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STR loci, we analyze blood-derived whole-genome sequencing data for 544 individuals
from 29 three-generation CEPH pedigrees. These pedigrees contain both sets of grand-
parents, the parents, and an average of 9 grandchildren per family.

Results: We use HipSTR to identify de novo STR mutations in the 2nd generation of
these pedigrees and require transmission to the third generation for validation. Analyz-
ing approximately 1.6 million STR loci, we estimate the empirical de novo STR muta-
tion rate to be 5.24 x 10™> mutations per locus per generation. Perfect repeats mutate
about 2 x more often than imperfect repeats. De novo STRs are significantly enriched
in Alu elements.

Conclusions: Approximately 30% of new STR mutations occur within Alu elements,
which compose only 11% of the genome, but only 10% are found in LINE-1 insertions,
which compose 17% of the genome. Phasing these mutations to the parent of origin
shows that parental transmission biases vary among families. We estimate the average
number of de novo genome-wide STR mutations per individual to be approximately
85, which is similar to the average number of observed de novo single nucleotide
variants.
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Background

Short tandem repeats (STRs), or microsatellites, are 1-6 base pair (bp) motifs of repeat-
ing units of DNA. These loci make up approximately 3% of the human genome [1]. STRs
are distributed throughout the genome and are located in both coding and non-coding
regions [2]. STRs have recently been associated with gene expression, where length vari-
ation can regulate gene expression of nearby loci [3—5]. STR expansions are also known
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to contribute to a number of diseases, including amyotrophic lateral sclerosis [6, 7], Hun-
tington disease [8], fragile X syndrome [9], and nearly 50 others (reviewed in [10-12]).

STRs have high mutation rates compared to other types of variants, including single
nucleotide variants (SNVs) and indels [13—15]. The mutation rate for STRs can vary sig-
nificantly depending on the motif length at the locus of interest [16]. Their high het-
erozygosity has made STRs a valuable tool in forensics. Typically, only 13 loci are needed
to have high statistical power to distinguish among individuals [17]. Multiple mecha-
nisms have been proposed to explain this high mutation rate, including unequal crossing
over in meiosis, retrotransposition-mediated mechanisms, and strand-slippage during
replication (reviewed in [18]). It is possible that each of these mechanisms contributes to
the high mutation rate of STRs, but strand slippage is the mechanism proposed for gen-
erating most observed mutations in STR loci [19]. Generally, studies of STR mutation
rates have analyzed a small number of loci [20] or have focused on loci on the Y chromo-
some [21-24]. While recent work has examined genome-wide STR mutations in a small
number of individuals, or families [25-27] or in disease cohorts [28, 29], further analysis
of STRs is needed to better understand their mutational dynamics in the genomes of
healthy individuals.

Due to the repetitive structure of STRs and their high mutability, sequencing and
genotyping these loci is difficult, especially using short-read sequencing data. Many
tools have been created during the last decade to genotype and identify mutations at
STRs and longer tandem repeats across the genome [25, 30-33]. Some of these tools are
designed to detect STR expansions at disease-related loci, while others detect expan-
sions and contractions of STRs genome-wide but are constrained by sequencing read
length and the STR motif size.

The three-generation structure of the Centre d’Etude du Polymorphisme Humain
(CEPH) pedigrees has been valuable for previous work on mutation rates of single nucle-
otide variants, mobile element insertions, and structural variants [34—37]. These data
have also been used in analyses of the role of maternal age and DNA damage in gen-
erating germline mutations [38] and in examining the association between SNV muta-
tion rate and longevity [39]. Here, we present pedigree-based empirical estimates of the
rate of mutation, parent-of-origin transmission differences, interfamilial repeat length
variation, and the distribution of new STR alleles for microsatellite loci throughout the
genome using these well-characterized CEPH families.

Results
We utilized whole-genome sequencing data from 544 individuals in 29 CEPH pedigrees.
These pedigrees include three generations, generally with both sets of grandparents in
the first generation, the parents in the second generation, and the grandchildren in the
third generation. The average number of grandchildren in the third generation is approx-
imately nine (ranging from 7 to 16). We analyzed de novo STR mutations in the second
generation of these families, and the large number of individuals in the third generation
allowed us to analyze and verify transmission of putative de novo mutations.

We used HipSTR to genotype and analyze STR loci throughout the genome. Other
tools for STR genotyping exist, such as GangSTR [40] and ExpansionHunter [41, 42],
but these tools generally attempt to genotype alleles that are longer than read length and
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provide less precise estimates of allele length. HipSTR genotypes each STR and provides
the precise length of each allele, but it does not attempt to genotype STRs that are longer
than the length of the sequencing read. The precise estimation of STR length is impor-
tant for analyzing de novo mutations that may differ by a single repeat unit. We used a
reference file containing more than 1.6 million defined STR loci (see the “Methods” sec-
tion), each of which HipSTR attempted to genotype. We were only able to assay STRs
that were present in the reference file. While it is likely that there are other unannotated
STRs, the number of STRs in the HipSTR reference file exceeds the number of STRs
presently annotated in the human genome reference sequence (hgl9). On average, ~49%
of STR loci passed our filtering criteria for members of the second generation (see Meth-
ods, and Additional file 1: Table S1) and could be examined for de novo mutation events.
Loci that did not pass our filtering generally had low coverage, low posterior probability
supporting the genotype, high level of PCR stutter, or a large number of flanking indels.

To assess the accuracy of the genotypes produced by HipSTR, we compared a subset
of the genotypes to previously analyzed PCR-based genotypes in the CEPH families (see
the “Methods” section). We compared the PCR-based genotypes at ten random loci in
three families (363 total genotypes) to the genotypes generated by HipSTR. The filtered
HipSTR genotypes matched 353 of the 363 previously generated STR genotypes for a
concordance rate of 97.25%. These previously genotyped loci do not include mononucle-
otide repeats, which are more difficult to sequence and validate. To check specifically for
genotype quality in the first generation, we compared the genotypes called by HipSTR
with PCR-based genotypes for 23 loci in grandparents in the CEPH families. We find
that 796 of 813 genotypes generated by HipSTR match the previously generated STR
genotypes for a similar concordance rate of 97.9% for the first generation.

