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Abstract: Breast cancer seriously endangers women’s health worldwide. Protein arginine methyl-
transferase 5 (PRMT5) is highly expressed in breast cancer and represents a potential druggable target
for breast cancer treatment. However, because the currently available clinical PRMT5 inhibitors are
relatively limited, there is an urgent need to develop new PRMT5 inhibitors. Our team previously
found that the FDA-approved drug tadalafil can act as a PRMT5 inhibitor and enhance the sensitivity
of breast cancer patients to doxorubicin treatment. To further improve the binding specificity of
tadalafil to PRMT5, we chemically modified tadalafil, and designed three compounds, A, B, and
C, based on the PRMT5 protein structure. These three compounds could bind to PRMT5 through
different binding modes and inhibit histone arginine methylation. They arrested the proliferation
and triggered the apoptosis of breast cancer cells in vitro and also promoted the antitumor effects
of the chemotherapy drugs cisplatin, doxorubicin, and olaparib in combination regimens. Among
them, compound A possessed the highest potency. Finally, the anti-breast cancer effects of PRMT5
inhibitor A and its ability to enhance chemosensitivity were further verified in a xenograft mouse
model. These results indicate that the new PRMT5 inhibitors A, B, and C may be potential candidates
for breast cancer treatment.

Keywords: breast cancer; tadalafil; PRMT5 inhibitors; chemotherapy drugs; olaparib

1. Introduction

Breast cancer accounts for approximately 30% of female cancers and exhibits a mortality-
to-incidence ratio of 15% [1]. Approximately 10% of breast cancer patients have a family
history or genetic predisposition. The most common germline mutations are located in the
BRCA1 and BRCA2 genes, and these mutations indicate an average cumulative lifetime
risk of approximately 70% [2–4]. At present, breast cancer is mainly treated by radio-
therapy, chemotherapy, surgery, and targeted drugs according to the disease stage [4].
Chemotherapy plays a pivotal role in treatment. However, in the course of clinical treat-
ment, an increasing number of breast cancer patients are less sensitive to anthracycline
chemotherapeutics, such as doxorubicin, leading to drug resistance and reduced therapeutic
effects [5–7].

Protein arginine methyltransferase 5 (PRMT5) belongs to type II arginine methyltrans-
ferases and primarily acts by catalyzing the symmetrical dimethylation of arginine residues
in targeted proteins [8,9]. PRMT5 forms large complexes with WD repeat-containing pro-
tein methylosome protein 50 (MEP50) [10,11], and the highly conserved methyltransferase
(Mtase) domain of PRMT5 contributes to S-adenosyl-L-methionine (SAM) binding and
catalysis [12,13]. PRMT5 is overexpressed or hyperactive in a number of tumor types
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and promotes tumor progression, including breast cancer, acute myeloid leukemia, lung,
ovarian, glioblastoma, and prostate cancer [14–21]. The inhibition of PRMT5 in tumor
tissues can trigger DNA damage, defects in DNA repair, and activation of the p53 signaling
pathway, leading to cell cycle arrest and cell death [8,9,22,23]. Recently, it was demonstrated
that PRMT5-mediated arginine methylation could also activate the AKT signaling pathway
in tumorigenesis [24]. In breast cancer cells, PRMT5 functions in various mechanisms.
PRMT5 methylates KLF5 to prevent its phosphorylation, and thus promotes cell prolif-
eration [18]. In addition, PRMT5 epigenetically silences DKK1 and DKK3, resulting in
up-regulation of Wnt/β-catenin proliferative signaling [25]. Previous studies from our
group also demonstrated that PRMT5 could reduce doxorubicin sensitivity in the treatment
of breast cancer by inhibiting RNA m6A methylation [26,27].

Owing to the important role of PRMT5 in tumors, research into its inhibitors has gener-
ated intense interest. The inhibitors reported thus far, such as SAM-competitive inhibitors,
ARG-competitive inhibitors, and allosteric inhibitors, suppress PRMT5 activities in different
modes [28,29]. SAM, the cofactor that donates methyl group, and ARG, the cofactor that ac-
cepts methyl group, occupy distinct binding pockets [8]. Furthermore, allosteric inhibitors
abrogate the canonical binding sites of PRMT5, such as compound 1a [8,29]. GSK3326595,
which directly interacts with the departing methyl group of SAM and functions as an
ARG-competitive inhibitor, is the first PRMT5 inhibitor tested in patients, and its phase I
trial exhibited satisfactory clinical results. In addition, JNJ-64619178 and PF-06939999 were
tested in phase I clinical trials [8,9,30]. However, to our knowledge, no approved PRMT5
inhibitors have been available for clinical use so far. This is a prominent challenge for
targeting PRMT5 in breast cancer treatment. Therefore, finding suitable PRMT5 inhibitors
to improve the sensitivity of chemotherapy drugs is of great significance for clinical breast
cancer treatment.

Tadalafil was originally used to treat erectile dysfunction and pulmonary arterial
hypertension [31–33]. Our group previously identified tadalafil as a new PRMT5 inhibitor
that effectively improves the sensitivity of tumor cells to doxorubicin and other chemother-
apeutic drugs in breast cancer, providing new insights into breast cancer treatment [27]. To
further improve the binding specificity of tadalafil and PRMT5, we synthesized three chem-
icals based on the structural modification of tadalafil in this study and then tested their anti-
tumor effects in vitro and in vivo when used alone or combined with chemotherapy drugs.

2. Results
2.1. Drug Design of Chemicals A, B, and C

The C-terminus of PRMT5 has a Mtase domain, which binds with SAM to play a
catalytic role [13,34]. Given its core structure and hydrophobicity, the mechanism of
tadalafil may be similar to SAM binding domain inhibitors [12,35–37].

First, Sybyl-X 2.0 software was used to analyze the molecular docking ability of
some PRMT5 inhibitors that have been reported with PRMT5. The results showed that
the binding affinity of tadalafil for PRMT5 was not as high as that of inhibitors, such
as EPZ015666 (Figure 1A) [9]. Since our research group has previously verified that the
FDA-approved drug tadalafil can be used as a PRMT5 inhibitor [27], we aimed to further
enhance the ability of tadalafil to bind to PRMT5.

Therefore, we modified the structure of tadalafil as follows. First, groups containing
nitrogen, oxygen, sulfur, and other heteroatoms were installed on the three relatively
independent parts of tadalafil (the piperazine, indole, and benzene rings connected to the
parent ring) to facilitate the formation of more hydrogen bonds between tadalafil and other
proteins. Second, different alkyl substituents were introduced to enable tadalafil to interact
with other molecules through hydrophobic interactions or aromatic groups. Third, the
chirality of the chiral center was altered. Fourth, we introduced the above changes into
tadalafil at the same time and explored the combined influence of these changes on the
binding ability of tadalafil and other proteins.
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Subsequently, molecular docking analysis was performed again on the molecular
structure after modification. The three highest-scoring compounds were screened out of the
90 compounds, named A, B, and C. All three compounds were synthesized with a higher
molecular docking score than tadalafil (Figure 1B).
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Figure 1. Chemical synthesis of chemicals A, B, and C. (A) Molecular docking scores of tadalafil and
some existing PRMT5 inhibitors with PRMT5. (B) Chemical structures and molecular docking scores
of chemicals A, B, C, and tadalafil.

2.2. Compounds A, B, and C Bind to the PRMT5 Protein through Different Binding Modes and
Inhibit Histone Arginine Methylation

To predict the binding modes of the three inhibitors to the PRMT5 protein, chemicals
A, B, and C were used to dock to the ARG binding site, SAM binding site, and allosteric site
of PRMT5 separately (Figure 2A) [28,29]. The results showed that the skeleton structure
(the four rings) of compound A binds to the SAM binding site of PRMT5, whereas the
bromophenyl moiety of compound A extends to the ARG binding site (Figure 2B,C).
Compound A binds with PRMT5 mainly through polar and hydrophobic interactions. The
interacting polar residues involved Thr323, Tyr324, Glu328, Lys333, Tyr334, Glu435, Glu444,
and Ser578, and the interacting hydrophobic residues involved Pro314, Leu319, Phe327,
Pro370, Leu436, and Trp579 of PRMT5 (Figure 2D). Among these residues, Phe327, Glu435,
Glu444, Ser578, and Trp579 of PRMT5 are also involved in interacting with the substrate
ARG, which indicates that compound A might interfere with both SAM and ARG binding
to human PRMT5 (Figure 2D).

