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Review

Diverse Functions of VDUP1 in Cell Proliferation, Differentiation,
and Diseases

Sang Yong Kim"?, Hyun-Woo Suh"?, Jin Woong Chungl, Suk-Ran Yoon' and Inpyo Choi"*?

Vitamin D; up-regulated protein 1 (VDUP1) is a multifunctional protein involved in maintaining cellular
homeostasis. VDUP1 is induced by a variety of stresses. Inversely, VDUP1 is often reduced in various tumor tissues
and cell lines. Over-expression of VDUP1 inhibits cell proliferation through cell cycle arrest. VDUP1 interacts with
thioredoxin (Trx) and negatively regulates the expression and antioxidant function of Trx which is involved in
redox regulation. VDUP1" mice are more susceptible to carcinogenesis than wild-type mice and are defective in
establishing immune system including the development and function of natural killer cells. Furthermore, VDUP1"
mice show impaired Kreb cycle-mediated fatty acid utilization. In this review, we have discussed the
multifunctional roles of VDUP1 in diverse cellular responses, in particular its relation to proliferation, apoptosis,
differentiation, and diseases such as cancer and stress-related diseases. Cellular & Molecular Immunology. 2007;
4(5):345-351.
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Vitamin Ds; up-regulated protein 1 (VDUP1) was originally
identified in HL60 cells stimulated with 1,25-(OH),D; and
was reported to bind the reduced thioredoxin (Trx) by
yeast-two hybrid assay, hence it is thought to be a negative
regulator of Trx (1-3). VDUPI directly interacts with redox
active domain of Trx through two cysteine residues which are
catalytic active center of Trx. Therefore, VDUPI1 blocks the
reducing activity of Trx and inhibits the interaction between
Trx and other factors, such as ASK-1 and PAG (1, 3).
VDUPI is induced when the cell cycle is blocked by various
growth arrest stimuli (3). Over-expression of VDUPI inhibits
the proliferation of tumor cells and cell cycle progress (4).
Clinical data also showed that VDUP1 expression is strongly
associated with tumorigenesis and is significantly reduced in
tumor tissues including breast and lung cancers. These
findings suggested that VDUP1 is a novel tumor suppressor
(4). Besides, VDUPI is a major messenger in intracellular
physiological processes triggered by various stress stimuli,
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and plays a crucial role in fatty acid utilization (5). Recently,
genetic and metabolic data have revealed that VDUPI is
involved in human metabolism, especially in lipid
metabolism and plays a critical role in the development and
function of natural killer (NK) cells (6). Collectively, these
data suggest that VDUP1 has multifunctional roles in many
cellular responses as depicted in Figure 1.

VDUP1 and proliferation

VDUPI expression is regulated by environmental conditions
and its expression affects the cell growth. VDUPI is
up-regulated by various stresses including H,O,, irradiation,
heat shock, serum starvation, and transforming growth
factor-p (TGF-B) (3, 4). In addition, anticancer and anti-
proliferative reagents such as S-fluoroucil, anisomycin,
dexamethasone, and SAHA known as a potent inhibitor of
histone deacetylases (HDACs), increased VDUP1 expression
in cancer cells (7, 8). Meanwhile, its expression instead was
reduced in chemically induced rat mammary tumors and
ferric nitrilotriacetate (Fe-NTA)-induced renal cancer model
of rats (9, 10). Fe-NTA-induced VDUP1 was associated with
the increase of proliferating cell nuclear antigen in renal cell
carcinomas (RCCs), suggested that the loss of VDUPI1 is
essential for cellular proliferation in RCCs (9, 10).
Over-expression of VDUP1 inhibited the activity of Trx,
eventually leading to the inhibition of tumor cell proliferation
(11). Meanwhile, platelet derived growth factor suppressed
VDUPI1 expression in parallel with the increase of Trx
activity (12). Trx stimulates the growth of normal and cancer
cells (13), inhibits apoptosis via apoptosis signaling kinase-1
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Figure 1. A scheme of multifunctional roles of VDUP1 in diverse cellular phenomenon. VDUPI1 is involved in a variety of cellular
functions including growth inhibition, transcriptional regulation, NK development, lipid metabolism through inhibition of Trx-mediated
antioxidant function and modulating other molecules. NK, natural killer; TRX, thioredoxin; ROS, reactive oxygen species; ASK1, apoptosis
signal-regulating kinase 1; JAB1, jun activating binding protein 1; HDACI, histone deacetylase 1; PLZF, promyelocytic leukemia zinc finger;

FAZF, fanconi anemia zinc finger.

