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Dual regulation of miR-375 and CREM genes in pancreatic beta cells
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ABSTRACT

MicroRNA-375 (miR-375) is upregulated in the islets of some diabetics and is correlated with poor
outcome. Previous work in our laboratory showed that cyclic adenosine monophosphate (cAMP)
reduces miR-375 expression and could provide a way to restore normal miR-375 levels, however the
transcription repression mechanism is unknown. Using a chromatin immunoprecipitation assay we
show that cAMP response element modulator (CREM) binds to the miR-375 promoter 3-fold above
background and we find that CREM represses transcription from the miR-375 promoter 1.8-fold.
While investigating miR-375 target genes we discovered that several microRNA:mRNA target
prediction algorithms listed human CREM as a target gene of miR-375. The predicted binding site
is conserved in primates but not in other species. We found that indeed miR-375 binds to the
predicted site on human CREM and represses translation of a green fluorescent protein reporter
gene by 30%. These findings suggest a primate-specific double-negative feedback loop,
a mechanism that would keep these important 3-cell regulators in check.

| s

+ +
Pdx1 ——> miR-375 CREM &—cAMP
NeuroD1 _|_ |

ARTICLE HISTORY
Received 8 July 2021
Revised 5 March 2022
Accepted 28 March 2022

KEYWORDS
microRNA; miR-375; pPBcells;
CREM; transcription

Introduction compared with non-diabetic control individuals.
While additional patient studies need to be done,
it suggests that the miR-375 gene can be misregu-
lated in the pathogenic state. Intriguingly, diabetic
patients exhibit decreased B-cell mass and increased
a-cell mass due in part to dedifferentiation of -
cells.” In patients, the gain of miR-375 expression
correlates with the decrease in B-cell to a-cell ratio.’
It is therefore at least a possibility that miR-375
contributes to the pathogenicity of diabetes by
decreasing insulin secretion in B-cells,* and by
decreasing insulin levels through the reduction in
B-cell numbers.”®

We and others™ ' have made progress in the
study of miR-375 gene regulation in order to deter-
mine its role in healthy and diabetic individuals.
We initially identified the miR-375 promoter in
independent genome-wide screens for binding

MicroRNA-375 (miR-375) is one of the most abun-
dant miRNAs found in pancreatic islets, and is
important for islet cell development and
physiology." In zebrafish, a model for vertebrate
development, targeted disruption of miR-375 by
morpholinos severely disrupts islet development.”
In particular, miR-375 appears to control the ratio
of B-cell to a-cells in the developing islets as miR-
375 knockout mice have reduced numbers of (-
cells and a corresponding increase in a-cells.” In B-
cell line cultures, miR-375 inhibits insulin secretion
and B-cell replication, in part by inhibiting the
protein synthesis of the mRNAs for myotrophin
(Mtpn)*  and  phosphoinositide  3-kinase-
dependent-kinase (Pdk1).”

MiR-375 may play a role in the pathogenesis of
type 2 diabetes mellitus in humans as well. In

a small cohort of patients, Zhao et al.® discovered
that miR-375 expression in the pancreas was
increased approximately 4-fold in diabetic patients

sites for the transcription factors NeuroD1 and
Pdx1."" Avnit-Sagi et al.® identified a 768 bp region
upstream from miR-375 that directs its expression
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to pancreatic islets, and identified a TATA box and
start site of transcription. Interestingly, they identi-
fied a 316 bp repression domain between the tran-
scription start site and the miR-375 sequence.
Work by El-Ouaamari et al.” showed that elevated
glucose could repress miR-375 expression, and we
demonstrated that cAMP could repress as well."!
Therefore it is likely that the factor or factors
responsible for repression will bind to the repres-
sion domain.

