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The p21-activated kinases (PAKs), downstream effectors of Ras-related Rho GTPase
Cdc42 and Rac, are serine/threonine kinases. Biologically, PAKs participate in various
cellular processes, including growth, apoptosis, mitosis, immune response, motility,
inflammation, and gene expression, making PAKs the nexus of several pathogenic
and oncogenic signaling pathways. PAKs were proved to play critical roles in
human diseases, including cancer, infectious diseases, neurological disorders, diabetes,
pancreatic acinar diseases, and cardiac disorders. In this review, we systematically
discuss the structure, function, alteration, and molecular mechanisms of PAKs that are
involved in the pathogenic and oncogenic effects, as well as PAK inhibitors, which may
be developed and deployed in cancer therapy, anti-viral infection, and other diseases.
Furthermore, we highlight the critical questions of PAKs in future research, which provide
an opportunity to offer input and guidance on new directions for PAKs in pathogenic,
oncogenic, and drug discovery research.
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INTRODUCTION

Various protein kinases have been identified to be drivers in human cancer progression, and
targeting oncogenic protein kinases has been developed successfully for cancer therapy. However,
drug resistance is frequently occurring during the treatment processes. The p21-activated kinases
(PAKs) are serine/threonine kinases and are the downstream effectors of Ras-related Rho GTPase
Cdc42 and Rac (Morrice et al., 1994). There are six members in PAKs family, which are divided
into two groups based on the sequence and structure homology: group I PAKs (including PAK1,
PAK2, and PAK3) and group II PAKs (including PAK4, PAK5, and PAK6). Among all PAKs, PAK1,
and PAK4 have been well studied, and other PAKs are getting researchers’ interest (Geng et al., 2020;
Maruta and Kittaka, 2020; Møller et al., 2020; Ruan et al., 2020; Zheng et al., 2020). Most of the PAKs
have oncogenic effects on cancer development. Moreover, alterations (including amplifications and
mutations) of PAKs are frequently found in different cancers. Besides cancer, PAKs are critical
in human neurological disorders, diabetes, pancreatic acinar diseases, and cardiac disorders (Li
and Minden, 2003; Meng et al., 2005; Liu et al., 2011; Lee et al., 2019). PAK1, PAK2, and PAK4
are the major pathogenic-related kinases among all PAKs, whose abnormal activation is involved
in inflammation (asthma and arthritis), malaria, and infection, including bacteria, virus [human
immunodeficiency virus (HIV), influenza, and severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2)], and protists, tuberous sclerosis, depression, schizophrenia, epilepsy, and autism
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beyond cancer (Chan and Manser, 2012; Maruta, 2014; Berretta
et al., 2020). Thus, PAKs may serve as potential therapeutic
targets for drug discovery in cancer and other diseases.
Indeed, some small molecular compounds have been developed
as PAK inhibitors for cancer restriction, infectious diseases,
including SARS and SARS-CoV-2, mental retardation (MR),
cardiac disorders, diabetes, and pancreatic acinar disease therapy
(Maruta and He, 2020). Herein, we summarize the structure,
function, alteration, and molecular mechanisms of different PAKs
that involved in the cancer development, pathogenic progression,
and infection. We also review PAK inhibitors (natural and
synthetic) for their possible use in cancer therapy and treatment
of other diseases.

STRUCTURE AND ACTIVATION OF
p21-ACTIVATED KINASES

All PAKs contain a carboxyl terminal kinase domain (KD), a
p21-binding domain (PBD), and an auto inhibitory domain
(AID) (Figure 1A; Radu et al., 2014). However, the regulatory
domains of PAKs are structurally different, as well as the
activation processes. The PBDs of group I PAKs overlap with
the AIDs. Group I PAK activity is stimulated by binding to
the activated small GTPase or some other proteins in the
PBD, and concomitant interaction with the proximal amino
acids and phosphoinositide, leading to dissociation of the AID
from the KD. These changes will induce further conformational
changes in the dimerized PAKs and cause activation of their
kinase activity (Kumar et al., 2017). There are a lot of PAK
activators, and downstream substrates have been identified.
When bound to the substrate, the KD of PAKs becomes a
monomer, and automatically phosphorylation stabilizes PAKs in
the activated form (Kumar et al., 2017), while the overlapping
of PBD and AID binds to KD of another PAK and forms
inactive homo-dimerization (Figure 1B). PAK1 is activated by
both GTPase-dependent and GTPase-independent manner via
integrating multiple cell membrane receptor signals and proximal
cytoplasmic signaling components (Kumar and Li, 2016). Due
to the sequence similarities of group I PAKs, PAK1, PAK2, and
PAK3 may share some mechanisms (King et al., 2014). The
GTPase-independent activation of PAKs involves PXXP motifs
in PAKs binding to Src homology 3 (SH3) adaptor proteins
and phosphorylation of PAKs by other protein kinases, such
as AKT, JAK2, PDK1, and ETK/BMX (Lu and Mayer, 1999;
Zhou et al., 2003; Kumar and Li, 2016). Some other proteins
stimulate group I PAK activity by protein–protein interaction
at the SH3 domain, such as adapter proteins Grb2, Nck, and
PIXs. Grb2 SH3 domain binds to the second proline-rich region
of PAK1, stimulating EGFR (Puto et al., 2003). PAK1–Grb2
complex itself is independent of this stimulation, and Grb2 also
mediates the interaction of activated EGFR and PAK1 (Puto
et al., 2003). PAK1–Nck complex facilitates the cycling between
cytosolic and focal complex sites (Zhao et al., 2000). PIXs (αPIX
and βPIX), the Cdc42/Rac1 guanine nucleotide exchange factors
(GEFs), bind with group I PAKs to regulate cell migration,
immune system, and neuro system (Lucanic and Cheng, 2008;