In the second generation of each family, we identified de novo mutations at STR loci
and then traced the transmission of the mutation to the third generation to ensure that
it was a germline mutation. We analyzed 68 individuals in the second generation of 29
families (some large families have more than two individuals in the second generation).
Those who were excluded were missing a parent in the first generation or had a par-
ent who could not be analyzed by HipSTR (see the “Methods” section). Collectively, we
were able to identify 5,249 putative de novo mutations in these individuals. We filtered
these mutations to ensure that they were transmitted to at least two individuals in the
third generation and filtered loci where the parent (in generation 2) without the de novo
mutation was missing a genotype or shared the same genotype. We required that at least
two individuals in the third generation had the de novo allele, similar to the filtering per-
formed in the initial publication using HipSTR in a three-generation family [25]. Because
the average number of grandchildren in the third generation is nine, the average false
negative rate for detecting de novo mutations is only 0.0195 (see the “Methods” section).
Approximately 20% of identified putative de novo mutations were not found in more
than one individual in the third generation and were classified as false positive results,
with generally decreasing frequency of false positives as the motif size increased (34.4%,
11.26%, 9.82%, 10.7%, 6.1%, 4.76% for mononucleotide — hexanucleotide, respectively).
Approximately twenty-two percent of the total de novo mutations were shared with the
other parent in the second generation, and for ~2% of these mutations, the other par-
ent in the second generation had missing data. After filtering these loci, we identified
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2859 de novo STR alleles in these individuals for an average of ~42 mutations per indi-
vidual (Fig. 1A). There was a large amount of variation among individuals, with fewer
than 10 mutations identified in some individuals and others having nearly 100; however,
the number of new mutations discovered per individual follows a normal distribution
(Shapiro—Wilk test, p =0.08). The mutation rates calculated for STR loci show a pattern
similar to the number of mutations per individual (Fig. 1B). The genome-wide mutation
rates for STR loci that passed our filtering (which varied by trio) ranged from 5.58 x 10~°
to 1.2 x 10~* with an average value of 5.24 x 10> mutations per locus per generation.
After identifying the de novo STR mutations in CEPH individuals, we examined the
location of these mutations in the genome. Using the UCSC Genome Browser, we iden-
tified all exons, introns, 3’-UTRs, and 5-UTRs in the genome (hgl9). We then inter-
sected the de novo STR’s position with each of these locations (Fig. 1C). The majority
(53.38%) were found in intergenic regions. Slightly less than half (44.87%) were found in
intronic regions, with a much smaller portion being found in UTRs. Only two mutations
were found in exons: a trinucleotide (CCG) repeat mutation in L/SP24 and a second tri-
nucleotide (CGG) repeat mutation in PHLPP1. We compared the ratio of the number of
observed and expected de novo events found in each of the five genomic features shown
in Fig. 1C. De novo STR events are significantly underrepresented in the coding regions
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Fig. 1 Number of de novo mutations and mutation rates among 68 individuals. A The number of de novo
STR mutations identified in each individual from the second generation of the CEPH pedigrees. The mean
number of identified mutations was ~ 42, with wide variation in the number of de novo mutations detected
per individual. B The STR mutation rate for each individual in the second generation of the CEPH pedigrees.
C The majority of de novo STR mutations were identified in intergenic regions (shown in green) and intronic
regions (shown in yellow). Only two mutations overlap with exons. D Mutation rates for 2747 unique
genotyped short tandem repeats with motif lengths from 1 bp (mononucleotide) to 6 bp (hexanucleotide).
Mutation rates generally decrease as motif length increases, with some exceptions
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of exons (p < le — 6) but not in the 5'- and 3/-UTRs. In non-coding regions, slightly more
de novo events were found in introns than expected by chance (Additional file 1: Table
S2).

We also intersected the de novo STR locations with transposable element insertion
locations in hgl9 to determine how often transposable elements (Alu elements, LINE-1,
and SVA) were potentially the source for new mutations (Additional file 1: Figure S1).
These three families of transposable elements were selected for analysis because they are
active in humans. Approximately 30% of the de novo STR mutations were found in rec-
ognized Alu elements, which can contain multiple poly(A) stretches. We found a smaller
fraction of these mutations in LINE-1 (6%) and SVA (0.12%) elements. We compared
the ratio of the number of observed and expected de novo events found in Alu elements
(which compose 11% of the genome), LINE-1 (which compose 17% of the genome), and
SVA (which compose 0.1% of the genome). De novo STR events were significantly over-
represented in Alu elements (p <2.2e — 16) and significantly underrepresented in LINE-1
insertions (p <2.2e — 16). The number of de novo events identified in SVA insertions was
not significantly different from the expected value (p =1) (Additional file 1: Table S3).

Next, we analyzed all unique de novo STR mutations passing all filters by their motif
length. We divided the number of de novo mutations for each motif length by the num-
ber of STRs that passed our filters for that length. We found that STRs with shorter
motif lengths generally had higher mutation rates than those with longer motif lengths
(Fig. 1D). The mutation rates ranged from 9.99 x 107 for hexanucleotide repeats to
7.88 x 107" for dinucleotide repeats. Mononucleotide repeats had a slightly lower muta-
tion rate than dinucleotide repeats at 6.82 x 107>, but a smaller proportion of these
passed our filtering methods.

We also compared the identified de novo STRs that were perfect repeats (e.g., “ATA
TATATAT”) against imperfect repeats, those with an interrupted repeat structure (e.g.,
“ATACATATAT”). Of the 2,747 unique STR loci with a de novo mutation, 2045 (~74.4%)
were classified as perfect repeats, and 702 (~25.5%) were imperfect repeats by Tan-
dem Repeats Finder (Table 1). We found that perfect repeats (0.00213 de novo muta-
tions/total perfect repeat loci) were approximately twice as likely to mutate as imperfect

Table 1 Perfect and imperfect de novo STRs. The number of de novo STR mutations that were
defined as perfect and imperfect in our dataset. The “Total perfect” and “Total imperfect” columns
show the number of genome-wide perfect and imperfect repeats identified. The fractions of perfect
and imperfect loci with a de novo mutation were calculated by dividing the number of de novo
mutations by the total number of perfect or imperfect repeats

Perfect Imperfect Total perfect Total imperfect Fraction of perfect  Fraction of imperfect

de de novo loci with de novo loci with de novo
novo mutation mutation

Mono 788 145 615,604 216,599 0.0013 0.00067

Di 770 230 143,570 153,117 0.0054 0.0015

Tri 132 38 40,510 39,788 0.0033 0.00096

Tet 287 230 102,591 135,956 0.0028 0.0017

Penta 56 36 37,281 61,933 0.0015 0.00058

Hexa 12 23 20,956 52,125 0.00057 0.00044
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repeats (0.00106 de novo mutations/ total imperfect repeat loci) (two-proportions
Z-test, p<0.00001).

To better understand the factors that contribute to the mutation rate, we analyzed the
relationship between the longest stretch of perfectly repeating sequence and the propor-
tion of loci mutated. For dinucleotides — hexanucleotides we find that as the perfectly
repeating segment increases in length, the locus is more mutable (Fig. 2B—F). Mononu-
cleotides are an exception to this pattern as they increase in mutation rate as the longest
perfectly repeating segment reaches ~ 15 bp, but the mutation rate begins to drop as this
segment gets longer (Fig. 2A). This is likely caused by the difficulty in sequencing and
genotyping these longer, low complexity loci. This pattern is similar when mononucleo-
tide repeats within Alu elements are considered separately from those in other regions
of the genome (Additional file 1: Figure S2 A and B). Additionally, we examined the rela-
tionship between total repeat length and the proportion of loci of that length that were
mutated. We found that mononucleotides and dinucleotides show a weak relationship
between repeat length and proportion of loci mutated (Fig. 3A, B); however, this rela-
tionship is much stronger as motif length increases (Fig. 3C-F). The pattern is similar
when mononucleotide repeats within Alu elements are considered separately from those
in other regions of the genome (Additional file 1: Figure S2 C and D). All motifs in Figs. 2
and 3 are shown with a linear trend line for consistency, but better-fitting trendlines for
mononucleotide and dinucleotides can be found in Additional file: Figure S3.
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To determine if de novo STR mutations are more likely to originate in males or
females, we analyzed the sex of the grandparent transmitting the most probable haplo-
type with the de novo mutation event (see the “Methods” section). Of 2202 resolved hap-
lotypes, 1117 de novo STR alleles were transmitted by males and 1085 were transmitted
by females. This approximately 3% male transmission bias was not statistically signifi-
cant (male/female ratio=1.03, p-value > 0.05, two-sided binomial test). We performed a
power analysis to ensure that we had adequate power to detect a paternal bias. We esti-
mate that we are sufficiently powered to detect a significant decrease in sex transmission
bias for an effect size greater than~10% (65% power to detect a 5% effect at an alpha
of 0.05) (Additional file: Figure S4 A). Additionally, due to the difficulty of accurately
sequencing and genotyping mononucleotide repeats, and because they compose ~ 34%
of our de novo mutations, we also performed a power analysis that excluded the de novo
mononucleotide repeats. This analysis shows a decrease in power (49% power to detect
a 5% effect at an alpha of 0.05) (Additional file: Figure S4 B). The male—female difference
in de novo mutation rates remained nonsignificant after removing the mononucleotide
repeats from this analysis.

