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Conclusion:
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To elucidate how hepatic radiofrequency (RF) ablation af-
fects distant extrahepatic tumor growth by means of two key
molecular pathways.

Rats were used in this institutional animal care and use
committee—approved study. First, the effect of hepatic
RF ablation on distant subcutaneous in situ R3230 and
MATBIII breast tumors was evaluated. Animals were ran-
domly assigned to standardized RF ablation, sham proce-
dure, or no treatment. Tumor growth rate was measured for
3% to 7 days. Then, tissue was harvested for Ki-67 prolifer-
ative indexes and CD34 microvascular density. Second, he-
patic RF ablation was performed for hepatocyte growth factor
(HGF), vascular endothelial growth factor (VEGF), and c-Met
receptor expression measurement in periablational rim, se-
rum, and distant tumor 24 hours to 7 days after ablation.
Third, hepatic RF ablation was combined with either a c-Met
inhibitor (PHA-665752) or VEGF receptor inhibitor (semax-
anib) and compared with sham or drug alone arms to assess
distant tumor growth and growth factor levels. Finally, he-
patic RF ablation was performed in rats with c-Met-negative
R3230 tumors for comparison with the native c-Met—positive
line. Tumor size and immunohistochemical quantification at
day O and at sacrifice were compared with analysis of vari-
ance and the two-tailed Student ¢ test. Tumor growth curves
before and after treatment were analyzed with linear regres-
sion analysis to determine mean slopes of pre- and posttreat-
ment growth curves on a per-tumor basis and were compared
with analysis of variance and paired two-tailed t tests.

After RF ablation of normal liver, distant R3230 tumors were
substantially larger at 7 days compared with tumors treated
with the sham procedure and untreated tumors, with higher
growth rates and tumor cell proliferation. Similar findings were
observed in MATBIII tumors. Hepatic RF ablation predom-
mantly increased periablational and serum HGF and down-
stream distant tumor VEGF levels. Compared with RF ablation
alone, RF ablation combined with adjuvant PHA-665752 or
semaxanib reduced distant tumor growth, proliferation, and
microvascular density. For c-Met-negative tumors, hepatic RF
ablation did not increase distant tumor growth, proliferation,
or microvascular density compared with sham treatment.

RF ablation of normal liver can stimulate distant subcuta-
neous tumor growth mediated by HGF/c-Met pathway and
VEGF activation. This effect was not observed in c-Met-
negative tumors and can be blocked with adjuvant c-Met
and VEGF inhibitors.

©RSNA, 2015
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hermal ablation with use of ra-
diofrequency (RF) energy (RF
ablation) is now commonly used
to treat focal primary hepatocellular
carcinoma (HCC) and metastatic liver
tumors, including those from primary
colorectal and breast cancers (1-3).
Therapeutic benefit has been estab-
lished for many patients, including re-
cent long-term results for the treatment
of smaller tumors that approach those
of surgical resection in some cases
(1,3). However, there is increasing clin-
ical and experimental evidence that RF
ablation may, in fact, also induce tu-
mor initiation, growth, and propagation
(1,4,5). Several studies suggest that RF
ablation may, under unclear clinical cir-
cumstances and owing to poorly charac-
terized mechanisms, stimulate growth
in residual incompletely treated and
viable tumor surrounding the ablation
zone for at least some tumor types (eg,
HCC or renal cell carcinoma) (4,6,7).
One potential factor that has been
implicated in inducing additional tumor
growth after RF ablation has been the
reactions produced in the normal liver
that surrounds the targeted tumors (ie,
the red zone beyond the ablative margin

Advances in Knowledge

®m Radiofrequency (RF) ablation of
normal liver can stimulate distant
extrahepatic subcutaneous tumor
growth, tumor cell proliferation,
and angiogenesis in c-Met-posi-
tive tumor lines.

m “Off-target” pro-oncogenic effects
of hepatic RF ablation on distant
tumor are mediated by increased
activation of the hepatocyte
growth factor/c-Met pathway lo-
cally and within distant c-Met—
positive tumors and by down-
stream vascular endothelial
growth factor (VEGF) activation
in distant tumors.

B Adjuvant inhibitors of c-Met or
VEGEF receptors administered in
a short window after hepatic RF
ablation can block unwanted off-
target pro-oncogenic effects on
distant extrahepatic c-Met—posi-
tive tumor.

of treated normal parenchyma) (5,8).
Thus, to further understand poten-
tial off-target tumorigenic effects after
RF ablation, reactive tissue responses
have been studied in the periablational
rim surrounding the RF ablation zone,
both in residual incompletely treated
tumor at the ablative margin and in
normal tissue surrounding the abla-
tion zone. Increases in the expression
of heat shock proteins, upregulation
of proangiogenic factors (eg, hypoxia-
inducible factor-la and vascular endo-
thelial growth factor [VEGF]), and the
production of cytokine have all been
described (4,9-12). Recently, Rozen-
blum et al (5) demonstrated that RF
ablation of even a small amount of nor-
mal liver (3%) can activate the hepato-
cyte growth factor (HGF)/c-Met kinase
pathway by means of a—smooth muscle
actin-positive activated myofibroblast
recruitment, which has been associated
with cancer proliferation and aggres-
sive metastatic invasion in HCC, among
others (5,13,14). They also observed
increased tumorigenicity after hepatic
RF ablation in MDR2 knockout mice,
which, because of their chronic liver
inflammation, are predisposed to HCC
formation (5). However, to our knowl-
edge, the extent that RF ablation stim-
ulates growth of tumor foci outside of

Implications for Patient Care

m RF ablation of normal liver,
which is required for successful
ablation in all clinical cases to
achieve a mandatory ablative
margin, may incite off-target
tumor stimulation in some tumor
types.

® RF ablation-induced off-target
tumorigenic effects on c-Met—
positive tumors can potentially
be blocked by using available
c-Met or VEGF inhibitors given
over a short duration (0-7 days)
from the time of ablation.

B Tumor receptor positivity may be
used as a biomarker to predict
which tumors may be more sus-
ceptible to cytokinetic responses
produced as a result of hepatic
ablation.

the primary treatment organ remains
unclear, and the potential mechanistic
role of upregulation of the HGF/c-Met
pathway (and its known stimulation of
downstream VEGF-mediated angiogen-
esis) has yet to be adequately explored.
In addition, as successful clinical abla-
tion necessitates treatment beyond the
margins of tumor to include 5-10 mm
of normal, uninvolved liver in every
case, a greater understanding of sec-
ondary reactions with use of models in
which normal, nontumor liver tissue is
ablated are essential (15).

Therefore, the purpose of our study
was to determine (a) the effect of RF
ablation of normal liver parenchyma
on distant tumor growth in two models
of in situ breast adenocarcinoma, (b)
whether RF ablation increases c-Met,
HGF, and VEGF in the periablation-
al liver tissue or distant tumor, (c)
whether adjuvant administration of a
c-Met kinase inhibitor (PHA-665752;
Tocris, Bristol, England) or a VEGF re-
ceptor inhibitor (semaxanib [SU-5416;
R&D Systems, Minneapolis, Minn]) can
be used to suppress RF-induced stimu-
lation of distant tumor growth in these
models, and (d) whether RF ablation of
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normal liver would result in similar off-
target effects in a subcutaneous c-Met-
negative breast tumor model.

