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Objectives: Concussion is a brain injury that occurs when biomechanical forces are transmitted to the head
region resulting in neurological deficits. The accumulation of tau protein in autopsies of athletes with
multiple concussions implicates tau in concussion-associated neurodegeneration. The TAU rs2435211
(C>T) and rs2435200 (G > A) polymorphisms are involved in pathological tau expression and neurode-
generative disease risk. The aims of this study were to investigate the associations of TAU (rs2435211,
1s2435200) polymorphisms with concussion history and sustaining multiple concussions in rugby.

ﬁgg;.ords'. Design: In total, 140 non-concussed controls and 163 previously concussed participants (all cases group,
Tau N=163; clinically diagnosed, N=140; multiple concussed, N=87) were recruited from high school
Sports concussion (N =135, junior), club and professional rugby teams (N = 166, senior).

Rugby Methods: Participants were genotyped for TAU rs2435211 and rs2435200 polymorphisms.

Results: In seniors, the rs2435200 AA genotype was significantly over-represented in the control group
compared to the multiple concussed subgroup (P=0.033, control: 25%, N=16, multiple concussed: 11%,
N=6; OR: 0.34, 95% CI 0.12-0.96). While the AG genotype was significantly under-represented in the
control compared to multiple concussed (P=0.024, control: 45%, N =29, multiple concussed: 63%, N=36;
OR: 2.34, 95% CI 1.11-4.95). The inferred TAU (rs2435211 C>T-rs2435200 G>A) T-G haplotype was
significantly under-represented in the control (19%, N=12) compared to the all cases group (30%, N=28,
P=0.031).
Conclusions: The TAU-associated neurodegenerative pathway was implicated as a potential pathophysio-
logical mechanism underlying concussion in seniors. In future, the identification of TAU polymorphisms
associated with concussion risk may assist clinical management and reduce risk of severe complications.
© 2018 Published by Elsevier Ltd on behalf of Sports Medicine Australia.

Genetic association

1. Introduction In response to a concussive event, cascades of cellular pro-

cesses have been described.* These cellular processes can elicit

Concussion is a closed brain injury in which biomechanical
forces are transmitted to the head or neck resulting in neurolog-
ical deficits including physical symptoms, balance, memory and
cognitive impairments.!? Concussions are common in high impact
contact sports with an incidence range of 4-11 concussions/1000
player hours reported in elite Rugby Union (“rugby”).? Although
the underlying neurophysiological mechanisms of concussion are
not clearly understood, several theories have been proposed.*
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pathophysiological disruption in the brain and lead to neurolog-
ical impairments. Recently, elevated tau plasma levels were shown
to occur immediately after brain injury and persist up to 90 days.”
Toxic accumulation of tau (or tauopathy) was shown in autopsies
of former contact sports players, with exposure to head impacts
and a history of multiple concussions.5~® Tau is a structural brain
protein that binds to microtubules and provides structural sta-
bility to neuronal tissue.? The hyperphosphorylated form of tau
can lead to tau assembling into pathological helical filaments and
neurofibrillary tangles which could lead to neurodegeneration.'?
Chronic traumatic encephalopathy (CTE), a neuropathological dis-
order, is also characterised by hyperphosphorylated tau deposits in
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neuronal and glial cells.? The neuropathology (e.g. tauopathy) and
neurological deficits (e.g. poor motor control) characteristic of CTE
were noted in individuals who either sustained multiple concus-
sions or were exposed to head impacts.® Concussion is potentially
linked to CTE'! which was observed in 87% of a cohort of 202
former American football players.’ Furthermore, contact sports
players are exposed to high impact collisions and increased expo-
sure to head impacts (i.e. boxing, American football and rugby).
The sub-threshold concussive head impacts or subconcussive head
impacts have been linked to risk of accumulative neurological
damage including risk of neurodegenerative disorders such as
CTE.”312 Therefore, the tau neuropathology observed in sports
players with high exposure to multiple concussions and repeti-
tive head impacts implicates tau in the pathophysiology underlying
concussion.

