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Abstract

Protein phosphatase 5 (PP5) is a serine/threonine protein phosphatase that regulates many cellular functions including steroid
hormone signaling, stress response, proliferation, apoptosis, and DNA repair. PP5 is also a co-chaperone of the heat shock protein
90 molecular chaperone machinery that assists in regulation of cellular signaling pathways essential for cell survival and growth.
PPS5 plays a significant role in survival and propagation of multiple cancers, which makes it a promising target for cancer therapy.
Though there are several naturally occurring PP5 inhibitors, none is specific for PP5. Here, we review the roles of PP5 in cancer
progression and survival and discuss the unique features of the PP5 structure that differentiate it from other phosphoprotein
phosphatase (PPP) family members and make it an attractive therapeutic target.
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Introduction

Protein phosphatase 5 (PP5) is a serine/threonine phosphatase
and a co-chaperone of heat shock protein 90 (Hsp90) that
helps regulate an array of cellular functions including stress
response, proliferation, apoptosis, and DNA repair (Hinds Jr.
and Sanchez 2008). It is part of the phosphoprotein phospha-
tase (PPP) family, which also includes PP1, PP2A, PP2B,
PP4, PP6, and PP7 (Shi 2009; Swingle et al. 2004). In contrast
to other family members, the catalytic and regulatory domains
of PP5 are encoded on a single polypeptide (Shi 2009). This
causes PP5 to have a low basal activity as it adopts an auto-
inhibited conformation (Kang et al. 2001). Association of
Hsp90 to the tetratricopeptide repeat (TPR) domain of PP5,
binding of polyunsaturated fatty acids, or post-translational
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modification can all activate PP5 (Fig. 1a, b) (Chen and
Cohen 1997; Dushukyan et al. 2017; Silverstein et al. 1997).
PP5 substrates include the glucocorticoid receptor (GR), tu-
mor suppressor p53, Hsp90, and the co-chaperone Cdc37
(Silverstein et al. 1997; Soroka et al. 2012; Vaughan et al.
2008; Wandinger et al. 2006; Wang et al. 2018). Elevated
PP5 expression has been shown to increase proliferation in
most cells and has also been linked to the progression of breast
and kidney cancers (Dushukyan et al. 2017; Hinds Jr. and
Sanchez 2008). In addition to cancer, through its diverse func-
tions, PP5 has also been implicated in asthma, cardiac con-
tractility and heart failure, diabetes, and lipid metabolism and
obesity (Fransson etal. 2014; Gergs et al. 2019; Hinds Jr. et al.
2011; Krysiak et al. 2018; Pazdrak et al. 2016). The role of
PP5 in proliferation and cell survival as well as its unique
structure makes it a potentially attractive therapeutic target.
Here, we review the current literature highlighting the distinc-
tive properties of PP5 structure and function as well as its role
in cancer and as a therapeutic target.

PP5 structure and function
Accessing the PP5 catalytic site

Unlike other PPP family members, which are regulated by
non-covalent interactions with separate regulatory proteins,
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Fig. 1 Mechanisms for activation of PP5. a Interaction of the extreme C-
terminal MEEVD sequence of Hsp90 with the TPR domain of PP5 breaks
the auto-inhibited state allowing for PP5 activity. b Alternative paradigm

the sequence and structure of PP5 include both catalytic and
regulatory domains (Shi 2009). The amino-terminal regulato-
ry domain contains three consecutive tetratricopeptide repeat
(TPR) motifs used for protein-protein interaction (Fig. 2a)
(Das et al. 1998). The TPR domain interacts with the extreme
C-terminal alpha J helix («J) in the auto-inhibited state, which
blocks substrate access to the catalytic groove (Fig. 2b, c)
(Kang et al. 2001). The auto-inhibition can be broken by in-
teraction of PP5 activators such as the molecular chaperone
Hsp90 or fatty acids, like arachidonic acid, with the TPR do-
main of PP5 (Haslbeck et al. 2015b; Vaughan et al. 2008;
Yang et al. 2005; Zeke et al. 2005). This releases the o helix
and allows for substrates to access the catalytic site (Fig. 1a).

