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N-myc & STAT Interactor, NMI, is a protein that has mostly been studied for its physical interactions with transcription factors
that play critical roles in tumor growth, progression and metastasis. NMI is an inducible protein, thus its intracellular levels
and location can vary dramatically, influencing a diverse array of cellular functions in a context-dependent manner. The physi-
cal interactions of NMI with its binding partners have been linked to many aspects of tumor biology including DNA damage
response, cell death, epithelial-to-mesenchymal transition and stemness. Thus, discovering more details about the function(s)
of NMI could reveal key insights into how transcription factors like c-Myc, STATs and BRCA1 are contextually regulated.
Although a normal, physiological function of NMI has not yet been discovered, it has potential roles in pathologies ranging
from viral infection to cancer. This review provides a timely perspective of the unfolding roles of NMI with specific focus on

cancer progression and metastasis.

Introduction

Multiple studies have been focused on elucidating the roles
of transcription factors, but less attention has been given to
proteins that indirectly influence specific transcriptional
events. These proteins are of critical importance because of
their organ-specific, spatio-temporal regulatory ability.
Understanding these indirect influences may hold the key to
revealing intricate, biologically relevant details of signaling
pathway regulation.

N-myc and STAT Interactor, NMI, is one such protein that
has been realized as one of the proteins that indirectly influ-
ence specific transcriptional events. The NMI gene resides on
chromosome 2q23. In humans, NMI protein expression has
been detected in all fetal tissues except the brain, and its
expression is highest in the adult spleen, liver and kidneys."
The human NMI gene can code for two distinct mature
mRNA transcripts that are translated identically into NMI
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protein products. The NMI protein is typically localized to the
cytoplasm, but it has also been detected in the nucleus by mul-
tiple investigators.> As its name reveals, NMI was first identi-
fied as a binding protein partner of oncogenic transcription
factors, N-myc and c-Myc.! The synopsis of published litera-
ture about NMI indicates that this 38 kDa protein may func-
tion as an adapter molecule, capable of different functions
depending on cellular context and proteins with which it inter-
acts. The first one hundred amino acids of NMI comprise a
coiled-coil domain that is homologous to the C. elegans pro-
tein, CEF59. The second domain consisting of the next one
hundred amino acids is referred to as the NMI/IFP35 (NID)
domain, due to its homology with IFP35 (interferon inducible
protein 35). All predicted domains of NMI are reported to be
involved in protein-protein interactions (Fig. 1a). Several pro-
teins confirmed to interact with NMI are transcription factors
that influence (positively or negatively) tumor progression.
The studies that substantiate these important protein—protein
interactions also support the proposition that NMI may have
an important role in cancer (Fig. 1b).

Indeed, a number of studies have been aimed at elucidating
the role of NMI in cancer as summarized in Table 1. Devine
et al. found that NMI protein expression is higher in early stage
breast cancer than in later stages, with the lowest expression
observed in patients with Stage 4 disease.* Moreover, NMI
mRNA expression is inversely related to the grade of clinical
breast cancer specimens, indicating that the loss of NMI corre-
lates with progression to aggressive disease. Surveys of breast
tumor specimens from the Cancer Genome Atlas show little
copy number variation or mutation of NMI, yet some independ-
ent studies have identified single nucleotide polymorphisms
(SNPs) in the NMI gene that are present in breast cancer and
ovarian cancer patient samples.s’6 Whether these SNPs cause
mutations that alter NMI function was not investigated.
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STATSb Coiled coil & NID1 (59-99; 143-202) Coiled coil (232-321; 182-337) Zhu et al 1999

Sox10 NID1 (135-200) HMG (133-203) Schiierf et al 2005

CKIP-1 NID1& 2 (103-202) 136-308 Zhang et al 2007

Tip6o NID1 & 2 (126-307) Zine finger (261-366) Zhang et al 2007

ARF Coiled coil (1-101) 164 Lietal 2012

BRCA1 NID1 & 2 (91-307) 1-683; 1301-1863 Li etal 2002

e-Mye NA HLH (315-439) Bronsschete

N-myc NA 177-208 ?;9’":”" L)

