UCLA
UCLA Previously Published Works

Title
LATE-NC risk alleles (in TMEM106B, GRN, and ABCC9 genes) among persons with African

ancestry.

Permalink

|https://escholarship.or&c/item/6mt3x8t1{

Journal

Journal of Neuropathology & Experimental Neurology, 82(9)

ISSN
0022-3069

Authors

Katsumata, Yuriko
Fardo, David W
Shade, Lincoln MP

Publication Date
2023-08-21

DOI
10.1093/ jnen/nlad059

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/6mt3x8tr
https://escholarship.org/uc/item/6mt3x8tr#author
https://escholarship.org
http://www.cdlib.org/

Journal of Neuropathology & Experimental Neurology, 2023, 82, 760-768
https://doi.org/10.1093/jnen/nlad059
Advance access publication 1 August 2023

Original Article

OXFORD
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genes) among persons with African ancestry
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ABSTRACT

Limbic-predominant age-related TDP-43 encephalopathy (LATE) affects approximately one-third of older individuals and is associated with
cognitive impairment. However, there is a highly incomplete understanding of the genetic determinants of LATE neuropathologic changes
(LATE-NC) in diverse populations. The defining neuropathologic feature of LATE-NC is TDP-43 proteinopathy, often with comorbid hip-
pocampal sclerosis (HS). In terms of genetic risk factors, LATE-NC and/or HS are associated with single nucleotide variants (SNVs) in 3
genes—TMEM106B (rs1990622), GRN (rs5848), and ABCC9 (rs1914361 and rs701478). We evaluated these 3 genes in convenience sam-
ples of individuals of African ancestry. The allele frequencies of the LATE-associated alleles were significantly different between persons of
primarily African (versus European) ancestry: In persons of African ancestry, the risk-associated alleles for TMEM106B and ABCC9 were
less frequent, whereas the risk allele in GRN was more frequent. We performed an exploratory analysis of data from African-American sub-
jects processed by the Alzheimer’s Disease Genomics Consortium, with a subset of African-American participants (n = 166) having corrobo-
rating neuropathologic data through the National Alzheimer’s Coordinating Center (NACC). In this limited-size sample, the ABCC9/
rs1914361 SNV was associated with HS pathology. More work is required concerning the genetic factors influencing non-Alzheimer disease
pathology such as LATE-NC in diverse cohorts.

KEYWORDS: Dementia, Diversity, Epidemiology, Genome-Wide Association Studies (GWAS), KCNMB2, FTLD, KATP

more data, it is currently challenging to draw inferences based
on these studies about commonalities and differences between
ethnoracial populations that are attributable to genetic and/or
environmental factors.

Prior published data indicated that there are specific alleles
conferring risk for LATE-NC and/or HS in aging. Single
nucleotide variants (SNVs) that were associated with risk for
LATE-NC and/or HS, and in which the primary observations

INTRODUCTION

Aging-related dementia is highly heritable, yet a large propor-
tion of this genetic risk remains unexplained (1-3), particularly
in populations of non-European ancestry. Further, the patho-
genesis of amnestic dementia is quite complex: Pathologies
other than Alzheimer disease (AD)-type AP plaques and tau
tangles often contribute to the dementia phenotype in aging
(4-6). For example, in approximately 30% of aged individuals

with clinical dementia, autopsy reveals TDP-43 pathology (7,
8). A term for the prevalent non-Alzheimer amnestic dementia
associated with TDP-43 pathology was recently proposed: lim-
bic predominant age-related TDP-43 encephalopathy (LATE)
(9). The presence of LATE neuropathologic change (LATE-
NC) often co-occurs with hippocampal sclerosis (HS) (10),
which indicates cell loss and gliosis in the hippocampal
formation.

While most prior studies on LATE-NC and HS have been
in European ancestry-predominant cohorts, there have also
been prior studies of LATE-NC phenotypes in non-European
populations (11-15). However, pending the availability of

were replicated, are granulin (GRN), transmembrane protein
106B (TMEM106B), and ATP-binding cassette, subfamily C,
member 9 (ABCC9) (16-21). It also has been shown that the
APOE allele linked to risk for AD risk is also associated with
LATE-NC (18, 22), but this phenomenon is not a focus of the
current study.

To date, the genetic architecture of LATE-NC and associ-
ated pathologies is poorly characterized in diverse populations.
Here we evaluated the risk alleles in TMEM106B, GRN, and
ABCC9, which have previously been associated with LATE-
NC pathological phenotypes, among convenience samples of
persons of African ancestry.
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MATERIALS AND METHODS
SNVs from LDLink online database

The characterization of LATE-NC and/or HS-associated gene
variants by geographical-related ancestry was accomplished
through the public access database, NIH-sponsored LDLink
(https://ldlink.nih.gov) (23), and more specifically the LDpop
Tool, which is described on the website (https://ldlink.nih.
gov/?tab=ldpop) as a resource to “Investigate allele frequen-
cies and linkage disequilibrium (LD) patterns across 1000G
populations” (24). All of the accessioned populations in the
LDLink database of African and European ancestry were
included in the current study.

