ARTICLE

Structural and genetic diversity in the secreted mucins MUC5AC and

MUCS5B

Graphical abstract

Assembly of MUC5AC & MUCS5B with Long Reads in Humans & Nonhuman Primates

MUCSAC 'VNTR-containing exon

...................... o .
o
<

medium allele 2 ﬁ ﬂ
x

short allele =

{00000

Al AFR  AMR EAS  EUR  SAS T ~ N ” i }

n=104 n=49 n=23 n=14 n=10 n=8

Detecting Signatures of Selection

ancestral
haplotype
u
| o
o + +
haplotypes -
- - ~2 0 ~2
| - .

i i et A T
P vs. P . Hardy-Weinberg
LD block sizes Tajima’s D Equilibrium

Genotyping Strategies for Phenotype Associations

F § R x
s & & 32 P
BINe | #
—I— —_
. B B | e N
L1 B - L
e e NN
LI L -_—
L 1 | 1§ |
r2 - N . .
c
0.0 1.0

tSNP discovery SV genotyping with Locityper Phenotype associations

Authors

Elizabeth G. Plender,

Timofey Prodanov,

PingHsun Hsieh, ..., Tobias Marschall,
Jesse D. Bloom, Evan E. Eichler

Correspondence
ee3@uw.edu

MUCSAC and MUCSB are
polymorphic loci that are difficult
to sequence due to coding variable
number tandem repeats (VNTRs).
Using long-read sequencing, we
characterized genetic diversity in
these genes across human
populations, detected signatures of
selection, and developed
genotyping strategies for disease
associations.

Plender et al., 2024, The American Journal of Human Genetics 777, 1700-

1716
August 8, 2024 © 2024 The Author(s).
https://doi.org/10.1016/j.ajhg.2024.06.007

¢ CellP’ress


mailto:ee3@uw.�edu
https://doi.org/10.1016/j.ajhg.2024.06.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajhg.2024.06.007&domain=pdf

ARTICLE

Structural and genetic diversity in the secreted
mucins MUC5AC and MUC5B
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Summary

The secreted mucins MUCSAC and MUCSB are large glycoproteins that play critical defensive roles in pathogen entrapment and mu-
cociliary clearance. Their respective genes contain polymorphic and degenerate protein-coding variable number tandem repeats
(VNTRs) that make the loci difficult to investigate with short reads. We characterize the structural diversity of MUC5AC and MUC5B
by long-read sequencing and assembly of 206 human and 20 nonhuman primate (NHP) haplotypes. We find that human MUCSB is
largely invariant (5,761-5,762 amino acids [aa]); however, seven haplotypes have expanded VNTRs (6,291-7,019 aa). In contrast, 30
allelic variants of MUCSAC encode 16 distinct proteins (5,249-6,325 aa) with cysteine-rich domain and VNTR copy-number variation.
We group MUCS5AC alleles into three phylogenetic clades: H1 (46%, ~5,654 aa), H2 (33%, ~5,742 aa), and H3 (7%, ~6,325 aa). The two
most common human MUCSAC variants are smaller than NHP gene models, suggesting a reduction in protein length during recent hu-
man evolution. Linkage disequilibrium and Tajima’s D analyses reveal that East Asians carry exceptionally large blocks with an excess of
rare variation (p < 0.05) at MUCSAC. To validate this result, we use Locityper for genotyping MUC5AC haplogroups in 2,600 unrelated
samples from the 1000 Genomes Project. We observe a signature of positive selection in H1 among East Asians and a depletion of the
likely ancestral haplogroup (H3). In Europeans, H3 alleles show an excess of common variation and deviate from Hardy-Weinberg equi-
librium (p < 0.05), consistent with heterozygote advantage and balancing selection. This study provides a generalizable strategy to char-
acterize complex protein-coding VNTRs for improved disease associations.

numerous serine and threonine residues that are decorated
with sialic acid, a terminal sugar moiety that is bound by

Introduction

Mucosal linings serve a dynamic role at the interface be-
tween internal tissues and the external environment. In
the lumen of the lungs, epithelial cells provide defensive
functionalities through mucociliary clearance, a mecha-
nism in which mucus traps inhaled pathogens for mechan-
ical removal.' The mucins MUC5AC and MUC5B are ma-
jor components of mucus that contribute to its barrier
function and act as receptor decoys for pathogens, such
as the influenza virus that binds directly to mucin sialic
acids.” These polymeric glycoproteins thus provide a crit-
ical innate immunological role in defending the airways
against environmental insults; however, they have also
been implicated in the pathogenicity of muco-obstructive
airway diseases like asthma and cystic fibrosis.”

Despite their fundamental roles in maintaining epithe-
lial homeostasis, MUC5AC and MUCS5B sequence variation
remains poorly understood. The challenge in assessing
these loci is that they harbor large central exons (60%-—
80% of total coding sequence) composed of variable
number tandem repeats (VNTRs). These VNTRs encode

the glycoproteins of some viral pathogens.>* Limitations
of short-read sequencing in assembling these repetitive
loci have hindered efforts to accurately resolve copy-num-
ber variation.”® VNTR structural variants may affect the
functional ability of mucins to act as barriers to pathogens
and change their biophysical properties; therefore, it is crit-
ical that the sequences of these loci are characterized in
many human genomes to discover the common patterns
of variation directly affecting protein function.

Long-read sequencing technologies allow for the charac-
terization of MUC5AC and MUCS5B with haplotype-level
resolution. Previously, gene references for both loci were
constructed using Pacific Biosciences (PacBio) single-mole-
cule, real-time (SMRT) sequencing from a limited number
of humans. Four genome assemblies were used to charac-
terize three distinct MUC5AC haplotypes for VNTR struc-
tural variation.” However, analyses of MUCSAC allele sizes
via Southern blot suggest a much greater extent of human
diversity.” Many additional human genomes have recently
been sequenced with more accurate high-fidelity (HiFi)
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circular consensus sequencing (CCS) as part of the Human
Genome Structural Variation Consortium (HGSVC)® and
the Human Pangenome Reference Consortium (HPRC).'°
Here, we leverage the large-scale sequencing efforts of the
HGSVC and HPRC to explore common patterns of genetic
variation in MUC5AC and MUCS5B, specifically within the
VNTR portion of the molecule. Using 206 diverse human
haplotypes assembled with high-quality PacBio HiFi CCS
reads, we characterize the genetic diversity of these loci
in different human populations. We compare the human
alleles of MUC5AC and MUCSB to that of five nonhuman
primate (NHP) species (chimpanzee, bonobo, gorilla,
orangutan, and gibbon) to distinguish human-specific pat-
terns of variation. Finally, we explore methods to genotype
these loci using haplotype tagging single-nucleotide poly-
morphisms (tSNPs) and a structural variant genotyping
tool. These results provide a comprehensive view of
VNTR variation and evolution in MUC5AC and MUCS5B
and outline a path forward for improved disease associa-
tion studies.

