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world. The pro-viral integration site for Moloney murine leukemia virus 1 (PIM1) is a proto-oncogene
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Targeted therapy; class of compounds known to possess anti-tumor, anti-inflammatory and antibacterial effects. However,
Small molecule compound the underlying mechanism of chalcones against colorectal cancer remains unclear. This study reports that
of chalcone; HCI-48 mainly targets PIM1 and FGFR1 kinases, thereby eliciting antitumor effects on colorectal cancer
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model;
Kinase activity

growth in vitro and in vivo. HCI-48 inhibited the activity of both PIM1 and FGFR1 kinases in an ATP-
dependent manner, as revealed by computational docking models. Cell-based assays showed that HCI-48

inhibited cell proliferation in CRC cells (HCT-15, DLD1, HCT-116 and SW620), and induced cell cycle
arrest in the G2/M phase through modulation of cyclin A2. HCI-48 also induced cellular apoptosis, as
evidenced by an increase in the expression of apoptosis biomarkers such as cleaved PARP, cleaved cas-
pase 3 and cleaved caspase 7. Moreover, HCI-48 attenuated the activation of downstream components of
the PIM1 and FGFR1 signaling pathways. Using patient-derived xenograft (PDX) murine tumor models,
we found that treatment with HCI-48 diminished the PDX tumor growth of implanted CRC tissue
expressing high protein levels of PIM1 and FGFR1. This study suggests that the inhibitory effect of
HCI-48 on colorectal tumor growth is mainly mediated through the dual-targeting of PIM1 and FGFR1
kinases. This work provides a theoretical basis for the future application of HCI-48 in the treatment of

clinical CRC.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Colorectal cancer (CRC) is the second most common cause of
cancer death worldwide'. In China, the incidence of colorectal
cancer has been increasing, which is common in western nations™”.
Numerous studies have shown that CRC morbidity and mortality are
closely related to the following factors: genetic variants®, race’,
family®, age”"®, high fat intake”'’, red meat consumption, obesity "',
alcohol consumption, smoking'*'? and physical inactivity'*'>.
Currently, surgery and chemotherapy are the main methods used for
treatment of colorectal cancer'®. Surgical treatment is suitable for
patients diagnosed at early stages. However, nearly 60%—70% of
confirmed cases in symptomatic patients are detected at later
stages'’. Despite the use of an active clinical treatment regimen'®,
the prognosis of patients with advanced colorectal cancer still re-
mains poor due to metastasis'® >'. Therefore, it is urgent to find
effective drug preparations and develop new therapeutic strategies
to improve the prognosis of colorectal cancer.

PIM1 (proviral integration site for Moloney murine leukemia
virus 1), a proto-oncogene, encodes a serine/threonine kinase. As a
member of the PIM family??, it plays a crucial role in tumorigenesis,
particularly in colorectal cancer”, prostate cancer’*, breast can-
cer™, glioblastoma®® and lung cancer”’ by directly regulating the
activities of various proteins involved in cell proliferation, migra-
tion and survival®®. Based on these facts, targeting PIM1 may be a
reasonable strategy for anticancer drug development.

FGFR (fibroblast growth factor receptor) 1 is a receptor tyro-
sine kinase that regulates cellular processes including prolifera-
tion, survival, migration and differentiation®”*". A preclinical
study showed that over-expression of FGFRI1 is associated with
increased cancer cell proliferation and invasion®'. In addition, the
over-expression of FGFR1 or mutations of FGFR1 which lead to
constitutive activation are related to the occurrence and develop-
ment of hepatocellular carcinoma®”, lung cancer”, osteosar-
coma’* and breast cancer’>*°. However, it is still unclear how the
regulation of PIM1/FGFR1 contributes to colorectal cancer pro-
gression. Therefore, we examined the regulatory effects and
mechanisms of PIM1/FGFR1 in CRC.

Natural chalcone compounds are widely distributed in the plant
kingdom®"~** and have a variety of biological activities®’, including
anti—cancer4°, anti—inﬂammatory4"42, anti—bacterial”, anti—HIV“,
anti-oxidant™ and anti-allergic activities*°. In recent years, studies

have found that chalcone is an effective chemoprophylaxis drug™*’*®

which possesses antioxidant effects and can induce apoptosis with
minimal cytotoxicity*>*", The activity of many chalcone com-
pounds was measured in our previous study and compound HCI-48,
anovel synthetic indole derivative of chalcone with the optimal IC5
value of those compounds screened, was identified (Supporting
Information Table S1). The purpose of this study was to clarify
the molecular mechanism of HCI-48 in CRC and test this compound
in the targeted therapy of cancer. We determined the inhibitory ef-
fect of HCI-48 by kinase profiling analysis and found that HCI-48
was inhibitory to PIM1 and FGFR1.

We hypothesized that HCI-48 could inhibit the growth of CRC
by directly prohibiting PIM1 and FGFR1 kinase activities and
their downstream signaling pathways in vitro and in PDX tumors
which were over-expressing PIM1 and FGFRI1.

