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Abstract

Of numerous genes regulated by retinoic acid (RA), CYP26A1 is the most inducible gene by RA.
In this study, we have used a shortened construct form, E4, of the CYP26A1 gene promoter, in a
promoter-less vector with either luciferase or red fluorescent protein (RFP) as the reporter gene
and have tested its responses to retinoids in transfected HepG2 and HEK293T cells. The promoter
responded linearly to a wide concentration range of RA in cells cotransfected with retinoic acid
receptors. It also responded quantitatively to retinol and other retinoids. An isolated clonal line of
HEK?293T cells permanently transfected with the promoter driving the expression of RFP
responded to both RA and retinol, and the responses could be measured by fluorescence
microscopy and flow cytometry. The promoter was used to assess the retinoid activity of 3 novel
synthetic retinoid analogues, as well as of the intact serum samples of rats. Among the synthetic
retinoid analogues tested, EC23 is more potent than RA at lower concentrations and was more
stable than RA. The retinoid activities could be measured in control rat serum samples and were
increased in the serum of RA-treated rats. This system offers a biologically-based alternative to
massbased retinoid analysis.
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1. Introduction

Retinoic acid (RA), a major active metabolite of vitamin A, functions as a pan-agonist
ligand of nuclear retinoic acid receptors (RARa, B, and ), which partner with retinoid X
receptors (RXRa, B, and y) and bind specifically to retinoic acid response elements (RARE)
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in target genes [1-4]. The canonical RARE consists of a core of two hexameric motifs of
PUG(G/T)TCA(X),PuG(G/T)TCA, generally oriented as a direct repeat (DR) spaced by two
or five nucleotides (called DR2 or DR5). Tissue levels of RA are regulated both through
synthesis by a series of dehydrogenases from retinol and oxidative catabolism by CYP26
enzymes [5]. RA is not only the specific substrate for CYP26 enzymes but also is the key
regulator for these genes. CYP26A1, as a member of the CYP26 gene subfamily [6], has
been shown to be highly inducible by RA during embryonic development as well as in adult
tissues including the liver. Of the numerous genes regulated by RA only a few possess a
perfect functional retinoic acid response element, known as DR5, present in the promoter
region upstream of the transcription start site [7]. CYP26A1 is one of these genes with at
least 3 DR5 elements in addition one DR half site present within 2 kb upstream of the
transcription start site [8—10]. Of the three functional DR5 elements, one is located in the
proximal region and the other two together with one functional DR half site are present in
the distal region within 2 kb upstream of the promoter region of the transcription start site
[9, 10].

Previously we cloned the full-length (FL) promoter of the human CYP26A1 gene into
pGL3basic-luc with luciferase as the reporter gene [9]. By a deletion study, we eliminated
the intermediary region lacking the RA response elements and brought together the distal
region close to the proximal region to make a construct (termed E4) which was shown to
exhibit a stronger response to RA when co-transfected with retinoic acid receptors [10]. In
the current study, we have used this promoter construct in the pGL3-basic vector with either
luciferase or mCherry red fluorescent protein (RFP) as the reporter gene to evaluate the
promoter response to retinoids in human hepatoma HepG2 cells and human embryonic
kidney HEK293T cells when the cells are cotransfected with retinoid receptors. The
promoter responded in a roughly linear manner to logarithmic concentrations of RA and
could potentially be used to estimate the retinoid activities of novel synthetic retinoids as
well as rat serum samples.

2. Material and Methods

2.1. Materials

Human hepatoma HepG2 cells, and human embryonic kidney HEK293T cells were both
obtained from the American Type Culture Collection (ATCC, Manassas, VA). HepG2 cells
were maintained in Eagle’s Minimum Essential Medium (EMEM) and HEK293T cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM), each supplemented with 10% heat
inactivated fetal bovine serum (FBS) and 0.5% penicillin-streptomycin at 37 °C in a 5%
COo-air incubator. The cells were plated and used at 60 to 70% confluency.

All-trans (AT)Retinol and all-#rans- retinoic acid (ATRA) were purchased from Sigma-—
Aldrich Chemical Company and prepared as stock solutions at 1 and 10 mM in ethanol.
Am580, a specific ligand for RARa, was Kindly provided by Dr. K. Shudo and Y.
Kadeshika. Plasmid vectors including pgGEMT-Easy, pGL3-Basic-luc and pRLTK, were
purchased from Promega (Madison, WI) and ,cDNA3.1 plasmid vector for protein
expression was from Invitrogen (Carsbad, CA). MMLV Reverse transcriptase, oligo dT
nucleotide, T4 polynucleotide kinase, and T4 DNA ligase were all from Promega, High
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Fidelity Tag DNA polymerase, Lipofectamine 2000 transfection reagent and Trizol reagent
were from Invitrogen. Reagents for RT-qgPCR was purchased from Thermo-Fisher (https://
www.thermofisher.com), plasmid DNA Purification Kits were from Qiagen (Valencia, CA),
and DNA gel extraction kit was from Omega Bio-Tek (Thermo Scientific). All the restriction
enzymes were obtained from New England Biolab (Ipswich, MA). The full-length (FL)
promoter of CYP26A1 gene was cloned from a human CYP26A1 genomic clone containing
the extended 5’- and 3”-flanking regions in FOSMID vector (obtained from Children’s
Hospital Oakland-BACPAC Resources, Oakland, CA) and the deleted CYP26A1 promoter
clone in pGL3-Basic-luc vector were reported previously [9]. For preparation of all other
reagents in our laboratory, we followed the protocols reported in [11].

2.3. Synthetic retinoids

EC23, DC324 and DC360 (Figure 1) were synthesized according to the published
procedures [12-15]. EC23 and DC360 are synthetic analogues of ATRA, and DC324 is a
nonactive analogue that exhibits poor binding affinity for the retinoic acid receptors due to
the compound’s extended structure.