Material and methods

Long-read sequence assembly and QC
Whole-genome assemblies from 104 HGSVC’ (n = 57) and
HPRC'® (n = 47) samples were leveraged for MUCSAC and
MUCSB variant discovery. The genome sequence data for both co-
horts are consented for open access with no data use restrictions.
These genomes include 49 Africans (AFR), 23 Admixed Americans
(AMR), 14 East Asians (EAS), 10 Europeans (EUR), and 8 South
Asians (SAS; Tables S1 and S2); these geographic population de-
scriptors were defined previously by the HGSVC and HPRC.
Sequencing for both cohorts was conducted using PacBio HiFi
CCS. Average HPRC sequencing coverage was 42X (minimum =
31x) and average HPRC read N50 was 19.7 kbp (minimum =
13.5 kbp). Average HGSVC sequencing coverage was comparable
at 40x (minimum = 25X) and average read N50 was 17.2 kbp
(minimum = 10.0 kbp). The HPRC genome assembly was per-
formed by Liao et al."’ using trio-hifiasm'' (maternal and paternal
short reads used in haplotype phasing). We assembled 54 HGSVC
samples using hifiasm version 0.16.1'' (pseudo-haplotype
resolved phasing). For the remaining three HGSVC samples with
trio information (HG00514, HGO03125, NA12878), we used
paternal and maternal short reads with yak v.0.1 (https://github.
com/lh3/yak) to create k-mer databases for contig phasing in the
child’s assembly with hifiasm v.0.15.1'! (see Ebert et al.” for
parental short-read information). The average HPRC haplotype as-
sembly N50 was 40.8 Mbp (minimum = 17.4 Mbp) and average
HGSVC haplotype assembly N50 was 55.2 Mbp (minimum =
14.1 Mbp). Regional assembly contiguity and reliability for the
MUCSAC/MUCS5B locus was assessed using the flagger pipeline'”
and Nucfreq, a method to detect potential misassemblies and col-
lapses in phased haplotypes.'” We also inspected for assembly mis-
alignments using SafFire (https://github.com/mrvollger/SafFire).
We assessed 10 total NHP genome assemblies for chimpanzee
(n = 2), bonobo (n = 2), gorilla (n = 2), Sumatran orangutan
(n = 2), Bornean orangutan (n = 1), and Siamang gibbon (n = 1;
Table S3). Specifically, these included PTR1 (Central chimpanzee,
Clint), PPA1 (bonobo, Mhudiblu), GGO1 (Western gorilla, Kami-

lah), and PAB1 (Sumatran orangutan, Susie) and were assembled
with hifiasm v.0.15.1."% All other NHP assemblies were generated
as part of the Primate T2T (telomere-to-telomere) Consortium,
and assemblies were downloaded from GenomeArk'*; these
include PTR2 (Central chimpanzee, AG18354), PPA2 (bonobo,
PR00251), GGO2 (Western gorilla, Jim), PAB2 (Sumatran orang-
utan, AG06213), PPY1 (Bornean orangutan, AG05252), and SSY
(Siamang gibbon, Jambi). The assemblies were constructed using
both high-coverage PacBio HiFi CCS reads and ultra-long (UL) Ox-
ford Nanopore Technologies (ONT) reads via the Verkko 2.0
assembler."” Information about assembly quality and validation
can be found in Mao et al."* and Makova et al.'"* We inspected
the MUCSAC/MUCSB regional assembly contiguity using SafFire
in the same manner as the HGSVC assemblies.

Sequence extractions and phylogenetic analyses

HPRC, HGSVC, and NHP phased genome assemblies were aligned
to CHM13'® using minimap2 v.2.24'” with CIGAR string inclu-
sion, full-genome alignment divergence less than 10%, secondary
alignments suppressed, and a minimal peak all-versus-all align-
ment score of 25,000. Coordinates for a specific locus in individual
haplotype assemblies were identified using rustybam v.0.1.29
(https://github.com/mrvollger/rustybam), and sequences were ex-
tracted using seqtk v.1.3 (https://github.com/lh3/seqtk). Exon and
intron boundaries were defined based on human GENCODE
V35'® annotations in CHM13'® (GENCODE: MUC5AC-201, GEN-
CODE: MUCS5B-204). Intronic and intergenic sequences used to
construct phylogenies were selected in a recombination-aware
manner based on UCSC Genome Browser 1000 Genomes Project
(1KG) linkage disequilibrium (LD) structure annotations.'? A mul-
tiple sequence alignment (MSA) was conducted using MAFFT
v.7.487°° with global pairwise alignment and 100 iterations, fol-
lowed by visual inspection of alignment quality using Jalview
v.9.0.5.%" Segments of the MSA determined to be misaligned
were identified and eliminated manually. Maximum-likelihood
tree calculations were performed using iqtree v.1.6.12>* with auto-
matic model selection and 1,000 bootstraps. All phylogenetic trees
in figures were constructed using ggtree v.3.2.1>° in R v.1.4.2
(https://www.R-project.org). Haplogroup coalescence times were
estimated with iqtree2”* based on estimated chimpanzee diver-
gence (6.4 million years ago [myal).”*

Gene and protein domain/VNTR motif annotations

Computational protein prediction for all human and NHP haplo-
types was conducted via the same alignment pipeline as phylog-
eny construction based on human exon annotations from
CHM13."® We predicted translated exons using the ExPasy tool
in EMBOSS v.6.6.0.%° For computational protein predictions that
were complete (i.e., complete open reading frame [ORF], no trun-
cations), protein domain annotations were manually curated
using cys domain and VNTR domain sequences previously anno-
tated by Guo et al.” Protein groups (P1-P6) were defined for MU-
C5AC as containing more than one haplotype and variation in
cys domain copy number, tandem repeat domain copy number,
and/or repeat motif copy-number variation in homologous
VNTR domains. Protein groups for MUC5B were similarly defined;
however, the inclusion criteria of harboring more than one haplo-
type per group was dismissed due to protein sequence length vari-
ation in three singletons for MUC5B (P1, P4, PS). We characterized
motif variation across individual VNTR domains for human MU-
CS5AC and MUCS5B based on previously published consensus motif
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sizes (24bp/8 amino acids [aa] for MUC5AC,” 87bp/29aa for
MUC5B?®). Heatmaps of motif usage for all haplotypes of MUC5AC
and MUCSB were constructed using a custom R script that
included normalization on total VNTR sequence space (motif
counts/total number of motifs) to account for length variability,
normalization within motifs, and hierarchical clustering (un-
weighted pair group method of arithmetic mean [UPGMA] clus-
tering”®) of haplotypes and motifs for group visualization. Simi-
larly, motif diagrams in linear sequence space were constructed
using a custom R script that designated a unique color to each
distinct motif and clustered unique alleles by row using UPGMA.

NHP allele alignments and intronic VNTR analysis

We generated all-versus-all alignments between the most common
haplotypes of MUC5AC and MUC5B in humans and NHPs using min-
imap2'” with the same parameters as phylogenetic analyses. Tiled
alignment plots for each locus were constructed using SVbyEye
v.0.99.0 (https://github.com/daewoooo/SVbyEye) in R v.4.3.1 with
abin size of 10,000 bp and custom percent identity breaks. VNTR se-
quences in intron 15 and ~3 kbp before the start codon of MUC5AC
were curated using tandem repeats finder v.4.10°° with the following
parameters: match = 2, mismatch = 7, delta = 7, percent match
(PM) = 80, percent indels (PI) = 10, minimum alignment score =
50, and max period size = 30. Detection of H3 k-mers for the intronic
VNTR was conducted using STREME from the MEME suite of motif-
based sequence analysis tools v.5.5.4.%

LD block structure and selection detection analyses

Illumina whole-genome sequencing (WGS) data from the most
recent high-coverage (30x) 1KG release'® were used to assess the
LD structure of the MUCSAC/MUCSB locus. These data include
open-access WGS from 2,600 unrelated individuals: 691 AFR,
526 EUR, 514 SAS, 515 EAS, and 354 American genomes. Popula-
tion identifier acronyms are consistent with 1KG nomenclature
and include the following: ACB = African Caribbean in Barbados,
GWD = Gambian in Western Division, ESN = Esan in Nigeria,
MSL = Mende in Sierra Leone, YRI = Yoruba in Nigeria, LWK = Lu-
hya in Kenya, ASW = Americans of African Ancestry in SW USA,
PUR = Puerto Rican in Puerto Rico, CLM = Colombian in
Colombia, PEL = Peruvian in Peru, MXL = Mexican Ancestry in
Los Angeles USA, GBR = British in England and Scotland, FIN =
Finnish in Finland, IBS = Iberian in Spain, CEU = Utah residents
(CEPH) with Northern/Western European ancestry, TSI = Toscani
in Italy, PJL = Punjabi in Pakistan, BEB = Bengali in Bangladesh,
STU = Sri Lankan in the UK, ITU = Indian Telugu in the UK,
GIH = Gujarati from Houston TX USA, CHS = Southern Han Chi-
nese, CDX = Chinese Dai in China, KHV = Vietnamese in Viet-
nam, CHB = Han Chinese in Beijing, China, JPT = Japanese in
Japan. LDBlockShow v.1.40°% was used to construct LD plots based
on D’** for all SNPs in the MUC5AC/MUCS5B region (GRCh38 coor-
dinates, chr11:1,117,952-1,272,172). Autosome-wide LD block
calculations were estimated with the PLINK v.1.9%* blocks param-
eter, which estimates haplotype blocks based on definitions
described by Gabriel et al.> (the region of chromosome 11 that
harbors MUC5AC and MUCS5B features a high recombination
rate).*® Calculations were limited to SNPs with a minor allele fre-
quency greater than 5%, those with 75% or higher genotyping
rate, and those in Hardy-Weinberg equilibrium. To assess whether
the region of chromosome 11 containing MUC5AC and MUCS5B
shows signatures of selection, Tajima’s D*’ analysis was conducted
using the phased 1KG cohort of samples. Chromosomes were par-

