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A massive research effort is currently being devoted to iden-
tifying and characterizing new biomarkers with expression 
profiles providing diagnostic and prognostic information on 
cancer progression and dissemination (Ullah and Aatif 2009). 
Ultimately, such information may guide individualized 
patient management, including the selection of optimal inter-
vention regimens and subsequent monitoring of treatment 
efficacy. One such potential tumor biomarker is C4.4A, 
which was first identified in an unbiased immunological 
screen designed to select membrane proteins that were dif-
ferentially expressed by highly metastasizing rat pancreatic 
cell lines (Claas et al. 1996). On the basis of this selection 
criterion, Zöller and coworkers classified C4.4A as a metasta-
sis-associated protein (Claas et al. 1996). Several independent 

studies have subsequently investigated the expression pattern 
of C4.4A in various human malignancies with particular 
emphasis on human carcinoma lesions and their corresponding 
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Summary

The glycosylphosphatidylinositol (GPI)–anchored C4.4A was originally identified as a metastasis-associated protein by 
differential screening of rat pancreatic carcinoma cell lines. C4.4A is accordingly expressed in various human carcinoma 
lesions. Although C4.4A is a structural homolog of the urokinase receptor (uPAR), which is implicated in cancer invasion 
and metastasis, no function has so far been assigned to C4.4A. To assist future studies on its function in both physiological 
and pathophysiological conditions, the present study provide a global survey on C4.4A expression in the normal mouse 
by a comprehensive immunohistochemical mapping. This task was accomplished by staining paraffin-embedded tissues 
with a specific rabbit polyclonal anti-C4.4A antibody. In the adult mouse, C4.4A was predominantly expressed in the 
suprabasal layers of the squamous epithelia of the oral cavity, esophagus, non-glandular portion of the rodent stomach, 
anus, vagina, cornea, and skin. This epithelial confinement was particularly evident from the abrupt termination of C4.4A 
expression at the squamo-columnar transition zones found at the ano-rectal and utero-vaginal junctions, for example. 
During mouse embryogenesis, C4.4A expression first appears in the developing squamous epithelium at embryonic day 
13.5. This anatomical location of C4.4A is thus concordant with a possible functional role in early differentiation of stratified 
squamous epithelia. (J Histochem Cytochem 59:188–201, 2011)
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metastases. In two small pilot studies by in situ hybridization, 
expression of C4.4A mRNA was observed in melanomas 
(Seiter et al. 2001) and in urothelial transitional cell carcino-
mas (Smith et al. 2001). In both cases, lymph node metasta-
ses were also C4.4A positive. Along the same lines of 
evidence, an immunohistochemical study demonstrated that 
the C4.4A protein is expressed at the invasive front of esoph-
ageal squamous cell carcinoma as well as in the correspond-
ing lymph node metastases (Hansen et al. 2008). Particularly 
intriguing is, however, the recent observation that although 
normal lung tissue is devoid of C4.4A as probed by Northern 
blotting, RT-PCR, or immunohistochemistry (Claas et al. 
1996; Würfel et al. 2001), high expression of C4.4A is none-
theless a strong and independent prognostic biomarker for 
poor survival in patients with non–small cell lung cancer 
(NSCLC; Hansen et al. 2007). This relationship pertains in 
particular to the histological subgroup of lung cancer patients 
having adenocarcinoma lesions. Although these data clearly 
highlight C4.4A as a promising biomarker for poor prognosis 
in this group of lung cancer patients, a causal relationship 
responsible for this correlation is not evident, given that a 
well-defined biochemical function has so far not been 
assigned to C4.4A. Nevertheless, circumstantial evidence 
has prompted the speculations that C4.4A may be involved in 
either cell-matrix interactions (Paret et al. 2005; Rösel et al. 
1998; Smith et al. 2001) or in cell-cell adhesion (Hansen et al. 
2008).

The gene for human C4.4A (LYPD3) is located in a small 
cluster on chromosome 19q13 along with four other genes 
encoding homologous proteins, including the gene for the 
urokinase-type plasminogen activator receptor (uPAR), 
PLAUR (Jacobsen and Ploug 2008; Kjaergaard et al. 2008). 
These proteins are all glycosylphosphatidylinositol (GPI)- 
anchored, and their extracellular domains are composed of 
two to three modules belonging to the Ly6/uPAR/α-
neurotoxin (LU) protein domain family (Ploug 2003). As 
opposed to C4.4A, uPAR has a well-established and non-
redundant biochemical function in focalizing uPA-mediated 
plasminogen activation to cell surfaces (Ploug 2003), and this 
cell-bound proteolytic activity assists extravascular fibrin 
surveillance (Connolly et al. 2010). Like C4.4A, high expres-
sion levels of uPAR are correlated with poor patient survival 
in a number of human cancers (Høyer-Hansen and Lund 
2007). An important distinction is, however, that whereas 
uPAR predominantly is expressed by tumor-reactive stromal 
cells, C4.4A is expressed by the carcinoma cells. The crystal 
structures solved for human and mouse uPAR reveal that this 
protein is composed of three LU modules forming a large 
hydrophobic ligand-binding cavity (Huai et al. 2006; Lin  
et al. 2010). From bioinformatic considerations, it is evident 
that C4.4A is composed of two N-terminal LU modules, 
which are joined to the glycolipid anchor by a C-terminal 
linker region modified with O-linked carbohydrate (Hansen 
et al. 2004). Homology considerations reveal that the two 

N-terminal LU domains of C4.4A exhibit a much larger 
degree of sequence conservation between man and mouse 
than that observed between the corresponding uPAR ortho-
logs (89% vs 60%; see Suppl. Fig. S1), and this evolutionary 
conservation may actually signify that C4.4A serves an 
important physiological function. From a more practical 
point of view, this evolutionary conservation of C4.4A 
explains why our rabbit polyclonal antibody raised against 
purified human C4.4A (Hansen et al. 2004) can be used to 
detect the orthologous mouse and rat protein, which is 
exploited in the current immunohistochemical study.

