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Abstract While the human genome is pervasively transcribed, <2% of the human genome is
transcribed into protein-coding mRNAs, leaving most of the transcripts as noncoding RNAs,
such as microRNAs and long-noncoding RNAs (lncRNAs), which are critical components of epige-
netic regulation. lncRNAs are emerging as critical regulators of gene expression and genomic
stability. However, it remains largely unknown about how lncRNAs are regulated. Here, we
develop a highly sensitive and dynamic reporter that allows us to identify and/or monitor nega-
tive modulators of lncRNA transcript levels in a high throughput fashion. Specifically, we engi-
neer a fluorescent fusion protein by fusing three copies of the PEST destruction domain of
mouse ornithine decarboxylase (MODC) to the C-terminal end of the codon-optimized bili-
rubin-inducible fluorescent protein, designated as dBiFP, and show that the dBiFP protein is
highly destabilized, compared with the commonly-used eGFP protein. We further demonstrate
that the dBiFP signal is effectively down-regulated when the dBiFP and mouse lncRNA H19
chimeric transcript is silenced by mouse H19-specific siRNAs. Therefore, our results strongly
suggest that the dBiFP fusion protein may serve as a sensitive and dynamic transcript reporter
to monitor the inhibition of lncRNAs by microRNAs, synthetic regulatory RNA molecules, RNA
binding proteins, and/or small molecule inhibitors so that novel and efficacious inhibitors tar-
geting the epigenetic circuit can be discovered to treat human diseases such as cancer and
other chronic disorders.
Copyright ª 2018, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

Eukaryotic genomes are pervasively transcribed, but until
recently the vast majority of the noncoding transcriptions
were considered to be simply noise.1e12 It is currently
estimated that approximately <2% of the human genome is
transcribed into mRNA, which leaves most of the tran-
scribed human genome encoding RNA without known
functions, or so-called noncoding RNAs (ncRNAs).8,9,13 In
fact, a recent comprehensive RNA-seq data mining study
revealed a consensus human transcriptome of 91,013
expressed genes; and over 68% (58,648) of the genes were
classified as long noncoding RNAs (lncRNAs), of which 79%
were previously unannotated.14 Furthermore, noncoding
transcription units overlap with genes, indicating genomes
are extensively interleaved.15 Noncoding RNAs include the
well-known ribosomal (r)RNAs, ribozymes, transfer(t)RNAs,
small nuclear (sn)RNAs, telomere-associated RNAs(TERRA,
TERC), as well as a plethora of far less characterized
RNAs.16 Based on their size, these ncRNAs are subdivided
into two groups: small ncRNAs (<200 nt) and long ncRNAs
[lncRNA (>200 nt)]10,13,16e24. Small ncRNAs, such as
microRNAs (miRs), small interfering RNAs (siRNAs), or PIWI-
interacting RNAs (piRNAs) received much attention and
were shown to mainly act as negative regulators of gene
expression. In contrast, lncRNAs represent a more func-
tionally diverse class of transcripts. The precise outcome
depends on the relative orientation of the transcription
units and whether two overlapping transcription events are
contemporaneous or not, but generally involves chromatin-
based changes.15,17,25

Emerging evidence suggests that epigenetic control of
gene expression may play a major role in regulating many
cellular processes.12,14,18,26e32 As the epigenetic control of
gene expression is a critical component of transcriptional
regulation,6,14,18,23,26,27 the deposition of epigenetic mod-
ifications is often guided by noncoding RNAs.10,13,16e24

Although noncoding RNAs, including microRNAs and
lncRNAs, have been most often implicated in post-
transcriptional gene silencing, these molecules are now
emerging as critical regulators of gene expression and
genomic stability at the transcriptional level.10,13,16,17,21e24

The complex and diverse functions of ncRNAs (esp.
lncRNAs) are just starting to emerge, ranging from
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regulating chromatin remodeling, gene transcription and
translation, RNA stability, scaffolding, and innate immu-
nity.8,9,11,13,15,17,25 Thus, we are only beginning to under-
stand the nature and extent of the involvement of ncRNAs
in human diseases and there is great interest in therapeu-
tic strategies to counteract these perturbations of
ncRNAs.33e35

