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Abstract

Live cell imaging enables the study of dynamic processes of living cells in real time by use of suitable reporter
proteins and the staining of specific cellular structures and/or organelles. With the availability of advanced optical
devices and improved cell culture protocols it has become a rapidly growing research methodology. The success of
this technique relies mainly on the selection of suitable reporter proteins, construction of recombinant plasmids
possessing cell type specific promoters as well as reliable methods of gene transfer. This review aims to provide an
overview of the recent developments in the field of marker proteins (bioluminescence and fluorescent) and
methodologies (fluorescent resonance energy transfer, fluorescent recovery after photobleaching and proximity
ligation assay) employed as to achieve an improved imaging of biological processes in hepatoma cells. Moreover,
different expression systems of marker proteins and the modes of gene transfer are discussed with emphasis on
the study of lipid droplet formation in hepatocytes as an example.
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Background
Microscopy has contributed immensely to our under-
standing of cellular structure and morphology. However,
traditional microscopic tools provide only limited infor-
mation in terms of dynamical processes occurring in a
living cell which are of great interest for biomedical re-
searchers. Advances in optical methods, in vitro culture
systems and molecular biology led to the advent of live
cell imaging techniques. This non-invasive technique
provides better insight into the biological role of target
molecules by allowing researchers to investigate the dy-
namic processes occurring in living cells in real time.
The technique has many potential applications in vari-
ous fields of biomedical science including developmental
biology, cell biology and tumor biology and provides op-
portunity to study the dynamic behaviour of living cells in
context to gene expression, protein-protein interaction,
co-localization, cell division, chromosomal dynamics and
intracellular transport of bio-molecules. The success of
live cell imaging relies on various factors including the
specific imaging system, climate controlling devices for
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cultured cells under investigation, construction of recom-
binant plasmid DNA, transfer and expression of candidate
genes and/or fluorescent proteins in mammalian cells.
These factors greatly influence the fluorescent/biolumin-
escent signals obtained from the cultured cells. The gene
transfer methods should not only be efficient in delivery
and in ensuring stable expression but at the same time
should exert minimum toxic effects to the cultured cells.
Furthermore, the chosen fluorescent or bioluminescent
markers should be minimally phototoxic to the cells at
their highest expression levels. Amongst the biolumines-
cent markers, ATP dependent and independent luciferases
from various sources have been extensively used in im-
aging experiments [1,2]. The use of bioluminescent
markers is not only limited to in vitro assays or live cell
imaging but is also applied to in vivo molecular imaging
experiments. Various lines of luciferase expressing
transgenic mice and cells have so far been developed
and are frequently employed in biomedical research,
and a major breakthrough in the field of fluorescent
protein imaging was the discovery of Green Fluorescent
Protein (GFP) by Osamu Shimomura who received the
Nobel prize in Chemistry in 2008 together with Martin
Chalfie und Roger Tsien [3,4]. After the advent of GFP
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the technique of live cell imaging has taken a leap in un-
derstanding the detailed and complex cellular dynamics.
Apart from GFP and its variants, many other fluorescent
proteins have been isolated from a variety of sources and
are successfully used in imaging experiments of various
cell types and their organelles. In this regard, live cell im-
aging has been employed to study functional genetics of
liver specific diseases including steatosis, which results
from accumulation of lipid droplets in hepatocytes [5].
Efficient gene delivery in mammalian cells is another as-

pect of our review with appropriate choices of cell type
specific promoters and their use for targeted gene delivery
to hepatoma lines such as HepG2 and Hep3B. Nonethe-
less, the concept of gene transfer through plasmids started
in bacteria via both, physical and chemical methods. Simi-
lar approaches have been used in hepatoma cells and
other higher eukaryotes and mammalian cells and include
lipofection, DEAE-dextran, calcium-phosphate, viral vec-
tors, peptides and electroporation [6]. Lipofection has
been used to achieve transient as well as steady transfec-
tion in hepatoma cells resulting in an improved and stable
expression of transgenes even after several passages [7].
To develop protocols for cell type specific reporter acti-
vity, we discuss the use of alternate promoters and vectors
for stable expression in actively dividing cells.

Bioluminescent markers
Bioluminescence is the phenomenon of the production
of light by a chemical reaction within a living organism.
It was first discovered in firefly (Lampyridae species)
and since then has been used for various screening and
staining activities with an advantage of observing the
cells under a compound microscope. Firefly luciferase
(FLuc) emits luminescence (up to 560 nm) without the
requirement of any external light excitation and uses
ATP for the conversion of its substrate luciferin to oxylu-
ciferin in a luciferase enzyme catalyzed oxidation reaction.
Initially, FLuc was used only in luminometery based re-
porter assays using cellular lysates. Later luciferase ex-
pressing cells and mouse lines were developed for non-
invasive imaging of rodents. Injection of the luciferin sub-
strate in mice produces luminescent signals that can be
easily detected by in vivo imaging modalities. Apart from
beetle, luciferase has been isolated from members of the
coelenterazine species, i.e. Gaussia, Renilla, Pleuromamm
and Oplophorus. The luciferase from Renilla sp. (RLuc)
uses a different substrate “coelenterazine” and produces a
higher and stable luminescent signal as compared to the
FLuc [1]. RLuc has an added natural advantage of being
an ATP independent enzyme, and thus requires less en-
ergy to produce luminescence. However, a major limita-
tion of FLuc and RLuc is their short life span and
therefore these luminescent proteins cannot be used for
long duration imaging assays. This led to the development
of a more photostable and robust luciferase in the form
of an enhanced beetle luciferase (ELuc) which again
uses luciferin as the substrate and is an ATP dependent
enzyme [8]. A comparison between ELuc and FLuc
showed phenomenal differences in the intensity and
photostability of the two luciferases. However, the Km
values (Michaelis constant) of the enzymes in regard to
ATP consumption were found to be almost equal, and it
was concluded that the ATP use is not the reason for a
better performance of Eluc. Moreover, ELuc was tested
in cell lines such as NIH/3T3 using various promoters,
and it was shown that the luciferase primarily localizes
in nucleus, cytosol and in peroxisomes. Certain vectors
and promoters also play an important role for their suit-
able expression namely pCMV vector used in mice cells
along with the astrocyte specific promoter mPer2 which
outperformed FLuc by a factor of 10- and 16-fold in cell
extracts and live cells, respectively [8].

Green fluorescent protein
In contrast to bioluminescence where the enzyme cata-
lyzed reaction initiates the excitation of luminescent
molecule, fluorescence is triggered when photons from
an external source excites the light absorbing pigments.
Green Fluorescent protein (GFP) was the first fluorescent
protein to be discovered in jelly fish (Aequorea victoria).
Wild type GFP (wtGFP) is a 26.9 kDa protein with a major
and a minor excitation peak (395 and 475 nm, respect-
ively) and a single emission peak at 509 nm. The chromo-
phore of this FP is formed by three amino acid residues
consisting of ser65-tyr66-gly67 and held by a single α-
helix surrounded by 11 β-barrel sheets to prevent its
quenching by water [8].
Several modifications have been made to wtGFP to en-

hance its fluorescence intensity as well as stability by
minimizing photobleaching. In the year 1995, Heim
et al. [9] introduced a single point mutation at the S65T
residue that resulted in enhanced fluorescence at the
same emission spectra but with a shift in excitation peak
from 395 nm to 488 nm. The mutation also significantly
reduced the time required for formation of the fluoro-
phore from 2 hours to 0.45 hours.
Several additional mutations in the protein helped the

molecule to fold optimally at 37°C while the protein ex-
pression was improved by codon optimization of the
wtGFP according to the host organism [10]. Additional
mutants were generated replacing the Serine65 with
threonine, alanine, glycine, cysteine or leucine leading to
a protein with a single absorbance peak at ~489 nm
[9-12]. Expression of GFP at high concentrations in the
cells posed the problem of dimerization which was re-
solved by side directed mutations at A206K, L221K or
F223R residues [13]. The enhanced GFP (EGFP) was de-
veloped with the modification and mutations described
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above at various positions of wtGFP. Proteins tagged with
enhanced GFP can be visualized in cells with low light in-
tensities causing less photobleaching to enable imaging and
quantification of intracellular proteins and its pathways ef-
fectively [14-16]. To tackle the problem of mixed chromo-
phores in live cell imaging experiments, several mutants of
wtGFP including Enhanced GFP (EGFP) and Emrald GFP
were generated which retained its fluorescent properties
but with non-overlapping spectral properties [17].
Neutral chromophore GFP has also been generated

with a shift in the excitation and emission wavelengths
to UV and green light, respectively [12,18]. The proteins
were again mutated to create Sapphire which displays in-
creased emission at 37°C [10]. The new mutant of Sap-
phire called Turbo Sapphire has better pH-stability with
UV excitation and thus has a larger separation between
the excitation and emission wavelengths. Table 1 sum-
marizes the development of different variants of FPs and
their physical properties.
Several fluorescent proteins from different species have

been discovered with various excitations and emission
Table 1 Brief summary of various fluorescent proteins develo

Fluorescent
protein

Mutations

Green Fluoresc

wtGFP

EGFP F64L, S65T

Sapphire S72A, Y145F, T203I

T-Sapphire Q69M, C70V, V163A, S175G

Emerald F64L, S65T, S72A, N149K, M153T, I167T

Superfolder S30R, Y39N, F64L, (S65T/G65T), F99S, N105T, Y145F, M153T
V163A, I171V, A206V

Blue Fluoresce

BFP Y66H, Y145F

EBFP BFP + F64L, S65T

EBFP 1.2 EBFP + S30R, Y36N, T65S, S72A, N105T, 117IV, N198S, A206

EBFP1.5 EBFP1.2 + F145H, H148N, M153A

EBFP2 EBFP1.2 + I128V, V150, D155V, V224R

Azurite EBFP + T65S, V150I, V224R

Sirius F46L, T65Q, W66F, Q69L, Y145G, H148S, and T203V, F223S

Cyan fluoresce

ECFP Y66W, F64L, S65T

Cerulean S72A, Y145A, H148D

SuperCFP

Yellow fluoresc

EYFP T203Y

Citrine S65G, V68L,S72A, T203Y, Q69M

Venus S65G, V68L,S72A, T203Y, F46L, M153T, V163A, S175G

Topaz S65G, S72A, T203Y
spectra ranging from ultraviolet to far-red or infrared [10].
These have been used in several cells and organelles, and
some of them are discussed in this review.

