
Mutation of Murine Adenylate Kinase 7 Underlies
a Primary Ciliary Dyskinesia Phenotype

Angeles Fernandez-Gonzalez1,2, Stella Kourembanas1,2, Todd A. Wyatt3, and S. Alex Mitsialis1,2

1Division of Newborn Medicine, Children’s Hospital Boston; 2Department of Pediatrics, Harvard Medical School, Boston, Massachusetts; and
3Pulmonary, Critical Care, Sleep Medicine and Allergy Section, Department of Internal Medicine, University of Nebraska Medical Center, Omaha,

Nebraska

Primary ciliary dyskinesia (PCD) is a genetically and phenotypically
heterogeneous disorder, characterized by progressive development
of bronchiectasis, inflammation, and features characteristic of
chronicobstructivepulmonarydisease.Wereporthere thatamurine
mutation of the evolutionarily conserved adenylate kinase 7 (Ak7)
gene results in animals presenting with pathological signs charac-
teristic of PCD, including ultrastructural ciliary defects and de-
creased ciliary beat frequency in respiratory epithelium. The
mutation is associated with hydrocephalus, abnormal spermatogen-
esis, mucus accumulation in paranasal passages, and a dramatic
respiratory pathology upon allergen challenge. Ak7 appears to be
a marker for cilia with (9 1 2) microtubular organization. This is
suggestedby its tissuespecificityofexpressionandalso thestringent
conservation of Ak7 ortholog structure only in protozoans and
metazoans possessing motile (9 1 2) cilia. Collectively, our results
indicate an ancestral and crucial role of Ak7 in maintaining ciliary
structure and function, and suggest that mutations of the human
ortholog may underlie a subset of genetically uncharacterized PCD
cases.
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Primary ciliary dyskinesia (PCD) (OMIM 244400) is a congenital
cause of recurrent respiratory disease, with an incidence of
approximately 1 in 16,000 live births (1, 2). PCD is a genetically
and phenotypically heterogeneous disorder, the underlying cause
of which is the lack of effective ciliary motility due to abnormal-
ities in the highly organized axoneme of cilia and sperm flagella
(reviewed in Refs. 3, 4). Ciliary dysfunction in the respiratory
epithelium causes impaired mucociliary clearance and precipi-
tates chronic infection and inflammation of the upper and lower
airways (5, 6). PCD cases are often associated with situs inversus,
as in Kartagener syndrome, and rare cases may also present with
hydrocephalus (7), retinitis pigmentosa (8, 9), and polycystic
kidneys (10). A variety of ciliary ultrastructural defects have been
associated with PCD, including absent or shortened dynein arms,
defects in radial spokes, and ciliary microtubule transpositions.
Mutations in members of the dynein gene family, DNAI1 (11, 12),
DNAH5 (13, 14), and DNAH11 (15), as well as mutations in the
X-linked genes, RPGR (9, 16) and OFD1 (17), have been recently

implicated in the etiology of the disease, but the majority of PCD
cases remain genetically uncharacterized.

In addition to structural integrity, proper ciliary function
demands abundant energy. ATP hydrolysis is required not only
to confer motility through the action of dynein ATPases, but also
for transport of axonemal components necessary for elongation
and maintenance of cilia and flagella (18, 19). A number of
enzymatic relay mechanisms using ATP regeneration have been
proposed to transport the high-energy phosphate from mitochon-
dria along the length of the axoneme (20, 21). Members of the
adenylate kinase (AK) family (EC2.7.4.3) have been postulated
to provide an efficient way to relay energy to cellular compart-
ments distal to sites of ATP production (22), and studies on
flagellated protozoa (23, 24) have suggested an essential role of
AK isoforms in ciliary function and homeostasis.

Animal models can be invaluable for our understanding of the
molecular and physiologic basis of disease, and a number of gene
ablation studies have targeted ciliary genes in the mouse
(reviewed in 4). However, with the notable exceptions of mutants
of the mouse ortholog of DNAH5 (25) and of the less-well-
characterized Dpcd locus (26), these animal models do not
exhibit major respiratory pathology, the clinical hallmark of
PCD. In this article, we characterize a mouse mutant presenting
pathological signs characteristic of PCD, including high preva-
lence of microtubular defects, significantly decreased ciliary beat
frequency, hydrocephalus, abnormal spermatogenesis, mucus
accumulation in the paranasal passages, and exacerbated re-
spiratory responses upon allergen challenge. We identified the
underlying genetic lesion to be a mutation in the gene for Ak7, an
atypical AK that appears to be a marker for motile (9 1 2) cilia.

