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Abstract

The mineral dust-induced gene (mdig) is overexpressed in a number of human cancers, suggesting
critical roles of this gene played on the pathogenesis of cancers. Unlike several other JmjC-domain
containing proteins that exhibit histone demethylase activity, it remains enigmatic whether mdig is
involved in the demethylation processes of the histone proteins.

Methods: To provide direct evidence suggesting contribution of mdig to the demethylation of
histone proteins, we recently examined the histone methylation profiles in human bronchial
epithelial cells as well as two cancer cell lines with mdig knockout through CRISPR-Cas9 gene
editing.

Results: Global histone methylation analysis revealed a pronounced increase of the repressive
histone trimethylation in three different cell types with mdig depletion, including trimethylation of
lysines 9 and 27 on histone H3 (H3K9me3, H3K27me3) and trimethylation of lysine 20 of histone
H4 (H4K20me3). Importantly, data from both ChlIP-seq and RNA-seq suggested that genetic
disruption of mdig enriches repressive histone trimethylation and inhibits expression of target genes
in the oncogenic pathways of cell growth, stemness of the cells, tissue fibrosis, and cell motility.

Conclusion: Taken together, our study provides the first insight into the molecular effects of mdig
as an antagonist for repressive histone methylation markers and suggests that targeting mdig may
represent a new area to explore in cancer therapy.
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Introduction

The mineral dust-induced gene (mdig) was first
identified from alveolar macrophages of the people
who were working in the coal mining industry [1, 2].
The same gene was also independently discovered in
human glioblastoma cell line T98G engineered with
ectopic c-myc overexpression and named as
myc-induced nuclear antigen 53 (mina53) [3]. In
addition, mdig was also characterized as a nucleolar

protein NO52 in Xenopus laevis oocytes [4]. The mdig
protein contains a conserved Jumonji C (JmjC)
domain, the signature motif of the histone
demethylase family. Indeed, some in vitro studies
suggested that mdig is able to reduce the level of
histone H3 lysine 9 trimethylation (H3K9me3) in cells
from lung cancer [5], glioblastoma [6, 7] and
hepatocellular carcinoma [8]. However, structure-

http://lwww.thno.org



Theranostics 2020, Vol. 10, Issue 2

603

functional tests of this protein clearly indicated that
mdig is a protein hydroxylase for histidine-39 of
ribosomal protein L27a, rather than a histone
demethylase, and accordingly, was re-named
ribosome oxygenase 2 (RIOX2) [9, 10].

In ectopic expression using human lung cancer
cell line A549, we had previously demonstrated that
overexpression of mdig not only diminished the
overall heterochromatin conformation of the cells, but
also restored expression of H19, an imprinted gene for
a long non-coding RNA (IncRNA) [5]. Using
chromatin immunoprecipitation and polymerase
chain reaction (ChIP-PCR) approach, we noted that
enforced overexpression of mdig was capable of
down-regulating H3K9me3 in the imprinting control
region (ICR) of the HI19-IGF2 gene loci [5].
Meanwhile, histone demethylation assay in wvitro
showed some detectable demethylase activity of the
immunoprecipitation-enriched mdig protein toward
the lysine 9 trimethylated histone H3 peptide. As the
one of the first reported IncRNAs, emerging evidence
suggested an increased expression and oncogenic
activity of H19 in most of the human tumors [11, 12].
More strikingly, exosomes from the carcinoma-
associated fibroblasts contain high level of H19 and
are highly capable of enhancing the expression of the
stemness genes of the colorectal cancer stem cells
(CSCs) [13]. Furthermore, H19 plays pivotal roles on
the induction of fibrosis of the liver, kidney and lung
in response to bile duct ligation, TGFf and bleomycin,
respectively [14-16].

The oncogenic property of mdig is supported by
the fact that many human cancers, including cancers
in colon, esophagus, lung, gingival, lymphocytes,
kidney, neural system, liver, breast, pancreas,
stomach, etc, exhibited an elevated expression of
mdig [2]. This notion is in agreement with findings
that mdig promotes cell proliferation, cell cycle
transition, or anti-apoptotic responses in several cell
types [1, 17]. In datasets of cancer patient overall or
progress free survival, there is a clear association
between higher mdig expression and poorer survival
of the cancer patients, with few exceptions. In lung
cancer, the prognostic indication of mdig is largely
depending on the histological subtypes and/or cancer
stages, e.g., higher mdig predicts poorer first
progression survival of the lung adenocarcinomas,
but not the squamous cell carcinoma [17, 18].
Similarly, higher expression of mdig predicts poorer
survival of the breast cancer patients without lymph
node metastasis [19]. Among the breast cancer
patients with lymph node metastasis, in contrast, the
higher level of mdig indicated a much better survival
[20].

The mice with heterozygous knockout of mdig

gene are developmentally normal, or even have
longer life span than the wild-type mice from the
same progenies [21]. In response to pharyngeal
aspiration-based silica challenge, the knockout mice
showed a significant alleviation of lung fibrosis, along
with a pronounced reduction of T helper 17 (Th17)
cell infiltrated into the lung interstitium, implying
that mdig is a prominent contributing factor to lung
fibrosis and inflammation. Genetic disruption of the
mdig genes, therefore, may ameliorate the basal and
environmental hazard-induced inflammatory
responses, leading to a generally healthy or improved
outcome. However, there are numerous genes and
proteins involved in the initiation, progression,
resolution, and repair of inflammation in any given
tissue or organ. For the inflammatory Thl7 cells,
many regulatory factors determine the lineage
polarization, functional specialization and localization
to the inflammatory sites of the Th17 cells [22]. It is
unclear at the present how mdig plays its roles on
inflammation or the inflammatory Th17 cells.

To better understand the function of mdig in
inflammation and cancer, and clarify whether mdig is
involved in the demethylation of histone proteins, in
the present report we employed a CRISPR-Cas9 gene
editing technique to knockout mdig in human
bronchial epithelial cells, breast cancer cells and lung
cancer cells, and provided evidence showing that
mdig antagonizes the common repressive histone
trimethylation markers [23], including H3K9me3,
H3K27me3 and H4K20me3 in these three different cell
types. In contrast, mdig is unable to demethylate
H3K4me3, H3K36me3, or asymmetric dimethylation
of arginine 8 of histone H3 (H3R8me2a). Knockout of
mdig, therefore, resulted in a substantial enrichment
of these repressive histone trimethylation markers on
the gene loci involved in cell growth, stemness,
inflammation, and cell migration.

