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Purpose of review

The application of mutation analysis is becoming an integral part of the complete

evaluation of patients with primary immunodeficiencies, and as such, clinicians caring

for these patients must develop a better understanding of the utility and challenges of

this important laboratory technology.

Recent findings

Genomic DNA sequencing is currently the standard approach used to characterize a

possible gene mutation causing a specific primary immunodeficiency. There are clinical

situations in which this approach is revealing of a genetic defect and other

circumstances in which this generates a false-positive or false-negative result. One case

study is presented that reviews a straightforward analysis that clarifies the genetic basis

of a primary immunodeficiency, and four cases are presented that required additional

studies to clarify the underlying basis of the immunodeficiency. In the latter

circumstances, the rationale for additional studies is outlined and the outcome of these

is presented.

Summary

The identification of a gene mutation as the underlying basis of a primary

immunodeficiency begins with the evaluation of the clinical presentation focusing on the

infection history so as to develop a differential diagnosis including potential genetic

causes. The next step is to obtain specific laboratory studies, including immunologic

function evaluation, and, based on these findings, to proceed with DNA sequencing of

one or several selected candidate genes. Genomic DNA sequencing has certain

limitations, and alternative follow-up approaches may be necessary to establish the

molecular basis of the primary immunodeficiency in a given patient.
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Introduction

In 1986, the automation of the Sanger method of DNA

sequencing revolutionized modern molecular biology and

facilitated clinical applications of this technology [1,2].

Although next generation DNA sequencing technologies

have been developed, including pyrosequencing [3] and

sequencing by hybridization [4], the well refined Sanger

method continues to be the mainstay in DNA sequencing

for clinical mutation analysis. As this is a rapidly develop-

ing field, alternative methods will likely move into the

clinical laboratory for a comprehensive analysis of gen-

omes; however, targeted Sanger sequencing will likely

remain the technology of choice in the immediate future

when one or several candidate disease genes are suspected

based on clinical presentation and/or family history.

As few clinicians are directly involved in the sequencing

necessary to screen candidate genes, we highlight a set of
opyright © Lippincott Williams & Wilkins. Unauth
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analyses for confirming a genetic diagnosis using case

studies of referred patients with a suspected primary

immunodeficiency disorder (PIDD). This review will

present the initial data generated from Sanger sequen-

cing, in which a disease-causing mutation is easily ident-

ified as well as situations in which first-pass genomic

sequencing yields an apparent negative result. The latter

represents cases evaluated in our institution and include

the following circumstances: successful amplification of

one allele and failure to amplify the second, noncoding

mutations in intronic areas (e.g. splice sites) or regulatory

elements [promoter regions and polyadenylation (polyA)

signal site], and mutation analysis in the presence of

a pseudogene. Each of these situations can result in a

false-negative or false-positive result or misclassification

when using standard genomic DNA sequencing. Another

potential source for a false-negative result is the inability

to detect a somatic mutation when the DNA used

for sequencing contains primarily wild-type DNA from
orized reproduction of this article is prohibited.
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unaffected cells. In the following sections, discussion will

be focused on the interpretation of mutation analysis in

patients with a clinical phenotype strongly suggestive of a

specific PIDD. The cases presented are not inclusive of

all possible issues that can arise during evaluation for

possible disease-causing mutations but represent select

issues that have been encountered during the evaluation

of individual patients referred for a probable primary

immunodeficiency.
Case study 1
This case is that of a male patient with a history of

recurrent sinopulmonary bacterial infections and Pneu-
mocystis jerovicci pneumonia found to have elevated IgM

levels with markedly decreased IgG, IgA, and IgE levels.

The clinical and laboratory data strongly suggest a diag-

nosis of X-linked hyper-IgM syndrome [XHIGM; Online

Mendelian Inheritance in Man (OMIM) 308230], and

genomic DNA sequencing of CD40L using exon-specific

primers was undertaken.

