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Simple Summary: Excessive angiogenesis is a distinct feature of colorectal cancer (CRC) and plays a
pivotal role in tumor development and metastasis. Therefore, it is essential to clarify the underlying
mechanism of angiogenesis. In this study, we found that the level of proline-, glutamic acid, and
leucine-rich protein 1 (PELP1) was positively correlated with microvessel density (MVD). In vitro and
in vivo assays further showed PELP1 regulated angiogenesis via the Signal transducer and activator
of transcription 3 (STAT3)/Vascular endothelial growth factor (VEGFA). Notably, we found that
inhibition of PELP1 enhanced the efficacy of chemotherapy due to vascular normalization. Thus,
targeting of PELP1 may be a potentially therapeutic strategy for CRC.

Abstract: Abnormal angiogenesis is one of the important hallmarks of colorectal cancer as well as
other solid tumors. Optimally, anti-angiogenesis therapy could restrain malignant angiogenesis
to control tumor expansion. PELP1 is as a scaffolding oncogenic protein in a variety of cancer
types, but its involvement in angiogenesis is unknown. In this study, PELP1 was found to be
abnormally upregulated and highly coincidental with increased MVD in CRC. Further, treatment
with conditioned medium (CM) from PELP1 knockdown CRC cells remarkably arrested the function
of human umbilical vein endothelial cells (HUVECs) compared to those treated with CM from
wildtype cells. Mechanistically, the STAT3/VEGFA axis was found to mediate PELP1-induced
angiogenetic phenotypes of HUVECs. Moreover, suppression of PELP1 reduced tumor growth and
angiogenesis in vivo accompanied by inactivation of STAT3/VEGFA pathway. Notably, in vivo,
PELP1 suppression could enhance the efficacy of chemotherapy, which is caused by the normalization
of vessels. Collectively, our findings provide a preclinical proof of concept that targeting PELP1 to
decrease STAT3/VEGFA-mediated angiogenesis and improve responses to chemotherapy due to
normalization of vessels. Given the newly defined contribution to angiogenesis of PELP1, targeting
PELP1 may be a potentially ideal therapeutic strategy for CRC as well as other solid tumors.

Keywords: colorectal cancer; angiogenesis; PELP1; chemotherapy; tumor vascular normalization

1. Introduction

Angiogenesis plays a vital role in the progression and metastasis of solid tumors,
including colorectal cancer (CRC) [1,2]. The new vessels not only provide the nutrients
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to support tumor growth, but also provide a way for the metastasis of tumor [3]. Under
normal conditions, the levels of angiogenesis are in a static and stable state due to the
balance between pro-angiogenic factors and anti-angiogenic factors [4]. In cancer, this
dynamic balance is disrupted, and the tumor microenvironment (TME) secretes excessive
pro-angiogenic factors to promote angiogenesis and lead to vessel abnormalization [5].
Previous studies have found that VEGF is the main regulator of tumor angiogenesis [6]. It
highly specifically binds to the receptors of vascular endothelial cells to promote tumor
angiogenesis. The VEGF family includes VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E,
VEGF-F, and placental growth factor, of which VEGFA is the most important and main
component of the VEGF family, and VEGFA has been shown to be associated with the poor
prognosis of a variety of solid tumors, including CRC [3]. Therefore, it is considered to be
a promising strategy to treat CRC by inhibiting tumor angiogenesis, resulting in tumor
death from starvation. At present, a variety of anti-angiogenic drugs targeting VEGF and
its receptors have been developed and applied to the clinical treatment of tumors [7]. For
example, bevacizumab, which targets VEGF, has been used as a first-line therapy for CRC
patients, and has achieved a satisfactory effect [8].

Interestingly, accumulating evidence indicates that some anti-angiogenic drugs po-
tentiate the effects of chemotherapy, immunotherapy, and radiation [9–11]. To explain
this synergistic phenomenon, the “Tumor vascular normalization” hypothesis was pro-
posed [12]. Indeed, tumor vessels, characterized by abnormal morphology, are highly dys-
functional in their barrier and transport properties [13]. In this hypothesis, anti-angiogenic
therapy can induce a temporary reversion of tumor vessels towards a normalized pheno-
type that includes normalized vessel structure and function [14,15]. However, the tumor
vessel normalization effect is transient, reversible, and dose- and time-dependent [16].
Therefore, more theoretical studies on inducing tumor vessel normalization need to be
further explored.

Increasing studies have shown that the abnormal expression of a variety of onco-
genes in CRC can not only promote tumor proliferation, invasion, and metastasis, but
also enhance the secretion of VEGF to affect tumor angiogenesis. For example, B7-H3
promote angiogenesis through activating the NF-κB pathway to enhance VEGFA expres-
sion in CRC [17]. TRF2 increases the release and activity of VEGFA by upregulating the
expression of SULF2 in CRC [18]. However, the discovery of these angiogenesis-promoting
mechanisms has not brought good application prospects.

Proline-, glutamic acid-, and leucine-rich Protein 1 (PELP1) is a scaffold protein, serv-
ing as a co-regulatory of various transcription factors and nuclear receptors [19]. PELP1 has
the characteristics of proto-oncogenes in tumors, including CRC, and plays an oncogenic
function by regulating cell cycle progression, metastasis, hormone therapy resistance, and
autophagy [20,21]. In glioma, suppression of PELP1 can down-regulate the expression
of VEGFA, but no further studies have been conducted, which suggests that PELP1 has
a potential role in regulating tumor angiogenesis [22]. However, the effect of PELP1 on
angiogenesis in CRC remains unknown.

In this study, we firstly found that the levels of PELP1 are positively correlated with
MVD of clinical CRC tissues. Moreover, PELP1 promotes angiogenesis via STAT3/VEGFA
axis in vivo and vitro. Notably, in vivo, we further found that suppression of PELP1
enhances the efficacy of chemotherapy via the normalization of vessels. These results reveal
a new role of PELP1 in regulating angiogenesis, and suggest PELP1 may represent an
attractive therapeutic target in CRC.

