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The bi-directional nucleocytoplasmic shuttling of macromolecules like molecular signals,
transcription factors, regulatory proteins, and RNAs occurs exclusively through Nuclear
Pore Complex (NPC) residing in the nuclear membrane. This magnanimous complex is
essentially a congregation of ~32 conserved proteins termed Nucleoporins (Nups) present
in multiple copies and mostly arranged as subcomplexes to constitute a functional NPC.
Nups participate in ancillary functions such as chromatin organization, transcription
regulation, DNA damage repair, genome stabilization, and cell cycle control, apart from
their central role as nucleocytoplasmic conduits. Thus, Nups exert a role in the
maintenance of cellular homeostasis. In mammals, precisely three nucleoporins traverse
the nuclear membrane, are called transmembrane Nups (TM-Nups), and are involved in
multiple cellular functions. Owing to their vital roles in cellular processes and homeostasis,
dysregulation of nucleoporin function is implicated in various diseases. The deregulated
functioning of TM-Nups can thus act as an opportune window for the development of
diseases. Indeed, mounting evidence exhibits a strong association of TM-Nups in cancer
and numerous other physiological disorders. These findings have provided much-needed
insights into the novel mechanisms of disease progression. While nucleoporin’s functions
have often been summarized in the disease context, a focus on TM-Nups has always
lacked. This review emphasizes the elucidation of distinct canonical and non-canonical
functions of mammalian TM-Nups and the underlying mechanisms of their
disease association.

Keywords: nucleoporins, POM121, NDC1, Nup210, cancer

INTRODUCTION

The membrane encircling the nucleus is studded with Nuclear Pore Complexes (NPCs), facilitating
the regulated mixing of nucleocytoplasmic contents. NPCs are large (~120MDa) assemblages of 30-
32 pore-forming proteins called nucleoporins (Nups), exhibiting eightfold radial symmetry across
the central core and a two-fold quasi-symmetry across the nuclear envelope (NE) (1, 2). While
NPCs form a gateway, the nucleoporins act as the gatekeepers for molecular traffic and regulate
NPC channels (3). The overall structural framework of NPC is fundamentally conserved across
eukaryotic species; however, their size and Nup composition vary (4). While the nucleocytoplasmic
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transport of smaller molecules is passive, the directionally-
regulated, selective, yet swift translocation of larger (>40kDa)
cargos requires interaction with Nuclear Transport Receptors
(NTRs). The bulk of nucleocytoplasmic transport (NCT)
through the aqueous NPC pore utilizes karyopherin family
NTRs (2, 5).

Nucleoporins are assembled and intricately arranged within
the NPC as distinct and stable subcomplexes. All eukaryotic
NPCs carry a central scaffold skirted by cytoplasmic and
nucleoplasmic peripheral filaments. In mammals, the core
scaffold coat is the unstructured FG repeat (-FxFG- and
-GLFG-) domain-containing Nups, Nup62, Nup54, and
Nup58/Nup45, which enclose the central channel and facilitate
NTR mediated transport. The Nup93-Nupl55 subcomplex
forms the inner ring, and the symmetrically located core coat
Nup107-160 subcomplex forms the outer rings. Nup88, Nup214,
Nup358, Glel, and ALADIN nucleoporins form the cytoplasmic
filament subcomplex, while Nup50, Nup153, and TPR constitute
the nuclear basket (6) (Figure 1). The magnanimous assembly of
NPC requires tethering in the double-layered NE and is fastened
there via attachment of membrane-spanning nucleoporins.
Intriguingly in mammals, only three transmembrane
nucleoporins (TM-Nups), POM121 (Pore membrane protein
of 121kDa), NDC1 (Nuclear-Division-Cycle 1), and Nup210
(also called gp210), carry the onus of securing the large NPC
at the NE. Of these, POMI121 displays long residence time and
low exchange rates at the NPC and is stable protein, whereas
Nup210 displays shorter NPC residence time, indicating its non-
structural functioning (7).

Post-mitosis, vesicles carrying these TM-Nups help initiate the
nuclear membrane and nuclear pore reassembly (8). Canonically,
these TM-Nups were considered as only structural elements of
NPC; however, recent functional investigations on TM-Nups have
uncovered their miscellaneous non-canonical functions like other
Nups accomplished via dynamic properties exhibited by them.
This review provides an account of hitherto under-appreciated
functions and a perspective of evident disease association of
TM-Nups.

NPC IS A CONGLOMERATE
OF NUCLEOPORINS WITH
MULTIFARIOUS ACTIVITIES

Nucleoporins, the structural and functional entities of NPCs,
play critical roles in NCT (5, 9). For instance, the direct
interaction of Nup62 with nuclear transport factor 2 (NTF2)
regulates nuclear pore permeability and selective cargo shuttling
across the NE, thus explicating a canonical function for the NPC
(10, 11). However, nucleoporins are now well recognized for
their additional non-canonical functions. Accordingly,
nucleoporins participate in gene expression regulation (12, 13),
DNA repair (14, 15), chromatin organization (13, 16),
heterochromatin localization (17, 18), chromosome segregation
(19), modulation of cellular signaling pathways (20, 21), cell
differentiation and development (22-24). Apart from being static

NPC components, Nups form dynamic entities as well. For
example, Nup62 shuttles between the plasma membrane and
the perinuclear compartment in HeLa cells, connecting Nup62
with cell migration (25). Similarly, the intranuclear functioning
of Nup98 regulates gene expression (26, 27). Several
nucleoporins localize outside the NPC and exhibit a plethora
of transport-independent functions, also facilitating cell
specificity. Moreover, the nucleoporin composition of the NPC
itself displays tissue-type or cell differentiation stage-specific
variations (22). The idea of NPC heterogeneity and
specialization correlating with different transport-specific and
tissue-specific functions has been previously proposed (28).
Likewise, chromatin tethering of Nup93, Nup62, and Nupl55
is ascribed in transcriptional regulation to direct the genome
expression profile of the cell, thereby enabling cell specificity
(29). Nup155 exerts epigenetic control over cardiac cell growth
through interaction with histone deacetylase 4 (HDAC4) to
modulate specific gene expression (30). Interestingly,
differential expression of Nup62 in the prefrontal cortex (31)
and CA3 hippocampal region (32) of the brain correlates with
chronic stress and depression. Such observations have
highlighted an extensive range of functions adopted by the
nucleoporins critical for proper cellular functioning.

Given the diverse and tissue-specific properties of
nucleoporins, it is no surprise that a perturbation in their
structure-function and protein levels induces a myriad of
physiological disorders. Contextually, identifying aberrations in
Nup coding genes underpins numerous diseases like
autoimmune defects, neurological complications, and cancers.
Primarily, chromosomal translocation events have led to the
formation of chimeric fusion proteins. Accordingly, Nup214/
CAN and tyrosine kinase ABL1 chimera formation induced gene
expression dysregulations causing elevated expression of
oncogenesis promoting genes (33). Similarly, mutations and
altered expression of Nups frequently cause Nup-mediated
disease pathophysiology and are extensively observed in several
carcinomas (34-36). Nuclear pore components such as Nup62
and Nupl53 also affect TGF-B and Wnt/B-Catenin cellular
signaling pathways that are now being comprehended (37, 38).
Interestingly, the TM-Nups have also been recognized to
encompass diverse roles, including transcription regulation. A
detailed mechanistic understanding of the individual Nup or
NPC functioning can aid in the development of mitigation
strategies for Nup-associated diseases (or nucleoporopathies).

