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C9orf72 promoter hypermethylation is
neuroprotective
Neuroimaging and neuropathologic evidence

ABSTRACT

Objective: To use in vivo neuroimaging and postmortem neuropathologic analysis in C9orf72
repeat expansion patients to investigate the hypothesis thatC9orf72 promoter hypermethylation
is neuroprotective and regionally selective.

Methods: Twenty patients with aC9orf72 repeat expansion participating in a high-resolution MRI
scan and a clinical examination and a subset of patients (n5 11) were followed longitudinally with
these measures. Gray matter (GM) density was related to C9orf72 promoter hypermethylation
using permutation-based testing. Regional neuronal loss was measured in an independent
autopsy series (n 5 35) of C9orf72 repeat expansion patients.

Results: GM analysis revealed that hippocampus, frontal cortex, and thalamus are associated with
hypermethylation and thus appear to be relatively protected from mutant C9orf72. Neuropath-
ologic analysis demonstrated an association between reduced neuronal loss and hypermethyla-
tion in hippocampus and frontal cortex. Longitudinal neuroimaging revealed that
hypermethylation is associated with reduced longitudinal decline in GM regions protected by
hypermethylation and longitudinal neuropsychological assessment demonstrated that longitudi-
nal decline in verbal recall is protected by hypermethylation.

Conclusions: These cross-sectional and longitudinal neuroimaging studies, along with neuropath-
ologic validation studies, provide converging evidence for neuroprotective properties of C9orf72
promoter hypermethylation. These findings converge with prior postmortem studies suggesting
that C9orf72 promoter hypermethylation may be a neuroprotective target for drug discovery.
Neurology® 2015;84:1622–1630

GLOSSARY
ALS5 amyotrophic lateral sclerosis; bvFTD5 behavioral variant frontotemporal degeneration; FTD5 frontotemporal degen-
eration; GM 5 gray matter; MCI 5 mild cognitive impairment; MMSE 5 Mini-Mental State Examination; naPPA 5 nonfluent-
agrammatic primary progressive aphasia; TDP-43 5 TAR DNA binding protein of 43 kDa; TFCE 5 threshold-free cluster
enhancement.

The C9orf72 hexanucleotide repeat expansion1,2 is associated with inclusions of TAR DNA
binding protein of 43 kDa (TDP-43) as the primary pathologic substrate of neurodegeneration3

and accounts for the largest proportion of inherited forms of amyotrophic lateral sclerosis (ALS)
and frontotemporal degeneration (FTD).4 From a translational perspective, it is critical to
improve our understanding of the C9orf72 expansion because expanded individuals have a
known source of underlying pathology during life and may be good candidates for clinical trials
of disease-modifying therapeutic agents.5

A candidate mechanism for therapeutic agents relates to recent molecular and neuropatho-
logic studies suggesting that C9orf72 promoter hypermethylation can contribute to transcrip-
tional silencing of mutant C9orf72. Hypermethylation is equally observed in ALS and FTD6,7

and at autopsy it has been associated with reduced pathologic inclusions.8 While postmortem
studies suggest that C9orf72 promoter hypermethylation may be neuroprotective, in vivo lon-
gitudinal investigations of the potential neuroprotective properties of C9orf72 promoter
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methylation are lacking. Neuroimaging com-
parisons of C9orf72 expansion relative to
C9orf72-negative patients provide preliminary
evidence for regional selectivity of gray matter
(GM) disease associated with C9orf72 expan-
sion.9–14 In vivo demonstration of effects
related to C9orf72 hypermethylation would
provide an important method for monitoring
response during a disease-modifying treatment
trial.

In this report, we use cross-sectional and
longitudinal neuroimaging to evaluate the
hypothesis that hypermethylation of the
C9orf72 promoter is neuroprotective and we
provide neuropathologic validation of our
findings in an independent autopsy cohort.