Individual families, however, varied in their male/female transmission ratios. Fifteen
families (42%) had an elevated male/female transmission ratio (Fig. 4). Four families had
a statistically significant transmission bias after correcting for multiple tests. Families
1421 and 8819 8820 showed a female transmission bias, and families 8095_8097 and
8100_8101 showed a male transmission bias (p <0.05, Bonferroni corrected). In three
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Fig. 4 Observed male/female de novo STR transmission ratio by family. The ratio of male to female
transmissions of de novo STR alleles is shown by family. The male/female transmission ratio ranged

from 0.30 to 3.4. Of the 36 individual families within the 29 large CEPH pedigrees*, 22/36 (61%)

have a higher-than-expected rate of de novo STR transmission by males, while 14/36 (39%) have a
low-than-expected transmission rate. The male/female transmission ratios suggest a trend for a male
transmission bias in the CEPH families. *Several CEPH families have an extended pedigree structure which
were separated into non-extended pedigrees for the analysis (see the “Methods” section)

of these four families, a two- to three-fold higher rate of de novo transmission in one
grandparent accounted for the elevated ratio. This result suggests that some individuals
transmit new STR mutations at an atypically high rate. We also analyzed the relationship
between parental age and STR mutation rate but did not find a strong correlation for
either paternal age (*=0.044) or maternal age (+*=0.0071).

We analyzed the spectrum of size differences between the original and the de novo
STR alleles for 1388 mutations in which the transmitting haplotype and the size change
in base pairs could be unambiguously identified. Except for three-base pair repeats,
smaller mutations were generally more frequent than larger mutations, consistent with
the overall pattern of observed mutations (Fig. 5A, B). There was not a significant dif-
ference between the length of de novo alleles in males and females (p-value > 0.7, two-
tailed t-test). Expansions were favored over contractions overall (P<1le — 24, binomial
test) (Fig. 5C). By class, the larger penta- and hexa-nucleotide repeats had slightly more
contractions than expansions, but the differences between expansions and contractions
were not significant (Fig. 5D, P>0.5). Collectively, new STR alleles rarely differed by
more than 6 bp from their original length, consistent with strand-slippage by a single
repeat unit as the most common length change for all classes of microsatellites.

After determining the parent of origin for the mutations, we analyzed the change in size,
as measured by the number of repeats, between the transmitting grandparent’s allele and
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Fig. 5 Distribution of length changes for phased de novo STRs. A, B The distribution of length differences
between new and original phased STR alleles is similar among CEPH males and females. C Most de novo
events are contractions and expansions of one repeat unit. D Panels show the distributions of transmitted
phased-determined de novo STR alleles for each STR motif length in the CEPH families. In each case, the
majority of the observed size changes are a single repeat unit, and most new mutations are a multiple of the
original STR motif

the de novo allele in the parent explicitly by repeat motif size (Fig. 5D). The majority of the
identified mutations show a single stepwise change, defined as a mutation resulting in a
change of a single repeat motif (that is, a dinucleotide repeat expanding or contracting by
two bases or a trinucleotide repeat expanding or contracting by three bases, etc.). This pat-
tern is seen for each STR motif type examined, with the total number of events decreasing
as motif size increases.
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Discussion

We used the unique structure of the CEPH pedigrees to determine the genome-wide
mutation rate and the number of STR mutations inherited in 68 individuals from gen-
eration 2 in 29 3-generation families. Our analysis reveals a high degree of variability
among families in the number of transmission-verified de novo STR mutations (see
Fig. 1A) and in the mutation rate of STR loci (see Fig. 1B). This variation is similar to
the pattern seen for single nucleotide variants in these families [35]; it may be due to
individual differences in genetic backgrounds or differences in DNA repair efficacy. We
compared the number of de novo STRs to the number of de novo single nucleotide vari-
ants transmitted by each individual and found no correlation between the number of
mutations found (*=4 x 107°). We may not see a relationship between these values
due to the small sample size included in our study or differing DNA repair mechanisms
involved in these two mutation types.

Analyzing approximately 49% of all STR loci in the genome, we found an aver-
age of ~42 de novo STRs in the examined individuals and an average mutation rate of
5.24 x 10° per locus per generation. If we were able to assay all STRs across the genome,
we estimate there to be an average of approximately 85 de novo STR mutations per indi-
vidual. This estimate of de novo STR mutations in these individuals falls within the range
of previous genome-wide estimates [21, 25]. However, our estimate is likely to be con-
servative. This is due in part to the limitations of HipSTR and short-read sequencing
data. We are only able to confidently assess repeats that are smaller than the sequenc-
ing reads (~ 150 bp), permit flanking sequence to be mapped, and have reads that com-
pletely span the STR motif. We also removed alleles that were shared with the other
parent or were not passed down to multiple grandchildren in the third generation. Some
of the identified mutations that were passed down to fewer than two grandchildren may
have been true de novo mutations or the product of mosaicism. While it is likely that
some true de novo STRs were excluded because of this filtering criterion, this prevented
a number of false positives from being included in the dataset. Additionally, few loci
on the Y chromosome passed our filtering criteria, possibly due to the highly repetitive
nature of the Y chromosome [43, 44]. While these filtering steps increased confidence in
our genotyping, they also decreased sensitivity. Finally, the WGS data from the CEPH
families are not PCR-free, which may have introduced some additional level of error
into our analyses. PCR stutter may create products that are generally one repeat
unit smaller than the target, leading to an incorrect repeat size being sequenced
and genotyped.