The molecular docking results suggest that compound B binds to an allosteric site of
PRMT5 (Figure S1A,B). The binding interactions are mainly hydrophobic interactions, and
the involved residues include Leu315, Leu437, Pro447, Phe471, Leu472, Val503, Phe519,
Trp579, Phe584, Phe555, Ile567, Phe580, Ile582, Phe584, and Phe602 (Figure S1C). The
dimethoxyphenyl group of compound B also forms an arene-H interaction with Ile582. In
addition, compound B also forms polar interactions with Asn443, Glu444, Ser446, Tyr468,
Ser470, Gly553, Tyr554, and Tyr613 of PRMT5 (Figure S1C).
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Figure 2. Chemicals A, B, and C could bind to PRMT5 through different binding modes. (A) The
docking scores of chemicals A, B, and C at the three active sites of PRMT5. (B–D) Binding interactions
of chemical A with human PRMT5. The overall structure of PRMT5:MEP50 complexed with chemical
A at the SAM binding site is shown in (B). PRMT5 is shown as a blue ribbon, MEP50 is shown as an
orange ribbon, and chemical A is shown as green sticks. Detailed binding interactions of chemical A
with human PRMT5 are shown in (C,D).

The binding mode of compound C with PRMT5 is similar to that of compound B. The
molecular docking results suggest that compound C binds to an allosteric site of PRMT5
(Figure S2A,B). Compound C binds with PRMT5 mainly through hydrophobic interactions,
and the involved residues include Leu315, Leu437, Pro447, Phe471, Leu472, Val503, Phe519,
Phe584, Phe555, Ile567, Phe580, and Ile582 (Figure S2C). In addition, compound C also
forms polar interactions with Asn443, Glu444, Ser446, Tyr468, Ser470, Gly553, Tyr554, and
Tyr613 of PRMT5 (Figure S2C).

To gain further insight into the binding specificity of the three above-mentioned
compounds, we used Surface Plasmon Resonance (SPR) to investigate the binding affinity
of chemicals A, B, and C to the PRMT5/MEP50 complex. The binding of chemicals A, B, and
C to the PRMT5/MEP50 complex was dose dependent, as indicated by the fast association-
dissociation process, and the response units at equilibrium against the PRMT5/MEP50
complex were plotted. These results verify that the three compounds could bind to PRMT5
(Figure 3A).
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Figure 3. Chemicals A, B, and C bind to PRMT5 and inhibit histone arginine methylation. (A) Binding
abilities of chemicals A, B, and C to the PRMT5/MEP50 complex detected by Biacore T200. (B) MDA-
MB-231 cells were treated with the indicated concentrations of chemicals A, B, C, and tadalafil for
48 h, and the global protein levels of H4R3me2s and H3R8me2s were detected by immunoblotting.
The picture is representative of two independent experiments.

PRMT5 could catalyze the symmetric dimethylation of histones H2AR3, H3R2, H3R8,
and H4R3 [16,38,39], so we added compounds A, B, and C and tadalafil at 50, 100, and
150 µM to MDA-MB-231 triple-negative breast cancer cells [40] and performed western
blotting to detect the total protein levels of H4R3me2s and H3R8me2s 48 h later. Compared
with the control, compounds A, B, and C and tadalafil reduced the total levels of H4R3me2s
and H3R8me2s in the cells in a dose-dependent manner. Among them, compound A exerted
the strongest effect (Figure 3B). The above results indicate that these three compounds could
bind to PRMT5 through different binding modes and inhibit histone arginine methylation,
thus representing new PRMT5 inhibitors.
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2.3. Compounds A, B, and C Inhibit Breast Cancer Cell Proliferation

Since compounds A, B, and C have inhibitory effects on PRMT5, we analyzed the
effects of the three compounds on the proliferation of breast cancer cells in comparison with
that of tadalafil. First, we used CCK-8 cell proliferation and toxicity testing experiments
to observe the effects of compounds A, B, and C on MDA-MB-231 cell viability. At a
concentration of 75 µM or more, compound A was better than the other two compounds,
and the tendency to inhibit cell viability was stronger. Under 150 µM culture conditions, the
gap between compound A and the other two compounds was the most obvious. Therefore,
we performed a statistical analysis of cell viability at this concentration (Figure 4A). The
CCK-8 results for ER-positive MCF-7 breast cancer cells (Figure 4B) and BRCA1-mutant
HCC1937 breast cancer cells (Figure 4C) were similar to those for MDA-MB-231 cells [41,42].
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Figure 4. Chemicals A, B, and C inhibit the viability of breast cancer cells. (A–C) MDA-MB-231
cells (A), MCF-7 cells (B), and HCC1937 cells (C) were treated with the indicated concentrations of
chemicals A, B, C, and tadalafil for 48 h, and cell viability was determined by the CCK-8 assay. The
cell viability at 150 µM was quantitatively compared (n = 6). The line and error bars indicate the
mean ± s.e.m.; one-way ANOVA with Tukey’s multiple comparisons test.

Next, we used EdU incorporation experiments to further clarify the effects of the
three compounds and tadalafil on the proliferation of MDA-MB-231 cells. In the CCK-8
cell proliferation and toxicity test, the difference in efficacy between the compounds at a
concentration of 150 µM was the most significant. Therefore, this concentration was selected
for detection in the EdU incorporation experiment. Similar to the results of the CCK-8
experiment, the three compounds showed varying degrees of inhibition of nucleotide
incorporation during DNA replication, but compound A had the strongest inhibitory effect
on nucleotide incorporation during DNA replication (Figure 5).

In summary, compounds A, B, and C could inhibit the proliferation of breast cancer
cell lines with different degrees of malignancy when used alone, and compound A had a
more pronounced effect than tadalafil.
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Figure 5. Chemicals A, B, and C suppress the DNA replication of breast cancer cells. MDA-MB-231
cells were treated with chemicals A, B, C, and tadalafil at 150 µM for 48 h, and cell proliferation was
detected by EdU assays. (A) Representative images of MDA-MB-231 cells treated with chemicals A, B,
C, and tadalafil. Scale bar, 100 µm. (B) The percentage of EdU-positive (EdU+) cells was quantitatively
compared (n = 8). The line and error bars indicate the mean ± s.e.m.; one-way ANOVA with Tukey’s
multiple comparisons test.

2.4. Compounds A, B, and C Promote Breast Cancer Cell Apoptosis

Since knocking down PRMT5 in tumor cells can not only inhibit tumor cell prolifera-
tion but can also increase cell apoptosis [26], we further analyzed the effects of compounds
A, B, and C on MDA-MB-231 cell apoptosis. The MDA-MB-231 cell line was treated with
150 µM compounds A, B, C, and tadalafil, and the changes in cell survival were analyzed
by annexin V/propidium iodide (PI) double staining. After 48 h of drug treatment, the
three compounds and tadalafil all promoted cell apoptosis. Among them, compound A had
a stronger ability to promote apoptosis of cells than other compounds, as the compound A
group had the lowest proportion of living cells and the highest proportion of annexin V+

PI− and annexin V+ PI+ cells (Figure 6). The apoptosis effect in MCF7 cells was similar to
that in MDA-MB-231 cells (Figure 7). Overall, the addition of compound A significantly
inhibited cell survival and promoted cell apoptosis, and its efficacy was stronger than that
of tadalafil and the other two compounds.
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annexin V/PI staining and FACS. (A) Representative plots for the flow cytometric analysis of cell
apoptosis. (B) Quantification of the cell percentage at different stages of apoptosis (n = 3). The line
and error bars indicate the mean ± s.e.m.; one-way ANOVA with Tukey’s multiple comparisons test.
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2.5. Compounds A, B, and C Promote the Antitumor Effect of Chemotherapeutics In Vitro

