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Carcinomas may arise as a disorder of regeneration, so that a malignant cell may represent a failure to fully
attain the characteristics of differentiated tissue. We hypothesized that there is a differential distribution of
progenitor cell markers among different histological types of lung cancers, with poorly differentiated tumors
being more likely to express progenitor stem cell markers. The study was limited to paraffin-embedded archival
material of resected untreated pulmonary carcinomas, including adenocarcinoma, squamous cell carcinoma,
large cell carcinoma, and small cell carcinoma. The sections were stained for putative stem cells markers
(Musashi-1, Musashi-2, CD34, CD21, KIT, CD133, p63, and OCT-4). Positivity was read as isolated, focal, or
diffuse staining. Stem cell markers were detected in all histological types of pulmonary carcinomas. There was
a difference in the expression of markers among the histological types. Small cell carcinoma showed diffuse
positivity for most of the markers; in contrast to focal or negative staining in other histological groups. An
inverse relationship between CD21 and Musashi-1 was observed. No staining for OCT-4 and CD34 was seen in
any of the tumor types. Hierarchical clustering based on marker expression separated tumors into two groups,
with one group marked by high expression of Musashi-1 and KIT, contained most of the poorly differentiated
adenocarcinomas and small cell carcinomas. Therefore, stem cell markers are expressed in lung cancers with

different patterns seen for different histological types and degrees of differentiation.
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Fully differentiated cells arise from stem cells in a
process in which they gain markers of differentia-
tion and lose the markers of a stem cell. There is
increasing evidence that suggests that cancers arise
from maturation-arrest of adult stem cells during
regeneration or repair, which results in abnormal
differentiation but sustained proliferation."” If
epithelial cancers represent an interruption of
differentiation, then it is plausible that cancer cells
might gain some markers of differentiation and
partially lose expression of stem cell markers.

The lung contains several reserve epithelial cell
populations implicated in tissue regeneration after
injury, including the basal cell in the main airways,
the Clara cells and those of the neuroendocrine body
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in the terminal bronchial units, and possibly
others.*” Lung carcinomas may arise from these
reserve epithelial populations.

Pulmonary carcinomas are a heterogeneous group
of tumors with varied histological types, including
adenocarcinoma, squamous cell carcinoma, large
cell carcinoma, and small cell carcinoma. Adeno-
carcinomas and squamous cell carcinoma have
levels of differentiation, whereas large cell carcino-
ma and small cell carcinomas are thought to
represent poorly differentiated carcinomas.

In this study, in an attempt to identify whether
progenitor cell markers are expressed in pulmonary
carcinomas, the expression of progenitor cell markers
across the histological spectrum of pulmonary carci-
nomas was evaluated by immunohistochemistry.

This study is limited to progenitor cell markers
that could be used in archival paraffin-embedded
tissue. Some of the markers included are: CD133,
a primitive hematopoietic and stem cell marker
that shows restricted membranous expression
in some epithelial cells and may be a marker of
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tumor-initiating cells;*® Musashi-1, an RNA-binding
protein that seems to be present in cells undergoing
asymmetric division and required for the main-
tenance of stem cell identity;'®"* Musashi-2, also
an RNA-binding protein that belongs to the same
family of proteins as Musashi-1;"* and p21, a cyclin-
dependent kinase inhibitor of the cell cycle. This
protein has been implicated in the maintenance of
the quiescence state of hematopoietic stem cells.*®
Downregulation of p21 is associated with quies-
cence and lack of differentiation. p21 is regulated by
Musashi-1 through a p53-independent pathway.**

Materials and methods

Surgical specimens from 85 lung tumors, which
were surgically resected at Memorial Sloan-Kettering
Cancer Center, were reviewed. The tumors were
classified according to the World Health Organization
(WHO) histological classification of lung tumors."
Patient data were collected according to the Health
Insurance Portability and Accountability Act (HI-
PAA) regulations. This study was approved by the
Memorial Sloan-Kettering Cancer Center Institutional
Review Board.

