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A B S T R A C T

Targeting p21-activated kinase 4 (PAK4) is a potential therapeutic strategy against human colorectal cancer
(CRC). In this study, we synthesized a series of novel thiazolo[4,5-d]pyrimidine derivatives (PB-1–12) and
identified PB-10 (PAK4 IC50= 15.12 μM) as a potential and potent PAK4 inhibitor. Our results showed that PB-
10 significantly suppressed the proliferation and colony formation of human CRC cells. PB-10 also arrested HCT-
116 CRC cells at sub G0/G1 phase while promoting the expression of proapoptotic proteins. In addition, PB-10
inhibited migration, invasion, and adhesion as well as the PAK4 downstream signaling pathway in HCT-116
cells. Molecular docking analysis showed possible binding modes between PB-10 and PAK4. Our study provides a
novel compound that may block the PAK4 signaling in CRC cells.

p21-Activated kinase 4 (PAK4) belongs to the PAK family of serine/
threonine kinases, playing impfortant roles in tumorigenesis and pro-
gression in human cancers by regulating anchorage-independent
growth, cell cycle, survival, migration, and invasion in cancer cells.1–4

PAK4 overexpression has been detected in multiple cancer types, in-
cluding colorectal cancer (CRC).5 Elevated expression of PAK4 corre-
lates with advanced tumor stage and poor prognosis in CRC patients;
and PAK4 silencing can inhibit CRC cell proliferation while inducing
cell cycle arrest and apoptosis.4–6 Therefore, targeting PAK4 is a pro-
mising therapeutic strategy against CRC.

As a p21-activated protein kinase that phosphorylates multiple
downstream genes, PAK4 is activated by p21 proteins via phosphor-
ylation on its activation loop, which triggers conformational move-
ments in its catalytic cleft to exchange nucleotide.7,8 Scientists have
developed various ATP-competitive compounds, such as Staurosporine,
LCH-7749944, PF-3758309, and KPT-9274, to inhibit phosphorylation
or conformational movements of PAK4.9–12 Although these compounds
are pan-PAK inhibitors due to the highly-conserved ATP-binding pocket
across the PAK family and did not progress beyond phase I clinical
trials, they provide helpful rationale and scaffolds for the development
of more selective and potent PAK4 inhibitors as anticancer ther-
apeutics.13,14

Thiazolo[4,5-d]pyrimidines and their derivatives are purine analo-
gues that display diverse pharmacological properties, including anti-
tumor, antimicrobial, and antiinflammatory activities.15–17 In our

previous studies, using a structure-based virtual screening strategy, we
identified a thiazolo[4,5-d]pyrimidine-derived compound
ZINC28569592 as a promising hit compound toward PAK4 with a half-
maximal inhibitory concentration (IC50) of 18.42 μM.18,19 In this study,
starting from the structure of ZINC28569592, we synthesized a series of
novel thiazolo[4,5-d]pyrimidine derivatives (PB-1–12) with various
structural modification (Fig. 1). In this new series, the chlorine atom at
C7-position of thiazolo[4,5-d]pyrimidine ring was replaced by a amine
portion, substituted by alkylic, cycloalkylic, arylalkylic residues. The
replacement of the chlorine by the amine function was not expected to
affect the potency of these compounds to bind the PAK4 active binding
site, and to establish hydrophobic-bond interactions with the amino
acid residues in the hydrophobic entrance of PAK4 active site. We
evaluated the inhibitory activity of these novel synthesized compounds
PB-1–12 toward PAK4, and PB-10 was identified as a novel and potent
lead compound targeting PAK4 in human CRC cells, providing a new
therapeutic approach against CRC.

Synthesis of the designed thiazolo[4,5-d]pyrimidine derivatives PB-
1–12 employed 5-(benzylthio)-7-chlorothiazolo[4,5-d]pyrimidin-2-
amine (6) as the key intermediate.20 This intermediate was obtained
from thiocarbamide (1) through the synthetic methodology. Treatment
of 1 with ethyl cyanoacetate and sodium ethoxide at 78 °C provided a
good yield of 2. Then, the resulting intermediate 2 was subjected to
nucleophilic substitution with benzyl bromide to produce 3. The C4-
position hydrogen of 3 was selectively substituted with bromine, and
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then was subjected to nucleophilic substitution with potassium thio-
cyanate to give 4. This intermediate 4 was treated with cyclization at
110 °C provided 5. Then, the resulting intermediate 5 was subjected to
chlorination with phosphoryl trichloride to give the key intermediate 6.
Finally, the chlorine at the C7-position of 6 was substituted with
available aliphatic amine and cyclamine derivatives in the presence of
1-methyl-2-pyrrolidinone to provide the target compounds PB-1–12
(Scheme 1). These compounds were purified by column chromato-
graphy or crystallization, and then were submitted to biological eva-
luation.

