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Abstract: Phosphatase and tensin homolog (PTEN) is one of the most important tumor suppressor genes. Although
studies have shown the association between cancer and genetic polymorphisms of PTEN, the underlying molecular
mechanisms of breast cancer (BC) chemosensitivity that results from PTEN polymorphism is still unclear. This study
aims to investigate potential links between PTEN polymorphisms in cis-regulatory elements and BC chemosensitivity
in the Chinese population. A total of 172 BC patients who received neoadjuvant chemotherapy were included in the
study, including 104 chemosensitive cases and 68 chemoresistant cases. The results showed a significant associa-
tion between the rs786204926 polymorphism and BC chemosensitivity. Logistic multivariate regression analysis
showed that age, lymph node metastasis, and the rs786204926 genotype were risk factors for BC chemoresist-
ance. The G allele of rs786204926 is more prone to increasing the risk of chemosensitivity in BC. Additionally,
analysis using Alamut Visual showed a preference of the G allele of rs786204926 to produce a novel PTEN mutant
with an insertion of 18 bases from intron 4. While the transcriptional level of PTEN remained similar in chemosen-
sitivity and chemoresistant samples, its protein level changed significantly. Interestingly, there were significant dif-
ferences in both transcription and protein levels of the novel PTEN mutant between the two groups. Furthermore,
we found that the mutant was more susceptible to dephosphorylation compared with wildtype PTEN, leading to
chemosensitivity through the PI3K-AKT signaling pathway. These findings indicate that novel PTEN mutants caused
by polymorphisms in cis-regulatory elements may be involved in BC chemosensitivity.
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Introduction [4, 7]. Studies have reported that key mutations
in tumor suppressors gene may be a major fac-

Breast cancer (BC) occurs in breast epithelial tor involved in chemosensitivity and the treat-

tissues and is the most common malignant
tumor in women [1]. BC has become a serious
health problem threatening women all over the
world [2]. Chemotherapy is one of the main
treatments for BC, but chemoresistance re-
mains the main reason for treatment failures.
However, a subset of patients are sensitive to
chemotherapy [3-6]. Therefore, the identifica-
tion of genetic mechanisms involved in chemo-
sensitivity is crucial to predicting drug response

ment of cancer patients [8-10].

Many tumor suppressor genes have been found
to be involved in BC chemosensitivity [11-13].
Phosphatase and tensin homolog (PTEN) is a
major tumor suppressor genes [14]. It is a dual-
specificity phosphatase and the most impor-
tant negative regulator of the PI3BK-AKT signal-
ing pathway [15]. PTEN can reverse the action
of PI3K, thereby regulating many cellular pro-
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cesses, such as cell cycle, translation, apopto-
sis, self-renewal, and epithelial-to-mesenchy-
mal-transition [16-18]. Germline mutations in
the PTEN gene have been found in subsets of
seemingly disparate syndromes [19]. Studies
have identified germline PTEN mutations in
~85% of Cowden syndrome cases and eluci-
dated how clinical phenotypes result from
these underlying germline mutations [20-22]. A
growing body of research on transcriptomes
and cancer genomes has revealed that many
tumor-specific genetic mutations are located
in cis-regulatory elements. Single nucleotide
polymorphisms (SNPs) often emerge in cis-reg-
ulatory elements, which can lead to patho-
genic promoter-enhancer interactions, ulti-
mately resulting in abnormal gene expression
[23]. The PTEN gene is a highly polymorphic
with multiple SNPs [9, 24]. Although studies
have linked BC to genetic polymorphisms in the
cis-regulatory elements of PTEN, the underlying
molecular mechanism leading to BC chemo-
sensitivity is still elusive. In recent years, there
have been reports of polymorphism affecting
the process of alternative splicing (AS), which
leads to cancer development [25-27]. A small
number of studies have found that PTEN can
produce new isoforms, but how abnormal AS of
PTEN leads to chemosensitivity was yet not
reported [28, 29].

Despite numerous studies on the association
between genetic polymorphisms of PTEN and
drug resistance [30], the underlying molecular
mechanism of PTEN polymorphism leading to
BC chemosensitivity is still uncertain. As far as
we know, SNPs located in cis-regulatory ele-
ments can affect the AS process and cause
diseases, but the link between SNP and AS of
PTEN in the Chinese populations at risk of BC
chemosensitivity has not been reported. This
study was designed to evaluate the relationship
between PTEN polymorphisms in cis-regulatory
elements and BC chemosensitivity. Our work
should provide theoretical guidance for individ-
ualized BC chemotherapy treatment in the
Chinese population.

Materials and methods
Study population
In this study, peripheral blood and fresh breast

cancer tissue samples of BC patients who
had received neoadjuvant chemotherapy were
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used. Of the 234 patients originally screened,
172 were enrolled for blood sample collection,
including 104 chemosensitive and 68 chem-
oresistant samples. Inclusion criteria were: (1)
pathological confirmation of BC; (2) recipients
of anthracycline-based neoadjuvant chemo-
therapy; (3) at least 2 courses of chemothera-
py; (4) tumor size was recorded before and aft-
er chemotherapy; (5) the presence of complete
clinical data. Exclusion criteria were: (1) incom-
plete data; (2) recipients of postoperative
chemotherapy; (3) without anthracycline drugs;
(4) fewer than 2 courses of chemotherapy;
(5) chemotherapy efficacy not evaluated. For
fresh BC tissue samples, we initially collected
32 samples (18, chemosensitive; 14, chemore-
sistant). According to the genotyping results,
we randomly selected 9 tissue samples whose
genotypes and clinical date were consistent
with defined chemosensitivity and chemore-
sistance, including 3 chemosensitive samples
with the GG genotype, 3 chemosensitive sam-
ples with the AG genotype, and 3 chemore-
sistant samples with the AA genotype.
Chemotherapy efficacy was evaluated and
scored according to the Response Evaluation
Criteria in Solid Tumour (RECIST) criteria [31-
34], divided into a complete response, partial
response, stable disease, or progressive dis-
ease, and classified as chemoresistant or che-
mosensitive [35-37]. Patients were susceptible
to chemotherapy if all tumor masses or patho-
logical lymph nodes disappeared (complete
response), and the tumor was at least 30%
smaller than the longest diameter of the tumor
(partial response). Patients were chemoresist-
ance if the tumor increased by at least 20% of
the longest diameter (progressive disease),
and the tumor size reduction was insufficient
to produce any partial response but tumor size
did not increase or become a progressive dis-
ease (stable disease) [31, 32, 38, 39]. All sam-
ples were collected from the former Lanzhou
General Hospital of Lanzhou Military Region
between September 2013 and April 2020. The
ethics committee of Lanzhou University School
of Basic Medicine approved the study.

Extraction of genomic DNA and genotyping

All peripheral blood samples were collected in
sterile tubes with EDTA and were stored at
-80°C. The extracted peripheral blood DNA
was stored at -80°C until used. 4 SNPs
(rs786204926, rs701848, rs12402181, rs35-
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770269) were genotyped using the Sequenom
MassArray typing technology for samples with
a DNA concentration of more than 20 ng/ul
(Beijing Bomiao Biotechnology Co., Ltd., China).
Assay Design 3.1 software was used to design
the primers required for Sequenom MassArray
(Supplementary Table 1). After PCR amplifica-
tion, SAP-PCR, purification, and spotting of the
purified extension product, Spectro CHIP was
prepared. After spotting, a MALDI-TOF mass
spectrometer was employed to detect the
Spectro CHIP and TYPER 4.0 software was
used to analyze the results.

Sequencing verification of genotyping

Partial samples were randomly selected for
direct sequencing verification of genotyping.
The primers were designed and sent to the
company (General Biosystems (Anhui) Co., Ltd.,
China) for synthesis. The primers are shown in
Supplementary Table 2. PCR amplification con-
sisted of 31 cycles with an annealing tempera-
ture of 58°C. The synthesized products were
electrophoresed on 1% agarose gels. The PCR
amplified products were verified by sequencing
(General Biosystems (Anhui) Co., Ltd., China).