According to our previous work, tadalafil can enhance the sensitivity of doxorubicin
to breast cancer treatment [27]. First, we analyzed the effects of compounds A, B, C, and
tadalafil in combination with doxorubicin on MDA-MB-231 cell proliferation. In the CCK-8
experiment, MDA-MB-231 cells were treated with compounds A, B, C, and tadalafil at
a concentration of 150 µM, and a concentration gradient of doxorubicin treatment was
established to observe the effect of the compound and doxorubicin on cell viability. The
results showed that when the concentration of doxorubicin treatment was 0.2 µg/mL,
compounds A, B, C, and tadalafil could further enhance the inhibition of doxorubicin on
cell viability, but compound A combined with doxorubicin had a more obvious effect on
the inhibition of cell viability (Figure 8A). Moreover, we found that treatment with A, B,
C, and tadalafil at higher concentrations of doxorubicin no longer enhanced the effect of
doxorubicin, indicating that compounds A, B, C, and tadalafil can enhance the inhibitory
effect of doxorubicin on cell proliferation within a certain concentration range (Figure 8A).
Similar results were observed in MCF-7 cells (Figure 8B).

The clinical efficacy of cisplatin is dose-dependent, and high-dose cisplatin has greater
toxicity and side effects for patients than low-dose cisplatin [43,44]. Therefore, we attempted
to explore whether compounds A, B, C, and tadalafil can promote the antitumor effect
of cisplatin, thereby reducing the dosage of cisplatin needed for clinical application. In
MDA-MB-231 cells and MCF-7 cells, with 16 µM cisplatin treatment, compounds A, B, C,
and tadalafil further promoted the inhibitory effect of cisplatin on cell proliferation, and
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the combined use of compound A and cisplatin had the most obvious inhibitory effect on
cell viability (Figure 9).
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Figure 8. Chemicals A, B, and C enhance the inhibitory effects of doxorubicin on cell viability.
(A,B) MDA-MB-231 (A) and MCF-7 cells (B) were treated with chemicals A, B, C, and tadalafil at
150 µM in combination with the indicated concentrations of doxorubicin for 48 h. The cell viability
at 0.2 µg/mL doxorubicin treatment was quantitatively compared (n = 6). The line and error bars
indicate the mean ± s.e.m.; one-way ANOVA with Tukey’s multiple comparisons test.

The PARP inhibitor olaparib has a more obvious effect on patients with BRCA1
deficiency in the treatment of breast cancer, but patients with BRCA1 deficiency account for
only a part of the population [45–47]. This is one of the constraints in the clinical application
of PARP inhibitors. Previous results from our group showed that PRMT5 inhibition in
breast cancer cells can promote the m6A modification of BRCA1 mRNA and reduce its
stability [27]. Therefore, we speculated that the combination of compounds A, B, C, and
tadalafil could promote the efficacy of the PARP inhibitor olaparib against breast cancer
cells. In MDA-MB-231 and MCF-7 cells, the CCK-8 proliferation and cytotoxicity test
showed that when the concentration of compounds A, B, C, and tadalafil was set to 150 µM,
all the compounds could enhance the inhibitory effect of olaparib on cell viability, and
compound A had the most pronounced effect (Figure 10).

In addition, we analyzed the effects of compound A and tadalafil on MDA-MB-231
cell apoptosis when combined with doxorubicin by FACS. Combined treatment with
tadalafil and compound A, compared with doxorubicin alone, significantly reduced the
proportion of living cells, and the proportion of cells in early apoptosis and late apoptosis
was also significantly increased. Instead, the PI+ necrotic cell population did not change
after compound A treatment. Overall, the combined use of compound A and doxorubicin
significantly inhibited cell survival and promoted cell apoptosis, and the effect was stronger
than that of doxorubicin alone and that of tadalafil and doxorubicin combined (Figure 11).
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Figure 9. Chemicals A, B, and C enhance the inhibitory effects of cisplatin on cell viability.
(A,B) MDA-MB-231 (A) and MCF-7 cells (B) were treated with chemicals A, B, C, and tadalafil
at 150 µM in combination with the indicated concentrations of cisplatin for 48 h. The cell viability at
16 µM cisplatin treatment was quantitatively compared (n = 6). The line and error bars indicate the
mean ± s.e.m.; one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 10. Chemicals A, B, and C enhance the inhibitory effects of olaparib on cell viability.
(A,B) MDA-MB-231 (A) and MCF-7 cells (B) were treated with chemicals A, B, C, and tadalafil
at 150 µM in combination with the indicated concentrations of olaparib for 48 h. The cell viability at
10 µM olaparib treatment was quantitatively compared (n = 6). The line and error bars indicate the
mean ± s.e.m.; one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 11. Chemical A improves the pro-apoptotic effects of doxorubicin. MDA-MB-231 cells were
treated with 150 µM chemical A and tadalafil in combination with 0.2 µg/mL doxorubicin for 48 h,
and apoptosis was detected with annexin V/PI staining and FACS (n = 3). (A) Representative plots
for the flow cytometric analysis of cell apoptosis. (B) Quantification of the cell percentage at different
stages of apoptosis (n = 3). The line and error bars indicate the mean ± s.e.m.; one-way ANOVA with
Tukey’s multiple comparisons test.

2.6. Compounds A, B, and C Promote the Antitumor Effects of Chemotherapeutics in Xenograft
Tumor Models

To further confirm the antitumor effect of the novel PRMT5 inhibitor in vivo, we
subcutaneously inoculated nude mice with MDA-MB-231 cells, and the mice were treated
with chemical A in combination with doxorubicin, cisplatin, and olaparib. Consistent with
the results from the in vitro experiments, the use of compound A alone slowed the growth
of tumors (Figure 12). This finding differs from that obtained in our previous work, in
which mice treated with tadalafil alone did not exhibit tumor growth suppression in the
MDA-MB-231 mouse xenograft model [27]. The use of compound A in combination with
chemotherapeutics further enhanced the efficacy of the chemotherapeutics (Figure 12). We
also confirmed that the protein level of H3R8me2s was downregulated in tumors treated
with compound A and that cleaved PARP was upregulated in the olaparib-treated group
(Figure S3).

Furthermore, the results of Ki67 immunohistochemistry showed that when compound
A was used in combination with chemotherapy drugs, the proliferation ability of tumor
cells was further inhibited (Figure 13A,C) [48]. Additionally, the expression of γH2A.X in
tumor tissues increased, suggesting increased levels of DNA damage (Figure 13B,C) [49].
In summary, compound A can enhance the antitumor effects of doxorubicin, cisplatin, and
olaparib in vivo.



Int. J. Mol. Sci. 2022, 23, 4806 12 of 18

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 12 of 19 
 

 

treated with compound A and that cleaved PARP was upregulated in the olaparib-treated 
group (Figure S3).  

 
Figure 12. Chemical A enhances the effects of chemotherapy drugs on tumor growth inhibition. 
Nude mice bearing MDA-MB-231 cells were administered chemical A in combination with doxoru-
bicin, cisplatin, and olaparib from 10 to 31 dpi. (A) Tumor growth curves of mice with different 
treatments are presented. (B) Photograph showing the tumors dissected at 31 dpi. (C) Tumor weight 
and tumor volume at 31 dpi were compared. n = 4–5. The lines and error bars indicate the means ± 
s.e.ms.; one-way ANOVA with Tukey’s multiple comparisons test. 

Furthermore, the results of Ki67 immunohistochemistry showed that when com-
pound A was used in combination with chemotherapy drugs, the proliferation ability of 
tumor cells was further inhibited (Figure 13A,C) [48]. Additionally, the expression of 
γH2A.X in tumor tissues increased, suggesting increased levels of DNA damage (Figure 
13B,C) [49]. In summary, compound A can enhance the antitumor effects of doxorubicin, 
cisplatin, and olaparib in vivo. 

