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Daily diets are associated with tumor formation in many types of cancer. Modification of daily diets in
cancer patients would be beneficial to improve outcomes. For example, tea-derived polyphenols attenuate
the formation and virulence of various tumors, which suggests that these compounds and their analogs,
such as epigallocatechin-3-gallate (EGCG), are promising agents for preventing human breast cancer
formation. Triple-negative breast cancer (TNBC) is a heterogeneous group of tumors, and it is necessary
to identify a molecular target that may benefit from a particular therapy. However, most of the
experimental results were disappointing. Preclinical data from cell lines or xenografted tumor models did
not successfully translate into clinical therapeutic applications. TNBC patient-derived xenograft (PDX)
mouse model studies are the most direct way to assess the efficacy of antitumor agents because these
models are highly relevant to real human tumor growth. The PDX model allows for interactions between
the tumor cells and the extracellular matrix, which mimics human tumor tissues. These models provide a
more physiological system in which to study TNBC tumors and their responses to specific therapies. The
present study demonstrated that EGCG significantly inhibited PRODH protein expression and its related
carcinogenic signals in TNBC cell lines. EGCG-induced PRODH protein inhibition was evaluated in PDX to
confirm the effects in an in vivo model. These experiments provide additional evidence to evaluate the
application of PRODH as a clinical therapeutic therapy, especially in TNBC patients.
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Abstract
Triple-negative breast cancers (TNBCs) lack speciﬁc targeted therapy options and have evolved into highly chemoresistant tumors that metastasize to multiple organs. The present study demonstrated that the proline dehydrogenase
(PRODH) mRNA level in paired (tumor vs. normal) human breast tissue samples (n ¼ 234) was 6.6-fold greater than normal
cells (*p ¼ 0.021). We established stable PRODH-overexpressing TNBC (HS578T) cells, and the malignant phenotypes were
evaluated using soft agar colony formation and Transwell migration assays. The results demonstrated that PRODH induced
epithelial-mesenchymal transition in cancer cells and increased cell proliferation. The present study found that the tea
polyphenol epigallocatechin-3-gallate (EGCG) signiﬁcantly inhibited PRODH and its regulated proteins, such as alphasmooth muscle actin (alpha-SMA) expression in TNBC cells. These ﬁndings support the targeting of the PRODH signaling
pathway as a potential therapeutic strategy in preventing cancer cell metastasis. The patient-derived xenograft (PDX) mouse
model is highly relevant to real human tumor growth. We established a TNBC-PDX (F4, n ¼ 4 in each group) mouse model.
The PDX mice were treated with EGCG (50 mg/kg), and the results indicated that EGCG signiﬁcantly inhibited PDX tumor
growth (*p ¼ 0.013). These experiments provide additional evidence to evaluate the antitumor effects of EGCG-induced
PRODH inhibition for clinical therapeutic application, especially in TNBC patients.
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Tea polyphenol epigallocatechin-3-gallate inhibits
cell proliferation in a patient-derived triple-negative
breast cancer xenograft mouse model via inhibition of
proline-dehydrogenase-induced effects
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1. Introduction

B

reast cancer is the most common diagnosis,
and it is the leading cause of cancer death in
women. More than 1.3 million cases are diagnosed, and over 450,000 women die from breast
cancer annually [1]. Despite the decrease in
mortality and incidence, breast cancer remains a
major cause of cancer mortality and accounts for
5% of all cancer deaths in women in the US [1].
Breast cancer tumors are routinely classiﬁed as
hormone receptor- (e.g., estrogen receptor (ER)
and progesterone receptor (PR)), and HER2/Neuampliﬁed tumors. The distinct subtypes have
prognostic and therapeutic implications. Tumors
that express ER and PR are treated with targeting
agents to block hormone production or increase
the degradation of receptors [2]. HER2/Neuampliﬁed tumors are treated with agents that
inhibit the HER2/Neu receptor [3, 4]. The last
subtype of breast cancer is referred to as triplenegative breast cancer (TNBC) because it lacks of
all these markers. TNBC represents approximately 10-15% of all breast cancer patients, and it
exhibits poor therapeutic outcomes compared to
the other subtypes of breast cancer. TNBC patients are treated with predominantly chemotherapy [5, 6].
Cancer cell lines are useful for preclinical investigations. The most successful example is the
anti-HER2/Neu mouse monoclonal antibody, which
was humanized to create trastuzumab®, and
exhibited signiﬁcant antitumor effects in HER2/
Neu-ampliﬁed cells but not in cells lacking ampliﬁed HER2/Neu [7, 8]. These results formed the basis
of the predicted clinical trial outcomes of trastuzmab. However, two previous studies demonstrated that dasatinib, an orally available tyrosine
kinase inhibitor (TKI) that inhibits cancer cell
growth at subnanomolar levels, had the greatest
response against TNBC [9, 10]. However, the clinical
trial data from a phase II study showed a partial
response [11]. These data are disappointing because
the preclinical data in cell lines did not successfully
translate into clinical therapeutic applications.
TNBC is a heterogeneous group of tumors, and it is
necessary to identify whether a tumor subset may
beneﬁt from a particular therapy, such as EGFRtargeted agents. Although EGFR expression is a
marker of TNBC cells, it is not necessarily a

