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KEY WORDS Abstract Protein kinases and phosphatases signal by phosphorylation and dephosphorylation to
. precisely control the activities of their individual and common substrates for a coordinated cellular
Kinase/phosphatase L . . . L.
signaling network; outcome. In many situations, a kinase/phosphatase complex signals dynamically in time and space
PDZ-coupled protein-protein through their reciprocal regulations and their cooperative actions on a substrate. This complex may be
complex; essential for malignant transformation and progression and can therefore be considered as a target for
Phosphorylation and depho- therapeutic intervention. p38y is a unique MAPK family member that contains a PDZ motif at its
sphorylation; C-terminus and interacts with a PDZ domain-containing protein tyrosine phosphatase PTPH1. This PDZ-
Cancer development and coupled binding is required for both PTPH1 dephosphorylation and inactivation of p38y and for p38y
ROIEIONE phosphorylation and activation of PTPHI. Moreover, the p38y/PTPH1 complex can further regulate their

Targeted cancer therapy
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substrates phosphorylation and dephosphorylation, which impacts Ras transformation, malignant growth
and progression, and therapeutic response. This review will use the p38y/PTPHI signaling network as an
example to discuss the potential of targeting the kinase/phosphatase signaling complex for development of
novel targeted cancer therapy.
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1. Introduction

Kinases play a critical role in transmission and amplification of
oncogenic and extracellular signaling and are considered as an
attractive target for therapeutic intervention'. Kinases are
typically inactivated by dephosphorylation via a phosphatase,
which is essential for termination of an upstream proliferative
signal. A dysregulation of kinase/phosphatase signaling cross-
talk contributes to malignant development and progression”,
and dissecting their signaling interaction events may reveal a
novel strategy for cancer therapy by targeting cancer-specific
pathways/networks.

The spatial and temporal organization of molecules within a cell
is critical for the efficient coordination and integration of their
activities into a specific response’. Scaffold proteins organize
functional complexes, modulate enzyme activities, and fine-tune
signaling output by locally concentrating relevant proteins and
avoiding their non-specific interactions”. The kinase suppressor of
Ras 1 (KSR1) scaffold, for example, assembles RAF, MEK1/2
(MAP2K1/MAPK2K?2) and ERKI1/2 (MAPK3/MAPK1) to
increase signaling efficiency and to control the normal function
of the ERK pathway'”. Targeting scaffold proteins has been
considered an efficient and novel approach for the development of
cancer therapies®.

PSD-95/Dlg/Z0O-1 homology (PDZ) binding occurs between
a PDZ-domain containing protein and a protein with a PDZ-
binding motif’ and is an important mechanism for scaffold
protein formation®. p38y (MAPK12) is a member of mitogen-
activated protein kinases (MAPKs) with a unique C-terminal
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PDZ-binding motif (-ETXL)’"''. While early studies classified
p38y as a stress kinase'>'?, recent research has shown that p38y
plays an important role in transformation and cancer develop-
ment and growth®'*'>. This review will present recent dis-
coveries about p38y signaling through PDZ-coupled interaction
with its phosphatase protein tyrosine phosphatase H1 (PTPH1)
and with their respective individual and common effectors with
a focus on their signaling dynamics and integration. We hope
that this knowledge may serve as a platform for developing
novel cancer therapeutics by targeting an oncogenic kinase/
phosphatase signaling network.

2. PDZ-coupled p38y/PTPH]1 interaction in Ras oncogenesis
p38 MAPK family proteins (@, f, y, and ) are encoded by four
separate genes (MAPKI4, MAPKII, MAPKI2, and MAPKI3
respectively) and play overlapping, distinct, and even opposite roles
in regulating cell growth, cell death, and differentiation '*'®'".
Among 15 classical and nonclassical MAPKs, p38y is the only
MAPK with PDZ motif at C-terminus'®'?, structurally indicating its
specific activities®’. Early studies have shown that p38y is involved
in differentiation'®, stress response'’, and G2/M cell cycle transi-
tion’'. Although p38y depends on its C-terminal PDZ motif to
interact with and phosphorylate several PDZ-domain proteins,
including a1-syntrophin (SNTA1)', synapse-associated protein 90/
postsynaptic density protein 95 (DLG4)**, and SAP97 (DLG1)>, the
functional consequence of these complexes in cell growth or death
remains mostly unknown.
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Figure 1 The p38y MAPK/PTPHI phosphatase signaling complex in regulation of transformation, malignant growth, and therapeutic response.
p38y and PTPH1 are activated in response to K-Ras oncogene and are both required for Ras transformation in which PTPH1 dephosphorylates
p38y (likely in early stage) and p38y phosphorylates PTPH1 at S459 (likely in late stage). p38y can be further activated by indicated extracellular
stimuli, whereas activating signals for PTPHI are unknown (?). Furthermore, p38y can stimulate Topo Ila, f-catenin, Hsp90 and ER
phosphorylation at indicated residues, whereas PTPH1 can catalyze tyrosine dephosphorylation of ER and EGFR, restore their natural cellular
localization and increase VDR cytoplasmic accumulation. Through individual and common effectors, the p38y/PTPH1 signaling complex regulates
transformation, malignant growth and therapeutic responses, and may be targeted by the p38y inhibitor PFD for therapeutic intervention.
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p38y RNA/protein expression is induced by the K-Ras (KRAS)
oncogene in intestinal epithelial cells and the depletion of p38y by
siRNA blocks K-Ras transformation’*. Of interest, transient co-
expression analyses have shown that oncogenic K-Ras decreases
p38y phosphorylation but increases phosphorylation of its isoform
p38a, indicating their coordinative and perhaps even opposite
action in Ras transformation®*. Because p38a is a tumor suppres-
sor””, these results indicate that upregulated p38y may antagonize
the p38a activity to promote K-Ras oncogenesis through a process
involving p38y dephosphorylation®**°. To search for a p38y-
specific phosphatase, wild-type and PDZ motif deleted p38y were
used for two-hybrid screening of human colon cDNAs. p38y, but
not its PDZ-deleted mutants, was found to interact with a PDZ-
domain containing protein tyrosine phosphatase H1 (PTPHI)
(gene name: PTPN3) by which p38y is dephosphorylated
in vitro and in vivo®’ (Fig. 1). PTPHI is a nonmembrane tyrosine
phosphatase containing a single PDZ domain®®. Significantly, K-
Ras transformation stimulates protein expression of both p38y and
PTPHI and knockdown of either p38y or PTPH1 or disruption of
their interaction by a peptide or expressing a PDZ binding-
deficient mutant inhibits the malignant transformation and/or
growth in cell culture and/or in nude mice””%’. Furthermore,
elevated p38y in human colon cancer specimens is correlated with
up-regulated PTPH1, highlighting the critical role of the p38y/
PTPHI1 complex in K-Ras-dependent colon cancer development
and growth”’.

