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Hox genes are a specific subgroup of homeobox containing genes that are characterized by
their structural and functional homology to homeotic genes of the fruit fly Drosophila (1).
These genes play important roles in pattern formation along the anterior-posterior axis in the
developing embryo in both invertebrates and vertebrates (2). The proteins encoded by Hox
genes contain the DNA-binding homeodomain (3), and are therefore believed to act as
transcription factors that regulate the expression of other genes during morphogenesis (4, 5).
More than 100 of other genes have been identified in mammals that encode homeodomain
proteins (6, 7) of which the Hox genes are the best characterized. A growing number of
animals with genetically induced aberrant Hox gene expression is providing insight into the
crucial function of Hox genes in axial patterning; it is also becoming clear that Hox genes
are important in the development of internal organs and the differentiation of tissues.

The development of the lung
starts out from protrusions of the primitive gut, the lung buds (8). Elongation and branching
then leads to the formation of the trachea and bronchi and progressive branching elaborates
the distal alveoli (9). The proximal-distal orientation of these distinct structures suggests that
they could be specified by mechanisms paralleling those that govern anterior-posterior
(rostral-caudal) axial specification. The inner surface of the lung is derived from endodermal
cells that differentiate into epithelial cells under the influence of the surrounding
mesenchymal cells which are of mesodermal origin (reviewed in (10). It is believed that
interactions with the mesenchyme are important for epithelial cell differentiation and
function. In short, lung development is characterized by two phases, the early specification
of the proximal-distal axis and later events of tissue differentiation. As I will present here,
there is increasing evidence that Hox genes are involved both in regional specification and
cell differentiation in lung development.

The genomic organization of vertebrate Hox genes
is characterized by their arrangement in chromosomal clusters (11). Figure 1 shows
schematically that highly similar genes (paralogs) occupy corresponding positions on
different clusters. Intriguingly, the position of genes within a cluster is correlated to their
order of expression along the anterior-posterior (rostral-caudal) axis (12). In addition, the
genes located towards the 5′ end of the clusters have been shown to be expressed in
developing limbs in anterior-posterior (thumb-pinkie) and proximal-distal direction (13).
The overlapping but distinct expression patterns have been taken to suggest that a
combinatorial code of Hox gene expression specifies the subsequent development of a given
body region (14).
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The function of Hox genes in regional specification
is most convincingly demonstrated by the appearance of malformations in Hox-mutant mice
and in transgenic mice with aberrant Hox gene expression (reviewed in (15). The targeted
inactivation of Hox genes has been shown to affect skeletal development of the limbs as
well as the axial skeleton. Loss-of-function of Hox genes typically leads to homeotic
transformation of skeletal elements, for example, changes in appearance and identity of
specific vertebrae without a change in the overall number of units (16-25). In the developing
limbs, disruption of Hox genes induces skeletal abnormalities that indicative of altered
patterns of growth (20, 26-29). Gain of Hox gene expression in transgenic mice also leads to
defects in the axial skeleton (30-33) and the developing limbs (34). Taken together, these
results have established Hox genes as key players in regional specification and pattern
formation in mammalian embryonic development. The combinatorial action of Hox genes
for a given body region is demonstrated by compounded malformations in those mice that
carry multiple mutations in overlapping Hox genes (23, 28, 29, 35, 36).

Hox gene expression in the lung
About half of the 38 known Hox genes have been shown to be expressed in adult human
(37, 38) and mouse (39, 40) lung tissue and lungs from newborn rats (41). Information on
embryonic expression is only available for the following murine Hox genes: Hoxa- 2 (42),
a-3 (43), a-4 (44, 45), a-5 (46), b-2 (47, 48), b-3 (49), b-4 (40), b-5 (50), b-6 (48), c-4 (51),
c-5 (51), c-6 (52, 53), and d-4 (45) (reviewed in (54, 55). Figure 1 summarizes the available
data for lung expression. Predominantly genes from the 3′ halves of the Hox-clusters a and b
have been reported to be expressed in the lung. This is consistent with the expression
domains of these genes in cervical and thoracic regions and suggests that Hox genes could
play a role in lung development. However, the variations in experimental systems and in
developmental stages analyzed make direct comparisons difficult. More importantly, they do
not provide insight into temporal, spatial or cell-type specificity of expression. It is in this
regard that the study by Bogue et al. of Hox gene expression in the developing lung deserves
attention (56). The leading question for these studies is: Does the expression pattern of Hox
genes in the lung represent a specific role in regional tissue patterning similar to known
processes of positional specification along the anterior-posterior axis?

