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A B S T R A C T

Incomplete radiofrequency ablation (RFA) of hepatocellular carcinoma (HCC) could initiate malignant transi-
tion. Patient-derived xenograft (PDX) mice model was established to investigate the effect of VEGF pathway in
incomplete RFA of HCC with high fidelity. Cancer stem cell markers and metastatic markers were increased after
incomplete RFA, with increased VEGFR1 and decreased VEGFR2 expression. In vitro experiments revealed
sublethal heat treatment promoted migration ability of HepG2, HCCLM3, and SMMC7721 cells, which coincided
with enhanced ability of sphere formation and up-regulation of VEGFR1, CD133, CD44, and EpCAM. Moreover,
HCC cells secreted more VEGF after heat-treatment. VEGF promoted migration and enhanced stemness of HCC
cells, which could not be suppressed by VEGFR2 inhibitor. PIGF, the ligand of VEGFR1, significantly increased
migration and stemness of HCC cells. Blocking VEGFR1 reduced heat-induced enhancement of migration and
stemness, whereas inhibition of VEGFR2 could not. In conclusion, VEGFR1 plays a critical role in sublethal heat
treatment-induced enhancement of migration and stemness in HCC, suggesting that VEGFR1 may serve as a
potential and promising therapeutic target for preventing recurrence after RFA.

1. Introduction

Hepatocellular carcinoma (HCC) remains one of the most common
and fatal malignancies in the world [1–3]. For very early and early
stage HCC, ablation is recommended as one of the curative therapies
[4–7]. Radiofrequency ablation (RFA) is the most widely used thermal
ablation treatment [8–10]. However, approximately 50% of HCC pa-
tients recur within 3 years after RFA [11–13]. Intrahepatic metastasis

still remains the major cause of treatment failure [14,15]. Despite of
years of efforts, there is no significant advancement in preventing
tumor recurrence due to the poor understanding of metastatic dis-
semination after RFA. The STORM trial aiming to assess the efficacy
and safety of sorafenib in preventing HCC recurrence after resection or
ablation failed to meet its primary endpoint of improving recurrence-
free survival [16]. Besides, there still lacks sufficient evidence for other
adjuvant therapies to improve outcomes after RFA.
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It is reported that poor defined tumor margin may give rise to in-
complete RFA [17,18], which could promote malignant transition of
residual HCC due to sublethal heat treatment [19,20]. Further in-
vestigations reported that sublethal heat treatment could promote
epithelial-mesenchymal transition (EMT) and enhance progenitor phe-
notype of HCC [21–23], which is indicated by the up-regulation of
cancer stem cell (CSC) markers. The CSC refers to a special sub-
population in tumors which retains unattenuated capacity of tumor
initiation and differentiation [24]. It is believed that CSC might be re-
sponsible for therapy resistance and tumor metastasis [25]. So far, some
surface markers and functional tests have been reported to identify CSC
in tumors. CD133, CD44, and EpCAM are regarded as important surface
markers of CSC in HCC [26–28].

Vascular endothelial growth factor (VEGF), which is closely related
to angiogenesis and vascular permeability, is now believed to con-
tribute to tumorigenesis, especially CSC development [29,30]. Different
VEGF receptors may be responsible for different physiological or

pathological functions and are certainly variably expressed in varied
tumors [29]. Previous studies have revealed that incomplete RFA of
HCC could activate HIF/VEGF pathway to mediate malignant transition
[21,22,31–33]. It has been reported that VEGF signaling pathway could
enhance cancer stemness and renewal in skin cancer and glioblastoma
multiforme [34,35]. We previously found the important role of auto-
crine VEGF pathway in HCC cell proliferation [36]. Thus, we hy-
pothesize that VEGF signaling might play a role in incomplete RFA-
related intrahepatic metastasis and stemness.

In this study, we explored the molecular alterations of residual HCC
cells after incomplete RFA using simulation model of PDX and in vitro
experiments, and investigated the role of VEGF and its receptors in
incomplete RFA-related intrahepatic metastasis and stemness in HCC
cells. Sublethal heat treatment could increase the migration capability
and enhance stem cell-like phenotype of HCC cells through VEGF-
VEGFR1 pathway.

