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Roles of THEM4 in the Akt pathway: a double-edged sword
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Abstract: The protein kinase B (Akt) pathway can regulate the growth, proliferation, and metabolism of tumor cells and stem
cells through the activation of multiple downstream target genes, thus affecting the development and treatment of a range of
diseases. Thioesterase superfamily member 4 (THEM4), a member of the thioesterase superfamily, is one of the Akt kinase-
binding proteins. Some studies on the mechanism of cancers and other diseases have shown that THEM4 binds to Akt to
regulate its phosphorylation. Initially, THEM4 was considered an endogenous inhibitor of Akt, which can inhibit the
phosphorylation of Akt in diseases such as lung cancer, pancreatic cancer, and liver cancer, but subsequently, THEM4 was
shown to promote the proliferation of tumor cells by positively regulating Akt activity in breast cancer and nasopharyngeal
carcinoma, which contradicts previous findings. Considering these two distinct views, this review summarizes the important
roles of THEM4 in the Akt pathway, focusing on THEM4 as an Akt-binding protein and its regulatory relationship with Akt
phosphorylation in various diseases, especially cancer. This work provides a better understanding of the roles of THEM4
combined with Akt in the treatment of diseases.
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1 Introduction transduction pathway. Akt3 is highly expressed in the

brain, as well as in the testis, and plays a key role in

Protein kinase B (Akt/PKB) is a serine/threonine
protein kinase of the AGC family (named after PKA,
PKG, and PKC), which consists of three main iso-
forms, Aktl (PKBa), Akt2 (PKBp), and Akt3 (PKBy)
(Revathidevi and Munirajan, 2019), as shown in Fig. 1.
Aktl is expressed mainly in tissues and is involved in
phylogeny, inducing protein synthesis and promoting
cell growth. Akt2 is widely expressed in muscle and
adipocytes and is involved in glucose metabolism,
which is an important protein in the insulin signal

P4 Caiping REN, rencaiping@csu.edu.cn
Jie LIU, braindream(@]163.com
Caiping REN, https://orcid.org/0000-0001-6880-7394
Jie LIU, https://orcid.org/0009-0000-3807-226X
Wen XIE, https://orcid.org/0009-0003-9093-9627

Received June 26, 2023; Revision accepted Oct. 10, 2023;
Crosschecked June 18, 2024

© Zhejiang University Press 2024

the development of the nervous system. Akt contains
three main structural domains: the N-terminal pleck-
strin homology (PH) domain, the intermediate kinase
structural domain, and the C-terminal regulatory struc-
tural domain. The PH and catalytic structural domains
are relatively conserved. The activation pathway of
Akt is closely related to the structural domain and can
be classified into three types: phosphatidylinositol-3-
kinase (PI3K)-dependent, PI3K-independent, and pro-
tein factor regulation. After stimulation by external
cellular stimuli, such as hormones, chemotherapeutic
agents, and growth factors, PI3K is activated and pro-
duces phosphatidylinositol-(3,4, 5)-trisphosphate (PIP3).
The PH domain has great affinity for PIP3 and, upon
binding to PIP3, the Akt conformation is altered, re-
sulting in the phosphorylation of its Thr308 and Ser473
sites. The Thr308 site is located in the catalytic do-
main, and the Ser473 site is located in the C-terminal
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Fig. 1 Schematic diagram of the protein kinase B (Akt) isoforms’ domains. Akt consists of three isoforms: Aktl, Akt2,
and Akt3. Each isoform contains an N-terminal pleckstrin homology (PH) domain, an intermediate kinase structural
domain, and a C-terminal regulatory structural domain. The difference is that they have diverse phosphorylation (P) sites.

regulatory domain. Activated Akt can further activate
numerous downstream proteins, such as protein 21
(P21), P27, mechanistic target of rapamycin (mTOR),
and murine double minute 2 (MDM?2), thereby regu-
lating cell proliferation, cycling, glucose metabolism,
and growth, and further participating in the development
of a series of cancers (Shariati and Meric-Bernstam,
2019; Li et al., 2023), nervous systems (Maiese et al.,
2012), and cardiovascular diseases (Abeyrathna and
Su, 2015). The Akt pathway is regulated at multiple
levels in the cell, forming a vast regulatory network
that plays a crucial role in cancer progression and
stem cell development (Jafari et al., 2019; Song et al.,
2019).

Thioesterase superfamily member 4 (THEM4),
also known as C-terminal modulator protein (CTMP),
is a 240-amino acid (aa) protein that belongs to the
thioesterase family (Caswell et al., 2022). Its protein
structure primarily comprises helices, loops, and
B-strands. THEM4 has been found to contain a C-
terminal hotdog-fold acyl-coenzyme A (CoA) thioes-
terase domain. This domain can hydrolyze the thioes-
ter bond of acyl-CoA molecules, converting them into
their respective acids and CoA. The hotdog-fold acyl-
CoA thioesterase domain plays a crucial role in regu-
lating fatty acid metabolism and other related meta-
bolic pathways. Furthermore, THEM4 possesses an
N-terminal mitochondrial localization signal. This sig-
nal functions as a targeting signal, guiding THEM4 to
be specifically localized within the mitochondria of
cells (Zhao et al., 2012). Maira et al. (2001) discovered
THEM4 and demonstrated its binding to the COOH
terminus of Akt. Subsequent research has further ex-
plored this interaction and confirmed the binding

between the N-terminal regions (1-64 aa) of THEM4
and Akt (Liu et al., 2013).

