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Epithelial-to-mesenchymal transition (EMT) is organized in cancer cells by a set of key
transcription factors, but the significance of this process is still debated including in non-small cell
lung cancer (NSCLC). Here we report increased expression of the EMT-inducing transcription
factor Snail in premalignant pulmonary lesions, relative to histologically normal pulmonary
epithelium. In immortalized human pulmonary epithelial cells and isogenic derivatives, we
documented Snail-dependent anchorage-independent growth in vitro and primary tumor growth
and metastatic behavior in vivo. Snail-mediated transformation relied upon silencing of the tumor
suppressive RNA splicing regulatory protein ESRPL1. In clinical specimens of NSCLC, ESRP1
loss was documented in Snail-expressing premalignant pulmonary lesions. Mechanistic
investigations showed that Snail drives malignant progression in an ALDH+CD44+CD24-
pulmonary stem cell subset in which ESRP1 and stemness-repressing microRNASs are inhibited.
Collectively, our results show how ESRP1 loss is a critical event in lung carcinogenesis, and they
identify new candidate directions for targeted therapy of NSCLC.

Keywords

cancer interception; lung carcinogenesis; Snail; epithelial-to-mesenchymal transition (EMT));
epithelial splicing regulatory protein 1 (ESRP1)

Introduction

Lung cancer is the leading cause of cancer mortality worldwide. Defining the molecular
abnormalities that precipitate lung cancer initiation will facilitate the development of cancer
interception strategies that improve outcomes for lung cancer patients (1).

Weinberg and colleagues were the first to report that induction of EMT in immortalized
murine mammary epithelial cells leads to acquisition of mesenchymal traits, expression of
stem cell markers, and ultimately malignant transformation, in part via expansion of a
CD44*CD24~ stem cell subset (2). Several EMT-inducing transcription factors, including
Snail, have since been found to bind to E-boxes in the ESRPI promoter causing repression
of the splicing regulator, promotion of EMT, and induction of tumorigenesis in other model
systems (3-5). Clearly defined roles for Snail and ESRP1 in human lung cancer initiation
have not yet been reported.

The objective of this study was to provide evidence of Snail expression in lung
premalignancy /n situ and to document the protracted Snail-dependent carcinogenesis
process /n vitroand /n vivo. ldentification of a clinically relevant mechanism for Snail-
driven transformation of pulmonary epithelial cells was paramount, as was providing
evidence for/against the proposed mechanism in Snail-expressing clinical specimens. The
human bronchial epithelial cell (HBEC) model was utilized to isogenically assess the
contribution of Snail to malignant transformation. Gene expression profiling of Snail-
expressing HBECs revealed a marked and consistent suppression of ESRP1. Evaluation of
ESRP1 tumor suppressor activity in genetic reversal studies identified ESRP1 silencing as a
novel mechanism underlying Snail-driven stem cell expansion and pulmonary epithelial cell
transformation. Observation of ESRP1 loss concomitant with Snail and stem cell marker
expression in human pulmonary premalignancy suggests that the Snail-ESRP1-cancer axis is

Cancer Res. Author manuscript; available in PMC 2019 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Walser et al.

Page 3

operative during lung carcinogenesis /n situ. Identification of Snail-dependent
carcinogenesis signatures from genetically-defined HBEC-Snail cells provides early insight
into potential targets for disruption of the pulmonary epithelium-to-lung cancer continuum,
now termed lung cancer “interception” (1).

Materials and Methods

Clinical specimens

Cell lines

All clinical samples were obtained with written informed consent from patients. All studies
were approved in advance by the UCLA institutional review board, and they were performed
in accordance with the Declaration of Helsinki. Pulmonary premalignant lesions were
obtained from surgically resected human lung tissues archived in the UCLA Lung Cancer
SPORE Tissue Repository (IRB #10-001096). Eleven squamous metaplasia (SM)
premalignant lesions were found proximal to squamous cell carcinoma (SCC) tumors, and
twelve atypical adenomatous hyperplasia (AAH) premalignant lesions were found proximal
to adenocarcinoma (ADC) tumors. Twenty-seven histologically normal-appearing large
airways (LAs; bronchi > segmental bronchus) served as controls for the SM lesions, and
twenty-eight histologically normal-appearing small airways (SAs; alveoli < terminal
bronchiole) served as controls for the AAH lesions. Five unrelated normal (Nor) lung tissues
derived from non-cancer trauma cases (IRB #11-001051) served as additional negative
controls. Other abnormalities found in the airways of patients with lung cancer or in the
explanted lungs of patients with chronic obstructive pulmonary disease (COPD) (IRB
#13-000462) were available for immunostaining in smaller numbers (n=12); regions of
interest included airway defects (n=2), fields of hyperplasia (n=7), adenocarcinoma /n situ
(AIS) (n=5), along with any instances of SM (n=6) or AAH (n=6) in the COPD
biospecimens.