The majority of de novo STR mutations were found in intergenic or intronic regions,
with a very small proportion of these events occurring in exons and 3’- or 5-UTRs
(Fig. 1C), similar to previous findings of variability at these loci[26]. Only two of these
mutations occur in exons, and unsurprisingly, they are both trinucleotide repeats. One
of these mutations was found in PHLPP1, which has been associated with colorectal
cancer [45], and the other was found in U/SP24, which has been associated with Parkin-
son’s disease [46]. These loci appear to be polymorphic within the families that pass our
filtering criteria.
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Examining non-exonic STRs, we found that many of the identified de novo STR muta-
tions overlap with transposable elements (TEs) (Additional file 1: Figure S1). TEs have
been proposed to act as seeds for microsatellites [47, 48] because of their poly(A) tails;
furthermore, Alu elements have an A-rich region in the middle of the element. Approxi-
mately 30% of our de novo STRs overlap with Alu elements, likely in the poly(A) tail, so
this may be an underappreciated source of origin for new STR loci. This finding sup-
ports recent work showing that many non-reference or rare tandem repeat loci are in
close proximity to Alu elements [49]. We found fewer de novo STRs in L1s and SVAs,
despite the fact that L1s compose a greater portion of the genome than Alu elements
(reviewed in [50]). It is unclear if this difference is due to a lower number of copies of
L1s throughout the genome, thus creating fewer potential seeds for microsatellites, or
if some STRs in L1s were difficult to identify and include in the reference file. Alterna-
tively, the genomic location of TE insertions may play a large role in the mutation rate
of the associated STRs. Alu elements, particularly older insertions, have been shown
to insert in more GC-rich regions of the genome, while L1 insertions have been found
in more AT-rich regions [51, 52]. Because GC-rich regions of the genome accrue more
mutations (as shown in yeast [53]), Alu elements may contain more STR mutations due
to their genomic location rather than something unique about the insertion itself. Addi-
tionally, an analysis of poly(A) tail length of Alu elements and L1 insertions using Tan-
dem Repeats Finder shows that Alu elements (mean= ~21; median=20) have longer
identifiable poly(A) tracts than L1s (mean= ~ 13; median= ~ 11). These longer poly(A)
tails may also contribute to the increased number of STR mutations in Alu elements.
There are likely many factors influencing the relationship between STRs and TEs, and
this relationship should be further investigated.

Although many studies have examined the mutation rates of different STR motifs,
there appears to be no consensus on how mutation rate and motif size are related.
Some studies show that dinucleotide repeats mutate more quickly than the longer
tetranucleotide repeats [16, 54], while others show that tetranucleotide repeats
mutate more quickly [20, 55]. In our dataset, the mutation rate generally decreases
with increased motif length (Fig. 1D); however, there are exceptions to this pattern.
Over all loci, the mononucleotide repeats examined in this study appear to mutate
more slowly than the dinucleotide repeats. This is likely due to an under-sampling of
the mononucleotide loci and sampling of only those loci that are smaller than read
length. Given the low complexity of these regions, they are more difficult to sequence
and confidently genotype. Many of these loci did not pass the filtering applied due to
low-quality scores or a small number of reads spanning the repeat. Other mononu-
cleotide repeats are located in the tail of transposable elements and are difficult to
map accurately, likely contributing to the decreased number of repeats passing our
filters. Due to these factors, as well as the fact that the WGS data are not PCR-free, it
is possible that the mononucleotide mutation rate is less accurate than that of other
classes of STRs. The second STR motif that does not follow this pattern is trinucle-
otide repeats, which have a slightly lower mutation rate than tetranucleotides. The
trinucleotide mutation rate falls within the 90% CI of the best-fit curve for de novo
allele size changes using all phased de novo mutations (Additional file 1: Figure S5),
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indicating that mutational steps of three base pairs are not exceptionally low com-
pared to expectation. Relative to mono-, di-, tetra-, and pentanucleotide repeats [2],
trinucleotide repeats are enriched in coding regions and may be mutationally con-
strained due to negative selection on new alleles. We also find that the frequency of
observed de novo STR alleles decreases exponentially with an increasing number of
repeats (Additional file 1: Figure S5).

Examining the structure and length of the de novo STRs, we found that perfect repeats
mutate more quickly than imperfect repeats (Table 1). This has been found in previous
work and is hypothesized to be due to increased replication slippage in these perfectly
repeating regions [54, 55]. We also analyzed the relationship between mutability and the
longest perfectly repeating segment, as well as repeat length, because these factors have
been linked to mutation rates. We find that for dinucleotides — hexanucleotides, as the
length of the perfectly repeating segment increases, the STR becomes more mutable (see
Fig. 2). Mononucleotides do not follow this pattern, but it is likely that most of the longer
perfectly repeating mononucleotide STRs have been filtered from our final data set due
to low sequencing coverage or poor genotyping quality. Furthermore, it is possible that
the decreasing number of STRs at greater lengths in the reference genome (Additional
file 2: Table S4) could play a role in this trend for mononucleotides. A similar pattern
is seen for dinucleotide repeats as the majority of these are smaller than 44 bases. We
find a similar pattern for the total length of the STR, with longer repeat motifs showing
increased mutability as the total length of the repeat increases (see Fig. 3). We also found
a general trend for increasing allele length driven by single repeat length expansions in
the mono- through tetranucleotide repeats, consistent with previous studies [55-57].
Overall, the results of this analysis match closely with previous work[21].

Previous studies of mutation dynamics have noted a male bias for de novo single
nucleotide variants [35, 58, 59]. From our analysis, we identified slightly more male
than female transmissions for all de novo STR mutations, but this excess was not
significant. Among families, we find that more families show male transmission bias
than female transmission bias (Fig. 4). Comparing the male and female transmissions
within a single family shows that either males or females can have statistically sig-
nificant excess transmissions, but also that these cases are infrequent. This finding is,
again, quite similar to the results shown for single nucleotide variants in these fami-
lies. We also note that our estimated error rate for STRdiff is ~ 5%, which may reduce
our ability to identify a parent-of-origin effect if that effect is very small.

A previous genome-wide analysis of STRs in a single CEPH family found varying
levels of male mutation bias per motif, and similar to our results, the level of male bias
was slight[27]. Our power analysis suggests that we have adequate power to detect a
signal of male transmission bias when all STRs are included, and the effect size is at
least 10%. If there are many false positives in the mononucleotides, the signal may be
obscured. While we did not see a different pattern when the mononucleotides were
removed, our power to detect such a pattern was also decreased.

Due to the challenges and high false positive rate associated with genotyping STRs,
we were unable to examine de novo mutations in the third generation of individuals
within these families. This also prevented us from examining the effect of parental
age (within a single family) on the mutation rate. Collection of the fourth generation
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of the CEPH pedigrees is now underway and will allow new analyses to better under-
stand how parental age, genetic background, and differences within DNA repair genes
play a role in altering mutation rates.

Comparing the size of the mutation to the motif length of the STR, we find that most
of the mutations occur in a stepwise fashion (see Fig. 5). This mutation pattern has been
noted in other studies [26, 60, 61]. Regardless of the repeat motif length, we found a rap-
idly decreasing number of mutations as the step size increased. In addition to stepwise
changes, we find that small indels can occur within the repeat unit, particularly for hexa-
nucleotide repeats. These were generally an increase or decrease of a single base within
the repeat unit. Slippage has been the proposed mechanism for most single-step STR
mutations, though larger STR mutations may be caused by other mechanisms, including
unequal crossover, and should be further investigated [18].

Conclusions

We were able to utilize the unique structure of the CEPH pedigrees to better understand
the mutational dynamics of STR loci in healthy individuals. As sequencing technology
(e.g., long-read sequencing) and computational methods for the detection and genotyp-
ing of STRs improve, precisely genotyping longer STRs will improve the estimate of the
mutation rate. Future analyses of large pedigrees from diverse populations may uncover
additional variation in STR mutation rates, as we have only examined families of Euro-
pean ancestry. Our study provides new perspectives on the dynamics of STR mutations
and highlights the need for larger sample sizes and novel tools to investigate this under-
appreciated portion of the genome.