Nonetheless, the ncRNA field faces at least two formi-
dable challenges: effective identification and functional
annotation of ncRNAs (esp. lncRNAs). Currently, the iden-
tification of ncRNAs mainly relies on large-scale deep
genome sequencing, improved epigenomic technologies
and computational predictions. However, these approaches
may be limited by the low expression level of ncRNAs,
which is, on average, 10e20 times lower than the expres-
sion level of protein-coding genes. Furthermore, it becomes
increasingly clear that lncRNA repertoires are subject to
weak functional constraint and rapid turnover during
vertebrate evolution.36 Many lncRNAs do not exhibit the
same pattern of high interspecies conservation as protein-
coding genes.11,25,36 The identification process is further
complicated by the fact that one lncRNA usually targets
multiple genes, vice versa. Thus, novel techniques are
needed to investigate the biological functions and regula-
tion of lncRNAs.

In this study, we sought to develop a highly sensitive and
dynamic reporter that allows us to identify and/or monitor
negative modulators of lncRNA transcript levels in a high
throughput fashion. Even though various reporter systems
have been developed for various gene regulation or drug
selection studies,37,38 sensitive reporters to assess the dy-
namic and real-time changes of lncRNA levels upon
different inhibitor treatments are not available. An ideal
reporter for assessing the decrease in lncRNA transcript
level should have a short half-life yet high basal signal.
Here, we engineer a fluorescent fusion protein by fusing
three copies of the PEST destruction domain of mouse
ornithine decarboxylase (MODC)39 to the C-terminal end of
the codon-optimized bilirubin-inducible fluorescent pro-
tein, designated as dBiFP, and show that dBiFP protein is
highly destabilized and degradable, compared with the
commonly-used eGFP. We further demonstrate that the
dBiFP signal is effectively down-regulated when the dBiFP
and mouse lncRNA H19 chimeric transcript is silenced by
mouse H19-specific siRNAs. Thus, our results strongly sug-
gest that the dBiFP fusion protein may serve as a sensitive
yet dynamic transcript reporter to monitor the targeted
inhibition of lncRNAs by microRNAs, RNA binding proteins,
synthetic RNA molecules and small molecule inhibitors in a
high throughput fashion.
Materials and methods

Cell culture and chemicals

Human colorectal cancer line HCT116 and HEK-293 were
purchased from the American Type Culture Collection
(ATCC, Manassas, VA). 293pTP and RAPA cells derived from
HEK-293 cells as previously characterized.40,41 All cell lines
were maintained in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS,
Gemini Bio-Products, West Sacramento, CA), containing 100
U/ml penicillin and 100 mg/ml streptomycin, at 37 �C in
5% CO2 as described.42e44 Cycloheximide (CHX) and
hygromycin B were purchased from Cayman Chemical (Ann
Arbor, MI). Unless indicated otherwise, other reagents were
purchased from SigmaeAldrich (St. Louis, MO) or Thermo
Fisher Scientific (Waltham, MA).

Codon optimization and expression of bilirubin-
inducible fluorescent protein (BiFP)

As one of the first fluorescent proteins identified from
vertebrates, UnaG (AB763906.1) is a bilirubin-binding fluo-
rescent protein (BiFP) that was originally identified from
Japanese eel muscle cells.45 To facilitate the expression of
this gene in human cells, we synthesized and humanized
the gene through codon optimization (Genescript, Piscat-
away, NJ). The synthesized BiFP coding region was subcl-
oned into pSEH retroviral vector, resulting in pSEH-BiFP,
and verified by DNA sequencing. This vector was served as
the template for generating various degradable versions of
BiFP constructs.

Construction of pSEH-eGFP and pSEH-GLuc and
their destabilized counterpart pSEH-eGFP-3modc
and pSEH-GLuc-3modc vectors

The coding sequences of enhance GFP (eGFP) and Gaussia
luciferase (GLuc) were PCR amplified using the Phusion
High-Fidelity PCR Kit (New England Biolabs, Ipswich, MA)
and cloned into the pSEH vector at the HindIII and SalI sites,
resulting in pSEH-eGFP and pSEH-GLuc vectors, respec-
tively. Three copies of the MODC destruction domain (see
below) were added in-frame to the C-terminal ends of eGFP
and GLuc, resulting in pSEH-eGFP-3modc and pSEH-GLuc-
3modc vectors, respectively. All PCR amplified fragments
were verified by DNA sequencing.

