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and an effective anticancer target [8, 9, 10]. Similarly, 
the hTERT promoter targets tumors especially and can 
therefore be considered a tumor-specific promoter and used 
for the targeted diagnosis and treatment of tumors [11]. It 
has been reported that adding three Myc-binding E-box 
(CACGTG) motifs to the hTERT promoter improved its 
tumor targeting effect [12, 13]. In our previous studies, 
we successfully designed and constructed an optimized 
hTERT promoter, which contained the core region of the 
hTERT promoter and three Myc-binding motifs [14]. The 
cytosine deaminase (CD) gene driven by the optimized 
hTERT promoter significantly improved the suicidal effect 
of the hTERT-positive tumor cells [15]. In this study, we 
first constructed a recombinant tyrosinase expression 
plasmid driven by the optimized hTERT promoter to test 
the signal of xenograft tumors in vivo using MR scanning.

RESULTS

hTERT-driven expression of tyrosinase was 
observed only in hTERT-positive cells

TYR DNA was amplified by PCR and then cloned 
into an hTERT-pIRES2-EGFP plasmid (Figure 1A a-b). 
A CMV-pIRES2-EGFP plasmid was used as a positive 
control. The recombinant plasmids were successfully 

digested with EcoR I and Sal I (Figure 1 Ac). They were 
then packaged into the lentivirus. To test the selective 
expression of hTERT-TYR, three hTERT-positive cell 
lines (SGC-7901, SW480 and HepG2) were infected with 
the lentiviral constructs, as was an hTERT negative cell 
line (U2OS) that served as a negative control. Compared 
with the corresponding control (uninfected cells), the 
CMV promoter drove tyrosinase gene expression in both 
hTERT-positive and negative cell lines, as shown by an 
analysis of the mRNA (Figure 1B) and protein (Figure 
1C) levels. The tyrosinase activity in these cells mimicked 
the mRNA and protein levels (Figure 1D). These results 
demonstrate that hTERT-TYR selectively drives tyrosinase 
expression and activity in hTERT-positive tumor cells.

hTERT-TYR selectively promotes melanin 
production in hTERT-positive tumor cells

Because tyrosinase is the key enzyme for the 
production of melanin, the amount of melanin in cells 
could serve as a readout for tyrosinase activity. Therefore, 
we performed Fontana staining to examine melanin levels. 
As shown in Figure 2, compared with the corresponding 
control group, hTERT-TYR enhanced melanin production 
in hTERT-positive cell lines (SGC-7901, SW480 and 
HepG2) but not in hTERT-negative lines (U2OS), whereas 

Figure 1: hTERT-driven expression of the tyrosinase system is functional in hTERT-positive cells. A. Construction of a 
reconstructed tyrosinase expression plasmid driven by the hTERT or CMV promoter. a. Schematic diagram of the constructed plasmid. b. 
TYR DNA was amplified by PCR with primers ranking the TYR open reading frame. c. phTERT/TYR-IRES2-EGFP (lane 2) and pCMV/
TYR-IRES2-EGFP plasmids (lane 3) were digested with both EcoR I and Sal I. B and C. PCR and Western blot were used to detect 
expression of tyrosinase in various cell lines. Three hTERT-positive cell lines (HepG2, SGC-7901 and SW480) and one hTERT-negative 
cell line (U2OS) were infected with hTERT-TYR and CMV-TYR, respectively. Then, PCR and Western blot were used to assay the 
expression of tyrosinase mRNA (B) and protein (C). D. Tyrosinase activity in the four cell lines described above was assessed using the 
method described in Korner et al (30) and read out as the absorbance at 490 nm.
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CMV-TYR increased the amount of melanin in all cell 
lines. These results clearly demonstrate that the hTERT-
TYR system has high activity in cells with high expression 
levels of hTERT.

hTERT-TYR selectively promotes adsorption of 
ferric ions in hTERT-positive cells

As shown in Figure 3A-3D, compared with the 
corresponding control group, hTERT-TYR enhanced the 
adsorption of ferric ions in hTERT-positive cell lines 
(SGC-7901, SW480 and HepG2) but not in the hTERT-
negative cell line (U2OS), whereas CMV-TYR increased 
the adsorption of ferric ions in all of the cell lines. These 
results further demonstrate that the adsorption of ferric 

ions induced by hTERT-TYR was increased in hTERT-
expressing cells.