METHODS Participants. We report 20 patients recruited

from the Cognitive Neurology or ALS Clinics at the University

of Pennsylvania who screened positive for a C9orf72 expansion

by repeat primed PCR as previously described,15 and were

clinically diagnosed using a consensus procedure along with

published criteria.16–18 All C9orf72 patients completed a neuro-

imaging study, venipuncture study, and a brief neuropsycholog-

ical screening assessment during a routine clinical examination

using a subset of materials from the Philadelphia Brief Assessment

of Cognition.19,20 Baseline neuropsychological performance was

assessed approximately 1 month (mean 5 0.8 months, SEM 5

1.0 months) from the baseline MRI acquisition, including (1)

Mini-Mental State Examination (MMSE) (maximum score 30,

prorated for motor weakness), (2) verbal recall following a delay

after 3 trials of a 6-word list, and (3) category naming fluency for

number of words beginning with “F” in 1 minute. One patient

only had MMSE available for neuropsychological testing. We

constrain our analyses to these neuropsychological tests in an

effort to test regionally specific hypotheses generated from our

neuroimaging and neuropathologic results (see below). Specifically,

we hypothesized that hypermethylation in the hippocampus would

be associated with verbal recall, hypermethylation in frontal cortex

would be associated with category naming fluency, and if

hypermethylation is regionally selective, it should not be associated

with global impairments measured with the MMSE.

We additionally report 25 demographically comparable

healthy controls who participated in a neuroimaging study

(table 1), self-reported a negative history for neurologic or psychi-

atric disease, and completed an initial screening of MMSE .27.

Standard protocol approvals, registrations, and patient
consents. All patients and controls participated in an informed

consent procedure that was approved by an Institutional Review

Board convened at the University of Pennsylvania.

Neuroimaging acquisition and preprocessing. Each partici-

pant completed a volumetric T1-weighted magnetization-prepared

rapid gradient echo scan acquired from a SIEMENS (Munich,

Germany) 3.0 T Trio scanner with an 8-channel coil (repetition

time 5 1,620 ms; echo time 5 3 ms; slice thickness 5 1.0 mm;

flip angle 5 15°; matrix 5 192 3 256; in-plane resolution 5

0.9 3 0.9 mm). MRI volumes were preprocessed using

Advanced Normalization Tools,21 as previously reported.22 A

diffeomorphic deformation was used for registration to a standard

local template space that is symmetric to minimize bias toward the

reference space for computing the mappings, and topology-

preserving to capture the large deformation necessary to aggregate

images in a common space. GM probability images were calculated

as a quantitative measure of GM density. Resulting images were

downsampled to 2 mm3 resolution and smoothed (sigma 5 2).

Neuroimaging analysis. We performed 2 neuroimaging

analyses using Randomise software implemented in FSL.23

Briefly, permutation testing is a statistical method for evaluating

the relationship between a true assignment of covariates (signal)

relative to many random assignments of covariates (noise). If the

signal remains robust after 10,000 permutations of noise, then

the null hypothesis can confidently be rejected. Our first analysis

evaluated GM density within an explicit mask of GM voxels

(.0.3) in C9orf72 expansion patients relative to controls to iden-
tify regional loci of disease (p , 0.0005 threshold-free cluster

enhancement [TFCE]). Our second analysis evaluated the

relationship between C9orf72 methylation and GM in diseased

voxels, defined as suprathreshold regions from the prior analysis

(p , 0.05 TFCE). This latter analysis was restricted to C9orf72
expansion patients and additionally included nuisance covariates

for age and disease duration to control for other nonspecific

measures that may correlate with disease.

Blood C9orf72 methylation. Blood was collected from all

patients (n 5 20) approximately 4 months (mean 5 4.23;

SEM 5 2.33) from their MRI scan. For quantitative assessment

of methylation levels, we used methylation-sensitive restriction

enzyme DNA digestion coupled with quantitative PCR as

described previously.7,8 Briefly, 100 ng of genomic blood DNA

was digested for 6 hours with 2 units of HhaI (New England

BioLabs, Ipswich, MA) and 2 units of HaeIII (New England

BioLabs) or only with 2 units of HaeIII followed by heat

inactivation. qPCR was done using 12.5 ng of digested DNA

per reaction with 23 FastStart SYBR Green Master mix

(Roche Applied Science, Indianapolis, IN) using primers

amplifying the differentially methylated C9orf72 promoter

region (59-CAGTGTGAAAATCATGCTTGAGAGA-39 and

59-TTTGTGCTTGGTAGGCAGTG-39). Prior evidence

suggests that if the CpG cleavage site measured by our assay is

methylated, then the entire promoter is densely

Table 1 Mean (standard error of mean) demographic and clinical characteristics
of the C9orf72 expansion cohort