2. Materials and Methods
2.1. Clinical Patients and Samples

A total of 90 pairs of CRC samples and normal tissues were obtained from CRC patients
who underwent surgeries at the First Affiliated Hospital of Jinan University (Guangzhou,
China).All samples were histopathologically and clinically diagnosed as CRC. Patients
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who underwent preoperative neoadjuvant chemotherapy or radiotherapy for CRC were
excluded from this study.

2.2. Conditioned Medium (CM)

CRC cells (1.0 × 106) were cultured in 6-well plates for overnight and then the culture
medium was changed to 2 mL basal DMEM medium in each well. After 24 h, the condi-
tioned medium was collected and centrifuged (1500× g, 15 min) and stored at −80 ◦C. The
CM was used for ELISA, wound healing, transwell, and tube formation assays.

2.3. Immunofluorescence

Immunofluorescence was performed as described previously [23]. Briefly, the cells or
sections were processed before being subjected to immunofluorescence analysis and then
the primary antibody against PELP1, human CD31 (Cat.No.AF3628, R&D, Minneapolis,
MN, USA), CD34 (Cat. No.35493, SAB), VEGFA, and Ki-67 (Cat.No.48871, SAB, Miami
Beach, FL, USA) were incubated with specific primary antibodies overnight at 4 ◦C, fol-
lowed by Alexa Fluor 594 (Red)-conjugatedsecondary antibody or 488 (Green)-conjugated
secondary antibody for 1 h in darkness. Nuclei were stained with DAPI. All images were
captured using Bio-Tek/Cytation5 system and analyzed by Image J software (version 1.46;
National Institutes of Health).

2.4. Woundhealing Assay

To test the migration capacity of HUVECs cultivated with CM, each well of a 6-well
plate was seed with 5 × 105 HUVECs for the wound healing assay. After 100% confluence
of cells were achieved, a micropipettor (200 µL) was used to generate a scratch on the
bottom of the 6-well plate, then the cells were washed twice with PBS, and the medium
was changed to CM without or with recombinant human VEGF (rVEGFA) (Cat.No. 100-20,
Peprotech, London, UK). All cells were cultivated with CM and observed at 0, 12, 24, and
48 h post scrape. Microscopy was used to observe and photograph cell migration to the
scratch area and calculate the healing area of the wound. All the images we obtained were
analyzed by Image J software (version 1.46; National Institutes of Health).

2.5. Transwell Invasion Assays

Transwell was performed as described previously [24]. HUVECs invasion assays were
performed by transwell chambers (Cat.No.353097, Corning, New York, NY, USA) coated
with Matrigel matrix (Cat.No. 354248, Corning) 200 µL of basal ECM containing 1.0 × 104

HUVECs was added to the upper chamber, and 800 µL of CM with or without rVEGFA
was added to the lower chamber and incubated for 36 h at 37 ◦C with 5% CO2. Prior to
fixation, cells on the upper membrane were removed with cotton swabs. The cells on the
membranes were fixed and stained using 0.1% crystal violet for 10min at room temperature.
Images were captured using light microscopy and invasion cells were counted using Image
J software (version 1.46; National Institutes of Health) in three randomly chosen fields
per well.

2.6. Tube Formation Assay

HUVECs were seeded in 96-well plates coated with 50 µL Matrigel matrix at a density
of 1.0 × 104 cells/well and cultured in CM for 4 h at 37 ◦C with 5% CO2. Four images
per well were randomly captured by microscopy and evaluated by Image J software
(version 1.46; National Institutes of Health).

3. Results
3.1. PELP1 Is Highly Expressed in Clinical CRC Tissue Samples and Positively Correlated with MVD

To systematically explore the role of PELP1 in angiogenesis of CRC, we first conducted
gene set enrichment analysis (GSEA) on the dataset GSE29263, GSE65979 and revealed that
the angiogenesis signatures were highly correlated with PELP1 expression (Figure S1). We
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then conducted immunofluorescence analyses to compare the expression levels of PELP1
and CD31/CD34 (human endothelial marker for MVD) in 90 clinical CRC tissues with their
paired normal tissues (Figure 1A). The result showed that PELP1 and CD31 expressions
were significantly higher in the CRC tissues (Figure 1B,C). Moreover, we divided 90 patients
into two groups, namely, high-PELP1 group (above median value) and low-PELP1 group
(below median value), and found that high-PELP1 group had significantly higher CD31
expression than the low-PELP1 group (Figure 1D). More importantly, further analysis of
these data showed that the expression level of PELP1 in CRC tissue samples was positively
correlated with the level of CD31 (Figure 1E). In addition, we selected CD34 as another
marker of endothelial cells and repeated the above experimental steps. We found that the
results are consistent with the previous ones (Figure 1F–I). Overall, these results suggested
that the upregulation of PELP1 is closely correlated with angiogenesis, and PELP1 plays a
pivotal role in CRC angiogenesis.

3.2. Down-Regulation of PELP1 Attenuates Angiogenesis In Vitro

We initially conducted RT-qPCR and immunoblot analysis and found that PELP1
expression level was higher in the CRC cell lines than in the immortalized colonic ep-
ithelium (Figure S2A).To validate the effect of PELP1 on angiogenesis in vitro, we choose
two cell lines HCT116 and HT29 with moderate levels of PELP1 to examine the effect
of PELP1 on the angiogenesis makers (Figure S2B). CCK8 assay showing knockdown of
PELP1 inhibited cell proliferation of HCT116 and HT29 cells, which is consistent with
previous reports (Figure S2C). Angiogenesis is a complex process, including the prolifera-
tion, migration, and differentiation of vascular endothelial cells [25]. HUVECs were used
to perform wound healing, transwell and tube formation assays to assess its migration,
invasion, and tube formation capabilities to evaluate the effect of PELP1 on angiogenesis in
this study (Figure 2A). We found that knockdown PELP1 (shPELP1) in CRC cells signif-
icantly decreased the migration, invasion, and tube formation of HUVECs compared to
the control (shCtrl) (Figure 2B–D). On the other hand, overexpression of PELP1 enhanced
these capacities of HUVECs (Figure S3A–D). These results support the notion that PELP1
may be involved in the regulation of CRC cell angiogenesis.

