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Variation in PPP3CC Genotype Is Associated
with Long-Term Recovery after Severe Brain Injury
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Abstract

After experimental traumatic brain injury (TBI), calcineurin is upregulated; blocking calcineurin is associated with
improved outcomes. In humans, variation in the calcineurin A-gamma gene (PPP3CC) has been associated with neuro-
psychiatric disorders, though any role in TBI recovery remains unknown. This study examines associations between
PPP3CC genotype and mortality, as well as gross functional status assessed at admission using the Glasgow Coma Scale
(GCS) and at 3, 6, and 12 months after severe TBI using the Glasgow Outcome Score (GOS). The following tagging single
nucleotide polymorphisms (tSNPs) in PPP3CC were genotyped: rs2443504, rs2461491, rs2469749, and rs10108011. The
rs2443504 AA genotype was univariately associated with GCS (p=0.022), GOS at 3, 6, and 12 months (p=0.002,
p=0.034, and p=0.004, respectively), and mortality (p=0.007). In multivariate analysis controlling for age, sex, and
GCS, the AA genotype of 152443504 was associated with GOS at 3 (p=0.02), and 12 months (p=0.01), with a trend
toward significance at 6 months (p=0.05); the AA genotype also was associated with mortality in the multivariate model
(p=0.04). Further work is warranted to better understand the role of calcineurin, as well as the genes encoding it and their
relevance to outcomes after brain injury.
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Introduction neuronal excitability via N-methyl-D-aspartate (NMDA) receptor
modulation,*® and regulation of axonal outgrowth.?***
ALCINEURIN is a highly conserved calcium/calmodulin- Experimental brain injury increases calcineurin,***® which is

dependent phosphatase responsive to intracellular calcium associated with regulation of synaptic plasticity and dendritic
fluctuations.? Calcineurin is comprised of a 57-61 kDa catalytic ~ spine alterations.** In this context, blocking calcineurin is
subunit (CnA) and 19 kDa regulatory subunit (CnB)."** The CnA  neuroprotective*~*® and attenuates axonal injury.***° Calcineurin
subunit consists of three isozymes: alpha (calnal), beta (calna2) inhibitors such as FK-506 and cyclosporine A (CsA) are protective
and gamma (calna3), each of which is encoded by a unique gene.  after TBI by attenuating cortical damage,*° reducing seizure activi-
The gamma isozyme encoded by the PPP3CC gene is well cate- ty,>' and promoting LTP.*>~*® Notably, the beneficial effects of CsA
gorized™® and associated with neurological disorders similar to  may not be calcineurin-mediated, but rather may be due to the effect
traumatic brain injury (TBI).”° CnA subunit isoforms play a of CsA on the mitochondrial transition pore.>*>* A recent study
critical role in initiating and maintaining long-term potentiation  sought to examine the effect of blockade of the astrocytic (calcineurin-
(LTP)*'"%* and are involved in the structural plasticity of cortical ~dependent transcription factor Nuclear Factor of Activated T cells
circuits.>*?* Over-expression of CnA'? is associated with apopto- ~ [CN/NFAT]) pathway in rats exposed to controlled cortical impact; in
sis,26?° mitochondrial dysfunction,® neuro-inflammation,?®>13®  this study, CN/NFAT blockade resulted in normalization of synaptic
and CNS pathology in the context of axotomy,>* nerve constric- function and plasticity within the hippocampus.> Still, targeting
tion,35 and ischemia.>® Tn neural tissue, calcineurin is involved in  calcineurin after TBI has not led to clinical tra.nslation,S(ksg and
synaptic release of gamma-Aminobutyric acid and glutamate,””  existing evidence is inconclusive.**>*%° A 2008 clinical trial reported
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dose-dependent associations with favorable neurological outcomes
with no increase in mortality or adverse effects, compared with pla-
cebo.®!

