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Abstract

Poly(ADP-ribose) polymerase-1 (PARP-1) plays an important role in the cellular response to stress and DNA
damage. However, excessive activity of PARP-1 exacerbates brain injury via NAD" depletion and energy failure.
The purpose of this study was to determine if tagging single nucleotide polymorphisms (tSNPs) covering
multiple regions of the PARP-1 gene are related to outcome after traumatic brain injury (TBI) in humans. DNA
from 191 adult patients with severe TBI was assayed for four tSNPs corresponding to haplotype blocks spanning
the PARP-1 gene. Categorization as favorable or poor outcome was based on Glasgow Outcome Scale (GOS)
score assigned at 6 months. PARP-1 enzyme activity was indirectly evaluated by quantifying poly-ADP-ribose
(PAR)-modified proteins in cerebrospinal fluid (CSF) using an enzyme-linked immunosorbent assay. In multiple
logistic regression analysis controlling for age, initial Glasgow Coma Scale score, and gender, the AA genotype of
SNP rs3219119 was an independent predictor of favorable neurologic outcome. This SNP tags a haplotype block
spanning the automodification and catalytic domains of the PARP-1 gene. SNP rs2271347 correlated with CSF
PAR-modified protein level. This SNP, which did not correlate with outcome, tags a haplotype block spanning
the promoter region of the PARP-1 gene. We conclude that after severe TBI in humans, a PARP-1 polymor-
phism within the automodification-catalytic domain is associated with neurological outcome, while a poly-
morphism within the promoter region was associated with CSF PAR-modified protein level. These findings
must be replicated in a prospective study before the relevance of PARP-1 polymorphisms after TBI can be
established.
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Introduction protein (Virag and Szabo, 2002), PARP-1 overactivation may

lead to energy failure and cell death via NAD™ depletion, in-

POLY(ADP-RIBOSE) POLYMERASE-1 (PARP-1), encoded by
the PARP-1 gene, is a ubiquitous enzyme found in mul-
tiple cellular compartments, and it uses NAD™ as a substrate
to add long-branching ADP-ribose chains to proteins in re-
sponse to DNA damage (Ueda and Hayaishi, 1985; Virag and
Szabo, 2002). These poly(ADP-ribose) (PAR)-modified pro-
teins may include DNA repair proteins, transcription factors,
and the PARP-1 enzyme itself (Virag and Szabo, 2002). Thus
PARP-1 plays an important role in the cellular response to
stress. However, since more than 200 molecules of NAD™ may
be consumed during the poly-ADP-ribosylation of a single

hibition of electron transport, and ultimate reduction of ATP
(Halmosi et al., 2001).

PARP-1 overactivation has been shown to exacerbate
damage after experimental traumatic brain injury (TBI) (La-
Placa et al., 1999; Satchell et al., 2003; Whalen et al., 1999), and
cerebral ischemia (Eliasson et al., 1997; Endres et al., 1998),
and both genetic deletion of PARP-1 and PARP-1 inhibi-
tion have been shown to be beneficial in experimental trauma
(Clark et al., 2007). Also, nuclear and/or mitochondrial
PARP-1 activation have been shown to mediate apoptotic cell
death via calpain activation and eventual translocation of
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apoptosis-inducing factor from the mitochondria to the
nucleus (Du et al., 2003; Yu et al.,, 2002). Although there is
a preponderance of experimental evidence that activated
PARP-1 is deleterious after TBI by promoting energy failure
and apoptosis, there is not a consensus (Nagayama et al.,
2000). TBI results in more than 200,000 hospitalizations and
50,000 deaths annually in the United States alone (Thurman
etal.,, 1999), and it is the leading cause of death and disability
in young people (Myburgh et al., 2008). While the role of
PARP-1 has been extensively studied in animal models of TBI,
the influence of PARP-1 after TBI in humans has received
limited attention (Fink et al., 2008).