To investigate if the PDZ-coupled complex reciprocally
regulates the phosphatase activity, PTPHI1 proteins were
screened for potential phosphorylation by mass spectrometry
after in vitro incubation with p38y. PTPH1 was found to be
phosphorylated at S459 by p38y through PDZ binding’®.
Importantly, this phosphorylation is important for K-Ras
transformation, for K-Ras dependent colon-cancer growth,
and for stress-induced cell-death independent of other major
MAPK pathways®’. Since levels of phosphorylated forms of
p38y and PTPHI proteins are both elevated in colon cancer
cells containing mutated K-Ras as compared to those contain-
ing only wild-type K-Ras®’, these results indicate a critical
role of p38y phosphorylation of PTPHI1, but not of p38y
dephosphorylation by PTPHI1, in maintaining the transformed
phenotype and malignant growth'>. Of interest, PTPHI depho-
sphorylates p38y independent of phosphorylation at S459. This
serine phosphorylation, however, is required for PTPHI to
catalyze Epidermal Growth Factor Receptor (EGFR) tyrosine
dephosphorylation, thus propagating p38y signaling by its
stimulation of substrate-specific PTPHI1 catalytic activity’’.
Reciprocal allosteric regulation of p38y and PTPH1 via PDZ
binding was recently further demonstrated by crystal-structure
analysis®'. Together, these results indicate a role of PTPHI
dephosphorylating p38y in early stage of Ras transformation
such as cell proliferation and morphological alterations>**’
and a role of p38y phosphorylating PTPHI in late stage of Ras
oncogenesis through maintaining the malignant phenotype and
stimulating malignant invasion’® (Fig. 1). Therefore, the PDZ-
coupled p38y/PTPH1 complex may promote K-Ras oncogen-
esis by a stage-specific mechanism. Because p38y and PTPH1
can act on individual substrates and/or partners, below we will
discuss their effector pathways to further understand their
integrated biological activities.

3. p38y phosphorylation of substrates and stimulation of key
transcriptional programs

3.1.  c-Jun/AP-1 pathways

c-Jun (JUN) and AP-1 (the transcription factor complex of which c-Jun
is a part) play an important role in the regulation of gene expression by
MAPKs*>*. p38y is required for MAP3K8- and RHOA-induced
activation of c-Jun promoter’**°. Moreover, p38y expression alone is
sufficient to stimulate c-Jun promoter activity through AP-1 and MEF2
binding sites’**’. The work by Loesch et al.*” further showed that p38y
depends on both its C-terminal PDZ motif and phosphorylation to bind
and to trans-activate c-Jun, which is essential for basal AP-1
transcription activity. Further studies revealed that p38y increases cell
invasion and stimulates matrix metalloproteinase 9 (MMP9) promoter
activity via AP-17"%, Recent analyses further showed that through
interaction with c-Jun, p38y is recruited to gene promoters of several
oncogenic molecules at AP-1 sites, including MMP9”, cyclin DI
(CCNDIY¥*, NANOG™ and EGFR *'. These results together indicate
that p38y may further stimulate oncogenic processes through c-Jun/AP-
1 dependent transcriptional activation, resulting in cancer-like stem cell
(CSC) expansion, malignant invasion, and/or alterations in therapeutic
response (Fig. 1).

3.2.  p-catenin/Wnt pathways

p-Catenin (CTNNBI) is a central component of Wnt signaling and
plays a critical role in colon cancer development and progression by
stimulating Wnt transcription activity*”. Conditional p38y knockout
(KO) from intestinal epithelial cells (IECs) decreases expression of pro-
inflammatory cytokine, f-catenin, and Wnt target genes in colon
tissues, and attenuates colon tumorigenesis in an azoxymethane(AOM)/
dextran sodium sulfate (DSS) mouse model”. Studies with a whole
body knockout of p38y, p386, and both together also attenuate
inflammation-induced colon and skin cancer™**. Further analyses
have shown that p38y binds fS-catenin and increases its protein stability
by stimulating its S605 phosphorylation and thereby decreasing its
proteasome-dependent degradation®”. Moreover, inflammation stimu-
lates p38y and p-catenin phosphorylation and p-catenin/S605 is
required for p38y dependent stimulation of Wnt transcriptional activity
and for colon cancer growth”. Because there is an active cross-talk
between c-Jun/AP-1 and f-catenin/Wnt signaling” and p38y binds
both c-Jun and f-catenin proteins®’, p38y MAPK may mediate the
c-Jun/f-catenin signaling crosstalk through a complex formation to
promote colon tumorigenesis (Fig. 1).

3.3.  Estrogen receptor a (ER) pathways

Estrogen receptor @ (ESR1) is a nuclear receptor of estrogens and an
important target for antiestrogen therapy in breast cancer™®. p38y
antagonizes ER activity downstream of Ras to stimulate breast cancer
invasion®’. Further studies have shown that p38y binds and phosphor-
ylates ER at S118 and forms a complex with ER and c-Jun on cyclin
D1 promoter *°. p38y-induced ER/S118 phosphorylation is important
for p38y to inhibit the classical ER pathway and stimulate the non-
classical ER (AP-1 dependent) pathway activities’”. However, ER
binds both c-Jun*® and p38y”, the cellular outcome of p38y/ER

interaction may regulate breast cancer growth by a context and/or or
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environment-specific mechanism. Indeed, treatment of breast cancer
cells with the ER inhibitor tamoxifen (TAM) stimulates p38y interac-
tion with both ER and c-Jun, and p38y overexpression increases while
its depletion decreases breast cancer hormone sensitivity’”. These
results indicate a critical role of the p38y/ER/c-Jun complex in
determining sensitivity to antiestrogens. Moreover, the signaling
interaction between p38y and ER is reciprocally antagonistic, as they
suppress each other's expression”*’, and p38y promotes invasion and
metastasis in ER negative and triple-negative breast cancer
(TNBC)*#7#%%° However, whether there is a functional p38y/ER/c-
Jun complex in clinical breast cancer to regulate hormone sensitivity
remains unknown. Of note, p38y forced-expression alone induces
TNBC transformation via stimulation of c-Jun/AP-1/Nanog-dependent
cancer stem-like cell (CSC) expansion, whereas its silencing and
pharmacological inhibition block TNBC growth and metastasis™’.
Thus, targeting p38y may be a novel strategy for the treatment of
TNBC, which warrants further investigations.

