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Abstract

Over 400 million years ago, the evolution of vertebrates gave rise to a life cycle in which the

organism began to live longer particularly as an adult. To accommodate such a longer life-

span, the organism underwent adaptation, developing a mechanism for long-lived cellular

homeostasis. This adaptation required a population of long-lived relatively quiescent

somatic stem cells (SSCs) along with a more proliferative differentiated daughter cell popu-

lation, and was necessary to safeguard the genetic attributes with which SSCs were

endowed. Intriguingly, cAMP response element binding protein (CREB)-binding protein

(CBP) and E1A-binding protein, 300 kDa (p300), the highly homologous Kat3 coactivators

had diverged, through duplication of ancestral Kat3, immediately preceding the evolution of

vertebrates, given that both CBP and p300 have been detected in nearly all vertebrates ver-

sus non-vertebrates. We now demonstrate that a relatively small, highly evolutionarily con-

served, amino terminal 9 amino acid deletion in CBP versus p300, plays a critical role in

allowing for both robust maintenance of genomic integrity in stem cells and the initiation of a

feed-forward differentiation mechanism by tightly controlling the interaction of the nuclear

receptor family with the Wnt signaling cascade in either an antagonistic or synergistic

manner.
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Introduction

Over 400 million years ago, the evolution of vertebrates gave rise to a life cycle in which the

organism began to live longer particularly as an adult [1]. To accommodate such a longer life-

span, the organism underwent adaptation, developing a mechanism for long-lived cellular

homeostasis. This adaptation required a population of long-lived relatively quiescent somatic

stem cells (SSCs) along with a more proliferative differentiated daughter cell population, and

was necessary to safeguard the genetic attributes with which SSCs were endowed [1, 2]. The

advent of these two different populations, a long-lived relatively quiescent population of SSCs

with an “anaerobic” metabolic state inhabiting its corresponding niche and a differentiating

rapidly proliferating population of daughter cells, necessitated a highly reproducible and accu-

rate method by which to regulate cell division to be either symmetric or asymmetric [1].

Intriguingly, cAMP response element binding protein (CREB)-binding protein (CBP) and

E1A-binding protein, 300 kDa (p300), the highly homologous Kat3 coactivators had diverged,

through duplication of ancestral Kat3, immediately preceding the evolution of vertebrates,

given that both CBP and p300 have been detected in nearly all vertebrates versus non-verte-

brates [1, 3]. Although CBP and p300 diverged hundreds of millions of years ago, they are

highly identical (~80%-90%) particularly in the CH1, KIX, Bromodomain, CH2 and CH3

regions (Fig 1) and even more highly similar [1, 4, 5]. These two key coactivators associate

with a myriad of transcription factors to drive transcription and have previously been thought

to be redundant due to being highly identical and similar proteins [1]. In fact, mounting evi-

dence reveals that these two coactivators are indeed distinct and can execute different func-

tions in both development and disease [1, 6–8].

Within the canonical Wnt signaling cascade, β-catenin must recruit CBP or p300 in addition

to other members of the basal transcription machinery to produce an active transcriptional com-

plex [1, 9, 10]. Of interest, the respective coactivator distal N-terminus to which β-catenin and

direct small molecule CBP/catenin (PRI-724/ICG-001) [1, 11, 12] or direct small molecule p300/

catenin (YH 249/250) antagonists [1, 13] competitively bind, is the least conserved region within

these coactivators, with only 66% identity between them (Fig 1) [1]. These distal N-termini of

CBP and p300, can also recruit members of various nuclear receptor families via the LXXLL

motif, which is conserved highly (Fig 2A) [1, 14]. However, the N-terminus within each respective

coactivator is conserved highly across vertebrates; for instance, CBP of human versus mouse is

98% the same as per amino acid sequence within these N-terminal regions [1].

We previously proposed that Kat3 coactivator gene duplication generated CBP and p300

which, together with coevolution of the Wnt and nuclear receptor signaling pathways, allowed for

vertebrate organisms to evolve long-term SSCs [1]. Indeed, the evolution of CBP and p300 along

with Wnt/nuclear receptor signaling cascades resulted in a dependable method for maintaining

the quiescent anaerobically metabolizing SSC population, which could be modulated via ligand

binding to respective nuclear receptor (e.g., those involved with metabolism such as RAR, VDR,

etc.) to both control asymmetric stem cell divisions and simultaneously to drive specific lineage

commitment and a switch to aerobic metabolism, in order to enable development of longevity

and complexity among organisms [1]. Interestingly, multiple nuclear receptor ligands including

all-trans retinoic acid (ATRA) and vitamin D, along with their associated nuclear receptors, are

known to counteract abnormal Wnt/β-catenin signaling, for instance in colorectal carcinoma and

other cell types [15], thus phenocopying the behavior of antagonists of the CBP/β-catenin interac-

tion by competitive binding to the N-terminal region of CBP [1]. In contrast, others have reported

on the synergistic interaction of nuclear receptors and Wnts on expression of target genes [1, 16].

Intriguingly, a highly conserved and major difference in the N-terminus of CBP versus that of

p300 is the 9aa deletion in the former between the DELI motif (at which β-catenin binds) and the
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LXXLL motif (at which nuclear receptor binds) (Fig 2A) [1]. Recently, we proposed a model in

which such deletion furnished a mechanism by which nuclear receptors, through steric hindrance,

could directly and smoothly antagonize CBP/β-catenin interaction and associated signaling,

hence either maintaining the SSC quiescent state and/or effecting asymmetric divisions [1]. How-

ever, partnering with p300 (instead of CBP) has allowed for β-catenin to synergize with nuclear

receptor to effect feed-forward induction of gene expression necessary for differentiation (e.g.,

Stra6/stimulated by retinoic acid 6) and thereby lineage specification, as steric hindrance is

removed via this 9aa insertion (Fig 2B) [1].

Stra6 (“stimulated by retinoic acid”) belongs to a family of genes encoding transmembrane

proteins and others [17]. With a Kd of 59 nM, Stra6, at the cell surface, binds with high affinity

to retinol binding protein and thus is a crucial effector for cellular uptake of retinol [17]. The

biological importance of Stra6 is underscored by the observation that mutations in this gene

are almost always lethal perinatally [17]. Stra6 mutation results in multiple malformations /

dysregulation in development which are associated with deficiency of retinoid and deletion of

retinoid nuclear receptors and or proteins which play a role in metabolic pathway of retinoid

[17–19]. Stra6 was initially cloned from embryonal carcinoma (P19) cells [20].

Cross-talk between canonical Wnt and RAR signaling has been previously demonstrated

[21]. Treating cells with retinoid effected inhibition of a Wnt-1 reporter assay, whereas treat-

ment with Wnt-1 effected induction of a RAR reporter assay [16]. As such, the interaction

between RAR and canonical Wnt pathways may be antagonistic or synergistic. Stra6 was

shown to be one of a series of genes that demonstrated significant synergistic induction by

Wnt and RA in a mouse epithelial cell line [22].