The activity of the target compounds PB-1–12 toward PAK4 was
investigated by homogeneous time resolved fluorescence (HTRF) assay.
The classical pan-PAK inhibitor staurosporine and the hit compound
ZINC28569592 were used as reference compounds. In the preliminary
screening assay, all derivatives inhibited PAK4 activity in a dose-de-
pendent manner (Fig. 2). Seven compounds (PB-1, 4, 6, 8, 10, 11, and

12) that demonstrated moderately inhibited PAK4 with percentages of
inhibition more than 50% were further tested over a broader con-
centration range. As shown in Table 1, only compound PB-10 was
slightly more potent than hit compound ZINC28569592. However, we
found that with flexible carbon chain extension of alkylic amine at C7-
position of thiazolo[4,5-d]pyrimidine ring, compounds PB-6, PB-1, PB-4
and PB-5 presented a decrease in inhibition toward PAK4. Meanwhile,
in order to investigate the effect of reducing the flexibility and in-
creasing the lipophilic space volume of the alkylic amine function on
compounds activity, compounds PB-1 (42.13 μM), PB-4 (89.5 μM) and
PB-6 (32.03 μM) were cyclized to obtain cyclic amines compounds PB-8
(34.1 μM), PB-11 (70.63 μM) and PB-10 (15.12 μM), respectively. In-
terestingly, replacement of flexible alkylic amine group with the cyclic
aliphatic amine group led to a slightly increase in the activity. These
data obtained suggest that the steric hydrophobic group on the aliphatic
amine moiety are important, but not crucial in producing an effective

Fig. 1. Design of novel thiazolo[4,5-d]pyrimidine derivatives starting from the hit compound ZINC28569592.

Scheme 1. Synthesis of thiazolo[4,5-d]pyrimidine
derivatives (PB-1–12). Reagents and conditions: (a)
Sodium ethoxide, EtOH, reflux, 4 h, 94%; (b) Benzyl
bromide, NaOH, DMF, r.t, 4 h, 95%; (c) KSCN, Br2,
DMF, 65 °C, overnight, 91%; (d) DMF, H2O, 110 °C,
10 h, 96%; (e) POCl3, N,N-Dimethylaniline, 100 °C,
3 h, 66%; (f) DIPEA, NMP, R1R2NH, 110 °C, 6 h,
38%–51%.
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inhibition toward PAK4. This finding may provide directions for further
structural modifications for designing potent PAK4 inhibitors. Among
these novel compounds, the most potent inhibitor PB-10 was selected
for further exploration.

To investigate the potential antitumor activity of PB-10, we ex-
plored the effects of PB-10 on the proliferation of different human CRC
cell lines in vitro. As shown in Table 2, PB-10 inhibited the cell viability
of HCT-116, SW480, and Colo205 cells with IC50 values of 4.3, 6.5, and
7.8 μM, respectively. HCT-116 cells with the lowest IC50 were used in
the following study.

We then compared the effects of PB-10 (4.3 μM) treatment and
knockdown of PAK4 on HCT-116 cell proliferation and colony

Fig. 2. Homogenous time-resolved fluorescence (HTRF) assay of p21-activated
kinase 4 (PAK4) activity. The 20mM DMSO stock solution of each compound
(PB-1–12) was serially diluted in kinase reaction buffer at 100, 10, and 1 μM,
respectively. The PAK4 activity was determined using HTRF assay. The pan-
kinase inhibitor staurosporine and compound ZINC28569592 were used as
positive controls. Data are expressed as mean ± standard deviation (SD).
n= 3.

Table 1
The inhibitory activities of thiazolo[4,5-d]pyrimidine derivatives against PAK4.
N/A, Not applicable.

Compounds RN IC50a (µM)

PB-1 NH(CH2)2OH 42.13
PB-2 NH(CH2)3OH NTb

PB-3 NHCH(CH2OH)2 NTb

PB-4 NH(CH2)2N(CH3)2 89.5
PB-5 2-morpholinoethan-1-amino > 100
PB-6 N,N-dimethylamino 32.03
PB-7 Pyrrolidin-1-yl NTb

PB-8 2-hydroxymethylpyrrolidin-1-yl 34.1
PB-9 3,4-dihydroisoquinolin-2(1H)-yl NTb

PB-10 3-methylpiperidin-1-yl 15.12
PB-11 4-methylpiperazin-1-yl 70.63
PB-12 4-phenylpiperazin-1-yl 44.11
ZINC28569592 c 18.42
Staurosporine c 0.001

a
IC50 values are calculated based on the homogeneous time-resolved fluor-

escence (HTRF) assay.
b NT: not tested in this assay.
c Used as a positive control.

