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LIST OF ABBREVIATIONS

AF-H: Activation function helix

AF-1: N-terminal transcription activation function domain

AF-2: C-terminal ligand-dependent transcription activation function domain

AR: Androgen receptor

B: Tag-BFP, Blue fluorescent protein

C: mCherry, red fluorescent protein

cal: Calcitriol, VDR specific agonist

CAR: Constitutive Androstane Receptor

CEBPA: CCAAT enhancer-binding protein alpha

ChIP-seq: chromatin immunoprecipitation-sequencing

CNS: Central nervous system

COUP-TF: Chicken ovalbumin upstream promoter-transcription factor

DAX1: Dosage-sensitive sex reversal-adrenal hypoplasia congenital critical region on
the X chromosome, gene 1

DBD: DNA-binding domain

DMEM: Dulbecco's Modified Eagle’s Medium

Dox: Doxorubicin

DRs: Direct repeats

ER: Estrogen receptor

ERs: Everted repeats

FCS: Fluorescence correlation spectroscopy

FCCS: Fluorescence cross-correlation spectroscopy

FFA: Free fatty acids

FP: Fluorescent protein

FRAP: Fluorescence recovery after photobleaching

FRET: Forster resonance energy transfer

FXR: Farnesoid X receptor

G: EGFP, Enhanced green fluorescent protein

G418: Geneticin, antibiotic



GBS: Genomic binding site

GCNF: Germ cell nuclear factor

GR: Glucocorticoid receptor

HEK?293: Human embryonic kidney cells
HEK293B-RXRe: HEK293 cell stably expressing Tag-BFP RXRa
HNF4: Hepatocyte nuclear factor 4
HRE: Hormone response element
IL15Ra: Interleukin-2 receptor alpha
IL2Ra: Interleukin-2 receptor alpha

IR: Inverted repeat

LBD: Ligand-binding domain

LBP: Ligand-binding pocket

LRH-1: Liver receptor homology 1
LSM: Light scanning microcopy

LXR: Liver X receptor

MOI: Multiplicity of infection

MR: Mineralocorticoid receptor

NCR: Nuclear-to-cytoplasmic ratio
NES: Nuclear export signal

NLS: Nuclear localization signal

nlsm: Mutation in the NLS

NORI: Neuron derived orphan receptor
NR: Nuclear receptor

NR/nlsm: Nuclear receptor with a mutation in its NLS

NR1: The homogenous version of the RXR partner, or the studied partner

NR2: The wt version of the RXR partner, or the competing partner

Nurrl: Nur-related factor-1

Nurr77: Nur-related factor-77

PNR: Photoreceptor-cell-specific nuclear receptor
PPAR: Peroxisome proliferator-activated receptor

PR: Progesterone receptor



PTM: Post translational modification

PU.1: Purine-rich box 1

PUFA: Polyunsaturated fatty acid

PXR: Pregnane Xenobiotic Receptor

RAR: Retinoid acid receptor

RE: Response element

RevERB: Reverse ERB

ROI: Region of interest

ROR: RAR-related orphan receptor

RSG: Rosiglitazone, PPARY specific agonist
RUNXT1: Runt-related transcription factor
RXR: Retinoid X receptor

RXR/znm: RXR with a mutation in its two zinc fingers motifs
SF-1: Steroidogenesis Factor-1

SHP: Short heterodimeric partner

SPIM: Selected plane illumination microscopy, Light sheet microscopy
TF: Transcription factor

THP-1: Immortalized monocyte-like cell line
TLX: Tallies homology orphan receptor
TR2: Testicular orphan receptor

THR: Thyroid hormone receptor

TR: Thyroid receptor

VDR: Vitamin D receptor

Wt.: Wild type

znm: Mutation in the two-zinc finger motif



1. INTRODUCTION

Nuclear receptors (NR) are a superfamily of structurally related proteins, which serve as the
largest group of transcription factors in eukaryotes. They exert their transcriptional activity as a
response to binding to their ligands; hence they are classified as ligand dependent transcription
factors.

This family of receptors comprises 49 NRs in humans, and they sense a wide variety of ligands
e.g. steroids, hormones, vitamins, metabolites, xenobiotics, etc. Many further molecules are being
identified as ligands for NRs such as the signaling molecules; phospholipids and heme, which had
extended the known types of ligands recognized by NRs.

Through binding to their ligands, NRs control a vast variety of biological process like
development, cell differentiation, metabolism, and cell death. Consequently, dysfunctions in these
pathways may end up with critical pathological issues ranging from simple metabolic diseases to
cancers. Governing important signaling pathways spotlighted nuclear receptors as important
druggable targets and a plethora of studies have been focusing on this field.

The initial observations on the molecular mechanism of NR action have been made by using
“bulk” molecular biological and biochemical techniques. Numerous fluorescence microscopy
studies on single cells have advanced our understanding of the molecular mechanism of NR
activation by observing protein-protein and protein-DNA interactions and dynamics. Previously
we have shown by fluorescence correlation spectroscopy that specific agonists increase chromatin
binding of retinoic acid receptor alpha (RARa) and retinoid X receptor alpha (RXRa) in a
coactivator-dependent manner. We have also proven by light-sheet microscopy-based FRET and
fluorescence cross-correlation measurements (SPIM-FRET-FCCS) that dimerization of RARa and
RXRa and chromatin binding of the dimer, as well as homodimerization of the RXR ligand binding
domain (RXR-LBD) are enhanced upon agonist treatment.

Typically, multiple heterodimeric partners of RXR are present in certain cell types. In cells
where there is a limiting or sequestered pool of RXR combined with the expression of several
RXR heterodimerization partners, the mechanism by which RXR partner selection is mediated
remains unclear. We hypothesized that there is competition between RXR partners for binding to
RXR and that binding of a specific agonist increases the affinity of a given NR to RXR and favors
their heterodimerization. RXRa and three NR partners were included in this study: Peroxisome

proliferator-activated receptor gamma (PPARY), vitamin D receptor (VDR) and RARa.
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2. THEORETICAL BACKGROUND




2.1. History of research on nuclear receptors (NRs)

There is a debate about the origin of the nuclear receptors. One of the hypotheses claims that
the ligands of NRs were evolved interpedently from the NRs while the other supports the notion
that NRs were first “designed” for other biological processes and ligand binding is a gain of
function!.

In 1923, estrogen was first isolated from the urine of a pregnant woman as a crystalline
compound?. Soon after, other sex steroid hormones were identified like estradiol, progesterone and
testosterone and a vast knowledge has accumulated concerning their similarity in structure and
physiological activities on mammalian tissues and organs.

Despite this rich knowledge, the mechanism by which these compounds exert their functions
remained unclear and it took scientists more than 30 years to isolate, using biochemical methods,
a protein which could bind to estrogen, which was referred to as estrogen receptor (ER); in 1961,
ER was the first NR to be identified?.

The revolution in the NR field emerged in 1985 when the cDNA of glucocorticoid receptor
(GR) was cloned*. It was the first NR to be cloned and this revolutionary finding paved the way
to the discovery of dozens of other evolutionary related proteins; the estrogen receptor (ER)?, the
progesterone receptor (PR), the mineralocorticoid receptor (MR)’, the androgen receptor (AR)?,
estrogen-related receptors (ERR)’ and v-erbA-related receptors!®.

Based on homology in the sequence, another nuclear receptor responding to thyroid hormone
was identified; thyroid hormone receptor (THR) is a gene encoded by c-erbA’!. This discovery
laid the foundations for identifying another set of NRs, which can respond to non-steroid ligands.

In 1987, vitamin D receptor, VDR was first cloned by McDonnell et al'? and retinoic acid
(vitamin A) receptor, RAR, by Giguere et al'3. The cDNA of these receptors showed a conserved
evolutionary template, it also helped to delineate their structure and function and the concept of a
superfamily of nuclear receptors emerged'*.

Based on the homology in the sequences, many nuclear receptors had been discovered even
before their endogenous ligands have been identified; thus, they were classified as orphan
receptors. The discovery of orphan receptors foreshadowed the presence of undiscovered ligands
and undescribed signaling pathways.

Several discovered orphan receptors are still waiting for an adoption while some others have

characterized ligands by now.



RXR was the first adopted orphan receptor; its clone was first isolated in 1990 by Mangelsdorf
et. al 1 and in 1992, Heyman R.A et. al identified the 9-cis-retinoic acid as a high affinity ligand
for RXR!S,

Similarly, and in a short period of time, other NRs were isolated first as orphans and their
cognate ligands were identified soon after. E.g., in 1990 Issemann & Green isolated peroxisome
proliferator-activated receptors (PPARs), the name coming from their capability to induce
peroxisome proliferation!’. In 1992, fatty acids were identified as ligands for PPARs, and this
study showed that PPAR activation promotes the transcription of acyl-CoA oxidase gene, the rate
limiting enzyme in B oxidation!®. This gave a glimpse into the importance of PPARs in fatty acid
homeostasis.

In 1993, the concept of the RXR heterodimer was first described. Keller et al revealed the
engagement of both RXR and PPAR in the regulation of the peroxisomal B oxidation of fatty
acids!.

Evans & Mangelsdorf defined the discovery of RXR heterodimerization as the “Big Bang”
because it had an explosive impact on the discovery of new signaling pathways?’. The RXR
network expanded, and now it is considered as an obligatory partner for more than twenty other
NRs?L.

Besides these identified RXR partners, two other NRs known as xenobiotic receptors were
cloned; the constitutive active/androstane receptor (CAR), which was named MB67 at first, and
the Pregnane X receptor (PXR) were first cloned in 1994?2 and199723-?7, respectively.

In 1996, a very unique NR was cloned, which lacks a DBD and interacts with several other
NRs as revealed by yeast two-hybrid system. This receptor was called the Short heterodimeric
partner (SHP)?.

The link between the ligand of the NR and the functional signaling pathway governed by this
receptor urged scientists to find the ligand of other orphan receptors, i.e., in 1996 the oxysterols
for liver X receptors (LXRs)?” and in 1999 the bile acids for farnesoid X receptor (FXR)*°. In 2007
heme was first identified as a ligand for the orphan NRs; REV-ERBa and REV-ERBp3L.

In brief, we can say that soon after the identification of the GR sequence, discoveries
accelerated, and the efforts of researchers intensified, and the NR family expanded to include 49
NRs in humans shown in 7able 1. Naming nuclear receptors was agreed to reflect the names of

their cognate ligands.
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Table 1. Mammalian nuclear receptors and their cognate ligands.

Endogenous

Receptor name Abbreviation Main biological function

ligands

Dosage-sensitive sex Normal development and

reversal-adrenal function of the hypothalamic-
‘ ‘ DAX'1 Orphan o
hypoplasia congenital pituitary-adrenal-gonadal

critical region on the X (HPAG) axis®.

chromosome, gene 1.

A negative regulator of other

NRs’ signaling pathways.

Regulation of metabolic
pathways, stress and
inflammatory response,
detoxification and cell cycle

control.

It has several interacting NR
Short heterodimeric partners; LRH-1, HNF4,
SHP Orphan ERRs, LXRs, PPARs, GR,
ERs, TRB, RARq, FXR, PXR,
CAR, AR, Nur77 and RXR.

partner

Direct binding to NRs is
through AF-2 domain
implying competition with
coactivator binding and
transcription inhibition of its

partners?>,
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Endogenous

Receptor name Abbreviation Main biological function
ligands
Brain, bone and intestine
development, lipid and
carbohydrate metabolism,
Thyroid hormone TRa fetal development, growth,
Thyroid hormones.
receptors TRB CNC myelination,
cardiovascular and
reproductive systems
function®*37.
Differentiation, proliferation
all-trans retinoic and maintenance of
acid (RA) immunity, homeostasis during
inflammatory responses™.
9-cis-RA It modulates the synthesis and
metabolism of lipids and bile
RARa 9-cis dihydro- acids in hepatocytes, regulates
Retinoic acid receptors RARP 13,14-RA, cholesterol transport in
RARy macrophages, and represses
and fibrogenesis in hepatic stellate
n—3 cells®.
polyunsaturated It is essential for the eye
fatty acids®8.3® health and development; for
normal optic vesicle and
anterior segment formation*!.
FXRa
Farnesoid X receptor Bile acids. Bile acid homeostasis*?.
FXRB
LXRa
Liver X Receptors Oxysterols. Cholesterol homeostasis*>#,
LXRB
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Endogenous

Receptor name Abbreviation Main biological function
ligands
_ Fatty acid oxidation,
Fatty acids, o
o ketogenesis, lipid transport,
PPARa Oxidized )
hosoholinid q gluconeogenesis, glycogen
Peroxisome phospholipids, an .
e PPARP/5 metabolism, and
Proliferator Activator r
Oxidized LDL. inflammation®.
Receptors : ‘
o Regulates inflammation, and
linoleic acid, o
PPARy glucose and lipid
fatty acids. metabolism*.
Reverse-Erb RevERBa These two receptors regulate
Heme. o )
RevERB( similar genes controlling
metabolism, development,
immunity and the circadian
RORa rhythm.
RAR-related orphan .
RORP Sterols. Both receptors bind to ROR
receptors
RORy response element; ROR
activates the transcription
while RevERB represses it*.
Calcium and phosphor
la,25- homeostasis, bone
o dihydroxyvitamin | homeostasis, cell proliferation
Vitamin D receptor VDR ) ) ) o
D3 and lithocholic | and differentiation to many
acid. tissues, oral health and
regulation of apoptosis*”%,
Protection of the liver from
Constitutive androstane e .
xenobiotic induced injury.
receptor CAR Xenobiotics.
Energy metabolism; glucose
* Also known as MB67

and lipid metabolism*.
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Receptor name

Abbreviation

Endogenous

ligands

Main biological function

Pregnane X receptor
* Also known as
steroid and xenobiotic

receptor (SXR)

PXR
* SXR

Endobiotic and

Xenobiotic.

Detoxifying the body by
eliminating xenobiotics and
endobiotic.
Anti-inflammatory effect; it
inhibits NF-xB expression,
and it maintains the intestinal
wall integrity by regulating
inflammation in hepatocytes
and the small intestine.

It increases cell motility
which is beside enhancing
drug metabolism could
account for poor prognosis in

cancers>?.

Hepatocyte nuclear

factors 4.

HNF4a

HNF4y

Fatty acids

Master regulator of hepatic
differentiation. It controls
glycolysis, gluconeogenesis,
ureagenesis, bile acid
synthesis, drug metabolism,
fatty acid metabolism,
apolipoprotein synthesis, and

blood coagulation’'.

Retinoid X receptors

RXRa
RXRP

RXRy

9-cis retinoic acid
and
docosahexanoic

acid

Obligatory heterodimerization

partner for 20 other NRs?!.

It is still unclear if it has its

“private” signaling pathway>>.
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Endogenous

Receptor name Abbreviation Main biological function
ligands
Orphan Share ligands and HRE with
Testicular orphan TR2 * Polyunsaturated PPARy but they have
receptor TR4 fatty acids opposing effects on different
(PUFAS). signaling pathways>>.
Functioning mainly through
‘ transcription repression.
Tallies homology o
TLX Orphan. Maintains neural stem cell
orphan receptor ) )
self-renewal in developing
and adult brains>*,
Important for retinal
photoreceptor development
- I and maintenance; it represses
otoreceptor-cell-
" | PNR Orphan the promoter of cyclin D1
specific nuclear * Rl 55
Biliverdin™, attenuating the proliferation
receptor
of S-cone cells™.
Anticancer effect by
stimulating P53 acetylation’®.
Potent repressors of several
NRs; RAR, TR, VDR, PPAR
and HNF-4°7,
. . COUP-TFa
Chicken ovalbumin It is an important regulator of
upstream promoter- COUP-TFB Orphans. differentiation. The lack of its
transcription factors COUP-TFy function is correlated with

several diseases; infertility,
diabetes and abnormality in

vascular system?>®,
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Endogenous

Receptor name Abbreviation Main biological function
ligands
Metabolism and anti-
Glucocorticoids, . 59
Glucocorticoid receptor GR ) inflammatory response™".
Cortisone.
Functioning in both females
and males. Responsible for:
metabolism, reproductive
Era
Estrogen receptor Estrogens. organ development, bone re-
Er . .
b modeling, cardiovascular
system function and
behavior®.
Female reproductive
functions; sexual behavior,
Progesterone receptors PR A/B Progesterone. )
menstruation, pregnancy and
milk secretion®!-62,
Male sexual differentiation,
Androgens;
bone growth, muscle
Androgen receptor AR testosterone and
dihydrotestosterone. homeostasis, and
development®?.
Controlling of electrolytes,
extracellular volume,
Aldosterone, .
intracellular pH and blood
Mineralocorticoid MR Mineralocorticoids pressure.
receptor and
It also contributes to
glucocorticoids.

cardiovascular and renal

disease .
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Endogenous

Receptor name Abbreviation Main biological function
ligands
ERRa Orphan Critical role in lipid and
Estrogen related ERRD *cholesterols may carbohydrate metabolism and
receptors be potential ERRa, mitochondrial function under
ERRy ligands®. both physiological and
pathological conditions®¢-%7,
Neuron derived orphan o
NOR-1 Orphan. They exert anti-inflammatory
receptor 1 .
function.
In macrophage, these NRs
Nur-related factor -1 Nurrl Orphan. reduce inflammatory
responses and lipid loading.
This provided protection form
atherosclerosis by inhibition
Nur-related factor -77 of macrophage differentiation
Nurr77 Orphan .
to foaming cells®®.
* Also known as nerve |
NGF-Bl (Unsaturated fatty In olia cells. Nurl and
growth Factor 1B or o n gha cells, Nurl an
TR3. * TR3 acids™) Nur77 inhibit inflammatory
effect of NF-xB%.
It plays a role in early sexual
Steroidogenesis Factor- SF-1 Phospholipids’! differentiation and in steroid

1

hormone biosynthesis’?.

17




Receptor name

Abbreviation

Endogenous

ligands

Main biological function

Liver receptor

homology 1.

LRH-1

Phospholipids”.

Differentiation and
development, reverse
cholesterol transport, bile-acid
homeostasis, and
steroidogenesis’>.

It upregulates proliferation
and tumor growth markers
like c-Myc; it enhances cell
migration, wound healing and
invasion’.

It promotes cancer formation
and confers it an aggressive
malignancy by enhancing the
metastasis. It has multiple
effects on activating ER
signaling pathway promoting

breast cancer’>"”,

Germ cell nuclear

factor.

* Also known as
retinoid receptor-
related testis-associated

receptor.

GCNF

* RTR

Orphan.

Transcriptional repressor
essential for normal

embryonic development’®.
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2.2. Nuclear receptor superfamily classification

The 49 identified nuclear receptors in humans are a superfamily of ligand dependent
transcription factors, which may share a similar structure, a similar mechanism of activation, a
similar nature of ligands, or a sequence alignment.

As the criteria of classification differ, the number of NR subfamilies described in the literature
varies.

Here we present both the:

i) The classical classification of NRs into four subgroups based on their dimerization,
DNA binding specificity and ligands”-%, shown in Fig. /.
ii) The genealogical classification where the structure and the function of the NRs were

added to the classification criteria, rendering the NR superfamilies divided into seven

subgroups as can be seen in Table 27°.

2.2.1. Classical classification of NRs

Subgroup 1, steroid receptors (SRs):

Members of this subfamily are activated upon binding to cholesterol-derived steroid hormones
such as androgen, estrogen, progesterone and corticosteroids.

They recognize a specific DNA sequence called a hormone response element (HRE), this HRE
is composed of inverted repeats (IRs) (two NR-binding sequences with opposite orientations) and
bind to their specific DNA sequence as a homodimer.

Receptors belonging to this subfamily: AR, GR, MR, ER, PR.

Subgroup 2, RXR partners:

The ligands of these receptors are non-steroids, rather they recognize a wide variety of ligands;
hormones and vitamins. All the members of this family require heterodimerization with RXR as a
pre-requisite step for their proper transcriptional activity. On the DNA they recognize specific
response elements composed of two direct repeats (DRs) (two NR-binding sequences with
identical orientation separated by several base pairs.

Receptors belonging to this subfamily: PPAR, VDR, RAR, TR, LXR, FXR, CAR, PXR, COUP-TF.
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Subgroup 3, homodimeric orphan receptors:

Structurally the members of this family are similar to other NRs but differ in the DNA specific
binding sequences; they bind to both inverted repeats (IRs) and direct repeats (DRs), and there is
also no defined endogenous ligand for their own activation; hence, they are classified as orphans.

Receptors in this category can bind to similar target genes as NRs and therefore they can play
an important role in the activation of alternative pathways; e.g., binding of RevERbAa to its
response element acts as a transcriptional repressor for genes regulated by RXR-RAR receptors.”
Before identifying 9-cis retinoic acid as an endogenous ligand for RXR, RXR was recognized as
a homodimeric orphan receptor®.

Receptors belonging to this subfamily: RevERb, ROR, GCNF, HNF-4, TLX, TR2.

Subgroup 4, monomeric orphan receptors:

Similar to subgroup 3, activation of NRs of this subgroup doesn’t require ligand binding. More
studies are needed to understand the structure and the function of orphan receptors.

RevERDA and ROR are classified as both dimeric” and monomeric®! orphan receptors.