4. p38y phosphorylating and activating other key signaling
molecules in cancer

4.1.  Heat shock protein 90 (Hsp90)

Hsp90 is an important chaperone to protect oncoproteins from
proteasome-dependent degradation and its inhibitors are currently
explored as novel agents in cancer therapy”'~>. Proteomic analysis
of p38y precipitates identified a mutant K-Ras-dependent interac-
tion of p38y with Hsp90 in colon cancer cells™. Importantly, this
complex contains mutated, but not wild-type, K-Ras protein, and
p38y protects the oncoprotein from degradation by phosphorylat-
ing Hsp90 at $595°°. Further analysis showed that Hsp90/S595 is
important for stabilizing mutated (but not wild-type) K-Ras protein
against proteasome-dependent degradation®”. Significantly, high
levels of p38y proteins in K-Ras mutant colon cancer cells are
required to maintain endogenous mutant, but not wild-type, K-Ras
protein expression, and targeting p38y by shRNA or its specific
pharmacological inhibitor pirfenidone (PFD) selectively inhibits
K-Ras-dependent colon cancer growth in vitro and in vivo™. These
results, together with the reported role of Hsp90 in stabilizing
K-Ras oncoprotein®*®, indicate that the Hsp90/S595
phosphorylation-dependent p38y/Hsp90/K-Ras complex may func-
tionally drive K-Ras-dependent malignant growth and thus may be
a novel therapeutic target for K-Ras mutated cancer™”,

4.2. DNA Topoisomerase Ila (Topo Illa)

Topo Ila (TOP2A) is an important therapeutic target for cancer
chemotherapy and inclusion of Topo II inhibitors (such as Adriamycin:
ADR; etoposide: VP16) is a standard therapeutic regimen in clinic for
many types of cancers’’. However, critical determinants for therapeutic
response to Topo II drugs are largely unknown®’. Studies showed that
treatment of breast cancer cells with Topo II inhibitors, but not with the
anti-microtubule drug paclitaxel (taxol), increases p38y, but not p38a,
phosphorylation; p38y expression increases (and its depletion
decreases) breast cancer sensitivity to Topo II drugs™. Topo Il« is a
nuclear DNA-associated protein *°. In contrast to p38e, phosphorylated
p38y is mostly accumulated in the nucleus’™”. Further, the Ras
oncogene stimulates both p38y”* and Topo Ha gene expression,”” and
Ras-transformed cells are more sensitive to Topo II inhibitors"'. These
findings suggest that p38y activation may mediate a cellular positive
feedback loop between Topo II and its inhibitors in which p38y

activation increases the growth inhibition by Topo II drugs by
phosphorylating and activating their target enzyme Topo II. Indeed,
p38y binds, phosphorylates Topo lla at S1542, and thereby increases
its protein stability and catalytic activity’®. In addition, elevated p38y in
breast cancer tissues is correlated with increased Topo Ila expression’®.
These results together indicate that increased p38y expression in cancer
cells may be a good marker for their sensitivity to Topo II inhibitors.

5. PTPH1 dephosphorylation of substrates and regulation of
protein localization and/or activity

5.1.  PTPHI dephosphorylates estrogen receptor o

ER activity is regulated by phosphorylation at multiple residues™.
Studies have shown that Y537 is important for ER dimerization®* and
nuclear export™. PTPHI catalyzes ER/Y537 dephosphorylation
in vitro and in vivo and thereby increases ER nuclear translocation
and turnover™. Furthermore, PTPH1 increases breast cancer sensi-
tivity to the antiestrogens tamoxifen and fulvestrant in cell culture and
in breast cancer xenograft®. Because increased p-ER/Y537 is
associated with a poor response to tamoxifen in clinic®®, these results
suggest a novel therapeutic strategy to increase breast cancer hormone
sensitivity by PTPH1-mediated ER/Y537 dephosphorylation.

5.2.  PTPHI dephosphorylates EGFR

Epidermal growth factor receptor (EGFR) belongs to the plasma
membrane receptor tyrosine kinase family, plays an important role in
cancer development and progression, and is a key molecule for targeted
cancer therapy®. Previous studies showed that EGFR interacts with ER
in breast cancer cells and thereby results in resistance to anti-
estrogens”’. Ma et al.®® showed that PTPHI catalyzes EGFR/Y1173
dephosphorylation, disrupts the EGFR/ER interaction, and thereby
increases breast cancer sensitivity to EGFR inhibitors (lapatinib and
gefitinib). Of great interest, PTPHI depends both on phosphatase
activity and phosphorylation at S459 to dephosphorylate EGFR, to
bind EGFR and ER, to increase ER nuclear and EGFR membrane
localization, and thereby to increase breast cancer sensitivity to
tamoxifen and/or lapatinib®. Together, these results suggest a strategy
to sensitize breast cancer cells to EGFR/ER-targeted therapies through
PTPH1-induced tyrosine dephosphorylation and disruption of their
inhibitory complex leading to restoration of their natural localizations
(nuclear ER and membrane EGFR)®,

5.3.  PTPHI regulates vitamin D receptor (VDR)

VDR is a nuclear receptor of vitamin D3 which interacts with
multiple proteins for its physiological and pathological activities®.
VDR is typically expressed and functions in vitamin D3 target
tissues and cells’’. Studies have shown that VDR can be trans-
activated by p38 and JNK stress pathways’' and in turn inhibits
stress-induced cell death through interaction with c-Jun’>"*. Thus,
VDR may have broader biological effects. Nuclear localization is
critical for classical VDR activity’*. In contrast to stimulating ER
nuclear translocation®“®, PTPHI binds VDR and increases
cytoplasmic VDR accumulation in the presence and absence of
vitamin D3, which is important for PTPH1-induced increases in
breast cancer growth and for VDR transcriptional activity’”.
Mechanisms for PTPHI1/VDR interaction, however, remain
unclear. Together with the regulatory effects on ER and EGFR
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as discussed above, these results indicate that an important
property for oncogenic PTPHI1 in cancer cells may involve
regulation of cellular localization of key signaling proteins.