A hemizygous missense CD40L mutation (c.530A-G,

p.Y170C) was detected in the patient’s sample, and

the same mutation was detected in a heterozygous state

in the mother (Fig. 1). Note in reviewing the mother’s

sequencing data that, in addition to the presence of a

mutant peak, there is also a distinct decrease in the wild-

type peak height compared with that of the wild-type

control. Comparing test sequencing data with wild-type

control data is critical for discriminating a true hetero-

zygous peak from potential baseline noise. As DNA

polymerases may occasionally misincorporate a base

during elongation in the PCR amplification, an indepen-

dent PCR product should be sequenced to confirm any

mutation detected. Further, when analyzing a relative for

the presence of a previously identified family mutation,
opyright © Lippincott Williams & Wilkins. Unautho

Figure 1 Alignment of genomic DNA sequencing data for CD40L;

wild-type control (top), male patient (middle), and female carrier

(bottom)

As the male patient has one X-chromosome, only the mutant allele
appears in the chromatogram, whereas the female carrier with two X-
chromosomes demonstrates both wild-type and mutant alleles.
it is recommended to simultaneously test an affected

individual or a known carrier to confirm that the correct

region was sequenced in case of typographical or labora-

tory error, or nonstandard mutation notation.

The CD40L Y170C mutation has been previously

described associated with the X-linked hyper-IgM syn-

drome in terms of its predicted location and effect [5,6].

Specifically, this mutation is located in the tumor necrosis

factor (TNF) homology domain and is one of the two

residues binding the three CD40L monomers into the

functional, homotrimeric molecule [7]. The hydrophobic

tyrosine residue contains an aromatic ring; substitution

with cysteine, a small, neutral amino acid, is predicted by

bioinformatic tools, such as those listed in Table 1, to be

deleterious. This example illustrates how identification

of a nucleotide change causing an amino acid substitution

can be directly correlated with published data to con-

fidently predict the genetic basis of disease in a patient.

It also illustrates the use of bioinformatics that can

help clarify the potential functional impact of a specific

mutation. The following case studies focus on approaches

used to expand the genetic evaluation in the setting of

a negative or inconclusive initial mutation analysis to

determine whether or not a gene mutation is actually

present in a patient with a strongly suggestive clinical

phenotype.
Case study 2
This case is that of an 8-year-old female patient with a

history of recurrent pyogenic bacterial infections and

normal immunoglobulin levels. An additional laboratory

analysis demonstrates that the patient’s peripheral blood

mononuclear cells (PBMCs) fail to respond to lipopoly-

saccharide (LPS) or IL-1b stimulation, thereby establish-

ing that the toll-like receptor (TLR) pathway is defective.

These data suggest that the most likely genetic cause for

this clinical picture is a defect in IL-1 receptor-associated

kinase 4 (IRAK4) (OMIM 606883) or myeloid differen-

tiation primary response gene 88 (MYD88) (OMIM

602170), both of which encode for adaptor proteins in

the TLR signaling pathways.

On the basis of these data, genomic DNA from the

patient was sent to a commercial laboratory for sequen-

cing of IRAK4. A heterozygous nonsense change in exon 8

(c.877C-T, p.Q293X) was identified in the patient’s

sample and also confirmed in a sample from the father.

Although IRAK4 deficiency is an autosomal recessive

disorder [8], no other nucleotide change was detected

in this patient or in her mother. The strength of the

clinical story and laboratory data resulted in follow-up

testing to determine whether a second molecular defect

had been missed via standard genomic DNA sequencing

due to a failure to amplify both alleles.
rized reproduction of this article is prohibited.
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Table 1 Online informatics tools and useful databases