Receptors belonging to this subfamily: SF1, NUR77, RevERb, ROR, ERR.

Subgroup | Subgroup Il
Steroid receptors (SR) Dimeric orphan receptors (DOR)
Inverted repeats (IRs) —p <¢— Everted repeats (ERs) €— —»
W Directrepeats (DRs) @—» —»
Subgroup Il Subgroup IV

RXR Heterodimers (RXR-NR) Monomeric orphan receptors (MOR)
‘ "\M€|§;7f Y
Directrepeats (DRs) —p —p W ’

Inverted repeats (IRs) —p ¢—

DDV

Figure 1. Nuclear receptors classical classification into four subfamilies.

Created with BioRender.com
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2.2.2. Genealogical classification of NRs
In 1999, the Nuclear Receptors Nomenclature Committee recommended this classification to be
the base for a new unified nomenclature for the members of this superfamily.

Table 2. Nuclear receptors classification into 7 subfamilies”.

Subfamily
Receptors members Classification criteria are based on their:
name
Shared structure: these two atypical receptors
< consist of only an LBD. Their LBDs fold in a
g DAXI1 o
go NROB SHP similar manner to those of other NRs and have
Fmg similar motifs to the ones seen in NR
coactivators; they can interact with other NRs.
NRIA TRo, TRPB

NRIB RARa, RARB, RARY

Nature of the ligand: These receptors are
PPARa, PPARP/S,
NRIC activated by a wide variety of non-steroid
PPARYy
lipophilic molecules.

NRID RevERBa, RevERBf

Subgroup 1

The HRE they recognize: On the DNA
NRI1F RORa, RORB, RORy o
they can recognize direct repeats (DRs).

LXRa, LXRP
NRI1H
FXRa, FXRP
VDR
NRII
PXR (SXR)
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Subfamily

Receptors members

Classification criteria are based on their:

name
NR2A HNF4a, HNF4y
NR2B RXRa, RXRpB, RXRy
Ligands and function: classified as
NR2C TR2, TR4 orphans but structural studies have shown that
(@\
g TLX these receptors are able to bind to fatty acids
o
S . .
o NR2E even though it is not clear yet if they can drive a
= PNR
e ligand dependent regulation as other NRs.
COUP-TFa, COUP-TF,
NR2F COUP-TFy.
NR3A Era, Erf3
- NR3B ERRo, ERRB, ERRy Ligands nature: steroids.
53 Function: regulators of metabolism,
2 AR ..
3;0 R reproductivity and development.
” NR3C
MR
PR
< NGF1-B (Nurr77, TR3)
=y Function: These neuron derived orphan
< NR4A Nurr-1 )
2 receptors are required for neuron development.
A NOR-1
Ligand nature: Both can be activated by
v
o SF-1 hospholipid
phospholipids.
2 | NRSA ,
%ﬁ LRHI1 Function: These receptors are important for
« development, metabolism and steroidogenesis.
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Subfamily

Receptors members Classification criteria are based on their:
name
Structure: Only one receptor in this
subgroup. GCNF shows a critical difference in
NR6A GCNF (RTR)

its structure. Its LBD does not contain

Subgroup 6

activation function helix (AF-H).

In conclusion, the classification of the receptors will keep being updated as many subtleties
of the molecular mechanism of activation are being clarified and alternative mechanisms are being
suggested. Moreover, more endogenous ligands are continuously being identified taking the

receptors out from the orphan category.

2.3. Structure of NRs

Nuclear receptors share a common structure composed of several functional domains: a N-
terminal transcription activation function domain (AF-1), a DNA-binding domain (DBD), a
flexible hinge region and a ligand-binding domain (LBD) also functioning as a ligand-dependent

transcription activation function domain (AF-2) at the C terminus %>%° (Fig. 2).

NH2 — AF1 DBD Hinge LBD AF2 — COOH

Figure 2. Schematic representation of nuclear receptors structure.
Created with BioRender.com

The length of the AF1 varies among NRs; it is the least conserved domain. Its activation is
ligand independent. The majority of the posttranslational modifications (PTM) which modulate
the function of NRs and correlate it to the pathology of several disease. Phosphorylation,
acetylation and SUMOylating, occur mainly in the AF1 domain3.

DBD is a conserved domain maintaining the structure and the function of the NRs. The DBD
is composed of two zinc finger motifs working together as a single functional domain to maintain

the structure of the DBD. Between the two motifs, there is a nuclear localization signal termed
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NLS1%°, Importin proteins recognize the NLS and shuttle the NRs from their place of synthesis,
the cytoplasm, to their place of action, the nucleus. There is also a proposed nuclear export signal,
NES, near the carboxylic end of the DBD. The DBD of RXR and its partners also contributes to
receptor heterodimerization.

DBDs recognize a specific sequence on the DNA called a hormone response element (HRE)®,
These sequences could form direct (DR), inverted (IR), everted (ER), or palindromic (pal) repeats.

RXR heterodimers recognize HREs composed of two AGGTCA half-sites arranged as direct
repeats (DRs) and separated by a spacer of 0 to 8 base pairs termed DRO to DR8¥":88 (Fig. 3).

DR DR
acorca > " “AGGTCA >
n=(0-8) bp

Figure 3. Schematic representation of REs recognized by RXR heterodimers.
Created with BioRender.com

The LBD is also a conserved domain, and it accommodates the core function of nuclear
receptors. It contains the ligand-binding pocket (LBP) and the AF-2, the ligand dependent
transactivation domain. It is responsible of dimer formation, coregulator binding and ligand-

dependent transactivation®.

2.4. Mechanism of activation

The mechanism of activation is well characterized for both steroid receptors and RXR partners
subgroups of NRs. The receptors in subgroups III and IV are mainly orphans and more studies

are needed to clarify their mechanism of activation.

2.4.1. Steroid receptors (SR) subfamily
In the absence of ligand treatment, some of these receptors like GR and MR reside
constitutively in the cytoplasm while ER is mainly nuclear. Whether nuclear or cytoplasmic, these

receptors bind to chaperon proteins; Hsp90 and Hsp70, the co-chaperone p23, and TPR proteins
like FKBP52, FKBP5I1.
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The classical model of activation of these receptors supports the notions that soon after ligand
binding, conformational changes occur and lead to dissociation of SRs from the chaperon complex
and subsequent translocation into the nucleus. Liganded SRs bind as homodimers to specific DNA
sequences in the regulatory regions of their target genes. The hormone-free SRs are exported back
to the cytoplasm and kept engaged in this nuclear-cytoplasmic cycle. Besides the receptors’ cycle,
the chaperon also undergoes an accompanied nuclear-cytoplasmic cycle®.

According to the classic model, chaperons are not involved in the nuclear translocation of the
receptors, the translocation is merely ligand dependent.

Recent observations have stated that dynein/dynactin motor complex associates with the
Hsp90-FKBP52 complex bound to GR and MR. This led to the suggestion of a new molecular
model in which the receptor translocates into the nucleus in a chaperon-bound state opposing the
classic model. The new model can be explained by the immunophilin exchange; upon steroid
binding, FKBP51 is released from the receptor complex and replaced by FKBP52°! besides the
observations that the dynein/dynactin motor complex associates with the Hsp90-FKBP52 complex
bound to MR®? and GR*.

Previous studies have shown that FKBP51 interacts very weakly with dynein/dynactin® while
FKBP52 has a strong interaction®>®. Thus, the displacement of FKBP51 by FKBP52 enhances
the binding of the receptors to dynein/dynactin and subsequently their nuclear translocation. In
other words, steroids bind to their cognate receptors while it is still binding to chaperons and the
whole heterocomplex, steroid-steroid receptor-chaperon protein, translocates into the nucleus.

In brief, the main differences between the classic and the alternative model is that in the new
model the chaperons not only stay bound to the receptors while the receptors shuttle to the nucleus
but also the chaperon can facilitate this translocation.

This alternative new model of activation has been approved for GR and MR and further studies
are needed to support this model and to generalize it to the other members of this subfamily of

nuclear receptors.

2.4.2. RXR partners subfamily
RXR and its partners share a common mechanism of activation described in a molecular switch
model®’ as illustrated in Fig. 4. In brief, it is a conformational change in the receptor in response

to ligand binding from an apo form, in the absence of ligand or in the presence of antagonist
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binding, to a holo form, upon binding to agonists. Apo receptors have a high affinity for binding
corepressors like SMRT/TRAC or NCoR/RIP13, rendering them transcriptionally repressed.
Agonist binding releases the receptors from corepressor binding and enhances the interaction with

coactivators like DRIP and the subsequent transcription initiation and target gene expression®’-%,

Inhibition Activation
(in the absence of ligand) (in the presence of ligand)
@Ligand

Corepressor Q‘
Cytoplasm ; K )
] N
Corepressor “ Y-

RX NR No gene Gene
ranscription transcription

Figure 4. Activation mechanism of RXR partners subfamily according to the molecular switch model
NRs binding to DNA in the repression state (left) and in the activation state (vight). Created with
BioRender.com

Comparing the structure of the apo RXR and the liganded holo RAR showed a major structural
rearrangement of H12 upon agonist binding. This change in structure was described by the mouse-
trap model where agonist binds to the LBP and H12 bends to close the pocket™.

Later on, other NRs’ LBD structures have been identified and it has been shown that the LBD
does not make a large movement in the H12, given LRH-1 as an example. Besides, the LBD of
other NRs like LRH-1, PPAR, ER, and GR get stabilized upon ligand treatment. These urged the
scientists to propose a more dynamic model, the dynamic stabilization model, which can substitute
the old mouse trap model”%:190-102,

The mechanism of switching coregulators is also accompanied by changes in the chromatin
status of activation; corepressors have histone deacetylase activity whereas coactivators have

among others histone acetyl transferase activity!%.
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Recently, ChIP-seq data revealed a more diverse pattern of nuclear receptors binding to DNA.
Data showed that RXR partners not only bind to DNA as a heterodimeric complex with RXR but
can also bind to non-specific regions on the DNA as monomers in the absence of agonist treatment,
giving VDR as an example'%*. Fluorescence microscopy based biophysical techniques suggested
that NRs spend a significant fraction of their time diffusing (or moving) in the nucleus!®>1,

These observations suggested a more dynamic model of activation, the hit-and-run model. A
transcription factor needs to be bound to the chromatin only for the time period needed to carry
out its function, then it can disassociate. This model can explain why in some cases the binding
of a TF cannot be detected, although its biological response is present; the TF senses the signal
and hit its specific binding sites, serving as a trigger or catalyzer TF, then it is released to other
binding sites leaving a room for other TFs to bind and maintain the transcriptional activity, serving
as auxiliary TFs!07-108,

From another aspect, after reviewing the literature including our previous studies, we can
highlight several points that could improve our understanding of the mechanism of activation of
RXR partners.

i) Heterodimerization with RXR has been found to increase the nuclear accumulation of
several RXR partners: VDR!?, Nur77''%, PXR and CAR!"'!. ii) Specific agonist treatment can
augment the heterodimerization of their cognate receptors with RXR!%!12_jji) Specific agonist

treatment can enhance the DNA-bound fraction of their receptors!>:112

. iv) Specific agonist
treatment increases the specific DNA-binding of their receptors'®. v) Heterodimerization with
RXR causes an increase in the affinity between the heterodimer and the coactivators!!3,

Putting things together, we can summarize these observations and extend the molecular switch
model to cover the following points: receptors in their holo form have a higher DNA-associated
fraction than in their apo form; receptors in their holo form have a higher tendency to
heterodimerize with RXR; DNA binding also enhances heterodimerization and heterodimerization
can enhance coactivator binding. These encourage us to propose a new matrix model of activation
where all the participants: the availability of RXR and its partners, the ligands, and the coactivators,

the heterodimerization, and the proper DNA binding, contribute synergistically to bringing the

heterodimers into an active status.
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2.5. Retinoid X Receptor (RXR) as a promiscuous partner

Starting with the nomenclature, the X in RXR refers to the mystery when it was first identified
in 1990 as a receptor that can be activated by ATRA but is not able to bind it. Two years later, 9-
cis RA was identified as an endogenous ligand for RXR.

Structural studies have shown that most of the selective ligands of RXR have a characteristic
bent structure; the ligand binding pocket (LBP) of RXR is very restrictive. 9-cis RA with its twisted
polyene side-chain can fit in the LBP of RXR while ATRA with its elongated polyene side-chain
is excluded!!.

There are three isotypes of RXR: RXRa, RXRf, and RXRy encoded by three different genes
RXRA, RXRB, and RXRG, respectively, and they display different tissue distribution.

RXR plays a pivotal role as a transcription regulator, it serves as an obligatory heterodimerization
partner for twenty other nuclear receptors: CAR, FXR, LXRs a and 3, NUR77, NURR1, PPARs
a, B/6 and v, PNR, PXR/SXR, RARs a, B and y, RARs a, B and y, SHP, TRs o and 8, and VDR'!4,

Besides forming heterodimers with other NRs, RXR is also able to bind to DNA as a
homodimer.

RXR and its partners exert transcriptional activity controlling a wide variety of biological
processes related to development, cell differentiation, immunity, metabolism and apoptosis.

In the heterodimeric complex, RXR-NR, RXR could be either i) a silent partner; the
heterodimeric complex of RXR-NR does not respond to RXR ligand, or it could respond to it only
in the presence of the partner ligand. These heterodimeric complexes are called non-permissive,
e.g., VDR, RAR and TR. ii) an active partner; the heterodimeric complex of RXR-NR responds to
either the ligand of RXR or the ligand of its partner. These heterodimeric complexes are called
“permissive”, e.g., PPAR and LXR. Douglas J. Kojetin et al 2015 defined in their study that the
difference between permissive and non-permissive heterodimers is structural; in the non-
permissive dimer, the partner allosterically silences RXR!!,

RXR has both a nuclear localization signal (NLS) and a nuclear export signal (NES) rendering
it to shuttle between the nucleus and the cytoplasm but with a preferred nuclear localization. Its
cytoplasmic presence allows RXR to transport via a piggyback mechanism some of its
heterodimeric partners from the cytoplasm to the nucleus like NUR77!''° and VDR!%.

Several RXR heterodimerization partners could be expressed in one tissue, given the liver as

an example where almost all RXR partners are expressed'!%; thus, in a cell where there is limiting
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availability of RXR and several RXR partners are expressed, a competition between these NRs for

RXR binding could be suggested. (Fig. 5).
In this study, we will focus on detecting the interactions between RXR and three of its

partners: PPARy, VDR and RARa, trying to unravel the mechanism behind RXR partner selection

PPAR
PPARW/B

CAR ﬂ
\/ NURR1

RARB/y r‘v,ﬂd —
RAR | ey S m <:

PXR c?::ﬁ) iﬁ C::::D NUR77
7 T\

TR

FXR
LXRa/B

Figure 5: Schematic representation for several RXR partners sharing a limiting pool of RXR

Created with BioRender.com

2.6. Crosstalk between nuclear receptors (NRs)
Nuclear receptors are excellent targets for drug intervention, and their ligands are widely

applied drugs in many diseases. In recent clinical trials, unexpected side effects have been observed

despite the high specificity of the drug-NR interaction
Understanding the crosstalk between NRs could add more clues to solve the puzzle and help

to circumvent the drawbacks correlated with NR-ligand treatment. This may also help to improve

the treatment strategies using already FDA-approved drugs
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The similarity in structure, mechanism of activation and sharing of coregulators (corepressors
and coactivators) suggested a crosstalk between NRs?!,

Bosscher et al defined dual NR crosstalk as “the phenomenon whereby two concomitant
nuclear receptor-associated signaling pathways are intertwined, which results in the triggering of

a unique signaling and gene expression profile”!!”

. Generally, we could say that crosstalk between
NRs is a complicated phenomenon. It could occur on the upstream or the downstream levels of
regulation or even at the DNA binding level.

PPARy was shown to dominate the signaling pathway of VDR, it attenuated 1,25-

118 and it also

dihydroxyvitamin-D3 mediated transactivation of VDR in human breast cancer cells,
suppressed TR signaling in epiphyseal chondrocytes.!'!

Expression of TR in embryonic carcinoma cells suppresses the RA-dependent transactivation
mediated by endogenous RARB!?, PPAR/RXR binding to the response element of PPAR was
shown to be reduced in the presence of LXRa or LXRB!!.

Retinoic acid treatment of undifferentiated mouse embryonic stem cells decreases the
expression of LXR target genes as well as decreases RXR binding at LXR response elements (RE),
while inducing RXR redistribution to RAR target genes!?2.

Besides direct transcription regulation, NRs have also been reported as modifiers of
intracellular signal transduction pathways by interacting with the components or participants of
the signaling cascade. RAR has been found to modulates the activation of signaling pathways in
the cytoplasm by interacting with Akt, p38, WNT and ERK!?*!%5, In bone cells, the effects of
ATRA and Vit D on bone cells differentiation and WNT pathway, can also indicate a crosstalk
between RAR and VDR.

While Retinoic acid treatment was found to inhibit the WNT signaling by upregulating the WNT
inhibitor DKK 12, Vitamin D could strongly decrease the expression of WNT inhibitor DKK
and sFPR?2 and activate the expression of LRP5 (it is the co-receptors of WNT)!?7,

In contrast to the classical application of NRs-ligands in clinic, the use of ligands targeting
more than one NR could serve as a more efficient strategy than targeting only one NR at a time.
This could be the case in diseases where many NRs are identified to be relevant for therapeutic
intervention. Evans et al proposed in their study a novel approach to treat type 2 diabetes mellitus,
insulin resistant patients with a simultaneous activation of PPARa, PPARy and PPARS!'?® whereas

the classical approach is to apply thiazolidine, a PPARy specific agonist. This will encounter the
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direct causative factor and enhance the tissue sensitivity for insulin which is obtained at the price
of developing several side effects, e.g. obesity.

Despite a plethora of knowledge on NRs exists as a result of extensive research in the field,
many gaps in our understating of NRs mediated gene control are still present and many points are
yet to be clarified.

Here, based on our results on the ligand dependent competition of NRs for heterodimerization
with RXR, we bring forward a rational approach applying cotreatment strategies, which could
address the unmet treatment goals and answer the unexpected side effects associated with single

treatment strategies.
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3. OBJECTIVES
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R 21.97.129.130 cambined with the

In cells where there is a limiting or sequestered pool of RX
expression of several RXR heterodimerization partners (NRs), the mechanism of RXR partner
selection remains unclear. Previous data suggested that specific agonist treatment could enhance
heterodimerization and chromatin binding of RXR and RAR!?! 105106 112,

Here in, we aimed to answer the following questions:

I.  Is there competition between RXR partners for binding to RXR?
II.  Does binding of a specific agonist increase the affinity of a given receptor to RXR and
favor their heterodimerization?

To study these questions, we developed a nuclear translocation assay for monitoring the
heterodimerization of RXR and its NR partners specifically; PPARy, VDR and RARo, and
competition was detected at different treatment conditions.

As heterodimerization is a prerequisite step for proper transcriptional activity of NRs, we
also aimed to the answer:

III.  What is the effect of specific agonist treatment on the direct DNA binding of NRs?

Chromatin immunoprecipitation sequencing was applied to unravel the changes in the

genomic binding sites of VDR upon specific agonist treatment.
Better understanding of RXRa partitioning between its different heterodimeric partners may help
to improve the therapeutic application and reduce the side effects of drugs triggering different
specific signaling pathways and explain how targeting a NR pathway can interfere indirectly with
a seemingly distinct NR pathway.

Intercalators like doxorubicin influence the superhelicity and dynamics of chromatin!®!,
which may affect the binding of nuclear proteins to their specific response elements. Previous
studies have suggested that treatment with specific RAR agonists like ATRA could reduce the

132 of doxorubicin and increase its efficacy!*. Thus, we set out to investigate:

cardiotoxicity
IV. How does doxorubicin affect the DNA binding of RARa?

To this end, we monitored mobility changes of RARa upon treatment with different doses of
doxorubicin, in the absence or presence of specific RARa agonist. Changes in DNA-binding of
NRs may interfere with their transcriptional activities and could account in part for the side effects

caused by doxorubicin.

33



4. MATERIALS AND METHODS
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4.1. Cloning protocol

Nuclear receptors were cloned into the pCMV-C3 vector; NR used as an insert “PCR product”
while EGFP-C3 or mCherry-C3 as a vector.

The restriction map and multiple cloning site (MCS) of pEGFP-C3 vector is shown in Fig 6. and
of pRSET-B-mCherry C-1 in Fig. 7. Both plasmids were purchased from Clontech Laboratories
(Mountain View, CA).

mCherry-C3 vector was prepared as described previously '°°. In brief, EGFP seq was cut out using
Nhel and Scal restriction enzymes and replaced by the insertion of mCherry-C3 sticky ends
amplicon. To prepare the mCherry-C3 amplicon, proper primers were used to correct for the frame
shift and to insert Nhel and Scal restriction sites using mCherry-C1 vector seen in Fig. 7 as a

template.

