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Lung adenocarcinoma (LAC) is a common and aggressive form of lung cancer that is increasing in incidence among
never smokers at a younger age. Current treatment of patients with LAC is insufficient and there is a need for identifica-
tion of effective biomarkers and development of therapeutic targets. These demands require also improved models for in
vivo and in vitro experimentation. In this study, we describe the establishment of two LAC cell lines, named LuCa-3 and
LuCa-6. Both were derived from pleural effusion (PE) cells of LAC patients (L3 and L6) and readily propagated as tumor
xenografts in immunodeficient mice. PE cells from the patient L6 exhibited also the capacity for in vitro growth and were
cultured in two forms: (i) as a suspension growing cell population, labeled LuCa-6S, composed of non-clumping single cells;
and (ii) as a monolayer-like culture, labeled LuCa-6A, exhibiting tight cell-to-cell and to culture surface adherence. Unique
features of these two sublines and their cell clones are the capacity to convert from a non-clumping single-cell suspension
into the adherent growth pattern and vice versa. Immunostaining of patients’ tumor tissue xenografts and cultured subline
cells displayed markers specific for the phenotype of human LAC. LuCa-6S and LuCa-6A cells did not reveal a noticeable
disparity in quantitative growth characteristics. However, a number of differences were detected between these two cell
populations manifested in detection or intensities of antigen expressions on the cell surface (CD133, SFTPC) and in the
nucleus (TTF-1) including pluripotent (OCT-4, SOX-2, NANOG) genes in cancer stem-like cells (CSCs). Dissimilarities
between these two sublines were also detected in N-glycan profiles and in the sensitivity to natural killer cells. Salient
features of these subline cell populations are responsiveness to selective upregulation of the pluripotent genes in subsets of
CSCs via conversion of their growth patterns and/or by using culture stem media with growth factors. The described in vivo/
in vitro model enables broader experimental approaches in studies of lung adenocarcinoma.
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Despite recent therapeutic advances in lung cancer, the
disease remains the most common cause of cancer-related
death in the United States [1-3]. There are ongoing research
efforts to discover new biomarkers for early diagnosis,
prognosis, and prediction of response to treatment [3].
Moreover, this undertaking also led to in-depth studies of
tumor driving cell subsets, termed cancer stem cells (CSCs)
[4-9]. Non-small-cell lung cancer (NSCLC) is a heteroge-
neous and largest group of LC tumors composed of three
major histological types [10]. Lung adenocarcinoma (LAC)
is the most common type of this group [10-15]. While
still primarily a disease related to smoking, an increasing
incidence of LAC among never smokers at a younger age has
been observed in recent years [12, 13]. Furthermore, LAC

exhibits diverse characteristics as well, particularly at the
molecular level. Studies focused on genetic alterations of LC
resulted in the identification of additional subtypes of LAC
[11, 14, 15]. Of note, progress in LC detection using low-dose
computed tomography (LDCT) indicates that a number of
patients diagnosed in the early stages of the disease will
substantially increase [16]. Although the vast majority of
initial detections by LDT are non-cancerous nodules, over
60% exhibit the LAC histology among the identified tumors
(3, 14-18].

In recent years, biomedical cancer research has required
extensive sources of human tumor material. This require-
ment has been met to a certain degree by systematic in vitro
establishment of cancer cell lines obtained from a number



CELL-BASED MODEL OF LUNG ADENOCARCINOMA

499

of laboratories and deposited in the American Type Culture
Collection (ATCC) [19, 20]. In the case of LC cell lines,
over 75% originated from the National Cancer Institute
(Bethesda, Maryland) and Hamon Cancer Center (Dallas,
Texas) [19]. Several of these LC cell lines were also included
in the lung cancer cell line panel that had been characterized
at the molecular level [19, 20]. This scale of human tumor
material for research has been considerably enlarged by the
development of patient-derived xenografts (PDX). PDX
mouse models were developed using fresh tumor tissues from
patients as well as in vitro maintained LAC cells with defined
oncogene drivers. These models enable one to study molec-
ular mechanisms of tumor growth, the potential response of
patients to anti-cancer therapy and drug resistance [19-22],
and generated exceptional accumulation of basic knowl-
edge of the cellular and molecular biology of the disease [15,
20-24]. Despite the extensive progress in LC models [20, 25,
26], recent reports using newly established LAC cell lines
have challenged some recent observations related to CSCs
as well as earlier theories about the epithelial-mesenchymal
transition (EMT) process [27, 28]. Taking into consideration
the extensive heterogeneity of LAC, additional expansion of
in vitro and in vivo models can substantially contribute to our
understanding of this severe form of malignancy.

Here we report the establishment and characterization of
two cell lines propagated as a PDX in mice, named LuCa-3
and LuCa-6, originating from two LAC patients with pleural
effusion (PE), respectively. Besides a standard in vivo propa-
gation, primary PE cells from the second patient L6 exhib-
ited also an exceptional capacity for in vitro growth and these
cells have been cultured long-term as two separate sublines.
The LuCa-6S subline has been propagated as a non-adherent
culture in a distinctive form of single-cell suspension, and
the second adherent LuCa-6A subline exhibited a more
common type of monolayer-like growth pattern. Utilizing
growth characteristics of the established cell lines of LAC, we
also demonstrate the suitability of this in vivo/in vitro model
for wide-ranging experimental studies, including minority
cell-subsets exhibiting attributes of CSCs.

Patients and methods

Patients’ specimens. Pleural effusion (PE) specimens were
obtained from two patients with LAC in the advanced stages
displaying an increased positivity for epidermal growth factor
receptor (EGFR). These de-identified samples with coded
numbers L3 and L6 were collected after informed consent was
approved by the Institutional Review Board of the University
of Maryland. PE containing cells were processed according
to standard procedure. Cell sediments from PE were washed
by Dulbecco’s phosphate-buffered saline (DPBS). Separation
of viable cells from the PE sediment containing also erythro-
cytes was obtained by centrifugation in the Ficoll-Hypaque
gradient (Pharmacia, Uppsala, Sweden) and cell pellets were
subsequently two times washed with DPBS by centrifuga-

tion. The viability of cells was determined by the trypan blue
exclusion assay.

