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Abstract

Mineral dust-induced gene (mdig) encodes a member of the evolutionarily conserved JmjC
family proteins that play fundamental roles in regulating chromatin-based processes as well

as transcription of the genes in eukaryotic cells. This gene is also named as myc-induced
nuclear antigen 53 (MINA), nucleolar protein 52 (NO52) and ribosomal oxygenase 2 (RIOX2).
Increased expression of mdig had been noted in a number of human cancers, esp. lung cancer.
Emerging evidence suggests that the oncogenic activity of mdig is most likely achieved through
its regulation on the demethylation of histone proteins, despite it lacks the structural identities
of the demethylases. Here, we discuss the latest discoveries on the characteristics of the mdig
protein and its roles in a wide variety of normal and carcinogenic processes. We will also provide
perspectives on how mdig is involved in the maintenance and differentiation of the embryonic
stem cells, somatic stem cells and cancer stem cells.
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1. Introduction

Cancer is a major public health concern worldwide and the second leading cause of death in
many countries, among which lung cancer is the number one malignant-related deaths [1].
In United States, lung cancer kills more Americans than any other types of malignancy. In
2018, the estimated number of new lung cancer (including bronchus cancer) cases in US is
234,030 and the estimated number of lung cancer deaths in US is 154,050, which is large
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than the combination of the cancer deaths from colon cancer, breast cancer and prostate
cancer. The incidence rate of lung cancer is declining in men from a high of 102 per 100,000
in 1984 to 73 in 2018, whereas the rate in women has been increasing at the same period,
from 39 to 53 per 100,000. Thus, the burden has grown steadily in recent decades due to a
rising incidence of female lung cancer patients. The death rate of lung cancer is the highest
among all races of US male population. Except for Hispanic females in which the death

rate of lung cancer is the second highest, the death rate of lung cancer is also the highest
among all other races of US female population. Owing to the lack of reliable biomarkers and
symptoms in the early stages, most cases of lung cancer are discovered at an advanced stage.
Nearly 60% of patients die within a year after diagnosis and 80% die within five years.
Despite immense progress in diagnosis and molecular-targeting therapy of the lung cancer,
the improvement in the survival rate over the last three decades is modest. The present
5-year survival rate of 18% is only marginally better than the survival rate of about 10% in
the 1970s. Thus, an effort in revealing the new mechanisms of this deadly disease is urgently
required. There are two main categories of lung cancer with diverse, histologically distinct
pulmonary neoplasms: non-small cell lung cancer (NSCLC) and small cell lung cancer
(SCLC) [2]. About 87% of lung cancer patients are diagnosed with NSCLC, including
squamous cell carcinoma ("35%), adenocarcinoma ("40%) and large-cell carcinoma ("10%).
The squamous cell lung cancer usually begins in one of the large airway tubes (bronchi).
This type of lung cancer mainly occurs among elderly male or female with a history of
tobacco smoking. The adenocarcinoma, a type of lung cancer more common in women

who are either non-smokers or former smokers, mostly appears near the outside surface of
the lung with a likelihood of spreading to lymph nodes and other organs. The large cell

lung cancer is generally originated from bronchial epithelial cells accompanied by extensive
bleeding and tissue damage. This type of lung cancer, especially those with neuroendocrine
features, is commonly associated with the quick spread of the tumor to the brain or other
organs at the earlier stage. Based on the size of the tumor and the status of metastasis, the
lung cancer can be roughly classified into four different stages. The stage | lung cancer is
much localized with a tumor size less than 3 cm without notable lymph node metastasis. The
tumor size of stage 1l lung cancer is larger than 3 cm. Sub-stages of stage Il lung cancer are
made based on the metastatic status (I1A, limited lymph node metastasis; 1B, chest wall or
diaphragm metastasis). The lung cancers at stages Il and 1V are generally those tumors with
larger size and much severe metastasis into the other side of the lung and the distant organs.

The most prominent factors associated with lung cancer include tobacco smoking and
exposure to environmental or occupational hazards. Other etiological factors have also
been linked to lung cancer, albeit at a lower frequency, such as tuberculosis (TB), chronic
obstructive pulmonary disease (COPD) and marijuana smoking [2]. It is believed that the
majority of lung cancers are caused by tobacco smoking. Epidemiological studies suggest
that the longer a person has been smoking and the more cigarettes per day smoked, the
greater the lung cancer risk will be. Such risk is also presented for ex-smokers and passive
smokers. More than 4000 chemicals and toxic metals have been identified in tobacco smoke,
many of which are well known carcinogens that cause acute damage to the lung cells

and chronic alterations of the intracellular signaling and genomic DNA in these cells.
Some tobacco carcinogens, including polycyclic aromatic hydrocarbons (PAH), mainly
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the benzo[a]pyrene (BaP) and derivatives, and nitrosamines, e.g. 4-(methylnitrosamino)-I-(3-
pyridyl)-I-butanone (NNK), N’-nitrosonornicotine (NNN), can directly induce tumorigenesis
in experimental animals, possibly through the formation of DNA adducts that cause genetic
mutations. Mechanistically, these carcinogens are also potent in the activation of a wide
range of intracellular signaling pathways, such as EGF receptor, MAP kinases, PI3K-Akt,
NF-xB, and cell cycle checkpoint cascades.

