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Epithelial-mesenchymal plasticity (EMP) is a hallmark of cancer. By enabling cells to shift between different
morphological and functional states, EMP promotes invasion, metastasis and therapy resistance. We report that
near-diploid non-cancerous human epithelial lung cells spontaneously shift along the EMP spectrum without
genetic changes. Strikingly, more than half of single cell-derived clones adopt a mesenchymal morphology. We
independently characterise epithelial-like and mesenchymal-like clones. Mesenchymal clones lose epithelial
markers, display larger cell aspect ratios and lower motility, with mostly unaltered proliferation rates. Stemness

marker expression and metabolic rewiring diverge independently of phenotypes. In 3D culture, more epithelial
clones become mesenchymal-like. Thus, non-cancerous epithelial cells may acquire cancer metastasis-associated
features prior to genetic alterations and cancerous transformation.

Introduction

Human cancer presents a major health and economic burden and
amongst different cancers the most predominant cause of mortality and
morbidity worldwide is lung cancer [1]. Early insights into the study of
tumour progression and heterogeneity points to genomic instability
resulting from mutations in viral-associated genes, including oncogenes,
tumour suppressor genes and chromosomal karyotypic changes [2,3].
However, the non-genetic heterogeneity of cancer, contributed by
various environmental, cancer microenvironment, epigenetic and host
factors, also plays a key molecular role in adding complexity to cancer
pathogenesis and treatment response [4,5]. Thus, understanding key
insights into cancer heterogeneity and clonal dynamics is important for
the advancement of cancer research. Also, this cancer heterogeneity
imparts clinical relevance as clonal diversity within the cancer in-
fluences metastatic potential, therapeutic response and patient survival
[6]. These clonal and subclonal cancer diversities and dynamics are
thought to be influenced by cellular heterotypic stimuli, including
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hypoxia, spatial proximity, clonal frequency, and cellular plasticity
[7-9]. Therefore, characterising and identifying the mechanisms un-
derlying this non-genetic heterogeneity is also of fundamental clinical
importance for guiding treatment modalities and avoiding tumour
recurrence.

The functional consequences of non-genetic tumoral heterogeneity
are also attributed to phenotypic plasticity around epithelial-
mesenchymal transition (EMT). EMT, a fundamental and quintessen-
tial process for embryonic development and tissue healing, is dysregu-
lated during tumour growth, cancer cell dissemination, immune escape
and activation, and metastasis [10-13]. The original concept of binary
switching between two well-characterised, isogenic, epithelial and
mesenchymal phenotypic states within a tumour was recently chal-
lenged with the advent of subset enrichment [14], single-cell RNA-se-
quencing [15,16], spatial profiling [17] and molecular barcoding
techniques [18]. These technologies have revealed that cellular plas-
ticity manifests as intermediate states, or along a continuum of hybrid
epithelial-mesenchymal = (E-M) states [19-21].  Thus, the
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well-acknowledged term epithelial-mesenchymal plasticity (EMP) [12]
encompasses the bidirectional axis of phenotypic change through
distinct trajectories and states, including epithelial-mesenchymal tran-
sition (EMT), partial, hybrid (E/M) or quasi-mesenchymal states and the
reverse process of mesenchymal-epithelial transition (MET) [22]. When
confronted with chemo- and immuno-therapies, this EMP source of
non-genetic heterogeneity enables the tumour to undergo reversible and
transient changes [23-28]. Of particular importance are the implica-
tions of EMP for immune sensitivity and resistance, with hybrid and
quasi-mesenchymal states showing increased expression of immune
checkpoints [28,29]. Recent studies are also appreciating the impact of
EMP on cancer stem cells [30] and circulating tumour cells [31,32] and
observing that the hybrid-EM phenotype confers the carcinoma cells
with stemness potential [33], greater metastatic competence in the form
of circulating tumour cell clusters [34-39], and therapy resistance [40].
Cancer stem cells have also been implicated in cancer progression to
impart cancer with functional heterogeneity for survival and drug
resistance [41]. Moreover, stochastic cell state transitions can also result
in stemness traits and can fuel further aggressive tumour characteristics
and heterogeneity [42].

There are currently limited studies that focus on how phenotypic
plasticity differs between many cancer cell clones within a single
isogenic population [17,43-45] because this attribute has mostly been
studied in populations of cancer cells which possess genetic heteroge-
neity and chromosomal aneuploidy [46]. Moreover, as it is a hallmark of
cancer, EMP is typically studied in cancer cells, rather than in
non-cancerous cells. Thus, modelling heterogeneity in both cancer and
non-cancer cells in relation to cellular plasticity and functional hetero-
geneity in experimental and pre-clinical settings is fundamental to the
understanding of cancer evolution in the context of treatment strategies.
In addition, metabolic reprogramming is an emerging essential hallmark
mechanism for tumour progression [47]. Metabolic flux between
oxidative phosphorylation (OXPHOS) and aerobic glycolysis, termed the
Warburg Effect, optimises ATP synthesis and enhances biomass syn-
thesis while balancing the levels of reactive oxygen species (ROS) [48].

The study herein investigated a panel of single-cell clones generated
in the near-diploid human bronchial epithelial cell line, HBEC-3KT, to
create non-cancerous and genetically homogeneous clones. Genetically
heterogeneous HBECs triggered with oncogenic manipulations targeting
Kras mutation, p53 knockdown along with cMyc overexpression have
been studied for EMT induction [49] and the ZEB1 transcription factor
has been found to induce EMT in this transformation model [50].
Further, HBEC-3KT as a non-malignant lung culture model also exhibi-
ted altered EMT markers when exposed to cigarette smoke condensate
carcinogens [51]. However, systematic characterization of clones
generated from a non-transformed immortalized cell line for their
functional trait signals the presence of only non-genetic heterogeneity is
limited in terms of studying intrinsic phenotypic plasticity. Our sys-
tematic characterisation of clones included analyses of both genetic and
phenotypic heterogeneity via SNP arrays, cell morphology assessment,
determination of doubling time, migration speed, assessment of various
EMT markers at the transcriptional level, and protein expression and
localization analyses of the mesenchymal and epithelial markers,
respectively vimentin and EpCAM. Real-time bioenergetics analyses and
stemness marker expression were also conducted for the clones and
parental HBEC-3KT cells, revealing clonal diversity. This integrated
retrospective analysis thus reflects the specific functional attributes of
the single cell-generated clones, and how they correlate amongst and
within the classified groups of parental-like and mesenchymal classes.

