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The involvement of genes controlling embryonic pro-
cesses in the etiology of diseases often escapes atten-
tion because of the focus given to their inherent de-
velopmental role. Hoxa5 belongs to the Hox gene
family encoding transcription factors known for their
role in skeletal patterning. Hoxa5 is required for em-
bryonic respiratory tract morphogenesis. We now
show that the loss of Hoxa5 function has severe re-
percussions on postnatal lung development.
Hoxa5~’~ lungs present an emphysema-like mor-
phology because of impaired alveogenesis. Chronic
inflammation characteristics, including goblet cell
hyperplasia, mucus hypersecretion, and recruitment
of inflammatory cells, were also observed. Altered
cell specification during lung morphogenesis trig-
gered goblet cell anomalies. In addition, the defective
motility of alveolar myofibroblast precursors in the
embryonic lung led to the mispositioning of the alve-
olar myofibroblasts and to abnormal elastin deposi-
tion postnatally. Both goblet cell hyperplasia and
elastic fiber abnormalities contributed to the chronic
physiopathological features of Hoxa5~’~ lungs. They
constituted an attractive stimulus to recruit activated
macrophages that in turn generated a positive feedback
loop that perpetuated macrophage accumulation in the
lung. The present work corroborates the notion that
altered Hox gene expression may predispose to lung
pathologies. (4m J Pathol 2006, 169:1312-1327: DOI:
10.2353/ajpath.2006.051333)

Lung morphogenesis relies on finely orchestrated pro-
cesses that initiate from the outpocketing and the elon-

1312

gation of the foregut endoderm into the surrounding mes-
enchyme. The lung bud then branches extensively giving
rise to saccules that expend and subdivide to ultimately
produce alveoli. In the mouse, the main stem bronchi
form at approximately embryonic day (E) 9.5, and rami-
fication organized by signaling centers shapes the respi-
ratory tree during the pseudoglandular period that ex-
tends from E14.0 to E16.5. At late gestational stages,
saccules are found at the end of each terminus of the
pulmonary tree. The last step of lung morphogenesis
occurs between postnatal day (P) 5 and P30, and it aims
at multiplying the respiratory surface for vital gas ex-
changes after birth by modifying the distal lung architec-
ture through the process of alveogenesis. During each
step of lung development, the concerted action of tran-
scriptional regulators, signaling molecules, their associ-
ated receptors and downstream effectors governs
branching morphogenesis and lung maturation by inte-
grating cellular proliferation, differentiation, apoptosis,
and migration.”3 Proper expression of these factors is
further required to maintain pulmonary homeostasis.
Impairment of any step of lung morphogenesis and
maturation can cause pathologies and compromise via-
bility. Beside premature death at birth, impaired lung
development and maturation can lead to consequences
similar to those observed in multiple pulmonary disorders
resulting from inflicted alveolar damages, such as
chronic obstructive pulmonary disease (COPD). This
complex pathology stems from a chronic inflammatory
process coupled to goblet cell hyperplasia and mucus
hypersecretion.*® As well, emphysema, which is a major
component of the morbidity and mortality of COPD, is
defined as the enlargement of peripheral airspaces be-
cause of the destruction of alveolar septas.® Mouse mo-
lecular genetics have provided important insights into the
regulatory networks underlying lung morphogenesis and
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pathology. For instance, the loss of Pdgfa gene function
perturbs alveolar septation, which results in lungs with an
emphysema-like appearance.” Pdgfa/~ surviving mice
are missing alveolar smooth muscle cells, which contrib-
ute to elastin deposition during alveogenesis.?® Accord-
ingly, the amount of lung elastin is reduced in these
mutants. Elastin constitutes the most abundant extracel-
lular matrix component in the lung, participating in the
elastic fibers that allow the tissue to stretch and recoil
without damage during respiration.’® Deposition of elas-
tin by alveolar myofibroblasts is coupled to alveolar sep-
tation and critical for distal airway branching.'®

Lung formation relies on several transcription factors
including the proto-oncogene N-myc, forkhead domain
proteins such as Foxa2, and homeobox-containing pro-
teins.®'* 15 Expression of some key regulators of lung
embryonic development persists through adulthood,
suggesting that they may participate in postnatal alveo-
genesis. For instance, Foxa2 regulates several genes
involved in lung morphogenesis and homeostasis, such
as Nkx2.1,"® Sftpb (coding for surfactant protein B; SP-
B),"” and Muc5ac (coding for mucin MUCS5AC).'® Foxa2
also takes part in alveogenesis because its specific de-
letion in airway epithelial cells results in airspace enlarge-
ment. The loss of Foxa2 function further causes goblet
cell hyperplasia and increased mucus production, patho-
logical features commonly associated to chronic respira-
tory diseases in humans.'®

Although much emphasis has initially been focused on
their role in skeletal patterning, the Hox gene family also
serves essential functions in the elaboration of organs as
evidenced by the variety of defects encountered in Hox
mutant mice.'® This family comprises 39 members clus-
tered in four complexes, each located on a different
chromosome. Approximately 20 Hox genes, predomi-
nantly from paralogous groups 2 to 6, are expressed in
the lung, where they display a distinct spatio-temporal
pattern of expression.’*2° Despite the fact that mutant
mouse lines for several lung-expressed Hox genes have
been generated, the consequences on respiratory tract
development and function have been examined for a
limited number of these. Although the Hoxal mutation
does not affect lung development per se, it results in
perinatal death caused by anoxia, a problem due to
defective hindbrain patterning.?' The combined mutation
of the Hoxal and Hoxb1 genes results in hypoplastic
lungs with a reduced number of lobes but a normal
histology, implying some functional redundancy between
Hox1 paralogs during lung formation.?? The Hoxa3 gene
participates to the patterning of the proximal airways,
more specifically to the development of the larynx.?® Al-
though no lung phenotype has been reported in
Hoxb5~'~ mice,?* abnormal Hoxb5 expression correlates
with alterations in bronchiolar branching.?® Moreover, the
HOXBS5 gene was found aberrantly expressed in patients
suffering from bronchopulmonary sequestration and con-
genital cystic adenomatoid malformation.®

The analysis of the Hoxa5 mutant mouse line has re-
vealed the preponderant role of this gene in lung devel-
opment and maturation.?”-2® The loss of Hoxa5 function
severely compromises viability at birth because of tra-
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chea and lung dysmorphogenesis. Moreover, the Hoxab
mutation affects the embryonic expression of epithelial
regulators of lung development and function, such as the
Nkx2.1, Foxa2, and N-myc genes. Its absence also
causes a decrease in surfactant protein production in
newborns. Hoxa5 is still strongly expressed in postnatal
lung, and surviving Hoxa5 /'~ adults present lung anom-
alies with deficient alveolar septation and atelectasis.?®2°
These anatomical limitations impact on the breathing pat-
tern of Hoxa5~/~ mice that compensate for their de-
creased alveolar surface area available for gas exchange
by an increase in breathing frequency and overall minute
ventilation. In humans, aberrant HOXA5 expression has
been shown to correlate with lung diseases.*° Altogether,
these data unambiguously establish a critical role for
Hoxa5 in lung ontogeny and point toward its implication in
lung maturation and function. Here, we address the post-
natal pulmonary function of the Hoxa5 gene, with the
objective of deciphering the etiology of the impaired
postnatal lung development in Hoxa5 /'~ mice.