Basic research has shown that THEM4 acts as
an endogenous inhibitor of Akt in certain diseases
(Maira et al., 2001; Kao et al., 2023), while promot-
ing the phosphorylation of Akt and activating the Akt
pathway in other diseases (Liu et al.,, 2013; Chang
et al., 2016). This indicates that the role of THEM4 in
the Akt pathway is double-sided and it is not fully
understood. Therefore, the aim of this study is to fur-
ther investigate the negative/positive regulation rela-
tionship between THEM4 and Akt, to elucidate the
mechanisms by which THEM4 affects the Akt path-
way in different diseases. This work is critical for ex-
ploring the therapeutic potential of THEM4 in clinical
settings, aiding in the identification of new treatment
targets and targeted drugs. Additionally, it can contrib-
ute to a better understanding of the molecular mech-
anisms underlying tumor cell growth, proliferation,
and metastasis, thus advancing disease research.

2 THEM4 functions as a negative regulator
of Akt

2.1 Lung cancer

Lung cancer is one of the most common cancers
worldwide due to poor lifestyle habits such as smok-
ing, a high-phosphorus diet, and working in dusty or
smoke-filled workplaces. Currently, it is mainly treated
through surgery, radiation therapy, chemotherapy,
and the use of inhibitors targeting epidermal growth
factor receptor (EGFR), anaplastic lymphoma kinase



(ALK), and c-ros oncogene 1, receptor tyrosine kinase
(ROS1). However, millions of patients still die from
lung cancer each year (Duma et al., 2019; Thai et al.,
2021). Phosphorus is a common additive in food, and
high phosphorus can improve the storage capacity of
food. However, Jin et al. (2009) reported that a high
phosphate content in food is not beneficial to the
body. The K-ras"*' lung cancer model mice fed a
phosphate-rich diet produced significantly more
tumor nodules than control mice. Further studies re-
vealed that phosphorylated Akt (p-Akt) (Ser473) was
activated in mice fed a high-phosphorus diet, while p-
Akt (Thr308) remained unchanged. Moreover, the ex-
pression of phosphatase and tensin homolog (PTEN)
and THEM4 was inhibited, and the downstream pro-
teins p-mTOR and phosphorylated elF4E-binding pro-
tein 1 (p-4E-BP1) were activated. These results indi-
cate that a high-phosphate diet increases the activity
of Akt/mTOR-4E-BP1 and promotes the development
of lung cancer, and this pathway affects the expres-
sion of the tumor suppressor PTEN and the Akt-binding
partner THEM4 (Jin et al., 2009). This study revealed
that Akt and THEM4 were negatively correlated in
the development of lung carcinogenesis in mice, but
did not further explore the relationship between them.
In the same year, Hwang et al. (2009) reported a regu-
latory relationship between THEM4 and Akt in a
mouse model of lung cancer. THEM4 was delivered
via nebulized administration to the lungs of K-ras*'
mice, which are non-small cell lung cancer (NSCLC)
experimental animals. Researchers have explored the
effects of single nebulization of THEM4 (Hwang et al.,
2007) and multiple sequential nebulization (Hwang
et al., 2009), both of which alter Akt phosphorylation.
However, single nebulization inhibits only Akt phos-
phorylation at the Thr308 site, causing a decrease in
phosphorylation at the Ser9 site of downstream glyco-
gen synthase kinase-3f (GSK3p), leaving p-Akt
(Ser473) and total Akt unchanged. Multiple sequential
nebulization inhibits the phosphorylation of Akt at the
Ser473 and Thr308 sites, which inhibits the activity of
Aktl and decreases downstream p-mTOR (Ser2448),
phosphorylated 70 kDa ribosomal protein S6 kinase 2
(p-p70S6K) (Thr389), and p-4E-BP1 (Thr69) activity,
ultimately leading to inactivation of the Akt-mTOR-
p70S6K pathway and inhibition of cancer cell prolif-
eration (Zhang et al., 2017; Suo et al., 2021). In add-
ition, repeated continuous atomization changed the
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expression of cyclins in nine-week-old K-ras"*' mice;
for example, it increased the protein levels of p27 and
p21 and inhibited the expression of the cyclins cyclin-
dependent kinase 4 (CDK4) and CDK2. The apopto-
sis of lung cells in 13-week-old K-ras™*' mice inhibited
pulmonary angiogenesis and cell proliferation. These
experimental data indicate that THEM4 can be used
as a novel atomizing agent in the treatment of lung
cancer. Although the two experiments used the same
disease animal model and drug therapy, different dur-
ations of animal models produced different experimental
results. Therefore, when treating patients of different
ages, we should consider the different dosages of drugs
and the method and frequency of drug administration.

2.2 Colon cancer and colorectal cancer

To date, colon cancer, one of the most common
malignant and high-incidence tumors of the human di-
gestive system, has become one of the four deadliest
cancers in the world due to the difficulty of its clinical
diagnosis. The Akt pathway has been reported to be
involved in different forms of colorectal cancer and
affects epithelial-mesenchymal transition (EMT), cell
proliferation, and autophagy (Narayanankutty, 2019;
Ma et al., 2020). Zhang et al. (2021) reported that in
colon cancer, THEM4 could function as a target of
microRNA-183-5p (miR-183-5p), which is present in
exosomes produced by M2-polarized macrophages.
MiR-183-5p activates the Akt and nuclear factor-xB
(NF-xB) pathways by targeting THEM4 and inhibit-
ing its messenger RNA (mRNA) and protein expres-
sion, leading to the rapid proliferation and growth of
colon cancer. The overexpression of THEM4 can re-
verse the malignant proliferation and metastasis of
colon cancer cells induced by miR-183-5p in exosomes
(Zhang et al., 2021). However, the relationship be-
tween THEM4 and Akt was not confirmed in this
study, and whether THEM4 is involved in Akt path-
way regulation through protein interactions remains
to be further investigated.

