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AbsTrACT

Dystrophic epidermolysis bullosa is a heritable skin disease in which blisters occur because 

of a defect in type VII collagen resulting from mutations in the COL7A1 gene that is com-

posed of 118 exons. Although a few mutations are specific to certain populations owing 

to founder effects, and although a few mutational hotspots exist, most mutations are 

unique to families and can be found scattered throughout the entire COL7A1 gene. This 

emphasizes the need for a sensitive, reliable, and efficient mutation scanning technique. 

Therefore, we developed a conformation-sensitive capillary electrophoresis (CSCE) system 

for COL7A1 mutation scanning. Here we report on the design and validation of this system. 

The CSCE technique is based on the principle of heteroduplex formation when polymerase 

chain reactive-amplified DNA fragments containing heterozygous sequence changes are 

slowly re-annealed. These fluorescently labeled fragments have different migration char-

acteristics and can be detected on a multi-capillary automated sequencer. Validation was 

performed by analysis of 29 known COL7A1 sequence changes, covering 33% of ampli-

cons. After optimization of the conditions, all 29 sequence changes were detected by the 

CSCE system, irrespective of length or CG-content of amplicons and position of sequence 

changes, reflecting an analytical sensitivity of 90.2%-100% (95% confidence interval). We 

conclude that this CSCE system is a rapid, reliable, cost-effective, and highly sensitive way 

of mutation scanning for COL7A1 in a molecular genetics service laboratory.
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iNTroDuCTioN

Dystrophic epidermolysis bullosa (DEB, OMIM #226600, #131750, and #131800) is a heritable 

skin disease in which blistering occurs below the lamina densa of the dermal-epidermal junc-

tion after mechanical trauma.1 At this level within the dermis, anchoring fibrils are supposed to 

regulate tight attachment of the epidermis to the dermis providing the skin with its capacity to 

sustain mechanical forces. Anchoring fibrils are aggregates of densely packed type VII collagen 

fibers that are bound tail-to-tail by their carboxyl-terminal domains. Individual type VII collagen 

fibers are homotrimeric molecules composed of three procollagen pro-α1(VII) molecules.2 

Procollagen pro-α1(VII) molecules are encoded by the COL7A1 gene (OMIM 120120) located 

on chromosome 3p21.31. COL7A1 consists of the large number of 118 exons.3 Most exons and 

introns, however, are relatively small and the genomic size is only 31,180 nucleotides (GenBank 

Accession no. NC_000003.10). The coding sequence encompasses 8,835 nucleotides which 

encode the pro-α1(VII) product of 2,944 amino-acids (GenBank Accession nos. NM_000094.3 

and NP_000085.1).3,4 

DEB can be inherited in both autosomal recessive (RDEB) and autosomal dominant ways 

(DDEB). The only gene known to be involved in DEB is COL7A1, and both DDEB and RDEB are 

caused by mutations in this gene.5 RDEB-causing mutations typically lead to a loss-of-function 

of the gene product,6 whereas most DDEB families carry a mutation within the triple-helical 

domain of COL7A1 that affects a conserved glycine residue in one of the, for collagens so typical, 

Gly-X-Y triplets. These mutations disrupt the structural conformation of the pro-α1(VII) chains 

and exert their pathogenic effect by dominant negative interference.7 Most dominant glycine 

substitutions have been reported in exon 73. Although there appears to be a continuum of 

disease severity, RDEB patients, in general, have a much more severe phenotype than DDEB 

patients.1 Patients with the most severe RDEB phenotype typically carry two premature termi-

nation codon (PTC)-generating mutations,6,8 whereas RDEB patients with milder phenotypes 

carry other combinations of mutations.5,9 The actual severity of the phenotype is determined 

by the residual function of the least severe COL7A1 mutation.10,11

Although some COL7A1 mutations are found with higher frequency in certain ethnic 

populations due to founder effects, and although a few mutational hotspots are known, in 

particular in families with an autosomal dominant inheritance pattern,7 most mutations are 

unique to families. To date, more than 300 different mutations, including missense, nonsense, 

and splice site mutations, and small deletions and insertions, have been reported in the Human 

Gene Mutation Database (www.hgmd.cf.ac.uk/), which are scattered throughout the gene. 

This indicates that a survey for the causative mutation(s) in affected patients should include 

scanning of all 118 exons, including flanking intronic sequences. Integral sequencing of these 

COL7A1 exons for germ-line mutations would be the most sensitive way to do so. However, 

given their large number, molecular genetic diagnostics of COL7A1 is demanding (sequenc-

ing of all 118 exons would be labor-intensive, time consuming, and expensive), and requires 
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an effective analytical strategy. Therefore, a sensitive, high-throughput automated mutation 

scanning technique is required. A number of techniques have been developed and applied in 

molecular diagnostics for this purpose, like denaturing gradient gel electrophoresis (DGGE),12 

denaturing high performance liquid chromatography,13 conformation-sensitive gel electro-

phoresis,14,15 and protein truncation test.15 Most of these methods are based on the principle 

of detection of heteroduplex bands formed between wild-type and mutated DNA fragments 

followed by targeted sequencing of fragments showing heteroduplex patterns. These are, 

however, in general rather time consuming, and the protein truncation test is only suitable for 

the identification of PTC-generating mutations. That is why we have designed a heteroduplex 

analysis system for COL7A1 mutation scanning making use of conformation-sensitive capillary 

electrophoresis (CSCE). This is a simple, rapid, reliable, and sensitive technique combining high 

