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Abstract

Background Short tandem repeats (STRs) are widely distributed across the human genome and are associated
with numerous neurological disorders. However, the extent that STRs contribute to disease is likely under-estimated
because of the challenges calling these variants in short read next generation sequencing data. Several computa-
tional tools have been developed for STR variant calling, but none fully address all of the complexities associated
with this variant class.

Results Here we introduce LUSTR which is designed to address some of the challenges associated with STR vari-
ant calling by enabling more flexibility in defining STR loci, allowing for customizable modules to tailor analyses,
and expanding the capability to call somatic and multiallelic STR variants. LUSTR is a user-friendly and easily cus-
tomizable tool for targeted or unbiased genome-wide STR variant screening that can use either predefined or novel
genome builds. Using both simulated and real data sets, we demonstrated that LUSTR accurately infers germline
and somatic STR expansions in individuals with and without diseases.

Conclusions LUSTR offers a powerful and user-friendly approach that allows for the identification of STR variants
and can facilitate more comprehensive studies evaluating the role of pathogenic STR variants across human diseases.
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Background

Short tandem repeats (STRs), also known as microsatel-
lites, are DNA sequences composed of either identical
(perfect) or highly similar (imperfect) short repetitive
units (Supplement Fig. 1) [1]. By definition, the length
of the repeated unit is usually shorter than 6bp [2].
STRs are typically flanked by patternless sequences.
Since their first characterization in vivo, STRs have been
found throughout the genome of both prokaryotes and
eukaryotes [3-5]. Under the common definition of STR,
more than 3% of human genome reference contains STR
sequences, and about 90% of known human genes con-
tain at least one STR locus within the protein-coding
regions [2, 6].

STR variants include both nucleotide and length
changes, resulting in both mismatches and repeat inser-
tion/deletions (rINDELs). The slippage model first pro-
posed by Kornberg is one widely accepted mechanistic
model explaining the high mutation rate at STRs com-
pared to non-STR regions [2, 7, 8]. This model posits
that the length of the STR repeat sequence can either
expand (increase repeat number) or contract (decrease
repeat number) due to a mispairing of the repetitive
sequence in the nascent strand to the template strand
during DNA replication. This mispairing creates a loop
in either the nascent or template strand thus leading to
a larger or smaller tandem repeat number in the newly
formed DNA strand. In most cases STRs vary by only a
single repeat addition or subtraction, but in some cases
the STR loci can expand or contract by several thousand
repeats [9, 10]. Such length variations may cause struc-
tural disruption and result in altered gene expression
when they happen within protein coding or non-coding
regulatory regions [11-13]. The majority of research into
the biological relevance of STRs focuses on the impact of
the size of STRs, or the total number of repeated DNA
units on each allele at the STR locus [9, 10]. Pathogenic
STR expansions cause multiple severe human neuro-
logical disorders, including Huntington disease, amyo-
trophic lateral sclerosis (ALS), fragile X syndrome, and
Friedreich ataxia [14—18]. Interestingly, the length of
the expansion has been shown to vary in different tis-
sues and cells within the same individual which gives
rise to mosaicism [18-20]. In fact, mosaicism has been
reported in both clinical cases and mouse models for
multiple disease associated STR loci [21-28]. In addi-
tion to the contribution of STRs in disease, the high
variation rate of STRs also provides polymorphic DNA
markers in every individual. Thus, STRs can also be
important targets in kinship determination and identity
verification when a reliable genotyping method is avail-
able [29-31].
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The unique properties of STRs make the genotyping of
these sites extremely challenging. Historically STRs gen-
otyping was done using repeat-primed polymerase chain
reaction (RP-PCR) and southern blotting, however, these
approaches are inefficient and require advance knowl-
edge of the target site [32-34]. Genome sequencing
technologies offer the potential for a more efficient and
more cost-effective way to genotype STRs genome-wide
and without bias. Short read sequence outputs have been
adopted more widely because application of the emerg-
ing long reads sequencing technologies are still limited
by cost and high sequencing error rates [35]. Although
small STR expansions or contractions can be identified
via standard variant calling pipelines as small insertion-
deletion variants, the robustness and accuracy of the
genotype can be significantly affected by the structural
complexity of the STRs, especially when the variant size
exceeds the sequenced read lengths [36]. Efforts have
been made to develop computational tools specifically
for STR realignment and variation calling [37-46], but
significant challenges still exist. Many of the STR calling
pipelines require the user to provide target STR loci with
inflexible input requirements. A recently developed tool
ExpansionHunter Denovo does not require information
of STR loci and allows for an unbiased screen. Expan-
sionHunter Denovo uses only paired reads composed
of one read mapping to the flanking region and one
read mapped to only the region of repeated sequence to
detect signals of expansions. This approach only applies
to long expansions limiting the ability to genotype speci-
fied STR loci when they have no or only small size varia-
tions [47]. Furthermore, to our knowledge there are very
limited options to detect mosaicism at STR loci which
has been observed in some individuals [20]. While the
link between somatic mutations and cancer and neuro-
logical disorders has been well established, the full con-
tribution of somatic STR variants in disease is yet to be
revealed [20, 48, 49]. Given the high mutability of STR
variants, post-zygotically acquired pathogenic STR
expansions and contractions, which would give rise to
mosaicism, may be more involved in disease risk than
currently appreciated [25, 28, 50-61].

Here we have developed a novel STR variant calling
tool, LUSTR (LU developed STR toolkit), for short read
next generation sequencing which offers accurate ger-
mline and somatic STR calling in a highly user-friendly
format.

Implementation

We designed the LUSTR pipeline to provide an accurate,
robust, and easy-to-use method to call germline and
somatic STR variants from short read next-generation
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sequence data. The pipeline is divided into several mod-
ules (Fig. 1), each described below. The Perl scripts used
for the LUSTR pipeline are available on GitHub (https://
github.com/JLuGithub/LUSTR/releases/tag/STR).

Finder module

The purpose of this module is to identify the genomic
coordinates to extract the repeat and flanking sequences
for the STRs the user seeks to genotype. There is no limit
to the number of STR sites that can be interrogated. Since
the exact sequence of an STR may vary due to the pres-
ence of mismatches in some of the repetitive sequences
or incomplete repeats (Supplementary Fig. 1), provid-
ing exact STR boundaries can be difficult and imprecise.
Therefore, in addition to the repeat unit, LUSTR requires
only the approximate position of the targeted STR, which

STR information

LUSTR
®

[ User provided ]
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can merely include sufficient repeats as seeds to initi-
ate the search. Using this information LUSTR searches
the reference sequence for both perfect and imperfect
repeats around the given positions, periodically extends
the repeats, and automatically determines the bounda-
ries between flanking and repeat sequences using default
or user-defined parameters that specify how permissive
the user wants to be regarding the extent of mismatch
and gaps (Supplementary Fig. 2). The LUSTR-defined
genomic coordinates, sequences associated with the tar-
geted STRs, and the parameters used to generate the list
will then be carried to the following modules.

