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ABSTRACT
Disruption of RNA splicing causes genome instability, which could contribute to 

cancer etiology. Furthermore, RNA splicing is an emerging anti-cancer target. Thus, 
we have evaluated the influence of the spliceosome factor PRPF8 and the splicing 
inhibitor Pladienolide B (PlaB) on homologous recombination (HR). We find that 
PRPF8 depletion and PlaB treatment cause a specific defect in homology-directed 
repair (HDR), and single strand annealing (SSA), which share end resection as a 
common intermediate, and BRCA1 as a required factor. Furthermore, PRPF8 depletion 
and PlaB treatment cause reduced end resection detected as chromatin-bound RPA, 
BRCA1 foci in response to damage, and histone acetylation marks that are associated 
with BRCA1-mediated HR. We also identified distinctions between PlaB and PRPF8 
depletion, in that PlaB also reduces 53BP1 foci, and BRCA1 expression. Furthermore 
loss of 53BP1, which rescues SSA in BRCA1 depleted cells, and partially rescues SSA 
in PRPF8 depleted cells, has no effect on SSA in PlaB treated cells. Finally, while 
PRPF8 depletion has no obvious effect on the integrity of interchromatin granules, 
PlaB disrupts these structures. These findings indicate that PRPF8 is important for 
BRCA1-mediated HR, whereas PlaB also has a more general effect on the DNA damage 
response and nuclear organization.

INTRODUCTION

Factors involved in RNA splicing have been linked 
to tumor suppression, and are also emerging as cancer 
therapeutic targets. In particular, recurrent mutations in 
splicing factors have been found in myeloid malignancies, 
including mutations in PRPF8 and SF3B1 [1, 2]. SF3B1, 
a component of the U2 snRNP, is also the target of 
antineoplastic agents, such as Pladienolide B (PlaB) [2-
4]. The role of splicing factors in tumor suppression and 
as therapeutic targets likely includes their central role in 
shaping the transcriptome, and hence proper regulation 
of gene expression [1, 5]. However, disruption of RNA 
splicing factors have also been shown to cause genome 
instability [6, 7], which is both a hallmark of cancer, 
as well as a contributor to the therapeutic response to 
clastogenic anti-cancer agents [8]. Thus, understanding 

the links between RNA splicing and genome stability will 
provide insight into cancer etiology and development of 
therapeutic targets.

Inhibition of RNA splicing appears to cause genome 
instability by at least two major mechanisms. First, 
defects in RNA splicing can lead to elevated RNA/DNA 
hybrids at transcription units (i.e., R-loops), which are 
prone to nucleolytic cleavage, as well as collisions with 
DNA replication forks, causing chromosomal breaks [9]. 
Second, RNA splicing appears important for homologous 
recombination (HR) repair of chromosomal breaks, which 
is critical for genome stability and tumor suppression. HR 
is composed of two major pathways: homology-directed 
repair (HDR), which involves RAD51-mediated strand 
invasion to template nascent DNA synthesis that bridges 
the break, and single strand annealing (SSA), which uses 
synapsis of homology flanking a chromosomal break to 
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mend the DNA lesion [10, 11]. These two pathways of 
HR are initiated by end resection to generate 3’ ssDNA, 
and share a common requirement for the BRCA1 tumor 
suppressor gene [10, 11]. The requirement of RNA 
splicing for HR has been revealed in RNAi screening 
studies. Specifically, screens for factors important for the 
HDR sub-type of HR identified several RNA processing 
factors, such as RBMX and the U2 snRNP complex [12, 
13]. 

We have sought to further examine the links between 
RNA splicing and HR, building on a recent report from our 
lab that the spliceosome factor XAB2 promotes HDR and 
SSA, end resection, and focal accumulation of BRCA1 
at chromosomal breaks [14]. These functions of XAB2 
correlated with its ability to form a complex with ISY1 
and PRP19, which showed similar roles in HR [14]. Other 
reports have also demonstrated that PRP19 is important 
for the DNA damage response [15-18]. However, it is 
unclear whether the roles of these factors are linked 
to RNA splicing functions. Similarly, it is unclear if 
disrupting RNA splicing using different approaches causes 
distinct effects on the DNA damage response. Thus, given 
that XAB2 has a conserved association with the central 
splicing factor PRPF8 [19], we examined the role of this 
factor in HR and the DNA damage response. Furthermore, 
we have compared effects of PRPF8 depletion with PlaB 
treatment.

RESULTS

Depletion of PRPF8 and treatment with a small 
molecule spliceosome inhibitor (PlaB) disrupts 
HDR, SSA, and end resection

We sought to examine the influence of PRPF8 
on chromosomal double strand break (DSB) repair, 
based on findings that PRPF8/PRP8 forms a conserved 
complex with XAB2/SYF1 [19], which has been shown 
to be important for the end resection step of homologous 
recombination (HR) in human cells [14]. First, we 
examined whether PRPF8 and XAB2 form a complex in 
the human osteosarcoma U2OS cell line, by performing 
co-IP analysis. We found that IP samples of 3xFlag-
immunotagged XAB2 contain PRPF8, and conversely IP 
samples of PRPF8 contain XAB2 (Figure1A). Notably, 
while an association of PRPF8 with the HR factor BRCA1 
has been previously reported [20], we were unable to 
detect such a complex using the same buffer conditions 
(Figure1A), but perhaps these factors form a weak 
association that we could not detect. In any case, these 
findings are consistent with the conserved association 
XAB2 and PRPF8. 

Thus, we next tested whether PRPF8 and XAB2 
have a similar influence on DSB repair, using a series 

of chromosomal reporter assays integrated into U2OS 
cells [21]. Each of these reporters is designed such that 
repair of an I-SceI-induced DSB by a specific pathway 
restores GFP expression, which can be quantified by 
flow cytometry (Supplementary Figure 1). We examined 
three reporters: EJ5-GFP to examine end-joining (EJ) 
repair between two tandem DSBs, DR-GFP for HDR, 
and SA-GFP for SSA (Supplementary Figure 1). Using 
two independent siRNAs targeting PRPF8 (siPRPF8-2, 
siPRPF8-4), as well as a previously described siRNA 
targeting XAB2 (siXAB2-4), we found that PRPF8 and 
XAB2 depletion cause a significantly greater decrease in 
the frequency of HDR and SSA, compared to EJ (Figure 
1B). We also found that transient expression of a myc-
tagged siRNA-resistant PRPF8 rescued the HDR and 
SSA defects caused by siPRPF8-2 treatment (Figure 1B, 
1C). We also confirmed expression of myc-PRPF8 by 
immunoblotting analysis (Figure 1B). The apparently 
lower immunoblotting signal for myc-PRPF8 in this 
experiment, compared to endogenous PRPF8 (Figure 1B), 
likely reflects the limitations of transfection efficiency 
(i.e., only a fraction of cells are transfected).