cfos NA NA Bao et al 1996

Daughterless. NA NA Bao et al 1996

BRMS1 NA NA Hurst et al 2006

FMDV 2C NA 223250 Wang et al 2012

Apoptin NA (putative NES) 33-46 Sun etal 2002

IFP35 NID 142(103-202) NID 182 (80-268) Chen et al 2000

SARS-CoVP6  1-260 C terminus (40-63) S I

Figure 1. Protein interactors of NMI. (a) The validated interacting partners of NMI are depicted along with the functional domains of NMI.
Three domains have been characterized within the NMI protein. The first domain comprises the initial one hundred amino acids and resem-
bles a coiled coil structure. The second two domains are named NID domains for their homology to the protein IFP35 and have unknown
function. Mapped interactors are shown in their respective binding regions within the NMI protein. (b) All interactors of NMI are listed
including those which have not been mutated to determine the specific binding region responsible for the interaction. Amino acids deter-
mined necessary for binding with each interacting protein are listed as well as their confirmed or speculated domains. As is apparent by
the table NMI binds a wide variety of proteins including transcription factors.

Table 1. NMI in Diverse Cancer Types

Cancer type NMI expression Findings Study type References
Breast cancer Lost with Inhibits EMT, lung metastasis, Cell lines, xenograft, Fillmore et al., 2009,%°
increasing and tumor growth Patient samples Devine et al., 2014*
stage
Glioblastoma Increased Promotes growth by regulating Patient samples, Meng et al., 20148
multiforme expression G1/S transition xenograft, cell lines
with grade (U251,U87)
Neuroblastoma Unknown Binds N-myc Cell line (kelly Bannasch et al., 19997®
neuroblastoma)
Colorectal cancer Unknown Binds IFP35,induced by IFNa Cell line (HT-29) Zhou et al., 20007°
Cervical cancer Unknown Induced by IFN vy Cell line (Hela) Li et al., 2012**
Acute T cell Unknown Induced by IFN vy binds with IFP35 Cell line (Jurkat) Chen et al., 2000,7®
leukemia Nagel et al., 201128
Ovarian cancer SNPs detected SNPs are associated with reduced Patient samples Quaye et al., 2009°

risk of ovarian cancer

Cancer-specific studies of NMI are summarized according to what type of cancer was investigated. A variety of cell lines from varying cancer types
have been used to determine the functional role of NMI. Relative NMI expression compared to the corresponding normal tissue is listed according
to the data presented in each study. Overall findings from each study are summarized including the methods and reagents utilized. It is apparent
that in multiple cancer types NMI remains to be inducible by interferon gamma.
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Figure 2. NMI influences cancer initiation. NMI together with BRCA1 sequesters MYC, thereby reducing downstream hTERT gene transcription
and inhibiting immortalization of cells during early stages of carcinogenesis. Accumulation of mutations due to DNA damage leads to the
transformation of cells. lonizing radiation and alkylating agents up-regulate NMI expression and trigger the DNA damage response. Through
its interaction with the histone acetyltransferase, Tip60, and tumor suppressor, ARF, NMI could play a role in ATM and p53-dependent DNA
damage responses. The interaction between NMI, ARF and Tip60 may be in a complex to facilitate activation of ATM at sites of DNA damage
or independent of each other. Stabilization of ARF by NMI blocks MDM2-mediated p53 degradation and promotes G2 cell cycle arrest. In
addition, NMI may assist Tip60 in its independent inhibition of MDM?2 leading to p53 stabilization. However, in contrast, NMI binds STAT1
in glioma cells leading to inhibition of GO/G1 cell cycle arrest. Lastly, NMI facilitates autophagic cell death in response to DNA damage by
activating GSK3B and subsequently inhibiting the mTOR pathway—a pathway that blocks autophagy. Expression of DRAM1, a protein essen-
tial for the fusing of autophagosomes with lysosomes, positively correlated with NMI levels in breast cancer patients. The dotted connectors
indicate possible interactions whereas solid connectors are supported by at least one peer-reviewed publication.

In contrast to the findings in epithelial cancers, NMI
expression in gliomas indicates poor patient prognosis and
has been found by Meng et al. to independently predict overall
survival and progression-free survival.” SNPs in the NMI gene
correlated with susceptibility to glioma. These SNPs were
identified in the non-coding regions of the NMI gene, and a
number of SNPs that conferred risk also increased the activity
of the NMI promoter.® Furthermore, NMI mRNA and protein
was most highly expressed in Grade 4 glioblastoma multi-
forme (GBM), the most common advanced stage of glioma.”
Opposing functions of genes in different cancer types has been
observed before; and in the case of NMI, the studies of patient
specimens show an inverse relationship of the effect of NMI
in epithelial cancers versus glial cancers. Taken together, the
published literature on NMI suggests that its function can dra-
matically influence multiple aspects of cancer.

