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Abstract

A~1 Mb inversion polymorphism exists within the 17g21.31 locus of the human genome as direct (H1) and inverted
(H2) haplotype clades. This inversion region demonstrates high linkage disequilibrium, but the frequency of each
haplotype differs across ancestries. While the H1 haplotype exists in all populations and shows a normal pattern

of genetic variability and recombination, the H2 haplotype is enriched in European ancestry populations, is less fre-
quent in African ancestry populations, and nearly absent in East Asian ancestry populations. H1 is a known risk factor
for several neurodegenerative diseases, and has been associated with many other traits, suggesting its importance
in cellular phenotypes of the brain and entire body. Conversely, H2 is protective for these diseases, but is associated
with predisposition to recurrent microdeletion syndromes and neurodevelopmental disorders such as autism. Many
single nucleotide variants and copy number variants define H1/H2 haplotypes and sub-haplotypes, but identifying
the causal variant(s) for specific diseases and phenotypes is complex due to the extended linkage equilibrium. In this
review, we assess the current knowledge of this inversion region regarding genomic structure, gene expression, cel-
lular phenotypes, and disease association. We discuss recent discoveries and challenges, evaluate gaps in knowledge,
and highlight the importance of understanding the effect of the 17g21.31 haplotypes to promote advances in preci-
sion medicine and drug discovery for several diseases.
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Following recent NASEM best practices for population descriptors in genetic
studies of complex traits, genetic ancestry groups are defined based on
genetic similarity to 1000 Genomes (1KG) reference populations (e.g.,
Americans of African Ancestry in southwestern USA [ASW]) or clusters thereof
(e.g., African [AFR], East Asian [EAS], or European [EUR] clusters) as estimated
by principal components analysis. For example, “individuals with a pairwise
genotypic similarity less than 6 standard deviations from the geometric
median of the first 10 principal components of the AFR cluster of 1KG’,
hereafter abbreviated to “1KG-AFR-like" [1].
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Background

Chromosome 17 has an unusual structure that has under-
gone extensive intrachromosomal rearrangement result-
ing in a high density of segmental duplications which are
low copy repeats of identical sequences [2]. Non-allelic
homologous recombination along with microdeletion
and inversion defines the 17q21.31 locus as a structur-
ally complex and evolutionarily dynamic region of the
genome [3]. Previous studies have shown that the locus
contains two major haplotype groups (clades), H1 and
H2, due to a large inversion polymorphism of ~1 Mb [4].
These two haplotypes have distinct patterns of linkage
disequilibrium (LD), reflecting their inversion status in
the 17q21.31 region [5]. H1 is in the direct orientation as
defined by Zody et al. and the human reference assem-
blies, while H2 is in the inverted orientation, resulting

in no recombination between the two haplotypes over a
region of ~ 1.5 Mb [2].

The inversion contains 15 genes as well as several non-
coding RNAs and pseudogenes. In the 500 Kb flanking
the inversion there are 22 additional genes. It is pos-
sible that both the genes within the inversion and those
flanking the inversion could demonstrate haplotype-
associated differences in gene expression and regulation,
resulting from altered local chromatin structure. Notably,
the microtubule associated protein tau gene (MAPT),
which codes for the homonymous protein, is contained
within the inversion polymorphism [4], and as a result,
this inversion locus is often referred to as the “MAPT
haplotype” The tau protein is important for axonal
microtubule stability, neuronal survival and maturation
[6, 7], and several mutations in this protein have been
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associated with autosomal dominant frontotemporal
dementia [8]. Other genes in this region may also play a
role in neurodegenerative diseases. LRRC37A/2 exhibits
copy number variation between H1 and H2, leading to
an expression quantitative trait locus (eQTL) and altered
astrocytic function in Parkinson’s disease (PD) [9, 10].
KANSLI, which also shows copy number variation and
an eQTL across H1 and H2, has been linked to regulation
of PINK1-dependent mitophagy in dopaminergic neu-
rons, potentially influencing PD risk [11, 12].

The H1 haplotype is a risk factor for several neurode-
generative disorders such as Alzheimer’s disease (AD),
PD, frontotemporal lobar degeneration (FTLD) [13], and
primary tauopathies such as progressive supranuclear
palsy (PSP) and corticobasal degeneration (CBD) [14]. It
remains unclear if these traits are associated with the H1
haplotype due to alteration of the same genetic drivers or
distinct causal variants or genes. It is hard to identify spe-
cific causal variants in this region because of the high LD,
resulting in thousands of variants that show one hundred
percent correlation with each other. In contrast, the H2
haplotype has been associated with recurrent deletions
or duplications in 17q21.31 microdeletion syndrome [2]
and neurodevelopmental disorders e.g., autism spectrum
disorder [15].

H1 is the most common haplotype in all populations,
but its frequency and the frequency of H1 sub-hap-
lotypes differ across genetic ancestry groups. The H2
haplotype is most common in populations of European
ancestry (1 KG-EUR-like populations) (0.1-0.4), and
exhibits lower frequency among East Asian (1 KG-EAS-
like) (0-0.09) and African (1 KG-AFR-like) (0.1-0.15)
ancestry populations (Fig. 1C) [16, 17]. These population
descriptors based on NASEM best practices are listed
in Fig. 1C and further explained in List of Abbreviations
using Population Descriptors in Genetics and Genomics
Research.