MATERIALS AND METHODS

Ak7-Deficient Mice

All animal experimental protocols were approved by the Animal Care
and Use Committee of the Children’s Hospital Boston. The mutant
mouse strain described here arose serendipitously in the process of
generating transgenic mice harboring a tetracycline-regulatable heme
oxygenase (HO)-1 construct, as detailed in the online supplement.

Allergen Sensitization and Challenge

Induction of chronic inflammation and airway remodeling was induced
as previously described (27). Mice were immunized (intraperitoneally)
on Days 1, 7, 14, and 21 with 25 mg of ovalbumin (OVA) (grade V; Sigma-
Aldrich, St. Louis, MO) adsorbed to 1 mg of aluminum potassium sulfate
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dodecahydrate (alum; Sigma-Aldrich) in 200 ml of normal saline. In-
tranasal OVA challenges (20 ng/50 ml in 0.9% sodium chloride) were
performed on Days 27, 29, and 31 under isoflurane anesthesia and then
repeated twice a week for 1 month. Mice were harvested 24 hours after
the final OVA challenge. For bronchoalveolar lavage fluid analysis, lungs
were lavaged with 1 ml PBS and total white cell count was determined on
Kimura-stained preparations using a hematocytometer chamber.

Northern Blot Analysis, RT-PCR, and Genomic PCR

Total tissue RNA was isolated using Qiagen RNeasy mini kits (Qiagen,
Valencia, CA) and 1–2 mg was reverse transcribed using the Superscript
first strand synthesis system for RT-PCR (Invitrogen Life Technologies,
Carlsbad, CA). Genomic DNA was purified from brain using QIAam
DNA kit (Qiagen) and amplified using Epicenter Biotechnologies Fail
Safe System (Epicenter Biotechnologies, Madison, WI). Primers and
conditions are detailed in the online supplementary MATERIALS AND

METHODS.

Tissue Preparation

Mice were anesthetized with pentobarbital (60 mg/kg intraperitoneally)
and perfused transcardially with 4% paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.4). After perfusion, organs were removed and post-
fixed for at least 4 hours in the same fixative. For histologic analysis of the
lung, mice were perfused through the aorta with 0.1 M phosphate buffer
(pH 7.4), and lungs were inflated with an intratracheal injection of 4%
paraformaldehyde and post-fixed overnight at 48C. Tissues were paraffin
embedded and 5-mm-thick sections were cut on a microtome and mounted
onto Fisherbrand Superfrost/Plus microscope slides (Pittsburgh, PA).

In Situ Hybridization Analysis

Slides were hybridized at 558C overnight with an RNA probe corre-
sponding to a 325-bp region spanning nucleotides 943–1,268 of the
mouse Ak7 cDNA sequence (Genbank accession number AK019664).
After hybridization, slides were exposed to autoradiography emulsion
(nuclear-type emulsion [NTB]; Eastman Kodak, Rochester, NY), de-
veloped, and counterstained using toluidine blue.

Histology and Immunohistochemistry

Lung sections (5-mm thick) were alternately stained with H&E, Alcian
blue, or Masson’s trichrome stain for visualization of lung infiltration of
inflammatory cells, hyperplasia of goblet cells, and signs of lung
fibrosis, respectively. For a-smooth muscle actin (a-SMA) immunohis-
tochemistry, a mouse monoclonal antibody to human a-SMA was used
at a dilution of 1:125 (Sigma). Stained sections were examined under
light microcopy (Nikon Eclipse 80i; Tokyo, Japan) and images were
captured using a digital camera (DXM1200F; Nikon).

Electron Microscopy

For ultrastructural analysis, lungs were fixed in 1% osmium tetroxide/
0.1 M cacodylate buffer and infiltrated with a mixture of Epon/
propylene oxide and embedded in Epon resin. Blocks were sectioned
to 8-nm thickness (Ultracut E ultramicrotome; Reichert-Jung, Vienna,
Austria), stained with uranyl acetate and lead citrate, and viewed and
photographed on a JEOL 1200Ex electron microscope (JEOL Ltd.,
San Diego, CA).