pathogenic driver of the transformation of TNBC
cells [12]. Further preclinical studies demonstrated
that TNBC cell lines were relatively resistant to a
single EGFR targeting agent [13, 14].
The use of TNBC cell lines for animal xenograft
studies is the most direct method to assess the efﬁcacy of antitumor agents. Molecularly targeted
agents were evaluated in xenografts to conﬁrm their
in vitro effects in an in vivo model. However, an
important issue is that in vitro cultured systems lack
the proper microenvironment for the interaction of
tumor cells and surrounding stromal tissues.
Therefore, patient-derived xenograft (PDX) models
of cancer were developed via the implantation of
tissue from a patient's tumor into immunodeﬁcient
mice. These PDX models are used to create an
environment that allows tumor growth to be
monitored.
Previous studies demonstrated that phytochemicals provided an easy approach with fewer side effects are valuable options and effective chemopreventive agents for TNBC [15, 16]. The tea polyphenol EGCG effectively inhibited the development
of breast cancer, including TNBC [17]. Our previous
study demonstrated that EGCG induced cell
apoptosis and contributed to breast tumor regression via downregulating the expression of the estrogen receptor in breast cancer cells [18]. Our
previous study also showed that downregulation of
a9-nicotinic receptor expression correlated with the
anti-proliferative effects of EGCG in breast cancer
cells [18, 19]. Despite promising preclinical ﬁndings,
the applicability of tea as a human cancer therapy is
limited due to a lack of efﬁcient systemic studies.
Notably, our studies showed that EGCG inhibition
of the a9-nicotinic receptor blocked many different
types of smoking-induced diseases, including cancer [20-23].
An increased activity of amino acid transporters
was observed in breast cancer [24, 25]. Metabolic
signaling and amino acid metabolism are signiﬁcantly regulated in breast neoplasms [24]. A previous study demonstrated that a nutrient mixture
containing high concentrations of lysine, proline,
ascorbic acid, and epigallocatechin gallate signiﬁcantly suppressed the tumor growth of breast cancer
cells in female athymic nude mice and signiﬁcantly
inhibited MMP expression, angiogenesis, and invasion in breast cancer cells in vitro, which offered
promise for therapeutic use in the treatment of
breast cancer [26]. The study demonstrated that
amino acid metabolism genes played crucial roles in
tumor development and may serve as prospective

drug targets or biomarkers for breast cancer [26].
From prokaryotes to the highest eukaryotes, proline
is catabolized by a unique and structurally
conserved ﬂavoprotein, proline dehydrogenase
(PRODH) [27, 28]. A recent study demonstrated that
high mRNA expression levels of PRODH correlated
with good prognoses [29]. The present study found
that PRODH mRNA overexpression was detected
preferentially in human tumors. PRODH supports
breast cancer cell growth and survival by
consuming proline for anaplerotic glutamate production and bypasses glutaminase (GLS1) to fuel
oxidative phosphorylation and sustain ATP levels
[30]. PRODH enzymatic inhibition using proline
competitive inhibitors, such as L-tetrahydro-2furoic acid (L-THFA) or (S)-5-oxo-2-tetrahydrofurancarboxylic acid (5-oxo), induced breast cancer cell
apoptosis (cleaved PARP) and reduced viable cell
growth within 48 hrs. Combined PRODH knockdown or enzymatic inhibition with a p53wt restoring
drug (e.g., MI-63 or nutlin-3a) or a clinical GLS1
inhibitor (CB-839 or Calithera) synergistically
induced apoptosis and growth inhibition against
malignant (e.g., MCF7, ZR-75-1, and DU4475), but
not normal (MCF10 A), breast epithelial cells [31].
This study ﬁrst demonstrated that the tea polyphenol EGCG markedly reduced tumor growth via
attenuation of PRODH protein levels in a TNBCPDX mouse model. These experiments allowed investigators to evaluate the function of tumor growth
driving genes and therapeutic strategies to disrupt
these pathways.