Given that PRPF8 is a central factor in the RNA 
spliceosome [19, 22], we also wanted to compare 
effects of PRPF8-depletion with disruption of RNA 
splicing, using the small molecule Pladienolide B 
(PlaB), which targets SF3B1 [2-4]. For an additional 
comparison, we examined 5,6-Dichlorobenzimidazole 
1-β-D-ribofuranoside (DRB), which inhibits RNA 
polymerase II elongation [23]. We included DRB in this 
analysis, because disruption of RNA splicing has been 
associated with reduced levels of an elongation form of 
RNA polymerase II (i.e., phosphorylated in the serine 2 
position of the C-terminal domain, POL2-S2P) [24]. For 
these small molecule treatments, we used an inducible 
form of I-SceI (I-SceI-GR), in which I-SceI is fused to a 
version of the ligand binding domain of the glucocorticoid 
receptor (GR) [25]. Thus, I-SceI-GR is restricted from 
the nucleus unless the inducing ligand (triamcinolone 
acetonide, TA) is added to the media [25]. Specifically, we 
transfected cells with an expression vector for I-SceI-GR, 
and the next day pre-treated the cells with PlaB, DRB, 
or vehicle (DMSO), followed by an overnight treatment 
that included the inducing agent for I-SceI-GR (i.e., 
TA), and cells were cultured an additional day before the 
analysis. We found that similar to PRPF8 depletion, PlaB 
treatment caused a marked reduction in HDR and SSA, 
compared to EJ (Figure 1D). In contrast, DRB treatment 
caused a reduction in HDR compared to EJ, whereas the 
reduction in SSA was not statistically different from the 
effect on EJ (Figure 1D). These findings indicate that 
PRPF8 depletion and PlaB treatment each cause a defect 
in HDR and SSA. In contrast, DRB treatment had a more 
specific effect on HDR, which may reflect a disruption 
of RAD51 recombinase function, which is required for 
HDR, but not SSA [26]. This possibility is consistent 
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Figure 1: Depletion of PRPF8 and PlaB treatment have a similar effect on HR as XAB2 depletion. A. PRPF8 forms a 
complex with XAB2. Shown are immunoblot signals for PRPF8 and XAB2 from Flag-immunoprecipitates of U2OS cells transfected with 
a 3xFlag-XAB2 (3xf-XAB2) expression vector or empty vector (EV). Also shown are immunoblot signals for XAB2, PRPF8, and BRCA1 
for U2OS cells immunoprecipitated with antibodies against (α) PRPF8, BRCA1, or control IgG. Also shown are input (Inp) samples used 
for the immunoprecipitates (IP). B. PRPF8 is important for HDR and SSA to a greater degree than EJ. U2OS cell lines with GFP-based 
DSB reporter assays were pretreated with siRNAs targeting PRPF8 (siPRPF8-2, siPRPF8-4), XAB2 (siXAB2-4), or a non-targeting control 
(siCTRL), prior to expression of I-SceI and analysis by flow cytometry. Shown are GFP+ frequencies normalized to the mean of parallel 
siCTRL-treated samples. *P ≤ 0.0004, N = 6. Also shown are immunoblot signals confirming depletion of PRPF8 by siPRPF8-2 and 
siPRPF8-4, as well as expression of myc-PRPF8, with an Actin loading control. The panel on the left (comparison of PRPF8 levels in cells 
treated with siRNA) was an independent experiment and analyzed on a separate immunoblot from the panel on the right (comparison of 
PRPF8 levels in cells treated with siRNA and transfected with myc-PRPF8 or EV). C. Transient expression of PRPF8 rescues HDR and 
SSA in cells treated with siPRPF8-2. Reporter assays were performed as in B, except an expression vector for myc-PRPF8 with silent 
mutations at the siPRPF8-2 targeting sequence (expression shown in B), or EV, were included in the transfection with the I-SceI expression 
vector. D. PlaB treatment causes a decrease in HDR and SSA, but not EJ, whereas DRB causes a greater defect on HDR vs. either EJ or 
SSA. U2OS reporter cell lines were treated with non-targeting RNA (siCTRL) as in A, and transfected with an inducible form of I-SceI 
(I-SceI-GR). The day after transfection, cells were pre-treated (2hr) with PlaB, DRB, or vehicle (DMSO), and then treated overnight with 
the same small molecules, but also including the I-SceI-GR inducing agent (TA). The cells were cultured for an additional day prior to 
flow cytometry analysis. Shown are GFP+ frequencies normalized to parallel DMSO-treated wells. *P < 0.0001. N = 6 for DR-GFP and 
EJ5-GFP. N = 12 for SA-GFP.
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with a prior report that DRB treatment inhibits RAD51 
association with chromosomal breaks, as measured by 
chromatin immunoprecipitation at DSBs induced by the 
AsiSI endonuclease [27]. 

The initiating step that is shared between HDR and 
SSA is end resection to generate 3’ ssDNA that reveals the 
homology used during these repair events [10, 11, 28]. For 
a measure of end resection, we performed a flow cytometry 
based assay, involving detection of chromatin bound (i.e., 
extraction resistant) staining of the ssDNA binding protein 
RPA [29]. As previously described [29], treating U2OS 
cells with the topoisomerase I poison camptothecin (CPT) 
causes a significant induction of chromatin-bound RPA, as 
well as chromosomal breaks marked by γH2AX (Figure 
2A). However, cells treated with siXAB2, siPRPF8-2, 
siPRPF8-4 prior to CPT treatment showed a significant 
reduction in cells with chromatin bound RPA, but not 
γH2AX (Figure 2A). Similarly, cells pre-treated with 
PlaB or DRB, and then co-treated with CPT, showed 
a significant reduction in cells with chromatin bound 
RPA, but not γH2AX (Figure 2A). Since end resection 
is suppressed in G1 cells [28], we examined whether 
siXAB2, siPRPF8, PlaB, or DRB treatment affected 
cell cycle profiles (BrdU / Propidium Iodide labeling), 
using the same treatment protocol (i.e., total timing and 
concentration) as for the end resection analysis, and found 
that none caused an increase in G1 phase cells (Figure 
2B). These findings indicate that depletion of PRPF8, as 
well as treating cells with inhibitors of the spliceosome 
(PlaB) or transcription elongation (DRB) cause a defect 
in RPA localization to CPT-induced damage, which is a 
measure of end resection.

PRPF8 depletion affects BRCA1 function during 
HR, whereas PlaB treatment also appears to have 
more general effects on the DNA damage response

We then examined the effects of these treatments on 
recruitment of key DNA damage response factors that are 
important for regulation of homologous recombination. 
For this, we examined ionizing radiation induced foci (i.e., 
cells with ≥10 foci) of BRCA1, 53BP1, and γH2AX. We 
examined BRCA1, since this factor is critical for HDR and 
SSA [10, 11, 28]. For an important contrast, we examined 
53BP1, which inhibits homologous recombination, 
particularly in BRCA1-deficient cells [14, 30]. 53BP1 
also shares with BRCA1 a common requirement for 
RNF8-mediated ubiquitin signaling pathway for foci 
formation [31-33]. From this analysis, we found that 
siPRPF8 treatment caused a marked reduction in BRCA1 
foci, but not 53BP1 foci, similar to findings with siXAB2 
treatment (Figure 3) [14]. In contrast, PlaB and DRB 
treatment caused a marked reduction in both BRCA1 and 
53BP1 foci, although BRCA1 foci were disrupted to a 
greater degree (Figure 3). None of the treatments caused a 

substantial decrease in γH2AX foci (Figure 3). The finding 
that PlaB causes a reduction in both BRCA1 and 53BP1 
foci was also observed in a recent report [34]. These 
results indicate that PRPF8 is important for BRCA1 foci 
formation, whereas PlaB and DRB treatment appear to 
cause more general defects in the DNA damage response.

Given the above effects on BRCA1 foci, we also 
examined effects of these treatments on BRCA1 levels, 
both protein and RNA (Figure 4A). For RNA analysis, 
BRCA1 transcript levels were normalized to Actin, using 
equivalent amounts of RNA extracted from cells. We 
found that siPRPF8 treatment caused a modest decrease in 
BRCA1 protein, but no obvious effects on its RNA levels, 
each compared to Actin. In contrast, PlaB treatment caused 
a substantial reduction in BRCA1 protein and RNA, which 
is consistent with a recent study [34]. DRB also caused a 
reduction in BRCA1 protein, without having an obvious 
effect on its relative RNA level, as compared to Actin. 
Notably, since DRB inhibits nascent RNA synthesis, the 
DRB experiment likely measures the relative stability, 
rather than synthesis, of BRCA1 and Actin transcripts.