2.3 Liver cancer

Along with superior living conditions, obesity,
diabetes, and hypertension have become the main under-
lying diseases in middle-aged and elderly people, and
further deterioration of these conditions will lead to
the occurrence of liver cancer. Although some drugs
can adjust the Akt pathway to treat liver diseases, such
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as scutellarin, which can prevent acute alcohol-induced
liver injury by regulating the Akt pathway to inhibit
inflammation (Zhang et al., 2023), liver cancer is a
common and poorly diagnosed tumor worldwide, and
the number of patients with liver cancer continues to
increase annually (Gravitz, 2014; Anwanwan et al.,
2020). Ni et al. (2020) discovered through bioinform-
atics that THEM4 interacts with the mRNAs of
eight other genes, such as regulator of cell cycle gene
(RGCC), cadherin-15 (CDH15), and 5'—3' exoribonu-
clease 2 (XRN2), and can be used as a prognostic indi-
cator of hepatocellular carcinoma. Researchers have
found that abnormal mitochondrial metabolism is
closely related to the occurrence and development of
tumors (Zong et al., 2016; Porporato et al., 2018; Mis-
siroli et al., 2020). Leucine-zipper EF-hand-containing
transmembrane 1 (LETM1) is a mitochondrial inner
membrane protein that maintains mitochondrial homeo-
stasis (Austin and Nowikovsky, 2019; Natarajan
et al., 2021) and serves as a biomarker for predicting
colorectal cancer (Piao et al., 2019b; Che et al.,
2021), gastric cancer (Piao et al., 2019a), and hepato-
cellular carcinoma (Zhou et al., 2020). 2A peptides
are short sequences that are commonly found in viral
genomes and possess unique functions. During protein
synthesis, these peptides can undergo self-cleavage,
leading to fragmentation of the polypeptide chain.
This process allows for the translation of a sin-
gle polypeptide chain into multiple functionally-
independent proteins within a single transcription unit
(de Lima and Lanza, 2021; Wang and Marchisio, 2021).
Shin et al. (2013) utilized the self-cleaving activity of
2A peptides to connect LETM1 and THEM4 in a
cytomegalovirus-enhanced green fluorescent protein
(CMV-eGFP) vector. This approach enabled the simul-
taneous overexpression of LETM1 and THEM4 in the
livers of hepatocellular carcinoma model mice, with-
out any limitations on the order of expression or inter-
ference between the two genes. The results demon-
strated a synergistic therapeutic effect of LETM1 and
THEM4 in hepatocellular carcinoma model mice. To
further investigate the underlying mechanisms, the re-
searchers conducted western blot experiments, which
revealed that the expression of LETM1-2A-THEM4
in hepatocellular carcinoma model mice led to a re-
duction in the expression levels of phosphorylated
adenosine 5'-monophosphate (AMP)-activated protein
kinase (p-AMPK) (Thr172), p-Akt (Ser473), and p-Akt

(Thr308) (Shin et al., 2013). These findings not only
highlight the role of THEM4 as a negative regulator
of Akt, but also emphasize the limitations of targeting
a single gene for effective cancer treatment. This study
suggested that a combinatorial approach targeting mul-
tiple targets may be more effective in achieving thera-
peutic outcomes. Unfortunately, Shin et al. (2013) did
not further explore whether the binding ability between
Akt and THEM4 changes when LETM1-2A-THEM4
is formed and, if so, what the implications are. This is
thought-provoking.

2.4 Pancreatic cancer

Pancreatic cancer is a type of tumor with an in-
creased risk of occurrence with age, and is mainly dis-
tributed in Europe and the United States (Vincent
et al., 2011; Collisson et al., 2019). The incidence of
pancreatic cancer in males is higher than that in fe-
males, and epidemiological statistical analysis shows
that this may be related to men’s preference for smok-
ing and high-fat food (Klein, 2021). Simon et al.
(2009) first discovered that the protein structure of
THEM4 mainly contains a C-terminal thioesterase do-
main and an N-terminal domain. According to the
prediction of the N-terminal secondary structure of
THEMA4, four cell permeability peptides were de-
signed: TAT-THEM4-1, TAT-THEM4-2, TAT-THEM4-3,
and TAT-THEM4-4. The ability of these four peptides
to induce apoptosis in pancreatic cancer cells (AsPC-1,
BxPC-3, CFPAC-1, and Panc-1) was detected by flow
cytometry, and it was found that TAT-THEM4-4 in-
duced the strongest apoptosis with the highest expres-
sion of Caspase-3. Then, inactive variants of the pep-
tide were synthesized and used as negative controls.
Western blot analysis showed that, after treatment
with the TAT-THEM4-4 polypeptide, the levels of
p-Akt (Serd473) and p-GSK3B (Ser9) in pancreatic
cancer cells were downregulated, and the proliferation
rates of cancer cells decreased (Simon et al., 2009).
This is the first report of a short peptide from THEM4
that can inhibit Akt phosphorylation and inactivate
Akt. The key amino acid sequence of THEM4 regulat-
ing Akt activity has been identified.