Santiago-Medina et al., 2013). Phosphorylation of PAK1 at T402

promotes the separation of PAK1 with Nck and PIXs, and
phosphorylation of PAK1 at S21 by AKT inhibits the interaction
between Nck and PAK1 (King et al., 2014). Group I PAK
inactivation is controlled by protein phosphatases, such as
PP2A, POPX1, POPX2, PKA, PP1α, and RhoV, as well as
microRNA 7 and Merlin.

The structure of group II PAKs is different from that of group
I PAKs, which contains an AID-like pseudosubstrate sequence
that inactivates the Cdc42-bound PBD kinase activity. There
is a lack of understanding on the activity controlling group II
PAKs. A potential model proposed that group II PAKs function
as a monomer rather than a dimer. The AID binds to KD in
cis, which maintains the group II PAKs in an inactive form
(Figure 1B; Baskaran et al., 2012). It is reported that PAK4 can be
activated by HGF independent on PI3K, modulating cytoskeleton
organization and cell adhesion (Wells et al., 2002). We need more
evidences to uncover the group II PAK activity regulation due to
the limited results.

FUNCTION AND ALTERATIONS OF
p21-ACTIVATED KINASES

Studies have shown that the activators and substrates of PAKs
along with PAKs regulate mRNA splicing, gene expression,
transcription, and translation and are involved in signal
transduction, resulting in cell proliferation, cell growth,
angiogenesis, metastasis, and drug resistance in cancer
progression (Figure 1C), indicating that PAKs may play
important roles in cancer (Supplementary Table 1; Furnari
et al., 2014; Chetty et al., 2020; Quan et al., 2020). Knockout
of PAK2 and PAK4 leads to embryonic lethality in transgenic
mouse, indicating that they are critical for early development.
Cell-specific genetic deletion of PAK2 in hematopoietic stem cells
(HSCs) resulted in severe leukopenia and mild macro-cellular
anemia via decreased expression of Jun-B and increased gene
expression of c-Myc in a conditional PAK2 knockout mouse
model (Zeng et al., 2015). Overexpression of different PAKs
in different cancer types is co-related with cancer progression
or drug resistance, and some of them can act as prognostic
biomarkers for cancer (Supplementary Table 2).

PAK1, PAK2, and PAK4 have a higher expression level in
most of cancer types, while other PAKs are not (Supplementary
Figure 1). And PAK alterations including amplification,
mutation, fusion, deep deletion, and multiple alterations
frequently occur in cancers. PAK2 has the highest alteration
frequency among all PAKs and most frequently in lung cancer
(Figure 2A). PAK2 haploinsufficiency will lead to significant
decreased synapse densities, defective long-term potentiation,
and autism-related behaviors by regulating actin cytoskeleton
dynamics in mice, indicating that PAK2 plays a key role in
brain development and autism pathogenesis (Wang et al.,
2018b). PAK1 mediates the phosphorylation of hypertrophy
and/or arrhythmia-related proteins and plays important roles
in cardiac diseases (Wang et al., 2018a). PAK3 mutations and
PAK1 hyper-activation can cause MR such as X-linked MR
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FIGURE 1 | Basic characteristic of p21-activated kinases (PAKs). (A) The structures of PAKs. (B) The activation of PAKs. (C) The upstream activators and
downstream effectors of PAKs with related functions.