Although there is limited research on the genetic contribution
to concussion risk, genetic association studies have implicated cer-
tain genes.!> A genetic association study correlates a physical trait
with differences in DNA sequence between individuals. The DNA
sequence is often referred to as the genotype and the physical trait
as the phenotype. A single nucleotide polymorphism (SNP) is an
example of a DNA sequence variation in which a single nucleotide
base (A, T, Cor G)is substituted for another base (allele) at a specific
chromosomal location (locus). These individual SNPs are often used
as potential genetic markers for a physical trait. In addition, haplo-
types, which represent a series of DNA sequences or SNPs inherited
together, are often used as a genetic tool to implicate a region on a
chromosome to be correlated with a phenotype (e.g. concussion).

Tau-associated genetic markers may contribute to concussion
pathophysiology. The microtubule-associated protein tau (MAPT)
is encoded by the MAPT (or TAU) gene. The rs2435211 (C>T) and
rs2435200 (G>A) intronic SNPs, within the TAU gene, are posi-
tioned within two kilobase pairs from regulatory glycosylation and
microRNA motifs.’#15 The rs2435211 SNP was previously associ-
ated with an increased level of tau protein and phosphorylated
tau in the cerebrospinal fluid,'® a marker of pathology in neu-
rodegenerative diseases.!” In addition, the TAU rs2435211 SNP was
previously shown to interact with the rs3775423 SNP in the SNCA
gene which encodes for a-synuclein, the characteristic pathology of
Parkinson’s disease.!® The rs2435200 G allele was previously asso-
ciated with an increased risk for Parkinson’s disease.'® Impaired
movement and balance are hallmark symptoms in Parkinson’s
disease, which is also observed in patients with concussion and
CTE.1'8'20

The role of the TAU rs2435211 and rs2435200 SNPs in TAU
gene regulation and tau neuropathology implicates these SNPs
in influencing tau protein regulation and tau binding to micro-
tubules. Impairment of microtubule binding could destabilise the
cytoskeletal scaffold supporting neurons, thereby resulting in neu-
rons more susceptible to injury. Therefore, it is reasonable to
hypothesise, that the genetic profile of the TAU gene of an indi-
vidual may modulate their susceptibility to concussion. Senior
sports players have a high exposure to cumulative head impacts
over their sporting career?! and may, as a result, be particu-
larly susceptible to concussion-associated tauopathy. The aim of
this novel, case-control genetic association study was to inves-
tigate the associations of TAU (rs2435211: C>T and rs2435200:
G>A) SNPs with (1) sustaining a previous concussion (concus-
sion history), and (2) the occurrence of multiple concussions
in amateur-level club and professional (senior) rugby players.
In addition, this study also investigated both SNPs, collectively,
as an inferred haplotype with concussion history and sustain-
ing multiple concussions. The a priori hypothesis is that TAU
SNPs will be associated with concussion in senior rugby play-
ers.

2. Methods

This case-control genetic association study was performed
according to the STrengthening the REporting of genetic associa-
tion studies (STREGA) guidelines.?? Ethics approval was obtained
from the Human Research Ethics Committee of the Health Science
Faculty, University of Cape Town and the Western Cape Education
Department. Details on participant recruitment, concussion defini-
tion, concussion history and sports participation for this cohort was
previously described.?3 Briefly, concussions diagnosed by a medical
professional with one or more concussion symptoms reported were
categorised as a “clinically diagnosed concussion”; whereas con-
cussions not diagnosed by a medical professional but self-reporting
one or more symptoms were categorised as a “suspected concus-
sion”. Symptoms were selected from the approved and validated
list in the Sports Concussion Assessment Tool version 2 (SCAT2)%*
derived by the Concussion in Sport Group.! The main outcomes
measured in this study were the genetic susceptibility of sustaining
(1) minimum one previous concussion and (2) multiple concus-
sions. Funders had no involvement in the paper.