Materials and Methods

Mouse Strains and Genotyping

The establishment of the Hoxa5 mutant mouse line in the
MF1-129/SvEv-C57BL/6 mixed background has been
previously described.?® Embryonic age was estimated
by considering the morning of the day of the vaginal plug
as E0.5. Animals were genotyped by Southern blot anal-
ysis. Hoxa5 mutant mice were intercrossed with
Pdgfar®/* mice (provided by Dr. Philippe Soriano, Fred
Hutchinson Research Center, Seattle, WA). This mouse
line carries a green fluorescent protein (GFP) allele fused
to a histone 2B (H2B) moiety introduced into the Pdgfar
endogenous locus. The H2B portion allows the nuclear
localization of GFP when expressed. The genotype of the
Pdgfar® allele was determined by polymerase chain
reaction.>’

Tissue Collection and Histology

Wild-type and Hoxa5/~ mice were sacrificed at birth
(P0), P5, P15, P31, and P60 (four wild-type and six mutant
mice for each age). The body and wet lung weights were
obtained by direct measurements for each specimen to
determine the lung weight over the body weight ratio.
Excised lungs were fixed overnight in ice-cold 4% para-
formaldehyde prepared in phosphate-buffered saline.
For P31 and P60 mice, lungs were fixed by tracheal
instillation of ice-cold fixative until fully inflated under
direct observation. Samples were processed, paraffin-
embedded, and sectioned (4 um) before staining ac-
cording to standard procedures: hematoxylin and eosin
(H&E) for alveolar morphology, periodic acid/Schiff for
detection of mucus-producing goblet cells, Masson’s
trichrome for detection of ciliated cells, and Weigert to
visualize elastic fibers. All experiments were performed
according to the guidelines of the Canadian Council on
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Animal Care and approved by the institutional animal
care committee.

For GFP analysis of Hoxa5;Pdgfar™ compound mu-
tants, lungs from E16.5 embryos were harvested and
fixed for 2 hours in ice-cold 4% paraformaldehyde. Sam-
ples were transferred in 30% sucrose and 0.2 mol/L
phosphate buffer (40 mmol/L NaH,PO,, 150 mmol/L
Na,HPO,) overnight at 4°C and then embedded in OCT.
Cryostat sections (4 um) were placed on poly-L-lysine-
coated slides, counterstained with 10 ug/ml 4'6’-dia-
midino-2'-phenylindole (DAPI), and washed in phos-
phate-buffered saline (PBS) before mounting in aqueous
media. For RNA preparation, lungs were snap-frozen in
liquid nitrogen.

Proliferation, Apoptosis, and
Immunohistochemical Analyses

To assess the proliferation rate, lung sections were im-
munostained with a rabbit polyclonal antibody against
the phosphorylated histone H3 (pH3, 1/200 dilution; Up-
state Biotechnology, Lake Placid, NY).32 Apoptotic cells
were detected by terminal transferase (TdT) DNA end
labeling.®® Cell types were revealed with the following
antibodies: Clara cells with a goat polyclonal antibody
reacting with rodent Clara cell secretory protein 10
(CC10, 1/400 dilution; provided by Dr. Gurmukh Singh,
Veteran’s Affairs Medical Center, Pittsburgh, PA); type I
pneumocytes with a rabbit polyclonal antibody against
SP-B (1/1000 dilution; Chemicon International, Temecula,
CA), and a goat polyclonal antibody against Foxa2 (1/500
dilution, Santa Cruz Biotechnology, Santa Cruz, CA); al-
veolar myofibroblasts with a mouse monoclonal anti-a-
smooth-muscle actin (a-SMA) antibody (1/10,000 dilu-
tion; Sigma Chemical Co., St. Louis, MO); and alveolar
macrophages with a mouse monoclonal Mac-3 antibody
(1/1000 dilution; Cedarlane, Hornby, ON, Canada). A
chicken polyclonal antibody recognizing the mucin
MUCS5AC was obtained from Dr. Samuel Ho (1/15,000
dilution; University of Minnesota, Minneapolis, MN). A
goat polyclonal antibody against mouse MMP-12 was
also used (1/200 dilution; Santa Cruz). For Foxa2 immu-
nostaining, ratio of positively stained cells on the total cell
number was evaluated at P31 for a minimum of nine
random areas with a total of at least 900 cells per spec-
imen on average.

Bronchoalveolar Lavages, Cytokine, and MMP
Activity Measurements

Bronchoalveolar lavages were performed on 3-month-old
wild-type (n = 23) and Hoxa5 '~ (n = 19) mice. For each
animal, trachea was cannulated, and three 1-ml aliquots
of saline were flushed into the lungs, withdrawn by sy-
ringe, pooled, and centrifuged.®* Differential cell counts
(a minimum of 100 cells/specimen) of bronchoalveolar
lavage fluids (BALF) were performed on cytospin prepa-
rations after staining with Diff-Quik (Dade Diagnostics,
Newark, DE). The levels of tumor necrosis factor (TNF)-a

and interleukin (IL)-6 were measured in BALF of wild-type
(n = 18) and Hoxa5 '~ (n = 15) animals by enzyme-
linked immunosorbent assay according to the manufac-
turer’s directions (R&D Systems, Minneapolis, MN).
MMP activity was measured in macrophage-condi-
tioned media isolated from adult wild-type and Hoxa5 '~
mice (n = 5 per genotype) according to Wert and col-
leagues® with the following modifications. After a 24-
hour culture of the macrophages isolated from BALF,
the conditioned media were harvested, centrifuged
(100,000 X g, 1 hour), and concentrated using Amicon
Ultra-4 filtration devices (Millipore, Bedford, MA). The
concentrated samples were then electrophoresed under
non-reducing conditions into a 10% zymogram gelatin
gel. A 30-ul aliquot of conditioned medium from HT1080
cells containing MMP2 and MMP9 activities was run in
parallel.*® Control gels were incubated in the presence of
20 mmol/L ethylenediaminetetraacetic acid before stain-
ing. These experiments were repeated three times, and
Figure 7D is representative of the results obtained.