6. p38y and PTPHI1 cooperate to regulate ER and EGFR
activity

ER/S118 phosphorylation is required for breast cancer sensitivity
to antiestrogens '° and stimulation of this phosphorylation by p38y
correspondingly confers the sensitivity to tamoxifen®”. Increased
ER/Y537 phosphorylation, on the other hand, is associated with
clinical resistance to tamoxifen® and a decreased Y537 phosphor-
ylation by PTPH] increases breast cancer hormone sensitivity®*%%.
Thus, p38y and PTPH1 may cooperate to increase breast cancer
sensitivity to antiestrogens by respectively stimulating ER/S118
phosphorylation and ER/Y537 dephosphorylation (Fig. 1).
Although p38y clearly stimulates PTPH1/S459 phosphorylation
in colon cancer cells and in intestinal tissues””>%+1+>3 , it remains to
be determined if p38y actively and positively regulates p-PTPH1/
S459 expression in breast cancer cells and if it thereby stimulates
ER/Y537 dephosphorylation.

EGFR is dephosphorylated by PTPHI, but trans-activated by
p38y, resulting in increased levels of non-phosphorylated EGFR
protein in K-Ras mutant colon cancer cells*'. Moreover, p38y and
PTPH1 are both responsible for EGFR inactivation and for intrinsic
resistance to lapatinib in K-Ras mutant colon cancer cells by
stimulating c-Jun-dependent EGFR transcription and PTPHI-
dependent EGFR dephosphorylation®'. Because p38y depends on
its phosphorylation and C-terminal PDZ motif to bind c-Jun 7,
PTPH1%’ and EGFR", these results indicate a role of the p38y-driven
and PDZ-coupled p38y/PTPH1/c-Jun/EGFR complex to coordina-
tively stimulate EGFR transcriptional activation and posttranslational
dephosphorylation. Thus, the p38y/PHPH1 complex may confer the
insensitivities of K-Ras mutant cancer cells to tyrosine kinase
inhibitors through a scaffold with the membrane receptor EGFR
and the nuclear transcription factor c-Jun*' (Fig. 1).

7. Targeting the p38y/PTPH1 signaling complex for cancer
therapy

p38y and PTPHI increase the malignant growth in cell culture and
xenografts as demonstrated by knockdown and overexpression experi-
ments with colon and breast cancer cells®’ 04041646873 Becayge
p38y depends on its phosphorylation to bind and activate its
proliferative effectors, including PTPH1, c-Jun, Hsp90, ER, Topo Il
and f-catenin (Fig. 1), inhibition of its activity by pirfenidone (PFD), a
pharmacological inhibitor, has been tested in vitro and in vivo for
cancer prevention and treatment. PFD is a selective inhibitor of p38y
with minimal effects on p38a or p38f or other MAPKs’’. Because of
its strong anti-fibrotic and anti-inflammatory activities, PFD is FDA-
approved for the treatment of idiopathic pulmonary fibrosis (IPF)’*2,
Therefore, investigation of regulatory effects of PFD in cancer
development and growth depending on p38y will have a great
translational potential.

In colon cancer cells, treatment with PFD inhibits growth in cell
culture®® and in xenografts™. Because phosphorylated p38y is up-
regulated in K-Ras mutant cells over those without K-Ras
mutation’’, the growth-inhibitory activity of PFD appears to be
more evident in colon cancer expressing the mutated oncopro-
tein”>. However, in human breast cancer cells, PFD suppresses

TNBC growth*® but attenuates ER positive breast cancer sensi-
tivity to tamoxifen®. Therefore, PFD may only have therapeutic
potentials in breast cancer without ER expression. Recent studies
showed that chronic application of PFD attenuates inflammation-
induced colon cancer in mice but not in those with conditionally
p38y knockout from intestinal epithelial cells*’. Moreover, PFD
increases the sensitivity of K-Ras mutant colon cancer xenograft to
lapatinib in mice*'. Because PFD is relatively nontoxic, its cancer
therapeutic potentials warrant further investigation.

Disruption of the PDZ-coupled p38y/PTPH1 complex by a
peptide (targeting the p38y C-terminus) was previously shown to
inhibit K-Ras mutated colon cancer growth in vitro>’. Because
K-Ras mutant colon cancer cells contain higher levels of total and
phosphorylated p38y proteins with an increased PTPH/p38y
complex-formation®®, a specific disruption of the p38y/PTPHI
complex by a peptide may be a novel therapy for the treatment of
K-Ras mutant colon cancer. This potential is further suggested by
a growth inhibitory activity of a PDZ peptide targeting the PDZ
domain of PTPN4 in tumor cells®® and by the unique reciprocal
regulatory effect of the PDZ-coupled p38y/PTPH1 complex”'.

8. Perspectives of targeting the p38y/PTPH1 signaling
complex

Proteins signal in time and space, which may be typically displayed by
dissecting the dynamic, antagonistic and cooperative relationship
between a kinase and a phosphatase’. PTPHI is the only known
P38 MAPK isoform-specific phosphatase which interacts through PDZ
binding®’. In Ras oncogenesis, this kinase/phosphatase nodule is one-
way regulated by a stage-specific mechanism, as PTPH1 depho-
sphorylates and inactivates p38y as an early event, whereas p38y
phosphorylates and activates PTPH1 and other substrates (but not
itself) later in the process (Fig. 1)*"*°. Although p38y phosphorylating
PTPH1 has been demonstrated in different systems, PTPHI1-induced
p38y dephosphorylation is only observed in limited situations™**’.
Moreover, p38y and PTPHI, and their effectors may be further
activated and inactivated by yet unknown partners. It is therefore
critical to further define when this PDZ-coupled complex promotes
cancer growth through p38y-induced PTPHI phosphorylation and
when through PTPHI-induced p38y dephosphorylation in a more
clinical relevant model to further demonstrate its therapeutic target
activity (Fig. 1).