Nhe | (522)
Ecod7 Il ss7)
Age | (501)

PCMV IE

EGFP

Eco0109 | :
H pEGFP-C3
4.7kb SV40

BsrG 1(1323)

poly A MCS
f ' (1328-1413)
SV40 ori ori
P P
Svao
e Miul 1638)
Dralll (1858)
Stul
(2573)
EQFP 1350 1340 5= 180 Bzn 130 150 STOPs
TAC AAG TAC TCA GAT CTC GAG CTC AAG CTT CGA ATT CTG CAG TCG ACG GTA CCG CGG GCC C6G GAT CCA CCG GAT CTA GAT AAC TGA TCA
Seal  Bglll  Xhel s...-il”"’"’"' EcoRl Pstl  Sall  Kpal Apal 1 Xba!* Bell*
Por Accl Asplgl \ Bspi20| Xmal
Sacll Smal

Figure 6. The restriction map and multiple cloning site (MCS) of the pEGFP-C3 vector
(http://www.qualityard.com/upload/2019-05-24/ba70773f9¢55f6a36d8e8a88ca963c27.pd f)
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STOP STOP  STOP

Figure 7. The restriction map and multiple cloning site (MCS) of the pRSET-B-mCherry C-1

(https://www.scribd.com/document/242560824/PmCherry-CI-Vector-Information )

Primer design
The  complementary ¥ DNA  of homo  sapiens NRs was  checked on

https://www.ncbi.nlm.nih.gov/nucleotide/ and the sequence was aligned with the amino acid

sequence of splice variant 1 from https://www.uniprot.org/uniprot website using Serial Cloner 2-

6-1 program.

Primers were designed manually taking into account the following criteria: no frame shift, the GC
content between 40-60%, hairpin: no more than 4 bps, dimer formation: no more than 6 bps, base
pair repeat not to exceed 4, length of the specific part of the primer: 18-21 bp.

Primers were checked using Oligo Analyzer software (https://eu.idtdna.com/calc/analyzer) and

purchased from Integrated DNA Technologies (Coralville, IA, USA).

PCR, polymerase chain reaction

The PCR reaction was prepared as follows: First, primer mix was prepared (40 pl NFW + 5 ul FW
primer, 100 uM, + 5 pl REV primer, 100 uM). Second, master mix was prepared (60 ul NFW +
20 ul HF buffer + 5 ul primer mix + 5 pl ANTP + 5 pl having 150 -250 ng DNA template). Third,
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master mix was divided into 5 PCR tubes (19 pl per each) and 0.2 pl fusion DNA polymerase
(Thermo Fisher Scientific, Waltham, MA, USA) was added to each tube. Table 3 shows the PCR
settings applied.

Table 3. PCR setting

No of cycles Step Time Temperature
1 cycle Preheating 3 min 98 °C
Denaturation 30 sec 98 °C
33 cycles Annealing 30 sec 50°C
Elongation 60 sec 72 °C
1 cycle Elongation 10 min 72 °C

The PCR product was run on 1% agarose gel (1 g agarose powder in 100 ml TE 1X) for 1 h, 110
V. Proper length bands were cut out from the gel and cleaned up using PCR clean-up kit (MN,

Germany) according to the manufacturer’s recommendation.

Double digest

Both the cleaned PCR product (insert) and the vector were double-digested with the proper
restriction enzymes. The digestion was carried out in 200 pl digestion mixture for 3-5 h at 37 °C.
Then both the digested insert and the digested vector were run on 1% agarose gel; 1 h, 110 V.
Proper length bands were cut out from the gel and cleaned up using PCR clean-up kit (MN,
Germany).

Concentration of the cleaned up digested, sticky ends insert (PCR product) and vector DNA were

determined using a NanoDrop™ 1000 spectrophotometer (Thermo Fisher Scientific).

Ligation
20 pl ligation mixture was prepared as follows: x ul insert, y pl vector, 2 ul ligase buffer, 1 pl
T4ADNA ligase (Thermo Fisher Scientific), NFW (up to 20 pl).

The amount of the insert and the vector were calculated according to the following equation:

insert [ng] =5

insert length [bp]] vector [ng] (eq. 1)

"vector length [bp

Ligation mixture was incubated overnight at 4 °C.

37



Transformation

20 pl ligation mixture was incubated with 20 pl competent E. coli (DH5a strain) for 30 min on
ice, then underwent a heat shock at 42 °C for 1.5 min followed by 5 min incubation at 5 °C. In 15
ml tube, the ligated plasmid - E. coli mixture was suspended in 1 ml SOC solution and incubated
at 37 °C for 45 min with shaking. The bacterial solution was centrifuged at 1100 RPM for 3 min
and the supernatant was decanted leaving 30 pl solution to resuspend the pellet. After suspension,
the bacterial solution was smeared on 1.5% agar plate augmented with the desired antibiotic; the

inoculated plasmid can resist. Agar plate was incubated overnight at 37 °C.

Small culture
On the next day, a single colony was picked up from the plate using a nuclease free pipette tip and
thrown into a 50 ml tube containing 10 ml of LB medium supplemented with antibiotic (25 pg/ml

kanamycin or 100 png/ml ampicillin). Small culture was incubated overnight at 37 °C.

Glycerol stock preparation and DNA purification

Glycerol stock was prepared by mixing 700 pl of the overnight incubated small culture with 700
ul of 86% glycerol. Glycerol stocks were stored at -80 °C.

The rest of the small culture was purified using a miniprep kit (Promega, MA, USA) according to
the manufacturer’s recommendation. Concentration of the plasmid was detected using a

NanoDrop™ 1000 spectrophotometer and plasmids were stored at -20 °C.

Preparation of the solutions used in the cloning protocol

10X PBS solution (pH 6.8): 1.37 M NaCl, 27 mM KCL, 100 mM Na,HPO4* 2 H,O, 18 mM
KH,POs.

1X PBS solution (pH 7.4): 10X PBS diluted in dH>O.

SOC solution: 10 mM NacCl, 2.5 mM KCL, 10 mM MgCl,, 20 mM MgSOs, 2% LB broth. This

solution was autoclaved then cooled down before supplemented with 20 mM D-glucose. Then the

solution was aliquoted into 1 ml Eppendorf tubes and be stored at -80 °C.
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LB medium: 20 g LB agar dissolved in 1 liter of dH>O. The solution is autoclaved, cooled down

then stored at +4 °C.

LB agar solution: 20 g LB broth + 16 g micro agar in 1 liter of dH2O. The solution is autoclaved,

cooled down then stored at +4 °C.

Agar plate: LB agar solution was melt in microwave and poured while still hot into 50 ml tube.
The solution was cooled then augmented with antibiotic (25 pg/ml kanamycin or 100 pg/ml
ampicillin). 12.5 ml of the LB agar-antibiotic solution was poured into sterile plate. After

solidifying, agar plates were sealed with parafilm and stored upside down at +4 °C.

DHSa competent cells: In a 50 ml tube, 20 pl of DH5a glycerol stock (stored at -80 °C) was
suspended in 5 ml of cold LB medium. The suspension was shaken overnight at 37 °C, 400
RPM. On the next day, the overnight culture was inoculated into 200 ml warm LB medium and
shaken at 37 °C, 210-250 RPM for at least 1.5 h or until the OD600 of the culture reached 0.375.
Then the bacterial solution was divided into four 50 ml tubes and centrifuged, 4 °C, 3000 RPM,
7 min, no brake. The supernatant was decanted, and the pellet was resuspended in 10 ml cold
CaCl2 solution [60 mM CaCl2, 10 mM Pipes (pH 7) and 15% glycerol] and incubated on ice for
30 min.

The suspension was centrifuged, 4 °C, 2500 RPM, 5 minutes, no brake, the supernatant
decanted, and the pellet dried for some minutes. The dried pellet was resuspended in a new 10 ml
CaCl2 solution, and the tubes were incubated for another 30 min on ice. Then the suspension was
centrifuged; 4 °C, 2500 RPM, 5 min, no brake, and the pellet were resuspended in 2 ml CaCl2
solution and incubated overnight at 4 °C. On the next day, the DH5a competent cells were
aliquoted in cryogenic tubes (200 pl/tube) and stored at -80 °C).

Preparation of 86% glycerol: using 25 ml serological pipet, 21.5 ml glycerol was added into 50
ml and filled up to 25 ml with dH>O. The solution is stored at 4°C.

3.2. Plasmid Construction

In all prepared constructs, the fluorescent proteins were fused to the N termini of the receptors. All

plasmids were verified by sequencing.
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Control plasmids

Control plasmid constructs EGFP-mCherry (GC") and EGFP-TagBFP (GB) are complemented
with a CGC GAT CCA CCG GTA ATG linker sequence after the sequence of EGFP. In the
proline-separated TagBFP-P30-EGFP construct (B-P30-G) and EGFP-p30-mCherry (GC)
construct, there is a GGT CCG GTC GCC ACC CGC GAT CCA CCG GTA ATG linker before
the proline spacer (30 repeats, mixed from the 4 proline codons) followed by the same short linker

sequence.

Full length nuclear receptors tagged with EGFP or mCherry fluorescent proteins
EGFP-NR or mCherry/NR

As a template for PCR, human cDNA, splice variant (isoform) 1, was used: RXRa, (Santa Clara,
CA, USA), PPARYy, RARaq, and VDR (DNA Resource Center, Bloomsburg, PA). PCR was carried
out according to the above-mentioned protocol using the primers shown in 7able 4.

PCR products were subcloned into the EGFP-C3 vector or mCherry-C3 vector using the restriction
sites BgllI/HindIII, Xhol/Sall, BglII/HindIII, and Xhol/HindIII, respectively.

Table 4. Primers used to clone NRs into pCMV-C3 vectors

Insert Primers
TATTATCTCGAGTTTACCATGGTGACACAGAGATGCCATCT
FW Xhol
GG
PPARYy
TATATACGTCGACTGCTAGTACAAGTCCTTGTAGATCTCCT
REV Sall
GCAG
FW Bglll AAGTACTCAGATCTCTTTGCCAGCAACAGCAGCTCCTGC
RARa ATAATTAAAGCTTCTACGGGGAGTGGGTGGCCGGGCTGCT
REV HindIII
TCTGTTGGAGCTGGGGCTGAHHCTGGGGCT
TATTATCTCGAGTTTGAGGCAATGGCGGCGGCCAGCAATT
FW Xhol
CCCTGCCT
VDR
TATTATAAGCTTCTAGGAGATTCTCATTGCCAAACACTTCG
REV HindIII
AGCAC
FW Bglll TATTACTCAGATCTCTTTGACACCAAACATTTC
RXRa ATAATAAAGCTTCTAAGTCATTTGGTGCGGCCCTCCAGCA
REV HindIII T
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NLS mutant receptors tagged with EGFP, EGFP-NR/nlsm

Candidate Nuclear localization signals (NLS1) in the DBDs of the involved receptors have been
defined to be between amino acids 136-141 for PPARy, 113-118 for RARa, 49-54 for VDR and

160-165 for RXRa in a previous study !**. NLS-mutant receptors were prepared by introducing a

point mutation in the NLS1 into the coding sequence of EGFP-tagged receptors using site-directed

mutagenesis via the overlap extension PCR method '3°. NLS mutant receptors were abbreviated

throughout the text as “NR/nlsm”. The designed primers to induce the above-mentioned mutations

are shown in Table 5.

Table 5. Primers used to clone NR/nlsm into pCMV-C3 vectors.

Insert Primers
TATTATCTCGAGTTTACCATGGTGACACAGAGATGCCA
1- FW Xhol
TCTGG
2- REV TGTCCGATTGTTCCCTGGAAGAAACCCTTGCATCCTTCA
mutated NLS | *Reverse complement of the mutated NLS
PPARy/nlsm 3 FW AGGGAACAATCGGACAGAAGCTTATCTATGACAGATGT
G
mutated NLS
*The mutated NLS
TATATACGTCGACTGCTAGTACAAGTCCTTGTAGATCT
4- REV Sall
CCTGCAG
AAGTACTCAGATCTCTTTGCCAGCAACAGCAGCTCCTG
1- FW Bglll
C
2- REV GCCCGATGCTGCCTTGGAAGCCGCCCTTGCAGCCCTCAC
mutated NLS | *Reverse complement of the mutated NLS
RARw/nlsm 3. FW AAGGCAGCATCGGGCAGAACATGGTGTACACGTGTCAC
C
mutated NLS
*The mutated NLS
4- REV ATAATTAAAGCTTCTACGGGGAGTGGGTGGCCGGGCT
HindIII GCTTCTGTTGGAGCTGGGGCTGAHHCTGGGGCT
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Insert Primers

TATTATCTCGAGTTTGAGGCAATGGCGGCGGCCAGCAA

1- FW Xhol
TTCCCTGCCT
TGCCCCATGCTTCCCTGGAAGAAGCCTTTGCAGCC

2- REV
TCA

mutated NLS
* Reverse complement of the mutated NLS

VDR/nlsm

3 FW CAGGGAAGCATGGGGCAGAAGGCACTATTCACCTGCCC
CTTC

mutated NLS
* The mutated NLS

4- REV TATTATAAGCTTCTAGGAGATTCTCATTGCCAAACACT

HindIII TCGAGCAC

1- FW Bglll TATTACTCAGATCTCTTTGACACCAAACATTTC

5 REV GGCCCACCGTCCCCTGGAAGAAGCCCTTGCACCCCTCG
C

mutated NLS
* Reverse complement of the mutated NLS

RXRa/nlsm 3 FW CAGGGGACGGTGGGCCAGGACCTGACCTACACCTGCCG

C

mutated NLS
* The mutated NLS

4- REV ATAATAAAGCTTCTAAGTCATTTGGTGCGGCGCCTCCA

HindIII GCAT

The mutagenesis workflow:

EGFP-NR constructs were used as templates and a series of PCRs were run to create the NLS

mutant receptors.

4 PCRs were run as follows:

PCR 1: EGFP-NRs as template with primer 1 and primer 2 yielding product A.

PCR 2: EGFP-NRs as template with primer 3 and primer 4 yielding product B.
PCR 3: 250 ng of product A + 250 ng of product B + [dNTPs + HF buffer + fusion polymerase]

for 10 cycles.

This PCR step will merge the two products yielding the NR/ns/m template (Product C) which will

be multiplied in the PCR 4 step.

42



PCR 4: product C + primer 1 + primer 4 + [dNTPs + HF buffer + fusion polymerase] yielding
product D.

Both the product D (as an insert) and the pCMV-EGFP-C3 (as a vector) were double-digested with
the restriction enzymes which have restriction sites at primer 1 and primer 4.

The sticky ends of the amplicon and the vector were ligated, and the rest of the cloning procedure

was carried out as has been described in the protocol above.

Accordingly, the following point mutations were introduced: in EGFP-PPARy/nlsm, R136Q),
R137G, R140G, and L141Q; in EGFP-RARa/nism, R113Q, R114G, Q117G, and K118Q; in
EGFP-VDR/nlsm, R49Q, R50G, K53G, and R54Q; in EGFP-RXRa/nlsm, K160Q, R161G,
R164G, and K165Q.

TagBFP-RXRoa/nlsm was generated from EGFP-RXRa/n/sm by replacing EGFP with TagBFP-C3

using Nhel and BglII restriction enzymes.

Zinc fingers mutant RXR
The zinc finger mutant RXR, BFP-RXRo/znm, was prepared by mutating all 8 cysteines within
the two zinc finger motifs of the DBD to alanines using the overlap extension PCR method.
Accordingly, the following point mutations were introduced: C135A, C138A, C152A, C155A,
C171A, C177A, C190A, and C195A. Zn finger mutant RXR is abbreviated throughout the text as
“RXRa/znm”. The cloning was carried out as the following:

I. pCMV-C3- RXR vector:
The first step was to prepare the pPCMV-C3-RXR vector; pPCMV-C3 vector was cut out using PSF1
and BgllI restriction enzymes. RXR sequence as an insert was cut out form EGFP-C3-RXR using
the same restriction enzymes; Pstl and BglII. The sticky ends of insert and vector were ligated and
the rest of the cloning procedure was carried out as has been described in the protocol above.

II. Cloning of RXR/znm:
Applying the site-directed mutagenesis via the overlap extension PCR method required us to find
specific restriction sites within RXR which can help to introduce the mutation to the sequence
within sequential PCR series, i.e. C135 and C138 are located before BsrGI restriction site while

C152 and C155 after it, C171 and C177 are located before Agel restriction site while C190 and
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C195 after it. Accordingly, the primers having the needed mutation (TGC, cysteine mutated to
GCC, alanine) and the specific restriction site were designed as illustrated in Table 6.

Table 6. Primers used to clone RXR/nlsm into pCMV-C3 vectors.

Primer Primer sequence
1. FW Bglll TATTACTCAGATCTCTTTGACACCAAACATTTC
2. Rev BsrGI ATAATATGTACACTCCATAGTGCTTGCCTGAGGAGCGGTCCCCG
GCGATGGCGGCGATG

ggc: the reverse complement of Alanine codon (gcc), the induced mutations C138A and
CI135A, respectively

3. Rev Agel CTGGCACCGGTTCCGCTGCCGCTTGTCAATCAGGGCGTCCTTGT
TGTCGCGGGCGGTGTAGGTCAG

ggc: the reverse complement of Alanine codon (gcc), the induced mutations C177A and
CI71A, respectively
4. FW BsrGI TATGGAGTGTACAGCGCCGAGGGGGCCAAGGGCTTCTTC

gee: Alanine seq, the induced mutations C152A and C155A, respectively

5. FW Agel CAGCGGAACCGGTGCCAGTGCCCGCTACCCAGAAGGCCCTGGC
CATGGGC

gee: Alanine seq, the induced mutations C190A and C195A, respectively
6. Rev HindIII ATAATAAAGCTTCTAAGTCATTTGGTGCGGCGCCTCCAGCAT

The mutagenesis workflow:

Step 1:

PCR 1: pCMV-C3- RXR as template with primer 1 and primer 3 yielding product A.

product A (as an insert) and pPCMV-C3- RXR (as a vector) were double-digested using Agel and
BglII restriction sites. The digestion mixtures were run on 1% agarose gel and proper length
bands were cut out from the gel and cleaned up.

200 ng of the insert and 50 ng of the vector were ligated overnight, cleansed on next day and named

ligation 1. [ligation 1 has the mutations: C171 and C177]

Step 2:
PCR 2: pCMV-C3- RXR as template with primer 1 and primer 2 yielding product B.
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product B (as an insert) and ligation 1 (as a vector) were double digested using BglII and BsrGI
restriction sites. The digestion mixtures were run on 1% agarose gel and proper length bands were
cut out from the gel and cleaned up.

200 ng of the insert and 50 ng of the vector were ligated overnight, cleansed on next day and named

ligation 2. [ligation 2 has the mutations: C171, C177, C135A and C138A]

Step 3:

PCR 3: pCMV-C3- RXR as template with primer 4 and primer 6 yielding product C.

product C (as an insert) and ligation 2 (as a vector) were double digested using BsrGI and HindI1T
restriction sites. The digestion mixtures were run on 1% agarose gel and proper length bands were
cut out from the gel and cleaned up.

200 ng of the insert and 50 ng of the vector were ligated overnight, cleansed on next day and named

ligation 3. [ligation 3 has the mutations: C171, C177, C135A, C138A, C152A and C155A]

Step 4:

PCR 4: pCMV-C3- RXR as template with primer 5 and primer 6 yielding product D.

product C (as an insert) and ligation 3 (as a vector) were double digested using Agel and HindIII
restriction sites. The digestion mixtures were run on 1% agarose gel and proper length bands were
cut out from the gel and cleaned up.

200 ng of the insert and 50 ng of the vector were ligated overnight, cleansed on next day and named
ligation 4. [ligation 4 has all the mutations: C171, C177, C135A, C138A, C152A, C155A, C190A
and C195A]

Step 5: amplifying of pCMV-C3-RXR/znm

Ligation 4, RXR/znm, (as an insert) and pPCMV-C3-RXR (as a vector) were double-digested using
BglIl and HindIII restriction sites. The digestion mixtures were run on 1% agarose gel and
proper length bands were cut out from the gel and cleaned up.

200 ng of the insert and 50 ng of the vector were ligated overnight, cleansed on next day and the

rest of the cloning protocol was carried out as explained above.
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III.  Cloning of Tag BFP-RXR/znm
Tag BFP C-3 was inserted to the pCMV-C3-RXR/znm sequence as the following:
Tag BFP-C1 was used as a PCR template and proper primers were designed to correct for the

frame shift and to include the BglII and Xhol restriction sites.

Tag BFP C-3 (as an insert) and pCMV-C3-RXR /znm (as a vector) were both double-digested with
Nhel and BglII. The digestion mixtures were run on 1% agarose gel and proper length bands were
cut out from the gel and cleaned up. 200 ng of the insert and 50 ng of the vector were ligated
overnight, cleansed on next day and the rest of the cloning protocol was carried out as explained

above.
Table 7 summarizes the mutation we induce in NRs and Fig. § shows a schematic representation

of the DNA binding domain of RXRa as an example of NRs and the mutation localization we

introduced.
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Figure 8. Schematic representation of the RXRa DNA binding domain.

(4) wild type RXRa, (B) nuclear localization mutated RXRo. (RXRo/nlsm), (C) zinc finger mutated RXRa
(RXRa/znm). The schematic representation of the DBD is adopted from Prufer, K. 2002'" and modified

using BioRender.com website to show the induced mutations.
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Table 7. Summary of the mutations induced in NRs.