Measure C9orf72 expansiona Controls

Demographic characteristics of imaging cohort

Male/female 20 (9/11) 25 (10/15)

Age, y 61.85 (1.44) 61.28 (1.24)

Education, y 15.30 (0.63) 15.12 (0.38)

Disease duration, y 3.20 (0.49) —

Baseline clinical/neuropsychological
performance

MMSE (max 30) 24.7 (0.9) —

Verbal recall (max 6) 4.2 (0.4) —

Letter fluency 7.1 (1.0) —

Abbreviation: MMSE 5 Mini-Mental State Examination.
a Phenotype characteristics included behavioral variant frontotemporal degeneration (FTD)
(n 5 12), nonfluent-agrammatic primary progressive aphasia (n 5 3), amyotrophic lateral
sclerosis (ALS)–FTD (n 5 4), and ALS–mild cognitive impairment (n 5 1).
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hypermethylated.7 The difference in the number of cycles to

threshold amplification (DCt) between double vs single

digested DNA was used as measure of CpG methylation using

the formula %methylation 5 2^(2DCt). Additionally, we have

previously demonstrated that blood DNA methylation and brain

methylation are highly correlated.7 While we did not assess

methylation in the control cases of the current study, a prior

analysis in an independent control sample suggests that relatives

without a C9orf72 repeat expansion have a mean C9orf72
promoter methylation rate of 1.559% (SD 5 1.782%).7

Neuropathologic analysis. We generated semiquantitative rat-

ings of neuronal loss for an independent cohort of 35 individuals

with a C9orf72 expansion and TDP-43 pathology. This includes

patients with a clinical diagnosis consistent with FTD (n 5 10),

ALS-FTD (n 5 7), ALS–mild cognitive impairment (MCI)

(behavioral or executive n 5 6), or ALS (n 5 11). Neuron loss

was graded absent (0), mild (11), moderate (21), or severe (31)

by a neuropathologist blinded to C9orf72 methylation status.

Brain cerebellum methylation was available for all of these

individuals and neuronal loss ratings were available for 35

hippocampus samples, 35 frontal cortex samples, and 32

cerebellum samples. Prior evidence suggests that brain

cerebellum methylation is highly correlated with methylation in

frontal cortex.7 A linear mixed effects model, which is a statistical

method robust to missing data, was generated with a random

factor for subject and fixed factors for regional neuronal loss

(hippocampus, frontal cortex), cerebellum percent methylation,

an interaction term for region by percent methylation, and a

nuisance group covariate to control for the presence of motor

neuron disease.

Longitudinal assessments. Follow-up MRIs were available for

a subset of C9orf72 expansion patients (n 5 11; behavioral

variant FTD [bvFTD] 5 7, nonfluent-agrammatic primary

progressive aphasia [naPPA] 5 2, ALS-FTD 5 2)

approximately 1 year (mean 5 12.99 months; SEM 5 1.52)

from baseline MRI. To evaluate regional longitudinal changes

associated with percent methylation, we assessed GM density

values in the widely reported Automated Anatomic Labels

template24 for anatomic regions that overlapped with our prior

cross-sectional analysis. This included the right hippocampus,

right thalamus, and left middle frontal gyrus. By extending our

analysis to include these more comprehensive regions, we were

able to evaluate longitudinal change in voxels directly associated

with methylation and in neighboring voxels within the same

neuroanatomical loci. For each region and for each time

point, we extracted the mean GM density values, as

previously reported.25 A linear mixed effects regression model

assessed fixed factors for months between MRI, percent

methylation, disease duration, and an interaction term for

months between MRI by percent methylation. We focus on

the fixed effect interaction term significance in our results

since our primary hypothesized outcome is for changes in GM

density as a factor of increased duration between longitudinal

MRIs. We included a random factor for each participant and for

each region to account for slopes associated with individual

decline and variation across neuroanatomical regions. For 8

regional measurements, we observed a .2% positive change

whereby GM density appeared to increase and this is likely

due to noise associated with scanner variation. Therefore

these items were censored from the statistical analysis.