Figure 12. Chemical A enhances the effects of chemotherapy drugs on tumor growth inhibition. Nude
mice bearing MDA-MB-231 cells were administered chemical A in combination with doxorubicin,
cisplatin, and olaparib from 10 to 31 dpi. (A) Tumor growth curves of mice with different treatments
are presented. (B) Photograph showing the tumors dissected at 31 dpi. (C) Tumor weight and tumor
volume at 31 dpi were compared. n = 4–5. The lines and error bars indicate the means ± s.e.ms.;
one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 13. Chemical A enhances the effects of chemotherapeutic drugs on proliferation inhibition
and DNA damage induction. Nude mice bearing MDA-MB-231 cells were administered chem-
ical A in combination with doxorubicin, cisplatin, and olaparib from 10 to 31 dpi. (A) Repre-
sentative images showing immunohistochemical staining for Ki67 of tumors dissected at 31 dpi.
(B) Representative images showing immunohistochemical staining for γH2A. X of tumors dissected
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at 31 dpi.showing immunohistochemical staining for γH2A. X of tumors dissected at 31 dpi.
(C) Immunohistochemical staining results in (A,B) were quantitatively compared. n = 4–5. Scale
bars, 100 µm. The lines and error bars indicate the means ± s.e.ms.; one-way ANOVA with Tukey’s
multiple comparisons test.

3. Discussion

Breast cancer is an important disease endangering women’s health [1,4]. In the treat-
ment of breast cancer, resistance to chemotherapeutic drugs, such as doxorubicin, has
become a key factor affecting the treatment response [7,50,51]. PRMT5 is involved in the
methylation modification of proteins, which can regulate DNA damage and repair, and
plays a critical role in cell survival and growth [8,9,14]. Additionally, it can directly affect
the therapeutic effect of doxorubicin [26]. However, research on PRMT5 inhibitors is in the
preliminary stage, and new inhibitors require further development [8,12,36]. Our previous
study showed that tadalafil can act as a PRMT5 inhibitor [27], but its binding ability to
PRMT5 still needs to be improved. In this study, three new PRMT5 inhibitors were designed
and synthesized based on tadalafil, and the antitumor effects of the new PRMT5 inhibitors
alone and combined with chemotherapy drugs were evaluated in vitro and in vivo.

First, through molecular docking experiments, we modified the structure of tadalafil
and obtained chemicals A, B, and C, which have a stronger binding ability to PRMT5.
The SPR experiments confirmed that compounds A, B, and C can bind to PRMT5, and
the molecular docking results suggested that the three compounds could bind to PRMT5
through different binding modes. Moreover, the new compounds decreased the histone
modification levels of H4R3me2s and H3R8me2s in breast cancer cells. Then, we verified
the proliferation-inhibiting and apoptosis-inducing effects of chemicals A, B, and C in
breast cancer cells. Among them, compound A had the strongest antitumor effect when
used alone. These results confirm that the newly synthesized compounds can act as novel
PRMT5 inhibitors.

This study has its own strengths demonstrated in several aspects. First, based on the
restructured tadalafil, we screened out more potent drug compound A, which showed a
promising antitumor effect. Second, compound A could facilitate chemotherapeutic efficacy.
Chemotherapy is currently one of the main clinical treatments for breast cancer, but the
dose dependence and side effects of various chemotherapeutic drugs restrict them from
wider application [7,50,52,53]. Compounds A, B, and C can promote the antitumor effect of
chemotherapeutics, such as doxorubicin, cisplatin, and olaparib. Among these, compound
A was the most effective in this context. Finally, it is worth noting that the PARP inhibitor
olaparib has a more favorable effect on BRCA1-mutated patients in the clinical treatment of
breast cancer, but the BRCA1-mutated patients account for only a portion of the population.
Encouragingly, compounds A, B, and C could not only enhance the antitumor effect of
olaparib in BRCA1-mutated HCC1937 cells but also function in BRCA1-wildtype cells, such
as MDA-MB-231 and MCF-7 cells. This is of great significance for the expanded clinical
application of PARP inhibitors [54,55].

However, our current study has several limitations to be acknowledged. The three
new PRMT5 inhibitors have higher working concentrations than the commercially available
PRMT5 inhibitors. Nevertheless, PRMT5−/− mice exhibited embryonic death at E6.5 due to
the abrogation of pluripotent cells in blastocysts, suggesting that PRMT5 plays a critical role
in development [56]. For this reason, although commercially available PRMT5 inhibitors
may possess a higher affinity to PRMT5, their corresponding toxicity and side effects
cannot be ignored [12]. Taken together, inhibitors A, B, and C have potential advantages in
controlling drug doses and toxicity, but their safety and pharmacokinetics still need to be
further investigated.
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4. Materials and Methods
4.1. Molecular Docking

Molecular docking was performed using Sybyl-X 2.0 software and MOE software. In
the analysis using Sybyl-X 2.0 software, the energy of the compounds was minimized under
the Tripos force field. The distance was used as the dielectric function, and the Gasteiger–
Hockel atomic charge was applied. The Powell energy gradient method was applied to
optimize the lowest energy conformation, and the maximum number of energy optimiza-
tions was set to 10,000. The energy convergence criterion was set to 0.001 kcal·mol−1,
which mimicked the stable conformation of molecules in natural systems. The structure
of the PRMT5:MEP50 complex was downloaded from the PDB database and imported
into Sybyl-X 2.0 for molecular docking. The semiflexible docking method was used for
molecular docking, and the optimized compound and processed protein were docked with
the Surflex-Dock module. The total score in Surflex-Dock can reflect the binding affinity
between the ligand and the receptor, considering factors such as polarity, hydrophobicity,
entropy, and solvation.

MOE software was used to predict the binding modes of the compounds when binding
to PRMT5. The crystal structure of human PRMT5 (PDB ID: 4X61) was retrieved from the
protein data bank for ARG and SAM binding site docking [28], and the crystal structure
with PDB ID 6UXX was retrieved for allosteric site docking [29]. Hydrogen atoms were
added, and the proteins were protonated using Protonate3D. Missing residue sidechains
and loops were built. The structures of the compounds were built in MOE 2014 and
optimized using the MMFF94x forcefield. The binding sites of SAM and ARG in the
structure of 4X61 and the allosteric site in the structure of 6UXX were defined as active sites
for molecular docking. The placement method was set to Triangle Matcher and rescored
with London dG. The docking conformations were refined with the forcefield and rescored
with GBVI/WSA dG. Finally, 30 conformations of each compound were retained, and the
conformation with the best S-score was used for structural analyses. In the two methods, a
larger absolute value of the docking score indicated a stronger binding ability.

4.2. SPR Analysis

A Biacore T200 instrument (GE Healthcare, Little Chalfont, UK) was used for the
SPR analyses. The recombinant PRMT5/MEP50 complex (31521, Active Motif, Carlsbad,
CA, USA) was immobilized on carboxymethylated dextran CM7 sensor chips (GE Health-
care) using an amine-coupling strategy. A solution of N-hydroxysuccinimide and 3-(N,N-
dimethylamino)-propyl-N-ethylcarbodiimide (1:1) was used to activate the sensor chip
surface. Then, the PRMT5/MEP50 complex was solubilized in acetate buffer and injected
in PBS running buffer (10 µL/min) to reach an immobilization level of 20,000 relative units
on the CM7 sensor chips. Then, an ethanolamine solution was used to block the surfaces.
The binding kinetics of chemicals A, B, and C to the PRMT5/MEP50 complex sensor chip
were evaluated in PBS buffer with concentrations ranging from 31.75 to 500 µM. All experi-
ments were performed at 25 ◦C (30 µL/min). The surfaces of the CM7 sensor chips were
then regenerated with two injections of a glycine-HCl solution. Binding sensograms were
acquired by subtracting the reference flow cell, and BIA Evaluation Software was used for
data analysis.