Tumor Initiation and Growth
Several investigations have observed that NMI is involved in
signaling mechanisms that contribute to tumor initiation

(Fig. 2).

Immortalization

The first indication that NMI was involved in influencing
breast cancer biology came with the discovery of its interac-
tion with c-Myc, and BRCA1 forming a novel heterotrimeric
protein complex. The presence of NMI in this complex led to

the sequestration of c-Myc and a subsequent decrease in the
expression of telomerase reverse transcriptase (hTERT).?
Thus, NMI was shown to ameliorate one well-known cause
of cellular immortalization—hTERT expression. This observa-
tion is isolated, and many details of this mechanism remain
unclear. However, a clearer role of NMI emerges when we
consider its involvement in DNA damage repair.

DNA damage

NMI interacts with multiple proteins that are essential for
different steps in the DNA damage sensing and repair path-
ways. BRCAL1 is essential for maintaining genomic stability
because of its roles in DNA double strand break repair
through homologous recombination.'” Naturally occurring
DNA damage is identified and repaired through BRCA1
function, thus women with germline mutations in either
BRCA1 or BRCA2 have a 50-80% lifetime risk of developing
breast cancer.'”

Before DNA repair pathways can be activated, areas of
damaged DNA need to be detected. NMI may be involved in
sensing DNA damage via its interaction with Tip60, a his-
tone acetyltransferase that is activated by radiation-induced,
double-stranded DNA breaks."" Interaction of H3K9 tri-
methylated histones and Tip60’s chromodomain recruits
ATM kinase to the site of double stranded breaks. Acetyla-
tion of ATM by Tip60 at lysine 3016 changes the conforma-
tion of ATM to allow substrate proteins to access the kinase
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domain of ATM."? Ionizing radiation intensifies the interac-
tion between NMI and Tip60 and leads to enhanced expres-
sion of both proteins.”> NMI was shown to associate with
Tip60 in cytoplasmic speckles. Acetyltransferase activity of
Tip60 is necessary to stabilize NMI levels, but the interaction
of Tip60 and NMI is not dependent on acyltransferase activ-
ity, nor is NMI found to be acetylated by Tip60."> These
studies implicate NMI in this process by association, which
again supports the proposition that NMI has a myriad of
functions in cancer-related mechanisms, each dependent on
its protein-protein interaction.

In addition to the NMI-Tip60 interaction, NMI also inter-
acts with another important player in the DNA damage
response pathway, ARF.'* ARF responds to DNA damage-
inducing oncogenic stress from hyper-proliferative genes like
c-Myc."” Synchronizing DNA damage repair pathways with
cellular response requires complex signaling crosstalk con-
verging at the tumor suppressor p53. Both Tip60 and ARF
block MDM2-mediated degradation of p53, and therefore
control the p53/MDM2 checkpoint leading to cell cycle arrest
or apoptosis.'®'” Decreased NMI expression, a phenomenon
seen in late stage breast tumors, may potentially destabilize
ARF as experimental observations showed that NMI inhibits
proteasomal degradation of ARF by displacing ULF, the ubig-
uitin ligase that catalyzes ARF ubiquitination.'* Furthermore,
NMI interacts with ARF after cells are stressed with DNA
damaging agents such as IFNa, cisplatin or methylmethano-
sulfate. To summarize these findings, loss of NMI expression
in cancer leads to down-regulation of ARF, destabilization of
p53 and subsequent desensitization of cells to DNA damage-
induced cell cycle arrest or cell death. In corroboration with
these findings, NMI overexpression also induced CHK2 acti-
vation and G2/M cell cycle arrest downstream of p53, partic-
ularly after DNA damage."*

Eymin et al. identified a novel p53 independent pathway
in response to genotoxic stress. In this pathway, Tip60 and
ARF activate ATM to induce G2 cell cycle arrest after DNA
damage.'® Moreover, Tip60 and ARF were identified as bind-
ing partners that accumulated after treatment with DNA
alkylating agents. As NMI binds both Tip60 and AREF, it is
plausible that NMI also has a role in this p53-independent
mode of DNA damage sensing and cell cycle arrest, but this
idea remains to be tested.