In total, 420 participants from a previous cohort, which ana-
lysed APOE genetic variants and concussion susceptibility,?> were
recruited during the 2013-2015 rugby seasons in Cape Town
and Johannesburg, South Africa. Participants were included in
this study after completing the assent with parental consent
(<18years old, N=148) or consent forms (>18 years old, N=272)
and study questionnaire (N=420). Participants were excluded
based on criteria summarized in Supplementary Fig. S1; which
included ancestry, sporting activity, sex, concussion mechanism
and self-reporting neurological comorbidities. After all exclusions,
a total of 303 white, male rugby players (aged 12-39 years old)
were analysed; with 140 participants’ self-reporting no concus-
sion history (control group) and 163 participants with a history of
clinically diagnosed and suspected concussions (all cases group).
The clinically diagnosed concussed participants were also sep-
arately analysed as the clinically diagnosed subgroup (N=140).
As a consequence of the evidence for tauopathy in sports play-
ers with multiple concussions,”® participants with two or more
clinically diagnosed and suspected concussions were separately
analysed as the multiple concussed subgroup (N =87; Supplemen-
tary Fig. S1). Participants were collectively analysed and were
stratified into seniors (amateur-level club, N =116, and professional
rugby players, N=50), and independently analysed. The senior
players were separately analysed to facilitate the identification
of potential differences in genetic susceptibility at senior play-
ing level. For example, senior contact sports players have a high
and prolonged exposure to potentially pathology-induced, repet-
itive head impacts.”32! Junior players, in contrast, would have
played fewer matches resulting in decreased exposure to repetitive
impacts; therefore it is unlikely for concussion susceptibility to be
modulated by repetitive impact-associated TAU polymorphisms in
juniors. Therefore, the results of juniors when separately analysed
were excluded from the results and included in supplementary
material. All participants completed a study questionnaire detailing
their concussion, sporting, and medical histories (Supplementary
Fig. S2).

DNA was extracted from either a cheek swab or a 5ml
venous blood sample for genetic analysis and stored as previously
described.?® The selected SNPs, rs2435211 (C>T, Ch. 17:45985878)
and rs2435200 (G > A, Ch. 17:45994485), within the TAU gene (Ch.
17921.31) were either previously associated with Parkinson’s dis-
ease risk or tau protein expression.'5!° The rs2435211 SNP was
located within intron six and rs2435200 SNP within intron nine
of the TAU gene (Supplementary Fig. S3). Both SNPs had a minor
allele frequency greater than 5% in the white European population
(minor allele frequencies: rs2435211 T=26%, rs2435200 A=39%;
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NCBI, http://www.ncbi.nlm.nih.gov/). The TAU SNPs were geno-
typed, at the Division of Exercise Science and Sports Medicine
biochemistry laboratory, Faculty of Health Sciences, University of
Cape Town, using fluorescence-based TaqMan® real time poly-
merase chain reaction (PCR) assays and the StepOnePlus™ Real
Time PCR machine with software version 2.2.2 as per the manu-
facturer’s protocol (Applied Biosystems, CA, USA). Standard SNP
genotyping cycling conditions were used with slight modifications;
holding stage at 95 °C for 10 min, 55 cycles of 92 °Cfor 15 s and 60 °C
for 1 min. In a total of 8 ul, 2x pre-made TaqMan® SNP genotyp-
ing master mix reagent (Applied Biosystems, CA, USA), 0.2 .l of
40x target-specific catalogued assay (rs2435211: C.16017217.10,
rs2435200: C.16017227.10) and 1l of DNA (6-77 ng/p.l) were
used. An average genotype call rate of 97% was noted, by two
independent researchers, with the six control samples successfully
repeated in all plates (three repeat samples of known genotypes
and three samples without DNA).

All statistical analyses performed used the R language and envi-
ronment for statistical computing.>®> The genetic susceptibility to
sustaining at least one previous concussion (primary outcome)
and multiple concussions (secondary outcome) were the two main
outcomes tested. The current study’s sample size of 160 cases
is suitable to detect an allelic odds ratio of 2.0 at 80% statisti-
cal power and 5% significance level for concussion history as an
outcome. However, in the secondary outcome (post hoc analy-
ses) of the senior subgroup of 97 cases (haplotype analysis) and
57 cases (genotype analysis) reflected approximately 88% and 72%
statistical power, respectively, for Type I error detection for con-
cussion history as an outcome. A regression model was fitted for
concussion history (case-control) as a function of demographic par-
ticipant characteristics, and a separate analysis for genotypes as a
function of participant characteristics. For the primary outcome
(i.e. concussion history), all genotype, allele and haplotype fre-
quency distributions were compared between participants without
a concussion history (control group) and those with at least one
previous concussion (all cases group and clinically diagnosed sub-
group). For the secondary outcome, all analyses were compared
between the control group and those with two or more previous
concussions (multiple concussed subgroup), due to the evidence
for tauopathy in sports players with multiple concussions.”® The
Hardy-Weinberg equilibrium (HWE) probabilities, genotype, allele
and inferred haplotype frequency distribution differences, odds
ratio (OR) and 95% confidence interval (CI) were determined using
the Fisher’s exact test, genetics, SNPassoc and haplo.stats packages
in R. In the primary analysis, all analyses were adjusted for age
as a possible confounding covariate. In the secondary analysis, all
analyses were adjusted for mass and age as covariates for all par-
ticipants and seniors, respectively. A hypothesis-driven approach
was adopted with both polymorphisms located on a single gene, of
which rs2435211 and rs2435200 (D’ =0.804, r2 =0.183) are in high
linkage disequilibrium, and therefore correcting for multiple test-
ing would be too conservative.?S Statistical significance was set at
P<0.05.

