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Abstract: Background: Regulatory proteins involved in human cellular division and proliferation, cyclin-dependent

kinases 4 and 6 (CDK4/6) are overexpressed in numerous cancers, including triple-negative breast cancer (TNBC).

TNBC is a common pathological subtype of breast cancer that is prone to recurrence and metastasis, and has a single

treatment method. As one of the CDK4/6 inhibitors, abemaciclib can effectively inhibit the growth of breast tumors.

In this study, we synthesized LA-D-B1, a derivative of Abemaciclib, and investigated its anti-tumor effects in breast

cancer. Methods: Cellular viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) assay. Cell cloning and migration abilities were determined by colony formation assay and wound

healing assay. Cell invasion abilities and adhesion were determined by cell invasion assay and cell adhesion assay. The

impact of compound LA-D-B1 on cell proliferation and the cell cycle was analyzed through Western blotting, which

quantified the levels of proteins associated with the cyclin-dependent kinase (CDK) 4/6-cyclin D-Rb-E2F pathway.

The in vivo anti-tumor activity of compound LA-D-B1 was investigated using a chick chorioallantoic membrane

(CAM) model. Results: The study demonstrated that LA-D-B1 effectively suppressed breast cancer cell proliferation,

induced apoptosis, and caused cell cycle arrest. Furthermore, LA-D-B1 reduced the expression of key proteins in the

CDK4/6-cyclin D-Rb-E2F pathway, including CDK4, CDK6 and E2F1. The results also indicated significant

antitumor activity of LA-D-B1 in a transplanted tumor model. Conclusion: In this study, LA-D-B1 demonstrated a

potent anti-tumor effect by effectively suppressing cell proliferation and inhibiting cell cycle progression in breast

cancer. These findings highlight the potential of LA-D-B1 as a valuable compound for enhancing therapeutic

outcomes and controlling the progression of breast cancer.

Introduction

Breast cancer (BC) is a leading cause of cancer-related deaths
among women worldwide [1]. Recently reported, breast
cancer has replaced lung cancer as the most common cancer
worldwide [2]. It is caused by the uncontrolled proliferation
of breast epithelial cells due to various carcinogenic factors.
Globally, breast cancer represents approximately 25% of
new cancer cases in women, with one in eight women being

diagnosed with breast cancer during their lifetime [3]. There
is increasing evidence that the prognosis of breast cancer is
poor and that the majority of breast cancer patients die
from breast cancer progression [4]. Among the different
molecular subtypes of breast cancer, triple-negative breast
cancer (TNBC) is particularly prevalent [5]. TNBC is known
to have a higher incidence in younger females and is
associated with a significantly elevated mortality rate of up
to 40%, as well as recurrence rates of up to 25% within 5
years of diagnosis [6,7]. Remedy choices for TNBC are
restrained, and the mainstay of treatment remains
chemotherapy [8]. Dysregulation of the cell cycle machinery
is not an unusual phenomenon discovered in lots of cancers,
leading to out-of-control cell proliferation, a typical
hallmark of cancer [9]. This dysregulation is often attributed
to abnormal activation of cyclin-dependent kinase (CDK)
[10]. CDK is a kinase system composed of about 20
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serine/threonine kinases that participate in cell cycle
regulation by initiating G1 (gap1), S (synthesis phase), G2
(gap2), and M (mitosis) phases of the cellular cycle [11].

Under permissive conditions of mitosis, hormones, and
growth factors, cyclin D binds to cyclin-dependent kinase
CDK4/6, leading to the phosphorylation of retinoblastoma
protein (Rb) and the formation of a phospho-Rb complex.
This complex influences the dissociation of the transcription
factor E2F. Once free, E2F binds to DNA, driving DNA
replication, regulating gene expression and cell division, and
facilitating the transition from the G1 to the S phase [12].
Cell-cycle dysregulation in cancer is often caused by
overexpression of CDKs and cyclins, gain-of-function
mutations, and reduced expression and efficacy of endogenous
inhibitors [13]. The dysregulation of the CDK4/6-cyclin D-
Rb-E2F pathway, caused by the overexpression of CDK4/6, is
implicated as a key factor in the pathogenesis of breast cancer
[14]. Consequently, the use of CDK4/6 inhibitors has become
a potent anti-tumor strategy for breast cancer treatment [15].
CDK4/6 inhibitors effectively hinder tumor cell proliferation
[16]. It inhibits cellular cycle development by inhibiting the
phosphorylation of RB1, thereby inducing cell cycle arrest
[17]. The Food and Drug Administration (FDA) has granted
approval for the use of four CDK4/6 inhibitors, which include
Palbociclib, Abemaciclib, Ribociclib, and Trilaciclib, in the
treatment of breast cancer [18]. The search for more selective
CDK4/6 inhibitors remains a challenge for the development of
novel anti-cancer cures.