Fig. 1. Implementation of incomplete radiofrequency ablation (RFA) on patient-derived xenograft (PDX) mice. (A) HCC tumor tissues were obtained from surgical
specimens. Tumor blocks were cut into pieces at 1 mm × 1 mm x 1 mm and implanted into right flank of mouse to form subcutaneous tumor. Subcutaneous tumor
was then harvested and implanted into mouse liver to form orthotopic PDX. (B) Infrared imaging system was used to dynamically monitor thermal change during
RFA. Longer ablation time would result in larger hyperthermic zone (> 50 °C) and higher central point temperature. (C) Infrared imaging data was further analyzed,
demonstrating the relationship between distance and temperature during RFA. Asymmetry was caused by eccentric insertion of electrode.
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2. Materials and methods

2.1. Patient-derived xenograft (PDX) model and incomplete RFA of HCC

HCC tumor tissues were obtained from surgical specimens. Patient-
related projects have been authorized by the Institutional Review Board
of the First Affiliated Hospital of Sun Yat-sen University (FAH-SYSU)
according to the ethical guidelines of the 1975 Declaration of Helsinki.
Informed Consent Forms have been collected from patients enrolled.
Blood samples have also been collected from some patients before and
after RFA. Male BALB/c (6 to 8-week-old) nude mice were purchased
and housed with a 12-h light-dark cycle and permitted ad libitum
consumption of water and a standard chow diet unless otherwise stated.
All animal procedures were approved by Institutional Care and Animal
Use Committee of FAH-SYSU according to the Reporting of In Vivo
Experiments (ARRIVE) guidelines drafted by National Centre for the
Replacement, Refinement and Reduction of Animals in Research
(NC3Rs). Right after surgical resection, appropriate tissues were

obtained and transferred in cold serum-free Dulbecco's modified Eagle's
medium (DMEM; Gibco, Grand Island, NY, USA). After washing out of
blood and unwanted tissues, the tumor blocks were cut into pieces at
1 mm × 1 mm x 1 mm under sterilized condition. Mice were anesthe-
tized. And a 1 cm subcutaneous pocket was made on the right flank to
store the tumor piece. About three months later, successful sub-
cutaneous xenograft was visible and could be stably passed from one
mouse to another. We anesthetized the tumor-bearing mice again to
harvest the tumors and cut them into pieces at 1 mm × 1 mm x 1 mm
again. Another batch of mice was anesthetized. Subcostal incision was
performed to expose liver lobes. Tumor pieces were placed into the liver
via a tunnel made by microscopic forceps. Mice were resumed feeding
to nourish orthotopic tumor. Successful orthotopic tumor could be
palpated within 2 months.

RFA devices includes VIVA RF generator, VIVA RF cool-tip elec-
trode, VIVA grounding pad and VIVA pump (VRS01, STARmed,
Gyeonggi-do, Korea). Orthotopic HCC tumor-bearing mice were an-
esthetized and put on the VIVA grounding pad. After exposing

Fig. 2. Detection of cancer stem cell markers and metastatic markers in PDX after incomplete RFA. (A–C) Immunohistochemical staining was performed to evaluate
expression of CD133, CD44, EpCAM, MMP2, MMP7, MMP9, VEGFA, VEGFR1 and VEGFR2 in tissues before and after RFA. Cancer stem cell markers and metastatic
markers were up-regulated after incomplete RFA. VEGFA tended to be increased. And VEGFR1 was up-regulated while VEGFR2 was down-regulated. Magnifications
were 200×. (D) Western blots were performed to confirm above molecular alterations.
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orthotopic tumor, we took a few tissues as the tumor tissues before RFA
(Fig. 1A). Electrode was then inserted into the tumor eccentrically. To
achieve accredited incomplete RFA, generator was set at 5 W for 30 s.
An infrared camera (MAG32, Magnity Electronics Co. Ltd. Shanghai,
China) was used to record dynamic thermal change (Fig. 1B–C). Seven
days after RFA, orthotopic tumors were harvested for subsequent ana-
lyses, which would be compared with tumor tissues before RFA.