Participants for genotype/phenotype association testing
The National Alzheimer’s Coordinating Center (NACC) phe-
notype data were derived from 37 different US Alzheimer’s
Disease Research Centers (ADRCs) with autopsies measured
via the NACC neuropathology v10-11 forms through the Sep-
tember 2022 data freeze (https://www.alz.washington.edu/).
Autopsies were performed within each of the contributory
ADRCs. We excluded participants diagnosed with at least 1 of
19 rare brain diseases at autopsy (e.g. prion disorders, multiple
sclerosis, corticobasal degeneration, triplet repeat diseases) as
described previously (25). For example, FTLD-TDP, ALS,
and most other non-LATE-NC conditions with TDP-43 path-
ology were excluded.

Neuropathology data
TDP-43/LATE-NC neuropathological data were operational-
ized as follows: TDP-43 pathology with O0=none and
1 =present in any brain regions including amygdala, hippo-
campus, entorhinal/inferior temporal cortex, and neocortex
(binary LATE-NC); TDP-43 pathology with 0 =none and
1 =present in hippocampus and/or entorhinal/inferior tem-
poral cortex (these indicate LATE-NC Stage >1) (26); and
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HS with 0 =none and 1= present either unilaterally or bilat-
erally. Alzheimer disease neuropathologic change (ADNC)
was operationalized using
described previously (27-30).

semiquantitative metrics as

Genetic data for genotype-pathology correlations

We obtained ADRC genotype data from the Alzheimer’s Dis-
ease Genomics Consortium (ADGC; n=23131). The geno-
type data were imputed using the TOPMed Imputation Server
(https://imputation.biodatacatalyst.nhlbi.nih.gov/) based on
the Genome Reference Consortium Human Build 38
(GRCh38) (31). To identify predominant genetic ancestry for
each participant, we calculated principal components (PCs)
using a LD pruned subset of genomewide SNVs (pairwise 1>
< 0.2) and ran Uniform Manifold Approximation and Projec-
tion (UMAP) based on the first 20 PCs (32).

Statistical analysis
For each of the neuropathology outcomes, we performed asso-
ciation tests under an additive mode of inheritance using logis-

tic regression and adjusted for age at death, sex, and the top 3
PCs computed in PLINK v1.90a (33, 34).

RESULTS
SNV frequencies in African and European ancestry samples
The allele frequencies of the LATE-NC associated alleles were
quite different between persons of African (versus European)
ancestry: In persons of African ancestry, the LATE-NC-
associated risk alleles for TMEM106B and HS risk alleles in
ABCC9 were relatively less frequent, whereas the GRN risk
allele was more frequent in persons of African ancestry. Pri-
mary data are shown in Table 1. In contrast to the large differ-
ence between European and African ancestry groups, the
variability within groups (standard deviation, as denoted by

Table 1. Frequencies of selected single nucleotide variants that have been linked to altered risk for LATE-NC pathological phenotype(s) in

cohorts of African or European ancestry*

TMEM106B GRN ABCC9
Sample

Ancestry group* size, n rs1990622, A =risk  rs5848, T =risk  rs1914361, G =risk rs704178, G = risk
YRI  Yoruba in Ibadan, Nigeria 108  A:23.6%, G: 76.4% C:21.8%,T:782%  A:97.7%, G: 2.3% G: 22.7%, C: 77.3%
LWK Luhya in Webuye, Kenya 99  A:32.3%,G:67.7% C:384%, T:61.2%  A: 92.4%, G: 7.6% G: 41.9%, C: 58.1%
GWD Gambian in Western Gambia 113 A: 31.0%, G: 69.0% C:23.9%, T: 76.11% A:91.6%, G: 8.41%  G: 31.9%, C: 68.1%
MSL Mende in Sierra Leone 85 A:24.1%,G:759% C:14.1%, T:859%  A:88.8%,G: 11.2%  G: 35.9%, C: 64.1%
ESN  Esan in Nigeria 99  A:15.1%, G: 84.9%  C:24.9%, T: 75.3%  A: 96.0%, G: 4.0% G: 23.7%, C: 76.3%
ASW  Americans of African 61  A:33.6%, G: 66.4% C:42.6%, T: 574%  A:83.6%, G: 16.4%  G: 38.5%, C: 61.5%

Ancestry in SW USA
ACB  African Caribbeans in Barbados 96  A:25.0%, G: 75.0% C:25.5%, T: 74.5%  A: 94.3%, G: 5.7% G: 29.2%, C: 70.8%
African ancestry, total 661 A:26.1%, G: 73.9% C:26.6%, T: 73.45% A:92.7%, G: 7.3%  G: 31.4%, C: 68.6%
CEU Utah residents from 99  A:54.0%, G: 45.96% C:75.3%, T:24.8%  A: 46.5%, G: 53.5%  G: 57.1%, C: 42.9%

N&W Europe
TSI  Toscani in Italia 107 A: 61.2%, G: 38.8% C:70.6%, T:29.4%  A:51.9%, G: 48.1%  G: 45.8%, C: 54.2%
FIN  Finnish in Finland 99  A:61.6%, G: 384% C: 66.7%, T: 33.3%  A: 50.0%, G: 50.0%  G: 53.0%, C: 47.0%
GBR  British in England and Scotland 91  A:54.4%, G: 45.6% C:70.9%, T:29.1%  A: 55.5%, G: 44.5%  G: 46.2%, C: 53.9%
IBS  Iberian population in Spain 107  A: 64.0%, G: 36.0% C: 66.4%, T: 33.6%  A: 61.7%, G: 383%  G: 44.4%, C: 55.6%
European ancestry, total 503 A:59.2%, G: 40.8% C: 69.9%, T: 30.1% A: 53.2%, G: 46.8% G: 49.2%, C: 50.8%

" Data derive from publicly available website: https://ldlink.nih.gov/.
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Figure 1. Allele frequencies for single nucleotide variants (SNVs) associated with LATE-NC phenotype(s) in persons of European (blue) or

African (orange) ancestry. For the identity of the specific increased risk-associated allele, see Table 1. Risk alleles are rs1990622

(TMEM106B), rs5848 (GRN), rs1914361 (ABCC9), and rs704178 (ABCC9). As the plots and Table 1 indicate, there were n =S cohorts

for European ancestry and n =7 cohorts for African ancestry.

error bars in Fig. 1) was relatively small, indicating that the
findings were robust within continental ancestry groups.

