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Purpose

Hollow fiber assays offer an early in vivo method of anticancer drug screening. The

assays have been optimized for human cancers originating from the lung, breast,

colon, ovary, and brain, but not from the stomach and liver. The current study focused

on optimization of hollow fiber assays for gastric and hepatocellular carcinoma cell

lines. 

Materials and Methods

Gastric (SNU-16, SNU-484, SNU-668) and hepatocellular (HepG2, SK-Hep-1, Hep3B)

carcinoma cell lines in hollow fibers were transplanted subcutaneously and intraperi-

toneally into mice, which were subsequently treated with a standard anticancer agent,

paclitaxel. The hollow fiber activity of paclitaxel in each cell line was compared with

the xenograft activity.

Results

Using optimized inoculation densities and schedules, treatment with paclitaxel was

effective in gastric carcinoma cell lines, SNU-16 and SNU-484, but not in SNU-668.

In the hollow fiber assays, paclitaxel was effective in hepatocellular carcinoma cell

lines, HepG2 and SK-Hep-1, but not in Hep3B. Consistent with the results of the 

hollow fiber assay, SNU-16 and SNU-484, but not SNU-668, showed tumor regression,

and HepG2 and SK-Hep-1, but not Hep3B, showed effective tumor responses follow-

ing treatment with paclitaxel in xenograft models. When EW7197, a novel compound,

and flavopiridol were tested in SNU-16 cells under optimized conditions, the hollow

fiber activity showed good correlation with the xenograft activity of each compound. 

Conclusion

Our protocols may be useful for screening candidate small molecules that may exhibit

activity against stomach and liver cancers, both of which are common in Korea. 
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Introduction

Several preclinical in vitro and in vivo tumor models based
on human cancer cell lines are being used for discovery and
evaluation of new anticancer drugs. Many in vitro tumor
models cannot replicate the complex tumor microenviron-
ment and pharmacokinetics of drugs in vivo, therefore, 
a demonstration of in vivo drug efficacy is required after the
in vitro screening process [1,2]. The xenograft mouse model
is the conventional method used for preclinical in vivo drug
testing, however, it requires significant numbers of mice and
quantities of test compounds and incurs high costs in terms
of both labor and time [2]. In addition, some human cancer
cell lines do not readily form tumors in animals [2].

Hollow fiber assays, developed by the National Cancer 
Institute (NCI) in the United States to facilitate drug screen-
ing and development [3], are used in characterization of the
in vivo activities of small organic compounds before
xenograft testing is undertaken. The hollow fiber assay is
based on techniques for cultivation of mammalian cells in
hollow fibers permeable to substances with a molecular
weight＜500,000 Da, and implantation of the fibers in various
body compartments of mice, followed by drug exposure and
quantitation of the viability of the cells [3]. Hollow fiber 
assays can test multiple tumor cell samples in two physio-
logical compartments (subcutaneously and intraperitoneally)
within one mouse, enabling effective pairing of a novel 
compound with an appropriate cell line. Compared with the
traditional xenograft model, this assay reduces the time 
required for completion of testing and reduces costs by using
fewer mice and lower quantities of compounds; it also facil-
itates in vivo analysis of the effects of drugs on human cancer
cell lines that do not form tumors in animals and shows high
correlation with the xenograft assay [4-6]. In addition, it can
aid in estimating the doses of test compounds and the 
administration routes for more extensive in vivo testing [3].
This assay cannot replace human xenograft models because
it does not fully reflect the complex interaction between the
host and human cancer cells, however, it is useful as a 
prescreen before labor-intensive, expensive, and time-
consuming xenograft testing is undertaken [2].

Stomach and liver cancers are the most common cancers
and a major cause of cancer deaths worldwide [7,8]. Hollow
fiber assays have been optimized for human cancers origi-
nating from the lung, breast, colon, ovary, and brain, but not
from the stomach and liver [3]. Therefore, the purpose of the
current study was to optimize hollow fiber assays for human
gastric and hepatocellular carcinoma cell lines.