Blue fluorescent proteins
Development of different variants of GFP with different
absorption and emission spectra provided the opportunity
for simultaneous multi-color staining of the cells. Early
variants included the blue fluorescent protein (BFP), de-
veloped by introducing a point mutation (Y66H) to shift
the absorbance and emission spectra to 384 nm and
448 nm, respectively, and cyan fluorescent protein (CFP)
which was discovered from mutants of A.victoria [17].
Since the spectra of BFP and EGFP are distinguishable, a
combination of these two FPs was first used for multi-
color imaging in cells and Fluorescent (Förster) Resonance
Energy Transfer (FRET) analysis [9,31,32]. However, a
major drawback of BFP was its low intensity and faster
photobleaching [33]. Therefore, enhanced BFP (EBFP)
was developed by using codon optimisation for human
cells [34]. Notably, Azurite, an EBFP, was developed by the
ped and their technical details

Ex. λ
(nm)

Em. λ
(nm)

Photostability Brightness
(% of EGFP)

Reference

ent protein

395/495 509 48

488 509 ++++ 100 [19]

399 511 ++ [11]

399 511 ++ 78 [20]

487 509 +++ 116 [21]

, 485 510 +++ 160 [22]

nt protein

360 442 +

380 440 + 27 [16]

V 379 446 ++ 53 [23]

381 449 ++ 68 [23]

383 448 +++ 53 [23]

383 447 ++ 43 [24]

355 424 +++ 12 [25]

nt protein

433/445 475/503 ++ 39 [26]

433 475 +++ 79 [27]

433 474 ++ 45

ent protein

513 527 ++ 151 [28]

516 529 ++ 174 [29]

515 528 ++ 156 [30]

514 527 ++ 169 [21]
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Dauherty’s group and was reported to be 40-fold more
photostable and brighter than the conventional BFP. EBFP
was generated by incorporation of two additional point
mutations (F64L and S65T) in the BFP and was consid-
ered to be the brightest BFP for the time until further im-
provements were made [24]. Subsequently, EBFP 1.2 was
developed based on mutations at S30R, Y39N, T65S,
S72A, N105T, I171V, N198S and A206V in EBFP and was
4-fold brighter than EBFP [23]. Further modifications of
EBFP 1.2 led to the development of EBFP 1.5 which was
more photostable than its predecessor EBFP 1.2 but with
no increase in fluorescence. Azurite, as previously men-
tioned, had increased photostability as compared to EBFP
1.2 and EBFP 1.5 due to the mutations at V150I and
V224R, respectively. However, this caused a decrease in
the fluorescence by 30% [24]. Screening of a library of mu-
tants generated by random mutagenesis identified EBFP2
with enhanced fluorescence and photostability when com-
pared to EBFP and Azurite. EBFP2 was reported to be 4-
fold brighter and 550-fold more photostable than EBFP
and 1.4-fold brighter and 2.9-fold more photostable than
Azurite [23]. However, both EBFP2 and Azurite tend to
dimerize when expressed in cells at higher concentrations.
This was overcome by replacing the alanine residue at
position 206 by valine [35]. BFP was further modified to
develop a stable red fluorescent protein (RFP). Site di-
rected and random mutagenesis of RFP generated
mTagBFP with a shift in excitation spectrum and blue
emission [36]. Although mTagBFP is the brightest among
all the BFPs produced, it is 1.4-fold less photostable than
EBFP2 [23]. Therefore, mTagBFP was mutated at I174A
to give rise to mTagBFP2, i.e. a 1.5 fold more photostable
BFP with a similar spectral profile and maturation half
time as that of the parent protein [37].
CFP and Yellow Fluorescent Protein (YFP) were devel-

oped as a multi-color pair. CFP was also brighter and
more photostable when compared to BFP [9] and was cre-
ated by a point mutation (Y66W) with a spectra inter-
mediate between BFP and EGFP. Further improvements
were also made to increase the stability and intensity of
CFP [18,32]. Mutation at T203 position of wild type GFP
with an aromatic amino acid resulted in shifting of excita-
tion and emission over 20 nm into yellow wavelength.
This led to the development of Enhanced Yellow FP
(EYFP). Although EYFP is a dimer and sensitive to chlor-
ine, three variants of EYFP were developed namely citrine
(monomer), Venus - a fast maturing FP at 37°C and the
yellow fluorescent protein for energy transfer (YPet) -
used in FRET along with cyan FPs [29,30,38].

Red fluorescent proteins
Red Fluorescent Protein (RFP) was first isolated from an
Anthozoan, Diascoma, with excitation and emission of
558 and 583 nm, respectively [39]. The major advantage
of RFPs over GFPs is their longer excitation wavelength
causing less damage to the cells and much less auto
fluorescence in cells at the red spectrum. Also the mat-
uration of FPs obtained from anthozoan is more efficient
as compared to that of jelly fish FPs at 37°C. Native RFP
has the disadvantage of forming tetramers which at
times tends to aggregate in the cells and also cause false
oligomerization of target proteins to hinder their native
function [40]. DsRed, the common RFP available, has
prolonged maturation time often taking days to turn red
from a greenish complex; this feature has been used to
observe aggregate formation in target cells [41]. Mono-
meric RFPs have also been developed from DsRed
through a series of mutations, and the resultant proteins
exhibited different maturation rate as well as fluorescent
properties, i.e. mOrange, mKO, mStrawberry, mCherry,
Tag RFP, mPlum, mKate and tdTomato [42]. Due to its
fast maturation rate, high photostability and wide pH toler-
ance mCherry is a widely used long wavelength FP. How-
ever, it tends to dimerize that limits its experimental use.
Later the protein was modified to prevent its dimerization
in the cells. It is considered to be the brightest RFP with
enhanced photostability, and it has only a 3 nm longer ex-
citation and emission wavelengths compared to its prede-
cessors [43]. Similarly, Tag RFP was developed from
wtRFP isolated from sea anemone Entacmaea quadricolo
by introducing mutations at five different sites (R162E,
Q166D, S180N, F198V and F200Y) [44].

Fluorescent proteins and cell organelles
As of today, live cell imaging has advanced mainly due to
the advent of FPs tagged biomolecules with specific func-
tions in the cell. FPs have successfully been cloned into
bacteria to mammalian cell lines either alone as a marker
or along with a gene of interest as a fusion protein [45,46].
Several organic dyes have been tagged to cell organelles

to visualize the dynamics under a microscope, however,
not all dyes are readily accepted by the cell organelles and
in such conditions FP tagged proteins are used to target
the organelle. Multi-color live cell imaging is an effort to
observe multiple organelles, their spatial organisation,
interactions between organelles and their constituent
components. Therefore, the successful application of the
technique demands FPs and dyes with non-overlapping
emission spectra [47].
In recent developments organelle staining dyes such as

Hoechst 33342, MitoRed, DiOC6, SYTO 9 and rhoda-
mine B were tested along with several other dyes for im-
aging of various organelles in live cells and for the study
of host pathogen interactions [48]. In this regard, lipid
droplet staining has been done since a long time but
only with organic dyes such as oil red, and none of the
FPs mentioned earlier have been used for successful im-
aging of lipid droplets. The different fluorescent proteins
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widely used for staining of different organelles of a live
cell are listed in Table 2.

Fluorogen activating proteins
Fluorogen activating proteins (FAP) are proteins/peptides
such as bovine serum albumin and IgG that can bind and
activate the fluorescence of target fluorogen molecules
and may also alter their spectral properties. Conjugation
of 9-(2-carboxy-2- cyanoviny1)julolidine (CCVJ) fluorogen
to either BSA and/or IgG not only improved its solubility
but also the fluorescence intensity by 6.3-fold when com-
pared to the unconjugated molecule [49]. The use of lar-
ger FPs such as GFP in reporter assays hinders the
function of the fusion proteins in the cells. Therefore,
small tag systems such as tetracysteine motif (CCXXCC)
were genetically inserted into the target proteins that can
bind with high specificity to biarsenical dyes, Resorufin
Arsenical Helix binder (ReAsH) and FIAsH (Fluorescein
Arsenical Helix binder) in live cells and lead to an en-
hanced fluorescent signal [50].
Of note, FlAsH, a derivative of 4’, 5’-bis (acetoxymercuri)

fluorescein, is a cell permeable non-toxic ligand that binds
specifically to four cysteine residues (I, i + 1, i + 4 and i + 5)
of the target proteins α helical structure to emit fluores-
cence [51]. Out of the fourteen different FlAsH ligands
screened, FlAsH-EDT2 showed strong affinity for hexamer
peptides and positive emission at 635 nm. FRET studies in
HeLa cells with FIAsH-EDT2 genetically fused to the
COOH-terminus of an enhanced cyan fluorescent protein
(ECFP-FIAsH) evidenced a 3-fold increase in fluorescence
at 635 nm when compared to the ECFP alone transfected
cells [32,51,52]. However, emission of ECFP at 480 nm de-
clined to about 30% in FIAsH-EDT2 transfected cells due
to FRET interactions. ReAsH-EDT2, a resorufin based
fluorescent complex with excitation and emission maxima
of 593 nm and 608 nm, respectively, was successfully tested
for FRET studies with GFP and YFP probe pairs in HeLa
cells [53]. Similar protein-ligand complexes were synthe-
sized and used namely CrAsH-EDT2, sFlAsH-EDT2,
Table 2 Summary of fluorescent proteins used for various
cell organelle staining

Organelle Fluorescent proteins Reference

EGFP CFP Tag RFP mCherry DsRed

Nucleus Yes Yes Yes Yes Yes [10,31]

Mitochondria Yes Yes Yes Yes Yes [29,31]

Actin No Yes Yes Yes Yes [41]

Histones Yes Yes Yes Yes Yes [45,46]

Peroxisomes Yes Yes Yes Yes Yes [45,46]

Tubulin Yes Yes Yes Yes No [13]

Golgi Yes No Yes Yes No [15]

