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Abstract

Background: Eukaryotic histone methyltransferases 2 (EHMT2 or G9A) has been regarded as a potential target for
non-small cell lung cancer (NSCLC) therapy. This study investigated the regulatory roles of G9A in tumorigenesis
and stemness in NSCLC. We isolated and enriched tumor-initiating cells (TIC) from surgically resected NSCLC tissues
by FACS and sphere formation assays. We then knocked down G9A using shRNA and carried out genome-wide
850K methylation array and RNA sequencing analyses. We carried out in vivo tumorigenecity asssay using mice
xenografts and examined GOA interactions with its novel target using chromatin Immunoprecipitation (ChIP).

Results: We identified 67 genes hypomethylated and 143 genes upregulated following G9A knockdown of which
43 genes were both hypomethylated and upregulated. We selected six genes (CDYL2, DPP4, SP5, FOXP1, STAMBPLI,
and ROBOT) for validation. In addition, G9A expression was higher in TICs and targeting G9a by shRNA knockdown
or by selective inhibitor UNC0642 significantly inhibited the expression of cancer stem cell markers and sphere
forming capacity, in vitro proliferation, and in vivo growth. Further, transient overexpression of FOXP1, a protein
may promote normal stem cell differentiation, in TICs resulted in downregulation of stem cell markers and sphere
forming capacity and cell proliferation in vitro indicating that the genes we identified are directly regulated by G9A
through aberrant DNA methylation and subsequent expression. Similarly, ChIP assay has shown that G9a interacts
with its target genes through H3K9me2 and downregulation of H3K9me?2 following G9a knockdown disrupts its
interaction with its target genes.

Conclusions: These data suggest that G9A is involved in lung cancer stemness through epigenetic mechanisms of
maintaining DNA methylation of multiple lung cancer stem cell genes and their expression. Further, targeting GOA
or its downstream genes could be a novel therapeutic approach in treating NSCLC patients.
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Background

Lung cancer is a leading cause of cancer death in men
and women in the USA and worldwide [1]. Non-small
cell lung cancer (NSCLC) accounts for 85% of lung can-
cer cases [2, 3]. There have been important advances in
lung cancer therapy, including targeted therapies and
immunotherapy; however, resistance to therapy inevit-
ably develops and new therapies are desperately needed
[4]. Although the 5-year survival for NSCLC has incre-
mentally improved recently, it remains only 18% [5, 6].
Previous comprehensive studies on lung tumors have re-
ported driver mutations, aberration in RNA transcript,
and key pathways, of which a number of such alterations
were targetable for therapies [4, 7, 8]. One of the domin-
ant mechanisms responsible for cancer therapy resist-
ance is epigenetic-mediated heterogeneity of cancer cell
populations, which may be pre-existing or acquired with
cancer therapy, and leads to expansion of cancer cell
populations that are drug tolerant [9]. Although there
has been promising clinical data on use of epigenetic
therapies in patients with NSCLC, use of epigenetic
therapies has been limited by their relative non-
specificity which has led to toxicities [9]. The develop-
ment of therapies targeting specific epigenetic changes
holds promise as a new category of treatments for
NSCLC alone or in combination with other treatments
to overcome drug resistance [10].

Epigenetic plasticity is one of the hallmarks of cancer
playing a profound role on tumor initiation and progres-
sion [11]. Epigenetic regulations based on DNA methyla-
tion, non-coding RNAs, chromatin remodeling, and
post-translational modifications play a crucial role on
lung cancer tumorigenesis [12]. DNA methylation and
subsequent silencing of tumor suppressor genes through
their CpG island promoter methylation has been a crit-
ical component in initiation and progression of lung
tumor initiation and progression [13]. In addition to
DNA hypermethylation of various genes, epigenetic dys-
regulation of DNA methyltransferases, chromatin re-
modeling enzymes, microRNAs, and histone-modifying
complexes are reported in initiation and progression of
lung cancer [14]. Furthermore, lung cancer exhibits het-
erogeneity in methylation in genome-wide level correlat-
ing to their inverse expression status that shows the
methylation is an important component of tumor het-
erogeneity [15]. DNA methylation occurrences of indi-
vidual histone modifications at global level is also
associated with cancer as well as clinical outcome of pa-
tients [16]. Due the reversible nature of the epigenetics
marks, tumors that show altered epigenome profiling
could be targeted by the therapies that may restore the
global epigenetic alterations [17].

Cancer stem cells (CSCs) comprised of a cell popula-
tion in tumor contributing to intratumoral heterogeneity
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that is a major hurdle in treating cancer [18]. CSCs ex-
hibit higher tumor-initiating capacity and are capable of
recapitulate the heterogeneity of the parent tumors [19].
Moreover, a tumor consists of subsets of CSCs that has
varying properties including therapy resistance, relapse,
migratory, invasive and metastatic phenotypes, and
epithelial-mesenchymal transition [20]. In addition,
CSCs confers resistance to conventional chemotherapy
and the conventional chemotherapeutic treatment fur-
ther enriches CSCs and increased tumor burdens [21,
22]. Similarly, the residual population of tumor cells that
resulted from chemotherapeutic treatment is enriched in
CSCs capable of tumor relapse [23]. Epigenetic repro-
gramming plays a crucial role in carcinogenesis through
CSCs and targeting these epigenetic aberrations could
help in reducing tumor relapse and improve patients
survival [24]. Therefore, targeting epigenetic modifiers in
CSCs to modulate cancer microenvironment niche and
signaling pathways as well as to correct epigenetic le-
sions is an important therapeutic strategy to treat can-
cers [11, 25].

G9a (also known as EHMT?2) is a histone methyl-
transferases localized in euchromatin region that has a
primary role in mediating mono- and dimethylation of
H3K9, ie., H3K9Mel and H3K9Me2 [26]. Previous
studies have reported that G9A is overexpressed in a
number of cancers, and its overexpression is found to
be associated with enhanced proliferation and metasta-
sis [27, 28]. Previous study has shown that G9A exhib-
ited its oncogenic function by dysregulating cellular
iron hemostasis in breast cancer [29], epigenetically
regulating metastatic genes in hypoxic condition in
ovarian cancer [30], inducing angiogenic factors to pro-
mote angiogenesis in cervical cancer [31], modulating
genes associated with DNA replication and RNA pro-
cessing in hepatocellular carcinoma [32], sensitizing gli-
oma cells for temozolomide (TMZ) when glioma cells
were treated by G9a inhibitor [33], inhibiting cell prolif-
erations in biliary tract cancer (BTC) cells [34], and
urinary bladder cancer (UBC) cells [35] when treated
with G9A inhibitor. It is evident that G9A cross talks
with DNA methylation machinery to contribute to
DNA methylation changes in cancers. In our previous
study, we showed that G9A epigenetically regulates
APC2 and HPla through DNA methylation in NSCLC
and its downregulation decreases cell proliferations and
xenograft tumor growth in vivo [36].

In this study, we investigated the role of G9A in
stemness and tumor initiation through genome-wide epi-
genetic reprogramming in using patient-derived tumor-
initiating cells in NSCLC. We have identified novel genes
regulated by G9A through DNA methylation alterations
that could be important downstream targets of G9A and
could be used for therapeutic interventions.
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Results

G9A is highly expressed in CD133" cells compared to
CD133" cells in patient-derived TICs in non-small cell lung
cancer

In order to investigate the role of G9A in TICs in lung
cancer, we first isolated the cancer stem cell population
and enriched a cancer cell subpopulation further from
five primary lung adenocarcinoma tissues in serum-free
medium for tumorsphere culture. The patient-derived
tumorsphere isolated and grown in culture are shown in
Supplementary Figure 1A. We examined a basal level of
G9A expression and H3K9Me2 in these five patient-
derived tumorspheres (Fig. 1a). The TICs were further
sorted for CD133, one of the most widely used stem cell
markers in order to enrich TICs with stem cells, and
their CD133 expression-level was determined by West-
ern blot (Fig. 1b, Supplementary Figure 1C). We ob-
served that the CD133" cells have higher levels of G9A
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expression compared to CD133" cells (Fig. 1b, Supple-
mentary Figure 1C). In addition, CD133" cells have
increased sphere-forming capacity compared to CD133"
cells (Supplementary Figure 1B).

