
Comparison of red-shifted firefly
luciferase Ppy RE9 and conventional
Luc2 as bioluminescence imaging
reporter genes for in vivo imaging of
stem cells

Yajie Liang
Piotr Walczak
Jeff W. M. Bulte

Comparison of red-shifted firefly
luciferase Ppy RE9 and conventional
Luc2 as bioluminescence imaging
reporter genes for in vivo imaging of
stem cells

Yajie Liang
Piotr Walczak
Jeff W. M. Bulte



Comparison of red-shifted firefly luciferase Ppy RE9
and conventional Luc2 as bioluminescence imaging
reporter genes for in vivo imaging of stem cells

Yajie Liang,a Piotr Walczak,a and Jeff W. M. Bulteb
aJohns Hopkins University School of Medicine, Division of MR Research, Russell H. Morgan Department of Radiology and Radiological Science,
and Cellular Imaging Section and Vascular Biology Program, Institute for Cell Engineering, Baltimore, Maryland 21205
bJohns Hopkins University School of Medicine, Division of MR Research, Russell H. Morgan Department of Radiology and Radiological Science, and
Cellular Imaging Section and Vascular Biology Program, Institute for Cell Engineering, and Department of Chemical & Biomolecular Engineering,
and Department of Biomedical Engineering, Baltimore, Maryland 21205

Abstract. One critical issue for noninvasive imaging of transplanted bioluminescent cells is the large amount of light
absorption in tissue when emission wavelengths below 600 nm are used. Luciferase with a red-shifted spectrum can
potentially bypass this limitation. We assessed and compared a mutant of firefly luciferase (Ppy RE9, PRE9) against
the yellow luciferase luc2 gene for use in cell transplantation studies. C17.2 neural stem cells expressing PRE9-
Venus and luc2-Venus were sorted by flow cytometry and assessed for bioluminescence in vitro in culture and in
vivo after transplantation into the brain of immunodeficient Rag2-/- mice. We found that the luminescence from
PRE9 was stable, with a peak emission at 620 nm, shifted to the red compared to that of luc2. The emission peak for
PRE9 was pH-independent, in contrast to luc2, and much less affected by tissue absorbance compared to that of
luc2. However, the total emitted light radiance from PRE9 was substantially lower than that of luc2, both in vitro and
in vivo. We conclude that PRE9 has favorable properties as compared to luc2 in terms of pH independence, red-
shifted spectrum, tissue light penetration, and signal quantification, justifying further optimization of protein expres-
sion and enzymatic activity. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.JBO.17.1.016004]
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1 Introduction
Bioluminescence imaging (BLI) has been widely used for in vivo
tracking of transplanted stem cells, including hematopoietic,1

embryonic,2 mesenchymal,3 and neural stem cells.4,5 Introduced
expression of luciferase enables researchers to observe lumines-
cence upon injection of its substrates and therefore to monitor the
survival, migration, or differentiation of stem cells over time with
high sensitivity. Twomajor directions of improvements have been
pursued for optimization of luciferase genes for in vivo imaging.
One is the optimization of expression in mammalian cells. Since
the first report of the firefly luciferase cDNA sequence,6 the gene
reporter has undergone several important modifications to opti-
mize its expression in mammalian cells, including optimized
mammalian codon usage, removal of peroxisome targeting
sites, cryptic regulatory sequence removal, and degradation signal
addition.7 A commercially available optimized firefly luciferase
(luc2) is the latest version of such an effort, which is now pre-
valently used for tracking transplanted cells.8,9 The second
improvement is the development of a BLI reporter that is shifted
toward the red-shifted spectrum, avoiding blood hemoglobin and
myoglobin that represent the main endogenous absorbers of BLI
signal in vivo. Absorption of blue and green light is very efficient,
but it is considerably less so at wavelengths above 600 nm.10 As
such, the development of red-shifted luciferase for BLI has been

intensively pursued over recent years. For instance, amino acid
substitutions are made so that the wavelength of emission is
shifted toward the red region of the visible spectrum.11–13

Undoubtedly, for in vivo imaging of stem cells, the availability
of a reliable red-shifted luciferase could make the luminescent
signal more reproducible between in vitro and in vivo data, reduce
the variation of signal from different depths and locations, and
render the bioluminescent signal a more accurate and reliable
reflection of cell numbers or status.