Association between selected SNVs and LATE-NC
pathologic phenotypes in a cohort of African-Americans
A total of n=166 genetically identified African-Americans
from US ADRCs (with neuropathology data and SNV geno-
typing available) met inclusion criteria. We also assessed a
larger group of participants of European ancestry (n=23178).
Demographic and neuropathologic summary data on these
subjects are displayed in Table 2. This is a highly educated
cohort (average years of education for African-Americans
=15.6). Note that among both African and European ances-
try groups, most of the included participants had severe
ADNC at autopsy, and approximately one-third had LATE-

NC.

In these convenience samples, we tested the associations
between selected SNVs and LATE-NC phenotypes. Principal
components analyses (PCA) results and UMAP plots are
shown in Figure 2. The results of the genotype-phenotype
association tests (with ethnoracial parameters according to the
PCA/UMARP results) are shown in Table 3 for participants of
African ancestry, and Table 4 for a larger cohort of European
ancestry. Among the various tests performed in individuals of
African ancestry, only the ABCC9 genotype (rs1914361) was
associated with HS pathology in this small sample.

The GRN genetic variant rs5848 is considered to be a likely
disease-driving 3’'UTR genetic variant as it changes gene
expression via a miRNA binding site (35). However, both
TMEM106B (36) and ABCC9 (37) have shown evidence that
the disease-associated allele may be a proxy for larger

Table 2. Demographic and neuropathologic characteristics of

included subjects for genotype/phenotype correlation

African European
Ancestries Ancestries
Characteristics n =166 n=3178
Age at death, mean = SD 80.6 = 11.6 823 *+10.6
Years in education, mean = SD 15.6 £9.9 164+ 8.5
Sex, n (%)
Male 61 (36.7) 1671 (52.6)
Female 105 (63.3) 1507 (47.4)
Thal phase, n (%)
0 7 (7.4) 113 (6.9)
1-2 13 (13.7) 145 (8.9)
3 9(9.5) 184 (11.3)
4-5 66 (69.5) 1190 (72.9)
Braak NFT stage, n (%)
0 2 (1.2) 54 (1.7)
I-1I 21 (12.7) 433 (13.7)
mI-1v 35(21.2) 778 (24.6)
V-VI 107 (64.8) 1902 (60.1)
Neuritic plaques, n (%)
No 29 (17.5) 457 (14.4)
Sparse 12 (7.2) 412 (13.0)
Moderate 27 (16.3) 651 (20.5)
Frequent 98 (59.0) 1653 (52.1)
TDP-43 in any region, n (%)
No 54 (70.1) 799 (67.6)
Yes 23 (29.9) 383 (32.4)
LATE-NC Stage >1,n (%)
No 48 (70.6) 726 (71.2)
Yes 20 (29.4) 293 (28.8)
Hippocampal sclerosis, n (%)
No 74 (81.3) 1389 (87)
Yes 17 (18.7) 208 (13)

SD, standard deviation.
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Figure 2. Principal components (A) and Uniform Manifold Approximation and Projection (UMAP) plots (B) for participants in the

present study (Table 1), colored by self-identified race. African and European ancestries were identified based on UMAP plot.

Table 3. Genotype/phenotype correlation for SNVs linked with LATE-NC phenotypes (n = 166 African ancestries)

Pathology Gene SNV Allele AF OR 95% CI p-value
LATE-NC (any) TMEMI106B rs1990622 A 0.34 0.78 0.31 191 0.59
GRN rs5848 T 0.66 0.65 0.24 1.65 0.37
ABCC9 rs1914361 G 0.17 1.57 0.54 4.62 0.40
ABCC9 rs704178 G 0.39 0.56 0.21 1.36 0.21
LATE-NC (Stage >1) TMEM106B 151990622 A 0.34 0.58 0.20 1.60 0.31
GRN rs5848 T 0.66 0.50 0.15 143 0.21
ABCC9 rs1914361 G 0.17 1.53 0.48 4.94 0.46
ABCC9 rs704178 G 0.39 0.71 0.27 1.77 0.47
Hippocampal sclerosis TMEM106B rs1990622 A 0.34 0.38 0.12 1.02 0.071
GRN rs5848 T 0.66 1.67 0.64 4.64 0.30
ABCC9 rs1914361 G 0.17 4.60 1.62 14.69 0.0059
ABCC9 rs704178 G 0.39 2.03 0.81 541 0.14
SNV, simple nucleotide variant; AF, allele frequency (risk allele); OR, odds ratio; CI, confidence interval. Bold = p<0.0S.
Table 4. Genotype/phenotype correlation for SNVs linked with LATE-NC phenotypes (n = 3178 European ancestries)
Pathology Gene SNV Allele AF OR 95% CI p-value
LATE-NC (any) TMEMI106B rs1990622 A 0.58 1.47 1.23 1.77 3.3x10°°
GRN rs5848 T 0.30 1.13 0.94 1.37 0.19
ABCC9 rs1914361 G 0.44 0.94 0.79 1.12 0.49
ABCC9 rs704178 G 0.50 0.85 0.71 1.01 0.071
LATE-NC (Stage >1) TMEMI106B rs1990622 A 0.58 148 1.21 1.82 1.8 x 104
GRN rs5848 T 0.30 1.03 0.83 1.27 0.81
ABCC9 rs1914361 G 0.44 0.88 0.73 1.07 0.21
ABCC9 rs704178 G 0.50 0.82 0.67 1.00 0.047
Hippocampal sclerosis TMEMI106B rs1990622 A 0.58 1.72 1.38 2.16 1.7 %X 107¢
GRN rs5848 T 0.30 1.47 1.18 1.83 5.1x10°*
ABCC9 rs1914361 G 0.44 1.12 091 1.38 0.29
ABCC9 rs704178 G 0.50 0.99 0.80 1.22 0.92

