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ABSTRACT: Retinoic acid (RA) is a key metabolite necessary for embryonic development and differentiation in vertebrates.
We demonstrate the utility of genetically encoded, ligand-activatable single-chain bioluminescence probes for detecting RAs
from different biological sources. We examined 13 different molecular designs to identify an efficient single-chain probe that can
quantify RA with significant sensitivity. The optimal probe consisted of four components: the N- and C-terminal fragments of
artificial luciferase variant-16 (ALucl6), the ligand binding domain of retinoic acid receptor @ (RARa LBD), and an LXXLL
interaction motif. This probe showed a 5.2-fold greater bioluminescence intensity in response to RA when compared to the
vehicle control in live mammalian cells. The probe was highly selective to all-trans-RA (at-RA), and highly sensitive in
determining at-RA levels in cells derived from tumor xenografts created using MDA-MB-231 cells engineered to stably express
the probe. We also detected RA levels in serum and cerebrospinal fluid. Using this probe, the detection limit for at-RA was
~107%° M, with a linear range of two orders. We present a highly useful technique to quantitatively image endogenous at-RA
levels in live mammalian cells expressing novel single-chain bioluminescence probes.

KEYWORDS: retinoic acids, retinoic acid receptor, bioluminescence, protein—protein interactions, artificial luciferase,
single-chain probe

B INTRODUCTION skin.”~"" Therefore, it is important to investigate the hormonal
Retinoic acid (RA) is a biologically active form of vitamin A. impacts of RA and its analogues in live mammalian cell models.
All-trans-RA (at-RA) has effects on growth and cell differ- The binding of at-RA to the ligand-binding domain of RARa
entiation, nervous system development, pattern formation, and (RARa LBD) triggers an intramolecular conformational
tumorigenesis * by regulating transcription of hundreds of change and its dimerization, which recruits and binds to

genes through binding to retinoic acid receptors (RAR) @, f, 7,
and peroxisome proliferator-activated receptor (PPAR) /5.
The potential impact of RAs on human health has been well
investigated with respect to its acute and chronic toxicity,*’
especially to (Women and young children, including its
teratogenicity.”® It is also known that at-RA is an effective

many coactivators via the common LXXLL motif. The
activated RAR dimers translocate into the nucleus, where
they bind to a specific sequence in the RA response elements
(RAREs) of target genes, and finally activate transcription of
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Figure 1. (A) Schematic diagrams of designed RAR probes for illuminating the activities of retinoic acids (RAs). The N- and C-terminal fragments
are shown in light and dark gray colors. The secretion peptide (SP; 1—18 AA) at the N-terminal end was eliminated and marked by a dotted zone.
(B) The cDNA constructs and the working mechanism of the single-chain probes. The blue zone symbolizes the active sites. Abbreviations:
®ALucl6, the N-terminal fragment of artificial luciferase 16; ©ALucl6, the C-terminal fragment of artificial luciferase 16; RARa LBD, the ligand
binding domain of retinoic acid receptor a; LXXLL motif, a common leucine-rich a-helical peptide of SRC1 coactivator protein.

many genes. This RA-driven RAR activation process has
previously been shown in transgenic mice.'”

To date, two principle methods have been used to determine
RA levels in living subjects: (1) mon1tor1n§ using fluorescence
resonance energy transfer (FRET) assa s and (2) reporter
gene assays using RAREs as promoters. * In the FRET assay,
the energy donor fluorescent protein (FP) and acceptor FP are
fused to the N- and C-terminals of RARa LBD. A RA-activated
conformational change in RARa LBD closely approximates the
two FPs, which increases the FRET efficiency by altering the
relative distance between the two proteins. However, this
strategy suffers from autofluorescence. Further, the reporter
gene assays usually require long stimulation times, until
accumulation of sufficient amounts of reporter proteins in
cells, typically 4 to 24 h.'>'® Thus, these techniques are not
appropriate for depicting real-time dynamics of molecular
events pertaining to RA.

We previously developed the concept of single-chain
bioluminescence (BL) probes to quantitatively image
hormonal activities of steroids, such as androgen, estrogen,
and cortisol.'””~*' However, it was unclear whether the basic
strategy adopted would be practically useful in measuring an
exogenous category of bioactive small molecules, including
vitamins. Further, most of the previous studies have used
lysates of cells transiently transfected with the reporter, and
thus it was unclear if the same strategy would be transferable to
mammalian cells and animal models developed from cells
stably expressing a single-chain probe.