We then tested a possible genetic connection 
between PRPF8 and BRCA1 function during HR. Namely, 
depletion of 53BP1 has been shown to suppress the HR 
defect, including the SSA defect, caused by BRCA1 loss 
[14, 30, 35]. Thus, we considered that 53BP1 loss might 
also suppress the SSA defect caused by PRPF8 depletion. 
For this, we generated a 53BP1KO cell line with Cas9, 
using the U2OS SA-GFP reporter cell line (Figure 4B). 
We used the SA-GFP reporter cell line to disrupt 53BP1 
so that the reporter assay would be isogenic between 
the parental and 53BP1KO cell lines. We then examined 
the effect of BRCA1 depletion (siBRCA1-6 treatment), 
siPRPF8-2, and siPRPF8-4 treatment on the frequency of 
SSA in the parental and 53BP1KO cell line. As expected, 
we found that siBRCA1-6 treatment caused a substantial 
defect in SSA in the parental line, but not the 53BP1KO 
cell line (Figure 4B). We also found that siPRPF8-2, and 
siPRPF8-4 treatment caused an SSA defect in parental 
line, whereas in the 53BP1KO cell line, the fold-effect 
was significantly diminished (Figure 4B). These findings 
indicate that the SSA defect caused by PRPF8 depletion 
can be partially suppressed by loss of 53BP1. We also 
examined PlaB treatment, and found that the SSA defect 
was not distinct between the parental and in the 53BP1KO 
cell line (Figure 4B). These findings support the notion 
that PRPF8 functions during HR at least in part via 
facilitating BRCA1 function, whereas the effect of PlaB 
treatment on HR cannot be explained only as a loss of 
BRCA1 function. Furthermore, this distinction between 
PRPF8 and PlaB is consistent with our finding that PlaB 
treatment also causes a defect in 53BP1 foci.
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Figure 2: PRPF8 depletion and PlaB treatment cause a reduction end resection as detected by damage-induced 
chromatin bound RPA. A. Cells were transfected with the siRNAs shown and cultured for 3 days prior to treatment with CPT (1 hr). 
For the small molecule treatments, cells were treated with siCTRL for consistency, and pre-treated with PlaB or DRB for 7 hours, prior to 
treatment with these small molecules and CPT (1hr). Cells were exposed to mild detergent extraction prior to fixation and staining with 
RPA34 or γH2AX, with DAPI counterstain. Shown are representative flow cytometry plots, as well as the percentage of cells showing 
detergent resistant (i.e., chromatin bound) RPA34 or γH2AX staining. *distinct from siCTRL/DMSO w/ CPT, P ≤ 0.0004. Targeting 
siRNAs N = 3, PlaB N = 5, DRB N = 4, siCTRL/DMSO w/ and w/o CPT N = 8 (higher N because a siCTRL/DMSO control was included 
each set of experiments). B. The treatments shown in A do not cause an increase in G1 phase cells. Cells were treated with siRNA as in A, 
and PlaB or DRB for 7.5 hrs (to maintain a total 8 hr treatment), followed by 30 minutes of pulse labeling with BrdU. Cells were stained 
for BrdU and counter stained with PI to determine the percentage of cells in G1, S, or G2, as shown. Shown are the mean values of N = 4 
treatments, except siCTRL N = 8.
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Figure 3: Depletion of PRPF8 causes a decrease in BRCA1 foci, whereas PlaB treatment causes a decrease in both 
BRCA1 and 53BP1 foci. Cells were transfected with the siRNAs shown and cultured for 3 days prior to IR treatment (10 Gy) and 6 
hr recovery. For small molecule treatments, cells were transfected with siCTRL for consistency, pre-treated with PlaB, DRB, or vehicle 
(DMSO) (2hrs), IR treatment (10 Gy) and 6 hr recovery in the presence of the small molecules or vehicle. Notably, the total treatment 
timing for these experiments is the same as experiments in Figure2 Shown are representative images of BRCA1, 53BP1, and γH2AX 
staining, for such treatments (scale bar = 10 μm). Shown is the percentage cells showing ≥10 foci for each marker shown distinct from 
siCTRL: *P ≤ 0.0042, †P = 0.034. N = 3, 50 cells analyzed per experiment. 
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PRPF8 depletion and PlaB treatment have 
distinct effects on chromatin marks associated 
with homologous recombination and transcription 
unit function

Given the above distinctions between PRPF8 
depletion and PlaB treatment on the severity and relative 
specificity of effects on the DNA damage response, we 

then examined other aspects of chromatin signaling 
associated with HR and transcription unit function. To 
begin with, we examined histone acetylation levels, which 
have been linked to BRCA1 function and HR proficiency 
[27, 36, 37]. XAB2 depletion was previously shown to 
cause a decrease in two such histone acetylation marks 
(H3K9Ac and H4K16Ac) [14], which we have repeated 
here (Figure 5). Consistent with these findings with XAB2, 
we found that treatment with siPRPF8, PlaB, and DRB 

Figure 4: Effects of PRPF8 and PlaB on BRCA1 levels and SSA in 53BP1-deficient cells. A. PlaB treatment causes a marked 
reduction in both BRCA1 protein and RNA. Cells were transfected with siRNA and cultured 3 days, and PlaB and DRB treatments were for 
16 hr, prior to protein or RNA extraction, which were probed for BRCA1 and Actin by immunoblotting and qRT-PCR, respectively. B. Loss 
of 53BP1 partially suppresses the SSA defect caused by PRPF8 depletion, but not PlaB treatment. Using Cas9, a derivative of the SA-GFP 
cell line with loss of 53BP1 (53BP1KO line) was generated, and reporter assays were performed as in Figure 1B and 1D. Shown are GFP+ 
frequencies normalized to parallel siCTRL or siCTRL/DMSO treated wells. Also shown is immunoblotting confirmation of depletion of 
BRCA1 and PRPF8 by the respective siRNAs, and loss of 53BP1 in the 53BP1KO line. siPRPF8-2 graph, *P < 0.0001, parental line N = 15, 
53BP1KO N = 12. siPRPF8-4 graph *P = 0.001, N = 6. PlaB graph, parental line N = 12, 53BP1KO N = 9. 
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each caused a reduction in H3K9Ac and H4K16Ac, but 
not H3K9me3 (Figure 5). In addition, we examined global 
levels of POL2-S2P, since sites of active transcription 
marked by POL2-S2P have been shown to correlate with 
HR proficiency [27], and because splicing inhibition has 
recently been shown to cause a reduction in POL2-S2P 
[24]. We found that inhibition of transcription elongation 
by DRB treatment causes a substantial reduction in POL2-
S2P, as did PlaB treatment (Figure 5). In contrast, siPRPF8 
and siXAB2 treatment only caused a modest reduction 
in POL2-S2P (Figure 5). These findings indicate that a 
reduction in H3K9Ac and H4K16Ac levels are common 
for PRPF8 depletion and PlaB treatment, whereas PlaB 
has a greater effect on POL2-S2P levels than PRPF8 
depletion. 

Finally, we sought to compare the effect of PRPF8 
depletion and PlaB treatment on the integrity of RNA 
processing using cell biology assays. For one, loss of RNA 
processing has been linked to elevated levels of RNA/
DNA hybrids (i.e. R-loops), and thereby cause genome 
instability [38]. Such R-loops can be resolved by RNAseH 
activity, such that a recent study used localization of a 
catalytically inactive form of RNaseH (D10R-E48R) as 
a proxy measurement for R-loop accumulation [39]. We 
used this approach rather than immunofluorescence with 
the S9.6 antibody [40], as we found it difficult to detect 
clear staining in U2OS cells. We generated a U2OS cell 
line with inducible expression of RNaseHD10R-E48R fused to 
a nuclear localization signal and the mCherry fluorescent 
protein, as described [39]. Then, we induced expression 

Figure 5: Both PRPF8 depletion and PlaB treatment cause a reduction in H3K9Ac and H4K16Ac, and the latter 
causes a marked reduction in POL2-S2P. Cells were treated with siRNAs, PlaB, and DRB as in Figure 3, and chromatin was 
extracted for immunoblotting analysis of H3K9Ac, H4K16Ac, H3K9me3, POL2-S2P, and Actin. Shown are representative immunoblots 
from this analysis.
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of this fusion protein, and treated cells with an extraction 
buffer to remove non-chromatin bound protein, prior 
to fixation and imaging to quantify red fluorescence 
signal for individual cells. We found that treatment with 
siPRPF8-2, siPRPF8-4, and PlaB treatment each caused an 
increase in the mean red fluorescence intensity, compared 
to untreated controls (Figure 6). In contrast, treatment 
with the transcription elongation inhibitor DRB did not 
cause an increase in this signal (Figure 6). Thus, depletion 
of PRPF8 and PlaB treatment each cause an increase in 
chromatin-bound RNaseHD10R-E48R, which is consistent with 
an accumulation of R-loops.

