Figure 1  An overview of the genomic architecture of segmental duplications at the chromosome 435 region and the 10q26 region. In the GRCh38
reference genome, 4935 incorrectly shows two D4Z4 arrays (8 units 4B type and 1.5 unit 4gA type) with a 50kb gap between AC225782.3 (4qB) and
AC215524.3 (49A) (panel A). 1026 incorrectly shows two D4Z4 arrays (each with 7 D4Z4 repeat units) with a 50 kb gap between AL845259.22 (10gA)
and AL7323751.8 (10gA) (panel B). Two new patch scaffold sequences were recently added in CRCh38 patch 7 with 4gA configuration (KQ983257.1)
without gap and with 4gA-L configuration (KQ983258.1) without gap, and we additionally illustrated them (panel C and D). The segmental duplication
(green boxes) in 4935 has high sequence identity with the corresponding region in 10926, KQ983257.1 and KQ983258.1, while the distal D424 array
separated by the gap in 10926 is marked with an orange box. The incorrect assembly gap is not present in 4935 (panel E) or 10926 (panel F) in the GRCh37
genome assembly.
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Figure 2

Assembly error

Illustration of the region with label dissimilarity between 10926, 4935, KQ983257.1 and KQ983258.1 (blue box) adjacent to the region

of similarity (green box), based on in silico analysis on GRCh37, GRCh38, KQ983257.1 and KQ983258.1. Red vertical bars represent labels of enzyme
recognition sites. By using fragments that spans the region of dissimilarity, we can confidently separate fragments originating from 10q26, 4g35 or those
that are undetermined (uninformative). The panel A and B represent labels generated by the Nb.BssSI and Nt.BspQl enzymes, respectively. Although the
reference genome GRCh38 contains two labels (repeat unit #2 and #5) within the D4Z4 repeat region for the Nt.BspQl enzyme (red box), we rarely observe
them in real data, possibly due to the inclusion of a very rare allele in the GRCh38 or due to errors in genome assembly.

postzygotic contraction of D4Z4 repeat units from the allele with
23 repeats, resulting in disease manifestation. We acknowledge
that the read counts may be biased by the length of the reads and
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Figure 3 Molecular diagnosis of facioscapulohumeral muscular dystrophy by Southern blot on samples from cohort 1. The results for cohort 2 is available
in online supplementary figure 1. E/H and p13E-11: double digested with EcoRI/Hindlll and then labelled with probe p13E-11, and all the 4q and 10q
segments are illustrated. E/B and p13E-11: double digested with EcoRI/BInl and then labelled with probe p13E-11, and the 10q segments are digested so
only 4q segments are illustrated. H and 4qA: digested with Hindlll and then labelled with probe 4gA, and the 4qA alleles are illustrated. H and 4qB: digested

with Hindlll and then labelled with probe 4B, and the 4qB alleles are illustrated. The asterisk

a 4gA configuration. The plus sign "+ denotes somatic mosaic allele.

%1

denotes pathogenic allele with <10 repeat units and with
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inferred by Southern blot. Since Southern blot estimates repeat
counts by band size in a gel, for alleles with larger number of
repeats, it may be less quantitative than direct visualisation of
labels in optical mapping, and it cannot measure very long alleles
(typically represented as more than a threshold such as ‘>38 kb’
or ‘>10 repeats’ in diagnostic reports).