Cyclic-AMP-mediated transcriptional repression
can occur via the protein CREM.'> CREM is in the
CREB family of bZIP transcription factors and binds
to the CRE sequence and is alternatively spliced.
Depending upon the inclusion of a glutamine-rich
activation domain, some CREM splice variants acti-
vate and some repress transcription.'>'* In addition,
usage of an alternate intronic promoter generates an
additional repressor called inducible-cAMP-
elevated repressor (ICER)," itself being activated
by the cAMP - protein kinase A (PKA) axis. In -
cells there have been several repressing CREM and
ICER splice variants identified'®'” which can
repress gene transcription by recruiting histone dea-
cetylase 1 to the promoter.'®

We have proposed that one way in which cAMP
enhances B-cell function over the long term is
through repression of miR-375 through the
cAMP - PKA pathway.'' In this model, cAMP
agonists such as exendin-4 might enhance B-cell
function in part through keeping miR-375 levels
in check. To complete this model, however, it is
essential to identify the factor or factors responsi-
ble for transcriptional repression of miR-375.
Here we identify CREM as a regulator of miR-
375 expression. Surprisingly, CREM mRNA itself
is a target of miR-375, which suggests the presence
of a double-negative feedback loop that keeps the
expression of these two important regulators of -
cell function in check. Moreover, the CREM -
miR-375 interaction is primate-specific and there-
fore may account for primate-specific aspects of 3-
cell regulation.

Results
INS-1 cells express CREM repressors only

We initially suspected that CREM or ICER may
repress the transcription of miR-375 because they
are well-documented repressors activated by
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Figure 1. Identification of CREM exons that are expressed in INS-1 cells. (A) Schematic of the CREM locus. Functionality of each exon is
shown on top, showing Q1 and Q2 (glutamine-rich transactivation domains), P-box (phosphorylation domain), y (CREM-specific
domain), and DBD | and Il (DNA binding domains | and Il). The length of each exon in bp is shown just above the exons. Exon labels
B through | are shown below the exons. The CREM start codon is in exon B, while the ICER start codon is in the ICER exon. Either DBD | or
Il is spliced into the mature mRNA, with alternate stop codons as shown. The black shading represents the basic domains, while the gray
shading represents the leucine zipper domains. (B) The transactivating exon G is not expressed in INS-1 cells. Total RNA was harvested
from INS-1 cells and was used in reverse transcription reactions to generate cDNA. The cDNA was then used in quantitative real-time
PCR using primers specific to the exon or intron denoted. Intron BC refers to the intron between exons B and C, and serves as a measure

of background signal.



cAMP," and they control genes involved in B-cell
function in the normal and pathogenic states.'®'”
We wanted to perform a chromatin immunopreci-
pitation (ChIP) assay to test whether CREM was
bound to the miR-375 promoter, but currently
there are no antibodies that distinguish between
the activating and repressing isoforms. We began
by identifying the CREM exons that were expressed
in rat insulinoma INS-1 832/13 cells (hereafter
called INS-1) by using reverse transcription
coupled with quantitative real-time PCR (qRT-
PCR) (Figure 1(a)). Using exon-specific primers,
we found that the majority of CREM exons were
expressed in these cells (Figure 1(b)). A notable
exception, however, was the critical activation
exon G, the second of two glutamine-rich exons,
and the key exon responsible for activation.”® The
absence of this exon in CREM mRNA is strong
evidence that there are only repressing isoforms
present, thus any CREM protein detected by ChIP
assay would be a repressing isoform.

Through a combination of PCR and DNA
sequencing using intron-spanning primers, we
identified several transcript variants of CREM and
ICER in INS-1 cells (data not shown). However,
using an antibody against the essential DNA bind-
ing domain of CREM and ICER, we could only
detect two isoforms that were translated into pro-
tein (Figure 2(a)). An 18 kD isoform was induced

ISLETS (&) 141

by forskolin treatment, and matches to the pre-
dicted size of either ICERIy or IIy (Figure 2(b)).
A 20 kD isoform appears to be the most abundant
isoform expressed, though its identity is unknown
at this time (Figure 2(a)). Based on its predicted size
and our DNA sequencing results (data not shown),
it could be the rat ortholog of human CREM®2p,
expressed from human CREM transcript variant
14. This variant contains the regulatory phosphor-
ylation domains as well as DNA binding domain II
(Figure 2(b)). In an attempt to identify the CREM
isoforms expressed, we tested two additional anti-
bodies, but neither could immunoprecipitate
CREM (data not shown).