Taking advantage of a recent report on a mutant of firefly luci-
ferase (Ppy RE9, PRE9) developed by Branchini et al.,13 we
aimed to investigate its properties in C17.2 mouse neural stem
cells (NSC) and compare its sensitivity and stability with luc2.
In vitro and in vivo experiments in this study composed a com-
prehensive comparison of the two luciferases in terms of sensi-
tivity, reliability, and stability at different conditions. We believe it
will help researchers intending to use bioluminescence as read-
outs to take into account all possible aspects involved in the
analysis of signal output of bioluminescence.

2 Materials and Methods

2.1 Preparation of DNA Constructs and Lentiviral
Vectors

The luciferase mutant Ppy RE9 (GenBank accession numbers
GQ404466) in pGEX-6P-2 (kindly provided by Branchini)
was cloned into the lentivector FM-1,14 which was verifiedAddress all correspondence to: Jeff W. M. Bulte, Johns Hopkins University School
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by sequencing. FM-1 is a modified version of FUGW, a promo-
ter for human ubiquitin C that is used to drive the expression of
the gene of interest), without a drug resistant cassette for mam-
malian cell selection. The firefly luciferase from pgl4-luc2
(Promega) was also cloned into the FM-1 vector, with the result-
ing expression vector verified by sequencing. Lentivirus was
produced by co-transfecting the expression vector containing
the gene of interest, the VSVG envelope glycoprotein
(MD2G), and the packaging vector PAX2 at a ratio of 4∶1∶3
into 293FT cells (Invitrogen) using lipofectamine 2000 (Invitro-
gen). Virus supernatant was concentrated by ultrafiltration using
Centricon Plus-70 filter units (Millipore).

2.2 Culture and Labeling of C17.2 NSCs

C17.2 NSCs stably expressing LacZ (courtesy of Evan Y. Sny-
der) were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum
(Gibco), 5% horse serum (Gibco), 2 mM L-glutamine
(Gibco), 1% penicillin/streptomycin (Sigma), at 37°C in a humi-
dified 5% CO2 atmosphere. For transfection, cells 1 × 105 cells
were incubated in 24-well plates with lentiviral particles and
6 μg∕ml Polybrene (Sigma). The medium was changed the
next day. Cells were expanded to 25 cm2 flasks and then sorted
according to the expression level of fluorescent protein using
flow cytometry.

2.3 Flow Cytometry and Western Blotting

To minimize experimental variability and loss of cell viability,
all experiments were performed on C17.2 cell suspensions
harvested shortly before analysis and sorting on flow cytometry,
which was performed using an FACSAria cell sorter (Becton
Dickinson). Cells were pelleted, resuspended in PBS at a con-
centration of 4 × 106∕ml, and kept on ice. Naive, non-fluores-
cent cells were used as controls. A minimum of 10,000 events
were counted for each analysis. In cell-sorting experiments, each
cell population underwent two consecutive rounds of purifica-
tion (double sorting), achieving a final average purity of >95%.
Cell lysates from PRE9 and luc2 expressing C17.2 cells were
analyzed by western blot. The protein lysates were run with
SDS-PAGE under reducing conditions and transferred to a nitro-
cellulose membrane probed with a 1∶2000 dilution of polyclo-
nal antibody anti-luciferase (Promega) diluted in 5% nonfat
milk. Reactions were detected with a secondary antibody con-
jugated to horseradish peroxide (Bio-Rad) by means of
enhanced chemiluminescence (Vector Labs). Image J was
used to quantify the protein expression level by measuring
band density and thickness. The densitometry value for Luc2
or PRE9 was normalized by the value of β-actin to generate
the relative protein density.