Determining D4Z4 repeat copy number on 4¢35 by Nt.BspQl
enzyme labelling
Most published and ongoing human genetics studies use
Nt.BspQI on the Bionano platform, partly due to its robust-
ness and high sensitivity to recognise DNA motifs. Therefore, it
would be ideal to develop methods that can use this enzyme as
well, to determine the copy number of D474 repeat units. Our
in silico digestion analysis on the reference genome GRCh38
demonstrated that it is possible to differentiate reads origi-
nating from 4q35 and 10q26 (figure 2B). Although the reference
genome GRCh38 contains two Nt.BspQI labels within the D4Z4
repeat region, we do not observe them in real data, possibly
due to the inclusion of a very rare allele or due to genome
assembly errors in GRCh38. Instead, based on recognition sites
surrounding the D4Z4 repeat array, we can infer the length of
the D4Z4 array purely based on the distance between flanking
regions with fluorescence labels (figure 2B). Note that even if a
very rare allele does include enzyme recognition site within the
D474 repeat, it will not negatively impact our calculation, as our
method estimates the length of the repeat based on fluorescence
label pattern of the flanking regions. Additionally, although the
human reference genome GRCh38 contains one array with 4qB
configuration (8 D4Z4 repeat units) and one short array with a
4qA configuration (1.5 D4Z4 repeat units), our empirical anal-
ysis and previous report** demonstrated that the 4qA/4qB allele
type of the repeat units can be confidently assigned by the pres-
ence of a 5-label or 3-label array distal to the D474 repeat array.
We additionally note that the 4qA sequence was recently added
into CRCh38 patch 7 (KQ983257.1), as illustrated in figures 1
and 2. Furthermore, the patch also includes the variant 4qA-L
haplotype (KQ983258.1), which is Caucasian-specific and is
slightly longer than the 4qA haplotype, as illustrated in figure 1.
To further examine this possibility, we performed optical
mapping on selected patients using the Nt.BspQI enzyme. For
example, for the patient (ID: PO1) in online supplementary
figure 2, the distance between two flanking segments of the
D474 clusters can be used to quantify the number of repeats.
Unlike our analysis using the Nb.BssSI enzyme where the enzyme
recognition site is directly located within the D474 repeat unit,
we can assign a quantitative (floating-point) repeat count to each
DNA molecule that spans the region of dissimilarity, since the
enzyme recognition sites are outside of the repeat regions. The
information from all reads can be compiled together to reach an
estimate of the repeat counts for both alleles (4 and 22 repeats,
respectively), and our results were completely consistent with
the results obtained from the Nb.BssSI enzyme.

Additional validation on a second patient cohort and on
control subjects

To further validate the method in diagnostic testing settings, we
analysed a second cohort of eight individuals suspected to have
FSHD, from two separate institutions. These patients all had
typical clinical manifestations consistent with FSHD (table 1).
However, they were not previously subject to any diagnostic
testing of FSHD. We performed the genetic analysis on the
Bionano Saphyr single-molecule optical mapping platform. We

obtained positive results on all the patients, and found that one
patient (ID: P06) had postzygotic mosaicism with 2, 15 and
27 repeats (figure 4). We validated this result using both the
Nb.BssSI enzyme and Nt.BspQI enzyme. Since the allele with
15 and 27 repeats had 4gB and 4qA configuration, respectively,
we can further infer that the postzygotic contraction of D474
repeats occurred on the allele with 27 repeats in 4gA config-
uration, which represented a dramatic decrease of D474 copy
number on this allele. Finally, we obtained Southern blot-based
diagnosis from an independent diagnostic lab on six individuals
for whom sufficient DNA is available (online supplementary
figure 1). The estimated repeats from Southern blot are highly
consistent with those inferred from optical mapping (table 1,
online supplementary table 2).

In addition to patient cohorts, we evaluated our approach
on several control subjects without FSHD and without a
family history of FSHD. We also downloaded publicly avail-
able Bionano genome mapping data sets on the NA12878
subject (ID: CO1). The results from both the Nb.BssSI enzyme
and Nt.BspQI enzyme were consistent with each other for all
the subjects (table 1), suggesting that the method can work on
healthy human populations with larger number of D4Z4 repeat
units.

Finally, we evaluated whether our method can be applied to an
earlier generation of the single-molecule optical mapping plat-
form, the Bionano Irys platform. We performed additional anal-
ysis on three control families from the 1000 Genomes Project
(table 2). With one exception (family 1), we found that the D474
repeat unit numbers and allelic configuration of the offspring
and the parents in all three families were consistent with Mende-
lian inheritance, demonstrating high accuracy of the method.
However, the discrepancy of the allelic configuration on family
1 highlighted the potential problem with the earlier generation
of the optical mapping platform, which has lower throughput
(thus lower coverage) and generally shorter fragment sizes, and
that assessment of repeat number and allelic configuration may
be susceptible to calling errors when <10X coverage is obtained.
Additionally, the results from the Nb.BssSI enzyme and Nt.BspQI
enzyme were also consistent with each other, except for three
subjects who carried large unit numbers. However, we also note
that for three subjects, only one allele was quantified using the
data sets of Nb.BssSI enzyme, but both alleles can be quanti-
fied using the data sets of Nt.BspQI enzyme. Additionally, the
4qA/4qB configuration for one subject is different between the
results generated by the Nt.BspQI enzyme and Nb.BssSI enzyme.
The largest number of units detected in our study is 49. Thus,
we caution that optical mapping on the older Irys platform may
be less effective for human subjects carrying >50 D474 repeat
units, given the size limitations of typical DNA extraction and
optical mapping experiments on the Irys platform. In summary,
we caution that the Irys platform may limit the performance,
due to generally lower throughput (lower coverage) and shorter
DNA fragments during DNA preparation, and may generate
incorrect 4qA/4gB allelic configurations.