Generation of the destabilized/degradable BiFP
(dBiFP) proteins with the MODC domain fused at
the N- and/or C-termini of BiFP

To facilitate the generation of multiple copies of the PEST
destruction domain (e.g., amino acids 422e461) of mouse
ornithine decarboxylase (MODC),39 the MODC coding
sequence was repeated three times separated by linker
sequences and synthesized as a gBlocks gene fragment (IDT,
Coralville, Iowa). One to three copies of MODC sequence
were then PCR amplified from the gBlocks fragment
(Supplemental Table 1) and used to generate N- or C-ter-
minal fusion proteins of BiFP. Specifically, the pSEH-BiFP-
modc, pSEH -BiFP-2modc, and pSEH-BiFP-3modc vectors
contain one, two and three copies of the MODC domain at
the C-terminus of BiFP coding sequence, respectively.
Accordingly, the pSEH-3modc-BiFP vector contains three
copies of the MODC domain at the N-terminus of BiFP, was
also designated as the pdBiFP-Linker vector (Supplemental
Figure 1). All PCR amplified sequences were verified by DNA
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sequencing. The primers used for cloning are listed in
Supplemental Table 1. Details about the vector construc-
tions are available upon request.

Construction of the dBiFP-based lncRNA H19
reporter pSEH-dBiFP-H19

The mouse lncRNA H19 was PCR amplified from the pSEB-
H1946, and subcloned into the XhoI and MluI sites of pSEH-
BiFP-3modc (i.e., pdBiFP-Linker) (Supplemental Figure 1),
resulting in pSEH-dBiFP-H19. The PCR amplified sequence
was verified by DNA sequencing.

Generation and amplification of recombinant
adenovirus expressing siRNAs targeting mouse
lncRNA H19

Recombinant adenoviral vectors were constructed by using
the AdEasy technology as described.47,48 Briefly, three
siRNA sites targeting mouse lncRNA H19 were simulta-
neously assembled to an adenoviral shuttle vector using the
Gibson Assembly system as described,49,50 followed by
generation of recombinant adenoviruses in HEK-293,
293pTP or RAPA cells as described.40,41 The resultant ade-
noviruses, designated as AdR-simH19, which also expresses
RFP as a marker for monitoring infection efficiency. An
analogous adenovirus expressing RFP only (Ad-RFP) was
used as a mock virus control. For all adenovirus infections,
polybrene (8 mg/mL) was added to the culture medium to
enhance adenoviral infection efficiency.51

Retrovirus production and the establishment of
HCT116 stable lines

The retrovirus packaging and infection were carried out as
described.52 Briefly, the pSEH series retroviral vectors were
co-transfected with the packaging plasmid pCL-AMPHO into
HEK-293 cells. The packaged retrovirus supernatants were
collected at 36 h, 48 h, 60 h and 72 h, respectively. The
supernatants were filtered and used for 3e4 rounds of
infection of subconfluent HCT116 cells.52 At 24 h post the
last round of infection, the infected HCT116 cells were
selected in the presence of hygromycin B (0.3 mg/ml) for
5e7 days.

Protein turnover and fluorescence intensity
analysis

To determine protein turnover, the cells were treated with
cycloheximide (CHX) at a final concentration of 100 mg/ml
as described.53 The fluorescence intensity was recorded at
various time points and then quantified by using the Image J
software. Average fluorescence intensity Z Integrated
density/Area. The experiments were done in triplicate.

Gaussia luciferase assay

The GLuc assay was carried out as described.54e56 Briefly,
the GLuc activity was detected using BioLux� Gaussia
Luciferase Assay Kit (New England Biolabs) according to the
manufacturer’s instructions. Briefly, the GLuc assay solu-
tion was prepared by freshly mixing 5 ml of BioLux GLuc
Substrate, 80 ml of BioLux Gluc Stabilizer, and 0.5 ml of
BioLux GLuc Assay Buffer. 20 ml of the GLuc assay solution
were added to each sample, followed by incubating at room
temperature for 35e40sec before measurement. Each assay
condition was done in triplicate.

