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Abstract

Genomic analysis of lung adenocarcinomas has revealed that the MGA gene, which encodes a
heterodimeric partner of the MY C-interacting protein MAX; is significantly mutated or deleted in
lung adenocarcinomas. Most of the mutations are loss-of-function for MGA, suggesting that MGA
may act as a tumor suppressor. Here, we characterize both the molecular and cellular role of MGA
in lung adenocarcinomas and illustrate its functional relevance in the MYC pathway. Although
MGA and MYC interact with the same binding partner, MAX, and recognize the same E-box
DNA motif, we show that the molecular function of MGA appears to be antagonistic to that of

MY C. Using mass spectrometry-based affinity proteomics, we demonstrate that MGA interacts
with a noncanonical PCGF6-PRC1 complex containing MAX and E2F6 that is involved in gene
repression, while MY C is not part of this MGA complex, in agreement with previous studies
describing the interactomes of E2F6 and PCGF6. Chromatin immunoprecipitation-sequencing
(ChIP-seq) and RNA-sequencing (RNA-seq) assays show that MGA binds to and represses genes
that are bound and activated by MYC. In addition, we show that, as opposed to the MYC
oncoprotein, MGA acts as a negative regulator for cancer cell proliferation. Our study defines a
novel MYC/MAX/MGA pathway, in which MY C and MGA play opposite roles in protein
interaction, transcriptional regulation and cellular proliferation.
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INTRODUCTION

Activation of the MYC pathway is a key driver for diverse cancer types. The MYC gene is
frequently amplified in cancer cells, which results in its increased expression (1). Indeed,
CCND1, EGFRand MY are the top three amplified oncogenes based on pan-cancer
analysis of 10 different cancer types (2). Many other genomic events, such as chromosomal
translocations and super-enhancer amplifications, also activate MY C expression (3-6). The
overexpressed MY C protein binds to and activates genes that are promoting cellular
proliferation (7,8). In addition, MY C is reported to activate genes that are involved in
apoptosis, ribosomal biogenesis, metabolism pathways, genome instability and immune
escape, which are involved in tumorigenesis and metastasis (7-9).

The activity of the MYC protein is tightly regulated by a protein interaction network that is
centered on the MAX protein (10). MYC interacts with MAX to form a heterodimeric
complex, which is essential for MYC to recognize and bind to the E-box DNA sequence
(CACGTG) that is enriched in gene promoter regions (11,12). The dimerization of MYC and
MAX is mediated through the interaction between their basic region/helix loop helix/leucine
zipper (bHLHZ) domains (12). MYC activates gene expression through its association with
histone acetyltransferase complexes, the bromodomain protein BRD4 and the transcriptional
pause-release complex P-TEFb (13-16). In addition to MYC, MAX also heterodimerizes
with another group of proteins containing bHLHZ domains - the MXD family of proteins,
including MXD1-4 and MNT. Although the MXD/MAX and MNT/MAX complexes
recognize the same E-box DNA sequence as MYC/MAX does, their bindings to DNA result
into repression of target genes, which is due to their physical interaction with the repressive
complex mSIN3 (17,18).

MGA (MAX gene-associated protein) is a bHLHZ protein that has been reported to interact
with MAX and to bind to the E-box DNA sequence (19). MGA, consisting of 3,065 amino
acids, is the largest protein in the MAX-interacting protein family (10). In addition to the
MAX-interacting bHLHZ domain, MGA contains a T-box domain at the N-terminus, which
recognizes the Brachyury binding sequence, suggesting a MAX-independent mechanism for
the DNA-binding ability of MGA (19). MGA represses expression of an /n vitro MY C-
driven luciferase reporter (19), suggesting that MGA may act as a suppressor of MYC target
genes. Recent exome-sequencing efforts have revealed that the MGA gene is significantly
mutated in lung adenocarcinoma and high risk chronic lymphocytic leukemia (20,21).
However, the biological role of MGA in those cancer types, particularly its functional link
with the MYC pathway, is largely unknown.

Here, we show that the MGA gene is frequently subject to loss-of-function mutations and
copy number deletions in multiple cancer types. We characterize both the molecular and
cellular role of MGA in lung adenocarcinoma cells. We integrate results from mass
spectrometry-based affinity proteomics, chromatin-immunoprecipitation sequencing (ChlP-
seq) and RNA sequencing (RNA-seq) approaches to study the gene regulation function of
MGA, which reveals that MGA forms a gene repression complex with a noncanonical
PCGF6-PRC1 complex and binds to and represses genes that are bound and activated by the
MY C oncoprotein. Importantly, we show that, as opposed to MYC, MGA acts as a negative
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regulator of cancer cell proliferation, supporting its role as a tumor suppressor. Our study
helps to elucidate the role of MGA in the MY C oncogenic pathway and supports the
definition of a MYC/MAX/MGA pathway that could serve as a potential therapeutic target
in the future.