Here, we design a ligand-activatable single-chain BL probe
by linking four essential components for imaging at-RA
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activities. Thus, we fused four tandem motifs into a single
chain: RARa LBD, LXXLL motif, and the N- and C-terminal
fragments of artificial luciferase 16 (ALucl6é, GenBank
MF817967). The probe was named “Sara”, from the
abbreviation of single-chain BL assay probes for retinoic
acids. Upon binding of at-RA to RARa LBD in Sara, activation
occurs on the LBD to interact with the adjacent LXXLL motif.
This intramolecular protein—protein interaction (PPI) triggers
approximation of the N- and C-terminal domains of ALucl6
(protein-fragment complementation), which reconstitutes its
enzymatic activity in a RA-dependent manner.

We studied 13 different molecular designs to identify an
optimal single-chain BL probe that can sensitively measure RA
in different physiological body fluids. Among these various
probes, Sara #12 showed selective activation in response to at-
RA and was chosen for use in further studies in live
mammalian cells and mouse models. We here show that BL
is achieved through intramolecular complementation between
the N- and C-terminal fragments of split-ALucl6, which is
triggered by a PPI between the LXXLL motif and the RAR«
LBD. We present these unique, efficient single-chain BL probes
that illuminate the hormonal activities of RAs in body fluids
and tumor xenografts using live mammalian cells stably
expressing the sensors by ex vivo assay.

B RESULTS AND DISCUSSION

Design of Single-Chain Probes for Measuring
Retinoic Acids. We initially designed seven types of single-
chain probes for measuring the activities of at-RAs (Sara #1—
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Figure 2. (A) Retinoic acid (RA)-activated optical intensities of the probes. The probes were transiently expressed in MDA-MB-231 cells. The
optical intensities before and after addition of at-RA were determined. Inset a shows the optical image of the Sara #12. The values were
independently measured in quadruplicates from a single experiment (n = 4). The p-values (student ¢ test) are *** < 0.001 and ** < 0.01. (B) The
relative optical intensities of the Sara #2 ctrl, Sara #2, Sara #12 ctrl, Sara #12 in response to at-RA. Inset b shows the optical image of the probes.
The values were independently measured in quadruplicates from a single experiment (n = 4). The p-values (student ¢ test) are *** < 0.001 and **

< 0.01.

Sara #7, Figure 1A). The single-chain probe consisted of the
N- and C-terminal fragments of split-artificial luciferase 16
(ALucl6), a consensus a-helical binding sequence of
coactivators called the LXXLL motif (SRC-1; 689—706 AA),
and the ligand-binding domain of human RARa (RARa LBD,
156—421 AA, GenBank NM_000964). The orientation of N-
and C-terminal fragments were circularly permutated in such a
way that the ALucl6 reporter protein expressing the amino
acids (AA) of the C-terminal fragment followed by the N-
terminal fragment; this can minimize nonspecific background
signal upon expression in cells. The C- and N-terminal
fragments were connected via a two AA linker with glycine and
serine. We generated probes using ALuc16 fragments based on
seven rationally designed split sites. We previously named this
design as “circularly permutated single-chain probes”.*”

Based on our previous experience, maintaining a few AA
overlapping at the junction of split sites results in better
complementation and improved BL intensity when compared
to nonoverlapping fragments.”” Therefore, we further created a
series of BL probes, each with a pair of overlapping N- and C-
terminal fragments of ALucl6é (Sara #8—Sara #13) having
different overlapping lengths, ranging from 8 to 30 AA (Figure
1A). We tested all these probes in transiently transfected
MDA-MB-231 breast cancer cells in the presence and absence
of 107% M of at-RA. Upon at-RA stimulation of cells expressing
the probes, the expectation would be for the at-RA to bind to
RARa LBD and induce a conformational change by
repositioning the helix number 12 (H12) of the receptor and
the following recruitment of coactivators.” We designed our
probes in such a way that the ligand-activated RARa LBD
binds to the adjacent LXXLL motif positioned within the
single-chain probe, and which, in turn, approximates the N-
and C-terminal fragments of split-ALuc16 of the fusion protein
to restore the ALucl6 enzymatic activity in a RA-dependent
manner.

