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A novel humanized Frizzled-7-targeting antibody
enhances antitumor effects of Bevacizumab
against triple-negative breast cancer via blocking
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Abstract
Background: Anti-angiogenic therapy has been widely applied to the clinical treatment of malignant
tumors. However, the e�cacy of such treatments has been called into question, especially in triple-
negative breast cancer (TNBC). Bevacizumab, the �rst anti-angiogenic agent approved by FDA, actually
increases invasive and metastatic properties of TNBC cells, resulting from the activation of Wnt/β-catenin
signaling in response to hypoxia. As a critical receptor of Wnt/β-catenin signaling, Frizzled-7 (Fzd7) is
aberrantly expressed in TNBC, indicating Fzd7 a potential target for developing drugs to be combined
with anti-angiogenic agents.

Methods: Hybridoma technique and antibody humanization technique were utilized to generate a Fzd7-
targeting antibody (SHH002-hu1). Biolayer interferometry (BLI) assay and near infrared (NIR) imaging
were conducted to detect the a�nity and targeting ability of SHH002-hu1. Next, whether SHH002-hu1
could suppress the invasion and migration of TNBC cells induced by Bevacizumab were validated, and
the underlying molecular mechanisms were elucidated by luciferase reporter and western blot assays.
The nude-mice transplanted TNBC models were established to assess the anti-TNBC activities of
SHH002-hu1 when combined with Bevacizumab. Then, the effects on putative TNBC stem-like cells and
Wnt/β-catenin signaling were evaluated by immuno�uorescence (IF). Further, the tumor-initiating and
self-renew capacity of TNBC cells were studied by secondary nude mouse xenograft model and sphere
formation assay. In addition, the effects of SHH002-hu1 on the adaptation of TNBC cells to hypoxia were
evaluated by the detection of vasculogenic mimicry (VM) and hypoxia-inducible factor-1α (HIF-1α)
transcriptional activity.

Results: The novel humanized antibody targeting Fzd7 (SHH002-hu1) exhibited extremely high a�nity
with Fzd7, and speci�cally targeted to Fzd7+ cells and tumor tissues. SHH002-hu1 repressed invasion,
migration and epithelial-mesenchymal cell transformation (EMT) of TNBC cells induced by Bevacizumab
through abating Wnt/β-catenin signaling. SHH002-hu1 signi�cantly enhanced the capacity of
Bevacizumab to inhibit the growth of TNBC via reducing the subpopulation of putative TNBC stem-like
cells, further attenuating Bevacizumab-enhanced tumor-initiating and self-renew capacity of TNBC cells.
Moreover, SHH002-hu1 effectively restrained the adaptation of TNBC cells to hypoxia via disrupting Wnt/
β-catenin signaling.

Conclusion: SHH002-hu1 signi�cantly enhances the anti-TNBC capacity of Bevacizumab, and shows the
potential of preventing TNBC recurrence, suggesting SHH002-hu1 a good candidate for the synergistic
therapy together with Bevacizumab. 

Background
Neovascularization has been demonstrated to be a critical factor in tumor progression and metastasis,
and also the path through which tumor transition from “dormancy” to malignant [1]. Blocking
angiogenesis starves tumors by depriving them of their blood supply, anti-angiogenic agents have been
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developed for clinical applications, and hundreds of thousands of patients have bene�tted from anti-
angiogenic therapy [2, 3]. However, clinical and preclinical observations indicate that these therapies may
have limited e�cacy [4]. Bevacizumab is a recombinant humanized monoclonal antibody that blocks
angiogenesis by inhibiting vascular endothelial growth factor A (VEGFA), and FDA has approved its
application for the treatment of metastatic colorectal cancer (mCRC), non-small cell lung cancer (NSCLC)
and advanced ovarian cancer combined with the chemotherapy drugs. The results from the clinical trial
(clinical trial number NCT-00528567) for TNBC showed that the combination of Bevacizumab and
cytotoxic chemotherapy increased objective response rate (ORR) and progression-free survival (PFS) vs.
chemotherapy alone, however the bene�t of overall survival (OS) was not enough to support its further
application [5, 6]. Emerging evidence indicated that in certain experimental conditions, anti-angiogenic
agents actually increased invasive and metastatic properties of breast cancer cells [7]. Further study
demonstrated that Bevacizumab treatment increased the population of cancer stem cells (CSCs) by
generating intratumoral hypoxia in TNBC xenografts [8]. Over the last decade, there has been increasing
evidence for the critical role that HIF-1 and Wnt/β-catenin signaling play in the tumor adaptation to anti-
angiogenic therapy [3, 9], suggesting that to improve patient outcome, the anti-angiogenic agents might
have to be combined with Wnt/β-catenin signaling targeting drugs or inhibitors of tumor hypoxic
adaptation. Additional approaches for targeting the hypoxic tumor microenvironment have been
con�rmed to be potential for producing synthetic lethality in combination with anti-angiogenic therapy as
a future therapeutic strategy [10, 11]. 

Currently, TNBC still represents the most therapeutically intractable subtype as the negative expressions
of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2
(HER2). Sequential single-agent chemotherapy remains the standard of care for patients with metastatic
TNBC, but is associated with low response rates, short PFS and drug resistance [12, 13]. It is imperative to
explore novel therapeutic options to improve the treatment outcome of TNBC. A microarray analysis to
compare all the signaling pathways of TNBC and non-TNBC showed that Wnt/β-catenin signaling
pathway was signi�cantly overexpressed in TNBC. Notably, Fzd7, one of the major receptors, was up-
regulated along the Wnt/β-catenin signaling pathway, and showed the greatest difference in expression
as compared with other members of Fzd protein family [14, 15]. Moreover, Fzd7 has been con�rmed to
play a key role in stem cell biology, cancer development and progression, and always be associated with
poor patient prognosis and tolerance to chemotherapy treatment [16, 17]. Hence, Fzd7 shows promise as
a biomarker and a potential therapeutic target for TNBC. 

In this study, we found that Bevacizumab treatment could increase the expression of Fzd7 in TNBC cells
in vitro and in vivo (Supplementary Figure1). In vitro, Bevacizumab increased the expression of Fzd7 in
MDA-MB-231/468 cells under serum deprivation condition (Supplementary Figure1A). Compared to TNBC
tumor tissues from control animals, which from Bevacizumab-treated mice displayed signi�cantly more
areas of intense hypoxia and more expression of Fzd7; furthermore, Fzd7 positivity was found speci�c to
zones of low oxygen (Supplementary Figure1B). Hence, Fzd7 was speculated to be up-regulated by
Bevacizumab-induced hypoxia in vivo. Based on the above, Fzd7 is considered as a potential target for
developing drugs to be combined with anti-angiogenic agents in the treatment of TNBC.  
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Here, a novel humanized anti-Fzd7 antibody (SHH002-hu1) with high a�nity was generated, and its
speci�city and targeting ability were veri�ed. Subsequently, the anti-TNBC effects of SHH002-hu1 in vitro
were evaluated, and the role SHH002-hu1 played in Wnt/β-catenin signaling was investigated. Then, the
effects of SHH002-hu1 on Bevacizumab-induced (EMT) in MDA-MB-231/MDA-MB-468 cells were studied
in vitro, and the relevant mechanism was elucidated. In addition, whether SHH002-hu1 could enhance the
capacity of Bevacizumab to inhibit MDA-MB-231/MDA-MB-468 tumor growth was validated, and the
predicted reversal effects of SHH002-hu1 on the increased subpopulation of putative TNBC stem-like
cells induced by Bevacizumab were con�rmed. The potential of SHH002-hu1 to attenuate the self-renew
and tumor-initiating capacity of TNBC cells enhanced by Bevacizumab was further studied. Through the
above-mentioned studies, we hope to provide a potential targeted agent which could enhance the anti-
TNBC effects of Bevacizumab, and lay foundation for the synergistic strategy of combining anti-
angiogenic agents with Fzd7-targeting agent.

Materials And Methods
Cell culture 

The Chinese hamster ovary cell line CHO-s (Sanyou, Shanghai, China) and human mammary epithelial
cell line MCF-10A (American Type Culture Collection, New York, USA) were maintained in DMEM/F12
medium (Gibco, Grand Island, USA), supplemented with 10% (v/v) FBS (Gibco, Auckland, NZ). The human
embryonic kidney cell line HEK293T kept in our laboratory was cultured in DMEM high glucose medium
(Gibco, New York, USA), supplemented with 10% (v/v) FBS. The human breast cancer cell lines MDA-MB-
231/MDA-MB-468 (American Type Culture Collection) were maintained in L-15 medium (Gibco, New York,
USA) supplemented with 10% (v/v) FBS. HUVECs (ScienCell, San Diego, CA) were maintained in
endothelial culture medium (ECM, ScienCell) supplemented with 5% (v/v) FBS and 1% (v/v) endothelial
cell growth supplement (ECGS, ScienCell). All cells were maintained at 37°C in a humidi�ed atmosphere
with 5% CO2.