In our current study, we synthesized a novel CDK4/6
inhibitor, LA-D-B1, and further investigated it in breast
cancer. Using molecular docking, we found that LA-D-B1
has a sturdy binding potential to CDK4/6, and we speculate
that LA-D-B1 has a similar inhibitory effect on CDKs as
Abemaciclib. This study explored the viable anti-tumor
impact of compound LA-D-B1 on TNBC and its
mechanism, providing a promising drug target for the
remedy of TNBC [19].

Materials and Methods

Chemical analysis
We utilized a WRS-1B virtual melting point meter
(temperature uncorrected) from Shanghai Precision Clinical
Gadgets Co. Ltd. (Shanghai, China) to measure the melting
points of the compounds. NMR spectra were obtained using
an Avance III 500 MHz liquid NMR spectrometry
(tetramethylsilane as inner trendy, Bruker, Germany). Silica
gel column chromatography (200–300 mesh, 50–71 μm),
silica gel thin layer chromatography plate GF254 used
products from Qingdao Marine Chemical Company
(Qingdao, Shandong, China). DMSO-d6 was used as the
solvent, and the method used to be determined through
Thermo Fisher Scientific (Shanghai, China) Q Exactive HF
LC/MS. The other reagents used were of analytical grade,
which may be used once after purchase.

Molecular simulation studies
For all molecular docking tests, we used the Viglen Genie Intel
(R) Core(TM) i5-7300HQ CPU running Windows 10 1909 at
2.50 GHz (Lenovo (Shanghai) Electronic Technology Co.,

Ltd., China). Molecular modeling was performed using
Pymol 1.7.0.0.win32-py2.7 (Delano Scientific LLC, San
Francisco, CA, USA) and AutoDockTools 1.5.6 (Scripps
Research Institute, La Jolla, CA, USA). The PDB database
(http://www.rcsb.org/; PDB code 5L2S) provides the X-ray
eutectic structure of the cyclin-dependent kinase CDK4/
CDK6. Prior to docking, Pymol was used for protein pre-
processing, including the removal of metallic ions and water
molecules (HOH). Chem3D was used to construct the
ligand structure, and a genetic algorithm was used for the
molecular docking study. The molecular docking results
were sorted and analyzed.

Cell lines and culture
Purchased from the School of Basic Medical Sciences, Cell
Resource Center, Peking Union Medical College, and Institute
of Basic Medical Sciences, Chinese Academy of Medical
Sciences (Beijing, China), breast cancer cells, Hela cells, and
A498 cells were cultured in minimum essential medium
(MEM) or dulbecco’s modified eagle medium (DMEM).
Breast cancer cells and Hela cells were cultured in DMEM
(E600003-0500, Sanon BioEngineering (Shanghai) Co., Ltd.,
China) polysaccharide medium supplemented with 1%
penicillin/streptomycin (E607011-0100, Sanon BioEngineering
(Shanghai) Co., Ltd., China) and 10% fetal bovine serum
(FBS-CE500, Nanjing Wobo Biotechnology Co., Ltd., China),
or A498 cells were grown in MEM (KGM41500-500, Jiangsu
Keji Biotechnology Co., Ltd., China) incomplete medium
supplemented with 1% penicillin/streptomycin A498 and 10%
fetal bovine serum (FBS). Cells were cultured at 37°C in an
incubator (Thermo Fisher Scientific, BB150) with 5% carbon
dioxide. When the cell fusion rate was 70% to 80%, 0.25%
trypsin (VC2005, Vicmed, Xuzhou, China) was added for
digestion, passage, and culture. Cells with a better growth
status were decided on for further exploration.

Cell proliferation assay
In subculture plates with 96 wells, 1 × 104 cells were cultured in
each well. After cellular attachment, the culture medium in the
96-subculture plates (NEST, Nantong, China) was aspirated,
and then cell culture medium containing diverse doses of the
compound LA-D-B1 and the positive drug was delivered to
each culture plate. Cells were treated for 24 h. After adding
10 µL of methyl thiazolyl tetrazolium (MTT) solution, it was
incubated for an additional 4 h (this operation was done in a
dark room because the MTT solution was light-sensitive).
Following the removal of the supernatant (with caution to
avoid touching the cell layer), dimethyl sulfoxide (DMSO)
was added in accordance with the drug concentration,
totaling 100 μL, to facilitate color development. The
microplate detector (BioTek, Synergy Neo2, USA) was used
to measure the optical density (OD) of each group at
490 nm. The concentration inducing 50% cell growth
inhibition used to be decided graphically by nonlinear
regression with the use of the curve fitting algorithm of
GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA).

Cell viability assays for siRNA cell lines
Lentiviral human siRNA was purchased from Sigma. The
target sequence of the plasmid providing the siRNA was as
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follows: CDK4-siRNA: 5′-CCCCGCCCAGTGCAGTCGGT
GGTACCTGAGATGGAGGAGTCGGGAGCACAGCTGCT
GCTGGAAATGCTGACTTTT-3′; CDK6-siRNA: 5′-CCGC
AGAACATTCTGGTGACCAGCAGTGGACAGATAAAGC
TGGCTGACTTTGGCCTTGCCCGCATCTATAGTTTT-3′.
In accord with the certain transfection the method, 3 μg of
siRNA was used to transfect cells. Different concentrations
of drug LA-D-B1 were set according to IC50, then the
corresponding cells were added and transferred to 96-well
plates for 24 h. The medium was eliminated, and
subsequent treatment of the cells involved exposure to
MTT (6 mg/mL) for a duration of 3 h. Lysis of the cells
was achieved by the addition of 100 μL of DMSO. The
absorbance of each group was obtained at 490 nm using a
microplate detector (BioTek, Synergy Neo2, USA), and
using GraphPad Prism 9, data were analyzed and cell
viability was counted.