Variation in genes encoding calcineurin may impact TBI out-
comes, although this has never been tested. Several human single
nucleotide polymorphisms (SNPs) exist for genes encoding com-
ponents of the calcineurin molecule; variation in the gamma iso-
zyme, encoded by PPP3CC on chromosome 8 (Fig. 1),>%%%% is
associated with neuropsychiatric problems common to TBI (e.g.,
executive function, attention, social interaction, motor function).7’
18:64-68 11y pre-clinical models, knocking out PPP3CC leads to defi-
cits in working memory, reduced social behavior, and increased
locomotor activity.**’® Variation in PPP3CC has been found in a
large genome-wide study to be associated with therapy (e.g., anti-
depressant) response via its effects on immune cell signaling,’’
suggesting possible pharmacogenomic applications. Understanding
the role of endogenous calcineurin expression (and related genes) is
an important early step in the effort to target this pathway thera-
peutically. In preparing this manuscript, no human study was found
exploring the association of calcineurin polymorphisms with TBI
outcomes, though such associations have been hypothesized.”>”
This study used data and biological samples from a larger parent
study to examine the association between four tagging single nu-
cleotide polymorphisms (tSNPS) in PPP3CC and gross functional
status (e.g. Glasgow Coma Scale [GCS], Glasgow Outcome Score
[GOS], and mortality) out to 1 year after severe brain injury.

Methods
Patient enrollment

Institutional review board approval was obtained prior to study
onset. Initial participant recruitment occurred between May 2000
and August 2014 in a neurointensive care unit through the University
of Pittsburgh Brain Trauma Research Center. Due to the altered
cognitive status of severe TBI patients, informed consent was ob-
tained from the injured individual’s legal representative prior to data
collection. If a participant’s status improved to a level that (s)he
could consent, continued participation in the study was contingent
upon assent. Following consent, participants were included in the
parent study if they met the following criteria: 1) sustained a severe
TBI (GCS <8); 2) aged 16-80 at time of injury; and 3) possessed an
indwelling ventriculostomy catheter. Individuals were excluded if
they had: 1) penetrating TBI; 2) cardiac and/or respiratory arrest; or
3) a pre-existing neurological deficit, defined as a pre-TBI history of
a serious neurological condition (e.g. mental retardation; stroke;
dementia) that may affect scoring on the chosen measures (e.g.,
GCS, GOS) and could confound study findings. Demographic and
initial injury severity data were collected from medical records.
Cerebrospinal fluid (CSF) was collected from the indwelling cath-
eter, and blood was collected from an intravenous/intra-arterial
catheter; biological samples were stored using methods known to
promote DNA stability until extraction.

A total of 480 individuals were genotyped; however, not all were
included in the final analysis for various reasons as summarized be-
low and depicted in Figure 2. After elimination of those individuals
who lacked genotypic data on at least one tSNP and phenotypic data
on at least one dependent variable, 463 cases remained. Beyond the
aforementioned inclusion criteria from the parent study, the sample
was further refined based on two exclusion criteria to address po-
tential confounders. First, 63 samples from non-Caucasian partici-
pants were excluded to control for population stratification and
differences in allele frequencies across ancestral groups, as reported
in public databases (e.g., dbSNP; HapMap). In our sample, there was
an insufficient number of participants in any of the non-Caucasian
subgroups to warrant a subgroup analysis and allelic frequency dif-

ferences negated considering all non-Caucasians together as a single
subgroup for analysis. Finally, 20 individuals ages 16—17 years were
excluded because brain develogment continues during adolescence,
which may confound recovery.’* The final analysis was restricted to
380 participants who had genotype and GCS data at baseline. Im-
portantly, there was attrition in our sample across the 3-, 6-, and 12-
month data collection time-points. Specifically, by 3 months 31
participants were lost to follow-up (n=349), an additional 3 were lost
between the 3 and 6 month assessment (n=346), and 20 more par-
ticipants were lost between the 6 and 12 month assessment (n =326).
The sample remaining at 12 months was 85.7% of the original 380
participants included at baseline. Missing data was not imputed due
to the complexity of TBI and the fact that loss to follow-up may have
been associated with change in status.

Genotyping

DNA was extracted from CSF using a commercially-available kit
(Qiagen, Valencia, CA) or from blood using a salting out procedure.
Selection of tSNPs was based on data from a Caucasian population in
HapMap Build 36. To be included, tSNPs were required to have an r?
>0.80 and a minor allele frequency >0.20. A TagMan® system (ABI
700) and associated SDS 2.0 software (Applied Biosystems, Foster
City, CA) was used to genotype each tSNP using allelic discrimi-
nation assays obtained from a single commercial supplier (Life
Technologies, Carlsbad, CA). The assays for three of the tSNPs
(rs10108011, rs2461491, and rs2469749) were readily available
commercially, while the fourth (rs2443504) was a custom assay.
Relevant details of the custom assay include the forward primer se-
quence (TTGATGCAAACCCGATGAACAAAAA), reverse primer
sequence (ACTATTCCTCTCTTTTTCTCTTTGTGATTTGAT),
reporter 1 sequence (CTTTTTATCTTTTGTGTATCTAC), and
reporter 2 sequence (CTTTTTATCTTTTGTATATCTAC). All ge-
notype assignments were double called in a blinded manner and any
discrepancies were rectified using raw data or re-genotyped.

