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High-resolution melting analysis was applied to X-
linked chronic granulomatous disease, a rare disor-
der resulting from mutations in CYBB. Melting curves
of the 13 PCR products bracketing CYBB exons were
predicted by Poland’s algorithm and compared with
observed curves from 96 normal individuals. Primer
plates were prepared robotically in batches and
dried, greatly simplifying the 3- to 6-hour workflow
that included DNA isolation, PCR, melting, and cycle
sequencing of any positive products. Small point mu-
tations or insertions/deletions were detected by mix-
ing the hemizygous male DNA with normal male DNA
to produce artificial heterozygotes, whereas detection
of gross deletions was performed on unmixed sam-
ples. Eighteen validation samples and 22 clinical kin-
dreds were analyzed for CYBB mutations. All blinded
validation samples were correctly identified. The clin-
ical probands were identified after screening for neu-
trophil oxidase activity. Nineteen different mutations
were found, including seven near intron-exon bound-
aries predicting splicing defects, five substitutions
within exons, three small deletions predicting pre-
mature termination, and four gross deletions of mul-
tiple exons. Ten novel mutations were found, in-
cluding (c.) two missense (730T>A, 134T>G), one
nonsense (90C>A), four splice site defects (45 +
1G>T, 674 + 4A>G, 1461 + 2delT, and 1462-2A>C),
two small deletions (636delT, 1661_1662delCT), and
one gross deletion of exons 6 to 8. High-resolution
melting can provide timely diagnosis at low cost for
effective clinical management of rare, genetic pri-
mary immunodeficiency disorders. (J Mol Diagn 2010,
12:368-376; DOI: 10.2353/jmoldx.2010.090147)
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Chronic granulomatous disease (CGD) is a rare (1 per
250,000) inherited disorder of phagocytes caused by de-
fects in the respiratory burst NADPH oxidase complex.’™
Intracellular bactericidal defects in phagocytes lead to re-
current, severe bacterial and fungal infections of the skin,
lungs, visceral organs, and bones. Granuloma formation
often occurs at the site of infections.> The disorder is
typically caused by mutations in four phagocyte oxidase
(phox) subunits including a 91-kDa glycoprotein (gp91P"¥)
encoded by CYBB on the X chromosome and three auto-
somal components, p47°"°* encoded by NCF1, p67°"°*
encoded by NCF2, and p22P"* encoded by CYBA.2 Most
cases (65 to 70%) are X-linked and arise from mutations in
CYBB, whereas ~25% arise from mutations in NCF1.

Screening for CGD is usually performed by functional
assays such as the neutrophil respiratory burst assay
performed by flow cytometry.® Incubation of normal cells
with the nonfluorescent compound dihydrorhodamine-1,2,3
followed by stimulation, results in a 100-fold increase in
fluorescence by formation of the oxidized metabolite rhoda-
mine-1,2,3. In classic X-linked CGD, phagocytic cells do not
express the mutated protein (X°) and no oxidase activity is
detected by flow cytometry.

In addition to classic X° CGD, variant X-linked CGD
has been described.® 972 X-linked variants occur in
both X* and X~ forms.'® Fewer than 20 cases of X* CGD,
in which the neutrophils express normal levels of the
mutated protein but lack oxidase activity, have been
described. Approximately 5% of X-linked CGD is of the
X~ form, with underexpression of the mutated protein and
either absent or decreased oxidase activity. Decreased
oxidase activity is observed as an intermediate popula-
tion of fluorescent cells by flow cytometry.

Although mutations in CYBA usually result in absent
oxidase activity and mutations in NCF1 and NCF2 usually
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show decreased oxidase activity, different mutations in
these autosomal recessive genes may result in either
absent or decreased oxidase activity.'* Therefore, it is
not possible to distinguish autosomal recessive from X-
linked disease by flow cytometry analysis of the patients.
However, heterozygous mothers and fathers of patients
with autosomal recessive disease will have normal oxi-
dase activity. In contrast, carrier females of X-linked CGD
usually have both normal and abnormal cell populations
in varying proportions. Even so, some female carriers
may selectively inactivate their functional X chromosome,
resulting in absent oxidase activity and the disease phe-
notype. Furthermore, 10 to 20% of X-linked CGD occurs
from new spontaneous mutations with no detectable ab-
normalities in the mother.