Within the catalytic site of PP5, there are several key resi-
dues that are essential for its activity as well as two essential
metal ions (M1 and M2). PP5 has been shown to coordinate
Mn*2, Zn*?, and Fe*, but commonly prefers Mn* (Fig. 2d—f)
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where mechanisms such as phosphorylation of PP5-T362 allows for ac-
tivation of PP5 independent of Hsp90

(Oberoi et al. 2016; Swingle et al. 2004). These two metal ions
are important for coordinating the target phosphate groups of
PP5 substrates. They are often both Mn*? ions but can be other
metals as described above. An exciting new study demonstrat-
ed that different states of the manganese ion alter the structure
of the active site leading to secondary changes in conforma-
tion, especially in the od helix, and subsequently affect PP5
activity (Wang and Yan 2019).

Based on the PP5 crystal structure, residues R275, N303,
H304, and R400 are all responsible for the coordination of the
target phosphate ion through direct hydrogen bond interac-
tions with all four oxygen atoms of the phosphate group
(Fig. 2d, e) (Swingle et al. 2004). N303 interacts with both
M? and the substrate phosphate group, whereas the other res-
idues are set slightly above the metal ions and only interact
with the substrate. Interestingly, though D274 does not have
any direct interaction with the metal ions, water, or substrates,
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Fig. 2 Structure of protein phosphatase-5 (PP5). a Schematic representa-
tion of the domains of PP5. b Space-filled model of the crystal structure of
PP5 (PDB: 1WAO). Alpha J helix (red) contacts the TPR domain (gold)
to result in auto-inhibition. The catalytic domain (blue) is connected to the
TPR domain by a linker (gray). ¢ Ribbon structure (PDB: 1WAO) dem-
onstrating alpha helices of PP5 TPR domains (gold) with active site
highlighted below by box (pink). d Detailed view of the PP5 catalytic

site with essential residues D274, R275, N303, H304, and R400
highlighted in pink (PDB: 1S95). e Detailed view of the PP5 catalytic
site with catalytic H304 highlighted (PDB: 1S95). f Cdc37 peptide (tan)
bound to the PP5 catalytic site (PDB: SHPE). Residues important for
substrate coordination and PP5 activity R275, N308, M309, Y313, and
Y451 are highlighted in pink

@ Springer



386

R. A. Sager et al.

it is critical for PP5 activity because it forms a necessary hy-
drogen bond with H304 (Fig. 2d, e) (Swingle et al. 2004).
These residues are essential for the catalytic activity of PP5.

In addition to the aforementioned residues, other residues
crucial for PP5 function include N308, M309, Y313, and
Y451 (Fig. 2f) (Oberoi et al. 2016). These residues were iden-
tified when the crystal structure of the catalytic domain in
complex with a Cdc37 peptide substrate was solved (Oberoi
etal. 2016). Of these four residues, the first three are involved
in coordinating PP5 substrates, specifically Cdc37, through
direct coordination (N308 and Y313) or through van der
Waals interactions (M309). The last residue (Y451) does not
directly interact with substrates, but instead forms hydrogen
bonds with R275 and a water molecule that help determine
substrate conformation. The substrate-contacting residues es-
sentially form a lining along the inside of the catalytic pocket
above the metal ions ensuring the proper, and stable, position-
ing of PP5 substrates. Although the catalytic domains of PP5
and other PPP proteins are similar enough to be inhibited by
the same molecule such as okadaic acid, the abundance of key
residues that are unique to PP5 makes it a druggable target
(Golden et al. 2008b; Hinds Jr. and Sanchez 2008).
Developing a specific PP5 inhibitor is an enticing concept as
it would allow us to regulate many different cellular pathways
and would also provide a possible treatment for several can-
cers (see below).

