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Genetic and Transcriptome Characterization of 
Model Zebrafish Cell Lines

SHUNING HE, ENRIQUE SALAS-VIDAL, SASKIA RUEB, S.F. GABBY KRENS,
ANNEMARIE H. MEIJER, B. EWA SNAAR-JAGALSKA, and HERMAN P. SPAINK

ABSTRACT

Compared with the increasing use of zebrafish as a model organism in many laboratories, zebrafish cell lines are
still unexploited and limited in application, partly due to their unknown genetic and physiological properties. We
characterize two zebrafish embryonic fibroblast cell lines, ZF4 and PAC2. We demonstrate the genetic stability of
these two zebrafish cell lines and achieved genetic manipulation by either lipid-mediated transfection or an elec-
troporation-based nucleofection method. Data from zebrafish chip analysis (Affymetrix) demonstrate unique char-
acteristics of these two cell lines in gene expression levels, showing that different zebrafish cell lines can be clas-
sified by their transcriptome profile. Their transcriptional responses to serum growth factor exposure suggest that
zebrafish fibroblast cell lines may be used to study processes related to wound-healing or cancer.
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INTRODUCTION

THE ZEBRAFISH (DANIO RERIO) has been suc-
cessfully used as a model organism for the

study of developmental genetics of vertebrates
because of its small size, rapid generation time,
and optically transparent embryos.1 Since ze-
brafish have innate and adaptive defense mech-
anisms against microbial infections that are 
similar to those of mammals, zebrafish are an at-
tractive experimental model for infectious dis-
ease and immunity.2–4

Although zebrafish have been used in many
laboratories to replace or to supplement stud-
ies in higher vertebrate models such as rodents,
in vitro analyses using zebrafish cell cultures
are still not as advanced as other model sys-
tems. Owing to the transparency of zebrafish
embryos and versatile cell implantation proto-
cols,5,6 zebrafish cell cultures can be used not
only for in vitro cellular analysis, but also as a
powerful tool for in vivo studies after cell im-
plantation into embryos.

Vertebrate cell lines have been used exten-
sively and successfully in a broad range of
fields from embryology to immunology and
cancer research. They can have applications for
obtaining sufficient amounts of tissues that are
hard to isolate or for which little tissue is avail-
able. However, many of the most commonly
used human or murine cell lines are trans-
formed, exhibiting different gene expression
and cell cycle profiles than those of cells in the
living organism.

In contrast, most of the known zebrafish cell
lines are untransformed embryonic cell lines.
As zebrafish is a relatively new model organ-
ism, only a few zebrafish cell lines have been
generated. ZF4, the first reported zebrafish cell
line that can be maintained in conventional
medium containing mammalian serum, was es-
tablished from 24 hour post fertilization (hpf)
embryos.7 In the early 1990s, Collodi et al. de-
veloped methods for culturing cells from early
stage zebrafish embryos and organs of adult
fish such as caudal and pelvic fins, gill, viscera,
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and liver.8 They derived the ZFL cell line from
a pool of �10 normal adult zebrafish livers9,10

and the ZEM2 cell line from blastula-stage em-
bryos.11 ZEM2S cells were derived from ZEM2
by selection for growth in a basal nutrient
medium. It was reported that zebrafish em-
bryonic cell lines derived from blastula and
gastrula stages remained pluripotent and
germ-line competent for multiple passages in
culture.12 Recently it was reported that some
zebrafish germ-line chimeras could be gener-
ated using short-term primary embryo cell cul-
tures.13,14 Fibroblast-like cell lines ZF13 and
ZF29 were generated by Zivkovic et al. and
were first used in the study of the early cellu-
lar ionic response to epidermic growth factor
(EGF).15 Around the same time, retroviral in-
fection was performed in the embryonic PAC2
cell line as the first success of retroviral vector
technology in zebrafish.16,17 Later, several fi-
broblast cell lines of the AB and SJD strains
were derived from amputated caudal fins of
adult zebrafish in 1999.18

One of the bottlenecks for further application
of zebrafish cell cultures is that a detailed char-
acterization and comparison of the existing ze-
brafish cell lines is lacking. Although some of
the zebrafish cell lines were established more
than 10 years ago, their genetic and physiolog-
ical properties are still not well known, which
limits their application. Moreover, the fact that
general gene expression profiles of zebrafish
cell lines have not been analyzed also makes it
difficult to perform advanced gene expression
assays in zebrafish cell lines. Therefore a good
characterization of zebrafish cell lines is re-
quired to build up cellular model systems and
to broaden their application, as in the case of

mouse and human cell lines. The recent ad-
vances in microarray gene expression profiling
offer an excellent opportunity to further char-
acterize zebrafish cell lines.