2.2. Nicotinamide Adenine Dinucleotide Diaphorase (NADH-diaphorase)
staining

In order to validate the incomplete RFA of PDX-HCC, NADH-dia-
phorase staining was performed as previously described [37] to assess
the viability of residual tumor tissues after RFA. The vital tumor cells
would present with a purple staining, which is similar to positive
control. All slides were reviewed by pathologists who were blinded to
the research purpose.

Fig. 3. The biological changes of HCC cells after heat treatment. (A) The cell number after heat treatment indicated that cell proliferative ability was decreased as the
temperature increased. (B) Representative images of the migrated cells after heat treatment. Magnifications were 100×. Statistical analysis was performed (right).
46°C-treatment significantly increased the migration capacity. (C) Sublethal heat treatment increased the expression of MMP2, MMP7 and MMP9 in HCC. (D)
Representative images of sphere formation after heat treatment. Magnifications were 50×. Statistical analysis was performed (right). 46°C-treatment significantly
increased the ability of sphere formation. (E) Sublethal heat treatment increased the expression of CD133, CD44 and EpCAM in HCC. Data are displayed as
mean ± SEM (n = 3–5). *p < 0.05; **p < 0.01; ***p < 0.001.

Fig. 4. Sublethal heat treatment promoted the secretion of VEGF, increased the expression of VEGFR1 and decreased the expression of VEGFR2. (A) ELISA was
performed to measure the concentration of VEGF of culture supernatant 24 h after heat treatment. In particular, cells were counted at the time the supernatant were
harvested, to calculate the concentration of VEGF per 10,000 cells. (B) After heat treatment, VEGFR1 were up-regulated and VEGFR2 were down-regulated. (C) The
flow cytometry results showed that VEGFR1 was positively correlated with CD133. Data are displayed as mean ± SEM (n = 3). *p < 0.05; **p < 0.01;
***p < 0.001.
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2.3. Immunohistochemistry (IHC)

Tissues embedded in paraffin were sectioned into 4 μm slides. After
incubated with corresponding antibodies (Supplementary Table 2),
slides were treated with envision system and DAB-chromogen, which
was followed with counterstaining of hematoxylin. Results were re-
viewed by pathologists who were blinded to the research purpose.

2.4. Cell lines and sublethal heat treatment

HCC cell lines HepG2, HCCLM3 and SMMC7721 were obtained from
Cell Bank of Chinese Academy of Medical Science (Shanghai, China).
HepG2 and HCCLM3 were cultured in DMEM (Gibco, Grand Island, NY,
USA) containing 10% fetal bovine serum (FBS, Invitrogen Life
Technology, Carlsbad, CA), 100 IU/ml penicillin and 100 μg/ml strep-
tomycin. SMMC7721 were cultured in RPMI-1640 (Gibco, Grand
Island, NY, USA), supplemented with 10% FBS (Invitrogen Life
Technology, Carlsbad, CA), 100 U/ml penicillin and 100 μg/ml strep-
tomycin. Accordingly, cells grown to 70%–80% confluence were
starved with 1% FBS supplemented DMEM or RPMI-1640 for 12 h s and
were exposed to different temperature heat treatments for 10 min a
water-bath way. Medium was changed to fresh 10% FBS supplemented
DMEM or RPMI-1640 after the heat treatment. Cells were then cultured
for subsequent research.

2.5. Cell counting and transwell assay

HCC cells were trypsinized and re-plated into 6-well plates with
30,000 cells per well 24 h after heat treatment, and were incubated
with the medium described above. Cells were collected and counted
using automated cell counter (ALIT Life Science, Shanghai, China) at
day 1, 3 and 5 after plating. Transwell assay was performed as pre-
viously described [38]. Images were captured using inverted micro-
scope equipped with an Olympus Qcolor 3 digital camera (Zeiss,
Oberkochen, Germany). Five fields of 100x magnification for each well
were randomly selected for statistical calculation.