The design of the ALuc sensors constructed for measuring
RA activation used in this study is similar to what we have
published previously, but the use of overlapping fragments and
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the application of the sensors are different. The limitation of
FRET and split reporter-based complementation systems are
that the designs are not universal for all given proteins or
protein partners. Every construct needs a separate optimization
for the linker lengths, and the orientation for the places of the
protein partners within the fusion protein. Hence, we argue
that the optimal sensor designed in this study is important for
studying ligand-induced activation of RAR and its biological
role in various conditions.

It is difficult to completely predict and control the molecular
and structural changes occurring inside the single-chain probes.
We cannot exclude the probability that purified single-chain
probes could have distinctive sensorial properties as those
shown in the present study.

Characterization of Single-Chain BL Probes to
Identify the Optimal Probe Possessing Best Signal-to-
Noise Ratio in Measuring RA Activities. To identify an
efficient single-chain probe, we first examined the absolute BL
intensities of all single-chain probes in the presence and
absence of at-RA at 107° M concentration (Figure 2A). We
designed single-chain probes under two different categories
according to molecular designs: one consisted of non-
overlapping fragments of ALucl6é (Sara #1—#7), and the
other carried overlapping fragments of ALucl6 with various
lengths of overlap ranging from 8 to 30 AA (Sara #8—#13). As
expected, the absolute levels of optical intensities of the probes
with overlapping fragments were generally higher than those
with nonoverlapping fragments. Notably, Sara #8 and Sara #13
showed poor optical intensities when compared to other
probes. The best signal-to-background ratio (S/B) (4.0-fold)
and the best absolute intensity (3.3-fold) were achieved from
cells transfected with Sara #2 (nonoverlapping fragments) and
Sara #12 (fragments with 24 AA overlapping), respectively.
This intensity profile mirrored the general findings of our
previous studies, where we have used split-FLuc probes with
overlapping luciferase fragments.””**

We constructed respective control probes named Sara #2ctrl
and Sara #12ctrl, where we eliminated the LXXLL motif of
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Sara #2 and Sara #12, which showed minimum background
signal, with negligible activation in the presence of at-RA.
These results likely signify that the a-helical LXXLL motif is an
essential component for ligand-activated intramolecular PPI in
the single-chain probes. These findings are also in accordance
with our previous study where we showed the importance of
the LXXLL motifs within fluorescence resonance energy
transfer (FRET) probes that carry the LBD of androgen
receptor (AR).25

Determination of at-RA Sensitivity in MDA-MB-231
Cells Stably Expressing RAR Probes of Overlapping and
Nonoverlapping Fragments. Since the best S/B and optical
intensities from our initial screening of over 13 single-chain
probes were found with Sara #12 and Sara #2 of overlapping
and nonoverlapping fragments respectively, we further
established four different MDA-MB-231 breast cancer cell
lines stably expressing Sara #2, Sara #2ctrl, Sara #12, and Sara
#12ctrl probes at equal levels of expression through sorting the
stable cells using the coexpressed dTomato as a normalization
marker for isolating cells with equal number of delivered
constructs for further RA dose—response validation. We
measured the optical intensities of these cell lines in the
presence and absence of different doses of at-RA ranging from
107% and 10~ M. We observed a dramatic enhancement of the
optical intensities in live MDA-MB-231 cells stably expressing
Sara #12 compared to cells expressing Sara #2 and control
probes (Figure 2B). The at-RA stimulated BL intensities were
5.2-fold stronger in MDA-MB-231 cells expressing Sara #12
than in the vehicle-stimulated cells (hereafter “vehicle” means a
mock stimulator that is a PBS or Medium with the amount of
organic solvent (DMF) equal to the amount used in ligand
treatment). In contrast, the cells stably expressing Sara #2ctrl
and Sara #12ctrl did not show any significant enhancement in
BL intensities in response to at-RA. The absolute optical
intensities of live MDA-MB-231 cells stably expressing Sara #2,
Sara #2ctrl, or Sara #12ctrl were ~5-fold less than those
obtained in cells stably expressing Sara #12. We also observed
these trends in lysates of MDA-MB-231 cells stably expressing
Sara #2, Sara #2ctrl, Sara #12, or Sara #12ctr] (Suppl. Figure
1A), and with the MDA-MB-231 cells stably expressing Sara
#12 or Sara #12ctrl cultured in 6-channel microslides (Figure
3D).

The 6-channel microslide has several advantage for imaging
in cells: (i) We can image live cells with a minimal volume of
medium without disturbing the cells, (ii) It is a model study
that is applicable to lab-on-chips, and (iii) The size of the
microslide fits into the sample stage of many microscopes,
hence, imaging at the single cell level in a microscope followed
by whole well imaging using an optical imaging camera is
possible when using this system.