An equal number of hypomethylated and hypermethylated

measurements were censored and the interaction term remains

significant (p 5 0.034) if these items remained in the analysis.

A subset of 10 C9orf72 expansion patients (bvFTD 5 7,

naPPA 5 1, ALS-FTD 5 2) completed a follow-up brief longi-

tudinal neuropsychological assessment within 6–24 months

(mean 5 16.03, SEM 5 1.99 months) of baseline examination.

We assessed longitudinal change in neuropsychological perfor-

mance on available tests hypothesized to be associated with our

regional neuroanatomic observations, as described above. For each

neuropsychological test, we performed a linear mixed effects

model that included subject as a random factor and included

months between assessments, percent methylation, and an inter-

action term for months between assessments by percent methyl-

ation. To statistically control for presence of motor impairments

associated with ALS and their potential impact on cognitive per-

formance, we included a nuisance covariate in all neuropsycholog-

ical statistical models that coded for presence/absence of motor

symptoms. We focus on the interaction term significance since our

primary hypothesized outcome is for changes in neuropsycholog-

ical performance as a factor of increased disease duration.

RESULTS Neuroimaging. We identified widespread
reductions in GM density for C9orf72 expansion
patients (n 5 20) compared to controls (n 5 25)
(figure 1). These regions of reduced GMdensity include
bilateral medial and lateral frontotemporal cortices along
with cerebellum and medial parietal cortex.

A nonparametric regression analysis correcting for
age and disease duration at time of MRI acquisition
identified 3 regional loci related to percent C9orf72
methylation (figure 1). Specifically, we observed less
atrophic GM in the right hippocampus, right thala-
mus, and left premotor cortex associated with
increased methylation. This suggested that C9orf72
hypermethylation is neuroprotective in these regions.

Neuropathologic validation. To validate our neuroi-
maging observation that C9orf72 hypermethylation
may be associated with neuroprotection, we evaluated
whether C9orf72 hypermethylation in the cerebellum
was associated with reduced neuron loss in hippocam-
pus and frontal cortex of our independent postmor-
tem autopsy sample of C9orf72 expansion cases
(n 5 35). Postmortem tissue for histologic analysis
of the posterior thalamus was not available. A mixed
effects model revealed significant interactions between
C9orf72 cerebellum methylation and neuronal loss in
the hippocampus (b 5 20.058; p 5 0.005) and
frontal cortex (b 5 20.053; p 5 0.011) such that
increased C9orf72 methylation was associated with
reduced neuron loss in both regions (see table 2 for
full statistical model and figure 2).

Longitudinal results. Together, the neuroimaging and
neuropathologic results provide converging evidence
suggesting that C9orf72 hypermethylation is neuro-
protective of GM in the hippocampus and frontal
cortex. However, this evidence is based on a single
time point and could potentially be attributed to
unintentional bias in the selection of time points at
which individuals were assessed. We therefore
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performed 2 longitudinal analyses to evaluate the
neuroprotective effects of hypermethylation in indi-
viduals over the disease course.

An evaluation of longitudinal GM change in right
hippocampus, right thalamus, and left middle frontal
cortex revealed a significant interaction demonstrat-
ing that GM atrophy progresses more rapidly over
time with decreased C9orf72 methylation (b 5

0.00005; p 5 0.013; see table 2 for full statistical
model and figure 3).

In a second analysis, we assessed whether C9orf72
hypermethylation is neuroprotective against clinical
decline by relating percent C9orf72 methylation to
longitudinal neuropsychological assessments. We
observed that verbal recall decline is significantly asso-
ciated with hypomethylation (b5 0.004; p5 0.028;
see table 2 for full statistical models), and category

letter fluency decline was marginally associated with
hypomethylation (b5 0.004; p5 0.084). However,
global cognition measured with MMSE was not asso-
ciated with methylation (b 5 20.004; p 5 0.675).

