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Abstract
FK506 binding protein 51 (FKBP51, also called FKBP5) belongs to a family of immunophilins,
FK506 binding proteins (FKBPs). FKBP family members are targets for drugs such as rapamycin.
Although FKBP51 shares characteristics with other FKBPs, it also has unique features, especially
the role in its regulation of important signaling pathways such as the AKT kinase/protein kinase B
pathway. In this review, we will focus on the function of FKBP51 as a scaffolding protein in the
regulation of AKT activation and, in turn, its role in tumorigenesis and response to chemotherapy.
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Introduction
Despite the development of targeted therapy, chemotherapy remains the front line therapy
for a wide variety of cancers. However, resistance to chemotherapy is a major hurdle for
successful cancer therapy. Individuals have different genetic backgrouds that contribute to
variation in response to chemotherapy. In addition, tumors could develop resistance to a
specific drug or classes of drugs through different mechanisms. Therefore, understanding
mechanisms responsible for chemoresistance will help develop strategies to sensitize cancer
cells to chemotherapy. A hallmark of cellular transformation is the aberrant promotion of
cell survival pathways by stimuli activating oncogenic pathways and/or evading apoptotic
pathways [1]. AKT (also known as PKB) is a critical survival kinase that plays an important
role in tumorogenesis and chemoresistance. AKT activity is tightly regulated at many levels,
including a balance between phosphorylation and dephosphorylation status at two sites,
Ser473 and Thr308. Several proteins have been studied extensively with regard to their roles
in regulation of the phosporylation of these two sites [2, 3]. Recent evidence indicates that
the immunophilin FKBP51 can regulate AKT phosphorylation through a scaffolding
mechanism and, as a result, can influence response to a variety of antineoplastic agents [4].
This finding adds another layer of regulation of AKT activity. Therefore, FKBP51 could be
a future biomarker for tumor development and chemoresistance.
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FKBP51
FK506 binding protein 51 (FKBP51, also called FKBP5) is a 51-kDa FK506 binding protein
that is a member of a family of immunophilins, FK506 binding proteins (FKBPs). Human
FKBP51 was first cloned from a HeLa cell cDNA library in 1995 [5]. FKBP51 contains two
consecutive FKBP domains and a three-unit repeat of the TPR domain (Figure 1). The first
FKBP domain (FK1) of FKBP51 shares 48% sequence identity to the FK domain of
FKBP12 and has measurable PPIase activity, with a binding pocket for FK506 and
rapamycin. The second FKBP domain (FK2) is also structurally similar to the FKBP domain
of FKBP12, despite having only 26% sequence identity. However, FK2 lacks measurable
PPIase activity. Presumably, FK2 resulted from an FK domain duplication event, but
subsequently lost its PPIase activity. However, it appears to have gained protein interaction
ability. There appear to be cooperative protein–protein interactions involving TPR and FK2
rather than the active PPIase FK1. The FKBP51 structure provides important initial insights
into the relative orientations of the FK1, FK2, and TPR domains, motifs that are important
for protein interaction and/or drug ligand binding [6]. One of the major functions of
FKBP51 is its involvement in the modulation of steroid receptor function, including
progesterone, androgen, and glucocorticoid receptors, by forming a complex with the heat
shock proteins Hsp90/Hsp70 [6–9]. However, recent evidence suggested that FKBP51 has
functions extending beyond its role in steroid receptor signaling to include tumorigenesis
and chemoresistance [10, 11]. One recent discovery has focused our attention on the role of
FKBP51 in the regulation of an important pathway, the AKT kinase/protein kinase B
pathway [4, 12].

AKT kinase/protein kinase B pathway
The Akt gene is the cellular homology of the v-akt oncogene transduced by AKT8, an acute
transforming retrovirus in mice [13]. Since the cloning and characterization of three human
AKT isoforms, many exciting breakthroughs have elucidated the AKT regulation and
downstream signaling pathway of AKT [2, 3]. All three AKT isoforms (AKT1, 2 and 3)
share similar structures, including an N-terminal regulatory domain; a pleckstrin homology
(PH) domain; a hinge region connecting the PH domain to a kinase domain with serine/
threonine specificity; and a C-terminal region necessary for kinase activity [14]. The AKT
kinase/protein kinase B pathway is constitutively activated in many types of cancer and,
thus, plays a major role in tumorigenesis. This pathway is an attractive therapeutic target in
cancer because it triggers many biological events, from cell growth and proliferation to
survival and migration, which contribute to the initiation and maintenance of cancer [15].