(XLMR), Alzheimer disease (AD), and Huntington disease
(HD) (Duarte et al., 2020; Zhang et al., 2020). Both PAK4
knockout and epiblast-specific deletion of PAK4 lead to
embryonic lethality due to the abnormalities in the vasculature
throughout the extraembryonic tissue and the epiblast (Tian
et al., 2009). PAK2 and PAK4 were activated by gastrointestinal
hormones/neurotransmitters and growth factors in pancreatic
acinar diseases. And thus PAK2/PAK4 may be new therapeutic
targets for the treatment of diseases involved in deregulation
of pancreatic acinar cells (Nuche-Berenguer et al., 2016;

Ramos-Alvarez and Jensen, 2018). PAK signaling pathway was
reported to be involved in WNT and G-protein signaling in
type 2 diabetes mellitus (T2DM) (Dammann et al., 2018). PAK5
was reported to be involved in T2DM, AD, psychosis, and
cancer (Timm et al., 2006; Fadista et al., 2014; Morris et al.,
2014). In contrast to the oncogenic function of other PAKs,
PAK6 has both oncogenic and tumor suppressive functions
in different cancers. It was reported that PAK6 promotes
tumor progression and chemo-resistance in colon cancer and
gastric cancer (GC), while decreased PAK6 expression was
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associated with tumor node metastasis stage progression and
poor overall survival in clear cell renal cell carcinoma (ccRCC)
and hepatocellular carcinoma (HCC) patients (Liu et al., 2014,
2015; Chen et al., 2015; Jiang et al., 2017). Besides, PAK6 controls
neurite complexity in the healthy brain and leucine-rich repeat
kinase 2 (LRRK2), a causative gene for Parkinson’s disease
(PD) (Civiero et al., 2015). In addition, PAK1 and PAK2 have
the maximum single-nucleotide polymorphisms (SNPs), while
PAK3 has the minimum SNPs associated with human diseases
among all PAKs according to genome-wide association study
(GWAS) Atlas database.

MOLECULAR MECHANISMS OF
p21-ACTIVATED KINASES’ FUNCTION IN
CANCER AND BEYOND

p21-activated kinases are the nexus of several pathogenic and
oncogenic signaling pathways resulting in disease initiation and
progression. Here, we review the molecular mechanisms of PAK’s
function in different diseases including cancer, MR, cardiac
disorders, diabetes, pancreatic acinar diseases, and viral infection.
Better understanding of PAK-related pathological process will
provide new insights into the therapy options as well as drug
development for treating and preventing PAK-induced diseases.

Cell Cycle and p21-Activated Kinases
The normal run of the cell cycles (G0/G1, S, G2, and M phases)
ensures the normal proliferation of cells, while the abnormal
regulation or expression of cell cycle-related proteins is a key
hallmark for cancer. Cyclin-dependent kinases (CDKs), cyclins,
checkpoint kinases, Aurora kinases, Polo-like kinases, and PAKs
can directly or indirectly regulate the cell cycle processes.
Interestingly, PAKs always combine with CDKs and cyclins to
participate in cell cycle regulation (Figure 2B). PAK1 silencing
leads to decreased cyclin E (CCNE) and CDK2, resulting in
cell cycle arrest at the G1 and S phases in HCC (Zhang et al.,
2018). It is reported that monocyte chemoattractant protein 1
(MCP1) activates PAK1 in a Rac1–NFATc1–CCND1–CDK6–
CDK4-dependent manner in the mediation of human aortic
smooth muscle cell migration and proliferation (Kundumani-
Sridharan et al., 2013). PAK2 was reported to bind with CDK12
to activate MAPK signaling pathway, resulting in G2 phase
dysregulation and GC progression (Liu et al., 2020). PAK4
upregulation contributes to cell cycle abnormality in the G0/G1
phase in oral squamous cell carcinoma (Peng and Pang, 2019).
Knockdown of PAK5 induces cell cycle arrest at the G0/G1
phase, in concordance with the downregulation of CDK2,
CDC25A, and cyclin D1 (CCND1) in GC (Gu et al., 2013).
PAK6 knockdown causes cell cycle arrest at the G2/M phase
in prostate cancer (Wen et al., 2009). PAK1 regulates mitosis
via different proteins, including phosphorylating Aurora A at
T288 and S342, binding and phosphorylating Tubulin cofactor
B (TCoB) at S65 and S128, phosphorylating mitotic centromere-
associated kinesin (MCAK) at S192 and S111, PLK1 activation, and
microtubule dynamics regulation (Vadlamudi et al., 2005a; Zhao
et al., 2005; Maroto et al., 2008; Pakala et al., 2012). In addition,

PAK1 affects cell cycle via regulating chromosome dynamic
changes, for example, as phosphorylation of histone 3 by PAK1
and phosphorylation of MORC2 at S739 (Li et al., 2002, 2012).
Besides, PAK1 phosphorylates Raf at S338 to activate checkpoint
kinase 2 (CHK2), leading to DNA damage response and cancer
cell survival (Advani et al., 2015). These findings provide new
thoughts that combining PAK inhibitor and cell cycle destruction
may obtain dramatic benefits for cancer therapy.