Measures

Clinical measures employed were overall mortality, admission
GCS, and GOS at 3, 6, and 12 months. GCS was dichotomized as
GCS 3-5 versus GCS 6-8. Similarly, GOS was analyzed dichoto-
mously (1-2 vs. 3-5).” When possible, GOS assessments were
completed face-to-face; otherwise, a phone interview was used.
Whether face-to-face or by-phone, all interviews were performed
by a trained technician supervised by a neuropsychiatric or neu-
rosurgery attending physician. All individuals involved in col-
lecting data were blinded to PPP3CC genotypes.

Statistical analysis

Statistical analysis was performed using SPSS version 23 (Chi-
cago, IL). For each continuous variable, summary statistics were
obtained, including: range, mean, standard error of the mean, and
standard deviation. Chi-square analysis was used to determine as-
sociations for sex with tSNP genotype and measures of functional
status (GCS, GOS, mortality). Similarly, univariate associations be-
tween tSNP genotype and injury severity assessments (GCS, GOS)
were determined by chi-square analysis and, when appropriate,
Fisher’s exact test. Associations between age with tSNP genotype
and GOS at 3-, 6-, and 12- months were determined using logistic
regression. In the second phase of analysis, multivariate analysis was
used to determine tSNP associations with outcome, while controlling
for covariates chosen based on either significant association with
GOS (p<0.05; e.g., age, GCS) or clinical relevancy (e.g., sex) based
on published literature. Ultimately, a multiple logistic regression
model was used to explore associations between genotype and out-
come while controlling for age, sex, and GCS score.
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FIG.1. Idiogram depicting the location of each examined tagging single nucleotide polymorphism (tSNP) gene, as well as graphical display of
allele and genotype frequencies in our sample. For all tSNPs examined, the variant allele was found in at least 25% of participants in the sample.
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FIG. 2. Flowchart depicting the inclusion, exclusion, and loss of
participants in this sample. There were a total of 480 genotyped
participants from the parent study that were screened for inclusion in
this study. Of those screened, 380 met the criteria for inclusion in this
study. An additional 54 participants were lost to follow-up during the
12 month study (31 before the 3-month follow-up, three before the
6-month follow-up, and 20 before the 12-month follow-up).

Results
Population demographics

Table 1 shows demographic data for the 380 cases included at
baseline, as well as the results from univariate analysis, associating
demographics with our dependent variables. The age range was 18—
78 years, with a mean of 39.9 years, a median of 37.0 years, and
a standard deviation of 16.8. The sample was mostly male (79%).
At admission, the majority of the subjects (66%) had a GCS score
falling into the higher category (6-8); still, it is important to note
that scores in the higher (6-8) category still meet criteria for
classification as severe TBI. The overall mortality during the

12-month study was 33.3%, with the majority of the deaths oc-
curring before the 3- month data collection time-point. Older age
and lower GCS scores were associated with poorer outcome at all
three time-points (p <0.0005), as well as with overall mortality
(p<0.0005). Sex was not significantly associated with outcome at
any time-point.

Genetic associations with demographic and clinical
variables

For each of the four tSNPs, associations with genotype were
examined, comparing homozygous wildtype individuals with in-
dividuals either heterozygous or homozygous for the variant allele.
Genetic associations were associated with the following indepen-
dent variables: age, sex, mechanism of injury (automobile/motor-
cycle vs. fall/jump vs. other), GCS, length of stay in hospital, Injury
Severity Score, and the presence of specific neurological differ-
ences. Specifically, the neurological injuries considered included:
subdural hemorrhage, diffuse axonal injury, epidural hematoma,
contusion, intraventricular hemorrhage, intracranial hemorrhage,
and subarachnoid hemorrhage.

As summarized in Table 2, none of the 13 aforementioned de-
mographic and clinical variables were significantly associated
(p<0.05) with genotype on any of the four tSNPs.