Additional limitations to the flow cytometry oxidase
assay have been described,'® and correct diagnosis
continues to be a challenge.'® Pre-activation of neutro-
phils by infection, inflammation, sample contamination, or
harsh conditions of blood transport or processing can
deplete cellular respiratory capacity and confound the
assay resulting in intermediate populations of fluorescent
cells. Genetic analysis is, thus, critical for diagnostic confir-
mation, genetic counseling, prenatal diagnosis, and appro-
priate initiation of prophylactic antimicrobial or interferon-y
therapy, up to and including potential bone marrow trans-
plantation or gene therapy.®'”

More than 500 CYBB mutations have been described
with 30% missense, 31% nonsense, 15% deletions (in-
cluding large deletions of multiple exons), 8% insertions,
13% splice site, and 1% promoter mutations, and new
mutations continue to be identified.': %820 CYBB vari-
ants can be identified by single-strand conformation
polymorphism analysis,?' denaturing high-pressure lig-
uid chromatography,®® or sequencing® of all 13 exons
and adjacent splice sites. Because the disease is rare,
few centers offer genetic analysis, and turnaround times
are typically long.

High-resolution melting analysis is a new gene scanning
method with high sensitivity that promises to decrease the
cost and turnaround time of genetic analysis.?*>° Because
CYBB is on the X chromosome, deletions of one or more
exons can also be detected. Furthermore, benign polymor-
phisms are rare in CYBB, suggesting that high-resolution
melting analysis, followed by targeted sequencing only
when necessary, may be an ideal method of analysis.

Materials and Methods
Neutrophil Oxidative Burst Assay

The neutrophil respiratory burst assay was performed in
the ARUP Cellular and Innate Immunology Laboratory as
described previously.®'® In brief, the red blood cells of
heparinized whole blood were lysed, and the white blood
cells incubated with phorbol-myristate acetate. After ad-
dition of catalase and dihydrorhodamine-1,2,3, the pro-
duction of fluorescent rhodamine-1,2,3 was measured by
flow cytometry. Physicians of the patients with abnormal
results were contacted and permission, consent, and
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assent (depending on the patient's age) were obtained
for DNA analysis of the patient and family members if
available, according to University of Utah Institutional
Review Board Protocols 00018916 and 00029386.

DNA Samples

Three sets of DNA samples were analyzed. A random
control DNA panel of 96 Caucasian blood donors from
the UK provided by the European Collection of Cell Cul-
tures (HRC1, Sigma-Aldrich, St. Louis, MO) was used to
screen for common CYBB polymorphisms.

The second set consisted of 18 blinded DNA samples
with established CYBB variants selected from prior stud-
ies, 129 provided by the Sanquin Research Institute (Am-
sterdam, The Netherlands) to the University of Utah for
validation of high-resolution melting analysis of CYBB.
These samples were whole genome-amplified (illustra
GenomiPhi HY DNA Amplification Kit, GE Healthcare,
Piscataway, NJ) as directed by the manufacturer.

The third set consisted of DNA from 22 families (37
samples) obtained after defective oxidative burst activity
was established on clinical samples submitted to the
Associated Regional and University Pathologists labora-
tories. DNA was extracted from 400 wl of heparinized
whole blood with an automated MagNA Pure Compact
using the Nucleic Acid Isolation Kit | (Roche, Indianapo-
lis, IN). Extraction required 30 minutes to complete. Tem-
plate DNA was quantified by spectroscopy (ND-1000,
NanoDrop Technologies, Wilmington, DE) and adjusted
to 50 ng/ul in 10 mmol/L Tris (pH 8.0)-0.1 mmol/L EDTA.

CYBB Primer Plates

Primers bracketing the 13 exons of CYBB were designed
with LightScanner Primer Design software (Idaho Tech-
nology, Salt Lake City, UT) to include the exon flanking
regions where splice site mutations are common. The
primer sequences and the sizes of the resulting 13 PCR
products (179 to 401 bp) are shown in Table 1. Batches
of 96-well microtiter plates (black shell, white well plates,
HSP-9665, Bio-Rad Laboratories, Hercules, CA) with
primers dried in each well for CYBB scanning were ro-
botically prepared by Idaho Technology on a BioMek FX
system (Beckman Coulter, Fullerton, CA) by dispensing 5
wul of each combined primer solution into the appropri-
ate wells, air drying at room temperature overnight,
and vacuum packaging in foil pouches at 150 torr. The
primer plates were stored for up to 8 months without
noticeable degradation in performance. The 13 CYBB
primer pairs were arranged in six replicates, each repli-
cate occupying two columns of the microtiter plate. Five
picomoles of each primer was spotted, so that when
reconstituted to 10 ul with PCR Master Mix and DNA, their
concentration was 0.5 umol/L.