PP5 substrates and binding partners

PP5 plays a key regulatory role in many signaling and stress
response pathways and has been shown to interact with many
different transcription factors and proteins involved in the
DNA damage response. One well-described interaction is
with the glucocorticoid receptor (GR) through a GR-Hsp90
heterocomplex (Davies et al. 2005; Jacob et al. 2015). PP5
directly dephosphorylates GR on several residues, modulating
GR activity (Wang et al. 2007). It has also been shown to
directly interact and co-localize with the CDC16/CDC27 sub-
units of the anaphase-promoting complex (APC) (Ollendorff
and Donoghue 1997). This data suggests that PP5 may play an
important role in the regulation of APC activity and thus in the
progression of cells from metaphase into anaphase. In addi-
tion, PP5 has been reported to regulate p53 directly and
through upstream pathways showing that PP5 also plays a role
in DNA damage response (Amable et al. 2011; Wang et al.
2018; Zuo et al. 1998). Other known interactions include the
following: CK1e (Partch et al. 2006); copine (Tomsig et al.
2003); cryptochrome 2 (Zhao and Sancar 1997); Hsp90-
dependent heme-regulated elF2« kinase (Shao et al. 2002);
apoptosis signal-regulating kinase 1 (ASK1) (Morita et al.
2001); DNA-PKcs (DNA-dependent Ser/Thr protein kinase)
(Wechsler et al. 2004); ATM (ataxia telangiectasia—mutated
kinase) (Ali et al. 2004); ATR (ATM- and Rad 3-related
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kinase) (Zhang et al. 2005); A-regulatory subunit of protein
phosphatase type 2A (Lubert et al. 2001); G12-a/G13-o sub-
units of heterotrimeric G proteins (Yamaguchi et al. 2002);
SMAD?2/3 (Bruce et al. 2012); Racl and Ras (Chatterjee
et al. 2010; Gentile et al. 2006; Mazalouskas et al. 2014);
and Rafl (von Kriegsheim et al. 2006) (Table 1). Through
these interactions, PP5 helps regulate many different path-
ways and checkpoints involved in the cell cycle, varying from
DNA damage checkpoints to the transition to anaphase, and to
apoptosis.

Co-chaperone function of PP5

PPS5 is a co-chaperone of Hsp90 and regulates the chaperone
function largely through regulation of and cooperation with
other Hsp90 co-chaperones. Binding to Hsp90 is also one of
the mechanisms for the activation of PP5 catalytic activity.
PP5 modulates the chaperoning of numerous kinases via
PP5-mediated dephosphorylation of the co-chaperone
Cdc37 at S13 (Vaughan et al. 2008). Cdc37 is phosphorylated
by casein kinase 2 (CK2) and is then able to recruit kinases to
the Hsp90 chaperone (Bandhakavi et al. 2003; Miyata and
Nishida 2004; Shao et al. 2003; Vaughan et al. 2006).
Binding of PP5 to this Cdc37-kinase-Hsp90 heterocomplex
results in dephosphorylation of Cdc37 and leads to subsequent
release of Cdc37 and mature kinase (Vaughan et al. 2008).
The crystal structure of phosphomimetic Cdc37 peptide
bound to the catalytic domain of PP5 revealed that despite
high conservation of structure in the catalytic site, there are
also elements of substrate specificity (Oberoi et al. 2016).
Utilization of this structure led to generation of structure based
PP5 mutants. Analysis of these mutants in vivo revealed that
mutations that lead to hypoactivity of PP5 activity also result
in trapping of kinases in these chaperone complexes as op-
posed to the usual transient interactions during an efficient
chaperone cycle (Oberoi et al. 2016). Additionally, PP5 activ-
ity affects Hsp90 binding to inhibitors with varied effects.
Work based on yeast ortholog of PPS (PPT1) demonstrated
that it also functions as the co-chaperone by directly dephos-
phorylating Hsp90 at several residues consequently modulat-
ing its chaperone function (Soroka et al. 2012; Wandinger
et al. 20006).