PARP-1 is the prototypical member of a large family of
PARPs which are encoded by different genes and have a
highly conserved catalytic domain (Ame et al., 2004). A sche-
matic diagram of the mature protein product is displayed in
Figure 1, and includes a 374-residue N-terminal zinc-finger
DNA binding domain, a 150-residue central automodification
domain, and a 490-residue C-terminal catalytic domain (Tao
et al., 2008). The PARP-1 gene occupies a 47-kb segment on
chromosome 1, and consists of 24 exons and 1162 codons.
Humans with the heterozygous genotype of a single nu-
cleotide polymorphism (SNP) of PARP-1 show delayed onset
of Parkinson’s disease (Infante et al., 2007), a condition in
which oxidative stress contributes (Gandhi and Wood, 2005).
PARP-1 polymorphisms were associated with the develop-
ment of arthritis and nephritis in patients with systemic
lupus erythematosus, a disease in which ineffective DNA re-
pair is implicated (Hur et al., 2006). One study investigating
genotype-phenotype relationships of PARP-1 polymorphisms
found a reduction of in-vitro enzymatic activity with a SNP,
resulting in an amino acid change of Val to Ala at codon 762
within the catalytic domain of the enzyme (Wang et al., 2007).
Recently, a biomarker for PARP activity, the detection of
PAR-modified proteins by enzyme-linked immunosorbent
assay (ELISA), has been developed to indirectly quantify
PARP activity in the cerebrospinal fluid (CSF) of TBI patients
(Fink et al., 2008). There are currently no studies investigating
genotype-phenotype relationships of PARP-1 polymorphisms
and impact on outcome after TBI. Accordingly, we hypo-
thesized that genetic variability caused by PARP-1 poly-
morphisms impacts neurological outcome and levels of
PAR-modified proteins in CSF after TBI.

Methods

Patient enroliment

This retrospective study was approved by the University of
Pittsburgh Institutional Review Board, and included subjects
admitted to the University of Pittsburgh Medical Center

SARNAIK ET AL.

Neurointensive Care Unit from May 2000 to September 2006.
Inclusion criteria were individuals aged 18-75 years who
sustained severe TBI as defined by a Glasgow Coma Scale
(GCS) score of <9, and had an indwelling ventriculostomy
catheter placed for intermittent CSF drainage and monitoring
of intracranial pressure. Subjects were excluded from the
study if they had a pre-existing neurologic deficit, penetrating
TBI, or cardiac or respiratory arrest. Informed consent was
obtained from the subjects’ surrogate prior to data collection,
and continued assent was obtained from the subject when
possible. Data regarding demographics and specific charac-
teristics of injury and treatment were collected from medical
records. Samples of CSF collected from an indwelling ven-
triculostomy catheter and blood collected from an intrave-
nous catheter were catalogued and stored at —80°C.

PARP-1 genotyping

Using HapMap Genome Browser Build 35 based on data
available in June 2007, one tSNP was chosen to mark each of
the four haplotype blocks of the PARP-1 gene, including se-
quences spanning 1 kb 5’ of the gene into the promoter region,
through 1 kb past the most 3’ exon. The four tSNPs, rs1109032,
rs3219090, rs3219119, and rs2271347, were chosen because
they have a minor allele frequency of at least 20% in the
population, and an 7* of at least 0.80.

DNA was extracted from CSF or blood samples using a
commercially available kit (Qiagen, Valencia, CA). Genotyp-
ing was performed for each tSNP using TagMan allele dis-
crimination as previously described (Heid et al., 1996), using
commercially available TagMan assays (Applied Biosystems,
Foster City, CA). Briefly, this approach uses dual-labeled
hybridization probes, each containing one reporter dye (FAM,
or carboxyfluorescein), whose fluorescence is cancelled by the
quencher dye (TAMRA, or 6-carboxy-tetramethylrhodamine)
while in close proximity prior to amplification. During DNA
polymerization, the reporter is separated from the quencher,
resulting in a quantifiable, allele-specific release of fluores-
cence. The sequence detector (ABI Prism; Applied Biosystems)
measures the fluorescence spectra of all 96 wells continuously
during PCR thermal cycling, which in turn determines the

genotype.

Measurement of PAR-modified proteins

The CSF samples used for this assay were collected by in-
termittent drainage as part of standard of care. PAR-modified
proteins were quantified from CSF samples obtained appro-
ximately 24 h after injury, the time when CSF PAR-modified
proteins peak after TBI in children, using ELISA as previously
described (Fink et al., 2008). Briefly, a standard was produced
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A schematic of the mature protein product, which includes a 374-residue N-terminal zinc-finger DNA binding

domain, a 150-residue central automodification domain, and a 490-residue C-terminal catalytic domain.
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TaABLE 1. PATIENT DEMOGRAPHICS

Age (y) 342 +14.7°
Initial Glasgow Coma Scale score 5 [3-13]2
Male (%) 79
Mortality (%) 32.5
Poor outcome (%) 61
Caucasian (%) 94.1
African-American (%) 43
Asian/Pacific Islander (%) 1.8

“Data are mean + standard deviation or median [range].