Materials and Methods

1. Mice

Seven-week-old female Balb/C (nu/nu) mice and female
nonobese diabetic/severe combined immunodeficiency
(NOD/SCID) mice were purchased from Orient Bio (Seong-
nam, Korea). The mice were housed five per cage in a clean
rack maintained at room temperature (22-26°C) under 
a 12-hour light/dark illumination cycle. On the day they
were scheduled for sacrifice, the mice were anesthetized with
isoflurane and sacrificed by cervical dislocation. All of the
experiments were performed in accordance with the Guide
for the Care and Use of Laboratory Animals of the National
Cancer Center (NCC) and approved by the NCC Animal
Care Committee (approval number: NCC-12-050E). 

2. Cell lines

The human gastric cancer cell lines, SNU-16, SNU-484, and
SNU-668, were purchased from Korean Cell Line Bank
(KCLB, Seoul, Korea). The human liver cancer cell lines, 
SK-Hep-1, HepG2, and Hep3B, were obtained from Ameri-
can Tissue Culture Collection (ATCC, Manassas, VA). All of
the cancer cell lines were adapted to RPMI 1640 (WelGENE,
Daegu, Korea) containing 10% fetal bovine serum (FBS)
(WelGENE) and maintained as monolayer cultures at 37°C
in a humidified, 5% CO2 environment.

3. Drugs 

Two anticancer drugs, paclitaxel and flavopiridol, were
purchased from Sigma Aldrich (Buchs, Switzerland). 
The drugs were dissolved in 10% dimethyl sulfoxide
(DMSO). The mice received intraperitoneal injection with 
paclitaxel (30 mg/kg) or flavopiridol (5 mg/kg) four times
daily for the hollow fiber assays and five times daily for the
xenograft assays. Mice in a vehicle control group received
10% DMSO in saline. EW7197 (US patent 8080568), a novel
small organic compound, was kindly provided by Dr. 
Dae-Kee Kim [9]. This compound was administered orally
to mice using the gavage technique at a dose of 40 mg/kg
four times daily for the hollow fiber assay and five times
daily for the xenograft assay.  

4. Hollow fiber assay

Each mouse received six polyvinylidene fluoride (PVDF)
hollow fibers (S9320101, Spectrum Laboratories, Rancho
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Dominquez, CA), representing three stomach or liver cancer
cell lines, subcutaneously and intraperitoneally, as described
previously [3]. There were three mice per paclitaxel-treated
group and three mice per vehicle control group. Briefly,
PVDF hollow fibers with inner diameters of 1.0 mm and 
a molecular weight cutoff of 500 kDa were individually
flushed and incubated in 70% ethanol at room temperature
for at least 72 hours. After washing with deionized water, 
the fibers were autoclaved and flushed with RPMI 1640 
containing 20% FBS. The cell lines were harvested with
trypsin/ethylenediaminetetraacetic acid, pelleted by 
centrifugation, resuspended in conditioned medium, and 
diluted with RPMI 1640 containing 20% FBS. The optimal cell
suspension density showing linearity in the growth of each
cell line in the fibers during the experimental periods is
shown in Table 1. The fibers were filled with the cell suspen-
sions using a 20-gauge needle. Each fiber was then heat
sealed by clamping preheated smooth-jawed needle-holders
across the fiber every 2 cm along its length. The samples were
incubated for one, two, or three nights depending on the
growth potential of each cell line in the fiber at 37°C in a 5%
CO2 incubator prior to implantation into 7- to 10-week-old
female Balb/C (nu/nu) mice. The implantation was perfor-
med while the mice were under inhalational isoflurane anes-
thesia on day 0. Three subcutaneous fibers containing the
three stomach or three liver cancer cell lines were implanted
by caudal insertion of a trocar containing fibers through 
a skin incision made at the nape of the neck. Three intraperi-
toneal fibers containing the three stomach or the three liver
cancer cell lines were also inserted into the peritoneal cavity
of the same mice in a craniocaudal direction using an incision
through the abdominal wall. Two layers of sutures were
used to close the abdominal incision. To identify the growth
potential of the cell line, the viable cell mass in the fibers was
estimated on day 5. In vitro control fibers were also prepared
and incubated in the same media during the experiment.