In this study, we describe the morphology
and physiology of two zebrafish embryonic cell
lines, ZF4 and PAC2. Their properties as trans-
fection hosts were tested and optimized, pro-
viding information for future studies, for in-
stance on gene expression and cell signaling.

To obtain a stable reference data set that can
be used as a public resource for comparison to
data from other research projects, we chose the
Affymetrix zebrafish GeneChip platform for
transcriptome characterization of the cell lines.
Our microarray data demonstrated unique
characteristics of ZF4 and PAC2 cell lines in
gene expression levels compared with adult ze-
brafish or 24 hpf embryos, and as well as their
transcriptional programs in response to serum
growth factor exposure. Comparable to the re-
sults obtained in human cell lines, serum treat-
ment of fibroblast cell lines was shown to have
interesting similarities with the transcriptional
responses in wound-healing and cancer.

RESULTS

Biologic characteristics of zebrafish cell lines

In this study two zebrafish embryonic cell
lines ZF4 and PAC2 were investigated as po-
tential models. The ZF4 fibroblast cell line was
established from 24 hpf zebrafish embryos by
Driever et al.7 and showed typical fibroblast
morphology (Fig. 1). The PAC2 cell line was
isolated from 24 hpf zebrafish embryos by
groups led by Chen and by Amsterdam.16,17 Al-

HE ET AL.442

FIG. 1. Microscopic analysis of EGFP-actin fusion in zebrafish cell lines. Confocal laser scanning analysis of ZF4 and
PAC2 cell lines transfected with a pEGFP-actin construct. An FHM cell line was used as a control.
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though described as a fibroblast cell line,16 it
did not show a clear fibroblast morphology in
our experiments and therefore it is not certain
they are fibroblasts. Both cell lines adhered
tightly to culture flasks in a monolayer sheet
under growth protocols (Table 1).

In order to confirm identity and exclude pos-
sible contamination of the cell lines we cloned
and sequenced one of their profilin genes. We
compared these sequences with the profilin 2A
gene cloned from a cell line from another fish
species, fat head minnow (FHM) (Pimephales
promelas), that has been grown for many pas-
sages in our laboratory. The comparison of an
83-nucleotide fragment shows that the profilin
2A genes cloned from the ZF4 and PAC2 cell
lines are identical to profilin of the Tuebingen
strain genomic sequence, whereas the profilin
2A sequence from the FHM cell line showed a
difference of 10 nucleotides (Fig. 2).

Flow cytometry analysis was performed to
test genetic stability of the zebrafish cell lines.
We used the FHM cell line as a control. Somatic
cells from adult zebrafish muscle were taken as
reference and showed a nuclear DNA with a
2C content of 3.86 pg, close to the value calcu-
lated from genomic sequence data.19 The nu-
clear DNA 2C contents of PAC2 and ZF4 cells
were 3.84 pg and 3.76 pg, respectively, similar
to the muscle cells. However, the FHM cell line

showed a significantly lower amount of DNA,
yielding a 2C value of 1.86 pg.

Transfection of zebrafish cell lines using a lipid
transfection reagent

Transfection of foreign DNA into vertebrate
cell lines has been used as an essential tool for
numerous biological studies. Many methods
have been developed to achieve gene delivery,
such as calcium phosphate, liposome-mediated
gene transfer, electroporation, and viral meth-
ods. It has been reported that certain zebrafish
cell lines can be used as transfection hosts.7,16,20

In this study, we tested the expression of a
green fluorescent protein (GFP)-fused actin
marker construct in ZF4, PAC2, and FHM cell
lines using the lipid transfection reagent Fu-
GENE 6 (Table 2). The GFP fluorescence local-
ized in actin filaments in all cell lines. Trans-
fection efficiency was determined by semi-
quantitative analysis using confocal laser scan-
ning fluorescence microscopy (CLSM). More
than 10% of transfected ZF4 cells showed a flu-
orescent signal, which is slightly lower than the
efficiency achieved in FHM cells. In the PAC2
cell line, only 5% of the cells showed detectable
fluorescence.