Endosomes Yes Yes Yes Yes Yes [45,46]
F2FlAsH-EDT2, CHoXAsH-EDT2, SpLAsH-EDT2-
Alexa594, CaG FlAsH-EDT2 and AsCy3-EDT2. Several
modifications have been carried out to improve the
quantum yield, tetracysteine binding affinity and to reduce
the cytotoxicity of these complexes. Specifically, Mal-
achite green (MG) and Thiazole orange (TO) derived
intercalating FAPs were developed which bind to RNA
aptamer and DNA, respectively, and lead to enhanced
(2,360- and 550-fold, respectively) and bleaching stable
fluorescent signal from the fluorogens [54-56].
Several unique membrane permeant and impermeant

FAPs were developed by screening a library of human
single-chain antibodies (scFvs) using derivatives of thia-
zole orange and malachite green. The screened clones
have comparatively smaller size (the smallest being 110
amino acids long that is almost half the size of GFP) and
thousands-fold higher brightness as compared to the
typical FPs. Moreover, different spectral variants of MG
and TO could be easily generated by different combin-
ation of the screened fluorogens and FAPs. The fluores-
cence and differential interference contrast imaging
microscopy was performed in NIH3T3 cells with the
membrane impermeable (MG-11p) and membrane per-
meable (MG-ester) forms of MG fluorogens and FAP
HL4-MG scFv tagged to membrane protein platelet-
derived growth factor receptor (PDGFR). The MG-ester
signal was detected from the plasma membrane while
MG-11p emitting fluorescence inside the cells suggested
a localization near endoplasmic reticulum [54]. Figure 1
illustrates the uses of membrane permeable and imper-
meable MG FAP fluorogens and their application with a
fluorescent tagged protein to study trafficking of a
transmembrane protein.
Additionally, these FAPs were also tagged along with

GFP and other fluorescent proteins to study plasma
membrane and transporter proteins such as the insulin
regulated glucose transporter (GLUT4), β2 adrenergic
receptor (β2AR) and cystic fibrosis transmembrane con-
ductance regulator (CFTR). These genes were designed
such that the FAP and GFP were present as intracellular
and extracellular reporters and the fluorogens, being
membrane permeable and impermeable, were used to
observe the mobility and placement of the target pro-
teins tested in NIH3T3, C2C12 and HEK293 cells [57].
FAPs have been tested and proved to be reliable fluores-
cent markers for detecting and imaging various activities
in a cell like protein motility studies and even for trans-
membrane protein activity. FAPs provide wide scope in
developing alternatives to traditional fluorescent proteins
where size hinders the activity of the target proteins.

Vectors for transient and stable transfection in cell lines
Bacterial transformations have led to the expression of
various genes in the prokaryotic system with certain



Figure 1 Live cell imaging with fluorogen activating proteins (FAP). Malachite green (MG), an organic dye and its membrane permeable
(MG-Ester) as well as the membrane impermeable variants (MG-11P) are used in FAP imaging. Essentially, the FAP system consists of an encoded
protein such as a single chain antibody fragments to activate the fluorescent dye and/or its derivatives. Note, initially MG was used to visualize
RNA aptamers. The intracellular trafficking of the membrane bound receptor tyrosine kinase PDGFR is given as an example. Similarly, membrane
bound proteins tagged with both FAP and fluorescent proteins like blue fluorescent proteins are useful in studying the protein positioning across
the membrane [54].
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limitations as compared to the eukaryotic cells. However,
the transfer of genes in the mammalian cells requires much
more sensitive approaches, and several methods have been
developed for effective transfer and stable expression of
genes in these cells. With the advent of viral vectors much
progress has been made in the field of gene transfer.

Promoters for hepatic cell lines
Expression of a foreign gene inside a cell greatly relies
on the choice of the vector, mode of transfection (stable
vs. transient) and type of promoter used (constitutive vs.
cell-specific and inducible vs. non-inducible). The choice
is made based on the experimental requirements, cell type
and the technical expertise. To achieve stable transfection,
integration of transfected genes in the host genome is
desirable. The transient expression vectors reside in the
cytosol without replicating and therefore the genes of
interest are expressed for a limited period of time. In
contrast, stable transfection vectors facilitate the inte-
gration of the transgene in the host cell genome and
therefore, it is replicated and subsequently inherited.
The introduction of a selection marker (antibiotic re-
sistance gene) in the expression cassette allows the dif-
ferentiation and expansion of the stable transfected
population from the non-transfected cells.
The use of cell type specific promoters allows greater
control over the expression of foreign genes. Liver cell
specific promoters such as Glycerol-3-Phosphate Acyl-
transferase (GPAT I and GPAT II) and phosphoglycerate
kinase 1 (pgk-1), albumin, human alpha1-antitrypsin and
hemopexin are shown to be active in hepatocytes of hu-
man and mice origin [7,58,59]. Similarly, viral promoters
and vectors have been tested in different cell lines for
their specificity and stability of expression. pCNS and
pCNS-D2 vectors were reported to express cloned genes
in cell lines and can also act as a shuttle vector between
bacteria and mammalian cell lines to facilitate an easy
cloning process. This vector system has been tested for
stable expression of luciferase in HepG2, Hep3B, HeLa,
SNU638 and SNU668 cell lines. The luciferase expres-
sion was higher in HepG2 and SNU638 cells as com-
pared to other cell lines.
Cytomegalovirus (CMV) and Simian virus 40 are

known to infect human and other primate cells and have
been shown to induce a stable expression of transgene
in various cell lines [60]. During the study of CMV pro-
moter systems, a 5’ Untranslated Region (5’ UTR) was
identified which was shown to boost the expression of
viral proteins facilitating the rapid propagation of viral
particles in the host cell. Incorporation of UTR regions



Salipalli et al. BMC Cell Biology 2014, 15:26 Page 7 of 16
http://www.biomedcentral.com/1471-2121/15/26
in the promoter of viral vectors boosted the expression
of genes of interest in host cells such as CHO or HepG2.
Notably, the use of two copies of the UTR regions further
improved the expression of target genes in actively divi-
ding cells [61].
Later, the UTR regions were found to be the Internal

Ribosome Entry Sequence (IRES) being responsible for
uninterrupted expression of genes. IRES were first discov-
ered in RNA of Poliovirus in 1988 by Pelletier and Sonen-
berg [61] and facilitate the viral replication machinery by
providing means for viral RNA to bind with the 40s sub-
unit of the host ribosomal complex thus eliminating the
need for eukaryotic translation factors [62,63]. Since then,
several viral vectors have been developed including the re-
cently explored corona virus of the SARS virus family.
This RNA based vector provides a stable and prolonged
expression for more than 30 passages in different cell
types [62]. Insertion of IRES site in expression vectors also
offers the possibility of separate expression of the cloned
genes under a single promoter (Figure 2) [61]. Table 3
summarizes the list of various promoters and plasmids
that have been used extensively in mammalian cell lines.
Figure 2 Schematic overview of gene transfer methods for live cell im
expression of fluorophore tagged proteins, (A) Transient and stable express
lipofection. The later is the most frequently used method for gene transfer
transfection efficiency have been used for special cell lines. (B) Recombinan
under a common promoter (P) in host cells. Incorporation of a selection m
expression of the cloned genes. Upon excitation with specific wavelength,
provides the information on localization and probable interactions of the t
Cell organelles or structures can be stained using synthetic dyes such as O
target protein encoding gene and protein, FP: fluorescent protein encodin
Among all promoters used CMV and SV 40 are most
efficient in a wide range of cell lines. Apart from these
cell specific promoters such as pgk1 and GPAT enhance
expression levels in hepatoma cell lines.

Modes of gene transfer in cells
A variety of methods have been developed for a robust
and efficient gene transfer without causing toxicity to
the host cell.
Earlier physical methods such as electroporation and

microinjections [64,65] were primarily used for gene
transfer studies but have been sidelined gradually due
to the obvious disadvantages of being time consuming
and the associated technical difficulties. More advanced
methods have come into place for gene transfer according
to the need for expression as a plasmid entity or as an in-
tegrated system in genome which also can be used for
gene knockouts.

Viral vectors
Non-pathogenic viral vectors are commonly used for gene
transfer studies. Baculovirus of the Autographa californica
aging studies. Depicted are methods for gene delivery and
ions of genes using viral or synthetic vectors, microinjection and
. Bacterial vectors of Listeria and Salmonella sp although hurdled by low
t plasmid expressing fusion protein (target protein and fluorophore)
arker (SM) in the plasmid provides opportunity for controlled
the fluorescence images are captured using appropriate filters. This
arget protein with different cell organelles and/or other biomolecules.
il Red O for intracellular staining of lipid droplets. P: promoter, TP:
g gene and protein, LD: lipid droplet stained with Oil Red O.



Table 3 Promoters and vectors used for stable/transient expression in mammalian cells

Expression in cell line

Vector Promoter HepG2 Hep3B CHO HeLa 3 T3 Reference

pCNS/pCNS-D2 hCMV/T7 nil stable/transient nil stable nil [60]

pGL3 GPAT stable stable nil nil nil

pLR/IRES RSV nil nil nil nil nil [62,63]

pSV2βCat SV2 stable/transient nil stable/transient stable/transient stable/transient [60]

PCMVβcat CMV stable/transient nil stable/transient stable/transient stable/transient [60]

Puast SV 40 expressed genes in yeast [60]
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multicapsid nucleopolyhedrovirus (AcMNPV) and Bom-
byx mori nucleopolyhedrovirus (BmNPV) genus provide a
safe and efficient means of gene delivery to target cells
[66]. Baculoviral vectors have been modified to infect
mammalian cell lines either as the whole baculovirus or as
a helper cell mediated gene delivery in cells. Adenovirus
terminal repeats were used for the replication of the target
gene, and the whole plasmid was packed into the baculo-
viral vector Bac-B4 for transfer in cell lines such as
293B5B1. The transfected cells showed not only stable ex-
pression but also a 100-fold increase in the vector titer
during subsequent passages [67]. Of note, DNA fragments
of approximately 38 kb were efficiently transferred into
different cell lines using such a vector. Direct incubation
of oligodendrite and chicken muscle cells with baculoviral
vector showed a transfection efficiency of 60% [68]. Fur-
ther increase in transfection and expression efficiency was
achieved by additional modifications in baculoviral vectors
such as an introduction of the metallothione promoter
(Bac-ME). The Bac-ME vector showed a transfection effi-
ciency of 90% with low leaky expression and reduced cyto-
toxicity in HeLa cells. The expression efficiency of these
vectors was further enhanced by treating the transfected
cells with ZnSO4 [69].
Although the baculoviral vectors were successfully

used for gene transfer experiments in several mamma-
lian cell lines they were replaced by other viral vectors
and methods due to the associated cytotoxicity specific-
ally at higher cell to virus ratio. Hence, non-viral vectors
were developed for transfection of viral sensitive mam-
malian cell lines [70].