titioned into 10 kbp bins with filtering for bins that contained at
least 10 SNPs. Tajima’s D statistics were computed for bins using
PLINK v.1.9,** and regions harboring signatures of either positive
or balancing selection were based on the 90 and 95™ percentiles
of values in the super population autosome-wide distributions
(negative Tajima’s D is suggestive of positive selection, positive Ta-
jima’s D is suggestive of balancing selection). Permutation testing
with multiple-test correction was performed by randomly sam-
pling 10,000 10 kbp nonoverlapping bins to produce a null distri-
bution of Tajima’s D values. This process was repeated 10,000% to
produce a distribution of Tajima’s D scores corresponding to the
bottom and top 5" percentiles. p values per bins were calculated
based on the empirical ranking of Tajima’s D scores relative to
this final distribution and were corrected for multiple testing
(considering both number of bins and populations tested).

tSNPs and mapping of disease-relevant GWAS SNPs

To uncover SNPs in significant LD with VNTR haplogroups of MU-
C5AC and MUCSB, phylogenetic haplogroups from the HGSVC/
HPRC genomes were encoded as biallelic SNPs. Calculation of
squared correlations between these variants encoding haplogroup
identity and all SNPs within 50 kbp of the loci were performed us-
ing PLINK v.1.9.°* Genome-wide association study (GWAS) risk
alleles for MUC5AC and the phenotypes of asthma/allergy and
infection-induced pneumonia/meningitis were mined through
the GWAS catalog.*® Variants were included in subsequent LD
analysis if they had a reported p value of 1 x 10~° or smaller for
the phenotype association, had the nucleotide annotation for
the risk allele, and were unambiguously mapped to the HPRC/
HGSVC genomes. The final set of variants included six SNPs
from six GWASs (1s35225972,%7 1511245962, rs28415845,*
1s11245979,%” 1s28737416,** and 1s28729516**). Squared correla-
tion values were calculated in the same manner as tSNP discovery.

Genotyping of MUC5AC haplogroups in 1KG

populations using Locityper

MUCSAC/MUCSB genotyping was performed with Locityper
v.0.10.9*° and its dependencies SAMtools v.1.19,*¢ jellyfish
v.2.3.0,*” and strobealign v.0.11.0.* Diploid genomes from the
HGSVC/HPRC sample set were included as alleles in the reference
panel if they were complete for the MUC5AC/MUCS5B locus (no as-
sembly breaks or alignment ambiguities), annotated for both hap-
logroups, and had accessible high-quality short reads through the
1KG dataset. The final set of genomes that constituted the
reference panel included 99 genomes (i.e., 198 haplotypes) for
MUCS5AC and MUCS5B.

The CHM13 reference genome'® was used for all Locityper ana-
lyses, with gene coordinates set to chr11:1,227,366-1,274,380 and
chr11:1,292,367-1,334,784 for MUCSAC and MUCSB, respec-
tively. For leave-one-out analyses, the target sample for genotyp-
ing was excluded from database construction, and the highest
alignment accuracy level was used. All other options for database
construction, sequencing dataset preprocessing, and genotyping
were set to default. Genotyping accuracy was determined based
on edit distance (alignment differences) between the real and
retrieved genotypes during leave-one-out analysis and compared
to the closest “available” genotype (smallest edit distance between
true genotype and all possible diploid combinations of alleles in
the reference panel). Computation of edit distances between al-
leles in the leave-one-out concordance analysis was performed us-
ing the Locityper helper script “gt_dist.py.”
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MUCS5AC and MUC5B phenome-wide association studies
(PheWASs) in All of Us

Data from the All of Us Research Program™® controlled tier database
were analyzed for a phenome-wide association study (PheWAS)
with the MUCSB promoter polymorphism 1s35705950°° and
tSNPs for the major haplogroups of MUCS5AC variants. All partici-
pants in the All of Us program provided electronic informed
consent,*’ and the NIH All of Us IRB Operations Office determined
this does not constitute research involving human subjects.
As of January 2024, this cohort included ~245,400 individuals
with short-read WGS data, of which ~185,000 were unrelated,
annotated for age/sex, and had paired electronic health record
(EHR) data (reported as International Classification of Diseases
[ICD] codes). These individuals were categorized previously by
All of Us for genetic ancestry using principal component
analysis. We surveyed samples from African, European, East Asian,
Admixed American, and Middle Eastern ancestries for MUCSB
1s35705950 and tSNPs in high LD with MUCS5AC haplogroups H1
(rs2075842, 151132433, 151132434, 1528652890, rs879136008),
H2 (rs1015856541, 1528519516, 1528558973, 1528368633),
and H3 (rs36154966, 151004828576, rs940158763, rs36151150,
1536132281, rs35779873). We only included samples with genome
quality scores >20 at individual loci; therefore, the final sample
sets included ~32,500 AFR, ~3,200 EAS, ~2,000 SAS, ~98,600
EUR, ~28,200 ADM, and ~650 individuals of Middle Eastern
ancestry, totaling ~165,150 individuals (exact number of individ-
uals varied between locus associations in respective populations;
Tables S7-521). We included both ICD-9 and ICD-10 phenotype co-
des from patient EHRs and samples with male/female self-reported
biological sex aged 20 years or older.

PheWAS analysis was performed using the R package PheWAS as
outlined in Bick et al.*’ The package translated ICD-10 codes to
ICD-9 and calculated case and control genotype distributions,
allelic p value, and allelic odds ratio (OR) for each condition. A
minimum count of two related codes was used to determine
whether a phenotype was sufficiently represented in the health
data for association. Sex at birth, age at sample collection, and
principal component analyses 1-3 were used as covariates. The ag-
gregate.fun function was used to correct for duplicates in the EHR.
Nominal p was set to <2.7E—5 (p adjusted < 0.05 after Bonferroni
correction) for phenotype associations with rs35705950 and
MUCSAC tSNP alleles in the dataset.

Results

MUC5AC/MUCSB assembly and QC

We performed targeted assessment of a ~160 kbp region of
chromosome 11 spanning MUC5AC and MUCS5B from 104
human genomes, including 47 genomes from the HPRC
and 57 from the HGSVC where long-read sequencing data
had recently been generated and made publicly avail-
able.”'” We generated phased genome assemblies from
HGSVC samples using the same computational pipeline
used for the generation of HPRC assemblies (Material and
methods) from HiFi PacBio sequencing data. The combined
sample set includes 49 AFR, 23 ADM, 14 EAS, 10 EUR, and 8
SAS (Material and methods, Tables S1 and S2). Next, we
applied the flagger'’ and Nucfreq'? computational pipe-
lines to detect collapses or misassemblies across the 160

kbp target region. Of the 208 total human haplotypes,
206 (99%) were correctly assembled without gaps, breaks,
ormisjoins in the MUC5AC/MUCS5B region. Two haplotypes
(one each) from samples HG01114 and HG02509 were frag-
mented and excluded from further analyses.

For comparative evolutionary purposes, we analyzed 10
individuals from six NHP species for which HiFi sequ-
encing data have recently been generated'*'* (Material
and methods, Table S3). In the NHP genomes, all MUC5AC
loci passed quality control (QC) with no ambiguous align-
ments to CHM13; in contrast, one gorilla haplotype (Ka-
mila h2) and both haplotypes of a Sumatran orangutan
(Susie h1 and h2) failed MUCS5B QC and were excluded
from further analyses.