2.5 Myogenic differentiation

In addition to playing an important role in the oc-
currence and development of cancer and various other
diseases, Akt protein kinase also plays a crucial role



in the maintenance of self-renewal and the pluripotent
differentiation of stem cells (Sumi et al., 2008; Zhao
et al., 2020). Akt can promote the proliferation and
differentiation of skeletal muscle satellite cells
(SMSCs) (Li et al., 2019; Yin et al., 2020), and the ac-
tivation of PI3K/Akt plays an indispensable role in
myoblast differentiation. As one of the downstream
target genes of Akt, cyclic adenosine monophosphate
response element-binding protein (CREB) has the
ability to regulate the self-renewal of muscle stem
cells (Li and Fan, 2017; Fallatah et al., 2021). To in-
vestigate whether the Akt/CREB pathway is involved
in myoblast differentiation, Zhu et al. (2017) mined
the Gene Expression Omnibus (GEO) database and
found that N-myc downstream-regulated gene 4
(NDRG4) (Wen et al., 2019; Vaes et al., 2021), a
member of the NDRG family, is associated with cell
growth, development, and proliferation, and is most
likely involved in the differentiation of myogenic
cells. By studying the important role of the NDRG4
and Akt/CREB pathways in muscle regeneration via
website prediction, NDRG4 was found to bind to
THEMA4, and the binding and colocalization of these
two proteins were confirmed by co-immunoprecipitation
(co-IP) and immunofluorescence. Co-IP experiments
further revealed that, when NDRG4 binds to THEM4,
the binding of THEM4 to Akt in myoblasts is weak-
ened, the phosphorylation of Akt is increased, the Akt/
CREB pathway is activated, and the differentiation of
myoblasts is promoted (Zhu et al., 2017). In addition,
the Akt/CREB pathway can also be used to treat the
complications of diabetes mellitus (Zhang et al., 2020)
and nerve damage (Wu et al., 2018).

2.6 Other diseases

In addition to the negative regulation of THEM4
on Akt in cancers, a number of studies have reached
similar conclusions about the development of other
diseases.

The Akt pathway plays an important role in ner-
vous system development and the neuronal growth.
Miyawaki et al. (2009) reported that hippocampal
CA1 neurons die after ischemic injury in rats. Ische-
mia increases THEM4 expression in CA1l neurons
and enhances its binding ability to Akt and p-Akt
(Ser473/Thr308), thus inhibiting Akt activity and fur-
ther inhibiting the phosphorylation of GSK3p and
forkhead box transcription factor 3A (FOXO3A), the
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downstream targets of the Akt pathway, ultimately
leading to neuronal cell death. The findings of this
study provide new guiding directions and therapeutic
targets for the treatment of a range of injuries caused
by hippocampal ischemia. Shin et al. (2017) estab-
lished an intracerebroventricular (i.c. v.) kainic acid
(KA) injection mouse model. After treatment with
KA, little THEM4 expression was detected in mouse
hippocampal astrocytes during the first 3 d, but
THEM4 phosphorylation was activated, along with
Akt phosphorylation at Thr308 and CREB phosphory-
lation. On Day 6, THEM4 expression was detected,
but the phosphorylation of THEM4 was diminished
and the phosphorylation of Akt or CREB was not en-
hanced. Based on the above results, Shin et al. (2017)
hypothesized that the phosphorylation of THEM4 can
induce the activation of the Akt/CREB pathway, and
that THEM4 produced later inhibits this pathway.
However, they did not determine which kinase acti-
vates THEM4 phosphorylation in astrocytes and re-
leases THEM4, which binds to Akt, suggesting that
THEM4 may be affected by other proteins. This study
focused on the expression of THEM4 and p-Akt
(Thr308) at different time points, providing a new
idea for the clinical treatment of neural damage in the
brain at different time points. Although Miyawaki et al.
(2009) and Shin et al. (2017) studied neurological
damage in the brain, they did not use the same mouse
models, so their conclusions are not entirely consist-
ent. Li et al. (2018) further provided evidence con-
firming that THEM4 negatively regulates Akt expres-
sion in rats with cerebral ischemia, and THEM expres-
sion increases with age in rats, while the opposite is
true of Akt activity. In the treatment of ischemic brain
injury, low expression of THEM4 activates the Akt
pathway to address the apoptosis induced by ischemic
brain injury. Huang et al. (2015) reported that activat-
ing transcription factor 3 (ATF3) binds to and nega-
tively regulates THEM4, further activating p-Akt
(Ser473) to exert anti-apoptotic effects. Further re-
search from the same laboratory revealed that ATF3/
THEM4/Akt not only serves as a therapeutic target
for ischemic brain injury but also reduces the occur-
rence of ischemic stroke (Kao et al., 2023).

With the intake of fast food and various junk
foods, the prevalence of overweight and obesity in
today’s world is gradually increasing, and the preva-
lence of adolescent obesity is also increasing annually.
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Park et al. (2014) used two mouse models of diabetic
mice induced by a high-fat diet (HFD) and transgenic
obese mice and found that THEM4 maintains a nega-
tive regulatory relationship with Akt, and HFD-induced
insulin is influenced by translational and transcriptional
regulation of the Akt pathway. In conclusion, THEM4
negatively regulates Akt in obese diabetic mice, and
HFD-induced insulin is influenced by translational and
transcriptional regulation of the Akt pathway.

