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Abstract

Although reports implicate radioresistance as an important obstacle for the management of breast cancer, its molec-
ular mechanism is elusive. Herein, we found that high HDGF levels are expressed significantly in breast cancer and
exhibit a positive association with poor survival prognosis. Heparin-binding growth factor (HDGF) was upregulated
in radioresistant breast cancer cells, however, its knockdown could reduce breast cancer radioresistant both in vitro
and in vivo. Additionally, the binding of RXRa to HDGF promoter blocked HDGF transcriptional activity, consequently
inhibiting breast cancer radioresistance. The enhanced radioresistant activity of HDGF is induced by TKT and STAT3,
impacting the STAT3-Tyr705 and STAT3-Ser727 phosphorylation and STAT3 transcriptional activity. Notably, HDGF
depletion renders radioresistant hypersensitive to the drug that targets STAT3 phosphorylation. This article demon-
strates the novel function of HDGF as a promising molecular target for predicting radioresistance in breast cancer.
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Introduction

Breast cancer has become one of the cancers with high
survival rate. As long as most patients can be detected
early and receive standard treatment, the 5-year survival
rate is as high as 80%. Nevertheless, breast cancer is still
one of the most deadly cancers for women [1, 2]. Diagno-
sis of breast cancer is more prevalent among women [3,
4]. At present, surgical resection remains the most effec-
tive approach for breast cancer management [5]. Notably,
conventional radiotherapy is widely administered as an
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adjuvant therapy post surgery [6]. Recent findings indi-
cate that ionizing radiation (I.R.) influences several gene
characteristics, including expression levels, epigenetics,
etc., which potentially cause radioresistance [7]. Unsuc-
cessful therapy of breast cancer patients is, in most cases,
associated with radioresistance. The therapeutic efficacy
is often hampered by the development of radioresistance
in breast cancer cells [8]. Hence, uncovering the precise
molecular mechanisms that modulate radioresistance is
crucial for the clinical management of breast cancer.
Heparin-binding growth factor (HDGF) was first puri-
fied from the Huh-7 cell medium, a human hepatoma-
derived cell line [9]. Recently, it was found to exert
critical functions in vascular development and mitosis
[10], and promote malignant processes including cell
proliferation, invasion, and metastasis [11-15]. Studies
have also revealed the association of HDGF expression
with clinical outcomes of patients with pancreatic cancer
[16], gastric cancer [17], hepatocellular carcinoma [18].
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Nevertheless, the precise role of HDGF in the radiore-
sistance of breast cancer remains largely unknown.

In the present study, we found dramatically upregu-
lated HDGF levels in radioresistant breast cancer cells.
Also, we uncovered the role of HDGF in radioresistant
breast cancer both in vitro and in vivo and explored its
underlying molecular mechanism.
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Results

HDGF is overexpressed in breast cancer and negatively
associated with the clinical outcome of patients

To uncover the precise role of HDGF in breast cancer,
we first examined the DNA copy number of HDGF
from the TCGA database (http://xena.uscs.edu/pub-
lic-hubs). We found positive HDGF amplification in
breast cancer tumors (Fig. 1A). The mRNA expression
of HDGF was higher in breast tumor tissues compared
to the adjacent normal tissues in the REMBRANDT
dataset (http://www.betastasis.com) (Fig. 1B). Moreo-
ver, Kaplan—Meier plotter database showed that HDGF
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Fig. 1 HDGF overexpression in breast cancer and its negative correlation with the survival prognosis of patients. A HDGF copy number analysis
in TCGA breast cancer dataset. Data were downloaded from http://xena.ucsc.edu/public-hubs. B HDGF expression is higher in breast cancer
tissues than that in adjacent normal tissues. Expression data of HDGF were downloaded from the REMBRANDT dataset. Data are presented as
mean £ SEM***P <0.001, by two-tailed t-test. C, D HDGF expression is negatively correlated with patients’disease-free survival (C) and distance
metastasis-free survival (D). Data were retrieved from Kaplan—-Meier Plotter (http:// kmplot.com/ analysis/index). E HDGF protein is upregulated in
breast cancer (MCF7, MDA-MB-231, BT549, and MDA-MB-453) compared with that in the normal MCF10A cells. F Quantification of HDGF protein in
E. G, H HDGF is upregulated in breast cancer |.R. cell lines at the mRNA (G) and protein level (H). | Quantification of HDGF protein in (H). As shown in
B,F, G, and |, Error bars £ S.D. *P < 0.05. ***P <0.001. Data are representative of three independent experiments
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expression is negatively correlated with patients’ dis-
ease-free survival (Fig. 1C) and distance metastasis-free
survival (Fig. 1D). Meanwhile, HDGF protein expres-
sion in breast cancer (MCF7, BT549, MDA-MB-231,
and MDA-MB-453) was higher compared to that in the
normal MCF10A cells (Fig. 1E, F). Eventually, we found
HDGF expression in radioresistant and control breast
cancer cells. Compared to the control cells, the mRNA
and protein levels of HDGF were markedly higher in
radioresistant breast cancer cells (Fig. 1G-I).
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HDGF enhances radioresistance in breast cancer cells