Stable integration of foreign DNA in cell lines
can be obtained by using antibiotic selection,

HE ET AL.444

TABLE 2. TRANSFECTION EFFICIENCIES OF FUGENE TRANSFECTION AND NUCLEOFECTION IN ZEBRAFISH CELL LINES

ZF4 PAC2 FHM

Transfection efficiency by FuGENE 15–20% 5% �20%
Transfection efficiency by nucleofaction �70% 40–50% Not tested
Optimized nucleofection solution V V —
Optimized nucleofection program T27 T27 —

Zebrafish cell lines were nucleofected with pmaxGFP, using two nucleofection solutions (T and V) and eight elec-
troporation programs (A23, A27, G16, O17, T01, T16, T20, and T27). After nucleofection, fluorescence expression 
levels and cell viabilities were analyzed to optimize the conditions.

FIG. 2. Comparison of fragments of profiling sequences from zebrafish and fat head minnow cell lines. For acces-
sion numbers of the sequences, see Materials and Methods. The profilin 2A sequence of the FHM cell lines are shown
to be identical to the EST with accession number DT354999.
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neomycin (G418) being the most widely used
selection reagent. We tested the cellular re-
sponse of ZF4 and PAC2 cell lines to different
doses of G418 (0.2, 0.4, 0.6, 0.8, and 1.0 mg/mL
in complete growth medium). ZF4 cells were
killed within 9 days by 0.8 and 1.0 mg/mL
G418, and PAC2 cells were killed within 10 days
by 1.0 mg/mL G418. Using 1.0 mg/mL G418
we were successful in obtaining stable trans-
fected cell lines of ZF4 expressing a GFP marker
gene after 20 days of selection (data not shown).

Efficient gene transfer in zebrafish 
cell lines by nucleofection

Nucleofection is a relatively new electropo-
ration-based transfection method. Cells are
suspended in specific nucleofector solutions

providing cell-friendly environments and for-
eign DNA is delivered directly into the nucleus
by electric pulses, which increases the trans-
fection efficiency in hard-to-transfect cell lines.
We performed this technique in ZF4 and PAC2
cell lines using the fluorescent protein express-
ing vector pmaxGFP, which is provided by
Amaxa as a positive control for nucleofection
optimization. We tested nucleofection solu-
tions T and V as supplied by Amaxa, and eight
electroporation programs with different
strength of electric field and length of electric
pulses. Nucleofection efficiency was deter-
mined by semi-quantitative analysis using
CLSM. Results showed that nucleofection can
be used for transfection in ZF4 and PAC2 cells,
providing a higher efficiency than liposome-
mediated transfection (Fig 3). Optimal nucleo-

GENETIC AND TRANSCRIPTOME CHARACTERIZATION 445

FIG. 3. Nucleofection in zebrafish cell lines. (A) Optimization of nucleofection in zebrafish cell lines using different
preprogrammed electroporation programs. ZF4 and PAC2 cell lines were nucleofected with pmaxGFP in Nucleofec-
tor solution V and 24 h after nucleofection, fluorescence was analyzed by fluorescent stereo microscopy. All photos
were recorded using a Leica DC500 camera using the same settings. (B) Optimization of nucleofection in ZF4 cell line
using different Nucleofector solutions. ZF4 cells were nucleofected with pmaxGFP in Nucleofector solution T and V,
by electroporation programs T20 or T27. Fluorescence was analyzed by confocal laser scanning microscopy 24 h af-
ter nucleofection. All fluorescent images were taken with the same settings.
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fection solutions and electroporation programs
for both cell lines are listed in Table 2.

Affymetrix microarray analysis of gene expression
in zebrafish cell lines

Transcriptome analyses of ZF4 and PAC2
cell lines were performed using the Affymetrix
GeneChip Zebrafish Genome Array (GeneChip
430). There are 15502 oligonucleotide sets on
each Affymetrix chip, 14895 of which can be
linked to a UniGene assignment (UniGene data
set 06-12-2005). Since both cell lines were de-
rived from 24 hpf zebrafish embryos, microar-
ray data of the cell lines were compared with
data obtained from adult zebrafish as well as
24 hpf zebrafish embryos and analyzed using
the same Affymetrix GeneChip.