2.4. Animal experiment

Procedures for animal use were approved by The Pennsylvania State University’s Animal
Care and Use Committee. Adult female rats were orally treated once with either canola oil,
as the vehicle, or ATRA at 1 mg, 2 mg or 5 mg/kg body weight for 6 h and then euthanized
by CO, inhalation for blood withdrawal. Serum samples were prepared by centrifugation
and stored frozen at —200C until use. For determination of total retinoid activity, serum
samples were added directly to DMEM media without FBS at 20% dilution (v/v), and
incubated, with cells; both retinol and RA added directly to 20% FBS-medium were used as
standards.

2.5. RNA extraction and analysis

Total RNA was extracted from the cells using Trizol reagent and then dissolved in
DEPCtreated autoclaved water for analysis. The RNA samples were quantified by Nano-
Drop spectrophotometry and then reverse transcribed using MMLYV reverse transcriptase and
oligo dT from Promega in a 25 pl reaction mixture following the procedure recommended by
the manufacturer. The first stranded cDNA was first diluted and then analyzed by realtime
PCR for CYP26A1 and RARB mRNA transcripts with 18 S ribosomal RNA as an internal
control using primer pairs (Table 1). The PCR program was set to run first at 94 °C for 10
min for activation of the polymerase and then 40 cycles of 20 s at 94°C for melting, 30 s at
60°C for annealing, 30 s at 72°C for extension.

2.6. Cloning the human retinoid receptors, human RARB promoter and mCherry open
reading frame

Human RARa, RARB, RARYy and RXRa were cloned from poly A+ RNA isolated from
human liver samples [16]. Poly A+ RNA was first reverse transcribed using MMLYV reverse
transcriptase and oligo dT from Promega in a 25 pl reaction mixture. Following dilution to
150 pl with deionized water, 5 pl was used to amplify the open reading frame of retinoid
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receptors with specific primer pairs for RARa, RARB, RARy, and RXRa (Table 1) using
High Fidelity Tag DNA polymerase from Invitrogen following the manufacturer protocol for
30 cycles. The PCR product was run on agarose gel by electrophoresis and the DNA band
was cut and extracted from the gel using DNA gel extraction kit. The DNA was first cloned
into pPGEMT-Easy vector and then subjected to DNA sequencing for confirmation. The
isolated plasmid containing the receptor DNA was double digested with Bam HI/Xbal and
subcloned into the pcDNA3.1(+) expression vector. The human retinoid expression vectors
were first transformed into JM109 bacteria for screening and amplification and then purified
using Plasmid Midi Kit from Qiagen. The DNA expression plasmid was subjected to
sequencing for confirmation in the Nucleic Acid Facility, Pennsylvania State University. For
construction of pcDNA3.1-hRAR-hRXRa expression vectors, the pcDNA3.1-RAR was first
double digested with Stul or Smal/BstBI to remove the DNA reading frame for neomycin
and replaced with ORF for RXRa. The plasmid DNA was transformed into bacteria,
amplified and then purified as described above.

An about 2.0 kb DNA fragment of the human RARP gene was cloned by PCR from human
liver genomic DNA using a specific primer pair (Table 1) and High Fidelity Tag DNA
polymerase as described above [17]. The DNA fragment including the full length RARB
promoter and partial 5’-UTR of the RARB mRNA was cloned in pGEM-T Easy plasmid
vector by TA cloning, double digested with Ndel/Sacll, blunt-ended and then sub-cloned
into the Sma-| site of the pGL3-Basic-Luciferase.

A DNA fragment containing the mCherry ORF was first amplified by PCR from a
commercial plasmid vector using 5’- aaccatggTGAGCAAGGGCGAGG-3’ as the forward
and 5’- aatctagaTTACTTGTACAGCTCGTCCATG-3’ as the reverse primers (lower case
letters indicate the restriction sites for cloning) and the cloned into the pGEM-T Easy vector
by TA-cloning. An isolated clone was subjected to DNA sequencing for confirmation and
then double digested with Ncol/Xbal to obtain the mCherry fragment for subcloning into
pGL3Basic plasmid vector. For construction of pGL3-Basic-hCYP26A1P-E4-mCherry
clone containing the human CYP26A1 promoter, the pGL3-Basic- hCYP26A1P-E4
Luciferase [9, 10] was first double digested with Ncol/Xbal to remove luciferase DNA
fragment and then replaced with mCherry ORF using T4-DNA ligase.

2.7. Transfection, luciferase assay and RFP analysis

HepG2 cells grown in EMEM and HEK293T cells in DMEM, each with 10% fetal bovine
serum in T-75 flask, were trypsinized and transferred into 12- or 24-well plates 1-2 day
before transfection. When the cells were about 60 to 70% confluent, the pGL3-
BasichCYP26A1-E4-luc plasmid constructs, together with the expression vectors, were
added into the same medium containing 3% fetal bovine serum with no antibiotics using
Lipofectamine 2000 following the protocol recommended for transient transfection. pRLTK
plasmid containing the Renilla-Luc gene was cotransfected to provide an internal control for
transfection efficiency. After overnight transfection the cells were incubated with fullgrowth
medium containing 10% fetal bovine serum and 0-1 UM RA, or retinol in ethanol at the final
concentration of 0.001% ethanol. After incubation at 37 °C for up to 24 h the cells were
washed with PBS and then lysed to assay for firefly-Luc and Renilla-luc activities using the
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DRL luciferase assay system from Promega in Luminator 20. Promoter activity was defined
as the ratio of firefly-luciferase to Renilla-luciferase activity. Each reported activity is an
average of 3 wells with standard error of the mean.

