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Summary

Here we provide evidence that RBBP4 modulates temozolomide (TMZ) sensitivity through 

coordinate regulation of 2 key DNA repair genes critical for recovery from TMZ-induced DNA 

damage: methylguanine-DNA-methyltransferase (MGMT) and RAD51. Disruption of RBBP4 

enhanced TMZ sensitivity, induced synthetic lethality to PARP inhibition and increased DNA 

damage signaling in response to TMZ. Moreover, RBBP4 silencing enhanced TMZ-induced 

H2AX phosphorylation and apoptosis in GBM cells. Intriguingly, RBBP4 knockdown suppressed 

the expression of MGMT, RAD51 and other genes in association with decreased promoter H3K9 

acetylation (H3K9Ac) and increased H3K9 tri-methylation (H3K9me3). Consistent with these 

data, RBBP4 interacts with CBP/p300 to form a chromatin modifying complex that binds within 

the promoter of MGMT, RAD51 and perhaps other genes. Globally, RBBP4 positively and 

negatively regulates genes involved in critical cellular functions including tumorigenesis. 
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RBBP4/CBP/p300 complex may provide an interesting target for developing therapy sensitizing 

strategies for GBM and other tumors.
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Introduction

GBM is the most common and aggressive primary brain tumor, which is routinely managed 

by surgery, radiation (RT) and temozolomide (TMZ) chemotherapy. TMZ cytotoxicity is 

predominantly mediated by O6-methylguanine (O6-MG) DNA lesions, which are repaired 

by the DNA repair protein MGMT (Drablos et al., 2004). Consequently, GBM patients 

whose tumors express low level MGMT, due to promoter hypermethylation, are more 

responsive to TMZ based therapy (Hegi et al., 2004; Stupp et al., 2009). Unfortunately, even 

these patients with MGMT promoter hypermethylation develop TMZ resistance, and the 

majority die within 2 years (Hegi et al., 2005). We and others have shown that TMZ 

resistance can be induced by MGMT re-expression in a subset of MGMT hypermethylated 

patients (Cahill et al., 2008; Gaspar et al., 2010; Kitange et al., 2012; Yip et al., 2009) and 

that MGMT-dependent and - independent resistance mechanisms can emerge in the same 

patient-derived xenograft model. In this model, co-administration of TMZ and a histone 

deacetylase dramatically shifts the mechanism of resistance emergence towards MGMT 

over-expression (Kitange et al., 2012). These latter data suggest that emergence of TMZ 

resistance can be mediated at an epigenetic level, and to identify underlying epigenetic 

mechanisms associated with TMZ resistance, we used an shRNA library screen to identify 

genes regulating TMZ responsiveness. Using this approach we identified retinoblastoma 

binding protein 4 (RBBP4) as a potential modulator of TMZ response.

The RBBP4 gene encodes a protein that is a component of several chromatin modifying 

protein complexes with varying effects on gene expression (reviewed in (Wolffe et al., 

2000)). RBBP4 contributes to repression of gene transcription as a key member of the 

nucleosome remodeling and deacetylation (NURD) complex, polycomb repressor complex 2 

(PRC2), and SIN3- chromatin modulating complexes (Kuzmichev et al., 2002; Todd and 

Picketts, 2012; Vermaak et al., 1999). As a member of the chromatin assembly factor 1 

(CAF1) complex, RBBP4 regulates chromatin assembly in normal replication and during 

repair of DNA damage (Furuyama et al., 2006; Zhang et al., 2013). Finally, in a complex 

with p300/CBP, RBBP4 activates gene transcription through histone acetylation (Zhang et 

al., 2000). To date, we are unaware of any studies that have directly implicated this protein 

in the modulation of chemosensitivity. Thus, this paper reports that RBBP4 is a negative 

modulator of TMZ sensitivity and that disruption of this protein enhances TMZ sensitivity 

through down-regulation of MGMT and genes involved in HR, including RAD51.
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Results

Genome wide shRNA screen identified RBBP4 as modulator of TMZ sensitivity

Since resistance is a major hurdle to successful TMZ therapy in GBM, we conducted a high 

throughput screening to identify potential drivers of TMZ sensitivity in GBM. To that end, 

we used a pooled shRNA library to identify genome wide modulators of TMZ response in 

short-term cultured cells from the GBM22 patient-derived xenograft model (Carlson et al., 

2011). While this approach identified several candidate genes (data not shown), RBBP4 was 

particularly interesting because of our ongoing work focused on understanding the 

epigenetic mechanisms of TMZ resistance (Kitange et al., 2009a; Kitange et al., 2012). The 

RBBP4 shRNA amplification signal enrichment was significantly higher in the DMSO-

treated than in TMZ-treated GBM22 cells (p<0.0001) (Figure 1A), suggesting enhanced 

TMZ efficacy in cells expressing RBBP4 shRNA. To confirm these results, we evaluated 

whether siRNA disruption of RBBP4 would sensitize MGMT hypermethylated patient-

derived GBM12 and GBM22 cells to TMZ in vitro. Consistently, RBBP4 siRNA, but not 

the control NT siRNA, induced TMZ sensitization in GBM22 cells following treatment with 

10 µM TMZ (p<0.01) and even more profound sensitizing effects were seen in GBM12 

(p=0.002) (Figure 1B). Thus, RBBP4 can modulate TMZ response in GBM cells lacking 

MGMT expression.