Cilia Beat Frequency Analysis

To analyze cilia beat frequency (CBF), nonfixed trachea were placed
into medium M199 (Invitrogen) and 1-mm thick rings were sliced.
Tracheal rings were then maintained at room temperature (25 6 0.58C)
during all analyses. The beat frequency and relative number of cilia were
assessed using the Sisson-Ammons video analysis (SAVA) system (28).
Entire fields of beating cilia in the lumen of the mouse tracheal ring were
captured by SAVA using a process known as whole-field analysis. The
whole-field analysis technique has been validated against specific region-
of-interest analysis, as previously described (28). The SAVA software
analyzed each image containing hundreds to thousands of motion points
to determine the average frequency and the SEM for each field
captured. For each experimental condition, a minimum of 10 separate
fields were captured, analyzed, and expressed as a data point.

Sequence Homology Analysis

The following GenBank entries were used for sequence homology
analysis: Homo sapiens: (NP_689540); Mus musculus: (XP_999438);
Gallus gallus: (XP_426462); Xenopus leavis (AAH49290); Danio rerio:
(AAH56555); Strongylocentrotus purpuratus: (XP_781670) and Tetra-
hymena thermophila (XP_001022370). Sequence alignments were per-
formed with Vector NTI and DNAStar software suites (Vector NTI,
Frederick, MD, and DNAstar, Madison, WI).

Statistical Analysis

All values are expressed as means 6 SEM. Comparison between
different groups was performed by two-tailed, unpaired t test using
GraphPad Prism 5.0 (GraphPad, La Jolla, CA). Significance was
considered at P values less than 0.05.

RESULTS

Phenotypes Associated with Murine Ak7 Gene Disruption

A mouse line harboring a transgene insertion exhibited prom-
inent hydrocephalus and growth retardation (Figures 1A and
1D). The phenotype was only observed in animals homozygous
for the transgene (hereafter referred to as ‘‘Ak72/2’’), and was
apparently caused by a gene disruption associated with the
insertion event. In Ak72/2 mice, hydrocephalus manifested soon
after birth, with expansion of the lateral ventricles of the brain,
thinning of the cerebral cortex, and compression of the cerebel-
lum, as seen in coronal and sagittal sections of the brain (Figures
1B and 1C). Half of the Ak72/2 mice died between 3 and 4 weeks
of life; however, z 25% exhibited milder ventricular expansion
and survived more than 6 weeks (Figure 1E). Microscopic
examination of the seminiferous tubules and epididymis of 42-
day-old animals revealed almost complete absence of mature
spermatids and spermatozoa in the seminiferous tubules, as well
as absence of mature sperm in the epididymis (Figure 1F).
Electron microscopy confirmed the presence of misshaped sperm
heads, with absence of mature tail structures at this age (data not
shown). Importantly, Ak72/2 males surviving to sexual maturity
were not able to produce pregnancies when they were bred with
wild-type females for more than 6 weeks. However, Ak72/2

females were able to achieve pregnancy and, when intercrossed
with Ak71/2 males, generated homozygous mutants at the
expected Mendelian frequency. Examination of the lungs of
Ak72/2 mice revealed few morphologic indicators of airway
dysfunction, except a trend of airway dilatation and thickening
of airway walls. The major respiratory pathology observed was
an excess of mucus in the paranasal sinuses with accumulation
of polymorphonuclear leukocytes (Figure 1G). Situs inversus
and polycystic kidney disease were not detected in Ak72/2

animals.

A Frameshift Mutation in Ak7 Underlies

a Ciliopathy Phenotype

Because the phenotypic manifestations observed in this mutant
are associated with ciliopathies (2, 25, 29–31), we decided to
characterize the genetic lesion underlying them. Southern anal-
ysis revealed that the mutant mice harbored a singular insertion
locus of the transgene. The design for identifying the disrupted
gene is detailed in the online supplement and supplementary
Figure E1. Briefly, cloning of the chromosomal sequences flank-
ing the transgene revealed the insertion point to be within intronic
sequences of the murine Ak7 gene (HUGO Gene Nomenclature
Committee: 20091). Because no additional transcripts on the
opposite strand are annotated in GenBank, we considered Ak7 as
the candidate gene for the observed phenotype.