Because of the importance of this pathway, AKT activity is tightly regulated (Figure 2).
Normally, AKT is activated in a growth-factor-dependent manner, with the most important
upstream activators of AKT being the class I phosphoinositide 3-kinases (PI3Ks), which
generate the lipid second messenger phosphatidylinositol-3,4,5-trisphosphate (PIP3). PIP3
binds directly to the PH domain of AKT, thereby recruiting AKT to the plasma membrane
where it is activated [2]. Full activation of AKT requires phosphorylation at Thr308 within
the activation loop of the kinase domain and at Ser473 in a hydrophobic motif just C-
terminal to the kinase domain. Thr308 is phosphorylated by PDK1, a kinase that also has a
PH domain directing PIP3 binding, while Ser473 is phosphorylated by mTOR complex 2
(mTORC2) [16–18]. Although Thr308 is essential for AKT kinase activity and Ser473 is
not, Ser473 plays a key role in stabilizing and maintaining Thr308 phosphorylation, thus the
overall strength and duration of AKT signaling [19]. AKT activity is also negatively
regulated by lipids or protein phosphatases. PTEN is a lipid phosphatase that
dephosphorylates PIP3, thereby inhibiting AKT activation.[20] Recently, two protein
phosphatases have been shown to dephosphorylate AKT and negatively regulate AKT
activity. PP2A holoenzymes dephosphorylate Ser308 [21], while PHLPP1 and PHLPP2
specifically dephosphorylate Ser473 [22–24]. Therefore, the balance between the actions of
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kinases and phosphatases determines AKT activity. Misregulation of the AKT pathway can
result in AKT constitutive activation and cancer predisposition. Mechanisms known to be
involved in the misregulation of this pathway include constitutive activation of growth
factor receptors (EGFR, HER2, c-Met) and other common oncogene products like fusion
proteins (BCR-Abl), leading to constitutive activation of PI3K; PI3K mutations; loss of
tumor suppressor PTEN function; and amplification or aberrant activation of AKT [15, 25–
27].

FKBP51 negatively regulates the AKT pathway
Scaffolding proteins have been shown to play an important role in signal transduction. We
have recently identified the immunophilin FKBP51 (also known as FKBP5) as a scaffolding
protein that can enhance PHLPP-AKT interaction and facilitate PHLPP-mediated
dephosphorylation of AKT-Ser473 (Figure 2) [4]. The FKBP51 C-terminal containing the
TPR domain binds to the phospatase, PHLPP, while the N-terminal containing FKBP
domain is responsible for AKT binding. Deletion of the N terminal or C-terminal
significantly impairs the interaction between AKT and PHLPP. AKT has three isoforms
(AKT1, 2 and 3) and PHLPP has two isoforms (PHLPP1 and 2) [3, 14, 22, 23]. It is known
that PHLPP1 specifically regulates AKT 2 and 3, and PHLPP2 regulates AKT1 and 3 [23].
However, overexpression or downregulation of FKBP51 alters the interactions between both
PHLPP isoforms with their corresponding AKT isoforms, suggesting that FKBP51
facilitates isoform-specific interaction between AKT and PHLPP. The FKBP activity is not
required for the interaction. The functional consequence of this interaction results in the
regulation of level of AKT phosphorylation and AKT activity. Downregulation of FKBP51
results in decreased PHLPP-AKT interaction and increased AKT phosphorylation at the
Ser473 site. Therefore, FKBP51 may also function as a tumor suppressor in the AKT
signaling pathway, similar to PTEN. Indeed, FKBP51 levels are low or lost in pancreatic
cancer cell lines and patient samples of pancreatic cancer, correlating with increased AKT
Ser473 phosphorylation and downstream genes of the AKT pathway such as phosphorylated
FOXO1 and GSK3β. In addition, the downregulation of FKBP51 was also observed in
breast cancer cell lines. However, whether FKBP51 is downregulated in other types of
cancers and whether changes in FKBP51 levels correlate with AKT phosphorylation in other
type of cancers remain to be determined. In addition, whether FKBP51 truly functions as a
tumor suppressor remains to be determined. Further studies using FKBP51-knock out mice
should reveal the role of FKBP51 in tumor suppression. In addition to driving tumor growth,
AKT hyperactivation also renders tumors resistant to chemotherapy [28]. Through its effects
on AKT phosphorylation, FKBP51 regulates sensitivity to a variety of anti-neoplastic drugs,
including gemcitabine, AraC, and taxol. High levels of FKBP51 lead to decreased AKT
phosphorylation and increased chemosensitivity, whereas low levels of FKBP51 result in
increased AKT phosphorylation and decreased chemosensitivity. Pancreatic cancer cells
expressing low level of FKBP51 are sensitized to AraC once they overexpress FKBP51 [4].