Diabetic nephropathy is a chronic kidney disease
caused by type 1 diabetes or type 2 diabetes due to
poor blood glucose control, and is one of the micro-
vascular complications of diabetes. Chen et al. (2016)
constructed a diabetic mouse model as well as high
glucose-induced HKC cells to simulate ex vivo experi-
ments. Western blot assays revealed that THEM4 ex-
pression was decreased in renal cells of diabetic mice
and in human HKC cells induced by high glucose,
while the expression of p-Akt (Ser473) and transform-
ing growth factor-p1 (TGF-B1) was increased. Over-
expression of THEM4 decreased Akt activity in HKC
cells induced by high glucose and inhibited extracellu-
lar matrix accumulation. The above results suggest that
THEMA4, an Akt inhibitor, can treat diabetic nephro-
pathy by modulating Akt activity.

Through clinical sample collection, Liu et al.
(2018) reported that reduced expression of THEM4 in
patients leads to dilated cardiomyopathy and hypertro-
phic cardiomyopathy. Liu et al. (2018) established a
mouse model of hypertrophic cardiomyopathy using
aortic banding instead of traditional left anterior de-
scending artery ligation, and further found that knock-
down of THEM4 activated Akt and promoted the
phosphorylation of its downstream proteins mTOR,
GSK3p, and p70S6K. These findings suggest that
THEM4, which negatively regulates Akt, can be used
as a novel target for the treatment of pathological
myocardial hypertrophy.

Pulmonary hypertension is a common cardiovas-
cular disease that is characterized by increased pulmon-
ary vascular load, leading to right ventricular hyper-
trophy, but its early symptoms are not obvious (Has-
soun, 2021). Sun et al. (2016) studied the mechanism
of human pulmonary hypertension and found that the
addition of asymmetric dimethylarginine (ADMA)
compounds increased pulmonary hypertension by in-
hibiting the binding of THEM4 to Akt, increasing the
ubiquitination degradation pathway of THEM4, and

stimulating the phosphorylation of Akt. These findings
reveal that THEM4 has the potential to be used as
a therapeutic target for pulmonary hypertension in
human cardiovascular diseases.

As a fat-soluble vitamin, vitamin D regulates the
calcium salt balance in the human body, improves im-
munity and skeletal muscle development, and can even
treat diabetes (Angellotti et al., 2019), multiple scler-
osis (Jagannath et al., 2018), and cancer (Giustina et al.,
2020), making it one of the essential vitamins for the
human body. Luciferase reporter assays and chroma-
tin immunoprecipitation assays confirmed that the re-
ceptor of vitamin D can interact with the promoter of
THEM4 in mouse macrophages. When vitamin D is
insufficient, THEM4 is normally transcribed in cells,
resulting in the downregulation of phosphorylation of
Akt at the Thr308 site and its downstream target pro-
tein GSK3PB, which ultimately inhibits cyclooxygenase-2
(COX-2) expression and prevents the release of pro-
inflammatory factors. Inactivation of this pathway is
partly responsible for the onset of inflammatory re-
sponses and contributes to an increased risk of chronic
inflammatory diseases (Wang QS et al., 2014). The re-
sults of this study reveal the importance of vitamin D
for the treatment of chronic diseases, provide a new
therapeutic strategy for treating chronic diseases, and
show that THEM4 negatively regulates the Akt path-
way in these chronic diseases.

Amyotrophic lateral sclerosis (ALS), a neuro-
degenerative disease that affects movement (Mejzini
et al., 2019; Masrori and van Damme, 2020), mainly
manifests as muscle weakness and muscle atrophy. In
the classical ALS-superoxide dismutase 1 (SOD1)
mouse disease model (mSOD1 G93A) (Gurney et al.,
1994) and the gastrocnemius muscle tube atrophy
model of C2C12 treated with tumor necrosis factor-o
(TNF-a) (Wang DT et al., 2014), THEM4 was found
to bind to Akt; with muscle atrophy, the higher the ex-
pression of THEM4, the lower the phosphorylation of
Akt, and an IP experiment confirmed that the combin-
ation ability of the two proteins was also enhanced
(Wang et al., 2019). Wang et al. (2023) discovered
that THEM4 was significantly upregulated in the gas-
trocnemius muscle of mice 7 d after sciatic nerve injury.
Further investigation using THEM4-knockout mice
with sciatic nerve injury compared to wild-type mice
with only sciatic nerve injury revealed the upregulation
of p-Akt (Ser473) expression and the activation of the



Akt pathway, leading to enhanced phosphorylation of
downstream targets such as GSK3f (Ser9), ribosomal
protein S6, and 4E-BP1. These findings emphasize
the crucial role of THEM4 in skeletal muscle atrophy
and further confirm the negative regulatory relation-
ship between THEM4 and Akt signaling in ALS (Wang
et al., 2023).

3 THEM4 functions as a positive regulator
of Akt

In 2001, researchers officially began to describe
the regulatory relationship between THEM4 and Akt.
In the first half of this paper, THEM4, an endogenous
inhibitor of Akt, plays a role in cancers and other dis-
eases. However, as an increasing number of studies
have been conducted, other researchers have come to
the opposite conclusion regarding the regulatory rela-
tionship between THEM4 and Akt, suggesting that
THEM4 can also act as a positive regulator of Akt.
For example, Ono et al. (2007) reported that, in
CCOS-1, HeLa and HepG2 cells, and 3T3-L1 adipo-
cytes, transient transfection or lentiviral infection of
THEM4 activated the phosphorylation of Akt, and
through the Akt pathway, THEM4 was involved in
several biological processes, such as anti-apoptosis
and glucose uptake. Since then, several other re-
searchers have confirmed this phenomenon in other
cancer studies.