Bacterial based methods
Bacterial based transfection has also been employed by
cloning sequences belonging to the pathogenic bacteria
E.coli. The modified genes from pathogenic bacteria like
Listeria monocytogenes have also been used where the
bacteria with its intracytoplasmic capabilities propagate
into the host. Likewise, E.coli was modified so that self-
lysis genes become activated as soon as the bacteria
enter the host cell to release the vector into host cyto-
plasm [70].
Other bacterial methods involve T4SS, a Bartonella
sp., for the introduction of single strand DNA into the
host cell. Thus, after entry the bacteria releases ssDNA
into cytosol and along with the enzyme relaxase or inte-
grase, which is bound to target DNA, starts to replicate
to finally produce plasmid DNA as a whole by joining
the loose ends present [70]. This mode of transfer is
considered to be hazard free and is employed for a var-
iety of cell lines.
Further methods of nonviral based gene transfer have

been developed for higher efficiency and less toxicity to
the cells. As mentioned earlier for efficient transfection
the gene has to be integrated into the genome (constitu-
tively) or is continuously expressed in the presence of a
specific inducer reagent for the chosen promoter (indu-
cible). Owing to variable results the need remains to de-
velop efficient methods as has been attempted in the
form of a dual plasmid approach using the mice myo-
genic C2C12 cell line. According to this method T-Rex
plasmid system is first transfected into the cell line using
a lipid based method with an efficiency of 70% and is ac-
tivated by tetracycline. Thereafter, a modified T-Rex
plasmid became available. After 18 days of initial trans-
fection a second plasmid can be introduced with 40% ef-
ficiency that permits the study of complex biochemical
reactions involving different factors [71].
In Table 4 the various transfection efficiencies of

different methods are summarized. Bactofection seems
to be an effective mode of transfection in cells with-
out the risk of cytotoxicity as compared to some viral
methods but much improvement has to be made for
application of bactofection for a wide variety of cell
lines.

Lipofection
Lipofection involves formation of a positively charged
lipid-nucleic acid complex by suspending negatively
charged DNA/RNA molecules with cationic lipids for a
short duration of time. The positive charge on the com-
plex facilitates attachment to the cell membrane and
entry via endocytosis [70]. A comparative study con-
cluded that lipofection is the safest method to transfer



Table 4 Summary of transfection efficiency in different cell lines through various methods

Transfection efficiency

Transfection method HepG2 Hep3B CHO HeLa 3 T3 Reference

Baculovirus 60-90% 60-90% 60-90% 60-90% 60-90% [58,68-70]

Baculovirus mediated adenoviral vector - - 40-50% 55-60% - [67]

Lipofection 40-60% 40-60% 60-70% 60-70% 50-60% [72]

Cationic lipids 47-60% 45-55% 65% 60% - [73,74]

Non-viral - - - 60% - [71,75]

E.coli (modified Salmonells/Listeris sp.) - - - 50% - [70]

T4SS (Bartonella sp.) - - - 50% - [70]

T4SS (Bartonella sp.) 60-70% 50% >70% >60% 50-60% [76-78]
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genes into in mammalian cells amongst the various transfer
methods [70]. Different commercially available kits with a
broad range of efficiency on different cell lines are available.
The transfection efficiency of methods varies depending
upon the cell type, cell number and ratio of DNA and re-
agent used. Using lipofection and as determined with a
GFP marker an efficiency of about 60% was obtained in
CHO-K1 cell lines [72].

Lysomotropic agents
The major challenge faced by most of the non-viral de-
livery systems is the degradation of the transfected nu-
cleic acid in the endosomes and/or lysosomes as they
are mainly internalized by endocytosis. Lysosomotropic
agents like chloroquine and polyvinylpyrolidone (PVP)
have been used effectively to increase the transfection ef-
ficiency of different delivery methods by reducing the
lysosomic degradation of the transfected nucleic acid
[73,79-83]. However, the cytotoxicity of these agents
raises concerns against their use. Chloroquine is known
to increase the intracellular pH leading to cytotoxicity
and degradation of transfected DNA at higher concen-
trations and at prolonged exposure times (>4 hours).
Amongst the two variants of PVP, PVP10 was reported
to be cytotoxic at all concentrations while PVP40
showed negligible cell toxicity and even improved the
transfection efficiency. PVP40 has been used for trans-
fection studies in macrophages and hepatocytes [84]. Su-
crose is also known to cause intracellular swelling of
vesicles in endosome and lysosomes due to osmotic
pressure [85,86]. Sucrose in conjunction with lipid-DNA
complex or lipofection reagents was shown to increase
their transfection efficiency in fibroblast cell. Further-
more, no toxicity has been reported using sucrose as
lysosomotropic agent and a concentration range of 5 to
500 mM was safe in various cell lines such as CHO,
COS7 and HEK 293 T cells.
Beneficial effects of these lysosomotropic agents were

compared against Lipofectamine 2000 in COS7, CHO and
HEK 293 cell lines. Essentially, the transfection efficiency
of lipofectamine was increased by 6- and 3-fold when used
in conjunction with PV40 and sucrose, respectively.
Chloroquine, although being toxic showed an increase of 3-
to 6-fold when used at a concentration range of 0.01 to
0.1 mM as compared to lipofectamine alone [87].
Poly(ethyleneimine) is another cationic polymer trans-

fection reagent frequently used in a variety of cell lines.
However high cytotoxicity is the major drawback associ-
ated with PEI and therefore several changes in its molecu-
lar structure have been done to reduce its cytotoxicity and
this includes PEGylation and the introduction of carbohy-
drate, lipid and peptide moieties [75,88-90]. A recent
study showed the improved transfection efficiency and
low cytotoxicity of an anionic glycopolymer derivative of
PEI in HepG2 and HEK 293 T cells [91].

Modified lipids
Modified lipids were developed to enhance the transfec-
tion efficiency of vectors. Specifically, cationic oligopep-
tide lipids are charged lipids with a linker molecule to
provide cations and are said to be more efficient in the
presence of the serum containing medium [74]. Different
ratios of nucleic acid and lipids were tested ranging from
1:1 to 9:1 and the ratio of 3:1 was found to be optimum
in terms of cell viability and transfection efficiency [74].
Other synthetic vectors have been tested for gene trans-
fer in various cell lines. Polyspermine Imidazole-4, 5-
amide complex (PSIA) was employed with HepG2 as
well as Cos 7 cell lines for gene targeted therapy. PSIA
transfection efficiency is of only 20-30% in HepG2. Apart
from the risk of PSIA degradation that hinders complex
formation with plasmid DNA the process of PSIA synthe-
sis requires strict environmental (pH and temperature)
conditions before DNA can be introduced [92].

Hepatocyte/hepatoma cells specific transfection
To improve transfection efficiency in various hepatoma
cell lines like Huh-7, HepG2 and Hep3B different strat-
egies were employed including lipofection, electroporation
and microinjection. Microinjection (100 μg/ml) and
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lipofection (1 μg) methods were used for transfection of
plasmid encoding fluorescent protein (pEGFP and pEYFP)
tagged to human and mouse ADRP genes in Huh-7 cells as
to study the pathways of lipid droplet metabolism. A trans-
fection efficiency of 66% was achieved, and none of the
methods affected the expression or the interaction of pro-
teins in cells proving their reliability and safety. However,
the transfection efficiency of these methods varied inversely
with the size of the plasmid [93]. In this regard, adenoviral
vectors have been employed in HepG2 cells to study the
function of genes such as the cytochrome P450 monooxy-
genases in drug induced hepatotoxicity. Notably, CYP1A2,
CYP2D6, CYP2C9, CYP2C19 and CYP3A4 were trans-
fected in HepG2 cells using recombinant adenoviral vector
with a transfection efficiency of approximately 70% [94,95].
In most cases transfection or transduction of primary

cells proof to be difficult for several reasons like the
stable state of non-dividing or quiescent cells. However,
some viral vector-based methods have been used suc-
cessfully such as the murine retroviral vector that can
transfect primary hepatocytes stimulated by mitogens
(epidermal or hepatocyte or keratinocyte growth fac-
tors). Moreover, the associated high costs and varying ef-
ficiency of the growth factors make these transfection
methods unfavorable [96-99]. Lentiviral vectors are cap-
able of transfecting quiescent cells [100-102] and have
Figure 3 Oil red O staining for imaging and quantification of lipid dropl
cells treated with fatty acid, amiodarone and/or TNF-α. (B) Spectrophoto
load in hepatocytes treated with fatty acids and/or amiodarone. (C) MTT assa
cultured hepatocytes.
been successfully used for gene transfer experiments in
various hepatoma cell lines [76,103,104].
Although the discussed methods and markers are com-

patible with various if not all cell lines, the cell lines
chosen have to be noted to select the right kind of vector
and promoter system. An overview of the various trans-
fection methods in different cell lines is given in Figure 2.