Tumorigenicity of primary and cultured cells. All in vivo
experiments were performed in the Animal Core Facility,
Institute of Human Virology, in accordance with the Univer-
sity of Maryland JACUC guidelines, under the approved
research protocols. Immunodeficient mice of NOD-scid
IL2y™! and athymic nude mice (inu/nu) strains from The
Jackson Laboratory (Bar Harbor, ME) were used for in
vivo propagation of patients’ primary LAC. Following cell-
separation, primary PE cells were re-suspended in serum-
free RPMI1640 (Gibco) and subcutaneously (s.c.) inoculated
in the right flank of a mouse in concentrations from 2 to
3x10° cells/mouse in 200 pl media. Primary cells from both
patients were inoculated into mice. The cell line LuCa-3 from
the patient L3 was propagated only as a tumor xenograft.
The second cell line LuCa-6 from patient L6 has been also
propagated in vitro under non-adherent and standard culture
conditions. Both sublines, LuCa-6S and LuCa-6A, were evalu-
ated for tumorigenicity by s. c. inoculation of cells in concen-
trations of 1-2x10° cells/mouse and the LuCa-6A cells were
also inoculated in 10-fold dilutions. Mice were inspected for
tumor growth two to three times per week. A mouse with a
tumor size of >1x1 cm was sacrificed and tumor tissues, lung,
spleen, liver, and lymph nodes were further investigated.

HLA typing. The established cell lines, LuCa-3 and
LuCa-6, were subjected to HLA typing by using the QIAxcel®
system (Qiagen). According to the manufacturer’s instruc-
tions, RNAs were extracted from the LuCa-3 and LuCa-6
tumor tissues as well as from both, LuCa-6A and LuCa-6S
sublines cultured in vitro.

In vitro cell culturing. Cells were cultured in a complete
medium (RPMI1640-CM) containing 20% fetal calf serum
(FCS) and antibiotics (Gibco). Re-suspended cells in the
concentration of 1x10°ml of RPMI1640-CM from the
patient L6 were seeded in standard T25 and T75 tissue
culture flasks (Corning) and into 6-well plates of ultra-low
attachment (Corning) and cultured at 37°C in 5% CO,. Cell
cultures were maintained by replacing 70-90% volume of
culture media with fresh RPMI-CM twice a week. Following
trypsin (Gibco) exposure, cell cultures in flasks of the
adherent LuCa-6A were subcultured in the concentration
of 2-3x10° cells/ml, while the LuCa-6S was subcultured by
diluting cells in suspension with about 1x10° cells/ml in the
ratio of 1:4 with fresh RPMI1640-CM. The viability of cells
was monitored by the trypan blue exclusion. Cell numbers
were determined by a hemocytometer. Cancer stem medium
(CSM) (ProMab Biotechnology, Richmond, CA) was utilized
for the growth of CSCs according to the company’s instruc-
tions. Insulin (Novo Nordisk) was used in the concentration
of 2.0 and 4.0 ug/ml of CSM.

Cell cloning. Single-cell cloning was performed by a
limiting dilution as previously described [4]. Cells were
diluted in the concentrations of one cell/300 ul conditioned
RPMI1640-CM. The conditioned medium contained 70%
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fresh RPMI1640-CM and 30% of centrifuged and filtered
media harvested from the cultures of the established LuCa-6S
subline. Cells in a volume of 100 pl (one cell per three wells)
were seeded into plates with “V” shape bottom (Corning)
and maintained under humidified conditions. The growth
of cloned cells in wells was inspected regularly and cells of
outgrown clones were further expanded using 96, 48, and 24
well plates (Corning) with a flat bottom.

Immunohistochemistry (IHC) and immunofluores-
cence (IF) analyses. Histological examination of LAC,
which included hematoxylin-and-eosin (H&E), IHC, and
IF staining, was performed using formalin-fixed paraffin-
embedded (FFPE) sections of patient tumor xenografts
L3 and L6. FFPE sections of 4 to 5 pum thickness were
subjected to deparaffinization, rehydration, and antigens
retrieval. For THC, to reduce background staining and
quench endogenous activities, a series of blocking proce-
dures were performed including incubation with 5%
normal goat serum in PBS. After blocking, sections were
incubated with diluted primary antibodies overnight at 4°C,
followed by room temperature incubation with biotinyl-
ated goat antibodies targeting the primary antibodies [29].
VENCASTAIN ABC reagents and HPR or AP substrates
were used for color development [https://www.qiagen.com/
us/resources/resourcedetail?id=d7b1c257-0a56-4a5f-b52c-
6572tb7dec9a&lang=en]. Hematoxylin was used for the
nuclear staining. In addition, IF was performed on tissue
sections as detailed below.

IF staining of cultured cells comprised the following steps:
i) preparation of cytospin slides; ii) fixation and permeabi-
lization of cells; iii) primary antibody incubation overnight
at 4°C; iv) then, incubation for 1-2 hours at room tempera-
ture with selected (Green/Alexa 488, Red/cy3, or Alexa 555)
fluorochrome-conjugated secondary antibodies (diluted
1:200) directed against the species of primary antibodies
[29]. DAPI used for nuclear staining and IgG from
non-immunized animals served as negative controls.

Table 1. Growth of lung adenocarcinoma cells from L3 and L6 patients in
immunodeficient mice following subcutaneous inoculation.