We carried out stable knockdown of G9A using
shRNAj, and found that G9A knockdown resulted in de-
creased CD133 expression and H3K9Me2 compared to
its control (Fig. 1c, Supplementary Figure 1D-E). Fur-
ther, we carried out sphere forming and cell proliferation
assay. As shown in Fig. 1d, the two TICs (LCSC1 and
LCSC4) knocked down with G9A showed decreased
sphere-forming capacity compared to their control. Con-
sistent with this finding, cells knocked down with G9A
also had decreased cell proliferation (Fig. 1le). Further,
we treated TICs cells with a selective G9A inhibitor
UNCO0642 [37]. The cells treated with UNC0642 showed
decreased sphere forming and proliferation capacity (Fig.
1f, g). Cell proliferation capacity of TICs was also
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Fig. 1 Targeting G9A decreased stemness and in vitro cell proliferation of tumor initiating cells (TICs) derived from NSCLC patients. a Basal level
of GOA expression and corresponding H3K9Me?2 level in tumor spheres of tumor-initiating cells (TICs) isolated from primary non-small lung cancer
tissues determined by western blot. b G9A expression in FACS-sorted CD133" and CD133™ cells in two TICs. ¢ Expression level of CD133, and
H3KOMe2 following G9A knockdown are shown. GOA knockdown resulted in decreased sphere forming (10X magnification) (d), and cell
proliferation capacity (e) of TICs in vitro. Treatment of TICs with G9A inhibitor UNC0642 resulted in decreased sphere forming (x 10 magnification)
() and cell proliferation (g) capacity in vitro. (For t test: *P < 0.05, **P < .01, and ***P < 0.001)
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determined by measuring optical density of cells after
treating cells for 72 h (Supplementary Figure 1E).

G9A contributes to genome-wide DNA methylome and
transcriptome changes in patient-derived TICs in non-
small cell lung cancer

G9A interacts with DNA methylation machinery to
regulate DNA methylation in cancers [38]. We have pre-
viously shown that APC2 promoter was methylated in
control, whereas it was hypomethylated in lung cancer
cell lines (H1299) that was treated with UNC0642 [36].
In order to investigate the roles of G9A in maintaining
genome-wide DNA methylation level, we carried out
genome-wide methylation analyses using HumanMethy-
lation Epitect 850K array (850K-array) using genomic
DNA from two patient-derived TICs (LCSCl and
LCSC4). The 850K array data analyses showed genome-
wide methylation changes following G9A knockdown in
LCSC1 and LCSC4 (Fig. 2a). First, we carried out un-
supervised clustering of 850K data between control cells
and knocked down cells in LCSC1 and LCSC4 (Supple-
mentary Figure 2A, 2B). We further refined out genes
based on methylation CpGs that had f value of > 0.35 as
methylated and < 0.35 as unmethylated with p value dif-
ference of > 0.15 between them. We identified 104 genes
in LCSC1 and 125 genes in LCSC4 that were hyper-
methylated following G9A knockdown compared to con-
trol, of which 33 genes were hypermethylated in both
samples (Fig. 2b). Thus, 71 hypermethylated genes were
unique to LCSC1, whereas 92 hypermethylated genes
were unique to LCSC4. We identified 591 hypomethy-
lated genes in LCSC1 and 403 hypomethylated genes in
LCSC4 following G9A knockdown, and 67 genes were
hypomethylated in both samples (Fig. 2b). Thus, 524
hypomethylated genes were unique to LCSC1, whereas
336 hypomethylated genes were unique to LCSC4.

In addition, our RNA sequencing data analyses showed
genome-wide transcriptome changes following G9A
knockdown in LCSC1 and LCSC4 (Fig. 2¢). The data ana-
lyses resulted in 666 genes upregulated in LCSC1 and 519
genes upregulated in LCSC4, of which, 193 genes were
common between them (Fig. 2d). Thus, our data resulted
in 473 upregulated genes unique to LCSC1 and 326 up-
regulated genes unique to LCSC4. Similarly, of 302 and
331 genes downregulated in LCSC1 and LCSC4 respect-
ively, of which 64 genes were commonly downregulated in
both samples (Fig. 2d). Thus, 238 genes were downregu-
lated uniquely in LCSC1 and 267 were downregulated
uniquely in LCSC4. In order to identify novel genes that
were methylated and silenced in TICs due G9A expres-
sion, we further carried out methylation-expression cor-
relation from the set of 67 genes that were commonly
hypomethylated and the set of 64 genes that were com-
monly upregulated in LCSC1 and LCSC4. This resulted in
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43 genes that were hypomethylated and upregulated com-
monly in LCSC1 and LCSC4 (Fig. 2e). The methylation
profiling of these genes are given in Supplementary Figure
2C. We choose our top 6 candidates based on their beta
values differences (for methylation, Fig. 2f) and fold
change of at least 2.5 between shCtrl and shG9A (Fig. 2g),
biological function, and novelty. Therefore, our analyses
identified novel candidate genes that are associated with
stemness, and epigenetic regulation in lung cancer. Figure
2 f and g showed the methylation and expression profiling
of selected six genes (SP5, FOXP1, ROBO1, DPP4, CDYL2,
and STAMBPLI). These genes were hypomethylated and
upregulated following G9A knockdown commonly be-
tween the two TICs (LCSC1 and LCSC4) compared to
their controls.

The genes regulated by G9A through methylation are
involved in biological processes, pathways, and clinical
prognosis of patients

We carried out experimental validation of methylation
status of our candidate genes using bisulphite sequen-
cing (Fig. 3a, b and Supplementary Figure 3A and B).
Bisulphite sequencing was carried out on promoter re-
gion or on a region around the differentially methylated
CpG loci of the genes identified through 850K-array data
analyses. The bisulphite converted samples (shCtrl vs.
shG9A) amplified using semi-nested CoBRA (combined
bisulphite and restriction analyses) PCR primers
designed either on a promoter region or on a region
around the differentially methylated CpG loci of candi-
date genes. The PCR-amplified DNA samples were puri-
fied and sequenced. The methylation level was
determined by measuring methylation index (MI) be-
tween control samples and knocked down samples. MI
is measured by calculating the ratio of methylated CpG
(CG in the sequence is considered methylated and TG
in the sequence is considered unmethylated) and the
total number of CpG loci from the PCR amplified of re-
spective genes. Our data shows that knockdown of G9A
resulted in hypomethylation (decreased level of DNA
methylation) of promoter of FOXPI (Fig. 3a, b), and SP5
(Supplementary Figure 3B) in LCSC1 and LCSC4. Simi-
larly, we carried out Western blot to examine expression
of protein products of our candidate genes after G9A
knockdown (Fig. 3c, left panel and Supplementary Figure
4) and after treatment with G9A inhibitor UNC0642
(Fig. 3¢, right panel and Supplementary Figure 4). We
identified that the hypomethylated genes (those with
lower MI) were correlated inversely to their expression.
Further, we examined wether the genes that are silenced
in TICs by G9A through DNA methylation are also as-
sociated with biological processes and pathways. The da-
tabases for annotation, visualization, and integrated
discovery (DAVID) [39] analyses on 992 genes (473
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Fig. 2 Impact of G9a knockdown on genome-wide methylome and transcriptome changes in patient derived TICs from NSCLC. Genome-wide
methylation profiling (850K methylation array) of TICs, i.e, LCSC1 and LCSC4 to examine genes hypermethylated or hypomethylated following
G9A knockdown as shown by clustering analysis (red-colored for hypermethylated, green-colored for hypomethylated) (a), G9A knockdown
shows that a number of genes are commonly hypomethylated or are hypermethylated between LCSC1 and LCSC4, (b). ¢ RNA sequencing from
the TICs (LCSC1 and LCSC4) knocked down with G9A and their controls from LCSC1 and 4 shows that a number of genes are either upregulated
(red-colored) or downregulated (green-colored) both in LCSCT and LCSC4. d A number genes following G9A knockdown were also commonly
downregulated or upregulated between LCSC1 and LCSC4. e Of 197 upregulated genes and 67 hypomethylated genes following G9A
knockdown, 43 genes were common (whose methylation inversely correlates to their expression) and six genes CDYL2, DPP4, SP5, STAMBPLI,
FOXP1, ROBOT were selected for downstream analyses. f Methylation (3 value) obtained from 850K array and g mRNA expression (fold change)
level of individual candidate genes obtained from RNA sequencing . (For t test: *P < 0.05, **P < .01, and ***P < 0.001)
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LCSC1, 326 in LCSC4 and 193 in common between
them, refer to Fig. 3d) that were hypomethylated showed
that the genes are associated with important biological
processes and pathways. Among the six candidate genes,
three genes (FOXPI, ROBO1, and DPP4) were associated

with the biological processes and pathways identified
through DAVID analyses (Fig. 3d).