While the factors underlying the global H2 frequency
patterns are unknown, Zody et al. suggest that an ele-
vated H2 frequency in 1 KG-EUR-like populations might
be due to selection or founder effects [2]. The 17q21.31
locus is highly polymorphic, indicating that many genetic
events may have occurred throughout evolution, contrib-
uting to the complexity of this locus in all populations
[19]. Donnelly et al. suggest that the most recent com-
mon ancestor (MRCA) of these haplotypes emerged in
Africa or Southwest Asia 16,400-32,800 years ago [20].
Overall, these and other studies suggest that the inver-
sion occurred twice during human evolution (Fig. 2) [2,
20]. The ancestral haplotype in great apes has an H2-like
orientation, and the human lineage diverged from great
apes 6 million years ago. The first inversion event is
estimated to have occurred 2.3 million years ago (Mya)
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in the Pliocene (5.3-2.6 Mya), leading to the H1 haplo-
type. A more recent inversion event likely occurred in
the Homo lineage, resulting in the H2 haplotype. Thus, if
we define the haplotype based on the Homo sapiens ref-
erence genome, H1 is in the direct orientation while H2
is in the inverted orientation. However, the definition of
ancestral orientation depends on which Homo species
we define as ancestor, which is a subject of controversy.
Zody et al. define ancestral as the early species Hominini
in the Miocene (23-5.3 Mya), which carried the H2 hap-
lotype, [2] while Donnelly et al. define ancestral as the
Homo erectus MRCA in the Pleistocene (2.58 Mya-11,700
ya), which carried the H1 haplotype (Fig. 2) [20]. Recent
studies have suggested that the H1 to H2 inversion most
likely emerged originally in Europe, specifically during
late Paleolithic or early Neolithic (Holocene) and spread
to Asia and Africa during population expansions and
migrations [21]. Further support for the European origin
of H2 comes from the work of Alves et al. showing that
North African populations carry H2 alleles on non-1 KG-
AFR-like chromosomes [22]. The H2 haplotype is rare
in 1 KG-EAS-like populations, but H1-linked segmental
duplications at the NSF locus are found at higher fre-
quency, as described below and shown in Fig. 1 [18].

In addition to the 17q21.31 inversion, other large inver-
sions exist in the human genome and have been studied
by fluorescence in situ hybridization (FISH) [2], polymer-
ase chain reaction (PCR), and inverse PCR [3]. Inversion
status has been shown to affect recombination, and large
inversions, including at the 17q21.31 locus, share many
phenotypic consequences in humans including increased
risk of neurodegenerative diseases, hemophilia A [23],
mental disorders [24] and autoimmune disease [25].
Some studies have shown that inversions influence local
gene expression, including 17q21.31 and 8p23.1 [3, 25].

Haplotype and sub-haplotype structure

The 17q21.31 locus harbors complex haplotypes that
go beyond the structural inversion. Meiotic crossover
is not possible between H1 and H2, leading to further
divergence and accumulation of unique single nucleo-
tide variants (SN'Vs) [18]. To date, over 2,366 SNVs have
been used to define haplotypes [26] and sub-haplotypes
of H1/H2 [27-29]. The most commonly used SNVs to
define the H1/H2 haplotype clades are rs8070723 [18]
and rs1052553 [20], while sub-haplotype definitions
are often based on rs1467967, rs242557, rs3785883,
rs2471738, and rs7521 [29]. Homologous recombina-
tion following the inversion has led to duplications and
microdeletions, further enriching subtyping of the H1
and H2 haplotype clades. Several studies have attempted
to untangle the haplotype and sub-haplotype structures
(Fig. 1A & B). However, these SNV- and copy number



Pedicone et al. Molecular Neurodegeneration (2024) 19:43

Page 4 of 16

A Inversion
45,307,498 1 46,836,265 Steinberg 2012 CNVs
chr17 ﬁ—=°:=1:=2:=3:=4:|—=:| 142 =ONP 205
2=CNP 155
3+4=CNP210
Beta Alpha Gamma
Boettger 2012 CNVs
SNV-based CNV-based Suggested Hybrid
I 1 1 Nomenclature
Pittman 2005/  Steinberg 2012 Boettger 2012 CNV-based_SNV-based
Heckman 2019 _ _
H11 — HIBY ey H1.1.b2
H' H1.2 ——| H1p1Y2 B e—=] H1.2_b-z
H1 bz H1.3 —» H1plLY3 EEeemmee e e—— H1.3_bz
- - H1Bflyd B e el H1.4_b-z
1D [~ HID —» H1p2yl E ek et—1 H1D_b-z
L | HID3 —— H1p3yl e+ H1D.3_b-z
Ho H2.1 - BEB———— 3= H2.1_a/w
H2 a/w | H22 —— H2.aly2 H2.2_a/w
HoD . H2.02y1 E— e H2D.1_a/w
| L Hp —— | H202V2 | =g popeppmpemm £ Ee3E=y H2D2.a/w
C @
£ g g
< aE> = @ Population Code
- o & = 1. 1KG CEU; HapMap CEPH/Utah
ER] <= £ (8} Collection
2 e 5 O ° 5 2. 1KGFIN
g®c @ £ o T c 3. 1KG GBR
D&~ ~ ~ ~ S>>~ —~ —~ E,.\ c ~ 3~ %,\ c~ 4. 1KG TSI; HGDP Tuscan
2283 58 8 §L 238 8 8S¥ 58 28 28 E¥ 83 5. 1KG ASW; HapMap African
§2% =9 £7 8% g8y 29 2% % 3% 3% S 3% Ancestry in SW USA
Stz £z &z 2z £%z 3z £z fz §z Sz 8z 2z e Kewk
P |ati 7. 1KG YRI; HapMap Yoruba in
opulation | 2 3 4 5 6 7 8 9 10 11 12 Ibadan Nigeria; HGDP Yoruba;
Code African Diversity Panel Yoruba
H1' 8. 1KG CHB; HapMap Han Chinese
Bejing
H1D 0.254 | 0.135 | 0.167 | 0.000 | 0.040 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.123 | 0.072 9. 1KG CHS
10. 1KG JPT; HGDP Japanese; H2
H2' 0.012 | 0.000 | 0.005 | 0.188 | 0.008 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.013 | 0.014 Diversity Panel Japanese
H2D | 0.197 | 0.110 | 0.237 | 0.125 | 0.087 | 0.000 | 0.000 | 0.005 | 0.000 | 0.008 | 0.149 | 0.167 | 1} ks CLM:HGDP Colombian
Highlmmms Low