PP5 function also modulates the effects mediated by other
Hsp90 co-chaperones. PP5 has been long known to work with
the co-chaperones FKBP51 and FKBP52 in the chaperoning
of steroid hormone receptors (Banerjee et al. 2008; Davies
et al. 2005; Gallo et al. 2007; Silverstein et al. 1997). It has
additionally been shown that PP5 regulates calcium currents
in inter-endothelial cell gap junctions through a PP5-FKBP51
axis (Hamilton et al. 2018). Furthermore, PP5 also dephos-
phorylates a relay phosphorylation of serine residues on the
co-chaperone FNIP1 (Sager et al. 2019). Complete relay phos-
phorylation by CK2 of FNIP1 promotes FNIP1 interaction
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Table 1 Known PP5 substrates,

activators, and interactors

References

Substrates
53BP1

ABCBI

(P-glycoprotein)

AMPK
Askl
Cdc37
CKle
DNA-PKcs
ER
FNIP1
GR
Hsfl
Hsp90
pS3
Rafl
PPARy
SMAD?2/3
Tau
Titin
Activators
Arachidonic acid
CK15
Copine |
Hsp70
Hsp90

Racl

S100
Interactors

ATM

ATR

AR

CDC16/CDC27
(APC)

Cryptochrome 2

elF2 «

Erk 172

FKBP51/52

G «l2
G al3
2p96
PP2A
VHL

Kang et al. (2009)
Katayama et al. (2014)

Chen et al. (2017); Hsieh et al. (2017a); Hsieh et al. (2017b); Hu et al. (2018)
Morita et al. (2001)

Vaughan et al. (2008)

Partch et al. (2006)

Wechsler et al. (2004); Wu et al. (2015)

Tkeda et al. (2004)

Sager et al. (2019)

Davies et al. (2005); Jacob et al. (2015); Wang et al. (2007)
Cho et al. (2014); Conde et al. (2005)

Soroka et al. (2012); Wandinger et al. (2006)

Amable et al. (2011); Wang et al. (2018); Zuo et al. (1998)
Mazalouskas et al. (2014); von Kriegsheim et al. (2006)
Hinds Jr. et al. (2011)

Bruce et al. (2012)

Gong et al. (2004); Liu et al. (2005)

Krysiak et al. (2018)

Chen and Cohen (1997); Ramsey and Chinkers (2002); Sinclair et al. (1999)
Dushukyan et al. (2017)

Tomsig et al. (2003)

Connarn et al. (2014)

Chen et al. (1996); Ramsey and Chinkers (2002); Silverstein et al. (1997); Yang
et al. (2005)

Chatterjee et al. (2010); Gentile et al. (2006); Mazalouskas et al. (2014)
Yamaguchi et al. (2012)

Ali et al. (2004); Huang et al. (2018)
Zhang et al. (2005)

Schulke et al. (2010)

Ollendorft and Donoghue (1997)

Zhao and Sancar (1997)
Shao et al. (2002)
Mazalouskas et al. (2014)

Banerjee et al. (2008); Davies et al. (2005); Gallo et al. (2007); Silverstein et al.
(1997)

Yamaguchi et al. (2002)
Yamaguchi et al. (2002)
Mkaddem et al. (2009)
Lubert et al. (2001)
Dushukyan et al. (2017)
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with Hsp90 and activation and stabilization of both kinase and
non-kinase clients.