DISCUSSION

In this study, we evaluated the technical feasibility of using
nanochannel-based optical mapping to characterise D4Z4 repeat
numbers and allelic configurations in FSHD. We demonstrated
that this method can accurately quantify the number of repeats,
can differentiate the DNA fragments from 4q35 and 10q26 and
can quantify the mosaic levels of repeats when one allele has
a postzygotic contraction of D4Z4 repeat units. We concluded
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Figure 4 Determination of somatic mosaicism by Nb.BssSI (panel A/B/C) and Nt.BspQl (panel D/E/F) enzymes on a patient with 2, 15 and 27 repeats (ID:
P06). For both enzymes, our computational pipeline accurately identified the presence of somatic contraction, and determined that the contraction occurs on
the parental allele carrying the 4gA configuration. For repeat quantification using the Nt.BspQl enzyme, mean=SD is annotated in the figure. Vertical bars
represent labels of enzyme recognition sites.

that optical mapping is a viable approach for quantifying D474 However, molecular combing only detects the approximate
repeats in FSHD and may be applied in clinical diagnostic length of the D4Z4 array and the repeat number is inferred from
settings once more validations are performed in the future. the length. In comparison, we can calculate repeat numbers

Compared with conventional optical mapping approaches, directly using the Nb.BssSI enzyme, while also estimate the
the nanochannel-based optical mapping has several clear advan- length of D4Z4 array using the Nt.BspQI enzyme in a similar
tages. First, by stretching the DNA molecules as linear mole- fashion as molecular combing. We also recognise that long-read

cules and going through massively parallel nanochannels, the
resolution and throughput are much higher than conventional
optical mapping approaches that spread labelled DNA molecules
on glass slides in semi-controlled fashion. Additionally, when
Nb.BssSI enzyme is used, the labels (one for each D474 unit) can
be directly visualised in optical mapping platform. As illustrated
in a previous study using optical mapping on FSHD,® the ability

to visually check and count repeats is a major advantage over ) .
Southern blot and FISH combing. A second advantage is the (~10ug) with lower data yield. Another advantage of the Saphyr

flexibility to switch to different enzymes to allow detection of platform is that .in a.ddit'ion to quantifying the copy number of
different patterns. In our study, we demonstrated that Nb.BssSI D4Z4 repeat units, it will also enable the de novo assembly of

sequencing technologies, such as PacBio single-molecule real-
time sequencing and Oxford Nanopore sequencing, may also
be used in the molecular diagnosis of FSHD. However, these
sequencing techniques usually produce data with read length
N50 <20kb. Ultra-long nanopore sequencing with a special
library construction procedure may produce read length N50
of 100kb or higher, but it requires much more input DNA

enzyme is a preferred choice for FSHD since an enzyme recog- a human genome and the genome-wide identification structural
nition site is directly located within the D4Z4 repeat unit, but variants.”” Therefore, optical mapping can serve a dual purpose
we also developed methods to quantify the repeat number with ~ of identifying structural variants that may be relevant to the
the Nt.BspQI enzyme labelling. Recently, molecular combing is ~ phenotypic presentations in the patient, especially when FSHD
also used to detect the copy number of D4Z4 repeat units.' diagnostic testing yields negative results.
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Table 2 Analysis of Bionano Irys genome mapping data sets of three families

Irys optical mapping (Nb.BssSI enzyme)

Irys optical mapping (Nt.BspQl enzyme)