RBBP4 disruption sensitizes MGMT-expressing GBM cells to TMZ

Next, we evaluated whether RBBP4 can modulate TMZ response in MGMT unmethylated 

T98G and U138 GBM cell lines using 4 RBBP4 shRNA constructs (RBBP4-1 to -4) and a 

single non-specific targeting (NT) shRNA. All 4 shRNA constructs significantly silenced 

RBBP4 in both T98G and U138 cells (Figure 1C–D; upper panels). Moreover, all 4 different 

RBBP4 shRNA constructs significantly sensitized T98G and U138 cells to TMZ as 

compared to NT shRNA (Figure 1C–D; lower panels). The relative fluorescence for T98G 

expressing NT shRNA (T98GNT) treated with 100 µM TMZ was significantly higher 

compared with all 4 RBBP4 shRNA clones (Figure 1C, lower panel; p<0.001). Similar 

significant sensitization was observed in TMZ-treated (300 µM) U138shRBBP4 clones 

compared with the control U138shNT cells (Figure 1D, lower panel; p<0.001) and 

GBM6shRBBP4 cells (p<0.05, see Figure S6C). Therefore, RBBP4 is a negative modulator 

of TMZ response, and silencing of this protein enhances the sensitivity in both MGMT-

expressing and non-expressing GBM cells.

RBBP4 regulates TMZ sensitivity by modulating MGMT expression

The above finding that RBBP4 is involved in the regulation of TMZ response in MGMT-

expressing GBM cells has not been reported previously. Because MGMT is critical for TMZ 

response (Hegi et al., 2005; Kitange et al., 2009a; Kitange et al., 2009b), we evaluated 

whether RBBP4 modulates TMZ response through regulation of MGMT expression in 

unmethylated GBM cells. All 4 RBBP4 shRNAs significantly suppressed MGMT mRNA 

level in T98G cells compared to control T98GshNT cells (Figure 2A). Consistently, 

suppression of MGMT mRNA was coupled with decreased MGMT protein levels (Figure 

2B), and knockdown of RBBP4 also suppressed MGMT expression in U138 (Figure S1A–

B) and GBM6 cells (see Figure S6A). To test whether suppression of MGMT is responsible 
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for the TMZ sensitivity associated with RBBP4 knockdown, we treated T98GshNT and 

T98G cells with 2 different RBBP4 shRNA constructs (T98GshRBBP4-1 and shRBBP4-3) 

with TMZ alone or in combination with the MGMT inhibitor O6-benzylguanine (O6-BG). 

As expected, O6-BG sensitized T98GNT cells to TMZ (p<0.001) but in contrast, addition of 

O6-BG did not significantly enhance TMZ sensitivity in T98GshRBBP4-3 (p=0.237). 

Consistent with incomplete suppression of MGMT mRNA expression (see Figure 2A), 

addition of O6-BG further sensitized T98GshRBBP4-1 cells (p<0.05; Figure 2C). In 

subsequent sub-cloning, we found heterogeneity in T98GshRBBP4-1 sub-clones with more 

robust RBBP4 suppression associated with very low MGMT levels (data not shown). Thus, 

RBBP4 negatively modulates TMZ sensitivity through transcriptional regulation of MGMT 

in GBM cells. To solidify this view, we first evaluated whether re-expression of an shRNA-

resistant RBBP4 construct in T98GshRBBP4-3 clone (from here onward referred to as 

T98GshRBBP4) would rescue the expression of MGMT and reverse TMZ sensitivity. As 

expected, re-expression of RBBP4 restored MGMT expression in T98GshRBBP4 cells 

(Figure 2D). Two of the reconstituted clones (T98GshRBBP4_R1 and R4) were selected for 

further testing. In comparison to the T98GshNT cells, T98GshRBBP4 cells expressing an 

empty vector (T98GshRBBP4_pcDNA3) were significantly sensitive to 30 and 100 µM 

TMZ (p < 0.001; Figure 2E). Conversely, re-expression of RBBP4 significantly restored 

TMZ resistance in T98GshRBBP4_R1 and R4 clones (p < 0.001 for each clone compared to 

T98GshRBBP4_pcDNA3; Figure 2E). Therefore, RBBP4 modulates TMZ response through 

transcriptional regulation of MGMT in unmethylated GBM cells.

The functional disruption of RBBP4 enhances TMZ-induced DNA damage

To further evaluate potential mechanisms of enhanced TMZ cytotoxicity in the RBBP4 

knock-down cells, we tested the impact on DNA damage signaling and repair. As shown in 

Figure 3A, TMZ treatment induced a similar level of damage signaling 24 hours later in 

both T98G-shNT- and -shRBBP4 cells, but by 72 hours, there was a marked increase in 

damage signaling to KAP1, CHK1, and CHK2 only in the T98G-shRBBP4 cells. In contrast, 

the DNA damage response signaling was almost back to basal levels by 72 hours in the 

T98G-shNT cells, suggesting that disruption of RBBP4 suppressed repair of TMZ-induced 

DSBs. Consistent with a role in the repair of DSBs, TMZ-induced γH2AX foci were 

significantly higher in T98G-shRBBP4 than in the T98-shNT cells (p<0.001; Figure 3A–B). 

