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ABSTRACT 

The molecular mechanisms of luminal cell differentiation are not understood well enough 

to determine how differentiation goes awry during oncogenesis. Using RNA-Seq analysis, we 

discovered that CREB1 plays a central role in maintaining new luminal cell survival and that 

oncogenesis dramatically changes the CREB1-induced transcriptome. CREB1 is active in luminal 

cells, but not basal cells. We identified ING4 and its E3 ligase, JFK, as CREB1 transcriptional 

targets in luminal cells. During luminal cell differentiation, transient induction of ING4 expression 

is followed by a peak in CREB1 activity, while JFK increases concomitantly with CREB1 

activation. Transient expression of ING4 is required for luminal cell induction; however, failure to 

properly down-regulate ING4 leads to luminal cell death. Consequently, blocking CREB1 

increased ING4 expression, suppressed JFK, and led to luminal cell death. Thus, CREB1 is 

responsible for the suppression of ING4 required for luminal cell survival and maintenance. 

Oncogenic transformation by suppressing PTEN resulted in constitutive activation of CREB1. 

However, the tumor cells could no longer fully differentiate into luminal cells, failed to express 

ING4, and displayed a unique CREB1 transcriptome. Blocking CREB1 in tumorigenic cells 

suppressed tumor growth in vivo, rescued ING4 expression, and restored luminal cell formation, 

but ultimately induced luminal cell death. IHC of primary prostate tumors demonstrated a strong 

correlation between loss of ING4 and loss of PTEN. This is the first study to define a molecular 

mechanism whereby oncogenic loss of PTEN, leading to aberrant CREB1 activation, suppresses 

ING4 expression causing disruption of luminal cell differentiation. 
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INTRODUCTION 

The normal prostate gland consists of a series of branched ducts of stratified basal 

epithelial and suprabasal secretory post-mitotic luminal cells. Well-defined markers distinguish 

luminal cells from basal cells [1, 2]. It is thought that bi-potential progenitor cells differentiate and 

give rise to both basal and luminal cells [3, 4]. A hallmark of prostate cancer is the loss of basal 

cells and retention of some, but not all, basal markers in luminal-like proliferative cancer cells [5, 

6]. These histological anomalies predict that genetic dysregulation of basal and luminal cell 

differentiation results in prostate cancer development.  

Genetic studies in mice have linked prostate cancer development to a defect in 

differentiation. Knock out of the prostate-specific differentiation gene, Nkx3.1, in mice is a tumor 

initiating event [7]. About 50% of human primary patient samples contain the TMPRSS2-ERG 

fusion, which leads to ERG overexpression, a member of the ETS family of transcription factors 

with known roles in differentiation [8]. Loss of Nkx3.1 cooperates with TMPRSS2-ERG to promote 

prostate tumor progression in mice [9]. MYC overexpression and PTEN loss are also common 

genetic abnormalities in human prostate cancer with roles in differentiation [10, 11]. Loss of PTEN 

in mouse prostates is reportedly accompanied by a decrease in tissue differentiation [12]. Loss of 

PTEN or overexpression of MYC downregulates Nkx3.1 expression, which is sufficient to induce 

prostate cancer in mice [13]. Although these studies identified specific oncogenic events that drive 

prostate cancer development and likely dysregulate prostate epithelial cell differentiation, the 

underlying mechanisms to explain how dysregulated differentiation leads to cancer development 

is not understood. Moreover, these genetic studies have largely been limited to mouse models 

and defining of the molecular mechanisms that dysregulate differentiation in human cancer has 

yet to be achieved.  

In an in vitro human prostate epithelial cell differentiation model, transient induction of 

ING4, via MYC, was required for human prostate luminal cell differentiation and its loss was 

required for MYC-driven prostate tumorigenesis [14]. Furthermore, ING4 expression is lost in a 
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subset of primary prostate tumors, and that genetic loss of PTEN in the context of MYC 

overexpression causes loss of ING4 expression and suppresses differentiation. These findings 

further support the view that prostate cancer arises from defective differentiation [14, 15]. 

Functionally ING4 is a chromatin reader that binds to tri-methylated histone H3, and recruits 

HBO1 acetyltransferase to increase histone acetylation [15]. However, the mechanisms 

regulating the transient expression of ING4 during normal differentiation and how loss of PTEN 

leads to loss of ING4 are unknown.  

CREB1 is primarily known for its role in neurons, but is reportedly involved in the 

differentiation of several tissue types [16]. CREB1 also reportedly plays a role in some cancers, 

where it is either overexpressed [17], involved in gene fusions [18], or aberrantly activated [19]. 

In prostate cancer, CREB1 activation via cAMP signaling is implicated in the switch from 

adenocarcinoma to neuroendocrine prostate cancer [20]. While no role for CREB1 has been 

reported for normal prostate differentiation or development, a recent report suggests aberrant 

CREB activation may be associated with prostate cancer recurrence [21].  

CREB1 is a bZIP transcription factor that homo- or hetero-dimerizes to activate target 

genes through cAMP response elements (CRE). CREB1 dimerization with different partners 

allows selective activation of numerous downstream target genes [16, 22]. CREB1 binds 

constitutively to CREs in open chromatin and is activated through phosphorylation by numerous 

kinases, including PKA, AMPK, MAPK, and AKT [16]. CREB1 can also be directly inactivated via 

PTEN’s protein phosphatase activity [23].  