PCR

Hemizygous DNA of unknown male samples was mixed
1:1 with wild-type male DNA and amplified both mixed
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Table 1. Primers for CYBB High-Resolution Melting
Name Sequence Product size (bp)
Ex1F 5'-AGAAGCATAGTATAGAAGAAAGGC-3' 179
Ex1R 5'-CCCGAGAAGTCAGAGAATTTATAAC-3'
Ex2F 5'-CTACTGTGGAAATGCGGA-3' 214
Ex2R 5'-AGCCAATATTGCATGGGAT-3'
Ex3F 5'-GGACAGGGCATATTCTGTG-3' 249
Ex3R 5'-GCCTTTGAAAATTAGAGGAACTTAGTA-3'
Ex4F 5'-CTTTCCTGTTAACAATTACTATTCCAT-3' 202
Ex4R 5'-TCCCTGGTTCCAAGTTTTCTTTAATA-3'
Ex5F 5'-TCATACCCTTCATTCTCTTTGTTT-3" 281
Ex5R 5'-AGTCCTCAATTGTAATGGCCTA-3’
Ex6F 5'-TGTGTGTGTGTGTGTTTATATTTTAC-3’ 309
Ex6R 5'-CTGCCTAGAAATTGAGGGAC-3'
ExX7F 5 -TTAATTTCCTATTACTAAATGATCTGGACTT-3' 255
Ex7R 5'-TGTCAGTAATGAAACTGTAATAACAAC-3'
Ex8F 5'-CCTCTGAATATTTTGTTATCTATTACCACTTA-3' 252
Ex8R 5'-ACTTGTCCATGATATAGTTAGACAC-3’
Ex9F 5'-GGCAAGTATTTAGGAAAAATGTCAT-3' 401
Ex9R 5'-GCTATTTAGTGCCATTTTTCCTG-3'
Ex10F 5'-GAGCAAGACATCTCTGTAACT-3' 276
Ex10R 5'-CTCTAAGGCCCTCCGAT-3’
Ex11F 5'-AGGGCCTGCCAAATATAAT-3’ 274
Ex11R 5'-CTGTACACTATGGGAAGGACC-3'
Ex12F 5'-GTATGTGCTTTTACAGAATGTCTC-3' 260
Ex12R 5'-GCAGATGCAAGCCTCAA-3’
Ex13F 5'-ATCCCAAAGCTTGAAATTGTC-3' 251
Ex13R 5'-CATTTGGCAGCACAACC-3’

5'-Tails were appended to each primer to simplify sequencing. Forward primers (F) started with 5’-ACGACGTTGTAAAACGAC-3’ and reverse

primers (R) started with 5'-CAGGAAACAGCTATGACC-3'.

(for base substitutions and small insertions/deletions)
and unmixed (for detection of deletions encompassing
entire exons). Female DNA was tested without mixing.
Because six DNA samples can be analyzed on one
screening plate, the maximum capacity was three un-
known male samples or six female samples. Typically,
samples were analyzed in duplicate, so one unknown
male DNA (mixed and unmixed) and one wild-type con-
trol were analyzed per plate. Once a mutation was de-
tected, multiple family members were tested together for
confirmation, using a PCR Master Mix containing only the
primers for the responsible exon.

For initial screening using the primer plates, each well
was resuspended to 10 ul with 50 ng of DNA and 1X
LightScanner Master Mix (ldaho Technology) including
the enzyme, antibody, dNTPs, LCGreen Plus dye, and
necessary buffers for amplification. The filled plate was
lightly sealed with adhesive film (Nunc 232702, Thermo
Fisher Scientific, Rochester, NY) and vortexed (MixMate,
Eppendorf, Westbury, NY) for 30 seconds at 1650 rpm.
Each well was overlaid with 12 ul of mineral oil (Sigma-
Aldrich), the film was sealed securely, and the plate was
centrifuged at 2200 X g for 30 seconds (model 5430,
Eppendorf).

PCR was performed on a 96-well plate thermocycler
(PTC-200, Bio-Rad Laboratories) with an initial denatur-
ation of 95°C for 15 seconds, followed by 40 cycles of
94°C for 10 seconds, 62°C for 10 seconds, and 75°C for
10 seconds, heating to 95°C for 5 seconds, and cooling
to 15°C. The optimal annealing temperature across all
exons was determined by annealing temperature gradi-
ent experiments of each exon, evaluated by both melting
analysis and gel electrophoresis. After PCR, the plate

was centrifuged again at 2200 X g for 30 seconds, and
the adhesive film was removed. PCR required 60
minutes.