In addition, our analyses on lung cancer databases
using KM plotter tool [40] showed the higher expression
of these genes correlate to better survival of lung cancer
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are upregulated following G9A knockdown. Three genes FOXP1, DPP4, and

and their biological roles and clinical significance in NSCLC. a Methylation status of FOXP1 in TICs (LCSCT and LCSC4) following G9A knockdown
compared to their control as determined by Bisulphite PCR Sequencing (BS), chromatograms for the representative CpG dimers, and the
methylation status (the red circles represent for methylated and the green circles represent for unmethylated CpG dimers) of the FOXP1 gene
CpG dimers in TICs. The upper panel of chromatogram is for cancer cells transfected with control shRNA, the middle and lower panels are for
TICs transfected with G9a shRNA. b Chromatogram of BS (as a representative example). ¢ The protein encoded by genes methylated and silenced
by G9A are upregulated following GOA knockdown (left panel) and treatment of TICs by G9A inhibitor UNC0642 resulted in increased expression
of these proteins (CDYL2, DPP4, SP5, STAMBPL1, FOXP1 and ROBO1). d Biological processes and pathways which are generated from the genes that

Kaplan-Meier survival analysis of mRNA expression data of lung cancer indicates that high-expression of six candidate genes (CDYL2, DPP4, SP5,
STAMBPL1, FOXP1, ROBOT) combined or f each individual gene (e.g,, FOXP1) correlates to better clinical outcomes of patients in cancers (For both
e and f, n = number of patients whose mRNA for respective genes were used for Kaplan-Meier analyses)

T T T

20 40 60
Survival (months)

DNA methylation and expression changes following G9A knockdown

ROBOT are associated with biological processes/pathways as shown. e

patients (Fig. 3e, Supplementary Figure 5). Further, our
combined prognosis showed that the combined high ex-
pression of SP5, FOXPI, ROBOI, DPP4, CDYL2, and
STAMBPLI is associated to patients’ better clinical prog-
nosis of patients with lung cancer (Fig. 3f).

G9K knockdown resulted in suppressed xenograft tumor

growth in vivo and increase expression of its target genes
We examined in vivo tumor growth of TICs following G9A
knockdown. We implanted 100K TICs subcutaneously to
examine xenograft tumors in mice. Compared to the control
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TICs (scrambled shRNAi), TICs knocked down with G9A
significantly inhibited xenograft’s tumor growth. The tumor
size was measured each week and pattern of tumor growth
was recorded. The average tumor size in the mice injected
with knocked down cells was significantly lower than the
mice injected with control cells 6 weeks after the implant-
ation both in LCSC1 (Fig. 4a) and for LCSC4 and (Fig. 4c¢).
Moreover, the tumor weight in mice injected with knocked
down cells was significantly lower than the tumor weight in
the mice injected with control cells in LCSC1 (Fig. 4b) and
LCSC4 (Fig. 4d). Further, immunohistochemistry (IHC) was
used to determine the expression of target proteins from the
xenograft tissues. IHC data showed that the mouse xenograft
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tissues have decreased level of H3K9Me2 protein and in-
creased level of SP5 and FOXP1 both in LCSC1 and LCSC4
(Fig. 4e, Supplementary Table 4). Consistent with our in vitro
data, G9A knocked down significantly restored the expres-
sion of G9A target genes from xenograft tissues which indi-
cates that G9A contributes to DNA methylation and
silencing of its target genes.

G9K inhibitor UNC0642 resulted in suppressed xenograft
tumor growth in vivo and increased expression of its
target genes

We examined anti-tumor effect of the G9A inhibitor
UNCO0642 in mouse xenograft models from two TICs
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Fig. 4 Knockdown of G9A in TICs (LCSC1 and LCSC4) strongly suppressed tumor growth in vivo. a Knockdown of G9A in LCSCT significantly
inhibited the tumor growth in mouse xenografts as shown in growth curves (left panel) and as resected tumors (four replicates for control and
five replicates for knockdown, right panel). b Measurement of tumor weight (*P < 0.05 control vs. knocked down) shows the suppression of
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expression (for validation of its knockdown) and H3K9Me?2 level and increased expression of FOXP1 and SP5 both in LCSCT and LCSC4 (x 20
magnification). (For t test: *P < 0.05, **P < 0.01, and ***P < 0.001)
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(LCSC2 and LCSC4) and investigated the therapeutic ef-
ficacy of G9A inhibitor UNC0642 [37]. The spheres
from LCSC2 and LCSC4 were split into single cells sus-
pensions and 100,000 cells each from these TICs were
injected subcutaneously to establish xenograft tumors in
mice. For treatment, intraperitoneal (IP) injection was
carried out. Treatment with UNC0642 injected at the
dose of 10 mg/kg suppressed xenograft tumor growth in
LCSC2 (Fig. 5a, b) and significantly supressed the
growth in LCSC4 (Fig. 5¢, d). The injection was started
after 2 weeks of cells implantation and the tumor size
was monitored every week. The average tumor size and
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weight of tumors in the mice treated with UNC0642 was
lower than the mice treated with vehicle control. These
results suggest that the UNC0642 inhibits tumor growth
in a mice xenograft model. In addition, the xenograft tis-
sues were fixed and analyzed by IHC to investigate if
UNCO0642 treatment in vivo results in upregulation of
CDYL2, DPP4, FOXP1, STAMBPL1, ROBO1, and SP5
that are downregulated by G9A. Consistent with our
in vitro data and in vivo knockdown findings, treatment
with UNC0642 strongly decreased the level of H3K9Me2
methylation and increased the expression of SP5 and
FOXPI (Fig. 5e).
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Combined treatment of lung TICs with UNC0642 and 5-
aza-2'-DC resulted in synergistic effects on suppression of
sphere forming and cell proliferation capacity of TICs

in vitro

We treated LCSC4 and LCSC5 with a combination of
UNCO0642 with 5-aza-2'-DC in order to investigate
the synergistic effects on sphere forming and cell pro-
liferation capacity of TICs as well as expression of
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GY9a target genes. Compared to control cells, treat-
ment of cells with 5-aza-2"-DC or UNC0642 alone re-
sulted in decreased sphere-forming and cell-
proliferating capacity of TICs (Fig. 6a, b). In addition,
with a combination of 5-aza-2’-DC and UNC0642 re-
sulted in more decreased sphere-forming and cell-
proliferating capacity of TICs compared to control or
treatments by 5-aza-2'-DC or UNCO0642 alone (Fig.
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6a, b). Similarly, treatment of TICs by 5-aza-2'-DC,
UNCO0642, or treatment with combination of 5-aza-
2'-DC and UNCO0642 resulted in G9a target genes ex-
pression at mRNA level as determined by qRT PCR
(Fig. 6¢, Supplementary Figure 6A-C). Our data shows
that combined treatment with 5-aza-2’-DC and
UNCO0642 resulted in higher level of re-expression of
G9a target genes compared to individual treatment by
5-aza-2'-DC or UNC0642.

Chromatin immunoprecipitation assay shows that G9A
interacts indirectly with the promoter of its putative
target genes through H3K9me2

We performed chromatin immunoprecipitation (ChIP)
using anti-H3K9me2 antibody followed by quantitative
PCR using LCSC4 cells stably transfected with shCtrl
and shG9a in order to examine interaction of G9a with
its target genes. Our data shows that there is a specific
dis-enrichment on promoter of FOXP1, SP5, ROBOI,
CDYL2, and DPP4 (Fig. 6d, Supplementary Figure 6D, E)
from control (shCtrl) cells but not in shG9A cells. These
data suggests that G9a interacts with its target genes
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through H3K9me2 and downregulation of H3K9me?2 fol-
lowing G9a knockdown disrupts its interaction.

Overexpression of G9A target gene FOXP1 resulted in
decreased sphere-forming and proliferation capacity of
TICs in vitro and downregulation of stem cells
markers

In order to investigate the role of the genes we identified
on stemness and tumor growth, we intended to carry
out functional validation of one of our G9A target genes
in vitro. Carrying out functional validation of all of our
target genes was beyond the scope of this manuscript;
therefore, we chose FOXP1, a classical transcriptional
factor and overexpressed it in three TICs (LCSC2,
LCSC4, and LCSC5). After 48 h of overexpression of
FOXP1, sphere-forming capacity (Fig. 7a) and in vitro
growth (cell proliferation) of TICs (Fig. 7b) were de-
creased. Similarly, FOXP1 overexpression resulted in de-
crease in H3K9Me2 level and downregulation of three
stem cell markers CD44, CD133, and ALDHI1A3 in
LCSC2, LCSC4, and LCSC5 (Fig. 7¢, Supplementary Fig-
ure 7). These data shows that FOXPI functions as a
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tumor suppressor gene in NSCLC and is downregulated
by G9A through DNA hypermethylation.

Discussion

In this study, we investigated the role of G9A in stem-
ness and tumorigenicity in NSCLC by examining
genome-wide methylome and transcriptome changes fol-
lowing G9A knockdown in patient-derived TICs. Our
data showed that G9A is upregulated in CD133" cells
compared to CD133" cells from patient-derived TICs,
and knocking down G9A downregulated CD133 in these
cells. In addition, G9A knockdown resulted in decrease
in both the proliferation and sphere-forming capacity of
TICs. Similarly, treating the cells with the G9A inhibitor
UNCO0642 decreased CD133 expression as well as prolif-
eration and sphere-forming capacity of TICs. These data
are also consistent with our previous finding that G9A
depletion downregulated the proliferation capacity of
lung cancer cells [36].