Immortalized HBEC lines were established by introducing cyclin-dependent kinase 4 and
human telomerase reverse transcriptase into normal HBECs isolated from the large airways
of patients (6,7). Five parental cell lines derived from five patients were utilized here,
including HBEC2, HBEC3, HBEC4, HBEC7, and HBEC11. As previously described (6),
HBEC3 was subsequently engineered to recapitulate the proto-oncogene activation (KRAS
and EGFR) and tumor suppressor silencing (P53) that often characterizes the airways of
those who smoke and are at-risk for lung cancer development. HSAEC21, an immortalized
human small airway epithelial cell (HSAEC) line, was also investigated in select
experiments. All cell lines were routinely tested and confirmed to be free of Mycoplasma
using the MycoAlert Mycoplasma Detection Kit (Lonza Walkersville). Cell lines were
authenticated in the UCLA Genotyping and Sequencing Core utilizing Promega’s DNA 1Q
System and Powerplex 1.2 system, and all cells were used within 10 passages of genotyping.
All HBEC and derivative cell lines were cultured in Keratinocyte Serum-Free Medium
(KSFM) supplemented with 30 pg/mL Bovine Pituitary Extract and 0.2 ng/mL recombinant
Epidermal Growth Factor 1-53 (all Life Technologies), henceforth called KSFM complete
medium. Cell cultures were grown at 5% CO» and 37° C.
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Murine model of lung carcinogenesis

Pathogen-free NOD.Cg-PrkdcSci@ [/2rgmIWJl|Sz) (NOD SCID Gamma or NSG; Jackson
Labs strain #005557) mice, 6-12 weeks of age, were maintained at the West Los Angeles
Veterans’ Administration Animal Research Vivarium or the UCLA Division of Laboratory
Animal Management Biocontainment Facility. All studies were approved by the appropriate
institution’s animal studies review board (VA IACUC and UCLA ARC #2011-084). Cells
(5x10%) were implanted subcutaneously (SC) into the left flank of each mouse, and tumor
growth was assessed three times per week. Two bisecting diameters of each tumor were
measured with calipers, and tumor volume was calculated using the formula 0.4xat?, where
arepresents the longer diameter and b4 the shorter diameter. At the time of harvest, primary
tumors were formalin-fixed paraffin-embedded (FFPE) and assessed for primary tumor
histology and the presence of metastatic disease. For select experiments, the primary tumor
was dissociated and inoculated into new NSG mice to assess the impact of /77 vivo passaging
on tumor-take rate and the lag phase proceeding initial tumor palpation. H&E staining and
select immunostaining were performed as previously described using the antibodies and
conditions summarized in Table S1.

Statistical analysis

Samples were plated and run in triplicate, and all experiments were performed at least three
times, unless otherwise indicated. Results from one representative experiment or image are
shown. Probability values were calculated using the two-tailed non-paired Student's #test for
count-based data. ANOVA models were utilized where multiple pairwise comparisons were
made, unless otherwise indicated. Data are reported as significant as follows: * if p< 0.05,
** if p<0.001, and *** if p< 0.0001.

Results

Snail expression is observed in human pulmonary premalignant lesions

To determine if Snail is expressed /n situ during the early stages of lung cancer development,
SCC and ADC premalignant lesions were immunostained for Snail. Isotype, negative, and
positive controls stained appropriately (Fig 1A i—iii). Snail staining of tumor-adjacent
histologically normal-appearing LAs (Fig 1A iv—vi) and SAs (Fig 1A vii—ix) was faint to
negative. In contrast, premalignant epithelial cells comprising SM (Fig 1A x—xii) and AAH
(Fig 1A xiii—xv) lesions were strikingly positive for nuclear Snail staining. Snail staining of
premalignant epithelial cells was frequently characterized by nearby foci of inflammation
(e.g., Fig 1A xi). By scoring the immunostaining of SM lesions (n = 11), AAH lesions (n =
12), tumor-adjacent histologically normal airways (h = 23), and normal (Nor) lung tissues (n
=5), we determined that Snail expression is significantly elevated in human pulmonary
premalignancy (Fig 1B). The intensityxpositivity (IxP) score of SM lesions was 5.6, higher
than both of its controls (LA = 3.3 and Nor = 1.0; p = 0.1446 and p < 0.0001, respectively).
The IxP score of AAH lesions was 3.6, higher than both of its controls (SA = 0.3 and Nor =
0.2; p=0.0592 and p = 0.0016, respectively).

These findings were reproducible utilizing two Snail antibodies stringently validated for
sensitivity and specificity. This assessment included isotype and blocking antibodies,
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negative and positive control clinical specimens, as well as HBEC-Vector and -Snail 3D
culture negative and positive controls (Fig S1A and S1B). An investigation of Snail in areas
of airway injury revealed robust nuclear Snail expression in these regions as well.
Specifically, airway defects and airways in 1) regions of extensive lung destruction, 2) fields
of hyperplasia, and 3) premalignant lesions observed in the lung explants of COPD patients
without lung cancer were all robustly positive for Snail expression relative to the appropriate
controls (Fig S1C i-vi). AlIS lesions, hypothesized to occur temporally in the lung
carcinogenesis continuum between AAH lesions and minimally invasive adenocarcinoma
(MIA) and ADC tumors, were also strikingly positive in all observed cases (Fig S1C vii—
viii).

We previously reported a reciprocal relationship between Snail and E-cadherin expression in
established SCC and ADC tumors (8). However, a panel of SM (n = 4) and AAH (n =5)
lesions, as well as two distinctive airway defects, double-stained for Snail and E-cadherin
revealed the presence of E-cadherin epithelial cell surface staining despite intense Snail
nuclear staining in the same cells (Fig S1D). These data suggest that the role of Snail in
pulmonary premalignancy /n situ may be independent of E-cadherin loss.