Materials and Methods

Overview of Experimental Design

All portions of our study were approved
by the institutional animal care and use
committee. A total of 197 female Fisher
344 rats (Charles River, Wilmington,
Mass) were used. Our study was per-
formed in four parts.

First, RF ablation of normal liver
was performed to simulate the standard
clinical end point of ablating a margin
of normal liver on distant tumors, and
R3230 and MATBIII rat adenocarcinoma
lines implanted in situ in the mammary
fat pad were evaluated (seven rats per
arm X two arms per tumor model X
two tumor models, n = 28). For R3230
tumors, an additional control arm of no
surgical intervention (ie, no treatment)
was also performed (n = 5, total = 33).
Tumor growth was measured at specified
intervals (once per day for R3230 tumors
and twice daily for MATBII tumors),
and once tumors reached diameters of
10-11 mm (R3230) or 19-20 mm (MAT-
BIll), animals were randomly assigned
(seven per group) to receive either RF
ablation alone (21-gauge electrode, 1-cm
active tip, application for 5 minutes at
a mean tip temperature [*standard
deviation] of 70°C = 2) by means of
laparotomy or a sham or control proce-
dure (laparotomy followed by electrode
placement without energy application).
Tumor growth was measured for seven
data points (daily for R3230, twice daily
for MATBII) on the basis of the base-
line rate of growth per anticipated time
for controls to reach tumor sizes man-
dating euthanasia. This was followed by
sacrifice and harvesting of tissue from
the treated liver and distant tumor. The
primary outcome was the evaluation of
tumor growth (tumor size and growth
curve analysis comparisons) with im-
munohistochemical evaluation for tumor
proliferation (Ki-67) and microvascular
density (with CD34 staining).

Second, characterization of changes
in key growth factor (HGF and VEGF)

levels was performed in the periabla-
tional rim, serum, and distant tumor.
Expression of the c-Met receptor in
the periablational rim and distant tu-
mor was also assessed. Animals were
implanted with R3230 tumors and ran-
domly assigned to receive standardized
RF ablation to normal liver or sham
treatment (three animals per arm, n =
6). Animals were sacrificed 3 days af-
ter treatment on the basis of previous
studies demonstrating peak a-smooth
muscle actin—positive activated myofi-
broblast cell accumulation in the periab-
lational rim and their known HGF pro-
duction (5). Treated liver and distant
tumor tissues were harvested for West-
ern blot analysis of c-Met expression.
Additional animals with subcutaneous
R3230 tumors were randomly assigned
to receive standardized RF ablation to
normal liver or sham treatment and
sacrificed at 24 hours, 3 days, and 7
days after treatment, with treated liver
and distant tumor tissues harvested for
immunohistochemical staining for c-
Met expression (three per arm X two
treatment groups X three time points,
n = 18). Liver, serum, and distant tu-
mor HGF and VEGF levels were quan-
tified with enzyme-linked immunosor-
bent assay 3 days after ablation.

Third, the effect of an adjuvant
small-molecule c-Met receptor inhibitor
(PHA-665752, subsequently referred to
as PHA [16]) or small-molecule VEGF
receptor (subtypes 1 and 2) inhibitor
(semaxanib or SU5146) (17-19) on dis-
tant tumor growth stimulation after RF
ablation was studied. PHA was selected
on the basis of recent studies demon-
strating its efficacy in the suppression of
tumorigenesis in a small-animal model
of cirrhosis (5). The drug was given
after RF ablation of normal liver for
both tumor models (R3230 and MAT-
BIIl). Experiments were performed as
described for the above studies. A total
of 44 animals were used (R3230 model:
six per arm X four treatment groups;
MATBIII model: five per arm X four
treatment groups). Animals were ran-
domized to receive either standardized
RF ablation or the sham procedure fol-
lowed by adjuvant intraperitoneal PHA
(dose, 0.83 mg/kg; volume, 1 mL) on

the third interval measurement (day
3 for R3230 or day 1% for MATBIII).
In addition, the effect of PHA adminis-
tration timing (0-5 days) after hepatic
ablation was also studied in R3230 sub-
cutaneous tumors (six animals per arm
X four arms, n = 24). Next, semaxanib
was administered after RF ablation of
normal liver (intraperitoneally, 8 mg/
kg, 3 days after RF ablation), compared
with RF ablation of normal liver alone
(five per arm X four arms, n = 20). In
total, 124 animals were sacrificed at
two different time points (3 days and
7 days) for HGF and VEGF quantifica-
tion, tumor growth measurements, and
immunohistochemical evaluation as de-
scribed earlier.

Finally, a c-Met receptor-negative
version of the R3230 breast adenocarci-
noma cell lines was established in in vitro
cell culture by using sequential exposure
to high doses of PHA, with confirma-
tion of c-Met-negative status achieved
by using Western blot assays. Animals
implanted with subcutaneous c-Met re-
ceptor-negative R3230 tumors were
randomized to receive standardized RF
ablation of normal liver or sham treat-
ment. Tumor growth before and after
treatment was performed as described
earlier, and animals were sacrificed at
3 days and 7 days after treatment for
c-Met quantification and evaluation of
proliferation markers and microvascular
density. Sixteen animals were used (four
per arm X two arms X two time points).

Animal Tumor Models

For all experiments and procedures, an-
esthesia was induced with intraperitoneal
injection of a mixture of ketamine (50 mg/
kg; Ketaject [Phoenix Pharmaceutical,
St Joseph, Mo]) and xylazine (5 mg/kg;
Bayer, Shawnee Mission, Kan). Animals
were sacrificed with an overdose of car-
bon dioxide by using a chamber system
(SMARTBOX CO2 chamber system; EZ
Systems, Palmer, Pa). All experiments
were performed by individuals with expe-
rience in performing tumor implantation,
RF ablation, and surgery in these models
(M.A., G.K., M.M., Y.W,, with 15, 3, 5,
and 2 years of experience, respectively).
All data were verified by the senior author
(ML.AY).
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Initial experiments were performed
in a well-characterized R3230 mammary
adenocarcinoma model with known and
well-established tumor growth rates
(20-22). For these studies, the cell line
was implanted in female Fisher 344 rats
with a mean weight (*standard devia-
tion) of 150 g = 20 (age, 14-16 weeks)
(23). Tumor implantation, evaluation,
and preparation were performed as
previously described (23). Briefly, one
tumor was implanted into each animal
by slowly injecting 0.3-0.4 mL of tumor
suspension into the mammary fat pad
of each animal via an 18-gauge needle.
A c-Met receptor-negative version of
our R3230 breast adenocarcinoma cell
lines was established in in vitro cell cul-
ture. Briefly, R3230 adenocarcinoma
cells were maintained in Rosewell Park
Memorial Institute, or RPMI, media
supplemented with fetal bovine serum.
Tumor cells were treated with differ-
ent concentrations of PHA (0.5, 1, 3.3,
and 10 pmol/L). R3230 cells (>50%)
survived up to PHA concentrations of
3.3 wmol/L. and were maintained suc-
cessively for five generations (treated
with PHA every generation). After five
generations, cells were tested for c-Met
positivity with Western blot assay. A
second subcutaneous MATBIII tumor
line was established by using similar
tumor implantation techniques. Tumors
were measured every 1-2 days until
they reached 6-7 mm for R3230 and
9-10 mm for MATBIII tumors, at which
point they were included in studies.