p21-Activated Kinases in Cancer
Cancer is one of the major health burdens worldwide. PAKs
have been proved to be pivotal in cancer initiation, growth,
angiogenesis, immunity, metabolism, metastasis, and drug
resistance (Akkanapally et al., 2020; Bautista et al., 2020; Huang
et al., 2020). PAKs may, through several signaling pathways,
regulate cancer cell growth, apoptosis, or autophagy. These
signal transductions mainly include WNT/β-catenin signaling
pathway, EGFR/HER2/MAPK signaling pathway, PI3K/AKT
signaling pathway, NF-κB cascades, and apoptosis, autophagy,
epithelial–mesenchymal transition (EMT) signaling pathways, as
well as DNA damage response signaling pathways (Figure 2C;
Ishida et al., 2007; Won et al., 2019; Wu et al., 2019; Jiang
et al., 2020; Li et al., 2020). PAK1 phosphorylates β-catenin at
S675 and S663 to stabilize β-catenin and translocate to nuclear,
activating transcription of targeted genes, containing c-MYC,
CCND1, and MMP, leading to promoted cancer progression
and drug resistance (He et al., 2008; Huynh et al., 2015, 2016;
Semenova et al., 2017). In addition, PAK1 inhibits kinase activity
of GSK3 by AKT1 activation, removing the inhibition effect on
β-catenin (Manning and Toker, 2017). EGFR and HER2 are well-
defined therapeutic targets for cancer. ERBB signaling pathway
can activate and recruit various downstream proteins involved
in different oncogenic signal transductions, such as MAPK
and PI3K/AKT signaling pathways. PI3K phosphorylates some
RhoGEFs that are able to activate Rac and then activate AKT and
PAK1 (Fruman et al., 2017). PAK1 can activate Raf, MEK, and
ERK; Raf in turn can activate PAK1 (El-Baba et al., 2014). The
cross-talk between MAPK and PI3K/AKT signaling pathways
contributes to cancer drug resistance, and the combination
inhibition of PAKs and other proteins in the network may be
a new strategy for cancer therapy to overcome drug resistance.
PAKs can also stimulate JNK and NF-κB interacting kinase
(NIK) to activate NF-κB signaling pathway, leading to cancer
development (Dammann et al., 2014; Li et al., 2017). Thus, PAK1
inhibition might be a potential option for NF-κB-dependent
cancer therapy. PAK1 phosphorylates Raf-1 at S338 and S339

to translocate it to mitochondria with phosphorylating BAD at
S112, and Raf-1 in mitochondria disrupts Bcl-2–BAD complex
formation to enhance the pro-survival ability of Bcl-2 (King
et al., 2014). Besides, PAK1 phosphorylates BAD at S111, as
well as DLC1, by interacting with Bim to resist apoptosis (Ong
et al., 2011). PAKs also play important roles in autophagy
directly or indirectly. PAK1 phosphorylates ATG5 at T101 to
inhibit its ubiquitinated degradation and promote the core
complexes (ATG5–ATG12–ATG16L) of autophagy with E3 ligase
(Feng et al., 2020). Moreover, mTOR is a key autophagy-
related biomarker, except for its role in cell growth regulator.
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FIGURE 2 | p21-activated kinases (PAKs) in cancer. (A) The genomic alterations of PAKs. (B) Correlation of PAKs with cyclin-dependent kinases (CDKs) and cyclins
in cell cycle progression. (C) The PAK-mediated signaling pathways in cancer development.

It is reported that PAK1 inhibition leads to decreased mTOR
activity and cytostatic autophagy, and regulation of PAK1 in
other cascades (MAPK and NF-κB) can indirectly regulate
autophagy (Dou et al., 2016; Wang et al., 2016, 2017). The
loss of epithelial cell integrity resulting from degradation of the
adhesive connections, which maintain contact between epithelial
cells, is a hallmark of EMT, which is mainly accomplished by
EMT promoting transcription factors (twist, snail, and slug) via
PAK-activated signaling pathways, such as MAPK, PI3K/AKT,
NF-κB, LIMK1/cofilin, and JNK signaling pathways (Yao et al.,
2020). The cross-talk of PAKs with other signaling pathways is
critical for cancer progression. PAK1 inhibits TGF-β expression
and TGF-β in turn to enhance PAK1 activation to promote
cancer development. It is also reported that a co-repressor of
Notch signaling pathway was phosphorylated by PAK1 at S3486

and T3568 to inhibit Notch targeted gene activation and regulate
cancer fate (Vadlamudi et al., 2005b). The cross-talk between
PAK1 and STAT5 signal transductions is extremely important
for leukemia, and the cross-talk between Hippo/YAP and
FAK/ILK/PAK1 cascades promotes cell cytoskeleton modulation
in liver cancer (Chatterjee et al., 2014; Sabra et al., 2017; Yuanxin
et al., 2019). These findings suggest that targeting PAK-mediated
signaling pathway along with other oncogenic cascades is a novel
strategy for therapy of different cancers.