Semi-quantitative RT-PCR and sequencing veri-
fication of novel mutant type of PTEN

We performed RNA extraction on 9 fresh BC
tissue samples that were finally enrolled. While
3 samples were rejected due to poor RNA
quality, 6 samples were finally analyzed, includ-
ing 2 chemosensitive samples each of the GG
and AG genotypes and 2 chemoresistant sam-
ples (AA genotype). Total RNA was extracted
from BC tissues using TRIzol (Invitrogen,
Carlsbad, CA, USA), and cDNA was reverse tran-
scribed using the RT MasterMix (Cwbiotech,
Beijing, China). Based on software prediction,
polymorphisms located in cis-regulatory ele-
ments affects the production of two transcri-
pts (PTEN and PTEN mutant). Primers were
designed for the two transcripts (PTEN-F:
AATTGCAGAGTTGCACAATATCC; PTEN mutant-F:
GTTATCTTTTTACCACGGTTGC; PTEN-R: GTCTC-
TGGTCCTTACTTCCCC; B-actin-F: AGGATTCCTA-
TGTGGGCGAC; B-actin-R: ATAGCACAGCCTGGA-
TAGCAA) and PCR amplification was perform-
ed. For PCR, template was initially heated to
94°C for 3 min, followed by 32 cycles of 30 s at
94°C,30sat60°C,and 25 sat 72°C, and final-
ly 72°C for 5 min. The product was analyzed on
a 1% agarose gel and evaluated by Quantity
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One software. PCR amplified products were
verified by sequencing (General Biosystems
(Anhui) Co., Ltd.).

Western blot analysis

We extracted total protein from the 9 BC tis-
sues from above, and the final 9 samples were
used to analyze protein expression, including 3
each of chemosensitive samples of the GG
and AG genotypes and 3 chemoresistant sam-
ples (AA genotype). Total protein was extracted
using the radioimmunoprecipitation assay ly-
sis buffer (Beyotime Biotechnology, Shanghai,
China), and the protein concentration was
determined with a protein concentration deter-
mination kit (Solarbio, Beijing, China). The pro-
teins were separated by polyacrylamide gel
electrophoresis and transferred to polyvinyli-
dene fluoride membranes (Millipore, Billerica,
MA, USA). Membranes were incubated over-
night at 4°C with primary antibodies against
human phosphorylated PI3K (1:1000; 20584-
1-AP), ASF/SF2 (1:1000; 12929-2-AP), PTEN
(1:1000; 22034-1-AP), SFRS5 (1:1000; 16237-
1-AP), and GAPDH (1:2000; 60004-1-Ig). Then
the membranes were incubated with horse-
radish peroxidase-conjugated goat anti-rabbit
IgG (1:3000; SO001) and visualized using a
chemiluminescence kit (NCM Biotech Co., Ltd.,
Suzhou China). The results were analyzed by
the Image) software (National Institutes of
Health, Bethesda, Maryland, USA).

Silicon analysis

Gene Expression Profiling Interactive Analysis
(GEPIA, http://gepia.cancer-pku.cn/index.html)
was used to analyze transcript levels of PTEN
in 1,085 BC tissues and 291 normal tissues
with boxplots. The overall survival status of
patients with PTEN and PTEN mutation was
assessed with cBioPortal for Cancer Genomics
version 3.7.17 (https://www.cbioportal.org/),
and included in 24 studies querying 10,550
patients/11,253 samples. To study the cor-
relation between PTEN mutation genome and
epirubicin drug sensitivity, Genomics of Drug
Sensitivity in Cancer version 8.3 (GDSC,
https://www.cancerrxgene.org/) was used
[40]. In order to predict whether rs786204926
affects splicing, Alamut Visual v.2.15 and
Human Splicing Finder (HSF, https:/www.
genomnis.com/access-hsf) were used for in
silico analysis. We searched for PTEN (PDB ID:
5BUG) and INS (1, 3, 4, 5) P4 (PDB ID: 1BWN)
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[41] protein structures in the PDB (https://
www.rcsb.org/) database. Pymol-2.3.0 and
Swiss-Model were performed for single point
mutations on protein structures and introduced
in Zdock for docking.

Statistical analysis

Hardy-Weinberg equilibrium (HWE) was evalu-
ated in two groups of subjects to detect geno-
type distribution of the rs786204926, rs701-
848, rs12402181, and rs35770269 polymor-
phisms using online software (http://shesisp-
lus.bio-x.cn/SHEsis.html). Haplotype estima-
tion was performed with the SHEsis soft-
ware (http://shesisplus.bio-x.cn/SHEsis.html)
[42, 43]. All values with two-tailed P<0.05
were considered statistically significant. Clinical
data and genotyping results were analyzed
using the SPSS 22.0 software (IBM Corp.,
Armonk, NY, USA), independent sample t-test,
chi-square test, and Fisher’s exact test (sam-
ple size <5). P<0.05 was considered statisti-
cally significant. Logistic regression analysis
was applied to analyze correlation risk factors
associated with chemosensitivity in BC. Data
were presented as the mean + SD and ana-
lyzed with SPSS 22.0 and GraphPad Prism 5.0.
Differences between the two groups were ana-
lyzed with Student’s t-test.

Results

In silico analysis of the association of PTEN
mutations with drug sensitivity in BC

According to the GEPIA database, the expres-
sion of PTEN was compared by boxplot. The BC
tumor group included 1,085 samples, and the
normal group included 291 samples. The
results showed that PTEN was slightly ex-
pressed in the normal group (Figure 1A).
According to the cBioPortal for Cancer Geno-
mics database, we analyzed samples with
PTEN mutation data in BC [44, 45]. Appro-
ximately 9% patients had PTEN mutations
(Figure 1B), and PTEN mutations were associ-
ated with overall survival (Figure 1C). To study
the correlation between the PTEN mutation
genome and drug sensitivity in BC, we used the
Genomics of Drug Sensitivity in Cancer version
8.3 online software. The results showed that
having PTEN mutation in the genome would
increase the sensitivity of epirubicin drugs in
BC (Figure 1D).
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Distributions of the clinical characteristics in
BC patients

The study included 172 peripheral blood BC
samples with 104 (60.5%) being chemosensi-
tive and 68 (39.5%) chemoresistant. Figure 2A
shows the imagological examination data of
chemosensitivity and chemoresistance. Table
1 shows the clinical characteristics and stati-
stical information of these 172 patients. All par-
ticipants are female, with a median age of 48
years. Based on American Joint Committee on
Cancer (AJCC) Clinical Stage, most patients
were diagnosed with stage Il or stage Il BC.
There were statistical differences in PR and
molecular subtypes (P<0.05) but not in other
variables (P>0.05) between the sensitive and
resistant groups.

Statistical analysis of 4 SNP genotyping

MassArray genotyping was performed on the
rs786204926, rs701848, rs12402181, and
rs35770269 polymorphisms in 172 peripheral
blood BC samples. Our analysis showed that
the genotype results of rs786204926, rs701-
848, and rs12402181 conformed to HWE
(P>0.05) (Table 2), which indicates that the
genotype genetic equilibrium of rs786204926,
rs701848, rs35770269, and the data were
derived from the same Mendel population, with
the results of this test being representative.
We further statistically calculated genotypes
and compared the distribution of genotypes
under different genetic models. The results are
listed in Table 3. In the heterozygote model, the
AG genotype was significantly different from
the AA genotype (OR=0.227, 95% CI=0.049-
1.050, P=0.048). Under the dominant model,
the AG+GG genotype was significantly altered
(OR=0.195, 95% CI=0.043-0.886, P=0.029).
In the Additive model, the AA+GG genotype was
significantly different from the AG genotype
(OR=4.304, 95% CI=0.932-19.878, P=0.049).
In the allele analysis, there was a statistical
difference between alleles G and A (OR=0.179,
95% CI=0.041-0.792, P=0.012), therefore car-
rying the G allele or AG genotype might increase
the risk of chemosensitivity in BC. There was
no correlation between BC chemosensitivity
and rs701848, rs12402181, or rs357702609.
We randomly selected several samples to verify
the genotyping results by Sanger sequencing.
PCR products following agarose gel electropho-
resis are shown in Figure 2B. Wildtype homozy-
gous, heterozygous, and mutant homozygous
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Figure 1. Association of PTEN mutations with drug sensitivity in breast cancer. A. The GEPIA database analyses the
expression of the PTEN gene in breast cancer by boxplot. B. The cBioPortal for Cancer Genomics database analysis
of samples with mutation data in breast cancer, PTEN had mutations in 9% of the patients. C. The relationship be-
tween genomic PTEN mutation and overall survival in breast cancer patients. D. The association of genomic PTEN
mutations and chemotherapeutic drug sensitivity in breast cancer. Each circle represents an association between
a genomic marker and drug sensitivity analyzed using ANOVA. The blue circle represents the association between
epirubicin sensitivity and the genomic PTEN mutation.

sequences of the rs786204926 polymorphism
are shown in Figure 2C.

Logistic regression analysis

Logistic regression analysis was used to deter-
mine correlative risk factors associated with
chemosensitivity in BC. Chemotherapy respon-
se was set as the dependent variable, while
related factors (age, lymph node metastasis,
rs786204926 genotype, tumor size, AJCC clini-
cal stage, and molecular subtypes.) were set
as independent variables. Logistic regression
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analysis showed that the rs786204926 GG/AG
genotype (P=0.015), age (P=0.000), and lymph
node staging (P=0.027) were clearly related
to BC chemoresistance (Figure 2D), while no
association between other associated factors
and chemoresistance in BC were found.