To further study these dichotomous potential outcomes of Wnt and RA signaling, we uti-

lized CRISPR/Cas9 editing to remove the 27bp insertion from p300 gene of murine embryonal

carcinoma (P19) cells and now demonstrate the effect on Stra6 expression and more generally

stem cell differentiation and the critical nature of this region of p300 for β-catenin’s synergistic

interaction with nuclear receptor.

Materials and methods

Cell line

The P19 cell line (mouse embryonal carcinoma cell line) was purchased from ATCC.

Realtime RTPCR

P19 cells were grown in MEM alpha medium containing 7.5% bovine calf serum, 2.5% fetal

bovine serum, with penicillin and streptomycin. On the day prior to treatment, 200,000 cells

Fig 1. Schematic of CBP and p300 showing identity over various regions. CBP and p300 have molecular weights of

approximately 300kDa and are encoded over 33 and 31 exons and consist of 2441 and 2414 amino acids (aa),

respectively. β-catenin, with direct small molecule CBP/catenin (PRI-724/ICG-001) antagonist, competitively binds to

CBP’s distal N-terminus, the least conserved region within these two Kat3 coactivators. CBP, cAMP response element

binding protein (CREB)-binding protein; p300, E1A-binding protein, 300 kDa; Br, Bromodomain; CH, Cysteine/

histidine; KIX, kinase-inducible domain interacting domain.

https://doi.org/10.1371/journal.pone.0200714.g001
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Fig 2. Absence of “p300 insertion” sequence sterically inhibits nuclear receptor and β-catenin from

simultaneously binding to CBP; however, nuclear receptor may bind concurrently to p300 (due to lack of steric

inhibition) and thereby antagonize CBP/β-catenin signaling. A. Sequence alignment of the distal N-termini of p300

(P1) and CBP (C1), depicting conserved sites for binding of β-catenin (DELI motif) and for binding of nuclear

receptor (LXXLL motif), as well as the 9aa “p300 insertion” sequence which is deleted/absent from CBP. (Note:

Sequences depicted are for human.) B. Absence of “p300 insertion” sequence prevents nuclear receptor and β-catenin

from simultaneously binding to CBP due to steric inhibition (yellow triangle), whereas presence of the sequence allows

concurrent binding and synergy of β-catenin and nuclear receptor due to abrogation of steric hindrance (lavender

crescent). C. Three-dimensional structural modeling of the N-terminus of CBP/p300 and its putative interactions with

β-catenin and nuclear receptor ligand binding domain of RXR alpha are shown in a ribbon representation. (Left)

Interaction between the N-terminus of CBP (CBP-NT) (pink color) and β-catenin (white color) is shown. The nuclear
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were seeded into 6-well plates pre-coated for 1 h at room temperature with a sterile 2% gelatin

solution. Cells were allowed to attach overnight before 6-h serum starvation to synchronize

the cells prior to treatment in medium containing 2% serum, Wnt3a, ATRA, or a combination

of Wnt3a plus ATRA. Cells were treated for 24 h and harvested with Trizol Reagent (Life Tech-

nologies). Total RNA was extracted per manufacturer’s protocol. 1 microgram of total RNA

was used to carry out first strand cDNA using the cDNA Synthesis Kit (Quanta). Realtime

RTPCR analysis was performed on the Bio-Rad MyiQ Single Color Real-Time PCR Detection

System using PerfeCTa SYBR Green SuperMix (Quanta) and the following forward and

reverse primers: Stra6–5`-AGCCAAGTCAGACTCCAA GAG-3’ and 5’-CAGAGAGCACAC
TAACTTCT TTCA-3’; Stra8–5’-GAGGCCCAGCATATGTC TAAC-3’ and 5’-GCTCTGG
TTCCTGGTTTAAT G-3’; Ephrin B1–5’-GTAGGCCAGGGCTATTT CTG-3’ and 5’-TGT
CTCATGAGGGTCCAAAA-3’; Gapdh– 5’-GGTGCTGAGTATGTCGTGGA -3’ and 5’-ACA
GTCTTCTGGGTGGCAGT-3’; Survivin– 5’-GACAACCCGATAGAGGAGCAT -3’ and 5’-T
CACTGACGGTTAGTTCTTCCA-3’.

Immunohistochemistry/differentiation of P19 cells

P19 cells were grown in MEM alpha medium containing 7.5% bovine calf serum, 2.5% fetal

bovine serum, with penicillin and streptomycin on 10cm tissue culture plates. To induce dif-

ferentiation, cells were subjected to a previously described [23] protocol with minor modifica-

tion. Briefly, cells were cultured for 48 h in the presence of 1μM ATRA and then dispersed

with 0.25% trypsin/EDTA. The P19 cells were then seeded into fresh ATRA-containing

medium and additional 24 h. Cells formed small aggregates from which individual aggregates

were seeded into 6-well plates containing 20mm2 gelatin-coated coverslips in ATRA-contain-

ing medium. Incubation was at 37˚C, 5% CO2 and medium was changed every two days. On

day 8 (day 11 of ATRA treatment), cells were fixed and permeabilized with 4% paraformalde-

hyde, then stained for EphrinB1 (Santa Cruz) with secondary CF488A donkey anti-mouse IgG

(Biotium), and counter-stained for DAPI (Vector Laboratories, Inc.). Immunostained cells

were visualized using the Leica AF6000 Modular System fitted with a Leica CTR 6000 light/

laser source and Leica DMI 6000B microscope running the Leica Application Suite Advanced

Fluorescence Software. Cells were photographed under 20X magnification.

Transient transfection

Prior to transfection, 48-well plates were coated with a 2% gelatin solution for 1 h at room tem-

perature. P19 cells were seeded into gelatin-coated 48-well plates at 30,000 cells per well in a

total volume of 200 microliters. The cells were transfected using the CalPhos Mammalian

Transfection Kit (Clontech) per manufacturer’s protocol. pCDNA3.1 (empty/control vector)

and pCDNA3.1-p300 wild type expression vector were provided by D. Livingston (Dana-Far-

ber Cancer Institute, Harvard Medical School) and transfection with these plasmids was per-

formed as previously described [24].

