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ABSTRACT

It is challenging to diagnose metastatic tumors whose cellular morphology is different from 
the primary. We characterized canine primary pulmonary adenocarcinoma (PAC) and its 
xenografted tumors by histological and immunohistochemical analyses for critical diagnostic 
and cancer stem cell (CSC) markers. To generate a tumor xenograft model, we subsequently 
transplanted the tissue pieces from the PAC into athymic nude mice. Immunohistochemical 
examination was performed for diagnostic (TTF-1, Napsin A, and SP-A) and CSC markers 
(CD44 and CD133). The use of CSC markers together with diagnostic markers can improve 
the detection and diagnosis of canine primary and metastatic adenocarcinomas.

Keywords: Canine pulmonary adenocarcinoma; diagnostic markers; immunohistochemistry; 
stem cell markers; tumor xenograft model

INTRODUCTION

It is clinically challenging to diagnose the metastatic tumors because they are generally 
different from the primary ones in cellular and histological morphology. Canine pulmonary 
adenocarcinoma (PAC) is in similar situation, although several markers were suggested for 
diagnosis of originality and malignancy [1]. In addition, the sites of metastasis from lung 
tumors are rarely recorded in animals because they are often euthanized before metastatic 
tumors fully develop [2]. The histological patterns of PACs are subclassified as lepidic, 
papillary, micropapillary, acinar, and solid [3]. To examine cancer, patient-derived xenograft 
models are still utilized in the study of biomarker development and metastasis. Metastasis 
models are modified for evaluation and prediction of cancer progression [4-6].

As discrimination and differential diagnosis may not always be possible based on 
morphology alone [1], immunohistochemistry is the most important method in lung cancer 
diagnosis and classification, which can help confirm the presence of metastasis [3]. For 
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diagnostic markers, Thyroid transcription factor-1 (TTF-1) is a commonly used marker for 
diagnosis of PAC and prediction of prognosis [7,8]. Novel aspartic proteinase of the pepsin 
family A (Napsin A) has emerged as an alternative marker to TTF-1 for the diagnosis of PAC 
and is rarely seen in adenocarcinomas arising outside the lung or kidney [8]. Pulmonary 
surfactant protein A (SP-A) is a mixture of phospholipids and proteins, which is thought to 
function by reducing surface tension at the air/fluid interface lining the alveolar space [9]. 
In normal lung tissue, SP-A immunoreactivity is observed on the apical surface of alveolar 
cells, within the cytoplasm and [7,10] other subtypes of PAC [11]. Lung cancer stem cells 
(CSCs) have self-renewal and differentiation potential as well as the potential to initiate new 
cancer formation, progression, and metastasis. CSCs of lung cancer are well recognized 
by their specific markers, such as CD44 and CD133 [12,13]. The proliferation index is 
estimated by immunohistochemistry for Ki-67 which is generally associated with tumor cell 
proliferation and growth. The prognosis generally tends to be poor in cases of PAC with a 
high proliferation index [14].

In this study, we characterized the histological and immunohistochemical phenotypes of 
both primary and xenografted PAC and identified suitable markers for diagnosis of canine 
PAC and its metastatic-like tumors.

MATERIALS AND METHODS

Animals and live tissue bank xenograft establishment
Xenografted canine pulmonary tumor models were established from a 14-year-old spayed 
female Shih Tzu dog. The tumor mass was surgically excised and stored in cold Dulbecco’s 
modified Eagle Medium and transplanted into the inguinal region of an athymic nude 
mouse (F1 tumor). Then it was subsequently transplanted into another mouse (F2). 
During transplantation from F1 to F2, some pieces of F1 tumor tissue were stored in liquid 
nitrogen. The frozen tumor tissue specimens were thawed 3 months later and transplanted 
into another mouse (F2(C)). The success of the live tissue bank was verified by confirming 
the growth of the tumor. When it had grown sufficiently, it was examined to compare its 
molecular phenotypes with those of the non-frozen tumors.

Histopathology and immunohistochemistry
The primary and xenografted tumors were histopathologically characterized on hematoxylin 
and eosin-stained sections and immunohistochemical characterization was performed for six 
specific antigens (Supplementary Table 1).