Linkage disequilibrium (LD) and haplotype
analysis

The SHEsis software was employed to analyze

the LD of the two polymorphisms of PTEN. LD
was detected in rs701848 and rs786204926

Am J Cancer Res 2023;13(1):86-104
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Figure 2. The relationship between PTEN polymorphism and chemosensitivity. A. The imagological examination data
of breast cancer patients. According to the tumor size before and after chemotherapy, samples are divided into
chemosensitivity and chemoresistance groups. B. PCR electropherograms of four SNPs in partial DNA samples, fol-
lowed by rs786204926, rs701848, rs12402181, and rs35770269. C. Sequence verification of the rs786204926
polymorphism: GG-wild type homozygous, AG-heterozygous, AA-SNP homozygous. The red box is the position of the
rs786204926 polymorphism base mutation. D. Multiple logistic regression analysis was used to stepwise analyze
the relationship between chemosensitivity and its related factors. Chemotherapy response (chemosensitivity/che-
moresistance) served as a dependent variable. Age (<48/>48), lymph node stage (NO/1/2/3), rs786204926 (AA/
AG/GG), tumor size (T1/2/3), AJCC clinical stage (II/11IA/11IB/1IIIC+IV), molecular subtype (lumina A/lumina B/HER2
overexpression/triple negative) served as independent variables.

(r>=0.05, D'=1.000) (Figure 3A and 3B). There polymorphism. Therefore, this result should
was a discordance between D’ and r? due to the be further validated with larger sample size.
low genotype frequency of the rs786204926 Haplotype analysis was also performed in the
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Table 1. Characteristics of study subjects

Characteristics Total Chemosensitive Chemoresistant P
172 104 (0.605) 68 (0.395)

Age (years) 0.106
<48 89 (0.517) 59 (0.343) 30 (0.174)
>48 83(0.483) 45 (0.262) 38 (0.221)

Menopausal state 0.062
Menopause 59 (0.343) 30 (0.174) 29 (0.169)
Premenopausal 113 (0.657) 74 (0.430) 39 (0.227)

AJCC Clinical Stage 0.190
Il 77 (0.448) 40 (0.233) 37 (0.215)
1A 41 (0.238) 29 (0.169) 12 (0.069)
1B 50 (0.291) 32 (0.186) 18 (0.105)
HHC+IV 4 (0.023) 3(0.017) 1 (0.006)

Tumor size 0.564
T1 (size £2) 43 (0.250) 24 (0.140) 19 (0.110)
T2 (2< size <5) 84 (0.488) 50 (0.291) 34 (0.198)
T3 (size >5) 45 (0.262) 30 (0.174) 15 (0.087)

Lymph node staging 0.874
NO 57 (0.331) 33(0.192) 24 (0.140)
N1 59 (0.343) 35 (0.203) 24 (0.140)
N2 46 (0.267) 29 (0.169) 17 (0.099)
N3 10 (0.058) 7 (0.041) 3(0.017)

ER 0.263
Negative 90 (0.523) 58 (0.337) 32(0.186)
Positive 82 (0.477) 46 (0.267) 36 (0.209)

PR 0.001
Negative 57 (0.331) 45 (0.262) 12 (0.070)
Positive 115 (0.669) 59 (0.343) 56 (0.326)

C-erbB-22 0.503
Negative 24 (0.140) 16 (0.093) 8 (0.047)
Positive 148 (0.860) 88 (0.512) 60 (0.349)

Molecular Subtype 0.028
Luminal A 40 (0.233) 18 (0.105) 22 (0.128)
Luminal B 98 (0.570) 68 (0.395) 30 (0.174)
HER2 overexpression 14 (0.081) 6 (0.035) 8 (0.047)
Triple-negative 20 (0.116) 12 (0.070) 8 (0.047)

aC-erbB-2-positive: HER2 (+++) or Fish (+); ER, Estrogen Receptor; PR, Progesterone Receptor; C-erbB-2, human epidermal

growth factor receptor 2.

two groups, with haplotype frequencies of
<3% excluded from further analysis. We did
not find any relationships between the CA, TA
and TG haplotypes (rs701848, rs786204926)
with chemosensitivity (Figure 3C).

rs786204926 affects AS of a novel PTEN mu-
tant

SNP located in cis-regulatory elements may
affect AS and possible effects can be detected
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by Alamut Visual v.2.15 and HSF. A previous
study has reported that Alamut Visual had the
greatest accuracy in predicting splicing abnor-
malities (approximately 85%), and the accu-
racy of HSF prediction was about 58% [46].
HSF prediction results showed that rs78620-
4926 is a splice acceptor site located in cis-
regulatory elements. With the G allele, it will
likely inhibit the function of the wild-type accep-
tor site thus affect splicing (Supplementary
Table 3). Further analysis using Alamut Visual

Am J Cancer Res 2023;13(1):86-104
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Table 2. The test of Hardy-Weinberg Equilibrium of four SNPs

Genotype
SNP Group P
11 12 22
rs786204926 Chemosensitive 90 (86.54%) 12 (11.54%) 2 (1.92%) 0.161
Chemoresistant 66 (97.06%) 2 (2.94%) 0 (0.00%) 0.992
rs701848 Chemosensitive 47 (45.19%) 37 (35.58%) 20 (19.23%) 0.054
Chemoresistant 33 (48.53%) 20 (29.41%) 15 (22.06%) 0.010
rs12402181 Chemosensitive 59 (56.73%) 40 (38.46%) 5 (4.81%) 0.863
Chemoresistant 33 (48.53%) 30 (44.12%) 5 (7.35%) 0.876
rs35770269 Chemosensitive 34 (32.69%) 53 (50.96%) 17 (16.35%) 0.891
Chemoresistant 24 (35.29%) 34 (50.00%) 10 (14.71%) 0.936

Table 3. The association between polymorphisms and the risk of breast cancer chemoresistance

Allele/

SNP Model Chemosensitive Chemoresistant OR (95% ClI) P
Genotype
rs786204926 Heterozygote AA 90 (0.523) 66 (0.384)
AG 12 (0.070) 2(0.012) 0.227 (0.049-1.050) 0.048*
Homozygote AA 90 (0.523) 66 (0.384)
GG 2(0.012) 0 (0.000) / /
Dominant AA 90 (0.523) 66 (0.384)
AG+GG 14 (0.084) 2(0.012) 0.195 (0.043-0.886) 0.029*
Recessive GG 2 (0.012) 0 (0.000)
AG+AA 102 (0.593) 68 (0.395) / /
Additive AG 12 (0.070) 2(0.012)
AA+GG 92 (0.535) 66 (0.384) 4.304 (0.932-19.878) 0.049*
Allele A 192 (0.558) 134 (0.389)
G 16 (0.046) 2 (0.005) 0.179 (0.041-0.792)  0.012*
rs701848 Heterozygote T 47 (0.273) 33(0.192)
TC 37 (0.215) 20 (0.116) 0.770 (0.381-1.555) 0.465
Homozygote T 47 (0.273) 33(0.192)
cC 20 (0.116) 15 (0.087) 1.068 (0.478-2.387) 0.872
Dominant T 47 (0.273) 33(0.192)
TC+CC 57 (0.331) 35 (0.203) 0.875 (0.474-1.614) 0.668
Recessive cc 20 (0.116) 15 (0.087)
TC+TT 84 (0.488) 53 (0.308) 0.841 (0.396-1.786) 0.652
Additive TC 37 (0.215) 20 (0.116)
TT+CC 67 (0.390) 48 (0.279) 1.325 (0.686-2.560) 0.401
Allele T 131 (0.381) 86 (0.250)
C 77 (0.224) 50 (0.145) 0.989 (0.632-1.548) 0.962
rs12402181 Heterozygote GG 59 (0.343) 33(0.192)
GA 40 (0.233) 30 (0.174) 1.341 (0.709-2.535) 0.366
Homozygote GG 59 (0.343) 33(0.192)
AA 5 (0.029) 5 (0.029) 1.788 (0.482-6.631) 0.494*
Dominant GG 59 (0.343) 33(0.192)
GA+AA 45 (0.262) 35 (0.203) 1.391 (0.753-2.569) 0.292
Recessive AA 5 (0.029) 5 (0.029)
GA+GG 99 (0.576) 63 (0.366) 0.636 (0.177-2.287)  0.519*
Additive GA 40 (0.233) 30 (0.174)
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GG+AA 64 (0.372)

Allele G 158 (0.459)

A 50 (0.145)

rs35770269 Heterozygote AA 34 (0.198)
AT 53 (0.308)

Homozygote AA 34 (0.198)
T 17 (0.099)

Dominant AA 34 (0.198)
AT+TT 70 (0.407)

Recessive T 17 (0.099)
AT+AA 87 (0.5006)