SNV, simple nucleotide variant; AF, allele frequency (risk allele); OR, odds ratio; CI, confidence interval. Bold = p<0.05.
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Figure 3. In persons of African ancestry (A) and European ancestry (B), LocusZoom plots shown for associations between single
nucleotide polymorphisms in ABCC9 and hippocampal sclerosis with linkage disequilibrium (LD) depicted below in heatmap plots. A signal
at rs1914361 was evident in the participants of African ancestry, whereas in this sample of European ancestry participants, ABCC9 genetic

variation was not associated with HS risk.
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Figure 4. In persons of African ancestry (A) and European ancestry (B), LocusZoom plots shown for associations between single
nucleotide polymorphisms in TMEM106B and limbic predominant age-related TDP-43 encephalopathy neuropathologic change (LATE-
NC), with linkage disequilibrium (LD) depicted below in heatmap plots. In this sample of participants of African ancestry, TMEM106B

variants were not associated with risk for LATE-NC.

haplotypes. For more detailed presentation of the genotype/
phenotype associations and genetic architectures in and nearby
TMEMI106B and ABCCY9 genes, in samples of African and
European ancestry, see Figures 3 and 4. Notably, with caveats
related to sample size, there does not seem to be a clear signal
of TMEM106B gene variation association with LATE-NC in
persons of African ancestry.

Results are presented in Supplementary Data Tables S1-S3
for KCNMB2 SNV (rs9637454) that was found to be associ-
ated with HS (19). We did not find compelling reasons to

indicate that KCNMB?2 genetic variation would explain ethno-
racial differences in LATE-NC/HS.

DISCUSSION

We evaluated SNVs (referent to TMEMI106B, GRN, and
ABCC9 genes) in persons of African ancestry. Among the
cohorts we evaluated, the allele frequencies of the LATE-
associated genetic variants were different in relation to the
geographical region of ancestry: In persons of African ancestry,
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the LATE-NC-linked risk alleles for TMEM106B and ABCC9
were less frequent, whereas the HS risk allele in GRN was
more common than in persons of European ancestry. In an
exploratory analysis of data on African-American subjects from
the ADGC, only the ABCC9/rs1914361 SNV was associated
with HS pathology.

There are notable limitations to the present study. Ethnora-
cial groupings are partly a sociocultural construct and the his-
tory of biased research should be factored in to any scientific
study related to race/ethnicity (38). Although beyond the pur-
view of the present manuscript, structural racism (inside and
outside of scientific institutions) tends to have insidious influ-
ences that should be considered. Culture-defined groups can
also be differentially recruited into research studies, even
within the same research center. The genetic and cultural
aspects can be intertwined; for example, self-described “Blacks”
in 1 US state can have very different genetic patterns than
those in another (even nearby) state (39). These are only
some of the relevant considerations in the study of the impact
of ancestry in genetic research (40).

In addition to the inherent challenges of dealing with racial
identity as an experimental parameter, another challenge
related to the current study was that the sample sizes of the
gene-pathology association analyses were small, limiting statis-
tical power. The lack of associations (in terms of statistical
testing results) between TMEMI106B and GRN SNVs with
LATE-NC pathology in persons with African ancestry should
be considered in light of that limitation due to the high likeli-
hood of type II (false-negative) error. However, we note that
relatively small European-predominant cohorts have seen evi-
dence of TMEMI106B association with LATE-NC/HS (41,
42). In the present study, even in the larger analyses of
participants of European ancestry, some but not all of the
previously replicated genotype-phenotype association signals
were not seen. Such (presumably type II error) results are not
unusual in genetic studies with these sample sizes for various
reasons (43, 44). Nonetheless, in the present study, there was
a statistically significant association between the ABCC9 risk
allele rs1914361 and HS pathology in persons of African
ancestry.