Sample tSNP allele frequencies, genotype
frequencies, and univariate analysis

Minor allele frequency and genotypic frequencies for each tSNP
are presented in Tables 3 and 4, respectively. Each of the four tSNPs
was in Hardy-Weinberg equilibrium, suggesting the genotype pro-
portions in our sample were consistent with what is expected in the
population. Univariate analysis revealed no significant associations
between variant allele presence (vs. absence) on any of the four
tSNPs examined with either age, sex or GCS; similarly, no associ-
ation between genotype and either age, sex, or GCS was detected.
Moreover, there was no significant univariate associations between
rs10108011, rs2461491, and rs2469749 and GCS or GOS at any
time-point. Univariate chi-square analysis revealed the AA geno-
type (i.e., two copies of the minor allele) of rs2443504 was asso-
ciated with GCS (p=10.022), GOS at 3 months (» =0.002), GOS at 6
months (p=0.034), GOS at 12 months (p=0.004), as well as
overall mortality (p=0.007). When analysis was based on variant
allele presence (vs. absence), there were no significant associations
for any of the functional status variables examined. Additional
analysis revealed that participants with the rs2443504 AA genotype
had a significantly lower mean GCS score then the rest of the cohort
(5.44+1.50 for AA vs. 6.02+1.54 for AG, and 5.83 £ 1.50 for GG;
p=0.045). Figure 3 shows the univariate relationship between the
genotypes for each of the four tSNPs and the percentage of partic-
ipants with poorer outcome (GOS 1-2) using chi-square analysis.

Multivariate associations between PPP3CC tSNP
minor allele presence and outcome

Table 3 shows the results from multiple logistic regressions used
to examine the odds of having unfavorable outcomes (GOS = 1-2 and
overall mortality) by minor allele presence. In this analysis, we
controlled for age, sex, and GCS. There were no significant associa-
tions between minor allele presence for any tSNP and odds of unfa-
vorable outcome (all, p >0.05) at any time-point. To further explore
the relationship between the PPP3CC gene and severe TBI outcomes,
the analysis was repeated using full genotype, which allowed us to
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TABLE 3. RESULTS FROM MULTIVARIATE ANALYSIS EXPLORING ASSOCIATIONS OF TSNP MINOR (I.E., VARIANT)
ALLELE PRESENCE WITH PATIENT OUTCOMES, WHILE CONTROLLING FOR AGE, SEX, AND GCS ON ADMISSION

. 3-month GOS 6-month GOS 12-month GOS Overall mortality
Variant allele Allele
presence frequency (%) OR 95% CI p OR 95%CI p OR 95%CI p OR 95% CI P
rs10108011 42.5% 1.23 0.73-2.08 0.44 0.96 0.57-1.61 0.87 1.76 1.00-3.08 0.05 0.59 0.433-1.04 0.07
Variant (G) present
rs2469749 32.1% 1.19 0.71-2.01 0.51 1.20 0.72-2.01 0.48 1.33 0.77-2.31 0.31 0.86 0.49-1.51 0.61
Variant (T) present
rs2443504 36.4% 0.75 0.44-1.26 0.28 0.75 0.44-1.27 0.28 0.72 042-1.26 0.25 1.19 0.68-2.08 0.55
Variant (A) present
rs2461491 48.2% 0.96 0.54-1.70 0.88 0.74 0.42-1.31 0.31 0.95 0.52-1.75 0.87 0.97 0.52-1.80 0.93

Variant (G) present

Possessing one or two copies of the variant allele was not significantly associated with 3-, 6-, or 12-month GOS or mortality for any of the four tSNPs

examined. *p<0.05, **p <0.01, ***p <0.0005.

tSNP, tagging single nucleotide polymorphism; GCS, Glasgow Coma Scale; GOS, Glasgow Outcome Score; OR, odds ratio; CI, confidence interval.

explore whether or not a double dosage of the variant allele for a given
tSNP was associated with unfavorable outcome after severe TBL.

Multivariate associations between PPP3CC genotype
and outcome

Multivariate analyses examined PPP3CC genetic associations
with GOS 3, 6, and 12 months after TBI, controlling for sex, age, and
initial GCS as summarized in Table 4. There were no significant
associations between three of the four tSNPs (rs10108011,
rs2469749, and rs2461491) and outcome. For rs2443504, partici-
pants with the AA genotype had poorer outcomes when compared to
those with the GG genotype at 3 months (p=0.02) and 12 months
(p=0.04), with a trend toward significance at 6 months (p=0.05).
Notably, the significant findings when genotype was considered, as
opposed to variant allele presence, suggest that two copies of the
variant allele (AA) were necessary to show significant outcome
differences from the homozygous wild type genotype (GG). More-

over, heterozygous individuals (AG) on rs2443504 did not have
significantly poorer outcomes than GG individuals. As was true in
the univariate tests, age and initial GCS score were significantly
associated with GOS at 3, 6, and 12 months in all four tSNP multi-
variate models (all, p <0.05).