4.3. Cell Culture

The breast cancer cell lines MDA-MB-231, MCF-7, and HCC1937 used in this study
were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA).
MDA-MB-231 and HCC1937 cells were maintained in DMEM containing 10% fetal bovine
serum and 1% antibiotics, and MCF-7 cells were maintained in DMEM containing 0.2 IU/mL
insulin, 10% fetal bovine serum, and 1% antibiotics. Cells were cultured at 37 ◦C in a 5%
CO2 incubator. For the Cell Counting Kit-8 (CCK-8) cell proliferation and cytotoxicity
experiment, cells were seeded into 96-well plates at 1 × 104 cells/well. For western blotting,
cell cycle investigation, and apoptosis detection, cells were seeded into 6-well plates at
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1.5 × 105 cells/well. For an EdU incorporation experiment, 2 × 104 cells/well were seeded
in a 48-well plate. In the above experiments, the drug treatments were performed on the
second day after cell inoculation, and detection was performed 48 h later. Treatments with
cisplatin (Selleck, S1166, Houston, TX, USA), doxorubicin (Selleck, S1208), olaparib (Selleck,
S1060), and tadalafil (MCE, HY-90009A, Monmouth Junction, NJ, USA) were performed as
described in the main text.

4.4. Cell Proliferation Assays

CCK-8 (MCE) experiments were performed to assess cell proliferation according to
the manufacturer’s instructions. The CCK-8 solution was added to cells in 96-well plates,
and incubation was continued for another 1 h at 37 ◦C. The plates were read at 450 nm with
a microplate reader.

EdU assays were performed with a Cell-Light EdU DNA Cell Proliferation Kit (Ribo-
Bio, Guangzhou, China). Cells were incubated with a 50 µM EdU solution in the medium
for 2 h, fixed with 4% paraformaldehyde (PFA) for 30 min at room temperature and stained
with an Apollo staining solution. Images were acquired under a fluorescence microscope
(NI-U, Nikon, Tokyo, Japan).

4.5. Apoptosis Analysis

For apoptosis analysis, the cells were harvested and washed twice with cold PBS.
Afterward, 400 µL of Binding Buffer was added to the cells, followed by the addition of
5 µL of an annexin V staining solution and incubation in the dark at room temperature for
15 min. Thereafter, 10 µL of a PI staining solution was added, and incubation was continued
on ice for 5 min. The analysis was performed with a FACSCaliburTM flow cytometer.

4.6. Western Blotting

Cells were treated with chemicals of different concentrations for 48 h, and cell lysates
were obtained with RIPA buffer containing 1 mM PMSF. The protein concentration was mea-
sured with a BCA protein quantification kit (Thermo Fisher Scientific, Waltham, MA, USA).
Protein samples were separated by SDS/PAGE and then blotted onto polyvinylidene diflu-
oride membranes, which were incubated with 5% skim milk for 1 h. Immunoblotting was
performed with an anti-H4R3me2s antibody (1:1000, 61988, Active Motif), anti-H3R8me2s
antibody (1:1000, 13939, CST, Danvers, MA, USA), anti-cleaved PARP antibody (1:1000,
5625, CST), and anti-β-actin antibody (1:5000, 3700, CST), followed by incubation with
horseradish peroxidase-linked anti-rabbit IgG (1:2000, 7074, CST) or an anti-mouse IgG
secondary antibody (1:2000, 7076, CST). The membranes were imaged using a chemilumi-
nescence system (Clinx Science Instruments, Shanghai, China).

4.7. Mouse Xenograft Model

All animal experiments were approved by the Animal Experiment Administration
Committee of Fourth Military Medical University (Approval Code: 20203285-1, Approval
Date: 8 April 2020). MDA-MB-231 cells (5 × 106) were subcutaneously injected into the right
flanks of 6-week-old female Balb/c nude mice. Ten days post-inoculation (dpi), the tumor-
bearing mice were randomly sorted into different groups. Chemical A (2 mg/kg) were
administered by gastric gavage every day from 10 dpi. Olaparib (50 mg/kg) was injected
intraperitoneally (i.p.) every day from 10 dpi. Doxorubicin (2 mg/kg) was delivered
intravenously once per week from 10 dpi. Cisplatin (2.5 mg/kg) was injected i.p. every
three days beginning from 10 dpi. The compounds were formulated according to the
product instructions. Tumor size was monitored once every 3 days using a caliper and
calculated as π × [d2 × D]/6 (d, short diameter; D, long diameter). The tumors were
dissected at 31 dpi, fixed with 4% PFA at 4 ◦C overnight, and then embedded in paraffin
using a routine procedure. Paraffin-embedded tissue was stained with anti-Ki67 (1:200,
ab15580, Abcam, Cambridge, UK) and anti-γH2A.X (1:400, 9718, CST) antibodies.
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4.8. Statistical Analysis

Quantitative analysis was performed using Image-Pro Plus 6.0 (Media Cybernetics,
Rockville, MD, USA), Fiji v2.0.0 (National Institutes of Health, Bethesda, MD, USA), and
FlowJo V7.6.5 (BD Biosciences, Franklin Lakes, NJ, USA) software. Statistical analysis was
performed using GraphPad Prism 8.0 software. All quantitative data are presented as the
mean ± SEM. Statistical significance was calculated using one-way ANOVA with Tukey’s
multiple comparison test. A p < 0.05 was considered to indicate statistical significance.

5. Conclusions

In summary, we designed and synthesized three new PRMT5 inhibitors through the
chemical modification of tadalafil. These three inhibitors have favorable antitumor effects
when used alone or in combination with chemotherapeutics. Therefore, these new PRMT5
inhibitors have the potential to become novel molecular targeted drugs that clinically
enhance the patients’ tumor cell chemosensitivity, but further study is still needed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23094806/s1.

Author Contributions: Study design, J.Z. and S.C.; methodology, Z.Y. and T.X.; acquisition of data,
Z.Y. and T.X.; molecular docking, Z.L.; analysis, interpretation of data, and validation, Z.Y. and T.X.;
original draft preparation, Z.Y., T.X., J.Z. and S.C.; funding acquisition, J.Z. and S.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China (82073202,
81972710) and the Natural Science Basic Research Program of Shaanxi Province (2020JM-312).

Institutional Review Board Statement: All animal experiments were approved by the Animal
Experiment Administration Committee of Fourth Military Medical University (Approval Code:
20203285-1, Approval Date: 8 April 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available within the article and in
the Supplementary Figures S1–S3.

Acknowledgments: The authors are grateful to Renxiao Wang’s group at the School of Pharmacy,
Fudan University, for their technical aid in the molecular docking job described in this work.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 145–164. [CrossRef] [PubMed]
2. Chen, S.; Parmigiani, G. Meta-analysis of BRCA1 and BRCA2 penetrance. J. Clin. Oncol. 2007, 25, 1329–1333. [CrossRef]
3. Kuchenbaecker, K.B.; Hopper, J.L.; Barnes, D.R.; Phillips, K.-A.; Mooij, T.M.; Roos-Blom, M.-J.; Jervis, S.; Van Leeuwen, F.E.;

Milne, R.L.; Andrieu, N.; et al. Risks of Breast, Ovarian, and Contralateral Breast Cancer for BRCA1 and BRCA2 Mutation
Carriers. JAMA 2017, 317, 2402–2416. [CrossRef] [PubMed]

4. Loibl, S.; Poortmans, P.; Morrow, M.; Denkert, C.; Curigliano, G. Breast cancer. Lancet 2021, 397, 1750–1769. [CrossRef]
5. Palmieri, C.; Krell, J.; James, C.R.; Harper-Wynne, C.; Misra, V.; Cleator, S.; Miles, D. Rechallenging with anthracyclines and

taxanes in metastatic breast cancer. Nat. Rev. Clin. Oncol. 2010, 7, 561–574. [CrossRef] [PubMed]
6. Mirzaei, S.; Gholami, M.H.; Hashemi, F.; Zabolian, A.; Farahani, M.V.; Hushmandi, K.; Zarrabi, A.; Goldman, A.; Ashrafizadeh, M.;

Orive, G. Advances in understanding the role of P-gp in doxorubicin resistance: Molecular pathways, therapeutic strategies, and
prospects. Drug Discov. Today 2021, 27, 436–455. [CrossRef] [PubMed]