Materials and methods
Cell lines and cell culture

HBEC-3KT, immortalized human bronchial epithelial cells were
established previously by introducing mouse Cdk4 and human TERT
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into normal, primary human bronchial epithelial cells. Cells were a gift
from Professor John D Minna, University of Texas Southwestern Medical
Centre, USA [52]. HBEC-3KT cells were cultured with KSFM media (Life
Technologies Inc., Carlsbad, CA) containing 50 pg/mL of Bovine Pitui-
tary Extract (BPE) (Life Technologies Inc.) and 5 ng/mL of EGF
(epidermal growth factor) (Life Technologies Inc.) supplemented with
10% foetal bovine serum (FBS; Gibco™, Thermo, Victoria, Australia)
and 1% antibiotics, penicillin and streptomycin (Gibco™, Life Tech-
nologies catalogue number—15,140,122). Cell number and viability
were routinely determined using 0.4% trypan blue dye exclusion and
loaded onto the TC20™ Automated Cell counter (Bio-Rad). Cells were
routinely confirmed negative for Mycoplasma (MycoAlert™ mycoplasma
detection kit, Lonza catalogue number LT07-318). To assess organoid
behaviours of the parental HBEC-3KT parental cells and clones, 70 pl
undiluted EHS Matrix Extract (Sigma-Aldrich) was coated on 48
well-plates and cells were allowed to set for 30-45 min. Once set, 100 pl
diluted (4% vol/vol in chilled distilled water) EHS was placed on the
surface of the set EHS, followed by 300 pl of media containing 10°
HBEC-3KT parental cells or derived clones.

Single-cell cloning

Single-cell sorting was carried out in 96-well plates from trypsinized
cells using the limiting dilution technique. The wells were microscopi-
cally examined and marked to ensure single cells were seeded per well
across three 96-well plates. Wells were propagated to generate single-
cell clones in equal proportions of media with HBEC-3KT cell-condi-
tioned media. Conditioned media was sourced from 5-day old cultured
HBEC-3KT cells and was double-filtered prior to its use. Plates were
maintained at 37 °C in a 5% (v/v) COz-humidified atmosphere and were
examined every week for the presence of single colonies. Depending on
the proliferation density of the expanded colonies, selected clones were
expanded to 24-well plates via Passage 1 in the conditioned media, 6-
well plate via Passage 2 and then into T25 flasks via Passage 3 in the
HBEC-3KT media, and subsequently cryopreserved (Fig. 1A). In addition
to the parental HBEC-3KT cells, 8 selected clones were profiled further
for their genetic, functional and molecular traits, as described below.
Morphological assessment of the clones and parental cells was per-
formed using an Olympus CKX41 inverted microscope and by Crystal
Violet staining [53].

Karyotype analysis

Genomic DNA was prepared from 5 x 10° cells with the DNeasy
Blood and Tissue Kit (Qiagen) and submitted to the Australian Trans-
lational Genomics Centre (ATGC) at Queensland University of Tech-
nology (QUT) and Princess Alexandra Hospital. To identify whether
stochastic/spontaneous aneuploidies or chromosomal rearrangements
arose while propagating single-cell clones, SNP array analyses were
performed for all clones and the parental HBEC-3KT cell line to compare
copy numbers across the genome. Specifically, DNA was normalised to
50 ng per pL based on submitted Qubit concentrations. Four microlitres
of normalised DNA was genotyped on Illumina Infinium™ Global
Screening Array-244+MD v3.0 (Illumina, 20,030,774) as per manufac-
turer ’s instructions. The arrays were scanned on an Illumina iScan
system and the raw fluorescence intensity data was normalized and
clustered for each sample using Illumina Genome Studio software
(Illumina version 2.0.5). Genome-wide copy number alterations (CNAs)
were determined using the cnvPartition algorithm (Illumina version
3.2.0) based on the log R ratios (LRRs) for single nucleotide poly-
morphisms (SNPs).

RNA extraction, cDNA synthesis and reverse transcriptase-quantitative
PCR (RT-qPCR)

Total RNA was extracted from cells using TRIzol (Life Technologies)
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Fig. 1. Phenotypic heterogeneity of single cell-derived clones of HBEC-3KT (A) Schematic representation of the single-cell clone generation, characterisation
and cryopreservation. P1-P3 refer to passage numbers 1-3. See main text for detailed description. (B) Bright-field images of crystal violet-stained parental HBEC-3KT
cells and distinct clones grouped based on their morphologies, characteristic as either epithelial/parental-like (top four) or mesenchymal phenotype with elongated

spindle-like shapes (bottom four). Scale bars, 200 pm.

and subsequent reactions were carried out as per the Bioline Isolate II
RNA Micro kit manufacturer’s instructions. cDNA was synthesized using
the SensiFAST™ cDNA Synthesis kit from Bioline. RT-qPCR was per-
formed using the SYBR Green Master Mix in a ViiA7 Real-Time PCR
system (Applied Biosystems, Carlsbad, CA, USA) and analysis performed
using Quantstudio™ Real-Time PCR software v1.1 (Applied Biosystems,
Life Technologies). The primer sequences are listed in Supplementary
Table S1. The thermal cycling condition were as follows: pre-
denaturation at 95 °C for 10 min (Ramp Rate — 1.6 °C/sec) for one
cycle, 40 cycles of denaturation at 95 °C for 15 s and annealing at 60 °C
for 90 s (Ramp Rate — 1 °C/sec). Data were normalized against the
overall mean expression of all measured genes [54] or normalized with
the average CT value of the “housekeeping gene” RPL32 . The results
were calculated using either of the two methods, as indicated, and
presented as fold changes.

