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Alzheimer’s disease (AD) is the most common form of dementia in the elderly, which
is characterized by progressive cognitive impairment. Neuritic plaques, neurofibrillary
tangles and neuronal loss are the major neuropathological hallmarks in AD brains.
TMP21 is a key molecule for protein trafficking in cells. Growing evidence indicates that
TMP21 is dysregulated in AD, which plays a pivotal role in neuritic plaque formation.
Therefore, we aim to review the dysregulation of TMP21 in AD, the role of TMP21
in neuritic plaque formation and underlying mechanisms. Moreover, the potential role
of TMP21 in neurofibrillary tangle formation, synaptic impairment and neuronal loss
is discussed. It will provide an outlook into the potential of regulating TMP21 as a
therapeutic approach for AD treatment.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common form of neurodegenerative disorders leading to
dementia in the elderly. Neuritic plaques, neurofibrillary tangles and neuronal loss are the major
neuropathological in the brain of patients with AD (Wu et al., 2014b; Wang et al., 2017). Clinical
manifestations of AD are characterized by progressive memory loss, cognitive impairment and
psychosis (Walsh and Selkoe, 2004; Sorbi et al., 2012). With the aggravation of aging population, the
incidence of AD is increasing year by year. According to World Alzheimer Report 2018, 50 million
people worldwide are living with dementia in 2018, and the number will be tripled to more than
152 million by 2050 (Patterson, 2018). The total estimated worldwide cost of dementia is US$1
trillion in 2018, and it will rise to 2 trillion dollars by 2030. Therefore, it is urgent to elucidate the
pathogenesis of AD and develop effective treatments.

Growing evidence indicates that transmembrane protein, 21KD (TMP21), also known as
transmembrane emp24 domain-containing protein 10 (TMED10), is a member of p24 family. It
is dysregulated in AD and play a pivotal role in the pathogenesis of AD (Chen et al., 2006; Pardossi-
Piquard et al., 2009; Zhang et al., 2019). Therefore, this review aims to describe the dysregulation
of TMP21 in AD and its role in the pathogenesis of AD. Moreover, the underlying mechanisms
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are discussed. Furthermore, we provide an outlook into the
potential of regulating TMP21 as a therapeutic approach
for AD treatment.

CHARACTERISTICS OF TMP21
p24 Family Proteins

p24 family proteins are type I transmembrane proteins with
molecular weight of 22-24 KD (Stamnes et al., 1995). Based
on sequence homology, p24 proteins are classified into four
subfamilies, ie., «, B, y, and 8 (Dominguez et al, 1998;
Strating et al., 2009; Pastor-Cantizano et al, 2016). In
human, o subfamily consists of TMED9 and TMEDII, and
B subfamily consists of TMED2 and TMED4. y family is the
largest subfamily of p24 family, including TMED1, TMED3,
TMEDS5, TMED6, and TMED7, while TMP21 belongs to 3
subfamily. They share the conserved architecture, including
luminal N-terminus, transmembrane (TM) region and cytosolic
C-terminus. Generally, the luminal region contains a Golgi
dynamic (GOLD) domain and a coiled-coil (CC) domain, while
the cytosolic tail contains dilysine or diabasic (KKXX) motif and
diaromatic (FF) motif. GOLD domain acts as a cargo receptor by
mediating diverse protein-protein interactions, while CC domain
mainly contributes to the oligomerization of p24 family members
although a recent study showed that it does play a key role
in recognition and transport of GPI-anchored proteins (Theiler
et al,, 2014). Oligomerization of p24 family members may affect
their stabilization, localization, and expression levels (Carney
and Bowen, 2004). For example, co-expression of TMED2 and
TMP21 is necessary and sufficient for cis-Golgi/Golgi localization
of each protein, while deleting each member individually leads
to a general decrease of the other protein and loss function
of the complex (Emery et al., 2000; Jenne et al, 2002). The
cytosolic tail of p24 proteins contains signals for the binding
of coat protein complex I (COPII) and coat protein complex I
(COPI) contributing to the transport of cargo proteins between
endoplasmic reticulum (ER) and Golgi apparatus in the early
secretory pathway (Schimmoller et al., 1995; Muiiz et al., 2000;
Barr et al., 2001; Belden and Barlowe, 2001; Gommel et al., 2001).

Regulation of TMP21 Expression

Human TMP21 gene is located on chromosome 14q24.3,
including 5 exons and 4 introns (Liu et al., 2011; Zhang et al.,
2018), which is transcribed into two transcripts, Tmp21-I and
Tmp21-II. With a nonsense mutation and a reading frame
jump in comparison to Tmp21-I, Tmp21II was demonstrated
to be derived from a pseudogene as the consequence of a
duplication and diversification of hum-Tmp21-I. Thus, only
Tmp21-1 encodes a functional TMP21 (Blum et al., 1996; Horer
et al., 1999). The expression of TMP21 is regulated at multiple
levels. First, TMP21 is positively regulated by nuclear factor of
activated T-cells (NFAT) at transcriptional level. In addition,
sequence analysis showed that a number of putative cis-acting
elements, e.g., CREB, YY1E AP1 etc., are located in TMP21
promoter region, suggesting that TMP21 might be regulated
by multiple transcriptional factors (Liu et al., 2011). Moreover,

TMP21 expression could be regulated at post-transcriptional
level. For example, the single-nucleotide polymorphism (SNP)
rs12435391 in intron 4 significantly increases TMP21 expression
by increasing the splicing efficiency of TMP21 pre-mRNA (Zhang
etal., 2018). Furthermore, TMP21is degraded through ubiquitin-
proteasome pathway with a short half-life of approximately 3hs,
indicating that TMP21 could be regulated at post-translational
level (Liu et al., 2008).

Tissue-Specific Expression and

Functions in vivo

TMP21 is ubiquitously expressed in different tissues in
mammalians. It was reported that TMP21 transcript is expressed
in brain, pancreas, lung, liver, spleen etc. multiple organs of rats
(Blum et al., 1996; Hosaka et al., 2007; Vetrivel et al., 2008). In
human, both TMP21 mRNA and protein are highly expressed in
heart, liver, spleen etc., whereas they are moderately expressed
in brain, pancreas, colon etc. (Xie et al, 2014). In addition,
TMP21 is expressed in most regions of the brain including
septum, striatum, cortex, hippocampus, amygdala, thalamus,
hypothalamus, cerebellum, and brainstem (Vetrivel et al., 2008).
It shows stronger expression in neuronal cells than in glial
cells (Vetrivel et al., 2008). Importantly, temporal expression
of TMP21 was observed in mouse brain (Vetrivel et al., 2008).
High level of TMP21 was detected in embryonic mouse brain,
however, the expression of TMP21 gradually declined in brains
of postnatal mice and reached lower level in adult brains.
The evidence suggests that TMP21 expression is stringently
regulated, which might play a pivotal role in development and
maintenance of physiological functions. Consistently, complete
deletion of TMP21 results in embryonic lethality at very early
stage, while transgenic mice with neuron-specific increase of
TMP21 expression display post-natal growth retardation and
severe neurological problems including tremors, seizure, ataxia,
uncoordinated movements and premature death (Denzel et al,,
2000; Gong et al., 2011).