EMT in an HBEC-based model of human lung premalignancy

We ectopically expressed Snail in five HBEC lines derived from basal cells isolated from the
large airways of five human subjects. Regardless of the level of Snail expression, E-cadherin
expression was maintained in the HBEC-Snail cells (Fig 1C) (Fig S2A), in agreement with
the above observations of premalignant epithelial cells /n situ. \We extended the examination
of Snail to an additional cell line, HSAEC21, derived from type Il pneumocytes isolated
from the small airways of a human subject. Forced expression of Snail in HSAEC21
completely repressed E-cadherin (Fig S2A), more typical of Snail’s impact in lung cancer
cells (8). Thus, a role for E-cadherin repression in Snail-dependent events in the small
airway cannot be ruled out. Finally, Snail was expressed in a panel of oncogene-modified
HBECSs shown to accurately recapitulate the airways and premalignant lesions of patients at-
risk for lung cancer development (7). Whether the underlying lung-relevant mutation was
TP53, KRAS, or EGFR-related, a similar pattern of Snail and E-cadherin expression was
observed; Snail was expressed, and E-cadherin was either not impacted or impacted only
modestly in the oncogene-modified HBEC3 cells (Fig 1D) (Fig S2B).

A diverse panel of epithelial and mesenchymal molecular markers was surveyed to
determine if Snail expression by pulmonary epithelial cells drives the EMT program, as we
had previously observed in established lung cancer cells (8). Snail expression by HBECs
induces EMT, as numerous prototypical pulmonary epithelial markers are down-regulated
and several mesenchymal markers are up-regulated (Fig 1E). Morphologically, HBEC-Snail
cells assume an elongated spindle shape that is indicative of EMT and distinct from the
round cobblestone morphology of the control cells (Fig 1F). These findings indicate that
Snail expression induces normal non-mutated cells of the bronchial epithelium to undergo
alterations consistent with EMT, despite its modest impact on E-cadherin.
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Genomic and proteomic profiling reveal Snail-driven cancer-associated signaling nodes
operative during pulmonary premalignancy

Snail drives

To identify signaling networks activated by isogenic Snail expression in pulmonary
epithelial cells, we characterized gene, miRNA, and protein expression in the genetically-
defined HBEC-Snail cells utilizing high-throughput platforms. Bioinformatic analysis of the
HBEC-Snail gene expression signature revealed significant overlap and appropriate
directionality relative to The Cancer Genome Atlas (TCGA) lung SCC and ADC clinical
datasets (Fig 2A i—ii). Gene set enrichment analysis (GSEA) was utilized to identify gene
sets significantly enriched in the HBEC expression data. A correlation was observed
between HBEC-Snail gene expression signatures and gene sets characterizing: 1) poorer
survival in lung cancer, 2) increased metastasis in melanoma, 3) enhanced mesenchymal
histology in breast cancer, as well as 4) embryonic stem cell, 5) undifferentiated cancer, and
6) anti-proliferative (pro-motility) signaling events observed in cancer models (Fig S3A).
Consistent with our previous finding of decreased survival for lung ADC patients with high
tumor Snail expression (8), our current analysis of TCGA data from 425 SCC tumors
revealed significantly decreased survival for patients with tumors that exhibited the highest
levels of Snail mMRNA expression (Fig 2B). Additional network analyses allowed the
integration of the mMRNA and miRNA data, thus facilitating ranking of the potentially
important miRNA candidates based on their impact on expression of target genes also
influenced by Snail in the mRNA data (Fig 2C) (Fig S3B). Both the miRNA and target
genes are predominantly members of EMT, invasion, stemness, and apoptosis signaling
nodes, as well as oncogene and tumor suppressor gene pathways. Fifty specific cancer-
related proteins were also queried. By Luminex immunoassay, numerous differentially
expressed proteins were observed with secretion patterns indicative of Snail-mediated
inflammation (Fig 2D), invasion (Fig 2E), and angiogenesis (Fig 2F-H). A subset of these
Luminex-based findings was also investigated in protein-specific ELISA assays, where the
impact of Snail on CXCL8 and CXCLS5, for example, was augmented when the HBECs
were assessed in 3D culture compared to 2D culture (Fig S3C-D).

key malignant phenotypes in 2D and 3D models of lung carcinogenesis

In a 3D spheroid culture model, HBEC-Vector cells form compact spheroidal colonies,
whereas HBEC-Snail cells form stellate aggregates with invasive projections (Fig 3A). The
spindle-shaped morphology of the clusters suggests that Snail expression drives both EMT
and invasion in this model, consistent with our previous findings in 2D (9). In a 3D
organotypic air-liquid interface (ALI) model of premalignancy, HBEC-Vector cells
differentiate, forming a well-organized epithelial cell layer atop the modified basement
membrane (BM) (Fig 3B). In contrast, the HBEC-Snail epithelial cell layer is poorly
differentiated, disorganized, discohesive, and exhibits invasive behavior, as the epithelial
cells invade beneath the BM. Immunostaining of E-cadherin is intense in the HBEC-Vector
epithelial layer, but nearly absent in the HBEC-Snail cells grown in 3D ALI culture (Fig
3B); isotype controls were negative (Fig S4A).