sample throughput and automated variant detection.16,17 During CSCE, amplified polymerase 

chain reaction (PCR) products are denatured and re-annealed slowly to allow the formation 

of four different double stranded (ds) DNA molecules if containing a heterozygous sequence 

change: two homoduplexes and two heteroduplexes. These four different dsDNA molecules will 

have a different conformation, which results in a mobility shift. Therefore, they can be detected 

on an automated capillary DNA sequencer under partially denaturing conditions when using 

fluorescently labeled primers. CSCE has some advantages over other, established scanning 

techniques, as it can be used for the analysis of fragments up to 500 bp in length, it has a higher 

sensitivity and higher throughput, and it can be easily performed in automated sequencers, 

thereby making DNA analysis faster, more reliable, more robust, and less expensive.17,18 

Here, we report on the development and validation of our CSCE system for mutation scan-

ning of the COL7A1 gene in DEB patients. The analytical validation of this CSCE system has been 

carried out retrospectively by reanalyzing 25 DNA samples containing 29 previously identified 

COL7A1 variants. A generic technical validation of the CSCE technique in general has previously 

been performed as an inter-laboratory collaborative project.19 Detailed results of this generic 

validation will be reported elsewhere. Fragments displaying a pattern containing heteroduplex 

bands require subsequent sequencing to identify the underlying sequence variant. CSCE 

therefore is most suited for genes containing just a limited number of nonpathogenic variants, 

including single nucleotide variants (SNPs), which is the case for COL7A1. 

mATeriAls AND meThoDs

DNA samples used for validation 

DNA samples obtained from patients with an autosomal dominant or autosomal recessive sub-

type of DEB that had been fully characterized for the presence of COL7A1 mutations with either 

DGGE and subsequent sequencing or direct automated sequencing using standard conditions 

have been used for development of optimal CSCE conditions and for subsequent analytical 
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validation. All patients were registered in the database of the Groningen Center for Blistering 

Diseases (University Medical Center Groningen, the Netherlands) and found to be having DEB 

based on clinical, immunohistochemical antigen mapping, and electron microscopy data as 

described elsewhere. In total, 29 mutations were used for validation of the CSCE system.

CsCe Primers

Because the COL7A1 gene contains many small exons and introns, its 118 exons can be ana-

lyzed in 61 amplicons or PCR fragments. As a consequence, many introns are also completely 

analyzed. Primers were designed to include at least 30 bp of intronic sequences at both ends. 

Fragment lengths ranged between 197 and 593 bp. Primers were designed based on genomic 

and transcript GenBank reference sequences (GenBank Accession numbers NC_000003 and 

NM_000094) and it was verified that no known SNPs were situated under the primers (Ensembl 

Human Genome Database, www.ensembl.org/Homo_sapiens/index.html). Primers were 

blasted against complete genomic sequences to check primer specificity (http://blast.ncbi.nlm.

nih.gov/Blast.cgi). Primer sequences of each fragment and corresponding fragment lengths 

and CG-contents are shown in Table 1. To both forward and reverse primers a universal M13 

sequence was added (M13 Forward, tgtaaaacgacggccagt; M13 Reverse, caggaaacagctatgacc).

Table 1. Primers used for CSCE and sequencing of COL7A1 and amplicon sizes.
Amplicon Primer sequence size CG-content

forward 5’-3’ reverse 5’-3’ bp %

1 gcaggcaagaccaggactc gatgaaggccgagtggag 269 71

2 gccctggtttgcataagatg aggagtcttggtggggatct 356 62

3/4 tgatacccgtaaccctcacc tcacccacatgctctctgac 500 60

5 gtaaggaccgagcaggagtg ggagcagaggtcgagtcatc 439 59

6/7 atacatgcccaccccaatc cagaagtgggagggggtact 490 61

8 ccagtaccccctcccactt ggccttgcagactcaggact 246 63

9/10 cgcctcagacaaggctgta acagggtcagaccagcagag 484 65

11/12 gaagggatggacaggcaag ggctggaacttcagtgtgtg 472 64

13 cctgtccatcactgccatc cagaaccaggaccagagtgag 280 61

14 ggctgggcttagctacactg tgaggtcagagggaaatgct 398 61

15 agggaccaatgagggtatgg gagaagcaagggtctgcaag 300 63

16 cccatcatcttcccctatca tatctggctccagtccatcc 395 62

17 tacagggtttcctggcactc ccgtgggtggacacttaatc 451 62

18/19 cattcctgcactgcctctct cctttctccaatccagagca 498 60

20 ctggattggagaaaggacca tcactgtcctcgcctacctt 373 66

21 caggagggtgaacccagtta gggtaggggtacaggaggag 353 64

22/23 ctctcccttctgggttctca ttgagtggcatgtggtagga 557 59

24 gaagggcagaaaggtgtgtc cctattgggtggtcaggaga 290 61

25/26 cctgctctgtcatcctcctc ggctgcatgatagccttttc 472 58

27/28 aaggggtctgggaataggg tcaccatctctccaggttcc 485 58

29/30/31 tccctcatcgagaggtgaac ccagctgggcttctaggaat 496 59

32/33 gtaggcgaccccttgttgat ccttcccccttcacctacc 496 65

34 gccttcccttctttgctctc gctggaagaagcccctagac 297 63

35/36 ctaggggcttcttccagctc caggggttatgtgggttcaa 394 61
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PCr