Subcellular Distribution and Molecular

Functions

TMP21 is a protein with 219 amino acids, including a signal
peptide with 31 amino acids and a mature peptide with 188
amino acids. The signal peptide directs the newly synthesized
TMP21 translocating into the ER, where it is cleaved and
the mature TMP21 is generated. The mature TMP21 consists
of N-terminal luminal region (32-185 aa), transmembrane
region (186-206 aa) and C-terminal cytoplasmic region (207-
219 aa), while the GOLD domain (41-193 aa) contains part of
luminal region and part of transmembrane region, respectively
(Anantharaman and Aravind, 2002; Nagae et al., 2016). TMP21 is
enriched in the membrane of ER, plasma and Golgi apparatus.
In addition, it was also reported to be located in ER-Golgi
intermediate compartment (ERGIC) membrane and secretory
vesicle membrane (Emery et al., 2000; Hosaka et al., 2007;
Langhans et al, 2008; Strating and Martens, 2009). As a
vesicle trafficking protein, the main function of TMP21 is for
protein transport. First, TMP21 serves as a cargo receptor
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protein contributing to uptaking cargo proteins into COP
vesicles, which is mainly mediated by GOLD domain (Muiz
et al., 2000; Anantharaman and Aravind, 2002; Castillon et al.,
2009). The cytoplasmic tail of TMP21 is responsible for its
binding to the subunits of COPI or COPII contributing to the
transport of cargo proteins between ER and Golgi apparatus
(Muiiz et al., 2000; Belden and Barlowe, 2001; Gommel et al.,
2001; Blum and Lepier, 2008). Secondly, TMP21 cytoplasmic
tail combined with the Golgi matrix proteins has an effect
on the transport of cargo proteins to the cell surface or
the efficient retention of them in the Golgi apparatus (Barr
et al., 2001; Blum and Lepier, 2008). In addition, TMP21 also
selectively interacts with glycosylphosphatidylinositol-anchored
proteins contributing to their ER export and lipid rafts
translocation. Moreover, TMP21 is a major component of Golgi
apparatus and cis-Golgi network (CGN), which is essential
for the integrity and proper organization of Golgi structure.
Furthermore, TMP21 is a modulator of y-secretase, which is
implicated in various physiological and pathological processes
by cleaving its substrates, e.g., APP and Notch. y-secretase is
a protein complex consisting of the core catalytic components,
presenilinl (PSEN1) and presenilin2 (PSEN2), and the regulatory
components, nicastrin, APH-1 and PEN-2. TMP21 is a non-
essential component of the complex (Pardossi-Piquard et al.,
2009; Wang et al, 2017). Importantly, TMP21 regulates
y-secretase cleavage at the y-site but not at the e-site, indicating
that TMP21 selectively regulates y-secretase cleavage on its
substrate. For example, TMP21 regulates y-secretase cleavage of
APP at the y-site, however, it has no effect on the y-secretase
cleavage of Notch at the e-site (Chen et al., 2006; Bromley-Brits
and Song, 2012). Compared with other p24 members, it is a
specific feature of TMP21 to regulate y-secretase activity.

ABERRANT EXPRESSION OF TMP21
IN AD

Increased evidence indicates that TMP21 is dysregulated in AD.
First, Chr14q24.3 is defined as a minimal co-segragating region
by linkage studies, which contains the major genes predisposing
to early onset AD. TMP21 gene is located in this region. Secondly,
the expression of TMP21 are significantly reduced in brains of
both sporadic AD cases and familial AD cases compared with
age-matched controls, which is consistent with the previous study
that knockdown of TMP21 increases A expression (Chen et al.,
2006; Vetrivel et al., 2008). In addition, the SNP rs12435391 in
intron 4 of TMP21 gene is associated with increased AD risk
by accelerating TMP21 pre-mRNA splicing leading to increased
expression of TMP21 (Zhang et al., 2018). It seems contradictory
that both reduced and increased TMP21 levels are associated
with AD. However, two issues need to be considered. First, it
has to be noted that the latter experiment was done in HEK293
cells but not in neurons. The exact role of SNP rs12435391 in
the regulation of TMP21 expression in neuronal cells or brains
needs to be further investigated. Secondly, the precise control
of TMP21 expression is crucial to maintain the physiological
functions as both increased and decreased TMP21 expression is

lethal in mice (Denzel et al., 2000; Gong et al., 2012). It suggests
that TMP21 might has bidirectional roles, which is common for
many important molecules, such as regulator of calcineurin 1
(Wu and Song, 2013; Yan et al., 2014; Duan et al,, 2015; Wu
et al., 2015). Thus, it highly indicates that the precise control
of TMP21 expression is crucial to maintain its physiological
functions, avoiding the pathogenic effects.

Dysregulated calcineurin-NFAT signaling might be implicated
in the dysregulation of TMP21 in AD as TMP21 is positively
regulated by NFAT at transcriptional level (Abdul et al., 2009;
Liu et al.,, 2011; Sun et al.,, 2014; Wu et al., 2014a). First, the
regulator of calcineurin 1 (RCANT1) is significantly increased
in AD brains, which inhibits calcineurin-NFAT signaling (Wu
and Song, 2013). It suggests that increased RCANI may
contribute to the reduction of TMP21 expression in AD.
In addition, elevated oligomeric AP stimulates calcineurin-
NFAT signaling in neurons and astrocytes, which might
promote TMP21 expression in AD (Shankar et al, 2007;
Abdul et al, 2009). Moreover, a number of putative cis-
acting elements located in TMP21 promoter region might
be implicated in the dysregulation of TMP21 transcription
as various transcriptional factors are altered in AD, such as
CREB (Liu et al, 2011; Pugazhenthi et al., 2011; Bartolotti
et al, 2016; Ettcheto et al, 2018). Furthermore, impairment
of ubiquitin-proteasome system in AD might contribute to
TMP21 upregulation as TMP21 is degraded through ubiquitin-
proteasome pathway (Liu et al., 2008). Therefore, aberrant
expression TMP21 in AD is a combined effect by various
regulation mechanisms, and differential alteration of TMP21
observed in AD might be associated with the progress
or stages of AD.