Melting Analysis

High-resolution melting was performed on a 96-well
LightScanner (Idaho Technology), a melting instrument
that resembles the LightTyper®® in physical form with
extensive software and hardware changes that enable
high resolution melting. The melting/cooling cycle re-
quires only 10 minutes so that many thermal cyclers can
feed one LightScanner. Heating is achieved by 16-bit
pulse width control of a resistive heater board attached to
a metal block that receives the microtiter tray. The 96- or
384-well block temperature is monitored with an embed-
ded resistive thermal device and 16-bit digital conver-
sion. Mounted above the plate are two banks of 61 su-
perbright 470-nm LEDs that illuminate the tray through a
bandpass filter. A charge-coupled device camera (1392 X
1040 pixels, 12-bit depth per pixel) monitors sample flu-
orescence through a longpass filter. During melting at
0.1°C/s, 5 to 10 consecutive camera images are contin-
uously collected and averaged, storing about 12 data
points every °C. Acquisition parameters were a hold tem-
perature of 73°C, a start temperature of 78°C, an end
temperature of 94°C, and the exposure set to “Auto.”
Melting curves were displayed normalized with curve
overlay (temperature shifting) and/or as difference plots
of the normalized and overlaid curves, generated by
subtraction of the abnormal melting curves from normal
melting curves.?”?® Heterozygous samples were identi-



fied by automatic clustering of normalized, temperature
overlaid melting curves using LightScanner software.

Predicted melting curves of the 13 CYBB PCR products
were calculated using Poland’s algorithm?®® as modified by
Fixman and Freire3° and implemented by Steger.®' The 75
mmol/L NaCl Blake and Delcourt parameters were used
with a step size of 0.2°C. The “MeltPlot” data were inverted
offline with a custom LabView program to convert the hy-
pochromicity data to predicted, normalized fluorescent
melting curves.

Cycle Sequencing

When sequence variants were detected, they were iden-
tified by cycle sequencing with dideoxy terminators. The
PCR product of interest was recovered from the Light-
Scanner and diluted 1:60 in water. One-sixth of the rec-
ommended amount of the dye terminator mixture (BigDye
Terminator v1.1, Applied Biosystems, Foster City, CA)
was combined with 1 ul of the diluted PCR product, 0.5
umol/L of one of the common primer tails (Table 1, foot-
note), and 1X sequencing buffer (Applied Biosystems) in
a total volume of 10 ul. After 25 cycles of extension (25
cycles of 96°C for 5 seconds, 50°C for 10 seconds, and
55°C for 20 seconds, PTC-200), unincorporated termina-
tor dyes and salts were removed by gel filtration, and the
eluate was loaded onto a capillary sequencer (3130
Genetic Analyzer, Applied Biosystems) and separated
on a 36-cm array filled with POP-7 polymer using an
UltraSeq36_POP7_1 protocol. The cycle sequencing re-
quired 40 minutes and the electrophoretic separation
required 30 minutes.

CYBB mutations were compared against the CYBB-
base browser (http://bioinf.uta.fi/CYBBbase/browser, last
accessed June 27, 2009), the Human Gene Mutation
Database at the Institute of Medical Genetics in Cardiff,
UK (http:.//www.hgmd.cf.ac.uk/ac/all.php, last accessed
October 21, 2009), and the Biobase Professional Release
Database 2009.1 to determine whether mutations had
been reported previously. Although benign polymor-
phisms within the coding region of CYBB are rare, some
do occur and must be considered.’® Both coding and
noncoding polymorphisms are cataloged on dbSNP (http://
www..ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?locusld= 1536,
last accessed June 27, 2009).

Results

Predicted melting curves for the PCR products bracket-
ing the 13 exons of CYBB are shown in Figure 1A. The
number of melting domains was clearly defined in eight of
the predicted curves with four single domain curves (ex-
ons 1, 2, 4, and 5), three double domain curves (exons 3,
8, and 11), and one triple domain curve (exon 9). The
remaining five curves were difficult to classify because
they show predominately a single domain with some
indication of a second domain. This result compares well
with the observed melting curves shown in Figure 1B,
where nine of the curves were easy to classify (four single
domain, four double domain, and one triple domain). The
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Figure 1. Predicted and observed normalized melting curves for PCR prod-
ucts bracketing the 13 exons of CYBB. A: Predicted melting curves were
calculated using Poland’s recursive algorithm, as described in Material and
Methods. B: The observed melting curves were obtained by normalization
using linear background extrapolation after PCR and high resolution melting
of a normal DNA sample.

second domain in the PCR product bracketing exon 6
was more distinct by observation than prediction. Overall
the shapes and relative positions of the observed curves
were remarkably similar to the predicted curves. How-
ever, two differences are apparent. First, in multiple do-
main curves, lower melting domains seem to be exag-
gerated by prediction, whereas the higher domains
dominate in experimental curves. Second, the absolute
temperature position of the observed curves is 5 to 6°C
higher than predicted. Supplemental Figure S1 (see
http://jmd.amjpathol.org) shows the reproducibility of six
replicate melting curves for each exon using the same
DNA sample across the entire primer plate (Supplemen-
tal Figure S1, see http://imd.amjpathol.org).