Furthermore, we employed a novel approach to carry
out genome-wide methylation and expression analyses
in NSCLC TICs before and after G9A knockdown to de-
termine the effects of G9a depletion on methylation-
regulated gene expression. This study has identified a
number of novel genes which are either upregulated or
downregulated following G9A knockdown. In this study,
we focused on those genes that were hypermethylated
and upregulated when G9A was knockdown in TICs.
Our genome-wide screening including methylation and
expression correlation identified six genes; CDYL2,
DPP4, SP5, FOXP1, STAMBPLI, and ROBOI that were
both upregulated and hypomethylation following G9A
knockdown, which we then validated for downstream
analyses. Due to the DNA hypomethylation and subse-
quent overexpression of these genes following G9A
knockdown, we hypothesized that these genes have
tumor suppressor function in NSCLC that is regulated
by G9a. In addition to experimental validation of methy-
lation and expression level of these genes in TICs
knocked down with G9A and their controls, we treated
the TICs with G9A inhibitor UNC0642 and examined
the expression of G9A target we identified. Consistent
with our DNA methylation and RNA sequencing data,
these genes were upregulated after treating cells for 72
h. The hypomethylation and subsequent upregulation of
these genes following G9A depletion support the notion
that G9A is an important regulator of DNA methylation
of TICs in NSCLC through cross-talk with DNA methy-
lation machinery.

Previous studies have reported that G9A coordinates
DNA methylation by direct interaction with DNA
methyltransferaase-1 (DNMT1) through H3K9me2
where G9a mediates H3K9me2 that helps to co-localize
DNMT1land G9a during replication and cell division
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[38]. Genome-wide methylation analyses have been
widely used to identify epigenetically dysregulated mul-
tiple genes in lung cancers [41, 42]. Similarly, the role of
GYa in mediating H3K9me2 has been widely reported in
previous studies [27, 36]. In this study, we have utilized
a novel approach to elucidate DNA methylation repro-
gramming in TICs through histone methylation machin-
ery or G9a. Reactivating epigenetically dysregulated
genes through DNA methylation has been challenging
due to the nonspecific nature of DNA methylation in-
hibitor such as 5-aza-2’-DC. This study has identified
novel and common targets for both DNMT1 and G9a.
Re-expression of G9a target genes through combined
treatment of G9a inhibitor and 5-aza-2'-DC may indi-
cate that a histone methylation and DNA methylation
crosstalk could possibly be utilized for therapeutic pur-
poses. Moreover, interaction of G9a with its target genes
through H3K9me2 as shown through our chromatin im-
munoprecipitation data may indicate that these novel
genes we identified could be used as therapeutic targets
alone or in combination with G9ai and DNMTi. How-
ever, further mechanistic, functional, and therapeutic
studies are necessary to investigate if these targets genes
could be used as effective therapy for NSCLC. The genes
we identified and validated are known cancer-related
genes. Roundabout guidance receptor 1 (ROBO1), a
transmembrane protein encodes protein that functions
as a receptor for SLIT1, which together as a complex
form an important regulator of Slit-Robo signaling path-
ways. Slit-Robo pathway has been associated with cancer
development and metastasis [43, 44]. Previous studies
have shown that ROBOL1 is epigenetically silenced by
promoter hypermethylation in breast, lung, and renal
cancers [45]. Also, ROBO1 deletion is reported as one of
the molecular alterations in small cell lung cancer, and
SLIT-ROBO pathway genes are frequently altered and
epigenetically regulated in breast, pancreas, and cervical
cancers [46—-49].

SP5, a transcription factor, is expressed predominantly
in gastrodermal epithelial stem cells and maintains self-
renewal of embryonic and neuromesodermal stem cells
[50-52]. It is a target for WNT/B-catenin signaling and
its regulation is maintained by WNT/[B-catenin feedback
loop [50]. In colorectal carcinoma cell lines (HCT1116),
SP5 inhibits cell growth by upregulating P27, another
tumor suppressor gene [53]. Previous studies reported
genome-wide binding of SP5 on selected locations which
is activated in normal stem-like cells, which however,
contributes termination of transcriptional programs reg-
ulated by WNT signaling as feedback loop mechanism
[54, 55]. Similarly, dipeptidyl peptidase 4 (DPP4), also
known as CD26, is a cell surface glycoprotein having a
role on T cell stimulation [56]. DPP4 regulates activities
of various biomolecules such as cytokines and
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chemokines hence showing a dual roles as both tumor
suppressor and activator in various cancers [57]. DPP4
overexpression is linked to prolonged survival of patients
with mesothelioma, is hypermethylated and downregu-
lated in cervical cancer, and seems to be regulated by C-
myc in colon cancer [58—60].

Chromodomain Y like 2 (CDYL2) is a member of
CDY-related mammalian gene family [61]. CDYL2 is re-
ported to be a binding partner of H3K9Me3 in mouse
embryonic stem cells (mESCs) associated with cancer
and genomic stability [62]. Interestingly, CDYL2 has also
been reported as a binding partner for methylated
ARK(S/T) motif found in linker histone H1.4 and his-
tone methyltransferases G9A [63].

Forkhead Box P1 (FOXP1) belongs to the forkhead
box transcription factor family, and has known to have
dual roles as a tumor suppressor gene and as an onco-
gene in multiple cancer types [64, 65]. FOXP1 deletions
are found in squamous cell carcinomas of the lung, and
expression of FOXP1 is associated with breast cancer de-
velopment in poor prognosis in patients [4, 64, 66]. In
addition, FOXP1 has been identified as a critical effector
of PRMT5, an arginine methyltransferases regulating
proliferation and self-renewal of breast cancer stem cells
through a mechanism in which arginine PRMT5 recruit-
ment to FOXP1 promoter facilitates H3K4me3 and
H3R2me2 as well as SET1 recruitment [67]. Similarly,
FOXP1 is associated with HIFs and androgen receptor
(AR) in prostate cancer and downregulates AR-induced
transcriptional activities and histone modifications in en-
hancer regions [68, 69]. In our study, overexpression of
FOXP1 in TICs resulted in decreased proliferation and
sphere-forming capacity of TICs in vitro, and a decrease
in stem cells markers (CD44, CD133, and ALDH1A3)
and H3K9Me2 compared to control cells, which is con-
sistent with its tumor suppressor function in NSCLC in
tumor initiation and progression.

We have shown that G9a is an important epigenetic
regulator of oncogene expression in TICs derived from
human patient samples. Moreover, we found that G9a is
a key regulator of lung cell tumorigenesis and cell prolif-
eration in TICs. These findings are important because
TIC or cancer stem cells are thought to be largely
responsible for metastasis and therapy resistance. Tar-
geting G9a alone or in combination with other therapies
may be a novel approach to treating patients with ad-
vanced lung cancer. Strengths of our study include our
use of TICs derived from fresh surgically resected hu-
man lung cancer samples, utilization of genome-wide
methylation and gene expression data, and validation of
specific oncogenes regulated by G9a.

Further investigation is needed on the mechanism by
which G9a interacts with DNMT1 to regulate DNA
methylation. This may be important to identify
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additional therapeutic targets in lung cancer that disrupt
this interaction. Although we used a specific G9a inhibi-
tor UNCO0642 in this study, current G9a inhibitors are
not suitable for use in humans due to poor bioavailabil-
ity and modest potency. Development of G9a inhibitors
that are more potent and have favorable pharmacokinet-
ics may lead to an effective therapy for lung cancer
which might be used alone or in combination with
standard therapies.

Conclusions

In summary, we investigated the role of G9a in stemness
and tumorigenicity and its role on genome-wide epigen-
etic reprogramming of NCSLC. Using patient-derived
TICs, we showed that G9A is involved in NSCLC stem-
ness by maintaining CD133 expression which further
contributes to sphere forming and growth capacity of
TICs and its inhibition resulted in decrease in stemness
and tumorigenicity in vitro and in vivo. Further, we
showed that knocking down G9A resulted in genome-
wide methylation and expression of multiple genes
which shows that it is a key epigenetic regulator of onco-
gene expression in TICs derived from lung cancer pa-
tient samples. One of the major challenges in treating
lung cancer patients is thought to be metastasis to the
other organs and therapy resistance that is largely attrib-
uted to CSCs or TICs. Our data with TICs derived from
fresh surgically resected human lung cancer samples
suggests that targeting G9A or its downstream genes
could be a novel therapeutic approach in treating
NSCLC patients.