We unexpectedly identified CREB1 as a major regulator of human prostate luminal cell 

differentiation while comparing differentially expressed genes during prostate luminal cell 

differentiation [24]. In this study, we establish a novel link between CREB1 activation and transient 

expression of ING4 during normal human prostate luminal cell differentiation and demonstrate 

that oncogenic loss of PTEN disrupts the induction of ING4 expression via aberrant CREB1 

activation. 
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RESULTS 

CREB1 gene signature in differentiating luminal cells. When grown to confluency and 

treated with KGF plus androgen, basal prostate epithelial cells (PrEC) undergo differentiation 

such that a suprabasal secretory luminal cell layer forms on top of the basal layer in about 2 

weeks [1, 5, 14, 24]. To identify genetic programs associated with luminal cell differentiation, 

PrECs differentiated for 0-17 days were subjected to RNA sequencing. Over 600 genes were 

significantly (FDR adjusted p<0.05) differentially expressed over the time course (GSE77460) 

(Fig. 1A). Pathway analysis indicates enrichment of genes involved in mitosis, epithelial 

differentiation, translation, cytoskeleton, and cell adhesion (Supplementary Fig. S1, Table S1, 

S2). Transcription factors predicted to regulate expression of these differentially expressed genes 

were identified. Majority of the differentially expressed genes at days 8 and 12 are known targets 

of MYC, p53, AR, SP1, and E2F1 (Fig. 1B). Analysis of isolated suprabasal cells at days 14 (14L) 

and 17 (17L) identified CREB1 as a key transcriptional regulator of approximately 25% of the 

differentially expressed genes (Fig. 1B; Supplementary Table S3). 

Differential expression of predicted CREB1 targets, PRDM1, PLK2, CLDN1, and CHEK1 

(Fig. 1C), known for their roles in differentiation and cell cycle suppression [25-28], were validated 

by qRT-PCR (Fig. 1D). BLIMP1 (PRDM1), PLK2, and CLDN1 proteins were also upregulated 

during differentiation, with BLIMP1 transiently peaking between days 8 and 12, while PLK2 and 

CLDN1 peaked in suprabasal cells at day 14 (Fig. 1E). Nuclear expression of BLIMP1 in 

suprabasal cells was evident at day 10 (Fig. 1F). 

CREB1 is required for luminal cell survival. CREB1 activity, as measured by 

immunoblotting for Ser133 phosphorylation, was induced after 12 days of differentiation and 

peaked in the suprabasal cells at day 14, while total CREB1 protein and mRNA were not 

significantly changed throughout differentiation (Fig. 2A,B). Immunofluorescent staining revealed 

that CREB1 activity was undetectable until day 12, where it was specifically localized in the 

suprabasal cells (Fig. 2C). To test the necessity of CREB1 for luminal differentiation, we 
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generated cells expressing Tet-inducible shRNA targeting CREB1 (Fig. 2D,E). Knockdown of 

CREB1 with Dox did not prevent the induction of suprabasal cells at day 12 as visualized by the 

presence of AR-positive (luminal marker) integrin α6-negative (basal marker) suprabasal cells 

(Fig. 2F). These suprabasal cells express luminal-specific K18 and PSA and lack nuclear p63 

(Supplementary Fig. S2). However, the luminal cells displayed increased activation of Caspase 

3 and appeared unhealthy (Fig. 2G). Thus, CREB1 is not required for luminal differentiation, but 

is crucial for survival of the new luminal cells.   

To test the specificity of CREB1, we monitored activation of a related family member, 

ATF1, and found it was activated with different kinetics (Fig. 2A), being transiently activated at 

day 12 and back down by day 14. In contrast to CREB1, knockdown of ATF1 (Supplementary 

Figure S3A) blocked suprabasal induction (Supplementary Figure S3B). Strikingly, the levels 

of AR were significantly elevated in the shATF1 cells suggesting they may be converting to 

luminal-like cells in the absence of suprabasal induction. Thus, different CREB family members 

are likely involved in different aspects of luminal cell differentiation. 

CREB1 limits ING4 expression during differentiation. Transient induction of the 

chromatin remodeling protein ING4 (day 8-10) and its subsequent drop (after day 12), is required 

for proper luminal cell differentiation [14]. Constitutive ING4 expression initially accelerates 

suprabasal cell formation, but ultimately induces luminal cell death. Given that loss of CREB1 

phenocopies ING4 overexpression (see Fig. 2G), we investigated whether CREB1 is responsible 

for the normal downregulation of ING4. ING4 protein is transiently elevated between days 8 and 

12 of differentiation, and CREB1 activity peaks at the time ING4 declines (Fig. 3A). Knockdown 

of CREB1 in the PrECs leads to increased levels of ING4 protein (Fig. 3B-C) and mRNA 

expression (Fig. 3D). Thus, CREB1 is required to limit the duration of ING4 expression to prevent 

induction of luminal cell death.  

PTEN controls CREB1 activation and differentiation. Expression of PTEN, which 

suppresses CREB1 activity [10] and whose down regulation is required for AKT-dependent 
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survival of the luminal cells [5], is elevated early in differentiation. On the other hand, PTEN drops 

at day 12 of differentiation, prior to ING4 loss and CREB1 activation, and is lowest in the 

suprabasal cells at Day 14, when active CREB1 is the highest (Fig. 3A), suggesting PTEN may 

control CREB1 activity. Indeed, knockdown of PTEN is sufficient to induce robust induction of 

nuclear-localized pCREB1 (Fig. 3G). Moreover, loss of PTEN suppressed PrEC differentiation 

(Supplementary Fig. S3C). Thus, the loss of PTEN in suprabasal cells may contribute to the 

timing of CREB1 activation and down regulation of ING4 required for nascent luminal cell survival. 