2. Material and methods
2.1. Cell culture
BT-549 (ATCC® HTB-122™), Hs 587T (ATCC®
HTB-126™), MDA-MB-436 (ATCC® HTB-130™),
MDA-MB-468 (ATCC® HTB-132™), MDA-MB-231
(ATCC® HTB-26™), MDA-MB-453 (ATCC® HTB131™), HCC1395 (ATCC® SC-CRL-2324™), HCC38
(ATCC® CRL-2314™), MCF 10A (ATCC® CRL10317™), AU565 (ATCC® CRL-2341™), SK-BR-3
(ATCC® HTB-30™), BT-474 (ATCC® HTB-20™),
HCC1419 (ATCC® CRL-2326™), HCC1954 (ATCC®
CRL-2338™), T-47D (ATCC® HTB-133™), MCF7
(ATCC® HTB-22™) and ZR-75-1 (ATCC® CRL1500™) cells were purchased from American Type
Culture Collection (ATCC, Manassas, Virginia,
USA). The cells were cultured in Dulbecco's modiﬁed Eagle medium/nutrient mixture F-12 (DMEM/
F12, Gibco, California, USA) supplemented with
10% heat-inactivated fetal bovine serum (FBS;
Gibco, California, USA) and 50 U/mL penicillin/
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streptomycin/neomycin (Invitrogen, California,
USA) in a humidiﬁed (5% CO2, 37 C) incubator. All
human breast tumor samples (n ¼ 234) were obtained as specimens from anonymous donors from
Taipei Medical University Hospital, Taipei, Taiwan,
as approved by the Institutional Review Board (IRB)
and ethics committee of the institution (P102025).
Histological inspection conﬁrmed that all patient
samples consisted of greater than 80% tumor tissue.
All samples (each paired tumor tissue vs. normal
tissue) were collected and categorized according to
clinical characteristics, such as age.
2.2. Cell proliferation assay
Cell proliferation was evaluated using the cellcounting method. Cells (2  104 per well) were
seeded in 12-well plates and allowed to grow for
different times. The growth rate was determined by
the cell number, which was counted in a hemocytometer in triplicate every day of culture.
2.3. Immunohistochemistry (IHC) analysis
PRODH protein expression in PDX tumor tissues
was detected using IHC. Parafﬁn-embedded PDX
tumor tissues were cut into 8-mm sections. The
sections were preincubated in 3% H2O2 and 0.3%
Triton X-100 before microwaving for antigen
retrieval. For PRODH immunostaining, sections
were microwaved in Tris buffer (pH 6) for 30 minutes. The antigenicity of the tumor cells in sections
was blocked in 5% horse serum (Chemicon, Temecula, CA) for 30 minutes and incubated with a
diluted (1:100) PRODH (NBP1-92288, Novus, Massachusetts, USA)-speciﬁc antibody for 2 hrs at room
temperature. Staining was developed using the
streptavidin-biotin-peroxidase method and an
LSAB 2 kit purchased from Dako (Carpinteria, CA).
Brieﬂy, sections were washed in phosphate-buffered saline (PBS) and incubated with a biotinylated
anti-rabbit secondary antibody. The samples were
washed again in the same buffer and incubated with
a streptavidin-biotin-peroxidase complex. Staining
was completed after incubation with substratechromogen solution. The duration of incubation in
solution with 3,30 -diaminobenzidine was determined using low-power microscopic inspection.
Slides were washed, dehydrated, and coverslipped
using a mixture of distyrene, plasticizer, and xylene
(DPX mounting medium) (44581, Sigma-Aldrich, St.
Louis, MO, USA). Adjacent sections on the same
slides were counterstained with hematoxylin for
general histological orientation.
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2.4. In vitro cell migration (Transwell) assay
An in vitro cell migration assay was performed
using 24-well Transwell inserts (8 mm) (Corning,
New York, USA). Brieﬂy, Transwell inserts were
seeded with 2  104 Hs 587T cells, and the lower
chambers were ﬁlled with HA (NAT-172, New York,
USA) at different concentrations. The assay was
performed at 37 C for 4 hrs. Cells were ﬁxed and
stained with 0.5% crystal violet (Sigma-Aldrich,
Missouri, USA). The migrated cells in the Transwell
inserts in all ﬁelds were calculated using microscopy
(DMI 4000B, Leica, Wetzlar, Germany), and the
calculation was repeated in three independent
experiments.
2.5. RNA extraction and quantitative reverse
transcription PCR
Total RNA was isolated from human cell lines and
breast tumor tissue samples from patients using
TRIzol (Invitrogen, Carlsbad, CA) according to the
manufacturer's protocol. A LightCycler thermocycler (LC 2.0, Roche Molecular Biochemicals,
Mannheim, Germany) was used for real-time
quantitative PCR. PRODH mRNA ﬂuorescence intensity was measured and normalized to b-glucuronidase expression using built-in software (Roche
LightCycler version 4). The following primer sequences were used: PRODH primer sense
sequence: 50 -GGATGCCTATGACAATG-30 and
PRODH
primer
antisense
sequence:
50 CCTTGGCGTTGTGCTTC-3’.
2.6. Protein extraction and western blotting
For protein extraction, cells were washed twice
with ice-cold PBS and lysed on ice in Golden lysis
buffer (20 mM Tris-HCl (pH 8.0), 137 mM NaCl, 5.95
mM EDTA, 5 mM EGTA, 10 mM NaF, 1% Triton X100, and 10% glycerol) supplemented with protease
inhibitors (Roche, Indianapolis, USA) and phosphatase inhibitors (Sigma-Aldrich, St. Louis, USA).
The proteins were separated using 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene
ﬂuoride membranes. Speciﬁc antibodies against
PRODH (NBP1-92288, Novus, Massachusetts, USA),
cyclin A (GT29756, GeneTex, California, USA),
cyclin B (GT100911, GeneTex, California, USA),
cyclin D (GT108624, GeneTex, California, USA),
cyclin E (GT23927, GeneTex, California, USA), p27
(GT114, GeneTex, California, USA), a-SMA
(GTX100034, GeneTex, California, USA), ﬁbronectin
(GTX112794, GeneTex, California, USA), E-cadherin

