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Abstract

Non-small cell lung cancer (NSCLC) is one of leading causes of cancer-related mortality
worldwide, which harbors various accumulated genetic and epigenetic abnormalities. Histone
methyltransferase SETDBL1 is a pivotal epigenetic regulator whose focal amplification and
upregulation are commonly detected in NSCLC. However, molecular mechanisms underlying
the pro-oncogenic function of SETDB1 remain poorly characterized. Here, we demonstrate
that SETDB1 augments the migration and invasion capabilities of NSCLC cells by reinforcing
invadopodia formation and mediated ECM degradation. At the molecular level, SETDB1
suppresses the expression of FOXAZ2, a crucial tumor and metastasis suppressor via coordinated
epigenetic mechanisms — SETDB1 not only catalyzes histone H3K9 methylation on FOXA2
genomic locus, but also recruits DNMT3A to regulate DNA methylation on CpG island.
Consequently, depletion of Setdb1 in murine lung adenocarcinoma cells completely abolished
their full and spontaneous metastatic capabilities in mouse xenograft models. These findings
together establish the pro-metastasis activity of SETDB1 in NSCLC and elucidate the underlying
cellular and molecular mechanisms.

Introduction

Non-small cell lung cancer (NSCLC) is one of the most common malignancies and the
leading cause of cancer-related deaths worldwide. The high mortality of NSCLC patients is
associated with tumor metastasis, relapse, resistance to therapy and the common diagnosis
at advantaged stages [1]. As a heterogeneous disease, NSCLC development is a result of
accumulated genetic and epigenetic abnormalities. Over the past decades, identification of
oncogenic driver mutations in NSCLC led to targeted therapeutics which have achieved
clear clinical benefits in several circumstances [2]. Meanwhile, epigenetic modifications,
including histone modifications and DNA methylation have also emerged as crucial
regulators during NSCLC development [3].
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SETDBL (also known as KMTL1E or ESET) is a key member of the SUV39 subfamily
histone methyltransferases [4], which introduces H3K9 tri-methylation on euchromatin

[5], transposable elements (TEs) [6] and telomeres [7]. SETDBL1 contributes to various
physiological processes, such as early development [8], endogenous retroviruses (ERV)
silencing [6], intestinal epithelial differentiation [9] and immune cell function [10]. The
focal amplification of SETDB1 was also detected in multiple cancers, suggesting it has a
pro-oncogenic function [11, 12]. In NSCLC, database analyses revealed a significant global
SETDBL1 upregulation [13] and transcriptomic divergence between SETDB1-high and
SETDB1-low tumors [14], indicating that SETDB1-mediated transcriptional dysregulation
is important for NSCLC development. Consistently, SETDB1 overexpression in NSCLC
cells promotes in vitro proliferation and xenograft tumor growth through different pathways,
including WNT signaling activation, p53 repression, AKT1 methylation, etc [15]. Recent
studies also demonstrated that SETDB1-mediated TE silencing enables tumor cells to evade
immune surveillance [16, 17] and to tolerate lethal-dose drug treatment [18]. Prognostic
analysis of a cohort of stage | NSCLC patients after complete surgical resection revealed

a significant correlation between high SETDB1 expression and tumor relapse and poorer
survival. Furthermore, 40% recurrences showed exclusive or concomitant distant metastases
[19], suggesting that SETDB1 upregulation could facilitate NSCLC malignant progression.
Intriguingly, database analysis revealed a significantly inverse correlation between elevated
SETDBL1 expression and epithelial-mesenchymal transition (EMT) in NSCLC [14] while
discrepancies in SETDB1-mediated regulation of NSCLC cell invasion have also been

well documented [12, 20]. Therefore, the contribution of SETDB1 in NSCLC malignant
progression and metastasis is largely ambiguous while dissecting the mechanisms of action
is critical to further clarify its functional significance.

During malignant progression, NSCLC cells acquire abilities to penetrate the basement
membrane, intravasate into the circulation and extravasate to distal organs. It has emerged
that invadopodia, the actin-rich membrane protrusions coordinate local adhesions and
proteases to degrade extracellular matrix (ECM) and facilitate migration and invasion
[21]. Consistently, upregulation of core invadopodia component TKS5 is correlated with
poor survival of NSCLC patients diagnosed at early stages [22]. Using KrasG120/*, p53/H
mouse lung adenocarcinoma model, another study demonstrated that Tks5 is repressed

in non-metastatic tumor cells by pioneer transcription factor Foxa2 and lineage-specific
factors Nkx2-1 and Cdx2. Synergetic loss of these factors fully activates metastatic program
and associates with poor prognosis [23]. Although FOXA2 mutations were rare in human
NSCLC, it is frequently silenced, likely via epigenetic mechanisms [24, 25]. However,
mechanisms underlying FOXAZ2 epigenetic silencing during malignant progression of
NSCLC remain enigmatic.

Here, we report that SETDBJ1 strengthens NSCLC cell migratory and invasive abilities

by promoting invadopodia formation and ECM degradation. It is accomplished by
epigenetic silencing of key metastasis suppressor FOXA2 through SETDB1-mediated H3K9
trimethylation, as well as DNMT3A recruitment and DNA methylation. In xenograft
models, we demonstrate that Setdb1 is essential to maintain the full and spontaneous
metastatic capabilities of murine KrasG222/*: p53f lung adenocarcinoma cells to form
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the lung metastases from the subcutaneous tumors. These findings together establish the
pro-metastasis activity of SETDB1 in NSCLC and elucidate the underlying mechanisms.