RefCreator module and extractor module
Given the unique requirements for the alignment
of sequencing reads at STR loci, LUSTR requires de

Reads mapped for any
projects (.bam/.sam)

1

1 :
LUSTR :

1 :

v Extractor @ :

[ Raw reads in pairs (.fastq) ]

[ STR reference sequences ]

LUSTR
@

1 bwa

Reads mapped specific for
STRs (.bam/.sam)

LUSTR
| @

Realigned pairs annotated with lengths of
flanking & repeat sequences

| LUSTR I
l Caller ®

(

Genotypes at each STR locus ]

Fig. 1 LUSTR pipeline and modules. LUSTR distinguishes itself from other existing pipelines or tools in the following aspects: (1) A“finder"module
to standardize extraction of genomic STR regions to be genotyped. The “finder”module aims to simplify the information required to target

specific STRs, diminish the impact of imperfect input, and provide flexibility to allow easier user customized target lists, ranging from unbiased
compilations for genome-wide scans or a small number of targeted STR sequences. (2) Instead of directly processing mapped reads (.bam files)
obtained from alignment pipelines not necessarily optimized for STRs, LUSTR de novo remaps the raw reads (fastq files) to STR references defined
in the “finder" module, with parameters adjusted specifically for STR calling to enhance the performance. We provide an “extractor"module

to retrieve reads from the.bam file if raw reads are not available. This remapping step and the “finder”module, indicated by a dashed rectangle,

are unique to LUSTR and are not available in other STR calling pipelines. (3) LUSTR implements a flexible two-step strategy for STR genotyping,
separating the local realignment step in the “realigner”module to incorporate reads that may have been discarded during the mapping process,
and a freestanding calling step in the “caller” module which processes the realignment results to estimate the genotypes for each STR. This modular
approach allows for precise tracking of reads through realignment which is critical for debugging and performance evaluation, and allows easier
implementation of necessary updates or incorporation of project specific optimization. (4) The “realigner” module applies both flanking-guided
and repeat-guided realignment to ensure both accuracy and sensitivity. (5) The “caller”module allows fractional multiallelic STR genotyping results
amenable to the calling of germline or somatic expansions or contractions. (6) LUSTR minimizes the prerequisites and only requires pre-installations

of samtools and bwa
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novo mapping of raw reads to STR loci. Based on the
sequences determined by the “Finder” module using
the user-defined parameters (Supplementary Fig. 1), the
“RefCreator” creates separate references from the flank-
ing and the repeat sequences, as well as artificial refer-
ences composed by perfect repetitive units of target
STRs. In case of unavailability of the original raw reads
(.fastq), LUSTR provides the “Extractor” module to pull
all of the raw reads from bam files using a single com-
mand regardless of the way the bam files are sorted.
Alternatively, users can choose samtools or other exist-
ing tools to prepare the raw reads after the bam files
are sorted by reads ID. The mapping of the raw reads to
STR references can then be done by existing tools such
as bwa with appropriate parameters for STRs (defined in
the user manual), to provide primary alignments as sam
or bam files for the following LUSTR modules. Quality
control can be applied either before or after the mapping
to reduce false signals in the subsequent steps. Note that
this de novo mapping step, as well as the “Finder” mod-
ule, are unique to LUSTR to increase calling accuracy.

Realigner module

LUSTR then uses the “Realigner” module to map any
unmapped reads and to map the unmapped portions
of partially mapped reads from the previous step. Spe-
cifically, when the majority of the read is from a flank-
ing sequence, the “Realigner” module will try to align
the remaining part to the repeat sequence using the
periodic Smith-Waterman algorithm. When the major-
ity of the read is from a repeat sequence, the “Realigner”
module will try to align the remaining part to the flank-
ing sequence using the regular Smith-Waterman algo-
rithm. Reads with non-contiguous realignment will
be presented as split portions of the read belonging to
up-stream flanking, repeat, and down-stream flanking
regions of a STR. To analyze each STR in the subsequent
step, all realigned reads are categorized according to the
STR regions they map to, allowing for single reads to map
to multiple different locations if homologous sequences
exist. Paired-end reads unable to be mapped to the same
target STR(s) are discarded.

Caller module

In the last step, the “Caller” module collects the infor-
mation from the alignment procedures described above
and lists each potential repeat size at the STR locus that
is supported by at least one read. Alleles with repeat sizes
short enough to be supported by spanning reads will be
determined directly, while the size of long repeats (those
exceeding read length) will be estimated by taking the
ratio of the number of reads realigned to the flanking
and the repeat regions. The quality of the calls can then
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be determined by inspection of the number of realigned
reads and the randomness of their distribution at the
STR loci following default or user-provided thresholds.
By categorizing pairs supporting each of the potential
alleles, the “Caller” module estimates the fraction of each
allele, allowing for the possibility of somatic STR vari-
ants. Considering the complexity of STRs, the “Caller”
module returns the genotyping results in plain text for-
mat, which can be easily converted to VCF or other file
formats if needed. Furthermore, the “Caller” module also
integrates an option to narrow down the STR candidates
by generating a list with alleles meeting user-customized
thresholds in several features, such as the expansion size,
call quality, and allele fraction. Additionally, in the pres-
ence of bias detected between upstream and downstream
flanking sequences, the “Caller” module will also pro-
vides a warning message for users to investigate potential
off-targets or complex mutations close by.

Results

Application of LUSTR in simulated short reads sequencing
datasets

We first tested how well LUSTR performs the local rea-
lignment using the “realigner” module, as this step is crit-
ical for accurate genotyping and estimating the number
of variant alleles present. Simulated reads were generated
from the STR locus in human C9ORF72 gene (Table 1).
The C9ORF72 STR contains tandemly repeated GGG
GCC sequences (or GGCCCC on the forward strand),
whose expansion is well-studied and known to be asso-
ciated with ALS (Supplementary Fig. 1). We simulated
individual libraries of COORF72 STR alleles with different
repeat sizes as follows: (Library 1) allele with the origi-
nal repeat size (62bp by the default parameters of LUSTR
Finder module), (Library 2) expanded allele with 2 times
repeats to the original size, (Library 3) expanded allele
with 4 times repeats to the original size which exceed
standard short read lengths, (Library 4) contracted allele
with half number of repeats to the original size, and
(Library 5) an allele missing the repeats entirely. Twenty
thousand raw reads with lengths of 150 nucleotides were
generated in pairs for each library, randomly from the
2X1000bp flanking sequences and the repeat regions.
Note that by these settings, the repeat region of COORF72
STR in Library 3 was unable to be fully spanned by any
reads due to the length limitation. To simulate sequenc-
ing errors, we allowed mismatches, insertions, and dele-
tions (indels) at each nucleotide position at a rate of
0.5%. Raw simulated pairs were then processed follow-
ing the LUSTR pipeline. The realignment annotations
by the LUSTR “realigner” module of flanking and repeat
lengths were compared to the records during the genera-
tion of the raw reads, and the repeat size estimations by
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the “caller” module were then compared to the expecta-
tion (Table 1). Notably, LUSTR showed high specificity in
all libraries and successfully excluded all pairs that were
not generated in the forward-reverse pattern (true nega-
tive) without calling any positive signals incorrectly (false
positive). Among the remaining pairs, LUSTR also exhib-
ited high sensitivity > 99% by successfully retrieving most
of the positive pairs (true positive) and missing only a few
pairs in certain libraries (false negative). The false nega-
tive calls arose because of the mismatches or INDELs
that occasionally occurred within correlated reads, which
rendered the realignment scores below the threshold
and triggered them to be discarded. Moreover, LUSTR
annotated >99% of the true positive pairs identically to
the way they were generated, with only a few pairs anno-
tated imperfectly. We found most of the misannotated
pairs were due to simulated sequencing errors at the
exact boundary between the flanking and repeat regions,
which resulted in one nucleotide shifts in the annotation
results. These results show that LUSTR was both sensi-
tive and specific to realigning raw reads to the STR loci.

We next tested the ability of LUSTR to estimate the size
of STR from short reads (Fig. 2a). We simulated homozy-
gous CIORF72 STR references with different repeat sizes
along with 2X1000bp flankings, and randomly generated
forward-reverse 150 nucleotide pairs from each of them.
Mismatches or INDELs were allowed at each nucleotide
position at a rate of 0.5% to imitate expected sequenc-
ing errors. To test the robustness of LUSTR under low
sequencing depth, we generated the libraries under dif-
ferent average coverages varying from 1 to 100X. Each
condition was repeated 10 times independently, and
the raw pairs in each simulated library were processed
by LUSTR up through the “caller” module. Individual
size variation estimation by LUSTR for each library was
shown in Fig. 2a, and the average of each condition was
compared to the expectation. We also calculated the
square of the correlation coefficient (r?) to summarize
the ability of LUSTR to call expected sizes under different
coverage conditions. LUSTR successfully estimated the
STR size variation in libraries with sequencing depth as
low as 5X (r?=0.74), and performed more accurate esti-
mations by the increase of sequencing depth (r*=0.97
at 30X, Fig. 2a). LUSTR was even able to make an accu-
rate estimation when the STR repeat sizes were close to
the simulated read lengths (150bp, variation+ 15). These
results indicated that LUSTR robustly estimates STR
sizes with high accuracy.

