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Radiofrequency ablation (RFA) guided by medi-
cal imaging is now commonly used to treat a wide 

range of focal primary and metastatic tumors in solid 
organs, primarily the liver (1,2). The growing adoption 
and clinical implementation of this technique can be 
attributed to its minimal invasiveness, low morbidity, 
and cost efficiency (3). Thus, hepatic RFA has been ad-
opted in consensus guidelines as a first-line therapy for 
primary cancer (eg, hepatocellular carcinoma) (4) and 
as a second-line therapy for metastatic tumors such as 
colorectal cancer (5,6).

Despite various advantages, treatment efficacy re-
mains challenging in some patient populations. This 
includes achieving complete ablation of tumors larger 
than 3 cm (1,2), where studies have suggested that 
RFA may be associated with higher tumor recurrence 
rates (7), in part due to the difficulty in achieving a 
periablational margin of more than 5 mm, which is as-
sociated with better clinical outcomes (8,9). Moreover, 
there is a growing amount of laboratory data support-
ing the contention that thermal ablation of normal 
liver required to achieve sufficient margins can increase 
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Background:  Systemic protumorigenic effects have been noted after radiofrequency ablation (RFA) of normal liver and have been 
linked to an interleukin 6/signal transducer and activator of transcription 3 (STAT3)/hepatocyte growth factor (HGF)/tyrosine-
protein kinase Met (c-Met)/vascular endothelial growth factor (VEGF) cytokinetic pathway.

Purpose:  To elucidate kinetics of RFA protumorigenic effects on intrahepatic metastatic implantation and growth and determine 
potential molecular targets for pharmacologic suppression of these effects.

Materials and Methods:  An intrahepatic metastasis model was established by implanting CT26 and MC38 tumor cells into 216 
7–8-week-old male Balb/C and C57BL6 mice, respectively, by means of splenic injection. Between June 2017 and March 2019, 
mice underwent tumor injection, followed 24 hours later by either standardized RFA (70°C 6 1, 5 minutes, 1-cm tip) or a sham 
procedure (needle placement without heating) (12 animals per arm, n = 48). Next, RFA or sham procedures were performed, fol-
lowed by splenic tumor cell injection at 1 day, 3 days, or 7 days later (six animals per arm, n = 72). Finally, PHA-665752 and S3I-
201 were used to block c-Met or STAT3, respectively, prior to either RFA or sham treatment (six animals per arm, n = 96). Livers 
were harvested at 14 days for CT26 and 21days for MC38 for tumor quantification. Ki-67 and CD34 immunohistochemistry 
measured proliferative indexes and microvascular density, respectively. Data were compared with analysis of variance and the 
two-tailed Student t test.

Results:  RFA performed after tumor cell injection induced increased metastatic tumor number (103 6 45 vs 52 6 44 [CT26], P = 
.009 and 87 6 51 vs 39 6 20 [MC38], P = .007), cellular proliferation (P , .001 for both), and intratumoral neovascularization 
(P , .001 for both), compared with the sham procedure. Tumor cell injection performed 1 day and 3 days after RFA also increased 
these indexes (P , .05), while no difference was demonstrated for cell injection 7 days after RFA (P . .05). Adjuvant c-Met or 
STAT3 inhibition reduced intrahepatic metastatic parameters after RFA to baseline (P , .03), equivalent to the sham group (P . 
.05).

Conclusion:  Radiofrequency ablation of normal liver promotes intrahepatic metastatic implantation and increased growth over a 
short-lived (1–3 days) temporal window in animal models. This phenomenon can be potentially neutralized with specific inhibition 
of pathways including hepatocyte growth factor/tyrosine-protein kinase Met and signal transducer and activator of transcription 3.
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the production and excretion of protumorigenic growth fac-
tors (10–12). These include interleukin 6 (IL-6), hepatocyte 
growth factor (HGF)/tyrosine-protein kinase Met (c-Met), 
and vascular endothelial growth factor (VEGF), which have 
been shown to increase local, serologic, and intratumoral 
cytokine, growth factor, and signal transducer and activator 
of transcription 3 (STAT3) transcription factor mediator 
activation, with associated increased cellular proliferation 
and angiogenesis (13–16).