Biosensing Specificity of MDA-MB-231 Cells Stably
Expressing RAR Probe Sara #12 in Response to Various
Nuclear Receptor Ligands. We further determined the
biosensing property of Sara #12 for its specificity and
selectivity to at-RA in MDA-MB-231 cells stably expressing
Sara #12 (Figure 3). We tested at-RA along with several other
natural and synthetic ligands of different nuclear receptors. The
ligand selectivity results showed that Sara #12 was selectively
stimulated and emits BL signal when using at-RA, but not after
exposure to any other natural steroid hormones, such as 17f-
estradiol (E,), cortisone, or synthetic estrogens such as
hydroxytamoxifen (OHT) or diethylstilbestrol (DES) (Figure
3A). In contrast, the cells expressing Sara #12ctrl showed
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Figure 3. (A) Ligand selectivity of live MDA-MB-231 cells stably
expressing Sara #12. Inset a shows the optical image of cells treated
with different ligands. The gray line indicates the overall basal
intensity. Abbreviations: vehicle, a PBS solution containing 0.1%
DMSO; E,, 17f-estradiol; OHT, 4-hydroxytamoxifen; DES, diethyl-
stilbestrol; at-RA, all-trans retinoic acid. (B) Dose—response curves of
BL from live MDA-MB-231 cells stably expressing Sara #12ctrl or
Sara #12 in response to at-RA or 9cis-RA. Inset a highlights the
relative optical intensities. The p-value (student’s ¢ test) is ** < 0.01,
which was compared with BL intensities of the control. (C) BL
spectra of MDA-MB-231 cells stably expressing Sara #12ctrl or Sara
#12. The cells were stimulated with vehicle (gray filled circles) or at-
RA (black filled circles). The sequential BL intensities according to
wavelengths were determined from 398 to 653 nm in 15 nm
increments. The reddish shadow highlights a wavelength region
longer than 600 nm. (D) Optical image of the relative BL intensities
of MDA-MB-231 cells stably expressing Sara #12ctrl or Sara #12 in a
6-channel microslide (ibidi). The left 3 channels (Ch) were
stimulated with vehicle, whereas the right 3 channels were incubated
with at-RA for S h.

neither activation by at-RA nor by natural steroid hormones
and synthetic estrogens. The chemical structures of the ligands
were illustrated in Suppl. Figure 2. The dose—response curve
with MDA-MB-231 cells stably expressing Sara #12 also
demonstrated a strong elevation of BL signal at around 107°*
M of at-RA, reaching a plateau at ~10~® M (Figure 3B). The
effective concentration at 50% (ECs,) activation for at-RA was
1.1 X 107° M according to data analysis performed using Prism
7.0 (GraphPad). Interestingly, the linear range observed in this
study was almost equivalent to that of a previous BRET probe
using the same RARa LBD, reported by Shimozono et al."’
The dose—response profile showed that Sara #12 would be
sufficiently sensitive to determine the endogenous levels of at-
RA in living mice, considering that the levels in serum and
tissues are reported to be ~1.9 X 10~ M and 7.0-9.6 X 10~
M, respectively.26 This high sensitivity of Sara #12 could
therefore allow us to determine at-RA levels in cells obtained
by biopsies of living subjects.

We also determined the overall BL spectra of MDA-MB-231
cells stably expressing Sara #12 or Sara #l2ctrl using a
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Figure 4. (A) Ex vivo BL image of tumor tissues collected from five mice 3 weeks after implantation of MDA-MB-231 cells stably expressing Sara
#12ctrl or Sara #12. The corresponding BL intensities were determined using an IVIS Lumina II imaging system (PerkinElmer, USA) by the
addition of nCTZ. The arrow points to the quantitative analysis of the BLI from the ex vivo images of tumor tissues. (B) Determination of
endogenous levels of RAs in CSF and serum of mouse. Inset a shows the typical BL intensities in response to the ligand stimulators. Abbreviations:

veh, background (vehicle stimulation); CSF, cerebrospinal fluid.

microplate reader equipped with automatically revolving
optical filters (Figure 3C). The maximal optical intensities
(Amax) Of Sara #12 and Sara #12ctrl were commonly found at
503 nm, and approximately 5% of the total optical intensity
was observed beyond 600 nm. The green BL peak of Sara #12
embedding the fragments of ALucl6 (~500 nm) was exactly
equivalent to that of intact full-length ALucl6. We also found
that at-RA selectively elevates the BL intensities of MDA-MB-
231 cells expressing Sara #12 throughout all the wavelengths
(Figure 3C), whereas it did not show any enhanced intensities
in cells expressing Sara #12ctrl at the similar wavelength range
(Supporting Figure 3A). The AA sequence of Sera #12 are
illustrated in Supporting Figure S.

