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Abstract

Metastasis is the leading cause of death in patients with cervical cancer. In this report, we establish novel fluorescent HeLa
tumor metastasis models to determine whether HeLa transfected with the enhanced red fluorescent protein (DsRed2) gene
in vitro and xenotransplanted through subcutaneous, intraperitoneal, or intravenous route into SCID mice would permit the
detection of tumor micro-metastasis in vivo. Our results showed that DsRed2 insertions did not interfere the tumorigenic
properties of HeLa cells. We also demonstrated that DsRed2-transduced HeLa cells maintained stable high-level DsRed2 ex-
pressions during their growth in vivo. DsRed2 fluorescence clearly demarcated the primary seeding place and readily allowed
for the visualization of distant micro-metastasis and local invasion at the single-cell level. Lung metastasis, the major cause
of cervical carcinoma related death, was found in all three models. However, intravenous injections of the HeLa-DsRed2
cells established tumor foci in the lung, while subcutaneous and intraperitoneal injections only established lung metastasis
at single-cell levels. The DsRed2 tagged HeLa cancer model allowed detection and investigation of physiologically relevant
patterns of cancer invasion and metastasis in vivo.

Introduction

Carcinoma of the cervix is the second leading cause of
cancer death in women worldwide and remains a leading
cause of mortality among women of reproductive age in
developing countries. An estimated 500,000 new cases are
diagnosed worldwide each year [1]. Cervical carcinoma
arises in women infected with HPV3 and progresses through
a multistage process of carcinogenesis [2]. One of the lead-
ing causes of cervical cancer death is metastasis. The lung,
brain, liver, ovary, and peritoneum are the most common
sites for cervical cancer metastasis [3–11]. However, the
biology of metastasis in these organs is poorly understood
due to the lack of a good animal model. The cellular and
molecular changes associated with cancer in animal models
for human neoplastic disease are potential keys to under-
standing disease mechanisms. Several cervical carcinoma
animal models have been established [12–14]. However,
the early stages of tumor progression and micro-metastasis
formation have been difficult to analyze because of the

Correspondence to: Michael Hsiao, Department of Medical Education and
Research, Kaohsiung Veterans General Hospital, 386 Ta-Chung 1st Rd,
Kaohsiung 813, Taiwan.
Fax: +886-7-3468056; E-mail: mhsiao@isca.vghks.gov.tw

inability to identify small numbers of tumor cells against the
background of the host tissue.

Reporter genes such as β-galactosidase, chlorampheni-
col acetyltransferase and luciferase have played major roles
in understanding the molecular mechanisms of gene expres-
sion in cultured cells and in transgenic animals. Reporter
genes have also been critically important in designing and
characterizing delivery systems for gene transfer into so-
matic tissues in animals. However, measurement of these
reporter genes in living animals requires invasive tissue sam-
pling; either biopsy or death. Green fluorescent protein
(GFP), produced from the jellyfish Aequorea Victoria, al-
lows direct visualization of proteins in living cells without
the need for harsh fixation methods, which can be plaqued
by artifacts. It has been used for repetitive, non-invasive
reporter-gene imaging in living cultured cells, single cell
organisms and multi-cellular organisms transparent to light
[15, 16]. The introduction of the green fluorescent protein
(GFP) has had a major impact on the field of tumor cell biol-
ogy. It has enabled the dynamics of a wide variety of tumor
cells to be analyzed for such tumor behaviors as growth, in-
vasion, and metastasis, which could not otherwise be easily
detected and monitored in vivo [17–20].
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Recently, a red fluorescent protein gene with homol-
ogy to GFP (drFP583) was cloned from Discosoma coral
[21], and a humanized version of drFP583, called DsRed,
is now commercially available. Even though DsRed shares
only 30% amino-acid similarity with GFP, the two crucial
residues (tyrosine-66 and glycine-67) that contribute to the
chromophore of GFP are conserved. DsRed has an emis-
sion maximum of 583 nm. Fully matured DsRed, excited at
its 558-nm absorbance maximum, emits a brilliant red light
that is similar to rhodamine dyes in terms of wavelength and
brightness [22, 23]. Two orthotopic tumor models express-
ing red fluorescent protein have been recently established
[24, 25].