Materials and Methods

Cell lines, Antibodies, and Inhibitors

293T cells (ATCC) and murine KrasG12D/*; p53/f |ung adenocarcinoma Tnonmet, Tmet
and Met cells [26] were cultured in DMEM with 10% FBS and penicillin/streptomycin
(Corning). H1299, H2009, H23 and H157 cell lines (ATCC) were cultured in RPMI-1640
with FBS and penicillin/streptomycin. SETDB1 antibodies were derived from rabbit using
purified antigens [21-185aa (N) or 900-1152aa (C)] and affinity purified from serum. MPP8
antibody was described [27] while antibodies against GAPDH (Proteintech), E-cadherin
(BD), N-cadherin (BD), Cortactin (Millipore), FOXA2 (Cell Signaling & Abcam), Histone
H3 (Abcam), Histone H3K9me3 (Abcam), Flag (Sigma), DNMT3A (Cell Signaling),
normal IgG and secondary antibodies (Jackson Immuno) were from commercial sources.
Decitabine and GSK126 were from Sigma and Cayman Chemical.

Mouse and Xenografts

All animal care and experiments were approved by the Institutional Animal Care and

Use Committee (IACUC). For xenografts, ~1.25x10% Tmets7511 cells stably expressing
luciferase were resuspended in DMEM and subcutaneously injected into the left hind flank
of randomized male SCID mice (C.B-Igh-1blcrTac-Prkdcscid/Ros, 8wks). Primary tumors
were developed up to ~2cm in diameter while tumor size was measured by a caliper
periodically. For in vivo bioluminescence imaging (IVIS Spectrum imager), mice were

i.p. injected with 10 pL/g body weight D-luciferin (Goldbio, 15 mg/ml in PBS). At the
endpoint, lungs were also harvested for ex vivo imaging. Bioluminescence was quantified
(Living Image software, PerkinElmer) as total flux (photos/sec) and average radiance (total
flux/cm?/Sr) were calculated. Primary tumors and lungs were also embedded, sectioned and
stained with Hematoxylin and Eosin. For immunohistochemistry (IHC), paraffin sections
were treated with 3% H,0, and blocked by 10% goat serum after antigen retrieval

with sodium citrate. After incubating with SETDB1 or FOXA2 antibody and biotinylated
2nd antibodies sequentially, sections were developed with diaminobenzidine (DAB) and
mounted.

Invadopodia and ECM Degradation Assays

For invadopodia, cells were fixed (4% paraformaldehyde), permeabilized (0.1% Triton
X-100), blocked (1% BSA) and then stained with Cortactin antibody and DyLight-488-
conjugated 2nd antibody. Cells were next incubated with Alexa-594-conjugated phalloidin
(Invitrogen) followed by DAPI (Sigma) before microscopy. For ECM degradation, poly-L-
lysine (MP Biomed) treated coverslips were coated with solution containing 1:9 ratio of
0.1% FITC-gelatin (Invitrogen) and 0.2% plain gelatin (Sigma) followed by crosslinking
with 0.8% glutaraldehyde. After extensive wash, cells (0.6-1x10°) were seeded and treated
with 5 UM Batimastat (Sigma, 16 hr plus 4-8 hr after removal) or DMSO (8 hr) before
immunofluorescence procedures. Images were taken at 10 random fields per sample (~100—
400 cells) while degradation area was quantified by ImageJ as described [28].
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RNA sequencing

cDNA libraries were synthesized using 1pg RNA purified from biological triplicates of
control or SETDB1-KO H1299 cells using commercial kits (Illumina, Qiagen) and then
sequenced via 75 nucleotide paired-end running on Illumina HiSeq 2000. The reads were
aligned to the human genome (GRCh38.p7) and GENCODE (v25). Mapped reads were
quantified at the gene level using HTSeq and non-empty overlap option. DEseg2 was used
to call differentially expressed genes (DEGs) while GSEA (v3.0) was used for pathway
analysis of DEGs.

DNA Methylation Analysis

MethylScreen was carried out as described [29]. Briefly genomic DNA were digested by
McrBC (MDRE), a mixture of Hhal, HpyCH41V and Acil (MSRE) or both MDRE and
MSRE (double digestion) for 16 h at 37°C followed by enzyme inactivation. gPCR was then
performed in triplicates while the results were calculated accordingly to determine different
CpG methylation states.

Statistical Analysis

For migration, invasion and ChIP assays, the p-value was determined using two-tailed
Student’s #test. For ECM degradation assays, statistical analyses were performed using
one-way ANOVA and Tukey’s test as described [28]. For mouse xenografts, non-parametric
two-tailed Mann-Whitney test was utilized. All analyses were performed using Microsoft
Excel.

Other Assays

Results

Details for other assays including CRISPR/Cas9 knockout, knockdown,
immunoprecipitation, cell proliferation, wound-healing, migration, and invasion assays,
etc., sequence information for sgRNAs, shRNAs, gPCR, and ChlP are available in the
Supplementary information Online.