Mice with tumor/

Cells and cell lines Cell number inoculated mice
L3 pleural effusion cells* 2.0x10° 3/3
LuCa-3 tumor tissue cells** 1.5x10° 2/2
L6 pleural effusion cells 3.0x10° 2/2
LuCa-68* 2.0x10° 2/2
LuCa-6S 1.0x10° 2/2
LuCa-6A* 2.0x10° 2/2
LuCa-6A 1.0x10° 2/2
LuCa-6A 1.0x10° 3/3
LuCa-6A 1.0x10* 2/3

Notes: *200 pl of cells were inoculated s. c. into nude mice; in all other in
vivo experiments NOD mice were used for the evaluation of tumor growth;
**viable stored cells at —140 °C were used for the inoculation of NOD mice
originating from the L3 patients primary tumors grown in nude mice

The following antibodies with working dilutions were
used in this study: anti-keratins CK-7, clone OV-TL 12/30 in
dilutions 1:100-200 of mouse IgG1, 196 mg/1 c#7018 (Dako)
and IgG2a anti-CK-20, clone Ks20.8 dilution 1:100 (Invit-
rogen #MA5-13263); antibodies to mouse fibroblasts Er-Tr7
(ratIgG2a, Novus Biologicals #NB100-64932) and endothelial
cells CD31, clone D1, (mouse IgG2b, Santa Cruz #sc-46694),
both (1:200); rabbit IgG antibodies to pluripotent stem cell
markers from Abcam: NANOG #ab-109250 (1:200), Oct-4
#ab181557, (1:300), and Sox-2 #ab-9249 (1:135); mouse
IgG1 antibodies to cytoplasmic and nuclear antigens: trans-
membrane glycoprotein (prominin-1) CD133/1 #130-090-
422, Miltenyi Biotec (1:100); anti-TTF-1 (thyroid transcrip-
tion factor), clone 8 G7G3/1, Santa Cruz #sc-53136 (1:150);
anti-CD44 (8E2F3), cell surface adhesion receptor, Novus
Biological #NBP1-47386ss (1:200); anti-SFTPC, surfactant
protein C [aa 144-173], LS-Biosciences #LS-B9161 (1:200).
Fluorochrome-conjugated secondary antibodies from Invit-
rogen were used as follows: green Alexa 488 goat anti-mouse
IgGl (#ab21121) and anti-rabbit IgG H+L (#ab11008),
anti-rat IgG H+L (#ab11006), red Alexa Fluor 555-goat-anti-
mouse IgG1 (#ab 21127) or IgG1 H+L (#ab 21422), anti-rat
IgG H+L (#ab 21434) or Cy3-goat anti-rabbit IgG H+L (#ab
111-165-144) from Jackson Immunoresearch Laboratories.
As reported [29], secondary antibody dilutions were either
determined by testing or used as recommended by supplier.

RNA isolation and quantitative real-time-PCR
(qPCR). Qiagen’s QuantiTect SYBR-green PCR technique
was used in this study (https://www.qiagen.com/us/
resources/resourcedetail?id=d7b1c257-0a56-4a5f-b52c-
6572tb7dec9a&lang=en) [29]. Total RNA was isolated from
cultured cells using RNAeasy plus mini kit (ID74034). RT2
First strand kit (ID330401) was used for cDNA synthesis.
Cell numbers for RNA extraction ranged from 1-5x10°
cells and yield was at least 40 ng/ul RNA or higher. SYBR
green ROX qPCR Mastermix (ID 330522) and 1 pl primer
were used for each quantitative reaction. The PCR reactions
were performed on an instrument of ABI Prism 7000. Gene-
specific primers purchased from Qiagen were as follows:
NANOG (Cat#: PPH17032E); POU5SF1 [OCT-4] (Cat#:
PPHO2394E), SOX-2 (Cat#: PPHO2471A), PROMI [CD133]
(Cat#: PPHO2400A) for cell surface marker detection and
thyroid transcription factor 1 (TTF-1) (Cat#: PPH09477A).
Housekeeping gene GAPDH, glyceraldehyde 3-phosphate
dehydrogenase (Cat#: PPH00150F) was used in the qPCR.
Data analyses were performed by using Qiagen Data analysis
software and Microsoft excel to calculate the mean + standard
deviation and p-value and to create graphics.

Results

Xenografting and tumorigenicity of patients’ LAC cells
in immunodeficient mice. Cells from PE of LAC patients L3
and L6 were assessed in vivo for tumor growth and propaga-
tion as a PDX in immunodeficient mice. As shown in Table 1,
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patients’ PE cells were inoculated either into nude or NOG
mice in the concentrations 2 and 3x10° cells/mouse, respec-
tively. Tumors were generated in all inoculated animals after
8 to 10 weeks (Supplementary Figure S1). Subsequently,
viably frozen primary tumor cells from mice originating
from patient L3 were grown in NOG mice by inoculating s.
c. 1.5x10°cells/mouse. This positive in vivo passage indicated
that LAC cells from this patient could be sustainably propa-
gated as a PDX tumor cell line, termed LuCa-3. The devel-
opment of the tumor line in vivo enabled a more detailed
morphological and phenotypical characterization of the
LAC cells from PDX. As mentioned above, PE cells from the
L6 patient inoculated into NOG mice generated tumors. In
addition, LAC cells originating from PE of this patient have
been in vitro propagated in two forms as sublines. Cells of
both sublines, suspension-growing LuCa-6S and adherent
LuCa-6A cells, generated tumors following s. c. inocula-
tion of 1x10° cells/animal in NOG mice. Furthermore, the
LuCa-6A cells were also inoculated in 10-fold dilutions, and,
even at the low concentration of 1x10*cells/animal, generated
tumors in 2 out of 3 inoculated mice (Table 1). Relevantly,
both strains of mice with s. c. growing tumors, either from L3
or L6 patients, frequently presented with metastasis, particu-
larly into the lungs. As shown in Supplementary Figure S1,
cells of metastasized lesions in the lungs were positive for the
TTF-1 marker specific for human LAC [30, 31]. Additionally,
as shown in Supplementary Table S1, there are distinct differ-
ences in HLA profiles between LuCa-3 and LuCa-6 cell lines
making it possible to monitor their identity.

