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The PICOT protein possesses three highly conserved regions that include an aminoterminal thioredoxin-like homology domain
and a tandem repeat of a carboxyterminal PICOT homology domain with an overall conformation that resembles a glutaredoxin
homology domain. In contrast to the classical dithiol thioredoxins and glutaredoxins, PICOT possesses a single cysteine residue in
each of its three domains and is therefore distinct from the classical thioredoxin and glutaredoxin redox enzymes. Recent studies
demonstrated that PICOT is a prerequisite for mouse embryogenesis and participates in several independent biological systems in
the adult. This paper examines advances made over the past few years in understanding the role of PICOT in various biological
systems.

1. Introduction

The PICOT protein was discovered in studies of T cells
aimed to elucidate the role of the protein kinase C theta
(PKCθ) isoform in the T-cell antigen receptor- (TCR-) linked
signal transduction pathways. PKCθ is a member of the
Ca2+-independent PKC subfamily of Ser/Thr kinases which
is expressed predominantly in T-cells, platelets, and smooth
muscle [1–5]. PKCθ plays a nonredundant role in T-cell
activation and is the only PKC isoform that translocates to
the plasma membrane of activated T cells upon interaction of
their TCR with an MHC-bound peptide antigen on the sur-
face of antigen-presenting cells (APCs) [6–8]. The T-cell-
APC contact area undergoes rapid changes in protein con-
tent, leading to formation of a spatiotemporal structure,
known as the immunological synapse (IS). PKCθ recruits to
the center of the IS, where it interacts with and regulates
the activity of selected effector molecules. As a result, these
molecules mediate selected biochemical events required for
signal transduction downstream of the activated TCR [9–11].

Under specific cellular conditions, PKC enzymes interact
with various proteins that can regulate the conformation, ac-
tivity, and subcellular location of the bound PKC [12–18].
In a search for PKCθ-binding proteins which potentially

regulate PKCθ in T cells, Witte et al. have utilized the yeast
two-hybrid system in a search for PKCθ-binding partners in
a cDNA library of human Jurkat T lymphocytes [19]. These
studies, performed in the year 2000, have led to the discovery
of a new gene that was termed PICOT (PKC-interacting
cousin of thioredoxin) based on its partial homology to the
thioredoxin enzyme.

The existence of an aminoterminal thioredoxin-like ho-
mology domain in PICOT has led the HUGO Gene Nomen-
clature Committee (HGNC) to include PICOT, within
the thioredoxin family, and rename it “thioredoxin-like
2” (gene symbol: TXNL-2). The current HGNC approved
name and gene symbol for PICOT are “glutaredoxin 3”
and “GLRX3,” respectively, and its HGNC ID number is
15987 (http://www.genenames.org) [20]. PICOT has gained
several different synonyms and alternative symbols, includ-
ing HUSSY-22 [20], bA500G10.4, GLRX4, glutaredoxin 4,
TXNL3, TXNL2, GRX3, GRX4, GLRX4, and FLJ11864.

2. Structure of PICOT

The PICOT protein is encoded by a unique gene, both in
humans and mice, which has no other functional gene
homologs in the entire genome. The PICOT gene was
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mapped to the human chromosome 10q26 and the mouse
chromosome 7F5 (see Figure 1(a)). Human PICOT consists
of 335 amino acids and a calculated molecular mass of
37,432 Da, whereas the mouse protein, which is highly ho-
mologous to the human protein, possesses two extra amino
acids. Analysis of the genomic organization of the full-length
coding sequence of the human PICOT gene indicated that
it spans over 48,000 base pairs and includes 11 exons (see
Figure 1(c)) that are highly conserved between humans and
mice.

The PICOT protein possesses an amino-terminal thiore-
doxin (Trx) homology domain (HD), followed by a tandem
repeat of a PICOT-HD that resembles a glutaredoxin-
(Grx-) like HD and therefore bridges the thioredoxin and
glutaredoxin families of enzymes. However, in contrast to
thioredoxin, which possesses two critical cysteine residues
in its catalytic site (within the motif, Cys-Gly-Pro-Cys) [21],
PICOT possesses a single cysteine residue in its putative cat-
alytic site (Ala-Pro-Gln-Cys) and is therefore enzymatically
distinct from the thioredoxins. Furthermore, the two copies
of the PICOT-HD, at the carboxyterminal of PICOT, are
related in structure to glutaredoxins, which also consist of
two critical cysteine residues in their catalytic site (within
the conserved motif, Cys-Pro-Tyr-Cys) [22], while PICOT
possesses just a single cysteine in its putative catalytic site
(Cys-Gly-Phe-Ser).