RF Application

Conventional monopolar RF ablation
was applied by using a 500-kHz RF ab-
lation generator (model 3E; Radionics,
Burlington, Mass), as previously de-
scribed (23). Briefly, the 1-cm tip of a
21-gauge electrically insulated electrode
(SMK electrode; Cosman Medical, Bur-
lington, Mass) was placed in the liver.
RF was applied for 5 minutes with gen-
erator output titrated to maintain a des-
ignated tip temperature (mean, 70°C
+ 2). This standardized method of RF
application has been demonstrated
previously to provide reproducible co-
agulation volumes with use of this con-
ventional RF ablation system (23,24).

To complete the RF circuit, the animal
was placed on a standardized metallic
grounding pad (Radionics).

Drug Administration

A c¢-Met inhibitor, PHA, was obtained
in powder form and mixed in 0.9%
NaCl to achieve a dose of 0.83 gm/kg.
One milliliter (per 200 g animal) was
administered by means of intraperi-
toneal injection at the specified time.
A VEGF receptor (subtypes 1 and 2)
inhibitor, semaxanib, was obtained in
powder form and mixed in dimethyl
sulfoxide to achieve a dose of 8 mg/
kg. Semaxanib (200 pL) was adminis-
tered with intraperitornal injection 15
minutes after RF ablation.

Quantification of c-Met, VEGF, and HGF

c-Met quantification was performed by
using Western blot analysis. Liver tis-
sue was homogenized by using cell lysis
buffer. Briefly, protein was quantified by
using a bichinchoninic acid method (Sig-
ma-Aldrich, St Louis, Mo), and 60 pg of
total protein was loaded on 10% sodium
dodecyl sulfate-polyacrylamide gels and
blotted onto nitrocellulose membranes.
Nonspecific binding was blocked with 5%
(wt/vol) skim milk powder in phosphate-
buffered saline with Tween-20 (Cell
Signaling Technology, Danvers, Mass)
for 1 hour followed by incubation with c-
Met 1:100 (45 kDa [SC-162; Santa Cruz
Biotechnology, Dallas, Tex|) antibody
overnight at 4°C. The membrane was
then incubated with appropriate anti-
rabbit secondary antibodies followed by
radiographic detection. Band intensities
were quantified with densitometry by
using software (ImageJ 1.3; National In-
stitutes of Health, Bethesda, Md). Stan-
dardization of protein amount by using
B-actin was also performed. Positive
controls were also tested for all assays
by using A431 cells with known c-Met
positivity. Baseline tumor cells for both
R3230 and MATBIII lines were c-Met
positive.

Serum and tissue levels of HGF
(rat/MHGOO, R&D Systems) and
VEGF (rat/RRV00 Quantikine kit, R&D
Systems) were determined by using
an enzyme-linked immunosorbent as-
say kit according to manufacturer’s

instructions. Briefly, flash-frozen liver
tissue was homogenized in a cold lysis
buffer (Cell Signaling Technology, Bev-
erly, Mass) consisting of a 0.1% pro-
teinase inhibitor (Sigma-Aldrich). The
homogenates were then centrifuged at
14000 rpm for 20 minutes at 4°C, and
the total protein concentration was de-
termined by using bichinchoninic acid.
Undiluted serum was used. HGF and
VEGF values were then normalized to
protein concentration. All samples and
standards were measured in duplicate,
and the average value was recorded in
picograms per milliliter (25,26). All
experiments were performed by indi-
viduals with experience in performing
these assays (M.A., G.K., M.M., and
Y.W., with 3-15 years of experience).
All data were verified by the senior au-
thor (M.A.).

Tumor Growth Measurements

Tumors were measured in both longitu-
dinal and transverse diameters by using
mechanical calipers (G.K. and M.M.,
with 3 years of experience), and an
average diameter was calculated (20).
Tumors reaching mean sizes of 6-7
mm were measured at five discrete in-
tervals, either daily for R3230 tumors
or twice daily for MATBIII tumors, to
determine a temporal pretreatment
growth rate. The timing of measure-
ment was different for the two different
tumor lines as MATBIII tumors dem-
onstrated a much faster growth rate.
Once tumors reached target mean di-
ameters of 10-11 mm (R3230) or 19-
20 mm (MATBIII), they were randomly
allocated to specified treatment arms.
After RF ablation or sham treatment,
measurements were obtained for seven
intervals (again, daily for R3230 and
twice daily for MATBIII tumors). Mean
starting tumor size was similar for all
comparative treatment groups at initial
evaluation and at randomization and/or
treatment time.

Tissue Harvesting

Animals were sacrificed at specified
times as outlined earlier. The primary
site of liver ablation was harvested and
sliced perpendicularly to the direction
of electrode insertion (11,23). Distant
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tumors were also harvested and sliced.
All samples were fixed in 10% formalin
overnight at 4°C, embedded in paraffin,
and sliced at a thickness of 5 pm. Tis-
sues were stained with hematoxylin and
eosin for gross pathologic examination.

Immunohistochemical Staining

Sections from distant tumors were pre-
pared and immunohistochemical stain-
ing was used to evaluate cell prolifera-
tion (percentage of Ki-67-positive cells)
as previously described (11). Speci-
men slides were imaged and analyzed
by using a microscope (Micromaster I;
Fisher Scientific, Pittsburgh, Pa) and
software (Micron Imaging; Westover
Scientific, Mill Creek, Wash). Five ran-
dom high-power fields were analyzed
for a minimum of three specimens for
each parameter and scored in a blinded
fashion to remove observer bias. For
Ki-67 (Ab16667; Abcam, Cambridge,
Mass), the percentage of positive cells
(a ratio of stained and unstained cells)
was calculated for each field and av-
eraged for each specimen. For c-Met
staining (SC-162), rim thickness and
percentage cell positivity were recorded
by using methods previously described
for other proteins upregulated in the
periablational rim (11,12). Staining
for CD34 (an endothelial cell marker
[Ab8138, Abcam]) and quantification of
microvascular density were performed
as previously described (27). As an ad-
ditional control to ensure uniformity of
staining, whenever direct comparisons
were made immunohistochemical ex-
amination was repeated with all rele-
vant comparison slides stained at the
same time. All experiments were per-
formed by individuals with 3-15 years
of experience in performing immuno-
histochemistry (M.A., G.K., M.M., and
Y.W.). All data were verified by the se-
nior author (M.A.).