In vitro propagation of LuCa-6 cell line and growth
characteristics. In addition to in vivo growth of PE cells
from the L6 patient, both cultured subline cell populations,
LuCa-6S and LuCa-6A, were also readily propagated in vitro
continuously for over 6 months. Under the same culture
conditions, PE cells from the patient L3 did not grow in
vitro. LuCa-6S subline grown in suspension was primarily
composed of a non-clumping round-shaped single-cell
population of uniform morphology with the presence of
few giant cells. A generation of small cell clumps was rarely
observed in cultures. As previously reported on in vitro
growth of LAC [32, 33], the second LuCa-6A subline exhib-
ited a monolayer-like growth pattern with a noticeable cell-
to-cell and surface-culture adherence, and was composed
mainly of cells with polygonal and bipolar morphology. An
example of two different growth patterns of LuCa-6S and
LuCa-6A is depicted in Figures 1d and le. However, no
substantial differences were determined between these two
cell populations in their doubling-time during the growth
phase or cell yields per milliliter at the terminal cell density.

Conversion of the growth pattern in LuCa-6 sublines
and cell clones. LuCa-6S cells grown in a suspension are
readily propagated in vitro as an adherent population by
seeding cells in the standard culture vessels with an adherent
surface. Likewise, cells released into the culture medium
from the adherent subline LuCa-6A could be readily grown
in the ultra-low adherence plates in a suspension form. To
substantiate this observation of growth pattern conversion,
the single-cell cloning was performed. The plating efficiency

*PE =9.5%
Clones converted from

LuCa-6S — LuCa-6A
**x10

*PE = 6.6%
Clones converted from

LuCa-6A — LuCa-6S
*k4

Figure 1. Conversion of the growth patterns in LuCa-6S and LuCa-6A subline cell populations into the adherent or the suspension form of growth.
*Plating efficiency (*PE) of LuCa-6S subline grown in a suspension. *PE of LuCa-6A subline grown as an adherent monolayer-like cell population.
Ten cell clones from LuCa-65** and four clones from LuCa-6A** cell lines were propagated in both forms in culture. a) Outgrowth of a cloned cell
population composed of adherent and round cells [10x]; b) early outgrowth of a cell clone in a V-well plate (for details of cloning see “Material and
Methods”) [4x]; c) the arrow points to adherent cells in close vicinity to round-shaped cells [40x]; d) the growth pattern of LuCa-6S subline composed
of non-clumping single cells propagated in a suspension using the ultra-low adherence culture plates [10x]; e) monolayer-like growth pattern of LuCa-
6A subline propagated in the adherent form under the standard culture conditions [10x].
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of LuCa-6S and LuCa-6A was 9.5% and 6.6%, respectively. As
shown in Figure 1, ten cell clones were isolated and expanded
from the suspension LuCa-6S subline and 4 clones from the
adherent subline LuCa-6A. In the early phases of a cell colony
outgrowth from a single-cell, there are adherently growing
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Figure 2. Phenotypic characterization of the LaCa-3 tumor tissue xeno-
graft from a nude mouse. Cells were recovered from pleural effusion of
L3 patient with LAC and propagated as a xenograft in mice. a) H&E stain-
ing depicts morphology of the LAC tumor xenograft. Inmunoreactivi-
ties for specific markers as follows: b) TTF-1; ¢) CK7; d) CK20; e) SFTPC;
f) CD-44. Notice negative staining for CK20.

CK7

CK20

TTF-1

cells and mostly round-shaped cells, which are loosely in
contact with each other (Figures la-1c). The suspension or
adherent growth pattern of a cloned cell population further
depended on whether cells were seeded in culture plates with
the ultra-low adherence or in standard tissue culture vessels
(e.g., T25). All 10 clones from LuCa-6S growing in a suspen-
sion were readily convertible into the adherent growth and
vice versa. The same pattern of growth changes exhibited all
four clones from the adherent LuCa-6A subline. Currently,
a number of LAC cell lines have been reported, however,
none of them displayed this form of growth in suspension
composed of non-clumping singe-cells with such growth
pattern versatility as these two LuCa-6 sublines.

Antigenic markers of the tumors from PE cells of L3
and L6 patients. Tumor tissues generated as PDX from PE
of L3 and L6 patients and also by the inoculation of in vitro-
grown LuCa-6 cells into nude and NOG mice were subjected
to morphological and phenotypic characterization by the
immunochemistry (IHC) [30-32]. As depicted in Figure 2a,
the morphology of H&E staining of the tissues from PEFF
tumors showed a solid pattern of LAC morphology with
a tendency for glandular formations. IHC staining of
these specimens was performed by antibodies to antigenic

LuCa-6S

LuCa-6A

CD-133

CD-44

Figure 3. Phenotyping of cells in long-term cultured sublines LuCa-6S propagated in a suspension and LuCa-6A grown as the adherent monolayer-
like cultures. Cells of both sublines display CK7+, CK20-, and SFTPC+ phenotype. Other antigenic markers such as CD133 and TTEF-1 were readily
detected in LuCa-6S cells, while these markers were low or undetectable in LuCa-6A cells by IF, size bar: 15 um. However, the expression of these two
antigens rapidly declined in the course of LuCa-6S cells conversion into an adherent growth form during short-term in vitro culturing (for details see