The amplification mix (per amplicon per sample) consisted of 0.70 µl genomic DNA (100 ng/µl), 

1.80 µl 10x PCR Gold Buffer (Applied Biosystems [AB], Foster City, CA), 1.80 µl MgCl2 (25mM, AB), 

0.35 µl deoxyribonucleotides (dNTPs) (8.33 mM/dNTP), 0.7 µl forward and reverse primers (100 

ng/µl), 0.15 AmpliTaq DNA polymerase Gold (5 U/µl, AB), and 12.50 µl distilled milliQ water. The 

reaction volume per sample was 18 µl. The samples were PCR amplified in 96-wells plates using 

the following PCR program on a Perkin-Elmer (Groningen, The Netherlands) (ABI) Geneamp® 

Table 1. (Continued)
Amplicon Primer sequence size CG-content

forward 5’-3’ reverse 5’-3’ bp %

37/38/39 cctttgattacccccatcct ccctgaaggagaaacacacg 593 59

40/41 aggaaggctgacttgatgatg atcttccagcctcccctaac 400 60

42/43 cttgtctggggtttgacgtt tcagcagggataagtggtca 363 60

44/45/46 cctctagccctgtctgtcca cccagcactgtggaatcac 498 62

47/48/49 tttgatcatacaaccccaagg gggggcaggacttagtcag 500 57

50/51/52 aatggggagtgtgacagagg agggagaggggacagagaag 576 60

53/54 tgctgctcagacccttctct tattgggaattggctggttg 496 57

55/56 tccaaagctctcccaaactg ggggaagtgggagttagtgg 474 62

57/58/59 ctgtatcccctcgccaact ctggagggaacagggtcag 478 60

60/61 cctatcctcagggcattgaa ggggtctagggtcctcatgt 397 61

62 gccttaggctcacagggact ccaactctctcggatgctgt 197 58

63/64 tcaatgggacctctcagtcc gccaggatgcatgtgtctac 438 56

65/66/67 cttgcagccagacaccagt gagggttgcccattgaaac 474 58

68/69/70 tgatgtttcaatgggcaacc ctatggagcctcatggcaag 475 60

71/72 ccaagtgctaaagggtgctc cctgcaggagtggaagagag 496 63

73/74 gaagtggctcagtgggttgt ccctgcaggaaacaagaaaa 494 66

75/76 aggagaacgtggagaacagg ggggatgagatgtcaagtcag 500 58

77/78 cctggactcaagggtgctaa ggccttagtttcccagttcc 492 61

79 ctctgtctagggggatggtg agacatgcacacacacagca 198 60

80/81/82 attgacccccaaggaaaaag tcattgcaggagatgacagc 567 59

83/84/85 ggtagtgtgcgccaacct tctgtcagggctgcctgt 497 61

(85)/86/87 accgtgttttcactccttgg atttggaaacaggcttgtgg 542 61

88/89 ccacaagcctgtttccaaat gaaagctgagggtcatgagg 350 61

90/91 cctcatgaccctcagctttc cacacagaagccaagacagg 500 62

92/93 agcccgtgtctgaactctgt aaacagcaaagggagggaat 367 58

94/95 ccacaggaggaagagggagt gccccatcctaagtcctcac 482 61

96/97/98 ccctaaagccccacgtattt gcagagagtcctggggtaca 570 61

99/100/101 ctgatcctcctccgtcctc tcaccctctgggagtttgag 488 64

102 cacgtgtggactgggtctc ctctcggccactccatagtc 355 62

103/104 gcgggctcgttgtattctaa atcataggcggctactgtgg 593 63

105 ctggcctccagaggtgact ctccaacctctgacccagtg 298 56

106/107/108 tgaggcctgtttggagagtt gtccctacacccccatgac 493 62

109/110 atgggagttcagggaggttc atcagagtcaggcaggttgg 481 60

111/112/113 ccaacctgcctgactctgat ggggtggagtgggagact 574 64

114/115 cccaccctctctcttcctct acacccatgtgcgtgtctc 469 59

116/117 tgtgcacacagtggaaatca aggactcctcccccagaac 576 63

118 gtagggtccccttccatgtt gaaaaccttcccccttgaaa 574 59
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9700: 5 min at 94 °C, 35 cycles of 1 min at 94 °C, 1 min annealing, 1 min at 72 °C, concluded by 

a final extension step for 7 min at 72 °C. Annealing temperatures were 58 °C, 60 °C, 62 °C, or 64 

°C for different amplicons. See Supplemental Table S1 in the supplementary appendix for exact 

programs per amplicon. For optimal results, PCR products were purified using a Multiscreen 

PCRµ96 filter plate (Milipore, Tullagreen, Carrigtwohill, County, Cork, Ireland). 

During CSCE, purified PCR products are denatured and subsequently re-annealed slowly, 

which will result in the formation of four different dsDNA molecules if a PCR fragment contains 

a heterozygous sequence change: two homoduplexes and two heteroduplexes. However, if a 

patient contains a homozygous sequence change, only one homoduplex will form, and the 

sequence change will not be recognized by the CSCE system. To detect putative homozygous 

sequence changes, purified PCR products of patients were mixed 1:1 with the PCR product of 

a control sample, which will result in the formation of heteroduplex molecules in the presence 

of homozygous sequence changes. Control samples were completely sequenced to rule out 

the presence of any sequence changes. The four differently re-annealed dsDNA molecules will 

have a different conformation, which results in a mobility shift, and can therefore be detected 

on an automated capillary DNA sequencer under partially denaturing conditions, when using 

fluorescently labeled primers and a four-dye filter set.