The estimation of STR allele fraction has not been
explored to any great extent with existing STR calling
tools but is essential for somatic variant analysis. There-
fore, we further tested the ability of LUSTR to accurately
determine STR allele fraction (Fig. 2b). We simulated
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heterozygous CO9ORF72 STR references composed of two
alleles along with 2X1000bp flankings: one with a normal
C90RF72 STR repeat size (62bp including 18bp perfect
repeat units), and the other with a very large expan-
sion in the range commonly found in humans with ALS
or FTD (about 100 repeat units longer than reference).
The normal C9ORF72 STR allele fraction was then var-
ied from 10 to 90%. Raw pairs of 150 nucleotides were
randomly generated in a forward-reverse pattern under
different average coverages varying from 1 to 100X. Ran-
domly generated substitutions or INDELs at a rate of
0.5% were incorporated to account for expected sequenc-
ing errors. Simulations for each allelic fraction evaluated
were repeated 10 times and independently processed
by LUSTR. The estimated allelic fraction of the original
C90ORF72 STR allele in each library is shown in Fig. 2b.
The average of each condition was compared to the
expectation. We found that the estimation of STR allele
fraction required higher sequencing depth compared
to that required for non-mosaic STR sizing. Although
LUSTR exhibited a correlation between the estimation
averages and the expectations starting from 10X cover-
age (r*=0.56), it did not return a reliable estimation for
individual libraries until 30X (r*=0.77) or 50X (r*=0.88)
coverage (Fig. 2b). These results indicate that LUSTR is
able to successfully estimate the fractions of STR alleles
in deep sequenced short reads libraries, although the
performance, as expected, could be affected by insuffi-
cient realigned reads when sequencing depth was low.

Identification of known STR variants

from publicly-available sequence data using LUSTR

We next tested the ability of LUSTR to correctly iden-
tify STR variants in a database with benchmarking vari-
ant calls defined by the Genome in a Bottle Consortium
(GIAB). GIAB integrates multiple short and linked read
sequencing datasets to provide benchmark calls for
human genomes and provides a valuable source for the
optimization and validation of bioinformatics tools [62].
We downloaded the MGISEQ (150 nucleotide read
length) and the BGISEQ (100 nucleotide read length)
sequenced pair-ended short reads libraries by their avail-
ability for the Ashkenazim trio and the Chinese trio from
GIAB. In addition to the analysis for each individual
library, we also generated and analyzed merged libraries
when the same individual was sequenced multiple times
or across multiple sequencing lanes (Tables 2 and 3, Sup-
plementary Table 1). We then selected 13 STR loci that
were known to be associated with neurological disorders
and thus have been used to validate existing STR calling
software [42]. The raw pairs of each merged and indi-
vidual library were processed by LUSTR using the default
settings, and the genotype calls for the listed STR loci
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Fig. 2 LUSTRis robust in tests with simulated libraries. To test the performance of LUSTR in size and allele fraction estimations, we generated
simulated reads from C90rf72 locus including 2X1000bp flanking regions and the repeats of (@) homozygous alleles with different expanded

or contracted repeat sizes (ranging from -10.3 to+ 1000), and (b) heterozygous alleles with one reference allele and one expanded allele (+ 100
repeats), mixed by different fractions. Reads 150 nucleotides in length were generated in pairs with an error rate of 0.5% including mismatches,
insertions, and deletions, under different average coverage ranging from 1 to 100X. Each combination was repeated 10 times as a group. The
number of failed libraries in each group, which were due to low coverage and mainly for 1X coverage condition, is indicated by red shade.

For successfully called libraries, we examined the estimated repeat size variants (a) and then estimated the fraction of the reference allele (b).
The observed and expected are shown for each scenario evaluated. We compared the average result in each group (indicated by a black solid
line) with the expectation (indicated by a blue dotted line) and calculated the square of correlation coefficient (). Among the sizes evaluated,
we specifically tested the repeat size variations for the deletion allele (-10.3), reference allele (0), and allele with repeat sizes close to reads length
(+15) in Fig. 2a. For size estimation (a), LUSTR showed robust performance starting from 5X coverage and became very close to the expectations
from as low as only 10X coverage. For fraction estimation (b) LUSTR required higher coverage, but still exhibited reliable estimates showing

the expected allelic ratio with only 10X coverage. This result showed that LUSTR robustly infers both repeat size and allele fraction estimations even
for low coverage libraries
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were compared with variant calling files (VCFs) provided
by GIAB.

Across all the Ashkenazim and Chinese trio libraries
and the 13 loci, there were a total of 54 opportunities to
compare the genotype provided by GIAB to that called by
LUSTR (Tables 2 and 3). For 48 out of the 54 comparisons
(88.9%), the predominant allele(s) identified by LUSTR
matched that of the benchmark GIAB calls. Among the
concordant calls, LUSTR also detected two contracted
STR variants at the ATN1 and HTT loci for the son of the
Ashkenazim trio at low levels, one with a five repeat units
contraction by 5% allele fraction and the other with a nine
repeat units contraction by 4% allele fraction (indicated
as -5 and -9 in Tables 2 and 3, respectively). Although
these small fraction alleles were not called by GIAB,
they were supported by some reads realigned to the loci
(Supplementary Fig. 4). This could be due to sequencing
errors that generated a small fraction of reads artificially
revealing the variants, or it could indicate the real pres-
ence of somatic STR variants at these loci. A minor frac-
tion of reads supporting an allele that was+12.7 were also
detected at the ATXN3 loci in the Ashkenazim trio com-
pared to the expected+13. This minor discrepancy was
attributed to likely by sequencing errors or slight inter-
pretation differences. For the six discordant calls (11.1%),
they were either small differences in repeat count unlikely
to alter the interpretation (i.e., for the Ashkenazim trio
LUSTR called -1/+1 repeats for the two ATXNI alleles
whereas GIAB reported 0/+1) or due to reads support-
ing variant alleles being absent in specific libraries (i.e.,
ATXN? in the mother of the Ashkenazim trio and in the
child of the Chinese trio) (Supplementary Table 1a and b
and Supplementary Fig. 3).

For the 50 instances without GIAB calls (NAs), LUSTR
called 34 genotypes identical or close to the reference
(68%), which likely explains the absence of calls in GIAB
VCFs. In addition to observing a high rate of calling con-
cordance, there were several cases where LUSTR detected
a genotype that was not called by GIAB. For example, at
the DMPK locus, LUSTR called a genotype of -15, -9 in
two sequencing runs for the mother of the Ashkenazim
trio that was not reported by GIAB (Tables 2 and 3). The
reason this was not called in GIAB is unclear. However, in
all cases, there was clear sequence read evidence support-
ing the presence of these alleles (Supplementary Fig. 5).
The LUSTR genotype calls in the child also followed a
Mendelian inheritance pattern which further supports the
accuracy of the calling (Tables 2 and 3).

Since ExpansionHunter provides curated informa-
tion and input format for these 13 STR loci, we also ran
ExpansionHunter (ver 4.0, default settings) and com-
pared the results in all of the eight merged libraries to
further evaluate the performance of LUSTR. Among all
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the 104 comparisons from both Ashkenazim and Chi-
nese trios, LUSTR showed 94 calls (90.4%) identical or
equivalent to ExpansionHunter results, including those
loci referred above where LUSTR called genotypes sig-
nificantly different from GIAB database (Tables 2 and
3, Supplementary Fig. 5). Among the 10 calls that were
discordant between LUSTR and ExpansionHunter, there
were instances where ExpansionHunter was able to
reveal the hidden allele missed by LUSTR (e.g. ATXN7
in the mother from Ashkenazim trio), but also instances
where LUSTR showed more convincing results by raw
reads inspection (e.g. HTT in the father from Ashkena-
zim trio) (Tables 2 and 3). These results collectively sup-
port that LUSTR can accurately genotype STR variant
alleles in short reads sequencing libraries.