Drug treatment started three or four days after implanta-
tion of the hollow fiber according to the growth potential of
each cell line in the fiber following implantation. The drugs
were administered once daily for four days. The mice were

sacrificed one day after the last drug treatment. MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyletrazolium bromide) dye
conversion assays were performed in order to define the 
viable cell mass within the fiber, as described previously [3].
The hollow fiber activity of the agents was defined as the
changes in the viable cell mass in fibers from compound-
treated and vehicle-treated mice.

To determine whether the hollow fiber conditions were 
optimized, we tested two chemical compounds, EW7197 and
flavopiridol, using SNU-16 human stomach cancer cells.
EW7197 and flavopiridol were administered orally and 
intraperitoneally, respectively.

5. Xenograft assay 

The tumor cells lines (107 cells in 100 µL of serum-free
RPMI) were mixed with equal volumes of Matrigel (BD 
Biosciences, Bedford, MA) and injected into the subcuta-
neous flank tissue of NOD/SCID mice. Once formed, the 
tumors were harvested and fragmented into 3 mm tissue 
sections and serially transplanted into the subcutaneous
flank tissue of a larger number of NOD/SCID mice for 
examination of the xenograft activity of the drugs. All 
subsequent experiments were performed during the third
(SNU-16, SNU-668, SK-Hep-1, HepG2, and Hep3B) or fourth
(SNU-484) in vivo passage. The tumor volume (V) was 
calculated using the following equation: V=1/2×a×b2, where
a and b are the longest and the shortest diameters of the
tumor mass (in millimeters), respectively [6]. When the 
tumors reached approximately 100 mm3, mice harboring 
tumors of similar sizes were staged using random numbers
generated using SAS ver. 9.1.3 (SAS Institute Inc., Cary, NC).
There were three mice per drug-treated group and three mice
per vehicle control group. After staging, either the drugs or
the vehicle control was given to the mice for five consecutive
days at the same dose and by the same routes used in the
hollow fiber assay.

Responses of the tumors to the drugs were evaluated using
percent treated/control (% T/C), as determined by dividing
the median tumor volume of the treatment group (T) by that

Table 1. Inoculation density and schedule

Cell line Cell density (cells/mL)
Schedule (day after fiber implantation)

Preparation Implantation Drug treatment Harvest

SNU-16 1×106 Day ‒1 Day 0 Day 4-7 (daily) Day 8

SNU-484 1×106 Day ‒3 Day 0 Day 4-7 (daily) Day 8

SNU-668 1×106 Day ‒3 Day 0 Day 4-7 (daily) Day 8

HepG2 5×105 Day ‒2 Day 0 Day 3-6 (daily) Day 7

Hep3B 3×106 Day ‒1 Day 0 Day 3-6 (daily) Day 7

SK-Hep-1 2×106 Day ‒2 Day 0 Day 3-6 (daily) Day 7
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of the negative control group (C) on the day of measurement.
If a tumor showed regression, % T/C was defined as the 
negative of the percentage of decrease in the median tumor
volume of the treatment group (T) relative to the baseline
volume on the day of measurement. The optimal (minimum)
value of % T/C during the first seven days of treatment was
used to quantify the xenograft activity of the drugs in each
cell line xenograft. 

6. Statistical analysis

Any statistically significant difference was compared using
the unpaired two-tailed Student’s t-test. In addition, Pear-
son’s correlation test was used to examine the association 
between the activities of the hollow fiber and those of the
xenograft. Statistical analysis was performed using Prism 4.0
ver. 4.0 (GraphPad Software, San Diego, CA). A p-value less
than 0.05 was considered statistically significant.