There is a disturbing trend of more and more non-smoking men and women with the lung
cancer in recent years, indicating factors other than tobacco smoke must play a considerable
role in the development of the lung cancer. Indirect evidence supporting this notion is the
highest incidence rates of lung cancer among US black males who have similar tobacco
smoking rate with that of the white American men [3]. Although the second-hand or
so-called passive tobacco smoking has been suspected, mounting evidence suggests that
exposures to environmental and occupational hazards are attributable to the lung cancer
incidence among non-smokers and smokers. The risk of lung cancer is higher in workers
who are exposed to mineral dusts including asbestos, silica and some other metal-containing
particles. Asbestos is a group of minerals that occurs in underground deposits as fibers and is
used in certain industries including building construction, fire-proofing and auto mechanics.
Asbestos fibers tend to break easily into particles that can float in the air. Inhalation of
asbestos increases the risk of both squamous cell carcinoma and adenocarcinoma. The
hypothesis of the carcinogenic effect of silica particles has been supported by a relatively
large body of epidemiologic literatures that formed the basis to classify silica as a group

I carcinogen by the International Agency for Research on Cancer (IARC) [4]. Silica
exposure occurs in a mixed environment such as ore mining, ceramics, pottery, or brick
manufacturing, where exposure may be to two or more polymorphs of crystalline silica.
Many epidemiologic studies indicated that the increased lung cancer risks in people who
exposed to silica could not be explained by confounding factors, such as cigarette smoking
or other exposures. These epidemiologic data were supported by a number of animal studies
that showed silica inhalation induces lung tumor in rats. Other environmental factors linked
to the lung cancer incidence include metropolitan air pollution and radiation [5]. One study
suggested that people living in the most heavily polluted metropolitan areas have a 12%
increased risk of lung cancer than people in the least polluted areas. It was believed that fuel
exhaust and sulfates are comparable to the effects of second-hand smoke from a cigarette

[6].

Certain genetic abnormalities or polymorphisms have been found to be associated with

a statistically greater risk of lung cancer development in both smoker and hon-smoker
[7]. It is widely acknowledged that tobacco smoking is a dominant risk factor for lung
cancer. However, only a limited percentage ("11%) of tobacco smokers develop lung
cancer. Clearly genetic signature for a given individual determines the outcome of the gene-
environment interaction through affecting the expression and function of the oncogenes,
tumor suppressors, checkpoint proteins, and enzymes responsible for the metabolism of
carcinogens. A number of genome-wide loss-of-heterozygosity studies have identified
activating mutations in K-Ras, c-myc, EGFR, cyclin D1, telomerase, Bcl2, and mutations
that compromise the function of p53, p16INK/p14ARF, fragile histidine triad (FHIT),
RASFF1A, SEMA3B, and Rb-pathway in lung cancer patients. In addition, chromosomal
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comparative genomic hybridization and high-resolution genomic profiles of lung cancer
revealed a high number of recurrent chromosomal aberrations, particularly amplifications
and deletions in certain chromosome regions, including 1936, 3q11.2-12.3, 3925-27, 5p13-
14, etc., where some oncogenes are localized [8]. Furthermore, a various case-control and
cohort studies indicated presence of a rare autosomal dominant gene predisposing to lung
cancer in members of the family with lung cancer history [9].

2. Epigenetics in cancer

In addition to genetic aberrations, cancer has also been viewed as a disease that

is initiated by epigenetic changes in which the gene expression is altered without

genomic abnormalities. The most common epigenetic changes occur on the methylation
levels of DNA and histone proteins. Many epigenetic studies of lung cancer focused

on hypermethylation of DNA in the promoter region of tumor suppressors, such as
adenomatous polyposis coli (APC), retinoic acid receptor-2, H-cadherin, FHIT, and
RASSF1A [10], whereas investigations on the alterations of histone methylation in lung
cancer are just beginning. The status of histone methylation, especially on the N-terminal
tails of histones H3 and H4, determines the accessibility of genes in the condensed packed
chromatin structure. The lysine residues in histones H3 and H4 can be modified by mono-,
di- and tri-methylation. It has been generally viewed that tri-methylation of lysines 4,

36 and 79 of histone H3 is associated with an active transcription of the genes in the
de-condensed chromatin (euchromatin) region. In contrast, tri-methylation of lysines 9 and
27 of histone H3 and lysine 20 of histone H4 is refractory for gene expression due to

the formation of the highly condensed heterochromatin architecture [11]. A number of
histone methyltransferases have been identified, among which human SUV39hl is the best
characterized methyltransferase responsible for the di- and tri-methylation of lysine 9 on
histone H3.