Keeping the abovementioned notes of caution in mind, it is
notable that Blacks/African-Americans have been hypothe-
sized to be at higher risk for dementia than other ethnoracial
groups (38, 45). This phenomenon has not been fully
explained but there are some indications that non-AD path-
ways may be important (38, 46). Further, there is precedence
for impactful differences in genotype/phenotype correlations
in different ethnoracial groups. A given genetic variant may sig-
nal different things in persons with differing genetic back-
ground. For example, while APOE €4 is a driving factor in AD
neuropathology, that allele appears to have an attenuated
impact in persons of African ancestry (relative to those of
European ancestry), whereas the correlative impact of ABCA7
gene variants is relatively stronger in persons of African ances-
try (47-52).

Thus, it is not necessarily true that differences in the fre-
quency of a specific allele in one population (versus another)
will have a predictable correlative association with a given phe-
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notype: It remains to be seen if the relatively low frequencies
in Blacks/African ancestry individuals, of SNVs (rs1990622 in
TMEM106B, and ABCC9 alleles) that have been associated
with increased risk in White-predominant cohorts, are predic-
tive of a lower vulnerability of LATE-NC in persons of African
ancestry. Nor can we predict whether Blacks/African ancestry
persons are at increased risk given the relatively higher fre-
quency of GRN risk variant rs5848 in persons of African
heritage.

In summary, our findings indicate intriguing phenomenol-
ogy in terms of LATE-NC-associated genetic variants in per-
sons of African ancestry. The findings in the present study are
mostly exploratory and they are part of an emerging under-
standing of the commonalities and differences between ethno-
racial groups in terms of the pathobiology of dementia-related
diseases. It is acknowledged that these observations raise more
questions than they answer. Additional work is required on
genomics underlying dementia-related brain pathology, such
as LATE-NC, in diverse populations.

FUNDING

The National Institutes of Health, National Institute on Aging
(NIH-NIA) supported this work through the following grants:
F30 NS124136, RO01 AGO61111, P30 AGO072946, RF1
NS118584, & RF1 AG082339, and the NACC New Investiga-
tor Award (https://naccdata.org/nacc-productivity/new-inves-
tigator-awards); ADGC: U0l AGO032984, RC2 AG036528;
Samples from the National Cell Repository for Alzheimer’s
Disease (NCRAD), which receives government support under
a cooperative agreement grant (U24 AG21886) awarded by
the National Institute on Aging (NIA), were used in this study.
We thank contributors who collected samples used in this
study, as well as patients and their families, whose help and
participation made this work possible; Data for this study were
prepared, archived, and distributed by the National Institute
on Aging Alzheimer’s Disease Data Storage Site (NIAGADS)
at the University of Pennsylvania (U24-AG041689); GCAD,
US4 AGO052427; NACC, U0l AGO016976; NIA LOAD
(Columbia University), U24 AG026395, U24 AG026390,
RO1AG041797; Banner Sun Health Research Institute P30
AGO019610; Boston University, P30 AGO013846, UO01
AG10483, R01 CA129769, R0O1 MH08029S, R01 AG017173,
ROI AGO025259, RO1 AGO048927, RO01AG33193, RO1
AGO009029; Columbia University, PS50 AG008702, R37
AGO015473, R01 AG037212, R01 AG028786; Duke University,
P30 AGO028377, AGO05128; Emory University, AG025688;
Group Health Research Institute, UO1 AGO006781, UO1
HG004610, UO1 HG006375, U01 HG008657; Indiana Uni-
versity, P30 AG10133, RO1 AG009956, RC2 AG036650;
Johns Hopkins University, P50 AG005146, RO1 AG020688;
Massachusetts General Hospital, PS50 AG005134; Mayo Clinic,
PS0 AG016574, R01 AG032990, KL2 RR024151; Mount Sinai
School of Medicine, PS0 AG005138, P01 AG002219; New
York  University, P30 AGO08051, UL1 RR029893,
SR01AGO012101, SRO1AG022374, SRO1AGO013616,
1RC2AG036502, 1IR01AG035137; North Carolina A&T Uni-
versity, P20 MDO000546, R01 AG28786-01A1; Northwestern


https://naccdata.org/nacc-productivity/new-investigator-awards
https://naccdata.org/nacc-productivity/new-investigator-awards