Binding a�nity and kinetic analysis

SHH002-hu1 was expressed in CHO-s cells and puri�ed by Protein G a�nity chromatograph (GE
Healthcare, Buckinghamshire, UK), followed by the analysis of SDS-PAGE and SEC-HPLC. The binding
kinetics of SHH002-hu1 to rhFzd1/2/5/7/8 was measured with Fortebio Octet Red96 (PALL, USA). Firstly,
SHH002-hu1 was captured by the Anti-Human Fab-CH1 2nd Generation Sensor (PALL, USA).
Then, rhFzd1/2/5/7/8 was injected at different concentrations into running buffer (KB buffer: 0.1% BSA +
0.05% Tween 20 dissolved in PBS, pH 7.2), and capture was done at a constant �ow rate. As for SHH002
(the murine antibody targeting Fzd7 generated by us), the antibody was captured by the Anti-Biotin
Sensor (PALL, USA) after conjugated with biotin. Sensorgrams were obtained at each concentration, and
the association rate constant (ka) and dissociation rate constant (kd) were calculated by the instrument
algorithm. Finally, the equilibrium dissociation constant (KD) was calculated from the ratio of rate
constants kd/ka.
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IF assay for the binding of SHH002-hu1

The gene of human Fzd7 was linked with the lentiviral vector (HBLV-GFP-PURO, Hanbio Biotechnology,
China) to obtain the recombinant plasmid HBLV-h-Fzd7-3*�ag-GFP-PURO. HEK293T cells stably
overexpressing Fzd7 (Fzd7 OE) were obtained through virus infection and screening. HEK293T cells
(blank/vector control/Fzd7 OE), MDA-MB-231/MDA-MB-468 cells were inoculated into 6-well plate. When
cell con�uence reached 70-80%, the cells were incubated with SHH002-hu1 and then Goat Anti-Human
IgG H&L (Alexa Fluor 647, Abcam, USA). Subsequently, images were taken by an OLYMPUS �uorescence
microscope (Olympus, Tokyo, Japan).

In vivo dynamics and targeting capability by NIR imaging

5-week-old female BALB/c-nude mice were purchased from Shanghai Lab. Animal Research Center,
China. 1 × 107 MDA-MB-231 cells were injected into the mammary fat pads of mice. When the average
tumor volume reached 100 mm3, mice were randomized into 2 groups (n = 5 for each group). IRB-NHS
�uorescence probing (Keyuandi Biotechnology, Shanghai, China) was incubated with SHH002-hu1 for 2 h
to form NIRB-SHH002-hu1 �uorescence probe. NIRB-SHH002-hu1 (50 nmol/kg) was then intravenously
injected into TNBC tumor-bearing mice. Additionally, free SHH002-hu1 (2.5 μmol/kg) was mixed with
NIRB-SHH002-hu1 (50 nmol/kg) to evaluate the competitive blocking. After intravenous injection,
�uorescence images were taken by IVIS Spectrum CT imaging system (PerkinElmer, USA) at different
time intervals. The tumor/normal tissue ratios were analyzed from the region of interests (ROI).

Cell proliferation assay

4 × 103 HEK293T/MCF-10A/MDA-MB-231/MDA-MB-468 cells were seeded into a 96-well plate to attach.
Then, different concentrations of SHH002-hu1 were added and pre-incubated for 2 h, after which
recombinant Wnt3a (R&D, Minneapolis, MN, USA) was added at a �nal concentration of 200 ng/mL. The
SHH002-hu1 untreated group with Wnt3a induced was as vehicle control. After incubation for 48 h, cell
viability was quanti�ed by MTT assay and the proliferation rate was expressed as percentage of the
vehicle control (100 %).

Apoptosis assays

5 × 105 MDA-MB-231/MDA-MB-468 cells were seeded in 6-well plates and allowed to adhere. When
reaching 70% con�uence, cells were incubated with 100 nM SHH002-hu1 for 48 h. Then the cells were
stained with Annexin V (AV)-FITC and propidium iodide (PI) following manufacturer’s protocol of FITC
Annexin V Apoptosis Detection Kit II (BD Biosciences, USA). Finally, the data of apoptosis were detected
by a Beckman CytoFLEX S �ow cytometer (Beckman Coulter, USA).

Luciferase reporter assay

The β-catenin/TCF-driven transcriptional activity was assessed by transient transfection of MDA-MB-
231/MDA-MB-468 cells with the TOP-FLASH/FOP-FLASH luciferase reporter assay and a Renilla
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luciferase transfection control reporter. MDA-MB-231/MDA-MB-468 cells were seeded into 48-well plates
and transfected with TOP-FLASH/FOP-FLASH plasmid using Lipofectamine™ 2000 (Invitrogen, Cartsbad,
CA, USA). Then, the cells were treated with SHH002-hu1 (100 nmol/L)/FH535 (10 μmol/L, absin, China), 2
h later, Wnt3a (200 ng/mL) was added. The luciferase activities were measured at 24 h with the Dual-Glo
luciferase assay reporter system (Promega, Madison, WI, USA).

IF assay for the location of β-catenin

5×105 MDA-MB-231/MDA-MB-468 cells were seeded on cover slips in 6-well plates and allowed to
adhere. When reaching 70% con�uence, cells were treated with SHH002-hu1 (100 nmol/L)/FH535 (10
μmol/L), 2 h later, Wnt3a (200 ng/mL) was added. After another 22 h, cells were �xed and then incubated
with α-β-catenin (Cell Signaling Technology, USA) followed by FITC-conjugated secondary antibody.
Images were taken by an OLYMPUS �uorescence microscope at 400-times magni�cation after the
incubation with DAPI stain solution (Sangon Biotech, Shanghai, China). 

Western blot assay

The whole cell proteins of MDA-MB-231/MDA-MB-468 cells were extracted from cells using RIPA buffer
(Beyotime, Shanghai, China) and the nuclear extracts were prepared with a NE-PER Nuclear and
Cytoplasmic Extraction Kit (Pierce Biotechnology, Rockford, USA). Western blots were probed with α-
phospho LRP6 (Ser1490), α-LRP6, α-β-catenin, α-E-cadherin, α-N-cadherin, α-Vimentin, α-Snail, α-Histone
H3, α-c-Myc, α-cyclin D1, α-Axin, α-CD44, α-HIF-1a, α-Glut1 (Cell Signaling Technology, USA), α-VEGFA
(Abcam, Cambridge, UK), α-β-actin.

Tube formation assay 

2 × 104 HUVECs were seeded into the 96-well plate coated with matrigel (Corning, Bedford, USA), and
added with the supernatants obtained from SHH002-hu1 treated MDA-MB-231/MDA-MB-468 cells. After
8-h incubation, endothelial tube formation was photographed with an inverted OLYMPUS microscope, 10
ng/mL VEGF165 (Sino Biological, Beijing, China) treated HUVECs were as control. The endothelial tubes
were counted with Image-Pro-Plus program and the tube formation rate quanti�ed on the basis of the
control. 

Transwell invasion and wound healing assays

1 × 104 of MDA-MB-231/MDA-MB-468 cells suspended in serum-free medium were plated into the upper
wells of 24-well transwell chamber (Millipore, Billerica, USA) coated matrigel, and then treated with
Bevacizumab (200 nmol/L, Roche, France)/Bevacizumab (200 nmol/L) + SHH002-hu1 (100
nmol/L)/Bevacizumab (200 nmol/L) + FH535 (10 μmol/L). The lower chambers were �lled with complete
medium. 12 h later, the invaded cells were then �xed and stained. Images were taken using an OLYMPUS
inverted microscope. Invaded cells were counted using Image-Pro-Plus program and invasion
percentages quanti�ed on the basis of untreated control. 
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3 × 104 MDA-MB-231/MDA-MB-468 cells were placed into each well of Culture-Insert (Ibidi, Martinsried,
Germany) in 24-well plate. After adherence, the Culture-Insert was removed and Bevacizumab (200
nmol/L)/Bevacizumab (200 nmol/L) + SHH002-hu1 (100 nmol/L)/Bevacizumab (200 nmol/L) + FH535
(10 μmol/L) dissolved in serum-free medium was added into the wells. Images were taken with OLYMPUS
inversion �uorescence microscope at 0, 8, 16 h after the addition of the treatments. The wound migrated
distances were measured with Image-Pro-Plus program and calculated as follows: Ln = (L0-Ltime)/2.

Cell xenografts in nude mice assay

The xenograft tumors of MDA-MB-231/MDA-MB-468 cells in nude mice were established as described
above. When the average tumor volume reached 50 mm3, mice were randomized into 5 groups (n = 5 for
each group), and the administration began: (1) PBS control; (2) 5 mg/kg Bevacizumab (intravenous
injection, twice a week); (3) 5 mg/kg SHH002-hu1 (intravenous injection, twice a week); (4) 5 mg/kg
Bevacizumab + 5 mg/kg SHH002-hu1; (5) 5 mg/kg Bevacizumab + 10 mg/kg Docetaxel (intravenous
injection, every 3 days). Tumors were measured by digital calipers periodically and the tumor volume was
determined as V = (length × width2)/2. At the end of drug treatment, the mice were humanely euthanized
and tumors were harvested for further studies.

IF and immunohistochemistry (IHC) analysis

For ALDH1/Hypoxyprobe and β-catenin/Hypoxyprobe double labeling, mice were injected intravenously
with 60 mg/kg of the pimonidazole solution, 90 min later, the mice were euthanatized and tumor tissues
were removed and snap-frozen. Frozen tissue sections were then interrogated with FITC-conjugated α-
pimonidazole (Hypoxyprobe Inc., USA) and α-ALDH1 (Abcam, USA)/β-catenin (Cell Signaling Technology,
USA) followed by respective Cy3-conjugated secondary IgG. Coverslips were then mounted with DAPI
stain solution. For Periodic Acid Schiff (PAS)-CD31 double IHC staining, para�n sections were cut into 5
μm sections and �xed in 4% paraformaldehyde. The sections were �rstly incubated with α-CD31 (Cell
Signaling Technology, USA), then exposed to 1% sodium periodate and incubated with PAS (BestBio,
Shanghai, China).