Statistical Analysis

Software (SPSS 13.0; SPSS, Chicago,
IlI) was used for statistical analysis. All
data are given as means * standard
deviations. Selected (day O and at the
time of sacrifice) mean tumor sizes
and immunohistochemical quantifica-
tion were compared with analysis of

variance, with testing including a post-
treatment interaction term. Additional
posthoc analysis was performed with
a two-sample, two-tailed Student ¢ test
if, and only if, the results of analysis
of variance achieved statistical signifi-
cance. P < .05 was considered indic-
ative of a statistically significant differ-
ence. Tumor growth curves before and
after treatment were analyzed with
linear regression analysis models to de-
termine the slope of the pre- and post-
treatment growth curve on a per-tumor
basis. From these data, mean posttreat-
ment growth curve slopes were calcu-
lated and compared by using analysis of
variance and paired two-tailed ¢t tests.

Effect of RF Ablation of Normal Liver on
Distant Subcutaneous Tumor Growth

Starting tumor size and tumor growth
rates were the same for all groups in all
studies (Table 1, not significant for all
comparisons). No difference in tumor
growth rate or end tumor diameter was
observed when comparing the sham
treatment arm and the control tumor
arm (P = .92) (Fig 1a). Yet, a signif-
icantly greater R3230 tumor growth
rate was observed after RF ablation
of normal liver such that tumors were
significantly larger at 7 days compared
with those of sham-treated or control
animals (mean diameter, 17.0 mm =
2.1 vs 13.7 mm = 0.9 and 13.8 mm
+ 0.8, respectively; P < .02), which
represents an increase in tumor size
of 34.8% = 0.1 versus 13.7% = 0.1
(P < .001) (Table 1, Fig 1a). In addi-
tion, RF ablation of normal liver sig-
nificantly increased the rate of R3230
tumor growth compared with that be-
fore treatment (slope: 0.51 = 0.14 [R?
= 0.91 = 0.06] before ablation vs 0.83
+ 0.27 [R? = 0.97 = 0.02] after abla-
tion; P = .018) (Table 1) and that after
sham treatment (slope: 0.32 + 0.13 [R?
= 0.92 £ 0.06], P < .001) (Table 1).
Concordantly, R3230 tumors at 7 days
after RF ablation demonstrated signif-
icantly greater cellular proliferation
(percentage of Ki-67- positive cells per
high-power field) compared with that

after sham treatment (82.7% = 4.5 vs
25.0% = 3.0, respectively; P < .001).
Finally, increased microvascular density
was also observed in distant tumors in
animals treated with liver RF ablation
compared with the sham procedure
(number of vessels per high-power
field: 50.9 = 15.9 vs 25.1 *= 8.1, re-
spectively; P = .003).

Similar findings were observed with
RF ablation of normal liver for the con-
firmatory MATBIII tumor model (Fig
1b). RF ablation of normal liver re-
sulted in faster tumor growth rates in
distant MATBIII tumors such that at
3% days after ablation, tumors in the
RF ablation arm measured 24.4 mm *
2.5 compared with 21.9 mm = 1.2 (P
= .01) (Table 1). Likewise, there was
significantly increased tumor cellular
proliferation in animals treated with he-
patic RF ablation compared with sham
treatment (percentage of Ki-67-posi-
tive cells: 75.8% = 1.8 vs 57.5% * 7.7,
respectively; P = .02). Again, microvas-
cular density within the distant tumor
was also greater in the liver RF ablation
group compared with the sham group
(49.9 vessels per high-power field *= 7.3
vs 32.8 vessels per high-power field *
7.9, respectively; P = .002).

Effect of Hepatic RF Ablation on HGF and
VEGF Levels in the Periablational Rim,
Serum, and Distant Intratumoral Tissue

Compared with sham treatment, he-
patic RF ablation increased HGF levels
in the periablational liver (28745 pg/
mL = 2530 vs 19801 pg/mL * 2781,
P < .01), serum (27036 pg/mL * 625
vs 17814 pg/mL * 329, P < .001 both
comparisons), and distant R3230 tumor
tissue (15469 pg/mL = 485 vs 14354
pg/mL = 426, P < .035) at 72 hours
after treatment (Fig 2a). Similarly, in-
creased VEGF levels were observed af-
ter hepatic RF ablation compared with
sham treatment in the periablational
rim (3759 pg/mL = 201 vs 1547 pg/mL
+ 165, P < .001) and distant tumor tis-
sue (63967 pg/mL = 1243 vs 43407 pg/
mL * 9352, P < .01) at 72 hours after
treatment (Fig 2b, P < .02). The se-
rum VEGF level for either RF ablation
or sham treatment was not detectable
at 72 hours. HGF was increased to the
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Table 1

Summary of Subcutaneous Tumor Growth and Proliferative Index for Different Organs and Tumor Models

Change in Diameter Growth Curve Slope

Percentage of Microvascular Density

Treatment Arm End Diameter (mm)  after Treatment (mm)  Before RF Ablation  After RF Ablation  Ki-67—Positive Cells  (cells per high-power field)
Hepatic RF ablation alone
vs sham on distant tumor
growth
R3230
Sham 13.7 £ 0.9 53+0.8 0.63 = 0.12 0.34 £ 0.14 247 + 36 25.1 = 8.1
RF ablation 171 £ 2.2* 9.0 = 1.8* 0.61 = 0.08 0.88 + 0.25* 70.1 = 8.6 50.9 + 15.9*
MATBIII
Sham 21912 11415 1.83 = 0.21 0.39 +0.20 575+77 328+79
RF ablation 244 + 25* 14.7 = 2.1* 1.86 + 0.44 0.77 + 0.20* 75.8 = 1.8 49.9 + 7.3*
PHA without or with hepatic
RF ablation on
distant tumor growth
R3230
RF ablation + PHA 12.8 = 1.5* 53 +1.3* 0.62 = 0.17* 0.19 + 0.08* 233 £ 3.2* 225+ 0.2*
PHA alone 147 £ 29 6.8+ 1.6 0.60 = 0.2 0.52 = 0.16 256 =35 39.5 +6.9
MATBIIl
RF ablation + PHA 22.5 * 0.5 121 = 1.1* 1.94 = 0.31 0.36 + 0.09* 48.7 = 3.9* 25.1 + 2.6*
PHA alone 245+ 0.6 14.0 £ 0.4 1.88 = 0.10 0.80 = 0.15 62.7 =59 36.2+1.1
Semaxanib without or with
hepatic RF ablation on
distant tumor growtht
RF ablation + semaxanib 16.4 + 0.9 76 12" 0.69 = 0.21 0.53 = 0.10* 275 +1.7* 16.0 = 3.0*
Semaxanib alone 152 = 0.6 6.7=1.0 0.70 = 0.08 0.48 = 0.17 31.6 + 0.8 292+ 76

Note.—Data are means =+ standard deviations.
* P < .05 when compared with sham group.
 Performed only with R3230 tumors.

greatest degree in the periablational
liver tissues (45.2% increase from that
with sham treatment) and in the serum
(51.2% increase), whereas greatest in-
creases in VEGF expression after liver
RF ablation were observed in distant
tumor (47.4% increase) (Fig 2).