Cell cycle control and growth

Mutations which occur from defects in DNA damage repair
pathways can lead to oncogenic insults that alter cell cycle
progression. A number of studies have been conducted to
assess the role of NMI on tumor cell growth. In vitro, NMI
expression in GBM cell lines enhances cell proliferation by
inhibiting GO/G1 cell cycle arrest and this effect was thought
to be due to NMI binding with STAT1.” STAT1 blocks the
cell cycle by transcriptionally up-regulating CDK inhibitors
or by interacting directly with the Cyclin D1/CDK4 com-
plex."”*® In addition, NMI expression increased the growth

Roles of NMI in cancer biology

rate of GBM xenografts.” NMI expression is significantly
higher in GBM when compared to normal controls.” It is
unclear whether NMI is causative in GBM progression or
merely a bystander that serves as a prognostic indicator.

NMI was identified through its interaction with Myc fam-
ily members N-myc and c-Myc, as well as their dimerization
partner, Max." Both members of the Myc family promote cell
division and growth in different cancer types. N-myc is most
notable in neuroblastoma, where 20% of tumors exhibit
amplification of the N-myc gene.*' Similarly, c-Myc expres-
sion is high in a wide array of cancers, including breast can-
cer”> The interaction between NMI and Myc family
members was confirmed in non-cancerous cell lines and
repeatedly observed in breast cancer cells, as mentioned pre-
viously. c-Myc is able to influence all steps of cancer initia-
tion and progression, perhaps due to its wide array of target
genes and effects on multiple RNA polymerases.>**c-Myc is
a relatively weak transcription factor with the ability to acti-
vate or repress transcription in a context-dependent manner
and depending on its transcription co-factor influence.”’
However, a c-Myc core signature of target genes reveals that
transcripts regulated by c-Myc promote cellular biomass
accumulation as well as cell division through up-regulation of
genes involved in ribosome biogenesis and cell cycle advance-
ment, respectively.”® It is not known whether the interaction
between NMI and c-Myc alters transcription or how NMI
binding would change the expression of specific c-Myc tran-
scriptional targets. c-Myc contributes to multiple aspects of
carcinogenesis. Hence, the potential role of NMI regulating
c-Myc-mediated transcription could provide potential targets
in developing novel cancer therapeutics.

Cell death

Carcinogenesis is contingent on cells acquiring resistance to
intrinsic cell death mechanisms.”” Resultant tumor growth is
the balance between tumor cell growth rates and tumor cell
death rates. Early studies of NMI mostly examined its charac-
teristics in hematologic cells. However, a consistent functional
role for NMI in hematologic malignancies has not been iden-
tified thus far. Nagel et al. discovered that the interaction
between STAT5, NMI and N-myc mediates repression of
myocyte enhancing factor 2c leading to increased apoptosis
in T cell acute lymphoblastic leukemia.”® Sun et al. identified
NMI, from a human leukocyte library, as an interactor of the
viral apoptosis-inducing protein, Apoptin.*’ Apoptin is
encoded by the chicken anemia virus which infects hemato-
poietic cells in young chickens, and causes cell death that
leads to anemia.’® Interestingly, Apoptin was found to selec-
tively induce apoptosis in tumorigenic cell lines but not in
non-transformed, non-tumorigenic cells.’ It was observed
that Apoptin localized to the nucleus in malignant cells yet it
remained cytoplasmic in non-transformed cells. The nuclear
localization sequence (NLS) of Apoptin allows it to interact
with the anaphase-promoting complex/cyclosome, causing
G2/M cell cycle arrest and apoptosis.”> The region of
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Apoptin that interacts with NMI was later confirmed as a
nuclear export sequence. Taken together, these data support
a potential mechanism by which NMI-Apoptin interaction
selectively diminishes nuclear export of Apoptin and subse-
quently enhances the apoptic activity of Apoptin in trans-
formed cells. This mechanism is speculative, especially since
the nature of the NMI-Apoptin interaction is not well under-
stood; yet these data do provide suggestive evidence of NMI
being involved in cancer-cell-specific apoptosis.