Cell morphology
Morphological observation was used to assess the impact of
compound LA-D-B1 on the morphology of 293T and
MDA-MB-231 cells. The cells were seeded in 96-well plates
at a density of 1 × 104 cells/well for 293T cells and in 12-
well plates at a density of 1 × 105 cells/well for MDA-MB-
231 cells. The plates were then incubated overnight at 37°C
with 5% CO2. Subsequently, the various concentrations of
LA-D-B1 (0.05, 0.1, 0.2, and 0.4 µM) and Abemacicilb
(0.4 µM) were added to the cells. Images documenting
cellular morphology were captured at both the 0 and 24-h
time points. Images were taken using a biomicroscope
(Nanjing Jiangnan Yongxin Optics Co., Ltd., China).

Cell cloning assay
A total of 1000 cells in the exponential growth phase were
added to each well after MDA-MB-231 cells in good growth
state were seeded into 6-well culture plates, while the 12-
well culture plates were populated with MCF-7 cells. In an
incubator with 5% CO2 and 37°C, the cell culture plates
were evenly positioned and cultivated. After the cells were
attached, medium containing compound LA-D-B1 at each
concentration or effective control drug was added to each
well. The cell culture medium was changed to nomal
medium after the 12 h culture period. The medium was
refreshed at 3-day intervals throughout the following 2-week
incubation. After clone formation, the cells were
decontaminated by rinsing with sterile PBS. Following this,
the cells were fixed by treating them with 4%
paraformaldehyde. The culture plates underwent a dropwise
application of crystal violet, followed by air drying, and then
visualized for the formation of colonies. In the end, the
culture plates were photographed upside down and then
counted using ImageJ software.

Adhesion assay
MDA-MB-231 and MCF-7 cells were seeded in 12-well
subculture plates and cultured at 5% CO2 and 37°C for
24 h, respectively. After removing the supernatant, medium
containing various concentrations of compound LA-B-D1
and the effective drug Abemaciclib was added. The mixture
was then incubated for an additional 24 h. The cells were

then collected using a high-speed refrigerated centrifuge
(Centrifuge 5424 R, Eppendorf, Germany) and centrifuged
at 1200 rpm for 3 min. Cells were seeded at a density of
10,000 cells per 96-well plate precoated with matrix gel
(Corning BioCoatings, 354248). After an hour, the
supernatant was discarded, and 10 µL of MTT solution was
added and incubated for an additional 4 h. Following
aspiration and removal of the supernatant, the addition of
100 μL of DMSO to develop color. The adhesion rate was
assessed by examining the optical density (OD) values of
each group at 490 nm using a microwell detector with
multiple functions (BioTek, Synergy Neo2, USA).

Cell invasion assay
Thawed matrix gels (Corning BioCoatings, 354248) were
diluted to a concentration of 220 μg/mL using serum-free
DMEM in accordance with the instructions provided by the
manufacturer. A 100 µL dilution was applied to the bottom
surface of the Transwell upper chamber and air-dried for
4 h in a 5% CO2 incubator at 37°C. Various concentrations
of the compound LA-D-B1 and Abemaciclib were added to
MCF-7 and MDA-MB-231 cells. After 24 h, the lower
chamber was filled with 650 µL of media containing 10%
FBS as a chemotactic invasion inducer. Simultaneously, a
100 µL single-cell suspension was prepared by mixing cells
with serum-free medium supplemented with 0.2% BSA. This
suspension was then added to the top chamber of the
Transwell. After incubating for 24 to 48 h, the cells that had
invaded through the matrix gel and reached the lower
chamber of the Transwell were subjected to fixation using
paraformaldehyde for a duration of 15 min. The upper
outer side of the Transwell was gently swabbed to remove
any remaining cells. The plates were washed with sterile
PBS and then left to color for 30 min with a drop addition
of crystal violet (VS1003, Vicmed, Xuzhou, China). They
were then washed with deionized water and dried. The
filming area was selected appropriately, and the plates were
photographed using a biological inverted microscope
(Jiangnan XD-202). The invasive cell density was examined
with the ImageJ software program.

Wound healing scratch analysis
To achieve satisfactory growth conditions, 1.5 × 105 cells/well of
breast cancer cells were incubated overnight on 12-well cell
culture plates. To make a scratch, the center of each well’s
cell layer was scribed using a sterile pipette tip. Subsequently,
cell debris was removed with the use of sterilization-treated
PBS. Various concentrations of LA-D-B1, or the effective
drug Abemaciclib, were brought to each well of cells in whole
medium for co-incubation, and photographs were taken after
0, 24, and 48 h. ImageJ software was used to calculate the
scratch healing rate at 24 and 48 h after the scratch.