Acknowledgements

This was supported by grants (RO1 NIH CA91576, Departments of
Veterans Affairs (VA) Merit Review Grant 1101BX002883,
Department of Defense Grant BC141898, and Cancer Center of
Medical College of Wisconsin). We sincerely thank the former
Chen lab members for their great contributions.

References

1. Caunt CJ, Sale MJ, Smith PD, Cook SJ. MEK1 and MEK2 inhibitors and
cancer therapy: the long and winding road. Nat Rev Cancer 2015;15:577-92.

2. Kolch W, Halasz M, Granovskaya M, Kholodenko BN. The dynamic
control of signal transduction networks in cancer cells. Nat Rev Cancer
2015;15:515-27.

3. Gelens L, Qian J, Bollen M, Saurin AT. The importance of kinase-
phosphatase integration: lessons from mitosis. Trends Cell Biol
2018;28:6-21.


http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref1
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref1
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref2
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref2
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref2
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref3
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref3
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref3

516

Xiao-Mei Qi et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. Good MC, Zalatan JG, Lim WA. Scaffold proteins: hubs for

controlling the flow of cellular information. Science 2011;332:680-6.

. Rajakulendran T, Sahmi M, Lefrancois M, Sicheri F, Therrien M.

A dimerization-dependent mechanism drives RAF catalytic activation.
Nature 2009;461:542-5.

. Cance WG, Kurennova E, Marlowe T, Golubovskaya V. Disrupting

the scaffold to improve focal adhesion kinase-targeted cancer ther-
apeutics. Sci Signal 2013;6:e10.

. Subbaiah VK, Kranjec C, Thomas M, Banks L. PDZ domains: the

building blocks regulating tumorigenesis. Biochem J 2011;439:195-205.

. Vaquero J, Nguyen Ho-Bouldoires TH, Claperon A, Fouassier L. Role

of the PDZ-scaffold protein NHERFI/EBP50 in cancer biology:
from signaling regulation to clinical relevance. Oncogene 2017;36:
3067-79.

. Hou S, Lepp A, Chen G. p38 gamma MAP kinase. UCSD-Nature

Molecular Pages 2010. Available from: http://dx.doi.org/1038/mp.
2001720.01.

Hasegawa M, Cuenda A, Spillantini MG, Thomas GM, Buée-Scherrer
V, Cohen P, et al. Stress-activated protein kinase-3 interacts with the
PDZ domain of al-syntrophin: a mechanism for specific substrate
recognition. J Biol Chem 1999;274:12626-31.

Wang X, McGowan CH, Zhao M, He L, Downey JS, Fearns C, et al.
Involvement of the MKK6-p38y cascade in y-radiation-induced cell
cycle arrest. Mol Cell Biol 2000;20:4543-52.

Conrad PW, Rust RT, Han J, Millhorn DE, Beitner-Johnson D. Selective
activation of p38a and p38y by hopoxia. Role in regulation of cyclin D1
by hypoxia in PC12 cells. J Biol Chem 1999;274:23570-6.

Cuenda A, Cohen P, Buee-Scherrer V, Goedert M. Activation of stress-
activated protein kinase-3 (SAPK3) by cytokines and cellular stresses is
mediated via SAPKK3 (MKKG6); comparison of the specificities of
SAPK3 and SAPK2 (RK/p38). EMBO J 1997;16:295-305.

Loesch M, Chen G. The p38 MAPK stress pathway as a tumor
suppressor or more?. Front Biosci 2008;13:3581-93.

Qi X, Wang F, Chen G. p38 gamma MAPK. In: Choi S, editor.
Encyclopedia of Signaling Molecules. Cham: Springer; 2016. Avail-
able from: http://dx.doi.org/10.1007/978-3-319-67199-4_101521.
Ono K, Han J. The p38 signal transduction pathway. Activation and
function. Cell Signal 2000;12:1-13.

Kumar S, Boehm J, Lee JC. p38 MAP kinases: key signalling
molecules as therapeutic targets for inflammatory diseases. Nat Rev
Drug Discov 2013;2:717-26.

Lechner C, Zahalka MA, Giot J, Moller NP, Ullrich A. ERK®6, a
mitogen-activated protein kinase involved in C2C12 myoblast differ-
entiation. Proc Natl Acad Sci U S A 1996;93:4355-9.

Li Z, Jiang Y, Ulevitch RJ, Han J. The primary structure of p38y: a
new member of p38 group of MAP kinases. Biochem Biophys Res
Commun 1996;228:334-40.

Qi XM, Wang F, Chen G. p38 gamma MAPK. In: Choi S, editor.
Encyclopedia of Signaling molecules, 2nd edition. Cham: Springer;
2018.p.3718-27.

Perdiguero E, Pillaire MJ, Bodart JF, Hennersdorf F, Frodin M,
Duesbery NS, et al. Xp38y/SAPK3 promotes meiotic G2/M transition
in Xenopus oocytes and activates Cdc25C. EMBO J 2003;22:5746-56.
Sabio G, Reuver S, Feijoo C, Hasegawa M, Thomas GM, Centeno F,
et al. Stress- and mitogen-induced phosphorylation of the synapse-
associated protein SAP90/PSD-95 by activation of SAPK3/p38y and
ERKI1/ERK2. Biochem J 2004;380:19-30.

Sabio G, Arthur JS, Kuma Y, Peggie M, Carr J, Murray-Tait V, et al.
p38y regulates the localisation of SAP97 in the cytoskeleton by
modulating its interaction with GKAP. EMBO J 2005;24:1134-45.
Tang J, Qi X, Mercola D, Han J, Chen G. Essential role of p38y in
K-Ras transformation independent of phosphorylation. J Biol Chem
2005;280:23910-7.