TMP21 IN THE PATHOGENESIS OF AD

Neuritic plaques, neurofibrillary tangles and neuronal loss are
the characteristic neuropathological features in AD brains (Wu
et al., 2014a,b; Wang et al., 2017). Increased evidence indicates
that dysregulated TMP21 promotes neuritic plaque formation.
Moreover, TMP21 dysregulation potentially contributes
to neurofibrillary tangle formation, synaptic impairment
and neuronal loss.

Aberrant Expression of TMP21 Promotes
AB Generation

Neuritic plaques are only observed in AD while neurofibrillar
tangles, synaptic impairment and neuronal loss also exist in many
other neurodegenerative disorders. Thus, neuritic plaques are
the only neuropathological hallmark to distinguish AD from
other neurodegenerative disorders. Amyloid p-protein (Af) is
the major component of neuritic plaques, which is derived from
sequential cleavages of APP by B- and y-secretase. However, the
majority of APP undergoes non-amyloidogenic pathway. First,
APP is cleaved by a-secretase to generate a C-terminal fragment
(CTF) of 83 amino acids (C83), excluding AP generation (Wang
et al, 2017). In addition, beta-site APP cleaving enzyme 2
(BACE2) and n-secretase are also involved in non-amyloidogenic
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pathway although our recent work showed that BACE2 is a
conditional B-secretase under specific conditions (Willem et al.,
2015; Wang et al,, 2019). The minority of APP is cleaved by
beta-site APP cleaving enzyme 1(BACE1) at Aspl (B site) and
Glull (B site, numbering for AP) sites, respectively. Glull
is the major B-cleavage site to yield a CTF with 89 amino
acids (C89). C89 is further cleaved by y-secretase to produce
a truncated AB11—40/42, excluding AP generation. Aspl is the
minor B-cleavage site to generate a CTF with 99 amino acids
(C99) which is further cleaved by y-secretase to produce Ap (Liu
etal., 2002; Deng et al., 2013).

Increased evidence indicates that dysregulated TMP21 is
implicated in increased AP generation in AD (Figure 1A).
First, y-secretase is a protein complex consisting of PSEN1 or
PSEN2, nicastrin, APH-1 and PEN-2, while TMP21 is a non-
essential component of the complex (Wang et al., 2017). As a
modulator of y-secretase, reduced TMP21 expression promotes
AR generation by increasing y-secretase cleavage of APP at y-site
(Chen et al., 2006; Bromley-Brits and Song, 2012). Secondly,
TMP21, likely other p24 family proteins, regulates the trafficking
of APP, which further affects Af production. For example,
knockdown of TMP21 expression by specific siRNA increases
the stability and maturation of nascent APP in both non-
neuronal and neuroblastoma cell lines, contributing to increased
APP level and AP generation. Moreover, TMP21 suppression
compromises bidirectional transport of APP in the ER/Golgi,

resulting in more APP undergoing amyloidogenic cleavage in
endocytic compartments, as well as secretion of sAPP, AB40
and AP42 (Vetrivel et al.,, 2007). Our recent work showed that
reduced TMP21 inhibits the expression of phosphoinositide-
3-kinase regulatory subunit 1(PiK3rl) in mouse brains, which
might release the inhibitory effect of PI3K/AKT on GSK3f
contributing to increased activity of GSK3p (Zhang et al,
2019). Increased GSK3p activity promotes APP phosphorylation
facilitating APP stability and AP generation (Wang et al., 2017).
On the other hand, increased GSK3 activity felicitates NF-kB-
mediated BACE1 expression and activity, which further promotes
APP processing and AP generation (Ly et al., 2013).
AD-associated SNP rs12435391 in intron 4 of TMP2I
gene increases TMP21 expression, which promotes AP
generation (Zhang et al, 2018). It remains unknown that
this effect is mediated by regulating y-secretase activity or
modification/trafficking of APP or BACE1 activity. In addition,
as a vesicle trafficking protein, aberrant expression of TMP21
might also regulate the trafficking and stability of multiple
proteins involved in APP processing (e.g., APP, a-secretase,
BACE1l, BACE2), leading to increased AP generation. For
example, TMP21 does affect APP stability contributing to the
alteration of AP production (Vetrivel et al., 2007). Furthermore,
TMP21 might be implicated in mTOR- or PI3K-mediated GSK3p
activation, which subsequently contributes to increased AP
generation by upregulating APP expression, BACE1 expression

A APP trafficking/stability
TMP21

> AMPK/mTOR l

y-secretase

B PKC3
TMP21 AMPK/mTOR
GSK3p

PI3K/AKT

TMP21
> PKC?d

—»AMPK/mTOR

- MAPK signaling

—»PI3K/IAKT signaling
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FIGURE 1 | TMP21 in the pathogenesis of AD. (A) TMP21 dysregulation promotes AB generation. (B) TMP21 dysregulation might increase Tau phosphorylation.
(C) TMP21 dysregulation might contribute to synaptic impairment and neuronal loss.
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and y-secretase activity (Qing et al., 2008; Caccamo et al., 2013;
Ly et al.,, 2013; Yang et al., 2013; Xu et al., 2015; Wang et al,,
2017; Zhang et al., 2019). However, it has to be noted that the
effect of increased TMP21 on promoting AP generation was
determined in HEK293 cells but not in neurons. The exact role
of SNP rs12435391 in AP generation in brain or neuronal cells
needs to be further investigated.

TMP21 possibly plays a bidirectional role in AB production
as both upregulation and downregulation of TMP21 promotes
AP generation in HEK293. In addition, TMP21 dysregulation
does show bidirectional functions in mice as both the
increase and decrease of TMP21 expression is lethal in
mice (Denzel et al, 2000; Gong et al., 2012). Moreover, the
bidirectional roles are common for many important molecules.
For example, both upregulation and downregulation of regulator
of calcineurin 1 facilitates neuronal apoptosis (Wu and Song,
2013; Yan et al., 2014; Duan et al., 2015; Wu et al., 2015).
Thus, the effect of TMP21 dysregultion on AP generation
in neuronal cells and underlying mechanisms need to be
further investigated.