In this study, we used the newly available DsRed2 vari-
ant to establish a red fluorescent protein gene that can be
included in HeLa cervical cancer metastasis models using
SCID mice. We also determined the DsRed2 insertion ef-
fects in HeLa cells and the patterns of tumor metastasis
after subcutaneous, intraperitoneal, or intravenous injection
of DsRed2-HeLa cells.

Materials and methods

DsRed2 expression vector constructions

The pDsRed2-C1 vector containing the enhanced red flu-
orescent protein gene was purchased from CLONTECH
(Clontech, Palo Alto, California, USA). To construct the
DsRed2-containing pCI-Neo vector, pDsRed2-C1 was di-
gested with EcoRI and NotI. The pCI-Neo vector was
digested with EcoRI and NotI. The DsRed2 cDNA frag-
ment was then unidirectionally subcloned into pCI-Neo. The
resulting pCIDsRed2-Neo vector was used to transfect a cer-
vical cancer cell line. The same strategy was also used to
generate pCIEGFP-Neo vector from pEGFP-C1.

Cell culture, transfection, and stable clone establishment

The human cervical-cancer cell line HeLa was obtained
from ATCC. HeLa cells were cultured in DMEM (GIBCO)
supplemented with 10% bovine calf serum (HyClone, Lo-
gan, Utah, USA), 2 mM L-glutamine, 100 units/ml peni-
cillin, and 100 µg/ml streptomycin. H1299 cells were in-
cubated in a humidified incubator at 37 ◦C with 5% CO2.
For transfection, the medium was removed, 70% conflu-
ent HeLa cells in 100-mm culture dishes were washed two
times with HEPES buffer. Thereafter, HeLa cells were incu-
bated with a mixture of liposome transfection reagent (10 µg
pCIDsRed2-Neo, pCIEGFP-Neo, or pCI-Neo plasmid DNA
in 1.5 ml HEPES buffer + 100 nM DOTAP/Cholesterol
liposome in 1.5 ml Hepes buffer) for 4 h before being replen-
ished with fresh medium. Forty-eight hours after transfec-
tion, Hela cells were examined by fluorescence microscopy
for the presence of DsRed2 or EGFP positive cells. For se-
lection of DsRed2, EGFP, or vector control transductants,
cells were cultured in a selective medium containing 800
µg/ml of G418 for 7 days or until the mock transfected cells

died. DsRed2 or EGFP gene-expressed cells were main-
tained in the selection medium containing 200 µg/ml of
G418. Clones expressing EGFP (H1299-EGFP) were iso-
lated with cloning cylinders (Bel-Art Products, Pequannoch,
New Jersey, USA) by trypsin/EDTA, and were transferred
and amplified by conventional culturing methods. A total
of 10 high DsRed2-expressing clones were selected and ex-
panded. These clones were pooled and used to establish in
vivo tumors in SCID mice.

In vitro and in vivo growth curves

HeLa, HeLa-VC, HeLa-DsRed2, or HeLa-EGFP cells were
seeded at 1 × 105 cell in 12-well plates in triplicates. The
cells were harvested and counted every 24 h for a total of
5 days, after which the in vitro growth curves were deter-
mined. To determine the in vivo growth potentials, HeLa,
HeLa-VC, HeLa-DsRed2, or HeLa-EGFP cells were grown
without G418 for 48 h. Thereafter, 2 × 106 cells were
injected into the flanks of SCID mice. Six mice contain-
ing six injections of each HeLa, HeLa-VC, HeLa-DsRed2,
or HeLa-EGFP cells were selected. Tumor volume was
measured every week until death. Standard deviations and
statistics were calculated to generate in vitro and in vivo
growth curves.

Colony forming assay

HeLa, HeLa-VC, HeLa-DsRed2, or HeLa-EGFP cells were
seeded at 5 × 102 cells in 10-cm plates in triplicates. Cells
were allowed to grow in medium without G418 for two
weeks. The colonies were washed with PBS, stained with
0.75% crystal violet in methanol for 30 min, and then
counted. The data was generated from triplicate experi-
ments.