In the same 3D ALI model, staining with markers for basal or progenitor cells of the lung
epithelium, Ck14 and p63, is appropriately restricted to the basal epithelial cell layer in
HBEC-Vector cultures (Fig 3C). In contrast, HBEC-Snail cultures are uniformly positive for
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the markers regardless of the location of the cells within the epithelium and underlying
mucosa, suggesting loss of polarity and expansion of the progenitor cell population.
Epithelial cells positive for ALDH1/2 and CD44 are also more numerous and less restricted
to the basal layer in the HBEC-Snail cultures compared to HBEC-Vector cultures (Fig 3C
and Fig S4B, respectively). Observation of increased proliferation in the HBEC-Snail 3D
cultures, indicated by Ki67 staining, supports the concept of Snail-driven basal cell
expansion within the HBEC lung progenitor cells (Fig 3C). Loss of P53 and KRAS
activation in the same HBEC cells does not promote a similar expansion of the stem-like
cells (Fig S4B), confirming that expansion of this progenitor cell population is not a general
response to genetic insult. Fluorescent immunostaining with image overlay confirms that
Snail and ALDH1/2 expression are resident within the same epithelial cells, shown in yellow
following red (ALDH1/2) and green (Snail) image merge (Fig S4C). These findings
indicate that Snail expression drives EMT in human pulmonary epithelial cells and initiates a
program of invasion and basal cell population expansion.

Flow cytometry was performed to determine the percentage of cells in the HBEC progenitor
population driven toward a stem-like state by Snail expression and initiation of the EMT
signaling program. The ALDH™* stem cell population is expanded by ~9-fold in HBEC-Snail
compared to HBEC-Vector (Fig 4A), and the CD44*CD24~ cancer stem cell phenotype is
expanded by ~14-fold (Fig 4B). Apoptosis-resistance is another functional characteristic
ascribed to cells with enhanced “stemness.” Compared to HBEC-Vector cells, HBEC-Snail
cells are ~12-fold more resistant to apoptosis induced by detachment and serum-starvation
(Fig 4C) or staurosporine treatment (Fig 4D), as measured by Annexin-V staining and flow
cytometry analysis. Finally, Western blot analysis confirmed Snail-dependent up-regulation
of the proto-oncogenes RAB25 (Fig 4E) and down-regulation of several putative tumor
suppressors, including EMP3 and GAS1 (Fig 4E), as well as ESRP1 (Fig 4F). Together,
these findings in human epithelial cells are consistent with previous reports of murine basal
cells functioning as multipotential pulmonary progenitor cells capable of malignant
transformation (10).

Snail-driven malignhant transformation is augmented by driver mutations and is dependent
on acquisition of stem-like traits in vitro

In both HBEC3 and HBEC4 cells, Snail expression drives robust anchorage-independent
growth (AIG) of histologically normal cells of the bronchial epithelium (Fig 5A).
Quantitation of the assay reveals statistically significant Snail-driven AIG of the epithelial
cells (H3 FC = 3.2 and H4 FC = 1.8, both p < 0.0001) that is similar to the intrinsic AIG
growth rate of A549 tumor cells. As shown in Figure S5A, HBEC3- and HBEC4-Snail cells
show inhibited proliferation compared to their \ector control counterparts (H3 72 hr FC =
1.6 and H4 72 hr FC = 1.7, both p < 0.0001), indicating that Snail does not confer a simple
proliferative advantage to HBECs, rather they are truly transformed. The importance of Snail
expression in transformation was also demonstrated in HBEC?2 (Snail = 2.5 Units or U vs
Vector = 1.3U, p = 0.0237) and HBEC11 (Snail = 1.9U vs Vector = 1.4U, p = 0.1104) cells
(Fig S5B), as well as in distal airway HSAEC21 cells (Fig S5C).

Cancer Res. Author manuscript; available in PMC 2019 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Walser et al.

Snail drives

Page 8

Snail also drives the transformation of HBEC3-mutant-Snail cells with either activated
KRAS or EGFR or silenced 7P53, although the most pronounced results are observed in
P53/KRAS double-mutant cells (Fig SSD-E). Molecular and functional characterization of a
secondary panel of cells yielded the same results, as shown in representative Western blot
and AIG results (Fig S5F). Prior to evaluating the oncogene-modified HBEC-Snail cells in
mice, the minimum number of mutational events required to yield the largest AIG colonies
was determined /n vitro. As shown in Figure S5D, the contribution of KRAS mutation
(HBEC3mutantKRAS-Snail) to the transformation potential of Snail appears to be
negligible in the /in vitro assay. Conversely, P53 loss (HBEC3mutantP53-Snail) yields AlG
colonies equivalent to the most aggressive HBEC3mutantP53/KRAS-Snail AIG colonies
observed (Fig S5D and Fig 5B), consistent with the observations of others in murine model
systems (11).