We then examined the integrity of interchromatin 
granules, which are structures enriched in RNA processing 
factors [41]. Furthermore, XAB2 was previously shown 
to form interchromatin granule structures that are adjacent 
to DNA damage sites (i.e., γH2AX foci) [14]. We have 
repeated this XAB2 localization here, and find a similar 
localization for PRPF8, in that it forms nuclear structures 
that co-localize with XAB2, but are adjacent to γH2AX 
foci (Figure 7). We also examined these structures in cells 
treated with siXAB2 and siPRPF8, and found no obvious 
effect on PRPF8 localization in siXAB2-treated cells, nor 
on XAB2 localization in siPRPF8-treated cells (Figure 7). 
Similarly, DRB treatment did not obviously affect such 
localization (Figure 8). In contrast, PlaB treatment caused 
a substantial re-localization of PRPF8 into large structures 
(Figure 8), which have been referred to as mega-speckles 
[4, 42]. Furthermore, PlaB caused a marked disruption of 
XAB2 localization into diffuse staining (Figure 8). These 
findings indicate that PlaB treatment, but not PRPF8 
depletion, causes a major disruption in interchromatin 
granule structures, which supports the notion that PlaB 
treatment causes a more general defect on nuclear function 
than PRPF8 depletion. 

DISCUSSION

To investigate the links between RNA splicing 
factors and genome stability, we have examined the effects 
of PRPF8 depletion and PlaB treatment on HR repair of 
chromosomal breaks (Figure 9). We found a common 
set of HR defects with these two treatments: a marked 
reduction in HDR and SSA sub-types of HR that require 
BRCA1, reduced end resection as measured by CPT-
induced chromatin-bound RPA, and loss of BRCA1 foci. 
These HR defects are consistent with a loss of BRCA1 
function during HR, and are similar to previous findings 
with XAB2 [14]. Furthermore, loss of 53BP1, which can 
rescue the SSA defect caused by BRCA1 depletion, can 
also partially suppress the SSA defect caused by PRPF8 
depletion. However, in contrast, loss of 53BP1 had no 
effect on the SSA defect caused by PlaB treatment. Also, 
PlaB treatment caused a decrease in 53BP1 foci, and a 
marked reduction in BRCA1 expression. These latter 
findings are consistent with recent studies that PlaB 

treatment causes a reduction in HDR, BRCA1 expression, 
and both BRCA1 and 53BP1 foci [34]. We also found that 
PlaB treatment caused a disruption of PRPF8 and XAB2 
localization in interchromatin granules. Altogether, these 
findings indicate that disrupting RNA splicing factors 
by depleting PRPF8 or PlaB treatment causes a loss of 
BRCA1 function during HR, but that PlaB treatment also 
causes a more general defect in the DNA damage response 
and nuclear organization (Figure 9). 

These results have implications on targeting RNA 
splicing factors for cancer therapeutic approaches. 
Namely, we speculate that therapeutic targeting of splicing 
factors, including PRPF8 or XAB2, has the potential to 
disrupt BRCA1 function in cancer cells, which is known 
to correlate with improved therapeutic response to 
clastogens [43]. Furthermore, such disruption of BRCA1 
function could be a targeted therapy for tumors with 
amplification of cyclin E, which is synthetically lethal 
with BRCA1 loss [44]. We also speculate that targeting 
XAB2 or PRPF8 may cause fewer general defects on 
nuclear function as SF3B inhibitors, such as PlaB and its 
derivatives, which were shown in clinical trials to cause 
substantial adverse events [2-5, 45]. Although, ongoing 
efforts to optimize small molecules that target SF3B may 
lead to anti-neoplastic agents that show less toxicity, 
which also could be used for individual tumors that may 
be particularly sensitive to SF3B inhibition [46-50]. Along 
these lines, screening tumors for deficiencies in XAB2, 
PRPF8, or other splicing factors could inform use of 
therapeutics that specifically target HR-deficient tumors, 
such as PARP inhibitors [43]. For example, since PRPF8 
mutations have been identified in myeloid malignancies 
[1, 2], therapeutics that target HR-deficiency may be worth 
considering for this patient population.

Regarding the role of PRPF8 in genome 
maintenance, it is important to note that this factor 
promotes both HDR and SSA, which have distinct 
mutagenic consequences. Namely, HDR has the potential 
to restore the original DNA sequence, but SSA always 
causes a deletion mutation between the repeat sequences 
used during repair [10]. Other factors implicated in end 
resection, including CtIP and BRCA1, also promote 
both HDR and SSA [10]. Accordingly, promoting end 
resection per se appears insufficient to specifically favor 
a non-mutagenic HR outcome. Thus, other aspects of the 
DNA damage response are required to regulate resection 
to bias repair towards HDR vs. SSA, such as the signaling 
pathway involving 53BP1 [10, 35, 51, 52]. 

The mechanism by which inhibition of splicing 
factors causes defects in BRCA1-mediated HR appears 
multifaceted, but importantly RNA splicing has 
significant effects on the chromatin states that facilitate 
HR. Namely, we find that PRPF8 depletion and PlaB 
treatment cause a marked reduction in H3K9Ac and 
H4K16Ac, but not H3K9me3. Such histone acetylation, 
particularly H4K16Ac, has been shown to be important 



Oncotarget93328www.impactjournals.com/oncotarget

Figure 6: Both PRPF8 depletion and PlaB treatment cause an increase in chromatin bound RNaseHD10R-E48R, which is 
consistent with an accumulation of R-loops. A U2OS cell line was generated with DOX-inducible expression of RNaseHD10R-E48R 
fused to a nuclear localization signal and mCherry fluorescent protein. Cells were transfected with siRNA and two days later, DOX was 
added for 24 hr. For small molecule treatment, cells were treated with siCTRL for consistency, and DOX was added 6 hr prior to a 18 hr 
co-treatment with DOX and PlaB, DRB, or vehicle (DMSO). Thus, the total timing of the RNAi and small molecule treatments are the same 
as in Figures 3 and 4. Cells were pre-extracted prior to fixation and microscopy analysis of the mean red fluorescence intensity per cell. 
Shown are representative images of DAPI and RNaseHD10R-E48R (i.e., red fluorescence, scale bar = 10 μm) as well as the mean fluorescence 
intensity (MFI, red fluorescence) of 150 individual cells for each treatment (50 cells each from three independent experiments). Each graph 
represents images captured and analyzed with identical microscopy settings. Hence, the scale for each graph represents arbitrary units that 
are specific for the microscopy setting of that particular experiment. *P = 0.0001, †P = 0.02.
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Figure 7: PRPF8 forms nuclear structures that co-localize with XAB2, which are consistent with interchromatin 
granules. Cells were treated with the siRNAs shown, followed by 10 Gy IR and 30 min recovery prior to mild detergent pre-extraction, 
fixation, and immunofluorescence analysis. Shown are immunofluorescence signals from representative cells (scale bar = 10 μm).
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Figure 8: PlaB treatment causes PRPF8 to localize into mega-speckles, and disrupts XAB2 localization. Cells were 
treated and analyzed as in Figure7, except including two different treatments of PlaB and DRB (8 hr and 18 hr total), during which the cells 
were also treated with 10 Gy IR treatment 30 minutes prior to pre-extraction and fixation. Shown are immunofluorescence signals from 
representative cells (scale bar = 10 μm).
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for recruitment of BRCA1 to DNA damage, as well as 
homologous recombination [27, 36, 37]. In addition, 
inhibition of RNA splicing can disrupt transcription unit 
function, which we speculate could compete for BRCA1 
activity, and thereby diminish the response of BRCA1 to 
DNA damage. Consistent with this model, BRCA1 has 
also been shown to be important for resolution of R-loops 
[53, 54], which can be caused by inhibition of RNA 
splicing factors, as demonstrated in several reports [7, 
12, 38]. Indeed, we have found that PRPF8 depletion and 
PlaB treatment cause an accumulation of chromatin bound 
RNaseHD10R-E48R, which is a proxy measurement for R-loop 
accumulation [39]. Also in support of a competition model 
for BRCA1 function, BRCA1 can associate with RNA 
splicing complexes [20], although, we were not able to 
reproduce this association of PRPF8 and BRCA1 in 
our study. Nevertheless, we suggest that the changes to 
chromatin and transcription unit function caused by RNA 
splicing inhibition contribute to the defects in BRCA1-
mediated HR. 