We validated the actual role of HDGF in the radiore-
sistance of breast cancer, shRNA-mediated HDGF
knockdown (Fig. 2A, B). HDGF knockdown markedly
decreased the cell survival fraction in a dose-dependent
manner at 2, 4, 6, 8, and 10 Gy after 2 weeks (Fig. 2C,
D). Importantly, our data revealed that HDGF knock-
down inhibited cell proliferation after 4 Gy irradiation
treatment at 24, 48, 72, 96, and 120 h (Fig. 2E, F). Nota-
bly, in vivo tumor growth also demonstrated a similar
effect (Fig. 2G, H). Furthermore, we tested that HDGF
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Fig. 2 HDGF-enhanced radioresistance of breast cancer cells. A Western blot analysis of HDGF protein levels in HDGF knockdown breast cancer
cells. B Quantification of HDGF protein in (A). C, D NPC cells downregulating HDGF show significantly lower surviving fractions compared to
breast cancer cells post-irradiation at 2, 4, 6, 8, and 10 Gy after 2 weeks. E, F, Breast cancer cells downregulating HDGF show slower proliferation
after 4 Gy irradiation at 24, 48, 72,96, and 120 h. G, Representative xenograft tumors of HDGF knockdown-inhibited tumor size in MDA-MB-231/IR
cells. H, Quantification of tumor size in (F). As shown in B, C, D, E, F, and H, Error bars £ S.D. *P < 0.05. ***P <0.001. Data are representative of three

independent experiments
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knockdown increases ROS formation (Additional file 1:
Figure S1). These findings indicate the promotor effects
of HDGF on the radioresistance of breast cancer cells.

RXRa negatively modulates HDGF

To explore the upstream gene of HDGE, we assessed the
transcriptional factors in the JASPAR database. Then,
RXRa was selected as one of the most potential can-
didates that bind to HDGF promoter (Fig. 3A). It was
revealed that RXRa knockdown upregulated HDGEF
mRNA (Fig. 3B) and protein (Fig. 3C, D) expression lev-
els. Further analysis demonstrated that RXRa binds to
HDGF promoter at both — 570 to — 560 bp (site 1) and
— 231 to — 221 bp (site 2) sites via chromatin immu-
noprecipitation (ChIP)-qPCR assays (Fig. 3E). RXRa
overexpression markedly blocked HDGF promoter tran-
scriptional activity, whereas mutation of site 1 and site
2 induced HDGF promoter transcriptional activity, sup-
pressed by RXRa luciferase assays (Fig. 3F). 9-cis-retinoic
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acid (9cRA) is an endogenous ligand for RXRa, previ-
ously found to potentially enhance cell radioresistance
[19, 20]. Similarly, we treated cells with 9cRA or 9cRA,
following HDGF overexpression (Fig. 3G, H), and then
evaluated the radiation cell proliferation and cell survival
fraction. 9cRA markedly blocked the radiation cell pro-
liferation (Fig. 31, J) and cell survival fraction (Fig. 3K),
whereas HDGF overexpression rescued this effect.
Therefore, we deduced that HDGF is critical for RXRa-
regulated radioresistance.