Secondary nude mouse xenograft model 

MDA-MB-231/MDA-MB-468 tumors tissues were minced into small pieces and processed with
collagenase for 2 h at 37°C. After centrifugation, the cell pellets were trypsinized and passed through an
80-μm �lter to produce single-cell suspension, then living cells were sorted out by �uorescence-activated
cell sorting. Each nude mouse was inoculated with 1 × 104 cells from control/Bevacizumab-
treated/Bevacizumab + SHH002-hu1-treated tumors in one of the inguinal mammary fat pads. The
growth of tumors was monitored and tumor sizes were measured weekly.

Sphere formation assay
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The single-cell suspension was produced as above, then 5 × 103 dissociated tumor cells were seeded on
ultralow attach ment 6-well plates in serum-free medium DMEM/F12 (Gibco, Grand Island, USA) supple -
mented with B27 (Gibco, Grand Island, USA), 20 ng/mL human recombinant �broblast growth factor
(FGF), and 20 ng/mL epi dermal growth factor (EGF, Sino Biological Inc., Beijing, China). The
mammospheres (diameter > 60 μm) were counted under an OLYMPUS inversion �uorescence
microscope.

Statistical analysis

All data were presented as the mean ± standard deviation (SD). Differences between multiple groups
were analyzed by the student’s t test and p values of 0.05 or less were considered statistically signi�cant.

Results
SHH002-hu1 exhibits high a�nity with rhFzd7 and targets Fzd7+ TNBC tumor tissues speci�cally

The amino acid sequence of the humanized antibody targeting Fzd7 (SHH002-hu1) was acquired
through an elaborate humanized design from the murine antibody SHH002 (Supplementary Figure 2).
Then, SHH002-hu1 was expressed in CHO-s cells and puri�ed by Protein G a�nity chromatograph. SDS-
PAGE analysis of the puri�ed SHH002-hu1 (Figure 1A) showed Heavy Chain (HC, 50 kDa) and Light Chain
(LC, 25 kDa) of the expected molecular weight were expressed correctly, and assembled into complete
antibodies of 150 kDa. SEC-HPLC analysis (Figure 1B) demonstrated the purity of puri�ed SHH002-hu1
was more than 95%. BLI assay (Figure 1C) indicated that SHH002-hu1 exhibited extremely high a�nity
with rhFzd7 (ka (1/Ms): (4.00 ± 0.32) × 105, kd (1/s) < 1.0 × 10-7, KD (M) < 1.0 × 10-12, n = 3), similar to
that of SHH002 (ka (1/Ms): (2.85 ± 0.27) × 105, kd (1/s) < 1.0 × 10-7, KD (M) < 1.0 × 10-12, n = 3). To
con�rm the binding speci�city of SHH002-hu1, BLI assay was carried out and the results (Figure 1D)
indicated that SHH002-hu1 showed no cross-reactions with rhFzd1/2/5/8 (Fzd protein family members
Fzd1, Fzd2, Fzd5, Fzd8 share high homology with Fzd7).

IF assay (Figure 2A) demonstrated that SHH002-hu1 effectively bound to Fzd7-overexpressing HEK293T
cells rather than the blank HEK293T cells. The obvious binding of SHH002-hu1 to Fzd7 high-expressing
TNBC cells (Figure 2B) was observed (Figure 2C). Subsequently, NIR imaging was used to assess the
dynamics and targeting capability of NIRB-SHH002-hu1 in vivo. After the injection of NIRB-SHH002-hu1,
�uorescent signals spread throughout the body immediately. 4 h later, some �uorescent antibody was
excreted through the kidneys, and MDA-MB-231 xenografts were distinguished by �uorescence. The
�uorescence signal was maintained for 12 h, and a weak signal could still be detected at 24 h (Figure
2D). At the meantime, the blocking group showed no intense �uorescent signals at the tumor site,
indicating that tumor targeting is mediated by SHH002-hu1. The �uorescent signals were signi�cantly
different, with a maximal tumor/normal tissue ratio at 8 h of 4.77 ± 0.87 and 0.96 ± 0.35 for the NIRB-
SHH002-hu1 treated group and its blocking group, respectively (Figure 2E). Consequently, SHH002-hu1
effectively targets Fzd7+ cells and Fzd7+ TNBC tumor tissues by speci�cally binding to Fzd7.
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SHH002-hu1 inhibits the proliferation of TNBC cell lines and tumor angiogenesis through blocking Wnt/β-
catenin pathway

MTT assay showed that SHH002-hu1 effectively inhibited the proliferation of MDA-MB-231/MDA-MB-468
cells in a dose-dependent manner (Figure 3A), the maximum inhibitory rate was (49.26 ± 1.25)% for MDA-
MB-231 cells and (52.33 ± 3.21)% for MDA-MB-468 cells respectively. Whereas SHH002-hu1 showed no
signi�cant effect on the proliferation of HEK293T cells and MCF-10A (normal breast epithelial) cells,
indicating the speci�cally antiproliferative activity of SHH002-hu1 towards TNBC tumor cells. Then,
apoptosis assay was executed. After the treatment of SHH002-hu1, the proportion of MDA-MB-231/MDA-
MB-468 cells in Q2 and Q3 quadrants increased signi�cantly (Figure 3B, C), indicating the apoptosis-
inducing function of SHH002-hu1. TOP-FLASH/FOP-FLASH luciferase reporter assay for Wnt/β-catenin
downstream TCF/LEF transcription activity was used to measure Wnt/β-catenin functions. SHH002-hu1
obviously decreased the transcriptional activity of TCF/LEF enhanced by Wnt3a, indicating the inhibition
of Wnt/β-catenin signaling (Figure 3D). Since the transcriptional activity of β-catenin required its
translocation from the cytoplasm to the nucleus, IF assay was performed to evaluate the distribution
pattern of β-catenin. Compared to the control, Wnt3a promoted the translocation of β-catenin from the
cytoplasm to the nucleus in TNBC cells. SHH002-hu1 could strongly suppress the nuclear β-catenin
accumulation induced by Wnt3a, similar to FH535 (a small-molecule inhibitor of Wnt/β-catenin signaling
pathway) (Figure 3E). Western blot assay indicated that SHH002-hu1 reduced both Wnt3a-induced
nuclear accumulation of β-catenin and phosphorylation of LRP6 signi�cantly (Figure 3F). The shRNA of
Fzd7 (h-Fzd7 shRNA) was also utilized in the IF and Western blot assay as a positive control of Fzd7
inhibitor (Supplementary Figure 3). As Wnt/β-catenin pathway activity positively correlated with elevated
angiogenesis in TNBC, we further investigated whether SHH002-hu1 could repress angiogenesis in a
TNBC model in vitro. The HUVEC tube formation potency of supernatant obtained from SHH002-hu1-
treated MDA-MB-231/MDA-MB-468 cells was signi�cantly reduced (Figure 3G, H). Western blot assay
(Figure 3I) showed that SHH002-hu1 inhibited the expression of VEGFA in TNBC cells. Therefore,
SHH002-hu1 could repress TNBC angiogenesis effectively in vitro. Supplementary Figure 4 indicated the
schematic representation of a model wherein SHH002-hu1 inhibited Wnt/β-catenin signaling pathway via
blocking the ability of Wnt proteins to interact with Fzd7. 

SHH002-hu1 suppresses Bevacizumab-induced transwell, migration and EMT of TNBC cells via abating
Wnt/β-catenin pathway

Bevacizumab, as well as some other anti-angiogenic agents, has been recently demonstrated to be able
to facilitate the migration and invasion of breast cancer cells through activating Wnt/β-catenin signaling
pathway excessively [8]. Here, transwell invasion and wound healing assays were performed for the
evaluation of MDA-MB-231/MDA-MB-468 cell migration. Following Bevacizumab treatment under serum
starvation, increased cell invasion (Figure 4A, B) and migration (Figure 4C, D) were detected. As increased
invasion and migration are outcomes of the EMT process, which indicated Bevacizumab could induce
EMT of TNBC cells in the serum-deprived environment. Further, the detection of the expression level of
various classical EMT markers in TNBC cells (Figure 4E) con�rmed the above speculation. The enhanced
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transcriptional activity of TCF/LEF (Figure 4F) and nuclear accumulation of β-catenin (Figure 4G)
induced by Bevacizumab indicated that Bevacizumab could signi�cantly activate Wnt/β-catenin pathway,
and Bevacizumab-induced EMT involved the activation of Wnt/β-catenin pathway.

Fzd7, as a potential therapeutic target for TNBC, is veri�ed to be up-regulated along the Wnt/β-catenin
signaling pathway [14, 15]. As shown in Supplementary Figure 1A, B, Bevacizumab treatment could
increase the expression of Fzd7 both in vitro and in vivo, probably resulting from the abnormally
activated Wnt/β-catenin pathway. Through targeting Fzd7 speci�cally, SHH002-hu1 potently inhibited the
transcriptional activity of TCF/LEF (Figure 4F) and nuclear accumulation of β-catenin induced by
Bevacizumab (Figure 4G), resulting in the remarkably suppressed TNBC cell invasion (Figure 4A) and
migration (Figure 4C). Likewise, the stimulated EMT of MDA-MB-231/MDA-MB-468 cells induced by
Bevacizumab was weakened along with the attenuated Wnt/β-catenin pathway (Figure 4E, G).

SHH002-hu1 signi�cantly enhances the capacity of Bevacizumab to inhibit MDA-MB-231/MDA-MB-468
tumor growth, and reduces the percent of ALDH1+ TNBC cells increased by Bevacizumab

Based on the above analysis, SHH002-hu1 could suppress Wnt/β-catenin pathway and inhibit EMT
induced by Bevacizumab effectively under serum starvation condition in vitro. It has been veri�ed that the
anti-angiogenic agents Sunitinib and Bevacizumab increase the population of CSCs by generating
intratumoral hypoxia and activating Wnt/β-catenin signaling pathway in TNBC xenografts [8], causing the
increased invasive and metastatic properties of tumor cells. Hence, the e�cacy of anti-angiogenic agents
against TNBC was greatly limited. Here, TNBC cell xenografts in nude mice assay were executed to
investigate whether SHH002-hu1 could enhance the anti-tumor effect of Bevacizumab in vivo via
reversing the increased population of CSCs. 