To obtain a more complete description of the global 
expression profiles of C4.4A during normal physiology, we 
embarked in the present study on mapping its expression in 
the adult mouse as well as during embryogenesis. This 
information is important for future studies on the impact of 
C4.4A on cancer progression in the numerous mouse mod-
els that are presently used as surrogates for the correspond-
ing human diseases (Bos et al. 2010). This expression 
roadmap for C4.4A also represents an important guideline 
for dissection of any overt or induced phenotypic changes 
in mice with a disrupted Lypd3 gene.

Materials and Methods
Animals and Tissues

FVB/N mice (12 weeks old) and Sprague Dawley rats (8 
weeks old) were anesthetized using 0.1 ml/10 g of a 1:1 
mixture of Hypnorm (fluanison 5 mg/ml and fentanyl 0.1 
mg/ml) and Dormicum (midazolam 5 mg/ml) before they 
were perfused with PBS followed by 4% (v/v) buffered 
formalin. Embryos from FVB/N mice were generated by 
time-controlled mating with estimation of the ages from the 
appearance of a vaginal plug (E0.5). Embryos of day E9.5 
and days E13.5 to E18.5 were collected from the eutha-
nized pregnant mice. Newborn pups were also included. 
Dissected organs, embryos, and newborn mice were forma-
lin fixed overnight prior to paraffin embedment. Mouse 
esophagi were collected from euthanized animals for pro-
tein extraction and subsequently frozen at –20C until use. 
Mice were housed in a certified facility, and the study was 
carried out in accordance with institutional guidelines.

Antibodies and Proteins
Rabbit polyclonal antibody against human C4.4A was pro-
duced and purified in house as previously described (Hansen 
et al. 2004). Rabbit immunoglobulin of irrelevant specificity 
(code no. x0903) and horseradish peroxidase–conjugated 
swine anti-rabbit antibody (code no. P0217) were purchased 
from Dako (Glostrup, Denmark). Horseradish peroxidase–
labeled EnVision rabbit reagent (code no. K4003) was from 
Dako (Carpenteria, CA). Recombinant human C4.4A fused 
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to the third domain of uPAR (C4.4A-uPAR DIII) was pro-
duced and purified as described (Gårdsvoll et al. 2007; 
Hansen et al. 2004).

Detection of C4.4A in Tissue Extracts by 
Western Blotting
Mouse esophagi were snap-frozen in liquid nitrogen prior 
to mechanical homogenization. Protein extraction was 
subsequently performed by addition of 5 µl extraction 
buffer (0.1 M Tris [pH 7.4], 1% [v/v] Triton X-114, 
including 1:25 [v/v] Complete Proteinase Inhibitor 
Cocktail from Roche [Mannheim, Germany]) per mg of 
tissue. The suspension was mixed thoroughly and left on 
ice for 25 min prior to three bursts of ultrasonication of 7 
min each. Finally, the lysate was clarified by centrifuga-
tion at 4C, 12,000 × g for 30 min, and the supernatant was 
subjected to temperature-induced detergent phase separa-
tion at 37C for 5 min. The detergent phase containing the 
GPI-anchored C4.4A was collected at 37C by centrifuga-
tion for 15 min at 12,000 × g and subjected to SDS-PAGE 
separation (NuPAGE system; Invitrogen, Carlsbad, CA). 
Proteins were subsequently immobilized on a polyvinyli-
dene difluoride (PVDF) membrane (Millipore; Bedford, 
MA) by electrophoretic transfer using a Bio-Rad Criterion 
Blotter (Hercules, CA) with a solution of 12 mM Tris, 96 
mM glycine (pH 8.3), and 20% (v/v) ethanol as transfer 
buffer. Excess protein binding sites were blocked in 2% 
(w/v) BSA, and the PVDF membrane was incubated with 
0.1 µg/ml of rabbit polyclonal anti-C4.4A antibody over-
night at 4C. The bound polyclonal antibody was detected 
with horseradish peroxidase–conjugated swine anti-rabbit 
antibody (1:25,000 [v/v]), and the reaction was visualized 
with enhanced chemiluminescence using the ECL detec-
tion reagent from Amersham Biosciences (Burlinghamshire, 
UK). Control of specificity included a 1-hr preincubation 
of the polyclonal rabbit anti-C4.4A antibody with a 
10-fold molar excess of purified recombinant C4.4A-
uPAR DIII prior to probing.