Although the effect of RFA on increasing tumor growth of 
previously implanted tumors has been demonstrated (17–19), 
its influence on tumor implantation and engraftment is still 
unknown. Such tumor cell dissemination is believed to be a 
primary obligate condition for hematologic metastatic spread 
in solid tumors such as colorectal cancer (20,21). Moreover, 
the presence of circulating tumor cells in patients with cancer 
is well documented in numerous types of malignancies (21) 
and has been seen after liver surgery (11) and RFA of both 
the lung and liver (22,23). Although knowing precisely when 
protumorigenic effects are most active is critical for designing 
rational adjuvant therapeutic strategies to eliminate this ef-
fect, the kinetics of ablation-induced tumorigenesis on these 
processes is poorly defined. Accordingly, here we sought to 
answer these questions by determining (a) whether RFA has 
the potential to accelerate growth of intrahepatic metastasis 
in mice models of disseminated colorectal cancer; (b) the ki-
netics and the temporal window of this process (ie, identify-
ing the times at which RFA influences metastatic seeding and 
growth); and (c) the extent that pharmacologically targeting 
known key cytokine mediators of HGF/c-Met/STAT3 can 
suppress RFA-induced stimulation of progressive metastases 
in these metastatic colorectal cancer models.

Materials and Methods
Animal experiments were performed from June 2017 to March 
2019 according to a protocol approved by the Hadassah He-
brew University Medical Center Institutional Animal Care 
Committee. An Association for Assessment and Accreditation 
of Laboratory Animal Care International certificate has been 
granted to this facility.

Overview of Experimental Design
We used a total of 216 mice. In all experiments, we performed 
diffuse intrahepatic tumor cell implantation via portal venous 
delivery using direct intrasplenic injection. We injected two 
c-Met–positive murine colorectal cancer cell lines, CT26 and 
MC38, in syngeneic mouse strains, 7–8-week-old male Balb/C 
and C57BL6 mice, respectively. We conducted this study in 
several stages.

In the first phase, we assessed the effect of local hepatic ther-
mal ablation on the growth of diffuse micrometastatic implants. 
First, we performed intrasplenic tumor cell injection, followed 
24 hours later by either standardized hepatic RFA (exploratory 
laparotomy, left hepatic lobe RFA for 5 minutes titrated to 
70°C) or sham procedure (needle placement only) (n = 12 per 
arm times two treatment arms times two models; total n = 48). 
Mice were killed at 14 days after RFA (for CT26-Balb/C mice) 
and at 21 days (for MC38-C57BL6 mice) (based on tumor 
growth kinetics). We harvested the whole liver to assess tumor 
load, proliferative indexes, and microvascular density.

In the second phase, to determine the effect of hepatic RFA 
on implantation of tumor cells circulating in the portal venous 
system (ie, mimicking a metastatic tumor shower), we first per-
formed standardized RFA or sham procedure, followed by intras-
plenic tumor cell injection at 1 day , 3 days, or 7 days later, using 
both tumor models (n = six per arm times two arms times two 
models times three injection time points; total n = 72 mice). As 
in the prior experiment, mice were killed at 14 or 21 days after 
implantation, and we assessed similar outcome measures.

In the third phase, we evaluated the role of blocking 
one of the key mechanistic pathways underlying postabla-
tion tumor stimulation, IL-6/HGF/c-Met/STAT3/VEGF, 
through the adjuvant use of either a c-Met receptor blocker 
(PHA-665752; Sigma-Aldrich, St Louis, Mo [0.83 gm/
kg]) (12,13) or STAT3 inhibitor (S3I-201; Sigma-Aldrich 
[10 mg/kg]) (15). We injected a corresponding volume 
of saline into the control group (PHA, n = 12; saline, n = 
12 in each arm for both mouse models). Mice in each arm 
were randomly allocated to undergo either standard RFA  
(n = 6) or a sham procedure (n = 6) 24 hours after intrasplenic 
tumor cell injection and 2 hours after intraperitoneal injection 
of PHA. Similarly, we administered the STAT3 inhibitor S3I-
201 (Sigma-Aldrich; 10 mg/kg) to block this key transcription 
factor (S3I, n = 12; saline, n = 12 for each arm of both models), 
followed by either RFA (n = 6) or sham treatment (n = 6). Mice 
were killed 14 or 21 days after RFA.

Techniques regarding the animal models used, application of 
standardized RFA protocols, and preparation of pharmacologic 
inhibitors have been previously described (12,13,15–17), and 
detailed information can be found in Appendix E1 (online).