Materials and methods

Patients and samples

TICs isolation and culture, sphere formation, and cell
proliferation assays

We isolated putative tumor-initiating cells (TICs) from
six cases of lung adenocarcinoma through surgical resec-
tion with curative intent without preoperative chemo-
therapy or radiation therapy at City of Hope. The details
of clinical characteristics are also provided in Supple-
mentary Table 1.

In order to isolate TICs, the tissues were placed in
DMEM F12 basal medium immediately after the surgical
resection. The tissue was minced and transferred into
freshly prepared DMEM/F2 containing 400 U/ml colla-
genase IV (Gibco, USA). The cells were dissociated by
incubating at 37 °C for 2 h with repeated shaking in
every 10 min. The samples were mixed with ACK lysis
buffer to lyse red blood cells with ACK lysis buffer
(Gibco) in room temperature for 2 min. After a brief
centrifugation and removing supernatant, the cell pellet
was cultured in DMEM/F12 medium (Gibco) supple-
mented with 2% B-27 (Gibco, USA), 25 ng/ml FGF
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(Peprotech, USA), 25 ng/ml EGF (Peprotech, USA), 2 pg/
ml heparin (EDQM, France), and 100 U/ml penicillin/
streptomycin (Gibco, USA). The cells were then trans-
ferred to 10 cm ultra-low-attachment flask (company) for
further expansion and experimentation. This study was
reviewed and approved by the Institutional Review Board
(IRB) 17196 of City of Hope National Medical Centre, and
informed consent for the collection of tumor tissues for
the study were obtained from all patients.

For in vitro sphere formation and cell proliferation as-
says, TIC-spheres were dissociated into single cells using
StemPro accutase (ThermoFisher Scientific, USA), and 50,
000-100,000 cells were seeded in 6-well plates. The cells
were treated with 10 pM UNCO0642 and incubated at 37
°C for 72 h. For shCtrl and shG9A cells, cells were seeded
after dissociation without any treatment. Sphere-forming
capacity of TICs was determined by the size of the
spheres. After 72 h, images were taken and the cells were
dissociated into single cells and counted for their cell pro-
liferation capacity. For MTT assays, the treated and con-
trol cells were seeded in 96-well plates for 72 h. The cells
were treated with 10 pl cell counting kit-8 (CCK-8) solu-
tion (Sigma, USA), incubated for 1-4 h and at the absorb-
ance at 450 nm was recorded using microplate reader.

Lentiviral production and infection

Stable G9A knocked down cells were established by cre-
ating shRNA expression cells lines for G9A. Lentiviral
vectors expressing control shRNA (non-target) and G9A
shRNA constructs (Dharmacon, USA) were transfected
into 293T using Lipofectamine 3000 according to the
manufacturer’s instructions. After 48 h of transfection,
the supernatants containing lentivirus were harvested
and used, to infect target cells with 6 ug/ml polybrene
(Sigma, USA). After 72 h of transduction, cells were se-
lected with 1.0 pg/ml puromycin for few days. The cells
were harvested to determine the knockdown efficiency
by western blot and qRT PCR.

FOXP1 plasmid preparation and overexpression into TICs

FOXP1 ORF constructs were purchased from Dharma-
con (USA) and were transiently overexpressed into
LCSC4 and LCSC5 using lipofectamine 3000 using
manufacturer’s instructions. For transfection, the TIC
spheres were dissociated using StemPro accutase (Ther-
moFisher Scientific, USA) and 250 cells were transfected.
After 72 h, 100,000 cells were seeded to carry out sphere
formation and cell proliferation assays.

Fluorescence activated cell sorting for CD133" and
CD133" cells

Lung TICs spheres were dissociated into single-cell sus-
pensions by StemPro Accutase (ThermoFisher Scientific,
USA). The cells were stained with mouse anti-CD133-
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PE antibody (clone AC133; Miltenyi Biotec) and mouse.
The cells were sorted by flowcytometry. The cells were
centrifuged and the pellet was used to extract RNA and
to prepare cell lysate for western blot analyses to exam-
ine G9A expression.

Genomic DNA/RNA extraction

Genomic DNA was extracted from CICs pellets using
PuneLink Genomic DNA kits (Life technologies, USA).
Briefly, the cells were harvested from the growth
medium by trypsinizing centrifugation homogenized
using lysis buffer and incubated at 37 °C for 30 min
followed by the addition of Proteinase K and RNase so-
lution. The samples were then centrifuged and processed
according to manufacturer’s instructions. The concen-
tration of DNA and RNA was measured using nano-
drop2000 (Thermo Scientific, USA).

Quantitative real-time reverse transcription-PCR

Total RNA extraction from TICs was carried out using
RNeasy Kit (QIAGEN, USA). Briefly, the cell pellet was
lysed using buffer RLT containing mercaptoethanol and
mixed with 70% ethanol. The samples were then proc-
essed according to manufacturer’s instructions. The
RNA concentration was measure by NanoDrop 2000
(ThermoFisher scientific, USA). ¢cDNA was prepared
using QuanTect reverse transcription kit (QIAGEN,
USA). The qRT primers used for expression analyses are
given in Supplementary Table 2B. B-actin gene was used
as internal control for mRNA expression. Data were pre-
sented as the relative quantity of targets, normalized
with respect to internal control, and relative to calibrator
control sample.

Cell lysate preparation, protein extraction Western blots,
and immunohistochemistry

Western blot analyses were carried out using either Cell
lysate or protein samples. To prepare cell lysate, the cell
pellet was lysed using 2X SDS buffer (BD biosciences,
USA). To extract protein from the tumors, the tumors
were ground in dry ice, and mixed with 1X RIPA buffer
(Invitrogen, USA).

Ten microliters of protein lysate or 20 pg of protein
was separated by 4-12% sodium dodecyl sulphate poly-
acrylamide gel electrophoresis (PAGE) (Invitrogen, USA)
and transferred onto polyvinylidene fluoride (PVDEF)
membrane (Invitrogen, USA), blocked with 5% non-fat
milk in TBST, and blotted with the appropriate primary
and secondary antibodies. Immunohistochemistry was
carried out at molecular pathology laboratory of City of
Hope National Medical Center. Quantification of West-
ern blot images was carried out using Image] software
[70]. The list of antibodies used and their details are
given in Supplementary Table 3.
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lllumina BeadChip 450K HumanMethylation array

Two TICs (LCSC1 and LCSC4) with their corresponding
G9A knocked down cells (control vs. G9A knocked
down cells) were used to assess the genome-wide methy-
lation profiling of > 850K individual CpG loci using Illu-
mina Epitect BeadChip 850K HumanMethylation Array
(850K-array). The 850K array profiling was carried out
at Genomic Core facilities of City of Hope Medical Cen-
ter. Chip processing was carried out based on 850K-
array design according to manufacturer’s instructions.
Signal intensities generated by Illumina GenomeStudio
were converted to P values and BeadStudio software was
used to remove biases between the Infinium I and II
probes.

Screening of candidate genes that have undergone DNA
methylation changes following G9A knockdown

In order to generate an initial candidate list of genes that
are either hypomethylated or hypermethylated in LCSC1
and 4 following G9A knockdown, we first looked for a
global DNA methylation pattern in LCSC1 and 4 both
in control (transfected with scrambled shRNA) and
knocked down cells with shG9A#1 and shG9A#2. We
initially screened individual CpG loci that were either
hypermethylated or were hypomethylated in knocked
down TICs compared to scrambled control TICs using
unsupervised clustering with the help of cluster 3.0 soft-
ware. The differentially methylated probes based on un-
supervised clustering were further refined for which
individual CpGs with p value of > 0.35 was considered as
methylated and CpGs with 3 value of <0.35 was consid-
ered as unmethylated. We then curated individual hypo-
methylated loci that had average P values <0.35 in
knocked down cells with shG9A#1 and shRNA#2 and B
values of >0.35 in cells transfected with scrambled
shRNA. In addition, each differentially methylated CpGs
were had a P value differences of > 0.15 between control
cells and knocked down cells. The genes corresponding
to differentially methylated CpGs were taken further as
differentially methylated candidate genes for down-
stream validation.

RNA seq analyses

RNA sequencing libraries were prepared with Kapa RNA
mRNA HyperPrep kit (Kapa Biosystems, USA) according
to the manufacturer’s protocol. The sequencing libraries
were validated with the Agilent Bioanalyzer DNA High
Sensitivity Kit and quantified with Qubit. The libraries
were sequenced on Illumina HiSeq 2500 with SR V4 Kit
with the single read mode of 51cycle of readl and 7 cy-
cles of index read. Real-time analysis (RTA) 2.2.38 soft-
ware was used to process the image analysis and base
calling.