SETDB1 promotes migration and invasion of NSCLC cells

To better understand the functional importance of SETDB1 upregulation in NSCLC,

we knocked-out SETDB1 using CRISPR/Cas9 in a panel of NSCLC cells with various
backgrounds, including H1299 (carcinoma), H23 (adenocarcinoma, LUAD), H2009
(adenocarcinoma, LUAD), H157 (squamous-cell carcinoma, LUSC) (Fig.1A). While
different SETDB1-KO cells displayed a negligible to moderate proliferation reduction
(Fig.1B), they all exhibited a significantly slower recovery in the scratch wound-healing
assays (Fig.1C), suggesting that SETDB1 plays a critical and more consistent role in
regulating motility of NSCLC cells than proliferation. To further test this possibility, we
performed the Boyden chamber assays and quantitated their abilities to move through
transwell membranes with or without Matrigel coating. Comparing with controls, all
SETDB1-KO cells exhibited a significant reduction on the migratory (43~76%) and invasive
(53~92%) capabilities (Fig.1D, Supplemental Fig.1). Thus, SETDB1 plays a more universal
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role in regulating NSCLC cell migration and invasion and could thus contribute to tumor
progression.

SETDB1 promotes invadopodia formation and ECM degradation

Increased migration and invasion is a key characteristic of EMT which is often associated
with metastatic potential of epithelial cancer cells [30]. To test whether SETDB1

depletion induced an EMT reversal, we examined cell surface markers. Unexpectedly,
SETDB1 knockout failed to reactivate epithelial marker E-cadherin and only downregulated
mesenchymal marker N-cadherin in H1299 cells (Fig.2A), suggesting that reduced motility
and invasiveness of SETDB1-KO cells are caused by different mechanisms. To dissect
molecular details, we profiled transcriptome changes in control and SETDB1-KO H1299
cells by RNA-Sequencing (RNA-Seq). Differential expression and gene set enrichment
analyses (GSEA) uncovered that multiple top downregulated processes in SETDB1-KO cells
are cancer- and ECM- related pathways (Fig.2B, Supplemental Fig.2A-C). Intriguingly,
many top downregulated genes are associated with matrisome pathways (supplemental
Fig.2B-D). Among them we confirmed that TNC, ADAM12, ADAM19 and TKS5jgng

are substantially downregulated upon SETDB1 depletion by RT-PCR (Fig.2C). As these
proteins have been implicated in metastasis and poor prognosis of different cancers [31, 32],
these findings indicate that SETDB1 could regulate migration and invasion of NSCLC cells
through modulating ECM function.

As the members of a disintegrin and metalloproteinases (ADAM) family, ADAM12

and ADAM19 have been shown to interact with invadopodia scaffolding protein TKS5

and localize to podosomes in Src-transformed cells [33]. Recent studies also reported

the key role of ADAM12 and TNC in invadopodia formation, ECM degradation and
metastasis of breast cancer [34] and Ewing sarcoma [35]. We thus assessed whether
SETDBL1 could modulate invadopodia function. Invadopodia are transient adhesive
membrane protrusions which coordinate ECM degradation and tumor cell invasion [36]
and are commonly identified by the colocalization of F-Actin with Actin-bundling protein
Cortactin [37]. In our immunofluorescence analysis, ~68% of control-KO cells displayed
F-Actin and Cortactin colocalized invadopodia whereas only ~34% SETDB1-KO cells
exhibited similar structures (Fig.2D-E). To validate these results, we analyzed H157 cells
which also form detectable invadopodia [28]. Similarly, invadopodia occurrence reduced
robustly from ~28% to ~5% upon SETDB1 knockout (Fig.2F-G), demonstrating that
SETDB1 promotes invadopodia formation in NSCLC cells. To determine whether SETDB1-
sustained invadopodia occurrence has functional outcomes, we performed the FITC-gelatin
degradation assay [38]. Consistently, SETDB1 depletion led to a forceful reduction (~70%)
on FITC-gelatin degradation mediated by H1299 cells (Fig.2H-I). Moreover, H157 cells
mediated ECM (FITC-gelatin) degradation was largely abolished (>98% reduction) upon
SETDB1 knockout (Fig2J-K). Together, these findings establish the functional role of
SETDBL in promoting invadopodia formation in NSCLC cells and further demonstrate that
SETDB1-sustained invadopodia actively degrade ECM and could in turn promote migration
and invasion.
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SETDB1 represses tumor and metastasis suppressor FOXA2

Although invadopodia-related genes ADAM12, ADAM19 and TNC are downregulated in
SETDB1-KO cells, they are not likely the direct targets of SETDB1 due to the repressive
nature of H3K9 methylation. We then examined multiple upregulated genes from our
RNA-Seq data and confirmed the upregulation of several tumor-suppressing transcriptional
factors by RT-PCR in SETDB1-KO cells (Fig.3A). Among them, pioneer transcription
factor FOXAZ2 (up >250 fold) is one of the most upregulated gene (Supplemental