Fig.1 17g21.31 H1/H2 haplotype and sub-haplotype structures. A Structure of 17g21.31 locus with GRCh38 coordinates. Inversion locus
containing color coded region blocks (0-4) based on CNVs or CNPs defined by Boettger et al. (a,8,y) [17] or Steinberg et al. [18], respectively. B
Haplotypes and sub-haplotypes based on SNVs or CNV repeats for H1 and H2, with suggested hybrid nomenclature using Steinberg CNV-based
nomenclature merged with Pittman SNV-based nomenclature separated by underscore. GRCh38 reference genome haplotypes are highlighted
in a blue or red box for H1.,31.y2 and H2.02.y2, respectively. C Heatmap showing frequencies of the four major sub-haplotypes in 12 populations
that are composed of data from HapMap, 1000 Genomes, HGDP, African Diversity Panel, and H2 Diversity Panel defined by Steinberg et al. [18],

as specified in population code list

variant (CNV)-based classification schemes do not fully
overlap and therefore should be considered separately
[26]. In this review, we suggest a new nomenclature that
integrates existing CNV- and SNV-based nomencla-
tures separated by an underscore, for example Steinberg

2012-defined CNV sub-haplotype H1.1 combined with
Pittman 2005-defined SNV sub-haplotype b would be
called H1.1_b (Fig. 1B).

The locus structure was first described by Ste-
fansson et al, with inversion breakpoints defined at
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Fig. 2 Phylogenetic Tree of 17g21.31 locus inversions and locus structure in different ancestries. A Phylogenetic tree summarizing findings

from Donnelly et al. [20] and Zody et al. [2] regarding inversion occurrence

chr17:43,628,944-44,571,603 (GRCh37-hgl9 reference
assembly) [16]. Boettger and colleagues described in
detail how the two haplotypes may have diverged, accu-
mulating duplications and deletions to create several sub-
haplotypes [17]. In this model, they divided the 3’ end of
the locus into three inversion repeats (GRCh37-hgl9):
a (chrl7:46,135,415-46,289,349), B (chrl7:46,087,894—
46356512), y (chrl7:46,289,349-46,489,400). However,
this partitioning method does not provide the correct
definition for H1D [18] and has only a partial duplica-
tion of the B repeat. Thus, subdivision of copy num-
ber variation within the locus into four regions (1,2,3,4)
allows for better definition of partial duplication events
seen in H1D as region 1 and 2, as shown in Fig. 1. A sub-
classification of the haplotypes proposed by Steinberg
et al. [18] defined two repeat loci in the 3’ end segment
of the inversion polymorphism: “KANSLI short duplica-
tion” (copy number polymorphism 155 [CNP155]) and
“KANSLI long duplication” (CNP205) that both span
the gene promoter and exon 1; and “NSF duplication”
(CNP210) that spans exon 10 of NSF. Connecting these
findings with Boettger et al., the CNP210 repeat is the y
repeat (regions 3 and 4), while CNP155 and CNP205 are
a (region 2) and part of B (regions 1 and 2), respectively.
Interestingly, a duplication is found in the H2D haplo-
type while  duplication is found in the H1D haplotype,
resulting in two different KANSLI gene duplications
in the two haplotypes [18]. Duplication and retention
of the non-inverted a fragment defines H2D based on
many SNVs in the y region, likely due to divergence of
the sub-haplotypes (Table 1) [18]. Alongside segmental
duplication, the inversion locus also exhibits microdele-
tion with loss of a 424 Kb region encompassing six genes
(chr17:45,613,580-46037741; GRCh38-hg38) [30], or
smaller deletions, describing a critical 160 Kb genomic
fragment encompassing MAPT, STH, and KIAA1267
associated with developmental delay and facial dysmor-
phism [31].

The 17q21.31 locus has two alternate scaffolds for
the H2 haplotype: chrl7_ctg5_hapl/GL00025.1 in
the GRCh37 assembly and GL00025.2 in the GRCh38
assembly, of which both were constructed based on
1 KG-EUR-like individuals. The H1 haplotype is pre-
sent in the GRCh38 assembly as H1.2 b and can be
found with an alternative sub-haplotype reference
NT_187663.1/KI1270908v1_alt in GRCh38, H1.2_c.
Although the breakpoints of the inversion are not
shown, there is observed homology in the first and last
200,000 base pairs of the H2 assembly with respect to
the H1 assembly for GRCh37 and GRCh38, as seen in
Fig. 3 [4]. The LD within each of the haplotypes results
in the inheritance of all variants as a single unit, known
as a haploblock. This complicates the process of fine-
mapping and identifying disease-causal variants that
are independent of the inversion and CNVs. As a result
of the structural complexity in this region, SNVs on
GWAS arrays often fail the Hardy Weinberg equilib-
rium test, resulting in exclusion of these variants dur-
ing quality assessments, leading to large gaps devoid
of SNVs flanking the inversion in GWAS data [40].
Despite the availability of two alternate assemblies in
GRCh38 and one in GRCh37, the 17q21.31 haplotype
structures in diverse ancestries remain poorly under-
stood. The lack of a specific backbone for sub-haplo-
types may contribute to underestimation of genetic
differences between them in duplicated and truncated
genes. Moreover, these assemblies do not provide a
proper reference for populations with different ances-
tries, which could lead to inaccuracies in SNV represen-
tation and ultimately misrepresentation of haplotypes.
For example, while 1 KG-EAS-like populations have a
higher rate of gene duplication, they have an extremely
low frequency of the H2 haplotype (Fig. 1C) [18]. Addi-
tionally, without a reference for 1 KG-AFR-like popu-
lations, the definition of the H2 haplotype based solely
on genotyping array data may be questionable if variant
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Table 1 1792131 haplotype- and sub-haplotype-defining SNVs. SNV alleles observed on: GRCh38 direct orientation haplotype
H1 or sub-haplotype H1.2_b (GRCh38-NC_000017.11); GRCh38 direct orientation sub-haplotype H1.2_e (GRCh38-NT_187663.1);
GRCh38 inverted orientation H2.1 (from Steinberg et al. [18], no reference assembly was included in the original paper); and GRCh38
inverted orientation haplotype H2 or sub-haplotype H2D (GRCh38-NT_167251.2). SNV genomic coordinates and annotated gene are
shown. Amino acid positions are based on the following isoform references: CRHR1: NP_001289945.1, SPPL2C. NP_787078.2, MAPT:
NP_058519.3, STH: NP_001007533.1, KANSLT: NP_001180395.1, NSF: NP_006169.2. Bold text denotes non-synonymous SNVs predicted
to cause amino acid substitutions