DYNAMIC CELLULAR FUNCTIONS OF
THE TRANSMEMBRANE NUCLEOPORINS

The TM-Nups constitute only those Nups that tether the central
framework of the pore complex to the NE. Attempts to assess the
role of TM-Nups in NPC assembly and anchoring identified only
two Nups, POM121, and Nup210 initially. Both were suggested
to be crucial for nuclear membrane fusion and assembly of the
pore complexes. POM121 plays a role in NPC congregation and
docks the NPC to NE at the double membrane fusion pore.
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FIGURE 1 | Schematic representation of NPC sub-complexes and constituent nucleoporins. A snapshot representation of nucleo-cytoplasmic face distribution of
NPC sub-complexes across the nuclear membrane (left) and localization of individual Nups at the NPC (right). The distinct transmembrane Nups, POM121, NDC1,

and Nup210 are highlighted and color-coded (right).

While NPC assemblage at the interphase requires POM121, it is
dispensable for the inner (INM) and outer nuclear membranes
(ONM) fusion during post-mitotic events (39-41). The distinct
NE-binding region, determined using live imaging, allows
POMI121 to localize to the INM components like lamin B
receptor (LBR) during the initial seeding steps of NPC
assembly (39). Interactions of the nuclear localization signals
(NLSs) of POM121 with importin-o. and importin- aid in its
active nuclear targeting or import during interphase (39). A
report simultaneously provided evidence for transient
association of POM121 with another INM protein, Sunl
(cytoskeleton interacting protein), which localizes to forming
NPCs at interphase (42).

Furthermore, during NPC assembly, the N-terminal region of
POMI121 associates with two scaffold subcomplexes by directly
interacting with Nup155 and Nup160, members of the Nup93
and the Nupl07-160 subcomplex, respectively (43). These
observations provided insights on how POM121 anchors NPCs
to NE and the integration of the Nup107-160 complex as one of
the rapid early events of interphase NPC assembly. Although
classified as immobile and fixed TM-Nup, the remarkable
discovery of a soluble form of POM121 or sPOM121 reflected
on its intranuclear regulatory role. sSPOM121 isoform, encoded
from an alternate transcription start site, lacks the N-terminal
transmembrane domain and NPC localization. Thus,
the intranuclear off-pore functions of sPOM121 are exerted by

co-binding with Nup98, aiding the retention of Nup107-160
complex components in the nucleoplasm and altogether
regulating transcription at the gene promoters (44).
Structurally, Nup210 is required during NPC disassembly and
NE breakdown (45). Nevertheless, the proposed role for Nup210
in the process of NPC assembly was challenged when Nup210
exhibited cell-type-specific expression during mouse
organogenesis. Nup210 gene and transcript expression was
revealed to be very low or absent in many developing mouse
tissues and dividing cell lines (46). While Nup210 is absent in
undifferentiated cells, it is expressed during myogenesis or
differentiation of embryonic stem cells and functions
independent of its NPC association (47). Additionally, analysis
of Nup210 deficient cells showed that POM121 and Nupl07
could remain steadily associated with the NPC in its absence
(48). Nonetheless, myogenic differentiation is dependent on
Nup210 mediated recruitment of the Mef2C transcriptional
complex at the nuclear periphery, which results in the
induction of differentiation-specific gene profiles (49). These
observations indicated the dispensable nature of Nup210 in
NPC assembly and tethering along with its tissue-specific and
dynamic functioning beyond NPC structural recruitment and
maintenance. However, Nup210 has been ascertained to regulate
gene expression and induce genes needed for cell differentiation
(21). For mouse fibroblast differentiation into neural stem cells
(NSCs), Nup210 functions to activate the SoxBl family of
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transcription factors (50). Nup210 has also been found essential
for T-cell homeostasis and modulates TCR signaling (51, 52).

The reasonable extent of NPCs assembled in human cells
lacking membrane-spanning Nups POM121 and Nup210 (53)
prompted the identification of additional factors required for
NPC assembly. Already recognized as a cell cycle modulator in
budding yeast (54), NDCI was later characterized as a part of the
NPC constituting one of the TM-Nups in the vertebrates (55).
NDCI1 interacts with Nups like Nup53 and plays critical roles in
NPC assembly and anchoring into the NE (56, 57). NDC1 also
anchors another nuclear pore protein ALADIN onto the NE
(58), and this interaction is linked with disease pathophysiology
as discussed henceforward.

MOLECULAR MECHANISMS
UNDERLYING TRANSMEMBRANE
NUP-MEDIATED DISEASES

Growing evidence has underscored the association of mammalian
TM-Nups in several physiological diseases, including cancer.
However, the molecular mechanisms associated with
transmembrane Nup-mediated disease development are yet to be
uncovered conclusively. Nevertheless, various studies have
elucidated the genetic and molecular roles of individual TM-Nups
that lead to numerous disease pathologies summarized in Table 1.
Here, we discuss each one of them in the context of physiological
anomalies that their loss induces.

POM121

POM121 is encoded by two different gene loci (designated locus A
and C) on chromosome 7q11.23 to form POM121A and POM121C
in humans (85). POM121C has been linked to body mass index
(BMI), particularly in monogenic obesity syndromes (86).
Abdominal adipose tissue biopsies highlighted a role for
POM12IC in type-2 diabetes-related insulin resistance (IR) by
stimulating adipogenesis and increasing adipocyte sensitivity to
insulin (87). However, further comprehensive scrutiny is necessary
to establish its role in controlling systemic sensitivity to insulin and
other metabolic traits. Population-based fluorescence in situ
hybridization (FISH) analysis demonstrated chromosomal
translocation events involving the POMI2I gene forming gene
fusions leading to cancer. POM121 fusion with PAX5 (a
transcription factor critical in B-cell development) generates
aberrant chimeric proteins in childhood acute lymphoblastic
leukemia (ALL) (60). Detailed analysis of PAX5 and POM121
gene translocation revealed that genetic rearrangements between
chromosomes 7, 9, and 12 produce the in-frame chimeric protein
(N-terminal PAX5 DNA binding paired domain merges with
POM121) with higher probable occurrence in pediatric ALL than
adult ALL (61). Additionally, the PAX5-POMI21 fusion protein
localizes to the nucleus, where it may also stimulate PAX5 target
genes such as CD79A, likely indicating transcription activation (61).
This observation highlighted an alternate role of the structural
nucleoporin POM121 in transcription regulation. Apart from
acting as a gene fusion product, POM121 also contributes to
cancer progression by mediating the transport of oncogenic

TABLE 1 | List of transmembrane nucleoporins-associated diseases and suggested molecular mechanisms.