Activation of PP5 activity

As discussed above, PP5 exists largely in an auto-inhibited
conformation that requires release for activation of PP5 cata-
Iytic activity (Kang et al. 2001; Yang et al. 2005). If the cata-
lytic domain is artificially isolated through protein truncation
or deletion of the auto-inhibitory o helix, the catalytic do-
main is constitutively active much like other PPP family mem-
bers (Chen and Cohen 1997; Kang et al. 2001; Sinclair et al.
1999). One well-known mechanism of PP5 activation is
through the interaction of the TPR domain of PP5 with the
C-terminal MEEVD TPR-binding motif of Hsp90 (Fig. 1a)
(Chen et al. 1996; Ramsey and Chinkers 2002; Silverstein
et al. 1997; Yang et al. 2005). Binding of the chaperone
Hsp70 to the TPR domain of PP5 also activates the phospha-
tase (Connarn et al. 2014). Interestingly, the MEEVD of
Hsp90 binds PPS with a higher affinity than the IEEVD of
Hsp70; however, the full-length Hsp70 binding stimulates
PP5 phosphatase activity more than binding of Hsp90
(Connarn et al. 2014).

In addition, PP5 can be activated by interaction with poly-
unsaturated fatty acids like arachidonic acid and fatty acid-
CoA esters (Chen and Cohen 1997; Ramsey and Chinkers
2002; Sinclair et al. 1999). These interactions stabilize an
alternate conformation of the TPR domain as compared with
the interaction with Hsp90 (Yang et al. 2005). While much of
this early work was performed in vitro, it has also been shown
that treatment of cells with arachidonic acid or nocodazole, a
microtubule-depolymerizing drug, can lead to release of PP5
from Hsp90 and Hsp70, proteolytic activation, and subse-
quent degradation of PP5 (Zeke et al. 2005). PP5 can also be
activated by Ca**-sensing S100 proteins (Yamaguchi et al.
2012). This ability of S100 proteins, however, is impaired
by oxidative stress (Yamaguchi et al. 2016). Small molecule
activators of PP5 have also been developed. The molecules
bind in allosteric sites likely in the catalytic domain and data
suggests they may relax the auto-inhibited state (Haslbeck
et al. 2015a). Furthermore, it has also recently been demon-
strated that PP5 activity can be further modulated by post-
translational modifications (PTMs) on PP5 itself.
Phosphorylation of PP5 on T362 leads to activation of PP5
in the absence of Hsp90 in vitro (Fig. 1b) (Dushukyan et al.
2017). T362 phosphorylation of PP5 is essential for its activity
in cells despite PP5 activity in the absence of this modification
in vitro. PP5 is also subjected to multi-monoubiquitination on
K185 and K199, which leads to its degradation and serves as a
control switch to shut off PP5 activity (Dushukyan et al.
2017). These modifications on PP5 were altered in kidney
cancer suggesting that PP5 may be differentially regulated in
cancer and may serve as a therapeutic target.
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Role of PP5 in cancer

As mentioned above, PP5 plays a key role in several
pathways important for cancer progression and survival
including stress response pathways, proliferation, and
DNA damage response (Fig. 3). Early work demonstrat-
ed that PP5 indirectly works upstream as a negative reg-
ulator of the tumor suppressor p53 (Zuo et al. 1998; Zuo
et al. 1999). A more recent study found that PP5-
deficient mice were hypersensitive to genotoxic stress,
which was associated with upregulation of p53 and its
downstream targets (Wang et al. 2018). PP5 was found
to interact with and directly dephosphorylate p53.
Furthermore, complete loss of PP5 reduced tumorigene-
sis and prolonged survival in p53*" mice (Wang et al.
2018). These proteins were reciprocally regulated as p53
repressed PPS transcription.

There are numerous links of PP5 altering signaling
networks important for such processes as metastasis,
proliferation, differentiation, and oncogenesis including
Rho/Rac signaling and signaling through the MAPK
pathway through inactivation of Raf-1 (Gentile et al.
2006; Mazalouskas et al. 2014; Yamaguchi et al. 2002).
PP5 can also directly dephosphorylate ASK1, a kinase
involved in p38 and JNK kinase cascades (Morita et al.
2001). There are further reports linking p53, PP5, and
ASK1; the details of the precise role of PP5 remain to
be elucidated (Huang et al. 2004; Morita et al. 2001;
Zhou et al. 2004). Additionally, PP5 plays other roles
in DNA damage response and cell cycle control. It ap-
pears to act as a negative regulator of DNA damage—
activated protein kinase, DNA-PKcs, which plays an

Cellular Processes) Cancers
|

Kidney

Cell survival and
cell death

Cell proliferation
and growth

Hormone
signaling

DNA damage and
cell cycle control

).