Because high-resolution melting detects any se-
guence variation, benign polymorphisms can complicate
analysis. The population variation within each of the 13
PCR products covering CYBB was investigated using the
DNA of 96 random blood donors. After PCR amplification
and high-resolution melting analysis, no variants were
detected (data not shown), indicating a low level of vari-
ation in the normal population.

Eighteen blinded validation samples were provided by
one site (Sanquin Research Institute, Amsterdam, The
Netherlands) to another (University of Utah) and were
analyzed using the CYBB primer plates for PCR and
high-resolution melting. In each case, aberrant melting
curves were identified in 1 of the 13 PCR products by
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Table 2.  CYBB Mutations Detected by High-Resolution Melting
Location c.* p. No. Mt No. FT Oxidase activity Figure
Exon 1 1A>G M1V 1 0
Intron 1 45+ 1G>T 1 0 None
Exon 2 90C>A* Y30X 1 0 None
134T>G L45R 1 0 None
Exon 3 177C>G C59wW 1 0
190T>C C64R 1 0
252G>A AB4A 1 3 Decreased S28
1 0 None S28
Intron 3 252 + 5G>A 2 2 Decreased 3
Intron 4 338-2A>G 1 1 None
Exon 5 466G>A A156T 1 0
479dupT N162EfsX2 1 0
Intron 5 483 + 3A>T 1 0
Exon 6 636delT F212LfsX1 1 2 None
Intron 6 674 + 4A>G 1 0 None
Exon 7 676C>T R226X 1 0 None
1 1 None
1 0 None
703_704delAG S235FfsX4 1 1 None
730T>A C244S 1 1 Decreased
731G>A C244Y 1 0
742dupA [248NfsX35 1 0
755delG G252EfsX2 0 1
Exon 8 868C>T R290X 1 0 None
897G>A K299K 1 0 None
Intron 8 897 + 1G>T 1 0
897 + 1G>A 1 0 None
Exon 9 1016C>A P339H 2 2 None 2
1032delC A345PfsX40 1 0
1061A>G H354R 0 19
Exon 10 1166G>C G389A 1 0
Intron 11 1461 + 2delT 1 0 None
1462-2A>C 1 0 None
Exon 13 1661_1662delCT 5554X 1 0 None
Exons 6-8 Deletion 1 0 None 4
Exons 7-13 Deletion 1 0
Exons 1-13 Deletion 1 0 None
Exons 1-13 Deletion 1 0 None
Exons 1-13 Deletion 1 0
Exons 1-13 Deletion 1 0 None

Each family is shown on a separate line. Clinical samples are shown in bold and validation samples are not bolded. Novel mutations (previously

unreported) are shown in italics.

*Coding (c.) sequence numbering starting with the first base of the ATG initiation codon using NG_00965.1 as the reference sequence.
TNumber of affected males (M) and number of heterozygous females (F) studied in each family.
*This sample also had an exon 12 variant, ¢.1551T>A (p.D517E) previously reported as a benign variant.®

SSupplemental Figure S2 (see http://jmd.amjpathol.org).
TAffected female.

high-resolution melting, and that product was sequenced
in both directions to identify the point mutation or small
insertion/deletion. Mutations in all 18 samples were cor-
rectly identified, including 8 missense mutations, 4 sub-
stitutions leading to splicing defects, 2 single-base dele-
tions, and 2 single-base insertions leading to frameshift
termination and 2 large deletions of multiple exons (Table
2). Two of the mutations (c.134T>G and c.1462-2A>C)
had not been previously reported; both of these had no
neutrophil oxidase activity.