3.3. Downregulation of PELP1 Attenuates Angiogenesis by Reducing VEGFA Expression

Tumor angiogenesis is regulated by various cytokines and growth factors in TME [26].
In order to understand the mechanism in PELP1-regulated CRC angiogenesis, weutilized
RT-qPCR to detect the mRNA expressions of multiple angiogenesis-related cytokines in
PELP1-modified CRC sublines cells. Interestingly, the mRNA expressions of VEGFA, Ma-
trix metalloprotein-2 (MMP2), and Platelet derived growth factor-BB (PDGF-BB) were
significantly down- and up-regulated by PELP1 depletion and overexpression, respectively
(Figures 3A and S4A). Given the pivotal roles of VEGFA and PDGF-BB in tumor angio-
genesis, we conducted ELISA assay on these two genes and found that only VEGFA is
significantly down- and up-regulated by PELP1 depletion and overexpression, respectively
(Figures 3B and S4B). In addition, immunoblot assays also confirmed that VEGFA was
down- and up-regulated by PELP1 depletion and overexpression in CRC cells (Figures
3C and S4C). Similarly, immunofluorescence assay showed that VEGFA is significantly
down-regulated by PELP1 depletion and up-regulated by PELP1 overexpression (Figures
3D and S4D–F). Moreover, we further verified the relationship between PELP1 and VEGFA
expression levels in clinical tissues samples by immunofluorescence (Figure 3E). We found
that VEGFA expressions were significantly higher in the CRC tissues (Figure 3F). Further
analysis showed thathigh-PELP1 group had significantly higher VEGFA expression than the
low-PELP1 group (Figure 3G) and the expression level of PELP1was positively correlated
with the expression of VEGFA (Figure 3H). In addition, in order to clarify PELP1-induced
angiogenesis via VEGFA, we added human recombinant VEGFA (rVEGFA) into the CM
from PELP1-depleted cells, and found that the inhibitory effect on HUVECs was reversed
(Figures 3I–K and S4G–I). More importantly, we established PELP1-overexpressing cells
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with knockdown of VEGFA by specific siRNA and verified it by RT-qPCR, immunoblot and
ELISA (Figure S5A–C). The results showed that the effect of PELP1 on angiogenesis was
attenuated by VEGFA siRNA (Figure S5D–F). Taken together, these data provide strong
evidence that PELP1 induced angiogenesis through VEGFA.
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Figure 1. Correlation analysis between PELP1 and MVD in clinical CRC samples: (A) Representative
images of immunofluorescence for PELP1 and CD31 in 90 CRC tissues and their paired normal tissues.
Scale bar: 200 µm. (B) Quantification of PELP1-positive cells in CRC tissues and paired normal tissues.
(C) Quantification of MVD (CD31) in CRC tissues and paired normal tissues. (D) Quantification of
MVD (CD31) in PELP1 low and PELP1 high CRC tissues. (E) Correlation analysis between PELP1
and MVD (CD31) in CRC tissues. (F) Representative images of immunofluorescence for PELP1 and
CD34 in 90 CRC tissues and their paired normal tissues. Scale bar: 200 µm. (G) Quantification of
MVD (CD34) in PELP1 low and PELP1 high CRC tissues. (H) Quantification of MVD (CD34) in
PELP1 low and PELP1 high CRC tissues. (I) Correlation analysis between PELP1 and MVD (CD34)
in CRC tissues. Data are shown as the means of three independent experiments or representative
data. Error bars indicate SD. ** p < 0.01, *** p < 0.001, by Student’s t-test.

3.4. PELP1 Promotes Angiogenesis via the STAT3/VEGFA Axis

Tumor-derived angiogenic factors were regulated by various signaling pathways, such
as STAT3, ERK, AKT, and NF-κB pathways [17,27–29]. Previous reports have shown that
PELP1 regulate the phosphorylation of STAT3 (p-STAT3), and STAT3 regulate the expression
of VEGFA to affect the angiogenesis of tumor [30,31]. To determine if STAT3 was involved
in PELP1-mediated VEGFA upregulation, the results showed that knockdown PELP1 in
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CRC cells obviously reduced p-STAT3 without affecting the total level of STAT3 (Figure 4A).
Furthermore, Stattic, an inhibitor that can specifically inhibit the phosphorylation of STAT3,
was used in this study. CRC cells with PELP1 overexpressed were incubated with or without
Stattic (5 µM, 24 h), and it was found that overexpression PELP1 in CRC cells significantly
reduced the expression of VEGFA with Stattic (Figure 4B). Immunoblot analysis showed
that Stattic appeared to counteract PELP1-enhanced expressions of p-STAT3 and VEGFA
(Figure 4C). Moreover, ELISA and immunofluorescence assays also showed that Stattic
neutralized the effect of PELP1 (Figures 4D,E and S6A). In addition, to further confirm
that PELP1 promotes angiogenesis through STAT3, we collected CM from CRC cells with
PELP1 overexpressed with or without Stattic treatment to test the capacity of HUVECs. As
we expected, when the PELP1-overexpressing cells were treated with Stattic, it significantly
reduced the capacity of HUVECs (Figures 4F–H and S6B–D). Collectively, these data suggest
that PELP1 promoted angiogenesis through STAT3/VEGFA axis in CRC.
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Figure 2. Down-regulation of PELP1 attenuates angiogenesis in vitro: (A) Schematic diagram of the
HUVECs experiments in this study. (B) Representative images of wound healing in HUVECs treated
with CM from shCtrl CRC cells or shPELP1 CRC cells (left panel). Scale bar: 200 µm. Histograms
with the fold change in wound closure formed by the indicated cells (right panel). (C) Representative
images of cells invasion in HUVECs treated with CM from shCtrl CRC cells or shPELP1 CRC cells
(upper panel). Scale bar: 200 µm. Histograms with the fold change in the number of invasion cells
formed by the indicated cells (lower panel). (D) Representative images of tube formation in HUVECs
treated with CM from shCtrl CRC cells or shPELP1 CRC cells (upper panel). Scale bar: 200 µm.
Histograms with the fold change in the length of tube-like formation formed by the indicated cells
(lower panel). Data are shown as the means of three independent experiments or representative data.
Error bars indicate SD.* p < 0.05, ** p < 0.01, by Student’s t-test.
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(A) The mRNA levels of the 12 angiogenesis-related genes in shCtrl cells or shPELP1 cells. GAPDH Figure 3. Down-regulation of PELP1 attenuates angiogenesis by reducing the expression of VEGFA:

(A) The mRNA levels of the 12 angiogenesis-related genes in shCtrl cells or shPELP1 cells. GAPDH was
used as an internal control. (B) ELISA analysis of VEGFA and PDGF-BB expression in shCtrl cells or
shPELP1 cells. (C) Immunoblot analysis of PELP1 and VEGFA expressions in shCtrl cells or shPELP1
cells. GAPDH was used as an internal control. (D) Representative images of immunofluorescence for
VEGFA in HCT116-shCtrl CRC cells or HCT116-shPELP1 CRC cells. Scale bar: 30 µm. (E) Representative
images of immunofluorescence for PELP1 and VEGFA in 90 CRC tissues and their paired normal tissues.
Scale bar: 200 µm. (F) Quantification of VEGFA-positive cells in CRC tissues and paired normal tissues.
(G) Quantification of VEGFA-positive cells in PELP1 low and PELP1 high CRC tissues. (H) Correlation
analysis between PELP1 and VEGFA in CRC tissues. (I) Representative images of wound healing in
HUVECs treated with CM from HCT116-shCtrl CRC cells or HCT116-shPELP1 CRC cells treated with
or without rVEGFA and IgG (upper panel). Scale bar: 200 µm. Histograms with the fold change in
wound closure formed by the indicated cells (lower panel). (J) Representative images of cells migration
in HUVECs treated with CM from HCT116-shCtrl CRC cells or HCT116-shPELP1 CRC cells treated
with or without rVEGFA and IgG (left panel). Scale bar: 200 µm. Histograms with the fold change in
the number of invasion cells formed by the indicated cells (right panel). (K) Representative images of
tube formation in HUVECs treated with CM from HCT116-shCtrl CRC cells or HCT116-shPELP1 CRC
cells treated with or without rVEGFA and IgG (left panel). Scale bar: 200 µm. Histograms with the fold
change in the length of tube-like formation formed by the indicated cells (right panel). Data are shown
as the means of three independent experiments or representative data. Error bars indicate SD. ns: no
significance, * p < 0.05, ** p < 0.01, *** p < 0.001 by Student’s t-test.
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Figure 4. PELP1 promotes VEGFA-mediated angiogenesis via the STAT3: (A) Immunoblot analysis
of p-STAT3 and STAT3 expressions in shCtrl cells or shPELP1 cells. GAPDH was used as an internal
control. (B) RT-qPCR analysis of VEGFA in PELP1 overexpressed cells treated with or without Stattic.
GAPDH was used as an internal control. (C) Immunoblot analysis of p-STAT3, STAT3, and VEGFA
expressions in PELP1 overexpressed cells treated with or without Stattic. (D) ELISA analysis of
VEGFA expression in PELP1 overexpressed cells treated with or without Stattic. (E) Representative
images of immunofluorescence for VEGFA in HCT116-PELP1 CRC cells treated with or without
Stattic. Scale bar: 30 µm. (F) Representative images of wound healing in HUVECs treated with CM
from HCT116-PELP1 CRC cells treated with or without Stattic (upper panel). Scale bar: 200 µm.
Histograms with the fold change in wound closure formed by the indicated cells (lower panel).
(G) Representative images of cell invasion in HUVECs treated with CM from HCT116-PELP1 CRC
cells treated with or without Stattic (left panel). Scale bar: 200 µm. Histograms with the fold change
in the number of invaded cells formed by the indicated cells (right panel). (H) Representative images
of tube formation in HUVECs treated with CM from HCT116-PELP1 CRC cells treated with or
without Stattic (left panel). Scale bar: 200 µm. Histograms with the fold change in the length of
tube-like formation formed by the indicated cells (right panel). Data are shown as the means of
three independent experiments or representative data. Error bars indicate SD.* p < 0.05, ** p < 0.01,
*** p < 0.001 by Student’s t-test.
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3.5. Suppressing PELP1 Attenuates Angiogenesis via STAT3/VEGFA Axis In Vivo

To investigate the role of PELP1 on tumor angiogenesis in vivo, we inoculated HCT116-
shCtrl and HCT116-shPELP1 cells into flanks of nude mice. The animals were sacrificed at
the end of the experiment, and the tumors were dissected and weighed. The tumors derived
from the cells with PELP1-depleted tumors were smaller and lighter (Figure 5A–C). Of note,
immunoblot and immunofluorescence assay showed that knockdown PELP1 suppressed
the STAT3/VEGFA axis (Figure 5D,E). Furthermore, to verify the effect of PELP1 on tumor
angiogenesis, the results showed that suppression of PELP1 significantly reduced MVD
(Figure 5F,G). These data altogether indicate that PELP1 suppression reduced angiogenesis
via the STAT3/VEGFA axis.
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growth curves showed the measure tumor volumes over time. (B,C) Representative tumors (B) and
the bar charts of the weights (C) of all tumors harvested at the end of the experiments were shown.
(D,E) Expression of PELP1, VEGFA, p-STAT3, and STAT3 detected by immunoblotting (D) and Im-
munofluorescent (E) in tumors derived from nude mice injected with HCT116 cells stably expressing
shPELP1 or shCtrl. GAPDH was used as an internal control. Scale bar: 200 µm. (F,G) Representa-
tive images of immunofluorescence for MVD (CD31 and CD34) in tumors derived from nude mice
injected with HCT116 cells stably expressing shPELP1 or shCtrl (upper panel). Scale bar: 200 µm.
Quantification of MVD in the harvested tumors (lower panel). Data are shown as the means of three
independent experiments or representative data. Error bars indicate SD.* p < 0.05, *** p < 0.001 by
Student’s t-test.
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3.6. PELP1 Suppression Enhances the Effectiveness of Chemotherapy via Vascular Normalization