Effect of Hepatic RF Ablation on Local
Periablational and Distant Intratumoral
c-Met Expression

For R3230, localized increased c-Met
expression was observed at immunohis-
tochemical staining in a geographic rim
surrounding the liver RF ablation zone,
which was similar at 24 hours (percent-
age positive cells per high-power field:
54.9% = 3.2) and 72 hours (percent-
age positive cells per high-power field:
553.1% = 7.2) after RF ablation and
greater than that in either adjacent
unablated liver or liver from the sham

treatment group (Fig 3a, 3b). Confir-
matory Western blot analysis dem-
onstrated that RF ablation of normal
liver results in increased c-Met protein
expression in tissue immediately sur-
rounding the periablational rim at 3
days after RF ablation compared with
sham treatment (20.3% vs 12.6% of
peak densitometry, respectively) (Fig
3c). This locally increased hepatic c-
Met expression in the periablational
rim was similar for all arms treated
with hepatic RF ablation, regardless
of whether the animal had distant tu-
mor implanted (Fig 3d). Furthermore,
no elevated c-Met expression was ob-
served with either sham procedure or
untreated control arms or in untreated
liver beyond the ablation zone. C-Met
protein levels were also elevated in
distant R3230 tumor after liver abla-
tion compared with sham treatment

(15.1% vs 11.2% of peak densitometry,
respectively).

Effect of Adjuvant Inhibitors on RF
Ablation-induced Stimulation of Distant
Tumor Growth

With the addition of adjuvant PHA, dis-
tant tumor growth rates after RF abla-
tion of normal liver decreased so that
the tumor size at 7 days (mean, 12.8
mm =* 1.5) was equivalent to that in the
sham group (P = .135) and smaller than
that in the group that received RF abla-
tion alone (P < .001) (Table 1, Fig 4a).
Similarly, a significant decrease in tu-
mor cell proliferation was observed at 7
days for the group that received RF ab-
lation and PHA (percentage of Ki-67-
positive cells: 23.4% = 3.2) to baseline
levels (P = .45 vs sham; P < .001 vs RF
ablation) (Table 1). In animals treated
with sham procedure and PHA alone,
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Figure 1:  Graphs show that RF ablation (RFA) of normal liver increases growth of distant subcutaneous
tumors compared with sham treatment. S@ = subcutaneous. (a) Curves for R3230 tumors demonstrate
same rate of growth for all groups before treatment. After hepatic RF ablation (day 0), growth rate of distant
tumors is significantly greater at 7 days such that end tumor diameter is significantly greater than that with
sham treatment (P < .01). (b) Curves for MATBIIl tumors show that hepatic RF ablation at day O stimulated
distant subcutaneous tumor growth such that end tumor diameter 3% days after ablation was significantly

greater than that with sham treatment (P = .001).

tumor sizes and proliferative indexes
were similar to that in the sham group.
A maximum reduction in tumor size at
7 days was observed for animals treated
with RF ablation followed by adjuvant
single-dose PHA given at 3 days after

RF ablation compared with PHA given
immediately after RF ablation (0 days)
or at 5 days after RF ablation (mean tu-
mor size: 14.9 mm = 1.1 at day 0, 12.8
mm * 1.5 at day 3, and 17.2 mm = 1.0
at day 5; P < .02 for all comparisons).

Adjuvant PHA similarly reduced MAT-
BIII tumor growth rates, tumor diam-
eter at 7 days after RF ablation, and
tumor cell proliferation compared with
sham treatment (P = not significant)
(Table 1). Reductions in microvascular
density to baseline (sham) levels were
also observed in distant tumors when
adjuvant PHA was administered with
RF ablation for R3230 and MATBIII tu-
mor models after hepatic RF ablation
(Table 1).

Combined liver RF ablation with
post-RF ablation adjuvant PHA treat-
ment on day 3 reduced c-Met expres-
sion in the periablational rim compared
with RF ablation alone (rim thickness
at 24 hours: 727.6 pm = 61.2 with RF
ablation and 316.6 wm = 26.6 with RF
ablation and PHA; rim thickness at 72
hours: 728.0 pm = 34.2 with RF ab-
lation and 505.9 pm = 68.7 with RF
ablation and PHA; P < .01 for all com-
parisons) and percentage positive cells
per high-power field (24 hours: 54.9%
+ 3.2 with RF ablation and 34.6%
+ 5.4 with RF ablation and PHA; 72
hours: 55.1% = 7.2 with RF ablation
and 19.4% = 2.9 with RF ablation and
PHA; P < .05 for all comparisons). At
Western blot analysis, adjuvant PHA
given 3 days after liver RF ablation re-
duced c-Met protein levels to baseline
(sham) levels in the periablational rim
of liver tissue (RF ablation and PHA:
12.6% of peak; RF ablation: 20.3% of
peak; sham treatment: 12.6% of peak)
and in the distant R3230 tumor (RF ab-
lation and PHA: 11.8% of peak; RF ab-
lation: 15.1% of peak; sham treatment:
11.2% of peak) (Fig 3c). Adjuvant PHA
on day 3 significantly reduced post-RF
ablation serum increases in HGF back
to baseline levels (RF ablation and
PHA: 16212 pg/mL = 161; RF ablation:
27036 pg/mL = 625; P < .01).

Adjuvant semaxanib administered
3 days after hepatic RF ablation re-
duced distant tumor growth back to
at least baseline sham levels at 7 days
after treatment compared with RF ab-
lation alone (7.6 mm * 1.2 vs 10.5 mm
+ 1, respectively P = .01) and versus
sham (6.0 mm * 0.5, P = .07) (Table
1, Fig 4b). Tumor growth and diameter
at 7 days after treatment were similar
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Figure 2:  Bar graphs show effects of hepatic RF ablation (RFA) on local, serologic, and distant R3230 tumor HGF and VEGF levels obtained 72 hours after RF abla-
tion with enzyme-linked immunosorbent assay. (a) Hepatic RF ablation increased local periablational and serum HGF levels to greatest degree compared with sham
treatment (and to a much lesser degree in distant R3230 tumor). (b) In comparison, hepatic RF ablation led to significant increases in distant tumor VEGF levels and
only a marginal increase in periablational VEGF levels. Serum VEGF levels were undetectable for both arms (not shown).

between semaxanib alone and the sham
arms (P = not significant). Similarly,
hepatic RF ablation and semaxanib re-
duced distant tumor proliferation and
microvascular density back to base-
line sham levels (Table 1) (P < .001
vs RF ablation for both end points).
Semaxanib and RF ablation reduced
periablational liver and distant tumor
VEGF levels back to baseline sham
levels, which were lower than those
with either RF ablation alone or RF
ablation and PHA arms (Table 2, P
< .001). Similarly, semaxanib and
RF ablation treatment reduced HGF
levels in the periablational liver, se-
rum, and distant tumor to levels sig-
nificantly lower than those in hepatic
RF ablation, RF ablation and PHA, or
sham arms (P < .001).