Human MUCS5AC genetic and protein diversity

To understand human genetic diversity in MUC5AC, we first
constructed a phylogeny centered around the gene model.
We extracted 26.5 kbp of noncoding sequence flanking MU-
CSAC exons for the 206 human haplotypes and generated a
maximum likelihood phylogenetic tree using chimpanzee
as an outgroup. Human alleles were grouped into three
distinct haplogroups or clades (Figure 1A), namely H1
(n = 103), H2 (n = 78), and H3 (n = 25). H1 is the most
phylogenetically distinct (100% bootstrap support), is
reduced in frequency among AFR genomes (p = 4 X 103
comparing H1 to H2/H3 frequencies via chi-square,
Figure 1B), and is estimated to have arisen most recently.
We estimate an H1 coalescent of ~120,000 years ago
when compared to H2 or H3 (~330,000 years ago).

Next, we predicted a protein model associated with each
human haplotype (Material and methods). We identified
16 distinct MUCSAC protein variants with extensive length
variation (Figure 1C). The three most common protein var-
iants, 5,654 aa/96 haplotypes, 5,742 aa/67 haplotypes, and
6,325 aa/15 haplotypes (Figure 1C), project onto the phylo-
genetic haplogroup designations H1, H2, and H3, respec-
tively. There is, however, additional variation not immedi-
ately apparent from the phylogeny that is uncovered by
detailed protein sequence curation. Guo et al.” classified
protein variants into three groups (P2, P3, and P6) based
on MUCSAC domain annotations. We extend this classifi-
cation by identifying three additional protein variant
groups (P1, P4, and PS) based on VNTR domain, cys
domain, and VNTR motif copy-number variation.

Most MUCSAC protein variants harbor four distinct tan-
dem repeat domains (P1-3, P5); however, two groups (P4,
P6) harbor an additional central domain with 11 copies
of the 8-mer repeat motif. P5/6 variants harbor additional
type 2 and type 3 cys domains, while P1 variants harbor a
novel deletion of these domains. VNTR motif copy-num-
ber variation is also extensive in the first and last domains
across variant groups.

We characterized the composition of the MUCSAC
VNTR 8-mer repeat because the density of glycosylated ser-
ines and threonines is critical for mucin barrier function.
We find that the absolute count of serine and threonine
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Figure 1. The genetic architecture of MUC5AC in 206 human haplotypes

(A) Recombination-aware phylogenetic analysis of ~27 kbp neutral sequence (5.592 kbp from introns 31-48 and 21 kbp from 3’ flanking
sequence) from 206 human haplotypes of MUC5AC with two chimpanzee haplotypes as outgroup. (*) = central node with 100% boot-
strap support. H1-H3 correspond to three major haplogroups; P1-P6 correspond to protein groups (consistent with C).

(B) Frequency of population-specific haplotypes found in the three common phylogenetic haplogroups of MUC5AC. H1-H3 correspond
to the three major haplogroups.

(C) Protein predictions for haplotypes of MUCSAC. Diagrams represent protein domains with the large central exon of MUCS5AC,
modeled after Guo et al.” Colors correspond to protein groups visualized in (A). CysD corresponds to cys domains and PTS corresponds
to proline-, serine-, and threonine-rich domains.

(D) Distributions of absolute serine and threonine (S/T) count across VNTR domains within the four most common protein groups of
MUCSAC.

(E) Distributions of percent S/T content within VNTR domains for the four most common protein groups of MUCSAC.

(F) Logo plot of the 130 8-mer amino acid motif variants used in MUCSAC VNTR domains. Colors correspond to biochemical groupings
of amino acids.

(G) Heatmap of 8-mer motif utilization across 206 protein variants of human MUCSAC, colored vertically by protein group identities.
Heatmap constructed with normalization within motifs (columns) and hierarchical clustering of haplotypes (rows) and motifs (col-
umns). See Figure S2 for an extended version that includes the matched motifs (columns).
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residues across the VNTR domains is positively correlated
with protein length (Figure 1D); however, when normal-
ized for the total length of the VNTR, the two shortest
protein variant groups (P1 and P2) harbor the highest con-
centration of serines and threonines (Figure 1E). There are
a remarkable 211 unique 24-mers (nucleotides) and 130
unique protein 8-mer motifs (aa) diversifying the degen-
erate VNTR domains; motif changes, however, are con-
strained, with most harboring the pattern of TTSTTS in
the first six aa (Figures 1F and S1). The preferential use of
threonines is likely a consequence of the higher propensity
for threonines to harbor O-glycans,”' thereby facilitating
MUCSAC barrier functionality. Furthermore, the high inci-
dence of prolines likely contributes to the glycosylation
potential of nearby serines/threonines by exposing these
residues in a B-turn conformation.>?

Of the 130 unique protein 8-mers for MUCSAC, only
nine are unique to a single haplotype, indicating that
most motif variation is shared between protein isoforms.
There are distinctive modules of motifs that cluster
together in frequency of usage for protein groups 2, 3,
and 6 (Figures 1G and S2). Most motif variation is due to
single nonsynonymous aa changes between haplotypes;
however, there are instances where entire motifs have
been gained or lost. Overall, there is extensive cys domain
copy number, VNTR copy number, and VNTR motif usage
variation in the large central exon of MUCS5AC across hu-
man haplotypes.

Human MUC5B genetic and protein diversity

Similarly, we analyzed the MUCSB locus and observed far
less genetic and protein variability compared to MUC5AC.
A maximum likelihood phylogenetic tree (24.6 kbp in-
tronic sequence using chimpanzee as an outgroup) distin-
guishes two distinct human haplotypes with 100% boot-
strap support (Figure 2A). The most common haplogroup
H2 was identified in 82% (169/206) of assembled haplo-
types and is estimated to have emerged ~770,000 years
ago. The less abundant H1 (18%) variants predictably arose
more recently (~407,000 years ago). While H2 is found
across all continental populations, H1 shows a notable
reduction in East Asians (Figure 2B). At the protein level,
we predict a complete ORF for 92% (190/206) of haplo-
types and a premature stop codon for ~8% (16/206,
Figure 2C). We hypothesize that these haplotypes harbor
assembly artifacts due to the homopolymer runs within
the MUC5B VNTR. To test this, we reassembled eight of
the samples where both ONT and HiFi sequence data
were available'® and recovered the ORF for three. These
haplotypes harbored predicted protein lengths consistent
with P3 (5,762 aa).

Among the 190 haplotypes with complete ORFs, 87%
predict proteins with the canonical MUCSB length of
5,762 aa (P3). The second most abundant, P2, differs in
length by one aa (5,761 aa) and represents 9% of protein
isoforms. These findings support the long-standing belief
that MUCSB is less variable than MUCSAC.>* Our deeper

survey, however, suggests that the locus is not invariant.
We identify seven haplotypes (3.7%, 7/190 complete pro-
teins) where the protein is predicted to have elongated
(6,291-7,019 aa, P4-P6) due to expansion of the VNTR do-
mains. Five of these variants harbor seven VNTR domains
with an excess of ~800 aa of tandem repeat sequence and
two additional cys domains. Unlike MUCS5AC, there is no
variation in cys domain copy number preceding the first
tandem repeat domain in MUCS5B. All elongated variants
were found exclusively in individuals of African descent;
therefore, much like MUCSAC, the ancestral state of this lo-
cus may have been longer.

The novel VNTR domains associated with P4-P6 are
most like TR3 and TR4 in repeat copy number and motif
composition (Figure S3), suggesting that the acquisition
of new tandem repeat domains has been accomplished
via duplication of the central domains in MUC5B, rather
than from the first and last domains. While the largest
MUCSB protein isoform (P6) has increased in size due to
VNTR expansion, it is interesting that serine and threonine
abundance is comparable to that of the canonical forms
(P1-P4) (Figures 2D and 2E). Like MUCSAC, threonine
is favored across the irregular MUCSB repeat motif
(Figure 2F). Even though there are fewer distinct MUCSB
protein variants, there are 191 unique 29-mers used across
the haplotypes (Figures 2G and S4). Unlike MUC5AC, there
appear to be no gains or losses of whole motifs, and the fre-
quency of motif usage is largely conserved across the hap-
lotypes (Figure 2B).