Abbreviations
c-Met = tyrosine-protein kinase Met, HGF = hepatocyte growth fac-
tor, HPF = high-power field, IL-6 = interleukin 6, PHA = c-Met inhib-
itor, RFA = radiofrequency ablation, S3I = STAT3 inhibitor, STAT3 
= signal transducer and activator of transcription 3, VEGF = vascular 
endothelial growth factor

Summary
Radiofrequency ablation of normal liver promoted growth of mi-
croscopic metastases and implantation of tumor cells from splenic 
injection in murine models of colorectal cancer; this transitory effect 
lasted less than 1 week and can be suppressed by inhibiting hepato-
cyte growth factor/tyrosine-protein kinase Met or signal transducer 
and activator of transcription 3.

Key Results
	n In an animal model, radiofrequency ablation induced greater met-

astatic tumor number versus sham procedure (103 vs 52 tumors 
for CT26 tumor cells, P = .009; 87 vs 39 for MC38 tumor cells; P 
= .007, respectively).

	n Similarly, cellular proliferation and intratumoral neovasculariza-
tion were greater for radiofrequency abalation versus the sham 
procedure (P , .001 for both).

	n Interleukin 6/hepatocyte growth factor/tyrosine-protein kinase 
Met and signal transducer and activator of transcription 3/vascular 
endothelial growth factor receptor inhibition reduced protumori-
genic effects of radiofrequency ablation.
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Statistical Analysis
We assessed tumor load us-
ing two end points. First, we 
quantified the total number 
of visible tumors in each liver 
and categorized as being either 
less than or greater than 3 mm 
in diameter, as previously de-
scribed (16). Additionally, to 
account for potential varia-
tions in tumor size, we cal-
culated a “tumor ratio” as the 
percentage of tumor area to 
the entire liver for each mouse. 
Tumor surface area was mea-
sured in pixels by tracing all 
the tumor borders and the 
whole liver surface with image 
processing software (ImageJ, 
version 1.52a, http://imagej.
nih.gov/ij/download.html, Na-
tional Institutes of Health and 
the Laboratory for Optical and 
Computational Instrumenta-
tion, University of Wisconsin, 
Madison, Wis) for both the 

ventral and dorsal sides of the liver. For immunohistochem-
istry, the interpretation was performed by three individuals 
independently, with a consensus review performed whenever 
discrepancy was noted. Statistical significance of each end 
point for experimental phase and tumor type was evaluated 
by using pairwise t tests (Excel; Microsoft, Redmond, Wash), 
with P values adjusted by using a multiple comparison cor-
rection including the Benjamini-Hochberg procedure to ac-
count and correct for family-wise error rates (online calcu-
lator: alexandercoppock.com). Adjusted P values are reported 
and were considered significant if P , .05.

Results

Focal Hepatic RFA Stimulates Implantation and Intrahepatic 
Metastatic Growth
All animals survived cellular implantation, the hepatic ab-
lation procedure, and the scheduled follow-up to the com-
pletion of the experiment. For both CT26 and MC38, 
the tumor load in mice that underwent hepatic RFA was 
greater than that in mice that underwent the sham proce-
dure (CT26: 103 6 45 vs 52 6 44, P = .009; MC38: 87 
6 51 vs 39 6 20, P = .007; RFA vs sham, respectively) 
(Figs 1, 2). Likewise, the tumor area ratio was greater for 
RFA than for sham (CT26: 69% 6 20 vs 39% 6 22, P = 
.003; MC38: 62% 6 22, vs 36% 6 20, P = .007) (Table 
1, Fig 2). Tumors were distributed throughout all lobes of 
the liver, and given the extensive tumor burden, qualitatively 
no difference was noted for tumor distribution. Moreover, 
the tumors identified in the RFA group had greater prolif-
erative indexes and increased neovascularization than those 

Tissue Retrieval
After euthanasia, we excised the livers as one unit and photo-
graphed them in toto on both the ventral and dorsal surfaces. 
Thereafter, we transected the livers to include half of the co-
agulation zone including the periablational rim, tumor burden, 
and normal parenchyma in each specimen. We fixed samples 
in 10% formalin overnight at 4°C, embedded in paraffin, and 
sliced at a thickness of 5 mm.