Bogue et al. focused on four genes that are sequentially located on the Hox-b cluster,
Hoxb-2 through b-5. They show that at day 9.5 of development, Hoxb-2 through Hoxb-5 are
expressed in the branchial arches and developing foregut in a manner that appears to be
collinear with gene order on the chromosome. This is, Hoxb-2 was expressed in more rostral
regions that develop into the pharynx whereas Hoxb-3, b-4, and b-5 were localized
progressively in more caudal regions. This order of expression conforms well to the relative
gene order and confirms the colinearity rule, i.e., genes located more 3′ in a cluster are
expressed more anteriorly (rostrally). In the region of the prospective lung bud, Hoxb-2 is
only weakly expressed while Hoxb-3, b-4, and b-5 produce stronger hybridization. These
results indicate that the pattern of Hox gene expression at beginning of lung development is
consistent with a role in regional specification. In particular, Hoxb-3, b-4, and b-5 (and
possibly b-6, see Fig.1) could be involved in elaborating the proximal-distal orientation in
lung development. Consistent with this interpretation, Hoxb-3 and b-4 are expressed in both
proximal and distal lung whereas Hoxb-5 is found restricted to distal lung at 10.5 days of
development. However, Bogue et al. also found Hoxb-2 expressed in distal lung, an apparent
violation of the collinearity rule. One explanation for this finding is that the posterior limits
in the spinal cord and axial mesoderm are not very well defined. Alternatively, it is possible
that Hox gene expression is in the lung becomes uncoupled from spatial restriction as the
lung differentiates separate from the main body axis. At later stages, Hoxb-3 and Hoxb-4
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continue to be expressed in both proximal and distal lung whereas Hoxb-2 and Hoxb-5 are
restricted to distal regions (see also (57). These patterns indicate that the expression of Hox
genes in the lung is temporally and spatially regulated in a fashion that is collinear with gene
order at early stages of lung development. In addition, the possibility exists that Hox gene
expression at late stages follows different rules. Data regarding differences in expression in
medial-lateral or dorsal-ventral direction are not available. The presence of distinct
expression patterns at later stages of development may also suggest that Hox genes could be
involved in specifying regional differences between proximal and distal lung development.
Future studies which include genes of the Hox-a cluster will clarify this issue.

The regulation of Hox gene expression in the lung
has not been extensively studied to date. The early expression of Hox-b genes in collinear
fashion suggests that anterior (rostral) boundaries of expression could be regulated by the
same mechanisms found in axial mesoderm. However, the apparent loss of collinearity of
Hox gene expression at later stages of lung development seem to indicate that the expression
of Hox genes is regulated differently. This would predict that different regulatory elements
direct the expression of Hox genes in axial mesoderm as compared to visceral mesoderm.
Indeed, distinct regulatory elements have been described for the developing kidney for
Hoxb-7 (58, 59) and Hoxb-6 (60) suggesting that certain aspects of Hox gene expression in
the visceral mesoderm are controlled through independent mechanisms. Regulatory
elements from the Hoxb-3 gene that control expression in the spinal cord and mesoderm are
not sufficient to restore expression in the lung underscoring the requirement for additional
elements that control Hoxb-3 expression in lung (49). These results imply that the
subdivision of mesoderm into axial and visceral mesoderm is associated with the use of
alternative enhancers within the Hox-regulatory regions. Identification of these regulatory
elements will allow a more precise study of regional specification of the visceral mesoderm
and lung mesoderm in particular.

Regional specification within the developing lung
Proximal and distal lung mesenchyme have long been known to differ in their ability to
support branching morphogenesis in vitro (61, 62). The distinct patterns of expression that
Bogue et al. report are consistent with a role of Hox genes in specification or differentiation
of proximal versus distal development of the lung. Interestingly, elements in the 5′ upstream
region of the Hoxa-4 gene direct LacZ transgene expression with prominent localization
only in the distal region of the lung at 12.5 days of development (63). Thus, it is likely that
distinct regulatory elements control the expression of Hox genes in specific regions in the
lung, and further studies are warranted to isolate these sequences. The identification of
enhancers for correct spatial and temporal regulation of Hox gene expression in the lung will
then allow a molecular dissection of the components that control lung development.

