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A Novel Nuclear FGF Receptor-1 Partnership With Retinoid
and Nur Receptors During Developmental Gene Programming
of Embryonic Stem Cells
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ABSTRACT
FGF Receptor-1 (FGFR1), a membrane-targeted protein, is also involved in independent direct nuclear signaling. We show that nuclear

accumulation of FGFR1 is a common response to retinoic acid (RA) in pluripotent embryonic stem cells (ESC) and neural progenitors and is

both necessary and sufficient for neuronal-like differentiation and accompanying neuritic outgrowth. Dominant negative nuclear FGFR1,

which lacks the tyrosine kinase domain, prevents RA-induced differentiation while full-length nuclear FGFR1 elicits differentiation in the

absence of RA. Immunoprecipitation and GST assays demonstrate that FGFR1 interacts with RXR, RAR and their Nur77 and Nurr1 partners.

Conditions that promote these interactions decrease the mobility of nuclear FGFR1 and RXR in live cells. RXR and FGFR1 co-associate with

50-Fluorouridine-labeled transcription sites and with RA Responsive Elements (RARE). RA activation of neuronal (tyrosine hydroxylase) and

neurogenic (fgf-2 and fgfr1) genes is accompanied by increased FGFR1, Nur, and histone H3.3 binding to their regulatory sequences. Reporter-

gene assays show synergistic activations of RARE, NBRE, and NurRE by FGFR1, RAR/RXR, and Nurs. As shown for mESC differentiation,

FGFR1 mediates gene activation by RA and augments transcription in the absence of RA. Cooperation of FGFR1 with RXR/RAR and Nurs at

targeted genomic sequences offers a new mechanism in developmental gene regulation. J. Cell. Biochem. 113: 2920–2936, 2012.
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ystems biology postulates computational modules that Nur77, Nurr1, and NOR-1 are expressed in numerous tissues,
S integrate environmental information to control entry into

the cell cycle and promote perpetual self-renewal by stem cells

[Floettmann et al., 2011]. A universal signaling module, Feed-

Forward-And-Gate, has recently been proposed to direct the post-

mitotic development of neural cells through coordinated gene

expression [Stachowiak et al., 1997b; Peng et al., 2001; Stachowiak

et al., 2003a; Stachowiak et al., 2003b; Bharali et al., 2005; Fang

et al., 2005; Stachowiak et al., 2007; Stachowiak et al., 2009;

Stachowiak et al., 2011a; Stachowiak et al., 2011b]. Signals

generated by diverse cell surface receptors are propagated through

signaling cascades to sequence specific transcription factors (ssTF).

In parallel, a newly synthesized FGF Receptor-1 (FGFR1) is released

from the pre-Golgi membranes, which is enabled by an atypical

FGFR1 transmembrane domain [Myers et al., 2003]. FGFR1 is

transported to the nucleus by importin-b [Reilly and Maher, 2001]

and ‘‘feeds forward’’ the membrane-generated signals directly to

CREB binding protein (CBP), a common and essential transcriptional

co-activator and gene-gating factor. The coupled activation of CBP

by FGFR1, known as INFS, and cascade signal transduction to ssTF

are responsible for cell differentiation [Fang et al., 2005; Stachowiak

et al., 2007; Stachowiak et al., 2011b] (Note 1 in supplementary

material).

A separate class of ontogenic regulators are dual function

proteins which serve both as ssTF and nuclear vitamin or hormonal

receptors but do not act via signaling cascades [Berrabah et al.,

2011]. The pleiotropic developmental effects of retinoids are

mediated by nuclear receptor (NR) subfamilies, RXR/RAR, which

regulate transcriptional activity as homo/heterodimers by binding

RA-responsive elements (RAREs) [Lefebvre et al., 2010]. In the

absence of a ligand, RXR-RAR heterodimers are associated with

corepressor complexes and inhibit gene activation. In response to

ligand binding these heterodimers undergo conformational changes

which facilitate transcription through the recruitment of co-

activators and chromatin modifiers [Bastien and Rochette-Egly,

2004]. In the presence of all-trans RA (at-RA), when RAR is active,

RXR functions as a ‘‘silent’’ partner and does not participate directly

in transcriptional activation. However, when the 9cis-RA (9c-RA)

ligand is available and both heterodimeric partners are active, RAR-

induced dissociation of corepressors coupled with the cooperative

recruitment of coactivators leads to synergistic activation of target

genes [Germain et al., 2006]. Through histone modification,

coactivators [p300/CBP and CARM-1] decompact local chromatin

allowing the RXR-RAR heterodimers to recruit basal transcriptional

machinery via an indirect interaction with the RNA Pol II

holoenzyme [Duong and Rochette-Egly, 2011]. The increased

accessibility of transcriptionally active DNA is further prolonged

through the replacement of histone H3 by H3.3 [Elsaesser et al.,

2010].

Given that RXR can partner with a variety of NRs (RARs, PPARs,

LXRs, FXRs, TRs, VDR) [Bastien and Rochette-Egly, 2004; Germain

et al., 2006; Lefebvre et al., 2010] it is evident that RXR heterodimers

control many hormone/vitamin responsive genes. An important

class of RXR partner includes members of the orphan NR subfamily,

Nur77, Nurr1, and NOR-1, which are devoid of a ligand-binding

domain and function as ssTF within multiple signaling pathways.
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including the brain, and play a role in cell proliferation,

differentiation, and apoptosis [Watson and Milbrandt, 1990;

Woronicz et al., 1994; Zetterstrom et al., 1997; Castillo et al.,

1998; Saucedo-Cardenas et al., 1998; Backman et al., 1999; Kolluri

et al., 2003]. Nur77 and Nurr1 form retinoid permissive heterodimers

with RXRa and activate transcription by binding RAREs [Forman

et al., 1995; Perlmann and Jansson, 1995]. In addition, Nur77 and

Nurr1 activate transcription independently of RXR by binding DNA

target motifs as monomers (NBRE) [Wilson et al., 1991] or as homo/

heterodimers (NurRE) [Philips et al., 1997; Maira et al., 1999; Maira

et al., 2003].

The present work describes how the developmental gene

regulating functions of RAR, RXR, and Nur NR subfamilies are

mediated in direct cooperation with FGFR1 and the INFS.
MATERIALS AND METHODS

PLASMIDS

Plasmids expressing high-molecular-weight (HMW; 23 kDa) and

low-molecular-weight (LMW; 18 kDa) FGF-2 were described in

[Claus et al., 2003]. FGFR1 mutants: FGFR1(TK-)-deleted tyrosine

kinase domain, FGFR1(SP-/NLS)-signal peptide replaced with the

nuclear localization signal (NLS) from the SV40 large T antigen, and

FGFR1(SP-/NLS)(TK-) were described in[Peng et al., 2001, 2002].

The RARE-luciferase reporter, provided by Addgene (Addgene

plasmid 13458; Cambridge, MA), has inserted eight repeat retinoic

acid response elements (RARE) into the pGL3 (pGL3-RARE-Luc)

[Hoffman et al., 2006]. Plasmids NurRE3-Luc containing three Nur

response elements and NBRE3-Luc containing three NGF binding

response elements in minimal POMC gene promoter (�34/þ 63),

Nur77 expressing pCMX vector were gifts from Dr. Jacques Drouin

(Institut de Recherches Cliniques de Montrèal) [Maira et al., 1999;

Maira et al., 2003]. The reference reporter plasmid, pGL4.70

[hRluc] promoterless, was from Promega Corp. (Madison, WI). The

generation of pCAGGS-Nurr1-3xFlag is described in our separate

submitted manuscript [Baron et al., 2012]. Briefly, pCAGGS-Nurr1-

3xFlag was generated by inserting full length murine Nurr1 coding

sequence (Nr4a2, GenBank NM_013613) PCR-amplified from the

embryonic mouse brain cDNA, downstream and in frame with

the 3XFlag in pCAGGS-3XFlag plasmid. Wild-type RXRa and Flag-

RXRa (in pSG5, Stratagene) as well as GST-RARa (in pGEX-5� 1,

GE Healthcare Life Sciences) expression vectors have been described

previously [Qiu et al., 2007, 2010]. Fluorescent plasmids: Chimerical

FGFR1 with C-terminal EGFP [Myers et al., 2003] and RXRa-EYFP

were described previously [Qiu et al., 2007, 2010].

ANTIBODIES

Polyclonal aFGFR1 (C-terminal, sc-121), aGFAP (sc-6171), aTH

(sc-7874), CBP (sc-369),aRXR (DN 197, sc-773), aRAR (M-454, sc-773),

aNurr1/77 (sc-990), aNurr1 (sc-991), aNurr77 (sc-5569), and

aGADPH (sc-137179) were purchased from Santa Cruz Biotechnol-

ogy (Santa Cruz, CA). The N-terminal aFGFR1 mcAb6 was

described in [Hanneken et al., 1995]. Monoclonal mouse aFGFR1

(N-terminal)(ab823), abIII-tubulin(ab18207), aOct4 (ab18976),
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aH3.3 (ab62642), aHistone H3 (tri methyl K4, ab8580) were

purchased from Abcam (Cambridge, MA). Rabbit aMatrin-3 Ab

(A300–591A) was from Bethyl Laboratories (Montgomery, TX). Rat

aBrdU Ab (MCA2060) were purchased from AbD Seretec (Raleigh,

NC). aFlag (F3165) was from Sigma-Aldrich (St. Louis, MO). Mouse

(X0931) and rabbit IgG (X0903) from Dako (Carpinteria, CA).