766 o Journal of Neuropathology & Experimental Neurology, 2023, Vol. 82, No. 9

University, P30 AG013854; Oregon Health & Science Univer-
sity, P30 AG008017, RO1 AG026916; Rush University, P30
AG010161, RO1 AG019085, RO1 AG15819, RO1 AG17917,
ROl AGO30146, ROl AGO1101, RC2 AG036650, ROl
AG22018; TGen, RO1 NS059873; REAADI study is supported
by NIA grant AG052410; University of Alabama at Birming-
ham, P50 AG016582; University of Arizona, RO1 AG031581;
University of California, Davis, P30 AG010129; University of
California, Irvine, PS0 AGO016573; University of California,
Los Angeles, P50 AG016570; University of California, San
Diego, PS50 AGO005131; University of California, San Fran-
cisco, PS0 AG023501, P01 AGO019724; University of Ken-
tucky, P30 AG028383, AG05144; University of Michigan, P50
AGO008671; University of Pennsylvania, P30 AG010124; Uni-
versity of Pittsburgh, PSO AG005133, AG030653, AG041718,
AGO07562, AG02365; University of Southern California, PSO
AGO005142; University of Texas Southwestern, P30
AGO012300; University of Miami, R01 AG027944, AG010491,
AG027944, AG021547, AG019757; University of Washington,
P50 AG005136, R0O1 AG042437; University of Wisconsin, P50
AGO033514; Vanderbilt University, RO1 AG019085; and Wash-
ington University, PS0 AGO005681, P01 AGO03991, POl
AG026276. The Kathleen Price Bryan Brain Bank at Duke
University Medical Center is funded by NINDS grant number
NS39764, NIMH MH60451, and Glaxo Smith Kline. Support
was also from the Alzheimer’s Association (LAF, IIRG-08-
89720; MP-V, ITIRG-05-14147), the US Department of Veter-
ans Affairs Administration, Office of Research and Develop-
ment, Biomedical Laboratory Research Program, and
BrightFocus Foundation (MP-V, A2111048). P.S.G.-H. is sup-
ported by Wellcome Trust, Howard Hughes Medical Institute,
and the Canadian Institute of Health Research. Genotyping of
the TGEN2 cohort was supported by Kronos Science. The
TGen series was also funded by NIA grant AG041232 to AJM
and MJH, The Banner Alzheimer’s Foundation, The Johnnie
B. Byrd Sr. Alzheimer’s Institute, the Medical Research Coun-
cil, and the state of Arizona and also includes samples from the
following sites: Newcastle Brain Tissue Resource (funding via
the Medical Research Council, local NHS trusts, and Newcas-
tle University), MRC London Brain Bank for Neurodegenera-
tive Diseases (funding via the Medical Research
Council),South  West Dementia Brain Bank (funding via
numerous sources including the Higher Education Funding
Council for England [HEFCE], Alzheimer’s Research Trust
[ART], BRACE as well as North Bristol NHS Trust Research
and Innovation Department and DeNDRoN), The Nether-
lands Brain Bank (funding via numerous sources including
Stichting MS Research, Brain Net Europe, Hersenstichting
Nederland Breinbrekend Werk, International Parkinson
Fonds, Internationale Stiching Alzheimer Onderzoek), Institut
de Neuropatologia, Servei Anatomia Patologica, Universitat de
Barcelona. ADNI data collection and sharing was funded by
the National Institutes of Health Grant U01 AG024904 and
Department of Defense award number W81XWH-12-2-0012.
ADNI is funded by the National Institute on Aging, the
National Institute of Biomedical Imaging and Bioengineering,
and through generous contributions from the following: Abb-
Vie, Alzheimer’s Association; Alzheimer’s Drug Discovery

Foundation; Araclon Biotech; BioClinica, Inc.; Biogen; Bristol-
Myers Squibb Company; CereSpir, Inc.; Eisai Inc.; Elan Phar-
maceuticals, Inc; Eli Lilly and Company; Eurolmmun; F.
Hoffmann-La Roche Ltd and its affiliated company Genen-
tech, Inc.; Fujirebio; GE Healthcare; IXICO Ltd.; Janssen Alz-
heimer Immunotherapy Research & Development, LLC,;
Johnson & Johnson Pharmaceutical Research & Development
LLC.; Lumosity; Lundbeck; Merck & Co., Inc.; Meso Scale
Diagnostics, LLC.; NeuroRx Research; Neurotrack Technolo-
gies; Novartis Pharmaceuticals Corporation; Pfizer Inc.; Pira-
mal Imaging; Servier; Takeda Pharmaceutical Company; and
Transition Therapeutics. The Canadian Institutes of Health
Research is providing funds to support ADNI clinical sites in
Canada. Private sector contributions are facilitated by the
Foundation for the National Institutes of Health (www.fnih.
org). The grantee organization is the Northern California
Institute for Research and Education, and the study is coordi-
nated by the Alzheimer’s Disease Cooperative Study at the
University of California, San Diego. ADNI data are dissemi-
nated by the Laboratory for Neuro Imaging at the University
of Southern California.

ACKNOWLEDGMENTS

We sincerely thank patients, clinicians, and other colleagues
who enabled this work.

CONFLICT OF INTEREST

The authors have no duality or conflicts of interest to declare.

SUPPLEMENTARY DATA

Supplementary Data can be found at academic.oup.com/jnen.

REFERENCES

1. Ridge PG, Hoyt KB, Boehme K, et al. Assessment of the genetic
variance of late-onset Alzheimer’s disease. Neurobiol Aging 2016;
41:200.e13-20

2. Ridge PG, Mukherjee S, Crane PK,et al; Alzheimer’s Disease
Genetics Consortium. Alzheimer’s disease: Analyzing the missing
heritability. PLoS One 2013;8:79771

3. So HC, Gui AH, Cherny SS, et al. Evaluating the heritability
explained by known susceptibility variants: A survey of ten complex
diseases. Genet Epidemiol 2011;35:310-7

4. Kovacs GG, Milenkovic I, Wohrer A, et al. Non-Alzheimer neuro-
degenerative pathologies and their combinations are more frequent
than commonly believed in the elderly brain: A community-based
autopsy series. Acta Neuropathol 2013;126:365-84

S.  Knopman DS, Haeberlein SB, Carrillo MC, et al. The National
Institute on Aging and the Alzheimer’s Association Research
Framework for Alzheimer’s disease: Perspectives from the research
roundtable. Alzheimers Dement 2018;14:563-75

6. Nelson PT, Abner EL, Schmitt FA, et al. Modeling the association
between 43 different clinical and pathological variables and the
severity of cognitive impairment in a large autopsy cohort of elderly
persons. Brain Pathol 2010;20:66-79

7. Nelson PT, Brayne C, Flanagan ME, et al. Frequency of LATE neu-
ropathologic change across the spectrum of Alzheimer’s disease
neuropathology: Combined data from 13 community-based or


https://www.fnih.org
https://www.fnih.org
https://academic.oup.com/jnen/article-lookup/doi/10.1093/jnen/nlad059#supplementary-data

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

2S.