2.6. Western blot

After treatment, cells or tissues were harvested, and protein extracts
were prepared on ice using cold RIPA buffer. 20 μg proteins were
electrophoresed in 8% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE), and blotted onto PVDF membranes
(Millipore, Billerica, MA, USA). Signals were determined by Western
blotting using primary antibodies (Supplementary Table 1), followed by
corresponding peroxidase-conjugated secondary antibodies and Im-
mobilion Western Chemilum HRP Substrate (Millipore, Billerica, MA,
USA).

2.7. Enzyme linked immunosorbent assay (ELISA)

HCC cells were seeded into 6-well plate with 500,000 cells per well.
Heat-treatment was performed as described above. And 24 h later, the
supernatant was collected for detection of VEGF and PIGF using ELISA
kit (#KHG0112, Thermo Fisher Scientific, Waltham, MA, USA)
(#ab100629, Abcam, Cambridge, MA, USA). Moreover, cells were
counted at the same time, to calculate the concentration of VEGF

produced by 10,000 cells. Patients’ serums were also analyzed using
ELISA kits above.

2.8. Flow cytometry

Three days after heat treatment, HCC cells were collected and re-
suspended in PBS. Cells were then incubated with primary antibodies
(Supplementary Table 1) at 4 °C for 30 min. The percentage of positive
cells was detected using CytoFLEX (Beckman Coulter, Miami, FL, USA).

2.9. Sphere formation assay

After corresponding treatments, HCC cells were seeded into 96-well,
ultra-low-attachment plates (Corning, New York, USA) with 300 cells
per well. Cells were cultured in the standard sphere-forming medium
for 7–10 days [39,40]. Spheres were captured at 50x magnification
using inverted microscope. And spheres larger than 50 μm were
counted for statistical analysis.

2.10. Application of VEGF, SU1498, PIGF and VEGFR1-neutralized
antibody

Recombinant human VEGF (rhVEGF) (#293VE, R&D Systems,
Minneapolis, MN, USA; 30 ng/ml) was added into culture medium to
stimulate VEGFR1/2. SU1498 (#SML1193, Sigma-Aldrich, St. Louis,
MO, USA; 10 μmol/ml) was used to inhibit VEGFR2. PIGF (#264PGB, R
&D Systems, Minneapolis, MN, USA; 30 ng/ml) was used to stimulate
VEGFR1. VEGFR1-neutrolized antibody (#AF321, R&D Systems,
Minneapolis, MN, USA; 10 μg/ml) was used to block VEGFR1. To note,
neutralized antibody should be added 30 min before the use of PIGF.

2.11. Statistical analysis

The SPSS software v18.0 (SPSS Inc, Chicago, IL) was used for sta-
tistical analysis. Quantitative data are presented as the means ±
standard error of the mean (SEM). Comparisons were performed using
one-way analysis of variance (one-way ANOVA), two-way analysis of
variance (two-way ANOVA) or unpaired Student's t-test. A P-value less
than 0.05 was considered as statistically significant.

3. Results

3.1. Incomplete RFA of PDX induced malignant transition of HCC and
changed the profile of VEGF pathway

A batch of five orthotopic PDX mice was established for incomplete
RFA (Fig. 1A). Infrared imaging system was used to monitor thermal
change in this process. As illustrated in Fig. 1B–C and Supplementary
Fig. 1A, certain heat effect was produced by electrode and was con-
ducted from central to peripheral zones during RFA. Longer ablation
time would dynamically result in larger hyperthermic zone (> 50 °C)
and higher central point temperature. To achieve incomplete RFA and
protect mice from overheat, we optimized ablation time to 30 s. Under
such circumstance, our residual tumor samples which came from the
edge of necrotic area (about 0.5 cm away from ablation centre) may
suffer from a heat ranging from 40 °C to 50 °C for 30 s during RFA
(Supplementary Fig. 1B and C). NADH-diaphorase staining was