Since TMZ-induced DSBs are primarily repaired through homologous recombination (HR) 

(Roos et al., 2009), we next evaluated whether RBBP4 disruption can compromise HR 

proficiency in T98G cells. For this, we employed a recently established paradigm whereby 

HR deficiency results in synthetic lethality with PARP inhibition (Clark et al., 2012; Dedes 

et al., 2011). Consistent with HR deficiency, T98GshRBBP4 cells were significantly 

sensitized to the PARP inhibitor ABT-888 while sensitization was not observed in 

T98GshNT cells (p< 0.0001; Figure 3C). Next, we evaluated the possible mechanism by 

examining the effect of RBBP4 disruption on the expression of RAD51 and BRCA1, 2 key 

components of the HR pathway (Stark et al., 2002). As shown in Figure 3D, RAD51 

expression was significantly down-regulated in T98GshRBBP4 relative to the T98GshNT 

(p=0.01). In contrast, RBBP4 disruption did not significantly alter the expression of BRCA1 

relative to T98GshNT cells (Figure 3D). Similar levels of RAD51 suppression were 

observed with shRBBP4 in U138, GBM22 (Figure S2A–B) and U251 cells (see Figure 7A). 
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Moreover, re-expression of an shRNA-resistant RBBP4 construct restored RAD51 

expression (Figure 3E) and reversed ABT-888 sensitivity in T98GshRBBP4_R1 and R4 

clones (p < 0.001; Figure 3F). Collectively, these findings suggest that RBBP4 modulates 

repair of TMZ-induced DNA damage, possibly through regulation of RAD51. Interestingly, 

RBBP4 disruption also significantly sensitized T98G cells to lomustine (CCNU) and the 

radiomimetic bleomycin but did not affect T98G response to hydroxyurea or cisplatin 

(Figure S1C–E), suggesting that RBBP4 knockdown does not indiscriminately sensitize 

cells to DNA damaging agents.

RBBP4 mediates epigenetic regulation of MGMT and RAD51

Even though the majority of studies have associated RBBP4 with transcriptional repression 

(Kuzmichev et al., 2002; Todd and Picketts, 2012; Vermaak et al., 1999), this protein also 

has been implicated in transcriptional activation in a complex with the histone 

acetyltransferase p300 (Zhang et al., 2000). Since our findings suggest that RBBP4 may 

play a role in the transcriptional activation of MGMT and RAD51, we hypothesized that 

RBBP4 is recruited to MGMT and RAD51 promoters as part of this complex to enhance 

transcription through histone modification, including acetylation of lysine 9 of histone H3 

(H3K9Ac). To test this hypothesis, we evaluated the impact of RBBP4 knockdown on the 

prevalence of H3K9Ac within the MGMT promoter. As shown by chromatin 

immunoprecipitation (ChIP), MGMT expression in T98G-shNT was associated with high 

H3K9Ac levels within the MGMT promoter region (Figure 4A - left upper panel), while 

suppression of MGMT expression in the T98G-shRBBP4 cells was accompanied by loss of 

H3K9Ac from the MGMT promoter (left lower panel). Loss of H3K9Ac observed in T98G-

shRBBP4 cells was coupled with an increase of H3K9me3 mark within the MGMT 

promoter region (Figure 4A, right panel). H3K9Ac-based ChIP-sequencing (ChIP-seq) 

comparing T98G-shNT with T98G-shRBBP4 cells revealed similar changes in H3K9Ac 

marks within the RAD51 promoter (Figure S2C). Beside H3K9Ac and H3K9me3, RBBP4 

disruption also suppressed other histone marks associated with open chromatin within 

MGMT promoter region (see Figure S5B). Thus, RBBP4 is involved in the epigenetic 

regulation of both MGMT and RAD51.

We hypothesized that chromatin condensation modulated by RBBP4 loss resulted in the 

exclusion of transcription factors from MGMT and RAD51 promoters. MGMT expression is 

mainly regulated by SP1, C-JUN and NF-kB transcription factors (Bhakat and Mitra, 2000; 

Kitange et al., 2012), while RAD51 transcription is modulated by E2F transcription factors 

(Ogiwara and Kohno, 2012). In comparing T98GshNT with T98GshRBBP4 cells, SP1, C-

JUN and NF-kB (p65) transcription factors were all recruited to bind the MGMT promoter 

in the control T98GshNT cells whereas transcription factor binding was suppressed in 

T98G-shRBBP4 cells (Figure 4B). Similarly, the binding of E2F1 within the RAD51 

promoter was exclusively observed in the T98GshNT cells (Figure 4C). Thus, RBBP4 

facilitates acetylation of histones to maintain opened chromatin within promoter regions that 

allows transcription factors to bind and drive MGMT and RAD51 expression.
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RBBP4 and p300 form a complex that binds MGMT and RAD51 promoters

A previous study has shown that RBBP4 interacts with CBP/p300 to form a complex 

involved in histone acetylation (Zhang et al., 2000), however, whether this specific complex 

binds the MGMT promoter region is unknown. We hypothesized that if RBBP4 and p300 

are recruited to MGMT in a common complex, knockdown of RBBP4 should result in loss 

of p300 binding to the MGMT promoter region. Consistently, as shown by ChIP assay, both 

RBBP4 and p300 bind the MGMT promoter in the T98shNT cells (Figure 4D, left upper 

panel) whereas in T98G-shRBBP4 cells, loss of RBBP4 was accompanied with a loss of 

p300 enrichment within the MGMT promoter region (Figure 4D, left lower panel). Together, 

these findings suggest that RBBP4 and p300 are likely recruited to bind the MGMT 

promoter region in a conjoined complex. To support this view, we performed sequential 

ChIP (ChIP re-ChIP). As shown in Figure 4E, an initial RBBP4 and p300 ChIP 

demonstrated recruitment of these protein to the MGMT promoter in the T98G-shNT cells 

(middle panel). Subsequently, p300-bound chromatin was re-ChIPed from the original 

RBBP4 ChIP (Figure 4E, left lower panel) and conversely, RBBP4-bound chromatin was re-

ChIPed from the original p300 ChIP (Figure 4E, right lower panel). Since CBP is known to 

interact with p300, an antibody against this protein was included as an additional positive 

control for the re-ChIP performed on p300 bound chromatin (Figure 4E, left lower panel). 