HDGF interacts with STAT3 and promotes its transcription
activity

For this experiment, we purified the HDGF complex
using Flag pull-down from MDA-MB-231 cells overex-
pressing Flag-tagged HDGF or a Flag-GFP control to
reveal the HDGF regulatory mechanism of radioresist-
ance in breast cancer. This was followed by mass spec-
trometric analysis. The results implicated STAT3 as one
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Fig. 3 Negative modulation of HDGF by RXRa. A Schematic diagram of the putative RXRa binding site in HDGF promoter. B, C RXRa knockdown
inhibited HDGF mRNA (B) and protein (C) in MCF7 and MDA-MB-231 cells. D Quantification of HDGF protein in (C). E ChIP-gPCR assay of RXRa
binding with the HDGF promoter in MDA-MB-231 cells. F Luciferase assay of RXRa inhibiting HDGF promoter activity in MDA-MB-231 cells. G Effects
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F, G H, 1 J and K, Error bars+S5.D. *P <0.05. **P <0.01. ***P <0.001. Data are representative of three independent experiments




Qiu etal.J Transl Med (2021) 19:344

of the most potential candidates that bind to HDGF
(Fig. 4A). The interaction was validated via immuno-
precipitation assays (Fig. 4B-D). HDGF knockdown
suppressed the activity of luciferase reporter with the
STAT3 response element (Fig. 4E). Furthermore, the
mRNA expression of the downstream genes of STAT3
was impeded through HDGF suppression (Fig. 4F).
STAT3 phosphorylated modification is critical for
nuclear translocation its transcriptional activity [21].
Herein, we detected the effect of HDGF knockdown on
STAT3 phosphorylation. Of note, HDGF knockdown
suppressed nuclear STAT3 and STAT3-Y705 phos-
phorylation but promoted nuclear STAT3-Y705 phos-
phorylation (Fig. 4G-]J). The Y705D mutant or STAT3
overexpression rescued HDGF from the inhibition of
radiation cell proliferation (Fig. 4K) and cell survival
fraction (Fig. 4L). These observations indicate that the
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transcription activity of HDGF is achieved followed its
interaction with STAT3.

HDGF mediates STAT3 phosphorylation

under transketolase

Here, we examined the potential mechanism by which
HDGF promotes STAT3-Y705 phosphorylation and
suppresses nuclear STAT3-Y705 phosphorylation. Tran-
sketolase (TKT) was found to regulate STAT3-Y705 and
STAT3-S727 phosphorylation in cancers [22, 23]. Our
mass spectrometric method identified TKT interaction
with HDGF in MDA-MB-231 cells, demonstrating that
HDGEF potentially mediates STAT3 phosphorylation
when combined with TKT. TKT knockdown suppressed
STAT3-Y705 phosphorylation and enhanced STAT3-
S$727 phosphorylation (Fig. 5A-D). These effects were
rescued by HDGF overexpression. Furthermore, TKT
restored HDGF inhibition-suppressed the radiation cell
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Fig. 4 The interaction of HDGF with STAT3 promotes its transcription activity. A Immunoprecipitation followed by silver staining of the HDGF
binding proteins. B, C Immunoprecipitation and western blotting for HDGF association with STAT3 protein in HEK-293 T cells. D HDGF interacts
with STAT3 in MDA-MB-231 cells. E Luciferase assay detected STAT3 downstream genes. F HDGF knockdown lowers the mRNA levels of STAT3
downstream genes in MDA-MB-231 cells. G Effects of STAT3-Tyr705 and STAT3-Ser727 phosphorylation levels in HDGF knockdown breast cancer
cells. H, Quantification of protein in (G). | Effects of the cellular distribution of the phosphorylated STAT3-Y705 and STAT3-5727 in HDGF knockdown
breast cancer cells. J Quantification of protein in (I). K, L Cell proliferation (K) and surviving fractions (L) for MDA-MB-231 cells transfected with
wild-type STAT3, the STAT3-S727D mutant or control after irradiation. As shown in E, F, H, J, K, and L, Error bars +5.D. *P <0.05. ***P <0.001. Data are
representative of three independent experiments
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proliferation (Fig. 5E) and cell survival fraction (Fig. 5F).
Interestinglyy, HDGF knockdown blocked the bind-
ing between TKT and STAT3 (Fig. 5G), and less HDGF
bound to STAT3 at downregulated TKT levels (Fig. 5H).
These results imply that HDGF mediates STAT3 phos-
phorylation triggered by transketolase.

