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Abstract
TMEM106B has recently been identified as a genetic risk factor for frontotemporal lobar
degeneration with TDP-43 inclusions (FTLD-TDP). Amyotrophic lateral sclerosis (ALS), like
FTLD-TDP, is characterized by pathological TDP-43 inclusions. We therefore investigated
whether FTLD-TDP-associated risk genotypes at TMEM106B (1) contribute to risk of developing
ALS or (2) modify the clinical presentation in ALS. Detailed clinical and pathological information
from 61 postmortem ALS patients was collected by database query, retrospective chart review,
and histopathological slide review. DNA from these patients, as well as 24 additional ALS
patients, was genotyped for three TMEM106B single nucleotide polymorphisms known to confer
increased risk of FTLDTDP. Associations between TMEM106B genotype and ALS were
investigated by comparing TMEM106B genotypes in ALS patients (n = 85) and normal controls (n
= 553), and associations between TMEM106B genotype and clinical and pathologic features were
explored using linear regression. Multivariate linear models were used to evaluate the
contributions of TMEM106B genotype and TDP-43 pathology to cognitive performance in ALS as
measured by a phonemic verbal fluency test. We found that TMEM106B genotypes did not differ
between ALS patients and normal controls. However, protective alleles at TMEM106B were
significantly associated with preserved cognition in ALS patients, with the strongest association
seen under a major-allele-dominant genetic model. While lower TDP-43 pathology scores and
protective alleles at TMEM106B both correlated with better cognitive scores, these factors were
not correlated with each other and demonstrated independent effects. These findings implicate the
FTLD-TDP risk gene TMEM106B in the development of cognitive impairment in ALS.

Keywords
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impairment; Frontotemporal dementia; FTLD-TDP; ALS; TDP-43

Introduction
Amyotrophic lateral sclerosis (ALS) is the most common motor neuron disease, causing
progressive weakness and leading to death in an average of 3 years [28]. Historically, the
disease was defined by motor signs and symptoms characteristic of upper and lower motor
neuron dysfunction, with cognitive impairment (CI) considered an exclusionary criterion.
Over the past few decades, however, cognitive impairment has been increasingly recognized
as a common feature in ALS (reviewed in [24]), with ~50% of ALS patients demonstrating
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some degree of CI [18]. In addition, the pattern of cognitive deficits in ALS resembles that
of frontotemporal lobar degeneration (FTLD) [20, 26], with ~20% of ALS patients meeting
Neary criteria [21] for FTLD [18, 20]. It is worth noting, however, that not all ALS patients
develop cognitive deficits. While bulbar site of onset [18], specific radiological patterns of
atrophy [20], and older age at onset [20] have been reported to associate with poorer
cognitive performance in ALS, it is still difficult to predict which patients will develop CI or
frank FTLD.

A mechanistic link between FTLD and ALS has emerged in the last few years. In 2006, the
protein TAR DNA binding protein of 43 kD (TDP-43) was identified as the major
component of the ubiquitinated inclusions of both ALS and the largest neuropathological
subset of FTLD, accordingly named FTLD-TDP [1, 19, 22]. Since then, mutations in the
gene encoding TDP-43 (TARDBP) have been linked to both ALS [13, 15, 25, 30] (reviewed
in [23]) and FTLD [2], implicating TDP-43 in the pathogenesis of these two clinical
syndromes. Mirroring the fact that many ALS patients develop FTLD, it has long been
recognized that ~15% of patients with FTLD-TDP develop motor neuron disease (often
referred to as FTLD-MND) reminiscent of ALS [4, 14]. Thus, we and others have argued
that ALS and FTLDTDP may be different manifestations of a common pathogenesis
affecting areas of the neuraxis extending from the spinal cord to the prefrontal cortex [7].
Corroborating this argument is the fact that clinical manifestations along the ALS-FTLD
spectrum appear to correlate with the distribution and burden of TDP-43 pathology [12].

Recently, polymorphisms at locus 7p21, within the gene TMEM106B, were identified by a
genomewide association study (GWAS) as conferring risk for the development of FTLD-
TDP [29]. Little is known about TMEM106B, and ALS GWAS have not yielded this locus
or gene as conferring increased risk of ALS [8, 10]. However, it still remains possible that
TMEM106B genotype may be a risk factor for ALS, or act as a genetic modifier of
phenotype within ALS patients. In this paper, we examine the role of TMEM106B genotype
on risk of developing ALS, on antemortem clinical features such as development of CI in
ALS, and on postmortem TDP-43 neuropathological burden within ALS patients. We show
that while TMEM106B may not be a risk factor for the development of ALS, risk genotypes
at TMEM106B may confer added risk of CI in these patients.