NHP variation in MUC5AC and MUC5B

We reconstructed the evolutionary histories of MUC5AC
and MUCS5B by identifying orthologous loci from NHP
genomes,'*!* including chimpanzee (n = 2), bonobo
(n = 2), gorilla (n = 2), orangutan (n = 3, Sumatran and
Bornean species), and Siamang gibbon (Figure 3;
Table S3). All NHP haplotypes (n = 22) predicted a com-
plete ORF at the MUCSAC locus, consistent with the hu-
man exon structure. Chimpanzee and bonobo alleles
display variation in the number of cys domains preceding
the first tandem repeat domain (Figure 3A). The Asian
apes, orangutan, and gibbon carry the longest predicted
proteins, with the most common protein variant in
orangutan approximately 1,500 aa longer than the hu-
man H3 variant. All NHP variants were longer than the
two most common human variants (H1 and H2), ranging
in size from 6,243-7,887 aa, due solely to exon 31 length
variation (Figure 3B). This suggests there has been a
reduction of the VNTR length in humans (Figures 3B
and 3C).

Additionally, we characterized two noncoding VNTRs
associated with the MUCS5AC locus—an 8-mer VNTR in
intron 15 of MUCSAC (Figures 3C and S5, and Note S1)
and an 8-mer VNTR approximately 1-3 kbp in size map-
ping upstream of the MUCSAC start codon (Figure S6).
Based on ENCODE H3K27 mapping data,'® the latter re-
gion corresponds to a potential enhancer. Diminished
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Figure 2. The genetic architecture of MUC5B in 206 human haplotypes

(A) Recombination-aware phylogenetic analysis of ~26.5 kbp neutral sequence (introns 16-48) from 206 human haplotypes of MUC5B
with two chimpanzee haplotypes as outgroup. (*) = central node with 100% bootstrap support. H1 and H2 correspond to two major
haplogroups; P1-P6 correspond to protein groups (consistent with C); trunc. corresponds to haplotypes with truncated protein
predictions.

(B) Frequency of population-specific haplotypes found in the two common phylogenetic haplogroups of MUC5B.

(C) Protein predictions for 206 human haplotypes of MUCS5B. Diagrams represent protein domains with the large central exon of
MUCS5B, modeled after those in Ridley et al.>® Colors correspond to protein groups visualized in (A). CysD corresponds to cys domains
and PTS corresponds to proline-, serine-, and threonine-rich domains.

(D) Distributions of absolute serine and threonine (S/T) count across VNTR domains for the three most common protein groups of
MUCSB.

(E) Distributions of percent S/T content within VNTR domains for the three most common protein groups of MUCSB.

(F) Logo plot of the complete 29-mer amino acid motif variants used in MUCSB VNTR domains across 206 human haplotypes. Colors
correspond to biochemical groupings of amino acids.

(G) Heatmap of 190-29-mer motif utilization across protein variants of human MUCSB, colored vertically by protein group identities.
Heatmap constructed through normalization for total VNTR sequence length, normalization within each motif (columns), and hierar-
chical clustering of haplotypes (rows) and motifs (columns). See Figure S4 for an extended version that includes the matched motifs
(columns).
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copy number of the enhancer VNTR is associated with
decreased MUCSAC expression® and susceptibility to se-
vere gastric cancer.”® We find complete enrichment of
shorter variants (less than 1,500 bp in length) in East Asian
H1 haplotypes and an excess of long variants (greater than
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(Figure 3F).

Figure 3. The genetic architecture of MUC5AC
and MUC5B in the nonhuman ape lineages

(A) Phylogenetic analysis of ~25 kbp from at min-
imum two haplotypes per ape lineage for MU-
CS5AC and subsequent protein predictions based
on human exon boundary alignments. (*) = cen-
tral node distinguishing species branches with
bootstrap support. Diagrams represent protein
domains within the large central exon. HSA de-
notes human haplotypes.

(B) Scatterplot of total MUC5SAC exon 31 length
(in base pairs) and total VNTR motif count across
all VNTR domains in human and NHPs.

(C) Tiled alignments between representative hap-
lotypes of each ape species (most common or
most structurally unique haplotype per species)
for MUC5SAC. MUCSAC intron/exon boundaries
are distinguished by the gene model at the top
of the visualization.

(D) Phylogenetic analysis of ~15 kbp from at
minimum two haplotypes per NHP lineage and
subsequent protein predictions for MUCSB haplo-
types based on human exon boundary liftover.
™*) central node distinguishing species
branches with 100% bootstrap support. Diagrams
represent protein domains with the large central
exon.

(E) Scatterplot of total MUCS5B exon 31 length (in
base pairs) and total VNTR motif count across all
VNTR domains in human and NHPs.

(F) Tiled alignments between representative
haplotypes of each NHP species (most common
or most structurally unique haplotype per
species) for MUC5B. MUCSB intron/exon boun-
daries distinguished by gene model at top of
visualization.

2,000 bp) in African haplotypes (X* = 87.4,
p < 0.001), suggesting a founder effect or se-
lection among East Asians consistent with
their eastward expansion that could result
in population-specific differential expres-
sion of H1. Additionally, all NHP haplo-
types feature lengths of 881-1,649 bp for
this enhancer VNTR (shortest in orangutan
and longest in chimpanzee).

Despite enhanced conservation in hu-
mans, there is extensive length variation
among the protein-coding MUCSB variants
among great apes. Only orangutan and
gibbon haplotypes harbor an additional
cys domain that is distinctive from the
other three cys domain types (Figure 3D),
which we classify as a type V domain. Like
MUCS5AC, orangutans carry the largest
MUC5B VNTR domains (84-89 copies of
the 29-mer). Excluding one haplotype

from the Siamang gibbon, human alleles of MUC5B gener-
ally harbor shorter central exons with fewer VNTR total
motifs compared to the NHP haplotypes (Figure 3E) and
little structural variation outside of the central exon
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Linkage disequilibrium (LD) analysis of the MUC5AC/MUCS5B locus for African, American, European, East Asian, and South

Asian genomes from the phased, short-read 1000 Genomes Project (1KG) cohort

(A) LD plots for the MUC5AC/MUCSB locus based on D', with increasing red intensity indicative of higher LD between SNPs. Gene
models corresponding to MUC5AC and MUCSB indicated by black annotations at top.

(B) Autosome-wide LD block size distributions for each major population. Blocks above 100 kbp visually excluded as outliers (included in

distribution analyses within populations).

MUCSAC LD block structure and potential positive
selection in East Asian populations

We next investigated LD patterns among different human
continental groups using D’ at the MUC5AC/MUCSB locus.
A predominant single LD block corresponded to most of
the MUCSAC protein-coding genes (Figure 4A) in the
non-African populations. We tested by simulation (Figure
4B) whether LD block sizes were significantly larger than
the genome-wide distributions because extended LD is a
signature of positive selection. When compared to popula-
tion-specific distributions of LD block sizes in the 1KG da-
taset,'” MUCSAC blocks are large (top 5% distribution) in

EAS (n = 585) and Americans (n = 490) relative to AFR
(n = 893), EUR (n = 633), and SAS (n = 601, Figure 4B).
To further test for positive selection, we calculated Taji-
ma’s D*’ for 10 kbp segments spanning MUCSAC and
MUCSB in the 1KG sample set. We find a significant excess
of rare variants in four bins within MUCS5B for Africans and
one bin for East Asians, consistent with positive selection
(Table 1). Repeating the analysis for MUC5AC, only one
population group (East Asians, Table 2) shows a signifi-
cantly negative Tajima’s D value corresponding to the 10
kbp segment preceding the VNTR. East Asians are the
only population with both an excess of rare variants and
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Table 1. Tajima’s D statistic for MUC5B in the 1KG

GRCh38 chromosome 11 bin

Population Gene - 1,220,000 1,230,000 1,240,000° 1,250,000° 1,260,000 1,270,000
AFR MUCS5B Tajima’s D -1.09 —~1.47 —1.84%¢ —1.87%4 —1.94%4 —2.10%¢
# SNPs 180 162 444 279 209 248
EUR MUC5B Tajima’s D —0.44 -0.42 —1.49 -1.39 -1.56 -1.60
# SNPs 122 81 356 191 73 103
SAS MUC5B Tajima’s D -0.55 -0.96 -1.76° -1.77° -1.59 -1.65
# SNPs 140 100 328 188 85 102
EAS MUCSB Tajima’s D -0.25 -0.49 -1.58 —-1.69" —2.13%¢ -1.91°
# SNPs 109 62 189 109 79 83
AMR MUCS5B Tajima’s D -0.46 -1.22 —~1.84 —-1.87° -1.95” —~1.90°
# SNPs 130 110 353 201 108 122

Bin sizes of 10 kbp were used to compare values to the autosome-wide distribution per population in the 1KG cohort.'”