Exploratory subgroup results. To evaluate if our neuro-
imaging and neuropsychological observations are
potentially confounded by inclusion of heterogeneous
clinical phenotypes, we performed several post hoc
exploratory analyses. First, we evaluated whether the
observed pattern of GM density was driven by a single
phenotype. An analysis of variance (ANOVA) for
each region revealed no significant differences in
GM density across groups (naPPA, bvFTD, and
FTD-ALS): thalamus (F3,16 5 1.79, p 5 0.190),
hippocampus (F3,16 5 1.213, p 5 0.327), and
frontal (F3,16 5 1.062, p 5 0.393). Second, we
performed an ANOVA to evaluate if C9orf72
methylation differed across phenotypes and this
confirmed no difference across groups (F3,16 5

1.972, p 5 0.156). While not significant, there is a
trend toward higher C9orf72 methylation in naPPA
(mean 5 0.32) compared to bvFTD (mean 5 0.18)
and ALS-FTD (mean5 0.12). Therefore we repeated
longitudinal analyses omitting naPPA and we still see
a significant interaction between C9orf72
methylation for longitudinal decline in imaging
(p 5 0.045) and verbal recall (p 5 0.050).
Together, these exploratory findings suggest that
our observations are not being driven by clinical
heterogeneity in our study sample.

DISCUSSION Molecular and neuropathologic
studies have shown that C9orf72 promoter hyper-
methylation inhibits transcription of mutant
C9orf72.6–8,26,27 We have shown that this transcrip-
tional silencing of mutant C9orf72 is associated
with reduced downstream neuropathologies,
namely RNA foci and dipeptide repeat aggregates,
raising the possibility that C9orf72 hypermethyla-
tion is neuroprotective.7,8 The current study
provides in vivo neuroimaging and clinical evidence that
hypermethylation is neuroprotective of hippocampus,
frontal cortex, and thalamus, and ex vivo pathologic
validation that hypermethylation is neuroprotective of
hippocampus and frontal cortex.

Several prior neuroimaging studies have suggested
that the regions observed in the current neuroimaging
study are selectively reduced in C9orf72 expansion
relative to sporadic forms of disease,9–14,28 including
hippocampus,10 frontal cortex,12,13,28 and thala-
mus,13,14,29 among other cortical and subcortical
regions. One study evaluated longitudinal neuroimag-
ing in a small cohort (n5 6) of patients with C9orf72
expansion and observed that bilateral thalamus and
left globus pallidus decline significantly more than
controls, while hippocampus decline did not differ

Figure 1 Neuroimaging results

(A) Regions of significantly reduced gray matter density in C9orf72 repeat expansion
patients (n 5 20) relative to demographically comparable healthy controls (n 5 25). (B)
Regional loci protected from the C9orf72 expansion due to hypermethylation. Increased
gray matter density was associated with increased C9orf72 methylation (n 5 20) in the
right hippocampus (green, 41 voxels, X: 30, Y: 234, Z: 0), right thalamus (cyan, 35 voxels,
X: 12, Y: 231, Z: 1), and left premotor cortex region BA6 (blue, 19 voxels, X: 234, Y: 15, Z:
56). Coordinates are in Montreal Neurologic Institute stereotactic space. Right hemisphere
marked with R, otherwise left hemisphere.
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from controls.14 In the current study, we observed
significant overall GM decline in hippocampus, thal-
amus, and frontal cortex, though we did not assess
regions individually because each of these may have a
different trajectory of decline. For example, studies of
longitudinal GM decline associated with healthy

aging suggest selective rates of decline across cortical
and subcortical regions.30 Also, a neuropathologic
staging study of TDP-43 in ALS suggests that there
is early pathology in motor cortex (stage 1) that
spreads to prefrontal cortex (stage 3) and does not
reach hippocampus until later in the disease course

Table 2 Linear mixed-effects statistical models for regional neuronal loss associated with cerebellar methylation in an independent autopsy
series (n 5 35); individual longitudinal decline in regional gray matter density associated with methylation (n 5 11); and individual
neuropsychological decline associated with methylation (n 5 10)