Immunofluorescence

The parental HBEC-3KT cells and the single cell-derived clones were
seeded at a density of 10,000 cells/well in 96-well glass-bottomed,
black-walled plates (CellVis, Mountain View, CA, Cat. #P96-1.5H-N).
For immunocytochemistry, the growth medium was discarded, and cells
were washed twice gently with Dulbecco’s modified phosphate-buffered
saline (DPBS; pH 7.5). Briefly, cells were fixed and permeabilized in 4%
paraformaldehyde + 0.1% Triton X-100, rinsed with DPBS, and incu-
bated with the designated primary antibodies at 4 °C overnight. After
rinsing in DPBS, cells were incubated for 2 h at room temperature in the
dark on a gentle rotary shaker with appropriate fluorescence-conjugated
secondary antibody (Supplementary Table S2) and with diamidino
phenyl indole (DAPI) as a nuclear stain (diluted to a final concentration
of 1 ug/mL). The plates were then washed twice with DPBS and images
captured on a high-content imaging platform InCell analyser 6500HS
(GE Healthcare, Buckinghamshire, UK) with approximately 5 fields of
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view taken per well. Images were projected and processed with Fiji and
analysed for marker intensity quantification using the InCell Investi-
gator software IN Carta analysis software v1.14 (GE Healthcare).

Flow cytometry

Cells were harvested with Accutase® (Corning, catalogue # 25-058-
CI) and stained with anti-human CD44-FITC (BD Pharmingen, catalogue
#555,478) and anti-human CD24-PB (Exbio, catalogue # PB-503-T100)
antibodies, as per manufacturer-recommended dilutions for 1 hour at
room temperature on a rotary shaker. Cells were analysed in the pres-
ence of propidium iodide (1 pg/mL) using a BD LSR Fortessa (BD Bio-
sciences). After doublet discrimination and compensation for spectral
overlap, samples were analysed using FlowJo Software v10.0.7 (BD
Biosciences).

Livecyte® migration and invasion assay

For live-cell imaging, experiments were performed on the Livecyte
platform (Phasefocus, Sheffield, UK). Cells were seeded in 48-well plates
or 96-well glass bottom plates at a density of 10,000 cells/well. Images
were acquired every 30 mins at 37 °C over a period of 72 h on an im-
aging system at 10X magnification. Imaging was performed on two to
four regions of interest (ROI) from each well with selected surface areas
of either 750x750 um or 1000x1000 um. The images were compiled
into videos using Livecyte software and the data was analysed using the
Livecyte Cell Analysis toolbox supplemented with the separate dash-
boards for morphology and random motility outputs. Cells (n = 50) from
each sample were also manually tracked to scan cytokinesis of cells to
two daughter cells to their next cytokinesis to determine exact cell
doubling times.

Seahorse ATP rate assay measurement

Seahorse cell culture plates (Seahorse Bioscience, 102601-100) were
coated overnight with poly-L-ornithine and were seeded at a density of
20,000 cells per well (XFe96 cell culture microplate; Seahorse Bio-
sciences, North Billerica, MA, USA). The cells were allowed to grow for
24-48 hours at 37 °C in 5% CO,, after which media was aspirated, cells
were washed and fresh assay media added (unbuffered DMEM, supple-
mented with 10 mM glucose, 1 mM sodium pyruvate, 2 mM L-glutamine
at pH 7.4). The cells were incubated for 1 hour at 37 °C in a non-CO,
incubator. Mitochondrial complex inhibitors (1.5 uM oligomycin and
combined 1 uM rotenone with 1 pM antimycin A) were preloaded in the
injection ports. For ATP rate assay, contributions from mitochondria and
glycolytic for the metabolic flux measurements were assessed with XF
Wave software (Seahorse Bioscience, Agilent). Experiments were per-
formed in triplicates and the data were normalized to cell numbers.

Statistical analysis

All experiments were carried out at least three times unless otherwise
indicated. Data were analysed using GraphPad Prism version 9.5 sta-
tistical software (GraphPad Software, La Jolla, CA, USA). Data is rep-
resented as mean =+ standard deviation. Unpaired two-tailed student’s t
tests were used for comparisons between two groups and one-way
ANOVA were used for comparisons of more than two groups. P values
lower than 0.05 were considered statistically significant.

Results

Lung epithelial single-cell clones acquire phenotypic heterogeneity without
genetic diversity

We derived single-cell clones (SCCs) from the HBEC-3KT immortal-
ized normal human bronchial epithelial cell line (Fig. 1A; see Methods).
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Eight single cell-derived clonal populations were thoroughly charac-
terised to study the clonal diversity and heterogeneity. During propa-
gation of the clones, bright-field microscopic scanning clearly depicted a
change in the cellular morphology for several of the clones. Based on
crystal violet staining, we classified the four selected clones which
closely resemble the epithelial morphology of the parental line (SCCs 8,
12, 14 and 20) as 'parental-like’ (Fig. 1B, top panels). In contrast, we
selected four other clones (SCCs 16-19), whose crystal violet staining
clearly revealed distinct elongated and spindle-like morphologies and
classified these as *'mesenchymal’ SCCs (Fig. 1B, bottom panels). Alto-
gether, of the 25 SCCs whose morphologies we analysed, 11 (44%) of
SCCs had retained a parental-like morphology, whereas 14 (56%) had
adopted a mesenchymal phenotype. This indicates that an EMT-like
morphological change is common amongst non-cancerous HBEC-3KT
lung cells.

We undertook genome-wide SNP array profiling of the parental cells
and all 8 derived clones to examine whether they exhibited any chro-
mosomal or focal copy number variations. The parental HBEC-3KT cells
exhibit a near-diploid karyotype, harbouring 3 copies of chromosome 5
and 20q arm, as observed previously [52], and 20p loss. Comparison of
the copy number variation (CNV) profiles of the parental-like cells to
those of the mesenchymal clones did not reveal any overt differences in
their ploidy representation (Supplementary Fig. 1). The data analysed
showed no apparent genetic differences between the parental cells and
the 8 SCCs. Since the cells were also cultured under identical conditions,
we conclude that a majority of non-malignant lung epithelial cells
stochastically adopt mesenchymal morphologies under the same envi-
ronmental conditions without underlying genetic alterations.

Epithelial-mesenchymal plasticity exists across single cell-derived clones

To assess the heterogeneity between the HBEC-3KT parental cells
and single-cell clones at gene expression level, we determined the
expression levels of 26 selected genes, including genes encoding ca-
nonical epithelial and mesenchymal markers and associated transcrip-
tion factors, stemness markers, growth factor receptors, as well as 10
selected integrin family genes.