Tropoelastin Expression Analyses

Total RNA was isolated from PO, P5, P15, P31, P60, and
adults (>4 months old) wild-type and Hoxa5 /" lungs
(four wild-type and six mutant mice for each age) accord-
ing to the TRIzol extraction protocol (Invitrogen, Carls-
bad, CA). Northern blot analyses were performed using
%2P_labeled cDNA tropoelastin (provided by Dr. Elaine
Davis, McGill University, Montréal, QC, Canada) and
GAPDH probes to evaluate and compare elastin produc-
tion. Northern blots were quantified with the NIH Imaged
software (Bethesda, MD).

Wounding and Boyden Chamber Assays of
Primary Embryonic Lung Mesenchymal Cells

Lungs from E15.5 embryos, obtained by timed matings
of Hoxa5™" or Hoxa5~/~ dams with Hoxa5"'~;
PdgfarSF*’* males, were dissected and dissociated by
trypsin digestion to obtain single cell suspensions (five
Hoxa5*'*;Pdgfar®™'*  four Hoxa5"'*;Pdgfar*’™, 16
Hoxa5~'~;Pdgfar®™*  and four Hoxa5 '~ ;Pdgfar*’*
specimens). Mesenchymal cells were separated from
epithelial cells by differential adhesion®” and grown in
Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum and penicillin/streptomycin until
they reached confluency. Under these culture condi-
tions, cells fully differentiated into smooth muscle
cells.®3738 Cultures were then starved by replacing the
medium with Dulbecco’s modified Eagle’s medium
containing 0.5% fetal bovine serum for 36 hours before
wounding assays. These were performed by applying
a sharp razor blade to monolayer cultures.®® Plates
were rinsed and low-serum medium was added. Inva-
sion of the wounded area was followed under an in-
verted fluorescent microscope and pictures were taken
at times 0, 12, and 24 hours after wounding. For Boy-
den chamber assays, primary E15.5 lung mesenchy-
mal cells (six Hoxa5"'*;Pdgfar® /" three Hoxa5"'*;



Pdgfar™™*, eight Hoxa5 '~ ;Pdgfar®™™* —and four
Hoxa5 '~ ;Pdgfar*’* specimens) were cultured as de-
scribed above. Once confluent, cells were starved for
24 hours and then trypsinized and counted.*® A total of
1 X 10° cells were added to the upper compartment of
Boyden chambers (8.0-um pore size; Falcon; BD Bio-
sciences Discovery Labware, Bedford, MA) that were
previously coated with 0.1% gelatin. Each specimen
was analyzed in triplicates. Cells were allowed to mi-
grate for 24 hours in low-serum medium. Non-migratory
cells were removed from the upper membrane surface
with a cotton swab. The migratory cells were then fixed
in 95% ethanol and 5% acetic acid for 10 minutes
followed by Harris’s hematoxylin staining overnight.
After several water washes, cells from five fields per
triplicate were counted.

In parallel, primary lung mesenchymal cultures were
tested for wounding assays with a 1000-ul pipette tip.
After either the razor blade or the Boyden chamber as-
says, some cultures were subsequently plated in 10%
fetal bovine serum-containing medium until they reached
confluency (two Hoxa5™"'*;Pdgfar®™* nine Hoxa5"'";
Pdgfart’™, 15 Hoxa5 '~ ;Pdgfar®™'* and 13 Hoxa5 '~;
Pdgfar™™ specimens). They were then starved for 48
hours before wounding with a 1000-ul pipette tip.*' After
the scratch, plates were rinsed and low-serum medium
was added. Pictures were taken at times 0, 12, and 24
hours to follow the invasion of the wounded area by the
cells.

Immunofluorescence Analysis

Primary E15.5 Iung mesenchymal cells were
trypsinized and plated on poly-L-lysine-coated cover-
slips and cultured overnight in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine
serum. Cells were fixed with 2% paraformaldehyde in
PBS for 10 minutes, followed by one wash in PBS and
0.1% Triton and two washes in PBS. After a 10-minute
incubation with blocking solution (PBS with 2% bovine
serum albumin and 0.5% normal goat serum), cells
were incubated with primary antibodies for 3 hours at
room temperature. The Hoxa5 rabbit polyclonal and
the a-smooth muscle actin mouse monoclonal antibod-
ies were used at a dilution of 1/200*2 and 1/1000,
respectively. After three washes, cells were incubated
with the appropriate Alexa Fluor 594 and Alexa Fluor
488 secondary antibodies and 10 wg/ml DAPI for 1
hour at room temperature. For some specimens, phal-
loidin-rhodamine (1/200) was added. Cells were
washed and mounted in aqueous medium.

Statistical Analysis

Repeated measures for the linear mixed model were
performed to assess the difference between genotypes
at all stages studied when genotype is considered the
fixed effect and area is the random effect. The procedure
PROC MIXED from the SAS System (Cary, NC) was
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used.*® A Student’s t-test was performed for Foxa2 im-
munostaining positivity and for Boyden chamber assays.

Results

Abnormal Lung Morphology in Hoxa5~"~ Mice

Embryonic lung development is perturbed in Hoxa5~'~
mutants leading to a high rate of perinatal lethality.?”
Surviving adult mutants present a severe emphysema-
like phenotype characterized by enlarged airspaces and
an overall decrease in septa number.2®¢ On macroscopic
examination, some areas of Hoxa5 /'~ lungs were com-
pletely depleted of alveoli, whereas others showed large
tubular structures (shown for P31; Figure 1, Kand L). To
assess the origin of the morphological defects, lung his-
tological analyses were performed at different ages after
birth. At PO, wild-type lungs showed expanded respira-
tory saccules (Figure 1A). In contrast, Hoxa5 '~ lungs
were collapsed with a thickened parenchymal layer, con-
sistent with the tragic outcome that accompanies the loss
of Hoxa5 function (Figure 1B).2” At P5, growing septa
were observed in wild-type lungs, whereas very few were
seen in Hoxa5 '~ specimens (Figure 1, C and D). At P15,
only some alveoli were formed in Hoxa5 '~ samples and
airspace enlargement was already obvious compared
with wild-type lungs (Figure 1, E and F). These alterations
became more prominent with age (Figure 1, G-J). Areas
of atelectasis were also detected (Figure 1H). These
results suggest that the emphysema-like morphology ob-
served in Hoxa5 '/~ animals originated from impaired
septation, a key process in pulmonary alveogenesis.
They also support the notion that Hoxa5 plays a critical
role in postnatal lung development.

Consequences of the Hoxa5 Mutation on
Pulmonary Weight, Proliferation, and Apoptosis

To explore the etiology of the septation defect, we first
analyzed lung growth by measuring the lung weight/
body weight ratio at different ages (Figure 2A). No
significant difference was observed between the body
weight of wild-type and Hoxa5 '~ mice from PO to adult
age. At PO, P5, and P15, the ratio was statistically lower
for Hoxa5~'~ animals (P < 0.0075). However, the dif-
ference was resolved by P31 suggesting that recovery
occurred.

