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Mutations in ELA2, encoding neutrophil elastase, 
define a 21-day biological clock in cyclic haematopoiesis
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Human cyclic haematopoiesis (cyclic neutropenia, MIM 162800)
is an autosomal dominant disease in which blood-cell produc-
tion from the bone marrow oscillates with 21-day periodicity1,2.
Circulating neutrophils vary between almost normal numbers
and zero. During intervals of neutropenia, affected individuals
are at risk for opportunistic infection3. Monocytes, platelets,
lymphocytes and reticulocytes also cycle with the same fre-
quency. Here we use a genome-wide screen and positional
cloning to map the locus to chromosome 19p13.3. We identified
7 different single-base substitutions in the gene (ELA2) encod-
ing neutrophil elastase (EC 3.4.21.37, also known as leukocyte
elastase, elastase 2 and medullasin), a serine protease of neu-
trophil and monocyte granules, on unique haplotypes in 13 of
13 families as well as a new mutation in a sporadic case. Neu-
trophil elastase (a 240-aa mature protein predominantly found
in neutrophil granules4) is the target for protease inhibition by
α1-antitrypsin, and its unopposed release destroys tissue at
sites of inflammation. We hypothesize that a perturbed interac-

tion between neutrophil elastase and serpins or other sub-
strates may regulate mechanisms governing the clock-like tim-
ing of haematopoiesis.
We assembled 13 pedigrees (Fig. 1), performed a genome-wide
screen with families 619 and 601, and found evidence for linkage
to chromosome 19p13.3. After genotyping all families for mark-
ers in this region, the peak two-point lod score reached 13.11 at
θ=0 with newly identified marker KB9. Haplotype analysis deter-
mined a minimum genetic interval of 0 cM, corresponding to a
physical distance of approximately 320 kb, defined by recombi-
nation centromerically with D19S886 and telomerically with
D19S814. This region contains a family of genes encoding chy-
motrypsin-like S1 serine proteases. Mutational analysis of
genomic DNA revealed 7 different single-base substitutions
(Fig. 2 and Table 1) in ELA2 (which has five exons), none of
which appeared in at least 125 control chromosomes.

Substitution of arginine with glutamine at residue 191
(R191Q; numbering from the first residue after the pre-signal

peptide has been cleaved5) results from a
G→A transition at the second position
in the codon and is present in families
619, 622 and 613. R191 is conserved in
mouse neutrophil elastase (81%
identity6) and pig pancreatic elastase
(43% identity7), but is a differentiating
feature of elastases that is not conserved
in other S1 leukocyte proteases (azuro-
cidin, proteinase 3 or cathepsin G).
Replacement of the normal leucine with
a phenylalanine at residue 177 (L177F),
resulting from a G→T transversion at
the wobble position of the codon, is pre-
sent in families 608 and 617. L177 is
located four residues carboxy terminal
from the active site serine and is a con-
served feature of mouse neutrophil elas-
tase and pig pancreatic elastase. Family
621 contains a substitution of the normal
alanine with a valine at amino acid 32
(A32V), resulting from a C→T transi-
tion in the middle of the codon. A32 is
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Fig. 1 Pedigrees and haplotype summary. Only
individuals referred to elsewhere are numbered.
The common haplotype shared by affecteds is
boxed for each family; the specified individuals
were recombinant for the indicated marker. Filled
symbols, affected individuals; open symbols, unaf-
fected; grey symbols, unknown phenotype. NR,
non-recombinant; R, recombinant; NI, not infor-
mative; –, not determined.
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conserved in mouse neutrophil elastase, but not in other chy-
motryptic leukocyte granule proteases.

All splice-site mutations cluster in the splice-donor region of
intron 4. Transition of the invariant guanine to an adenine at the
+1 splice-donor site (IVS4, G→A, +1) occurs in families 602 and
605. This mutation also arose in a sporadic case of cyclic
haematopoiesis, X1, whose parents are not affected and do not
carry the mutation, and whose paternity is confirmed. An A→T
transversion at the highly conserved +3 position (IVS4, A→T,
+3) in which a purine is found in 96% of all genes8, was found in
family 603. A G→A transition at the conserved +5 position
(IVS4, G→A, +5), where a guanine is present in 84% of cases8,
exists in families 601, 604 and 612. Family 615 has an exon 4
silent C→A transversion at the wobble position of the V157
codon. This substitution may create a cryptic splice-donor site
(from GUCUGC to GUAUGC).

To determine the consequences of splice-donor mutations in
intron 4, we performed RT–PCR using bone marrow aspirated
from sporadic case X1 and an unaffected control, and HL60 cells
(a human leukaemia line expressing neutrophil elastase9).
Agarose gel electrophoresis indicated that X1 yields both the
expected 678-bp fragment and a shorter product absent from
control bone marrow or HL60 cells (Fig. 3c). Sequencing across
the abnormal splice junction in the cDNA
derived from both alleles (Fig. 3a,d) showed
that the G→A transition at +1 of intron 4
results in the use of a cryptic splice-donor site
(GUGAGG) 30 bases upstream, causing in-
frame deletion of the last 10 residues
(V161–F170) from exon 4. The normal tran-
script (Fig. 3b) is homogenous for the S173
polymorphism unique to the normal maternal
chromosome, indicating that the allele with
the +1 splice-site substitution cannot produce
the normal transcript. Presumably, the muta-
tions at the +3 and + 5 positions of intron 4 act
similarly, although the unavailability of bone

marrow prevents verification. The effect of the substitution in
family 615 is similarly indeterminable, but if a cryptic splice-
donor site were activated at this position, it would delete the last
14 amino acids (V161–F170) of exon 4.