The overall comparison of the results between Sara #12 and
#12ctrl may be explained as follows: (i) The LXXLL motif is
an essential ingredient for intramolecular PPI of Sara #12. (ii)
The ~5-fold stronger background intensities of Sara #12 than
those of Sara #12ctrl may reflect a basal, nonspecific PPI
between the LXXLL motif and the RARa LBD positioned
inside Sara #12 in the absence of at-RA. (iii) The basal PPI
may happen through nongenomic pathways activated by
metabolites in the culture medium or the conformational
change induced by the interaction of other cellular proteins, as
discussed before;””** and (iv) In accordance with the A, of
Sara #12 and Sara #12ctrl, intramolecular complementation
indeed occurs between the split N- and C-terminal fragments
of ALuc16 inside the probes, considering the 4, of ALucl6 is
known to be at ~500 nm.*”*°

Ex Vivo BL Imaging of Tumor Tissues Extracted from
Mice Bearing MDA-MB-231 Tumor Xenografts Stably
Expressing Sara #12 or Sara #12ctrl. The in vivo imaging
of ligand-activated signal would be a useful technique for
measuring ligand biodistribution in different organs. Since the
absolute signal achieved from split reporter-based comple-
mentation systems are a very small percentage of full-length
luciferase,>"** our attempt at in vivo imaging for endogenous
RAR-activated sensor signal in living mice bearing tumor
xenografts of MD-MB-231 cells showed poor light output.
This, in part, was owing to the ALucl6 emission in the green
spectrum with a peak wavelength of ~500 nm, which is
normally absorbed by biological tissues in vivo.”> Hence after
tumor sizes reached ~4—5 mm in diameter, we collected
tissues of tumors stably expressing Sara #12 and its respective
control probe Sara #l2ctrl from the same animal, and we
performed ex vivo optical BL imaging. We obtained ex vivo
images from samples extracted from five mice-bearing tumors
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stably expressing either Sara #12 or Sara #12ctr] (Figure 4).
We weighed left and right tumors and found the tumor sizes
were equivalent in each mouse as follows: [0.62 and 0.62 g] for
Mouse 1, [0.35 and 0.32 g] for Mouse 2, [0.65 and 0.71 g] for
Mouse 3, [0.53 and 0.57 g] for Mouse 4, and [0.51 and 0.57 g]
for Mouse S.

Tumor tissues expressing Sara #12ctrl clearly showed the
weakest BL intensities, which were almost at background levels
regardless of stimulation of at-RA or vehicle. In contrast, tumor
tissues expressing Sara #12 showed a significant variation
according to the presence or absence of at-RA. The at-RA-
treated group showed an average 2.2-fold enhanced BL
intensities (Figure 4A).

We found that the S/B ratio in the ex vivo imaging was
relatively less than the corresponding cell-based imaging results
discussed above, which was nearly 5.2-fold in response to at-
RA (Figure 2B). This feature can be explained with reference
to the role of endogenous at-RA. Its levels are high enough to
half saturate Sara #12 and #12ctrl in mouse tissues,”® when
considering the dose—response curve of Sara #12. Thus, these
relatively low S/B ratios may be attributable to a background
drift by endogenous at-RA.

We recorded the BL decay rates from tumor tissues stably
expressing Sara #12 or Sara #12ctrl (Suppl. Figure 4). We
found that BL reached the half point of maximal intensity after
13 min and was stable for up to 30 min after substrate
injection.

The split-reporter complementation system may be dimmer
than the other full-length reporter system. The intensity mainly
depends on the efficiency of PPIs or protein foldings, which
facilitate the split fragments aligning in a better orientation for
the reconstitution of the enzymatic pocket of the reporter. The
corresponding in vivo imaging also depends on the emission
wavelength of these optical reporters. The use of split
fragments of a luciferase with the emission wavelength of
above 600 nm provides brighter images than the other split-
luciferases emitting blue or green light, if all other conditions
are equivalent.