Similar results were observed for RAD51 promoter (Figure 4F). Consistent with our 

hypothesis that RBBP4 functions in a complex with p300, the p300 inhibitor C646 

suppressed MGMT expression and sensitized cells to TMZ (see Figure S5C–D). 

Collectively, these findings strongly support the idea that RBBP4/p300 complex binds the 

MGMT and RAD51 promoters to drive expression in GBM cells.

Dual effects of RBBP4 on global gene transcription in GBM

Even though many studies have linked RBBP4 protein with transcriptional repression 

(Kuzmichev et al., 2002; Todd and Picketts, 2012; Vermaak et al., 1999), to the best of our 

knowledge, we are only aware of a single study that has shown that RBBP4 can interact with 

CBP/p300 and enhance transcription through histone acetylation (Zhang et al., 2000). 

Furthermore, understanding of the effect of RBBP4 on global gene expression is lacking. 

Thus, we used RNAseq to globally identify genes significantly altered by the disruption of 

RBBP4 in T98G-shNT compared with T98G-shRBBP4. RNAseq revealed that after 

silencing RBBP4, the expression of 1065 genes was significantly altered with 671 (63%) 

genes up-regulated and 394 (37%) suppressed (Figure S3A and Tables S1–2). RBBP4-

knockdown affected genes involved in variety of cellular functions (Tables S3–4). The top 

20 ontologies enriched within the under-expressed genes are shown in Figure S3B and those 

enriched in the overexpressed genes are shown in Figure S3C. Consistent with the 

previously established role of RBBP4 in chromatin regulation (reviewed in (Wolffe et al., 

2000), 6 (30%) of the top 20 down-regulated ontologies are involved in chromatin and/or 

nucleosome assembly (Figure S3B, arrows). Importantly, RBBP4 disruption suppressed 

genes encoding for histones and histone chaperones including NASP, H2AFY2 and H3F3A 

(Table S1).

Next, we performed ChIPseq to gain an insight on how RBBP4 regulates genes identified 

through RNAseq. The H3K9Ac ChIPseq analysis demonstrated that of the 394 
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downregulated genes, 162 (41%) genes had reduced H3K9Ac with an average H3K9Ac 

normalized tag density (NTD) within 8-kb windows of 0.069 ± 0.084 (red line Figure 5A), 

whereas 301 of 671(45%) upregulated genes had an increased H3K9Ac mark with the 

average H3K9Ac NTD of 0.168 ± 0.066 (red line Figure 5B). The average binding density 

around TSS (TSS +/− 4kb) is significantly different between T98G-shRBBP4 and T98G-

shNT cells for genes that were up- or down-regulated (p-value < 2.2e-16). Therefore, 

RBBP4 regulation of gene expression is mediated through histone modifications favoring 

chromatin decondensation (for upregulated genes) or condensation (for suppressed genes). 

The top 20 suppressed or upregulated genes by RNAseq are shown in Figures 5C–D, 

respectively. A representative example of H3K9Ac mark alteration by ChIPseq within the 5-

prime region of a downregulated gene (PREX2) and an upregulated gene (LOC339535) is 

shown in Figure 5E–F, respectively. Interestingly, Fidgetin like 1 (FIGNL1) and Eye 

absence homolog 1 (EYA1), which are genes involved in DNA repair (Cook et al., 2009; 

Stucki, 2009; Yuan and Chen, 2013), were among the genes suppressed by RBBP4 

disruption in association with loss of H3K9Ac marks within their promoters (Figure 6A–B). 

In contrast, the expression of other key DNA repair genes was not affected by the RBBP4 

status (Figure S2D). Since EYA1 plays a key role in DNA repair through de-

phosphorylation of tyrosine 142 of histone H2AX (H2AX-Tyr142) (Cook et al., 2009), we 

next examined whether TMZ can induce de-phosphorylation of H2AX-Tyr142 and whether 

this effect was abrogated by the RBBP4 disruption. As shown in the upper panel of Figure 

6C, TMZ treatment reduced the phosphorylation of H2AX Tyr142 in T98G-shNT cells 

while the opposite effect was observed in T98G-shRBBP4. Increased phosphorylation of 

H2AX-Tyr142 and H2AX-S139 paralleled an increase in apoptosis as indicated by elevated 

cleaved PARP (Figure 6C, lower panel). Similarly, suppression of EYA1 and FIGNL1 was 

observed in U138 (Figure 6D) and U251 (see Figure 7A) GBM cells with silenced RBBP4 

expression. Thus, RBBP4 can epigenetically regulate transcription of genes involved in 

multiple cellular functions, including EYA1 and FIGNL1 that may be additional DNA 

damage repair target genes. Both RNA- and ChIP-seq data are available for public access 

through GSE72477.