Results

Due to the difference in the growth potential inside the
fibers of each cell line, the proper density showing continued
growth in the fibers during the experimental periods needs
to be determined [3]. Using the inoculation densities and the
schedules shown in Table 1, all of the cell lines showed 
continued growth in the fibers until harvesting, as indicated
by the larger quantities of viable cell mass in the day 7 and
day 8 fibers than in the day 5 fibers of saline-treated mice
(data not shown).

Figs. 1 and 2 show the results of the hollow fiber and the
xenograft assay of the stomach and liver cancer cell lines.
SNU-16 and SNU-484, but not SNU-668, showed decreases
of greater than 50% in viable cell masses within the intraperi-
toneal hollow fibers following treatment with paclitaxel, and
HepG2 and SK-Hep-1 showed a decrease of 57% and 35%, 
respectively. Hep3B showed no difference in viable cell
masses within the intraperitoneal hollow fibers following
treatment with paclitaxel, and the treatment had less 
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Fig. 1. Intraperitoneal hollow fiber and xenograft activities of paclitaxel in gastric cancer cells. Error bars are presented as
standard deviation.
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dramatic effects on all of these cells in the subcutaneous 
hollow fibers. This finding is consistent with the pharmaco-
kinetics of paclitaxel reported in other cell lines [3-5].

All of the cell lines readily formed xenograft tumors in the
subcutaneous flank tissues of NOD/SCID mice (100% take
rates [5/5] in all cell lines). The SNU-16 and SNU-484 cell
lines, but not the SNU-668 cell line, showed tumor regression
following treatment with paclitaxel, with positive xenograft
activities of ‒60% and ‒70%, respectively. Although these
cell lines did not show tumor regression, effective tumor 
responses were observed in HepG2 and SK-Hep-1, but not

Hep3B, following treatment with paclitaxel.
Tables 2 and 3 show the correlations between the hollow

fiber assay and the xenograft assay. Consistent with the 
results of the intraperitoneal hollow fiber assay, SNU-16,
SNU-484, HepG2, and SK-Hep-1, exhibiting positive hollow
fiber activities, showed effective tumor responses to pacli-
taxel in the xenograft cell lines. Paclitaxel did not exhibit 
significant xenograft activity against the SNU-668 and Hep3B
cell lines. This finding is consistent with paclitaxel not show-
ing significant hollow fiber activity in these cell lines. 
The xenograft activities of paclitaxel showed good correla-
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Fig. 2. Intraperitoneal hollow fiber and xenograft activities of paclitaxel in hepatocellular carcinoma cells. Error bars are 
presented as standard deviation.

Table 2. Intraperitoneal and subcutaneous HF activities versus xenograft activities in gastric carcinoma cell lines

SNU-484 SNU-16 SNU-668

Intraperitoneal HF (% decrease) ‒69 ‒53 ‒12

Subcutaneous HF (% decrease) ‒27 ‒25 ‒2

Xenograft (optimal % T/C) ‒60 ‒70 76

HF, hollow fiber; T/C, treated/control.
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tion with the intraperitoneal hollow fiber activities (Pearson
correlation, 0.94) in the stomach cancer cell lines and with
the intraperitoneal hollow fiber activities (Pearson correla-
tion, 0.99) in the hepatocellular carcinoma cell lines.

Discussion

In routine hollow fiber screening, the US NCI Develop-
mental Therapeutics Program uses a standard panel of 12
tumor cell lines, representing six different histologies, 
selected according to the expected behavior of their corre-
sponding xenograft. The cell lines include NCI-H23 and NCI-
H522 (non-small cell lung), MDA-MB-231 and MDA-MB-435
(breast), SW-620 and COLO 205 (colon), LOX and UACC-62
(melanoma), OVCAR-3 and OVCAR-5 (ovary), and U251
and SF-295 (glioma) [3]. These cells, at densities of 2-10×106

cells/mL depending on the growth potential in the hollow
fibers of the cell lines, are placed in hollow fibers, which are

inserted into peritoneal cavities and subcutaneous tissues of
mice. The mice receive intraperitoneal injection with one of
two doses of the experimental compounds, vehicle controls,
or a positive control. This assay is validated using standard
anticancer agents and should show positive hollow fiber 
activities as those agents with a 50% or more reduction of the
vehicle control. Due to its broad spectrum of antitumor 
activities, paclitaxel is used as a positive control in hollow
fiber assays [10,11]. Experimental compounds were consid-
ered to have an effect on a particular fiber if there was a 50%
or greater reduction compared with the vehicle controls [3].
Compounds showing positive hollow fiber activity were 
considered for a follow-up xenograft test.