by preparing a reaction mixture consisting of a known con-
centration of the PARP-1 substrate histone-1, active PARP-1
enzyme, NAD™", and nicked DNA (Trevigen, Gaithersburg,
MD), and incubating for 1h at 37°C. Assuming nearly 100%
completion of the reaction, serial dilutions of the PAR-
modified histone mixture were used to generate standard
curves. PAR-modified proteins in duplicate CSF samples and
PAR-modified histone standards were diluted 1:5 with coat-
ing buffer solution (Alpha Diagnostic International Inc., San
Antonio, TX), were placed into 96-well high-binding plates
(Corning Inc., Corning, NY), and incubated at 4°C overnight.
A 1:1000 dilution of rabbit polyclonal antibody against PAR
(Trevigen) was then added to each well and incubated at
room temperature for 60 min. Then a 1:2000 dilution of a
secondary anti-rabbit antibody conjugated to horseradish
peroxidase (Alpha Diagnostic) was added to each well and
incubated at room temperature for 30 min. A colorimetric
detection system was used and absorbance was determined at
450 nm. CSF PAR-modified protein concentrations were cal-
culated using the curve generated from PAR-modified his-
tone standards.
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Measures of outcome

Functional outcome determined as GOS assigned at 6
months was dichotomized into unfavorable outcome (GOS
1-3: death, persistent vegetative state, or severe disability),
and favorable outcome (GOS 4-5: moderate disability or good
recovery). The GOS assigned at 6 months was used, since data
were incomplete at later time points. All assessments were
performed face-to-face if possible, or by phone interview by a
neuropsychological technician supervised by a neuropsychi-
atric attending or neurosurgery attending, all of whom were
blinded to PARP-1 genotype and CSF PAR-modified protein
level.

Statistical analysis

Demographics and initial GCS score for each genotype for
each tSNP were compared using ANOVA. Relationships
between genotype and outcome were tested using the chi-
square test for linear trends. Based this analysis, genotypes for
each SNP were dichotomized for multivariate logistic analy-
sis. Multivariate analysis was also used to test whether age,
GCS, gender, outcome, or mortality were independent con-
tributors to CSF PAR levels.

Results
Patient demographics

A total of 191 subjects were included in the analysis. Table 1
shows patient demographic data. The age range of the sub-
jects was 16-73 years, with median 31.5 years, and 79% of the
subjects were male. The median GCS score assigned upon
arrival to the emergency department was 5. Overall morta-
lity was 32.5%, and the percentage of subjects with poor
outcome at 12 months was 61%. The population was 94.1%

TABLE 2. DEMOGRAPHICS OF PARP-1 POLYMORPHISMS

152271347 Genotype AA AG GG P
n (freq %) 12 (6) 65 (35) 111 (59)

Age 29.04+14.5 33.3+14.3 34.74+14.9 0.41
Initial Glasgow Coma Scale score 51+1.6 53+17 55+19 0.63
Sex (% male) 75 77 80 0.41
751109032 Genotype AA AT 1T P
n (freq %) 129 (68) 52 (27) 10 (5)

Age 34.6+15.5 33.0+129 36.3+15.4 0.73
Initial Glasgow Coma Scale score 53+17 54422 6.0+22 0.54
Sex (% male) 79 85 50 0.73
7s3219090 Genotype

n (freq %) 24 (13) 79 (42) 84 (45)

Age 37.5+13.6 33.1+£14.0 34.6+15.7 0.44
Initial Glasgow Coma Scale score 55+2.0 54+19 54+138 0.95
Sex (% male) 71 84 77 0.44
rs3219119 Genotype

n (freq %) 83 (45) 77 (41) 26 (14)

Age 341+155 33.9+14.7 36.8+13.3 0.68
Initial Glasgow Coma Scale score 55+1.7 54420 54420 0.94
Sex (% male) 75 82 73 0.68

Data are mean =+ standard deviation or median [range].
PARP-1, poly(ADP-ribose) polymerase-1.
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FIG. 2. Relationships between genotype for each of the tagging single nucleotide polymorphisms and percentage of poor

outcome, using chi-square analysis for linear trends.

Caucasian and 4.3% African-American. Table 2 outlines the
association between the genotype of the tSNPs for the
four haplotype blocks, and age, initial GCS, and gender.
Importantly, there were no statistically significant differences
between genotype groups and any of these factors, all of
which are known to influence outcome in TBI. The genotype
results showed each tSNP to be in Hardy-Weinberg equilib-
rium. In some cases, the minor allele frequencies were lower
than expected in our population, compared to published data
from HapMap, leading to small numbers in some of the
groups. For example, only 12 (6%) of subjects had the AA
genotype of 12271347, and only 10 (5%) had the TT genotype
of rs1109032; one of the selection criteria for each tSNP was an
expected minor allele frequency of approximately 20%.