Therefore, as the second step, a labeling PCR was performed using universal M13 forward 

and reverse primers of which the forward primer is labeled with one of four fluorescent dyes 

6FAMTM (blue), VIC® (green), NEDTM (yellow), or ROXTM (red) (Applied Biosystems). Labeling PCR 

mix included 0.5 μl of purified PCR products of test sample, 0.5 μl PCR product of wild-type 

control, 1.8 μl 10x PCR Gold Buffer (AB), 1.8 μl MgCl2 (25 mM, AB), 0.35 μl dNTPs (8.33 mM/

dNTP), 0.15 μl (10 pmol/μl) fluorescently labeled M13 forward primer, and 0.15 μl (10 pmol/μl) 

unlabeled M13 reverse primers, 0.15 μl AmpliTaq DNA polymerase Gold (AB), and 12.6 μl milliQ 

water. The PCR programs were the same as for the first PCR, with the exception that the number 

of amplification cycles was 10 instead of 35. PCR products were purified as described. 

CsCe analysis

After labeling, test pools were created for CSCE analysis that contained up to four differently 

labeled fragments depending on lengths of fragments. By doing so, a maximum of four frag-

ments from one pool could be analyzed in one capillary at the same time. One μl aliquots of 

each 6FAM-, NED-, VIC-, and ROX-labeled PCR products were pooled. From the pools of dif-

ferently labeled PCR products, 1.5 μl was mixed with 8.5 μl of GeneScan LIZ-500TM Standard 

(Applied Biosystems Catalogue No. 4322682) / milliQ water mix (proportion 0.2 μl LIZ to 13.8 μl 

mQ water) to 10 μl. For CSCE analysis pools were loaded on the automated sequencer ABI3730 

DNA Analyzer (AB) using a conformation analysis polymer (CAP+)-containing running polymer. 

In the technical validation of the CSCE technique, performed in collaboration with the groups 

of Matthijs (Leuven, Belgium), Mattocks (Salisburry, United Kingdom), and Applied Biosystems 

(Inter-laboratory Diagnostic Validation of CSCE), to be published in detail elsewhere, it was 
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shown that >99.6% (95% confidence interval [CI]) of DNA variants could be detected by CSCE 

under a specific set of running conditions. We decided to use identical running conditions and 

the same recipe for the CAP+ running polymer (Supplemental Tables S2 and S3).19 In one CSCE 

run the COL7A1 gene can be analyzed for up to three patient samples.

Automated data analysis and peak comparison

Data were collected and analyzed using BioNumerics software Version 5.0 (Applied Maths 

NV, Sint-Martens-Latem, Belgium). To automatically analyze the CSCE electropherograms of 

the different amplicons of the COL7A1 gene by the Bionumerics software, an optimized set of 

parameters (quantified characteristics of the shapes of the electropherogram) was used that 

was developed during the separate technical validation of CSCE.19 Essentially, the position and 

shape of the electropherogram to be analyzed is compared to the peak position and shape 

of a wild-type reference electropherogram. The parameters include (1) the relative position of 

the peak within the electropherogram, (2) the signal-width as a percentage of the run length, 

and (3) the left and right control range (i.e. the area flanking the main peak signal in which 

the algorithm will search for additional peaks). To further characterize the shape of the peaks 

(curves), five other different pattern-matching parameters are calculated: (1) single-sided root 

mean square (SRMS), (2) maximum difference (MAX), (3) secondary peak (SECPK), (4) difference 

in H3 (DFH3), and (5) difference in H4 (DFH4). The SRMS value is calculated from the highest 

50% of square differences between the curves compared. MAX determines the highest differ-

ence between any corresponding values on the two curves. SECPK calculates the proportion of 

a secondary peak relative to the primary peak of the curve. DFH3 is a parameter for the differ-

ence in H3 parameters between the signal and the reference (H3 is a measure of the deviation 

from symmetry, compared to a Gaussian curve derived from reference samples without DNA 

variants), whereas DFH4 determines the deviation from a theoretical Gaussian curve (H4). The 

parameters SRMS and MAX take into account any difference between the curves, the param-

eters SECPK, DFH3 and DFH4 each apply to a specific component of the curve. For a correct 

match interpretation a peak height has to be between 1,000 and 32,000 units. Peak heights 

outside this range will be regarded as failures by the BioNumerics software. Results were dis-

played graphically and the control sample’s electropherogram was set as the wild-type. Each 

fragment’s electropherogram was compared to the wild-type by the BioNumerics software. 

resulTs

Design of the CsCe system for COL7A1

For the development of optimal running conditions for the different COL7A1 amplicons and 

optimal automated data analysis parameters, six DNA samples of unaffected controls were 

used. Analysis of the entire COL7A1 coding sequence can be accomplished by an amplification 
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strategy using 61 amplicons encompassing all 118 exons. After repeated testing, it turned 

out that amplicons 1, 16, and 17 containing corresponding exons could not be analyzed by 

CSCE due to high CG-content. These amplicons need to be analyzed by direct sequencing. This 

left 58 amplicons comprising 115 exons for analysis by CSCE. During optimization of the PCR 

conditions, it became apparent that a few amplicons required an adjustment to the standard 

amplification mix, both for the initial amplification PCR and the subsequent labeling PCR. In 

Supplemental Tables S4 and S5 the final amplification mixes used in both PCRs are summarized 

for each amplicon. For optimal amplification of all amplicons the use of a single, identical 

annealing temperature for all amplicons was not feasible, and four different PCR programs 

using annealing temperatures of 58 °C, 60 °C, 62 °C, and 64 °C were used (Supplemental Table 

S1). The 58 amplicons needed to be grouped into 17 different pools containing one to four 

different amplicons (Supplemental Table S6). In each pool, each amplicon was fluorescently 

labeled with 6FAM, VIC, NED, or ROX, to enable distinguishing of amplicons by the four-dye 

filter of the multi-capillary sequencer. Amplicons showing aberrant patterns can be sequenced 

using universal M13 primers without the need for new fragment amplification.