Compared to parental HBEC-3KT cells the gene expression heatmap
for selected EMT canonical markers displayed strong downregulation of
the epithelial-associated genes EPCAM (range 85 to 323-fold), GRHL2
(3.8 to 6.7-fold), CK19 (7 to 19-fold) in all mesenchymal clones (SCC16,
SCC17, SCC18 and SCC19) (Fig. 2A). Concomitantly, the mesenchymal
clones display upregulation of the mesenchymal-associated genes CDH2
(N-cad; 2 to 5-fold) and MMP-2 (3.3 to 7-fold). While evaluating EMT
transcription factor expression, the levels of ZEB1 and TWIST1 were
higher in all mesenchymal clones, whereas no robust expression level
changes were seen for the EMT-associated transcriptional regulators
SNAII or FOXA1 in the mesenchymal clones, as compared to the HBEC-
3KT parental cells. Amongst the evaluated stemness markers, NANOG
was overexpressed in three out of the four mesenchymal clones (range
2.8 to 6.8-fold), whereas CD24 expression was 2 to 3-fold lower in all
mesenchymal clones in comparison to the parental cells.

Gene expression levels of the growth factor receptors EGFR and HER2
(ERBB2) did not change considerably amongst any of the clones
(Fig. 2A). However, we observed a markedly increased upregulation of
TGFBR2 expression by more than 4-fold and up to 7.3-fold in all SCCs,
except SCC12, irrespective of their parental-like and mesenchymal
phenotype. Also, the expression levels of BMP-7, which counter-
regulates TGFf-Smad signalling [55], were downregulated in many
clones. The unsupervised hierarchical clustering of the gene expression
changes in the clones relative to the parental cells also clusters mesen-
chymal clones closely together, while, separately, parental-like clones,
including SCC12, cluster together with the parental cells.

Integrins play a key role in cell-cell interactions and cell migration in
the tumour microenvironment. Therefore, we also determined the gene
expression levels of integrin subunits al, a2, a6, al10, p1, B3, p4, p5 and
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Fig. 2. EMP-associated changes reflected in gene expression profiles of mesenchymal HBEC-3KT clones (A) Heat map showing 26 gene panel expression
profiles in HBEC-3KT parental cells and single cell-derived clones. Hierarchical unsupervised clustering was performed using one minus Pearson correlation for the
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clones and HBEC-3KT parental cells using RT-qPCR.



S. Bhatia et al.

f6 and glypican (GPC1, GPC3) in the HBEC3KT parental cells and
derived SCCs (Fig. 2B). Although the expression of glypicans GPC1
shows an upward expression trend in all the mesenchymal clones and
GPC3 expression showed an upregulation in two of the mesenchymal
clones (SCC17, SCC18) and downregulation in two of the parental-like
clones (SCC8 and SCC20), the expression of integrins showed overall
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variable responses in parental-like and mesenchymal clones. The
expression of integrin §1 was upregulated by an average of 1.5-2-fold in
all the mesenchymal clones. The expression of integrin p3 and p5 was
upregulated in 7 out of 8 clones (except SCC12), although the expression
of integrin 5 was much higher in mesenchymal clones. Although the
expression of integrin a3 was found to be lower in parental and all clones
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Fig. 3. Immunofluorescence microscopy analysis of changes in the expression levels of EMT marker proteins. (A) Parental HBEC-3KT cells and the selected
clones were stained with antibodies against the epithelial marker EpCAM or the mesenchymal marker vimentin. Scale bars, 100 pm. Staining intensity of (B) EpCAM
and (C) vimentin for the parental HBEC-3KT cells and clones were assessed using IN Carta using median fluorescence intensity (MFI). Significant differences were
calculated by one-way ANOVA and non-parametric Dunnett’s multiple comparisons test. **** P < 0.0001.
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of HBEC3KT, the expression of integrin a2 and a6 was downregulated in
many clones of HBEC3KT as compared to parental cells (Fig. 2B).
Overall, the differences in integrin gene expression are variable between
epithelial and mesenchymal SCCs. Nonetheless, unsupervised hierar-
chical clustering based on integrin gene expression alone also clusters
parental and parental-like clones together and, separate from these,
mesenchymal clones together (Fig. 2B).

Taken together, the divergent epithelial and mesenchymal mor-
phologies that we observed correlate strongly with the up- and down-
regulation of established epithelial and mesenchymal marker genes
(Supplementary Fig. 2A).

Next, we performed principal components analysis (PCA). This
demonstratesthat the clones that we characterised as mesenchymal
based on their morphology (Fig. 1B) (labelled SCC16, SCC17, SCC18 and
SCC19) cluster as a separate group, whereas parental-like clones (SCC8,
SCC14, SCC20) overlap with HBEC-3KT parental cells (Fig. 2C). While
the first principal component (PC1) of clone SCC12 is similar to the
parental and these parental-like clones, PC2 clustered it into a position
separate from the parental cells, reflecting subtle but distinct changes in
its transcriptional repertoire (Fig. 2C). These data indicate that the
derived clones with the mesenchymal traits embark on trajectories
distinct from both the parental line and SCCs that retain an epithelial
morphology.

HBEC-3KT clonal heterogeneity of distinct epithelial and mesenchymal
markers is observed at the protein level

Since EpCAM mRNA levels were strongly downregulated in the
mesenchymal clones, we sought to examine whether differential
expression between the parental-like and mesenchymal-like clones for
the EpCAM expression could be validated at the protein level. Immu-
nofluorescence staining for the markers EpCAM and vimentin was per-
formed to precisely delineate the spatial localization and expression of
these EMP status markers across the different HBEC-3KT clones. HBEC-
3KT cells and all clones were positive for vimentin expression across cell
populations. However, the fluorescence intensity markedly differed for
two of the parental-like clones (SCC-14 (p < 0.0001), SCC-20 (p <
0.0001)) which displayed significantly less intensity distribution for
vimentin expression as compared to the parental cells (Fig. 3A and B).