PARP-1 genotype and outcome

Figure 2 shows the relationship between genotype for each
of the tSNPs and percentage of poor outcome, using chi-
square analysis for linear trends. From this analysis, multi-
variate models were developed based on dichotomized
genotypes, to determine whether individual polymorphisms
were associated with clinical outcome. In multiple logistic
regression controlling for age, initial GCS, and gender, the
AA genotype of rs3219119 was an independent predictor
of favorable neurologic outcome, as was the TT genotype of
rs3219090 (Table 3).

CSF PAR-modified protein level

The mean CSF PAR level for all patients was 4748 +
2167 nM. PAR level was not associated with GOS (4642 + 2231
versus 49124+2072nM, poor versus favorable outcome,

TABLE 3. ASSOCIATIONS BETWEEN GENOTYPE
AND OUTCOME

Odds ratio
Genotype for poor outcome P
152271347 g 0.96 [0.51-1.82] 0.78
1511090324 0.19 [0.02-1.65] 0.13
rs3219090tt 0.49 [0.26-0.93] 0.03
rs321911944 0.46 [0.24-0.89] 0.02

respectively). Table 4 shows a multivariate analysis investi-
gating the clinical factors associated with a PAR level higher
than the median value. Among subjects with a PAR level
below the median, 64% had poor outcome, compared to 58%
in those with a PAR level above the median (OR 0.86 [0.42—
1.76], p =0.67). Age, initial GCS score, and mortality were also
not associated with PAR level. However, males were 2.62
times more likely to have a PAR level above the median than
were females (95% CI 1.09, 6.27; p=0.03). The association
between PAR level and gender is shown in Figure 3. Re-
lationships between tSNP genotypes and PAR levels are
shown in Figure 4. Using multivariate analysis controlling for
gender, rs2271347 was associated with PAR level (AA
5378 £1917, AG 5008 4+2196, and GG 4574+2172nM;
p =0.05), suggesting a genotype-phenotype relationship. The
two tSNPs associated with outcome, rs3219119 and
1s3219090, were not associated with PAR level.

Discussion

Here we show that PARP-1 polymorphisms within the
automodification-catalytic domain are associated with neu-
rological outcome after TBI, whereas a PARP-1 polymorphism
within the promoter region is associated with CSF PAR-
modified protein levels. The latter may represent a genotype-
phenotype relationship between PARP-1 polymorphism
within the promoter region and enzyme activity. The ap-
proach was to tag each PARP-1 gene haplotype block, or
segment of DNA inherited together, with a single nucleotide

TABLE 4. CLINICAL FACTORS ASSOCIATED
wiTH HicH PAR LEVEL

OR for high

PAR level p
Age 0.99 [0.24-2.95] 0.40
Initial Glasgow 0.97 [0.91-1.04] 0.42

Coma Scale score

Male gender 2.62 [1.09-6.27] 0.03
Outcome 0.86 [0.42-1.76] 0.67
Mortality 1.099 [0.51-2.354] 0.81

The odds ratio [OR] for having a PAR level higher than the median
is represented.
PAR, poly-ADP-ribose.
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FIG. 3. Box and whisker plot depicting relationship between gender and PAR level, with median, quartiles, and outliers

(PAR, poly-ADP-ribose).

polymorphism, thereby attempting to account for all of the
variability in the gene. Using data from HapMap Genome
Browser Build 35 in July 2007, one tSNP was chosen for each
of the four haplotype blocks, including sequences spanning
1kb 5 into the promoter region, through 1kb past the most
3" exon. However, our genotyping data showed that two of
the tSNPs, rs3219119 and rs3219090, were very closely asso-
ciated, and therefore were not independent of one another as
previously thought. Of the nine possible genotype combina-
tions for these two tSNPs, 97% of subjects had one of three
genotypes, whereas if these tSNPs were not in linkage dis-
equilibrium, a less skewed distribution would be expected.
Evaluation of updated HapMap data from Build 36 demon-
strates that these two tSNPs are indeed correlated, validating
our genotyping data to some degree. This association between
the tSNPs rs3219119 and rs3219090 led to a gap in the coverage
of the PARP-1 gene in sequences 3’ to exon 20. This includes
the 129 transcribed codons from exons 21-24, as well as introns
21-24, and therefore a portion of the catalytic domain of the
mature protein. This represents a limitation in the study, since

6000

it is plausible that variations in sequences coding for ar-
eas of the catalytic domain of this important DNA repair en-
zyme may impact function, enzymatic activity, and possibly
outcome.