2.4 Cell Transplantation

All animal procedures were approved and conducted in accor-
dance with our institutional guidelines for the care of laboratory
animals. Immunodeficient Rag2-/- mice (n ¼ 8, 8 to 12 weeks
old, Taconic) were anesthetized with 2% isoflurane, shaved, and
placed in a stereotaxic device (Stoelting). The cells expressing
different luciferases were harvested, washed, and suspended in
phosphate-buffered saline (PBS) with calcium and magnesium
at a density of 5 × 104 cells∕μL. Then, 3 μl cell suspension was
injected into the right striatum (AP ¼ 0 mm; ML ¼ 2.0 mm;

DV ¼ 3.0 mm) at a rate of 1 μl∕min using a Hamilton 31G
microinjection needle (Hamilton). The needle was withdrawn
slowly after the injection was complete.

2.5 BLI of Cultured Cells and Mice

BLI was performed using an IVIS 200 (Caliper Life Sciences)
optical imaging device equipped with a high-sensitivity, cryo-
genically-cooled, charge-coupled device detection system. For
BLI of living cells, an identical number of cells (5 × 104,
1 × 105, and 2 × 105 in 100 μl culture medium) from the two
groups was pipetted in 96 well plates (in triplicates). Accurate
cell counts were made using a cell counting kit (cck8, Dojindo).
Two to three hours later, the medium was replaced by PBS (with
calcium and magnesium) containing 15 μg∕ml luciferin, and the
luminescence was collected at various time points. The photon
signal was integrated over one second. For BLI of mice (n ¼ 8),
imaging was performed one day after cell transplantation.
Before imaging, each mouse was intraperitoneally injected
with 150 mg∕kg of luciferin (Caliper Life Sciences) to detect
firefly luciferase activity. Mice were anesthetized with 12% iso-
flurane and imaged at 10, 15, and 20 min after luciferin injection
with 1-min exposure time. Peak emission values through the
observation window were used for quantification. Images
were acquired and processed using LIVINGIMAGE® software
(version 2.50) (Caliper Life Sciences). For quantification, the
photon signal expressed as total flux (photons∕sec) was mea-
sured from a region of interest, which was kept constant in
area and positioning for all experiments. For spectral imaging,
filter sets ranging from 500 to 720 nm were used with a 1-s per-
iod for each filter.

2.6 Statistical Analysis

Data are expressed as mean � SEM. Comparison for repeated
measurements was performed by an unpaired t test (Mann-Whit-
ney test) using prism 4.03 software (GraphPad Software). Dif-
ferences were considered statistically significant when
p < 0.05.

3 Results

3.1 Expression of PRE9 and Luc2 in C17.2 Cells and
Normalization of Expression Levels

Two versions of luciferase, PRE9 and luc2, were cloned into
FM-1 lentivectors, in which a constitutive promoter (the human
ubiquitin C promoter) is used to drive the bicistronic expression
of luciferase and Venus separated by an internal ribosome entry
site (IRES). The virus was packaged and used to infect C17.2
NSCs [Fig. 1(a)]. We first confirmed the successful expression
of both constructs. Cells in both groups displayed a normal
morphology with cytoplasmic and nuclear Venus expression
[Figs.1(b)and1(c)].Luciferaseexpressionwasconfirmedbyadd-
ing luciferin to cell cultures, followedbyBLI (datanot shown).No
significant difference was found between the doubling time
(13.7� 2.8 h) of transduced C17.2 cells and non-transduced
cells (data not shown). Since the expression level of target
genes usually varies due to vector insertion sites and multiple
transfections, cells were sorted according to the expression
level of Venus in PRE9 and luc2 expressing cells using flow cyto-
metry. Sorted cells showed near-identical levels of fluorescence
(mean fluorescent intensity of 639.2 and 663.6 for PRE9 and
luc2, respectively), indicating a comparable expression of the
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amount of gene construct [see Fig. 1(d)]. To verify the flow cyto-
metry results, awesternblot of cell lysateswith anti-luciferase and
anti-green fluorescent protein (GFP) antibodies was performed
[see Fig. 1(e)]. While Venus levels were identical in both groups,
the luciferase level in luc2 expressing cellswas only about 60%of
that in PRE9 expressing cells [Fig. 1(f)]. The two populations of
cells expressing Luc2 or PRE9 after flow cytometry cell-sorting
were used for further analysis in the following studies.