Additive AT 53 (0.308)
AA+TT 51 (0.297)

Allele A 121 (0.352)

T 87 (0.253)

38(0.221)  0.792(0.426-1.473)  0.460
96 (0.279)
40 (0.116) 1.317 (0.809-2.143)  0.268
24 (0.140)
34(0.198)  0.909 (0.462-1.789)  0.782
24 (0.140)
10 (0.058)  0.833(0.326-2.133)  0.704
24 (0.140)
44(0.256)  0.890 (0.467-1.696)  0.724
10 (0.058)
58 (0.337) 1.133 (0.485-2.648)  0.772
34 (0.198)
34 (0.198) 1.039 (0.564-1.915)  0.902
82 (0.238)
54 (0.157)  0.916 (0.590-1.423)  0.696

OR, Odds Ratio; Cl, Confidence Interval. *: Pass Fisher’s exact test calculation.

rs701848
rs701848

v 15786204926

—
—_—

c

0.05

ing ability (SC35, SRP40, ASF/
SF2) may be weakened to var-
ying degrees with the muta-
tion (Figure 4A). Figure 4B is
a schematic diagram of PTEN
AS based on the above predic-
tions and clinical genotyping
results. With the A allele, PTEN
produced from normal splic-
ing is associated with chem-
oresistance; with the G allele,
the PTEN mutant is more li-

o 15786204926

Frequency

Haplotype
plotyp ChemoR ChemoS

CA 51(0.375) 77 (0.370)

TA 72(0.529) 115 (0.552)

TG 16 (0.095) 16 (0.076)

OR (95%Cl)

1.020 (0.652~1.595)
0.909 (0.589~1.403)
1.268 (0.589~2.728)

kely produced from abnormal
P splicing (intron retention) and
associated with chemosensi-
tivity. Pymol-2.3.0 and Swiss-
Model were used to generate
the model of mutant PTEN
protein structure. The regions

0.928
0.669

0.542

Figure 3. Linkage disequilibrium and haplotype analysis for two polymor-
phisms of the PTEN gene. A, B. SHEsis software analyses the LD relation-

that differ between the two
protein structures are shown
in boxes.

ship of two polymorphisms of PTEN, and uses D’ and r? to measure the LD

relationship between the two SNPs. C. Results of haplotype analysis of two
PTEN polymorphisms in chemosensitive and chemoresistant groups.

v.2.14 showed that the rs786204926A>G
mutation attenuated the function of the origi-
nal acceptor site while increasing the function
of a new acceptor site, which likely produced a
novel PTEN mutant with an insertion of 18
bases from intron 4 (GTTATCTTTTTACCACGG).
In addition, it showed changes between the
exon splicing enhancers (ESE), so the ESE bind-
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Higher levels of novel PTEN
mutant in chemosensitive
samples of BC

To determine the expression of the two tran-
scripts (PTEN vs. PTEN mutant) in chemosensi-
tivity and chemoresistance patients, we ana-
lyzed 6 fresh BC tissue samples. cDNAs were
then amplified with primers flanking the splic-
ed exons and at the intron junction. The PCR
products (PTEN: 243 bp, PTEN mutant: 251
bp) were verified by sequencing. There was no

Am J Cancer Res 2023;13(1):86-104
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Figure 4. rs786204926 located in cis-regulatory elements affects alternative splicing of a novel PTEN mutant.
A. Alamut Visual was used to analyze the effect of rs786204926 on alternative splicing of the PTEN gene.
rs786204926A>G destroys the original 3’ splice site and creates a new 3’ splice site. The triangle represents the
new splice site. The figure also shows the changes of splicing factor after rs786204926A>G mutation. B. Schematic
illustration of the PTEN rs786204926 polymorphism generating two isoforms (PTEN and PTEN mutant) by alterna-
tive splicing. Boxes showed how the two proteins differ in structure. Yellow is the retained intron fragments in the

PTEN mutant.

change in PTEN transcription levels in chemo-
sensitive vs. chemoresistant samples, but a
significant difference in the PTEN mutant could
be detected (P<0.05). While rs786204926
preferentially produced two transcripts, the A
allele was more likely to produce PTEN (Figure
5A and 5B). We sequenced the PTEN mutant
and confirmed that it indeed contained an
18-bases retention from intron 4 (GTTATCT-
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TTTTACCACGG) (Figure 5C), while the rest of
sequences were identical to PTEN.

We collected 9 fresh BC tissue samples to ana-
lyze the expression of PTEN and PTEN mutant
proteins. The molecular weight of PTEN is 55
KDa. The PTEN mutant has an additional 6
amino acids (GYLFTT). Therefore, we think the
lower band is PTEN and the upper band is pos-
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(o) (o) in the PTEN protein structure
9 o °f,>° with the mutation (Figure 7A).
() iy The results showed spatial

AG AA

structure changes of the pro-
tein with the mutation. In the
PTEN structure, amino acids
D324, Y177, Y176, Q149,

B-actin PTEN PTEN mutant K183, and R189 of INS form

(272bp) (243bp) (251bp) hydrogen bonds with residues

B g R46, E45, R48, E7, and Q91
cé 2.5 " B G- Chemos of PTEN respectively; amino
- T g AG-ChemoS acids 192, F44, 195, Y42, K41,

g B AA-ChemoR D43, M89, |94, |9, L29, and

‘» 1.5 R49 have hydrophobic inter-

§ 1.0 actions with amino acids

u%" ' L318, F278, 1280, P281,

o 05 F279, P283, Y180, D187,

-% 0.0/ E284, L186, L181, Y188,

E PTEN PTEN mutant N184, K147 of PTEN respec-
tively, and constitute a hydro-

G phobic surface. The above
\ residues might constitute the

M m&r\m active interaction interface. In

ATTGTGCAACTCTGC CAACTGTGGTAAAAAGATAACCT the PTEN mutant structure,
TAACACGTTGAGACG GTTGGCACCATTTTTCTATTGGA amino acids N24, K26, K53,
PTEN PTEN mutant R28, R48, E45, and Q91 of

Figure 5. The relative transcript levels of PTEN and the PTEN mutant in
breast cancer samples. A. After the sample was amplified by RT-PCR, it was
subjected to 1% agarose gel electrophoresis, and the electrophoresis bands

INS form hydrogen bonds
with mutant K295, V296,
E294,E291,Y182,Y183, and

of PTEN and PTEN mutant. According to the different genotypes (GG, GA, AA) D193 respectively; amino

of the 6 samples, they were divided into chemosensitive and chemoresistant
groups. B. Statistical analysis chart of the gray value of PTEN and the PTEN
mutant. C. Sequencing verification for PCR production. Yellow is the retained

intron fragments in the PTEN mutant.

sibly PTEN mutant. Proteins results showed
that PTEN and PTEN mutant differ significantly
in protein level in chemosensitive (GG geno-
type) and chemoresistant (AA genotype) sam-
ples (P<0.05). The difference was not signifi-
cant for the chemosensitive AG genotype
group. In addition, the genotype of rs78620-
4926 tends to produce the two proteins, while
the A allele will preferentially produce the 55
KDa PTEN protein. Splicing factors SRP40 and
ASF/SF2 were statistically significant in the
three groups (P<0.05) (Figure 6A and 6B).

The response of PTEN and PTEN mutant to
PI3K drug-resistance pathway

We then used Pymol-2.3.0 and Swiss-Model for

the homology model based on the predicted
amino acid sequence, and predicted changes
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acids L11, E76, F98, E96,
P75 of INS, K27, F44, Y42,
D43, G47, 19, R49, S21, 192,
P22, L29, L23 and mutant
C310, 1312, F285, 1286,
G288, L324, Q313, Y186, P289, P287, E290,
N190, F284, S293, K153, T292, L192, R195,
D307, G299, Q297, Y182 have a hydrophobic
effect and constitute a hydrophobic surface.
The above residues may constitute an active
interaction interface. The results of protein
docking showed that hydrogen bonding and
hydrophobic interactions increased in the PTEN
mutant, mediating the interaction between
PTEN and 3,4,5-phosphatidylinositol triphos-
phate (PIP3), making the dephosphorylation of
PIP3 to PIP2 easier. Compared with PTEN, the
PTEN mutant is more prone to dephosphoryla-
tion, leading to chemosensitivity (Figure 7B).
We further confirmed the relationship of
PTEN and the PTEN mutant with PI3K-AKT
pathway signaling in chemosensitivity. The
results showed that increased expression of
the PTEN mutant produced by the G allele could

Am J Cancer Res 2023;13(1):86-104



PTEN mutant caused by polymorphism involved in BC chemosensitivity

A ChemoS$S ChemoS ChemoR a short-lived structure of
GG AG AA PTEN by different splicing
r ! 1T : 1 ! 1 methods of PTEN introns 3
4 and 5, which also limited its