Our results showed that the number of genes
for which significant expression was detectable
in ZF4 and PAC2 adult zebrafish and ZF4 and
PAC2 24 hpf embryos are different. The num-
ber of oligonucleotide sets with detectable sig-
nal in ZF4 and PAC2 adult zebrafish and ZF4
and PAC2 24 hpf embryos was 9360, 8460, 9513,
and 9768, respectively. The overlap of the ex-
pression data for all RNA sources is shown by
a Venn diagram (Fig. 4). There are 360 oligonu-
cleotide sets, representing 349 unique genes, that
gave a significant signal for both cell lines, while
the signal for these genes in adult fish or 24 hpf

embryos was not detectable. Three-hundred
fifty-one oligonucleotide sets (337 genes) were
detected only in the ZF4 cell line, not in any
other RNA sources, whereas 165 oligonucleotide
sets (161 genes) were only detected in the PAC2
cell line. These genes were manually mapped to
their putative human homologs and annotated
based on the public Gene Ontology (GO) anno-
tation. Table 3 shows the distribution of these
cell line-specific genes over different functional
categories. The detailed annotations and data for
these genes are presented in the ArrayExpress
database (www.ebi.ac.uk/arrayexpress/).

Gene expression profiles of ZF4 and PAC2 cell
lines in response to serum treatment

We also examined the gene expression pro-
files of ZF4 and PAC2 cell lines under differ-
ent culture conditions. Usually, serum in the
medium is required for maintaining a cell cul-
ture, but it is possible to maintain zebrafish cell
cultures in viable condition in the absence of
serum for �3 days.

In this study, ZF4 and PAC2 cells were
seeded in 0.5% or 1% fetal calf serum (FCS), re-
spectively, and grown to 85% confluence and
subsequently cultured for 24 hours without
serum. Then they were treated with either
medium without serum or medium with serum
(ZF4 in 10% FCS and PAC2 in 15% FCS). After

HE ET AL.446

FIG. 4. Venn diagrams showing
comparison of the number of se-
quences expressed in 24 hpf em-
bryos and adult fish. Microarray
data sets from different RNA
sources are represented by ellipses
outlined in different colors with
numbers of the genes in each clus-
ter. Numbers of genes present in
unions of different data sets are
underlined with colors represent-
ing each RNA source.
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6 hours, RNA was extracted from the cells and
analyzed using the Affymetrix chip as de-
scribed above. The resulting datasets were an-
alyzed using the Rosetta Resolver software
package to detect the numbers of differentially
expressed genes at different P values (Fig. 5).

The results show that ZF4 and PAC2 cell lines
had different expression profile responses in
the absence or presence of serum (Fig. 6). For
example, there was a 1.4-fold repression in the
expression of Txnip (thioredoxin interacting
protein, NM_200087) in ZF4 cells treated with

GENETIC AND TRANSCRIPTOME CHARACTERIZATION 447

TABLE 3. DISTRIBUTION OF CELL LINE-SPECIFIC GENES OVER DIFFERENT CATEGORIES

ZF4 PAC2
Functional category GO ID only only Joint

Apoptosis or cell proliferation GO:0006915; GO:0008283 9 2 13
Cell cycle GO:0007049 5 1 5
Cell differentiation GO:0030154 6 1 4
Cytoskeleton GO:0005856 9 2 5
Extracellular matrix metazoa GO:0005578 3 3 1
Membrane function GO:0016020 8 7 10
Metabolism protein GO:0019538 11 4 7
Metabolism nucleotide GO:0009117 13 2 11
Metabolism other GO:0044237 18 18 32
Signal transduction GO:0007165 31 19 40
Stress or immune response GO:0006955; GO:0006950 2 6 5
Transcription GO:0006350 18 6 17
Transporter activity GO:0005215 6 1 7
Other 12 10 20
Unknown GO:0000004; GO:0005554; 186 79 172

GO:0008372

GO terms are defined in the Gene Ontology Database (www.geneontology.org/).