The five pattern-matching parameters of the BioNumerics analysis software were initially 

set at general lower and upper threshold values and subsequently adjusted according to the 

heteroduplex patterns obtained to final test values (Supplemental Table S7). Patterns with 

parameter values above one or more of these thresholds were considered to be aberrant (called 

in red); patterns with parameter values below a certain threshold were considered normal 

(called in green); patterns with parameter values between the two thresholds were considered 

indeterminate (called in orange) and needed to be inspected visually. 

validation of the optimized CsCe system for COL7A1

To determine the analytical sensitivity of the CSCE system for mutation scanning of the COL7A1 

gene, 25 DNA samples containing a total of 29 different sequence variants were analyzed by 

CSCE (Table 2). These sequence changes had previously been detected by DGGE and sequenc-

ing. The length of the amplicons containing these sequence changes ranged from 298 to 500 

bp, with an average length of 454 bp. The CG-content of the amplicons ranged from 56-66%, 

with an average content of 60.3%. The 29 sequence variants were situated in 20 different 

exons and 5 different introns and fell within 19 different amplicons. In this way, 33% (19/58) 

of amplicons could be covered, including the hotspot region for dominant mutations in exon 

73. Four of 29 sequence changes tested were nonpathogenic SNPs and 25 were pathogenic 

mutations, including 6 missense, 6 nonsense, 8 small deletions or insertions, and 5 splice-site 

mutations. Some sequence changes were located nearer to one of the primer binding sites 

(e.g. the c.976+8A>G (IVS7) mutation, 61 bp from the 3’ primer binding site), whereas others 

were situated in the middle of amplicons (e.g. the c.3830C>T SNP, 242 bp from the 5’ primer 

binding site and 254 bp from the 3’ primer binding site). The c.976+8A>G change was the one 

situated the closest to one of the primer binding sites (Table 2). Five peak patterns were called 
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as indeterminate (orange colored) by the software, as their parameter values fell between the 

thresholds set, and needed to be checked visually. All five turned out to represent aberrant 

patterns. Including this additional visual step, all 29 sequence changes could be detected by 

CSCE (Figures 1 and 2). 

Next, the COL7A1 gene was completely screened in a blinded CSCE analysis in three patients 

carrying five different COL7A1 mutations in parallel with direct sequencing. All five mutations 

Table 2. COL7A1 sequence changes used for validation of the CSCE system.