The tumor photographs (Figure 5A) and tumor growth curves (Figure 5B) of each group showed that
SHH002-hu1 inhibited the tumor growth in TNBC xenografts (MDA-MB-231: *p < 0.05, MDA-MB-468: **p <
0.01), and Bevacizumab + SHH002-hu1 signi�cantly inhibited tumor growth when compared either to
PBS control (MDA-MB-231: **p < 0.01, MDA-MB-468: **p < 0.01) or Bevacizumab alone treatment group
(MDA-MB-231: **p < 0.01, MDA-MB-468: **p < 0.01). Let it be noted that Bevacizumab + SHH002-hu1
exhibited similar anti-proliferative activity with Bevacizumab + Docetaxel, which is one of the effective
clinical therapies of TNBC. On account of that Bevacizumab is mostly combined with chemotherapy,
therefore a combination of Bevacizumab + Docetaxel + SHH002-hu1 was tested to check whether this
combination could further reduce or even fully remove the tumor burdon. The results showed that
Bevacizumab + Docetaxel + SHH002-hu1 signi�cantly inhibited tumor growth when compared either to
PBS control (MDA-MB-231: **p < 0.01, MDA-MB-468: **p < 0.01) or Bevacizumab + Docetaxel group (MDA-
MB-231: **p < 0.01, MDA-MB-468: *p < 0.05) (Supplementary Figure 5).

Then, ALDH1-Hypoxyprobe double labeling of MDA-MB-231/MDA-MB-468 tumor tissues indicated
that whereas tumors from control animals exhibited little hypoxia as determined by pimonidazole adduct
(Hypoxyprobe) staining, tumors from Bevacizumab-treated mice displayed multiple areas of intense
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hypoxia. Further assessing the spatial relationship between ALDH1+ cells (ALDH1 has been identifed to
be a functional marker for the epithelial-like CSCs derived from different cancer types) and areas of
hypoxia within TNBC tumors, we observed high-density areas of ALDH1+ cells within hypoxic regions of
tumors from Bevacizumab-treated mice, in contrast, ALDH1+ cells were scattered throughout tumors from
control animals and the ALDH1+ staining was junior (Figure 5C). Besides, the mesenchymal-like CSCs,
strongly implicated in tumor invasion and resistance to therapy, are characterized by the CD44+

phenotype. Hence, the expression of CD44 was evaluated, and the results of CD44-Hypoxyprobe double
labeling were similar to ALDH1-Hypoxyprobe double labeling (Supplementary Figure 6A). Together, these
�ndings con�rmed that Bevacizumab stimulated the CSCs population by generating hypoxia within
TNBC. Importantly, breast CSCs have been veri�ed to link to tumor invasion and metastasis [18], probably
accounting to the unsatisfactory therapeutic effects of Bevacizumab. As Bevacizumab activates Wnt/β-
catenin pathway abnormally in the serum-deprived environment in vitro, we assessed the activity of Wnt/
β-catenin pathway of TNBC tumor tissues in response to the inhibition of angiogenesis. Figure 5D
illustrated that β-catenin was primarily detected in the cytoplasm of tumor cells from control mice. In
contrast, cells within Bevacizumab-treated tumors displayed distinct nuclear localization of β-catenin,
especially prominent in hypoxic areas. Hence, the increase in CSCs following Bevacizumab treatment is
at least partly regulated by the Wnt/β-catenin signaling pathway.

In marked contrast to Bevacizumab treatment alone, the percentage of ALDH1+ cells of Bevacizumab +
SHH002-hu1 group evidently decreased in MDA-MB-231/MDA-MB-468 tumor tissues (Figure 5E). As
shown in Figure 5F, compared to Bevacizumab group, the percentage of ALDH1+ cells decreased 41.8% in
MDA-MB-231 tumor tissues and 67.3% in MDA-MB-468 tumor tissues when treated by Bevacizumab +
SHH002-hu1 (MDA-MB-231: *p < 0.05, MDA-MB-468: **p < 0.01). Similarly, compared to Bevacizumab
group, the percentage of CD44+ cells decreased signi�cantly in MDA-MB-231/MDA-MB-468 tumor tissues
of Bevacizumab + SHH002-hu1 group (MDA-MB-231: **p < 0.01, MDA-MB-468: **p < 0.01) (Supplementary
Figure 6B, C). Further, when combined with Bevacizumab, SHH002-hu1 inhibited nuclear translocation of
β-catenin and reduced the total expression level of β-catenin (Figure 5G), which were in agreement with
the data in vitro. In conclusion, SHH002-hu1 effectively reverses the increased subpopulation of putative
TNBC stem-like cells induced by Bevacizumab-generating hypoxia via disrupting Wnt/β-catenin signaling
pathway, indicating the potential of SHH002-hu1 to repress tumor cells invasion and metastasis, and
attenuate the self-renew and tumor-initiating capacity of TNBC cells.

SHH002-hu1 weakens the tumor-initiating capacity and self-renew capacity of TNBC cells enhanced by
Bevacizumab

SHH002-hu1 has been demonstrated to enhance the anti-tumor effects of Bevacizumab against TNBC
tumor growth via impairing cancer stem-like properties. Then, secondary nude mouse xenograft model
and sphere formation assay were utilized to investigated whether SHH002-hu1 holds the potential of
reducing the risk of relapse and metastasis by impairing the self-renewal ability of TNBC cells. As shown
in Figure 6A, B, tumor cells isolated from Bevacizumab-treated mice exhibited signi�cantly increased
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tumor-initiating capacity and growth in secondary mice compared with cells isolated from control tumors
(MDA-MB-231: *p < 0.05, MDA-MB-468: **p < 0.01). Through analyzing the data of Bevacizumab +
SHH002-hu1 group, we found that the ability of residual cancer cells from the combination groups to
initiate tumors upon reimplantation in secondary mice was strongly inhibited compared to Bevacizumab
group (MDA-MB-231: **p < 0.01, MDA-MB-468: **p < 0.01). Meanwhile, the dissociated tumor cells were
produced from transplanted tumors of different groups for sphere formation assay. An obvious increase
in mammosphere formation was observed from Bevacizumab group compared to the control, and
SHH002-hu1 attenuated the mammosphere formation capacity of TNBC cells induced by Bevacizumab
signi�cantly (MDA-MB-231: **p < 0.01, MDA-MB-468: **p < 0.01) (Figure 6C, D), which was consistent with
the result of sphere formation assay using TNBC cells in vitro culture (Supplementary Figure 7). Above all,
SHH002-hu1 suppressed Bevacizumab-enhanced tumor-initiating and self-renew capacity of TNBC cells,
predicting that SHH002-hu1 could prevent TNBC recurrence and metastasis caused by Bevacizumab. 

SHH002-hu1 reduces the adaptability of TNBC cells to hypoxia 

In this study, Bevacizumab has been demonstrated to enhance cancer stem-like properties, tumor-
initiating and self-renew capacity of TNBC cells via causing acute hypoxic stress. However, the limited
e�cacy of anti-angiogenesis drugs against TNBC is also thought to be in part due to angiogenesis
rebound and some other adaptions to hypoxia through activation of genes that increase glycolysis and
regulate pH. Moreover, cellular adaptions to low oxygen are principally regulated by the transcriptional
activity of HIF-1 [19, 20]. Therefore, whether SHH002-hu1 exhibited the potency of impairing TNBC cells
adaption to hypoxia was studied. 

Bevacizumab/Bevacizumab + SHH002-hu1 was administered for 2 weeks and discontinued for a week,
then the TNBC tumor-bearing nude mice were killed and the tumor tissues were collected for the follow-up
detections. The CD31 staining assay of MDA-MB-231/MDA-MB-468 tumor tissues at the end of the
administration indicated that Bevacizumab could effectively inhibit tumor angiogenesis compared to the
PBS control (Figure 7A). Nevertheless, IHC assay of PAS/CD31 double staining after drug discontinuation
(Figure 7B) showed that the number of VM channels increased in the Bevacizumab group compared to
the control. VM channels are formed by tumor cells instead of endothelial cells, and connect with
endothelium-dependent vessels to provide blood for tumor, which are responsible for the tumor
angiogenesis rebound and treatment failure of anti-angiogenic agents in TNBC [21, 22]. It was comforting
to �nd that SHH002-hu1 reduced the VM channels remarkably (Figure 7B), illustrating the potential
capacity of SHH002-hu1 to suppress TNBC tumor angiogenesis rebound when combined with
Bevacizumab. The results of western blot assay (Figure 7C) showed that the expression of VE-cadherin, a
VM-associated molecule, was upregulated in the Bevacizumab-treated MDA-MB-231/MDA-MB-468
tumors compared with the control. Moreover, Bevacizumab increased Twist1 expression in the MDA-MB-
231/MDA-MB-468 tumors. Previous studies have suggested that Twist1 upregulation can induce VE-
cadherin expression in TNBC, and induce TNBC cells to generate more CSCs, which then promote VM
channel formation in matrigel [23]. SHH002-hu1 was then be found to strongly reverse the increased
expression of VM-associated critical proteins, VE-cadherin and Twist1, induced by Bevacizumab. As
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above, SHH002-hu1 could prevent angiogenesis rebound induced by Bevacizumab discontinuation
through reducing VM channels. 