Immunoreactivity scoring
Immunoreactivities for diagnostic and CSC markers were scored semiquantitatively based on 
the distribution [1] and intensity of staining [10]. Immunoreactivity was compared between 
the glandular and solid structures by evaluating the staining intensity of positive cells. The 
proportion of the Ki-67 positive neoplastic cells was calculated according to the method of 
Griffey et al. [15].
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RESULTS

Histopathological examination
Histologically, the PAC was an invasive adenocarcinoma with a predominantly acinar pattern 
admixed with other regions of differentiated lepidic, papillary, and solid growth. These 
differentiated patterns were classified into 2 groups as the glandular and solid structures in 
this study. Glandular structures were mainly composed of stratified cuboidal or columnar 
neoplastic cells with clear cell boundaries, light cytoplasm. On the other hand, solid 
structures were defined as neoplastic cells or areas consisting of solid sheets, forming solid 
clusters of tumor cells lacking a recognizable lumen. The neoplastic cells had basophilic 
cytoplasm and heterochromatic nuclei with a prominent nucleolus and increased nucleus-to-
cytoplasm ratio (N:C ratio) (Fig. 1).

In the F1 and other xenografted tumors, the proportion of glandular structures gradually 
decreased, while the solid pattern became more dominant with the serial passage. F2 and 
F2(C) were poorly differentiated tumors with a similar growth rate after transplantation 
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Fig. 1. Histological features of primary (A) and xenografted pulmonary adenocarcinomas (F1, F2 and F2(C)). The primary tumor (t) was composed of glandular 
and solid patterns, compressing adjacent normal parenchyma consisting of alveoli (a). The areas of glandular structures (P-B), which was the major component, 
were characterized by formation of irregularly shaped glands with a central lumen, lined by cuboidal or columnar epithelial cells, while solid structures (P-C) 
showed growth of polygonal tumor cells and lacked recognizable patterns. The histological characteristics of the primary tumor maintained in the F1, F2, and 
F(C) xenografted tumors, but the portion of solid structures was notably increased in the xenografted tumors, compared with that in the primary. ‘B’ and ‘C’ 
figures represent the magnified glandular and solid structures, respectively. Hematoxylin and eosin stain. Bars = 250 μm for ‘A’ and 25 μm for ‘B’ and ‘C’.
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(Supplementary Fig. 1), microscopically seen to have some obscure glandular structures 
consisting of cuboidal to slightly flattened epithelial cells without a distinct stroma (Fig. 1).

Immunohistochemical characterization and scoring
All markers were expressed in normal alveolar/bronchiolar epithelial cells and neoplastic cells 
in both primary and F1 tissue. Immunoreactivity with all diagnostic and CSC antibodies varied 
among histological patterns, scored on the basis of expression distribution and intensity.

In the normal lung and glandular structures in the primary and F1 tumor, TTF-1 and Napsin 
A immunoreactivity were seen in the cells (Table 1, Fig. 2). Conversely, they were not detected 
in neoplastic cells in solid structures. While the neoplastic cells forming glandular structures 
did not show SP-A immunostaining but the surrounding solid-patterned cells showed 
moderate to intense labeling (Table 1, Fig. 2). In addition, the localization of SP-A positivity 
corresponded to the expression of Ki-67 in this study.
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Table 1. The distribution and the intensity of each marker at the different morphological structures
Marker TTF-1 Napsin A SP-A CD44 CD133
Distribution of each marker

Score DS IE DS IE DS IE DS IE DS IE
Primary 2 +++ 2 +++ 1 +++ 3 +++ 2 ++
F1 1 +++ 1 +++ 1 ++ 2 ++ 1 +
F2 0 - 0 - 1 + 1 + 1 +
F2(C) 0 - 0 - 1 + 2 + 1 +

Intensity of each marker in the glandular and solid structure
Structurea G S G S G S G S G S
Primary +++ - +++ - - +++ +++ +++ +++ ++
F1 +++ - +++ - - +++ +++ ++ ++ +
F2 - - - - - + + + + +
F2(C) - - - - - + ++ ++ + +

DS (distribution of staining) was scored according to the following criteria: 0 (tumor cells were negative), 1 (5%–25% positive tumor cells), 2 (25%–60% positive 
tumor cells) and 3 (more than 60% positive cells); IE (intensity expression score) was based on the followings: (−) negative; (+) weak; (++) moderate; (+++) strong.
aG, glandular structure; S, solid structure.