Methods

Sequencing data

Whole-genome sequencing (WGS) data were available from 599 individuals from
33 families (Sasani et al. 2019). The WGS data are not PCR-free. These genomes were
sequenced to ~ 30 x coverage, with complete coverage data for each genome used in this
study shown in Additional file 3:Table S5. Coverage data for each file were generated
using covstats from the goleft package. These data are available with controlled access
through dbGaP (phs001872.v1.p1).

Short tandem repeat genotyping and basic filtering

HipSTR (version 0.6.2) [25] was used to genotype short tandem repeats (STRs) in the
CEPH sequencing data. HipSTR was run on 29 families, though in some cases not all
individuals from a family could be successfully run due to a known issue with HipSTR
stemming from difficulty extracting certain filtering tags from BAM files. Most pedi-
grees contain all four grandparents in the first generation (only four pedigrees are miss-
ing one or more grandparents). Some families contain multiple offspring (parents) in the
second generation, allowing for the analysis of multiple individuals in some of the 29
pedigrees. Splitting these extended pedigrees produced 36 family units used for some
analyses. Each CEPH family was run individually using the default stutter model, as rec-
ommended in the HipSTR documentation. The GRCh37 STR reference file from Hip-
STR (which includes approximately 1.6 million loci) was used for all analyses. Filtering
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methods included with HipSTR and DumpSTR from TRTools (version 3.0.0) [62] were
used to filter the genotypes generated by HipSTR. Specifically, we filtered these geno-
types for loci with a minimum quality score >0.9, maximum flanking indels <0.15, max-
imum call stutter <0.15, minimum call depth of 10, maximum call depth of 1000. All
loci overlapping segmental duplications in the genome were removed. With these filter-
ing criteria, we retained loci that were confidently genotyped, did not contain too many
flanking indels, and showed little evidence of stutter artifacts in the repeat.

Validation of genotypes

STR genotypes were previously generated in the 1990s for 360 markers for individuals in
the CEPH pedigrees as part of the Human Genome Project. STR loci were amplified by
PCR, and STR genotypes were detected and visualized using an Automated Hybridiza-
tion and Imaging Instrument (AHII) by modifying the methodology previously used to
generate high throughput de novo sequence data [63]. These loci were identified in hgl9
using the UCSC Genome Browser; then the genotypes coded by HipSTR were compared
to the genotypes previously coded using AHIIL A list of the loci and genotypes gener-
ated by AHII and HipSTR are shown in Additional file 4: Table S6. In total, we analyzed
10 loci in multiple families, allowing for the comparison of 363 genotype calls between
the two methods. For the comparison that included only grandparents, we analyzed a
total of 23 loci in multiple families. This included 813 genotypes called by both methods.
These genotype comparisons are shown in Additional file 5: Table S7.

Filtering for de novo mutations

After filtering the genotypes generated with HipSTR, the genotypes for individuals in
the second generation of the CEPH families were compared to those of their parents
(generation 1) to identify potential de novo mutations. For a mutation to be considered
for further analysis, we required that at least 10 reads spanned the de novo allele in the
individual in the second generation. This decreased the number of loci that could be
considered for analysis, but provided greater confidence in the called genotype.

Next, each potential de novo STR that met these criteria in the second generation was
compared to the third generation to ensure that the de novo allele was transmitted to
multiple individuals (at least two) in the third generation (similar to Willems et al. 2017).
Given the high mutation rate of STR loci, requiring that at least two individuals inher-
ited the de novo allele increased our confidence in the successful transmission of the
de novo allele. In the average family in this study with nine grandchildren the probabil-
ity of transmitting a de novo mutation to zero or one child in the third generation is
0.0195 (binomial test). With our 5249 putative de novo mutations, we would expect only
102 false negatives (0.0195 x 5249). Further, to ensure the de novo allele was transmit-
ted from the individual in which it was identified, we removed from consideration all de
novo STRs that were shared with the other parent (similar methodology was also used in
[25]). To calculate the STR mutation rate, we divided the number of de novo mutations
by the total number of STRs that passed our filters for each trio.



Steely et al. Genome Biology ~ (2022) 23:253 Page 15 0of 19

Identifying perfect and imperfect repeats

To identify which STR loci were perfect and which were imperfect, we used Tandem
Repeats Finder [64] (Version 4.09.1). BEDTOOLS [65] was used to get sequence data
for each of the approximately 1.6 million STR loci included in the HipSTR reference file.
The sequence data were analyzed with Tandem Repeats Finder with a minimum score
requirement of 15 to ensure that even the short repeats included in the HipSTR refer-
ence file could be accurately identified. Each motif size (mononucleotide — hexanucleo-
tide) was run separately to be sure we were identifying the correct repeat. Those repeats
that had a perfect score for “Percent Matches” in the output file were considered to be
perfect repeats. All other repeats were considered to be imperfect. We then used BED-
TOOLS to intersect the loci in which we identified de novo STR mutations with the
location of the perfect and imperfect repeats.

Genomic Location of de novo mutations

After identifying de novo mutations in STRs, we intersected the location of these muta-
tions with exons, introns, 5-UTRs, and 3'-UTRs using BEDTOOLS [65]. We used the
UCSC Genome Browser to find the location of genes in hgl9. The different regions of
genes were run separately to determine if the de novo STRs intersected with any compo-
nent of a gene. A similar procedure was used to find the location of active transposable
elements (Alu elements, L1, and SVA) in hg19. These loci were intersected with the iden-
tified de novo mutations to determine the frequency with which transposable elements

were the sites of these mutations.

Identification of Poly(A) tails in Alu elements and L1s.

To determine the length of identifiable poly(A) tails in Alu elements and Lls, we
obtained fasta files of the sequences for each insertion (with an additional 40 bp of flank-
ing sequence on the 3’ end) in hgl9 from the UCSC Genome Browser. Short tandem
repeats in each element were identified with Tandem Repeats Finder. The results were
then filtered to only include those that were found near the end of the insertion and had
a repeat motif of “A” From the filtered results, the mean and median length of the identi-

fiable poly(A) tails were determined.

STRdiff

STRdiff was used to evaluate the characteristics of de novo STR mutations found in par-
ents of the CEPH families. This program leverages the three-generation structure of the
CEPH pedigrees to infer the sex and haplotype of the grandparent transmitting the de
novo STR allele. It also infers the size change, in base pairs, between the original and the
de novo alleles.

Input to STRJiff is a variant call format (vcf) file containing two sets of grandparents,
two parents, and all offspring. A region surrounding the de novo STR is first extracted
and then phased in all possible trios within the family using the Beagle software package
[66]. Because the de novo STR is a mutational event that creates a misinherited allele,
the de novo allele cannot be phased directly. Instead, the haplotype(s) carrying the novel
STR allele are first identified in multiple offspring. A consensus haplotype is created
from all offspring haplotypes that carry the de novo allele. Using a consensus haplotype
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helps to reduce mismatches caused by rare alleles, sequencing/genotyping errors, and
inferred recombination events. The consensus haplotype is then compared to each of the
four-phased grandparental chromosomes of the parent that harbors the de novo muta-
tion. The likelihood of a match to each grandparental chromosome is calculated as the
fraction of alleles contained on each grandparental haplotype that match the offspring
consensus haplotype bearing the de novo STR allele. These match probabilities are used
to identify the most likely grandparental chromosome with the original STR allele that
produced the mutational event. To evaluate the confidence in each prediction, the dif-
ference between the highest and the next best match likelihood is provided as a unique
solution score (uss). A default uss score of 10 filters a small percentage of reads. The uss
score may be changed by the user to accommodate varying levels of genomic relatedness
in a data set.

