétivity
(days) (% of maximum)

OCWW-a30 0N W
©
D

1

Note. Human osteosarcoma cells were maintained in culture for
the indicated times, after which cytosolic fractions were prepared and
assayed for apopain activity with purified [**SJPARP as substrate
(Materials and Methods). :

10, at which time virtually all of the cells have com-
pleted the death program [13].

By in vitro transcription of the originally isolated
pcD12 clone encoding human PARP [18], and transla-
tion, we produced [**SJmet-labeled PARP as a substrate
with which to assay apopain activity. Cytosolic frac-
tions of cells incubated for various times in culture
were assayed for PARP cleavage activity to confirm
that the proenzyme CPP32 was converted from its la-
tent form during the current experiments (Table 1).
Subsequently, cells from the same cultures were fixed
onto slides for immunofluorescence studies. Consistent
with our previous data [13], PARP cleavage activity
increased with time in culture, reaching 70% of maxi-
mum after 6 days, when the cells achieve confluence,
and 96% shortly thereafter (Table 1).

PAR Is Synthesized Early, but Not Late during
Apoptosis of Human Osteosarcoma Cells

Human osteosarcoma cells grown on coverslips were
incubated for up to 10 days and fixed at daily intervals
for examination of nuclear poly(ADP-ribosyl)ation with
a guinea pig antiserum to PAR. Polymer was not de-
tected after 24 h of culture, indicating the absence of
DNA strand breaks, PARP, or both (Fig. 1). After 2 days
of culture, substantial amounts of PAR, not observed
earlier in this spontaneous apoptosis system, were de-
tected within the nuclei of all attached cells. After 3
days, the nuclei of all attached cells stained intensely

for the PAR. These cells are all viable at this stage,

since ~100% of the cells can be replated at this time
point without undergoing apoptosis. Recently, Neamati
et al. [14] demonstrated large DNA fragments (1 Mb)
and lamin B1 degradation early in apoptosis, prior to
any evidence of internucleosomal cleavage. The in vivo
synthesis of PAR was observed to be markedly reduced
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FIG.1. Time course of poly(ADP-nbosyl)atlon during apoptosis of human osteosarcoma cells. Cells were cultured for 1 to 10 days, fixed,
and subjected to phase-contrast microscopy and immunofluorescence analysis with antibodies to PAR.

after 4 days (Fig. 1). Subsequently, only a faint diffuse
staining pattern was detected, even though we ob-
served the occurrence of substantial DNA fragmenta-
tion during this period [13]. If intact PARP were pres-
ent in cells during these later time points, PAR would
be very elevated and NAD and ATP levels would be
expected to be almost totally depleted, based upon ear-
lier studies [19]. However, high apopain activity ac-
counts for the loss of catalytically active PARP (Table
1; see also below).

To determine whether the time course of this early
nuclear poly(ADP-ribosyl)ation reflected that of PARP
expression, we subjected the cells to immunofluores-
cence analysis with antibodies specific for full-length

PARP. In all subsequent experiments, samples were
analyzed each day throughout the total 10-day period;
representative samples from immediate (Day 1), early
(Day 3), middle (Day 6), and late (Day 10) stages of
apoptosis are shown in all cases. The time course of
PARP expression was similar to that of the synthesis
of PAR, as shown in Fig. 2A. Low levels of PARP were
detected after 1 day in culture, perhaps reflecting a
time lag after cell plating. However, a substantial
amount of PARP was detected in the nuclei of all cells
after 2 days. PARP staining showed a punctate pattern
throughout the nucleus. Staining was more intense in
perinucleolar regions, but was excluded from the
nucleoli. The intensity of PARP staining decreased be-
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FIG. 2. (A) Time course of PARP vs PAR levels during apoptosis of human osteosarcoma cells. Cells were cultured for the indicated
times, fixed, and stained with antibodies to PARP (left) or to PAR (right). (B) Time course of PARP expression and cleavage during apoptosis
of human osteosarcoma cells. Cells were cultured for the indicated times. Total cell extracts containing equal amounts of protein (20 ug)
were subjected to immunoblot analysis with rabbit antiserum recognizing both the full-length (116 kDa) and the 89-kDa cleavage product
of PARP. Cells from Days 1-6 were predominantly attached, while most cells after this time were already detached.

tween Days 3 and 10, although weak staining was still
apparent at 10 days. Using the same immunological
staining procedure with the same PAR antisera, we
recently showed extensive fluorescence of cells exposed
to MNNG:; it was also demonstrated that PARP-de-
pleted cells (following PARP antisense expression) did
not react with either anti-PARP or auti-PAR after
MNNG treatment [7]. These observations suggest that
the initial catalytic activation of PARP (Days 2-3; Fig.
2A) may be coincident with its expression in apoptotic
osteosarcoma cells. To help rule out other possibilities
(e.g., PARP is present, but not recognized by the anti-

sera used at this stage), total cellular protein was ex-
tracted at different time points and subjected to immu-
noblot analysis, using a different anti-PARP antibody
that recognizes both the full-length PARP (116 kDa)
- and the 89-kDa cleavage product. Extracts were de-
rived from both attached cells (which were in the major-
ity from Day 1 to Day 6) and detached cells (predomi-
nant from Day 7 to Day 10). Figure 2B shows that only
a small quantity of PARP is present at Day 1, which
-increases significantly (~10-fold) up to Days 3—4 and
_decreases thereafter. Immunoblot analysis with this
~ particular antibody also reveals that PARP proteolysis
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FIG. 3. Specificity of anti-PARP and anti-PARP N-terminal anti-
bodies. Total cell extracts containing equal amounts of protein (20
ug) from mouse 3T3 cells, HeLa, and mouse liver, as well as 10 ng
of purified recombinant PARP DBD, were subjected to immunoblot
analysis with rabbit antisera either to human full-length PARP (A)
or to a peptide (amino acid residues 25-41) within the PARP 24-
kDa cleavage product (B). Immunoreactivity was visualized using
horseradish peroxidase-conjugated anti-rabbit antibodies and ECL.

in vivo also yields the characteristic 89-kDa cleavage
product which increases with time (Fig. 2B, lanes 4—
6). The early detection of both PARP and PAR supports
the idea that nuclear disruption involving strand
breaks may be present in the earliest stages of
apoptosis [14], before morphological changes and the
appearance of the characteristic nucleosome ladder.

Generation of a 24-kDa PARP Cleavage Product
during Apoptosis of Human Osteosarcoma Cells

The transient nature of the appearance of both PARP
and PAR during apoptosis of human osteosarcoma cells
suggests that these molecules are degraded or altered
in these cells. The half-life of PAR within the nucleus
is short, on the order of 1 min, which is primarily attrib-
utable to the action of the degradative enzyme poly(-
ADP-ribose) glycohydrolase [2, 20]. PARP is also de-
graded (Table 1) during programmed cell death [12, 13,
16]. Using in vitro assays, we showed that PARP is
cleaved by apopain into an NH,-terminal 24-kDa frag-
ment encompassing the DBD and a COOH-terminal
89-kDa fragment containing the automodification and
catalytic domains. To confirm that this cleavage also
occurs in intact cells, we subjected human osteosar-
coma cells to immunofluorescence analysis with anti-
bodies generated against a peptide corresponding to
the DBD of PARP. The specificities of the anti-DBD
and anti-PARP antisera were compared by immunoblot
analysis of extracts of mouse 3T3 cells, mouse liver,
and HeLa cells, as well as with purified recombinant
DBD (Fig. 3). The antipeptide antibodies had high titer
to the DBD of PARP but not full-length PARP (Fig.
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3B; see also Materials and Methods), whereas the anti- -
PARP antibodies primarily recognized the full-length
human PARP protein in HeLa cells (Fig. 3A). The fail-
ure of the antipeptide antibody to recognize full-length
PARP in immunoblots was consistently observed and
may be related to differences in conformation of the
DBD and full-length PARP (see Discussion). The fail-
ure of either the anti-DBD or the anti-human PARP to
recognize mouse PARP (Fig. 3, lanes 1 and 4), even
though mouse and human PARP are 85% homologous,
further illustrates the (unexpected) specificities of
these antibodies. As with the other markers, samples
were analyzed each day throughout the total 10-day
period; samples from immediate (Day 1), early (Day 3),
middle (Day 6), and late (Day 10) stages of apoptosis
are shown in Fig. 4. Immunofluorescence analysis de-
tected the PARP DBD in human osteosarcoma cells
only after 6 to 7 days in culture (Fig. 4), a time at which
the abundance of both PARP and PAR is decreasing
(Fig. 2A), PARP-cleavage activity is increasing (Table
1), and internucleosomal DNA cleavage is present [13].
The pattern of staining for the DBD also differed mark-
edly from that of full-length PARP. Whereas PARP
staining was present throughout the nucleus, the DBD
showed a more localized punctate pattern in the region

of the nucleolus and throughout the nucleus-disrupted
cytoplasm.

DNA Strand Breaks and PAR Status during Late
Apoptosis in Intact Cells

Using newly developed methodology (Materials and
Methods), we assessed the levels of DNA strand breaks
in the fixed intact cells by staining the human osteosar-
coma cells with the biotinylated PARP DBD, followed
by Texas red-conjugated streptavidin (18a). Samples
from immediate (Day 1), early (Day 3), middle (Day 6),
and late (Day 10) stages of apoptosis are shown in Fig.
4 (although samples were analyzed each day through-
out the total 10-day period). By Day 10 the nuclei of
many cells stained intensely. Significant internucleoso-
mal DNA breaks were also detected from Day 6 to Day
9 (Fig. 4; and [13]). Nuclear fluorescence was not detect-
able at Day 1; however, a low level of staining, consis-
tent with a small number of DNA strand breaks, was
observed at Day 3, when PAR synthesis was most abun-
dant (Fig. 2A) and apopain activity was only 15% of
the maximum (Table 1).

Taken together, the new immunofluorescence data
further show that both detectable protein amount and
catalytic activation of PARP appear early in osteosar-
coma cell growth (Figs. 1, 2A, and 2B), while the cleav-
age of PARP and the accumulation of a large number
of DNA strand breaks (Figs. 2B, 3, and 4) confirm our
earlier in vitro results by showing in intact cells that
these events occur later in the process. They also con-
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FIG. 4. Time course of staining of human osteosarcoma cells during apoptosis for the 24-kDa cleavage product of PARP (leﬁ:) or the
presence of DNA strand breaks using biotinylated recombinant PARP DBD (right).

firm, in the context of the intact cell, that poly(ADP-
ribosyl)ation is not associated with the late stages of
. apoptosis.

DISCUSSION

The current study shows for the first time, in intact
cells, that PAR is synthesized in all cells prior to the
commitment to apoptosis. We have also shown that
very little PAR is synthesized, hence sparing NAD and
ATP, in the later stages of apoptosis, in spite of the

massive DNA fragmentation that occurs. Recent stud-
ies have indicated that cleavage of PARP by the prote-
ase apopain occurs during programmed cell death {12,
13). Thus, we showed that a peptide inhibitor of this
protease prevents both the cleavage and the inactiva-
tion of PARP and apoptotic events in vitro [13]. Our
present data support and extend these earlier observa-
tions by suggesting that PARP cleavage may be a nec-
essary event in the later stages of apoptosis in intact
cells. Poly(ADP-ribosyl)ation is important in a variety
of nuclear processes, including DNA repair, DNA repli-
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cation, recombination, and cellular differentiation, all
of which require cleavage and rejoining of DNA
strands.

Past studies of the role of PARP in nuclear processes
have relied largely on the employment of chemical in-
hibitors of PARP, whose usefulness may be somewhat
limited because of a lack of specificity and their conse-
quent unrelated effects on other biological processes
[23-25]. Adopting a more specific approach, we have
established and characterized several mammalian cell
lines, including HeLa cells [6], keratinocytes [7], and
3T3-L1 preadipocytes [8], that are stably transfected
with PARP antisense ¢cDNA under the control of an
inducible promoter. Induction of PARP antisense RNA
in these cells results in depletion of endogenous PARP
protein and activity and has revealed that the lack of
PARP and hence poly(ADP-ribosyl)ation inhibits the
initial rate of DNA repair in HeLla cells [6]. Survival
after exposure to DNA-damaging agents is reduced,
chromatin structure is altered, and gene amplification
is increased in PARP-depleted cells [9). Wang et al.
[10] recently showed that knock-out mice lacking PARP.
protein and activity are viable and fertile; on the other
hand, PARP-deficient fibroblasts derived from these
mice exhibited proliferation deficiencies in culture,
while PARP-minus thymocytes showed a delayed re-
covery following exposure to gamma irradiation. Ap-
parently, isolated cells and specialized systems may
show more subtle effects due to the lack of PARP which
are not evident in intact animals.

Because the catalytic activation of PARP is abso-
lutely dependent on DNA strand breaks, our observa-
tion of a substantial amount of PARP expression and
nuclear poly(ADP-ribosyl)ation 2 to 3 days into the
apoptosis program of human osteosarcoma cells (Fig.
2A) confirms the presence of large (1 Mb) chromatin
fragments at this early stage as described by Neamati
et al. [14] and suggests a potential role for PAR synthe-
sis and/or NAD depletion early in apoptosis. Previous
studies with cells that undergo more rapid apoptosis
have revealed a marked decrease in NAD concentration
in the early stages of death followed by a recovery prior
to the appearance of internucleosomal DNA cleavage
[26]. The increase in PARP and PAR in human osteo-
sarcoma cells occurs prior to a commitment to cell
death; the cultures are less than 50% confluent at this
stage and have a plating efficiency near 100%. Further-
more, no obvious morphological characteristics of
apoptosis, such as nuclear condensation and cell
shrinkage, are apparent at this early stage. Minimal
DNA strand breaks were detected (Fig. 4). Thus, it is
possible that the extent of catalytic activation of PARP
at this critical time reflects the decision to live or die.
Indeed, exposure of cells to chemical inhibitors of PARP
at this time, but not later, can stave off the death pro-
gram [26]. This early reversible time period of PARP

ROSENTHAL ET AL.

expression may be similar to that described in other
studies [14] when the initial events of nuclear break-
down are occurring and poly(ADP-ribosylation may
play an accessory role in these early nuclear changes.
This topic, accordingly, is under current investigation.

PARP cleavage begins early and maximizes at a later
stage of apoptosis, as revealed by the accumulation of
the 24-kDa fragment of the enzyme after 6 days in
culture as well as by the increase in in vitro PARP
cleavage activity during this same time period. The in
vitro activity of apopain was shown earlier to be inhib-
ited by the peptide active site aldehyde Ac-DEVD-CHO
with a K; of inhibition of <1 nM, making this among
the most potent peptide aldehydes known for inhibiting
a protease. This inhibitor totally repressed apoptosis in
an in vitro isolated nuclear apoptosis system incubated
with extracts containing PARP cleavage activity from
Day 7 of a typical experiment and subsequently was
also shown to be able to inhibit protease activity and
apoptosis when added to intact osteosarcoma cells un-
dergoing apoptosis [13].

We showed that the antibodies used to detect the 24-
kDa N-terminal fragment of PARP had negligible, if
any, affinity for the full-length PARP protein. The spec-
ificity of this antisera for the N-terminal region of
PARP was confirmed by four lines of evidence. First,
this antibody recognizes both recombinant PARP DBD
(Fig. 3B) and the homologous 24-kDa fragment gener-
ated by apopain cleavage of PARP in vitro by immu-
noblot analysis (not shown). Second, perhaps related
to partial renaturation of full-length PARP into a struc-
ture that is not recognized by this anti-peptide anti-
sera, the antibody also did not recognize full-length
PARP by immunoblot analysis in repeated experiments
using extracts from different cells and tissues (Fig. 3B).
Other investigators have also observed that certain an-
tisera can recognize peptide fragments of proteins, in-
cluding PARP, but not even the full-length protein it-
self can be recognized by Western analysis [27, 28].
Third, the antibody failed to recognize full-length
PARP in the nuclei of control cells, or early apoptotic
cells, as determined by indirect immunofluorescence
(compare Fig. 2A, Day 3 vs Fig. 4, Day 3). Fourth, dur-
ing the middle and later stages of apoptosis, the pattern
of staining using the N-terminal-specific antibody (Fig.
4, left column) differed markedly from that obtained
when using anti-PARP (Fig. 24, left column), indicat-
ing that these antibodies do not cross-react.

The accumulation of the PARP cleavage product in
intact cells was accompanied by the reduction of both
intact PARP and PAR in the nuclei of cells between
Days 4 and 10. The appearance of the 24-kDa cleavage
product of PARP was also detected by immunoblot
analysis of protein extracts of cells at the later stages
of apoptosis (data not shown). In contrast with the lack
of extensive synthesis of polymer, the appearance of
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the PARP cleavage product coincided with the appear-
ance of DNA strand breaks, as revealed by internucleo-
somal DNA cleavage [13] and fluorescence microscopy
with a new marker of DNA breaks (Fig. 4). Our data
indicate that the cleavage product localized to regions
of heterochromatin, which presumably contain the ma-
jority of the DNA strand breaks as determined by ter-
minal transferase labeling techniques [29].

Together, our results show with individual, intact
cells that PARP cleavage and inactivation, the concomi-
tant loss of poly(ADP-ribosylation of target proteins
and, hence, the maintenance of adequate cellular pools
of NAD and ATP appear to be characteristic of later
stages of apoptosis during which cells become irrevers-
ibly committed to death.
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The ‘high risk’ human papillomaviruses are associated
with the development of anogenital carcinomas and their
E6 and E7 genes possess immortalizing and transforming
functions in several in vitro culture systems. Recently the
E6 gene has also been shown to enhance the apoptosis of
human mammary epithelial cells. To determine the
apoptotic activity of these oncogenes in the natural host
cell, we infected genital keratinocytes with retroviruses
expressing either HPV-16 E6, E7, or both the E6 and E7
(E6/7) genes. Apoptosis was quantitated under normal
growth conditions or when induced by tumor necrosis
factor «/cycloheximide or sulfur mustard. In contrast to
previous findings with mammary epithelial cells, the E6
gene did not significantly augment either spontaneous or
induced apoptosis. E6 also did not suppress apoptosis in
normal keratinocytes (despite dramatically reducing their
p53 levels), suggesting that p53-independent events
mediated this effect. In contrast, E7 increased both
spontaneous and induced apoptosis as well as the cellular
levels of p53 and p21 protein. Interestingly, co-
expression of E6 abrogated E7-facilitated apoptosis by
tumor necrosis factor o nearly completely, but had only a
minor protective effect on sulfur mustard induced
apoptosis in these cells, demonstrating at least in part
the p53-dependence and -independence of these two
apoptotic pathways. Finally, our results indicate that
the apoptosis of normal and E7-expressing keratinocytes
is differentially affected by E6 expression and that E7,
when unaccompanied by E6, sensitizes keratinocytes to
apoptosis.

Keywords: HPV E6 and E7 oncogenes; apoptosis; p53;
primary keratinocytes; extended life span

Introduction

Human papillomaviruses (HPV) infect and replicate in
stratified squamous epithelia at specific anatomic sites
and induce a concomitant hyperplasia of the infected
tissues (de Villiers, 1989). A subgroup of the HPV’s
infecting the genital mucosa are the ‘high-risk” human
papillomaviruses (e.g. HPV-16 and -18) which are
strongly associated with the malignant conversions of
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anogenital tract lesions (zur Hausen, 1991). The E6
and E7 genes of the ‘high-risk” HPV’s are sesponsible
for the transforming/immortalizing activity of the viral
genome (Mansur and Androphy, 1993; Stéppler et al.,
1994). For example, the co-expression of the E6 or E7
gene with an activated oncogene (e.g. ras) leads to
immortalization of primary rodent cells (Chesters and
McCance, 1989; Crook et al., 1991a; Liu et al., 1994,
Peacock er al., 1990; Phelps er al., 1988; Storey and
Banks. 1993; Storey er al., 1988). The expression of
either the E6 or E7 genes is also sufficient to transform
immortalized rodent cells (Bedell ef al., 1989; Kanda et
al., 1988; Sedman er al., 1991; Tanaka er al., 1989,
Vousden er al., 1988). Finally, the combined expression
of E6 and E7 efficiently immortalizes primary human
keratinocytes (Barbosa and Schlegel, 1989; Hawley-
Nelson ef al., 1989; Hudson et al., 1990; Miinger ef al.,
1989; Sedman er al., 1991), although it does not induce
directly the tumorigenic phenotype. Additional cellular
genetic changes appear requisite for malignant progres-
sion.

The oncogenic properties of E6 and E7 viral proteins
correlate with their ability to interfere respectively with
the functions of two cellular tumor suppressor
proteins, p53 (Huibregtse et al., 1991, 1993; Scheffner
et al., 1990, 1992) and Rb (or Rb-related proteins)
(Davies et al., 1993; Dyson et al., 1989, 1992). Thus,
the oncogenic activity of ‘high risk’ E7 proteins is at
least partly due to its interference with Rb/E2F
interactions and the consequent loss of cell cycle
control functions of the Rb protein (Goodrich and
Lee, 1993). Similarly, the transforming activity of E6
appears partly due to its ability to target pS3 protein
for ubiquitination and consequent degradation (Crook
et al., 1991b; Goodrich and Lee, 1993; Hubbert et al.,
1992; Huibregtse et al., 1991, 1993; Li and Coffino,
1996; Scheftner er al., 1990, 1992; Werness et al., 1990).
However, since E6 proteins which are unable to target
p33 for degradation have a weak immortalizing activity
(Band et al, 1993), it is possible that there is an
additional cellular target(s) for the E6 protein.
Recently two additional E6-associated proteins, E6-
BP (Chen et al., 1995) and paxillin (Tong and Howley,
1997), have been discovered which may play a role in
cellular transformation. Furthermore, the expression of
high risk E6 proteins in primary keratinocytes increases
telomerase activity prior to cell immortalization.
Normally, telomerase activity is lost in keratinocytes
prior to cell senescence (Klingelhutz et al, 1996;
Stéopler et al.. 1997).
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The p53 degradation functions of the E6é proteins
are necessary for the efficient immortalization of
mammary epithelial cells (MEC) (Band et al., 1990,
1991; Dalal er al., 1996; Wazer ef al., 1995) and human
kidney cells (Nakagawa et al., 1995). However, despite
the loss of p53 protein in E6-immortalized mammary
epithelial cells. there is an increased sensitivity to the
induction of apoptosis (Xu er al,, 1995). In direct
contrast, the expression of E6 in transformed cells
increases the resistance to the induction of apoptosis
(Xu et al., 1995; Thomas er al., 1996; Hickman et al.,
1997). The influence of an E6 or E7 expression on
apoptosis has been further analysed in the lens
morphogenesis of transgenic mice expressing E6, E7
or E6 and E7 (Pan and Griep, 1994, 1995). E6
expression inhibits apoptotic events necessary for the
normal development of the eye, whereas E7 transgenic
mice demonstrate spatially inappropriate cell prolifera-
tion and apoptosis during lens development.

To determine the effects of a HPV-16 E6 or E7
expression on the apoptosis of the natural host cell, the
genital keratinocyte, we used retroviruses expressing
the E6, E7, or E6 plus E7 (E6/7) genes. Foreskin
keratinocytes transduced with any of these recombi-
nant retroviruses exhibit an ‘extended life span’,
compared to keratinocytes infected with contro]
retrovirus (Klingelhutz er al,, 1994, 1996; Stoppler et
al., 1997). ‘Extended life span’ cells have not yet
undergone an immortalization (M2) crisis, which
allows the analysis of effects of viral gene expression
independently from the immortalization event. When
HPV oncogene transduced cells were evaluated for
apoptosis induced by either TNF o or sulfur mustard,
E6-transduced cells showed a slight increase in
comparison to control cells whereas E7-transduced
cells showed a 5-10-fold increase in apoptotic
signaling. Cells transduced with E6/7 showed either a
slight increase in apoptotic response in comparison to
control cells or an intermediate apoptotic response
between that of control cells and E7 transduced cells,
depending upon the agent used for inducing apoptosis.
E7 was also able to enhance spontaneous apoptosis in
keratinocytes, although the effect was less pronounced
than that observed during induced apoptosis.

Results

Induction of an ‘extended life span’ in primary human
keratinocytes

Primary human foreskin keratinocytes, which possess
a limited life span in vitro and can be passaged only
10-12 times (equivalent to 50—60 population dou-
blings) prior to senescence, were infected with
recombinant retroviruses encoding E6, E7, or E6/7
genes as well as the neomycin resistance gene. The
cells were then selected in G418 and analysed for their
sensitivity to apoptosis. The cells could be cultured for
at least twenty passages, indicating that they had an
‘extended life span’ and had bypassed M1 crisis (the
point at which control-transduced cells ceased cell
division (Klingelhutz et al, 1994; Stoppler et al.,
1997). These cells, however, had not bypassed M2
crisis (cell immortalization) (Shay er al., 1991; Wright
et al  19R9) and conld not routinelv he estahliched

into cell lines. All evaluations of apoptosis were
performed on these non-immortalized, post M1 crisis
cells.

E7-transduced keratinocytes exhibit the highest levels of
sponlaneous apoplosis

The percentage of apoptotic cells in post M1 crisis
cultures of primary keratinocytes was evaluated by
both morphological and biochemical methods. Figure
1 demonstrates an in siru DNA-labeling of fragmented
DNA of confluent, primary epithelial cells infected
with the control (LXSN), E6, E7, or E6/7 retroviruses.
This staining technique visualizes cells with nicked
chromosomal DNA, a hallmark of apoptotic cells. E7-
expressing cells showed the highest level of nuclear
staining, indicating a greater degree of DNA break-
age. Control transduced cells showed the lowest levels
of staining.

The in situ DNA labeling results were confirmed by
staining these same keratinocyte strains with bisbenzi-
mide (Hoechst 33258) to detect chromatin condensa-
tion and fragmentation in the nuclei of apoptotic cells.
Figure 2 summarizes the results of three independent
experiments in which the percentage of apoptotic cells
was quantitated. Approximately 1.5-2.0% of the E7-
expressing cells were spontanecously apoptotic, in
contrast to 0.5% of control cells. An intermediate
apoptosis rate (1%) was observed in E6 or E6/7 cells.
The overlap in experimental values between E6 and
E6/7 expressing cells precluded making definitive
conclusions regarding the differences in the activities
of these constructs.

E7 E6/7

Figure 1 In situ labeling of fragmented DNA is highest in the
nuclei of E7-transduced keratinocytes. Keratinocytes were
transduced with retroviruses expressing either the empty vector,
LXSN, or the HPV-16 E6, E7, or E6/7 genes. Spontaneous
keratinocyte apoptosis during growth in culture medium was
monitored by in siru DNA labeling of fragmented DNA (see
Materials and methods) in which staining of the nucleus is an
indicator of DNA breakage. The highest number of in situ DNA-
labeled nuclei was observed in E7-expressing cells whereas the
nuclei of vector- and E6-transduced were nearly completely
negative. Cells transduced with E6/7 showed an intermediate
number of positive nuclei. The small spots in E6/7-expressing cells

are artifacts of the staining procedure. Microscopic magnification
1NN ..




TNF ajcvcloheximide treatment augments the
apopiotic-inducing activity of E7

In an effort to amplify the apoptotic signal in the
transduced keratinocytes and to better differentiate
between control and transduced cells, we utilized a
well-characterized inducer of apoptosis, TNF a.
Primary keratinocytes were treated with 10 ng/ml
TNF o and 30 pg/ml cycloheximide and then assayed
for apoptotic cells by staining with bisbenzimide as
described in the legend of Figure 3a. Qualitatively, E7-
transduced cells showed the highest percentage of
apoptotic nuclei. When the staining was quantitated
(Figure 3b), approximately 1.0% of the TNF o-treated
control cells were apoptotic, representing a twofold
increase compared to the spontaneous rate (0.5%).
Primary keratinocytes were relatively resistant to this
induction procedure. In contrast. TNF « induced 12%
of the E7-expressing keratinocytes to undergo
apoptosis, indicating that E7 had preferentially
sensitized these cells. There was now a 12-fold
difference in apoptosis between control and E7-
transduced «cells. E6- and E6/7-transduced cells
showed only minimal induction of apoptosis by
TNF o (2-3-fold).