Receptor Mutated amino acids Mutated receptor

PPARYy Arginine at position 136 is replaced with glutamine PPARYy/nlsm
Arginine at position 137 is replaced with glycine
Arginine at position 140 is replaced with glycine

Lysine at position 141 is replaced with glutamine

RAR« Arginine at position 113 is replaced with glutamine RARw/nlsm
Arginine at position 114 is replaced with glycine
Glutamine at position 117 is replaced with glycine

Lysine at position 118 is replaced with glutamine

VDR Arginine at position 49 is replaced with glutamine VDR/nlsm
Arginine at position 50 is replaced with glycine
Lysine at position 53 is replaced with glycine

Arginine at position 54 is replaced with glutamine

RXRa Lysine at position 160 is replaced with glutamine RXRa/nlsm
Arginine at position 161 is replaced with glycine
Arginine at position 164 is replaced with glycine

Lysine at position 165 is replaced with glutamine

RXRa Cysteine at the positions; 135, 138, 152, 155, 171, 177, RXRoa/znm

190, and 195 were all replaced with alanine.

Cloning of EGFP- RXRLBD and mCherry- RXRLBD

EGFP-C3 and mCherry-C3 vectors were modified by inserting a (GGGGS)2 flexible linker after
the fluorophore sequence, wusing BsrGI and Xhol restriction sites and the
[TGTACAAGGGTGGCGGAGGTAGTGGCGGTGGTGGAAGTCTCGAG] duplex oligos. The
LBD for RXR (RXR??3-462) were generated using PCR and the primers in Table 8 then subcloned

into the newly modified vector using Xhol and HindIII restriction site.
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Table 8. Primers used to clone RXRLBD into pCMV-C3 vectors.

Insert Primers

RXRLBD | FW Xhol TTTATTTTCTCGAGAGCGCCAACGAGGACATG

REV HindIII | TTTATTTTAAAGCTTTCAAGTCATTTGGTGCGGCGC

4.3 Translocation assay (competition assay)

In this study, we intended to understand how the promiscuous RXR molecule chooses its
interaction partner in the presence of several potential heterodimeric partners and agonists. We
evaluated competition between these NRs for their common partner, RXRa, by using a
translocation assay in a three-color model imaging system as illustrated in Fig. 9.

RXRa was tagged with TagBFP and stably expressed in HEK293 cells, HEK293BFP-RXRa NR 1],
called the “studied partner,” was labeled with EGFP and NR2, or the “competing partner,” with
mCherry. Applying a translocation assay required a version of the studied partner present in both
the cytoplasm and the nucleus when not interacting with RXRa and getting enriched in the nucleus
when interacting with RXRa. Inducing a mutation in the NLS1 of PPARy and RARa fulfilled
these criteria, whereas VDR was more appropriate in its wt form.

A pilot study confirmed the homogeneous localization of EGFP-PPARYy/nlsm, EGFP-RARa/nism,
and EGFP-VDR in wt HEK293 cells and their nuclear accumulation in HEK293BFP-RXRe "We call
this homogeneous form of the receptor the studied partner and refer to it as NR1.

Appling the competition assay also required having another version of the receptor tagged with
another fluorescent protein. Therefore, we cloned wt NRs into the mCherry vector. We called this
form of the receptor the competing partner and we refer to it as NR2.

Next, competition between RXRa partners for binding to RXRa was evaluated by detecting
changes in heterodimerization between RXRa and the studied partner, NR1, in the presence of the
other competing partner, NR2. Competition between any two selected NRs was tested in two
complementary experiments, e.g. to study competition between RARa and PPARY for binding to
RXRa, we traced the distribution changes of both EGFP-PPARY/nlsm in the presence of mCherry-
RARa and that of EGFP-RARo/nlsm in the presence of mCherry-PPARYy in HEK293BFP-RXRa ¢el[g,
The role of specific agonists in governing the competition was assessed by treating the samples

with the specific agonists of the involved receptors individually or in combination.
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Figure 9. Schematic representation of the translocation assay in a three-color imaging model system.

1. Single expression of NRs, distribution of NRI1, RXRo. and NR2 expressed alone in wt HEK293 cells. (A)
PPARy/nlsm (NLS mutant form) as an example of NRI1 having a homogeneous, nucleocytoplasmic
distribution, (B) wt RXRo. having nuclear localization, (C) wt RARo. as an example of NR2 having nuclear
localization. II. Double expression; NR1 or NR2 expressed in HEK293%™"*® (D) Nuclear re-
distribution of NR1 in HEK293%""**% (E) nuclear distribution of NR2 in HEK293%™** [T Triple
expression of NRI + RXRa + NR2 to detect the competition between NR1 and NR2 for heterodimerization
with RXRo, in the absence or presence of specific ligands of NR1 and/or NR2. (F) NR1 is expected to
translocate to the nucleus if NR1 rather than NR2 is the preferred heterodimerization partner of RXRo.
(G) NR1 is expected to be re-distributed homogeneously if NR2 is the preferred heterodimerization
partner of RXRa. RSG: rosiglitazone, PPARy agonist; AM580: RARo. agonist.
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4.3.1. Generation of TagBFP-RXRa stable cell line
The adherent version of human embryonic kidney, HEK293, cell line stably expressing TagBFP-

RXRa, HEK293BFP-RXRe - wag prepared using viral transduction. Virus particles harboring the

TagBFP-RXRa gene were purchased from VectorBuilder (Santa Clara, CA, USA).

Experimental detection of MOI in HEK293 cells

Multiplicity of infection, MOI, which is the number of virus particles needed to transduce one cell
136 was optimized experimentally for HEK293 cells. Using a control virus cells expressing EGFP-
mCherry with a known concentration 10%/ml, 100 million virus particle per 1 ml, the multiplicity
of infection (MOI) was detected experimentally.

On day 0, cells were plated in 24 plates, 60,000 cells/well. On day 1, cells were infected with a
gradient dose of virus particles giving a MOI between 0 and 14 as shown in 7able 9. The medium
was changed the next day, and cells started to express EGFP-mCherry from day 3. On day 5, cells
were passaged into a new plate (the content of one well went into two wells). On day 6, cells were
collected into sorting tubes (washed with PBS, de-attached with warm TE, washed twice with cold
PBS, suspended in 200 pl PBS), and examined with a NovoCyte 3000 RYB flow cytometer
(ACEA Biosciences, Inc., San Diego, CA) to detect the percentage of transduced cells at each

MOIL.
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Table 9. Experimental detection of MOI in HEK293 cells.

MOI Number of virus particle Volume of % Positively transduced cells
(60,000 * MOI) virus (Expressing EGFP-mCherry)
0 0 Opul 0
4 240,000 particles 24 ul 54.81 %
5 300,000 particles 3ul 60.13 %
6 360,000 particles 3.6l 53.13 %0
7 420,000 particles 4.2 ul 57.59 %
8 480,000 particles 4.8 ul 61.23 %
9 540,000 particles 54 ul 64.44%
10 600,000 particles 6 ul 68.61 %
11 660,000 particles 6.6 ul 66.64 %
12 720,000 particles 7.2 ul 70.32 %
13 780,000 particles 7.8 ul 70.5%
14 840,000 particles 8.4 ul 70.6%

HEK?293 stably expressing TagBFP-RXR, HEK293BFF-RXRa

Using the control virus particles, a MOI of 12 was detected to give ~70% transduction efficiency
and to keep the cells in good viability conditions; thus, it was chosen to transduce the cells.

In a 6-well plate, 500,000 cells were seeded per well. Two wells were considered as a control (no
virus particle treatment) while the four other wells were infected at MOI=12 with virus particles
harboring the TagBFP-RXRa gene. Two days later, the cells started to express TagBFP-RXR and
were passaged into a small flask.

Second, Geneticin antibiotic, G418, as a selection marker was applied in a dose of 500 pg/ml to
get rid of non-transduced cells.

Third, cells were further sorted with a FACSAria III (BD Bioscience, San Jose, CA, USA) cell
sorter to collect a cell population expressing TagBFP-RXRa within an expression range with a

coefficient of variation (CV) of 50%.
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4.3.2. Cell culture

Both HEK293 and HEK293BFP-RXRa ¢e]]s were maintained in DMEM, supplemented with phenol
red, 10% fetal calf serum (Sigma-Aldrich, Saint Louis, MO), 1x GlutaMAX (Fisher Scientific,
Tokyo, Japan), and 50 mg/l gentamycin (KARA, Novo Mesto, Slovenia). Cells were passaged

twice a week and used between the 3 and the 8" passages.

4.3.3. Immunofluorescence labelling and flow cytometry

wt HEK293 or HEK293B-RXRa ce]s were fixed with 4% formaldehyde (FA) in PBS (10 min, 4°C).
After fixation, cells were incubated in 25 mM glycine in PBS (20 min) to quench the free aldehyde
groups in FA, then permeabilized with 90% methanol in PBS, washed three times with TTBS,
blocked with milk solution (5% milk powder (Santacruz) / 0.2% Tween-20 (Promega ) / PBS, 20
min, 24°C), incubated (overnight, 4°C) with rabbit polyclonal anti-RXR polyclonal antibody
(RXRo/B/y antibody (AN 197): sc-774, Santa Cruz Biotechnology, Dallas, TX), washed three
times with TTBS, incubated with Alexa Fluor 647 goat anti-rabbit polyclonal antibody (Invitrogen,
Oregon, USA) in milk powder solution (1 h, 24°C), washed three times with TTBS and
resuspended in 200 pl TTBS. Cells were examined with a NovoCyte 3000 RYB flow cytometer
(ACEA Biosciences, Inc., San Diego, CA), fluorescence was excited at 640 nm and detected
through a 660/20 nm filter. Data were analyzed using FCS express 6 (De Novo software Inc).
Geometric mean of fluorescence intensities was calculated and corrected for non-specific labeling
and autofluorescence by subtracting the mean intensity of samples treated with the secondary

antibody only.

4.3.4. Western Blot

106 cells were lysed in 100 pl RIPA lysis buffer supplemented with 1x protease inhibitor cocktail
and 1 mM PMSF according to the manufacturer's instructions (sc-24948, Santa Cruz
Biotechnology, Dallas, TX). Then total cellular protein (20 pl) was separated on a 10% SDS—
polyacrylamide gel and electroblotted onto a 0.45 um pore size PVDF membrane. The blot was
saturated with milk blocking buffer (5% low-fat milk powder / 0.2% Tween-20 / PBS) for 1 h and
then RXR and B-actin were labeled by rabbit polyclonal anti-RXR (RXRa/B/y antibody (AN 197):

sc-774, Santa Cruz) and mouse monoclonal anti-actin (sc-8432, IgG1, Santa Cruz), respectively,

53



as primary antibodies. Both were applied at a final concentration of 2 pg/ml in milk blocking buffer
and incubated overnight at 4°C.

After washing with 0.2% Tween-20/PBS for 6 x 5 min, the membrane was incubated with both
goat-anti-rabbit and goat-anti-mouse IgG secondary antibodies conjugated with horseradish
peroxidase at a final concentration of 2 pg/ml in milk blocking buffer for 1.5 h at room temperature.
After washing with 0.2% Tween20/PBS for 6 x 5 min, the bands were visualized with
SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific,
Waltham, MA).

The signal was detected by chemiluminescence using the FluorChem Q gel documentation system
(Alpha Innotech Corp., San Leandro, CA). Immunoreactive bands were quantified with

densitometry using the Image J software.

4.3.5. Transfection

For microscopy experiments, wt HEK293 or HEK293BFF-RXRa ¢el[g were sub-cultured in 8-well
chambered coverslips (ibidi, Munich, Germany) and maintained in phenol red-free DMEM due to
the potential estrogenic effect of phenol red 37, and supplemented with 10% charcoal-stripped
fetal calf serum (PAN-Biotech, Aidenbach Germany) to get rid of the endogenous NR ligands.
24 h after seeding, cells reached 50—60% confluency and were transiently transfected with 75-80
ng of either one RXR partner (NR1) or two competing partners (NR1 + NR2) using FuGENE® HD
transfection reagent (Promega, MA, USA) as suggested by the manufacturer. Cells were used for

microscopy within 48 h after transient transfection.

4.3.6. Limiting pool of RXR and RXR overexpression conditions

In our triple co-expression experiments, the combined expression of NR1 and NR2 was greater
than that of RXR, (NR1+NR2)>RXRa, to ensure a limiting pool of RXRa; thus, competition for
RXR could be observed. Experiments were also carried out at RXR overexpression conditions;
cells were transfected with half the amount of DNA for NR1 and NR2 as that used previously, and
microscopy was done 24 h after transfection rather than 48 h to obtain lower expression levels.

These increased the pool of RXR relative to NR1 and NR2; (NR1+NR2)<RXRa. See Fig. /0.
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Figure 10. Schematic representation of the transfection conditions yielding either

(A) limiting pool of RXR; (NRI+NR2)>RXRo, or (B) overexpression of RXR; (NRI1+NR2)<RXRo.

Created with BioRender.com

Relative expression levels of the fluorescently tagged NRs were assessed as follows:
The intensity of BFP-RXR in the blue channel and that of EGFP-NR1 in the green channel were
measured, and the ratio of these signals, /6/Ip, was calculated. Similar //Ip ratios from TagBFP-
P30-EGFP (and EGFP-TagBFP) fusion proteins expressing the two fluorophores at a 1:1 ratio
were determined and averaged, serving as a standard value, Q;.
The molecular expression ratio Ng/Np of the NRs was then calculated as:

Nc/Np = (I6/1)/ Q1 (eq. 2)
For determining the relative expression ratio of G-NR1 to C-NR2, N¢/N¢, we used the EGFP-

mCherry fusion protein as a standard in a similar fashion to calculate, Q>:

Nc/Nc = (I6/1c)/ Q2 (eq. 3)
whereas the relative expression ratio of C-NR2 to B-RXRa (Ng/Np) was calculated as:
Nc/Np = (N6/Ng)/(N6/Nc) (eq. 4)
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4.3.7. Ligand treatment

Stock solutions of ligands were prepared in DMSO. For daily use, ligand aliquots were prepared
in 1:1 DMSO-ethanol solvent to avoid repetitive freezing and thawing. All ligand solutions were
stored at -20 °C. Ligands, shown in 7able 10, were applied to the transfected cells 30—60 min
before imaging at 37 °C, 5% CO». The percentage of the ligand solution in the medium was 0.1%.

Table 10. NRs ligands used in the study

Ligand Targeted receptor Final Concentration | Company

RSG, rosiglitazone | PPARY specific agonist | 1 uM BioVision

Cal, calcitriol VDR specific agonist 100 nM (Milpitas, CA,

AMS580 RARa specific agonist 100 nM USA)

LG268 RXRa specific agonist 100 nM

GW9662 PPARy antagonist 1 uM Promega, MA, USA
4.3.8. Microscopy

Confocal images were recorded by a Zeiss LSM 880 (Carl Zeiss, Jena, Germany) confocal
microscope using a 40x%, 1.2 NA water immersion objective. A 405-nm laser was used to excite
the blue fluorescence signal of TagBFP detected between 429 and 481 nm, the 488-nm line of an
argon-ion laser for the green signal of EGFP detected between 499 and 562 nm, and a 543-nm.
HeNe laser for the red signal of mCherry measured between 561 and 735 nm. An incubator built

around the microscope maintained the temperature at 37 °C during the measurements.

4.3.9. Analysis of microscopy data

The average intensity per pixel was measured in two separately, manually selected regions of
interest, (ROIs), one contouring the entire cytoplasm and another contouring the entire nucleus,
excluding the nucleoli, as illustrated in Fig. /1. The values were corrected for background by
subtracting the mean intensity calculated for non-transfected HEK293 cells. The nuclear-to-

cytoplasmic ratio (NCR) was calculated as:

<Inyc>—<lIpg>
<Icyt>—<IpG>

NCR = (eq. 5)
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The intensities were determined using the open-source FIJI distribution of ImageJ (version 2.0.0-

rc-69/1.521).

FIJI/ ImageJ

T

ROI 1 ROI 2 ROI 3
Contouring Contouring the Contouring the
the nucleus, cytoplasm whole cell

excluding excluding the
the nucleoli nucleoli

<|Nuc> <|Cyt> <IBG>

<Ipyc>—<lgg>
<Igyt>—<Ipg>

NCR =

Figure 11. Schematic representation of image analysis and NCR calculation.

4.3.10. Statistics

Data were presented as a ratio of nuclear-to-cytoplasmic fluorescence intensities (NCR), displayed
as box-and-whiskers plots depicting the 10", 25%, 50t 75%, and 90™ percentiles and the arithmetic
means for at least 30 cells.

Analysis of variance was used to compare the differences between the groups, and Student’s t-test

for pairwise comparisons. Prism 8.4.0 was used for statistical analysis and graphs.
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4.4. SPIM-FRET-ALEX-FCCS

The first single plane illumination (SPIM) FCS/FCCS was developed by Jorg Langowski’s group
in DKFZ, Heidelberg. The single plane illumination microscope creates a 2.5 um thick light sheet
in the sample, and the fluorescence is collected perpendicular to this light sheet by a water
immersion objective then detected by an EMCCD camera. The two dyes are illuminated by
alternative laser excitation and detected without cross talk in separate channels. Images are
acquired with a time resolution of 1 ms. Next, autocorrelation functions characterizing the mobility
of the green and the red dye, and their cross-correlation function characterizing their co-mobility
are calculated. Alternative excitation introduced by our lab in collaboration with the group in
Heidelberg made it also possible to calculate FRET efficiency reporting about molecular
proximity.

To detect the co-mobility of two different molecules we can label them with spectrally distinct
dyes. If they diffuse in a complex, their fluctuations in the two detection channels will be parallel.
The cross-correlation function will have a positive amplitude. From the ratio of the
crosscorrelation amplitude and the autocorrelation amplitude we can assess the fraction of

associated molecules with the »CCF parameter.

4.4.1. Samples preparation

To prevent cell movement during measurements, cover slips were poly-L-lysinated using 0.01%
poly-L-lysine solution (Sigma Aldrich) for 5 minutes, followed by washing with sterile water.
HeLa cells were maintained in phenol-red free DMEM medium supplemented with 10% fetal calf
serum and 200 mM L-glutamine. Cells were passaged every 3 days and held in a humidified
atmosphere at 37 °C and 5% CO». 48 hours prior to measurements, 120,000 cells were plated into
35 mm? petri dishes containing 3 pre-treated cover slips (10 mm diameter, thickness 2 from
Thermo Fisher Scientific, Waltham, MA). After incubation for 24 h the medium was changed to
phenol-red free DMEM supplemented with 2% FBS and 200 mM L-glutamine. Transient
transfection was then carried out according to the user manual of the Fugene HD transfection
reagent (Promega, Mannheim, Germany). Per dish 200 or 400 ng (controls and RXR-LBD) DNA
and 3 pl Fugene HD were used. Cell measurements took place approximately 24 h afterwards.
SPIM measurements were carried out in FluoroBrite DMEM medium (Thermo Fisher) at room

temperature. In ligand-treatment experiments the appropriate ligands were added to FluoroBrite
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medium before the measurement. The cover slips with the cells were inserted into 8 ml buffer also

containing the ligands if needed.

4.4.2. Microscopy setup

Single Plane Illumination Microscopy (SPIM) is a method widely applied in 3D-imaging of larger
samples, although it may, depending on the setup, feature resolution sufficient for investigating
intracellular processes!'3®.

The detailed description of the setup can be found in Krieger et al
(https://pubmed.ncbi.nlm.nih.gov/26540588/ ). On the detection side, fluorescence was collected
by a 60x water immersion objective (CFI Apo-WNIR 60x/1.0W, Nikon, Tokio, Japan). Images

were spectrally split to two color channels (500-550 nm, >593 nm) to detect EGFP and mCherry
emission by an iXon X3 860 EMCCD camera (Andor Technology) at a frame time of 530 us, and
an EM gain of 300 for F(C)CS. A 51 um x 8 um (128 x 20 pixel) rectangular region out of the 512
x 512 pixel total area was imaged to increase speed. In SPIM, a ~1.3 um thin slice within the
detection focal plane is illuminated by overlapping 488 and 561nm light sheets produced by a
cylindrical lens. For FCCS two different data acquisition schemes were used: first, continuous (and
simultaneous) excitation by both lasers, and secondly, alternating laser excitation (ALEX) by the

two lasers.

4.4.3. Fluorescence (Cross-)Correlation Spectroscopy, F(C)CS

FCS is a technique used to detect molecular mobility. Fluorescence intensity fluctuations due
molecular diffusion are detected from a diffraction limited, small (~1 pm?®) volume element.
From the time-dependence of the fluorescence intensity, the autocorrelation function G(t) can be
calculated, then the parameters determining the autocorrelation function can be derived; the
average number of molecules in the detection volume (N), and the diffusion correlation time p,
which is inversely proportional to the diffusion coefficient D.

FCCS is used to detect the co-mobility of two fluorescent molecules. To this end, two different
molecules are labeled with spectrally distinct dyes. If they diffuse in a complex, their fluctuations
in the two detection channels will be parallel, and the cross-correlation function will have a positive
amplitude. From the ratio of the amplitudes of the cross-correlation and the autocorrelation

functions we can assess the fraction of associated molecules with the »CCF parameter.