Correlating with our RT-qPCR results for EpCAM gene expression,
the number and intensity distribution of EpCAM-positive cells were
significantly lower for all mesenchymal clones as compared to the
parental cells (p < 0.0001) (Fig. 3A and C). There were also subtle dif-
ferences between the parental cells and parental-like clones in com-
parison to mesenchymal clones in the cytoskeletal shape and
arrangement of cell size, as depicted by the vimentin staining (Fig. 3A).
Since all the HBEC-3KT cells and derived SCCs express vimentin, these
findings indicate that the parental cells and the parental-like clones
represents a quasi-mesenchymal-like or a hybrid EMT state, whereas the
mesenchymal clones obtained from the single cell clonal expansion ex-
hibits a fully mesenchymal state on the spectrum of the EMT states.

Mesenchymal clones possess larger cell aspect ratios and lower motile
potential

For the purposes of monitoring proliferation, cellular features, and
migration propensity in vitro, we employed live cell imaging of the
parental cells and SCCs utilising phase-focus livecyte imaging (Supple-
mentary Videos). Consistent with the observed morphologies, all
mesenchymal clones exhibited substantially lower cellular sphericities
(p < 0.0001) (Fig. 4A, B) and larger cell aspect ratios (p < 0.0001) as
compared to the parental line, due primarily to elongated length:width
ratios (Fig. 4B and C). Fig. 4B depicts the wide size variation between
two clonal cells of HBEC-3KT. Interestingly, analyses of their motility
parameters via evaluation of track speed, showed that the mesenchymal
clones displayed lower migratory abilities as compared to the HBEC-3KT
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cells (p < 0.0001) (Fig. 4D; Supplementary Video).

Despite the apparent morphological characteristics and canonical
EMT marker changes in clones reflecting their enrichment in mesen-
chymal nature, the SCCs displayed modest to no significant differences
in their doubling times, except for mesenchymal-like clone SCC16,
which displays an extended doubling time ~2-fold higher then parental
cells. The cell doubling time of the parental cell line is 21+5.8 h and for
all the SCCs, ranged from 17.2 + 3 h for SCC8 to 48+8.7 h for SCC16
(Fig. 4E). Collectively, compared to the parental-like clones, mesen-
chymal clones exhibited statistically significantly lower cellular sphe-
ricity (p < 0.0001) (Fig. 4F), higher cell aspect ratio (p < 0.01) (Fig. 4G)
and lower track speed (p < 0.001) (Fig. 4H), while doubling times were
similar (p = 0.35) (Fig. 4I). The lower random cell motility of the
mesenchymal clones might imply dysregulation of actin stress fibres or
other motility structures. However, the specific mechanism(s) of how
the focal adhesions and/or actin stress fibres implement an elongated
morphology in the mesenchymal clones (as observed in Figs. 1B, 3A, 4B)
but with subverted migratory potential is intriguing, and remains to be
fully understood.

Divergent stemness potential across the single cell-derived clones

Concomitant high and low expression of the cell surface adhesion
receptor CD44 and the surface antigen CD24 respectively, is also
referred to as the CD44"8"/CD24'° state. This state is a well-recognised
marker of cancer stemness amongst breast, lung and other cancers [56,
571 and is also associated with a putative EMT phenotype [58]. To test
whether the mesenchymal clones have shifted stemness traits, we used
FACS analyses to simultaneously assess the expression of the CD44 and
CD24 surface markers for the HBEC-3KT cells and our SCCs. Specifically,
we determined the proportions of CD44M8M1oW /cpoglow/int/hi celjyjar
subpopulations across the HBEC-3KT cells and the derived clones with
respect to the known reference CD44M8h/CD24M8h state of the
MDA-MB-468 breast cancer cell line as a control [59] (82.6% of cells
gated in CD44"¢"/CcD24"8" state) (Fig. 5A and B). Surprisingly,
HBEC-3KT cells were remarkably stem-like in relation to these markers,
as over 75% of all gated cells were within the CD44"8"/CD24™ sub-
population in both the parental cells and five out of the eight clones,
including parental-like clones SCC12, SCC14 and SCC20, and mesen-
chymal clones SCC17 and SCC18. Profoundly, the three remaining
clones, parental-like SCC8 and mesenchymal SCC16 and SCC19, dis-
played a significantly higher proportion of cells in the CD44'°%/CD24'°"
state with 40-50% of the gated cells residing in that quadrant (Fig. 5A
and B). Thus, this represents diversity amongst the clones derived from
the HBEC-3KT parental cells in their gated CD44 CD24 subpopulations
profiles irrespective of their parental-like and mesenchymal phenotypes.
This diversity is further reflected by our observation that we found no
statistically significant increase of stemness traits with regards to CD44
and CD24 surface expression between our classified groups (Fig. 5C).
Thus, we find no evidence for increased stemness features specific for
either the parental-like or the mesenchymal groups.

Diverse morphology behaviour of HBEC-3KT and clones in 3D organotypic
culture

We seeded HBEC-3KT cells and the clones in Matrigel™ and assessed
their morphological characteristics on days 4 and 8. Interestingly, the
morphologies of HBEC-3KT cells and clones were very diverse. HBEC-
3KT cells embedded as self-aggregated cells by Day 4 and formed 3D
spheroids showing similar cyst-like morphologies by Day 8, as observed
previously when cocultured in Matrigel™ below foetal lung fibroblasts
[60]. Interestingly, however, all parental-like clones show diversified
morphologies when grown within extra-cellular matrix (ECM), except
SCC12, whose growth pattern in 3D is similar to that of parental cells.
SCC8 and SCC14 cells show elongated spindle protrusions, like mesen-
chymal clones but less extensive in length. For all mesenchymal clones,
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Fig. 4. Cellular functional attribute variations amongst single cell-derived clones and parental HBEC-3KT cells. (A) Interpolation from Livecyte label-free
Quantitative Phase Imaging (QPI) data for cellular sphericity. (B) Brightfield image of two cells reflecting wide variation in the aspect ratio from the clones
derived from HBEC-3KT cells. (C-E) Interpolation of QPI data, similar to panel (A) but for (C) cell aspect ratios, (D) track speeds and (E) doubling times of the clones
and HBEC3-KT parental cells to identify distinct cellular features within heterogeneous cultures. (F-I) Scatter dot plots were plotted for assessing differences between
the two groups; parental-like and mesenchymal clones for (F) cellular sphericity (G) cell aspect ratio (H) track speed and (I) doubling time. Statistical tests employed
were one-way ANOVA and nonparametric Dunnett’s multiple comparisons test for comparing the clones with the parental cells (A, C, D, E) and unpaired t-test for
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Fig. 5. Assessment of CD44 and CD24 markers for stemness using flow cytometry. (A) The dot plots represent the expression pattern of CD44 (y-axis) and CD24
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the cells were very elongated and showed spindle-like protrusions
within Matrigel™. Budding of the cells was also observed within ECM as
shown for SCC16 on Day 8 (Fig. 6). SCC20 also showed a varied response
to cell growth in 3D as cells appear to grow as rounded up along with few
spindle-like cell patterns. Together, these results show that in 3D cul-
ture, all mesenchymal clones continue to grow with typical mesen-
chymal spindle-like protrusions, while parental-like clones grow either
as round spheroids or as spindly, mesenchymal-like morphologies, albeit
that the protrusions of the latter are shorter than those of the mesen-
chymal clones.