Related to the above models, a recent study 
suggested that loss of ubiquitin signaling at DNA damage 
sites, specifically a reduction in RNF8, may be a major 

contributor to the HR defects caused by inhibition of 
RNA splicing. Their finding that PlaB treatment causes 
a reduction in both BRCA1 and 53BP1 foci [34], which 
we confirmed here, is consistent with their model, because 
RNF8 promotes focal accumulation of these factors [31-
33]. However, RNF8 is dispensable for HDR and SSA 
[55]. Indeed, similar to loss of 53BP1, loss of RNF8 
can partially rescue the HR defects caused by BRCA1 
depletion [55]. Accordingly, loss of RNF8 cannot readily 
explain the marked defect in HDR and SSA caused 
by PlaB treatment, although it could contribute to the 
reduction in BRCA1 and 53BP1 foci. 

In contrast to these models, PRPF8 and other RNA 
splicing factors could also have a direct role in repair at 
sites of DNA damage, or conversely could function largely 
through shaping the transcriptome in such a manner as to 
specifically disrupt BRCA1-mediated HR. Regarding the 
former model, PRPF8 was identified in a complex with 
the single-stranded binding complex RPA, along with 
another spliceosome-associated factor PRP19, which has 
been shown to be recruited to DNA damage and promote 
ubiquitination of RPA [15-18]. It is conceivable that 
PRPF8 could function in this process, although we have 

Figure 9: Shown is a summary of the effects of PRPF8 disruption and PlaB treatment on aspects of the DNA damage 
response and nuclear organization.
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found a strong adjacent localization of PRPF8 with sites of 
DNA damage (γH2AX), which is inconsistent with a direct 
role at sites of DNA damage. Regarding effects on the 
transcriptome, of course the marked reduction in BRCA1 
expression caused by PlaB treatment likely contributes to 
loss of BRCA1 function during HR. In contrast, we did not 
observe an obvious reduction in BRCA1 levels in PRPF8 
depleted cells. Furthermore, transcriptome studies of cells 
depleted of PRPF8 and XAB2 have not revealed obvious 
gene expression changes that could explain defects in 
BRCA1-mediated HR [56, 57]. In contrast, such studies 
have found that proper expression of mitotic progression 
genes is particularly sensitive to depletion of PRPF8 and 
XAB2, causing defects in anaphase [56, 57]. Although, 
notably disrupting HR can cause similar anaphase defects 
[58, 59]. In summary, while the influence of RNA splicing 
on genome stability appears to have many layers of 
complexity, we suggest that a key role of this process is 
to support a chromatin state that is permissive for BRCA1 
function during HR.

MATERIALS AND METHODS

Cell lines, siRNA, plasmids, and small molecules

Establishment and culturing of U2OS reporter cell 
lines (derived from a line directly obtained from ATCC), 
and the expression vectors for I-SceI (pCBASce) and 
3xflag-XAB2 (3xf-XAB2) were each described previously 
[14, 60, 61]. The U2OS SA-GFP reporter cell line was 
used for all of the immunoblotting and cell biology 
analysis. The 53BPKO cell line was derived from the U2OS 
SA-GFP cell line by transient expression of CAS9 and two 
single guide RNAs (5’gCATAATTTATCATCCACGTC, 
5’gAGAGAATGAGGCTCGAAGTG) cloned separately 
into px330 (Addgene 42230) [62], along with the 
dsRED expression vector (Clontech). Following sorting 
for dsRED+ cells, individual clones were screened by 
immunoblotting to identify the 53BPKO cell line. The 
inducible RNaseHD10R-E48R U2OS cell line was derived 
by transfecting the pICE-RNaseHI-D10R-E48R-NLS-
mCherry plasmid (Addgene #60367) [39] with the 
pCDNA6/TR regulatory plasmid (Thermofisher), and 
selecting clones in 5 μg/ml blasticidin, which were 
screened for doxycycline-inducible red fluorescence.

The pCAGGS-I-SceI-GR plasmid was generating by 
fusing the glucocorticoid receptor ligand binding domain 
(GR) coding sequence amplified from I-SceI-GR-RFP 
(gift of Dr. Tom Misteli) [25] downstream from pCAGGS-
I-SceI [61]. The pCAGGS-myc-PRPF8 expression 
vector was derived from Origene clone SC116070, and 
generated with silent mutations at the siPRPF8-2 site, 
5’ GCcGAcGGgcTaCAGTAcA. Sequences of siRNAs 
(GE/Dharmacon) are: non-targeting siCTRL (D-001810-

01) 5’-ugguuuacaugucgacuaa, siPRPF8-2 (D-012252-
02) 5’gcagauggauugcaguaua, siPRPF8-4 (D-012252-04) 
5’ggaagaagcuaacuaaugc, siXAB2-4 (D-004914-04), 
5’-ccaauucucugucaaaugc, siBRCA1 (D-003461-06) 
5’gggauaccaugcaacauaa. 

Pladienolide B (PlaB, Santa Cruz Biotechnology, 
sc391691) was dissolved in Dimethyl Sulfoxide 
(DMSO): to a stock concentration of 100 µM, and 
5,6-Dichlorobenzimidazole 1-β-D-ribofuranoside (DRB, 
Sigma D1916) was resuspended at a concentration of 50 
mM in DMSO. Cells were treated with PlaB at 100 nM, 
and DRB at 100 µM. All treatments with PlaB and DRB 
included a prior treatment with siCTRL to enable direct 
comparison with the RNAi experiments.

DSB reporter assays

Cells were treated with siRNA by seeding 0.5-1 x 
105 U2OS cells on a 24 well plate in 0.6 ml antibiotic-
free media with 5 pmol of siRNA that had been incubated 
with 1.8 μl RNAiMAX (Invitrogen/Thermofisher). 
Following the overnight siRNA treatment, cells were 
transfected with 0.3 μg of the I-SceI expression vector 
(pCBASce) along with either 0.3 μg of empty vector, or 
myc-PRPF8 expression vector, using 1.8 μl Lipofectamine 
2000 (Invitrogen/Thermofisher), in 0.6 ml antibiotic-
free media. The transfection media was removed after 
3 hrs, and replaced with antibiotic media. For the PlaB 
and DRB experiments, 0.4 μg of I-SceI-GR expression 
vector was used, and the day after transfection, cells 
were pre-treated (2 hr) with the relevant small molecules 
prior to treatment that included the I-SceI-GR inducing 
agent (Triamcinolone Acetonide, TA, 100 nM). Three 
days after the plasmid transfections, GFP+ frequencies 
were determined by flow cytometery using a CyAn 
ADP Analyzer (Beckman Coulter, Inc.), as described 
previously [60]. The GFP+ frequency for each transfection 
was divided by the mean value for the control samples 
treated in parallel (i.e., siCTRL+EV, or siCTRL+DMSO). 
Each repair value is the mean of multiple independent 
transfections, error bars reflect the standard deviation, and 
statistics were performed with the unpaired t-test. 