Neutrophil elastase is a monomeric glycoprotein of approxi-
mately 25 kD (refs 4,10) that is synthesized during the differenti-
ation of promyelocytes and promonocytes and packaged in
cytoplasmic granules. Tissue destruction promoted by neu-
trophil elastase, which is extracellularly released from neu-
trophils migrating to sites of inflammation, has a role in
emphysema, cystic fibrosis, the adult respiratory distress syn-
drome and rheumatoid arthritis. Neutrophil elastase is inhibited
by the serpins α1-antitrypsin and neutrophil elastase inhibitor
and the non-serpins elafin and human secretory leukocyte pro-
tease inhibitor.

The mutations (Fig. 4) affect residues encircling the crevice
formed between the two β-barrel cylindrical domains encom-
passing the catalytic site11,12. R191 participates in substrate speci-
ficity at the P4 position of the active site10. V161–F170 defines a
surface loop, conserved among all serine proteases, responsible
for substrate specificity. Engineered mutations within this loop
convert trypsin into a derivative with elastase activity13. The
V161–F170 loop also interfaces with serpins14. L177 is conserved

Table 1 • Mutations

Families Location Effect Base change

621 exon 2 A32V C→T

608, 617 exon 5 L177F G→T

613, 619, 622 exon 5 R191Q G→A

602, 605, sporadic X1 intron 4 +1 splice donor G→A
Del V161–F170

603 intron 4 +3 splice donor A→T

601, 604, 612 intron 4 +5 splice donor G→A

615 exon 4 cryptic splice donor activation? C→A
Del V157–F170?

A32V

621-13 affected

G A T T
T

G G CC C C A A

621-9 unaffected

G A T T G C G C C C A A

T T T C G T A C G T G

602-5 unaffected

602-7 affected

IVS 4, G-A, +1
T T T C T A

A
C GG T G

R191Q
C G T C C GG G G A

A
G

613-5 affected

613-1 unaffected

C G T C C G G G G A G

601-18 unaffected

T T T C G T A C G T G

601-22 affected

IVS 4, G-A, +5
T T T C G GT A

A
C T G

C C C T T G G T C T G

608-10 unaffected

C C C T T
T

GG T C T G

608-14 affected

L177F

T T T C G T A C G T G

603-6 unaffected

603-7 affected

IVS 4, A-T, +3
T T T C G T

T
A C G T G

A A C G T C T G C A C

615-3 unaffected

exon 4 cryptic SD?

615-5 affected

A A C CG T T G C A
A

C

Fig. 2 DNA sequence analysis of muta-
tions. Electropherograms documenting
each type of mutation are shown in a
pair composed of a representative
affected child and an unaffected parent.
All sequences shown are in the forward
direction with respect to ELA2 mRNA.
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in most S1 enzymes, although phenylalanine replaces it in
thrombin, hepsin and complement components C1r and C1s
(ref. 15), where, at least for thrombin16, it confers trypsin-like
activity and liability to antithrombin III.

Targeted homologous recombination of Ela2 produces no phe-
notype in heterozygous mice17. Ela2–/– mice do not have deficient
neutrophil numbers, but demonstrate impaired intracellular

killing of bacteria by neutrophils and are vulnerable to Gram-
negative sepsis. In contrast, individuals with cyclic neutropenia
are not unusually susceptible to infection during non-neu-
tropenic phases of the cycle. Given the dominant inheritance and
the different phenotype of Ela2–/– mice, human cyclic haema-
topoiesis likely results from gain-of-function mutations requir-
ing the integrity of much of the protein.

We hypothesize that the effects of the mutations disrupt
interaction with serpins. α1-Antitrypsin binds the catalytic site
of neutrophil elastase and undergoes proteolysis18. Thus, both
substrate recognition and proteolytic activity of neutrophil
elastase are important for serpin inhibition. A recent report
indicated that neutrophil elastase cleaves tyrosyl-tRNA syn-
thetase19, yielding cytokine domains that induce neutrophil
chemotaxis. Similarly, neutrophil elastase causes the release of
the neutrophil chemoattractant interleukin-8 from endothelial
cells20. Neutrophil elastase may promote a feedback circuit to
recruit neutrophils in the inflammatory response. Theoretical
considerations of cyclic haematopoiesis suggest that a defect in
a feedback loop might give rise to periodic cycling1. Conceiv-
ably, perturbations between neutrophil elastase and its
inhibitors may disrupt normal controls in a similar circuit
operating during haematopoiesis in the bone marrow.