CREM binds to the miR-375 promoter

Having observed repressing CREM isoforms
expressed in INS-1 cells, we next used the CREM
antibody in a ChIP assay to determine if CREM
binds to the miR-375 promoter sequence. As
shown in Figure 3, CREM binding was enriched
at the miR-375 promoter 3.0-fold compared to an
anti-Flag antibody control (p = .046). In this assay,
the c-Fos promoter was used as a positive control
and a sequence 2 kb upstream from the miR-375
promoter was used as a negative control.
Additional experiments showed that cAMP stimu-
lation did not alter CREM occupancy on the

A RO
KM
R RY
FORSK: - + +
25kD — i
20kD — — ERem
15kD — — ICER I/ll y
B.  p-pox Icer DBD I DBD II
CREM
ICER I/IT y

Figure 2. (A) CREM repressors expressed in B-cells. Immunoprecipitation-Western blot (IP-WB) detects two major CREM proteins at 20
kD and 18 kD which contain the C-terminal DNA binding domain. The 18 kD protein is likely ICERy as it is induced by cAMP and
migrates at the predicted size. The 20 kD protein is potentially CREM®2p. INS-1 cells were treated for 1 h with 10 uM forskolin (+) or
DMSO control (-), then cells were harvested for IP-WB using monoclonal C-terminal anti-CREM 3B5 antibody or monoclonal anti-FLAG
M5 antibody as a control. * indicates nonspecific proteins. (B) Potential isoform CREM®2f contains the regulatory phospho-domains
and DNA binding domain II. ICER Iy and lly are nearly identical sizes, and use either DNA binding domain | or Il
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ChIP signal

miR-375 cFos miR-375
promoter upstream

Figure 3. CREM binds to the miR-375 promoter in cells. ChIP assays were performed on INS-1 cells using anti-Flag and anti-CREM antibodies.
Data represent gPCR results using primers that either amplify the proximal miR-375 promoter, the positive control cFos promoter, or
a negative control sequence 2 kb distal to the miR-375 promoter. Bars represent averages, N = 6; * p < .05; ** p < .01. N.S. Not significant.

promoter (data not shown). This is the situation for The proximal miR-375 promoter contains two
CREB, which can bind to promoters constitutively,  conserved regions, labeled 1 and 2 in Figure 4(a).
but becomes active only upon cAMP stimulation,”’  Both domains 1 and 2 or just domain 2 were used in

and argues against ICER being the repressor. luciferase reporter assays to localize the domain of
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Figure 4. CREM represses miR-375 transcription via the conserved domain 2. (A) Schematic showing the miR-375 promoter conserved
domains 1 and 2 linked to luciferase reporter genes. (B) Human embryonic kidney (HEK) 293 cells were transfected with luciferase
genes attached to either a minimal promoter (Control) or the miR-375 promoter fragments, in conjunction with CREM. N = 9. (C) HEK
293 cells were transfected with CREM genes and with control or CREM small interfering RNA (siRNA). The expressed proteins were
analyzed by Western blot using the CREM monoclonal antibody, and GAPDH expression was measured as a loading control. (D)
Repression of the miR-375 luciferase construct is dependent on CREM, as reducing CREM relieves the transcriptional repression. N = 9.
Bars represent averages and error bars represent + 1 SD. * p < .05; ** p < .01; *** p < .001.
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Human TTTTGCCATTTAGCGAACAAC
Chimpanzee TTTTGCCATTTAGCGAACAAC
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Figure 5. The human CREM mRNA is a predicted target of miR-
375. (A) Predicted alignment between miR-375 and human
CREM, revealing a perfect complementarity between a CREM
3'UTR sequence and the miR-375 seed sequence (nt 2-8). The
CREM sequence spans human chromosome 10:35,212,743-
35,212,763 bp (Genome Reference Consortium 38). G:U wobble
base pairs are represented by the: symbol. (B) Alignment of
CREM 3'UTR sequences between seven vertebrate species
using T-Coffee, revealing perfect conservation between humans
and chimpanzee, but not with rodents, at the miR-375 predicted
binding site (underlined).

CREM binding. Figure 4(b) shows that CREM
binds to domain 2 and represses transcription
1.8-fold (p = 1.2 x 10™°). A small interfering RNA
(siRNA) against CREM relieves this repression,
demonstrating the specificity of the reaction
(Figure 4(c-d)). HEK 293 T cells were used in
transfection assays shown in the figure because
they do not express CREM or miR-375, though
the same results were observed in INS-1 cells
(data not shown).