Potential Roles of Dysregulated TMP21
in Tau Phosphorylation and Neuronal

Loss

The major component of neurofibrillary tangles is
hyperphosphorylated Tau. Increased Tau phosphorylation
promotes neurofibrillary tangle formation (Wu et al., 2014b).
Although no direct evidence supports that TMP21 plays a
role in Tau phosphorylation, a couple of studies indicates
that TMP21 might contribute to the regulation of Tau
phosphorylation (Figure 1B) (Tsujio et al, 2000; Wang
et al,, 2011; Caccamo et al,, 2013; Xu et al,, 2015; Lee et al,,
2017; Zhang et al., 2019). First, increased A promotes Tau
hyperphosphorylation via various mechanisms, e.g., oxidative
stress, while TMP21 dysregulation contributes to AP generation
(Wu et al., 2014b). It suggests that dysregulated TMP21 might
promote Tau hyperphosphorylation mediated by increasing AP
generation. In addition, increasing mT'OR activity promotes Tau
phosphorylation, while reduced TMP21 expression facilitates
the activation of mTOR (Caccamo et al., 2013; Xu et al,
2015). It suggests that reduced TMP21 might promote mTOR-
mediated Tau phosphorylation contributing to neurofibrillary
tangle formation in AD (Lee et al,, 2017). Moreover, protein
kinase C delta (PKC8) inactivates GSK3@-mediated Tau
phosphorylation, while TMP21 inhibits PKC3 activation (Tsujio
et al.,, 2000; Wang et al.,, 2011). Consistently, our recent work
indicates that reduced TMP21 might increase GSK3f activity
by downregulating PiK3rl expression (Zhang et al., 2019). It
suggests that aberrant expression TMP21 might play a role in
Tau hyperphosphorylation contributing to neurofibrillary tangle
formation in AD via various mechanisms.

Synaptic impairment and neuronal loss is the major
cause leading to cognitive impairment and psychosis in AD.
However, the role of aberrant expression of TMP21 in synaptic
dysfunction and neuronal loss is elusive. Growing evidence
indicates that TMP21 might be involved in synaptic dysfunction

and neuronal loss in AD (Figure 1C). First, changes in
TMP21 expression might be implicated in the dysfunction
of ER processing and export of glycosylphosphatidylinositols-
associated proteins (GPI-APs), which acts as a modulator
of synapse development via direct interactions with key
synapse-organizing proteins (Um and Ko, 2017; Kim et al,
2019). TMP21 is a member of p24 protein which specifically
recognizes GPI-APs and is essential for GPI-APs quality
control. Either dysregulation or dysfunction of TMP21 may
lead to abnormal synaptic stability via faulty quality-control
of GPI-APs, which has been reported in the frontal cortex
of elderly subjects with schizophrenia (Kim et al., 2019).
Consistently, TMP21 reduction significantly affects synapse-
associated biological processes and pathways in mouse brains,
e.g., synaptic development, synapse organization and synaptic
vesicle cycle etc. (Zhang et al, 2019). Moreover, TMP21
inhibits mTOR- and PKC3-mediated apoptosis in cancer cells,
while dysfunction of mTOR- and PKC3 is implicated in
synaptic impairment and neuronal apoptosis (Caccamo et al.,
2010; Wang et al, 2011; Xu et al, 2015). It suggests that
dysregulation of TMP21 might be implicated in synaptic
impairment and neuronal apoptosis. In addition, TMP21
reduction could lead to the dysregulation of multiple pathways,
e.g., G-protein coupled receptor signaling pathway, MAPK
signaling pathway, PI3K-AKT pathway etc., which play an
important role in synaptic impairment and neuronal apoptosis,
such as apelin and apelin receptor system (Franco et al., 2017;
Qiu et al, 2017; Wu et al, 2017, 2018; Zhang et al.,, 2019).
Furthermore, TMP21 dysregulation facilitates AB generation
and potentially increases Tau hyperphosphorylation, which
subsequently promotes synaptic impairment and neuronal loss.
For example, AP-induced dysregulation of an NMDA-type
glutamate receptor-dependent signaling promotes synapse loss,
while TMP21 dysregulation promotes AP generation. It suggests
that dysregulated TMP21 might trigger synapse loss through
AB-induced dysfunction of the NMDA-type glutamate receptor
(Shankar et al., 2007). Hyperphosphorylation of Tau promotes
neuronal apoptosis, while TMP21 potentially increases Tau
phosphorylation, suggesting that dysregulated TMP21 might
promotes neuronal apoptosis by increasing Tau phosphorylation
(Lee et al, 2017). Therefore, TMP21 dysregulation might
contribute to synaptic impairment and neuronal loss, which is
mediated by the direct effect of TMP21 dysregulation or the
indirect effect of TMP21 dysregulation-induced increased Af
generation and Tau phosphorylation.

CONCLUSION

Growing evidence indicates that TMP21 might play a central role
in the pathogenesis of AD and it might be a specific and effective
target for AD treatment. First, dysregulated TMP21 promotes
AP generation by modulating APP trafficking/stability and
y-secretase activity, while it potentially regulates BACEI1
expression and activity. Importantly, TMP21 regulates
y-secretase cleavage of APP at the vy-site, however, it has
no effect on the y-secretase cleavage of Notch at the e-site.
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It is well-known that inhibiting Notch cleavage and its
functions is a major obstacle to develop y-secretase inhibitors
for AD treatment. The specific feature of TMP21, inhibiting
y-cleavage but sparing e-cleavage, makes it as a potential target
to reduce AP generation and avoid toxic effects. Although
no direct evidence shows that TMP21 plays a role in Tau
pathology and synaptic/neuronal loss, a number of studies
suggest that TMP21 dysregulation might be implicated in
Tau pathology and synaptic/neuronal loss. Above evidence
indicates that modulating TMP21 expression is a potential
target for AD treatment. However, targeting TMP21 for
AD treatment is limited by the following reasons. First,
developing an approach to precisely controlling TMP21
expression is crucial for clinical application. Moreover,
elucidating a number of issues is critical for developing effective
TMP21-targeting approaches, e.g., the consistence of TMP21
regulation in neurons and non-neuronal cells, the physiological
function of TMP21, temporal regulation of TMP21 during
AD progress etc.

REFERENCES

Abdul, H. M., Sama, M. A., Furman, J. L., Mathis, D. M., Beckett, T. L., Weidner,
A. M, et al. (2009). Cognitive decline in alzheimer’s disease is associated with
selective changes in calcineurin/NFAT signaling. J. Neurosci. 29, 12957-12969.
doi: 10.1523/JNEUROSCI.1064-09.2009

Anantharaman, V., and Aravind, L. (2002). The gold domain, a novel protein
module involved in golgi function and secretion. Genome Biol. 3:research0023.