Establishment of HeLa-DsRed2 metatstasis in SCID mice

SCID mice were anesthetized with an intramuscular in-
jection containing a cocktail of ketamine, 22–44 mg/kg,
xylazine, 2.5 mg/kg, and acepromazine, 0.75 mg/kg [26].
5 × 106 HeLa-DsRed2 cells were diluted in 0.1 ml of
PBS and injected into SCID mice through subcutaneous,
intraperitoneal, or intravenous routes to establish tumor
metastasis.

Optical image analysis of DsRed2-HeLa tumor metastasis

After tumors were established in SCID mice, the perfor-
mance status of the mice began to decrease. The animals
were sacrificed and subjected to fluorescent microscopy
examinations when clinical symptoms of terminal illness
appeared. The fresh tumors and all major organs were
examined for the presence of fluorescence directly under
a Zeiss inverted fluorescent microscope equipped with a
100 W mercury lamp power supply, Red fluorescence filter
sets (Chroma Technology, Brattleboro, Vermont, USA), and
NIKON CoolScan 95 digital camera. Images were captured
at the resolution of 1600 × 1200 pixels and transferred di-
rectly to a PC for analysis. In addition, the time of death



DsRed2 inserted cervical carcinoma metastatic models 123

Figure 1. DsRed2 gene expressions in HeLa cells, in vitro growth curves, and colony forming assay. Human cervical-cancer cell line HeLa was transfected
with pCIDsRed2-Neo expression vector, which expresses DsRed2 and the neomycin resistance genes. Stable, high-expression clones were selected in
800 µg/ml G418. (A) left. daylight picture of HeLa-DsRed2 cells (200×); right. HeLa-DsRed2 picture under fluorescent microscope with rhodamine
filter (200×). Note all cells express uniform and strong red fluorescence. (B) In vitro tumor growth curves of HeLa-DsRed2 cells and controls. 5 × 104

cells were plated in 6 cm culture dish in triplicates to determine in vitro growth curves. Note no statistical differences were found in HeLa, HeLa-VC,
HeLa-EGFP, and HeLa-DsRed2 cells. (C) Colony forming assay of HeLa-DsRed2 cells and controls. 500 cells were plated in 10 cm plate in triplicates.
Cells were allowed to grow without G418 selection until colony appeared. Total colony numbers were calculated. Colonies generated by Hela cells were
calculated as 100%. Note no statistical differences were found in HeLa, HeLa-VC, HeLa-EGFP, and HeLa-DsRed2 cells.

of the animals was also calculated to determine the survival
curves.

Histopathological analyasis

Primary tumors and all organs from different injection routes
were subjected to histopathological analysis. Tumors and
tissues were fixed in 3.7% formaldehyde, 5% glacial acetic
acid, and 72% ethanol for at least one day before proceed-
ing to paraffin embedding. Serial 4 µm sections were cut
and stained with hematoxylin and eosin for histopathological
examinations.

Statistical analysis

Survival analysis was determined by the Kaplan–Meier
method, and P -values were assessed by Student’s t-test.

Results

Characterizations of HeLa cells with stable and high-level
DsRed2 gene expression

To establish DsRed2, red fluorescent protein gene was in-
serted in the cervical cancer models and to determine the
tumorigenic characteristics of HeLa cells resulting from in-
sertional effects, DsRed2-, and neomycin-transduced HeLa
cells were selected for resistant cells under 800 µg/ml of
neomycin (G418) (Clontech, California, USA). Several high
DsRed2-expressing cell clones were selected. These selected
HeLa-DsRed2 cells had strikingly intense red fluorescence
that remained stable in the absence of selective agents after
more than 20 passages as compared to the vector control
(Figure 1A). Five clones of HeLa-DsRed2, HeLa-EGFP,
HeLa-VC cells were pooled to determine the growth po-
tentials and tumorigenicity in vitro and in vivo. Figure 1B
shows the results of the �in vitro growth curves. Even though
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Figure 2. In vivo growth curves of HeLa-DsRed2 and controls. 5 × 106

HeLa, HeLa-VC, Hela-EGFP, or HeLa-DsRed2 cells were injected in the
flanks of SCID mice. Since Hela cells induced fast in vivo tumor growth,
the tumor volumes were recorded once every three days to generate in vivo
growth curves. Note no statistical differences were noted in HeLa-DsRed2
tumors and controls.