also Supplementary Figure S3).
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markers distinctive for human LAC, namely cytokeratins
CK?7 and CK20, the surfactant protein C (SFTPC) produced
by alveolar cells, the thyroid transcription factor TTF-1, and
also to the cell adhesion glycoprotein CD-44. In the case of
LuCa-3 tumors, Figures 2b-2f show clear nuclear staining for
TTF-1 and cytoplasmic staining for markers CK7, SFTPC,
CD-44, but negative for CK20. The same staining pattern for
these markers was obtained in the tumor xenograft tissues
from patient L6, irrespective of the PDX source originating
either from primary PE cells or LuCa-6 cell variants. Staining
only for TTF-1 and CK7 markers is shown in Supplemen-
tary Figures S1 and S2. These results clearly demonstrate the
presence of markers characteristic for LAC in vivo propa-
gated LuCa-3 and LuCa-6 lines, which are consistent with
histopathology and clinical diagnosis [30-32]. The only
difference between tumors of these two lines was observed
in the detection of pluripotent stem cell markers expressed
in CSCs [34-37]. In the case of LuCa-3, OCT-4 and markers
were not detected, while in LuCa-6 tumor tissue OCT-4
was also negative but positive for the pluripotent marker
NANOG. Supplementary Figures S2a and S2b show the
nuclear-stained NANOG+ cells localized within the tumor
tissue xenograft. As depicted in Supplementary Figures S2c—
S2e, mouse cells, which were detected by specific antibodies
to fibroblasts (Er-Tr+) and endothelial (CD31+) cells,
surround the CK7+ LuCa-6 tumor cells. The NANOG+ cells
were localized within the area of CK7+ and TTF-1+ human
tumor cells and not mouse cells.

25

Relative amount of mRNA

LuCa-6S

LuCa-6A

Phenotyping of subline LuCa-6S and LuCa-6A cells.
Characterization of cultured cells of both sublines, LuCa-6S
and LuCa-6A, was focused on the detection of earlier
reported specific LAC markers [30-32]. Fixed cells on
cytospin slides from both sublines were assessed with the
same panel of antibodies utilized for the characterization of
xenograft tumor tissues. Briefly, the antibodies used were as
follows: CK7, CK20, TTEF-1, CD-133, SFTPC, and CD-44.
As depicted in Figure 3, LuCa-6S cells exhibited a specific
reactivity with all of these antibodies with the exception of
SK20. Thus, these cells were positive for CK7, SFTPC and
did not react with CK20. Importantly, the adherent LuCa-6A
cells were also positive for these two markers and negative
for CK20. This staining pattern is in line with the adenocar-
cinoma markers detected in tumor xenografts and indicates
that both sublines are LAC cells. However, as implied by the
IF data, the expression of antigenic markers localized either
in the nucleus or the cell surface membrane can fluctuate
or even decline to undetectable levels as in LuCa-6A cells
cultured as an adherent population. As shown in Supplemen-
tary Figure S3, the IF positivity for TTF-1 and particularly
CD-133 in LuCa-6S cells, a notable decline occurs during the
conversion into the adherent growth pattern within 6 to 11
days of in vitro culturing.

Induction of pluripotent genes expression and cell
markers in LuCa-6 sublines. Detection under standard
culture conditions. Finding NANOG+ cells in the LuCa-6
tumor xenograft initiated a broader analysis of the markers

B “avoG

OCT-4

|
B sox2
oo

TTF-1

LuCa-6A+CSM

Figure 4. Detection of CSC and LAC markers by real-time qPCR in LuCa-6S and LuCa-6A cells cultured under the standard culture conditions and in
the cancer stem medium (CSM). As compared to LuCa-68S, the expression of NANOG, OCT-4, and TTF-1 were two to three-fold higher and SOX-2 low-
er in LuCa-6A cells. Culturing of these LuCa-6A cells in CSM with insulin (2 pg/ml), OCT-4, and SOX-2 expression significantly increased (**p<0.01),

while the expression of NANOG, CD-133, and TTF-1 decreased.
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characteristic for cancer stem-like cells in both LuCa-6S and
LuCa-6A sublines. Cells of these sublines cultured under the
standard conditions in RPMI1640-CM were subjected to
analyses using real-time qPCR. Detection of mRNA expres-
sion of antigenic markers CD-133, TTF-1, and pluripotent
genes such as NANOG, OCT-4, and SOX-2 was performed
and described data are at least from two independent experi-
ments. The housekeeping gene GAPDH was utilized as an
internal control for quantifying mRNA expression. As shown
in Figure 4, the expression of pluripotent genes OCT-4 and
NANOG was about 2- to 4-fold higher and SOX-2 lower in
the adherent LuCa-6A cells as compared to the LuCa-6S cell
population grown in suspension. Differences in CD-133 and
TTF-1 expressions between these two sublines were detect-
able, although less apparent. Furthermore, two procedures
were applied for induction of these genes in both subline cell
populations: one, using cancer stem medium (CSM) with
insulin and the second one, by converting cell growth pattern
from suspension into an adherent form of the growth.
Induction by CSM with insulin. LuCa-6A cells were cultured
in CSM with insulin up to 11 days in the plates of ultra-low
adherence before subjected to an assessment of RNA level
by qPCR. As shown in Figure 4, the LuCa-6A cultured cells
displayed a substantial increase in the expression of OCT-4
and SOX-2, while the expression of NANOG, TTF-1, and
CD133 declined. As compared to LuCa-6A maintained in
RPMI1640-CM, the increase in RNA expression of OCT-4

14

12

10

Relative amount of mRNA

LuCa-6S

and SOX-2 was significant in the LuCa-6A cells cultured in
CSM with insulin, respectively. The induction experiment
of the pluripotent genes with CSM and insulin in LuCa-6S
was not performed due to the rapid decline of cell viability.
However, a modified culture medium in combination with
growth factors enabled to induce the expression of pluripo-
tent genes OCT-4, SOX-2, and particularly NANOG in the
Luca-6S cells. Increased expression of NANOG was promi-
nent in the second generation of tumor spheres (Supplemen-
tary Figure S4). Noteworthy, the NANOG positive cells were
also detected in the tumor xenograft following the inocula-
tion with LuCa-6S cells (Supplementary Figure S2B).
Switching the growth pattern from a suspension into an
adherent. Given that the adherent LuCa-6A cells effectively
expressed OCT-4 and SOX-2 by culturing in CSM with insulin
that prompted to assess the expression of the pluripotent genes
including also CD133 and TTF-1 in LuCa-6S cells following
the conversion into an adherent population. LuCa-6S cells
were cultured as an adherent cell population under the
standard culture conditions for 10 days. Subsequently, the
adherent growing cells of LuCa-6S, termed LuCa-6S/A, were
subjected to induction of pluripotent genes. The expression
of these genes was induced by culturing of these LuCa-6S/A
cells in CSM with insulin using the same culture conditions
as for the induction of genes in LuCa-6A cells. Compared to
LuCa-6S cells grown only in the suspension, the expression
of OCT-4 and SOX-2 increased significantly in the converted