A cell death ELISA confirms the sensitization of
E7-transduced cells to apoptosis

To validate the morphologic increase of apoptosis in
E7-transduced keratinocytes, we performed an ELISA
technique (see Materials and methods) to quantitate
the amount of histone/DNA f{ragment complexes
which are present in the cytoplasm of apoptotic cells
(Figure 4). This independent assay confirmed that E7-
transduced keratinocytes were more sensitive (in this
case, eightfold) to TNF a-induced apoptosis than
control cells. As previously shown in Figure 3, the co-
expression of E6 reduced E7-induced apoptotic
sensitivity in E6/7-transduced cells close to the levels
of E6 cells. The values for apoptosis in non-induced

-

% Apoptosis

HFK E6 E7 E6/7
cell strains

Figure 2 E7-transduced keratinocytes display increased nuclear
fragmentation. The spontaneous rate of apoptosis in subcon-
fluent, transduced keratinocytes was analysed in three separate
experiments utilizing bisbenzimide (Hoechst 33258) staining (see
Materials and methods) to detect the nuclear fragmentation
characteristic of apoptosis. In each experiment 300 cells were
counted and evaluated for nuclear changes (e.g. Figure 3). Bars
indicate the standard error of the mean
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control cells were near the limit of experimental
detection and, although no reliable conclusion can
be made with respect to quantitative differences, cells
expressing the E7 and E6/7 genes showed a slight
ncrease in apoptosis in comparison to E6 or control
cells in this assay.

Keratinocvies sensitized to apoptosis by E7 contain
increased amounts of p53 and p21 protein

To determine whether there was any correlation
between the apoptotic sensitivity of the transduced
keratinocytes and their expression of p53 protein, a
regulator of cellular apoptosis, we screened the above
cell strains by Western blotting analysis using a p53-
specific monoclonal antibody (Figure 5). The expres-
sion of E6 or E6/7 induced a dramatic decrease in p53
levels, a finding which is consistent with, the known

10 —

S

% Apoptosi

HFK E6 E7 E6/7
cell strains

Figure 3 TNF ao/cycloheximide treatment augments E7-facili-
tated apoptosis. (a) Keratinocytes transduced with vector (HFK),
Eé6, E7, and E6/7 were treated for 6 h with TNF a/cycloheximide
(see Materials and methods) and then fixed with methanol and
stained with bisbenzimide (Hoechst 33258). Characteristic
apoptotic changes of chromatin condensation and nuclear
fragmentation were observed in a portion of the cell nuclei. E7-
expressing cells demonstrated the most prominent degree of
nuclear fragmentation. Microscopic magnification 400 x . (b) For
quantitation, 300 cells were counted and evaluated for nuclear
morphological evidence of apoptosis. The percentage of apoptotic
nuclei for each of the keratinocyte strains is indicated and the bar
indicates the standard error of the mean for three independent
exneriments
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ability of E6 to target pS53 for ubiquitination and
degradation. In marked contrast, E7-transduced cells
with an ‘extended life span’ showed increased amounts
of p53 protein, which is in agreement with the
previous finding of elevated steady state p53 levels in
cells immortalized by E7 (Demers et al., 1994).

To determine whether the increase in p53 had
functional consequences, we evaluated the expression

o
@
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~
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N

E6/7

_

o | IR - B

cell strains

[l (-} TNF/cycloheximide B (+)TNF/cycloheximide |

Figure 4 A cell death ELISA confirms that TNF a/cyclohex-
imide treatment enhances the apoptosis of E7-transduced
keratinocytes. Cytoplasmic extracts of untreated and TNF «/
cycloheximide-treated keratinocytes were prepared as described in
Materials and methods. An ELISA technique was used to
quantitate the amount of histone/DNA fragment complexes
present in the cytoplasm, an independent indicator of apoptotic
change. Similar to the morphological findings in Figure 3, the
ELISA demonstrated that TNF a-treated, E7-transduced
keratinocytes displayed the highest level of apoptosis

E6/7

~a— p53

29 kD -

29 kD -

18 XD P ~&-p21
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Figure 5 E7-transduced keratinocytes have elevated levels of p53
and p21 protein. The expression of p53 and p2l in control
primary keratinocytes and HPV-16 E6, E7 and E6/7 transduced
primary keratinocytes was analysed by Western blot using 50 ug
of whole protein cell extract (see Materials and methods). The
steady state level of p53 was elevated in E7-expressing cells in
comparison to vector-transduced keratinocytes. Little or no p53
protein was detected in the E6 or E6/7 transducéd cells. The
increased steady state level of p53 in E7-expressing cells correlated
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of a cell regulatory protein, p21. which is normally up-
regulated at the transcriptional level by p53 (El-Deiry
et al., 1993, 1994). p21 protein was increased in E7-
transduced cells (high p53) and decreased in E6- or E6/
T-expressing cells (low p53), although the decrease of
p21 in E6-expressing cells was not as profound as the
loss of cellular pS3 (Figure 5). Regardless, it is
apparent that the increase in cellular p33 in E7-
transduced cells was biologically functional.

Sulfur mustard further increases keratinocyte apoptosis,
permitting the detection of poly(ADP-ribose)polymerase
(PARP) breakdown

Treatment of keratinocytes by TNF « cycloheximide
induced an apoptosis rate of approximately 12%.
However, these levels were insufficient to detect the
apoptotic-specific breakdown of poly(ADP-ribose)
polymerase (PARP) through the ICE like protease,
caspase (also known as ‘apopain’). Caspase-3 appears
to be a converging point for distinct apoptotic
pathways (Nicholson et al., 1995) and, in an number
of analysed systems, caspase-3 cleaves key proteins
involved in the structure and integrity of the cell,
including PARP. We treated transduced keratinocytes
with sulfur mustard in order to induce a higher rate of
apoptosis in these cells (Dabrowska er al., 1996;
Rosenthal er al, 1998) and thereby allow us to
determine whether the caspase pathway was activated
during E7-augmented apoptosis. Preliminary studies
showed that the treatment of the cells with 50 um
sulfur mustard was sufficient to induce apoptosis (by
bisbenzimide staining) in 40% of the E7-transduced
cells (data not shown). Protein extracts of sulfur
mustard treated cells were evaluated for their ability
to cleave the 116 kD PARP protein to an 89 kD
product (Figure 6a). Control cells and E6-transduced
keratinocytes demonstrated the weakest response; in
each case approximately 3% of PARP (measured with
a Phos-phorimager; see Materials and methods) was
cleaved following treatment with 50 uM sulfur mustard
(Figure 6b). E7-transduced cells, however, cleaved
approximately 24% of PARP and E6/7-expressing
cells showed a somewhat lower conversion (20%).
Treatment of the cells with 100 uM sulfur mustard
increased the apoptotic breakdown of PARP in
primary keratinocytes and Eé6-expressing cells to
approximately 12%, while E7- and E6/7-expressing
cells demonstrated no further increase in PARP
breakdown.

Discussion

In the current study, we analysed the effects of
expressing the E6 and E7 oncogenes (alone or
together) on the rate of spontaneous and induced
apoptosis in the natural host cell for HPV-16, the
genital keratinocyte. In contrast to previous studies
with mammary epithelial cells (Xu er al., 1995), the E6
gene had only a minor effect on cellular apoptosis.
Rather, the E7 gene was found to strongly sensitize
keratinocytes to apoptosis, despite the observation that
this gene can independently, but infrequently, immor-
talize keratinocytes (Halbert er al., 1991). There are
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level; the interaction of E7 with Rb appears not only
responsible for the transforming and immortalizing
activity of E7, but it might also be responsible for cell
sensitization to apoptosis. E7 is known to uncouple
E2F function from Rb regulation, and a deregulated
E2F activity has been shown to induce apoptosis (Qin
et al., 1994; Shan and Lee, 1994; Wu and Levine, 1994)
in 32D.3 cells, apparently by a pS3-independent
mechanism (Hiebert et al., 1995).

The observed sensitization to apoptosis in the E7-
transduced cells is in agreement with the effect of E7
expression on the lens development in transgenic mice
(Pan and Griep, 1994, 1995). E7 expression in the
murine lens, in which apoptosis is necessary for an
orderly development of the eye during embryogenesis,

sulfur mustard

% PARP breakdown

HFK T E6 E7 E6/7
cell strains

Ll 0.05 mM sulfur mustard §0.10 mM sulfur mustard‘

Figure 6 Sulfur mustard-induced apoptosis is enhanced by both
E7 and E6/7 and is accompanied by PARP cleavage. (a) The
keratinocyte strains described in the previous figures were treated
with 50 or 100 um sulfur mustard for 24 h. Cytoplasmic extracts
were then prepared and assayed for apopain activity using
[P°SIJPARP as a substrate (see Materials and methods). Full-
length PARP (119 kD) can be visualized in all lanes. The 89 kD
PARP cleavage product is readily detected in cells expressing E7
following treatment with 50 uM sulfur mustard. (b) Quantitative
autoradiography of the above experiment was performed with a
phosphorimage analyser and evaluated for the conversion of the
119 to the 89 kD form of PARP. Both the E7- and E6/7-
transduced keratinocytes displayed increased apopain cleavage
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leads to spatially inappropriate cell proliferation and
apoptosis. The cell proliferation and apoptotic effects
of E7 on murine lens development correlate with its
known extension of life span (Klingelhutz et al., 1994;
Stoppler et al., 1997) as well as its apoptosis sensitizing
activity (current study).

The E6 and E6/7-dependent induction of the
‘extended life span’ in primary keratinocytes was also
accompanied by a slight increase in spontaneous
apoptosis in comparison to the non HPV gene
expressing control cells. Interestingly, even the expres-
sion of E6 alone in these cells, which led to a drastic
reduction in cellular p53 levels, was unable to protect
the keratinocytes from a higher rate (about twofold) of
spontaneous apoptosis in comparison to the control
cells. A similar effect was observed in E6-transduced
cells following the induction of apoptosis by TNF «.
The increased rate of apoptosis in E6 expressing cells
together with the drastic decrease of p53 levels in these
cells suggests that keratinocytes are able to undergo, at
least in part, a p53 independent apoptosis. The
inability of E6 to inhibit, or at least reduce, the
apoptotic rate of primary control keratinocytes is in
contrast with the observed ability of E6 to inhibit p53
dependent and independent apoptosis events in the
transgenic mouse lens (Pan and Griep, 1994, 1995).

When expressed alone, E7 induced p53 expression in
post M1 crisis (‘extended life span’) cells in comparison
to control cells. The increase in p53 levels subsequent
to E7 expression has been described previously in
epithelial cells (Demers et al., 1994), and in our study
the elevated levels of p53 were accompanied by an
increase in p21 protein, a downstream target of p53. It
is probable that the overexpression of p53 plays a role
in E7-induced apoptosis as it does in other systems
(Gottlieb and Oren, 1996) and that the reduction of
apoptosis in E6/7-transduced cells (either spontaneous
or TNF a-induced) is a consequence of degradation of
cellular p53 protein by E6 as observed in other cell
types (Thomas et al., 1996; Yu et al., 1997). Never-
theless the observation that E6/7-transduced primary
human keratinocytes demonstrated slightly higher
levels of spontaneous and TNF «-induced apoptosis
than control cells, suggested that the E6 expression in
E6/7 transduced cells could not fully counteract the E7
induced apoptotic effects. This was most obvious when
using a stronger inducer of apoptosis, sulfur mustard.
Sulfur mustard-induced E6/7 cells clearly demonstrated

a significantly higher apoptotic rate than E6 expressing

cells, which was intermediate between the apoptotic
rates of E6 and E7 cells.- The simplest explanation for
these opposite phenotypes induced by TNF « and
sulfur mustard is . the hypothesis that® the apoptotic
pathways used are at least in part p53-dependent and
-independent mechanisms, respectively.©

It is possible that the apoptotic-tempering effects of
E6 on E7 may explain the synergistic interactions
between these two genes for mediating cell immorta-
lization. By reducing E7-induced apoptosis, E6 would
facilitate the progression of a greater number of cells

from the M1 ‘extended life span’ phase of cell growth”

to the M2 phase of cell immortalization crisis. The
frequency of cell immortalization would thereby be
increased.

In contrast to our current studies with pre-
immaortalized keratinacvtee 1t annearce that immarta.
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lized keratinocytes (expressing the E6/E7 genes) are
resistant to some effects of TNF « (Villa er al., 1992).
For example, while primary keratinocytes are sensitive
to TNF-mediated growth inhibition, HPV-16- or HPV-
18-immortalized keratinocytes are resistant, with HPV-
18 cells being the most resistant. Evidently there are
additional genetic or epigenetic alterations which occur
during immortalization which render keratinocytes less
sensitive to the effects of TNF. However, as shown in
the current study, pre-immortal cells expressing E6/E7
still retain their sensitivity to TNF-induced apoptosis.

Materials and methods

Cell culture

Primary human keratinocytes were derived from neonatal
foreskins as described and grown in KSF medium (Life
Technologies Inc., Rockville, Maryland, USA) supplemen-
ted with gentamycin. The primary cells were infected with
derivatives of the amphotropic LXSN retrovirus expressing
the various HPV-16 open reading frames (E6, E7, or E6 plus
E7). The retroviruses were generated as described (Miller
and Rosman, 1989) using existing recombinant vectors
(Sherman and Schlegel, 1996). Retrovirus-infected cells
were selected in G418 (100 ug/ml medium) for 10 days.
G418- resistant colonies were pooled from each transduc-
tion and passed every 3—4 days (ratio of 1:5).

TNF afcycloheximide treatment

The various cells strains were trypsinized 24 h before the
induction of apoptosis and passaged at equal cell densities.
Twenty-four hours after passaging, cells were treated for 6 h
with medium containing 10 ng/ml TNF a (human recombi-
nant expressed in yeast, Sigma) and 30 ug/ml cycloheximide
(Sigma) in tissue culture medium.

Sulfur mustard treatment

Sulfur mustard (bis-(2-chloroethyl)sulfide; >98% purity)
was obtained from the US Army Edgewood Research,
Development and Engineering Center. Cells were grown in
75 cm? tissue culture flasks to 60—-80% confluency, then
exposed to sulfur mustard in KSF medium to final
concentration of 50 or 100 uM. Media was not changed
for the duration of the experiments (24 h).

Bisbenzimide (Hoechst 33258) staining

Following TNF o treatment, the cells were fixed for 5-
10 min over methanol fumes at room temperature and then
submerged for an additional 5—10 min in methanol at room
temperature. Fixed cells were then allowed to air dry and
stained for 10 min with bisbenzimide (Hoechst 33258 dye
(Sigma) 0.5 ug/ml in PBS). The cells were washed three
times with PBS followed by mounting (Fluoromount-G,
Southern Biotechnology Associates, Inc.) the cells with a
cover slip. The morphology of nuclei was evaluated under a
Zeiss Axioskope microscope at a magnification of 400 x .

Detection of DNA fragmentation [ in situ DNA-labeling

DNA breaks were detected in situ using a Klenow fragment-
based assay. Cells were fixed and labeled with biotinylated
dUTP (200 pm) for 30 min at room temperature in reaction
buffer containing 200 uMm dA,G,CTP, 50 U/ml Klenow,
50 mM TI’lS Cl (pH 7. 5) 5 mM MgClz 10 mM B-mercap-

1Y T

detected using streptavidin-conjugated horseradish perox-
idase and VIP substrate (Vector).

PARP cleavage assay

The full-length cDNA clone for PARP (pcD-12 (Alkhatib er
al., 1987)) was excised and ligated into the Xhol site of
pBluescript-11 SK~* (Stratagene) then used to drive the
synthesis of PARP labeled with *S-methionine (Dupont-
NEN) by coupled T7 transcription/translation in a
reticulocyte lysate system (Promega). [*“S]JPARP was
separated from the other constituents by gel filtration
chromatography on a Superdex-75 FPLC column (Phar-
macia; 1 x30 cm) in 10 mM HEPES-KOH (pH 7.4), 2 mM
EDTA; 0.1% (w/v) CHAPS and 5 mM dithiothreitol.

Cytosolic extracts were prepared from the cells by
scraping PBS-washed monolayers in 10 mm HEPES/KOH
(pH 7.4), 2 mM EDTA, 0.1% CHAPS, 5 mm dithiothreitol,
1 mM phenylmethylsulphonylfluoride, 10 ug/ml pepstatin A,
20 pg/ml leupeptin, 10 ug/ml aprotinin (at 1x 10% cell/ml).
The post-100 000 g supernatant was recovered after centri-
fugation.

PARP cleavage activity was measured in mixtures
containing 5 ug protein from the cytosol fractions of
keratinocytes. Assay mixtures also contained purified
[*SJPARP (~5x10* c.p.m.), 50 mM PIPES-KOH, 2 mMm
EDTA, 0.1% (w/v) CHAPS, and 5 mM dithiothreitol in a
total volume of 25 pl. Incubations were performed at 37°C
for 1h, and terminated by addition of 25 ul of 2xSDS-
PAGE sample buffer containing 4% SDS, 4% f-mercap-
toethanol, 10% glycerol, 0.125M Tris-Cl (pH 6.8) and
0.02% bromophenol blue. Samples were resolved by 10%
SDS-polyacrylamide gels.

PARP cleavage products were visualized by fluorography
and the 89 kDa cleavage product of [**SJPARP was
quantified relative to full-length PARP using a Storm 840
Phosphorlmage analyzer (Molecular Dynamics). Quantifica-
tion included a correction for background, as well as for the
difference in methionine residues present in the 89 kDa
fragment (18 methionine residues) vs full-length PARP (25
methionine residues).

Cell death FLISA

A cell death ELISA kit from Boehringer Mannheim
(Indianapolis, IN, USA) was used for the ELISA assay.
The cells were prepared as follows for the ELISA. The cells
of the various cell strains were trypsinized and then
suspended in DMEM medium containing 10% fetal calf
serum. 7.5 x 10° cells of each cell strain were aliquoted into
plastic tubes and pelleted by centrifugation (4°C, 900 g for
10 min). After removing the supernatant, 500 ul of lysis
buffer was added. The pellets were carefully resuspended
and kept for 30 min on ice for complete cell lysis. The
ELISA conditions were in accordance with the manufac-
turer’s instructions.

Western blot

Whole cell extracts were either obtained by repeated freezing
and thawing (three times) of harvested cell pellets or by
extracting the cells in protein sample buffer containing 2%
SDS. The extracts were centrifuged at 10 000 g for 10 min at
4°C, the supernatant was separated from undissolved debris,
and the protein concentrations of the supernatants were
determined using a DC Protein Assay kit (Bio-Rad). Fifty ug
of protein extract were separated on 10% SDS-polyacryla-
mide gels and blotted onto PVDF membranes (Millipore).
p53 was detected using a monoclonal anti p53 antibody (anti
p53 Ab2, Oncogene Science) and p21 with a monoclonal anti
p21 antlbody (clone 6B6, PharMingen) in conJunctlon with a
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Sulfur Mustard Induces Markers of Terminal Differentiation and
Apoptosis in Keratinocytes Via a Ca?*-Calmodulin and

Caspase-Dependent Pathway

Dean S. Rosenthal, Cynthia M.G. Simbulan-Rosenthal, Sudha Iyer, Alexander Spoonde,* William Smith, T

Radharaman Ray,t and Mark E. Smulson

Department of Biochemistry and Molecular Biology, Georgetown University School of Medicine, Washington D.C., U.S.A.; *Pacific NW National
Laboratories, Richland, Washington, U.S.A.; TUS Army Medical Research Institute of Chemical Defense, Aberdeen Proving Ground, Maryland, U.S.A.

Sulfur mustard (SM) induces vesication via poorly under-
stood pathways. The blisters that are formed result prim-
arily from the detachment of the epidermis from the
dermis at the level of the basement membrane. In addi-
tion, there is toxicity to the basal cells, although no
careful study has been performed to determine the precise
mode of cell death biochemically. We describe here two
potential mechanisms by which SM causes basal cell
death and detachment: namely, induction of terminal
differentiation and apoptosis. In the presence of 100 uM
SM, terminal differentiation was rapidly induced in prim-
ary human keratinocytes that included the expression of
the differentiation-specific markers K1 and K10 and the
cross-linking of the cornified envelope precursor protein
involucrin. The expression of the attachment protein,
fibronectin, was also reduced in a time- and dose-depend-
ent fashion. Features common to both differentiation and
apoptosis were also induced in 100 pM SM, including the

rapid induction of p53 and the reduction of Bcl-2. At
higher concentrations of SM (i.e., 300 uM), formation
of the characteristic nucleosome-sized DNA ladders,
TUNEL-positive staining of cells, activation of the cyst-
eine protease caspase-3/apopain, and cleavage of the
death substrate poly(ADP-ribose) polymerase, were
observed both in vivo and in vitro. Both the differentiation
and the apoptotic processes appeared to be calmodulin
dependent, because the calmodulin inhibitor W-7 blocked
the expression of the differentiation-specific markers,
as well as the apoptotic response, in a concentration-
dependent fashion. In addition, the intracellular Ca?*
chelator, BAPTA-AM, blocked the differentiation
response and attenuated the apoptotic response. These
results suggest a strategy for designing inhibitors of SM
vesication via the Ca’*-calmodulin or caspase-3/PARP
pathway. Key words: BAPTA/caspase-3/poly(ADP-ribose)
polymerase/W-7. J Invest Dermatol 111:64-71, 1998

ulfur mustard [bis-(2-chloroethyl) sulfide; SM] causes blisters
in the skin via poorly understood mechanisms. Because SM
is a strong alkylating agent, its ability to induce DNA damage
via apurinic sites and endonucleolytic activation has been
advanced as one possible pathway leading to vesication
(Papirmeister et al, 1985). Similar to other agents that induce DNA
strand breakage, SM activates the nuclear protein poly(ADP-ribose)
polymerase (PARP), which drastically depletes levels of cellular nicotin-
amide adenine dinucleotide and adenosinetriphosphate (Wielckens et al,
1982; Alvarez et al, 1986), a mechanism proposed to induce cell death
(Berger et al, 1983). We have recently examined this mechanism using
a human skin graft derived from human keratinocytes stably transfected
with a PARP anti-sense inducible vector (Rosenthal et al, 1995).
Recent studies have further implicated PARP as an important player
in apoptosis. Proteolytic cleavage of PARP was first demonstrated in
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for publication March 20, 1998.

Reprint requests to: Dr. Dean S. Rosenthal, Department of Biochemistry
and Molecular Biology, Georgetown University School of Medicine, 3900
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Abbreviations: Ca;, intracellular free calcium; NHEK, normal human
epidermal keratinocytes; PARP, poly(ADP-ribose) polymerase, SM, sulfur
. mustard.

chemotherapy-induced apoptosis (Kaufmann et al, 1993) and the
specific proteolysis of PARP is now closely associated with apoptosis
in different systems (Neamati et al, 1995; Nicholson et al, 1995; Tewari
et al, 1995). We recently showed that the reversible stage of apoptosis
is characterized by the transient activation of PARP, and poly(ADP-
ribosyl)ation of nuclear proteins followed by the breakdown of poly
(ADP-ribose) and PARP (Rosenthal et al, 1997b).

Ca®" also plays an important role in apoptosis, as well as in the
maintenance and homeostasis of the skin, and SM has been shown to
elevate intracellular levels of Ca®* in keratinocytes (Ray et al, 1995;
Mol and Smith, 1996). Several laboratories, including our own, have
shown that terminal differentiation can be induced in both murine
and human keratinocytes by the elevation of extracellular Ca?*
(Hennings ef al, 1980; Stanley and Yuspa, 1983; Rosenthal ef al, 1991b).
This in turn results in an increase in intracellular free Ca?* (Ca;). Ca
appears to be an important signal for terminal differentiation, because
agents that chelate and buffer Ca; can block markers of terminal
differentiation (Li ef al, 1995). Ca®" has also been shown to play a
role in apoptosis in a number of systems. Studies by Kaiser and Edelman
(1977) showed the first evidence that Ca; may trigger apoptosis in
glucocorticoid-stimulated thymocytes. Since then, several other studies
have confirmed this role for Ca®*. The observed Ca; increase during
apoptosis appears to occur by two different mechanisms. The first
mechanism involves the activation of protein tyrosine kinases, leading
to the activation of phospholipase C, the formation of IP3, and Ca?*
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mobilization (Takata et al, 1995; Silvennoinen et al, 1996). The second
pathway involves oxidative stress, which can occur in response to
cytotoxic agents, such as SM, that generate reactive oxygen species.
Oxygen radicals can damage Ca?* transport systems localized in the
endoplasmic reticulum (ER), mitochondria, and plasma membrane,
leading to a disruption in Ca?' homeostasis and a sustained increase
in Ca; (Orrenius et al, 1989).

Ca**-buffering experiments have supported the role of Ca®" in the
etiology of SM-induced cytotoxicity (Ray et al, 1996). Experiments
utilizing specific inhibitors of calmodulin have also demonstrated the
importance of Ca?*-calmodulin complexes in programmed cell death.
Cyclosporine A-sensitivity of apoptosis in certain systems also suggests
2 role for Ca?*-calmodulin complexes in programmed cell death.
Cyclosporine binds to a family of cytosolic receptors (cyclophilins); the
complex then binds to and suppresses the serine/threonine phosphatase
calcineurin, which in turn is regulated by Ca®*-calmodulin complexes
in programmed cell death (Shi et al, 1989). Ca®* also plays a role in
the induction of the endonuclease responsible for the internucleosomal
DNA cleavage, yielding the characteristic apoptotic DNA ladders
(Shiokawa et al, 1994).

Numerous recent studies have suggested that the ultimate targets for
many of these signaling pathways that lead to apoptosis are a family of
cysteine proteases, known as “caspases,” named for their preference
for aspartate at their substrate cleavage site (Alnemri et al, 1996). In
collaboration with others, our laboratory has been particularly active
in studying the characterization of caspase-3 (also known as “apopain”),
which appears to be a converging point for different apoptotic pathways
(Nicholson et al, 1995). In several apoptotic systems, caspase-3 cleaves
key proteins involved in the structure and integrity of the cell, including
PARP (Nicholson et al, 1995; Tewari et al, 1995; Casciola-Rosen et al,
1996; Song et al, 1996).

In this study, we show that SM induces both terminal differentiation
and apoptosis in human keratinocytes. Further, we demonstrate that
these processes are Ca®* and/or calmodulin dependent, and involve
the activation of caspase-3 as well as the activation and specific cleavage
of PARP. These responses may, in part, explain the death and
detachment of basal cells of the epidermis that occurs following
exposure to SM.,

MATERIALS AND METHODS

Cells Normal human epidermal keratinocytes (NHEK) were obtained as
primary cultures from Clonetics (San Diego, CA) and maintained in serum-
free keratinocyte growth medium. NHEK were grown in 75 cm? tissue culture
flasks to 60-80% confluency, then exposed to SM diluted in keratinocyte
growth medium to final concentrations of 100 UM or 300 UM. Media was not
changed for the duration of the experiments. Cell viability was measured by
the ability of cells to exclude trypan blue. For all studies, similar results were
obtained from three independent experiments utilizing human primary adult
keratinocytes and from three independent experiments utilizing human primary
neonatal keratinocytes.

Chemicals SM (>98% purity) was obtained from the US Army Edgewood
Research, Development and Engineering Center. Glycine, N,N'-
[1,2-ethane-diylbis(oxy-2,1-phenylene)]bis[N-{2-[ (acetyloxy)methoxy]-2-oxo-
ethyl]]-bis[(acetyloxy)methyl]ester (BAPTA-AM) was -purchased from
Molecular Probes (Eugene, OR), as was Pluronic F-127, used to facilitate
loading of BAPTA-AM into cells. N-(6-Aminohexyl)-5-chloro-1-napthalene-
sulfonamide (W-7) was obtained from Sigma (St. Louis, MO). The
tetrapeptide aldehyde inhibitor of caspase-3 (AcDEVD-CHO) was obtained
from Biomol (Plymouth Meeting, PA).