No. exona Amplicon
length 

(bp)
CG-content 

(%)
Nucleotide 

Change
Amino acid

mutation 
Type

r/Db Positionc

1 5 5 439 59 c.553C>T p.Arg185X PTC R 125/439

2 7 6/7 490 61 c.925_944dup p.Ile315fs PTC R 370/490

3 IVS7 6/7 490 61 c.976+8A>G Splice SNP 429/490

4 10 9/10 484 65 c.1264dupC p.Arg422fs PTC R 326/484

5 15 15 300 63 c.2005C>T p.Arg669X PTC R 170/300

6 IVS20 20 373 66 c.2710+1G>A Splice R 292/373

7 25 25/26 472 58 c.3386delC p.Pro1129fs PTC R 156/472

8 IVS26 27/28 485 58 c.3551-3T>G Splice R 62/485

9 30 29/30/31 496 59 c.3830C>T p.Pro1277Leu Missense SNP 242/496

10 40 40/41 400 60 c.4373C>T p.Pro1458Leu Missense SNP 132/400

11 46 44/45/46 498 62 c.4603G>T p.Glu1535X PTC R 369/498

12 49 47/48/49 500 57 c.4767delA p.Asp1590fs PTC R 412/500

13 54 53/54 496 57 c.4997dupG p.Pro1668fs PTC R 379/496

14 68 68/69/70 475 60 c.5720G>A p.Gly1907Glu Missense R 93/475

15 73 73/74 494 66 c.6081dupC p.Gly2028fs PTC R 181/494

16 73 73/74 494 66 c.6082G>A p.Gly2028Arg Missense D 182/494

17 IVS73 73/74 494 66 c.6181-6T>G Splice D 371/494

18 74 73/74 494 66 c.6205C>T p.Arg2069Cys Missense R 401/494

19 75 75/76 500 58 c.6227G>T p.Gly2076Val Missense D 110/500

20 94 94/95 482 61 c.7191C>A p.Pro2397Pro Splice R 112/482

21 94 94/95 482 61 c.7231C>T p.Pro2411Ser Missense SNP 152/482

22 94 94/95 482 61 c.7237G>T p.Gly2413X PTC R 158/482

23 95 94/95 482 61 c.7289dupC p.Gly2431fs PTC R 360/482

24 95 94/95 482 61 c.7344G>A p.Val2448Val Splice R 415/482

25 105 105 298 56 c.7805G>A p.Gly2602Glu Missense R 125/298

26 109 109/110 481 60 c.8053C>T p.Arg2685X PTC R 80/481

27 110 109/110 481 60 c.8138G>A p.Gly2713Asp Missense D 269/481

28 IVS110 109/110 481 60 c.8226+1delG p.Gly2743fs PTC R 358/481

29 114 114/115 469 59 c.8440C>T p.Arg2814X PTC R 183/469

a IVS = intron
b R recessive mutation, D dominant mutation, SNP single nucleotide polymorphism
c Position calculated in bp from the 5’ start of the amplicon
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figure 1. Electropherograms of a 
sequence change in amplicon 25/26. A. 
Electropherograms of amplicon 25/26 in the 
reference sample displaying the wild-type 
pattern (blue), in a patient sample carrying 
wild-type exon 25 and 26 displaying the wild-
type pattern (green), and a patient sample 
containing the c.3386delC (p.Pro1129fs) 
mutation in exon 25 revealing an aberrant 
heteroduplex pattern (red). b. Overlay of 
wild-type reference electropherogram (blue) 
and patient heteroduplex electropherogram 
(red) for comparison of patterns.

A

B

B

A

C

figure 2. Different peak patterns caused by different sequence changes in the same amplicon.
A Electropherograms of amplicon 73/74 in two patient samples containing two different sequence 
changes displaying different peak patterns for both sequence changes. The c.6205C>T (p.Arg2069Cys) 
mutation in exon 74 results in a clear aberrant pattern (red), whereas the pattern resulting from the 
c.6181-6T>G sequence change is called indeterminate (orange) by the BioNumerics software. Visual 
inspection reveals this is in fact an aberrant pattern. In green the wild-type control pattern. b. Overlay 
of wild-type reference electropherogram (blue) and heteroduplex electropherogram caused by 
the c.6205C>T sequence change (red) for comparison of patterns. C. Overlay of wild-type reference 
electropherogram (blue) and heteroduplex electropherogram caused by the c.6181-6T>G sequence 
change (red) for comparison of patterns.
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(included in the series of 29 mutations screened previously) were detected, and no false-

negative or false-positive results were encountered. It is statistically estimated that the 95% CI 

of the system’s sensitivity for COL7A1 mutation detection is 90.2-100%.20

The CSCE system was further tested (not blinded) by completely screening the COL7A1 gene 

in the six control samples known not to contain any sequence changes. Including the three 

patient samples screened in the blinded analysis, 517 nonmutated amplicons were tested 

without, under the described conditions and parameter values of the analysis software, any 

false-positive results. This implies that the overall specificity is in the range of 99.4-100% (95% 

CI).

DisCussioN

We have designed and analytically validated a CSCE system for mutation scanning of the COL7A1 

gene. The major advantages of the CSCE technique over other established scanning techniques 

like DGGE, denaturing high performance liquid chromatography, and conformation-sensitive 

gel electrophoresis are that (1) CSCE is faster, (2) fragments up to 500 nucleotides in size can be 

accurately analyzed, (3) no CG clamps or ethidium-bromide need to be used, (4) multiple frag-

ments can be analyzed simultaneously using automated, multi-capillary sequencers, and (5) 

data analysis can be (semi)automated with appropriate software.17,18 These advantages speed 

up mutation identification, especially in large genes or genes comprised of many exons, and 

make mutation scanning less labor intensive and less expensive.16,21,22 Compared to integral 

sequencing of the entire target gene, considered the most sensitive way of mutation analysis, 

there appears to be only a minimal loss of sensitivity.17,22 

Design

We have chosen to use a two-step PCR protocol. When an aberrant peak is detected by CSCE, 

the fragment has already been amplified and can immediately be sequenced without the need 

for a new PCR. It is of course also possible to design a one-step PCR using three primers at 

the same time, which is even more time efficient and more cost effective. When an aberrant 

peak is detected in that case, however, a new PCR must be performed to create a product for 

sequencing. In this way, the differences in efficiency between a one-step and two-step PCR will 

be negligible. Although risks of sample mix-up will be low, a second analysis on newly amplified 

products is required in either option to confirm the findings.

In order to detect homozygous sequence changes, as necessary in autosomal recessive dis-

eases like RDEB, the best option probably is to analyze DNA samples of the parents. However, 

since parental samples are often unavailable, we have chosen to mix patient samples with equal 

amounts of a reference sample, proven not to carry any sequence variants in COL7A1. During 

the generic validation of the CSCE technique it was shown that its sensitivity was not affected 
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until the proportion of the allele carrying the sequence change became lower than 20%.19 This 

emphasizes the need to closely monitor that equal amounts of patient and reference DNA are 

mixed in order to avoid erroneous analysis of just patient or reference DNA. Moreover, DNA 

concentration monitoring is warranted to avoid capillary overloading resulting in high peaks 

that cannot be interpreted and, hence, to reduce failure rate.

In order to improve in process quality control the use of a LIZ-500 size standard containing, 

a DNA fragment in which a heterozygous DNA variant has been created has been introduced, 

which allows monitoring of the capillary separation capacity of the CAP+ polymer.