HeLa-DsRed2 cells grew faster than HeLa-EGFP, HeLa-
VC, and HeLa cells, there were no statistical differences in
the proliferation powers of parental HeLa cells, HeLa-VC,
HeLa-EGFP, and HeLa-DsRed2 cells. In addition, colony-
forming assay results also showed no statistical differences
in HeLa, HeLa-VC, HeLa-EGFP, and HeLa-DsRed2 cells
(Figure 1C). The six SCID mice that received subcutaneous
injections of 2 × 106 HeLa-DsRed2, HeLa-EGFP, HeLa-
VC, or HeLa cells in the flanks were used to determine
the in vivo tumor growth curves. All of the mice were
found with subcutaneous tumors, ranging from 2500 mm3 to
7500 mm3 two weeks after injections (Figure 2). There were
no statistical differences in tumor volumes of HeLa-DsRed2
(4857±2138 mm3), HeLa-EGFP (4783±1869 mm3), HeLa-
VC (4239 ± 1682 mm3), and HeLa (4494 ± 1730 mm3).
Similar to in vitro growth curves results, HeLa-DsRed2 cells
also grew faster than HeLa-EGFP, HeLa-VC and HeLa cells
in vivo. However, the differences were not statistically sig-
nificant. These results show that DsRed2 gene insertions do
not interfere with the tumor growth potentials either in vitro
or in vivo.

Subcutaneous HeLa-DsRed2 tumors in SCID mice retained
high-level DsRed2 expressions and induced significant lung
metastasis

Human cervical carcinomas with systemic metastasis rep-
resent the end-stage of the disease. To determine whether
HeLa-DsRed2 cells induced metastasis after subcutaneous
injections, 5 × 106 HeLa-DsRed2 cells were injected into
the left flank of the SCID mice. Two weeks after HeLa-
DsRed2 cell injections, most of the mice were found to be
moribund. Optical imaging system was applied to visualize
red fluorescent tumors or tumor cells in SCID mice. The re-
sults showed strong and evenly distributed red fluorescence
in the subcutaneous tumors (Figures 3B and D) when com-
pared with their corresponding daylight images (Figures 3A
and C). The subcutaneous HeLa-DsRed2 tumor also showed

parental epithelial morphology by histopathological analysis
(Figures 4A and B). These results show that the existence of
red fluorescent protein in HeLa tumor cells remain stable and
do not interfere with the tumorigenicity or tumor growth in
vivo. The mice were further examined for the presence of
tumors in different organs. Extensive lung metastasis was
observed in these mice (Figures 3E–H, and Table 1). Ex-
ternal images showed many fluorescent HeLa-DsRed2 cells
in lung parenchyma (Figures 3F and H). Histopathological
analysis of the serial sections revealed that most of the HeLa-
DsRed2 cells were still at the single-cell level with round
morphology in the lungs (Figures 4C and D, white arrow-
head). Mild to moderate instances of tumor spread were
found in the heart, liver, stomach, spleen, kidney, and ovary.
The brain and intestines were not involved (Table 1).

External fluorescence image analysis of HeLa/DsRed2
tumors after intraperitoneal injections

5 × 106 HeLa-DsRed2 cells were injected into SCID mice
through the intraperitoneal route. Most of the mice were
found to have such clinical symptoms of terminal disease
as arched back, rough coat, breathing difficulty, or loss of
appetite 14 days after injections. These mice were examined
for the presence of HeLa/DsRed2 tumors using fluorescent
microscopy. External image analysis showed extensive in-
volvement of tumor foci or tumor cells in the abdominal
cavity (Figure 5 and Table 2). Tumor foci were found in
liver, kidney, spleen, stomach, and ovary (Figures 5B, D, F,
G, and I, respectively). HeLa/DsRed2 tumor cells were also
found in peritoneum (Figure 5L). Systemic involvement was
found in the lungs at the single-cell level (Figure 5N). Brain
involvement was found near blood vessels (Figures 5O–
P). Heart involvement was occasionally observed (Table 2).
Histopathological analysis of the serial sections showed
tumor foci established on the surface of liver, kidney, stom-
ach, and ovary (Figures 6A–H). Tumor cells were found
infiltrating into liver parenchyma (Figure 6B, arrowhead,
200×). Single-cell involvement of the HeLa/DsRed2 cells
were found in the peritoneum and lung (Figures 6J and L,
arrowhead, respectively). These histopathological findings
also confirmed the results of the external image analysis by
fluorescent microcopy.