Histologic Examination
We stained the tissues with hematoxylin-eosin for gross patho-
logic examination. We used specific immunohistochemical 
staining to quantitate the extent of cellular proliferation us-
ing a nuclear stain Ki-67 antibody (Thermo Fisher Scientific, 
Waltham, Mass; dilution 1:500) and microvascular density by 
staining the epithelial cytoplasm of intratumoral neovascula-
ture with CD34 antibody (Bio-Rad, Hercules, Calif; dilution 
1:100). Using optical microscopy (Micromaster I; Fisher Sci-
entific, Pittsburgh, Pa) and software (Micron Imaging; Westo-
ver Scientific, Mill Creek, Wash), we imaged and analyzed the 
specimen slides. We analyzed five random fields under high-
power magnification (340) for a minimum of three specimens 
for each parameter and performed scoring in a blinded fashion 
to remove observer bias. For Ki-67, we calculated the percent-
age of positive cells (a ratio of stained and unstained cells) for 
each field and averaged for each specimen. Staining for CD34 
and quantification of microvascular density was performed as 
previously described (13,16). As an additional control, to en-
sure uniformity of staining, immunohistochemistry was per-
formed with all relevant comparison slides stained at the same 
time whenever direct comparisons were made.

Figure 1:  Box-whisker plot shows summary of the effect of tumorigenesis induced by radiofrequency ablation (RFA) in 
metastatic colorectal mouse tumor models. Comparisons of tumor load and number of Ki-67– and CD34-positive cells be-
tween RFA and sham procedures are shown. Tumor number and tumor area ratio in the mice livers that underwent RFA were 
significantly greater than those in mice that underwent a sham procedure. Likewise, the tumors identified in the RFA group 
had greater proliferative indexes and increased neovascularization than their littermates in the sham group. P , .05 for all 
comparisons of RFA versus sham procedure. IHC = immunohistochemistry.
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Focal Hepatic RFA in 
Relationship to Tumor Cell 
Implantation and Metastases 
Development
Increases in intrahepatic tu-
mor load, tumor proliferation, 
and angiogenesis were noted 
when injecting either CT26 or 
MC38 at both 1 day and 3 days 
after RFA (all P values , .05 
for tumor growth, prolifera-
tion, and angiogenesis compar-
isons) (Fig 4). However, injec-
tion of tumor cells 7 days after 
RFA demonstrated no differ-
ence for tumor growth or any 
of the studied parameters (P . 
.99; Fig 4).

Relationship of Adjuvant 
Pharmacologic Targeting 
of c-Met and STAT3 and 
Tumorigenic Effect of RFA
The overall number of intra-
hepatic metastases after RFA 
was reduced with the addition 
of adjuvant PHA or S3I, com-
pared with the RFA-alone arm 
(P , .05), to a number equiva-
lent to the baseline, sham pro-
cedure arm (P . .05) (Tables 
2, 3; Fig 5). Specifically, the 
number of tumors in the RFA 
plus PHA group was markedly 
less than that in the RFA-alone 
arm (CT26: 56 6 28 for RFA 
+ PHA vs 142 6 28 for RFA 
alone, P = .001; MC38: 23 6 
18 RFA + PHA vs 139 6 28 
RFA alone, P = .004) and re-
duced to the baseline sham 
level (CT26: 93 6 37, P = .24; 
MC38: 42 6 14, P = .24). Tu-
mor area ratio displayed a simi-
lar trend (CT26: RFA + PHA 
33% 6 16 vs RFA alone 80% 
6 9, P , .001; MC38: 16% 6 
7 vs 90% 6 2, P , .001) (Table 
2, Fig 5a). Similarly, a reduction 

in tumor cell proliferation was observed when administering 
RFA plus PHA. Specifically, percentages of Ki-67–positive cells 
receiving RFA plus PHA for both CT26 and MC38 (38% 6 
10 and 22% 6 5, respectively) were lower than those observed 
with RFA alone (63% 612 and 45% 6 12, respectively; P , 
.001 for both comparisons) and were equivalent to the baseline 
level of the sham procedure arm (38% 6 9, P = .93 and 21% 6 5,  
P = .81, respectively) (Table 2; Figs 5c, E2 [online]). Likewise, 

in the sham group (P , .001 for all comparisons) (Table 1;  
Figs 3, E1 [online]). Specifically, there was a greater percent-
age of Ki-67–positive cells (CT26: 69% per high-power field 
[HPF] 6 16 vs 34% per HPF 6 8; MC38: 64% per HPF 6 
12 vs 32% per HPF 6 17 [Fig 3]); and more CD34-staining 
vessels in the tumor (CT26: 63 per HPF 6 33 vs 14 per HPF 
6 5; MC38: 29 per HPF 6 6 vs 16 per HPF 6 6) (Fig E1 
[online]) in the RFA group compared with the sham group.