(ASK-1) and PTEN which is involved in transducing
PI3-kinase signaling (14), and decreases the survival of
patients (15-17). In addition, Trx enhances transcriptional
activity regulated by AP-1 and p53 (18). These findings
suggest that VDUPI1 regulates cell proliferation by inhibiting
Trx activity.

In addition, VDUP1 is involved in cell cycle regulation.
The expression of cyclin A, an important regulator in mitotic
cell cycle, is inhibited by VDUPI at transcription level,
leading to cell-cycle arrest at Go/G; (4). VDUPI-mediated
cell cycle arrest is also associated with the regulation of
cyclin-dependent kinases including pl16 and p27“P'(11, 19).
The pl6 interacted with cyclin-dependent kinases (CDK) 4
and 6, and thereby inhibited the G;-S transition through Rb
which is a growth suppressive phosphoprotein and
phosphorylated by CDK 4 and 6. When VDUPI was
over-expressed in HTLV-I-positive T cells, significant
increase of pl6 expression was observed, thereby preventing
cells from entering S phase through the reduction of

phosphorylation of Rb (11). This result suggested that
VDUPI is crucial for the growth regulation of T cells. p27**',
another cell cycle regulator, is also associated with
VDUPI1-mediated cell cycle arrest (20, 21). Fibroblasts from
VDUPI1-deficient mice proliferated more rapidly compared
with those from wild-type mice along with the reduced
expression of p27"?' (19). It was reported that the stability of
p27“"" was regulated by JAB1 (22). Recent data showed that
VDUPI interacted with JAB1 and suppressed JABI-
mediated p27""' degradation and cell proliferation (19).
Reduction of VDUP1 expression in tumors gives rise to
increase in the cell proliferation by reducing the stability of
p27"! protein (19).

VDUP1 and apoptosis

Apoptosis is a defense mechanism for the aberrant regulation
of cell proliferation and tumor promotion. Although the roles
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of VDUPI in apoptosis regulation have not fully been
understood yet, there is accumulating evidence for the
involvement of VDUPI in apoptosis;, up-regulation of
VDUPI expression was accompanied by the induction of
apoptosis triggered by various agents such as anisomycin,
oxidative stress, dexamethasone, PPARy, calcium influx,
potassium ion, and SAHA (7, 23-26). However, the effects of
VDUPI on apoptosis were reported to be dependent on cell
types. For example, over-expression of VDUPI was not
sufficient to induce apoptosis in SNU gastric cancer cells,
293 cells (4) and MCF-7 breast cancer cells (11). On the
other hand, ectopic expression of VDUPI1 induced the
apoptosis in WEHI7.2 T cell lymphoma and primary rat
cardiomycyte (23, 25). These results suggested that the
putative apoptotic roles of VDUP1 were dependent on cell
types and oxidative stresses (4).

Recently, a mechanism by which VDUP1 modulates
apoptosis has been proved. VDUP1 inhibited the interaction
between Trx and ASKI1, and the increased ASK1-induced
apoptosis (27). ASK1 is a regulatory protein in maintaining
cell cycling and proliferation, and modulates the activity of
the mitogen-activated protein kinase kinase kinase
(MAPKKK) (27). ASKI1 activated by various stresses
induces apoptosis through the activation of JNK and p38
MAPK pathways (28, 29). Cellular ASK1 level is regulated
by ubiquitination and degradation of ASK1, which is related
to the direct binding of its N-terminal region to the reduced
form of Trx (30). Collectively, the apoptosis induction by
VDUPI1 might be one of central roles in maintaining cellular
homeostasis through its action as a physical regulator of Trx
and ASK1 (27).

VDUPI1 and differentiation

Although VDUP1 is mainly distributed in immune organs
such as thymus and spleen (3), the roles in immune system
are not fully understood. Our recent study suggests that
VDUPI plays a critical role in the development and function
of natural killer (NK) cells, the component of the innate
immune system is able to quickly respond to viral infections
and tumors (6). There was a severe reduction in NK cell
population and cytotoxicity of VDUP1” mice than those of
wild-type mice, whereas little changes in T and B cell
population. Gene expression of CD122 and Ly49 receptors,
markers for NK differentiation, was also decreased in
VDUP1™”" mice. In vitro NK cell differentiation studies
showed that CD122 expression was reduced in VDUP1”
mice than that in wild-type mice during the development of

bone marrow (BM) derived-hematopoietic stem cells (HSCs).