59



Analysis: By time-correlating the images acquired at a high frame rate (1-2 kHz), autocorrelation

curves were derived at each pixel thus yielding spatially resolved FCS (mobility) data. Cross-
correlating the two color channels corresponding to EGFP and mCherry/mRFP emission allowed
2D mapping of co-mobility. Correlation functions were calculated and analyzed using the QuickFit
3.0 (QF3) software (https://github.com/lukl/QuickFit3 rot). Frames were first background-,
baseline- and bleaching-corrected'**-!4!, Fluctuations were then correlated, yielding the ACFO,
ACF1 autocorrelation and CCF cross-correlation curves. Cells showing drift artefacts and pixels
having below-threshold intensity or irregular correlation functions were excluded from analysis.
A two-component diffusion model was used to fit the two ACFs and the CCF of the control
samples (GC*, GC-, G/C), whereas for the RXR-LBD, a one-component model was used'*?. Fits
yielded diffusion coefficients and proportions of the diffusing species. To measure the degree of
co-mobility (apparent “dimer fraction”), the relative CCF was used, which is defined pixelwise by
the ratio of the amplitudes of the CCF (CCF(tmin)) and the smaller one of the two ACF amplitudes
(ACFO(tmin) or ACF1(Tmin)):

CCF (Tmin)

T = AT ot ACF L)

(eq. 6)

To reduce noise, for ALEX the first 8 time-points (as “Tmin”) of the correlation functions were
averaged for evaluating this expression, whereas for continuous excitation, to get comparable time
intervals, the first 16 time points. To correct for day-to-day variances of the optical alignment, the
rCCFs of samples were normalized to the GC™ sample each day. rCCFs from pixelwise CFs and
from cellular averages gave similar results as presented for selected cells. »CCFs and other
diffusion parameters were determined pixelwise; the distributions of cellular medians are shown

as box-and-whiskers plots or as mean+SEM values.

4.4.4. Forster resonance energy transfer, FRET

FRET is a technique used to study the proximity between two molecules. The first molecule serves
as a “donor”, which transmits its excitation energy to another molecule serving as an “acceptor”.
This energy transfer can occur only if the molecules are in molecular proximity, within 10 nm
distance and have proper relative orientation.

Analysis: Preview images were taken directly before the FCCS measurement with a frame time

of 200 ms and an EM gain of 50 with 488, then 561 nm excitation. These settings were optimized
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for FRET and differed from those used for FCCS imaging. FRET data were evaluated on a pixel-
by-pixel basis.

Matlab (Mathworks, Natick, MA) scripts were used to determine average background intensity
values, crosstalk factors, the a factor and FRET efficiencies. Images were collected in three
channels: a donor and a transfer image (7;, ;) arising from excitation at 488 nm in the green and
red detection channels, and an acceptor image (73) from 561 nm excitation detected in the red

channel. Their respective intensities can be expressed as:

1,(488,500 — 550) = I,(1 — E) (eq. 7)

I5(561,> 600) = I, (eq. 9)

where Ip, 14 are the unquenched donor and acceptor intensities in channel 1 and 3 respectively,
whereas E is the FRET efficiency. Pixels outside the cell boundaries were masked and excluded.
Average background intensities were calculated using non-transfected HeLa cells. Signals /; — I3
were background corrected using these values. 2D intensity dot-plots (/> vs I; and 1> vs I3) were
made to exclude too bright and too dim pixels from the analyses. Spectral crosstalk factors S; and
S> were calculated using cells transfected with either EGFP-only or mCherry-only samples,

respectively, as:

(eq. 10)

S, == (eq. 11)

The factor a is the ratio of the signal arising from an excited mCherry molecule detected in channel
2, to the signal from an excited EGFP molecule detected in channel 1. The « factor was determined
using the EGFP-mCherry fusion protein (GC") containing the two fluorophores at a 1:1 ratio. a

can be written as:
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145, €2
= 4222488 (eq. 12)
Ip &4gs

D
i;ﬁ is the ratio of extinction coefficitents of EGFP and mCherry at 488 nm. Using the measured
488

intensities /7 - I3 from the GC" sample the « factor can be expressed as:

_ 1151+(1+S)1352—12

(eq. 13)
Iy
D
Where e= 222,
€488
FRET efficiencies were calculated using the following formula:
52(12_1151_1352) (eq 14)

a(l1S2)+S2(I—1,.51-13S32)
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4.5. Chromatin immunoprecipitation (ChIP)

4.5.1. ChIP Protocol
The experiment was carried out according to the following protocol. For a schematic illustration
see Fig. 12.

L. Cross-linking (all processes carried out at RT)
20 million cells (derived from two 150 cm? plates) were used for each ChIP. Medium was aspirated
then cells were fixed in two steps; first using Disuccinimidyl glutarate (DSG) for 45 min at RT;
second, with formaldehyde (FA) for 10 min at RT.
DSG (Sigma 80424-50MG-F) ampule having 50 mg DSG was freshly dissolved in 300 ul DMSO
yielding a 0.5 M DSG solution. DSG was applied at a final concentration of 0.002 M by adding to
each plate 10 ml PBS + 40 pl of 0.5 M DSG solution. Plates were gently swirled every 10 min.
DSG/PBS solution was completely aspirated after 45 min, then crosslinking was pursued with
methanol-free ultrapure FA (Thermo Scientific prod # 28908) for 10 min at room temperature. FA
was applied at a final concentration of 1%, to each plate (10 ml PBS + 625 pl of 16% FA).
Quenching free aldehyde groups in FA was achieved by applying 1.5 ml of freshly prepared 1 M
glycine to the FA/PBS solution (yielding an end concentration of 125 mM) for 10 min at RT. [IM
glycine was prepared by dissolving 0.75 g of glycine in 10 ml PBS]. FA-Glycine-PBS solution

was completely aspirated from the plates, then cell lysis was immediately initiated.

I1. Cell Lysis and Chromatin Shearing (all process carried out at 4 °C)
First, 30 ml of ChIP lysis buffer was prepared for a duplicate (1% Triton X-100, 0.1% SDS, 150
mM NaCl, ImM EDTA pH 8, 20mM Tris pH 8) and supplemented with 3 tablets of protease
inhibitor (Roche complete, Mini/standard, protease inhibitor tablets free of EDTA). Cells were
scraped up from the plate in 1 ml ChIP Lysis Buffer using a cell lifter or a scarper and cell lysates
were transferred to 1.5 ml centrifuge tubes, centrifuged with 12,000 x g for 1 min at 4 °C.
Supernatant was decanted and another 1 ml ChIP Lysis Buffer was added. Cells were homogenized
by being pipetted up and down for at least 20 times, then the whole cell volume was pushed through
in a 1 ml insulin syringe. Cells were centrifuged again and re-homogenized in a new 1 ml ChIP
lysis buffer by pipetting up and down and pushing through a syringe with the same routine. Next,
the 1 ml of resuspended nuclei was transferred into a single 15 ml conical tube (BD Falcon REF

352095). Cells were sonicated, and the chromatin was sheared randomly with ultrasound to get
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fragments between 100 and 2000 bp using the Diagenode Bioruptor ® Standard model, 2x5 min
long cycles were used, with 30-s on and 30-s off and high-power setting.

Sheared chromatin was transferred to 1.5 ml tubes and centrifuged at 12,000 x g for 10 min at 4
°C. After centrifugation, chromatin was recovered leaving 100 pl in the tube in order not to disrupt
the pellet. 25 pl of the sheared chromatin was set aside as input. 375 pl of ice-cold absolute ethanol
was added to the input tube and tubes were placed in -20 °C overnight. The rest of the sheared
~875 pl was transferred to a 15 ml conical tube and diluted with ChIP lysis Buffer to 8 ml.

III. Immunoprecipitation (carried out at 4 °C, using ice-cooled solutions)
6 png of antibody was added to the diluted chromatin and the 15 ml conical tubes of diluted
chromatin and antibody were incubated on a rotating tube rack at 4 °C overnight. Paramagnetic
beads (Dynabeads Protein) were pre-blocked with a freshly filtered ice-cold blocking solution
(0.5% BSA in PBS), using a 0.2 uM syringe filter. Beads were washed 3x with the blocking
solution using a magnetic rack. Beads were incubated with the blocking buffer at 4 °C overnight
using a magnetic rack.
The beads needed for the whole ChIP experiment were handled in a 15 ml conical tube considering
that each ChIP required 190 pl of beads and 1 ml of blocking buffer per wash.
After overnight incubation, the 15 ml conical tubes containing antibody-chromatin complexes
were centrifuged down in a pre-refrigerated centrifuge at 4 °C for 20 min at ~3500 rpm. The upper
90% of the centrifuged chromatin was used for bead binding (7.2 ml).
Using a magnetic rack, the paramagnetic beads were reconstituted to their original volume by
aspirating off the blocking buffer and adding 190 pl of blocking buffer/ per one ChIP.
In a new 15 ml conical tube, the 190 pl of pre-blocked paramagnetic beads were added first, then
the 90% of the centrifuged chromatin (7.2 ml). The tubes containing the antibody-chromatin-bead
complexes were incubated on a magnetic rack at 4 °C for 6 h. Meanwhile, the washing buffers 1,
2 and 3 were prepared as indicated in Table 11 and supplemented with Protease Inhibitor Tablets
(1 tablet is added to 20 ml buffer). After 6 h incubation, the tubes were incubated on a magnetic
rack for 2 min or until the liquid appeared clear, the supernatant was aspirated, and a similar
volume of IP wash buffer (8 ml) was added. Washing has been accomplished once using IP wash
Buffer 1, twice with IP wash Buffer 2 and once with IP wash Buffer 3. After the last wash, all the

traces of the IP wash Buffer were carefully aspirated. Then, the antibody-chromatin-bead

64



complexes were resuspended in 200 pl TE buffer [TE: 100 nM EDTA (pH 8) + 200nM Tris (pH
8)] and transferred to a low-binding 1.5 microcentrifuge tube. The 15 ml tube was washed again
with another 200 pl TE buffer and transferred to the same microcentrifuge tube. The
microcentrifuge tubes containing the antibody-chromatin-bead complexes were placed on a
magnetic rack, the supernatant was removed using a pipette tip. Another 1 ml of TE buffer was
added to wash the beads, then carefully removed by a 1 ml pipette tip.

Table 11. Recipe for washing buffers used in ChIP.

IP Wash buffer 1 IP Wash buffer 2 IP Wash buffer 3

1% Triton X-100. 1% Triton X-100. 0.25 M LiCL
0.1% SDS. 0.1% SDS. 0.5% NP-40.
150 mM NacCl. 500 mM NacCl. 1 mM EDTA, pH 8.
1 mM EDTA, pH 8. 1 mM EDTA, pH 8. 20 mM Tris, pH 8.
20 mM Tris, pH 8. 20 mM Tris, pH 8. 0.5 % sodium deoxycholate.
0.1% sodium deoxycholate. 0.1% sodium deoxycholate.

Washing times, 1X Washing times, 2X Washing times, 1X

IV. Bead Elution, De-crosslinking (carried out at RT)

Elution buffer was prepared and maintained at RT, as it contains SDS, which crystalizes on ice.
[Elution Buffer: 1 M NaHCOs + 20% SDS + NFW].

Elution was carried out in two steps; first 200 pl of bead elution buffer was added to each tube,
vortexed at moderate speed for seconds. Then, the tubes were placed on a thermomixer for 15 min,
shacked at 1000 rpm. The tubes were placed back into a magnetic rack and the supernatant was
collected into clean LoBind tubes. Second, the same elution step was repeated, and the supernatant
was collected to the same LoBind tubes. After the second elution step, to the 400 pl eluted solution
16 pul of 5 M NaCl was added and samples were incubated overnight at 65 °C to de-crosslink the
immunoprecipitated chromatin.

On the following day, 2 pl of 10 pg/ul RNase A was added to each sample and samples were
incubated for 30 min at 37 °C. Then, 16 pl of 1 M Tris—HCI pH 7.0, 8 ul of 0.5 M EDTA pH 8.0,
and 2 pl of Proteinase K (20 pg/ul) were added and samples were incubated for at least 2 h at 45

°C on a thermomixer at 1,000 rpm.
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V. DNA Purification
The immunoprecipitated DNA (total volume =444 pnl) was purified using a PCR clean-up kit (MN,

Germany) according to the manufacturer’s recommendation.

VI. DNA concentration measurement

DNA concentration was measured using a Qubit fluorimeter (Invitrogen).

1- Crosslink, 2- cell lysis  3- fragmentation 4- immunoprecipitation 5- fishing out the IPs
0.5 M DSG, 45 min (sonication) with TF specific ab Beads binding (@)
1%FA 10 min
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Figure 12. Schematic representation of the ChlIP-seq experiment workflow.

Created with BioRender.com

66



4.5.2. VDR ChIP in THP1 cells

4.5.2.1. Cell culture and ligand treatment

The human monocytic cell line THP-1 was maintained in Roswell Park Memorial Institute medium
(RPMI) supplemented with 10% fetal calf serum (Sigma-Aldrich, Saint Louis, MO), 1x
GlutaMAX, (Fisher Scientific, Tokyo, Japan), 50 mg/l gentamycin (KARA, Novo Mesto,
Slovenia). 12 h prior to the experiment, the medium was supplemented with 10 pmol/ml PMA
(phorbol-12-myristate-13-acetate). PMA helped the cells to differentiate to macrophages and to
become adherent. 60 min prior to ChIP assay, THP-1 cells were maintained in phenol red-free
RPMI supplemented with 10% charcoal-stripped fetal calf serum and treated with either vehicle,
1:1 DMSO:ethanol, or 100 nM calcitriol.

6 pug of mouse monoclonal anti-VDR antibody was applied (sc-13133, Santa Cruz Biotechnology).
TruSeq ChIP library systems (Illumina) were used for library preparation according to the

manufacturer’s instructions.

4.5.2.5. ChIP-seq data analysis and peak prediction

Raw ChIP-seq reads were aligned to the hg19 reference genome assembly with default parameters
by using the BWA tool (v07.17), and BAM files were generated with SAMtools (v1.7) 43144, Peaks
were predicted with the findPeaks program of the HOMER toolkit, and their widths were fixed to
200 bp relative to their summits 4. Artifacts were removed according to the blacklisted genomic
regions of ENCODE !46, Then, peaks that were present in both replicates (separately for control
and calcitriol-treated samples) and reached a minimum of 3 units (normalized tag densities as
determined within +/-25 bp relative to peak summits by HOMER’s annotatePeaks; n=8401 for the
control and n=10927 for the calcitriol-treated samples) were merged (n=13915) and considered in
the further analyses. Genome coverage (bedgraph) files were generated by HOMER'’s
makeUCSCfile program.

Classification and characterization of peaks

Peaks were divided into three groups based on the presence or absence of VDRE or NR half-site.
For this, VDRE and NR half-site motif matrices were downloaded from the HOMER Motif
Database. Tag density of the central 50-bp region of the 13915 peaks was determined for each
sample with HOMER’s annotatePeaks (-hist 50 and -ghist options). Tag density values were then
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normalized with the per-sample upper decile value and were averaged per condition. For heat
maps, the three peak groups (with VDRE, NR half, or None) were further divided by k-means
clustering (k=2), applying the centered correlation similarity metric using the Cluster 3.0 (v1.59)
software. For histograms, average tag densities were generated with HOMER’s annotatePeaks (-
hist 10) and were normalized with the previously determined decile values. Genomic distribution
and annotation of the peak groups were defined also by HOMER’s annotatePeaks. The pathway
terms were predicted using the KEGG database '47.

Motif analysis and mapping

De novo motif enrichment analyses were carried out by HOMER’s findMotifsGenome and were
performed on the central 200-bp regions of the peaks. The targeted motif lengths were 10, 12, 14,
and 16 bp. P-values were calculated by comparing the enrichment within the target regions and
that of a random set of regions (background) generated by HOMER. For motif distribution plots,
matrices of the enriched motifs were mapped following the order of regions in the tag density heat
maps by using the -mbed parameter of HOMER’s annotatePeaks in 20-bp windows within 2-kb

frames relative to the peak centers.

Visualization

Heat maps were visualized by Java TreeView (v1.1.6r4) 48, Histograms and bar charts were
plotted by using GraphPad Prism (v8). Area-proportional Venn diagram was generated by
BioVenn '¥. Genome coverage (bedgraph) files were visualized by Integrative Genomics Viewer

(v2.4.16) 150,

4.5.2.8. Data availability
ChIP-seq data have been submitted to Sequence Read Archive and Gene Expression Omnibus

databases under accession numbers PRINA632899 and GSE150652, respectively.
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4.6. Fluorescence recovery after photobleaching, FRAP
The FRAP technique is used to study the diffusion and binding kinetics of fluorescently labeled
molecules in live cells.
The method relies on perturbing the steady-state fluorescence distribution of the fluorescently
labelled molecule in the sample by bleaching its fluorescence at a selected region of interest (ROI)
using a high laser power for a very short time. After this perturbation, the relaxation of fluorescence
distribution toward the steady state can be detected. Images are recorded before and after bleaching

using a very low laser power. (Fig. 13)
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Figure 13. An idealized plot of a FRAP recovery curve.

(Adopted from https://www.embl.de/eamnet/frap/html/recovery dynamics.html)

1;: initial intensity

1y intensity at time point ty (first postbleach intensity)
Lo half recovered intensity (11, = (Ig - 1) / 2)

Ig: end value of the recovered intensity

thay: Half-time of recovery corresponding to 11 (t12 - ty)
Mobile fraction F, = (Ig - 1y) / (11 - 1)

Immobile fraction Fi = 1 — Fy
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4.6.1. Cell culture and transfection

HeLa cells stably expressing EGFP-RARo, HeLaPCfP-RARe  yere prepared as described
previously!®,

Both HeLa and HeLaBCFP-RAR® ere maintained in RPMI supplemented with phenol red, 10% fetal
calf serum (Sigma-Aldrich, Saint Louis, MO), 1x GlutaMAX (Fisher Scientific, Tokyo, Japan),
and 50 mg/l gentamycin (KARA, Novo Mesto, Slovenia).

For microscopy experiments, HeLa or HeLatoFP-RAR® cells were subcultured in 8-well chambered
coverslips (ibidi, Munich, Germany) 48 h before the measurement and maintained in phenol red-
free RPMI supplemented with 10% charcoal-stripped fetal calf serum (PAN-Biotech, Aidenbach,
Germany).

24 h after seeding, HeLa cells reached 50—-60% confluency and were transiently transfected with

80 ng of EGFP dimer using FuGENE® HD transfection reagent (Promega, MA, USA) as

suggested by the manufacturer.

4.6.2. Applied treatment

Doxorubicin (Promega) treatment was applied for 2 hours at 37 °C before imaging. Treatment
solutions were prepared in phenol red-free RPMI at the following concentrations: 0, 1.125, 4.5, 18
uM. Doxorubicin was applied either alone or in combination with AMS580, a specific RARa
agonist. AM580 was applied to the cells at 100 nM final concentration for 30 min at 37 °C before

imaging.

3.6.3. FRAP microscopy setting

FRAP measurements were performed on a Zeiss LSM 880 (Carl Zeiss, Jena, Germany) confocal
microscope using a 40x, 1.2 NA water immersion objective. The 488-nm laser line was used to
excite EGFP with a laser power of 2 uW at the objective (10%), and emission was detected through
a 493 to 529 nm band pass filter. For quantitative analysis, a 256x256-pixel area was selected and
scanned with an open pinhole (5.56 Airy units) and 10x zoom (pixel size: 0.08 um), with a pixel
dwell time of 1.33 ps. A 405-nm laser was used to bleach the EGFP molecules at a selected stripe-
shaped region of interest (FRAP ROI) having an area of 140 x 10 pixels, a laser power of 20 uW
at the objective, and a pixel dwell time of 8.24 us. Before bleaching, 10 images were collected at

a repetition rate of 204.8 ms/frame followed by one bleach period at the FRAP ROI, and then
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collecting 189 post-bleach images for a total time of 42 seconds. To standardize the geometry of
the measurement, the scanned field was rotated to make the long axis of the selected nucleus

vertically oriented in the image, and the stripe-shaped FRAP ROI (bleached area) was positioned

horizontally at ca. one third of the vertical extension of the nucleus, avoiding nucleoli, Fig. /4.

Image No 1 Image No 11 Image No 200

Pre- bleaching Post- bleaching
(10 images) (190 images)
< 42 seconds >

Figure 14. Representative confocal microscopic images showing the applied FRAP settings.

Cells expressing EGFP-RAR before bleaching, at bleaching point and after bleaching. In this setting: in
42 sec, 200 images were collected as follows: 10 images before bleaching and 190 images after

bleaching.