Divergent glycolytic and mitochondrial bioenergetics of HBEC-3KT and
clones

Rewiring of the metabolic network is pivotal to meeting cellular
energy and biosynthetic demands during tumour growth, metastasis and
clonal seeding. We used the Seahorse Extracellular Flux analyser to
determine the real-time flux of energy production in HBEC-3KT parental
cells and the eight clones through mitochondrial respiration — termed
the Oxygen Consumption Rate (OCR) and through glycolytic capacity
via lactate excretion — termed the ExtraCellular Acidification Rate
(ECAR) [61]. The foremost striking observation in HBEC-3KT and all
single-cell generated clones was that glycolysis was the major contrib-
uting pathway for ATP and energy production, with a lower contribution
through mitochondrial respiration (Fig. 7A). Remarkably, all clones
showed statistically significantly altered basal ATP production rates
compared to the parental HBEC-3KT cells, although the ATP production
rates were highest in two of the mesenchymal clones (SCC17, SCC18) as
compared to parental cells, parental-like clones and the other mesen-
chymal clones (Fig. 7A). Disparity in the energy flux distribution, as

Parent and
Parental-like

Translational Oncology 37 (2023) 101760

measured through ATP rate index — i.e., the log, ratio of glycolytic ATP
production to mitochondrial ATP production — was apparent, as the rate
amongst all the parental-like and mesenchymal clones differed from that
of parental HBEC-3KT cells, except for clone SCC14 (Fig. 7B). Also, the
rate of glycolytic reserves utilised for energy demand was higher for 5 of
the clones (all except SCC14, SCC16 and SCC19) as compared to the
parental population, which reflects those clones that have executed
metabolic reprogramming in their energy demand to consume for their
clonal growth, adaptation, and propagation (Fig. 7B). Though the dis-
tribution of ATP production rates (Fig. 7C) and ATP rate indexes
(Fig. 7D) varied considerably amongst the parental-like and mesen-
chymal clones, these differences between the parental-like and mesen-
chymal clones were not statistically significant. Thus, although the
clones showed divergent levels of metabolic rewiring, their bio-
energetics did not consistently shift directions between parental-like and
mesenchymal clones.

Integrative assessment of functional attributes

We next determined how closely the phenotypic characteristics of
the HBEC-3KT single-cell derived clones correlated using integrative
analyses of the functional attributes that we analysed. Pearson correla-
tion matrixes (Fig. 8A) reflect associations amongst the eleven func-
tional parameters assessed for the HBEC-3KT parental cells and clones,
including doubling time, ATP production rate, cell aspect ratio, track
speed, gene expression (ACT) for the epithelial and mesenchymal
markers EpCAM, CK-19, ZEB1, MMP-2, NCAD, and median fluorescence
intensity (MFI) for EpCAM and vimentin. None of the analysed pheno-
typic parameters statistically significantly correlated with doubling
time, ATP production rate or vimentin MFI, whereas significant

Fig. 6. Seeding of HBEC-3KT and single cell-
derived clones within Matrigel™. Culture of

Day 4

HBEC-3KT

SCC16

SCC17

SCC18

SCC19

SCC20

Mesenchymal the HBEC3-KT cells and single cell derived
clones atop of an ECM matrix for 8 days results
Day 4 Day 8 in diversified culture and morphology behav-

10

iour where mesenchymal clones (right panel)
show spindle like protrusion. Parental cells and
SCC12 (left panel) show cyst-like structure and
SCC8, SCC14 and SCC20 (on left panel) embark
elongated protrusions although shorter than
those of mesenchymal clones on the right panel.
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Fig. 7. Mitochondrial profiles of HBEC-3KT and single cell-derived clones. (A) Metabolic flux showing total quantification and percentage (depicted within bars)
of ATP production contributed from mitochondria and glycolysis for the HBEC-3KT and single cell-derived clones. (B) The glycoATP/mitoATP ratio of the data in (A)
was log2-transformed to provide an index of each clone and HBEC-3KT cells for their comparative utilization of glycolytic and oxidative metabolism. (C) Scatter dot
plot for the ATP production (basal rate) for assessing the statistical differences between the classified two groups, parental-like and mesenchymal, for different clonal
populations. (D) Scatter dot plot for the ATP rate index for assessing the significant differences between the classified two groups, parental-like and mesenchymal, for
different clonal populations. Statistical tests employed were one-way ANOVA and nonparametric Dunnett’s multiple comparisons test for comparing the clones with
the parental cells (A, C) and unpaired t-test for comparing two classified groups, parental-like and mesenchymal for different clonal populations (B, D). ns: not
significant, * P < 0.05, ** P < 0.01, *** P < 0.001, * P < 0.0001.

correlations were observed between EpCAM MFI and all the remaining 19 (R?> = —0.8193, p = 0.0068), it correlated positively with ACT
phenotypic traits (Supplementary Table S3, S4). EpCAM MFI showed MMP-2 (R? = 0.8601, p = 0.0029).