p21-Activated Kinases in Infectious
Diseases
Besides the critical roles in cancer, PAKs are important
for infectious diseases through regulating several host-driven
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responses to pathogen infection, through anti-pathogen signal
transduction and immune regulation (John Von Freyend et al.,
2017). PAK1 and PAK2 affect infection progression (virus,
bacteria, and parasitic protists) at various stages, promoting
pathogens entry into, replication within, survival, and secretion
from host cells. We summarize the major pathogens, such as
hepatitis C virus (HCV), human hepatitis B virus (HBV), HIV,
human papillomavirus (HPV), amphotropic murine leukemia
virus (A-MLV), SARS, SARS-CoV-2, Helicobacter pylori, and
Leishmania. We summarize related PAK signaling pathways in
Supplementary Table 3 (Naranatt et al., 2005; Hoppe et al., 2006;
Carter et al., 2011; Lee et al., 2013; Andrade et al., 2016; Sun et al.,
2018). We use the example of H. pylori and viral (coronavirus)
infection to discuss the role of PAKs in the infectious diseases.

Helicobacter pylori is a well-identified risk factor for gastritis
and GC, which affects almost half of the population worldwide
(Parsonnet et al., 1991). In epithelial cells, H. pylori activates
Rac1 and stimulates PAK1 in a type 4 secretion system (T4SS)-
dependent (Mejías-Luque et al., 2017) manner and causes PAK1–
NIK interaction. Oncogenic protein CagA of H. pylori can
interact with PAK1 to activate NF-κB, leading to motility, pro-
inflammatory, and proliferative responses (Foryst-Ludwig and
Naumann, 2000; Lim et al., 2009). In macrophage, purified
lipopolysaccharide (LPS) from H. pylori stimulates Rac1, and
PAK1 kinase activity triggers PAK1–caspase 1 interaction and
phosphorylation at S376 and activates NF-κB to induce IL-
1β secretion (Basak et al., 2005; Neumann et al., 2006;
Supplementary Figure 2A). It was reported that PAK1 involved
in the SARS-CoV-2 infection process and targeting PAK1
signaling pathway was verified to be effective for anti-SARS-CoV-
2 treatment in preclinical trials (Berretta et al., 2020; Maruta
and He, 2020). SARS-CoV-2 enters into host cells via binding
to ACE2 and activated by TMPRSS2. Then PAK1 is activated to
reduce the adaptive immune response against the virus. PAK1 can
also stimulate CCL2 production, leading to a fibrotic response,
and viral infection induces NF-κB activation to generate local
pro-inflammatory cytokines production, such as IL-6 and IL-1β

(Berretta et al., 2020; Supplementary Figure 2B). These findings
suggest that targeting PAKs can be a novel therapy option for
infectious diseases.

p21-Activated Kinases in Mental
Retardation, Cardiac Disorders,
Diabetes, and Pancreatic Acinar
Diseases
p21-activated kinases are also involved in other non-cancer
diseases, which include MR, cardiac disorders, diabetes, and
pancreatic acinar diseases. PAK dysregulation has been found in
a variety of MR mainly including AD, PD, and HD. ROCK and
PAK1 have been verified to be activated by fibrillar and β-amyloid
(Aβ) oligomers, which in turn stimulate LIMK1 as well as induce
cofilin phosphorylation, resulting in actin de-polymerization
(Salminen et al., 2008). In addition, Aβ oligomer-induced effects
on dendritic spine and synaptic marker missing are mediated
by NMDA receptors via FYN–PAK interaction (Singh et al.,
2017). Moreover, curcumin was reported to inhibit PAK1 activity

through suppressing Aβ oligomer and fibril toxicity (Cai et al.,
2009). These findings suggest that Rho-ROCK/LIMK/cofilin
and RAC/PAK/LIMK/cofilin signal transduction dysregulation
plays an important role in AD pathogenesis (Supplementary
Figure 3A, left). PAK1 or PIX bind to wild-type and mutant-
type HTT protein, which promotes HTT aggregation and
increases HTT neuronal toxicity, leading to clinical behavioral,
mental disorders and cognitive deficits in HD (Supplementary
Figure 3A, right) (Luo et al., 2008). And PAK1 inhibition
could suppress HTT aggregate accumulation as well as neuronal
toxicity (Luo et al., 2008). Moreover, PAK1 is the binding
partner of fragile X MR protein (FMR1) and the related protein
FXR1. Transcriptional silencing of FMR1 is the most common
genetic cause of fragile X syndrome (FXS), the most commonly
inherited form of MR in humans (Say et al., 2010). One
research group showed that in an FMR1 knockout FXS mouse
model, a PAK1-dominant negative transgene rescues some of
the behavioral abnormalities; this observation was confirmed by
using a small molecule inhibitor that also has the same effect
(Hayashi et al., 2007; Pyronneau et al., 2017). These results
suggest that targeting PAKs is a promising strategy for treating
and preventing mental diseases.