Materials and Methods

Construction of the CRISPR-Cas9 vector

To generate the CRISPR-Cas9 plasmid, mdig
CDS sequence was inputted into the CRISPR Design
tool (http://crispr.mit.edu/), and single guide RNA
(sgRNA) sequence targeting on exon 3 of mdig was
selected. The sense and antisense primer sequences
are 5'-CACCGAATGTGTACATAACTCCCGC-3" and
5-AAACGCGGGAGTTATGTACACATTC-3,
respectively. Single-stranded sense and antisense
primers were annealed to form double-strand oligos
in 95 °C for 5 min, and then cooled down to room
temperature at a speed of 5°C/min. Vector
pSpCas9-2A-Blast was digested with Bpil (Bbsl)
restriction enzymes (Thermo Fisher Scientific, Ann
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Arbor, MI). sgRNA pairs and linearized vector were
ligated by T4 DNA ligase (Thermo Fisher Scientific)
for 10 min at 22°C. Then the ligation product was
transferred into DH5a competent E.coli strain
(Thermo fisher scientific) according to the
manufacturer’s protocol.

Transfection and colonies selection

BEAS-2B cells, A549 lung cancer cell line, and
triple negative breast cancer cell line MDA-MB-231
were purchased from ATCC (Manassas, VA).
The cells were seeded in 6-well plates at a

number of 2.5 x 105/well and transfected with the
constructed CRISPR-Cas9 vector by Lipofectamine
2000 (Thermo Fisher Scientific) according to the
manufacture’s protocol. Forty eight hours after
transfection, cells were sub-cultured in 10 cm dish for
24h, followed by 2pg/ml of Blasticidin (Thermo
Fisher Scientific) selection for 2 weeks. Cell colonies
were collected for screening of mdig expression by
Western blotting. Colonies without mdig knockout
were used as wild type cells (WT), whereas colonies
with successful mdig knockout were designated as
knockout (KO) cells.

Silencing of mdig by siRNAs and mdig rescue
experiment

Control siRNA and mdig siRNAs were
purchased from Qiagen (Valencia, CA). pCMV6-AC-
GFP  (PS100010) and  pCMV6-AC-mdig-GFP
(RG214829) were purchased from Origene (Rockville,
MD). BEAS-2B cells, 3 x 105/well were seeded in
6-well plate, and grown to 70% confluency. siRNAs
and plasmid DNA were transfected into cells using
Lipofectamine RNAIMAX (Thermo Fisher Scientific)
and Lipofectamine 2000 (Thermo Fisher Scientific),
respectively, according to manufacturer’s protocol.
For rescue experiment, co-transfection of siRNA and
mdig expression plasmid was performed using
Lipofectamine 2000 according to manufacturer’s
protocol. Twenty four hours after transfection, cells
were collected and subjected to Western blotting.

Chromatin immunoprecipitation-sequencing
(ChIP-seq)

Ten million WT and KO BEAS-2B cells, A549
cells, and/or MDA-MB-231 cells were fixed and
subjected to immunoprecipitation using ChIP-grade
antibodies against H3K4me3, H3K9me3 H3K27me3,
H3R8me2a, and/or H4K20me3. All antibodies were
from Active Motif (Carlsbad, CA). ChIP and
input/control DNA were prepared for sequencing
using Illumina NextSeq 500, and the 75-nt sequence
reads (tags) were aligned to the reference genome
hgl9 using the Burrows-Wheeler Aligner (BWA)

algorithm with default settings. Reads were extended
at their 3’-ends to a length of 200 base pair (bp)
fragments in a size-selected library. The densities of
fragments (signal map) were determined by the
number of fragments in each 32-nt bins along genome.
The tag number of samples within a comparison
group was normalized by random sampling to the
number of tags in the smallest sample. Data was
visualized by the University of California, Santa Cruz
(UCSC) genome browser.

RNA sequencing (RNA-seq)

Two million WT or KO BEAS-2B cells, A549 cells
and/or MDA-MB-231 cells were collected according
to Active Motif’s protocol. Total RNA was isolated,
and the RNA quality/integrity was assessed using an
Agilent Bioanalyzer. Preparation of libraries and RNA
sequencing were conducted by Active Motif Inc.
based on Illumina platform. Reads were mapped to
the reference genome hgl9. Cufflinks methods were
used for transcripts assembly and differentially
expression analysis. The expression value of each
gene was normalized by geometric FPKMs
(Fragments per Kilobase Million). Data was
visualized by IGV genome browser. Vennerable R
package was used to generate the Venn diagram.

Human Chemokine Array

WT or KO BEAS-2B cells were seeded in 12-well
plate (1.3 x 105/well) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 5% FBS.
After 24h, media were aspirated, and cells were
washed with PBS, followed by addition of 1 ml of
serum-free DMEM. After 24h, cell culture media were
collected and then centrifuged at 1,500 rpm for 10 min
at 4°C. The levels of chemokines were determined by

Human  Chemokine Array (R&D  systems,
Minneapolis, MN) according to manufacturer’s
protocol.
Statistics

The quality control of ChIP-seq and RNA-seq
data were made by Active Motif (Carlsbad, CA). At
least three independent experiments were performed
for Western blotting and chemokine array. In some
experiments, statistical significance of the results was
determined using the unpaired Student’s t-test.

Results

Knockout of mdig increases global levels of
repressive histone trimethylation

To knockout mdig, we transfected the human
bronchial epithelial cell line BEAS-2B with
pSpCas9-2A-Blast vector containing sgRNA that
targets the third exon of the mdig gene and
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subsequently performed blasticidin selection for two
weeks. Cell colonies were screened for mdig
expression by both Westernblotting and RNA-seq,
respectively (Figs. s1A and s1B). Profiling of histone
methylation showed no appreciable changes in
monomethylation or dimethylation of histone 3 lysine
4 (H3K4), H3K9, H3K27, or H3K36 in mdig knockout
(KO) cells (Fig. s1C). However, a notable
enhancement of the repressive histone trimethylation,
including H3K9me3, H3K27me3, and H4K20me3, was
observed in three individual KO cell colonies relative
to the wild-type (WT) cells (Fig. s1C and Fig. 1A).
There were no reproducible effects detected for mdig
knockout on the levels of H3K4me3, H3K36me3,
H3R8me2a/s, and H4R3me2s.

To additionally confirm the effects of mdig
knockout on the repressive histone trimethylation, we
also performed siRNA silencing and mdig rescue
experiment in the mdig-silenced BEAS-2B cells,
followed by immunoblotting to measure the levels of
the repressive histone trimethylation markers,
H3K9me3 and H3K27me3. As depicted in Fig. 1B,
silencing mdig by two different siRNAs, siR2 and
siR5, reduced the protein level of mdig, resulting in a
notable enhancement of H3K9me3 and H3K27me3.
This enhancement was prevented by re-expression of
the exogenous mdig protein.