2. Materials and methods
2.1.  Reagents and materials

Compound HCI-48 (molecular weight of 394.43, purity > 95%) was
synthesized by China-US (Henan) Hormel Cancer Institute
(Supporting Information Fig. S1A) and the structure was identified
using nuclear magnetic resonance (NMR) spectroscopy
(Fig. SIB)'. Active PIM1 kinase was purchased from Millipore
(Billerica, MA, USA), the recombinant BAD protein, active
FGFR1, and inactive poly (Glu, Tyr) peptide for kinase assays were
obtained from SignalChem Biotech Inc. (Richmond, BC, Canada).
Primary antibodies for the following proteins were purchased from
Cell Signaling Technology (Danvers, MA, USA): BAD (1:1000),
phosphorylated BAD (p-BAD, 1:1000), P21 (1:1000), P27 (1:1000),
phosphorylated FGFR (p-FGFR, 1:1000), FGFR1 (1:1000), STAT3
(1:1000), phosphorylated STAT3 (p-STAT3, 1:1000), AKT
(1:1000), phosphorylated AKT (p-AKT, 1:1000), cyclin A2
(1:1000), PARP (1:1000) and cleaved PARP (1:1000), caspase 3
(1:1000), cleaved caspase 3 (1:1000), caspase 7 (1:1000), cleaved
caspase 7 (1:1000), phosphorylated Histone H3 (p-Histone H3,
1:1000). Anti-PIM1 (1:1000) was obtained from Abcam (Cam-
bridge, UK). Histone H3 (1:2000) was purchased from Santa Cruz
Biotechnology, Inc. (Carpinteria, CA, USA). Mouse anti-8-actin
antibody (1:5000), goat anti-rabbit antibody (1:5000) and goat anti-
mouse antibody (1:5000) were purchased from ZSGB-Bio
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Company (Beijing, China). Biotin-conjugated goat anti-rabbit
(1:5000) and mouse IgG (1:5000) were purchased from Zhong-
shan Jingiao Company (Beijing, China).

2.2, Cell culture and transfection

The human immortalized normal colon cell line CCD-18Co and
human colorectal cancer cell lines (HCT-15, DLD1, HCT-116,
SW620, HT-29 and SW480) were purchased from American Type
Culture Collection (Manassas, VA, USA). Cells were cultured in
minimum essential medium (MEM) (CCD-18Co and lenti-x-
293T), RPMI-1640 (HCT-15 and DLDI1), McCoy’s 5A (HCT-
116 and HT-29) or L-15 (SW620 and SW480) medium containing
penicillin (100 units/mL), streptomycin (100 pg/mL), sodium
pyruvate (100 mmol/L) and 10% fetal bovine serum (FBS, Bio-
logical Industries, Kibbutz Beit-Haemek, Israel). All cells were
maintained at 5% CO, and 37 °C in a humidified incubator. All
cells were cytogenetically tested and authenticated before the cells
were frozen. Each vial of frozen cells was thawed and maintained
in culture for a maximum of 8 weeks.

For knocking down the expression of PIM1 and FGFRI in
CRC cells, transfection was performed with pLKO.I-MOCK,
shPIM1 or shFGFRI plasmids together with packaging vectors,
pMD?2.0G and psPAX2 (Addgene Inc., Cambridge, MA, USA) into
lenti-x-293T cells using the X-Fect transfection reagent (Takara
Bio, Otsu, Japan) following the manufacturer’s protocols. The
transfection medium was changed at 24 h after transfection. After
24 h, the virus-containing media was harvested by filtration using
a 0.45 pm syringe filter and then applied to HCT-116 and
SW620 cells together with 8 pg/mL of polybrene (Millipore) for
24 or 48 h. Cells were then treated with puromycin to select PIM1
or FGFR1 knock-down cells.

2.3.  Invitro kinase assay

A PIM1 kinase assay was performed according to the manufac-
turer’s instructions. Briefly, reactions were carried outin 1 X kinase
buffer (25 mmol/L Tris-HCI pH 7.5, 5 mmol/L S-glycer-
ophosphate, 2 mmol/L. dithiothreitol, 0.1 mmol/L. NazVO,,
10 mmol/L MgCl,, and 5 mmol/L MnCl,) containing 100 mol/L
ATP at 30 °C for 30 min. Reactions were stopped with 6 x SDS
loading buffer (7 mL 4 x Tris-Cl/SDS, pH 6.8, 3 mL glycerol, 1 g
SDS, 0.93 g dithiothreitol, 1.2 mg bromphenol blue, and
10 mL H,O) and proteins were detected by immunoblotting. Active
FGFRI1 kinase and inactive poly (Glu, Tyr) peptide substrate were
mixed in 1 x reaction buffer and then added to a white 96-well
plate. Pure ATP provided in the ADP-Glo Kinase Assay (Prom-
ega, Madison, WI, USA) was serially diluted to obtain a final
concentration of 10 pmol/L. HCI-48 (7.5, 15, 31 and 62.5 umol/L)
stocks were then added to reach a final concentration of 0.3, 0.6,
1.25 or 2.5 umol/L; dimethyl sulfoxide (DMSO) was used as a
control. After incubation at room temperature for 40 min, kinase
activity was measured using the Luminoskan Ascent plate reader
(Thermo-Scientific, Swedesboro, NJ, USA) following the protocol
of ADP-Glo Kinase Assay (Promega).