Antibodies

Immunoblotting  The following antibodies were obtained from Sigma: (i) mouse
monoclonal antibody (clone 8.60) that recognizes both K1 and K10 keratins;
(i1) monoclonal antibody (clone SY5) against the 68 kDa cornified envelope
precursor, involucrin; (iil) a mixture of three monoclonal antibodies (clones
2D1, 1F11, and 6D4), recognizing a 17 kDa band corresponding to calmodulin;
and (iv) affinity purified rabbit anti-serum against the attachment protein,
fibronectin, recognizing both a 220 kDa and a 94 kDa form of the protein.
Rabbit affinity-purified anti-peptide anti-sera specific for human K1 (AF87)
was from Babco (Richmond, CA). Mouse monoclonal antibody (clone DO~
1) recognizing human p33 is from Calbiochem (Cambridge, MA). Monoclonal
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anti-human Bcl-2 antibody (clone 4D7) is from Biomol. Rabbit anti-peptide
anti-sera specific for the N-terminal propeptide sequence of pro-caspase-3/
apopain (CPP32) was obtained from Transduction Labs (Lexington, KY).
Rabbit anti-sera against the p17 subunit of CPP32 was obtained from Donald
Nicholson (Merck Frosst Center for Therapeutic Research, Pointe Claire-
Dorval, Quebec, Canada). Rabbit anti-sera recognizing both full-length PARP,
as well as the 89 kDa apoptotic cleavage product of PARP, was a kind gitt
from Eric Ackerman (Pacific NW National Laboratories, Richland, WA).
Guinea pig anti-sera specific for poly(ADP-ribose) has been described (Rosenthal
et al, 1995).

Fluorescence-activated cell sorter analysis  FITC-conjugated anti-human cytokeratin
(“CK”) antibody (MNF116), recognizing keratins 10, 17, and 18, was from
DAKO (Carpinteria, CA).

Immunoblot analysis For immunoblot analysis, sodium dodecy! sulfate-
polyacrylamide gel electrophoresis-separated proteins were transferred to nitro-
cellulose filters. Proteins were measured (DCA protein assay; BioRad), and
normalized prior to gel-loading, and all filters were stained with Ponceau-S, in
order to reduce the possibility of loading artifacts. The details for using rabbit
anti-serum to human PARP (Ding et al, 1992) and guinea pig anti-serum to
poly(ADP-ribose) (Rosenthal ef al, 1995) for immunoblot analysis have been
described previously in detail. Immune complexes were visualized by electro-
chemiluminescence (Amersham Life Sciences, Arlington Heights, IL).

Fluorescence-activated cell sorter analysis At the designated time points,
monolayer culture medium was decanted, trypsin-ethylenediamine tetraacetic
acid was added for 5 min, and the cells were removed from the flasks by
scraping. The cell suspension was mixed with trypsin neutralizing solution,
washed in keratinocyte growth medium, and fixed with 1% formaldehyde for
15 min followed by 70% ethanol. Fixed cells were stored at —200°C until
stained for cytometry. Flow cytometric analyses were conducted on a Becton-
Dickinson (Franklin Lakes, NJ) FACStar Plus cytometer using a 100 mW air-
cooled argon laser at 488 nm.

PARP cleavage assay The full-length ¢cDNA clone for PARP (pcD-12)
(Alkhatib et al, 1987) was excised and ligated into the Xhol site of pBluescript-
IT SK+ (Stratagene, La Jolla, CA), and then used to drive the synthesis of
PARP labeled with [3S)methionine (Dupont-NEN, Wilmington, DE) by
coupled T7 transcription/translation in a reticulocyte lysate system (Promega,
Madison, WI). [**SJPARP was separated from the other constituents by
gel filtration chromatography on a Superdex-75 FPLC column (Pharmacia,
Piscataway, NJ; 1 X 30 ¢m) in 10 mM HEPES-KOH (pH 7.4), 2 mM
ethylenediamine tetraacetic acid, 0.1% (wt/vol} CHAPS, and 5 mM dithio-
threitol.

Cytosolic extracts were prepared from NHEK by scraping phosphate-
buffered saline-washed monolayers in 10 mM HEPES/KOH (pH 7.4), 2 mM
ethylenediamine tetraacetic acid, 0.1% CHAPS, 5 mM dithiothreitol, 1 mM
phenylmethylsulfonylfiuoride, 10 ug pepstatin A per ml, 20 pg leupeptin per
ml, and 10 Ug aprotinin per ml (at 1 X 10% cells per ml). The post-100,000

. X g supernatant was recovered after centrifugation.

PARP cleavage activity was measured in mixtures containing 5 g protein
from the cytosol fractions of keratinocytes. Assay mixtures also contained
purified [3S]PARP (=5 X 10* cpm), 50 mM PIPES-KOH, 2 mM ethylenedia-~
mine tetraacetic acid, 0.1% (wt/vol) CHAPS, and 5 mM dithiothreitol in a
total volume of 25 pl. Incubations were performed at 37°C for 1 h, and
terminated by the addition of 25 pl of 2Xsodium dodecy! sulfate-polyacrylamide
gel electrophoresis sample buffer containing 4% sodium dodecyl sulfate, 4% B-
mercaptoethanol, 10% glycerol, 0.125 M Tris-HCl (pH 6.8), and 0.02%
bromophenol blue. Samples were resolved by 10% sodium dodecyl sulfate-
polyacrylamide gels.

PARP cleavage products were visualized either by fluorography, or else the
89 kDa cleavage product of [F°S|PARP was quantitated relative to the full-
length PARP using a Storm 840 Phosphorlmage analyzer (Molecular Dynamics,
Sunningvale, CA). Quantitation included a correction for background, as well
as for the difference in methionine residues present in the 89 kDa fragment (18
met residues) versus full-length PARP (25 met residues).

DNA isolation Cells were lysed for 2 h in 10 mM Tris-Cl pH 7.5, 10 mM
ethylenediamine tetraacetic acid, 0.5% sodium dodecyl sulfate, containing
144 pg proteinase K per ml, and 500 ug RNase A per ml (Boehringer Mannheim,
[ndianapolis, IN). Lysates were extracted twice with phenol:chloroform (1:1),
and precipitated by the addition of ethanol to 70%. Precipitates were resuspended
in distilled water. Glycerol was added to 10% and DNA was resolved on 1%
agarose gels and visualized by ethidium bromide staining.

[**S}Methionine labeling To measure total protein synthesis, cells were
pulse-labeled with [3S}methionine (10 UCi per ml; Dupont-NEN) for 1 h.
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Figure 1. Modulation of differentiation markers and attachment proteins
by SM. NHEK were treated with 100 UM SM for the indicated times,
harvested, and total cell extracts were immunoblotted using antibodies specific
for K1 + K10 (4), involucrin (B), or fibronectin (C). For all studies, similar
results were obtained from three independent experiments utilizing human
primary adult keratinocytes and three independent experiments utilizing human
primary neonatal keratinocytes.

Cells were then washed twice with phosphate-buffered saline, and harvested.
Cells were lysed in 10% trichloroacetic acid, and the precipitated protein was
collected on glass filters. Filters were washed successively with 10% trichlo-
roacetic acid, 70% ethanol, and absolute ethanol, and dried. Protein-incorporated
[*3S)methionine on filters was measured by scintillation spectroscopy.

RESULTS

SM induces markers of terminal differentiation in both primary
and immortalized keratinocytes To determine if SM altered
keratin expression, NHEK were exposed to 100 UM SM, fixed after
24 h, and then subjected to fluorescence-activated cell sorter analysis,
using the broad-range-reactive cytokeratin (CK) antibody as a tag.
Following SM exposure, the number of CK+ cells increased signific-
antly (data not shown). Because the CK antibody recognizes the
suprabasal keratin K10, we were curious to determine if SM altered
the expression of any differentiation-specific proteins. Immunoblot
analysis with specific anti-sera revealed that both K1 and K10 were
induced in the presence of 100 uM SM (Fig 1A4). The viability of
NHEK throughout the time course was greater than 90% as measured
by dye exclusion. We also examined the expression of involucrin, a
precursor protein that becomes cross-linked in the fully differentiated
cornified envelope (Yaffe et al, 1993; Robinson et al, 1996; Steinert
and Marekov, 1997). In extracts derived from untreated cells, involucrin
migrated as a 68 kDa monomer form. Following 24 h exposure to
SM, the staining pattern shifted to higher molecular weight forms
(Fig 1B), suggesting that the protein is cross-linked in response to SM.

We next examined the levels of fibronectin expressed in NHEK
following SM treatment, for two reasons. First, fibronectin is expressed
in basal cells, but is suppressed in suprabasal cells in vivo, and in response
to differentiating agents in vito (Adams and Watt, 1990; Nicholson
and Watt, 1991). In turn, contact with fibronectin also inhibits
keratinocyte differentiation (Staiano-Coico and Higgins, 1992;
Drozdoft and Pledger, 1993; Watt et al, 1993). Second, fibronectin is
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a major component of the basal lamina, and forms an attachment site
for the alpha 5 beta 1 integrin of the basal cells (Adams and Watt,
1990). Thus, suppression of this protein by SM could in part explain
the detachment of basal cells from the basal lamina during vesication
in vivo. Fibronectin is produced in keratinocytes (as well as fibroblasts),
in two isoforms. Both the 220 kDa and the 94 kDa forms of fibronectin
were reduced with time after SM exposure. In contrast, untreated
NHEK showed no decrease in the levels of fibronectin (Fig 1C).

Because previous studies have shown that SM can induce an increase
in Ca; (Ray ef al, 1995), and because we have observed that a rise in
Ca; is associated with the normal terminal differentiation response of
keratinocytes (Yuspa ef al, 1989; Rosenthal et al, 1991), the expression
of these markers suggested a role for Ca®* in the SM response that
was observed. Furthermore, we have shown that the K1 gene contains
specific Ca??-inducible enhancer sequences located 3’ to the gene
(Huff et al, 1993) and expression of K1 (and other differentiation-
specific genes) can be blocked by the Ca; chelator BAPTA (Li er al,
1995). BAPTA also enhances the survival of keratinocytes in the
presence of SM (Ray et al, 1996). We therefore preincubated ker-
atinocytes with 20 pM BAPTA-AM (+ Pluronic F-127; see Materials
and Methods) for 30 min prior to SM treatment. When NHEK were
subsequently treated for 24 h with 100 UM SM, keratin K1 was
suppressed (Fig 2A4). Although BAPTA treatment suppressed total
protein synthesis by 50% after 24 h (not shown), this effect was not
enough to account for the complete suppression of K1. Ca?¥ may
induce differentiation via its role in the activation of protein kinase C
(Dlugosz and Yuspa, 1993). In addition, Ca?*-calmodulin complexes
are also generated that modulate this protein kinase C response
(Chakravarthy et al, 1995). We therefore determined whether the
calmodulin inhibitor W-7 could alter the differentiation response to
SM. Figure 2(A4) shows that a 30 min pretreatment with W-7 prior
to exposure to 100 UM SM inhibited the expression of K1. Protein
calibration prior to gel-loading, followed by Ponceau-S-staining of the
immunoblot (Fig 2B), eliminated the possibility of loading artifact,
indicating that SM induces the expression of this differentiation-specific
marker via a Caz+—calmodulin-dependent pathway. Interestingly, cal-
modulin itself was downregulated by SM (Fig 2C).

SM suppresses Bcl-2 and induces p53 To examine possible
mechanisms by which SM altered the differentiation response, we
initially examined the expression of p53, which has been postulated to
play important roles in both the differentiation and the apoptotic
responses. Immunoblot analysis showed a significant increase in the
protein levels of p53 after exposure to 100 uM SM, and that this
increase in p53 levels occurs within 2 h (Fig 3A4).

We also examined the levels of the bcl-2 gene product, which inhibits
both keratinocyte differentiation and apoptosis. Bcl-2 levels are high
in basal keratinocytes and are reduced in the differentiating layers of
the epidermis (Hockenberry er al, 1991). Furthermore, expression of
bel-2 anti-sense RNA can lower endogenous levels of Bcl-2 and induce
markers of terminal differentiation in mouse keratinocytes (Marthinuss
et al, 1995). Following SM treatment, there is a time-dependent
decrease in Bcl-2 protein levels in NHEK as determined by immunoblot
analysis (Fig 3B).

SM induces apoptosis via caspase-3 The striking decrease in Bcl-
2 levels and the increase in p53 levels suggested that in addition to
modulating differentiation, SM may induce apoptosis as well. Thus,
we assayed for markers of apoptosis following SM treatment. A hallmark
of apoptosis in several cell types is the appearance of nucleosome-sized
ladders due to the presence of a Ca?*/Mg?*-dependent endonuclease
that is induced in apoptotic cells. DNA isolated from NHEK treated
with 0 or 100 pM SM was intact; however, at 300 pM SM,
NHEK showed nucleosome-sized ladders analyzed by agarose gel
electrophoresis, although some nonspecific fragmentation was' also
apparent (Fig 4). Accordingly, trypan blue exclusion at 24 h was 98%
in control cells, 90% following 100 UM SM treatment, and 60% after
300 UM SM (not shown). W-7 suppressed DNA fragmentation,
whereas BAPTA partially inhibited DNA cleavage (see below).

We have recently determined that the activation of PARP plays a
role in the etiology of apoptosis in osteosarcoma cells induced to
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Figure 2. Ca’' and calmodulin are required for the induction of
markers of terminal differentiation by SM. NHEK were treated with SM
as above, either with or without pretreatment with 20 pM BAPTA-AM or W-
7 (A). Cell extracts were immunoblotted using antibodies specific for K1 (A4),
or calmodulin (C). (B) Ponceau-S stain of total cell protein on nitrocellulose
prior to immunostaining shown in (A).

undergo programmed cell death, in which poly(ADP-ribosyl)ation
corresponds with the early reversible stages of apoptosis (Rosenthal
et al, 1997b). We therefore determined whether we could detect
increased levels of poly(ADP-ribosyljation following exposure of
NHEK to SM. Because PARP itself is the main acceptor protein for
poly(ADP-ribosyl)ation, via intermolecular “automodification”
(Mendoza-Alvarez and Alvarez-Gonzalez, 1993), the presence of a
116 kDa antipoly(ADP-ribose)-crossreactive band is a sensitive indicator
of poly(ADP-ribosyljation within the nucleus. Anti-sera specific for
poly(ADP-ribose) did in fact detect a strong band at 116 kDa in
extracts of primary keratinocytes treated with all concentrations of SM
tested, whereas no such band was present in extracts of control
keratinocytes, indicating that SM induces DNA strand breaks and
PARP is activated. Figure 5(A) shows that, at 100 LM SM, activation
of PARP occurs and automodification is apparent by 2 h. The molecular
weight of automodified PARP was similar to that of unmodified PARP
(116 kDa), indicating that the average polymer length is relatively short
at this time point. After this time, the level of poly(ADP-ribose)
decreases precipitously, similar to our previous observations using
osteosarcoma cells induced to undergo apoptosis (Rosenthal et al,
1997b).

We previously determined that this characteristic rise and rapid
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Figure 3. SM induces an increase in p33 levels, and a decrease in Bcl-
2. NHEK were treated with 100 uM SM for the indicated times. Total cell
extracts were derived, resolved by polyacrylamide gel electrophoresis, and
subjected to immunoblot analysis using anti-sera specific for p53 (A) or Bcl-2 (B).
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Figure 4. SM treatment induces DNA fragmentation in keratinocytes.
NHEK were treated with 100 UM or 300 uM SM, with or without W-7 or
BAPTA. Total genomic DNA was isolated, resolved by agarose gel
electrophoresis, and stained with ethidium bromide.

decline in poly(ADP-ribose) levels could be attributed not only to
poly(ADP-ribose) glycohydrolase activity (Wielckens et al, 1983), but
also to the proteolytic cleavage of PARP into the characteristic 89 kDa
and 24 kDa fragments, the latter of which contains the Zn>* finger
region and DNA-binding domain. We therefore performed western
analysis to monitor the cleavage of PARP using an antibody that
recognizes both the full-length 116 kDa protein as well as the 89 kDa
fragment of PARP. Figure 5(B) shows a significant conversion of full-
length PARP to the 89 kDa fragment following 300 UM SM treatment.

We have previously described an ICE-like protease similar to the
Ced-3 protein of C. elegans and closely associated with apoptosis
(Nicholson et al, 1995), now known as “caspase-3” (Alnemri et al,
1996). Accordingly, a sensitive technique to verify that SM induces
apoptosis is to determine the activation of caspase-3 from its precursor
(pro-caspase-3; CPP32) via the use of in vitro translated PARP.
We therefore used a combination transcription/translation system to
radiolabel full-length PARP (see Materials and Methods) that was
subsequently incubated with extracts derived from keratinocytes treated
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Figure 5. SM treatment induces in vivo PARP activation and cleavage
in keratinocytes. NHEK were treated with 100 UM (A, B) or 300 uM
(B) SM. Total cell extracts were derived, resolved by polyacrylamide gel
electrophoresis, and subjected to immunoblot analysis using anti-sera specific
for poly(ADP-ribose) (A), or for both the full-length and the 89 kDa cleavage
product of PARP (B).
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Figure 6. Extracts of keratinocytes treated with SM show in vitro PARP-
cleavage activity. Triplicate cultures of NHEK were treated with 100 UM or
300 pM SM. Cytoplasmic extracts were then derived after 24 h and assayed
for caspase-3 activity, using [>S]JPARP as a substrate (Materials and Methods).
(B) Quantitation of PARP-cleavage activity by phosphorimage analysis.

with SM. Figure 6(A4) shows that PARP cleavage activity is clearly
seen in NHEK in 300 pM SM (but not 100 pM SM) after 24 h, as
evidenced by the strong appearance of the 24 kDa and 89 kDa cleavage
products. Figure 6(B) shows, by quantitative phosphorimage analysis,
the relative PARP cleavage activities that result from the treatment of
NHEK with SM for 24 h. The high level of PARP-cleavage activity
observed in 300 UM SM is indicative that this vesicant is also a strong
inducer of apoptosis in primary keratinocytes, and that apoptosis is
occurring via a caspase-3-like pathway.

We next further verified that SM induces apoptosis by determining
whether the observed caspase-3 activity in vitro could be associated
with the processing of pro-caspase-3/CPP32 into its active protease
form. During apoptosis, procaspase-3/CPP32 is processed into 17 kDa
and 12 kDa peptides, with the removal of a pro-peptide sequence
from the N-terminus. The 17 kDa and 12 kDa fragments then form
the active proteolytic heterodimer. Using an antibody that recognizes
both the active (p17) and the inactive (CPP32) forms of caspase-3, a

THE JOURNAL OF INVESTIGATIVE DERMATOLOGY

Hours after

A C 2 4 8 24 100uMSM

a-CPP32 |

J ;CPP32

CPP32Apro
o-CPP32pro ¢ —CPP32
B Control 100 yMSM 300 YM SM

Figure 7. SM induces processing of procaspase-3/CPP32 to its active
form. Triplicate cultures of NHEK were treated with 100 uM or 300 uM SM
for the indicated times (A), or for 24 h (B). Total cell extracts were derived,
resolved by polyacrylamide gel electrophoresis, and subjected to immunoblot
analysis using anti-sera specific for the p17 subunit (A, top; B), or the N-
terminal pro-peptide sequence (A, bottom) of caspase-3.

slightly smaller form of CPP32 was observed 24 h after the cells were
exposed to 100 UM SM, equivalent in size to CPP32 minus the pro-
peptide sequence, suggesting that processing of the N-terminus of the
precursor protein was occurring (Fig 74, top). To confirm this, the
same extracts were analyzed utilizing an antibody that is specific for
the pro-sequence that is removed when caspase-3 is processed into its
active form. The disappearance of the slightly smaller MW band
previously observed at 24 h in 100 UM SM (Fig 7A, bottom), indicates
that this band is missing the propeptide sequence, and is thus the result
of CPP32 N-terminal processing. Following treatment with 300 UM
SM, NHEK showed complete processing of a portion of CPP32 into
the active p17 form (Fig 7B). A small amount of the partially processed
p20, which represents p17 and the N-terminal pro-sequence, is also
observed. Thus, in both 100 UM and 300 UM SM, markers of apoptosis
are induced, although complete activation of caspase-3, PARP cleavage,
and DNA fragmentation are only observed at the higher concentration
of SM.

A Ca?t calmodulin-dependent pathway for SM-induced
apoptosis To determine if SM-induced apoptosis was proceeding
via Ca?*-calmodulin dependent pathways, BAPTA and W-7 were
utilized as pretreatment agents. BAPTA had a small effect on in vitro
PARP-cleavage activity, whereas greater suppression was observed
following W-7 pretreatment (Fig 84). W-7 also suppressed the level
of DNA fragmentation (Fig 4).

We next determined ‘whether this W-7-sensitive repression was
related to the processing of CPP32 into its active form. In control
NHEK, one of the two subunits of the active form of apopain, p17,
can clearly be detected 24 h following treatment with- }H) UM SM;
however, p17 is completely suppressed by ‘50 pM W-7 (Fig #H).
Thus, SM induces apoptosis via a calmodulin= dcpcndem pathmy tlw
involves the activation of caspase-3,
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Figure 8. Caspase-3 activity and processing induced by SM is suppressed
by inhibitors of Ca; and calmodulin. Cells were treated with 300 pM SM
for 24 h with or without a 30 min pretreatment with BAPTA-AM or W-7.
Cytoplasmic extracts were then derived and assayed for caspase-3 activity, using
[3>S]PARP as a substrate. (B) Extracts of cells treated with 300 uM SM, plus a
30 min W-7 pretreatment, were resolved by polyacrylamide gel electrophoresis,
and subjected to immunoblot analysis using anti-sera specific for p17.

study, we have described two potential mechanisms for SM-induced
keratinocyte basal cell death and detachment: induction of terminal
differentiation and apoptosis. SM induced the differentiation-specific
markers K1 and K10, cross-linking of the cornified envelope precursor
protein involucrin, and suppressed fibronectin. SM also induced markers
of apoptosis in NHEK, including the transient elevation of poly(ADP-
ribose), the processing of CPP32 into caspase-3, and the specific
cleavage of PARP both in vivo and in cell-free PAR P-cleavage assays.
Differentiation markers were suppressed by the intracellular Ca®*-
chelator BAPTA-AM, and the calmodulin inhibitor W-7, whereas
markers of apoptosis were suppressed by W-7. Thus, both the differenti-
ation and the apoptotic responses appear to be Ca>*-calmodulin
dependent.

Because SM induces an increase in Ca; (Ray ef al, 1995; Mol and
Smith, 1996), it seems likely that this elevation in Ca; accounts for the
induction of the markers of terminal differentiation observed in
this study, because terminal differentiation of keratinocytes is closely
associated with an elevation in Ca?™" (Hennings et al, 1980; Stanley
and Yuspa, 1983; Kruszewski et al, 1991a, b; Rosenthal et al, 1991; Li
et al, 1995). The suppression of these markers by BAPTA also lends
support to the idea that the rise in Ca; is an important event in SM-
induced expression of differentiation markers (Fig 2). How SM induces
a tse in Ca; is unknown, but may stem from its ability to alkylate
several molecules within the cell, including glutathione (Gross et al,
1993) or other molecules involved in cellular homeostasis, ultimately
resulting in disruptions of plasma, ER, and mitochondrial membranes.
Disruption of these membranes could easily lead to perturbations in
Ca; within the cell.
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The role of SM in the induction of apoptosis may also involve Ca;
and/or Ca?*-calmodulin complexes, because these molecules have
been shown to be involved in apoptosis in other systems (Kaiser and
Edelman, 1977; Shi et al, 1989). The suppression of apoptotic markers
by the Ca; buffer BAPTA and the calmodulin inhibitor W-7 in this
study supports this idea. It is also likely that DNA strand breaks and
the activation of PARP play a role in the SM-induced expression of
apoptotic markers in keratinocytes. SM is a strong alkylating agent
with a high affinity for DNA, and has been shown to induce DNA
strand breaks and consequently activate PARP. PARP inhibitors can
extend the lifespan of lymphocytes treated with SM (Meier and
Johnson, 1992; Meier, 1996), and inhibitors of PARP have previously
been reported to significantly affect the extent of apoptosis in response
to other agents (Rice et al, 1992; Ghibelli et al, 1994; Monti et al,
1994; Kuo et al, 1996). PARP may thus be an important signaling
molecule for cell death either via the lowering of NAD and/or ATP
levels (Wielckens et al, 1982; Berger et al, 1983; Alvarez et al, 1986),
or by poly(ADP-ribosyl)ation of other key cellular proteins involved
in apoptosis, such as p53 (Whitacre et al, 1995) and the Ca?*/Mg2*
dependent nuclease involved in the apoptotic cleavage of DNA (Rice
et al, 1992). :

The early and short-lived poly(ADP-ribosyl)ation, followed b
caspase-3 activation and PARP cleavage detected in this study (Figs 5~
7), is consistent with our previous findings during spontaneous apoptosis
in the osteosarcorna system (Rosenthal et al, 1997a,b). The synthesis
of poly(ADP-ribose) from nicotinamide adenine dinucleotide increased
early after initiation of apoptosis. The abundance of both poly(ADP-
ribose) and PARP then decreased markedly, corresponding to the
appearance of the proteolytic cleavage product containing the DNA-
binding domain of PARP; no poly(ADP-ribose) was observed during
this time, in spite of the fact that there was massive DNA internucleo-
somal degradation. This coincided with earlier data indicating that
caspase-3 activity maximized in osteosarcoma cells at this time. These
data suggested that there appears to be not only a requirement for
destruction of PARP during apoptosis, but also a stage in early apoptosis
that appeared to require the presence of PARP protein and presumably
poly(ADP-ribosyl)ation of certain proteins. Recently, we utilized anti-
sense RNA expression to deplete endogenous PARP in order to
examine the requirement of this protein early in apoptosis, and found
that the apoptotic response was modulated (Simbulan-Rosenthal ef al,
1998). Likewise, in recent PARP-knockout animals, apoptosis was
found to be altered (de Murcia et al, 1997).

The involvement of such varied molecules as Ca®", calmodulin,
p53, Bcl-2, and caspase-3 suggests a complex network involved in
SM-induced apoptosis; however, it seems that the activation of caspase-

" 3 (or the closely related caspase-7) may be a final converging point for

apoptosis, because (i) procaspase-3/CPP32 knockout mice show altered
programmed cell death in the nervous system (Kuida et al, 1996), (ii)
caspase-3 (and —7) is a target for granzyme B-mediated apoptosis, as
well as apoptosis mediated by other caspases (Darmon et al, 1995,
1996; Chinnaiyan et al, 1996; Gu et al, 1996; Quan et al, 1996), and
(iii) a tetrapeptide aldehyde (Ac-DEVD-CHO) that inhibits caspase-3
activity blocks apoptotic events in isolated nuclei (Nicholson et al,
1995). In this study, the convergence of these signals at the level of
caspase-3 activation is supported by the facts that: (i) p53 and Bcl-2,
which act upstream of caspase-3, are strongly and rapidly modulated
by SM; (if) inhibitors of Ca>* and calmodulin, which have been found
in previous studies to prolong the lifespan of keratinocytes exposed to
SM (Ray et al, 1996), and to block apoptosis in this study, prevent
the processing and activation of caspase-3; and (iii) in preliminary
experiments, NHEK pretreated with AcDEVD-CHO showed both
inhibition of in vitro PARP-cleavage activity and a reduced apoptotic
index in response to SM, as determined by TUNEL labeling (not
shown).

An understanding of the mechanisms for SM vesication will hopefully
lead to strategies for prevention or treatment of SM toxicity. This
study suggests that inhibition of calmodulin (upstream) or caspase-3
(downstream) may protect the epidermis from SM-induced apoptosis.
Although the mechanism for their protection has not been described,
calmodulin inhibitors have already been successfully employed in the
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treatment of both thermal burns and frostbite (Beitner et al, 19892, b),
and may prove effective for SM as well, either alone or in combination
with caspase-3 inhibitors.