Cell migration rate ð%Þ
¼ 0 h Area of scratch � Time Point Scratch Area

0 h Area of scratch
� 100%

Western blot analysis
Breast cancer cells were cultured in 12-well plates, followed by
the addition of varying concentrations of the compound
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LA-D-B1, or the effective drug to the cell wells, after cell
adhesion. After 24 h of incubation in a cell incubator, the
cells were harvested. The cells were fully lysed by blowing
with an appropriate amount of sterile PBS, centrifuged
(12000 rpm, 1 min) in a high-speed refrigerated centrifuge
(Centrifuge 5424 R, Eppendorf, Germany), the supernatant
used to be aspirated, and the protein molecular density used
to be quantified using the BCA kit (P0011, Shanghai
Biyuntian Biotechnology Co., Ltd., China). A suitable
quantity of quantitative protein was used for sample
preparation, and 10% or 12% preformed glue was used for
spot sampling. Electrophoresis was performed in 1 × SDS-
PAGE buffer (VIC364, Vicmed, Xuzhou, China), and
proteins were then transferred to methanol-treated PVDF
membranes via the “wet turn” approach. After blocking the
membranes with 5% skim milk for 45 min, an appropriate
amount of Tween 20 (A600560-0500, Sangon Biotech,
Shanghai, China) was added to PBS solution (1 × PBST),
the membrane was washed with 1 × PBST for 3 min, and
then the following primary antibody diluent (1:1000 volume
dilution) was added: CDK4 (A0366, ABclonal), CDK6
(A0106, ABclonal), Cyclin E1 (11554-1-AP; Proteintech),
E2F1 (AF6756, Beyotime), Rb (AF1564, Beyotime), p-Rb
(AF1135, Beyotime), Cyclin D3 (26755-1-AP, Proteintech),
Bcl-2 (A0208, ABclonal), BAX (50599-2-Ig, Proteintech),
Cleaved-Caspase-3 (AF7022, Affinity), Caspase-3 (AC030,
Beyotime), β-actin (AF0003, Beyotime), and the incubation
box was placed on a shaker at 4°C overnight. After 12 h, the
antibody diluent was recovered, and the membranes were
repeatedly rinsed 4 times with 1 × PBST for 5 min each.
Followed by the addition of the accordingly secondary
antibody diluent (1:1000 volume dilution), and the
incubation was kept at room temperature for an additional
50 min. 1 × PBST was used to properly rinse the
membranes once more. The developing droplets were added
to the membrane and visualized using HRP-ECL
luminescence (180-501, Shanghai Tianneng Life Science Co.,
Ltd., China). The molecular weight and density values of the
target protein bands were analyzed using ImageJ software.

Chicken embryo chorioallantoic membrane model
Breeding eggs were bought from Hanshan Ecological Farm,
Shuyang, Jiangsu, China. Eggs exhibiting high hatching
potential were chosen. These selected eggs were then placed
in a controlled and sterile environment with a temperature
maintained at 37°C to facilitate the hatching process. After
7 days, the hatching status of the eggs was observed, and
then a window was opened on the egg surface to transfer
the air chamber to a position approximately 1 cm from the
vessel. To maintain the sterility of the environment, the
windows were sealed using sterile plastic film. Cells were
resuspended with the use of a blended suspension of
Matrigel (40183ES08, Yeasen Biotechnology (Shanghai) Co.,
Ltd., China) and DMEM (1:1) and altered to 1.1–1.6 ×
106 cells/mL. The cell mixture was injected into the vessel
using the same-sized spear tip. Four days after injection,
different concentrations of LA-D-B1 and a positive drug
were added to the chick embryo allantoic membrane. They
were then incubated for 3 days, and then the tumors in each
group were removed, photographed, and weighed for

analysis. The animal study was reviewed and approved by
the Experiment Ethics Review Committee of Jiangsu Ocean
University on November 04, 2022 (No. Jou2022110402).

Statistical analysis
Data analysis was performed using GraphPad Prism 9
software. The statistical comparison between the two groups
was conducted using a t-test. The three independent tests’
mean ± standard deviation is shown as the result. Statistical
significance was determined by a p-value of less than 0.05.

Results

Synthetic route of compound LA-D-B1
6-((2-chloro-4-((4-(4-fluoro-1-isopropyl-2-methyl-1H-benzo
[d]imidazol-6-yl)pyrimidin-2-yl)amino)phenoxy)methyl)
picolinonitrile.