To decipher the underlying cellular process involved in
the lung growth discrepancy, we examined lung prolifer-
ation and apoptosis. Compared with wild-type samples,
decreased proliferation was first observed in PO and P5
Hoxa5~'~ lungs (Figure 2, B, C, and H). This was followed
by increased proliferation at P15 and P31 (Figure 2,
D-H). This increase could not be associated to a specific
cell type. No significant difference was noted at P60
(Figure 2H). The changes in the temporal profile of pro-
liferation in Hoxa5 '~ lungs could explain the lower lung
weight/body weight ratios observed at early stages and
the compensatory effect seen later on.
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Figure 1. Comparative histology (A-J) and macroscopic analysis (K, L) of postnatal wild-type and Hoxa5 /™ lungs. At PO, mutant lungs were collapsed in
contrast to wild-type specimens (A, B). Alveogenesis initiated normally at P5 in control samples (C, arrowheads), whereas in Hoxa5 '~ lungs, the parenchyma
was thickened and few septa were noticed (D). At P15, alveoli were readily observed in controls (E, arrows), but Hoxa5 ’~ lungs rather displayed enlarged
airspaces (F, asterisk). At P31 (G, H, K, L) and P60 (I, J), Hoxa5 '~ lungs presented an emphysema-like phenotype (H, J, L) with areas depleted of alveoli
(open arrow and asterisk) or large tubular structures (open arrowhead), whereas other regions were atelectatic (inset in H) when compared with the normal

lung architecture (G, I, K). Scale bars = 100 um.

We also investigated the contribution of apoptosis to
the phenotype. Consistent with the low apoptotic rate
normally observed in postnatal lungs,** few positive cells
were detected by terminal dUTP nick-end labeling
(TUNEL) assay in the pulmonary tissue of both wild-type
and Hoxa5 '~ specimens at all stages tested (not
shown). Thus, apoptosis did not contribute significantly to
the delayed lung growth. These findings showed that the
absence of Hoxa5 function impacts on lung proliferation
during the critical period of alveogenesis without altering
programmed cell death.

Altered Cell Specification in Hoxa5 "~
Respiratory Tract

The mature respiratory tract epithelium is lined by a
variety of cell types accomplishing specialized func-
tions that guarantee proper lung homeostasis. The fact
that surfactant protein production is reduced at birth in
Hoxa5~'~ pups,?” combined with our observations that
the Hoxab mutation perturbs epithelial cell specifica-
tion in the stomach®? prompted us to determine
whether changes in cell specification occurred in the
lung epithelium as well. Using SP-B as a marker, we
examined type Il pneumocytes, an epithelial cell type
that maintains fluid homeostasis in the alveolar lumen
and secretes surfactant. From P5 onwards, the number
and the localization of SP-B-positive cells in the alve-
olar parenchyma were not altered in Hoxa5 '~ lungs

compared with wild-type samples (shown for P60; Fig-
ure 3, A and B). However, a secreted proteinaceous
material reacting with the antibody was detected in the
collapsed lungs of PO mutants (not shown). Foxa2 im-
munostaining confirmed the normal distribution of type
Il pneumocytes in the distal lung but also revealed a
small but significant increase in their number in P31
Hoxa5~'~ lungs (22.25 + 3.26% Foxa2-positive cells in
wild-type versus 25.32 = 4.91% in Hoxa5 '~ speci-
mens; P < 0.0002; not shown). This likely reflected the
increased proliferation observed at this age (Figure
2H). Thus, the decreased surfactant protein production
occurring in Hoxa5 '~ newborns does not result from a
change in cellularity but rather from reduced surfactant
protein gene expression as already shown.?’

Using a CC10-specific antibody, we also looked at
Clara cells, a nonciliated secretory cell type normally
localized along the bronchial tree and bronchioles.
Clara cells were similarly detected along the respira-
tory bronchi and bronchioles for both genotypes from
birth to P60 (Figure 3, C and D). The ciliated columnar
cells and the mucus-secreting goblet cells are the
major cell types lining the proximal respiratory epithe-
lium, and they constitute the primary barrier against
pathogenic agents. No major difference was noted for
ciliated cells between wild-type and mutant specimens
from birth to adulthood (Figure 3, E and F). However,
we noticed a higher proportion of goblet cells in the
epithelium of the trachea and the bronchi of Hoxa5 '~
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Figure 2. Lung weight/body weight ratio (A) and proliferation rate (B-H) of wild-type and Hoxa5 ~/~ lungs. A: The lung weight/body weight (LW/BW) ratio
of Hoxa5 '~ mutants was statistically lower than that of controls at PO, P5, and P15. However, a compensatory effect was observed from P31 onwards. Detection
of proliferating cells with an anti-phosphorylated histone H3 antibody (B-G, arrows) showed that proliferation was lower in Hoxa5 '~ specimens compared

with wild-type lungs at PO (H) and P5 (B, C, H). At P15 (D, E, H) and P31 (F-H), more proliferating cells were detected in mutant lungs than in controls. H: No
difference was observed at P60 between both groups. Statistically significant differences are denoted by asterisks (**P < 0.0075, **P < 0.0006). Scale bar =

50 wm.

mutants, which prompted us to further examine this cell
population. Although goblet cells were only sparsely
found in the trachea and primary bronchi of wild-type
specimens, they were dramatically increased along the
trachea and the primary bronchi of mutant samples
(Figure 4). Furthermore, they ectopically arose in more
distal structures such as the secondary bronchi and
bronchioles (Figure 4, B, D, F, H, and J). This augmen-
tation in goblet cell number was already detected at
E18.5 (not shown). From P15 onwards, the severity of
the hyperplasia was salient (Figure 4, E-J). In experi-
mentally induced mucus hypersecretion of the
respiratory airways, Mucbac gene expression is ob-
served.*® When Hoxa5~/~ samples were immuno-
stained with the MUC5AC antibody, positive cells were
readily visualized along the bronchi of the mutant lungs
from P15 onwards, whereas control tissues remained
negative (shown for P31; Figure 4, K and L). Thus, the
loss of Hoxa5 function affects the specification of gob-

let cells and causes hyperplasia, metaplasia, and mu-
cus hypersecretion.