Materials and methods
Cohort

Sixty-one patients with a clinical diagnosis of ALS in accordance with the modified El
Escorial Criteria [5] and a neuropathological diagnosis of motor neuron disease (FTLD-
MND or ALS) were identified within an autopsy database of patients with
neurodegenerative diseases at the University of Pennsylvania as described [31]. These 61
patients, as well as an additional 24 patients with clinical ALS by the same criteria, were
used in this study. Patients were included without bias toward the presence or absence of
cognitive impairment although individuals with neuropathological evidence of Alzheimer's
disease (Braak Stage V–VI) [3] at autopsy were excluded. For the 61 autopsy patients,
detailed clinical characteristics (age at onset, age at death, site of onset, disease duration,
ALS global disease severity as captured in a functional rating score (ALS-FRSR) [6],
gender, performance on cognitive tests) were ascertained by retrospective chart review of
clinic visits from 1980 through 2009 within the University of Pennsylvania Health System;
the vast majority of patients were seen by one provider (L.M.), and chart reviewers (R.V.
and E.A., under supervision by A.C.P.) were blind to TMEM106B genotype and autopsy
neuropathology findings. Unless otherwise specified, results of testing used in this study
were those from the visit most proximate to death, occurring within 12 months of death.
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Cognitive testing
Antemortem cognitive testing was performed at 3–6-month intervals during routine clinic
visits. Data for two cognitive tests were available for the majority of the autopsy cohort (n =
61), within 12 months of death. These included a test of letter-guided verbal fluency (FAS
test, n = 32 patients) [16] and a test of frontal executive function (Trail-making test, n = 28
patients) [17]. For the FAS test, patients without significant dysarthria were asked to say as
many unique words (places and names not permitted) beginning with a specified target letter
(i.e. “F” or “D”) as possible in 1 min. Patients with significant dysarthria but preserved limb
and hand function were asked to write the words; 90 s was allotted to these patients. The
total number of unique words produced was recorded. For the Trail-making test, patients
without significant dysarthria were asked to sequentially say letters of the alphabet,
beginning with A, alternating with numbers, beginning with 1 (i.e. A-1, B-2) and ending at
Z-26. Each error was subtracted from the maximum score of 52. Patients with significant
dysarthria but relatively preserved hand and limb ability were asked to perform the same
task in writing.

We have previously shown that both tests perform well compared to the Frontal Behavioral
Inventory (FBI), a battery of neuropsychological tests used in assessing cognitive
impairment in FTLD. Specifically, on receiver operating curve analysis compared to the
FBI, the FAS test has an area under the curve (AUC) of 0.88, and the Trail-making test has
an AUC of 0.80 (manuscript in preparation) in differentiating cognitively intact and
cognitively impaired individuals.

Neuropathological characterization
In the autopsy cohort (n = 61), TDP-43 inclusions and tau pathology were examined in five
regions of the brain: the middle frontal gyrus, cingulate gyrus, hippocampus (CA1/
subiculum), amygdala, and the superior/middle temporal gyrus. Sections were fixed and cut
into 6–10 lm sections, stained with hematoxylin and eosin and Thioflavin S, and
immunohistochemistry was performed with antibodies to tau, α-synuclein, ubiquitin,
TDP-43, and β-amyloid, as previously described [22]. Sections were then reviewed by a
neuropathologist (F.G. or J.Q.T.), blind to TMEM106B genotype, and the extent of TDP-43
and tau pathology were scored for each of the five brain regions on a 4-point ordinal (0–3)
scale, with 0 representing no observed pathology and 3 representing severe pathology. The
pathology scores for all five regions were then summed to create a scale from 0 to 15, with
15 representing widespread cortical pathology and 0 representing no pathology observed.
Patients were thus assigned a score reflecting both the extent and severity of meso-, allo-
and neocortical TDP-43 or tau pathology on a scale from 0 to 15.

Of note, all of our autopsy-confirmed ALS cases had been evaluated from a diagnostic
standpoint as previously described [11] for evidence of concomitant AD, PD, and other
neuropathologies in addition to TDP-43 neuropathology. Briefly, of a starting total of 69
autopsy-confirmed ALS cases, 7 had concomitant AD, and 1 had concomitant PD. For
simplicity, these eight cases were excluded from the current study of the effect of
TMEM106B alleles on CI in ALS.