Anti-sera specific for the p17 subunit of caspase-3 was a gift of Dr. Donald Nicholson.
We are grateful to Mohammed Al-laham and Betty Benton for technical assistance. This
work was supported by contract DAMD17-96-C-6065 (to DSR) and contract
DAMD17-90-C-0053 (MES) from the US Army.
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ABSTRACT: Poly(ADP-ribose) polymerase (PARP) is a component of the multiprotein DNA replication
complex (MRC, DNA synthesome) that catalyzes replication of viral DNA in vitro. PARP poly(ADP-
ribosylates 15 of the ~40 proteins of the MRC, including DNA polymerase o (DNA pol o), DNA
topoisomerase I (topo I), and proliferating-cell nuclear antigen (PCNA). Although about equal amounts
of MRC-complexed and free forms of PCNA were detected by immunoblot analysis of HeLa cell extracts,
only the complexed form was poly(ADP-ribosyl)ated, suggesting that poly(ADP-ribosyl)ation of PCNA
may regulate its function within the MRC. NAD inhibited the activity of DNA pol 6 in the MRC in a
dose-dependent manner, whereas the PARP inhibitor, 3-AB, reversed this inhibitory effect. The roles of
PARP in modulating the composition and enzyme activities of the DNA synthesome were further
investigated by characterizing the complex purified from 3T3-L1 cells before and 24 h after induction of
a round of DNA replication required for differentiation of these cells; at the latter time point, ~95% of
the cells are in S phase and exhibit a transient peak of PARP expression. The MRC was also purified
from similarly treated 3T3-L1 cells depleted of PARP by antisense RNA expression; these cells do not
undergo DNA replication nor terminal differentiation. Both PARP protein and activity and essentially
all of the DNA pol a and § activities exclusively cosedimented with the MRC fractions from S phase
control cells, and were not detected in the MRC fractions from PARP-antisense or uninduced control
cells. Immunoblot analysis further revealed that, although PCNA and topo I were present in total extracts
from both control and PARP-antisense cells, they were present in the MRC fraction only from induced
control cells, indicating that PARP may play a role in their assembly into an active DNA synthesome. In
contrast, expression of DNA pol a, DNA primase, and RPA was down-regulated in PARP-antisense
cells, suggesting that PARP may be involved in the expression of these proteins. Depletion of PARP
also prevented induction of the expression of the transcription factor E2F-1, which positively regulates
transcription of the DNA po!l a and PCNA genes; thus, PARP may be necessary for expression of these
genes when quiescent cells are stimulated to proliferate.
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Poly(ADP-ribose) polymerase (PARP) catalyzes the co-
valent attachment of poly(ADP-ribose) chains to a variety
of nuclear proteins, with NAD as substrate.  Consistent with
earlier studies with chemical inhibitors of PARP, depletion
of PARP from cells by expression of antisense RNA has
shown that the enzyme plays important accessory roles in
various nuclear processes that involve rejoining of DNA
strand breaks. These antisense studies have indicated that
depletion of PARP results in a decrease in the initial rate of
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DNA repair in HeLa cells (Ding et al., 1992) and kerati-
nocytes (Rosenthal et al., 1995), a reduction in the survival
of cells exposed to mutagenic agents, an alteration in
chromatin structure, and an increase in gene amplification

" (Ding and Smulson, 1994). In a related approach, fibroblasts

derived from PARP knockout mice exhibit proliferation
deficiencies in culture, and thymocytes from these animals
show a delayed recovery after exposure to y-irradiation
(Wang et al., 1995). More recently, other PARP knockout
mice showed reduced survival after exposure to sublethal
doses of ionizing radiation, and splenocytes derived from
these animals undergo abnormal apoptosis (de Murcia et al.,
1997).

We have previously shown that 3T3-L1 cells expressing
PARP antisense RNA do not show a transient peak of PARP
expression and activity normally apparent 24 h after exposure
to insulin, dexamethasone, and methylisobutylxanthine (in-
ducers of differentiation in this system). Consequently, the
PARP-depleted cells fail to differentiate into adipocytes
(Simbulan-Rosenthal et al.,, 1996; Smulson et al., 1995).
PARP is apparently required for a necessary round of DNA
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replication that occurs within the first 24 h of differentiation
in these cells. Confocal microscopy revealed that, during
this early stage of differentiation, when essentially all control
cells have entered the S phase of the cell cycle, PARP is
localized within distinct intranuclear granular foci that are
associated with replication centers (Simbulan-Rosenthal et
al., 1996). Furthermore, PARP specifically coimmunopre-
cipitated with DNA pol a during this time in control cells,
but not in PARP-antisense cells.

PARP also exclusively copurifies through a series of
centrifugation and chromatography steps with core proteins
of a multiprotein DNA replication complex (known as MRC,
or DNA synthesome) from Hela cells and mouse FM3A
cells; this complex catalyzes replication of viral DNA in vitro
and contains DNA pol a and 4, DNA primase, DNA
helicase, DNA ligase, and topoisomerase I and II, as well
as accessory proteins such as proliferating-cell nuclear
antigen (PCNA), RFC, and RPA. Furthermore, immunoblot
analysis of MRC from both these cell types with antibodies
to poly(ADP-ribose) (PAR) revealed that 15 of the ~40
component proteins, including DNA pol @, topoisomerase

1, and PCNA, were poly(ADP-ribosyl)ated.

To clarify the role(s) of PARP within the DNA synthesome
during the round of DNA replication in the early stages of
differentiation in 3T3-L1 cells, we have now purified and
characterized replicative complexes from control cells that
had entered S phase after induction of differentiation and
from cells depleted of PARP by expression of PARP
antisense RNA. In the present study, we demonstrate that
the DNA polymerase activities of the DNA synthesome from
the S-phase control cells were markedly increased relative
to uninduced control cells, whereas, the complex from PARP-
deficient antisense cells was devoid of any DNA polymerase
activities. To further investigate whether the lack of DNA
pol o and § activities in the PARP-antisense cells can be
attributed to present but inactive enzymes, their absence from
the complex, or a down-regulation of their expression in the
cells, immunoblot analysis was performed with antibodies
to replicative enzymes or accessory proteins. Interestingly,
we show for the first time that PARP may play a role in the
recruitment of PCNA and topo I into the DNA synthesome.
These two proteins have been shown to be loosely associated
with the core proteins of the DNA synthesome and form a
so-called initiation complex (Applegren et al., 1995). On
the other hand, PARP also appears to play a role in the
regulation of the expression of a number of the proteins
comprising the tightly associated core proteins of the MRC,
such as DNA pol o, DNA primase, and RPA.

MATERIALS AND METHODS

Cells, Vectors, and Transfection. Monolayer cultures of
control and PARP antisense 3T3-L.1 preadipocytes were
grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), penicillin
(100 units/mL), and streptomycin (100 u#g/mL), and subcul-
tured every 4 days. The PARP-antisense cell lines were
obtained as previously described (Smulson et al., 1995) by
transfection of 3T3-L.1 preadipocytes with pMAM-As, a 1.1-
kb Xho I fragment of murine PARP cDNA subcloned in the
antisense orientation into the expression vector pMAM-neo
(Clontech) under the control of the mouse mammary tumor
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virus long terminal repeat, followed by selection of trans-
fectants in medium containing G-418 (400 ug/mL). Expres-
sion of PARP antisense RNA was confirmed by RNA, DNA,
and immunoblot analysis of control and stably transfected
antisense cell lines after incubation with dexamethasone for
various times.

Induction of Differentiation. Control and PARP-antisense
3T3-L1 preadipocyte cells were grown to confluence in
DMEM supplemented with 10% FBS and then maintained
for an additional 2 days, after which differentiation was
induced by addition of 0.5 mM methylisobutyl xanthine, 1
UM dexamethasone, and 1.7 yM insulin. This medium was
replaced with DMEM containing 10% FBS and 1.7 uM
insulin after 48 h, and cells were placed back in regular
medium after another 48 h. Terminal differentiation was
monitored by washing the cells in phosphate-buffered saline
(PBS), followed by fixation for 10 min in PBS containing
3.7% formaldehyde, staining with 0.3% Oil-Red-O dye for
triglyceride droplets for 1 h, and observation under a phase-
contrast microscope.

Enzyme Assays. At various indicated times after exposure
to inducers of differentiation, control and PARP-antisense
cells were harvested, they were washed with ice-cold PBS,
and duplicate samples were subjected to enzyme assays to
measure PARP, DNA pol ¢, and DNA pol ¢ activities.
Purified MRC fractions from induced and uninduced control
and PARP-antisense cells, as well as from HeL.a cells, were
also assayed for these enzyme activities. For PARP activity
assays, incorporation of [32PJNAD into acid-insoluble ac-
ceptors was measured at 25 °C for 1 min, with 20 ug protein
per determination and triplicate determinations per treatment
(Smulson et al., 1995). In vitro DNA pol a activity was
assayed by measuring the incorporation of [PH]JTTP into
DNA for 1 h at 37 °C by scintillation spectroscopy, with
activated calf thymus DNA as template as previously
described (Simbulan et al., 1993). DNA pol 0 activity assays
were performed by measuring the incorporation of [SH]TTP
into DNA for 1 h at 37 °C, with polydA-dT as template
according to published procedures (Syvaoja et al.; 1990).

Purification of the MRC from 3T3-L1 and Hela Cells.
Fractionation of cells and purification of the MRC were
performed by a series of centrifugation steps and chroma-
tography on two different columns as previously described
(Applegren et al., 1995; Malkas et al., 1990; Wu et al., 1994).
The replication-competent MRC partitions exclusively with
the P4, Q-Sepharose peak, and sucrose gradient peak
fractions, which also exhibit peak activities for DNA pol «,
DNA pol 6, and PARP.

Immunoprecipitation Protocols. Immunoprecipitation was
performed according to procedures described previously
(Simbulan et al., 1993). Briefly, equal amounts (10 ug) of
purified MRC (SG fraction) were added with 200 uL. of EBC
buffer (50 mM Tris-HCI pH 8, 120 mM NaCl, 0.5% NP-40,
and 0.1 TIU of aprotinin), pre-cleared overnight with 10 4L/
sample of protein A-Sepharose at 4 °C. After centrifugation,
the supernatants were rocked for an hour with 0.5 mL of
NET-N buffer (20 mM Tris-HCI pH 8.0, 100 mM NaCl, 1
mM EDTA, and 0.5% NP-40) containing anti-PCNA (1 ug
of antibody per sample), followed by another incubation for
20 min with 20 uL of protein A-Sepharose in Tris-buffered
saline with 10% BSA (1:1). After extensive washing of the
beads with NET-N buffer, the immunocomplex bound to the
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beads was then separated by SDS—polyacrylamide gel
electrophoresis, transferred to nitrocellulose, and immuno-
detected with monoclonal antibody against poly(ADP-ribose),
provided by Drs. M. Miwa and T. Sugimura, Japan (1:250
(Kawamitsu et al., 1983). '
Immunoblot Analysis with Antibodies to PARP, DNA pol
'0,-DNA Primase, Topoisomerase I, RPA, and PCNA. SDS~
polyacrylamide gel electrophoresis and protein transfer to
nitrocellulose membranes were performed according to
standard procedures. Membranes were stained with Ponceau
S (0.1%) to confirm equal loading and transfer. After
blocking of nonspecific sites, the blots were incubated with
rabbit polyclonal antibodies to PARP (1:2000 dilution)
(Ludwig et al., 1988) and then detected with appropriate
peroxidase-labeled secondary antibodies (1:3000 dilution)
and enhanced chemiluminescence (ECL, Amersham). Im-
munoblots were sequentially stripped by incubation for 30
min at 50 °C with a solution containing 100 mM 2-mercap-
toethanol, 2% SDS, and 62.5 mM Tris-HCl (pH 6.7),
reblocked, and reprobed with antibodies to different DNA
replication proteins. The monoclonal anti-DNA pol a
(purified ascites) was used at 1:250 dilution and recognizes
the 180 kDa polypeptide (Spriggs et al., 1992). The
monoclonal antibody to RPA (1:500 dilution; recognizes the
RPA p70) was kindly provided by Dr. B. Stillman; and the
anti-DNA primase antibody (1:500 dilution; detects the DNA
primase p58) by Dr. W. Copeland. The antibodies to topo
I (1:1000 dilution; reacts with the topo I p100), PCNA (1:
1000 dilution; detects the PCNA p36), and' E2F-1 (1: 1000;
reacts with the E2F p60) were obtained from TopoGEN,
Calbiochem, and Santa Cruz Biotech., respectively.

RESULTS

The Complexed Form of PCNA is Poly(ADP-ribosyl)ated.
We have previously shown by immunoprecipitation experi-
ments that PCNA is one of the poly(ADP-ribosyl)ated
proteins of the HeLa MRC, together with DNA pol o and
topo I. To further characterize the poly(ADP-ribosyl)ation
state of PCNA in these cells, we subjected various fractions
obtained during the purification of the MRC to immunopre-
cipitation with anti-PCNA and then to immunoblot analysis
with antibodies to PCNA and to PAR. Purification of the
MRC was performed by fractionation of cells in a series of
centrifugation steps, followed by discontinuous gradient
centrifugation on a sucrose cushion (P4 and S4 fractions),
chromatography on a Q-sepharose column (QS and FT
fractions), and the peak fractions subjected to sucrose
gradient centrifugation (SG) as previously described (Apple-
gren et al., 1995; Malkas et al., 1990; Wu et al., 1994). The
replication-competent MRC partitions exclusively with the
P4, QS peak, and SG peak fractions, which also exhibit peak
activities for DNA pol a, DNA pol é, and PARP. Two
forms of PCNA were detected: a complexed form that
associated with the replication-competent fractions of the
MRC, and a free form present in the replication-inactive
fractions (Figure 1). Although approximately equal amounts
of these two forms of PCNA were detected in the cell, only
the complexed form was poly(ADP-ribosyl)ated (Figure 1),
indicating that poly(ADP-ribosyl)ation of PCNA in the MRC
may play a role in regulating its functions within the MRC.

Because PCNA is required for synthesis of leading strand
DNA synthesis by DNA pol ¢ (Tsurimoto and Stillman,
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P4* S4 QS* FT SG*

poly(ADP-ribosyl)ated
PCNA —» N

FIGURE 1: Immunoblot analysis with antibodies to PCNA (upper
panel) or to PAR (lower panel) of immunoprecipitated fractions
obtained during purification of the MRC from HeLa cells. Equal
amounts of protein fractions (10 ug) were immunoprecipitated with
antibody to PCNA and then subjected to immunoblot analysis with
anti-PCNA (1:1000 dilution). Asterisks indicate the replication-

- competent MRC fractions, including the P4, Q-Sepharose (QS)

peak, and sucrose gradient (SG) peak fractions (Applegren et al.,
1995; Malkas et al., 1990). The positions of molecular size standards
(in kilodaltons) are indicated on the right; the arrow indicates the

-position of PCNA. The immunoblot in the upper panel was stripped

of antibodies and reprobed with monoclonal antibodies to PAR (1:
250 dilution).

1991), we next investigated the effects of further poly(ADP-
ribosylation (in the presence of NAD) and the PARP
inhibitor 3-aminobenzamide (3-AB) on in vitro DNA pol d
activity within the DNA synthesome. NAD inhibited the
activity of DNA pol § in the Hel.a MRC (SG fraction) in a
dose-dependent manner (Figure 2A), whereas 3-AB reversed
the inhibitory effect of 100 uM NAD (Figure 2B). Es-
sentially identical results were obtained when the effects of
NAD and 3-AB on DNA pol a activity in the purified HeLa
MRC (SG fraction) were assayed (data not shown). This is
the first time that PARP or poly(ADP-ribosyl)ation has been
shown to affect the activity of DNA pol 4 in vitro, suggesting
that PARP may play a regulatory role in the MRC by
modulating the activity of component MRC replicative
enzymes by catalyzing their poly(ADP-ribosyDation. As
with other acceptor proteins of PARP (Yoshihara et al., 1985;
Darby et al., 1985; Ferro and Olivera, 1984; Kasid et al.,
1989; Eki and Hurwitz, 1991), further poly(ADP-ribosyl)-
ation of these enzymes or their cofactors in the presence of
increasing NAD may confer a large negative charge which
promotes the dissociation of these enzymes from the DNA
template-primer, thereby inhibiting their activity.

Effects of Depletion of PARP by Antisense RNA Expression
on the Activities of DNA pol o and J in the MRC of 3T3-L1
Cells. To further elucidate the role(s) of PARP in the MRC,
we next investigated the effects of PARP depletion by
expression of antisense RNA on the activities of DNA pol
o and 6 in the MRC (QS peak fractions) purified from 3T3-
L1 cells. We have previously shown by flow cytometry that
80% of both 3T3-L1 control and PARP-antisense cells had
a predominant Go-G; DNA content prior to induction of
differentiation. However, whereas 95% of the control cells
had synchronously entered S phase 24 h after induction, 60%
of the PARP antisense cells remained blocked at Go-G; and
had not entered S phase at this time (Simbulan-Rosenthal et
al,, 1996). Thus, under these conditions, quiescent control
cells are induced to proliferate and go through one round of
the cell cycle, but not the PARP-depleted antisense cells.
Accordingly, the MRC was purified from 3T3-L1 control
and PARP-antisense cells harvested before (0 h) and 24 h
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FiGURE 2: Concentration-dependent effects of NAD (A) and 3-AB
(B) on DNA pol  and PARP activities of the purified HeLa cell
MRC. PARP and DNA pol ¢ activities of purified HeL.a cell MRC
(SG peak fraction) were assayed in the presence of various
concentrations of NAD (A), or in the presence of 100 uM NAD
and various concentrations of 3-AB (B), as described in Materials
and Methods. Data are expressed as pmoles of [*H]dTTP incor-
porated into DNA per hour per milligram (DNA pol &) or
nanomoles of [*?P]NAD per minute per milligram of protein
(PARP), and are means of triplicate determinations. Essentially
identical results were obtained in three independent experiments.

after induction of differentiation as described in Materials
and Methods. The Q-Sepharose peak fractions of MRC
purified from the induced control cells which were used in
the subsequent experiments were found to be competent to
support viral DNA replication in vitro (data not shown).
DNA pol « activity in total cell extracts from uninduced
control cells or from the PARP-antisense cells either before

or 24 h after induction was only ~15% of that in total
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FiGure 3: Effects of PARP depletion by antisense RNA expression
on DNA pol a activity of extracts and MRC fractions of 3T3-L1
cells prepared before or 24 h after induction of differentiation. (A)
Total cell extracts and MRC (QS peak) fractions were prepared
from 3T3-L1 control (C) and PARP-antisense (As) cells before and
24 h afier exposure to inducers of differentiation. DNA pol a
activity (pmoles of [*H]dTTP incorporated into DNA per hour per
milligram) was assayed as described in Materials and Methods.
Data are means of triplicate determinations, and essentially identical
results were obtained in two additional experiments. (B) Amounts
of protein isolated as MRC (QS peak) from 3T3-L1 (C) and PARP
anstisense (As) cells prior to (0 h) and 24 h after induction.
extracts of the S phase control cells (Figure 3). Essentially
all of the DNA pol « activity of the replicating control cells
was recovered in the MRC fraction; the MRC fractions from
PARP-antisense and uninduced control cells contained only
~15% of the DNA pol o activity associated with the MRC
fraction of induced control cells (Figure 3A). Comparable
amounts of protein were isolated as MRC (QS peak fraction)
from the control and antisense cells, before (0 h) and 24 h
after induction of differentiation (Figure 3B).

PARP activity assays were performed to confirm that the
replicative complex purified from PARP-antisense cells
lacked PARP activity. As expected, virtually all PARP
activity cosedimented with the replication-competent MRC
fractions (P4, QS peak), whereas the replication-inactive
fractions (S4, QS flowthrough) contained essentially no
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FIGURE 4: Effects of PARP depletion on PARP (A) and DNA pol
d (B) activities in the MRC fractions of 3T3-L1 cells. The MRC
(QS peak) fraction was purified from 3T3-L1 control and PARP-
antisense cells before and 24 h after induction of differentiation,
and subjected to PARP and DNA pol d activity assays as described
in Materials and Methods. Data are means of triplicate determina-
tions, and essentially identical results were obtained in two
additional experiments.

PARP activity (data not shown), consistent with PARP being
a “core” component of the MRC in these cells. However,
as with DNA pol o activity, whereas substantial PARP
activity was detected in MRC from control cells in S phase,
the MRC fraction from PARP-antisense and uninduced
control cells exhibited only -5% of this activity (Figure 4A).

The effect of PARP depletion on DNA pol d activity of the

MRC fraction was virtually identical to that on DNA pol o
activity. Only the MRC fraction from replicating control
cells contained substantial DNA pol ¢ activity (Figure 4B).
These results are consistent with our earlier results showing
that in vivo DNA replication, as assessed by incorporation
of bromodeoxyuridine or [*H]thymidine into newly synthe-
sized DNA, occurred only in 3T3-L1 contro! cells 24 h after
induction of differentiation, but not in the PARP-depleted
antisense cells. Accordingly, depletion of PARP by antisense
RNA expression resulted in a replicative complex devoid of
any significant DNA pol o or d activity.
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FIGURE 5: Immunoblot analysis with antibody to PARP of MRC
fractions purified from 3T3-L1 control and PARP-depleted antisense
cells. The MRC (QS peak) fraction was purified from 3T3-L1
control and PARP-antisense cells before and 24 h after induction
of differentiation and equal amounts (20 ug) were subjected to
immunoblot analysis with antibodies to murine PARP (1:2000
dilution). The positions of molecular size standards (in kilodaltons)
are indicated on the left, as is the position of PARP (arrow).

Effects of PARP Depletion on the Protein Composition of
the DNA Synthesome of 3T3-L1 Cells. SDS—polyacrylamide
gel electrophoresis and silver staining of MRC fractions
prepared from control and PARP-antisense cells, before or
24 h after induction of differentiation, revealed that the most
prominent difference was the presence of a 116-kDa protein,
corresponding to the size of intact PARP, in the fraction from
control cells in S phase but not in those from PARP antisense
cells or uninduced control cells. Although MRC purified
from both control and antisense cells have approximately
35 to 40 protein bands, some proteins are evident only in
the control MRC, while other proteins appear to be present
in higher amounts in the antisense MRC (data not shown).
What these proteins are, whether these bands represent
different proteins, or whether some of these bands represent
different modified forms of the same proteins, however,
remain to be clarified. Consistent with the PARP activity
data, immunoblot analysis with polyclonal antibodies to
PARP showed that PARP protein was present exclusively
in the MRC fraction from control 3T3-L1 cells in S phase,
and not in the MRC fractions from PARP-antisense cells or
nonreplicating control cells (Figure 5). The polyclonal
antibody to PARP used here has previously been shown to
react with a 116 kDa protein, corresponding to full-length
PARP, and a smaller truncated PARP around 100 kDa which
is observed only in murine cell extracts (Ludwig et al., 1988).

We next investigated the effects of PARP depletion on
the protein composition of the MRC by immunoblot analysis
with antibodies to specific MRC protein components. Im-
munoblot analysis of total cell extracts revealed that the
amounts of PCNA and topo I were markedly increased in
control cells exposed to inducers of differentiation (Figure
6). Ponceau S staining for total protein on the same
immunoblot confirmed essentially equal protein loading and
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FiGURe 6: Immunoblot analysis of PCNA and topoisomerase I in

total cell extracts and MRC fractions prepared from 3T3-L1 control
and PARP-depleted antisense cells. Equal amounts (20 ug) of total

cell extracts (left panels) and MRC (QS peak) fractions (right

panels) from 3T3-L1 control and PARP-antisense cells prepared
before and 24 h after induction of differentiation were subjected to
immunoblot analysis with antibodies to PCNA (1:1000 dilution)
(upper panels) or to DNA topoisomerase I (1:1000 dilution) (lower
panels). Arrows indicate the positions of PCNA and topoisomerase
1

transfer among lanes (data not shown). It is unclear why
topo I was detected in the uninduced PARP-antisense cells,
but not in the uninduced contro] cells; nevertheless, both
PCNA and topo I were present in antisense cells (Figure 6).
However, the two proteins appeared to be present in antisense
cells and uninduced control cells only in the free, uncom-
plexed form, because they were detected in the MRC fraction
only from replicating control cells. These results suggest
that these replication proteins are not recruited into the
complex in PARP-depleted antisense cells and that PARP
may play a role in their assembly into the DNA synthesome.

Immunoblot analysis of total cell extracts with antibodies
to other component replicative proteins of the MRC such as
DNA pol o, DNA primase, and RPA revealed a significant
induction of each of these proteins on exposure of control
cells to inducers of differentiation, but not in the PARP
antisense cells (Figure 7). These results indicate that PARP

and/or poly(ADP-ribosyl)ation may play a role in the

regulation of expression of these MRC components when
quiescent cells are induced to proliferate. Since there was
no effect of PARP depletion on the expression of topo I in
these cells (Figure 6), the lack of any DNA pol o, DNA
primase, and RPA gene expression could not be attributed
to a general inability of the PARP-depleted cells to undergo
protein or RNA synthesis.

Effects of PARP Depletion by Antisense RNA Expression
on the Expression of E2F-1, a Transcription Factor Impli-
cated in the Transcriptional Regulation of the DNA pol a
Gene. We next investigated the effect of PARP depletion
on the abundance of E2F-1, a transcription factor that
positively regulates the transcription of several gene products
required for DNA replication and cell growth, including
DNA pol a, PCNA, dihydrofolate reductase, thymidine
kinase, c-MYC, c-MYB, cyclin D, and cyclin E (Blake and
Azizkhan, 1989; DeGregori et al., 1995; Nevins, 1992;
Pearson et al., 1991; Slansky et al., 1993). Immunoblot
analysis of total cell extracts revealed that, whereas control
cells exhibited a marked increase in the expression of E2F-1
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FiGure 7: Immunoblot analysis of PARP, DNA pola, DNA
primase, and RPA in total cell extracts derived from 3T3-L1 contro}
and PARP-depleted antisense cells. Total cell extracts from 3T3-
L1 control and PARP-antisense cells were prepared before and 24
h after induction of differentiation and equal amounts (20 ug
protein) were subjected to immunoblot analysis with antibodies to
PARP, DNA pol a, DNA primase, or RPA. Arrows indicate the
positions of the various proteins, and their molecular sizes (in
kilodaltons) are indicated on the right.

as early as 1 h after induction of differentiation, consistent
with the fact that the E2F-1 gene is an early-response gene
(Johnson et al., 1994), PARP-depleted antisense cells con-
tained negligible amounts of E2F-1 during the 24 h exposure
to inducers of differentiation (Figure 8). The induction of
both DNA pol a and PCNA in control cells occurred after
that of E2F-1, consistent with their being encoded by late-
response genes (Pearson et al., 1991). These results indicate
that PARP may regulate the expression of DNA pol a and
PCNA genes during early S-phase indirectly by affecting
the expression of the transcriptional factor, E2F-1, which in
turn can regulate the transcription of both the DNA pol a
and PCNA genes, as well as the E2F-1 gene itself.

DISCUSSION

We had previously shown that PARP depletion by expres-
sion of antisense RNA inhibits the differentiation of 3T3-
L1 preadipocytes, including the differentiation-linked round
of DNA replication (Smulson et al., 1995). The requirement
for DNA replication prior to differentiation is thought to
reflect a need to reconfigure chromatin in order to set and
change committed patterns of gene expression (Villarreal,
1991). Differentiation of both 3T3-L1 cells (Smulson et al.,
1995) and Friend erythroleukemia cells (Spriggs et al., 1992)
is prevented by blocking the associated DNA replication at
the early stages of this process. Thus, the failure of PARP-
depleted 3T3-L1 cells to undergo terminal differcntiation into
adipocytes is likely attributable to their inability to undergo
replication in the early stages of diffcrentiation, indicating
that PARP plays a role in this replication. '

The roles of PARP have also been cxamined by gene
disruption in PARP knockout mice. While certain strains
of PARP knockout micc are viable and fertile, primary
fibroblasts derived from thesce animaly exhibit proliferation
deficiencies in culture (de Murcia et al,, 1997, Wang et al,,
1995). Although hoth DNA replication and differentiation
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FIGURE 8: Time courses of the expression of DNA pol a, PCNA,
and E2F-1 in 3T3-L1 control and PARP-antisense cells after
exposure to inducers of differentiation. 3T3-L1 control and PARP-
antisense cells were exposed to inducers of differentiation and
harvested at the indicated times. Total cell extracts were then
prepared and subjected to immunoblot analysis with antibodies to
DNA pol o, PCNA, or E2F-1.

must be occurring in these animals, in the absence of PARP,
apparently, in clonal cultured cell systems, PARP plays
auxiliary roles in these processes, and isolated cell systems
show more profound effects due to the lack of PARP that
are not apparent in the animals.