Methylations on histone proteins were traditionally regarded as permanent marks and
irreversible [12]. Since the first discovery of histone lysine specific demethylases-1 (LSD1)
in 2004 [13], now we know that histone methylation is a dynamic process. The histone
proteins can be methylated under the control of a variety of histone methyltransferases
[11]. Meanwhile, these methylations on histone proteins can also be removed by histone
demethylases. In 2006, several groups independently identified a JmjC family of histone
demethylases that demethylate di- or tri-methylated lysines 9 and 36 on histone H3 [14-19].
Although histone methylation has been considered as a key event for gene transcription,

it is plausible to speculate that such modification can also regulate DNA replication,
recombination and damage repair. Biochemically, additions of methyl groups to lysines

or arginines are unable to change the charges that affect the chromatin structure due to the
nature of small molecular weight of methyl groups [20]. It is very likely, thus, methylations
on the side chains of lysine or arginine residues create binding code for regulatory proteins.
In other word, methylations on histone proteins will influence the accessibility of the
chromatin by chromatin binding proteins, transcription factors, DNA repairing complexes,
and DNA replication machineries [21].
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There is no compelling evidence suggesting that lung cancer or other types of cancer
develop by purely aberrations in histone methylation or the signaling pathways that regulate
histone methylation. However, perturbations in histone methylation have been observed

in some types of human cancer, such as colorectal carcinomas and hepatocellular cancer
[22,23]. In experimental animal, mice with gene deficiency of SUV39, a methyltransferase
catalyzing di- or tri-methylation of lysine 9 on histone H3, suffer dramatic genome
instability and develop B-cell lymphomas due to a substantial loss of lysine 9 methylation
on histone H3 [24]. Reduced expression of RIZ1, another methyltransferase for lysine 9

on histone H3, has been frequently observed in lung cancer, breast cancer, hepatocellular
carcinoma, colon cancer, neuroblastoma and melanoma [25]. An increased lung cancer risk
has been recently reported in people carrying 1624 G > C polymorphism of SUV39h2

[26]. Since this polymorphism occurs in the 3’-UTR region, it is very likely that this
polymorphism may reduce the mRNA stability or translational potential of SUV39h2 and
therefore, compromises the tri-methylation of lysine 9 on histone H3.

3. Mdig gene and cancer

Mdig gene was first identified in later 1990s through differentiation display RT-PCR
(DDRT-PCR) using mRNAs from alveolar macrophages of the people who had suffered
from chronic lung diseases due to exposure to mineral dust in mining industries (Fig.

1A), but the partial DNA sequence was not deposited into the GenBank until year

2000 (GenBank BE441202) [27]. Similar to the cases of many other genes, the original
identification of mdig was unintended. During the course of studying inflammatory
cytokines in occupational lung diseases, we applied DDRT-PCR to investigate mRNA
expression profiles and failed to achieve meaningful or reproducible results after several
attempts. As a last-gasp in experiments, we replaced the random upstream primers of
DDRT-PCR with gene specific primers for iNOS, IL-13 and IL-15, and detected several
unique cDNA bands in the reactions containing iNOS primer (Fig. 1B, up left). After
further cloning and DNA sequencing, we discovered that the last eight nucleotides at the
3’-terminus of the iINOS primer marches the sequence of mdig from 163 to 170 (GenBank
AY302110) (Fig. 2). Accordingly, under the less stringent DDRT-PCR condition, iNOS
specific primer we used was able to serve as a bait to capture mdig mRNAs in DDRT-PCR.

In 2002, Tsuneoka et al [28] reported a myc-induced nuclear antigen, mina53 that is 100%
homologous to mdig identified from human alveolar macrophages, in human glioblastoma
cell line T98 G cells with myc overexpression. In addition to human cells, mdig was also
found as a nucleolar protein in Xenopus laevis and named NO52 by Schmidt-Zachmann and
colleagues [29]. All of these studies pointed out the presence of a conserved JmjC domain in
the encoded protein by mdig. The functional significance of this JmjC domain was unknown
until year 2006 when several groups demonstrated a histone demethylase activity of some
JmjC family proteins [15,17,30]. For the mdig protein, indeed, a histone demethylase-like
activity was detected in the cells subjected to mdig silencing or overexpression [31]. The
mdig gene maps on the region of chromosome 3g12.1-q12.2 with a gene length about 28 kb.
This gene contains 10 exons and 2 or 3 alternative exons that transcribe mRNA containing

a single open reading frame of 465 amino acids with a molecular weight of 52,800.2 kDa
and pl 6.23. The gene locus of mdig is located in one of several chromosome instability
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regions involved in amplifications and deletions in human lung cancer. In A549 cell line that
is derived from human lung cancer, the expression of mdig can be enhanced by the treatment
of the cells with silica particles. A number of human lung cancer cell lines exhibit a higher
basal expression of mdig [32]. Silencing expression by RNA interference using mdig siRNA
resulted in a significant inhibition of cell proliferation compared to the cells transfected

with control siRNA. Furthermore, mdig silencing sensitized the cytotoxic response to silica
particles in A549 cells. However, it was unclear at that time how the gene product of mdig
regulated the signals for cell growth or proliferation.