Anomalies in Alveolar Myofibroblasts
Localization and in Elastin Deposition in
Hoxa5 "~ Lungs

We also looked at alveolar myofibroblasts because they
are a prominent player in alveoli formation. These cells
are normally localized at the tip of growing septa where
they synthesize and deposit elastic fibers.” Elastogenesis
is a highly regulated process that first peaks at birth and
then at P10 to P14. Afterward, it declines through matu-
ration to reach unappreciable levels in the adult mouse
lung.*® The a-SMA marker was used to reveal alveolar
myofibroblasts. As expected, these cells were found at
the tip of the growing septa in wild-type specimens at P5
and P15 (Figure 5, A and C). However in Hoxa5 '~ lungs,
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Figure 3. Correct specification of type Il pneumocytes (A, B), Clara cells (C, D), and ciliated cells (E, F) in Hoxa5 /™ lungs. No major difference was detectable
between wild-type and Hoxa5 '~ lungs regarding type I pneumocytes and Clara cells as shown by immunostaining with SP-B (A, B) and CC-10 (C, D) antibodies
specific for these cell types, respectively (black arrows, shown for P60). Masson’s trichrome revealed that ciliated cells (black arrows) were similarly distributed
in mutant (E) and wild-type lungs (F). However, mucus-producing goblet cells were more often visualized in mutant samples (F, open arrow). Scale bars =
50 pm.

alveolar myofibroblasts appeared trapped in the paren-
chyma surrounding alveoli (Figure 5, B and D). Later on,
a-SMA expression decreased in alveolar myofibroblasts
rendering their presence undetectable for both geno-
types (not shown).*”

To determine whether the abnormal distribution of al-
veolar myofibroblasts observed in mutants correlated
with anomalies in elastin deposition, Weigert staining was
performed (Figure 5, E-L). Before birth, elastic fiber for-
mation appeared normal in both groups (not shown). In
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P31,

Figure 4. Goblet cell abnormal distribution in Hoxa5 /" lungs. Goblet cells were revealed by periodic acid/Schiff staining in postnatal lungs (A=J). At all ages
tested, only a few positive cells were detected in wild-type samples (A, C, E, G, I; arrowheads), mostly scattered along the epithelium of the trachea (A, C) and
the primary bronchi (E, . No goblet cell was detected distally to the primary bronchi in controls (G). In Hoxa5 /™ lungs, an increase in goblet cell number was
systematically observed at every stage (B, D, F, H, J; open arrowheads), most obviously from P15 onwards (F, H, J). Furthermore, positive cells were detected
in more distal structures such as the secondary bronchi (H) and bronchioles (not shown). Mucin MUC5AC, a marker of mucus hypersecretion, was detected by
immunostaining (K, L). Although control samples remained negative (K), positive cells stained at their apical side were observed along the bronchi of Hoxa5 ™/~
specimens from P15 onwards (shown for P31; L, open arrows). Scale bars = 50 um.

PO and P5 controls, elastin was deposited at the tip of the
septa and along the respiratory saccules, as expected
(Figure 5, E and G).% In contrast, elastic fibers were
disorganized and aberrantly distributed within the pulmo-
nary tissue of PO and P5 Hoxa5 '~ lungs (Figure 5, F and
H). From P15 onwards, the fibers appeared more abun-
dant, disorganized, and fragmented (Figure 5, I-L).
Northern analyses of tropoelastin expression failed to
reveal differences in tropoelastin transcript levels be-
tween wild-type and Hoxa5 '~ lungs at all ages exam-
ined that would correlate with the elastic fiber anomalies
seen in mutants (not shown). Thus, Hoxa5 function is
required for the correct positioning of alveolar myofibro-
blasts, which in turn warrants proper elastin deposition
and septa formation, both being essential for normal lung
architecture and function.

Inflammatory Response in Hoxa5 '~ Lungs

Goblet cell hyperplasia and mucus hypersecretion can
be associated to the recruitment of inflammatory cells in
the lung.* Because inflammatory cells were detected in
P60 Hoxa5 '~ specimens (Figure 5L), we tested for the
putative involvement of inflammation in Hoxa5 /'~ postna-
tal lung phenotype. Although immunostaining with a
Mac-3 macrophage marker detected a few sparse posi-
tive cells in controls, a high percentage of macrophages
was observed in mutant lungs (Figure 6, A-C). This in-
crease was statistically significant from birth to adult-
hood, except for P15. Macrophages from Hoxa5 /'~ lungs

also presented an atypical morphology indicative of an
inflammatory response.

We performed bronchoalveolar lavages to further as-
sess the importance of this inflammatory response in
Hoxa5 '~ lungs. Microscopic observations of recovered
cells confirmed the hypertrophic and foamy morphology
of the macrophages in mutant samples (Figure 7, B and
C). Moreover, Hoxa5~'~ BALF cell count was higher than
that of controls and a statistically significant increase was
observed for each inflammatory cell type identified (Fig-
ure 7A). Vacuolated macrophages constituted the pre-
dominant cell population in mutant specimens. These
data confirmed that Hoxa5 /'~ lungs were under an in-
flammatory challenge.

Resident macrophages and recruited monocytes play
a major role in amplifying the inflammatory response in
the lower respiratory tract through the increased produc-
tion of proinflammatory cytokines, such as TNF-a and
IL-6.%® TNF-« is also a main participant in the activation of
macrophages to produce MMPs involved in lung remod-
eling. The levels of TNF-a and IL-6 were measured by
enzyme-linked immunosorbent assay assays in BALF. No
statistically significant difference in cytokine levels was
detected between both genotypes (not shown). Consid-
ering the augmentation in macrophages and the abnor-
mal aspect of elastic fibers in Hoxa5~/~ lungs, we immu-
nostained lung sections with a specific antibody against
MMP-12, a major elastolytic protease produced by acti-
vated alveolar macrophages.*® The majority of macro-
phages stained positively for MMP-12 in mutant samples,
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Figure 5. Perturbed alveolar myofibroblasts localization (A-D) and elastin deposition (E-L) in Hoxa5 /™ lungs. Alveolar myofibroblasts were located at the tip
of the septa of control specimens at P5 and P15, as revealed by immunostaining with an a-SMA antibody (A, C; arrows). In Hoxa5 '~ lungs, they were trapped

within the parenchyma (B, D; open arrow). Weigert staining allowed visualization of elastic fibers (E-L). In PO and P5 control specimens, elastic fibers were

localized along the respiratory saccules and at the tip of the growing septa (E, G; arrowheads). In Hoxa5 '~

(F, H; open arrowhead). At P15 onwards, Hoxa5 '~

lungs, elastin appeared tangled in the parenchyma

lungs displayed disorganized fibers (J, L; open arrowhead) compared with wild-type lungs (I, K).

Moreover, inflammatory cells were detected in P60 mutant lungs (L, asterisk). Scale bar = 50 um.

suggesting enhanced elastase production in Hoxa5 '~
lungs (shown for P60; Figure 6, D and E). The proteinase
activity present in wild-type and Hoxa5~/'~ alveolar mac-
rophage-conditioned media was also directly tested by
zymogram assays on gelatin gels. In the representative
experiment shown in Figure 7D, 5.8 X 10* and 27.9 x 10*
cells were obtained from pools of five wild-type and five
Hoxa5~'~ animals, corresponding to 81 and 282 ug of
proteins, respectively. Because of the augmented mac-
rophage number, the Hoxa5 /~-conditioned medium
showed slightly elevated MMP9 and MMP2 activities (Fig-
ure 7D). Under these conditions, MMP12 activity was not
detected. Thus, the absence of Hoxa5 function leads to
an inflammatory response associated with augmented
MMP production and activities.