2500

2000

1500

1000

500

0
down up down up down up down up down up down

3-fold2-fold

P<1.00E-2

3-fold2-fold

ZF4 PAC2
changedchanged
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P<1.00E-3
P<1.00E-4
P<1.00E-5

FIG. 5. Statistical analysis of microarray data. The graph displays the number of genes in ZF4 and PAC2 cell lines
that showed �2- or �3-fold upregulated or downregulated expression in response to serum at different P values, de-
termined by Rosetta Resolver software analysis.
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FCS compared to the serum-starved ZF4 cells,
but a 38.4-fold induction in PAC2 cells treated
with FCS compared to the serum-starved PAC2
cells. VEGF (vascular endothelial growth fac-
tor, NM_131408) was 3-fold upregulated in ZF4
cells in the presence of FCS, and 1.5-fold down-
regulated in the presence FCS in PAC2 cells.

Quantitative real-time PCR (qPCR) was per-
formed to verify the data obtained by microar-
ray analysis. We selected five genes that showed
differential expression and �-actin was taken as
reference (Fig. 6). The results of qPCR analysis
confirmed the expression change of the selected
genes demonstrated by microarray analysis and
they confirmed the unique gene expression pro-
files of the ZF4 and PAC2 cell lines.

DISCUSSION

In the present study we characterized the ge-
nomic stability and the transcriptome profile of
two zebrafish cell lines, ZF4 and PAC2, under
different cell culture conditions. Our detailed
analyses make these cell lines valuable for use
as model cell lines for zebrafish research. Since

zebrafish cell lines are easy to maintain at room
temperature they are also very attractive for
general microscopy applications outside the 
zebrafish field. The availability of the ZF4 cell
line in the American Type Culture Collection
(ATCC) makes this cell line very attractive for
standard analyses.

Transfection is an essential tool for numer-
ous in vitro applications including studies of
gene expression and intracellular cell signaling.
In comparison with many mammalian cell
lines, zebrafish cell lines have not been inten-
sively exploited for genetic manipulations. One
reason is that most cultured fish cells appear to
be sensitive to transfection reagents commonly
used in mammalian cell lines.21 We have
shown that transient and stable transfections
can be performed in ZF4 and PAC2 cell lines
by lipid-mediated transfection reagents. How-
ever, we noticed that under the same condi-
tions, transfection efficiencies achieved in ZF4
and PAC2 lines are lower than the efficiencies
achieved in other fish cell lines, such as FHM
and ZFL cell lines, and some widely used mam-
malian cell lines such as HEK293 and Jurkat cell
lines (data not shown).

HE ET AL.448

Chst11

microarray

Txnip

Glula

Stat1

Vegf

qPCR microarray qPCR

Fold-change in ZF4 by FCS Fold-change in PAC2 by FCSA

FIG. 6. Confirmation of microarray results
by qPCR. (A) Quantitative real-time PCR was
performed on five genes that showed differ-
ential expression in response to serum in ZF4
and PAC2 cell lines: Chst11 (carbohydrate sul-
fotransferase 11, NM_212824), Txnip (thiore-
doxin interacting protein, NM_200087), Glula
(glutamate-ammonia ligase a, NM_181559),
STAT1 (signal transduction and activation of
transcription 1, NM_131480) and Vegf (vascu-
lar endothelial growth factor, NM_131408).
Their fold-changes detected by microarray and
qPCR assay are listed in the table. Induction
by serum is indicated by a plus sign and re-
pression by serum is indicated by a minus
sign. (B) Bars represent the expression level
compared to the �-actin housekeeping gene.
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Since efficient gene transfer is required for
many applications in cell lines, we analyzed the
use of nucleofection, a recently developed elec-
troporation-based transfection method in ZF4
and PAC2 cell lines, and we report the suc-
cessful and efficient introduction of a GFP
marker construct in ZF4 and PAC2 cell lines by
nucleofection. Nucleofection appears to be a
highly efficient gene transfer method for the in-
troduction of genes into zebrafish cell lines, and
offers new opportunities for using zebrafish
cell lines in various research applications.