LUSTR was accurate and robust to call mosaic STR variants
in the in silico mixture libraries

We next tested the ability of LUSTR to call mosaic STR
variants by mixing short reads from real data libraries
in silico. We selected two MGISEQ sequenced libraries
with equal sequencing lengths, one from the father of the
Ashkenazim trio and the other from the child of the Chi-
nese trio. We generated an in silico mixture by randomly
selecting varying proportions of reads (Table 4) from the
two libraries. The mixed libraries were then processed by
LUSTR for the 13 tested STR loci shown in Tables 2 and
3. To validate the performance, we first assumed the STR
genotypes of the two samples by integrating both GIAB
calls and reliable LUSTR calls in the previous tests. We
then estimated the expected STR allele fractions in the
mixture libraries by assuming that both original samples
had homozygous or heterozygous germline genotypes
at these loci (i.e., 100% or 50% variant allele frequency,
Table 4). The expected calls were then compared with the
calls by LUSTR. In the mixed library consisting of a 1:2
ratio of the two genomes, LUSTR successfully called the
alleles with fractions very close (<10%) to expected for
six out of the 13 STRs (ATNI1, ATXN3, C9ORF72, CBL,
DMPK, and HTT) (46.2%, Table 4). For 5 STRs (ATXN2,
ATXNI10, CACNAIA, JPH3, and PPP2R2B), LUSTR
called allelic fractions deviating greater than 10% from
expectation. This could be due to read bias in the origi-
nal samples or sampling error (Table 4, Supplementary
Table 1a and b). LUSTR missed STR alleles for ATXN1I
and ATXN7, but these were due to missing or low-quality
reads supporting the non-dominant alleles in the original
libraries (Table 4, Supplementary Table 1).

To further test the ability of LUSTR under more
extreme conditions, we then mixed the two samples by
an approximate ratio of 1:10 to mimic mosaic STR alleles
with fractions as low as 5 or 10% (Table 4). Considering
that such low fractions were made by selecting only a few
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Table 4 Ability of LUSTR to estimate allele fraction by in silico mixture of samples
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Loci

ATNT (CAG)
12:7045880-938

ATXNT (TGQ)
6:16327865-955

ATXN2 (GCT)
12:112036754-823

ATXN3 (CTG)
14:92537355-96

ATXN7 (GCA)
3:63898361-423

ATXN10 (ATTCT)
22:46191235-304

C90RF72 (GCCCCG)
9:27573483-544

CACNATA (CTG)
19:13318673-712

CBL (CGG)
11:119077000-33

DMPK (CAG)
19:46273463-524

HTT (CAG)
4:3076604-67

JPH3 (GCT)
16:87637889-935

PPP2R2B (GCT)
5:146258291-322

Loci

ATN1 (CAG)
12:7045880-938

ATXN1 (TGC)
6:16327865-955

ATXN2 (GCT)
12:112036754-823

ATXN3 (CTG)
14:92537355-96

ATXN7 (GCA)
3:63898361-423

ATXN10 (ATTCT)
22:46191235-304

C90RF72 (GCCCCG)
9:27573483-544

Original Genotype®

Father (32.8% of mixture)
Ashkenazim Trio library 1
0/0

0/+1

-1/47

+6.7/49

0/0

0/+2

0/+5

-9/-7

-2/-2

0/42

0/0

Original Genotype®
Father (8.9% of mixture)
Ashkenazim Trio library 1

0/0

0/+1

-1/+7

+6.7/4+9

0/0

0/+2

-1/-1

Son (67.2% of mixture)

Chinese Trio MGl library 1

0/+4

0/+2

0/+7

0/0

7/-4

0/+2

+3/+6

Son (91.1% of mixture)

Chinese Trio MGl library 1

0/+4

0/+2

0/+7

Expectation

0(67%)
+4 (33%)

-1(67%)
0(17%)
+1(17%)
-1 (83%)
+7 (17%)

0 (67%)
+ 6.7 (17%)
+9 (17%)

0(67%)
+2 (33%)

0 (50%)
+2 (17%)
+7 (33%)

-1 (100%)

-2(17%)
1(17%)
0(67%)
0 (83%)
+5(17%)

0 (50%)

2 (50%)
0(33%)
+3(33%)
+6 (33%)

Expectation

0 (55%)
+4 (45%)

-1(90%)
0 (5%)
1(5%)
-1 (95%)
+7 (5%)
0 (90%)
+6.7 (5%)
+9 (5%)

0 (55%)
+2 (45%)
0 (50%)
+2(5%)
+7 (45%)

-1 (100%)

LUSTR estimated allelic fraction

(520837211

0 (74 £26%)
+4 (26 £26%)

-1 (57 +£26%)
0 (43 +26%)

-1 (61+48%)
+7 21£51%)

0(68+11%)
+6.7 21£11%)
+9(11£11%)

0 (100+0%)

0 (40£20%)
+2 (36 +20%)
+7 (24 £24%)

-1 (100+0%)

-2 (32+48%)
-1 (33£47%)
0(34£47%)

0 (76 +24%)
+5 (24 £24%)

-9 (17£9%)
-7 (51£10%
-4 (32£10%
-2(30£23%
-1 (70+23%
0(35+8%)
+2 (65 +8%)
0(17+10%)

+3(40+11%)
+6(43+12%)

)
)
)
)

pair-ends)

LUSTR estimated allelic fraction

Mixture 1
(384221009
pair-ends)

0(63£37%)
+4 (37 £37%)

-1 (100+£0%)
-1 (78+52%)

0 (86£13%)
+6.7 (9£13%)
+9 (5+14%)

0 (100+0%)

0(53+£47%)
+7 (47 £47%)

-1 (100£0%)

Mixture 2 Mixture 3
(384225464 (384223036
pair-ends) pair-ends)

0 (67 +£33%) 0(63+37%)
+4(33+£33%) +4(37+£37%)
-1 (77434%) -1 (77 £34%)
0 (23+34%) 0 (23+34%)

(Ia)

-1 (78+52%) -1 (73£73%)

0(90+£14%) 0 (90+14%)
+7 (5+13%) +6.7 (5£13%)
+9(5+14%) (I

+9 (5+14%)

0 (100+0%) 0 (100 +0%)

0(53+£47%)
+7 (47 £47%)

0 (60 +40%)
+7 (40 £40%)

-1 (100£0%) -1 (100+0%)

xxx

Xk

xxx
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Table 4 (continued)
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CACNATA (CTG) -2/-1 0/0
19:13318673-712

CBL (CGG) 0/+5 0/0
11:119077000-33

DMPK (CAG) -9/-7 -7/-4
19:46273463-524

HTT (CAG) -2/-2 -1/-1
4:3076604-67

JPH3 (GCT) 0/+2 0/42
16:87637889-935

PPP2R2B (GCT) 0/0 +3/46

5:146258291-322

-2 (5%) 0(100£0%)  -2(49+51%) 0 (100+0%) -
-1 (5%) 0(51+51%)
0 (90%)
0 (95%) 0 (87 £35%) 0(87+35%)  0(89+32%) }
+5 (5%) +5(13+35%) +5(13+35%) +5(11+32%)
-9 (5%) Q(11£11%) -7 (54+14%) -7 (58 +12%)
-7 (50%) 7 (49+12%) -4 (46+14%) -4 (42+12%)
-4 (45%) -4 (41 +12%)
-2 (10%) -1 (100£0%)  -1(100+£0%) -2 (10 +29%)
-1(90%) ()

-1 (90+29%)
0 (50%) 0(39+10%)  0(33£10%)  0(30+10%)
+2 (50%) +2(61£10%) +2(67+£10%) +2 (70+10%)
0 (10%) 0 (7+12%) 0(11+11%) 0 (4+12%)
+3(45%) +3(44+13%) +3(43+12%) +3 (46+13%)
+6 (45%) +6(48+13%) +6(47+£13%) +6 (50+13%)

Two in silico mixture sets applying different sample proportions were processed and tested by LUSTR. Mixing was repeated three runs to ensure that non-dominant
reads source were represented in the second test for extreme low fraction alleles. Libraries were picked from the father in Ashkenazim trio and the son in Chinese
trio, both sequenced by MGISEQ platform (Supplementary Table 1). The list of tested STRs was identical to the one used in the test for GIAB libraries (Tables 2 and

