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Abstract

In this study, we generated induced pluripotent stem cells (iPSC) from normal human small airway
epithelial cells (SAEC) to investigate epigenetic mechanisms of stemness and pluripotency in lung
cancers. We documented key hallmarks of reprogramming in lung iPSC (Lu-iPSC) that coincided
with modulation of more than 15,000 genes relative to parental SAEC. Of particular novelty, we
identified the PRC2-associated protein, ASXL3 which was markedly upregulated in Lu-iPSC and
small cell lung cancer (SCLC) lines and clinical specimens. ASXL3 overexpression correlated
with increased genomic copy number in SCLC lines. ASXL3 silencing inhibited proliferation,
clonogenicity and teratoma formation by Lu-iPSC, and diminished clonogenicity and malignant
growth of SCLC cells in-vivo. Collectively, our studies validate the utility of the Lu-iPSC model
for elucidating epigenetic mechanisms contributing to pulmonary carcinogenesis, and highlight
ASXL3 as a novel candidate target for SCLC therapy.
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Introduction

Lung cancer is the leading cause of cancer-related mortality worldwide, and presently
accounts for ~160,000 deaths annually in the United States (1). Approximately 85% of
pulmonary carcinomas are non-small cell lung cancers (NSCLC) comprised primarily of
adeno-, squamous cell and large cell undifferentiated carcinomas with distinct histologic and
molecular features (2). The remaining 15% are small cell lung cancers (SCLC) which
exhibit varying degrees of neuroendocrine differentiation, and are typically widely
metastatic at presentation with a high propensity for recurrence despite initial, often
dramatic responses to chemotherapy (3). Whereas CT screening, targeted therapies, and
immune checkpoint inhibitors have recently improved outcomes for some NSCLC patients
(1), there have been no advances in detection or treatment of SCLC in over 30 years (3). As
such, SCLC has been designated a NCI priority (http://www.lungcanceralliance.org/News/
SCLC%?20Congressional%20Response%206-30-14%20FINAL%20with
%?20appendices.pdf).

Although lung cancers may occasionally arise in never-smokers, cigarette smoking remains
the predominant risk factor for NSCLC (4); virtually all SCLC arise in active or former
smokers with substantial tobacco exposure (3). Despite extensive studies, the genetic and
epigenetic mechanisms by which cigarette smoke mediates initiation and progression of lung
cancers have not been fully elucidated (5). Previously, we have demonstrated that cigarette
smoke condensate (CSC) mediates time and dose dependent epigenomic alterations in
normal respiratory epithelial cells (NREC) including perturbations of the histone code,
activation of oncomirs and cancer-germline genes, and epigenetic repression of tumor
suppressor genes and microRNAs (6-8). These tobacco-induced alterations in NREC mirror
those observed in lung cancer cells and primary tumors (9). A central theme emerging from
these studies is that via complementary mechanisms including DNA methylation, polycomb
repressive complexes (PRC) and noncoding RNAs, cigarette smoke induces stem-like
phenotypes that coincide with progression to malignancy in NREC, as well as enhanced
growth and metastatic potential of lung cancer cells (6-8, 10-12).

Reprogramming of somatic cells into induced pluripotent stem cells (iPSC) by induction of a
defined set of transcriptional factors has opened a new era in regenerative medicine and
cancer biology (13-15). iPSC exhibit numerous similarities to embryonic stem cells (ESCs)
including morphology, gene expression profiles, in-vitro proliferation, and in-vivo teratoma
formation (13, 16). As such, iPSC have emerged as important models with which to study
epigenetic mechanisms contributing to pluripotency in normal cells, as well as stemness,
chemo-resistance and metastatic phenotypes of cancer cells (17).

In an effort to further delineate epigenetic mechanisms contributing to the pathogenesis of
lung cancers and possibly identify novel targets for lung cancer therapy, we sought to
develop an iPSC model that might reflect epigenetic transitions from normal to malignant
respiratory epithelia. Herein we describe reprogramming of normal human respiratory
epithelial cells to pluripotency, and demonstrate that Additional Sex Combs Like-3 (ASXL3)
is a novel factor critical for maintenance of pluripotent respiratory epithelial cells, and a
potential therapeutic target in SCLC.
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Materials and Methods

Cell Lines

All lung cancer lines were available in repositories at the NCI, or were purchased from
ATCC, and cultured as recommended. cdk-4/h-TERT immortalized human bronchial
epithelial cells (HBEC) were a generous gift from John Minna (UT-Southwestern, Dallas,
TX), and were cultured as described (8). Cell lines were tested for mycoplasma regularly
(tested the latest in July, 2017) using a kit from Sigma (Cat. no. MP0025), and were
validated by HLA typing relative to original stocks.

Primary cell culture

Normal human bronchial epithelial cells (NHBE), as well as SAEC derived from a fifty-
seven year old Hispanic female non-smoker were purchased from Lonza, and cultured as
recommended by the vendor. STEMCCA kit (Millipore, Cat. no. SCR545) was purchased
from Millipore, and used as instructed. Irradiated mouse embryonic fibroblasts (MEFs) were
obtained from NHLBI core facility, and Matrigel plates (Cat. no. 354230) were purchased
from BD Biosciences. Normal foreskin fibroblast (CCD-1079Sk, ATCC Cat. no. CRL-2097)
and induced pluripotent cells (ND1.2) derived from foreskin fibroblasts were obtained from
the NHLBI core facility, and were grown in DMEM medium and stem cell medium,
respectively. 8™ medium (Life technologies; Cat. no. A1517001) and Rho-associated kinase
(Rock) inhibitor (Y-27632; Tocris; Cat. no. 1254) were used to culture the stem cells.

Generation of iPSCs from SAECs

The STEMCCA vector (Supplementary Figure S1A) and protocol described by Beers at al.
(18) were used to reprogram SAEC to pluripotency. Briefly, 2.5 x105 SAEC were plated in
each well of a 6-well plate. Once the cells were approximately 70% confluent, they were
transduced with STEMCCA lentivirus using polybrene and left to incubate overnight. The
transduced cells were then maintained in reprogramming medium with medium changed on
alternate days. Six days after transduction, the cells were trypsinized and replated on
irradiated mouse embryonic fibroblasts (MEFs; feeder cells). From this day forward, the
cells were maintained in reprogramming medium supplemented with basic fibroblast growth
factor. Medium was changed on alternate days and cell colonies grew in size. On day 25
after initial transduction, granular stem like cells were detached from the feeder layer using a
P20 pipette, and transferred to Matrigel coated petri dishes for expansion and further
analysis.