The pro-proliferative function of mdig for the cells implicates a potential oncogenic role

of mdig in lung cancer and other cancers. By screening the expression pattern of mdig

in more than 150 cases of human lung cancers, we found that more than 90% of human

lung cancers showed an increased expression of mdig relative to the case-matched normal
lung tissues [31]. Most recently, we also noted a unique pattern of mdig expression in

human synchronous multiple primary lung cancer (SMPLC), a T3 or T4 stage lung cancer as
classified by the latest, the 71" version of TNM classification. Among 34 cases of SMPLC,
33 cases showed a clear staining of mdig expression in the cancer tissues. In contrast, mdig
was not detected in the adjacent normal lung tissues (Fig. 3). Another interesting finding in
this SMPLC study is that a considerable number of cancer cells exhibited cytosolic, rather
than nuclear localization of mdig protein (Fig. 3). The cytoplasmic localization of mdig was
previously noted in the bronchial epithelial cells with stable overexpression of the mdig gene
or the cells treated with arsenic [33]. Thus, it is possible that mdig may not only serve as an
epigenetic regulator in the nuclei for the configuration of the chromatin, but also regulate the
functions of some cytosolic proteins.

Increased expression of mdig had also been observed in breast cancer [34], colon

cancer [35], esophageal squamous cell carcinoma [36], gingival squamous cell carcinoma
[37], lymphoma [38], renal cell carcinoma [39], glioblastoma [40], gastric cancer [41],
hepatocellular carcinoma [42], cholangiocarcinoma [43], multiple myeloma [44], pancreatic
cancer [45], etc. In some of these cancers, the level of mdig is correlated with the overall
survival of the patients. In general, higher mdig expression in cancers is associated with a
poorer overall survival or poorer progress free survival, such as squamous lung cancer and
breast cancer without lymph node metastasis [34,46]. In human hepatocellular carcinoma,
higher mdig expression also indicated a poorer overall survival (Fig. 4A). Intriguingly,
increased expression of mdig predicted a better survival of the breast cancer patients who
had lymph node or distal organ metastasis [34]. A similar phenomenon occurs in ovarian
cancer. Higher mdig expression predicts a poorer progress free survival (PFS) when the
cancer stages are not specified. However, if the cancers were stratified according to the
disease stages, higher mdig expression only predicted poorer survival of the stages | and Il
cancer patients, but not the stages 11 and 1V patients (Fig. 4B). These data suggested that
mdig may play dual roles in some cancers. In earlier stage cancers, mdig is oncogenic for
the growth of the tumors. In later stages, in contrast, mdig may be tumor suppressive by
limiting the metastatic potentials of the cancer cells.

The inverse relationship between mdig level and patient survival is also evident for
pancreatic cancer, kidney cancer, cervical cancer, head-neck squamous cell carcinoma,
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sarcoma, thymoma, thyroid carcinoma, and uterine corpus endometrial carcinoma (Fig. 4C
and data not shown). For the rectum adenocarcinoma, intriguingly, the higher expression
of mdig is associated with a highly significant better survival of the cancer patients (Fig.
4C, right panel), suggesting that mdig may play protective role for the patients or delay the
progression of the rectum cancer.

4. Mdig in protein hydroxylation and demethylation

The mdig protein contains a conserved JmjC domain from amino acids 128 to 271. The
JmjC domain had been recently identified as a signature motif of the JmjC family histone
demethylases [11]. It is very likely, therefore, that mdig may promote cell growth or cell
cycle transition by affecting the methylation status of the histone proteins. Based on the
similarity of the amino acid sequence of the JmjC domain in mdig and the other known
histone demethylases, we originally believed that mdig may be able to regulate the level

of histone H3 lysine 9 trimethylation (H3K9me3) [31]. Several lines of evidence supported
this assumption. First, an inverse relationship between the levels of mdig and H3K9me3
was clearly observed in human lung cancer samples [31]. Secondly, overexpression or
siRNA silencing of mdig in lung epithelial cells reduced or up-regulated the level of
H3K9me3. Lastly, demethylase activity, although it was moderate, was detected in a

test tube reaction of the immunoprecipitated mdig protein and the H3K9me3 peptide

[47]. Possible involvement of mdig in H3K9me3 demethylation was also evidenced in
glioblastoma cells and Human hepatocellular carcinoma (HCC), respectively. Silencing
mdig by shRNAs not only increased the level of H3K9me3 but also inhibited expression
of some cell cycle regulatory proteins, such as cyclin B, cyclin D1, CDK1, CDK2, efc[40].
In human HCC, studies by Huo et al demonstrated that about 70% of human HCC showed
an increased expression of mdig. In HCC cell lines, inhibition of mdig by siRNAs elevated
the level of H3K9me3 substantially [42].