In addition, immumohistochemistry studies showed that
diffuse hyperplasia of lymphoid tissue containing a large
germinal center in the ileum existed only in VDUP1™” mice,
and NK population in lamina propria of ileum was
significantly decreased in VDUP1”" mice than that in wild-
type mice. Furthermore, NK-mediated tumor rejection in
VDUP1” mice was much less efficient than that of wild-type
mice.
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VDUPI seems to regulate NK cell differentiation through
inducing CD122 expression. CD122 expression was much
reduced in VDUP1” mice than that of wild-type mice.
VDUPI increased the promoter activity of CD122, indicating
that VDUP1 increases CD122 expression and NK cell
differentiation. Molecular mechanisms for VDUP1-mediated
CD122 expression will be studied further.

Our study also suggests that the reduced cytotoxicity of
NK cells resulted from the depletion of NK cell population in
VDUP1™” mice may be related to CD8" cells. Especially,
CDS8" cells of both lymph node and spleen were reduced in
VDUPI1™” mice, but thymic CD8" cells were not changed.
Recently, besides direct effect of NK cells on a pathogen or
tumor, NK cells were reported to promote the activity of
other immune cells including CTLs, dendritic cells (DCs),
Thl cells, and macrophages (31-34). Collectively, the
depletion of NK cells in VDUP1”" mice reduces the CTL
activity and the population of CD8" cells.

In addition, VDUP1 deficiency also affected intestinal
hyperplasia and tumor rejection. Depletion of NK cells was
related to many diseases including systemic lupus erythe-
matosus, intestinal hyperplasia and tumors (35-38). In fact,
intraepithelial lymphocytes (IELs) known as a key effector in
mucosal immunity (39) as well as lamina propria
lymphocytes (LPLs) were severely increased in small
intestine of VDUP1” mice. These facts provide that the
regulatory roles of VDUPI in growth inhibition and cell
cycle arrest may be implicated in the increase of immune
subsets such as IEL and LPL (4, 11).

There is another possible assumption for the involvement
of VDUP1 in protecting against Trx-related infectious and
inflammatory disorders. Elevated expression of Trx in
histology of wvarious human tissues were observed,
particularly in thymus (40, 41). These Trx-producing thymic
cells have the morphology of interdigitating DCs, which are
involved in antigen presenting in immune system and host
defense mechanism. These results suggest that Trx has
certain roles in immune, endocrine and nervous systems (42,
43). Therefore, VDUP1 may serve as an endogenous
negative modulator of Trx in cellular processes including
differentiation and activation of immune system.

VDUPI1 and diseases

Cancer

Cancer has been represented as an uncontrolled cell growth.
Normal cells grow and die repeatedly in a scheduled program,
but cancer cells grow in the deregulated cellular program.
The dysfunction of growth regulation is deeply related to
genetic mutation caused by something to damage DNA or to
stimulation of mitosis caused by hormones, chronic tissue
injury, oxidizing agents, and viruses. Especially, mutations in
cellular oncogenes and tumor suppressor genes, as well as
epigenetic alterations are crucial for promoting tumorigenesis
(44, 45). These genetic alterations affect proliferation,
differentiation, and apoptosis in the process of tumor
formation (46).
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VDUPI is known as a tumor suppressor protein (4, 19,
47). Its expression is reduced in human breast, lung, colon
tumor tissues, and various tumor cell lines, as well as rat
mammary tumor (9, 10). The locus of VDUPI1 gene, mouse
chromosome 3 that is syntenic with a region of human
chromosome 1q21, is closely related to high frequency of
genomic instability in human tumors (48). The enforced
expression of VDUPI inhibited the proliferation of cancer
cells including stomach cancer, promyelocytic leukemia (4),
cardiomyocyte (25), and suppressed tumor growth and
metastasis in transplantation models (47). Recent data
indicated that VDUPI1-deficiency induced the development
and progression of malignancy, especially hepatocellular
carcinoma (49).

Cancer promotion is also deeply related to the
deregulated cell cycle. VDUP1 expression was found to be
up-regulated in cell-cycle-arrested cells, indicating that
VDUPI is related to cell-cycle regulation (4). VDUPI affects
the cell cycle through the association with diverse cell cycle
regulators containing cyclin A (50), p16 (11), and p27<°' (11,
19). These proteins are involved in tumor progression and are
often used as markers for tumor prognosis in deregulated
states (20, 21). Especially, loss of VDUP1 expression in
HTLV-1-infected T cells accompanying with the decrease of
pl6 is one of the key events involved in the multistep
progression of adult T-cell leukemogenesis (11). The stability
of p27"P' was regulated by JAB1-VDUPI interaction (19).
The reduction of VDUPI expression in tumor cells gives rise
to low stability of p27"*" protein, which plays a key role in
tumorigenesis (19).