Immunohistochemical Detection of C4.4A
Paraffin-embedded tissue sections (5 µm) were mounted on 
superfrost plus glass slides (Thermo Scientific; 
Braunschweig, Germany), deparaffinized in xylene, and 
hydrated through a series of ethanol/water solutions. 
Antigen retrieval was achieved by pretreatment with 5 µg/
ml proteinase K for 10 min at 37C. Endogenous peroxidase 
activity was blocked by incubation in 1% (v/v) H

2
O

2
 for 15 

min. The sections were washed in Tris-buffered saline (50 
mM Tris, 150 mM NaCl, pH 7.6) containing 0.5% (v/v) 
Triton X-100 before overnight incubation in Shandon racks 
(Thermo Shandon; Pittsburg, PA) at 4C with the primary 
antibody diluted in Antibody Diluent (Dako; Glostrup, 

Denmark) to either 2.5 µg/ml or 1 µg/ml for mouse and rat 
tissues, respectively. Incubation of the polyclonal anti-
C4.4A antibody with a 10-fold molar excess of purified 
recombinant C4.4A-uPAR DIII for 1 hr prior to its addition 
to the tissue sections served as a rigorous specificity con-
trol. EnVision rabbit reagent was used as secondary anti-
body, and the sections were developed with NovaRed 
(Vector Laboratories; Burlingame, CA) for 9 min as speci-
fied by the manufacturer. Finally, sections were counter-
stained with Mayer’s hematoxylin for 30 sec, dehydrated in 
ethanol baths, and mounted with pertex.

Results
Specificity of the Immunohistochemical 
Detection of C4.4A in Mouse Tissues

In the present study, the global expression profile of murine 
C4.4A was analyzed by immunohistochemistry using our 
well-characterized anti-C4.4A polyclonal antibody raised 
against human recombinant C4.4A (Hansen et al. 2004) on 
formalin-fixed and paraffin-embedded tissues. We relied on 
the specific cross-reactivity of this antibody with murine 
C4.4A, which is probably a consequence of the high degree 
of sequence conservation (89%) between mouse and 
human C4.4A, as documented in Supplementary Figure S1. 
To validate its use for staining of paraffin-embedded mouse 
tissue, we initially performed a number of control experi-
ments. First, adjacent sections from an adult FVB/N mouse 
esophagus were selected as positive control tissue because 
of the pronounced C4.4A expression we had observed pre-
viously in the suprabasal layer of the stratified squamous 
epithelium of human esophagus (Hansen et al. 2008). 
Reassuringly, we recapitulated a prominent staining of the 
squamous epithelium of mouse esophagus using this poly-
clonal anti-C4.4A antibody raised against the human ortho-
log. Importantly, this immunohistochemical staining 
exhibited a distinct membrane-bound morphology restricted 
to stratum spinosum and leaving the basal layer as well as 
stratum granulosum negative (Fig. 1A,B), thus recapitulat-
ing the expression pattern published for the human esopha-
gus (Hansen et al. 2008). Second, the specificity of this 
staining was further validated, as it could be completely 
abrogated by a preincubation of the polyclonal antibody 
with recombinant C4.4A-uPAR DIII (Fig. 1C,D). Third, 
IgG with an irrelevant specificity purified from a non-
immunized rabbit showed no specific reaction with the 
epithelium when applied at the same concentration (Fig. 
1E). As a last quality control on the specificity of the cross-
reactivity with murine C4.4A, we subjected detergent phase 
extracts from mouse esophagus to Western blotting using 
the reactivity of our polyclonal anti-C4.4A antibody for 
detection of murine C4.4A in this complex protein mixture. 
As shown in Figure 1F (lane 3), only one component was 
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recognized by the polyclonal anti-C4.4A antibody, and this 
possessed the expected electrophoretic mobility of C4.4A. 
Note that C4.4A from natural sources has a much slower 
electrophoretic mobility as compared to recombinant C4.4A 
expressed in Drosophila S2 cells because of extensive dif-
ferences in the N- and O-linked glycosylation (compare 

lanes 1 and 3; Hansen et al. 2004). Similar to the immuno-
histochemical detection of murine C4.4A described above, 
the reactivity in Western blotting could be completely abol-
ished when preincubating with the recombinant human 
C4.4A-uPAR DIII (Fig. 1F, lane 4). These control experi-
ments clearly validate the specificity of the C4.4A detection 

Figure 1. Specificity of the cross-reaction of polyclonal rabbit anti-human C4.4A antibody with murine C4.4A. Immunohistochemistry 
was performed on serial sections of adult murine esophagus incubated with 2.5 µg/ml polyclonal anti-C4.4A antibody alone (A, B) or 
after preincubation with a 10-fold molar excess of purified recombinant human C4.4A-uPAR DIII (C, D). A higher magnification of the 
squamous epithelium (B) reveals a pronounced membrane-associated C4.4A staining, which is eliminated after antibody preabsorption 
(D). A negative control IgG with irrelevant specificity (2.5 µg/ml) did not stain the squamous epithelium at all (E). Panel F shows 
immunoblots of 0.02 µg recombinant human C4.4A-uPAR DIII (positive control; lanes 1 and 2) and detergent phase extracts from murine 
esophagus (lanes 3 and 4) incubated with polyclonal anti-C4.4A antibody either alone (lanes 1 and 3) or after preincubation with a 10-fold 
molar excess of purified recombinant human C4.4A-uPAR DIII (lanes 2 and 4). Scale bars = 50 µm (A, C, E) and 15 µm (B, D).
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of the murine ortholog, thus justifying the application of 
this procedure to a general detection of murine C4.4A in 
different anatomical locations.