SNV Gene Consequence Hg38, Chr17 H1.2 b H1.2_ e H1.2 ¢ H2.1 H2D Reference(s)
rs241039 LINC02210-CRHR1 - 45,637,307 A T [20]
rs393152 LINC02210-CRHR1 - 45,641,777 A G [32]
rs434428 LINC02210-CRHR1 - 45,648,318 G A [20]
rs241027 LINC02210-CRHR1 - 45,658,112 A G [20]
152049515 LINC02210-CRHR1 - 45,684,490 C T [20]
rs10491144 LINC02210-CRHR1 - 45,695,758 A @ [20]
rs10514879 LINC02210-CRHR1 - 45,725,605 C T [20]
152902662 LINC02210-CRHR1 - 45,729,559 G A [20]
1517563599 LINC02210-CRHR1 - 45,730,589 A @ [18]
rs11079718 LINC02210-CRHR1 - 45,762,585 A T [20]
rs1396862 CRHR1 intron variant 45,825,631 G A [20]
rs16940681 CRHR1 E280Q 45,834,793 G C [33]
rs62621252 SPPL2C $224P 45,845,576 T C [33]
rs620548152 SPPL2C A332T 45,845,900 G A (33]
rs12185233? SPPL2C R461P 45,846,288 G C [33]
rs121852682 SPPL2C 1471V 45,846,317 A G (33]
rs12373123? SPPL2C S601P 45,846,707 T C (33]
rs12373139° SPPL2C G620R 45,846,764 G A (33]
rs12373142 SPPL2C P643R 45,846,834 C G [33]
rs1078830 MAPT-AS1 - 45,868,746 T C [20]
rs916793 MAPT-AST - 45,877,320 G A [20]
rs1467967° MAPT intron variant 45,908,813 G A A A [29, 34]
rs17563986 MAPT intron variant 45,913,906 A G [18]
rs17649553 MAPT intron variant 45917,282 C T [35]
rs242557° MAPT intron variant 45,942,346 G G A G [27]
rs17650901 MAPT 5'UTR variant 45,962,325 A G [20]
rs1800547 MAPT intron variant 45,974,480 A G el
rs17651213 MAPT intron variant 45,974,558 G A [20]
rs3785883° MAPT intron variant 45,977,067 A G G G [29, 34]
rs1981997 MAPT intron variant 45,979,401 G A [18]
rs63750417 MAPT P202L 45,983,409 C T [33]
rs62063786 MAPT D285N 45,983,657 G A [33]
rs62063787 MAPT V289A 45,983,670 T C [33]
rs17651549 MAPT R370W 45,983,912 C T [33]
rs10445337 MAPT S447P 45,990,034 T C [33]
rs1052553 MAPT P544p 45,996,523 A G [20]
rs2471738P MAPT intron variant 45,998,697 C C T C [27]
rs62063857 STH Q7R 45,999,299 A G [33]
rs8070723 MAPT intron variant 46,003,698 A G [18,36,37]
rs9468 MAPT 3'UTR variant 46,024,197 T C [16,38]
rs7521° MAPT 3'UTR variant 46,028,029 A A G G [29, 34]
rs34579536 KANSL1 11085T 46,031,540 A G [33]
rs36076725 KANSL1 F917L 46,033,166 G A [11]
rs35833914 KANSL1 D914E 46,033,175 G A [11]
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Table 1 (continued)
SNV Gene Consequence Hg38, Chr17 H1.2 b H1.2_e H1.2 ¢ H2.1 H2D Reference(s)
rs34043286 KANSL1 S718P 46,039,753 A G [33]
rs12150447 KANSL1 intron variant 46,050,759 A C [20]
rs2838 KANSL1 intron variant 46,063,981 A G [20]
1s1468241 KANSL1 intron variant 46,118,787 A G [20]
rs1528075 KANSL1 intron variant 46,143,088 T G [20]
rs1528072 KANSL1 intron variant 46,159,359 C A [20]
rs1881193 KANSL1 R247S 46,171,403 T C [33]
rs2732703 ARL17B and LRRC37A intron variants 46,275,856 T G [39]
rs2957297 ARL17B and LRRC37A intron variants 46,290,846 C G [18]
1s199457¢ LRRC37A2 and NSF intron variants 46,718,103 C C T [18]
rs199456¢ LRRC37A2 and NSF intron variants 46,720,553 C C T 18]
rs199451°¢ LRRC37A2 and NSF intron variants 46,724,418 G G A [18]
rs199448°¢ LRRC37A2 and NSF intron variants 46,731,635 A A G [18]
rs199533¢ NSF K702K 46,751,565 G G A [18]
2 region containing the two hESC H3K4me1 enhancers
b SNV identifying H1 sub-haplotype
€ SNV identifying H2 sub-haplotypes
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Fig.3 17g21.31 inversion structure. Alignment with Mauve showing inversion of H1 and H2 assemblies in GRCh37 and GRCh38 with 22 Local
Collinear Blocks (LCBs) and LCB weight of 4119. H1 assemblies: A GRCh37.p13 scaffold NC_000017.10, B GRCh38.p14 scaffold NC_000017.11.
Alternative H1 assembly: C GRCh38 scaffold NT_187663.1. H2 assemblies: D GRCh37 scaffold NT_167251.1 (GL00258.1), E GRCh38 Scaffold

NT_167251.2 (GL00258.2)

frequencies and LD patterns differ by ancestry. These
limitations underscore the importance of considering
ancestry when characterizing the 17q21.31 locus and
emphasize the need to generate ancestry-specific ref-
erences with the novel long read sequencing data and
tools available. The recent release of the pangenome,
encompassing 47 diverse human genomes, offers a
renewed perspective to study the locus in terms of dif-
ferent structural variants, ancestries, and SN'Vs [41].