Lipid droplet staining
Research in recent years significantly advanced an un-
derstanding of the molecular causes of fatty liver disease,
and live cell imaging of hepatoma cells proved to be ex-
tremely valuable for studying lipid droplet formation.
Lipids are primarily stored in adipocytes as lipid drop-
lets; however, under stressed conditions hepatocytes can
also produce lipid droplets leading to pathological condi-
tions like fatty liver disease [105,106]. Lipid droplet
staining requires cell permeable dyes/fluorochromes
which can bind specifically to the components of the
lipid monolayer of droplets. The most commonly used
dyes for lipid staining are Oil Red O, Nile Red and BOD-
IPY with an excitation-emission spectrum in the range
of 400–500 nm and 500–600 nm, respectively. Figure 3
depicts Oil red O staining of lipid droplets in cultured
human hepatocytes treated with palmitic acid (PA) and
oleic acid (OA) and the cardiovascular drug amiodarone
ets in hepatocytes. (A) Oil red O staining of lipid droplets in hepatic
metric quantification of Oil red O stain to determine intracellular lipid
y to determine cytotoxic effect of fatty acids, and/or amiodarone on
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which is known to cause steatosis and steatohepatitis in
patients.
FPs and dyes with non-overlapping fluorescence

spectrum are required for differential staining of multiple
biological molecules involved in lipid droplet metabolism.
To address this issue, a long wavelength FP and a short
range dye Monodansyl Pentane (MDH) was developed for
lipid droplet staining with excitation and emission in the
range of 405 and 480 nm [106]. Such an approach allowed
the study of perlipin 2 interactions on the lipid droplet as
defined by the MDH stain. Notably, in the early works of
Niemann et al. (2001) the use of MDH as a mean to study
lipid droplets was reported [107]. MDH was also found to
be photostable when compared to Nile red and BODIPY
with a light emission of more than 15 minutes wherein the
latter dyes were stable up to 10 minutes only [106]. MDH
has a potential use for lipid droplet staining to facilitate an
understanding of the formation of lipid droplets and their
interaction with various proteins within hepatocytes.
The lipid droplet monolayer has many associated pro-

teins namely Adipocyte Differentiation-Related Proteins
(ADRP also known as perilipin 2/plin2) and Perilipins
(Plins) which interact with other organelles in the cell.
Simultaneous detection of lipid droplets and ADRP was
achieved by transfecting HuH-7 cells with ADRP-GFP
encoding plasmid and staining of lipid droplets with Oil
red O. Although this method was useful in observing
the cytoplasmic interaction of ADRP/plin2 with lipid
droplets the precise localization of GFP-ADRP/plin2 at
the surface of lipid droplet was distinctly observed only
after incubating the cells with BODIPY558/568 dodeca-
noic acid, a fatty acid sequestered in lipid droplets as ev-
idenced by imaging by confocal microscopy in live and
fixed cells conditions [93]. While this study was one of
the first reports on lipid-protein interactions investi-
gated by live cell imaging the use of BODIPY hindered
clear imaging due to background signals. To overcome
these obstacles FRET and FRAP methods were used as a
means to study these complexes.
Moreover, MDH stain provides an efficient stain for

lipid droplets which allows proteins to interact with the
droplets to be tagged with longer wavelength fluorescent
proteins and also MDH provides a more stable and ro-
bust stain for lipid droplets as compared to the trad-
itionally used Oil red O and Nile red stains.

Lipid droplet-protein interaction in FRET and FRAP
studies
FRET studies
FRET is an approach to study protein-protein interaction
and co-localization of organelles on the principle of energy
transfer between two chromophores situated in close
proximity (6–10 nm). The pair of fluorescent probes used
has an overlapping spectral profile, and the emission
wavelength of the donor probe (GFP) provides the re-
quired energy for the excitation of the acceptor probe
(CFP). Acceptor bleaching can be used to demonstrate
whether the organelles are within the FRET-distance (i.e.
6–10 nm), thus demonstrating true association on a mo-
lecular scale. FRET was used to observe motility of certain
proteins as well as organelles [108].
Notably, laser scanning confocal microscopy based FRET

assays have been employed to study the co-localization
of lipid droplets and mitochondria in porcine oocytes
using the Mitotracker Green (MTG) and Nile Red (NR)
fluorochromes. FRET acceptor bleaching methods have
also been used to examine mitochondria-lipid droplet
co-localization [109].
To study protein-lipid interactions on the surface of

the lipid droplets, perilipin 2 was tagged with CFP and
followed by cyan fluorescence. Since it forms a strong
FRET interaction with the lipid stain 22-(N-(7-nitro-
benz-2-oxa-1, 3-diazo) aminostearic acid (NBD), the co-
localized protein-lipid gave a signal of yellow-to-orange.
The mouse perilipin 2 gene was cloned into the mamma-
lian expression vector pECFPN1 and was stably expressed
in mouse L fibroblast cells. Subsequently, NBD was used to
stain phosphatidyl choline to form NBD-PC complex, and
a confocal microscopy based FRET assay was employed
to determine the interaction between lipids and proteins
in the cell. Similarly, co-localization of perilipin 2 and
sphingomyelin (SM) near plasma membrane was dem-
onstrated using NBD-SM and plin2-CFP vector con-
structs [110]. Although CFP and YFP are most widely
used probes YFP has the disadvantage of having low
quantum yield and poor signal to noise ratio hampering
the process of individual CFP intensity measurement.
To counter this problem, two ECFP molecules were
fused; however, the result was a further decrease in the
intensity due to multiple excited states causing inter-
conversion of excited states by homotransfer. Notably,
multiple excited states are due to two different crystal
structure conformations of ECFP [111]. This problem
was resolved by site directed mutagenesis of the His148
residue to aspartate, and the fluorescence intensity of
the mutant was further increased by a factor of 2.5 as
compared to ECFP. Further mutations at S72A and
Y145A residues boosted the extinction coefficient of the
monomer but caused a decrease in the quantum yield.
The modified ECFP is known as Cerulean and is proved
to be a better FRET donor than the conventional ECFP
[111]. Figure 4 depicts a basic understanding on how
FRET analysis can be done using ECFP and EYFP par-
ticularly for lipid droplet studies.

FRAP studies
Fluorescent Recovery After Photobleaching (FRAP) is
used to study single membrane bound structures, single



Figure 4 FRET studies to determine interaction between plin5
and the ATGL protein on lipid droplet in adipocytes [39]. Plin5
(1) and ATGL (2) proteins were tagged with FRET probes CFP (3) and
YFP (4), respectively. The emission spectra of CFP act as excitation
wavelength for the YFP. Detection of yellow fluorescence after
activation of CFP (436 nm) suggest possible interaction of the two
tagged proteins.
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cells and protein-lipid interactions. FRAP uses the concept
of activating a fluorescent protein observing its intensity
and subsequent bleaching by excess light to finally meas-
ure the bleached region for binding activity to the surface
of the secondary structure or membrane. CFP and YFP
have been commonly used to study the interactions of
perilipin 1 (plin1) and perilipin 5 (plin5) with Adipocyte
Triglyceride Lipase (ATGL) and its corresponding activa-
tor α-β-hydrolase domain-containing 5 (Abhd5). On the
basis of FRAP studies in COS 7 cells, it was concluded
that plin5 interacts with ATGL but not plin1 [27].
ADRP/plin2 is shown to be located at the surface of

cytoplasmic lipid droplets [112], and localization studies
for DNA fragments encoding human and mouse ADRP
were ligated in-frame to the 3’ end of EGFP, thereby gen-
erating GFP-hADRP (expressed by plasmid pLA4) and
GFP-mADRP fusion products. To examine whether the
GFP-ADRP products for both species retained the capacity
to associate with these structures, constructs expressing the
fusion proteins were transfected in HuH-7 cells. After
stimulation with fatty acid, the formation of lipid drop-
lets in HuH-7 cells can be identified by staining with
lipophilic dyes and by antisera raised against ADRP/
plin2. The signal from GFP-mADRP was detected from
the surface of spherical intracellular structures while
EGFP was seen throughout the HuH-7 cells. The loca-
lization of endogenous hADRP and the GFP-mADRP
products coincided, indicating that GFP-mADRP was lo-
cated at the surface of lipid droplets therefore demonstrat-
ing that it is possible to detect tagged and untagged ADRP
on the same lipid droplet. To verify the localization of
GFP-mADRP, cells expressing the fusion protein were in-
cubated with BODIPY 558/568 dodecanoic acid, a fluo-
rescent fatty acid analogue that is sequestered in lipid
droplets. The dye was selected because of its spectral
properties which allow differentiation from EGFP and a
better cell permeability as compared to Oil red O. Results
in both live cells and paraformaldehyde fixed cells showed
localization of GFP-mADRP at the surface of lipid drop-
lets stained with the BODIPY dye. Attempts to fuse EGFP
to the C terminus of ADRP/plin2 yielded few cells that
produced fluorescence of the chimeric protein but in this
case the signal did not derive from the surface of lipid
droplet. Consequently, EGFP fused to the N terminus of
human and mouse forms of ADRP/plin2 was used in fur-
ther studies [93].
It is well recognized that caveolins are found on lipid

droplets, but the functional significance of this associ-
ation is poorly understood. Adenovirus mediated trans-
fer of Cav1-GFP in NIH3T3 cells demonstrated that
caveolin-1-coated lipid droplets can grow larger than
caveolin-1 devoid lipid bodies suggesting the importance
of caveolins in determining the size of lipid droplets.
This study provided the first detailed characterization of
the impact of caveolins on molecular composition and
the size of lipid droplets [113].

Proximity ligation assay
The most frequently employed tools (ELISA, Western
Blot, FRET, FRAP co-immunoprecipitation) to study pro-
tein expression or protein-protein interactions rely on the
use of antibodies tagged with either fluorophores or en-
zymes. The sensitivity of these techniques differs signifi-
cantly, and the detection of proteins at low expression
levels still remains challenging. The proximity ligation
assay is a relatively inexpensive quantitative technique
with high sensitivity. The technique is developed on the
principles of antibody targeted assay, split reporter assay
and polymerase based amplification of oligonucleotides.
In this assay, the target proteins are recognized by specific
antibodies (two or more) conjugated with short oligo-
nucleotide strand. In case these probes are in near



Figure 5 In situ proximity ligation assay. (1) Recognition and binding of oligonucleotide labeled antibodies to interacting target proteins.
(2) Formation of covalently joined circular oligonucleotide by ligase reaction: If the two probes are in close proximity, addition of two linear
oligonucleotide leads to the formation of a covalently joined circular oligonucleotide molecule with the help of a ligase enzyme. (3) Amplification
via Rolling circle mechanism: One of the probes linked to antibody act as a primer and addition of DNA polymerase yields long single stranded
concatemeric DNA molecule composed of complements of the circular DNA strands formed in the ligase reaction. (4) Fluorophore labeling for
detection: The amplified product is easily detected by addition of complementary oligonucleotides labeled with fluorophore.
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proximity, the oligonucleotides can be ligated by addition
of complementary oligonucleotide and ligase enzyme and
subsequently amplified using PCR or rolling circle amplifi-
cation. This leads to the formation of more than 1000 cop-
ies of the complement of 100 bp in one hour using the
phi29 polymerase [114]. The incorporation of multiple fluo-
rescently labeled oligonucleotides in the polymerase cata-
lyzed reaction causes amplification of the signal resulting in
high sensitivity. Apart from protein expression and protein-
protein interaction, this highly versatile technique can also
be adapted to detect post-translational modifications, co-
localization and interaction of proteins with other biomole-
cules (Figure 5). PLA was recently used to demonstrate that
the MYC inhibitor 10058-F4 could prevent MYCN/Max
interaction in situ and caused accumulation of lipid drop-
lets in tumor cells [115].