The above results show that Sara #12 can quantitatively
image at-RA-driven RAR activities in human MDA-MB-231
cells, including those obtained from tumor tissues. This result
opens a new means possibly to investigate cancer metastases,
considering the diverse roles of at-RA in cancer metastasis. At-
RA efficiently inhibits the growth, metastasis, and differ-
entiation of xenograft tumors®"*° and various breast cancers.*®
Future studies will therefore require construction of a similar
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system that uses a red-shifted optical reporter with less light
attenuation in biological tissues in vivo to further explore the
use of this important sensor in oncogenesis and anticancer
effect of at-RA.

Determination of at-RA Levels in Serum and
Cerebrospinal Fluid. We further tested the sensitivity of
the RAR probe Sara #12 in measuring RA levels in mouse
serum and cerebrospinal fluid (CSF) (Figure 4B). We used
cells stably expressing Sara #12 and found that the standard
solutions of at-RA produced a slope of BL intensities in a
concentration-dependent manner. Based on the calibration
curves, we observed the endogenous levels in serum and CSF
samples to be 9.8 (+0.7) X 10~° M and 2.0 (+0.5) X 107'° M,
respectively. We compared the endogenous at-RA levels with
the known clinical range in mouse body fluids in Figure 4B.
Considering that the clinical range of at-RA in serum and
tissues is approximately 1.9-9.6 X 10~ M,*® our observed
values were found to be at the upper end of the clinical range.
This relatively high concentration may be partly contributed by
nongenomic RAR activators’*® and other RA isomers besides
at-RA, such as 9-cis-RA and 13-cis-RA in serum. On the other
hand, CSF induced a basal BL intensity level (2.0 X 107*° M).
This suggests that CSF does not contain a considerable level of
at-RAs. This result corroborates the findings of a previous
study,”” where no at-RA in CSF was detected by liquid
chromatography or mass spectrometry.

B CONCLUSION

RA is a key metabolite in the development and differentiation
in vertebrates. Here, we demonstrate a highly sensitive BL
imaging approach with a genetically encoded, ligand-
activatable single-chain probe to quantitatively measure the
biological impacts of at-RA in live mammalian cells. We tested
13 molecular designs of the single-chain probes and identified
the one that performed best in quantitative imaging of at-RA
activities in live cells, xenografts, and in different body fluids
(e.g, mouse serum and CSF). The described method expands
the arsenal of bioassays to measure RAs from biological
sources. In contrast to FRET-based imaging technologies
where complex analytical tools are needed to distinguish
activated FRET signal, the present ligand-activatable single-
chain probe provides a straightforward assay where BL signals
can be directly correlated with the level of at-RA activities. This
BL-based assay has advantages over other methods, for
instance: (i) no interference of background light, (ii) no
requirement of excitation light source, and (iii) no requirement
of a sophisticated light filtration system. Thus, we present a
new imaging-based tool to investigate various RA-activated
molecular events, potentially applicable to the study of cell
growth and differentiation, nervous system development,
pattern formation, tumorigenesis, and in many other diseases.

B EXPERIMENTAL PROCEDURES

Engineering Vectors Encoding cDNA Constructs of
Single-Chain BL Probes for RA Activities. We engineered
single-chain probes by a tandem linkage of four different
protein components, that is, human RARa LBD (156—421
AA, GenBank NM _000964), the N-terminal domain of
artificial luciferase 16 (ALucl6, GenBank MF817967) (19—
x-1 AA;®-ALucl6), the C-terminal domain of ALucl6 (x—211
AA; ©-ALucl6), and the a-helical LXXLL motif (689—706
AA) from SRC-1 coactivator protein (Figure 1).
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We constructed a series of cDNA constructs encoding Sara
#1—#13 according to the experimental workflow as shown in
Figure 1. Each cDNA block was made by PCR amplification to
introduce required restriction enzyme sites: (i) HindIIl/
BamHI to the c¢DNA encoding the LXXLL motif, (ii)
BamHI/Agel to the c¢cDNA encoding the ©-ALuclé,
(iii) Agel/Kpnl to the cDNA encoding the ®-ALucl6, and
(iv) Kpnl/Xhol to the cDNA encoding RARa LBD. The
amplified cDNA blocks were digested with the respective
restriction enzymes, purified, ligated, and subcloned into the
corresponding restriction enzyme-digested pcDNA3.1(+)
vector backbone with a cytomegalovirus (CMV) enhancer-
promoter (Invitrogen) or pHAGE lentiviral backbone with a
CMYV enhancer-promoter for the expression of the sensors
used for the study. The corresponding vectors were named as
pSara #1 to pSara #13. For simplification, the expressed single-
chain probes were named as Sara #1 to Sara #13.