Discussion

In this exploratory pilot study, only one of the four SNPs inves-
tigated in the PPP3CC gene was associated with any outcome ex-
amined. Specifically, a homozygous variant genotype Ofor the
PPP3CC gene SNP rs2443504 was associated with poorer outcome
(assessed via GOS) following severe TBI. Individuals with two
copies of the variant allele had lower GOS at 3 months and 12
months, with a trend toward significance at 6 months; this genotype
also was associated with higher mortality. In this sample, the het-
erozygous variant genotype group was not significantly associated
with outcomes. Interestingly, little is known about rs2443504; to

TABLE 4. RESULTS FROM MULTIVARIATE ANALYSIS EXPLORING ASSOCIATIONS OF TSNP GENOTYPE WITH GOS
AND MORTALITY, WHILE CONTROLLING FOR AGE, SEX, AND GCS

GOS @ 3 months: GOS @ 6 months: GOS @ 12 months: Overall
1-2 vs. 3-5 1-2 vs. 3-5 1-2 vs. 3-5 mortality
Genotype  Frequency (%) OR  95% CI p OR  95% CI p OR  95% CI p OR 95% CI p
rs10108011
GG n=76 (202%) 0.65 0.32-1.32 0.23 0.78 0.39-1.59 0.50 0.52 0.24-1.11 0.09 1.64 0.76-3.52 0.21
AG n=168 (44.6%) 091 0.52-1.60 0.74 1.19 0.68-2.07 0.54 0.60 0.33-1.09 0.09 1.70 0.92-3.14 0.09
AA n=133 (35.2%)
rs2469749
TT n=27 (75%) 1.61 0.584.46 036 148 054401 045 1.19 041-341 0.75 0.86 0.29-2.54 0.79
CT n=178 (493%) 0.76 0.44-131 032 0.76 0.45-1.30 032 0.70 0.39-1.24 022 1.21 0.68-2.17 0.52
CC n=156 (43.2%)
rs2443504
AA n=52 (14.1%) 2.64 1.20-5.82 0.02* 2.16 0.99-4.73 0.05 298 1.30-6.81 0.01* 041 0.18-0.94 0.04*
AG n=164 (44.6%) 1.06 0.60-1.86 0.85 1.13 0.64-1.98 0.67 1.06 0.59-191 085 1.09 0.60-2.00 0.78
GG n=152 (41.3%)
rs2461491
GG n=89 (24.1%) 1.08 0.53-2.18 0.83 1.27 0.62-2.57 0.51 1.24 0.58-2.65 0.57 0.87 0.40-1.88 0.73
AG n=178 (48.2%) 1.02 0.55-1.88 096 1.34 0.73-2.45 0.35 094 0.49-1.79 085 1.17 0.60-2.25 0.65
AA n=102 (27.6%)

The AA genotype of the rs2443504 tSNP (vs. reference GG genotype) was associated with lower GOS (score <2) and higher mortality in univariate
analysis (as depicted in Fig. 2), as well as multivariate analysis (shown in Table 3) after controlling for age, sex, and GCS. No other tSNP was associated
with outcome in the multivariate analysis. *p <0.05, **p <0.01, ***p <0.0005.-Homozygous wildtype genotype.

tSNP, tagging single nucleotide polymorphism; GOS, Glasgow Outcome Scale; GCS, Glasgow Coma Scale; OR, odds ratio; CI, confidence interval.
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FIG. 3. Graph depicting the percent of patients falling into the poor outcome categories (Glasgow Outcome Score [GOS] 1-2 and
overall mortality) in univariate chi-square analysis. Significant association between the AA genotype of rs2443504 and percent of poor
outcomes at 3 months (p=0.002), 6 months (p=0.034), and 12 months (p=0.004), along with overall mortality (p=0.007). (A) Three-
month GOS by genotype; (B) 6-month GOS by genotype; (C) 12-month GOS by genotype; (D) overall mortality at 12 months by

genotype. *p <0.05, **¥p <0.01, ***¥p <0.0005.