2.4.  Invitro and ex vivo pull-down assay

HCI-48-Sepharose 4B or DMSO-Sepharose 4B beads were pre-
pared following the manufacturer’s instructions (GE Healthcare
Bio-Science, Uppsala, Sweden). 2 mg HCI-48 or DMSO and 0.3 g
CNBr Sepharose 4B beads were activated by HCI (1 mL, 1 mmol/L)

and rotated at 4 °C for 24 h. Beads were then washed with 5 mL
coupling buffer for a total of 5 times. Next, 5 mL 0.1 mol/L
Tris- HCl buffer (pH 8.0) was added before rotating at 4 °C for 24 h.
After 24 h, beads were washed by rotating at 4 °C for 5 min using
0.1 mol/L acetate (pH 4.0) buffer and centrifugation at 4 °C for
5 min. The supernatant was removed and the beads washed with
0.1 mol/L Tris-HCI with 0.5 mol/L NaCl (pH 8.5), alternatively
washed by 0.1 mol/L acetate (pH 4.0) buffer and 0.1 mol/L
Tris-HCI with 0.5 mol/L NaCl (pH 8.5) for 5 times, and 1 mL PBS
was added. Cell lysates (500 pg) or recombinant human PIM1/
FGFRI1 protein (200 ng) were incubated with 100 pL HCI-48-
Sepharose 4B beads or Sepharose 4B beads only in 1 x lysis buffer
(50 mmol/L Tris-HCI, pH 7.5, 5 mmol/L EDTA, 150 mmol/L NacCl,
1 mmol/L dithiothreitol, 0.01% NP-40, and 2 mg/mL bovine serum
albumin) at 4 °C with rotation overnight. After incubation, the
beads were washed for three times with washing buffer (50 mmol/L
Tris-HCI, pH 7.5, 5 mmol/L EDTA, 150 mmol/L NaCl, 1 mmol/L
dithiothreitol and 0.01% NP-40). The binding of PIM1 and FGFR1
proteins to the beads was detected by Western blot after elution with
6 x SDS loading buffer at 95 °C for 5 min. For the ATP competitive
binding assay, active PIM1 and FGFR1 were incubated with HCI-
48-Sepharose 4B beads and 0, 10, 100, or 1000 pmol/L. ATP,
following the procedure described above for the binding assay.

2.5.  Computational docking and modeling

To confirm that HCI-48 can bind with PIM1 and FGFRI1, we
performed an in silico docking prediction using the Schrodinger
Suite 2017 software program’>. The PIM1 and FGFRI crystal
structures were downloaded from the protein data bank and then
prepared using the standard procedures of the Protein Preparation
Wizard (Schrodinger Suite 2017). Hydrogen atoms were added
to give a consistent pH of 7 and all water molecules were
removed. The ATP-binding site-based receptor grid was gener-
ated for docking. HCI-48 was prepared for docking by default
parameters using the LigPrep program. Next, the docking of
HCI-48 with PIM1 and FGFR1 were accomplished with default
parameters under the extra precision (XP) mode using the pro-
gram Glide.

2.6. MTT cell proliferation assay

Cells were cultured and seeded (2 x 10 cells/well for HCT-15,
HCT-116 and HT-29; 1 x 10°>  cells/well for DLDI;
4 x 107 cells/well for SW620 and SW480) in 96-well plates and
incubated for 24 h. The next day, the cells were then treated with
HCI-48 concentrations ranging 0.3—2.5 umol/L. After incubation
for 24, 48, or 72 h, 20 pL of 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazoliumbromide (MTT, Ruitaibio, Chengdu, China)
was added and the cells were incubated for 2 h at 37 °C in a 5%
CO; incubator. The supernatant was then discarded and 100 pL of
DMSO (>99.7%, Sigma—Aldrich) was added to dissolve the
formazan crystals. After gentle agitation, the absorbance was
measured at 570 nm using the Multiskan GO Microplate Spec-
trophotometer (Thermo Scientific, Vantaa, Finland).

2.7.  Anchorage-independent cell growth

Cells (8 x 10 cells per well) suspended in complete medium were
added to 0.3% agar with 0, 0.3, 0.6 and 1.25 pmol/L HCI-48 in a
top layer over a base layer of 0.5% agar containing the same
concentration of HCI-48 as the top layer. The cell cultures were
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maintained at 37 °C in a 5% CO, incubator for 3 weeks and then

2.8

colonies were randomly selected for imaging using an inverted

microscope. The colonies within the representative images were
quantified using the Image-Pro Plus software (v.6.1) program

(Media Cybernetics, Rockville, MD, USA).
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HCI-48 inhibits the proliferation of various colorectal cancer cell lines. (A) The effect of HCI-48 on growth of HCT-15, DLDI1, HCT-
116, SW620, SW480 and HT-29 cells was estimated by MTT assay at 24, 48, or 72 h (n = 4). (B) The effect of HCI-48 on anchorage-independent
growth of colon cancer cells was evaluated and representative photographs of the effects of HCI-48 on anchorage-independent growth are shown
(n = 4). Data are shown as mean &+ SD of values. The asterisks (*P < 0.05, **P < 0.01, ***P < 0.001) indicate a significant decrease in
proliferation or colony number with HCI-48-treatment compared with untreated control cells.
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cold ethanol and stored at —20 °C for 24 h. Cells were then stained
with 5 pL annexin V and 5 pL 10 mg/mL propidium iodide for
30 min to check apoptosis or propidium iodide for cell cycle anal-
ysis. The cell cycle distribution or apoptosis was determined using
FACScan flow cytometry (BD FACS Calibur flow cytometer, BD
Biosciences, San Jose, CA, USA).