Fig. 5. VEGF increased the migration ability and stemness of HCC, which could not be repressed by inhibition of VEGFR2. (A) Representative images of the migrated
cells after VEGF or VEGF plus SU1498 treatment. Magnifications were 100×. Statistical analysis was performed (right). VEGF can significantly increase the migration
capacity. Additional treatment of SU1498 didn't reduce this effect but even increased it though not significantly. (B) Representative images of sphere formation.
Magnifications were 50×. Statistical analysis was performed (right). VEGF treatment significantly increased the ability of sphere formation, which couldn't be
reduced by SU1498. (C) VEGF stimulation up-regulated the expression of EpCAM, CD133 and CD44. Additional inhibition of VEGFR2 by SU1498 could not repress
this effect. Data are displayed as mean ± SEM (n = 5), and are expressed as relative ratio using control group as the reference. *p < 0.05; **p < 0.01;
***p < 0.001.
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performed to validate incomplete RFA (Supplementary Fig. 2A).
Immunohistochemistry was used to detect in situ expression of

CD133, CD44 and EpCAM before and after ablation (Fig. 2A). We also
determined the expression of MMPs (Fig. 2B), which could hydrolyze
the components of tumor matrix and pave the way for tumor invasion
and migration [41]. Results revealed that incomplete RFA enhanced
cancer stemness and metastatic potential in tumor cells, which was
further confirmed by Western blot (Fig. 2D, Supplementary Fig. 2B).

With the aim to explore the role of VEGF pathway in such malignant
transition, we detected VEGF and its main receptors using IHC and
Western blot. Intriguingly, besides the increase of VEGF, we found
VEGFR1 was up-regulated after incomplete RFA, while VEGFR2 was
down-regulated (Fig. 2C–D, Supplementary Fig. 2B).

3.2. Sublethal heat treatment enhanced the metastatic potential of HCC cells

In vitro heat treatment model was applied to verify metastatic mo-
lecular changes. Unlike in vivo RFA in mice, specific temperature could
be maintained in water bath. Thus, HepG2, HCCLM3 and
SMMC7721 cells were heated with different temperature for 10 min,
which is in accordance with most previous reports [23] and clinical
operations. We found that heat treated cells showed decreased pro-
liferative ability when compared to cells treated with 37 °C (Fig. 3A).
Hyperthermia induced prolonged growth suppression. But a portion of
cells did recover and continue to grow except for 48 °C heated cells.
Those sublethal heated cells exhibited increased migration ability and
higher expression of MMPs (Fig. 3B–C). Further statistical analysis in-
dicated 46 °C was the most optimal temperature which exhibited the
most significant migration-promoting effect of HCC cells.

3.3. Sublethal heat treatment promoted stem-cell like phenotype

We further evaluated the stem cell-like phenotypes of HCC cells
after heat treatment. Through sphere formation assay, 46 °C heat
treatment resulted in significant enhancement of stemness of HepG2,
HCCLM3 and SMMC7721 cells (Fig. 3D). CD133, CD44, and EpCAM
were markedly up-regulated in sublethal heat treated cells as de-
termined via Western blot (Fig. 3E), which was further confirmed by
flow cytometry (Supplementary Fig. 3).

3.4. HCC cells secreted more VEGF after sublethal heat treatment, along
with up-regulation of VEGFR1

To confirm the alterations of VEGF and VEGFR1/2 in vitro, we de-
tected the expression of these molecules in HCC cells. ELISA results
showed increased VEGF secretion after sublethal heating (Fig. 4A).
VEGFR1 was found to be up-regulated along with enhanced migration
after heating while VEGFR2 was down-regulated by Western blot
(Fig. 4B), which is consistent with the findings in PDX mice.

To further characterize the relationship between VEGFR1/2 and
stemness, flow cytometry was carried out to analyze the correlation
between VEGFR1/2 and CD133. Results showed that VEGFR1 was po-
sitively correlated with CD133 in the same cell population after heat
treatment, whereas there was no correlation between VEGFR2 and
CD133 (Fig. 4C).