date, this tSNP has not been associated with any health condition. It
also is worth acknowledging that all tSNPs in this analysis were
intronic tSNPS with no known direct impact on the final calcineurin
molecule. However, the tSNPs may play a regulatory role by im-
pacting the amount of available mature functional protein. Moreover,
this SNP tags a region of linkage disequilibrium. Using publicly-
available resources (e.g., HapMap, Haploview 4.2, UCSC Genome
Browser), we discovered that rs2443504 was in linkage disequilib-
rium with rs10088686, an intronic SNP in SORBS3, which encodes
an SH3 domain-adaptor protein implicated in many important cel-
lular processes, including cytoskeletal structure, adhesion, migra-
tion, and signaling. Additional research should further explore the
mechanism. Consistent with published literature, older participants
and those with lower GCS score had poorer outcome and higher

mortality.”®”® Notably, despite published evidence suggesting fe-
males have better recovery after TBI than males,”** this study failed
to find any associations between sex and GCS score, GOS, or mor-
tality. Our sample was characterized by an over-representation of
males; however, this is consistent with national data suggesting that
males outnumber females 3:1 in the TBI population.®'

This exploratory pilot study is limited in that it lacks statistical
correction for multiple testing. Considering some of these associ-
ations are close to the 0.05 threshold for statistical significance, it is
not anticipated that the associations detected in this pilot would
have remained significant if such a correction were applied.
However, the fact that the same SNP was associated with outcomes
on admission and over the course of recovery warrants further
examination in a larger sample.
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A second important limitation of this study surrounds the ho-
mogenous sample included in the final analysis. The sample was
limited to Caucasian adults from a limited geographic region,
which limits the generalizability of the findings. The rationale was
the low non-Caucasian recruitment in the parent study, which is
common in the western region of Pennsylvania where this work
was conducted. Moreover, there are known allelic frequency dif-
ferences across different ethnicities that could have affected the
results of this study, especially since the non-Caucasian subsample
was not sufficiently large to warrant a subgroup analysis. Ulti-
mately, this limits the generalizability of these findings and ne-
cessitates future efforts to replicate these findings in more diverse
samples. The sample is further limited in that it included only
adults, with the rationale being that brain development is ongoing
throughout adolescence,”* which may have affected the recovery
profile and ultimately the results of this study. Further, as men-
tioned above, there was an overrepresentation of males, although
this higher incidence in males is consistent with what is observed in
the clinical TBI population for every age group.®! Still, replicating
these results a more diverse sample with respect to sex, as well as
age and race, would strengthen the evidence. An additional limi-
tation in this study is the reliance on GCS and GOS data that were
dichotomized instead of left in their original ordinal scale. The
rationale for dichotomization was twofold: many GCS and GOS
values had low numbers of participants, and to balance the groups
compared for analysis. Future studies with larger samples should
use the GCS and GOS in their original scales and also include
additional measures with clinical relevance to TBI survivors (e.g.,
cognitive testing).

A third limitation surrounds the sole focus on the gamma iso-
zyme. This study did not examine other loci relevant to calcineurin
or related proteins that share a biological pathway with calcineurin
or get acted on by this phosphatase. This limits the ability to in-
terpret the results of this study. Additional evidence exploring more
genetic loci, as well as using additional methodologies and mea-
sures, will enhance the knowledge base with evidence that may lead
to elucidation of an underlying mechanism.

That said, the study is strengthened by the fact that it takes a
tagging SNP approach, enabling us to consider all the variability in
the gene of interest. Future studies will be strengthened by inclusion
of participants with less severe injuries, as well as more complex
outcome measures (e.g., memory). Additional research also should
explore the relationship between PPP3CC gene variation and protein
levels (e.g., calcineurin regulatory and catalytic subunits), the
downstream targets of the active phosphatase, and other markers in
linkage disequilibrium. Moreover, analysis of tissue samples (e.g.,
autopsy) will help to better elucidate the relationship between cal-
cineurin and gross functional status after TBIL.

In summary, this exploratory study examined the association
between four tSNPs in the PPP3CC gene and outcomes following
severe TBI; the homozygous variant genotype of rs2443504 was
found to be significantly associated with poorer outcomes assessed
using GOS (at 3 and 12 months, with a trend toward significance at
6 months), as well as overall mortality. Further research is needed
to confirm these observations in a larger sample size and to hone in
on the specific locus or loci responsible for driving the association
with outcomes that were observed.
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