Chromatin immunoprecipitation (ChIP) at day 3 (low ING4) and at day 10 (high ING4) 

detected CREB1 constitutively bound to a CRE half site (CRE1) in the ING4 promoter, while 

CREB1 was inducibly bound to the second full CRE site (CRE2) at day 10 (Fig. 3E). Since CREB1 

binding is dictated by open chromatin [29] and ING4 influences chromatin state [15], we repeated 

the ChIP in ING4 overexpressing cells. Overexpression of ING4 is sufficient to enrich CREB1 

binding to the full CRE at day 3 (Fig. 3F). CREB1 was not enriched at the Histone H3 gene. These 

data suggest ING4 is required for CREB1 binding to the CRE2 in the ING4 promoter and 

suppresses its transcription.  

ING4 E3 Ligase JFK is a target of CREB1 and ING4. ING4 protein levels are regulated 

by ubiquitination via the E3 ligase JFK [30]. We detected increased expression of JFK mRNA 

during differentiation (Fig. 4A). We found CREB1 to be constitutively associated with the CRE 

element in the JFK promoter, but not at a non-CRE site (Fig. 4B). In addition, low levels of ING4 

were enriched at the JFK transcription initiation site at day 3, and more binding was observed at 

day 10 when ING4 levels increase. Overexpression of ING4 resulted in more binding at day 3 

(Fig. 4C). Finally, knockdown of CREB1 leads to a reduction in JFK mRNA at the time when 

CREB1 activity peaks (Fig. 4D). Thus, ING4 and CREB1 appear to work cooperatively to increase 

JFK expression to coordinate the timing of ING4 destruction during differentiation.  

CREB1 targets different genes upon oncogenic transformation. Overexpression of 

ERG (E), MYC (M), and shPTEN (P) in PrECs (EMP cells) is sufficient to generate tumors when 
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cells are injected orthotopically into mice [14]. EMP cells fail to form a suprabasal layer, fail to fully 

differentiate into luminal cells, and co-express both basal and luminal markers [14]. EMP cells 

‘differentiated’ for 0-17 days were subjected to the same RNA sequencing protocol as normal 

PrECs. Over 1700 genes were significantly (FDR adjusted p<0.05) differentially expressed 

compared to normal basal PrECs (GSE77460) (Fig. 5A). Pathway analysis indicates enrichment 

of genes involved in RNA metabolism, cell death, proliferation, transcription, motility/wounding, 

and morphogenesis (Supplementary Fig. S1, Table S4, S5). Surprisingly, a CREB1 signature 

was present in the tumor cells throughout the entire time course (Fig. 5B). CREB1 is predicted to 

regulate ~25% of the differentially expressed genes (Supplementary Table S6). The CREB1-

regulated genes in PrEC suprabasal cells, when compared with the CREB1-regulated genes in 

EMP cells, are largely non-overlapping (Fig. 5C,D). 

Immunoblot analysis of CREB1 activity in EMPs subjected to the differentiation protocol 

showed sustained constitutive CREB1 activity throughout compared to PrECs differentiated for 3 

or 10 days (Fig. 5E,F). Additionally, pCREB was highly elevated in EMP prostate tumor 

xenografts (Fig. 5G). Differential expression of predicted CREB1 targets GATA2, TWIST1, NND 

(Necdin, tumor suppressor), and PPM1F (CAMK Phosphatase) seen by RNA-Seq (Fig. 5H,I), 

were validated by qRT-PCR (Fig. 5H,I). Levels of TWIST1 and GATA2 protein were elevated in 

EMP cells relative to normal PrECs (Fig. 5J). In addition, CREB1 targets BLIMP1 and CLDN1 

induced during differentiation in PrECs, were not induced in the EMP cells (Fig. 5K).  

PTEN loss correlates with ING4 loss. ING4 expression is reduced or lost in a subset of 

primary prostate tumors and loss of PTEN leads to loss of ING4 in vitro [14]. To assess the 

relationship between PTEN and ING4 loss and pCREB1, a tissue microarray, consisting of 81 

primary tumors and 48 adjacent normal tissues, was scored for pCREB1, ING4, PTEN, and AR 

expression (Fig. 6A). We found that ~50% of the tumors had higher levels of pCREB1 relative to 

normal tissue. Over 35% of the tumors in this array had low ING4 expression and 47% had low 

PTEN. We found that 80% of the tumors with low ING4 also had low PTEN (Fig. 6B), suggesting 
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loss of PTEN contributes to loss of ING4 in primary tumors. We were unable to detect a 

relationship between activated CREB1 and ING4 or PTEN. We attribute this in part to the high 

CREB1 activity present in normal tissues (Fig. 6C). 

Loss of CREB1 in tumorigenic cells rescues luminal cell differentiation and 

suppresses tumor growth. To determine if loss of CREB1 in the tumor cells could rescue the 

defect in EMP differentiation, we induced knock-down of CREB1 in the EMP cells (Fig. 7A). 

Knock-down of CREB1 did not affect expression of oncogenic ERG, MYC, or shPTEN (Fig. 7B).  