HDGF depletion combined with STAT3 activity inhibition
impedes breast cancer radioresistance

As previously reported, STAT3 activation and dimeri-
zation could be inhibited by a small molecular inhibi-
tor (Stattic) [24]. Considering the critical role of the

STAT3 signaling pathway in HDGF/TKT-driven breast
cancer radioresistance, we assessed the effects of Stat-
tic treatment combined with HDGF-depletion on
breast cancer radioresistance using the MDA-MB-231
cells xenograft models. The combined Stattic treatment
with HDGF depletion was more effective on the radia-
tion cell proliferation and cell survival fraction com-
pared to single-agent treatment in both breast cancer
cell lines (Fig. 6A-D). In vivo assay also found a simi-
lar result (Fig. 6E, F). Thus, HDGF depletion combined
with STAT3 activity inhibition impedes breast cancer
radioresistance.
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Discussion
Studies on the critical roles of HDGF in various cancers,
including pancreatic cancer [16], gastric cancer [17],
hepatocellular carcinoma [18], have matured. However,
there are no reports on the explicit role of HDGF in the
radioresistance of breast carcinoma. Herein, we revealed
that RXRa binding to the HDGF promoter suppresses
HDGF transcriptional activity. The potential association
of HDGF with TKT and STAT3 promotes STAT3 phos-
phorylation and transcriptional activity. In consequence,
tumor radioresistance occurs in breast cancer (Fig. 6G).
The extraordinary research team genotyped seven
polymorphisms in six genes reported by others as modi-
fiers of oxidative stress (NQO1, mEPXH1, GSTT1 and
GSTM1) and inflammation (TNF-a and TGF-p1) for an
association in effect of decreasing in liver function tests
(LFTs) [25]. In this excellent study, the authors described
NQO1, mEPXHI, GSTT1 and GSTM1 play an important
role in general oxidative stress defense. Antioxidant ther-
apy play an important role in human health. Free radi-
cal participates in DNA damage, induction of apoptosis,
and inhibition of growth and proliferation of cancer cells

[26]. Antioxidant therapy help to scavenge free radical
and might help anticancer therapy such as radiotherapy.
High doses of dietary antioxidants (vitamin C, vitamin E
succinate and natural beta-carotene) which can be used
adjunctively with radiation therapy [27]. Antioxidants
may alleviate radiation toxicities [28, 29]. Antioxidant
therapy might contribute to human health and plays an
important role in the prevention and treatment of dis-
eases. As previously reported, radioresistance is a crucial
tumor recurrence factor characterized by the survival
fraction [30]. Therefore, to establish the association of
HDGF with radioresistance of breast cancer, we prepared
the clonogenic assay to assess the survival fraction. Nota-
bly, the suppression of HDGF induced radioresistance.
HDGEF is positively associated with radioresistance in
esophageal cancer [31]. Our in vivo experiments demon-
strated that HDGF downregulation inhibited breast can-
cer radioresistance, suggesting its potential association
with breast cancer radioresistance.

Recent reports show that RXRa is critical for breast
cancer progression and has been proven to be a tran-
scriptional factor inducing tumor suppression in breast
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cancer [32-34]. Interestingly, RXRa was reported to
inhibit radioresistance in the Head and Neck Squa-
mous Cell Carcinoma [35]; however, its explicit role in
breast cancer remains largely elusive. Our findings dem-
onstrated the direct association of RXRa with HDGF
promoter and that it negatively mediates HDGF tran-
scriptional activity. Furthermore, RXRa agonist, 9cRA,
rescued HDGF overexpression-increased the survival
fraction and cell proliferation after I.R. Taken together,
the present findings demonstrate that HDGF is critical in
RXRa suppression of breast cancer radioresistance.