Flow cytometry and alkaline phosphatase staining

Lu-iPSCs were trypsinized with TryPLE Express (Thermo Fisher Scientific), and the
reaction was stopped by adding medium. The cells were centrifuged, and the pellets re-
suspended in 4% paraformaldehyde for 10 minutes at room temperature to fix them. The
cells were washed with PBS, and then permeabilized with 0.2% Tween-20 in PBS for 10
minutes at room temperature. Flow cytometry analysis (FACS) of pluripotency markers was
performed using anti-OCT4- Alexa fluor 488 (Millipore ##CMAB113A4), anti-SSEA4-
FITC (Bio legend #330410), anti-NANOG-Alexa Fluor 488 (Millipore ##CABS352A4) and
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anti-Tra-1-60-FITC (Millipore ##CMAB115F). Nonimmune control (Millipore
#MABCO006F) was used at 0.5 pl per 50 pl reaction. All the FACS analyses were performed
on a MACSQuant Flow Cytometer. The iPSC colonies were stained with alkaline
phosphatase (BCIP/NBT alkaline phosphatase substrate kit 1V, Vector Laboratories
#SK-5400).

Immunofluorescence staining

Expression of pluripotent marker proteins was assessed by immunofluorescence techniques
using a Zeiss 780 confocal microscope, optimized for automated imaging. Briefly, cells were
fixed in 4% paraformaldehyde and later permeabilized in PBS with 0.2% Triton-100X. After
washing, the cells were blocked in 3% BSA. The cells were stained with primary antibodies
(SSEA3, SSEA4, TRA-1-60, and TRA-1-81; Supplementary Table S1). Alexa 488 (mouse,
rabbit), 555 (mouse, rabbit) were used as secondary antibodies at 1:1000 dilutions. Dapi was
used as internal control for immunofluorescence.

TagMan quantitative RT-PCR

HLA typing

Total RNA was isolated using TRIzol (Invitrogen). cDNA synthesis was performed using
iScript™ cDNA Synthesis (Bio-Rad #170-8891). Quantitative analysis of the genes was
carried out in triplicates using an ABI PRISM7500 Sequence Detection System and primers
listed in Supplementary Table S1. Copy numbers were calculated as described (10) using
appropriate controls for specific genes.

HLA typing was performed in the NIH Clinical Center HLA laboratory.

Spectral Karyotyping (SKY)

SKY was performed as previously described (19). Briefly, metaphases were prepared in
culture by incubating for approximately one hour in 0.02 mg/ml Colcemid (Invitrogen).
Cells were incubated in hypotonic solution (0.075 M KCI) for 20 minutes before being fixed
in methanol and acetic acid (3:1). SKY probes were generated in-house, and consisted of a
specific combination of labeled chromosome painting probes that were hybridized
simultaneously onto metaphase chromosomes. Protocols used for SKY can be accessed at
https://ccr.cancer.gov/Genetics-Branch/thomas-ried?qt-staff_profile tabs=9#qt-
staff_profile_tabs. SKY imaging was performed on a Leica DMRXE microscope equipped
with a Xenon lamp and Spectracube (Applied Spectral Imaging). For each cell line, 15-20
metaphases were imaged, and analyzed using the SkyView software. Each metaphase was
scored for numerical and structural aberrations according to human chromosome
nomenclature rules from ISCN (International Standing Committee on Human Cytogenetic
Nomenclature 2009).

Array-comparative genomic hybridization

Isolated DNA was labeled using the Genomic DNAULS Labeling Kit (Agilent) and
subsequently hybridized on Agilent SurePrint G3 Human CGH Microarrays 4 x 180 K
(Agilent) according to the manufacturer’s protocol version 3.5. Briefly, 1 pg DNA of each
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cell line and 1 pug normal genetic reference DNA (Promega) were differentially labeled with
ULS-Cy5 and ULS-Cy3 (both Agilent), respectively. After hybridizing and washing
according to the manufacturer’s instructions, slides were scanned with microarray scanner
G256BA (Agilent), and images were analyzed by Feature Extraction software version
10.7.1.1 (Agilent). The aCGH data were visualized and analyzed using Nexus Copy Number
software version 7.5 (BioDiscovery). The correlation between average CGH copy number
and average gene expression was performed using Pearson’s correlation with aCGH Log,
ratio probe mean values as the X-axis versus ASXL3expression Logs ratios as the Y-axis.
The significance threshold was £ < 0.05 (two-sided t test).

Teratoma assay

Human iPSCs were grown on BD matrigel-plates. The cells were collected using EDTA-
method and resuspended in cold iPSC medium containing matrigel and 10 uM ROCK
inhibitor (Tocris). Approximately 3-4x108 cells from each iPSC colony were injected
intramuscularly in the hind leg quadriceps along its long axis of SCID mice (NOD.Cg-
Prkdcseid 1219imIWJlISz) | Stock number-00557, Jackson laboratory) as described previously
(18). At the same time, 3x10 to 5x106 of parental SAEC cells were injected
intramuscularly into other SCID mice. Approximately 15 weeks post injection of cells,
teratomas were excised and fixed in 10% buffered formalin. Teratomas were embedded in
paraffin and sectioned. Hematoxylin and eosin (H&E) staining as well as immunostaining
was performed to identify three germ layers. a-1-fetoprotein (endoderm, A000829, Dako),
a-smooth muscle actin (SMA) (mesoderm, Sigma #A5228) and Neuronal Class Il B-
Tubulin (TUJ1) (ectoderm; MMS-435P Covance) were analyzed.

In-vitro matrigel clonogenic assay

Clonogenic assay was performed as described (8) with minor modifications. Briefly, 6-well
plates were prepared by resuspending Matrigel (BD Biosciences #354230) in cell culture
medium without serum and antibiotics. The medium containing Matrigel was evenly
distributed in the wells and kept at room temperature in the biosafety cabinet for 30 minutes.
Single cell suspension was prepared and plated on the plate. After 7 days, colonies were
stained with crystal violet and colonies were counted.