External fluorescence image analysis of HeLa-DsRed2
tumors after intravenous injection

Metastasis patterns of HeLa-DsRed2 cells were also eval-
uated after intravenous injection of 5 × 106 tumor cells
into SCID mice. Mice at the terminal stage of disease were
sacrificed and evaluated for the presence of HeLa-DsRed2
tumor cells. External image analysis showed numerous tu-
mor foci in the lungs (Figures 7A–F and Table 3), which
was confirmed by H&E stain (Figures 8A–B, arrowhead).
Brain metastasis at the single-cell level was also detected
(Figures 7G–H and Table 3). Tumor cells were found on the
surface of the brain (Figure 7H). Histopathological analy-
sis of brain coronal sections also confirmed these findings
(Figures 8C–D, arrowhead). No other systemic organs were
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Table 1. Metastasis of DsRed2-expressing HeLa cells after subcutaneous implantation in SCID mice.

Tumor spread

Mouse # Brain Lung Heart Liver Stomach Intestine Spleen Kidney Ovary

1 – + + + + + – – – – –

2 – + + + + + – – + + –

3 – + + + – – – – – – –

4 – + + + ++ ++ + – – + –

5 – + + + – – – – – – –

6 – + + + ++ + – – ++ + +
7 – + + + – – – – – – –

8 – + + + + + + – ++ + –

9 – + + + – – – – – – –

10 – + + + ++ + – – + + +

5 × 106 DsRed2-HeLa tumor cells were injected into SCID mice a through subcutaneous route. Ani-
mals were sacrificed when moribund and fresh tissues were examined for tumor spread as indicated by
DsRed2 expression using inverted fluorescent microscope. + + +: extensive involvement. ++: moderate
involvement. +: mild involvement. –: no involvement.

Table 2. Metastasis of DsRed2-expressing HeLa cells after intraperitoneum implantation in SCID mice.

Tumor spread

Mouse # Brain Lung Heart Liver Stomach Intestine Spleen Kidney Ovary Peritoneum

1 – + – + + + + + + ++ – ++ ++ +
2 – + – ++ ++ + ++ – ++ –

3 – + – + + + + ++ – + + –

4 + ++ – + + + ++ + + + ++ ++ ++ +
5 + + + + + + + + + + ++ + + + ++ +
6 – + – ++ ++ ++ + ++ + +
7 – + – + + + ++ ++ – + + –

8 + + – + + + ++ + + + ++ ++ ++ +
9 – + + + + + ++ ++ + + + + ++ +

10 – + – ++ + + + ++ ++ ++ ++ –

5 × 106 DsRed2-HeLa tumor cells were injected into SCID mice through a intraperitoneal route. Animals were sac-
rificed when moribund and fresh tissues were examined for tumor spread as inducated by DsRed2 expression using
inverted fluorescent microscope. + + +: extensive involvement. ++: moderate involvement. +: mild involvement. –:
no involvement.

Table 3. Metastasis of DsRed2-expressing HeLa cells after intravenous implantation in SCID mice.

Tumor spread

Mouse # Brain Lung Heart Liver Stomach Intestine Spleen Kidney Ovary

1 + + + + – – – – – – –

2 – + + + – – – – – – –

3 + + + + – – – – – – –

4 – + + + – – – – – – –

5 – + + + – – – – – – –

6 – + + + – – – – – – –

7 + + + + – – – – – – –

8 – + + + – – – – – – –

9 – + + + – – – – – – –

10 – + + + – – – – – – –

5 × 106 DsRed2-HeLa tumor cells were injected into SCID mice through intravenous route. Animals were
sacrificed when moribund and fresh tissues were examined for tumor spread as indicated by DsRed2 expres-
sion using inverted fluorescent microscope. + + +: extensive involvement. ++: moderate involvement. +:
mild involvement. –: no involvement.
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Figure 3. External images of live tumors after subcutaneous injections of HeLa-DsRed2 tumor cells. (A–D) Live HeLa/DsRed2 subcutaneous tumors
were excised from the animal and imaged by inverted fluorescent microscopy. (A, C) Daylight pictures of subcutaneous tumors (40×). (B, D) The
same subcutaneous tumors observed under a fluorescent microscope with rhodamine filter (40×). (E–H) Detection of HeLa-DsRed2 lung metastasis after
subcutaneous injections. (E–F) Daylight and corresponding fluorescent pictures of lung metastasis (40×). (G–H) Daylight and corresponding fluorescent
pictures of lung metastasis (200×). Note extensive metastasis with either single cells or small cluster of cells in the lungs.