Cytotoxic chemotherapies act by triggering cell death in
tumor cells. Expression of NMI sensitized breast cancer cell
lines to DNA damaging agents, such as doxorubicin and cis-
platin.®®> Autophagy, occasionally termed programmed cell
death II, was implicated in the enhanced sensitivity imparted
by NMI. NMI expression in NMI deficient cell lines elevated
basal levels of autophagy in breast cancer cell lines, as indi-
cated by autophagic vacuole formation. This was confirmed
molecularly by LC3 processing and expression of Beclin, and
p62.> In certain cellular contexts, autophagy enables cell sur-
vival under conditions of stress. However, activation of
autophagy beyond a threshold leads to extensive autodiges-
tion and subsequent cell death.** Numerous novel cancer
treatment strategies aim to induce autophagic cell death.”” In
the context of clinical specimens, NMI expression signifi-
cantly correlated with the expression of DNA-damage regu-
lated autophagy mediator 1(DRAMI1) mRNA in breast
tumors collected by the Cancer Genome Atlas.”> DRAMI is
essential for the final steps of autophagy and mediates the
fusion of autophagosomes with lysosomes.*® Experimentally,
decreasing DRAMI expression in MDA-MB-231 breast can-
cer cells expressing NMI protected the cells against cisplatin
treatment.”> Furthermore, Crighton et al. showed that
DRAMI induction of autophagy is essential for p53-mediated
cell death.’”” In this study, combinatorial knock down of
ATG5 and DRAMI1 did not additively affect apoptosis, sug-
gesting that both proteins act through the same cell death
pathway—autophagy. Taken together these findings point out
that NMI imparts chemosensitivity by enhancing autophagic
cell death.

The mechanism by which NMI impacts autophagy is
through GSK3[ activation, which inhibits mechanistic target
of rapamycin (mTOR) signaling.”> mTOR signaling functions
as a sensor of macromolecular nutrient level within the cell
and tightly couples regulation of autophagy to the energy
state of the cell.’*® The mTOR complex 1 inhibits phosphoryl-
ation of autophagy related genes (ATGs) and therefore pre-
vents the formation of the autophagosome.’”*® Cancer cell
lines silenced for NMI, which became more resistant to dox-
orubicin and cisplatin, were sensitized through the addition
of rapamycin, a potent inducer of autophagy and inhibitor of
mTOR signaling.”

The interaction of NMI with the above mentioned regula-
tory molecules suggests it may play an important role in apo-
ptotic and autophagic cell death pathways. These cell death
pathways are known to crosstalk extensively, thus it is pro-
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vocative to consider that NMI may function as a bridge
between these parallel pathways. The precise role of NMI in
these cell death pathways may be context-dependent, and
additional details need to be elucidated.

Cancer Progression

The distinction between cancer initiation and progression has
grown more pronounced with the discovery of signaling
pathways specific to each process. Progression of cancer from
early to late stage is a critical step after which therapeutic
intervention becomes increasingly difficult. At a cellular level,
progression often involves gaining resistance to therapeutic
agents and assumption of a less differentiated state. These
characteristics can result in metastatic disease. Recent studies
propose that the loss of NMI enhances the cellular acquisi-
tion of these characteristics that ultimately lead to cancer
progression (Fig. 3).