Fig. 3 PP5 is involved in many normal cellular pathways and has been
implicated in several cancers
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important role in nonhomologous end-joining repair of
double-strand DNA breaks (Wechsler et al. 2004). In
contrast, PP5 positively regulates ATM and ATR-
signaling in DNA damage cell cycle control checkpoints
(Ali et al. 2004; Zhang et al. 2005). PP5 also directly
binds and dephosphorylates p53-binding protein 1
(53BP1), and elevated PP5 expression was associated
with reduced nonhomologous end-joining repair (Kang
et al. 2009). Additionally, silencing or inhibition of
PP5 is associated with GO/G1 cell cycle arrest in many
cancers. Due to these many described functions as well
as additional mechanisms, PP5 has been shown to be
important for cancer progression and survival in a wide
variety of cancers (Fig. 3).

Breast Cancer

There are numerous studies linking elevated PP5 levels to
breast cancer progression. A positive correlation was
found between PP5 overexpression and various malignant
breast pathologies when examining tissue microarrays
(TMA) for PP5 expression (Golden et al. 2008a). The
same study found that PP5 overexpression was associated
with increased proliferation in MCF7 cells in culture as
well as increased tumor growth in a mouse xenograft
model (Golden et al. 2008a). It has also been demonstrat-
ed that PP5 affects estrogen signaling. PP5 expression has
been shown to be estrogen-induced; however, constitutive
overexpression of PP5 allows estrogen-dependent cells to
continue to proliferate in estrogen-depleted media sug-
gesting that elevated PP5 expression may contribute to
estrogen-independent growth (Urban et al. 2001). PP5
has been shown to directly interact with the estrogen re-
ceptor (ER) and to desphosphorylate Serl118 on ER«, a
major phosphorylation site that has been associated with
tamoxifen responsiveness (Huderson et al. 2012; Ikeda
et al. 2004; Kok et al. 2009). Taken together, it is clear
that PPS expression in breast cancer may be affecting
estrogen signaling and response to therapy and warrants
further exploration as a therapeutic target.

Hepatocellular carcinoma and cholangiocarcinoma

Expression of PP5 has also been found to be elevated in
tumor samples from patients with hepatocellular carcino-
ma (HCC) and was associated with worse clinical out-
comes (Chen et al. 2017). This same study found that
silencing or knockdown of PP5 in HCC cells inhibited
growth through an AMPK-associated mechanism (Chen
et al. 2017). Similarly, overexpression of PP5 in cholan-
giocarcinoma (CCA) cells led to increased cell growth
and colony formation, whereas shRNA-mediated knock-
down of PP5 in tumor xenografts decreased growth and

enhanced pAMPK (Hu et al. 2018). The same group has
also shown that palbociclib, a CDK4/6 inhibitor, induced
autophagy, and apoptosis in HCC cells through a mecha-
nism that involved upregulation of pAMPK and inhibition
of PP5, independent of CDK4/6 (Hsieh et al. 2017a).
Palbociclib also enhanced radiosensitivity of HCC and
cholangiocarcinoma (CCA) cells through inhibition of
ATM kinase via PP5, which would normally respond to
repair double-stranded DNA breaks (Huang et al. 2018).

Non-small cell lung cancer

Similarly, PP5 expression has also been found to be elevated
in human lung tumor samples relative to adjacent normal tis-
sue (Hsieh et al. 2017b). Overexpression of PP5 in A549 lung
cancer cells has also been linked to enhanced proliferation and
colony formation. Inhibition of PP5 activity by cantharidin
caused apoptosis and reduced tumor growth via increased
PAMPK signaling (Hsieh et al. 2017b).