3.1 Breast cancer

Breast cancer is caused by the abnormal prolifer-
ation of mammary epithelial cells, and its incidence
ranks first among female malignant tumors world-
wide, with a certain genetic risk (Trayes and Coke-
nakes, 2021). Liu et al. (2013) reported that THEM4
expression is upregulated in human breast cancer cell
lines and breast cancer specimens, and the total amount
of Akt is not changed after the overexpression of
THEM4, but the expression of p-Akt (Thr308) and
p-Akt (Serd73) is upregulated, demonstrating that the
upregulation of THEM4 mediates the activation of the
Akt pathway. Immunofluorescence assay revealed that
THEMA4 is expressed in both the nucleus and the cyto-
plasm of breast cancer cells, and co-localized with
Akt at the plasma membrane. Glutathione-S-transferase
(GST) pull-down experiments further revealed that
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the 1-64-aa fragment in the N-terminal domain of
THEM4 binds to Akt to promote the phosphorylation
of Akt at Thr308 and Ser473, thus activating the Akt
pathway and promoting the proliferation of breast can-
cer cells. The findings of this study by Liu et al. (2013)
suggest that THEM4 may function as an oncogene in
breast cancer and could be a marker molecule for
breast cancer diagnosis. It has been documented that
human epidermal growth factor receptor 2 (HER2) ac-
tivation is influenced by Akt, mitogen-activated pro-
tein kinase (MAPK), and other signaling pathways.
As one of the treatments for HER2-rich breast cancer
patients, trastuzumab is still unable to address the dis-
ease conditions of most patients either by itself or in
combination. To understand the mechanism of trastu-
zumab resistance in HER2-enriched patients and screen
for new targets for combination therapy, researchers
have conducted experiments such as cell counting kit-8
(CCK-8) assays and western blotting. They found
that THEM4 can mediate trastuzumab resistance. In
the HER2-positive breast cancer cell line SkKBR3,
overexpression of THEM4 led to increased phosphory-
lation of Akt at the Thr308 and Ser473 sites. In BT-483
cells, an HER2-positive breast cancer cell line with
high endogenous expression of THEM4, the addition
of Akt inhibitor IV, PD98059, and rapamycin (Akt,
MAPK, and mTOR inhibitors, respectively) showed
that trastuzumab resistance induced by THEM4 did
not occur in the presence of Akt or mTOR inhibitor,
confirming that THEM4 is a positive regulator of Akt
(Chen et al., 2017). This study revealed that THEM4
may serve as a specific target for trastuzumab treat-
ment in breast cancer patients, providing new insights
and approaches for the treatment of HER2-enriched
patients. In addition, THEM4 was also involved in
tamoxifen resistance (TamR) in breast cancer and was
inversely regulated by elongation of very-long-chain
fatty acid protein 2 (ELOVL2) (Jeong et al., 2021).
Genome-wide methylation sequencing of MCF-7 cells
and MCF-7/TamR cells revealed that ELOVL2 expres-
sion was downregulated by DNA hypermethylation in
MCF-7/TamR cells. High-throughput sequencing and
in vivo and in vitro experiments revealed that ELOVL2
can inhibit MCF-7/TamR cell proliferation via a resist-
ance mechanism associated with the Akt pathway.
THEM4 expression was downregulated at the RNA
and protein levels, and the total Akt protein and p-Akt
(Thr305, 308, 309) levels were decreased after ELOVL2
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overexpression. These results indicate that ELOVL2
is downregulated by hypermethylation and inhibits
THEM4 expression in TamR cancer, leading to the in-
activation of Akt as well as downstream target genes
such as CREB and mTOR, ultimately leading to TamR
and increased cell proliferation (Jeong et al., 2021).
These findings reveal the important roles of THEM4
and ELOVL2 in drug resistance in breast cancer and
may provide new targets and strategies for breast can-
cer treatment. A recent study further confirmed that
THEM4 is positively correlated with Akt expression
in breast cancer and revealed that THEM4 promoted
the metastasis and invasion of the triple-negative
breast cancer (TNBC) cell lines BT549 and MDA-
MB231, mainly using in vitro and in vivo experi-
ments (Lin et al.,, 2023). The overexpression of
THEM4 in MDA-MB231 cells significantly activated
the PI3K/Akt pathway, especially the expression of
p-Akt S473. Further experiments using the Akt inhibi-
tor IV to block Akt signaling showed that MDA-
MB231 cells were transfected with vector control, vec-
tor control/Akt inhibitor IV, THEM4, and the THEM4/
Akt inhibitor. Transwell assays showed that the num-
ber of invasive cells in the THEM4 overexpression
group was significantly higher than that in the control
group, but the number of invasive cells in the THEM4
overexpression group treated with Akt inhibitor IV
was lower than that in the group without the inhibitor.
These findings indicate that elevated THEM4 expres-
sion in TNBC leads to the activation of the PI3K/
Akt pathway, promoting TNBC metastasis through a
THEM4/Akt-dependent mechanism.