SRP40 3 — e  — ’
- AukGa phosphatase activity. The
ASF/SF2 - - - o e g® — 34kDa short-lived structure PTEN

PTEN s oub @9 =9 o ™ we ©

GAPDH -— J—

B

™~
2]
]

Fkk

g
=)
1

-
[5)]
L

e @@ — 37kDa

Il GG-ChemoS
I AG-ChemoS
I AA-ChemoR

J B — 55kDa

plays an important role in the
occurrence and development
of sporadic BC [49]. In addi-
tion, many studies have re-
ported that the PTEN plays
an important role in multi-
drug resistance in cancers. It
can specifically dephospho-
rylate PIP3 in the cell mem-
brane, thus antagonizing the
PI3K-AKT pathway and lead-

1.0

Relative Expression of Protein

PTEN PTEN mutant ASF/SF2

Figure 6. The relative protein level of PTEN and the PTEN mutant in breast
cancer samples. A. Protein expression of PTEN, ASF/SF2, SRP40; PTEN is
the lower band (55 KDa), the PTEN mutant is the upper band. According to
the different genotypes (GG, GA, AA) of the 9 samples, they were divided into
chemosensitive and chemoresistant groups. B. A gray value analysis of pro-

ing to the development of
drug resistance [50]. It has
been widely believed that
high expression of PTEN is
associated with chemosensi-
tivity, although the underly-
ing molecular mechanisms of
BC chemosensitivity resulting
from PTEN mutants is still
unclear.

SRP40

tein expression of PTEN and the PTEN mutant, ASF/SF2, SRP40.

inhibit P-PI3K, promoting the dephosphoryla-
tion of PIP3 to PIP2, resulting in chemosensitiv-
ity (Figure 7C and 7D).

Discussion

PTEN is the first reported tumor suppressor
gene with phosphatase activity and plays a
vital role in cell apoptosis, cell cycle arrest, and
migration [47]. It is closely linked to the occur-
rence and development of a variety of human
malignant tumors [14, 48]. Mutations or dele-
tions of PTEN in a variety of malignant tumors
result in weakened or lost tumor suppressor
function [16]. PTEN has a high rate of deletions
and mutations in BC, and its loss of function is
closely linked to the malignant transformation
of BC. Liang H et al. have found that the PTEN
can produce the new isoforms PTENP, which
specifically localizes in nucleolus, binds to
nucleolar and regulates its phosphorylation
level, thereby regulating rDNA transcription and
ribosome production, and inhibiting cell prolif-
eration [28]. Agrawal S et al. found new PTEN
isoforms in sporadic BC tissues. They produced
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High frequencies of PTEN

mutation have been found in
cancers, especially mutations in cis-regulatory
elements that also affect PTEN function [22].
SNP is the most common type of mutations.
Studies have shown that PTEN SNPs may be
a candidate pharmacogenomic factors for
assessing the susceptibility of BC and the
response and prognosis of chemotherapy [51,
52]. Although studies have shown the associa-
tion between genetic polymorphisms of PTEN
and BC, the underlying molecular mechanism
of PTEN polymorphism leading to BC chemo-
sensitivity is still unclear. Therefore, we investi-
gated SNPs in the binding sites of trans-regula-
tory factors (rs701848, rs12402181, rs3577-
0269) and cis-regulatory elements (rs786204-
926) of PTEN in BC chemoresistance. Our labo-
ratory is committed to studying the role of AS in
cancer and has published many high-quality
articles on the subject and its clinical applica-
tion [25, 53-55]. Since mutations at the canoni-
cal splicing site (GU-AG) in cis-regulatory ele-
ments can affect the AS of the gene, we select-
ed the SNP (rs786204926) that has a greater
impact on the AS through previous analysis,
and investigated the potential association
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Figure 7. The response of PTEN and the PTEN mutant to PI3K drug-resistance pathway. A. Model of INS (1, 3, 4, 5)
P4 binding to PTEN and the PTEN mutant, INS (1, 3, 4, 5) P4 and PIP3 have the same domain. B. Model diagram of
PTEN and the PTEN mutant and PI3K resistance pathways. C. Protein expression of P-PI3K. According to the differ-
ent genotypes (GG, AG, AA) of the 9 samples, they were divided into chemosensitive and chemoresistant groups. D.

The gray value of protein expression of P-PI3K.

between PTEN mutations locating in cis-re-
gulatory elements and BC chemosensitivity
in the Chinese population. Interestingly, our
research showed that rs786204926 of PTEN
was closely linked to BC chemosensitivity, and
carrying the G allele can increase chemosensi-
tivity risks in BC patients. Previous studies have
confirmed that rs701848, rs12402181, and
rs35770269 are related to the susceptibility of
cancers and response and prognosis predic-
tion for chemotherapy [51, 56-58]. Song et al.
suggested that the rs701848 polymorphism
was associated with increased cancer risks in
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the Asian population, especially Chinese, but
not in non-Asian populations (e.g., American,
Mexico American, and Polish) [59]. In addition,
the rs701848 polymorphism has been shown
to be a candidate pharmacogenomic factor
for assessing the susceptibility of BC and
response of individualized CE(A)F chemothera-
py in BC patients [51]. Mao et al. demonstrated
that rs35770269 was significantly associated
with the occurrence of side effects of capecit-
abine-based chemotherapy in advanced colon
cancer patients [56]. However, we have found
no association of rs701848, rs12402181, or
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rs35770269 with BC chemotherapy response.
It may be the association between genetic poly-
morphisms and BC varies greatly among differ-
ent populations, signaling that different genetic
backgrounds may have different mutation fre-
quencies [60]. In addition, studies have shown
that genetic SNPs may influence drug response,
and there are significant differences between
different populations [61]. This signifies that
SNPs have different therapeutic effects on
people with different genetic backgrounds.
With its vast size in territory and population,
China exhibits vast differences in eating habits,
cultural customs, living environments, and
genetic backgrounds in different regions. Our
samples were mainly collected from patients
from Northwest China. All samples came from
patients in the hospital, so we analyzed patients
who did not meet the HW equilibrium state.
This study is the first to detect and analyze
the PTEN polymorphism of rs786204926 in
Northwest China. It provides a framework for
establishing a database of PTEN gene polymor-
phisms in Northwest China and should facili-
tate pharmacogenomics research in personal-
ized medicine.

Compared with previous studies related to che-
mosensitivity, our research not only finds a
novel SNP related to chemosensitivity, but also
used Alamut Visual to analyze the correlation
between rs786204926 polymorphism and AS.
Up to 50% of mutations that lead to genetic dis-
eases result in abnormal splicing [62]. It has
been found that PTEN mutants found at the
junction of the splicing sites might cause abnor-
mal splicing [63]. Cis-regulatory elements can
“signal” the snRNAs and auxiliary splicing fac-
tors to recognize the “staging area” to initiate
the assembly of the spliceosome, eventually
leading to intron excision and exons joining to
yield a mature mRNA [64]. This is one of the
important mechanisms of AS involved in the
occurrence and development of various dis-
eases. Studies have found that the PTEN gene
can produce novel isoforms by AS, such as
retained intron 3 (3a, 3b, 3c) and intron 5
(5a, bb, 5c¢) regions; excluding part of exon 5
(DelE5) or all of exon 6 (DelE6); PTENa and
PTENP. But the involvements of abnormal AS of
the PTEN gene in BC chemosensitivity was not
reported [28, 49]. In this study, we identified a
novel PTEN mutant that might be caused by
rs786204926 polymorphism in cis-regulatory
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elements. When an A>G mutation occurs at the
cis-regulatory elements, it will likely reduce the
function of the wild-type receptor site and
affect splicing. With the mutation, 18 bases
from pre-mRNA intron 4 will be retained in the
mature mRNA, and the ESE binding ability will
also change, which might eventually cause the
mutant protein to have 6 additional amino
acids. PTEN is a tumor suppressor gene with
phosphatase activity [47]. On the cell mem-
brane, PTEN mediates the conversion of PIP3
to PIP2 and inhibits the PI3K-Akt pathway to
arrest the cell cycle in the G1 phase, leading to
the development of drug resistance [67-69]. In
the PTEN protein, the phosphatase domain is
composed of its N-terminal amino acids 15-
185 [65, 66]. The 6 extra amino acids pro-
duced by the mutant are also located in this
domain, which will induce structural changes in
the protein and likely functional changes as
well. With the mutation, we found varying
degrees of protein structural changes. In the
rs786204926 polymorphism, AS might cause
a change in mRNA and protein, resulting in a
novel PTEN mutant, which will eventually lead
to the reduction or loss of the function of PTEN
phosphatase. Loss of PTEN function will mean
the loss of its negative regulatory effect on
PI3K-Akt, Akt will be constitutively activated,
which will dysregulate the cell cycle, leading to
unchecked cell growth and proliferation and
increasing the risk of BC chemosensitivity.
Previously, it was thought that PTEN was relat-
ed to chemosensitivity, but the expression of
PTEN mutants was not examined. In our
research, we discovered a novel PTEN mutant
in BC. In past studies of PTEN, the sum of PTEN
and PTEN mutant expression was generally
taken as PTEN expression. In our more detailed
study, our results suggested that close atten-
tion should be paid to the respective expres-
sion levels of both PTEN and PTEN mutants.
We analyzed the collected clinical samples
and found a correlation between rs7862049-
26 polymorphism and chemosensitivity in BC,
and that the G allele was associated with che-
mosensitivity in BC. We also performed tran-
script and protein level verification. We showed
that the G allele was more prone to producing
the PTEN mutant in chemosensitive patients.
There was no alteration in PTEN transcript lev-
els in either chemosensitive or chemoresistant
samples, but the protein level was significantly
different. Interestingly, there were significant
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Figure 8. Schematic representation of the mechanism of chemosensitivity in breast cancer.