PAK1 plays a key role in cardiac diseases including
pressure overload and adrenergic stress-induced hypertrophy
and ischemia/reperfusion injury, as well as disrupted Ca2+

homoeostasis-related cardiac arrhythmias. PAK1 regulates the
Ca2+ handling proteins by activating PP2A, resulting in
phosphorylation of MLC2 and cTnT and de-phosphorylation of
phosphor-lamban (RyR, LTCC, and cTnI) (Sheehan et al., 2009;
DeSantiago et al., 2014, 2018). Besides, PAK1 activates SRF and
regulates SERCA2a transcription via MKK4/7/JNK cascades to
protect the heart from arrhythmias (Wang et al., 2014). Moreover,
PAK1 negatively regulates calcineurin via Smad3/F-Bxo32 signal
transduction to prevent hypertrophy (Chen et al., 2013; Tsui
et al., 2015). And fingolimod [PAK1 activator, an Food and Drug
Administration (FDA)-approved drug] was proved to prevent
arrhythmias and cardiac hypertrophy (Yun et al., 2016; Chen
et al., 2018; Supplementary Figure 3B). These results highlight
the therapeutic potential of PAK1 signaling pathway in cardiac
disease treatment and prevention.

Type 2 diabetes mellitus is a chronic inflammatory disease
and a risk factor for cancer. It is considered that hyperglycemia
improves cell cycle progression through PAK–β-catenin signaling
pathway in early diabetes (Lv et al., 2018). Proliferation and
inflammation driven by PAKs lead to oxidative stress and
contribute to beta cell dysfunction and reduction of cell mass
(Dammann et al., 2018). Moreover, nuclear β-catenin was
identified to associate with FOXO transcription factors in
oxidative stress, which modulates PAK expression (Essers et al.,
2005). It is reported that PAK/p53/MDM2, PAK/RTK, and
PAK/JNK signaling pathways participate in T2DM to reduce beta
cell mass, induce apoptosis, and impede cell cycle progression
(Schmidt et al., 2006; Schulthess et al., 2009; Mikawa et al., 2014;
Supplementary Figure 3C). And this pathogenesis can be altered
by pioglitazone (anti-diabetic drug) via reducing proliferation
(Hussain et al., 2017). These findings indicate that PAK inhibitors
may be useful for chemoprevention in patients with T2DM.
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PAK2 and PAK4 have been gradually confirmed to be
important for pancreatic acinar diseases among all PAKs. The
CCK-stimulated PAK2 has been proved to be mediated by
the activation of CDC42/Rac1, PKC, and Src in rat pancreatic
acinar cells (Nuche-Berenguer and Jensen, 2015). This activation
of PAK2 stimulates several signal cascades including MAPK,
FAK, and PI3K–Akt pathways to mediate physiological or
pathophysiological responses related to the onset of pancreatitis,
which can be inhibited by a PAK inhibitor, suggesting that
PAK2 can act as a new therapeutic target for the treatment
of pancreatic acinar diseases (Nuche-Berenguer et al., 2016).
Except the PAK2-mediated signaling pathways in pancreatic
acinar cells, PAK4 can also be activated by stimulation of
CREB, the VIP-/secretin-preferring receptors via EPAC, as well
as regulate β-catenin signaling pathway to participate in Na+ and
K+-ATPase activation, mediating the pancreatic fluid secretion
(Supplementary Figure 3D; Ramos-Alvarez and Jensen, 2018;
Ramos-Alvarez et al., 2019, 2020). These results together illustrate
that PAKs play important roles in pancreatitis and pancreatic
cancer growth, as well as enzyme secretion.