To investigate the methylation status of the
chromatin-incorporated histone proteins, rather than
the total histone proteins in the cells, we next

performed ChIP-seq using WT and KO cells and
antibodies against H3K4me3, H3K9me3, H3K27me3,
H4K20me3, and H3R8me2a. All analyses for the
enrichment distribution of these histone methylation
markers suggested a substantial increase of
H3K9me3, H3K27me3 and H4K20me3 in gene bodies,
promoter regions and merged peaks in the KO cells
relative to WT cells (Figs. 1C and 1D). In contrast, a
significant reduction of H3K4me3, the active
trimethylation marker of histone H3, was observed in
the KO cells (Fig. 1C). No significant differences were
detected in the level of H3R8me2a between WT and
KO cells (Fig. s2). We speculate that the reduction of
H3K4me3 in chromatin in the KO cells might be a
secondary response to the increased levels of
H3K9me3, H3K27me3 and H4K20me3 that
antagonize access of the H3K4 methyltransferases to
the chromatin. The most enriched repressive histone
methylation marker is H3K9me3 in the mdig-depleted
KO BEAS-2B cells. In fact, visualization of the
ChIP-seq data using UCSC Genome Browser revealed
that except Y chromosome, all other chromosomes
gained a pronounced increase in the level of
H3K9me3 in the entire chromosome region of the KO
cells, as exampled for chromosomes 6 and 12 in Fig.
1E. Further analysis suggested that the gene poor
regions of the chromosomes exhibited the greatest
enrichment of H3K9me3 following mdig knockout, as
depicted for the short arm telomere of chromosome 5
(Fig. 1E).
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Figure 1. Knockout of mdig up-regulates repressive histone methylation markers. A. Examination of the methylation states of the indicated lysine markers in histone H3 of the
BEAS-2B cells. WT: the cells subjected to CRISPR-cas9-based mdig targeting but failed in mdig knockout; KO: the cells with successful mdig knockout through CRISPR-cas9
approach. Data are representative of one of the two WT colonies and three of six KO colonies. B. Mdig silencing and rescue experiment. The BEAS-2B cells were transfected
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with the indicated mdig siRNAs alone or in combination with the GFP-tagged mdig expressing vector. C. Histone methylation profiles of ChIP-seq for H3K4me3, H3K27me3,
H3K9me3, and H4K20me3 between WT and mdig KO cells. Average plots of the merged peak regions were shown. D. Heatmaps of the merged peak distribution of H3K4me3,
H3K27me3, H3K9me3, and H4K20me3 between WT and mdig KO cells. E. All chromosomes showed an enrichment of H3K9me3 following mdig knockout (KO).
Representative enrichment diagrams of H3K9me3 are shown for chromosomes 6, 12, Y, and the short arm telomere region of chromosome 5 between WT and KO cells

RNA-se

TP — PO 7, Py O L -

A ChiP-seq
WT L _M_‘ 18! L gl .
Hakamea[ P a4
L oL T I TSy v vaperrar

H3K27me3|\}ivc-)r

cmBhe o8 Gl mdesde

43,0 40 sementiordth s

WT
H3K9me3‘KO

Y VR VYT DAY [| S e

KIT HE | AL T I N S W

. L Ll = rrevY ey
H3K4me3|\|ivc-)r [ mmlE: |
WT R A R RN AR s :
H3K27me3]KO i I
VT ottt s il b b
H3K9me3’Ko bt st
BICCA e e
| A
H3K4me3‘g s
VUMt maUPY
H3K27me3‘Ko L) 8
H3Kgme3‘\|‘l(v(;)r t“"“"‘"“‘ SRS sk s s e sl KO
e absc et dibols S ki r gl e o o-cto o] R -— - -]

Figure 2. Knockout of mdig enriches H3K9me3, H3K27me3, and/or reduces H3K4me3 on the genes in cell growth and stemness. A. Representative histone
methylation profiles and expression of the indicated stemness genes in WT and KO cells as determined by ChIP-seq and RNA-seq, respectively. B. Stem cell signature assay for
the genes with an increased enrichment of H3K9me3 following mdig knockout as determined by StemChecker software. C. Transcription factor target analysis of the genes with
an increased enrichment of H3K9me3 following mdig knockout as determined by StemChecker software.

Reduced expression of cell proliferative and/or
stemness genes in the mdig KO cells

To gain insight into which sets of genes are
impacted by the altered histone methylation profiles
due to knockout of mdig, we next performed gene
pathway analysis for the biological functions (BP) of
genes that showed significant increases of H3K9me3,
H3K27me3, and/or loss of H3K4me3. Among the top
100 pathways revealed by g:Profiler program,
development-related pathways are accounted for
43%, followed by 19% of morphogenesis, 12% of
adhesion, and 8% of differentiation (Fig. s3A). The top
3 pathways are the genes that play critical roles in the
development of anatomical structure, system and
organism. Many genes in this group are involved in
cell growth and self-renewal of the adult stem cells or
cancer stem cells, including APCDD1, BICC1,
CLEC11A, FGFR2, HLF, ISL, KIT, PDGFB, PDGFRA,
PPARG, S1PR1, SAMD11, SOX4, SPOCK1, WNT5A,
etc (Fig. 2A, Fig. s4 and Fig. s5). RNA-seq analysis
showed a 2- to 20-fold reduction of these genes in KO
cells as compared to the WT cells. ChIP-seq results for
histone methylation revealed that most of these genes

showed an increase of H3K9me3 and H3K27me3 in
the gene body, promoter, and/or upstream of the
gene loci, along with a notable depletion of H3K4me3
in the transcription start site (TSS) in the KO cells (Fig.
2A and Fig. s4). These data imply that mdig might be
important for controlling the expression of genes in
cell growth and stemness of normal or cancer stem
cells. Deletion of mdig resulted in an enhanced
enrichment of H3K9me3 and H3K27me3 in genes that
showed decreased expression in KO cells. Additional
bioinformatics analysis for mdig-regulated genes by
StemChecker suggested that this group of genes is
enriched in induced pluripotent stem cells (iPSC),
mesenchymal stem cells (MSC), and embryonic
cancers (EC), and to a lesser degree, in neural stem
cells (NSC), hematopoietic stem cells (HSC), and
mammary stem cells (MaSC), but not in embryonic
stem cells (ESC), intestinal stem cells, or
spermatogonial stem cells (Sperm. SC) (Fig. 2B). This
result may be relevant to our previous finding
showing reduced number of Th17 cells in the lung of
mdig knockout mice in response to silica-induced
pulmonary fibrosis [21], since Th17 cells retain some
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stem cell-like features [24]. Transcription factor
network analysis indicated that majority of these
genes are transcriptionally regulated by Suzl2,
Smad4, Smad?2 and Smad3 (Fig. 2C).