Using CRISPR-Cas9 gene editing approach, our recent data provided direct evidence
showing that mdig is highly capable of regulating the level of H3K9me3, H3K27me3

and H4K20me3, the three major repressive histone trimethylation markers, in the human
bronchial epithelial cell line, BEAS-2B cells, A549 cells, and triple negative breast cancer
cell line, MDA-MB-231 cells. Knockout (KO) of mdig caused a pronounced increase of
H3K9me3, H3K27me3 and H4K20me3 (Fig. 5A), along with increased protein levels of
EZH2 and RBBP4, two key components of the PRC2 complex that catalyzes H3K27me3
(data not shown). Chromosomal immunoprecipitation-sequencing (ChlP-seq) revealed a
substantial enrichment of H3K9me3 in the KO cells (Fig. 5B, the entire chromosome 4
region). Except Y chromosome, gain of H3K9me3 can be visualized in all chromosomes
in the mdig KO cells. Distinguishing from the sharp peaks of H3K4me3 that exclusively
located at the transcription start sites of genes as demonstrated by ChlP-seq, the enriched
peaks of H3K9me3 in the KO cells are mostly in the gene body and intergenic regions
(Fig. 5B, right panel, and Fig. 5C). The peaks of H3K27me3 is either co-localized with
H3K4me3, or in the gene body and intergenic regions. Despite there are considerable
number of genes with an enrichment of both H3K9me3 and H3K27me3 following mdig
KO, most peaks of these two histone markers are not overlapped on the individual genes
(Fig. 5D). In contrast, many peaks of H4K20me3 and H3K9me3 are overlapped (Fig. 5D).

Semin Cancer Biol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 8

These effects of mdig on the repressive histone trimethylation markers, nevertheless, are not
surprising, because we had previously shown a direct protein-protein interaction between
mdig and CBX3, CBX5, RBBP4, and RBBP7 [48]. Both CBX3 and CBXS5 can recognize
and bind to H3K9me3. RBBP4 and RBBP7 are regulatory subunit of the PRC2 complex
[48]. Interaction of mdig with RBBP4 and RBBP7 may compromise the methyltransferase
activity of the PRC2 complex. Knockout of mdig, accordingly, leads to an enhanced activity
of the PRC2, and the subsequent elevation of H3K27me3.

In human breast cancer cell line MDA-MB-231 cells, there is a similar level of enrichment
of H4K20me3 and H3K9me3 following CRISPR-Cas9-mediated knockout of mdig (data not
shown). H4K20me3 is another heterochromatin marker for somatic cells and embryonic
stem cells [49]. In human fibroblasts, increasing in H4K20me3 enhances chromatin
compaction and induces quiescence of the cells. Reducing the level of H4K20me3 by
silencing the methyltransferase Suv4-20h1 (KMT5B) and Suv4-20h2 (KMT5C) that are
responsible in catalyzing H4K20me3 from H4K20me1, on the other hand, promoted cell
cycle entry into the S-phase [50]. Meanwhile, H4K20me3 is considered as an important
epigenetic marker in maintaining the pluripotent status of the embryonic stem cells (ESCs).
Loss of H4K20me3 will de-repress the expression of the cell lineage specific genes, leading
to the differentiation of the ESCs [51]. An increase of H4K20me3 following the knockout
of mdig, thus, may lead to growth inhibition of the somatic cells where mdig expression is
inhibited by siRNA silencing or knockout through CRISPR-Cas9 approach. This provides a
new explanation for our previous observations showing decreasing of the S-phase cells by
mdig silencing [27].

Despite containing the signature motif of the demethylases, the JmjC domain in the

mdig protein, and the increased H3K9me3, H3K27me3 and H4K20me3 following mdig
silencing in several reports and our recent ChlP-seq experiments following mdig knockout
by CRISPR-Cas9 gene editing, questions remain on whether mdig is truly a histone
demethylase. Unlike other demethylases, mdig protein does not possess other known
chromatin-binding domains, such as PHD, Tudor, F-box, etc. Structural analysis revealed
that the C-terminus of the JmjC domain in mdig is linked to helical dimerization and
carboxy-terminal “winged helix” domains that are required for the hydroxylase activity
towards ribosomal protein L27A but not for the demethylase activity for di- or tri-
methylated lysine residues in histone proteins [52]. It is plausible, thus, to speculate that

if mdig contributes to demethylation of the histone proteins, it requires interaction with
other proteins or cofactors that either modulate the structure of mdig protein or regulate the
recruitment/assemble of other histone demethylase or methyltransferase complexes. Indeed,
our data from protein pull-down in combination of proteomics analysis had unraveled
physical interaction of mdig with several chromatin-binding proteins, DNA repair and
replication proteins, and proteins involved in RNA splicing [48].

The complexity of mdig in histone demethylation is further intensified by the presence of
multiple alternatively spliced mdig transcripts in cancer cells. As earlier as in 2005, we had
first discovered an alternatively spliced mdig mRNA in one of the lung cancer cell lines [27].
This alternatively spliced mdig transcript was resulted from splicing skipping of exon 2 and
insertion of an alternative exon 5, exon 5, between exons 5 and 6, which encodes a mdig

Semin Cancer Biol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 9

protein without the JmjC domain. In fact, RNA-seq data had identified at least 10 different
alternatively spliced mdig mRNAs (Fig. 6A). Furthermore, higher frequent mutations in the
JmjC domain had been identified in a number of human cancers (Fig. 6B). All of these
alternative splicing and mutations, without questions, will influence the possible enzymatic
activity of mdig on protein hydroxylation or demethylation.