ConSeq Sequence conservation http://conseq.tau.ac.il/
PolyPhen Deleterious effects http://coot.embl.de/PolyPhen/
SIFT Deleterious effects http://sift.jcvi.org/
OMIM Database of human genetic disorders http://www.ncbi.nlm.nih.gov/omim/
dbSNP Identified SNPs http://www.ncbi.nlm.nih.gov/sites/entrez?db=snp
GeneTests Laboratories performing genetic testing http://www.ncbi.nlm.nih.gov/sites/GeneTests/
IL2RGbase Published mutations in IL2RG http://research.nhgri.nih.gov/scid/
ALPSbase Published mutations in Fas http://research.nhgri.nih.gov/alps/
STAT3base Published mutations in STAT3 http://www3.niaid.nih.gov/labs/aboutlabs/lcid/stat3base/default.htm
IDbases Databases for immunodeficiency-causing mutations http://bioinf.uta.fi/base_root/
RESCUE-ESE Exonic splicing enhancer predictor http://genes.mit.edu/burgelab/rescue-ese/
ESE-Finder Exonic splicing enhancer predictor http://rulai.cshl.edu/tools/ESE2/index.html

dbSNP, single nucleotide polymorphism database; ESE, exonic splicing enhancer; IL2RG, IL-2 receptor, gamma; OMIM, Online Mendelian Inheritance
in Man; SNP, single nucleotide polymorphism; STAT3, signal transducer and activator of transcription 3.
The 877C-T change detected in the initial sequencing is

predicted to cause premature termination of the message

and should result in nonsense-mediated decay of the

IRAK4 mRNA encoded by that allele [9]. To confirm

this, and look for potential splice mutations affecting the

patient’s second allele that could have been missed

by exon-specific directed genomic sequencing, we per-

formed reverse transcription of the RNA to produce

cDNA. This was followed by amplification of full-length

cDNA for IRAK4. Figure 2 compares the results of the

genomic and cDNA sequence analyses. Whereas geno-

mic sequencing data (Fig. 2, middle panel) identified a

heterozygous single base change when compared with

the wild-type control sample (Fig. 2, top panel), the

cDNA sequencing data (Fig. 2, lower panel) showed only

the paternal allele harboring the 877C-T mutation and no

evidence of the maternal allele at the mRNA level.
opyright © Lippincott Williams & Wilkins. Unauth

Figure 2 Alignment of wild-type genomic DNA (top), patient

genomic DNA (middle), and patient cDNA (bottom) sequencing

data for IL-1 receptor-associated kinase 4

Patient genomic DNA demonstrates both wild-type and mutant alleles,
whereas patient cDNA only shows the mutant allele.
Although the cDNA sequence did not reveal a specific

mutation, this approach confirmed that the patient’s

maternal allele is not expressed at the RNA level in

the patient’s cells (but is present in the genomic DNA

sample, at least at the site of the 877C-T mutation). This

could be caused by a partial gene deletion, as reported in

Lafora disease [10] or by other mutations preventing

the allele from being expressed [11]. Nonetheless, the

additional cDNA analysis established the presence of a

compound, heterozygous mutation in IRAK4 and estab-

lished IRAK4 deficiency as the cause of this patient’s

recurrent infections.

Several approaches are available to further pursue the

specific change inherited from the patient’s mother

that could explain the failure of mRNA expression for

IRAK4. The first is full sequencing of IRAK4 using the

mother’s genomic DNA to perform single nucleotide

polymorphism (SNP) haplotype analysis. If heterozygous

SNPs are not detectable in a given region, this could

indicate the presence of a large deletion or insertion that

prevented exon-specific amplification of that allele.

Microarray-based comparative genomic hybridization

(array CGH) may also provide supporting evidence

of a submicroscopic, genomic deletion (1 kb–10 Mb).