differences in both transcription and protein
levels of the novel PTEN mutant between the
two groups. Concurrent computational analysis
also revealed that the PTEN mutant has a
stronger binding ability with PIP3 and more like-
ly to exert its dephosphorylation effect, thus
inhibiting the PIBK-AKT pathway and leading to
chemosensitivity. These findings indicate that
the novel PTEN mutant caused by polymor-
phism in cis-regulatory elements is involved in
chemosensitivity in BC. Our study should pro-
vide theoretical guidance for the individualized
treatment of clinical BC patients (Figure 8).

In conclusion, we hypothesize that a novel
PTEN mutant caused by polymorphism in cis-
regulatory elements may be involved in chemo-
sensitivity in BC. Our work not only provides
theoretical guidance for the individualized
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treatment of clinical BC patients in the Chinese

population, but also signifies new avenues of
research into the mechanisms of BC chemo-

sensitivity.
Acknowledgements

This work was supported by the National Key
R&D project of the Chinese Ministry of Scien-
ce and Technology (2018YFE0205100), The
Gansu Province Science and Technology In-
novation Service Platform Construction Project
(18JR2TA024), the Key Program of the Na-

tional Natural Science Foundation of China
Science

(U1632270), the National Natural
Foundation of China (11675234).

Disclosure of conflict of interest

None.

Am J Cancer Res 2023;13(1):86-104



PTEN mutant caused by polymorphism involved in BC chemosensitivity

Address correspondence to: Cuixia Di, Department
of Heavy lon Radiation Medicine Institute of Mo-

dern Physics,

Chinese Academy of Sciences,

Lanzhou 730000, Gansu, China. Tel: +86-931-463-
0703; Fax: +86-931-496-9170; E-mail: dicx@imp-
cas.ac.cn; Xiaodong Xie, School of Basic Medical
Sciences, Lanzhou University, Lanzhou 730000,
Gansu, China. Tel: +86-131-50022776; Fax: +86-
931-496-9170; E-mail: xdxie@lzu.edu.cn

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

101

Siegel RL, Miller KD and Jemal A. Cancer sta-
tistics, 2018. CA Cancer J Clin 2018; 68: 7-30.
Carioli G, Malvezzi M, Rodriguez T, Bertuccio P,
Negri E and La Vecchia C. Trends and predic-
tions to 2020 in breast cancer mortality: Amer-
icas and Australasia. Breast 2018; 37: 163-
169.

Pan X, Hong X, Lai J, Cheng L, Cheng, Yao M,
Wang R and Hu N. Exosomal MicroRNA-221-3p
confers adriamycin resistance in breast cancer
cells by targeting PIK3R1. Front Oncol 2020;
10: 441.

Li M, Wu XM, Gao J, Yang F, Zhang CL, Ke K,
Wang YC, Zheng YS, Yao JF, Guan YY, Chen X,
Chen J, Liu XL and Yang XY. Mutations in the
P10 region of procaspase-8 lead to chemo-
therapy resistance in acute myeloid leukemia
by impairing procaspase-8 dimerization. Cell
Death Dis 2018; 9: 516.

Holohan C, Van Schaeybroeck S, Longley DB
and Johnston PG. Cancer drug resistance: an
evolving paradigm. Nat Rev Cancer 2013; 13:
714-726.

Crystal AS, Shaw AT, Sequist LV, Friboulet L,
Niederst MJ, Lockerman EL, Frias RL, Gainor
JF, Amzallag A, Greninger P, Lee D, Kalsy A,
Gomez-Caraballo M, Elamine L, Howe E, Hur
W, Lifshits E, Robinson HE, Katayama R, Faber
AC, Awad MM, Ramaswamy S, Mino-Kenudson
M, lafrate AJ, Benes CH and Engelman JA. Pa-
tient-derived models of acquired resistance
can identify effective drug combinations for
cancer. Science 2014; 346: 1480-1486.
Rosell R and Felip E. Predicting response to
paclitaxel/carboplatin-based therapy in non-
small cell lung cancer. Semin Oncol 2001; 28:
37-44.

Steelman LS, Navolanic PM, Sokolosky ML,
Taylor JR, Lehmann BD, Chappell WH, Abrams
SL, Wong EW, Stadelman KM, Terrian DM, Les-
lie NR, Martelli AM, Stivala F, Libra M, Franklin
RA and McCubrey JA. Suppression of PTEN
function increases breast cancer chemothera-
peutic drug resistance while conferring sensi-
tivity to mTOR inhibitors. Oncogene 2008; 27:
4086-4095.

)

(10]

(11]

[12]

(13]

[20]

Marsh DJ, Kum JB, Lunetta KL, Bennett MJ,
Gorlin RJ, Ahmed SF, Bodurtha J, Crowe C, Cur-
tis MA, Dasouki M, Dunn T, Feit H, Geraghty
MT, Graham JM Jr, Hodgson SV, Hunter A, Korf
BR, Manchester D, Miesfeldt S, Murday VA, Na-
thanson KL, Parisi M, Pober B, Romano C and
Eng C, et al. PTEN mutation spectrum and
genotype-phenotype correlations in Bannayan-
Riley-Ruvalcaba syndrome suggest a single
entity with Cowden syndrome. Hum Mol Genet
1999; 8: 1461-1472.

Cheng F and Eng C. PTEN mutations trigger re-
sistance to immunotherapy. Trends Mol Med
2019; 25: 461-463.

Fletcher JI, Williams RT, Henderson MJ, Norris
MD and Haber M. ABC transporters as media-
tors of drug resistance and contributors to can-
cer cell biology. Drug Resist Updat 2016; 26:
1-9.

Pajic M, lyer JK, Kersbergen A, van der Burg E,
Nygren AO, Jonkers J, Borst P and Rottenberg
S. Moderate increase in Mdrla/1b expression
causes in vivo resistance to doxorubicin in a
mouse model for hereditary breast cancer.
Cancer Res 2009; 69: 6396-6404.

Wein L and Loi S. Mechanisms of resistance of
chemotherapy in early-stage triple negative
breast cancer (TNBC). Breast 2017; 34 Suppl
1: S27-S30.

Cantley LC and Neel BG. New insights into tu-
mor suppression: PTEN suppresses tumor for-
mation by restraining the phosphoinositide
3-kinase/AKT pathway. Proc Natl Acad Sci U S
A 1999; 96: 4240-4245.

Wang Q, Wang J, Xiang H, Ding P, Wu T and Ji G.
The biochemical and clinical implications of
phosphatase and tensin homolog deleted on
chromosome ten in different cancers. Am J
Cancer Res 2021; 11: 5833-5855.

Simpson L and Parsons R. PTEN: life as a tu-
mor suppressor. Exp Cell Res 2001; 264: 29-
41.

Luongo F, Colonna F, Calapa F, Vitale S, Fiori
ME and De Maria R. PTEN tumor-suppressor:
the dam of stemness in cancer. Cancers (Ba-
sel) 2019; 11: 1076.

Maidarti M, Anderson RA and Telfer EE. Cross-
talk between PTEN/PI3K/Akt signalling and
DNA damage in the oocyte: implications for pri-
mordial follicle activation, oocyte quality and
ageing. Cells 2020; 9: 200.

Yehia L and Eng C. 65 years of the double he-
lix: one gene, many endocrine and metabolic
syndromes: PTEN-opathies and precision med-
icine. Endocr Relat Cancer 2018; 25: T121-
T140.

Yehia L, Keel E and Eng C. The clinical spec-
trum of PTEN mutations. Annu Rev Med 2020;
71: 103-116.