Fig.2D) and has been shown to repress Tks5jong €xpression and impede metastases of
murine lung adenocarcinoma [23]. Similarly, a robust increase of FOXA2 protein was

also detected in other SETDB1-KO NSCLC cells (Fig.3B), which is accompanied by a
forceful downregulation of invadopodia-related genes we identified (Supplemental Fig.3A-
B), indicating that the simultaneous FOXAZ repression and invadopodia gene upregulation
induced by SETDBL1 could be a general mechanism in NSCLC cells. To test whether
SETDBL directly suppresses FOXA2 expression, we examined SETDB1 localization on
FOXAZ2 genomic locus by ChIP assays. As shown in Fig.3C, a distinct SETDB1 enrichment
was readily detected on FOXA2 proximal promoter in control cells but was greatly
impaired in SETDB1-KO cells. Intriguingly, SETDB1 exhibited similar enrichment in —2kb
upstream and +2kb downstream regions in control but not SETDB1-KO cells, suggesting
that it could occupy a broader chromatin domain. We further applied a different SETDB1
antibody to ChIP assays and obtained similar results which validated the specificity of
SETDB1 targeting on FOXA2 gene locus. Moreover, SETDB1 occupancy in these regions
is accompanied by a robust enrichment of H3K9me3 which is abolished upon SETDB1
depletion. Meanwhile, nucleosome structure measured by histone H3 occupancy only
changed slightly (Fig.3D). Together, these findings demonstrate that SETDB1 directly
targets FOXA2 gene locus and catalyzes H3K9me3 in a broader chromatin domain to
suppress gene expression.

To assess the importance of SETDB1-mediated FOXAZ2 silencing in phenotypic changes
observed in NSCLC cells, we first overexpressed FOXA2 in H1299 cells and detected a
forceful downregulation of ADAM12/19 and TNC (Fig.3E), indicating these invadopodia-
related genes could be downstream factors of FOXA2. To investigate this regulation at

the endogenous level, we next stably expressed sShRNA against a scramble sequence
(control) or FOXA2 in SETDB1-KO H1299 cells. While FOXAZ2 reactivation induced by
SETDB1-KO was abrogated by FOXA2 knockdown (FOXA2-KD), a notable upregulation
of these invadopodia-related genes is readily detected (Fig.3F-G). Importantly, the scratch
wound-healing ability of SETDB1-KO H1299 was also greatly restored (Fig.3H). We
further determined the impact of additional FOXA2-KD on migration and invasion using
the transwell assays and uncovered that FOXAZ2 loss significantly retrieved cell migration
and invasion capabilities inhibited by SETDB1-KO (Fig.3l). Together, we conclude that
SETDB1-sustained NSCLC cell migration and invasion are largely mediated through
epigenetic silencing of FOXA2.

SETDB1 cooperates with DNA methylation for FOXA2 epigenetic silencing

FOXAZ2 expression is inversely correlated with DNA hypermethylation in NSCLC cells [24,
25], whereas a subset of Setdb1 also colocalizes with Polycomb Repressive Complex 2
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(PRC2) to repress developmental genes [39]. We then asked whether SETDB1 cooperates
with DNA methylation and/or PRC2 for FOXAZ2 gene silencing. To test this possibility,

we treated control and SETDB1-KO H1299 cells with a DNA demethylating agent
decitabine (DEC) or a potent EZH2 inhibitor GSK126. In control cells, we detected a
notable dosage-dependent increase of FOXAZ2 protein upon decitabine treatment but not
GSK126. In SETDB1-KO cells, decitabine-induced FOXA2 upregulation was inconclusive,
likely due to substantial FOXAZ reactivation (Fig.4A). Furthermore, RT-PCR analysis
reported a significant 8.8-fold and 18.6-fold increase of FOXA2 mRNA with 2uM and
10uM decitabine treatment respectively but only a modest 2.5-fold increase with 10uM
GSK126, indicating that DNA methylation plays a more critical role in mediating FOXA2
silencing than PRC2-catalyzed H3K27me3 (Fig.4B). Furthermore, decitabine treatment only
induced 1.2~2.7-fold increase of FOXA2 mRNA in SETDB1-KO cells (Fig.4B). Therefore,
these results suggest that SETDB1 and DNA methylation are major repressive epigenetic
mechanisms for FOXAZ2 silencing and could contribute to the same repression pathway.

Due to previously reported crosstalk between SETDB1 and DNA methylation [40, 41], we
further analyzed DNA methylation in FOXA2 CpG island using MethylScreen approach
[29] to determine whether SETDB1 modulates DNA methylation on FOXA2 locus. We
focused on three CpG clusters in the 5’-region of the longest FOXA2 CpG island [42] as
their hypermethylation was correlated with FOXAZ2 repression [24]. In control cells, all three
CpG clusters are methylated, ranging from 44.6% to 94.6%. Upon SETDB1 loss, however,
DNA methylation reduced slightly in CpG cluster 1 (9.7%) but decreased forcefully

in cluster 2 (23.9%) and 3 (52.7%) while DNA hypomethylation increased accordingly
(Fig.4C), suggesting SETDB1 indeed modulates DNA methylation in these regions. To
dissect underlying mechanisms, we assessed protein interactions between SETDB1 and
three DNMTs by immunoprecipitation (IP)-coupled western blot analysis. Only DNMT3A
exhibited robust and specific interactions with endogenous SETDB1 and MPP8 (control
[27]) (Fig.4D). To determine whether SETDBL1 recruits DNMT3A onto FOXA2 CpG
clusters for DNA methylation, we examined their occupancy in these CpG clusters by
ChIP assays. As shown in Fig.4E-G, a significant enrichment of SETDB1 and H3K9me3
was readily detected in CpG cluster 2 and 3 but not cluster 1, and these enrichments were
abolished by SETDB1 knockout. Strikingly, similar DNMT3A occupancy was observed

in CpG cluster 2 and 3 in control cells but disappeared in SETDB1-KO cells. Given the
localization changes of SETDB1, H3K9me3 and DNMT3A are greatly correlated with
DNA methylation alterations in SETDB1-KO cells, we conclude that SETDBL recruits
DNMTS3A, likely through their protein interactions to modulate DNA methylation for
epigenetic silencing of FOXA2.