Barr, F. A., Preisinger, C., Kopajtich, R., and Kérner, R. (2001). Golgi matrix
proteins interact with p24 cargo receptors and aid their efficient retention
in the golgi apparatus. J. Cell Biol. 155, 885-892. doi: 10.1083/jcb.2001
08102

Bartolotti, N., Bennett, D. A. and Lazarov, O. (2016). Reduced pCREB
in alzheimer’s disease prefrontal cortex is reflected in peripheral blood
mononuclear cells. Mol. Psychiatry 21, 1158-1166. doi: 10.1038/mp.2016.111

Belden, W. J., and Barlowe, C. (2001). Distinct roles for the cytoplasmic tail
sequences of Emp24p and Erv25p in transport between the endoplasmic
reticulum and golgi complex. J. Biol. Chem. 276, 43040-43048. doi: 10.1074/
jbc.m108113200

Blum, R., Feick, P., Puype, M., Vandekerckhove, J., Klengel, R., Nastainczyk, W.,
et al. (1996). Tmp21 and p24A, two type i proteins enriched in pancreatic
microsomal membranes, are members of a protein family involved in vesicular
trafficking. J. Biol. Chem. 271, 17183-17189. doi: 10.1074/jbc.271.29.17183

Blum, R., and Lepier, A. (2008). The luminal domain of p23 (Tmp21) plays a critical
role in p23 cell surface trafficking. Traffic 9, 1530-1550. doi: 10.1111/j.1600-
0854.2008.00784.x

Bromley-Brits, K., and Song, W. (2012). The role of TMP21 in trafficking and
amyloid-B precursor protein (APP) processing in alzheimer’s disease. Curr.
Alzheimer Res. 9, 411-424. doi: 10.2174/156720512800492521

Caccamo, A., Magri, A., Medina, D. X., Wisely, E. V., Lopez-Aranda, M. F,, Silva,
A. ], et al. (2013). mTOR regulates tau phosphorylation and degradation:
implications for alzheimer’s disease and other tauopathies. Aging Cell 12,
370-380. doi: 10.1111/acel.12057

Caccamo, A., Majumder, S., Richardson, A., Strong, R., and Oddo, S. (2010).
Molecular interplay between mammalian target of rapamycin (mTOR),
amyloid-beta, and tau: effects on cognitive impairments. J. Biol. Chem. 285,
13107-13120. doi: 10.1074/jbc.M110.100420

Carney, G. E., and Bowen, N. J. (2004). p24 proteins, intracellular trafficking, and
behavior: Drosophila melanogaster provides insights and opportunities. Biol.
Cell 96, 271-278. doi: 10.1111/j.1768-322x.2004.tb01415.x

Castillon, G. A., Watanabe, R., Taylor, M., Schwabe, T. M., and Riezman, H. (2009).
Concentration of GPI-anchored proteins upon ER exit in yeast. Traffic 10,
186-200. doi: 10.1111/§.1600-0854.2008.00857.x

AUTHOR CONTRIBUTIONS

YW conceived and formulated the manuscript. KQ, XZ, SW,
CL, XW, and YW wrote the manuscript. XZ, XL, and YW
revised the manuscript.

FUNDING

This work was supported by the National Natural
Science Foundation of China (NSFC) Grant 81771147
to YW, Grant 81501108 to XZ, Grant 31701247
to XL, Science and Technology Bureau of Jining
City Grant 2017SMNS006 to SW, Teacher Research
Support  Foundation of Jining Medical  University
Grant JY2017JS001 to XW, and Research Fund for
Lin Hes Academician Workstation of New Medicine

and Clinical Translation
Grant JYHL2018MS07 to XW.

in Jining Medical University

Chen, F., Hasegawa, H., Schmitt-Ulms, G., Kawarai, T., Bohm, C., Katayama,
T., et al. (2006). TMP21 is a presenilin complex component that modulates
gamma-secretase but not epsilon-secretase activity. Nature 440, 1208-1212.
doi: 10.1038/nature04667

Deng, Y., Wang, Z., Wang, R., Zhang, X., Zhang, S., Wu, Y., et al. (2013).
Amyloid-beta protein (Abeta) Glull is the major beta-secretase site of beta-
site amyloid-beta precursor protein-cleaving enzyme 1(BACEL), and shifting
the cleavage site to abeta aspl contributes to alzheimer pathogenesis. Eur. J.
Neurosci. 37,1962-1969. doi: 10.1111/ejn.12235

Denzel, A, Otto, F., Girod, A., Pepperkok, R., Watson, R., Rosewell, I, et al. (2000).
The p24 family member p23 is required for early embryonic development. Curr.
Biol. 10, 55-58. doi: 10.1016/s0960-9822(99)00266- 3

Dominguez, M., Dejgaard, K., Fiillekrug, J., Dahan, S., Fazel, A., Paccaud, J. P.,
etal. (1998). gp25L/emp24/p24 protein family members of the cis-golgi network
bind both COP I and II coatomer. J. Cell Biol. 140, 751-765. doi: 10.1083/jcb.
140.4.751

Duan, H.,, Li, Y., Yan, L, Yang, H., Wy, J,, Qian, P., et al. (2015). Rcanl-1L
overexpression induces mitochondrial autophagy and improves cell survival
in angiotensin II-exposed cardiomyocytes. Exp. Cell Res. 335, 99-106. doi:
10.1016/j.yexcr.2015.05.003

Emery, G., Rojo, M., and Gruenberg, J. (2000). Coupled transport of p24 family
members. J. Cell Sci. 113(Pt 13), 2507-2516.

Ettcheto, M., Abad, S., Petrov, D., Pedros, L., Busquets, O., Sanchez-Lopez, E.,
et al. (2018). Early preclinical changes in hippocampal creb-binding protein
expression in a mouse model of familial alzheimer’s disease. Mol. Neurobiol.
55, 4885-4895. doi: 10.1007/s12035-017-0690-4

Franco, R., Martinez-Pinilla, E., Navarro, G., and Zamarbide, M. (2017). Potential
of GPCRs to modulate MAPK and mTOR pathways in alzheimer’s disease. Prog.
Neurobiol. 149-150, 21-38. doi: 10.1016/j.pneurobio.2017.01.004

Gommel, D. U., Memon, A. R., Heiss, A., Lottspeich, F., Pfannstiel, J., Lechner,
J., et al. (2001). Recruitment to golgi membranes of ADP-ribosylation factor
1 is mediated by the cytoplasmic domain of p23. EMBO J. 20, 6751-6760.
doi: 10.1093/emboj/20.23.6751

Gong, P., Roseman, J., Fernandez, C. G., Vetrivel, K. S., Bindokas, V. P., Zitzow,
L. A, etal. (2011). Transgenic neuronal overexpression reveals that stringently
regulated p23 expression is critical for coordinated movement in mice. Mol.
Neurodegener. 6:87. doi: 10.1186/1750-1326-6-87

Gong, P., Roseman, J., Vetrivel, K. S., Bindokas, V. P., Zitzow, L. A., Kar, S,,
et al. (2012). Stringently regulated p23 expression is critical for coordinated
movement in mice: implications for alzheimer’s disease. Mol. Neurodegener.
7(Suppl. 1):L2. doi: 10.1186/1750-1326-6-87

Horer, J., Blum, R., Feick, P., Nastainczyk, W., and Schulz, I. (1999). A comparative
study of rat and human Tmp21 (p23) reveals the pseudogene-like features