Microscopy analysis

For ionizing radiation induced foci analysis, siRNA 
treatment was performed as described for the DSB 
reporter assays, and subsequently cells were plated onto 
chamber slides, which were treated with 10 Gy of IR 
(Gammacell 3000) and allowed to recover for 6 hr prior 
to fixation. For localization studies of PRPF8 and XAB2, 
cells were treated with 10 Gy of IR, but allowed to recover 
for 30 min, and were treated with pre-extraction buffer 
(20 mM HEPES, 50 mM NaCl, 1 mM EDTA, 3 mM 
MgCl2, 300 mM sucrose, 0.25% Triton-X 100) just prior 
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to fixation. Slides were fixed with 4% paraformaldehyde 
and treated with 0.1 M glycine and 0.5% Triton-X 100 
prior to probing with antibodies against PRPF8 (Abcam 
ab79237, or Bethyl A303-921A), BRCA1 (Santa Cruz 
sc6954), γH2AX (active motif 39117, or Novus NB100-
78356), 53BP1 (Abcam ab36823), XAB2 (HCNP, Santa 
Cruz Biotech sc-271037), and followed by secondary 
antibodies (Life Technologies, A-11036 and A-11029), 
and with DAPI using Vectashield Mounting Medium 
(Vector Laboratories H1500). Images were acquired using 
a BX-50 (Olympus) microscope at 40X magnification 
with Image-Pro software. Confocal microscopy images 
were acquired at 40X magnification using the Zeiss LSM 
700 Confocal Microscope, using the ZEN Black image 
acquisition software. For three independent treatments per 
condition, 50 cells were scored for those with ≥10 foci. 
Statistics were performed as for the reporter assays. 

For detection of chromatin-bound RNAseH-D10R-
E48R-NLS-mCherry, the inducible RNaseHD10R-E48R U2OS 
cells were transfected with siRNA for 20 hours before 
being plated to chamber slides. Cells were treated with 
1µg/ml doxycycline (DOX, Sigma D9891) for 24 hours 
before fixation. In small molecule treated cells, the cells 
were pre-treated with 1µg/ml DOX for 6 hours followed 
by 18 hours PlaB (100 nM) or DRB (100 µM) treatment in 
the presence of DOX. Cells were pre-extracted and fixed 
as described above for PRPF8 localization, and mounted 
with Vectashield Mounting Medium. Images were 
captured using an Olympus BX-50 microscope at 40X 
magnification with Image-Pro and HCImage software. 
Intensity of RNAseH-D10R-E48R-NLS-mCherry signal 
was analyzed using Image-Pro Premier 9.1 software. 150 
cells from three independent experiments were scored. 
Statistical tests were performed by GraphPad Prism 
7.03, using a one-way ANOVA and a Dunnet’s multiple 
comparisons test. 

Immunoblotting analysis and 
immunoprecipitation

To generate protein extracts, cells were lysed in 
ELB buffer: 50 mM HEPES, 250 mM NaCl, 5 mM 
EDTA, 0.1% IGEPAL, Protease Inhibitor Cocktail 
(Roche 11697498001). Lysates were sonicated (QSonica 
Q800RS ultrasonic horn), and soluble material collected 
by centrifugation. Alternatively, cells were lysed with 
NETN (20 mM Tris pH 8, 100 mM NaCl, 1 mM EDTA, 
0.5% IGEPAL, 1.25 mM DTT and Roche Protease 
Inhibitor), using several freeze/thaw cycles. To examine 
histone modifications and POL2-S2P levels, cells were 
pre-extracted using Triton-buffer (25mM Hepes pH 7.4, 
50mM NaCl, 1mM EDTA, 3mM MgCl2, 300mM Sucrose, 
0.5% Triton X-100) with 10 mM sodium butyrate, scraped 
into SDS loading buffer (62.5 mM Tris-HCl pH 6.8, 2% 
SDS, 10% glycerol, 0.01% bromophenol blue, and 140 

mM DTT), and then boiled, sonicated (QSonica Q800RS 
ultrasonic horn), and boiled again. 

For PRPF8 and BRCA1 co-IP analysis, 5x106 U2OS 
cells were plated on 10 cm plates. Subsequently, cells 
were treated with 10 Gy of IR and incubated for 2 hours at 
37ºC. Cells were lysed for 3 hours at 4ºC in ELB buffer, 
with the addition of phosSTOP (Roche 04906845001) and 
30 units per ml of benzonase (Sigma-Aldrich E1014). For 
XAB2 co-IP analysis, 1x106 U2OS cells were transfected 
with 5 μg 3xf-XAB2 expression vector or EV and 15 μl 
Lipofectamine 2000 in 3 ml. Cells were lysed in IP buffer: 
20mM Tris pH 8.0, 150 mM NaCl, 1mM EDTA, 0.5% 
IGEPAL, phosSTOP, Protease Inhibitor Cocktail with 
30 units per ml of benzonase. Lysates for the 3xf-XAB2 
IP were homogenized with a dounce, and those for the 
PRPF8 and BRCA1 IPs were sonicated (QSonica Q800RS 
ultrasonic horn). Soluble material was pre-cleared with 
protein-G Dynabeads (Novex 10003D) prior to incubation 
with 2 μg of PRPF8 antibody (Bethyl A303-921A-T), 
BRCA1 (Millipore 07-434), Flag antibody (Sigma catalog 
F3165), or IgG rabbit antibody (Abcam 27478), followed 
by addition of protein-G Dynabeads, which were washed 
with IP buffer, eluted with 100 mM Glycine pH 2.5, and 
neutralized with 1 M Tris-HCl pH 10.85. 

Blots of these extracts or IPs were probed with 
antibodies described above for the microscopy analysis, as 
well as H4K16Ac (Epigentek A4030), H3K9Ac (Upstate 
06-942), H3K9me3 (Upstate 07-442), POL2-S2P (Abcam 
ab5095), Actin (Sigma A2066), and HRP-conjugated 
secondary antibodies (Santa Cruz Biotech, sc-2004, sc-
2005, sc-2020). ECL reagent (Amersham Biosciences) 
was used to develop HRP signals. 

Cell cycle and end resection analysis

To examine cell cycle profiles, after siRNA 
treatment, cells were incubated with 10 μM 
Bromodeoxyuridine (BrdU) for 30 minutes prior to 
fixation, and staining with both FITC-labeled anti-BrdU 
antibody (BD Pharmingen 51-33284X), and propidium 
iodide (PI). The end resection assay was performed as 
previously described [29, 63]. Briefly, cells were treated 
with 1 μM camptothecin (CPT) in media for 1 hr, collected 
by trypsinization, washed with PBS, treated with 0.2% 
Triton X-100 in PBS, fixed with BD cytofix/cytoperm 
buffer, stained with RPA34 antibody (antibody 9H8, 
Abcam ab2175), or γH2AX antibody (Millipore 05-636), 
followed by secondary staining with Alexa Fluor 488 
goat anti-mouse (Life Technologies A-11029). Cells were 
counterstained with DAPI (Sigma, R4642). Staining for 
both assays was analyzed with a CyAn ADP Analyzer 
(Beckman Coulter, Inc.) flow cytometer.
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qRT-PCR

RNA was isolated from treatments as performed 
for the end resection analysis using the RNeasy Plus 
Minikit (Qiagen 74134). The RNA was treated with 
M-MLV Reverse Transcriptase (Promega M170A) 
to generate cDNA, which was amplified in a Applied 
Biosystems 7500 Fast Real Time PCR system using 
SYBR-green (Applied Biosystems 4472908), with 
primers for Actin 5’-ACTGGGACGACATGGAGAAG 
and 5’-AGGAAGGAAGGCTGGAGGAG, or 
BRCA1 5’-TGACTCTGGGGCTCTGTCTT and 
5’-GCATCTGGGTGTGAGAGTGA. 