To better characterize the cell type sensitive to Snail induction of AIG, flow cytometry
sorting was utilized to isolate the stem cell subsets shown above to be responsive to Snail
expression. The critical requirement for ALDH1/2 for Snail-driven AlIG of HBEC4 cells was
identified by first seeding ALDH* and ALDH™ cells in separate AIG assays (Fig S6A).
Next, the ALDH* Snail cells were separated into the CD44+*CD24™~ cancer stem cell
subpopulation and a control population (CD44*CD24* cells) (Fig S6B). When plated in the
AIG assay, the ALDH*CD44*CD24"~ cancer stem cell subset of HBEC4-Snail cells yielded
large AIG colonies (5.9U) that were equivalent to the A549 control cells (5.5U); lack of
ALDH, CD44, and/or presence of CD24 abrogated the capacity of Snail cells to form
colonies, rendering them equivalent to HBEC4-Vector cells (1.7U) in terms of their AIG
capacity (p < 0.0001) (Fig 5C). The ALDH*CD44*CD24~ phenotype, observed at low
frequency in HBEC-Vector cells, was insufficient to drive transformation of the HBECs
absent Snail expression (1.4U) (Fig 5C). The observation that Snail-dependent AIG requires
ALDH activity, CD44 expression, and CD24 loss, in combination, was consistent in
HBEC3-Snail (4.6U vs 1.8U, p < 0.0001) (Fig S6C) cells. Furthermore, suppression of key
microRNAs (miRs) that may underlie the Snail-dependent expansion of this cancer stem cell
population was identified (12,13). Stemness-repressing miR-200c, miR-203, and miR183
were all inhibited in HBEC3-, HBEC4-, and HBEC3mutP53/KRAS-Snail cells relative to -
Vector cells as measured by gRT-PCR (Fig S6D-F), and they were completely repressed in
the flow-sorted Snail*fALDH*CD44*CD24~ cancer stem cell population relative to its
controls (Fig S6G-I).

malignant transformation, tumor growth, and metastasis of HBECs in vivo

HBEC3-Snail and HBEC3mutantP53-Snail cells did not yield orthotopic lung tumors,
whereas HBEC3mutantP53/KRAS-Snail cells injected SC into NSG mice are transformed
and give rise to large primary tumors with predominantly SCC histology (Fig 6A /ef?).
Overall, HBEC3mutantP53/KRAS-Snail cells formed primary lung tumors in 13/35 (37%)
mice injected, while 0/22 (0%) mice injected with HBEC3mutantP53/KRAS-Vector cells
developed primary lung tumors (summarized in Table S2). The time to tumor palpation
ranged from 54 to 84 days (Fig S7A /ef?). All mice sacrificed after their Snail-expressing
tumors reached 1000mm3 in volume were noted to harbor lung metastases (Fig 6A right).
The time to metastatic disease after the primary tumor became palpable ranged from 22 to
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32 days. When Snail primary tumor cells were isolated and re-inoculated into new NSG
mice, 4/4 (100%) of the 1x10° cell transplants grew progressively after a short lag phase (15
days on average to palpation) (Fig S7A righf). Collectively, these data indicate that Snail
drives at-risk epithelial cells bearing lung-relevant driver mutations to both transformation
and metastatic behavior in vivo.

The human primary tumors and lung metastases xenografts were next examined for those
mediators found to be critical for Snail-dependent lung cancer-initiating capacity /n vitro,
including Snail, ALDH1/2, and CD44. By immunohistochemical (IHC) evaluation, the
transformed HBEC3mP53/KRAS-Snail cells retained each of these critical markers both
within the primary tumor and lung metastases (Fig 6B); isotype controls were negative (Fig
S4A). To further define the precise isoform of ALDH that may be relevant during lung
cancer initiation and progression, the primary tumors and lung metastases were
immunostained for ALDH1A3 and ALDH3A1, the two isoforms most frequently implicated
in lung cancer (14,15). Both 1A3 and 3A1 isoforms are expressed at high levels in the
xenografted primary tumors as well as in the pulmonary metastases (Fig S7B). To determine
the potential clinical relevance of this finding in the murine model, 1A3 and 3A1 isoforms
were examined in human lung cancers and premalignant lesions. The staining patterns
observed in these cases (Fig 6C) suggest that the precise ALDH isoform of the lung
progenitor cell that is responsive to Snail transformation may be lung compartment-
dependent, consistent with the concept that the source of large and small airway stem cells
differ (10,16). Finally, PCR evaluation of the xenografted HBEC3mP53/KRAS-Snail tumors
revealed marked suppression of miR-203 relative to all available controls, consistent with
our observations /n vitro (Fig S7C).

Snail-dependent ESRP1 silencing drives human pulmonary epithelial cell transformation

Gene array analysis revealed that ESRP1 expression in HBEC-Snail cells is decreased by
38.8-fold (p = 0.0076) compared to levels in HBEC-Vector cells. Because ESRP1 has been
implicated in the suppression of EMT, motility, stemness, and anoikis resistance (17,18), the
contribution of ESRP1 silencing to key Snail-driven malignant phenotypes was investigated
in vitro and in vivo. Confirming the array results, ESRP1 RNA transcript levels were
significantly diminished in HBEC3-, HBEC4-, and HBEC3mutP53/KRAS-Snail cells
relative to their vector control counterparts (Fig 7A). Additional cell lines, each from a
different human subject, were also examined (Fig S8A). Consistent with these gene
expression results, ESRP1 protein is inhibited in HBEC2-, HBEC3-, HBEC4-,
HBEC3mutP53-, and HBEC3mutP53/KRAS-Snail cells relative to their vector controls (Fig
4F and 7B); there was no baseline expression of ESRP1 in HBEC11 (Fig 8B).