significant positive correlation with ACT EPCAM (R? = 0.9308, p= To further understand which phenotypic markers or variables were
0.00026), ACT CK-19 R?= 0.8921, p = 0.0012) and track speed R? = most influential in the PCA patterns, we visualized PC scores (Fig. 8B)
0.8921, p = 0.0070), and significant negative correlation with ACT and PC loadings (Fig. 8C). These analyses revealed that the mesen-
ZEB1 (R? = —0.925, p = 0.00035), ACT MMP-2 (R* = -0.899, p= chymal clones were again easily segregated from the parental cells and
0.0009), aspect ratio (R? = —0.861, p = 0.0028) and ACT NCAD (R? = parental-like clones on the PC1 axis with respect to the 11 assessed

—0.811, p = 0.0078). ACT NCAD showed significant positive correlation functional traits (Fig. 8B). Along the PC2 axis wider diversity exists for
with ACT ZEB1 and ACT MMP-2. While aspect ratio significantly anti- the mesenchymal clones (range=4, from —2 to 2) compared to the
correlated with track speed R? = —0.8229, p = 0.0064) and ACT CK- parental-like clones (range=1.7, from —0.8 to 0.9) (Fig. 8B). PC loadings
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Fig. 8. Integration of the functional and phenotypic analyses of the single cell-derived clones. (A) Pearson correlation matrix for the 11 functional traits
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Zeb1l, MMP-2, N—CAD. Computed R- and p-values are provided in Supplementary Tables S3 and S4. (B) Principal component (PC) score of HBEC-3KT parent cells and
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black outline borders represent mesenchymal clones. (C) Loadings plot of the functional parameters from which the PC Score is shown in (B). (D) Schematic
illustration of the placement of the parental HBEC-3KT cells and single-cell derived clones on an EMP spectrum between epithelial and mesenchymal states.

(Fig. 8C) showed that PC1 was most positively influenced by gene
expression markers for mesenchymal genes including ACT ZEB1 (r =
0.97), ACT MMP2 (r = 0.94), ACT NCAD (r =0.85), and was negatively
impacted by epithelial gene expression markers ACT EPCAM (r =
—0.96), ACT CK-19 (r = —0.96) and EpCAM MFI (r = —0.94) and track
speed (r = —0.94). PC2 was positively associated with ATP production
rate (r = 0.91), and negatively associated with doubling time (r = —0.5),
aspect ratio (r = —0.39) and vimentin MFI (r = —0.47). Thus, our
integrative analyses of all investigated functional attributes validate that
the distinct morphologies of our clones coincide with functional differ-
ences. In addition, they unveil the specific contributions of each of the
investigated parameters.
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Discussion

Although mutations and aneuploidy shape tumour evolution and
disease prognosis clinically [62,63], it is altogether both the genetic and
non-genetic duality of cancer functional heterogeneity that shape the
course of cancer initiation, progression and chemo- and
immune-therapy responses. Intratumoral heterogeneity not only en-
compasses genomic or chromosomal instability but also manifests
changes at transcriptional, epigenetic, phenotypic, signalling and
metabolic levels [64,65]. Furthermore, clonal selection and evolution is
a prominent deterministic factor influenced by both genetic and
non-genetic contributions, which jointly drive tumour progression,
chemoresistance and metastatic seeding [66]. Thus, generating and
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studying cellular models that delineate the functional characteristics of
the clonal diversity can herald a major refinement in our understanding
of the cellular phenotypic plasticity that imparts intratumoral
heterogeneity.

To study this pragmatically, we first generated single cell-derived
clones from HBEC-3KT parental cultures by limited dilution and char-
acterised these with respect to various cellular traits, such as EMT
marker expression, migratory potential, stemness profiling and real time
bioenergetics analysis for ATP basal production rate. The HBEC-3KT-
derived clones exhibited dramatic differences with respect to their mo-
lecular and functional attributes. Based on their cellular morphology
(Fig. 1B), we classified the clones into two groups, parental-like and
mesenchymal SSCs, and validated the segregation further using gene
and protein expression changes for EMT markers, such as vimentin and
EpCAM. Our isolated clones represent stable variants of the extreme
mesenchymal state with no dynamicity and reversibility. Although
tissue-specific associations between genomic alterations and metastasis
have been discovered [63,67], there are indeed only few studies where
the concordance of EMT with mutational dependencies, chromosomal
instability and/or copy number alterations have been studied across any
cancer type on a cellular level, including the HBEC-3KT model studied
here [49,68,69]. Importantly, our SNP array profiling indicated that the
intrinsic phenotypic plasticity that we observed in the clones from
HBEC-3KT parental cells was not influenced by chromosomal aberra-
tions or instability (Supplementary Fig. 1).

Through our RT-qPCR studies, we identified and validated the
changes in various EMP-associated canonical markers. PCA clustering
also separated mesenchymal SCCs well from parental-like SCCs and
parental cells, in particular across PC1, based on the repertoire of EMP
and stemness markers studied (Fig. 2C). Mesenchymal grouped clones
showed evidence of downregulation of EpCAM, CK19 and GRHL2
expression and upregulation of NCAD, ZEB1, SOX2 and MMP2, ITGB5
although no changes in VIM and FN1 were observed (Fig. 2A and B).
Interestingly, the extent of downregulation of epithelial gene expression
was extreme compared to the fold-changes in increased gene expression
of mesenchymal markers. This suggests that robust loss of epithelial
marker genes per se contributed to the distinct mesenchymal phenotype
within this group of mesenchymal SCCs. Interestingly, we observed
upregulation of TGFBR2 expression and simultaneously downregulation
of BMP-7, which counter-regulates the TGFp-Smad signalling amongst
many clones, irrespective of their parental-like and mesenchymal
grouping as compared to parental cells. Thus, consistent with previous
reports [49] and in our context-dependent scenario, this suggests that in
HBEC-3KT, TGFp as cytokine or as a constituent of serum growth factors
plays an important role in clonal propagation, evolution and/or main-
tenance of EMT. Also, our qRT-PCR analysis illustrated ZEBI and its
target GRHL2 profound expression differences at the clonal level in the
mesenchymal clones. GRHL2 has been reported as an essential factor in
priming epithelial genes whereas Zebl can co-opt multiple genomic
entities to express and maintain epithelial differentiation in human cells,
also verified in the transcriptional landscape studies of derived epithelial
and mesenchymal clones from breast immortalized HMLE-Twist1-ER
cells [70].