Concluding remarks
The availability of a wide range of fluorescent proteins and
organelle specific stains provides unprecedented oppor-
tunities for microscopic studies of diverse cellular processes
including protein-protein interactions. However, for the
visualization of certain cell components in live cells such
as lipid droplets options are currently limited to organic
dyes, i.e. BODIPY, Nile red and Oil red O. The emission
spectrum of these dyes overlaps with that of GFP and
RFP; thus, it is not feasible to use them in combination for
multi-color imaging. There is unmet need for the develop-
ment of a new lipophilic dye which can be spectrally resolved
from commonly used fluorophores. Monodansylpentane, a
cadaverin family dye with blue emission spectra, is the ap-
propriate substitute for the red dyes for lipid staining. Fur-
thermore, this can be used along with far wavelength
fluorescent proteins to obtain better insight into the lipid
metabolism. Discovery of novel proteins involved in the
lipid droplet metabolism and their fusion with fluorescent
proteins that can be spectrally resolved will help re-
searchers to delineate the process of biogenesis of lipid
droplets under live cell conditions. The advancements in
culture systems to ensure long term metabolic activity of
hepatocytes, the development of suitable transfection
methods and reporter assays will be instrumental for the
success of live cell imaging experiments.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
JB initiated the review. All authors contributed to the writing and approved
the final manuscript.

Acknowledgements
We gratefully acknowledge support from The Virtual Liver Network (grant
031 6154) of the German Federal Ministry of Education and Research (BMBF)
to JB. The funders had no role in study design, data collection and analysis,



Salipalli et al. BMC Cell Biology 2014, 15:26 Page 14 of 16
http://www.biomedcentral.com/1471-2121/15/26
decision to publish, or preparation of the manuscript. We acknowledge
support by Deutsche Forschungsgemeinschaft; the charge for this
publication was covered by the DFG sponsorship "open access publication".

Received: 28 November 2013 Accepted: 25 June 2014
Published: 8 July 2014

References
1. Bhaumik S, Gambhir SS: Optical imaging of Renilla luciferase reporter gene

expression in living mice. Proc Natl Acad Sci U S A 2002, 99(1):377–382.
2. Nakajima Y, Yamazaki T, Nishii S, Noguchi T, Hoshino H, Niwa K, Viviani VR,

Ohmiya Y: Enhanced beetle luciferase for high-resolution bioluminescence
imaging. PLoS One 2010, 5(4):e10011.

3. Shimomura O: The discovery of aequorin and green fluorescent protein.
J Microsc 2005, 217(1):1–15.

4. Shimomura O: Discovery of green fluorescent protein. Methods Biochem
Anal 2006, 47:1–13.

5. White DL, Kanwal F, El-Serag HB: Association between nonalcoholic fatty
liver disease and risk for hepatocellular cancer, based on systematic
review. Clin Gastroenterol Hepatol 2012, 10(12):1342–1359.e2.

6. Oh JH, Sohn HY, Kim JM, Kim YS, Kim NS: Construction of multi-purpose
vectors, pCNS and pCNS-D2, are suitable for collection and functional
study of large-scale cDNAs. Plasmid 2004, 51(3):217–226.

7. Harada N, Fujimoto E, Okuyama M, Sakaue H, Nakaya Y: Identification and
functional characterization of human glycerol-3-phosphate acyltransferase
1 gene promoters. Biochem Biophys Res Commun 2012, 423(1):128–133.

8. Ormo M, Cubitt AB, Kallio K, Gross LA, Tsien RY, Remington SJ: Crystal
structure of the Aequorea victoria green fluorescent protein. Science
1996, 273(5280):1392–1395.

9. Heim R, Cubitt AB, Tsien RY: Improved green fluorescence. Nature 1995,
373(6516):663–664.

10. Wang Y, Shyy JY, Chien S: Fluorescence proteins, live-cell imaging, and
mechanobiology: seeing is believing. Annu Rev Biomed Eng 2008, 10:1–38.

11. Tsien RY: The green fluorescent protein. Annu Rev Biochem 1998, 67:509–544.
12. Delagrave S, Hawtin RE, Silva CM, Yang MM, Youvan DC: Red-shifted

excitation mutants of the green fluorescent protein. Biotechnology (N Y)
1995, 13(2):151–154.

13. Zacharias DA, Violin JD, Newton AC, Tsien RY: Partitioning of lipid-
modified monomeric GFPs into membrane microdomains of live cells.
Science 2002, 296(5569):913–916.

14. Lippincott-Schwartz J, Roberts TH, Hirschberg K: Secretory protein
trafficking and organelle dynamics in living cells. Annu Rev Cell Dev Biol
2000, 16:557–589.

15. Hirschberg K, Miller CM, Ellenberg J, Presley JF, Siggia ED, Phair RD,
Lippincott-Schwartz J: Kinetic analysis of secretory protein traffic and
characterization of golgi to plasma membrane transport intermediates
in living cells. J Cell Biol 1998, 143(6):1485–1503.

16. Patterson GH, Knobel SM, Sharif WD, Kain SR, Piston DW: Use of the green
fluorescent protein and its mutants in quantitative fluorescence
microscopy. Biophys J 1997, 73(5):2782–2790.

17. Heim R, Prasher DC, Tsien RY: Wavelength mutations and
posttranslational autoxidation of green fluorescent protein. Proc Natl
Acad Sci U S A 1994, 91(26):12501–12504.

18. Ehrig T, O'Kane DJ, Prendergast FG: Green-fluorescent protein mutants with
altered fluorescence excitation spectra. FEBS Lett 1995, 367(2):163–166.

19. Cormack BP, Valdivia RH, Falkow S: FACS-optimized mutants of the green
fluorescent protein (GFP). Gene 1996, 173(1 Spec No):33–38.

20. Zapata-Hommer O, Griesbeck O: Efficiently folding and circularly permuted
variants of the Sapphire mutant of GFP. BMC Biotechnol 2003, 3:5.

21. Cubitt AB, Woollenweber LA, Heim R: Understanding structure-function
relationships in the Aequorea victoria green fluorescent protein. Methods
Cell Biol 1999, 58:19–30.

22. Pédelacq JD, Cabantous S, Tran T, Terwilliger TC, Waldo GS: Engineering
and characterization of a superfolder green fluorescent protein. Nat
Biotechnol 2006, 24(1):79–88.

23. Ai HW, Shaner NC, Cheng Z, Tsien RY, Campbell RE: Exploration of new
chromophore structures leads to the identification of improved blue
fluorescent proteins. Biochemistry 2007, 46(20):5904–5910.

24. Mena MA, Treynor TP, Mayo SL, Daugherty PS: Blue fluorescent proteins
with enhanced brightness and photostability from a structurally
targeted library. Nat Biotechnol 2006, 24(12):1569–1571.
25. Tomosugi W, Matsuda T, Tani T, Nemoto T, Kotera I, Saito K, Horikawa K,
Nagai T: An ultramarine fluorescent protein with increased photostability
and pH insensitivity. Nat Methods 2009, 6(5):351–353.

26. Cubitt AB, Heim R, Adams SR, Boyd AE, Gross LA, Tsien RY: Understanding,
improving and using green fluorescent proteins. Trends Biochem Sci 1995,
20(11):448–455.

27. Rizzo MA, Springer GH, Granada B, Piston DW: An improved cyan fluorescent
protein variant useful for FRET. Nat Biotechnol 2004, 22(4):445–449.

28. Miyawaki A, Griesbeck O, Heim R, Tsien RY: Dynamic and quantitative Ca2+
measurements using improved cameleons. Proc Natl Acad Sci U S A 1999,
96(5):2135–2140.

29. Griesbeck O, Baird GS, Campbell RE, Zacharias DA, Tsien RY: Reducing the
environmental sensitivity of yellow fluorescent protein: mechanism and
applications. J Biol Chem 2001, 276(31):29188–29194.

30. Nagai T, Ibata K, Park ES, Kubota M, Mikoshiba K, Miyawaki A: A variant of yellow
fluorescent protein with fast and efficient maturation for cell-biological
applications. Nat Biotechnol 2002, 20(1):87–90.

31. Rizzuto R, Brini M, De Giorgi F, Rossi R, Heim R, Tsien RY, Pozzan T: Double
labelling of subcellular structures with organelle-targeted GFP mutants
in vivo. Curr Biol 1996, 6(2):183–188.

32. Heim R, Tsien RY: Engineering green fluorescent protein for improved
brightness, longer wavelengths and fluorescence resonance energy
transfer. Curr Biol 1996, 6(2):178–182.

33. Ellenberg J, Lippincott-Schwartz J, Presley JF: Two-color green fluorescent
protein time-lapse imaging. BioTechniques 1998, 25(5):838–842. 844–6.

34. Yang TT, Sinai P, Green G, Kitts PA, Chen YT, Lybarger L, Chervenak R,
Patterson GH, Piston DW, Kain SR: Improved fluorescence and dual color
detection with enhanced blue and green variants of the green
fluorescent protein. J Biol Chem 1998, 273(14):8212–8216.