By comparing the gene expression profiles of
the ZF4 and PAC2 cell lines to the expression
profiles of 24 hpf zebrafish embryos and adult
fish, we revealed 847 genes that were detected
to be expressed in cell lines, including genes in-
volved in cell cycle and proliferation, cell dif-
ferentiation, metabolism, cytoskeleton dynam-
ics, signal transduction, and transcription.
These results are valuable for researchers in-
terested in studying these particular sets of
genes. In addition, our data showed both sim-
ilarity and cell-type specific differences at the
transcriptome level between the ZF4 and PAC2
cell lines. About 8000 genes present on the
Affymetrix zebrafish gene chip are commonly
transcribed in these two cell lines, whereas 1385
genes transcribed in the ZF4 cell line were not
transcribed in the PAC2 cell line. On the other
hand, 485 genes transcribed in PAC2 were not
detected to be transcribed in ZF4. It could be
considered surprising that these cell lines are
quite different in their expression profiles.
However, their appearance in cell cultures and
their transfection efficiencies are also quite dif-
ferent and therefore it is likely that the PAC2
cell line does not represent the same cell type
as ZF4. Further studies of these cell lines should
indicate the functional relevance of these dif-
ferent expression patterns. Our data has been
submitted to ArrayExpress (www.ebi.ac.uk/
arrayexpress/) to present a resource data set
that can be used as an open reference for com-
parison to data of other groups. It will be use-
ful to compare our data to future expression
data obtained from many different isolated tis-
sues, and in a complementary approach, with
data obtained from many other cell cultures.

Serum, the soluble fraction of coagulated
blood in vivo, is normally encountered by cells

involved in the wound healing response, which
has a proposed link with cancer progression.22

Studies of the genomic response of human fi-
broblast cells to serum and the wound-like
gene expression pattern in human cancers
show that many fibroblast serum-response
genes are coordinately regulated in diverse
types of cancers. For example, Chang et al. re-
ported that a set of core serum response (CSR)
genes repressed by serum in human fibroblasts
were mostly expressed in a reciprocal pattern
in tumors.22,23

In this study, we examined the gene expres-
sion profiles of the fibroblast ZF4 and PAC2 cell
lines in cultures with and without the presence
of serum, and discovered sets of genes in ze-
brafish fibroblast cell lines activated or re-
pressed by serum. Comparison of their profiles
showed that more than 1500 genes were regu-
lated in a common manner in both cell lines,
whereas �100 genes were regulated in a cell-
line–specific pattern.

Ontology annotation of the zebrafish fibrob-
last serum-response genes showed that a num-
ber of these genes are involved in processes re-
lated to wound healing—such as cell cycle and
proliferation, epithelial cell migration, and 
angiogenesis—similar to the human fibroblast
serum response. For example, we found that
zebrafish VEGF expression was 3-fold in-
creased by 6 hours of serum treatment in the
ZF4 cell line, which is similar to the 2-fold in-
crease of VEGF after 6 hours of serum treat-
ment in human foreskin fibroblasts reported by
Iyer et al.23 In contrast, expression of VEGF was
repressed in the PAC2 cell line by the serum
treatment, indicating that links with cancer
gene expression should be regarded in the con-
text of tissue specificity such that even fibro-
blast cell types might differ.

In recent publications it has been suggested
that, due to the conservation of expression pro-
files at different levels between fish and human
tumors, applying comparative transcriptome
profile analysis among evolutionary distant
species can reveal specific gene expression sig-
natures contributing to the molecular pathogen-
esis of human cancer.22,24,25 We believe that the
further study of responses of zebrafish fibroblast
cell lines to growth factors such as those present
in serum will benefit from the advantages of the
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zebrafish cell implant system.5,6 This will con-
tribute to cross-species validation of models of
molecular control mechanisms of cancer.

MATERIALS AND METHODS

Cell culture

ZF4 cells, ATCC CRL-2050, were grown at
28°C in a mixture of 90% 1:1 mixed Dulbecco
modified Eagle medium and Ham F12 medium
(containing 1.2 g/L sodium bicarbonate, 2.5
mM L-glutamine, 15 mM HEPES, and 0.5 mM
sodium pyruvate; Invitrogen-Gibco) and 10%
fetal calf serum (FCS, Invitrogen-Gibco).

PAC2 cells (supplied by Nick Foulkes) were
grown at 28°C in Leibovitz L-15 medium sup-
plemented with 15% FCS.

FHM cells, ATCC CCL-42, were maintained
at 28°C in medium consisting of 67% Leibovitz
L-15 (Invitrogen-Gibco) and 10% FCS.