Effect of RF Ablation of Normal Liver on
Growth in Distant Subcutaneous c-Met-
Negative R3230 Tumors

c-Met-negative R3230 tumors dem-
onstrated slower tumor growth rates
compared with c-Met-positive R3230
tumors as the mean time to reach 10-
11 mm was 6 days = 1 and 18 days *=
1, respectively (P < .01). Hepatic RF

ablation did not result in an increase in
distant tumor growth rate or significant
change in tumor diameter at 7 days
after treatment compared with sham
treatment (tumor diameter: 17.2 mm
* 0.5 vs 17.2 mm= 0.3, respectively,
P =.999; change in diameter after pro-
cedure: 10.0 mm = 0.2 vs 10.1 mm *
0, P = .35) (Fig 5). In addition, distant
tumor proliferation (percentage of Ki-
67-positive cells) and microvascular
density (representing VEGF-mediated
angiogenesis) were the same for both
RF and sham treatment arms (per-
centage of Ki-67-positive cells: 19.3%
+ 2.7 vs 19.5% = 2.1, respectively, P
= .93; microvascular density: 32.7 ves-
sels per high-power field = 2.1 vs 31
vessels per high-power field = 2.0, P =
.66). In addition, no increase in distant
tumor c-Met expression was observed
for hepatic RF ablation compared
with sham treatment at Western blot
analysis (Fig 5).

Several studies suggest that RF abla-
tion can stimulate aggressive tumor bi-
ology—manifested as increased tumor

incidence, metastatic or invasive be-
havior, and overall tumor growth—in
incompletely ablated tumor or in sepa-
rate sites of tumor within the liver even
when only apparently normal liver has
been ablated. For example, incomplete
RF ablation of intrahepatic tumors can
stimulate tumor cell growth in the par-
tially injured residual cells in the periab-
lational rim or in intrahepatic and/or
intraorgan tumor foci separate from the
ablation site (4,7,28). In the treatment
of early solitary HCC, Lencioni et al
(1) reported an excellent long-term lo-
cal tumor control of 90% but observed
likely substantially higher rates of new
visible tumors at 5 years than might be
expected from such populations that
have not undergone hepatic RF ablation
(80% vs 25%-45% reported elsewhere)
(29). More recently, Rozenblum et al
(5) demonstrated increased growth
in multiple de novo intrahepatic HCC
tumor foci after ablation of small vol-
umes of liver (<3% of overall liver) in
an MDR2 knockout model of cirrhosis.
However, the literature largely focuses
on the intrahepatic effects of liver tu-
mor ablation, whereas off-target effects
of hepatic ablation (particularly from
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the mandatory ablation of normal tis-
sue necessary in nearly all clinical cases
to achieve an effective periablational
margin) on distant extrahepatic tumor
growth remains poorly characterized
to our knowledge. Indeed, previous re-
ports of pro-oncogenic effects of liver
ablation have been based on models
where incomplete ablation of liver tu-
mors was performed, and off-target

pro-oncogenic effects were attributed
to secondary reactions within the par-
tially injured tumor cells (4,10,28,30).
Thus, much of the previous literature
does not directly address the very
common clinical scenario of complete
local ablation, where normal liver in
an adequate ablative margin comprises
approximately 75% of ablated tissue
volume (31,32).

Figure 3: Hepatic RF ablation (RFA) increases
periablational and distant tumor c-Met receptor
expression. (a, b) c-Met expression is increased in
periablational rim in normal liver after RF ablation
compared with sham treatment. Immunohistochem-
ical staining for c-Met receptor expression demon-
strates a rim of increased c-Met staining around
ablation zone (arrowheads) after RF ablation of nor-
mal liver. No changes were observed at site of sham
treatment (ie, electrode placement in liver). (c) Liver
RF ablation—induced changes in local and distant
c-Met without and with PHA. Western blot assays
demonstrate increased c-Met receptor protein in tis-
sue harvested from periablational tissue surrounding
liver ablation zone compared with sham treatment
(seen as dense bands after gel electrophoresis at
50-kDa level, where c-Met receptor o subunit is
expected, after -actin standardization) (20.3% vs
12.6%, respectively). c-Met receptor protein levels
are also slightly increased in distant tumor after
hepatic RF ablation compared with sham treatment
(15.1% vs 11.2%, respectively). B-actin levels were
similar for all arms, which confirms increases in
observed c-Met receptor expression. (d) Liver RF
ablation—induced changes in local c-Met with and
without implanted distant c-Met—positive or negative
tumor. Western blot assays demonstrate increased
periablational c-Met expression after hepatic RF
ablation in all arms, regardless of whether there
was any distant tumor present (24.1% vs 24.6%) or
whether distant tumor expressed the c-Met receptor
(24.6% vs 23.9%).

In our study, RF ablation of normal
liver parenchyma stimulated growth
of distant breast tumors implanted in
the mammary fat pad with correlative
increases in tumor proliferation and
angiogenesis. By ablating normal liver
tissue, we confirmed that the response
of liver tissue to nonlethal hyperthermic
injury is also a key driver of unwanted
protumorigenic effects. Furthermore,
as these results were reproducible for
two separate tumor lines, such off-tar-
get pro-oncogenic effects after hepatic
RF ablation may be wide ranging. As
the standard clinical end point in wide-
spread practice is to ablate the entire
tumor (either primary HCC or liver
metastasis) and up to a 5-10 mm cir-
cumferential margin of normal paren-
chymal tissue around the ablation zone,
this is potentially highly clinically rele-
vant (15,33,34). Therefore, for cases
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of locally successful hepatic RF tumor
ablation, the potential for stimulation of
tumor foci elsewhere in the body exists.
Accordingly, further study is required to
identify those factors that place particu-
lar tumor types and patients at risk for
ablation-induced tumor progression.

As a next step, we observed upregu-
lation of the HGF/c-Met pathway and
VEGF after hepatic RF ablation, both of
which have known roles in driving tu-
mor growth, metastatic invasion, and
aggressive tumor biology (16,35,36). On
the basis of our results, we hypothesize
several steps in the pathway underlying
how local tissue reactions surrounding
hepatic RF ablation can lead to distant
effects of increased tumor growth. First,
the increased local HGF and c-Met ac-
tivation from liver RF ablation incites
a local positive feedback loop, further
increasing local HGF production and c-
Met expression (as has been described
previously [37]), leading to markedly
elevated levels in the periablational rim
that was subsequently blocked by c-Met
inhibition. Next, HGF is released into
the serum (leading to the observed ele-
vated levels after RF ablation), circulates
to distant tumor, and binds intratumoral
c-Met receptors. Finally, activation of c-
Met receptors results in downstream in-
creased intratumoral VEGF expression
and VEGF-mediated angiogenesis both
in the periablational rim and in distant
tumor. These findings are in keeping
with the known relationship between
HGF activation of the c-Met receptor
and downstream increased VEGF ex-
pression and the fact that we observed
no elevation of VEGF in the serum af-
ter RF ablation despite seeing such
increases in the liver and tumor (38).
This hypothesis is further strengthened
by our studies of hepatic RF ablation in
a c-Met-negative clone of the same tu-
mor line, where no accelerated growth,
c-Met expression, or angiogenesis was
observed in distant tumors.