involved (Table 3). These results showed the lung to be the
preferred metastatic site for HeLa-DsRed2 cells after i.v.
injections.

To rule out the possibility that lung metatstasis was due to
DsRed2 insertional effects, 5 × 106 HeLa-EGFP tumor cells
were injected into SCID mice through intravenous route.

Similar lung metastatic foci were found in these SCID mice.
No statistical differences were found between the numbers
and sizes of HeLa-EGFP and HeLa-DsRed2 tumor foci (data
not shown).
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Figure 4. Histopathology of a HeLa-DsRed2 subcutaneous tumor and its lung metastasis. (A–B) Histopathology of HeLa-DsRed2 subcutaneous tumors
(H&E stain, (A) 40×, (B) 400×). (C–D) Histopathology of HeLa-DsRed2 lung metastasis (H&E stain, (C) 40×, (D) 400×). White arrowhead showed
large round HeLa tumor cells in lung parenchyma.

Comparisons of long-term survival time of SCID mice after
receiving subcutaneous, intraperitoneal, or intravenous
injection of HeLa-DsRed2 cells

Long-term survival curves were determined to investigate
whether implantations of HeLa-DsRed2 tumor cells through
different injection route (s.c., i.p., or i.v.) influenced the
survival of SCID mice. Emphasis was also placed on
the comparison of the survival curves of HeLa-DsRed2
with HeLa-VC to determine whether DsRed2 gene inser-
tion/expression in HeLa cells influenced mean survival time
of the SCID mice. Figure 9 showed all of the animals re-
ceived either subcutaneous or intraperitoneal injections of
5 × 106 HeLa-DsRed2 or HeLa-VC cells died within 16
days after injection. The mean survival time was 11.8 ± 2.3
days after subcutaneous injection and 13.1 ± 1.4 days after
intraperitoneal injection of HeLa-DsRed2 cells. A similar
mean survival time was found in HeLa-VC injected SCID
mice (HeLa-VC-sc, 12.3 ± 2.2 days, and HeLa-VC-ip,
13.6 ± 1.6 days). In comparison, intravenous injections of
HeLa-DsRed2 or HeLa-VC tumor cells resulted in statisti-
cally significant longer mean survival times of 34.0 ± 6.5
days or 34.2 ± 6.1 days respectively (P < 0.01 vs subcu-
taneous injection, P < 0.01 vs intraperitoneal injection).
Interestingly, intravenous injection showed more restricted
distributions of tumor metastasis (Table 3) as compared to
subcutaneous or intraperitoneal injections (Tables 1 and 2).
In addition, metastatic foci in lungs were only found after
intravenous injections while subcutaneous or intraperitoneal
injections induced lung metastasis at the single-cell level.
These observations may explain the longer mean survival

time of the SCID mice receiving intravenous injections of
HeLa-DsRed2 tumor cells.