3.5. VEGFR1 mediated the process of stemness and migration enhancement
after sublethal heat treatment

To delineate the possible role of VEGF pathway alterations in ma-
lignant transition after sublethal heat treatment, extra reagents were
used to stimulate or inhibit specific molecules. As expected, VEGF
treatment enhanced cell migration and sphere formation ability, and
up-regulated CSC markers as compared with control group (Fig. 5A–C).
However, VEGFR2-specific inhibitor SU1498 could not suppress the
effect of VEGF in HCC cell migration and stemness (Fig. 5A–C). It
seemed that inhibiting VEGFR2 even enhanced this effect though not
significant.

To further determine the role of VEGFR1 in malignant transition of
HCC cells after sublethal heat treatment, cells were treated with
VEGFR1-specific ligand PIGF, which could bind to and activate VEGFR1
specifically. We then found PIGF significantly promoted metastatic
potential of HCC and enhanced stemness when compared with control
group (Fig. 6A–C). The effect of PIGF treatment was similar to that of
46 °C heat treatment (Fig. 6A–C).

On the other hand, VEGFR1 neutralized antibody (VEGFR1-NA) was
used to block VEGF-VEGFR1 pathway. Although the application of
VEGFR1 neutralized antibody alone failed to suppress the metastasis
and stemness significantly as compared with control group, the com-
bination of VEGFR1 neutralized antibody with PIGF led to a significant
decrease of metastatic capability and stemness as compared with PIGF
group (Fig. 7).

Moreover, inhibition of VEGFR2 did not reduce the increased me-
tastatic capability and stemness induced by sublethal heat treatment
(Supplementary Figs. 4A–C). Nevertheless, VEGFR1-NA could sig-
nificantly suppress the enhanced metastatic potential and stemness
induced by sublethal heat treatment (Supplementary Figs. 5 and 6).
Considering the effect of VEGF and VEGFR1 during sublethal heat
treatment, we performed clinical validation using serum from HCC
patients before and after RFA. Serum VEGF tended to be elevated after
RFA in clinical patients although not significantly (Supplementary
Fig. 7), which may be caused by small sample size and individual
variation. However, PIGF serum level was proven to be significantly
elevated after RFA, which was further confirmed in HepG2 cells after
sublethal heating (Supplementary Fig. 7).

4. Discussion

HCC patients suffer from high recurrence rate after RFA. Local in-
vasion and intrahepatic metastasis are reported to be related to in-
complete RFA. Although increasing studies have attempted to elucidate
the possible underlying mechanism, there is no solid supporting evi-
dence for adjuvant therapy to prevent tumor relapse. Cancer stem cell
was initially discovered in haemopoietic cancer [24]. It is well docu-
mented that CSCs can survive from the treatment and re-create the
tumor away from the primary lesion [42]. Previous studies suggested
the progenitor transition after heat treatment and the potential effect of
VEGF signaling in this process [23,32,33]. However, the impact of
VEGF receptors on tumor metastatic dissemination and tumor stemness
remains obscure.

For translational medicine researches, fidelity should be a high-
lighted issue. However, very few tumor tissues can be obtained during
RFA. Insufficient clinical resources give rise to bias view when we ex-
plore the driving mechanism of metastasis and recurrence after RFA. In