A search of protein databases revealed that many proteins
from different species possess one or more PICOT-HD as
an integral part of the molecule. Within a large group of
these proteins, the PICOT-HD was found at the protein’s
C-terminus, in close proximity to amino-terminal Trx- or
Grx-like domains [23]. Based on the physical proximity
of PICOT-HD and Trx- or Grx-HD in multiple proteins,
it is possible that functional relationships exist between
these domains. Furthermore, PICOT-HD, Trx-HD, and Grx-
HD are comprised of an overall similar globular topology
[24]. Thus, each of the three domains possesses a canonical
“thioredoxin fold domain,” formed by a central mix of 4 or 5
strand β-sheets flanked by three or more α-helices on either
side of the β-strands [25, 26]. A 3D structure of PICOT-
HD is presented in Figure 1(b), and additional information
relevant to the amino acid sequence versus the topology of
the PICOT-HD is included in [23]. The results imply that
formation of the three domains during evolution originated
from a single common ancestral gene.

A smaller group of PICOT-HD-containing proteins are
built almost entirely of a PICOT-HD. It is possible therefore
that PICOT-HD-containing proteins can perform biological
activities independently of Trx or Grx. Alternatively, activity
of these proteins may depend on their ability to dimerize or
cooperate with other molecules, such as Trx or Grx.

3. PICOT and Cell Growth Regulation

PICOT is a ubiquitously expressed protein that has been
found in most tested cell types, tissues, and organs. The
wide-spread expression of PICOT was confirmed by several
different methods, including Northern blot, RT-PCT, West-
ern blot, and immunohistochemistry [19, 28–30]. Although

PICOT was originally identified as a PKCθ-binding protein,
studies have shown that its expression is independent of
PKCθ, since equal levels of PICOT proteins were observed
in lymphoid organs of PKCθ+/+ and PKCθ−/− mice [31].

PKCθ is essential for proper function of the TCR and
for signal delivery from the activated receptor [32, 33]. It
plays an important role during the organization of the im-
munological synapse [34, 35] and is essential for proper
responses of T cells to stimuli leading to proliferation and
cytokine secretion [32, 33]. In addition, PKCθ is required
for CD4+ T-cell differentiation into selected T-cell subpop-
ulations [36–38]. Initial studies demonstrated that PICOT
might serve as a negative regulator of PKCθ in T cells, since
cotransfection of PICOT with a constitutively active PKCθ
led to downregulation of PKCθ-dependent activation of JNK
and inhibition of the transcription factors AP-1 and NF-κB
[19].

Expression analyses of PICOT revealed higher protein
levels in cell lines, compared to freshly isolated normal cells
[29]. Because the majority of cell lines include rapidly grow-
ing transformed cells, the assumption that PICOT expres-
sion levels positively correlate with the cells’ turnover was
analyzed. In an experiment in which freshly isolated mouse
spleen cells were in vitro cultured in the presence of a T-cell
mitogen, the cells responded by increased cell multiplication,
which directly correlated with an increase in the level of
PICOT expression [31]. These data suggested that increased
expression levels of PICOT promote cell growth or are the
result of the rapid cell multiplication rate. However, other
explanations could not be excluded, such as the effects of a
high metabolic rate, time-dependent changes in oxygen ten-
sion, or other factors that exist in the in vitro culture and may
affect PICOT expression.

Physiological activation of T lymphocytes is initiated
following engagement of the T-cell antigen receptor (TCR)
by the major histocompatibility complex- (MHC-) bound
peptide antigen on the surface of antigen-presenting cells
(APCs). This initial event leads to a rapid activation of TCR-
linked protein tyrosine kinases (PTKs), which phosphorylate
a plethora of effector molecules involved in signal transduc-
tion downstream of the activated receptor. Many of the early
effects induced by the activated PTKs can be mimicked in
vitro by cell treatment with reactive oxygen intermediates
(ROS), such as hydrogen peroxide (H2O2). Such compounds
are normally produced in cells under certain activation
conditions and serve as physiological regulators of various
cellular functions [39–41], including lymphocyte activation
[42–45]. Other cell types were also found to produce ROS in
response to cytokines and growth factors [46–48]. One of the
major sources for inducible ROS in leukocytes is the NADPH
oxidase, which is activated by several mechanisms, including
phosphorylation by PKC [49].