INHIBITORS OF p21-ACTIVATED
KINASES

Considering the critical roles of PAKs in multiple diseases
that cover a large variety of population worldwide, mainly
including cancer, infectious diseases, MR, cardiac disorders,
diabetes, and pancreatic acinar diseases, drug discovery by
targeting PAKs has made great progress. PAK inhibitors
include ATP-competitive inhibitors, allosteric inhibitors, and
natural blockers. The ATP-competitive PAK inhibitors can be
divided into indolocarbazole-based inhibitors, aminopyrazole-
based inhibitors, 2-amino pyrido[2,3-d]pyrimidine-7(8H)-one-
based inhibitors, aminopyrimidine-based inhibitors, and other
ATP-competitive inhibitors. ATP-competitive inhibitors and
allosteric inhibitors are developed based on the structure of PAKs.
Natural PAK blockers are compounds extracted from plants,
which inhibit PAK activity or block PAK-mediated pathogenic
signaling pathways (Ryu et al., 2014; Aboukameel et al., 2017;
Li et al., 2020; Qin et al., 2020; Shahinozzaman et al., 2020).
We summarize the PAK inhibitors, related mechanisms, and
applicable diseases (Supplementary Table 4). Due to the distinct
and overlapping functions of PAKs, the pan-PAK inhibitors may
cause undesirable PK characteristics, consequent lack of tumor
responses, and adverse side effects (mainly on cardiovascular
and gastrointestinal function), leading to the termination of PF-
3758309 clinical trial (Crawford et al., 2012; Rudolph et al.,
2016; Rane and Minden, 2019). So far, just the KPT-9274,
a PAK4 and NAMPT dual inhibitor, is ongoing in phase
I clinical trials (NCT02702492 and NCT04281420) for solid
tumors and non-Hodgkin’s lymphoma (NHL) (Abu Aboud
et al., 2016; Li et al., 2019; Cordover et al., 2020). Recently,
CP734, a small molecule, was found to target PAK1 ATPase
activity by binding to V342 of PAK1 (Wang et al., 2020).
Moreover, CP734 suppressed pancreatic tumor growth with little
toxicity observed in mouse models and showed synergistic effects

with gemcitabine or 5-fluorouracil on pancreatic cancer cells
(Wang et al., 2020). Another study revealed that inhibition of
AURKA and PAK1 synergistically decreased survival of cancer
cells and tumor growth in luminal and HER2-enriched breast
cancer patient-derived xenograft mouse models (Korobeynikov
et al., 2019). It is also reported that combined inhibition of
PAK1 and PARP had a synergistic effect on suppressing cancer
cell proliferation and tumor growth in PAK1 overexpressed
breast cancer (Villamar Cruz et al., 2016). Loss of PAK1
prolonged survival and showed loss of β-catenin in the MMTV-
HER2 transgenic mice; when treated with small-molecule
inhibitors of PAK or β-catenin, it showed tumor regression; and
combined inhibition was synergistic in mice bearing xenografts
of HER2-positive breast cancer cells (Arias-Romero et al., 2013).
BCR-ABL1 tyrosine kinase inhibitor imatinib combined with
PAK inhibitor IPA-3 increased the inhibition of growth and
apoptosis of leukemia cells (Flis et al., 2019). In addition,
combination of PAK inhibitors IPA-3 or OTSSP167 and PKCι

inhibitor auranofin was highly synergistic in EGFR or KRAS
mutant lung adenocarcinoma and squamous cell carcinoma
cell lines and inhibited tumor growth in mouse models (Ito
et al., 2019a,b). PAK1 inhibitor combined with chemotherapy
gemcitabine synergistically inhibited cancer cell proliferation
and tumor growth in pancreatic cancer (Yeo et al., 2016).
These findings suggest that PAK inhibitors can be therapeutic
and synergistic and overcome drug resistance agents for cancer
therapy. In addition, five potential PAK1 inhibitors were found
by using the water thermodynamic analysis (Biswal et al., 2020).
Propolis is a well-studied natural extraction from bees, which
contains different PAK1 blockers including CAPE, CA, ARC,
triterpenes, and apigenin (Maruta, 2011). More importantly,
CAPE, CA, and ARC show significant therapeutic effects on
various diseases, such as cancers, infectious diseases (HIV, HPV,
influenza virus, and so on), inflammatory diseases, and PAK1-
dependent MR (AD, PD, and HD), as well as T2DM (Maruta,
2014). Most importantly, the spike protein of SARS-CoV-2
binds to ACE2 and is activated by TMPRSS2, and then several
cascades are triggered, allowing viral endocytosis and PAK1
activation, leading to SARS-CoV-2 entry into host cells (Berretta
et al., 2020). Propolis-derived compounds were proved to
downregulate TMPRSS2 expression and the anchor ACE2, as well
as suppress PAK1 activity, reduce pro-inflammatory cytokine
overproduction, improve NF-κB and monocyte/macrophage
immunomodulation, and promote the production of antibodies
against SARS-CoV-2 (Berretta et al., 2020). As a result, a
clinical trial (NCT04480593) of EPP-AF (Brazilian green propolis
extract) was recently initiated in Brazil for the treatment of SARS-
CoV-2 patients (Berretta et al., 2020; Maruta and He, 2020).
Other PAK1 blockers identified that may be useful for SARS-
CoV-2 epidemic include melatonin, ciclesonide, ivermectin,
istodax (FK228), and hydroxychloroquine (HQ) (Maruta and
He, 2020). We list the associated clinical trials of different PAKs
in Supplementary Table 5 and the most relevant clinical trials
around PAK regulators and effectors in Supplementary Table 6.
These findings indicate that PAK inhibitors are promising
drugs for a variety of human diseases and beyond with lack
of verification.
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DISCUSSION