Setdbl represses Foxa2 and promotes migration and invasion of murine lung
adenocarcinoma cells

Foxa2, together with Nkx2-1 and Cdx2 serve as key regulatory nodes to inhibit malignant
progression of mouse KrasG12P/*: p53M |ung adenocarcinoma and are responsible for one-
third of transcriptome changes [23]. We thus examined Setdbl and Foxa2 expressions in

a serial of cell lines derived from this model [22, 26]. Consistent with prior report [23],
Foxa2 is highly expressed in Tnonmet cells (non-metastatic primary tumors) but drastically
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downregulated in Tmet (metastatic primary tumors) and Met (metastases) cells. In contrast,
Setdb1 is weakly expressed in all Tnonmet cell lines but robustly upregulated in Tmet

and Met cells (Fig.5A). To test whether Foxa2 downregulation in metastatic Tmet cells

is caused by Setdbl upregulation, we knocked-out Setdbl in Tmets73T1 cells using CRISP/
Cas9 and detected a substantial increase of Foxa2 protein (Fig.5B) which is accompanied
by a modest reduction of cell proliferation (Fig.5C). To further evaluate our working model,
we investigated whether Setdb1 loss modulates the metastatic potential of these murine lung
adenocarcinoma cells. While the motility of Tmets7311 cells decreased significantly upon
Setdb1 knockout in the scratch wound-healing assay, their migratory and invasive abilities
reduced substantially at ~54% and ~82% respectively in the transwell assays (Fig.5D-E).

In addition, Setdb1 loss resulted in a forceful downregulation of invadopodia-related genes
ADAM12/19 and Tks5|ong (Fig.5F). Therefore, depletion of Setdbl also de-represses Foxa2
expression in mouse Tmetz73T1 cells and abrogates the metastatic potential of these cells.
Given that these results phenocopied changes detected in human SETDB1-KO NSCLC cells
(Fig.1), SETDB1-mediated FOXAZ2 repression and the subsequent regulation on migration
and invasion could represent a general mechanism for modulating metastatic potential of
NSCLC cells.

Setdbl is essential for malignant progression and metastasis of murine lung
adenocarcinoma

Metastatic Tmet cell lines derived from KrasGZ22/* p53f murine lung adenocarcinomas
possess the ability to disseminate from the primary tumor site and form lung metastasis
nodules after being subcutaneously transplanted into immune-compromised mice [22,

23]. We further utilized this model and investigated the functional importance of Setdbl

in lung adenocarcinoma progression and metastasis in vivo using xenograft models. To
monitor tumor development and metastasis noninvasively, we stably expressed luciferase in
control and two Setdb1-KO Tmetszst1 cell lines (Supplemental Fig.5A) and subcutaneously
transplanted them (~1.25x104 cells) into SCID mice. Control tumors developed rapidly
and reached the endpoint at day 32, where two Setdb1-KO tumors were about half

of the volume and reached the endpoint at day 40 (Fig.6A), suggesting that Setdbl

loss modestly reduced tumor growth in vivo. Immunohistochemistry and western blot
analyses of endstage primary tumors further confirmed the inverse correlation between
Foxa2 and Setdb1 expression (Fig.6B-C). Intriguingly, Setdb1-KO tumor cells apparently
adapted a more cuboidal epithelial morphology while control tumor cells predominantly
showed a mesenchymal morphology (Fig.6B), indicating the invasiveness of Tmetz7z1q
cells was mitigated in vivo upon Setdbl depletion. However, a reversed EMT marker
expression was not detected by western blot (Fig.6C). More importantly, control tumors
rapidly disseminated from the subcutaneous sites and aggressively metastasized into the
lungs. In sharp contrast, no detectable lung metastasis was developed from Setdb1-KO
tumors even after they reached the similar size at the endpoint (Fig.6D-E, Supplemental
Fig.5B). To further validate the results, we dissected the lungs from the endstage mice

and following ex vivo bioluminescence imaging quantification and H&E histology analyses
revealed that Setdbl depletion completely abolished the spontaneous metastatic ability of
Tmets7371 cells in these xenograft models (Fig.6F-G, Supplemental Fig.5C). Moreover,

a substantial downregulation of invadopodia-related genes Adam12/19 and Tnc was
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readily detected in Setdb1-KO primary tumors (Fig.6H). Using similar xenograft models,
previous study has shown that knockdown of Foxa2 in mouse non-metastatic lung cancer
(Tnonmet) cells significantly increased lung metastasis nodules, whereas knockdown of
Foxa2, Cdx2 and Nkx2-1 altogether further promoted this effect [23]. Therefore, our
xenograft results together with in vitro findings (Fig.3F-I, Fig.5D-F) suggest that loss of
spontaneous metastasis capability of Setdb1-KO Tmetsz31q cells is, at least in part due

to de-repressed Foxa2 expression. Together, our in vivo findings further demonstrate the
functional importance of Setdb1-Foxa2 regulatory node in NSCLC malignant progression
and metastasis.