2.9.  Protein lysate preparation and western blotting

Cells lysates were resolved on ice for 30 min in cell lysis buffer
(20 mmol/L Tris, pH 7.5, 150 mmol/L NaCl, 1 mmol/L Na,EDTA,
1 mmol/L. EGTA, 1% Triton X-100, 2.5 mmol/L sodium pyro-
phosphate, 1 mmol/L g-glycerophosphate, 1 mmol/L sodium
vanadate, and 1 mmol/L phenylmethylsulfonyl fluoride). After
centrifugation at 18,000 x g (Microfuge 20R, Beckman coulter,
CA, USA) for 15 min, the supernatant fractions were harvested as
the total cellular protein extracts. The protein concentration was
determined using a BCA protein kit (Solarbio life science, Bei-
jing, China) and boiled in 6 x SDS loading buffer. The total

cellular protein extracts were separated by SDS-PAGE and
transferred to polyvinylidene fluoride membranes in transfer
buffer. Membranes were blocked with 5% non-fat dry milk in 1x
PBST (phosphate buffered saline containing 0.05% Tween-20)
and incubated with antibodies against PIM1, p-BAD, BAD,
p-FGFR1, FGFR1, p-AKT, AKT, p-STAT3, STAT3, P27, P21,
p-histone H3, histone H3, cleaved PARP, PARP, cleaved caspase
3, caspase 3, cleaved caspase 7, caspase 7, cyclin A2 or (-actin in
1 x PBS. Blots were washed 3 times in 1 x PBST bulffer, followed
by incubation with the appropriate horseradish peroxidase (HRP)-
linked IgG. Protein bands were visualized using the enhanced
chemiluminescence (ECL) detection reagent (GE Healthcare Life
Science, Little Chalfont, HP, UK).

2.10.  RNA isolation and quantitative RT-PCR (qRT-PCR) assay

Total RNA was isolated from the tissues of PDX by using TRIzol
reagent (Termo Fisher Scientific, Waltham, MA, USA). cDNA was
extracted according to the manufacturer’s instructions by using the
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Figure 2 PIMI1 and FGFRI1 are potential targets of HCI-48. (A) Representative in vitro kinase assay analysis of the effect of HCI-48 on PIM1

activity (n = 3). (B) Densitometric quantification of three independent experiments. (C) The effect of HCI-48 on FGFR1 activity was evaluated
using an in vitro kinase assay (n = 3). (D) The binding of HCI-48 with PIM1 and FGFR1 in SW620 cell lysate or recombinant PIM1 and FGFR1
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RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Sci-
entific). qRT-PCR was conducted with SYBR Green PCR kit
(Takara) on a StepOne Real-Time PCR system (Thermo Fisher
Scientific). Relative gene expression levels were determined™.
GAPDH was used as the internal control for calculating the
relative expression of Pim/ or Fgfrl. The sequences of the primers
used are listed in Supporting Information, Table S2.

2.11.  Invivo patient-derived xenograft (PDX) mouse model

Six-to eight-week old female NOD.CB17-Prkdcscid/NcrCrl mice
(Vital River Labs, Beijing, China) with body weight 18—20 g were
used for these experiments. No more than five animals were housed
per cage in a specific pathogen-free (SPF) facility using IVC level
cages with bedding material made of corncob granules. The mice
were maintained on a 12 h/12 h light/dark cycle with food and water
available ad libitum at 22 & 3 °C for constant temperature and 40%—
70% relative humidity. We studied two cases of colorectal cancer,
designated as HIG172 or HIG194, in the PDX animal experiments.
HCI-48 was dissolved in 60% DMSO0O/40% PBS. When tumors
reached an average volume of about 100 mm® the mice were
randomly divided into 3 groups for further experiments as follows:

(1) vehicle group; (2) 1.5 mg/kg of HCI-48; (3) 3 mg/kg of HCI-48.
The animal number of each group was ten for the HIG172 models
and seven for the HIG194 models. HCI-48 was administered to the
mice by intraperitoneal injection once per day for 36 days in the
HJG172 model or 64 days in the HIG194 model. Tumor volume was
calculated from measurements of the 3 diameters of the individual
tumor base using Eq. (1):

Tumor volume (mm3) = Length x Width x Height x 0.52
(1)

The mice were monitored until the tumors reached a total
volume of 1.0 cm®. After euthanization with 4% pentobarbital the
tumor, liver and spleen from the mice were extracted for further
analysis.

2.12.  Immunohistochemical (IHC) analysis

After fixation with 4% formaldehyde, tissues were embedded in
paraffin blocks, cut and mounted on glass slides. Slides were depar-
affinized, hydrated and permeabilized in 300 pL of 0.5% Triton X-
100. For immunostaining, tissue slices were then hybridized with Ki-
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PIM1 and FGFR1 are highly expressed in colorectal cancer. (A) High expression of PIM1 in colorectal patient tissue array: normal