Histological Localization of C4.4A in the 
Adult Mouse

Having established the specificity of the polyclonal anti-
C4.4A antibody, we continued to map the histological 
localization of C4.4A under physiological conditions in the 
mouse. A library of paraffin-embedded tissues from FVB/N 
mice was therefore probed for C4.4A expression using the 
protocol established for the staining of esophagus. All 
organs were examined in duplicates from two different 
mice, and they showed similar results in all cases. The 
specificity of these stainings was confirmed by preabsorp-
tion controls using the recombinant human C4.4A-uPAR 
DIII. The results are summarized in Table 1.

Gastrointestinal tract. An evaluation of the gastrointesti-
nal tract revealed that C4.4A was confined to stratified 
squamous epithelium of the cranial end (i.e., the oral cavity, 
here exemplified by the tongue) and the entire length of the 
esophagus (Fig. 2A,B), as well as the more caudally located 
non-glandular part of the stomach (Fig. 2C,D). The rodent 
stomach is divided into two portions, the non-glandular 
(fundus) and the glandular (antrum) part. The esophagus of 
rodents terminates in the non-glandular part of the stomach, 
which represents a food storage compartment composed of 
stratified squamous epithelium (Fukamachi et al. 1979). 
The traditional squamo-columnar junction located at the 
gastroesophageal connection in humans is consequently 
translocated to the border between the fundus and antrum in 
mice, where the latter glandular portion is lined by a diges-
tive enzyme-secreting columnar epithelium. A squamous 
protrusion of the lamina propria is the visible demarcation 
of the two areas (Fig. 2C) and the equivalent of the human 
gastroesophageal junction. C4.4A expression was absent in 
the glandular epithelium, and it appeared to follow the loca-
tion of stratified squamous epithelium (Fig. 2C,D). The 
entire ensemble of columnar epithelia of the intestines was 
devoid of C4.4A expression, as exemplified by sections of 
duodenum and the sigmoid colon (Fig. 2E,F). At the caudal 
part of the gastrointestinal tract, C4.4A expression reap-
peared at the ano-rectal junction at the transition zone 
between the columnar epithelium and stratified squamous 
epithelium (Fig. 2G,H).

Reproductive system. C4.4A was also confined to the 
squamous epithelium of the reproductive system of the 
female mouse (i.e., the vagina; Fig. 3A,C). Paralleling the 
results from the gastrointestinal tract, the pronounced 
C4.4A expression present in the epithelium of the vagina 
terminated with the transition to the columnar epithelium of 
the uterus (Fig. 3A). This observation was, however, in con-
tradiction to a previous report on C4.4A expression in rat 
tissue (Claas et al. 1996). That particular study stated that 
C4.4A was confined to the glandular epithelium of the uterus 
and also the ductal epithelium of the epididymis in the repro-
ductive systems of the female and male rat, respectively 

Table 1. C4.4A Protein Expression in the Adult Mouse and Rat

Tissue
C4.4A Expression  
in the Adult Mouse

C4.4A Expression 
in the Adult Rat

Oral cavity/tongue +1 +1

Esophagus +1 +1

Stomach  
  Glandular – –
  Non-glandular +1 +1

Duodenum – –
Jejunum – –
Ileum – –
Colon ascendes – –
Colon sigmoideum – –
Rectum – –
Anus +1 ND
Ovaries – –
Uterus – –
Vagina +1 +1

Testicle – –
Epididymis – –
Prostate – –
Seminal vesicle – ND
Skin +1 +1

Hair follicle +1 +1

Bone – ND
Bone marrow – ND
Eye  
  Cornea +1 +1

  Retina +2 +2

Adipose tissue – –
Brain – ND
Thymus +3 +3

Spleen – –
Lymph node – –
Liver – –
Pancreas – –
Mammae – –
Kidney – –
Bladder – –
Heart – –
Striated muscle – –
Smooth muscle – –
Nasal cavity +1 ND
Trachea – –
Lung – –

Abbreviations: +1, C4.4A staining in the stratified squamous epithelium; 
+2, C4.4A staining in the pigmented epithelium of the retina; +3, C4.4A 
staining in Hassall’s corpuscle of the thymus; –, no C4.4A staining; ND, 
not determined.
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Figure 2. C4.4A expression profile in the gastrointestinal tract of the adult mouse. Sections of paraffin-embedded mouse tissue from the 
gastrointestinal tract were incubated with 2.5 µg/ml polyclonal anti-C4.4A antibody, the binding of which was subsequently visualized by 
the NovaRed chromogene. Tissues shown are tongue (A), esophagus (B), the transition zone of the non-glandular and glandular stomach 
regions (C, D), duodenum (E), sigmoid colon (F), and ano-rectal junction (G, H). Scale bars = 100 µm (C), 75 µm (E), 50 µm (A, B, F, G), 
and 25 µm (D, H).
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(Claas et al. 1996). Neither of these observations, however, 
could be confirmed in the present study using paraffin-
embedded mouse tissue (Fig. 3A,C,E).

To enable a more rigorous investigation of these appar-
ent discrepancies, we tested whether the promiscuity of our 
polyclonal C4.4A antibody would allow a specific detection 
of rat C4.4A in formalin-fixed tissue along the same lines as 
we used previously for murine C4.4A (Suppl. Fig. S2). The 
polyclonal anti-C4.4A antibody did indeed detect rat C4.4A 
with high specificity, revealing the same distinct membrane-
associated confinement as observed for both mouse (Fig. 
1A,B) and human (Hansen et al. 2008). Successful addi-
tional specificity tests completed the validation of the anti-
body for immunohistochemical detection of rat C4.4A.