Discussion

External imaging analysis of internally growing tumors has
been performed previously by X-rays, MRI, and ultrasonog-
raphy. Even though these methods are well suited for the
noninvasive imaging of large-scale structures in the human
body [27], they have limitations in the investigation of grow-
ing tumors at the microscopic level. These conventional
optical imaging techniques have also been severely limited
by the strong absorbance and scattering of the illuminating
light by tissue surrounding the target resulting in insufficient
sensitivity and spatial resolution to image early-stage tumor
growth or metastasis [28]. In addition, monitoring growth
and metastatic dissemination by these methods is imprac-
tical because they either use potentially harmful irradiation
or require harsh contrast agents and, therefore, cannot be
repeated on a frequent, real-time basis. Other attempts such
as using labeled monoclonal antibody and other high-affinity
vector molecules targeted against tumor- associated markers
as specific, detectable spatial markers have mostly met with
indifferent success [29–33]. A luciferase gene that emits
light has also been developed to monitor spatial temporal
gene expression in animals [12, 13]. However, the technique
rerquires the transferring of luciferase substrate into mam-
malian cells. Also, the time duration of the luciferase gene
expressions in metastatic tumors has not been determined.
Weissleder et al. described a novel approach to the imag-
ing of live tumors [34]. This approach required the infusion
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Figure 7. External images of tumor cells in lung and brain after intravenous injections of HeLa-DsRed2 tumor cells. Left panel shows daylight pictures of
lung ((A) 40×, (C) 40×, and (E) 200×) and brain ((G) 200×). Right panel shows pictures of lung ((B) 40×, (D) 40×, and (F) 200×) and brain ((H) 200×).
Note multiple tumor nodules were found in lung (B, D). Also note single-cell tumor metastasis in brain (H).

of protease-activated, near infra-red fluorescent probes to
make the target tissue selectively fluorescent. Tumors with
appropriate proteases could activate the probes and be im-
aged externally. However, most normal tissues also have
significant protease activity, a factor that in addition to short
half-life of the fluorescence probes, hampers the detection
of tumors. The GFP gene/fluorescent microscopy offered
an alternative way for the direct and repetitive imaging of
tumor growth and metastasis in vivo. The GFP expression

in cancer cells has been shown to be an effective tumor
cell marker over conventional pathological examination pro-
cedures, such as histology and immunohistochemistry. In
addition, tumor motility, progression, and metastasis can
be visualized at single-cell level [17, 19, 34]. The imaging
of the GFP-expressing tumor cells requires no preparative
procedures and is well suited for visualizing live tissue.

DsRed1, a humanized version of drFP583, has been the
subject of extensive research to determine its biochemical
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Figure 8. Histopathology of HeLa-DsRed2 tumors in lung and brain after intravenous injections. (A–B) Histopathology of HeLa-DsRed2 tumor nodules in
lung ((A) arrowhead, 40×; (B) 400×). (C–D) coronal sections of brain metastasis (40×). Arrowhead shows tumor metastasis from the meningeal surface.
(C, D).

Figure 9. Long-term survival curves of SCID mice after injecting
HeLa-DsRed2 through subcutaneous, intraperitoneal, or intravenous route.
Ten SCID mice per group were injected with 5 × 106 each of HeLa-Dsred2
cells through subcutaneous, intraperitoneal, or intravenous route. Time of
death of the animals was recorded. Percent survival of the animals was cal-
culated to generate long-term survival curves. Note HeLa-DsRed2-ip and
HeLa-DsRed2-sc all died within two weeks of injections.

and photophysical properties. DsRed, a 28-kDa polypeptide,
has essentially the same chromophore as avGFP, autocatalyt-
ically formed from an internal Gln-Tyr-Gly (residues 66-68)
tripeptide (amino acid sequence numbering of wild-type pro-
tein) [21, 35]. The overall amino acid sequence homology
to avGFP is low, about 23%; however, several amino acids
in the immediate vicinity of the chromophore are strictly
conserved and are probably essential for chromophore for-
mation (e.g., Glu-215 and Arg-95, corresponding to avGFP

Glu-222 and Arg-96). The broad excitation and emission
bands have maxima at 558 and 583 nm, respectively. An
extinction coefficient of 75,000 mol−1/cm−1 and a fluo-
rescence quantum yield of 0.7 at the 558-nm excitation
wavelength have been reported [22, 23], much higher than
the ones initially published by Matz et al. [21]. The pro-
tein proves to be stable under harsh pH conditions and is
extremely resistant to photobleaching [22]. DsRed is also
an excellent fluorescence-resonance energy-transfer coun-
terpart to the yellow fluorescent variants of avGFP, which
have emission maxima of about 525 nm [36, 37], and its
emission is distinct from other forms of GFPs, such as EGFP,
ECFP or EYFP, for multi-color detections in flow cytometry
[38]. However, two major deficiencies have been discov-
ered: the slow and possibly incomplete maturation for the
red fluorescence, which apparently passes through an oblig-
atory green-emitting intermediate similar to avGFP, and its
tendency to oligomerize even at dilute concentrations [22,
23, 39]. Yeast two-hybrid assays and cell expression also
indicate oligomerization and/or aggregation in living cells
[22, 39, 40].