In vivo tumorigenicity assay

Tumor formation assay was performed as described (10).

Western blot

Cell pellets were lysed with RIPA buffer containing protease inhibitors. 30 ug of proteins
were loaded on 4-14% SDS-PAGE and electroblotted on PVDF membrane. Membranes
were blocked in 3% BSA/PBS followed by incubation with primary antibodies in 3%
BSA/PBS overnight at 4°C. Membranes were probed using primary antibodies and
horseradish peroxidase-conjugated anti-rabbit or mouse 1gG (Millipore) secondary
antibodies as listed in Supplementary Table S1.
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DNA methylation array

DNA was isolated using the QlAamp DNA Mini Kit (Qiagen #51304), and treated with
bisulfite using the EpiTect Bisulfite Kit (Qiagen). DNA methylation profiles were assessed
using Infinium HumanMethylation450 BeadChip techniques (I1lumina, San Diego, CA.
USA) as described (8). The raw data file “FinalReport.txt” generated from Illumina
“GenomeStudio” (Illumina) was normalized with “Simple Scaling Normalization” (SSN)
method implemented in the “lumi” R package following the color-bias adjustment. Two files
were produced, one with beta value for individual target and another one with corresponding
“M” values for the beta values. The file with “M” values was used for statistical analysis
with FDR<0.05 (adjusted based on Benjamini-Hochberg procedure) as significant cutoff
unless otherwise indicated, and also the absolute beta value difference greater than 0.2 from
the same contrast comparison was applied. Partek Genomics Suite (Partek Inc.), R packages
of lumi, methlumi and other related R packages were used for data processing, analyzing
and data presentation. Data have been deposited to: https://www.nchi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE102726.

Pyrosequencing and MSP

RNA-Seq

Genomic DNA was isolated from SAECs, iPSCs and from other control cell lines using
QlAamp DNA Mini Kit (Qiagen #51304). The DNA was treated with sodium bisulfite using
EpiTect Bisulfite kit (Qiagen #59104). Pyrosequencing analysis of L/NE-1, NBL2, D424,
NANOG, OCT4, and ASXL3was performed as previously described (8) using primers
listed in Supplementary Table S1. MSP analysis of the ASXL3 promoter was performed
using primers listed in Supplementary Table S1.

Total RNA was isolated using the RNeasy Mini Kit (Qiagen #74104) followed by removal of
ribosomal RNA (rRNA) using biotinylated, target-specific oligos combined with Ribo-Zero
rRNA removal beads. The RNA was fragmented into small pieces and the cleaved RNA
fragments were copied into first strand cDNA using reverse transcriptase and random
primers, followed by second strand cDNA synthesis using DNA Polymerase | and RNase H.
The resulting double-strand cDNA was used as the input to a standard Illumina library prep
with end-repair, adapter ligation and PCR amplification being performed to yield a library
that would go to the sequencer. The HiSeq Real Time Analysis software (RTA 1.12) was
used for processing image files, the Illumina CASAVA v1.8.2 was used for demultiplex and
converting binary base calls and qualities to fastq format. The sequencing reads were
trimmed adapters and low quality bases using Trimmomatic (version 0.3), the trimmed reads
were aligned to human hg19 reference genome (GRCh37/UCSC hg19) and Ensembl
annotation version 70 using TopHat_v2.0.8 software. RNA-Seq reads mapping and feature
count: bam files were generated from fastq files by alignment short reads to hg19 genome
(http://hgdownload.soe.ucsc.edu/goldenPath/hg19/) with STAR version 2.4.0a (20). RNA
expression was summarized from bam files with featureCounts tools provided by subread
software (21) at gene level defined by gene annotation (gencode.v19.annotation.gtf) from
GENCODE Project (http://www.gencodegenes.org/releases/current.html). Differential gene
expression analysis was performed with R limma package (22). RNA-Seq feature counts of

Cancer Res. Author manuscript; available in PMC 2018 November 15.


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE102726
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE102726
http://hgdownload.soe.ucsc.edu/goldenPath/hg19/
http://www.gencodegenes.org/releases/current.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shukla et al.

Page 7

all samples were quantile normalized first to log2-counts per million (logCPM) and
differentially expressed gene list was selected with adjusted Pvalue (fdr) from linear-model
fit between different groups. All graphics were generated with R. Scatter plot: mean logCPM
of different cell lines were plotted with R ggplot2 package and coefficients between two cell
lines were calculated with fitting linear model in R stat package. Heatmaps of differentially
expressed genes were generated with R gplots package and scaled by gene. Coverage of a
single gene: raw short read counts covering a specific gene in different sample bam files
were plotted with R Gviz package. Circos plot was generated with R RCircos package. Gene
lists were selected from linear model fitting between Lu-iPSC cell lines and SAEC cell lines
(11629 genes, adjusted Pvalue < 0.05) and heatmap was generated with mean logCPM of
each cell line. Data have been deposited to: http://www.ncbi.nlm.nih.gov/bioproject/398652.

Quantitative ChIP and ChIP-Seq

Results

Cell lines were treated with paraformaldehyde and sonicated to generate DNA fragments.
Immune complexes were formed with either nonspecific 1gG or chromatin grade antibodies
recognizing H3K4me3 and H3K27me3. DNA was eluted and purified from complexes.
Quantitative ChIP assay was performed as described (10) using primers listed in
Supplementary Table S1.

ChIP-Seq was performed as described (23). Briefly, purified DNA after chromatin
immunoprecipitation was sent to Frederick National Laboratory for Cancer Research. For
sequencing, the fragments were blunt-end ligated to the Illumina adaptors, amplified and
processed by using Hi-Seq 2000 sequencer (Illumina). Sequencing files in Bam format (bam
file) were provided by Frederick National Laboratory for Cancer Research and all bam files
were mapped to hg19 human genome with software bowtie2. For peak enrichment in each
sample, original bam files were directly used. For finding overlapping and differentially
bound peaks, bam files from triplicates were merged first with samtools software. Peaks
enrichment and annotations were all processed with software HOMER, version 4.7.2, and
hg19 genome. R gviz package was used to visualize peaks around specific genes. Data have
been deposited to: http://www.nchi.nlm.nih.gov/bioproject/398652.