Chen G, Hitomi M, Han J, Stacey DW. The p38 pathway provides
negative feedback to Ras proliferative signaling. J Biol Chem
2000;275:38973-80.

Qi X, Pohl NM, Loesch M, Hou S, Li R, Qin JZ, et al. p38a
antagonizes p38y activity through c-Jun-dependent ubiquitin-

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

proteasome pathways in regulating Ras transformation and stress
response. J Biol Chem 2007;282:31398-408.

Hou SW, Zhi HY, Pohl N, Loesch M, Qi XM, Li RS, et al. PTPHI
dephosphorylates and cooperates with p38y MAPK to increases Ras
oncogenesis through PDZ-mediated interaction. Cancer Res
2010;70:2901-10.

Tonks NK. Protein tyrosine phosphatases: from genes, to function, to
disease. Nat Rev Mol Cell Biol 2006;7:833-46.

Yin N, Qi X, Tsai S, Lu Y, Basir Z, Oshima K, et al. p38y MAPK is
required for inflammation-associated colon tumorigenesis. Oncogene
2016;35:1039-48.

Hou S, Suresh PS, Qi X, Lepp A, Mirza SP, Chen G. p38y MAPK
signals through phosphorylating its phosphatase PTPH]1 in regulating
Ras oncogenesis and stress response. J Biol Chem 2012
27895-905.

Chen KE, Lin SY, Wu MJ, Ho MR, Santhanam A, Chou CC, et al.
Reciprocal allosteric regulation of p38y and PTPN3 involves a PDZ
domain-modulated complex formation. Sci Signal 2014;7:ra98.
Chang L, Karin M. Mammalian MAP kinase signaling cascades.
Nature 2001;410:37-40.

Eferl R, Wagner EF. AP-1: a double-edged sword in tumorigenesis.
Nat Rev Cancer 2003;3:859-68.

Chiariello M, Marinissen MJ, Gutkind JS. Multiple mitogen-activated
protein kinase signaling pathways connect the Cot oncoprotein to the
c-jun promoter and to cellular transformation. Mol Cell Biol
2000;20:1747-58.

Marinissen MJ, Chiariello M, Gutkind JS. Regulation of gene
expression by the small GTPase Rho through the ERK6 (p38y)
MAP kinase pathway. Genes Dev 2001;15:535-53.

Marinissen MJ, Chiariello M, Pallante M, Gutkind JS. A network of
mitogen-activated protein kinases links G protein-coupled receptors
to the c-jun promoter: a role for c-Jun NH2-terminal kinase, p38s,
and extracellular signal-regulated kinase 5. Mol Cell Biol
1999;19:4289-301.

Loesch M, Zhi HY, Hou SW, Qi XM, Li RS, Basir Z, et al. p38y
MAPK cooperates with c-Jun in trans-activating matrix metalloprotei-
nase 9. J Biol Chem 2010;285:15149-58.

Simon C, Simon M, Vucelic G, Hicks MJ, Plinkert PK, Koitschev A,
et al. The p38 SAPK pathway regulates the expression of the MMP-9
collagenase via AP-1-dependent promoter activation. Exp Cell Res
2001;271:344-55.

Qi X, Zhi H, Lepp A, Wang P, Huang J, Basir Z, et al. p38y mitogen-
activated protein kinase (MAPK) confers breast cancer hormone
sensitivity by switching estrogen receptor (ER) signaling from classical
to nonclassical pathway via stimulating ER phosphorylation and c-Jun
transcription. J Biol Chem 2012;287:14681-91.

Qi X, Yin N, Ma S, Lepp A, Tang J, Jing W, et al. p38y MAPK is a
therapeutic target for triple-negative breast cancer by stimulation of
cancer stem-like cell expansion. Stem Cells 2015;33:2738-47.

Yin N, Lepp A, Ji Y, Mortensen M, Hou S, Qi XM, et al. The K-Ras
effector p38y MAPK confers intrinsic resistance to tyrosine kinase
inhibitors by stimulating EGFR transcription and EGFR dephosphor-
ylation. J Biol Chem 2017;292:15070-9.

Clevers H. Wnt and f-catenin signaling in development and disease.
Cell 2006;127:469-80.

Del Reino P, Alsina-Beauchamp D, Escés A, Cerezo-Guisado MI, Risco A,
Aparicio N, et al. Pro-oncogenic role of alternative p38 mitogen-activated
protein kinases p38y and p38d, linking inflammation and cancer in colitis-
associated colon cancer. Cancer Res 2014;74:6150-60.

Zur R, Garcia-Ibanez L, Nunez-Buiza A, Aparicio N, Liappas G, Escos
A, et al. Combined deletion of p38y and p386 reduces skin inflammation
and protects from carcinogenesis. Oncotarget 2015;6:12920-35.
Saadeddin A, Babaei-Jadidi R, Spencer-Dene B, Nateri AS. The links
between transcription, f-catenin/JNK signaling, and carcinogenesis.
Mol Cancer Res 2009;7:1189-96.

Zhou W, Slingerland JM. Links between oestrogen receptor activation
and proteolysis: relevance to hormone-regulated cancer therapy. Nat
Rev Cancer 2014;14:26-38.


http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref4
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref4
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref5
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref5
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref5
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref6
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref6
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref6
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref7
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref7
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref8
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref8
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref8
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref8
http://dx.doi.org/1038/mp.a001720.01
http://dx.doi.org/1038/mp.a001720.01
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref9
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref9
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref9
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref9
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref10
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref10
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref10
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref11
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref11
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref11
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref12
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref12
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref12
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref12
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref13
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref13
http://dx.doi.org/10.1007/978-3-319-67199-4_101521
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref14
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref14
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref15
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref15
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref15
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref16
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref16
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref16
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref17
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref17
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref17
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref19
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref19
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref19
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref20
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref20
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref20
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref20
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref21
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref21
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref21
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref22
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref22
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref22
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref23
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref23
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref23
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref24
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref24
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref24
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref24
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref25
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref25
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref25
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref25
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref26
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref26
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref27
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref27
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref27
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref28
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref28
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref28
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref28
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref29
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref29
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref29
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref30
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref30
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref31
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref31
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref32
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref32
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref32
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref32
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref33
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref33
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref33
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref34
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref34
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref34
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref34
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref34
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref35
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref35
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref35
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref36
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref36
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref36
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref36
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref37
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref37
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref37
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref37
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref37
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref38
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref38
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref38
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref39
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref39
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref39
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref39
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref40
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref40
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref41
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref41
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref41
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref41
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref42
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref42
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref42
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref43
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref43
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref43
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref44
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref44
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref44