The CSCE system had initially been designed in the most cost-effective way: pools containing 

up to four different amplicons were run simultaneously over one capillary after labeling each 

amplicon with a different fluorescent dye. However, because of considerations of robustness, 

we decided to use only a single label (6FAM) in the final design. Translucency of the different 

fluorescent labels to neighboring capillaries can result in complex patterns. In principle, this can 

be resolved by the data analysis software. In practice, however, a simple and robust design was 

preferred in our hands. If only one label is used, CSCE is approximately six times less expensive 

than sequencing of the same amount of DNA. This cost reduction is achieved mainly by the fact 

that after CSCE only the amplicons showing aberrant peaks require subsequent sequencing. If 

the initial, most cost-effective system is used, the difference in costs is even higher.22

validation

For validation purposes, the test should satisfy the following criteria: high sensitivity and 

specificity combined with reliable and reproducible results. Therefore, we tested a panel of 

29 COL7A1 sequence variants previously identified by DGGE and sequencing. All sequence 

variants were detected by the CSCE technique, irrespective of amplicon length, CG-content 

of amplicons, position of the sequence change with regard to the primer binding sites, and 

running temperature.19 Using the CSCE conditions described here, the analytical sensitivity of 

CSCE, that is, when compared to the gold standard method of direct sequencing, is statisti-

cally estimated to be in the range of 90.2-100% (95% CI).20 The generic validation of CSCE 

showed that the sensitivity of this technique was >99% (95% CI) for fragments with 20-60% 

CG-content.19 Since we detected all 29 sequence changes during the validation of the CSCE 

for COL7A1, we conclude that our CSCE setup for the COL7A1 gene is performing as expected 

from the generic validation of CSCE and has an equally high sensitivity. This suggests that its 

clinical sensitivity (the proportion of true DEB patients confirmed by COL7A1 mutation analysis) 

could also be comparable to that of direct sequencing. The analysis by CSCE, however, is less 

labor-intensive and less expensive. 

As we recently developed and validated the CSCE system for COL7A1, we have not been able 

to test the system in a sufficient prospective cohort yet. However, in patients and controls, we 

tested in total 517 nonmutated fragments and did not find any false positive results, that is, 

amplicons that were incorrectly called mutated by the pattern analysis software. Neither did 
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we find any false-negative results, that is, amplicons carrying a sequence change but called 

wild-type by the software. Although this indicates a high analytical specificity of >99% (95% CI), 

the exact specificity has to be determined in the future.

The sequence variants tested for validation were dispersedly located over the gene, thereby 

covering one third of all amplicons, and consisted of all mutation types. The amplicons tested 

ranged in length from 298 to 500 bp, indicating that amplicons with sizes of up to 500 bp can be 

analyzed accurately, confirming the results from the generic validation of the CSCE technique.19 

The average size of test amplicons (455 bp) was comparable to that of all other amplicons (448 

bp), although the range of overall amplicon sizes is larger, 197-593 bp. Average CG-content of 

test amplicons was 60%, whereas the overall CG-content of all 58 amplicons is approximately 

61%. From the generic CSCE validation it was concluded that fragments with CG-contents rang-

ing from 30% to 60% give optimal CSCE results, whereas CSCE for fragments with CG-contents 

up to 80% may require adjustment of experimental conditions.19 However, is has long been 

known that very high or very low CG-content reduces the sensitivity of mutation scanning 

techniques based on heteroduplex formation.23 Given the high overall CG-content of COL7A1 

(~60%), it was therefore not surprising that we encountered a few problems in the development 

of the CSCE system for some amplicons. For amplicons 1, 16, and 17 no reliable CSCE results 

could be obtained because of the high CG-content, despite the use of a PCR enhancer buffer, 

and these amplicons were excluded from further CSCE analysis. On the other hand, despite this 

high CG-content we were able to develop a sensitive CSCE system for mutation scanning in the 

other 58 amplicons of COL7A1. Nonetheless, we cannot exclude a slight drop off in sensitivity 

for fragments with 61-80% CG-content (Table 1).

CoNClusioN

The CSCE technique is a highly sensitive scanning method for mutation detection of the multi-

exon COL7A1 gene. When applied on a multi-capillary sequencer, this method has proved to be 

a rapid, time-efficient and relatively inexpensive system that can be easily implemented using 

any automated capillary DNA sequencer.
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suPPlemeNTAry iNformATioN

supplementary Table s1. PCR Conditions for all amplicons.

Time Temperature Amplicons step Cycli

5 min 94 °C

1 min 94 °C Denaturation

35 cycli

1 min 58 °C 2, 9/10, 14, 15, 21, 22/23, 29/30/31, 32/33, 34, 40/41, 
42/43, 60/61, 62, 65/66/67, 68/69/70, 77/78, 88/89, 
(85)/86/87, 92/93, 96/97/98, 102, 103/104, 105, 
106/107/108, 118

Annealing

60 °C 1, 3/4, 5, 11/12, 16, 17, 27/28, 44/45/46, 50/51/52, 
71/72, 73/74, 75/76, 80/81/82, 83/84/85, 94/95, 
109/110

62 °C 8, 18/19, 20, 24, 25/26, 35/36, 37/38/39, 53/54, 55/56, 
57/58/59, 63/64, 79, 90/91, 99/100/101, 111/112/113, 
114/115, 116/117

64 °C 6/7, 13, 47/48/49

1 min 72 °C Elongation

7 min 72 °C Elongation

∞ 10 °C

supplementary Table s2. Running conditions of CSCE.

running condition value range

Oven temperature 12 °C 18-70 

Buffer temperature 35 °C 30-35 

Pre-run-voltage 15 kV 0-15 

Injection time 20 sec 1-90

Pre-run-time 180 sec 1-1,800 

Injection voltage 3 kV 0-15 

First read-out time 180 ms 100-16,000 

Exposure time 0 ms 0-5,000 

Run voltage 13 kV 15 

Voltage number of steps 10 kV 0-100

Voltage step interval 20 sec 0-180 

Voltage tolerance 0.6 kV 0-6

Current stability 500 mA 0-2,000

Ramp delay 200 sec 1-800

Data delay 750 sec 1-1,800

Run time 5,200 sec 300-14,000
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supplementary Table s3. Recipe of CAP+ polymer.