3.2 PRE9 versus Luc2 in Vitro Bioluminescence
Studies

The magnitude and spectral dependence of BLI signal was
measured for live NSCs. PRE9- and luc2-expressing cells
were analyzed for total light output at different cell densities
and time points after luciferin addition. Since phenol red present
in a culture medium absorbs blue and green light and was found
to interfere with the luc2 emission spectrum (data not shown),
the culture medium was temporarily replaced with 10 mM PBS,
pH ¼ 7.4, supplemented with 15 μg∕ml luciferin.

We found that the BLI signal for both groups reached a pla-
teau stage at 5 min after the addition of luciferin, followed by a
relatively stable phase lasting around 30 min and a gradual
increase phase afterward [Fig. 2(a)]. Despite some fluctuations,
the signal gradually increased over time, with PRE9 being a
stable reporter similar to luc2. The variation in stability of
PRE9 enzyme activity was 7.28� 8.68% between measure-
ments at 10 and 30 min, following the addition of luciferin
(1 × 105 cells∕well), which is the relevant time span for in vivo
transplantation studies.

According to the time course of radiance, we chose a time
point of 10 min to further compare the activity of PRE9- versus
luc2-expressing cells. A dilution series was assayed in triplicate,
and we found that the total flux from the cells was directly pro-
portional to the number of viable cells [R ¼ 0.98, Fig. 2(b)]. For
each cell density, the luc2 light output was higher than that of
PRE9. Interestingly, higher cell densities resulted in a relative
higher amount of bioluminescent signal for luc2 as compared
to PRE9 [Fig. 2(c)].

The emission spectrum of luc2- and PRE9-expressing cells
was measured at 35°C in 10 mM PBS, pH ¼ 7.4. Peak emission
of luc2 was broadly located between 580 and 600 nm. In con-
trast to the broad peak emission of luc2 between 580 and
600 nm, PRE9 exhibited a narrow emission with a steep
slope [Fig. 3(a)], indicative of its red-shifted emission spectrum.

We then analyzed the effects of pH on the emission spectrum
of the two luciferase enzymes. The culture medium of trans-
duced C17.2 cells was replaced with 10 mM PBS, pH ¼ 6.2,
6.6, 7.0, 7.4, 7.8, or 8.2. The luminescence spectrum was
acquired from 500 to 720 nm, 10 min after the addition of
100 μl luciferin (15 μg∕ml) at 35°C. The spectrum of luc2-
expressing cells was shifted toward the red from around
580 nm at pH ¼ 8.2 to around 620 nm at pH ¼ 6.2 [Fig. 3
(b)]. In contrast, the peak emission of PRE9-expressing cells
at 620 nm did not change throughout the entire pH range studied
[Fig. 3(c)]. The overall emission spectrum curve remained
stable, with only a small variation at the lower wavelengths.

3.3 PRE9 versus Luc2 in Vivo Bioluminescence
Studies

C17.2 cell is a well-characterized murine immortalized neural
stem cell line that can self-renew, differentiate into all neural

Fig. 1 Expressionof the two luciferasevariants inC17.2cells. (a)Diagram
of lentiviral vectorused in this study toexpressPRE9or luc2withVenusas
anadditional reportergene. (b,c)ExpressionofVenus inC17.2cells trans-
duced by FM-PRE9 (b) and FM-luc2 (c). bar ¼ 100 μm . (d) Flowcytome-
try diagram for sorted cells, with a median fluorescent intensity for PRE9
and luc2 expressing cells of 639.2 and 663.6, respectively. The contour
histogram of untransfected cells is in blue. (e) Western blot of cell lysates
from sorted PRE9 and luc2 expressing cells. (f) Quantification of western
blot. Results are expressedas the ratioof luc2 toPRE9proteindensitywith
β-actin expression as an internal reference.