We have also shown previously that PARP is tightly
associated with the core proteins of the MRC purified from
HeLa and FM3A cells (Simbulan-Rosenthal et al., 1996).
These purified MRCs support viral DNA replication in vitro
and migrates as discrete, high molecular weight complexes
on native polyacrylamide gel electrophoresis (Tom et al.,
1996). PARP has been thought to play a regulatory role
within these complexes because it is capable of modulating
the catalytic activity of some of the replicative enzymes or
factors either by directly associating with them [DNA pol oL
(Simbulan et al., 1993)] or by catalyzing their poly(ADP-
ribosyl)ation [DNA pol a (Yoshihara et al., 1985), and DNA
topoisomerase I and I (Darby et al., 1985; Ferro and Olivera,
1984; Kasid et al., 1989), and RPA (Eki and Hurwitz, 1991)].
In most instances, poly(ADP-ribosyl)ation results in a
reduction in enzyme activity of the modified protein,
presumably because of a marked decrease in DNA-binding
affinity caused by electrostatic repulsion between DNA and
PAR. ‘

About 15 of the ~40 polypeptides of the MRC including
DNA pol g, topo I, and PCNA, were shown to be poly-
(ADP-ribosyl)ated by immunoblot analysis to PAR (Sim-
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bulan-Rosenthal et al., 1996). We have now shown that,
although there are approximately equal amounts of MRC-
complexed and free forms of PCNA in HeLa cells, only the
complexed form is poly(ADP-ribosyl)ated (Figure 1), sug-
gesting that such modification may regulate its activity within
the complex. The modified, compiexed form of PCNA may
correspond to the -35% of total cellular PCNA previously
shown to be associated with replication foci during the peak
of S phase (Morris and Mathews, 1989).

DNA pol a-primase synthesizes RNA primers and Oka-
zaki fragments required for initiation of the lagging strand,
while DNA pol § mediates leading and lagging strand DNA
synthesis during the elongation phase of DNA replication
(Waga and Stillman, 1994). PCNA is required for DNA pol
o-mediated synthesis of the leading strand (Tsurimoto and
Stillman, 1991). Consistent with previous studies with other
purified enzymes, poly(ADP-ribosyl)ation inhibited the
activities of DNA pol o and DNA pol é within the MRC
purified from HeLa cells in a manner that was dependent
on NAD concentration and sensitive to 3-AB. Thus, poly-
(ADP-ribosyl)ation may regulate the catalytic activities of
these enzymes within the replication complex.

We also purified the MRC from 3T3-L1 cells harvested
before and 24 h after exposure to inducers of DNA
replication and differentiation; at the latter time point, ~95%
of control cells are in S phase and exhibit a transient peak
of PARP expression. Only the MRC fraction from S phase
control cells, not those from uninduced control cells or from
PARP-antisense cells, contained PARP protein and activity
as well as DNA pol o and 6 activities (Figures 3 and 4).
The observation that the MRC from PARP-depleted antisense
cells do not have any DNA pol a and § activities indicated
three possibilities: (i) PARP may be essential for the
functions of these replicative enzymes within the complex
(they are present but inactive in the PARP-depleted antisense
MRC); (ii) PARP may play a role in its assembly into the
complex (they are present in total cell extracts, but not in
the replicative complex); or (iii) PARP may be implicated
in regulation of the expression of the genes for these proteins
during entry into S phase (they are not present in cell extracts
of the PARP-depleted antisense cells). Thus, the effect of
PARP-depletion by antisense RNA expression on the protein
composition of the complex was next investigated by
immunoblot analyses using antibodies to MRC proteins
which were available to us, i.e., PARP, DNA pol a, DNA
primase, PCNA, topo I, and RPA.

PCNA and topo I were present in the MRC fraction only
from S phase control cells, although they were both detected
in total cell extracts from control and PARP-antisense cells
exposed or not to inducers of differentiation (Figure 6). These
results indicate that PARP may play a role in the assembly
of PCNA and topo I into the DNA synthesome during entry
into S phase. The mechanism by which this occurs, however,
remains unclear. PARP has previously been shown by
immunoprecipitation experiments to physically associate with
DNA pol a in vitro (Simbulan et al., 1993) and in vivo
(Smulson et al., 1995), as well as with topo I (Ferro et al.,
1983). This physical association with other proteins may
represent a mechanism by which PARP can recruit certain
proteins into the replication complex. Whether poly(ADP-
ribosyl)ation regulates recruitment of proteins to the MRC
remains to be elucidated since it is still unclear whether
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modification of component proteins occurs prior to, during,
or after association with the MRC.

DNA pol o /DNA primase form a complex of four
subunits, the largest of which is the catalytic subunit (~180
kDa) (Wong et al., 1986), and the two smallest subunits
comprise the DNA primase (~58- and ~48 kDa) (Bambara
and Jessee, 1991). When quiescent cells are stimulated to
proliferate, mRNA -levels of all four subunits increase
simultaneously prior to DNA synthesis; thus, transcription
of the genes for DNA pol a and DNA primase are likely
regulated by a common mechanism (Miyazawa et al., 1993).
Expression of DNA pol a, DNA primase, and RPA were
significantly reduced in PARP-depleted antisense cells
(Figure 7), suggesting that PARP may be implicated in the
expression of the corresponding genes during entry of cells
into S phase.

Under the conditions prior to induction of differentiation
in this system, celis were stimulated to proliferate from
essentially serum-deprived, spatially restricted quiescent
cultures. In response to growth stimulation, expression of
genes involved in DNA replication has been shown to
increase dramatically at late G; (Baserga, 1991; Miyazawa
et al, 1993), including PCNA, DNA pol a, and DNA
primase genes. In mammalian cells, the transcription factor
E2F-1 binds to a specific recognition site (5-TTTCGCGC)
and thereby activates the promoters of several genes that
encode proteins required for DNA replication and cell
growth, including DNA pol a, dihydrofolate reductase,
thymidine kinase, c-MYC, c-MYB, PCNA, cyclin D, and
cyclin E (Blake and Azizkhan, 1989; DeGregori et al., 1995;
Nevins, 1992; Pearson et al.,, 1991; Slansky et al., 1993).
Transcription of the E2F-1 gene, in turn, is also regulated
during the cell cycle (Neuman et al., 1994). Interestingly,
depletion of PARP by antisense RNA expression also
prevented the increase in the abundance of E2F-1 associated
with the early stage of differentiation in 3T3-L1 cells (Figure
8). Recently, PARP has also been shown to enhance
activator-dependent transcription, presumably by interacting
with RNA polymerase II-associated factors (Meisterernst et
al., 1997), and a basal transcription factor, TFIIF, was
reported to be a highly specific substrate for poly(ADP-

-ribosyl)ation (Rawling and Alvarez-Gonzalez, 1997). Thus,

experiments are now underway to determine whether PARP
plays a more direct role in the transcription of DNA pol a,
PCNA, and E2F-1 genes by binding to the promoter
sequences of the E2F-1 and/or DNA pol o genes during early
S phase. Alternatively, since PARP depletion by antisense
RNA expression has also been shown to result in significant
changes in chromatin structure (Ding et al., 1992), it is also
possible that the effects of PARP depletion may be due to
indirect alterations in chromatin structure.
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A transient burst of poly(ADP-ribosyl)ation of nuclear
proteins occurs early, prior to commitment to death, in
human osteosarcoma cells undergoing apoptosis, fol-
lowed by caspase-3-mediated cleavage of poly(ADP-ri-
bose) polymerase (PARP). The generality of this early
burst of poly(ADP-ribosyl)ation has now been investi-
gated with human HL-60 cells, mouse 3T3-L1, and im-
mortalized fibroblasts derived from wild-type mice. The
effects of eliminating this early transient modification
of nuclear proteins by depletion of PARP protein either
by antisense RNA expression or by gene disruption on
various morphological and biochemical markers of apo-
ptosis were then examined. Marked caspase-3-like
PARP cleavage activity, proteolytic processing of CPP32
to its active form, internucleosomal DNA fragmentation,
and nuclear morphological changes associated with
apoptosis were induced in control 3T3-L1 cells treated
for 24 h with anti-Fas and cycloheximide but not in
PARP-depleted 3T3-L1 antisense cells exposed to these
inducers. Similar results were obtained with control
and PARP-depleted human Jurkat T cells. Whereas im-
mortalized PARP +/+ fibroblasts showed the early burst
of poly(ADP-ribosyl)ation and a rapid apoptotic re-
sponse when exposed to anti-Fas and cycloheximide,
PARP -/— fibroblasts exhibited neither the early poly
(ADP-ribosyl)ation nor any of the biochemical or mor-
phological changes characteristic of apoptosis when
similarly treated. Stable transfection of PARP —/- fibro-
blasts with wild-type PARP rendered the cells sensitive
to Fas-mediated apoptosis. These results suggest that
PARP and poly(ADP-ribosyl)ation may trigger key steps
in the apoptotic program. Subsequent degradation of
PARP by caspase-3-like proteases may prevent deple-
tion of NAD and ATP or release certain nuclear proteins
from poly(ADP-ribosyl)ation-induced inhibition, both of
which might be required for late stages of apoptosis.

Apoptosis, or programmed cell death, plays important roles
in development, homeostasis, and immunological competence.
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It is characterized by marked morphological changes such as
membrane blebbing, chromatin condensation, nuclear break-
down, and the appearance of membrane-associated apoptotic
bodies, as well as by internucleosomal DNA fragmentation. The
enzyme poly(ADP-ribose) polymerase (PARP)! catalyzes the
poly(ADP-ribosyl)ation of various nuclear proteins with NAD
as substrate, and, because it is activated by binding to DNA
ends or strand breaks, PARP has been suggested to contribute
to cell death by depleting the cell of NAD and ATP (1). PARP
undergoes proteolytic cleavage into 89- and 24-kDa fragments
that contain the active site and the DNA-binding domain of the
enzyme, respectively, during drug-induced apoptosis in a vari-
ety of cells (2). More recently, PARP has been implicated in the
induction of both p53 expression and apoptosis (3), with the
specific proteolysis of the enzyme thought to be a key apoptotic
event (4—6).

Caspase-3, a member of the caspase family of 10 or more
aspartate-specific cysteine proteases that play a central role in
the execution of the apoptotic program (7), is primarily respon-
sible for the cleavage of PARP during cell death (4, 5). Other
caspases, such as caspase-7, also cleave PARP in vivo, but at
lower efficiencies. Composed of two subunits of 17 and 12 kDa
that are derived from a common proenzyme (CPP32), caspase-3
is related to interleukin-18-converting enzyme and CED-3,
which is required for apoptosis in Caenorhabditis elegans (8).
In human osteosarcoma cells that undergo confluence-associ-
ated apoptosis over a 10-day period, caspase-3-like activity,
measured with a specific [2*SIPARP-cleavage assay in vitro,
peaks at 6-7 days after initiation of apoptosis, concomitant
with the onset of internucleosomal DNA fragmentation (4).

We recently examined the time course of PARP activation
and cleavage during apoptosis in intact osteosarcoma cells by
immunofluorescence microscopy with antibodies to PARP, to
the 24-kDa cleavage product of PARP, and to poly(ADP-ribose)
(PAR) (9). We observed a transient burst of synthesis of PAR
from NAD that increased early and was maximal 3 days after
initiation of apoptosis, prior to the appearance of internucleo-
somal DNA cleavage (at day 7) and before the cells became
irreversibly committed to apoptosis. During this early period,
expression of full-length PARP was detected by both immuno-
fluorescence and immunoblot analysis. The amounts of both
PAR and PARP decreased thereafter, and at 6 days, the 24-kDa
cleavage product of PARP was detected both immunocytochem-
ically and by immunoblot analysis. PAR was not observed
during days 8 to 10, despite the presence of abundant DNA
strand breaks, potential activators of PARP, during this time.

! The abbreviations used are: PARP, poly(ADP-ribose) polymerase;
PAR, poly(ADP-ribose); MNU, N-methyl-N-nitrosourea; CHAPS, 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonic acid; Pipes, 1,4-
piperazinediethanesulfonic acid; PBS, phosphate-buffered - saline;
TNF-a, tumor necrosis factor-c.
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" These observations suggested that short-lived PARP-catalyzed

- .poly(ADP-ribosyl)ation may be important at an early stage of

- apoptosis and is followed by the cleavage of PARP by mid-
apoptosis. We have now investigated whether this transient
poly(ADP-ribesyl)ation occurs in other cell lines and with other

_inducers of apoptosis. We examined both cell lines stably trans-
fected with inducible PARP antisense constructs (9-11) and
immortalized fibroblasts derived from PARP knockout mice
(12) to determine the effect of preventing the early burst in
PARP activity on specific markers of apoptosis.

Several PARP knockout mice have been established by dis-
-rupting the PARP gene in embryonic stem cells; these animals
neither express PARP nor exhibit any poly(ADP-ribosyl)ation
(12, 13). Despite variations in the physiological phenotypes of
these animals, developmental apoptosis seems to take place in
the absence of PARP. Furthermore, primary cells (fibroblasts,
splenocytes, thymocytes) from these animals undergo apoptosis
induced by N-methyl-N-nitrosourea (MNU) and other agents
(13, 14). The more recent PARP knockout mice exhibit extreme
sensitivity to y-irradiation and MNU, and primary cells de-
rived from these mice showed an abnormal apoptotic response
to MNU (13). In contrast, >80% of primary embryonic fibro-
blasts derived from the earlier PARP knockout mice lost via-
bility when exposed to anti-Fas (1000 ng/ml) for 8 h; thus, the
absence of PARP does not seem to interfere with programmed
cell death in these primary cells (14).

Our previous studies with clonal cells depleted of PARP by
expression of PARP antisense RNA have supported accessory
roles for PARP and/or poly(ADP-ribosyl)ation in adipocyte dif-
ferentiation (11), DNA replication associated with this differ-
entiation (15, 63), genomic stability (10), and DNA repair (33,
16). In DNA repair, for example, although the absence of PARP
did not totally prevent the repair of single-strand breaks, it
resulted in a significant delay in this process (16). Primary cell
cultures presumably consist of a mosaic of different stages of
development, many of which perhaps possess compensatory
routes to overcome gene disruption. It is possible that biochem-
ical roles, not easily observable in the context of the whole
animal or in primary cultures of cells, can be identified in
clonal cells because of more profound effects observed in these
cells. :

The present study demonstrates the occurrence of a tran
sient poly(ADP-ribosyl)ation of nuclear proteins at an early
stage of apoptosis induced by serum deprivation, camptothecin,
or antibodies to Fas in different cell lines. When this early
poly(ADP-ribosyDation was prevented as a result of depletion
of endogenous PARP, either by gene disruption or by antisense
RNA expression, several morphological and biochemical mark-
ers of apoptosis were no longer observed in response to such
inducers.

EXPERIMENTAL PROCEDURES

Cell Culture, Vectors, and Transfection—A 1.1-kilobase fragment of
murine PARP ¢DNA encoding the DNA-binding domain and the NH,-
terminal automodification domain (for the mouse 3T3-L1 cell transfec-
tions) or a 3.7-kilobase Xhol full-length human PARP ¢DNA (for human
Jurkat T cell transfection) was subcloned in an antisense orientation in
the expression vector pMAM-neo (CLONTECH) under the control of the
dexamethasone-inducible mouse mammary tumor virus promoter. The
resulting pMAM-As (antisense) or pMAM-neo (control) plasmids were
transfected into cells by calcium phosphate precipitation (3T3-L1 cells)
or by electroporation (Jurkat cells). Transfectants were selected in
appropriate medium with G-418 (400 ug/ml) (Life Technologies, Inc.).
Stably transfected 3T3-L1 cells and fibroblasts derived from both wild-
type and PARP knockout mice (12) were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum, penicillin
(100 units/ml), and streptomycin (100 pg/ml). The PARP +/+ and —/—
fibroblasts, immortalized by a standard 8T3 protocol, were kindly pro-
vided by Z. Q. Wang (International Agency for Research on Cancer,
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Lyon, France). Jurkat T cells and HL-60 cells were maintained in RPMI
1640 supplemented with 10% and 20% fetal bovine serum, respectively.
PARP —/- fibroblasts were either cotransfected with a plasmid ex-
pressing wild-type PARP (pcD-12; Ref. 17) along with the plasmid
pTracer-CMV (Invitrogen), a zeocin-based vector system, or with
pTracer-CMV alone using lipofectamine (Life Technologies, Inc.). This
vector system was utilized as the PARP —/— fibroblasts expressed an
endogenous neo gene, which was used to establish the original PARP
knockout mice. Stable transfectants were colony-selected in growth
medium containing 500 pg/ml Zeocin.

PARP-cleavage Assay—In vitro PARP-cleavage assays were per-
formed as described previously (4, 9). In brief, full-length human PARP
c¢DNA was excised from pcD-12 (17), ligated into the Xhol site of pBlue-
script-II SK+ (Stratagene), and used to synthesize [**Simethionine-
labeled PARP by coupled T7 RNA polymerase-mediated transcription
and translation in a reticulocyte lysate system (Promega). Cytosolic
extracts of various cells were prepared by rapid freezing and thawing of
cells in a solution containing 10 mM Hepes-KOH (pH 7.4), 2 mum EDTA,
0.1% CHAPS detergent, 5 mM dithiothreitol, 1 mM phenylmethylsulfo-
nyl fluoride, pepstatin A (10 pg/ml), leupeptin (10 pg/ml), and aprotinin
(10 pg/ml), followed by centrifugation of the cell lysate at 100,000 X g
for 30 min and recovery of the supernatant. In vitro PARP-cleavage
activity was measured in 25-ul reaction mixtures containing 5 pg of
cytosolic protein, [*SIPARP (~5 X 104 cpm), 50 mM Pipes-KOH (pH
6.5), 2 mM EDTA, 0.1% CHAPS, and 5 mM dithiothreitol. After incuba-
tion for 1 h at 37 °C, reactions were terminated by the addition of SDS
sample buffer (4% SDS, 4% 2-mercaptoethanol, 10% glycerol, 125 mMm
Tris-HCI (pH 6.8), and 0.02% bromphenol blue). Proteins were resolved
by SDS-polyacrylamide gel electrophoresis, and PARP-cleavage prod-
ucts were visualized by fluorography.

Indirect Immunofluorescence Microscopy and Immunoblot Analy-
sis—The procedures for fixation and staining with monoclonal antibod-
ies to PAR (10HA) (18) have been described previously (9). Cells were
transferred to a slide in a Cytospin (IEC Centra), fixed with 10% (w/v)
ice-cold trichloroacetic acid for 10 min, and dehydrated in 70%, 90%,
and absolute ethanol for 3 min each at —~20 °C. The slides were then
incubated overnight in a humid chamber at room temperature with
antibodies to PAR (1:250 dilution) in phosphate-buffered saline (PBS)
containing 12% bovine serum albumin. After washing with PBS, cells
were incubated for 1 h with biotinylated anti-mouse IgG (1:400 dilution
in PBS-bovine serum albumin), washed, and incubated for 30 min with
streptavidin-conjugated Texas red (1:800 dilution in PBS-bovine serum
albumin). Cells were finally mounted with PBS containing 80% glycerol
and observed with a Zeiss fluorescence microscope. All exposure times
were identical to allow comparisons of relative staining intensities at
various times during apoptosis.

For immunoblot analysis, SDS-polyacrylamide gel electrophoresis
and transfer of proteins (30 ug per lane) to nitrocellulose membranes
were performed according to standard procedures. Membranes were
stained with Ponceau S (0.1%) to confirm equal loading and transfer.
After blocking of nonspecific sites, membranes were incubated with
antibodies. to PARP (1:2000 dilution) (19) or to caspase-3 (1:10,000
dilution; kindly provided by Dr. D. Nicholson, Merck Labs). The mem-
branes were subsequently probed with appropriate peroxidase-labeled
antibodies to mouse or rabbit IgG (1:3000 dilution), and immune com-
plexes were detected by enhanced chemiluminescence (Pierce). For
detection of PAR bound to the separated proteins in the same blots, the
membranes were stripped of antibodies by incubation at 50 °C for 30
min in a solution containing 100 mM 2-mercaptoethanol, 2% SDS, and
62.5 mM Tris-HCI (pH 6.7); after blocking of nonspecific sites, they were
reprobed with monoclonal antibodies to PAR (1:250 dilution).

PARP Activity Assays—At indicated time intervals, cells were har-
vested by scraping, washed with ice-cold PBS, and assayed for PARP
activity as described previously (20). Briefly, cells were sonicated for
20 s (three times) to lyse cells and introduce DNA strand breaks re-
quired for PARP activity, followed by measurement of [**P]NAD incor-
poration into acid-insoluble acceptors at 25 °C for 1 min.

Detection of Apoptotic Internucleosomal DNA Fragmentation—Cells
were washed in PBS and lysed in 7 M guanidine hydrochloride, and total
genomic DNA was extracted and purified using a Wizard Miniprep
DNA Purification Resin (Promega). After RNase A treatment (1 pg/50
ul) of the DNA samples for 30 min, apoptotic internucleosomal DNA
fragmentation was detected by gel electrophoresis on a 1% agarose gel
and ethidium bromide staining (0.5 pg/ml) as described previously (64).

Hoechst Staining for Apoptotic Morphology—Cells were centrifuged
at 1000 rpm for 5 min, fixed for 10 min in PBS containing 4% formalin,
washed with PBS, and stained with Hoechst 33258 (24 mg/ml) in PBS
containing 80% glycerol. An aliquot (25 pl) of the cell suspension was
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F1c. 1. Time course of poly(ADP-ribosyl)ation of nuclear pro-
teins (4), DNA fragmentation (B), and PARP-cleavage activity
(C) during camptothecin-induced apoptosis in human HL-60
cells. A, apoptosis was induced in human HI-60 cells by incubation
with camptothecin (10 uM); at the indicated times, cell extracts were
prepared and subjected to immunoblot analysis with antibodies to PAR.
B, apoptosis was monitored by extraction of total genomic DNA and
detection of characteristic internucleosomal DNA ladders by agarose
gel electrophoresis and ethidium bromide staining. C, caspase-3-like
PARP-cleavage activity in cytosolic extracts was assayed with
[**SIPARP as substrate.

then dropped onto a slide, and nuclear morphology was observed with
an Olympus BH2 fluorescence microscope.

RESULTS

A Transient Burst of Poly(ADP-ribosyl)ation of Nuclear Pro-
teins Occurs during Early Stages of Apoptosis in HL-60
Cells—To investigate whether the brief activation of PARP
during the early stages of apoptosis, detected initially by im-
munofluorescence in osteosarcoma cells (9), is a general phe-
nomenon, we examined several different cell types. The tran-

sient PARP activation occurs prior to the induction of caspase-

3-like activity, as measured by the in vitro cleavage of
[®°Slmethionine-labeled PARP into 89- and 24-kDa fragments
by cell extracts derived at various stages of apoptosis. This
burst of PAR synthesis also occurs before the onset of internu-
cleosomal DNA fragmentation, a biochemical hallmark of
apoptosis, which has been shown to begin on day 7 and peak at
day 10, when almost 100% of the cells have undergone apo-
ptosis (4, 9). Although caspase-3 is the major protease respon-
sible for the in vivo cleavage of PARP, other caspases have also
been shown to partially cleave PARP at much lower efficien-
cies; thus, we refer to this activity as caspase-3-like.

The time course of apoptosis induced by the topoisomerase
inhibitor camptothecin in HL-60 cells is shorter than sponta-
neous apoptosis occurring in osteosarcoma cells, as evidenced
by the detection of internucleosomal DNA fragmentation by 6 h
after induction (Fig. 1B). Caspase-3-like PARP-cleavage activ-
ity was apparent at 4 h and maximal at 68 h after induction
(Fig. 1C). Immunoblot analysis with antibodies to PAR re-
vealed an early transient peak of poly(ADP-ribosylation of
nuclear proteins 2 h after induction of apoptosis (Fig. 14), prior
to the onset of caspase-3-like activity and DNA fragmentation,
similar to that observed in osteosarcoma cells. Caspase-3-like
cleavage of PARP apparently results in PARP inactivation as
there are no poly(ADP-ribosylated acceptors at the peak of

Fic. 2. Induction of in vitro caspase-3-like PARP-cleavage ac-
tivity in 3T3-L1 cells by a combination of anti-Fas and cyclohex-
imide. Mock-transfected cells were preincubated in the absence (A) or
presence (B) of 1 uM dexamethasone (Dex) for 72 h and subsequently
incubated for 24 h in the absence or presence of TNF-a (1000 units/ml),
camptothecin (10 um), anti-Fas (500 ng/ml), or a combination of anti-
Fas (50 ng/ml) and cycloheximide (10 pg/ml). Cytosolic extracts were
then prepared and assayed for caspase-3-like activity with [*S]PARP
as substrate.

caspase-3 like activity (6—8 h), even in the presence of massive
DNA fragments (Fig. 1B) at this time.

Transient Poly(ADP-ribosylation of Nuclear Proteins Occurs
Early during Fas-mediated Apoptosis in Murine 3T3-L1 Cells
but Not in PARP-depleted 3T3-L1 Antisense Cells—We next
examined murine 3T3-L1 cells that can be depleted of endoge-
nous PARP by antisense RNA expression. We have previously
used these cells, which are stably transfected with a dexa-
methasone-inducible PARP antisense construct, to investigate
the role of PARP in differentiation (11, 15, 63). PARP was
shown to be required for a round of DNA replication that
precedes the onset of differentiation in these cells.

Because apoptosis has previously been induced in 3T3-L1
cells only by deregulated expression of c-Myc under conditions
of serum deprivation (21), it was first necessary to establish
conditions under which apoptosis could be triggered by exoge-
nous inducers. 3T3-L1 cells transfected with the control vector
(mock-transfected) were preincubated in the presence or ab-
sence of 1 mm dexamethasone for 72 h and then treated with
various inducers of apoptosis. Tumor necrosis factor-a (TNF-a),
camptothecin, or antibodies to Fas (anti-Fas) (even at a dose of -
500 ng/ml, which is 10 times the concentration required to
induce apoptosis in other cell lines) induced only a slight in-
crease in caspase-3-like activity in mock-transfected cells (Fig.
2). However, incubation of cells with a combination of anti-Fas
and cycloheximide resulted in a marked induction of caspase-
3-like activity, as indicated by the generation of the 89- and
24-kDa cleavage fragments of PARP. Densitometric scanning
showed that ~60% of [3*S]PARP substrate was converted to the
89-kDa cleavage product under these conditions. Cyclohexi-
mide alone did not induce apoptosis in these cells (data not
shown). Cycloheximide has been previously shown to potenti-
ate TNF-a-induced apoptosis (22—24) as well as overcome re-
sistance to Fas-mediated apoptosis in various cells (24-26);
this latter effect of cycloheximide does not seem to be mediated
by inhibition of translation because resistant cells can be sen-
sitized to anti-Fas by subinhibitory concentrations of the drug.
The presence of dexamethasone during the 72-h preincubation
of mock-transfected 3T3-L1 cells had no effect on mductlon of
caspase-3-like activity (Fig. 2B). -

It was important to determine the kinetics of PARP depletlon
induced by antisense RNA expression in 3T3-L1 cells under the
present conditions, given that our previous studies with this
cell line had focused on the role of PARP in differentiation.
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F1c. 3. PARP depletion by antisense RNA expression in 3T3-L1
cells. Mock-transfected (control) and PARP-antisense 3T3-L1 cells
. were incubated in the absence or presence of 1 uM dexamethasone (Dex)
for the indicated times, after which equal amounts of total cellular
protein (30 ug) were resolved by SDS-polyacrylamide gel electrophore-
sis and subjected to immunoblot analysis with rabbit antibodies to
full-length PARP (A4). The immunoblot was also stained with Ponceau S
to confirm equal protein loading and transfer among the lanes (B). At
indicated time intervals after exposure to dexamethasone, control and
PARP antisense cells were harvested by scraping, washed with ice-cold
PBS, and assayed for PARP activity as described under “Experimental
Procedures” (C). )

Immunoblot analysis revealed that the amount of PARP in
mock-transfected 3T3-L1 cells was not affected by incubation
with dexamethasone (Fig. 34). However, in the PARP-anti-
sense cells, dexamethasone induced a time-dependent deple-
tion of PARP, with only ~5% of the protein remaining after
72 h. Ponceau S staining for total protein on the same immu-
noblot confirmed essentially equal protein loading and transfer
among lanes (Fig. 3B). Whereas the in vitro PARP activity of
control cells was not affected by incubation with dexametha-
sone, exposure of PARP-antisense cells to dexamethasone for
72 h resulted in an ~80% decrease in PARP activity (Fig. 3C).
. 8T3-L1 control cells that had been preincubated with dexa-
methasone for 72 h were exposed to anti-Fas and cycloheximide
for various times and then subjected to immunoblot analysis
with antibodies to PAR. As in HL-60 and osteosarcoma cells,
. the extent of poly(ADP-ribosyl)ation of nuclear proteins peaked
early, 4 h after the induction of apoptosis in control 3T3-L1
cells, a stage at which all the cells were still viable and could be
replated, and subsequently decreased (Fig. 44). The array of
poly(ADP-ribosyl)ated nuclear proteins was consistent with au-
tomodification of PARP as well as the poly(ADP-ribosyl)ation of
histones and other nuclear acceptor proteins (27). As antici-
pated, poly(ADP-ribosyl)ation of nuclear proteins was not de-
tected in PARP-depleted 3T3-L1 antisense cells exposed to

«
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Fic. 4. Time course of poly(ADP-ribosyl)ation of nuclear pro-
teins in 3T3-L1 control and PARP-depleted antisense cells ex-
posed to anti-Fas and cycloheximide. 3T3-L1 control (4) and PARP-
antisense (B) cells were preincubated in the presence of 1 um
dexamethasone for 72 h and then exposed to anti-Fas (50 ng/m}) and
cycloheximide (10 pg/ml) for the indicated times. Equal amounts of total
cellular protein (30 ug) were then subjected to immunoblot analysis
with monoclonal antibodies to PAR. The positions of molecular size
standards (in kilodaltons) are indicated.

anti-Fas and cycloheximide (Fig. 4B).