Mouse and rat uteri and epididymides were subsequently 
stained in parallel to scrutinize whether the dissimilar 
expression patterns reported for C4.4A in these tissues 
could be related to an unexpected species difference. 
Comparing the present immunohistochemical stainings, it 
is evident that no divergence in the C4.4A expression can be 
seen in these two rodents. C4.4A is concordantly expressed 
in the stratified squamous epithelia of the vagina in both 
mouse (Fig. 3A,C) and rat (Fig. 3B,D), whereas it is absent 
from the columnar epithelium of the uterus (Fig. 3A,B) and 
the ductal epithelium of the epididymis (Fig. 3E, F). The 
reason for this minor divergence in expression profile is 
unclear, but it should be emphasized that the present study 
was performed on paraffin-embedded tissue samples, 
whereas the previous study used snap-frozen tissue (Claas 
et al. 1996).

One noteworthy difference between the mouse and rat 
vagina is that the superficial cell layer of this particular rat 
vagina was devoid of C4.4A reactivity (Fig. 3B). This, how-
ever, may be related to the fact that this female rat was in the 
proestrus stage of the reproduction cycle, characterized by a 
superficial mucoid layer of cuboidal cells (Westwood 
2008). The histological changes occurring in the vagina 
during the reproductive cycle do not occur uniformly along 
its length, and the caudal one-third of the vagina is perma-
nently composed of keratinized stratified squamous epithe-
lium, which accordingly is positive for C4.4A (Fig. 3C,D). 
However, as evident from Figure 3C,D, the most superficial 
keratinized cells lose the expression of C4.4A.

Hassall’s corpuscle. In the thymus, C4.4A-expressing 
cells were detected in Hassall’s corpuscle of the medulla 
(Fig. 3G). In humans, this structure is composed of islands 
of flattened cells closely resembling keratinized squamous 
epithelium, as revealed by its cytokeratin expression profile 
(Shezen et al. 1995). This flattened cell structure was par-
ticularly evident from the C4.4A staining in Hassall’s cor-
puscle of the rat shown in Figure 3H.

Skin and hair follicles. As reported previously (Hansen 
et al. 2004), keratinocytes located in the epidermis of the 

skin and in the related hair follicles express C4.4A (Fig. 
4A,B). The adult mouse skin consists of a basal layer and a 
thin suprabasal layer of C4.4A-expressing cells. In the hair 
follicles, C4.4A is located in the outer root sheath (Fig. 4B), 
which is a continuation of the epidermis and hence reveals 
the same morphology (Davidson and Hardy 1952). C4.4A 
expression was observed from the most distal part of the 
hair follicle all the way down just below the orifice of the 
sebaceous glands (Fig. 4B, arrowheads), where the expres-
sion terminated. The most proximal region of the hair fol-
licle (the bulb), where the outer root sheath only consists of 
a one- to two-cell layer of very low differentiation (Ito 
1986), is completely devoid of C4.4A expression.

Eye. The stratified squamous epithelium in the cornea of 
the eye also expresses C4.4A albeit without the distinct 
membrane location seen in the other stratified epithelia we 
have examined (Fig. 4C,D). Interestingly, a variation from 
the normal expression pattern of C4.4A was found in the 
cuboidal pigmented epithelium of the retina (pars pigmen-
tosa), where a very pronounced and distinct C4.4A staining 
is confined to the basolateral cell membrane facing the 
Bruch’s basement membrane (Fig. 4C,E).

Tissues devoid of C4.4A expression. In all other tissues 
examined, C4.4A expression was not detectable (see Table 
1). With a view to human pathology, the lack of C4.4A pro-
tein expression in the normal and healthy lung and bladder 
(Fig. 4F,G) is particularly interesting as these organs are 
reported to express C4.4A after malignant transformation 
(Hansen et al. 2007; Smith et al. 2001).

Expression of C4.4A during Embryogenesis
To determine the stage at which C4.4A expression is 
induced during mouse embryogenesis, paraffin-embedded 
mouse embryos were tested for C4.4A expression by 
immunohistochemistry on serial sections throughout entire 
embryos. The embryonic days 9.5 and 13.5 to 18.5 as well 
as newborn mice were chosen for evaluation. The onset of 
C4.4A expression in the squamous epithelia of the nasal 
cavity, tongue, esophagus, non-glandular part of the stom-
ach, anus, skin, and vibrissal follicles is summarized in 
Table 2.