Generation and Characterization of Lu-iPSCs from SAECs

The overall method of reprogramming SAEC to pluripotency is depicted in Supplementary
Figure S1A. Figure 1A images a-f depict parental SAEC and various stages of
reprogramming following lentiviral transduction of Yamanaka factors. No iPSC-like
colonies were observed in non-transduced SAEC after 30 days of culture in reprogramming
medium (Figure 1A; image g). Many lung-iPSC (Lu-iPSC) clones were generated, of which
Lu-iPSC6 and Lu-iPSC7 were randomly selected for further expansion and analysis.

Characterization of Lu-iPSCs

A variety of methods were used to characterize Lu-iPSCs. Initially, histochemical techniques
were used to examine alkaline phosphatase (AP) expression, which is typically high in iPSC
(24). Lu-iPSC had positive staining for AP within 10 minutes of exposure of cells to alkaline
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phosphatase substrate, whereas parental SAEC showed no staining at 24 hours
(Supplementary Figure S1B). Immunofluorescence experiments demonstrated increased
surface expression of stage specific embryonic antigen (SSEA)-3 and SSEA-4, as well as
TRA-1-60 and TRA-1-81 in Lu-iPSC relative to parental SAEC (Figure 1B, and
Supplementary Figure S1C); these antigens are known to be expressed at high levels in
undifferentiated human ESCs, iPSCs, embryonal carcinoma and embryonic germ cells (13,
24). Similar findings were observed in ND1.2 (control iPSCs established from dermal
fibroblasts; Supplementary Figure S1D). Quantitative RT-PCR (qRT-PCR) as well as
immunoblot experiments confirmed up-regulation of pluripotency-related genes in Lu-iPSC
as well as ND1.2 relative to SAEC (Figures 1C and 1D). Up-regulation of the stemness
genes coincided with repression of numerous differentiation-associated genes including
KRT5A, KRT6A, MTZA, CXCL1, HOXA1and HOXBZin Lu-iPSC (Supplementary Figure
S2).

Additional experiments were performed to ascertain if the phenotypic changes observed in
Lu-iPSC were due to persistent expression of the reprogramming genes. gRT-PCR analysis
demonstrated expression of the transduced genes in SAEC six days following lentiviral
transduction; however, all four transgenes were silenced in Lu-iPSC6 and Lu-iPSC7 (Figure
1E).

The initial stages of reprogramming of SAEC required the use of irradiated MEF feeder
layers. These feeder cells did not proliferate, and remained adherent to the culture dish while
the Lu-iPSC were harvested. Despite the low likelihood of hybridoma formation or
simultaneous outgrowth of human and murine cells, additional experiments were performed
to confirm that the Lu-iPSC were pure derivatives of SAEC, and ascertain if the Lu-iPSC
exhibited any genomic aberrations. PCR based HLA typing (assays performed in the
Department of Transfusion Medicine, Clinical Center, NIH) demonstrated identical results
for Lu-iPSC clones 6 and 7 and parenteral SAECs (Supplementary Figure S3A), indicating
no contamination with murine DNA. Spectral karyotyping (SKY) experiments
(Supplementary Figure S3B) revealed no chromosomal abnormalities in Lu-iPSC relative to
parental SAEC. In contrast, numerous chromosomal aberrations were observed in A549 and
H1299 lung cancer cells. Collectively, these experiments confirmed that the Lu-iPSC were
derived only from SAEC, and that the reprogramming had not induced major chromosomal
alterations.

Lu-iPSC form teratomas in SCID mice

Additional experiments were performed to ascertain if the reprogrammed respiratory
epithelial cells formed teratomas in immunodeficient SCID mice, the “gold standard” for
pluripotency (13, 25). Briefly, Lu-iPSC clones 6 and 7 or parental SAEC were implanted
with matrigel bilaterally into the superficial layers of the gastrocnemius muscles (five mice
per group). All mice implanted with Lu-iPSC had tumors evident approximately 12 weeks
after inoculation which were collected for analysis approximately three weeks later. In
contrast, no tumors were detected in mice inoculated with parental SAEC following 20
weeks of observation (results summarized in Figure 2A; upper panel). Histologic
examination of Lu-iPSC-derived tumors demonstrated immature teratomas, containing
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neural elements (ectoderm), cartilage and skeletal muscle (mesoderm), and kidney and
intestinal tissue (endoderm) (Figure 2A; lower panel, and Supplementary Figure S4A).
Subsequent immunofluorescence experiments demonstrated expression of gl11 tubulin
(ectodermal origin), a-smooth muscle actin (mesodermal origin) and a—fetoprotein
(endodermal origin) in all of the harvested teratomas (Figure 2B and Supplementary Figure
S4B).

Epigenetic Alterations in Lu-iPSC

Previously we have demonstrated genomic hypomethylation as evidenced by DNA
demethylation of LINE-1, NBL2 and D4Z4 repetitive elements in association with up-
regulation of cancer-testis (cancer germline) genes in lung cancer cells, as well as
immortalized respiratory epithelial cells following cigarette smoke exposure (8). As such,
pyrosequencing and gRT-PCR experiments were performed to examine DNA methylation of
LINE-1, NBL2 and D474 elements, as well as expression status of several cancer-germline
genes typically de-repressed in lung cancer cells. Pyrosequencing did not demonstrate
demethylation of these repetitive elements in Lu-iPSCs compared to SAECs, possibly due to
the limited number of CpG sites interrogated with these assays (Supplementary Figure S4C).
gRT-PCR experiments demonstrated very modest increases in NY-ESO-1, MAGE-A1 and
MAGE-A3expression in Lu-iPSC relative to parental SAEC (Figure 2C; left panel).
Consistent with these findings, quantitative chromatin immunoprecipitation (qChIP)
experiments (Figure 2C; right panel) demonstrated decreased levels of the repressive histone
mark H3K27me3 without corresponding increases in H3K4me3 (histone activation mark) in
the NY-ESO-1, MAGE-A1 and MAGE-A3 promoters, indicative of incomplete de-
repression of these genes following reprogramming. In contrast, pyrosequencing and ChiP-
seq experiments demonstrated that the MANOG and OCT4 promoters were significantly
hypomethylated, with decreased H3K27me3 and increased H3K4me3 levels in Lu-iPSC
relative to primary SAEC (Figures 2D and 2E). These findings were consistent with results
of aforementioned gRT-PCR and immunablot experiments.