Mdig regulates genes critical in lung fibrosis

Mdig was originally identified in alveolar
macrophages from the coal miners who suffered from
certain degrees of coal workers pneumoconiosis, lung
fibrosis or other chronic lung diseases [1]. We
previously reported that targeted deletion of mdig in
mice protected against silica-induced lung fibrosis
[21]. Molecular Function (MF) analysis of the
H3K9me3-enriched genes in KO cells suggested that
the top ranked genes are those involved in
extracellular matrix structural constituent and
binding proteins for growth factor, heparin,
G-proteins, integrin, cytoskeletal proteins, etc (Fig.
s3B). All of these genes are important in tissue
remodeling and fibrosis. In ChIP-seq, we noted that
knockout of mdig in human bronchial epithelial cells
significantly elevated the levels of H3K9me3 and/or
H3K27me3, and decreased the expression of the genes
that contribute to lung fibrosis (Fig. 3). The long
non-coding RNA H19 is a paternally imprinted gene
and its overexpression has been linked to fibrotic

diseases of the lung [25], liver [14, 26], and kidney
[15]. Our earlier studies suggested an increase or
decrease of H3K9me3 in the imprint control region of
the H19-IGF2 loci in mdig silenced cells or mdig
overexpression cells, respectively [5]. In mdig KO
cells, a 3- to 5-fold increase of H3K9me3 was noted in
the promoter and imprint control region of the
H19-IGF2 gene, along with a considerable reduction
of H19 expression as determined by RNA-seq (Fig.
3A). The most important histological feature of lung
fibrosis is the accumulation of collagen proteins in the
interstitium. Among 37 collagen genes detected in
ChIP-seq, 20 of which showed a significant gain of
H3K9me3 in mdig KO cells, and 16 out of these 20
genes were down-regulated as determined by
RNA-seq in mdig KO cells (Fig. 3B), which was
further confirmed by proteomic analysis suggesting a
significant decrease of the collagen proteins in the KO
cells (data not shown). A sub-set of fibrotic genes is
the genes in the TGFp signaling pathway. The gene
loci of TGFB2, TGFBR2, SMAD6, SMAD3, and RhoA
showed an increase of H3K9me3 in mdig KO cells
(Fig. 3C), which was accompanied by a decreased
expression as determined by RNA-seq (Fig. 3D).
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Figure 3. Disruption of mdig gene elevates the level of H3K9me3 on the imprinted H19-IGF2 loci and the genes involved in lung fibrosis. A. ChlP-seq shows an increased
enrichment of H3K9me3 in the imprinting control region and promoter regions of the H19-IGF2 loci in the mdig KO cells. Bottom panel shows that this enrichment of H3K9me3
is correlated with a reduced expression of H19 as evidenced by RNA-seq. B. Mdig KO cells exhibited enhanced H3K9me3, H3K27me3, and/or reduced H3K4me3 on the
collagen genes involved in lung fibrosis. This histone methylation profile is associated with an overall reduced expression of collagen genes in the KO cells as determined by
RNA-seq. C & D. Mdig knockout increased H3K9me3 (C) and decreased expression (RNA-seq, D) of the key genes in TGFp signaling.
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Figure 4. Knockout of mdig gene in mice prevents silica-induced lung fibrosis. A. Inmunohistochemistry of collagen accumulation in the lung tissues from WT and
mdig*- mice. Representative sections from 10 mice per treatment group per genotype at 7 days post exposure are shown. B & C. Semi-quantification of the levels of lung fibrosis
induced by silica at the indicated days after silica treatment in WT (B) and mdig*- mice (C). Relative quantification of the collagen accumulation per 10 random microscopic fields
(~0.1256 mm?2 ) was shown. *P < 0.05 compared with respective genotypes (mdig*~ vs WT).

Knockout of mdig gene in mice ameliorates
silica-induced lung fibrosis

Both ChIP-seq and RNA-seq clearly indicated
regulation of mdig on the repressive histone
trimethylation and expression of the genes in
extracellular matrix formation and fibrosis. To
support this notion further, we re-analyzed the
immunohistochemistry data of the lung tissues
collected from both the wild-type (WT) and
heterozygous mdig knockout (mdig*/-) mice in
control and silica treatment conditions, respectively.
In a detailed time-course study by treating the mice
with 01 and 1 mg/mouse of silica through
pharyngeal aspiration, respectively, we found that
both doses of silica induced a significant lung fibrosis
as indicated by Masson’s Trichome staining for the
accumulated collagens in the lung interstitium in WT
mice. The highest degree of lung fibrosis occurs after 7
days of silica treatment (Fig. 4). In the heterozygous
mdig knockout (mdig+/-) mice, in contrast, neither
dose of silica induces significant lung fibrosis after 7,
28 and 84 days of silica treatment, suggesting that
knockout of mdig gene is protective for lung fibrosis.

Opposite regulation of mdig on cell motility
genes and chemokine genes

The methylation status of histone proteins is one

of multiple regulatory mechanisms for chromatin
accessibility and gene expression. It is not surprising,
therefore, to note that while many genes exhibited
increased levels of H3K9me3, H3K27, and/or loss of
H3K4me3 in the KO cells, RNA-seq did not reveal
down-regulation of all of these genes. A comparison
of genes with gain of H3K9me3/H3K27me3 and/or
loss of H3K4me3 with the repressed genes detected in
RNA-seq suggested that only about 12% of these gene
in ChIP-seq are overlapped with the genes in
RNA-seq (Fig. 5A, left). However, when we compared
the genes involved in extracellular matrix (ECM)
formation, cell motility and G-protein signaling in
both ChIP-seq and RNA-seq, we discovered that
about 55% of genes in ChIP-seq are overlapped with
the genes in RNA-seq (Fig. 5A, right). The
methylation profiles and expression levels of some of
the typical genes in this group are listed in Fig. 5B.
Some of these genes had also been implicated in the

maintenance of the stem cells, eg, the G
protein-coupled receptor protein GPRC5C in
neuroblastoma stem cells [27], the

membrane-anchored disintegrin and metalloprotease
domain protein ADAM19 in glioblastoma stem cells
[28], the Rac/Cdc42 signaling protein ARHGEF6 in
cancer stem cells [29], and type II cadherin protein
CDH10 in germline stem cells [30]. It is interesting to
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note that H3K9me3 was greatly enriched in several
gene clusters for cell surface glycoproteins and
protocadherins (PCDH) in the KO cells, such as the
pregnancy specific beta-glycoprotein (PSG) cluster
containing PSG3, PSGS8, PSG1, PSG6, PSG7, PSG11,
PSG2, PSG5, PSG4, PSG9, and CD177 on chromosome
19, and the PCDH cluster containing PCDHAs,
PCDHBs, and PCDHGs on chromosome 5 (Fig. 5C).
This finding suggests that loss of mdig reduces the
expression of these cell adhesion or motility genes due
to the enrichment of H3K9me3 that promotes
formation of heterochromatin. However, another
cluster of genes encoding chemokines for cell
migration and cancer cell metastasis, not only showed
moderate enrichment of H3K9me3, but also a
pronounced gain of H3K4me3 in the KO cells,
including IL8, CXCL6, CXCL1, PF4, CXCL5, CXCL3,
and CXCL2 on chromosome 4 (Figs. 5B and 5D). Both
chemokine arrays and RNA-seq demonstrated a
remarkable increase of these chemokines in KO cells
relative to WT cells (Fig. 5E and Fig. s6), indicating