Detection of heterozygous SNPs in other regions would

indicate the presence of two alleles and may provide

clues about the boundaries of the insertion or deletion,

and allow long-range PCR either upstream or down-

stream from the SNP to be performed followed by direct

sequencing. The PCR would likely yield a smaller or

larger than expected amplicon in the respective case of

either a deletion or insertion, provided the defect was

entirely contained within the PCR amplicon. Fluorescent

in-situ hybridization (FISH) analysis could also be used

to determine whether there is a large insertion. This

case demonstrates the importance of evaluating all of

the available data. To summarize, the first step is to

evaluate the clinical presentation of the patient, focusing

on the infection history so as to develop a differential

diagnosis including potential genetic causes. The next

step is to obtain specific laboratory studies, including
orized reproduction of this article is prohibited.
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immunologic function evaluation, and based on these

findings, to proceed with DNA sequencing of one or

several selected candidate genes. At this point, it is critical

to remember that genomic DNA sequencing has the

aforementioned limitations, and that alternative follow-

up approaches may be necessary to establish the molecular

basis of the primary immunodeficiency in a given patient.
Case study 3
This case is that of a 3-month-old boy with failure to

thrive, chronic diarrhea, and lymphopenia. Flow cyto-

metric evaluation demonstrates profoundly decreased

levels of T cells and natural killer (NK) cells with normal

levels of B cells. Given this male patient’s T–BþNK�
presentation consistent with severe combined immuno-

deficiency (SCID), the most frequent genetic cause

would be a mutation in IL-2 receptor, gamma (IL2RG)

that encodes the cytokine receptor common gamma chain

[12]. Genomic DNA was isolated, and the X-linked SCID

gene, IL2RG (OMIM 308380), was sequenced to look for a

hemizygous mutation. The results of this study demon-

strated that the sequence of all eight exons and flanking

splice sites of this gene were identical to wild type.

Furthermore, sequence of genomic DNA from the mother

was also identical to the reference wild-type sequence.

However, flow cytometric evaluation of Epstein–Barr

virus (EBV)-transformed B cells from the patient indicated

that the cell surface expression of IL-2 receptor, gamma

chain (CD132) was markedly decreased. In our experi-

ence, B-cell lines normally express CD132, and this finding

suggested that a defect in this protein was likely the cause

of SCID in this patient. In light of the CD132 expression

data, additional studies were undertaken looking at mRNA

by northern blot, which demonstrated reduced levels
opyright © Lippincott Williams & Wilkins. Unautho

Figure 3 A schematic figure demonstrating the processing of exten

bp, base pairs; UTR, untranslated region.
of multiple abnormally sized mRNA species in the

patient sample. Taken together, these two pieces of data

suggested that the underlying cause of SCID in this

patient is due to a mutation in IL2RG that was not

identified using standard genomic DNA sequencing.

It has been described previously that mutations causing

alternative splicing may be missed by standard genomic

DNA sequencing in a number of genes, including fibrillin

1 (FBN1) [13] and fibrinogen beta chain (FGB) [14]. The

finding of abnormally sized mRNA species in this patient

made this a strong possibility. Therefore, we performed

reverse transcriptase-PCR (RT-PCR) amplification of

the coding portion of the cDNA generated from the

patient’s mRNA to look for possible intronic mutations

including cryptic splice sites that could allow the inclusion

of an additional exon. However, no intronic mutations

were detected in the patient’s or his mother’s cDNA.

As mutations in regulatory regions have been identified

in several other genes including polyA site mutations in

b-globin [15] and forkhead box P3 (FOXP3) [16] and

minimal promoter regions of cytochrome b-245, beta

polypeptide (CYBB) [17], we attempted to rule out an

RNA processing mutation by amplifying and sequencing

the regulatory regions of IL2RG including the promoter

and polyA signal sequence. The minimal promoter region

did not differ from the consensus sequence; however, the

polyA signal sequence demonstrated a single base change

from the consensus of AATAAA to AATAAG. Cloning

and sequencing of full length IL2RG transcripts from

the patient, utilizing an oligo dT primer to include the

full 30 untranslated region (UTR), demonstrated not only

normal coding sequence for the gene but also multiple

aberrant transcripts that continued past the mutated

polyA site and utilized a polyA consensus sequence
rized reproduction of this article is prohibited.
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several kilobases downstream (Fig. 3). The additional

sequence included in the transcripts was spliced at var-

ious locations throughout the extended 30 UTR. Splicing

occurring after the normal stop codon results in nonsense-

mediated decay [9] of much but not all of the transcript,

accounting for the multiple sized RNA species identified

by northern blot and the trace amount of CD132 found on

the surface of the patient’s B-cell line.