To determine if ESRP1 loss is required for Snail-dependent AIG, transient expression of
ESRP1 was performed in HBEC3- and HBEC3mutP53/KRAS-Vector and -Snail cells (Fig
7C). When these cells with ectopic expression of ESRP1 were plated in the AIG
tumorigenicity assay, Snail-dependent AlG was abrogated in both the HBEC3- (Fig 7D) and
HBEC3mutP53/KRAS-Snail (Fig 7E) cell lines. To allow assessment of Snail-dependent
ESRP1 silencing as a mechanism of HBEC malignant transformation /7 vivo, HBEC3- and
HBEC3mutP53/KRAS-Snail cell lines with stable expression of ESRP1 were also generated
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(Fig 7F and 7G, respectively). Snail-dependent AlG was again abrogated in both the
HBECS3- (Fig 7H) and HBEC3mutP53/KRAS-Snail (Fig 71) cell lines. These results were
confirmed using new HBEC-Snail+ESRP1 cells engineered via two different molecular
approaches (Fig 7J).

To determine if ESRP1 loss alone is oncogenic, siRNAs were utilized to transiently knock-
down ESRPIin a panel of HBEC-Vector cells, including HBEC3-, HBEC4-, and
HBEC3mutP53/KRAS-Vector. ESRPL is significantly inhibited in the ESRP1 siRNA group
and unaffected in the scramble control, transfection reagent control, and untreated groups
(Fig S8B), and it was determined that the transient knockdown persists throughout the
course of the assay (Fig S8C). When plated in the /n vitro tumorigenicity assay, ESRP1
silencing alone was not sufficient to drive AIG of the HBEC-Vector cells (Fig S8D).
Collectively, these data suggest that ESRP1 loss is required for Snail-driven transformation,
but it is not alone sufficient for the induction of AIG in HBECs.

To determine if ESRP1 repression is required for Snail-driven transformation of HBECs /in
vivo, HBEC3mutP53/KRAS-Snail cells with stable expression of ESRP1 and controls were
injected SC into NSG mice. Overall, the Snail-expressing control cells formed tumors in 5/9
(56%) mice injected, while 0/8 mice injected with the HBEC-Snail+ESRP1 cells formed
tumors after six months (summarized in Table S2). Times to palpation and metastasis were
similar to those observed with the parent Snail-expressing cells. These data indicate that
ESRP1 silencing is required for Snail-dependent malignant transformation of HBECs /n
Vivo.

Given the importance of ESRP1 repression for Snail-dependent transformation of HBECs in
vitroand in vivo, it was hypothesized that pulmonary premalignant lesions observed in
clinical biospecimens would also be characterized by ESRP1 silencing. Thus, pulmonary
premalignant lesions previously identified as Snail-expressing were immunostained for
ESRP1 (n=12). While ESRP1 is moderately-to-intensely expressed in tumor-adjacent
histologically normal-appearing large and small airways, it is faint-to-absent in all
premalignant lesions and tumor tissues examined (Fig 7K); isotype controls were negative
(Figure S4A). These findings suggest that the Snail-ESRP1-cancer axis identified utilizing
the HBEC lung cancer pathogenesis model may also be operative in human premalignancy
in situ.

Discussion

While the mechanistic details and clinical implications of Snail-driven EMT occurring in
advanced stage malignancy are partially resolved, the full impact of the EMT program on
human cancer initiation and early progression remains to be determined. Here, we found that
the transcription factor Snail is sufficient to malignantly transform normal and at-risk human
bronchial epithelial cells via suppression of the epithelial splicing factor ESRP1. Because
our previous studies indicate that EMT-inducing transcription factors may be up-regulated
by inflammatory mediators richly present in the pulmonary microenvironment of patients at-
risk for lung cancer (19), our current findings suggest that an inflammation-Snail-ESRP1
axis may collaborate with oncogenic mutational events to precipitate malignant
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transformation and tumor progression /n situ. Indeed, we found that pulmonary premalignant
lesions from archived clinical specimens are characterized by inflammation and Snail
expression concomitant with ESRP1 loss.

In preclinical studies, we previously documented Snail expression as a feature of established
lung cancers with a proclivity to progress and metastasize (8,9). The current investigation
utilizing /n vitroand in vivo models of human lung carcinogenesis indicates that Snail also
plays a significant role in tumor initiation, consistent with findings in murine models (2,20).
The robustness of the contribution of Snail to lung carcinogenesis is underscored by the
observation that Snail alone is sufficient to induce malignant transformation of all cell lines
examined /n vitro, although P53 loss and KRAS activation are both necessary for tumor
formation and metastatic behavior /n vivo. Whereas other groups have identified KRAS as
the most important facilitator of epithelial cell transformation in their /n vivo model systems
(6,21), P53 appears to fuel the Snail-driven transformation observed in the current study,
consistent with the SCC histology of the xenograft tumors observed. A similar synergy
between Snail and P53 has been described in other solid tumor models (2,22). The key
contribution of KRAS to /n vivo transformation in our model may be support of the stem
cell phenotype, including direct suppression of stemness-repressing miRs, such as miR-200,
-203, and -183 (23). Maintenance of the stem cell niche is likely important in this setting,
given the nearly 60-day lag phase that precedes palpation of the Snail tumors /n vive.