Specificity of immunostaining was ascertained with control

reactions in which the primary Ab was omitted or replaced with

preimmune sera or by neutralizing the antibody with cognate

peptide [Stachowiak et al., 1996a; Somanathan et al., 2003].

CELL CULTURE, TRANSFECTION, AND NEURITE OUTGROWTH

Mouse ESC culture and differentiation. The undifferentiated

growth method of the E14Tg2a mESC was previously described

including the use of LIF supplemented growth media containing

serum [Kehoe et al., 2008]. Experiments were performed in LIF-free

mESC monolayers. Cells were treated with 1mM at-RA or vehicle

(0.002% DMSO). Human ESC H9 cell line from WiCell Research

Institute (Madison, WI) were used for these experiments under the

approval of the Committee for Stem Cell Research Oversight at

SUNY-Buffalo. The culture conditions have been described [Lock

and Tzanakakis, 2009] and involved growing hESC on a feeder layer

of mouse embryonic fibroblasts.

Human Neural Progenitor Cells (HNPC), from the CNS of 12–18

week embryos (CloneExpress) were cultured as previously [Soma-

nathan et al., 2003]. Human neuroblastoma cell line BE(2)C was

cultured in Dulbecco modified Eagle medium/Nutrient Mixture F-12

(DMEM/F-12, Gibco) and Human Embryonic Kidney (HEK) cells in

RPMIMedium 1640 (Gibco), both supplemented with 10% (v/v) fetal

bovine serum, 100U/ml penicillin/0.1mg/ml streptomycin and non-

essential amino acid. All cells were cultivated in a humidified

atmosphere at 378C and 5% CO2. Cell transfections were performed

using Lipofectamine 2000 (Invitrogen).

The at-RA-induced outgrowth of b-III-tubulin-expressing neur-

ites and the effects of dominant negative and constitutively active

FGFR1 were analyzed by transfection of mESC with two plasmids,

one expressing recombinant FGFR1 or control B-gal and the second

expressing EGFP to mark the transfected cells. Twenty-four hours

after transfection cultures were switched to LIF-depleted medium

with or without (control) 1mM at-RA for an additional 4 days. Cells

were then immunostained with abIII Tubulin (þgoat-anti-rabbit

Alexa568) and imaged using a CCD camera. Cell bodies and EGFP

fluorescent extensions cells were outlined using the ImageJ

freehand tracing tool. We used a standardized method in which

b-III-tubulin positive processes that were 1� longer than the cell

width and displayed neurite-like morphology were measured. Cells

with the shorter protrusions were scored as having a neurite length

equal to zero. This method is based on earlier publications

[Stachowiak et al., 2003a; Fang et al., 2005; Zhang et al., 2005].

DUAL LUCIFERASE ASSAYS

The assays were performed with the dual luciferase reporter system

(Promega Corp., Madison, WI). Luminescence measurement was

performed on BioTek Plate Reader. All data were calculated as the

ratio of firefly to Renilla luciferase activity. Experiments were

repeated 2–4 times and each was performed in quadruplicate.
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CELL FRACTIONATION AND WESTERN BLOTTING

Cells were fractionated as described in [Stachowiak et al., 1996a;

Peng et al., 2001] and the purity of fractions was verified in previous

studies which showed less than 5% of the total cellular activity of 50

nucleotidase (plasma membrane marker), and less than 2% of the

total activity of acid phosphatase (lysosomal marker; Stachowiak

et al., 1996ab, 1997a). Furthermore the cell membrane associated

biotinylated FGFR1 or FGFR1(TK-) were not detectable in the

nuclear fraction [Peng et al., 2002].

Equal amounts of proteins of the cytoplasmic or nuclear fractions

were loaded and separated on SDS–7.5% polyacrylamide gel and

transferred to PVDF (Millerport). Blots were probed with the

appropriate antibodies and the immune complexes revealed by

chemiluminescence using SuperSignal Femto Maximum Sensitivity

Substrate (Pierce) and Fuji chemiluminescence imager. Equal

protein content in individual lanes was verified by Ponceau S

Red staining (Fig. 1a), which reveals different proteins present in

cytoplasmic and nuclear fractions. In addition, we immunoblotted

for GADPH, which is present predominantly in the cytoplasm but

also in the nucleus [Sen et al., 2008; Kornberg et al., 2010] (Fig. 3b),

and for aMatrin, which is predominantly in the nucleus

(Fig. 3b, S1a).
CO-IMMUNOPRECIPITATION

Nuclear and Cytoplasmic fractions are diluted 1:2 in RIPA buffer

(137mMNaCl, 20mM Tris-HCl pH 7.5, 25mMNaF, 2mM EDTA, 1%

TX100, 1% (w-v) sodium Deoxycholate, 2mM DTT, 1mM PSM and

10mM protease inhibitor). 750mg of protein is incubated with 2mg

of antibody overnight in 4 c. Invitrogen Dynabeads are used for pull

down following the indirect protocol. The immunoprecipitated

proteins were denatured at 958C in sample-buffer.
GLUTATHIONE-S-TRANSFERASE (GST) PULL DOWN

GST and GST-RARa fusion protein were expressed in E. coli DH5a

and the crude lysates were prepared as described in [Peng et al.,

2001; Peng et al., 2002]. NB cells were transfected with FGFR1-Flag

and Nur77. Forty eight hours after transfection the nuclear NB cell

lysates were selected with GST or GST-RAR beads and resolved by

8% SDS–PAGE for immunoblotting.
FRAP

FRAP analyses of transiently transfected FGFR1-EGFP [Dunham-

Ems et al., 2006, 2009] and RXR-YFP [Dong et al., 2004] were

performed as previously described. The transfected recombinant

proteins were expressed at the levels comparable to endogenous

proteins [Dunham-Ems et al., 2006, 2009]. The intensities of FGFR1-

EGFP fluorescence or RXR-YFP in individual transfected cells were

similar and, as in our previous studies [Dunham-Ems et al., 2006,

2009], cells were randomly selected for FRAP measurements.

Imaging was performed in 35mm glass bottom dishes (MedTek

Corp.) using Zeiss 510 Meta confocal laser scanning microscope

with an incubation chamber (378C and 5% CO2, Pecom) an oil

immersion objective (63� , 1.4 NA), a zoom magnification

(twofold), the 488-nm argon laser line for GFP, and 513-nm for
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 1. Nuclear accumulation of FGFR1 is a common response to at-RA in stem and progenitor cells. a: mESC [Kehoe et al., 2008] were treated with 1mM at-RA for an

indicated time period or maintained in LIF-depleted control medium. All dishes were harvested at the same time and nuclear and cytoplasmic fractions were isolated,

electrophoresed (40mg protein/lane), and immunoblotted with aFGFR1McAb6 [Stachowiak et al., 1997a]. Cytoplasmic and nuclear FGFR1 are represented by 140, 100, 90, and

80 kDa FGFR1 which correspond to different degrees of receptor glycosylation [Stachowiak et al., 1997b; Myers et al., 2003]. The at-RA induced changes are evident relative to

equal protein content in individual lanes stained with Ponceau S Red. Normalization to GADPH (Fig. 3b) or predominantly nuclear aMatrin (Fig. 1d, S1A) confirms the at-RA

induced nuclear FGFR1 accumulation. The same results were obtained in three independent experiments (not shown). b: mESC treated with 1mM at-RA for 24 or 48 h and

co-immunostained with aFGFR1 McAb6 [Hanneken et al., 1995] (þ goat-anti-mouse Alexa 488) and rabbit aOct4 (þ goat-anti-rabbit Alexa 568). Confocal sections through

the middle of the cell (cytoplasm and nuclei) are shown. Following at-RA treatment we observed nuclear accumulation of FGFR1 after 48 h which is accompanied by a depletion

of the pluripotency associated protein Oct4. Nuclear accumulation of FGFR1 was also verified using different mouse monoclonal aFGFR1 (ABCAM; Fig. 1d,e) and polyclonal

C-term aFGFR1(ABCAM; Fig. 1c). c: DNA staining with DAPI reveals FGFR1 exclusion from condensed heterochromatin (strong DAPI) and colocalization with less

dense euchromatin (weak DAPI). mESC treated with 1mM at-RA for 48 h or maintained in LIF-depleted control medium and immunolabeled with C-term aFGFR1 (ABCAM)

(þ goat-anti-rabbit Alex488) Confocal sections through the nuclei, above the cytoplasm, are shown. d: Human ESC [Lock and Tzanakakis, 2009] were incubated with or without

(control) 1mM at-RA for 48 h and immunolabeled with N-terminal aFGFR1 (ABCAM) (þ goat-anti mouse-Alex488). Arrowheads point to weakly stained (DAPI) euchromatin

regions with high FGFR1-IR after at-RA stimulation. e: Human NPC were incubated with or without (control) 1mM at-RA for 48 h and immunolabeled with N-terminal aFGFR1

(ABCAM) (þ goat-anti mouse-Alex488, green) and aRXR (þgoat-anti rabbit- Alexa568, red). Nuclear DNA was stained with DAPI. RXR-IR is located both in the nucleus

(predominantly) and in the cytoplasm. Nuclear accumulation of FGFR1 is observed after at-RA treatment. Bar size: 20mm.
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YFP. Intensity of fluorescence in individual transfected cells were

similar, and cells were randomly selected for FRAP measurements.

FRAP images for R1-EGFP were acquired every 0.5 s for 30 s, then

every 2 s for an additional 1min, and finally every 5 s for 1.5min.