3.2 Nasopharyngeal carcinoma

Nasopharyngeal carcinoma (NPC) is a special
head and neck malignancy originating from the mucosa
of the nasopharynx. It is mainly composed of poorly
differentiated and undifferentiated carcinomas and is
characterized by typical ethnic aggregation and un-
balanced distribution (Xu et al., 2022). The survival
rate of patients with early-stage NPC after curative
treatment is relatively high. However, more than half
of NPC patients are diagnosed in the middle and late
stages due to the concealed location of the disease and
the inapparent early symptoms. Therefore, it is essen-
tial to identify early diagnostic markers for NPC
(Huang and O'Sullivan, 2017). The mechanism of NPC
development is cross-regulated by several signaling

pathways, among which the Akt pathway is activated.
One study revealed that the Akt/mTOR pathway is
activated in NPC cells and is associated with poor
prognosis in NPC patients (Wang WY et al., 2014).
Chang et al. (2016) investigated the role of THEM4,
an Akt-binding protein, in NPC and found that
THEM4 is highly expressed at the RNA and protein
levels in NPC tissues compared to normal tissues.
Akt and THEM4 bind to each other in NPC cell
lines, and abnormal THEM4 expression is associated
with lymph node metastasis and poor prognosis and
promotes NPC progression. Moreover, THEM4 posi-
tively regulates the phosphorylation of Akt at Ser473
and increases the phosphorylation of its down-
stream protein kinase GSK3f at the Ser9 site. This
study revealed a positive regulatory relationship be-
tween Akt and THEM4 in NPC and the role of
THEM4 in NPC, demonstrating that THEM4 may be
used as a new marker or target for NPC detection and
treatment.

4 Discussion

As an important regulator of intracellular signal-
ing, Akt plays a crucial role in cell growth and devel-
opment by regulating cell survival, cell proliferation,
angiogenesis, energy metabolism, and so on. Through
mass spectrometry, co-1P, yeast two-hybrid, and other
experiments, researchers have found multiple proteins
that bind to Akt to explore their functions in cells,
such as mTOR, MDM2, NRH: quinone oxidoreduc-
tase 2 (NQO2), and heat shock protein 90 (Hsp90)
(Sarbassov et al., 2005; Hsieh et al., 2014; Zeng et al.,
2021). After binding to Akt, they regulate Akt activity
or alter Akt localization in cells, thereby affecting the
functions of Akt in cells. Hsp90 enhances the phos-
phorylation of Akt and promotes the proliferation and
metastasis of tumor cells. The A and B chains of
NQO?2 bind to the PH and kinase domains of Akt, re-
spectively, and inhibit Akt phosphorylation to regulate
cell proliferation. However, there are some contro-
versies about the regulatory relationship between
Akt-binding proteins and Akt, as exemplified by
THEM4 depicted in this review. In this review, we
mainly described that THEM4 is involved in the
regulation of various cancers and other diseases
through positively/negatively regulating Akt, thereby



affecting the expression of downstream target genes
(Fig. 2 and Table 1). It interacts with Akt, inhibits
Akt phosphorylation, and functions as an endogen-
ous inhibitor of Akt in many tumors and other diseases,
including lung cancer, colorectal cancer, pancreatic
cancer, diabetes, cardiovascular disease, and ALS.
However, previous studies on breast cancer (Liu et al.,
2013; Chen et al., 2017; Lin et al., 2023) and NPC
(Chang et al., 2016) have shown that THEM4 binding
to Akt does not negatively regulate the activity of Akt
but promotes its phosphorylation, which contradicts
the above reports (Fig. 3). Faced with the opposite
conclusion, the researchers adopted the same experi-
mental approaches, but the conclusion remained un-
changed, so they speculated that the reason for the dif-
ference in findings may be that even the same genes
and pathways function differently in different cancer
types and diseases. Moreover, the Akt pathway in-
volves the influence of multiple genes and signaling
pathways and is not only regulated by THEM4.
Therefore, Akt phosphorylation may be regulated by
other genes and signaling pathways in different cancer
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and disease types. The underlying mechanism is not
well elucidated and deserves further exploration.

As a member of the thioesterase superfamily,
THEM4 has the opposite effect on the regulation of
Akt, and whether it is influenced by its family mem-
bers is also worth exploring. In the thioesterase super-
family, in addition to THEM4, which regulates the
Akt pathway, THEM?2 has also been reported to be in-
volved in fatty acid transport and oxidation and the
biosynthetic pathway of glycerol by regulating the
phosphorylation of Akt (Tillander et al., 2019). Among
other family members, THEM1 is involved in mouse
metabolism (Li et al., 2021) and THEMS is involved
in cardiolipin remodeling and fatty liver development
(Zhuravleva et al., 2012); however, whether they are
involved in regulating Akt activation is unknown.

In conclusion, exploring the regulatory relation-
ship between THEM4 and Akt is of great significance
for comprehending tumor development mechanisms,
devising targeted therapeutic strategies, and evaluat-
ing tumor prognosis. These research findings have the
potential to offer novel insights and approaches for

"