For RFP analysis by fluorescence microscopy, the pGL3-Basic-hCYP26A1-E4-mCherry
plasmid construct together with the retinoid expression vectors and p-YFP vector as an
internal control were transiently transfected and then cells were treated with RA as described
above. Following treatment with RA the cells were observed using an Olympus 1X70
inverted fluorescence microscope equipped with an Olympus DP72 camera and cellSens
standard 1.14 image acquisition software. At least 3 regions of the monolayer cells in each
well were evaluated and recorded. The RFP fluorescence microscopy data were analyzed,
quantified, and normalized against YFP fluorescence as an internal control using NIH
ImageJ 1.49d.

To make a stable cell line for expression of RFP, HEK293T cells were co-transfected with
PGL3-basic-hCYP26A1-E4 promoter-mCherry vector together with human RARa and
human RXRa expression vectors as described above. The cells were then transferred by
trypsinization to a new plate with fresh DMEM medium containing 10% FBS and 300 pg/ml
G418 as the selection marker. After 2 weeks, the live cells were grown in new plates and
incubated with 1uM RA for 24 h. The cells expressing RFP were first cloned by limited
dilution, then sorted into individual wells by a Beckman Coulter MoFlo Astrios EQ Cell
Sorter based on RA induced RFP expression. The individual cells were grown in 96 well
plates for 2 weeks and then transferred into 12-well plates with full growth medium
containing G418. The resulting monoclonal lines were assessed for expression of RFP after
treatment with RA under a fluorescence microscope.

2.8. Statistical analysis

All data shown are the mean + standard deviation or standard error of the mean of at least 3
repeats in each experiment. The data were analyzed by one-way ANOVA followed by
Fisher’s least significant difference test using Prism6 Statistical Software (GraphPad). A p
value <0.05 was considered statistically significant.

3. Results

3.1. CYP26A1 geneis highly responsive to retinoic acid in the HepG2 hepatoma cells.

The endogenous mMRNA level of CYP26A1 was nearly undetectable in HepG2 cells
incubated in full growth medium for 4 h; however, upon addition of RA at concentrations as
low as 0.1 nM, the expression level was increased by 5 fold, and further induced
proportionally by all doses of RA (Figure 2A). As a comparison, the mRNA expression of
RARSB, another potentially RA inducible gene, was also responsive to RA dose dependently
although the response was of a much lower magnitude compared to the CYP26A1 gene
(Figure 2A).
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3.2. The promoter of the CYP26A1 gene is highly responsive to retinoic acid in HepG2
cells cotransfected with retinoic acid receptor alpha

Since the expression of CYP26A1 is highly responsive to RA, we initiated this study to
evaluate the use of the CYP26A1 promoter as a tool to estimate vitamin A bioactivity levels,
including retinoic acid in biological system. Previously, we have cloned the full-length (FL)
promoter of CYP26A1 gene extending from a few nucleotides to 2.5 kb upstream of the
ATG coding region into pGL3-basic-luc plasmid vector containing the coding region of
firefly luciferase as a reporter gene [9] (Figure 2B). By a deletion we made a construct (E4
construct; Figure 2B) [9], which was shown to be highly responsive to RA in HepG2 cells
cotransfected with RA receptors [10].

Retinoid X receptors act as partners with RARSs to activate the retinoid responsive genes.
Previously, we have shown that combination of RARa and RXRa are more effective than
RARa alone on the promoter activity of the CYP26A1 gene in HepG2 cells in response to
RA [10]. Both RARa and RXRa are expressed at much higher levels in the liver,
particularly in hepatocytes, in comparison to the other retinoid receptors. Therefore, we first
cloned these receptors individually from human liver and then placed both genes into one
expression vector as described in Materials and Methods. This dual expression clone was
cotransfected with the CYP26A1 promoter into HepG2 cells. Whereas RXRa alone was
shown to have no significant effect on the promoter activity of CYP26A1 gene in HepG2
cells in response to RA, it increased the effectiveness of RARa by more than 2 fold (Figure
2C).

To evaluate the kinetic response of the CYP26A1 promoter to RA, HepG2 cells were
cotransfected with the E4 promoter construct together with or without RARa.RXRa
expression vector for 24 h after which the cells were incubated with 1 uM RA for 1 to 72 h.
The cells were then washed and lysed in order to assess the resultant luciferase activity. The
promoter activity rapidly increased approximately 40 times within 2 h, reached a maximum
of 200 times after 8 h and then started to gradually decline after 15 to 72 h (Figure 2D). The
receptors had a dramatic effect on the promoter response to RA.

Similar to the mRNA expression of CYP26A1 gene, the promoter activity responded
proportionally to RA. HepG2 cells cotransfected with the promoter of CYP26A1 gene
together with RAR.RXR expression vector were incubated with 0 to 1 yM RA for 4 h and
then lysed to assay for luciferase activity. The promoter responded significantly to as low a
concentration as 1 nM RA and proportionally further to higher concentrations up to 1uM
(Figure 2E). Results from further experiments showed that the CYP26A1 promoter
responded linearly to RA within the log concentration ranges between 0.1 to 10 nM (Figure
2E insert). At all treatment concentrations tested, the E4 promoter was shown to respond
significantly higher than the FL promoter construct (Figure 2E).

3.3. mCherry RFP may be used as areporter for the promoter of the CYP26A1 gene

To directly observe the promoter response to retinoids, we have cloned mCherry ORF and
then subcloned into the luciferase frame site of the pGL3-basic-luc vector driven by the
hCYP26A1 E4 promoter. This vector, together with RARa..RXRa expression vector and
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PCMV-YFP expression vector as the internal control were cotransfected into HepG2 cells
after which the cells were incubated with RA for 24 h. The expression of RFP in response to
RA treatment was evaluated by fluorescence microscopy as compared to the expression of
YFP as an internal control for transfection. Expression of RFP was almost none in the
transfected cells treated with vehicle (Figure S1). However, treatment of the cells with as
low as 0.1 nM RA resulted in quantifiable expression of RPF in the cells (Figure S1). A
gradual increase in the expression of RFP was observed in the cells treated with up to 10 nM
RA (Figure S1), similar to that of luciferase used as the reporter gene (see Figure 2E).