Indeed, the /n vitroand in vivo data presented here indicate that the stem cell signaling
program may ultimately underlie the broad impact of Snail on premalignant cells and its
culmination in epithelial transformation. In other model systems, Snail has been found to
enhance the reprogramming of somatic cells to pluripotency (24), often occurring in part via
repression of miRNASs that themselves regulate stem cell signaling (13). These previous
reports are aligned with the current findings indicating a Snail-primed ALDH*CD44*CD24~
cancer stem cell population is responsible for AIG in vitro, is retained in both Snail lung
cancers and metastases /77 vivo, and is present in human premalignant lung lesions /n situ. As
has been reported in models of breast cancer and melanoma (25,26), Snail also drives
oncogene and tumor suppressor gene dysregulation in pulmonary epithelial cells. Because
these Snail-driven alterations occur against a background of enhanced stemness, their
transformative impact is likely compounded.

Like Snail, the epithelial splicing factor ESRP1 is frequently cited for its regulation of EMT
and stemness programs in models of established cancer (27-29). ESRP1 has also been
linked to dysregulation of oncogenes and tumor suppressor genes (30) as well as to motility
and metastatic colonization (17,18,31-33), phenotypes that also overlap with Snail
expression. Indeed, Snail repression of ESRP1 is known to promote EMT and drive
tumorigenesis in other model systems (3-5). The current study now expands the role of
ESRP1 to include mediation of Snail-driven human lung carcinogenesis. Specifically, we
determined that Snail-expressing HBECs have concomitantly repressed ESRP1, and ESRP1
was identified as a requirement for Snail-dependent transformation of HBECs in vitroand in
vivo. The observation of ESRP1 silencing coincident with Snail expression in the earliest
pulmonary carcinogenic events observed /n situ suggests that ESRP1 may facilitate the
malignant transformation of premalignant lesions /n situ, as well as their simultaneous
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micrometastatic dissemination to distant sites. Investigations of large panels of cancer cells
and previously published clinical datasets identified a role for ESRP1 in epigenetic
regulation of EMT events associated with aggressive lung cancer histology, tumor
responsiveness, and resistance (34,35). While this previously published work points to the
potential for ESRP1 as a biomarker or target in advanced stage NSCLC, our findings suggest
that ESRP1 may also be relevant during early disease pathogenesis. Given their intimately
linked regulatory roles in EMT, transformation, and migration, it is anticipated that many of
the cancer-associated phenotypes currently attributed to Snail may ultimately be attributable
to ESRP1 suppression mechanistically. The mechanism by which Snail and ESRP1
cooperate to facilitate malignant phenotypes, including Snail-induced carcinogenesis
reported here and Snail-induced host immune suppression reported by Kudo-Saito (36), is
the next important question to address.

In summary, we utilized the HBEC human lung carcinogenesis model for an isogenic
investigation of normal human epithelial cells throughout their transition into fully
malignant cells capable of tumor formation and metastatic behavior /n vivo. The role of
inflammation-inducible Snail in the transformation of normal and at-risk human bronchial
epithelial cells requires suppression of the epithelial splicing factor ESRP1. Our findings
confirm the connection between the Snail, EMT, and stem cell signaling programs and
identify a targetable splicing factor as the underlying mechanism of action and their
culmination in transformation. The inflammation-Snail-ESRP1 axis may provide
opportunities to intervene in the premalignant-to-cancer continuum for the potential benefit
of those at risk for lung cancer.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Snail expression isobserved in human pulmonary premalignant lesions and drives
EMT in an HBEC-based model of lung premalignancy

Representative fields at 400X; scale bar = 50 um. (A) (i) Isotype control staining of a
NSCLC tumor previously identified as Snail-positive (11). Snail staining of (ii) HBEC-
Vector cells (negative control) and (iii) HBEC-Snail cells (positive control) grown in 3D ALI
culture. Snail staining of (iv-vi) SCC-adjacent LAs and (vii-ix) ADC-adjacent SAs. Snail
staining of (x-xii) SM premalignant lesions, where xi-asterisk denotes a representative focus
of inflammation and xii-asterisk denotes a representative field of hyperplasia. Snail staining
of (xiii-xv) AAH premalignant lesions. (B) Snail immunostaining was quantitated by
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assigning Intensity (1) and Positivity (P) scores (each on a scale from 0 to 4, low to high) and
calculating IxP values. (C) Normal HBEC-Parental (P), -Vector (V), and -Snail (S) were
evaluated for Snail and E-Cadherin expression by Western Blot (WB) analysis. (D) At-risk
oncogene-modified HBEC-V and -S were evaluated for Snail and E-Cadherin. Normal
HBEC-V and -S were (E) probed for a panel of epithelial and mesenchymal markers of the
EMT program and (F) evaluated for morphology indicative of EMT,; top = cobblestone
epithelial morphology, and bottom = spindle-shaped mesenchymal morphology.
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Figure 2. Genomic and proteomic profiling reveal Snail-driven cancer-associated signaling nodes
oper ative during pulmonary premalignancy