(n = 14), adjacent (n = 30) and tumor (n = 38) tissues. (B) High expression of FGFR1 in colorectal patient tissue array: normal (n = 10),
adjacent (n = 25) and tumor (n = 25) tissues. (C) The expression of PIM1 and FGFR1 in colorectal cancer tissues (n = 3). (D) The expression of
PIMI in colorectal cancer cells and normal cells assessed by western blot analysis (n = 3). (E) The expression of FGFR1 in colorectal cancer
cells and normal cells assessed by western blot analysis (n = 3). Data are shown as mean £ SD. For A and B, the asterisks (*P < 0.05,
**P < 0.01, #**P < 0.001) indicate significantly elevated expression of PIM1 and FGFRI in colorectal tissue.
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Figure 4 PIMI and FGFR1 are potential targets in colorectal cancer cells. (A) The expression of PIM1 in HCT-116 and SW620 cells
expressing shMOCK or shPIM1 was evaluated by western blotting (n = 3). (B) Anchorage-independent cell growth was assessed in HCT-116 and
SW620 colorectal cancer cells expressing shMOCK or shPIMI (n = 3). (C) The expression of FGFR1 in HCT-116 and SW620 cells expressing
shMOCK or shFGFRI was evaluated by western blotting (n = 3). (D) Anchorage-independent growth was assessed in HCT-116 and SW620
colorectal cancer cells expressing shMOCK or shFGFRI (n = 3). (E) The expression of PIM1 and FGFRI1 in HCT-116 and SW620 cells
expressing shMOCK or shPIMI/FGFRI was evaluated by western blotting (n = 3). (F) Anchorage-independent growth was assessed in HCT-116
and SW620 colorectal cancer cells expressing shMOCK or shPIM1/FGFRI (n = 3). (G) Representative photographs of the effects of HCI-48 on
anchorage-independent growth are shown in HCT-116 and SW620 cells expressing shMOCK or shPIMI/FGFRI (n = 3). Data are shown as
mean + SD. For B, D, and F, the asterisks (*P < 0.05, **P < 0.01, ***P < 0.001) indicate a significant difference in colony formation between
shMOCK and shPIM1, shFGFRI or shPIM1/FGFRI-expressing cells.
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Figure 5

B-Actin | — - — ’l |- —_— -' Fﬁ-l |-—-—|- 42 kDa

HCI-48 induces cell cycle arrest and apoptosis in colorectal cancer cells. The effects of HCI-48 on cell cycle phase (A) or apoptosis

(C) were assessed in colorectal cancer cells. Cells were treated with 0, 0.3, 0.6 or 1.25 pumol/L. HCI-48 and then incubated 24 h for cell cycle
analysis or for the annexin-V apoptosis assay (n = 4). The effects of HCI-48 on the expression of biomarkers associated with cell cycle (B) and
apoptosis (D) are shown. Cells were treated with 0, 0.3, 0.6 or 1.25 pmol/L HCI-48 and incubated 24 h for detection of cyclin A2, PARP, cleaved
PARP, caspase 3, cleaved caspase 3, caspase 7 and cleaved caspase 7 (n = 3). Data are shown as mean + SD. The asterisks (*P < 0.05,
*##P < 0.01, ¥***P < 0.001) indicate a significant difference between untreated control and HCI-48-treated cells.
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67 (1:200), p-BAD (1:25), p-FGFR1 (1:100), p-AKT (1:20), p-STAT3
(1:100), PIM1 (1:50), FGFR1 (1:100) or P27 (1:25) as the primary
antibody. Biotin-conjugated goat anti-rabbit or mouse IgG was used
as the secondary antibody. All sections were randomly imaged by
microscope and analyzed using the Image-Pro Plus software (v.6.0)
program (Media Cybernetics, Rockville, MD, USA).

2.13.  Statistical analysis

The animals were randomized for intervention grouping. Data
collection and evaluation of all experiments were performed blind.
Quantitative data are expressed as mean =+ standard deviation (SD)
and were analyzed using GraphPad Prism v7 (San Diego, California,
USA). Statistically significant differences were determined using
the Student’s #-test or one-way ANOVA with Dunn’s multiple. A P
value < 0.05 is considered to be statistically significant. All the
in vitro experiments were repeated at least three times.

3. Results

3.1.  The novel molecule HCI-48 suppresses the proliferation of
colorectal cancer cells by targeting PIM1 and FGFRI1

As identification of novel efficacious compounds which could treat
colon cancer is of utmost importance, we synthesized a panel of
drugs based upon the chalcone backbone. From this synthesized
panel HCI-48 appeared to be the most effective candidate in
inhibiting cell proliferation (Table S1). HCI-48 is modified from the
chalcone backbone and the synthesis is showed in Fig. STA. The
novel molecule HCI-48 is > 95% of purity and the structure was
confirmed by NMR analysis (Fig. S1B). To investigate whether
HCI-48 inhibits the proliferation of colorectal cancer cells, we first
examined the toxicity of HCI-48 on the proliferation of the normal
human colon cell line, CCD-18Co (Supporting Information
Fig. S2). The results show that HCI-48 didn’t affect normal cell
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Figure 6

HCI-48 attenuates the expression of proteins involved in PIM1 and FGFR1 signaling. (A) The effect of HCI-48 on PIM1 signaling in

colorectal cancer cells was assessed by Western blot analysis. Cells were treated with 0, 0.3, 0.6 or 1.25 umol/L HCI-48 and harvested at 24 h and
then cell lysates were subjected to immunoblotting (n = 3). (B) The effect of HCI-48 on FGFR1 signaling in colorectal cancer cells was assessed
by Western blot analysis. Cells were treated with 0, 0.3, 0.6 or 1.25 pmol/L HCI-48 and harvested at 24 h and then cell lysates were subjected to