Abbreviations

BrdU: Bromodeoxyuridine; CPT: Camptothecin; 
DMSO: Dimethyl Sulfoxide; DOX: Doxycycline; DRB: 
5,6-Dichlorobenzimidazole 1-β-D-ribofuranoside; DSB: 
Double Strand Break; EJ: End-joining; GFP: Green 
Fluorescent Protein; HDR: Homology-Directed Repair; 
HR: Homologous Recombination; PI: propidium iodide; 
PlaB: Pladienolide B; POL2-S2P: RNA polymerase II, 
phosphorylated at the serine 2 position of the C-terminal 
domain; RPA: Replication Protein A; SSA: Single Strand 
Annealing; TA: Triamcinolone Acetonide

Author contributions

D.O.O and J.M.S. designed research; D.O.O, G.L., 
and J.M.S. performed research, analyzed data, and wrote 
the paper.

ACKNOWLEDGMENTS

We thank Brandon Bauer and Dr. Sean Howard for 
technical assistance.

CONFLICTS OF INTEREST

The authors have no conflict of interest to declare.

FUNDING

National Cancer Institute of the National Institutes 
of Health [R01CA120954 and R01CA197506 to J.M.S.]; 
City of Hope’s Circle 1500; City of Hope Analytical 
Cytometry Core, National Cancer Institute of the National 
Institutes of Health [P30CA33572]. The funders had no 
role in study design, data collection and analysis, decision 
to publish, or preparation of the manuscript.

REFERENCES

1. Dvinge H, Kim E, Abdel-Wahab O, Bradley RK. RNA 
splicing factors as oncoproteins and tumour suppressors. 
Nat Rev Cancer. 2016; 16: 413-30. doi: 10.1038/
nrc.2016.51.

2. Kurtovic-Kozaric A, Przychodzen B, Singh J, Konarska 
MM, Clemente MJ, Otrock ZK, Nakashima M, Hsi ED, 
Yoshida K, Shiraishi Y, Chiba K, Tanaka H, Miyano 
S, et al. PRPF8 defects cause missplicing in myeloid 
malignancies. Leukemia. 2015; 29: 126-36. doi: 10.1038/
leu.2014.144.

3. Yokoi A, Kotake Y, Takahashi K, Kadowaki T, Matsumoto 
Y, Minoshima Y, Sugi NH, Sagane K, Hamaguchi M, Iwata 
M, Mizui Y. Biological validation that SF3b is a target of 
the antitumor macrolide pladienolide. FEBS J. 2011; 278: 
4870-80. doi: 10.1111/j.1742-4658.2011.08387.x.

4. Kotake Y, Sagane K, Owa T, Mimori-Kiyosue Y, Shimizu 
H, Uesugi M, Ishihama Y, Iwata M, Mizui Y. Splicing 
factor SF3b as a target of the antitumor natural product 
pladienolide. Nat Chem Biol. 2007; 3: 570-5. doi: 10.1038/
nchembio.2007.16.

5. Lee SC, Abdel-Wahab O. Therapeutic targeting of splicing 
in cancer. Nat Med. 2016; 22: 976-86. doi: 10.1038/
nm.4165.

6. Paulsen RD, Soni DV, Wollman R, Hahn AT, Yee MC, 
Guan A, Hesley JA, Miller SC, Cromwell EF, Solow-
Cordero DE, Meyer T, Cimprich KA. A genome-wide 
siRNA screen reveals diverse cellular processes and 
pathways that mediate genome stability. Mol Cell. 2009; 
35: 228-39. 

7. Li X, Manley JL. Inactivation of the SR protein splicing 
factor ASF/SF2 results in genomic instability. Cell. 2005; 
122: 365-78. doi: 10.1016/j.cell.2005.06.008.

8. Puigvert JC, Sanjiv K, Helleday T. Targeting DNA repair, 
DNA metabolism and replication stress as anti-cancer 
strategies. FEBS J. 2016; 283: 232-45. doi: 10.1111/
febs.13574.

9. Sollier J, Cimprich KA. Breaking bad: R-loops and 
genome integrity. Trends Cell Biol. 2015; 25: 514-22. doi: 
10.1016/j.tcb.2015.05.003.

10. Bhargava R, Onyango DO, Stark JM. Regulation of Single-
Strand Annealing and its Role in Genome Maintenance. 
Trends Genet. 2016; 32: 566-75. doi: 10.1016/j.
tig.2016.06.007.

11. Ceccaldi R, Rondinelli B, D’Andrea AD. Repair Pathway 
Choices and Consequences at the Double-Strand Break. 
Trends Cell Biol. 2016; 26: 52-64. doi: 10.1016/j.
tcb.2015.07.009.

12. Tanikawa M, Sanjiv K, Helleday T, Herr P, Mortusewicz 
O. The spliceosome U2 snRNP factors promote genome 
stability through distinct mechanisms; transcription of 
repair factors and R-loop processing. Oncogenesis. 2016; 
5: e280. doi: 10.1038/oncsis.2016.70.



Oncotarget93335www.impactjournals.com/oncotarget

13. Adamson B, Smogorzewska A, Sigoillot FD, King RW, 
Elledge SJ. A genome-wide homologous recombination 
screen identifies the RNA-binding protein RBMX as a 
component of the DNA-damage response. Nat Cell Biol. 
2012; 14: 318-28. doi: 10.1038/ncb2426.

14. Onyango DO, Howard SM, Neherin K, Yanez DA, Stark 
JM. Tetratricopeptide repeat factor XAB2 mediates the end 
resection step of homologous recombination. Nucleic Acids 
Res. 2016. doi: 10.1093/nar/gkw275.

15. Dubois JC, Yates M, Gaudreau-Lapierre A, Clement 
G, Cappadocia L, Gaudreau L, Zou L, Marechal A. A 
phosphorylation-and-ubiquitylation circuitry driving ATR 
activation and homologous recombination. Nucleic Acids 
Res. 2017. doi: 10.1093/nar/gkx571.

16. Marechal A, Li JM, Ji XY, Wu CS, Yazinski SA, Nguyen 
HD, Liu S, Jimenez AE, Jin J, Zou L. PRP19 transforms 
into a sensor of RPA-ssDNA after DNA damage and drives 
ATR activation via a ubiquitin-mediated circuitry. Mol 
Cell. 2014; 53: 235-46. doi: 10.1016/j.molcel.2013.11.002.

17. Mahajan K. hPso4/hPrp19: a critical component of DNA 
repair and DNA damage checkpoint complexes. Oncogene. 
2015. doi: 10.1038/onc.2015.321.

18. Abbas M, Shanmugam I, Bsaili M, Hromas R, Shaheen M. 
The role of the human psoralen 4 (hPso4) protein complex 
in replication stress and homologous recombination. 
J Biol Chem. 2014; 289: 14009-19. doi: 10.1074/jbc.
M113.520056.

19. Galej WP, Wilkinson ME, Fica SM, Oubridge C, Newman 
AJ, Nagai K. Cryo-EM structure of the spliceosome 
immediately after branching. Nature. 2016; 537: 197-201. 
doi: 10.1038/nature19316.

20. Savage KI, Gorski JJ, Barros EM, Irwin GW, Manti L, 
Powell AJ, Pellagatti A, Lukashchuk N, McCance DJ, 
McCluggage WG, Schettino G, Salto-Tellez M, Boultwood 
J, et al. Identification of a BRCA1-mRNA splicing complex 
required for efficient DNA repair and maintenance of 
genomic stability. Mol Cell. 2014; 54: 445-59. doi: 
10.1016/j.molcel.2014.03.021.

21. Gunn A, Bennardo N, Cheng A, Stark JM. Correct end 
use during end joining of multiple chromosomal double 
strand breaks is influenced by repair protein RAD50, DNA-
dependent protein kinase DNA-PKcs, and transcription 
context. J Biol Chem. 2011; 286: 42470-82. doi: 10.1074/
jbc.M111.309252.