MR scanning reflects the selective activity 
of hTERT-TYR in cells with high hTERT 
expression in vitro

Ferric ions show a specific, high signal at MR T1WI 
that is positively associated with the level of ferric ions. 
As shown in Figure 4A-4D, in the hTERT-TYR group, the 
signal at MR T1WI increased in a time-dependent manner 
in hTERT-positive cells (especially HepG2 cells and SGC-
7901) but not U2OS cells. However, the MR T1WI signal 
of all the CMV-TYR cells increased. These results suggest 
that MR scanning based on the hTERT-driven tyrosinase 

Figure 2: hTERT-TYR selectively promotes melanin production in hTERT-positive tumor cells. U2OS, HepG2, SGC7901 
and SW480 cells infected with hTERT-TYR or CMV-TYR were seeded into six-well plates at a density of 1×105 per well. Seventy-two 
hours later, cells were harvested for Fontana staining to analyze the production of melanin. Uninfected cells were used as a control. Fontana 
staining of A. HepG2 cells, B. SW480 cells, C. SGC-7901 cells and D. U2OS cells.
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system can specifically identify cells with high hTERT 
expression.

MR scanning reflects the selective activity of 
hTERT-TYR in hTERT-expressing cells in vivo

SCID mice injected with various types of cells were 
subjected to MR scanning. As shown in Figure 5A, the 
CMV-SGC-7901 group (Figure 5Aa) showed a higher 

signal at MR T1WI compared to the control, and similar 
results were obtained in the hTERT-SGC-7901 group 
(Figure 5Ab). However, MR T2WI scanning did not 
show differences in the signal levels between the groups 
(Figure 5A). An in vivo Multispectral Imaging System 
was used to image GFP expression in the mice, and the 
tumors were also harvested and imaged separately. The 
maximums and averages of the signal strengths at MR 
T1WI and MR T2WI were calculated and are shown in 

Figure 3: hTERT-TYR selectively promotes adsorption of ferric ions in hTERT-positive cells. U2OS, HepG2, SGC7901 
and SW480 cells infected with hTERT-TYR or CMV-TYR were seeded into 24-well plates at a density of 1×104 per well. Subsequently, the 
cells were incubated with 5 mg/μl iron ions for various lengths of time and then subjected to Prussian blue staining to assay the adsorption 
of the ferric ions in different cells. Uninfected cells were used as a control. A-D. Prussian blue staining and corresponding quantitation 
results of the four cell lines.
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Figure 5B. This result further demonstrates that MR T1WI 
but not MR T2WI reflects the signal change caused by the 
reporter lentivirus in cells with varying levels of hTERT 
expression. As shown in Figure 5C, both the CMV-
SGC-7901 group and the hTERT-SGC-7901 group had 
higher green fluorescence signals than the control group, 
which was consistent with the results in Figure 5A. The 
results shown in Figure 5C are quantified in Figure 5D. 
Quite consistent results were observed in xenograft tumors 
derived from HepG2 cells (Supplementary Figure 1). On 
the contrary, the MR T1WI signal was unchanged in the 
hTERT-U2OS group compared with the corresponding 
control group (U2OS; Supplementary Figure 2). These 
results imply that MR T1WI can be used to distinguish 

hTERT-positive tumors from the hTERT-negative tumors 
using the hTERT-TYR system.

hTERT-TYR selectively promotes melanin 
production and adsorption of ferric ions in 
xenografted tumor

Above, we showed that MR T1WI can reflect the 
expression of the reporter lentivirus in cells with varying 
hTERT expression (Figures 5, Supplementary 1and 2) 
in vivo. Fontana staining and Prussian blue staining 
were further employed to test melanin production and 
adsorption of ferric ions in xenografted tumors (Figure 
6). The H&E staining revealed the tumor organizational 

Figure 4: MR scanning reflects the selective expression activity of hTERT-TYR in hTERT-expressing cells. After 
incubation of 7×107 of each of the cells mentioned above with 5 mg/μl ferric ions for various amounts of time (from 12 to 72 h), cells were 
harvested and centrifuged for MR scanning at T1WI. A-D. The MR T1WI signal and corresponding quantitative signal results of the cells 
at various time points.
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structure. Fontana staining showed that hTERT-TYR and 
CMV-TYR increased melanin production in SGC7901 
and HepG2 cells, whereas both of them induced chelation 
of ferric ions (Figure 6A, 6B). Interestingly, CMV-TYR 
but not hTERT-TYR promoted melanin production and 
adsorption of ferric ions in U2OS cells (Figure 6C).