Various tumor cells are known to generate ROS,
contributing the tumor cells to transform normal cells and to
advance metastases (51). These pro-oxidant states can
promote tumor cells to neoplastic proliferation (52). In
melanoma, endogenous ROS autocrinically stimulates
constitutive activation of NF-kB, and it ultimately provokes
tumor growth (53, 54). In addition, antioxidants including
N-acetyl cysteine (NAC), catalase, and over-expression of
MnSOD suppressed the tumor cell proliferation in vitro and
in vivo (53-55). Down-regulation of VDUP1 expression by
gene silencing in melanoma cell reduced the ROS production
and expression of Fas ligand, which are related to tumor cell
survival (56).

Stress-related disease

VDUPI1 is a major messenger of intracellular physiological
processes triggered by various stress stimuli (3, 4, 12, 25, 56,
57). VDUPI is significantly expressed in response to acute
myocardial ischemia in rat hearts. In addition, cardiomyocyte
survivals upon oxidative stress and acute myocardial
ischemia increased by knock-out of VDUP1 gene. These
evidences collectively suggest that VDUPI participates in
regulatory roles in cardiac physiology and cell survival
process during oxidative stress (25, 27). In contrast,
over-expression of VDUPI decreased hypertrophy after
aortic constriction, implying that VDUP1 is closely related to
the development of pressure-overload cardiac hypertrophy
mediated by Trx (58, 59). These data provide the evidence
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that VDUPI regulates the function of Trx in scavenging
stress-mediated ROS (58).

Redox regulation associated with reduction and oxidation
has been considered as an important phenomenon in
controlling cellular oxidative stress. The involvement of
VDUPI in redox regulation was first suggested by the
identification of VDUP1 as a binding partner for Trx which is
one of the major components of the thiol reducing system
and plays multiple roles in cellular process in proliferation,
apoptosis, and gene expression (1). Over-expression of
VDUPI increased the level of ROS in fibroblast (58). In
contrast, VDUPI1-deficient mice were decreased at the level
of intracellular ROS (6).

Since ROS are often considered as toxic stresses against
cells, controlling the redox system in response to ROS is very
important in regulating the cellular processes such as
proliferation, gene expression, cell cycle and apoptosis
(60-63). Trx plays a protective role against oxidative stress
and regulates signal transduction (14, 64, 65), modulates the
DNA-binding activities of transcription factors such as
NF-kB and AP-1 in the nucleus (66), regulates stress-
mediated ASK level by ubiquitination and degradation of
ASK1 through direct binding of its N-terminal region to the
reduced form of Trx (30). The function of VDUPI as a
negative regulator of Trx is associated with the fact that
VDUPI1 competes with other proteins for binding to Trx. For
example, over-expression of VDUP1 reduced the interaction
of Trx with PAG or ASK-1, causing cells to become more
sensitive to oxidative stress (3). PAG is a thiol-specific
antioxidant that reduces hydrogen peroxide when Trx is
present as an immediate electron donor (67, 68), and the
activity of ASK-1 is induced by ROS due to the dissociation
with Trx (14). Thus, the interference of VDUPI on the
interaction between Trx and PAG or ASK-1 makes the cells
more sensitive to oxidative stress.

Metabolic diseases

Recently, genetic and metabolic data have provided that
VDUPI plays a crucial role in human metabolism, especially
in lipid metabolism. VDUP1 has been found as a highly
glucose-responsive gene in human intact pancreatic islets and
breast cancers derived from cell lines by microarray analysis
(69, 70). Recent data showed that glucose treatment directly
stimulates the expression of VDUPI1 via carbohydrate
response element (ChoRE) existing in VDUP1 promoter (71).
This up-regulation of VDUP1 by glucose leads to elicit
glucotoxicity and B-cell apoptosis.