To more comprehensively examine DNA methylation changes associated with
reprogramming of respiratory epithelial cells, micro-array experiments were performed
using lumina Infinium 450 arrays (Infinium Human Methylation 450 Bead Chip), which
can interrogate 480,000 CpG sites throughout the genome (99% of RefSeq genes and 96%
of CpG islands). This analysis demonstrated significant differences in DNA methylation
profiles in Lu-iPSC compared to SAEC with a shift toward a hypermethylated genome in the
reprogrammed cells (Figure 3A). Additional analysis was performed to ascertain if this
hypermethylation was related to location of CpG sites (i.e., gene body, promoter, CpG island
vs non-CpG island). CpG targets in non-promoter regions were hypermethylated in Lu-iPSC
relative to SAEC, with a significant percent appearing to be fully methylated (Figure 3B).
Targets in promoter regions were also hypermethylated in Lu-iPSC relative to SAEC, with
some sites appearing to be hemimethylated, whereas others exhibited bi-allelic methylation
(Figure 3C). A similar phenomenon was observed for CpG sites in CpG islands (Figure 3D).
Lastly, CpG sites in CpG islands within promoters were also hypermethylated in Lu-iPSC
compared to SAEC, with many of these sites being hemimethylated (Figure 3E).
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In order to ascertain if the hypermethylated phenotype was unique to Lu-iPSC, unsupervised
analysis was performed using 20,769 CpG targets with variance greater than 0.01 in several
iPSC and ESC relative to normal somatic cells in the GSE31848 database (https://
www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE31848). This analysis revealed a shift to
a hypermethylated phenotype in iPSC and ESC relative to normal somatic cells. A similar
phenomenon was observed for the same 20,769 targets in Lu-iPSC relative to SAEC (Figure
3F). Subsequent examination of non-CPG methylation (CHH) sites demonstrated a similar
shift to a more methylated phenotype in Lu-iPSCs relative to parental SAEC (Figure 3G),
consistent with what was observed following analysis of pluripotent cell line data in the
public database.

Because PRC2 has been shown to be a critical mediator of pluripotency in normal as well as
cancer stem cells (26, 27), additional experiments were performed to examine expression of
core components of this complex. gRT-PCR and immunaoblot experiments (Figures 4A and
4B) demonstrated significant increases in EZH2, EED and SU.Z12expression in Lu-iPSC
relative to SAEC. Consistent with these findings, gRT-PCR and immunoblot experiments
(Figures 4C and 4D) demonstrated down-regulation of DKK1, CDKN1A and CDKNZA,
which are well established PRC2 targets that are known to be repressed in iPSC as well as
ESC, and are frequently downregulated in lung cancer cells. DNA methylation array and
RNA-seq analysis demonstrated that up-regulation of PRC2 components coincided with
marked alterations in DNA methylation and expression of numerous PRC2 target genes in
Lu-iPSC (representative results are depicted in Figure 4E; full DNA heat map and
corresponding list of PRC2 targets are provided in Supplementary Figures S4D and S4E,
and Supplementary Table S2, respectively). DNA methylation tended to be associated with
repression of the respective PRC2 targets genes, although this was not observed in all cases
(Figure 4E).

ASXL3 is up-regulated and contributes to pluripotency in Lu-iPSC

Additional RNA-seq analysis of more than 33,000 factors revealed that 18,983 genes were
significantly altered in Lu-iPSC clone 6, whereas 18,068 genes were altered in Lu-iPSC
clone 7 relative to parental SAEC (Figure 5A). RNA-seq data showed that 15,453 genes
were commonly altered in Lu-iPSC6 and Lu-iPSC7 (significance adj. £< 0.05; Figure 5A);
1,851 genes were commonly altered more than 4-fold in Lu-iPSCs relative to SAECs
(significance adj. < 0.05; Figure 5B). Differences in gene expression between the two Lu-
iPSC clones which were derived from the same SAEC stock may be related to sites of
transgene integration and plasticity of the reprogrammed cells.

CIRCOS and scatter plot analysis of whole genome data demonstrated that Additional Sex
Combs Like 3 (ASXL3), a mammalian homologue of drosophila Additional Sex Combs
(Asx) (28, 29), was highly up-regulated in Lu-iPSC relative to SAEC (Figure 5C). RNA-seq
and ChlP-seq data pertaining to ASXL3 in Lu-iPSC and SAEC are depicted in Figure 5D
and 5E. gRT-PCR and immunoblot experiments demonstrated over-expression of ASXL3 in
Lu-iPSCs and their respective teratomas relative to SAECs (Figure 5F). DNA methylation
arrays, as well as pyrosequencing and methylation specific PCR (MSP) experiments which
interrogated three regions of a potential CpG island within the ASXL3 promoter revealed no
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significant differences in DNA methylation in Lu-iPSC compared to SAEC (Supplementary
Figure S5A); consistent with these findings, deoxyazacytidine exposure was insufficient to
up-regulate ASXL3 in SAEC or HBEC (Supplementary Figure S5B).

Additional experiments were performed to examine if ASXL3 contributes to pluripotency in
Lu-iPSC. Briefly, Lu-iPSC7 cells were transduced with lentiviral ShRNAs targeting ASXL3.
gRT-PCR and immunablot experiments demonstrated that two of five lentiviral constructs
mediated 50-70% reductions of ASXL3expression (Figure 5G). The phenotypic effects of
ASXL3knock-down in Lu-iPSCs were evident within 72 hours following lentiviral
transduction; relative to Lu-iPSC transduced with control lentivirus, ASXL3knock-down
cells grew more slowly and lost pluripotent morphology (Figure 5H). Knock-down of
ASXL3significantly decreased soft agar colony formation by Lu-iPSC (Figure 5I).
Furthermore, knock-down of ASXL3decreased the number and size of teratomas in
immunodeficient mice (Figure 5J). Notably, ASXL3 expression levels in teratomas from
ASXL3 knock-down Lu-iPSC were similar to control teratomas (Supplementary Figure
S5C), suggesting that ASXL3 expression is indispensable for maintenance of pluripotency in
respiratory epithelial cells.