RNA isolation and touchdown quantitative Real-
Time PCR (TqPCR)

Total RNA was isolated with NucleoZOL (Takara Bio USA,
Mountain View, CA) according to the manufacturer’s in-
structions. Reverse transcription reactions were done using
hexamer and M-MuLV Reverse Transcriptase (New England
Biolabs, Ipswich, MA). The cDNA products were diluted 20-
to 100-fold and used as PCR templates. Primer3 Plus pro-
gram were used to design the qPCR primer.57 The qPCR
analysis was carried out using our recently optimized TqPCR
protocol.58 Briefly, the SYBR Green qPCR reactions (Bimake,
Houston, TX) were set up according to manufacturer’s in-
structions. The cycling program was modified by incorpo-
rating 4 cycles of touchdown steps prior to the regular
cycling program as described58: 95 �C � 3 min for one cycle;
95 �C � 20 s, 66 �C � 10 s for 4 cycles, with 3 �C decrease
per cycle; followed by 95 �C � 10 s, 55 �C � 15 s, 70 �C � 1 s
for 40 cycles, followed by plate read. All reactions were
done in triplicate. GADPH was used as a reference gene. All
sample values were normalized to GADPH expression by
using the 2-DDCt method. The qPCR primer sequences are
listed in the Supplemental Table 1.

Statistical analysis

All quantitative experiments were performed in triplicate
and/or repeated in three independent batches of experi-
ments. Data were expressed as mean � standard deviation
(SD). The one-way analysis of variance was used to analyze
statistical significance. A value of p < 0.05 was considered
statistically significant.

Results

Multimerized MODC PEST domains can destabilize
Gaussia luciferase (GLuc) and to a lesser extent, eGFP

An ideal sensitive inhibition reporter should have a high
basal signal, which can be reduced rapidly to reflect the
dynamic changes upon inhibition. Although the PEST
destruction domain (e.g., amino acids 422e461) of mouse
ornithine decarboxylase (MODC) has been used to destabi-
lize several reporters, including eGFP,39 the destabilized
reporters such as eGFP remain relatively stable and fail to
reflect the dynamic changes upon various treatments.

Here, we sought to test whether adding multiple copies
of the MODC destruction domain to eGFP or GLuc would
further destabilize the reporter. Thus, we added three
copies of MODC domain to the C-terminal end of eGFP and
generated the eGFP-3modc construct (Figure 1A). We found
that the GFP signal of the eGFP-3modc fusion protein was



Figure 1 Fusion proteins of eGFP and Gaussia luciferase (GLuc) with multiple copies of the MODC PEST domain exhibit varied

instabilities. (A) Schematic representation of the construction of eGFP-3modc C-terminal fusion and its control eGFP vectors. Both
constructs were generated on the basis of our homemade pSEH retroviral vector, yielding pSEH-eGFP and pSEH-eGFP-3modc. LTR,
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slightly decreased, compared with that of eGFP, and
showed a significant decrease at 12 h after cycloheximide
treatment (Fig. 1B). Quantitative analysis revealed that the
average GFP signal of the eGFP-3modc stable cells was
approximately 79.3% of the eGFP group at basal level
(Fig. 1C). However, at 12 h after cycloheximide treatment,
the average GFP signal of the eGFP-3modc stable cells only
dropped to 68.6% of its basal signal (e.g., at 0 h) (Fig. 1C),
indicating that the fusion protein was still rather stable and
may not be used as an ideal dynamic reporter.

We also added three copies of MODC domain to the C-
terminal end of GLuc and made the GLuc-3modc construct
(Fig. 1D), and found that the basal GLuc activity of the
GLuc-3modc fusion protein was significantly decreased to
17.1% of the GLuc group (p < 0.01) (Fig. 1E). At 12 h after
cycloheximide treatment, the GLuc activity of the GLuc-
3modc fusion was drastically reduced to 36.1% of its basal
level (i.e., at 0 h) (p < 0.01) (Fig. 1F). These results are
consistent with the fact that GLuc is a relatively high-lived
protein, and the addition of MODC destruction domain may
further destabilize GLuc protein, suggesting that the GLuc-
3modc fusion may serve as a sensitive and dynamic re-
porter. However, the low throughput nature of GLuc assay
may prevent its utility for large scale high throughput
screening of negative regulators or inhibitors.