NANOG
*%

OCT-4

SOX-2

CD133

*%

TTF-1

LuCa-6S/A+CSM

Figure 5. Induction of CSC and LAC markers in LuCa-6A/S cells converted from the suspension to the adherent monolayer-like growth pattern. Con-
version of LuCa-6S cells into the adherent growth form was carried out by a short-term culturing in standard culture conditions for 10 days. Induction
of markers’ expression was attained by subsequent culturing of cells in CSM with 2 pg/ml insulin for 11 days. As determined by qPCR, in contrast to
LuCa-6S cells, the converted LuCa-6A/S cells to the adherence showed a significant increase in the expression of OCT-4 and SOX-2 (**p<0.01).
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LuCa-6A/S cell population as shown in Figure 5. In addition,
as presented in Supplementary Figure S5, ongoing analyses
of LuCa-6S cell clones by IF, particularly clone 3, a majority
of cells expressed SOX-2 distinctly localized in the nucleus
(Supplementary Figure S5). This observation is consistent
with a high level of SOX-2 expression in the converted LuCa-
6S/A cells detected by qPCR.

Thus, the established LuCa-6 sublines exhibited versatile
growth characteristics with the capacity of cells to respond
to changes in culture conditions by selective down- or upreg-
ulated expression of several antigenic markers including
pluripotent stem cell genes.

Discussion

Both, LuCa-3 and LuCa-6 cell lines derived from the
PE of two LC patients generate tumors, which were readily
propagated in vivo as xenografts following the s. c. inocula-
tion of cells in immunodeficient mice. PE cells from patient
L6 were also established in vitro and long-term propagated
in two forms. The LuCa-6S subline was grown in suspen-
sion and the adherent subline LuCa-6A was cultured as a
monolayer-like population. The tumor tissues from both
patients as well as in vitro propagated sublines exhibited
markers (CK7+/CK20-, SFTPC+, and TTF-1+) character-
istic for the human LAC phenotype [29]. Thus, the tumor
xenografts from L3 and L6 patients as well as two sublines
represent an in vivo/in vitro cell system that could be classi-
fied as a PDX-MI (patient-derived xenograft-minimal infor-
mation). This experimental model corresponds most likely
to the second Clinical/Patient module [21-23]. Despite the
limitations inherently present in a PDX-MI, the established
in vivo/in vitro cell lines potentially have a broader experi-
mental use due to the availability of cultured sublines with
rare and beneficial growth characteristics.

The LuCa-6S subline has a unique growth pattern among
LC cell lines established in vitro because it is readily propa-
gated in a suspension and can be converted into the adherent
form and vice versa. A cell line from LAC with these charac-
teristics has not yet been reported. Even small cell lung cancer
(SCLC), which generates PE in patients more frequently than
LAG, the established SCLC cell lines display poor cell adher-
ence to culture surfaces but grow in sizable cell-clamps [36,
37]. However, the LuCa-6S cell culture is composed of the
non-clumping single-cells, which can be readily cloned and
propagated as tumor xenografts. The growth characteristics
of these cells provide a number of experimental advantages
such as: a) a more accurate assessment of the interactions
utilizing cytokines, infectious agents, and cytolytic cells
with largely homogeneous non-clumping cell population
maintained in suspension; b) evaluation of differences in
expression of cell or viral antigens between the suspension
and the adherent cell populations; ¢) simplifies in-depth
analyses of cell subsets with CSC characteristics and finally d)
the access to LAC cells from PE is easier enabling to validate

observations using fresh non-cultured tumor cells. Finally,
LuCa-6 cells can potentially serve as a host-cell for the study
of SARS-CoV-2 (coronavirus) as implied by the origin of
LAC from pneumocytes II and expression of the surfactant
protein C (SFTPC) specific for these cells. Pneumocytes II
are one of the targets and a host cells expressing the hACE2
receptor for this virus and co-localization of SARS-CoV-2
and SFTPC in these cells has been documented [38-42]. In
addition, utilizing the LuCa-3 tumor line propagated only in
vivo could aid to discern conceivable changes in cell popula-
tion associated with in vitro culturing.

This study of LAC showed dissimilarities in the expres-
sion of pluripotent genes and antigenic markers between
cells of LuCa-6S and LuCa-6A sublines. Differences between
sublines have been further expanded in our ongoing studies
of N-glycan profile analyses by mass spectrometry (MS) [42]
in relation to the CSC markers expression and the sensi-
tivity of these LuCa-6 cell populations to natural killer (NK)
cells [42]. As listed in Supplementary Figure S6, differences
in expression of 12 N-glycans were detected between cells
of these two sublines by MS analyzes comprising a broad
spectrum of glycans with m/z values from 1007 to 3928.4.
Importantly, a distinct difference between LuCa-6S and
LuCa-6A cells was found in resistance and sensitivity to NK
cells. Supplementary Figure S7 shows that LuCa-6S cells were
completely resistant to NK cells, while adherent LuCa-6A
cells exhibited NK sensitivity in a dose-dependent manner.
Thus, these data of our current investigations are in line with
the earlier findings on the differences between cell popula-
tions of these two sublines.