7. Wang, X.; Yan, J.; Shen, B.; Wei, G. Integrated Chromatin Accessibility and Transcriptome Landscapes of Doxorubicin-Resistant
Breast Cancer Cells. Front. Cell Dev. Biol. 2021, 9, 708066. [CrossRef] [PubMed]

8. Wu, Q.; Schapira, M.; Arrowsmith, C.H.; Barsyte-Lovejoy, D. Protein arginine methylation: From enigmatic functions to
therapeutic targeting. Nat. Rev. Drug Discov. 2021, 20, 509–530. [CrossRef]

9. Yuan, Y.; Nie, H. Protein arginine methyltransferase 5: A potential cancer therapeutic target. Cell. Oncol. 2021, 44, 33–44.
[CrossRef]

https://www.mdpi.com/article/10.3390/ijms23094806/s1
https://www.mdpi.com/article/10.3390/ijms23094806/s1
http://doi.org/10.3322/caac.21601
http://www.ncbi.nlm.nih.gov/pubmed/32133645
http://doi.org/10.1200/JCO.2006.09.1066
http://doi.org/10.1001/jama.2017.7112
http://www.ncbi.nlm.nih.gov/pubmed/28632866
http://doi.org/10.1016/S0140-6736(20)32381-3
http://doi.org/10.1038/nrclinonc.2010.122
http://www.ncbi.nlm.nih.gov/pubmed/20808300
http://doi.org/10.1016/j.drudis.2021.09.020
http://www.ncbi.nlm.nih.gov/pubmed/34624510
http://doi.org/10.3389/fcell.2021.708066
http://www.ncbi.nlm.nih.gov/pubmed/34395436
http://doi.org/10.1038/s41573-021-00159-8
http://doi.org/10.1007/s13402-020-00577-7


Int. J. Mol. Sci. 2022, 23, 4806 17 of 18

10. Burgos, E.; Wilczek, C.; Onikubo, T.; Bonanno, J.B.; Jansong, J.; Reimer, U.; Shechter, D. Histone H2A and H4 N-terminal Tails Are
Positioned by the MEP50 WD Repeat Protein for Efficient Methylation by the PRMT5 Arginine Methyltransferase. J. Biol. Chem.
2015, 290, 9674–9689. [CrossRef] [PubMed]

11. Antonysamy, S. The Structure and Function of the PRMT5:MEP50 Complex. Subcell. Biochem. 2017, 83, 185–194. [CrossRef]
[PubMed]

12. Chen, Y.; Shao, X.; Zhao, X.; Ji, Y.; Liu, X.; Li, P.; Zhang, M.; Wang, Q. Targeting protein arginine methyltransferase 5 in cancers:
Roles, inhibitors and mechanisms. Biomed. Pharmacother. 2021, 144, 112252. [CrossRef] [PubMed]

13. Mulvaney, K.M.; Blomquist, C.; Acharya, N.; Li, R.; Ranaghan, M.J.; O’Keefe, M.; Rodriguez, D.J.; Young, M.J.; Kesar, D.;
Pal, D.; et al. Molecular basis for substrate recruitment to the PRMT5 methylosome. Mol. Cell 2021, 81, 3481–3495.e7. [CrossRef]

14. Yang, Y.; Bedford, M.T. Protein arginine methyltransferases and cancer. Nat. Rev. Cancer 2013, 13, 37–50. [CrossRef] [PubMed]
15. Li, Y.; Chitnis, N.; Nakagawa, H.; Kita, Y.; Natsugoe, S.; Yang, Y.; Li, Z.; Wasik, M.; Klein-Szanto, A.J.P.; Rustgi, A.K.; et al.

PRMT5 Is Required for Lymphomagenesis Triggered by Multiple Oncogenic Drivers. Cancer Discov. 2015, 5, 288–303. [CrossRef]
[PubMed]

16. Fedoriw, A.; Rajapurkar, S.R.; O’Brien, S.; Gerhart, S.V.; Mitchell, L.H.; Adams, N.D.; Rioux, N.; Lingaraj, T.; Ribich, S.A.;
Pappalardi, M.B.; et al. Anti-tumor Activity of the Type I PRMT Inhibitor, GSK3368715, Synergizes with PRMT5 Inhibition
through MTAP Loss. Cancer Cell 2019, 36, 100–114.e25. [CrossRef] [PubMed]

17. Pastore, F.; Bhagwat, N.; Pastore, A.; Radzisheuskaya, A.; Karzai, A.; Krishnan, A.; Li, B.; Bowman, R.L.; Xiao, W.; Viny, A.D.; et al.
PRMT5 Inhibition Modulates E2F1 Methylation and Gene-Regulatory Networks Leading to Therapeutic Efficacy in JAK2V617F-
Mutant MPN. Cancer Discov. 2020, 10, 1742–1757. [CrossRef]

18. Wang, X.; Qiu, T.; Wu, Y.; Yang, C.; Li, Y.; Du, G.; He, Y.; Liu, W.; Liu, R.; Chen, C.-H.; et al. Arginine methyltransferase PRMT5
methylates and stabilizes KLF5 via decreasing its phosphorylation and ubiquitination to promote basal-like breast cancer. Cell
Death Differ. 2021, 28, 2931–2945. [CrossRef] [PubMed]

19. Bajbouj, K.; Ramakrishnan, R.; Saber-Ayad, M.; Omar, H.; Sharif-Askari, N.S.; Shafarin, J.; Elmoselhi, A.; Ihmaid, A.; Ali, S.A.;
Alalool, A.; et al. PRMT5 Selective Inhibitor Enhances Therapeutic Efficacy of Cisplatin in Lung Cancer Cells. Int. J. Mol. Sci.
2021, 22, 6131. [CrossRef]

20. Li, X.; Wang, X.; Zhao, J.; Wang, J.; Wu, J. PRMT5 promotes colorectal cancer growth by interaction with MCM7. J. Cell. Mol. Med.
2021, 25, 3537–3547. [CrossRef]

21. Vinet, M.; Suresh, S.; Maire, V.; Monchecourt, C.; Némati, F.; Lesage, L.; Pierre, F.; Ye, M.; Lescure, A.; Brisson, A.; et al. Protein
arginine methyltransferase 5: A novel therapeutic target for triple-negative breast cancers. Cancer Med. 2019, 8, 2414–2428.
[CrossRef] [PubMed]

22. Scoumanne, A.; Zhang, J.; Chen, X. PRMT5 is required for cell-cycle progression and p53 tumor suppressor function. Nucleic
Acids Res. 2009, 37, 4965–4976. [CrossRef] [PubMed]

23. Hamard, P.-J.; Santiago, G.E.; Liu, F.; Karl, D.L.; Martinez, C.; Man, N.; Mookhtiar, A.K.; Duffort, S.; Greenblatt, S.;
Verdun, R.E.; et al. PRMT5 Regulates DNA Repair by Controlling the Alternative Splicing of Histone-Modifying Enzymes. Cell
Rep. 2018, 24, 2643–2657. [CrossRef] [PubMed]

24. Yin, S.; Liu, L.; Brobbey, C.; Palanisamy, V.; Ball, L.E.; Olsen, S.K.; Ostrowski, M.C.; Gan, W. PRMT5-mediated arginine methylation
activates AKT kinase to govern tumorigenesis. Nat. Commun. 2021, 12, 3444. [CrossRef]

25. Shailesh, H.; Siveen, K.S.; Sif, S. Protein arginine methyltransferase 5 (PRMT5) activates WNT/β-catenin signalling in breast
cancer cells via epigenetic silencing of DKK1 and DKK3. J. Cell. Mol. Med. 2021, 25, 1583–1600. [CrossRef] [PubMed]

26. Wang, Z.; Kong, J.; Wu, Y.; Zhang, J.; Wang, T.; Li, N.; Fan, J.; Wang, H.; Zhang, J.; Ling, R. PRMT5 determines the sensitivity to
chemotherapeutics by governing stemness in breast cancer. Breast Cancer Res. Treat. 2017, 168, 531–542. [CrossRef] [PubMed]