26.

population-based autopsy cohorts. Acta Neuropathol 2022;144:
27-44

Nag S, Yu L, Capuano AW, et al. Hippocampal sclerosis and TDP-
43 pathology in aging and Alzheimer disease. Ann Neurol 2015;77:
942-52

Nelson PT, Dickson DW, Trojanowski JQ, et al. Limbic-predomi-
nant age-related TDP-43 encephalopathy (LATE): Consensus
working group report. Brain 2019;142:1503-27

Amador-Ortiz C, Lin WL, Ahmed Z, et al. TDP-43 immunoreactiv-
ity in hippocampal sclerosis and Alzheimer’s disease. Ann Neurol
2007;61:435-45

Nag S, Barnes LL, Yu L, et al. Limbic-predominant age-related
TDP-43 encephalopathy in Black and White decedents. Neurology
2020;95:e2056-64

Nascimento C, Suemoto CK, Rodriguez RD, et al. Higher preva-
lence of TDP-43 proteinopathy in cognitively normal Asians: A
clinicopathological study on a multiethnic sample. Brain Pathol
2016;26:177-85

Huie EZ, Escudero A, Saito N, et al. TDP-43 pathology in the set-
ting of intermediate and high Alzheimer’s disease neuropathologic
changes: A preliminary evaluation across ethnoracial groups. J Alz-
heimers Dis 2023;91:1291-301

Santos OA, Pedraza O, Lucas JA, et al. Ethnoracial differences in
Alzheimer’s disease from the FLorida Autopsied Multi-Ethnic
(FLAME) cohort. Alzheimers Dement 2019;15:635-43

Filshtein TJ, Dugger BN, Jin LW, et al. Neuropathological diagno-
ses of demented Hispanic, Black, and Non-Hispanic White dece-
dents seen at an Alzheimer’s disease center. J Alzheimers Dis 2019;
68:145-58

Ionita-Laza I, Makarov V, Buxbaum JD; ARRA Autism Sequencing
Consortium. Scan-statistic approach identifies clusters of rare dis-
ease variants in LRP2, a gene linked and associated with autism
spectrum disorders, in three datasets. Am J Hum Genet 2012;90:
1002-13

Aoki N, Murray ME, Ogaki K, et al. Hippocampal sclerosis in Lewy
body disease is a TDP-43 proteinopathy similar to FTLD-TDP
type A. Acta Neuropathol 2015;129:53-64

Murray ME, Cannon A, Graff-Radford NR, et al. Differential clini-
copathologic and genetic features of late-onset amnestic dementias.
Acta Neuropathol 2014;128:411-21

Beecham GW, Hamilton K, Naj AC, et al; Alzheimer’s Disease
Genetics Consortium (ADGC). Genome-wide association meta-
analysis of neuropathologic features of Alzheimer’s disease and
related dementias. PLoS Genet 2014;10:e1004606

Nelson PT, Estus S, Abner EL,et al.; Alzheimer’ Disease Genetic
Consortium. ABCC9 gene polymorphism is associated with hippo-
campal sclerosis of aging pathology. Acta Neuropathol 2014;127:
825-43

Dickson DW, Baker M, Rademakers R. Common variant in GRN is
a genetic risk factor for hippocampal sclerosis in the elderly. Neuro-
degener Dis 2010;7:170-4

Yang HS, Yu L, White CC, et al. Evaluation of TDP-43 proteinop-
athy and hippocampal sclerosis in relation to APOE epsilon4 haplo-
type status: A community-based cohort study. Lancet Neurol 2018;
17:773-81

Machiela MJ, Chanock SJ. LDlink: A web-based application for
exploring population-specific haplotype structure and linking corre-
lated alleles of possible functional variants. Bioinformatics 2015;31:
3555-7

Alexander TA, Machiela MJ. LDpop: An interactive online tool to
calculate and visualize geographic LD patterns. BMC Bioinfor-
matics 2020;21:14

Katsumata Y, Abner EL, Karanth S, et al. Distinct clinicopathologic
clusters of persons with TDP-43 proteinopathy. Acta Neuropathol
2020;140:659-74

Nelson PT, Lee EB, Cykowski MD, et al. LATE-NC staging in rou-
tine neuropathologic diagnosis: An update. Acta Neuropathol
2023;145:159-73

27.

28.

29.

30.

31.

32.

33.

34.

3S.

36.

37.

38.

39.

40.

41.

42.

43.

44,

4S.

46.

47.