western blotting (n = 3).
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Figure 7 HCI-48 attenuates the growth of patient-derived xenograft tumors in mice (HIG172 and HIG194). (A, B) The effect of HCI-48 on the
volume of patient-derived xenograft tumors was plotted 36 days in the case of HIG172 (n = 10) and 64 days in the case of HIG194 (n = 7)
treated with vehicle or HCI-48 (1.5 or 3 mg/kg). For A and B, vehicle or HCI-48 (1.5 or 3 mg/kg) was administered by gavage. Tumor volume was
measured twice a week. (C, D) Tumor weight was measured after treatment HCI-48 on the last day of the study. (E, F) Representative photographs
of tumor size on the last day of the study. (G, H) No changes in body weight were observed in mice treated with vehicle, 1.5 or 3 mg/kg HCI-48.
Data are shown as mean =+ SD. The asterisk (*P < 0.05, **P < 0.01, ***P < 0.001) indicates a significant decrease in tumors volume from HCI-
48-treated mice compared from vehicle-treated mice.
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Figure 8 HCI-48 inhibits the expression level of proteins in the PIM1 and FGFRI1 signaling pathways in patient-derived xenograft tumor
samples. (A) The expression of Ki-67, PIM1, p-BAD, P27, FGFR1, p-FGFR1, p-STAT3 or p-AKT was examined by IHC analysis in patient-
derived xenograft tumors of HIG172 (n = 10) and HIG194 (n = 7). (B) The expression of Ki-67, PIM1, p-BAD, P27, FGFR1, p-FGFRI1, p-
STAT3 or p-AKT was quantified from 4 separate areas on each slide and an average in HIG172 (n = 5) and HIG194 (n = 6) in vehicle- and HCI-
48-treated groups. (C) The effect of HCI-48 on PIM1 and FGFR1 signaling in patient-derived xenograft tumors of HIG172 and HIG194 assessed
by western blot analysis (n = 4). (D) The effect of HCI-48 on the gene expression of Piml and Fgfrl signaling in patient-derived xenograft
tumors of HIG172 and HIG194 was assessed by qRT-PCR analysis (n = 4). Data are shown as mean £ SD. The asterisks (¥*P < 0.05,
*¥*P < 0.01, ***P < 0.001) indicate a significant decrease in treated tissues compared to untreated controls.
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growth at the highest concentration (2.5 pmol/L) and a maximal
nontoxic concentration (1.25 pmol/L) of HCI-48 was selected for
the further experiments. Treatment with HCI-48 (0.3, 0.6, and
1.25 pmol/L) strongly suppressed the growth of HCT-15, DLDI,
HCT-116 and SW620 colon cancer cells in a time-dependent
manner compared to a DMSO control while it showed no signifi-
cant effect in SW480 and HT-29 cells (Fig. 1A). Using an
anchorage-independent cell growth assay, we observed that HCI-48
inhibited the colony number in a concentration-dependent manner
compared to a DMSO control. However, this drug showed less ef-
fect in SW480 and HT-29 cells (Fig. 1B).

3.2, PIMI and FGFRI are targets of HCI-48

In order to study the inhibitory mechanism of HCI-48, we per-
formed a kinase profiling assay in the presence of HCI-48 at
20 pumol/L against a panel of roughly 100 kinases. The data show
that the activities of FGFR1 and PIM1 were inhibited by 34% and
56%, respectively, with a lesser inhibitory effect on other kinases
(Supporting Information Table S3). This suggested that the major
targets of HCI-48 are PIM1 and FGFR1. Next, we performed an
in vitro kinase assay to confirm the effect of HCI-48 and observed
that HCI-48 significantly inhibited the kinase activity of both
PIM1 (Fig. 2A and B) and FGFR1 (Fig. 2C). The 1Cs, values of
HCI-48 for inhibition of PIM1 and FGFR1 were 0.5 and
1.1 pmol/L, respectively. Based on these results, we assessed drug
binding and interaction by an ex vivo or in vitro binding assay.
HCI-48 bound to recombinant active PIM1 and FGFR1 as well as
PIM1 and FGFRI in cell lysates (Fig. 2D). Additionally, we
utilized a computational docking model to validate the potential
interaction between HCI-48 and PIM1 or FGFR1 (Fig. 2E and F).

Schematic diagram of the effect of HCI-48 on the FGFR1 and PIM1 signaling pathways.

According to the computer docking model, HCI-48 can interact
with asparagine (ASN) 172, and lysine (LYS) 514 and glutamic
acid (GLU) 562 sites of the PIM1 and FGFR1 active pockets
(Fig. 2E and F). The binding of HCI-48 with PIM1 and FGFR1 in
the presence of ATP (10, 100, or 1000 pmol/L) was reduced as
ATP concentration was increased (Fig. 2G and H), indicating that
HCI-48 interacts with the ATP-binding pocket of PIM1 and
FGFR1. These results indicate that HCI-48 could be a therapeu-
tically effective inhibitor of PIM1 and FGFR1 and can directly
inhibit both PIM1 and FGFR1 kinase activities in an ATP-
dependent manner.

3.3.  PIMI and FGFRI are potential targets of HCI-48 in
colorectal cancer

To determine the expression level of FGFR1 and PIM1 in colorectal
cancer, we performed an immunohistochemical analysis and western
blot assay (Fig. 3A—E). The results indicate that PIM1 and FGFR1 are
highly expression in colorectal patient tissues and patient-derived
xenograft samples as compared to normal or adjacent tissues
(Fig. 3A—C). Moreover, the sensitive cell lines (HCT-15, DLD1, HCT-
116 and SW620) showed higher expression of PIM1 and FGFR1 than
the less sensitive HT-29 and SW480 cell lines (Fig. 3D—E).