DISCUSSION

In this study, we successfully demonstrated that 
a TYR gene for MR imaging combined with the tumor 
target of an hTERT promoter can be used to diagnose 
tumors in vitro and in vivo. Supplementary Figure 3 
schematically illustrates the principle of targeted cancer 
MR molecular imaging. The reasons are described below.

First of all, TYR, as an endogenous gene, is the 
modulator of the synthesis of melanin, which is present in 
many human pigmented cells and tissues. It catalyzes the 
hydroxylation of tyrosine-yielding dioxyphenylalanine 
(DOPA) and its subsequent oxidation to DOPA quinone, 

which can be converted into melanin [16]. Melanin has 
a high affinity for metal ions, including Fe3+, Mg2+ and 
Ca2+, and thus can serve as a transporter of metal ions due 
to the many channels within melanin granules. There are 
approximately 1020 ion adsorption sites for every gram of 
melanin [17, 18]. It can absorb up to 35% of its own weight 
in iron particles [19]. Due to the paramagnetic effects of iron, 
its accumulation substantially shortens the T1 relaxation time 
around the tissue of the melanin, which will give rise to a 
high signal level on MR T1WI. In fact, clinical observations 
have confirmed that melanotic melanomas are associated 
with hyperintensity on T1-weighted MR images [20, 21]. 
Thus, melanin caused by the TYR gene can be exploited as 
a contrast mechanism in MR molecular images [22].

However, prior studies using melanin as an MR 
contrast agent were mostly carried out in cells. Therefore, an 
in vivo proof-of-concept study is important [3, 23]. In our 
work, we have successfully demonstrated that hTERT-TYR 
can be applied as an MR reporter gene both in vitro and in 
vivo, and excellent tumor target imaging has been achieved.

Figure 5: MR scan of xenografted tumors derived from SGC-7901 cells infected with various lentiviral constructs. A. 
MR scans of various xenograft tumors in vivo. Severe combined immune deficiency (SCID) mice (4-5 weeks old) were s.c. injected with 
1×106 cells (control group) on the left side and pCMV/TYR-IRES2-EGFP or phTERT/TYR-IRES2-EGFP cells (SGC-7901 cells) on the 
right side. All mice were supplied with 130 μl 1 mg/ml ferric ions by intraperitoneal injection (once every three days for nine days). Four 
weeks after the last injection, mice were anesthetized and scanned by MR TIWI and T2WI. B. The maximums and averages of the signals 
for MR T1WI and MR T2WI. C. Harvested tumors were also imaged under white light using an invivo Multispectral Imaging System. D. 
The quantified results of tumor fluorescence imaging.
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Figure 6: Melanin production and adsorption of ferric ions in xenograft tumors derived from various types of cells. A. 
SGC-7901 cells. B. HepG2 cells. C. U2OS cells.
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It is of great importance to guarantee that reporter 
genes are only expressed in most tumor cells instead of 
normal cells. It is widely known that many commonly used 
promoters can regulate the expression of reporter genes. 
However, some promoters, such as cytomegalovirus and 
Simian virus 40, do not have tumor specificity, whereas 
others, such as alpha-fetoprotein, carcinoembryonic 
antigen and prostate-specific antigen promoters, show 
strong specificity only in certain tumors.

The human telomerase complex, known as the 
human telomerase catalytic subunit (hTERT), has been 
found to be expressed in the majority of tumors of all 
cancer types [24, 25], including cancer stem cells [26]. 
Also, the abnormally high expression of hTERT leads to 
carcinogenesis [27]. In our previous study, we designed an 
optimized hTERT promoter by insertion of several copies 
of a c-myc binding sequence, and the results suggested 
that the optimized promoter showed strict telomerase 
specificity [14, 15]. In this study, we still used the same 
optimized telomere as the specific hTERT promoter to 
drive TYR gene expression to diagnose tumors.