MATERIALS AND METHODS

Genomic analysis of data from The Cancer Genome Atlas (TCGA):

Cell lines:

We analyzed sequencing results of TCGA lung adenocarcinoma samples (n=507) and
samples from other cancer types on the Pan Cancer c-Bio portal (22,23). We presented
analyses of samples with MY C amplification, MGA homozygous deletions or MGA loss-of-
function mutations in lung adenocarcinoma, in Figure 1A and S1.

Cell lines were obtained from the Cancer Cell Line Encyclopedia (CCLE) project (24) in
2016 and 2017. Cell line identities were verified by SNP genotyping using an Affymetrix
SNP array as previously described in the CCLE project (24). Cells were tested negative for
mycoplasma using the Lonza MycoAlert Mycoplasma Detection kit at July, 2018. Cells
were maintained in RPMI-1640 medium supplemented with 10% heat inactivated FBS and
1% penicillin-streptomycin. Cells lines were passaged every 3 or 4 days and were used for
functional assays within 3 months of passages post receipt.

Immunoprecipitation:

We performed immunoprecipitation using antibodies against the endogenous MGA or IgG
in HEK293T, A549 and NCI-H23 cells. Around 10 million cells were lysed with NP40 lysis
buffer (1% NP40, 150 mM NaCl and 50 mM Tris-HCI pH 8.0) and sonicated by a tip
ultrasonic homogenizer. Sonicated cell lysate was first incubated with 2 ug of anti-MGA
antibody (Sigma, HPA-042278) or rabbit IgG (Millipore, 12-370) overnight at 4°C and then
incubated with mixed Dynabeads A and G (Thermo Fisher) for 2 hours at 4°C. Next, the
beads were washed three times with NP40 lysis buffer. Enriched protein was eluted and
denatured by NP40 lysis buffer supplemented with LDS sample buffer (Thermo Fisher) and
DTT (final concentration: 20 mM).

Quantitative Mass Spectrometry assays:

For immunoprecipitation from HEK293T cells followed by mass spectrometry, we applied
the above immunoprecipitation protocol to ~ 100 million cells and used 20 ug of MGA or
IgG antibody. After minimal washing to remove non-specifically bound proteins, samples
were digested with trypsin, labeled with iTRAQ isobaric mass tag reagents (25), mixed
together and analyzed by liquid-chromatography mass spectrometry (affinity proteomics).
Briefly, the MGA or IgG pulldown samples were washed twice with 200 pl of 50 mM Tris-
HCI (pH 7.5), transferred into fresh 1.5 ml Eppendorf tubes, and washed twice with buffer
containing 2 M urea/50 mM Tris (pH 7.5). Samples were incubated in 0.4 pg trypsin in 80 pl
of 2 M urea/50 mM Tris supplemented with 1 mM DTT for 1 hour at room temperature
while shaking at 1000 g. After short digest, 80 ul of each supernatant was transferred into
new tubes. Beads were washed twice with 60 pul of 2M urea/50 mM Tris buffer, and these
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washes were combined with the supernatant. The combined digestion eluates and washes
were spun down at 5000 g for 2 min, transferred into the fresh tubes, and subsequently
reduced with 4 mM DTT for 30 min at room temperature. Following reduction, samples
were alkylated with 10 mM iodoacetamide for 45 min in the dark at room temperature.
Samples were digested overnight with an additional 0.5 ug of trypsin at room temperature,
while shaking. Following overnight digestion, samples were acidified (pH <3) with neat
formic acid (FA), to a final concentration of 1% FA. Samples were spun down and desalted
on C18 StageTips. Briefly, StageTips were conditioned once with 100 pl of MeOH, once
with 100 pl of 50% MeCN/0.1% FA, and twice with 0.1% FA. Sample was loaded, washed
twice with 0.1% FA, and eluted with 50 ul of 50% MeCN/0.1 % FA. Eluted samples were
dried to completion and stored at —80 °C.

Desalted peptides were labeled with iTRAQ reagents as follows. Samples were resuspended
in 30 ul of dissolution buffer (0.5 TEAB, pH 8.5) combined with 70 ul of ethanol. Once re-
suspended, samples were mixed with iTRAQ reagent, and incubated at room temperature for
1 hour with shaking. Reaction was quenched with 10 ul of 1M Tris-HCI (pH 7.5).
Differentially labeled samples were combined, dried down to evaporate ethanol, acidified
with neat formic acid to a final concentration of 1%, and desalted on C18 StageTips as
described above.