miR-375 binds specifically to human CREM mRNA

While researching potential targets of miR-375, we
discovered that human CREM was a predicted tar-
get identified by several independent algorithms,
including TzurgetScan,22 miRanda,?® and DIANA-
microT-CDS*** (Figure 5(a)). However, no algo-
rithm predicted rat or mouse CREM to be a miR-
375 target gene, as rodent CREM lacks
a complementary sequence to miR-375's seed region
(Figure 5(b)). For example, TargetScan identified an
exact match between human CREM and nucleotides
2-8 of hsa-miR-375 (7mer-m8 site), but classified
the interaction as poorly conserved.*
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To test whether miR-375 might regulate
human CREM specifically, we cloned the miR-
375 miRNA recognition element (MRE) from
human CREM (hCREM) at the 3’ end of the
green fluorescent protein (GFP) gene. We also
cloned the homologous sequence from rat
CREM (rCREM), although the miR-375 binding
site is not conserved. Our positive control was
a perfectly complementary match to miR-375
(anti-sense, AS-mir375) and negative control
was a scrambled sequence (SCR-mir375) pre-
dicted not to be regulated by any miRNA in (-
cells. We co-transfected either miR-375 or
a C. elegans miRNA control predicted to not
target any mammalian mRNA. We used HEK
293 T cells because they lack endogenous miR-
375. Results showed that the miRNA control
sequence did not bind to any of our GFP reporter
genes (Figure 6(a)), while miR-375 bound speci-
fically to the hCREM MRE and repressed GFP
expression by 30% (p = .0138) compared to the
rCREM sequence (Figure 6(b), compare columns
3 and 4). This supports the miRNA target predic-
tion algorithm results that the miR-375:CREM
interaction is human-specific.

Discussion

Previous work in our laboratory demonstrated
that miR-375 is transcriptionally repressed by
cAMP signaling through PKA."' Here we build
on that previous work by showing that the cAMP-
regulated transcription repressor CREM binds to
the miR-375 promoter (Figure 3) and represses
transcription (Figure 4(b,d)). While no cAMP
response element was identified in the miR-375
promoter, there is a conserved API1 site, 5-
TGAGTCA-3, in domain 2 of the miR-375 pro-
moter which may provide a binding site for
CREM.***® Using miRNA target prediction algo-
rithms we found that CREM is a target gene of
miR-375, but specifically in humans and other
primates (Figure 5) and subsequently showed
that miR-375 can bind specifically to the human
CREM MRE (Figure 6). Consistent with our
results for miR-375, several studies in B-cells
have shown that other genes are down-regulated
in response to cAMP.'®'>*" In one study, several
genes necessary for insulin secretion were
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Figure 6. miR-375 binds to the predicted human CREM binding site. HEK 293 T cells were transfected with GFP reporter genes fused
with either a negative control scrambled miR-375 sequence (SCR miR-375), positive control anti-sense miR-375 (AS miR-375), human
CREM miRNA recognition element (hCREM MRE), or rat CREM sequence (rCREM MRE). (A) Cells were co-transfected with either 10 nM
control C. elegans miRNA (CTRL) or (B) 10 nM miR-375. Finally, RFP was co-transfected to normalize for cell density and transfection
efficiency. Cells were imaged by fluorescent microscopy and graphs were generated by plate reader fluorometer (FLU = fluorescence
light units). N = 5. Bars represent averages and error bars represent = 1 SD. * p < .05; ** p < .01; *** p < .001.

repressed by hyperglycemic conditions in a PKA-
dependent manner.'” It was hypothesized that this
mechanism contributed to p-cell failure in type 2
diabetes.

Reciprocal regulation by miRNAs and transcrip-
tional repressors is a recurrent theme in mamma-
lian cells.”® These double-negative feedback loops
play a variety of roles in cells, for example by
reinforcing cell fate decisions,’"** by synchronizing
biological oscillators,”>** by dampening protein
fluctuations,” and by increasing transcriptional
response times.’® As shown in Figure 7, our
model for a double-negative feedback loop predicts

Pdx1 éL iR-375 CREM &J'
miR-
NeuroD1 cAMP

Figure 7. Model for miR-375 and CREM regulation in human f-
cells. Hypothesis for a double-negative feedback loop in human
B-cells, which predicts that two bistable states exist: miR-375 ‘on’
or CREM ‘on,” depending upon the relative strength of the
activating inputs.

that miR-375 is activated by factors such as Pdx1
and NeuroD1,'% and then it subsequently represses
CREM gene expression. If CREM activity is trig-
gered by cAMP signaling, then miR-375 would be
accordingly repressed. This double-negative feed-
back loop may switch the system between two
states, either miR-375 ‘on’ or CREM ‘on,” depend-
ing on the relative strength of the activating inputs.
This may have important consequences for p-cells,
as CREM isoforms have been shown to repress
genes involved in insulin production and
secretion.'”"”