The experiment commenced by adding 6-((4-amino-2-
chlorophenoxy)methyl)picolinonitrile (0.570 mmol, 116 mg)
and 6-(2-chloropyrimidin-4-yl)-4-fluoro-1-isopropyl-2-
methyl-1H-benzo[d]imidazole (0.475 mmol, 150 mg) to a
250-ml three-necked flask. Subsequently, Pd(OAc)2 (0.123
mmol, 28 mg), Cs2CO3 (1.476 mmol, 481 mg), XantPhos
(0.246 mmol, 153 mg), and 1,4-dioxane (25 ml) were
introduced into the flask. The mixture was purged with
nitrogen three times to create an inert atmosphere. The
reactants were then refluxed at 100°C and mixed for 5 h.
The progress of the response used to be monitored via thin
layer chromatography (TLC), which indicated the complete
consumption of the starting material (eluent: DCM:MeOH
in a ratio of 20:1). The reaction mixture was then subjected
to rotary evaporation followed by column chromatography
(eluent: DCM:MeOH in a ratio of 80:1). This resulted in the
isolation of a light yellow solid weighing 110 mg, rate of
production was 43.86% (Fig. 1). Hydrogen spectrum of
compound LA-D-B1 (Suppl. Fig. S1): 1H NMR (500 MHz,
DMSO) δ 9.72 (s, 1H), 8.56 (d, J = 5.3 Hz, 1H), 8.30 (d, J =
1.2 Hz, 1H), 8.17 (t, J = 7.9 Hz, 1H), 8.13 (d, J = 2.6 Hz,
1H), 8.04 (d, J = 7.6 Hz, 1H), 7.92 (d, J = 7.8 Hz, 1H), 7.83
(d, J = 12.2 Hz, 1H), 7.68 (dd, J = 9.0, 2.6 Hz, 1H), 7.59 (d, J
= 5.3 Hz, 1H), 7.21 (d, J = 9.1 Hz, 1H), 5.33 (s, 2H), 4.91 –
4.81 (m, 1H), 2.65 (s, 3H), 1.64 (d, J = 6.9 Hz, 6H); Carbon
spectrum of compound LA-D-B1 (Suppl. Fig. S2): 13C
NMR (126 MHz, DMSO) δ 160.28, 159.32, 154.56, 148.18,
139.56, 135.80, 132.46, 128.69, 125.88, 121.74, 120.87,
119.18, 117.79, 115.24, 108.73, 71.02, 48.56, 40.50, 40.43,
40.34, 40.26, 40.17, 40.00, 39.83, 39.67, 39.50, 21.52, 15.21.

Molecular docking of compound LA-D-B1
Molecular docking studies were conducted using
AutoDockTools 1.5.6 to investigate the interaction between
CDK4 and CDK6 with compound LA-D-B1. The docking
site results of compound LA-D-B1 and CDK4 protein
kinase showed (Fig. 2A) that the compound LA-D-B1 was
tightly bound to CDK4 to a certain extent by forming three
hydrogen bond forces. These three hydrogen bond forces
are -NH and -N- with VAL-96, -N- with LYS-35. The
binding site of compound LA-D-B1 to the CDK6 protein
kinase (Fig. 2B) revealed that the pyridine cease of
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compound LA-D-B1 prolonged into a groove at the lateral
side of the pocket. Meanwhile, compound LA-D-B1 was
tightly bound to CDK6 by three hydrogen bonding forces,
including -NH with ASP-104, GLU-21 with -N- and -O-.
The results confirmed that compound LA-D-B1 could
strongly bind to CDK4 and CDK6 to a certain extent.

Additionally, we superimposed the binding
conformations of LA-D-B1 and Abemaciclib in the CDK4
binding pocket for comparison. The consequences indicated
that both Abemaciclib and LA-D-B1 maintained a similar
conformation in the identical binding pocket.

Cytotoxicity of the compound LA-D-B1
MTT assays were performed to evaluate the antitumor activity
of compound LA-D-B1 in vitro. Several cell lines, including
MDA-MB-231, Hela, A498, and MCF-7 cells, were selected
to investigate the cytotoxicity of the compound LA-D-B1.
The cytotoxic effects of LA-D-B1 and the drug Abemaciclib
were assessed on various cell strains, including MDA-MB-
231, Hela, A498, and MCF-7. The results of the cytotoxicity
assays are shown in Table 1 below. It was shown that in
MDA-MB-231 cells, compound LA-D-B1 had a lower IC50

(1.64 ± 2.66 μM) than Abemaciclib (2.27 ± 1.59 μM).
Meantime, morphological observation was used to assess the
impact of compound LA-D-B1 on the morphology of
normal 293T cells and breast cancer cells. After being
seeded into culture plates, 293T and MDA-MB-231 cells
were kept for an overnight period at 37°C and 5% CO2.
Subsequently, cells were exposed to varying doses of LA-D-
B1 (0.05, 0.1, 0.2, and 0.4 µM) and Abemacicilb (0.4 µM),
and pictures of cell morphology were taken using an
inverted biomicroscope after 0 and 24 h. After 24 h, the
morphology of 293T cells was observed. Compared with the
effective drug Abemaciclib at the identical concentration,
compound LA-D-B1 caused less damage to the morphology
of 293T cells. The results showed that the compound LA-D-
B1 was less toxic to normal somatic cells than Abemaciclib
at the identical concentration (Fig. 3A). Remedy of MDA-
MB-231 cells with diverse concentrations of LA-D-B1
produced morphological changes, with a decrease in cell
density after 24 h. The compound LA-D-B1 caused more
significant morphological damage to breast cancer cells than
Abemaciclib at the identical concentration (Fig. 3B). In
conclusion, compound LA-D-B1 was less toxic to normal

FIGURE 1. Equation for the synthesis of compound LA-D-B1.