Codon-optimized bilirubin-inducible fluorescent
protein (BiFP) can be engineered as a highly
destabilized reporter

As eGFP is a rather stable protein, we explored alterna-
tive GFPs. Recently, a bilirubin-binding fluorescent protein
(BiFP) (aka, UnaG) was identified in Japanese eel muscle
cells, representing one of the first fluorescent proteins
found in vertebrates45 (Fig. 2A-ab). In order to facilitate
the expression of this gene in human cells, we synthesized a
humanized version of BiFP through codon optimization
(Fig. 2Aec). We found that BiFP can be transiently
expressed effectively in human cells, and robust green
fluorescent signal was detectable at as early as 12 h post
transfection (Fig. 2B).

To determine whether the MODC destruction domain was
able to destabilize the BiFP protein, we engineered three
BiFP retroviral constructs, which contained one, two and
three copies of MODC domain fused to the C-terminus of
BiFP, resulting in BiFP-modc, BiFP-2modc, and BiFP-3modc,
respectively (Fig. 3A). When these BiFP fusion constructs
long terminal repeat for MSCV retrovirus; Hygro, hygromycin B resis
promoter and HIV enhancer; eGFP, enhanced green fluorescent
containing degradation domain of mouse ornithine decarboxylase
cycloheximide (CHX) treatment. The retroviral vectors were used
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the samples prepared in (B). “*” p < 0.05 compared with GFP sign
construction of GLuc-3modc fusion and its control GLuc vectors. B
pSEH-GLuc-3modc. (E). The retroviral vectors were used to make s
was measured. “**” p < 0.01, compared with non-fusion GLuc con
GLuc and GLuc-3modc stable lines were treated with CHX (100 mg/m
“*p < 0.05, “**”p < 0.01, compared with the GLuc activity at 0 h
were stably expressed in HCT116 cells, we found the basal
green fluorescence signal intensity was comparable among
the three BiFP fusion proteins and the non-fusion BiFP
control, although there was a trend of decreasing signal
with the increase in the copy numbers of MODC domain
(Fig. 3B). However, when the protein synthesis was inhibi-
ted by CHX, GFP signal decreased significantly in BiFP-
2modc and BiFP-3modc at as early as 6 h post CHX treat-
ment, and became more pronounced at 12 h post CHX
treatment, compared with that of the BiFP non-fusion
control (Fig. 3B). Quantitative analysis further confirmed
this trend and revealed that the green fluorescence signal
intensity of the BiFP-3modc fusion protein decreased to
24.1% of its basal level, or w76% decrease, at 12 h post CHX
treatment (p < 0.01) (Fig. 3C). Collectively, these results
indicate that BiFP may be effectively destabilized by mul-
timerized MODC destruction domain.
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point (Fig. 4C). Collectively, the above results demonstrate
that the C-terminal fusion protein BiFP-3modc exhibits a
high basal level of green fluorescence signal, which can be
rapidly down-regulated upon the inhibition of protein syn-
thesis. Thus, the BiFP-3modc fusion protein may serve as a
sensitive and dynamic fluorescent protein reporter due to
its shortened half-life. To simplify the nomenclature, we
designated the BiFP-3modc fusion protein as the
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Figure 2 The construction and expression of codon-optimized bilirubin-inducible fluorescent protein (BiFP). (A) Codon
optimization of BiFP. The protein sequence of BiFP (aka, UnaG) (a) and its crystal structure (b) were previously described in
reference45. As the original gene was identified from Japanese eel muscle cells, we humanized the gene; and the codon optimized
BiFP and original UnaG coding sequences were compared and shown in (c). (B) Effective expression of BiFP in HEK-293 cells. The
codon optimized BiFP was subcloned into pSEH vector and transiently transfected into HEK-293 cells. The green fluorescence signal
was recorded at the indicated time points. Representative images are shown.
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degradable/destabilized BiFP or dBiFP, resulting in the
pdBiFP-Linker vector (Supplemental Figure 1).