As a reference, we made control vectors for Sara #2 and #12,
where the cDNA encoding the LXXLL motif was removed
from the cDNA construct as shown in Figure 1B. We named
the plasmids pSara #2-ctrl and pSara #12-ctr], respectively; and
named the control probes after expression, Sara #2ctrl and Sara
#12ctrl, respectively. We tested the fidelity of the cDNA
constructs using a genetic sequence analyzer by order (Eurofin
genomics).

Determination of RA Activities Using MDA-MB-231
Cells Transiently Transfected with pSara #1—#13. We
plated MDA-MB-231 cells in a 96-well microplate and
incubated to reach 80% confluence in 24 h by incubating at
37 °C incubator with 5% CO,. We then transiently transfected
the cells with pSara #1—#13 using Lipofectamine 2000
transfection reagent (Invitrogen, Carlsbad, CA) by following
manufacturer’s instruction, and incubated further for 24 h. The
culture media of the cells were replaced with media dissolving
a vehicle or 107° M at-RA, and further incubated for 5 h. We
prepared the cell lysates according to the technical instructions
of the Renilla luciferase assay kit (Promega, Madison, WI), and
determined the ligand activated complementation activities of
ALucl6 fragments of Sara #1—#13 in the lysates using an IVIS
Lumina II imaging system (PerkinElmer, USA) immediately
after simultaneous injection of the assay solution dissolving
native coelenterazine (nCTZ) using a multichannel micro-
pipette (Figure 2A).

Determination of RA Activities Using MDA-MB-231
Cells Stably Expressing Sara #2 and #12. As Sara #2 and
#12 showed relatively high optical intensities and/or S/Bs
compared to the other probes, we subcloned the ¢cDNA
constructs encoding Sara #2, #2ctrl, #12, #12ctrl into the
backbones of pcDNA 3.1(+) puromycin vectors. We trans-
fected each plasmid into MDA-MB-231 cells and incubated in
a puromycin-added (100 ng/mL) Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 5% FBS and 1% P/S.
We selected the positive clones by long-term culturing and
serial passage of the MDA-MB-231 cells.

We seeded the MDA-MB-231 cells stably expressing Sara
#2, Sara #2ctrl, Sara #12, or Sara #12ctrl in 96-well optical
bottom black wall microplates and cultured for 1 day. We then
stimulated the cells in the microplates for S h using 10~ M and
107% M of at-RA, or the vehicle. Half of the wells culturing live
cells remained untreated and we lysed the other half using the
same method described in Figure 2A. We separately
determined the corresponding BL intensities from the live
cells or the lysates using the IVIS Lumina II imaging system
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(PerkinElmer, USA) after injection of a PBS buffer dissolving
nCTZ using a multichannel micropipette. The BL intensities
from live cells and lysates are shown in Figure 2B and
Supporting Figure 1A, respectively.

We further investigated the ligand selectivity of the MDA-
MB-231 cells stably expressing #12 (Figure 3A). We plated the
cells in 96-well optical bottom microplates, and stimulated
with 107 M of E,, OHT, cortisone, DES, at-RA, or vehicle
(0.1% DMSO) for S h. The corresponding BL intensities from
the ligand-stimulated MDA-MB-231 cells were determined
using the IVIS Lumina II imaging system (PerkinElmer, USA)
after simultaneous injection of a PBS buffer dissolving nCTZ
using a multichannel micropipette.

Dose—Response Curves of Sara #12 and Sara #12ctrl.
After evaluating ligand specificity, we further determined the
corresponding dose response curves in the concentration range
from 1073 to 107 M of at-RA. We plated the MDA-MB-231
cells stably expressing Sara #12 or Sara #12ctrl and incubated
in 96-well clear bottom black wall microplates. The cells were
then stimulated with varying concentrations of the at-RA for 5
h. After decanting the cell media, the cells were simultaneously
added with a PBS buffer dissolving nCTZ (10 ug/mL). We
determined the corresponding BL intensities using the IVIS
Lumina II imaging system (PerkinElmer, USA), and analyzed
with Living Image ver 4.5. We analyzed the sigmoidal curves
using Prism version 7 for calculating the ECs, values.