Fig. 3 RT–PCR analysis from sporadic
patient X1 bone marrow. The middle
of the figure lists the double-stranded
cDNA sequence of the exon 4-exon 5
splice junction site with flanking
sequences for ELA2 (ref. 9). The cryp-
tic splice-donor site is indicated in
reverse type, and the deleted seg-
ment resulting from the intron 4
splice-donor mutation is indicated in
bold. The lines above and below the
sequence indicate the aberrant splic-
ing observed in the transcript from
the mutant allele. a, Simultaneous
sequencing of both RT–PCR products
from the sporadic patient using a for-
ward primer from the upstream
region of exon 4. The sequence trace
is aligned with the cDNA sequence in
the centre of the figure. Note that the
sequence diverges at the cryptic splice
site and then represents a superimpo-
sition of the remainder of exon 4 and
the beginning of exon 5. b, Specific
amplification of the normal allele
with a forward primer hybridizing to
the deleted segment of the mutant
transcript. Note that this transcript is
homogeneous for the S173 polymor-
phism, indicating that the normal
length transcript results exclusively
from expression from the normal
allele. c, Ethidium-stained agarose gel
electrophoresis of the RT–PCR product
from bone marrow from the sporadic patient (X1), bone marrow from an unaffected control (Nl) and HL60 cells. The molecular weight size standard is a 100-bp
ladder. d, Simultaneous sequencing of both RT–PCR products from the sporadic patient using a reverse primer from the downstream region of exon 5. A mirror-
image reversal of the original electrophoretic tracing is shown so that the sequence can be aligned with the antisense strand of the cDNA sequence in the centre
of the figure. Note heterozygosity for the S173 polymorphism, whose position is indicated (asterisk). 
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Fig. 4 Position of mutations in the tertiary structure of neutrophil elastase.
The missense mutations (yellow), the deletion resulting from the intron 4
splice-donor mutation (magenta) and the catalytic S173 (green) residue are
shown. β-Pleated sheets (blue) and α-helices (red) are indicated. The arrow
indicates the amino-terminal extension of the deletion to V157 that is pre-
dicted for the potential cryptic splice-donor activation mutation in family 615.
The image was prepared from the X-ray crystallographic coordinates12 taken
from the Molecular Modeling DataBase (http://www.ncbi.nlm.nih.gov/Struc-
ture/MMDB/mmdb.html).

© 1999 Nature America Inc. • http://genetics.nature.com
©

 1
99

9 
N

at
u

re
 A

m
er

ic
a 

In
c.

 • 
h

tt
p

:/
/g

en
et

ic
s.

n
at

u
re

.c
o

m



letter

436 nature genetics • volume 23 • december 1999

Methods
Patients. Clinical details of some families have been described2. Pheno-
types were assigned on the basis of serial absolute neutrophil counts
demonstrating recurring episodes of severe neutropenia (<200 µl–1) and a
history of infection with 21-day periodicity.

Genetic linkage analysis. We performed a 10-cM density genome-wide
screen for linkage with the fluorescent ABI/PE Biosystems PRISM Link-
age Mapping Panel 2 with capillary electrophoretic analysis on an
ABI/PE Biosystems 310 machine. The genetic model consisted of auto-
somal dominant inheritance, with penetrance of 0.9, a gene frequency of
0.005 and allele frequencies taken from The Genome Database21 when
possible. We performed lod score analysis with FASTLINK (ref. 22).
Haplotypes parsimonious for recombination were calculated with
GENEHUNTER (ref. 23).

Identification of new markers. We used the Lawrence Livermore National
Laboratory Genome Center DNA sequence map (http://www-
bio.llnl.gov/sequence-bin/seq_status?id=25). New polymorphic markers
were identified in the chromosome 19p13.3 critical region by visually scan-
ning genomic sequence and picking appropriate PCR primers. Potentially
informative markers were 32P γ-end-labelled, and PCR products sized by
denaturing polyacrylamide gel electrophoresis with autoradiography. The
marker KB9 amplifies a complex repeat and is contained within cosmid
R33586. The forward primer 5´ end is at position 31,029 (5´–TGCAAAG-
GCTTGGAGGGCTGATG–3´); the reverse primer 5´ end is complemen-
tary to position 31,180 (5´–ATCTCGGACAACAGCAGGCCTCG–3´).
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Mutational analysis. We directly sequenced PCR-amplified genomic DNA
with the ABI/PE Biosystems PRISM Big Dye terminator chemistry on an
ABI/PE Biosystems 310 machine. Each exon of ELA2, along with at least 20
bases of flanking intron or untranslated region, was sequenced from both
directions with corroborating results in each individual.

RT–PCR. ELA2 is specifically expressed in promyelocytes and promono-
cytes5, and attempts to amplify transcripts from EBV-immortalized lym-
phoblastoid cells derived from patients proved unsuccessful. We therefore
extracted RNA from freshly aspirated bone marrow and HL60 cells using
RNeasy kits (Qiagen). Control bone marrow was from a patient with a sar-
coma. RT–PCR used Omniscript reverse transcriptase (Qiagen) with sub-
sequent PCR and direct DNA sequencing. The primers are from exons 2
and 5 of ELA2.
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