Recently, Tiran et al. [28] reported on two different LAC
cell subpopulations derived from a patient’s primary tumor
with innate resistance to the treatment of LC. One subpop-
ulation of cells propagated as a spheroid cell culture with
epithelial characteristics and aggressive growth. This cell
population was also therapy-resistant and expressed CSC
markers, while the second subpopulation of cells expressing
mesenchymal characteristics lacked these markers, though
exhibited unlimited growth potential and was propagated
in vitro as an adherent population. These data seem to be
in contrast with our observation. However, as mentioned
above, LAC is a highly heterogeneous tumor. Recent studies
using deep sequencing for the genome characterization
of LACs demonstrated that 60% of cases were oligo- and
polyclonal cell populations, whereas 40% were monoclonal
[9, 15, 20]. Furthermore, the established in vivo/in vitro
LuCa-3 and LuCa-6 cell lines originate from patients with
advanced LC disease.

LAC is frequently associated with the development of
malignant PE, which occurs during disease progression
[35]. The process of cancer progression is also accompa-
nied by increased mutations in driver genes of LAC and
likely contributes to CSC heterogeneity within tumor cells
[24, 35]. LAC cells in PE represent cell population released
from tumor tissues via the mechanism of epithelial-mesen-
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chymal transition (EMT) characterized with downregu-
lated cell-to-cell adhesion [34, 43]. The cultured LuCa-6S
cells in suspension are composed of non-clumping single-
cells resembling the LAC population of PE with decreased
cell-to-cell adhesion. A distinct feature of the LuCa-6S cell
population is its capacity to convert into the adherent form
and switch back in suspension growth pattern. Cloned cell
populations of both sublines retain this capacity (Figure 1).
In cancer progression, cells can gain the potential to adapt
reversible and transient states with the ability to convert
from one form into another. Beerling et al. [27] defined
this development in metastasizing cancer cells as epithelial-
mesenchymal plasticity (EMP). The metastasis requires the
invasion of tumor cells into tissues, which is generated by
the EMT process involving cells with CSC characteristics.
However, the EMP aids migration and does not enhance
the stem cell potential [27]. Thus, the established LuCa-6
sublines, which are readily converted into suspension and
adherent forms could contribute to further elucidation of
EMT and EMP processes.

A number of studies for identification and isolation of
CSCs from NSCLC have been focused on these minority
cell subsets utilizing cell surface glycoproteins CD133 and
CD44 of in vitro established cell lines [20, 44-48]. However,
the expression of these molecules is variable in various LC
cell lines, and contradictory results were obtained in these
studies, possibly due to the shortcomings inherent to in
vitro propagated cells [19, 20]. Findings were reported
on isolated CD133+ or CD44+ cell populations with the
ability for self-renewal and tumor initiation capacity in
mice [44-46], though other reports demonstrated the same
growth characteristics with CD133-or CD44- cell subpopu-
lations [47, 48]. Even though LAC cell lines propagated in
vitro and/or in vivo do not fully represent primary tumor
cells, they remain a powerful tool in providing a number
of benefits. For instance, microenvironment-generated
by cancer-associated fibroblasts were evaluated using in
vitro cell based model of EMT resulting in the detection of
several new transcription factors and early EMT markers
[49]. Recently, a battery of NSCLC cell lines mostly derived
from LAC, particularly the cell line NCI-H1568 with
notable heterogeneity, were employed to analyze the cellular
origin and drug resistance of CSCs in heterogeneous cancer
cell populations [35]. To avoid shortcomings and preserve
genomic integrity of human tissue specimens, in vivo and
in vitro models have adapted experimental procedures with
short-term durations. In cases of NSCLC in PDX mouse
models, targeted therapy assessments were done using
patients’ tumor tissues in low-passaged PDX [21]. Similarly,
the sphere-forming assay of tumor specimens from NSCLC
was evaluated after a short-term in vitro cultivation [51].
Frequently, observations obtained from in vitro studies are
subsequently validated in vivo. We have recently reported
an effective procedure for N-glycan profiling of tissue speci-
mens, which was first developed using in vitro established

tumor cell lines and then was successfully applied for fresh
tumor specimens obtained from patients with LAC [50, 52].

In conclusion, the above-described differences between
sublines of LuCa-6 cells demonstrated extensive shifts in
markers including expression of pluripotent genes charac-
teristic for CSC-like cell subsets, which can be effectively
enhanced by changing the culture conditions. Specifically,
the expression of pluripotent CSC markers can be selec-
tively up- or downregulated in cells of both sublines by using
different CSM, growth factors and by switching cell growth
patterns. Availability of cell subsets with robust expression of
pluripotent genes and their corresponding controls enables
to determine those cell surface markers, which are closely
associated with CSC-like cells.

Supplementary information is available in the online version
of the paper.
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Supplementary Information

Supplementary Figure S1. Growth of LuCa-3 and LuCa-6 cells following s. c. inoculation in Nude (1a) and NOG (3a) mice, respectively. H&E and TTF-
1-stained tumor tissues from s. c. region (1b, ¢ [10x]) and from metastatic lung lesions (2 a, b and c [10x]) of LuCa-3. Staining of LuCa-6 tumor xeno-
grafts is shown in lung (3b [10x] and c [40x]) and s. c. region (4a and b [10x], ¢ [40x]). Arrows indicate localization of tumors, tumor cells, metastatic
lesions in lung (2a) and TTF-1 nuclear staining specific for LAC.
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Supplementary Figure S2. Xenograft of LuCa-6S tumor tissue stained for (a) detection of the pluripotent stem marker NANOG, green staining co-
localized with nuclear DAPI staining; (b) same image showing NANOG green staining indicated by arrows; (c & d) display double stained tumor tissue
cells for human CK7 keratin (green) and for mouse CD31 endothelial [red (c)] and Er-Tr7 fibroblast [red (d)] cells, respectively. (e) TTF positive cells
(green) co-localized with blue DAPI nuclear stain; (f) H&E staining. Size bars: (a) and (b) 20 um, (c) and (d) 40 pm, (e) 15 um.