ASXL3 Functions as an Oncogene in Lung Cancer Cells

Examination of the Oncomine (https://www.oncomine.org), GENT (http://
medicalgenome.kribb.re.kr/GENT/search/
g570_gsymbol_ASXL3 20161224 20Q275_tissue.html), and Cancer Cell Line
Encyclopedia (CCLE; http://software.broadinstitute.org/software/cprg/?q=node/11)
databases revealed that ASXL3is expressed in some human lung cancers. As such, gRT-
PCR and immunoblot experiments were performed to examine expression of ASXL3 in a
panel of NSCLC and SCLC cell lines relative to normal or immortalized human bronchial
epithelial cells. As shown in Figure 6A, ASXL3was not expressed in SAEC, short-term
normal human bronchial epithelial cells (NHBE), or SV-40 or cdk4/h-TERT-immortalized
respiratory epithelial cells (BEAS and HBEC, respectively). Furthermore, ASXL3
expression was either absent or very low in NSCLC lines. In contrast, ASXL3 was expressed
in virtually all of the SCLC lines examined, with some lines exhibiting very high ASXL3
MRNA as well as protein levels. Consistent with these findings, immunohistochemistry
(IHC) analysis demonstrated significantly higher ASXL3 expression in SCLC relative to
NSCLC or normal lung (Figure 6B and 6C); ASXL3 immunoreactivity in SCLC was
predominantly nuclear (Figure 6B).

Additional experiments were performed to ascertain the potential relevance of ASXL3
expression in lung cancer cells. Briefly, H69 SCLC cells were transduced with either
lentiviral ShRNA targeting ASXL3or control lentiviral vector. gRT-PCR and immunoblot
analysis demonstrated that lentiviral ShRNA mediated 40-60% knockdown of ASXL3in
H69 cells (Figure 6D). Knock-down of ASXL3significantly decreased soft agar colony
formation (Figure 6E), and markedly diminished growth of H69 xenografts in athymic nude
mice (Figure 6F and 6G), suggesting that ASXL 3 functions as an oncogene in SCLC.
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Influence of genomic imbalances on ASXL3 expression in SCLC Lines

Previously, it has been demonstrated that gene expression levels are directly dependent on
chromosomal aneuploidies in colorectal and other carcinomas (30-32). Whereas the
strongest correlations have been found between genomic copy number and average
chromosome-wide expression levels; the expression of individual genes has also correlated
with genomic copy numbers (33). Because SCLC exhibit a variety of amplifications and
chromosomal fusions which directly influence expression levels of genes such as MYC
family members and SOX2 (34, 35), CGH array (aCGH) experiments were performed to
examine if ASXL3mRNA expression levels in SCLC were associated with alterations in
gene copy number. As shown in Figure 6H, a significant correlation was observed between
genomic copy number and ASXL3expression levels in SCLC lines (R = 0.78420, P=
0.007). Similar analysis revealed no increase in ASXL3 copy number in Lu-iPSC6 and Lu-
iPSC7 relative to parental SAEC. Collectively, these data suggest that genomic amplification
contributes to ASXL3 over-expression in SCLC.

Discussion

Elucidation of epigenetic mechanisms mediating aberrant gene expression during initiation
and progression of lung cancers may hasten the development of novel therapies for these
neoplasms. In the present study, we developed iPSCs from short term normal human small
airway epithelial cells using well established techniques (18). The Lu-iPSC exhibited
similarities to other pluripotent cell lines reported in the literature (13) including surface
antigen and stem cell gene expression profiles, in-vitro growth, and teratoma formation.
Although previously reported to be activated in stem cells (36, 37), cancer-germline genes
commonly up-regulated in lung cancers remained transcriptionally repressed in Lu-iPSC.
These unexpected findings are consistent with a report by Loriot ef a/. (38) demonstrating no
up-regulation of 18 cancer-germline genes in human ESC, mesenchymal stem cells or
adipose derived stem cells. Additionally, Lu-iPSC exhibited a hypermethylated genome
relative to parental SAEC. Whereas these unanticipated findings could be indicative of
incomplete reprogramming, DNA hypermethylation profiles in Lu-iPSC were also observed
following analysis of databases pertaining to previously published ESC and iPSC. Using a
micro-array platform identical to what was used in our studies, He et a/. (39) observed
significant increases in DNA methylation in two human ESCs, as well as two episomally
derived iPSCs and four virally derived iPSCs relative to two human fibroblast lines used to
generate the iPSC (~12% vs 1.1% of all CpG sites, respectively). Our analysis, which
appears more extensive than that performed by He et a/. (39) demonstrated that DNA
hypermethylation in Lu-iPSC is not restricted to CpG islands in promoter regions but instead
occurs throughout the genome. As yet, we have not directly compared methylation
signatures in our Lu-iPSC with other iPSCs reported in the literature. Additional studies are
required to more comprehensively characterize epigenomic alterations during
reprogramming of human respiratory epithelial cells, and ascertain their relevance with
respect to lung cancer biology.

In addition to complex alterations in DNA methylation, our experiments demonstrated that
more than 15,000 genes were commonly regulated in Lu-iPSC relative to parental SAEC.

Cancer Res. Author manuscript; available in PMC 2018 November 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shukla et al.

Page 13

Notably, ASXL3, one of three mammalian homologues of drosophila Additional Sex Combs
(Asx) (28, 29), was markedly up-regulated in Lu-iPSC. Analysis of previously published
RNA-seq data summarized by Liu et al (40) revealed almost no expression of ASXL3in
iPSC generated from different fibroblasts, suggesting that ASXL 3 activation may be context
dependent, and possibly reflect transcriptional memory of the somatic cells undergoing
reprogramming (41, 42). Subsequent experiments demonstrated marked up-regulation of
ASXL3in SCLC; ASXL3did not appear to be expressed in NSCLC lines. Interestingly,
SCLC is the highest expresser of ASXL.3among a large panel of cancer lines of diverse
histologies in the CCLE database. Knock-down of ASXL 3 decreased teratoma formation by
Lu-iPSC, and inhibited growth of SCLC /n vitroand in vivo. To the best of our knowledge,
these experiments are the first description of reprogramming of human airway epithelial
cells to pluripotency, and the first demonstration that ASXL3is a potential therapeutic target
in SCLC.