FRAP images for RXR-YFP were acquired every 0.5 s for 10 s, then

every 2 s for an additional 30 s, and finally every 5 s for another

1min. The acquired images of a minimum of 15 cells/condition were

collected and analyzed using the standard microscope software. The

laser output for FRAP-bleaching was set to 100% and bleached

regions chose were of the same size. The images were used only for

subsequent analysis when the relative fluorescence intensity (RFI)

after bleaching was up to 50% in relation to the fluorescence

intensity before bleaching. Data were corrected for background

intensity and for the overall loss in total intensity as a result of the

bleach pulse and the imaging scans. The kinetic constant (k) and the

mobile fraction for a FRAP experiment were calculated by Fcalc

software by fitting one or two exponential curve to the corrected

data using a least square fit [Dunham-Ems et al., 2006]. The one

function FRAP recovery fit for RXR-YFP was calculated

as F1¼A(1-ekt). The two-phase exponential FRAP recovery of

FGFR1-EGFP was calculated as F1¼A1(1-e
k1t)þA2(1-e

k2t); A is the

mobile fraction and k is the kinetic constant. In addition to these

parameters the half time, t1/2, of the reaction is given. The value of

the half time, t1/2 recovery was calculated with the following

formula, t1/2¼ ln(0.5)/k. Microsoft EXCEL and SPSS were used for

plotting of the data and statistical analysis. ANOVA tests were

applied to analyze differences among recovery half-times (t1/2),

populations of mobile FGFR1-EGFP or RXR-YFP, and the effects of

cotransfected proteins.

IMMUNOCYTOCHEMISTRY

Cells were fixed with 4% paraformaldehyde and permeabilized with

1% Triton X-100. Appropriate primary and secondary antibodies

(described in the legends of figures) as well as DAPI were applied for

immune-staining [Somanathan et al., 2003; Fang et al., 2005].

Immunostaining was observed using either Zeiss Axioimager

fluorescence microscope with an 40� oil objective or Zeiss 510

Meta confocal laser scanning microscopes (Thornwood, NY) with an

oil immersion objective (63� , 1.4 NA), the 488-nm argon laser line,

the 561-nm DPSS laser line, 633-nm HeNe laser line and Chameleon

laser line (Coherent Inc.) for DAPI. The border of the nuclei was

identified in DAPI-stained cells and in phase-contrast images. The

acquired images and co-localized images were analyzed using

ImageJ imaging software and its plug-in RG2B co-localization or

JACoP. For that purpose the original 16-bit images were used.

Confocal images were also exported as original 16 bit images with

the size of 0.093mm/pixel� 0.093mm/pixel. The intensity of

immunofluorescence in each channel in individual cell was

normalized to similar level. The threshold for determining co-

localization was set as the mean of immunofluorescence of the

region of interest. The specificity of FGFR1 immunostaining was

demonstrated as previously [Stachowiak et al., 1996b; Stachowiak

et al., 1997a; Fang et al., 2005; Dunham-Ems et al., 2006; Dunham-

Ems et al., 2009] by several observations: Staining was not observed

when the primary antibody was omitted or replaced with preimmune

serum (not shown); similar nuclear cytoplasmic localization was
2924 FGFR1 PARTNERSHIP WITH NUCLEAR RECEPTORS
observed by using four antibodies targeting different FGFR1

epitopes and by detection of transfected FGFR1–EGFP and

FGFR1–Flag using native fluorescence and aFlag. The presence

and changes in the levels of nuclear FGFR1 immunoreactivity were

confirmed by western blot analysis of FGFR1 in subcellular

fractions.

mRNA LEVEL DETERMINATION USING QUANTITATIVE PCR

Total RNA was isolated from 35mm plates of mESC cultures using

Trizol. cDNA synthesis was carried out using 1mg RNA and the

iScript cDNA Synthesis Kit (Bio-Rad; Hercules CA). One tenth of the

synthesized cDNA was used as the template for real-time PCR.

Twenty-five microliters real time PCR reactions were performed on

the BioRadMyiQ Cycler with iQ SYBR Green Supermix (Bio-Rad). RT

qPCR using the amplification cycles: Initial denaturation for 8min

at 958C, followed by 35� cycle 2 (denaturation for 15 s at 958C and

annealing for 1min at 608C). Melt curve data collection was enabled

by decreasing the set point temperature after cycle 2 by 0.58C. The
specificity of amplicons was confirmed by generating the melt curve

profile of all amplified products. Gene expression was quantified as

described [Pfaffl, 2001].

ChIP ASSAYS

Cells grown on a 60mm plate were cross-linked with 1%

formaldehyde (Sigma, St Louis, MO) at 378C for 10min, rinsed

twice with cold phosphate-buffered saline, and harvested in

phosphate-buffered saline with protease inhibitors by 5min

centrifugation at 2,000g. ChIP was performed according manu-

facturer’s instructions (Millipore,Temecula, CA 92590). Genomic

DNA and transfected RARE-luciferase was precipitated with ethanol

and after treatment with RNase A and proteinase K, purified using

Qiagen PCR purification kit. PCR was then performed on the

immunoprecipitated genomic DNA with primers for the response

element containing regions of fgfr1, fgf-2, and th genes and control

Prm1 gene. All primers amplifying these promoter regions and

8xRARE in RARE-luciferase are shown in Table S1.

qPCR ANALYSIS OF ChIP

qPCR was used to determine relative amount of specific loci in IP,

Input, and IgG(Preimmune) samples. qPCR was performed

using iQ SYBR Green Supermix (Bio-Rad) on a Bio-Rad iCycler.

Three microliters of Chip DNA and a 1:100 Dilution of input

DNA was used in duplicate reactions. The Prm1 gene was

used as an internal control to normalized quantification in

qPCR reactions. Data are expressed as IP/Input where DDCT¼
(CtIP geneX�CtIP prm1)� (CtInput geneX�CtInput prm1).

STATISTICAL TESTS

Microsoft EXCEL and SPSS were used for plotting of the data and

statistical analysis. For all data ANOVA was used and significant

differences were analyzed by L.S.D. or Tukey posthoc tests.

Interactions between factors were analyzed using 2-Way ANOVA.
JOURNAL OF CELLULAR BIOCHEMISTRY



RESULTS

NUCLEAR ACCUMULATION OF FGFR1 IS A COMMON RESPONSE TO

at-RA IN STEM AND PROGENITOR CELLS

at-RA applied to multi-potent mouse (m)ESC induces concentration

and time dependent differentiation of neuronal, cardiac, myogenic,

adipogenic and vascular smooth muscle cells, (reviewed in

[Rohwedel et al., 1999]). Typically, 1 nM at-RA promotes cardio-

myocytic differentiation while 1mM at-RA converts mESC

into neurons [Fraichard et al., 1995; Wobus et al., 1997;

Kehoe et al., 2008]. Furthermore, at-RA promotes neuronal

differentiation in multi-potent mouse and human (h) embryonic

stem cells (ESC) and neural progenitor cells (NPC) [Morriss-Kay and

Sokolova, 1996; Rohwedel et al., 1999]. To determine whether at-RA

activation incorporates the INFS mechanism we analyzed the

expression and subcellular localization of FGFR1 in mESC, hESC,

and hNPC.

In control non-treated mESC the cytoplasmic fraction expresses

predominantly 100 and 140 kDa high molecular weight FGFR1

(Fig. 1a), known to represent different degrees of receptor

glycosylation [Stachowiak et al., 1997b]. Both forms are depleted

in the cytoplasm after 2 or 4 days of at-RA treatment while an

increase in nuclear 100 and 140 kDa FGFR1 is observed. The reverse

changes in cytoplasmic and nuclear FGFR1 levels illustrate lack of

cross-contamination in isolated fractions.

In addition, at-RA increases both cytoplasmic and nuclear 80–

90 kDa FGFR1, which are precursors of the hyperglycosylated forms

[Dunham-Ems et al., 2006]. Consistent with these biochemical

results, in non-treated mESC, FGFR1 immnunoreactivity (IR) is

primarily cytoplasmic. After 2 days of at-RA treatment we observed

a marked increase in nuclear FGFR1 (Fig. 1b) which remained

elevated for at least 1 week after treatment (not shown). In addition,

there is a parallel depletion of the pluripotent marker Oct4 in cells

which accumulate nuclear FGFR1 (Fig. 1b). Confocal microscopy

reveals nuclear FGFR1 is excluded from condensed heterochromatin

but is enriched at euchromatin-like sites (Fig. 1c). Treatment with at-

RA also induces a similar nuclear accumulation of FGFR1 in human

pluripotent ESC (Fig. 1d), human brain multi-potent NPC (Fig. 1e),

differentiating neuroblastoma cells (Fig. 3b) as well as in rat

hippocampal progenitor cells (not shown). We conclude that the

nuclear accumulation of FGFR1 represents a common response of

developing cells to at-RA stimulation.

Shorter at-RA treatment (24 h) has no detectable effect on FGFR1

proteins (Fig. 1a,b). However, in the presence of leptomycin B, which

blocks nuclear export, nuclear accumulation of FGFR1 is detected

within 4–24 h indicating an early at-RA-induced FGFR1 nuclear

translocation (Fig. S1A).