Discussion

Although SETDB1 upregulation was frequently observed in NSCLC and multiple other
human cancers, prior studies largely focused on its role in regulating tumor cell proliferation
in vitro and in vivo through various molecular pathways. In this study, we present
evidence in vitro and in vivo that together depict the pro-metastatic activity of SETDB1
in NSCLC. Specifically, SETDB1 augments migratory and invasive capabilities of tumor
cells via promoting invadopodia formation and ECM degradation. As the result, Setdbl
is a prerequisite to sustain the full and spontaneous metastatic capabilities of tumor cells
derived from murine Kras®220:p53% Jung adenocarcinomas in xenograft models. We
also present molecular evidence which demonstrate that SETDB1-sustained NSCLC cell
migration and invasiveness are mediated through epigenetic silencing of key metastasis
suppressor FOXAZ2. In addition to catalyzing H3K9 trimethylation on FOXA2 genomic
locus, SETDB1 recruits DNMT3A for DNA methylation to reinforce gene silencing.
Together, we established the functional significance of SETDB1 in NSCLC malignant
progression and metastasis and elucidated the underlying mechanisms.

The airway transcription factor FOXAZ is ubiquitously expressed in normal bronchial
epithelial cells and type 11 pneumocytes and plays a crucial role in alveolarization

and airway epithelial cell differentiation [43]. In contrast, loss or reduced FOXA2
expression was commonly detected in human primary NSCLC tissues, including both
adenocarcinomas and squamous cell carcinomas [24]. IHC analyses of 130 annotated

stage | lung adenocarcinomas also confirmed the frequent FOXA2 downregulation (52.9%)
and revealed a trend favoring survival in patients with high FOXA2 expression [24].

These results suggest that FOXA2 functions as a bona fide tumor suppressor. In murine
lung adenocarcinomas, a stringent inverse-correlation of Foxa2 level to tumor grade was
observed, which further highlights the key role of Foxa2 as a safeguard against malignant
progression of NSCLC [23]. Intriguingly, another gene expression analysis of 64 stage

I human primary NSCLC samples reported SETDBL as a strong independent prognostic
factor of tumor recurrence while high SETDB1 expression is significantly associated with
shorter disease-free survival [19]. Although the direct correlation between frequent FOXA2
loss and SETDB1 upregulation in human NSCLC and other cancers is unknown and
warrants further investigation, our findings are in line with these prior studies which clearly
illustrate that SETDB1 and FOXA2 have opposite functions in NSCLC.
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FOXAZ2 has been shown to inhibit EMT of NSCLC and breast cancer cells by repressing
SLUG and ZEB?2 respectively [44, 45]. However, it promotes EMT of colon cancer cells and
is upregulated in advanced tumor stage [46], suggesting EMT regulation by FOXAZ2 could
be largely context dependent. In different NSCLC cells and xenograft tumors, SETDB1-KO
induced FOXAZ2 reactivation failed to upregulate E-cadherin expression (Fig.2A, 6C). In
contrast, direct or indirect modulation of FOXA2 level resulted in inverse changes on
expression of several invadopodia-related genes in vitro and in vivo (Fig.3E, 3G, 5F,
6H).Considering the role of invadopodia in metastatic invasion and the established function
of Foxa2 in impeding malignant progression of mouse lung adenocarcinoma [22, 23],

our findings together support a model in which SETDBL1 represses FOXA2 expression to
upregulate these invadopodia-related genes and promote NSCLC cell migration and invasion
via ECM degradation, and thus augments metastatic progression. In this case, morphologic
changes of Setdb1-KO primary tumor cells could be the results of reduced actin bundling

in invadopodia instead of EMT reversal. The relevance of identified SETDB1-FOXA2
regulatory node in human NSCLC tissues and mechanisms underlying the regulation of
these invadopodia-related genes by FOXAZ2 is currently under investigation. Intriguingly,

a recent screening identified SIRT6 as an ADAM12 co-repressor [47] while SIRT6
interacts with FOXAZ2 to suppress ZEB2 expression in hepatocellular carcinoma cells [48].
These results suggest that FOXA2 could repress EMT-inducing transcription factors and/or
invadopodia related genes in different tumor types through similar or different mechanisms
to mitigate their migration and invasion abilities.