3 and Supplementary Table 1). Name, repeat unit, and location in genome (build 37) of each STR are shown in the first column. The expectations of STR alleles and
their fractions in the in silico mixtures (column 4) were calculated based on the original genotypes of the samples and their mixing proportions (column 2 and 3).
The estimation results by LUSTR were indicated in either *** (matching expectation), * (mismatching fraction estimation, > 10%) or—(loss of allele). Alleles called but
deemed low quality by LUSTR were marked with “Iq". Low quality calls are likely due to low representation of minor alleles in the mixture

2The original genotypes of the two samples were determined by both GIAB calls and LUSTR estimations (Supplementary Table 1), with assumption of germline

patterns as either homozygous or heterozygous (i.e., no mosaicism at targeted loci)

reads from the sample, we performed three replicates
to reduce the impact of sampling error that can occur
during the mixing (Table 4). LUSTR successfully called
the alleles with expected fractions in at least one of the
three replicates for 6 out of the 13 STRs (ATN1, ATXNS3,
C90RF72, CBL, DMPK, and PPP2R2B) (46.2%, Table 4).
Notably, LUSTR was able to call the minor alleles with
low fractions (5 or 10%) for ATXN3, CBL, DMPK, and
PPP2R2B with very close estimations (<10%) (Table 4).
At the HTT locus, LUSTR called the correct fraction in
one of three mixtures but flagged the call as not being
reliable. This suggests that allowing more permissive call-
ing may be needed to capture mosaic STRs. At the /JPH3
locus, LUSTR estimated allelic fractions that did not
align well with expectation (>10% difference) (Table 4).
The reason for this is unclear but is likely due to allelic
bias from the Chinese trio Son library as shown by origi-
nal LUSTR calls (Supplementary Table 1a and b). LUSTR
consistently missed the minor alleles for ATXNI, ATXN2,
ATXN7, ATXNI10, and CACNAIA (Table 4) due to the
loss of all reads supporting that allele when randomly
sampling from the non-dominant genome.

While noisier than germline calling, these results collec-
tively support the ability of LUSTR to accurately call mosaic
STR variant alleles with variant allele fractions as low as 5%.
We note however that the accuracy will be greatly influ-
enced by read depth at the locus, as is the case for calling of
any allele with low representation in a genome.

Identification of undiagnosed STR expansions in subjects
by unbiased whole genome scan using LUSTR

We next tested the ability of LUSTR to identify clinically
significant STR expansions using an unbiased whole
genome scan in samples harboring known pathogenic
STRs. We collected raw whole genome sequence data
(short read paired end sequencing) from three individu-
als with presumed genetic disorders sequenced as part
of the Undiagnosed Disease Network (UDN). These
subjects were genetically undiagnosed, but all had STR
expansion variants that may explain their phenotype
(Table 5). We were blind to the specific phenotypes or
genotypes while performing the scans so not to bias the
analyses. Two libraries were sequenced for subject 1 and
subject 2, and four libraries were sequenced for subject
3 (Table 5). We also collected the libraries from the
unaffected parents and siblings for subject 1 and subject
2 to determine inheritance (Table 5). To prepare for the
whole genome scan, we used Tandem Repeats Finder
[37] to obtain the basic information of STRs across the
whole human genome reference (build 37). We ran Tan-
dem Repeats Finder using the recommended settings
(match/mis/gap/PM/PI/minscore =2/-5/-7/80/10/50),
selected those STRs located within 1000 bp distance
to known genes as defined by UCSC genome annota-
tion database (https://hgdownload.soe.ucsc.edu/golde
nPath/hgl9/database/), and retrieved a customized list
of 162,840 STRs. We then applied the LUSTR “Finder”
module to retrieve the standardized STR sequences for


https://hgdownload.soe.ucsc.edu/goldenPath/hg19/database/
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Table 5 Unbiased whole genome scan by LUSTR for known STR expansions in undiagnosed subjects

Subject Candidate Numberof STRVariantCandidates Shared® Non-primary Candidates Primary Availability of
Relatives®
Variant? Libraries number in each library® Likely Medium Total Candidates Parents Siblings
Non- Call
specific!  Quality
1 GLS 2 258, 345 86 49 30 66 20 both brother
2 RFC1 2 337,287 78 44 22 57 21 both sister
3 RFC1 4 328,207,133, 260 33 28 9 32 1 NA NA

Three undiagnosed subjects were processed blindly by LUSTR for an unbiased whole genome scan. As described, each library was scanned for 162,840 STR loci, and
candidate expansions that passed the filtration and shared by libraries of the same subject were further categorized as non-primary or primary candidates, based on
their calling qualities and calls in other subjects. Primary candidates were focused on for further evaluation by their details (Table 6)

@ STR variants identified by the UDN as possibly contributing to the individual’s phenotype. LUSTR was run blindly without knowledge of these candidate STR

expansions

b Number of STR variants that were: (1) expanded, (2) size change 2100bp, (3) allele fraction 25%, (4) realigned pairs 215 w/o repeat-only pairs, (5) medium or high

calling quality

€ Number of STR expansions that were called and passed the threshold setting in both libraries for subject 1 or 2, or in at least three libraries for subject 3

9 Number of STR expansion candidates that were also called in other two subjects

€ The availability of sequence data from unaffected parents and siblings

these 162,840 loci by default settings (match/mis/gap/
stop= +2/-5/-7/-30) and generated reference sequences
by using the “RefCreater” module.

Raw read libraries of the three subjects were mapped to
the references generated by LUSTR using bwa mem. All
bam files from each individual library as well as merged
bam files for each subject were then processed blindly
by the LUSTR “Realigner” and “Caller” modules against
the customized STR list. The parallel processing function
provided by LUSTR was applied to reduce the process-
ing time for calling. We set thresholds for the “Caller”
module to call all STR loci with alleles expanded larger
than 100 bp compared to the human genome reference,
allelic fractions larger than 5%, and variant sites called by
more than 15 realigned pairs without repeat-only pairs
in at least medium calling quality determined by LUSTR
“Caller” module. Note that such settings can be relaxed
to reduce the risk of false negatives and to capture mosai-
cism. The STR expansions fulfilling the quality control
metrics were then checked to assess whether they were
detected in both individual libraries of subject 1 or sub-
ject 2, or were detected in at least three individual librar-
ies of subject 3. Following these steps, we identified 86
candidate STR expansions for subject 1, 78 candidates for
subject 2, and 33 candidates for subject 3 (Table 5).

Among the 86 candidates for subject 1, 49 STR expan-
sions were also detected with similar or larger sizes
in subjects 2 and 3 and assumed to be either benign
polymorphisms or sequencing artifacts. Among the 37
remaining we focused on the 20 candidates with high
calling quality for primary investigation (Tables 5 and
6). We next looked into the detailed features of these 20
candidates to decide their priority ranking based on the

likelihood they may contribute to the individual’s pheno-
type. Distinct from the previously excluded 49 candidates
that passed the threshold and were also called in subjects
2 and 3, many of these 20 candidates were either called
in only one of subjects 2 or 3, or called with a smaller
expansion or a low allele fraction that didn’t pass the
threshold for subjects 2 and 3. This may indicate non-
specificity, but could also indicate potential genetic pen-
etrance. We decided to keep them on the list, but took
this into consideration when making priority determina-
tion (Table 6). Another important feature being consid-
ered for the 20 candidates was the reference size of each
candidate STR, since the estimation for STR expansions
with reference sizes longer than read length was more
likely to be affected by sequencing randomness and oft-
target repeats, compared to those with relatively shorter
sizes (Table 6). We also investigated other features such
as the locations of the candidates to the affected genes,
the potential for off-target alignment or the presence of
mutations in the flanking sequences, and the number of
called alleles which could indicate complex situations
requiring further examination (Table 6). Among all these
candidates, the STR expansion at the GLS gene, a known
pathogenic STR, was deemed the most likely candidate in
subject 1 (Table 6). We also identified STR expansions at
ARHGAP28 and other loci with high priorities that may
also be worthy of further consideration (Table 6). Once
unblinded, we found that the GLS expansion was indeed
the suspected pathogenic variant identified for subject 1.
We applied a similar procedure to subjects 2 and 3 and
narrowed down the candidate list to 21 and one high
quality STR calls, respectively (Supplementary Table 2).
However, we could only deem TCF4 STR expansion as
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Table 6 Evaluation of candidate STR expansions by LUSTR unbiased whole genome scan for subject 1