Since the identification of PAK1 in 1994, other PAKs and
PAK-related structure, function, and molecular mechanisms
were discovered gradually. PAKs play critical roles in
widespread human diseases including cancer, infectious
diseases, inflammatory diseases, MR, cardiac disorders, diabetes,
pancreatic acinar diseases, and some other diseases. PAK
inhibitors are proved to be effective in PAK-related diseases.
These scientific findings altogether elucidate that targeting
PAKs is a promising therapeutic strategy for various diseases,
and using PAK inhibitors is a new option for treating and
preventing human diseases. However, there are still some
problems in the process of comprehensive understanding and
applying PAKs for human disease treatment. The function and
detailed molecular mechanisms in biological and pathological
processes of most PAKs remain deserted. Development of
specific PAK inhibitors remains a significant challenge due to
the high homology of different PAKs at the KD, which may
cause pan-PAK inhibition and accompanying off-target effects
and severe side effects. Various methods for drug discovery
may be useful to overcome these problems. These methods
include structure-based drug design (SBDD), fragment-based
drug design (FBDD), virtual screening (VS), high-throughput
screening (HTS), drug repurposing (DR), and proteolysis-
targeting chimera (PROTAC). Among all these methods,
PROTAC is a promising strategy for designing selective PAK
inhibitors, which contain a small molecule to control intracellular
PAKs through recruiting PAKs to the ubiquitin or proteasome
system for selective degradation. However, to our knowledge,
no PROTACs targeting PAKs have been reported. Targeted
covalent inhibitors (TCIs) have been successfully developed as
high-affinity and selective inhibitors of protein kinases, which
typically act by undergoing an electrophilic addition with an
active-site cysteine residue, and the electrophilic additions
generally require deprotonation of the thiol to form a reactive
anionic thiolate (Awoonor-Williams and Rowley, 2018). The
design of a TCI begins with the identification of a druggable
cysteine, so it may be a strategy to target reactive cysteines
in PAKs to inhibit PAK activity. There are no reports about
targeting in vivo PAKs with siRNA or CRISPR strategies to our
knowledge. So there may be opportunities or developments in
targeting in vivo PAKs with siRNA or CRISPR strategies for
treatment of hematological, liver, and other diseases. Moreover,
the cross-talk between PAKs and other oncogenic/pathogenic
signaling pathways, such as CDKs/PAKs, EGFR/PAKs, and
BRD4/PAKs, is very important in cancer progression and
drug resistance. Combining PAK inhibitors with other specific
small molecules may be a potential therapeutic option for
cancer prevention and therapy. In addition, the role of PAKs
in autophagy, immune escape, and infection process makes it
possible that PAK inhibitors can be used for immunotherapy,
to overcome developed drug resistance and infectious diseases.
However, most of these inhibitors discovered via preclinical
study still lack clinical trials. PAKs have become hallmark and
therapeutic targets for a variety of diseases. Many inhibitors
of PAKs can greatly enrich the development of new drugs for

prevention and treatment of human diseases, such as cancer,
infectious diseases, and other diseases.
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papillary cell carcinoma; LAML, acute myeloid leukemia; LGG, brain lower grade
glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC,
lung squamous cell carcinoma; OV, ovarian serous cystadenocarcinoma; PAAD,
pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma;
PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC,
sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma;
TGCT, testicular germ cell tumor; THCA, thyroid carcinoma; THYM, thymoma;
UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma.

Supplementary Figure 2 | PAKs in infectious diseases. (A) PAK1 cascades in
H. pylori infection induced pathogenesis progression. (B) PAK1 dependent
signaling pathways in lung fibrosis.

Supplementary Figure 3 | PAKs signaling pathways in diseases beyond cancer
and infection. (A) PAKs signal transduction in AD (left) and HD (right)
pathogenesis. (B) PAKs signaling pathways in heart diseases. (C) PAKs cascades
in response to hyperglycemia. (D) PAKs signaling in pancreatic acinar diseases.

Supplementary Table 1 | Basic characteristics of PAKs.

Supplementary Table 2 | Expression and alteration of PAKs related
to human cancers.

Supplementary Table 3 | PAKs associated pathogens and related biological
process as well as signaling pathways. HBV, human hepatitis B virus; HCV,
hepatitis C virus; HHV-8, human herpes virus 8; HIV, human immunodeficiency
virus; HSV, herpes simplex virus; A-MLV, Amphotropic murine leukemia virus;
ASFV, African swine fever virus; VV, vaccinia virus; SGIV, Singapore grouper
Iridovirus; HAdv-3, human adenovirus 3; EV1, echovirus 1; ZEBOV, Zaire ebola
virus; EPEC, enteropathogenic E. coli; NTHi, non-typeable H. influenza.

Supplementary Table 4 | Inhibitor of PAKs.

Supplementary Table 5 | Clinical trials of PAKs.

Supplementary Table 6 | Clinical trials of PAK regulators and effectors.
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