To verify whether PIM1 and FGFR1 are plausible molecular
targets for the anti-proliferative activity of HCI-48, we prepared
PIM1 and FGFR1 knock-down cells by infecting cells with virus
particles containing shMOCK, shPIMI or shFGFRI (Fig. 4A, C
and E) and then conducted an anchorage-independent cell growth
assay (Fig. 4B, D and F). Western blot results verified the
knockdown of PIM1 or FGFR1 expression in HCT-116 and
SW620 cells (Fig. 4A, C and E). The colony number of cells
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infected with shPIM1 or shFGFRI was decreased in both
knockdown cell lines. Additionally, the anti-proliferative effect of
HCI-48 on the tested cells was decreased compared to shMOCK
transferred cells (Fig. 4B and D). Thus, combination silencing of
PIM1 and FGFRI1 expression in colorectal cells decreased the
colony numbers and showed less sensitivity to HCI-48 treatment
compared to shMOCK transfected cells (Fig. 4F and G).

3.4. HCI-48 induces cell cycle at G2 phase and apoptosis of
colon cancer cell lines

To further confirm the anticancer potential of HCI-48, we used
flow cytometry to examine whether the inhibition PIM1 and
FGFR1 activities and expression could contribute to cell cycle
arrest and apoptosis. Treatment with HCI-48 induced the G2/M
phase arrest in HCT-15, DLD1, HCT-116 and SW620 cells
(Fig. 5A). Based on the cell cycle analysis results, we examined
the expression of cyclin A2, a marker associated with the G2/M
phase, in HCI-48-treated cells using western blotting. We
observed that HCI-48 reduced the expression of cyclin A2 in
HCT-15, DLD1, HCT-116 and SW620 cancer cells compared with
the DMSO-treated control (Fig. 5B). Treatment with HCI-48 also
induced apoptosis in colon cancer cells as evidenced by flow
cytometry results (Fig. 5C). Therefore, we measured apoptosis
markers using western blotting. The results show that HCI-48
treatment increased the expression of cleaved PARP, cleaved
caspase 3 and cleaved caspase 7 and decreased the expression of
intact PARP, caspase 3 and caspase 7 in HCT-15, DLD1, HCT-116
and SW620 cells (Fig. 5D).

3.5.  HCI-48 inhibits PIM1 and FGFRI signaling pathways

Given the ability of HCI-48 to inhibit growth and induce apoptosis
in colon cancer cells by targeting PIM1 and FGFR1, we deter-
mined the effect of HCI-48 on the expression of PIM1 and FGFR1
and their down-stream signaling cascades.

HCT-15, DLD1, HCT-116 and SW620 cells were treated with
HCI-48 for 24 h and cell lysates were prepared. We observed that
the expression of PIM1, p-BAD, P21, P27, p-Histone H3,
p-FGFR1, p-AKT and p-STAT3, proteins belonging to the PIM1
and FGFR1 signaling pathways were suppressed in a dose-
dependent manner. However, total protein levels of PIMI,
FGFR1, BAD, Histone H3, AKT and STAT3 did not significantly
change (Fig. 6A and B).

3.6.  HCI-48 inhibits tumor growth of patient-derived xenografts

To provide evidence that HCI-48 can suppress colon cancer cell
growth in vivo, we studied the effect of HCI-48 on two PDX
models designated as HJG172 and HJG194. The PDX tumor
samples were obtained from patients who had undergone surgical
resection and show high expression of PIM1 and FGFRI1
(Supporting Information Fig. S3A). The PDX tumors were
implanted into mice and then treated with vehicle or HCI-48 (1.5
or 3 mg/kg) via intraperitoneal injection once per day for 36 or 64
days. The results show that the treatment of mice with 1.5 and
3 mg/kg of HCI-48 significantly reduced the tumor growth of both
cases compared to a vehicle-treated group (Fig. 7A—F) with no
effect on body, spleen or liver weight (Figs. 7G and H, S3B and
S30).

To evaluate these results, we measured Ki-67 and the target
signaling pathway proteins in tissue samples derived from HCI-

48-treated mice (Fig. 8A and B). IHC analysis indicated that HCI-
48 suppressed the expression of the Ki-67 proliferation marker in
both the HIG172 and HJIG194 cases compared to tissue derived
from vehicle-treated mice. Moreover, HCI-48 down-regulated
PIM1, p-BAD, and p-FGFRI1, p-STAT3 and p-AKT while up-
regulating P27 expression compared with vehicle-treated con-
trols and measured by IHC and Western blot analysis. No changes
in FGFR1, STAT3 and AKT protein expression were observed
(Fig. 8A—C), and there was no change in the expression of Pim/
and Fgfrl (Fig. 8D).

4. Discussion

Chalcone inhibits the growth of breast cancer cells by regulating
the cell cycle and apoptosis™. A previous study discovered novel
chalcone derivatives as potential inhibitors of epidermal growth
factor receptor (EGFR) for treatment of bladder cancer”. Khan
et al.’® similarly studied the application of pyrazole chalcone
compounds as EGFR/AKT pathway inhibitors in cancer. Addi-
tionally, Gil et al.’” have designed and synthesized a synthetic
trimethoxy chalcone derivative to study the effect on P53 in A549
lung cancer cells. To find a promising therapeutic compound for
CRC, we synthesized many chalcone derivatives. We measured
the activity of many indoles using an MTT assay and identified the
most effective small molecule compound, HCI-48, based on its
ICsp (Table S1). HCI-48 is an indole derivative of chalcone, which
has documented anti-tumor effects. Studies demonstrated that
indole-chalcone could inhibit multidrug-resistant cancer cell
growth by targeting microtubules™. However, the target of indole-
chalcone in colorectal cancer has not been reported, and the
mechanisms underlying potential chemopreventive effects remain
unresolved. Thus, the focus of this study was to identify the target
of HCI-48, with kinase profiling analysis showing that HCI-48
strongly inhibited the kinase activity of PIM1 and FGFRI.
These results suggested that kinases PIM1 and FGFR1 may be
major targets of HCI-48. We further explored the molecular
mechanism of HCI-48 as an inhibitor of PIM1 and FGFR1 kinases
in colorectal cancer cells.