The actual splicing pattern of the 20 predicted exons of Ak7, as
annotated in GenBank, was deduced by sequencing cDNA from
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mouse testis, lung, and brain, and correlating our results with the
predicted splicing pattern in relevant GenBank entries. The
murine Ak7 locus generates three transcripts, using predicted
exons 1–4, 6–8, and 10–20, all of which are represented in the
major transcript, Ak7a (Figure E2). We could not detect expres-
sion of predicted exons 5 and 9, as annotated in the most recent
GenBank release, in all tissues examined. We confirmed that
reading through of splicing signals and alternate transcriptional
termination/polyadenylation events in exons 18 and 10 produce
truncated transcripts, Ak7b and Ak7c, respectively (Figure E2B
and E2C). PCR analysis on genomic DNA mapped the insertion
point of the transgene between predicted exons 5 and 6 (Figures
2A and 2B), and revealed no major genomic deletions or
rearrangements (Figure 2C, upper panel). However, transcription
of the Ak7 gene was disrupted: RT-PCR analyses failed to detect
transcribed sequences beyond exon 4 in brain or lung RNA from
Ak72/2 animals (Figure 2C, lower panel, and data not shown),
and the predominant Ak7 transcript was absent in testis RNA
from animals homozygous for the insertion (Figure 2D).

Because the insertion event did not result in major genomic
DNA rearrangements, it was not immediately evident why it
would ablate the Ak7 transcripts. Sequencing of Ak7 gene exonic
regions from wild-type and Ak72/2 animals revealed that the
insertion event was associated with a deletion of a single T:A base
pair within exon 4. The mutation affects nucleotide 1477 of the
mature Ak7a mRNA in the codon corresponding to F35 of the
predicted Ak7a protein, and generates a premature translational

termination signal 12 codons downstream (Figure 2E). Such
premature stop codons have been shown to subject mutant
transcripts to nonsense-mediated RNA decay (32). It is important
to note that this frameshift affects all three predicted proteins
coded by the Ak7a, -b, and -c transcripts.

We subsequently investigated whether ciliary structure of the
respiratory epithelium is affected by the mutation. Through light
microscopy, bronchial epithelial cells from Ak72/2 mice present
a normal-appearing cilia layer, as evidenced by b-tubulin IV
staining (data not shown), but electron microscopic analysis
revealed a significant number of cilia with microtubular defects,
including axonemes with missing central microtubule doublets
(9 1 0), and axonemes with abnormal peripheral microtubules,
exhibiting either absence of peripheral doublets (8 1 1) or
supernumerary doublets (Figure 3A). Within the resolution of
our methods, we were not able to detect differences in the
occurrence of outer or inner dynein arm defects between mutant
and wild type. A quantification of abnormal axonemes is shown in
the insert in Figure 3A. Assessment of 206 axonemes in cross-
sections of respiratory bronchial samples from Ak72/2 animals
(n 5 4) revealed a significantly higher proportion of defects
compared with 119 axonemes assessed in samples from wild-type
animals (n 5 3; 28.30 6 4.17% in Ak72/2 versus 5.85 6 2.07% in
wild type; P , 0.01). Microtubule transposition defects, in the
presence of normal outer and inner dynein arm ultrastructure,
may account for up to 14% of patients with PCD (33). Although
such patients exhibit severe respiratory symptoms, their dyski-

Figure 1. Phenotypes associated with murine adenylate

kinase (Ak)-7 gene disruption. (A) Six-week-old wild-type
(WT) and mutant (Ak72/2) littermates showing features of

hydrocephalus (arrowhead). (B) Coronal and (C) sagittal

sections of brains from WT and Ak72/2 animals showing
expansion of the lateral ventricle (lv), thinning of the

cerebral cortex (cx), and compression of the cerebellum

(cb). hp, hippocampus. (D) Postnatal growth of Ak72/2

animals and WT littermates (n 5 29) is represented by
mean body weight 6 SEM. (E) Survival curves for Ak72/2

(n 5 19) and WT mice (n 5 25). (F) Histology of the

seminiferous tubules (top panel) and epididymis (bottom

panel) showing absence of mature spermatids (asterisk)
and spermatozoa (arrow) in the testis of Ak72/2 mice at 42

days of age. (G) Microscopic examination of the paranasal

cavities of WT (upper panel) and Ak72/2 (lower panel)

littermates showing accumulation of mucus (Alcian blue)
in paranasal passages of mutant animals. ACF, anterior

cranial fossa; PS, paranasal sinus. For histology and mi-

croscopy, the results shown are typical for a group of five
to six animals examined.