NUCLEAR FGFR1 MEDIATES RA-INDUCED NEURONAL-LIKE

DIFFERENTIATION OF mESC

We verified earlier findings that at 1mM at-RA promotes mESC

development along the neuronal lineage while instructing against

glia cell development [Kehoe et al., 2008] (Fig. 2a) (Fig. S1B, C; Note

2 in supplementary material). To determine whether endogenous

FGFR1 is involved in at-RA-induced outgrowth of bIII-tubulin

expressing neurites we used an established neurite outgrowth assay
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[Fang et al., 2005]. In a loss of function experiment we transfected

mESC with dominant negative mutants of FGFR1, which lack the

tyrosine kinase domain, form non-functional dimers with the

endogenous receptor and compete with wild type FGFR1 for its

nuclear targets [Fang et al., 2005]. FGFR1(TK-) localizes to

cytoplasmic membranes and cell nuclei. FGFR1(SP-/NLS)(TK-), in

which the signal peptide is replaced with a nuclear localization

signal, functions exclusively in the nucleus [Peng et al., 2001; Peng

et al., 2002; Somanathan et al., 2003; Fang et al., 2005]. Cells

transfected with a control vector display short processes, however,

when treated with at-RA the processes elongate, with one process

becoming 4–5 times longer than in the absence of at-RA and display

distinct bIII-tubulin immnunoreactivity (IR) (Fig. 2b). The dominant

negative receptors have no significant effect on neurite length

in non-stimulated cells compared to control transfected mESC

(Fig. 2b). In contrast, cells transfected with FGFR1(TK-) or

FGFR1(SP-/NLS)(TK-) fail to extend bIII-tubulin-IR neurites in

response to at-RA even after prolonged treatment (7 days, not

shown). In a gain of function experiment, mESC transfected with

full length nuclear FGFR1(SP/-NLS) [Peng et al., 2001, 2002;

Somanathan et al., 2003], which contains a functional TK domain,

display a marked fivefold elongation of bIII-tubulin expressing

neurites indistinguishable from that induced by at-RA (Fig. 2b).

The effects of FGFR1 on neurite outgrowth are statistically significant

and summarized in Figure 2b. These experiments indicate that nuclear

FGFR1 is a necessary mediator of at-RA-induced morphological

differentiation of mESC and sufficient to induce neurite outgrowth

in the absence of at-RA (Note 2 in supplementary material). In

addition, FGFR1(SP/-NLS)-differentiated mESC seize to proliferate

(incorporate BrdU) (not shown), as found previously in other stem-

like cells [Fang et al., 2005].

INTERACTION OF FGFR1 WITH RETINOID RECEPTORS

Based on the requirement of FGFR1 in the differentiation actions of

at-RA, we next studied whether interaction between FGFR1 and RA

receptors occurs in mESC and other cells. Double immunostaining

followed by confocal microscopy reveal the co-localization of

FGFR1-IR with RAR-IR or RXR-IR pixels (Fig. 3a). Co-localized

FGFR1-RAR and FGFR1-RXR are observed in the cytoplasm, sub-

plasma membrane region, and within the discrete nuclear domains

(Fig.S2A,B). The interaction between endogenous cytoplasmic and

nuclear FGFR1 and RXR or RAR was established by co-

immunoprecipitation (co-IP) (Fig. 3b). Both the hypo-glycosylated

(80–100 kDa) and hyper-glycosylated (110–140 kDa) nuclear and

the cytoplasmic forms of endogenous FGFR1 are immunoprecipi-

tated by aRAR or aRXR but not by rabbit IgG (control). FGFR1

precipitated with an antibody against the C-terminal of FGFR1 is

detected by an N-terminal monoclonal aFGFR1, confirming that

cytoplasmic and nuclear FGFR1 forms represent non-truncated

receptors [Stachowiak et al., 1996a; Stachowiak et al., 1996b;

Dunham-Ems et al., 2006].

RAR-FGFR1 and RXR-FGFR1 interactions were also shown by

reverse co-IP of cytoplasmic and nuclear RAR and RXR with

aFGFR1 (Fig. 3c). Both RAR and RXR are immunoprecipitated by

aRAR and aRXR further demonstrating the formation of the RXR/

RAR heteromeric complexes. The interaction between endogenous
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Fig. 2. Neuronal-like differentiation of mESC by at-RA. a: Control cells have short processes and display relatively weak staining with abIII-Tubulin (þ goat-anti-rabbit Alexa

568). Treatment with at-RA leads to a gradual outgrowth of neurites with intensified bIII-Tubulin staining. Control mESC display weak aGFAP (þ goat-anti-rabbit Alexa 568)

immunostaining which is no longer observed after 196 h of at-RA treatment (Fig. 1c). Typically no cells with apoptotic nuclei are observed in these conditions arguing against

the at-RA induced loss of astrocytes or their precursor. b: The at-RA-induced outgrowth of b-III-Tubulin containing neurites in mESC is inhibited by dominant negative nuclear

FGFR1. mESC were transfected with two plasmids, one expressing recombinant FGFR1 or control B-gal expressing vector and the second expressing EGFP. EGFP diffuses

throughout the cell permitting visualization of the entire neuritic network. More than 90% of cells co-express transfected plasmids as reported in previous studies [Horbinski

et al., 2001; Stachowiak et al., 2009]. Twenty-four hours after transfection cultures were switched to LIF-depleted medium with or without (control) 1mM at-RA for an

additional 4 days. Cells were then immunostained with abIII Tubulin (þgoat-anti-rabbit Alexa568) and imaged using a CCD camera. The longest process in an individual

transfected (green) cell was measured and we observed morphological changes in fluorescent cells. Cells transfected with a B-gal vector and treated with at-RA exhibit a fivefold

increase in the average neurite length (P< 0.001). In contrast, cells transfected with FGFR1(TK�) or FGFR1(SP�/NLS)(TK�) display no significant changes in average neurite

length in the presence of at-RA. In the absence of at-RA, the average neurite outgrowth induced by active nuclear FGFR1(SP-/NLS) is similar to the at-RA induced outgrowth.

The results are from four experiments, in which 40–80 cells per treatment were analyzed. ANOVA shows significant effects of at-RA and transfected plasmids as well as the

interaction between at-RA and FGFR1(TK-) or FGFR1(SP-/NLS)(TK-) (P¼ 0.001). The differences are identified by Tukey’s post-hoc test. Bar size¼ 20mm.
FGFR1 and RXR or RAR is not limited to in vitro cultures and is also

observed in the developing mouse brain (Fig.S2C). Hence, FGFR1

interaction with retinoid receptors appears to represent a general

developmental phenomenon.

To further confirm the interactions between FGFR1 and RXR/RAR

we utilized two cell lines, neuroblastoma NB2A (NB) and human

embryonic kidney (HEK), which can be effectively transfected with

these recombinant receptors. NB cells express endogenous FGFR1 as

well as endogenous RAR and RXR that are readily detectable in the

nucleus, whereas the levels of cytoplasmic RAR and RXR are below

detection limits (not shown). Treatment of NB with at-RA increases

nuclear FGFR1 as well as nuclear RAR (Fig. 3d, top part). Both aRAR

and aCBP, an established FGFR1-binding transcription co-activator,

precipitate endogenous FGFR1 from nuclear extracts of at-RA

treated NB cells (Fig. 3d, bottom part). NB cells co-transfected with

FGFR1 and RAR or RXR show increased FGFR1 co-immunoprecipi-

tation (Fig. 3e). In reverse pull down experiments, RAR is

immunoprecipitated by aRAR or aRXR as well as aFGFR1
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(Fig. 3f) and RXR is immunoprecipitated by aFGFR1 from both

nuclear and cytoplasmic fractions (Fig. 3g).

Finally, in HEK cells, which express endogenous RAR and RXR

we detect little or no endogenous FGFR1, whereas after FGFR1

transfection the receptor was detected in both the nucleus and

cytoplasm (Fig. 3h). Transfection of FGFR1-flag or RXR-flag in HEK

cells provides further evidence for associations of retinoid receptors

with FGFR1 (Fig. 3i,j). Immunoprecipitation of FGFR1 also

co-precipitates RXR and vice versa (Fig. 3j). Considered together,

these studies establish clear evidence for robust interaction between

FGFR1 and retinoid receptors in variety of cell types.

NUCLEAR MOBILITY OF RXR AND FGFR1 IN LIVE CELLS IS

INFLUENCED BY CONDITIONS THAT PROMOTE THEIR MUTUAL

INTERACTION

The kinetic mobility of nuclear RXR is reduced by interactions with

nuclear partner proteins [Dong et al., 2004; Feige et al., 2005].

Therefore, we examined whether the intracellular mobility of RXR
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is influenced by FGFR1. Chimeric RXR-YFP was co-transfected

with control b–galactosidase (B-gal) or FGFR1(SP-/NLS) to

analyze intra-nuclear FGFR1-RXR interactions. FRAP recovery

curves were fitted to a single-order exponential function. At-RA

induces a threefold decrease in the recovery rate and transfected

FGFR1(SP-/NLS) induces a similar but less pronounced (50%)

decrease (Fig. 4a). To further analyze these changes, cells in each

treatment condition were assigned to one of three RXR-YFP

recovery groups: Fast (t1/2< 1 s), moderate (t1/2¼ 1–2 s), and slow

(t1/2> 2 s). Figure 4a shows the percentage of cells in each group
JOURNAL OF CELLULAR BIOCHEMISTRY
within different treatment categories. At-RA decreases the number

of ‘‘fast’’ and ‘‘moderate’’ cells while increasing the ‘‘slow’’ cells. The

effect of co-transfected FGFR1(SP-/NLS), which includes the

depletion of fast and expansion of slow cells, is similar but less

pronounced than that observed with at-RA treatment.