This case emphasizes the importance of a combination of

assays when genomic DNA sequencing does not reveal a

defect in the setting of markedly diminished expression

of the protein suspected as associated with the disease. In

this case, use of the genomic sequencing data or the

cDNA sequencing data either alone or together would

still have led to a false-negative result.
Case study 4
This case is that of a 15-month-old male referred with a

history of recurrent bacterial pneumonias and a clinical

presentation that suggested anhidrotic ectodermal dyspla-

sia with immune deficiency (EDA-ID; OMIM 300291).

This disorder is associated with mutations in the X-linked

gene encoding the nuclear factor (NF)-kB essential modu-

lator (NEMO) [18�]. As a part of the evaluation, genomic

DNA samples from the patient and his mother were PCR-

amplified and sequenced with NEMO exon-specific pri-

mers. A hemizygous missense NEMO mutation (c.1075C-

T, p.R359W) was detected in the patient, and the same

mutation was detected in a heterozygous state in the

mother (Fig. 4). As the NEMO R359W mutation has

not been described in the literature, we analyzed this

mutation using bioinformatics tools, including ConSeq

[19], Polymorphism Phenotyping (PolyPhen) [20], and

Sorting Intolerant From Tolerant (SIFT) [21]. Given a

set of 20 proteins homologous to NEMO in the form of a
opyright © Lippincott Williams & Wilkins. Unauth

Figure 4 Alignment of nuclear factor-kB essential modulator

genomic DNA sequencing data: wild-type control (top), male

patient (middle), and female carrier (bottom)

Male patient demonstrates one mutant NEMO allele and one pseudo-
gene allele, whereas the female carrier demonstrates both wild-type and
mutant NEMO alleles as well as two copies of the pseudogene. NEMO,
nuclear factor-kB essential modulator.
multiple sequence alignment (MSA), ConSeq calculated

the evolutionary rate at each amino acid site, thus predict-

ing that R359 is highly conserved, exposed, and functional.

Consistently, both PolyPhen and SIFT predicted that

substitution of R359 by W would have a deleterious effect

on protein function. Due to the presence of a NEMO
pseudogene, the mutation noted above was confirmed

by sequencing cDNA.

When sequencing NEMO, it is important to be aware of the

presence of a highly homologous NEMO pseudogene

(DNEMO). DNEMO maps to the X-chromosome within

a 35.5-kb duplicated fragment opposite to NEMO in orien-

tation [22]. It spans NEMO exons 3 through 10 including

intronic regions; therefore, genomic DNA primers for

NEMO exons 3–10 will also amplify DNEMO. Two cases

of molecular misdiagnosis have been reported that demon-

strate the need to discriminate between the NEMO and

DNEMO mutations [23]. Thus, to avoid pseudogene-

derived false-positive results, it is critical to sequence

cDNA to confirm any mutation in the presence of a

pseudogene. A pseudogene also makes it difficult to dis-

tinguish hemizygosity from true heterozygosity, as the

chromatogram for genomic DNA sequencing will also

contain the sequence of the pseudogene. This is illustrated

by the data in Fig. 4. Note how the male patient’s mutation

appears heterozygous, as he has one copy of NEMO and

one copy of DNEMO, and the mother’s mutant peak

appears weaker, as she has two copies of NEMO and

two copies of DNEMO. As a mutant allele would only

constitute about 25% of the signal intensity in the sequen-

cing data for autosomal genes and in cases of female carrier

testing for X-linked disorders, a pseudogene may also lead

to false-negative results due to the current detection limit

of automated sequencers. Thus, in the presence of a

pseudogene, it is preferable to sequence cDNA to avoid

false positives and negatives leading to misdiagnosis. If

only genomic DNA is available, the PCR product should

be sequenced in both directions.
Case study 5
This case is that of a 12-year-old patient with a history of