Labeled and desalted peptides were re-suspended in 9 pul of 3% MeCN/0.1% FA and
analyzed by online nanoflow liquid chromatography tandem mass spectrometry (LC-
MS/MS) using a Q Exactive mass spectrometer (Thermo Fisher Scientific) coupled on-line
to a Proxeon Easy-nLC 1000 (Thermo Fisher Scientific). Briefly, 4 pl of each sample was
loaded onto a microcapillary column (360 pum outer diameter x 75 um inner diameter)
containing an integrated electrospray emitter tip (10 um), packed to approximately 22 cm
with ReproSil-Pur C18-AQ 1.9 um beads (Dr. Maisch GmbH) and heated to 50C. Samples
were analyzed using a 260 min LC-MS method with the following gradient profile:
(min:%B) 0:2; 1:6; 235:30; 244:60; 245:90; 250:90; 251:50; 260:50 (the last two steps at
500 nL/min flow rate). The Q Exactive was operated in the data-dependent mode acquiring
HCD MS/MS scans (r= 17,500) after each MS1 scan (= 70,000) on the top 12 most
abundant ions using an MS1 target of 3 x 106 and an MS2 target of 5 x 104. The maximum
ion time utilized for MS/MS scans was 120 ms; the HCD-normalized collision energy was
set to 28; the dynamic exclusion time was set to 20 s, and the peptide match and isotope
exclusion functions were enabled. Charge exclusion was enabled for charge states that were
unassigned, 1 and >7.

Immunoblotting:

Cells were lysed by NP40 lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris-HCI pH 8.0)
supplemented with protease and phosphatase inhibitor (Thermo Scientific, 1861281) and
denatured by LDS sample buffer (Thermo Fisher) supplemented with 20 mM DTT.
Electrophoresis was performed in 3-8% Tris-Acetate gel (for immunoblotting MGA) or
4-12% NuPage Bis-Tris gel in Tris-Acetate SDS or MOPS SDS running buffer respectively.
Proteins were transferred to a nitrocellulose membrane (0.2 pm) in Novex Tris-Glycine
Transfer Buffer (Thermo Fisher) supplemented with 10% methanol overnight at 4°C at
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constant voltage of 35V (for transferring MGA) or 2 hours at 70V. Images were taken on a
LI-COR instrument. Antibodies that were used for immunoblotting include: MGA (Sigma,
HPA-042278), MYC (Cell Signaling, 13987), MAX (Santa Cruz, sc-197), E2F6 (Santa
Cruz, sc-53273), HDAC?2 (Cell signaling, 5113), HDAC4 (Santa Cruz, sc-46672), CBX3
(Sigma, WH0011335M1) and RNF2 (MBL, D139-3).

MGA expression construct:

For human MGA (NM_001164273.1) cloning, MGA cDNA sequence was subdivided into
three fragments using internal restriction sites (1-3168 bp; 3147-6632 bp; 6611-9198 bp).
Fragments were amplified by PCR from a cDNA pool using Phusion High-Fidelity DNA
Polymerase (Biolabs) following standard protocols. Necessary restriction sites were added to
the primer sequences (Table S2). MGA fragments were subcloned in the pGEM-T Easy
Vector (Promega, A1360) and then cloned into the pLVX-IRES-ZsGreenl Vector (Clontech
Laboratories) for further analyses.

ChlP-seq analysis:

Chromatin immunoprecipitation-sequencing (ChlP-seq) assays were performed as
previously described (26). Antibodies that were used include: MGA (Sigma, HPA-042278),
c-MYC (Cell signaling, 13987). The Cell Signaling antibody 13987 (Clone ID: D3N8F) was
annotated as an c-MYC specific antibody during our assays but is now noted to also cross
react with the N-MYC protein (URL: https://www.cellsignal.com/products/primary-
antibodies/c-myc-n-myc-d3n8f-rabbit-mab/13987). Based on the RNA-sequencing results of
the A549 cell line from the Cancer Cell Line Encyclopedia (CCLE) project (24) (URL:
https://portals.broadinstitute.org/ccle/), c-MYCis the MYC family gene that is
predominantly expressed (read counts: 18349) in the lung adenocarcinoma cell line while N-
MYCis barely detectable by RNA-seq (read counts: 7, less than 0.1% of c-MYC counts). In
addition, siRNA against MYC diminishes the protein signal detected by the antibody (Figure
4A). Thus the ChIP-seq and western-blot signal detected by the cell signaling antibody
13987 is specific to c-MYC in our experiments.

The sequencing libraries were prepared using the NEB ChlIP-seq library prep kit (NEB,
E6200L) and sequenced on the Illumina MiSeq instrument (50-bp single read sequencing).
Sequencing reads were aligned by BWA (27) and the binding sites of MGA and MY C were
identified by MACS2 “callpeak” function (28). DNA binding motifs enriched in the MGA
binding sites were identified by the Homer de novo motif analysis (29). ChlP-seq tracks
(bigWig files) were presented in the Integrative Genomics Viewer (30). The Cistrome
Analysis Pipeline (31) was used to generate ChlP-seq heatmaps and to perform ChlP-seq
correlation analysis. The averaged ChlP-seq tags at gene promoter regions were calculated
by Homer “annotatePeaks” function (29).