STR Affected Region Distanceto  Reference LUSTR Warning®  Specificity® Other Information  Priority®

for Evaluation
Gene nearest exon Repeat Size Subject2  Subject 3

1 ATAD3C intergenic  300bp long - smaller smaller - O

2 abparts/IGL@  intron far away about reads length - - - - O

3 KCHN7 intron far away about reads length - smaller smaller - -

4 GLS exon Obp short - - - also called in Father& @@@®
Brother

5 IQCB1 intron 2kb short 5'flanking mutant also called - also called in Father & @O
Brother

6 SLAIN2 intron 3kb short 3'flanking mutant  low % also called  muiltiallelic calls O

7 LOC100507602 intron far away about reads length - - - multiallelic calls -

8 NSMCE2 intron far away about reads length - smaller smaller - -

9 PTPRE intron 600bp long - smaller smaller - -

10 TRPC2 intron 2kb long - smaller also called - -

11 ABCC4 intron far away long - smaller smaller - -

12 ATG2B intron 2kb short - low quality smaller - [ @]

13 TNRC6A intron 5kb short - smaller smaller also called but smaller @
in Father & Brother

14 FA2H intron 2kb short - also called - also in Father, low [ ]@)
quality in Mother &
Brother

15 CALCOCO2 intron 2kb short - - smaller - [ @]

16 RNF213 exon Obp short - smaller smaller - [ I J

17 ARHGAP28 intron 300bp short - - low quality also called in Mother @@O

18 SIGLECS intron 200bp long - smaller smaller - O

19  GYGR2 intron 2kb long - smaller smaller - -

20 CHM intron 20bp short - also called  smaller - [ ]@]

Details of the 20 primary STR expansion candidates for subject 1 in the unbiased whole genome scan by LUSTR (Table 5)

2Warning messages given by LUSTR indicating potential homologous flanking sequences or mutations within flanking regions close to the repeats

® Indicating whether the expansion was also called in other subjects. The calls in other subjects did not trigger previous filtration because they were: (1) not called by
both other subjects; (2) called by low qualities; or (3) called by low fractions or smaller size variations that didn’t pass the threshold settings

“The priority of each candidate STR expansion was determined based on the information collected in this table. The number of @ and O indicates the level of priority,
where O indicate a lower priority contribution compared to @. Note that this priority did not necessarily mean true or false positive, but rather served as a guidance
for further evaluation and confirmation based on raw reads inspection, targeted sequencing, and potential clinical importance

a possible candidate for subject 2 and no possible candi-
dates were identified for subject 3. Following unblinding
the cases, both harbored likely pathogenic RFCI STRs.
The RFCI STR variants in the two subjects included a
replacement of the repetitive “AAAAG” with AAGGG’, a
1-bp shift, and the expansion (AA+AAAAGX11+AAA
AAG —> AAA + AAGGG X 10 + AAG AAA
AAG—>AAA+AAGGG x n+AAGAAAAAG). This
explains why LUSTR, when searching for “AAAAG”
repeats under the default settings, actually gave expan-
sion signals at RFCI locus for the two subjects by very
low realignment coverage and low calling quality, which
did not happen for the parents and sibling (Supplemen-
tary Table 3). To evaluate the flexibility of LUSTR to ful-
fill the detection of this complex RFCI expansion, we first
tried reducing the mismatching penalty. More pairs were
realigned, but the calling qualities were not improved

adequately for successful detection as merely penalty
change did not benefit retrieving repeat dominant reads
(Supplementary Table 3). However, by applying a cus-
tomized alternative RFCI STR reference with “AAGGG”
repeats accordingly, the RFC1 expansions were success-
fully detected with high coverage and quality for both
subjects 2 and 3 (Supplementary Table 3). Moreover,
by combining both results by the two RFCI STR refer-
ences, LUSTR genotyped an “AAGGG” expansion allele
in subject 1 inherited from the mother, as well as four
individuals carrying “AAAAG” expansion alleles in the
families of subject 1 and subject 2 (Supplementary Fig. 6).
These cases exemplify the challenges of STR calling but
also demonstrate the flexibility of LUSTR for customiza-
tion upon user-specified settings. Developing LUSTR to
call non-reference STRs sequences de novo is an area for
future development of the software.
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Discussion

Besides the utility of STRs in kinship determination and
identity verification, STRs have attracted significant
attention for their role in human neurological disorders.
Genome-wide sequencing offers tremendous potential
to identify STRs that may contribute to disease. Despite
the recent progress made in calling STR variants in
short read sequence data, there is an on-going need for
improvements to make calling more user friendly and
interpretable [20, 35, 63].

The LUSTR pipeline described here builds on the
advantages of several different existing STR variant call-
ing tools [37—-45]. LUSTR specifically aims to provide an
alternative choice to benefit users with varied conditions
or in need of more flexible input requirements (Supple-
mentary Table 4). LUSTR applies the strategy to realign
as many reads as possible to each STR locus in order to
allow for the most sensitivity and accurate STR calling
as possible. It also enables the detection of deviations in
allele frequencies that may indicate mosaicism, which
has hardly been addressed to date in existing STR callers
(Supplementary Table 4). LUSTR follows the classic pipe-
line of mapping, local realignment, and then STR call-
ing. However, distinct from other existing tools, LUSTR
requires a de novo mapping from the raw reads to STR
specific references generated in the pipeline, rather than
directly processing bams from whole genome mapping.
Although it may increase the cost of running time and
storage space, this design aims to improve the sensitiv-
ity to specifically call STRs, and reflects the idea that
STR mutation should be considered as a unique type of
variation that requires a distinctive pipeline from that
designed to call SNVs and INDELs. In our tests running
LUSTR along with the existing STR variant calling tools,
LUSTR and ExpansionHunter showed consistent calls
in most cases (>90%, Tables 2 and 3). For the discord-
ant loci, neither LUSTR nor ExpansionHunter showed
a significant overall advantage over the other, indicating
that each tool has pros and cons under different condi-
tions. As for the running speed, a single process for a
whole genome STR genotyping by LUSTR takes days to
finish, varying within about a seven day range depending
on several factors including sequencing depth, list size of
target STRs, and running platform conditions. This run-
ning speed, mostly dictated by the Realigner module, is
slower than ExpansionHunter or GangSTR when simple
target inputs are supplied, but comparable when off-tar-
get information is provided [42, 45]. Moreover, LUSTR
allows for parallel processing, which will greatly increase
the running speed (Supplementary Table 4). In the
local realignment step, LUSTR uses the periodic Smith-
Waterman algorithm to solve the challenges of imperfect
repeats and sequencing errors that happen within STR
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repetitive regions. While this approach increases sensi-
tivity for long expansions with an expected trade-off in
specificity, we note that parameters in the Finder module
and subsequent calling step can be altered to favor speci-
ficity over sensitivity. New optional modules are under
development to further reduce noise and enhance speci-
ficity to benefit certain situations such as cohort-level
association analyses.

Long read sequencing technologies that have recently
emerged will likely improve STR variant calling. LUSTR
is designed based on short read sequenced data which
remains much more commonly used due to cost and
accuracy limitations of current long reads sequencing
technologies. Even when long-read sequencing is more
economical and accurate, there will still be large num-
bers of genomes sequenced with short-read sequencing
genomes for which short-read STR variant callers will
be still be needed. Newer tools have been developed to
incorporate algorithms compatible to long sequenced
reads to address this emerging need [46]. Another future
development of LUSTR will be focused on ensuring com-
patibility of the caller with long read sequencing data.

