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Abstract An expanded GGGGCC hexanucleotide repeat

in C9ORF72 is the most common genetic cause of amyo-

trophic lateral sclerosis and frontotemporal lobar

degeneration associated with TDP-43 pathology (FTLD-

TDP). In addition to TDP-43-positive neuronal and glial

inclusions, C9ORF72-linked FTLD-TDP has characteristic

TDP-43-negative neuronal cytoplasmic and intranuclear

inclusions as well as dystrophic neurites in the hippocam-

pus and cerebellum. These lesions are immunopositive for

ubiquitin and ubiquitin-binding proteins, such as seques-

tosome-1/p62 and ubiquilin-2. Studies examining the

frequency of the C9ORF72 mutation in clinically probable

Alzheimer’s disease (AD) have found a small proportion of

AD cases with the mutation. This prompted us to system-

atically explore the frequency of Alzheimer-type pathology

in a series of 17 FTLD-TDP cases with mutations in

C9ORF72 (FTLD-C9ORF72). We identified four cases

with sufficient Alzheimer-type pathology to meet criteria

for intermediate-to-high-likelihood AD. We compared AD

pathology in the 17 FTLD-C9ORF72 to 13 cases of FTLD-

TDP linked to mutations in the gene for progranulin

(FTLD-GRN) and 36 cases of sporadic FTLD (sFTLD).

FTLD-C9ORF72 cases had higher Braak neurofibrillary

tangle stage than FTLD-GRN. Increased tau pathology in

FTLD-C9ORF72 was assessed with thioflavin-S fluores-

cent microscopy-based neurofibrillary tangle counts and

with image analysis of tau burden in temporal cortex and

hippocampus. FTLD-C9ORF72 had significantly more

neurofibrillary tangles and higher tau burden compared

with FTLD-GRN. The differences were most marked in

limbic regions. On the other hand, sFTLD and FTLD-

C9ORF72 had a similar burden of tau pathology. These

results suggest FTLD-C9ORF72 has increased propensity

for tau pathology compared to FTLD-GRN, but not sFTLD.

The accumulation of tau as well as lesions immunoreactive

for ubiquitin and ubiquitin-binding proteins (p62 and

ubiquilin-2) suggests that mutations in C9ORF72 may

involve disrupted protein degradation that favors accumu-

lation of multiple different proteins.
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Introduction

There is increasing clinical, pathologic, and genetic evi-

dence that frontotemporal lobar degeneration with TDP-43

pathology (FTLD-TDP) and amyotrophic lateral sclerosis

(ALS) are parts of a disease spectrum. The neuropathologic

features of FTLD-TDP include focal cortical atrophy in

frontal and temporal association cortices with variable

involvement of parietal lobe and basal ganglia, as well as

neuronal loss, gliosis, and inclusions within both neurons

and glia that are immunoreactive for TDP-43 [9]. Clinically,

FTLD-TDP manifests in changes in behavior, personality,
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and language with relatively sparing of perception and

memory [17]. ALS is the most common form of motor

neuron disease, characterized by progressive degeneration

of both upper and lower motor neurons, and leading to

spasticity, muscle weakness, paralysis, and death within

3–5 years of onset. About half of the patients with ALS

have features of frontal subcortical executive impairment,

while some degree of motor neuron impairment is relatively

common in FTLD-TDP [31, 32, 43]. The presence of TDP-

43 in neuronal and glial inclusions in both disorders sug-

gests that they have shared disease mechanisms.

Prior to the discovery of C9ORF72 hexanucleotide repeat

mutation on chromosome 9p21 [11, 42] in both FTLD-TDP

and ALS, there were few genetic commonalties between

these two disorders. Almost all patients with mutations in

the gene encoding progranulin (GRN) had FTLD-TDP,

while mutations in the gene encoding TDP-43 (TARDBP)

had ALS [44]. In addition to FTLD-TDP and ALS, muta-

tions in C9ORF72 are found in patients with features of both

(FTLD-MND). It has been proposed that this disease spec-

trum be referred to as c9FTD/ALS. Recently, distinctive

pathology has been reported that may be pathognomonic of

c9FTD/ALS, including cytoplasmic and intranuclear

inclusions, as well as dystrophic neurites in cerebellum

and hippocampus that are immunoreactive for ubiquitin

and ubiquitin-binding proteins, sequestosome-1 (p62) and

ubiquilin-2 (Ubqln2), but not for TDP-43 [1, 8, 11, 37]. The

presence of Ubqln2 immunoreactive lesions in c9FTD/ALS

is notable since similar pathology was originally described

in patients with mutations in the UBQLN2 gene, a mutation

that results in X-linked ALS and ALS/FTD [12].

In a recent report of a series of cases of c9FTD/ALS

from the Mayo Clinic Jacksonville brain bank, we

demonstrated clinical and pathological heterogeneity in

c9FTD/ALS [37]. Several elderly patients in our series

had amnestic dementia rather than frontal behavioral

syndromes or motor neuron disease and carried clinical

diagnoses of Alzheimer’s disease (AD). Moreover,

Alzheimer-type pathology was prominent in some,

including one case that had neurofibrillary tangles (NFT)

consistent with Braak Stage V–VI compatible with high-

likelihood AD. We subsequently screened AD cases in our

brain bank that had concomitant TDP-43 pathology for

ubiquitin-immunoreactive inclusions in cerebellar granular

neurons, of which one case was positive; this patient was

the only one of 320 pathologically confirmed AD cases

with TDP-43 pathology that had a mutation in C9ORF72.

This finding raised the possibility that Alzheimer-type

pathology might be more frequent than expected in c9FTD/

ALS. To address this question, we systematically evaluated

the Alzheimer-type pathology in a series of 17 FTLD-TDP

cases with mutations in C9ORF72 (FTLD-C9ORF72)

compared to 13 cases of FTLD-TDP linked to mutations

in the gene for progranulin (FTLD-GRN) and 36 cases of

sporadic FTLD (sFTLD).

Materials and methods

Case material

All of the cases were submitted to the brain bank for neu-

rodegenerative disorders at Mayo Clinic in Jacksonville,

Florida. Inclusion criteria were the presence of available

frozen and formalin-fixed, paraffin-embedded tissue.

Twenty cases with the hexanucleotide repeat expansion in

C9ORF72 and a neuropathologic diagnosis of FTLD–TDP

or ALS had been previously reported [37]. Eight of the

c9FTD/ALS cases with a clinical or neuropathologic diag-

nosis of ALS were excluded from this series since the focus

was on FTLD-TDP. Four recent cases with FTLD-C9ORF72

that were not reported in the original series are also included.

In addition to the cases with a neuropathologic diagnosis of

FTLD-TDP, 320 cases with TDP-43 pathology and a neu-

ropathologic diagnosis of intermediate-to-high-likelihood

AD [21] were screened for mutations in C9ORF72 using the

repeat-primed polymerase chain reaction method. Of the 320

genetically screened cases, a single case had the hexanu-

cleotide repeat mutation. This case was also found to be the

only case with ubiquitin immunopositive inclusions in cer-

ebellar internal granular cell layer neurons in a series of 283

pathologically confirmed AD cases (283/320 cases with

available formalin-fixed paraffin-embedded tissue) that were

screened for inclusions blinded to mutation status.