Epithelial-mesenchymal transition

Residual tumor cells that survive initial chemotherapy and
radiotherapy are often slow growing and may exhibit charac-
teristics of stem cells.* These cells are phenotypically differ-
ent from the bulk of the original tumor and contribute to
recurrence, dissemination and metastasis. In breast cancer,
NMI expression is detected in early stage primary tumors. It
is likely that loss of NMI precedes metastatic dissemination
of breast tumor cells, as the expression of NMI is signifi-
cantly lower in primary tumors of patients that have Stage 4
disease.* Metastasis of epithelial cancers is a complex process
that employs epithelial-mesenchymal transition (EMT), entry
into the vasculature (intravasation), survival within the circu-
lation and colonization at a secondary site within a foreign
microenvironment.*> EMT, the initial step of the metastatic
cascade, is a developmental phenomenon whereby epithelial
cells undergo a phenotypic change characterized by loss of
epithelial markers, such as cytokeratins, followed by gain of
mesenchymal markers. These phenotypic changes are accom-
panied by loss of apical-basal polarity, reorganization of the
actin cytoskeleton and invasion into surrounding tissue.*’
EMT is controlled by a variety of signaling pathways that
converge at the master regulatory transcription factors SLUG,
SNAIL, TWIST and ZEB1/2.** Silencing NMI in breast can-
cer cells with inherently epithelial phenotypes caused a mor-
phological change, decreased expression of epithelial markers,
as well as an increased expression of master regulators ZEB2
and SLUG." Devine and coworkers showed that NMI inhibits
the EMT program by antagonizing TGFP signaling. TGFf
stimulation leads to Smad-dependent transcription of the
master regulators of EMT, and therefore is a potent inducer
of EMT.*> NMI expression reversed mesenchymal pheno-
types of highly invasive breast cancer cells through enhancing
STAT5-mediated transcription of SMAD7.* SMAD7, the
inhibitory SMAD, provides negative feedback regulation on
TGFB signaling.***’
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Figure 3. NMI inhibits cancer progression. NMI expression in epithelial cells inhibits the Wnt and TGFB signaling pathways. NMI also
increases the expression of DKK1, the secreted inhibitor of the LRP 5/6 receptor in the Wnt pathway. In addition, NMI increases levels of
active GSK3p, thereby targeting B-catenin for degradation. In parallel, NMI also binds STAT5 to enhance expression of its target gene
SMAD?7, the inhibitory SMAD, and subsequently dampens TGFR signaling. In the absence of NMI, B-catenin accumulates in the cytoplasm
and is translocated to the nucleus where it binds TCF/LEF transcription factors to enhance transcription of Wnt pathway target genes.
Decreased expression of NMI leads to enhanced transcription of EMT master regulators SLUG and ZEB2 downstream of TGF@ signaling. As a
result, cells that have lost NMI undergo morphological changes and become more invasive and metastatic.

Stemness

Expression of EMT master regulators increases the expression
of cell surface markers CD44 and CD24 which are widely
accepted as markers of stem cells.*® Also, stem cells often
express master regulators of EMT. One of the foremost sig-
naling pathways implicated in EMT and stem cell renewal is
the Wnt signaling pathway.*” Wnt signaling, discovered for
its role in embryonic development of Drosophila, is essential
for stem cell and progenitor cell self-renewal in multiple tis-
sues, including the intestine and mammary glands.®® The
pathway begins at the cell surface, where Wnt ligands bind
to a member of the Frizzled family of receptors and either
the LRP5 or LRP6 co-receptor. Tri-complex formation leads
to the stabilization of cytosolic B-catenin, a transcriptional
co-factor that can enter the nucleus, bind to a member of the
TCF/LEF protein family and subsequently activate transcrip-
tion of Wnt target genes.”’ The presence of B-catenin in cad-
herin-catenin complexes that comprise epithelial cell tight-
junctions allows for maintenance of epithelial structure and
inhibition of EMT.*® Accumulation of B-catenin in the
nucleus of breast carcinoma cells is associated with poor
prognosis.”® In breast cancer, deregulation of the Wnt path-
way is not due to mutation of the intracellular components,
as in colorectal cancers. Instead, many breast cancers are dys-
regulated at other levels of the pathway, such as overexpres-

sion of the LRP6 co-receptor and the FZD7 receptor, up-
regulation of secreted Wnt ligands and silencing of Wnt
inhibitors SFRP-1 and WIF1.>

In agreement with the findings that NMI inhibits EMT, NMI
has also been shown to attenuate Wnt signaling, one of the path-
ways that can promote EMT. Stably expressing NMI in MDA-
MB-231 and MDA-MB-435 cancer cell lines led to increased lev-
els of DKK1 and concomitantly reduced levels of 3-catenin and
¢-Myc, known downstream targets of Wnt signaling.”> DKK1 is
a secreted inhibitor of Wnt signaling that has been shown to
restrict tumor growth in breast cancer.”® In the same study, sta-
bly expressing NMI reduced tumor growth in vitro and in vivo,
as well as invasion and migration of tumor cells.” In addition to
its effect on DKK1, NMI has the potential to influence Wnt sig-
naling through its interaction with Casein kinase 2 interacting
protein-1 (CKIP1 or PLEKHO1).”” CKIP1 interacts with the cat-
alytic subunit of casein kinase 2 (CK2a) through its pleckstrin
homology domain.”® CK2a phosphorylates and inhibits Dishev-
elled, a negative regulator of Wnt signaling, and also phospho-
rylates and stabilizes B-catenin.” This ultimately enhances the
transcription of Wnt target genes. How CKIP1 affects CK2a,
and whether its interaction with NMI directly influences Wnt
signaling, are questions that remain unanswered.