To further elucidate the effects of SHH002-hu1 to HIF-1a and hypoxia adaption-associated proteins in
hypoxia state, MDA-MB-231/MDA-MB-468 cells were grown under 21% O2 (normoxia) or 1% O2 (hypoxia,
SHH002-hu1 was added in the group), then cells were collected for next detection. Figure 7D illustrated
that HIF-1a transcriptional activity of MDA-MB-231/MDA-MB-468 cells was enhanced by hypoxia
signi�cantly, and SHH002-hu1 effectively inhibited the HIF-1a transcriptional activity under hypoxic
condition. The results of western blot (Figure 7E) showed that, hypoxia obviously increased the
expression of HIF-1a, and the addition of SHH002-hu1 had no signi�cant effect on the expression of HIF-
1a. There was no signi�cant difference in total β-catenin expression level between normoxia and hypoxia,
while SHH002-hu1 reduced the expression of total β-catenin. The β-catenin pathway has been reported to
interact with HIF proteins in multiple ways [24]. In normoxia, the constitutive β-catenin functions as a
major coactivator of TCF-LEF activity in the Wnt pathway; in hypoxia, constitutive β-catenin can be
rapidly switched to enhance HIF-1a mediated transcription and promote cell survival [25]. Hence, the
reduced expression of total β-catenin probably accounted for why SHH002-hu1 effectively inhibited the
HIF-1a transcriptional activity without affecting the expression of HIF-1a. Furthermore, the expression
detection of HIF-1a classical targets revealed that, SHH002-hu1 remarkably inhibited the expression of
VEGFA and Glut1 increased by hypoxia. In conclusion, SHH002-hu1 reduces the adaptability of TNBC
cells to hypoxia via suppressing HIF-1a transcriptional activity and the expression of hypoxia adaption-
associated proteins.

Discussion
With the rapid development of immunotherapy and antibody-drug conjugate (ADC), the clinical
therapeutics of TNBC are heralding the dawn of a new era full of hope. The antibody targeting
programmed cell death 1 ligand-1 (PD-L1) Tecentriq in combination with Abraxane brought signi�cant
bene�t in PFS to TNBC patients; hence, FDA accelerated the approval of the combination for the �rst-line
treatment of PD-L1+ TNBC on 8 March, 2019 [26]. Sacituzumab govitecan (IMMU-132) is a novel ADC in
which SN-38, a topoisomerase I inhibitor, is coupled to the humanized anti-trophoblast cell-surface
antigen 2 (Trop-2) monoclonal antibody. The phase III ASCENT study of IMMU-132 for the treatment of
metastatic TNBC has been brought to an early end, bene�ting from the superior e�cacy, and FDA
accelerated the approval of IMMU-132 for the treatment of patients with metastatic TNBC who have
received at least two previous therapies [27]. However, for PD-L1- TNBC and triple-negative operable
primary invasive breast cancer, it is imperative to explore novel therapeutic options to improve the
therapeutic effectiveness.

Inhibiting angiogenesis is demonstrated a potential strategy for the treatment of TNBC, as genes involved
in angiogenesis are frequently activated in basal-like tumors [28]. Bevacizumab has exhibited clinical
e�cacy in combination with chemotherapy in patients with HER2-negative metastatic breast cancer [29],
including in subgroups of patients with metastatic TNBC [30, 31]. Indeed, early adoption of Bevacizumab



Page 15/42

could maximise its bene�t, because trapping of VEGFA, would be most effective in the early
carcinogenesis niche where only a few angiogenic factors exist [32]. The addition of Bevacizumab to new
adjuvant chemotherapy treatment (NACT) increased the pathologic complete response (pCR) rates, but
the results of improving relapse-free or OS failed to meet expectations (CALGB 40603 (Alliance)) [33]. A
series of relevant studied indicate that the abnormally activated Wnt/β-catenin signaling pathway of
Bevacizumab-treated TNBC in response to hypoxia possibly accounts for the undesired outcomes [34-36],
calling for the combination of Bevacizumab and Wnt/β-catenin signaling targeting drugs.

The Wnt/β-catenin signaling pathway is a signi�cant pathway that regulates cell proliferation, migration,
and differentiation, thus making it a powerful regulator of embryonic development and tumorigenesis
[37]. Recent studies indicate that Wnt/β-catenin signaling is particularly over-activated in TNBC [38], and
the overexpression of Fzd7, a key receptor protein of Wnt/β-catenin signaling, is observed in TNBC [14].
Aberrations in Wnt signaling have been shown to cooperate with other signaling pathways, oncogenes
and tumour suppressors. Owing to these complexities and the potential redundancy of many pathway
components, direct targeting of Wnt signaling has been di�cult [39]. The context-speci�c activity and
redundancy found in the receptor functions suggest that selective targeting of Wnt receptors responsible
for disease phenotypes is possible, without greatly disrupting normal tissue homeostasis [40]. Given the
important roles Fzd7 played in tumorigenesis and progression, so far, several methods have been
designed to antagonize Wnt/β-catenin signaling by targeting Fzd7 [41], among which, the more
translatable method was the utilization of antibodies to target Fzd7. A monoclonal antibody
(vantictumab, OMP-18R5) targeting Fzd7 has been developed by OncoMed Pharmaceuticals, Inc. [42].
The phase I trial (NCT01973309) of metastatic breast cancer has showed that OMP-18R5 inhibited the
growth of breast cancer and reduced the frequency of tumor-initiating cells in combination with
pacilitaxel. While OMP-18R5, having cross-reactivity with 4 other Fzd receptors (Fzd1/2/5/8), may show
broad application for a wide range of cancers, the lack of speci�city towards its intended target poses
concerns for its off-target effects.

In this study, we utilized hybridoma technique and antibody humanization technique to generate a high-
a�nity antibody speci�cally targeting Fzd7. Fzd7 protein contains a large extracellular N-terminal
cysteine-rich domains (CRD) that provides a surface for speci�c Wnt binding. Hence, the recombinant
human Fzd7 extracellular CRD protein was used to immunize mice to obtain the mouse monoclonal
antibody (SHH002). Because of the important role of ligand binding, the sequences in CRD are highly
conserved between Fzds within and across species. CRD of the Fzd7 receptor share over 40% sequence
identity with other members of Fzd family, especially Fzd1/2/5/8. As a result, the antibodies generated by
immunizing mice with recombinant Fzd7 CRD protein were likely to bind with other members of Fzd
family, including OMP-18R5. To screen out the antibodies speci�cally bind with Fzd7, ELISA assay was
utilized to evaluate the binding of the mouse antibodies with Fzd1/2/5/8 (data were not shown), and
SHH002 was picked out with no cross-reactivity with Fzd1/2/5/8. Then, the Human Germline sequences
library and Discoverystudio software were adopted to complete the humanized design of SHH002, the
humanization degree of the �nal humanized antibody SHH002-hu1 reached 98%. The speci�city of
SHH002-hu1 was further con�rmed by BLI. Therefore, the generated homologue-speci�c anti-Fzd7
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antibody would serve a dual role as an a�nity reagent for the investigation of context-speci�c functions
for Fzd7, and also as a potential therapeutic agent that may be used alone or in combination with the
anti-angiogenesis drugs.

A series of studies in vitro and in vivo indicated that SHH002-hu1 could effectively target Fzd7+ cells
(Figure 2A-C) and Fzd7+ TNBC tumor tissue (Figure 2D, E), and inhibit TNBC via blocking Wnt/β-catenin
signaling pathway (Figure 3D-F). When combined with Bevacizumab, SHH002-hu1 signi�cantly enhanced
the capacity of Bevacizumab in inhibition of MDA-MB-231/MDA-MB-468 tumor growth (Figure 5A, B). To
dig deep into the mechanism involved, we found that SHH002-hu1 reversed the increased subpopulation
of putative TNBC stem-like cells induced by Bevacizumab-generating hypoxia via disrupting Wnt/β-
catenin signaling pathway (Figure 5E-G), indicating the potential of SHH002-hu1 to repress TNBC cells
invasion and metastasis. In addition, SHH002-hu1 attenuated Bevacizumab-enhanced tumor-initiating
and self-renew capacity of TNBC cells (Figure 6), illustrating that SHH002-hu1 shows the potential of
preventing TNBC recurrence and metastasis when combined with Bevacizumab. Furthermore, SHH002-
hu1 prevented angiogenesis rebound induced by Bevacizumab through reducing VM channels, and
suppressed HIF-1a transcriptional activity and the expression of hypoxia adaption-associated proteins,
revealing the potency of SHH002-hu1 to impair TNBC adaption to hypoxia (Figure 7).  

Conclusions
In summary, SHH002-hu1, a novel humanized antibody speci�cally targeting Fzd7, was successfully
generated in this study. SHH002-hu1 is su�cient to inhibit Bevacizumab-induced cancer stem-like
properties and EMT via abating Wnt/β-catenin signaling. SHH002-hu1 shows the potential of improving
the treatment e�cacy of Bevacizumab, further reduces the risk of TNBC recurrence and metastasis.
Hence, the combination regimen of Bevacizumab and SHH002-hu1 provides an effective candidate for
the clinical treatment of TNBC, especially PD-L1- TNBC and triple-negative operable primary invasive
breast cancer.