Bodnar et al. identified that a mutant mouse strain,
HcB-19/deem (HcB-19) that had the characteristics of
familial combined hyperlipidemia (FCHL) including hyper-
triglyceridemia and hypercholesterolemia, elevated plasma
apolipoprotein B and increased the secretion of triglyceride-
rich lipoprotein (72, 73). This mutant mouse contains genetic
deficiency which has a spontaneous mutation at a locus,
Hyplipl, on distal chromosome 3 in a region sytenic with a
1921-q23 FCHL. Interestingly, nonsense mutation in VDUP1
gene producing N-terminal truncation of the protein has been
found in a spontaneous hyperlipidemia mouse strain, HcB-19.
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These facts suggest that VDUPI1 could be a causative gene
for FCHL in mouse (72, 73). Meanwhile, in other case,
upstream stimulatory factor 1 (USF1) of VDUPI is also
suggested as an element involved in FCHL (74-76).

Functions of VDUP1 in hyperlipidemia as well as genetic
variations of VDUPI1 are related to hyperglycemia which has
been known to exacerbate PB-cell failure and the defect of
skeletal muscle glucose uptake via a process termed glucose
toxicity (76, 77). Since hyper-oxidative stress condition
contributes to the development of vascular complications in
diabetes, antioxidative function of Trx is considered as a key
factor in hyperglycemia-induced oxidative stress. Moreover,
VDUPI, a binding partner for the Trx protein, provides a
clue to solve the regulating mechanism in diabetes mellitus.
Thereafter, VDUP1 expression was increased, and Trx
activity was reduced in vascular of diabetic animals. These
observations provide the possibility that the induction of
VDUPI in hyperglycemia may affect the susceptibility of
Trx to ROS-scavenging system following the increase of
oxidative stress by inhibiting Trx activity.

In VDUP1”" mice model, Oka et al. showed that fatal
abnormalities including the reduced survival rate, sever
bleeding, dyslipidemia, fatty liver, hypoglycemica, and
hepatic- and renal-dysfunction were induced under fasting
conditions in VDUP1”" mice although these mutant mice
were viable and fertile under normal housing conditions (5).
These symptoms are similar to fatty acid utilization disorders,
suggesting that VDUP1 plays a crucial role in fatty acid
utilization. In addition, compared with wild-type mice,
VDUPI™ mice showed the facts that Krebs cycle-mediated
fatty acid utilization was deregulated by the increased levels
of plasma ketone bodies, pyruvate, and lactate. These fatal
failures of fatty acid utilization share common characteristics
in metabolic feature of Reye-like syndrome, a metabolic
syndrome due to the disorders of mitochondrial fatty acid
B-oxidation including acute encephalopathy, hepatic dys-
function, and fatty infiltration of the visceral organs (78), and
therefore, the VDUP1”~ mouse might be used as an animal
model for disorder such as Reye syndrome. Moreover,
acetyl-coA catabolism was deregulated by the defect of
B-oxidation in VDUP1”" mice, defined as the elevated serum
levels of ketone bodies which are converted from the excess
amounts of acetyl-CoA (79). Since carcinogenesis is also
associated with the deregulation of basic energy metabolism,
the increase of glycolysis and reduction of Krebs cycle in
VDUPI” mice cause the metabolic change-induced
carcinogenesis, and thus VDUP1 might be suggested as a
tumor suppressor (79).

Conclusion

VDUPI is a stress-response molecule, originally identified in
HL60 cells stimulated with 1,25-(OH),D; (80). VDUP1 binds
the reduced Trx and inhibits its reducing activity, suggesting
its role in redox regulation. Collectively, since the
modulation of cellular redox state by Trx is important in
pathogenesis and various ROS-induced cellular phenomena
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containing proliferation, apoptosis, tumorigenesis, metastasis,
and diabetes, VDUPI might decrease the protective roles of
Trx against oxidative stress. VDUPI has the typical
characteristics of tumor suppressor protein. VDUPI
expression is reduced in many tumor cells, and cell cycle
arrest is induced by the enforced expression of VDUPI.
VDUPI inhibited the transcription of cyclinA2 through the
association with other corepressors (4). Inversely, VDUP1
also interacted with coactivators including Jab1, and induced
the gene expression of several signaling molecules
independent of Trx activity. These selective interactions
between VDUPI1 and corepressor or coactivator confer the
ability to regulate target gene expression positively or
negatively depending on the environmental stimuli. Recently,
using  VDUP1”" mice, immunological relevance was
demonstrated by the fact that VDUP1 was required for NK
development, and moreover, VDUP1 has been strongly
suggested as a deregulator of basic energy metabolism
utilizing fatty acid pathways.

Taken together, VDUP1 has been revealed as a
multifunctional protein and further studies will be
highlighted on the diagnostic and therapeutic potential for
hard-to-cure human diseases by modulating the functions of
VDUPI.
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