Targeting an oncogenic kinase/phosphatase signaling network for cancer therapy

517

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Qi X, Tang J, Loesch M, Pohl N, Alkan S, Chen G. p38y mitogen-
activated protein kinase integrates signaling cross-talk between Ras
and estrogen receptor to increase breast cancer invasion. Cancer Res
2006;66:7540-7.

Qi X, Borowicz S, Pramanik R, Schultz RM, Han J, Chen G. Estrogen
receptor inhibits c-Jun-dependent stress-induced cell death by binding
and modifying c-Jun activity in human breast cancer cells. J Biol Chem
2004;279:6769-717.

Meng F, Zhang H, Liu G, Kreike B, Chen W, Sethi S, et al. p38y
mitogen-activated protein kinase contributes to oncogenic properties
maintenance and resistance to poly (ADP-ribose)-polymerase-1 inhibi-
tion in breast cancer. Neoplasia 2011;13:472-82.

Rosenthal DT, Iyer H, Escudero S, Bao L, Wu Z, Ventura AC, et al.
p38y promotes breast cancer motility and metastasis through regulation
of RhoC GTPase, cytoskeletal architecture, and a novel leading edge
behavior. Cancer Res 2011;71:6338-49.

Kamal A, Thao L, Sensintaffar J, Zhang L, Boehm MF, Fritz LC, et al.
A high-affinity conformation of Hsp90 confers tumor selectivity on
Hsp90 inhibitors. Nature 2003;425:407-10.

Trepel J, Mollapour M, Giaccone G, Neckers L. Targeting the dynamic
HSP90 complex in cancer. Nat Rev Cancer 2010;10:537-49.

Qi X, Xie C, Hou S, Li G, Yin N, Dong L, et al. Identification of a
ternary protein-complex as a therapeutic target for K-Ras-dependent
colon cancer. Oncotarget 2014;5:4269-82.

Sos ML, Michel K, Zander T, Weiss J, Frommolt P, Peifer
M. Predicting drug susceptibility of non-small cell lung cancers based
on genetic lesions. J Clin Investig 2009;119:1727-40.

Azoitei N, Hoffmann CM, Ellegast JM, Ball CR, Obermayer K, GoBele
U, et al. Targeting of KRAS mutant tumors by HSP90 inhibitors
involves degradation of STK33. J Exp Med 2012;209:697-711.

Chen AY, Liu LF. DNA topoisomerases: essential enzymes and lethal
targets. Annu Rev Pharmacol Toxicol 1994;34:191-218.

Pritchard KI, Messersmith H, Elavathil L, Trudeau M, O'Malley
F, Dhesy-Thind B. HER-2 and topoisomerase II as predictors of
response to chemotherapy. J Clin Oncol 2008;26:736—44.

Qi X, Hou S, Lepp A, Li R, Basir Z, Lou Z, et al. Phosphorylation and
stabilization of topoisomerase II a by p38y MAPK sensitize breast
cancer cells to its poisons. J Biol Chem 2011;286:35883-90.

Sabio G, Cerezo-Guisado MI, Del Reino P, Ihesta-Vaquera FA,
Rousseau S, Arthur JS, et al. p38y regulates interaction of nuclear
PSF and RNA with the tumor-suppressor hDIg in response to osmotic
shock. J Cell Sci 2010;123:2596-604.

Chen G, Templeton D, Suttle DP, Stacey D. Ras stimulates DNA
topoisomerase II a through MEK: a link between oncogenic signaling
and a therapeutic target. Oncogene 1999;18:7149-60.

Chen G, Shu J, Stacey DW. Oncogenic transformation potentiates
apoptosis induction, S-phase arrest and WAF1 induction by etoposide.
Oncogene 1997;15:1643-51.

Armold SF, Votides AC. An antiestrogen: a phosphotyrosyl peptide
that blocks dimerization of the human estrogen receptor. Proc Natl
Acad Sci U S A 1995;92:7475-9.

Castoria G, Giovannelli P, Lombardi M, De Rosa C, Giraldi T, de
Falco A, et al. Tyrosine phosphorylation of estradiol receptor by Src
regulates its hormone-dependent nuclear export and cell cycle pro-
gression in breast cancer cells. Oncogene 2012;31:4868-77.

Suresh PS, Ma S, Migliaccio A, Chen G. Protein-tyrosine phosphatase
H1 increases breast cancer sensitivity to antiestrogens by depho-
sphorylating estrogen receptor at tyr537. Mol Cancer Ther
2014;13:230-8.

Skliris GP, Nugent Z, Watson PH, Murphy LC. Estrogen receptor
alpha phosphorylated at tyrosine 537 is associated with poor clinical

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

outcome in breast cancer patients treated with tamoxifen. Horm
Cancer 2010;1:215-21.

Hynes NE, Lane HA. ERBB receptors and cancer: the complexity of
targeted inhibitors. Nat Rev Cancer 2005;5:341-54.

Massarweh S, Osborne CK, Creighton CJ, Qin L, Tsimelzon A, Huang
S, et al. Tamoxifen resistance in breast tumors is driven by growth
factor receptor signaling with repression of classic estrogen receptor
genomic function. Cancer Res 2008;68:826-33.

Ma S, Yin N, Qi X, Pfister SL, Zhang MJ, Ma R, et al. Tyrosine
dephosphorylation enhances the therapeutic target activity of epider-
mal growth factor receptor (EGFR) by disrupting its interaction with
estrogen receptor (ER). Oncotarget 2015;6:13320-33.