Impaired Dispersal of Alveolar Myofibroblast
Progenitors in Hoxa5 "~ Lungs

Pdgfar-positive cells most likely constitute the progenitors
of alveolar myofibroblasts responsible for elastin deposi-
tion." We took advantage of the Pdgfar® ™+ mouse line
carrying a GFP knocked-in allele at the Pdgfar locus to
follow the progenitor population and its behavior in
Hoxa5~'~ lungs.®' GFP staining faithfully reproduces the
native wild-type Pdgfar expression pattern in the
Pdgfar®™* mouse line and thus can serve as a lineage
tracer. Before the canalicular stage and up until E15.5,
clusters of Pdgfar-positive cells occur at the distal epi-

thelial branches. Between E16.5 and E17.5, these cells
multiply and spread to acquire positions as solitary cells
in the terminal sac walls. It was previously proposed that
a prenatal block in the distal spreading of the alveolar
myofibroblast precursors could result in alveolar septa-
tion failure.’™' When we assessed the distribution of
Pdgfar/GFP-expressing cells in E16.5 Hoxa5"'" lungs,
they displayed the expected behavior being dispersed in
the lung parenchyma (Figure 8A). In contrast, most
Pdgfar/GPF-positive cells remained clustered around the
epithelium in Hoxa5 '~ lungs, indicating a failure of the
alveolar myofibroblast progenitors to distally spread (Fig-
ure 8B). Areas devoid of progenitors were also found,
indicating their incapacity to reach certain regions of the
lung (Figure 8C). These observations suggested that the
Hoxa5~/~ impaired alveogenesis may originate from
the inability of alveolar myofibroblast progenitors to prop-
erly invade the developing lung.

To address if a cell motility problem could underlie
the defective dispersal of alveolar myofibroblast pro-
genitors, we performed wounding assays on primary
mesenchymal cells isolated from lungs of E15.5
Hoxa5"* and Hoxa5 '~ embryos carrying or not the
PdgfarSFF allele. If the Hoxa5 mutation affects the mo-
tility of alveolar myofibroblast precursors, GFP-ex-
pressing cells should be impaired in their capacity to
invade the denuded area in wounding assays. Under
the culture condition applied, mesenchymal pulmonary
cells differentiated into smooth muscle cells as dem-
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Figure 6. Increased percentage of alveolar macrophages in Hoxa5 '~ lungs. A
Mac-3-specific antibody was used to detect macrophages in the lung (A—C,
arrows) showing that the proportion of macrophages was statistically higher in
Hoxa5 ™/~ lungs than in controls. Asterisks denote statistical differences (**P <
0.01, **P < 0.005). C: Moreover, at P31 (not shown) and P60, accumulation of
large vacuolated macrophages was observed in Hoxa5 /'~ lungs. MMP-12 im-
munostaining revealed that the majority of macrophages in mutant samples
produced this elastase (shown for P60; D and E, open arrows). Scale bar = 50
um.

onstrated by the expression of a-SMA (Figure 9A) and
that of GFP (Figure 8, E, G, |, K, M, and O; Figure 9, A
and B).3"*® In razor blade wounding assays, four of
five Hoxa5"'*;Pdgfar®™* cultures displayed exten-
sive invasion of the denuded area, whereas 11 of 16
Hoxa5~'~;Pdgfar®™* cultures showed a reduced ca-
pacity to do so. This difference in behavior was also
confirmed by scratch assays with a pipette tip (Figure
8, D-0). Within 24 hours, 10 of 11 wild-type samples

filled the scratch (Figure 8, H and |). In contrast, 17 of
28 Hoxa5 '~ cultures were impaired in wound closure
(Figure 8, N and O). Migration in Boyden chambers
was also tested but no difference in the migratory
behavior in response to gelatin could be revealed be-
tween both genotypes (wild type: 55.9 = 22.9 cells,
n=09;Hoxa5'~:61.0 + 31.2 cells, n = 12; P = 0.07).
Thus, these results established a role for Hoxab in
mesenchymal cell motility and indicated a mechanism
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Figure 7. Increased number of inflammatory cells and MMP activity in
Hoxa5 '~ BALF. A: Differential cell counts showt;d an increase of macro-
phages, lymphocytes, and neutrophils in Hoxa5 ™'~ specimens when com-

pared with controls. Statistically significant differences are denoted by aster-
isks (**P < 0.002, **P < 0.0001). Diff-Quik staining also revealed that
Hoxa5~'~ BALF contained large, vacuolated macrophages with dark inclu-
sions not seen in control samples (B, C). D: MMP activities in wild-type
(+/4) and Hoxa5~/'~ (—/—) alveolar macrophage-conditioned media in
gelatin gel zymogram. Data are presented as the reverse image of the original
zymogram. Conditioned media from the HT1080 cell line served as a positive
control (ctD). Slightly elevated MMP2 and MMP9 activities were observed in
Hoxa5 ™/~ alveolar macrophage-conditioned medium. Scale bar = 50 wm.

by which the lack of Hoxa5 function compromises the
spreading of alveolar myofibroblast progenitors into
the parenchyme during embryonic lung development.

Hoxab Expression in the Lung Mesenchyme

To assess whether Hoxa5 exerts a cell-autonomous effect
on alveolar myofibroblast cell specification, Hoxa5 immuno-
fluorescence analyses were performed on primary embry-
onic lung mesenchymal cells. The Hoxa5 protein was de-
tected in the nuclei of embryonic lung myofibroblasts
(Figure 9C), in concordance with our previous observations
that Hoxa5 transcripts were restricted to the lung mesen-
chyme during embryonic development.?” These myofibro-
blasts also produced a-SMA and the Pdgfa receptor as
evidenced by the GFP labeling (Figure 9, A and B). Hoxa5
immunostaining in wild-type primary myofibroblasts sub-
stantially overlapped with Pdgfa receptor expression (Fig-
ure 9, D-G). As expected, Hoxa5 was not detected in
Hoxa5 '~ cells (Figure 9, H-K). No expression of Hoxa5
was observed in the embryonic and postnatal lung epithe-
lia, precluding a direct role of Hoxa5 in goblet cell specifi-
cation (not shown).?” Thus, Hoxa5 could regulate the spec-

ification and the behavior of alveolar myofibroblast
progenitors in a cell-autonomous manner.