Intriguingly, the miR-375 MRE is present only
in the CREM transcript of primates, suggesting
a fundamental difference in CREM regulation in
primates compared with other species. Due to
the sequence conservation of the miR-375 pro-
moter in primates and rodents, we hypothesize
that CREM represses miR-375 transcription in
a cAMP-dependent fashion in both, but that the
feedback loop has evolved only in the primate
lineage. This finding supports the model that



miRNA tend to be more evolutionarily con-
served than their target sequences.’” Indeed,
miR-375 is conserved perfectly in all mammals
analyzed, yet the CREM MRE is perfectly con-
served only in primates. Thus our study, along
with others,**° highlights a limitation of using
rodents in P-cell research.

Materials and methods
Cell culture

Rat insulinoma INS-1 832/13 cells were a gift from
Dr. Chris Newgard (Duke University Medical
Center). Cells were grown in RPMI-1640 media
(Corning #10041CV) containing 10% heat-
inactivated fetal bovine serum (FBS, Gibco
#10437028), 100 units/ml penicillin and streptomy-
cin (Hyclone #5V30082.01), 1 mM sodium pyru-
vate (Hyclone #SH30239.01), and 50 pM
2-mercaptoethanol (Sigma-Aldrich #M6250).
Human embryonic kidney 293 T cells (HEK-
293 T, American Type Culture Collection #CRL-
3216) were grown in DMEM (Corning #10017CV)
containing 10% FBS and penicillin and streptomy-
cin. Cells were grown at 37°C in a humidified
chamber containing 5% CO,.

Reverse transcription

RNA was extracted from INS-1 832/13 cells with
TRIzol (Invitrogen #15596026) and 500 ng RNA
was used for first-strand cDNA synthesis in
a reaction containing 50 ng of random primers
(Promega #C1181), 500 uM dNTPs (Fisher
Bioreagents #BP2564-1), 1x first-strand buffer,
and 200 units of Moloney murine leukemia virus
reverse transcriptase (Promega #M1705).

Antibodies

1 ug CREM monoclonal 3B5 antibody (Abnova
#H00001390M02) or Flag monoclonal antibody
(Agilent Technologies #200474) were used for
immunoprecipitation and chromatin immunopre-
cipitation (ChIP). Western blots were conducted
with either 1:500 dilutions of the above antibodies
or 1:10,000 dilution of a rabbit monoclonal
GAPDH antibody (Abcam #AB181602).
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Chromatin Immunoprecipitation (ChIP)

INS-1 832/13 cells were fixed with 1% paraformal-
dehyde in 1x PBS for 15 min at room temperature
(RT) and the cross-linking reaction was stopped
with the addition of 125 mM glycine for 5 min.
The cells were washed with 1x PBS on ice and
harvested by cell scraping in 1x PBS. Cells were
centrifuged at 1000x g at 4°C for 5 min and cell
pellets were lysed in 600 pl buffer containing
20 mM Tris-HCI pH 8.1, 150 mM NacCl, 0.1%
SDS, and 0.5% Triton X-100. Chromatin was soni-
cated to an average size of 2 kb using a Vibra-Cell
probe sonicator (5 x 15 sec) (Sonics & Materials,
Inc.). Samples were centrifuged and supernatants
were pre-cleared for 1 h at 4°C with protein
G agarose blocked with salmon sperm DNA
(MilliporeSigma #16201). 500 ug of supernatant
was rotated overnight at 4°C with CREM or Flag
antibodies. Following antibody incubation, 50 pl
protein G agarose (50% slurry) was added for 2 h
at 4°C, then sequentially washed with lysis buffer 2
times for 10 min each, LiCl buffer (10 mM Tris-HCl
pH 8.1, 250 mM LiCl, 1 mM EDTA, 1% NP-40, 1%
sodium deoxycholate) once for 10 min, and 2 times
with TE buffer (50 mM Tris-HCI pH 8.1, 1 mM
EDTA). Elution buffer (100 mM NaHCO3 and 1%
SDS) was added directly to the beads and the
immuno-complexes were dissociated in two
sequential washes of 200 pl each for 15 min at RT.
The supernatants were pooled and incubated at
65°C overnight to reverse the formaldehyde cross-
linking. The samples were extracted with 25:24:1
phenol:chloroform:isoamyl alcohol and nucleic
acids were precipitated with ethanol. Each ChIP
sample was resuspended in 100 pl 10 mM Tris-
HCI pH 8.0. Data was plotted as ChIP signal in
which quantitative PCR products were quantitated
by comparison to a ChIP input standard curve.