Co-immunoprecipitation

Methods are as previously reported [13]. Cells were washed twice in ice-cold PBS, and then

transferred into 1.5 mL eppendorf tubes chilled on ice. Cell pellets were then subjected to

receptor (NR) binding motif (LXXLL) is highlighted in red. (Right) Interaction between the N-terminus of p300

(p300-NT) and β-catenin (white color) and nuclear receptor (RXR alpha) (green color). The nuclear receptor binding

motif in p300 (LXXLL) is highlighted in yellow color.

https://doi.org/10.1371/journal.pone.0200714.g002
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cytoplasmic and nuclear fractionation using the NE-PER (Pierce). Protein concentration was

determined using the Bio-Rad Protein Assay. 200μg of nuclear protein from each treated sam-

ple were diluted with 1mL of co-immunoprecipitation buffer (25mM Tris, HCl, pH7.5,

150mM NaCl, 5%glycerol, 0.5%NP40, 1mM EDTA, 2mM DTT, 1X protease inhibitor cock-

tail). 2μg of CBP, p300, or normal rabbit IgG antibody were added to the diluted protein sam-

ple and incubated at 4˚C on a rotating mixer overnight. 50μl of a 50% slurry of protein A-

agarose beads, equilibrated in co-ip buffer, were added to each diluted sample containing anti-

body. The protein-antibody complexes were then allowed to bind to protein A-agarose on a

rotating mixer for 1 h at 4˚C. Protein A-agarose beads containing bound antibody/protein

complex were washed three times using 500μl of co-ip buffer each time. After the final wash,

the agarose beads were resuspended in 30μl of 2X Laemmli Buffer and boiled for 10 minutes

for SDS-PAGE. For proteomic analysis, the agarose beads were suspended in 5% Sodium

Deoxycholate (SDC) (Sigma-Aldrich). The supernatant, containing bound protein complexes

were separated from the agarose beads using Illustra microspin columns. The boiled superna-

tants were loaded onto 8% polyacrylamide gels and subjected to SDS-PAGE. Electrophoresed

proteins were then transferred onto PVDF membrane overnight under low voltage (25V) in a

cold room. PVDF membranes were then probed using a mouse monoclonal antibody for β-

catenin (1:5000 dilution). Detection of β-catenin was performed on the Bio-Rad ChemiDoc

MP Imaging System.

Stra6, CBP and p300 Western blotting

For detection of Stra6, P19 cells under the treated conditions were harvested and lysed using

RIPA buffer (25mM Tris, pH8, 150mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate and 1%

TritonX-100). 50μg of whole cell lysate was subjected to SDS-PAGE and Western blotting was

performed using Stra6 antibody (Santa Cruz). For CBP and p300 Western blotting, 10μg of

nuclear lysate were used with antibodies to CBP and p300 (Santa Cruz).

CRISPR/Cas9 editing system

Two guide RNAs were selected for targeting the murine Ep300 N-terminal sequence. The

sequences used were: forward guide RNA 112A AGTCA GCTTCAGACAAGTCT (Chr15:

81600997–816 01016); reverse guide RNA 112B CTGACTGATATCGCCACCAT (Chr15:8160

1002–81600983). The guide RNAs were inserted into the backbone vector pCas-Guide-EF1a-

GFP (Origene Technologies, Inc.). The guide RNA sequences are located within or across the

boundary of the motif to be edited in murine Ep300. The vector pCas-Guide-EF1a-GFP-

GE200112A (F) carrying the forward sequence AGTCAGCTTCAGACAAGTCTwas chosen for

the editing experiment. All sequence annotations are based on the UCSC Genome Assembly

version GRCm38/mm10. The donor DNA fragment was generated by PCR using mouse geno-

mic DNA as template and cloned into the plasmid pBluescript II sk(+) (Stratagene) to form

the donor vector pBL-Donor1. The vector carries 1.8 kb of genomic DNA of murine Ep300

spanning from (Chr15:81600121) to (Chr15:81601983) (Chr15:81600991–81601023) within

which the Switch motif of 33 nucleotides (Chr15:81600991–81601023) was deleted and

replaced with restriction endonuclease HincII site (GTTAAC) to generate the edited sequence.

For transfection of pCas-Guide-EF1a-GFP-GE200112A (F) and pBL-Donor1: P19 cells were

grown in MEM alpha medium containing 7.5% bovine calf serum, 2.5% fetal bovine serum,

with penicillin and streptomycin. Cells were grown on 60mm dishes. At approximately 30%

confluency, the cells were transfected with pCas-Guide-EF1a-GFP-GE200112A (F) and

pBL-Donor1 at 1:1 molar ratio. Transfection was performed with 8μg of DNA and 20μl of lipo-

fectamine 2000 (Thermo Fisher Scientific).
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Colony screening

P19 cells were subcultured after 48 h following the transfection. The detached cells were sus-

pended in growth medium and seeded into 96-well plates at a density of 30 cells per 96 wells.

Noticeable single colonies formed in about 7–10 days. The colonies were subcultured in dupli-

cate into 24-well plates at day 14 for further propagation. After nearly reaching confluency,

one culture was frozen down for stock and the other prepared for PCR screening. For this pur-

pose, cells were trypsinized, neutralized with serum-containing medium, and collected by cen-

trifugation. The cell pellet was dissolved in 30μl lysis solution (25mM NaOH, 0.2mM

EDTANa2, pH 12). The lysate was heated at 95˚C for 30 min, and then neutralized with an

equal volume of neutralization solution (40mM Tris-HCl, pH 5).

PCR was performed in a volume of 25μl. In each reaction, 1–2μl of cell lysate as template,

12.5μl of EmeraldAmp GT PCR Master Mix (Clontech), 0.2μM each of the forward and

reverse primers were used. PCR conditions: 98˚C 1 min; 98˚C 10sec, 58˚C 30sec, 72˚C 1.5

min, 35 cycles; 72˚C 5min. The PCR products were subjected to agarose gel electrophoresis.

The resolved DNA bands were visualized by ethidium bromide staining and documented by

photography.

The PCR primers used for screening clones and distinguishing the edited insertion region

from the wild-type were specifically the forward primer detecting the edited EP300: p300-

Switch-Donor3-F2 CGGCGGAGTTAACGTA CAAG (editing-generated sequence only, not

present in the wild-type Ep300, located within exon 2); and the reverse primer P300-Donor-

RA-R3 AGATGTTCCCAAGGCTGCTA (within intron 2–3, Chr15:81602195–81602176). The

PCR product of the edited fragment was 1185bp. In the wild type primer pair, the forward

primer used for detecting wild-type Ep300 was P300-Donor-LA-F3 TAAGCCTGTTCTGTCCTC
AGC (within intron 1–2, Chr15: 81599715–81599735); the reverse primer specifically detecting

the wild-type Ep300 was p300-Switch-R TGCCAAG ACTTGTCTGAAGCT (present in wild-type

Ep300 only within exon 2, Chr15:81601021–81601001). The PCR product size for the wild-

type fragment was 1307 bp.