27. Wu, Y.; Wang, Z.; Han, L.; Guo, Z.; Yan, B.; Guo, L.; Zhao, H.; Wei, M.; Hou, N.; Ye, J.; et al. PRMT5 regulates RNA m6A
demethylation for doxorubicin sensitivity in breast cancer. Mol. Ther. 2022; in Press. [CrossRef]

28. Chan-Penebre, E.; Kuplast, K.G.; Majer, C.R.; Boriack-Sjodin, P.A.; Wigle, T.J.; Johnston, L.D.; Rioux, N.; Munchhof, M.J.; Jin, L.;
Jacques, S.L.; et al. A selective inhibitor of PRMT5 with in vivo and in vitro potency in MCL models. Nat. Chem. Biol. 2015, 11,
432–437. [CrossRef] [PubMed]

29. Palte, R.L.; Schneider, S.E.; Altman, M.D.; Hayes, R.P.; Kawamura, S.; Lacey, B.M.; Mansueto, M.S.; Reutershan, M.;
Siliphaivanh, P.; Sondey, C.; et al. Allosteric Modulation of Protein Arginine Methyltransferase 5 (PRMT5). ACS Med. Chem. Lett.
2020, 11, 1688–1693. [CrossRef]

30. Jensen-Pergakes, K.; Tatlock, J.; Maegley, K.A.; McAlpine, I.J.; McTigue, M.A.; Xie, T.; Dillon, C.P.; Wang, Y.; Yamazaki, S.;
Spiegel, N.; et al. SAM-Competitive PRMT5 Inhibitor PF-06939999 Demonstrates Antitumor Activity in Splicing Dysregulated
NSCLC with Decreased Liability of Drug Resistance. Mol. Cancer Ther. 2021, 21, 3–15. [CrossRef]

31. Arif, S.A.; Poon, H. Tadalafil: A Long-Acting Phosphodiesterase-5 Inhibitor for the Treatment of Pulmonary Arterial Hypertension.
Clin. Ther. 2011, 33, 993–1004. [CrossRef]

32. Peak, T.; Richman, A.; Gur, S.; Yafi, F.A.; Hellstrom, W.J. The Role of PDE5 Inhibitors and the NO/cGMP Pathway in Cancer. Sex.
Med. Rev. 2016, 4, 74–84. [CrossRef] [PubMed]

33. Escribano Subías, P.; Aurtenetxe Pérez, A.; Pérez Olivares, C.; Gómez Climent, L.; Diago Cabezudo, J.I.; Perelló, M.F. Recent
advances in the management of pulmonary arterial hypertension: Lessons from the upfront combination of ambrisentan and
tadalafil. Expert Rev. Respir. Med. 2021, 15, 493–504. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.M115.636894
http://www.ncbi.nlm.nih.gov/pubmed/25713080
http://doi.org/10.1007/978-3-319-46503-6_7
http://www.ncbi.nlm.nih.gov/pubmed/28271477
http://doi.org/10.1016/j.biopha.2021.112252
http://www.ncbi.nlm.nih.gov/pubmed/34619493
http://doi.org/10.1016/j.molcel.2021.07.019
http://doi.org/10.1038/nrc3409
http://www.ncbi.nlm.nih.gov/pubmed/23235912
http://doi.org/10.1158/2159-8290.CD-14-0625
http://www.ncbi.nlm.nih.gov/pubmed/25582697
http://doi.org/10.1016/j.ccell.2019.05.014
http://www.ncbi.nlm.nih.gov/pubmed/31257072
http://doi.org/10.1158/2159-8290.CD-20-0026
http://doi.org/10.1038/s41418-021-00793-0
http://www.ncbi.nlm.nih.gov/pubmed/33972717
http://doi.org/10.3390/ijms22116131
http://doi.org/10.1111/jcmm.16436
http://doi.org/10.1002/cam4.2114
http://www.ncbi.nlm.nih.gov/pubmed/30957988
http://doi.org/10.1093/nar/gkp516
http://www.ncbi.nlm.nih.gov/pubmed/19528079
http://doi.org/10.1016/j.celrep.2018.08.002
http://www.ncbi.nlm.nih.gov/pubmed/30184499
http://doi.org/10.1038/s41467-021-23833-2
http://doi.org/10.1111/jcmm.16260
http://www.ncbi.nlm.nih.gov/pubmed/33462997
http://doi.org/10.1007/s10549-017-4597-6
http://www.ncbi.nlm.nih.gov/pubmed/29185119
http://doi.org/10.1016/j.ymthe.2022.03.003
http://doi.org/10.1038/nchembio.1810
http://www.ncbi.nlm.nih.gov/pubmed/25915199
http://doi.org/10.1021/acsmedchemlett.9b00525
http://doi.org/10.1158/1535-7163.MCT-21-0620
http://doi.org/10.1016/j.clinthera.2011.06.008
http://doi.org/10.1016/j.sxmr.2015.10.004
http://www.ncbi.nlm.nih.gov/pubmed/27872007
http://doi.org/10.1080/17476348.2021.1878027
http://www.ncbi.nlm.nih.gov/pubmed/33472458


Int. J. Mol. Sci. 2022, 23, 4806 18 of 18

34. Struck, A.-W.; Thompson, M.L.; Wong, L.S.; Micklefield, J. ChemInform Abstract: S-Adenosyl-Methionine-Dependent Methyl-
transferases: Highly Versatile Enzymes in Biocatalysis, Biosynthesis and Other Biotechnological Applications. Chembiochem 2013,
44, 2642–2655. [CrossRef]

35. Jin, Y.; Zhou, J.; Xu, F.; Jin, B.; Cui, L.; Wang, Y.; Du, X.; Li, J.; Li, P.; Ren, R.; et al. Targeting methyltransferase PRMT5 eliminates
leukemia stem cells in chronic myelogenous leukemia. J. Clin. Investig. 2016, 126, 3961–3980. [CrossRef] [PubMed]

36. Wang, Y.; Hu, W.; Yuan, Y. Protein Arginine Methyltransferase 5 (PRMT5) as an Anticancer Target and Its Inhibitor Discovery. J.
Med. Chem. 2018, 61, 9429–9441. [CrossRef]

37. Zhu, K.; Jiang, C.-S.; Hu, J.; Liu, X.; Yan, X.; Tao, H.; Luo, C.; Zhang, H. Interaction assessments of the first S-adenosylmethionine
competitive inhibitor and the essential interacting partner methylosome protein 50 with protein arginine methyltransferase 5 by
combined computational methods. Biochem. Biophys. Res. Commun. 2018, 495, 721–727. [CrossRef]

38. Pal, S.; Baiocchi, R.A.; Byrd, J.C.; Grever, M.R.; Jacob, S.T.; Sif, S. Low levels of miR-92b/96 induce PRMT5 translation and
H3R8/H4R3 methylation in mantle cell lymphoma. EMBO J. 2007, 26, 3558–3569. [CrossRef] [PubMed]

39. Chiang, K.; Zielinska, A.E.; Shaaban, A.; Sanchez-Bailon, M.P.; Jarrold, J.; Clarke, T.L.; Zhang, J.; Francis, A.; Jones, L.J.;
Smith, S.; et al. PRMT5 Is a Critical Regulator of Breast Cancer Stem Cell Function via Histone Methylation and FOXP1 Expression.
Cell Rep. 2017, 21, 3498–3513. [CrossRef]

40. Zhou, Y.; Yang, J.; Chen, C.; Li, Z.; Chen, Y.; Zhang, X.; Wang, L.; Zhou, J. Polyphyllin III-Induced Ferroptosis in MDA-MB-231
Triple-Negative Breast Cancer Cells can Be Protected Against by KLF4-Mediated Upregulation of xCT. Front. Pharmacol. 2021,
12, 670224. [CrossRef] [PubMed]