Flow cytometric DNA measurement

Cells were plated in 6-well culture plates
(Greiner Bio-one GmbH) and cultured to con-
fluency. Cells were washed with PBS-EDTA
(PBS � 1 mM EDTA, Invitrogen-Gibco), resus-
pended in 100 �L PBS and 900 �L 100%
ethanol, and maintained at �20°C for at least
30 min. Prior to analysis, the cells were washed
again with 1 mL PBS-EDTA, resuspended to a
single cell suspension in 500 �L PBS-EDTA and
treated with 7.5 �M propidium iodide (Sigma-
Aldrich) and 10 �g/mL RNase A (Sigma-
Aldrich). After incubation at room temperature
for 20 min in darkness, cells were analyzed on
a CAII flow cytometer (Partec GmbH, Munster,
Germany). Agave stricta leaf was used as the in-
ternal standard (2C � 7.84 pg).20

Transfection in zebrafish cell cultures

Transfections were carried out using the Fu-
GENE 6 reagent (Roche) according to the man-
ufacturer instructions. Cells were seeded in a
4-well chamber slide system (Lab-Tek II, Ger-
man Coverglass) and allowed to grow to 70%
confluency. Before transfection, the medium
was removed from the cells and replaced by a
serum-free medium. For all transfections, 1 �g

of DNA and 3 �L of FuGENE 6 reagent were
combined in serum-free cell-specific medium.

After a 15 min incubation at room tempera-
ture, the DNA:FuGENE mixtures were applied
to the cells. After 4–6 hours, the cells were
washed with fresh medium to remove the Fu-
GENE.

Nucleofection in zebrafish cell cultures

DNA for nucleofection was prepared using
the GenElute endotoxin-free plasmid kit
(Sigma-Aldrich) according to the manufacturer
instructions; 2 � 106 cells were harvested and
resuspended in 100 �L of nucleofector solution
(Amaxa, Cologne, Germany) containing 5 �g
DNA for each nucleofection. The cell suspen-
sion was transferred into a kit-provided cuvette
and positioned into a nucleofector device. The
nucleofections were performed with a single
pulse using the preprogrammed nucleofection
programs according to the manufacturer in-
structions. After the nucleofection, cells were
transferred into 4-well chamber slides (Lab-Tek
II) containing prewarmed medium using kit-
provided plastic pipettes.

RNA isolation from adult zebrafish, embryos, 
and cell cultures

ZF4 and PAC2 cells were seeded in T75 flasks
(Greiner Bio-one) and sampled at 95% conflu-
ence. Adult zebrafish or 24 hpf zebrafish em-
bryos (provided by Dr. Georg Otto) were ho-
mogenized in liquid nitrogen. Total RNA
samples were extracted using Trizol reagent
(Invitrogen) according to the manufacturer in-
structions. To remove genomic DNA, RNA sam-
ples were incubated at 37°C for 15 min with 10
units of DNaseI (Roche). Then the RNA samples
were purified over RNeasy columns (Qiagen)
according to the RNA cleanup protocol in the
RNeasy mini-handbook (Qiagen).Total RNA
concentrations were determined spectrophoto-
metrically using a biophotometer (Eppendorf).
Optical density A260/A280 ratios of all samples
ranged from 1.8 to 1.9, indicating high purity.

cDNA synthesis

cDNA synthesis was performed using a
TGradient Thermocycler 96 (Whatman Biome-
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tra) according to the manufacturer’s instruc-
tions. RNA samples were identical to those
used for microarray hybridization. Reactions
were performed in a 20 �L mixture of 150 ng
RNA, 4 �L of 5� iScript Reaction mix (Bio-Rad)
and 1 �L of iScript Reverse Transcriptase (Bio-
Rad). The reaction mixtures were incubated at
25°C for 5 min, 42°C for 30 min, and 85°C for
5 min.

Polymerase chain reaction (PCR)

PCR reactions were performed using a
PerkinElmer PCR machine according to the
manufacturer instructions. Reactions were per-
formed in a 50 �L volume consisting of 1 �L
cDNA, 4 �L of 2.5 mM dNTP (Bio-Rad), 3 �L
MgCl2, 25 pmol of gene-specific primers, 1 �L
Taq polymerase (Roche), and 5 �L 10� Tag
polymerase buffer. Cycling parameters were
94°C for 3 min, 40 cycles of 94°C for 30 sec, fol-
lowed by 55°C for 1 min and 72°C for 1 min,
and final elongation for 10 min at 72°C. The 
sequences of forward and reverse primers 
for profilin 2A were 5�-GGCCTTTTTCACC-
AGTGGACTGACT and 5�-GAAACATTGT-
ATGTCGGCTCTCCATT (accession number
AW422722).