The cases in this study were from several sources—the

State of Florida Alzheimer’s Disease Initiative (n = 30);

neurology clinics at Mayo Clinic Florida (n = 13); Cure-

PSP|Society of Progressive Supranuclear Palsy brain bank

(n = 11); referral to the Parkinson disease brain bank

(n = 5); Florida Alzheimer’s Disease Research Center

(n = 1); Einstein Aging Study (n = 1); and neuropathol-

ogy consultations (n = 5). Clinical information (age at

death, sex, clinical diagnosis, disease duration, and family

history) was obtained from available medical records. The

left (usually) hemibrain was fixed in 10 % formalin and the

right hemibrain was frozen at -80�. Formalin-fixed tissue

was sampled with standardized dissection methods and

embedded in paraffin blocks. Sampled sections include

frontal, temporal, parietal, visual, motor, and cingulate

cortices, hippocampus, amygdala, basal ganglia, thalamus,

midbrain, pons, medulla, and cerebellum.

Genetic analyses

All FTLD-C9ORF72 cases had hexanucleotide repeat

expansion in C9ORF72 using a repeat-primed polymerase
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chain reaction method to detect expansions of the

GGGGCC hexanucleotide, and for most cases, the expan-

sion was confirmed with Southern blotting [11]. Thirteen

FTLD cases with a mutation in the gene for progranulin

(GRN) were included for comparison. All FTLD-TDP

cases enrolled in the Mayo Jacksonville brain bank are

screened for GRN mutations by Sanger sequence analysis

as previously described [16]. Thirty-six sFTLD cases,

negative for mutations in both GRN and C9ORF72, were

included as another comparison group. All cases had apo-

lipoprotein E (APOE) genotype determined using Taqman

SNP genotyping assay, read on the 7900HT Fast Real Time

PCR system, and genotype calls were made using the SDS

v2.2 software (Applied Biosystems).

Microscopic pathology

Thioflavin-S fluorescent microscopy was used to count

senile plaques (SP) and neurofibrillary tangles (NFT), as

well as score the severity of cerebral amyloid angiopathy

(CAA) in cortical, limbic, and cerebellar regions. The

density and distribution of NFT were used to assign a

Braak NFT stage [7] as in previous publications [38]. In

addition to Braak NFT stage, a Thal amyloid phase [47]

was also assigned based upon counts of SP with thioflavin-

S fluorescent microscopy in six cortical regions, four sec-

tors of the hippocampus and two subregions of the

amygdala, as well as semiquantitative SP scores (none,

mild, moderate and severe) in the basal ganglia and cere-

bellum. Because we do not routinely characterize SP in the

midbrain, we used counts in hippocampal CA4 subfield as

a surrogate, since CA4 plaques are highly correlated with

brainstem plaques [47]. Cases were also categorized

according to the presence and severity of Alzheimer-type

pathology that takes into account both the density of cor-

tical SP and the distribution NFT as follows: 0, no SP and

Braak stage \IV; 1, senile changes of Alzheimer type

(sparse non-neuritic cortical SP and Braak stage \IV); 2,

pathological aging [13] (numerous non-neuritic SP suffi-

cient to diagnose AD with Khachaturian criteria [27] and

Braak stage \IV); 3, Alzheimer’s disease (numerous cor-

tical SP with at least moderate neuritic type SP and Braak

stage IV or greater) [27]. The Alzheimer-type pathologic

subtype correlates highly with both Braak NFT stage

(Spearman r = 0.26, p = 0.03) and Thal amyloid phase

(r = 0.72, p \ 0.0001). Cerebrovascular pathology was

assessed with a reproducible scoring scheme proposed by

Jellinger [22]. Lewy bodies were assessed with a-synuclein

immunohistochemistry [50] and argyrophilic grains were

assessed with tau immunohistochemistry [48].

The neuropathologic assessment of FTLD included

TDP-43 immunohistochemistry on at least frontal cortex,

hippocampus and medial temporal lobe, basal ganglia with

amygdala and hypothalamus, midbrain, and medulla [23].

All cases had screening for cerebellar inclusions with

immunohistochemistry for ubiquitin or p62, or both.

A TDP-43 pathologic subtype was assigned to each case

based on a Mackenzie TDP-43 subtyping [33] based upon

morphology and distribution of lesions in cortical and

subcortical regions as validated by our group [23]. The

Mackenzie subtypes correspond to so-called ‘‘harmoniza-

tion’’ types according to the following: Type 1 = Type A;

Type 2 = Type C; Type 3 = Type B [34]. It should be

noted that the harmonization report did not describe

cortical and subcortical distribution of TDP-43 pathology

or provide operational methods for assessing the subtypes;

however, for the sake of clarity, we will refer to our cases

by the harmonization type.

Immunohistochemistry and immunofluorescence

Immunohistochemistry for Ubqln2 (M03-5F5, 1:60,000,

Abnova, Taipei City, Taiwan), p62 (p62 lck ligand,

1:1,000, BD Bioscience, Franklin Lakes, NJ, USA), ubiq-

uitin (Ubi-1, 1:60,000; Millipore, Billerica, MA, USA), and

phosphorylated TDP-43 (ps409/410, 1:5,000, Cosmobio

Co., Tokyo, Japan) was performed on sections from the

cerebellum and hippocampus. Immunohistochemistry for

phosphorylated tau (PHF-1, 1:1,000, Peter Davies, Albert

Einstein College of Medicine), and Ab (33.1.1, 1:1,000,

Mayo Clinic) was performed on sections from the hippo-

campus. Immunohistochemistry was done on 5-lm thick

sections cut from formalin-fixed paraffin-embedded blocks,

deparaffinized in three 5-min washes in xylene, rehydrated

with three 2-min washes in a graded series of ethanol (100,

100, 95 %), and thoroughly washed in dH2O. All stains

were processed on a DAKO AutostainerPlus (DAKO,

Carpinteria, CA, USA) with the DAKO EnVisionTM ?

System-HRP (diaminobenzidine), with normal goat serum

(1:20 in TBST; Sigma, St. Louis, MO, USA) used to block

nonspecific antibody binding, added to slides prior to the

primary antibody.

Double-labeled immunofluorescence (IF) was per-

formed on select cases using antibodies to Ubqln2 (NBP1-

85639, 1:500, Novus Biologicals, Littleton, CO, USA; and

M03-5F5, 1:500, Abnova), phosphorylated tau (CP13;

1:500; Peter Davies, Albert Einstein College of Medicine),

and Ubqln1 (AP2176c, 1:50, Abgent, San Diego, CA,

USA). Slides were deparaffinized, rehydrated, washed, and

blocked with DAKO serum-free protein block before

incubation with the primary antibodies overnight at 4 �C.