LATE genes by ethnoracial groups « 767

Montine TJ, Phelps CH, Beach TG,et al.; Alzheimer’s Association.
National Institute on Aging-Alzheimer’s Association guidelines for
the neuropathologic assessment of Alzheimer’s disease: A practical
approach. Acta Neuropathol 2012;123:1-11

Braak H, Alafuzoff I, Arzberger T, et al. Staging of Alzheimer
disease-associated neurofibrillary pathology using paraffin sections
and immunocytochemistry. Acta Neuropathol 2006;112:389-404
Thal DR, Rub U, Orantes M, et al. Phases of A beta-deposition in
the human brain and its relevance for the development of AD. Neu-
rology 2002;58:1791-800

Mirra SS, Heyman A, McKeel D, et al. The Consortium to Establish
a Registry for Alzheimer’s Disease (CERAD). Part II. Standardiza-
tion of the neuropathologic assessment of Alzheimer’s disease.
Neurology 1991;41:479-86

Taliun D, Harris DN, Kessler MD, et al. Sequencing of 53,831
diverse genomes from the NHLBI. Nature 2021;590:290-9
Diaz-Papkovich A, Anderson-Trocme L, Ben-Eghan C, et al
UMAP reveals cryptic population structure and phenotype hetero-
geneity in large genomic cohorts. PLoS Genet 2019;15:e1008432
Purcell S, Neale B, Todd-Brown K, et al. PLINK: A tool set for
whole-genome association and population-based linkage analyses.
Am ] Hum Genet 2007;81:559-75

Chang CC, Chow CC, Tellier LC, et al. Second-generation PLINK:
Rising to the challenge of larger and richer datasets. Gigascience
2015;4:7

Rademakers R, Eriksen JL, Baker M, et al. Common variation in the
miR-659 binding-site of GRN is a major risk factor for TDP43-
positive frontotemporal dementia. Hum Mol Genet 2008;17:
3631-42

Ren Y, van Blitterswijk M, Allen M, et al. TMEM106B haplotypes
have distinct gene expression patterns in aged brain. Mol Neurode-
gener 2018;13:35

Katsumata Y, Nelson PT, Ellingson SR, et al. Gene-based associa-
tion study of genes linked to hippocampal sclerosis of aging neuro-
pathology: GRN, TMEM106B, ABCC9, and KCNMB2. Neurobiol
Aging 2017;53:193.e17-25

Ighodaro ET, Nelson PT, Kukull WA, et al. Challenges and consid-
erations related to studying Dementia in Blacks/African Americans.
J Alzheimers Dis 2017;60:1-10

Bryc K, Durand EY, Macpherson JM, et al. The genetic ancestry of
African Americans, Latinos, and European Americans across the
United States. Am J Hum Genet 2015;96:37-53

Khan AT, Gogarten SM, McHugh CP, et al. Recommendations on
the use and reporting of race, ethnicity, and ancestry in genetic
research: Experiences from the NHLBI TOPMed program. Cell
Genom 2022;2:100155

Cykowski MD, Arumanayagam AS, Powell SZ, et al. Patterns of
amygdala region pathology in LATE-NC: Subtypes that differ with
regard to TDP-43 histopathology, genetic risk factors, and comor-
bid pathologies. Acta Neuropathol 2022;143:531-45

Grothe MJ, Moscoso A, Silva-Rodriguez J, et al,; Alzheimer’s Dis-
ease Neuroimaging Initiative. Differential diagnosis of amnestic
dementia patients based on an FDG-PET signature of autopsy-
confirmed LATE-NC. Alzheimers Dement 2023;19:1234-44
Gordon D, Finch SJ, Nothnagel M, et al. Power and sample size cal-
culations for case-control genetic association tests when errors are
present: Application to single nucleotide polymorphisms. Hum
Hered 2002;54:22-33

Park L. Identifying disease polymorphisms from case-control
genetic association data. Genetica 2010;138:1147-59

Green RC, Cupples LA, Go R, et al.; MIRAGE Study Group. Risk
of dementia among White and African American relatives of
patients with Alzheimer disease. JAMA 2002;287:329-36
Schlesinger D, Grinberg LT, Alba JG, et al,; Brazilian Aging Brain
Study Group. African ancestry protects against Alzheimer’s disease-
related neuropathology. Mol Psychiatry 2013;18:79-85

Reitz C, Jun G, Naj A, et al; Alzheimer Disease Genetics Consor-
tium. Variants in the ATP-binding cassette transporter (ABCA7),



768

48.

49.

« Journal of Neuropathology & Experimental Neurology, 2023, Vol. 82, No. 9

apolipoprotein E 4,and the risk of late-onset Alzheimer disease in
African Americans. JAMA 2013;309:1483-92

Cukier HN, Kunkle BW, Vardarajan BN, et al.; Alzheimer’s Disease
Genetics Consortium; ABCA7 frameshift deletion associated with
Alzheimer disease in African Americans. Neurol Genet 2016;2:e79
Hohman TJ, Cooke-Bailey JN, Reitz C,et al,; Alzheimer Disease
Genetics Consortium. Global and local ancestry in African-
Americans: Implications for Alzheimer’s disease risk. Alzheimers
Dement 2016;12:233-43

50.

SL

S2.

Raj T, Chibnik LB, McCabe C, et al. Genetic architecture of age-
related cognitive decline in African Americans. Neurol Genet 2017;
3:e125

Sahota A, Yang M, Gao S, et al. Apolipoprotein E-associated risk
for Alzheimer’s disease in the African-American population is geno-
type dependent. Ann Neurol 1997;42:659-61

Suemoto CK, Ferri CP. Attenuated effect of the apolipoprotein E
varepsilon4 allele on neuropsychiatric symptoms among African
older adults. Int Psychogeriatr 2021;33:213-15



	Active Content List
	INTRODUCTION
	RESULTS
	DISCUSSION
	FUNDING
	ACKNOWLEDGMENTS
	SUPPLEMENTARY DATA
	REFERENCES