FIGURE 2.Molecular docking of compound LA-D-B1 with CDK4 and CDK6. (A) Interaction diagram between CDK4 and compound LA-D-
B1. (B) Diagram of the interaction of CDK6 with compound LA-D-B1.

TABLE 1

1/2 maximal inhibitory concentration (IC50) of compound LA-D-B1 and positive drug Abemaciclib on different cancer cells

Compound IC50 (μM)

MDA-MB-231 Hela A498 MCF-7

LA-D-B1 1.64 ± 2.66 0.17 ± 0.08 0.95 ± 0.08 0.14 ± 0.03

Abemaciclib 2.27 ± 1.59 2.89 ± 1.66 2.88 ± 0.54 0.69 ± 0.09
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293T cells but more sensitive and more toxic to breast cancer
cells than Abemaciclib at the identical concentration. These
results indicate that the compound LA-D-B1 is highly
selective and can significantly inhibit the growth activity of
breast cancer cells.

In order to delve deeper into the toxic effects of LA-D-B1
on breast tumor cells, silencing RNA cell lines were
constructed and transfected with MDA-MB-231 and MCF-7
cell lines according to the specific transfection protocol. After
cell culture for 24 h, different groups were set up. According
to the IC50 values, the compound LA-D-B1 of 0.4 and 0.1
μM was added to MDA-MB-231 and MCF-7 cells. Cell
viability was measured by MTT assay and analyzed by
GraphPad Prism 9 software. The results showed (Figs. 3C
and 3D) that the cell growth activity was decreased in both
the siRNA group and the LA-D-B1 group as compared to
the control group. After the use of CDK4/6-siRNA in the
LA-D-B1 group, there was no significant difference in cell
growth activity between the LA-D-B1-siRNA group and the
LA-D-B1 group, suggesting that CDK4/6 is involved in the
antitumor effect of compound LA-D-B1.

Data are as the mean ± SE of dose-response curves from
as a minimum three impartial experiments, each with three
determinations

Compound LA-D-B1 inhibited the proliferation potential of
MCF-7 and MDA-MB-231 cells
We next performed colony-forming assays to explore the
impact of compound LA-D-B1 on the proliferative ability of
breast cancer cells. Breast cancer cells were incubated with
different concentrations of LA-D-B1 and Abemaciclib to
allow for the formation of colonies. The results
demonstrated that LA-D-B1 significantly reduced the
proliferation capacity of MCF-7 and MDA-MB-231 cells
compared to Abemaciclib (Figs. 4A–4D). The percentages of
cell proliferation at different concentrations of LA-D-B1
were (75.27 ± 1.98%, 77.04 ± 18.21%), (47.29 ± 1.66%, 49.14
± 14.25%), (27.16 ± 5.32%, 17.52 ± 9.89%), and (6.72 ±
3.68%, 1.99 ± 1.57%). Additionally, LA-D-B1 exhibited a
more pronounced inhibitory effect on cell cloning compared
to Abemaciclib (82.63 ± 7.73%, 80.89 ± 11.69%). These
results indicate that compound LA-D-B1 significantly

FIGURE 3. Cytotoxicity and cellular morphological changes of compound LA-D-B1. (A) Morphological effect of LA-D-B1 on 293T cells (n =
3). (B) Morphological effect of LA-D-B1 on MDA-MB-231 cells (n = 3). (C and D) The effect of LA-D-B1 on breast cancer cell viability after
RNA silencing was detected (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 vs. control. ns: no significance.
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decreases the proliferative capacity of MCF-7 and MDA-MB-
231 cells.

Compound LA-D-B1 inhibited the migration, invasion, or
adhesion of MCF-7 and MDA-MB-231 cells
Within the present examination, we further investigated the
results of compound LA-D-B1 at the migration, adhesion,
and invasion of breast cancer cells, which were treated with
compound LA-D-B1 and positive drug at different
concentrations, and found that, compared with the same
concentration of positive drug (92.04 ± 5.80%, 81.77 ±
15.65%), compound LA-D-B1 (34.68 ± 5.74%, 12.57 ±
0.64%) showed the most significant inhibitory effect on
adhesion of breast cancer cells (Figs. 5A–5D). Wound-
healing assays were conducted to assess the ability of LA-D-
B1 to inhibit the migration of cancer cells. The results
demonstrated that LA-D-B1 at different concentrations
significantly inhibited the wound-healing capability of
cancer cells compared with the control. Furthermore, the
inhibitory effect of LA-D-B1 was superior to that of
Abemaciclib at the same concentration (Figs. 5E–5H).
Invasion assays were performed to assess whether the
compound LA-D-B1 could lessen the potential of tumor
cells to invade the surrounding tissues. The consequences
reflect that different concentrations of the compound LA-D-
B1 could inhibit the invasion of tumor cells. The inhibitory
capacity was (35.39 ± 12.89%, 77.52 ± 9.84%), (12.46 ±
4.55%, 56.96 ± 21.27%), (7.45 ± 4.00%, 22.54 ± 6.16%), and
(1.84 ± 1.33%, 5.46 ± 1.90%), respectively. The inhibitory
effect used to be better than the effective drug Abemaciclib
at the identical concentration (52.14 ± 15.10%, 70.81 ±
15.74%) (Figs. 5I–5L). Overall, these findings suggest that
compound LA-D-B1 is effective in inhibiting breast cancer
cell adhesion, migration, and invasion.