Depending on the chromosomal location and family, regional haplotypes may be
highly similar. To improve the number of de novo STRs for which a transmitting grand-
parental haplotype could be reliably identified, STRdiff was run over a range of haplotype
sizes (10, 20, ..., 300 kb). By using this broad range of haplotypes, a probable haplotype
solution was found for 2361 of 2456 (96%) de novo STRs. Of these 2361 haplotypes,
2202 (93%) were uniquely resolved from other haplotypes at a minimum of > 10% of all
polymorphic sites found along the length of the haplotype. Additionally, we tested the
concordance between haplotypes constructed directly from WGS sequence and those
based on 1.1 M SNPs common Illumina array SNPs extracted from the WGS sequence.
There was>94% concordance for sex assignment for the transmitting grandparent.
Assignments that differed were most often due to a high similarity among parental
and grandparental haplotypes at that locus and minor phasing differences among the
inferred haplotypes.

To obtain a more rigorous independent estimate of the accuracy of STRdiff, a subset
of 24 de novo transmission events were examined in IGV [67]. These loci, along with
details of the STRdiff prediction for each, are shown in Additional File 1: Table S8. The
examined loci were selected randomly, but we required that these loci had sufficient
read depth, low stutter at the STR locus, and usually a nearby SNP to allow for inde-
pendent read-based phasing. Mononucleotide repeats were particularly difficult to ana-
lyze through IGV. The STRdiff and IGV read-based phasing predictions for the parent
transmitting the de novo STR allele matched in 23/24 (>95%) of the examined loci. The
allele size changes, when predicted by STRdiff, were correct for 19/21 (~90%) loci. The
IGV images associated with each locus are shown in Additional file 1: Figure Sé6.

Size change of STR mutations

The stepwise change for each class of STR repeat (mono, dj, ...) was calculated in STR-
diff using information from the vcf file. The sequence for the transmitting grandparent’s
allele and the de novo allele in the offspring was obtained directly from the vcf file. The
absolute value of the difference in base pairs between these alleles was divided by the
allele class size to determine the number of steps. Repeat size changes could not always
be resolved due to similarity in haplotypes and STR homozygosity in the grandparents,
parents, or offspring. In total, repeat size changes were determined for 1533 mutational

events.



Steely et al. Genome Biology ~ (2022) 23:253 Page 17 of 19

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1186/513059-022-02818-4.

Additional file 1.
Additional file 2.
Additional file 3.
Additional file 4.
Additional file 5.
Additional file 6.
Additional file 7.

Acknowledgements

We thank the Utah Genome Project, the George S. and Dolores Doré Eccles Foundation, and the H.A. and Edna Benning
Society for sequencing funds. We thank all of the Utah individuals who participated in the CEPH consortium. Addition-
ally, we would like to thank members of the Jorde and Quinlan labs for their helpful feedback and discussion on this
project.

Review history
The review history is available as Additional file 7

Author contributions

CJS, WSW, and LBJ contributed to the design of the project and the interpretation of the results. CJS generated STR
genotypes and filtered genotype calls. WSW contributed to the creation of STRdiff and IGV genotyping. LB contributed
to the analysis of previous genotype calls. CJS and WSW created figures and wrote the manuscript. All authors read and
approved the final version of the manuscript.

Peer review information
Andrew Cosgrove was the primary editor of this article and managed its editorial process and peer review in collabora-
tion with the rest of the editorial team.

Funding

This work was supported by NIH R35GM 118335 (to LBJ), NIH/NRSA T32HG008962 (to CJS), and NIH K99HGO11657 (to
CJS). We also thank the Utah Genome Project, the George S. and Dolores Doré Eccles Foundation, and the H.A. and Edna
Benning Society for sequencing funds.

Availability of data and materials

The CEPH genomes analyzed in this study are available with controlled access through dbGaP (phs001872.v1.p1) [68].
STRdiff is available on github (https://github.com/ScottWatkins/STRdiffjl) [69] and zenodo (MIT release license; https://
doi.org/10.5281/zenodo.7320057) [70]. Information about mutated STR loci, including parental genotypes, the de novo
allele, and the motif can be found in Additional file 6: Table SO.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 30 March 2022 Accepted: 17 November 2022
Published online: 12 December 2022

References

1. Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J, Devon K, Dewar K, Doyle M, FitzHugh W, et al. Initial
sequencing and analysis of the human genome. Nature. 2001;409:860-921.

2. Subramanian S, Mishra RK, Singh L. Genome-wide analysis of microsatellite repeats in humans: their abundance and
density in specific genomic regions. Genome Biol. 2003;4:R13.

3. Fotsing SF, Margoliash J, Wang C, Saini S, Yanicky R, Shleizer-Burko S, Goren A, Gymrek M. The impact of short tan-
dem repeat variation on gene expression. Nat Genet. 2019;51:1652-9.

4. Gymrek M, Willems T, Guilmatre A, Zeng H, Markus B, Georgiev S, Daly MJ, Price AL, Pritchard JK, Sharp AJ, Erlich Y.
Abundant contribution of short tandem repeats to gene expression variation in humans. Nat Genet. 2016;48:22-9.


https://doi.org/10.1186/s13059-022-02818-4
https://github.com/ScottWatkins/STRdiff.jl
https://doi.org/10.5281/zenodo.7320057
https://doi.org/10.5281/zenodo.7320057

Steely et al. Genome Biology =~ (2022) 23:253

19.
20.
21.
22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

Quilez J, Guilmatre A, Garg P, Highnam G, Gymrek M, Erlich Y, Joshi RS, Mittelman D, Sharp AJ. Polymorphic tandem
repeats within gene promoters act as modifiers of gene expression and DNA methylation in humans. Nucleic Acids
Res. 2016;44:3750-62.

DeJesus-Hernandez M, Mackenzie IR, Boeve BF, Boxer AL, Baker M, Rutherford NJ, Nicholson AM, Finch NA, Flynn H,
Adamson J, et al. Expanded GGGGCC hexanucleotide repeat in noncoding region of COORF72 causes chromosome
9p-linked FTD and ALS. Neuron. 2011;72:245-56.

Renton AE, Majounie E, Waite A, Simén-Sanchez J, Rollinson S, Gibbs JR, Schymick JC, Laaksovirta H, van Swieten
JC, Myllykangas L, et al. A hexanucleotide repeat expansion in COORF72 is the cause of chromosome 9p21-
linked ALS-FTD. Neuron. 2011;72:257-68.

MacDonald ME, Ambrose CM, Duyao MP, Myers RH, Lin C, Srinidhi L, Barnes G, Taylor SA, James M, Groot NJC. A
novel gene containing a trinucleotide repeat that is expanded and unstable on Huntington’s disease chromo-
somes. Cell. 1993;72:971-83.

Fu Y-H, Kuhl DPA, Pizzuti A, Pieretti M, Sutcliffe JS, Richards S, Verkert AJMH, Holden JJA, Fenwick RG, Warren ST,
et al. Variation of the CGG repeat at the fragile X site results in genetic instability: Resolution of the Sherman
paradox. Cell. 1991;67:1047-58.