Value Standard error df t Value p Value

Regional neuronal loss with methylation

Neuronal loss ; group 1 death 1 disease duration 1 region 1
methylation 1 region 3 methylation 1 (1 j subject)

Intercept 0.540 0.262 63 2.057 0.0438

Group 20.892 0.223 32 23.992 0.000

Methylation 0.008 0.017 32 0.477 0.637

Frontal cortex 1.865 0.261 63 7.141 0.000

Hippocampus 1.583 0.261 63 6.064 0.000

Frontal cortex 3 methylation 20.058 0.020 63 22.918 0.005

Hippocampus 3 methylation 20.053 0.020 63 22.635 0.011

Longitudinal MRI examination

Gray matter density ;1 1 months 1 methylation 1 months 3
methylation 1 group 1 (1 j subject) 1 (1 j region)

Intercept 0.604 0.063 22 9.655 0.000

Months 20.002 0.001 22 24.66 0.0001

Methylation 0.001 0.002 8 0.519 0.618

Group 0.056 0.071 8 0.794 0.450

Months 3 methylation 0.00005 0.00002 22 2.702 0.013

Longitudinal neuropsychological assessment

MMSE ;1 1 months 1 methylation 1 months 3 methylation 1
group 1 (1 j subject)

Intercept 21.633 2.694 8 8.028 0.000

Months 20.059 0.176 8 20.336 0.745

Methylation 0.110 0.915 7 1.203 0.268

Group 1.906 2.861 7 0.666 0.527

Months 3 methylation 20.004 0.008 8 20.436 0.675

Verbal recall ;1 1 months 1 methylation 1 months 3 methylation 1
group 1 (1 j subject)

Intercept 4.786 0.512 8 9.332 0.000

Months 20.140 0.034 8 24.160 0.003

Methylation 0.030 0.017 7 1.714 0.130

Group 20.664 0.544 7 21.219 0.262

Months 3 methylation 0.004 0.002 8 2.669 0.028

Letter fluency ;1 1 months 1 methylation 1 months 3
methylation 1 group 1 (1 j subject)

Intercept 8.560 3.334 8 2.567 0.033

Months 20.189 0.043 8 24.410 0.002

Methylation 0.033 0.096 7 0.344 0.741

Group 21.494 3.814 7 20.392 0.707

Months 3 methylation 0.004 0.002 8 1.969 0.0844
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(stage 4).31 One source of discrepancy of hippocam-
pus decline between the prior imaging study and the
current study is that group averages may obscure

heterogeneous rates of decline across individuals
who are hypomethylated or hypermethylated. Future
studies with larger samples are warranted to better

Figure 3 Relative longitudinal change in gray matter density and verbal recall

Gray matter (GM) density (left) and verbal recall scores (right) for individual C9orf72 repeat expansion patients are shown as a function of time. For
visualization purposes only, we plotted baseline GM density in each region at 0 and then plotted the relative percent change in GM density. In (A), each
line represents relative GM change in one region for an individual (endpoints indicate each region being measured), and in (B), each line represents relative
change in verbal recall. Line colors reflect percent C9orf72 methylation as shown in the graph legends with cold colors reflecting hypermethylated
individuals (.10%) and warm colors indicating hypomethylated individuals (,10%). Cold color lines associated with hypermethylation have less of a
negative slope and therefore illustrate neuroprotection.

Figure 2 Neuron loss and C9orf72 methylation

Semiquantitative neuropathology ratings of neuronal loss in the frontal cortex (A) and hippocampus (B) related to percent methylation (n535). Light gray bar
denotes categorical boundary between hypomethylated and hypermethylated individuals.
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understand the association between longitudinal
decline and C9orf72 methylation in each individual
GM region.