The crosstalk of SETDB1-DNMT3A on FOXA2 silencing in NSCLC cells elucidates

a coordinated action by multiple chromatin modifiers. It is consistent with recent
transcriptomic analyses showing that SETDB1-high NSCLC has overrepresented DNMT
expression, especially DNMT3A [14]. Intriguingly, decitabine-induced FOXA2 de-
repression is substantially lower than SETDB1 depletion did (Fig.3A, 4A-B). We thus
propose that SETDB1 plays the primary role to suppress FOXA2 gene expression via
histone H3K9 methylation while it also recruits DNMT3A for DNA methylation to reinforce
epigenetic silencing. However, SETDB1-DNMTS3A interplay could be more complex than
the simple recruitment model. For instance, we and others revealed that SETDBL1 interacts
with H3K9me3-binding proteins MPP8 [27] and HP1 [49, 50] while these interactions
have been shown to recruit DNMTSs to target promoters and modulate DNA methylation.
Thus, DNMT3A enrichment on FOXA2 CpG island could also rely on SETDB1-catalyzed
H3K9me3 and subsequent binding by MPP8 and/or HP1, which could further sustain
SETDB1 occupancy to facilitate the spreading of H3K9me3 and DNA methylation into
large chromatin domains. As SETDB1 forms a stable complex with MBD1 and ATF7IP
[51], DNMT3A-mediated CpG methylation may be recognized by MBD1 which may also
contribute to retention of SETDB1-centered epigenetic complex on FOXA2 genomic locus
as a feedforward regulation. Together, multiple epigenetic events could result in formation
of a broader domain of facultative heterochromatin to maintain long-term transcription
silencing in NSCLC cells. Although Setdb1 also coordinates with PRC2 and H3K27me3
to repress multiple developmental genes in mESCs [39], this interplay was not evident on
FOXAZ2 silencing in NSCLC cells, suggesting that SETDB1-centered epigenetic repression
pathways in NSCLC progression could be different from physiological processes and
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context dependent. As expression of multiple epigenetic players is overrepresented in
SETDB1-high NSCLCs [14], SETDB1 may coordinate a large epigenetic network for
transcription reprogramming to facilitate NSCLC progression and metastasis.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.

SETDB1 promotes NSCLC cell migration and invasion. (A) Western blot analysis of
control and SETDB1-KO H1299, H23, H2009 and H157 cells. (B) In vitro proliferation
assays of indicated control and SETDB1-KO NSCLC cells using Cell Counting Kit-8. Cell
number 24 h after seeding was normalized as 1. Results are from three independent samples
(meanzs.d). (C) Wound-healing assays of various control and SETDB1-KO NSCLC cells.
Cell monolayers were treated with 10 pg/ml Mitomycin C for 2 h before scratch while
microscopy images were taken at indicated timepoints. (D) Transwell migration and
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invasion assays of indicated control and SETDB1-KO NSCLC cells. Cells were treated with
10 ug/ml Mitomycin C for 2 h before being seeded into transwells. Results are from three
independent samples (meanzs.d.). Control-KO cells were normalized as 100%. * indicates
p<0.05.
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SETDB1 promotes invadopodia formation and ECM degradation. (A) Western blot analysis
of different control and SETDB1-KO NSCLC cells. (B) GSEA pathway analyses of
differentially expressed genes derived from RNA-Seq data of control and SETDB1-KO
H1299 cells. Top downregulated GSEA pathways with the best normalized enrichment score
(NES) are listed. (C) RT-PCR analysis of indicated invadopodia-related genes in control
and SETDB1-KO H1299 cells. Results are from triplicates and normalized to GAPDH
(meanzs.d.). mRNA level in control cells were normalized as 1. (D) Representative merged
immunofluorescent images of Cortactin (green), F-Actin (red) and DAPI (blue) co-stained
control and SETDB1-KO H1299 cells. Enlarged images show Cortactin puncta with or
without F-Actin. Scale bars indicate 20um. (E) Quantification of control and SETDB1-KO
H1299 cells with or without formed invadopodia structures. n is the number of cells counted.
(F) Merged immunofluorescent images of control and SETDB1-KO H157 cells co-stained
with Cortactin (green), F-Actin (red) and DAPI (blue), showing cells with or without
invadopodia (inserted images). Scale bars indicate 20um. (G) Quantification of invadopodia-
containing control and SETDB1-KO H157 cells. n is the number of cells counted. (H)
Representative merged images of FITC-Gelatin (green), F-Actin (red) and DAPI (blue)
stained control and SETDB1-KO H1299 cells. Areas with FITC-gelatin degradation are
indicated with arrows. (I) Quantification of areas with FITC-gelatin degradation in control
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and SETDB1-KO H1299 cells. Results represent mean of 10 randomly picked areas with
+s.d. Control cells-mediated ECM degradation was normalized as 100%. n is the number of
cells in all quantified areas. (J) Merged immunofluorescent images of control and SETDB1-
KO H157 cells in FITC-gelatin degradation assays. Degraded areas are marked with arrows.
(K) Quantification of ECM degradation mediated by control and SETDB1-KO H157 cells. n
is the total number of cells counted.
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SETDB1 represses FOXA2 to promote migration and invasion of NSCLC cells. (A) RT-
PCR analysis of indicated genes in control and SETDB1-KO H1299 cells. Results were
from triplicates and normalized to GAPDH (meanzs.d.). (B) Western blot analysis of
SETDB1 and FOXAZ2 expression in indicated control and SETDB1-KO NSCLC cells. (C)
ChIP-gPCR analysis of chromatin derived from control and SETDB1-KO H1299 cells.
Antibodies against SETDB1 N- or C- terminal (SET-N, SET-C) were used for ChlP while
gPCR was conducted using primers for FOXA2 promoter and —/+ 2kb regions. Graphs
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are mean ChlIP enrichment (n=3) with s.d. (D) ChIP-PCR analysis of same set of cells
using antibodies for histone H3 and H3K9me3 and same primers for FOXA2 genomic
locus. Graphs are mean ChlP enrichment (n=3) with +s.d. (E) RT-PCR analysis H1299
cells expressing control or Flag-SETDB1. Results are from triplicates and normalized