3. Results

Of the total 163 concussed cases, 46% (N=76) sustained one
concussion, 33% (N=54) sustained two concussions, 9% (N=14)
sustained three concussions and 12% (N=19) sustained four con-
cussions. When all participants were combined (Supplementary
Table S1), the control group (N=140) was significantly younger
than the all cases group (N=163) and the clinically diagnosed
subgroup (N=140) (control vs. all cases: P=0.001; control:
18.8 +3.6 years old; all cases: 20.4 + 4.5 years old; control vs. clin-
ically diagnosed: P=0.004; clinically diagnosed: 20.2 +4.2 years

old). The control group (N=136) weighed significantly less than
the all cases group (N=158), the clinically diagnosed subgroup
(N=135) and the MULTI subgroup (N=386) (control vs. all cases:
P=0.035; control: 87.7+16.1kg; all cases: 91.8+16.8kg; con-
trol vs. clinically diagnosed: P=0.044; clinically diagnosed:
91.8 +17.5 kg; control vs. MULTI: P=0.005; MULTI: 94.0 + 16.1 kg).
However, adjusting for age removed the significance for the con-
trol group compared to all cases group and clinically diagnosed
subgroup (control vs. all cases: P=0.647; control vs. clini-
cally diagnosed: P=0.677). The control group (N=133) had a
lower BMI (body mass index) than the MULTI subgroup (N =86)
(P=0.029, control: 26.6 + 3.6 kg/m?2; MULTI: 27.7 4 3.5 kg/m?2). The
control group (N =140) played fewer years of rugby compared to
the MULTI subgroup (N=87) (P=0.017, control: 10.9 +4.1 years;
MULTI: 12.3 +4.6years). However, when adjusting for mass, the
significance for BMI (P=0.994) and rugby exposure (P=0.129) were
removed for the control group compared to the MULTI subgroup.
Height (m) and non-rugby collision sport exposure (years) were not
significantly different between groups (Supplementary Table S1).

In juniors, no significant differences were noted between groups
for age, height, mass, BMI, rugby exposure and non-rugby collision
sport exposure (Supplementary Table S1).

In seniors (Table 1), the control group (N =66) was significantly
younger than the all cases group (N =100) and the MULTI subgroup
(N=63) (control vs. all cases: P=0.038; control: 21.7 + 3.3 years;
all cases: 22.9 +3.9years; control vs. MULTI: P=0.044; MULTI:
23.1+4.2years old), however, the control group was not signifi-
cantly different from the clinically diagnosed subgroup (P=0.094).
Height, mass, BMI, rugby exposure and non-rugby collision sport
exposure were not significantly different between groups.

When all participants were combined (Supplementary Table
S2), participants with the TAU rs2435211 TT genotype (N=29)
were significantly younger than those with either the CC (N=150)
or CT genotypes (N=115) (P=0.028; TT: 17.8 + 2.9 years old; CC:
20.0 £4.1years old; CT: 19.6 + 4.3 years old). Participants with the
TT genotype (N=24) weighed significantly less than those with
either the CC (N=148) or CT genotypes (N=113) (P=0.035; TT:
83.6+159kg; CC: 91.8+15.8kg; CT: 88.2 £17.5kg). BMI was sig-
nificantly less for those with a TT genotype (N=23) compared to
those with either CC (N =146) or CT genotypes (N=110) (P=0.046;
TT: 26.0+3.4kg/m?2; CC: 27.443.6kg/m?2; CT: 26.4+3.5kg/m?).
However, when adjusting for age, the significance for mass
(P=0.167) and BMI (P=0.122) were removed. No significant dif-
ference was noted for age, height, mass, BMI, rugby exposure and
non-rugby collision sport exposure between rs2435200 genotypes
for all participants (Supplementary Table S2).