The haplotype block tagged by rs3219119 and rs3219090
includes sequences from intron 7 through exon 20, which code
for residues in the automodification domain and part of the
catalytic domain. These tSNPs were associated with outcome,
as the AA genotype of rs3219119 and the TT genotype of
rs3219090 were independent predictors of favorable outcome.
However, these tSNPs were not associated with CSF PAR-
modified protein level.

The haplotype block tagged by rs2271347 includes se-
quences 5 to the promoter region through exon 1, which
includes part of the DNA binding domain. This tSNP was
associated with CSF PAR-modified protein level, a reflection
of PARP-1 activity (Du et al., 2003; Satchell et al., 2003; Yu
et al., 2002), consistent with the possibility that this poly-
morphism influences the amount of PARP-1 enzyme. How-
ever, this tSNP was not associated with outcome.

P=0.05 P=0.72

55001

50001

PARlevel (nM)

4500+

40004
rs22713

rs1109032

P=0.28 P=0.47

FIG. 4. Relationships between tSNP genotypes and PAR levels, using multivariate analysis controlling for patient gender
(tSNP, tagging single nucleotide polymorphisms; PAR, poly-ADP-ribose).
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While speculative, it is possible that polymorphism within
the automodification and catalytic domains alters PARP-1
enzyme efficiency, but not activity. For example, PARP-1
corresponding to each polymorphism may place different
numbers of ADP-ribose per modified protein, yielding dif-
ferent amounts of NAD" consumed, or may have different
affinities for various PAR protein targets. The ELISA used in
this study measures the number of proteins modified by
PARP, but not the number of ADP-ribose moieties attached to
each protein, or the specific proteins modified. This could be
addressed using ex-vivo studies and the individual PARP-1
enzymes. In an ex-vivo experiment, we have shown that PAR-
modification of electron transport chain proteins affects oxy-
gen consumption (Lai et al., 2008).

A limitation of this study is that measuring PAR-modified
proteins in CSF represents an indirect reflection of PARP-1
activity. Further, it assumes that the amount and type of PAR-
modified proteins in CSF reflect the amount and type of PAR-
modified proteins within cells. Furthermore, since the course
of oxidative stress after TBI is time-dependent (Deng et al.,
2007), and may begin as early as 3 h post-injury (Ansari et al.,
2008), the timing of CSF sample collection is very important.
Samples were collected at approximately 1 day post-injury,
based on our pediatric study that showed that CSF PAR-
modified protein levels peaked at 24 h after injury (Fink et al.,
2008). However, we recognize that small differences in timing
among the samples could lead to differences in CSF PAR
levels.

In the present study, males with severe TBI were more
likely to have a higher CSF PAR-modified protein level than
females. Our previous study in children with TBI also showed
a similar sex difference in patients with TBI (Fink et al., 2008).
Consistent results were found in an in-vitro experimental
study, in which cultured primary cortical neurons from male
rats were more sensitive to peroxynitrite, a potent PARP-1
activator, than neurons from females (Du et al., 2004). While
this suggests that sex-dependent differences in PARP-1 are at
least in part independent of circulating sex hormones, the
powerful influence of sex hormones cannot be discounted. In
our study, women over 45 tended to have higher CSF PAR
levels than those under 45 (4691+2388 [n=9] versus
3723 £1736 [n=20] nM; p=0.23). This is consistent with a
study in which ovariectomized female mice were less pro-
tected from PARP-1 activation than normal females, which
may be explained by estrogen anchoring PARP-1 to estrogen
receptor-u, inhibiting its DNA binding (Mabley et al., 2005).
Our study was not powered to detect a difference in PAR
levels between pre- and post-menopausal females, but this
warrants further investigation.

A final caveat pertains to genetic polymorphism studies in
general. To date, dozens of polymorphisms have been im-
plicated in influencing outcome after TBI, most notoriously
apolipoprotein E (Diaz-Arrastia and Baxter, 2006). Despite
promising results, many of these studies have been difficult to
replicate, particularly those with relatively small sample sizes
(Ioannidis et al., 2003). Furthermore, elucidating functional
links between genetic variation and phenotypic traits, not to
mention outcome, remains challenging (Frazer et al., 2009).
Our data are an example of this, as the genotypic and phe-
notypic results could be interpreted as conflicting.

We have shown that after severe TBI in humans, different
PARP-1 polymorphisms are associated with neurological
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outcome and indirect measures of enzyme activity. Given the
powerful effects of manipulation of this enzyme in experi-
mental brain injury, this pathway may be an important ther-
apeutic target in human TBI, but may be dependent on both
PARP-1 genotype and patient gender. These findings must be
replicated in a prospective study before the relevance of
PARP-1 polymorphisms after TBI can be established.
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