Table 1: Summary of Overall Tumor Load, Proliferative Index, and Neovascularization in 
Mice after Hepatic RFA or Sham Procedure

Parameter and Tumor Type Sham Procedure RFA P Value
Tumor No.
  CT26 52 6 44 103 6 45 .009
  MC38 39 6 20 87 6 51 .007
Tumor area ratio (%)
  CT26 39 6 22 69 6 20 .003
  MC38 36 6 20 62 6 22 .007
Proliferative index (percentage Ki-67 positive per HPF)
  CT26 34 6 8 69 6 16 ,.001
  MC38 32 6 17 64 6 12 ,.001
Neovascularization (no. CD34 positive per HPF)
  CT26 14 6 5 63 6 33 ,.001
  MC38 16 6 6 29 6 6 ,.001

Note.—Data are means 6 standard deviations. HPF = high-power field, RFA = radiofrequency 
ablation.

Figure 2:  Intrahepatic metastatic tumor burden after radiofrequency ablation (RFA). Whole excised livers are presented 
as viewed from the ventral surface. At 14 days, the number of CT26 tumors in livers of (a) mice undergoing a sham proce-
dure was significantly smaller than that in (b) mice that underwent RFA. Likewise, at 21 days, tumor number for (c) the sham 
group implanted with MC38 was overwhelmingly exceeded by that of (d) the RFA group. An ellipsoid white area (arrow in 
d) represents the visualized zone of residual radiofrequency-induced coagulation.
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the notion that RFA per se can 
promote oncogenic effects at 
the tumor initiation stage, and 
to already implanted yet micro-
scopic tumors. Thus, promo-
tion of intrahepatic metastatic 
growth is consistent with more 
robust engraftment of tumor 
cells, in addition to RFA’s 
known effects of accelerating 
subcutaneous cancer deposits 
(15) and the facilitation of tu-
morigenicity to hepatocellular 
carcinoma (4,16). Our charac-
terization of this RFA-induced 
tumor growth was accompanied 
by a significant synchronous 
increase in tumor proliferation 
(an increased percentage of Ki-
67–positive cells, CT26: 69% 
per high-power field [HPF] 
6 16 vs 34% per HPF 6 8; 
MC38: 64% per HPF 612 vs 
32% per HPF 617; P , .001 
for all comparisons) and neo-
vascularization (CD34-positive 
cell count, CT26: n = 63 per 
HPF 6 33 vs 14 per HPF 6 
5; MC38: 29 per HPF 6 6 vs 
16 per HPF 6 6; P , .001 for 
all comparisons) in mice treated 

with ablation in comparison with those undergoing sham pro-
cedures. These data were consistent and reproducible in two 
different carcinoma cell lines in two strains of mice, suggesting 
that such tumor promotion after RFA may be representative and 
robust.

Defining the kinetics of these protumorigenic processes is 
necessary for designing rational future clinical treatment strate-
gies to eliminate this effect. Thus, as a next step, the tumor trans-
plantation was performed injecting cells 1 day to 7 days after 
ablation. Fortunately, we observed RFA tumorigenesis only over 
a relatively short temporal window. Increases in intrahepatic tu-
mor burden, tumor proliferation, and angiogenesis were noted at 
both 1- and 3-day intervals after RFA/transplantation. However, 
transplantation of tumor cells 7 days after RFA demonstrated 
no statistical difference compared with the sham group for all 
indicators studied, suggesting that the effect of tumor promo-
tion induced by RFA maintains a short-lived temporal window 
of less than 7 days.

In previous studies, hepatic RFA increased IL-6, HGF, and 
c-Met activity, leading to downstream VEGF-driven microvas-
cular growth and proliferation (13,16,17). IL-6 levels in both 
the serum and periablational liver were markedly elevated by 
6–12 hours after RFA (12,15). Likewise, the peak concentra-
tions of HGF and VEGF occurred 72 hours after ablation in 
serum, periablational liver, and distant tumor (12,15). Thus, 
the window of maximum expression of these cytokines matches 

a reduction in tumor vascularization also occurred within the 
group receiving RFA plus PHA (CD34-positive cells for CT26: 
13 6 3 and for MC38: 14 6 5) compared with baseline levels 
(vs sham, P . .72 and vs RFA alone, P , .001 for both cell 
lines) (Table 2, Fig 5e). In similar fashion, the total tumor num-
ber, area ratio, proliferation, and microvascular density for RFA 
plus S3I was less than those in RFA (P , .05) and showed no 
difference compared with sham treatment (P . .05) (Table 3;  
Figs 5b, 5d, 5f, E3 [online]).