No detectable C4.4A expression was found in the devel-
opmental stage at E9.5 (data not shown). At embryonic day 
13.5, C4.4A expression was observed in the epithelium of the 
nasal cavity (Fig. 5A) and a few cells of the outermost cell 
layers of the paws and exterior surface of the abdomen. The 
earliest detectable C4.4A expression in fetal back skin was 
observed at day E14.5 (Fig. 5E), where the architecture of the 
skin comprises an approximately three-layered epithelium 
containing the approaching stratum spinosum (Hanson 
1947). A diffuse and only faint membrane-bound expression 
of C4.4A was detected in this particular layer. Already at day 
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Figure 3. C4.4A expression in the mouse and rat reproductive systems and Hassall’s corpuscle. The expression of C4.4A in the 
reproductive systems and thymus of mouse (A, C, E, G) and rat (B, D, F, H) was compared after immunohistochemical staining with the 
polyclonal anti-C4.4A antibody. Sections of the utero-vaginal junction (A, B), the caudal vagina (C, D), the epididymis (E, F), and thymus 
(G, H) were analyzed using 2.5 µg/ml or 1 µg/ml polyclonal rabbit anti-C4.4A antibody for mouse and rat tissue, respectively. In panels A 
and B, columnar epithelium of the uterus is indicated by open arrows, whereas squamous epithelium of the vagina is shown with black 
arrows. C4.4A detected in Hassall’s corpuscle of the medulla of the thymus is indicated by arrowheads in panel G. A magnification of one 
of the squamous-like structures in the rat thymus is shown in panel H. Scale bars = 100 µm (F), 50 µm (A, C, D, E), and 25 µm (B, G, H).
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E15.5, however, C4.4A was visible in a pronounced  
membrane-bound appearance (Figure 5F). At E16, the termi-
nal differentiation of the skin is complete, which is character-
ized by the presence of the outer keratinized epidermal layer, 
the stratum corneum (Bickenbach et al. 1995; Hanson 1947). 
The stratum corneum and the underlying stratum granulo-
sum, which are only weakly visible at embryonic day E16.5, 
are devoid of C4.4A (data not shown). This C4.4A expression 
pattern, characteristic of the adult epidermis, becomes more 
pronounced in the later developmental stages.

The vibrissal follicles expressed C4.4A already from day 
E14.5 (Fig. 5H). The mouse embryo vibrissal follicles 
appear in an earlier embryogenic stage than the pelage hair 
follicles, and the formation of the hair canals, which pro-
trude from the epidermis, happens at day E15 (Davidson 
and Hardy 1952), at the time point where C4.4A expression 
is induced.

In the upper part of the gastrointestinal tract, C4.4A 
expression was detectable in the epithelium of the tongue 
at day E14.5 (data not shown) and weakly in the esopha-
gus at day E15.5 (Fig. 5L). This latter observation coin-
cides with the onset of a columnar-squamous 
transdifferentiation of the esophageal epithelium (Yu et al. 
2005). As opposed to the adult epidermis (Fig. 4A) and 
esophagus (Fig. 1A,B), which contain a cornified layer 
devoid of C4.4A expression, the embryonic esophagus 
lacks this cornification (Parakkal 1967; Raymond et al. 
1991), and C4.4A expression is observed throughout the 
squamous suprabasal layer. Expression was also found in 
the squamous epithelium of the non-glandular part of the 
stomach and ano-rectal junction at days E15.5 and E14.5, 
respectively (data not shown).

Discussion
C4.4A was initially identified as a metastasis-associated 
protein (Claas et al. 1996), and expression of C4.4A is 
accordingly observed in various human cancer lesions 
(Hansen et al. 2008; Hansen et al. 2007; Paret et al. 2007; 
Smith et al. 2001; Würfel et al. 2001). In NSCLC, its 
expression levels even carry prognostic information on 
patient survival (Hansen et al. 2007). Regrettably, however, 
no solid biochemical function has as yet been assigned to 
C4.4A. Nevertheless, circumstantial evidence suggests a 
role for C4.4A in cell-cell or cell-matrix adhesion (Hansen 
et al. 2008; Paret et al. 2005; Rösel et al. 1998; Smith et al. 
2001). To advance our understanding of the putative physi-
ological role of C4.4A in normal and pathological condi-
tions, it is thus imperative to conduct animal studies, where 
this function has been abrogated by Lypd3 gene ablation, 
for example. To enable the functional dissection of any 
overt phenotypes that may arise in such animal model sys-
tems, we have in the present study undertaken a histological  

Figure 4. C4.4A expression in the mouse skin, eye, lung, and 
bladder. Paraffin-embedded tissue sections were incubated 
with our polyclonal rabbit anti-C4.4A antibody (2.5 µg/ml), 
stained with immunoperoxidase, and visualized by the NovaRed 
chromogene. Detection of C4.4A in mouse skin of the mammae 
is shown in panel A and in the skin-related hair follicle in panel 
B. A low magnification illustrates the composition of the eye (C), 
whereas high magnifications of cornea (D) and retina (E) reveal 
the specific detection of C4.4A in the squamous epithelium and 
pigmented epithelium, respectively. The lack of C4.4A expression 
in the epithelia of the lungs (pulmonary epithelium) and bladder 
(urothelium) is shown in panels F and G, respectively. Arrowheads 
show the orifice of the sebaceous glands of the hair follicle, black 
arrows indicate alveolar tissue of the lung, and open arrows point 
out the quiescent urothelium of the bladder. Scale bars = 400 µm 
(C), 100 µm (F), 50 µm (G), 25 µm (A, B, D), and 20 µm (E).
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mapping of the C4.4A expression in the normal adult 
mouse as well as during embryogenesis.

As a general common denominator, we find a pro-
nounced C4.4A expression confined to the cell membrane 
of all squamous epithelia examined (i.e., the oral cavity, 
esophagus, non-glandular part of the stomach, cornea, skin, 
and vagina). In all cases, C4.4A expression is restricted to 
the suprabasal layer of the epithelium, leaving the basal 
layer devoid of C4.4A.