35. Shaner NC, Patterson GH, Davidson MW: Advances in fluorescent protein
technology. J Cell Sci 2007, 120:4247–4260.

36. Subach OM, Gundorov IS, Yoshimura M, Subach FV, Zhang J, Gruenwald D,
Souslova EA, Chudakov DM, Verkhusha VV: Conversion of red fluorescent
protein into a bright blue probe. Chem Biol 2008, 15(10):1116–1124.

37. Subach OM, Cranfill PJ, Davidson MW, Verkhusha VV: An enhanced
monomeric blue fluorescent protein with the high chemical stability of
the chromophore. PLoS One 2011, 6(12):e28674.

38. Nguyen AW, Daugherty PS: Evolutionary optimization of fluorescent
proteins for intracellular FRET. Nat Biotechnol 2005, 23(3):355–360.

39. Matz MV, Fradkov AF, Labas YA, Savitsky AP, Zaraisky AG, Markelov ML,
Lukyanov SA: Fluorescent proteins from nonbioluminescent Anthozoa
species. Nat Biotechnol 1999, 17(10):969–973.

40. Campbell RE, Tour O, Palmer AE, Steinbach PA, Baird GS, Zacharias DA, Tsien RY:
A monomeric red fluorescent protein. Proc Natl Acad Sci U S A 2002,
99(12):7877–7882.

41. Hu YL, Chien S: Dynamic motion of paxillin on actin filaments in living
endothelial cells. Biochem Biophys Res Commun 2007, 357(4):871–876.

42. Shaner NC, Steinbach PA, Tsien RY: A guide to choosing fluorescent
proteins. Nat Methods 2005, 2(12):905–909.

43. Shaner NC, Campbell RE, Steinbach PA, Giepmans BN, Palmer AE, Tsien RY:
Improved monomeric red, orange and yellow fluorescent proteins
derived from Discosoma sp. red fluorescent protein. Nat Biotechnol 2004,
22(12):1567–1572.

44. Merzlyak EM, Goedhart J, Shcherbo D, Bulina ME, Shcheglov AS, Fradkov AF,
Gaintzeva A, Lukyanov KA, Lukyanov S, Gadella TW, Chudakov DM: Bright
monomeric red fluorescent protein with an extended fluorescence
lifetime. Nat Methods 2007, 4(7):555–557.

45. Chalfie M, Tu Y, Euskirchen G, Ward WW, Prasher DC: Green fluorescent
protein as a marker for gene expression. Science 1994, 263(5148):802–805.

46. Inouye S, Tsuji FI: Aequorea green fluorescent protein: expression of the
gene and fluorescence characteristics of the recombinant protein. FEBS
Lett 1994, 341(2–3):277–280.

47. Bestvater F, Spiess E, Stobrawa G, Hacker M, Feurer T, Porwol T, Berchner-
Pfannschmidt U, Wotzlaw C, Acker H: Two-photon fluorescence absorption
and emission spectra of dyes relevant for cell imaging. J Microsc 2002,
208(Pt 2):108–115.

48. Joanny F, Held J, Mordmuller B: In vitro activity of fluorescent dyes
against asexual blood stages of Plasmodium falciparum. Antimicrob
Agents Chemother 2012, 56(11):5982–5985.

49. Iwaki T, Torigoe C, Noji M, Nakanishi M: Antibodies for fluorescent
molecular rotors. Biochemistry 1993, 32(29):7589–7592.



Salipalli et al. BMC Cell Biology 2014, 15:26 Page 15 of 16
http://www.biomedcentral.com/1471-2121/15/26
50. Irtegun S, Ramdzan YM, Mulhern TD, Hatters DM: ReAsH/FlAsH labeling
and image analysis of tetracysteine sensor proteins in cells. J Vis Exp
2011, 31(54):2–7.

51. Griffin BA, Adams SR, Tsien RY: Specific covalent labeling of recombinant
protein molecules inside live cells. Science 1998, 281(5374):269–272.

52. Miyawaki A, Llopis J, Heim R, McCaffery JM, Adams JA, Ikura M, Tsien RY:
Fluorescent indicators for Ca2+ based on green fluorescent proteins and
calmodulin. Nature 1997, 388(6645):882–887.

53. Adams SR, Campbell RE, Gross LA, Martin BR, Walkup GK, Yao Y, Llopis J,
Tsien RY: New biarsenical ligands and tetracysteine motifs for protein
labeling in vitro and in vivo: synthesis and biological applications. J Am
Chem Soc 2002, 124(21):6063–6076.

54. Szent-Gyorgyi C, Schmidt BF, Creeger Y, Fisher GW, Zakel KL, Adler S,
Fitzpatrick JA, Woolford CA, Yan Q, Vasilev KV, Berget PB, Bruchez MP, Jarvik JW,
Waggoner A: Fluorogen-activating single-chain antibodies for imaging cell
surface proteins. Nat Biotechnol 2008, 26(2):235–240.

55. Nygren J, Svanvik N, Kubista M: The interactions between the fluorescent
dye thiazole orange and DNA. Biopolymers 1998, 46(1):39–51.

56. Babendure JR, Adams SR, Tsien RY: Aptamers switch on fluorescence of
triphenylmethane dyes. J Am Chem Soc 2003, 125(48):14716–14717.

57. Holleran J, Brown D, Fuhrman MH, Adler SA, Fisher GW, Jarvik JW:
Fluorogen-activating proteins as biosensors of cell-surface proteins in
living cells. Cytometry A 2010, 77(8):776–782.

58. Lucifora J, Durantel D, Belloni L, Barraud L, Villet S, Vincent IE, Margeridon-
Thermet S, Hantz O, Kay A, Levrero M, Zoulim F: Initiation of hepatitis B
virus genome replication and production of infectious virus following
delivery in HepG2 cells by novel recombinant baculovirus vector. J Gen
Virol 2008, 89(Pt 8):1819–1828.

59. Kramer MG, Barajas M, Razquin N, Berraondo P, Rodrigo M, Wu C, Qian C,
Fortes P, Prieto J: In vitro and in vivo comparative study of chimeric
liver-specific promoters. Mol Ther 2003, 7(3):375–385.

60. Rotondaro L, Mele A, Rovera G: Efficiency of different viral promoters in
directing gene expression in mammalian cells: effect of 3'-untranslated
sequences. Gene 1996, 168(2):195–198.

61. Pelletier J, Sonenberg N: Internal initiation of translation of eukaryotic
mRNA directed by a sequence derived from poliovirus RNA. Nature 1988,
334(6180):320–325.

62. Yang Y, Tan WJ: Progress on development and research of coronavirus
based vector. Bing Du Xue Bao 2012, 28(3):297–302.

63. Jang SK, Krausslich HG, Nicklin MJ, Duke GM, Palmenberg AC, Wimmer E: A
segment of the 5' nontranslated region of encephalomyocarditis virus
RNA directs internal entry of ribosomes during in vitro translation. J Virol
1988, 62(8):2636–2643.

64. Neumann E, Schaefer-Ridder M, Wang Y, Hofschneider PH: Gene transfer
into mouse lyoma cells by electroporation in high electric fields. EMBO J
1982, 1(7):841–845.

65. Gurdon JB: Gene expression in early animal development: the study of
its control by the microinjection of amphibian eggs. Harvey Lect 1973,
69:49–69.

66. Kawasaki Y, Matsumoto S, Nagamine T: Analysis of baculovirus IE1 in living
cells: dynamics and spatial relationships to viral structural proteins. J Gen
Virol 2004, 85(Pt 12):3575–3583.

67. Cheshenko N, Krougliak N, Eisensmith RC, Krougliak VA: A novel system for
the production of fully deleted adenovirus vectors that does not require
helper adenovirus. Gene Ther 2001, 8(11):846–854.

68. Ge J, Tang X, Gao D, Song S, Lu S, Lou Z, Ping W: Construction of BV-T7
hybrid expression system based on baculovirus to express target gene
eGFP in mammalian and chicken cells. Wei Sheng Wu Xue Bao 2012, 52
(3):318–325.

69. Lo WH, Chen CY, Yeh CN, Lin CY, Hu YC: Rapid baculovirus titration based
on regulatable green fluorescent protein expression in mammalian cells.
Enzyme Microb Technol 2011, 48(1):13–18.

70. Llosa M, Schröder G, Dehio C: New perspectives into bacterial DNA
transfer to human cells. Trends Microbiol 2012, 20(8):355–359.

71. Akyüz MD, Balci Hayta B, Dınçer PR: An efficient method for stable
transfection of mouse myogenic C2C12 cell line using a nonviral
transfection approach. Turk J Med Sci 2011, 41(5):821–825.

72. Hahnenberger K, Chan S: Monitoring transfection efficiency by green
fluorescent protein (GFP) detection with the Agilent 2100 bioanalyzer. In
Agilent Tecnologies. 2001. Publication Number 5988-4320EN. [http://www.
chem.agilent.com/library/applications/59884320_025445.pdf]
73. Legendre JY, Szoka FC Jr: Delivery of plasmid DNA into mammalian cell
lines using pH-sensitive liposomes: comparison with cationic liposomes.
Pharm Res 1992, 9(10):1235–1242.

74. Gopal V, Xavier J, Kamal MZ, Govindarajan S, Takafuji M, Soga S, Ueno T,
Ihara H, Rao NM: Synthesis and transfection efficiency of cationic
oligopeptide lipids: role of linker. Bioconjug Chem 2011, 22(11):2244–2254.

75. Mintzer MA, Simanek EE: Nonviral vectors for gene delivery. Chem Rev
2009, 109(2):259–302.

76. Vander Haar E, Lee SI, Bandhakavi S, Griffin TJ, Kim DH: Insulin signalling to
mTOR mediated by the Akt/PKB substrate PRAS40. Nat Cell Biol 2007,
9(3):316–323.

77. Oberbek A, Matasci M, Hacker DL, Wurm FM: Generation of stable, high-
producing CHO cell lines by lentiviral vector-mediated gene transfer in
serum-free suspension culture. Biotechnol Bioeng 2011, 108(3):600–610.

78. Wiznerowicz M, Trono D: Conditional suppression of cellular genes:
lentivirus vector-mediated drug-inducible RNA interference. J Virol 2003,
77(16):8957–8961.