Page 14 of 17

RNA sequencing data analyses were performed using
the HISeq 2500 (Illumina, USA) according to manufac-
turer’s instructions. Briefly, 500 ng of RNA was con-
verted into ¢cDNA library, which was then sequenced
using Illumina Hiseq2500 with single read 40 bp based
on manufacturer’s instructions. Raw sequence reads
were mapped to the human genome (hgl9) using
STAR_2.5.3a [71] and the frequency of genes was
counted using HTSeq-0.6.1p1 [72]. The raw counts were
then normalized using the trimmed mean of M values
(TMM) method and compared using Bioconductor
package “edgeR 3.16.5” [73]. Reads per kilobase per mil-
lion (RPKM) mapped were also calculated from the raw
counts. Differentially expressed genes were identified if
RPKM =1 in at least one sample, fold change >2, and P
< 0.05.

Bisulfite conversion of DNA

Bisulfite conversion of genomic DNA from TICs was
carried out using the Epitect Bisulfite kit (QIAGEN,
USA). Briefly, 500 ng DNA from TICs was added to 200
pl sterile PCR tube. The samples were mixed up with 85
ul bisulphite conversion reagent (bisulphite mix), 85 ul
DNA protect buffer, and RNase-free water making up
total volume of 140 pl. The samples were then processed
according to manufacturer’s instructions. For positive
controls, fully methylated, positive controls were gener-
ated by incubating genomic DNA with DNA methyl-
transferases in the presence of S-Adenosyl methionine
(SAM) (New England bio lab, USA) for 2 h at 37 °C
prior to bisulfite conversion.

Experimental validation of methylation status of
individual genes

The methylation status of each gene corresponding to
differentially methylated probes was determined by
bisulphite sequencing. First, the genes were PCR-
amplified using combined bisulphite and restriction ana-
lyses (CoBRA). CoBRA primers were designed based on
the standard primary designing criteria used in analyzing
bisulphite converted DNA [74-76]. The CoBRA primers
used for bisulphite sequencing are given in Supplemen-
tary Table 2A.

Tumorigenicity assay

Tumorigenic potential of cells in vivo following G9A
knockdown was assessed by transplanting TICs into the
NOD-SCID mice. The TIC spheres (both with scram-
bled shRNA and shG9A) were dissociated with stem cell
accutase and the dissociated cells (10% to 10* cells) popu-
lation from spheres were suspended in Matrigel (BD
Biosciences, USA) and injected subcutaneously into the
right flank of four NOD-SCID mice respectively. After 4
weeks of the injection, the tumor size was measured
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every week. Mice were euthanized 60 days after the in-
jection. In addition, the dissociated single cells (100,000
cells) from wild-type TIC spheres (LCSC2 and LCSC4)
were injected subcutaneously into the NOD-SCID mice.
After 8 weeks transplantation, mice were divided into
two groups. Each group was treated either by vehicle or
by G9A inhibitor UNC0642 (10 mg/kg) for 8 weeks.
After the treatment mice were euthanized and the tumor
weight was measured. The tumors were fixed using 10%
formaldehyde solution for downstream investigation. All
mice in this study were in a pathogen-free environment.
The use of animals was approved by the IRB-17196 of
City of Hope National Medical Center and all applicable
institutional and governmental regulations concerning
the ethical use of animals were followed.

Chromatin immunoprecipitation assay

LCSC4 and LCSC5 cells grown on culture were cross-
linked to chromatin by adding 1% formaldehyde to each
of the cell suspension. The samples were incubated at
room temperature for 10 min, and cross linking was
stopped by adding of 125 mM glycine and incubating at
room temperature for 5 min. Cell were pelleted and
washed with cold PBS, resuspended in cell lysis buffer
containing 1x protease inhibitor, and incubated on ice
for 15 min. Cell suspension was centrifuged and resus-
pended in 0.5 ml nuclear lysis buffer and sonicated to
generate chromatin fragments. Samples were centri-
fuged, and 450 pl dilution buffer was added to each 50
ul supernatant making up 500 pl chromatin aliquots.
Then, 20 pl protein A agarose was added to each sam-
ple, and followed by IGG (for negative control) and
H3K9Me2 antibody which were incubated at 4 °C over-
night with rotation. Protein A agarose slurry containing
immune complexes were collected, and washed with ro-
tation with cold low-salt buffer, high-salt buffer, LiCl
buffer, and TE buffer each for 5 min. Bound complexes
were eluted off the beads in 100 pl ChiP elution buffer
with proteinase K solution. The samples were incubated
at 65 °C for 4 h and 95 °C for 10 min to reverse formal-
dehyde crosslinking. The beads were separated using
magnetic separator and DNA contained in supernatant
was column purified using following manufacturer’s in-
structions. The QPCR was carried out using primers de-
signed at the promoter region of the respective target
genes. QPCR primers used are given in Supplementary
Table 2C.

Survival analyses

Survival analyses of lung cancer patients were carried
out to investigate the correlation of expression of candi-
date genes with clinical prognosis using online KM-
plotter tools [40]. KM-plotter, an online tool, measures
the prognostic indication of 22,277 genes based on gene
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expression data and survival information of 1735 non-
small cell lung cancer patients from Affymetrix
HGU133A and HGU133 microarrays datasets of ten in-
dependent datasets from Gene Expression Omnibus
(GEO), CaBIG, and The Cancer Genome Atlas (TCGA)
[77]. The tool measures the prognostic significance by
segregating patients on high or low expressing groups
based on median/lower/upper quartile as a cut off to cal-
culate a statistical significance of gene expression with
respect to patient survival. Logrank P < 0.05 was consid-
ered statistically significant.

Statistical analysis

Fisher’s exact test was used to determine the statistical
significance of methylation between the TICs transfected
with scrambled shRNA and shG9A#1 and shG9A#2. P <
0.05 was considered statistically significant. Similarly,
statistical test was carried out on RNA sequencing for
each gene between control and G9A knocked down
samples using R package.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513148-020-00879-5.

Additional file 1:. Supplementary Figure 1. (A) Patient-derived TICs iso-
lated and cultured used in the experiments. (B) FACS-sorted CD133-
positive cells (LCSC4) have higher sphere forming capacity compared to
CD133 negative cells. (C) Quantification of western blots for CD133 level
in CD133+ and CD133- cells as well as in G9A knocked down cells and
(D) H3K9me2 level in G9a knocked down cells. E) Cell proliferation cap-
acity of TICs was measured by taking OD 450nm after the cells were
treated with UNC0642 for 72 hours. (For t-test: *= P<0.05, **=P<.01 And
**=pP<0.001).

Additional file 2: Supplementary Figure 2. G9A suppression using
shRNAI contributes to Genome-wide methylome and transcriptome
changes in patient derived TICs from NSCLC. An initial unsupervised clus-
tering of Genome-wide methylation profiling (850K methylation array)
data shows that G9A contributes to Genome wide methylation changes
in TICs i.e. LCSCT (A), and LCSC4 (B) following G9A knockdown. (C) Indi-
vidual methylation profiling of candidate genes that were hypomethy-
lated and upregulated commonly in LCSC1 and 4.

Additional file 3:. Supplementary Figure 3. FOXP1 prompter region
amplified and the primers used in order validate methylation status for
bisulphite sequencing. (A) CpG island promoter region of FOXP1 and
primers designed to CoBRA amplify this region to validate methylation
status using bisulphite sequencing. (B) Methylation status of SP5 as an
additional representative example.

Additional file 4:. Supplementary Figure 4. Quantification of western
blot assays for G9A and its target genes following G9A knockdown and
treatment of TICs by G9A inhibitor using Image J. (For t-test: *= P<0.05,
**=P<01 And ***=P<0.001).

Additional file 5: Supplementary Figure 5. High-expression of candidate
genes (A) DPP4, (B) STAMBPLIT, and (C) ROBO1 correlates to better clinical
outcomes of patients in lung cancers (n=number of patients whose
mRNA for respective genes were used for Kaplan Meier analyses).

Additional file 6: Supplementary Figure 6. Expression status (qRT PCR)
of G9A target genes to examine their mRNA level after the cells were
treated by UNC0642, 5-aza-2-DC and combined with UNC0642 and 5-
aza-2-DC. Expression level of (A) DPP4, (B) SP5 and (C) CDYL2 in LCSC4
and LCSC5. (D, E) QPCR following chromatin immunoprecipitation assays
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on GYa target genes CDYL2, and DPP4. (For t-test: *= P<0.05, **=p<.01
and ***=p<0.001).

Additional file 7:. Supplementary Figure 7. Quantification of western
blot assays for A) FOXP1, B) CD133, C) CD44, D) ALDH1A3 and E)
H3K9Me2 following FOXP1 overexpression in LCSC2, LCSC4 and LCSCS.
Quantification was carried out using Image J. (For t-test: *= P<0.05, **=
P<.01 And ***=P<0.001).