to GAPDH (meanzs.d.). (F) Western blot analysis of control and SETDB1-KO H1299

cells and SETDB1-KO cells with additional control or FOXA2 stable knockdown. (G) RT-
PCR analysis of SETDB1-KO H1299 cells with control or FOXA2-KD. Results are from
triplicates and normalized to GAPDH (meanzs.d.). (H) Wound-healing assays of control and
SETDB1-KO H1299 cells with control or FOXA2-KD. Cell monolayers were treated with
Mitomycin C (10 pg/ml) for 2 h before scratch. (1) Migration and invasion assays of control
and SETDB1-KO H1299 cells and cells with additional control or FOXA2-KD. Cells were
treated with 10 pug/ml Mitomycin C for 2 h before being seeded into transwell. Results are
from three independent samples (mean+s.d.). Control-KO cells were normalized as 100%
while pvalues were indicated.
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Figure 4.
SETDBL cooperates with DNMT3A and DNA methylation for FOXA2 silencing. (A)

Western blot analysis of control and SETDB1-KO H1299 cells treated with DMSO,
decitabine (DEC) or GSK126 (72 h). (B) RT-PCR analysis of FOXA2 mRNA in control
and SETDB1-KO H1299 cells with the same treatments. Results are from triplicates and
normalized to GAPDH (meanzs.d.). FOXA2 level in DMSO-treated cells was normalized
as 1. (C) MethylScreen assay of three indicated FOXA2 CpG clusters using genomic
DNA derived from control and SETDB1-KO H1299 cells. White, black, and grey
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boxes represent the unmethylated, uniformly methylated and partially methylated DNA
proportions, respectively. Quantifications are from 3 independent samples (meanzs.d.) (D)
HEK-293T cells were transfected with Flag-DNMT1, 3A, or 3B vectors followed by Flag-1P
and western blot analysis of co-purified endogenous SETDB1 and MPP8 (top). IP efficiency
was indicated by Flag western blot (bottom). (E-G) ChIP-PCR analysis of chromatin
derived from control and SETDB1-KO H1299 cells. Antibodies against SETDB1 (E),
histone H3, H3K9me3 (F) or DNMT3A (G) were used for ChIP and gPCR was conducted
using primers for different FOXA2 CpG clusters indicated in (C). Results are mean ChlP
enrichment (n=3) with £s.d. * indicates p<0.05.
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Figure5.
Setdb1 represses Foxa2 expression and promotes motility and invasiveness of murine

KrasG12D/*: n53 Jung adenocarcinoma cells. (A) Western blot analysis of
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lines derived from murine KrasGZ22/*: p53/ lung adenocarcinoma model [26]. (B) Western
blot analysis of indicated control and Setdb1-KO Tmets7311 cells. (C) Proliferation assay of
control and Setdb1-KO Tmets7311 cells using Cell Counting Kit-8. Cell number 24 h after

seeding was normalized as 1. Results were from three independent samples

(meants.d.).

(D) Wound-healing assays of control and Setdb1-KO Tmets73t1 cells. Cell monolayers were
treated with 10 pug/ml Mitomycin C for 2 h before scratch. (E) Migration and invasion assays
of control and Setdb1-KO Tmetsz7371 cells. Cells were treated with Mitomycin C (10 ug/ml)
for 2 h before being seeded into transwell. Graphs were from three independent samples
(meanzs.d.). Control cells were normalized as 100%. * indicates p<0.01, ** indicates
p<0.001. (F) RT-PCR analysis of control and Setdb1-KO Tmets73T1 cells. Results were from

triplicates and normalized to 18S rRNA.
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Figure®6.
SETDB1 promotes NSCLC malignant progression and metastasis. (A) Primary tumor

growth (mean+SEM) measured by a caliper in SCID mice subcutaneously xenografted
with control (n=6) or two different Setdb1-KO (n=7) Tmets7a11 cells (~1.25x10%) ina

32- or 40-day time course. * indicates p<0.05, ** indicates p<0.005. (B) Representative
images of endstage control or Setdb1-KO Tmets73t1 primary tumor sections stained with
haematoxylin and eosin (H&E, top) or antibody against Setdb1 (middle) or Foxa2 (bottom).
Scale bars are 50um. (C) Western blot analysis of endstage primary tumors from control
and Setdb1-KO Tmets7st1 Xenograft models. (D) Bioluminescence quantification of lung
metastases (mean £SEM) in subcutaneous xenograft models inoculated with control (n=6)
and Setdb1-KO (n=7) Tmetz;3T1 cells in a 32- or 40-day time course. ** indicates
p<0.005. (E) Bioluminescence images of control and Setdb1-KO Tmetz7311 Xenograft
mice at the endpoint. Primary tumors were covered to expose lung metastases. (F) Ex

vivo bioluminescence quantification of dissected lungs (mean +SEM.) from endstage mice
xenografted with control (n=6) or Setdb1-KO (n=7) Tmets7311 cells. ** indicates p<0.005.
(G) Representative images of H&E-stained whole lung sections derived from endstage
control and Setdb1-KO Tmets7311 Xenograft models. (H) RT-PCR analysis of control and
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Setdb1-KO endstage control or Setdb1-KO Tmetszzzt1 primary tumors. Results were from
triplicates and normalized to 18S rRNA (meanzs.d.).
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