Transmembrane Disease

Nucleoporin

POM121 Prostate cancer
Acute Lymphoblastic Leukemia
Amyotrophic Lateral Sclerosis/Frontotemporal Dementia
Non-Small-Cell Lung Cancer
Oral Squamous Cell Carcinoma, Laryngeal Cancer,
Colorectal Cancer
Inflammation
NDC1
Small-Cell Lung Cancer
Esophageal Squamous Cell Carcinoma
Non-Small-Cell Lung Cancer
Cervical Cancer
Triple-A syndrome
Infertility
Nup210/gp210 Primary Biliary Cholangitis
Prostate Cancer

Liver Cancer

Lung Cancer

Cervical Cancer

Amyotrophic Lateral Sclerosis
Focal cerebral ischemia
Endometriosis

Ischemic Cardiomyopathy, Dilated Cardiomyopathy, Non-

Underlying Molecular Mechanism/Defect(s)

POM121 upregulation, Nuclear import of transcription factors MYC, E2F1, AR,
GATA2 (59)

Gene translocation and fusion with PAX5 (60, 61)

Deregulation of other Nups, NCT defects (62)

Modulation of TGF-B/SMAD and PI3K/AKT pathways (63)

POM121 upregulation (64-66)

P65 transport inhibition, NFxB pathway repression (67)
Upregulation of NDC1 (68, 69)

mMRNA transport anomaly (70)

Apoptotic pathway modulation (69, 71)

Wnt/B-catenin pathway modulation (72)

Interaction with and recruitment of ALADIN (58)

NDC1 mutation, Interaction with regulatory molecule Septin12 (73, 74)
Nup210 upregulation, autoantibody-mediated heightened immunoreactivity
(75, 76)

Nup210 upregulation, Androgen receptor (AR) splice variant-7 (AR-V7)
mediated activation (77)

Nup210 upregulation, scaffold for SMARCB1 chromatin remodeler binding (78)
H3K27ac and H3K4me3 histone modifications (79)

Nup210 upregulation, miR-22-NUP210-Fas axis modulation (80, 81)
Age-dependent mislocalization and precipitation with Nup205 at NE (82)
Mislocalization of Nup210 with Nup205 (83)

Rs354476 polymorphism within NUP210 gene affecting miRNA hsa-miR-
125b-5p binding site (84)
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molecules into the nucleus. While POM121 is highly upregulated in
advanced lethal prostate cancer (PC), it is found to promote PC
aggressiveness by augmenting the selective importin-dependent
nuclear shuttling of oncogenic MYC, E2F1, Androgen receptor
(AR),and GATA?2 (PC-specific) transcription factors (TFs) (59). In
agreement, inhibition of the POM121-importin-f} axis is shown to
result in reduced tumorigenicity and proliferation in pre-clinical
models, representing this as a potential pharmacological target in
lethal PC (59). POM121 has also been linked as a potential
prognostic biomarker in oral squamous cell carcinoma (OSCC)
(64), colorectal cancer (CRC) (65), laryngeal cancer (LRC) (66), and
non-small-cell lung cancer (NSCLC) (63), where elevated levels of
POM121 are linked to advanced tumor-node-metastasis (TNM)
stages. A recent study on POM121 in NSCLC has provided insights
into the involvement of TGF-$/SMAD and PI3K/AKT signaling
pathways in cancer cell proliferation and metastasis (63). However,
this is just the beginning of our understanding of cellular pathways
modulated by TM-Nups.

Interestingly, nuclear transportation is utilized by POM121 to
exert an immune-modulatory effect on macrophage
inflammation by repressing the NFxB pathway and inhibiting
phosphorylated p65 protein nuclear translocation (67). The
mechanistic underpinnings of C9orf72 in cellular toxicity and
ultimately neuronal degeneration dependent Amyotrophic
Lateral Sclerosis and Frontotemporal Dementia (ALS/FTD)
emphasized the pathologic effects of POM121 depletion
downstream of G4C2 repeat RNA expression. Super-resolution
microscopy of spinal neurons revealed that the deregulation of
POMI121 resulted in the consequent decline of other Nups in the
nucleus, thereby causing NCT defects and cellular toxicity in
ALS/FTD (62). The molecular basis in C9orf72-mediated ALS
may also potentially reflect similar pathology of NCT disruption
and abnormal build-up of NPC-associated proteins as detected
in multiple neurodegenerative diseases.

NDC1
NDCI1 (also known as Transmembrane Protein 48 or TMEM48)
anchors another nuclear pore protein ALADIN onto the NE, while
a mutation in the latter disrupts this interaction (58). ALADIN
mutations are also shown to result in triple-A syndrome, thus
providing indirect evidence that NDCI may be linked to the
development of this disorder. The study of mutations in NDCI in
mice has been shown to cause defective gametogenesis, infertility,
and skeletal deformities. NDC1 forms complex with Septinl2
(SEPTI2 gene product is necessary for imparting sperm
morphological characteristics) and affects its localization during
murine spermiogenesis, highlighting the involvement of NDCI in
sperm head and tail development (73, 74). NDCI is upregulated
and mislocalized into the nucleus in ventricular cardiac tissues of
ischemic cardiomyopathy and dilated cardiomyopathy (ICM and
DCM, respectively) (68). Such alterations may reflect defective
nucleocytoplasmic trafficking and nuclear organization in
ventricular cells of the heart, but the exact molecular mechanism
for progression towards heart failure (HF) is yet to be defined.
Altered expression of NDCI is also seen in the development of
numerous malignancies. Accordingly, it was found overexpressed

in NSCLC cell lines, H1299, and A549 (69). Downregulation of
NDC1 inhibits DNA replication and cell cycle-associated genes
like PCNA and CYCLINBI and reduces cell proliferation and
migration. Moreover, studies in nude mice revealed that NDC1
inhibition decreases cell migration and tumorigenicity and induces
apoptosis (69). Thus, suppression of NDC1 might render a
potential therapeutic effect against NSCLCs. Indeed, another
study evaluating the effect of miRNA-induced silencing of
NDC1 in lung cancer demonstrated similar outcomes.
Significant suppression of NDC1 in A549 cells by miR-421 leads
to the augmented expression of tumor suppressors and pro-
apoptotic molecules like PTEN, Caspase3, and TP53, thereby
inducing apoptosis (71). These results indicate that NDCI
modulates the apoptotic pathway, albeit the precise apoptotic
regulation needs further speculation. In a gene enrichment and
meta-analytic study, NDCI was reported as one of the critical
genes in addition to NUPI07 and NUPI55 genes regulating
esophageal squamous cell carcinoma (ESCC) (70). These
nucleoporin genes were attributed to the RNA transport
pathway; nonetheless, their mechanistic role in ESCC
progression requires substantiation. A study examining the
signal transduction pathway influenced by NDCI in cervical
cancer (CC) reported that NDC1-mediated cell proliferation and
metastasis is modulated partly by activating the Wnt/B-catenin
pathway (72). The downregulation of NDC1 in CC cell lines
(HeLa and SiHa) curtailed the levels of B-catenin (effector of Wnt
pathway) and its targets T cell factor 1 (TCF1) and axis formation
inhibitor 2 (AXIN2) and reduced cell growth in grafts (in vivo). In
contrast, activator-mediated induction of the Wnt pathway could
significantly reverse the effect of NDC1 knockdown on cell
proliferation and migration in CC. This observation emphasizes
the downstream contribution of the Wnt pathway in cancer
progression as a result of NDCI alterations.