RNA sequencing analysis:

RNA was extracted using the Qiagen RNeasy kit with on-column DNase | treatment. 500 ng
of RNA for each sample was processed with the NEBNext PolyA mRNA Magnetic Isolation
Module (NEB #E7490) and further processed with the NEBNext Ultra Directional RNA
Library Prep Kit (NEB E7420S). RNA libraries were then sequenced on an Illumina MiSeq
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(75-bp paired-end sequencing). Sequencing reads were aligned using the STAR pipeline (32)
and quantified by the RSEM pipeline (33). Differential gene expression analysis was
performed using the edgeR pipeline (34). GSEA analysis was performed using the Gene
Pattern pipeline (35).

Reverse transcription of extracted RNA was carried out using the iScript Reverse
Transcription kit (Bio-Rad), and gPCR reactions was performed using the Power SYBR
Green PCR MasterMix (Life Technologies) on a CFX384 real-time thermocycler (Bio-Rad),
according to manufacturer’s protocols. Primer sequences are available in Table S2.

Competitive cell proliferation assay:

For MGA overexpression experiments, A549 and NCI-H23 cells were transfected either
with pLVX-MGA-Zs-Green or empty vector by Lipofectamine LTX Reagent with PLUS
Reagent (Thermo Fisher, 15338100), and were then maintained in regular media for 24
hours before cell sorting (J-Ariall SORP) to select transfected cells by GFP signal. GFP-
positive cells were then mixed with parental cells and maintained in regular media. The
percentage of GFP-positive cells were counted by the flow cytometry analyzer at day 0, 4
and 6.

Public dataset usage:

The following datasets were downloaded from ENCODE (36) and used in the study (MAX
ChiIP-seq in A549 cells, GEO accession number: GSM935298; E2F6 ChIP-seq in A549
cells, GEO accession humber: GSM1010766).

Accession codes:

RESULT

The newly generated ChIP-seq and RNA sequencing data for this study have been deposited
to the Gene Expression Omnibus (GEO) public dataset under the series GSE112188 and
GSE112190, respectively.

MGA loss-of-function mutations and deletions in lung adenocarcinomas

MGA has been reported to be a significantly mutated gene in lung adenocarcinomas (20 and
37). In the TCGA Pan-Cancer lung adenocarcinoma dataset (38), 27 of the 49 MGA
mutations are truncating (Figure 1A). In addition, the MGA gene is subject to copy number
deletions (11/507 cases) but not amplifications (Figure S1A), suggesting that MGA may act
as a tumor suppressor. These alterations are complementary to A/ YC genomic activation,
where 42 out of 507 (~8%) lung adenocarcinomas acquire amplifications of the MYC gene
(Figure S1A, data extracted from the c-Bio portal, portal URL.: https://www.cbioportal.org/).
As shown in TCGA Pan-Cancer analysis of MY C pathway members including MGA (10),
MGA is subject to truncating mutations and copy number deletions in multiple cancer types
including uterine corpus endometrial carcinomas (UCEC, 45/509), colorectal carcinomas
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(CRC, 31/526), and stomach adenocarcinomas (STAD, 19/434), suggesting that MGA may
act as a tumor suppressor in multiple lineages (Figure S1B).

MGA is part of a noncanonical PRC1 repressive complex

Given the presence of protein-protein interaction domains in MGA, we sought to determine
the protein composition of MGA-containing complexes as a clue to MGA function. To do
so, we used an anti-MGA antibody bound to beads to immunoprecipitate endogenous MGA
from HEK293T cells that are wild-type for the endogenous MGA (validated by Sanger
sequencing). As a negative control, the same cell line was treated with non-specific 1gG
bound to beads. We analyzed the results based on the enrichments of peptide precipitated by
anti-MGA antibodies versus 1gG controls (2 biological replicates, Figure 1B and Table S1)
and identified 84 proteins that are significantly enriched in the MGA immunoprecipitates
(adjusted P value < 0.05). MAX, which is known to be the canonical binding partner of
MGA (19), and the MGA protein itself are among the most significantly enriched proteins in
this immunoprecipitation (Figure 1B).

To understand the MGA-associated protein complex in more depth, we performed David
pathway analysis of MGA-interacting proteins (39), which revealed that the MGA complex
is enriched in factors involved in transcriptional repression (Figure S2A). Our results were
consistent with previous literature in the field. We found that MGA interacts with E2F6 and
TFDP1, which form a transcriptional repressing dimer (40), with RING1, RNF2, PCGF6,
and L3MBTL2, which are core members of the Polycomb Repressive Complex 1 (PRC1)
(41), and with the heterochromatin protein CBX3 (also known as HP1-y), and the histone
deacetylase HDAC1 and HDAC?2 (Figure 1B and S2B), all of which are involved in
epigenetic and transcriptional repression. The proteins that interact with MGA form a
noncanonical PRC1 (ncPRC1) — the PCGF6-PRC1 complex, also known as PRC1-E2F6
(41-44).