TTF-1

PAC

F1

F2

Napsin A SP-A CD44 CD133 Ki-67

Fig. 2. Immunohistochemistry of primary pulmonary adenocarcimoma and first xenografted tumor (F1). In the glandular structure, strong TTF-1, Napsin A and 
CD44 and moderate CD133 reactivity were observed in more than 50% of cells, whereas SP-A was weakly expressed in some tumor cells of glandular structures 
but its expression was notable in the solid-patterned neoplastic cells, and particularly intruding neoplastic cells close to the surrounding connective tissue. Ki-
67 labeling index was increased in the xenografted tumors, compared to that of the primary. ABC method. Bars = 25 μm.
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The intensities of CD44 and CD133 staining were strong in both glandular and solid 
structures in the primary tumor but the proportion of CD133-positive cells was somewhat 
lower (Table 1). In addition, their immunoreactivity declined in the xenografted tumors, as 
the neoplastic cells composing the tumors became mostly undifferentiated.

Tumor proliferation
The overall proportion of Ki-67-positive neoplastic cells was 27.3% in the primary tumor, 
mainly labeled in the solid-patterned neoplastic cells (Fig. 2), which increased markedly to 
above 50% in F1 and F2 (Supplementary Fig. 2). Thus, the proliferation of tumor cells was 
accelerated by transplantation.

DISCUSSION

The pulmonary tumor from a Shih Tzu dog in this study was classified as an invasive 
adenocarcinoma with predominant acinar pattern. The PAC was characterized by a high 
proportion of glandular structures, while the xenografted tumors (F2 and F2(C)) showed 
significantly decreased areas of glandular structures and increased areas of solid structures 
lacking recognizable adenocarcinoma patterns, indicating that they were less differentiated. 
The increase in solid appearance may reflect poor differentiation, thus predicting more 
aggressive behavior [1]. The increased malignancy in the xenografted tumors also 
corresponded to enhanced cell proliferation.

Immunohistochemical analyses showed that differences in immunoreactivity for the 
diagnostic and CSC markers were related to the cell differentiation status and tumor category. 
The PAC and F1 PAC showed immunoreactivity for all of the markers examined, and expressed 
recognizable histological features mostly resembling normal bronchiolar and alveolar 
structures, which implies good prognosis. The results showed that the F1 xenograft model 
retained some characteristics of the primary tumor tissue. Although some tumor histological 
subtypes were preserved in the F1 xenografted tumor, specific morphological details changed 
during serial passage. The overall morphologies of F2 and F2(C) tumors clearly indicated 
poorly differentiated cancers that were suspected to have greater malignancy. On the other 
hand, neoplastic cells in the undifferentiated or solid areas, which were common in the 
xenograft tumors, were negative for TTF-1 and Napsin A, but mostly positive for SP-A and the 
stem cell markers, CD44 and CD133. In humans, TTF-1, Napsin A, and SP-A expression have 
been used in combination to diagnose lung tumors and differentiate primary lung cancers 
from metastatic lesions [10]. Our results are consistent with previous studies in that TTF-1 
and Napsin A were generally expressed in the primary and F1 adenocarcinomas [1] and were 
negative or expressed at low levels in the relatively poorly differentiated F2 and F2(C) tumors 
[3,10]. However, in the present study, SP-A expression was absent in bronchiole-like structures 
and notable in invading neoplastic cells adjacent to the encapsulating fibrous connective 
tissue. SP-A expression has been postulated to be related to prognosis, its role in progression 
of lung cancer is unknown [5]. In addition, the pattern of SP-A expression was coincident with 
that of Ki-67 expression, both of which were highly expressed in the neoplastic cells along the 
marginal area of the tumor. The results of Ki-67 expression in this study support a previous 
report that predominantly solid areas showed the highest degree of proliferation followed by 
acinar and other patterns [14]. Due to these discrepancies in the results, the significance of 
SP-A in canine lung cancer remains unclear.
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CSC markers were detected in both glandular and poorly differentiated areas of both the 
primary and xenografted canine lung tumors. However, the percentage and intensity of CSC 
marker-positive cells decreased slightly with serial passage. These findings are discordant 
with the assumption that poorly differentiated neoplastic cells would express CSC markers. 
Previous studies have shown that CD44 and CD133 have poor diagnostic value in lung cancer 
[8]. As CD44 was a distinct marker of PAC in this study, with expression in neoplastic cells 
of areas of both glandular and solid patterns in all generations, it may be a reliable marker 
for use in combination with other markers. Our xenograft model provides an increased 
understanding of cancer diagnosis and characteristics.

In conclusion, our results may be beneficial for effective differential diagnosis of canine PAC 
and evaluation of its malignancy. In addition, the successfully established live tissue bank of 
canine PAC could be used for various cancer studies, including anticancer drug development 
and basic mechanistic and therapeutic studies.
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