RBBP4 disruption suppresses growth and TMZ sensitivity in vivo

Finally, we disrupted RBBP4 expression in MGMT-methylated U251 GBM cells to evaluate 

whether RBBP4 can impact growth and TMZ sensitivity in vivo. Consistent with the above 

findings, RBBP4 disruption suppressed RAD51, EYA1 and FIGNL1 in U251 cells (Figure 

7A). In addition, in vitro evaluation revealed that U251shRBBP4 cells were significantly 

more sensitive to TMZ (30 µM) compared with the control U251shNT (p < 0.01; Figure 

7B). As shown in Figure 7C, flow cytometry revealed an insignificant difference in cell 

cycle distribution between U251shNT and U251shRBBP4 cells with and without TMZ 

exposure, suggesting that TMZ sensitization is independent from cell-cycle progression. The 

U251 shRBBP4 and shNT cells then were used to establish orthotopic tumors in mice. As 

shown in Figure 7D, placebo-treated U251shRBBP4-bearing mice survived significantly 

longer compared with the placebo-treated U251shNT (median survival= 47 days vs. 67.5 

days; p < 0.001). There also was a corresponding significant survival benefit in TMZ-treated 

mice implanted with U251shRBBP4 tumors compared with U251shNT (p-value <0.001 

with censoring of mice still alive at Day 150; Figure 7D). Intracranial tumors from moribund 
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mice demonstrated that RBBP4 knockdown was maintained for the duration of the in vivo 

experiment (Figure S7). Similar anti-tumor effects were observed in the patient-derived 

GBM6 xenograft model in which RBBP4 knockdown suppressed growth of untreated 

orthotopic tumors (Figure S6D). These data demonstrate that RBBP4 suppression is 

associated with slower tumor growth and greater TMZ sensitivity in GBM orthotopic 

xenografts.

Discussion

Epigenetic regulation of chromatin structure is an important modulator of gene expression 

and can critically influence tumor biology and response to therapies. In many tumor types, 

mutations or altered expression of the epigenetic regulators have been directly implicated in 

tumorigenesis through their effects on gene expression (Turcan et al., 2012; Venneti et al., 

2013) and reviewed in:(Wilting and Dannenberg, 2012), and this has stimulated significant 

interest in developing pharmacologic inhibitors of these regulators. The two best examples 

of this paradigm include BRD4 and the HDAC family of proteins for which there are now 

several inhibitors that are either clinically approved or in clinical testing (Fiskus et al., 

2014b). More recent data also suggest that HDACs or BRD4 are important regulators of 

therapeutic resistance emergence (Fiskus et al., 2014a; Kitange et al., 2012; Knoechel et al., 

2014; Tang et al., 2014). Similar to these two targets, this paper reports the importance of 

the epigenetic regulator, RBBP4, in the regulation of gene expression patterns in human 

GBM tumor cells. Knockdown of RBBP4 resulted in marked sensitization of tumor cells to 

TMZ in conjunction with suppression of several DNA repair genes known to be critical for 

response to TMZ chemotherapy.

MGMT is a critical mediator of cytotoxicity for DNA alkylating agents such as TMZ (Hegi 

et al., 2005; Kitange et al., 2009b; Kitange et al., 2012), and either direct MGMT 

knockdown or treatment with an MGMT inhibitor can markedly sensitize tumors to TMZ 

therapy (Hirose et al., 2003; Vlachostergios et al., 2013). Thus, the suppression of MGMT 

associated with RBBP4 shRNA expression can be mechanistically linked to the enhanced 

TMZ sensitivity seen in T98G and U138 cells. Unrepaired TMZ induced O6-MG lesions are 

mispaired with thymidine and result in MMR-mediated stalled replication forks that 

ultimately degenerate into DSBs (Hirose et al., 2001; Sarkaria et al., 2008). The replication-

associated DSBs are preferably repaired by the HR system (Chai et al., 2014; Tentori et al., 

2014; Yoshimoto et al., 2012), and cells lacking proficient HR are highly sensitive to TMZ-

induced damage (Liu et al., 2009; Short et al., 2011). RAD51 is a key component of the HR 

pathway, and consistent with a significant defect in HR integrity, suppression of RBBP4 

resulted both in a significant reduction in RAD51 expression and increased sensitivity to 

PARP inhibition (Figure 3C). While suppression of additional HR components may 

contribute to the repair defects, these data demonstrate a similar effect as previous studies, 

where RAD51 knockdown was associated with an enhanced response to TMZ chemotherapy 

(Short et al., 2011; Zhang et al., 2012). This effect may be especially important in tumors 

that lack significant MGMT expression, such as GBM12, GBM22 (Figure 1B) and U251 

(Figure 7), where unrepaired O6-MG lesions will result in markedly higher levels of 

replication stress and efficient processing of replication-induced lesions is critical for cell 

survival. High levels of TMZ induced replication stress and DSBs are more likely to be 
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observed in highly proliferating cells, while RBBP4 disruption suppressed proliferation 

potential in GBM cells (Figure 7C, and Figure S6). This effect on reduced proliferation 

might be mediated through induction of cell differentiation, as suggested by suppressed 

neurosphere formation in GBM6 shRBBP4 expressing cells (Figure S6B). Delineation of 

RBBP4 as an important mediator of two major known mechanisms of repair of TMZ-

induced DNA damage suggest that the relevant RBBP4 complex mediating these effects 

may be an attractive therapeutic target.