Abbreviations
ADC: antibody-drug conjugate; AV: Annexin V; BLI: Biolayer interferometry; CRD: cysteine-rich domains;
CSCs: cancer stem cells; ECGS: endothelial cell growth supplement; ECM: endothelial culture medium;
EGF: epi dermal growth factor; ER: estrogen receptor; EMT: epithelial-mesenchymal cell transformation;
FGF: �broblast growth factor; Fzd7: Frizzled-7; HC: Heavy Chain; HER2: human epidermal growth factor
receptor 2; HIF-1a: hypoxia-inducible factor-1α; IF: Immuno�uorescence; IHC: Immunohistochemistry; LC:
Light Chain; mCRC: metastatic colorectal cancer; NACT: new adjuvant chemotherapy treatment; NIR: near
infrared; NSCLC: non-small cell lung cancer; ORR: objective response rate; OS: overall survival; pCR:
pathologic complete response; PD-L1: programmed cell death 1 ligand-1; PFS: progression-free survival;
PI: propidium iodide; PR: progesterone receptor; ROI: region of interests; SD: standard deviation; TNBC:
triple-negative breast cancer; Trop-2: trophoblast cell-surface antigen 2; VEGFA: vascular endothelial
growth factor A; VM: vasculogenic mimicry.



Page 17/42

Declarations
Acknowledgments

None.

Authors’ contributions

Xie Wei and Wang Jin contributed to the experiment design and manuscript draft. Zhao Huijie, Wang
Fengxian and Wang Yiyun contributed to the experiment performance and data analysis. He Yuan and
Wang Tong contributed to the writing-reviewing. Zhang Kunch, Yang Hao and Zhou Zhaoli helped with
the experiment implementation and data analysis. Shi Haibin and Huang Gang supervised the project. All
authors have read and approved the �nal manuscript.

Funding

This study was supported by the National Natural Science Foundation of China (NSFC81703401,
NSFC81801833 and NSFC81830052); “Chen Guang” project supported by Shanghai Municipal Education
Commission and Shanghai Education Development Foundation (18CG72); Construction project of
Shanghai Key Laboratory of Molecular Imaging (18DZ2260400); Shanghai Municipal Education
Commission (Class  Plateau Disciplinary Construction Program of Medical Technology of SUMHS, 2018-
2020).

Availability of data and materials

All remaining data are available within the article and supplementary �les, or available from the authors
upon request.

Ethics approval and consent to participate

All animal experiments were performed in accordance with the National Institutes of Health guide for the
care and use of Laboratory animals and protocols approved by the Animal Ethics Committee of Shanghai
University of Medicine and Health Sciences.

Consent for publication

All authors have agreed to publish this manuscript.

Competing interests

The authors declare no con�ict of interest.

References



Page 18/42

[1] Carmeliet P, Jain RK. Molecular mechanisms and clinical applications of angiogenesis. Nature. 2011;
473(7347): 298-307.

[2] Folkman J. Tumor angiogenesis: Therapeutic implications. N Engl J Med. 1971; 285(21): 1182-6.

[3] McIntyre A, Harris AL. Metabolic and hypoxic adaptation to anti-angiogenic therapy: a target for
induced essentiality. EMBO Mol Med. 2015; 7(4): 368-79.

[4] Conley SJ, Gheordunescu E, Kakarala P, Newman B, Korkaya H, Heath AN, et al. Antiangiogenic Agents
Increase Breast Cancer Stem Cells via the Generation of Tumor Hypoxia. Proc Natl Acad Sci U S A. 2012;
109(8): 2784-9.

[5] Bergers G, Hanahan D. Modes of resistance to anti-angiogenic therapy. Nat Rev Cancer. 2008; 8(8):
592-603.

[6] Cameron D, Brown J, Dent R, Jackisch C, Mackey J, Pivot X, et al. Adjuvant bevacizumab-containing
therapy in triple-negative breast cancer (BEATRICE): primary results of a randomised, phase 3 trial. Lancet
Oncol. 2013; 14(10): 933-42.

[7] Paez-Ribes M, Allen E, Hudock J, Takeda T, Okuyama H, Vinals F, et al. Antiangiogenic therapy elicits
malignant progression of tumors to increased local invasion and distant metastasis. Cancer Cell. 2009;
15(3): 220-31.

[8] Conley SJ, Gheordunescu E, Kakarala P, New-man B, Korkaya H, Heath AN, et al. Antiangiogenic Agents
Increase Breast Cancer Stem Cells via the Generation of Tumor Hypoxia. Proc Natl Acad Sci U S A. 2012;
109(8): 2784-9.

[9] Vasudev NS, Goh V, Juttla JK, Thompson VL, Larkin JM, Gore M, et al. Changes in Tumour Vessel
Density Upon Treatment With Anti-Angiogenic Agents: Relationship With Response and Resistance to
Therapy. Br J Cancer. 2013; 109(5): 1230-42.

[10] Masoud GN, Li W. HIF-1α pathway: role, regulation and intervention for cancer therapy. Acta Pharm
Sin B. 2015; 5(5): 378-89.

[11] Katoh M. Canonical and non-canonical WNT signaling in cancer stem cells and their niches: cellular
heterogeneity, omics reprogramming, targeted therapy and tumor plasticity. Int J Oncol. 2017; 51(5):
1357-69.

[12] Cardoso F, Costa A, Senkus E, Aapro M, André F, Barrios CH, et al. 3rd ESO-ESMO International
Consensus Guidelines for Advanced Breast Cancer (ABC 3). Ann Oncol. 2017; 28(1): 16-33.

[13] Finn RS, Martin M, Rugo HS, Jones S, Im SA, Gelmon K, et al. Palbociclib and Letrozole in Advanced
Breast Cancer. N Engl J Med. 2016; 375(20): 1925-36.



Page 19/42

[14] Yang L, Wu X, Wang Y, Zhang K, Wu J, Yuan YC, et al. FZD7 has a critical role in cell proliferation in
triple negative breast cancer. Oncogene. 2011; 30(43): 4437-46.

[15] Xie W, Zhang Y, He Y, Zhang K, Wan G, Huang Y, et al. A novel recombinant human Frizzled-7 protein
exhibits anti-tumor activity against triple negative breast cancer via abating Wnt/beta-catenin pathway.
Int J Biochem Cell Biol. 2018; 103: 45-55.

[16] Pode-Shakked N, Harari-Steinberg O, Haberman-Ziv Y, Rom-Gross E, Bahar S, Omer D, et al. Resistance
or sensitivity of Wilms’ tumor to anti-FZD7 antibody highlights the Wnt pathway as a possible therapeutic
target. Oncogene. 2011; 30(14): 1664-80.

[17] Linke F, Harenberg M, Nietert MM, Zaunig S, von Bonin F, Arlt A, et al. Microenvironmental interactions
between endothelial and lymphoma cells: a role for the canonical WNT pathway in Hodgkin lymphoma.
Leukemia. 2017; 31(2): 361-72.

[18] Charafe-Jauffret E, Ginestier C, Iovino F, Wicinski J, Cervera N, Finetti P, et al. Breast cancer cell lines
contain functional cancer stem cells with metastatic capacity and a distinct molecular signature. Cancer
Res. 2009; 69(4): 1302-13.

[19] Lal A, Peters H, St Croix B, Haroon ZA, Dewhirst MW, Strausberg RL, et al. Transcriptional response to
hypoxia in human tumors. J Natl Cancer Inst. 2001; 93(17): 1337-43.

[20] Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev Cancer. 2003; 3(10): 721-32.

[21] Hendrix MJ, Seftor EA, Meltzer PS, Gardner LM, Hess AR, Kirschmann DA, et al. Expression and
functional signi�cance of VE-cadherin in aggressive human melanoma cells: role in vasculogenic
mimicry. Proc Natl Acad Sci U S A. 2001; 98(14): 8018-23.

[22] Hess AR, Seftor EA, Gardner LM, Carles-Kinch K, Schneider GB, Seftor RE, et al. Molecular regulation
of tumor cell vasculogenic mimicry by tyrosine phosphorylation: role of epithelial cell kinase
(Eck/EphA2). Cancer Res. 2001; 61(8): 3250-5.

[23] Zhang D, Sun B, Zhao X, Ma Y, Ji R, Gu Q, et al. Twist1 expression induced by sunitinib accelerates
tumor cell vasculogenic mimicry by increasing the population of CD133+ cells in triple-negative breast
cancer. Mol Cancer. 2014; 13: 207.

[24] Mazumdar J, O’Brien WT, Johnson RS, LaManna JC, Chavez JC, Klein PS, et al. O2 regulates stem
cells through Wnt/beta-catenin signalling. Nat Cell Biol. 2010; 12(10): 1007-13.

[25] Kaidi A, Williams AC, Paraskeva C. Interaction between beta-catenin and HIF-1 promotes cellular
adaptation to hypoxia. Nat Cell Biol. 2007; 9(2): 210-7.

[26] Schmid P, Adams S, Rugo HS, Schneeweiss A, Barrios CH, Iwata H, et al. Atezolizumab and nab-
Paclitaxel in advanced triple-negative breast cancer. N Engl J Med. 2018; 379(22): 2108-21.



Page 20/42

[27] Starodub AN, Ocean AJ, Shah MA, Guarino MJ, Picozzi Jr VJ, Vahdat LT, et al. First-in-human trial of
a novel anti-Trop-2 antibody-SN-38 conjugate, sacituzumab govitecan, for the treatment of diverse
metastatic solid tumors. Clin Cancer Res. 2015; 21(17): 3870-8.

[28] Chang HY, Nuyten DSA, Sneddon JB, Hastie T, Tibshirani R, Sørlie T, et al. Robustness, scalability, and
integration of a wound-response gene expression signature in predicting breast cancer survival. Proc Natl
Acad Sci U S A. 2005; 102(10): 3738-43.

[29] Robert NJ, Diéras V, Glaspy J, Brufsky AM, Bondarenko I, Lipatov ON, et al. RIBBON-1: randomized,
double-blind, placebo-controlled, phase III trial of chemotherapy with or without Bevacizumab for �rst-line
treatment of human epidermal growth factor receptor 2-negative, locally recurrent or metastatic breast
cancer. J Clin Oncol. 2011; 29(10): 1252-60.