Increasing clinical evidences show that anti-angiogenesis therapy enhances the
efficacy of chemotherapy in solid tumors [32,33]. In this study, we found that PELP1
suppression can inhibit angiogenesis in CRC. We further explore whether inhibition
of PELP1 combined with chemotherapy can enhance the efficacy of chemotherapy. As
shown in Figure 6A–D, administration of the chemotherapy drug to mice xenografted
with PELP1 knockdown cells enhanced the antitumor efficacy. Meanwhile, immunoflu-
orescence staining of Ki67 showed that cisplatin (Cpt) treatment significantly reduced
the proliferation in PELP1 knockdown group (Figure 6E). The above results indicated
that suppression of PELP1 enhances the efficacy of chemotherapy, and we further ex-
plore its mechanism. The efficacy of chemotherapy depends on drug delivery in the
tumor tissue [34]. It is reported that anti-angiogenesis therapy enhances the efficacy of
chemotherapy due to the normalization of tumor vessels [35]. Given the results in this
study showed that PELP1 depletion reduced VEGFA to decrease angiogenesis in CRC.
Therefore, we hypothesized that PELP1 suppression reduced the secretion of VEGFA
to induce tumor vessel normalization. To confirm this hypothesis, double immunoflu-
orescent staining of CD31 and α-SMA (pericyte marker) in tumor xenograft tissues
revealed that PELP1 depletion significantly increased the pericytes coverage (Figure 6F).
Moreover, tumor vascular normalization can reduce tissue hypoxia [36].To detect the
hypoxic areas in tumor tissues, pimonidazole (PIMO) staining revealed that the hypoxic
areas were significantly decreased in PELP1 knockdown tissues (Figure 6G). In addition,
HPLC assay revealed that the accumulation of Cpt is increased in PELP1 knockdown
tissues (Figure 6H). Taken together, these data suggest that PELP1 suppression could
induce vascular normalization and then enhance chemotherapy efficiency by improving
delivery of anti-tumor drugs into tumor tissues.
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indicating the timing of xenografting and longitudinal treatment. (B–D) Growth curves (B), the
harvest tumors (C) and the weight of tumors (D) derived from nude mice injected with HCT116
cells stably expressing shPELP1 or shCtrl and with or without Cpt. (E) Representative images of
immunofluorescence for Ki67 in tumor derived from nude mice injected with HCT116 cells stably
expressing shPELP1 or shCtrl and with or without Cpt. Scale bar: 100 µm. (F) Double immunostaining
(upper) for CD31 (Green) and α-SMA (Red) in sections of tumors derived from nude mice injected
with HCT116 cells stably expressing shPELP1 or shCtrl, and quantification (lower) of percentage of
α-SMA+/CD31+ vessels to assess pericyte coverage. Scale bar: 200 µm. (G) Representative image
(upper panel) and quantification (lower panel) of PIMO staining in tumors derived from nude mice
injected with HCT116 cells stably expressing shPELP1 or shCtrl. Scale bar: 100 µm. (H) HPLC
analysis of Cpt concentration in tumor derived from nude mice. Data are shown as the means of
three independent experiments or representative data. Error bars indicate SD.* p < 0.05, ** p < 0.01,
*** p < 0.001 by Student’s t-test.



Cancers 2022, 14, 383 12 of 16

4. Discussion

Abnormal angiogenesis is an important feature of CRC. The present study revealed
that the high expression of PELP1 is closely related with angiogenesis in CRC.We proved
that PELP1 promotes tumor angiogenesis by activating the STAT3 pathway. It is worth not-
ing that suppression of PELP1 reduces VEGF expression and secretion, and then enhances
the efficacy of tumor chemotherapy via vascular normalization, which provides a novel
target for anti-angiogenesis in CRC.

Previous studies have shown that PELP1 is highly expressed in a variety of tumors,
such as breast cancer, ovarian cancer, brain cancer, lung cancer, and colorectal cancer, and
promotes tumor growth by multiple signaling pathways [22,36–40]. In this study, our
results indicated that PELP1 was up-regulated in CRC tissues compared with normal
colorectal specimens, and that inhibition of PELP1 led to inhibition of tumor growth. These
results were consistent with those observed in other cancers. It has been shown that PELP1
promotes tumor metastasis, but there is no report on the relationship between PELP1 and
tumor vessels. Tumor vessels not only support tumor growth, but also provide a way for
tumor metastasis [3]. Previous studies reported that MVD was positively correlated with
tumor lymph node metastasis, and distant metastasis in a variety of tumors [41]. In this
study, we found for the first time that PELP1 was positively correlated with MVD in CRC
and proved that PELP1 regulated tumor angiogenesis through the STAT3/VEGFA axis.
Most of the previous studies showed that PELP1 promoted tumor metastasis by enhancing
tumor invasion and migration ability. Our results reveal the specific function of PELP1 in
promoting angiogenesis, thus to facilitate tumor metastasis.

Tumor angiogenesis is a complex multi-step process, which is regulated by cytokines
and growth factors secreted from different types of cells in the tumor microenvironment,
including tumor itself [26]. To clarify how PELP1 regulates angiogenesis in this study, we
analyzed the mRNA expression levels of angiogenesis-related factors and found that the
mRNA expression level of VEGFA and PDGF-BB is positively correlated with PELP1 mRNA
expression. Furthermore, ELISA was used to analysis the protein expression of VEGFA and
PDGF-BB in the CM from CRC cells expressing shPELP1 or PELP1. The results showed
that PELP1 can regulate the secretion of VEGFA, but has no effect on PDGF-BB. The results
from immunoblot and Immunofluorescence further showed that in PELP1 knockdown
CRC cells, the protein expression level of VEGFA was significantly decreased. Moreover, in
90 CRC tissue samples, we found that the expression of VEGFA was significantly higher
in tumor than that in paired normal tissues. In tumor tissue, expression of VEGFA was
positively correlated with those ofPELP1. In addition, the rescue experiments revealed
that rVEGFA treatment abolished the inhibitory effects of CM from shPELP1 CRC cells
on HUVECs function, while VEGFA siRNA reversed the effects of CM from PELP1 CRC
cells on HUVECs. These results clearly indicated that PELP1 regulated tumor angiogenesis
through VEGFA. In this study, we found a novel mechanism that PELP1 regulates tumor
angiogenesis by promoting the expression of VEGFA, and may become a new target for
anti-tumor angiogenesis therapy.