Fernandez-Gonzalez, Kourembanas, Wyatt, et al.: A Novel Mouse Model of Primary Ciliary Dyskinesia 307



netic cilia have a beat frequency within the normal range, and the
suggestion has been made that this group of PCD cases remains
underdiagnosed (33, 34). To determine the impact of the ob-
served ultrastructural abnormalities on ciliary function, the
tracheal epithelium CBF of wild-type and mutant animals was
assessed using the SAVA system (28). CBF for Ak72/2 mice was

significantly lower than that of wild-type mice (9.74 6 0.46 Hz
versus 16.74 6 0.98 Hz; P , 0.001; Figure 3B). Interestingly, in
addition to a lower CBF, the SAVA analysis demonstrated that
tracheal epithelium from Ak72/2 mice harbors a drastically lesser
number of motile points compared with wild type (Figure 3C).
These data indicate that Ak7 deficiency not only results in ciliary

Figure 3. Ultrastructural and functional ciliary
defects in Ak72/2 animals. (A) Electron micro-

graphs of respiratory epithelium of Ak72/2

animals. Cilia with abnormalities in (9 1 2)
microtubular organization are indicated by

arrowheads. Higher-magnification views depict

the normal (9 1 2) axonemal organization and

representative ultrastructural defects observed
in Ak72/2 animals, including axonemes with

missing central microtubule doublets (9 1 0),

and axonemes with abnormal peripheral micro-

tubules, exhibiting either absence of peripheral
doublets (8 1 1) or supernumerary doublets

(arrowheads). The mean percentages of ciliary

abnormalities were higher (28.30 6 4.17%; n 5

4) in the Ak72/2 mice compared with WT mice
(5.85 6 2.07%; n 5 3) (*P , 0.01). Scale bar 5

250 nm. (B) Ciliary beat frequency (CBF) was

analyzed in mouse tracheal rings from 4- to 5-
week-old Ak72/2 mice using Sisson-Ammons

Video Analysis (SAVA), as described in MATERIALS

AND METHODS. CBF was significantly decreased in

Ak72/2 (open bars) compared with WT mice
(closed bars) (*P , 0.001; n 5 6). (C) The

average number of motile points measured

per field of beating cilia in a tracheal ring was

significantly less in Ak72/2 mice compared with
WT mice (*P , 0.001; n 5 6). Data represent

means 6 SEM.

Figure 2. A frameshift mutation is asso-

ciated with the transgene insertion in

Ak72/2 animals. WT animals are denoted

as (1/1), and Ak72/2 animals, homozy-
gous for the transgene insertion, as (2/

2). (A) Diagram of the 4.5 kb transgene

insertion between exons 5 and 6 of the

Ak7 gene. Arrows indicate the position of
PCR primers used for genomic DNA

analysis in (B). (C) Analysis of exonic

sequences on genomic DNA (upper)
and cDNA (lower) by PCR and RT-PCR

amplification, respectively. Note the ab-

sence of major genomic rearrangements

in Ak72/2 animals and the ablation of
Ak7 transcripts encompassing exonic

sequences beyond exon 4. (D) Northern

blot analysis of Ak7 mRNA in testis of WT

animals (1/1) and animals heterozygous
(1/2) or homozygous (2/2) for the

insertion, revealing the absence of

a 3-kb Ak7 transcript in Ak72/2 mice.

The rRNA bands, visualized by ethidium
bromide staining, are shown as loading

controls. (E) Comparison of the sequence

of a 55-bp region within exon 4 in WT
animals (1/1) and animals homozygous

for the insertion (2/2). A frameshift

resulting from a single T-deletion event

(underlined) generates premature stop

codons (bold) in the Ak7 coding sequence. Note that the premature termination affects translation of all three proteins encoded by the Ak7a,
–b, or -c mRNAs.

308 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 40 2009



dyskinesia, as defined by CBF, but that it may also result in
a decreased number of motile cilia in the mouse trachea.

Ak7 Is Specifically Expressed in Tissues Enriched in Cilia with

(9 1 2) Axonemes

The tissue specificity of Ak7 gene expression was characterized
by Northern analysis (data not shown) and RT-PCR. Ak7
mRNA expression is high in testis, abundant in trachea and
oviduct, moderate in lung and brain, and, importantly, absent in
tissues such as heart, kidney, spleen, and liver (Figure 4A). The
major transcript of the Ak7 locus, Ak7a, is expressed in brain,
lung, and testis, whereas Ak7b expression is apparently re-
stricted to testis (Figure 4B). Ak7c expression is very low in
lung and brain tissue (Figure 4B), and the observed expression
in the testis is only moderate when compared with that of Ak7b
using semiquantitative PCR (data not shown).