Discussion
We developed two rodent colorectal tumor models to study the 
effect of radiofrequency ablation (RFA) on intrahepatic meta-
static growth from both CT26 and MC38 cells delivered by 
intrasplenic injection, thereby mimicking the influence of RFA 
on residual cancer cells diffused by seeding into the liver (21). 
We advance the understanding of this protumorigenic process 
by demonstrating that RFA significantly increased intrahepatic 
metastatic tumor numbers and volume (CT26: n = 103 6 45 
vs 52 6 44, P = .009; MC38: 87 6 51 vs 39 6 20, P = .007; 
RFA vs sham, respectively) compared with sham procedures. By 
ablating visually normal liver tissue and observing increases in 
tumor load, we confirmed that the response to hyperthermic 
injury is indeed a fundamental factor of protumorigenic ef-
fects (19). Given the extensive increase in tumor observed only 
weeks after injection of individual cells, our data also support 

Figure 3:  Photomicrographs show tumor proliferation induced by radiofrequency ablation (RFA) in mice. Brown dots = 
Ki-67–positive staining in the cellular nucleus (original magnification, 340). Mice undergoing RFA developed more highly 
proliferative tumor cells than their littermates in the sham group. (a) Ki-67 in the sham group of Balb/C mice with CT26. (b) 
Ki-67 in the RFA group of CT26. (c) Ki-67 in the sham group of C57BL6 mice with MC38. (d) Ki-67 in the RFA group of 
C57BL6 mice with MC38.
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sham levels. PHA was likely acting in the periablational rim, where 
adjuvant PHA may block the HGF/c-Met–positive feedback loop 
to suppress periablational HGF levels. PHA may also have acted at 
tumors located in other lobes of the liver, where despite persistent 
high circulating levels of HGF, the RFA-induced growth stimula-
tion was blocked (10,13,14,24,25).

Another signal inhibitor, STAT3 inhibitor (S3I), also suc-
cessfully suppressed intrahepatic metastatic growth (CT26: n = 
16 6 8 for RFA + S3I vs 81 6 34 for RFA alone, P = .005; 
MC38: 29 6 16 for RFA + S3I vs 68 6 30 for RFA alone, P = 
.02). STAT3 is a member of the JAK-STAT signaling pathway, 
crucial for cancer initiation and progression (15,24,26,27). It is 
known to be responsible for tissue repair, inflammation, and in-
creased angiogenic drive (25). STAT3 is a downstream signaling 
molecule activated by HGF and/or c-Met and can contribute 
to cell transformation induced by a diverse set of oncoproteins 
(13). Both PHA and S3I target specific mediators in a common 
pathway and were equally effective in our study. In particular, 
c-Met is closely linked to neoangiogenesis through stimulation 
of endothelial cells and VEGF production (28,29). STAT3 has 
been identified as a direct transcription activator of the VEGF 
gene, which may be activated by other non–c-Met pathways 
(30). Blocking STAT3 signaling can reduce tumor angiogenesis, 

our findings for implanted metastases in which all indexes of 
tumor growth were most elevated 24 hours after ablation, re-
maining so for at least 3 days.

These kinetics are also consistent with the results of gene ex-
pression analysis (15). In one rodent study comparing hepatic 
RFA and sham procedures, the greatest number of differentially 
expressed genes (ie, 217) was observed at 24 hours, both in the 
periablational rim and the untreated liver lobe, with drastic, pro-
gressive declines in differentially expressed genes seen at 3 and 7 
days. This included eight modulated biologic pathways identi-
fied at 24 hours after RFA, in which STAT3 was identified as 
a common mediator. Moreover, phosphorylated STAT3 expres-
sion was also increased in the periablational rim at 24 hours (15).