4.6.4. Data analysis

Images were processed using the ZEN software (Carl Zeiss Jena) to acquire the fluorescence
intensity recovery curves required for FRAP analysis. The width of the FRAP ROI was cropped
to match the width of the nucleus. Another ROI contouring the whole nucleus but excluding the
nucleoli was made to calculate the total fluorescence intensity of the nucleus. A third ROI outside
the cell was drawn to calculate the intensity of the background. Following the double normalization
method!!, the intensity in the FRAP ROI during the recovery period was normalized to its pre-
bleach value Izoi(0), and corrected for acquisition bleaching of the whole nucleus using the

following equation:

_ Iroi®-Ip _ Itota1(0)—Ip
Lyorm (t) = IROI(O)—IBXItotaz(t)—IB (eq. 15)

where Izoi(?) is intensity of the FRAP ROI at a given time during the recovery, Iror(0) is the average

intensity of the ROI before bleaching, /:wi(?) is the intensity of the whole nucleus at a given time
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during recovery, lowi(0) 1s the average intensity of the whole nucleus before bleaching, and /5 is
average intensity of the background. Using the Prism version 8.4.0 software, a two-component
exponential curve (eq. 2) was fitted to the normalized recovery curve of the EGFP-RARa while a

one-component exponential to the EGFP dimer:

: )+rslow exp (— : )) + Iy (eq. 16)

Tfast Tslow

Inorm(t) = (Imin - Ioo) ve <rfast exp <_

The fit yielded the 775 and 7.0, recovery times of the fast and the slow components, their fractions
rfast and 7si0 adding up to 1, the plateau I, at infinite time and the fitted intensity value right after

bleaching 7,.i». The mobile fraction was determined as:

Tmobile = (Ioo - Imin)/(l - Imin) (eq- 17)

The average recovery time was calculated as a weighted average of the fast and slow components:

Taverage = rfastTfast + Tsiow Tsiow (eq- 18)
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5. RESULTS
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5.1 RXR dependent nuclear accumulation of NRs as a pre-requisite step to

apply our three-color imaging model system

We hypothesized that competition for heterodimerization with RXR is dictated, by the
availability of the partner-specific agonist. To examine this hypothesis, we developed a robust
system relying on a nuclear-translocation assay applied in a three-color imaging model system by
detecting changes in heterodimerization between RXRa and one of its partners (NR1), in the
presence of another competing partner (NR2). To this end, NR1 was present in a form showing
homogeneous distribution when expressed alone and translocating into the nucleus when
interacting with RXRa. The model system is explained in detail in the material and method section;
“page 48” and illustrated in Fig.9.

First, we needed to minimize the impact of endogenously expressed NRs on the observed
results. Thus, we needed a cell line that expresses the NRs involved in our study at low levels as
compared to the transfected ones.

We analyzed published RNA-seq data from wt HEK-293T cells '>2, and plotted the average
gene expression values of the studied NRs. As shown in Fig./5, wt HEK-293T cells express the

NRs involved in our study at low/medium levels, which made it appropriate for our investigations.
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Figure 15. Gene expression level of NRs in HEK293 T cell line.

RNA seq results showing the expression level of the studied NRs in HEK-293T cells. The average
CPM (count per million) values of the two replicates are depicted. Data sets from Gene Expression

Omnibus GSM3889081 and GSM3889082.
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We generated a stable cell line, HEK293BIP-RXRe | gyerexpressing TagBFP-RXRa. According
to our immunofluorescence and Western-blot analyses, the endogenous RXR expression level in

wt HEK293 was ~ one-fourth of the level in HEKBIP-RXRe frjg 76,
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Figure 16. Endogenous expression of the RXR in cells involved in the study.

(4) Flow cytometric histogram of RXR in wt HEK293 (left) and of RXR and B-RXRa. in HEK293% ke
(right) using polyclonal anti-RXR and Alexa 647-tagged GARIG. Cells expressing RXR were gated. (B)
Normalized average fluorescence intensities of the RXR-expressing gated subpopulations. (C) Western-

blot analysis of RXR expression levels in wt HEK293 and HEK293" " cells. (D) Intensities of bands

were normalized to actin, and the endogenous level was set to 1. G: EGFP, B: BFP
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First, we expressed NRs tagged with EGFP and studied their changes of localization in
response to the addition of ligands and co-expression of RXRa. We transfected both wt HEK293
and HEK293BFP-RXRa el Jines with EGFP-NRs. EGFP-PPARy and EGFP-RARa were localized
mainly in the nucleus (Fig. /174) even in the absence of exogenously added RXRa or agonist. To
impede the nuclear transport of these NRs in the absence of RXRa, we induced a mutation in the
nuclear localization signal localized in their DBD between the two zinc finger motifs, NLS1. This
mutation is denoted throughout the text as (/nlsm).

Then, we observed the subcellular distribution of these NLS mutant receptors (EGFP-
PPARY/nlsm, EGFP-RARo/nlsm) in wt HEK293 cells and studied the effect of specific agonist
treatment (RSG and AMS580, respectively) on their localization. As shown in Fig. /7C, the nuclear-
to-cytoplasmic ratio (NCR) for EGFP-PPARYy/nlsm and EGFP-RARo/nlsm were ~1 irrespective
of ligand treatment.

Next, we transfected the NLS mutant receptors into HEK293BFP-RXRa ¢e][g to see the effect of
dimerization with RXRa on their localization (Fig. /7B, C). We detected a 6-fold enrichment in
the nucleus for EGFP-PPARYy/nlsm and 5-fold for EGFP-RARaw/nlsm. Specific agonist treatment
caused a further increase in the nuclear accumulation of these receptors.

Contrary to both EGFP-P-PPARy and EGFP-RARa, EGFP-VDR (expressed alone in wt
HEK293 cells in the absence of agonist) was distributed in the cells with an NCR of ~2 (Fig. 17C).
Treatment with a specific agonist, calcitriol, or co-expression of RXRa (using HEK293BFF-RXRa
cells) enhanced the translocation of EGFP-VDR to the nucleus, resulting in an NCR value of ~3.
Expressing EGFP-VDR in HEK293BFP-RXRe combined with calcitriol treatment led to an even
higher NCR value of ~6. (Fig. 17B, C). Because wt VDR showed an increased localization in the
nucleus in the presence of RXRa, we could use it in its wt form to detect heterodimerization with

RXRao.
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Figure 17. Subcellular distribution of NRs involved in this study.

(4) Representative confocal images show the nuclear localization of G-PPARy and G-RARa. in wt
HEK293 cells. (B) Representative confocal images of NRIs; the NLS mutants G-PPARy/nlsm, G-
RARa/nlsm and wt G-VDR transiently transfected into wt. HEK293 (top) or HEK293% "™ cells, stably
expressing B-RXRa, (bottom), in the absence or presence of specific NRI agonists (10° M RSG, 107 M
AMS580 and 107 M calcitriol (cal)). (C) Nuclear-to-cytoplasmic fluorescence intensity/pixel ratios (NCR)
of NRI; ***:p < 0.0001 in comparison with NR1 distribution in wt HEK293. Box-and-whiskers plots
represent 1 0" 25" 50" 75" and 90™ percentiles, (+) indicates the mean value. G: EGFP; B: TagBFP;
C: mCherry. Scale bar: 10 um, ***:p < 0.0001.
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The next question was whether RXRa-dependent nuclear enrichment of NR1 is mediated by
the DNA-binding of RXRa or it depends merely on heterodimerization. To address this question,
a similar experiment was carried out in which RXRa was expressed either as a zinc finger mutant,
RXRa/znm, or as an NLS mutant, RXRo/nlsm.

While RXRa/znm lack the direct DNA binding capability, which is mediated by the four zinc
finger motifs in the DNA binding domain, the mutation in the NLS of RXR affects it is nuclear
localization. As shown in Fig. 184, B, RXRo/znm had a nuclear localization similar to that of wt
RXRa whereas RXRa/nlsm distributed homogenously in the cell.

Interestingly, RXRo/znm augmented the translocation of NR1 into the nucleus as effectively
as wt RXRa did, whereas RXRa/nlsm failed to do so (Fig. 18D). Thus, nuclear enrichment of NR1
in the presence of RXRa is due to heterodimerization rather than binding to DNA.

Calcitriol treatment could not only cause nuclear enrichment of its cognate receptor, VDR,
(Fig. 18D). but also when VDR was co-expressed with RXRa/nlsm, both of these homogeneously
distributed receptors got enriched in the nucleus upon calcitriol treatment (Fig. /8C).

To conclude, the mutation in NLS1 abolished the spontaneous nuclear accumulation of RARa
and PPARY but conserved their ability to heterodimerize with RXRa and to bind their ligands

efficiently.
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Figure 18. RXR-dependent nuclear enrichment of NR1 is mediated by heterodimerization.

epresentative confocal images snow the nuclear localization of b- o forms, b- o and the zinc
‘A) Rep ) ocal i g h h ! / lizati B-RXRo. fc B-RXR d the zi
finger mutants B-RXRo/znm and B-RXRa/nlsm in wt HEK293. (B) NCR of B-RXRa. forms. (C) Effect of

calcitriol on governing the nuclear localization of B-RXRo/nlsm cotransfected with G-VDR. (D) Nuclear-

to-cytoplasmic fluorescence intensity/pixel ratios (NCR) of NRI when either transfected alone (grey box),

with wt RXR (green box), with RXRo/znm (purple box) or with RXRo/nlsm (pink box). Box-and-whiskers

plots represent 10™, 25" 50" 75" and 90" percentiles, (+) indicates the mean value. G: EGFP; B:

TagBFP; C: mCherry. Scale bar: 10 um, ***: p < 0.0001.
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5.2 Competition between RXR partners revealed by three-color imaging model

system

Because EGFP-PPARYy/nlsm, EGFP-RARao/nlsm and wt EGFP-VDR had homogeneous
distribution when expressed alone and translocated into the nucleus when heterodimerizing with
RXRa irrespective of the presence or absence of ligand, they could serve as a suitable model
system in our study (we refer to them always as NR1). NR1 nuclear shuttle can be explained by a
piggy-back mechanism'>3; the NR1-RXRa heterodimeric complex translocated into the nucleus
depending on the NLS of RXRa.

In all the competition experiments, the combined expression levels of NR1 and NR2 were
higher than that of RXRa, (NRI+NR2) > RXRa, resulting in a limiting pool of RXRa. This was
assessed by comparing the relative fluorescence intensities of the fluorescent protein labels of the
NRs to those of EGFP-mCherry and EGFP-TagBFP fusion proteins expressing the fluorescent
proteins at a 1:1 ratio. More details about the experiment setting can be found in the material and
method section, page 53.

5.2.1. Competition between PPARy and RARa

Competition between PPARY and RARa for binding to RXRa was assessed by detecting the
distribution changes of EGFP-PPARYy/nlsm (NR1) in HEK293BFP-RXRa jpy the presence of mCherry-
RARa (NR2) and cognate agonists. As can be seen in Fig. /94, B, the nuclear accumulation of
EGFP-PPARY/nism in HEK293BFP-RXRe \ag dramatically reduced when cells were additionally co-
transfected with mCherry-RARo; EGFP-PPARY/nism became homogeneously distributed with an
NCR value of ~1, similar to the case when EGFP-PPARY/nlsm was expressed alone in wt HEK293.
Treatment with RSG caused a 4-fold nuclear enrichment of EGFP-PPARY/nlsm, whereas AM580
or LG268 (RXR agonist) treatment kept EGFP-PPARY/nlsm homogeneously distributed.

The challenge was to prove that dominance of RARa over PPARYy in competing for RXRa
was not due to expressing mutant PPARy and intact RARa; therefore, a complementary
experiment was also carried out. Here, EGFP-RARao/nlsm served as NR1 and the changes in its
nuclear localization were detected in HEK293BFP-RXRa i the presence of mCherry-PPARY as NR2.

Results were consistent with our previous observation; mCherry-PPARY failed to inhibit
binding of EGFP-RARo/nlsm to BFP-RXRoa. EGFP-RARa/nlsm was still dominantly located in
the nucleus with an NCR of ~5.5 and this was further enhanced by AM580 treatment. On the other

80



hand, RSG treatment recovered the binding of mCherry-PPARy to RXRa and led to a
homogeneous redistribution of EGFP-RARa/nlsm in this triply transfected cell (Fig. 19C, D).
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Figure 19. Competition between PPARy and RARa: RXRa is more prone to heterodimerize with RARa
than with PPARy unless PPARYy gets liganded.

(4) and (C) Representative confocal images show NRI in green, RXRo. in blue and NR2 in red. Scale bar:
10 um. (A) Changes in the distribution of G-PPARy/nlsm in HEK293%™** co-transfected with C-RARo
were assessed in the absence or presence of agonists (10° M RSG, 107 M AM580 or 107 M LG268). (C)
Analogously, changes in the distribution of G-RARa/nlsm were assessed in HEK293 ™ cotransfected
with C-PPARy. (B, D) Nuclear-to-cytoplasmic fluorescence intensity/pixel ratios (NCR) of NRI. ***: p <
0.0001 in comparison with NRI distribution in HEK293"*®* cotransfected with NR2 (the green box).
Box-and-whiskers plots represent 1 0" 25" 50" 75" and 90" percentiles, (+) indicates the mean value.

G: EGFP; B: TagBFP,; C: mCherry. Scale bar: 10 um.
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We were also interested in how the affinities of liganded RARa and liganded PPARY towards
RXRa compare. To answer this question, we first treated our samples with saturating doses of
RSG and AMS580 simultaneously. EGFP-RARao/nlsm and EGFP-PPARY/nism responded to the
double treatment similar to AMS580 treatment alone; i.e., EGFP-RARa/nlsm became nuclear-
localized, whereas EGFP-PPARYy/nlsm remained homogeneous (Fig. /9C, D). This implies that
liganded RAR« has a higher affinity toward RXRa than liganded PPARY. Then, we co-treated the
cells with RSG, the agonist of the weak partner, at its saturating dose (1uM) and titrated AMS580,
the ligand of the dominant partner, from 0 to saturation, 100 nM. RSG dependent nuclear
enrichment of EGFP-PPARY/nism in HEK293BFP-RXRa ¢otransfected with mCherry-RARa was
abolished gradually with increasing doses of AMS580 (Fig. 20).
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Figure 20. RXRo partner selection is dose dependent.

The dose-response curve shows the nuclear-to-cytoplasmic ratio (NCR) of EGFP-RARo/nlsm under
different cotreatment doses; EGFP-RARo/nlsm and EGFP-PPARy/nlsm were cotransfected in
HEK2935P 1R colls and treated with RSG, the ligand of the week partner at its saturating dose, 1 uM
and AM580, the ligand of the dominant partner was titrated from 0 to saturation. G: EGFP; B: TagBFP;
C: mCherry.

To conclude, in the absence of an agonist, RARa has a higher binding affinity to RXRa than
PPARy while treatment with specific PPARy agonist, RSG, tips the scale in favor of PPARy. We
can say that RXR partner selection is mediated by the availability of the specific ligand and in a

dose dependent manner.
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5.2.2. Competition between RARa and VDR

We also examined the competition between VDR and RARa for the limiting pool of RXRa
in HEK293BFP-RXRa ¢ells. In a similar manner, we expressed EGFP-RARo/nlsm (as NR1) and
mCherry-VDR (as NR2) in HEK293BFP-RXRa ¢ells, There was a slight decrease in the enrichment
of EGFP-RARa/nlsm in the nucleus of HEK293BFP-RXRe from 5.5 to 3.8 as shown in Fig. 21B.
While the nuclear accumulation of EGFP-RARa/nlsm was augmented by AM580 treatment, it was
abolished by calcitriol treatment after which EGFP-RARa/nlsm was distributed more
homogeneously in HEK293BFP-RXRe jyst ag in wt HEK293 Fig. 21B. Interestingly, simultaneous
treatment with AMS580 and calcitriol increased the NCR value to ~6, even higher than AM580
alone. LG268 treatment had no impact on this competition (Fig. 214, B).

Associated changes in the localization of mCherry-VDR are shown in Fig. 2/C; treatment
with AMS580 kept mCherry-VDR in the cytoplasm, whereas calcitriol induced its nuclear
translocation with an NCR of ~5. Interestingly, double treatment with AMS580 and calcitriol
increased the NCR value to ~6.6.

The complementary experiment was also carried out: changes of EGFP-VDR localization in
HEK293BFP-RXRa wwere followed in the presence of the competing partner, mCherry-RARo. (Fig.
21D, E). EGFP-VDR failed to maintain its nuclear accumulation in HEK293BFP-RXRa when cells
were co-transfected with mCherry-RARa and redistributed homogeneously with a similar NCR
value as in wt HEK293. As shown in Fig. 21FE, calcitriol treatment abolished the dominance of
mCherry-RARa over EGFP-VDR in competing for RXRa and boosted the nuclear accumulation
of VDR resulting in an NCR value of ~5, whereas calcitriol treatment in combination with AM580
resulted in an NCR of ~4.

To conclude, RXRa is more likely to heterodimerize with RARa than with VDR unless VDR

gets liganded with its specific agonist, calcitriol.
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Figure 21. Competition between RARa and VDR: RXRo. is more prone to heterodimerize with RARa
than with VDR unless VDR gets liganded.

(A) and (D) Representative confocal images show NR1 in green, RXRa. in blue and NR2 in red. Scale bar:
10 um. (A) Changes in the distribution of G-RARa/nlsm in HEK293" " co-transfected with C-VDR were
assessed in the absence or presence of treatment with agonists (107 M AMS580, 107 M calcitriol (cal) or
107 M LG268). (D) Analogously, changes in the distribution of G-VDR were assessed in HEK293"
cotransfected with C-RARa. (B, E) Nuclear-to-cytoplasmic fluorescence intensity/pixel ratios (NCR) of
NRI. ***: p < 0.0001, **: p < 0.01 in comparison with NR1 distribution in HEK293" " cotransfected
with NR2 (non-treated sample marked with “-”). (C) NCR values of NR2, C-VDR in HEK293%*%* co-
transfected with G-RARa/nlsm. Box-and-whiskers plots represent 1 0" 25" 50" 75" and 90™ percentiles,
(+) indicates the mean value. G: EGFP; B: TagBFP,; C: mCherry.
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5.2.4. Competition between PPARy and VDR

In a similar fashion, competition between PPARy and VDR was also investigated. We first
detected changes of the NCR of EGFP-PPARY/nlsm in HEK293BFP-RXRe enguing in the presence
of mCherry-VDR and specific agonists.

As shown in Fig. 224, B, in the absence of ligand treatment, the nuclear accumulation of
EGFP-PPARYy/nism was diminished in cells co-expressing mCherry-VDR (the NCR decreased
from 6 to 3.7), though to a lesser extent than due to mCherry-RARa (Fig. 22B). Agonist treatment
shifted the competition between NRs in favor of the liganded partner: RSG treatment induced
EGFP-PPARy/nlsm enrichment in the nucleus of triply transfected cells, whereas calcitriol
redistributed EGFP-PPARY/nlsm within HEK293BFP-RXRe cellg with an NCR value equaling that
measured in wt HEK293 cells. Double treatment with RSG and calcitriol increased the NCR value
of EGFP-PPARY/nlsm to ~4.4 favoring again the binding of RXRa to EGFP-PPARY/nlsm and
abolishing the effect of calcitriol. LG268 did not affect the competition; EGFP-PPARYy/nlsm
remained nuclear-localized. Associated changes in the localization of mCherry-VDR are shown in
Fig. 22C. In these triply transfected cells, mCherry-VDR was homogeneously distributed in the
absence of ligand and also upon RSG or LG268 treatment, whereas its NCR value increased to ~5
after treatment with calcitriol alone and to ~4.4 upon combined treatment with calcitriol and RSG.

In the complementary experiment, we traced localization changes of EGFP-VDR (as NR1) in
HEK293BFP-RXRa cellg cotransfected with mCherry-PPARY (as NR2) at the same agonist treatment
conditions (Fig. 22D, E).

Without agonist treatment, the NCR of EGFP-VDR was around 2, similar to its value in wt
HEK?293. Both RSG and LG268 treatment kept the NCR of VDR low indicating impediment of
the interaction between VDR and RXRa, while calcitriol boosted the NCR of EGFP-VDR to

around 4.8 when applied alone and to ~4 when applied in combination with RSG.
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Figure 22. Competition between PPARy and VDR: RXRa is more likely to heterodimerize with PPARy
than with VDR unless VDR gets liganded.

(A) and (D) Representative confocal images show NR1 in green, RXRa. in blue and NR2 in red. Scale bar:
10 um. (A) Changes in the distribution of G-PPARy/nlsm in HEK293"*** co-transfected with C-VDR
were assessed in the absence or presence of treatment with agonists (10° M RSG, 107 M calcitriol (cal)
or 107 M LG268). (D) Analogously, changes in the distribution of G-VDR were assessed in HEK293% ¢
cotransfected with C-PPARy. (B, E) Nuclear-to-cytoplasmic fluorescence intensity/pixel ratios (NCR) of
NRI; **%: p < 0.0001 in comparison with NRI distribution in HEK293"***** cotransfected with NR2
(non-treated sample marked with “-”). (C) NCR values of NR2, C-VDR in HEK293**** co-transfected
with G-PPARy/nlsm. Box-and-whiskers plots represent 10" 25" 50" 75" and 90™ percentiles, (+)
indicates the mean value. G: EGFP; B: TagBFP; C: mCherry.

86



To exclude the effect of endogenously produced PPARY ligands on our results, we also used
a PPARy antagonist (GW9662). This antagonist enhances co-repressor binding and stabilizes
PPARY in its apo conformation '**. Thus, it could displace the bounded endogenous ligands.