The highly degradable dBiFP can serve as a
sensitive and dynamic transcript reporter of mouse
lncRNA H19

As a proof-of-concept experiment, we generated a reporter
construct containing mouse lncRNA H19 (or mH19) after the
coding region of dBiFP, designated as dBiFP-H19 (Fig. 5A). It
is expected that the dBiFP and mH19 should be transcribed
as a chimeric transcript, in which dBiFP would be translated
into the destabilized BiFP protein as a reporter. Potential
siRNAs, microRNAs, other artificial modulatory RNAs, and/
or RNA inhibitors that target mH19 would result in the
decrease of the chimeric transcript and hence BiFP signal
(Fig. 5A).

We stably introduced the dBiFP-H19 vector into
HCT116 cells and found the expression level of mouse H19
was over 9-fold of the dBiFP control cells (p < 0.01)
(Fig. 5B). Using our previously developed AdR-simH19 that
specifically knocks down mouse H19 expressio,46 we found
that, when the dBiFP-H19 cells were infected with AdR-
simH19, but not Ad-RFP control virus, the green fluores-
cence signal was significantly decreased at 36 h post
infection, while no significant decrease in green fluores-
cence signal was observed in the control dBiFP cells
(Fig. 5Cea). Quantitative analysis indicated that AdR-
simH19-mediated H19 knockdown in the dBiFP-H19 cells
effectively decreased the green fluorescence signal to
17.1% of the AdRFP infection group, or decreased by w83%,
compared with the AdRFP control (p < 0.01) (Fig. 5Ceb).
Accordingly, qPCR analysis revealed that AdR-simH19
infection knocked down the mouse H19 expression to
24.4% of the AdRFP infection control in the dBiFP-H19 cells
(p < 0.01) (Fig. 5D), confirming that AdR-simH19 can
effectively silence mouse H19 expression in the dBiFP-
H19 cells. Thus, we designated the dBiFP vector as pdBIFP-
Linker, which can be used as a generic vector for cloning
any lncRNAs to generate dBiFP-lncRNA chimeric transcripts
(Supplemental Figure 1). Taken together, our results
strongly suggest that the dBiFP-H19 construct may serve as
a sensitive yet dynamic transcript reporter to monitor the
targeted inhibition of mouse H19 transcript.

Discussion

An ideal reporter for assessing dynamic real-time decrease
of lncRNA transcript level should have a high signal level
and yet a short half-life. In search for a sensitive high
throughput system to identify potential negative regulators
of lncRNAs, here we develop a dynamic and highly desta-
bilized fluorescent protein-based reporter that can faith-
fully reflect the transcript levels of lncRNAs in human