The following day, the slides were incubated with Alexa

Fluor 488 and 568 conjugated secondary antibodies (1:500,

Molecular Probes, Eugene, OR, USA) for 1.5 h at room

temperature, washed, and treated with a solution of Sudan

Black for 2 min to block autofluorescence. Slides were
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coverslipped using Vectashield-DAPI mounting medium

(Vector Laboratories, Burlingame, CA, USA) and visual-

ized on a Zeiss Axio Imager Z1 microscope (Carl Zeiss

Microscopy, Jena, Germany).

Tau image analysis

Sections immunostained with PHF-1 antibody were scan-

ned on an Aperio ScanScope XT slide scanner (Aperio

Technologies, Vista, CA, USA) producing a high-resolu-

tion digital image. The regions included for image analysis

were hippocampus and temporal cortex. Digital image

analysis was performed using Aperio ImageScope soft-

ware. Two regions of interest were outlined from each

image: the CA1 sector of the hippocampus and the sulcal

side of the cortical ribbon of the occipitotemporal gyrus. A

color deconvolution algorithm was used to count the

number of pixels that were strongly immunostained by the

DAB chromogen (Supplementary Fig. 1). The output var-

iable was percentage of strong positive staining (based on

region of interest area).

Statistical analyses

SigmaPlot (version 11) was used for statistical analyses.

Due to the small sample sizes, non-parametric Kruskal–

Wallis analysis of variance (ANOVA) on ranks was per-

formed on quantitative measures to assess differences in the

median values. Post hoc pairwise comparisons were per-

formed between each of the groups using a Mann–Whitney

rank sum test. For categorical data (e.g., sex and APOE

genotype), a Chi-squared (v2) test was used to compare

group differences. Fisher’s exact test was used on pairwise

categorical data with counts under 5. Correlative analysis

was performed using Spearman rank order correlation.

Significance for all measures was considered to be p \ 0.05.

Results

Demographics and clinical features

FTLD-TDP cases were divided into three groups: FTLD-TDP

with C9ORF72 hexanucleotide repeat expansion (FTLD-

C9ORF72; N = 17), FTLD-TDP with GRN mutation

(FTLD-GRN; N = 13), and sporadic FTLD-TDP without a

known mutation (sFTLD; N = 36). Of the 66 cases, 27 had a

final clinical diagnosis of frontotemporal dementia (9 FTLD-

C9ORF72, 5 FTLD-GRN, 13 sFTLD), 4 had progressive

nonfluent aphasia (3 FTLD-GRN, 1 sFTLD), and 4 had

frontotemporal dementia with motor neuron disease (1 FTLD-

C9ORF72, 3 sFTLD). Twenty-three had a final diagnosis of

clinically probable AD (7 FTLD-C9ORF72, 4 FTLD-GRN,

12 sFTLD). Other antemortem clinical diagnoses included

progressive supranuclear palsy (N = 4; 2 FTLD-GRN, 2

sFTLD), corticobasal syndrome (N = 4; sFTLD), Pick’s

dementia (N = 3; 2 FTLD-GRN, 1 sFTLD), Parkinson’s

disease dementia (N = 3; sFTLD), dementia with Lewy

bodies (N = 2; FTLD-C9ORF72), and normal pressure

hydrocephalus (N = 1; sFTLD). Of the four FTLD-C9ORF72

cases with intermediate-to-high-likelihood Alzheimer-type

pathology, three had a final clinical diagnosis of fronto-

temporal dementia and one had a diagnosis of clinically

probable AD. All FTLD-C9ORF72 cases had widespread

TDP-43 pathology, and six FTLD-C9ORF72 cases had

additional degeneration of upper or lower motor neurons, or

both. None of the FTLD-C9ORF72 cases had significant

cerebrovascular disease, while three FTLD-GRN and six

sFTLD cases had significant cerebrovascular vascular

disease, defined as the presence of more than one micro-

infarct, lacunar infarcts or subcortical arteriosclerotic

leukoencephalopathy. Summary of FTLD-C9ORF72

patient demographics, pathologic features, and genetics can

be found in Table 1.

The three groups did not significantly differ in age at

death, disease duration, or male-to-female ratio. Median

age was 72 for FTLD-C9ORF72, 67 for FTLD-GRN, and

76.5 for sFTLD. Median disease duration was 7 years for

FTLD-GRN, 6 years for FTLD-C9ORF72, and 6 years for

sFTLD. There were 41 men (11 FTLD-C9ORF72, 7

FTLD-GRN, and 23 sFTLD) and 25 women (6 FTLD-

C9ORF72, 6 FTLD-GRN, and 13 sFTLD).

The groups differed significantly (p \ 0.001) in the fre-

quency of recorded family history of degenerative disease

defined as dementia, parkinsonism, or motor neuron dis-

ease. Given the brain bank referral basis of this series, some

cases did not have information about family history and in

only a subset of cases was family history collected in a

systematic fashion. All of the FTLD-GRN cases had a

positive family history (13/13) of neurodegenerative dis-

ease, while 3/17 FTLD-C9ORF72 cases, and 9/36 sFTLD

cases had a positive family history. Accordingly, the pair-

wise comparisons were significant (p \ 0.001) for FTLD-

C9ORF72 versus FTLD-GRN, and for sFTLD versus

FTLD-GRN, but not (p = 0.86) for FTLD-C9ORF72

versus sFTLD.

Macroscopic findings

The median calculated brain weight (determined by dou-

bling the weight of the fixed hemibrain) was 1,000 g in

FTLD-C9ORF72, 900 g in FTLD-GRN, and 1,055 g

in sFTLD. The brain weight was significantly lower in

FTLD-GRN cases compared with sFTLD (p \ 0.001) and

compared with FTLD-C9ORF72 (p = 0.018), but no dif-

ference between FTLD-C9ORF72 and sFTLD (p = 0.44).
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The four cases of FTLD-C9ORF72 with pathologically

confirmed intermediate-to-high-likelihood AD were hetero-

geneous. The calculated brain weight ranged from 680 to

1,140 g. All cases had moderate-to-severe cortical atrophy of

the frontal lobe, with variable involvement of the temporal

lobe (2 cases), parietal lobe (2 cases) or occipital lobe (1

case). Two cases had preservation of the medial temporal

lobe; one case had moderate atrophy; and one case had severe

atrophy. All four cases had enlargement of the lateral ven-

tricles, with variable degrees of dilation of frontal and

temporal horns. There were differences in subjective

assessment of the thickness of cortical ribbon, with one case

appearing normal and others having thinning (Fig. 1). All

four cases also had some degree of atrophy of the hippo-

campus and amygdala. One case had mild atrophy of the

basal ganglia; and two cases had mild atrophy of the thala-

mus. Pigmentation of the substantia nigra and locus ceruleus

was variable, from none-to-moderate. All cases with patho-

logically confirmed AD had a normal appearing cerebellum.