According to Massoud [28] et al, the sensitivity of 
MR probe detection is 106-109 times lower than PET and 
1010-1014 times lower than bioluminescence. Therefore, 
EGFP was used as a positive control to evaluate the 
feasibility and sensibility of TYR as the MR reporter 
gene in our study. We constructed a dual reporter gene 
system in which EGFP and TYR were cloned downstream 
of the promoter by inserting an internal ribosomal entry 
site sequence between the two genes, and they were 
transcribed into a single messenger RNA and later 
translated into two different proteins. A strong promoter, 
CMV, was used as the positive control to verify the 
detection of hTERT promoter activity. Besides, gene 
transfer systems are a critical factor in guaranteeing the 
successful tumor specificity visualization. In our study, 
a lentivirus-mediated transgene expression system was 
applied to improve gene transfection efficiency because 
lentiviral vectors can integrate target genes into the host 
genome to achieve long-term stable expression.

In summary, we constructed a lentivirus co-
expressing EGFP and TYR genes driven by an optimized 
hTERT promoter and CMV promoter, respectively. 
Fontana staining showed that hTERT-TYR selectively 
promoted melanin production in hTERT-positive tumor 
cells but not in hTERT-negative tumor cells. Prussian 
blue staining revealed that the optimized hTERT-TYR 
dramatically promoted the adsorption of ferric ions in 
hTERT-positive tumor cells but not in hTERT-negative 
tumor cells. Moreover, in vitro and in vivo experiments 
showed that hTERT-positive tumor cells infected with 
hTERT-TYR were detectable with a specific, high signal 
at TIWI in an MR scan. All the results demonstrated that 
hTERT-TYR can be specifically expressed in telomerase-
positive tumor cells, and the activity of this optimized 
hTERT promoter was found to be equal to the activity of 
CMV promoters in vitro and in vivo.

Comparing hTERT-positive tumor cells infected 
by hTERT-TYR with ones free from infection, the results 
showed that the signal of T1WI MR images slightly 
increased when the fluorescence intensity was obviously 
improved by the CCD imaging system. The hTERT-TYR 
gene as MR reporter has comparatively lower sensitivity 
than the EGFP gene in CCD imaging, but hTERT is 
commonly recognized as an effective anticancer target 
and hTERT-TYR MR imaging has the advantage that 
the specific signal can be co-registered with soft-tissue 
anatomy and functional tissue information to clearly 
define and demonstrate the size, the range and the internal 
structures of the tumors. Collectively, this technology 
provides a valuable and noninvasive method for tumor 
diagnosis. We expect this work will stimulate further 
studies on hTERT-TYR to diagnose tumors.

MATERIALS AND METHODS

Construction of lentiviral vectors for qualitative 
tumor diagnosis

First, TYR DNA was amplified by PCR with primers 
ranking the TYR open reading frame with EcoRI and Sal I 
restriction enzyme sequences within the 5′and 3′primers, 
respectively. The purified TYR DNA and the hTERTp/CD-
IRES2-EGFP and CMVp/CD-IRES2-EGFP (constructed in 
our previous study [15]) plasmids were digested with EcoRI 
and Sal I restriction enzymes (New England Biolabs, Inc., 
Ipswich MA, USA) and ligated together with DNA ligase 
(New England Biolabs). The ligation mixture was used to 
transform E.coli DH5a competent cells, and a large amount of 
the recombinant plasmids were acquired. Subsequently, they 
were packaged into lentivirus and referred to as hTERT-TYR 
and CMV-TYR as described previously [14].

Infection and sorting of stable tyrosinase-
expressing cell lines

Four human malignant tumor cell lines were used 
in this study. Telomerase-positive cell lines HepG2, SGC-
7901, SW480(purchased from the Institute of Biochemistry 
and Cell Biology) and telomerase-negative cell line 
U2OS(from the American Type Culture Collection) were 
seeded into six-well plates at a density of 1×105 per well in 
duplicate. Twenty-four hours later, CMV-TYR and hTERT-
TYR were added into each pair of wells at an optimal MOI 
for each lentivirus. Seventy-two hours after infection, 
GFP-positive cells were sorted by flow cytometry (BD 
Biosciences, San Jose, CA, USA). The infected cells were 
named CMV-HepG2, hTERT-HepG2, and so on.

Reverse-transcription PCR and western blot for 
tyrosinase expression

TYR expression was further confirmed by 
reverse-transcription PCR (RT-PCR) for TYR 
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messenger RNA (mRNA) and Western blotting 
for TYR protein. The primers for TYR were 
5'-GAATTC ATGCTCCTGGCTGTTTTGTACTG-3' 
(forward primer) and 5'-GTCGACTAAATGGC
TCTGATACAAGCTGTGG-3' (reverse primer); 
β-actin was amplified using the forward primer 
5'-CTTCTACAATGAGCTGCGTG-3' and the reverse 
primer 5'-TCATGAGGTAGTCAGTCAGG-3'. Western 
blot analysis was performed as described previously 
[29]. The primary antibody to anti-tyrosinase (sc-73243) 
was from Bioworld Technology (Minneapolis, MN, 
USA), and the anti-β-Actin antibody (sc-47778) was 
from Santa Cruz Biotechnology (Santa Cruz, CA).