No genotype associations were noted for age, height, mass,
BMI, rugby exposure and non-rugby collision sport exposure when
juniors and seniors were separately analysed (Supplementary Table
S2).

When all participants were combined and when juniors were
separately analysed (Supplementary Table S3), the rs2435211 and
rs2435200 genotype and allele frequency distributions were not
significantly different when the control group was compared to the
all cases group, clinically diagnosed subgroup and MULTI subgroup.

For seniors (Table 2), the rs2435200 AA genotype was signif-
icantly over-represented in the control group compared to the
MULTI subgroup (AA vs. GG+AG: age-adjusted P=0.033; con-
trol: 25%, N=16; MULTL: 11%, N=6, OR: 0.34, 95% CI 0.12-0.96).
Whereas, the rs2435200 AG genotype was significantly under-
represented in the control group compared to the MULTI subgroup
(AG vs. AA+GG: age-adjusted P=0.024; control: 45%, N=29;
MULTI: 63%, N=36, OR: 2.34, 95% CI 1.11-4.95). The rs2435211
SNP was not significantly different between groups in seniors. Both
rs2435211 and rs2435200 SNPs were in HWE for the control and
case groups (P>0.05; Table 2).
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Table 1

The demographic characteristics for all participants between the control group, all clinically diagnosed and suspected concussed cases (all cases), clinically diagnosed
concussed cases only (clinically diagnosed) and those who sustained two or more previous concussions (multiple concussed).

Control All cases P-value®  Clinically diagnosed ~ P-value®  Multiple concussed  P-value®

Senior

N (66) (100) (87) (63)

Age (yrs.) 21.7+3.3(66) 22.9+3.9(100) 0.038 22.6+3.5(87) 0.094 23.1+4.2(63) 0.044
Height (m) 1.84+0.08(65) 1.85+0.08(100) 0.452 1.86+0.09 (87) 0.159 1.85+0.09 (63) 0.799
Mass (kg) 96.24+12.0(65) 97.8+14.0(99) 0.436 98.2+14.3 (86) 0.360 97.3+13.9(63) 0.636
BMI (kg/m?) 28.3+2.9(65) 28.4+2.9(99) 0.835 28.5+3.0(86) 0.720 28.5+2.7(63) 0.801
Rugby exposure (yrs.)d 13.3+4.2(66) 12.6 £4.7 (100) 0.356 12.5+4.7 (87) 0.286 13.2+4.9(63) 0.902
Non-rugby collision sport exposure (yrs.)® 6.2+5.1(5) 6.5+5.1(4) 0.932 6.0+£6.1(3) 0.961 8.0+5.0(3) 0.643
Non-rugby contact sport exposure (yrs.)f 9.7+4.7(12) 9.5+6.8 (26) 0.953 8.7+4.8 (23) 0.587 103 +7.2(19) 0.801
Non-contact sport exposure (yrs.)¢ 17.0+9.0 (38) 15.9+9.4(52) 0.587 15.6+9.9 (45) 0.506 16.0+10.4 (39) 0.660
Total sport exposure (yrs.)" 23.54+14.6(66) 20.2+14.5(100) 0.154 23.1+13.8(87) 0.331 22.7+14.1(63) 0.751

All values are mean + standard deviation with the number of participants with non-missing data (N) in parentheses. Statistical significant differences for the control group
compared to all cases group, Pclinically diagnosed subgroup and multiple concussed subgroup are highlighted (P<0.05, regression analysis). 4Self-reported number of
years playing rugby. ¢Self-reported number of years playing other collision sports excluding rugby e.g. combative sports. fSelf-reported number of years playing other
contact sports excluding rugby e.g. soccer. 8Self-reported number of years playing non-contact sports e.g. tennis, golf. "Total number of years playing all types of sport

(collision + contact + non-contact). BMI — body mass index, yrs. — years.
Bold values indicate statistical significance, p <0.05.