[30] Thomssen C, Pierga JY, Pritchard KI, Biganzoli L, Cortes-Funes H, Petráková K, et al. First-line
Bevacizumab-containing therapy for triple-negative breast cancer: analysis of 585 patients treated in the
ATHENA study. Oncology. 2012; 82(4): 218-27.

[31] Bear HD, Tang G, Rastogi P, Geyer CE Jr, Robidoux A, Atkins JN, et al. Bevacizumab added to
neoadjuvant chemotherapy for breast cancer. N Engl J Med.  2012 ; 366(4): 310-20.

[32] Li CY, Shan S, Huang Q, Braun RD, Lanzen J, Hu K, et al. Initial stages of tumor cell-induced
angiogenesis: evaluation via skin window chambers in rodent models. J Natl Cancer Inst. 2000; 92(2):
143-7.

[33] Sikov WM, Berry DA, Perou CM, Singh B, Cirrincione CT, Tolaney SM, et al. Impact of the addition of
carboplatin and/or bevacizumab to neoadjuvant once-per-week paclitaxel followed by dose-dense
doxorubicin and cyclophosphamide on pathologic complete response rates in stage II to III triple-negative
breast cancer: CALGB 40603 (Alliance). J Clin Oncol. 2015; 33(1): 13-21.

[34] Xie W, Zhang Y, Zhang S, Wang F, Zhang K, Huang Y, et al. Oxymatrine Enhanced Anti-Tumor Effects
of Bevacizumab Against Triple-Negative Breast Cancer via Abating Wnt/β-Catenin Signaling Pathway. Am
J Cancer Res. 2019; 9(8): 1796-814.

[35] Zhuang H, Shi S, Yuan Z, Chang JY. Bevacizumab treatment for radiation brain necrosis: mechanism,
e�cacy and issues. Mol Cancer. 2019; 18(1): 21.

[36] Ueda S, Saeki T, Osaki A, Yamane T, Kuji I. Bevacizumab induces acute hypoxia and cancer
progression in patients with refractory breast cancer: multimodal functional imaging and multiplex
cytokine analysis. Clin Cancer Res. 2017; 23(19): 5769-78.

[37] Nusse R, Clevers H. Wnt/β-Catenin signaling, disease, and emerging therapeutic modalities. Cell.
2017; 169(6): 985-99.



Page 21/42

[38] King TD, Suto MJ, Li Y. The Wnt/β-catenin Signaling Pathway: A potential therapeutic target in the
treatment of triple negative breast cancer. J Cell Biochem. 2012; 113(1): 13-8.

[39] Niehrs C. The complex world of WNT receptor signaling. Nat Rev Mol Cell Biol. 2012; 13(12): 767-79.

[40] Kahn M. Can we safely target the WNT pathway? Nat Rev Drug Discov. 2014; 13(7): 513-32.

[41] King TD, Zhang W, Suto MJ, Li Y. Frizzled7 as an emerging target for cancer therapy. Cell Signal.
2012; 24(4): 846-51.

[42] Gurney A, Axelrod F, Bond CJ, Cain J, Chartier C, Donigan L, et al. Wnt pathway inhibition via the
targeting of Frizzled receptors results in decreased growth and tumorigenicity of human tumors. Proc
Natl Acad Sci U S A. 2012; 109(29): 11717-22.

Figures



Page 22/42

Figure 1

The identi�cation and a�nity detection of SHH002-hu1. A. SDS-PAGE analysis of SHH002-hu1. Lane 1
represented non-reducing and lane 2 represented reducing condition. Lane M: Marker. B. SEC-HPLC
analysis of SHH002-hu1. The peak shape of IPI control/SHH002-hu1chromatogram was presented well,
and the baseline was stable. The criteria of system suitability was satis�ed. C. Set of sensorgrams of
rhFzd7 binding with SHH002-hu1 and SHH002. For SHH002-hu1, the association rate increased with
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increasing concentration of the rhFzd7 (from bottom to top: 6.25, 25, 100, 400 nmol/L). 0 s - 300 s:
association, 300 s - 600 s: dissociation. For SHH002, the association rate increased with increasing
concentration of the rhFzd7 (from bottom to top: 300, 750 nmol/L). 600 s - 1000 s: association, 1000 s -
1580 s: dissociation. D. Set of sensorgrams of rhFzd1/rhFzd2/rhFzd5/rhFzd8 protein binding with
SHH002-hu1. 0 s - 300 s: association, 300 s - 600 s: dissociation. The association rate had no correlation
with the concentration of rhFzd1/2/5/8. The red smooth curves in each �gure represented the Fortebio
�tting curves.
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SHH002-hu1 speci�cally targets Fzd7+ cells and Fzd7+ TNBC tumor tissue. A. Characterization of
SHH002-hu1 by immuno�uorescent staining of transfected cells. SHH002-hu1 showed strong binding
signal (red) to Fzd7 overexpressing HEK293T cells, HEK293T cells not transfected or transfected with
empty vector (GFP label) were used as control. Bar = 50 μm. B. Western blot assay to detect the
expression of Fzd7 in TNBC cells. The detection antibody was Rabbit Anti-Human Fzd7 purchased from
Abcam. C. IF assay to detect the binding of SHH002-hu1 with Fzd7 high-expressing MDA-MB-231/MDA-
MB-468 cells. Bar = 50 μm. D. The bio-distribution of NIRB-SHH002-hu1 was evaluated by the NIRB
imaging assay in MDA-MB-231-bearing nude mice. In blocking experiments, free SHH002-hu1 inhibited
the probes from binding to the tumor sites. E. Tumor/normal tissue ratios calculated at 8 h post-injection
of probe groups into MDA-MB-231-bearing nude mice from the region of interest. Data were given as the
mean ± SD (n = 5), **p < 0.01.
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expression of Fzd7 in TNBC cells. The detection antibody was Rabbit Anti-Human Fzd7 purchased from
Abcam. C. IF assay to detect the binding of SHH002-hu1 with Fzd7 high-expressing MDA-MB-231/MDA-
MB-468 cells. Bar = 50 μm. D. The bio-distribution of NIRB-SHH002-hu1 was evaluated by the NIRB
imaging assay in MDA-MB-231-bearing nude mice. In blocking experiments, free SHH002-hu1 inhibited
the probes from binding to the tumor sites. E. Tumor/normal tissue ratios calculated at 8 h post-injection
of probe groups into MDA-MB-231-bearing nude mice from the region of interest. Data were given as the
mean ± SD (n = 5), **p < 0.01.
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Figure 3

SHH002-hu1 inhibits the proliferation of TNBC cell lines and tumor angiogenesis through blocking Wnt/β-
catenin pathway. A. The viability of MDA-MB-231/MDA-MB-468 cells was assessed by MTT assay at 48
h after treatment with different concentrations of SHH002-hu1. HEK293T cell and MCF-10A were set as a
negative control. SHH002-hu1 speci�cally inhibited the growth of Fzd7+ TNBC cells induced by Wnt3a in
a dose-dependent manner. Data were given as the mean ± SD (n = 3), **p < 0.01. B. Representative plots
showing the apoptosis patterns of SHH002-hu1 treated MDA-MB-231/MDA-MB-468 cells, the percentage
of cells in each quadrant was indicated. C. Quantitative analysis of apoptosis assay. Data were presented
as the mean ± SD, n = 3, **p < 0.01 (MDA-MB-231 cells), vs. the previous group; ##p < 0.01 (MDA-MB-468
cells), vs. the previous group. D. TOP/FOP ratio in MDA-MB-231/MDA-MB-468 cells (stimulated by
Wnt3a) treated with SHH002-hu1 for 24 h. FH535 was set as a positive control. The results from 3
independent experiments are expressed as mean ± SD of fold change, *p < 0.05, **p < 0.01. SHH002-hu1
effectively inhibited the β-catenin/TCF-4 transcriptional activity induced by Wnt3a. E. SHH002-hu1
repressed the accumulation of β-catenin in the nucleus induced by Wnt3a. IF stainings of β-catenin
(green) were shown, and nuclei were counterstained with DAPI (blue), bar = 20 μm. F. SHH002-hu1
blocked nuclear accumulation of β-catenin and phosphorylation of LRP6. MDA-MB-231/MDA-MB-468
cells were treated with Wnt3a and SHH002-hu1, then western blot assay was conducted as indicated.
Histone H3 was used as loading control for nuclear proteins, and β-actin was for cytoplasmic proteins.
SHH002-hu1 attenuated the Wnt3a induced accumulation of β-catenin and inhibited the induction of
phosphorylated (Ser1490) LRP6 by Wnt3a. G, H. HUVECs tube-like photomicrographs and quantitative
analysis revealed that the angiogenesis in in vitro model was signi�cantly inhibited by the 8 h-incubation
of SHH002-hu1-treated TNBC cells supernatants, bar = 100 μm. The quantitative analysis of HUVECs
tube formation (a complete polygon was considered as a tube) was based on the mean of the 5 regions
of each group. Data were presented as the mean ± SD, n = 5, *p < 0.05. I. Western blot assay indicated
that SHH002-hu1 reduced the expression of VEGFA in TNBC cells remarkably.
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showing the apoptosis patterns of SHH002-hu1 treated MDA-MB-231/MDA-MB-468 cells, the percentage
of cells in each quadrant was indicated. C. Quantitative analysis of apoptosis assay. Data were presented
as the mean ± SD, n = 3, **p < 0.01 (MDA-MB-231 cells), vs. the previous group; ##p < 0.01 (MDA-MB-468
cells), vs. the previous group. D. TOP/FOP ratio in MDA-MB-231/MDA-MB-468 cells (stimulated by
Wnt3a) treated with SHH002-hu1 for 24 h. FH535 was set as a positive control. The results from 3
independent experiments are expressed as mean ± SD of fold change, *p < 0.05, **p < 0.01. SHH002-hu1
effectively inhibited the β-catenin/TCF-4 transcriptional activity induced by Wnt3a. E. SHH002-hu1
repressed the accumulation of β-catenin in the nucleus induced by Wnt3a. IF stainings of β-catenin
(green) were shown, and nuclei were counterstained with DAPI (blue), bar = 20 μm. F. SHH002-hu1
blocked nuclear accumulation of β-catenin and phosphorylation of LRP6. MDA-MB-231/MDA-MB-468
cells were treated with Wnt3a and SHH002-hu1, then western blot assay was conducted as indicated.
Histone H3 was used as loading control for nuclear proteins, and β-actin was for cytoplasmic proteins.
SHH002-hu1 attenuated the Wnt3a induced accumulation of β-catenin and inhibited the induction of
phosphorylated (Ser1490) LRP6 by Wnt3a. G, H. HUVECs tube-like photomicrographs and quantitative
analysis revealed that the angiogenesis in in vitro model was signi�cantly inhibited by the 8 h-incubation
of SHH002-hu1-treated TNBC cells supernatants, bar = 100 μm. The quantitative analysis of HUVECs
tube formation (a complete polygon was considered as a tube) was based on the mean of the 5 regions
of each group. Data were presented as the mean ± SD, n = 5, *p < 0.05. I. Western blot assay indicated
that SHH002-hu1 reduced the expression of VEGFA in TNBC cells remarkably.
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Figure 4