that mdig is an inhibitory factor for the expression of
some key chemokines. The iroquois homeobox 2
(IRX2) had been demonstrated as a transcription
repressor for the chemokines [31]. The increased
expression of chemokines in the KO cells might be an
indirect effect of mdig knockout, due to the loss of
IRX2. Indeed, ChIP-seq results indicate that the IRX2
gene locus not only showed a notable gain of
H3K9me3, but also a complete loss of H3K4me3 in the
KO cells, which was correlated with a diminished
expression of IRX2 as determined by both RNA-seq
and immunoblotting (Fig. 5F and Fig. s7). The net
effect of mdig on cell motility or metastasis, thus, may
be dependent on the balance between cell surface
adhesion molecules and the chemokines (Fig. 5G). The
upregulation of chemokines in mdig KO cells may
provide complementary evidence supporting our
previous observations showing that mdig silencing by
siRNAs enhanced cancer cell migration and invasion
[17], and the lower level of mdig expression in the
metastatic breast cancers [20].
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Figure 5. Mdig differentially regulates the expression of genes contributing to cell motility, migration, or metastasis. A. Venn diagrams show overlapping of total genes (left) and
extracellular matrix (ECM) genes (right) between ChlP-seq showing gain of H3K9me3, H3K27me3, and/or loss of H3K4me3, and RNA-seq showing a decreased expression. B.
List of some typical cell motility or chemotaxis genes. The expression of these genes in KO cells relative to WT cells as determined by RNA-seq was indicated by Log2 fold
changes. Up and down triangles represented increase and decrease of the indicated histone methylation markers in the mdig KO cells, respectively. C. ChIP-seq spectrum shows
gain of H3K9me3 of the pregnancy specific beta-1-glycoprotein (PSG) gene cluster on chromosome 19 (left) and protocadherin (PCDH) cluster genes on chromosome 5 (right)
in mdig KO cells. D. Mdig knockout enhances both H3K4me3 (red triangles) and H3K9me3 in the chemokine gene cluster on chromosome 4. E. Chemokine array shows
elevation of chemokine expression in the mdig KO cells relative to the WT cells. Those chemokines with a significantly increased expression in KO cells were marked by red
boxes and listed at the right of the array panels. Green boxes depicted two marginally increased chemokines, CCL7 and CCLI, in the KO cells. Representative image of three
independent arrays were shown. F. Loss of IRX2 gene expression in mdig KO cells due to increase in H3K9me3 and decrease in H3K4me3. The decreased expression of IRX2
was verified by both RNA-seq and Westernblotting. G. Possible mechanism of mdig regulation on cell motility, migration and metastasis: mdig down-regulates H3K9me3 and
H3K27me3 (marked in red circles) on the chromatin, to facilitate expression of gene families of PCDH, ECM, PSG, and others in cell adhesion, G-protein signaling, or
cytoskeleton organization, which may promote cell motility or metastasis. At the same time, demethylation of H3K9me3 and H3K27me3 by mdig induces expression of IRX
family genes, which served as major transcription repressors for the chemokines, therefore, antagonizes cell migration or metastasis.
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Figure 6. Mdig knockout enriches repressive histone methylation markers and induces differentiation of the cancer stem cells (CSCs). A. Westernblotting
for mdig protein and the indicated histone methylation markers in WT and mdig KO MDA-MB-231 cells. B. Histone methylation profiles of ChIP-seq for H3K4me3, H3K9me3
and H4K20me3 between WT and mdig KO cells. Average plots of the merged peak regions were shown. C. Pathway analysis of the RNA-seq data shows diminished expression
of the genes in cancer pathway (left) and the TGFp signaling (right) in the mdig KO MDA-MB-231 cells. D. Depletion of mdig reduced expression of c-myc and SOX2 in
MDA-MB-231 cells. E. Gain of H3K9me3 and/or H4K20me3 on the indicated stemness genes for CSCs in the mdig KO MDA-MB-231 cells.

Knockout of mdig increases repressive
trimethylation markers and induces
differentiation of the cancer stem cells

To investigate whether knockout of mdig
exhibits similar effects on histone methylation in
human cancer cells, in addition to the non-cancerous
cells in above experiments, we also created mdig KO
cells by CRISPR-Cas9 gene editing from
MDA-MB-231 (Fig. 5) and human lung cancer cell
line, A549, respectively. MDA-MB-231 cells are triple
negative breast cancer cells with some characteristics
of the cancer stem cells (CSCs) [32]. Among the four
WT and four mdig KO MDA-MB-231 cell clones we
screened, the KO clones showed upregulation of
H3K9me3, H3K27me3, and H4K20me3, without
appreciable changes in H3K4me3 and H3K36me3
(Fig. 6A). Data from ChIP-seq suggested a marginal
reduction of H3K4me3 in the KO cells. In contrast, a
significant gain of H3K9me3 and H4K20me3 was
observed in the KO cells relative to the WT cells (Fig.
6B). The increased enrichment of H3K9me3 can be
detected on all of the autosomes and X chromosome,
as exampled for chromosome 22 and the PCDH gene
clusters (Fig. 6C, right panel). Gene expression
profiling as determined by RNA-seq unraveled a
significantly reduced expression of the genes in
cancer pathway (Fig. 6C, left panel) and TGEFB

signaling (Fig. 6C, right panel). Most importantly, the
KO cells showed a significant decrease of c-myc and
Sox2, two key stemness factors for stem cells and
CSCs (Fig. 6D). Furthermore, substantial enrichment
of H3K9me3 and/or H4K20me3 on several key genes
critical for the CSCs, including GPRC5C, PCDH?7,
ALDH1A2, SOX11, and SPOCK3 (Fig. 6E). These data,
thus, clearly indicate that knockout of mdig induces
differentiation of the CSCs through increasing the
repressive histone methylation and minimizing
expression of the stemness genes.

Enhanced H3K27me3 in mdig KO A549 cells

Owing to the unique characteristics of gene
expression in any given type of cells, the histone
methylation profiles may be different following mdig
knockout in different cells. This is true for the cells of
lung cancer cell line A549. Knockout of mdig by
CRISPR-Cas9 gene editing promoted a significant
enrichment of H3K27me3, but not other repressive
histone trimentylation markers (Fig. 7A and data not
shown). In agreement with immunoblotting, we
found a pronounced enrichment of H3K27me3, but
not others, in the promoter region of the mdig KO
Ab549 cells (Fig. 7B). In fact, gain of H3K27me3 in the
KO cells can be visualized at the entire chromosome
level as exampled for chromosome 8 (Fig. 7C, upper
panel). At the individual gene levels, again, we noted
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that mdig KO in A549 cells also enriched the
repressive histone trimethylation marker, H3K27me3,
on the genes important for cancer stem cells and
fibrosis, including PCDH7, ALDH1A2, SPOCKS3, KIT,
KLF4, H19-IGF1, COL5A1, etc (Fig. 7C, bottom
panels). Pathway analysis for the biological process
(BP) of the H3K27me3-enriched genes in the KO A549
cells indicated that the top-ranked genes are in the cell
phagocytosis, adhesion and migration pathways (Fig.