501

Frequency (%)

Senior

[ Control (N=65)

Hl All cases (N=97)

3 Clinically diagnosed (N=84)
Multiple concussed (N=42)

C-A C-G

Inferred TAU rs243211-rs2435200 haplotype

Fig. 1. The TAU rs2435211-rs2435200 inferred haplotype distributions.

The frequencies (%) between the control group, all clinically diagnosed and suspected concussed cases (all cases group), clinically diagnosed concussed cases only (clinically
diagnosed subgroup) and those who sustained two or more previous concussions (multiple concussed subgroup) for the inferred TAU rs2435211 (C>T) and rs2435200 (G >A)
haplotype in seniors (N =162). Significant differences between groups are indicated (age-adjusted P<0.05, additive model?®).

The inferred TAU haplotype (rs2435211-rs2435200) was con-
structed using the genotype data (rs2435211: C>T, rs2435200:
G>A). In total, three inferred haplotypes, above a frequency of
4%, were identified (Fig. 1). The C-A and C-G haplotypes were the
most frequent haplotypes (30%-41%), while the T-G was the least
frequent (24%-30%) observed for the control and case groups. No
significant differences for the inferred TAU rs2435200-rs2435211
haplotype between groups were noted, when all participants were
combined and when juniors were separately analysed (Supplemen-
tary Fig. S4).

In seniors (Fig. 1), the T-G haplotype was significantly under-
represented in the control group (19%, N=12) compared to the all
cases group (30%, N=29, additive model: age-adjusted P=0.031,
hap.score=2.16).

4. Discussion

Toxic tauopathy was reported in autopsies of individuals with
repeated exposure to head impacts or a history of multiple
concussions’® A recent study also showed tau neuropathology
in post-mortem brains of former American football players.
These findings are collectively not surprising, as dysregulation
of the structural protein tau can result in destabilisation of the
cytoskeletal scaffold thereby influencing the structural integrity of
surrounding neurons? and potentially result in neurons being more
prone to injuries, such as multiple concussive impacts. Thus, there is

currently mounting evidence suggesting that TAU-associated neu-
rodegenerative pathway should be considered more carefully when
reviewing the biological mechanisms of concussion. The aims of
this study were to investigate the association between genetic poly-
morphisms within the TAU gene (rs2435211: C>T and rs2435200:
G >A SNPs) and risk of a previous concussion (concussion history),
or sustaining multiple concussions in rugby players. The main and
novel findings of this study included:

(1) The rs2435200 AA genotype was significantly associated
with 66% reduced susceptibility (OR: 0.34, 95% CI 0.12-0.96)
while the rs2435200 AG genotype was associated with 134%
increased susceptibility (OR: 2.34,95% CI 1.11-4.95) of sustain-
ing multiple concussions in seniors.

(2) Although, the rs2435211 SNP was not independently asso-
ciated with concussion history, the inferred T-G haplotype
(rs2435211-rs2435200) was significantly associated with
increased susceptibility for sustaining a concussion in seniors.
The results for juniors, when separately analysed, were
excluded due to the unlikelihood of cumulative impact-
associated TAU SNPs influencing concussion in juniors, who
have shorter career exposure to repetitive impacts.

In the current study, the rs2435200 AA genotype was sig-
nificantly associated with a reduced susceptibility while the AG
genotype was associated with increased susceptibility of sustain-
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(0.033, 0.024)¢

P-value®
0.348¢4
0.104
0.040
0.519

1.68 (0.78-3.62)
1.96 (0.42-9.16)
1.65 (0.89-3.10)
1.82 (0.77-4.27)
0.51(0.16-1.62)
0.82 (0.48-1.41)

OR (95% CI)

1.00
1.00

Multiple concussed

491 (28)
421 (24)
8.8(5)
29.8 (34)
0.765

(57)
63.2(36)

26.3(15)
10.5 (6)
42.1(48)
0.114

P-value®
0.281
0.139
0.179
0.290

R (95% CI)
1.45 (0.73-2.91)
2.55(0.63-10.25)
1.55 (0.88-2.78)
1.17 (0.56-2.47)
0.51(0.19-1.33)
0.77 (0.47-1.25)

1.00
1.00

Clinically diagnosed

(84)
52.4 (44)

38.1(32)
9.5 (8)
28.6(48)
0.593

(84)
32.1(27)