(GTX100443, GeneTex, California, USA), N-cadherin (GTX127345, GeneTex, California, USA), bactin (GTX109639, GeneTex, California, USA) and
GAPDH (sc-47724, Santa Cruz Biotechnology, California, USA) were diluted 1:2000 in Tris-buffered
saline/Tween 20, and the membranes were incubated for 2 hrs at room temperature. Horseradish
peroxidase-conjugated anti-mouse IgG (sc-2344,
Santa Cruz Biotechnology, California, USA) and
anti-rabbit IgG (sc-2004, Santa Cruz Biotechnology,
California, USA) secondary antibodies were diluted
1:4000 and incubated with the membranes for 1
hour at room temperature.
2.7. In vivo breast cancer patient-derived TNBC
tumor xenograft mouse model
Nonobese diabeticesevere combined immunodeﬁciencyeIL2R gamma-null (NSG) mice and patient-derived xenograft (PDX) tumor-bearing mice
(J000100674) were obtained from breeding pairs
originally purchased (JAX#4659679) from Jackson
Laboratories (005557, Bar Harbor, ME, USA). NSG
mice were bred in a pathogen-free unit and maintained in sterile cages. Mice were handled and cared
for with strict adherence to the guidelines established by the Animal Resource Center and following
study protocols approved by the Laboratory Animal
Center and Use Committee at Taipei Medical University (IACUC protocol LAC-2018-0343). PDX
tumor specimens from PDX tumor-bearing mice
(J000100674) were transplanted into female NSG
mice. The animals were monitored for engraftment
via routine palpation, and the tumors were harvested when they reached a volume of 0.5 cm3. PDX
tumor-bearing mice were randomly divided into
three groups (n ¼ 4 each group). One group was
injected subcutaneously with EGCG (50 mg/kg)
over the course of 5 injections every other day.
Another group was injected with lipodox (1.5 mg/
kg) via the tail vein over the course of 2 injections
once weekly. PBS-treated mice served as the treatment control. The tumor volume was measured and
monitored every two days post injection for up to 11
days. The tumor volume was calculated as (Length
 width2)/2.
2.8. Statistical analysis
All data are expressed as the means with 95%
conﬁdence intervals (CIs) of at least three determinations unless stated otherwise. A paired t-test
was performed to compare PRODH mRNA
expression in paired normal tissues vs. tumor tissues dissected from breast cancer patients. The

difference in PRODH mRNA expression detected in
tumor samples vs. normal samples was analyzed
using the Scheffe test. All statistical comparisons
were performed using SigmaPlot graphing software
(San Jose, CA) and Statistical Package for the Social
Sciences version 21.0.0 (SPSS, Chicago, IL). All statistical tests were two-sided. A P value of 0.05 or less
indicated statistical signiﬁcance.

3. Results
3.1. PRODH overexpression was preferentially
detected in human breast tumor cells
The present study found that PRODH protein was
detected at a higher level in various types of human
breast cancer cell lines than normal breast epithelial
(MCF-10A) cells (Fig. 1a). This result suggested that
PRODH was expressed in tumor cells with unique
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clinical characteristics in association with the clinical
diagnosis classiﬁcation. To test this hypothesis,
PRODH mRNA levels were detected using real-time
(RT)-PCR in paired (tumor vs. normal) human
breast tissue samples (n ¼ 234). The PCR ampliﬁcation curves were “left-shifted” in the tumor tissues
(Fig. 1b, red lines) relative to the proﬁles of normal
tissues (green lines), which indicated that the tumor
samples contained greater quantities of PRODH
mRNA overall. The results from Fig. 1b were
calculated and demographic evaluation of clinical
criteria and PRODH mRNA expression fold changes
between tumor vs normal paired samples were
performed in Table 1. The data were divided into
two groups (normal higher than tumor, N > T, n ¼
84, vs. tumor higher than normal, T > N, n ¼ 150)
according to PRODH mRNA expression patterns.
PRODH expression in tumor cells was 6.6-fold (*p ¼