Fig. 2 BLI signal intensity of PRE9- (solid lines, left Y-axis) and luc2 (dashed lines, right Y axis) expressing cells in culture. (a) Time course of a bio-
luminescent signal in living cells after the addition of luciferin (15 μg∕ml) in PBS (n ¼ 3). Left Y axis was for PRE9 cells. Right Y axis was for luc2 cells.
(b) Comparison of the magnitude of luminescence from a different density of cells in 96 well plates, 10 min after the addition of luciferin (15 μg∕ml) in
PBS (n ¼ 3). (c) Quantitative analysis of luminescence from PRE9 and luc2 cells, showing the fold of increase of light output from luc2 cells compared
to PRE9 cells.
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lineages, and populate developing or degenerating regions of the
central nervous system (CNS).15,16 It therefore is a widely used
source of cell grafts in rodent models of CNS trauma and neu-
rodegenerative diseases.8,17 1 × 105 C17.2 cells engineered to
stably express PRE9 or luc2 were transplanted into the
mouse striatum. BLI was then performed to compare light out-
put from the two groups. Luc2-expressing cells were found to
emit significantly more photons [Fig. 4(a)]. Quantification
revealed a 2.26-fold increase in total flux for luc2 as compared

to PRE9 [Fig. 4(b)]. The luminescent signal from the two groups
of mice was monitored for more than two months, and no signs
of changes in optical properties in either luc2 or PRE9 could be
observed (data not shown).

We then compared the photon emission magnitude for both
variants of luciferase under in vitro or in vivo conditions. For in
vitro study, the total light output of luc2 was 4.33� 0.27-fold
that of PRE9 [for 1 × 105 cells, Fig. 5(a)]. In vivo, however, the
amount of increase of luc2 over PRE9 was lowered to 2.62�
0.33 [Fig. 5(a)]. This result implies that the relative increase in
sensitivity of luc2 was hindered by in vivo attenuation of signal.
This finding was further confirmed by comparing the emission
spectrum of luc2 and PRE9 in vitro and in vivo. For PRE9, the
spectrum was unchanged between the in vitro and in vivo con-
ditions [Fig. 5(b)]; in contrast, the emission spectrum of luc2
was greatly reduced in vivo [Fig. 5(c)], displaying a similar
curve as that of PRE9 in vivo [Fig. 5(d)]. Thus, given that
the emission spectrum for in vitro and in vivo conditions was
nearly identical, signal quantification in vivo is more robust
for PRE9.

4 Discussion
C17.2 is multipotent neural precursor cell line that has been
widely used as a neural stem cell source to evaluate cell-
based therapeutic strategies for CNS disorders.18 To monitor
the survival and migration of implanted stem cells, it is often
preferable to transduce them with reporter genes, such as luci-
ferase, to make them visible under in vivo imaging paradigms. In
our study, we compared a new version of luciferease mutant,
PRE9, with commonly used luc2 by introducing them into
C17.2 cells and evaluated the luminescence intensity and spectra
of resultant cell lines under in vitro and in vivo conditions.

For any convincing comparative analysis, it is critical to use
cells expressing equimolar amounts of the two luciferase pro-
teins. However, luciferases from different species of insects
are usually expressed at different levels in mammalian cells.
Even when using the same vector, the codon-optimized or struc-
ture-optimized luciferases can be expressed at different levels
(commonly higher for luc2) as compared to non-optimized
transgenes.19 In the past, this has complicated a direct compar-
ison of light output for luciferases derived from different insect
species, such as renilla, click beetles, and fireflies. Zhao et al.
inserted different luciferases into the same expression vector
(pcDNA3.0) for transduction of mammalian cells.20 Although
they thoroughly compared emission spectra and used an in

Fig. 3 In vitro emission spectrum of PRE9- and luc2-transduced cells.
(a) Spectrum of luc2 and PRE9 cells in PBS, pH ¼ 7.4. (b, c) pH depen-
dence of spectrum for luc2 (b) and (c) PRE9 cells. For both groups, mea-
surements were obtained 10 min after the addition of 15 μg∕ml luciferin
(n ¼ 3).