Table 2
The antiproliferative effect of PB-10 on different colon cancer cell lines.

Compounds IC50a (µM)

HCT116 SW480 Colo205

PB-10 4.3172 6.5962 7.8047
Staurosporine <0.1 <0.1 < 0.1

a IC50: concentration of the compound (μM) producing 50% cell growth in-
hibition after 48 h of drug exposure, as determined by the MTT assay. Each
experiment was carried out in triplicate.

Fig. 3. Small interfering RNA (siRNA)-mediated PAK4 silencing. HCT-116 cells
were cultured overnight and then transfected with GFP-labelled negative con-
trol, siRNA-1, siRNA-2, or siRNA-3 against PAK4 using Lipofectamine 2000. At
48 h after transfection, the mRNA (A) and protein (B) levels of PAK4 were
determined using quantitative real-time PCR (qRT-PCR) and Western blot
analysis, respectively. GAPDH was used as an internal control. Data are ex-
pressed as the mean ± standard deviation (SD). *P < 0.05, **P < 0.01 vs
untransfected cells; #P < 0.05, ##P < 0.01 vs Negative-siRNA transfected
cells. n= 3.
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formation. The siRNA knockdown efficiency was shown in Fig. 3. As
shown in Fig. 4A and B, PB-10 or PAK4 silencing could observably in-
hibit HCT-116 cell proliferation and colony formation. To further in-
vestigate whether the inhibitory effect of PB-10 on cell proliferation
was due to the induction of cell cycle arrest and apoptosis, we examined
the cell cycle and apoptosis-related protein levels in PB-10-treated HCT-
116 cells. As shown in Fig. 5A, PB-10 or PAK4 silencing significantly
increased the percentage of cells in the G0/G1 phase compared with
vehicle treatment. In addition, Western blot assay showed that PB-10
markedly attenuated the expression of PAK4 while inducing the ex-
pression of proapoptotic caspase-3, BAD, and cytochrome C (Fig. 5B).
PAK4 is involved in cell cycle arrest by altering the expression of var-
ious proteins such as p21 and cyclins.21–24 PAK4 phosphorylates BAD
and caspases, thereby promoting cell survival and preventing apop-
tosis.25 Above studies approve that similar to the effects of PAK4 si-
lencing, PB-10 could significantly inhibit the proliferation and colony
formation while inducing cell cycle arrest and proapoptotic protein
expression in HCT-116 cells.

Next, we assessed the effect of PB-10 on CRC cell mobility. PB-10 or
PAK4 silencing significantly suppressed HCT-116 cell migration and
invasion compared with vehicle treatment (Fig. 6A and B). To regulate
cell mobility, PAK4-mediated activation of cytoskeletal effector LIMK1
phosphorylates and inhibits the actin-regulatory protein cofilin.26 Be-
cause the LIM kinase-1 (LIMK1)/cofilin axis is involved in PAK4-

mediated CRC cell migration and invasion, we detected the protein
levels of LIMK1 and cofilin.27 As shown in Fig. 6C, PB-10 or PAK4 si-
lencing remarkably decreased the proteins levels of LIMK1 and cofilin
in HCT-116 cells, suggesting that PB-10 targets PAK4 to suppress CRC
cells mobility possibly through the suppression of the PAK4/LIMK1/
cofilin signaling pathway. In addition, PB-10 treatment or knockdown
of PAK4 also inhibited HCT-116 adhesion in vitro (Fig. 6D). Taken to-
gether, these results suggest that PB-10 may repress CRC progression
possibly through inhibition of PAK4.