Discussion

Hoxab Carries a Broad Spectrum of Activities
during Lung Development and Maturation

Hoxab function is instrumental throughout lung ontogeny
and maturation. During embryogenesis, Hoxa5 partici-
pates in the development of the respiratory tract where it
exerts its action through the regulation of mesenchymal-
epithelial interactions (J.A. and L.J., unpublished).?” After
birth, Hoxab plays a prominent role in alveogenesis initi-
ation and lung homeostasis because the Hoxa5 mutation
causes impaired septa formation, goblet cell hyperplasia,
and accumulation of inflammatory cells. The involvement
of Hoxa5 in postnatal processes is also exemplified by its
requirement for proper gut maturation and mammary
gland development.®®*" The panoply of postnatal phe-
notypes displayed by Hox mutants indicates that aside
from the crucial role of Hox genes in embryo patterning,
they fulfill a variety of functions in adult life."®

Our study indicates that the postnatal lung defects of
Hoxa5~/~ mutants have an embryonic origin, pointing to
altered cell specification and behavior of goblet cells and
alveolar myofibroblast progenitors. Because Hoxa5 re-
mains expressed in the adult lung,?® a definitive ap-
proach to establish the Hoxa5 postnatal role would be to
conditionally ablate the gene function in the lung after
birth.

Hoxab Impacts on Proliferation but Not
Apoptosis during Alveogenesis

In Hoxa5 '~ postnatal lungs, proliferation is transiently
perturbed while the apoptotic rate remains unchanged.
The loss of Hoxa5 function has been associated with
changes in proliferation and/or apoptosis in a number of
situations. As for the postnatal lung, in the mammary
gland, the pectoral girdle, and the thyroid gland, prolif-
eration but not apoptosis is affected in Hoxa5 mu-
tants.®'~°% Both processes are diminished in the adult
Hoxa5~'~ stomach.®? In contrast, ectopic Hoxa5 expres-
sion in the developing spinal cord increases apoptosis
without changing proliferation.®* Finally, HOXA5 was pro-
posed to control programmed cell death in certain human
breast tumor cell lines.®® Because apoptosis is not influ-
enced by the loss of Hoxa5 function in the postnatal lung,
it is unlikely to contribute to the defective alveogenesis.
As for proliferation, the transitory changes observed can
explain the lung growth recovery, but it remains to be
determined how these variations impact on lung alveo-
genesis. However, it cannot be excluded that inflamma-
tion may influence the proliferative response during this
period. Nonetheless, Hoxa5 involvement in the regulation
of proliferation and apoptosis most likely depends on the
tissue-specific context and will require further examina-
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Figure 8. Defective motility of alveolar myofibroblast progenitors. A—C: Visualization of the GFP-positive alveolar myofibroblasts progenitors in E16.5 wild-type
lungs showed that progenitors were dispersed in the lung parenchyma (A). In contrast, most Pdgfar/GFP-positive cells remained clustered around the epithelium
in Hoxa5~'~ lungs, indicating a block in distal spreading of the alveolar myofibroblast progenitors (B, arrows). Progenitors also failed to invade some lung
regions (C, asterisk). Sections were counterstained with DAPI in blue. D—0: Wounding assays of primary mesenchymal cells isolated from lungs of E15.5
Hoxa5 ™™ :Pdgfor™™* (D-1) and Hoxa5 /'~ ;Pdgfar°™* (J-0) embryos after 0 (10; D, E, J, K), 12 (112; F, G, L, M), and 24 hours (t24; H, I, N, O). Wild-type
cells invaded the wounded area within 12 hours of the assay (F, G), filling the gap by 124 (H, D. In contrast Hoxa5 '~ ;Pdgfar”"* cells showed reduced
migration at both time points (I-0). Scale bars = 50 um.

tion to dissect its participation in these basic cellular
processes.

Contribution of Altered Cell Specification to
Impaired Alveogenesis in Hoxa5"~ Mutants

Altered cellular specification is consistently observed in
tissues affected by the Hoxa5 mutation.®%°"53 |n the
lung, goblet cells and alveolar myofibroblasts are af-
fected by the loss of Hoxa5 function. The overabundance
of mucus-producing cells is a common feature of the
Hoxa5 mutant lung, stomach, and colon phenotypes,
suggesting that Hoxab may serve a particular function in
their differentiation.®® The specific ablation of Foxa2 in the
lung epithelium also results in goblet cell hyperplasia and
defective alveogenesis without affecting lung morphol-
ogy before birth."® In E12.5 Hoxa5/~ lungs, Foxa2 ex-
pression is diminished, whereas in postnatal mutant
lungs, the Foxa2 protein is normally detected.?” The latter
observation suggests that abnormal alveogenesis seen
in Hoxa5 '~ lungs is a Foxa2-independent process. How-
ever, we cannot rule out the possibility that early pertur-
bations in Foxa2 expression in the embryonic lung may
have late repercussions and contribute to the Hoxa5 /'~
postnatal lung phenotype.

Goblet cell hyperplasia could result from lung inflam-
mation.* However, the presence of ectopic goblet cells
secondary to an inflammatory stimulus is unlikely be-
cause the number of goblet cells is already increased in
Hoxa5~'~ fetal lung specimens before any macrophage

recruitment (not shown). The prenatal accumulation of
goblet cells rather supports the view that altered proxi-
modistal patterning occurs in the Hoxa5 /'~ respiratory
tract. Indeed goblet cells, which are normally restricted to
the trachea and primary bronchi, are now ectopically
found in more distal structures, like secondary bronchi
and bronchioles. In support of this, Hoxa5 participates in
the regionalization of the gut and its mutation causes the
stomach to adopt intestinal-like characteristics.®® Other
experimental data, such as the presence of ectopic car-
tilage in distal Hoxa5 '~ lungs and the reduced pulmo-
nary branching, also strengthen the hypothesis of per-
turbed proximodistal patterning of the lung (J.A. and L.J.,
unpublished).?” Altogether, these observations are in ac-
cordance with the expected role of Hox genes in provid-
ing essential cues to pattern the respiratory tract.
Alveolar myofibroblasts are also affected by the loss
of Hoxa5 function. The postnatal lung phenotype of
Hoxa5~/~ mutants bears some similarities with that of
Pdgfa~'~ mutants including emphysema morphology
and atelectasis.”'"#® However, the etiology of impaired
alveogenesis in Hoxa5 mutants differs from that of
Pdgfa™'~ mice. Alveolar myofibroblasts are lacking in
Pdgfa—'~ lungs, whereas they are mispositioned in
Hoxa5~'~ postnatal lungs. Their disappearance in the
Pdgfa™'~ strain, attributable to a block in proliferation and
distal spreading, results in reduced elastic fiber deposi-
tion and progression to an emphysematous morphology.
In Hoxa5~'~ lungs, alveolar myofibroblasts are rather
trapped in the parenchyma where they produce abnor-
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Hoxa5**

Figure 9. Hoxa5 protein detection in primary embryonic lung myofibroblasts. A: Mesenchymal cells isolated from E15.5 lungs adopted a myofibroblast phenotype
as shown by the co-expression of Pdgf-a receptor/GFP and a-SMA. B: The actin staining observed with phalloidin was identical to that of a-SMA in GFP-positive
cells. C and D: The Hoxa5 protein was readily detected in the nucleus of wild-type myofibroblasts. D, E, and G: Furthermore, GFP and Hoxas5 protein fluorescence
extensively overlapped in this cell population. H=K: The Hoxa5 protein was not detected in Hoxa5 '~ cell cultures. Nuclei were counterstained with DAPI (A,
C, F, G, J, K). Scale bar = 100 um.

mal elastic fibers. Nonetheless, Pdgfa™'~ and Hoxa5 /'~
lungs share a common defect: the subset of mesenchy-
mal cells from which alveolar myofibroblasts originate
and that expresses the Pdgfa receptor fails to spread into
the distal fetal lung. Because Hoxab expression in myo-
fibroblasts extensively overlaps with that of the Pdgfa
receptor, this supports the notion that Hoxab acts cell
autonomously to participate in the specification of this
cell population and to influence its motility.