Fig. 1. PRODH overexpression was preferentially detected in human breast tumor cells. (a). Human breast cancer cell lines were subdivided into three
groups (TNBC, HER2þ and Lumina A/B). The cells were cultured according to standard protocols. Normal human breast epithelial cells (MCF 10A)
were used as a normal control. Protein lysates were harvested, and the expression levels of the PRODH protein were detected using Western blotting.
GAPDH protein was assessed and used as a control. (b). The mRNA expression level of PRODH in normal and malignant human breast tissues. Left,
the HNMT mRNA expression proﬁles of paired human breast tumor (red lines) and normal (green lines) tissues (n ¼ 234) were detected using realtime PCR. PRODH mRNA expression levels in 150 patient samples in which expression was higher in the tumor tissue than normal tissue (T > N) vs.
84 samples in which expression was higher in normal tissue than tumor tissue (N > T). The results are presented as fold changes ± SEMs; error bars
indicate 95% conﬁdence intervals. Normal vs. tumor tissue in group 1 (T > N), *p ¼ 0.021; normal vs. tumor tissue in group 2 (N > T), p < 0.018.
Data were analyzed using the Wilcoxon signed ranks test, and the P-values presented are two-sided.
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Table 1. Demographic evaluation of clinical criteria and PRODH mRNA expression fold changes between tumor vs normal paired samples.
Characteristic

Age
<45 y
45y
Nodal status
N0
N1
N2
N3
Stage
0
I
II
III
IV
ER status
Negative
Positive
PR status
Negative
Positive
Her-2 status
Negative
Positive
Path
DCIS
Inﬁltration ductal
carcinoma
Mucinous carcinoma
ILC
IPC
Mix
other

Total No. of Patients

PRODH (N > T)

PRODH (N < T)

No.

Mean fold change

P

No.

Mean fold change

43
191

20
64

69,000,000
2,100,000,000

23
127

520,000,000
15,000,000,000

111
63
27
25

41
24
10
6

3,300,000,000
65,000,000
34,000,000
6,200,000

70
39
17
19

17,000,000,000
14,000,000,000
7,400,000,000
25,000,000,000

2
50
119
60
1

2
18
47
16
0

4.5
7,200,000,000
670,000,000
23,000,000

48
186

18
66

560,000,000
2,300,000,000

88
145

32
51

310,000,000
2,700,000,000

196
38

75
9

2,000,000,000
1,100,000,000

12
289

3
70

1,200
2,300,000,000

0
132

8
13
1
8
1

4
3
1
2
1

14.3
2.7
2.3
5,600
1,900,000,000

4
7
0
6
0

0.17

0.07

0.74

0.85

0.29

0.3
0
32
72
44
1

350,000,000
23,000,000,000
4,200,000,000
22,000,000,000

30
120

16,000,000,000
12,000,000,000

56
94

9,200,000,000
150,000,000,000

121
29

8,200,000,000
32,000,000,000

0.62

0.74

0.37

0.62

0.84

0.09

0.99

0.021) greater than normal cells in the T > N group
(copy number for normal cells ¼ 2112 vs. tumor cells
¼ 23838, difference ¼ 21726, 95% CI ¼ 34403 to
9047, *p＝0.001) (Fig. 1b, right panel).
3.2. PRODH induced TNBC tumor cell malignant
phenotypes
TNBC does not express estrogen or progesterone
receptors and does not contain much HER2 protein
[32]. Because TNBC cancer cells lack these molecular targets, treatment options for TNBC are limited.
Therefore, the identiﬁcation of a speciﬁc molecular
marker with carcinogenic-driving effects is urgently
needed in TNBC. To identify a potential marker,
TNBC (HS578T) cells with low PRODH protein
expression (Fig. 1a) were selected as a cell research
model. We established stable PRODH-overexpressing HS578T cells, and the malignant phenotypes were evaluated (Fig. 2a). The gross cell
morphology in the HS578T cells was signiﬁcantly
changed to a spindle shape with highly malignant
phenotypes (Fig. 2a, left yellow arrowheads