Colorectal carcinoma

PP5 knockdown in colorectal carcinoma (CRC) cells also
inhibited cell proliferation and colony formation and caused
GO/G1 arrest (Wang et al. 2015). In contrast, another study
showed that overexpression of PP5 in HT-29 CRC cells led to
increased sensitivity to mTOR inhibitor WAY-600. This sen-
sitivity was found to be dependent on PP5-mediated dephos-
phorylation of DNA-PKcs T2609 (Wu et al. 2015). Together,
these results show that PP5 is necessary for colorectal cancer
growth, but it can also play an anti-tumorigenic role through
DNA-PKcs dephosphorylation when it is overexpressed.
Further research is required to elucidate the nuances of the
role PP5 plays in colorectal cancer.

Prostate cancer

Levels of PP5 are elevated in prostate cancer cell lines when
compared with normal prostate cell lines (Periyasamy et al.
2007). Although this link has not been thoroughly studied,
PPS5 and the androgen receptor (AR) interact in chaperone
complexes (Schulke et al. 2010); however, PP5-mediated de-
phosphorylation of AR has yet to be established (Periyasamy
et al. 2007; Schulke et al. 2010). AR associates with many of
the same TPR-containing proteins that compete with PP5 for
GR binding, which strengthens the likelihood that there is an
as-of-yet undiscovered regulatory interaction between AR and
PP5 (Schulke et al. 2010).

Kidney cancer

There has also been recent work demonstrating a
prosurvival role for PP5 in clear cell renal cell carcinoma
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(ccRCC), the most common type of kidney cancer
(Dushukyan et al. 2017). The majority of cases of ccRCC
harbor mutations in the tumor suppressor von Hippel-
Lindau (VHL), which is the recognition subunit of an E3
ubiquitin ligase complex best known for ubiquitinating
HIF in a hypoxia-dependent manner (Hsieh et al. 2017c).
It was demonstrated that PP5 is upregulated in VHL-null
ccRCC cell lines and human tumor samples as PP5 is
targeted for degradation by VHL-dependent multi-
monoubiquitination of PP5 K185 and K199 (Fig. 4)
(Dushukyan et al. 2017). Furthermore, PP5 activity was
enhanced independent of Hsp90 activation by phosphory-
lation on T362 by CK16 (Fig. 4). Targeting PP5 activity by
either siRNA silencing or blocking T362 phosphorylation
via IC261-mediated CK1$ inhibition led to induction of

Fig. 4 Post-translational
regulation of PP5 in kidney
cancer. In normal cells, the VHL-
containing E3 ubiquitin ligase
complex ubiquitinates PP5 on
K185 and K199 leading to its
proteasomal degradation and
controls PP5 expression level and
activity. In kidney cancer with
non-functional VHL, PP5 is no
longer degraded, allowing it to
accumulate and be phosphorylat-
ed by CK16. This leads to in-
creased PP5 phosphatase activity
and cancer cell survival. ELB
elongin B, ELC elongin C, CUL2
cullin-2, RBX1 ring box-1 (E3
ubiquitin ligase)

Normal Cells

apoptosis specifically in VHL-null ccRCC cells
(Dushukyan et al. 2017). This supports work to identify
other important PTMs on PP5 as well as development of
PPS5-specific inhibitors or other mechanisms to target the
activity of PP5.

Other cancers

Glioma

PP5 knockdown inhibited cell proliferation, colony for-
mation, and cell migration and arrested cells in G0/G1 in

the human glioma cell lines U251 and U373 (Zhi et al.
2015).

Renal Cancer\

Increased phosphatase activity

Cancer cell survival
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Ovarian Cancer

PP5 knockdown in CAOV-3 ovarian cancer cells also
inhibited proliferation and colony formation as a result of
GO/G1 arrest (Zheng et al. 2016).