The fact that PICOT associates with PKCθ and possesses
Trx- and Grx-like sequences suggests that it might be in-
volved in redox-regulated biochemical processes. Indeed,
Jurkat T cells treated with hydrogen peroxide responded by
phosphorylation of PICOT on tyrosine residues, an effect
that was sensitive to Src family PTK inhibitors [50]. Tyrosine
phosphorylation of PICOT was also obtained following cell
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Figure 1: (a) The PICOT gene is located on human chromosome 10, on chromosomal region 10q26, and mouse chromosome 7,
on chromosomal region 7 F5. (b) Three-dimensional structure of the PICOT homology domain. Solution structure of the PICOT-
HD(C) domain of the mouse PICOT protein was obtained by K. Miyamoto et al., using NMR analysis of a recombinant protein
(DOI:10.2210/pdb1wik/pdb; http://www.genome.jp/dbget-bin/www bget?pdb:1WIK) and drawn using the PyMOL Molecular Graphics
System [27]. (c) Genomic organization of human PICOT. A schematic diagram of the genomic organization of the full-length coding
sequence of the human PICOT gene. The gene is localized near the end of the long arm of chromosome 10, at 10q26, spans over 48,000 base
pairs that include 11 exons and encodes a single protein of 335 amino acids.

transfection with a constitutively active Lck (Lck Y505F),
suggesting that PICOT could serve as an Lck substrate. The
results also imply that PICOT might play a role in cell-
activation-dependent signaling pathways and/or responses to
stress signals mediated by reactive oxygen intermediates.

A recent report by Kato et al. demonstrated the involve-
ment of PICOT in the regulation of FcεRI-mediated activa-
tion of mast cells [51]. In this study, overexpression of PICOT
in the rat basophilic leukemia cell line, RBL-2H3, induced
increased degranulation, concomitantly with activation of
NF-AT and expression of IL-4 and TNFα, following FcεRI
crosslinking. In addition, analysis of fibroblasts derived from
PICOT−/− mouse embryos demonstrated an impaired cell
growth that correlated with impaired cell cycle progression
at the G2/M phase, and shRNA-mediated PICOT knockdown
in HeLa cells led to a similar cell cycle defect during mitotic
exit [52, 53]. All these data support the important role
PICOT plays in cell growth regulation via a mechanism
which is presently unknown.

4. PICOT and Cardiomyocytes

Recent studies by Park and colleagues [52, 54, 55] have estab-
lished an important role for PICOT during hemodynamic
stress-induced cardiac hypertrophy. In a search for potential
regulators of myocardial mechanisms involved in responses
to pathological stress, Jeong et al. have utilized a PCR-based
subtractive RNA profiling of differentially regulated genes in
the heart tissue of rats subjected to transverse aortic coarc-
tation and control healthy rats [54]. PICOT was found to
be among the genes preferentially expressed in hypertrophic
hearts, and they substantiated this observation by Northern
blot analysis, whereby PICOT expression in hypertrophied
hearts increased ∼3-fold compared to hearts from sham-
operated rats. Overexpression of PICOT provided a partial
protection to neonatal rat cardiomyocytes from hypertrophy
induced by hypertrophic agonists, such as endothelin-1 (ET-
1) and phenylephrine (PE).

Considering the option that PICOT may also serve as an
in vivo regulator of cardiac hypertrophy, Jeong et al. [54]
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have generated PICOT transgenic mice whereby PICOT is
overexpressed under the regulation of the α-myosin heavy
chain (Mhc) gene promoter. They found that overexpression
of PICOT in cardiac muscle cells significantly inhibited the
pressure overload hypertrophy measured 2 weeks after trans-
verse aortic banding. In addition, overexpressed PICOT in-
creased the ventricular function and contractility of the car-
diomyocytes.

In a complementary set of studies, Cha et al. [52] aimed
at analyzing the sensitivity of PICOT-deficient mice to car-
diac hypertrophy. Since the PICOT−/− mice they generated
were embryonic lethal, Cha et al. utilized heterozygous
PICOT+/− mice that express ∼50% of the normal level
of PICOT in the heart tissue. They found that decreased
levels of PICOT in PICOT+/− mice exacerbated the cardiac
hypertrophy induced by pressure overload and decreased
the in vitro contractility of cardiomyocytes derived from
PICOT+/− newborn mice.