Nup210

Gene-specific expression studies identified Nup210 or gp210 as one
of the prime targets for autoantibodies in primary biliary cholangitis
(PBC), an autoimmune disease of the liver (75). Consequently, it
was also overexpressed in the biliary epithelial cells of the liver small
bile duct in PBC patients, wherein it depicts enhanced
immunoreactivity (76). Analysis of Nup210 in tumorigenesis
shows its upregulation in several carcinomas as the basis of cell
proliferation, including cervical cancer (CC) (80, 81), lung
carcinoma (LC) (79), and prostate cancer (PC) (77). Nup210 has
also been determined as an epigenetic biomarker in lung
adenocarcinoma as the gene promoter region undergoes
H3K27ac and H3K4me3 histone modifications (79). Studies
inspecting the nature of Nup210 function in cancer progression
have described diverse molecular mechanisms moderated by this
transmembrane protein. Upregulated Nup210 in HeLa cells is
attributed to the downregulation of miR-22, as miR-22 normally
binds with Nup210 transcript and inhibits its expression.
Moreover, miR-22-Nup210 deregulation results in apoptotic
inhibition via regulation of Fas expression, thereby affecting Fas
signaling. Thus, the miR-22-Nup210-Fas axis is suggested in CC
progression (81). Nup210 has also been shown to interact with
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and act as a scaffold for chromatin remodeler SMARCBI1
(fundamental subunit of the SWI/SNF chromatin remodeling
complex) in liver cancer (78). Nup210-SMARCBI1 interaction
mediates the oncogenic effects demonstrated by the upregulation
of this remodeling protein. In PC cells, the NUP2I0 gene is
specifically targeted downstream of androgen receptor (AR)
splice variant-7 (AR-V7) activity which drives the progression
of primary PC to castration-resistant prostate cancer (CRPC)
(77). Mislocalization of Nup210 has also been commonly
observed in cerebral ischemic tissues and neurodegenerative
Amyotrophic lateral sclerosis (ALS), wherein Nup210 co-
localizes and forms precipitate with Nup205 (82, 83). The role
of Nup210 has also been examined in endometriosis. Here, a
genetic modification in the 3’-UTR of NUP2I0 gene, i.e.,
Rs354476 polymorphism (miRSNP or SNP at microRNA
binding site), affects its binding with hsa-miR-125b-5p, a
microRNA critical in the development of endometriosis (87).
The intermolecular interactions mediated by various TM-Nups
affecting several cellular processes are summarised in Figure 2. It is

easily conceivable from the summary that TM-Nups play a critical
role in cellular homeostasis but are undermined by the
overwhelming presence of their non-TM cousin Nups. Given the
value these TM-Nups hold by sheer location in the cells, they can be
a prominent player in cellular events directly affected by
perturbations in strict nucleocytoplasmic partitioning. The
interplay of TM and non-TM Nups becomes very important in
this context and needs urgent attention in physiologically relevant
health conditions.

CONCLUSION

Thus far, studies evaluating the three known mammalian TM-
Nups, POM121, NDC1, and Nup210, have illuminated their
functional plasticity and distinctiveness by regulating functions
like nuclear envelope assembly, nuclear pore insertion in NE,
nucleocytoplasmic transport, and gene expressions.

Differential
expression

Gene mutation
and/or
translocation

Epigenetic
modifications

POM121

Nucleocytoplasmic
transport
aberration

regulate various cellular processes.

NDC1

Nup210

Interaction with
regulatory
molecules

Modulation of
signalling
pathway

FIGURE 2 | Known transmembrane Nup alterations underlying human diseases. An interaction web of the three TM-Nups, POM121, NDC1 and Nup210 that
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Nevertheless, specific molecular interactions and mechanisms in
such diseases and identification of other diseases associated with
TM-Nups are worth exploring. Although an association is made
between TM-Nups and disease, the molecular details await
identification and recognition. The lack of structural
information also impedes the desired progress. Therefore,
further structural, biochemical, and functional analyses are
necessary to realize the functional significance and diverse
roles of TM-Nups. Various cellular signaling pathways where
TM-Nups participate are beginning to emerge, and their
incipient mechanistic examinations in disease conditions
continue to build a platform for in-depth analysis. Intriguingly,
the tissue-specific expression of such TM-Nups also invokes
undertaking an engaging analysis of their tissue-specific
variations and any association with disease outcomes. We
envisage that research groups will undertake a more focussed
approach to uncover the relevance of TM-Nups in a myriad of
cellular processes, tissue specificity, and disease association,
including but not limited to organ-specific disease, and cancer.

REFERENCES

1. Wa S, Kehlenbach RH. The Part and the Whole : Functions of Nucleoporins
in Nucleocytoplasmic Transport. Trends Cell Biol (2010) 20(8):461-9.
doi: 10.1016/.tcb.2010.05.001

2. Kabachinski G, Schwartz TU. The Nuclear Pore Complex-Structure and
Function at a Glance. J Cell Sci (2015) 128(3):423-9. doi: 10.1242/jcs.083246

3. Mudumbi KC, Czapiewski R, Ruba A, Junod SL, Li Y, Luo W, et al.
Nucleoplasmic Signals Promote Directed Transmembrane Protein Import
Simultaneously via Multiple Channels of Nuclear Pores. Nat Commun (2020)
11(1):1-14. doi: 10.1038/s41467-020-16033-x

4. Aitchison JD, Rout MP. The Yeast Nuclear Pore Complex and Transport
Through it. Genetics (2012) 190(3):855-83. doi: 10.1534/genetics.111.127803

5. Wente SR, Rout MP. The Nuclear Pore Complex and Nuclear Transport.
Cold Spring Harb Perspect Biol (2010) 2(10):1-19. doi: 10.1101/cshperspect.
2000562

6. Hoelz A, Debler EW, Blobel G. The Structure of the Nuclear Pore Complex.
Annu Rev Biochem (2011) 80:613-43. doi: 10.1146/annurev-biochem-
060109-151030

7. Rabut G, Doye V, Ellenberg J. Mapping the Dynamic Organization of the
Nuclear Pore Complex Inside Single Living Cells. Nat Cell Biol (2004) 6
(11):1114-21. doi: 10.1038/ncb1184

8. Giittinger S, Laurell E, Kutay U. Orchestrating Nuclear Envelope Disassembly
and Reassembly During Mitosis. Nat Rev Mol Cell Biol (2009) 10:178-91.
doi: 10.1038/nrm2641

9. Grossman E, Medalia O, Zwerger M. Functional Architecture of the Nuclear
Pore Complex. Annu Rev Biophys (2012) 41(1):557-84. doi: 10.1146/annurev-
biophys-050511-102328

10. Paschal BM, Gerace L. Identification of NTF2, a Cytosolic Factor for Nuclear
Import That Interacts With Nuclear Pore Complex Protein P62. ] Cell Biol
(1995) 129(4):925-37. doi: 10.1083/jcb.129.4.925

11. Clarkson WD, Kent HM, Stewart M. Separate Binding Sites on Nuclear
Transport Factor 2 (NTF2) for GDP-Ran and the Phenylalanine-Rich Repeat
Regions of Nucleoporins P62 and Nsplp. ] Mol Biol (1996) 263(4):517-24.
doi: 10.1006/jmbi.1996.0594

12. Pascual-Garcia P, Capelson M. Nuclear Pores as Versatile Platforms for Gene
Regulation. Curr Opin Genet Dev (2014) 25(1):110-7. doi: 10.1016/
j.gde.2013.12.009

13. Sun J, Shi Y, Yildirim E. The Nuclear Pore Complex in Cell Type-Specific
Chromatin Structure and Gene Regulation. Trends Genet (2019) 35(8):579—
88. doi: 10.1016/j.tig.2019.05.006

14. Simon MN, Kalousi A, Soutoglou E, Géli V, Dargemont C. Nuclear Pore
Complexes in DNA Repair and Telomere Maintenance. Nucl Pore Complexes

AUTHOR CONTRIBUTIONS

DB and RKM developed the idea, collected information, and
wrote and edited the manuscript. RKM supervised manuscript
development and arranged the funding. All authors contributed
to the article and approved the submitted version.