Both the local realignment and the variant calling steps
are widely acknowledged as critical factors required
for accurate STR variant calling [38—46]. However, the
importance of STR sequence definition is often underes-
timated when STR target list customization is required,
which is another important feature where LUSTR will
provide an improved experience compared to other exist-
ing tools (Supplementary Table 4). The repeat regions
of STRs often contain partial or imperfect repetitive
sequences, natural SNVs and short INDELs, as well as
sequencing errors during the establishment of the ref-
erence. Therefore, the boundaries of STRs may vary
largely according to different definition rules, making it
difficult for users to precisely define STRs regions of the
genome. Furthermore, the inconsistent rules applied to
STR boundary definition and local realignment may lead
to aberrant calls. One solution is to provide an STR list
with the optimal format [42, 64]. Although the list can
be updated and expanded following newly emerging
clinical discoveries, the feature would limit the ability of
the user to add new STR loci of interest or that arise for
new releases of the reference genome. Beyond the widely
used GRCh37/38 genomes, there have been several
new genome references, such as Telomere-to-Telomere
genome reference (T2T), Han Chinese genome reference
(HG00514), and Japanese genome reference (JG2) [65—
68]. To apply STR analysis using these novel genomes
or even non-human references, users need to be able
to easily switch between genomes and add novel STR
loci of interest. LUSTR fulfills this need with the Finder
module that allows for flexible input and a standardized
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approach for determining STR boundaries. By automati-
cally applying an exact set of parameters in the following
local realignment, it allows easy customization of STR
lists and also makes it possible to apply unbiased whole
genome-wide scans for STR variants.

STR analysis can also be challenging when certain loci
share homologous flanking sequences with other STRs
with identical or similar repetitive units. These loci can
result in off-target mapping and ultimately inaccurate
STR calling. To solve this, LUSTR provides warning mes-
sages to indicate signals for potential off-targets or com-
plex mutations close to the STR boundaries that may
affect on-target mapping. By flagging these sites, users
can investigate and determine if the call may have arisen
due to mapping errors, and apply the option provided
by LUSTR to process only the non-homologous side
when necessary. LUSTR also takes steps to minimize the
potential issues arising from mapping by giving flexibil-
ity to adjust alignment approaches. For example, in our
analyses we noticed that bwa mem automatically adjusts
the mapping depth and generated more off-target hits
when the reads were mapped to a small target STR list
compared to a whole genome scan [69]. One strategy that
LUSTR allows is to use a larger STR list for bwa mem,
and then focus on the small list for subsequent local rea-
lignment and calling. Also, the de novo mapping design
of the LUSTR pipeline provides the flexibility for users
to easily apply alternative approaches. Alternative map-
ping methods such as bwa aln or bowtie may work better
in the situation where target STRs have homologous loci
[69-71] and this can be easily incorporated into LUSTR
calling pipeline. Furthermore, LUSTR splits the local
realignment and variant calling steps apart and provides
intermediate output in plain text format. This design
allows for an intermediate checkpoint for users to track
the performance and allows for modifications to be made
with ease if desired.

LUSTR exhibited great potential in terms of both
simulated and real data sets. In addition to LUSTR call-
ing concordant genotypes for>85% of GIAB benchmark
calls, LUSTR also successfully identified several STR
variants that were not identified by GIAB published vari-
ation calls (VCFs). The variants called by LUSTR were
further supported by examining Mendelian inheritance
rules, visual inspection of the raw sequence reads (Sup-
plementary Fig. 5), and independent calls by Expansion-
Hunter (Tables 2 and 3). While the exact reason for the
overlooked call is unclear, the difference between LUSTR
and GIAB calls may highlight the importance of apply-
ing STR specific variant calling tools instead of modified
INDEL calling methods as was used for GIAB calling
[62]. In evaluating subject samples with expected path-
ogenic STR variant loci, LUSTR proves its ability and
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power to apply a whole genome scan to identify disease-
causing STR expansions. Using the parallel processing
option available in LUSTR, the realignment for the whole
genome 168k STRs can be done within days, and the
calling step based on the realignment results can be fin-
ished within minutes. Among all of the 168k STRs called
genome-wide in subject 1, LUSTR successfully identi-
fied the expected target, an expansion in the GLS gene,
among a small list of high-quality candidate calls. Given
that such a result was obtained by an investigation of only
three individuals to filter non-specific STR variants, it
supports the utility of LUSTR to identify clinically mean-
ingful variants when only a small cohort is available. Fur-
thermore, the performance that LUSTR showed in both
detection sensitivity and noise exclusion in just three
samples suggests that LUSTR will offer a powerful tool to
facilitate large-scale association studies looking for STRs
that are associated with disease risk [11]. Besides the GLS
STR expansion recognized with top priority, LUSTR also
detected several other candidate loci that may contribute
to the individual’s phenotype. This feature renders it pos-
sible to use LUSTR identify oligo- or polygenic risk fac-
tors associated with disease [72-75].

While the term “de novo STR mutation” usually indi-
cates the situation when the progeny carries a new STR
mutation or pathogenic size expansion not inherited
from the parents, the term “novel STR mutation” can be
confusing and is often used either in clinical diagnosis or
in annotation to distinguish from the term “known STR
mutation” [44, 76]. The clinically “novel” STR expan-
sions can refer to newly identified causative expansions
without a previous clinical report. The reference-related
“novel” STRs, however, indicates repeats that are not pre-
sent in reference but appear in individuals. Such refer-
ence “novel” STRs are challenging to detect by traditional
pipelines especially when no preliminary knowledge is
available. With more and more attention attracted, sev-
eral recent tools have been developed to be compatible
with “novel” STRs [47, 76, 77]. Aiming to more informa-
tive genotyping of each given STR locus, LUSTR focuses
on known STRs with repeats available in the reference,
with the module for novel STRs to be added in the future
updates. Alternatively, when the information is avail-
able from clinical reports or from other STR variant call-
ing tools, users can easily customize the list for novel
STRs of interest. This limitation of LUSTR explains why
it missed the RFCI calls in the UDN subjects but was
able to detect it later with simple running modifications.
The RFCI expansion in the two UDN subjects is inher-
ited from an expansion and replacement activity local-
ized to an Alu element, after a nucleotide switch from
“AGA” to “GGG” as well as a single nucleotide shift,
rendering the reference repetitive unit changed from
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“‘AAAAG” to “AAGGG” [78, 79]. It was equivalent to
a novel STR expansion and hereby escaped the detec-
tion of LUSTR when the reference “AAAAG” repetitive
unit was expected, with extremely low numbers of reads
able to be realigned. Such coverage warning can serve
for users to notice the potential existence of this type of
STR mutation and can be scheduled for future updates
of LUSTR. However, by simply applying a customized
“AAGGG” RFCI STR reference or modifying the running
with a lower mismatch penalty to allow the realignment
of “AAGGG” to “AAAAG’, LUSTR was able to detect the
expansion. Furthermore, with such modifications LUSTR
identified the inheritance of an “AAAAG” expansion
allele and the carriers of heterozygous “AAGGG” expan-
sion allele in the families of two UDN subjects (Supple-
mentary Fig. 6), allowing for further investigation into
the potential unrevealed contributions to the phenotype,
which so far are suggested to be benign [78—80]. This
case indicated the flexibility of LUSTR when applied to
complex situations encountered with novel STRs.

Conclusions

In summary, LUSTR is a reliable and powerful tool for
both germline and somatic STR variant calling, and we
expect its application to contribute to studies evaluating
the role of STR mutations in disease.

Software availability and requirements
Project name: LUSTR

Project home page: https://github.com/JLuGithub/LUSTR

Operating system: Linux

Programming language: Perl

Other requirements: samtools, mapping software such
as bwa or bowtie

License: GNU GPL

Any restrictions to use by non-academics: licence
needed

Method

LUSTR script

The code for each of the LUSTR modules were written
in Perl script. Regular Smith-Waterman algorithm was
applied to the local realignment of short sequences to
STR flanking regions. Periodic Smith-Waterman algo-
rithm with modifications was applied to the recognition
of STR repeat sequences. The sizes of STR repeats and
allele fractions were estimated by calculating the ratios
between the counts of reads with and without flanking
sequences. The core concept equations are listed below,
with modifications applied in practice to allow for ran-
dom sequencing bias. Equations 1 and 2 are first applied
to judge the existence of the allele with repeat length
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longer than the sequencing read length. Upon the detec-
tion of a signal, Equation 3 is used to estimate the size
of the repeat region for the allele. The fraction of each
allele is then determined by the combination of Equa-
tions 4, 5, 6 and 7. The calling reliability was determined
by the counts of reads categorized into different pat-
terns and flanking-repeat length distributions under the
parameters provided by users. Future updates of LUSTR
script will include applications of probability methods to
the repeat size estimation, statistics methods to the reli-
ability determination, and functions to incorporate de
novo STR variants and long read sequencing libraries.