7D). The same analysis was applied to the
down-regulated genes as determined by RNA-seq
suggested that most of these genes are in the
formation of extracellular matrix, development, cell
migration, and cell adhesion (Fig. 7E). Thus, there is a
significant  correlation between ChIP-seq for
H3K27me3 and RNA-seq, esp. for those genes
important in cell adhesion and migration.
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Figure 7. Knockout of mdig enhances H3K27me3 in A549 cells. A. The protein levels of mdig, H3K9me3, H3K27me3, H3, and GAPDH between WT and mdig KO cells
were determined by Westernblotting. B. Global level of H3K27me3 in WT and mdig KO cells were determined by ChlP-seq. Data show enrichment of H3K27me3 in the
promoter region of genes. C. Gain of H3K27me3 on the entire chromosome and the indicated genes in the mdig KO cells. D. Pathway analysis of the H3K27me3-enriched genes
in mdig KO cells. E. Pathway analysis of the down-regulated genes in mdig KO cells as determined by RNA-seq.

Discussion

Genetic disruption of mdig gene is found to
increase global levels of H3K9me3, H3K27me3 and
H4K20me3, the three major repressive histone
methylation markers, suggesting functional property
of mdig in the demethylation processes of the histone
proteins (Fig. 1). Importantly, many genes that are
involved in cell growth, fibrosis and cell motility
showed an overall enrichment of these repressive
histone methylation markers, esp., the H3K9me3,
following mdig depletion, indicating that mdig is one
of the key genes contributing to inflammation,
oncogenesis and cancer cell metastasis (Figs. 2, 3 & 4).
The influence of mdig on the repressive histone
methylation markers was additionally confirmed in
both breast cancer cell line (Fig. 6) and lung cancer cell
line A549 (Fig. 7). There is no appreciable effect of
mdig detected on other histone methylation markers,
including H3K36me3, H3R8me2a/s, H4R3me2s,

dimathylations or monomethylations of H3K4, H3K9,
H3K27, and H3K36. Intriguingly, a substantial
reduction of H3K4me3 was noted in ChlIP-seq of the
mdig KO BEAS-2B cells and MDA-MB-231 cells,
despite the level of total H3K4me3 protein was not
changed as determined by Western blotting (Figs. 1A
and 6A). Taken together, these data clearly suggest
that mdig possesses demethylase-like activity toward
the repressive histone methylation markers, including
H3K9me3, H3K27me3 and H4K20me3.

Emerging evidence indicated pro-oncogenic
roles of mdig in a number of human cancers, such as
increased expression of mdig mRNA and protein in
cancers and association of mdig expression levels
with the prognosis and tumor recurrence of the cancer
patients [2, 17, 18, 33, 34]. The mechanisms of how
mdig plays its roles in the development and
pathogenesis of cancers remain to be fully
understood. Several earlier studies demonstrated that
mdig is able to promote cell proliferation and cell
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cycle transition [1, 3]. Additional evidence further
suggested an anti-apoptotic role of mdig in some
types of cancer cells or tissues [6]. In human
glioblastoma, silencing mdig not only sensitized cell
apoptosis induced by chemodrugs, but also caused
DNA replication stress due to enrichment of
H3K9me3 on the promoter regions of several DNA
replication factors [6]. In the mdig KO cells, some of
these genes encoding pre-replication complex
proteins and origin recognition complex proteins,
indeed, exhibited either loss of H3K4me3, or
significant gain of H3K9me3 (data not shown).
Intriguingly, our previous study also showed physical
interaction between mdig and the pre-replication
complex proteins MCM5, MCM7 and the origin
recognition complex protein ORC5 [35].

One of the most important findings in our study
is that mdig appears to be highly capable of regulating
the expression of genes important for oncogenesis
and/or the stemness of the cancer stem cells (CSCs),
including SOX4, KIT, BICC1, PCDH7, Wnt5A, etc.,
through changing the histone methylation status of
these genes (Figs. 2 and 6, and Fig. s4). Whereas the
contribution of SOX4, KIT and Wnt family members
to the generation or maintenance of CSCs had been
well established, the importance of BICC1, CRISPLD1,
PCDH?7, SPOCK1/3, and others in CSCs is recognized
just recently. BICC1, an RNA binding protein, and
CRISPLDY], a cysteine-rich secretory protein, had been
shown to be critical for maintaining the populations of
pancreatic progenitor cells and hematopoietic stem
cells, respectively [36, 37]. PCDH7, an integral
membrane protein of the cadherin superfamily, had
been demonstrated to be essential for brain metastasis
of the triple-negative breast cancer cells that acquired
some features of CSCs [38]. In both lung epithelial
cells and MDA-MB-231 cells, the triple-negative
breast cancer cell line, mdig knockout either enriched
the repressive histone methylation markers or
diminished H3K4me3 on the PCDH7 gene, along with
a significant inhibition of PCDH7 gene expression as
determined by either RNA-seq (Fig. s4) or Western
blotting (data not shown). It is interesting to note that
SPOCK1, another proteoglycan for cell-to-cell
interaction, has also been shown to be highly capable
of meditating brain metastasis of the lung cancer
CSCs [39].

The mdig gene was originally identified from the
people who were working in the mining industry and
suffered from some chronic lung diseases associated
with occupational exposure to mining dusts,
including lung inflammation and fibrosis [1]. In
animal model, heterozygous knockout of mdig
ameliorated lung fibrosis induced by silica particles
[21]. The findings that mdig knockout by

CRISPR-Cas9 gene editing enriches H3K9me3 in the
epithelial cells on genes of H19, collagens and the
major components in TGFf signaling provided the
first direct evidence linking mdig to lung fibrosis. It is
especially interesting to note the regulatory role of
mdig on the members of the TGFP signaling, as
evidenced in both the lung epithelial cell-originated
BEAS-2B cells (Figs. 3C & 3D) and the breast cancer
cell line MDA-MB-231 cells (Fig. 6C). The importance
of TGFp in the cell lineage development of the Th17

cells had been well-established. As the key
inflammatory T cells, Thl7 cells produce
pro-inflammatory  cytokines involved in the

pathogenesis of a spectrum of chronic inflammatory
diseases and cancer [40]. The findings that mdig
regulates TGFB signaling perhaps explain the
observed phenomena that mice with mdig knockout
exhibited a reduced number of Th17 cells infiltrated
into the lung intestitium in response to silica
instillation and the mdig promotes the expression of
Th17 factors, including ROR-yt, Batf, and Irf4 [21, 40].
Furthermore, this finding also unraveled a forward
feedback route between mdig and TGFf. A recent
comprehensive genetic study in BALB/C and
C57BL/6 mice suggested that a single nucleotide
polymorphism in the intron 1 region of mdig gene
favors Smad3 binding, TGFP responsiveness and
mdig transcription [41].