nonmalignant lymphadenopathy and splenomegaly start-

ing in early childhood and idiopathic thrombocytopenic

purpura (ITP) that has recurred and has been difficult to

manage with standard therapy. Laboratory findings in this

patient include an increase in the level of T cells that do

not express CD4 or CD8 cell but do express the a-b T-cell

antigen receptor [double-negative a/b T cells (DNTs)].

This cell is characteristically elevated in patients with

the autoimmune lymphoproliferative syndrome (ALPS;

OMIM 601859).

To confirm the diagnosis of ALPS, genomic DNA was

extracted by standard methods from PBMCs. The DNA
orized reproduction of this article is prohibited.
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Figure 5 Alignment of genomic DNA sequencing data at the Fas
exon 8 acceptor splice site: wild-type control (top), patient

peripheral blood mononuclear cells (middle), and patient pur-

ified double-negative a/b T-cell receptor-positive T cells (bot-

tom)

The mutant peak in the patient’s PBMCs is not distinguishable from
baseline noise, and the mutation is only detectable in the chromatogram
for the isolated DNTs. DNTs, double-negative a/b T cells; PBMCs,
peripheral blood mononuclear cells.
was PCR-amplified and sequenced using tumor necrosis

factor superfamily, member 6 (TNFRSF6) (Fas) exon-

specific primers, but no Fas mutation was detected. This

left the possibility that this patient has an ALPS associ-

ated with either an alternative mutation not involving Fas

(type Ib or type II), a noncharacterized form of ALPS

(type III), or a Fas somatic mutation causing ALPS (type

1a-s) [24,25]. In view of the increased number of DNTs

together with high levels of vitamin B12 and IL-10 found

in this patient, the last alternative was viewed as very

likely (I. Caminha et al., in preparation).

To examine this possibility, follow-up sequencing was

performed using DNA extracted from isolated DNTs.

This revealed a heterozygous splice site mutation at

the invariant ag splice acceptor of Fas intron 7 (Fig. 5).

Generally, the detection limit of current automated

sequencers requires that the mutant signal must reach

approximately 20% of total signal intensity (J.E. Niemela

and K.C. Dowdell, unpublished observations). A mutant

peak in the chromatogram obtained with the genomic

DNA from the patient PBMCs was not distinguishable

from baseline noise even upon re-review. This is most

likely due to the fact that the DNTs represented approxi-

mately 8% of the total lymphocytes that is below the limit

of mutation detection in our experience. Therefore, this

somatic mutation was only detectable by sequencing

DNA from isolated DNTs, the cells primarily affected

by this process.

This somatic splice site mutation is similar, but not

identical, to a previously described somatic splice site

mutation that resulted in exon 8 skipping [25]. Although

this mutation would also be predicted to cause exon

skipping, confirmation would be beneficial and could

be accomplished by sequencing of the RT-PCR product
opyright © Lippincott Williams & Wilkins. Unautho
and demonstrating both a wild-type sequence and an

abnormal product missing exon 8. This case study high-

lights the role of somatic mutations in the pathogenesis of

nonmalignant conditions that is also well described in a

variety of clonal malignancies. Moreover, it demonstrates

the need to consider the origin of the DNA sample when

interpreting DNA sequencing results.
Discussion
Mutation analysis in the characterization of primary

immunodeficiencies is now an important component of

the complete evaluation of a patient particularly as

affected genes associated with this group of diseases

continue to increase. One important caveat to molecular

mutation detection is that, even if an alteration is identi-

fied at the genomic level, it must be demonstrated to be

deleterious, unless the specific mutation has been pre-

viously reported in association with the relevant disease.