Additional file 8:. Sup Tables.
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visualization and integrated discovery; DNMT1: DNA methyltransferaase-1;
EHMT2: Eukaryotic histone methyltransferases 2; IHC: Immunohistochemistry;
KM: Kaplan-Meier; MI: Methylation Index; NSCLC: Non-small cell lung cancer;
RPKM: Reads per kilobase per million; TIC: Tumor-initiating cells

Acknowledgements
We acknowledge the generous support of the Baum Family Foundation in
support of this laboratory.

Availability of supporting data

Supporting data is available upon request. The authors are also happy to
upload the data to the publicly available databases if that is the required for
publication of this manuscript.

Ethical approval and consent to participate

This study was reviewed and approved by the Institutional Review Board
(IRB) 17196 of City of Hope National Medical Centre, and informed consent
for the collection of tumor tissues for the study were obtained from all
patients.

Authors’ contributions

DJR conceived and supervised this study. RPP coordinated the experimental
design and development of this study, performed experiments, and drafted
the manuscript. RPP and YL carried out data analyses. KZ helped in
experimental design and in vivo study. JW and CG carried out sample
preparation for DNA methylation array and RNA sequencing and performed
library preparation of RNA sequencing. RPP, TS, WL, and JW performed
experiments. All authors have read, edited, and approved the manuscript.

Funding

Research reported in this publication is supported by the V Foundation (DR),
the Doris Duke Charitable Foundation (DR), and the National Cancer Institute
of the National Institutes of Health (NIH P30CA33572) through the use of
several core facilities.

Consent for publication
All authors here declare that they have consent for publication of this
manuscript.

Competing interests
The authors declare that they have no competing interest.

Author details

'Division of Thoracic Surgery, City of Hope National Medical Center, Duarte,
CA 91010, USA. 2Department of System Biology, Beckman Research Institute,
City of Hope National Medical Centre, Duarte, CA, USA. *The Integrative
Genomics Core Lab, Department of Molecular Medicine, City of Hope
National Medical Center, Duarte, CA, USA. *Frey Medical Laboratory, Maoling
Rd, Jinan District, Fuzhou, Fujian, China. 5Key Laboratory of Cancer
Prevention and Therapy, Tianjin Medical University Cancer Institute and
Hospital, National Clinical Research Center for Cancer, Tianjin, China.
SWestern University of Health Sciences, Pomona, CA, USA.

Page 16 of 17

Received: 3 January 2020 Accepted: 4 June 2020
Published online: 17 June 2020

References

1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA Cancer J Clin. 2019;
69(1):7-34.

2. Reck M, Rabe KF. Precision diagnosis and treatment for advanced Non-
small-cell lung cancer. N Engl J Med. 2017,377(9):849-61.

3. Herbst RS, Morgensztern D, Boshoff C. The biology and management of
non-small cell lung cancer. Nature. 2018;553(7689):446-54.

4. Campbell JD, et al. Distinct patterns of somatic genome alterations in lung
adenocarcinomas and squamous cell carcinomas. Nat Genet. 2016;48(6):
607-16.

5. Rizvi NA, Peters S. Immunotherapy for unresectable stage Ill non-small-cell
lung cancer. N Engl J Med. 2017;377(20):1986-8.

6. Zhang C, et al. Emerging therapies for non-small cell lung cancer. J Hematol
Oncol. 2019;12(1):45.

7. Cancer Genome Atlas Research, N. Comprehensive molecular profiling of
lung adenocarcinoma. Nature. 2014;511(7511):543-50.

8. Cancer Genome Atlas Research, N. Comprehensive genomic
characterization of squamous cell lung cancers. Nature. 2012;489(7417):519-
25.

9. Prasetyanti PR, Medema JP. Intra-tumor heterogeneity from a cancer stem
cell perspective. Mol Cancer. 2017;16(1):41.

10. Tomao F, et al. Emerging role of cancer stem cells in the biology and
treatment of ovarian cancer: basic knowledge and therapeutic possibilities
for an innovative approach. J Exp Clin Cancer Res. 2013;32:48.

11. Flavahan WA, Gaskell E, Bernstein BE. Epigenetic plasticity and the hallmarks
of cancer. Science. 2017;357:6348.

12. Duruisseaux M, Esteller M. Lung cancer epigenetics: from knowledge to
applications. Semin Cancer Biol. 2018;51:116-28.

13. Belinsky SA. Silencing of genes by promoter hypermethylation: key event in
rodent and human lung cancer. Carcinogenesis. 2005,26(9):1481-7.

14.  Quintanal-Villalonga, A. and S. Molina-Pinelo, Epigenetics of lung cancer: a
translational perspective. Cell Oncol (Dordr), 2019.

15. Teixeira VH, et al. Deciphering the genomic, epigenomic, and transcriptomic
landscapes of pre-invasive lung cancer lesions. Nat Med. 2019;25(3):517-25.

16.  Seligson DB, et al. Global histone modification patterns predict risk of
prostate cancer recurrence. Nature. 2005;435(7046):1262-6.

17. Heyn H, Esteller M. DNA methylation profiling in the clinic: applications and
challenges. Nat Rev Genet. 2012;13(10):679-92.

18. Saygin C, et al. Targeting cancer stemness in the clinic: from hype to hope.
Cell Stem Cell. 2019;24(1):25-40.

19.  Rycaj K, Tang DG. Cell-of-origin of cancer versus cancer stem cells: assays
and interpretations. Cancer Res. 2015;75(19):4003-11.

20. Visvader JE, Lindeman GJ. Cancer stem cells: current status and evolving
complexities. Cell Stem Cell. 2012;10(6):717-28.

21. Tanei T, et al. Association of breast cancer stem cells identified by aldehyde
dehydrogenase 1 expression with resistance to sequential Paclitaxel and
epirubicin-based chemotherapy for breast cancers. Clin Cancer Res. 2009;
15(12):4234-41.

22. Abubaker K et al. Short-term single treatment of chemotherapy results in
the enrichment of ovarian cancer stem cell-like cells leading to an increased
tumor burden. Mol Cancer. 2013;12:24.

23. Batlle E, Clevers H. Cancer stem cells revisited. Nat Med. 2017,23(10):1124-34.

24, Shukla S, Meeran SM. Epigenetics of cancer stem cells: pathways and
therapeutics. Biochim Biophys Acta. 2014;1840(12):3494-502.

25, Capp JP. Cancer stem cells: from historical roots to a new perspective. J
Oncol. 2019;2019:5189232.

26.  Cho HS, et al. Enhanced expression of EHMT2 is involved in the proliferation of
cancer cells through negative regulation of SIAH1. Neoplasia. 2011;13(8):676-84.

27. Casciello F, et al. Functional role of G9a histone methyltransferase in Cancer.
Front Immunol. 2015;6:487.

28. Segovia G, et al. Inhibition of a G9%a/DNMT network triggers immune-
mediated bladder cancer regression. Nat Med. 2019;25(7):1073-81.

29. Wang YF, et al. G9a regulates breast cancer growth by modulating iron
homeostasis through the repression of ferroxidase hephaestin. Nat
Commun. 2017:8(1):274.

30. Kang J, et al. FIH is an oxygen sensor in ovarian cancer for G9a/GLP-driven
epigenetic regulation of metastasis-related genes. Cancer Res. 2018,;78(5):
1184-99.



Pangeni et al. Clinical Epigenetics

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,
44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

(2020) 12:88

Chen RJ, et al. Methyltransferase G9a promotes cervical cancer angiogenesis
and decreases patient survival. Oncotarget. 2017;8(37):62081-98.

Qin J, et al. Increased expression of G9A contributes to carcinogenesis and
indicates poor prognosis in hepatocellular carcinoma. Oncol Lett. 2018;15(6):
9757-65.

Ciechomska IA, et al. Pre-treatment or post-treatment of human glioma
cells with BIX01294, the inhibitor of histone methyltransferase G9,
sensitizes cells to temozolomide. Front Pharmacol. 2018,9:1271.

Mayr C, et al. The histone methyltransferase G9a: a new therapeutic target
in biliary tract cancer. Hum Pathol. 2018;72:117-26.

Cao YP, et al. Inhibition of G9a by a small molecule inhibitor, UNC0642,
induces apoptosis of human bladder cancer cells. Acta Pharmacol Sin. 2019;
40(8):1076-84.

Zhang K, et al. Targeting histone methyltransferase G9a inhibits growth and
Wnt signaling pathway by epigenetically regulating HP1alpha and APC2
gene expression in non-small cell lung cancer. Mol Cancer. 2018;17(1):153.
Xiong Y, et al. Discovery of potent and selective inhibitors for G9a-like
protein (GLP) lysine methyltransferase. J Med Chem. 2017,60(5):1876-91.
Esteve PO, et al. Direct interaction between DNMT1 and G9a coordinates
DNA and histone methylation during replication. Genes Dev. 2006;20(22):
3089-103.