3.4. CYP26A1 promoter is much more highly responsive to retinoic acid as compared to
the promoter of RARB gene

To compare the activity of the promoter of CYP26A1 gene in response to RA with that of
RARP gene, as another potential RA responsive gene, we have amplified from human liver a
fragment of the RARP promoter including the upstream proximal region of the gene and
cloned into pGL3-basic-luc vector containing luciferase as the reporter gene as described in
Materials and Methods. We then cotransfected this vector in the absence or presence of the
RARa.RXRa expression vector into HepG2 cells and compared the results with those of FL
and E4 promoter constructs of CYP26A1. In the absence of the receptors, the RARP
promoter responded to RA in a similar manner to those of the CYP26A1 promoter (Figure
2F). However, cotransfection of the receptors did not have any significant effect on the
RARp promoter, in contrast to those of the CYP26A1 promoters, which responded 10 to 50
times more strongly to RA. (Figure 2F).

3.5. RARa was shown to be more effective on the CYP26A1 promoter in response to
retinoic acid than the other retinoid receptors

To compare the effectiveness of RARa with that of other RA receptors including hRARB
and hRARy, on the promoter of CYP26A1 gene in response to RA we cloned each with
hRXRa into pcDNA3.1 expression vectors using analogous procedure to that used for
RARa (see Material and Methods). The E4 promoter construct of the CYP26A1 gene
together with the individual receptors were cotransfected into the cells, after which the cells
were incubated with RA at different concentrations for 24 h. The cells were then washed and
lysed for luciferase activity assays. At low concentrations of RA, both RARa and RARB
had a similar effect in both HepG2 cells (Figure 3A) as well as HEK293T cells, the human
embryonic kidney cells (Figure 3B). However, at higher concentrations, RARa was shown
to have a stronger effect than RARP on the promoter of CYP26A1 gene in response to RA
(Figure 3A and 3B). Both RARa and RARP had a stronger effect than RARYy at all the RA
concentrations examined (Figure 3). Apparently, the CYP26A1 promoter was less
responsive to RA at low concentrations in HEK293T cells (Figure 3B) than in HepG2 cells
(Figure 3A). This may be due to the moderate background displayed by HEK293T cells in
response to the cotransfected receptors without RA (Figure 3). This background appears
absent in HepG2 cells. Similar results were observed when the CYP26A1 promoter with
RFP as the reporter gene was used for cotransfection with either of the receptors in both
HepG2 cells (Figure S2a) and HEK293T cells (Figure S2b).
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3.6. CYP26A1 promoter responds to retinol and to different retinoid analogues

To determine whether the CYP26A1 promoter responds to retinol, HepG2 cells
cotransfected with the E4 promoter construct of the human CYP26A1 gene together with the
hRARa.hRXRa expression vector, were incubated with either retinol or RA at different
concentrations for 24 h and then washed and lysed for luciferase activity. The results showed
that the promoter did not respond significantly to retinol treatment at or below a
concentration of 10 nM (Figure 4A). However, at 100 nM retinol the relative luciferase
activity increased significantly (p<0.05) to a level similar to that obtained by 1 nM RA. At
100 nM, the response to RA was more than 10 times of that to retinol at the same
concentration (Figure 4A).

To assess the promoter responses to the synthetic retinoids, we first examined Am580, a
synthetic retinoid known to be a specific ligand for RARa.. HepG2 cells were first
cotransfected with the CYP26A1 promoter together with RA receptors and then incubated
with retinoids including RA. The cells were washed and then assayed for luciferase activity.
In the presence of RARa, Am580 was shown to have a stronger effect than RA at all the
concentrations used (Figure 4B). Whereas in the presence of RARp the promoter responded
modestly to both Am580 and to RA, in the presence of RARy the promoter was much less
affected by both ligands (Figure 4B).

Whereas ATRA is a pan-agonist for RARs, 9-¢/s RA is an active ligand for both RARs and
RXRs. Here we have examined the effect of 9-¢/s RA on the promoter activity of CYP26A1
gene in HepG2 cells cotransfected with RARs together with RXRa and compared the results
with those using ATRA. 9-¢is RA at 100 nM concentration activated the CYP26A1 promoter
to the same extent as ATRA in HepG2 cells cotransfected withe any of RARSs, each in
combination with RXRa (Figure S3). Combination of 9-¢is RA with ATRA did not further
activate the promoter of the CYP26A1 gene. Similar to ATRA, 9-¢is RA more strongly
activated in cells cotransfected with either RARa or RARP as compared to RARYy, in
combination with RXRa (Figure S3).

In a separate experiment, we tested the CYP26A1 promoter responses to three novel
synthetic retinoids, namely, EC23, DC360 and DC324. When full-length promoter was used,
all three synthetic retinoids significantly increased the promoter activity of CYP26A1 gene
through all three individual RARs (Figure 4C). However, when the E4 promoter was used all
three synthetic retinoids had a significant effect on increasing the promoter activity of the
CYP26A1 gene through RARa and RAR, but not through RAR-y (Figure 3D). Only EC23
significantly increased the promoter activity through RAR~y (p<0.05)( Figure 4D). Through
RARB all three retinoids increased the promoter activity of the CYP26A1 gene to the same
extent when either promoter was used (Figure 4C and D). The E4 promoter was more
responsive to retinoid than the full-length promoter when the promoter constructs were
cotransfected with the individual RARs (Figure 4C and D).

In another separate experiment, HepG2 cells cotransfected with the E4 promoter together
with the hRARa.hRXRa expression vector were treated with either EC23 or RA over
concentrations from 0 to 100 nM for 24 h, after which the cells were collected for luciferase
activity. At 10 nM concentrations or lower, EC23 was more effective than RA at inducing of
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the CYP26A1 promoter (Figure 4E). At 100 nM, however, EC23 was equally effective to

RA at inducing the CYP26A1 promoter.