Frontiers in Cellular Neuroscience | www.frontiersin.org

July 2019 | Volume 13 | Article 328


https://doi.org/10.1523/JNEUROSCI.1064-09.2009
https://doi.org/10.1083/jcb.200108102
https://doi.org/10.1083/jcb.200108102
https://doi.org/10.1038/mp.2016.111
https://doi.org/10.1074/jbc.m108113200
https://doi.org/10.1074/jbc.m108113200
https://doi.org/10.1074/jbc.271.29.17183
https://doi.org/10.1111/j.1600-0854.2008.00784.x
https://doi.org/10.1111/j.1600-0854.2008.00784.x
https://doi.org/10.2174/156720512800492521
https://doi.org/10.1111/acel.12057
https://doi.org/10.1074/jbc.M110.100420
https://doi.org/10.1111/j.1768-322x.2004.tb01415.x
https://doi.org/10.1111/j.1600-0854.2008.00857.x
https://doi.org/10.1038/nature04667
https://doi.org/10.1111/ejn.12235
https://doi.org/10.1016/s0960-9822(99)00266-3
https://doi.org/10.1083/jcb.140.4.751
https://doi.org/10.1083/jcb.140.4.751
https://doi.org/10.1016/j.yexcr.2015.05.003
https://doi.org/10.1016/j.yexcr.2015.05.003
https://doi.org/10.1007/s12035-017-0690-4
https://doi.org/10.1016/j.pneurobio.2017.01.004
https://doi.org/10.1093/emboj/20.23.6751
https://doi.org/10.1186/1750-1326-6-87
https://doi.org/10.1186/1750-1326-6-87
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Qiu et al.

TMP21 in Alzheimer’s Disease

of human Tmp21-II. DNA Seq. 10, 121-126.
08429

Hosaka, M., Watanabe, T., Yamauchi, Y., Sakai, Y., Suda, M., Mizutani, S.,
et al. (2007). A subset of p23 localized on secretory granules in pancreatic
beta-cells. J. Histochem. Cytochem. 55, 235-245. doi: 10.1369/jhc.6a7093.
2006

Jenne, N., Frey, K., Brugger, B., and Wieland, F. T. (2002). Oligomeric state and
stoichiometry of p24 proteins in the early secretory pathway. J. Biol. Chem. 277,
46504-46511. doi: 10.1074/jbc.m206989200

Kim, P., Scott, M. R.,, and Meador-Woodruff, J. H. (2019). Abnormal ER
quality control of neural GPI-anchored proteins via dysfunction in ER export
processing in the frontal cortex of elderly subjects with schizophrenia. Transl.
Psychiatry 9:6. doi: 10.1038/s41398-018-0359-4

Langhans, M., Marcote, M. J., Pimpl, P., Virgili-Lépez, G., Robinson, D. G., and
Aniento, F. (2008). In vivo trafficking and localization of p24 proteins in plant
cells. Traffic 9, 770-785. doi: 10.1111/j.1600-0854.2008.00719.x

Lee, K. H,, Lee, S. J., Lee, H. J., Choi, G. E,, Jung, Y. H., Kim, D. L, et al. (2017).
Amyloid betal-42 (Abetal-42) induces the cdk2-mediated phosphorylation of
tau through the activation of the mtorcl signaling pathway while promoting
neuronal cell death. Front. Mol. Neurosci. 10:229. doi: 10.3389/fnmol.2017.
00229

Liu, K., Doms, R. W., and Lee, V. M. (2002). Glull site cleavage and n-terminally
truncated a beta production upon bace overexpression. Biochemistry 41, 3128-
3136. doi: 10.1021/bi015800g

Liu, S., Bromley-Brits, K., Xia, K., Mittelholtz, J., Wang, R., and Song,
W. (2008). TMP21 degradation is mediated by the ubiquitin-proteasome
pathway. Eur. J. Neurosci. 28, 1980-1988. doi: 10.1111/j.1460-9568.2008.
06497 x

Liu, S., Zhang, S., Bromley-Brits, K., Cai, F., Zhou, W., Xia, K., et al. (2011).
Transcriptional regulation of TMP21 by NFAT. Mol. Neurodegener. 6:21.
doi: 10.1186/1750-1326-6-21

Ly, P. T., Wu, Y., Zou, H., Wang, R., Zhou, W., Kinoshita, A., et al. (2013).
Inhibition of GSK3beta-mediated BACE1 expression reduces alzheimer-
associated phenotypes. J. Clin. Invest. 123, 224-235. doi: 10.1172/JCI64516

Muiiiz, M., Nuoffer, C., Hauri, H. P., and Riezman, H. (2000). The Emp24 complex
recruits a specific cargo molecule into endoplasmic reticulum-derived vesicles.
J. Cell Biol. 148, 925-930. doi: 10.1083/jcb.148.5.925

Nagae, M., Hirata, T., Morita-Matsumoto, K., Theiler, R., Fujita, M., Kinoshita, T.,
et al. (2016). 3D structure and interaction of p24p and p243 golgi dynamics
domains: implication for p24 complex formation and cargo transport. J. Mol.
Biol. 428, 4087-4099. doi: 10.1016/j.jmb.2016.08.023

Pardossi-Piquard, R., Bohm, C., Chen, F., Kanemoto, S., Checler, F., Schmitt-Ulms,
G., et al. (2009). TMP21 transmembrane domain regulates gamma-secretase
cleavage. J. Biol. Chem. 284, 28634-28641. doi: 10.1074/jbc.M109.059345

Pastor-Cantizano, N., Montesinos, J. C., Bernat-Silvestre, C., Marcote, M. J., and
Aniento, F. (2016). p24 family proteins: key players in the regulation of
trafficking along the secretory pathway. Protoplasma 253, 967-985. doi: 10.
1007/s00709-015-0858-6

Patterson, C. (2018). World Alzheimer Report 2018. London: Alzheimer’s Disease
International (ADI).