The definitions of haplotypes and sub-haplotypes in
this region have long been based on SNV characteriza-
tion [18, 20, 26—28]. While the use of TagMan SNV geno-
typing of a few SNVs for haplotype definition may lead
to inaccurate answers, the screening arrays (GDA or
GSA) can be used to define sub-haplotypes and ances-
try. Although it is rarely used, FISH with probes spe-
cific to the H1 or H2 haplotype [2, 18] can be used to
identify inverted haplotypes. To address the need for
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high-throughput screening methods, several techniques
have been developed such as digital droplet PCR (ddPCR)
[42] and 3D PCR [10], respectively allowing identification
of the inversion and sub-haplotypes defined by different
CNVs. Puig et al. demonstrate the presence of inversion
repeats on both sides of the inversion with ddPCR, show-
ing the efficiency of these methods and promising scal-
ability for clinical testing [42].

Overall, the 17q21.31 locus is a complex and dynamic
genomic region where inversion, SN'Vs, segmental dupli-
cation, and microdeletion likely impact gene expression.
Thus, further studies are needed to better understand
the genetic variation within this region, and how it ulti-
mately affects human health and disease across global
populations.

Effect of haplotype on gene expression

Chromosomal rearrangement observed in the 17q21.31
locus may drive gene expression changes in the region,
although the effects are largely unexplored or inconsist-
ent across studies, as is the case for MAPT expression [5,
10, 28, 43]. No studies to date have described the effect
of the inversion on the expression of genes surround-
ing the~1 Mb inversion or globally. It is likely that the
inversion and CNVs result in altered chromatin struc-
ture, leading to changes in gene regulation and expres-
sion. Thus, cell type-specific chromosome accessibility
and chromatin interaction data across the region will
be important to determine which genes in which cell
type(s) show altered expression between the different
haplotypes.

Pivotal changes in gene function and expression may
be driven by missense variants causing protein coding
changes or synonymous variants affecting RNA stabil-
ity and splicing. Table 1 summarizes the haplotype- and

45,500,000 46,000,000
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sub-haplotype-defining SNVs defining and the effects
of known variants at the protein level [11, 33] Several
missense variants with differing alleles were previously
reported between H1 and H2 by Campoy et al. and oth-
ers, and in this review, we report two more in KANSLI
rs36076725 (Asp to Glu) and rs35833914 (Phe to Leu).
Overall, there are 19 missense variants in five genes
within the inversion (CRHRI, SPPL2C, MAPT, STH,
KANSLI). Five of these are conservative changes, while
14 are non-conservative. Of the latter, two gains of pro-
line and four losses of proline substitutions may affect
protein structure, stability, or function, along with polar
to non-polar changes [44].

Inversions and CNVs can influence chromatin struc-
ture, potentially altering locus accessibility to tran-
scription factors, thereby enhancing or repressing
transcription. For example, two hESC H3K4mel super
enhancers chrl17:45,844,803-45,845,787 (985 bp) and
chr17:45,845,788-45,846,771 (984 bp) are present in the
H1 haplotype. However, only the first enhancer, con-
taining a CTCF regulatory element (chr17:45,844,748—
45,844,929), is annotated in the H2 haplotype. There is a
need for further investigation to determine whether this
enhancer, which regulates stem cell proliferation, is truly
absent in the H2 haplotype or if there is an oversight in
the annotation [45]. Furthermore, the presence of dupli-
cations and deletions alter gene copy numbers, subse-
quently impacting protein levels. Figure 4 shows several
genes in the inversion region annotated on GRCh38.

Genes at the breakpoint of the inversion may be
affected by changes in enhancer or chromatin accessibil-
ity. Of the genes at the 5’ breakpoint of the inversion, two
regulate lysosomal and autophagosome functions: the
Rho GTPase activating protein ARHGAP27 [46] and the
Rubicon Homology (RH) domain containing PLEKHM1.

46,500,000

Gamma
Alpha
Puig et al.- Inversion Repeat_2

Steinberg et al. - Haplotype Breakpoints

Puig et al.- Inversion Repeat

LRRC37A4P
PLEKHM1
ARHGAP27

SPPL2C
MAPT-AS1 STH

MAP3K14 CRHR1 MAPT

500,000

LRRC37A2 STH
PLEKHM1 LRRC37A

ARHGAP27 NSFP1 KANSL1

KANSL1-AS1 MAPT

Beta Gamma_2

Y_RNA ARL178B

KANSL1 LRRC37A LRRC37A2
ARL17A WNT3

NSFP1 NSF

WNT9B
KANSL1-AS1
Region2

1,000,000

SPPL2C
CRHR1 NSF

MAPT-AS1 LRRC37A3 WNT3

1,500,000

Fig.4 Genesin H1 and H2 haplotypes. Annotated genes in (A) H1 Chr17 assembly GRCh38-NC_000017.11-chr17 (45,309,498-46836264) and (B)
H2 GRCh38-NT_167251.2 (1-1,821,992) with Benching from NCBI Refseq Annotation GCF_000001405.40-RS_2023_03



Pedicone et al. Molecular Neurodegeneration (2024) 19:43

They respectively regulate vesicular trafficking through
Racl/Cdc42 [47] and lysosomal functions interacting
with Rab7 [48]. Massive Parallel Reporter Assays (MPRA)
nominated PLEKHM1 as a putative causal gene in PSP,
which was further validated with CRISPRi in an iPSC-
derived cell system [49]. Interestingly, lysosome dysfunc-
tion is a common feature of multiple neurodegenerative
diseases [50]. The NF-kB inducing kinase MAP3KI4
is present on the 5" end of the inversion, and is known
to regulate non-canonical NF-kB signaling in immunity
[51], another dysregulated pathway in many neurodegen-
erative diseases. Lastly, WNT3 is present on the 3’ end of
the inversion, which is essential for neuronal patterning
through B-catenin signaling [52].