Sequencing genomic DNA from positive clones to confirm the results of

the PCR screening

Genomic DNA samples were prepared using the Qiagen Flexigene DNA kit. The PCR enzyme

PrimeStar (Clontech) was utilized. The forward primer sequence used was GGTTCACTGTTT
GA CCTGGAA; the reverse primer was AGATGTT CCCAAGGCTGCTA. PCR conditions: 98˚C

1min; 98˚C 10sec, 58˚C 15sec, 72˚C 35sec, 35 cycles; 72˚C 2min. The 1.3 kb PCR product gen-

erated was used as the sequencing template. The PCR products were purified from agarose gel

using a Gel Extraction Kit (QIAGEN). 40ng each of DNA was sequenced by GENEWIZ. The

forward sequencing primer used was GGTTCACTGTTTGACCTGGAA; the reverse sequencing

primer used was GGCTGGTTC ACTGGACTGTT.

Sequencing the cDNA edited sub-clones to define the expression ratio

between different alleles

Total RNA was prepared using Trizol (Thermo Fisher Scientific) from edited clone 10. Reverse

transcription of the RNA was performed with a qScript cDNA Synthesis Kit (Quanta) accord-

ing to the manufacturer’s protocol. PCR was performed using ClonAmp HiFi PCR Premix

(Clontech) to generate a 676 bp product including the locus of edited motif. The primer

sequences were forward GTTGAGTCCGCATCCCTCTCand reverse GGCTGGTTCACTGGAC
TGTT. PCR conditions: 98˚C 10sec, 58˚C 15sec, 72˚C 15sec, 35 cycles; 72˚C 2min. The gel-
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purified PCR product was inserted into the plasmid pBluescript II sk(+) and the resulting sub-

clones were sequenced with T7 primer by GENEWIZ. The ratio of three modified regions in

Ep300 is 1:1:1.

Clone 10: All three Switch motifs have been modified. One was precisely edited as designed;

the other two were mutated by sequence specific targeting, random deletion and ligation. The

size of Switch in the edited allele is 33 bp shorter than the wild type with an addition of HincII

site (6 bp) as designed. The size of truncation in the two mutant alleles is 6 bp and 33 bp

respectively. All three modified sequences are overlapping and the open reading frame of three

Ep300 alleles remains unchanged.

Sample preparation for proteomics

Methanol solutions of whole cell extracts were dried. To this was added 100μl of 5% SDC. Both

the whole cell extracts and 100 μl of immunoprecipitates (IPs) were processed as follows. The

solutions were diluted to 200μl of 1% SDC, 2M urea, 50mM NH4HCO3, 1% with 1μg trypsin

and incubated at 37˚C for 20 h with gentle agitation. Detailed methods are as previously

reported [25] and summarized as follows. The solutions of digested peptides were treated by

phase-transfer method to remove the SDC [26]. The obtained peptides were resolved with

0.1% formic acid (FA) and then quantified using a Qubit1 Protein Assay Kit (Life Technolo-

gies). 3μg of peptide solution was desalted according to the manufacturer’s protocol using C18

StageTip (Thermo Scientific) [27], dried, and redissolved in 10μl of 0.1% FA. The obtained

peptide solution (2μl) was subjected to nanoLC-Ultra 2D (AB SCIEX) coupled with to a Tri-

pleTOF15600 (AB SCIEX) mass spectrometer. The subjected peptides were directly injected

onto a C18 reverse-phase column (75μm×150mm; ChromXP C18-CL 3μm120 A˚) (Eksigent)

equipped with a nanoLC-Ultra 2D and then separated by a binary gradient consisting of

mobile phase (A) 0.1% FA and 1% Acetonitrile (ACN) and mobile phase (B) 0.1% FA and 99%

ACN. The gradient condition used was: 2% of B initially, increased to 25% of B at 130 min, to

90% of B at 131–135 min, and to 2% of A at 135.1 min (total run time was 155 min). The mas-

ses of the eluted peptides were determined using the TripleTOF5600.

Proteomics analysis by 2DICAL

MS peaks were detected and quantified using 2DICAL [28, 29]. Detailed methods are as previ-

ously reported [30] and summarized as follows. 2DICAL was developed as a shotgun proteo-

mics analysis system. It analyzes the data of mass to charge ratio (m/z), retention time (RT)

and peak intensity generated by liquid chromatography and mass spectrometer (LC/MS), and

each sample as elemental data; it deploys various 2-dimensional images with different combi-

nations of axes using these four elements. From the m/z–RT image, peaks derived from the

same peptide in the direction of the acquiring time are integrated. By adding algorithms to

ensure reproducibility of m/z and RT, the same peak can be compared precisely across differ-

ent samples, and a statistical comparison of identical peaks in different samples leads to the

discovery of specific differentially expressed peptide peaks. Specific peaks are designated by

their m/z and RT coordinates, and further analysis is based on these identifiers. Isotopic label-

ing is not necessary, and a large numbers of samples can be analyzed in this way. The peptide

search engine used in 2DICAL is MASCOT1 software (version 2.5.1; Matrix Science) using

the Uniprot/Swiss-Prot human database (H. sapiens, 471472 sequences in Sprot_57.5 fasta

file). Statistical Analyses was performed with the open-source statistical language R (version

2.7.0) [31]. The 2DICAL intensity data was converted to protein value averaging the intensity

data of peptides derived from the protein.
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Three-dimensional structural modeling of the N-terminus of CBP/p300

There are no structures available for the N-terminus of CBP and p300. To understand the

structural aspects of the N terminus region in CBP and p300a molecular modeling study was

performed. Briefly, three-dimensional structures of the N-terminus of CBP and p300 were

determined using Robetta [32]. Although the confidence levels for overall structure prediction

by Robetta was low (14–16%), the secondary structure prediction was determined with higher

confidence for the LXXLL motif (over 50%).

To assess whether CBP/p300 can form a complex with both β-catenin and nuclear receptor,

best models, generated by the Robetta structure prediction algorithm, were used to dock with

the full-length humanized β-catenin structure using β-catenin from zebrafish (PDB:2Z6G) as a

template. The docking of CBP/p300 was performed using ZDOCK [33]. The top model for

CBP/p300 from the ten predicted models from the ZDOCK calculations was selected for fur-

ther analysis. To estimate potential binding of nuclear receptor to CBP/p300/ β-catenin com-

plex, RXR alpha ligand binding domain (LBD) (PDB code: 1RDT) was docked to either CBP-

β-catenin or p300-β-catenin complexes. In the final analysis, the docking ensembles were not

optimized and only relative orientations of CBP/p300, β-catenin and RXR alpha LBD were

used.

Data analysis

Numerical data were expressed as the means ±S.E.M. unless otherwise noted. Student’s t-test

or One-way ANOVA with post-hoc Tukey test was performed as appropriate. p-values < 0.05

were considered significant.