Pugazhenthi, S., Wang, M., Pham, S., Sze, C. L, and Eckman, C. B. (2011).
Downregulation of CREB expression in alzheimer’s brain and in abeta-treated
rat hippocampal neurons. Mol. Neurodegener. 6:60. doi: 10.1186/1750-13
26-6-60

Qing, H., He, G., Ly, P. T., Fox, C. J., Staufenbiel, M., Cai, F., et al. (2008). Valproic
acid inhibits abeta production, neuritic plaque formation, and behavioral
deficits in alzheimer’s disease mouse models. J. Exp. Med. 205, 2781-2789.
doi: 10.1084/jem.20081588

Qiu, J., Wang, X., Wu, F., Wan, L., Cheng, B., Wu, Y., et al. (2017). Low dose of
apelin-36 attenuates er stress-associated apoptosis in rats with ischemic stroke.
Front. Neurol. 8:556. doi: 10.3389/fneur.2017.00556

Schimmoller, F., Singer-Kriiger, B., Schroder, S., Kriiger, U., Barlowe, C., and
Riezman, H. (1995). The absence of Emp24p, a component of ER-derived
COPII-coated vesicles, causes a defect in transport of selected proteins to the
golgi. EMBO J. 14, 1329-1339. doi: 10.1002/j.1460-2075.1995.tb07119.x

Shankar, G. M., Bloodgood, B. L., Townsend, M., Walsh, D. M., Selkoe, D. J.,
and Sabatini, B. L. (2007). Natural oligomers of the alzheimer amyloid-beta
protein induce reversible synapse loss by modulating an NMDA-type glutamate

doi: 10.3109/104251799090

receptor-dependent signaling pathway. J. Neurosci. 27, 2866-2875. doi: 10.
1523/jneurosci.4970-06.2007

Sorbi, S., Hort, J., Erkinjuntti, T., Fladby, T., Gainotti, G., Gurvit, H., et al. (2012).
EFNS-ENS guidelines on the diagnosis and management of disorders associated
with dementia. Eur. J. Neurol. 19, 1159-1179. doi: 10.1111/j.1468-1331.2012.
03784.x

Stamnes, M. A., Craighead, M. W., Hoe, M. H., Lampen, N., Geromanos, S.,
Tempst, P., et al. (1995). An integral membrane component of coatomer-
coated transport vesicles defines a family of proteins involved in budding.
Proc. Natl. Acad. Sci. US.A 92, 8011-8015. doi: 10.1073/pnas.92.17.
8011

Strating, J. R., and Martens, G. J. (2009). The p24 family and selective transport
processes at the ER-golgi interface. Biol Cell 101, 495-509. doi: 10.1042/
BC20080233

Strating, J. R., Van Bakel, N. H., Leunissen, J. A., and Martens, G. J. (2009).
A comprehensive overview of the vertebrate p24 family: identification of a
novel tissue-specifically expressed member. Mol. Biol. Evol. 26, 1707-1714.
doi: 10.1093/molbev/msp099

Sun, X., Wu, Y., Herculano, B., and Song, W. (2014). RCAN1 overexpression
exacerbates calcium overloading-induced neuronal apoptosis. PLoS One
9:95471. doi: 10.1371/journal.pone.0095471

Theiler, R., Fujita, M., Nagae, M., Yamaguchi, Y., Maeda, Y., and Kinoshita,
T. (2014). The alpha-helical region in p24gamma2 subunit of p24
protein cargo receptor is pivotal for the recognition and transport
of glycosylphosphatidylinositol-anchored proteins. J. Biol. Chem. 289,
16835-16843. doi: 10.1074/jbc.M114.568311

Tsujio, I., Tanaka, T., Kudo, T., Nishikawa, T., Shinozaki, K., Grundke-Igbal, I.,
et al. (2000). Inactivation of glycogen synthase kinase-3 by protein kinase
¢ delta: implications for regulation of tau phosphorylation. FEBS Lett. 469,
111-117. doi: 10.1016/s0014-5793(00)01234-5

Um, J. W, and Ko, J. (2017). Neural glycosylphosphatidylinositol-anchored
proteins in synaptic specification. Trends Cell Biol. 27, 931-945. doi: 10.1016/
j-tcb.2017.06.007

Vetrivel, K. S., Gong, P., Bowen, J. W., Cheng, H., Chen, Y., Carter, M., et al. (2007).
Dual roles of the transmembrane protein p23/TMP21 in the modulation of
amyloid precursor protein metabolism. Mol. Neurodegener. 2:4.

Vetrivel, K. S., Kodam, A., Gong, P., Chen, Y., Parent, A. T., Kar, S., et al. (2008).
Localization and regional distribution of p23/TMP21 in the brain. Neurobiol.
Dis. 32, 37-49. doi: 10.1016/j.nbd.2008.06.012

Walsh, D. M., and Selkoe, D. J. (2004). Deciphering the molecular basis of memory
failure in alzheimer’s disease. Neuron 44, 181-193. doi: 10.1016/j.neuron.2004.
09.010

Wang, H., Xiao, L., and Kazanietz, M. G. (2011). p23/Tmp21 associates with
protein kinase cdelta (PKCdelta) and modulates its apoptotic function. J. Biol.
Chem. 286, 15821-15831. doi: 10.1074/jbc.M111.227991

Wang, X., Zhou, X, Li, G, Zhang, Y., Wu, Y., and Song, W. (2017). Modifications
and trafficking of APP in the pathogenesis of Alzheimer’s Disease. Front. Mol.
Neurosci. 10:294. doi: 10.3389/fnmol.2017.00294

Wang, Z., Xu, Q.,, Cai, F, Liu, X,, Wu, Y., and Song, W. (2019). BACE2, a
conditional beta-secretase, contributes to alzheimer’s disease pathogenesis. JCI
Insight doi: 10.1172/jci.insight.123431 [Epub ahead of print].

Willem, M., Tahirovic, S., Busche, M. A., Ovsepian, S. V., Chafai, M,
Kootar, S., et al. (2015). eta-secretase processing of APP inhibits neuronal
activity in the hippocampus. Nature 526, 443-447. doi: 10.1038/naturel
4864

Wu, F, Qiu, J., Fan, Y., Zhang, Q. Cheng, B, Wu, Y, et al. (2018).
Apelin-13 attenuates ER stress-mediated neuronal apoptosis by activating
Galphai/Galphaq-CK2 signaling in ischemic stroke. Exp. Neurol. 302, 136-144.
doi: 10.1016/j.expneurol.2018.01.006

Wu, Y., Deng, Y., Zhang, S., Luo, Y., Cai, F., Zhang, Z., et al. (2015). Amyloid-beta
precursor protein facilitates the regulator of calcineurin 1-mediated apoptosis
by downregulating proteasome subunit alpha type-5 and proteasome subunit
beta type-7. Neurobiol. Aging 36, 169-177. doi: 10.1016/j.neurobiolaging.2014.
07.029

Wu, Y, Ly, P. T, and Song, W. (2014a). Aberrant expression of rcanl
in alzheimers pathogenesis: a new molecular mechanism and a novel
drug target. Mol. Neurobiol. 50, 1085-1097. doi: 10.1007/s12035-014-
8704-y