Immunohistochemistry

This study was limited to formalin-fixed paraffin-
embedded archival material. Antibodies used were
separated into different categories, such as embryo-
nic stem cell marker, OCT-4 (Abcam, Cambridge,
MA, USA; dilution 1:50); hematopoietic stem
cell markers, such as CD34 (DAKO,USA; dilution
1:1000), KIT (DAKO; dilution 1:800), and CD133
(Miltenyi Biotec, USA; dilution 1:20); markers of
asymmetric division, such as Musashi-1 (R&D, USA;
dilution 1:800) and Musashi-2 (Protein Tech Group,
USA; dilution 1:400); cell cycle differentiation
markers, such as p21 (Calbiochem, USA; dilution
1:100); and markers for committed lineage, such
as p63 (DAKO; dilution 1:800) for squamous/
basal cells, and CC10 and DC-Lamp markers for
Clara cell.*®

Paraffin sections were de-paraffinized and sub-
mitted to antigen retrieval with citrate acid (pH 6) as
previously described,® or with EDTA (pH 8) for the
evaluation of p21. Staining was performed on an
automated stainer (Ventana Medical System, Tuc-
son, AZ, USA). Histological sections were separately
evaluated by two pulmonary pathologists (ALM and
NR). Immunostaining for any given antibody was
heterogeneous within the histological section. Posi-
tivity for a given marker was recorded as diffuse
when almost all cells expressed the antigen; focal
when isolated groups of positive cells were seen
within a histological section; or isolated staining
when single cells were positive for the marker.

Correlation of positivity scoring was good (k=0.8)
between the two observers for KIT and p21, and
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Musashi-1 and 2 (k=0.6); and moderate (k= 0.4) for
p63 and CD133. Discrepancies were resolved by
reviewing the slides with re-scoring of the staining
pattern at the microscope.

Statistical Analysis

Staining patterns among the groups were compared
using the Cochran—Armitage trend test. On a ran-
domly selected subset of the tumors, a second
independent reading was obtained and the agree-
ment between the two readings was assessed using
Cohen’s kappa (poor agreement = less than 0.20; fair
agreement = 0.20-0.40; moderate agreement = 0.40—
0.60; good agreement =0.60—0.80; very good agree-
ment = 0.80-1.00).

Samples and expression of progenitor cell markers
were clustered using hierarchical clustering using
Euclidian distance and complete linkage and pre-
sented using a heatmap."”*®

To assess the clustering stability, an R index was
calculated by perturbing the data through the
introduction of random noise and then re-clustering
the perturbed data; this process is repeated multiple
times, and the results are compared with the original
cluster of unperturbed data. The R index is the
proportion of times that a patient pair clusters the
same way in the perturbed data sets as in the
original data set. In this study, the perturbed data
sets were calculated by introducing a small prob-
ability (5%) of flipping the binary marker values
rather than by the introduction of Gaussian noise."®

Results

The tumors were resected from a patient population
comprising of 43 women and 42 men (mean age:
66.8 + 9.8 years). Tumors included 51 adenocarcino-
mas, 11 squamous cell carcinomas, 11 large cell
carcinomas, and 12 small cell carcinomas (all small
cell carcinomas were surgically resected, limited
stage tumors). Non-smokers represented 20% of the
patients with adenocarcinoma, all other patients
were smokers. The distribution by clinical stage of
the studied cases was stage IA (41%), IB (13%), ITA
(8%), IIB (9%), IITA (25%), and IIIB (4%). Patients
were staged according to AJCC Cancer Staging
Manual, 6th edition.®

Immunohistochemical Stains

All four types of pulmonary carcinomas (adenocar-
cinoma, squamous cell carcinoma, large cell carci-
noma, and small cell carcinoma) were negative for
OCT-4, an embryonic stem cell marker, and CD34, a
marker of hematopoietic stem cells. CD34 exclu-
sively labeled endothelial cells in this study.
Staining of histological sections for KIT/CD117
(stem cell factor receptor) showed no staining for
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Figure 1 Microphotographs showing the expression of Musashi-1 staining. (a) In a normal lung, positive cells are seen interspersed
within the ciliated bronchial epithelial cells. (b) Focal positivity is seen in an adenocarcinoma, acinar pattern. (c) Diffuse positivity as is
seen in an example of small cell carcinoma. (d) Isolated expression of CD 133 in small cell carcinoma. Note the expression is localized to

the apical surfaces of rosette-like formation in these tumors.