We further demonstrated that activated cytokinetic path-
ways can be successfully blocked by administering adjuvant 
drugs against key receptor targets, which contribute to metastatic 
growth stimulated by RFA. Here, a c-Met inhibitor successfully 
suppressed intrahepatic metastatic growth, (CT26: n = 56 6 28 
for RFA + PHA vs 142 6 28 for RFA alone, P = .001; MC38: 23 
6 18 for RFA + PHA vs 139 6 28 for RFA alone, P = .004), with 
associated reduction in tumor cell proliferation and angiogenesis. 
Adjuvant PHA administered 2 hours before RFA resulted in the 
prevention of increased tumor growth and reduction to baseline 

Figure 4:  Graphs show comparison of metastatic load, proliferation, and neovascularization for tumor transplantation at various times after radiofrequency ablation 
(RFA). (a) The intrahepatic load of CT26 tumor in RFA was drastically greater than that in the sham group when CT26 cells were injected either 1 day or 3 days after RFA. 
(b) Likewise, intrahepatic load of MC38 tumor in RFA was greater than that of the sham group when cells were injected either 1 day or 3 days after RFA. (c) Cell prolif-
eration of both CT26 and MC38 tumor in RFA was drastically increased over that in the sham group when tumor cells were transplanted either 1 day or 3 days after RFA, 
and (d) neovascularization in both tumors was drastically greater for RFA than that in the sham group when tumor cells were transplanted either 1 day or 3 days after RFA. 
However, transplantation of tumor cells 7 days after RFA resulted in no statistical difference for any of these parameters.
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energy (eg, microwave, cryoablation, irreversible electropora-
tion, high-intensity focused ultrasound, laser) and their dosim-
etry and techniques to determine the extent of variation among 
different commercially available ablation platforms (29). More-
over, a complementary future goal is to find tumor-specific 
characteristics and proper predictive biomarkers to maximize 
postablation clinical outcomes, because c-Met and STAT3 are 
not likely to be the only oncogenes or biomarkers associated 
with postablation tumorigenesis, as multiple additional path-
ways are likely to be involved in this process (31). This may 
permit personalized patient treatment by identifying which 
patients may benefit from adjuvant systemic therapy. Likewise, 
more full study of additional adjuvant medications, including 
optimal kinetics and doses, will need to be performed, includ-
ing potential immunomodulators that induce counterbalanc-
ing systemic immunologic effects (32).

demonstrating that VEGF is downstream to STAT3 (15), which 
is consistent with our findings.

Our findings may be potentially relevant to metastases in 
other organs that respond to similar cytokines and prolifera-
tive factors that are released during the wound healing process 
after RFA. Accordingly, further study is needed to more exten-
sively characterize the full scenario of conditions in which tu-
morigenic effects are to be encountered. Future work includes 
the following: (a) expanding the number of tumor types (in-
cluding those with different genetic mutations or clinical risk 
scores) to determine which cell types are susceptible to pro-
tumorigenic effects–especially noting the fact that we studied 
only c-Met–positive tumors; (b) different relevant organ sites, 
where increased cytokinetic expression has been detected after 
RFA, particularly for kidney tumors and lung metastases, to 
determine effects in these organs; and (c) different sources of 

Table 2: Summary of Effect of c-Met Inhibition with PHA to Attenuate Post-RFA Tumorigenesis

Parameter and Tumor Type

Alone Combined with PHA
P Value for  
RFA/PHA

Sham RFA Sham RFA vs Sham vs RFA
Tumor no.
  CT26 93 6 37 142 6 28 66 6 3 56 6 28 .24 .001
  MC38 42 6 14 139 6 28 40 6 6 23 6 18 .24 .004
Tumor area ratio (%)
  CT26 61 6 13 80 6 9 55 6 14 33 6 16 .07 ,.001
  MC38 55 6 14 90 6 2 36 6 8 16 6 7 .07 ,.001
Proliferative index (percentage Ki-67 positive per HPF)
  CT26 38 6 9 63 6 12 37 6 9 38 6 10 .93 ,.001
  MC38 21 6 5 45 6 12 21 6 5 22 6 5 .81 ,.001
Neovascularization (no. CD34 positive per HPF)
  CT26 14 6 3 22 6 3 13 6 2 13 6 3 .72 ,.001
  MC38 15 6 4 26 6 9 18 6 6 14 6 5 .81 ,.001

Note.—Data are means 6 standard deviations. HPF = high-power field, RFA = radiofrequency ablation.