For many genes, there are mutation databases such as

IL2RGbase for X-linked SCID, ALPSbase for mutations

in Fas, and STAT3base for mutations in signal transducer

and activator of transcription 3 (STAT3)-deficient hyper-

IgE syndrome (see Table 1). Although these databases

are useful tools, they may not be current or comprehen-

sive, which remains a challenge as new disease-causing

mutations continue to be identified for many of the

primary immunodeficiencies.

If the identified change has not been previously reported

in a mutation registry, it is critical to verify that the

change is not a normal variant, as SNPs erroneously

thought to be disease-causing changes would lead to

false-positive results. To accomplish this, one can refer

to the SNP database (dbSNP) (see Table 1), the National

Center for Biotechnology Information (NCBI) curated

site for identified population-based polymorphisms. If

the nucleotide change detected in a patient has also been

detected in apparently healthy controls, it represents a

SNP and is unlikely to be the cause of disease. However,

if the change is not reported in dbSNP, it may be

necessary to perform population screening for the vari-

ation detected in the patient sample by direct sequencing

of 100 alleles to rule out that the finding is actually a

normal variation. Although most SNPs are ubiquitous

allelic variants that exist in all or nearly all populations,

private polymorphisms are allelic variants found only

within a restricted population. Therefore, when perform-

ing a mutation analysis for an individual from a restricted

population, one may also have to consider the possibility

of private polymorphism.

If the identified nucleotide change is not a known SNP,

is not detected among 100 wild-type alleles, and has

not been previously identified in association with the

relevant disease, then one must evaluate the effect of the
rized reproduction of this article is prohibited.
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nucleotide change either at the amino acid level or at the

mRNA level in terms of expression and splicing fidelity.

Bioinformatics tools such as ConSeq [19], PolyPhen [20],

and SIFT [21] may be useful in predicting the effects of

amino acid substitutions, providing precise information

about sequence conservation, protein stability, struc-

tural disorder, contacts, and electrostatic potential. For

example, ConSeq is a tool for the identification of struc-

turally and functionally important residues in protein

sequences. It calculates the evolutionary rate at each

amino acid site in an MSA of homologous proteins.

The assumption is that slowly evolving sites are often

biologically important. The MSA is also used to predict

the relative solvent accessibility state of each site (i.e.

buried vs. exposed) to determine which of these sites are

important for maintaining protein structure and which are

functionally important. With the occasional exception

[e.g. hypervariable peptide-binding sites in major histo-

compatibility complex (MHC) molecules], functionally

important amino acids, such as those that participate in

ligand or DNA binding and protein–protein interactions,

are often evolutionarily conserved and are most likely to

be solvent accessible, whereas highly conserved amino

acids within the protein core are likely to have a role in

maintaining the protein’s conformation. It should be

noted, however, that this generalization is problematic

in cases in which a given amino acid has both a functional

and a structural role. PolyPhen is a tool, which predicts

the possible impact of an amino acid substitution on the

structure and function of a human protein using physical

and comparative considerations that estimate the impact

of an amino acid replacement on the three-dimensional

structure and function of the protein. SIFT predicts

whether an amino acid substitution affects protein func-

tion based on sequence homology and the physical pro-

perties of amino acids. Given the correlation between

structure and function, these tools may provide overlap-

ping results, adding value to the predictions.