Twenty-two clinical kindreds identified by decreased
(3) or absent (19) oxidase activity were studied, compris-
ing 37 individuals (24 males and 13 females). Nineteen
different mutations were identified, of which 8 were novel
(42%). Two mutations were present in multiple kindreds.
Three families carried the ¢.676C>T mutation, and two
families carried c.252G>A. One of the families with
€.252G>A had no detectable oxidase activity, whereas

the other with the same mutation had decreased, but not
absent activity, indicating that both flow cytometry pat-
terns and degrees of oxidase activity can arise from the
same mutation (Supplemental Figure S2, see http://jmd.
amjpathol.org). Two of the mutations were missense, four
were nonsense, two were small deletions resulting in
frameshift termination, seven involved splicing (six sub-
stitutions and one small deletion), and four were large
deletions of multiple exons (Table 2). In one family, both
a novel mutation (c.90C>A) and a known benign variant
(c.1551T>A)"2"" were identified.

The pedigree and melting results of a variant X~ kin-
dred is shown in Figure 2. The affected cousins, aged 3
and 4 years, were evaluated for treatment and possible
bone marrow transplant at Texas Children’s Hospital,
Baylor College of Medicine (Houston, TX). Their neutro-
phil oxidase activity was difficult to interpret, with broad
peaks of mostly nonfluorescing cells after stimulation.
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Figure 2. High-resolution melting analysis of a variant X~ CGD family with
a mutation in a three-domain melting curve. In the pedigree, black squares
are affected males, gray squares are normal males, and half-black circles are
heterozygous carrier females. Melting analysis of all family members and the
wild-type control subjects clustered together except for exon 9. A: Normal-
ized exon 9 melting curves after overlay reveals two clusters. Unaffected
males, normal controls, and affected males without mixing are shown in
gray. Heterozygous females and affected males mixed with wild-type DNA
are shown in black. B: The differences between clusters are easier to see in
“difference plots,” where all curves are subtracted from the wild-type aver-
age. Exon 9 sequencing of the affected males revealed a ¢.1016C>A muta-
tion, also present in the carrier females in heterozygous form.

The oxidase activity patterns of both mothers were similar
to those of the unaffected fathers, complicating identifi-
cation as an autosomal recessive or X-linked disorder. In
contrast with this problematic phenotyping, high-resolu-
tion melting and targeted sequencing quickly established
the molecular abnormality in this extended family. Melting
curve analysis revealed no abnormalities in 12 of 13 exons.
Melting curves of CYBB exon 9 segregated into two clus-
ters, however. Both carrier mothers and the two affected
males (mixed with normal male DNA) clustered together as
heterozygotes, separate from the cluster of normal homozy-
gous/hemizygous samples. Melting curves of the normal
samples had three domains (Figure 2A). In contrast, only
two domains were observed in the heterozygous samples
resulting from heteroduplexes in the highest melting do-
main. The differences between the clusters are visually
magnified by display as difference plots (Figure 2B).
Targeted sequencing revealed a known point mutation
in exon 9 (c.1016C>A), resulting in an amino acid
change (p.P339H) in the FAD binding region of the
CYBB gene product.®*33 The ability to use gene scan-
ning by high-resolution melting analysis combined with
targeted sequencing rapidly resulted in the appropri-
ate molecular diagnosis in these candidates for bone
marrow transplantation.

The pedigree of another variant X~ kindred is shown in
Figure 3. The 2-year-old male proband was hospitalized in
the pediatric intensive care unit at Primary Children’s Hos-
pital (Salt Lake City, UT) with life-threatening Burkholderia
cepacia pneumonia. The patient had an asymptomatic
2-month-old brother and an extended family available for
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Figure 3. High-resolution melting analysis of a variant X~ CGD family with
a mutation isolated to a minor low temperature domain. In the pedigree,
black squares are affected males, gray squares are unaffected males, gray
circles are wild-type females, and half-black circles are heterozygous carrier
females. Melting analysis revealed variation within exon 3. A: Two melting
curve clusters are shown and a low-temperature domain is present that is
easy to miss unless melting curve prediction is used (Figure 1). B and C:
When the two domains are analyzed separately, the variation is isolated to
the low-melting domain. Targeted sequencing revealed a ¢.252 + 5G splicing
mutation in the patients and carriers.