Am J Cancer Res 2023;13(1):86-104


mailto:dicx@impcas.ac.cn
mailto:dicx@impcas.ac.cn
mailto:xdxie@lzu.edu.cn

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31]

102

PTEN mutant caused by polymorphism involved in BC chemosensitivity

Dragoo DD, Taher A, Wong VK, Elsaiey A, Con-
sul N, Mahmoud HS, Mujtaba B, Stanietzky N
and Elsayes KM. PTEN hamartoma tumor syn-
drome/cowden syndrome: genomics, onco-
genesis, and imaging review for associated le-
sions and malignancy. Cancers (Basel) 2021;
13: 3120.

Nero C, Ciccarone F, Pietragalla A and Scambia
G. PTEN and gynecological cancers. Cancers
(Basel) 2019; 11: 1458.

Nunez-Olvera SlI, Puente-Rivera J, Ramos-
Payan R, Pérez-Plasencia C, Salinas-Vera YM,
Aguilar-Arnal L and Lépez-Camarillo C. Three-
dimensional genome organization in breast
and gynecological cancers: how chromatin
folding influences tumorigenic transcriptional
programs. Cells 2021; 11: 75.

Zhou H, Chen L, Lei Y, Li T, Li H and Cheng X.
Integrated analysis of tumor mutation burden
and immune infiltrates in endometrial cancer.
Curr Probl Cancer 2021; 45: 100660.

Di C, Syafrizayanti, Zhang Q, Chen Y, Wang Y,
Zhang X, Liu Y, Sun C, Zhang H and Hoheisel
JD. Function, clinical application, and strate-
gies of Pre-mRNA splicing in cancer. Cell Death
Differ 2019; 26: 1181-1194.

Xiao F, Zhang P, Wang Y, Tian Y, James M,
Huang CC, Wang L and Wang L. Single-nucleo-
tide polymorphism rs13426236 contributes to
an increased prostate cancer risk via regulat-
ing MLPH splicing variant 4. Mol Carcinog
2020; 59: 45-55.

Ouyang J, Zhang Y, Xiong F, Zhang S, Gong Z,
Yan Q, He Y, Wei F, Zhang W, Zhou M, Xiang B,
WangF, Li X, LiY, Li G, Zeng Z, Guo C and Xiong
W. The role of alternative splicing in human
cancer progression. Am J Cancer Res 2021;
11: 4642-4667.

Liang H, Chen X, Yin Q, Ruan D, Zhao X, Zhang
C, McNutt MA and Yin Y. PTENB is an alterna-
tively translated isoform of PTEN that regulates
rDNA transcription. Nat Commun 2017; 8:
14771.

Yuan Y, Zhao X, Wang P, Mei F, Zhou J, Jin Y,
McNutt MA and Yin Y. PTENa regulates endocy-
tosis and modulates olfactory function. FASEB
J2019; 33: 11148-11162.

Wang C, Yang D, Zhang X, Zhang X, Yang L,
Wang P, Zhou W, Li H, Li Y, Nie H and Li Y. As-
sociation of PTEN gene SNPs rs2299939 with
PFS in patients with small cell lung cancer
treated with early radiotherapy. Front Genet
2020; 11: 298.

Eisenhauer EA, Therasse P, Bogaerts J,
Schwartz LH, Sargent D, Ford R, Dancey J, Ar-
buck S, Gwyther S, Mooney M, Rubinstein L,
Shankar L, Dodd L, Kaplan R, Lacombe D and
Verweij J. New response evaluation criteria in

[32]

(33]

[34]

(35]

(36]

(37]

(38]

[39]

[40]

[41]

solid tumours: revised RECIST guideline (ver-
sion 1.1). Eur J Cancer 2009; 45: 228-247.
Prihantono and Faruk M. Breast cancer resis-
tance to chemotherapy: when should we sus-
pect it and how can we prevent it? Ann Med
Surg (Lond) 2021; 70: 102793.

Burcombe RJ, Makris A, Richman PI, Daley FM,
Noble S, Pittam M, Wright D, Allen SA, Dove J
and Wilson GD. Evaluation of ER, PgR, HER-2
and Ki-67 as predictors of response to neoad-
juvant anthracycline chemotherapy for opera-
ble breast cancer. Br J Cancer 2005; 92: 147-
155.

Park JO, Lee SI, Song SY, Kim K, Kim WS, Jung
CW, Park YS, Im YH, Kang WK, Lee MH, Lee KS
and Park K. Measuring response in solid tu-
mors: comparison of RECIST and WHO re-
sponse criteria. Jpn J Clin Oncol 2003; 33:
533-537.

Shao B, Wang X, Zhang L, Li D, Liu X, Song G,
Cao H, Zhu J and Li H. Plasma microRNAs pre-
dict chemoresistance in patients with meta-
static breast cancer. Technol Cancer Res Treat
2019; 18: 1533033819828709.

Graeser M, Harbeck N, Gluz O, Wurstlein R, Zu
Eulenburg C, Schumacher C, Grischke EM,
Forstbauer H, Dimpfl M, Braun M, Christgen M,
Kreipe HH, Potenberg J, von Schumann R, Ak-
tas B, Kolberg-Liedtke C, Kimmel S and Nitz U.
The use of breast ultrasound for prediction of
pathologic complete response in different sub-
types of early breast cancer within the WSG-
ADAPT subtrials. Breast 2021; 59: 58-66.
Sihombing UHM, Andrijono, Purwoto G, Gan-
damihardja S, Harahap AR, Rustamadji P,
Kekalih A, Widyawati R and Fuady DR. Expres-
sion of CD44(+)/CD24(-), RAD6 and DDB2 on
chemotherapy response in ovarian cancer: a
prospective flow cytometry study. Gynecol On-
col Rep 2022; 42: 101005.

Therasse P. Measuring the clinical response.
What does it mean? Eur J Cancer 2002; 38:
1817-1823.

Wang H and Mao X. Evaluation of the efficacy
of neoadjuvant chemotherapy for breast can-
cer. Drug Des Devel Ther 2020; 14: 2423-
2433.

Yang W, Soares J, Greninger P, Edelman EJ,
Lightfoot H, Forbes S, Bindal N, Beare D, Smith
JA, Thompson IR, Ramaswamy S, Futreal PA,
Haber DA, Stratton MR, Benes C, McDermott U
and Garnett MJ. Genomics of drug sensitivity
in cancer (GDSC): a resource for therapeutic
biomarker discovery in cancer cells. Nucleic
Acids Res 2013; 41: D955-961.

Lee JO, Yang H, Georgescu MM, Di Cristofano
A, Maehama T, Shi Y, Dixon JE, Pandolfi P and
Pavletich NP. Crystal structure of the PTEN tu-
mor suppressor: implications for its phos-

Am J Cancer Res 2023;13(1):86-104



[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

(50]

(51]

[52]

103

PTEN mutant caused by polymorphism involved in BC chemosensitivity

phoinositide phosphatase activity and mem-
brane association. Cell 1999; 99: 323-334.
Shi YY and He L. SHEsis, a powerful software
platform for analyses of linkage disequilibrium,
haplotype construction, and genetic associa-
tion at polymorphism loci. Cell Res 2005; 15:
97-98.

Shen J, Li Z, Chen J, Song Z, Zhou Z and Shi Y.
SHEsisPlus, a toolset for genetic studies on
polyploid species. Sci Rep 2016; 6: 24095.
Gao J, Aksoy BA, Dogrusoz U, Dresdner G,
Gross B, Sumer SO, Sun Y, Jacobsen A, Sinha
R, Larsson E, Cerami E, Sander C and Schultz
N. Integrative analysis of complex cancer ge-
nomics and clinical profiles using the cBioPor-
tal. Sci Signal 2013; 6: pl1.

Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer
SO, Aksoy BA, Jacobsen A, Byrne CJ, Heuer ML,
Larsson E, Antipin Y, Reva B, Goldberg AP,
Sander C and Schultz N. The cBio cancer ge-
nomics portal: an open platform for exploring
multidimensional cancer genomics data. Can-
cer Discov 2012; 2: 401-404.

Wai HA, Lord J, Lyon M, Gunning A, Kelly H,
Cibin P, Seaby EG, Spiers-Fitzgerald K, Lye J,
Ellard S, Thomas NS, Bunyan DJ, Douglas AGL
and Baralle D. Blood RNA analysis can in-
crease clinical diagnostic rate and resolve vari-
ants of uncertain significance. Genet Med
2020; 22: 1005-1014.

Worby CA and Dixon JE. PTEN. Annu Rev Bio-
chem 2014; 83: 641-669.

Milella M, Falcone I, Conciatori F, Cesta Incani
U, Del Curatolo A, Inzerilli N, Nuzzo CM, Vacca-
ro V, Vari S, Cognetti F and Ciuffreda L. PTEN:
multiple functions in human malignant tu-
mors. Front Oncol 2015; 5: 24.

Agrawal S and Eng C. Differential expression of
novel naturally occurring splice variants of
PTEN and their functional consequences in
Cowden syndrome and sporadic breast cancer.
Hum Mol Genet 2006; 15: 777-787.