79. de Duve C, de Barsy T, Poole B, Trouet A, Tulkens P, Van Hoof F:
Commentary: lysosomotropic agents. Biochem Pharmacol 1974,
23(18):2495–2531.

80. Luthman H, Magnusson G: High efficiency polyoma DNA transfection of
chloroquine treated cells. Nucleic Acids Res 1983, 11(5):1295–1308.

81. Lucas P, Pouton CW, Moss SH: Influence of formulation factors on gene
transfer mediated by cationic polypeptides. Proc Int Symp Control Rel
Bioact Mater 1995, 22:468–469.

82. Walsh SM, Flotte TR, Beck S, Allen S, Guggino WB, August T, Leong KW:
Delivery of cftr gene to rabbit airways by gelatin-DNA microspheres.
Proc Controlled Rel Soc 1996, 23:73–74.

83. Levy MY, Meyer KB, Barron L, Szoka FC: Mechanism of gene uptake and
expression in adult mouse skeletal muscle. Pharm Res 1994, 11:317–321.

84. Ciftci K, Levy RJ: Enhanced plasmid DNA transfection with lysosomotropic
agents in cultured fibroblasts. Int J Pharm 2001, 218(1–2):81–92.

85. Wildenthal K, Dees JH, Buja LM: Cardiac lysosomal derangements in
mouse heart after long term exposure to non metabolizable sugars.
Circ Res 1977, 40:26–35.

86. Kato T, Okada S, Yutaka T, Yabuuchi H: The effects of sucrose loading on
lysosomal hydrolases. Mol Cell Biochem 1984, 60(1):83–98.

87. Ose L, Ose T, Reinertsen R, Berg T: Fluid endocytosis in isolated rat
parenchymal and non-parenchymal liver cells. Exp Cell Res 1980,
126(1):109–119.

88. Needham CJ, Williams AK, Chew SA, Kasper FK, Mikos AG: Engineering a
polymeric gene delivery vector based on poly(ethylenimine) and
hyaluronic acid. Biomacromolecules 2012, 13(5):1429–1437.

89. Dey D, Inayathullah M, Lee AS, LeMieux MC, Zhang X, Wu Y, Nag D, De
Almeida PE, Han L, Rajadas J, Wu JC: Efficient gene delivery of primary
human cells using peptide linked polyethylenimine polymer hybrid.
Biomaterials 2011, 32(20):4647–4658.

90. Dai J, Zou S, Pei Y, Cheng D, Ai H, Shuai X: Polyethylenimine-grafted
copolymer of poly(l-lysine) and poly(ethylene glycol) for gene delivery.
Biomaterials 2011, 32(6):1694–1705.

91. Ahmed M, Narain R: Cell line dependent uptake and transfection
efficiencies of PEI-anionic glycopolymer systems. Biomaterials 2013,
34(17):4368–4376.

92. Duan SY, Ge XM, Lu N, Wu F, Yuan W, Jin T: Synthetic polyspermine
imidazole-4, 5-amide as an efficient and cytotoxicity-free gene delivery
system. Int J Nanomed 2012, 7:3813–3822.

93. Targett-Adams P, Chambers D, Gledhill S, Hope RG, Coy JF, Girod A,
McLauchlan J: Live cell analysis and targeting of the lipid droplet-
binding adipocyte differentiation-related protein. J Biol Chem 2003,
278(18):15998–16007.

94. Tolosa L, Donato MT, Perez-Cataldo G, Castell JV, Gomez-Lechon MJ:
Upgrading cytochrome P450 activity in HepG2 cells co-transfected
with adenoviral vectors for drug hepatotoxicity assessment. Toxicol
In Vitro 2012, 26(8):1272–1277.

95. Tolosa L, Gomez-Lechon MJ, Perez-Cataldo G, Castell JV, Donato MT: HepG2
cells simultaneously expressing five P450 enzymes for the screening of
hepatotoxicity: identification of bioactivable drugs and the potential
mechanism of toxicity involved. Arch Toxicol 2013, 87(6):1115–1127.

96. Wilson JM, Jefferson DM, Chowdhury JR, Novikoff PM, Johnston DE,
Mulligan RC: Retrovirus-mediated transduction of adult hepatocytes.
Proc Natl Acad Sci U S A 1988, 85(9):3014–3018.

http://www.chem.agilent.com/library/applications/59884320_025445.pdf
http://www.chem.agilent.com/library/applications/59884320_025445.pdf


Salipalli et al. BMC Cell Biology 2014, 15:26 Page 16 of 16
http://www.biomedcentral.com/1471-2121/15/26
97. Bosch A, McCray PB Jr, Walters KS, Bodner M, Jolly DJ, van Es HH, Nakamura T,
Matsumoto K, Davidson BL: Effects of keratinocyte and hepatocyte growth
factor in vivo: implications for retrovirus-mediated gene transfer to liver.
Hum Gene Ther 1998, 9(12):1747–1754.

98. Patijn GA, Lieber A, Schowalter DB, Schwall R, Kay MA: Hepatocyte growth
factor induces hepatocyte proliferation in vivo and allows for efficient
retroviral-mediated gene transfer in mice. Hepatology 1998, 28(3):707–716.

99. Forbes SJ, Themis M, Alison MR, Sarosi I, Coutelle C, Hodgson HJ:
Synergistic growth factors enhance rat liver proliferation and enable
retroviral gene transfer via a peripheral vein. Gastroenterology 2000,
118(3):591–598.

100. Buchschacher GL Jr, Wong-Staal F: Development of lentiviral vectors for
gene therapy for human diseases. Blood 2000, 95(8):2499–2504.

101. Trono D: Lentiviral vectors: turning a deadly foe into a therapeutic agent.
Gene Ther 2000, 7(1):20–23.

102. Naldini L: Lentiviruses as gene transfer agents for delivery to non-dividing
cells. Curr Opin Biotechnol 1998, 9(5):457–463.

103. Jia XQ, Cheng HQ, Qian X, Bian CX, Shi ZM, Zhang JP, Jiang BH, Feng ZQ:
Lentivirus-mediated overexpression of microRNA-199a inhibits cell
proliferation of human hepatocellular carcinoma. Cell Biochem Biophys
2012, 62(1):237–244.

104. Zhang J, Randall G, Higginbottom A, Monk P, Rice CM, McKeating JA: CD81
is required for hepatitis C virus glycoprotein-mediated viral infection.
J Virol 2004, 78(3):1448–1455.

105. Martin S, Parton RG: Lipid droplets: a unified view of a dynamic organelle.
Nat Rev Mol Cell Biol 2006, 7(5):373–378.

106. Yang HJ, Hsu CL, Yang JY, Yang WY: Monodansylpentane as a blue-
fluorescent lipid-droplet marker for multi-color live-cell imaging. PLoS
One 2012, 7(3):e32693.

107. Niemann A, Baltes J, Elsasser HP: Fluorescence properties and staining
behavior of monodansylpentane, a structural homologue of the
lysosomotropic agent monodansylcadaverine. J Histochem Cytochem
2001, 49(2):177–185.

108. Jares-Erijman EA, Jovin TM: FRET imaging. Nat Biotechnol 2003,
21(11):1387–1395.

109. Sturmey RG, O'Toole PJ, Leese HJ: Fluorescence resonance energy transfer
analysis of mitochondrial:lipid association in the porcine oocyte.
Reproduction 2006, 132(6):829–837.

110. McIntosh AL, Senthivinayagam S, Moon KC, Gupta S, Lwande JS, Murphy
CC, Storey SM, Atshaves BP: Direct interaction of Plin2 with lipids on the
surface of lipid droplets: a live cell FRET analysis. Am J Physiol Cell Physiol
2012, 303(7):C728–C742.

111. Bae JH, Rubini M, Jung G, Wiegand G, Seifert MH, Azim MK, Kim JS,
Zumbusch A, Holak TA, Moroder L, Huber R, Budisa N: Expansion of the
genetic code enables design of a novel "gold" class of green fluorescent
proteins. J Mol Biol 2003, 328(5):1071–1081.

112. Heid HW, Moll R, Schwetlick I, Rackwitz HR, Keenan TW: Adipophilin is a
specific marker of lipid accumulation in diverse cell types and diseases.
Cell Tissue Res 1998, 294(2):309–321.

113. Blouin CM, Le Lay S, Eberl A, Kofeler HC, Guerrera IC, Klein C, Le Liepvre X,
Lasnier F, Bourron O, Gautier JF, Ferre P, Hajduch E, Dugail I: Lipid droplet
analysis in caveolin-deficient adipocytes: alterations in surface phospholipid
composition and maturation defects. J Lipid Res 2010, 51(5):945–956.

114. Weibrecht I, Leuchowius KJ, Clausson CM, Conze T, Jarvius M, Howell WM,
Kamali-Moghaddam M, Söderberg O: Proximity ligation assays: a recent
addition to the proteomics toolbox. Expert Rev Proteomics 2010, 7(3):401–409.

115. Zirath H, Frenzel A, Oliynyk G, Segerström L, Westermark UK, Larsson K,
Munksgaard Persson M, Hultenby K, Lehtiö J, Einvik C, Påhlman S, Kogner P,
Jakobsson PJ, Henriksson MA: MYC inhibition induces metabolic changes
leading to accumulation of lipid droplets in tumor cells. Proc Natl Acad
Sci U S A 2013, 110(25):10258–10263.

doi:10.1186/1471-2121-15-26
Cite this article as: Salipalli et al.: Recent advances in live cell imaging of
hepatoma cells. BMC Cell Biology 2014 15:26.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Bioluminescent markers
	Green fluorescent protein
	Blue fluorescent proteins
	Red fluorescent proteins
	Fluorescent proteins and cell organelles
	Fluorogen activating proteins
	Vectors for transient and stable transfection in cell lines
	Promoters for hepatic cell lines
	Modes of gene transfer in cells
	Viral vectors
	Bacterial based methods
	Lipofection
	Lysomotropic agents
	Modified lipids
	Hepatocyte/hepatoma cells specific transfection
	Lipid droplet staining
	Lipid droplet-protein interaction in FRET and FRAP studies
	FRET studies
	FRAP studies
	Proximity ligation assay


	Concluding remarks
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