We further demonstrated that acti-
vated cytokinetic pathways contributing
to off-target tumor stimulation can be
successfully blocked by combining he-
patic RF ablation with adjuvant drugs
against key receptor targets. Here, a c-
Met inhibitor administered as a single

dose after hepatic RF ablation can suc-
cessfully suppress RF ablation-induced
distant tumor growth, tumor cell pro-
liferation, and angiogenesis. We sep-
arately showed that targeting a VEGF
receptor with semaxanib (a VEGF re-
ceptor subtype 1 and 2 inhibitor) can
also block off-target RF ablation-in-
duced tumor stimulation. Both agents,
tested separately to target specific me-
diators in a common pathway, were
equally effective in these short-term
studies. This may suggest that blocking
different targets in the pathway may be
sufficient in suppressing pro-oncogenic
effects. However, even when a primary
pathway, such as HGF/c-Met or VEGF,
is a significant driver of tumor growth
and proliferation and can be success-
fully targeted with adjuvant pharma-
cologic inhibition, there is a known
benefit to targeting parallel pathways
to achieve a more durable treatment
response (39,40). For example, epi-
dermal growth factor receptor acti-
vation has been linked to early failure
of c-Met inhibition in the treatment of
lung cancer (41). Other growth factors
and cytokines that have been identified
as drivers of tumor growth (including
hypoxia-inducible factor-la and inter-
leukin-6) are also upregulated after RF
ablation (4,42). Several of these are
linked with c-Met activation through
shared downstream mediators or direct
involvement in the c-Met pathway (43).
In particular, c-Met is closely linked to
both neoangiogenesis through stimu-
lation of endothelial cells and VEGF
production and hypoxia through hy-
poxia-inducible  factor-la-dependent
increases in Met expression (44,43).
Therefore, additional study to target
these pathways may be beneficial, es-
pecially in tumor lines that demonstrate
no response or a partial response to
initial HGF/c-Met inhibition. Many mul-
tikinase small-molecule inhibitors that
are currently available or in active de-
velopment block multiple receptor tar-
gets (including semaxanib, which also
has a weak affinity for the c-Met re-
ceptor [46]) and therefore may be very
effective in suppressing off-target pro-
oncogenic effects of RF ablation. Re-
gardless, further clinical development of

this drug ablation combination therapy
paradigm will require testing the many
agents that are in active clinical use to
determine which have greatest efficacy.

Our results further highlight that
the development of optimal combina-
tion therapy paradigms will ultimately
depend on several different factors.
Successful targeting of key mediators
of a pathway that starts in one organ
and ends in another distant site, or
where there may be unwanted effects
from the same factors both locally and
systemically, likely requires tailoring
the adjuvant drug delivery and phar-
macokinetics to a specific time and lo-
cation (ie, periablational tissue or dis-
tant tumor) and time. For example, we
originally chose to administer adjuvant
PHA 3 days after RF ablation for most
of our studies on the basis of previous
studies that demonstrated peak acti-
vated myofibroblast recruitment to the
periablational rim (8). In our study,
varying the timing of drug administra-
tion between 0 and 5 days after RF ab-
lation supports this selection and high-
lights the relatively narrow window of
administration temporally associated
with the RF ablation. Adjuvant PHA
administered at days O or 3 resulted in
either prevention of increased tumor
growth or an immediate reduction in
tumor growth rate to baseline levels,
compared with a much reduced effect
when administered 5 days after RF
ablation. Separately, the optimal site
or sites of pharmacologic action also
must be tailored to specific targets.
Here, PHA was likely acting in both
the periablational rim, where adjuvant
PHA blocked the HGF/c-Met-positive
feedback loop and suppressed periab-
lational HGF levels, and potentially at
the distant tumor, where despite per-
sistently high circulating levels of HGF,
the RF ablation-induced growth stim-
ulation was blocked. Conversely, the
VEGF receptor inhibitor semaxanib
likely acted predominantly in the dis-
tant tumor, where VEGF levels were
markedly elevated after hepatic RF
ablation, and to a much lesser degree
in the periablational rim. Thus, un-
derstanding when and where contrib-
uting mediators are upregulated after
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Figure 4: Adjuvant c-Met and VEGF receptor inhibitors block hepatic RF ablation (RFA)-induced distant
tumor growth. (a) Effect of liver RF ablation on distant tumor growth in R3230 adenocarcinoma cell line
with suppression with c-Met kinase inhibitor. Graph shows that adjuvant PHA given 3 days after hepatic
RF ablation decreases distant R3230 tumor growth rate back to baseline compared with RF ablation
alone. PHA alone treatment arm has same growth rate as sham arm (which indicates that c-Met inhibitor
does not have active effect on tumor growth by itself). (b) Effect of liver RF ablation on distant tumor
growth in R3230 adenocarcinoma cell line with suppression of VEGF receptor inhibitor (semaxanib). Sim-
ilar to PHA, adjuvant semaxanib blocks hepatic RF ablation—induced stimulation of distant R3230 tumor

growth back to baseline compared to that with hepatic RF ablation alone.

hepatic RF ablation is crucial when
using adjuvant drugs to successfully
block unwanted effects.

Finally, we demonstrated that
positivity of the c-Met receptor in an
otherwise similar tumor model is asso-
ciated with susceptibility to off-target
effects of hepatic RF ablation. This
suggests that only some tumors with
certain receptors will be susceptible
to RF ablation-induced tumorigenicity
and may partly account for why others
have reported antitumor immunity (ie,
the so-called “abscopal” effects) for
other tumor types after liver ablation
(47). Along these lines, identification
of key responsible molecular pathways
may form the basis for testing for tu-
mor biomarkers (eg, c-Met) that could
play an important role in the prospec-
tive identification of those patients or
tumors that are “at risk” and therefore
may benefit from adjuvant therapy af-
ter ablation, an approach now com-
monly used in the treatment of many
cancers. Along the same lines, Poon
et al (48) demonstrated that preabla-
tion serum VEGF levels may be used
to identify subsets of patients with
HCC who have poorer outcomes after
hepatic RF ablation. Given the known
heterogeneity of c-Met receptor pos-
itivity in HCC (49), the development
of such biomarkers will be essential
for selecting patients who will have
greater benefit from ablation or, con-
versely, will require adjuvant therapy
to suppress unwanted effects. Further-
more, as we have demonstrated with
HGF levels after hepatic RF ablation
combined with an adjuvant c-Met in-
hibitor, changes in serologic levels of
key downstream markers may present
an opportunity for developing postint-
ervention tests that can help predict
response to adjuvant therapy.