FUNDING

RKM was supported by the SERB (CRG/2020/000496) grant,
intramural funding, and infrastructural support from IISER Bhopal.

ACKNOWLEDGMENTS

The authors acknowledge Nups and SUMO Biology Group
(NSBG) members for discussions and constant support.

Genome Organ Funct Maint Cham: Springer (2018) 201-18. doi: 10.1007/978-
3-319-71614-5_9

15. Kramarz K, Schirmeisen K, Boucherit V, Ait Saada A, Lovo C, Palancade B,
et al. The Nuclear Pore Primes Recombination-Dependent DNA Synthesis at
Arrested Forks by Promoting SUMO Removal. Nat Commun (2020) 11(1):1-
15. doi: 10.1038/541467-020-19516-z

16. Kuhn TM, Capelson M. Nuclear Pore Proteins in Regulation of Chromatin
State. Cells (2019) 8(11):1414. doi: 10.3390/cells8111414

17. Brickner DG, Brickner JH. Interchromosomal Clustering of Active Genes at
the Nuclear Pore Complex. Nucleus (2012) 3(6):487-92. doi: 10.4161/
nucl.22663

18. Boumendil C, Hari P, Olsen KCF, Acosta JC, Bickmore WA. Nuclear Pore
Density Controls Heterochromatin Reorganization During Senescence. Genes
Dev (2019) 33(3-4):144-9. doi: 10.1101/gad.321117.118

19. Franz C, Askjaer P, Antonin W, Iglesias CL, Haselmann U, Schelder M, et al.
Nup155 Regulates Nuclear Envelope and Nuclear Pore Complex Formation in
Nematodes and Vertebrates. EMBO ] (2005) 24(20):3519-31. doi: 10.1038/
sj.emboj.7600825

20. Gu Y. The Nuclear Pore Complex: A Strategic Platform for Regulating Cell
Signaling. New Phytol (2018) 219(1):25-30. doi: 10.1111/nph.14756

21. Sharma M, Johnson M, Brocardo M, Jamieson C, Henderson BR. Wnt
Signaling Proteins Associate With the Nuclear Pore Complex: Implications
for Cancer. Adv Exp Med Biol (2014) 773:353-72. doi: 10.1007/978-1-4899-
8032-8_16

22. D’Angelo MA, Gomez-Cavazos ]S, Mei A, Lackner DH, Hetzer MW. A
Change in Nuclear Pore Complex Composition Regulates Cell Differentiation.
Dev Cell (2012) 22(2):446-58. doi: 10.1016/j.devcel.2011.11.021

23. Khan AU, Qu R, Ouyang J, Dai J. Role of Nucleoporins and Transport
Receptors in Cell Differentiation. Front Physiol (2020) 11:239. doi: 10.3389/
fphys.2020.00239

24. Guglielmi V, Sakuma S, D’Angelo MA. Nuclear Pore Complexes in
Development and Tissue Homeostasis. Development (2020) 147(23):
dev183442. doi: 10.1242/dev.183442

25. Hubert T, Vandekerckhove J, Gettemans J. Exo70-Mediated Recruitment of
Nucleoporin Nup62 at the Leading Edge of Migrating Cells Is Required for
Cell Migration. Traffic (2009) 10(9):1257-71. doi: 10.1111/j.1600-
0854.2009.00940.x

26. Griffis ER, Altan N, Lippincott-Schwartz J, Powers MA. Nup98 Is a Mobile
Nucleoporin With Transcription- Dependent Dynamics. Mol Biol Cell (2002)
13(4):1282-97. doi: 10.1091/mbc.01-11-0538

27. Liang Y, Franks TM, Marchetto MC, Gage FH, Hetzer MW. Dynamic
Association of NUP98 With the Human Genome. PloS Genet (2013) 9(2):
€1003308. doi: 10.1371/journal.pgen.1003308

Frontiers in Oncology | www.frontiersin.org

December 2021 | Volume 11 | Article 784319


https://doi.org/10.1016/j.tcb.2010.05.001
https://doi.org/10.1242/jcs.083246
https://doi.org/10.1038/s41467-020-16033-x
https://doi.org/10.1534/genetics.111.127803
https://doi.org/10.1101/cshperspect.a000562
https://doi.org/10.1101/cshperspect.a000562
https://doi.org/10.1146/annurev-biochem-060109-151030
https://doi.org/10.1146/annurev-biochem-060109-151030
https://doi.org/10.1038/ncb1184
https://doi.org/10.1038/nrm2641
https://doi.org/10.1146/annurev-biophys-050511-102328
https://doi.org/10.1146/annurev-biophys-050511-102328
https://doi.org/10.1083/jcb.129.4.925
https://doi.org/10.1006/jmbi.1996.0594
https://doi.org/10.1016/j.gde.2013.12.009
https://doi.org/10.1016/j.gde.2013.12.009
https://doi.org/10.1016/j.tig.2019.05.006
https://doi.org/10.1007/978-3-319-71614-5_9
https://doi.org/10.1007/978-3-319-71614-5_9
https://doi.org/10.1038/s41467-020-19516-z
https://doi.org/10.3390/cells8111414
https://doi.org/10.4161/nucl.22663
https://doi.org/10.4161/nucl.22663
https://doi.org/10.1101/gad.321117.118
https://doi.org/10.1038/sj.emboj.7600825
https://doi.org/10.1038/sj.emboj.7600825
https://doi.org/10.1111/nph.14756
https://doi.org/10.1007/978-1-4899-8032-8_16
https://doi.org/10.1007/978-1-4899-8032-8_16
https://doi.org/10.1016/j.devcel.2011.11.021
https://doi.org/10.3389/fphys.2020.00239
https://doi.org/10.3389/fphys.2020.00239
https://doi.org/10.1242/dev.183442
https://doi.org/10.1111/j.1600-0854.2009.00940.x
https://doi.org/10.1111/j.1600-0854.2009.00940.x
https://doi.org/10.1091/mbc.01-11-0538
https://doi.org/10.1371/journal.pgen.1003308
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Bindra and Mishra

Transmembrane Nucleoporins and Physiological Disorders

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Raices M, D’Angelo MA. Nuclear Pore Complex Composition: A New
Regulator of Tissue-Specific and Developmental Functions. Nat Rev Mol
Cell Biol (2012) 13(11):687-99. doi: 10.1038/nrm3461

Breuer M, Ohkura H. A Negative Loop Within the Nuclear Pore Complex
Controls Global Chromatin Organization. Genes Dev (2015) 29(17):1789-94.
doi: 10.1101/gad.264341.115

Kehat I, Accornero F, Aronow BJ, Molkentin JD. Modulation of Chromatin
Position and Gene Expression by HDAC4 Interaction With Nucleoporins.
J Cell Biol (2011) 193(1):21-9. doi: 10.1083/jcb.201101046