BL Imaging of Living MDA-MB-231 Cells Expressing
Sara #12 or Sara #12ctrl in Microslide. We plated MDA-
MB-231 cells stably expressing Sara #12ctrl or Sara #12 in a 6-
channel microslide and incubated overnight. We stimulated the
cells for S h using vehicle (0.1% methanol) or 107 M of at-RA.
The culture medium in each channel of the microslide was
replaced with an aliquot (40 uL) of a lysis buffer (Promega,
Madison, WI) and further incubated for 20 min. We
simultaneously mixed the lysates in the channels with an
assay buffer (Promega, Madison, WI) dissolving nCTZ using a
multichannel micropipette. The optical images were immedi-
ately determined using the IVIS Lumina II imaging system
(PerkinElmer, USA).

Determination of BL Spectra of Sara #12ctrl and Sara
#12. We also determined the BL spectra of Sara #12ctrl and
Sara #12 using vehicle- or at-RA-stimulated MDA-MB-231
cells (Figure 3C). We plated MDA-MB-231 cells stably
expressing Sara #12ctrl or Sara #12 in 96-well optical-bottom
microplates and incubated overnight in a cell incubator. We
stimulated the cells using 107 M of at-RA or vehicle (0.1%
methanol). The cells in the microplates were lysed using a lysis
buffer (Promega, Madison, WI), and the lysates were
simultaneously mixed with an assay buffer (Promega, Madison,
WI) containing 10 pg/mL of nCTZ. We immediately
determined the sequential optical intensities according to
wavelengths using a microplate reader (Spark 10M, TECAN)
by automatically revolving the optical filters ranging from 398
to 653 nm in 15 nm increments (each filter has a 15 nm band
window).

Ex Vivo Imaging of Mouse Tumor Samples. We
purchased 8-week old female BALB/c mice from Charles River
Wilmington, MA, USA). Five animals were housed in each
cage under a light-dark (12 h/12 h) cycle with ad libitum
access to water and food. We performed experimental
manipulations under inhalation anesthesia induced by a 4%
(and maintained by 2.3%) mixture of isofluorane in oxygen
administered through facial masks.
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We suspended the MDA-MB-231 cells stably expressing
Sara #12 or Sara #12ctrl, in 50 uL of PBS and mixed with 50
uL Matrigel, and implanted them subcutaneously in the left
(Sara #12ctrl) and right (Sara #12) sides of the lower flank.
We waited 3 weeks until the tumor sites stabilized and there
was sufficient tumor growth for BL imaging.

We ex vivo imaged the mouse tumor tissues. The left and
right tumor sizes of each mouse were almost equivalent. We
surgically extracted the tumor tissues from the five mice that
were sacrificed under inhalation anesthesia. The tumor tissues
were stored in a 12-well microplate under immersion of 3 mL
of PBS bufter per well, and stored in the cold room for 2 days
to reduce the endogenous cortisol levels.

Before ex vivo imaging, we prepared two substrate cocktails;
Cocktail A was a PBS buffer dissolving nCTZ and vehicle
(0.1% methanol); Cocktail B was a PBS buffer carrying nCTZ
and 107° M of at-RA. We then determined the ex vivo BL
intensities using the IVIS Lumina II imaging system (Perkin
Elmer, USA) immediately after replacing the immersing buffer
with Cocktail A or Cocktail B. We measured the BL intensity
change every S min to monitor the BL decay. We analyzed the
corresponding images using Living Image, version 4.5
(Caliper) (Figure 4).

Determination of at-RA Levels in Mouse Serum and
Cerebrospinal Fluid. We studied the endogenous at-RA
levels in serum and cerebrospinal fluid (CSF) using MDA-MB-
231 cells stably expressing Sara #12. We plated the cells in 96-
well black frame clear bottom microplates and cultured for 1
day. The cells were then starved for S h through replacing the
culture medium with a DMEM without fetal bovine serum. We
stimulated the cells for 4 h with varying concentrations of at-
RAs or 1:1 mixture of mouse serum or CSF with DMEM
without FBS. The cells were then washed once with a PBS
buffer and lysed for 20 min with a Promega lysis buffer. The
cell Iysates were then illuminated by simultaneously injecting a
100 pL of the substrate solution (nCTZ) into the wells using
an 8-channel micropipette. We imaged the corresponding BL
intensities using the IVIS Lumina II imaging system
(PerkinElmer, USA). We analyzed the BL images using Living
Image, version 4.5.5.
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