The alternative splicing of mdig mRNA is also common in normal human tissues. By using
different sets of PCR primers to scan mdig expression among 24 different human tissues
(Fig. 6C), we had found that the full length mdig mRNA could be detected in the stomach,
thyroid, adrenal, pancreas, and prostate only, but not other normal human tissues (Fig. 6D).
The stomach also expressed an alternatively spliced mdig mRNA without the exon 2 region
but contained an alternative exon 5°, as what we had previously reported in human lung
cancer cell line H441 cells [27]. When the PCR primer set that amplifies the mdig mRNA
corresponding to the region from exon 1 to exon 5, the canonical 823bp fragment could

be detected in kidney, lung, muscle, testis, placenta, thyroid, adrenal, and bone marrow,
whereas the alternatively spliced 353bp mdig mRNA resulting from skipping of exon 2
was observed in pancreas, ovary, skin, PBL, and bone marrow (Fig. 6D). These data are
consistent to the RNA-seq findings showing mdig transcripts lacking of the upstream exons,
down-stream exons, or both (Fig. 6A).

A mutual regulation between histone lysine methylation and DNA methylation had long
been established [53]. Although different methyltransferases and demethylases are involved
in DNA and histone methylation, respectively, these two systems are highly interrelated
and depended on each other for epigenetic modifications. Emerging evidence suggests that
some histone methyltransferases bind to the methylated DNA for the propagation of histone
lysine methylation during the formation of heterochromatin. Conversely, some histone
methyltransferases responsible for H3K9me3 are able to recruit DNA methyltransferase
(DNMT3a/b) to the heterochromatin region for DNA methylation. In addition, there

are observations indicating a direct binding of DNMT3a/b to H3K9me3 [53]. In a

test tube reaction, we noted demethylation of the methylated DNA fragments following
incubation with the immunoprecipitated mdig protein. In cellular experiments using human
noncancerous and cancerous breast cell lines, a significant increase in the level of DNA
methylation, 5-methyl cytosine, was detected among the cells where mdig was silenced by
siRNAs, indicating that mdig might be capable of reducing the level of DNA methylation
[54]. In MDA-MB-231 breast cancer cell line, mdig knockout by CRISPR-Cas9 approach
caused down-regulation of Tetl and Tet2, two DNA demethylases, and pronounced increase
of DNMT2, an enzyme originally attributed to DNA methylation, but later classified as a
tRNA methyltransferase for the methylation of cytosine 38 in the anticodon loop of aspartic
acid tRNA [tRNA(Asp)] [55]. Accordingly, these data suggest that mdig can either directly
act as a DNA demethylase or indirectly regulate DNA demethylation through Tet family
DNA demethylases.

5. Mdig in stem cells

All stem cells, including embryonic stem cells (ESCs), induced pluripotent stem cells
(iPSCs), cell lineage specific stem cells (somatic stem cells), and cancer stem cells (CSCs),

Semin Cancer Biol. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 10

have a unique epigenetic program differing from differentiated cells for the maintenance

of the stemness [56]. A number of epigenetic writers and erasers play a central role in
establishing the stem cell specific epigenetic profiles on the genome. Methyltransferases
and acetyltransferases are the writers of epigenetics, whereas demethylases and deacetylases
have been viewed as erasers of the epigenetics. The activities of both writers and erasers

are regulated by the metabolites from either glycolysis in cytoplasm or the tricarboxylic
acid (TCA) cycle in mitochondria. The glycolysis pathway facilitates S-adenosylmethionine
(SAM) production through serine/glycine and tetrahydrofolate metabolism to provide
methyl donors for DNA and histone methylation. a-ketoglutarate (a-KG), one of the key
metabolites of TCA cycle on the other hand, is an essential cofactor for the activity of the
JmjC family histone demethylases and Tet family DNA demethylases [57].

Currently, there is no direct evidence linking mdig to the pluripotency, self-renewal and
differentiation of the stem cells. Our gene knockout study in mice failed to produce
homozygous, but only the heterozygous mdig knockout mice, indicating pivotal role of
mdig in the processes of embryonic development [58]. Mdig was previously identified as

a target gene of c-myc [28], one of the four Yamanaka factors that are essential for the
stemness of the ESCs, iPSCs, somatic stem cells, and CSCs [59]. In our overexpression

and siRNA-silencing experiments, we noted that mdig and c-myc are mutually regulated.
Overexpression of mdig caused a substantial increase in c-myc expression in bronchial
epithelial cells [47]. In the same study, we also noted that mdig is able to promote expression
of H19, a paternally imprinted but maternally expressed oncofetal gene transcribing a large
intergenic non-coding RNA (lincRNA), through reducing H3K9me3 in the imprint control
region and CTCF binding region [47]. A number of studies implicated important roles

of H19 in ESCs, somatic stem cells and CSCs [60]. H19 has also been recognized as

an endogenous antagonist of the tumor suppressive miRNAs let-7a and let-7 g. Indeed,
overexpression of mdig repressed the levels of both let7a and let-7 g, but not let-7c. Our
additional tests further demonstrated that both let-7a and let-7 g are highly capable of
inhibiting the expression of c-myc, and to a lesser degree of inhibition on Sox2 and Klf4,
two other stem cell transcription factors. These data, therefore, suggest that mdig may
participate in the regulatory circuit among H19, let-7 s and c-myc for the stem cells (Fig. 7).