Untreated EMP cells failed to properly differentiate as seen by the lack of a suprabasal layer 

compared to normal PrECs (Fig. 7C). Dox-induced suppression of CREB1 lead to re-induction of 

the suprabasal layer (Fig. 7C). However, as seen in normal PrECs, these suprabasal cells 

appeared stressed and had elevated caspase activity (Fig. 7D). The induced suprabasal cells are 

luminal, as indicated by exclusive expression of K18 and PSA and loss of p64, compared to EMP 

cells, which co-express both luminal and basal markers (Supplementary Fig. S4). Thus, 

inhibiting CREB1 in the tumor cells restores the differentiation phenotype, but since CREB1 is 

required for luminal cell survival, the luminal cells cannot persist. Inhibiting CREB1 expression in 

EMP cells also suppressed tumor growth in vivo (Fig. 7E). In contrast, suppression of ATF1 

expression in EMP cells did not rescue suprabasal induction. As seen in normal PrECs (see Fig. 

S3B), loss of ATF1 in EMP cells also lead to increased AR expression in non-suprabasal cells 

(Supplementary Fig. S5A,B).  

 

MATERIALS AND METHODS 

Cell lines: Primary basal prostate epithelial cells (PrEC) isolated from clinical 

prostectomies, as previously described [31, 32], were immortalized as a pool with retroviruses 

expressing HPV E6/E7 and hTert [14]. Cultures were routinely tested for Mycoplasma and 

validated to be derived from prostate basal cells by STR. Oncogenic EMP cells were generated 

by stably overexpressing Erg (E), MYC (M), and shPTEN (P) as previously described and 
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maintained in 2.0µg/ml puromycin [14]. Tet-inducible lentiviral shRNAs targeting CREB1 and 

ATF1 were used to generate PrEC-TetON-shCREB1, PrEC-TetON-shATF1, EMP-TetON-

shCREB1, and EMP-TetON-shATF1 cells, which were selected and maintained in 2.0µg/ml 

puromycin (PrECs), 200µg/ml hygromycin (EMP-shCREB1), or 5µg/ml blasticidin (EMP-shATF1). 

Non-inducible shRNA targeting PTEN was used to generate PrEC-shPTEN cells, which were 

selected and maintained in 2.0µg/ml puromycin. All lines were maintained in Keratinocyte Serum-

Free Media (1X)/(KSFM) (Gibco/Thermo Fisher Scientific) supplemented with bovine pituitary 

extract and epidermal growth factor as previously described [14, 31, 32]. 

Differentiation Protocol: Each cell line, grown to confluency, were treated in complete 

growth medium containing 2-5ng/ml keratinocyte growth factor (KGF) (Cell Sciences) and 5nM 

R1881 (PerkinElmer) every other day for up to 17 days. For genetic and biochemical analysis, 

the differentiated suprabasal layer was separated from the basal layer at days 14 or 17 as 

previously described [5]. 

Constructs: pLKO-TetON-shCREB1 and shATF1 vectors were generated by subcloning 

validated sequences (Supplementary Table S7) from the TRC shRNA library (Broad Institute) 

into the lentiviral EZ-Tet-pLKO-Puro, EZ-Tet-pLKO-Hygro, or EZ-Tet-pLKO-Blast vectors [33]. 

pLKO-shPTEN was generated by subcloning sequences complementary to the 3’-UTR of PTEN 

into a lentiviral vector pLKO.1-puro as previously described [14, 33]. 

Virus Generation and Infection: Lentiviral shRNAs were generated by co-transfecting 

HEK293FT cells with shRNA vector and packaging plasmids as previously described [33]. Virus 

was harvested 3 days later and immediately used to infect cells.  

Antibodies: Immunofluorescence and IHC: AR (C-19) and p63 (BC4A4) were purchased 

from Santa Cruz. ITGα6 (GoH3) was purchased from BD Pharmingen, ING4 polyclonal antibody 

was purchased from ProteinTech. K18 (CY-90) came from Sigma and K5/14 (HMW-

34βE12/M0630) from DAKO. (pCREB/pATF1-Ser 133(87G3), CREB (D76D11), cleaved 

Caspase3 (Asp175)(5A1E), PSA (D11E1), and PTEN (138G6) were purchased from Cell 
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Signaling Technology. Immunoblotting: ING4 (EP3804) and ATF1 (EPR1590) antibodies were 

purchased from Abcam. pCREB-Ser 133(87G3), CREB (D76D11) and PTEN (138G6) were 

purchased from Cell Signaling Technology. Tubulin antibody (DM1A) was purchased from Sigma 

and GAPDH (6CS) from Millipore. Chromatin Immunoprecipitations: ING4 (EP3804) was 

purchased from Abcam and CREB (D76D11) was purchased from Cell Signaling. 

Immunofluorescent Microscopy: Differentiated cultures were fixed in 4% 

paraformaldehyde for 30 minutes, neutralized with 1M glycine, and permeabilized with 0.2% 

Triton-X 100 for 5 minutes and immunostained as previously described [14]. Coverslips were 

mounted using Fluoromount-G (Southern Biotech). Images were acquired on a Nikon Eclipse 

TE300 fluorescence microscope using OpenLab v5.5.0 image analysis software (Improvision).  

Immunohistochemistry: Paraffin-embedded and formalin fixed tissues were processed 

for IHC staining using automated immunostaining (Ventana Discovery XT). Tissue Microarray 

(TMA-47) containing 81 tumors and 48 adjacent normal tissues were stained for AR, pCREB, 

ING4, and PTEN. TMA staining was scored manually by two blinded individuals with IHC assigned 

to each core as composite scores of 0, 1, 2, or 3 with 0 to 1 representing complete to major loss 

of protein, and 2 to 3 near normal to wild-type levels.  