Table 3: Summary of Effect of STAT3 Inhibition with S3I to Attenuate Post-RFA Tumorigenesis

Parameter and Tumor Type

Alone Combined S3I P Value for RFA/S3I

Sham RFA Sham RFA vs Sham vs RFA
Tumor no.
  CT26 27 6 12 81 6 34 25 6 13 16 6 8 .76 .005
  MC38 32 6 17 68 6 30 31 6 13 29 6 16 .98 .02
Tumor area ratio (%)
  CT26 31 6 22 72 6 18 23 6 13 16 6 7 .98 .003
  MC38 25 6 13 50 6 22 28 6 16 22 6 15 .98 .03
Proliferative index (percentage Ki-67 positive per HPF)
  CT26 37 6 7 60 6 9 45 6 9 39 6 9 .98 ,.001
  MC38 38 6 5 56 6 10 35 6 7 35 6 8 .76 ,.001
Neovascularization (no. CD34 positive per HPF)
  CT26 13 6 2 20 6 3 13 6 3 12 6 2 .98 ,.001
  MC38 12 6 3 21 6 5 13 6 2 13 6 2 .98 ,.001

Note.—Data are means 6 standard deviations. HPF = high-power field, RFA = radiofrequency ablation, S3I = STAT3 inhibitor, STAT3 = 
signal transducer and activator of transcription 3.
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determine at which time points accelerated tumor growth can be 
present, this too does not necessarily reflect the most likely clini-
cal scenario. However, although we did not measure the precise 
number of cells in the circulation or portal vein at the time of 
injection, ultimately, all baseline sham groups had similar tumor 
burdens. Additionally, we note no lung or other distant metastases 
to suggest massive release of tumor into the circulation. Moreover, 

Potential limitations of our study included an experimental 
design performing splenic injections followed by splenectomy to 
maximize intrahepatic cellular implantation. We do acknowledge 
that such injection likely delivers greater amounts of tumor cells 
than present in clinical scenarios of circulating tumor cells or even a 
radiofrequency-induced tumor shower. Likewise, although tumor 
cells were injected at different time points after RFA to precisely 

Figure 5:  Graphs show that tumor load, proliferation, and microvascularization in mice undergoing radiofrequency ablation (RFA) are reduced after the administration 
of inhibitors of c-Met (ie, PHA) and signal transducer and activator of transcription 3 (S3I). (a, b) The overall tumor load of intrahepatic metastases after RFA declined to 
baseline with the addition of adjuvant PHA or S3I, compared with that in the group undergoing RFA alone (P , .05), with an overall number equivalent to that in the sham 
group (P . .05). (c, d) More proliferative tumor cells developed in mice undergoing RFA than in their littermates in the sham group (P , .001 for both CT26 and MC38), 
with proliferation reduced when RFA was combined with adjuvant PHA or S3I to an equivalent baseline level of the sham group (P . .05 for both tumor models). (e, f) 
Higher microvascular density was also noted within the tumor in the RFA group (P , .001 compared with sham for both tumor models), whereas lower microvascular den-
sity was observed when adjuvant PHA or S3I was administered after RFA and versus RFA alone (P , .001 for both cell lines), with no statistical difference from the sham 
procedure alone (P . .05 for both cell lines).
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splenectomy can potentially induce systemic hypoimmunity 
against tumors. Yet we note that all control mice were subjected 
to the same procedures and note adequate recovery of immune 
function following splenectomy (33,34).

In conclusion, although radiofrequency ablation (RFA) has 
been shown to be clinically useful, particularly for the treatment 
of intrahepatic tumors (2,6), ablation of a small volume of nor-
mal liver can stimulate intrahepatic metastatic implantation and 
growth, including tumor number and volume, tumorigenic pro-
liferation, and neovascularization in mice. Our study is potentially 
highly clinically relevant to metastasis, particularly related to those 
types of cancer known to have circulating progenitor cancer cells 
that may implant following ablation. We demonstrate that this 
process is short lived, with a temporal window of less than 7 days 
after ablation. Moreover, our observations are consistent with 
prior work supporting the notion that the interleukin (IL)-6/IL-
6R, hepatocyte growth factor/tyrosine-protein kinase Met, signal 
transducer and activator of transcription 3, vascular endothelial 
growth factor pathway is a major mechanism of the pro-oncogenic 
effect induced by hepatic RFA. Fortunately, we demonstrate that 
this phenomenon can be mitigated with individual receptor inhib-
itors, offering a potential strategy for reducing or eliminating this 
phenomenon in clinical practice with a short course of adjunctive 
therapy. Thus, further evaluation, including long-term survival 
and specific inhibition of pathways or growth factors by cutting-
edge technologies such as CRISPR-CAS9, is likely warranted as a 
next step prior to clinical implementation.
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