Using GST-PICOT in a pull-down assay, in conjunction
with mass spectrometry, Jeong et al. have further searched for
potential PICOT binding partners in the muscle tissue. They
found that PICOT, via its carboxy terminus, directly interacts
with the muscle LIM domain protein, MLP (also termed cys-
teine and glycine-rich protein 3; cardiac LIM protein (CLP);
CRP3), a product of the CSRP3 gene [55], and a member
of a family of cysteine-rich proteins that mediate protein-
protein interactions [56, 57]. MLP is a positive regulator
of cell differentiation and myogenesis, and a component of
the stretch sensor machinery in cardiomyocytes. MLP can
interact with proteins, such as α-actinin, zyxin, and cal-
cineurin that are found at the Z-disc of the sarcomere [58–
60].

Immunofluorescence staining of tissue sections of adult
mouse heart demonstrated that PICOT binds to and colocal-
izes with MLP at the Z-disc [55]. An additional protein that is
linked to the Z-disc via MLP is the Ca2+-dependent Ser/Thr
phosphatase, calcineurin [61]. Binding of calcineurin to
the Z-disc allows it to dephosphorylate the cytoplasmic
transcription factor, NF-AT, which can then translocate to
the nucleus and initiate the transcription of NF-AT-regulated
genes [58, 62].

PICOT association with MLP was found to compete
with MLP binding to calcineurin, causing a dose-dependent
displacement of calcineurin from the Z-disc. As a conse-
quence, pressure-overload-mediated calcineurin activation
was abrogated, thereby inhibiting the dephosphorylation and
activation of NF-AT and the activation of NF-AT-regulated
gene transcription. It is therefore suggested that the MLP-
calcineurin-NF-AT signaling pathway in cardiomyocytes
can be downregulated by PICOT that disrupts the MLP-
calcineurin interaction, thereby preventing cardiac hypertro-
phy.

5. PICOT and Cancer

As mentioned earlier, transformed cell lines express higher
levels of PICOT compared to normal cells of the same his-
tological origin. This observation and the findings that

PICOT participates in signal transduction in various cell
types raised the possibility that PICOT might have a role
in cell growth regulation. To test whether the increased ex-
pression of PICOT in the in vitro growing transformed cells
reflects the cancerous nature of these cells, or perhaps the in
vitro conditions, PICOT expression levels were tested in in
vivo growing tumors cells and compared to those of normal
cells from the same histological origin.

Immunohistochemical staining of lymph nodes from
Hodgkin’s lymphoma patients revealed that the expression
levels of PICOT in Hodgkin’s lymphoma and Reed Sternberg
cells in situ, were significantly higher than those of the
surrounding normal lymphocytes within the same tissue
biopsy [31].

RT-PCR analysis of PICOT expression in different types
of human cancers demonstrated a 55.3-fold and 50.2-fold
increase in PICOT levels in lung and colon cancer, respec-
tively [28]. Furthermore, the increase in PICOT mRNA
levels in the cancerous tissues was significantly higher than
the increase observed in the levels of other glutaredoxin,
thioredoxin, and peroxiredoxin family members. Western
blot analysis confirmed the significant increase in PICOT
protein levels in the lung and colon cancers. The extent
of increase of PICOT protein and mRNA levels was not
always in direct correlation, suggesting that expression of
the PICOT protein is regulated by both translational and
posttranslational mechanisms.

In a recent study by Qu and colleagues [63], the authors
used the Oncomine database to compare PICOT expression
levels in different normal and cancer tissues and found that
PICOT is upregulated in a range of human cancer tissues,
including breast, colon, lung, gastric, bladder, and cervical
cancer. Immunoblot analysis and immunohistochemical
staining confirmed that breast cancer cell lines and tissues
express higher levels of PICOT. shRNA-mediated knock-
down of PICOT in human breast cancer cell lines increased
ROS levels and decreased NF-κB activity, concomitantly
with inhibition of the cells growth rate, survival, and inva-
siveness. Transplantation of these cells to immune-deprived
mice demonstrated that knockdown of PICOT inhibited
tumorigenesis and metastasis of these cells. In addition, the
expression levels of PICOT in primary human breast cancer
were found to correlate with the increased frequency of me-
tastasis formed in the lung and brain, and the overall de-
creased survival.