In the actual application of anti-angiogenesis drugs, we found that anti-angiogenesis
therapy does not improve survival and may increase the risk of tumor metastasis [42,43].
The theory of tumor vascular normalization provides a new basis for expanding the
application of anti-angiogenesis drugs. At present, there are various methods for inducing
tumor vascular normalization, such as humanized monoclonal antibody, tyrosine kinase
inhibitor, and special reagents: nanoparticles, thalidomide, and metformin [44–49]. In this
study, we found that tumor vessels normalization can be induced by inhibition of PELP1 in
CRC. Of note, PELP1 suppression combined with chemotherapeuticdrug has a synergistic
anti-tumor effect. It has been reported that targeting PELP1 can induce tumor vessels
normalization through attenuating angiogenesis and enhance the efficacy of chemotherapy
via increasing the delivery of chemotherapeutic drug into tumor tissue (Figure 7).Currently,
the main problem of tumor vascular normalization is that the window period is short, and
the window period is difficult to predict [50]. These issues were not further explored in
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this study. Many reports have shown that the normalization of tumor vessels improve
the efficacy of radiotherapy and immunotherapy, whether there is the same effect on the
normalization of vessels induced by PELP1 is not clear in this study [51,52]. We will explore
the above issues in follow-up studies. Above all, these findings provide a new insight in
the clinical application of the mechanisms of various oncogenes regulating angiogenesis.
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In conclusion, our results reveal a new mechanism that PELP1 promotes angiogen-
esis by STAT3/VEGFA axis, and suppression of PELP1 enhances the effectiveness of
chemotherapy via vascular normalization. Therefore, targeting PELP1 combining with
chemotherapeutic drug may be a promising strategy for treatment of CRC.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers14020383/s1, Figure S1: PELP1 is positively correlated with angiogenesis in CRC.
Figure S2: PELP1 is highly expressed in CRC cells. Figure S3: Overexpression of PELP1 enhances
angiogenesis in vitro. Figure S4: VEGFA is a critical key for PELP1 to promoting angiogenesis in
CRC. Figure S5: Downregulation of VEGFA inhibits PELP1-mediated angiogenesis. Figure S6: PELP1
promotes angiogenesis via STAT3/VEGFA axis in vitro. Figure S7: Whole blots for Western blots in
Figure 3. Figure S8: Whole blots for Western blots in Figure 4A. Figure S9: Whole blots for Western
blots in Figure 4C. Figure S10: Whole blots for Western blots in Figure 5. Figure S11: Whole blots
for Western blots in Figure S2A. Figure S12: Whole blots for Western blots in Figure S2B. Figure S13:
Whole blots for Western blots in Figure S3A, Figure S14: Whole blots for Western blots in Figure S4C.
Figure S15: Whole blots for Western blots in Figure S5.

Author Contributions: H.Z. and Y.P. conceived and designed the experiments. Y.Y. (Yabing Yang),
Y.L. and Z.Y. performed bioinformatics analyses. J.Z., L.W., F.L. and X.X. performed the in vitro
experiments. J.Z., J.P. and L.W. performed the in vivo experiments. L.W. and J.Z. performed and
guided the statistical analysis. X.C., Y.Z., Y.Y. (Yi Yang) and K.L. provided or collected the study
materials or patients; H.Z. and Y.P. wrote the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by the following funding agencies: National Natural Science
Foundation of China (82002491); the First Affiliated Hospital of Jinan University Flagship Specialty
Construction Project-General Surgery (711003); the Guangdong Basic and Applied Basic Research
Fund Project (2018A030313145; 2019A1515011763; 2019A1515110543; 2021A1515010994) and the
Fundamental Research Business Expenses of Central Universities (21620306).

https://www.mdpi.com/article/10.3390/cancers14020383/s1
https://www.mdpi.com/article/10.3390/cancers14020383/s1


Cancers 2022, 14, 383 14 of 16

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Jinan University Animal Care Committee (protocol
code: IACUC20210222-11, 22 February 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study will be made available upon reason-
able request.

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

References
1. Hanahan, D.; Weinberg, R.A. The Hallmarks of Cancer. Cell 2000, 100, 57–70. [CrossRef]
2. Guinney, J.; Dienstmann, R.; Wang, X.; De Reyniès, A.; Schlicker, A.; Soneson, C.; Marisa, L.; Roepman, P.; Nyamundanda, G.;

Angelino, P.; et al. The consensus molecular subtypes of colorectal cancer. Nat. Med. 2015, 21, 1350–1356. [CrossRef]
3. Weis, S.M.; Cheresh, D.A. Tumor angiogenesis: Molecular pathways and therapeutic targets. Nat. Med. 2011, 17, 1359–1370.

[CrossRef] [PubMed]
4. Bhadada, S.V.; Goyal, B.R.; Patel, M.M. Angiogenic targets for potential disorders. Fundam. Clin. Pharmacol. 2011, 25, 29–47.

[CrossRef]
5. Kobayashi, H.; Enomoto, A.; Woods, S.L.; Burt, A.D.; Takahashi, M.; Worthley, D.L. Cancer-associated fibroblasts in gastrointestinal

cancer. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 282–295. [CrossRef] [PubMed]
6. Dehghani, S.; Nosrati, R.; Yousefi, M.; Nezami, A.; Soltani, F.; Taghdisi, S.M.; Abnous, K.; Alibolandi, M.; Ramezani, M. Aptamer-

based biosensors and nanosensors for the detection of vascular endothelial growth factor (VEGF): A review. Biosens. Bioelectron.
2018, 110, 23–37. [CrossRef] [PubMed]

7. Jain, R.K. Antiangiogenesis Strategies Revisited: From Starving Tumors to Alleviating Hypoxia. Cancer Cell 2014, 26, 605–622.
[CrossRef] [PubMed]