Hox genes in lung cell differentiation
Interactions of the mesenchyme and epithelial cells are believed to be critically important for
differentiation of epithelial cell types in the lung (64, 65). Bogue et al. confirm earlier
findings (57, 66) that the expression of Hox genes is restricted to the mesenchymal cells.
These results suggest a function for Hox genes in the mesenchyme and possibly in
mesenchymal-epithelial cell interactions. Such a tissue-specific role for Hox genes in cell
differentiation pathways has been previously proposed (67) and is being addressed through
studies of the role of Hox genes in lung-specific gene expression.

Recently, the Hoxb-3 has been proposed to be an upstream regulator of thyroid transcription
factor-1 (TTF-1) (68), a divergent homeodomain transcription factor that is expressed in the
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developing thyroid and lung and restricted areas of the brain (69). DNA-binding sites for
Hoxb-3 in the TTF-1 gene promoter have been identified. More importantly, co-transfection
experiments in vitro demonstrate that TTF-1 upstream sequences are specifically activated
by Hoxb-3 (68). These results are relevant for lung development because TTF-1 is expressed
in the lung and has been shown to regulate the promoters of the lung-specific genes
encoding the surfactant proteins SP-A, SP-B, SP-C, and Clara Cell Secretory Protein
(CCSP) and of the lung-specific gene CC10 gene (reviewed in (70). Moreover, inhibition of
TTF-1 during lung morphogenesis in vitro disrupts the normal differentiation of epithelial
cells (71). Taken together, these data open the possibility that Hoxb-3 could be involved in
lung-specific gene regulation through TTF-1 as the intermediate. Seemingly conflicting with
this hypothesis is the fact that TTF-1 is strongly expressed in epithelial cells but not
mesenchyme at day 12.5 of development (69). Conversely, Hox genes are only expressed in
mesenchymal cells at this stage (56, 72, 73). However, a potential overlap of Hox gene and
TTF-1 gene expression at earlier or later stages of development can not be excluded and
warrants further studies. In addition, functional experiments are necessary to explore their
possible relationship in vivo. Virtually nothing is known about the role of Hox genes in the
adult lung. Tissue-specific gene deletion and expression strategies in genetically
manipulated mice will allow a molecular dissection of transcriptional regulation in the lung
in the near future.

Lung development in Hox-mutants
Hox genes of the paralogous groups 2 through 6 have been detected in embryonic lung
development with expression of groups 3 through 6 in the lung proper. Mutations in the
more anteriorly expressed Hox gene Hoxa-1 have an indirect affect on the lung: Hoxa-1
mutants fail to initiate breathing presumably due to abnormal projections of cranial nerves
IX (glossopharyngeal) and X (vagus) (74). Hoxa-3 mutants die shortly after birth,
presumably due to pulmonary failure (75). They exhibit smaller trachea and bronchi. In
addition, the cells of the tracheal lining are disorganized and have lost their columnar
appearance (76). Together with the Hoxa-3 dependent defect in differentiation of
endodermal cells in the thyroid, this may indicate a role of Hoxa-3 for endodermally derived
cells including lung epithelial cells. In addition, Hoxa-3 deficient mice appear to have a
dysfunction in the musculature and/or innervation controlling epiglottis and esophagus
culminating in accumulation of air in the stomach and intestine (75). In this respect, both
structural defects in the lung epithelium and in surrounding tissue could contribute to the
breathing problems. In summary, the loss of Hoxa-3 function clearly affects the
development of the lung and surrounding tissues. It is interesting to note that the tracheal
region affected in Hoxa-3 mutants coincides with the domains for Hoxb-3 and b-4
expression suggesting a possible overlap of functional domains. Since Hoxa-3 expression in
the developing lung has not been studied in detail, it is currently not known if the lung
defects are caused by a direct effect in epithelial cells or through the mesenchyme. Mutants
of the paralogous gene Hoxd-3 are able to breathe but die within the first week, probably of
accidental cervical dislocation due to malformations in cervical vertebrae (77). The skeletal
and thyroid phenotypes of the Hoxa-3 deficiency are exacerbated by the lack of Hoxd-3
supporting a synergistic role for both genes in the same body region (35) although data
specifically pertaining to the lung are presently unavailable. Collectively, these results
demonstrate that lung function and morphogenesis can be affected by alterations in Hox
genes of paralogous group 3. It will be particularly interesting to see if mutations in Hoxb-3
affect lung morphology and TTF-1 mediated gene expression in the lung. Furthermore,
superimposition of two or more Hox-3 mutations would be expected to result in very severe
abnormalities of the lung.
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Mice homozygous for mutations in Hoxa-4 (21), b-4 (19), d-4 (23), a-6 (22) and b-6 (36 and
Kappen, unpublished) are viable and fertile while 50 % of the homozygotes carrying
mutations in either Hoxa-5 (18) or Hoxb-4 (19) die prematurely. The cause of death has not
been determined but does not seem to involve gross tissue abnormalities. These results do
not identify any one Hox gene of group 4 through 6 as singularly critical for lung function.
However, it is possible that more subtle or regionally restricted alterations of the lungs are
present that are not detrimental to survival and thus have escaped notice. Furthermore, the
expression of multiple Hox genes in specific regions of the lung may provide a functional
redundancy that would only be revealed in compound mutants. For example, mice deficient
for both Hoxa-4 and b-4 and those double mutant for Hoxb-4 and d-4 die shortly after birth,
most likely from causes other than their skeletal defects (78). Future analyses of the lungs in
double and triple mutants for paralogous Hox genes and compound Hox-mutants for
overlapping Hox genes are expected to yield important insights into the relevance of the
highly specific expression of Hox genes for lung development, differentiation and function.