P

0.96
14,000,000,000
35,000,000
110,000,000
35,000,000,000

indicated). The in vitro results indicated that
PRODH overexpression signiﬁcantly enhanced
HS578T tumor cell proliferation (Fig. 2a, *p ¼ 0.006).
Malignant phenotypes, such as soft agar colony
formation and Transwell migration assays, in
PRODH-overexpressing HS578T cells were evaluated. The results indicated that PRODH enhanced
tumor growth migration and soft agar colony formation (Fig. 2b, *p ¼ 0.01). Notably, we found that
forced overexpression of PRODH in TNBC
(HS578T) cells signiﬁcantly induced cell cycle regulatory protein (cyclin D and B) activation. P53 and
p27 were signiﬁcantly downregulated in PRODHoverexpressing cells (Fig. 2c, left panel). PRODHinduced metastasis-related signal proteins were
determined, and a-SMA and ﬁbronectin were
signiﬁcantly upregulated in HS578T cancer cells
(Fig. 2c, right panel). These results suggest that
PRODH-enhanced tumor growth malignancy was
mediated via activation of the cell growth cycle and
migration-regulated signals.
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Fig. 2. PRODH expression induced malignant phenotype changes in HS578T cells. (a) We established stable PRODH-overexpressing HS578T cells
using the pcDNA5-TO system as described in the Materials and Methods. Middle panel, PRODH protein expression levels in wild-type, PRODHoverexpressing, and vector control HS578T cells are shown. Left, the established cell gross morphology is shown. Right panel, cell growth and
proliferation were determined. (b) The malignant phenotypes of soft agar colony formation and migration were evaluated in HS578T cells stably
expressing PRODH using the pcDNA5-TO system and vector control cells. Left, the soft agar colonies in the entire area of each plate were counted.
Comparisons were performed for vector vs. PRODH-overexpression groups (*p ¼ 0.01). Right, invasive capacity measured at 24 hrs using a
Transwell assay. Quantiﬁcation of the cell number was performed using ImageJ software. Comparisons were performed for HS578T-vector vs.
HS578Y-PRODH overexpression (*p ¼ 0.01). Data represent the means of three samples in each group; error bars are 95% conﬁdence intervals. Data
were analyzed using Student's t-test; all P-values are two-sided. (c) HS578T cells with or without PRODH overexpression were established, and
protein markers related to tumor cell growth proliferation (left) and tumor metastasis (right) were detected using Western blotting. The proteins bactin and GAPDH served as a control.
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3.3. PRODH overexpression sensitized TNBC
tumor cells to clinical therapeutic drugs
To examine whether the expression of PRODH in
TNBC is a valid marker for clinical therapeutic
sensitivity, PRODH-overexpressing and vector
control cells were treated with clinically used TNBC
therapeutic drugs (lipodox and palbociclib) for 24-48
hrs. Cell growth inhibition was detected predominantly in PRODH-overexpressing TNBC cells
compared to the control groups (Fig. 3a and b).
These results suggest that PRODH overexpression
enhanced drug sensitivity in TNBC cells compared
to the control group (*p < 0.05). We further tested
compounds isolated from natural products for 24
hrs for PRODH protein inhibition in MDA-MB-453
cells overexpressing PRODH protein (Fig. 1a). The
cells were collected, and the protein lysates were
harvested for detection of PRODH formation (Fig.
4a). Our data indicated that PRODH protein levels
were signiﬁcantly inhibited in tea polyphenol
EGCG (50 mM)-treated HS578T cells. Dose-dependent experiments were further performed. HS578T
cells were treated with EGCG (5-50 mM) for 24 hrs,
and the PRODH protein level was determined using
immunoblotting analysis in PRODH-overexpressing
TNBC, vector, and wild-type control cells (Fig. 4b).
The results further demonstrated that EGCG effectively downregulated PRODH protein expression in
TNBC-overexpressing cells. However, the inhibition
of PRODH-induced a-SMA expression was only
detected in cells treated with higher concentrations
of EGCG (>50 mM). The PRODH overexpression
and vector control cells were treated with EGCG (50
mM) for 24-48 hrs. Cell growth inhibition was
detected predominantly in PRODH-overexpressing
TNBC cells compared to the control groups (Fig. 4c).
3.4. EGCG and lipodox induced TNBC-PDX tumor
growth inhibition via downregulation of PRODH
protein expression
To test whether PRODH expression in tumor tissue directly inﬂuenced tumor growth, we established a TNBC-PDX (F4, n ¼ 4 in each group) mouse
model. Tumor chunks from representative cases
were implanted in the fat pad area near the mammary gland tissue in mice (Fig. 5a). The in vitro
study results indicated that EGCG and doxorubicin
inhibited PRODH protein expression and cell
growth proliferation. We suggest that inhibition of
PRODH would be valuable as a molecular target for
designing novel anti-tumor agents. The PDX mice
were treated with EGCG (50 mg/kg), and the clinical
therapeutic drug (lipodox, 1.5 mg/kg) was used as a