Figure 3 Characterization of the degradability of BiFP-modc C-terminal fusion proteins. (A) Schematic representation of
destabilized BiFP constructs with zero to three copies of MODC PEST domain at the C-terminus of BiFP. The fusion constructs were
generated and cloned in the pSEH retroviral vector, yielding pSEH-BiFP, pSEH-BiFP-modc, pSEH-BiFP-2modc, and pSEH-BiFP-3modc,
respectively. (B) BiFP fusion constructs were used for retrovirus packaging and generating stable lines in HCT116 cells after hygrom-
ycin selection. Subconfluent stable lines were treated with CHX (100 mg/ml). Fluorescence signals were recorded at the indicated time
points. Representative images are shown. (C) Quantitative analysis of the fluorescence signal for the CHX-treated stable lines shown in
(B). “*” p < 0.05; “**” p < 0.01, compared with the BiFP signals at 0 h after CHX treatment of respective stable lines.
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Figure 4 Degradability comparison of the BiFP fusion proteins containing the C-terminal or N-terminal MODC PEST domains.
(A) Schematic representation of N-terminal and C-terminal fusion proteins of BiFP. The BiFP-3modc fusion construct is also
designated as degradable BiFP or dBiFP. These constructs were generated in pSEH vector, resulting in pSEH-3modc-BiFP, pSEH-BiFP-
3modc and pSEH-BiFP. (B) The retroviral vectors were used to generate stable HCT116 lines. Subconfluent stable lines were treated
with CHX (100 mg/ml). Fluorescence signals were recorded at the indicated time points. Representative images are shown. (C)
Quantitative analysis of the fluorescence signal for the CHX-treated stable lines shown in (B). “*” p < 0.05; “**” p < 0.01, compared
with the BiFP signals at 0 h after CHX treatment of respective stable lines.
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cancer cells. Specifically, we engineer the fluorescent
fusion protein dBiFP by fusing three copies of the PEST
destruction domain of mouse ornithine decarboxylase
(MODC39 to the C-terminal end of the codon-optimized
bilirubin-inducible fluorescent protein. We show that
dBiFP protein is highly destabilized and readily degradable,
compared with the commonly-used eGFP. We further
demonstrate that the dBiFP signal is effectively down-
regulated when the dBiFP and mouse lncRNA H19 chimeric
transcript is silenced by mouse H19-specific siRNAs. Thus, it
is conceivable that the dBiFP fusion may serve as a sensitive
and dynamic transcript reporter to monitor the targeted
inhibitions of lncRNAs, which can be accomplished by
microRNAs, synthetic RNA molecules and small molecule
inhibitors in a high throughput fashion. It should be pointed
out that the dBiFP reporter system can also be used to



Figure 5 The highly degradable dBiFP as a sensitive transcription reporter of lncRNA H19. (A). Schematic representation of
the construction of dBiFP-H19 transcriptional reporter. Mouse lncRNA H19 (mH19) was cloned into the downstream of the stop
codon of the dBiFP coding region. It is expected a chimeric transcript of dBiFP-mH19 will be generated, which will be further
translated into the highly degradable protein dBiFP. Targeting mH19 by siRNAs, miRNAs, naturally occurring or synthetic modu-
latory RNAs, or small molecule compounds may lead to a decrease in the chimeric transcript and thus the decrease in BiFP signal. As
a proof-of-principle experiment, we use an adenoviral vector expressing mH19-specific siRNAs, AdR-simH19 to knockdown mH19
transcript. (B). Generation of a stable dBiFP-H19 reporter line from HCT116 cells. TqPCR analysis indicates the high expression of
mouse H19 in the dBiFP-H19 HCT116 stable line (p < 0.01 compared with that of the control line dBiFP). (C). H19-specific siRNAs
effectively down-regulate dBiFP expression in dBiFP-H19 cells. Subconfluent dBiFP and dBiFP-H19 cells were infected with AdR-
simH19 or AdRFP. Fluorescence signals were recorded at 0 h and 36 h after infection (a). The BiFP fluorescence signal was
quantitatively analyzed (b). “**”, p < 0.01 compared the AdR-simH19 infection with that of AdRFP infection. (D). TqPCR analysis of
mouse H19 in dBiFP-H19 cells upon AdR-simH19 silencing. Subconfluent dBiFP and dBiFP-H19 cells were infected with AdR-simH19
or AdRFP for 36 h. Total RNA was isolated and subjected to RT-PCR analysis. TqPCR assay was done in triplicate. “**” p < 0.01 when
compared the expression level of AdR-simH19 infection with that of AdRFP infection.
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assess changes in transcript levels of any protein-coding
genes of interest.

Even though various reporter systems have been devel-
oped for various gene regulation or drug selection studies,
sensitive reporters to assess the dynamic changes of lncRNA
levels upon different inhibitor treatments are not readily
available. We previously established an eGFP- target gene
of interest reporter system to select for optimal siRNAs,49,50

whereas the eGFP reporter is rather too stable and does not
rapidly reflect the silencing efficiency of the target mRNAs.
Nonetheless, most reporter systems are designed to assess
promoter activity in regulating gene expression,37,38 which
is aimed at dissecting how cis-acting DNA sequences and
trans-acting factors act in unison to control gene expres-
sion, not focusing on changes in the stability and/or level of
the transcripts. Furthermore, it is important to recognize
that traditional reporter assays measure protein levels or
activities, but not RNA or transcript levels.