Immunoblotting: Total cell lysates were prepared for immunoblotting as previously 

described after lysing in RIPA buffer [31]. PVDF membranes were blocked in 5% BSA in TBST 

overnight at 4°C then probed with primary antibody, and HRP-conjugated secondary antibodies 

(Bio-Rad). Signals were visualized by chemiluminescence reagent with a CCD camera in a Bio-

Rad Chemi-Doc Imaging System using Quantity One software v4.5.2 (Bio-Rad). 

RT-PCR: Total RNA was isolated using Life Technology’s RNeasy PureLink Kit. RNA was 

purified with RNase-free DNase and RNeasy PureLink Mini Kits. For qRT-PCR, 0.5µg RNA was 

reversed transcribed using a reverse transcription system (Promega). Synthesized cDNA was 

amplified for qRT-PCR using SYBR green master mix (Roche) with gene-specific primers and an 
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ABI 7500 RT-PCR system (Applied Biosystems). Gene expression was normalized to 18S rRNA 

by the 2-ΔΔCt method [34]. Primers for target genes are listed in Supplementary Table S8. 

RNA-Sequencing: Biological triplicates of PrECs were differentiated for 0, 4, 8, 11, 14, 

and 17 days. Suprabasal cells on days 14 and 17 were detached from basal cells prior to RNA 

extraction. Total RNA was isolated using Life Technologies RNeasy kit. RNA was purified using 

Life Technologies Purelink RNA mini kit. TruSeq mRNA libraries were prepared for sequencing 

using standard Illumina protocols from PolyA-enriched RNA. Samples were sequenced using 

Illumina RNAseq as single reads at 50bp and approximately 30M reads per sample. Sequenced 

reads were mapped to the hg19 whole genome using the Subread aligner (v1.4.3). Reads were 

assigned to genes using featureCounts. Raw read counts were voom transformed and differential 

expression performed using limma. Differentially expressed genes with an FDR adjusted p<0.05 

(n=3) and their expression levels were uploaded into the web-based Metacore program. Since 

samples from Day 4, 8, and 11 are a mixture of basal and luminal cells, we did not set a fold 

change cut off, as some of these may not be false positives. Gene lists were analyzed using 

MetaCore’s Pathway Enrichment and Transcription Factors one-click analysis and the 

transcriptional regulation network algorithm. Access to data: 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=utahcoigpdubpcj&acc=GSE77460 

Chromatin Immunoprecipitation (ChIP): Cells (3.0X106) were fixed in 1% formaldehyde 

(Thermo Scientific) for 1 min and washed 3 times with ice cold calcium-magnesium free PBS 

(CMF-PBS) supplemented with protease inhibitors: pepstatin, aprotinin, leupeptin, and 

phenylmethylsulfonyl (PMSF). Cells were scraped and pelleted at 2,000 rpm for 8 min at 4°C. 

Pellet was resuspended in swelling buffer (5 mM PIPES pH 8.0, 85 mM KCl, 0.5% IGEPAL), and 

incubated on ice for 30 min. Nuclei were dounce homogenized and then pelleted at 4,000 rpm for 

10 min, 4°C. Nuclei were resuspended in sonication buffer (0.1% SDS, 10 mM EDTA, 50 mM 

Tris–HCl pH 8.1) and incubated on ice for 10 min prior to sonication. Chromatin was sheared at 

4°C using the Covaris E220 Ultra Sonicator following manufacturer’s suggested settings of 2% 

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=utahcoigpdubpcj&acc=GSE77460
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Duty Cycle, 105-Watt Peak Intensity, 200 Cycles/Burst. Chromatin was sonicated for 10 min to 

achieve 300–500 bp fragments. 

Chromatin immunoprecipitations (ChIP) were performed with 1 million cells/IP using 

magnetic beads (NEB). Chromatin was incubated with 6mg appropriate antibody overnight at 

4°C with rotation. Following incubation, magnetic beads blocked with 1% BSA supplemented 

with 10 mg/ml salmon sperm, were added to samples and incubated at 4°C with rotation for 6     

‘hr. Following immunoprecipitations, beads were washed in the following buffers at 4°C for 10 

min with rotation: Triton Wash Buffer (50 mM Tris–HCl pH 7.4, 150 mM NaCl,  1% Triton X-100), 

followed by Lysis Buffer 500 (0.1% NaDOC, 1 mM EDTA, 50 mM HEPES pH 7.5, 500 mM NaCl, 

1% Triton X-100), LiCl Detergent buffer (0.5% NaDOC, 1 mM EDTA, 250 Mm LiCl, 0.5% 

IGEPAL, 10 mM Tris–HCl pH 8.1), and Tris–EDTA pH 8.1. Chromatin was eluted from beads in 

Elution Buffer (10 mM EDTA, 1% SDS, Tris–HCl pH 8.0) for 30 min at 65°C. Samples were then 

treated with 20 mg proteinase K, and 10 mg RNase A, and NaCl (200 mM) was added and 

incubated at 65°- C overnight to reverse cross-links. DNA was purified using phenol/chloroform 

extraction followed by ethanol precipitation. Primers (Supplementary Table S9) were designed 

referencing the UCSC Genome Browser to determine the transcriptional start sites and locations 

of CRE sites within ING4 and JFK promoters.   