Fig. 4 In vivo imaging of transplanted PRE9 and luc2 cells. (a) BLI of cells transplanted in the striatum. Green circles: ROIs for mice (n ¼ 4) injected
with luc2 cells; red circles: ROIs for mice (n ¼ 4) injected with PRE9-cells. (b) Quantitative analysis of total flux for each ROI, showing a significant
difference between the two groups (p < 0.01).
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vivo cell transplantation model to analyze the tissue absorbance
of emission from those luciferases, it is uncertain if the lucifer-
ase expression levels were the same. To address this problem,
Miloud et al. used “self-cleaving” 2A sequences from viruses to
achieve a stoichiometric co-expression of luciferase and fluor-
escent protein.21 An alternative strategy is to build a bicistronic
construct with the IRES located in between luciferase and GFP.
Separate expression of each cDNA will ensure that the indivi-
dual genes of luciferase or GFP are minimally affected.
Although a gene transcribed upstream of IRES can be translated
at a much higher level than the downstream gene,22 there was
evidence that the ratio of translation between each gene
remained pretty much stable.23,24 The bicistronic FM-1 lentivec-
tor in our study enables the independent expression of the BLI
gene in conjunction with the fluorescent probe Venus, a variant
of GFP. 14 The bicistronic nature of this lentivector also allows
standardization of the luciferase expression levels. We took
advantage of this lentivector and sorted out transduced C17.2
cells with a similar expression level of Venus from each group.
Western blot data verified our successful cell-sorting since
Venus protein level in the two groups was the same. However,
we did not observe an identical luciferase protein level in the
two groups of cells. Since Venus and luciferase genes were
in the same transcript, the transcription of the luciferase gene
should be the same in luc2 and PRE9 expressing cells. We
suspected post-transcriptional regulation, protein translation,
or post-translational events may be responsible for this
discrepancy.

PRE9 is a novel red-emitting mutant of luciferase that has
been codon-optimized for mammalian cell expression.13 A com-
parison between PRE9 and Promega’s commercially available
codon-optimized click beetle red (CBR) luciferase, avoiding
the overall tissue absorbance by having a spectrum peak at
618 nm, revealed that the integrated activity of CBR was
approximately two-fold lower than that of PRE9 when an
equal amount of purified luciferases was measured using satur-
ating levels of LH2 and Mg-ATP. Even the same vector pGEX-
6P-2, CBR was expressed at a lower level than PRE9, resulting
in a 50-to 100-fold smaller integrated light intensity as com-
pared to PRE9, as calculated using the relative bioluminescence

of soluble cell lysates from equivalent numbers of HEK293 cells
expressing both genes.13 Those experiments suggest that PRE9
is superior over CBR as a bioluminescent reporter for in vivo
imaging. Nevertheless, CBR has still been reported to be a sui-
table red light-emitting BLI reporter.25 To further test the poten-
tial advantage of PRE9 as a BLI reporter gene, we compared it
with luc2, a recently developed synthetic firefly luciferase
gene.19

The luminescence from PRE9 was found to be as stable as
luc2, starting at 1 min after the addition of the luciferin substrate,
reaching a plateau at 5 min with a continuous increase over a
period of 60 min. The intensity curve of luc2 expressing
cells did not differ much from that of PRE9 expressing cells,
indicating that the superior thermostability of PRE9 at 37°C
makes it suitable as a reporter for in vivo imaging.

However, the luminescence intensity of PRE9-expressing
cells was four- to five-fold lower than luc2-expressing cells,
depending on the cell numbers in each assay, with more light
output of luc2 over PRE9 for higher numbers of cells. The over-
all low yield of light may be explained by the compromised spe-
cific activity of PRE9 compared to its unmodified template Ppy
RE-TS. To develop thermostable Luc mutants with spectral
emissions maximally shifted to red, mutations were induced
into Ppy RE-TS for screening of mutants with better properties.
PRE9 was found to be the best variant, with a red-shifted spec-
trum (from 610 to 617 nm) exhibiting a robust thermostability,
albeit with a 71% reduced relative specific activity.13 Histori-
cally, the development of Ppy RE-TS as a thermostable red-
emitting mutant of fLuc was also accompanied by a reduction
in specific activity (15% of wild-type luciferase, as observed in
pure protein assays.12 A recently study comparing Ppy RE-TS to
wild-type Ppy luciferase expressed in human hepatoblastoma
(HepG2) and acute monocytic leukemia (Thp1) cell lines
reported a lower emission intensity of Ppy RE-TS relative to
wild-type luciferase, with the reduction in BLI signal being
dependent on the cell line, i.e., two-fold for HepG2 and 33-
fold for Thp1.26 Thus, it appears that each round of mutation
toward creating a maximal red spectrum is associated with a
drop in relative specific activity, resulting in red-shifted but
less bright versions of luciferase.