Models for Hox gene function in the lung
Based upon interpretations of the phenotypes in Hox-transgenic and Hox-mutant mice, two
hypotheses with respect to the role of Hox genes in morphogenesis have been proposed:
First, Hox genes play a role in positional specification by imposing a so-called ‘Hox-code’
(79) to specific groups of cells which in turn engage in appropriate cell differentiation
pathways. This model and its modifications (such as the posterior prevalence hypothesis
(80) are supported by the finding of homeotic transformations in the axial skeleton of Hox-
mutants and in transgenic mice. The lung phenotype in Hoxa-3 mutants, interpreted
according to this model, implies that Hoxa-3 is important for proper specification of tissues
in the tracheal region. This region presumably coincides with the most anterior domain of
Hoxa-3 expression in the lung; more distal regions are specified by a more ‘posterior’ code
of Hox gene expression (assuming that posterior specification overrides anterior codes (80).
This hypothesis would also imply that the epithelial disorganization and histologically
evident alterations in cell shape are the result of altered differentiation pathways. This
question can experimentally be addressed through the use of cell-type and differentiation
stage specific markers. Alternatively, it has been suggested that Hox genes control
proliferation rates (81) and thereby affect the presence and shape of a subset of structures in
their expression domains. This model best explains the malformation of the hindbrain in
Hoxa-1 mutants and the thyroid defects in Hoxa-3 mutants as well as various limb defects in
mutants of posteriorly expressed Hox genes. According to this model, the reduced size of
trachea and bronchi in Hoxa-3 mutants could be the result of decreased cell proliferation.
This, in turn, would lead to altered differentiation of epithelial cells by limiting some
necessary component. Further studies are required to distinguish these possibilities. Even
though the two major hypotheses for Hox gene function not mutually exclusive (82), a role
of Hox genes in cell differentiation as opposed to cell proliferation would imply different
downstream targets of Hox gene regulation and ultimately different molecular events.

With respect to lung development, these models allow specific predictions: 1) The Hox
genes that can directly contribute to lung development are those located in paralogous
groups 3 through 6. It is likely that they regulate lung-specific processes, probably through
lung-specific transcription factors. 2) Hox genes of paralogous groups 3 - 6 may control the
development of restricted regions in the lung in a proximal-distal progression. Temporal
differences in expression could influence the relative contribution of paralogous and
neighboring genes. 3) The overlapping Hox gene expression patterns and lack of overt lung
phenotypes in some of the mutants indicate a certain degree of functional redundancy in
lung development. It is possible that several Hox genes may act in combination to specify
particular regions of the lung. Further analyses of Hox genes that affect the same structures
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in double and triple mutants will help to distinguish these possibilities. 4) Alterations in Hox
gene mutants (and Hox-transgenic mice) are expected to primarily affect mesodermal
derivatives; effects on epithelial cells may be indirectly mediated through mesenchymal-
epithelial interactions. These possibilities can be experimentally resolved through analysis of
lung-specific markers and gene regulation in Hox gene mutants. 5) Expression of Hox genes
in the adult lung may be relevant to tissue regeneration processes as well as pathological
lung cell differentiation and/or proliferation. 6) Identifying the cellular and molecular basis
for the morphological alterations in Hox gene mutants and transgenic mice will help in
characterizing downstream events in transcriptional regulation. In this way, Hox genes
provide a paradigm to bridge the gap between regional specification in development and
tissue and cell differentiation in organogenesis.