The dominance of PPARy over VDR was retained even when GW9662 was present (Fig. 23)

suggesting that this dominance was not due to binding endogenous agonists.
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Figure 23. Endogenous ligand does not contribute to the competition in our model system.

PPARy antagonist GW9662 (10° M) did not change the NCR of NRI (compared to non-treated samples).
Box-and-whiskers plots represent 10", 25" 50", 75" and 90" percentiles, (+) indicates the mean value.

G: EGFP; B: TagBFP; C: mCherry.
To conclude, RSG treatment favors RXRa heterodimerization with PPARy and calcitriol

augments VDR binding to RXRa, whereas without agonists RXRa binds to PPARy with a higher

affinity.
We could also highlight that in our model system, in HEK293 cells treated with charcoal

stripped FBS, endogenous ligands did not contribute to the reported results.

87



5.2.5. Competition of VDR/nlsm, as NR1, with RARa or PPARYy

The mutation in NLS1 of VDR rendered EGFP-VDR/nlsm to be cytoplasmic in wt HEK293
cells (NCR~0.6) and this remained so even in HEK293BFP-RXRe ¢ellg (Fig. 244, B). Interestingly,
it was RXRa that followed EGFP-VDR/nlsm to the cytoplasm (Fig. 244, C) indicating that EGFP-
VDR/nlsm was competent to heterodimerize with RXRa but the heterodimeric complex failed to
translocate to the nucleus. Therefore, we also traced changes in the localization of BFP-RXRa to
detect the presence or absence of heterodimerization between EGFP-VDR/nlsm and RXRa (Fig.
240).

Specific agonist treatment had an interesting effect, in wt HEK293 the NCR of EGFP-
VDR/nlsm was doubled upon treatment with calcitriol reaching a value of ~1.3 (Fig. 24B).
Moreover, both EGFP-VDR/nlsm and RXRa became enriched in the nucleus of HEK293BFP-RXRa
cells upon calcitriol treatment; the NCR of EGFP-VDR/nlsm increased to ~3.3 (Fig. 24B), and the
NCR of BFP-RXRa was restored to ~5, close to its normal value (Fig. 24C).

In competition experiments between EGFP-VDR/nlsm and mCherry-RARa in
HEK293BFP-RXRe ¢ells, RXRa was enriched in the nucleus together with PPARY rather than being
sequestered in the cytoplasm with VDR/nlsm suggesting the preference of RXRa for RARa over
VDR (Fig. 24D).

Similarly, when EGFP-VDR/nlsm and mCherry-PPARy were cotransfected in
HEK293BFP-RXRa cells, RXRa was trapped in the nucleus where PPARY resided rather than
colocalizing with VDR/nlsm in the cytoplasm. This also indicated the dominance of PPARy over
VDR (Fig. 24E).

In both experiments, EGFP-VDR/nlsm became slightly enriched in the nucleus of
HEK293BFP-RXRa gfter treatment with calcitriol (Fig. 24D, E).

To conclude, our results on VDR/nlsm without ligand treatment are in accordance with those
gained with wt VDR indicating the dominance of both RARa and PPARy over VDR. The role of
calcitriol in the competition was more obvious when we used wt VDR than in the case of

VDR/nlsm.
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Figure 24. EGFP-VDR/nlsm as NR1 in competition with RARo. and PPARy.

Both RARo. and PPARy dominate over VDR/nlsm in competing for dimerization with RXRa. (4)
Representative confocal images of G-VDR/nlsm transiently transfected into wt HEK293 (left) or
HEK2935 ™% cells (right) in the absence (top) or presence (bottom) of specific NRI agonists (107 M
calcitriol (cal)). Scale bar: 10 um. (B) Nuclear-to-cytoplasmic fluorescence intensity/pixel ratios (NCR)
of G-VDR/nlsm. (C) NCR values of B-RXRa. (D) NCR of G-VDR/nlsm in HEK293"*™*** co-transfected
with C-RARa were assessed in the absence or presence of agonists (107 M AM580, 107 M cal or 107 M
LG268). (E) Changes in the distribution of G-VDR/nlsm in HEK293" ™ co-transfected with C-PPARy
were assessed in the absence or presence of agonists (10° M RSG, 107 M cal or 107 M LG268). Box-
and-whiskers plots represent 10", 25", 50", 75" and 90" percentiles, (+) indicates the mean value, *: p <

0.05, ***: p < 0.0001. G: EGFP; B: TagBFP,; C: mCherry.
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5.2.6. Overexpression of RXRa abrogates competition between its potential
heterodimerization partners

We have shown that NRs compete for RXRa and revealed differences in the binding affinities
between RXRa and its partners. Competition was observed in a situation where the combined
expression levels of NR1 and NR2 were larger than that of RXRa alone; therefore, RXRa was
limiting. More details about the experiment setting can be found in the Materials and methods
section, page 53.

To assess whether the competition for RXRa is the primary cause for our observed results,

3BFP-RXR(1 cells

experiments were repeated in cells expressing less NR1 and NR2. Thus, HEK29
were transfected with half the amount of the plasmids of NR1 and NR2 as compared to the amounts
used previously, and experiments were carried out 24h rather than 48h after transfection.

In the new model system, RXRa is not limiting anymore; RXRa > (NR1+NR2). The
dominance of RARa over PPARy was abolished because RXRa became sufficient for both
partners (Fig. 254): EGFP-PPARy/nlsm in HEK293BFP-RXRa wag enriched in the nucleus with an
NCR of ~5, very close to the case where mCherry-RARa was absent. This supports our previous
conclusions; the homogeneous distribution of EGFP-PPARy/nlsm in HEK293BFP-RXRa ¢q.
transfected with mCherry-RARa is due to monopolizing of RXRa by the dominant partner, RARa,
when RXRa is limiting.

In the same manner, we showed how the reduced amount of heterodimerization partners
relative to RXRa abolished the dominance of RARa (Fig. 25B) and PPARYy (Fig. 25C) over VDR;
EGFP-VDR maintained its RXR-dependent nuclear localization in contrast to the previous
situation where RXR was limiting and was monopolized by the dominant partner.

To conclude, in cells where there is a limiting or sequestered pool of RXR combined with the
expression of several RXR heterodimerization partner NRs, a competition between NRs for their

common partner RXR is most likely to occur.
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Figure 25. Increased availability of RXRa abolishes the competition between NRs for RXRa

heterodimerization.

Distribution of NRI in wt HEK293 is shown in grey, in HEK293%*%®% cells in light green, in
HEK293%%® cells co-transfected with NR2 in blue. In the first blue box, HEK293%™* cells were
transfected with 80 ng of each of NRI and NR2 and experiments were carried out 48h after transfection;
these conditions result in a limiting pool of RXRa,; (NR1+NR2)>RXRo. In the second blue box,
HEK2935*%® cells were transfected with 40 ng of each of NRI and NR2; experiments were carried out
24h after transfection, resulting in a larger RXRa. pool relative to NRI and NR2; RXRa>(NRI+NR2).
Box-and-whiskers plots represent 10", 25" 50", 75" and 90" percentiles, (+) indicates the mean value.

G: EGFP; B: TagBFP; C: mCherry.

5.3. The effect of specific agonist treatment on RXR homodimerization revealed

by SPIM-ALEX-FRET-FCCS

Quantitative mapping of molecular (co-)mobility by fluorescence (cross-)correlation spectroscopy
(F(C)CS) in a Single Plane Illumination Microscope (SPIM) has been introduced to reveal
molecular diffusion and binding. A complementary aspect of interactions is proximity, which can
be studied by Forster resonance energy transfer (FRET). Here, we extend SPIM-FCCS by
alternating laser excitation, which reduces false positive cross-correlation, and facilitates co-
mapping of FRET. Thus, different aspects of interacting systems can be studied simultaneously,

and molecular subpopulations can be discriminated by multiparameter analysis.
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In FCCS acquisition, continuous (and simultaneous) excitation by the two lasers introduces
unwanted contributions in the red channel: donor crosstalk, sensitized emission due to FRET, and
direct excitation of the red dye at 488 nm. To avoid these artifacts and allow FRET and FCCS
analysis from the same images, we implemented alternating laser excitation (ALEX) for
subsequent frames. Excitation at 488 nm produces a donor and a transfer signal, while excitation
at 561 nm generates a pure acceptor signal for FRET. The donor and acceptor signals, time-shifted
by 1 frame time (0.53 ms), can be used for FCCS analysis.

To validate this concept, we acquired FRET and FCCS data with continuous excitation (cont. exc.)

and with ALEX on dedicated control samples shown in Table (12).

Table 12. Control samples used in SPIM-ALEX-FRET-FCCS experiments.

Control samples in FRET | in FCCS
GC™ fusion protein where EGFP (G) is linked to | Positive | Positive
mCherry (C) via 6 AAs.

2 GC™ fusion protein where EGFP (G) is linked to | Negative | Positive
E mCherry (C) via a long rigid linker; 5 AAs then a
polyproline spacer (30 repeats).

ﬁ G/C: EGFP and mCherry constructs are cotransfected. | Negative | Negative

As can be seen in Fig. 26, the GC" dimer showed high FRET and crosscorrelation, while the GC~
sample had similar cross-correlation but low FRET. Due to the short donor-acceptor distance, a
high median E (32.9% from cont. exc. and 21.4% from ALEX) can be measured on GC*. The
higher E from preview images is probably due to the shorter illumination, thus less (acceptor)
bleaching. In contrast, for GC~ we got very low values (0.8% and -2.5% with cont. exc. and
ALEX). Because in the G/C sample the molecules diffuse separately, no FRET or cross-correlation
were obtained. Crosstalk correction decreases *CCF in every sample as expected. However, the
dynamic range, defined by the difference between values for GC™ and G/C, increases by ~30%.
ALEX further increases the dynamic range (by 45%); and the near-zero value for the negative

control makes quantification of dimerization more reliable and increases sensitivity.
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Figure 26. Validation of the SPIM-ALEX-FRET-FCCS method with control samples.

E (%)
S
1
rCCF

Box plots of cellular medians of E, calculated from preview images or from ALEX data, (B) rCCF
values of the same cells calculated from continuous excitation FCCS data and from ALEX data where

crosstalk is eliminated.

Previous FCCS studies in the lab showed that RXR expressed alone, diffuse freely or in small
complexes constituting a fast population and agonist binding induces transition to a slow,
chromatin-bound state!'%>1%, In another study, Chen et al. have shown the increase of dimerization
between the LBDs of RAR and RXR upon treatment with RXR agonist'>®. Here we aimed to
address the impact of specific agonist treatment, LG268, on RXR homodimerization applying this
novel SPIM-ALEX-FRET-FCCS technique on constructs expressing only the LBD of RXR tagged
N-terminally with EGFP or mCherry. These RXR-LBDs should have the capacity to
heterodimerize but do not bind to DNA.

We cotransfected Hela cells with EGF-RXR LBD and mCherry-RXR LBD and applied LG268.
We characterized the dimerization and the chromatin binding of these LBDs via FRET and FCCS
in reference to our validated control samples GC*, GC~, and G/C and we used preview images for
FRET calculations because of the low FRET efficiencies. A summary of all the measured and
calculated values and their indications can be seen in 7able. 13 for an ease follow up with the

results.
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Table 13. Parameters determined from SPIM-ALEX-FRET-FCCS and their meaning.

Parameter Full name Meaning Calculated in
E FRET efficiency Characterizing proximity FRET
Relative cross correlation Characterizing the dimerized
rCCF . ‘ FCCS
amplitude fraction
r1 Fast fraction Freely diffusing fraction FCS
1) Slow fraction DNA bound fraction FCS

Diffusion coefficient of the .
D Mobility of the fast component FCS
fast component

D Diffusion coefficient of the Mobility of the DNA-bound s
2 F
slow component component

We could detect a median E value of ~3.4% in untreated cells, which increased to 5.4% upon
LG268 treatment. »CCF increased from 0.42 to 0.61 upon LG268 treatment confirming
homodimerization and its ligand-induced increase (Fig. 27). This result agrees with earlier photon
counting histogram analysis indicating an increase of molecular brightness of RXRLBD upon
L G268 treatment!'?!. We observed a difference between the r» values calculated from the green
and red ACFs which is evidently an artifact resulting from more extensive bleaching of mCherry
than EGFP, especially for the slow component having a longer dwell time in the laser beam.

In conclusion, these results revealed ligand dependent homodimerization of RXR and demonstrate
the advantage of SPIM-ALEX-FRET-FCCS again: the extent of dimerization may have been
underestimated if applying FRET alone.
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Figure 27. SPIM-ALEX-FRET-FCCS measurement reveal ligand dependent homodimerization of
RXR.

(4) FRET efficiencies for the G-RXRLBD/C-RXRLBD homodimer (vight, n = 37 and 36 for control and
LG268-treated cells) determined from preview images recorded immediately before the FCCS
measurements. The box plot represents the distributions of cellular medians of pixelwise E values. Cells
were treated with 10”7 M LG268, specific agonists of RAR and RXR. (B) Co-mobility as assessed by the
rCCF ratio of the amplitudes of the cross- and autocorrelation functions using the minimum of the ACF0
and ACF'I (green and red channel) amplitudes, measured with ALEX. (C) Average proportion r; of the
slow component from fits to a two-component free diffusion model assuming a fast, freely diffusing and a
slow, chromatin-bound species. RXRLBD is unable to bind directly to chromatin. (D, E) Average
diffusion coefficients £ SEM of all cell medians for the ACFs and the CCF. D; and D; characterize the
fast and slow component, respectively. G: EGFP; C: mCherry.
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5.4. Chromatin binding of NRs is dynamically regulated by specific agonist
treatment

Our finding that specific agonist binding increases the affinity of the studied NRs toward RXR
raises the question if it also affects their chromatin binding properties.

We investigated this possibility in the case of VDR. The Genomic binding sites (GBSs) of
VDR were detected by ChIP-seq in THP-1 macrophages. We were able to divide the total GBSs
(n=13915) into three groups: i) n;= 1866, GBSs containing a full Vitamin D response element (a
direct repeat of the AGGTCA or similar sequence with a 3-nucleotide spacer, DR3) denoted as
“VDRE”. ii) n,= 1572 less specific GBSs having a single AGGTCA sequences denoted as “NR
half-site”. iii) n3 = 10477 GBSs where neither a VDRE nor an NR half-site sequence could be
mapped, denoted as “None”. Upon calcitriol activation, VDRE-containing GBSs showed
considerably higher occupancies on average than in the control, untreated sample. A similar
induction, but to a much lesser extent, was detected for the NR half-site-containing regions. In

contrast, the “None” GBSs did not show any induction upon calcitriol (Fig. 28).
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Figure 28. Genomic binding sites of VDR classified into three groups.

Histograms showing the decile-normalized average tag density of the VDR binding sites that contain (4)
VDRE GBSs (n=1866), (B) NR half-site GBSs(n=1572), (C) none GBSs (n=10477) in the presence of
calcitriol (cal) or vehicle (ctrl) in THP-1 macrophages.
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To reveal more details of the stimulatory/inhibitory effect of calcitriol on VDR binding, we
clustered the VDR GBSs in each group according to their tag densities and response types. We
found that in the “None” group, a significant proportion (n=6361) of the GBSs displayed a negative
response, i.e., a decrease of tag densities upon calcitriol treatment, whereas only a few VDRE-
(n=213) and NR half-site-containing (n=321) GBSs behaved this way. The clusters responding
negatively to calcitriol treatment were denoted by “II”” whereas those responding positively by “I”.
(Fig. 29).
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Figure 29. Clustering the genomic binding sites (GBSSs) according to their tag densities and response to

calcitriol treatment revealed two clusters within each GBS group.

Cluster I (top cluster), Cluster II (bottom cluster, in the vehicle, ctrl, treatment (left) or calcitriol
(cal) treatment (vight). (A), clusters of “VDRE”, (B) clusters of “NR half-site” (C) clusters of “none”,
(D), Bar charts showing the genomic distribution of VDR binding sites separately for the two clusters (I.
and 11.) of the three GBS groups in THP-1 macrophages.

To better understand the factors that are responsible for this pattern, we applied de novo motif

enrichment analysis within each group. Besides the expected motifs, the VDRE- and NR half-site-
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containing GBSs mostly showed the presence of the well-known PU.1, C/EBP (enhancer-specific
pioneering factors Purine-rich box 1 and CCAAT enhancer-binding protein) and AP-1 (Activator
protein 1) motifs, which occurred mainly in intergenic or intronic regions while in the “None”
group, the promoter specific YY1 (Yin Yang 1 transcriptional repressor protein) motif was

significantly enriched (Fig. 30).
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Figure 30. De novo motif enrichment analysis of VDR genomic binding sites.

The enriched motifs within the target regions containing VDRE (A), NR half-site (B), or none (C). The P-
values, target, and background percentages are included for each motif (left). Motif distribution heat
maps showing the presence of VDRE, NR half-site, YY1, PU.1, AP-1, C/EBP, and RUNX motifs in 2-kb
frames around the center of the binding sites depicted in Fig. 29 (right).
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The enrichment of PU.1, C/EBP, and AP-1 suggests that GBSs in cluster I may be enhancers
and the enrichment of the YY1 motif in cluster II of each GBS proves the promoter nature of these
sites as many of them were indeed located within promoter-TSS regions (Fig. 29D, 30).

Fig. 314 demonstrates the effect of calcitriol treatment on VDR accumulation at enhancer or
promoter regions of some target genes. There is an overlap between these two sets: in the case of
507 genes binding both to the enhancer and the promoter of the same gene was found suggesting
chromatin looping (Fig. 3/B). The bar plot depicted in Fig. 3/C shows the top 15 biological
pathways in which these 507 genes play a role.

Taken all together, we can conclude that direct DNA binding (to VDREs or NR half-sites) is
enhanced by calcitriol, which together with our microscopy data suggests that heterodimerization
with RXR and direct DNA binding are correlated events.
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Figure 31. Calcitriol regulated genes in Enhancer and prompter regions.

(4) An Integrative Genomics Viewer (IGV) snapshot of VDR coverage representing ten VDR binding sites
in control (ctrl) or calcitriol (cal) treated THP-1 macrophages from clusters I (left) and II (vight). The
interval scale is 30 in all cases. (B) Venn diagram illustrating the overlap between the genes annotated to
putative enhancers of the I. clusters and promoters of the Il. clusters, (C) bar plot showing the top 15
biological pathways in which the 507 genes defined in panel C play a role. The numbers after the bars
denote the number of genes found in the overlap and the total number of known genes assigned to the

given pathway.
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5.5. Doxorubicin effect on the mobility of RARa
5.5.1 Doxorubicin affects the binding of EGFP-RARa to DNA

Doxorubicin (Dox) is a potent anti-cancer chemotherapeutic drug intercalating between DNA
base pairs. Its action involves relaxation of torsional strain of supercoiled DNA and histone
eviction'3!, which may affect the binding of nuclear proteins recognizing specific response
elements like nuclear receptors. Dox inhibits the ligation of DNA breaks by topoisomerase II,
which causes cell death in replicating cells. This is also the basis of its most serious side effect,
Dox-induced cardiomyopathy (DIC). RAR binds downstream of the promoter in the Top II gene
thereby inhibiting Top II expression; thus, treatment with RAR ligands was reported to ameliorate
DIC. With this background we asked how Dox affects the DNA binding of RARa.

To address this question, we carried out FRAP experiments to track changes in RAR mobility
in the nucleus of HeLa cells stably expressing EGFP-RAR0, HelaPSFP-RAR gt different doses of
Dox, in the absence or presence of specific RARa agonist (0.1 uM AMS580).

FRAP recovery curves of EGFP-RARa could be fitted by a two-component exponential
model suggesting the presence of 2 diffusion components (Fig. 32): a fast one likely due to
receptors not bound to or transiently bound to DNA with shorter dwell times, and a slow
one corresponding to receptors bound more stably.

Our data showed that with an increasing concentration of Dox the overall mobility of RARa
increased. This is indicated by the detected reduction in the average recovery time of EGFP-RAR«
(Fig. 334). There was only a slight reduction detected in the binding of both the slow and fast
components of EGFP-RARa when Dox was applied at 1.25 uM. At 4.5 uM, the binding of EGFP-
RARa was reduced by almost 50%; the slow component decreased from ~4 s to ~2 s, while that
of the fast component from 0.4 s to 0.25 s. A further 50% reduction was detected as the Dox
concentration increased to 18 uM; the recovery times of the slow component decreased further to
1.4 s, while that of the fast component to 0.2 s (Fig. 33B & C). At the same time, the mobile
fraction decreased from 98-100% to ~93% (Fig. 33D).

The impact of RAR« specific agonist was also tested: 0.1 uM AM580 was applied along with
all the tested doxorubicin concentrations. AM580 ameliorated the Dox effect up to 4.5 uM.

To conclude, doxorubicin treatment can affect the DNA binding of RARa, and specific
agonist treatment can ameliorate this effect. This could help design better treatment strategies,

which could encounter some side effects caused by Dox in different tissues.
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Figure 32. Representative two-component exponential fits of EGFP-RARo normalized intensities

EGFP-RARa normalized intensities at different concentrations of Dox, (0, 1.125, 4.5, 18 uM) in the
presence or absence of RAR specific agonist treatment, 0.1 uM AM580. Graphs and fits were created by
using GraphPad Prism version 8.4.0.
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Figure 33. Doxorubicin (Dox) reduces RARa binding to DNA in vivo.