#Corresponds to bin containing VNTR sequence.
PBottom 10% of autosome-wide Tajima’s D values.
“Bottom 5% of autosome-wide Tajima’s D values.
dSignificant at o. = 0.05 after permutation testing.

an abnormally large block of LD for MUC5AC, thereby
providing more compelling evidence of positive selection.

tSNP discovery and short-read genotyping using
Locityper

We next searched for tSNPs in high LD with VNTR hap-
logroups for the imputation of structural variants in
short-read WGS datasets. To discover tSNPs, we encoded
H1, H2, and H3 as biallelic variants and tested for correla-
tion (r%) with all SNPs within 10 kbp of the MUCSAC start
and stop sites (VNTR excluded). At a threshold of 2> 0.85,
we discovered 35 tSNPs for H1 (max 2 = 0.92), 5 tSNPs for
H2 (max r* = 0.89), and 52 tSNPs for H3 (max 1* = 1,
Table S4). tSNPs for H3 are in low LD with H1/H2 and
make excellent imputation candidates for this group of
variants (average H1/H2 2 =0.10). We found one tSNP dis-
tinguishing H1 and H2 of MUCS5B that met our stringent
criteria (in GRCh38, chr11:1,244,757; H1 > = 0.0026 vs.
H21?=1).

Next, we applied Locityper—a tool designed to genotype
complex, multi-allelic loci like MUC5AC/MUCS5B—to WGS
datasets.*> Given a collection of high-quality reference
alleles, Locityper predicts the best pair of alleles for an un-
known sample by examining read alignments and read-
depth profiles across all allele pairs. Locityper has a short
runtime that allows thousands of genomes to be rapidly
characterized. We tested the accuracy of Locityper in pre-
dicting haplogroup identities for MUC5AC and MUCS5B in
the HPRC/HGSVC genomes by performing leave-one-out
experiments. For MUCS5AC, we estimated a genotyping
accuracy of 95% for full diploid genotyping (both hap-
logroups correct) and 97.5% concordance for partial geno-
typing (one haplogroup correct; Material and methods,
Figure 5A; Table S5). For MUCSB, genotyping showed
100% accuracy in predicting the correct haplotype based

on leave-one-out experiments (Figure S7; Table S5). Pre-
dictably, Locityper was less accurate in identifying protein
isoforms due to homoplasy. For example, 91% and 81% of
samples were correctly assigned to protein subgroups for
MUCSAC and MUCSB, respectively (Table S5). A larger sam-
pling of reference haplotypes will improve future genotyp-
ing with this tool.

Next, we genotyped all 2,600 unrelated genomes from
the 1KG with high-coverage short-read Illumina WGS."”
We compared concordances for two high-confidence tSNPs
with Locityper predictions for MUC5AC (H1 vs. H2/H3
tSNP: 1528542750, H3 vs. H1/H2 tSNP: 1s769768817;
Table S4). We found high concordance between the two
methods, with 91% (n = 2,359) of the genomes yielding
complete concordance with both haplotypes. For the re-
maining ~9% (n = 241/2,600), most were discordant for
only one of the two haplotypes (92%, n = 222/241) and
differed for classification of H1 versus H2 alleles (75%,
n=166/222).

We leveraged the Locityper set of haplogroup predic-
tions to assess population patterns of MUC5AC variation.
We find that H2 is enriched in AFR genomes (47% of all
AFR haplotypes), while H3 is found predominantly among
Africans and Europeans (18% and 21%, respectively;
Figure 5B). In sharp contrast, H3 is virtually absent among
East Asians (0.37%); we identify only four haplotypes
found exclusively among Vietnamese. It is interesting
that among South Asians, H3 once again rises to common
allele frequency (~5%).

Using Locityper genotypes, we tested again for signa-
tures of positive selection with Tajima’s D (Figure 5C; Ta-
ble 3). Our results suggest signatures of positive selection
for H1 in EAS and SAS. We find that H2 in AFR yields a
significantly negative Tajima’s D value in the bin of MU-
C5AC preceding the tandem repeats, unlike the other
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Table 2. Tajima’s D statistic for MUCSAC in the 1KG

GRCh38 chromosome 11 bin

Population Gene - 1,150,000 1,160,000

AFR MUCSAC Tajima’s D -1.06 -1.57
# SNPs 213 268

EUR MUCSAC Tajima’s D -0.48 -1.37
# SNPs 116 193

SAS MUCSAC Tajima’s D -0.70 -1.52
# SNPs 134 191

EAS MUCSAC Tajima’s D -0.62 —~1.74°
# SNPs 105 173

AMR MUCSAC Tajima’s D -0.79 —1.54
# SNPs 140 196

1,170,000 1,180,000° 1,190,000° 1,200,000 1,210,000
—-1.37 -1.25 —-0.98 —-0.57 -1.23
428 259 241 226 166
—0.85 —0.54 0.17 0.52 —0.66
304 186 148 110 82
-1.63 —1.46 -0.71 -0.28 -0.87
312 194 154 132 92
—2.04%¢ —1.70° —0.94 -0.31 —-1.28
292 152 127 100 85
-1.39 -1.26 -0.93 —-0.90 -1.29
300 192 183 170 109

Bin sizes of 10 kbp were used to compare values to the autosome-wide distribution per population in the 1KG cohort.'”

#Corresponds to bin containing VNTR sequence.
PBottom 10% of autosome-wide Tajima’s D values.
“Bottom 5% of autosome-wide Tajima’s D values.
dSignificant at o. = 0.05 after permutation testing.

super populations examined. In contrast, we find signifi-
cantly positive Tajima’s D values for MUCSAC H3 in EUR,
ADM, and SAS. We tested for departure from Hardy-
Weinberg equilibrium and found a significant depletion
of homozygotes in Africans and Europeans (chi-squared
test, AFR: p = 0.0368, EUR: p = 0.030), consistent with
the action of balancing selection. These combined selec-
tion signatures in Europeans suggest there is an immuno-
logical advantage to shorter haplotypes of MUC5AC and
heterozygote advantage for the longer alleles (H3).

MUCSAC haplogroups in LD with GWAS risk SNPs and
expression quantitative trait loci (eQTLs)

Because the tSNPs we uncovered are unlikely to be
genotyped in previous GWASs, we assessed the LD of MU-
CS5AC haplogroups with risk and protective alleles for
asthmay/allergy phenotypes and infection-induced pneu-
monia/meningitis. The risk alleles for three SNPs associ-
ated with asthma/allergy (rs35225972,*" rs11245962,*°
and rs28415845*!; EUR cohorts) are in moderate LD with
H1 variants of MUCS5AC (Figure 5D). Conversely, the prote-
ctive alleles for two SNPs associated with infection-induced
pneumonia/meningitis (rs11245979,** 1s28729516**; EUR
cohorts) are in higher LD with H1, with 1528729516 func-
tioning as a tSNP for this haplogroup. We also examined
SNP-associated expression quantitative trait loci (eQTLs)
for MUCSAC identified in the upper airways of African
American and Hispanic children.>” These eQTLs were
parsed into two independent groups related to increased
(group A) and decreased (group B) MUCS5AC expression.
We found that group A eQTLs (increased MUCS5AC expres-
sion/decreased lung function) have an average r* of 0.79
for the risk variant and H1 MUCSAC alleles, whereas group
B eQTLs (decreased MUCS5AC expression) have an average
1? of 0.82 for the protective variant and H3 (Table S6).