Hox genes in lung cancer
The capacity of Hox genes to control of cell proliferation has been most convincingly
supported by evidence that Hox genes can function as oncogenes. Transfection of NIH3T3
cells with Hox genes, results in a transformed cell phenotype in vitro and in tumor formation
upon transplantation into nude mice in vivo (83, 84). Inappropriate expression of the
HOXA9 (85), Hoxb-4 (86), and Hoxb-8 (87, 88) genes in the hematopoietic system in vivo
leads to the development of leukemias presumably through increased progenitor cell
proliferation (reviewed in (89). These results demonstrate that Hox genes control cell
proliferation and the emergence of the tumorigenic cell phenotype. Correlative evidence
suggests that Hox genes could also be involved in tumorigenesis in the lung. Tiberio et al.
conducted complete surveys for expression of the 38 Hox genes in Small Cell Lung Cancers
(SCLC) that had been xenografted to nude mice (38). They found that, on average, about
20-25 Hox genes are expressed in these cancers. This number is at least two-fold higher than
the number of Hox genes detected in normal adult human lung suggesting that activation of
Hox genes might be involved in lung tumorigenesis. Interestingly, the genes not normally
expressed in the lung but found in the cancers are located 5′ in the clusters. These 5′ genes
have been implicated in regulating cell proliferation in the developing limb, and both
HOXA9 (85) and Hoxb-8 (90, 91) are involved in leukemic translocations consistent with
deregulated cell proliferation in cancer. Tiberio et al. also attempt to correlate Hox gene
expression with clinical features of the tumors, such as histological appearance and
malignancy. They show a trend towards a decrease in the number of expressed Hox genes
with an increase in malignancy. Although based on a limited number of samples, these
results suggest that tumor progression could be associated with a loss of Hox gene
expression (38). In summary, the available evidence suggests that Hox genes may be
involved in lung cancer in two ways: activation of Hox genes as a step associated with
tumorigenesis, and loss of Hox gene expression associated with progression to the metastatic
state. Since surveys of tumors are complicated by variable degrees of cellular heterogeneity
in the tumor and by chromosomal abnormalities and chromosome losses, more extensive
studies will be required to clarify the role of Hox genes in the formation of lung tumors and
their progression.

Concluding remarks
The relevance of Hox genes for lung development is becoming increasingly clear.
Expression studies have documented temporally dynamic and regionally highly specific
patterns of Hox gene expression in the lung. In analogy to their role in patterning other
structures, such as the axial skeleton, these findings suggest a role of Hox-transcription
factors in regional specification and/or tissue-specific cell differentiation in lung
development. Putatively, Hox genes may also be involved in pathological lung cell
differentiation. The presence of lung abnormalities in Hoxa-3 mutant mice provides

Kappen Page 6

Am J Respir Cell Mol Biol. Author manuscript; available in PMC 2014 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



functional evidence for a critical role in lung development. The in vivo analysis of Hox gene
function with emphasis on the lung has just begun and is expected to yield insight into the as
yet undefined molecular mechanisms that govern regional specification and cell
differentiation in the developing lung.
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Figure. Chromosomal organization of Hox genes and their expression in the lung
Hox genes are organized in four clusters on different chromosomes, the Hox-a cluster
resides on chromosome #6 (#7 in human), Hox-b on #11 (#17), Hox-c on #12 (#15), and
Hox-d on #2 in human and mouse. The order of genes within a cluster is depicted in 5′ to 3′
orientation and paralogous genes are aligned vertically. Expression of Hox genes in the lung
has been documented in human adult lung (capital letters), and rat and mouse lung at various
embryonic stages (e), newborn (n) and adult (a) (small letters for rodents); data based on
Northern or RT-PCR analysis only are represented by light shading, in situ hybridization or
immunohistochemistry data are shaded darker. Open boxes represent genes that are not
expressed in the developing lung in the mouse (such as Hoxb-1, b-7 and c-8) or have not
been examined yet (for review, see 54, 55). The references are given in the text. During
development, Hox genes are expressed sequentially in restricted domains along the anterior-
posterior axis that reflect their respective position within a cluster (colinearity of position in
cluster and expression domain): Hox genes located towards the 3′ end of the clusters are
expressed more anteriorly while those located at the 5′ end are expressed in the posterior.
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