The compound LA-D-B1 regulates the expression of related
cyclins in MCF-7 and MDA-MB-231 cells
To investigate the mechanism underlying the anti-tumor
effect of compound LA-D-B1, Western blotting was

conducted to analyze changes in cell cycle proteins in
MDA-MB-231 and MCF-7 cells after treatment with LA-D-
B1. Cells were treated with different concentrations of LA-
D-B1 and the positive drug Abemaciclib, and then subjected
to Western blot analysis after 24 h. The results showed that
the levels of CDK4, CDK6, CyclinE1, Cyclin D3, E2F1, and
p-Rb/Rb were significantly suppressed after treatment with
LA-D-B1 in a dose-dependent manner (Figs. 6A and 6B).
Meanwhile, the consequences reflected that compound LA-
D-B1 increased the expression levels of BAX, Caspase-3,
and cleaved Caspase-3 and inhibited the expression of the
anti-apoptotic protein Bcl-2 (Figs. 6A–6D). Among them,
BAX is a pro-apoptotic protein, and Caspase-3 and cleaved
Caspase-3 are the main detection signals of apoptosis. The
above results indicate that the compound LA-D-B1 can
induce apoptosis and cycle arrest in cancer cells. Therefore,
our results confirmed that LA-D-B1 prevented Rb
phosphorylation and E2F1 release by inhibiting the
expression levels of cell cyclin-dependent kinases CDK4 and
CDK6, and the excessive proliferation and abnormal
replication of tumor cells were prevented.

Antitumor effect of compound LA-D-B1 in vivo
The anti-tumor activity of compound LA-D-B1 was further
investigated in vivo using a chick embryo xenograft tumor
model established with breast cancer cells. After treatment
with different concentrations of LA-D-B1, the number of
angiogenesis in each group was analyzed using ImageJ
software. The angiogenesis rates were (90.75 ± 5.90%, 90.79
± 7.23%), (78.94 ± 5.45%, 69.40 ± 5.48%), and (54.13 ±
6.92%, 50.65 ± 0.86%). The results showed that as the
concentration of LA-D-B1 increased, tumor angiogenesis
decreased (Figs. 7A–7D). This indicates that LA-D-B1
possesses a strong ability to inhibit tumor angiogenesis,
which is more potent than the effective drug Abemaciclib at
the identical concentration.

Furthermore, the results demonstrated that compared to
the control group (43.50 ± 4.18 mg, 43.00 ± 3.16 mg), the
weight of the chick embryo tumors decreased to (27.67 ±

FIGURE 4. The compound LA-D-B1 inhibited MDA-MB-231 and MCF-7 cell clones. (A and B) Effect of compounds LA-D-B1 and
Abemaciclib on colony formation of MDA-MB-231 cells (n = 3). (C and D) Result of compounds LA-D-B1 and Abemaciclib on colony
formation of MCF-7 cells (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 vs. control.
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3.92, 27.67 ± 6.11 mg), (14.17 ± 2.61, 15.83 ± 3.29 mg), and
(7.83 ± 2.61, 8.17 ± 1.68 mg) after treatment with different
concentrations of LA-D-B1. Additionally, the tumor size
became smaller as the concentration of LA-D-B1 increased
(Figs. 7E–7H).

These findings suggest that tumor growth was arrested
with increasing concentrations of LA-D-B1 treatment. In
conclusion, the compound LA-D-B1 demonstrated a
significant inhibition of breast tumor growth in the chick
embryo xenograft tumor model, highlighting its efficacy in
impeding in vivo tumor cell proliferation.

Discussion

The cell cycle is a fundamental process in cellular life activities,
and its proper progression requires the balance of regulatory
factors [20]. CDKs play a critical role in regulating the cell
cycle [21]. CDK4/6 binds to CyclinD to form a CDK4/

6-CyclinD complex, leading to the phosphorylation of pRB.
This phosphorylation inhibits the binding of p-RB to E2F
transcription factors to activate and transcribe genes
required for S-phase entry [22,23]. As key regulatory
enzymes, CDKs are concerned with the regulation of
cellular proliferation [24]. Dysregulation of CDKs leads to
uncontrolled cellular proliferation, which promotes the
development of malignancies, including breast cancer [25].
Therefore, it is considered a potential goal in most cancer
remedies. Progress in the remedy of TNBC, which has a
poor prognosis and limited remedy options compared with
other BC subtypes, remains an important challenge [26].
The FDA has granted approval for three CDK4/6 inhibitors,
namely Abemaciclib, Palbociclib, and Ribociclib, in the
context of breast cancer treatment [27]. These inhibitors
effectively block the cellular cycle from G1 to S section via
blocking off the phosphorylation of Rb protein, thus
inhibiting the proliferation of tumor cells [28–30]. Although