The influence of RBBP4 on HR may be an important regulatory mechanism that is relevant 

across multiple tumor types. As described previously, synthetic lethality to PARP inhibition 

is a hallmark of HR deficiency (Clark et al., 2012; Dedes et al., 2011), and the significant 

sensitivity of T98G cells to either ABT-888 or BMN673 (Figure 3C and data not shown) are 

consistent with physiologically meaningful defects in HR. Beyond suppression of RAD51 

expression, RBBP4 knockdown also reduced gene expression of EYA1 and FIGNL1, which 

were recently demonstrated to play a key role in the repair of DSBs and apoptosis (Cook et 

al., 2009; Yuan and Chen, 2013). Moreover, beyond regulating gene expression, RBBP4 

may regulate HR more directly, since this protein can co-associate with a BRCT domain 

within BRCA1 (Yarden and Brody, 1999). RBBP4 also is an integral component of the 

NURD complex, and another member of this complex, chromodomain helicase DNA 

binding protein 4 (CHD4) indirectly regulates BRCA1 recruitment to DNA DSBs and lack 

of CHD4 promotes sensitivity to PARP inhibitors (Pan et al., 2012). Shown as supplemental 

data (Figure S1), RBBP4 knockdown was associated with increased sensitivity to the radio-

mimetic bleomycin, which is in contrast to a previous study that demonstrated an increased 

sensitivity to ionizing radiation with RBBP4 overexpression (Torres-Roca et al., 2005). 

These apparently contradictory results suggest that either suppression or over-expression of 

RBBP4 can deregulate critical DNA repair capacities and lead to increased cytotoxicity. 

Future studies will be directed at dissecting the relative contributions to DNA repair deficits 

conferred by effects of RBBP4 on gene expression versus direct interactions with DNA 

repair complexes.

The effects of RBBP4 on global gene expression patterns have not been elucidated. 

Comparison of gene expression in T98G cells expressing RBBP4 shRNA versus non-

targeted shRNA revealed that RBBP4 exerts a suppressive effect on almost two-thirds of the 

genes with altered expression, while expression of the remaining genes are upregulated. 

Consistent with disruption of a RBBP4/p300/CBP complex by shRBBP4 expression, 41% of 

the 394 down-regulated genes had specific suppression of H3K9 acetylation within their 

promoters. This change in the chromatin landscape was most pronounced within an 8-kb 

region encompassing the TSS. A similar study using direct ChIPseq analysis of CBP/p300 

binding in T98G cells demonstrated preferential binding within the TSS and transcript ends 

(Ramos et al., 2010). Moreover, in their study, a total of 170 genes (including MGMT) with 

the TSS bound by the p300/CBP were also altered in shRBBP4-expressing T98G cells in 

our current data set. In conjunction with the ChIP-re-ChIP data demonstrating co-association 

of RBBP4 and p300/CBP within the same promoter regions of MGMT and RAD51 and the 

effects of RBBP4 shRNA on p300 within these regions, these data strongly support the 

concept that RBBP4 and CBP/p300 exist in a complex that can effectively modulate gene 

expression (Figure 6E). CBP/p300 has important HAT activity and can acetylate several 
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sites within histone tails including H3K9. Overall, histone acetylation mediated by CBP/

p300 promotes an open chromatin structure conducive to gene expression. Thus, the 

association of RBBP4 shRNA with both reduced H3K9Ac and reduced transcription factor 

binding within the MGMT and RAD51 promoters are all consistent with a model where 

RBBP4/CBP/p300 promotes an open chromatin structure that allows transcription factor 

binding and effective gene expression of multiple gene targets. Since the current ChIPseq 

data are based on a single histone mark, there is a possibility that the identified genes 

represent only a fraction of genes regulated by RBBP4/CBP/p300 complex. This is 

particularly notable since MGMT was significantly silenced after RBBP4 disruption despite 

low baseline levels of H3K9Ac tags within the promoter region (Figure S5A), which 

suggests other histone marks modulated by RBBP4 also may be important in mediating 

MGMT regulation. Consistent with this view, RBBP4 disruption elevated multiple histone 

marks favoring closed chromatin within the MGMT promoter (Figure S5B). Thus, fine 

mapping of the chromatin landscape regulated by RBBP4/CBP/p300 complex using 

multiple histone marks is a subject for further investigation.

Analysis of the data for enriched gene ontologies regulated by RBBP4 indicates that several 

of these ontologies are related to nucleosome assembly, cell cycle progression, angiogenesis 

and cell survival. Consistently, nucleosome assembly and cell cycle progression also were 

ontologies shown to be highly enriched upon suppression of CBP/p300 activity in melanoma 

cells (Yan et al., 2013). In this latter study, the p300 HAT inhibitor C646 also suppressed 

pathways associated with DNA damage checkpoints and repair. Consistently, p300 inhibitor 

C646 suppressed MGMT expression and sensitized TMZ in T98G cells in the present study 

(Figure S5C–D). Since RBBP4 regulates multiple gene pathways involved in gliomagenesis, 

we queried the Oncomine database (https://www.oncomine.org/resource/) to evaluate 

whether this gene is overexpressed in gliomas. Intriguingly, RBBP4 is overexpressed in glial 

tumors with the highest expression in GBM (Figure S4A–B). In a follow up analysis of 

TCGA mRNA expression data, RBBP4 expression directly correlated with the expression of 

RAD51 and FIGNL1 in all patients while a significant correlation with EYA1 was 

specifically observed in unmethylated GBM (Figure S4C). Conversely, RBBP4 expression 

negatively correlated with MGMT levels in methylated whereas no significant correlation 

was noted in unmethylated tumors. These findings are consistent with a view that RBBP4 

may be a part of multiple epigenetic mechanisms regulating MGMT in GBM. Overall, 

RBBP4 expression did not correlate with survival of GBM patients within TCGA database 

(Figure S4D). In an analysis segregated by GBM sub-type, low RBBP4 expression 

marginally associated with a better survival outcome for mesenchymal and neural GBM 

subclasses (p=0.05; data not shown). These findings are in part consistent with the current 

results showing that RBBP4 knockdown in U251 can significantly prolong survival of both 

placebo and TMZ-treated orthotopic tumors (Figure 7C) and prolongs survival of untreated 