To validate the interactome of MGA in the context of lung cancer, we performed
immunoprecipitation assays followed by immunaoblotting in the lung adenocarcinoma cell
lines A549 and NCI-H23, both of which are wild-type for MGA based on RNA sequencing
results from the Cancer Cell Line Encyclopedia (CCLE) project (24) (portal URL.: https://
portals.broadinstitute.org/ccle/). We validated the interaction of endogenous MGA with
MAX, E2F6, HDAC2, CBX3 and RNF2 by immunoprecipitating sonicated whole cell
extracts with MGA antibodies and 1gG controls followed by immunaoblotting with protein-
specific antibodies (Figure 1C). In contrast, another histone deacetylase factor HDAC4,
which was not enriched in the MGA immunoprecipitation-mass spectrometry assay, was not
detectable in our immunoprecipitation-western blot validation, consistent with the specificity
of our results (Figure S3A). Furthermore, we immunoprecipitated E2F6 and RNF2,
separately, using antibodies against the endogenous proteins in NCI-H23 cells and validated
their interaction with MGA (Figure S3B). Therefore, our results together with previous
studies that identified MGA in the interactomes of E2F6 and PCGF6 (43,45), defined a
MGA-ncPRCL1 transcriptional repression complex.
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MGA co-localizes with MYC and E2F6 in the genome

To understand the gene regulation function of MGA and its involvement in the MYC
pathway, we next performed chromatin-immunoprecipitation sequencing (ChlP-seq) assays
using antibodies against endogenous MGA and MYC in the lung adenocarcinoma cell line
A549. Both MYC and MGA binding sites, defined by the MACS2 ChIP-Seq pipeline using
a g-value threshold of < 0.05 (28), are significantly enriched in gene promoter regions
(34.5% for MGA, P value < 10712, Figure 2A), as previously reported for MYC (46). Homer
de novo motif analysis (29) of the 9,049 MGA binding sites identified by MACS analysis
shows that MGA recognizes the same E-box DNA sequence (centered at CACGTG) as the
MY C protein (Figure 2B and S4), which was previously suggested by gel-shifting assays
(19). Interestingly, the T-box domain DNA motif was not listed as a significant hit in the
analysis (Figure S4), suggesting that the T-box domain is not a major driver for MGA
recruitment in these experiments.

When we analyzed the ChIP-seq results for MAX and E2F6 from A549 cells derived from
the ENCODE project (36), we found that MGA binding sites are enriched for binding of
MYC, MAX, and E2F6 (Figure 2C). Statistical analysis shows that the binding intensity of
MGA positively correlated with that of MYC (Pearson correlation: r = 0.66), MAX (Pearson
correlation: r = 0.49) and E2F6 (Pearson correlation: r = 0.69) across MGA binding sites
(Figure S5A). The majority (~75%) of MGA binding sites are also identified by ChlP-seq of
MGA in a separate lung adenocarcinoma cell line NCI-H23 that harbors MYC gene
amplification (24) (Figure 2D-E). The MGA, MYC, MAX and E2F6 proteins co-localize to
the promoter regions of canonical MY C target genes such as CDK4 and NME1 (46,47)
(Figure 2E). ChlP-qPCR assays in NCI-H23 cells using primers targeting promoter regions
of the AURKA and CDK4 genes validate the colocalization of MYC and MGA (Figure
S5B). Taken together, our results showed that MGA forms part of a noncanonical PRC1
complex with MAX and E2F6, and that this MGA-MAX-E2F6 complex binds to the same
loci in the genome as the MY C oncoprotein, suggesting that MGA and MYC regulate a
similar set of genes but as part of different complexes.

MGA represses MYC target genes

To interrogate the impact of MGA on gene expression, we cloned MGA cDNA into an
overexpression vector linked to ZsGreen (an improved GFP variant) via an Internal
Ribosome Entry Site (IRES) sequence, which allows us to use GFP signal to monitor MGA
protein expression level (more details are described in the Methods section). Two days post
transfection, we collected A549 cells carrying the empty-ZsGreen (Control) or MGA-
ZsGreen overexpression vector based on positive GFP signal, and immediately performed
RNA sequencing (RNA-seq) and MGA ChiIP-seq assays. We compared the impact of MGA
on gene expression to MGA binding. Based on RNA-seq analysis, we categorized genes into
three groups (adjusted P value cutoff = 0.05): 625 MGA-repressed genes, 658 MGA-
activated genes, and 17,229 genes that are expressed but unaffected by MGA. We then
assessed the MGA binding intensity at gene promoters within +2kb from transcription start
sites (TSS), which showed an overall increase of MGA binding after MGA overexpression
(Figure 3A). Genes that are repressed by MGA gained an increased level of MGA binding to
their promoters after MGA overexpression, compared to genes that are unaffected by MGA,
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supporting the notion that MGA binds to and represses these genes (Figure 3A, examples
shown in Figure 3B and S6). Interestingly, we also observed a higher level of MGA binding
gained at promoters of MGA-activated genes, compared to unaffected genes, suggesting that
MGA may play divergent transcriptional regulatory roles for different sets of genes (Figure
3A).