Tochigi M, Iwamoto K, Bundo M, Sasaki T, Kato N, Kato T. Gene Expression
Profiling of Major Depression and Suicide in the Prefrontal Cortex of
Postmortem Brains. Neurosci Res (2008) 60(2):184-91. doi: 10.1016/
j-neures.2007.10.010

Kinoshita Y, Hunter RG, Gray JD, Mesias R, McEwen BS, Benson DL, et al.
Role for NUP62 Depletion and PYK2 Redistribution in Dendritic Retraction
Resulting From Chronic Stress. Proc Natl Acad Sci USA (2014) 111
(45):16130-5. doi: 10.1073/pnas.1418896111

Graux C, Stevens-Kroef M, Lafage M, Dastugue N, Harrison CJ, Mugneret F,
et al. Heterogeneous Patterns of Amplification of the NUP214-ABL1 Fusion
Gene in T-Cell Acute Lymphoblastic Leukemia. Leukemia (2009) 23(1):125—
33. doi: 10.1038/1eu.2008.278

Shi R, Xu L, Huang L, Cheng JX. Nucleoporin 107 Promotes the Survival of
Tumor Cells in Cervical Cancers. Gynecol Obstet Invest (2020) 85(1):41-52.
doi: 10.1159/000502788

Li J, Zhao J, Li Y. Multiple Biological Processes may be Associated With
Tumorigenesis Under NUP88-Overexpressed Condition. Genes Chromosomes
Cancer (2017) 56(2):117-27. doi: 10.1002/gcc.22417

Braun DA, Sadowski CE, Kohl S, Lovric S, Astrinidis SA, Pabst WL, et al. Mutations
in Nuclear Pore Genes NUP93, NUP205 and XPO5 Cause Steroid-Resistant
Nephrotic Syndrome. Nat Genet (2016) 48(4):457-65. doi: 10.1038/ng.3512
Wang H, Lin Y, Jin J, Shen H, Dai C. Nuclear Pore Complex 62 Promotes
Metastasis of Gastric Cancer by Regulating Wnt/B-Catenin and TGF-$
Signaling Pathways. ] Environ Pathol Toxicol Oncol (2021) 40(2):81-7.
doi: 10.1615/JEnvironPathol ToxicolOncol.2021037136

WuY, Fang G, Wang X, Wang H, Chen W, Li L, et al. NUP153 Overexpression
Suppresses the Proliferation of Colorectal Cancer by Negatively Regulating
Wnt/B-Catenin Signaling Pathway and Predicts Good Prognosis. Cancer
Biomark (2019) 24(1):61-70. doi: 10.3233/CBM-181703

Funakoshi T, Clever M, Watanabe A, Imamoto N. Localization of Pom121 to
the Inner Nuclear Membrane Is Required for an Early Step of Interphase
Nuclear Pore Complex Assembly. Mol Biol Cell (2011) 22(7):1058-69. doi:
10.1091/mbc.e10-07-0641

Antonin W, Franz C, Haselmann U, Antony C, Mattaj IW. The Integral
Membrane Nucleoporin Pom121 Functionally Links Nuclear Pore Complex
Assembly and Nuclear Envelope Formation. Mol Cell (2005) 17(1):83-92. doi:
10.1016/j.molcel.2004.12.010

Doucet CM, Talamas JA, Hetzer MW. Cell Cycle-Dependent Differences in
Nuclear Pore Complex Assembly in Metazoa. Cell (2010) 141(6):1030-41.
doi: 10.1016/j.cell.2010.04.036

Talamas JA, Hetzer MW. POMI121 and Sunl Play a Role in Early Steps of
Interphase NPC Assembly. ] Cell Biol (2011) 194(1):27-37. doi: 10.1083/
jcb.201012154

Mitchell J]M, Mansfeld J, Capitanio J, Kutay U, Wozniak RW. Pom121 Links
Two Essential Subcomplexes of the Nuclear Pore Complex Core to the
Membrane. ] Cell Biol (2010) 191(3):505-21. doi: 10.1083/jcb.201007098
Franks TM, Benner C, Narvaiza I, Marchetto MCN, Young JM, Malik HS,
et al. Evolution of a Transcriptional Regulator From a Transmembrane
Nucleoporin. Genes Dev (2016) 30(10):1155-71. doi: 10.1101/gad.280941.116
Galy V, Antonin W, Jaedicke A, Sachse M, Santarella R, Haselmann U, et al. A
Role for Gp210 in Mitotic Nuclear-Envelope Breakdown. J Cell Sci (2008) 121
(3):317-28. doi: 10.1242/jcs.022525

Olsson M, Schéele S, Ekblom P. Limited Expression of Nuclear Pore
Membrane Glycoprotein 210 in Cell Lines and Tissues Suggests Cell-Type
Specific Nuclear Pores in Metazoans. Exp Cell Res (2004) 292(2):359-70. doi:
10.1016/j.yexcr.2003.09.014

Gomez-Cavazos JS, Hetzer MW. The Nucleoporin Gp210/Nup210 Controls
Muscle Differentiation by Regulating Nuclear Envelope/ER Homeostasis.
J Cell Biol (2015) 208(6):671-81. doi: 10.1083/jcb.201410047

48.

49.

50.

51.

52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Eriksson C, Rustum C, Hallberg E. Dynamic Properties of Nuclear Pore
Complex Proteins in Gp210 Deficient Cells. FEBS Lett (2004) 572(1-3):261-5.
doi: 10.1016/j.febslet.2004.07.044

Raices M, Bukata L, Sakuma S, Borlido J, Leanora S, Hart DO, et al. Nuclear
Pores Regulate Muscle Development and Maintenance by Assembling a
Localized Mef2C Complex. Dev Cell (2017) 41(5):540-54.e7. doi: 10.1016/
j.devcel.2017.05.007

Tang Y, Xiong S, Yu P, Liu F, Cheng L. Direct Conversion of Mouse
Fibroblasts Into Neural Stem Cells by Chemical Cocktail Requires Stepwise
Activation of Growth Factors and Nup210. Cell Rep (2018) 24(5):1355-62.e3.
doi: 10.1016/j.celrep.2018.06.116

Borlido J, Sakuma S, Raices M, Carrette F, Tinoco R, Bradley LM, et al.
Nuclear Pore Complex-Mediated Modulation of TCR Signaling Is Required
for Naive CD4 + T Cell Homeostasis. Nat Immunol (2018) 19(6):594-605. doi:
10.1038/s41590-018-0103-5

van Nieuwenhuijze A, Burton O, Lemaitre P, Denton AE, Cascalho A, Goodchild
RE, et al. Mice Deficient in Nucleoporin Nup210 Develop Peripheral T Cell
Alterations. Front Immunol (2018) 9:2234. doi: 10.3389/fimmu.2018.02234
Stavru F, Nautrup-Pedersen G, Cordes VC, Gorlich D. Nuclear Pore Complex
Assembly and Maintenance in POM121- and Gp210-Deficient Cells. J Cell
Biol (2006) 173(4):477-83. doi: 10.1083/jcb.200601002

. Thomas JH, Botstein D. A Gene Required for the Separation of Chromosomes

on the Spindle Apparatus in Yeast. Cell (1986) 44(1):65-76. doi: 10.1016/
0092-8674(86)90485-X