ID Ethnicity Relationship Units Allele Read count Units Allele Read count
Family 1 HG00512 Southern Han Chinese Father 19 4gA 3 19.8£0.5  4qgB 7
= = 40.4+0.3 49A 3
HG00513 Southern Han Chinese Mother 1 49A 6 10.4£0.2  49A 8
= = 33.1+0.3 49A 1
HG00514 Southern Han Chinese Daughter 1 4gA 6 10.6+£0.2  4qA 9
19 4gA 5 19.6:0.3  4gA 10
Family2 ~ HGO00731 Puerto Rican Father 20 4qB 5 19.9+0.5  4qgB 7
40 4gA 3 405+03  4qA 3
HG00732 Puerto Rican Mother 17 4qB 6 17.2+0.1 4qB 33
32 4qB 4 32.1+0.3 4qB 18
HG00733 Puerto Rican Daughter 17 4qB 7 17.3+0.3  4qB 12
40 49A 2 40.1+0.4  4qA 7
Family3 ~ GM19238  Yoruba Mother 25 4gA 2 25.6+03  4gA 10
- - - 49.1+0.7 4gA 13
GM19239  Yorlba Father 9 4qB 5 9.2+0.1 4qB 14
36 4gA 2 36.6+0.2 4gA 13
GM19240  Yorlba Daughter 25 4gA 3 25.9+£03  4gA 5
36 49A 4 36.2+0.4  4qA 7

We also recognise that there are several disadvantages of
optical mapping, in comparison to conventional approaches
such as Southern blot, in the contexts of molecular diagnosis
of FSHD. First, although Southern blot may not be very accu-
rate (especially for alleles with >17 repeats), for the purpose
of molecular diagnosis, it can roughly tell the number and
enable the diagnosis of FSHD when an allele with 1-10 repeat is
observed. This straightforwardness may be one of the reasons for
Southern blot to be commonly used for the diagnosis. Second,
optical mapping is not yet cost-effective in comparison: there
is an initial capital cost of a few hundred thousand dollars to
establish the platform itself (including the computing hardware),
and each subsequent flow cell currently costs ~US$500 even
when purchased in batch. We note that it is possible to lower the
cost in future versions of the flow cell by assaying >10 samples
together (currently, it is limited to two samples), and that optical
mapping can perform genome-wide survey of structural variants
that may be relevant to disease diagnosis. Furthermore, although
the Saphyr platform can run two human genomes in 1day in
an automated fashion (approximately ~300 Gb of data for each
genome), the sample preparation itself takes approximately
1 day with extensive manual labour (see ‘Materials and methods’
section), and the data analysis and visualisation can take half a
day. Southern blot-based diagnosis typically takes 1week, but it
has the clear advantage that >10 samples can be analysed on the
same gel (and it is possible to run four gels in 1week), allowing
the simultaneous analysis of a large number of samples. Third,
the number of reads encountered in optical mapping is highly
size dependent, while this is not an issue using high-quality
DNA (from agarose plugs) in a Southern blot; therefore, optical
mapping may be less accurate when estimating the proportion
of mosaicism when several alleles differ substantially in repeat
counts.

There are several technical limitations of optical mapping that
we wish to discuss here. First, our study focused on the molec-
ular characterisation of patients with FSHD, and only included
a very small number of unaffected control subjects. Currently,
the average length of reads from the Saphyr platform is about
350kb, even though the DNA molecules that were assayed in

our study can range from 100kb to over 1 Mb. Therefore, very
long non-pathogenic D474 repeats could not be accurately
quantified by optical mapping. Indeed, if an allele has 50 units
in control subjects, then the length of the repeat region would be
50%3.3 kb=165kb; given that typical average size of an optical
mapping is ~350kb, many of the reads from optical mapping
may not be able to cover the ‘region of dissimilarity’, so the
effective coverage at the D474 region will be much less than the
genome-wide coverage (which is usually ~100x per flow cell).
We illustrate the relationship between coverage and read length
in online supplementary table 3: it is clear that samples with
similar whole-genome coverage can vary greatly when focusing
on longer reads: some samples such as PO1 and P08 has very
low effective coverage for reads >300kb in comparison to other
samples. This is not a problem for diagnosing FSHD per se,
since <10 repeats are pathogenic, but it may pose a problem for
population-scale analysis of D4Z4 repeats since it gives an upper
bound of the number of repeats that can be detected by the
platform. Second, for long-read platforms, there will be allelic
biases where longer alleles tend to be present with lower number
of reads than shorter alleles. Given the size distribution of all
reads genome-wide calculated by the Bionano software, it is
possible to estimate coverage biases of the two alleles. To further
examine this issue, we have also compared the number of reads
supporting shorter versus longer D4Z4 alleles for all subjects
(online supplementary table 2). Except the 3 individuals with
postzygotic mosaicism, among the 14 subjects, 5 have less reads
covering the shorter alleles than the longer alleles; therefore, this
potential bias does not appear to be a main concern. One reason
why the length bias is not high may be due to the need to find
very long flanking alignment around the D4Z4 repeats as shown
in figure 2, so that the total length of aligned regions between
the two alleles are comparable. Third, if there is complete dele-
tion of the D4z4 array in an allele, then it will be hard to tell
heterozygosity from homozygosity; in our samples we did not
observe such events to evaluate this possibility, but they are
likely to occur in the population. Fourth, the optical mapping is
capable to distinguish 4qA-L from 4gB, but not from 4qA. To the
best of our knowledge, there is little clinical implication whether