Based on the available datasets of single-cell RNA-seq from 174 cell groups, it indicates
that mdig is highly expressed in human oocyte, zygote and preimplantation blastomere.
However, mdig expression appears to be lost in human ESCs (Fig. 8A). The levels of
mdig are also much lower in several established human iPSCs. Thus, loss of mdig may

be important for the self-renewal and pluripotency of the ESCs or iPSCs. Expression of
mdig, in turn, may induce differentiation of the ESCs or iPSCs. If this is true, the question
is how mdig affects the stemness of these cells. The answer may be from the observed
effect of mdig on these heterochromatin markers, including H3K9me3, H3K27me3 and
H4k20me3. In ESCs or iPSCs, the expression of the differentiation genes must be repressed
by H3K9me3, H3K27me3 and H4K20me3 through the formation of heterochromatin [51].
Expression of mdig reduces the levels of these repressive chromatin markers, leading to
de-repression of the differentiation genes and the differentiation of the ESCs or iPSCs.
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In histone methylation profiling of the bronchial epithelial cell line BEAS-2B and breast
cancer cell line MDA-MB-231 following mdig knockout through CRISPR-Cas9 gene
editing, we indeed noted an up-regulation of H3K9me3, H3K27me3 and H4K20me3 (Fig.
5). Therefore, if the ESCs or iPCs are subjected to an enforced expression of mdig,
differentiation will occur in these stem cells. However, above speculation may be not
suitable for somatic stem cells, progenitor cells or cancer stem cells (CSCs) due to the
required partial differentiation for cell lineage commitment. Unlike the ESCs or iPSCs that
are pluripotent, somatic stem cells, progenitor cells and CSCs are multipotent or oligopotent.
Some genes associated with cell or tissue lineage development are primed for expression or
partially expressed, which requires removal of the repressive histone methylation markers,
including H3K9me3, H3K27me3 and H4K20me3. Because of the demethylase-like activity
of mdig, it is plausible to hypothesize that mdig is required for functional specification and
lineage commitment of the somatic stem cells or progenitor cells. This hypothesis may be
also true for the CSCs. Hierarchically, CSCs are roughly equal to the somatic stem cells that
are multipotent or oligopotent, but not pluripotent. This is the reason why CSCs of breast
cancer can only form breast cancer cells with different functional characteristics, and CSCs
of glioblastoma can only generate glioblastoma cells with diverse cell surface markers or
phenotypes. Although it is unknown in other types of cancers, our recent data from human
breast cancer indicated that mdig is important for the tumor initiation or tumor growth of
the earlier stage breast cancers. In later stages of breast cancer, in contrast, mdig expression
might be beneficial for the inhibition of migration, invasion and metastasis of the cancer
cells [54]. CSCs have been viewed as tumor-initiating cells that are capable of self-renewal
and giving rise to more differentiated progenies of tumor cells. Certainly, expression of
mdig, therefore, is critical for the stemness maintenance of the CSCs.

An additional indication supporting the contribution of mdig to the stem cells is from our
ongoing knockout study of mdig through CRISPR-Cas9 approach and RNA-seq. In human
bronchial epithelial cell line BEAS-2B, mdig knockout resulted in the down regulation of
883 genes. Among the most significantly down-regulated 63 genes, 41 genes had been
previously reported as stem cell-related genes. Gene signature analysis indicated that these
down-regulated stem cell-related genes are mostly associated with the hematopoietic stem
cells, neural stem cells, or mesenchymal stem cells (Fig. 8B), but not the ESCs or iPSCs,
further suggesting a possible requirement of mdig in somatic stem cells or CSCs.

6. Summary

It is more than 20 years since the first discovery of mdig from the coal miners’

alveolar macrophages. Considerable progress had been made in the past years in our
understanding on how mdig is associated with human cancers, esp. the human lung cancer
and breast cancer. Debates continue, however, on whether mdig is a protein hydroxylase

or histone demethylase, or both. The current information on the structure and function

of mdig is exclusively derived from studying the full-length mdig protein. The biological
function and mechanism of action of the alternatively spliced and mutated mdig was
uncharted at the present. Unequivocal structural evidence suggests that mdig is a ribosomal
protein hydroxylase. Yet how this hydroxylation of ribosomal protein impacts the protein
translational machinery and whether there are other proteins can be hydroxylated by mdig
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remain to be further investigated. Studying the potential role of mdig in stem cells and CSCs
is just beginning. Based on the diminished expression of mdig in ESCs and iPSCs, mdig
may be not required for the self-renewal of the stem cells, but rather act at the boundary of
stemness and differentiation. This effect of mdig should be necessary not only for the initial
phase of differentiation but also for the expansion of cell populations required for tissue
regeneration or tumorigenesis, if the stem cells are CSCs. Certainly, extensive studies on the
characteristic of mdig are much needed for our better understanding on the role of mdig in
normal development and cancers.
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Fig. 1.
Discover history of mdig. A. Chronicle of the key events in studying mdig/MINA/NO52/