Results

Nuclear receptor ligand binding domain (RXR alpha) binds to p300

without any steric hindrance

De novo structure prediction by Robetta showed that the N-terminus of both CBP and p300 is

highly disordered and that the nuclear receptor binding motif (LXXLL) adopted a helix. In

CBP, the LXXLL motif was predicted to be part of a longer helix containing the putative β-

catenin binding motif. In contrast, in p300 the LXXLL motif kept its helical structure and was

solvent exposed (i.e. extended further due to the insertion of 9aa) poised for protein interac-

tion. Further docking analyses against either β-catenin/p300 or β-catenin/CBP show that the

nuclear receptor ligand binding domain (RXR alpha) binds to p300 without any steric hin-

drance (Fig 2C, right). On the other hand, in CBP since the LXXLL motif was part of the lon-

ger helix, the nuclear receptor did not bind (Fig 2C, left); the C-terminal of β-catenin sterically

prevented both β-catenin/CBP and nuclear receptor binding.

p300 editing affects Wnt signaling

We initiated our studies utilizing CRISPR/Cas9 editing in P19 mouse embryonal carcinoma

cells to delete the 27bp insertion in the amino terminus of p300 (Fig 3A). After careful screen-

ing, we selected clone 10 in which all alleles of p300 had been edited to effectively delete the

insertion (see experimental details in the Materials and Methods section). We first confirmed

that in clone 10 (subsequently termed edited P19 cells) that the expression levels of both Kat3

coactivators CBP and p300 were not affected by the CRISPR/Cas9 editing. Immunoblotting

(Fig 3B) demonstrated that the protein expression levels of both CBP and p300 in the edited

P19 cells were essentially equivalent to those in the wild type P19 cells. We next tested the

effects of the p300 editing on two Wnt responsive luciferase reporter constructs i.e., Topflash
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and Survivin/ luciferase, which we have previously utilized for first pass assessment of differen-

tial CBP/p300 Wnt/catenin coactivator usage [13]. The edited P19 cells exhibited significantly

higher Topflash/Fopflash activity compared with the wild type cells under basal conditions

(Fig 4A). In both the wild type and edited P19 cells, Wnt3a also significantly activated the Sur-

vivin/luciferase reporter construct (Fig 4B and 4C). As previously observed [34], this activation

was effectively inhibited by ICG-001 in the wild type cells (Fig 4B). However, in the P19 edited

cells, although Wnt3a increased Survivin/luciferase activity, ICG-001 did not reduce the activ-

ity (Fig 4C). Furthermore, the expression of survivin/BIRC5message, a gene that we have pre-

viously demonstrated to be highly CBP dependent for transcriptional activation, displayed

Wnt3a enhanced expression in the wild type and to a lesser extent in the p300 edited P19 cells

(Fig 4D). Whereas treatment with ICG-001 at 5uM in the wild type cells significantly decreased

survivin/BIRC5message, consistent with the reporter gene assay data, there was essentially no

effect of ICG-001on survivin/BIRC5 expression in the edited cells (Fig 4D).

We attribute this lack of efficacy of ICG-001 in the edited cells to the fact that although

ICG-001 still binds to CBP and inhibits CBP/β-catenin transcription, it does not bind to the

Fig 3. CRISPR/Cas9 editing/deletion of p300 insertion sequence in P19 mouse embryonal carcinoma cells. A.

Schematic outlining the design of CRISPR/Cas9 editing in P19 mouse embryonal carcinoma cells to delete the 27bp

insertion in the amino terminus of p300 (as detailed in the Experimental Procedures). Guide RNA (gRNA), CRISPR

RNA (crRNA), protospacer adjacent motif (PAM). B. Immunoblotting demonstrated that protein expression levels of

both CBP and p300 in the “edited P19 cells” (Edited) are equivalent to those in the wild type P19 cells (WT),

confirming that the expression levels of both Kat3 coactivators were not affected by the CRISPR/Cas9 editing. n = 3.

https://doi.org/10.1371/journal.pone.0200714.g003
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edited p300. (We have previously demonstrated that ICG-001 binds specifically to N-terminus

of CBP but not p300 [12].) However, the edited p300, which is now more “CBP-like” due to

the 9aa deletion, as opposed to wild type p300, potently drives TCF/β-catenin driven activation

of both Survivin/luciferase and survivin/BIRC5message. To further explore differential Kat3

coactivator usage in the P19 edited cells, we used a β-catenin co-immuno-precipitation assay.

β-catenin was associated with both CBP and p300 in wild type cells, but appears to be associ-

ated with only p300 in edited P19 cells (compared to IgG control). However, substantially

more β-catenin appears to be associated with p300 in the edited P19 cells than in the wild type

cells (Fig 5). This could potentially explain both the enhanced Topflash/Fopflash reporter

activity in the edited cells, as the Topflash reporter appears to be able to utilize either Kat3

coactivator effectively and the lack of efficacy of ICG-001 in decreasing either Survivin/lucifer-

ase or survivin/BIRC5message [13].

Fig 4. Edited P19 cells exhibited higher β-catenin/TCF transcription, as well as increased survivin/BIRC5 expression. A.

Edited P19 cells exhibited significantly higher β-catenin/TCF transcription compared with wild type (WT) cells under basal

conditions, as assessed by Topflash/Fopflash (TOP/FOP) activity. n = 3, �p< 0.05. B and C. In both wild type and edited P19

cells, Wnt3a significantly activated the Survivin/luciferase reporter construct (compared with empty vehicle). This activation was

effectively inhibited by specific, direct small molecule CBP/catenin antagonist ICG-001 in wild type cells (B). However, in the P19

edited cells, although Wnt3a increased Survivin/luciferase activity, ICG-001 did not reduce the activity (C). Representative of

n = 3, �p< 0.05, ��p< 0.01. D. Expression of survivin/BIRC5 mRNA, which is highly dependent on CBP, was enhanced by

Wnt3a in wild type (WT) and to a lesser extent in p300 edited P19 cells. Whereas treatment with ICG-001 in WT cells

significantly decreased survivin/BIRC5 message, there was essentially no effect of ICG-001on survivin/BIRC5 expression in

edited cells. n = 3, ��p< 0.01. Vehicle/control data (set to 1) as indicated with a red, dashed horizontal.

https://doi.org/10.1371/journal.pone.0200714.g004
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p300 editing affects Wnt and retinoic acid signaling interactions

As discussed in the introduction, ATRA via RAR/RXR has been shown to antagonize aberrant

Wnt/β-catenin signaling in cancer cells [15, 21]. However, ATRA and Wnt’s synergistic induction

of expression of the gene Stra6 has also been reported [16]. We first examined the expression of

Stra6 in both wild type and p300 edited P19 cells. Although Stra6 was expressed in both cell lines,

basal expression in the p300 edited cells was 16 fold lower than in the control cells (Ct value of 28

in control versus 32 in the edited cells), consistent with the inability of the edited p300 to concom-

itantly bind both β-catenin and RAR/RXR to drive Stra6 expression. Furthermore, whereas indi-

vidually Wnt3a and ATRA modestly induced Stra6 in both cell lines, there was a strong additive

effect on the expression of Stra6 with the addition of Wnt3a and ATRA in the wild type cells.