Activated STAT3 is a potential molecular target in the
management of numerous cancers [36—39]. STAT3 sign-
aling is involved in the regulation of metastasis, the tran-
sition of cancer stem cells, and chemoresistance of cancer
by epithelial-mesenchymal transition [40]. STAT3 have
been reported to localize to mitochondria. The mito-
chondrial localization of STAT3 is required for its abil-
ity to support malignant transformation in breast cancer
cells [41]. Some genes contribute to the alteration of
STAT3 phosphorylation status, consequently influencing
its nuclear import—export dynamics [42, 43]. The asso-
ciation of Lnc-DC with STAT3 promotes the Y705 phos-
phorylation [42]. Herein, we found the HDGF binding
with STAT3 could promote the Y705 phosphorylation,
thereby inducing STAT?3 transcriptional activity. A recent
study revealed that activated STAT3 is related to Y705
and/or S727 phosphorylation [22]. Y705 show onco-
genic characteristic in several cancers [44]. S727 phos-
phorylation was found to potentially induce or suppress
Y705-phosphorylated STAT3 [45]. In the present study,
we demonstrated that HDGF promoted Y705 phospho-
rylation and decreased S727 phosphorylation; these
effects increased the survival fraction and cell prolifera-
tion post LR. These findings affirm the role of HDGF in
breast cancer radioresistance through modulation of
STAT?3 phosphorylation.

TKT, a ubiquitous enzyme, has potential catalytic
effects on the reversible transfer of two-carbon ketolu-
nits between ketose and aldose phosphates, tuning the
carbon flow via the non-oxidative branch of the PPP
[43]. In hepatocellular carcinoma, TKT exerts an inhibi-
tory effect on STAT3-S727 phosphorylation and activa-
tor effect on STAT3-Y705 phosphorylation, respectively
[24]. Herein, found that TKT interacted with STAT3 or
HDGE. TKT suppression blocked HDGF interaction with
STAT3. Additionally, TKT exerted an inhibitory effect
on STAT3-S727 phosphorylation and an activator effect
on STAT3-Y705 phosphorylation in breast cancer, which
rescued HDGF inhibition- suppressed the survival frac-
tion and cell proliferation after IL.R. These observations
present a novel molecular link between HDGEF, STAT3
phosphorylation, and TKT in breast cancer.
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In conclusion, the present findings demonstrate that
RXRa binds with HDGF promoter and suppresses
HDGEF transcriptional activity. The potential association
of HDGF with TKT and STAT3 promotes STAT3-Y705
phosphorylation and inhibits STAT3-S727 phosphoryla-
tion enhancing STAT3 transcriptional activity, thereby
increasing tumor radioresistance in breast cancer. Our
results reveal the critical roles of the HDGF-TKT-STAT3
signaling pathway in breast cancer radioresistance; thus,
it is a promising therapeutic molecular target for breast
cancer.

Materials and methods

Cell lines

MCF7, BT549, MDA-MB-231, MDA-MB-453, and
MCF10A were acquired from the Shanghai Institute
for Biological Sciences (Chinese Academy of Sciences,
Shanghai, China). All cells were cultured in a humidi-
fied incubator at 37 °C and 5% CO, Breast cancer cells
were cultured in RPMI-1640 (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum (FBS) (Inv-
itrogen, Carlsbad, CA). MCF10A cells were cultured in
DMEM/F12 (Invitrogen, Carlsbad, CA) supplemented
with penicillin- streptomycin (100 pg/ml), cholera toxin
(100 ng/ml), insulin (10 pg/ml), hydro-cortisone (0.5 pg/
ml), epidermal growth factor (20 ng/ml), and horse
serum (5%).

Plasmids

TKT and HDGF plasmids were purchased from Shang-
hai Bioegene Co., Ltd. The shRNAs were designed as fol-
lows: shRXRa-1 (5-GGCAAGCACTATGG AGTGTA
C-3); shRXRa-2 (5-TGCGCTCCATCGGGCTCAAAT-
3); shTKT(5-GCCAT CATCTATAACAACAAT-3);
shHDGF(5'-CGAGAACAACCCTACTGTCAA-3)).