Genes present in loci with copy number variation can
have duplications or deletions that can change their
expression. In this locus KANSLI, NSE ARLI7, and
LRRC37A are genes with important functions that have
been linked to neurodegeneration. KAT8 Regulatory NSL
Complex Subunit 1 (KANSL1) encodes the lysine acetyl-
transferase KATS that plays a role in the histone deacety-
lase complex, driving chromatin modifications as part of
the NSL complex [53]. Haploinsufficiency in this gene
phenocopies the microdeletion phenotype with devel-
opmental delay [54]. However, it is still unknown if the
truncated duplications in KANSLI [18] containing exon
1-3 (CNP155) or exon 1-4 (CNP210) code for functional
proteins as they do not contain key amino acids neces-
sary for KAT8 activity (residues 850-882) [18]. Moreo-
ver, these truncated proteins may act as a dominant
negative altering function of full length KATS, possibly
leading to genome-wide differences in histone acetylation
and gene expression. KANSLI regulates autophagy and
mitophagy through transcriptional regulation of STX-
Stx in mice [55]. This function is impaired in individuals
with one copy of KANSLI suggesting haploinsufficiency,
which could be rescued by a small molecule autophagy
activator: 13-cis RA. Loss of function variants in exon 2
of KANSLI (e.g. G306*) are known to cause Koolen De
Vries syndrome (KdVS) [30, 56], but variants in exon 8
[57] identified on the H2 haplotype have not been associ-
ated with neurodevelopmental disorders. N-ethylmaleim-
ide sensitive factor (NSF) encodes a vesicle fusing ATPase
that catalyzes vesicle transport within the Golgi, essen-
tial for synaptic vesicle turnover. y duplications increase
transcript levels of the pseudogene NSFPI that contains
the first 13 exons of NSF. Although the effect on protein
stability is still unknown, the CN'Vs in this locus are asso-
ciated with cocaine dependence [58].

ADP-ribosylation factor-like protein 17 (ARL17) and
Leucine-Rich Repeat-Containing Protein 37A (LRRC37A)
are present in the 5’ end of the y region. Higher y repeat
number increases expression of full-length protein
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isoforms from these gene families that exhibit highly con-
served structure. The functions of ARLI7A and ARLI7B
remain unknown [59], while the LRRC37A family
includes three genes (LRRC37A, LRRC37A2, LRRC37A3)
and the pseudogene LRRC37A4 which is only present on
the H1 haplotype [5]. CNVs of LRRC37A2, observed on
the H2 haplotype and on some H1 sub-haplotypes, are
associated with reduced risk of PD and have been linked
to increased astrocytic migration and chemotaxis [10].
Lastly, two genes in the inversion, CRHRI and MAPT,
are not located in copy number variation regions 1-4,
but their duplication is correlated with neurologi-
cal diseases [15, 60]. CRHRI encodes the corticotropin
releasing hormone receptor. This protein is essential
for regulation of the hypothalamic—pituitary—adrenal
pathway, and its duplication causes autistic spectrum
disorder [15]. The MAPT gene encodes the tau protein,
which is highly expressed in neurons and known to stabi-
lize axonal microtubules. MAPT mutations increase tau
aggregation, destabilizing microtubules [4, 61-63], and
have been linked to autosomal dominant frontotemporal
dementia (FTD) [64, 65]. The 439-kb microduplication at
the 17q21.31 locus, associated with neurological diseases
encompasses MAPT, IMP5, CRHRI1, and STH [66, 67].
While MAPT duplications have also been associated with
disease, the roles of the other genes still warrant inves-
tigation [60, 68]. Additionally, a rare missense variant in
MAPT (A152T) has been associated with increased risk
for several neurodegenerative diseases, including AD,
FTD, and progressive primary aphasia, highlighting the
complex genetic landscape of neurodegeneration [69, 70].
Several studies have reported a possible role of the
H1/H2 haplotypes in regulating MAPT, however, the
reported effects on expression are inconsistent between
studies [4, 5, 28]. The H1 haplotype has higher MAPT
expression compared to the H2 haplotype in blood
[5] and in temporal cortex and cerebellum of AD sub-
jects [4]. However, this is not the case for brain samples
from healthy individuals [28]. Furthermore, allele spe-
cific expression has shown increased MAPT promoter
strength in the H1 haplotype and increased exon 10
retention and 4R/3R ratio [43]. However, this effect may
be due to the contribution of the H1_c sub-haplotype
(rs242557) [28] which is associated with higher risk for
tauopathies [29]. Functional variants within the H1 hap-
lotype have been identified that disrupt a ribosomal
binding site in MAPT, potentially affecting its transla-
tion [71]. This finding highlights the complexity of the
haplotype’s impact on MAPT across multiple regulatory
levels, from transcriptional to post-transcriptional modi-
fications. The inconsistencies between studies may reflect
cell type-dependent effects on splicing and expression in
the brain, and the cell type heterogeneity that is altered in
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neurodegenerative diseases. Highly characterized iPSC-
derived models and single cell sequencing analysis in the
human brain could help resolve these contradictions.