Stavru F, Hiilsmann BB, Spang A, Hartmann E, Cordes VC, Gorlich D. NDC1:
A Crucial Membrane-Integral Nucleoporin of Metazoan Nuclear Pore
Complexes. ] Cell Biol (2006) 173(4):509-19. doi: 10.1083/jcb.200601001
Mansfeld ], Giittinger S, Hawryluk-Gara LA, Pante N, Mall M, Galy V, et al.
The Conserved Transmembrane Nucleoporin NDC1 Is Required for Nuclear
Pore Complex Assembly in Vertebrate Cells. Mol Cell (2006) 22(1):93-103.
doi: 10.1016/j.molcel.2006.02.015

Eisenhardt N, Redolfi J, Antonin W. Interaction of Nup53 With Ndcl and
Nup155 Is Required for Nuclear Pore Complex Assembly. J Cell Sci (2014) 127
(4):908-21. doi: 10.1242/jcs.141739

Kind B, Koehler K, Lorenz M, Huebner A. The Nuclear Pore Complex Protein
ALADIN Is Anchored via NDC1 But Not via POMI21 and GP210 in the
Nuclear Envelope. Biochem Biophys Res Commun (2009) 390(2):205-10.
doi: 10.1016/j.bbrc.2009.09.080

Rodriguez-Bravo V, Pippa R, Song WM, Carceles-Cordon M, Dominguez-
Andres A, Fujiwara N, et al. Nuclear Pores Promote Lethal Prostate Cancer by
Increasing POM121-Driven E2F1, MYC, and AR Nuclear Import. Cell (2018)
174(5):1200-15.€20. doi: 10.1016/j.cell.2018.07.015

Nebral K, Denk D, Attarbaschi A, Kénig M, Mann G, Haas OA, et al. Incidence
and Diversity of PAX5 Fusion Genes in Childhood Acute Lymphoblastic
Leukemia. Leukemia (2009) 23(1):134-43. doi: 10.1038/leu.2008.306
Fortschegger K, Anderl S, Denk D, Strehl S. Functional Heterogeneity of
PAX5 Chimeras Reveals Insight for Leukemia Development. Mol Cancer Res
(2014) 12(4):595-606. doi: 10.1158/1541-7786.MCR-13-0337

Coyne AN, Zaepfel BL, Hayes L, Fitchman B, Salzberg Y, Luo EC, et al. G4C2
Repeat RNA Initiates a POMI121-Mediated Reduction in Specific
Nucleoporins in C9orf72 ALS/FTD. Neuron (2020) 107(6):1124-40.e11.
doi: 10.1016/j.neuron.2020.06.027

Guan L, Zhang L, Wang T, Jia L, Zhang N, Yan H, et al. POM121 Promotes
Proliferation and Metastasis in Non-Small-Cell Lung Cancer Through TGF-
B/SMAD and PI3K/AKT Pathways. Cancer Biomark (2021) 32(3):293-302.
doi: 10.3233/CBM-210001. 10.3233/CBM-210001.

MaH, Li L, Jia L, Gong A, Wang A, Zhang L, et al. POM121 Is Identified as a
Novel Prognostic Marker of Oral Squamous Cell Carcinoma. J Cancer (2019)
10(19):4473-80. doi: 10.7150/jca.33368

Wang T, Sun H, Bao Y, En R, Tian Y, Zhao W, et al. POM121 Overexpression
Is Related to a Poor Prognosis in Colorectal 1Cancer. Expert Rev Mol Diagn
(2020) 20(3):345-53. doi: 10.1080/14737159.2020.1707670

Zhao R, Tang G, Wang T, Zhang L, Wang W, Zhao Q, et al. POM121 is a
Novel Marker for Predicting the Prognosis of Laryngeal Cancer. Histol
Histopathol (2020) 35(11):1285-93. doi: 10.14670/HH-18-267

Ge W, Yue Y, Xiong S. POMI21 Inhibits the Macrophage Inflammatory
Response by Impacting NF-kb P65 Nuclear Accumulation. Exp Cell Res
(2019) 377(1-2):17-23. doi: 10.1016/j.yexcr.2019.02.021

Frontiers in Oncology | www.frontiersin.org

December 2021 | Volume 11 | Article 784319


https://doi.org/10.1038/nrm3461
https://doi.org/10.1101/gad.264341.115
https://doi.org/10.1083/jcb.201101046
https://doi.org/10.1016/j.neures.2007.10.010
https://doi.org/10.1016/j.neures.2007.10.010
https://doi.org/10.1073/pnas.1418896111
https://doi.org/10.1038/leu.2008.278
https://doi.org/10.1159/000502788
https://doi.org/10.1002/gcc.22417
https://doi.org/10.1038/ng.3512
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2021037136
https://doi.org/10.3233/CBM-181703
https://doi.org/10.1091/mbc.e10-07-0641
https://doi.org/10.1016/j.molcel.2004.12.010
https://doi.org/10.1016/j.cell.2010.04.036
https://doi.org/10.1083/jcb.201012154
https://doi.org/10.1083/jcb.201012154
https://doi.org/10.1083/jcb.201007098
https://doi.org/10.1101/gad.280941.116
https://doi.org/10.1242/jcs.022525
https://doi.org/10.1016/j.yexcr.2003.09.014
https://doi.org/10.1083/jcb.201410047
https://doi.org/10.1016/j.febslet.2004.07.044
https://doi.org/10.1016/j.devcel.2017.05.007
https://doi.org/10.1016/j.devcel.2017.05.007
https://doi.org/10.1016/j.celrep.2018.06.116
https://doi.org/10.1038/s41590-018-0103-5
https://doi.org/10.3389/fimmu.2018.02234
https://doi.org/10.1083/jcb.200601002
https://doi.org/10.1016/0092-8674(86)90485-X
https://doi.org/10.1016/0092-8674(86)90485-X
https://doi.org/10.1083/jcb.200601001
https://doi.org/10.1016/j.molcel.2006.02.015
https://doi.org/10.1242/jcs.141739
https://doi.org/10.1016/j.bbrc.2009.09.080
https://doi.org/10.1016/j.cell.2018.07.015
https://doi.org/10.1038/leu.2008.306
https://doi.org/10.1158/1541-7786.MCR-13-0337
https://doi.org/10.1016/j.neuron.2020.06.027
https://doi.org/10.3233/CBM-210001
https://doi.org/10.7150/jca.33368
https://doi.org/10.1080/14737159.2020.1707670
https://doi.org/10.14670/HH-18-267
https://doi.org/10.1016/j.yexcr.2019.02.021
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Bindra and Mishra

Transmembrane Nucleoporins and Physiological Disorders

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Tarazon E, Rivera M, Rosello-Lleti E, Molina-Navarro MM, Sanchez-Lazaro
1], Espafia F, et al. Heart Failure Induces Significant Changes in Nuclear Pore
Complex of Human Cardiomyocytes. PloS One (2012) 7(11):1-10. doi:
10.1371/journal.pone.0048957

Qiao W, Han Y, Jin W, Tian M, Chen P, Min ], et al. Overexpression and
Biological Function of TMEM48 in non-Small Cell Lung Carcinoma. Tumor
Biol (2016) 37(2):2575-86. doi: 10.1007/s13277-015-4014-x