The results of in vitro kinase assays showed that HCI-48
significantly inhibited PIM1 and FGFR1 kinase activities (Fig. 2).
BAD protein is a pro-apoptotic protein involved in the initiation of
apoptosis in the BCL-2 gene family, and PIM1 phosphorylates BAD
at Ser112, thus promoting cell proliferation and apoptosis’’. Zippo
et al.®” showed that histone H3 is a substrate of PIM1 with the down-
regulation of p-histone H3 (Ser10). When FGF binds to FGFRI1,
FGFRI1 can alter cell proliferation, differentiation, and migration by
activating the AKT and STAT signaling pathways®'. Our study
shows that as the concentration of HCI-48 increased, phosphory-
lation levels of BAD decreased. Additionally, the activity of FGFR1
is also decreased, suggesting that HCI-48 can target PIM1 and
FGFR1, and then inhibit their activity by competitively binding with
ATP in a docking model assay (Fig. 2). High expression levels of
PIM1 can promote the proliferation of colorectal cancer cells.
Therefore, HCI-48 targeting PIM1 and FGFR1 simultaneously may
be a good strategy for the treatment of colorectal cancer. Western
blotting results showed that PIM1 and FGFR1 were highly
expressed in the colorectal cancer cell lines HCT-15, DLD1, HCT-
116 and SW620 (Fig. 3). MTT and soft agar assays showed that HCI-
48 had no cytotoxicity at 2.5 pmol/L and significantly inhibited the
proliferation of colorectal cancer cells, especially in cells with high
expression of PIM1 and FGFR1 (HCT-15, DLD1, HCT-116, and
SW620) (Figs. 1 and 3). We next simultaneously knocked down
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expression of PIM1 and FGFR1 to determine if the activity of HCI-
48 is dependent upon the presence of these two kinases. A soft agar
assay showed that the anti-tumor effect of HCI-48 on CRC cells with
reduced PIM1 and FGFR1 was significantly reduced (Fig. 4). Hu
et al.®” showed that the activity of cyclin A2 begins in early S phase,
increases in the G2/M phase, and plays an important role in regu-
lating the entry to mitosis. Western blotting results with HCI-48-
treated cells showed that the expression of cyclin A2, a protein
marker in the G2/M phase, decreased. Nava-Tapia et al.®> showed
that brazilin inhibits cell proliferation and induces apoptosis
through increased expression of P21, P27, activation of caspase 3
and caspase 7, and the cleaved PARP. Our immunoblotting results
with HCI-48-treated cells showed that the expression of PARP,
caspase 3 and caspase 7, the key executors of cell apoptosis, was
decreased. Flow cytometry analysis also confirmed that HCI-48
could arrest the cell cycle at the G2/M phase and induce cell
apoptosis (Fig. 5). PIM1 kinase plays a key role in cell cycle regu-
lation, phosphorylates its substrate BAD, activates downstream
signaling pathways, affects P21 and P27, and regulates the cell
cycle. Additionally, activation of FGFR1 targets STAT and AKT
signaling pathways, further affecting cell proliferation®, and our
study shows that HCI-48 inhibits the activity of both FGFR1 and
PIM1 signaling pathways (Fig. 6).

The role of the PDX model in preclinical studies is to identify
therapeutic targets, including specific molecules and molecular
interactions, and to serve as a guide for clinical treatment of
cancer®. Therefore, chemoprophylaxis with HCI-48 in a PDX
model is an important part of this study. Two xenograft models,
HJG172 and HIG194, derived from colorectal tissues expressing
high levels PIM1 and FGFRI1, were selected for testing. HCI-48
exhibited no toxic effect as evidenced by maintenance of body
weight, liver weight and spleen weight (Fig. S3). Most impor-
tantly, tumor volume and weight decreased upon treatment, sug-
gesting that HCI-48 can inhibit the proliferation of colorectal
cancer in vivo (Fig. 7).

We analyzed the xenograft tumors via IHC and WB analysis.
The results indicate that HCI-48 down-regulated Ki-67, PIM1,
p-BAD, and p-FGFR1, p-STAT3 and p-AKT and promoted P27
expression in the PDX models. Additionally, quantitative RT-PCR
analysis showed that the gene expression level of PimlI and Fgfrl
did not change in the HCI-48-treated group (Fig. 8). Together,
these results indicate the potential of developing HCI-48 as a
novel inhibitor of PIM1 and FGFR1 for CRC.

5. Conclusions

This study demonstrates that the new small-molecule synthetic
compound HCI-48 inhibits PIM1 and FGFR1 activity directly and
attenuates their downstream signaling pathways, thus indicating
that HCI-48 can inhibit the proliferation of colorectal cancer in vivo
and in vitro (Fig. 9); we believe the therapeutic potential of HCI-48
in the treatment of colorectal cancer warrants further study.
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