Gene set enrichment analysis (GSEA) (35) revealed that MYC target genes, which were
identified from previous studies (47-50), are downregulated on the expression level in A549
cells overexpressing MGA, compared to the empty control, suggesting that MGA acts as a
repressor for MYC target genes (Figure 3C). In order to validate our finding, we performed
RNA sequencing in A549 cells with and without siRNA-mediated MYCsilencing. GSEA
analysis showed that MGA-repressed and MY C-activated genes are involved in the same
pathways such as “G2/M checkpoint”, “MYC targets” and “Glycolysis” (Figure S7A).
Indeed, 44.5% of MGA-repressed genes are activated by MYC (Figure 3D). In contrast,
8.7% of MGA-activated or 10.2% MGA-unaffected genes can be activated by MY C (Figure
3D). Most of the MGA-repressed/MY C-activated genes are bound by MGA and E2F6
together, suggesting the role of the PRC1-E2F6 complex in repressing those genes (Figure
S7B). Taken together, our results showed that MGA acts as a repressor for the MYC
pathway by binding to and repressing genes that are bound and activated by the MYC
oncoprotein. We also validated our gene expression results by RT-qPCR assays in a separate
lung adenocarcinoma cell line NCI-H23. Indeed, either MYC silencing or MGA
overexpression decreased the expression level of canonical MYC target genes including
CDK4, AUKRA and NME1 in NCI-H23 cells (Figure 3E).

MGA is a negative regulator of cancer cell proliferation

Given the antagonistic functions of MYC and MGA in regulating their target genes, we next
aimed to assess their respective roles in cancer cell proliferation. Silencing of MYC by
SiRNA results in a significant reduction in proliferation of A549 and NCI-H23 cells (Figure
4A-B), consistent with previous reports in other cell lines that MYC acts as a positive
regulator for cell proliferation and can be disrupted using siRNA (51). To assess the role of
MGA in cell proliferation, we utilized the ZsGreen system and performed competitive cell
proliferation assays for A549 and NCI-H23 cells with and without ectopic MGA
overexpression. Briefly, cells transfected with the empty-ZsGreen or MGA-ZsGreen vector
were collected and counted through GFP-based sorting. The GFP-positive cells were then
mixed with the same number of parental A549 or NCI-H23 cells (GFP-negative).
Subsequently, the proportion of GFP-positive cells was measured by a flow cytometer over
time (including the starting time when the cell populations were mixed) (Figure 4C). We
found that, compared to the empty vector control, overexpression of MGA significantly
reduced the proliferation rates of A549 and NCI-H23 cells, as measured four days and six
days after seeding the cells (Figure 4D-E), suggesting that MGA acts as a repressor for
cancer cell proliferation. We also overexpressed the wild-type MGA in the lung
adenocarcinoma cell line LXF289 that harbors an MGA truncating mutation (MGA
p.Q1067*, based on CCLE database (24) and validated by sanger sequencing) and observed
a significant reduction in its cell proliferation as well as expression of MY C-target genes
(Figure S8). MGA-overexpressing NCI-H23 cells did not undergo increased apoptosis, as
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measured by annexin V/propidium iodide staining. A higher proportion of MGA-
overexpressing cells was observed in the G1 phase of the cell cycle, as measured by
propidium iodide staining in the fixed cells (Figure S9), indicative of cell cycle arrest or
delay induced by MGA overexpression. Immunaoblots show that overexpression of MGA has
little effect on expression level of the MYC protein (Figure 4D-E, top panels), showing that
the observed phenotype change is not dependent on modifying MY C expression levels. Our
results show that MGA represses cell proliferation in contrast to MYC that is well known to
promote cell proliferation.

DISCUSSION

In human development and pathogenesis, MY C functions by binding to and regulating its
target genes that are involved in varied biological processes. Activation of the MYC pathway
is a key driver for diverse cancer types. MYC can be activated by diverse genomic
alterations, which commonly result into upregulation of the target genes and promotes
tumorigenesis. For example, germ-line genetic variants (52,53), gene amplification (1),
chromosomal translocations (3), super-enhancer duplications (4,5), and activation of the
upstream Wnt signaling pathway (54) can result into transcriptional activation of the MYC
gene. In addition, activation of the RAS pathway also stabilizes MYC on the protein level
(55). Furthermore, missense mutations at the amino acid Thr58 block the binding of the E3
ubiquitin ligase FBXW?7 to MY C, which enhances the protein stability of MY C and
increases its protein abundance in cancer cells bearing this mutation (56).