However, no additivity could be demonstrated in the p300 edited cells (Fig 6A). Moreover, in

edited P19 cells (S1 Fig, right) which have been transfected with empty/control vector (pcDNA),

Wnt3a+ATRA treatment does not show any additive effect on Stra6 mRNA expression. However,

wild type p300 expression vector (p300) tends to restore the additive effect (observed in WT P19

cells) of Wnt3a+ATRA on Stra6 mRNA expression in edited P19 cells. Indeed, these results fur-

ther support that the 9 amino acids of p300 are important for mediating the additive effect on

Stra6 mRNA expression in P19 cells. The additivity of Wnt3a and ATRA was also reflected at the

protein level for Stra6 in the wild type but not the edited P19 cells (Fig 6B). Similarly, in the case

of Stra8 (stimulated by retinoic acid 8), a protein important for gametogenesis in mammals [35],

although there is a clear additive effect of Wnt3a and ATRA in the wild type cells, there is no addi-

tive effect in the edited cells (Fig 6C).

p300 editing may affect recruitment of SWI/SNF

To more broadly investigate the biochemical consequences of editing p300 in P19 cells, we

undertook a proteomic analysis of the wild type versus the edited cells and of proteins

Fig 5. More β-catenin is associated with p300 in edited P19 cells than in wild type (WT) cells, as demonstrated by

immunoblot for β-catenin using samples of nuclear protein subjected to immunoprecipitation with CBP, p300, or

(control) rabbit IgG antibody. n = 3. (5% input/control immunoblotted for β-catenin is depicted on the far left).

https://doi.org/10.1371/journal.pone.0200714.g005
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associated with CBP and/or p300 in wild type versus p300 edited cells. One interesting feature

observed from proteomic analysis of the CBP and p300 immunoprecipitation experiments was

that binding to the Kat3 coactivators by SWI/SNF, a group of proteins which alter chromatin

structure to facilitate transcription, was affected. SMARCD1 (BAF60A) was associated with

both CBP and p300 in the wild type cells, whereas its binding to both Kat3 coactivators in the

edited P19 cells was decreased (S1 Table). SMARCD1 has previously been shown to contribute

to maintaining the ES cell pluripotent state [36]. The related SWI/SNF protein SMARCE1

(BAF57) in the parental P19 cells was principally associated with p300. However, in the edited

P19 cells, the association of SMARCE1 to p300 was significantly reduced. This is intriguing in

that the recruitment of SMARCE1 has been shown to be important for the neuronal differenti-

ation of ES cells [37].

Moreover, many members of BAF (mammalian SWI/SNF complex) complexes, which play

a role in mammalian neural development [38], including ARID1A/BAF250a, ARID2/BAF200,

SMARCA4/Brg1, BCL7/BAF40, SMARCB1/hSNF5, Brd7 and SMARCC1/ BAF155 were all

found associated with the Kat3a coactivators, with a number being significantly affected by the

editing of p300. The heterogeneous nuclear ribonucleoprotein A2/B1 (ROA2), was found asso-

ciated with both CBP and p300 in the edited cells, however, it was associated only with p300 in

the parental cell line. Knockdown of ROA2 (hnrnpa2b1) has previously been shown to result

in loss of ES cell self-renewal [39].

Global proteomic analysis of p300 edited cells

We next performed global proteomic analysis which revealed that many proteins were

also significantly differentially expressed in the P19 edited versus the parental cells. The

expression of fatty acid-binding protein 5 (FABP5), which activates PPARδ, was signifi-

cantly decreased (greater than 80%) in the edited cells (S2 Table). There was also a signifi-

cant reduction of ALDH1A2, an enzyme that catalyzes the synthesis of ATRA from

retinaldehyde in the edited cells. The mammalian ISWI chromatin remodeling protein

SMARCA1 (Snf2l) was expressed only in the edited cells. Mice mutant for Snf2l display

increased cellularity in the forebrain due to enhanced expansion of progenitor cells and

postponed differentiation [40]. The expression level of several other interesting proteins

was also dramatically down-regulated in the edited cells. For example, the expression of

wdr43, a protein that is critical in ribosome biogenesis, was decreased greater than 90% in

the edited cells compared with the parental cells [41], as was the SRSF8 (SFRS2B), a candi-

date splicing factor for the regulation of patterning and growth of the inner ear [42].

Interestingly, the expression of the histidine triad protein Hint1 was found to be signifi-

cantly reduced in the p300 edited cells. Hint1 negatively regulates β-catenin/TCF-medi-

ated transcriptional activity [43], and was increased by both Wnt3a and ATRA treatment

only in the wild type P19 cells (S2 Table).

Fig 6. p300 editing affects Wnt and retinoic acid signaling interactions. A. Wnt3a and all-trans retinoic acid

(ATRA), individually, induced Stra6 (stimulated by retinoic acid 6) mRNA expression in both wild type (WT) and

p300 edited P19 cells, as assessed by realtime RTPCR. Whereas there was a strong additive effect on the expression of

Stra6 with combined Wnt3a and ATRA treatment in WT cells, no additivity was demonstrated in p300 edited cells.

n = 3, �p< 0.05. Vehicle/control data (set to 1) as indicated with a red, dashed horizontal. B. The additivity of Wnt3a

and ATRA was also reflected at the protein level for Stra6 in wild type but not edited P19 cells, as assessed by

densitometry of immunoblot for Stra6. n = 3, �p< 0.05, ��p< 0.01. C. Similarly, with Stra8 (stimulated by retinoic

acid 8), there is a clear additive effect of Wnt3a and ATRA in wild type (WT) cells, but there is no additive effect in

edited P19 cells, as assessed by realtime RTPCR. n = 3, �p< 0.05. Vehicle/control data (set to 1) as indicated with a red,

dashed horizontal.

https://doi.org/10.1371/journal.pone.0200714.g006
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p300 edited P19 cells do not undergo neuronal differentiation

P19 embryonal carcinoma cells have been thoroughly validated as a system for in vitro neuro-

nal differentiation by ATRA [44]. Stra6 expression, amongst a number of genes encoding pro-

teins regulating retinoid uptake and signaling is increased upon the induction of neuronal

differentiation [45]. Based upon the critical role of p300/β-catenin transcription in differentia-

tive events [1, 10, 11, 13, 46], the lack of synergistic expression of Stra6 by Wnt3a and ATRA

and the differential core transcriptional component interactions with p300 in the edited cells,

we anticipated that the p300 edited cells would exhibit neuronal differentiation defects. From

the proteomic analysis, the expression of a number of proteins that are known to be important

for neuronal maturation and survival, including Bcl2-associated athanogene 2 (BAG2) [47]

and nardilysin (NRD1) [48] was significantly reduced in the edited cells (S2 Table). Mutations

in nardilysin have previously been linked to neurodegeneration [49]. It was recently shown

that NRD1 localizes to mitochondria, where it participates in folding of the enzyme α-ketoglu-

tarate dehydrogenase, which catalyzes a rate-limiting step in the TCA cycle. Loss of Nrd1 leads

to increased α-ketoglutarate, mTORC1 activation and a subsequent reduction in autophagy

associated with neurodegeneration [50]. Interestingly, in this manner, p300 coactivator usage

couples neuronal protection via increased autophagy to a metabolic change and increase

OXPHOS [1]. Metabolic remodeling and increased OXPHOS is also a hallmark of the loss of

pluripotency [51].