Mobility of transfected chimerical FGFR1–EGFP in the cell

nucleus is determined by interaction with nuclear proteins and

structures [Dunham-Ems et al., 2009]. Earlier FRAP analyses of

transiently transfected FGFR1-EGFP revealed three nuclear FGFR1

populations: (i) A fast mobile (t1/2< 1 s) which represents a freely
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Fig. 4. FRAP mobility of nuclear RXR and FGFR1 (Note 3 in supplementary material). a: RXR-YFP [Qiu et al., 2010] was transfected into NB cells with FGFR1(SP-/NLS) or an

empty pcDNA 3.1 vector. Twenty-four hours after transfection, some of the pcDNA3.1 cultures were treated with 1mM at-RA for an additional 24 h and during subsequent

imaging. Examples of the RXR-YFP-expressing cells before and after photobleaching are shown. RXR-YFP was expressed predominantly in nucleus. FRAP mobility of RXR-YFP in

NB cells were analyzed by fitting to one-exponential function. The graph shows the percentage of mobile cell populations of RXR-YFP: Fast recovering (t1/2< 1 s), moderate

(t1/2¼ 1–2 s), and slow recovering (t1/2> 2s). Treatment with at-RA reduces the fast and moderate cell populations while increasing the slow population. The FGFR1(SP-/NLS)

induced reduction of the fast and increase in the slow population is similar to that produced by at-RA but less pronounced. I-immobile (nonrecovering) RXR-YFP; M–mobile

(recovering) RXR-YFP. b: FRAP mobility of FGFR1-EGFP is affected by at-RA in live cells. NB cells were transiently transfected with FGFR1-EGFP. Twenty-four hours after the

transfection cells were treated with or without 1mM at-RA for an additional 24 h. Images show an example of FGFR1-EGFP-expressing cell before and after photobleaching.

FGFR1-EGFP is expressed in the cytoplasm and nucleus. Like previously we obtained a better fit using a bimodal analyses of the FGFR1-EGFP recovery curves (R2¼ 0.992)

rather than a single exponential model (R2¼ 0.704). The mobile nuclear FGFR1-EGFP consists of hyperdynamic (fast ‘‘f’’) and hypodynamic (slow ‘‘s’’) populations. The immobile

population shows no recovery within 3min after bleaching. Two-exponential analysis of FGFR1-EGFP FRAP recovery (n> 18) shows that at-RA increases the total

mobile population by increasing the slow population. The rate of slow populations displays a reduction (increased t1/2), however, this trend did not attain statistical significance

(P¼ 0.089). The effects of at-RA on FGFR1-EGFP mimics those observed during nuclear FGFR1-dependent transcriptional activation by cAMP[Dunham-Ems et al., 2009].

I -immobile (nonrecovering) FGFR1-EFP; M—mobile (recovering) FGFR1-YFP

Fig. 3. (Overleaf ) Interaction of FGFR1 with retinoid receptors. a: at-RA treated (48 h) differentiating mESC were co-immunostained with monoclonal aFGFR1 (þ goat-anti-

mouse Alexa488) and rabbit aRAR or aRXR (þ goat-anti rabbit Alexa 568). Examples of confocal sections through the middle of the nuclei are shown. In the right column only

the colocalized pixels are shown in white. Colocalized FGFR1 and RAR (top row) or RXR (bottom row) IR pixels are concentrated in both the cytoplasm and nucleus. Bar

size¼ 20mm. b: Co-immunoprecipitation of FGFR1 with RAR and RXR. mESC were incubated for 48 h with or without (control) 1mM at-RA. Antibody pull down was performed

with aFGFR1 (C-terminal, Santa Cruz), aRXR, aRAR, or control IgG and the proteins were immunoblotted with N-terminal aFGFR1McAb6. Interaction between FGFR1 and RXR

or RAR is observed in the nucleus (top) and cytoplasm (middle) in both control and at-RA treated mESC. Following at-RA treatment there is an apparent increase in FGFR1-RAR

association in the nucleus and a reduced association in the cytoplasm. These apparent changes may reflect the up-regulation of FGFR1 in the nucleus and down-regulation in the

cytoplasm illustrated in the direct western blot of the isolated fractions (bottom) which is consistent with Figure 1b. However, due to the semi-quantitative nature of the co-IP

assay these changes were not further considered. The equal loading in the direct western was verified by immunoblotting with anti-GDPH a predominantly cytoplasmic protein

which is also present in the cell nucleus [Sen et al., 2008; Kornberg et al., 2010]. These results confirm nuclear accumulation of FGFR1 in separate experiments normalized to

Ponceau S Red (Fig. 1b) or aMatrin (Fig. 3a; S1A). c: Reverse co-immunoprecipitation of RAR and RXR with FGFR1 from mESC (b). Antibody pull down was performed with

aFGFR1 (C-terminal, Santa Cruz), aRXR, aRAR, or control IgG and the proteins were immunoblotted with aRAR (top) or aRXR (bottom). Interaction of RXR and RAR with FGFR1

is observed in cytoplasmic and nuclear fractions. d: Human NB cells were treated with at-RA for 0, 2, 4, or 24 h. (Top) Nuclear proteins were immunoblotted with aFGFR1

(McAb6), RAR Ab, or aMatrin (nuclear matrix associated protein, loading control). at-RA produces a gradual increase in nuclear FGFR1 and RAR contents. (Bottom—co-

immunoprecipitation of FGFR1 with aRAR and aCBP shows an interaction between endogenous FGFR1 and RAR and confirms the FGFR1 interaction with CBP [Fang et al.,

2005]. e: Human NB cells were co-transfected with plasmids expressing FGFR1, RXR, and RAR. Nuclear proteins were pulled down with aFGFR1 (C-terminal, Santa Cruz), aRXR,

aRAR, or control IgG and immunoblotted with aFGFR1 (McAb6). A strong FGFR1 signal is observed with the aRXR and aFGFR1 pull down and a weaker signal with the aRAR

pull down. f: Reverse co-IP of nuclear RAR with aFGFR1 and co-IP with aRXR and aRAR. The same nuclear extracts as in (e) were used. Pulled-down proteins were

immunoblotted with aRAR. g: Reverse co-IP of RXR with aFGFR: NB cells were transfected with FGFR1, RXR, and RAR. Cytoplasmic and nuclear proteins were pulled down with

aFGFR1 (C-terminal Santa Cruz), aRXR or control IgG and immunoblotted with aRXR. h: HEK cells were transfected with plasmids expressing FGFR1 or control B-gal. A robust

expression of transfected FGFR1 is observed in the cytoplasmic and nuclear fractions. Endogenous FGFR1 (B-gal transfection) in HEK cells is below detection levels by direct

immunoblotting. i: Co-immunoprecipitation assay. HEK cells were co-transfected with FGFR1-Flag and RXR or control B-gal. Pull down was performed with aFlag, aRXR, and

IgG mouse (IgGm) or IgG Rabbit (IgGr) and immunoblotted with aFlag. A strong Flag signal is observed in the input proteins from the FGFR1-Flag and RXR transfection, while no

signal is observed in B-gal input. aRXR pull down shows a Flag signal in both the nuclear and cytoplasmic fraction. j: Co-immunoprecipitation assay. HEK Cells were transfected

with B-gal, FGFR1-Flag and RXR, or RXR-Flag and FGFR1. Pull down was performed with aFlag, aFGFR1, IgGm, or IgGr and immunoblotted with aRXR (left) or aFlag (right). An

RXR signal is observed in the aFlag pull down of the FGFR1-Flagþ RXR transfection and no signal is observed in the B-gal transfection (left). A Flag signal is observed in the

FGFR1 pull down of the RXR-Flag and FGFR1 transfection (right).
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diffusing protein (same as the non-fused EGFP), (ii) a slower mobile

(T1/2¼ 20–100 s) which reflects FGFR1 binding to nuclear protein

CBP and chromatin, and (iii) an immobile (non-recovering) nuclear

matrix associated FGFR1 population (Note 3 in supplementary

material). In the present study, as previously found [Dunham-Ems

et al., 2009], the FGFR1-EGFP FRAP curves (Fig. 4b) had a better fit

to a two-exponential model (R2¼ 0.992) rather than a single

exponential model (R2¼ 0.704), thus confirming the two mobile

(fast and slow) nuclear FGFR1-EGFP populations (Fig. 4b).

At-RA treatment alters the overall shape of the FRAP curves,

decreasing the immobile FGFR1–EGFP population by 25% and

increasing the slow population nearly threefold (Fig. 4b). Thus,

stimulation of retinoid receptors promotes nuclear complexes that

exhibit reduced FGFR1–EGFP mobility. We conclude that the

nuclear mobility of RXR and FGFR1 in live cells is reduced by

conditions that promote mutual interactions. The pattern of these

changes, similar to those during cAMP stimulation [Dunham-Ems

et al., 2009], suggests increased involvement of FGFR1 and RXR in

chromatin binding and gene transcription.