 Tumor Studies: 1x106 Tet-inducible EMP-shCREB1 cells were injected orthotopically into 

male SCID mice at 8 weeks of age. Two days after tumor injection 6 mice each were randomly 

placed into 2 cohorts; controls were fed 5% glucose in their drinking water, and induced mice 

were given 2mg/ml doxycycline in 5% glucose. Tumors were growth was blindly measured by 

palpitation and caliper weekly for 12 weeks. All mouse studies were conducted according to an 

IACUC approved protocol. 

 Statistical Analyses: TMA analysis: Two-tailed Fishers exact test was used to determine 

co-occurrence between high pCREB, low PTEN, and low ING4. Power was based on previously 
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published results for ING4 IHC [14]. Tumor studies: Tumor volumes for each cohort, n=6, was 

averaged and 2-way Nova used to calculate statistical significance, which was set at p<0.05. 

Power was based on previously published results [14]. qRT-PCR: Biological triplicates were 

averaged and statistical significance determined by unpaired student T-test. 

 

DISCUSSION 

Previous studies demonstrated the importance of ING4, MYC, Miz1, and p38 MAPK in 

normal human prostate luminal cell differentiation [1, 14, 24]. Transient induction of ING4 is 

required for luminal cell differentiation and its loss leads to MYC-driven prostate tumorigenesis 

[14]. One objective of the current study was to uncover the molecular mechanisms that regulate 

transient ING4 expression during luminal cell differentiation. Using RNA-Seq analysis, we 

identified CREB1 as a major transcriptional driver of gene expression in suprabasal luminal cells. 

CREB1 is activated via phosphorylation late in differentiation. Knock-down of CREB1 does not 

suppress luminal cell formation, but the new luminal cells cannot survive, indicating CREB1 is 

required for luminal cell survival and maintenance. Generation of these short-lived luminal cells 

by CREB1 loss, phenocopies what is seen upon overexpression of ING4 [14]. Correspondingly, 

we observe an increase in both ING4 protein and mRNA in differentiating cells in which CREB1 

is missing, and these cells ultimately die. Thus, the role of activated CREB1 is to limit the duration 

of ING4 expression (Fig. 7F). CREB1 does this by two mechanisms, through repression of ING4 

mRNA transcription and transcriptional induction of the ING4 E3 ligase, JFK (Fig. 7G).  

In addition to controlling ING4 expression, we identified a set of genes whose expression 

is regulated during differentiation and potentially controlled by CREB1. We validated that the 

CREB1 targets BLIMP1, PLK2, and CLDN1 mRNA and proteins are highly upregulated in 

suprabasl cells. BLIMP-1 is known to play a fundamental role in embryonic development in many 

organisms [35]. Epidermal terminal differentiation in the mouse depends on BLIMP1 protein 

expression in the granular layer of keratinocytes, the most differentiated corneocyte precursors. 
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[36]. PLK2 belongs to the polo family of serine/ threonine protein kinases involved in normal cell 

division. In contrast to the role of PLK1 in promoting proliferation, PLK2 activity is associated with 

loss of proliferation. Recently a study identified PLK2 as a coordinator of early lineage 

commitment of cardiac progenitor cells [37].  

Claudin1, a protein well known for its role in promoting cell-cell adhesion through tight 

junctions, is expressed in numerous epithelia [38]. Changes in claudin expression are part of a 

larger program of epithelial differentiation in the gut [38, 39]. There is a 3-fold increase in E-

cadherin expression, another cell-cell adhesion protein, during luminal cell differentiation [5]. 

Increased cell-cell adhesion is required for survival of the new luminal cells, mediated by E-

cadherin-dependent induction of PI3K [5]. The RNA-Seq data also identified cell adhesion 

molecules as a major set of enriched genes during differentiation. These data suggest that 

CREB1 not only promotes survival of the luminal cells by suppressing ING4, but may also 

enhance expression of cell-cell adhesion proteins required for survival.  

CREB1 is crucial for neuronal survival and morphological maturation [40-42]. CREB has 

also been found to be involved in odontogenic differentiation of dental pulp stem cells [43], 

osteoclast differentiation [44], and mesoderm-derived embryonic stem cells [45]. In the above 

reports, a p38-dependent CREB signaling pathway is the most common axis involved. p38-MAPK 

is required for luminal cell differentiation, where in cooperation with MYC, it induces Notch3 [1]. 

Further investigation is required to establish whether p38 is also involved in setting up the CREB1 

and ING4 interaction. 

The most unexpected finding from these studies, is that CREB target genes are also 

induced upon oncogenic conversion of prostate epithelial cells. However, the CREB signature in 

tumor cells is highly distinct from the differentiation signature, and includes genes such as GATA2 

and TWIST1, which are associated with prostate cancer progression. While aberrant CREB1 

expression has been demonstrated for several cancers, including hematopoietic malignancies 

[46], non-small cell lung cancer, glioblastoma [47], breast cancer [48], and melanoma [49], very 
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little has been investigated in prostate cancer. A previous report indicated that activated CREB1 

is elevated in prostate cancer cell lines [50], and a more recent study identified a CREB1/FoxA1 

signature in patient samples associated with pro-survival, cell cycle, and metabolic transcription 

programs in prostate cancer [21].  