Similar to Stra6, ephrin B1 message expression was induced by Wnt and ATRA in an addi-

tive manner in the wild type P19 cells. Although expression of ephrin B1 was also induced by

Wnt3a and ATRA, individually, in the edited cells, there was antagonism between the two

treatments. (Fig 7A). Ephrin B1 has been demonstrated to be critical for neuronal migration

and the maintenance of neuronal progenitors [52, 53] and mutations in EFNB1 are associated

with the X-linked disorder Craniofrontonasal syndrome (CFNS) (OMIM number 30411).

Finally, we used a previously described neuronal differentiation protocol for P19 cells in both

the wild type and edited cells. The wild type cells, as anticipated, stop proliferating and neurite

outgrowth ensued, whereas the edited cells continue to proliferate and neurite outgrowth was

not observed (Fig 7B) [44]. By both immuno-cytochemistry and proteomic analysis, ephrin B1

is clearly expressed after differentiation in the wild type but not the edited P19 cells (Fig 7C)

(S2 Table).

Discussion

CBP and p300 are highly identical (~80%-90%) particularly in the CH1, KIX, Bromodomain,

CH2 and CH3 regions and display an even higher degree of similarity, even though they

diverged more than 400 million years ago [1, 4, 5]. The distal N-termini of CBP and p300 rep-

resent the regions least conserved within these coactivators, with merely 66% identity between

them [1]. Yet, each orthologous protein is highly evolutionarily conserved, approximately 98%

from mouse to human [1]. CBP and p300’s distal N-terminal regions of appear to have evolved

as a nexus for the integration of a number of signaling pathways (e.g., nuclear receptor family,

RAR/RXR, Vitamin D, Stat1/2 and various kinase cascades) with the Wnt/β-catenin signaling

cascade [1]. Both N-termini bind to β-catenin as well as to members of the nuclear receptor

family via the highly conserved LXXLL motif [1, 14] and contain a myriad of serine residues as

well as threonine residues which may be phosphorylated via an array of kinase cascades to con-

trol critical cellular decisions [1, 24, 54].

We previously proposed a model whereby a highly evolutionarily conserved 9 amino acid

deletion in CBP between the DELI motif (where β-catenin binds) and the LXXLL motif (where

nuclear receptor binds) was a critical determinant for the mode of interaction (i.e.,
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Fig 7. p300 edited P19 cells do not undergo neuronal differentiation. A. Expression of ephrin B1, a gene critical for

neuronal migration and the maintenance of neuronal progenitors, was induced by Wnt and all-trans retinoic acid

(ATRA) in an additive manner in wild type P19 cells, as assessed by realtime RTPCR. Although expression of ephrin

B1 was induced by Wnt3a and ATRA, individually, there was antagonism between the two treatments in the edited

cells. n = 3, �p< 0.05, ��p< 0.01. Vehicle/control data (set to 1) as indicated with a red, dashed horizontal. B and C.
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antagonistic versus synergistic) between Wnt/β-catenin and nuclear receptor signaling [1]. To

test this hypothesis, we used CRISPR/Cas9 editing in P19 embryonal carcinoma cells to

remove the insertion region in p300 that lies between the N-terminal DELI sequence and the

LXXLL sequence.

We demonstrated that although the expression levels of both CBP and p300 in the edited

P19 cells were essentially equivalent to those in the wild type P19 cells, the edited cells exhib-

ited significantly higher Wnt signaling as judged by the TopFlash reporter assay (Fig 4A). In

both the wild type and edited P19 cells, Wnt3a significantly activated a Survivin/ luciferase

reporter construct (Fig 4B and 4C). This was not that surprising, as we have previously found

that this reporter construct was quite “CBP-dependent” [13]. As previously observed, Survi-

vin/luciferase and the expression of survivin message were effectively inhibited by ICG-001 in

the wild type cells, whereas in the edited cells, ICG-001 had essentially no effect (Fig 4B, 4C
and 4D). We attribute a compensatory effect to the edited p300 in that it is more “CBP-like” in

its ability to be recruited to the promoter construct and bind β-catenin, yet it does not bind

ICG-001 due to the significant primary amino acid sequence differences and therefore is not

inhibited by ICG-001. As opposed to the wild type P19 cells, in the edited cells substantially

more β-catenin is associated with the edited p300 (Fig 5), consistent with the enhanced Top-

flash reporter activity and lack of ICG-001 efficacy on Survivin/luciferase activity or survivin/
BIRC5 expression in the edited cells (Fig 4A, 4C and 4D).

We conclude that the edited p300 although not antagonized by ICG-001, binds β-catenin

with higher avidity than wild type p300 and can thus effectively drive Wnt/β-catenin transcrip-

tion in a more “CBP-like” manner, thereby having a significant impact overall on Wnt

signaling.

In regards to synergy between Wnt and RAR/RXR signaling, although Stra6 was expressed

in both cell lines, basal expression in the p300 edited cells was 16 fold lower than in the control

cells. As anticipated, there was a strong additive effect on the expression of Stra6 with the addi-

tion of Wnt3a and ATRA in the wild type cells. However, no additivity could be demonstrated

in the p300 edited cells for Stra6 expression (Fig 6A and 6B). Similar results were observed for

both Stra8 and ephrin B1 expression (Fig 6C and Fig 7A), genes that were also known to be

synergistically controlled by Wnt and RAR signaling [22]. These results are fully consistent

with our model outlined in Fig 2B.