Genotyping
DNA was extracted from brain samples as previously described [29], and genotyping was
performed using Taq-Man chemistry-based allelic discrimination assays [Applied
Biosystems (ABI), Foster City, CA, USA] on the ABI 7500 Fast Real-Time System
followed by analysis with SDS 7500 software v2.0.1. Two TMEM106B SNPs were
genotyped: rs1020004 (ABI C_7604953_10) and rs1990622 (ABI C_11171598_10); these
were the top SNPs previously described to confer increased risk of FTLD-TDP by GWAS
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[29]. In addition to the autopsy cohort of 61 patients for whom detailed clinical and
neuropathological data were available, an additional 24 ALS patients underwent genotyping
for TMEM106B. Thus, a total of 85 ALS patient samples were genotyped at rs1020004 and
rs1990622 to assess whether TMEM106B genotype may be a risk factor for the development
of ALS. Genotype frequencies in cases were compared to a set of 553 neurologically normal
controls previously genotyped in the same way by our center [29].

All individuals were of self-described Caucasian ancestry with the exception of 3/85 ALS
patients and 9/553 normal controls. Among the ALS patients, two were African-American,
and one was multi-racial; among the controls, five were African-American, one was
multiracial, and three had unknown ethnicities.

Statistical analyses
Cochran-Armitage trend tests were used to evaluate the association between ALS and
TMEM106B genotype under a codominant model using 85 ALS patients and 553
neurologically normal controls. Linear regression analyses were then used to evaluate the
association of TMEM106B genotype to endophenotypes within ALS, as well as
demographic characteristics, using the autopsy cohort of 61 ALS patients. Specifically, the
association of TMEM106B genotype with gender, age at onset of disease, disease duration,
ALS-FRS-R score, TDP-43 pathology score, and tau pathology score were evaluated.

To evaluate factors associated with cognitive performance in ALS, univariate linear
regressions were first used to assess for association between FAS test score and age at
testing, gender, disease duration, ALS-FRS-R score, TDP-43 pathology score, tau pathology
score, and TMEM106B genotype. Factors that were significant on univariate analyses were
then incorporated into a multivariate model predicting cognitive performance on FAS
testing, using a forward stepwise approach with additional variables added if they
contributed significantly to the model (F-statistic p < 0.01).

Results
Patient cohort

After excluding ALS patients with concomitant AD or PD, 61 ALS patients were used in the
clinico-pathologico-genetic part of the study, with an additional 24 ALS patients included in
the genetic analysis only. Demographically, our autopsy cohort was fairly typical for ALS,
with 64% men and a median age at symptom onset of 57 years (Table 1). Median disease
duration was 31 months, with a median age at death of 61 years. 32.8% of patients had a
bulbar site of onset, and the median ALS-FRS-R score on the last ante visit was 19 (0 most
impaired, 40 least impaired). The 24 additional ALS patients who were included in the
genetic analysis only were composed of individuals in whom the diagnosis was certain but
histopathological or clinical data were incomplete.

Cognitive performance ranged from normal to significantly impaired. For FAS testing, the
median score was 11.5, with an interquartile range of 8–14. Trail-making testing showed a
median score of 51, with a relatively small interquartile range of 50–52.

Although all autopsy-confirmed ALS cases had evidence of brainstem and spinal cord
TDP-43 inclusions, 41 patients had no TDP-43 pathology in any of the 5 brain regions
sampled [middle frontal gyrus, cingulate gyrus, hippocampus (CA1/subiculum), amygdala,
and the superior/middle temporal gyrus], 6 had TDP-43 pathology in 1 region only, 3 had
TDP-43 pathology in 2 regions, 7 in 3 regions, 2 in 4 regions, and 2 in all 5 regions.
Concomitant tau pathology was seen less frequently in the ALS cohort after excluding the
seven ALS cases with concomitant AD having a Braak and Braak neurofibrillary tangle
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stage of V/VI [3]. 48 of the 61 ALS patients studied here had no tau pathology in the 5 brain
regions, 4 had tau pathology in only 1 region, 7 in 2 regions, and 2 in 3 regions.

TMEM106B genotype frequencies do not differ between ALS and normal controls
Given the observed association between TMEM106B genotype and disease for another
TDP-43 proteinopathy, FTLD-TDP, we asked whether risk genotypes at TMEM106B were
more common among ALS patients. However, for TMEM106B SNPs rs1990622 and
rs1020004, allele and genotype frequencies did not differ significantly between ALS
patients (n = 85) and normal controls (n = 553; Table 2).