In Fig. 5, we highlight a 17q21.31 locus top canonical
pathway analysis. Brain gene expression for genes present
within the 17q21.31 locus 1 Mb inversion region in addi-
tion to 1 Mb surrounding the inversion were compared
for H1 and H2 homozygous individuals using Ingenu-
ity Pathway Analysis (IPA) and Ensembl 110 to identify
the top canonical pathways exhibiting differential gene
expression across the haplotypes. Significant pathways
include axonal guidance, synaptogenesis, tight junc-
tion signaling, NF-kB activation by viruses, cardiomyo-
cytes hypertrophic signaling, and pathways shared by
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macrophages, fibroblasts, and endothelial cells in Rheu-
matoid arthritis. Based on our pathway analysis (Fig. 5),
the stem cell pluripotency pathway and NANOG are
altered between the H1 and H2 haplotypes, supporting
the hypothesis that loss of the hESC H3K4mel super
enhancer may modulate this effect. Our pathway analy-
sis highlights how this complex locus can differentially
influence pathways in a cell type-dependent manner,
creating complex cell-intrinsic and -extrinsic effects that
ultimately impact several organs and diseases. Epigenetic
studies in this locus have shown that methylation regu-
lates differential expression [72]. Furthermore, chromatin
accessibility and chromatin looping could also be altered
by haplotype-dependent differences in chromosomal
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structure, altering transcription by displacing enhancers
or repressors. Supporting evidence for this hypothesis
comes from recent data showing that cis-regulatory ele-
ments (cCREs) for MAPT, inside and outside the hap-
lotype breakpoints, define possible cell type-dependent
differential regulation [73].

Disease associations of 17q21.31 haplotypes

Multiple studies have associated the 17q21.31 haplo-
types with phenotypic differences in health and disease.
The H1 haplotype is a risk factor for several neurode-
generative diseases, exhibiting striking odds ratios (ORs)
for PSP (OR=5.46 for H1 relative to H2; OR=1.91 for
Hlc relative to other H1 sub-haplotypes) [36, 37] and
CBD (OR=3.7) [32] risk, with lower odds ratios for AD
(OR=1.06) [74], PD (OR=1.30) [35, 75], and behavio-
ral variant FTD (bvFTD) (OR=1.2) [76] risk (Table 2).
Moreover, specific H1 sub-haplotypes have been associ-
ated with lower risk for PD (OR=0.77) [10] (Fig. 6). The
stronger associations with PSP and CBD compared to AD
and PD suggest that the H1 haplotype may play a central
role in clinical and neuropathological features that differ
between these illnesses, and that the variants or gene(s)
in this region influencing these diseases may be dif-
ferent or at least overlapping but distinct. One possi-
ble explanation for this increased risk in PSP and CBD
might be through higher regional vulnerability of H1
haplotype neurons in the midbrain, a pivotal region for
PSP and CBD pathology. A challenge in dissecting these
differences has been the lack of an animal model, given
these haplotype differences are unique to humans. How-
ever, as human induced pluripotent stem cell models

Table 2 17g21.31 haplotype- and sub-haplotype-defining SNVs
associated with neurodegenerative diseases. Odds ratios and
p-values are reported for the Hi-linked risk allele of each listed
SNV

Disease SNV based Odds Ratio p-value Reference
Haplotype

AD rs199515 1.06 93x10M-13  [74]
152732703 1.36 6.4Xx10N-7 [39]

PD rs393152 1.30 1.95x10A-16  [79]
rs199533? 1.28 1.09x 10714 [79]
rs17649553 1.30 2.37x107-48 [35]
rs199502 131 7.35x10A-22 [75]

CBD rs393152, rs242557° 3.7 1.42x10/-12 [32]

PSP rs8070723 546 15X 10A-116  [36]
rs242557° 191 1.58x10A-22 [37]

bvFTD 158070723 1.2 3.14x10A-3  [76]

2 Alternate protective allele is H2D
b Risk allele is H1_c
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improve, it will be possible to test the effects of these
haplotypes in both in vitro and xenotransplantation mod-
els. Overlapping significant loci for PSP, CBD, and FTD
highlight NSF and the MAPT exonic rs199533 SNV as
being consistently correlated with increased risk in these
diseases [14]. Furthermore, Pastor et al. report the Hle
haplotype to be present in 16% of PSP patients but not in
controls, suggesting that SNVs in CRHRI, IMP3, MAPT
or STH may be risk factors for PSP [38]. Conversely, the
H2 haplotype has been previously associated with the
17q21.31 microdeletion syndrome [31, 56, 77] and autism
[2]. Several other microduplications have been found in
17q21.31 causing developmental delay, microcephaly, or
autistic spectrum disorders, but it remains unclear how
they connect to the inversion [15, 78].

While the association of the 17q21.31 haplotypes with
various neurodegenerative diseases is well documented,
influence of the locus also extends into more nuanced
areas of disease progression and phenotype expression,
particularly in PD and related cognitive impairments.
Recent large-scale GWAS focusing on PD age at onset
(AAO) did not identify significant associations with the
17q21.31 locus [80, 81]. This suggests that while the H1
haplotype is implicated in disease risk, it does not appear
to play a role influencing the timing of disease onset in
PD. Similarly, comprehensive analyses in PD, Parkinson’s
disease dementia (PDD), and dementia with Lewy bodies
(DLB) have not detected association signals at 17q21.31,
underscoring the locus’ complex relationship with cog-
nitive impairment in these conditions [82]. Contrasting
these findings, candidate gene analyses and smaller stud-
ies have identified potential associations with clinical
disease progression, highlighting the nuanced influence
of the 17q21.31 locus on neurodegenerative phenotypes
[83, 84]. These disparities may reflect the limitations of
underpowered studies or true differences in the genet-
ics underlying these related phenotypes and emphasize
the need for robust, large-scale research to elucidate
the genetic modifiers of PD, cognitive impairment, and
dementia.