The distribution of Ak7 expression within brain, lung, and
testis tissue was assessed by in situ hybridization using an
antisense probe (Figure 4C), and appropriate controls using
a sense probe were included in all experiments (data not shown).
Ak7 expression in the brain is restricted to the region of
ependymal cells lining the third ventricle as well as the choroid
plexus (Figure 4C, brain), whereas, within lung tissue, expression
was detected only in the descending airways (Figure 4C, lung) and
the respiratory epithelium of the trachea (data not shown). In the
testis, abundant Ak7 mRNA was detected in the seminiferous
tubules, where the signal colocalizes with differentiating cells and
mature spermatids (Figure 4C, testis). Cumulatively, the above
results indicate that expression of Ak7 mRNA is confined to
tissues rich in epithelial ciliated cells with (9 1 2) axonemes.

Ak72/2 Animals Exhibit Exacerbated Inflammatory Responses

and Airway Remodeling upon Allergen Challenge

Mucus accumulation in paranasal passages, as observed in Ak72/2

mice, is a documented feature of PCD, but we also postulated that
the full impact of ciliary dysfunction in the respiratory epithelium
as a result of Ak7 deficiency may be realized only under
conditions of environmental challenge. We investigated the
response of Ak72/2 animals to chronic allergen-induced inflam-
mation and assessed airway remodeling. Ak72/2 animals, sensi-
tized with OVA but not challenged, presented with only
moderate signs of peribronchial and perivascular inflammation
that was not evident in wild-type littermates (Figure 5A). As
anticipated, upon OVA sensitization and subsequent repeated
OVA challenges, wild-type animals exhibited a moderate degree
of inflammation. In contrast, the inflammatory response mounted
by Ak72/2 animals was greatly exacerbated, with a dramatic
infiltration of inflammatory cells around the airways and pulmo-
nary vessels (Figure 5B). This was associated with increased
numbers of total inflammatory cells in bronchoalveolar lavage
fluid (665,000 6 131,000 in OVA-challenged Ak72/2 animals
versus 315,000 6 118,000 in OVA-challenged wild-type litter-
mates). In contrast to wild-type mice, OVA-challenged Ak72/2

animals exhibited prominent goblet cell hyperplasia and a signif-
icantly increased production of mucus, as demonstrated by
Alcian blue staining of airway epithelial cells. Moreover, the
exacerbated inflammatory response in Ak72/2 animals precip-
itates a pronounced airway remodeling, with a marked increase of
peribronchial collagen fiber deposition and thickening of the
peribronchial smooth muscle cell layer (Figure 5B, a-SMA).

Ak7 Is a Multidomain Protein Highly Conserved Only in

Organisms Possessing Motile (9 1 2) Cilia

The three predicted proteins produced by alternative splicing and
polyadenylation of Ak7 transcripts are depicted in Figure 6A, and

are denoted by their cognate transcripts. Ak7a, the predominant
species, is an atypical AK of 723 amino acids, characterized by
multiple functional domains and stringent sequence conservation
throughout eukaryotic evolution (Figure 6B). Overall amino acid
identity and similarity between human and mouse Ak7 orthologs
are 85 and 94% respectively, and significant conservation is evident
even between species as evolutionarily distant as the human and
the sea urchin. Significantly, evolutionary conservation is not
limited to the AK catalytic domain (ADK), indicating that Ak7
is involved in highly specific interactions with similarly conserved
protein moieties. A most relevant characteristic of Ak7 ortholo-
gous genes is their apparent restriction to eukaryotic organisms
possessing motile (9 1 2) cilia. In GenBank databases, Ak7
orthologs are found only in entries for metazoans and flagellate
or ciliate protozoa. Significantly, no Ak7 orthologs are found
among GenBank entries representing metazoans lacking motile
(9 1 2) cilia, such as Drosophila melanogaster or Caenorhabditis
elegans or members of the plant and fungi kingdoms. These
observations, in correlation with the specific expression of murine
Ak7 in tissues rich in ciliated epithelium, and the observed
pathology in the murine Ak7 deficiency, strongly suggest that
this protein is a marker for motile (9 1 2) cilia, and it is tempting to
speculate that the stringent evolutionary constraint on Ak7 can
only imply that, in addition to its putative enzymatic activity, it
functions as an integral structural component of the axoneme.