These findings suggest that differences in VNTR structure
are likely important considerations for differential MU-
C5AC expression.

MUCS5AC and MUC5B PheWAS in All of Us
To identify phenotypes associated with MUCSAC and
MUCSB variation, we performed a PheWAS using data
from All of Us*” (n = ~165,150). We first tested for a known
disease association with the MUCSB regulatory polymor-
phism (rs35705950) and interstitial lung diseases.’® We
find significant associations after Bonferroni correction for
1s35705950 in all samples (including age, sex, and PCs1-3
as covariates) with the ICD codes for alveolar and parietoal-
veolar pneumonopathy (p = 6.89E—44, OR = 2.05),
idiopathic fibrosing alveolitis (p = 2.14E—36, OR = 2.85),
postinflammatory pulmonary fibrosis (p = 2.62E—34,
OR = 1.82), extrinsic allergic alveolitis (p = 3.96E—-08,
OR = 2.38), bronchiectasis (p = 9.77E-7, OR = 1.32), and
pulmonary congestion and hypostasis (p = 2.25E-0S,
OR = 1.30; Figure S8; Table S7). Two or more of these pheno-
types were associated with rs35705950 in Admixed Ameri-
cans and Europeans when tested alone (Tables S8 and S9).
We find no correlated phenotypes that survive multiple
testing correction for MUC5AC H1, H2, and H3 tSNPs (Ma-
terial and methods). It is interesting to note, however, that
H3 tSNPs approached significance for protection against
degeneration of the macula and the posterior pole of the
retina (p = 1.76E—4-9.49E—4, OR = 0.91; Table S19). We
repeated the analysis separately for heterozygotes and ho-
mozygotes at 1s36151150 (MUCSAC H3 tSNP) and find
increased significance for the protective phenotype among
heterozygotes, despite a reduction in alleles upon removal
of homozygotes (heterozygous: p = 2.41E—4, OR = 0.89;
homozygous: p = 0.145, OR = 0.94; Tables S20 and S21).
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Figure 5. Genotyping of MUC5AC haplogroups with Locityper for population distributions and signatures of positive selection

(A) Locityper leave-one-out results comparing edit distances between actual and retrieved genotype (predicted from Locityper) versus
edit distances between actual and closest possible genotype (best possible reference genotype from a multiple sequence alignment
with true genotype) for MUC5AC. Dot color based on the number of haplotypes in diploid sample sets that were correctly genotyped.
(B) MUCS5AC haplogroup frequencies across super populations and populations in the 1KG dataset from Locityper predictions.

(C) Distribution ranks of negative Tajima'’s D values across 10 kbp bins in the MUCS5AC locus for genotyped haplogroups in each of the
1KG super populations. The dashed black line corresponds to the 10% distribution rank and the dashed red line corresponds to the 5%
distribution rank. The three values above the dashed red line pass permutation testing and multiple testing correction.

(D) Six GWAS risk and protective alleles mapped to the MUC5AC phylogeny. SNPs grouped based on disease association and squared
correlations color coded based on haplogroup partitioning.
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Table 3.

Tajima’s D statistic for MUC5AC stratified by Locityper haplogroups in the 1KG

GRCh38 chromosome 11 bin

Population  Gene Haplogroup - 1,150,000 1,160,000 1,170,000 1,180,000 1,190,000 1,200,000 1,210,000
AFR MUCSAC  H1 Tajima’s D —0.54 -1.36 -1.29 -1.18 -0.87 —0.47 -1.18
# SNPs 156 215 321 205 197 185 131
H2 Tajima’sD  —1.17 —~1.75% -1.58" -1.51" -1.19 -0.71 -1.03
# SNPs 176 214 332 214 199 198 142
H3 Tajima’s D —0.19 -0.80 0.19 0.42¢ 0.34¢ 0.45¢ -0.30
# SNPs 134 166 261 157 160 157 104
AMR MUCSAC  H1 Tajima’sD  —0.86 -1.67" ~1.60 -1.53 -1.18 -1.08 —0.84
# SNPs 121 155 244 165 155 141 78
H2 Tajima’s D —0.21 -1.09 -1.29 -1.24 -0.88 —-0.45 -1.06
# SNPs 85 109 193 116 117 106 78
H3 Tajima’s D 0.42 0.28 1.61% 1.79¢ 1.72¢ 1.58% —-0.10
# SNPs 64 70 142 94 93 69 50
EAS MUC5AC  H1 Tajima’s D —0.67 —-1.78° —1.99% —1.55° —0.78 —0.41 —1.41
# SNPs 84 138 216 102 84 77 77
H2 Tajima’s D 0.81 -1.08 -1.53" -1.32 —-0.54 0.32 -0.02
# SNPs 64 112 198 107 99 77 54
H3 Tajima’s D NA NA NA NA NA NA NA
# SNPs NA NA NA NA NA NA NA
EUR MUCSAC  H1 Tajima’s D —0.84 -1.62" -1.23 -0.81 -0.22 -0.11 ~0.66
# SNPs 97 157 257 150 125 101 77
H2 Tajima’s D 0.83 -0.93 -1.02 -0.83 —0.40 1.13 0.16
# SNPs 69 105 157 109 104 73 54
H3 Tajima’s D —0.16 -0.28 0.86 1.75¢ 1.93% 1.38 -0.13
# SNPs 75 90 188 110 103 80 51
SAS MUC5AC  H1 Tajima’s D —0.71 -1.66" —~1.85% —~1.64" —0.74 -0.17 —-0.74
# SNPs 108 159 257 153 123 111 82
H2 Tajima’s D —0.15 -1.36 —1.48° —1.46° —0.78 —0.46 —0.42
# SNPs 97 142 220 140 113 109 72
H3 Tajima’s D 1.20 0.81 1.65 2.13% 1.62 2.39%! 0.27
# SNPs 47 58 135 82 90 54 35

Bin sizes of 10 kbp were used to compare values to the autosome-wide distribution per population and per haplogroup in the 1KG cohor

@Corresponds to bin containing VNTR sequence.
bBottom 10% of autosome-wide Tajima'’s D values.
“Bottom 5% of autosome-wide Tajima’s D values.
%Top 10% of autosome-wide Tajima’s D values.
“Top 5% of autosome-wide Tajima’s D values.
fSignificant at o = 0.05 after permutation testing.

t19

Discussion

Using numerous high-quality long-read genome assem-
blies, we performed a population-level genetic survey of
MUCSAC and MUCSB structural polymorphism. The pro-
tein-coding VNTRs of both loci have precluded and
complicated the study of these genes from short-read
WGS datasets. Initial efforts to resolve MUCS5AC and

MUCSB using long-read sequencing have relied on plat-
forms with higher error rates and have been limited to a
few individuals (n = 4)”; however, recent advances in
long-read sequencing technologies and de novo genome as-
sembly algorithms'''>'® have made complete character-
ization of the genes possible.”'® These analyses open a
path to improved understanding of how mucin structural
variants contribute to health and disease.
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While our results recapitulate the long-held belief that
MUCS5B is less variable than other secreted mucins,>*
they refute the hypothesis that MUCSB is intolerant of
structural changes, as we have identified structural variants
of likely functional consequence among Africans. This is
perhaps not surprising given the greater genetic diversity
expected among Africans.”® This variation has likely been
missed because most studies of MUC5B have been conduct-
ed within European populations (e.g., MUCS5B promoter
polymorphism®’). It is thus important that initiatives
from consortia like the HGSVC,” HPRC,'° and All of Us*’
broadly survey individuals of diverse genetic ancestry
with long-read sequencing.

In contrast to MUC5B, we uncovered extensive aa
composition and size variation within MUCS5AC. This dif-
ference may be related to their varying functional roles;
while MUCS5B is ubiquitously and constitutively expressed
in the airways, MUCS5AC is overexpressed in the naso-
pharynx and is highly responsive to inflammation.”” MU-
C5AC has likely evolved independently from MUCS5B to
respond to a wider variety of pathogenic challenges.'