Our 620-nm emission peak for PRE9 is consistent with that
of 617 nm reported by Branchini et al. while luc2 exhibited a
broad spectrum peaking at 580 to 590 nm. We tested the sensi-
tivity of PRE9 and luc2 to pH changes by incubating cells in
buffers with different pH values. Unlike luc2, the emission
curve of PRE9 was pH-independent. Although PRE9 had not
been tested for pH sensitivity before, its precursor Ppy RE-
TS did show the same result.12 The spectrum of the railroad
worm and click beetle enzymes is also not pH-dependent and
persists in mutants of these enzymes.27 This property of
PRE9 is of particular importance for in vivo cell tracking.
The local host environment may undergo substantial changes
in pH in certain conditions, such as a tumor,28 rendering the col-
lected luminescent signal an inaccurate reflection of the actual
cell number in the graft. The emission spectrum of PRE9 would
provide a more stable luminescent signal and thus render a more
accurate estimation of the number of viable cells.

The in vivo properties of the two luciferases were evaluated
following stereotaxic injection of the same number of PRE9-
and luc2-expressing C17.2 cells into mouse brain striatum.
Since cells were normalized for expression of the Venus fluor-
escent tag, they expressed a comparable level of luciferase,

Fig. 5 Head-to-head comparison of in vitro and in vivo data. (a) Luc2:
PRE9 ratio of in vitro and in vivo photon radiance (1 × 105 cells each).
(b) Emission spectrum for PRE9 cells (in vitro: solid lines, in vivo:dashed
lines, n ¼ 3). (c) Emission spectrum for luc2 cells (in vitro: solid lines, in
vivo:dashed lines, n ¼ 3). (d) In vivo comparison of PRE9 (solid lines)
and luc2 (dashed lines) emission spectrum.
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making a direct comparison possible. One day after transplan-
tation, the BLI signal produced by the red-emitting cells was
around 2.5-fold lower than that from luc2-expressing cells.
This is in contrast to the 4.5-fold difference from the in
vitro culture studies and can be explained by analyzing the
shape of the emission spectra. While it was similar for both
the in vitro and in vivo experiments for PRE9, a significant
in vivo tissue absorbance was observed for luc2. The consistent
emission spectrum of PRE9 under in vitro and in vivo condi-
tions makes it an ideal reporter gene for the quantification of
living cells in vivo.

Zhao et al. compared the relative in vitro signal intensity for
different luciferase genes (fLuc, CBGr68, CBR, and hRLuc)
when they are expressed in C6 cells,20 but the expression levels
were not normalized. Miloud and colleagues made a more accu-
rate comparison of relative activity of luciferases by using a 2A
sequence and reported that the relative signal intensity ratio of
CBG99 to CBR and fLuc was 4- and 1.5-fold, respectively.21

For those comparisons, the luciferase gene was from pGL3
as the previous generation for luc2. Since luc2 is emitting at
a 4-to 11-fold higher rate than fLuc in several cell lines,19 all
these luciferases are theoretically inferior to luc2. Taken
together, it is clear that luc2 is currently the most sensitive
BLI reporter. In this respect, a recent study using luc2 reported
light emission in the range of up to 10; 000 photons∕sec∕cell,
enabling high-sensitivity imaging of transplanted cells.9

5 Conclusion
After comparing the in vitro and in vivo BLI properties of luc2
and the red-emitting mutant PRE9 from the same species, we
conclude that each luciferase has its own advantage and disad-
vantage. While luc2 still remains unrivaled in terms of the inten-
sity of light emission, PRE9 produces a narrower BLI signal,
making it a more reliable candidate for in vivo signal quantifica-
tion without unwanted tissue absorbance. Further studies are
warranted toward creating luciferase mutants having a high
enzymatic activity in the red-emitting spectrum in order to
reliably quantify the survival and expansion of transplanted
stem cells.
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