Here we demonstrate that the loss of PTEN is sufficient to activate CREB1, a known target 

of AKT, which is known to phosphorylate and activate CREB1.  We found that PTEN is normally 

elevated in basal cells, which limits AKT activation, but drops during luminal cell differentiation, 

coincident with the peak in ING4 expression, but prior to CREB1 activation (Fig. 7F). PTEN 

appears to be responsible for setting the timing for when ING4 expression is suppressed. Once 

PTEN levels drop, then CREB1 is activated, which in turn suppresses ING4 (Fig. 7G). However, 

during oncogenic transformation via PTEN loss, CREB1 is activated prematurely, which prevents 

ING4 induction, because CREB1’s normal role is to suppress ING4 expression. Thus, ING4-

dependent luminal cell differentiation cannot occur when CREB1 is activated too early in 

differentiation by high Akt levels due to PTEN loss (Fig. 7F). 

ING4 is a tumor suppressor and forms a four-subunit histone acetylation complex 

containing ING4, HBO1, hEaf6, JADE1/2/3 paralogs [51]. When ING4 associates with HBO1 it 

prefers acetylation of H4 but also targets H3 to a lesser extent [51, 52]. The transient induction of 

ING4 during basal to luminal differentiation hints towards a possible role for ING4 in loosening of 

chromatin structure by acetylation of H4/H3 residues to allow transcription of genes required for 

the commitment to terminal differentiation [53, 54]. Interestingly, CREB1 is not activated until after 

ING4 is induced. CREB1 only binds open chromatin, suggesting that chromatin rearrangements, 

due in part to ING4, could open new binding sites for CREB1. This is supported by our findings 

that overexpression of ING4 results in induced CREB1 binding to the CRE site in ING4. This could 

explain the distinct difference in CREB1 targets activated late in differentiation, versus those that 

are activated early under oncogenic conditions. The failure to induce ING4 in the context of PTEN 
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loss might prevent chromatin rearrangement and deny CREB1 access to terminal-differentiation 

genes. This would prevent permanent exit from mitosis and allow for oncogenesis. 

We are the first to demonstrate an association between loss of ING4 and loss of PTEN in 

primary human prostate cancer. We did not see a correlation with high levels of pCREB1 and low 

PTEN or low ING4. This is likely due to the high levels of pCREB1 present in the luminal cells of 

the normal prostate, making it difficult to reliably distinguish normal from cancer tissues based 

solely on this marker. We would expect to see a better correlation if we were to interrogate some 

of the cancer-specific CREB1 targets rather than pCREB1 itself. Our ongoing studies are aimed 

at determining the role of the CREB1 targets in prostate cancer development. 
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FIGURE LEGENDS 
 
Figure 1: CREB1 gene signature in differentiating luminal cells. Prostate luminal cell 

differentiation was initiated by treating basal epithelial cells (PrECs) with 2ng/mL KGF and 5nM 

R1881 for 0-17 days. A) Isolated poly-A RNA was sequenced from biological triplicates of 0, 4 

(no differentiation), 8, 11 (mixed basal and luminal), 14, and 17 (luminal only(L)) day cultures. 

Differentially expressed genes with p<0.05, relative to basal cells, for each time point were 

generated. B) Metacore analysis of transcription factors (Txf) likely involved in regulating the 

differentially expressed genes during differentiation. Top 6 Txf at each time point and the number 

of differentially expressed genes regulated by that Txf are indicated. C) Transcript counts (log2 

CPM) for CREB1-specific target genes Blimp1, CLDN1, PLK2, and CHEK1 during differentiation. 

D) qRT-PCR validation of CREB1-specific target mRNAs. Normalized to 18s rRNA and shown as 

fold change relative to basal cells. *p<0.05; **p<0.01; ***p<0.001; n=3; error bars SD. E) BLIMP-

1, PLK2, and CLDN1 protein levels were measured by immunoblotting. Tubulin (Tub) and GAPDH 

(GDH) served as loading controls. F) BLIMP1 immunostaining of PrECs differentiated for 8 days. 

Cells were imaged by phase or fluorescence microscopy.  

Figure 2: CREB1 is required for luminal cell survival. Confluent PrECs were induced 

to differentiate with 2ng/ml KGF plus 5nM R1881 for 3-14 days. ‘L’ indicates only the luminal cells 

were analyzed. A) Total CREB1, ATF1, and activated levels, i.e., phosphorylation at Ser 133 

(pCREB1, pATF1), measured by immunoblotting. Tubulin (Tub) served as loading control. B) 

Levels of CREB1 mRNA measured by qRT-PCR. C) Differentiated cultures immunostained with 

anti-pCREB (Ser133) antibody and DNA counterstained with Hoescht (Merge) and imaged by 

phase or fluorescence microscopy. D,E) Dox concentration required to suppress CREB1 protein 

and mRNA expression in PrECs expressing Tet-inducible shRNA (PrEC-TetON-shCREB1) 

assessed by D) immunoblotting at Day 12 and E) qRT-PCR at Day 3 and 12, **p<0.01; n=3; error 

bars SD. F,G) PrEC-TetON-shCREB1 cells induced to differentiate for 5 or 12 days in the absence 

(-Dox) or presence (+Dox) of 25ng/ml doxycycline. Cultures immunostained for integrin α6 



23 
 

(ITGα6, basal marker), AR (luminal marker), cleaved caspase 3 (Casp 3) and DNA counterstained 

with Hoescht (Merge) imaged by phase contrast and fluorescence microscopy.  