We acknowledge that, given the
wide array of mechanistic responses
reported after thermal ablation, several
other elements likely contributed to this
pro-oncogenic post-RF pathway, or at
the very least may be involved in parallel
pathways. This is further supported by
the fact that adjuvant c-Met inhibition
(upstream in the pathway) only par-
tially reduced downstream intratumoral

Radiology: \olume 279: Number 1—~April 2016 = radiology.rsna.org

113



Radiology

EXPERIMENTAL STUDIES: Suppression of Radiofrequency Ablation—induced Distant Tumor Growth

Ahmed et al

Table 2

Summary of Changes in Serum, Liver, and Distant Tumor HGF and VEGF Levels for Hepatic RF Ablation without and with Adjuvant Drug

Therapies
Serum Liver Tumor
VEGF
Treatment Group ~ HGF (pg/mL) (pg/mL)*  HGF (pg/mL) VEGF (pg/mL) HGF (pg/mL) VEGF (pg/mL)
Sham 17814 + 329 ND 19801 + 2781 1547 + 165 14354 + 426 43407 + 9352
RF ablation 27036 * 625 ND 28745 + 2530 3759 = 201 15469 + 485 63967 + 1243
(P < .001 vs sham) (P=".01 vs sham) (P < .001 vs sham) (P=.04 vs sham) (P=.02 vs sham)
RF ablation + 16212 += 161 (P=.001 ND 27971 = 1106 2184 + 182 (P= .01 13077 £ 662 (P=.04 60347 = 1305
PHA vs sham; P < .001 (P=.009 vs sham; vs sham; P < .001 vs sham; P=.007 (P = .03 vs sham;
vs RF ablation) P = .65 vs RF ablation) vs RF ablation) vs RF ablation) P =.02 vs RF ablation)
RF ablation + 2453 + 199 (P<<.001  ND 5582 + 52 (P < .001 777 =129 (P=.003 10855 + 147 (P< .001 45327 = 1501
semaxanib vs sham; P < .001 vs sham; P < .001 vs sham; P < .001 vs sham; P < .001 (P=.74 vs sham;

vs RF ablation)

vs RF ablation) vs RF ablation)

vs RF ablation) P < .001 vs RF ablation)

Note.—Data are means =+ standard deviations.
* ND = values were not detected.

VEGF, which suggests parallel activa-
tion of other mechanisms. Early (6-24
hours) increased interleukin-6 produc-
tion has been reported after hepatic
ablation (8,50), and interleukin-6 has
well-described effects on downstream
activation of the HGF/c-Met pathway
(51). Others have described increased
PI3 K and Akt activation, which may
be interlinked or occurring in parallel
to HGF/c-Met activation (52). In addi-
tion, although pharmacologic suppres-
sion of c-Met expression was effective
in this tumor cell line, use of more
specific techniques (eg, small interfer-
ing RNA suppression) may offer the
ability to differentiate key contributors
to the mechanistic pathway in future
studies (53). Finally, several different
cell populations may be the source of
various growth factors and cytokines,
including inflammatory cells (including
macrophages, neutrophils, or activated
myofibroblasts) recruited to the periab-
lational rim or native hepatocytes and
endothelial cells reacting to hyperther-
mic injury, as these have been reported
to excrete or be under the influence
of HGF, VEGF, and related cytokines.
Thus, characterization of additional key
contributors, such as specific cytokines
and/or cell populations, may offer addi-
tional insight into how and when such
off-target effects occur.

There are several limitations of
our study that indicate many addi-
tional points worthy of investigation.
As noted earlier, further characteriza-
tion in a wider range of tumor lines
and types, including the use of models
with intrahepatic tumors, is warrant-
ed, particularly to characterize the
effects of different tumors and micro-
environments. However, we note that
many tumor types have been shown
to express high levels of the c-Met re-
ceptor, and c-Met inhibition has been
successfully used to suppress RF abla-
tion-induced intrahepatic HCC tumor
growth as well (5), which suggests a
wider applicability of our findings to
tumor models with high rates of c-
Met expression. Similarly, the tumor
lines studied do not normally demon-
strate early or widespread metastases
after implantation, and further study
on the effect of hepatic RF ablation
on the promotion of aggressive tumor
behavior such as c-Met- and VEGF-
mediated vascular the
promotion of new distant metastases
is required. In addition, although we
observed 30%-40% increases in dis-
tant tumor size in a relatively early
and short window (range, 0-7 days)
after RF ablation, evaluation of longer
times after ablation is likely warrant-
ed, particularly to study durability of

invasion or

response to adjuvant drugs with RF
ablation and to identify upregulation
of potential “escape” pathways that
might lead to more aggressive tumor
biology at a later time. Additional
studies in tumor models with variable
and smaller tumor sizes would also be
helpful in determining if off-target pro-
oncogenic effects of hepatic RF abla-
tion exhibit certain threshold effects.
Furthermore, although our study has
used RF ablation of normal liver as
its primary model, tumor ablation is
performed by using multiple different
energy sources (eg, microwave, laser,
ultrasound, irreversible electropora-
tion, and cryoablation) and in many
different organ sites (eg, kidney, lung,
adrenal, bone, soft tissue). Thus, ad-
ditional studies are required to deter-
mine whether effects reported herein
are present in other clinically relevant
situations. Finally, PHA is a very ef-
fective c-Met inhibitor molecule, and
the degree to which other clinically
available c-Met pathway inhibitors
are able to block RF ablation-induced
tumor growth stimulation, and the
level of inhibition (eg, direct receptor
binding vs HGF antibodies), remain
to be seen (36,54). Ultimately, future
studies should include confirmation
in other tumor types and organ sites
of ablation, performing long-term
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Figure 5:

Hepatic RF ablation (RFA) does not stimulate distant tumor growth in c-Met—negative R3230

cell line. (@) Western blot assays in distant c-Met—negative R3230 tumor samples 7 days after treatment
demonstrate no difference in c-Met expression between hepatic RF ablation and sham procedure. (b)
Graph shows similar growth rates for both arms before treatment (day 0). Hepatic RF ablation does not
increase distant c-Met—negative R3230 tumor growth or end tumor diameter (day 7) compared with sham
treatment (mean, 17.2 mm = 0.5vs 17.2 mm = 0.3, respectively; P =.999).

survival studies, parallel study of po-
tential postablative abscopal effects,
and correlation to clinical studies.

In conclusion, RF ablation of nor-
mal liver, simulating obtaining com-
plete clinical ablation of a focal tumor
by creating an ablative margin, can
stimulate distant tumor growth in two
c-Met-positive tumor lines (and not
in a matched c-Met-negative cell line)
driven by a combination of periabla-
tional tissue reactions and systemic in-
tumor effects that are in part mediated
by HGF/c-Met pathway and VEGF and
can be blocked with c-Met and VEGF
receptor inhibitors given in a short
window after ablation. Finally, tumor
lines lacking c-Met expression did not

respond to off-target effects of hepatic
RF ablation, which suggests that the
potential use of c-Met tumor receptor
positivity as a biomarker requires fur-
ther study to predict those tumors that
may be more susceptible to cytokinetic
responses produced as a result of he-
patic ablation.
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