DISCUSSION

The genetic and phenotypic heterogeneity of PCD is a reflection
of the highly organized molecular architecture of the eukaryotic
cilium, because assembly and function of this ancestral organelle
requires fine-tuned interactions between at least 200 gene prod-
ucts (35, 36). Early diagnosis and management of the disease is
essential for minimizing its complications and improving pulmo-
nary outcomes, but many patients with PCD are not diagnosed
until after childhood, by which time permanent lung damage is
already evident (37). Although there has been significant recent
progress in the development of novel diagnostic tools, including
genetic testing for genes known to be associated with PCD, the
majority of PCD cases remain genetically uncharacterized,
potentially delaying early diagnosis and treatment. In addition
to ciliary motility, mechanical processes, such as cough, airflow,
volume of airway surface liquid, and bronchial smooth muscle
contraction, participate in mucus clearance (38, 39). Therefore,
the full impact of ciliary dysfunction may be realized only under
conditions of high demand for mucus transport. In this context,
naive Ak72/2 mice presented mucus accumulation in the para-
nasal passages and a trend for airway dysfunction that was greatly
exacerbated upon allergen challenge, leading to an exaggerated
immune response and dramatic airway pathology, including
goblet cell hyperplasia and pronounced airway remodeling.
Aware that an exacerbated inflammatory response to allergen is
not a documented central feature of patients with PCD, we have
initiated studies to address mucociliary clearance in the airways of
naive mice to fully characterize this murine model of the disease.
Nevertheless, the data presented here demonstrate that Ak72/2

animals exhibit striking ultrastructural and physiologic similari-
ties to human ciliopathies. Interestingly, their tracheal epithe-
lium, in addition to presenting lower CBF, apparently has
drastically fewer motile points than normal epithelium, as per
the SAVA results. Because light microscopy indicates a normal
cilia layer in the mutant trachea, the results may imply that a large
proportion of cilia in Ak72/2 respiratory epithelium could be
immotile.

The murine Ak7 mutation is not associated with situs inversus,
and this absence of randomized right–left symmetry is reminis-
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cent of human PCD cases characterized by microtubular trans-
position defects, but no dynein arm defects (33, 34). The
expression pattern of Ak7 appears to be restricted to tissues rich
in epithelium with (9 1 2) cilia, and this postulation is further
buttressed by the fact that Ak72/2 mice did not exhibit situs
inversus or gross kidney abnormalities indicative of polycystic

kidney disease, both phenotypic consequences of ciliary dysfunc-
tion in organs containing cilia with (9 1 0) microtubular organi-
zation.

Consistent with its expression pattern in the ependymal cells
of the brain, the disruption of Ak7 produces hydrocephalus,
a phenotypic manifestation found in a subset of patients with

Figure 5. Exacerbated inflammatory response

and airway remodeling in Ak72/2 animals. (A)
Lung histology in WT mice (upper panels) and

their Ak72/2 littermates (lower panels) killed at

2-months of age following sensitization with
ovalbumin (OVA), but not subjected to OVA

challenge. H&E staining shows mild increase in

perivascular inflammation in Ak72/2 animals

(arrows). (B) Lung histology in similarly OVA-
sensitized animals that were subsequently ex-

posed to OVA challenge. H&E staining reveals

greatly increased numbers of inflammatory cells

in peribronchial (arrowheads) and perivascular
(arrows) areas in the lungs of Ak72/2 animals

compared with the analogous responses of their

WT littermates. OVA-challenged Ak72/2 ani-
mals also exhibit marked goblet cell hyperplasia

(Alcian blue), peribronchial fibrosis (Masson’s

trichrome staining), and increase in the thickness

of the peribronchial smooth muscle layer
(a-smooth muscle actin [a-SMA] immunohisto-

chemistry, brown staining), as indicated by

arrows. Pictures are representative of n 5

4–5 animals per group. Br, bronchioles; BV,
bronchiolar-associated vessels. Scale bar 5

80 mm.

Figure 4. Tissue specificity of Ak7 gene expres-
sion. (A) RT-PCR analysis of mRNA from tissues

of WT animals using primers specific for Ak7a

cDNA. HO2, heme oxygenase-2 expression,
serving as control. (B) RT-PCR analysis of differ-

entially spliced Ak7 transcripts in ciliated mouse

tissues. Note that, in contrast to the major Ak7a

transcript, Ak7b and -c are predominately testis
specific. MM, molecular size markers. (C): In situ

hybridization of brain, lung and testis sections

from 26–30 d old WT animals. High Ak7 ex-

pression in ependymal cells and choroid plexus
(Brain) and respiratory epithelium (Lung) is in-

dicated by arrowheads. Expression in seminifer-

ous tubules (Testis) is indicated by an asterisk.
3rd v, third ventricle. Images are representative