TMEM106B genotype is correlated with FAS performance in ALS
We next explored whether TMEM106B genotype could serve as a genetic modifier for
phenotype in ALS. Specifically, we asked whether FTLD-TDP risk genotypes at
TMEM106B SNP rs1990622 (the top SNP in the FTLD-TDP GWAS) [29] were associated
with differences in age at onset, disease duration, cognitive performance, or degree of
TDP-43 pathology among ALS patients (Fig. 1). Age at onset did not differ among carriers
of different TMEM106B genotypes (p = 0.403; Fig. 1a), nor did disease duration (p = 0.705;
Fig. 1b). Cognitive performance, as measured by FAS testing, did differ significantly among
TMEM106B genotypes (p = 0.029 under codominant model, p = 0.018 under major allele
dominant model), with homozygotes for the FTLD-TDP protective allele at SNP rs1990622
(CC) having higher FAS scores (Fig. 1c). CC homozygotes also performed better than the
other TMEM106B genotype groups on the Trail-making test although differences were not
statistically significant (Fig. 1d). Surprisingly, despite differences in performance on
cognitive testing, TDP-43 pathology score did not differ significantly among TMEM106B
genotypes (p = 0.777; Fig. 1e).

TMEM106B genotype and TDP-43 pathology are independently correlated with FAS
cognitive performance in ALS

Given the observed association between cognitive performance and TMEM106B genotype,
we sought to further characterize this relationship. We first evaluated the effects of other
demographic and clinical characteristics (age at testing, gender, disease duration, ALS-FRS
score, and TDP-43 pathology) on cognitive performance. In univariate linear regressions,
ALS-FRS-R scores (p = 0.033) and TDP-43 pathology scores (p = 0.020) both correlated
significantly with FAS scores (Table 3).

Multivariate linear regression using a forward stepwise approach arrived at a best-fit model
in which FAS test score was predicted by the factors TMEM106B genotype, TDP-43
pathology score, and their interaction term (Table 3). Mirroring our prior finding that
TDP-43 pathology score and TMEM106B genotype are not correlated with each other, these
two factors appear to contribute independently to cognitive performance, with a p value for
association of 0.033 for TDP-43 pathology score, a p value of 0.009 for TMEM106B
genotype, and a non-significant p value of 0.124 for the interaction of these two factors. The
best-fit multivariate model used TMEM106B genotype under a major allele dominant model,
in accordance with our finding that minor allele homozygotes performed differently from
major allele homozygotes and heterozygotes on cognitive testing.

Discussion
In the present study, we evaluated the contribution of TMEM106B genotype to risk for
developing ALS and to endophenotypes, particularly with respect to cognition, within ALS.
While our data do not implicate TMEM106B genotype as a significant risk factor for ALS,
among ALS patients, carriers of FTLD-TDP-associated TMEM106B genotypes (i.e. T allele
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for SNP rs1990622) have poorer cognitive performance. Moreover, the association between
TMEM106B genotype and cognitive performance appears to be independent of the degree of
cortical TDP-43 pathology.

Our findings support the notion that FTLD-TDP and ALS may be differing phenotypic
manifestations of at least partly shared pathogenic mechanisms since the same gene
(TMEM106B) appears to contribute to risk of CI/dementia in both diseases. In addition, the
current study is most compatible with a model in which the TMEM106B risk allele (i.e. T
allele at SNP rs1990622) is dominant over the protective allele (i.e. C allele at SNP
rs1990622), i.e. the presence of either one or two T alleles is adequate to increase risk of CI
in ALS. This possible dominant effect accords with preliminary findings from our previous
FTLD-TDP GWAS showing homozygous carriers of the protective allele as having
significantly longer disease durations than carriers of one or two risk alleles [29].

Interestingly, the extent of cortical TDP-43 pathology and TMEM106B genotype appear to
contribute independently to risk of developing cognitive impairment in ALS. This is
somewhat surprising since FTLD-TDP and ALS share pathological inclusions of TDP-43 as
a common neuropathological feature, and one might expect shared mechanisms of
pathogenesis to directly involve TDP-43. Such a situation is not wholly unprecedented,
however; despite both being implicated in the pathogenesis of FTLD-TDP, TDP-43 and the
protein progranulin (haploinsufficiency of which has been shown to cause FTLD-TDP)
[9]do not appear by current evidence to be related mechanistically in either physiological or
pathophysiological scenarios.