8. Saltz, L.B.; Clarke, S.; Diaz-Rubio, E.; Scheithauer, W.; Figer, A.; Wong, R.; Koski, S.; Lichinitser, M.; Yang, T.-S.; Rivera, F.; et al.
Bevacizumab in Combination with Oxaliplatin-Based Chemotherapy As First-Line Therapy in Metastatic Colorectal Cancer:
A Randomized Phase III Study. J. Clin. Oncol. 2008, 26, 2013–2019. [CrossRef] [PubMed]

9. Lan, C.Y.; Wang, Y.; Xiong, Y.; Li, J.-D.; Shen, J.-X.; Li, Y.-F.; Zheng, M.; Zhang, Y.-N.; Feng, Y.-L.; Liu, Q.; et al. Apatinib combined
with oral etoposide in patients with platinum-resistant or platinum-refractory ovarian cancer (AEROC): A phase 2, single-arm,
prospective study. Lancet Oncol. 2018, 19, 1239–1246. [CrossRef]

10. Missiaen, R.; Mazzone, M.; Bergers, G. The reciprocal function and regulation of tumor vessels and immune cells offers new
therapeutic opportunities in cancer. Semin. Cancer Biol. 2018, 52, 107–116. [CrossRef] [PubMed]

11. Yadav, V.N.; Altshuler, D.; Kadiyala, P.; Zamler, D.; Comba, A.; Appelman, H.; Dunn, P.; Koschmann, C.; Castro, M.G.;
Lowenstein, P.R. Molecular ablation of tumor blood vessels inhibits therapeutic effects of radiation and bevacizumab.
Neuro-Oncology 2018, 20, 1356–1367. [CrossRef]

12. Goel, S.; Wong, A.H.-K.; Jain, R.K. Vascular Normalization as a Therapeutic Strategy for Malignant and Nonmalignant Disease.
Cold Spring Harb. Perspect. Med. 2012, 2, a006486. [CrossRef] [PubMed]

13. De Bock, K.; Cauwenberghs, S.; Carmeliet, P. Vessel abnormalization: Another hallmark of cancer?: Molecular mechanisms and
therapeutic implications. Curr. Opin. Genet. Dev. 2011, 21, 73–79. [CrossRef]

14. Winkler, F.; Kozin, S.V.; Tong, R.T.; Chae, S.-S.; Booth, M.F.; Garkavtsev, I.; Xu, L.; Hicklin, D.J.; Fukumura, D.; di Tomaso, E.; et al.
Kinetics of vascular normalization by VEGFR2 blockade governs brain tumor response to radiation: Role of oxygenation,
angiopoietin-1, and matrix metalloproteinases. Cancer Cell 2004, 6, 553–563. [CrossRef] [PubMed]

15. Kim, S.J.; Jung, K.H.; Son, M.K.; Park, J.H.; Yan, H.H.; Fang, Z.; Kang, Y.W.; Han, B.; Lim, J.H.; Hong, S.-S. Tumor vessel
normalization by the PI3K inhibitor HS-173 enhances drug delivery. Cancer Lett. 2017, 403, 339–353. [CrossRef]

16. Chatterjee, S.; Wieczorek, C.; Schöttle, J.; Siobal, M.; Hinze, Y.; Franz, T.; Florin, A.; Adamczak, J.; Heukamp, L.C.;
Neumaier, B.; et al. Transient Antiangiogenic Treatment Improves Delivery of Cytotoxic Compounds and Therapeutic Outcome
in Lung Cancer. Cancer Res. 2014, 74, 2816–2824. [CrossRef]

17. Wang, R.; Ma, Y.; Zhan, S.; Zhang, G.; Cao, L.; Zhang, X.; Shi, T.; Chen, W. B7-H3 promotes colorectal cancer angiogenesis through
activating the NF-κB pathway to induce VEGFA expression. Cell Death Dis. 2020, 11, 55. [CrossRef] [PubMed]

18. Zizza, P.; Dinami, R.; Porru, M.; Cingolani, C.; Salvati, E.; Rizzo, A.; D’Angelo, C.; Petti, E.; Amoreo, C.A.; Mottolese, M.; et al. TRF2
positively regulates SULF2 expression increasing VEGF-A release and activity in tumor microenvironment. Nucleic Acids Res.
2019, 47, 3365–3382. [CrossRef] [PubMed]

19. Sareddy, G.R.; Vadlamudi, R.K. PELP1: Structure, biological function and clinical significance. Gene 2016, 585, 128–134. [CrossRef]
[PubMed]

20. Wang, L.; Li, K.; Lin, X.; Yao, Z.; Wang, S.; Xiong, X.; Ning, Z.; Wang, J.; Xu, X.; Jiang, Y.; et al. Metformin induces human
esophageal carcinoma cell pyroptosis by targeting the miR-497/PELP1 axis. Cancer Lett. 2019, 450, 22–31. [CrossRef]

http://doi.org/10.1016/S0092-8674(00)81683-9
http://doi.org/10.1038/nm.3967
http://doi.org/10.1038/nm.2537
http://www.ncbi.nlm.nih.gov/pubmed/22064426
http://doi.org/10.1111/j.1472-8206.2010.00814.x
http://doi.org/10.1038/s41575-019-0115-0
http://www.ncbi.nlm.nih.gov/pubmed/30778141
http://doi.org/10.1016/j.bios.2018.03.037
http://www.ncbi.nlm.nih.gov/pubmed/29579646
http://doi.org/10.1016/j.ccell.2014.10.006
http://www.ncbi.nlm.nih.gov/pubmed/25517747
http://doi.org/10.1200/JCO.2007.14.9930
http://www.ncbi.nlm.nih.gov/pubmed/18421054
http://doi.org/10.1016/S1470-2045(18)30349-8
http://doi.org/10.1016/j.semcancer.2018.06.002
http://www.ncbi.nlm.nih.gov/pubmed/29935312
http://doi.org/10.1093/neuonc/noy055
http://doi.org/10.1101/cshperspect.a006486
http://www.ncbi.nlm.nih.gov/pubmed/22393532
http://doi.org/10.1016/j.gde.2010.10.008
http://doi.org/10.1016/j.ccr.2004.10.011
http://www.ncbi.nlm.nih.gov/pubmed/15607960
http://doi.org/10.1016/j.canlet.2017.06.035
http://doi.org/10.1158/0008-5472.CAN-13-2986
http://doi.org/10.1038/s41419-020-2252-3
http://www.ncbi.nlm.nih.gov/pubmed/31974361
http://doi.org/10.1093/nar/gkz041
http://www.ncbi.nlm.nih.gov/pubmed/30698737
http://doi.org/10.1016/j.gene.2016.03.017
http://www.ncbi.nlm.nih.gov/pubmed/26997260
http://doi.org/10.1016/j.canlet.2019.02.014