Effects of the Absence of Early Transient Poly(ADP-ribosyl)a-
tion on Morphological and Biochemical Markers of Apoptosis in
3T3-L1 Cells—We next tried to determine whether prevention
of the early burst of PAR synthesis by PARP antisense RNA
expression could affect the development of other biochemical or
morphological markers of apoptosis when these cells are ex-
posed to apoptosis inducers. The combination of anti-Fas and
cycloheximide induced a marked increase in caspase-3-like ac-
tivity in mock-transfected 3T3-L1 cells that had been preincu-
bated in the absence or presence of dexamethasone (Fig. 54);
this effect was maximal 24 h after induction of apoptosis.
Whereas PARP-antisense 3T3-L1 cells that were not exposed to
dexamethasone showed a similar increase in caspase-3-like
activity in response to anti-Fas and cycloheximide, no such
increase was apparent in PARP-antisense cells that had been
depleted of PARP by preincubation with dexamethasone before
exposure to anti-Fas and cycloheximide (Fig. 5B).

Caspase-3, similar to other members of the caspase family, is
expressed in cells as an inactive 32-kDa proenzyme (CPP32).
During apoptosis, CPP32 is activated by cleavage at specific
Asp residues, with the active enzyme (caspase-3) consisting of
a heterodimer of a 17-kDa subunit (p17), containing the cata-
lytic domain, and a 12-kDa subunit (p12) (4). To confirm that
CPP32 is proteolytically processed to pl7 during apoptosis in
control 3T3-L1 cells and to determine whether the transient
early poly(ADP-ribosyl)ation is necessary for this activation,
control and antisense cells were preincubated with dexametha-
sone and exposed to anti-Fas and cycloheximide for the indi-
cated times; cell extracts were then subjected to immunoblot
analysis with antibodies to the pl7 subunit of caspase-3 (Fig.
5C). The amount of CPP32 increased in both control and anti-
sense cells after exposure to anti-Fas and cycloheximide. How-

* ever, whereas CPP32 was proteolytically processed to p17 by

24 h, coinciding with the peak of in vitro caspase-3-like PARP-
cleavage activity, in control cells, proteolytic processing of
CPP32 was not apparent in the PARP-depleted antisense cells.
Furthermore, using DNA fragmentation analysis as another
assay for apoptosis, control 3T3-L1 cells exposed to anti-Fas
and cycloheximide for 24 h exhibited marked internucleosomal
DNA fragmentation (DNA ladders), but not the PARP-depleted
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Fic. 5. Effects of PARP depletion by antisense RNA expression
on the increase in caspase-3-like activity (A and B), proteolytic
processing of CPP32 (C), and internucleosomal DNA fragmen-
tation (D) during Fas-mediated apoptosis in 3T3-L1 cells. Mock-
transfected (A) and PARP-antisense (B) 3T3-L1 cells were preincubated
in the absence or presence of 1 uM dexamethasone (Dex) for 72 h and
then incubated with anti-Fas (50 ng/m!) and cycloheximide (CHX) (10
pg/ml) for the indicated times. Cytosolic extracts were prepared and
assayed for in vitro PARP-cleavage activity with [*®S]PARP as sub-
strate. (C) 3T3-L1 control and antisense cells were preincubated with
dexamethasone for 72 h and then exposed to anti-Fas and cyclohexi-
mide for the indicated times as in (A) and (B). Cell extracts were
subjected to immunoblot analysis with a monoclonal antibody to the
P17 subunit of caspase-3. The positions of CPP32 and p17 are indicated.
(D) Total genomic DNA was extracted, and internucleosomal DNA
ladders characteristic of apoptosis were detected by agarose gel electro-
phoresis and ethidium bromide staining. The positions of DNA size
standards (in kilobases) are indicated (M).

antisense cells exposed to these inducers for the same time
(Fig. 5D).

Consistently, whereas antisense cells preincubated in the
absence of dexamethasone showed changes in nuclear morphol-
ogy typical of apoptosis when exposed to anti-Fas and cyclohex-
imide, those depleted of PARP by preincubation with dexam-
ethasone did not (Fig. 6A). Whereas ~75% of the antisense
cells, which were not preincubated with dexamethasone, exhib-
ited chromatin condensation (arrowheads) and nuclear frag-
mentation (arrows) after 48 h of exposure to anti-Fas and
cycloheximide, only ~1% of PARP-depleted antisense cells did
(Fig. 64). Exposure of the PARP-depleted antisense cells to
these agents for >72 h failed to induce any morphological or
biochemical markers of apoptosis (data not shown). In contrast,
more than 90% of the control cells contained apoptotic nuclei by
48 h and thereafter (Fig. 6B).

Effects of PARP Depletion by Antisense RNA Expression on
Induction of Apoptosis in Human Jurkat Cells—To confirm our
results with 3T3-L1 control and antisense cells, we examined
human Jurkat T cells stably transfected with either a PARP

A
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Fi1c. 6. Time course of apoptosis in 3T3-L1 cells as monitored

. by Hoechst staining for nuclear morphology. PARP-antisense (4)

and mock-transfected (B) cells were preincubated for 72 h in the ab-
sence (left panels) or presence (right panels) of 1 pM dexamethasone and
then exposed to anti-Fas (50 ng/ml) and cycloheximide (10 pg/ml) for
the indicated times. Cells were fixed, stained with Hoechst stain, and
observed with a fluorescence microscope for morphological changes
associated with apoptosis (pyknotic nuclei, chromatin ‘condensation,
nuclear fragmentation). Original magnification, 40X. Arrows indicate
nuclear fragmentation; arrowheads indicate chromatin condensation.

antisense RNA construct or the empty vector. Immunoblot
analysis showed that preincubation of two different Jurkat
antisense cell clones for 72 h with dexamethasone resulted in
depletion of endogenous PARP by ~99% (Fig. TA).

Because Jurkat cells express high levels of the Fas antigen
(24, 29), anti-Fas alone was used to induce apoptosis in these
cells. Similar to the other cell lines used in this study, Jurkat
celis also exhibited an early transient peak of PAR synthesis
3 h after induction with anti-Fas (data not shown).. Mock-
transfected Jurkat cells preincubated in the absence or pres-
ence of dexamethasone, as well as antisense cells preincubated
in the absence of dexamethasone, showed a marked increase in
caspase-3-like activity; ~80% of the [*>SIPARP substrate was
cleaved into 89- and 24-kDa fragments by cytosolic extracts
derived from cells exposed to anti-Fas for 24 h (Fig.'7B). In
contrast, caspase-3-like activity remained negligible in PARP-
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Fic. 7. Effects of PARP depletion by antisense RNA expression
on markers of Fas-mediated apoptosis in human Jurkat cells. 4,
Jurkat control and two antisense cell clones were incubated in the
absence or presence of 1 uM dexamethasone (Dex) for 72 h, after which
cell extracts (30 pg) were subjected to immunoblot analysis with anti-
bodies to PARP (upper panel). The immunoblot was also stained with
Ponceau S for confirmation of equal protein loading (lower panel). B,
mock-transfected (control) and PARP-antisense Jurkat cells were pre-
incubated in the absence or presence of 1 uM dexamethasone for 72 h
and then treated with anti-Fas (50 ng/ml) for the indicated times.
Cytosolic extracts were prepared and equal amounts assayed for PARP-
cleavage activity in vitro with [35S]JPARP as substrate. C, control or
PARP antisense Jurkat cells were preincubated in the absence or pres-
ence of 1 pM dexamethasone for 72 h and then incubated in the absence
or presence of anti-Fas (50 ng/ml) for 24 h. Cells were then fixed,
stained with Hoechst stain, and observed with a fluorescence micro-
scope for nuclear apoptotic morphology. Original magnification, 40X.

depleted antisense cells treated with anti-Fas for the same
time (Fig. 7B).

Anti-Fas also induced changes in nuclear morphological con-
sistent with apoptosis in control Jurkat cells (Fig. 7C). More
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Fic. 8. Effects of anti-Fas and cycloheximide on poly(ADP-
ribosyl)ation of nuclear proteins in immortalized fibroblasts
from wild-type and PARP knockout mice. 4, extracts of fibroblasts
derived from PARP knockout and mice (PARP —/-) (lanes 2 and 4) from
wild-type mice (PARP +/+) (lanes 1 and 3) were subjected to immuno-
blot analysis with antibodies to PARP (lanes 1 and 2) or to PAR (lanes
3 and 4). B, PARP +/+ and PARP -/~ fibroblasts were exposed to
anti-Fas (100 ng/ml) and cycloheximide (10 pg/ml) for the indicated
times, after which cell extracts (30 ug) were subjected to immunoblot
analysis with monoclonal antibodies to PAR.
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Fic. 9. Effects of anti-Fas and cycloheximide on caspase-3-like
activity (A) and proteolytic processing of CPP32 (B) in immor-
talized fibroblasts from PARP knockout and wild-type mice. 4,
PARP +/+ and PARP —/- fibroblasts were incubated with anti-Fas
(100 ng/ml) and cycloheximide (10 pg/ml) for the indicated times, after
which cytosolic extracts were assayed for in vitro PARP-cleavage activ-
ity with [**S]PARP as substrate. B, cytosolic extracts from cells treated
as in A were also subjected to immunoblot analysis with a monoclonal
antibody to the p17 subunit of caspase-3.

than 80% of mock-transfected cells that had been preincubated
in the absence or presence of dexamethasone, as well as anti-
sense cells preincubated without dexamethasone, showed ei-
ther chromatin condensation or nuclear fragmentation after
24-h treatment with anti-Fas. However, consistent with the
results obtained with the 3T3-L1 antisense cells, no such
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Fic. 10. Effects of anti-Fas and cy-
cloheximide on nuclear morphology
of immortalized fibroblasts from
PARP knockout and wild-type mice.
PARP +/+ (left panels) and PARP —/-
(right panels) fibroblasts were exposed to
anti-Fas (100 ng/ml) and cycloheximide
(10 pg/ml) for O h (upper panels) or 24 h
(lower panels). Cells were fixed, stained
with Hoechst stain, and observed under a
fluorescence microscope for nuclear mor- 24
phological changes associated with apo-
ptosis. Original magnification, 40X.

changes were evident in PARP-depleted Jurkat antisense cells
exposed to anti-Fas (Fig. 7C).

Transient Poly(ADP-ribosyl)ation of Nuclear Proteins Also
Occurs Early during Fas-mediated Apoptosis in PARP +/+
Fibroblasts but Not in PARP —/— Cells—To investigate
whether prevention of the early burst of PAR synthesis by gene
disruption could likewise affect the induction of biochemical or
morphological markers of apoptosis when these cells are ex-
posed to apoptosis inducers, fibroblasts derived from wild-type
(PARP +/+) and PARP knockout mice (PARP —/-) (12), im-
mortalized by the standard 3T3 protocol (28), were utilized.
PARP —/— cells were confirmed devoid of PARP and PAR by
immunoblot analysis with the corresponding antibodies (Fig.
8A). As with the other cell lines, these cells also exhibited a
transient burst of poly(ADP-ribosyl)ation of nuclear proteins as
early as 1 h after exposure to anti-Fas and cycloheximide (Fig.
8B), and PAR synthesis markedly declined thereafter, presum-
ably by a combination of caspase-3-like mediated PARP cleav-
age and PAR-glycohydrolase activity. As anticipated, no burst of
poly(ADP-ribosyl)ation was observed in PARP —/— fibroblasts
after exposure to inducers of apoptosis for up to 6 h (Fig. 8B).

Immortalized Fibroblasts Derived from PARP Knockout Mice
Do Not Exhibit Morphological and Biochemical Markers Char-
acteristic of Apoptosis—Anti-Fas and cycloheximide induced a
marked increase in caspase-3-like activity in PARP +/+ cells;
this effect was maximal 24 h after induction of apoptosis, as
indicated by the complete cleavage of PARP into 89- and 24-
kDa fragments (Fig. 94). In contrast, no such increase in
caspase-3-like activity was evident in PARP —/— cells after
exposure to anti-Fas and cycloheximide for up to 24 h.

To verify that CPP32 is proteolytically activated to caspase-3
during induction of apoptosis in these cells, extracts of cells
that had been exposed to anti-Fas and cycloheximide for vari-
ous times were subjected to immunoblot analysis with antibod-
ies to CPP32. Whereas CPP32 was proteolytically processed to
pl7 in PARP +/+ fibroblasts exposed to anti-Fas and cyclohex-
imide, no such effect was evident in the PARP —/— cells (Fig.
9B). The band migrating slightly faster than CPP32 corre-
sponds to a protein that reacts nonspecifically with the anti-
bodies to CPP32.

PARP +/+ cells showed substantial nuclear fragmentation
and chromatin condensation 24 h after induction of Fas-medi-
ated apoptosis (Fig. 10); ~97% of nuclei exhibited apoptotic

morphology by this time. In contrast, no substantial changes in
nuclear morphology were apparent in the PARP —/— fibro-
blasts even after exposure to anti-Fas and cycloheximide for
24 h (Fig. 10) or 48 h (data not shown).

Transfection of PARP — [ — Fibroblasts with Wild-type PARP
Sensitizes These Cells to Fas-mediated Apoptosis—PARP —/—
fibroblasts were stably transfected with pcD-12, a plasmid ex-
pressing wild-type PARP (17). Immunoblot analysis showed
that three different cell clones (1, 2, and 3) and pooled clones (P)
expressed PARP protein similar to the PARP +/+ cells,
whereas PARP —/- cells and the clone transfected with the
vector alone (“vec”) did not (Fig. 11A). The ability of these
clones to express PARP was also confirmed by in vitro PARP
activity assays (data not shown).

These cells were induced to undergo apoptosis by exposure to
anti-Fas and cycloheximide for up to 48 h. In vivo caspase-3-
like PARP-cleavage activity was monitored by immunoblot
analysis with antisera to PARP that recognizes both the 116-
kDa PARP and its 24-kDa cleavage fragment (F1-23, Biomol)
(Fig. 11B). PARP +/+ cells as well as PARP —/— clones stably
transfected with PARP (clones 2 and 3) exhibited significant
caspase-3-like activity after 48 h; ~95% of the PARP protein
was cleaved in vivo to the 24-kDa cleavage fragment by 48 h
(Fig. 11B). As expected, PARP was not expressed in the PARP
—/— fibroblasts nor in —/— cells transfected with vector alone.
Consistently, whereas exposure to anti-Fas and cycloheximide
induced marked internucleosomal’ DNA fragmentation in
PARP +/+ fibroblasts and PARP —/— cells stably transfected - -
with PARP (clone 2), no apoptotic DNA ladders were evident in -
the PARP —/— cells when similarly treated (Fig. 11C).. .

Furthermore, exposure to anti-Fas plus’ cycloheximide for ..

48 h induced apoptotic nuclear morphology in. PARP =/=cells =
transfected with PARP (clone 2) (Fig. 11D), aimost to the same
extent as the PARP +/+ cells (Fig. '10).. Whereas ~85% of
PARP-transfected cells showed either chiromatin condensation

or nuclear fragmentation after treatment with anti-Fas for48h -
(Fig. 11D), no such changes were apparent in mock-transfected -

PARP —/— cells when exposed to these inducers for the same - -

time. These results confirm that the'inability of the PARP /- -
cells to undergo Fas-mediated apoptosis is attributed to the -

lack of PARP due to disruption of the gene and not due to other *
genetic alterations resulting from. immnmmaﬁnn or clonal .
differences between the PARP +/+ ‘and =/ o T
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Fic. 11. Effects of anti-Fas and cycloheximide (CHX) on
caspase-3-like activity (B), internucleosomal DNA fragmenta-
tion (C), and nuclear morphology (D) in immortalized PARP
+/+, PARP —/— fibroblasts, and PARP —/- fibroblasts stably
transfected with wild-type (wt) PARP. A, immunoblot analysis
with anti-PARP was performed on cell extracts of PARP +/+ and PARP
—/— fibroblasts as well as different cell clones (1, 2, and 3), and pooled
clones (P) of PARP —/— cells that were stably transfected with wild-type
PARP or with vector alone (vec). B, these cells were then exposed to a
combination of anti-Fas (100 ng/ml) and cycloheximide (10 ug/ml) for
48 h. In vivo caspase-3-like PARP cleavage activity was monitored by
immunoblot analysis of cell extracts utilizing antisera to PARP that
recognizes both the 116-kDa PARP and its 24-kDa cleavage fragment
(F1-23, Biomol). C, apoptosis was alse monitored by extraction of total
genomic DNA and detection of characteristic apoptotic internucleoso-
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DISCUSSION

To investigafe, without the use of possibly nonspecific chem-
ical inhibitors (30-32), the potential roles of PARP and poly-
(ADP-ribosyl)ation in nuclear processes that require cleavage

‘and rejoining of DNA strands, we have previously established

and characterized several mammalian cell lines, including
HeLa (16), keratinocytes (33), and 3T3-L1 preadipocytes (11),
that are stably transfected with PARP antisense cDNA under
the control of an inducible promoter. Establishment of condi-
tions at which endogenous PARP protein and activity can be
substantially depleted at specific times by expression of PARP
antisense transcripts has enabled us to investigate the roles of
PARP in DNA repair, recovery of cells from exposure to muta-
genic agents (10, 33), gene amplification (10), and differentia-
tion-linked DNA replication (11, 15, 63).

A role for PARP in apoptosis has been suggested by studies
showing that the enzyme undergoes proteolytic cleavage into
89- and 24-kDa fragments during chemotherapy-induced (2) or
spontaneous (4) apoptosis. PARP cleavage by caspase-3 has
been shown to be necessary for apoptosis (4, 5); the cleavage
and inactivation of PARP as well as subsequent apoptotic
events are blocked by a peptide inhibitor of this protease. We
recently showed by immunofluorescence microscopy that poly-
(ADP-ribosyl)ation of nuclear proteins occurs early in apopto-
sis, prior to commitment to cell death, and is followed by
cleavage and inactivation of PARP; only small amounts of PAR
remained during the later stages of apoptosis, despite the pres-
ence of a large number of DNA strand breaks (9). We have now
shown that the transient burst of poly(ADP-ribosyl)ation of
nuclear proteins during the early stages of apoptosis occurs in
several other cell systems as well. Furthermore, by depleting
the normally abundant PARP from 3T3-L1 and Jurkat cells by
antisense RNA expression prior to the induction of apoptosis,
or with the use of immortalized fibroblasts derived from PARP
knockout mice, we have demonstrated that prevention of this
early activation of PARP blocks various biochemical and mor-
phological changes associated with apoptosis, thus correlating
the early poly(ADP-ribosyl)ation with later events in the Fas-
mediated cell death cascade.

In contrast, it was recently shown that primary, nonimmor-
talized PARP —/— splenocytes and fibroblasts, from the same
strain of PARP knockout mice from which the immortalized
fibroblasts used in the present study were derived, undergo
apparently normal apoptosis in response to anti-Fas, TNF-q,
y-irradiation, or dexamethasone (14). Although the concentra-
tion of anti-Fas used to induce apoptosis in these primary
PARP —/- cells was substantially higher than that used in our
study with immortalized fibroblasts, the apparent discrepancy
between the responses of the primary and immortalized cells
remains to be clarified. This difference between the two types of
cells may be related to the process of immortalization. The
immortalized fibroblasts used in the present study are essen-
tially clonal in comparison, whereas the primary cultures used
in previous studies (13, 14) contain cells at various stages of
development. Although the physiological relevance of using
immortalized cell lines requires further study, our results with
PARP-antisense cell lines (both murine and human) are con-
sistent with our data obtained with the immortalized PARP
—/— fibroblasts.

In both 3T3-L1 and Jurkat PARP-antisense cells, endoge-

mal DNA ladders by agarose gel electrophoresis and ethidium bromide
staining. Positions of DNA size standards (in kilobases) are indicated.
D, cells were fixed, stained with Hoechst stain, and observed by fluo-
rescence microscopy for development of apoptotic nuclear morphology.
Original magnification, 40X.
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nous PARP protein was substantially depleted after incubation
with 1 um dexamethasone for 72 h, whereas PARP abundance
was unaffected by dexamethasone treatment in control cells.
With the use of an in vitro PARP-cleavage assay, marked
induction of caspase-3-like activity was observed after exposure
to anti-Fas and cycloheximide in control 3T3-L1 cells and im-
mortalized PARP +/+ fibroblasts, as well as in control Jurkat
cells treated with anti-Fas, and HL-60 cells exposed to camp-
tothecin. These various treatments also induced a transient
burst of poly(ADP-ribosyl)ation before the onset of biochemical
events associated with apoptosis in these cells. In contrast,
PARP-depleted 3T3-L1 or Jurkat antisense cells as well as
immortalized PARP —/- fibroblasts did not undergo this early
transient poly(ADP-ribosyl)ation nor did they show any in-
crease in caspase-3-like activity, demonstrate internucleoso-
mal DNA fragmentation, or exhibit morphological changes
characteristic of apoptosis.

Proteolytic cleavage and processing of CPP32 into mature
caspase-3 was also impaired in 3T3-L1 cells depleted of PARP
by antisense RNA expression and in PARP —/— fibroblasts.
Various lines of evidence indicate that caspase-3 is both neces-
sary and sufficient to trigger apoptosis: (i) disruption of the
caspase-3 gene in knockout mice results in excessive accumu-
lation of neuronal cells due to a lack of apoptosis in the brain
(34); (i1) multiple apoptotic signals, including serum with-
drawal, Fas activation, ionizing radiation, and various phar-
macological agents, activate caspase-3 by proteolytic cleavage
of CPP32 (35-39); (iii) a tetrapeptide inhibitor of caspase-3
(AcDEVD-CHO) blocks initiation of the apoptotic program in
response to various stimuli (4, 40); and (iv) addition of active
caspase-3 to normal cytosol can activate the apoptotic program
(41). Caspase-3 is responsible for the cleavage of various cellu-
lar substrates at the onset of apoptosis, including PARP, Ul~
70K, DNA-dependent protein kinase, the retinoblastoma, pro-
tein (Rb), fodrin, actin, lamin, gelsolin, and an inhibitor of a
caspase-activated DNase (ICAD) (4, 5, 42—-47); these proteins
are implicated in DNA repair, mRNA splicing, regulation of the
cell cycle, or in morphological changes and DNA fragmentation
associated with apoptosis. However, it is still unclear whether
cleavage of any one substrate is sufficient for a cell to be
committed to apoptosis. The bioclogical significance and bio-
chemical consequences of PARP cleavage and its consequent
inactivation also remain unclear.

The substantial extent of nuclear poly(ADP-ribosyl)ation ap-
parent early during apoptosis in 3T3-L1, HL-60, Jurkat, and
osteosarcoma cells as well as in immortalized PARP +/+ fibro-
blasts is consistent with the appearance of large (1 Mb) chro-
matin fragments at this reversible stage (6), given that the
activity of PARP is absolutely dependent on DNA strand
breaks. A marked decrease in NAD concentration, indicative of
increased PAR synthesis, and a subsequent recovery in NAD
levels prior to the appearance of internucleosomal DNA cleav-
age have also been previously observed (48). PARP activation
has been detected during apoptosis induced by various DNA-
damaging agents, including alkylating agents, topoisomerase
inhibitors, Adriamycin, x-rays, ultraviolet radiation, mitomy-
cin C, and cisplatin (49-53).

Whether this transient burst of PARP activity plays an im-
portant role or is simply a consequence of the presence of large
1-Mb DNA fragments at this early stage of apoptosis remains
to be clarified. In the present study, several of the morpholog-
ical and biochemical markers of apoptosis, such as development
of nuclear apoptotic morphology, internucleosomal DNA frag-
mentation, proteolytic processing and activation of CPP32, and
an increase in caspase-3-like activity, did not occur in cells
when this early burst of poly(ADP-ribosyl)ation was prevented
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by either gene disruption or by antisense RNA expression. The
early activation of PARP was confirmed by immunofluores-
cence staining or immunoblot analysis in the various cell lines
studied. Thus, PARP activation and poly(ADP-ribosyl)ation of
relevant nuclear proteins during the early stages of apoptosis
may be required for progression through the death program.
Subsequent degradation of PARP may prevent the depletion of
NAD and ATP needed for later steps in apoptosis (9).

Previous studies have suggested a correlation between poly-
(ADP-ribosyl)ation of nuclear proteins and internucleosomal
DNA fragmentation during apoptosis, as indicated by a sup--
pressive effect of PARP inhibitors on DNA fragmentation (54,
55) or on nuclear fragmentation (56). However, the relevant
target proteins for PARP during apoptosis remain to be iden-
tified. Poly(ADP-ribosyl)ation of histone H1, for example, dur-
ing the early stages of apoptosis was suggested to facilitate
internucleosomal DNA fragmentation by enhancing chromatin
susceptibility to cellular endonucleases (53).