This tissue-specific expression profile of C4.4A in squa-
mous epithelia is particularly evident by its abrupt termina-
tion upon transition to columnar epithelium at 
squamo-columnar junctions (Figs. 2 and 3). Such stringent 
expression patterns call for a tight regulation of the Lypd3 
gene, and this may in part be accomplished by the transcrip-
tional control exerted by C/EBPβ (Fries et al. 2007). In 
addition, circumstantial evidence also suggests a gene regu-
latory mechanism through the action of the sex hormone 
estrogen. An estrogen-induced increase in C4.4A mRNA 
levels has accordingly been reported in three independent 
studies (Chisamore et al. 2009; Hardman and Ashcroft 
2008; Helvering et al. 2005). Along the same line of argu-
ments, the Lypd3 gene is also tightly regulated during 
embryonic development of the mouse, where the first evi-
dence for C4.4A expression emerges in the squamous epi-
thelium of the nasal cavity and outer cell layers of the paws 
at day E13.5, the vibrissal follicles and back skin at day 
E14.5, and the esophagus and non-glandular part of the 
stomach at day E15.5. Interestingly, these results coincide 
with well-established murine embryonic squamous differ-
entiation programs. In the developing mouse embryo, the 
expression of the suprabasal differentiation-specific cyto-
kerations 1 and 10 is induced at exactly day E13.5 in the 
nasal cavity and at day E14.5 in the interfollicular epider-
mis of the vibrissae (Byrne et al. 1994). In the skin of the 
paws and back, the cytokeratins 1 and 10 are not expressed 
until days 14.5 and 15.5, respectively (Bickenbach et al. 
1995; Byrne et al. 1994)—that is, one day later than the 

induction of C4.4A expression. As for the non-glandular 
part of the mouse stomach, it begins to stratify at embryonic 
day 13.5, and the formation of a granular and cornified 
layer is first noted at day E16.5 (Fukamachi et al. 1979). 
The stratum spinosum thus develops prior to day E16.5, 
where we also observe the first C4.4A expression.

The esophagus, on the other hand, undergoes a complete 
columnar-squamous transdifferentiation at days E15.5 to 
E17.5, with the gradual loss of cytokeratin 8 as a marker for 
columnar epithelium from day E15.5 and the appearance of 
cytokeratin 14 as a marker for stratified squamous epithe-
lium at day E17.5 (Yu et al. 2005). Thus, C4.4A expression 
seems induced at the same time point or prior to the keratins 
specific for epithelial differentiation. Taken together, these 
data suggest that C4.4A is a marker of very early stages of 
squamous differentiation.

The tightly regulated expression of C4.4A in the supra-
basal layer of the homeostatic squamous epithelium, which 
we have uncovered here in the healthy mouse, may actually 
have a bearing on certain pathophysiological conditions in 
humans. In particular, the development of preneoplastic 
lesions in the pulmonary epithelium during progression of 
NSCLC represents an intriguing case. As shown in Figure 
3F, the normal alveolar and bronchial epithelia of non-
insulted mouse lungs are completely devoid of C4.4A 
expression, which aligns excellently with our present prop-
osition of C4.4A as a generalized biomarker for squamous 
differentiation. In an ongoing study comparing premalig-
nant pulmonary lesions with manifest adenocarcinomas or 
squamous cell carcinomas in NSCLC patients, we never-
theless observe an interesting progression in C4.4A expres-
sion. The morphologically normal-appearing human 
bronchial epithelia located distantly from any visual lesions 
are devoid of C4.4A reactivity, thus recapitulating the pres-
ent findings for murine lungs. The absence of C4.4A expres-
sion in the normal human lung has further been confirmed 
at the mRNA level by RT-PCR and Northern blotting 
(Würfel et al. 2001). With the onset of metaplasia, as judged 

Table 2. Expression of C4.4A in Embryonic Tissues

Tissue E9.5 E13.5 E14.5 E15.5 E16.5 E17.5 E18.5 Newborn

Nasal cavity – +++ +++ +++ +++ +++ +++ ND
Tongue – – + ++ +++ +++ +++ +++
Esophagus – – – + + ++ ND ND
Non-glandular stomach – – – + ++ +++ +++ +++
Anus – – + +++ +++ +++ +++ +++
Skin (back) – – + +++ +++ +++ +++ +++
Skin (paw) – + + +++ +++ +++ +++ +++
Hair follicle (vibrissae) – – ++ +++ +++ +++ +++ +++

Abbreviations: +, weak C4.4A staining intensity or staining of only a few cells; ++, moderate C4.4A staining intensity of cells comprising a single layer of 
squamous epithelium; +++, strong C4.4A staining of cells constituting a single or a stratified layer of squamous epithelium; –, no C4.4A staining; ND, not 
determined.
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by morphological criteria, we find that a robust and  
membrane-confined expression of C4.4A is already evi-
dent, spanning the entire thickness of the transformed epi-
thelium (Jacobsen et al. 2011). Importantly, the adjacent 
ciliated epithelium, which appears morphologically normal, 
often presents a weak but distinct intracellular expression of 
C4.4A in the basal cells, indicating that C4.4A is a marker 
of the very early phases of metaplasia paralleling the situa-
tion observed in embryonic tissue of the mouse. With a 

view to the induction of C4.4A expression already at this 
non-malignant histopathological stage, it is noteworthy that 
the frequency and expression levels of C4.4A in the resected 
tumor tissues from NSCLC patients do not provide prog-
nostic information on patient survival if they are diagnosed 
with a squamous cell carcinoma (Hansen et al. 2007). Quite 
the opposite pertains to NSCLC patients with diagnosed 
adenocarcinomas, where a high C4.4A expression level is a 
powerful prognostic biomarker for poor survival (Hansen  