These facts make FKBP51 a potentially important biomarker for sensitivity to
chemotherapy, and variation in FKBP51 levels might determine patients’ response to
chemotherapy.

Future directions and conclusions
The identification of the scaffolding function of FKBP51 in the regulation of the AKT
pathway has introduced a new component contributing to the complex molecular
mechanisms of AKT activation. However, several questions are raised based on these
observations. How is FKBP51 regulated, and are there any specific signals that affect the
putative scaffolding function? Is FKBP51 a tumor suppressor? This will requires a future
mouse model to confirm. With regard to downstream events, are there any downstream
signals more dependent on Ser 473 activation? Obviously, the level of FKBP51 is another
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major determinant of the activation of this pathway. Based on studies using lymphoblastoid
cell lines from 300 individuals, large variations in FKBP51 expression were observed and
those variations correlated with cellular sensitivity to gemcitabine and AraC [29]. This
observation also raised the question of whether variation in common genetic variation or
somatic mutations might be responsible for variation in FKBP51 levels. Future studies with
the application of Next Generation DNA sequencing methods would help reveal the
potential influence of common or rare genetic variation on the regulation of FKBP51 levels.

In summary, the identification of the novel scaffolding function of FKBP51 in regulating the
AKT pathway suggests that FKBP51 could be a potential biomarker for predicting both
tumorigenesis and chemoresistance. Obviously, future clinical trials to assess this hypothesis
are warranted. In addition, many newly developed inhibitors targeting signaling molecules
in this pathway, including mTOR inhibitors, inhibitors of PI3K and AKT have already
demonstrated clinical efficacy on different tumors [30–33]. Therefore, whether the addition
of inhibitors of the PI3K-AKT pathway would help reverse chemoresistance for patients
with low FKBP51 levels in tumors needs to be tested both in vitro, in animal models as well
as in clinical trial. Obviously, tumors are highly mutated in many of the genes within this
pathway. How mutations in other genes within this pathway might influence the effect of
FKBP51 on response to therapy also needs to be explored. If indeed, levels of FKBP51
show effects on treatment outcomes in vivo, it could be used as a biomarker in combinations
with other markers to stratify patients into different treatment regimen. Given the
importance of the AKT pathway in many disease pathophysiology process, such as insulin
response and diabetes [34–36], it would be also interesting to determine whether individual
variation in FKBP51levels might affect insulin response or other AKT related disease
processes.
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Figure 1.
Structure of FKBP51 with its major domains that are critical for its function and binding to
other proteins.
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Figure 2. Model of FKBP51 affecting AKT phosphorylation and AKT activation
One of the early events in AKT activation is the recruitment of PIP3 to the cellular
membrane. PI3K regulates PIP3 levels by converting PIP2 to PIP3, and this process is
inhibited by PTEN. PI3K is activated by growth factor signaling through both Ras and
receptor kinase signaling. AKT becomes fully activated by phosphorylation at two sites,
S473 and T308. Phosphorylation of S473 is primarily mediated by mTORC2 and this site is
dephosphorylated by PHLLP phosphatase. FKBP51 functions as a scaffolding protein to
bring PHLLP closer to the AKT 473 site and to facilitate the dephosphorylation of S473,
which in turn down regulates AKT signaling. Through their influence on AKT
phosphorylation, FKBP51 cellular levels affect sensitivity to chemotherapy. Lower FKBP51
resulted in AKT activation and resistance to chemotherapy, while increased FKBP51 levels
reduced AKT activity and increased chemosensitivity.
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