In order to gain insight into potential binding mode between PB-10
and PAK4, we performed a molecular docking analysis (Fig. 7). PB-10
could potentially bind to the hydrophobic catalytic domain of PAK4
(PDB Code: 2X4Z) via interactions with the key residues. Specifically,
the sulfur atom at S1-position and the amino group at the C2-position of
PB-10 can form two hydrogen binding interactions with the hinge re-
sidues Leu398 and Glu396 of PAK4; the benzylthio fragment at the C5-
position of PB-10 can extend to the G-loop pocket and form hydro-
phobic interactions with PAK4; the thiazolo[4,5-d]pyrimidine ring can
form a hydrophobic interactions with Ala348, Met395, Val335 or
Leu447. Comparing with the hit compound ZINC28569592, the 3-me-
thylpiperidin-1-yl at C7-position of thiazolo[4,5-d]pyrimidine moiety of
PB-10 could occupy the inlet of the catalytic cleft via forming hydro-
phobic interactions with ILE327 and GLY401. The thiazolo[4,5-d]pyr-
imidine scaffold is responsible for its interactions with the ATP-binding

Fig. 4. Cell proliferation and colony formation assays. HCT-116 cells were treated with PB-10 (4.3 µM) and/or transfected with PAK4-siRNA1. (A) MTT cell viability
assay was performed at different time points (0, 12, 24, 48, 72, and 96 h) after treatment/transfection. (B) Colony formation was assessed at 2 weeks after treatment/
transfection. Cells were stained with crystal violet. Images were acquired using SONY camera. Representative images are shown. The colony formation rate (%) was
calculated as Clonal formation rate = (number of clones / number of cells inoculated)× 100%. Data are expressed as the mean ± SD. *P < 0.05, **P < 0.01 vs
control group. n=3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Cell cycle and apoptosis analyses. HCT-116
cells were treated with PB-10 (4.3 µM) and/or
transfected with PAK4-siRNA1. (A) Cell cycle ana-
lysis was performed at 48 h after treatment/trans-
fection using flow cytometry. The percentage of
cells at different cell cycle was calculated as the cell
number at each cell cycle / the total cell
number×100%. Data are expressed as the
mean ± SD. *P < 0.05 vs. control group. n= 3.
(B) Western blot assay was performed at 48 h after
treatment/transfection to determine the protein le-
vels of apoptosis-related caspase-3, BAD, and cyto-
chrome C. β-actin was used as an internal control.
Data are expressed as the mean ± SD. **P < 0.01
vs PAK4 in control group; $$P < 0.01 vs caspase-3
in control group; ##P < 0.01 vs BAD in control
group; &P < 0.05, &&P < 0.01 vs cytochrome C in
control group. n=3.
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region in PAK4 via hydrogen bonds. The predicted binding mode of PB-
10 in PAK4 active site support that the thiazolo[4,5-d]pyrimidine
analogue PB-10 could be as a novel lead compound for further de-
signing more potential PAK4 inhibitors as anticancer agents.

In conclusion, starting from a hit compound 5-(benzylthio)-7-
chlorothiazolo[4,5-d]pyrimidin-2-amine, we designed and synthesized
a series of thiazolo[4,5-d]pyrimidine derivatives as novel and potential
PAK4 inhibitors for further development as cancer therapeutics. PB-10
was identified as a potent inhibitor of PAK4 (IC50= 15.12 μM) and
could effectively inhibit cell growth, cell mobility, and PAK4 down-
stream signaling pathway in HCT-116 CRC cell line while inducing cell

cycle arrest and the expression of proapoptotic proteins. Molecular
docking analysis predicted the possible binding mode of PB-10 and
PAK4. Above studies supported that PB-10-mediated inhibition of PAK4
is a potential therapeutic strategy against CRC.
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Fig. 6. Cell migration, invasion, and adhesion analyses. HCT-116 cells were treated with PB-10 (4.3 µM) and/or transfected with PAK4-siRNA1. Transwell assay was
performed to evaluate cell migration and invasion at 48 h post treatment/transfection. The migrated and invaded cells were stained with crystal violet. Images were
acquired at magnification× 200. Representative images are shown in (A). (B) The numbers of migrated or invaded cells were counted in 5 randomly selected fields.
Data are expressed as the mean ± SD. **P < 0.01 vs migrated cells in control group; $$P < 0.01 vs invaded cells in control group. n= 5. (C) Western blot analysis
was performed at 48 h after treatment/transfection to determine the protein levels of PAK4 and downstream LIM domain kinase 1 (LIMK1) and cofilin. β-actin was
used as an internal control. Data are expressed as the mean ± SD. **P < 0.01 vs PAK4 in control group; $P < 0.05, $$P < 0.01 vs LIMK1 in control group; &

P < 0.05, &&P < 0.01 vs cofilin in control group. n= 3. (D) Cell adhesion assay was performed in fibronectin-coated plates. Cells were allowed to adhere for 2 h.
The adherent cells were stained with crystal violet. The cell adhesion rate (%) was calculated as the number of adherent cells / the number of control cells× 100%.
Data are expressed as the mean ± SD. **P < 0.01 vs control group. n= 3. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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