(A) Differential gene expression was evaluated using Affymetrix U133 Plus 2.0 gene arrays
and bioinformatic analyses. (i- four left columns) A heatmap of differential gene expression
(> 2 FC). (i- tworight columns) Color-coded log10-transformed g-values of (red) up- and
(green) down-regulated genes observed in human NSCLC tumors relative to normal lung
tissue. (ii- venn diagrams and pie charts) Summary of overlap between Snail-dependent
genes identified in the HBEC-Snail dataset and dysregulated genes observed in previously
published clinical lung cancer datasets. (ii- table) Summary of fisher exact tests justifying
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the reported overlap. (B) Survival analysis of Snail within the lung SCC TCGA dataset. (C)
Differential miRNA expression was evaluated using Exigon miRCURY microRNA arrays
and bioinformatic analyses. Fisher exact tests were used to determine if statistically
significant (p < 0.05) overlap occurred between target genes of a miRNA and differentially
expressed genes. (D-H) Luminex multiplex assays were used to measure secreted proteins
IL-6, MMP-3, CXCL8, CXCL5, and CXCL10.
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Figure 3. Snail drives key malignant phenotypesin 3D models of lung car cinogenesis
(A) Normal HBEC-V and -S were cultured in a 3D spheroid model and evaluated for

morphology indicative of EMT and invasion; representative 400X fields at d3 of growth. (B-
C) HBEC-Vector and -Snail were cultured in a 3D lung organotypic ALI model;
representative 400X fields at d14 of growth. (B) The cultures were H&E stained and
immunostained for Snail and E-Cadherin to assess EMT and invasion. (C) They were
immunostained for markers of proliferation (Ki67), differentiation (Ck14 and p63), and
stemness (Ck14, p63, and ALDH).
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28kDa RAB25 (1)

35kDa EMP3 ({)
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Figure 4. Snail drives stemness expansion, apoptosisresistance, and dysregulation of oncogene

and tumor suppressor gene expression

(A) ALDH activity levels and (B) the CD44+*CD24~ cancer stem cell phenotype were
evaluated in HBEC-Vector and -Snail via flow cytometry. (C-D) HBEC-Vector versus -Snail
susceptibility to apoptosis in response to two distinct stimuli was assessed via flow

cytometry; LR = early apoptosis, UR = late apoptosis, and UL = necrosis. (E-F) The
expression patterns of select oncogenes (RAB25) and tumor suppressors (EMP3, GAS1, and

ESRP1) were surveyed by WB analysis.
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Figure 5. Snail-driven malignant transfor mation isaugmented by driver mutationsand is
dependent on acquisition of stem-like traits

(A) The capacity of normal HBEC-V and -S for AlG was evaluated by seeding the cells in a
miniaturized AIG assay; 1000 cells per well of a 96 well plate with 8 replicates per
condition. After 2 weeks in culture, colonies were assessed by (photos) gross microscopic
examination and (bar graph) biochemical assay. Each field is 20X, and each inset is 40X
and centered on a representative colony in the same well. Absorbance was detected at 570
nm (600 nm reference) and is directly proportional to AIG. (B) HBEC3-V and -S harboring
P53 loss (H3mP53) or the combination of P53 loss and KRAS activation (H3mP53/KRAS)
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were evaluated for AIG after 15 days in culture. (C) Three flow-sorted stem cell subsets,
ALDH-CD44+CD24+, ALDH+CD44+CD24+, and ALDH+CD44+CD24-, evaluated for
AIG after 15 days in culture.
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Figure 6. Snail drives malignant transformation, tumor growth, and metastasis of HBECsin vivo
Representative fields at 400X; scale bar = 50 um. (A-B) H&E and IHC evaluation of

primary tumors and lung metastases arising from H3mP53/KRAS-Snail cells injected SC in
NSG mice. (i-iv) Four primary tumors representing each of the histologies observed are
shown. (v-viii) Four fields depicting the pulmonary metastatic lesion number and size. Large
and well-circumscribed nodules with keratin pearls and intracellular bridges indicative of
SCC tumor histology were observed in every case. (B) H3mP53/KRAS-Snail cells
transformed into primary tumors and lung metastases in mice were immunostained for (top
row) Snail, (middlerow) ALDH, and (bottom row) CD44, all of which were required for
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tumor-initiating capacity /n vitro. (C) Human clinical specimens containing SM-SCC or
AAH-AIS-ADC were immunostained for ALDH1A3 and ALDH3AL.
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Figure 7. Snail-dependent ESRP1 silencing drives human pulmonary epithelial cell
transformation

(A) Basal expression of ESRP1 was measured by gRT-PCR and normalized to B2M. (B)
WB analysis performed for Snail, ESRP1, and housekeeping gene expression. (C) WB
analysis performed for Snail, ESRP1, and GAPDH expression in HBEC3-V and -S and
H3mutP53/KRAS-V and -S transiently transfected with ESRP1-specific cDNA constructs
(and untreated control cells). (D) Normal HBEC3-V and -S with transient re-expression of
ESRP1 were seeded in an accelerated AIG assay at 3000K cells/well with 10 replicates. Z-
stacked photomicrographs of each well were created on d0 and d5. Each dot on the graph
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represents the number of colonies counted from each 3D focused image of each well. (E)
At-risk HBEC3-P53/KRAS-V and -S with transient re-expression of ESRP1 were seeded in
an AIG assay. (F) Normal and (G) at-risk HBEC-S with stable re-expression of ESRP1 were
evaluated for Snail and ESRP1 expression by WB analysis. The (H) normal and (1) at-risk
HBEC-S were then then seeded in an AIG assay and assessed after 7 days of growth. (J)
Transduction with ESRP1 or control cDNA was repeated using two different approaches
(CRISPR method with Hygromycin B selection or IMPDH method with MPA selection),
before the normal and at-risk cells were evaluated for Snail and ESRP1 expression by WB
analysis and seeded in an AIG assay. (K) Pulmonary premalignant lesions with high level
Snail expression in Figure 1 (n=12) were evaluated for ESRP1 expression. Representative
fields at 400X; scale bar = 50 um.
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