Osteosarcoma

PP5 is also highly expressed in several human osteosarcoma
cell lines. Similarly to above, lentivirus-delivered shRNA
knockdown decreased viability and proliferation as a result
of GO/G1 arrest (Han et al. 2017).

Inhibition of PP5

PP5 has been found to be upregulated in a variety of different
cancers and silencing of PP5 or inhibition of its activity de-
creases tumor growth and survival. These effects are mediated
by PP5 influence on diverse cellular functions including but
not limited to DNA damage response, cell proliferation and
cell cycle progression, and various signaling pathways includ-
ing steroid hormone receptor signaling. As a result, PP5 is an
attractive drug target. There are several naturally occurring
PP5 inhibitors that, unfortunately, are not specific to PP5
and can also inhibit other members of the PPP family. These
include but are not limited to the following: okadaic acid,
microcystins, nodularin, calyculin A, tautomycin, and can-
tharidin (Golden et al. 2008b; Swingle et al. 2007). Due to
the lack of specificity, these inhibitors are not viable as thera-
peutic approaches and designing specific phosphatase inhibi-
tors is difficult due to similarities within the catalytic domains
of phosphatases (McConnell and Wadzinski 2009). The anti-
tumor drug LB-100, which has completed a phase 1 clinical
trial and is actively recruiting in phase 1b/2 (NCT03886662)
and phase 2 (NCT03027388) trials, was designed as a specific
PPP2AC inhibitor (clinicaltrials.gov). However, it has now
been shown that this drug also inhibits PP5 and some of the
antitumor action may be ascribable to this role (D’Arcy et al.
2019). This highlights the difficulty in designing specific
phosphatase inhibitors. Fortunately, there are several aspects
of PP5 structure and function as reviewed here that make it
unique and a likely druggable target. Robust fluorescent
phosphatase assays for screening candidate inhibitors of PP5
have been developed (Swingle and Honkanen 2014).
Recently, an ultra-high-throughput screen using this technol-
ogy showed promise and identified ~30 new candidate PP5
inhibitors (Swingle et al. 2017). Similarly, three other new
PP5 inhibitors were reported and included Ro 90-7501, which
inhibited PP5 in a TPR-domain-dependent manner unlike the
majority of inhibitors that bind to the phosphatase domain
(Hong et al. 2017). Inhibiting PP5 by targeting the TPR do-
main may mediate its effects through abrogating the

interaction of PP5 with Hsp90 and thereby blocking its inter-
action with substrates. This may provide a distinct mechanism
of inhibiting PP5 activity by prohibiting its interaction with its
target proteins. These recent studies suggest there may be a
bright future for specific PP5 inhibitors. Additionally, we have
demonstrated that targeting CK 18, which phosphorylates
T362 of PP5 and enhances its activity, provides a viable op-
tion for inducing ccRCC cell death in a PP5-specific manner
(Dushukyan et al. 2017). Furthermore, this led to apoptosis
selectively in VHL-null ccRCC in which PP5 is upregulated
suggesting there is a therapeutic window for PP5 inhibition.
This suggests there may be additional mechanisms for
targeting PP5 activity aside from PP5-specific small molecule
inhibitors.

Conclusions and future perspectives

Despite the vast amount of data available on PPS structure and
function, there are some outstanding questions related to PP5
regulation in cells. There is already limited information on
PTMs of PP5 and their impact on activation and controlling
its activity; however, it is unclear if other PTMs play a role in
PP5 regulation. Additionally, although there are several re-
ported PP5 substrates/interactors, we are still lacking a robust
and comprehensive list of its substrates. This information will
potentially help us in deciphering the mechanism of substrate
specificity and identifying a consensus sequence or docking
motif for PP5 substrates. The synthesis of this knowledge
would further allow us to better understand the true physio-
logical relevance of this phosphatase and its controlled activa-
tion. Since the role of PP5 in tumor progression and survival is
firmly established, targeting PP5 is an attractive approach in
treating different types of cancer.
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