Figure 3. CREB1 limits ING4 expression during differentiation.  Confluent PrECs 

induced to differentiate with 2ng/mL KGF and 5nM R1881 for 3-14 days. ‘L’ indicates only the 

luminal cells were analyzed. A) Levels of pCREB1, CREB, ING4, and PTEN during differentiation 

measured by immunoblotting. GAPDH served as loading control. B,C) PrEC-TetON-shCREB1 

cells differentiated 5-12 days with (+Dox) or without (-Dox) 25ng/ml doxycycline. B) CREB1, 

ATF1, and ING4 expression measured by immunoblotting. C) Differentiated cultures 

immunostained for ING4, nuclei counterstained with Hoescht (Merge), and imaged by phase and 

fluorescence microscopy. D) Log2-fold expression of ING4 mRNA in PrEC-TetON-shCREB1 cells 

treated with (Dox) or without (Veh) doxycycline measured by qRT-PCR and normalized to day 0. 

***p<0.005; ****p<0.001; n=4; error bars SD. E) ChIP of CREB1 at day 3 or 10 of differentiation 

versus IgG control. Enrichment of CREB1 binding at two CRE elements in the ING4 promoter. F) 

ChIP of CREB1 at day 3 or 10 of differentiation or day 3 of differentiation with cells overexpressing 

ING4 (I). G) Immunostaining of PrEC and PrEC-shPTEN for pCREB1. 

Figure 4: ING4 E3 Ligase JFK is a target of CREB1 and ING4. A) JFK mRNA levels 

during differentiation measured by qRT-PCR. B) ChIP of CREB1 on the CRE (+CRE) or non-CRE 

region (-CRE) of the JFK promoter. C) ChIP of ING4 at the transcriptional initiatin site (TIS) of the 

JFK promoter at day 3 or 10 post differentiation or at day 3 in cells overexpressing ING4 (I). D) 

Log2-fold expression of JFK mRNA in PrEC-TetON-shCREB1 cells treated with (Dox) or without 

(Veh) doxycycline measured by qRT-PCR and normalized to Day 0. **p<0.01; ***p<0.001; n=4; 

error bars SD 

Figure 5. CREB1 targets different genes upon oncogenic transformation. EMP cells 

(PrEC overexpressing ERG (E), MYC (M), and shPTEN (P)) subjected to the differentiation 

protocol for 0-17 days. RNA sequencing was performed on biological triplicates in parallel with 

PrECs (Fig.1). Differentially expressed genes with p<0.05 at each time point relative to normal 
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basal cells were identified. A) Metacore analysis of transcription factors (Tfx) likely involved in 

regulating differentially expressed genes. B) Top 5 Tfx shown for each time point and the number 

of genes regulated by that Tfx are indicated. C) Heat map comparing CREB1-regulated genes in 

PrECs versus EMP cells. D) Comparison of CREB1-regulated genes from Day 14 luminal (L) 

PrECs vs. EMP cells. E,F) Levels of pCREB1 and pATF1 (Ser133), CREB1, and ATF1 measured 

by immunoblotting during differentiation in E) EMP or F) EMP versus PrEC.  GAPDH served as 

loading control. G) IHC staining of pCREB1 in two EMP orthotopic xenograft tumors. H,I) 

Transcript counts from RNA-seq (log2 CPM) and qRT-PCR mRNA levels (log2 fold change) of 

EMP CREB1-specific target genes: H) GATA2 and Twist1, and I) NDN (Necdin) and PPM1F. J) 

Levels of Twist1 and GATA2 in differentiating PrEC versus EMP measured by immunoblotting. 

K) Levels of PMDR1 (BLIMP1) and CLDN1 mRNA measured by qRT-PCR from differentiating 

PrEC vs EMP. **p<0.01; ***p<0.001; n=4; error bars SD relative to PrEC. 

Figure 6: ING4 loss is associated with PTEN loss. A TMA containing 81 tumors and 48 

adjacent normal samples was interrogated by IHC for the expression of AR, pCREB1, ING4, and 

PTEN. A) Levels of expression of each indicated marker in the tumor samples. 0-1 scored as 

negative, 2-3 scored as positive. B) Fisher test demonstrating the association between low ING4 

and low PTEN. ****p<0.0001. C) Representative IHC images. 

Figure 7: CREB1 suppresses luminal cell differentiation in tumorigenic EMP cells.  

A) Doxycycline concentration required to knock-down CREB1 in EMP-TetON-shCREB1 cells. B) 

Validation of ERG, MYC, and PTEN expression in tumorigenic EMP cells relative to normal PrEC 

by immunoblotting. C,D) EMP-TetON-shCREB1 cells differentiated for 12 days with (+Dox) or 

without (-Dox) 100ng/ml doxycycline. Untreated 12-day differentiated PrECs were included as a 

control. Cultures were immunostained for C) integrin α6 (ITGα6, basal marker) and AR (luminal 

marker) or D) cleaved caspase 3 (Casp3) and counterstained with Hoescht (Merge), and imaged 

by phase or fluorescence microscopy. E) Growth of EMP-TetON-shCREB1 orthotopic tumors in 

SCID mice treated with (Dox) or without (Suc) doxycycline. *p<0.05; n=6; error bars SD. F) Models 
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for how PTEN influences CREB1 activation and ING4 expression dynamics in normal (PrEC) 

versus tumor (EMP) cells. G) Pathways by which PTEN and CREB1 control ING4 expression. 
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