GBM6 orthotopic tumors (Figure S6D). Thus, besides modulating therapy response, RBBP4 

may also control tumor growth, perhaps through cell proliferation, angiogenesis or other 

unknown mechanisms. Future studies are focused on extending these observations to our 

panel of patient-derived xenograft models to define the influence of RBBP4 on gene 

expression and therapy response across a spectrum of GBMs. These studies will provide 

critical insight into the role of RBBP4 both in tumorigenesis and therapeutic resistance.
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In summary, our study provides description of a role for RBBP4 in the regulation of TMZ 

sensitivity. Of particular translational interest is the finding that RBBP4 interacts with CBP/

p300 to form a complex that drives the expression of MGMT, RAD51 and other selected 

DNA repair genes through histone acetylation. Particularly, since MGMT is overexpressed 

in approximately 70% of GBM and given the ongoing interest in developing therapies 

targeting HATs, the RBBP4/CBP/p300 complex poses an interesting target for future 

therapies in GBM.

Experimental Procedures

Cell culture and drug cytotoxicity assay

Short term primary serum-free cultures were derived from the flank GBM xenografts as 

described previously by our group (Carlson et al., 2011) and neuro-sphere formation assay 

were performed as previously reported (Kitange et al., 2012). Additional culture procedures 

are provided as supplementary information.

Gene knockdown and re-expression

pGIPZ-lentiviral vectors targeting human RBBP4 gene (see supplementary information) and 

non-specific targeting (NT) pGIPZ control vector were purchased from Mayo Clinic RNA 

interference shared resource. Lentiviral shRNA pseudo-particles were produced by co-

transfection of the Trans-Lentiviral packaging mix (GE Dharmacon, Lafayette, CO) with 

shRNA transfer vector into HEK 293T packaging cells. Cells were transduced with the 

lentiviral particles followed by puromycin selection (2–5 µg/mL) for 10 days. The shRNA-

resistant Myc3-tagged RBBP4 pCDNA3 construct (Plasmid #20715) was purchased from 

Addgene (Cambridge, MA). The transfections were conducted as previously reported 

(Kitange et al., 2010) and selection was performed using 1 mg/ml G418 (Life Technologies, 

Grand Island, NY).

Western Blotting

Total proteins were isolated by lysing cells in a detergent-containing RIPA buffer (Sigma) 

supplemented with a cocktail of protease inhibitors (Roche, Indianapolis, ID) while total 

histone extraction was performed using an Epigenetek kit (Farmingdale, NY). The 

subsequent steps were performed as previously reported (Kitange et al., 2012).

Real time RT-PCR

Real time PCR was performed as previously reported (Kitange et al., 2012) and additional 

procedures are included in supplemental information.

Chromatin Immunoprecipitation (ChIP) and Re-ChIP

ChIP was performed using the EZ-ChIP™ kit (Millipore, Billerica, MA). Crosslinking was 

performed with 1% formaldehyde at room-temperature for 10 minutes and was quenched 

with 0.1 M glycine for 5 minutes. Subsequent steps were performed as previously reported 

(Kitange et al., 2012). The ChIP-re-ChIP experiments were performed according to 

manufacturer’s instructions (Active Motif, Carlsbad, CA).
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RNA- and ChIP-sequencing

To identify RBBP4 target genes, RNA- and ChIP-sequencing (RNA- and ChIP-seq) were 

conducted comparing T98GshNT with T98GshRBBP4 cells. The subsequent steps for RNA-

seq and ChIP-seq procedures are described under supplemental data information.

Statistical Analysis

The differences in TMZ sensitivity and mRNA expression in relation to RBBP4 expression 

status were analyzed using a two-sample t-test and p-value < 0.05 was considered 

statistically significant. The in vivo survival was evaluated using Kaplan Meir survival plots 

and log-rank test was used for statistical significance. Additional statistical analyses are 

described under supplemental experimental procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• RBBP4 disruption sensitizes GBM cells to temozolomide.

• RBBP4 controls temozolomide sensitivity by regulating multiple DNA repair 

proteins

• RBBP4 regulates the expression of MGMT, RAD51, FIGNL1 and EYA1.

• RBBP4 interacts with CBP/p300 to enhance chromatin mediated gene 

expression.
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Figure 1. RBBP4 modulates TMZ sensitivity in GBM cells
(A) Absolute levels of RBBP4 shRNA in GBM22 cells following treatment with either 

DMSO or TMZ. (B) Effect of RBBP4 siRNA, with and without TMZ treatment, on the 

primary neurosphere (NS) formation in GBM12 and GBM22 cells. (C) RBBP4 expression 

in T98G cells stably expressing shNT and 4 different RBBP4 shRNA lentiviral constructs 

(upper panel) and in vitro TMZ cytotoxicity CyQuant assay in the same cell constructs 

(lower panel). (D) Effect of control shNT and 4 different RBBP4 shRNA on RBBP4 levels 
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in U138 GBM cells (upper panel) and in vitro cytotoxicity. Shown is the data from 3 

independent experiments conducted in triplicate (error bar =S.E.M; * = p <0.05).
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Figure 2. RBBP4 regulates TMZ sensitivity through modulation of MGMT expression in GBM 
cells
(A) Real time PCR evaluating RBBP4 and MGMT expression using total RNA extracted 

from T98G cells expressing control shNT and 4 different constructs of RBBP4 shRNA (B) 

A representative western blot depicting RBBP4 and MGMT protein levels in T98G cells 

expressing NT-shRNA and two RBBP4 shRNA constructs (C) Effects of MGMT inhibitor 

O6-BG on TMZ sensitivity in T98G cells expressing control shNT and two RBBP4 shRNA 