Strip FRAP recovery parameters of EGFP-RARo. in cells treated with different concentrations of Dox (0),
1.125, 4.5, 18 uM) in the presence or absence of the RARa specific agonist, AM580 (0.1 uM). (a) Average
recovery times. (b) Recovery times of the slow component. (¢) Recovery times of the fast component. (d)
Mobile fraction. (e) Percentage of the slow component. (f) Percentage of the fast component. Box-and-
whiskers plots represent 10", 25" 50" 75" and 90™ percentiles; +, mean value, two-way ANOVA with
Tukey’s multiple comparison test was used to calculate significance of changes *p< 0.05, **p<0.01,

**p<0.001, ****p<0.0001. Data were analyzed using GraphPad Prism 8.01.
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5.5.2. Doxorubicin had no effect on EGFP dimer diffusion

Previous studies have shown that Dox can alter the overall chromatin structure through core
histone eviction and histone aggregation!*%-!37, Such a change may affect the microviscosity of the
nucleus and the rate of macromolecular diffusion. To assess if the reduced recovery times observed
for EGFP-RARua reflect reduced binding or increased diffusibility, we measured the effect of Dox
on the diffusion of an inert protein having no known binding sites on the chromatin, the EGFP
dimer. HeLa cells were transiently transfected with EGFP dimers and FRAP was applied to track
the changes in EGFP dimer diffusion in the nucleus at the same conditions as described above.
Recovery curves were fitted with a model having a single diffusion component Fig. 344. As can
be seen in Fig. 34B, Dox treatment had no impact on the recovery time of the EGFP dimer.

To conclude, Dox treatment does not alter the microviscosity in the nucleus to an extent that would
influence the diffusion of proteins of this size (EGFP dimer: ~54 kDa, EGFP-RARa: 78 kDa).
Thus, the reduced recovery time in the case of RARa does indeed reflect reduced DNA-binding.

A B
1.6
1 ns
© A
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1.0 frntorincdi il Best-fit values > ] ns
f YO 0.7387 é 084 ——
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Figure 34. Nuclear mobility of EGFP dimer is unaffected by Dox treatment.

Recovery time of an inert protein, EGFP dimer as a control for FRAP experiments. (A)
Representative one-component exponential decay fit of the normalized intensity of the EGFP dimer using
GraphPad Prism version 8.4.0. (B) Taerage recovery times for the EGFP dimer at different concentrations
of Dox (0, 1.125, 4.5, 18 uM). Box-and-whiskers plots represent 10", 25" 50" 75" and 90" percentiles;

+, mean value, one-way ANOVA with post hoc Dunnett’s test was used to calculate significance of

differences (p<0.05 was considered significant).
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6. DISCUSSION
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Nuclear receptors are widely used targets for drug intervention in many diseases. However,
in recent trials, unexpected side effects have been observed despite the high specificity of the drug-
NR interaction.

Numerous fluorescence microscopy studies have analyzed the molecular mechanism of NR
activation by observing protein-protein and protein-DNA interactions and dynamics!>%165,
Homodimerization of RXR-LBD is enhanced upon 9-cis-retinoic acid treatment as demonstrated
by fluorescence fluctuation analysis!?!. Previously we have shown by fluorescence correlation
spectroscopy that specific agonists increase chromatin binding of RARa and RXRo in a
coactivator dependent manner!%>1% We have shown by light sheet microscopy-based Forster
resonance energy transfer and fluorescence cross-correlation measurements (SPIM-FRET-FCCS)
that dimerization of RARa and RXRa and chromatin binding of the dimer are enhanced upon
agonist treatment!!2,

Here we propose how activation of one NR pathway can interfere indirectly with other NR
pathways through competition for their common heterodimeric partner RXRa and that competition
is ligand dependent.

To study the interactions between NRs we applied a simple but robust assay; translocation
assay applied in a three-color imaging model system.

We were able to show that there is a hierarchy in the affinities of NR partners toward RXRa,
which is overridden by ligand binding. Our findings can help to explain the complex response
observed in in vivo tests and may help design novel treatment strategies utilizing already FDA-

approved drugs in an appropriate combination.

6.1. NLS1 mutants as a model system to study heterodimerization with RXR

The localization of NRs in the nucleus is mandatory for exerting their function as transcription
factors; thus, their nuclear trafficking has been studied extensively. Like other nuclear proteins,
nuclear localization of NRs is mediated through binding of carrier proteins called importins to the
nuclear localization signal of the receptor'®, which is a specific sequence characterized by basic,
positively charged amino acids. Changing these residues to uncharged, polar or non-polar amino
acids abolishes receptor binding to importins and abrogates its nuclear accumulation!¢”-16%, Based
on our observations, we can conclude that mutation of the NLS1 of RXR partners increases their

presence in the cytoplasm but retains their ability to heterodimerize with RXR and to bind their
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ligands effectively. In line with our results, NLS mutants of Pregnane Xenobiotic Receptor (PXR)
and Constitutive Androstane Receptor (CAR) also showed RXR-heterodimerization-dependent
nuclear import'!!. These findings allowed us to establish the NLS1 mutant receptors as a good

model to detect the occurrence of heterodimerization with RXR by using a translocation assay.

6.2. Competition of NRs for their common partner, RXRa

In this work, we addressed the following questions 7) whether RXR has different affinities to
its heterodimerization partners in the absence of ligand and ii) if specific agonist treatment
enhances these affinities. Our results demonstrated that in the absence of ligand, RXRa had the
highest affinity toward RARGo, intermediate for PPARY and the lowest for VDR, whereas agonist
treatment always tipped the scale in favor of the liganded partner. The dependency of RXR partner
selection on the availability of the partner’s specific agonist is consistent with the regulation of
metabolism in which triggering a specific metabolic pathway is dictated by the availability of the
endogenous substrates. E.g., LXR and PPARa are involved in lipid metabolism (anabolism vs.
catabolism, as illustrated in Fig. 35). These receptors serve as sensors for their endogenous ligands,
free fatty acids (FFA) and oxysterol, respectively®. In a fast state where energy production is
needed, FFA accumulates in the liver reducing the expression of genes involved in fatty acid and
cholesterol synthesis while activating genes promoting fatty acid catabolism. FFA increases the
expression of PPARa and evokes its transcriptional activity regulating genes involved in
mitochondrial B-oxidation (FFA catabolism)!'®!7?, On the other hand, in a fed state, with a high-
fat diet, the delivery of fatty acid to the liver is decreased and the oxysterol accumulates!”!.
Oxysterol dependent activation of LXR eliminates the excess of cholesterol by increasing the
expression of genes involved in bile acid synthesis, cholesterol absorption, transport and
excretion!”2.

This example of regulation of metabolism by two NRs implies how the liver can avoid
competition between two partners of RXR mediating two interacting signaling pathways by

providing only one partner’s ligand at a specific time.
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Figure 35. Schematic representation of fatty acid metabolism regulation mediated by two NRs.

(4) In fast state, catabolic pathway mediated by PPARa. (B) In fed state; anabolic pathway mediated by
LXR. Created with BioRender.com

In HEK293BFP-RXRa ¢ells, the originally nuclear localization of PPARYy/nlsm was dramatically
reduced in the presence of RARa, whereas RARo/nlsm maintained its nuclear localization even in
the presence of either PPARy or VDR. Monopolization of RXRa by RARa indicates competition
between the two partners (due to the limiting amount of RXRa expressed by the stable cell line)
with an outcome favoring RARa. PPARYy/nlsm managed to maintain its nuclear localization in
HEK293BFP-RXRa ¢els co-transfected with VDR, besides, VDR was redistributed homogeneously
implying a dominance of PPARy over VDR. The role of a potential endogenous ligand in this
competition was excluded by applying a PPARY antagonist, GW9662, which had no impact on the
distribution of the NRs. We also showed that if the RXRa pool is not limiting, competition between
the heterodimerization partners is abolished; both NRs can bind to RXRa and become enriched in
the nucleus. These experiments show a well-defined order of preference of RXRa for its
heterodimerizing partners in the absence of agonist treatment, which is overridden by the effect of

specific agonists. As illustrated in the schematic Fig. 36, heterodimerization with RXRa of even
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the strongest partner, RARo/nlsm, persisted only until its competing partners, PPARy or VDR,

became liganded with their specific agonists, RSG or calcitriol.

0/+AMS80

+ PPAR
RAR + RXR + PPAR ..

—— RAR +

0/+AMS580

RAR + RXR + VDR + VDR

0/+RSG
PPAR + RXR + VDR + VDR

+ cal

—PPAR +

Figure 36. Summary of the results represented as chemical equations. Reactants, the two competing
partners and RXR.

Products, weak partner shown in blue color, the dominant NR: RXR heterodimerization complex shown
in orange color. “0”, without ligand treatment; AM580: RARo. specific agonist; RSG: rosiglitazone,
PPARYy specific agonist; cal: calcitriol, VDR specific agonist.

Previous studies showed that PPARy dominated the signaling pathway of both thyroid
hormone receptor (TR) and VDR; it suppressed TR signaling in epiphyseal chondrocytes'! and it
attenuated 1,25-Dihydroxyvitamin-D3-mediated transactivation of VDR!!8, In these studies, the
dominance of one RXR partner over the other was abolished when RXR was overexpressed and
became abundantly available for both partners simultaneously.

PPAR/RXR binding to the response element of PPAR was shown to be reduced in the
presence of LXRa or B'73. This might be the case in cells with a very large pool of sequestered
RXR?197129 Simandi, Z. et al have shown that retinoic acid treatment of undifferentiated mouse
embryonic stem cells decreases both the expression of LXR target genes and RXR binding at LXR
response elements, while inducing RXR redistribution to RAR target genes. This ligand induced
switch in RXR preference from LXR to RAR is critical for proper cellular differentiation!?2.

There are other examples of ligand directed competition for a shared subunit between different
protein complexes "4, Previously our group has also shown that interleukin-2 and -15 regulate the

association of their membrane localized receptor chains in a similar mode. The B and y. chains of
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their heterotrimeric receptors are used in common by the two cytokines, whereas the IL-2Ra and
IL-15Ra chains are cytokine specific. The Byc heterodimer forms a complex with the liganded

receptor a chain!’,

6.3. Similarities and differences in the localization of NRs

Despite the similar positioning of the NLS1 of different NRs, the studied NLS-mutant NRs
partitioned between the nucleus and the cytoplasm with different ratios and responded to RXRa
heterodimerization with different changes in localization. PPARy/nlsm and RARa/nism were
distributed homogeneously in wt HEK293. Nuclear accumulation of PPARY/nlsm and RARa/nlsm
was observed in the presence of RXRa (in HEK293BFP-RXRe ¢ellg). The translocation of NLS-
mutant receptors into the nucleus can be explained by the piggy-back mechanism, which is
mediated by protein-protein interaction with their shuttling partner RXRa. This mechanism was
described previously for other NRs such as progesterone receptors'>.

Contrary to PPARYy/nlsm and RARa/nism, VDR/nlsm was more cytoplasmic in wt HEK293
cells. In HEK293BFP-RXRe “\VDR/nlsm not only failed to translocate into the nucleus, but it also
induced a significant redistribution of RXRa. Translocation of RXRa to the cytoplasm implies that
heterodimerization of RXRa with VDR/nlsm may mask RXR’s NLS1 and prevent its recognition
by importins. Intriguingly, calcitriol treatment promoted the nuclear import of both VDR/nlsm and
RXRa in HEK293BFP-RXRe Tn accordance with these findings, when using RXRo/nlsm, calcitriol
evoked the nuclear enrichment of both VDR and RXRo/nlsm, whereas both receptors were
retained in the cytoplasm in the absence of calcitriol, similar to previous studies %134, Another
study also suggested that the translocation of the VDR-RXR heterodimer into the nucleus is
facilitated by the NLS of VDR !¢, Heterodimerization of GFP-VDR and RXR-BFP in the
cytoplasm has also been affirmed by FRET !% and initiation of heterodimerization with RXR in
the cytoplasm has been suggested for other NRs such as Xenobiotic Receptors PXR and CAR!'!.

Because VDR/nlsm did not translocate to the nucleus upon heterodimerization with RXRa in
the absence of ligand, we did not rely on this mutant alone in the competition assay. Wt VDR
matched our needs better; it was distributed between the nucleus and the cytoplasm evenly in wt
HEK293 cells and translocated into the nucleus when treated with calcitriol. It accumulated in the
nucleus of HEK293BFP-RXRe ¢ellg and was further enriched there when treated with calcitriol. Thus,

calcitriol increases the affinity of VDR to RXRa, which results in the accumulation of VDR in the
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nucleus, in line with previous findings showing that RXRa inhibits VDR export!%-134, Calcitriol
enhances the nuclear accumulation of VDR through increasing its affinity to importins!’®. Nuclear
enrichment of VDR/nlsm after calcitriol treatment may be explained by the presence of a further,
ligand responsive NLS in the hinge region between the DBD and the LBD!77:178 A similar NLS,
located also in the hinge region, has been reported for other NRs like PR,

In competition experiments for dimerization with RXRa, the application of a single agonist
(of NR1 or NR2) always shifted the balance toward the liganded NR. When ligands of NR1 and
NR2 were both present, the outcome was different for the different pairs; RARa dominated over
PPARy when both NRs were liganded while in experiments involving wt VDR and another NR,
both NRs were accumulated in the nucleus. In these cases, RARa/nlsm or PPARy/nlsm probably
relied on the NLS of RXRa using the piggy-back mechanism, whereas calcitriol treatment may

have exposed an alternative NLS of VDR facilitating its binding to importins.

6.4. Ligand-induced chromatin binding of VDR and heterodimerization with

RXR are correlated

Calcitriol treatment had a triple effect on VDR: j) it enhanced its nuclear localization along
with ii) augmented heterodimerization with RXRa and i7i) it increased its binding to its response
elements; stronger to VDRESs binding the heterodimer, and to a lesser extent to NR half-sites. This
is in accordance with our previous finding that heterodimerization of RARa and RXRa was also
correlated with chromatin binding as measured by co-mobility ',

The GBSs of VDR were primarily enhancers, where the motifs of the enhancer-specific
transcription factors PU.1 and C/EBP were also enriched. On the other hand, the majority of GBSs
not containing a VDRE or a half-site were localized in promoter regions and were enriched in the
motif of the promoter specific YY1 transcription factor. In these regions, VDR binds indirectly.
These latter GBSs became less occupied upon calcitriol treatment; thus, we can conclude that
calcitriol induces a transition from promoters (and possibly from the non-DNA-bound pool of
VDR) to enhancers. 507 genes were doubly assigned to an enhancer region (from the cluster of
positively responding sites) as well as to a promoter region (from the negative responders)
suggesting chromatin looping 3°. A possible interpretation of the observed complex behavior is
that calcitriol strengthens binding of VDR to enhancers and initiates transcription, causing the

transcription machinery to move from the promoter toward the coding region of the regulated gene.
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6.5. Doxorubicin effect on the DNA binding of RARa

Doxorubicin is a widely applied anticancer drug in the course of treatment of several cancers; solid
tumors and leukemias. Despite the efficacy of Dox in treating malignancies, its use has been

181 Several studies have attributed

challenged by several side effects, mainly cardiotoxicity
doxorubicin induced cardiotoxicity (DIC) to topoisomerase poisoning and reactive oxygen
species, ROS, production. Furthermore, the RAR ligand ATRA has been shown to induce binding
of the receptor to the Top2p promoter and down-regulate its expression levels'®2. ATRA also
reduces ROS production through activation of the ERK2 signaling pathway!32. These observations
link Dox to RAR signaling and highlight the importance of studying the interactions between Dox
and RAR.

Here we utilized FRAP to measure the mobility of EGFP-RARa, at different concentrations of
Dox and in the presence and absence of a saturating dose of AMS580. Our strip-FRAP method
reports on mobility on a distance scale of a few micrometres, averaged for larger areas.

First, it is important to clarify the parameters calculated in FRAP and their indications. The FRAP-
detected fast and slow components refer to molecules that leave the few-um wide ROI during the
time course of the measurement, thus, both are diffusible and even the slow component may only
be transiently DNA-bound. Similar slow diffusion components were detected by other microscopic
techniques for other DNA-binding proteins as well'33-185,

Our most remarkable observation from FRAP data was the Dox-induced increase of average
mobility of RARa (Fig, 334). This increase is due to shorter dwell times spent bound to DNA
rather than to a change of microviscosity since the diffusion coefficient of the EGFP dimer was
not affected (Fig. 34). On the other hand, Dox treatment slightly enhanced the immobile fraction
and shifted the balance from the fast toward the slow population in a dose-dependent manner.
Thus, Dox treatment may have a dual effect on the DNA-binding of RARa: primarily, it weakens
the interaction of a transiently bound population with the chromatin, while it strengthens the
interaction of a smaller, more stably bound fraction.

Treatment with saturating concentrations (0.1 uM) of AMS580 partly counteracted the effect of Dox
on the average mobility of RARa: the reduction of the average FRAP recovery time was mitigated
in the presence of the ligand up to 4.5 uM Dox concentration, the order of magnitude of the
therapeutic dose!86. At the same time, the median values of the slow fraction increased upon

AMS580 treatment (Fig. 33E), suggesting that Dox treatment did not fully impair ligand-induced
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receptor dimerization and DNA-binding. However, it may decrease RAR signaling especially
when the ligand is supplied at suboptimal levels, which may be a more realistic scenario in vivo.
A possible interpretation of the effect of Dox on the DNA-binding of RAR is that monomeric RAR
is competed off by Dox from HRE half-sites (single AGGTCA sequences), whereas RAR-RXR
dimers, stabilized by ligand and binding to full HRE-s (AGGTCA direct repeats) with a higher
affinity, resist this effect up to a higher Dox concentration. In other words, Dox may contribute to
RAR signaling by shifting the balance between RXR-independent and -dependent binding.

Form another point of view we can say that the reduction in DNA-binding of RAR may be due
either to direct competition between Dox and RAR for the binding sites on the DNA or the drug’s
effect on other structural parameters of DNA. For example, Dox intercalation increases the
stiffness of the DNA'®7, which may hinder the deformability that is required for the proper binding
of a nuclear receptor®®. This could differentially influence RARo binding in the absence and
presence of the ligand.

Taken all together we propose that i) Dox decreases the DNA-binding capacity of RARa in general
(as suggested by Taverage decrease) and ii) Dox reduces RAR binding to nonspecific sites and
augments its binding at specific sites (suggested by the increase in both slow and immobile fraction
despite the reduction in Tayerage and by the partial counteracting impact of AM580 on the average
mobility of RARa induced by Dox when the latter was applied up to its therapeutic range. AM580
treatment is proven to enhance RXR-RAR heterodimerization and binding of the heterodimer
complex to DNA!104:.105.112,

In light of our results, we can understand the efficacy of the proposed cotreatment strategies
(ATRA and doxorubicin)'3>!133 as ATRA treatment will preserve the DNA binding of RAR and
maintain its transcriptional activities. More studies are needed to investigate the effect of

doxorubicin on other NRs and to help reduce its side effects.
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Summary

Tracing the dynamic distribution pattern of EGFP-VDR, EGFP-PPARy/nlsm and EGFP-
RARa/nlsm (homogeneous in the absence of RXRa and nuclear-enriched in response to RXRa
binding) serves as a good model system for studying their competition for heterodimerization with
RXRa. There is indeed dynamic competition between RXR partners, which is governed by two
mechanisms. First, in the absence of agonist treatment, there is a hierarchy of affinities between
RXRa and its partners in the following order: RARa > PPARy > VDR. Second, in the presence of
agonist treatment, RXRa partner selection is shifted towards the liganded partner.

Our results also show that RXR-NR heterodimerization and direct DNA binding are correlated
events, and both are augmented by agonist treatment.

These results may explain certain side effects of drugs targeting NRs. Competition for RXR
could be responsible for the symptoms of vitamin D deficiency developed in a child upon
receiving systemic retinoid treatment for ichthyosis!®®, or the antagonistic effect of co-
administered vitamin A on serum calcium response to vitamin D treatment'®.

Our observations regarding these three RXR partners, consistently with metabolism regulation
by two other RXR partners (LXR and PPARa) and similar previous findings on membrane-
localized IL-2/15 receptors encourage us to generalize the concept that specific ligand binding may
often govern competition between different partners of a promiscuous receptor.

Our findings are a proof-of-concept of a hierarchy of affinities between NRs and their
common partner, RXRa. These studies can be extended to a larger number of receptors to uncover
the network of hierarchies, and follow-up studies will also be focusing on testing this concept in a
broader and physiological context.

It is worth to mention that our or similar studies may have some limitations: i) we cannot
entirely exclude the presence of endogenous ligands for the receptors; and ii) our approach may
not mimic all possible physiological conditions; iii) as for the limiting nature of RXR, antibody-
based approaches are at best semiquantitative to determine endogenous NR concentrations; iv)

finally, we used indirect measures to assess downstream gene expression events.
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Figure 37. Schematic representation of the study results.
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Possible biological consequences of the competition between NRs for

a limiting pool of RXR.
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Figure 38. Schematic representation of the clinical or biological consequences of our results.
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