KIT in normal pulmonary epithelial cells, but there
was staining in the areas of malignancy. About 14%
of adenocarcinomas were diffusely positive and
33% focally positive for KIT. Similarly, 9% of large
cell carcinomas were diffusely positive and 36%
focally positive for KIT. Small cell carcinomas
showed diffuse positivity for KIT in 58% of the
cases and 25% showed focal positivity. In contrast,
none of the squamous cell carcinomas was diffusely
positive for KIT and only 18% were focally positive
for this marker. Therefore, KIT showed a differential
expression among the four histological types of
pulmonary carcinomas (P = 0.002).

All adenocarcinomas studied were of mixed
subtypes, containing variable combinations of histo-
logical patterns, such as acinar, papillary, solid, and
bronchioloalveolar carcinoma types. Owing to this
histological heterogeneity, the expression of KIT was
recorded for each histological pattern of adenocar-
cinoma. We found that 23% of solid-type adenocar-
cinoma, a poorly differentiated pattern, was
diffusely positive for KIT, whereas the acinar and

papillary types showed only 4 and 6% diffuse
positivity, respectively. In contrast, areas of bronch-
ioloalveolar carcinoma, a well-differentiated com-
ponent, showed no positivity for this marker. This
suggests that the expression of KIT correlates
inversely with histological differentiation in adeno-
carcinoma.

In normal lung tissue, no positivity for CD133 was
observed. None of the tumor types showed diffuse
expression of CD133; however, some isolated posi-
tivity for CD133 was seen in 58% of small cell
carcinomas, 63% of large cell lung carcinomas, 19%
of adenocarcinomas, and 0% of the squamous cell
carcinomas. Positivity for CD133 in small cell
carcinomas was restricted to the lumen of rosette-
like structures (Figure 1). The differential expres-
sion of CD133 was significant among the histologi-
cal types of pulmonary carcinoma (P=0.008).

In the normal lung, Musashi-1 positivity was
observed in scattered cells in terminal bronchioles
(Figure 1). Small cell carcinomas (100%) were
diffusely positive for Musashi-1. In contrast, diffuse
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Musashi-1 positivity was noted in only 4% of
adenocarcinomas, although 36% showed focal po-
sitivity, and 22% isolated positivity for this marker.
In large cell carcinomas, 27% of these tumors
showed diffuse positivity for Musashi-1, 36%
showed focal positivity, and 9% showed isolated
positivity. No squamous cell carcinomas show
diffuse positivity for this marker; however, 36% of
squamous cell carcinomas show focal positivity and
27% show isolated positivity. Therefore, Musashi-1
seems to be differentially expressed among the four
groups of lung carcinomas (P<0.001). The differ-
ential distribution of Musashi-1 was also seen
among the histological subtypes of adenocarcinoma
and only solid-type adenocarcinomas showed dif-
fuse positivity for Musashi-1. No diffuse positivity
was observed in acinar or papillary types. No
positivity, either focal or isolated, was seen for this
marker in the well-differentiated bronchioloalveolar
carcinomas.

In the normal lung, expression of Musashi-2 is seen
in the terminal bronchioles and peritumoral reactive
type II pneumocytes (data not shown). Similar to
Musashi-1, 100% small cell carcinomas showed
diffuse positivity for Musashi-2. Diffuse positivity
for Musashi-2 was also seen in 25% of adenocarci-
nomas, 36% of large cell lung cancers, and 45% of
squamous cell carcinoma. The differential expression
of Musashi-2 was statistically significant among the
histological groups (P=0.008).

An inverse pattern of Musashi-1 and p21 expres-
sion was observed in pulmonary carcinomas, with a
correlation index of r=-0.25. There is no significant
difference in the expression of p21 among the four
histological types of pulmonary carcinoma (P=0.37).

There was no co-localization of staining for
different markers to the same group of cells in case
of isolated or focal positivity. Therefore, the expres-
sion of progenitor cell markers was heterogeneous
within the histological sections.