— Activate

\ ——— Inhibit

Fig. 2 Akt phosphorylation regulated by THEM4 in a positive/negative manner in various tumors (created by Figdraw).
(1) THEM4, as an endogenous inhibitor of Akt, inhibits the activity of Akt and regulates downstream target genes;
(2) THEM4 positively regulates Akt phosphorylation and downstream target genes. Akt: protein kinase B; THEM4: thioesterase
superfamily member 4; RTK: receptor tyrosine kinase; P85: protein 85; P110: protein 110; PIP2: phosphatidylinositol 4,5-
bisphosphate; PIP3: phosphatidylinositol 3,4,5-trisphosphate; PDK: phosphoinositide-dependent kinase; PTEN: phosphatase
and tensin homolog; mTOR: mechanistic target of rapamycin; 4E-BP1: eIF4E-binding protein 1; CREB: cyclic adenosine
monophosphate response element-binding protein; FOXO3A: forkhead box transcription factor 3A; GSK3p: glycogen
synthase kinase-3p; p70S6K: 70 kDa ribosomal protein S6 kinase 2.
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Fig. 3 Examples illustrating the regulatory relationship between THEM4 and Akt in various diseases (created by
Figdraw). (1) In a lung cancer mouse model, THEM4 is administered as an aerosol and eventually inhibits cancer cell
proliferation by inhibiting the phosphorylation of Akt (Hwang et al., 2007, 2009). (2) MiR-183-5p inhibited the mRNA
and protein expression of THEM4 and activated Akt in colorectal cancer, leading to the rapid proliferation and growth
of colon cancer (Zhang et al., 2021). (3) Shin et al. (2013) used the 2A peptides to link LETM1 and THEM4 in vitro,
enabling the simultaneous overexpression of LETM1 and THEM4 in the liver of a mouse liver cancer model, and
subsequently found that the expression levels of p-Akt (Ser473) and p-Akt (Thr308) were decreased in vivo. (4) Simon
et al. (2009) designed four cell-penetrating peptides based on the predicted secondary structure of the N-terminal region
of THEM4. TAT-THEM4-4 treatment decreased p-Akt (Ser473) and p-GSK3p (Ser9) levels in pancreatic cancer cells.
(5) NDRG#4 in myogenic cells binds to THEM4, leading to a weakened binding between THEM4 and Akt. This results in
increased phosphorylation of Akt, ultimately promoting myogenic cell differentiation (Zhu et al., 2017). (6) Miyawaki
et al. (2009) reported that cerebral damage and ischemia in rats led to increased THEM4 expression, which enhanced its
ability to bind to Akt and inhibited Akt phosphorylation. (7) In a mouse model of ischemic brain injury, the transcription
factor ATF3 binds and inhibits THEM4 transcription, which further activates p-Akt (Ser473) to inhibit cell apoptosis
(Huang et al., 2015). (8) Sun et al. (2016) discovered that the addition of ADMA compounds inhibited the binding
between THEM4 and Akt, stimulating Akt phosphorylation and eventually leading to pulmonary arterial hypertension.
(9) In mouse macrophages, vitamin D receptors can interact with the promoter of THEM4, preventing its normal
transcription. This interaction activates p-Akt (Thr308) and GSK3p, releasing proinflammatory cytokines (Wang et al.,
2014). (10) In mSOD1 G93A and TNF-o-treated C2C12 gastrocnemius muscle atrophy model, as muscle atrophy occurs,
the expression of THEM4 increases, its binding capacity to the Akt protein strengthens, and Akt phosphorylation
decreases (Wang et al., 2019). (11) THEM4 can mediate resistance to trastuzumab. In the HER2-positive SKBR3 breast
cancer cell line, the overexpression of THEM4 leads to increased phosphorylation of Akt at the Thr308 and Ser473 sites
(Chen et al., 2017). (12) In breast cancer and nasopharyngeal carcinoma studies, THEM4 was found to interact with Akt
and positively regulate Akt phosphorylation, ultimately promoting cell proliferation (Liu et al., 2013; Chang et al., 2016).
THEM4: thioesterase superfamily member 4; Akt: protein kinase B; p-: phosphorylated; miR: microRNA; mRNA:
messenger RNA; LETM1: leucine-zipper EF-hand-containing transmembrane 1; GSK3p: glycogen synthase kinase-
3p; mTOR: mechanistic target of rapamycin; p70S6K: 70 kDa ribosomal protein S6 kinase 2; 4E-BP1: elF4E-binding
protein 1; NDRG4: N-myc downstream-regulated gene 4; ATF3: activating transcription factor 3; ADMA: asymmetric
dimethylarginine; SOD1: superoxide dismutase 1; mSOD1 G93A: SOD1 mouse disease model; TNF-a: tumor necrosis
factor-a; HER2: human epidermal growth factor receptor 2.



personalized and precise cancer treatment. Nonethe-
less, further experimental and clinical investigations
are required to validate these discoveries and translate
them into clinical practice. It is worth noting that the
regulatory interplay between THEM4 and Akt remains
incompletely characterized. For example, Wang et al.
(2021) reported that THEM4 interacts with enolase-
phosphatase 1 (ENOPH]I), but neither knockdown nor
overexpression of ENOPH]I in gliomas alters THEM4
protein expression. Transcriptome sequencing showed
that ENOPH| is related to the TGF-3 and mTOR sig-
naling pathways, which seriously affects the survival
of high-grade glioma patients. Its high expression in
U251 cells promotes cell proliferation, migration, EMT,
and other malignant phenotypes. BEZ235, an Akt in-
hibitor, rescues the activation of the PI3K/Akt/mTOR
pathway induced by ENOPH1 overexpression (Wang
et al., 2021). However, the relationships among
ENOPHI1, THEM4, and the PI3K/Akt/mTOR path-
way in glioma and the regulatory relationship between
THEM4 and the PI3K/Akt/mTOR pathway have not
been studied. Furthermore, the involvement of THEM4
in myoblast differentiation has thus far been reported
in just one study (Zhu et al., 2017). Given its signifi-
cance as a regulator in the Akt pathway, it is anticipated
that researchers will delve deeper into its role in stem
cells in the future. This exploration may pave the way
for a new theoretical foundation and therapeutic ap-
proach toward utilizing stem cell therapy in disease
treatment.
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