Measurement of tyrosinase activity in tumor cell 
lines

Tyrosinase activity was assessed using the method 
described by Korner et al [30]. Briefly, the 12 cell lines 
mentioned above were seeded into 96-well plates at a 
density of 1×104 per well. Twenty-four hours later, the 
cells were washed, lysed with 1% Triton-X-100 (50 μl/
well) and frozen at -80°C for 30 min. The cells were 
allowed to rupture completely at room temperature. 
Following the addition of 10 g/L-DOPA into the wells at 
37°C for 2 hours, the absorbance value was measured at 
490 nm to detect tyrosinase activity.

Fontana staining for melanin production

Uninfected U2OS, HepG2, SGC7901 and SW480 
cells, as well as those infected with CMV-TYR or hTERT-
TYR, were seeded into six-well plates at a density of 1×105 
per well. Seventy-two hours later, the culture medium was 
removed, the cells were washed with PBS, and each slide 
was fixed in paraformaldehyde for 20 minutes followed 
by Fontana staining. Briefly, the slides were soaked in 
gold chloride, placed in Hypo and in nuclear fast red and 
dehydrated.

Prussian blue staining for ferric ion adsorption

The cells described above were seeded into 24-well 
plates at a density of 1×104 per well. Subsequently, the 
cells were incubated with 5 mg/μl iron ions for various 
lengths of time. Then, the slides were fixed in 4% 
paraformaldehyde, washed, incubated for 30 min with 
2% potassium ferrocyanide (Perls’ reagent) in 6% HCl, 
washed, and counterstained with nuclear fast red.

MR scan for signal changes of the tumor cell 
lines in vitro

After the 7×107 cells described above were 
incubated with 5 mg/μl ferric ions for various amounts 
of time (from 12 h to 72 h), they were harvested and 
centrifuged before MR scanning. MR images of the 

cell samples were obtained in a clinical 3T MR scanner 
(Siemens, Germany).AT1-weighted, 2D Turbo spin 
echo (TSE) acquisition sequence and a 16-channel head 
phased-array coil were used for detection during high-
resolution imaging. The imaging parameters were a TR 
of 46 ms, a TE of 6.5 ms, a flip angle of 65°, a matrix 
of 256×256, a field of view (FOV) of 55 mm, a slice 
thickness of 2 mm, and an average of 5.

In vivo tumor MR imaging and fluorescence 
imaging

Severe combined immune deficiency (SCID) mice 
(4-5 weeks old) were purchased from Third Military 
Medical University (Chongqing, China). For injection of 
each cell line (HepG2, U2OS and SGC-7901), the mice 
were divided into two groups (3 mice per group). In one 
group, mice were injected s.c. with 1×106 cells (control 
group) on the left side and CMV-TYR cells on the right 
side. In another group, mice were injected with 1×106 
cells s.c. (control group) on the left side and hTERT-
TYR cells on the right side. One week later, all mice 
were given 130 μL 1 mg/ml ferric ions by intraperitoneal 
injection (once every three days for nine days). Four 
weeks after the injection, the mice were anesthetized 
and scanned by MR. They were also imaged using a 
KODAK In-Vivo Multispectral Imaging System FX 
(Carestream Health) with an exposure time of 10 s 
and a standard excitation spectrum of 470 nm, which 
permits an emission spectrum of 535 nm and a field 
of view of 150 mm. Finally, the mice were sacrificed, 
and the tumors were dissected for fluorescence imaging 
to confirm the transgene expression in tumor tissue. 
Moreover, histology experiments using hematoxylin-
eosin (H&E), Fontana and Prussian blue staining were 
performed.

Statistical analysis

All data are expressed as the means ± standard 
deviations (SD). Comparisons between three or more 
groups were made using an ANOVA followed by Tukey–
Kramer post hoc analysis. In all cases, a difference was 
considered statistically significant if the p value was <0.05 
(“*” represents p<0.05).
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