Expression of lineage specific markers, such as
CC10 and DC-Lamp (which are expressed on Clara
cells), was restricted to adenocarcinomas. Diffuse
positivity for these two markers was seen in 30% of
bronchioloalveolar carcinomas. Other subtypes of
adenocarcinomas show focal or isolated staining for
these markers, similar to what has been shown
previously.'® By contrast, p63, which is a protein
associated with epithelial stratification and squa-
mous differentiation,*>*' was expressed diffusely in
14% of adenocarcinomas, 27% of large cell carci-
nomas, and 0% of the small cell carcinomas studied.
As expected, 100% of the squamous cell carcinomas
showed diffuse and strong positivity for this marker.
The differential expression of p63 among the
histological groups of pulmonary carcinoma was
statistically significant (P<0.001).

On examining the expression of p63 in the
subtypes of adenocarcinoma, we observed diffuse
positivity in the bronchioloalveolar carcinomas,
acinar, and papillary subtypes, but no diffuse
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Figure 2 Percentage of diffuse expression of progenitor cell
markers p63, KIT and Musashi-1 in adenocarcinoma subtypes.
Note that p63 a marker associated with cell stratification is seen in
well-differentiated subtypes of adenocarcinomas, whereas diffuse
expression of musashi-1 is seem only in solid-type pattern.

positivity was observed in the solid-type adenocar-
cinomas.

There was a differential expression of progenitor
cell markers among the different subtypes of
adenocarcinoma. Poorly differentiated types ex-
pressed musahi-1 and KIT, whereas well-differen-
tiated types stained preferentially for p63 (Figure 2).

Hierarchical Clustering

A clustering algorithm was used to analyze the
distribution of progenitor cell markers on the basis
of the immunohistochemical data among the four
histological types of pulmonary carcinoma.

The resulting dendrogram (Figure 3) suggests a
separation of expression profile into two groups: the
first group being characterized by the expression of
Musashi-1, KIT, and CD133, and the second by the
expression of Musashi-2 and p63.

The R index for the hierarchical clustering was
0.78, suggesting a good level of reproducibility of
the clusters produced in this analysis.

This analysis also indicates that the tumors can be
clustered into groups on the basis of the expression
of markers. Although each histological subtype was
represented within each cluster, their distribution
was significantly different (P<0.001) with one
group characterized by high expression of KIT,
CD133, and Musashi-1 contained most of the small
cell carcinomas, whereas the other group contained
most of the squamous cells carcinomas.

Discussion

If carcinomas arise as a result of an arrest in
maturation of stem cells, a malignant cell represents
both a failure to fully attain the characteristics of a
differentiated tissue and also to shed the character-
istics of a stem cell. If so, cancer cells would be
expected to share the characteristics of both stem
and differentiated cells, with poorly differentiated
tumors being more likely to express stem cell
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Figure 3 Dendrogram showing the expression profile of markers.
Each row indicates a patient and each column the expression
profile. In a color scale, lighter color indicates diffuse expression.
Histological diagnosis is indicated in the bar (navy blue:
adenocarcinoma; baby blue: large cell carcinoma; yellow: squa-
mous cell carcinoma; pink: small cell carcinoma). The column
dendrogram indicates clustering of markers expression and the
row dendrogram indicates clustering of histological type. c-kit
(KIT), Mush-1 (Musashi-1), and Mush-2 (Musashi-2).
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markers. Our results indicate that there is a
differential distribution of progenitor cell markers
among the different histological types of lung cancer
and that poorly differentiated tumors have the
highest expression of these markers.

Small cell carcinomas are usually aggressive
neoplasm with high metastatic potential and recur-
rence rate. Our results suggest that small cell
carcinomas express the highest number of progeni-
tor cell markers as compared to the other histologi-
cal types of lung carcinoma. Small cell carcinomas
demonstrate diffuse expression of Musashi-1, Musa-
shi-2, and KIT, whereas focal or isolated positivity
was seen in most of other types of pulmonary
carcinoma. This finding is in line with previous
study in which other authors also found similarities
in the expression of stem cell markers and small cell
carcinoma.??