In addition, our findings do raise the question of what the underlying substrate of
TMEM106B-mediated cognitive impairment in ALS might be. Possibilities include TDP-43
pathology in other areas of the brain (cortical or subcortical), or pathological inclusions of
other proteins such as tau or a-synuclein. In this regard, it is notable that others have also
reported ALS with significant hippocampal TDP-43 pathology and/or hippocampal
degeneration in the absence of clinical dementia, as well as clinical dementia in ALS in the
absence of significant hippocampal TDP-43 pathology or hippocampal degeneration [27].
Of note, we excluded cases with concomitant tau or α-synuclein pathology of severity great
enough to warrant neuropathological diagnoses of Alzheimer's disease or Parkinson's
disease. However, lesser degrees of mixed pathology might still be contributing to cortical
dysfunction. Alternatively, TMEM106B may be acting via other pathogenic mechanisms
entirely.

Several caveats should be kept in mind in interpreting our present findings. First, while our
autopsy cohort size of 61 is reasonably large for a study with detailed clinical, pathological,
and genetic data, there is some risk of both Type I and II errors. Second, our current findings
apply to cognitive performance as captured on FAS testing. While we observed similar
trends with a second cognitive test (Trail-making test), these did not reach statistical
significance, possibly due to insufficient sample size and the relatively collapsed range of
results for this test. In any case, further studies with greater sample sizes and a wider range
of cognitive tests would be a valuable addition to the data presented here.

In summary, in the present clinico-pathologico-genetic study, we demonstrate an association
between genotype at TMEM106B and cognitive performance in ALS. As such, the recently
discovered gene TMEM106B appears to be a bona fide genetic risk factor for CI in at least
two diseases characterized by TDP-43 proteinopathy. Further investigations of its function
may lead to insights into the pathogenesis of, and possible therapeutic avenues for, these
otherwise fatal diseases.
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Fig. 1.
Box and whiskers plots comparing a age at onset, b disease duration, c FAS score, d Trail-
making test score, and e TDP-43 pathology score, among TMEM106B genotypes. While
FAS score (p = 0.029) is significantly associated with genotype, the extent of TDP-43
pathology (p = 0.788) is not. Box indicates interquartile range, with median indicated by
line; whiskers denote full range
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Table 1

Demographic characteristics of cohort

Autopsy cohort (n = 61) Additional genotyped patients (n = 24)

Gender 39 males (63.9%) 12 males (50%)

22 females (36.1%) 12 females (50%)

Site of onseta 37 spinal (60.7%) n/a

20 bulbar (32.8%)

Age at onset, median years (IQR) 57 (41–73) 62 (55.5–71.5)

ALS-FRS-Rb, median (IQR) 19 (15–22) n/a

Duration, median months (IQR) 31 (3–59) n/a

The additional cohort of 24 individuals was composed of individuals in whom the ALS diagnosis was certain, but histopathological or clinical data
were less complete

n/a not available

a
For four patients in the autopsy cohort and most patients in the additional cohort, site of onset was not clear from chart review

b
Most proximate score to death
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Table 3

Univariate and multivariate analyses of factors affecting cognitive performance

Univariate analyses: FAS score (factor)

Factor R2 Direction p value

Age at testing 0.04 − 0.274

Gender (male) 0.055 + 0.199

Disease duration 0.007 − 0.651

ALS-FRS-R 0.143 − 0.033

TDP-43 pathology score 0.178 − 0.02

Tau pathology score 0.035 − 0.306

TMEM106B genotype

 Codominant (minor allele) 0.216 + 0.029

 Major allele dominant 0.172 0.018

 Minor allele dominant 0.004 0.747

Best-fit multivariate model: FAS score predicted by TMEM106B Genotype * TDP-43 pathology

R2 Coefficient p value

Overall model 0.388 0.005

 TMEM106B genotype (minor allele) 7.907 0.009

 TDP-43 pathology score −0.410 0.033

 TMEM106B:TDP-43 pathology score −1.690 0.124

Top: Univariate linear regressions were used to evaluate associations between various factors and cognitive performance on FAS testing. Higher
ALS-FRS-R score, higher TDP-43 pathology score, and risk genotype at TMEM106B were all significantly associated with poorer cognitive
performance

Bottom: Best-fit multivariate model by a forward stepwise approach, with an R2 value of 0.388, included TMEM106B genotype, TDP-43
pathology and their interaction term as predictors of FAS test score. Within this model, risk genotypes at TMEM106B and higher TDP-43
pathology appear to contribute independently to poorer cognitive performance

TMEM106B genotype at rs1990622 effects shown. TMEM106B risk genotypes at the other SNP (rs1020004) performed similarly, as expected
given the strong linkage between these two SNPs

Direction direction of association

Bold values are nominally significant (p < 0.05)
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