Here, we provide more analysis of another mechanism that regulates the MYC pathway
without altering the transcription or protein level of MYC. Previous in vitro gel-shifting and
luciferase reporter assays showed that MGA, another MAX-interacting protein, recognizes
the E-box motif and represses reporter expression driven by MYC (19). We integrate ChlP-
seq and RNA sequencing assays and show that MGA directly binds to and represses genes
that are activated by the MY C oncoprotein on the genome wide scale. In addition, we show
that overexpression of MGA inhibits proliferation of lung adenocarcinoma cell lines, which
is complementary to previous finding that MGA represses cellular transformation, as
measured in rat embryo fibroblasts (19). In tumor samples, the MGA gene is subject to
truncating mutations and copy number deletions in multiple cancer types. Our experimental
results, complemented by cancer genomics data, suggest that MGA acts as a tumor
suppressor by inhibiting the MY C pathway in lung adenocarcinoma. In addition to cell
proliferation and transformation, activation of the MYC oncogene has been associated with
metastasis in diverse cancer types including lung cancer. For instance, genetically
engineered MYC-driven mouse small cell lung cancers often metastasize to livers (57).
Given the antagonistic functions of MYC and MGA in gene regulation, it is possible that
MGA also plays a role in metastasis, which needs future investigations.

The antagonistic roles of MYC and MGA in gene regulation could be due to their interacting
protein complexes. MY C interacts with different types of transcription activators including
TRRAP to increase the histone acetylation at gene promoters and P-TEFB to release the
paused RNA polymerase Il for the target genes (13,15). Previous studies
immunoprecipitating E2F6 and PCGF6 identified MGA as an interacting protein (43,45).
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Our immunoprecipitation of the endogenous MGA followed by mass spectrometry results
provided a complete interactome of MGA and showed that, in addition to E2F6 and PCGF6,
MGA physically interacts with most members of the noncanonical PRC1 - the PCGF6-
PRC1 complex, including multiple epigenetic and transcriptional repressors such as RING1,
RNF2, CBX3, HDACL1 and HDACZ2, highlighting the importance of the PCGF6-PRC1
complex in the MGA pathway. The PCGF6-PRC1 complex can repress target genes by H2A
mono-ubiquitination, H3K9 dimethylation, H3K27 trimethylation and histone de-acetylation
(41,44), which may explain the gene repression role of MGA. It has been recently reported
that the association with RNF2 and the subsequent H2A mono-ubiquitination are required
for the silencing effect of MGA in pluripotent stem cells (58). The PCGF6-PRC1 complex
has been described to play important roles in maintenance of embryonic stem cells and
suppression of dendritic cells (58,59). Further analysis is needed to assess whether the
formation of the MGA-PCGF6-PRC1 complex is required for the repression effect of MYC
target genes. Our data suggest that MGA may serve as a sequence-specific DNA-binding
factor for recruiting the PCGF6-PRC1 complex to specific targets of the genome, which is in
agreement with recent findings that MGA knockdown impairs the binding of PCGF6 to
target genes in HEK293 cells and mouse embryonic stem cells (58,60). It remains
unanswered which domain or domains of MGA is or are required for the recruitment of the
complex and the repression of its target genes. In addition, given our observation that MGA
and MY C share a large set of binding sites and target genes, one interesting question that
remains unanswered is whether the MGA complex plays an antagonistic role to the MYC
complex in the release of RNA polymerase Il from the promoter regions of their target genes
(15).

Both MYC and MGA function by interacting with the MAX protein. Our study proposes a
working model in which the expression level of MY C-target genes is tightly regulated by a
balance between the MYC/MAX and MGA/MAX complexes including their associated
epigenetic and transcriptional regulators. MYC acts as an accelerator and MGA acts as a
brake for driving the expression of their target genes. Either overexpression of MYC or
silencing of MGA breaks this balance, leading to aberrant overexpression of the target
genes, activation of oncogenic pathways and tumorigenesis. Our results suggest that MGA
binds to and represses MY C-target genes. Additionally, the MGA protein may compete with
MY C for the interaction with MAX and limit the abundance of the MYC/MAX complex in
cells, which may serve as an additional mechanism in suppressing MY C-target genes.
Interestingly, the MAX gene is also subject to homozygous inactivating mutations and
deletions in small cell lung cancer and gastrointestinal stromal tumors, which results into a
complete loss of the MAX protein in those cancers (61,62). One important remaining
question is how loss of MAX alters the balance between MY C and MGA and affects their
target genes.