The demethylation of mdig on H3K9me3 and
H3K27me3 can be explained partially by the fact that
mdig is capable of interacting with CBX3/CBX5
(HP1y/HPla) and RBBP4/RBBP7, respectively, in
BEAS-2B cells as we reported previously [35]. Both
CBX3 and CBX5 can recognize and bind to H3K9me3
[42]. Accordingly, through physical interaction, CBX3
or CBX5 can bring mdig to the sites of H3K9me3.
RBBP4 and RBBP7 are histone binding proteins and
components of the PRC2 complex that promotes
formation of H3K27me3 [43]. It is very likely, thus,
that interaction of mdig with RBBP4 or RBBP7 may
impair either the assembly or methyltransferase
activity of the PRC2 complex. It is unknown at this
moment on how mdig can also act on H4K20me3. The
uncertainty of previous studies on the role of mdig in
histone demethylation may be largely due to
incomplete silencing of mdig by siRNAs/shRNAs or
the artifacts of overexpression of mdig genes. Using a
CRISPR-Cas9 approach, we achieved complete
depletion of mdig protein in the KO cells. ChIP-seq
data in combination with RNA-seq unequivocally
demonstrated enhanced enrichment of H3K9me3,
H3K27me3 and H4K20me3 in mdig KO cells, esp. for
the genes in cell growth, stemness of the stem cells or
cancer stem cells, lung fibrosis, and those involved in
cell motility or cancer cell metastasis. Accumulating
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evidence indicated critical contributions of abnormal
histone methylation and demethylation to a number
of human malignancies [44, 45]. Thus, understanding
the intricate activity of mdig on histone methylation
and gene expression, therefore, will help in designing
new strategies for the targeted therapies of cancers.

Supplementary Material

Supplementary figures and tables.
http:/ /www.thno.org/v10p0602s1.pdf

Acknowledgements

This work was partially supported by previous
National Institute of Health grants R01 ES017217 and
RO1 ES020137, and the current grants R01 ES028263,
R01 ES028335, and P30 ES020957 to FC.

Competing Interests

The authors have declared that no competing
interest exists.

References

1. Zhang Y, Lu Y, Yuan BZ, Castranova V, Shi X, Stauffer JL, et al. The
Human mineral dust-induced gene, mdig, is a cell growth regulating
gene associated with lung cancer. Oncogene. 2005; 24: 4873-82.

2. Thakur C, Chen F. Current understanding of mdig/MINA in human
cancers. Genes Cancer. 2015; 6: 288-302.

3. Tsuneoka M, Koda Y, Soejima M, Teye K, Kimura H. A novel myc target
gene, minab3, that is involved in cell proliferation. J Biol Chem. 2002; 277:
35450-9.

4. Eilbracht J, Kneissel S, Hofmann A, Schmidt-Zachmann MS. Protein
NO52--a constitutive nucleolar component sharing high sequence
homologies to protein NO66. Eur ] Cell Biol. 2005; 84: 279-94.

5. ChenB, YuM, Chang Q, Lu Y, Thakur C, Ma D, et al. Mdig de-represses
H19 large intergenic non-coding RNA (lincRNA) by down-regulating
H3K9me3 and heterochromatin. Oncotarget. 2013; 4: 1427-37.

6. Xuan F, Huang M, Zhao E, Cui H. MINA53 deficiency leads to
glioblastoma cell apoptosis via inducing DNA replication stress and
diminishing DNA damage response. Cell Death Dis. 2018; 9: 1062.

7. Huang MY, Xuan F, Liu W, Cui HJ. MINA controls proliferation and
tumorigenesis of glioblastoma by epigenetically regulating cyclins and
CDKs via H3K9me3 demethylation. Oncogene. 2017; 36: 387-96.

8. Huo Q, Ge C, Tian H, Sun J, Cui M, Li H, et al. Dysfunction of
IKZF1/MYC/MDIG axis contributes to liver cancer progression through
regulating H3K9me3/p21 activity. Cell Death Dis. 2017; 8: e2766.

9. Chowdhury R, Sekirnik R, Brissett NC, Krojer T, Ho CH, Ng SS, et al.
Ribosomal oxygenases are structurally conserved from prokaryotes to
humans. Nature. 2014; 510: 422-6.

10. Williams ST, Walport L], Hopkinson R], Madden SK, Chowdhury R,
Schofield CJ, et al. Studies on the catalytic domains of multiple JmjC
oxygenases using peptide substrates. Epigenetics. 2014; 9: 1596-603.

11. Yoshimura H, Matsuda Y, Yamamoto M, Kamiya S, Ishiwata T.
Expression and role of long non-coding RNA H19 in carcinogenesis.
Front Biosci (Landmark Ed). 2018; 23: 614-25.

12. Chang Q, Chen J, Beezhold K], Castranova V, Shi X, Chen F. JNK1
activation predicts the prognostic outcome of the human hepatocellular
carcinoma. Mol Cancer. 2009; 8: 64.

13. Ren], Ding L, Zhang D, Shi G, Xu Q, Shen S, et al. Carcinoma-associated
fibroblasts promote the stemness and chemoresistance of colorectal
cancer by transferring exosomal IncRNA H19. Theranostics. 2018; 8:
3932-48.

14. Song Y, Liu C, Liu X, Trottier J, Beaudoin M, Zhang L, et al. H19
promotes cholestatic liver fibrosis by preventing ZEBl-mediated
inhibition of epithelial cell adhesion molecule. Hepatology. 2017; 66:
1183-96.

15. Xie H, Xue JD, Chao F, Jin YF, Fu Q. Long non-coding RNA-H19
antagonism protects against renal fibrosis. Oncotarget. 2016; 7: 51473-81.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

Lu Q, Guo Z, Xie W, Jin W, Zhu D, Chen S, et al. The IncRNA H19
Mediates Pulmonary Fibrosis by Regulating the miR-196a/COL1A1
Axis. Inflammation. 2018; 41: 896-903.

Yu M, Sun J, Thakur C, Chen B, Lu Y, Zhao H, et al. Paradoxical roles of
mineral dust induced gene on cell proliferation and migration/invasion.
PL0S One. 2014; 9: e87998.

Sun], YuM, LuY, Thakur C, Chen B, Qiu P, et al. Carcinogenic metalloid
arsenic induces expression of mdig oncogene through JNK and STAT3
activation. Cancer Lett. 2014; 346: 257-63.