Hybridization of Affymetrix microarrays

Total RNA (2 �g) was used for first and sec-
ond strand cDNA synthesis as described in the
Affymetrix GeneChip Expression Analysis
Technical Manual. For each condition, biologi-
cal duplications were taken. The resulting dou-
ble-stranded cDNA was used as a template for
biotin labeling with the MEGAscript T7 kit
(Ambion) according to the manufacturer in-
structions. Hybridization and scanning were
performed according to standard Affymetrix
protocols. Equal amounts of labeled cRNA
were used per zebrafish GeneChip array. The
3�/5� ratio values for GADPH were below the
acceptable level of 2 in all experiments. The
number of present calls varied between
60–75%.

Microarray data analysis

Affymetrix GeneChip data were extracted
and normalized using Affymetrix GCOS soft-

ware. The data has been submitted to ArrayEx-
press (www.ebi.ac.uk/arrayexpress/) and were
assigned accession numbers E-MEXP-736 and
737. For analysis, data outputs were imported
into Rosetta Resolver 5.0 (Rosetta Inpharmatics
LLC). Individual arrays were normalized using
default settings. After that, replicate intensity
profiles were combined using the default inten-
sity experiment builder in the Rosetta Resolver
system (info.rosettabio.com/). For the dataset
shown in Figure 5, cells treated with FCS were
compared against pre-starved cells and ratio ex-
periments were built using the experiment def-
inition in the Rosetta Resolver system.

qPCR

The Chromo4 four-color real-time PCR de-
tection system (Bio-Rad Laboratories, Her-
cules, CA) was used to perform qPCR accord-
ing to the manufacturer instructions.
Gene-specific primers for qPCR were designed
to generate single gene-specific amplicons of
75–150 nucleotides. Reactions were performed
in a 25 �L volume composed of 1 �L cDNA,
12.5 �L of 2� iQ SYBR Green Supermix (Bio-
Rad), and 10 pmol of each primer. Cycling pa-
rameters were 94°C for 3 min to activate the
polymerase, followed by 40 cycles of 94°C for
15 sec and 59°C for 45 sec. Fluorescence mea-
surements were taken at the end of each cycle.
Melting curve analysis was performed to ver-
ify that no primer dimers were amplified.

All reactions were done in duplicate or trip-
licate and the threshold cycle values (CT)26

were plotted against the base 10 log of the
amount of cDNA by using Opticon Monitor 3.1
(Bio-Rad) according to the manufacturer in-
structions. For evaluation of PCR efficiencies of
all primer sets standard curves were generated
using serial diluted cDNA samples (dilution
factors of 1, 5, 25, 125, and 625) and strong lin-
ear correlations between the CT values and the
log of input cDNA amounts were obtained, in-
dicating correlation coefficients ranging from
98% to 101%.

Data were normalized using the Genex
macro provided by Bio-Rad; �-actin was taken
as the reference and it showed unchanged ex-
pression levels between starved and FCS-
treated cells based on both microarray and
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qPCR data. Sequences of forward and reverse
primers were 5�-CGAGCAGGAGATGGGAA-
CC and 5�-CAACGGAAACGCTCATTGC for
�-actin (accession number AF057040), 5�-AG-
GAAATGCGGGAAGATGGTG and 5�-CATA-
GGTGCGGATGTGATAGTTG for glutamate-
ammonia ligase a (accession number NM_
181559), 5�-GGAGGTGACCAGAGTGATG and 
5�-CTGTTGGATGTTCGTCTAGTTGG for Txnip
(accession number NM_200087), 5�-AGTAT-
GAGACTCTGGAGGATGATG and 5�-TTG-
GCAAACGATGGGAAGC for carbohydrate
sulfotransferase 11 (accession number NM_
212824), 5�-GCGGCTCTCCTCCATCTG and 5�-
ACATCCATGAAGGGAATCACATC for VEGF
(accession number NM_131408), 5�-CAAGA-
CAATCCTGTTTCAATGGC and 5�-TCGGT-
GTTGGACTCTCTGAC for STAT1 (signal
transduction and activation of transcription 1,
accession number NM_131480).
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