In adenocarcinomas, histological heterogenous
tumors composed of a mixture of several histo-
logical patterns, diffuse expression of the progenitor
cell markers, Musashi-1 and KIT, is seen in a low
percentage of tumors; however, it is seen most
frequently in the solid type that is considered to be
poorly differentiated. Adenocarcinomas with a pre-
dominant solid-type component are associated with
poor prognosis.?*** In contrast, bronchioloalveolar
carcinoma, a well-differentiated type that is asso-
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ciated with excellent prognosis,**® expressed mar-
kers that are associated with differentiation, such as
DC-Lamp, CC10 (Clara cells), and p63. There was no
expression of Musashi-1 or KIT in this adenocarci-
noma type. Interestingly, the expression of Clara cell
markers seems to be limited to well-differentiated
adenocarcinomas. This suggests that Clara cells may
represent a more committed cell lineage rather than
a true stem cell in the human lung. In mice, in
which the exploration of the terminal bronchial
niche can be performed experimentally, a pluripo-
tent variant of ‘Clara cell’ has been identified in the
bronchioloalveolar duct junction.?”

It has long been held that the lung contains
multiple different progenitor cells that are thought
to be the cell of origin of the different histological
types of pulmonary carcinoma. For instance, squa-
mous cell carcinomas are thought to arise from a
squamous metaplasia-dysplasia sequence of the
central airway basal cells.’®?®* By contrast, adenocar-
cinomas, more commonly a peripheral tumor, are
felt to arise from progenitor cells in the terminal
respiratory unit (TRU).?° There is no evidence of a
precursor cell for small cell carcinoma. Our results,
however, suggest a great overlap of progenitor/stem
cell markers among the different histological types of
lung carcinomas. This may be an indication of a
common cell of origin or a common pathway of cell
differentiation. In fact, dual differentiation, such as
that seen in adenosquamous carcinomas or combined
small cell/non-small cell carcinomas, is a well-
recognized phenomenon in pulmonary pathology.™

This study was based on immunohistochemistry
of archival paraffin-embedded tissue, which limits
our ability to include other markers associated with
stem cells, such as those used in the detection of
antigens by flow cytometry of dissociated tumor
cells or cell lines.*°** Immunohistochemistry may
have also limited our ability to detect antigens that
are expressed in a small number of cells. This may
be particularly relevant to the low detection of
antigen, such as CD133 and CD34. The latter has
been shown to be present in a small fraction of
malignant epithelial cells,*®° but was not found in
this study. The absence of staining in pulmonary
carcinomas for OCT-4, an embryonic stem cell
marker, is confirmatory.?>*® The OCT-4 staining is
positive in germ-cell tumors, such as seminomas
and embryonal carcinomas, but not in somatic
tumors.

Musashi-1 is an RNA-binding protein implicated
in asymmetric cell division and is considered to be a
marker for neural and intestinal stem cells.®*°
Musashi-1 downregulates the expression of Numb
protein,"* which in turn regulates Notch receptor
activity.*' As a protein implicated in asymmetric
cell division, Musashi-1 also downregulates the
expression of p21 by a mechanism independent of
p53."* p21 is associated with maintenance of
quiescent state in stem cells.”** Upregulation of
p21 and downregulation of Notch are associated
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with cell differentiation. Our finding that there was
an inverse correlation between the expression of p21
and Musashi-1 in pulmonary carcinomas is consis-
tent with these observations.

Some in vitro studies have suggested that stem
cells lose expression of stem cell markers as they
differentiate.**** In our study, we observed that
some markers were expressed focally in tumor
sections, but there was no co-expression of markers
in the same group of cells. This finding may suggest
a sequential loss of marker expression during the
maturation process, or that within the same tumor
there might be different clones of progenitor cells in
different stages of maturation depending on how far
through the differentiation process the progenitor
had proceeded before the process was interrupted.
Alternatively, it should be noted that it is likely that
stem cells are recruited into cancers during the
ongoing process of carcinogenesis and these re-
cruited cells could give rise to focally positive areas
of stem cell markers. A similar clustering of bone
marrow-derived cells was observed in tumors from
patients who had received a bone marrow transplant
from a sex-mismatched donor.**

In summary, this study demonstrates that pro-
genitor cell markers are differentially expressed in
histological types of pulmonary carcinomas in a
manner that it is associated with tumor differentia-
tion. In addition, the Musashi/Notch pathway seems
to have a role in small cell carcinoma. A larger study
designed to investigate the association of progenitor
cell markers expression, prognostic markers, or
therapeutic intervention as an end point may be
required to better address this question.
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