Wu H, Wang K, Liu W and Hao Q. PTEN overex-
pression improves cisplatin-resistance of hu-
man ovarian cancer cells through upregulating
KRT10 expression. Biochem Biophys Res Com-
mun 2014; 444: 141-146.

Li X, Zhang R, Liu Z, Li S and Xu H. The genetic
variants in the PTEN/PI3K/AKT pathway pre-
dict susceptibility and CE(A)F chemotherapy
response to breast cancer and clinical out-
comes. Oncotarget 2017; 8: 20252-20265.
Yang Y, Xu W, Liu D, Ding X, Su B, Sun Y and
Gao W. PTEN polymorphisms contribute to
clinical outcomes of advanced lung adenocar-
cinoma patients treated with platinum-based
chemotherapy. Tumour Biol 2016; 37: 7785-
7796.

(53]

(54]

(55]

(56]

[57]

(58]

(59]

[60]

[61]

Zhang S, Wang J, Zhang A, Zhang X, You T, Xie
D, Yang W, Chen Y, Zhang X, Di C and Xie X. A
SNP involved in alternative splicing of ABCB1
is associated with clopidogrel resistance in
coronary heart disease in Chinese population.
Aging (Albany NY) 2020; 12: 25684-25699.
Dou Z, Zhao D, Chen X, Xu C, Jin X, Zhang X,
Wang, Xie X, Li Q, Di C and Zhang H. Aberrant
Bcl-x splicing in cancer: from molecular mech-
anism to therapeutic modulation. J Exp Clin
Cancer Res 2021; 40: 194.

Xu C, Chen X, Zhang X, Zhao D, Dou Z, Xie X, Li
H, Yang H, Li Q, Zhang H and Di C. RNA-binding
protein 39: a promising therapeutic target for
cancer. Cell Death Discov 2021; 7: 214.

Mao Y, Zou C, Meng F, Kong J, Wang W and
Hua D. The SNPs in pre-miRNA are related to
the response of capecitabine-based therapy in
advanced colon cancer patients. Oncotarget
2018; 9: 6793-6799.

Gutierrez-Camino A, Martin-Guerrero |, Dolzan
V, Jazbec J, Carbone-Baneres A, Garcia de An-
doin N, Sastre A, Astigarraga |, Navajas A and
Garcia-Orad A. Involvement of SNPs in miR-
3117 and miR-3689d2 in childhood acute lym-
phoblastic leukemia risk. Oncotarget 2018; 9:
22907-22914.

Gutierrez-Camino A, Umerez M, Martin-Guerre-
ro |, Garcia de Andoin N, Santos B, Sastre A,
Echebarria-Barona A, Astigarraga |, Navajas A
and Garcia-Orad A. Mir-pharmacogenetics of
Vincristine and peripheral neurotoxicity in
childhood B-cell acute lymphoblastic leuke-
mia. Pharmacogenomics J 2018; 18: 704-712.
Song DD, Zhang Q, Li JH, Hao RM, Ma Y, Wang
PY and Xie SY. Single nucleotide polymor-
phisms rs701848 and rs2735343 in PTEN in-
creases cancer risks in an Asian population.
Oncotarget 2017; 8: 96290-96300.

Cai Q, Wen W, Qu S, Li G, Egan KM, Chen K,
Deming SL, Shen H, Shen CY, Gammon MD,
Blot WJ, Matsuo K, Haiman CA, Khoo US, Iwa-
saki M, Santella RM, Zhang L, Fair AM, Hu Z,
Wu PE, Signorello LB, Titus-Ernstoff L, Tajima
K, Henderson BE, Chan KY, Kasuga Y, New-
comb PA, Zheng H, Cui Y, Wang F, Shieh YL,
Iwata H, Le Marchand L, Chan SY, Shrubsole
MJ, Trentham-Dietz A, Tsugane S, Garcia-Clo-
sas M, Long J, Li C, Shi J, Huang B, Xiang YB,
Gao YT, Lu W, Shu XO and Zheng W. Replica-
tion and functional genomic analyses of the
breast cancer susceptibility locus at 6q25.1
generalize its importance in women of chi-
nese, Japanese, and European ancestry. Can-
cer Res 2011; 71: 1344-1355.

Sandanaraj E, Lal S, Selvarajan V, Ooi LL, Wong
ZW, Wong NS, Ang PC, Lee EJ and Chowbay B.
PXR pharmacogenetics: association of haplo-
types with hepatic CYP3A4 and ABCB1 mes-

Am J Cancer Res 2023;13(1):86-104



[62]

[63]

[64]

[65]

104

PTEN mutant caused by polymorphism involved in BC chemosensitivity

senger RNA expression and doxorubicin clear-
ance in Asian breast cancer patients. Clin
Cancer Res 2008; 14: 7116-7126.

Cartegni L, Chew SL and Krainer AR. Listening
to silence and understanding nonsense: exon-
ic mutations that affect splicing. Nat Rev Gen-
et 2002; 3: 285-298.

Agrawal S, Pilarski R and Eng C. Different splic-
ing defects lead to differential effects down-
stream of the lipid and protein phosphatase
activities of PTEN. Hum Mol Genet 2005; 14:
2459-2468.

Shukla GC and Singh J. Mutations of RNA splic-
ing factors in hematological malignancies.
Cancer Lett 2017; 409: 1-8.

Hopkins BD, Hodakoski C, Barrows D, Mense
SM and Parsons RE. PTEN function: the long
and the short of it. Trends Biochem Sci 2014;
39: 183-190.

[66]

[67]

(68]

[69]

Masson GR and Williams RL. Structural mech-
anisms of PTEN regulation. Cold Spring Harb
Perspect Med 2020; 10: a036152.

Carnero A and Paramio JM. The PTEN/PI3K/
AKT pathway in vivo, cancer mouse models.
Front Oncol 2014; 4: 252.

Furnari FB, Huang HJ and Cavenee WK. The
phosphoinositol phosphatase activity of PTEN
mediates a serum-sensitive G1 growth arrest
in glioma cells. Cancer Res 1998; 58: 5002-
5008.

Jin H, Sun 'Y, Wang S and Cheng X. Matrine ac-
tivates PTEN to induce growth inhibition and
apoptosis in V6OOEBRAF harboring melanoma
cells. Int J Mol Sci 2013; 14: 16040-16057.

Am J Cancer Res 2023;13(1):86-104



PTEN mutant caused by polymorphism involved in BC chemosensitivity

Supplementary Table 1. Primer sequences used for genotyping of gene SNP with the sequenom
platform

SNP-ID 1st-PCR Primer Sequences 2nd-PCR Primer Sequences UEP Sequences

1s786204926  ACGTTGGATGCTCTGGAATCCAGTGTTTCT ACGTTGGATGTCTAGCTGTGGTGGGTTATG ATGTTCTTCAAAAGGATATTGTGCAAC
rs35770269 ACGTTGGATGGGTTTATGCCACTTCTCCAC ACGTTGGATGCAGCAAAGGATAAAGCTGGG AGCGGCTGTTAATGATTTTAACAGT
rs701848 ACGTTGGATGCCGCTTAAAATCGTATGCAG ACGTTGGATGATTGAAAGAATAGGGTTTTCCTT ~ ACCGAGTTGGGACTAGGGC
rs12402181 ACGTTGGATGCTAGATGGAATCGAATTTCCC ~ ACGTTGGATGTGTCTTCATTCAGAAATGG GGCCCCTGGCACTATATGAGTC

Supplementary Table 2. Primers for polymerase chain reaction

SNP Forward primer Reverse primer Products size
rs786204926 GGGGAAAATAATACCTGGCTTCC AGTTCGTCCCTTTCCAGCTT 367
rs35770269 TGAGCCTAGAGAGAAGCATGG GGATGTGTCAGGTAGGCAGT 352
rs701848 GTAAACTTTCAATGCTGCACA AAATCGTATGCAGTCTGGGC 244
rs12402181 AGAAGACCTGGGCTGTAGTC GTCCCACAAAACACCTGGC 215

Supplementary Table 3. HSF software predicted the rs786204926A>G mutation affected alternative
splicing

Type Interpretation

Broken WT Acceptor Site Alteration of the WT Acceptor site, most probably affecting splicing

Algorithm/Matix position sequences variation

MaxEnt Acceptor site chr10:87932993 -REF: AGGTTATCTTTTTACCACAGTTG 5.35>-2.6
-ALT: AGGTTATCT ACCACGGTTG =>-148.6%

HSF Acceptor site (matrix AG) chr10:87933001 -REF: TTTTTACCACAGTT 89.48>61.61
-ALT: TTTTTACCACGGTT =>-31.15

Red fonts represent the mutation position of rs786204926.