When bioinformatics analyses do not reveal useful infor-

mation about a novel mutation, further experiments must

be carried out to determine the effect. At this point,

evaluation of the consequence of a mutation on the

splicing of RNA should be considered. In fact, it has

been suggested that point mutations should be routinely

analyzed at the mRNA level before drawing conclusions

about the importance of the affected amino acid, as there

is increasing evidence that exonic point mutations

may affect pre-mRNA splicing [26]. In the absence of

mRNA analysis, a synonymous or nonsynonymous point

mutation of an exonic splicing enhancer (ESE) or exonic

splicing silencer (ESS) element may be misclassified as

an SNP or missense mutation, when it actually disrupts

critical ESE or ESS motifs, affecting normal splicing. For

example, Pfarr et al. [27] identified a homozygous A to

G transition in exon 10 of C5 (OMIM 120900) that
opyright © Lippincott Williams & Wilkins. Unauth
predicted a lysine to arginine substitution in a patient

with C5 deficiency (OMIM 609536). This amino acid

substitution was not expected to result in a complete C5

deficiency; however, the transition changed an ESE and

resulted in complete skipping of exon 10, leading to a

frameshift and unstable mRNA in the affected indivi-

dual. This case linking C5 deficiency to an ESE mutation

and other studies of known ESE mutations that affect

breast cancer 2, early onset (BRCA2) [28], growth hor-

mone 1 (GH1) [29–31], and cystic fibrosis transmembrane

conductance regulator (CFTR) [32] underscore the fact

that diseases may result from mutations that influence

any one of the diverse aspects of mRNA production and

processing. Although beyond the scope of our review,

appreciation of the varied mechanisms involved [33]

should promote further investigation and thereby facili-

tate accurate mutation analysis. Such an investigation

would begin by direct cDNA sequencing to look for

splicing defects followed by the determination whether

a sequence change alters a putative ESE motif by using,

for example, RESCUE-ESE [34] or ESEfinder [35].

Moreover, an apparently silent third base change in

the first or last base of an exon may result in a splice

defect based on changes in the consensus splice site

recognition sequence. Additionally, the creation of cryp-

tic splice sites that alter normal mRNA processing can

occur and should be considered [36].

It is also important to note that synonymous point muta-

tions should not be summarily dismissed, as they can not

only impact splicing, but a recent report has described

a new mechanism in which a synonymous nucleotide

change to a rare codon results in altered protein structure

and function, possibly by affecting the timing of cotransla-

tional folding [37]. Although this mechanism of altered

translational efficiency results in similar mRNA and

protein levels, it highlights the importance of including

synonymous nucleotide changes in the patient report.

If the sequencing data do not reveal a mutation in a

candidate gene, the result should be reported as ‘No

mutation detected in gene X’, as opposed to ‘Gene X was

normal’ or ‘Gene X mutation analysis was negative’. This

reporting approach recognizes the possibility that the

patient may have a mutation that was not detectable

by standard genomic DNA sequencing (see cases 2–5

above). It must be kept in mind that when a mutation

analysis result is inconclusive or inconsistent with the

patient’s clinical phenotype, additional follow-up should

be undertaken using alternative molecular methods

and/or specific functional testing to clarify the under-

lying defect responsible for the immunodeficiency. In

addition, novel sequence changes not previously associ-

ated with a disease require additional functional testing

and/or bioinformatics analyses to help clarify the poten-

tial role of the finding on the pathogenesis of the disease.
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Conclusion
The application of mutation analysis is becoming an

integral part of the complete evaluation of patients with

primary immunodeficiencies, and as such, clinicians caring

for these patients must develop a better understanding of

the utility and challenges of this important laboratory

technology. A complete report from the clinical laboratory

providing mutation testing should include the analysis of

the mutation(s) identified as well as the presence of SNPs

and synonymous point mutation findings. It is critical to

ascertain that any sequence change identified has a dele-

terious impact prior to reporting this as the genetic basis of

the patient’s immunodeficiency. The case studies pre-

sented identify situations in which the initial evaluation

could lead to a false-negative or positive conclusion. We

have outlined approaches to resolve these situations and

avoid misdiagnosis. Finally, as a part of a genetic evalu-

ation, a genetic counselor is extremely important to help

ensure that the patients understand to the best of their

ability the underlying diagnosis and the genetic infor-

mation they request including the impact on themselves

and their family.
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