The expansion of alterations in the MY C pathway offers the hope of expanding therapeutic
options for lung cancer and beyond. Lung cancer is the leading cause of cancer-related
mortality worldwide, while around 40% of cases are lung adenocarcinomas (63). Genomic
activation of the receptor tyrosine kinases (RTK) and their downstream signal transduction
pathways is a key driver for lung adenocarcinomas. Inhibitors of RTK such as EGFR and
ALK have also greatly benefited the treatment of patients bearing these alterations (64,65).
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However, effective and durable therapy of lung adenocarcinoma will likely require
combination treatment. The discovery of MGA mutations, along with the previous finding of
MY C amplification in lung adenocarcinomas, now defines a new pathway in
complementation to the RTK/RAS/RAF pathway, a MYC/MAX/MGA pathway. Roughly
15% of lung adenocarcinoma cases have been detected to harbor either AM/YC amplification
or MGA loss-of-function alterations. Genomic alterations of the MYC/MAX/MGA pathway
contribute to epigenetic and transcriptional dysregulation in the genome, which may provide
opportunities for novel therapeutic interventions that are targeting epigenetic modification
and transcription.
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Implications:

This study expands the range of key cancer-associated genes whose dysregulation is
functionally equivalent to MYC activation and places MYC within a linear pathway
analogous to cell cycle or receptor tyrosine kinase/RAS/RAF pathways in lung
adenocarcinomas.
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A MGA mutation profile in lung adenocarcinomas (n=507)
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Figure 1: Genomic and proteomic analysis of MGA in lung adenocarcinomas
A. Mutation profile of MGA in lung adenocarcinomas. Missense (green dots) and truncating

mutations (black dots) are highlighted.

B. Immunoprecipitation-mass spectrometry (IP-Mass Spec) results in HEK293T cells (2
biological replicates). We identified proteins that are significantly enriched by the
endogenous MGA antibody, relative to IgG control (adjusted P value < 0.05). The proteins
that are part of a noncanonical PRC1 (ncPRC1) — the PCGF6-PRC1 complex — are
highlighted by red dots.

C. Immunoprecipitation (IP) of MGA and IgG, followed by immunoblotting of MGA-
interacting proteins in HEK293T, A549 and NCI-H23 cells.
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Figure 2: ChlP-seq analyses reveal that MGA co-localizes with MYC and E2F6 in the genome.
A. Genomic distribution of MY C and MGA binding sites in A549 cells.

B. Homer de novo motif analysis identified the top DNA motif enriched in MGA binding
sites identified in A549 cells.

C. ChlP-seq signal of MGA, MYC, MAX and E2F6 (A549 cells) at the 9,049 MGA binding
sites (top to bottom ranked by MGA ChlP-seq signal £2.5kb centered at each MGA binding
site).

D. Comparison of MGA ChlP-seq binding sites identified in A549 and NCI-H23 cells.

E. ChIP-seq signal of MGA in A549 and NCI-H23 cells, MYC, MAX and E2F6 in A549
cells at the CDK4 and NME1 loci. The E-box DNA motif (CACGTG) positions are
indicated.
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Figure 3: ChlP-seq/RNA sequencing analyses show that MGA binds to and represses MYC
target genes.

A. Averaged ChlP-seq signal of MGA in A549 cells with and without MGA overexpression
at the transcription start sites (TSS) of genes that are activated, repressed and unaffected by
MGA (based on RNA sequencing results in A549 cells with and without MGA
overexpression).

B. ChlP-seq signal of MGA in A549 cells with and without MGA overexpression at the
CDK4locus.

C. Gene set enrichment analysis of RNA sequencing results in A549 cells with and without
MGA overexpression showed that MGA-repressed genes are enriched in MY C target genes
identified by previous studies.
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D. Percentage of MGA-regulated genes that are activated by MYC (based on RNA
sequencing results from A549 cells with and without siRNA-mediated MY C silencing). P
values are derived from fisher exact tests.

E. RT-gPCR assays in NCI-H23 cells validated that either silencing MY C or overexpressing
MGA decreased the expression level of the MY C target genes CDK4, AURKA and NMEL.
Expression level is normalized to controls (SiNC or Empty). Error bars: s.d.
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Figure 4: MGA acts as a repressor for cancer cell proliferation.
A. siRNA-mediated silencing of MYC (verified by immunoblots) decreased the proliferation

of A549 cells. Cell number was counted five days post transfection and normalized to the
negative control siRNA. P values are derived from #tests. Error bars: s.d., **P<0.01.

B. Same experiment as A, but in NCI-H23 cells, Error bars: s.d., ***P<0.001.

C. Schematic chart explaining the design of competitive cell proliferation assays. A549 and
NCI-H23 cells were first transfected with empty-ZsGreen control or MGA-ZsGreen vector.
The transfected cells were collected based on GFP signal and mixed with parental cells at
1:1 ratio. The percentage of GFP-positive cells was then counted over time.

D. MGA overexpression (verified by immunoblots) decreased the proliferation of A549
cells. The percentage of GFP-positive cells was counted four and six days post seeding the
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cells and normalized to the empty-ZsGreen control. P values are derived from ¢tests. Error
bars: s.d., *P<0.05; ***P<0.001.
E. Same experiment as D, but in NCI-H23 cells, Error bars: s.d., **P<0.01; ***P<0.001.
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