In preliminary studies (to be published elsewhere), we have
obtained some potentially relevant targets for poly(ADP-ribo-
sylation during the burst of PAR synthesis at the early stages
of apoptosis. These resuits show that induction of spontaneous
apoptosis in osteosarcoma cells is associated with an increase
in the intracellular abundance of p53. Immunoprecipitation
and immunoblot analysis further indicate that extensive poly-
(ADP-ribosyl)ation of p53 occurs concomitant with the burst of
poly(ADP-ribosyl)ation and that subsequent degradation of
PAR attached to p53 occurs concomitant with the increase in
caspase-3-like activity. Thus, this posttranslational modifica-
tion may play a role in the regulation of p53 function or,
alternatively, in its degradation during p53-dependent apopto-
sis. These results are consistent with recent studies showing
substantial poly(ADP-ribosyl)ation of p53, with polymer chain
lengths from 4 to 30 residues, in cells undergoing apoptosis in
response to DNA damage (57, 58). Electrophoretic mobility
shift analysis further showed that ADP-ribose polymers at-

“tached to p53 blocked its sequence-specific binding to a 26-base

pair oligonucleotide containing the palindromic p53 consensus
binding sequence, suggesting that poly(ADP-ribosyl)ation of
P53 may negatively regulate p53-mediated transcriptional ac-
tivation of genes important in the cell cycle and apoptosis (59).
Recently, primary fibroblasts from PARP —/— mice were fur-
ther shown to have a 2-fold lower basal level of p53 and are
defective in the induction of p53 in response to DNA damage
(60). ’

Finally, the activity of Ca%*, Mg?*-dependent endonuclease
is inhibited by poly(ADP-ribosyl)ation in vitro (61), and the
enzyme is implicated in internucleosomal DNA cleavage during
apoptosis; it is identical in size and kinetic properties to DNase
v, which is thought to be responsible for DNA fragmentation
during thymic apoptosis (62). This enzyme also seems to be a
target of the early burst of poly(ADP-ribosyl)ation during spon-
taneous apoptosis in osteosarcoma and HL-60 cells (data not
shown), suggesting a possible negative regulatory role -for
PARP in apoptosis, whereby inactivation by caspase-3-cata- -
lyzed cleavage may release specific nuclear proteins from poly-
(ADP-ribosyl)ation-induced inhibition. These ongoing studies
aim to clarify the apparently essential requirement, at least in
the clonal immortalized mouse and human cells studied here,
for the early and brief poly(ADP-ribosyl)ation that occurs dur-
ing the initial stages of apoptosis.
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in the early stages of apoptosis and DNA
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Abstract

We have focused on the roles of PARP and poly(ADP-ribosyl)ation early in apoptosis, as well as during the early stages of
differentiation-linked DNA replication. In both nuclear processes, a transient burst of PAR synthesis and PARP expression
occurs early, prior to internucleosomal DNA cleavage before commitment to apoptosis as well as at the round of DNA replication
prior to the onset of terminal differentiation. In intact human osteosarcoma cells undergoing spontaneous apoptosis, both PARP
and PAR decreased after this early peak, concomitant with the inactivation and cleavage of PARP by caspase-3 and the onset
of substantial DNA and nuclear fragmentation. Whereas 3T3-L1, osteosarcoma cells, and immortalized PARP +/+ fibroblasts
exhibited this early burst of PAR synthesis during Fas-mediated apoptosis, neither PARP-depleted 3T3-L1 PARP-antisense
cells nor PARP -/- fibroblasts showed this response. Consequently, whereas control cells progressed into apoptosis, as indicated
by induction of caspase-3-like PARP-cleavage activity, PARP-antisense cells and PARP -/- fibroblasts did not, indicating a
requirement for PARP and poly(ADP-ribosyl)ation of nuclear proteins at an early reversible stage of apoptosis. In parallel
experiments, a transient increase in PARP expression and activity were also noted in 3T3-L1 preadipocytes 24 h after induction
of differentiation, a stage at which ~95% of the cells were in S-phase, but not in PARP-depleted antisense cells, which were
consequently unable to complete the round of DNA replication required for differentiation. PARP, a component of the
multiprotein DNA replication complex (MRC) that catalyzes viral DNA replication in vitro, poly(ADP-ribosyl)ates 15 of ~40
MRC proteins, including DNA pol o, DNA topo I, and PCNA. Depletion of endogenous PARP by antisense RNA expression
in 3T3-L1 cells results in MRCs devoid of any DNA pol o. and DNA pol 6 activities. Surprisingly, there was no new expression
of PCNA and DNA pol o, as well as the transcription factor E2F-1 in PARP-antisense cells during entry into S-phase, suggesting
that PARP may play a role in the expression of these proteins, perhaps by interacting with a site in the promoters for these
genes. (Mol Cell Biochem 193: 137-148, 1999)

Key words: PARP, poly(ADP-ribosyl)ation, apoptosis, DNA replication

Introduction

Poly(ADP-ribose) polymerase (PARP), which is catalytically
activated by DNA strand breaks, plays an auxiliary role in
nuclear processes, such as DNA repair [1-5] , DNA replica-
tion [6-11], cellular differentiation [10-15], and more recently
in apoptosis. PARP catalyzes the poly(ADP-ribosyl)ation of
various nuclear proteins, with NAD as substrate, and under-

goes proteolytic cleavage into 89- and 24-kDa fragments that
contain the active site and the DNA-binding domain of the
enzyme, respectively, during drug-induced [16] and spon-
taneous apoptosis [17, 18]. More recently, PARP has been
implicated in the induction of both p53 expression and
apoptosis [19] , with the specific proteolysis of the enzyme
thought to be a key apoptotic event [17,20, 21]. Caspase-3,
a member of the family of aspartate-specific cysteine pro-
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teases, is composed of two subunits of 17 and 12-kDa derived
from a common proenzyme (CPP32), plays a central role in
the execution of the apoptotic program [22], and isresponsible
for the cleavage of PARP during cell death [17, 21, 23].
Human osteosarcoma cells that undergo confluence-associated
apoptosis over a 10-day period, exhibit a peak of caspase-3
activity, measured with a specific [*’S] PARP-cleavage assay
in vitro, 67 days after initiation of apoptosis, concomitant
with the onset of internucleosornal DNA fragmentation [17].

We recently examined the time course of PARP activation
and cleavage during apoptosis in intact osteosarcoma cells
by immunofluorescence microscopy [18] as well as by
immunoblot analysis with antibodies to PARP and to
poly(ADP-ribose) (PAR). The results showed that poly(ADP-
ribosyl)ation of relevant nuclear proteins may be required at
an early reversible stage of apoptosis but that degradation of
PARP may be necessary at a later stage, suggesting a negative
regulatory role for PARP in apoptosis. We have now in-
vestigated this hypothesis utilizing well-characterized cell
lines stably transfected with inducible PARP- antisense
constructs [11, 24, 25] as well as with immortalized fibro-
blasts derived from PARP knockout mice [26]. Induction of
PARP antisense RNA in these cells have consistently shown
significant depletion of endogenous PARP protein and
activity. Using these PARP-depleted antisense cells, we have
shown that PARP and poly(ADP-ribosyl)ation facilitates the
initial rate of DNA repairin HeLa cells [1] and keratinocytes
{24]. Although the PARP knock out mice from which the
PARP -/- fibroblasts used in our studies were derived from
were viable, fibroblasts and thymocytes from these mice
exhibited proliferation deficiencies following DNA damage
{26]; primary PARP -/- splenocytes derived from other
knockout mice also showed abnormal apoptosis implicating
a role for PARP in the regulation of cell death [27].

PARP and poly(ADP-ribosyl)ation has also been im-
plicated in cellular differentiation since PARP inhibitors (i.e.
nicotinamide and benzamide) markedly inhibit differentiation
of 3T3-L1 preadipocytes into adipocytes by preventing a
transient increase in PARP activity that appears essential for
entering the differentiation program [28]. Consistently, we
have shown that inducible stably transfected 3T3-L1 cells
expressing PARP antisense RNA do not exhibit the increase
in PARP protein and activity normally apparent 24 h after
exposure to differentiation inducers and they fail to dif-
ferentiate into adipocytes [11] . The inability of the antisense
cells to synthesize PARP and PAR during the early stages of
differentiation correlates with their inability to undergo the
round of DNA replication required for onset of terminal
differentiation. We have now extended these studies to better
clarify the role of PARP in differentiation-linked DNA
replication and its putative roles as a component of multi-
protein DNA replication complexes (known as MRC or the
DNA synthesome) in cells [10].

Results

PARP and PAR are synthesized early during apoptosis of
human osteosarcoma cells

Human osteosarcoma cells were induced to undergo
confluence-associated apoptosis for 10 days, and examined
by immunofluorescence staining for PAR synthesis with
antibodies to PAR (left panel), and PARP (middle panel); the
levels of DNA strand breaks in cells were also assessed by
staining cells with biotinylated PARP DBD and Texas
red-conjugated streptavidin (right panel; [29]. Representative
samples from immediate (day 1), early (day 3), mid- (day 6),
and late (day 10) stages of apoptosis are shown (Fig. 1). The
synthesis of PAR from NAD increased early and peaked 3
days after initiation of apoptosis, prior to the appearance of
internucleosomal DNA cleavage and before the cells became
irreversibly committed to apoptosis. During the same early
period, new expression of full-length PARP was detected. At
6 days, however, the amounts of both PAR and PARP
decreased markedly, and PAR was not observed during days
8-10, despite the presence of abundant DNA strand breaks
(right panel), potential activators of intact PARP, during this
time. Significant intemucleosomal DNA fragmentation was
also shown to occur at days 6-9 of apoptosis in these cells
[17, 18]. Thus, a transient burst of PARP expression and
poly(ADP-ribosyl)ation of nuclear proteins occurs early,
prior to commitment to death, in osteosarcoma cells and is

DNA
breaks

Fig. 1. Time courses of PAR synthesis, PARP expression, and the presence
of DNA strand breaks during spontaneous apoptosis of human osteosarcoma
cells. Cells were cultured without any changes in medium for 110 days,
fixed, and subjected to immunofluorescence analysis with antibodies to
PAR (left panel) and PARP (middle panel), as well as biotinylated
recombinant PARP DBD which was used to detect DNA strand breaks
(right panel). :




followed by caspase-3 -mediated cleavage and inactivation
of PARP.

Different cells undergo a transient burst of poly(ADP-
ribosyl)ation of nuclear proteins early during apoptosis
followed by a decline concomitant with the onset of PARP
cleavage

In agreement with the immunofluorescence results shown in
Fig. 1, immunoblot analysis with antibody to PAR of osteo-
sarcoma cells at various stages of apoptosis also showed an
early burst of poly(ADP-ribosyl)ation of nuclear proteins at
day 4 of apoptosis, followed by a marked decline in poly(ADP-
ribosyl)ation at later time points, coincident with the onset
of PARP cleavage activity and intemucleosomal DNA
cleavage.

Consistently, other cell lines induced into Fas-mediated
apoptosis (Figs. 2C and D) or by the topoisomerase inhibitor,
camptothecin (Fig. 2B), also exhibited the same early burst
of poly(ADP-ribosyl)ation of nuclear proteins during an early
reversible stage of apoptosis, when the cells were still viable
(as assessed by exclusion of trypan blue) and could still be
replated. HL-60 cell extracts derived at early time points
during camptothecin-induced apoptosis (Fig. 2B) as well as
3T3-L1 and PARP +/+ fibroblasts induced into apoptosis by
a combination of antibody to Fas and cycloheximide (Fig. 2,
C and D, respectively) all showed a similar transient peak of
poly(ADP-ribosyl)ation of nuclear proteins 1-4 h after
induction; PAR moieties that were bound to these proteins
were degraded and no further modification was apparent
thereafter, concomitant with the onset of caspase-3 catalyzed
cleavage of PARP.

PARP-depleted 3T3-L1 antisense cells and immortalized
PARP -/- fibroblasts do not exhibit the transient burst of
PAR synthesis at the early stages of Fas-mediated
apoptosis

To investigate the role(s) of PARP during the early stages of
apoptosis, we examined PAR synthesis in PARP-depleted
3T3-L1 antisense and PARP -/- cells during this period.
3T3-L1 antisense cells that had been preincubated with
dexamethasone (Dex) for 72 h to deplete endogenous PARP
as well as fibroblasts derived from PARP knockout mice were
exposed to anti-Fas and cycloheximide for various times and
then subjected to immunofluorescence staining (data not
shown) and immunoblot analysis with antibody to PAR. In
control 3T3-L1 and PARP +/+ fibroblasts, PAR levels in the
nucleus were significantly elevated at 4 and 1 h, respectively,
after induction of apoptosis, a stage wherein all the cells were
still viable and could be replated. This was followed by a
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A  Time (days) 2 3 4 7 9

Osteosarcoma

B Timeth) 0 1 2 4 6

HL-60
C . Control Antisense
Time(h) 1 2 4 6241 246 24
kDa
206-; 3T3.L1
114-
86~
48—
D PARP +/+ PARP /-
Timeth) 0 1 2 6 01 2

Fig. 2. Time course of poly(ADP-ribosyl)ation of nuclear proteins during
apoptosis induced by various apoptotic stimuli. (A) Osteosarcoma cells
were allowed to undergo confluence associated spontaneous apoptosis for
9 days; (B) HL-60 cells were induced into apoptosis with the topoisomerase
inhibitor, camptothecin (10 pM); and (C) 3T3-L1 control and PARP-
antisense fibroblasts as well as (D) immortalized PARP +/+ and PARP -/-
fibroblasts were induced into apoptosis with a combination of anti-Fas (100
ng/ml) and cyclohexamide (10 pg/ml). 3T3-L.1 control and antisense cells
were preincubated with Dex for 72 h prior to apoptosis induction. At the
indicated times, equal amounts of total cellular protein (30 pg) were
subjected to immunoblot analysis with monoclonal antibody to PAR (1:250).
The positions of the molecular size standards (in kilodaltons) are indicated.

marked decline in poly(ADP-ribosyl)ation at later time
points, concomitant with the induction of PARP cleavage
activity. In contrast, anti-Fas and cycloheximide did not
induce this burst of poly(ADP-ribosyl)ation of nuclear
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proteins during early apoptosis in PARP-depleted 3T3-L1
antisense cells (Fig. 2C) nor in PARP -/- cells (Fig. 2D),
suggesting that the PARP and poly(ADP-ribosyl)ation may
play a role at this early stage in Fas-mediated apoptosis in
these cells. '

Depletion of PARP by antisense RNA expression blocks
progression of apoptosis in 3T3-L1 and Jurkat cells

PARP depletion induced by antisense RNA expression in
3T3-L1 cells under the present conditions were confirmed by
immunoblot analysis with antibody to PARP (Fig. 3A).
Whereas PARP levels in mock-transfected control 3T3-L1
cells were not affected by incubation with Dex for 72 h (Fig.
3A), Dex induced significant depletion of endogenous PARP

Control Antisense

Dex -
. A
PARP — ”“ “ - PARP depletion
S by antisense (72 h)
PARP — ; B
89kDa”~ :
In vitro _
24 kDa — PARP cleavage
(+o-Fas+CHX, 24 h)
C
CPP32— Caspase-3
processing
(+o-Fas+CHX, 24 h)

Fig. 3. PARP depletion by antisense RNA expression inhibits induction
of anti-Fas mediated apoptosis in 3T3-L1 cells as monitored by induction
of in vitro PARP cleavage activity and proteolytic processing of CPP32 to
caspase-3. (A) Mock-transfected (control) and PARP-antisense 3T3-L1 cells
were incubated in the absence or presence of 1 pM Dex for 72 h, after
which equal amounts of total cellular protein (30 pg) were subjected to
immunoblot analysis with antibody to full-length PARP. After preincubation
in the absence or presence of 1 pM Dex, control and antisense cells were
incubated with anti-Fas (100 ng/ml) and cycloheximide (10 pg/ml) for 24 h;
equal amounts of cytosolic extracts were then assayed for in vitro
PARP-cleavage activity with [3*SJPARP as substrate (B) or subjected to
immunoblot analysis with a monoclonal antibody to the p17 subunit of
caspase-3 (C). The positions of full length PARP and its 89- and 24-kDa
cleavage products as well as those of CPP32 (32-kDa) and its active form
(caspase-3, p17) are indicated.

in antisense cells, with only ~5% of the protein remaining
after 72 h. Essentially equal protein loading and transfer
among lanes was confirmed by Ponceau S staining for total
protein on the same immunoblot (data not shown).

3T3-L1 control and antisense cells were then prein-
cubated in the presence or absence of Dex for 72 h, and
subsequently induced into apoptosis with a combination of
antibody to Fas and cycloheximide for various times. Using
an in vitro caspase-3 mediated PARP-cleavage assay [17],
incubation of cells with anti-Fas and cycloheximide for 24
h were shown to result in a marked induction of caspase-3
activity (Fig. 3B), as indicated by generation of the 89- and
24-kDa cleavage fragments of PARP. There was no effect
of anti-Fas by itself or cycloheximide alone on the induction
of apoptosis in these cells [71]. Cycloheximide has been
used to overcome resistance to Fas-mediated apoptosis in
various cell lines [30-32], an effect which does not appear
to be mediated by translational inhibition because resistant
cells are sensitized to anti-Fas by subinhibitory con-
centrations.

Anti-Fas and cycloheximide induced a marked time-
dependent increase in in vitro PARP-cleavage activity in
control 3T3-L1 cells that had been preincubated either in the
absence or presence of Dex (Fig. 3B), an effect which was
maximal 24 h after induction of apoptosis. On the other hand,
whereas PARP-antisense 3T3-L1 cells that were not exposed
to Dex showed a similar increase in caspase-3 activity in
response to anti-Fas and cycloheximide, no such increase in
caspase-3 activity was apparent in PARP-antisense cells that
had been depleted of PARP by preincubation with Dex and
then induced for apoptosis (Fig. 3B).

Similar to other members of the caspase family, caspase 3
is expressed in cells as an inactive 32-kDa proenzyme
(CPP32), which is activated during apoptosis by cleavage at
specific Asp residues, with the mature active enzyme (caspase-
3) consisting of a large 17-kDa subunit (p17), containing the
catalytic domain, and a 12-kDa subunit (p12) [17]. Proteo-
lytic processing of CPP32 to p17 during the course of
apoptosis was then confirmed in 3T3-L1 cells by immunoblot
analysis with a monoclonal antibody to the p17 subunit of
caspase-3 (Fig. 3D). Whereas, in control cells, CPP32 was
proteolytically processed to p17 (caspase-3) by 24 h, coin-
ciding with the peak of in vitro PARP cleavage activity,
proteolytic cleavage, processing, and activation of CPP32
to p17 was not apparent in the PARP-depleted antisense
cells, again suggesting that PARP as well as presumably
poly(ADP-ribosyl)ation plays a role in some early event in
apoptosis, upstream of the proteolytic cascade mechanism
for processing the caspase-3 precursor to its active form.
Consistent with these results, whereas control 3T3-L1 cells
as well as antisense cells preincubated in the absence of
dexamethasone showed changes in nuclear morphology
typical of apoptosis after exposure to anti-Fas and cyclo-




heximide i.e. chromatin condensation, nuclear and DNA
fragmentation, antisense cells depleted of PARP by pre-
incubation with Dex did not [71].

 Essentially the same results were obtained with another cell
line, Jurkat T cells, that were stably transfected with either
the PARP antisense RNA construct or the empty vector.
Immunoblot analysis confirmed that preincubation of Jurkat
antisense cells for 72 h with Dex resulted in depletion of
endogenous PARP by ~99% (Fig. 4A). Anti-Fas alone was
used to induce apoptosis in these cells since Jurkat cells are
Fas-sensitive and express high levels of the Fas antigen [30,
33). After 4 h of exposure to anti-Fas, mock-transfected cells
preincubated in the absence or presence of Dex as well as
antisense cells in the absence of Dex showed a significant
increase in caspase-3 activity, as indicated by the in vitro
cleavage of exogenous PARP into 89- and 24-kDa fragments,
however, caspase-3 activity remained negligible in PARP-
depleted antisense cells treated with anti-Fas for up to 24 h
(Fig. 4B). Furthermore, while anti-Fas induced changes in
nuclear morphology consistent with apoptosis in control
Jurkat cells preincubated with or without Dex as well as in
antisense cells preincubated without Dex, no such changes
were evident in PARP-depleted antisense cells treated with
anti-Fas [71]. Depletion of PARP by antisense RNA expression

Control Antisense
Dex - + - +

A
PARP — PARP depletion
by antisense (72 h)

PARP — B

89 kDa”
In vitro
~ PARP cleavage
> (+o-Fas, 24 h)

24 kDa—

Fig. 4. PARP-depleted Jurkat antisense cells are unable to undergo
Fas-mediated apoptosis as measured by caspase-3 activity assays. (A) Jurkat
control and antisense cells were incubated in the absence or presence of 1
uM Dex for 72 h, after which equal amounts of total cellular protein (30
pg) were subjected to immunoblot analysis with anti-PARP. (B) Control
and PARP antisense Jurkat cells were preincubated in the absence or
presence of 1 pM Dex and then exposed to anti-Fas (50 ng/ml) for 24 h.
Cytosolic extracts were prepared and equal amounts were assayed for
PARP-cleavage activity with [3*SJPARP as substrate. The positions of full
length PARP and its 89- and 24-kDa cleavage products are indicated.
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apparently blocks progression of Fas-mediated apoptosis in
both 3T3-L1 and Jurkat cells.

Fibroblasts derived from PARP-knockout mice are
resistant to Fas-mediated apoptosis

PARP knockout mice generated by disruption of the PARP
gene by homologous recombination in embryonic stem cells
[26] were used to derive immortalized fibroblasts by the 3T3
protocol, which were confirmed to be devoid of PARP (Fig.
SA) as evidenced by immunoblot analysis with antibody to
PARP.

When immortalized PARP +/+ and PARP -/- fibroblasts
were induced into apoptosis with a combination of anti-Fas

+/+ '/T.

PARP—
PARP PARP
+/+ -/-
f T 1
o~ Fas + CHX = + - +
PARP — =
B
89 kDa In vitro
PARP cleavage
24 kDa—
C

CPP32 — WSS s
— gty e Caspase-3
processing

pl7 —
active caspase-3

1 2 3 4

Fig. 5. Fibroblasts derived from PARP knockout mice do not exhibit any
increase in caspase-3 activity and proteolytic processing of CPP32 to
caspase-3. (A) Immortalized fibroblasts (PARP -/-) derived from knockout
mice as well as fibroblasts from wild type mice (PARP +/+) were subjected
to immunoblot analysis with anti-PARP. (B) PARP +/+ and PARP -/-
fibroblasts were incubated with anti-Fas (100 ng/ml) and cycloheximide
(10 pg/ml) for 24 h, after which cytosolic extracts were assayed for in vitro
PARP-cleavage activity with [*>S]PARP as substrate. (C) Cytosolic extracts
in (B) were also subjected to immunoblot analysis with a monoclonal
antibody to the p17 subunit of caspase-3. The positions of full length PARP
and its 89- and 24-kDa cleavage products as well as those of CPP32

(32-kDa) and its active form (p17) are indicated.
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and cycloheximide, PARP +/+ cells showed a rapid apoptotic
response, as indicated by a marked increase in in vitro
PARP-cleavage activity; the activity was maximal 24 h after
induction as indicated by the complete cleavage of PARP in
to 89 kDa- and 24 kDa cleavage fragments (Fig. 5B). In
contrast, PARP -/- cells showed no such increase in caspase-3
mediated PARP cleavage after 24 h exposure to anti-Fas and
cycloheximide. Immunoblot analysis with the antibody to the
p17 subunit of caspase-3 further showed that CPP32 was
proteolytically processed to p 17 in the PARP +/+ fibroblasts
(Fig. 5C), but not in the PARP -/- cells exposed to anti-Fas.
Furthermore, whereas PARP +/+ fibroblasts were ~99%
apoptotic 24 h after induction as shown by development of
nuclear apoptotic morphology, PARP -/- cells exhibited
normal, non-apoptotic morphology even after 24 h of ex-
posure to anti-Fas [71]. Altogether, these results confirm the
earlier data obtained with the 3T3-L1 and Jurkat control and
PARP antisense cells and provide further evidence for a role
for PARP at an early event in apoptosis.

Poly(ADP-ribosyl )ation of p53 during the early stages of
apoptosis in osteosarcoma cells

The apparent role for early PAR synthesis during apoptosis
was further clarified by investigating a well-characterized
apoptotic response to DNA strand breaks, the rapid accu-
mulation of p53. Osteosarcoma cells were plated under
conditions that result in spontaneous apoptosis over a 10-day
period, with maximal caspase-3 mediated PARP-cleavage
apparent around days 7-9 (Fig. 6C). Immunoblot analysis
showed that the amount of p53 protein was markedly in-
creased at days 4-7 and declined thereafter (Fig. 6A).
Reprobing of the same immunoblot with antibodies to PAR
revealed significant poly(ADP-ribosyl)ation of p53 at days
3—4 coincident with the burst of PAR synthesis during the
early stages of apoptosis, and the extent of p53 modification
declined thereafter at the onset of caspase-3 activity at days
7-9 (Fig. 6B and C). These experiments were not performed
with Jurkat and HL-60 cells since these cells have been shown
to be p53-null {34, 35].

A transient peak of PARP expression and
poly(ADP-ribosyl)ation is also observed during the early
stages of differentiation-linked DNA replication in control
3T3-L1 cells, but not in PARP depleted antisense cells

A transient peak of PARP expression occurs in postconfluent
cultures of 3T3-L1 cells induced to differentiate to adipocytes
for 7-8 days by exposure to insulin, Dex, and methyl-
isobutylxanthine [11]. The time courses of PARP activity and
% of cells in S-phase after exposure to inducers of differentia-

Time(days) 2 3 4 7 9
A s P Ly

Fig. 6. Time courses of accumulation (A) and poly(ADP-ribosyl)ation (B)
of p53 as well as caspase-3 mediated PARP-cleavage (C) during spon-
taneous apoptosis in osteosarcoma cells. Human osteosarcoma cells were
induced to undergo spontaneous apoptosis for 9 days, and, at the indicated
times, cytosolic extracts were derived and equal amounts of protein (30
pg) were subjected to immunoblot analysis with monoclonal antibody to
p33 (A) or assayed for in vitro PARP-cleavage activity, using [*>S]IPARP
as a substrate (C). The positions of full length PARP and its 89- and 24-kDa
cleavage products are indicated. The immunoblot in (A) was stripped with
a buffer containing 100 mM 2-mercaptoethanol, 2% SDS, and 62.5 mM
Tris-HCl pH 6.7 for 30 min at 50°C, blocked, and reprobed with monoclonal
antibody to PAR (B).

tion were then compared in 3T3-L1 control cells and anti-
sense cells (Fig. 7). FACS analysis was performed on control
and antisense cells at various times after induction and the
data quantitated. Prior to induction of differentiation (zero
time), 70-80% of postconfluent control and antisense cells
were in growth-arrest induced by contact inhibition. More
than 95% of the control cells synchronously entered S phase
by 24 h, coincident with the peak of poly(ADP-ribosyl)ation
observed 24 h after induction of differentiation (Fig. 7). While
the control cells progressed through one round of replication
prior to the onset of terminal differentiation, the antisense
cells did not show the burst of PAR synthesis apparent in the
control cells and did not enter S phase. When the transient
peak of PARP expression and poly(ADP-ribosl)ation is
prevented in the antisense cells, these cells are unable to enter
S-phase and undergo the round of DNA replication at the
early stages of differentiation, and consequently, these cells
do not differentiate, as confirmed by their inability to
synthesize and accumulate cytoplasmic triglyceride [10, 11].
PARP is apparently required for a round of DNA replication
that occurs within the first 24 h of differentiation and is
necessary for differentiation in these cells.

Confocal microscopy further revealed that, during this
early stage of differentiation, when essentially all control cells
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Fig. 7. PARP depleted- 3T3-L1 antisense cells do not undergo a peak of
PAR synthesis and are unable to enter S-phase during the round of DNA
replication at the early stages of differentiation. Control (solid symbols)
and antisense (open symbols) cells were exposed to inducers of differentia-
tion and harvested at the indicated times. Duplicate cell pellets were assayed
for either PARP activity (dotted lines) or % cells in S-phase (solid lines).
Cells were assayed for PARP activity by measuring [**PINAD incorporation
into acid-insoluble acceptors at 25°C for 1 min, with 20 pg of protein per
determination and triplicate determinations per time point. [*?PINAD,
incorporation of uninduced control 3T3-L1 cells was taken as baseline,
and PARP activity values were calculated and plotted based on this control
value. % of control and PARP antisense cells in S phase phase of the cell
cycle was quantitated from flow cytometric (FACS) data of nuclei stained
with propidium iodide (0.42 mg/ml).

have entered the S phase of the cell cycle, PARP is localized
within distinct intranuclear granular foci that are associated
with replicaﬁon centers [10]. Consistently, we recently
showed that PARP is a component of the multiprotein DNA
replication complexes (MRC) or DNA synthesomes that
catalyze replication of viral DNA in vitro, and contain
replicative enzymes such as DNA polymerases o and  (pol
o and pol 3), DNA primase, DNA helicase, DNA ligase, and
topoisomerase I and II, as well as accessory proteins such
as proliferating-cell nuclear antigen (PCNA), RFC, and
RPA. PARP catalyzes the poly(ADP-ribosyl)ation of about
15 of the ~40 MRC proteins, including pol o, DNA topo-
isomerase I, and PCNA [10]. To further clarify the in-
volvement of PARP within the DNA synthesome during the
round of DNA replication in the early stages of differentia-
tion in 3T3-L1 cells, we have now purified and char-
acterized replicative complexes from control cells that had
entered S phase after induction of differentiation and from
cells depleted of PARP by expression of PARP antisense
RNA [72].
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PARP regulates the expression of components of the DNA
synthesome during entry into S-phase at the early stages
of differentiation-linked DNA replication

The roles of PARP in modulating the composition and enzyme
activities of the DNA synthesome were further investigated by
characterizing the complex purified from 3T3-L1 cells before
and 24 h after induction of a round of DNA replication required
for differentiation of these cells; at the latter time point, ~95%
of the cells are in S phase and exhibit a transient peak of PARP
activity (Fig. 7). The MRC fraction was also purified from
similarly treated 3T3-L1 cells depleted of PARP by expression
of antisense RNA; these cells do not undergo DNA replica-
tion or terminal differentiation. Both PARP protein and
activity and essentially all of the pol o and pol § activities
exclusively cosedimented with the MRC fractions from S
phase control cells, and were not detected in the MRC fractions
from PARP-antisense or uninduced control cells [72].