The present study used DsRed2, a new variant of
DsRed1, to establish HeLa stable clones. DsRed2 contains
six amino acid substitutions: A105V, I116T, S197A, R2A,
K5E, and K9T. These mutations improve the solubility of
DsRed2 by reducing its tendency to form aggregates and
also reduce the time from transfection to detection to only
24 h (data not shown). DsRed2 retains the benefits of a red
fluorescent protein, such as a high signal-to-noise ratio and
distinct spectral properties for use in multicolor labeling ex-
periments. The DsRed2 signal was also shown to be bright
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enough to permit detection from stably introduced trans-
genes in viable mammalian cells by a fluorescent micro-
scopic methodology. The sustained expression of DsRed2
gene was neither toxic to tumor cells nor inhibiting the
growth potentials of HeLa cells (Figures 1B and C). In ad-
dition, a rapidly maturing variant of DsRed gene using an
asparagine-to-glutamine substitution at position 42 has also
been reported [41]. The development of tumor models based
on the insertion of a red fluorescent protein gene opens up
many new possibilities to experimental design. Most impor-
tantly, the tumor cells with different genetic backgrounds
can be labeled by at least two different fluorescent colors,
allowing for easy determination of chemotherapeutical re-
sponses in tumor subpopulations in vitro and in vivo [42].
In addition, tumors can be labeled in two colors in dis-
parate tumor interference models to allow great flexibility
in placement and timing of the tumors, whose growth and
angiogenesis can be studied for an unlimited period [24].

The HeLa tumor-metatstasis models were established
in this report. Three injection methods including subcu-
taneous, intraperitoneal, and intravenous were performed.
Tumor growth patterns and their pulmonary metastasis were
compared. We found extensive pulmonary metastasis with
mostly single cell or small clusters of cells in the sub-
cutaneously injected group (Figures 2 and 3). Moderate
involvement of single cell pulmonary metastasis was found
in the intraperitoneally injected group (Figures 4 and 5).
Multiple metastatic nodules were found only in the intra-
venously injected group (Figures 6 and 7). The patterns
of lung metastasis resulting from human cervical carci-
nomas, multiple pulmonary nodules (71%), mediastinal
and hilar lymphadenopathy (32%) and pleural metastases
(27%), were frequently observed. Rare findings included
bone metastases (6%), endobronchial obstruction (5%), and
lymphangitic carcinomatosis (3%). Our results show that
the intravenous injected group clearly resemble human pul-
monary metastasis of cervical carcinomas. Interestingly, the
animals survived less than two weeks after subcutaneous
or intraperitoneal injections of HeLa-DsRed2 cells (mean
survival time s.c.: 11.8 ± 2.3 days; i.p.: 13.1 ± 1.4 days)
whereas the survival time after intravenous injections was
longer (mean survival time 34.0±6.5 days). The most likely
explanation of the extended survival time in the intravenous-
injected group is that most of the tumor cells were trapped
in lung parenchyma after the initial injections. A longer time
was required for tumor cells to grow as a colony. In con-
trast, tumor cells seeded to many organs immediately after
intraperitoneal injection. Multiple organ failures developed
faster and caused the death of the animal. The reason for the
faster animal death caused by subcutaneous injection was
not clear and remains to be elucidated.

In conclusion, we have used DsRed2 inserted HeLa cer-
vical cancer cells to establish novel metastasis models in
SCID mice. We showed extensive distributions of tumor mi-
crometastasis at the single cell level in various major organs
such as the lungs, liver, kidney, spleen, stomach, and brain.
We further determined the metastatic patterns after s.c., i.p.,
or i.v. injection of HeLa-DsRed2 cells and confirmed that the

i.v. injection method best resembled pulmonary metastasis
of human cervical carcinoma. The presence of tumor cells
and their invasion/metastasis into organs or tissues can be
monitored. The DsRed2 gene insertions into HeLa cells is
not toxic to tumor cells and do not alter tumorigenicity in
vitro on in vivo. Our results suggest the feasibility of using
the DsRed2 gene to establish a red fluorescent tumor model
in vivo.
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