Fig. 6. Activation of VEGFR1 by PIGF increased the migration and stemness of HCC, which was similar to sublethal heat treatment. (A) Representative images of the
migrated cells after 46 °C treatment and PIGF treatment. Magnifications were 100×. Statistical analysis was performed (right). PIGF increased the migration capacity
as 46°C-treatment did. (B) Representative images of sphere formation. Magnifications were 50×. Statistical analysis was performed (right). Activation of VEGFR1
specifically increased the ability of sphere formation, which was similar to sublethal heat treatment. (C) PIGF increased the expression of EpCAM, CD133 and CD44,
displaying a similar effect of 46°C-treatment. Data are displayed as mean ± SEM (n = 5), and are expressed as relative ratio using 37 °C treatment group as the
reference. *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 7. Blocking VEGFR1 reduced meta-
static ability and cancer stemness of HCC
cells induced by PIGF. (A) Representative
images of the migrated cells.
Magnifications were 100×. Statistical ana-
lysis was performed (right). Additional
blocking VEGFR1 decreased the migration
ability induced by PIGF. As compared with
control group, blocking VEGFR1 alone did
not repress cell migration significantly. (B)
Representative images of sphere formation.
Magnifications were 50×. Statistical ana-
lysis was performed (right). Blocking
VEGFR1 decreased the ability of sphere
formation induced by PIGF. (C) Blocking
VEGFR1 by VEGFR1-NA decreased the ex-
pression of MMP2, MMP7, MMP9 induced
by PIGF treatment. (D) Blocking VEGFR1
by VEGFR1-NA decreased the expression of
CD133, CD44 and EpCAM induced by PIGF
treatment. Data are displayed as
mean ± SEM (n = 5), and are expressed
as relative ratio using 37 °C treatment
group as the reference. *p < 0.05;
**p < 0.01; ***p < 0.001.
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this study, incomplete RFA model was established on HCC-PDX mice for
the first time, to provide valuable information from clinical samples
without ethical concerns. Through this model, we found increased ex-
pression of CSC markers and metastasis related markers in clinical
samples after incomplete RFA. Meanwhile, VEGF receptors demon-
strated an interesting transition. VEGFR2 is generally accepted as the
predominant contributor to VEGF signaling but was down-regulated
after incomplete RFA in our study, whereas VEGFR1 was up-regulated.

Hyperthermic injury is thought to be the common major tumor-
killing effect during RFA [8]. However, temperature would decrease as
the heat flows from the central area to peripheral zone. It's believed
that, although RFA can produce over 50°C-heat effect in central zone,
temperature will be reduced to 41°C–45 °C in the adjacent area [43].
Such temperature may be not able to kill the tumor cells but rather
promote the malignancy. We used infrared imaging system to detect
thermal change during incomplete RFA on PDX. Results showed that, at
the edge of necrotic area, heating ranging from 40 °C to 50 °C for 30 s
would initiate malignant transition and alter the profile of VEGF
pathway. Subsequent investigations in HCC cell lines also confirmed the
similar molecular alterations induced by sublethal heat treatment. To
specify the unique effect of VEGFR1 increased by heat treatment, ad-
ditional reagents were applied to activate or inhibit VEGFR1/2. We
then found that inhibition of VEGFR2 could not interrupt VEGF-pro-
moting tumor migration and stemness. But VEGFR1 could mediate in-
creased metastatic phenotype of HCC. And blocking VEGFR1 can alle-
viate heat-induced malignancy, implying that VEGFR1 might serve as a
therapeutic target for preventing recurrence after RFA.

Thermal ablation should have a promising application future due to
a variety of advantages [8]. However, heat-induced malignant transi-
tion remains the major obstacle. Our study demonstrated the intriguing
molecular alterations induced by sublethal heat and provided a possible
target for recurrence prevention. But there are still some limitations in
our study. Due to the property of murine model, heat is reduced to
achieve incomplete RFA on PDX mice, but the temperature and dura-
tion time are certainly different between clinical situation and in vitro
experiments although it did promote malignant transition. And limited
by PDX mice resources we have, the targetable role of VEGFR1 has not
been validated in vivo. Further investigations should be followed using
PDX mice derived from more patients. Also, although we tried to verify
our results using clinical serum samples, further large-scale clinical
validations are needed.

Moreover, we noted that inhibition of VEGFR2 could even increase
the malignant transition though not significantly. It has been reported
that the heterodimerization of VEGFR1/2 can regulate the cell home-
ostasis [44]. Further investigations are required to explore the causal
relationship between heat and VEGFR1, and the effect of VEGFR1/2
dimerization.

In conclusion, sublethal heat treatment can activate VEGF pathway
and alter VEGFRs profile, which enhances metastatic potential and
cancer stemness of HCC cells via a VEGFR1-dependent manner. Our
data suggests VEGFR1 as a potential and promising therapeutic target
for preventing recurrence after RFA.
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