In the current study, the SNU-16 and SNU-484 stomach
cancer cell lines showed a reduction in net growth of greater
than 50% in paclitaxel-treated samples compared to vehicle
control samples at the densities and schedules described
herein. The HepG2 and SK-Hep-1 hepatocellular carcinoma
cell lines showed a reduction of 57% and 35%, respectively.
These cells formed xenografts in nude mice, and the
xenograft activities of paclitaxel in these cells showed good

Table 3. Intraperitoneal and subcutaneous HF activities versus xenograft activity in hepatocellular carcinoma cell lines

HepG2 SK-Hep-1 Hep3B

Intraperitoneal HF (% decrease) ‒57 ‒35 9.7

Subcutaneous HF (% decrease) ‒34 ‒15 ‒14

Xenograft (optimal % T/C) -54 -71 -93

HF, hollow fiber; T/C, treated/control.
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correlation with the hollow fiber activities.
The biological and molecular characteristics of these cells

were previously characterized [12-16]. Briefly, SNU-16 grows
as floating cells and has MYC gene amplification [12,13,15],
and SNU-484 grows as a monolayer and contains mutant p53
[14]. SK-Hep-1 has an endothelial origin and expresses both
vascular endothelial growth factor receptor-2 and fibroblast
growth factor receptor 1 [16]. HepG2 is often used as a tool
for screening the cytotoxicity of novel compounds because it
is well differentiated and shares many of the genotypic fea-
tures of normal hepatocytes [17,18].

EW7197, another small organic compound, and flavopiri-
dol were used in validation of our hollow fiber assay proto-
cols. EW7197, a 2-pyridyl substituted imidazole, is a thera-
peutic ALK5 inhibitor targeting cancer metastasis [9]. As
EW7197 inhibits the transforming growth factor-β signaling
pathway, it was expected not to exhibit any hollow fiber 
activities. In contrast, flavopiridol is a cyclin-dependent 
kinase inhibitor targeting cancer cell proliferation. Given its
proven in vivo antitumor activity [19], flavopiridol was used
as the positive control in the hollow fiber assay. At a biolog-
ically effective dose, EW7197 did not exhibit any hollow fiber
activity in the SNU-16 cell line. Consistent with the results of
the hollow fiber assay, this compound also did not exhibit
xenograft activity, whereas flavopiridol exhibited significant
xenograft and hollow fiber activity in the SNU-16 cell line
(Fig. 3). These results validate the utility of the stomach 
cancer hollow fiber assay protocol proposed in this paper.

In summary, we report on optimized hollow fiber assay
protocols for gastric cancer and hepatocellular carcinoma cell
lines. The hollow fiber assay protocols can be used for 
comparison of the efficacy of novel small molecules and 
paclitaxel. Compared with xenograft assays, hollow fiber 
assays save time (1-2 weeks vs. 4-6 weeks) and resources
while still predicting the xenograft activity of candidate small
molecules. Therefore, our protocols may be useful for screen-
ing candidate small molecules that may be active against 
gastric cancer and hepatocellular carcinoma, both of which

are common in Korea. 

Conclusion

Although stomach and liver cancers are the most common
cancers and a major cause of cancer-related deaths world-
wide, the standard hollow fiber assay panels do not include
these cancers. We have established the optimal conditions
for this assay using well-characterized gastric and hepatocel-
lular carcinoma cell lines. The hollow fiber assay activities
showed high correlation with those of the xenograft. Our
protocols may be useful for screening candidate small mole-
cules that may be active against gastric cancer and liver 
cancers, both of which are common in Korea.
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