54.8 (46)
13.1(11)
40.5 (68)

0.263

P-value?
0.1604
0.094
0.199¢
0.253

a

1.67 (0.85-3.31)
2.75(0.67-11.22)
1.58 (0.91-2.78)
1.04 (0.50-2.16)
0.48 (0.19-1.23)
0.76 (0.47-1.22)

OR (95%

1.00
1.00

50.5 (49)
41.2 (40)
8.2(8)
28.9 (56)
1.000

(97)
33.0(32)

53.6(52)
13.4(13)
402 (78)

All cases
0.298

(97)

63.6 (42)
31.8(21)
45(3)
20.5(27)
1.000

(65)
30.8 (20)

Control
(66)
44.6 (29)
24.6 (16)
46.9 (61)
0.456

cC

CT

T

T allele
HWE
GG

AG

A allele
HWE

AA

rs2435211
rs2435200

Senior

Genotype and allele frequencies are represented as percentages with the number of participants with non-missing data (N) shown in parentheses. Statistical significant differences for the control group compared to ?all cases

group, "clinically diagnosed subgroup and “multiple concussed subgroup are highlighted (P<0.05). 4Age-adjusted global P-values (likelihood test, Fisher’s exact test) comparing genotype and allelic frequencies between control
and case groups (minor vs. major: rs2435200, A vs. G; rs2435211, T vs. C). ¢Post-hoc: AA vs. GG +AG; AG vs. AA+GG. HWE are P-values from exact tests performed for the TAU polymorphisms. CI — confidence interval, HWE —

The genotype, minor allele frequencies (%) and Hardy-Weinberg equilibrium test for the TAU rs2435211 and rs2435200 polymorphisms between the control group (control), all clinically diagnosed and suspected concussed cases
Hardy-Weinberg equilibrium, OR — odds ratio.

(all cases), clinically diagnosed concussed cases only (clinically diagnosed) and those who sustained two or more previous concussions (multiple concussed).

Bold values indicate statistical significance, p <0.05.

Table 2

ing multiple concussions. To the author’s knowledge, no previous
study investigated rs2435200 (G>A) in multiple concussions or
repeated head impacts. Concussion may modulate the develop-
ment of neurodegenerative diseases due to clinical and potentially
neuropathological similarities.?” Interestingly, the previous asso-
ciation of the G allele with increased Parkinson’s disease risk
potentially implicates the G allele as an adverse allele!'® and is
in alignment with the findings noted in this study; which iden-
tified the G allele to be associated with increased susceptibility for
multiple concussions and by inference, the A allele with reduced
susceptibility of sustaining multiple concussions.

Previous studies showed that the TAU rs2435211 T allele was
associated with increased tau mRNA expression and protein lev-
els in cerebrospinal fluid.'®28 The presence of tau protein in
the cerebrospinal fluid is a neuropathological indicator of neu-
rodegenerative diseases including Alzheimer’s disease.®8'7 The
1s2435200 G allele was previously associated with the risk of
Parkinson’s disease.'” These previous association studies implicate
the rs2435211 T and rs2435200 G alleles in neurodegeneration.
The biological association of the tau protein, rs2435211 T allele
and rs2435200 G allele in neuropathology and neurodegenera-
tive diseases, together with the functional supporting evidence,
aligns with the current study’s findings of an inferred T-G haplo-
type associated with increased concussion susceptibility. Although
independent associations were not noted for these two functional
SNPs, the inferred haplotype is highlighting a genomic interval of
8.6 kilobase pairs (NG_.007398.1), which warrants further explo-
ration. It is interesting to note, the close proximity of potential
microRNA recognition binding sites (gene regulatory motifs)!'®
to the rs2435211 and rs2435200 SNPs. Further interrogation is
required to explore the association between potential genetic func-
tional motifs underlying this genetic interval with concussion
aetiology.