3.7. Synthetic retinoid analogues induced the expression of CYP26A1 and RARP genes in

HepG2 cells

HepG2 cells were treated with different retinoids including RA at 0, 1, 10, and 100 nM
concentrations for 4 h, followed by analysis of the relative mRNA levels of CYP26A1 and
RARSB, two genes known to be responsive to retinoid treatment in vivo. Among three
synthetic retinoids, EC23 increased the expression of CYP26A1 mRNA in HepG2 cells
similar to that of RA at 1 and 10 nM concentrations (0<0001 vs. vehicle, Figure 4F).
However, the effect of EC23 was significantly lower than that of RA at100 nM (p<0.0001),
although it increased the level of CYP26A1 mRNA significantly compared to vehicle-treated
control cells (p<0.0001). Neither DC360 nor DC324 were significantly effective at low
concentrations of 1 and 10 nM (p>0.05) (Figure 4F); however, both compounds at 100 nM
increased CYP26A1 mRNA significantly (p<0.05), although their effect was significantly
lower than that of RA at the same concentration (p<0.0001). A similar pattern of results, but
at lower magnitude, was observed when RARB mRNA was analyzed in HepG2 cells (Figure
S4). The effect of EC23 was comparable to that of RA at all concentrations, however,
DC360, but not DC324, increased RARPB RNA levels at the concentration of 100 nM
(p<0.001), similar to the increase by RA (Figure S4).

3.8. HEKZ293T cells permanently transfected with CYP26A1 promoter respond
guantitatively to retinoic acid

In order to observe the quantitative response to the presence of RA or other retinoids without
repeated transfections, we constructed a permanently transfected cell line containing the E4
promoter of the CYP26AL1 gene together with individual RARa and RXRa expression
vectors. For this, HEK293T cells were cotransfected with the pGL3-basicmCherry vector
cloned with the E4 promoter construct of the human CYP26A1 gene together with human
RARa and human RXRa expression vectors as described in Material and Methods. After
transfection, the cells were trypsinized and grown in full growth medium containing G418
for selection. After two weeks, the majority of the cells expressed RFP following treatment
with RA. We isolated individual colonies for expression of RFP, first by limited dilution, and
then by individual cell sorting using flow cytometry. Initially, we isolated 14 different
individual cells in 96-well plates and propagated them to select 4 different colonies. Of these
4 colonies from individual cells, we selected colony #1A1 for further processing and
analysis for two main reasons: first, the cells showed a low RFP background when grown in
full growth media without added RA, and secondly, they expressed significant RFP in
response to RA treatment.

The expression of the reporter mCherry mRNA increased proportionally in HEK293T
1Alcells in response to RA added at different concentrations for 24 h. The expression of
mCherry mRNA (using primers for the mCherry coding region as well as for 18S rRNA)
was nearly undetectable in 1A1 cells incubated with vehicle, however, it was induced 3-fold,
though not significantly, in the same cells in response to RA as low as 1 nM, and further
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increased 15-, 50-, and 150-fold at concentrations of 10, 100, and 1000 nM, respectively, as
compared to vehicle-treated control cells (Figure 5A).

RFP expressed in the HEK293T 1A1 cell line could be measured by flow cytometry. For
this, cell monolayer grown in 12-well plates were incubated for 24 h with either RA-treated
conditioned media from HepG2 cells or an RA reference standard at concentrations from 1
to 500 nM and then prepared for flow cytometry according to the procedure described in the
Material and Methods section. RFP expression levels exhibited a linear correlation in
response to RA treatment (R2 = 0.96, p<0.0001) (Figure 5B). The conditioned media was as
effective as the RA reference standard at the lower concentration levels, however, they were
more effective than the reference standards at the higher concentrations of RA. For example,
RFP expression induced in the cells by the conditioned medium was about 2 times of that
induced by the RA reference standard at 500 nM concentration (Figure 5B).

3.9. HEK293T 1Al cells may be used to determine the retinoid activity of synthetic
retinoid analogues

Monolayer HEK293T 1ALl cells in 12-well plates were incubated with either synthetic
retinoid analogues or RA, each at 3 different concentrations of 10, 100, and 1000 nM for
24h and then analyzed by fluorescence microscopy for the expression of RFP. The RFP
expressing cells were counted and the relative fluorescence intensity levels were calculated
based on the expressed RFP in cells treated with vehicle (Figure 6A). The cells were
significantly more responsive regarding RFP to EC23 than to RA at 10 and 100 nM (Figure
6B and C). At 1000 nM, however, EC23 was significantly less effective than RA, probably
indicating saturation of EC23 as a potent ligand for retinoic acid receptors. In fact, the cells
responded to RA by the expression of RFP dose-dependently. Two other retinoid analogues,
DC360 and DC324, were significantly less effective than RA in inducing expression of RFP
in these cells (Figure 6B and C). Whereas DC360 and DC324 had no effect at 10 nM,
DC360, at or above 100 nM induced RFP expression significantly as compared to the
vehicle control, whereas DC324 was effective only at 1000 nM. However, both were less
effective than RA (Figure 6B and C) (p<0.0001).

In a separate experiment, monolayer HEK293T 1ALl cells in 12-well plates were treated with
either EC23 or RA at concentrations from 0 to 100 nM for 24 h, after which the cells were
analyzed by fluorescence microscopy for RFP (Figure 7A). The RFP expressing cells were
counted and the relative fluorescence intensity levels were calculated compared to RFP
background in vehicle-treated cells (Figure 7B). EC23 was more effective (p<0.0001) than
RA in inducing RFP expression in these cells at concentrations from 0.5 to 100 nM (Figure
7A and B).