(RBBP4-1 and RBBP4-3) constructs as measured in a CyQuant assay. (D) Western blot for 

RBBP4 and MGMT in T98G shNT compared with T98G-shRBBP4 cells stably expressing 

Kitange et al. Page 19

Cell Rep. Author manuscript; available in PMC 2016 March 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pCDNA3 vector or an shRNA resistant pCDNA3-RBBP4 expression construct (clones R1-

R5). (E) TMZ sensitivity in T98G-shNT compared with T98G-shRBBP4 reconstituted with 

either pCDNA3 or shRNA resistant RBBP4 (clones R1 and R4). Shown in each bar graph is 

the data from 3 independent experiments conducted in triplicate (error bar = S.E.M; * = p 

<0.05).
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Figure 3. RBBP4 modulates repair of TMZ-induced DNA damage and regulates RAD51 
expression level in GBM cells
(A) Western blot depicting the time-course activation of DNA damage signaling following 

TMZ comparing T98G shNT and shRBBP4-3 clone (B) Nuclear p-H2AX foci in response to 

72 hour exposure of T98G cells expressing shNT compared with shRBBP4-3 clone (upper 

panel), while the lower panel shows the fraction of cells with mean γ-H2AX foci of 3 

experiments conducted in triplicate (C) Effect of RBBP4 disruption by shRNA clone 

shRBBP4 on PARP inhibitor ABT-888 sensitization in T98G GBM cells measured in a 

CyQuant assay (D) Real time PCR showing RAD51 and BRCA1 expression in T98G-shNT 
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cells compared to T98G-shRBBP4. (E) Real time PCR evaluating RAD51 expression 

comparing T98G-shRBBP4_pCDNA3 with the RBBP4 reconstituted T98G-shRBBP4_R1 

and _R4 cells (F) CyQuant evaluation of ABT-888 sensitivity after RBBP4 reconstitution in 

T98G-shRBBP4 clone compared with the T98G-shRBBP4_pcDNA3 and T98G-shNT cells 

Error bar = S.E.M.; * = p<0.05).
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Figure 4. RBBP4 regulates H3K9Ac and binds MGMT and RAD51 promoters in complex with 
p300
(A) ChIP evaluating the H3K9Ac and H3K9me3 levels within MGMT promoter region 

comparing T98G-shNT versus T98G-shRBBP4 cells. (B) ChIP evaluating recruitment of 

SP1, C-JUN, NF-kB (p65) and H3K9Ac to bind MGMT promoter region comparing T98G-

shNT versus T98G-shRBBP4 cells. (C) ChIP assessing the recruitment of E2F1 to the 

RAD51 promoter in T98G-shNT compared with the T98G-shRBBP4. (D) ChIP evaluating 

RBBP4 and p300 recruitment to the MGMT promoter in T98G-shNT comparing with 
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T98G-RBBP4 cells. (E) RBBP4 and p300 ChIP re-ChIP depicting co-occupancy of RBBP4 

within the MGMT promoter region and (F) the RAD51 promoter.
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Figure 5. RBBP4 upregulates and downregulates gene transcription in GBM
Representative line graphs displaying the H3K9Ac binding tags within 8-kb region 

surrounding the transcriptional start site (TSS) of (A) under-expressed and (B) over-

expressed genes associated with shRBBP4 (C) Top 20 genes suppressed by RBBP4 shRNA 

(positively regulated by nativeRBBP4) (D) Top 20 genes elevated by RBBP4 shRNA 

(negatively regulated by native RBBP4). Representative H3K9Ac ChIP-seq display of a 

gene that was (E) suppressed and (F) elevated by RBBP4 shRNA.
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Figure 6. RBBP4 regulates the expression of FIGNL1 and EYA1
(A) RNAseq was performed using RNA extracted from T98G-shNT and T98G-shRBBP4 

constructs and shown are the gene counts for FIGNL1 and EYA1. (B) ChIPseq display of 

H3K9Ac marks within FIGNL1 (upper panel) and EYA1 (lower panel) promoter regions. 

(C) Upper panel shows the effect of shRBBP4 on TMZ induced p-H2AX (Y142) and p-

H2AX (S139), whereas the lower panel depicts the effect on cleaved-PARP. (D) RBBP4, 

FIGNL1 and EYA1 expression in U138 cells expressing shNT compared with shRBBP4 (E) 

A proposed model of RBBP4 associated with CBP/p300, which leads to histone acetylation 
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and an open chromatin structure that facilitates transcription factor binding and expression 

of target genes.
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Figure 7. RBBP4 disruption in U251suppresses growth and enhances TMZ sensitivity in vivo
(A). qRT-PCR showing expression of RAD51, EYA1 and FIGNL1 in U251 cells expressing 

RBBP4shRNA. (B). U251shRBBP4 and control U251shNT cells were treated with 0 or 30 

µM TMZ and confluence was monitored using Incucyte live cell imaging. The bar graph 

displays the mean of 3 experiments conducted independently in triplicate (Error bar=S.E.M., 

Asterisks=p<0.05). (C). Cell cycle evaluation was performed using U251shRBBP4 and 

control U251shNT following 72 hours exposure to 0 or 30 µM TMZ. (Error Bar= S.E.M). 
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(D) Kaplan Meier survival plots depicting the in vivo growth and TMZ sensitivity of control 

U251shNT compared with the U251RBBP4 cells (PL=placebo, *= p < 0.001, ** =p < 0.05).
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