. Usdin K. The biological effects of simple tandem repeats: lessons from the repeat expansion diseases. Genome

Res. 2008;18:1011-9.

. Hannan AJ. Tandem repeats mediating genetic plasticity in health and disease. Nat Rev Genet. 2018;19:286-98.
. Nelson DL, Orr HT, Warren ST. The unstable repeats—three evolving faces of neurological disease. Neuron.

2013;77:825-43.

. Eckert KA, Hile SE. Every microsatellite is different: Intrinsic DNA features dictate mutagenesis of common micro-

satellites present in the human genome. Mol Carcinog. 2009;48:379-88.

. Legendre M, Pochet N, Pak T, Verstrepen KJ. Sequence-based estimation of minisatellite and microsatellite

repeat variability. Genome Res. 2007;17:1787-96.

. Lynch M. Rate, molecular spectrum, and consequences of human mutation. Proc Natl Acad Sci U S A.

2010;107:961-8.

. Chakraborty R, Kimmel M, Stivers DN, Davison LJ, Deka R. Relative mutation rates at di-, tri-, and tetranucleotide

microsatellite loci. Proc Natl Acad Sci U S A. 1997;94:1041-6.

. Jobling MA, Gill P. Encoded evidence: DNA in forensic analysis. Nat Rev Genet. 2004;5:739-51.
. Fan H, Chu JY. A brief review of short tandem repeat mutation. Genomics Proteomics Bioinformatics.

2007,5:7-14.

Schlotterer C, Tautz D. Slippage synthesis of simple sequence DNA. Nucleic Acids Res. 1992;20:211-5.
Weber JL, Wong C. Mutation of human short tandem repeats. Hum Mol Genet. 1993;2:1123-8.

Willems T, Gymrek M, Poznik GD, Tyler-Smith C, Erlich Y. Population-Scale Sequencing Data Enable Precise Esti-
mates of Y-STR Mutation Rates. Am J Hum Genet. 2016;98:919-33.

Heyer E, Puymirat J, Dieltjes P, Bakker E, de Knijff P. Estimating Y Chromosome Specific Microsatellite Mutation
Frequencies using Deep Rooting Pedigrees. Hum Mol Genet. 1997;6:799-803.

Zhivotovsky LA, Underhill PA, Cinnioglu C, Kayser M, Morar B, Kivisild T, Scozzari R, Cruciani F, Destro-Bisol G,
Spedini G, et al. The Effective Mutation Rate at Y Chromosome Short Tandem Repeats, with Application to
Human Population-Divergence Time. Am J Hum Genet. 2004;74:50-61.

Ballantyne KN, Goedbloed M, Fang R, Schaap O, Lao O, Wollstein A, Choi Y, van Duijn K, Vermeulen M, Brauer S,
et al. Mutability of Y-chromosomal microsatellites: rates, characteristics, molecular bases, and forensic implica-
tions. Am J Hum Genet. 2010;87:341-53.

Willems T, Zielinski D, Yuan J, Gordon A, Gymrek M, Erlich Y. Genome-wide profiling of heritable and de novo STR
variations. Nat Methods. 2017;14:590-2.

Payseur BA, Jing P, Haasl RJ. A genomic portrait of human microsatellite variation. Mol Biol Evol. 2011;28:303-12.
Fungtammasan A, Ananda G, Hile SE, Su MS, Sun C, Harris R, Medvedev P, Eckert K, Makova KD. Accurate
typing of short tandem repeats from genome-wide sequencing data and its applications. Genome Res.
2015;25:736-49.

Trost B, Engchuan W, Nguyen CM, Thiruvahindrapuram B, Dolzhenko E, Backstrom |, Mirceta M, Mojarad BA, Yin'Y,
Dov A, et al. Genome-wide detection of tandem DNA repeats that are expanded in autism. Nature. 2020,586:80-6.
Mitra I, Huang B, Mousavi N, Ma N, Lamkin M, Yanicky R, Shleizer-Burko S, Lohmueller KE, Gymrek M. Patterns of de
novo tandem repeat mutations and their role in autism. Nature. 2021;589:246-50.

Gymrek M, Golan D, Rosset S, Erlich Y. IobSTR: A short tandem repeat profiler for personal genomes. Genome Res.
2012;22:1154-62.

Mousavi N, Shleizer-Burko S, Yanicky R, Gymrek M. Profiling the genome-wide landscape of tandem repeat expan-
sions. Nucleic Acids Res. 2019;47:e90-e90.

Dashnow H, Lek M, Phipson B, Halman A, Sadedin S, Lonsdale A, Davis M, Lamont P, Clayton JS, Laing NG, et al.
STRetch: detecting and discovering pathogenic short tandem repeat expansions. Genome Biol. 2018;19:121.
Dolzhenko E, van Vugt J, Shaw RJ, Bekritsky MA, van Blitterswijk M, Narzisi G, Ajay SS, Rajan'V, Lajoie BR, John-

son NH, et al. Detection of long repeat expansions from PCR-free whole-genome sequence data. Genome Res.
2017,27:1895-903.

Feusier J, Watkins WS, Thomas J, Farrell A, Witherspoon DJ, Baird L, Ha H, Xing J, Jorde LB. Pedigree-based estimation
of human mobile element retrotransposition rates. Genome Res. 2019;29:1567-77.

Sasani TA, Pedersen BS, Gao Z, Baird L, Przeworski M, Jorde LB, Quinlan AR. Large, three-generation human families
reveal post-zygotic mosaicism and variability in germline mutation accumulation. Elife. 2019;8:46922.

Abel HJ, Larson DE, Regier AA, Chiang C, Das |, Kanchi KL, Layer RM, Neale BM, Salerno WJ, Reeves C, et al. Mapping
and characterization of structural variation in 17,795 human genomes. Nature. 2020;583(7814):83-9.

Belyeu JR, Brand H, Wang H, Zhao X, Pedersen BS, Feusier J, Gupta M, Nicholas TJ, Brown J, Baird L, et al. De novo
structural mutation rates and gamete-of-origin biases revealed through genome sequencing of 2,396 families. Am J
Hum Genet. 2021;108:597-607.

Page 18 of 19



Steely et al. Genome Biology ~ (2022) 23:253 Page 19 of 19

38. Gao Z, Moorjani P, Sasani TA, Pedersen BS, Quinlan AR, Jorde LB, Amster G, Przeworski M. Overlooked roles of DNA
damage and maternal age in generating human germline mutations. Proc Natl Acad Sci U S A. 2019;116:9491-500.

39. Cawthon RM, Meeks HD, Sasani TA, Smith KR, Kerber RA, O'Brien E, Baird L, Dixon MM, Peiffer AP, Leppert MF, et al.
Germline mutation rates in young adults predict longevity and reproductive lifespan. Sci Rep. 2020;10:10001.

40. Mousavi N, Shleizer-Burko S, Yanicky R, Gymrek M. Profiling the genome-wide landscape of tandem repeat expan-
sions. Nucleic Acids Res. 2019:47: €90.

41. Dolzhenko E, Bennett MF, Richmond PA, Trost B, Chen S, van Vugt J, Nguyen C, Narzisi G, Gainullin VG, Gross AM,
et al. ExpansionHunter Denovo: a computational method for locating known and novel repeat expansions in short-
read sequencing data. Genome Biol. 2020;21:102.