Microscopic findings

All cases in this study had TDP-43 pathology, with 11

FTLD-C9ORF72 classified as Type A, one case Type C,

and five cases classified as Type B. All 13 FTLD-GRN

cases were Type A. For the sFTLD, 24 were Type A, one

was Type C, and 11 were Type B.

One FTLD-C9ORF72 case (Case 24) had initially been

classified clinically and pathologically as AD with con-

comitant TDP-43, a not uncommon finding in a subset of

AD [2]. This case had abundant NFT and neuritic type SP

in both limbic (including hippocampus, Fig. 2) and cortical

regions consistent with high-likelihood AD. This case was

the only one identified in a genetic screen of 320 patho-

logically confirmed AD cases with TDP-43 pathology to

have a hexanucleotide repeat expansion in C9ORF72. This

case was also the only one of 283 cases of AD detected in a

screen of the cerebellum with ubiquitin immunohisto-

chemistry blinded to genetic information that had neuronal

cytoplasmic inclusions (NCI) in the internal granular cell

layer (Fig. 3a).

Subsequent investigation of other brain regions revealed

TDP-43-negative inclusions characteristic of c9FTD/ALS

(Fig. 3). Specifically, ubiquitin and ubiquitin-binding pro-

teins p62 and Ubqln2 labeled frequent NCI as well as

neuronal intranuclear inclusions (NII) in the granule cell

layer of the cerebellum (Fig. 3a, c, e). These inclusions

were negative for TDP-43 (Fig. 3g). As with other cases of

Table 1 Demographic, pathologic, and genetic features of 17 FTLD-C9ORF72 cases

Case no. Age at

death

Sex TDP type Path type Brain

weight

Cortical

atrophy

Clinical Dx Braak

stage

Thal

phase

ATP ApoE

9 55 F B FTLD-MND 1,080 F FTD II 0 0 33

10 61 F A FTLD-MND 680 F, T, P FTD vs. PiD V–VI 5 3 33

11 62 M B FTLD-MND 1,280 F, T, P, O FTDbv II 0 0 34

12 62 F B FTLD-MND 960 F, T AD 0 0 0 23

13 74 F B FTLD-MND 1,140 F, T DLB 0–I 1 1 23

14 70 M A FTLD-TDP 1,140 F, T FTD IV 3 3 34

15 72 M A FTLD-TDP 1,280 F, T AD II 0 0 33

16 74 M A FTLD-TDP 780 F FTD vs. DLB II–III 0 0 34

17 74 M C FTLD-TDP 1,208 F, T AD II–III 3 2 34

18 81 M A FTLD-TDP 1,000 F, T, P, O AD vs. FTD II 3 1 33

19 83 F A FTLD-TDP 1,020 F, T, P, O AD III 0 0 34

20 86 M A FTLD-TDP 940 F DLB II–III 0 0 33

21 71 M A FTLD-TDP 720 F, T, P VaD vs. FTD II–III 3 2 33

22 76 M B FTLD-TDP 1,140 F, T, P, O AD IV 0 0 33

23 80 M A FTLD-TDP 980 F, T, P, O AD V 5 3 33

24 65 F A AD 840 F, T, P FTD V 5 3 33

25 70 M A FTLD-MND 1,000 F, T, P FTD-MND I–II 3 2 34

Case numbers correspond to C9ORF72 cases previously published in Murray et al. (Cases 9–20) [37]. Cases 21–25 have not been previously

published. TDP type is based on the harmonization classification scheme [34]. Brain weight is measured in grams and calculated by doubling the

weight of the formalin-fixed hemibrain. Clinical diagnosis is the final diagnosis the patient received. APOE number refers to the e2, e3, and e4

allelic combination

APOE apolipoprotein E, AD Alzheimer’s disease, ATP Alzheimer’s type pathology, DLB dementia with Lewy bodies, F female or frontal, FTD
frontotemporal dementia, FTDbv behavioral variant frontotemporal dementia, FTLD frontotemporal lobar degeneration, M male, MND motor

neuron disease, O occipital, P parietal, PiD Pick’s disease, T temporal, TDP TAR DNA-binding protein 43 kDa, VaD vascular dementia, vs.
versus (differential clinical diagnosis)
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c9FTD/ALS, p62 labeled more inclusions than Ubqln2 or

ubiquitin, and double labeling with Ubqln2 demonstrated

that the inclusions were not always co-labeled (Supple-

mentary Fig. 2). Ubiquitin and p62, but not Ubqln2, also

labeled NCI in Purkinje cells (Fig. 3a, c, e), as well as glial

cells in the molecular layer of the cerebellum (data not

shown). In addition to specific c9FTD/ALS pathology,

ubiquitin antibodies immunolabeled age-related granular

degeneration of myelin in white matter [14], and both

ubiquitin and p62 antibodies labeled NFT and dystrophic

neurites in SP. In the hippocampus, ubiquitin, p62, and

Ubqln2 antibodies labeled NCI in the dentate fascia

(Fig. 3b, d, f). TDP-43-positive NCI were sparse compared

to NCI labeled with ubiquitin and p62 (Fig. 3h). In the

molecular layer and the endplate of the hippocampus, SP

and NFT were labeled with ubiquitin and p62 antibodies,

but not Ubqln2. Rather, Ubqln2 was a sensitive marker for

FTLD-C9ORF72-related dystrophic neurites in the

molecular layer of the dentate fascia, endplate and CA3,

which could be traced to apical dendrites of these neurons.

Alzheimer-type pathology in FTLD-TDP

In FTLD-C9ORF72, eight cases had no Alzheimer-type

pathology, two had mild senile changes, three had patho-

logical aging, and four had neuropathology consistent with

intermediate-to-high-likelihood AD. In FTLD-GRN, five

had no Alzheimer-type pathology and eight had mild senile

Fig. 1 Macroscopic comparison of two C9ORF72 mutation carriers

presenting with pathological AD (Case 24: a, b; Case 10: c, d). a Left

hemisphere of AD/FTLD-U case with frontal, motor, and parietal

cortical atrophy. b Coronal section at the level of the subthalamic

nucleus shows widening of sulcal spaces, enlargement of the temporal

horn of the lateral ventricle, and slight enlargement of the frontal horn

of the lateral ventricle. c Right hemisphere of FTLD-TDP/AD case

with frontal (predominantly frontal pole) ‘‘knife-edge’’ cortical

atrophy as well as opercular and superior parietal atrophy. d Coronal

section at the level of the subthalamic nucleus shows cortical atrophy

and widening of sulcal space, thinning of the corpus callosum, and

severe ventricular enlargement of the lateral ventricle
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changes. In sFTLD, 28 had no Alzheimer-type pathology

and eight had pathological aging. Neither FTLD-GRN nor

sFTLD had any individuals with intermediate-to-high-

likelihood AD. Due to the low number of cases in some of

the Alzheimer-type pathology classes, statistical compari-

son was only possible by combining cases with no

Alzheimer-type pathology, mild senile changes, and path-

ological aging compared with cases with neuropathology of

AD. Applying Fisher’s Exact test in a pairwise manner

revealed statistically significant difference between FTLD-

C9ORF72 and FTLD-GRN (p = 0.008), but not between

FTLD-C9ORF72 and sFTLD (p = 0.113). Other compari-

sons were not possible since no FTLD-GRN or sFTLD

had neuropathology of AD. For Thal amyloid phase, there

were no statistically significant differences amongst the

FTLD-TDP groups or compared to age-matched cogni-

tively normal controls (Table 2; Supplementary Tables 1

and 2). There were no differences in the frequency of APOE

e4 carrier state between the three groups (6/17 FTLD-

C9ORF72, 3/13 FTLD-GRN, and 12/36 sFTLD).