FIGURE 5. (Continued)
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these drugs have achieved remarkable effects in the remedy of
breast cancer, sufferers will develop drug resistance after a
lengthy period of use [31]. In this examination, we designed
and synthesized LA-D-B1, a singular Abemaciclib by-
product, and further investigated its antitumor impact on
breast cancer. Studies have shown that LA-D-B1 has an
extensively higher toxic effect on breast cancer cells than the

effective drug Abemaciclib and can reduce resistance to
single-endocrine therapy.

In breast cancer, the CyclinD-CDK4/6-RB pathway is
dysregulated to promote tumor progression [32]. Previous
studies have shown that CDK inhibitors have made great
progress in clinical applications [33]. The development of a
novel CDK4/6 inhibitor with low toxicity and side effects

FIGURE 5. Compound LA-D-B1 hindered the inhibited migration, invasion, or adhesion of MCF-7 and MDA-MB-231 cells. (A–D) Effect of
compounds LA-D-B1 and Abemaciclib on the adhesion of MCF-7 and MDA-MB-231 cells (n = 3). (E–H) Effect of the compounds LA-D-B1
and Abemaciclib on the migration of MCF-7 and MDA-MB-231 cells (n = 3). (I–L) Effect of the compounds LA-D-B1 and Abemaciclib on the
invasive capability of MCF-7 and MDA-MB-231 cells (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 vs. control.

FIGURE 6. Compound LA-D-B1 causes cellular cycle arrest and induces apoptosis by affecting related proteins in breast cancer cells.
(A–D) Western blot analysis of breast cancer cells treated with diverse concentrations of the compound LA-B-D1 (n = 3). *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001 vs. control.

LA-D-B1, A NOVEL ABEMACICLIB DERIVATIVE, EXERTS ANTI-BREAST CANCER EFFECTS 855



could provide insights into the development of cancer
treatment strategies. The present study showed that
compound LA-D-B1 inhibited proliferation, migration,
invasion, and colony formation of breast cancer cells.
Western blot analysis was conducted to evaluate the effects
of different concentrations of LA-D-B1 and the positive
drug Abemaciclib on the expression of cell cycle-related
proteins in breast cancer cells. The results showed that
compound LA-D-B1 blocked the expression of CDK4,

CDK6, CyclinE1, CyclinD3, E2F1, Rb, p-Rb, Bcl-2 and
enhanced the expression of BAX, Cleaved Caspase-3 and
Caspase-3. Additionally, the ratio of p-Rb/Rb also decreased
with the increase of LA-D-B1 concentration. Compound
LA-D-B1 significantly inhibited Rb expression, thereby
reducing Rb phosphorylation, and the inhibitory effect was
better than Abemaciclib at the identical concentration.
Furthermore, LA-D-B1 demonstrated significant inhibition
of tumor growth in the chick embryo chorioallantois model,

FIGURE 7. Compound LA-D-B1 inhibits tumor proliferation in vivo. (A–D) Statistical diagram of blood vessel distribution and number (n =
3). (E–H) Plot of tumor anatomy and number statistics (n = 6). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 vs. control
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further highlighting its potent anti-tumor proliferation effect.
Our findings suggest that compound LA-D-B1, similar to
abemaciclib, exerts anti-breast cancer effects by targeting the
CDK4/6-cyclinD-Rb-E2F pathway. Interestingly, LA-D-B1
demonstrated superior anti-tumor efficacy compared to
abemaciclib at the same dose. This unexpected result led us
to hypothesize that LA-D-B1 may exert its anti-tumor
effects through additional target pathways in breast cancer.
Further exploration of these potential pathways is
warranted. Therefore, LA-D-B1 holds significant potential as
a novel CDK4/6 inhibitor for targeted therapy of triple-
negative breast cancer (TNBC). Nevertheless, it is crucial to
acknowledge the constraints of our present study
concerning the evaluation of the anti-breast cancer efficacy
of LA-D-B1. These limitations encompass the utilization of
rudimentary research methodologies and the exclusive
reliance on a single breed of experimental animals. Further
investigation into the clinical pharmacological effects of LA-
D-B1 is crucial.

Conclusion

This study shows that LA-D-B1 has anti-tumor effects on
breast cancer cells both in vitro and in vivo, suggesting that
LA-D-B1 is a potential targeted drug for the treatment of
triple-negative breast cancer (TNBC), and its mechanism of
action needs to be further studied.
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Supplementary Material

FIGURE S1. Hydrogen spectrum of compound LA-D-B1.
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FIGURE S2. Carbon spectrum of the compound LA-D-B1.

860 LING MA et al.


	LA-D-B1, a novel Abemaciclib derivative, exerts anti-breast cancer effects through CDK4/6
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