CELL-BASED MODEL OF LUNG ADENOCARCINOMA - Supplementary Information 3

TTF-1
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LuCa-6S adherent 6-days adherent 11-days LuCa-6A

Supplementary Figure S3. Expression of TTF-1 (thyroid transcription factor 1) localized in nucleus and CD-133 (prominin) in cytoplasmic membrane
of LuCa-6S cells converted into an adherent growth pattern. Following short-term culturing of LuCa-6S cells under standard culture conditions (T25
flasks) favoring adherent growth, detections of these markers in the converted cells were performed by IF at days 6 and 11 size bar 20 um. Note the rapid
decline in expression of TTF-1 and, particularly CD-133, in process of conversion of LuCa-6S into an adherent LuCa-6A cell culture.

Supplementary Table S1. HLA phenotype.

Cell line Class I Class II
LuCa-3 A25, A68, B7, B35 Dr4, Dr8, Dr53
LuCa-6 A2, A23, B44, B53 Dr7, Dr15, Dr51, Dr53

Notes: The cell lines were derived from L3 and L6 patients, respectively. HLA typing of the estab-
lished cell lines revealed differing phenotypes and exhibiting only one Class II HLA-Dr53 shared
serotype. This makes possible to monitor identity of the cell lines and cultured sublines. As per
procedure, the QIAxcel® system (Qiagen) was employed for HLA profile characterization.



4 Mikulas POPOVIC, Yiling LIU, Erika LATTOVA, Dean MANN, Sabrina CURRELIL, Zbynék ZDRAHAL, Martin EDELMAN, Joseph BRYANT

OCT-4 NANOG
5 5 *
<
g 1
E 4 % 4
'06 *
-
3
E 2 2 =
@ P
= - s ke
€ T N 1 niim W
o T
0 0
R10 INS+30%.) INS+15%)J R10 INS+30%) INS+15%)
SOX-2 CD133
5 5
2
£ 4 4
E
“
S 3 : 3
2
o
E 2 = | 2
-g ‘ ™ -
® 1 ke oL T | = 1 s T _ [
-5
0 L || = 0 |
R10 INS+30%) INS+15%) R10 INS+30%) INS+15%)
HT=0 M generation generation2 HT=0 I generation1 generation2

Supplementary Figure S4. Induction of stem cell markers in LuCa-6S cell population. Cells were cultured in standard RPMI1640-CM (R10 blue square)
and in matrigel medium with growth factors as follows: matrigel medium 30% with insulin (INS+30% J orange square) and matrigel medium 15% with
insulin (INS+15% J grey square). Concentration of insulin 4 pug/ml, epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) each
20 ng/ml and human recombinant stem cell factor (hrSCF) 10 ng/ml. Tumor spheres were generated from seeded cells into matrigel medium after 7
days representing “Generation 1” and after 12 days “Generation 2”. The second generation of tumor spheres were produced by sub-culturing cells from
the first generation. Detection of pluripotent genes (Oct-4, Nanog and Sox-2) and the cell surface transmembrane glycoprotein (prominin) CD133 in
LuCa-6S cells was performed by semi-quantitative RT-PCR. The fold change in each mRNA level of induced pluripotent stem cell markers and CD133
compared to the starting seeded cells is shown relative to the change in the expression of beta actin RNA. The level of expression of the RNA encoding
the stem cell marker in the starting seeded cells was set to 1. Data represent the mean+SE of samples run in duplicate and are representative of data
from three different experiments. Procedure and primers for pluripotent transcription factors, known as markers for CSC, were previously described
by Ji et al. [53]. Note the increased expression of NANOG at RNA level in cells of tumor spheres in Generation 2. [*p < 0.05].

Supplementary Figure S5. IF detection of SOX-2 in cells of clone 3 obtained by limit-
ing dilution from LuCa-6S grown in suspension (see Figure 1). Cells were stained for
SOX-2 and CD-133 with two colors. Upper left shows nuclear localization of SOX-2
(green) and DAPI (blue). Upper right shows CD133 (red) and DAPI staining. Bottom
left is shown staining for two (SOX-2 and CD-133) and bottom right for three (SOX-
2, CD-133, DAPI) colors, size bar: 20 um. Note nuclear localization of SOX-2 stained
also with DAPI and its absence in cells stained for membrane CD-133 and nucleus
with DAPI. Double (SOX-2+CD-133) and triple (SOX-2+CD-133+Dapi) staining
clearly demonstrate nuclear expression of SOX-2 in majority of cells. This cloned cell
population was sub-cultured in ratio 1:3 in CM-RPMI-1640, maintained in culture
for 4-days and then processed for IF analyses.7. SOX-2+CD-133 SOX-2+CD-133+DAPI
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Supplementary Figure S6. Depicted structures of N-glycans with m/z values distinguished according to relative abundance in cells of sublines: I)
LuCa-6S growing in suspension and II) LuCa-6A adherent one. The m/z values in red are N-glycans detected only in the adherent form. Procedures
for glycan release from cell specimens, extractions and subsequent steps of sample preparations for mass spectrometry (MS) and data analysis were
described previously (see Lattova et al. [50, 52]). MALDI-TOF-MS spectra of N-glycans with a range of m/z 1000-4120 were recorded. All glycan peaks
are detected as MNa+. Key symbols: Fuc: ; GlcNac: ; Gal: ; Man: Notes: Ten N-glycans were detected in the LuCa-6A cell population, eight of them
were in abundance and present at low, but detectable level in the LuCa-6S population. In addition, two complex N-glycans with high m/z values were
detected only in the LuCa-6A cell population, while only two N-glycans were detected in abundance in LuCa-6S cell populations which were detected
atlow level in the LuCa-6A subline.
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Supplementary Figure S7. Test of NK cytolytic activity against tumor cell lines of LAC: positive control K562 cells (blue line), adherent growing
LuCa-6A (pink line) and in suspension form LuCa-6S (green line) were tested by standard 4-hour Chromium release assay at day 14. NK effector cells
obtained from donor Aph030409 and expanded in SCGM as described by Lin et al [42]. Data represent average of 3 independent experiments.