RNA extraction and gRT-PCR

Total RNA was extracted using Trizol reagent (Takara,
Dalian, China). All cDNAs were synthesized using the
Reverse Transcription Kit (Takara, Dalian, China). qPCR
reactions using the qPCR Master Mix (SYBR Green)
(Clontech, USA), with GAPDH as a control. Specific
primers are listed in Additional file 2: Table S1.

Western blot analysis

WB analyses were undertaken following our previously
described protocol [46], using the following antibod-
ies: TKT (ab112997, 1:1000, Abcam), HDGF (ab244485,
1:1000, Abcam), RXRA (21218-1-AP, 1:1000, Protein-
tech), STAT3 (ab119352, 1:1000, Abcam); STAT3 (phos-
pho Y705) (ab76315, 1:1000, Abcam); STAT3 (phospho
S727) (ab86430; 1:1000; Abcam); GAPDH (ab8245;
1:5000; Abcam).
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ChIP-gPCR

ChIP was performed using ChIP Kit (Millipore-17-408)
following the manufacturer’s protocol. Purified ChIP
DNA was subjected to qRT-PCR. All primers are listed in
Additional file 2: Table S1.

Luciferase promoter assay

pGL3-HDGF promoter plasmids were prepared for
co-transfection with RXRA or empty vector using the
Lipofectamine 3000 transfection reagent (Invitrogen).
pRL Renilla luciferase vector (Promega) acted as a con-
trol group. A dual-luciferase Reporter kit (Promega) was
employed to detect the luciferase signals.

LC-MS/MS analysis

Tryptic peptides=dissolved in 0.1% formic acid (solvent
A) were directly loaded onto a custom-made reversed-
phase analytical column (15-cm length, 75 pm i.d.). The
gradient depicted an increase from 6 to 23% solvent B
(0.1% formic acid in 98% acetonitrile) over 16 min, 23%
to 35% in 8 min before rising to 80% in 3 min, and then
holding at 80% for the last 3 min. The peptides were
subjected to an NSI source. This was followed by tan-
dem mass spectrometry (MS/MS) in Q ExactiveTM
Plus (Thermo) coupled online to the UPLC. We applied
an electrospray voltage at2.0 kV. The m/z scan ranged
between 350 and1800 for a full scan. Intact peptides were
detected in the Orbitrap at 70,000 resolution. Then, pep-
tides were selected for MS/MS, with the NCE set at 28.
The fragments were detected in the Orbitrap at a reso-
lution of 17,500. We performed a data-dependent pro-
cedure that alternated between one M.S. scan, followed
by 20 MS/MS scans with 15.0 s dynamic exclusion. The
automatic gain control (AGC) was set at 5E4.

Cell proliferation and colony formation

The proliferation of cells seeded in 96-well plates was
detected using a WST-1 Assay Kit (Roche). For colony
formation, we seeded cells into the 6-well plates, after
which cell colonies were stained with 1% crystal violet
solution. We recorded the scores and analyzed colony
counts.

Tumorigenesis studies

Four-weeks old female athymic NCr-nu/nu mice (SLAC,
Shanghai, China) were categorized into two groups ran-
domly. Each group comprised five mice. Subsequently,
MDA-MB-231 cell suspension (5 x 10%) was injected into
mammary fat pads of mice. Approval for animal experi-
ments was issued by the Guidance of Institutional Ani-
mal Care and Use Committee (IACUC) from Zhejiang
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Provincial People’s Hospital. The IVIS Lumina imaging
station (Caliper Life Sciences) was adopted for biolumi-
nescence imaging.

Statistical analysis

The clonogenic survival assay was subjected to a one-way
analysis of variance. A two-tailed paired Student’s t-test
was applied to evaluate the significance of data for two
groups. A P value<0.05 denoted statistical significance.
The SPSS13.0 software was employed to analyze all sta-
tistical data.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-021-03021-y.

Additional file 1: Figure S1. Intracellular ROS production probe 2 0,7
Odichlorodihydrofluorescein diacetate (DCF-DA). HDGF knockdown sig-
nificantly increased ROS formation compared to control group. The data
were quantitated, and the results are expressed as the means AE SE.

Additional file 2: Table S1. Primers for gRT-PCR assays.
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