of n 5 3 animals per group. Scale bar in Brain and

Lung 5 150 mm; scale bar in testis 5 50 mm.
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PCD, and also described in mice harboring mutations of ciliary
proteins (reviewed in Ref. 4). Dysfunction of ependymal cilia
would impede the circulation of cerebrospinal fluid in the brain,
as has been suggested by the ‘‘ependymal flow’’ hypothesis (40),
but, because Ak7 expression is also detected in the choroid
plexus, we cannot exclude the possibility that other mechanisms,
such as abnormal cerebrospinal fluid production, may contribute
to ventricular expansion. Absence of central microtubules and
transposition defects in sperm axonemes leads to male infertility
(1, 31), and all mutant males tested were infertile. The observed
abnormalities in Ak72/2 seminiferous tubules, whereby most of
the mature spermatids lacked tails extending into the lumen,
indicate that Ak7-deficient animals may not manifest just sperm
motility defects, but also sperm maturation defects.

The frameshift mutation in Ak7 generates a premature trans-
lational termination signal, and, as a consequence, the mutant
mRNA is probably subject to nonsense-mediated RNA decay
(32). Because we cannot readily establish that the single base pair
deletion arose de novo due to repair errors during the transgene
integration process, we may have characterized a preexisting
recessive mutation in our mouse strain, with the transgene serving
as a genetic marker. Formal proof that the Ak7 gene is associated
with the observed phenotype will require the generation of
a targeted mouse Ak7-null mutant (work in progress).

Ak7a is a multifunctional protein encompassing, in addition to
the defining ADK (Protein Families DataBase number 00406),
a DPY-30 domain (Protein Families DataBase number 05186),

postulated to participate in protein oligomerization. The third
domain, annotated in GenBank with the WcaG motif (Conserved
Domain DataBase number COG0451), is a signature of a subset of
prokaryotic nucleoside diphosphate sugar epimerases, and its
actual function in Ak7 remains obscure. The absence of Ak7
orthologs from organisms lacking motile (9 1 2) cilia, such as
those in the plant and fungi kingdoms and the metazoans, D.
melanogaster and C. elegans, supports the hypothesis that this
gene was evolutionarily conserved as an integral component
of (9 1 2) axonemes. The divergence from the canonical AK
signature in the active site (K versus R), a feature conserved
in Ak7 orthologs from ciliophora through mammals, may be
explained within the context of an AK evolutionarily sequestered
to ciliary function.

Members of the AK family have been postulated to allow
a more discrete localization of high-energy phosphate bond pools,
creating a ‘‘solid-phase’’ metabolic capability in flagella (24, 41),
and have been observed in association with the flagellar axo-
nemes (42–44). The evolutionary conservation of Ak7 structure
beyond the ADK suggests that the protein interacts intimately
with other highly conserved components of the axoneme as an
integral structural moiety. We speculate that this reflects a neces-
sity to anchor the associated AK activity within very specific
regions of the ciliary architecture, possibly participating, through
ATP regeneration, in an energy relay mechanism, along the
length of the axoneme. Efficient energy transport is required not
only for function, but also for maintenance of structure, and the

Figure 6. Predicted protein domain structure
and evolutionary conservation of Ak7. (A)

Graphical representation of domains (closed

boxes) in the three predicted proteins resulting

from the differential spicing and polyadenyla-
tion of murine Ak7 transcripts. (B) Alignment of

regions of significant sequence identities and

similarities of Ak7 orthologs in organisms pos-

sessing motile (9 1 2) cilia. Amino acid similar-
ities to the human Ak7 ortholog are color coded

as per the key. Regions flanking the AK catalytic

domain active site signature motifs, Walker A
(Wa) and Walker B (Wb) (45), are boxed, and

their sequence alignment is presented in the

lower panel. Residues defining the motifs are

denoted by asterisks.
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latter requirement may be especially crucial in a complex struc-
ture such as the cilium. It is intriguing how the loss of a single
protein may account for all the observed ciliary structural defects.
One may speculate that, if Ak7 participates in energy relay along
the length of the cilium, its deficiency will have more severe
effects on axoneme structure as distance from the mitochondrion
increases. In that postulation, cilia within a field that have been
sectioned close to the base may present normal axonemes,
whereas those sectioned more distally may exhibit more severe
defects. This could underlie the observed multiple structural
abnormalities, but a full dissection of the exact molecular
function of Ak7 is beyond the scope of this report. The dramatic
PCD phenotype of Ak72/2 animals suggests that this ancestral
gene is of crucial importance in maintaining structure and
function of motile (9 1 2) cilia, and we postulate that the human
Ak7 ortholog may represent a candidate gene underlying a subset
of PCD cases.
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