On the other hand, statistically significant differences

existed amongst the groups for Braak NFT stage (Table 2).

FTLD-GRN had a median Braak NFT stage of 0, sFTLD had a

median Braak NFT stage of II, and FTLD-C9ORF72 had a

median Braak NFT stage of II–III. Of the 17 FTLD-C9ORF72

cases, five had Braak NFT stage IV or higher. Post hoc pair-

wise comparison between FTLD-C9ORF72 and FTLD-GRN;

FTLD-C9ORF72 and sFTLD; and between FTLD-GRN and

sFTLD, revealed p values of \0.001, 0.059, and \0.001,

respectively. The results suggest that FTLD-GRN has lower

Fig. 2 Microscopic comparison of AD pathology in two C9ORF72
mutation carriers presenting with pathological AD (Case 24: a, c;

Case 10: b, d). Cases stained with a tau antibody (PHF-1; a, b) and an

Ab antibody (33.1.1; c, d). Red inserts show 95 magnification of the

hippocampus endplate, dentate fascia, and molecular layer. Blue
inserts show 95 magnification of the inferior temporal cortex. Case

24 has abundant tau and Ab pathology in the hippocampus and

temporal cortex consistent with Braak Stage V (a, c). While Case 10

has less overall tau and Ab pathology in comparison to Case 24, the

distribution of tangles is consistent with a similar Braak Stage V–VI

(b, d). Insert bar 100 lm
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levels of tau pathology than both FTLD-C9ORF72 and

sFTLD, and that FTLD-C9ORF72 tends to have increased tau

pathology compared to sFTLD. A similar trend was seen when

comparing these groups to age-matched cognitively normal

controls (Supplementary Table 1).

To determine regional differences in SP and NFT

pathology, we analyzed counts of SP and NFT from thio-

flavin-S fluorescent microscopy of various brain regions as

described previously [38]. Between the three FTLD groups,

there were no differences in the density of SP in the areas

examined (Supplementary Table 2). For NFT, both the

basolateral and corticomedial regions of the amygdala were

different between FTLD-C9ORF72 and FTLD-GRN, and

between FTLD-GRN and sFTLD (p = 0.050 and

p = 0.009, respectively). This finding was more marked

when controlling for TDP-43 type (Table 2). In TDP-43

Type A cases (11/17 FTLD-C9ORF72, 13/13 FTLD-GRN,

24/36 sFTLD), only the CA2/3 of the hippocampus was

different amongst the three groups for SP. In addition to the

basolateral and corticomedial regions of the amygdala, the

CA1, subiculum, nucleus basalis of Meynert, superior tem-

poral cortex, and inferior parietal cortex were all statistically

significant for NFT amongst the groups. Post hoc pairwise

comparison revealed that all of the significant NFT regions

had a difference between FTLD-C9ORF72 and FTLD-GRN,

none of these regions had a difference between

FTLD-C9ORF72 and sFTLD, and two regions (CA1 and

amygdala) had a difference between FTLD-GRN and

sFTLD. There were no differences amongst the FTLD-

C9ORF72 and sFTLD Type B cases (Supplementary

Table 3), and there were too few Type C cases for statistical

comparisons.

Phospho-tau image analysis in FTLD-TDP

Image analysis of phospho-tau in hippocampus and

occipitotemporal gyrus was also used to assess quantita-

tive differences in tau pathology between FTLD-

C9ORF72, FTLD-GRN and sFTLD (Table 3). When

cases were analyzed without reference to TDP-43 type,

there were statistically significant differences between the

groups in the occipitotemporal gyrus, but not the CA1

sector (p = 0.034 and 0.066, respectively). Post hoc

pairwise comparison revealed significant differences

between FTLD-C9ORF72 and FTLD-GRN as well as

sFTLD and FTLD-GRN, but not FTLD-C9ORF72 and

sFTLD (p = 0.005, 0.049, and 0.584, respectively).

Limiting the analysis to only TDP-43 Type A cases

showed a similar trend, with significant differences for

occipitotemporal gyrus (p = 0.026) and for CA1

(p = 0.020), again between FTLD-GRN and the other

two experimental groups. No significant differences were

found between the FTLD-C9ORF72 and sFTLD TDP-43

Type B cases.

Fig. 3 Microscopic C9ORF72 pathology in a pathological AD case.

Ubiquitin (Ubi-1), sequestosome-1 (p62), ubiquilin-2 (Ubqln2), and

phospho-TDP-43 (pS409/410) immunohistochemistry in the cerebel-

lum (a, c, e, g) and hippocampus (b, d, f, h) of Case 24. Ubi-1 and

p62 antibodies stain hallmark cerebellar NCIs in the Purkinje and

granule cell layer, and hippocampal NCIs in the dentate fascia (a–d).

Ubi-1 additionally labels normal aging pathology in the cerebellar

white matter (unseen with p62), and senile plaques (SP) and

neurofibrillary tangles (NFT) in the endplate and molecular layer of

the hippocampus (a, b). p62 labels SP in the hippocampus (d).

Ubqln2 marks cerebellar NCIs in the granule cell layer, but not in the

Purkinje layer (e). In the hippocampus, the dentate contains Ubqln2-

positive NCIs. The molecular layer has many immunopositive

neurites and no Ubqln2-positive AD pathology (f; Fig. 4). There is

no TDP-43 staining in the cerebellum and occasion TDP-43 stained

NCIs in the dentate fascia (g, h). Bar = 20 lm for a, c, e, and g;

50 lm for b, d, f, and h
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Double-labeling immunofluorescence for phospho-tau

Evaluation of the spatial relationship between c9FTD/ALS-

specific pathology, namely TDP-43-negative NCI and

dystrophic neurites, and phospho-tau (PHF-1) pathology

using immunofluorescence demonstrated minimal co-

localization (Fig. 4a). Ubqln2-positive NCI in the dentate

fascia and dendritic dystrophic neurites in the hippocampal

Table 2 Comparison of senile plaques and neurofibrillary tangles in FTLD-C9ORF72, FTLD-GRN, and sFTLD

FTLD p value

C9ORF72

(N = 11)

GRN

(N = 13)