6. PICOT and Embryogenesis

Comparative analysis of protein profiles expressed at differ-
ent stages of embryonic development is a useful tool for the
identification of molecules involved in specific developmen-
tal processes. To determine protein profile changes during
embryogenesis, Greene et al. [64] utilized an immobilized
pH gradient-based two-dimensional electrophoresis and
identified differentially expressed protein spots by mass
spectrometry. Analysis of proteins expressed on days 8.5
(E8.5)-10.5 of embryogenesis, the time of formation of
the neural tube, revealed a number of changes in protein
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patterns at successive embryonic days. PICOT was almost
undetectable at E8.5 but was dramatically upregulated at
E9.5, suggesting a role for PICOT in biological processes
that occur in the developing embryo at midgestation. To
further analyze potential roles for PICOT during mouse
embryogenesis, Cha et al. have utilized a gene trap approach
to prepare PICOT-deficient mice [52]. They found that
ablation of the PICOT gene led to embryonic lethality
around E12.5 to E14.5, indicating that PICOT is sine qua
non for the ongoing development of the embryo at the post-
E12.5–E14.5 stage. Similar results were obtained in a different
line of PICOT−/− mice, produced independently by Cheng
and his colleagues [53]. The majority of PICOT−/− embryos
appeared to be morphologically normal, but smaller in size
compared to the heterozygous or wild-type embryos. Some
E12.5 PICOT−/− embryos displayed growth defects, such as
open anterior neural tubes and pericardial effusion [53].
PICOT+/− heterozygous mice were viable with no apparent
morphological defects and with PICOT protein levels that are
∼50% of those found in wild-type mice [52, 53]. These two
studies indicate that PICOT is critical for mouse embryonic
development.

A study by Saito et al. [65] demonstrated that PICOT
can interact with CIAPIN-1, also termed anamorsin or “cy-
tokine-induced apoptosis inhibitor 1,” a cell-death-defying
factor and a cytokine-induced inhibitor of apoptosis [66].
CIAPIN-1 shares some general characteristics with PICOT,
and its knockdown also results in embryonic lethality in late
gestation [67]. In addition, CIAPIN-1 is expressed in several
types of solid and hematopoietic human cancers, and its
expression levels correlate with the tumor aggressiveness. It
has therefore been suggested that CIAPIN-1 and PICOT may
act cooperatively during embryogenesis [65].

7. Conclusions

PICOT is an evolutionary conserved and ubiquitously ex-
pressed protein that is critical for mouse embryonic devel-
opment. It also plays an important role in postembryonic
growth and heart function, particularly under oxidative
stress conditions leading to cardiac hypertrophy. An increase
in PICOT expression levels in cardiac tissue is apparently
required for coping with extreme changes in free oxygen
radicals. Such a mechanism can provide a logical explanation
for the findings showing that artificial overexpression of
PICOT inhibits the pressure overload hypertrophy of the
heart following transverse aortic banding and increases the
ventricular function and contractility of cardiomyocytes.
Increased expression of PICOT in response to stimuli that
induce an oxidative stress was demonstrated in vivo in heart
tissue [54] and in vitro, in mitogen-treated T lymphocytes
[31], as well as in mouse myoblast cells exogenously treated
with oxidizing agents [53].

Human PICOT has been characterized as an iron-sulfur
(Fe/S) protein [68], similar to the PICOT homolog in
yeast, Grx3, which was shown to play a crucial role in
intracellular iron trafficking and sensing [69]. Iron-sulfur
proteins are ubiquitously expressed and participate in diverse

biochemical functions in virtually every living cell. They
consist of two or more iron atoms bridged by sulfur ligands
and perform multiple tasks, including respiration, oxidation-
reduction reactions, heme biosynthesis, iron homeostasis,
and regulation of gene expression.

The fact that PICOT can physically interact with several
different functionally nonrelated proteins and possesses
highly conserved sequences with resemblance to both thiore-
doxins and glutaredoxins suggests that PICOT may be in-
volved in several different biological tasks, which may also
differ among distinct cell types. Understanding the mecha-
nism of action of PICOT may have significant implications
on a range of clinical situations, including myocardial in-
farction and cancer diseases, which evoke inflammatory re-
sponses triggered by the local hypoxia that could impact on
the disease progression.

Abbreviations

PICOT,: PKC-interacting cousin of thioredoxin
Glutaredoxin 3: GLRX3
TXNL2: Thioredoxin-like protein 2
PKC: Protein kinase C.
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