Numerous reporter genes have been use.37,38,59,60

Nonetheless, there are several important criteria for se-
lection of a promoter reporter gene. First, the reporter
protein should be absent from the host, or easily distin-
guished from endogenous versions. Second, a simple, rapid,
sensitive, and cost-effective assay should be available to
detect the reporter protein. Third, the assay for the re-
porter protein should have a broad linear range to facilitate
analysis of both large and small changes in promoter ac-
tivity. Finally, expression of the gene must not alter the
physiology of the recipient cells or organism. Commonly-
used reporters include the isotopic assay-based reporters
such as chloramphenicol acetyltransferase (CAT) and
human growth hormone (hGH), the chemiluminescent
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assay-based reporters such as firefly luciferase (FLuc) and
b-galactosidase (or LacZ), and fluorescent protein-based
assays such as GFP and mCherry fluorescent proteins.

Furthermore, significant progresses have been made for
in vivo bioluminescence imaging of gene expression in order
to understand the biological processes as they occur in
living animals in real time.61,62 One rapid and accessible
technology for in vivo analysis employs internal biological
sources of light emitted from luminescent enzymes, such as
firefly luciferase, to label genes and cells detected by new
generations of CCD cameras.61,63,64 Such in vivo biolumi-
nescence imaging and in vivo fluorescence imaging methods
enable the real-time study of cell trafficking, various ge-
netic regulatory elements in transgenic mice, and in vivo
gene transfer, which greatly facilitate the functional anal-
ysis of a wide range of genes for their roles in health and
disease.62e64 Nonetheless, the choice of reporters is
dictated, in most cases, by the assay requirements. For
example, a reporter may be expressed in the cytoplasm or
secreted to the culture medium. In general, fluorescent
protein reporters are more suitable to locate in which cell
or tissue the gene is activated or where in a cell the protein
is expressed. Luciferases are more suitable to quantify how
much and when the gene is expressed, but are usually not
sensitive enough to pinpoint where the light is coming from.
With the arrival of new cutting-edge molecular biology
techniques, RNA transcripts in cells and/or tissues are
routinely assessed by using qPCR and/or RNA-sequencing.

In this study, we demonstrate that the BiFP fluorescent
protein exhibits many characteristics superior to that of the
eGFP fusion protein in terms of fluorescent signal intensity,
MODC-mediated degradability, and dynamic real-time re-
sponses to inhibitory modulators. Consistent with our find-
ings was a recent report about the development of a novel
protein domain that exhibits bilirubin-dependent stability
and fluorescence based on the bilirubin-inducible fluores-
cent protein Una.65 Furthermore, it has been recently re-
ported that BiFP is associated with resistance to oxidative
stress when coupled with bilirubin, suggesting that BiFP
may provide the antioxidant activity to the cells as
compared to eGFP.66 This is an important feature as it is
well established that when fluorophores (esp. GFP) are
exposed to light, the process tends to generate reactive
oxygen species (ROS) and can damage DNA, RNA, and pro-
teins by oxidization.67 Interestingly, consistent with that
reported in the original publication,45 we found that the
fluorescence signal of BiFP-transduced cells is ligand-
independent. This may be due to the wide presence of
heme and/or bilirubin derivatives in cell culture medium.
Nonetheless, it has been recently reported that the
parental UnaG may adopt two distinct fluorescence states,
UnaG in the apo-state (apoUnaG) and the holoUnaG, both
of which are monomeric in aqueous solution.68 Thus, it is
conceivable that brighter BiFP/UnaG mutants may be
genetically engineered as stronger fluorescent probes.

In summary, we engineer a highly destabilized fluores-
cent fusion protein dBiFP and show that dBiFP protein is
highly degradable and dynamic, compared with the
commonly-used eGFP. We further demonstrate that the
dBiFP signal is effectively down-regulated when the dBiFP
and mouse lncRNA H19 chimeric transcript is silenced by
mouse H19-specific siRNAs. Thus, our results strongly
suggest that the dBiFP fusion protein may serve as a sen-
sitive and dynamic high-throughput transcript reporter to
monitor the targeted inhibition of lncRNAs by microRNAs,
synthetic RNA molecules and small molecule inhibitors.
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