Jiao X, et al. DAVID-WS: a stateful web service to facilitate gene/protein list
analysis. Bioinformatics. 2012;28(13):1805-6.

Gyorffy B, et al. An online survival analysis tool to rapidly assess the effect of
22,277 genes on breast cancer prognosis using microarray data of 1,809
patients. Breast Cancer Res Treat. 2010;123(3):725-31.

Kwon YJ, et al. Genome-wide analysis of DNA methylation and the gene
expression change in lung cancer. J Thorac Oncol. 2012;7(1):20-33.
Carvalho RH, et al. Genomewide DNA methylation analysis identifies novel
methylated genes in non-small-cell lung carcinomas. J Thorac Oncol. 2013;
8(5):562-73.

Blockus H, Chedotal A. Slit-Robo signaling. Development. 2016;143(17):
3037-44.

Huang T, et al. The emerging role of slit-robo pathway in gastric and other
gastro intestinal cancers. BMC Cancer. 2015;15:950.

Dallol A, et al. Tumour specific promoter region methylation of the human
homologue of the Drosophila Roundabout gene DUTT1 (ROBO1) in human
cancers. Oncogene. 2002,21(19):3020-8.

Swanton C, Govindan R. Clinical implications of genomic discoveries in lung
cancer. N Engl J Med. 2016;374(19):1864-73.

Bhattacharya R, et al. Frequent alterations of SLIT2-ROBO1-CDC42 signalling
pathway in breast cancer: clinicopathological correlation. J Genet. 2016;
95(3):551-63.

Escot S, et al. Robo signalling controls pancreatic progenitor identity by
regulating Tead transcription factors. Nat Commun. 2018,9(1):5082.

Narayan G, et al. Promoter hypermethylation-mediated inactivation of
multiple Slit-Robo pathway genes in cervical cancer progression. Mol
Cancer. 2006,5:16.

Vogg MC, et al. An evolutionarily-conserved Wnt3/beta-catenin/Sp5
feedback loop restricts head organizer activity in Hydra. Nat Commun. 2019;
10(1):312.

Tang L, et al. Sp5 induces the expression of Nanog to maintain mouse
embryonic stem cell self-renewal. PLoS One. 2017;12(9):0185714.

Dunty WC Jr, et al. Transcriptional profiling of Wnt3a mutants identifies Sp
transcription factors as essential effectors of the Wnt/beta-catenin pathway
in neuromesodermal stem cells. PLoS One. 2014;9(1):e87018.

Miyamoto M, et al. Sp5 negatively regulates the proliferation of HCT116
cells by upregulating the transcription of p27. Oncol Lett. 2018;15(3):4005-9.
Huggins 1, et al. The WNT target SP5 negatively regulates WNT
transcriptional programs in human pluripotent stem cells. Nat Commun.
2017;8(1):1034.

Kennedy MW, et al. Sp5 and Sp8 recruit beta-catenin and Tcf1-Lef1 to select
enhancers to activate Wnt target gene transcription. Proc Natl Acad Sci U S
A. 2016;113(13):3545-50.

Ohnuma K, et al. Caveolin-1 triggers T-cell activation via CD26 in association
with CARMAT1. J Biol Chem. 2007,282(13):10117-31.

Havre PA, et al. The role of CD26/dipeptidyl peptidase IV in cancer. Front
Biosci. 2008;13:1634-45.

Aoce K; et al. CD26 overexpression is associated with prolonged survival and
enhanced chemosensitivity in malignant pleural mesothelioma. Clin Cancer
Res. 2012;18(5):1447-56.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Page 17 of 17

Liu MY, et al. Identification of key genes associated with cervical cancer by
comprehensive analysis of transcriptome microarray and methylation
microarray. Oncol Lett. 2016;12(1):473-8.

Abe M, et al. Mechanisms of confluence-dependent expression of CD26 in
colon cancer cell lines. BMC Cancer. 2011;11:51.

Dorus S, et al. The CDY-related gene family: coordinated evolution in copy
number, expression profile and protein sequence. Hum Mol Genet. 2003;
12(14):1643-50.

Maksakova IA, et al. H3K9me3-binding proteins are dispensable for SETDB1/
H3K9me3-dependent retroviral silencing. Epigenetics Chromatin. 2011;4(1):
12.

Fischle W, et al. Specificity of the chromodomain Y chromosome family of
chromodomains for lysine-methylated ARK(S/T) motifs. J Biol Chem. 2008;
283(28):19626-35.

De Silva P, et al. FOXP1 negatively regulates tumor infiltrating lymphocyte
migration in human breast cancer. EBioMedicine. 2019;39:226-38.

Koon HB, et al. FOXP1: a potential therapeutic target in cancer. Expert Opin
Ther Targets. 2007;11(7):955-65.

Bates GJ, et al. Expression of the forkhead transcription factor FOXP1 is
associated with that of estrogen receptor-beta in primary invasive breast
carcinomas. Breast Cancer Res Treat. 2008;111(3):453-9.

Chiang K, et al. PRMTS5 s a critical regulator of breast cancer stem cell
function via histone methylation and FOXP1 expression. Cell Rep. 2017;
21(12):3498-513.

Takayama K, et al. Integrative analysis of FOXP1 function reveals a tumor-
suppressive effect in prostate cancer. Mol Endocrinol. 2014;28(12):2012-24.
Banham AH, et al. Expression of the forkhead transcription factor FOXP1 is
associated both with hypoxia inducible factors (HIFs) and the androgen
receptor in prostate cancer but is not directly regulated by androgens or
hypoxia. Prostate. 2007;67(10):1091-8.

Schneider CA, Rasband WS, Eliceiri KW. NIH image to ImageJ: 25 years of
image analysis. Nat Methods. 2012;9(7):671-5.

Dobin A, et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics.
2013;29(1):15-21.

Anders S, Pyl PT, Huber W. HTSeg—a Python framework to work with high-
throughput sequencing data. Bioinformatics. 2015;31(2):166-9.

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data.
Bioinformatics. 2010,26(1):139-40.

Clark SJ, et al. High sensitivity mapping of methylated cytosines. Nucleic
Acids Res. 1994,22(15):2990-7.

Pangeni RP, et al. The GALNT9, BNC1 and CCDC8 genes are frequently
epigenetically dysregulated in breast tumours that metastasise to the brain.
Clin Epigenetics. 2015;7:57.

Pangeni RP, et al. Genome-wide methylomic and transcriptomic analyses
identify subtype-specific epigenetic signatures commonly dysregulated in
glioma stem cells and glioblastoma. Epigenetics. 2018;13(4):432-48.
Gyorffy B, et al. Online survival analysis software to assess the prognostic
value of biomarkers using transcriptomic data in non-small-cell lung cancer.
PL0S One. 2013;8(12):e82241.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	G9A is highly expressed in CD133+ cells compared to CD133− cells in patient-derived TICs in non-small cell lung cancer
	G9A contributes to genome-wide DNA methylome and transcriptome changes in patient-derived TICs in non-small cell lung cancer
	The genes regulated by G9A through methylation are involved in biological processes, pathways, and clinical prognosis of patients
	G9K knockdown resulted in suppressed xenograft tumor growth in�vivo and increase expression of its target genes
	G9K inhibitor UNC0642 resulted in suppressed xenograft tumor growth in�vivo and increased expression of its target genes
	Combined treatment of lung TICs with UNC0642 and 5-aza-2′-DC resulted in synergistic effects on suppression of sphere forming and cell proliferation capacity of TICs in�vitro
	Chromatin immunoprecipitation assay shows that G9A interacts indirectly with the promoter of its putative target genes through H3K9me2
	Overexpression of G9A target gene FOXP1 resulted in decreased sphere-forming and proliferation capacity of TICs in�vitro and downregulation of stem cells markers

	Discussion
	Conclusions
	Materials and methods
	Patients and samples
	TICs isolation and culture, sphere formation, and cell proliferation assays

	Lentiviral production and infection
	FOXP1 plasmid preparation and overexpression into TICs
	Fluorescence activated cell sorting for CD133+ and CD133− cells
	Genomic DNA/RNA extraction
	Quantitative real-time reverse transcription-PCR
	Cell lysate preparation, protein extraction Western blots, and immunohistochemistry
	Illumina BeadChip 450K HumanMethylation array
	Screening of candidate genes that have undergone DNA methylation changes following G9A knockdown
	RNA seq analyses
	Bisulfite conversion of DNA
	Experimental validation of methylation status of individual genes
	Tumorigenicity assay
	Chromatin immunoprecipitation assay
	Survival analyses
	Statistical analysis

	Supplementary information
	Abbreviations
	Acknowledgements
	Availability of supporting data
	Ethical approval and consent to participate
	Authors’ contributions
	Funding
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