Sporadic

(N = 24)

All C9 vs. GRN C9 vs. sFTLD GRN vs. sFTD

Age 72 (70, 81) 67 (64, 75) 81 (70, 84) 0.06

Sex (M, F) 8, 3 7, 6 16, 8 0.60

ApoE (e4?, e4-) 4, 6 3, 10 9, 15 0.61

Braak NFT Stage 2.5 (2, 5) 0 (0, 0.6) 2 (1, 3) \0.001* \0.001* 0.06 \0.001*

Thal amyloid phase 3 (0, 4.5) 1 (0, 2.3) 1.5 (0, 3) 0.32

Senile plaques

CA1 0 (0, 2) 0 (0, 0) 0 (0, 0) 0.14

CA2/3 0 (0, 0.8) 0 (0, 0) 0 (0, 0) 0.03* 0.06 0.05* 0.50

Subiculum 0 (0, 8) 0 (0, 0) 0 (0, 0) 0.10

Amygdala BL 1 (0, 9) 0 (0, 1) 0 (0, 8) 0.41

Amygdala CM 1 (0, 20) 0 (0, 3) 1 (0, 20) 0.17

Average limbic SP 0.4 (0, 8) 0 (0, 2) 0.2 (0, 7) 0.36

Midfrontal cortex 20 (0, 50) 0 (0, 3) 2 (0, 50) 0.07

Superior temporal 2 (0, 44) 0 (0, 1) 0 (0, 30) 0.09

Inferior parietal 3 (0, 50) 0 (0, 1.3) 12 (0, 43) 0.06

Motor cortex 0 (0, 4) 0 (0, 0) 0 (0, 5) 0.20

Visual cortex 3 (0, 26) 0 (0, 5) 3 (0, 14) 0.48

Average cortical SP 9 (0, 33) 0.6 (0, 2) 5 (0, 30) 0.22

Neurofibrillary tangles

CA1 0 (0, 1) 0 (0, 0) 0 (0, 1.5) 0.04* 0.01* 0.74 0.02*

Subiculum 1 (0, 1) 0 (0, 0) 0 (0, 0.5) 0.02* 0.003* 0.18 0.06

Amygdala BL 1 (0, 2.5) 0 (0, 0) 0 (0, 2) 0.03* 0.01* 0.72 0.02*

Amygdala CM 1 (0.3, 2.8) 0 (0, 0) 0.5 (0, 2) 0.01* 0.001* 0.44 0.01*

Average limbic NFT 0.8 (0.3, 1.8) 0 (0, 0) 0.2 (0, 1) 0.001* \0.001* 0.26 0.004*

Midfrontal 0 (0, 0.8) 0 (0, 0) 0 (0, 0) 0.14

Superior temporal 0 (0, 1.8) 0 (0, 0) 0 (0, 0.8) 0.03* 0.01* 0.29 0.05

Inferior parietal 0 (0, 1.8) 0 (0, 0) 0 (0, 0) 0.05* 0.02* 0.15 0.13

Motor cortex 0 (0, 0) 0 (0, 0) 0 (0, 0) 0.28

Visual cortex 0 (0, 0) 0 (0, 0) 0 (0, 0) 0.17

Average cortical NFT 0 (0, 1.2) 0 (0, 0) 0 (0, 0.1) 0.03* 0.01* 0.21 0.06

Nucleus basalis of Meynert 3 (1, 8.5) 0 (0, 1) 1 (0, 3) 0.02* 0.01* 0.14 0.10

Cerebral amyloid angiopathy

Midfrontal cortex 0 (0, 0.8) 0 (0, 0.3) 0 (0, 0) 0.89

Motor cortex 0 (0, 0) 0 (0, 0) 0 (0, 0) 0.92

Visual cortex 0 (0, 0.8) 0 (0, 0) 0 (0, 0) 0.80

Average cortical CAA 0 (0, 0.3) 0 (0, 0.1) 0 (0, 0.3) 0.80

The three groups in this table only include cases with Type A TDP-43 pathology. Sex and ApoE were analyzed with v2 analysis and are depicted

with the number of cases in each category. All other variables analyzed with Kruskal–Wallis ANOVA on ranks and are depicted with the median,

and lower and upper quartile values in parenthesis. Post hoc pairwise comparison analysis was performed with the Mann–Whitney rank sum test

BL basolateral, C9 C9ORF72, CAA cerebral amyloid angiopathy, CM corticomedial, e4? presence of at least one e4 allele, e4- absence of an e4

allele, F female, M male, NFT neurofibrillary tangles, SP senile plaques

* Statistically significant p value (p \ 0.05); All p value for ANOVA on ranks comparison of all three groups
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molecular layer had no phospho-tau, whereas phospho-tau-

positive NFT in the dentate fascia and pyramidal layer, and

the dystrophic neurites in SP in the molecular layer of the

dentate fascia were not immunoreactive for Ubqln2. In

contrast, Ubqln1, a closely-related protein to Ubqln2 and

known ubiquitin-binding protein associated with NFT [35]

showed little immunoreactivity with the C9ORF72-related

pathology (Fig. 4b), but, there was a high degree of overlap

between Ubqln1 and phospho-tau immunoreactive lesions.

Discussion

In the current study, we identified four patients with neu-

ropathologic features of intermediate-to-high-likelihood

AD who carried large C9ORF72 hexanucleotide repeat

expansions. Of these four cases, one was identified from a

screen of 320 cases with a pathological diagnosis of

intermediate-to-high-likelihood AD with concomitant

TDP-43 pathology, and three were identified from 103

cases with a clinicopathologic diagnosis of FTLD. Twenty-

five of the 103 FTLD cases had mutations in C9ORF72 and

three of these had concurrent Alzheimer-type pathology.

The nosologic significance of mixed Alzheimer and

FTLD-TDP pathology is uncertain. TDP-43 pathology

occurs in 25–50 % [2, 3, 20] of otherwise typical, albeit

usually severe [25], AD. Conversely, Alzheimer-type path-

ologic features are found in FTLD-TDP in approximately

35 % of case [24]. Our four cases met pathologic criteria for

both AD and FTLD-TDP. In the case identified from genetic

and pathologic screening of AD cases with concomitant

TDP-43 pathology (Case 24), we believe this case is pri-

marily AD with secondary FTLD-TDP pathology, given

multiple clinical and pathologic features that support this

conclusion. First, a computerized tomography scan in 2003

and magnetic resonance imaging scans in 2003 and 2008

showed mild diffuse cerebral atrophy with no focal or lobar

atrophy typical of FTLD. Second, on gross examination, in

addition to diffuse cortical atrophy, there was also marked

atrophy of the hippocampus as is common in AD. Third,

there were numerous NFT and SP in the neocortex (frontal,

temporal, parietal, and primary cortices), hippocampus,

entorhinal cortex, basal nucleus of Meynert, hypothalamus,

amygdala, and basal ganglia as well as mild amyloid angi-

opathy in the neocortex and cerebellum. Lastly, while there

were TDP-43-immunopositive dystrophic neurites and

NCIs, the extent of this pathology was modest compared

with the degree of Alzheimer-type pathology and relatively

limited in distribution. The three other cases with mixed

Alzheimer and FTLD-TDP pathology (Cases 10, 14, and 23)

had more clinical and pathological features suggestive of

FTLD-TDP with concomitant Alzheimer-type pathology.