CAP (Applied Biosystems, 434037) 12.67 g

Ureum (1 kg, pro analysis, Merck) 5.27 g

Sucrose (250 g, for biochem, Merck) 2.03 g

20x TTE (national diagnostic, EC-871) 1.14 g

milliQ water 1.72 g

supplementary Table s4a. Standard PCR amplification mix.

Component Per reaction (μl)

milliQ water 12.5

Gold buffer (10x) 1.8

MgCl (25 mM) 1.8

dNTPs (8.33 mM/dNTP) 0.35

Taq Gold polymerase 0.15

primers F+R (100 ng/ml) 0.7

DNA (100 ng/ml) 0.7

Total 18.0

supplementary Table s4b. PCR amplification mix for amplicons 3/4, 5, 11/12, 44/45/46, 50/51/52, 71/72, 
73/74, 75/76, 83/84/85, 109/110.

Component Per reaction (μl)

milliQ water 13.2

Gold buffer (10x) 1.8

MgCl (25 mM) 1.1

dNTPs (8.33 mM/dNTP) 0.35

Taq Gold polymerase 0.15

primers F+R (100 ng/ml) 0.7

DNA (100 ng/ml) 0.7

Total 18.0

supplementary Table s4c. PCR amplification mix for amplicon 94/95.

Component Per reaction (μl)

milliQ water 13.6

Gold buffer (10x) 1.8

MgCl (25 mM) 0.7

dNTPs (8.33 mM/dNTP) 0.35

Taq Gold polymerase 0.15

primers F+R (100 ng/ml) 0.7

DNA (100 ng/ml) 0.7

Total 18.0
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supplementary Table s5a. Labeling PCR amplification mix standard.

Component Per reaction (μl)

milliQ water 12.6

Gold buffer (10x) 1.8

MgCl (25 mM) 1.8

dNTPs (8.33 mM/dNTP) 0.35

Taq Gold polymerase 0.15

Labeled M13 forward primer (10 pmol/ml) 0.15

Unlabeled M13 reverse primer (10 pmol/ml) 0.15

PCR product patient 0.5

PCR product reference 0.5

Total 18.0

supplementary Table s5b. Labeling PCR amplification mix for amplicons 3/4, 5, 11/12, 44/45/46, 
50/51/52, 71/72, 73/74, 75/76, 83/84/85, 94/95, 109/110.

Component Per reaction (μl)

milliQ water 13.3

Gold buffer (10x) 1.8

MgCl (25 mM) 1.1

dNTPs (8.33 mM/dNTP) 0.35

Taq Gold polymerase 0.15

Labeled M13 forward primer (10 pmol/ml) 0.15

Unlabeled M13 reverse primer (10 pmol/ml) 0.15

PCR product patient 0.5

PCR product reference 0.5

Total 18.0
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supplementary Table s6. Pool composition and annealing temperatures for labeling PCR.
Annealing 58 °C Annealing 60 °C Annealing 62 °C Annealing 64 °C

Pool Amplicon Dye Pool Amplicon Dye Pool Amplicon Dye Pool Amplicon Dye

A 14 FAM H 5 FAM L 8 FAM R 6/7 FAM

A 22/23 ROX H 11/12 ROX L 24 ROX R 13 ROX

H 3/4 NED L 20 NED R 47/48/49 NED

B 15 FAM H 44/45/46 VIC L 18/19 VIC

B 2 ROX

B 32/33 NED I 83/84/85 FAM M 35/36 FAM

B 40/41 VIC I 50/51/52 ROX M 25/26 ROX

I 80/81/82 NED M 53/54 NED

C 34 FAM I 75/76 VIC M 37/38/39 VIC

C 21 ROX

C 103/104 NED J 94/95 FAM N 55/56 FAM

C 9-10 VIC N 63/64 ROX

K 109/110 FAM N 79 NED

D 42/43 FAM K 27/28 ROX N 99/100/101 VIC

D 29/30/31 ROX K 73/74 NED

D 118 NED K 71/72 VIC O 111/112/113 FAM

E 62 FAM P 114/115 FAM

E 60/61 ROX P 90/91 ROX

E 65/66/67 NED P 116/117 NED

E 106/107/108 VIC P 57/58/59 VIC

F 88/89 FAM

F 92/93 ROX

F 68/69/70 NED

F (85)/86/87 VIC

G 105 FAM

G 102 ROX

G 77/78 NED

G 96/97/98 VIC

supplementary Table s7. Peak matching parameters.

Threshold

Parameter Green (II) Green (I) Orange Red

SRMS < 3.50 < 7.00 ↔ > 20.00

MAX < 3.50 < 6.00 ↔ > 20.00

SECPK < 200.00 < 200.00 ↔ > 400.00

DFH3 < 1.00 < 1.00 ↔ > 1.70

DFH4 < 0.70 < 0.70 ↔ > 1.20
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