Quantitative PCR

ChIP DNA or ¢cDNA (3 ul) was analyzed in a 15 pl
real-time PCR (qPCR) containing 1x SYBR green mix
(Thermo Scientific #K0381) and 0.25 pM primer pairs.
Reactions were run in a Realplex 2 (Eppendorf) for
15 min at 95°C, followed by 40 cycles of 15 sec at 95°C
and 45 sec at 68°C. ChIP primers included miR-375
upstream (5-TCCTATCCCTGCCCTCCAGCTTT
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-3> and 5-CTTCACCATCCTCTTGCCCTGCT-3),
miR-375 promoter primers (5- GCCAATTC
AGTCTCTCGCCCCTA-3 and 5- CCCCGGACAG
GTGTGTGTGTG-3") and cFos promoter (5-
CCTCCAGTTTCTCTGTTCCGCTCA-3 and 5'-
CGGCTCTATCCAGTCTTCTCAGTTGC-3).

Luciferase assay

HEK 293 T cells were transfected using lipofectamine
2000 (Invitrogen #11668027) with 50 ng plasmids
expressing firefly luciferase, including pGL3-Basic
(Promega #E1751) and pGL3-Basic + rat miR-375
promoter fragments. Promoter conserved domains 1
and 2 span base pair positions +10 to — 545, while
domain 2 spans positions +10 to —199. pSV-CREMa
was a gift from Paolo Sassone-Corsi’> and mouse
CREM small interfering RNA (siRNA) sequence was
5-GCCTGCACAGTCCCCAGCA-3*  (Ambion).
After 48 h luciferase assays were conducted using
the Promega Dual-Glo Luciferase Assay System
(#E2920) and samples were analyzed in a BioTek
Synergy H1 multi-mode plate reader. Data was
plotted as Transcriptional activity in relative light
units (RLU).

MicroRNA reporter assay

HEK 293 T cells were transfected with plasmids
derived from pEGFP-C1 (Clontech #6084-1).
Reporter sequences were cloned at the 3’ end of the
green fluorescent protein (GFP) gene, following an
added stop codon and rv primer 4 site for sequencing
purposes. MiR-375 anti-sense sequence is 5-
TCACGCGAGCCGAACGAACAAA-3’, scrambled
sequence is 5- AAGAGCGGCGAACCAC
TACACA-3’, human CREM microRNA recognition
element (MRE) sequence is 5- TTTTGCCAT
TTAGCGAACAAC-3, and the homologous rat
CREM sequence is 5- TCCATTGTGAA
GTTTTGCAAC-3". mRFP-NI1 plasmid expressing
the red fluorescent protein gene was used as an inter-
nal control (Addgene #54635). Cells were co-
transfected with 10 nM miRIDIAN miR-375 mimic
(Dharmacon #C-300682-05) or negative control #1
based on cel-miR-67 (Dharmacon # CN-001000-01).
48 h post transfection cells were imaged with an
Olympus CKX41 inverted microscope followed by

lysis and analysis in a BioTek Synergy H1 multi-
mode plate reader. Data was plotted as GFP fluores-
cence light units (FLU) normalized to RFP FLU.

Statistics

Samples were analyzed by two-tailed, paired
Student t-tests. Averages plotted in
Microsoft Excel with error bars representing + 1
standard deviation.

were

Abbreviations

AP1 activator protein 1

AS anti-sense

bzIP basic leucine zipper

Chip chromatin immunoprecipitation

cAMP cyclic adenosine monophosphate

CRE cAMP response element

CREM CRE modulator

hCREM human CREM

rCREM rat CREM

CREB CRE binding protein

GFP green fluorescent protein

HEK 293T  human embryonic kidney 293T

ICER inducible-cAMP-elevated repressor;

MRE microRNA recognition element

PKA protein kinase A

gRT-PCR  reverse transcription quantitative real-time polymerase chain
reaction

siRNA small interfering RNA

SCR scrambled
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