In a broader context, associations with the H1 and
H2 haplotypes encompass a wide range of phenotypes
including dermatological, immunologic, respiratory, psy-
chiatric, and social traits (Fig. 6A). There are also con-
nections with various cellular differences such as blood
counts and anthropometric parameters [33]. While cel-
lular phenotypes have not been explored, clinical traits
and susceptibility to diseases highlight differences in
the immune system and hormonal balance. H2 haplo-
type carriers exhibit increased numbers of erythrocytes,
basophils, and neutrophils, as well as reduced leuco-
cyte and eosinophil count [33]. Studies focusing on H2
homozygous 1 KG-EUR-like individuals have reported
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sub-clinical changes in cortical surface area [85], blood
pressure, lung function, and bone mineral density, with
increased susceptibility to depression, chronic obstruc-
tive pulmonary disease (COPD), osteoarthritis, and
autoimmune diseases [33]. Furthermore, sex-depend-
ent differences have been observed and found to be
dependent on hormonal balance. In H2 carrier females,
higher progesterone levels may raise fertility rates [16]
and increase risk for ovarian cancer [33]. In H2 car-
rier males higher testosterone levels are associated with
later puberty and androgenetic alopecia (AGA), also
known as male pattern baldness (MPB), the most com-
mon type of hair loss in humans [33]. Moreover, a meta-
analysis in 2012 revealed an association between AGA
and the 17q21.31 locus, and later studies showed tau
expression in hair follicles [86]. In contrast to the find-
ings by Campoy et al., an analysis of the 23andMe cohort,
with a larger sample size than Campoy et al., found an

increased risk of Parkinson’s disease among individu-
als with AGA compared to unaffected controls, particu-
larly among those aged over 70 years [33]. In conclusion,
17q21.31 haplotypes play vital roles in both health and
disease, influencing a myriad of clinical traits and disease
phenotypes.

Conclusions

The 17q21.31 locus is characterized by a complex struc-
ture, stemming from inversion events, CNVs, and SNVs.
The existing classification systems using SNV- and
CNV-based nomenclature remain disconnected, moti-
vating a unified approach to discern haplotype identi-
fication within the locus. Due to the Eurocentric bias in
biomedical science, current studies and reference data-
sets primarily focus on 1 KG-EUR-like individuals. It is
imperative that 17q21.31 haplotype and sub-haplotype
structures are extensively investigated across different
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ancestries and admixed populations to truly elucidate
locus structure diversity. Additionally, the H1 haplotype
has been associated with neurodegenerative diseases
primarily in 1 KG-EUR-like populations. It is critical to
investigate these associations in other populations, to
determine how many are driven by the comparison of
H1 to H2 or by association with H1 sub-haplotypes in
non-1 KG-EUR-like populations, where H2 is less fre-
quent or absent. For example, in 1 KG-AFR-like indi-
viduals the H2 haplotype is not protective for PD [87].
The impact of H1 and H2 haplotypes on gene regulation
and expression in specific brain cell types has not been
comprehensively examined beyond bulk RNA-seq using
brain homogenates. iPSC-derived models serve as effec-
tive tools for studying diseases associated with MAPT
mutations in both 2D cultures of neurons [88—91] and
organoids [9]. These models have also been used to
understand the impact of CNVs within this locus [92].
Generation of iPSC CRISPR edited isogenic lines with
the whole ~1 Mb inversion is challenging due to the size
of the locus and unclear breakpoints. Thus, current stud-
ies require larger sample sizes than isogenic comparison
to overcome donor effects and should be considered
observational studies. Moreover, two mouse models have
been developed to study local haplotypes: one carrying a
KANSLI microdeletion [93, 94] and the other contain-
ing a 190 Kb fragment of the haplotype that includes
SPPLC2 and MAPT in the H1 or H2 orientation [71]. A
limitation of these models is that they only contain short
fragments of the inversion, thus providing only a par-
tial understanding of these specific genes rather than
the extended locus. Comprehensive analysis is needed
to capture the complex interplay between the inversion,
CNVs, and SNVs, as haplotype effects may be driven by
these elements acting in concert. Tools such as MPRA
and CRISPRi screening can enable the identification of
causal SNVs linked to this locus and associated diseases,
similar to the role of PLEKHM]1 in PSP [49]. Fully under-
standing the intricate interrelationships within this locus
is essential to pave the way for developing advanced tools
to decipher predisposition to several neurodegenerative
diseases, thereby ushering in a new era of precision med-
icine that improves diagnosis and bolsters prevention
and treatment modalities. An enhanced understanding of
the 17q21.31 locus is critical for improving neurodegen-
erative disease interventions.

Abbreviations
LD Linkage disequilibrium

SNVs Single nucleotide variants

CNVs Copy number variants

MAPT Microtubule Associated Protein Tau gene
eQTL Expression quantitative trait locus

PD Parkinson’s disease
AD Alzheimer's disease
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FTLD Frontotemporal lobar degeneration
PSP Progressive supranuclear palsy

CBD Corticobasal degeneration

MRCA Most recent common ancestor

Mya Million years ago

PCR Polymerase chain reaction

FISH Fluorescence In Situ Hybridization
ddPCR  Digital droplet PCR

RH Rubicon homology

MPRA Massive parallel reporter assays

NSF N-ethylmaleimide sensitive factor

ARL1 ADP-ribosylation factor-like protein 17
LRRC37  Leucine-Rich Repeat-Containing Protein 37
IPA Ingenuity pathway analysis

STH Saitohin

COPD Chronic obstructive pulmonary disease
AGA Androgenetic alopecia

MPB Male pattern baldness

OR Odds ratio

Glossary

Haplotype A haplotype refers to a set of DNA alleles along a single chromo-

some that tend to be inherited together.
LD In population genetics, linkage disequilibrium (LD) is the non-
random association of alleles at different loci in a given popu-
lation. Loci are said to be in linkage disequilibrium when the
frequency of association of their different alleles is higher than
expected if the loci were independent and associated randomly.
Copy number variants (CNVs) refers to a class of genetic poly-
morphism in which genomic sequences are repeated, and
the number of repeats varies between individuals of the same
species.
An expression quantitative trait locus (eQTL) explains a fraction
of the genetic variance of a gene expression phenotype. Stand-
ard eQTL analysis involves direct association testing between
markers of genetic variation and gene expression levels typically
measured in hundreds or thousands of individuals.
A massively parallel reporter assay (MPRA) can functionally vali-
date thousands of regulatory elements simultaneously using
high-throughput sequencing and barcode technology.

CNVs

eQTL

MPRA
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