Thakur C, Lu Y, Sun J, Yu M, Chen B, Chen F. Increased expression of
mdig predicts poorer survival of the breast cancer patients. Gene. 2014;
535: 218-24.

Thakur C, Chen B, Li L, Zhang Q, Yang ZQ, Chen F. Loss of mdig
expression enhances DNA and histone methylation and metastasis of
aggressive breast cancer. Signal Transduct Target Ther. 2018; 3: 25.
Thakur C, Wolfarth M, Sun ], Zhang Y, Lu Y, Battelli L, et al.
Oncoprotein mdig contributes to silica-induced pulmonary fibrosis by
altering balance between Th17 and Treg T cells. Oncotarget. 2015; 6:
3722-36.

Yan B, Liu Y, Bai H, Chen M, Xie S, Li D, et al. HDAC6 regulates IL-17
expression in T lymphocytes: implications for HDAC6-targeted
therapies. Theranostics. 2017; 7: 1002-9.

YuY, QiJ, XiongJ, Jiang L, Cui D, He J, et al. Epigenetic Co-Deregulation
of EZH2/TET1 is a Senescence-Countering, Actionable Vulnerability in
Triple-Negative Breast Cancer. Theranostics. 2019; 9: 761-77.

Muranski P, Borman ZA, Kerkar SP, Klebanoff CA, Ji Y, Sanchez-Perez
L, et al. Th17 cells are long lived and retain a stem cell-like molecular
signature. Immunity. 2011; 35: 972-85.

Tang Y, He R, An ], Deng P, Huang L, Yang W. The effect of
H19-miR-29b interaction on bleomycin-induced mouse model of
idiopathic pulmonary fibrosis. Biochem Biophys Res Commun. 2016;
479: 417-23.

Li X, Liu R, Huang Z, Gurley EC, Wang X, Wang J, et al
Cholangiocyte-derived exosomal long noncoding RNA H19 promotes
cholestatic liver injury in mouse and humans. Hepatology. 2018; 68:
599-615.

Ross RA, Walton JD, Han D, Guo HF, Cheung NK. A distinct gene
expression signature characterizes human neuroblastoma cancer stem
cells. Stem Cell Res. 2015; 15: 419-26.

Cui Q,Shi H, Ye P, Li L, Qu Q, Sun G, et al. m(6)A RNA Methylation
Regulates the Self-Renewal and Tumorigenesis of Glioblastoma Stem
Cells. Cell Rep. 2017; 18: 2622-34.

Hemmesi K, Squadrito ML, Mestdagh P, Conti V, Cominelli M, Piras IS,
et al. miR-135a Inhibits Cancer Stem Cell-Driven Medulloblastoma
Development by Directly Repressing Arhgef6 Expression. Stem Cells.
2015; 33: 1377-89.

Guttula PK, Agarwal A, Maharana U, Gupta MK. Prediction of novel
pluripotent proteins involved in reprogramming of male Germline stem
cells (GSCs) into multipotent adult Germline stem cells (maGSCs) by
network analysis. Comput Biol Chem. 2018; 76: 302-9.

Werner S, Stamm H, Pandjaitan M, Kemming D, Brors B, Pantel K, et al.
Iroquois homeobox 2 suppresses cellular motility and chemokine
expression in breast cancer cells. BMC Cancer. 2015; 15: 896.
Hwang-Verslues WW, Kuo WH, Chang PH, Pan CC, Wang HH, Tsai ST,
et al. Multiple lineages of human breast cancer stem/progenitor cells
identified by profiling with stem cell markers. PLoS One. 2009; 4: e8377.
Kumar SA, Thakur C, Li L, Cui H, Chen F. Pathological and prognostic
role of mdig in pancreatic cancer. Genes Cancer. 2017; 8: 650-8.

Fujino S, Kinugasa T, Sudo T, Mizobe T, Yoshida T, Yoshida N, et al.
Mina53 nuclear localization is an important indicator of prognosis in
patients with colorectal cancer after adjuvant chemotherapy. Oncol Rep.
2018; 40: 101-10.

Wang W, Lu Y, Stemmer PM, Zhang X, Bi Y, Yi Z, et al. The proteomic
investigation reveals interaction of mdig protein with the machinery of
DNA double-strand break repair. Oncotarget. 2015; 6: 28269-81.

Lemaire LA, Goulley J, Kim YH, Carat S, Jacquemin P, Rougemont J, et
al. Bicaudal C1 promotes pancreatic NEUROG3+ endocrine progenitor
differentiation and ductal morphogenesis. Development. 2015; 142:
858-70.

Holmfeldt P, Ganuza M, Marathe H, He B, Hall T, Kang G, et al.
Functional screen identifies regulators of murine hematopoietic stem cell
repopulation. ] Exp Med. 2016; 213: 433-49.

Ren D, Zhu X, Kong R, Zhao Z, Sheng ], Wang ], et al. Targeting
Brain-Adaptive Cancer Stem Cells Prohibits Brain Metastatic
Colonization of Triple-Negative Breast Cancer. Cancer Res. 2018; 78:
2052-64.

Singh M, Venugopal C, Tokar T, Brown KR, McFarlane N, Bakhshinyan
D, et al. RNAi screen identifies essential regulators of human brain
metastasis-initiating cells. Acta Neuropathol. 2017; 134: 923-40.

http://lwww.thno.org



Theranostics 2020, Vol. 10, Issue 2

614

40.

41.

42.

43.

44.

45.

Yosef N, Shalek AK, Gaublomme JT, Jin H, Lee Y, Awasthi A, et al.
Dynamic regulatory network controlling TH17 cell differentiation.
Nature. 2013; 496: 461-8.

Lian SL, Mihi B, Koyanagi M, Nakayama T, Bix M. A SNP uncoupling
Mina expression from the TGFbeta signaling pathway. Immun Inflamm
Dis. 2018; 6: 58-71.

Bannister AJ, Zegerman P, Partridge JF, Miska EA, Thomas JO, Allshire
RC, et al. Selective recognition of methylated lysine 9 on histone H3 by
the HP1 chromo domain. Nature. 2001; 410: 120-4.

Kuzmichev A, Nishioka K, Erdjument-Bromage H, Tempst P, Reinberg
D. Histone methyltransferase activity associated with a human
multiprotein complex containing the Enhancer of Zeste protein. Genes
Dev. 2002; 16: 2893-905.

Zhang W, Zhao C, Zhao J, Zhu Y, Weng X, Chen Q, et al. Inactivation of
PBX3 and HOXA9 by down-regulating H3K79 methylation represses
NPM1-mutated leukemic cell survival. Theranostics. 2018; 8: 4359-71.
Huang$, ChiY, Qin'Y, Wang Z, Xiu B, Su Y, et al. CAPG enhances breast
cancer metastasis by competing with PRMT5 to modulate STC-1
transcription. Theranostics. 2018; 8: 2549-64.

http://lwww.thno.org