He W, Chen L, Yuan K, Zhou Q, Peng L, Han Y. Gene Set Enrichment
Analysis and Meta-Analysis to Identify Six Key Genes Regulating and
Controlling the Prognosis of Esophageal Squamous Cell Carcinoma.
J Thorac Dis (2018) 10(10):5714-26. doi: 10.21037/jtd.2018.09.55

Akkafa F, Koyuncu I, Temiz E, Dagli H, Dilmec F, Akbas H. Mirna-Mediated
Apoptosis Activation Through TMEM 48 Inhibition in A549 Cell Line. Biochem
Biophys Res Commun (2018) 503(1):323-9. doi: 10.1016/j.bbrc.2018.06.023
Jiang XY, Wang L, Liu ZY, Song WX, Zhou M, Xi L. TMEM48 Promotes Cell
Proliferation and Invasion in Cervical Cancer via Activation of the Wnt/B-
Catenin Pathway. ] Recept Signal Transduct (2021) 41(4):371-7. doi: 10.1080/
10799893.2020.1813761

Lai TH, Wu YY, Wang YY, Chen MF, Wang P, Chen TM, et al. SEPT12—
NDC1 Complexes Are Required for Mammalian Spermiogenesis. Int ] Mol Sci
(2016) 17(11):1-10. doi: 10.3390/ijms17111911

Akiyama K, Noguchi ], Hirose M, Kajita S, Katayama K, Khalaj M, et al. A
Mutation in the Nuclear Pore Complex Gene Tmem48 Causes Gametogenesis
Defects in Skeletal Fusions With Sterility (Sks) Mice*. J Biol Chem (2013) 288
(44):31830-41. doi: 10.1074/jbc.M113.492306

Courvalin JC, Lassoued K, Worman HJ, Blobel G. Identification and
Characterization of Autoantibodies Against the Nuclear Envelope Lamin B
Receptor From Patients With Primary Biliary Cirrhosis. ] Exp Med (1990) 172
(3):961-7. doi: 10.1084/jem.172.3.961

Nakamura M, Takii Y, Ito M, Komori A, Yokoyama T, Shimizu-Yoshida Y,
et al. Increased Expression of Nuclear Envelope Gp210 Antigen in Small Bile
Ducts in Primary Biliary Cirrhosis. ] Autoimmun (2006) 26(2):138-45. doi:
10.1016/j.jaut.2005.10.007

Sugiura M, Sato H, Okabe A, Fukuyo M, Mano Y, Ichi SK, et al. Identification
of AR-V7 Downstream Genes Commonly Targeted by AR/AR-V7 and
Specifically Targeted by AR-V7 in Castration Resistant Prostate Cancer.
Transl Oncol (2021) 14(1):100915. doi: 10.1016/j.tranon.2020.100915

Hong SH, Son KH, Ha SY, Wee TI, Choi SK, Won JE, et al. Nucleoporin 210
Serves a Key Scaffold for SMARCBI in Liver Cancer. Cancer Res (2021) 81
(2):356-70. doi: 10.1158/0008-5472.CAN-20-0568

Kikutake C, Yahara K. Identification of Epigenetic Biomarkers of Lung
Adenocarcinoma Through Multi-Omics Data Analysis. PloS One (2016) 11
(4):1-20. doi: 10.1371/journal.pone.0152918

80. Rajkumar T, Sabitha K, Vijayalakshmi N, Shirley S, Bose MV, Gopal G, et al.
Identification and Validation of Genes Involved in Cervical Tumourigenesis.
BMC Cancer (2011) 11(1):80. doi: 10.1186/1471-2407-11-80

81. Gu Q, Hou W, Liu H, Shi L, Zhu Z, Ye W, et al. NUP210 and Microrna-22
Modulate Fas to Elicit Hela Cell Cycle Arrest. Yonsei Med J (2020) 61(5):371—
81. doi: 10.3349/ymj.2020.61.5.371

82. Shang J, Yamashita T, Nakano Y, Morihara R, Li X, Feng T, et al. Aberrant
Distributions of Nuclear Pore Complex Proteins in ALS Mice and ALS Patients.
Neuroscience (2017) 350:158-68. doi: 10.1016/j.neuroscience.2017.03.024

83. Li Q, Ohta Y, Yamashita T, Shang J, Deguchi K, Feng T, et al. Dynamic
Mislocalizations of Nuclear Pore Complex Proteins After Focal Cerebral
Ischemia in Rat. ] Neurosci Res (2017) 95(9):1745-59. doi: 10.1002/jnr.24005

84. Cipollini M, Luisi S, Piomboni P, Luddi A, Landi D, Melaiu O, et al.
Functional Polymorphism Within NUP210 Encoding for Nucleoporin
GP210 Is Associated With the Risk of Endometriosis. Fertil Steril (2019)
112(2):343-52.el. doi: 10.1016/j.fertnstert.2019.04.011

85. Funakoshi T, Maeshima K, Yahata K, Sugano S, Imamoto F, Imamoto N. Two
Distinct Human POM121 Genes: Requirement for the Formation of Nuclear Pore
Complexes. FEBS Lett (2007) 581(25):4910-6. doi: 10.1016/j.febslet.2007.09.021

86. Locke AE, Kahali B, . Berndt SI, Justice AE, Pers TH, Day FR, et al. Genetic
Studies of Body Mass Index Yield New Insights for Obesity Biology. Nature
(2015) 518:197-206. doi: 10.1038/naturel4177

87. Lundbick V, Kulyte A, Strawbridge RJ, Ryden M, Arner P, Marcus C, et al.
FAM13A and POM121C Are Candidate Genes for Fasting Insulin: Functional
Follow-Up Analysis of a Genome-Wide Association Study. Diabetologia
(2018) 61(5):1112-23. doi: 10.1007/s00125-018-4572-8

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Bindra and Mishra. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

December 2021 | Volume 11 | Article 784319


https://doi.org/10.1371/journal.pone.0048957
https://doi.org/10.1007/s13277-015-4014-x
https://doi.org/10.21037/jtd.2018.09.55
https://doi.org/10.1016/j.bbrc.2018.06.023
https://doi.org/10.1080/10799893.2020.1813761
https://doi.org/10.1080/10799893.2020.1813761
https://doi.org/10.3390/ijms17111911
https://doi.org/10.1074/jbc.M113.492306
https://doi.org/10.1084/jem.172.3.961
https://doi.org/10.1016/j.jaut.2005.10.007
https://doi.org/10.1016/j.tranon.2020.100915
https://doi.org/10.1158/0008-5472.CAN-20-0568
https://doi.org/10.1371/journal.pone.0152918
https://doi.org/10.1186/1471-2407-11-80
https://doi.org/10.3349/ymj.2020.61.5.371
https://doi.org/10.1016/j.neuroscience.2017.03.024
https://doi.org/10.1002/jnr.24005
https://doi.org/10.1016/j.fertnstert.2019.04.011
https://doi.org/10.1016/j.febslet.2007.09.021
https://doi.org/10.1038/nature14177
https://doi.org/10.1007/s00125-018-4572-8
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	In Pursuit of Distinctiveness: Transmembrane Nucleoporins and Their Disease Associations
	Introduction
	NPC Is a Conglomerate of Nucleoporins With Multifarious Activities
	Dynamic Cellular Functions of the Transmembrane Nucleoporins
	Molecular Mechanisms Underlying Transmembrane Nup-Mediated Diseases
	POM121
	NDC1
	Nup210

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