Figure 5. Expression of C4.4A in the nasal cavity, skin, hair follicles, and esophagus of mouse embryos. Serial sections of paraffin-
embedded intact embryos were incubated with 2.5 µg/ml polyclonal rabbit anti-C4.4A antibody, and detection of C4.4A was visualized 
using the NovaRed chromogene. Selected tissues represent embryonic stages 13.5 (A, D, G, J), 14.5 (B, E, H, K), and 15.5 (C, F, I, L) and 
include nasal cavity (A-C), back skin (D-F), vibrissal hair follicles (G-I), and esophagus (J-L). The arrow in panel L indicates the C4.4A-
expressing suprabasal layer of the esophageal squamous epithelium. Scale bars = 100 µm (C), 50 µm (A, B, D, E, F, G, H, I), and 40 µm (J, 
K, L).
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et al. 2007). This distinction is really intriguing because  
our present expression profiling of C4.4A in the normal 
mouse never detected any C4.4A expression in the cell 
types associated with the normal columnar epithelia from 
which the adenocarcinomas usually originate. Although the 
pathogenesis of pulmonary NSCLC adenocarcinomas is 
less well established, atypical adenomatous hyperplasia 
(AAH) is often considered a precursor lesion of adenocarci-
noma (Wistuba and Gazdar 2006). Interestingly, we find 
that a certain fraction of AAH lesions contains numerous 
type II pneumocytes that do in fact express C4.4A intracel-
lularly (Jacobsen et al. 2011). It is thus possible that these 
cells are responsible for the atypical expression of C4.4A 
observed later on in the malignant progression to the mani-
fest, invasive adenocarcinomas (Hansen et al. 2007). The 
perturbation(s) in the molecular pathway(s) responsible for 
this aberrant expression of C4.4A, however, remains to be 
clarified.

Another pathological condition, in which an atypical 
expression of C4.4A unexpectedly emerges in the trans-
formed “non-squamous epithelium,” is represented by the 
transitional cell carcinoma of the human bladder. In the 
present study, we find C4.4A expression to be undetectable 
by immunohistochemistry in the quiescent urothelium of 
both mouse and rat bladder. Nonetheless, upon progression 
of the urothelium to transitional cell carcinoma, C4.4A 
mRNA levels are upregulated in both the primary tumor 
mass as well as the corresponding metastatic foci in distant 
lymph nodes (Smith et al. 2001). Interestingly, the same 
study also proposed that the LYPD3 gene may be a part of 
the wound response program in normal human urothelial 
cells, as these upregulate C4.4A when exposed to extracel-
lular matrix proteins (Smith et al. 2001).

To enable a meticulous interrogation of the putative 
functional role of C4.4A in vivo for maintenance of normal 
squamous epithelial integrity and for testing its impact on 
the pathogenesis of carcinomas in particular, it is mandatory 
to establish relevant in vivo mouse models. Currently, we 
aim at generating a transgenic mouse strain deficient for 
C4.4A by the gene ablation of Lypd3. As judged from our 
present expression profiling of C4.4A during mouse 
embryogenesis, we do not expect to encounter any increased 
lethality in such transgenic mice before day E13.5, when 
the earliest C4.4A expression emerges in the embryonic 
nasal cavity and skin. If such C4.4A-deficient mice are 
indeed viable, it will be interesting to test the integrity of 
their epithelial barrier function as well as the kinetics of 
keratinocyte migration during closure of incisional skin 
wounds. With a view to epithelial integrity, a puzzling but 
circumstantial observation is the recent discovery that the 
assembly and intact barrier function of septate junctions in 
Drosophila are critically dependent on a number of small 
glycolipid-anchored proteins (crok, cold, crim, and boudin), 
which are composed of a single LU domain and thus are 

structural homologs of C4.4A (Hijazi et al. 2009; Nilton  
et al. 2010). The connection to wound healing is more 
direct, as a previous study demonstrated a clear upregula-
tion of C4.4A expression in the migrating murine keratino-
cytes during healing of incisional skin wounds (Hansen et 
al. 2004). Furthermore, a microarray study comparing skin 
wound healing in young versus old healthy subjects has 
reported that the keratinocytes of elderly humans have a 
decreased C4.4A expression (Hardman and Ashcroft 2008) 
as well as an attenuated migratory phenotype (Holt et al. 
1992).

Finally, it will be interesting to scrutinize the impact of 
C4.4A on the pathogenesis of NSCLC with particular 
emphasis on the histological subtype of adenocarcinomas. 
The clinical relevance of this is highlighted both by the 
C4.4A expression in the corresponding premalignant lesions 
(Jacobsen et al. 2011) and by the prognostic value of C4.4A 
expression levels for survival of this group of cancer 
patients (Hansen et al. 2007). The applicability of a C4.4A-
deficient mouse strain for such studies is straightforward as 
several mouse models exist for induction of NSCLC of the 
adenocarcinoma subtype both by genetic aberrations 
(DuPage et al. 2009; Meuwissen and Berns 2005) and by 
chemical insult (Meuwissen and Berns 2005).
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