These synthetic retinoid analogues, compared to RA, were shown to exhibit a longer-lasting
effect on RFP expression in HEK293T 1A1 cells, measured after treatment with different
concentrations for either 1 or 4 days. The RFP signals in the cells treated with EC23,
compared to RA, were higher in the 4-day treatment than in the 24-hour treatment (Figure
8). Likewise, RFP signals were doubled in cells treated with either DC360 or DC324 for 4
days as compared to those in the cells treated for 24 h (data not shown).
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3.10. CYP26A1 promoter may be used to determine the retinoid activity levels in serum

For analysis of RFP expression resulting from treatment of cells with serum of animals
treated in vivo with RA, we incubated HEK293T 1A1 cells directly with rat serum at a 20%
dilution in DMEM media without FBS for 24 h and then observed cells by fluorescence
microscopy; either exogenous retinol or RA was included in separate wells as reference
standards, added in DMEM media with 20% FBS. As in the previous experiments, there was
no significant expression of RFP in 1Al cells treated with vehicle (Figure 9A). Whereas
1A1 cells responded effectively to RA in the expression of RFP at a concentration as low as
1 nM, retinol did not have a significant effect on the expression of RFP at a concentration of
100 nM (Figure 9B and C). As compared to the RA standards, the control serum sample
from the vehicle-treated rat was equivalent to ~2.5 nM at the 20% serum dilution used
(Figure 9B, C and D). Then, serum samples from rat treated with 1, 2 and 5 mg of RA/kg
BW were tested. Serum (after 1 mg RA/kg) increased the RFP expression slightly (Figure
9B and D), however, serum from rats treated with 2 and 5 mg RA/kg BW elevated the RA
concentrations in the serum to about 30 nM and 180 nM, respectively, as determined by RFP
expression in HEK293T 1ALl cells (Figure 9B and D).

4. Discussion

In this study we have used a short form of the CYP26A1 gene promoter (E4 construct) in a
PGL3 promoter-less vector with either luciferase or mCherry as the reporter gene to evaluate
the promoter response to retinoids in HepG2 cells as well as HEK293T cells when the cells
are cotransfected with an RARa.RXRa expression vector. We found that: 1) the E4
promoter construct responds to RA within 2 h and significantly at a concentration as low as
0.5 nM. In the logarithmic dose response study, which encompassed up to 1 pM of RA
concentration the promoter response was nearly linear in the range of 0.1 to 10 nM. 2)
Similar to the gene itself, the CYP26A1 promoter responded to RA at a much higher extent
than the promoter of the RARP gene, which possesses two functional DR5 elements in the
proximal region upstream of the transcription start site. In fact, CYP26AL1 is a more useful
tool for measuring the intracellular RA activity than RARP because of a greater dynamic
range of responses as compared to RARP response, which is more attenuated. 3) RARa and
RARp had a greater effect on the promoter responses to RA than RARy in both HepG2 cells
and HEK293T cells partly because of the specificity for RARy receptor for DR2 [18] rather
than DR5, 4) In the transient transfection experiments, the CYP26A1 promoter response to
RA treatment was much higher in HepG2 cells than in HEK293T cells. For example, the
CYP26A1 promoter response was about 20 times higher in HepG2 cells treated with 1 nM
RA, whereas no significant response was observed from the same promoter at the same
concentration of RA in HEK293T cells. A similar trend has been observed for the
expression of CYP26A1 mRNA in these 2 cell lines [9, 10]. Whereas the expression of
CYP26A1 is almost undetectable in HepG2 cells treated with vehicle, significant expression
of the CYP26A1 gene was observed in vehicle-treated HEK293T cells [9, 10]. This may be
due to relaxation of the chromatin in the region where the CYP26A1 gene is located [9]. In
fact, we previously found no significant increase in binding of histone H3 to the promoter
region in the vicinity of the transcription start site in HEK293T cells treated with RA as
compared with vehicle-treated cells [9]. 5) The CYP26A1 promoter responded to RAR

Anal Biochem. Author manuscript; available in PMC 2020 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zolfaghari et al.

Page 12

specific ligands in HepG2 cells. The promoter responded comparably to Am580, an RARa
specific ligand as well as 9-cis-RA, which binds to both RAR and RXR receptors. However,
the promoter did not respond to the RXR specific ligand significantly, unless it was used in
combination with RAR specific ligands (data not shown). Nuclear receptors such as RARS,
TRs, and VDR are considered non-permissive receptors, which are enhanced by their own
agonists but are not affected by RXR ligands [19]. This is in contrast to the permissive
action of RXR heterodimers, which can be affected by either RXR ligands and/or the ligands
of the nuclear receptors such as PPARs, LXR, PXR, FXR and CAR [19]. 6) The CYP26A1
promoter responded to retinol in both HepG2 cells and HEK293T cells, however, the
promoter was enhanced by retinol at higher treatment concentrations compared to that by
RA. It is not known whether retinol acts as a potential ligand for retinoic acid receptors, or if
it needs to be oxidized first for formation of RA. All-#rans-retinol may act as a functional
ligand for retinoic acid receptors [20]. 7) The CYP26A1 promoter was used to evaluate the
retinoid activities of three synthetic retinoids, namely, EC23, DC360 and DC324. EC23 was
shown to have higher activity than the other two retinoids, DC360 and DC324. As compared
to RA, this retinoid, EC23, was more effective than RA at low concentrations based on the
data from the promoter activity as well as on the CYP26A1 gene expression in HepG2 cells.