positive control. The results indicated that both
agents signiﬁcantly inhibited PDX tumor growth
(Fig. 5a, *p ¼ 0.013 and 0.026, respectively). Protein
expression of PRODH in PDX tumors was determined in the drug-treated mice. PRODH protein
expression in EGCG- and lipodox-treated PDX tumors was signiﬁcantly inhibited, as evaluated using
immunoblotting or immunohistochemical (IHC)
staining (Fig. 5b and c). The Ki-67 protein (also
known as MKI67) is a cellular marker for proliferation and it is used in IHC analyses. It is strictly
associated with cell proliferation. Phosphatase and
tensin homolog (PTEN) acts as a tumor suppressor
gene via the action of its phosphatase protein
product. This phosphatase is involved in the regulation of the cell cycle and prevents cells from
growing and dividing too rapidly. It is a target for
the evaluation of anticancer drugs [33]. The IHC
staining results indicated that Ki-67 protein
expression was inhibited, and PTEN protein
expression was induced in the EGCG- and lipodoxtreated mice. These experiments provide additional
evidence to evaluate the application of PRODH as a
clinical therapeutic, especially in TNBC patients.
The mechanism of PRODH was evaluated in vivo to
elucidate the function of tumor growth-driving
genes.

4. Discussion
The carcinogenic characteristics of TNBC are a
more aggressive phenotype that is similar to stem
cell-like cancer cells (cancer stem cells, CSCs) [34].
TNBC cancer cells are heterogeneous, and CSCs are
primarily responsible for tumor relapse, treatment
resistance and metastasis. Therefore, the targeted
treatment of TNBC remains a major challenge as a
clinically unmet needs. Daily diets are associated
with tumor formation in many types of cancer.
Modiﬁcation of daily diets in cancer patients improves outcomes [35, 36]. For example, improved
outcomes in colon cancer and patients on immunotherapy were found with high-ﬁber diets [37].
Food-derived polyphenols also attenuate the formation and virulence of CSCs [38], which suggests
that these compounds and their analogs are promising agents for preventing breast cancer. The tea
polyphenol EGCG regulated the PI3K/AKT
signaling pathway in human breast cancer [18]. The
clinical therapeutic agents doxorubicin and EGCG
exhibited anti-carcinogenic effects in breast tumor
formation when used alone via the silencing of
STAT3 and Notch-1 genes [17, 39]. Our previous
studies demonstrated that EGCG induced TNBC
breast cancer cell proliferation via inhibition of the
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Fig. 3. PRODH overexpression sensitized TNBC tumor cells to clinical therapeutic drugs. (a) Wild-type HS578T, PRODH-overexpressing, and vector
control cells were treated with clinical therapeutic agents, including (a) lipodox (0-1 mg/mL) and (b) palbociclib (0.05-5 mM) for 4 days. The cell
growth number was calculated, and the results revealed that inhibition of cell viability was only observed in the PRODH-overexpressing cells.

a9-nicotinic receptor-mediated signaling pathways
[18]. However, the exact mechanism of the EGCGinduced anti-tumor effect remains controversial.
Treatment with EGCG profoundly inhibited
PRODH protein overexpression in TNBC (MDAMB-231) cancer cells (Fig. 5d, bars 2 versus 1). An in
vivo study also demonstrated that PRODH protein
expression in TNBC-PDX tumor xenografts was
signiﬁcantly downregulated in the EGCG-treated
mice. We found that overexpression of PRODH in
TNBC cells signiﬁcantly upregulated cell growth
cycle protein (cyclins D and B) expression. Notably,
p53 and p27 were signiﬁcantly downregulated in the
PRODH-overexpressing cells in this study (Fig. 2c).
This observation was similar to a previous study

that indicated that PRODH was one of the most
strongly upregulated genes by p53, and it was simply referred to as a “p53-induced gene” in human
cancer cells [40]. The results suggest that EGCGinduced PRODH downregulation exhibits potent
cell growth cycle protein inhibition effects in TNBC
cancer cells. Further study demonstrated that EGCG
inhibited CSCs in different types of cancers [17, 41,
42]. The present study demonstrated that overexpression of PRODH induced epithelial-mesenchymal transition (EMT) changes with an
upregulation of ﬁbronectin, alpha-smooth muscle
actin (alpha-SMA), and epithelial-mesenchymal
transition transcription factors, such as SP1 and
STAT3, which were aberrantly expressed in TNBC
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Fig. 4. EGCG inhibited PRODH-overexpressing cells via downregulation of PRODH protein expression. (a) Wild-type TNBC (MDA-MB-453) cells,
which express PRODH at a higher level (Fig. 1a), were treated with different compounds isolated from natural products for 24 hrs. The protein lysates
were isolated. Western blotting was performed, and the protein expression of PRODH was detected via immunoblotting analysis. GAPDH protein
expression served as a control. (b) Wild-type, PRODH-overexpressing, and vector control HS578T cells were treated with EGCG (50 mM) for 24-48
hrs, and the results revealed that EGCG-induced cell growth inhibition was only observed in the PRODH-overexpressing cells. (c) Wild-type,
PRODH-overexpressing, and vector control HS578T cells were treated with different concentrations of EGCG (5-50 mM) for 24-48 hrs. The protein
lysates were isolated. Western blotting was performed, and the protein expression of PRODH and a-SMA was detected using immunoblotting
analysis. GAPDH protein expression served as a control.