FGFR1 INTERACTION Nur77 AND Nurr1

Developmental functions of RXR are executed in part by

dimerization with closely related orphan receptor Nur77 and also

Nurr1 [Watson and Milbrandt, 1990; Woronicz et al., 1994;

Zetterstrom et al., 1997; Castillo et al., 1998; Saucedo-Cardenas

et al., 1998; Backman et al., 1999; Kolluri et al., 2003]. Confocal

microscopy reveals co-localization of FGFR1-IR with proteins

recognized by pan-aNur77/Nurr1 (Fig. 5a). To further determine

whether FGFR1 interacts with Nur77 and Nurr1 we carried out a
Fig. 5. Interaction of FGFR1 and Nur proteins. a: Concentrations of colocalized FGFR1

treated (48 h) differentiating mESC were co-immunolabeled with mouse monoclonal

(þ goat-anti-rabbit Alexa 568, red). Examples of confocal sections through the middle

white. Concentrations of colocalized FGFR1 and RAR IR pixels (top row) and FGFR1 a

size¼ 20mm. b: Co-immunoprecipitation assay. Neuroblastoma (NB) cells were tra

immunoprecipitated by aNur77/Nurr1 and immunoblotted with aFGFR1 (left). Strong

Endogenous Nur77/Nurr1 is co-immunoprecipitated with aFGFR1 and aRXR and immun

and aRXR pull down in FGFR1, Nurr1, and RXR transfection. c: Affinity selection of FG

expressed in E.Coli and used to isolate nuclear proteins from NB cells transfected with FGF

blotting with aFlag (left) or aNur77/Nurr1 (middle). GST and GST-RAR were detected
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series of co-immunoprecipitation experiments. In NB cells endoge-

nous nuclear FGFR1 is immunoprecipitated by aRXR as well as

aNurr77/Nurr1 (Fig. 5b). Co-transfection of FGFR1 with Nurr1 and

RXR markedly increases the amount of FGFR1 precipitated by

aFGFR1, aRXR, and aNurr77/1. Figure 5b also shows the reverse

immunoprecipitation of endogenous and transfected Nurr1 with

aRXR and aFGFR1. The interaction between FGFR1 and Nurr1 was

further established in HEK cells in which transfected Nurr1-Flag is

co-precipitated with aFGFR1 and detected using aFlag (Fig. S3).

Additionally, FGFR1 co-precipitates with Nur77 based on a Nur77

selective antibody. Finally, GST-RAR, but not GST, pulls down

Nur77 as well as the hypo-and hyper-glycosylated forms of nuclear

FGFR1-Flag (Fig. 5c).

FGFR1 ASSOCIATION WITH NUCLEAR TRANSCRIPTION SITES AND

at-RA-ACTIVATED GENES IN mESC

FGFR1 is concentrated in nuclear speckles that contain RNA

Polymerase II, splicing factors, and acetylated and phosphorylated

histones [Peng et al., 2002; Somanathan et al., 2003]. Approximately

40% of the total FGFR1-IR co-localizes with transcriptionally active

sites while less than 4% overlap with DNA replication sites

[Somanathan et al., 2003]. In mESC, the 50Fluoro-Uridine (FU)-

labeled transcription sites are concentrated in the nucleoli and

discrete FGFR1/RXR-rich extra-nucleolar domains (Fig. S4A).

Fractions of co-localized extranucleolar pixels were estimated as

Manders’ Coefficients (M); 0.439� 0.0225 of FGFR1-IR pixels

overlap with RXR-IR pixels and 0.564� 0.025 of RXR-IR pixels

overlap with FGFR1-IR pixels. Co-localization of FGFR1-IR

with FU-IR is M¼ 0.407� 0.024 and colocalization of RXR-IR
and Nur77/Nurr1 IR pixels are observed in both the cytoplasm and the nucleus. at-RA

aFGFR1 (ABCAM) (þ goat-anti-mouse Alexa 488, green) and rabbit aNur77/Nurr1

of the nuclei are shown. In the right column only the colocalized pixels are shown in

nd RXR IR pixels (bottom row) are observed in both the cytoplasm and nucleus. Bar

nsfected with B-gal or FGFR1 with Nurr1 and RXR. Endogenous FGFR1 is co-

er FGFR1 signals are observed in cells co-transfected with FGFR1, Nurr1, and RXR.

oblotted with aFGFR1 (right). A strong Nur77/Nurr1 signal is observed with aFGFR1

FR1 and Nur77 by GST-RAR. GST or GST-RAR fusion [Qiu et al., 2007] proteins were

R1-Flag (A) and Nur77. The GST-selection of nuclear extracts was followed by western

by direct gel staining with Coommasie Blue (right).
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with FU-IR is M¼ 0.463� 0.026. Importantly, the overlap with FU-

IR is significantly greater for co-localized FGFR1-IR and RXR-IR

than for RXR-IR or FGFR1-IR, which are not co-localized (Fig. S4B).

Thus, the probability of active transcription increases in sites co-

inhabited by both RXR and FGFR1.

Nuclear accumulation of FGFR1 in mESC also coincides

with histone H3 lysine-dimethylation (Fig. S4C,D), which

marks transcriptionally active chromatin, and with histone H3.3,

which replaces histone H3 in transcriptional poised chromatin

(Fig. S4E).

INTERACTION OF FGFR1 WITH AT-RA ACTIVATED GENES IN mESC

Gene array studies have identified a number of genes in mESC which

are up-regulated by at-RA accompanying differentiation [Guan

et al., 2001]. Figure 6a shows the upregulation of fgfr1, fgf-2, and th

mRNA in the presence of at-RA. Since these genes are also activated

by nuclear FGFR1 [Peng et al., 2001; Peng et al., 2002; Fang et al.,

2005], we performed ChIP in order to identify the presence

of FGFR1 on regulatory regions related to the canonical NR motif

AGGTCA known to bind Nur, RXR, and RAR proteins. Our previous

studies demonstrated FGFR1 binding to the fgf-2 gene promoter

and a lack of binding to the glyceraldehyde-3-phosphate
Fig. 6. at-RA induced gene activation in mESC and in vivo FGFR1 binding to activated

levels of fgfr1, fgf-2, and th in control and at-RA treated cells were measured by R

immunoprecipitation (ChIP) was performed with a panel of antibodies against FGFR1, Nu

Nurr1 binding regions on (b) fgf-2 (c) fgfr1 and (d) th genes. IgG was used as a negati

experiments.
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dehydrogenase (GADPH) [Fang et al., 2005]. Here we identified

AGGTCA-containing potential regulatory elements for Nur77/Nurr1

in the distal and proximal promoter region of the fgf-2 and fgfr1

genes, respectively. Each region is effectively immunoprecipitated

withaFGFR1 and aNur77/Nurr1 and treatment with at-RA increases

protein binding to the promoter (Fig. 6b,c). Expression of the th gene

during development is critically dependent on the Nurr1 protein

[Smidt and Burbach, 2009]. We identified a target site for Nur77/

Nurr1 in the mouse th gene (GTTCTC-4x-GTTCAC) which binds

FGFR1 and Nur77/Nurr1 and is enhanced in the presence at-RA

(Fig. 6d). DNA bound FGFR1 and Nur77/1 is also associated with the

FGFR1 transcriptional partner CBP and up-regulated by at-RA

(Fig. 6b–d). Additionally, we observed an at-RA-induced incorpo-

ration of H3.3, which is either delayed compared to Nur (fgf-2 gene,

Fig. 6b), or follows similar biphasic changes (decrease at 3 h

followed by an increase at 6 h; fgfr1 and th genes, Fig. 6c,d). These

observations indicate dynamic changes in Nur and FGFR1 binding

and associated chromatin remodeling at the sites of neurogenic

(fgfr1, fgf-2) and neuronal (th) genes. Consistent with an earlier

report that the Prm1 gene is not stimulated by at-RA in mESC [Guan

et al., 2001] we observed no changes in FGFR1 and Nur binding to

the Prm1 gene promoter (not shown).
genes. a: mESC were incubated with 1mM at-RA for indicated periods of time. mRNA

TqPCR. Gene expression was quantified as described [Pfaffl, 2001]. b–d):Chromatin

r77/1, CBP, and histone H3.3 with subsequent qPCR analyses of selected potential RXR/

ve control. Graphs show mean� SEM of triplicate samples from one of two separate
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CO-ACTIVATION OF TRANSCRIPTION BY FGFR1, NURS, AND

RETINOID RECEPTORS

We next determined whether increased FGFR1 and Nur77/Nurr1

binding to the NR core sites affect transcription. Monomeric Nur77

and Nurr1 activate transcription by binding to the canonical NR

motif AGGTCA present in the NBRE target sequence [Maira et al.,

1999]. Figure 7a shows Nur77 activates NBRE approximately

sixfold. Cotransfected nuclear FGFR1(SP-/NLS) potentiates this

activation nearly three times to 17-fold. Nur77 NBRE-dependent

activation is also augmented by the 23 kDa form of FGF-2 (Fig. S5),

which binds and activates endogenous nuclear FGFR1 [Peng et al.,

2002; Dunham-Ems et al., 2009]. The 18 kDa FGF-2, which does not

interact with nuclear FGFR1, has no effect on Nur77 NBRE-

dependent transcription.