study.3* The neutrophil oxidase activity of the two brothers
was decreased but not absent, and the mother and an aunt
had both normal and decreased populations by flow cytom-
etry, suggesting X~ CGD. Gene scanning of CYBB by high-
resolution melting was normal except for the PCR product
bracketing exon 3. For this PCR product, the melting curves
for the patient and his younger brother (both mixed with
wild-type male DNA), the mother, and the aunt clustered
separately from the wild-type samples. Two domains were
present with a minor domain 6 to 7°C lower than the pre-
dominate domain (Figure 3A). When both domains were
analyzed together, the heterozygotes clustered above the
wild-type samples, a counterintuitive result considering that
heteroduplexes usually decrease the melting temperature.
However, when the domains were analyzed separately, the
two clusters segregated in the low-temperature domain with
the heterozygotes below the normal samples as expected
(Figure 3B). Only one cluster was present in the high-tem-
perature domain when it was analyzed separately (Figure
3C). Targeted sequencing revealed an intron 3, ¢.252 +
5G>A variant (a known splicing mutation), in the patients
and carriers. Genetic analysis allowed rapid institution of
more appropriate antimicrobial therapy, interferon-y admin-
istration, and detection of an unsuspecting carrier aunt.
Although high-resolution melting easily detects het-
erozygous variants that are between PCR primers, het-
erozygous deletions of entire exons are typically missed.
However, in X-linked disorders, deleted exons are simple
to detect because no specific product is amplified unless
the sample is mixed with wild-type DNA. Figure 4 shows
melting curves and the fluorescent plate image for an X°
CGD patient with exons 6 to 8 deleted. Using unmixed
patient DNA, no specific products were detected on melt-
ing analysis of exons 6 to 8 (Figure 4A), and these exons
did not fluoresce on scans of the plate (Figure 4B). In
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Figure 4. Deletion of exons 6 to 8 detected by PCR and high-resolution
melting. A: Normalized melting curves for exons 6 to 8 are shown for both
wild-type (WT) controls and a 1:1 mixture of unknown patient and wild-type
DNA (gray traces). However, when the unknown sample is tested without
mixing, no specific melting curves are observed (black traces). B: Fluorescent
image of the plate. Primers for exons 1 to 7 are in columns 1, 3, 5, 7, 9, and
11 and primers for exons 8 to 13 are in columns 2, 4, 6, 8, 10, and 12. Mixed
DNA is present in columns 1 to 4, the unknown sample without mixing is
present in columns 5 to 8 (exons 6 to 8 are boxed), and wild-type male DNA
is present in columns 9 to 12.

contrast, wild-type and mixed samples showed strong
fluorescence and the expected melting curves. Deletion
of all CYBB exons was observed in three kindreds. Two
of these presented with the McLeod phenotype, clas-
sically resulting from a large deletion at Xp21 that
includes CYBB.

Discussion

For rare primary immunodeficiency disorders such as
chronic granulomatous disease, high-throughput analy-
sis of many samples is not as clinically useful as timely
analysis of occasional single patients or a limited number
of family members. Because many exons or multiple
genes need to be analyzed, only a few samples can be
amplified at once on a microtiter plate. High-resolution
melting analysis of such “orphan” genetic disorders can
be performed rapidly after PCR with minimal added cost
or processing. With use of automated DNA extraction and
previously prepared microtiter plates with dried primers,
the complexity of performing such assays is reduced to
the extent that reports can be generated within 3 hours
after the start of DNA extraction for samples without se-
quence variations. Rapid cycle sequencing and short
capillary electrophoresis protocols allow samples with

mutations to be reported within 6 hours after the start of
sample preparation.

High-resolution PCR product melting is a new scan-
ning method that detects heterozygous point mutations
and small insertions or deletions.?® After PCR, no sepa-
ration or processing of the amplified sample is required.
High-resolution melting is the only heterozygote scanning
method that is performed in a closed tube and is gener-
ally recognized as superior to other options in terms of
price, workload, sensitivity, and specificity.?*243°

Genetic scanning by melting requires a high-resolution
instrument, a DNA dye that detects heteroduplexes and
dedicated software. Conventional real-time instruments
perform poorly and do not have the software needed to
detect the subtle changes in melting curve shape that
identify sequence variations.®® Mutation detection also
depends on a new class of “saturation” DNA dyes that
detect heteroduplexes well, in contrast to the commonly
used real-time dye, SYBR Green 1.%” In genetic analysis,
many exons are often scanned, so instruments with a
large batch size are preferable. Although carousel-based
instruments can be used for high-resolution melting,3®
primers are easier to deposit, dry, and dissolve in a
rectangular plate matrix. Finally, although PCR and high-
resolution melting can be performed in one combined
instrument, higher throughput and cost savings are ob-
tained when the functions are separated by using two
dedicated instruments.?* For these reasons, the Light-
Scanner instrument and LCGreen Plus dye were used.

Genetic scanning by high-resolution melting has been
applied to many genetic disorders, including BRCA1/2
and cystic fibrosis.®?° In the case of X-linked genes, a
known male wild-type sample is mixed 1:1 with the un-
known sample so that any sequence difference (single
base variants, small insertions, and small deletions) will
create heterozygotes that alter the melting curve shape
because of low-temperature heteroduplexes.*’ To detect
large deletions of one or more exons, the DNA is also
amplified and melted without mixing. Deleted hemizy-
gous exons lack the characteristic melting profiles of
wild-type samples (Figure 4).