Eni1 =1 [if Opy1 > On)&(0, = X1, B (1)

E,+1 =0 (if else) (2)

2LR; 2L(Ry + Ry) .
S T Y U T
Ont1 — Yimy % Ont1 — iy %

3)
+1
SR =1 (@)
i=1
F; Ci(L=S)) ..
f} = CI'(L—SC') (1 <y] = I’l) (5)

Bt = (O =X B9) 58 A isn f Bun =1
(6)

Bt —0(<i<n if By =0) (7)

L indicates the sequencing read length (bp).

n indicates the number of alleles with repeat sizes
(bp) that can be directly detected by reads containing
sequences from both flanking regions.

E,,, indicates the existence of the allele (allele n+1)
with repeat size longer than the sequencing read length.

S; (1 <i<n) indicates the repeat size of allele i directly
detected by reads; S, ; indicates the repeat size of allele
n+1 that is longer than the sequencing read length
thus needs to be estimated.

C, (1<i<n) indicates the number of reads contain-
ing sequences from both flanking regions and a repeat
region with size of S;, thus belonging to allele i.

O, indicates the number of reads containing sequences
from only one flanking region, and from the pairs with
any repeat length <the maximum from S; to S; O,
indicates the number of all of the reads containing
sequences from only one flanking region.

F; (1<i<n) indicates the fraction of allele i; F_, indi-
cates the fraction of allele n+1 whose repeat size is
longer than the sequencing read length.
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R, indicates the number of reads containing only repeat
sequences but not from repeat-only pairs; R, indicates
the number of reads containing only repeat sequences
and from repeat-only pairs.

Data processing

The running of LUSTR and the processing of the short
read sequencing libraries were done in Linux, with SAM-
TOOLS 1.14 pre-installed. The mapping of reads to STR
references was done by BWA MEM version 0.7.

Data generation
The simulated data in the performance test of LUSTR
was generated by in-house Perl script. STR references
with expected repeat sizes were prepared, and then read
pairs were generated in random directions from the STR
references. The pattern of each read was recorded to
evaluate the performance of LUSTR calling. Each nucle-
otide of reads was by a given chance altered, deleted, or
inserted to imitate sequencing errors.

The mixed library data was generated by an in-house
Perl script.

Abbreviations

STRs Short tandem repeats

INDELs  Insertions or deletions

ALS Amyotrophic lateral sclerosis
PCR Polymerase chain reaction
GIAB Genome in a Bottle Consortium

VCFs Variant calling files
UDN Undiagnosed Disease Network
T2T Telomere-to-Telomere genome reference

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512864-023-09935-9.

Additional file 1: Supplementary Figure 1. Structure of C9orf72 STR.
We show here the reference sequence surrounding an STR within C9orf72
as a typical example of the complexities of STR structure. This STR has
been reported to be associated with amyotrophic lateral sclerosis (ALS)
and contains GGCCCC repeats. It is located on chromosome 9, and the
genomic location (build 37) is shown in the figure. The approximate
boundaries between the repeat and flanking regions are indicated. This
figure shows how allowing incomplete repeats and tolerating repeat mis-
matches can greatly influence how one defines the repeat region that will
be interrogated in the downstream models to infer genotype. *Note that
the algorithm is agnostic to strand. For this C9orf72 STR, inputting CCG
GGG from the reverse strand will be treated as equivalent to indicating
CCCCGG from the forward strand.

Additional file 2: Supplementary Figure 2. Determination of the repeat
sequence of C9orf72 STR by LUSTR applying periodic Smith-Waterman
algorithm. We show here as an example how the LUSTR finder module
determines the repeat sequence of C9orf72 STR by applying the periodic
Smith-Waterman algorithm, searching for GGCCCC repetitive sequences
using the default settings as follows: match/mismatch/gap/stop = 2/-5/-
7/-30. Starting from the seed sequence (two GGCCCC repeats, highlighted
in yellow), the finder module aligns the reference periodically to GGCCCC
in both upstream and downstream directions and records the best score
at each nucleotide. Scores above 0 will be reset to 0, and routines with
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a score below the stop limit will be blocked for further extension. In this
case, the extension stops when the best score is below -30 (highlighted in
orange), and the repeat sequence is determined by the farthest nucleo-
tides with a score of 0 (highlighted in green).

Additional file 3: Supplementary Figure 3. Average read coverage of

13 STR loci in GIAB trios. Average read coverage by GIAB trio libraries for
the 13 STR loci tested in this study. Reads from each individual or merged
library were first mapped to the whole human genome by bwa mem.
Coverage of each nucleotide within the STR loci region (repeat region plus
2 x 50 bp flanking sequence at both sides) was calculated by SAMTOOLS
depth, and the average coverage of each STR locus was calculated. STRs
with failed or allele-missing calls in certain libraries are indicated by red
color.

Additional file 4: Supplementary Figure 4. Reads realigned to ATN1

and HTT STR loci from the son of GIAB Ashkenazim trio. Raw sequences

of the reads realigned to the two loci were collected from the libraries
sequenced for the Ashkenazim son. Gaps are indicated, and mismatched
nucleotides are marked in red. Reads are categorized according to their
repeat sizes. Interestingly, besides the dominant alleles, LUSTR identified
one read directly supporting the -5 allele at ATN1 STR locus, and one read
directly supporting the -9 allele at HTT STR locus. These reads might indi-
cate potential small fraction somatic STR variants, but further confirmation
is needed to exclude the possibility of random sequencing error.

Additional file 5: Supplementary Figure 5. Reads supporting the STR
alleles called by LUSTR but not revealed in GIAB database. Raw sequences
of the reads realigned to (a) ATXN3 STR locus in father and son from

the Ashkenazim trio, (b) DMPK STR locus in mother and son from the
Ashkenazim trio, (c) DMPK STR locus in mother from the Chinese trio, and
(d) PPP2R2B STR locus in father and mother from the Chinese trio. Gaps
are indicated, and mismatched nucleotides are marked in red. Reads are
categorized according to their repeat sizes.

Additional file 6: Supplementary Figure 6. Potential inheritance of
RFC1 STR alleles in the families of UDN subject 1 and 2. The genotypes of
RFC1 STR alleles identified by LUSTR are shown for the pedigrees of UDN
families of subject 1 and subject 2, for whom nuclear family members
were available. The reference RFC1 STR allele (AAAAG wt, marked in blue)
has two mutant types, AAAAG expansion (marked in orange and not
known to be associated with disease) and AAGGG expansion (marked in
red). The alleles were confirmed by checking the raw reads in sequenced
libraries.

Additional file 7: Supplementary Table 1. a Performance of LUSTR in
identification of STR variants in GIAB database (Ashkenazim Trio). b Perfor-
mance of LUSTR in identification of STR variants in GIAB database (Chinese
Trio). Supplementary Table 2. a Evaluation of candidate STR expansions
by LUSTR unbiased whole genome scan for subject 2. b Evaluation of
candidate STR expansions by LUSTR unbiased whole genome scan for
subject 3. Supplementary Table 3. a RFC1 expansion calls by LUSTR with
alternative references for subject 2. b RFC1 expansion calls by LUSTR with
alternative references for subject 3. Supplementary Table 4. Comparison
among LUSTR, ExpansionHunter, and GangSTR

Additional file 8. Full list of Undiagnosed Disease Network members.

Additional file 9. A Zip file including following LUSTR scripts, which can
also be downloaded from https://github.com/JLuGithub/LUSTR: LUSTR_
Finder.pl, LUSTR_RefCreator.pl, LUSTR_Extractor.pl, LUSTR_Realigner.pl,
LUSTR_Caller.pl, README.txt, README.md, README_detail.txt, QuickGuide.
txt, LICENSE.txt, testdata/test_genome_hg19_chr9_27571483_27575544.
fa, testdata/test_pairendreads_C9orf72_ref70exp30.fastq, testdata/
test_STRinfo.txt.
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