The translational relevance of these findings may be inferred from observations that ASXL
proteins physically interact with EZH2 and SUZ12 (core components of PRC2) to target this
“initiation” complex to polycomb response elements throughout the genome (28, 29). ASXL
proteins also interact with BRCA-1 Associated Protein-1 (BAP1), a ubiquitin hydrolase that
mediates de-ubiquitination of H2AK119UDb, the repressive mark placed by the
“maintenance” PRC1 (43). BAP1 does not interact with PRC2 proteins (29). As such,
ASXL-BAP1 complexes may function to mitigate repressive activities of ASXL-PRC2.
Particularly germane to SCLC, ASXL3 interacts with LSD1 (KDMZ1A), a histone
demethylase which co-localizes with OCT4 and NANOG to regulate expression of
pluripotency genes, and which together with PRC2 is required for maintenance of bivalent
chromatin within promoters of lineage specific genes in undifferentiated stem cells (44).

Among a large panel of normal tissues in the CCLE database, ASXL3expression is highest
in testis and to a lesser extent, ovary; ASXL3is expressed at much lower levels in brain, but
does not appear to be expressed in normal lung or many other organs. This highly restricted
expression suggests that ASXL3expression contributes to germ cell/stem cell homeostasis
and neural development. With the exception of one report indicating that an evolutionarily
conserved retrotransposon modulates ASXL 3 expression during neural development by
encoding an alternatively spliced exon leading to nonsense mediated decay of the transcript
(45), there are no published data pertaining to mechanisms regulating ASXL3 expression in
normal cells. Furthermore, whereas truncating mutations of ASXL3 have been associated
with autism and Bainbridge-Ropers syndrome (46), as well as a low percentage of
melanomas (29, 47), there are no published data regarding mechanisms and clinical
implications of ASXL3over-expression in cancers. ASXL3is located on 18g11, in a region
not previously associated with genomic abnormalities by cytogenetic analysis in SCLC (48).
Our preliminary experiments have demonstrated no induction of ASXL3in lung cancer cells
following exposure to Decitabine, suggesting that ASXL3 up-regulation in SCLC is not
simply a manifestation of genomic demethylation. Instead, our aCGH experiments strongly
suggest that ASXL 3 over-expression in SCLC is attributable, at least in some cases, to
genomic amplification. This mechanism does not account for induction of ASXL3in Lu-
iPSC. Our array, as well as pyrosequencing and MSP experiments did not demonstrate any
changes in DNA methylation within the ASXL3promoter in Lu-iPSC relative to parental
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SAEC,; these findings as well as results of our ChlP-seq experiments suggest that ASXL3is
repressed in normal respiratory epithelia by polycomb-mediated mechanisms (as evidenced
by H3K27me3 levels within the ASXL3 promoter in SAEC relative to Lu-iPSC). These
findings are consistent with our previously published observations pertaining to repression
of DKK1 in lung cancer cells by PRC independent of DNA hypermethylation (7). On the
other hand, our data do not rule out the possibility of focal DNA demethylation coinciding
with the observed histone alterations that facilitate up-regulation of ASXL3during
reprogramming. Conceivably, up-regulation of ASXL3in Lu-iPSC is due to activation of
one or more highly restricted stem cell transcription factors during reprogramming of
parental SAEC; such mechanisms might also contribute to over-expression of ASXL3in
SCLC. Experiments are underway using DNase hypersensitivity-seq and ChIP-seq
techniques to comprehensively examine mechanisms of ASXL 3 up-regulation in Lu-iPSC
and SCLC.

In light of the fact that over-expression of £EZH2 (the catalytic core component of PRC2), as
well as up-regulation of LSD-1 have been implicated in SCLC (49, 50), our findings
pertaining to ASXL 3 over-expression in these neoplasms suggest that perturbations of
ASXL3, PRCZand LSD1 expression/activities are central themes of small cell lung
carcinogenesis; as such, epigenomic landscapes and clinical phenotypes of these
malignancies may be established by specific and potentially opposing mechanisms
dysregulating expression, stoichiometry and targeting of these epigenetic modifiers.
Experiments using inducible over-expression/knock-down techniques are in progress to
examine these issues. Collectively, our findings support further analysis of the mechanisms
and clinical implications of ASXL3over-expression in SCLC, and the evaluation of novel
pharmacologic regimens targeting ASXL3 for SCLC therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Generation of Lu-iPSC from SAEC. (A-a) SAEC before reprogramming. (A-b) SAEC 6

days after transduction with STEMCCA. (A-c) Emergence of Lu-iPSC colonies after 10-15
days of reprogramming. (A-d) Lu-iPSC in ES cell medium after 20 days of reprogramming.

(A-e) Lu-iPSC colonies before dissociation after 25 days of reprogramming. (A-f)
Established Lu-iPSC. (A-g) Non-transduced SAEC cultured for 30 days in reprogramming
medium. (B) Immunofluorescence analysis of SSEA-3, SSEA-4, TRA-1-60, and TRA-1-81

expression in Lu-iPSC6 relative to SAEC. Scale bars, 100um. (C) gRT-PCR analysis of
stemness-associated genes in Lu-iPSC6, Lu-iPSC7 and SAEC. ND1.2 was used as a positive
control. (D) Immunoblot analysis of pluripotency-related proteins in Lu-iPSCs, SAEC and

ND1.2. B-actin was used as a control. (E) RT-PCR analysis of OCT4, SOX2, KLF4and C-
MYCtransgenes in SAEC 6 days after transduction with STEMCCA, and Lu-iPSC.
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Figure 2.

Characterization of Lu-iPSC. (A; left upper panel) Summary of xenograft experiments.
Tumors were observed following inoculation with Lu-iPSC but not parental SAEC. (A; right
upper panel) Representative photograph of teratoma formation by Lu-iPSC6. A, lower
panel) Hematoxylin and eosin staining of teratomas derived from Lu-iPSC6 demonstrating
ectoderm (neural tissues), mesoderm (cartilage and skeletal tissues) and endoderm (kidney
and intestinal tissues). (B) Immunofluorescence staining for different germ layer markers in
Lu-iPSC6-derived teratomas (Bl11 tubulin for ectoderm, a-smooth muscle actin (a-SMA)
for mesoderm, and a-fetoprotein for endoderm). Scale bars, 100um. (C) gRT-PCR analysis
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of NY-ESO-1, MAGE-A1, and MAGE-A3expression in Lu-iPSC and SAEC (left panel).
qChlIP analysis of H3K27me3 and H3K4me3 levels within the NY-ESO-1, MAGE-A1 and
MAGE-A3 promoters (right panel). (D/E) Pyrosequencing (left panel) and ChIP-seq
analysis (right panel) demonstrating that MANOG (D) and OCT4 (E) promoters are
hypomethylated with increased H3K4me3 levels in Lu-iPSC. U: unmethylated, M:
methylated.