Cancers 2022, 14, 383 15 of 16

21. Liu, J.; Liu, Z.; Li, M.; Tang, W.; Pratap, U.P.; Luo, Y.; Altwegg, K.A.; Li, X.; Zou, Y.; Zhu, H.; et al. Interaction of transcription factor
AP-2 gamma with proto-oncogene PELP1 promotes tumorigenesis by enhancing RET signaling. Mol. Oncol. 2021, 15, 1146–1161.
[CrossRef] [PubMed]

22. Luo, Y.; Li, M.; Pratap, U.P.; Viswanadhapalli, S.; Liu, J.; Venkata, P.P.; Altwegg, K.A.; Palacios, B.E.; Li, X.; Chen, Y.; et al. PELP1
signaling contributes to medulloblastoma progression by regulating the NF-κB pathway. Mol. Carcinog. 2020, 59, 281–292.
[CrossRef] [PubMed]

23. Xiong, X.; Ke, X.; Wang, L.; Yao, Z.; Guo, Y.; Zhang, X.; Chen, Y.; Pang, C.P.; Schally, A.V.; Zhang, H. Splice variant of growth
hormone-releasing hormone receptor drives esophageal squamous cell carcinoma conferring a therapeutic target. Proc. Natl.
Acad. Sci. USA 2020, 117, 6726–6732. [CrossRef]

24. Wang, L.; Xiong, X.; Yao, Z.; Zhu, J.; Lin, Y.; Lin, W.; Li, K.; Xu, X.; Guo, Y.; Chen, Y.; et al. Chimeric RNA ASTN2-PAPPAas
aggravates tumor progression and metastasis in human esophageal cancer. Cancer Lett. 2021, 501, 1–11. [CrossRef] [PubMed]

25. Carmeliet, P. Angiogenesis in life, disease and medicine. Nature 2005, 438, 932–936. [CrossRef] [PubMed]
26. De Palma, M.; Biziato, D.; Petrova, T.V. Microenvironmental regulation of tumour angiogenesis. Nat. Rev. Cancer 2017, 17, 457–474.

[CrossRef] [PubMed]
27. Lei, Z.; Duan, H.; Zhao, T.; Zhang, Y.; Guoqi, L.; Meng, J.; Zhang, S.; Yan, W. PARK2 inhibits osteosarcoma cell growth through

the JAK2/STAT3/VEGF signaling pathway. Cell Death Dis. 2018, 9, 375. [CrossRef]
28. Wang, Z.; Jin, C.; Li, X.; Ding, K. Sulfated polysaccharide JCS1S2 inhibits angiogenesis via targeting VEGFR2/VEGF and blocking

VEGFR2/Erk/VEGF signaling. Carbohydr. Polym. 2019, 207, 502–509. [CrossRef] [PubMed]
29. Zhu, C.-C.; Chen, C.; Xu, Z.-Q.; Zhao, J.-K.; Ou, B.-C.; Sun, J.; Zheng, M.-H.; Zong, Y.-P.; Lu, A.-G. CCR6 promotes tumor

angiogenesis via the AKT/NF-κB/VEGF pathway in colorectal cancer. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2018, 1864,
387–397. [CrossRef]

30. Manavathi, B.; Nair, S.S.; Wang, R.-A.; Kumar, R.; Vadlamudi, R.K. Proline-, Glutamic Acid-, and Leucine-Rich Protein-1 Is
Essential in Growth Factor Regulation of Signal Transducers and Activators of Transcription 3 Activation. Cancer Res. 2005,
65, 5571–5577. [CrossRef]

31. Banerjee, K.; Resat, H. Constitutive activation of STAT3 in breast cancer cells: A review. Int. J. Cancer 2016, 138, 2570–2578.
[CrossRef]

32. Wang, K.; Chen, Q.; Liu, N.; Zhang, J.; Pan, X. Recent advances in, and challenges of, anti-angiogenesis agents for tumor
chemotherapy based on vascular normalization. Drug Discov. Today 2021, 26, 2743–2753. [CrossRef]

33. Zhu, D.; Li, Y.; Zhang, Z.; Xue, Z.; Hua, Z.; Luo, X.; Zhao, T.; Lu, C.; Liu, Y. Recent advances of nanotechnology-based tumor
vessel-targeting strategies. J. Nanobiotechnol. 2021, 19, 435. [CrossRef] [PubMed]

34. Saggar, J.K.; Fung, A.S.; Patel, K.J.; Tannock, I.F. Use of Molecular Biomarkers to Quantify the Spatial Distribution of Effects of
Anticancer Drugs in Solid Tumors. Mol. Cancer Ther. 2013, 12, 542–552. [CrossRef] [PubMed]

35. Wong, P.P.; Bodrug, N.; Hodivala-Dilke, K.M. Exploring Novel Methods for Modulating Tumor Blood Vessels in Cancer Treatment.
Curr. Biol. 2016, 26, R1161–R1166. [CrossRef] [PubMed]

36. Jain, R.K. Normalization of Tumor Vasculature: An Emerging Concept in Antiangiogenic Therapy. Science 2005, 307, 58–62.
[CrossRef] [PubMed]

37. Chakravarty, D.; Roy, S.S.; Babu, C.R.; Dandamudi, R.; Curiel, T.J.; Vivas-Mejia, P.; Lopez-Berestein, G.; Sood, A.K.;
Vadlamudi, R.K. Therapeutic Targeting of PELP1 Prevents Ovarian Cancer Growth and Metastasis. Clin. Cancer Res. 2011,
17, 2250–2259. [CrossRef] [PubMed]
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