Based on the quantitative responses we observed from the CYP26A1 promoter to RA as
well as other retinoids, we decided to produce a monoclonal cell line possessing the
CYP26A1 promoter with a reporter gene, which can be directly measured in the cells treated
with retinoids without repeated transfection. The CYP26A1 promoter construct in pGL3-
basic vector with mCherry open reading frame as the reporter gene was used together with
RARs to transfect HEK293T cells, which grow rapidly and are easily trypsinized into
individual cells for flow cytometry. A cell line clone, 1A1, which expresses permanently the
RFP protein, the fluorescent signal from mCherry, upon treatment with retinoids, was
isolated and characterized for further analysis. The 1A1 clone was found to have a low
background level of RFP without retinoid treatment and to be resistant to high
concentrations of retinoids while maintaining high expression of RFP. Additionally, the 1Al
clone was found to have a quantitative response to RA by expression of mCherry mRNA as
determined by RT-PCR and by RFP protein expression as analyzed by fluorescence
microscopy and flow cytometry. The cells responded quantitatively to retinoids in the
expression of RFP and the responses were comparable to those measured for luciferase
activities in HepG2 cells. Among three synthetic retinoids we examined, EC23 was found to
exhibit stronger retinoid activity than RA at low concentrations; similar to the values
measured by luciferase activity in HepG2 cells. Moreover, the synthetic retinoids were
shown to be more stable than RA as tested in HEK293T 1A1 cells for RFP expression.

The HEK293T 1A1 cells may be used to estimate the activities of retinoids in biological
systems. For example, the cells were used to estimate the retinoid activities of the
preconditioned media from HepG2 cells treated with RA by the expression of RFP, which
was easily measured by flow cytometry. The cells could also be used to estimate the retinoid
activities by direct incubation of serum samples from rats treated without or with RA. We
found that the RFP expression levels increased in the cells treated with serum samples of the
rats treated with RA as compared to treatment with vehicle.
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In summary, a short version promoter of the CYP26A1 gene driving the expression of either
luciferase or RFP in a promoter-less vector was used to test its response to RA in HepG2
cells and HEK293T cells cotransfected with RARs. The promoter responded nearly linearly
to a wide range of the log concentrations of RA and was sensitive enough to detect RA
activity as low as 0.5 nM. The promoter responded better to RA when the cells were
cotransfected with RARa.RXRa as compared to the other RARSs. It responded to retinol and
was used to estimate the retinoid activities of three synthetic retinoids. A stable cell line of
HEK?293T cells was established to express RFP under the CYP26A1 E4 promoter to respond
to RA as well as to retinol. The cell line could be observed live for expression of RFP using
fluorescence microscopy or trypsinized easily into individual cells for quantification of RFP
expression using flow cytometry. This system was used to estimate the retinoid activities of
synthetic retinoids as well as biological specimens such as serum.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
CYP26A1 promoter is highly responsive to retinoic acid (RA) in culture cells
RARa is most effective on the CYP26A1 promoter in response to RA
CYP26A1 promoter responds to retinol and to retinoid analogues

HEK293T cells stably transfected with CYP26A1 promoter respond
guantitatively to RA

These cells were used to determine the retinoid activity of synthetics and rat
serum
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Figure 1. Structure of Synthetic Retinoids
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Figure 2. CYP26AL1 gene is highly responsive to RA in HepG2 cells.
A. HepG2 cells were incubated with 0 to 1 uM RA for 4 h and then subjected to total RNA

extraction and analysis for CYP26A1 and RARB mRNA expression using 18S ribosomal
RNA as the internal control. B. Schematic representation of the full-length* (FL) and
deleted forms (E4) of hCYP26A1 gene in pGL3-basic vector containing luciferase as the
reported gene. R1, R2, R3 and R4 represent retinoic acid response elements (RARE) C.
HepG2 cells cotransfected with E4 construct together with an expression vector containing
both RARa and RXRa were more responsive to RA (1 nM) than with the expression vector
containing only RARa.. D. Kinetic response to RA (1 uM) of HepG2 cells cotransfected
with the E4 promoter construct of hCYP26A1 gene without or with the RARa.RXRa
expression vector. E. Full-length or E4 constructs of hCYP26A1 gene responded dose
dependently to RA in HepG2 cells cotransfected with RARa.RXRa. expression vector. F.
Both FL and E4 promoter constructs of hCYP26A1 gene responded significantly better to
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RA than FL promoter of RARP promoter in HepG2 cells cotransfected with RARa.RXRa
expression vector.
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Figure 3. RARa makes CYP26A1 promoter respond to RA better than either RARP or RARy in
both HepG2 cells and HEK293T cells.

Mono-layered cells were cotransfected with CYP26A1 promoter E4 construct in pGL3-
basic-luc together with either hARARa.hRXRa, hRARB.hRXRa or hRARy.hRXRa and
then treated with different concentrations of RA for 24h. The cells were used for luciferase
assay in HepG2 cells (A) and HEK?293T cells (B).
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Figure 4. CYP26A1 promoter responds to retinol as well as to different retinoid analogues in
HepG2 cells.

A. HepG2 cells cotransfected with E4 promoter construct in pGL3-basic -luc vector together
with hRARa.hRXRa expression vector were treated with either RA or retinol at different
concentrations for 24 h and then lysed for luciferase assay. The promoter responded to
retinol but at higher concentrations than that of RA. B. Cells were cotransfected with
CYP26A1 E4 promoter construct in pGL3-basic-luc vector together with RARa, RARP, or
RARYy and then treated with either RA or Am580, an RARa specific ligand, at different
concentrations for 24 h after which the cells were collected for luciferase assay. To measure
the activity of the synthetic retinoid analogues, HepG2 cells grown in 24-well plates were
cotransfected in triplicate with pGL3-Basic-/uc plasmid containing full-length human
CYP26A1 promoter (C) or E4 promoter (D) without or with 0.1 pg retinoid receptors and
then treated with either ethanol as vehicle or retinoid compounds including RA at 0.1 uM in
EMEM medium for 24 h after which the cells were collected for luciferase assay. E. HepG2
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cells cotransfected with human CYP26A1 E4 promoter together with hRARa.hRXRa were
then incubated with either RA or EC23 at different concentrations for 24 h after which the
cells were collected for luciferase activity assay. F. Newly synthesized retinoid analogues
induced CYP26A1 mRNA expression in HepG2 cells. HepG2 human hepatoma cells were
grown in 12-well plates and treated with either ethanol as the vehicle control or retinoid
compounds including RA at 3 different concentrations in triplicate for 4 h and then collected
for RNA analysis by RT-PCR. The relative expression of CYP26A1/18S ribosomal RNA
level, as the control, was set as 1 in HepG2 cells treated with the vehicle in bar graphs.
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Figure 5. Red fluorescent protein (RFP) is expressed quantitatively in HEK293T 1A1 cells in
response to RA.