Our longitudinal neuropsychological observation
that C9orf72 promoter hypermethylation is neuropro-
tective converges with our neuroimaging findings.
Hippocampus atrophy is the most widely reported
source of verbal memory recall deficits, and we
observed that C9orf72 promoter hypermethylation
appears to be protective of decline in verbal memory
recall. While reduced memory performance is not
typically considered characteristic of FTD and ALS,
a previous study observed that nearly all C9orf72
expansion patients in a cohort presented with an
episodic memory deficit.29 Also, the hippocampus is
commonly implicated as a site of pathology in C9orf72
expansion patients independent of an ALS or FTD
phenotype3,32 and neuroimaging evidence suggests
that the hippocampus is compromised in earliest stages
(clinical dementia rating scale5 0.5) of bvFTD.33 We
did not observe an association between global disease
severity, measured with the MMSE, and C9orf72 pro-
moter hypermethylation, suggesting that neuroprotec-
tion has some regional specificity. We did not assess
clinical decline associated with thalamus because it is
less clear what routine neuropsychological assessments
are sensitive to thalamic disease. Future studies should
evaluate clinical measures that capture thalamic con-
tributions to FTD and ALS. While our neuropsycho-
logical analyses accounted for motor impairments in
our patients, it will be important for larger scale studies
to evaluate C9orf72 promoter hypermethylation in
clinically homogeneous study cohorts.

Our neuropathologic analyses revealed regional
selectivity of hippocampus and frontal cortex to
hypermethylation. Specifically, we demonstrated that
C9orf72 hypermethylation in the cerebellum is asso-
ciated with relatively reduced neuronal loss in the
hippocampus and frontal cortex, and this neuropath-
ologic observation converges with our neuroimaging
observations. Detailed neuropathologic studies have
also implicated a special role for hippocampus in
C9orf72 expansion. Specifically, the hippocampus is
particularly vulnerable to the development of dipep-
tide repeat aggregates and TDP-43 aggregates in
mutant C9orf72 cases.15,29,34,35 Together, the current
study along with previous neuropathologic studies
emphasizes the selective vulnerability of hippocampus
in C9orf72 expansion cases, which corresponds to the
hippocampus showing the strongest signal in terms of
C9orf72 promoter hypermethylation-associated
neuroprotection. Prospective studies that include col-
lection of histologic data from the posterior thalamus,
which was not evaluated in our series, are needed to
validate the association between thalamic GM density
and C9orf72 hypermethylation.

The current study only evaluated the neuroprotec-
tive modifying effects of C9orf72 hypermethylation,
but it is possible that other genetic, epigenetic, or
environmental factors also contribute to regional
selectively of neuroanatomical regions. For example,
recent work demonstrated several associations
between neuroanatomical structure and single nucle-
otide polymorphisms in sporadic forms of FTD and
ALS.36 Others have suggested that TMEM106B is a
modifier of functional connectivity in FTD37 and that
cognitive reserve mechanisms such as education may
provide regionally protective modifiers of neuroana-
tomic structure.38

Other potential caveats to consider in the current
study are related to our study population. We assessed
C9orf72 promoter hypermethylation in a clinically
heterogeneous cohort of individuals with some form
of cognitive impairments that predominately
included patients with bvFTD and additionally
included patients with ALS-FTD, ALS-MCI, and
naPPA. While our longitudinal neuroimaging and
neuropsychological analyses revealed that the rela-
tionship between C9orf72 methylation and protec-
tion of decline was not associated with the presence
or absence of motor impairment and our exploratory
analyses suggest that our results were not confounded
by clinical phenotype, it is possible that clinical phe-
notype is a contributing factor to our observed
regional selectivity. While our sample size is the larg-
est reported neuroimaging cohort of C9orf72 expan-
sion patients to date, follow-up analyses and
replication studies are required in larger and clinically
homogeneous independent samples.

With these caveats in mind, we conclude that
C9orf72 promoter hypermethylation is neuroprotec-
tive and regionally selective against mutant C9orf72.
This observation is consistent with the growing body
of evidence that demonstrates that C9orf72 hyperme-
thylation is antagonistic to mutant C9orf72.8,26,27,39

We therefore suggest that therapeutic agents that
aim to increase C9orf72 methylation or decrease
C9orf72 transcription may have neuroprotective ben-
efits in individuals with a C9orf72 expansion.
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