When 96 random individuals were analyzed by high-
resolution melting, no polymorphisms were identified
within CYBB. The low frequency of CYBB sequence vari-
ations in the random population has been observed pre-
viously'® and is in contrast with higher polymorphism
frequencies in most other genes, including BRCA73° and
CFTR*° A single benign polymorphism (c.1551T>A,
p.D517E) was detected in one clinical sample, together
with a novel ¢.90C>A, p.Y30X mutation (Table 2). This
low frequency of benign polymorphisms makes scanning
analysis of CYBB attractive. Nevertheless, any unex-
pected sequence variation detected by scanning should
be sequenced or otherwise genotyped for identification.

Eighteen previously genotyped, blinded samples were
analyzed for method validation, including eight missense,
four frameshift, four splicing variants, and two large de-
letions. All mutations were correctly identified, not sur-
prising given the high sensitivity reported for high-reso-
lution melting.?* Indeed, the rare false-negative results



reported in the literature seem to have explanations such
as sample tracking errors.*?

CYBB mutations were found in 22 unrelated individuals
identified by decreased or absent oxidase activity. Nine-
teen different variants were identified, with eight appar-
ently novel mutations (Table 2). Four of these were non-
sense, frameshift, or large deletion variants and are
almost certainly disease-causing. The other four novel
sequence variations are putative splicing or missense
mutations. Sequence variations were detected in all PCR
products except that bracketing exon 4, including a poly-
morphism in exon 12 (Table 2, footnote 1). The longest
PCR product was 401 bp long and had three melting
domains as predicted (Figures 1 and 2). The optimal PCR
product length and number of domains for high-resolu-
tion melting remain controversial.*® Sensitivity decreases
somewhat above 400 bp,?* although longer products
have been routinely analyzed.3%44

Melting simulation software has been previously ap-
plied to assay design and discrimination of different mi-
crobial species.*® Although the predicted number and
shape of the melting transitions correlated well with ob-
servation, their relative magnitudes and absolute temper-
atures did not. In the CYBB scanning reported here, the
relative magnitude of the lower temperature domains is
always less than predicted. Furthermore, although the
relative melting temperatures of the different PCR prod-
ucts generally follow predictions, there is an absolute
temperature offset of 5 to 6°C. As previously suggested,
this offset probably results from duplex stabilization by
the dye, Mg?", and other ionic components. Despite
these limitations, melting simulation of CYBB predicted all
of the low temperature melting domains. This is critical in
genetic disease scanning, because there is a risk of
missing variants in low-temperature domains that can be
easily overlooked (Figure 3).

Molecular assessment of CGD is necessary for genetic
counseling and prenatal diagnosis. Although carrier
mothers are usually identified in X-linked disease, de
novo mutations occur in 10 to 20% of cases.®?? Rapid
molecular confirmation of disease also helps to optimize
treatment, including antimicrobial therapy and prophy-
laxis capable of penetrating phagocytes, interferon-y ad-
ministration, granulocyte transfusions, and even bone
marrow transplantation or gene therapy.'”

Some cases of variant X~ CGD have decreased, but
not absent, neutrophil oxidase activity. Because some
reactive oxygen species are produced, infections may be
milder and the disorder may not be detected until later in
life. The probands of the three kindreds with decreased
oxidase activity in Table 2 were 2.5, 7, and 17 years of
age at diagnosis for mutations c¢.252G>A, c.252 +
5G>A, and 730T>A, respectively. Indeed, initial diagno-
sis of CGD in a 69-year-old man has been reported.*®
Variable phenotypes can occur given identical CYBB
mutations, suggesting that other genetic loci and/or en-
vironmental factors play a significant role in the course of
disease.*” For example, two unrelated individuals with
the same ¢.252G>A mutation had clearly different oxi-
dase results (Table 2, Supplemental Figure S2, see http.//
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jmd.amjpathol.org). This mutation induces abnormal
splicing that can either be partial (X™) or total (X°).

High-resolution melting is a promising tool to reduce
the time, cost, and complexity of genetic analysis. Eval-
uation of CGD is a good example of its application to rare
disorders. Melting prediction and preparation of microti-
ter plates with dried primer pairs streamline the process.
Definitive results can be returned within 1 working day.
Rapid recognition, confirmation, and initiation of appro-
priate therapy can be critical in this life-threatening
disease.
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