A. HEK293T 1A1 cells grown in 12-well plates were incubated with RA at different
concentrations for 24 h after which the cells were washed and collected for total RNA
isolation. The total RNA samples were then subjected to RT-PCR analysis for expression of
mCherry RNA in triplicate using 18S ribosomal RNA expression as the internal control. B.
HEK?293T 1A1 cells were grown in 12-well plates then incubated 24 h with either RA at
different concentrations or 24-h RA treated conditioned media from HepG2 cells. For
conditioned media preparation, HepG2 cells were incubated RA at different concentrations
in EMEM full growth media for 24 h. The media were collected and then incubated at 50%
with HEK293T 1A1 cells without addition of any RA. For reference standard, the HEK293T
1A1 cells were incubated with 50% HepG2 cell 24-h vehicle-treated conditioned media with
added RA at different concentrations for 24 h. The HEK293T 1ALl cells in duplicate wells
were then trypsinized and collected for flow cytometry for the cells expressing RFP.
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Figure 6. HEK293T 1A1 cells response to the newly synthesized retinoid analogues.
A and B. Monolayer HEK293T 1Al cells in 12-well plates were incubated with either

newly synthesized retinoid analogues or RA, each at different concentrations for 24h and
then observed under a microscope for expression of RFP. C. The RFP expressing cells were
counted using the NIH ImageJ program and the relative fluorescence intensity levels were
calculated based on the expression of RFP in vehicle-treated cells. Values represent the mean
of 3 different regions + SD.
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Figure 7. EC23 was shown to have more retinoid activity than RA at low concentrations.
A. Monolayer HEK293T 1Al cells in 12-well plates were incubated with either EC23 or

RA, each at different concentrations for 24h and then observed under microscope for RFP
expression. B. The RFP expressing cells were counted using NIH ImageJ program and the
relative fluorescence intensity levels were calculated based on the expressed RFP in cells
treated with vehicle. The values represent the mean of 3 different regions + SD.
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Figure 8. Synthetic retinoid analogue, EC23, has apparently more extended retinoid activity than
RA in expression of RFP in HEK293T 1A1 cells.

A. Monolayer HEK293T 1A1 cells grown in 12-well plates were incubated with either EC23
at1 and 10 nM or RA at 10 and 100 nM concentrations for either 1 or 4 days and RFP
expression was observed by fluorescence microscopy, and, B. measured using NIH ImageJ.
The values represent the mean of 3 different sections + SD.
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Figure 9. Total retinoid activity may be estimated in intact rat serum by HEK293T 1ALl cells.
To prepare serum for testing, adult female rats were treated orally with either oil as the

vehicle control or RA at 1, 2, and 5 mg/kg body weight for 6 h, at which time blood was
collected and serum prepared by centrifugation and stored at —200C until analysis. Total
serum retinol concentrations as determined by UPLC were all in the normal ranges of 0.98
for the control rat and 0.77, 0.74, and 1.74 uM for rats treated with RA at 1, 2, and 5 mg/kg
body weight, respectively. A and B. Cells were incubated with intact rat serum samples at
20% in DMEM media without added FBS for 24 h, and then observed by fluorescence
microscopy for expression of RFP using retinol and RA at different concentrations in
DMEM media with added 20% FBS as the standards. C and D. RFP expressing cells were
counted using NIH ImageJ program and the relative fluorescence intensity levels were
calculated based on the expressed RFP in cells treated with vehicle. The retinoid activity
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levels of the serum samples tested were calculated based on the RA standard. The values
represent the mean of 3 different regions + SD.
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Table 1.

List of primers for RT-PCR analysis and cloning.

Gene hame Analysis Primer Pairs

CYP26A1 RT-PCR S: GCTGCCTCTCTAACCTGCAC
A: TGCTTTAGTGCCTGCATGTC

RARB RT-PCR S: GTACCACTATGGGGTCAGCG
A: AATTTGTCCCAGAGGCCCAG

18S Ribosomal RNA RT-PCR S: CGCGGTTCTATTTTGTTGGT
A: AGTCGGCATCGTTTATGGTC

RARa Cloning S: atgctagcGCCACCATGGCCAGCAACAGCAGC
A: ttaagcttCACGGGGAGTGGGTGGC

RARB Cloning S: atgctagcGCCACCATGACCACCAGCGGCCACG
A: ttaagcttATTGCACGAGTGGTGACTG

RARYy Cloning S: atgctagcGCCACCATGGCCACCAATAAGGAGC
A: ttaagcttCAGGCTGGGGACTTCAGGC

RXRa Cloning S: gccaccatggACACCAAACATTTCCTG
A: tattcgaaCTAAGTCATTTGGTGCGGCG

RARP Gene promoter | Cloning F: CCAATGCACATTCCAACACT

R: GATCCCAAGTTCTCCTTCCA

mCherry

Cloning and RT-PCR

S: aaccatggTGAGCAAGGGCGAGG
A: aatctagaTTACTTGTACAGCTCGTCCATG

Lower case letters indicate the restriction sites for cloning

S: Sense; A: Antisense; F: Forward; R: Reverse
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