More generally, the editing of p300 in P19 cells may affect the recruitment of the mamma-

lian SWI/SNF complex to CBP and p300, both in regards to specific BAF recruitment, as well

as distribution between the two coactivators. Specifically, SMARCD1 (BAF60A) was not sig-

nificantly associated with either CBP or p300 in the edited cells, whereas it was associated with

both Kat3 coactivators in the parental line. SMARCD1, which can act either as a transcrip-

tional activator or repressor is known to be recruited by CBP/p300 to chromatin [55, 56] and

contributes to the maintenance of ES cell pluripotency [36]. The heterogeneous nuclear ribo-

nucleoprotein A2/B1 (hnrnpa2b1/ROA2) that is critical for ES cell self-renewal [39] was asso-

ciated with both CBP and p300 in the edited cells; however, it was only associated with p300 in

the wild type cells. We conclude that the edited P19 cells have and retain a more “stem cell-

like” status. Consistent with this, the edited P19 cells failed to differentiate and produce neur-

ites using a previously described neuronal differentiation protocol [23] and did not express the

Wild type (WT) and edited P19 cells were subjected to an established neuronal differentiation protocol (as detailed in

the Experimental Procedures). As demonstrated with light microscopy, WT cells stopped proliferating and neurite

outgrowth ensued, whereas edited cells continued to proliferate and neurite outgrowth was not observed (20X

magnification) (B). By immuno-fluorescence microscopy, ephrin B1 was clearly expressed after subjected to the

differentiation protocol in WT but not edited P19 cells (20X magnification) (C).

https://doi.org/10.1371/journal.pone.0200714.g007
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neuronal marker ephrin B1, whereas the wild type cells behaved as anticipated (Fig 7A and

7B).

The CBP/p300 association of a significant number of BAF complex members that regulate

mammalian neural development including SMARCA4/Brg1, SMARCB1/hSNF5, BCL7/

BAF40, Brd7 and SMARCC1/BAF155 [38] were also significantly affected by the editing of

p300. Proteomic analysis demonstrated significant reduction of expression of BAG2 and

NRD1 in the edited cells. Both proteins are known to play important roles in neuronal matura-

tion and survival [47–50]. The expression of wdr43, a protein that is critical in ribosome bio-

genesis, was decreased greater than 90% in the edited cells compared with the parental cells

[41].

Retinoid metabolism was also dramatically affected with significant decreases in ALDH1A2

protein levels. We associate the reduction in ALDH1A2 expression with the loss of a

p300-dependent synergistic feed-forward ATRA induced differentiation loop, which also

explains the absence in edited cells (but not in wildtype cells) of the strong additive effect on

Stra6 expression resulting from combination Wnt3a and ATRA treatment.

The multiple effects on transcriptional regulation induced by the p300 editing were mani-

fested in an obvious defect in the ability of the edited cells to differentiate. Under neuronal dif-

ferentiation conditions, only the wild P19 type cells grow neurites and express the Wnt and

RAR/RXR induced neuronal marker ephrin B1 [52, 53].

Multiple nuclear receptor ligands via their respective transcriptional complexes have been

shown to either be antagonistic [15] or synergistic with the Wnt/β-catenin pathway [16]. We

previously proposed a model to rationalize these divergent effects of nuclear receptor interac-

tions with Wnt signaling. Simply stated, steric inhibition allows for clean nuclear receptor

antagonism of CBP/β-catenin signaling, whereas utilizing p300, β-catenin and nuclear recep-

tor pathways may synergize to effect a feed-forward mechanism to direct differentiation and

lineage specification [1], as the steric constraint is removed via the highly conserved 9aa inser-

tion (Fig 2B). We now have provided evidence to validate this model utilizing CRISPR/Cas9

editing of p300.

CBP/catenin antagonists and nuclear receptor ligands (e.g., ATRA, vitamin D) possess a

number of commonalities both phenotypically and in effects on gene expression in stem cells.

For example, acute promyelocytic leukemia is distinctly sensitive to vitamin A derivative,

ATRA [1]. ATRA is not cytotoxic to the malignant leukemic cells but effects differentiation in

these cells, similar to CBP/catenin antagonists [1]. Furthermore, ATRA and vitamin D,

through their associated nuclear receptors, counteract abnormal Wnt signaling in colorectal

carcinoma cells [1, 15], thereby mechanistically phenocopying CBP/catenin antagonists in

their competitive binding to CBP’s N-terminal region.

Whereas normal levels of vitamins A and D are necessary for healthy development and are

associated with healthy adulthood, abnormally elevated levels have detrimental effects, particu-

larly while the organism is developing as evidenced by the high teratogenicity of ATRA [1]. A

most impressive yet surprising finding from our previous investigations is that selective antag-

onism by ICG-001 of the CBP/catenin interaction, at very high concentrations, is highly safe,

without any detrimental side effects, even on mouse development [46]. Mice receiving topical

or oral ICG-001 at high concentrations throughout the course of pregnancy delivered normal

mice, and when 6 weeks old, these progeny mice displayed normal mass and size and were

capable of breeding the next generation [1]. In contrast, specifically antagonizing p300/catenin

pathway in utero effects striking developmental abnormalities in nearly all organs studied [46,

57, 58]. The ligands of nuclear receptors may act as antagonists of CBP/catenin pathway; how-

ever, they are not purely CBP/catenin antagonists in that they are agonists of p300/catenin

pathway [1]. Thus, whereas small molecule CBP/catenin antagonists allow for stochastic
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differentiation via p300, ATRA by antagonism of CBP/catenin interaction, through

p300-mediated interaction, biases lineage specification and effects detrimental consequences

at elevated concentrations on the developing embryo [1].

The closest orthologs of the Kat3 co-activators (CBP and p300) in other non-vertebrate spe-

cies have a much extended “spacer” sequence situated in between the motifs for β-catenin

binding and nuclear receptors binding than either human CBP or p300 [1]. We had previously

proposed that: 1) Ancestral Kat3 coactivators are able to bind β-catenin, together with nuclear

receptors or without them, to induce symmetrical or asymmetrical division of the stem cell

division with the potential for opposing or cooperative interaction across the two distinct

binding regions [1]; 2) CBP evolution in vertebrate organisms such that CBP binding with

nuclear receptor antagonizes β-catenin/CBP interaction, has been a major breakthrough

which enabled a robust method for regulating both quiescence and asymmetric divisions in

SSCs of the longer-lived vertebrate organism (versus shorter-lived organism which did not

require such a method/mechanism) [1]. In contrast, vertebrate p300 provided a transcriptional

coactivator enabling lineage commitment and diversity. This Kat3 coactivator gene duplica-

tion and “division of labor” thereby generated a robust asymmetric/symmetric switch to tightly

regulate long-lived SSCs in vertebrates. We had proposed that this increased fidelity was criti-

cal for maintaining the genetic attributes of SSCs for the increased complexity and longevity of

vertebrate species [1].

In summary, we have demonstrated in the current study that the amino terminal relatively

small 9 amino acid deletion in CBP versus p300, which has been highly evolutionarily con-

served in vertebrates, appears to play a critical role in allowing for both robust maintenance of

genomic integrity in SSCs as well as initiating feed-forward differentiation mechanism by

tightly controlling the interactions between nuclear receptors and the Wnt pathway in either

an antagonistic or synergistic manner. Further analysis of the differential roles of the N-ter-

mini of CBP and p300 are underway and to be reported in due course.
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