According to the wounding assays, Hoxa5 affects the
capacity of alveolar myofibroblast progenitors to cor-
rectly progress to their appropriate position in the lung
parenchyma. In Boyden chamber assays, the absence of
Hoxab function does not impact on the migratory behav-
ior suggesting that Hoxa5 '~ lung primary mesenchymal
cells can properly respond to gelatin. Hox gene involve-
ment in migration has been previously described for en-
dothelial cells and keratinocytes in wound healing in
vivo.*"%¢ The Pdgfa-Pdgfar signaling network is known to
provide appropriate guiding cues that ascertain septa
formation.’" "2 It is tempting to speculate that Hoxa5 reg-
ulates Pdgfar gene expression because both genes are
co-expressed in the lung myofibroblasts. On the other
hand, Hoxa5 may influence the outcome of Pdgf signal-
ing. Both alternatives are not mutually exclusive and fur-
ther characterization of the Hoxa5 '~ lung phenotype
should help to decipher this question. Altogether, these

results strengthen the notion that proper specification
and positioning of the alveolar myofibroblast cell popu-
lation during embryonic life is critical to ensure proper
alveogenesis after birth. They also identify a role for
Hoxab in cell motility.

Contribution of Inflammatory Stimuli to Alveolar
Defects in Hoxa5~’~ Mutants

The increased presence of inflammatory cells in
Hoxa5 '~ lungs raises questions about the cause of
their accumulation and their contribution to the patho-
logical features of the lung architecture. Although in
genetic mouse models of emphysema, alveolar remod-
eling is progressive and related to the activation of
alveolar macrophages and inflammation rather than
developmental abnormalities,” the lack of alveoli for-
mation in Hoxa5 '~ lungs favors the view that the in-
flammatory response is secondary to developmental
defects. In Hoxab mutants, activated macrophages are
abundantly found in the lung as early as birth and most
of them express MMP12. This recruitment coincides
with the abnormal elastin deposition by the misposi-
tioned alveolar myofibroblasts. Elastin fragments are
chemotactic for monocytes,*® thus supporting the no-
tion that macrophages accumulate in response to this



cue. The presence of abundant activated macro-
phages in Hoxa5 '~ lungs also correlates with a mod-
est increase in MMP activity. In turn, this activity may
generate a positive feedback loop that can perpetuate
macrophage accumulation, thereby contributing to a
chronic inflammatory condition.

Likewise, whereas goblet cell hyperplasia are gener-
ally observed under inflammatory conditions,**° the
accumulation of goblet cells arises before birth in
Hoxa5 '~ lungs, and thus precedes any sign of inflam-
mation. This favors the view that misspecification of gob-
let cells may contribute to inflammation. The onset of
mucin MUC5AC production at P15, a marker specific for
inflammatory conditions in mouse and human chronic
lung diseases endorses the chronic inflammation affect-
ing the Hoxa5 '~ lungs.'®4®

In summary, the altered cell specification resulting
from the Hoxa5 mutation causes ectopic and hyperplas-
tic goblet cells, and abnormal positioning of myofibro-
blasts in the postnatal lung, both factors contributing to
chronic physiopathological features of the mutant lungs.
The lack of formation of alveolar walls precludes the
examination of the contribution of the chronic inflamma-
tion to the remodeling of the Hoxa5 '~ lungs. Nonethe-
less, these results exemplify the importance of genetic
contributions to pulmonary diseases. Understanding how
Hoxab warrants proper normal lung development should
therefore shed light on the etiology of chronic lung
pathologies.

Relevance of Hox Genes to Pulmonary Diseases

The respiratory dynamics rely on the viscous and elas-
tic properties within lung parenchyma. Any alteration of
surfactant or elastic fibers can jeopardize normal pul-
monary function. Hoxa5 /~ mutants adapt their res-
piratory behavior and present a modified breathing
pattern to compensate for the emphysematous mor-
phology.?® When parameters of respiratory mechanics
are measured in Hoxa5 '~ mutants, they reveal a de-
creased lung hysterisivity, a species-independent con-
stant corresponding to the ratio between resistance
and elastance of alveolar parenchyma (not shown).%8
The change in hysterisivity in Hoxa5~/~ mutants re-
flects the structural lung anomalies.

The Hoxa5 mutant phenotype shares similarities,
without fulfilling all characteristics, of COPD, the sixth
most common cause of death worldwide in 1990 that is
predicted to become third by 2020.° Yet, COPD has
been relatively neglected in research on its cellular and
molecular mechanisms. Environmental factors such as
cigarette smoking are known to affect the susceptibility
to develop COPD but genetic factors also contribute,
including the inherited deficiency in a4-antitrypsin, the
primary inhibitor of neutrophil elastase, and MMPs that
have been identified as key players in lung remodeling
in both humans and mice.*®%97%% |n addition, most
patients with COPD exhibit airway mucus hypersecre-
tion and goblet cell hyperplasia that may, in a certain
subsets of these patients, contribute to morbidity and
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mortality.* Although the emphysema-like architecture
of the Hoxa5~'~ lung does not result from a structural
remodeling and destruction of the alveoli with a post-
natal onset, understanding the process of normal lung
development is crucial for devising strategies to re-
store normal lung architecture and function in emphy-
sema and lung homeostasis.®*

Until recently, indirect evidence pinpoints to a potential
role of Hox genes in alveogenesis as downstream effec-
tors of the therapeutic action of retinoic acid for prema-
ture infants.®® Hoxa5 might represent one of these impor-
tant effectors. Moreover, patients suffering from primary
pulmonary hypertension and emphysema have aug-
mented and decreased pulmonary HOXAS5 expression,
respectively, demonstrating the necessity of proper lev-
els of Hoxa5 expression in the adult lung.®° The present
work corroborates the notion that altered Hox gene ex-
pression may predispose to lung pathologies. The study
of the cellular and molecular mechanisms underlying the
pathological characteristics observed in Hoxa5~'~ mice
may provide significant insights that can translate into
better therapeutic strategies.
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