SHH002-hu1 inhibits the proliferation of TNBC cell lines and tumor angiogenesis through blocking Wnt/β-
catenin pathway. A. The viability of MDA-MB-231/MDA-MB-468 cells was assessed by MTT assay at 48
h after treatment with different concentrations of SHH002-hu1. HEK293T cell and MCF-10A were set as a
negative control. SHH002-hu1 speci�cally inhibited the growth of Fzd7+ TNBC cells induced by Wnt3a in
a dose-dependent manner. Data were given as the mean ± SD (n = 3), **p < 0.01. B. Representative plots
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showing the apoptosis patterns of SHH002-hu1 treated MDA-MB-231/MDA-MB-468 cells, the percentage
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effectively inhibited the β-catenin/TCF-4 transcriptional activity induced by Wnt3a. E. SHH002-hu1
repressed the accumulation of β-catenin in the nucleus induced by Wnt3a. IF stainings of β-catenin
(green) were shown, and nuclei were counterstained with DAPI (blue), bar = 20 μm. F. SHH002-hu1
blocked nuclear accumulation of β-catenin and phosphorylation of LRP6. MDA-MB-231/MDA-MB-468
cells were treated with Wnt3a and SHH002-hu1, then western blot assay was conducted as indicated.
Histone H3 was used as loading control for nuclear proteins, and β-actin was for cytoplasmic proteins.
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Figure 5

SHH002-hu1 enhances the ability of Bevacizumab to inhibit MDA-MB-231/MDA-MB-468 tumor growth
signi�cantly. A. Representative images of isolated tumors from MDA-MB-231 (the left 5 rows)/MDA-MB-
468 (the right 5 rows)-tumor bearing nude mice. B. MDA-MB-231/MDA-MB-468 tumor growth curves of
each group under different treatments. Data were given as the mean ± SD (n = 5), *p < 0.05, **p < 0.01. C.
Bevacizumab induced hypoxia in TNBC tumor tissues in vivo, and ALDH1+ cells were concentrated in
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hypoxic regions. Hypoxia in MDA-MB-231/MDA-MB-468 tumors was detected by IF staining of
pimonidazole adducts in sections from different groups. Staining showed pimonidazole
immunodetection (green) and ALDH1 (red) merged with DAPI-stained nuclei (blue), bar = 100 μm. D. The
β-catenin pathway of MDA-MB-231/MDA-MB-468 tumor was stimulated in response to hypoxia after the
treatment of Bevacizumab. Staining showed pimonidazole immunodetection (green) and β-catenin (red)
merged with DAPI-stained nuclei (blue), bar = 100 μm. E. IF stainings of ALDH1 (red) were shown, and
nuclei were counterstained with DAPI (blue), bar = 100 μm. F. Quantitation of ALDH1+ cells in
control/Bevacizumab-treated/Bevacizumab + SHH002-hu1-treated tumors. Data were shown as mean ±
SD (n = 5), *p < 0.05, **p < 0.01. G. SHH002-hu1 repressed the accumulation of β-catenin in the nucleus
induced by Bevacizumab. IF stainings of β-catenin (red) were shown, and nuclei were counterstained with
DAPI (blue), bar = 50 μm.
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hypoxic regions. Hypoxia in MDA-MB-231/MDA-MB-468 tumors was detected by IF staining of
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control/Bevacizumab-treated/Bevacizumab + SHH002-hu1-treated tumors. Data were shown as mean ±
SD (n = 5), *p < 0.05, **p < 0.01. G. SHH002-hu1 repressed the accumulation of β-catenin in the nucleus
induced by Bevacizumab. IF stainings of β-catenin (red) were shown, and nuclei were counterstained with
DAPI (blue), bar = 50 μm.

Figure 6

SHH002-hu1 weakens the ability of residual TNBC cells to initiate tumors and the self-renew capacity of
TNBC cells enhanced by Bevacizumab. A. Representative images of isolated MDA-MB-231/MDA-MB-468
tumors replanted in secondary nude mice. B. Mice were implanted with tumor cells from
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control/Bevacizumab-treated/Bevacizumab + SHH002-hu1-treated mice. Each secondary nude mouse
was inoculated with 1 × 104 cells in one of the inguinal mammary fat pads. The growth of tumors was
monitored weekly. Data were given as the mean ± SD (n = 5), *p < 0.05, **p < 0.01. C. 5 × 103 cells
isolated from MDA-MB-231/MDA-MB-468 xenografts were cultured in low attachment 6 well culture
plates for 2 weeks to form the mammospheres, bar = 100 μm. D. Quantitation of the mammosphere-
forming e�ciency. The numbers of mammospheres (> 60 μm) were recorded after 2 weeks of culture.
Data were presented as the mean ± SD, n = 3, *p < 0.05, **p < 0.01.
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plates for 2 weeks to form the mammospheres, bar = 100 μm. D. Quantitation of the mammosphere-
forming e�ciency. The numbers of mammospheres (> 60 μm) were recorded after 2 weeks of culture.
Data were presented as the mean ± SD, n = 3, *p < 0.05, **p < 0.01.

Figure 7

SHH002-hu1 reduces the adaptability of TNBC to hypoxia. A. IF assay of CD31 staining (red) indicated
that SHH002-hu1 enhanced the anti-angiogenesis effect of Bevacizumab against TNBC, bar = 100 μm. B.
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IHC assay of PAS/CD31 double staining after drug discontinuation showed that the number of VM
channels (red arrows) increased in the Bevacizumab group compared to the control, and the endothelium-
dependent vessels (yellow arrows) rebounded after Bevacizumab discontinuation. SHH002-hu1 inhibited
VM and the endothelium-dependent vessels rebound induced by Bevacizumab signi�cantly. C. Western
blot assay showed that the VM-associated proteins VE-cadherin and Twist1 were upregulated in the
Bevacizumab-treated MDA-MB-231/MDA-MB-468 tumors, and SHH002-hu1 obviously suppressed the
phenomenon. D. The HIF-1a transcriptional activity was enhanced by hypoxia remarkably, and SHH002-
hu1 effectively inhibited the HIF-1a transcriptional activity under hypoxic condition. Data were presented
as the mean ± SD, n = 3, *p < 0.05, **p < 0.01. E. Western blot assay showed that the expression of HIF-1a
and HIF-1a targets (VEGFA, Glut1) was enhanced by hypoxia, and SHH001-hu1 could suppress the
expression of VEGFA/Glut1 through inhibiting the expression of β-catenin under hypoxic condition.
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Figure 7

SHH002-hu1 reduces the adaptability of TNBC to hypoxia. A. IF assay of CD31 staining (red) indicated
that SHH002-hu1 enhanced the anti-angiogenesis effect of Bevacizumab against TNBC, bar = 100 μm. B.
IHC assay of PAS/CD31 double staining after drug discontinuation showed that the number of VM
channels (red arrows) increased in the Bevacizumab group compared to the control, and the endothelium-
dependent vessels (yellow arrows) rebounded after Bevacizumab discontinuation. SHH002-hu1 inhibited
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VM and the endothelium-dependent vessels rebound induced by Bevacizumab signi�cantly. C. Western
blot assay showed that the VM-associated proteins VE-cadherin and Twist1 were upregulated in the
Bevacizumab-treated MDA-MB-231/MDA-MB-468 tumors, and SHH002-hu1 obviously suppressed the
phenomenon. D. The HIF-1a transcriptional activity was enhanced by hypoxia remarkably, and SHH002-
hu1 effectively inhibited the HIF-1a transcriptional activity under hypoxic condition. Data were presented
as the mean ± SD, n = 3, *p < 0.05, **p < 0.01. E. Western blot assay showed that the expression of HIF-1a
and HIF-1a targets (VEGFA, Glut1) was enhanced by hypoxia, and SHH001-hu1 could suppress the
expression of VEGFA/Glut1 through inhibiting the expression of β-catenin under hypoxic condition.
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