The Nur-response element (NurRE), a transcriptional target site

for Nur homo/heterodimers [Maira et al., 1999, 2003], is comprised

of an octameric everted repeat related to the NBRE. Nur77 markedly

enhances NurRE-dependent transcription in both NB and HEK

cells. In NB cells, Nur77-dependent transcription of the NurRE is

synergistically enhanced by nuclear FGFR1(SP-/NLS) and reduced

by dominant negative FGFR1 (TK-) (Fig. 7b). In addition, we

compared the effects of nuclear FGFR1 on Nur77 and Nurr1 NurRE

activation. In HEK cells, nuclear FGFR1(SP-/NLS) has a more

pronounced effect on NurRE activation by Nur77 than by Nurr1

(Fig. S6A,B). Transcription activation by Nur77 and its augmenta-

tion by FGFR1(SP-/NLS) (Fig. 7a) or 23 kDa FGF-2 (Fig. S5) are not

observed on the minimal POMC promoter which lacks Nur binding

sites. Together, these experiments reveal synergistic activation

of NBRE and NurRE-dependent transcription by orphan Nur77

receptors and nuclear FGFR1.
Fig. 7. FGFR1 augmentation of Nur77-dependent transcription on the NBRE or NurRE i

elements) was cotransfected with nuclear FGFR1(SP-/NLS) in the presence or absence of

of B-gal plasmid. Results are shown as the mean� SEM. FGFR1(SP/NLS) enhances Nur77

no stimulation by Nur77 or FGFR1(SP-/NLS). NBRE-1wANOVA #P> 0.001 significance b

and FGFR1(SP-/NLS) overall effect-P> 0.001; (x) Interaction-Nur77 x FGFR1(SP-/NLS)

transfected with the NurRE reporter and either FGFR1(SP-/NLS) or dominant negative FG

the NurRE reporter, which binds and is activated by Nur dimers, is strongly enhanced b

FGFR1(TK-) has no effect on the NurRE in the absence of Nur77. 1wANOVA:�� P> 0.0

effect-P> 0.001, FGFR1(TK-) overall effect-P> 0.005; (X) Interaction-Nur77 x FGFR

JOURNAL OF CELLULAR BIOCHEMISTRY
Nur77 and Nurr1 can also heterodimerize with RXR, a common

and versatile NR partner, and mediate retinoid-dependent tran-

scription by acting on RAREs comprised of the canonical NR motif

AGGTCA separated by 5-base pairs (DR5). RARE can act in isolation

from other cis-elements to confer retinoid stimulation. Hence,

functions of RAR stimulated by at-RA and 9cis-RA, or RXR

stimulated by 9cis-RA, can be effectively assessed using promoter

systems containing only this element. In NB cells we used a

construct containing eight copies of the RARE (DR5) upstream from

the TATA box [Hoffman et al., 2006]. First, to determine if FGFR1

and RXR directly target RAREs we performed ChIP analysis (Fig. 8a).

Overexpressed FGFR1-Flag and RXR-Flag both bind the RARE-

reporter but only RXR binding increases in the presence of at-RA.

Stimulation of an RARE-luc reporter by at-RA is observed at a

concentration of 1 nM and is increased further with higher

concentrations of at-RA (Fig. S7). Figure 8b shows a sevenfold

activation of RARE-luc by 1mM at-RA which is significantly

enhanced by constitutively active nuclear FGFR1(SP-/NLS). In

contrast, at-RA activation is reduced to twofold by co-transfected

FGFR1(TK-) and fivefold by FGFR1(SP-/NLS)(TK-) (Fig. 8b). The

smaller effect of FGFR1(SP-/NLS)(TK-) may reflect its lower

expression levels. Expression levels of FGFR1(SP-/NLS) or

FGFR1(SP-/NLS)(TK-) are typically similar to endogenous FGFR1

while FGFR1(TK-) is expressed at a 2–3-fold higher level (not shown)

[Peng et al., 2001; Dunham-Ems et al., 2009].

In HEK cells, which contain low amounts of endogenous RXR and

FGFR1, the effect of FGFR1(SP-/NLS) on at-RA stimulation is more

pronounced than in NB cells but requires co-transfected RXR. The

overexpression of RXR has no effect on at-RA mediated transcrip-

tion, consistent with the known inability of at-RA to activate RXR.
n NB cells. a: The NBRE reporter or the minimal POMC promoter (TATA box, deleted Nur

Nur77. The total amount of transfected DNA per well was adjusted to 1mg by addition

-dependent transcription of the NBRE reporter. The minimal POMC promoter showed

etween Nur77 and FGFR1(SP-/NLS), �P� 0.001 difference to b-gal. 2wANOVA: Nur77

P¼ 0.001. POMC-1wANOVA: Significant decrease �P> 0.05, ��� 0.001. b: Cells were

FR1(TK-) in the presence or absence of Nur77. The transcriptional activity of Nur77 on

y nuclear FGFR1(SP-/NLS) while FGFR1(TK-) represses activation. FGFR1(SP-/NLS) or

01, �P> 0.05 difference to b-gal. .2wayANOVA: Nur77 and FGFR1(SP-/NLS) overall

1(SP-/NLS) P> 0.001, Nur77 x FGFR1(TK-) P> 0.005.
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Fig. 8. FGFR1 augmentation of RARE-dependent transcription. a: ChIP assay. NB cells were transfected with control B-Gal, RXR-Flag/FGFR1, or FGFR1-Flag/RXR plasmid along

with RARE-Luc and Renilla. Chromatin was immunoprecipitated with aFGFR1, aFlag, or control IgG. Immunoprecipitated and input DNA were analyzed using primers which

encompass the 8XRARE promoter region. Plasmids expressing FGFR1 and RXR bind to the RARE sequence whereas control B-Gal plasmid does not. b: Nuclear FGFR1 affects

transcriptional activation by at-RA. NB cells were transfected with RARE-Luc, and with control pcDNA3.1(�) or pcDNA3.1 expressing an active nuclear FGFR1(SP-/NLS), dominant

negative FGFR1(SP-/NLS)(TK-) (exclusively nuclear protein) or FGFR1(TK-) (cytoplasmic and nuclear protein). Thirty-six hours after transfection cells were treated for an additional

24h with 1mM at-RA or 0.001% DMSO (control). Nuclear FGFR1(SP-/NLS) increases at-RA stimulation from 6-fold to 11-fold while FGFR1(TK-) and FGFR1(SP-/NLS)(TK-)

significantly decrease at-RA stimulation. Two-way ANOVA demonstrates a statistically significant interaction between all transfected FGFR1 constructs and RA stimulation

(P> 0.01).�P> 0.001 different from pcDNA3.1 control. Transfected FGFR1 proteins have no significant (NS) effect on basal promoter activity. c: Synergistic activation of

transcription by RXR and nuclear FGFR1. HEK cells were transfected with the RARE-Luc reporter, FGFR1(SP-/NLS), RXR, or both RXRa and FGFR1(SP-/NLS). The total amount of

transfected DNA per well was adjusted to 1mg with pcDNA3.1(�). Forty-two hours after transfection cells were treated with at-RA for an additional 24h and harvested for dual

luciferase reporter assay. Results are shown as the mean� SEM. Neither RXR nor FGFR1(SP-/NLS) alone have an effect on basal or at-RA induced RARE promoter activity. Together,

FGFR1(SP-/NLS) and RXR augment the RA stimulation from 18-fold to approximately 60-fold.�P¼ 0.001 different from pcDNA3.1. d: Nuclear FGFR1(SP-/NLS) does not augment

9c-RA mediated activation of the RARE. In HEK cells FGFR1(SP-/NLS) augmentation of RARE-dependent transcription was assessed by cotransfection of the RARE-Luc, RXRa or

nuclear FGFR1(SP-/NLS), or RXRa and FGFR1(SP-/NLS). The total amount of transfected DNA per well was adjusted to 1mg with B-gal. Thirty-six hours after transfection cells were

treated with 1mM 9c-RA for an additional 24h and harvested for the reporter assay. Results are shown as the mean� SEM. Statistics—basal activity: 1wANOVA: �P> 0.05,
��P> 0.005 difference from b-gal. 2wANOVA: RXR overall effect P> 0.005, No RXRþ FGFR1(SP-/NLS) interaction. 9c-RA activation: 1wANOVA:�P> 0.05, ��P> 0.01 difference

to b-gal. 2wANOVA: FGFR1(SP-/NLS) and RXR overall effect-P> 0.05, no RXRþ FGFR1(SP-/NLS) interaction. e: Nuclear FGFR1 enhancement of Nurr1 and Nur77 RARE-dependent

transcription in the presence and absence of 9c-RA. HEK cells were transfected with the RARE-Luc and Nurr1 or Nur77 in the presence or absence of FGFR1(SP-/NLS). The total

amount of transfected DNA per well was adjusted to 1mg by addition of B-gal. Thirty-six hours after transfection cells were treated with 1mM 9c-RA for an additional 24h and

harvested for the reporter assay. Results are shown as the mean� SEM. Basal promoter activity: 1wANOVA:�P> 0.01, ��P> 0.001 difference from B-gal. 2wANOVA: FGFR1(SP-/

NLS), Nurr1, and Nurr77 overall effect-P> 0.001. (X) interaction-FGFR1(SP-/NLS)xNurr1 P> 0.001, NLSxNur77-P> 0.005. 9c-RA stimulation: 1wANOVA: �P> 0.05,

��P> 0.005 difference from b-gal. 2wANOVA: FGFR1(SP-/NLS)overall effect P> 0.001 while Nurr1 or 77 have no effect, no FGFR1(SP-/NLS)þNurr1/77 interaction.
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Also, FGFR1(SP-/NLS) alone has no effect on transcription,

however, when overexpressed together with RXR activation

increases markedly from 18-fold to over 60-fold (Fig. 8c). Thus,

FGFR1 (SP-/NLS) synergistically enhances RARE-mediated tran-

scription by influencing the activity of RXR in the presence of an

RAR ligand, at-RA. This synergistic effect of FGFR1 and RXR does

not occur in the presence of 9c-RA when both RXR and RAR are

activated (Fig. 8d). Hence, the ability of FGFR1 to function as an RA-

dependent transcriptional regulator is limited to at-RA.

Nur77 and Nurr1 also form retinoid permissive heterodimers with

RXR and activate transcription by binding DR5 target sequences.

Consistent with a previous report [Maira et al., 1999] we observe no

effect of Nur77 or Nurr1 on basal RARE-luc activity (Fig. 8e).