Immunofluorescence analysis of the mesenchymal marker vimentin
and the epithelial marker EpCAM, revealed varying levels of expression
amongst the clones (Fig. 3). The number of EpCAM-positive cells and
EpCAM median intensity were significantly lower in the mesenchymal
group as compared to parental cells. The presence of vimentin staining
along with EpCAM across parental and parental-like cells represents the
hybrid-like EMT phenotype state. Recently, the characterization of
subpopulations from breast, lung, pancreatic and skin tumours has
indicated that tumour cells with hybrid phenotypes or partial EMT are
more capable of dissemination and metastasis then the cells exhibiting
an extreme mesenchymal phenotype [14,18,21,34].

The results from our livecyte analyses leverage the power of indi-
vidual cell measurements for evaluating the dynamic cellular features of
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the parental cells and the individual clones [71]. All mesenchymal
spindle-shaped clones display lower sphericity and higher aspect-ratio
(Fig. 4), reflecting that this group have enhanced membrane pro-
trusions, which we also observed by vimentin staining (Fig. 3). How-
ever, the lower motile ability seen in the mesenchymal SCC group raises
the speculation that they might possess a defect in their actin cytoskel-
eton or actin stress fibre bundles, which facilitate cell movement. We
also noted that these mesenchymal clones express low levels of LAMC2
(Fig. 2A), suggesting that the changes in their mesenchymal phenotype
might be a result of actin-stress fibre changes. This also suggest the
presence of interclonal cooperativity [72] and the heterotypic
enhancement that others have seen in mixed populations of epithelial
and metaplastic cells in regards to the expression of MMPs and TIMPs
[73]. Also, the doubling time (Fig. 4D) did not relate to mesenchymal
phenotype, except for SCC16, which was relatively dormant or slowly
proliferating, consistent with studies reflecting that EMT induction can
result in cell cycle arrest and metabolic quiescence [74]. Since SCC16
was the only clonal population exhibiting this, it may possess some
additional factor(s) required for the proliferative loss. Further, the
assessment of metabolic ATP production pathways in parental
HBEC-3KT cells and subclones revealed highly clone-specific effects
(Fig. 7). No clear correlation between phenotype-classified SCCs and
metabolic flux changes could be identified in our context-dependent
model, but a surge in the glycolytic index for ATP production was
observed for several of the clones (Fig. 7B). These changes in the
metabolic reprogramming of the SCC does illustrates the relevance of
studying metabolic profile in context to clonal characteristics to fully
understand the energetic demand, which could ultimately guide therapy
treatment [75]. Although we used common markers (CD44hi/CD241°W)
for defining CSC-like cells [76] and to delineate the subpopulations
amongst the clones, we did not functionally validate the stemness of
these cells. In our SCCs, we observe disparities in their surface marker
expression of CD44 and CD24. Nonetheless, the mesenchymal clones
show a salient increase in their CD44"/CD24M state out of all sub-
populations compared to the parental-like group (p < 0.05) (Fig. 5).
Interestingly, some studies have reported that pEMT (partial or inter-
mediate EMT) characterised through CD44hi/CD24hi state can exhibit
stemness-traits [33,77]. This ambiguity suggests that careful interpre-
tation of stemness in regards to the reported CD44 and CD24 markers is
required [78].

Although the HBEC-3KT cells that we use are immortalized, they are
not cancerous, because their genomes are near-diploid, their p53
pathway function is intact, they show contact-inhibition, have the
ability to differentiate, and they fail to grow both in vitro under
anchorage-independent conditions and in vivo, not forming tumours in
immunodeficient mice (references [49,52,60,79,80] and our present
study). Moreover, the differential growth pattern of the mesenchymal
clones within ECM extract as compared to parental HBEC-3KT cells
display full characteristics of basal cells from which these cells were
derived [60]. This has important implications for our understanding of
the development of non-small cell lung cancer (NSCLC), as it suggests
that non-cancerous lung epithelial cells may possess EMP prior to
transformation of normal lung cells into lung cancer cells. This also
suggests that cellular features that promote metastasis may be acquired
prior to the acquisition of genomic alterations and tumorigenesis. We
observe that changes in cell morphology and gene expression can occur
in non-cancerous cells in the absence of genetic alterations. Thus, these
changes are epigenetic. Hence, our work has key implications for
epigenetic targeted therapies which may be effective in preventing
cancer cell morphological changes that are associated with metastasis —
either alone or in combination with other therapies.

Altogether, our study emphasises the functional heterogeneity pre-
sent in the single cell-derived clones. However, the dynamics of clonal
heterogeneity and the molecular drivers that induced the phenotypic
state transitions remain to be identified. Notably, our study did not
identify a mechanism, such as specific signalling pathway, that
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underpins the changes observed in the mesenchymal clones. However, it
will be interesting to investigate whether induction or modulation of
certain pathways, such as cytokines-mediated signalling, including
ERK/MAPK and TGFp-Smad signalling, contributes significantly to the
derivation of this phenotypic plasticity. Further, attributes assessed for
the differences in drug response and stem-like properties of the clones
would be warranted to delineate the full functional heterogeneity of the
clones. Epigenetic treatments may prevent tumour formation altogether,
as we observe these epigenetic alterations prior to cancerous trans-
formation. Overall, our results provide unprecedented information on
the clonal dynamics with regards to EMT, in the absence of genomic
heterogeneity, as well as, importantly, in non-cancerous lung cells. The
stable clonal phenotypic and functional heterogeneity observed and
evaluated in parental-like and extreme mesenchymal-classified SCCs
represents the intrinsic plasticity present in HBEC-3KT cells.

Conclusion

Our study provides a significant contribution in describing and un-
derstanding the key molecular hallmark properties of isogenic, yet
different single-cell clones derived from non-cancerous HBEC-3KT lung
epithelial cells. This has improved our understanding of the aetiology of
the lung cancer, where non-genetic diversity present within cancer im-
parts distinct functional characteristics to the cancer. Interrogation of
the clones for their attributes including morphology, migration, meta-
bolic profile, stemness genes and markers, and for various transcrip-
tional EMP status garnered functional aspects of the intratumoral
heterogeneity influenced in association with or independent of the
intrinsic epithelial-mesenchymal plasticity observed amongst the
clones.
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