42. Dolzhenko E, Deshpande V, Schlesinger F, Krusche P, Petrovski R, Chen S, Emig-Agius D, Gross A, Narzisi G, Bowman
B, et al. ExpansionHunter: a sequence-graph-based tool to analyze variation in short tandem repeat regions. Bioin-
formatics. 2019;35:4754-6.

43, Skaletsky H, Kuroda-Kawaguchi T, Minx PJ, Cordum HS, Hillier L, Brown LG, Repping S, Pyntikova T, Ali J, Bieri T, et al. The
male-specific region of the humanY chromosome is a mosaic of discrete sequence classes. Nature. 2003;423:825-37.

44, Tilford CA, Kuroda-Kawaguchi T, Skaletsky H, Rozen S, Brown LG, Rosenberg M, McPherson JD, Wylie K, Sekhon M,
Kucaba TA, et al. A physical map of the human Y chromosome. Nature. 2001;409:943-5.

45, Liu J, Weiss HL, Rychahou P, Jackson LN, Evers BM, Gao T. Loss of PHLPP expression in colon cancer: role in prolifera-
tion and tumorigenesis. Oncogene. 2009;28:994-1004.

46. LiY, Schrodi S, Rowland C, Tacey K, Catanese J, Grupe A. Genetic evidence for ubiquitin-specific proteases USP24
and USP40 as candidate genes for late-onset Parkinson disease. Hum Mutat. 2006;27:1017-23.

47. Arcot SS, Wang Z, Weber JL, Deininger PL, Batzer MA. Alu repeats: a source for the genesis of primate microsatellites.
Genomics. 1995;29:136-44.

48. Jurka J, Pethiyagoda C. Simple repetitive DNA sequences from primates: compilation and analysis. J Mol Evol.
1995,;40:120-6.

49. Fazal S, Danzi MC, Cintra VP, Bis-Brewer DM, Dolzhenko E, Eberle MA, Zuchner S. Large scale in silico characterization
of repeat expansion variation in human genomes. Scientific Data. 2020;7:294.

50. Xing J, Witherspoon DJ, Jorde LB. Mobile element biology: new possibilities with high-throughput sequencing.
Trends Genet. 2013;29:280-9.

51. Brookfield JF. Selection on Alu sequences? Curr Biol. 2001;11:R900-901.

52. Sellis D, Provata A, Almirantis Y. Alu and LINET distributions in the human chromosomes: evidence of global
genomic organization expressed in the form of power laws. Mol Biol Evol. 2007,24:2385-99.

53. Kiktev DA, Sheng Z, Lobachev KS, Petes TD. GC content elevates mutation and recombination rates in the yeast
<em>Saccharomyces cerevisiae</em&gt. Proc Natl Acad Sci. 2018;115:E7109.

54. Kruglyak S, Durrett RT, Schug MD, Aquadro CF. Equilibrium distributions of microsatellite repeat length resulting
from a balance between slippage events and point mutations. Proc Natl Acad Sci USA. 1998;95:10774-8.

55. Sun JX, Helgason A, Masson G, Ebenesersdottir SS, Li H, Mallick S, Gnerre S, Patterson N, Kong A, Reich D, Stefansson
K. A direct characterization of human mutation based on microsatellites. Nat Genet. 2012;44:1161-5.

56. Gymrek M, Willems T, Reich D, Erlich Y. Interpreting short tandem repeat variations in humans using mutational
constraint. Nat Genet. 2017;49:1495-501.

57. Huang QY, Xu FH, Shen H, Deng HY, Liu YJ, Liu YZ, Li JL, Recker RR, Deng HW. Mutation patterns at dinucleotide
microsatellite loci in humans. Am J Hum Genet. 2002;70:625-34.

58. Kong A, Frigge ML, Masson G, Besenbacher S, Sulem P, Magnusson G, Gudjonsson SA, Sigurdsson A, Jonasdottir A,
Jonasdottir A, et al. Rate of de novo mutations and the importance of father's age to disease risk. Nature. 2012;488:471-5.

59. Goldmann JM, Wong WS, Pinelli M, Farrah T, Bodian D, Stittrich AB, Glusman G, Vissers LE, Hoischen A, Roach JC, et al.
Parent-of-origin-specific signatures of de novo mutations. Nat Genet. 2016;48:935-9.

60. Kayser M, Roewer L, Hedman M, Henke L, Henke J, Brauer S, Kriiger C, Krawczak M, Nagy M, DoboszT, et al. Charac-
teristics and Frequency of Germline Mutations at Microsatellite Loci from the Human'Y Chromosome, as Revealed
by Direct Observation in Father/Son Pairs. Am J Hum Genet. 2000;66:1580-8.

61. Sajantila A, Lukka M, Syvénen AC. Experimentally observed germline mutations at human micro- and minisatellite
loci. Eur J Hum Genet. 1999;7:263-6.

62. Mousavi N, Margoliash J, Pusarla N, Saini S, Yanicky R, Gymrek M. TRTools: a toolkit for genome-wide analysis of
tandem repeats. Bioinformatics. 2021;37(5):731-3.

63. Cherry JL, Young H, Di Sera LJ, Ferguson FM, Kimball AW, Dunn DM, Gesteland RF, Weiss RB. Enzyme-linked fluores-
cent detection for automated multiplex DNA sequencing. Genomics. 1994,20:68-74.

64. Benson G.Tandem repeats finder: a program to analyze DNA sequences. Nucleic Acids Res. 1999;27:573-80.

65. Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing genomic features. Bioinformatics.
2010;26:841-2.

66. Browning SR, Browning BL. Rapid and accurate haplotype phasing and missing-data inference for whole-genome
association studies by use of localized haplotype clustering. Am J Hum Genet. 2007,81:1084-97.

67. Robinson JT, Thorvaldsdéttir H, Winckler W, Guttman M, Lander ES, Getz G, Mesirov JP. Integrative genomics viewer.
Nat Biotechnol. 2011;29:24-6.

68. Genome Sequencing of Large, Multigenerational CEPH/Utah Families. Dataset. dbGaP. Available from: https://www.
ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs001872.v1.p1#attribution-section. [Cited 2022 Nov 20].

69. Watkins WS, Steely CJ, and Jorde LB. The STRdiff package. Github. Available from: https://github.com/ScottWatkins/
STRdiff,jl [Cited 2022 Nov 20].

70. Watkins S. STRdiff. Zenodo. 10.5281/zenodo.7320057. Available from: https://zenodo.org/record/7320057 [Cited
2022 Nov 20].

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs001872.v1.p1#attribution-section
https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs001872.v1.p1#attribution-section
https://github.com/ScottWatkins/STRdiff.jl
https://github.com/ScottWatkins/STRdiff.jl
https://zenodo.org/record/7320057

	The mutational dynamics of short tandem repeats in large, multigenerational families
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Discussion
	Conclusions
	Methods
	Sequencing data
	Short tandem repeat genotyping and basic filtering
	Validation of genotypes
	Filtering for de novo mutations
	Identifying perfect and imperfect repeats
	Genomic Location of de novo mutations
	Identification of Poly(A) tails in Alu elements and L1s.
	STRdiff
	Size change of STR mutations

	Acknowledgements
	References