In addition to Wnt signaling, NMI also influences other
factors known to promote stemness. The SOX10 protein was
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identified as yet another NMI binding partner.” SOX10 is a
member of the Sox family of transcription factors that are evo-
lutionarily conserved and classified by their HMG box, which
contains a DNA binding and bending domain. SOX proteins
are essential for embryonic development and control many cell
fate decisions, including programming of embryonic stem
cells.®® SOX10 is well-known for its role in neural crest devel-
opment during embryogenesis.®’ The SOX10 protein contains
a nuclear localization signal and a nuclear export sequence,
allowing it to shuttle in and out of the nucleus.”> NMI and
SOX10 co-localized in the nucleus of C6 glioma cells.” This
may explain how NMI, repeatedly observed in the cytoplasm,
physically interacts with other transcription factors without a
nuclear localization signal of its own. Shlierf et al. showed that
NMI differentially influenced SOX10-mediated transcriptional
activity in a promoter-dependent manner. NMI increased
SOX10-mediated transcription of one target gene, myelin pro-
tein zero, a major structural component of peripheral myelin.
However, in the same study, the activity of a second SOX10 tar-
get gene, dopachrome tautomerase promoter, was unchanged
by NMIL.? This suggests that NMI does not act as a global co-
factor for SOX10-mediated transcription, and that genomic
context and other factors may play a determinative role.

While SOX10 is one potential mechanism by which NMI
may travel to the nucleus, it is also possible that cytoplasmic
transcription factors bind NMI and shuttle it into the nucleus
to facilitate transcription. As mentioned previously, NMI
expression has not been reported in fetal or adult brain tis-
sue, and SOX10 is most notable for its role in the develop-
ment of the neural crest, the peripheral nervous system and
melanocytes.®*> However, the amount of NMI protein in
various adult and fetal tissues remains to be investigated. The
interaction between SOX10 and NMI may have a broader
functional impact, as emerging evidence shows that SOX10 is
also expressed in myoepithelial cells in the breast, salivary
and bronchial glands.® In addition, SOX10 expression was
detected by immunohistochemistry in most molecular sub-
types of breast cancer patient samples.®*

Immunosurveillance

The most effective, intrinsic, protective force against dissemi-
nated tumor cells is the immune system. Immune cells rely
heavily on JAK/STAT signaling to direct cellular responses
upon cytokine stimulation. Compared to other adult tissues,
hematopoietic cells have significantly higher endogenous lev-
els of NMI mRNA indicating that NMI may play an integral
role in the function of these cells." The first study that identi-
fied NMT’s ability to enhance or alter activity of transcription
factors described NMTI’s effect on signal transducer and acti-
vator (STAT) proteins. NMI interacts with all STATs except
STAT2 in activated peripheral blood lymphocytes.®> The
interaction between STATI or STAT5 and NMI significantly
increased the activity of their respective target gene luciferase
reporters.> STAT1 activity promotes an inflammatory anti-
tumor immune response in innate immune cells, such as
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dendritic cells or macrophages.® Furthermore, STAT1 signal-
ing stimulates the T helper 1 phenotype in CD4+ T cells of
the adaptive immune system, creating an inflammatory
response through the production of IFNy.°® STATS, on the
other hand, impacts differentiation of CD8+ T cells, CD4+
Th1 versus Th2 differentiation and development of regulatory
T cells.”” It is feasible that modulation of STAT1 or STAT5
activity by NMI impacts the maturation of innate and adaptive
immune cells. Interestingly, the activity of STAT1 and STAT5
reporters was enhanced further when the histone acetyltrans-
ferases, CBP and p300, were independently co-transfected; and
it was proposed that NMI enhances the interaction between
STATs and CBP/p300.°° This study suggests that NMI facili-
tates binding between epigenetic modifiers and transcription
factors to enhance transcription of downstream target genes.
The specific contribution of NMI to the anti-tumor immune
response is an area that has not been studied.