SDS-polyacrylamide gel electrophoresis and silver
staining of MRC fractions prepared from control and
PARP-antisense cells, before or 24 h after induction of
differentiation, revealed that the most prominent difference
was the presence of a 116-kDa protein, corresponding to the
size of intact PARP, in the fraction from control cells in S
phase but not in those from antisense cells or uninduced
control cells. Consistent with these observations and with
the PARP activity data, immunoblot analysis with poly-
clonal antibodies to PARP showed that PARP protein was
present exclusively in the MRC fraction from control
3T3-L1 cells in S phase, and not in the MRC fractions nor
total cell extracts from PARP-antisense cells or non-
replicating control cells ([72], Fig. 8).

We next investigated the effects of PARP depletion on the
composition of the MRC by immunoblot analysis with anti-
bodies to specific MRC components. Immunoblot analysis
of cell extracts revealed that while the amount of PCNA was
markedly increased in control cells upon exposure to inducers
of differentiation, there was no new expression in the PARP
antisense cells. Although PCNA was also present in the
antisense cells and uninduced control cells (Fig. 8), PCNA
as well as topoisomerase I appeared to be present in antisense
cells and uninduced control cells only in the free, un-
complexed form, because they were detected in the MRC
fraction only from replicating control cells, indicating that
PARP may play a role in their recruitment into the DNA
synthesome [72].

 Immunoblot analysis of total cell extracts and MRC
fractions with antibody to pol o further revealed induction
of expression of this replicative enzyme during early S-phase
in control cells and its absence from PARP-antisense cells
(Fig. 8). These results indicate that PARP may play a role in
the expression of pol o and PCNA during early S phase. We
thus investigated the effect of PARP depletion on the abun-
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Fig. 8. PARP depleted-3T3-L1 antisense cells do not exhibit new
expression of PARP, pol o, PCNA, and E2F-1 during early S-phase. Total
cell extracts from 3T3-L1 control and PARP antisense cells were prepare
before and 24 h after induction of differentiation and equal’ amounts of
total protein (30 pg) were subjected to immunoblot analysis with antibodies
to PARP (1:2000 dilution), pol o (1:200), PCNA (1:250), and E2F-1
(1:1000). Arrows indicate the positions of the various proteins, and their
molecular sizes (in kilodaltons) are indicated on the right.

dance of E2F-1, a transcription factor that positively
regulates the expression of the pol o and PCNA genes
during entry of cells into S phase. Immunoblot analysis of
total cell extracts revealed that, whereas control cells
exhibited a marked increase in the expression of E2F-1,
PARP-depleted antisense cells contained negligible amounts
of E2F-1 during the 24 h exposure to inducers of differentia-
tion (Fig. 8). PARP may therefore play a role in the ex-
pression of pol o and PCNA by indirectly regulating the
expression of E2F-1.

Discussion

PARP and poly(ADP-ribosyl)ation in the early stages of
apoptosis

We have previously established and characterized several
mammalian cell lines, including HeLa cells [25], keratin-
ocytes [24], and 3T3-L1 fibroblasts [11] that are stably
transfected with PARP antisense cDNA under the control of
a Dex-inducible promoter in order to assess, without the use
of possibly nonspecific chemical inhibitors [36-38], the
potential roles of PARP and poly(ADP-ribosyl)ation in a
variety of nuclear processes. Depletion of endogenous PARP
protein and activity at specific times by PARP antisense RNA

expression has enabled us to investigate the roles of PARP
in DNA repair, recovery of cells from exposure to mutagenic
agents [24, 25], gene amplification [39], and differentiation-
linked DNA replication [10, 11, 72].

Recently, PARP cleavage by caspase-3 has been shown to
be necessary for apoptosis [17, 21] since the cleavage and
inactivation of PARP as well as apoptotic events are inhibited
by a peptide inhibitor of this protease, suggesting a negative
regulatory role for PARP in apoptosis. Aside from Fas
activation, multiple apoptotic signals can activate caspase-3
by proteolytic cleavage of CPP32, including serum withdrawal,
ionizing radiation, and various pharmacological agents [40-
44]. The peptide inhibitor of caspase-3 (AcDEVD-CHO)
blocks the apoptotic program in response to various stimuli [17,
45], and addition of active caspase-3 to normal cytosol activates
the apoptotic program [46]. _

We now show that poly(ADP-ribosyl)ation of nuclear
proteins occurs early in the course of apoptosis induced by
different apoptotic signals, including Fas activation (3T3-
L1, PARP +/+, and Jurkat cells), pharmacological agents
such as camptothecin (HL-60 cells), as well as serum
depletion (osteosarcoma cells). This burst of PAR synthesis
occurs prior to commitment to death, and is followed by
cleavage and inactivation of PARP; only small amounts of
PAR remain during the later stages of apoptosis, despite the
presence of a large number of DNA strand breaks. By
depleting the normally abundant PARP from 3T3-L1 and
Jurkat cells by antisense RNA expression prior to the
induction of apoptosis, or with the use of immortalized
fibroblasts derived from PARP knockout mice, we further
demonstrate that, whereas PARP cleavage is required in the
later stages of apoptosis, the transient burst of poly(ADP-
ribosyl)ation of relevant nuclear proteins appears to also play
a role during the early stages of the death program. PARP-
depleted 3T3-L1 and Jurkat PARP antisense cells as well as
in PARP -/- fibroblasts did not undergo the burst of PAR
synthesis early in apoptosis and progression into apoptosis was
prevented in these cells, as assessed by the lack of in vitro
PARP cleavage activity, proteolytic processing and activation
of CPP32 to caspase-3, development of nuclear apoptotic
morphology and internucleosomal DNA fragmentation [71].

A potential role for PAR synthesis at an early reversible

~ stage in apoptosis is suggested by the substantial extent of

nuclear poly(ADP-ribosyl)ation apparent at this time in
3T3-L1, HL6O, and osteosarcoma cells and is consistent with
the presence of large (1 Mb) chromatin fragments at this
reversible stage [20] since the activity of PARP is dependent
on DNA strand breaks. This stage of apoptosis may corre-
spond to a stage described previously during which the initial
events of nuclear breakdown occur and in which poly(ADP-
ribosyl)ation may play an accessory role [20]; exposure of
cells to chemical inhibitors of PARP at this time, but not later,

prevents cell death [47]. A drop in NAD concentration,




indicative of increased PAR synthesis, followed by a recovery
in NAD levels has also been previously noted to occur prior
to the onset of internucleosomal DNA cleavage [47]. Further-
more, previous studies have suggested a correlation between
poly(ADP-ribosyl)ation of nuclear proteins and internucleo-
somal DNA fragmentation during apoptosis, since PARP
inhibitors have a suppressive effect on DNA fragmentation
[48, 49]. However, the relevant target proteins for PARP
during apoptosis have yet to be identified. During the early
stages of apoptosis, poly(ADP-ribosyl)ation of histone H1,
for example, was shown to facilitate internucleosomal DNA
fragmentation by enhancing chromatin susceptibility to
cellular endonucleases [50]. Although the concomitant loss
of poly(ADP-ribosyl)ation of target proteins resulting from
PARP cleavage and inactivation are consistent with the later
stages of apoptosis during which cells become irreversibly
committed to death, the biological significance and the
biochemical consequences of PARP cleavage and its conse-
quent inactivation remain unclear.

We showed that extensive poly(ADP-ribosyl)ation of p53
is apparent early during spontaneous apoptosis in osteo-
sarcoma cells, and that degradation of PAR attached to these
apoptosis-related proteins occurred concomitant with
caspase-3 catalyzed PARP cleavage (Fig. 6). These results
are consistent with recent studies showing substantial
poly(ADP-ribosyl)ation of p53, with polymer chain lengths
from 4-30 residues, in cells undergoing apoptosis in
response to DNA damage [51, 52]. Electrophoretic mobility-
shift analysis further showed that ADP-ribose polymers
attached to p53 blocked its sequence specific binding to a
26-bp oligonucleotide containing the palindromic p53
consensus binding sequence, suggesting that poly(ADP-
ribosyl)ation of pS3 may negatively regulate p53-mediated
transcriptional activation of genes important in the cell cycle
and apoptosis [53]. Induction of spontaneous apoptosis in
osteosarcoma cells is associated with an increase in the
intracellular levels of p53 (Fig. 6). It remains to be deter-
mined whether this accumulation of p53 is due to induced
expression of the protein or stabilization by reduced
degradation as a result of posttranslational modification.
Nevertheless, the extensive poly(ADP-ribosyl)ation of p53
that occurs early in apoptosis and the subsequent degra-
dation of PAR attached to p53 concomitant with caspase-3
activity suggest that this post-translational modification may
play arole in the regulation of p53 function or, alternatively,
its degradation. The stabilization and accumulation of p53
has recently been shown to play a key role in apoptosis
induced by proteasome inhibitors [54]. Poly(ADP-ribosyl)ation
as well as caspase-3-catalyzed PARP cleavage and inactiva-
tion may contribute to the regulation of proteasome-mediated
degradation of p53, by promoting p53 stabilization and
accumulation at a stage when it is required in the apoptotic
program.
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PARP expression and poly(ADP-ribosyl)ation in the early
stages of differentiation-linked DNA replication

We had previously shown that PARP depletion by antisense
RNA expression inhibits the differentiation of 3T3-L1
preadipocytes, including the differentiation-linked round of
DNA replication [11]. The differentiation of 3T3-LI pre-
adipocytes as well as Friend erythroleukemia cells [55] is
prevented by blocking this round of DNA replication at the
early stages of differentiation. The failure of PARP-depleted
3T3-L1 cells to undergo terminal differentiation into adipo-
cytes is thus correlated to their inability to undergo replication
in the early stages of this process, indicating that PARP plays
a role in this replication. We have also shown that PARP is
tightly associated with the core proteins of MRC purified
from HeLa and FM3A cells {10] that have been shown to
support viral DNA replication in vitro and migrate as discrete,
high molecular weight complexes on native polyacrylamide
gel electrophoresis [56]. PARP has been thought to play a
regulatory role within these complexes because it is capable
of modulating the catalytic activity of some of the replicative
enzymes or factors by physical association [pol o [9] or by
catalyzing their poly(ADP-ribosyl)ation [pol o [57], DNA
topoisomerase I and II [58-60], and RPA [61]. Consistently,
we showed that 15 of the ~ 40 polypeptides of the MRC
including pol o, topoisomerase I, and PCNA, are poly(ADP-
ribosyDated by immunoprecipitation and immunoblot analysis
with antibodies to PAR and these replication proteins [10].
To further clarify the role of PARP and the significance of
the early burst of PAR synthesis during differentiation-linked
DNA replication, we purified the MRC from 3T3 -L1 cells
harvested prior to and 24 h after exposure to inducers of
differentiation-linked DNA replication; at the latter time
point, ~95% of control cells are in S phase and exhibit a
transient peak of PARP activity (Fig. 7). DNA pol o and pol
d catalyze the synthesis of lagging and leading strands of
DNA, and PCNA is required for pol §-mediated synthesis of
the leading strand [62]. Interestingly, only the MRC fraction
from S phase control cells, not those from uninduced control
cells nor from PARP-antisense cells, contained PARP protein
and activity as well as pol o and pol § activities. Thus, PARP
depletion results in a replicative complex deficient in these

‘tworeplicative enzyme activities. These results are consistent

with our earlier data showing that in vivo DNA replication,
as assessed by incorporation of bromodeoxyuridine or
[*H]-thymidine into newly synthesized DNA, occurred only
in replicating 3T3-L1 control cells, but not in the PARP-
depleted antisense cells. We next tried to determine whether
this effect was attributed to present, but inactive enzymes or
due to absence of these enzymes in the MRC or in the cells.

Immunoblot analysis revealed that PCNA and DNA
topoisomerase I were present in the MRC fraction only from
S phase control cells, although they were both detected in total
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cell extracts from control and PARP-antisense cells, indicating
that PARP may play a role in the recruitment of these replica-
tive proteins into the DNA synthesome during entry into S
phase [72]. The absence of PCNA in the antisense MRC may
account in part for the lack of any significant DNA pol &
activity in these MRCs. Immunoblot analysis with anti-PARP
showed that, consistent with the PARP activity assays (Fig. 7),
PARP protein was present exclusively in the MRC fractions
from control 3T3-L 1 cells at S phase, but was essentially
depleted in MRC from nonreplicating control cells or from the
PARP-antisense cells [72]. Furthermore, pol o was absent from
total cell extracts from PARP-antisense cells, suggesting that
PARP may be also play a role in the expression of the pol o
gene during entry of cells into S phase. Surprisingly, depletion
of PARP by antisense RNA expression also down-regulated
the expression of E2F-1 during the early stage of differentiation
in 3T3-L1 cells. In mammalian cells, the transcription factor
E2F-1 binds to a specific recognition site (5-TTTCGCGC) and
thereby activates the promoters of several genes that regulate
S phase entry, such as c-myc [63], cyclin D, and cyclin E [64],
and genes required for DNA synthesis, such as dihydrofolate
reductase [65], thymidine kinase [66], pol o, and PCNA [64,
67]. Transcription of the E2F-1 gene, in turn, is also regulated
during the cell cycle by E2F-DNA binding sites within its own
promoter [68]. PARP has recently been shown to enhance
activator-dependent transcription probably by interacting with
RNA polymerase II-associated factors [69] and a basal
eukaryotic transcription factor, THIIF, was reported to be a
highly specific substrate for poly(ADP-ribosyi)ation [70].
Experiments are now underway to determine whether PARP
plays a role in the transcription of the pol o, PCNA, and
E2F-1 genes during entry into S-phase.
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Poly(ADP-ribose) polymerase upregulates E2F-1 promoter activity and
DNA pol o expression during early S phase

Cynthia M Simbulan-Rosenthal', Dean S Rosenthal', RuiBai Luo' and Mark E Smulson*"

! Department of Biochemistry and Molecular Biology, Georgetown University School of Medicine, Basic Science Building, Room

351, 3900 Reservoir Road NW, Washington DC 20007, USA

E2F-1, a transcription factor implicated in the activation
of genes required for S phase such as DNA pol o, is
regulated by interactions with Rb and by cell-cycle
dependent alterations in E2F-1 abundance. We have
shown that depletion of poly(ADP-ribose) polymerase
(PARP) by antisense RNA expression downregulates
pol o and E2F-1 expression during early S phase. To
examine the role of PARP in the regulation of pol « and
E2F-1 gene expression, we utilized immortalized mouse
fibroblasts derived from wild-type and PARP knockout
(PARP—/—) mice as well as PARP—/— cells stably
transfected with PARP ¢cDNA [PARP—/—(+PARP).
After release from serum deprivation, wild-type and
PARP —/—(+PARP) cells, but not PARP—/— cells,
exhibited a peak of cells in S phase by 16 h and had
progressed through the cell cycle by 22 h. Whereas
[*H]thymidine incorporation remained negligible in
PARP—/— cells, in vivo DNA replication maximized
after 18 h in wild-type and PARP —/—(+PARP) cells.
To investigate the effect of PARP on E2F-1 promoter
activity, a construct containing the E2F-1 gene promoter
fused to a luciferase reporter gene was transiently
transfected into these cells. E2F-1 promoter activity in
contro] and PARP — [/ —(+PARP) cells increased eight-
fold after 9 h, but not in PARP—/— cells. PARP—/—
cells did not show the marked induction of E2F-1
expression during early S phase apparent in control and
PARP—/—(+PARP) cells. RT-PCR analysis and
pol o activity assays revealed the presence of pol «
transcripts and a sixfold increase in activity in both wild-
type and PARP—/—(+ PARP) cells after 20 h, but not
in PARP—/— cells. These results suggest that PARP
plays a role in the induction of E2F-1 promoter activity,
which then positively regulates both E2F-1 and pol «
expression, when quiescent cells reenter the cell cycle
upon recovery from aphidicolin exposure or removal of
serum.

Keywords: PARP; E2F-1; DNA polymerase «; DNA
replication; promoter activity; gene expression

Introduction

Depletion of PARP from cells by expression of
antisense RNA or by gene knockout has shown that
the enzyme plays important roles in various nuclear

*Correspondence: ME Smulson
Received 12 February 1999; revised 27 March 1999; accepted 31
March 1999

processes that involve rejoining of DNA strand breaks.
PARP depletion by antisense RNA expression results
in a decrease in the initial rate of DNA repair in Hela
cells (Ding et al., 1992) and keratinocytes (Rosenthal et
al., 1995), a reduction in the survival of cells exposed
to mutagenic agents, alterations in chromatin structure,
an increase in gene amplification (Ding and Smulson,
1994), and inhibition of the biochemical and morpho-
logical changes associated with apoptosis (Simbulan-
Rosenthal er al., 1998b). Fibroblasts derived from
PARP knockout mice exhibit proliferation deficiencies
in culture, and thymocytes from these animals show a
delayed recovery after exposure to y-radiation (Wang
et al., 1995). Other PARP knockout mice exhibit
extreme sensitivity to ionizing radiation, and spleno-
cytes derived from these animals undergo abnormal
apoptosis (de Murcia ez al., 1997).

We have shown that PARP-depleted 3T3-L1 cells
expressing PARP antisense RNA fail to differentiate
and to undergo DNA replication that normally
precedes differentiation (Simbulan-Rosenthal et al.,
1996; Smulson er al., 1995), indicating that PARP
appears to be required for differentiation-linked DNA
replication in these cells. PARP is a component of a
multiprotein DNA replication complex (MRC or DNA
synthesome) that catalyzes replication of viral DNA in
vitro and contains pol &, pol 8, DNA primase, DNA
helicase, DNA ligase, and topoisomerases I and II, as
well as accessory proteins such as proliferating-cell
nuclear antigen (PCNA), RFC, and RPA. PARP
poly(ADP-ribosyl)ates 15 of the ~40 MRC compo-
nent proteins, including pol «, topoisomerase I, and
PCNA (Simbulan-Rosenthal et al., 1996). ,

We recently showed that PARP .plays a role in
regulation of the expression of several of the tightly
associated proteins of the MRC, including pol «, DNA
primase, and RPA (Simbulan-Rosenthal ez al., 1998a).
Depletion of PARP by antisense RNA expression also
prevented induction of expression of the transcription
factor E2F-1, which positively regulates transcription
of genes encoding pol o, PCNA, and other S phase
proteins, indicating that PARP may play a role in the
expression. of these genes during entry into S phase.
E2F-1 is implicated in the regulation of cell cycle

progression by activating expression of genes impor-

tant for the execution of the S phase. This activity is
regulated during the cell cycle by the binding of E2F-1
to the dephosphorylated form of the tumor suppressor
protein Rb; phosphorylation of Rb by cyclin
dependent kinases during entry into S phase releases
E2F-1, consequently activating gene expression (Wein-
berg, 1995). Perturbation of these control pathways by
inactivation of Rb and accumulation of E2F-]
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transcription factor activity is suggested to result in the
loss of cell growth control tha: underlie the deve on-
ment of human cancers. Indeed. overexpression of
E2F-1 causes oncogenesis (Johnson et al., 1994a) and 15
sufficient to drive serum-starved fibroblasts through S
phase and into the cell cycle (Johnson er al., 1997).
Deregulated expression of E2F-1 in quiescent cells has
also been shown to lead to S phase entry followed by
pS3-mediated apoptosis (Qin et al., 1994).

To clarify the role of PARP in regulation of the
expression of pol o« and E2F-1 genes associated with
induction of proliferation in quiescent cells. we have
now utilized mouse fibroblasts derived from wild-type
(control) and PARP knockout (PARP-—-/—) mice as
well as PARP—/— cells stably transfected with wild-
type PARP ¢cDNA (PARP—;—(+PARP)). Consistent
with our previous results of PARP depletion by
antisense RNA expression, our present data indicate
that PARP plays an essential role in both differentia-
tion-linked- as well as DNA replication associated with
progression through the cell cycle. Furthermore, we
demonstrate for the first time that PARP may regulate
the expression of the E2F-1 and DNA pol a genes
during early S phase by stimulating E2F-1 promoter
activity. PARP appears essential for induction of
promoter activity of the E2F-1 gene. which in turn.
positively regulates transcription of the E2F-1 and pol
o genes during early S phase.

Results

Wild-type and PARP—[—(+ PARP) cells, bur not
PARP—[— cells, progress through the cell cvcle after
release from aphidicolin block.

We have previously shown that 3T3-L1 cells depleted
of PARP by antisense RNA expression fail to undergo
differentiation-linked DNA replication (Simbulan-
Rosenthal ez al., 1996); control cells progress through
a round of replication prior to the onset of terminal
differentiation. Thus, under these conditions, quiescent
control cells are induced to proliferate and go through
a round of the cell cycle, but not the PARP-depleted
antisense cells. To determine whether depletion of
PARP by gene disruption similarly blocks reentry of
cells into S phase, we studied immortalized fibroblasts
that were derived from wild-type (control) and PARP
knockout (PARP—/—) mice (Wang et al., 1995). These
PARP—/— cells were previously confirmed to be
devoid of detectable PARP and poly(ADP-ribose) by
immunoblot analysis with the corresponding antibodies
(Simbulan-Rosenthal ez al., 1998b). Although the
presence of a novel activity capable of synthesizing
ADP-ribose polymers has been shown recently in
PARP—/— cells, this activity, which is induced by
treatment with MNNG, is considerably less than that
in wild-type cells and may not fully compensate for
PARP depletion (Shieh et al., 1998). Consistent with
our results with the PARP antisense cells, flow
cytometric analysis revealed that, although there were
no significant differences between the DNA histograms
of asynchronously growing wild-type and PARP—/—
cells, wild-type cells progressed through one round of
the cell cycle 5 h after release from aphidicolin-induced
block at the G1-S transition. while PARP —/— cells

did not. More than 65% of wild-type cells had
synchronously entered S phase by 3 h, whereas the
number of PARP—/— cells in S phase (~20%) did
not increase substantially during the same time period
(Figure 1).

Wild-type and PARP—|—(+ PARP) cells, but not
PARP—|— cells, reenter the cell cycle after release
from serum deprivation

Wild-type and PARP —/— cells were also synchronized
by serum deprivation for 45 h, and the quiescent cells
were then stimulated to proliferate by the addition of
serum. Although both wild-type and PARP—/— cells
were effectively blocked at G,/S by serum deprivation
(~87% of the cells were in G,), only the wild-type cells
exhibited a peak of S phase at 16 h and had progressed
through a round of the cell cycle by 24 h after addition
of serum (Figure 2a). Thus, whereas >83% of the
control cells were in S phase by 16 h, there was no
apparent increase in the number of PARP—/— cells in
S phase for up to 24 h after serum addition. FACS
analysis further revealed a third small peak in the
DNA histogram of PARP—/— cells which corre-
sponds to the G,/M peak of a genomically unstable
tetraploid cell population. The results with fibroblasts
from PARP—/— mice confirm a requirement for
PARP during entry into S phase. The enzyme thus
appears to play an essential role in DNA replication
associated with either differentiation or reentry into
and progression through the cell cycle after recovery
from exposure to aphidicolin or serum deprivation.
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Figure 1 Flow cytometric analysis of wild-type and PARP—/—
mouse fibroblasts at various times after release from aphidicolin
block. Cells were harvested-at the' indicated times after release
from aphidicolin-induced block at the G1/S transition. Nuclei
were prepared by treatment of cells with detergent and trypsin
and were stained with propidium: iodide for flow cytometric
analysis. DNA histograms were derived at various times after
release from aphidicolin block and the cell cycle phase
distribution was quantified and summarized in a figure showing
per cent of wild-type (closed circles) and PARP—/— (open
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PARP—/— fibroblasts were stably transfected with
pCDI12, a plasmid encoding wild-type PARP, and
grown in selective medium. A stable clone was selected
for further study on the basis of its ability to express
PARP protein as revealed by immunoblot analysis with
antibodies to PARP as well as by PARP activity assays
(Simbulan-Rosenthal er al., 1998b). These PARP—/
—(+PARP) cells were synchronized by serum depriva-
tion, released into the cell cycle by addition of serum,
and analysed by flow cytometry. Similar to the wild-
type cells, PARP—/—(+PARP) cells synchronously
entered S phase by 14h (>60% of the PARP—/
—(+PARP) cells were in S phase by this time), and
had progressed through a round of the cell cycle by
22 h (Figure 2b). Thus, stable transfection of PARP—/
— fibroblasts with wild-type PARP cDNA restored the
ability of these cells to reenter the cell cycle after
release from serum deprivation. The differences in cell
cycling noted between the wild-type and PARP—/~—
cells can thus be attributed to PARP, and are not
simply due to clonal differences. Interestingly, the
tetraploid cell population (the third peak in the DNA
histograms of PARP—/— cells) was no longer
observed in PARP—/—(+PARP) cells after several
generations suggesting that the presence of PARP may
stabilize the genome and select against this unstable
tetraploid population.

Incorporation of [*H]thymidine into nascent DNA
was measured to confirm whether in vivo DNA
replication was occurring under the conditions in
these experiments where quiescent cells are stimulated
to reenter the cell cycle by addition of serum.
Consistent with the flow cytometric data, in vivo
DNA replication was maximal 20 h after release of
wild-type and PARP—/—(+PARP) cells into S phase,
whereas negligible [*H]thymidine incorporation was
apparent in PARP—/— during the same time period
(data not shown). These results are also consistent with
our previous data showing that in vivo DNA
replication, as assessed by incorporation of bromo-
deoxyuridine or [*H]thymidine into newly synthesized
DNA, was apparent only in 3T3-L1 control cells 24 h
after induction of differentiation-linked DNA replica-
tion, but was not detected in PARP-depleted antisense
cells (Simbulan-Rosenthal et al., 1996).

Wild-type and PARP—|—(+ PARP) cells, but not
PARP—|— cells, show induction of pol o transcripts
and activity after release from serum deprivation

We have previously shown that PARP depletion by
antisense RNA expression in 3T3-L1 cells results in
downregulation of expression of pol o, DNA primase,
and the transcription factor E2F-1, thus, implicating
PARP in the expression of these proteins during
early S phase (Simbulan-Rosenthal er al., 1998a). To
investigate whether PARP depletion by gene knock-
out could exert a similar effect on the expression of
the pol « gene at the level of transcription during
early S phase, we compared the abundance of pol «
mRNA by RT—-PCR analysis in wild-type, PARP—/
— and PARP—/—(+PARP) cells at either 0 or 20 h
after addition of serum to serum-deprived cells. Pol «
transcripts were detected in all three cell types in
unsynchronized cultures, although their levels were
higher in wild-type cells than in PARP—/— or the
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PARP—/—(+PARP) cells (Figure 3b). Whereas pol
o RNA was not detected in any of the three cell
types when blocked at G1/S by serum deprivation,
both the wild-type and PARP—/—(4+PARP) cells
exhibited a marked induction of