41. Rachakhom, W.; Khaw-On, P.; Pompimon, W.; Banjerdpongchai, R. Dihydrochalcone Derivative Induces Breast Cancer Cell
Apoptosis via Intrinsic, Extrinsic, and ER Stress Pathways but Abolishes EGFR/MAPK Pathway. BioMed Res. Int. 2019,
2019, 7298539. [CrossRef] [PubMed]

42. Tassone, P.; Tagliaferri, P.; Perricelli, A.; Blotta, S.; Quaresima, B.; Martelli, M.L.; Goel, A.; Barbieri, V.; Costanzo, F.S.;
Boland, C.R.; et al. BRCA1 expression modulates chemosensitivity of BRCA1-defective HCC1937 human breast cancer cells. Br. J.
Cancer 2003, 88, 1285–1291. [CrossRef] [PubMed]

43. Qi, L.; Luo, Q.; Zhang, Y.; Jia, F.; Zhao, Y.; Wang, F. Advances in Toxicological Research of the Anticancer Drug Cisplatin. Chem.
Res. Toxicol. 2019, 32, 1469–1486. [CrossRef] [PubMed]

44. Abadi, A.J.; Mirzaei, S.; Mahabady, M.K.; Hashemi, F.; Zabolian, A.; Hashemi, F.; Raee, P.; Aghamiri, S.; Ashrafizadeh, M.;
Aref, A.R.; et al. Curcumin and its derivatives in cancer therapy: Potentiating antitumor activity of cisplatin and reducing side
effects. Phytotherapy Res. 2021, 36, 189–213. [CrossRef]

45. Montoni, A.; Robu, M.; Pouliot, E.; Shah, G.M. Resistance to PARP-Inhibitors in Cancer Therapy. Front. Pharmacol. 2013, 4, 18.
[CrossRef] [PubMed]

46. Ricks, T.K.; Chiu, H.-J.; Ison, G.; Kim, G.; McKee, A.E.; Kluetz, P.; Pazdur, R. Successes and Challenges of PARP Inhibitors in
Cancer Therapy. Front. Oncol. 2015, 5, 222. [CrossRef] [PubMed]

47. Dias, M.P.; Moser, S.C.; Ganesan, S.; Jonkers, J. Understanding and overcoming resistance to PARP inhibitors in cancer therapy.
Nat. Rev. Clin. Oncol. 2021, 18, 773–791. [CrossRef] [PubMed]

48. Fan, C.; Wang, Y.; Huang, H.; Li, W.; Ma, J.; Yao, D.; Tang, Z.; Xue, T.; Ha, L.; Ren, Y.; et al. The Tetramethylpyrazine Derivative
Statmp-151: A Novel Small Molecule Stat3 Inhibitor with Promising Activity against Breast Cancer. Front. Pharmacol. 2021,
12, 651976. [CrossRef]

49. Griesbach, E.; Schlackow, M.; Marzluff, W.F.; Proudfoot, N.J. Dual RNA 3’-end processing of H2A.X messenger RNA maintains
DNA damage repair throughout the cell cycle. Nat. Commun. 2021, 12, 359. [CrossRef]

50. Marquette, C.; Nabell, L. Chemotherapy-Resistant Metastatic Breast Cancer. Curr. Treat. Options Oncol. 2012, 13, 263–275.
[CrossRef] [PubMed]

51. Jamialahmadi, K.; Zahedipour, F.; Karimi, G. The role of microRNAs on doxorubicin drug resistance in breast cancer. J. Pharm.
Pharmacol. 2021, 73, 997–1006. [CrossRef] [PubMed]

52. He, L.; Wick, N.; Germans, S.K.; Peng, Y. The Role of Breast Cancer Stem Cells in Chemoresistance and Metastasis in Triple-
Negative Breast Cancer. Cancers 2021, 13, 6209. [CrossRef] [PubMed]

53. Ferrari, P.; Scatena, C.; Ghilli, M.; Bargagna, I.; Lorenzini, G.; Nicolini, A. Molecular Mechanisms, Biomarkers and Emerging
Therapies for Chemotherapy Resistant TNBC. Int. J. Mol. Sci. 2022, 23, 1665. [CrossRef] [PubMed]

54. Curtin, N.J.; Szabo, C. Poly(ADP-ribose) polymerase inhibition: Past, present and future. Nat. Rev. Drug Discov. 2020, 19, 711–736.
[CrossRef] [PubMed]

55. Barchiesi, G.; Roberto, M.; Verrico, M.; Vici, P.; Tomao, S.; Tomao, F. Emerging Role of PARP Inhibitors in Metastatic Triple
Negative Breast Cancer. Current Scenario and Future Perspectives. Front. Oncol. 2021, 11, 769280. [CrossRef] [PubMed]

56. Tee, W.-W.; Pardo, M.; Theunissen, T.W.; Yu, L.; Choudhary, J.S.; Hajkova, P.; Surani, M.A. Prmt5 is essential for early mouse
development and acts in the cytoplasm to maintain ES cell pluripotency. Genes Dev. 2010, 24, 2772–2777. [CrossRef]

http://doi.org/10.1002/chin.201312268
http://doi.org/10.1172/JCI85239
http://www.ncbi.nlm.nih.gov/pubmed/27643437
http://doi.org/10.1021/acs.jmedchem.8b00598
http://doi.org/10.1016/j.bbrc.2017.11.089
http://doi.org/10.1038/sj.emboj.7601794
http://www.ncbi.nlm.nih.gov/pubmed/17627275
http://doi.org/10.1016/j.celrep.2017.11.096
http://doi.org/10.3389/fphar.2021.670224
http://www.ncbi.nlm.nih.gov/pubmed/34040532
http://doi.org/10.1155/2019/7298539
http://www.ncbi.nlm.nih.gov/pubmed/31772936
http://doi.org/10.1038/sj.bjc.6600859
http://www.ncbi.nlm.nih.gov/pubmed/12698198
http://doi.org/10.1021/acs.chemrestox.9b00204
http://www.ncbi.nlm.nih.gov/pubmed/31353895
http://doi.org/10.1002/ptr.7305
http://doi.org/10.3389/fphar.2013.00018
http://www.ncbi.nlm.nih.gov/pubmed/23450678
http://doi.org/10.3389/fonc.2015.00222
http://www.ncbi.nlm.nih.gov/pubmed/26528434
http://doi.org/10.1038/s41571-021-00532-x
http://www.ncbi.nlm.nih.gov/pubmed/34285417
http://doi.org/10.3389/fphar.2021.651976
http://doi.org/10.1038/s41467-020-20520-6
http://doi.org/10.1007/s11864-012-0184-6
http://www.ncbi.nlm.nih.gov/pubmed/22528367
http://doi.org/10.1093/jpp/rgaa031
http://www.ncbi.nlm.nih.gov/pubmed/33942851
http://doi.org/10.3390/cancers13246209
http://www.ncbi.nlm.nih.gov/pubmed/34944829
http://doi.org/10.3390/ijms23031665
http://www.ncbi.nlm.nih.gov/pubmed/35163586
http://doi.org/10.1038/s41573-020-0076-6
http://www.ncbi.nlm.nih.gov/pubmed/32884152
http://doi.org/10.3389/fonc.2021.769280
http://www.ncbi.nlm.nih.gov/pubmed/34900718
http://doi.org/10.1101/gad.606110

	Introduction 
	Results 
	Drug Design of Chemicals A, B, and C 
	Compounds A, B, and C Bind to the PRMT5 Protein through Different Binding Modes and Inhibit Histone Arginine Methylation 
	Compounds A, B, and C Inhibit Breast Cancer Cell Proliferation 
	Compounds A, B, and C Promote Breast Cancer Cell Apoptosis 
	Compounds A, B, and C Promote the Antitumor Effect of Chemotherapeutics In Vitro 
	Compounds A, B, and C Promote the Antitumor Effects of Chemotherapeutics in Xenograft Tumor Models 

	Discussion 
	Materials and Methods 
	Molecular Docking 
	SPR Analysis 
	Cell Culture 
	Cell Proliferation Assays 
	Apoptosis Analysis 
	Western Blotting 
	Mouse Xenograft Model 
	Statistical Analysis 

	Conclusions 
	References