Our comparative analyses with NHPs also indicates that
VNTR length has generally decreased in the human line-
age over the course of ape evolution for both genes.
Increased VNTR length and subsequent glycosylation is
predicted to enhance the interaction of the mucins with
water,”® thereby altering the mucus’s biophysical proper-
ties.®” Additionally, an increase in the number of cys do-
mains may enhance non-covalent self-interactions that
make the gel impermeable.®’ It is possible that longer var-
iants of both mucins contribute to pathogenic changes in
the viscoelastic properties of mucus in disease pheno-
types, such as asthma and cystic fibrosis. In this regard,
it is noteworthy that respiratory disease is a particularly
pervasive problem affecting NHPs in captivity®’; there-
fore, the reduction in overall VNTR length (especially in
H1 and H2 haplogroups) may have been particularly
adaptive in humans. Because of our detailed curation of
many MUCS5AC and MUCS5B human haplotypes,” %"
further experimental work uncovering how length varia-
tion in both loci imparts functional differences is now
possible.

Within the human population, we distinguish three ma-
jor MUCSAC haplogroups (H1-H3) that generally correlate
with VNTR length (H1 encoding the shortest and H3 the
longest molecules; Figure 1). The longer haplogroup vari-
ants are depleted among genomes of East Asian descent.
We observe a signature of positive selection in East Asians,
as evidenced by an excess of rare variants (Tajima’s D) and
extended LD. While this could be in part due to recent pop-
ulation bottlenecks or rapid population expansion in East
Asians,*® our genome-wide LD survey places MUCSAC
block length in the top 5% (Figure 4). These findings
may be relevant to the decreased prevalence of asthma in
individuals of Asian descent,®*®> although many other
mitigating factors, such as environmental exposures,®'
play an important role.

We leveraged the LD and structural differences present
within the 206 assembled haplotypes of MUC5SAC and
MUCS5B to genotype short-read WGS data. Using the
recently developed program Locityper, we estimate a
high degree of genotyping accuracy (~95% based on
leave-one-out experiments). Applying Locityper to the
high-coverage WGS data generated from 2,600 1KG
samples'? confirms the striking population stratification
and positive selection signature among East Asian pop-
ulations (Figure 5). Given the importance of MUC5AC
as a genetic modifier of epithelial diseases like cystic
fibrosis® and asthmaj/allergy,®**' it will be critical to
continue cataloging haplotype diversity and improving
short-read genotyping assays at this locus using haplo-
type information.

Our study of the genetic diversity of MUC5AC suggests
different forces of both balancing and positive selection
may be operating. Unlike H1, where LD block size and Ta-
jima’s D suggest positive selection in East Asians, our anal-
ysis of H3 in Europeans provides preliminary evidence of
heterozygote advantage based on significantly positive Ta-
jima’s D and deviation from Hardy-Weinberg equilibrium.
The molecular basis for this is unknown, but it is inter-
esting that a protective effect was suggested by PheWAS
for macular/retinal degeneration and enriched in H3 het-
erozygotes (Tables S14-S21). It is feasible that H3 variants
provide a protective function against ocular disease
because MUCS5AC expression has been previously associ-
ated with dry eye syndrome.°®®” MUCSAC and MUCS5B
are expressed in epithelial tissues outside of the lungs,
and the signatures of selection we have uncovered may
be due to more than just lung traits. It will be critical to un-
derstand these biological nuances and control for popula-
tion substructure in future association studies.

At a broader level, the strategy we have outlined is appli-
cable to other mucin loci and structurally variable genes.
There are numerous gene families with protein-encoding
structural polymorphisms that have generally been
excluded from surveys of genetic variation and disease.
Some of these are already known, such as LPA®® and
CYP2D6,°” while others are suggestive, such as HRNR.”"
Even for MUC5AC and MUCS5B, over 100 assembled refer-
ence genomes are still insufficient to capture the extent
of human genetic diversity at these dynamic loci. Addi-
tional haplotypes from long reads in the HPRC, HGSVC,
and All of Us, as well as approaches that tag haplotypes
(as opposed to single SNPs), are needed to facilitate further
variant discovery, protein domain sequence curation, LD
block structure analysis, and genetic associations with
disease. Importantly, the resulting panels of sequence-
resolved haplotypes and tools like Locityper could facili-
tate direct genotyping from short reads in large population
cohorts like All of Us or the UK Biobank. As long-read
sequencing methods continue to be optimized and
become less expensive in the coming years, the impor-
tance of these more complex forms of human genetic vari-
ation will become realized.
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Data and code availability

The assemblies generated for this project (not previously
published by the HGSVC’) were uploaded and accessioned
via NCBI Sequence Read Archive (SRA). Sample accession
IDs can be found in Tables S1 and S2. This study used
data from the All of Us Research Program Controlled Tier
Dataset v7, available to authorized users on the Researcher
Workbench.

Supplemental information

Supplemental information can be found online at https://doi.org/
10.1016/j.ajhg.2024.06.007.
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Note S1. Using tandem repeats finder, we discovered an 8-mer VNTR in intron 15 of
MUCS5AC with a canonical motif of TCACCCAC in all human haplotypes. Haplogroup 3
(H3) alleles harbor more copies of the repeat and a lower percent motif identity
compared to haplogroup 1 and 2 alleles in humans. STREME (Sensitive, Thorough,
Rapid, Enriched Motif Elicitation) analysis reveals five 24-mers that are exclusive to H3
alleles for genotyping this haplogroup (ACCATTCACTCACCCATTCACCCATTCACC,
ACTCACCCACTCACCCATTCACCCATTCAC, ACTCACCCACTCACTCACTCACCTA
CTCAA, CAGTGGGTGATTGAGTGGGTGAATGGGTGA, and TAAGTTGAGTGAGTGA
GGTGAGTGAGTGGA). The canonical 8-mer motif is exclusive to human haplotypes,
with all NHPs featuring motif lengths of 12-28 nucleotides. Total VNTR copy number is
also highly variable among the NHPs, leading to differences in total sequence length for

intron 15 across haplotypes (Fig. S5).
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Figure S1. MUC5AC protein VNTR motif utilization across 206 human haplotypes. MUC5AC protein 8-mer variation
plots across the five possible VNTR domains. Domain plot height corresponds to the total number of unique alleles across
the large central exon. Numbers per unique allele correspond to the number of haplotypes that are matching in motif
composition across all domains in linear sequence space. Black boxes indicate an absence of sequence. Gray represents
cys domain sequence between distinct VNTR domains. Alleles are ordered vertically by hierarchical clustering of motif

composition. Motifs are shifted in sequence space based on the same identity (indicating linear shifts of individual motifs).
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Figure S2. Extended version of Figure 1G.
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Figure S3. MUC5B protein VNTR motif utilization across 206 human haplotypes.
MUCS5B protein 29-mer variation plots across the five possible VNTR domains. Domain
plot height corresponds to the total number of unique alleles across the large central
exon. The numbers per unique allele correspond to the number of haplotypes that are
matching in motif composition across all domains in linear sequence space. Black
boxes indicate an absence of sequence. Gray represents cys domain sequence
between distinct VNTR domains. Alleles are ordered vertically by hierarchical clustering
of motif composition. Motifs are shifted in sequence space based on the same identity

(indicating linear shifts of individual motifs).
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Figure S4. Extended version of Figure 2G.
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genotype (best possible reference genotype from multiple sequence alignment with true
genotype) for MUCS5B. Dot color corresponds to the number of haplotypes in diploid

sample sets that were correctly genotyped.
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Figure S8. PheWAS of MUC5B promoter polymorphism rs35705950 in All of Us.

A. Phenome-wide association study (PheWAS) Manhattan Plot of phenotype
groupings and associations with the MUC5B promoter polymorphism rs35705950
in all populations (i.e., all samples). Only phenotypes that passed Bonferroni
correction are noted by name.

B. Odds ratios of the top 25 diseases (based on ordered p-values) for associations
with rs35705950. Green indicates phenotypes that passed Bonferroni correction.

SE = standard error (horizontal bars corresponding to each p-value).
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