The findings of this study potentially implicate a TAU-associated
neurodegenerative pathway as a mechanism for concussion aeti-
ology (Supplementary Fig. S5). We propose that the rs2435211 T
and rs2435200 G alleles increase TAU mRNA expression resulting
in dysregulated tau protein production. Both tau protein dysreg-
ulation and inhibition of tau-microtubule binding can lead to tau
aggregating into helical filaments and neurofibrillary tangles which
promote neurotoxicity and possibly neuronal death.!? These cellu-
lar processes can elicit the concussion signs and symptoms (e.g.
memory impairments). Alternatively, the A allele of rs2435200
could decrease TAU mRNA expression leading to regulated tau pro-
duction, which enables tau binding to microtubules and assisting
in stabilising the cytoskeletal scaffold supporting neurons.

There is mounting evidence supporting the hypothesis that the
repeated head impact exposure may result in cumulative produc-
tion of the damaging tau protein deposits. The brain might not
have sufficient time to recover from repeated high impact colli-
sions and tau deposits accumulation over time, thereby increasing
the player’s vulnerability to sustaining multiple concussions. In
addition, an accumulation of tau protein deposits, throughout a
career-long exposure to head impacts, could elicit permanent neu-
ronal damage and result in later life complications (e.g. dementia).6
Notably, a greater proportion of the senior case group reported mul-
tiple previous concussions (63%, N=63) compared to the juniors
(38%, N=24), which might explain the significant associations only
observed in seniors with these TAU SNPs. The small proportion of
juniors with multiple concussions may explain the lack of an asso-
ciation when all participants were combined (53%, N =87 reported
multiple concussions). Further inquiry is required in larger cohorts
for the junior players.

In this study, the significant associations were only observed in
seniors (amateur-level club and professional players). This obser-
vation is not unexpected as seniors, compared to juniors, have
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played rugby for a longer period and consequently have poten-
tially been exposed to higher match intensities more frequently.?!
The increased exposure to high intensity contact sport matches
result in increased exposure to high impact collisions, including
head impacts, as noted in seniors, and also reflected previously in
other contact sports.?! The rules of play for rugby do not differ
between the junior players (school-level) and senior players (club
to professional-level). However, the increased risk of cumulative
impacts in senior players could be attributed to a longer play-
ing season, faster game pace, increased aggression, and increased
height and weight compared to junior players.?®

For the current study, we focused on a history of concussion
as the main outcome and not head impacts as this was not a lon-
gitudinal study on cumulative effects of concussion but rather a
cross-sectional association study. The sample size for the associ-
ation between the inferred rs2435211-rs2435200 haplotype and
concussion history (Fig. 1) reflected approximately 88% statisti-
cal power for Type I error detection. The association is, therefore,
unlikely to reflect a false positive. Whereas, the sample size for
the association between rs2435200 SNP and multiple concussions
(Table 2) had an approximate power of 72%, which is reduced from
the standard power of 80%, and may reflect a Type I error. The
findings, therefore, should be cautiously interpreted and require
confirmation in a larger cohort preferably with a record of head
impact exposure.

The limitations of this study were the inclusion of self-reported
ancestry and suspected concussions (an average recall of concus-
sion history of 2.5 + 2.7 years after the concussion occurred for all
participants and 3.3 + 2.9 years for seniors). However, 86% (N = 140)
of the cases from all participants and 87% (N=87) of the senior
cases were diagnosed by a medical professional. Concussion diag-
nosis often depends on self-reported concussion symptoms by
athletes3?; however, recall bias may influence the reliability of
reporting on concussion history.

5. Conclusion

The novel finding presented in this study, although prelimi-
nary, supports the growing evidence that an increased vulnerability
to a TAU-associated neurodegenerative response may increase an
individual’s risk of sustaining subsequent concussions and the
resulting debilitating long-term deficits (including depression and
dementia) as recently reported by Mez et al.6 Therefore, in future,
the identification of TAU polymorphisms associated with concus-
sion susceptibility, with high certainty, may potentially assist in
eventually improving clinical management strategies of vulnera-
ble individuals to reduce the risk of severe later life complications
and potentially improve quality of life.

Practical implications

e The TAU rs2435200 AA genotype may be associated with reduced
susceptibility of sustaining multiple concussions in senior rugby
players.

e The TAU rs2435200 AG genotype may be associated with
increased susceptibility of sustaining multiple concussions in
senior rugby players.

e The TAU rs2435211 SNP may not, independently, be associated
with concussion history.

e The inferred TAU (rs2435211-rs2435200) T-G haplotype may be
associated with increased susceptibility for sustaining a concus-
sion in senior rugby players.
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