Frontiers in Cellular Neuroscience | www.frontiersin.org

July 2019 | Volume 13 | Article 328


https://doi.org/10.3109/10425179909008429
https://doi.org/10.3109/10425179909008429
https://doi.org/10.1369/jhc.6a7093.2006
https://doi.org/10.1369/jhc.6a7093.2006
https://doi.org/10.1074/jbc.m206989200
https://doi.org/10.1038/s41398-018-0359-4
https://doi.org/10.1111/j.1600-0854.2008.00719.x
https://doi.org/10.3389/fnmol.2017.00229
https://doi.org/10.3389/fnmol.2017.00229
https://doi.org/10.1021/bi015800g
https://doi.org/10.1111/j.1460-9568.2008.06497.x
https://doi.org/10.1111/j.1460-9568.2008.06497.x
https://doi.org/10.1186/1750-1326-6-21
https://doi.org/10.1172/JCI64516
https://doi.org/10.1083/jcb.148.5.925
https://doi.org/10.1016/j.jmb.2016.08.023
https://doi.org/10.1074/jbc.M109.059345
https://doi.org/10.1007/s00709-015-0858-6
https://doi.org/10.1007/s00709-015-0858-6
https://doi.org/10.1186/1750-1326-6-60
https://doi.org/10.1186/1750-1326-6-60
https://doi.org/10.1084/jem.20081588
https://doi.org/10.3389/fneur.2017.00556
https://doi.org/10.1002/j.1460-2075.1995.tb07119.x
https://doi.org/10.1523/jneurosci.4970-06.2007
https://doi.org/10.1523/jneurosci.4970-06.2007
https://doi.org/10.1111/j.1468-1331.2012.03784.x
https://doi.org/10.1111/j.1468-1331.2012.03784.x
https://doi.org/10.1073/pnas.92.17.8011
https://doi.org/10.1073/pnas.92.17.8011
https://doi.org/10.1042/BC20080233
https://doi.org/10.1042/BC20080233
https://doi.org/10.1093/molbev/msp099
https://doi.org/10.1371/journal.pone.0095471
https://doi.org/10.1074/jbc.M114.568311
https://doi.org/10.1016/s0014-5793(00)01234-5
https://doi.org/10.1016/j.tcb.2017.06.007
https://doi.org/10.1016/j.tcb.2017.06.007
https://doi.org/10.1016/j.nbd.2008.06.012
https://doi.org/10.1016/j.neuron.2004.09.010
https://doi.org/10.1016/j.neuron.2004.09.010
https://doi.org/10.1074/jbc.M111.227991
https://doi.org/10.3389/fnmol.2017.00294
https://doi.org/10.1172/jci.insight.123431
https://doi.org/10.1038/nature14864
https://doi.org/10.1038/nature14864
https://doi.org/10.1016/j.expneurol.2018.01.006
https://doi.org/10.1016/j.neurobiolaging.2014.07.029
https://doi.org/10.1016/j.neurobiolaging.2014.07.029
https://doi.org/10.1007/s12035-014-8704-y
https://doi.org/10.1007/s12035-014-8704-y
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Qiu et al.

TMP21 in Alzheimer’s Disease

Wu, Y., Xu, Q,, and Song, W. (2014b). “Oxidative stress and alzheimer’s disease,”
in Systems Biology of Free Radicals and Antioxidants, ed. 1. Laher (Berlin:
Springer), 2147-2174.

Wu, Y., and Song, W. (2013). Regulation of rcanl translation and its role in
oxidative stress-induced apoptosis. FASEB J. 27, 208-221. doi: 10.1096/fj.12-
213124

Wu, Y., Wang, X, Zhou, X, Cheng, B, Li, G, and Bai, B. (2017).
Temporal expression of apelin/apelin receptor in ischemic stroke and its
therapeutic potential. Front. Mol. Neurosci. 10:1. doi: 10.3389/fnmol.2017.0
0001

Xie, J., Yang, Y., Li, J., Hou, J., Xia, K., Song, W., et al. (2014). Expression
of tmp2l in normal adult human tissues. Int. J. Clin. Exp. Med.
7,2976-2983.

Xu, X., Gao, H., Qin, J., He, L., and Liu, W. (2015). TMP21 modulates cell growth
in papillary thyroid cancer cells by inducing autophagy through activation of
the AMPK/mTOR pathway. Int. J. Clin. Exp. Pathol. 8, 10824-10831.

Yan, L., Yang, H., Li, Y., Duan, H., Wu, J., Qian, P., et al. (2014). Regulator of
calcineurin 1-1L protects cardiomyocytes against hypoxia-induced apoptosis
via mitophagy. J. Cardiovasc. Pharmacol. 64, 310-317. doi: 10.1097/F]JC.
0000000000000121

Yang, Y., Wu, Y., Zhang, S., and Song, W. (2013). High glucose promotes abeta
production by inhibiting APP degradation. PLoS One 8:¢69824. doi: 10.1371/
journal.pone.0069824

Zhang, X., Wu, Y., Cai, F,, Liu, S., Bromley-Brits, K., Xia, K., et al. (2018). A novel
alzheimer-associated snp in tmp21 increases amyloidogenesis. Mol. Neurobiol.
55, 1862-1870. doi: 10.1007/s12035-017-0459-9

Zhang, X., Wu, Y., Cai, F.,, and Song, W. (2019). Regulation of global gene
expression in brain by TMP21. Mol. Brain 12:39. doi: 10.1186/s13041-019-
0460-5

Conflict of Interest Statement: 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.

Copyright © 2019 Qiu, Zhang, Wang, Li, Wang, Li and Wu. 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 Cellular Neuroscience | www.frontiersin.org 8

July 2019 | Volume 13 | Article 328


https://doi.org/10.1096/fj.12-213124
https://doi.org/10.1096/fj.12-213124
https://doi.org/10.3389/fnmol.2017.00001
https://doi.org/10.3389/fnmol.2017.00001
https://doi.org/10.1097/FJC.0000000000000121
https://doi.org/10.1097/FJC.0000000000000121
https://doi.org/10.1371/journal.pone.0069824
https://doi.org/10.1371/journal.pone.0069824
https://doi.org/10.1007/s12035-017-0459-9
https://doi.org/10.1186/s13041-019-0460-5
https://doi.org/10.1186/s13041-019-0460-5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	TMP21 in Alzheimer's Disease: Molecular Mechanisms and a Potential Target
	Introduction
	Characteristics of Tmp21
	p24 Family Proteins
	Regulation of TMP21 Expression
	Tissue-Specific Expression and Functions in vivo
	Subcellular Distribution and Molecular Functions

	Aberrant Expression of Tmp21 in AD
	Tmp21 in the Pathogenesis of Ad
	Aberrant Expression of TMP21 Promotes Aβ Generation
	Potential Roles of Dysregulated TMP21 in Tau Phosphorylation and Neuronal Loss

	Conclusion
	Author Contributions
	Funding
	References