Cancer Res. Author manuscript; available in PMC 2018 November 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Shukla et al.

Figure 3.

>
Frequency 3
()]

i

B_var>0.1_9928 targets

o |

- mLu-PSC6 ['
'v W Lu-iPSC7

Page 21

0.006 0.958
B Targets on body with var>0.01 (33504)
8021 0.8
5 = 1
5 WSAEC
= B Lu-PSC6 &
2 W Lu-iPSC7 &
42 | L~ = >
0.003 0.965 0 SAEC 08
Targets on promoter regions with var>0.01 (31433)
5680 — 0.8
>
g SAEC
El % mLuiPSCe 3
] A% mLu-iPsC7 & -
w o i
/1/ 1‘
8 = ] 4
0 0.961 0
D T 1 island with 0.01 (13543
>
1873 arge;on island with var: 0 ( )
% A \
o
S SEEE) m SAEC
g 1 1| W LuiPSCe §
z | | = ﬁ W Lu-iPSC7 & -
55— = % :
. 0 0.966 0 SAE 08
All targets on island and promoter both with var>0.01 (4141)
860 [y 08 — "
S m SAEC
3 4 mLuiPSC6 3
2 Zi%] mLuiPsSC7 &
5 1 3
0 0.8
Var>0.01 (20769)
3886 |
g
SAEC I ¢
Lu-iPSC6 M 3
Lu-iPSC7 B @ i 7
=) w 7 En A I = g
. 56 1/ .
0 0.998 0.003 0.966
G CHH B value distribution (2994 total)
2167 [ERa| | | 941 .
| )
§ | 3IES. : SAECI§ PR
g | W Somatic | |,ipscemg |\
g RS |uiPsCcTmME [Tz
£ SEEEs: [ A
= T =
0 1.0 0 1.0

DNA methylation array analysis of Lu-iPSC and SAEC. (A) Unsupervised analysis of beta
value distribution for targets with variance greater than 0.1 as specified. DNA methylation
profiling for targets on body (B), on promoters (C), in islands (D) and collectively in islands
and promoters (E) demonstrating hypermethylation in Lu-iPSCs relative to parental SAEC.
DNA methylation changes in Lu-iPSC are similar to those observed following analysis of a
public database. (F) Unsupervised analysis of beta value distribution for CpG targets with
variance greater than 0.01 from downloaded dataset of GSE31848 (left panel) and the
corresponding beta value distribution of the same targets in our dataset (right panel). (G)
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Beta value distributions of all 2994 CHH targets designed on the H450K methylation array
from downloaded data set (GSE31848, left panel) and our dataset (right panel).
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Figure 4.

PRC2 genes are upregulated and tumor suppressors are downregulated in Lu-iPSC relative
to SAEC. *P<0.05. (A) gRT-PCR analysis demonstrating upregulation of £ZH2, EED and
SUZ12in Lu-iPSC relative to SAEC. (B) Immunoblot analysis of EZH2, EED and SUZ12
in Lu-iPSC and SAEC. (C) qRT-PCR analysis of DKK1, CDKN1A (p21), and CDKNZ2A
(p16)in Lu-iPSC and SAEC. (D) Immunoblot analysis of DKK1, CDKN1A and CDKN2A
expression in Lu-iPSC and SAEC. (E) Representative comparison of DNA methylation array
and RNA-seq analysis of PRC2 targets in Lu-iPSC compared to parental SAEC.
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showing overlap of genes between Lu-iPSC6 and 7 relative to SAEC (RNA-seq after
normalizing read counts (log2/million)). (B) Upon more in-depth analysis, 1851 genes were
altered in Lu-iPSC compared to SAEC. (C) Circos plot showing over-expression of ASXL3
in Lu-iPSC, which is represented by red line. (D) Normalized RNA read counts for ASXL3
in Lu-iPSC and SAEC. (E) Histone modifications peak read counts of for H3K4me3 (left)
and H3K27me3 (right) within the ASXL3 promoter. (F) gRT-PCR and immunoblot showing
over-expression of ASXL3in Lu-iPSC (left) and their teratomas (right). *P<0.05. (G)
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Validation of ASXL3shRNA lentiviral particles showing reduction of ASXL3expression at
transcriptional and protein levels. (H) Knockdown of ASXL3reduces growth and alters
morphology of Lu-iPSC7. (1) Effects of ASXL3knockdown on soft agar colony formation
by Lu-iPSC7. (J) Results of tumorigenicity assays demonstrating that knockdown of ASXL3
decreases number and size of teratomas induced by Lu-iPSC7 in SCID mice. *P<0.05.
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Figure6.

ASXL3is an oncogene in SCLC. *P<0.05. (A) gRT-PCR and immunoblot analyses of
ASXL3expression in lung cancer lines and primary or immortalized respiratory epithelial
cells. (B/C) IHC analysis demonstrating higher nuclear expression of ASXL3 in SCLC
relative to NSCLC or normal lung. (D) Effects of lentiviral knockdown of ASXL3on

ASXL3mRNA and protein levels in H69 cells. (E) Effects of ASXL3knockdown on soft

1duosnue Joyiny

agar clonogenicity of H69 cells. (F/G) Effects of ASXL3knockdown on growth (F) and
weight (G) of H69 xenografts in athymic nude mice. Scale bars, 100um. (H) Correlation of
genomic copy numbers of ASXL3by CGH array with ASXL3mRNA expression levels by
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gRT-PCR. A significant correlation was observed for genomic copy number and ASXL3
expression levels in SCLC lines, suggesting a direct effect of gene copy on relative message
levels (R = 0.78420, P = 0.007). Upregulation of ASXL3in Lu-iPSC was not associated
with an increase in genomic copy number.
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