However, when co-transfected with FGFR1(SP-/NLS) the basal

RARE activity increases synergistically threefold, further indicating

a functional partnership between Nur77/Nurr1 and nuclear FGFR1

on RARE-dependent gene activation. Nuclear FGFR1 potentiates the

transcriptional activity of Nur77 and Nurr1 on the RARE in the

absence and presence of 9c-RA, however, FGFR1 enhancement of

9c-RA transcriptional activation is not augmented upon the

addition of either Nur factor (Fig. 8e). Collectively, these

experiments indicate two primary functions of nuclear FGFR1 in

RARE-mediated gene expression: (1) Augmentation of at-RA

stimulation by enhancing the transcriptional activity of unliganded

RXR and (2) increasing the basal transcriptional activity of Nur77

and Nurr1 in the absence of a ligand.

DISCUSSION

Integrative Nuclear FGF Receptor-1 (FGFR1) Signaling (INFS)

mediates gene activation at different chromosomal loci associated

with postmitotic development and neuronal-like differentiation. In

INFS activation, FGFR1, a membrane-targeted protein, translocates

to the nucleus and further executes the release and subsequent

activation of CBP, a transcriptional co-activator that is the ‘‘End

Gate’’ of numerous signaling transduction pathways. We demon-

strate that nuclear FGFR1 also mediates the transcriptional activity

of other NR subfamilies that regulate neuronal gene expression

through differential mechanisms not associated with ‘‘classical’’

signaling cascades. Prior to the current work, it was unknown

whether this distinctive category of directly acting, nuclear

developmental transducers, such as the dual function retinoid

receptors, may also utilize and/or is influenced by the INFS

mechanism. The results show that nuclear FGFR1 interacts with and

augments the transcriptional function of RAR/RXR and orphan Nur

receptors on target binding motifs related to, or containing the

canonical, RARE, NBRE, or NurRE during RA-mediated neuronal

differentiation of mESC. These results support our recent finding

that in rodent brain dopamine neurons FGFR1 colocalizes and

interacts with Nurr1 and coactivates TH gene promoter elements

[Baron et al., 2012].

A central and essential functional feature of the INFS, RAR, RXR,

and Nur modules is the nuclear accumulation of FGFR1, which

constitutes a common developmental response to at-RA in

pluripotent mouse and human ESC and multipotent NPC. at-RA
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affects FGFR1 biology by increasing levels of FGFR1 mRNA as well

as shifting FGFR1 protein from the cytoplasm to the nucleus as

evidenced by the depletion of cytoplasmic FGFR1 and an increase in

nuclear FGFR1 content. The nuclear accumulation of FGFR1 was

previously shown to be mediated by importin-b which binds

the Nuclear Localization Sequence (NLS) [Reilly and Maher, 2001].

The present studies indicate that FGFR1, which lacks NLS, could be

chaperoned by an NLS-equipped 23 kDa FGF-2 as well as RAR/RXR,

which interact with FGFR1 both in the cytosol and nucleus and

promote FGFR1 nuclear accumulation.

The functional importance of nuclear FGFR1 accumulation

during mESC differentiation was elucidated through our experi-

mental design using a recombinant FGFR1(SP-/NLS) construct in

which the signal peptide is replaced with NLS. FGFR1(SP-/NLS),

which is targeted to the nucleus without an NLS-providing

chaperone and without initial synthesis as an ER membrane

inserted protein, allowed us to establish a causal relationship

between at-RA-induced mESC differentiation and nuclear accumu-

lation of FGFR1. The importance of endogenous nuclear FGFR1

transfer is underscored by the observation that dominant negative

FGFR1(SP-/NLS)(TK-) prevents at-RA induced neurite outgrowth.

Furthermore, transfection of the tyrosine kinase-containing nuclear

FGFR1(SP-/NLS) was sufficient to promote neuronal-like differen-

tiation in the absence of at-RA. The extent of this differentiation will

be investigated further to delineate the expression of neuronal

proteins and associated physiological features [Sun et al., 2005].

Thus far, activation of INFS by transfection of nuclear FGFR1 or

23 kDa FGF-2 induces an exit from the cell cycle, morphological

differentiation and the expression of neuron-specific proteins in

human brain [Stachowiak et al., 2003a]-or umbilical cord blood

[Fang et al., 2005]-derived Neural Progenitor Cells, neoplastic

pheochromocytoma, medulloblastoma and neuroblastoma cells

[Stachowiak et al., 2003a; Fang et al., 2005; Stachowiak et al.,

2009] and the reinstatement of neuronogenesis in the adult brain in

vivo [Bharali et al., 2005; Stachowiak et al., 2009].

A central finding of our investigation is the association of FGFR1

with retinoid and orphan Nur NRs. The interaction between

endogenous and transfected recombinant proteins was shown by

bidirectional co-IP assays with antibodies against FGFR1, RAR,

RXR, and Nurs and further verified using flag-tagged proteins and

GST-affinity selection. Confocal microscopy places FGFR1 inter-

actions with RAR/RXR and Nurs at multiple cell compartments:

Cytoplasm, nuclear membrane, and nuclear interior. Within the

nucleus, FGFR1 staining co-localizes predominantly with weak

DAPI staining, indicating a preferential association with euchro-

matin and an exclusion from heterochromatin. This is further

supported by FGFR1 co-localization with the tri-methylated histone

H3K4 and replacement with the H3.3 variant, which marks

transcriptionally poised active chromatin [Goldberg et al., 2010;

Shahhoseini et al., 2010].

FRAP analysis reveals a reduction in the nuclear mobility of RXR

and FGFR1 by conditions that promote their mutual interaction,

supporting the formation of nuclear FGFR1-RXR complexes in live

cells. Similarly, a reduction in FGFR1 mobility by overexpressed

Nurr1 recently observed in our additional studies (Note 4 in

supplementarymaterial) further support the FGFR1-Nurr1 interactions.
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These interactions and co-localizations of FGFR1 with classical

NRs further establish the role of FGFR1 as an integrative

nuclear signaling factor. Whether FGFR1 binds with RXR, RAR,

and Nurs directly or via common partner proteins, such as CBP,

must be addressed in future studies to further understand these

interactions.

Several observations indicate the roles for FGFR1 modules with

RAR/RXR and Nur77/Nurr1 in gene activation. FGFR1-mediated

gene activation correlates with the conversion of immobile matrix-

bound and fast nuclear FGFR1 into a slow chromatin binding

population [Dunham-Ems et al., 2009]. By increasing the residence

time of FGFR1 and its partner proteins the transcriptional reaction

may be initiated and carried to the completion of RNA transcripts,

similar as proposed in the oscillatory model of RNA Polymerase II

[Darzacq et al., 2007]. The pattern of RA-induced changes in nuclear

FGFR1 mobility and FGFR1-induced changes in RXR mobility is

consistent with the oscillatory model and further suggests an

involvement of FGFR1 and RXR in chromatin binding and gene

transcription. In agreement with the kinetic changes observed, the

steady-state concentration of FGFR1 and its partners in transcrip-

tionally active domains is accompanied by suitable epigenetic

histone modifications. FGFR1 co-localizes with FU-labeled nuclear

sites of RNA synthesis and the probability of active transcription

increases in sites co-inhabited by both RXR and FGFR1. The

indicated function of FGFR1 as a global gene activator may be

endowed by interactions with RAR/RXR, Nur77 (present study) and

common transcription co-activators (CBP) [Fang et al., 2005].

Furthermore, the overall nuclear accumulation of FGFR1 coincides

with tri-methylated histone H3K4, which marks transcriptionally

active chromatin, and with histone H3.3, which replaces histone H3

in transcriptionally poised chromatin.

The gene activating function of FGFR1 modules are further

elucidated by the association of FGFR1 and Nur77 on at-RA-

activated neurogenic (fgf-2, fgfr1) and neuronal (th) genes,

previously shown to be activated by nuclear FGFR1 [Peng et al.,

2001; Peng et al., 2002]. As shown in the present study, FGFR1

interacts with DNA elements containing consensus sequences for

RXR and Nur and FGFR1/Nur binding is enhanced by at-RA. The

dynamic changes in Nur and FGFR1 binding are also accompanied

by the transcriptional co-activator CBP and the incorporation of

H3.3, indicative of chromatin remodeling.

The roles of FGFR1-RAR/RXR and FGFR1-Nur regulatory

modules in gene activation were illustrated by reporter assays

employing isolated RARE, NBRE, and NurRE response elements.

These experiments show that FGFR1 works together with RAR/RXR

during the transduction of at-RA stimulation and augments the

ligand-independent function of RXR and Nur. In addition, INFS

activation provides a mechanism sufficient to promote RXR and

Nur-dependent gene activation in the absence of at-RA. Therefore,

we propose that FGFR1 serves as an essential scaffolding co-factor

for retinoid receptor- and Nur-mediated gene activation. This

function may explain the ability of nuclear FGFR1 to promote

neuronal programming of mESC in the absence of at-RA.

FGFR1, through the partnership with CBP, can activate gene

elements (CRE, AP1, and NfkB) which do not bind retinoid or orphan

NRs. Hence, whether RA-induced nuclear FGFR1 accumulation
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promotes genome-wide re-programing encompassing genes that are

not directly regulated by RAR, RXR, or Nurs should be addressed.

In summary our investigation expands the notable integrative

function of INFS so that it now includes retinoid and orphan nuclear

receptors. These novel regulatory modules offer potential targets for

the activation of developmental processes in pluripotent and

multipotent stem cells.
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