Rachez C, Suldan Z, Ward J, Chang CP, Burakov D, Erdjument-
Bromage H, et al. A novel protein complex that interacts with the
vitamin D3 receptor in a ligand-dependent manner and enhances VDR
transactivation in a cell-free system. Genes Dev 1998;12:1787-800.
Carlberg C, Bendik I, Wyss A, Meier E, Sturzenbecker LJ, Grippo JF,
et al. Two nuclear signalling pathways for vitamin D. Science
1993;361:657-60.

Qi X, Pramanik R, Wang J, Schultz RM, Maitra RK, Han J, et al. The
p38 and JNK pathways cooperate to trans-activate vitamin D receptor
via AP-1 and sensitize human breast cancer cells to vitamin D3-
induced growth inhibition. J Biol Chem 2002;277:25884-92.

Qi X, Tang J, Pramanik R, Schultz RM, Shirasawa S, Sasazuki T, et al.
p38 MAPK activation selectively induces cell death in K-ras mutated
human colon cancer cells through regulation of vitamin D receptor.
J Biol Chem 2004;279:22138-44.

Li QP, Qi X, Pramanik R, Pohl NM, Loesch M, Chen G. Stress-
induced c-Jun-dependent vitamin D receptor (VDR) activation dissects
the non-classical VDR pathway from the classical VDR activity. J Biol
Chem 2007;282:1544-51.

Prufer K, Racz A, Lin GC, Barsony J. Dimerization with retinoid X
receptors promotes nuclear localization and subnuclear targeting of
vitamin D receptors. J Biol Chem 2000;275:4114-23.

Zhi HY, Hou SW, Li RS, Basir Z, Xiang Q, Szabo A, et al. PTPHI1
cooperates with vitamin D receptor to stimulate breast cancer growth
through their mutual stabilization. Oncogene 2011;30:1706-15.

Kok M, Holm-Wigerup C, Hauptmann M, Michalides R, Stil O, Linn S,
et al. Estrogen receptor-a phosphorylation at serine-118 and tamoxifen
response in breast cancer. J Natl Cancer Inst 2009;101:1725-9.

Ozes O, Blatt LM, Seiwert SD, inventors. Use of pirfenidone in
therapeutic regimens. US Patent 7,407,973 B2. 2008 August 26.

Shi S, Wu J, Chen H, Chen H, Wu J, Zeng F. Single- and multiple-
dose pharmacokinetics of pirfenidone, an antifibrotic agent, in healthy
chinese volunteers. J Clin Pharmaol 2007;47:1268-76.

Richeldi L, Yasothan U, Kirkpatrick DS. Pirfenidone. Nat Rev Drug
Discov 2011;10:489-90.

Noble PW, Albera C, Bradford WZ, Costabel U, Glassberg MK,
Kardatzke D, et al. Pirfenidone in patients with idiopathic
pulmonary fibrosis (CAPACITY): two randomised trials. Lancet
2011;377:1760-9.

Moran N. p38 kinase inhibitor approved for idiopathic pulmonary
fibrosis. Nat Biotechnol 2011;29:301.

King TE Jr, Bradford WZ, Castro-Bernardini S, Fagan EA, Glaspole
I, Glassberg MK, et al. A phase 3 trial of pirfenidone in patients with
idiopathic pulmonary fibrosis. N Engl J Med 2014;370:2083-92.
Babault N, Cordier F, Lafage M, Cockburn J, Haouz A, Prehaud C,
et al. Peptides targeting the PDZ domain of PTPN4 are efficient
inducers of glioblastoma cell death. Structure 2011;19:1518-24.


http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref45
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref45
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref45
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref45
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref46
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref46
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref46
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref46
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref47
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref47
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref47
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref47
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref48
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref48
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref48
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref48
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref49
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref49
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref49
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref50
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref50
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref51
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref51
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref51
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref52
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref52
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref52
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref53
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref53
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref53
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref54
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref54
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref55
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref55
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref55
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref56
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref56
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref56
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref57
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref57
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref57
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref57
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref58
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref58
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref58
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref59
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref59
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref59
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref60
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref60
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref60
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref61
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref61
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref61
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref61
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref62
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref62
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref62
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref62
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref63
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref63
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref63
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref63
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref64
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref64
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref65
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref65
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref65
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref65
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref66
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref66
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref66
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref66
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref67
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref67
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref67
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref67
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref68
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref68
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref68
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref69
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref69
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref69
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref69
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref70
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref70
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref70
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref70
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref71
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref71
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref71
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref71
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref72
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref72
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref72
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref73
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref73
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref73
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref74
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref74
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref74
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref75
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref75
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref75
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref76
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref76
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref77
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref77
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref77
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref77
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref78
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref78
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref79
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref79
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref79
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref80
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref80
http://refhub.elsevier.com/S2211-3835(18)30143-6/sbref80

	Targeting an oncogenic kinase/phosphatase signaling network for cancer therapy
	Introduction
	PDZ-coupled p38γ/PTPH1 interaction in Ras oncogenesis
	p38γ phosphorylation of substrates and stimulation of key transcriptional programs
	c-Jun/AP-1 pathways
	β-catenin/Wnt pathways
	Estrogen receptor α (ER) pathways

	p38γ phosphorylating and activating other key signaling molecules in cancer
	Heat shock protein 90 (Hsp90)
	DNA Topoisomerase IIα (Topo IIα)

	PTPH1 dephosphorylation of substrates and regulation of protein localization and/or activity
	PTPH1 dephosphorylates estrogen receptor α
	PTPH1 dephosphorylates EGFR
	PTPH1 regulates vitamin D receptor (VDR)

	p38γ and PTPH1 cooperate to regulate ER and EGFR activity
	Targeting the p38γ/PTPH1 signaling complex for cancer therapy
	Perspectives of targeting the p38γ/PTPH1 signaling complex
	Acknowledgements
	References