The importance of viral infection in cancer biology was sol-
idified fifty years ago with the discovery of the Rous sarcoma
virus and the first proto-oncogene, Src.’®®® Since then, this
connection has only been strengthened with the discoveries of
human viruses initiating carcinogenesis such as HPV in cervi-
cal cancer and EBV in Burkitt’s lymphoma. In addition, the
pivotal role of the host immune system in eliminating cancer
cells has been garnered for treatment. Based on its ability to
influence JAK/STAT signaling, it is feasible that NMI plays a
role in the host’s viral response. Indeed, NMI has been inde-
pendently identified by groups studying viral infection as a
mediator of host-viral response.”” NMI was proposed to facili-
tate apoptosis through interaction with FMDV 2C, a key pro-
tein from a virus that causes foot and mouth disease in swine.”"
The FMDV 2C-NMI complexes were speculated to associate
with the endoplasmic reticulum. In an independent study,
microarray data from cells overexpressing HIV viral proteins
showed a twofold decrease of NMI mRNA, suggesting it may
have a mechanism in host cell viral defense during HIV infec-
tion.”” Most recently however, NMI was identified as a binding
partner of the severe acute respiratory syndrome (SARS) coro-
navirus non-structural protein 6.”%7> Protein 6 is a transmem-
brane protein that localizes to the cytosolic side of the
endoplasmic reticulum and is assembled into a replication
complex that facilitates viral replication. Interestingly, it inhib-
its the host’s innate immune response by binding and prevent-
ing nuclear import of STAT1.”* The NMI protein 6 interaction
led to the destabilization of NML’® Although these studies
were conducted independently it is intriguing to speculate that
degradation or sequestration of NMI by SARS coronavirus pro-
tein 6 could contribute to the inhibitory effect on STATI.

NMI Regulation

Restoring or inhibiting NMI expression based on the specific
cancer type may be an attractive therapeutic option in the
future. Therefore, it is essential to know what pathways
directly regulate the transcription, translation, and stability of
NMI. Early studies of NMI induction indicate that its
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subcellular localization may be coupled to its regulation and
function. Seminal studies identified that NMI expression is
transcriptionally induced downstream of inflammatory cyto-
kines, such as IFNv, IFNa and IL-2.°° Downstream media-
tors such as STAT1 and STAT5 are most likely responsible
for binding the NMI promoter. NMI, in turn, facilitates the
activity of STATs, as previously described, allowing for a
robust positive feedback response after cytokine stimulation.
Interferon treatment resulted in the formation of high molec-
ular mass complexes (HMMCs) of 300-400 kDa. These com-
plexes were visualized as NMI/IFP35 speckles (NIS) in
previous publications and they formed following dephospho-
rylation of IFP35.”%7° The function of the NIS complex war-
rants further exploration, as it may play a role in the human
viral response. Other interactors of NMI such as c-Myc, N-
myc and c-fos are not thought to be contained in the
HMMC. Molecular analysis confirmed that the fractionation
properties of NMI change after treatment with IFNv, indicat-
ing a shift in subcellular location.”” Multiple groups have
shown that induction of NMI leads to its translocation into
the nucleus.”””® This may allow NMI to interact with nuclear
transcription factors. It has also been reported that cytokine-
induced NMI expression leads to reorganization of the NMI
protein into puncta within the cytoplasm.”® Thus, NMI seems
to have a distinct cytoplasmic role(s).

Another potential transcriptional regulator of NMI is Ets-
1. The Ets family of transcription factors is highly conserved
among species and has documented roles in physiologic and
pathologic processes.”” Ets-1 is an upstream regulator of
NMI. When expressed in MCF-7 breast cancer cells, Ets-1
increased NMI mRNA and protein expression, as well as
STATI expression.*® Although the study suggests NMI has a
role in Ets-1 related breast carcinogenesis, it remains unclear
whether that role is permissive or inhibitory.

No permanent genetic alterations of NMI expression such
as mutation or deletion have been observed in cancer and
many studies have identified “plastic” regulation of the NMI
gene. In particular, loss of NMI in late stage breast cancer
suggests that NMI is transiently down-regulated. Rostas et al.
found that NMI is subject to post-transcriptional regulation
by the micro-RNA 29 family in breast cancer cell lines, as
well as in clinical samples.®’ Interestingly, miR-29 targeting
of the NMI transcript led to a decrease in epithelial morphol-
ogy and markers, as well as an enhancement of invasive
properties and these data further support the previously pub-
lished observations by Devine and coworkers.®® Moreover, it
suggests that NMI regulation by miR-29 is a key event in the
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