118

Dai Y, et al. J Med Genet 2020;57:109—120. doi:10.1136/jmedgenet-2019-106078

ybuAdoo Aq parosioid 1sanb Aq £20z ‘8 Joquiadaq uo jwodwg:Bwly/:dny woly papeojumoqd ‘6T0Z Joquiardas QT Uo 8/090T-6T0Z-12uabpawl/9eTT 0T Se paysiignd 1s1ij :18ua PO


https://dx.doi.org/10.1136/jmedgenet-2019-106078
https://dx.doi.org/10.1136/jmedgenet-2019-106078
http://jmg.bmj.com/

4gA-L or 4qA is present,”® since they both show phenotypes of
FSHD when repeat number is 1-10. We note that the GRCh38.
p7 release also includes KQ983258.1 as patch scaffold providing
representation for the variant 4qA-L haplotype, which is slightly
(~1.6kb) longer than the 4gA haplotype.

We also wish to discuss several limitations of the current
study design. First, with the exception of patient P02 and P03
(offspring and mother), we were not able to obtain parental data
for patients under the study. As previously reviewed,” several
studies demonstrated that de novo repeat contraction may
account for a surprisingly high percentage of FSHD patients
(109%-339%),%°31 and this high incidence can be partly explained
by the presence of parental mosaicism for 4q short alleles that
has been reported in 19% of de novo cases.*** Lemmers et al**
demonstrated that somatic mosaicism in FSHD patients goes
largely undetected using the standard diagnostic technique, indi-
cating that linear electrophoresis is unsuitable to identify mosaic
patients, yet pulsed-field gel electrophoresis (PFGE)-based
method can accurately reveal somatic mosaicism in patients and
parents. Among the three patients with postzygotic mosaicism in
our study (P04, P05 and P06), one of them (P05) had a family
history of FSHD and a relatively late onset at age 31. Detailed
examination of medical records showed that POS was a female
patient who was referred to the clinic due to mild symptoms and
due to a confirmed diagnosis of an offspring with early onset
FSHD. Note that we were unable to determine the genetic origin
of the pathogenic mutation in P05 due to the lack of parental
data; similarly, we were unable to determine whether the
contracted repeat number differs between POS and her offspring
as the offspring did not consent in this study. Nevertheless,
this case represented an interesting example where postzygotic
mosaicism was inferred in a patient suspected to carry germline
mosaicism, corroborating previous reports that a substantial
fraction of mosaic parents with germline mosaicism in oogenesis
may have been overlooked.** One additional limitation of the
current study is that we used blood samples for molecular diag-
nosis, rather than muscle biopsy from affected areas. However,
in practice, it is generally not feasible and not desirable to take a
muscle biopsy for DNA analysis, therefore limiting our ability to
compare results between blood and tissues in the current study.
Expanding muscle-derived cells in vitro, such as satellite cells or
induced pluripotent stem (iPS) cells, might be helpful in deter-
mining the degree of mosaicism in affected muscles.

In conclusion, we established the technical feasibility of using
Bionano Genomics’s Saphyr platform to perform molecular
diagnosis of FSHD, and discussed a number of advantages,
limitations and possible modifications that may improve the
detection accuracy and reliability. With the ever decreasing
cost of performing genome mapping on the single-molecule
optical mapping platform, and the recent introduction of Direct
Label and Stain technology, we expect that this method may be
widely applied in research and clinical settings of FSHD, and
may potentially expedite the genetic studies on this devastating
disease. Lastly, this study may serve as a model, which demon-
strated how the workflow can be applied to other rare diseases
involving complex genomic structural changes.
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