These cases had more focal cortical atrophy and more

widespread TDP-43 pathology. Additionally, the Alzhei-

mer-type pathology was less pronounced compared with

FTLD type pathology, which included not only widespread

TDP-43-positive inclusions, but also p62- and Ubqln2-

immunoreactive lesions.

To determine if Alzheimer pathology was specific to

FTLD-C9ORF72, we examined FTLD-TDP cases due to

Table 3 Quantitative analysis of phospho-tau pathology in the CA1

and occipitotemporal gyrus in FTLD-C9ORF72, FTLD-GRN, and

sFTLD

CA1 median (Q1, Q3) OCT median (Q1, Q3)

All TDP-43 types

C9ORF72

(N = 18)

0.54 (0.23, 0.93) 0.47 (0.13, 2.0)

GRN (N = 12) 0.19 (0.11, 0.30) 0.10 (0.08, 0.20)

Sporadic (N = 35) 0.39 (0.21, 2.3) 0.43 (0.10, 1.6)

TDP-43 type A

C9ORF72

(N = 11)

0.55 (0.27, 1.1) 0.50 (0.13, 3.0)

GRN (N = 12) 0.19 (0.11, 0.30) 0.10 (0.08, 0.20)

Sporadic (N = 23) 0.48 (0.22, 4.6) 0.65 (0.14, 3.0)

TDP-43 type B

C9ORF72 (N = 6) 0.32 (0.08, 0.60) 0.43 (0.12, 0.81)

Sporadic (N = 11) 0.31 (0.15, 1.0) 0.19 (0.05, 0.68)

p values p values

All TDP-43 types

All 0.06 0.03*

C9 vs. GRN – 0.005*

GRN vs. sFTLD – 0.05*

C9 vs. sFTLD – 0.58

TDP-43 Type A

All 0.02* 0.03*

C9 vs. GRN 0.01* 0.03*

GRN vs. sFTLD 0.02* 0.01*

C9 vs. sFTLD 0.91 0.98

TDP-43 Type B

All – –

C9 vs. GRN – –

GRN vs. sFTLD – –

C9 vs. sFTLD 0.58 0.51

The three groups in this table are divided by cases with all TDP-43

pathology types (including 2 Type C cases), just Type A cases, and

just Type B cases. The top panel contains the median value of the

‘‘percentage of strong positive staining’’ variable from the color

deconvolution algorithm in both the CA1 and occipitotemporal cortex

regions of interest as well as the lower and upper quartile values. The

bottom panel contains the p values for the statistical analyses between

all three groups (‘‘All’’; ANOVA on ranks), and the post hoc pairwise

comparisons (rank sum test)

C9 C9ORF72, OCT occipitotemporal gyrus, Q1 lower quartile

(25 %), Q3 upper quartile (75 %)

* Statistically significant p value (p \ 0.05)
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another common genetic cause, mutations in the gene for

progranulin (FTLD-GRN) as well as cases of FTLD-TDP

that had no known disease-causing mutation (sFTLD). The

three groups were similar with respect to age at death and

male-to-female ratio, as well as APOE e4 carrier state,

indicating that any observed differences were unlikely to be

related to these common risk factors for Alzheimer-type

pathology [24]. The disease duration for the three groups was

also similar (FTLD-GRN—7 years, FTLD-C9ORF72—

6 years, sFTLD—6 years) and comparable to previously

published reports [6, 19, 36, 45].

To assess Alzheimer-type pathology, we examined

measures of tau pathology (Braak NFT stage, NFT counts)

and amyloid pathology (Thal phase, SP counts). FTLD-

C9ORF72 cases had significantly higher Braak NFT stages

compared to FTLD-GRN and a trend for higher NFT stage

compared to sFTLD. There were no differences in distri-

bution of amyloid plaques based upon thioflavin-S

fluorescent microscopy as assessed by the Thal amyloid

phase [47]. On the other hand, a summary measure for

subtype of Alzheimer-type pathology (reflective of none,

senile changes of AD type, pathological aging or interme-

diate-to-high likelihood of AD) was statistically different

between FTLD-C9ORF72 and sFTLD. In addition, com-

parison of regional counts of SP and NFT between the three

groups showed higher median NFT counts in FTLD-

C9ORF72 in several brain regions, especially limbic lobe

structures, but no differences in SP. Taken together, this

data suggest that FTLD-C9ORF72 may have a propensity

for greater tau pathology than FTLD-GRN, and probably

sFTLD, but not a similar propensity for Ab pathology.

These results fit with at least one other report that alluded to

a greater tau than Ab pathology in FTLD-C9ORF72. In

particular, Hsiung and co-workers [19] found dispropor-

tionate degree of tau-immunopositive neurites in both

cortical and limbic regions compared to Ab pathology in

three C9ORF72-linked FTLD cases. Another study by

Mahoney and co-workers [36] found that cerebrospinal

fluid Ab in five cases of FTLD-C9ORF72 had levels in the

physiological range, but one of the cases had cerebrospinal

Fig. 4 Immunofluorescence in the hippocampus of a pathological

AD case. a Double stain with Ubqln2 and phospho-tau (PHF-1)

reveals comorbidity of C9ORF72 pathology (neurites and NCIs) and

AD pathology (plaques and tangles) with minimal colocalization.

b Double stain with ubiquilin 1 (Ubqln1), a known marker of tangles,

and Ubqln2 reveals co-labeled NCIs which could reflect sequence

homology between the ubiquilins and poor antibody epitope speci-

ficity. While there are co-labeled puncta swellings in the molecular

layer neurites, Ubqln1 does not label the entire process. Additionally,

Ubqln1 labels a potential tangle in the dentate fascia; however, this

neuron is also marked by Ubqln2 which is not known to stain tangles

(Case 24, 910 magnification)
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fluid tau levels outside of normal range. It should be noted,

however, that cerebrospinal fluid tau levels are not specific

and can be elevated in a range of neurologic disorders

associated with neuronal damage [52].

Pathological heterogeneity of TDP-43 pathology is rec-

ognized in FTLD-TDP [23, 33], and we were concerned that

TDP-43 subtype might play a role is susceptibility or

resistance to Alzheimer-type pathology; therefore, we also

analyzed group differences limited to cases with Type A

pathology. With this analysis, differences in Alzheimer-

type pathology were more marked. There were greater

densities of NFT in the superior temporal and inferior

parietal cortices, as well as all limbic regions studied in

FTLD-C9ORF72. In an analysis limited to TDP–43 Type B,

there were no differences between FTLD-C9ORF72 and

sFTLD cases (FTLD-GRN were all Type A), but the group

sizes in this analysis were small and a false-negative result

cannot be excluded.