cells (Fig. 2c). Increased tumor cell migration was
also observed in PRODH-overexpressing cells (Fig.
2b). EGCG-inhibited TNBC formation occurred via
various mechanisms, such as the promotion of
apoptosis and inhibition of tumor growth proliferation34-35. Cotreatment with EGCG and curcumin
blocked STAT3 phosphorylation, prevented STAT3mediated inﬂammatory signaling and suppressed
CD44 expression in breast cancer CSCs [43]. A
previous study demonstrated that EGCG-induced
targeting of ERa36 was an effective method to
eradicate breast cancer CSCs [44]. ER-a36 is a
variant of ERa that is highly expressed in ERnegative breast cancer cells [45], and it is a novel
molecular target to eradicate stem cells in ERnegative and TNBC cells [46, 47]. Our previous
study demonstrated that EGCG inhibited ERmediated signaling pathways in ER-positive breast

cancer cells [19]. These results suggest that another
important carcinogenic molecule (such as PRODH,
Fig. 1) is expressed in all types of breast cancer cells
and should be an important target for EGCG. EGCG
also inhibited Wnt signaling via the targeting of
HMG-box protein 1, a suppressor of Wnt signaling,
which decreased the tumorigenicity and invasiveness of mammary cancer cells [48, 49]. These results
suggested that EGCG inhibited the self-renewal of
BCSCs in TNBC.
PRODH is involved in proline catabolism [50].
Proline is synthesized from glutamate or ornithine
via L-glutamate-gamma-semialdehyde (GSAL)/
Delta (1)-pyrroline-5-carboxylate (P5C), which is
reduced to proline by P5C reductase (PYCR) in an
NAD(P)H-dependent reaction. Proline metabolism
is involved in cancer cell growth proliferation and
promotes cancer metastasis [50]. Inhibitors that
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Fig. 6. Mechanisms of EGCG-induced antitumor effects via inhibition of PROHD in the TNBC-PDX model.

Fig. 5. EGCG induced TNBC-PDX tumor growth inhibition via downregulation of PRODH protein expression. (a) To test whether PRODH
expression in tumor tissue directly inﬂuenced tumor growth, the TNBC-PDX (F4, n ¼ 4 in each group) mouse model was established. The PDX mice
were treated with EGCG (50 mg/kg, subcutaneous injection, 5 injections every other day), and lipodox (1.5 mg/kg, subcutaneous injection, 2 injections
once a week) was used as a positive therapeutic control. PBS-treated mice served as the negative treatment control. At the end of the experiment, the
mice were sacriﬁced, and the xenograft tumors were dissected to determine the levels of PRODH protein expression in TNBC-PDX tumor tissues. (b)
The protein lysates were harvested from tumor tissues, and the expression levels of the PRODH protein were detected using Western blotting (n ¼ 4).
GAPDH protein was assessed and served as a control. (c) The TNBC-PDX tumors were dissected from mice at the end of the experiment. IHC staining
was performed using antibody-speciﬁc targets of PRODH, Ki67, and PTEN according to the Materials and Methods. Protein immunolocalization was
visualized in individual tumor tissues. Scale bar ¼ 15 mm.

speciﬁcally target PRODH and PYCR isoforms are
tools for studying proline metabolism and the
functions of the proline-P5C cycle in cancer [51].
The in vivo administration of a PRODH competitive
inhibitor, L-tetrahydro-2-furoic acid (L-THFA, 60
mg/kg), into mice was reported [52]. The investigators observed excellent host tolerance to this
competitive PRODH inhibitor, and it reduced pulmonary metastasis formation by 50% after 16e18
days of sequential treatment without any signiﬁcant
impact on primary tumor growth [52]. TNBC
commonly develops resistance to chemotherapy,
but markers predictive of chemoresistance in this
disease are lacking. These ﬁndings reveal that targeting the PRODH signaling pathway is a potential
therapeutic strategy in preventing cancer cell
metastasis (Fig. 6). The PDX mouse model is highly
relevant to real human tumor growth, and the tumors maintained their original molecular characteristics and heterogeneity. TNBC PDX mice were
sensitized to doxorubicin and EGCG in the present
study. PRODH protein in TNBC tumors was
inhibited in the EGCG-treated mice. Therefore, our
results have predictive power for translating the
study results from the bench to bedside (Fig. 6). The
synergistic enhanced anti-tumor effect of doxorubicin and EGCG provides a safe and effective
strategy for the treatment of TNBC.
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