RIOX2 from 1995 to 2015; B. Historical images of the first differentiation display RT-
PCR (upper left), DNA sequencing (bottom left), Reading recorder of DNA sequencing
(upper right), and GenBank query (bottom right) of the mdig gene. In differentiation
display RT-PCR panel, N and M depict total RNAs from alveolar macrophages of normal
control subjects (N) and coal miners (M), respectively; A, C and G are the down-stream
PCR primers, H-T11A, H-T11C and H-T11 G, provided by DDRT-PCR kit (GenHunter
Corporation, Nashville, TN, USA); iNOS, IL-13 and IL-15 represent up-stream PCR
primers derived from iNOS, IL-13 and IL-15, respectively. The numbers marked on these
bands represent cDNA fragments from DDRT-PCR for cloning and DNA sequencing. In
DNA sequencing panel, 3R1 and 3R2 indicate using right (upstream) primer for sequencing
of the 3"d ¢cDNA fragment from DDRT-PCR, which led to the discovery of mdig.
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iNOS primer 5'-TGCTTTGTGCGGAATGCCAGCGGCTTCCAC -3’
breerererererrereerrrererrrend
iNOS NM 000625 3139TGCTTTGTGCGGAATGCCAGCGGCTTCCAC3168
e
mdig AY302110 163GCTTCCACGTGGGCTGCGCCGCCGGGCGL90

Fig. 2.
Diagram shows partial base pairing between iNos PCR primer and the mdig mRNA.

Semin Cancer Biol. Author manuscript; available in PMC 2020 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhang et al. Page 18

Fig. 3.
Higher rate of mdig expression in human synchronous multiple primary lung cancer

(SMPLC). A. Computed tomography (CT) scan shows SMPLC in one individual. Red block
arrows indicate position of tumors in the lung; B. Nuclear and cytoplasmic localization of
mdig protein in cancer cells of the SMPLC samples.
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Fig. 4.

Prognostic value of mdig in human cancer. A. Higher expression of mdig predicts poorer
overall survival of hepatocellular carcinoma; B. Higher expression of mdig predicts poorer
progress free survival (PFS) of the stages | and 11, but not the stages 11l and IV ovarian
cancer. C. Association of higher mdig expression with poorer survival of the patients with
pancreatic ductal adenocarcinoma (left) and renal papillary cell carcinoma (middle). Higher
mdig level indicated better survival of the patients with rectum adenocarcinoma (right). The
patient survival information is derived from Kaplan Meier-plotter (kmplot.com).
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Fig. 5.

M?jig promotes histone demethylation. A. Knockout (KO) of mdig by CRISPR-Cas9
approach increases the levels of H3K9me3, H3K27me3 and H4K20me3 in BEAS-2B cells;
B. Knockout of mdig enriches H3K9me3 in the entire chromosome region of chromosome 4
(left panel). Right panel shows a typical different location of H3K4me3 and H3K9me3 in a
given gene. C. Enrichment of H3K9me3 in the mdig KO cells mostly occurred in the gene
poor region on the chromosome as indicated by red bars. Green bar depict gene rich region
as indicated by a cluster of H3K4me3 peaks. D. A representative region of chromosome
showing distributions of H3K4me3, H3K27me3, H3K9me3, and H4K20me3. KO: Knockout
of mdig by CRISPR-Cas9 gene editing; WT: cell colonies from CRISPR-Cas9-transfected
cells without knockout of mdig gene.
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Fig. 6.

Alternative splicing and mutations of mdig genes. A. Multiple transcripts of mdig identified
by RNA-seq (grch37.ensembl.org); B. Known mutation sites and mutation types of mdig
genes in human cancers (https://cancer.sanger.ac.uk/cosmic/); C. Schematic diagram of the
RT-PCR strategy to detect alternatively spliced mdig mRNAs; D. Tissue scanning of mdig
mMRNA expression by RT-PCR. Red arrows indicate the tissues expressing the full-length
mdig mRNA.
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/ Mdig

C-myc, Sox2, Kif4 H19

‘\ Let-7a,g\/

Forward feedback circuit of mdig and c-myc. Oncogene c-myc induces mdig transcription.
Mdig, in turn, causes de-repression of H19 that can antagonize Let-7a and Let-7 g. Both
Let-7a and Let-7 g are tumor suppressive miRNAs that target c-myc, Sox2 and Klf4.
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SCs SCs

Intestinal SCs Speunatogonial SCs

Possible involvement of mdig in regulating the stemness of stem cells. A. Expression levels
of mdig in oocyte, zygote, 2-cell blastomere, early blastomere, and ESCs. Data are derived
from scRNASeqDB (https://bioinfo.uth.edu); B. RNA-seq data indicated that knockout of
mdig through CRISPR-Cas9 approach resulted in down-regulation of the stemness genes
featured in hematopoietic stem cells and neural stem cells as analyzed by StemChecker

(stemchecker.sysbiolab.eu).
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