Considering that many AD cases with TDP-43 pathology

have Type A pathology [3, 51], it is perhaps not surprising

that underlying tau pathology in FTLD-C9ORF72 is more

prevalent in Type A compared to other TDP-43 subtypes. It

is interesting that quite similar to TDP-43 pathology in AD,

tau pathology in FTLD-C9ORF72 is more pronounced in the

limbic regions (especially the amygdala) [3, 51]. In AD,

TDP-43 pathology often co-localizes with tau pathology with

respect to vulnerable brain regions, but also within individual

neurons [2]. On the other hand, TDP-43-negative, ubiquitin/

ubiquitin-binding protein pathology characteristic of FTLD-

C9ORF72 did not show significant co-localization with tau.

In particular, there was clear separation of Ubqln2-positive

NCI in the dentate fascia and elongated neuritic processes in

the molecular layer compared with phospho-tau-positive

NFT and dystrophic neurites of SP in the same sections.

To provide a more refined measure of tau pathology,

high-resolution image analysis was used to assess phospho-

tau burden in the CA1 sector of the hippocampus and in the

occipitotemporal gyrus. The results confirmed those based

on thioflavin-S fluorescent microscopy NFT counts. There

was significantly greater tau burden in both FTLD-

C9ORF72 and sFTLD compared with FTLD-GRN, but no

significant differences between FTLD-C9ORF72 and

sFTLD. Findings were similar, but more marked, when

limited to TDP-43 Type A.

Ubiquitin-binding proteins bind to both ubiquitinated tau

and other ubiquitinated proteins, like the ubiquitinated

inclusions in FTLD. To determine if the ubiquilin family

members differentially labeled tau and C9ORF72-linked

inclusions, we used double-labeling fluorescence micros-

copy with antibodies to tau and to both Ubqln1 and Ubqln2.

In a recent report by Brettschneider and co-workers [8],

antibodies to Ubqln1 that did not recognize pan-ubiquilin

epitopes did not strongly label NCI in dentate fascia, but did

label neurites in the molecular layer of the dentate fascia.

Our findings show a similar result. Overlap between the

proteins was much greater between Ubqln1 and tau than

between Ubqln2 and tau. Unlike the proprietary Ubqln1

antibody used by Brettschneider and co-workers, ours was a

commercial antibody, and due to the high sequence simi-

larity between the ubiquilin proteins, we believe the epitope

specificity for the Ubqln1 antibody is not high. Ubqln1 was

discovered as a protein that interacted with presenilin [35]

and may be a chaperone for amyloid precursor protein that

regulates Ab secretion [18, 46], but is yet to be shown to

have a direct role in tau pathophysiology, despite

co-localization with tau immunoreactive neuronal lesions.

Brettschneider and co-workers [8] reported that their

Ubqln2 antibody, which is the same one we used, was cross-

reactive with Ubqln1; however, we clearly showed differ-

ential labeling of Ubqln2 and Ubqln1 with respect to

immunoreactivity of tau- and FTLD-C9ORF72-related

lesions. Specifically, we detected sparse Ubqln1 immuno-

reactivity in NFT and dystrophic neurites of SP, but no such

immunoreactivity for Ubqln2. Ultimately, antibodies with

highly specific epitopes for each of the ubiquilin proteins

expressed in the brain (Ubqln1, Ubqln2, and Ubqln4) need

to be developed to further refine these distinctions.

Given greater tau pathology in both FTLD-C9ORF72

and sFTLD compared with FTLD-GRN, it is reasonable to

conclude that patients with FTLD-GRN are relatively

resistant to Alzheimer-type tau pathology. On the other

hand, reports of the hereditary dysphasic disinhibition

dementia type 1 (HDDD1) with a c.5913 A[G mutation in

GRN mutation have described Alzheimer pathology in four

of five individuals that came to autopsy [5, 30]. These

results contrast with experience with larger autopsy series

containing a mixture of GRN mutations or series of cases

with the same mutation. In one of the largest autopsy

series, Rademakers and an international consortium

reported mild Alzheimer-type pathology in only one of 13

subjects with the most common GRN mutation (R493X)

[41] and in another autopsy series from the Mayo Clinic,

Kelley and colleagues [26] reported moderate Alzheimer-

type pathology in one of 13 subjects carrying a range

(seven different mutations) of GRN mutations. Yet, in our

autopsy series only FTLD-C9ORF72 cases had severe

Alzheimer-type pathology consistent with intermediate-to-

high-likelihood AD. Until more is known about the func-

tion of c9orf72, it will be difficult to explain increase in tau

pathology in FTLD-C9ORF72. Factors known to be asso-

ciated with risk for Alzheimer-type pathology, including

age, sex and APOE e4 carrier state, did not account for this

difference, since in FTLD-C9ORF72 cases were similar to

FTLD-GRN and sFTLD with respect for these parameters.

The underlying molecular mechanism accounting for the

accumulation of ubiquitinated proteins in NCI and
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dystrophic neurites in FTLD-C9ORF72 remains unknown.

The fact that these inclusions are immunoreactive for

ubiquitin-binding proteins (p62 and Ubqln2) may suggest a

mechanism linked to impairment in degradative processing

of an unknown C9ORF72-related protein that accumulates

in TDP-43-negative lesions [1, 8, 49]. Both p62 and

another ubiquilin family member, Ubqln1, have also been

shown to bind to ubiquitinated tau protein [28, 35].

Research by Babu and co-workers [4] has shown that p62

binds to K63-polyubiquitinated tau and is required for

shuttling tau aggregates to the proteasome. Binding of p62

has also been shown to occur early in NFT formation and

remains a consistent marker through NFT maturation [29].

Considering the ubiquitin-binding role of p62 with tau, it is

conceivable that if p62 becomes sequestered by C9ORF72-

related inclusions, and that insufficient p62 protein levels

could lead to the secondary accumulation of hyperphos-

phorylated tau. On the other hand, this process does not

account for amyloid deposition, the other major component

of Alzheimer-type pathology.

Future research should compare Alzheimer-type

pathology in FTLD-C9ORF72 to other known genetic

causes of FTLD, such as fused in sarcoma (FUS), valosin-

containing protein (VCP), and charged multivesicular body

protein 2B (CHMP2B). It is likely the FTLD-FUS and

FTLD-CHMP2B will have a paucity of Alzheimer-type tau

pathology similar to FTLD-GRN since initial descriptions

of these disorders did not mention tau pathology [39, 40].

Conversely, pathologic descriptions of FTLD-VCP have

mentioned AD and tau pathology, which is intriguing

because VCP is also involved in the ubiquitin–proteasome

system [10, 15, 53]. This would suggest that FTLD-

C9ORF72 may not be unique among genetically deter-

mined FTLD (aside from FTLD-MAPT) with respect to

risk for tau pathology.
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