22. Boon KL, Norman CM, Grainger RJ, Newman AJ, Beggs 
JD. Prp8p dissection reveals domain structure and protein 
interaction sites. RNA. 2006; 12: 198-205. doi: 10.1261/
rna.2281306.

23. Kwak H, Lis JT. Control of transcriptional elongation. 
Annu Rev Genet. 2013; 47: 483-508. doi: 10.1146/annurev-
genet-110711-155440.

24. Koga M, Hayashi M, Kaida D. Splicing inhibition decreases 
phosphorylation level of Ser2 in Pol II CTD. Nucleic Acids 
Res. 2015; 43: 8258-67. doi: 10.1093/nar/gkv740.

25. Soutoglou E, Dorn JF, Sengupta K, Jasin M, Nussenzweig 
A, Ried T, Danuser G, Misteli T. Positional stability of 
single double-strand breaks in mammalian cells. Nat Cell 
Biol. 2007; 9: 675-82. doi: 10.1038/ncb1591.

26. Stark JM, Pierce AJ, Oh J, Pastink A, Jasin M. Genetic steps 
of mammalian homologous repair with distinct mutagenic 
consequences. Mol Cell Biol. 2004; 24: 9305-16. 

27. Aymard F, Bugler B, Schmidt CK, Guillou E, Caron P, 
Briois S, Iacovoni JS, Daburon V, Miller KM, Jackson 
SP, Legube G. Transcriptionally active chromatin recruits 
homologous recombination at DNA double-strand breaks. 
Nat Struct Mol Biol. 2014; 21: 366-74. doi: 10.1038/
nsmb.2796.

28. Symington LS, Gautier J. Double-strand break end resection 
and repair pathway choice. Annu Rev Genet. 2011; 45: 247-
71. doi: 10.1146/annurev-genet-110410-132435.

29. Forment JV, Walker RV, Jackson SP. A high-throughput, 
flow cytometry-based method to quantify DNA-end 
resection in mammalian cells. Cytometry A. 2012; 81: 922-
8. doi: 10.1002/cyto.a.22155.

30. Bunting SF, Callen E, Wong N, Chen HT, Polato F, Gunn 
A, Bothmer A, Feldhahn N, Fernandez-Capetillo O, Cao L, 
Xu X, Deng CX, Finkel T, et al. 53BP1 inhibits homologous 
recombination in Brca1-deficient cells by blocking resection 
of DNA breaks. Cell. 2010; 141: 243-54. 

31. Mailand N, Bekker-Jensen S, Faustrup H, Melander F, 
Bartek J, Lukas C, Lukas J. RNF8 ubiquitylates histones at 
DNA double-strand breaks and promotes assembly of repair 
proteins. Cell. 2007; 131: 887-900. 

32. Huen MS, Grant R, Manke I, Minn K, Yu X, Yaffe MB, 
Chen J. RNF8 transduces the DNA-damage signal via 
histone ubiquitylation and checkpoint protein assembly. 
Cell. 2007; 131: 901-14. doi: 10.1016/j.cell.2007.09.041.

33. Kolas NK, Chapman JR, Nakada S, Ylanko J, Chahwan 
R, Sweeney FD, Panier S, Mendez M, Wildenhain J, 
Thomson TM, Pelletier L, Jackson SP, Durocher D. 
Orchestration of the DNA-damage response by the RNF8 
ubiquitin ligase. Science. 2007; 318: 1637-40. doi: 10.1126/
science.1150034.

34. Pederiva C, Bohm S, Julner A, Farnebo M. Splicing 
controls the ubiquitin response during DNA double-strand 
break repair. Cell Death Differ. 2016; 23: 1648-57. doi: 
10.1038/cdd.2016.58.

35. Ochs F, Somyajit K, Altmeyer M, Rask MB, Lukas J, Lukas 
C. 53BP1 fosters fidelity of homology-directed DNA repair. 
Nat Struct Mol Biol. 2016. doi: 10.1038/nsmb.3251.

36. Sivanand S, Rhoades S, Jiang Q, Lee JV, Benci J, Zhang 
J, Yuan S, Viney I, Zhao S, Carrer A, Bennett MJ, Minn 
AJ, Weljie AM, et al. Nuclear Acetyl-CoA Production by 
ACLY Promotes Homologous Recombination. Mol Cell. 
2017; 67: 252-65 e6. doi: 10.1016/j.molcel.2017.06.008.

37. Tang J, Cho NW, Cui G, Manion EM, Shanbhag NM, 
Botuyan MV, Mer G, Greenberg RA. Acetylation limits 
53BP1 association with damaged chromatin to promote 



Oncotarget93336www.impactjournals.com/oncotarget

homologous recombination. Nat Struct Mol Biol. 2013; 20: 
317-25. doi: 10.1038/nsmb.2499.

38. Santos-Pereira JM, Aguilera A. R loops: new modulators of 
genome dynamics and function. Nat Rev Genet. 2015; 16: 
583-97. doi: 10.1038/nrg3961.

39. Britton S, Dernoncourt E, Delteil C, Froment C, Schiltz O, 
Salles B, Frit P, Calsou P. DNA damage triggers SAF-A 
and RNA biogenesis factors exclusion from chromatin 
coupled to R-loops removal. Nucleic Acids Res. 2014; 42: 
9047-62. doi: 10.1093/nar/gku601.

40. Hu Z, Zhang A, Storz G, Gottesman S, Leppla SH. An 
antibody-based microarray assay for small RNA detection. 
Nucleic Acids Res. 2006; 34: e52. doi: 10.1093/nar/gkl142.

41. Spector DL, Lamond AI. Nuclear speckles. Cold Spring 
Harb Perspect Biol. 2011; 3. doi: 10.1101/cshperspect.
a000646.

42. Effenberger KA, Anderson DD, Bray WM, Prichard BE, 
Ma N, Adams MS, Ghosh AK, Jurica MS. Coherence 
between cellular responses and in vitro splicing inhibition 
for the anti-tumor drug pladienolide B and its analogs. 
J Biol Chem. 2014; 289: 1938-47. doi: 10.1074/jbc.
M113.515536.

43. Lord CJ, Ashworth A. BRCAness revisited. Nat Rev 
Cancer. 2016; 16: 110-20. doi: 10.1038/nrc.2015.21.

44. Etemadmoghadam D, Weir BA, Au-Yeung G, Alsop K, 
Mitchell G, George J, Davis S, D’Andrea AD, Simpson 
K, Hahn WC, Bowtell DD, and Australian Ovarian 
Cancer Study Group. Synthetic lethality between CCNE1 
amplification and loss of BRCA1. Proc Natl Acad Sci U S 
A. 2013; 110: 19489-94. doi: 10.1073/pnas.1314302110.

45. Eskens FA, Ramos FJ, Burger H, O’Brien JP, Piera 
A, de Jonge MJ, Mizui Y, Wiemer EA, Carreras MJ, 
Baselga J, Tabernero J. Phase I pharmacokinetic and 
pharmacodynamic study of the first-in-class spliceosome 
inhibitor E7107 in patients with advanced solid tumors. Clin 
Cancer Res. 2013; 19: 6296-304. doi: 10.1158/1078-0432.
CCR-13-0485.

46. Salton M, Misteli T. Small Molecule Modulators of Pre-
mRNA Splicing in Cancer Therapy. Trends Mol Med. 
2016; 22: 28-37. doi: 10.1016/j.molmed.2015.11.005.

47. Effenberger KA, Urabe VK, Jurica MS. Modulating splicing 
with small molecular inhibitors of the spliceosome. Wiley 
Interdiscip Rev RNA. 2017; 8. doi: 10.1002/wrna.1381.

48. Lagisetti C, Palacios G, Goronga T, Freeman B, Caufield 
W, Webb TR. Optimization of antitumor modulators of 
pre-mRNA splicing. J Med Chem. 2013; 56: 10033-44. doi: 
10.1021/jm401370h.

49. Hsu TY, Simon LM, Neill NJ, Marcotte R, Sayad A, Bland 
CS, Echeverria GV, Sun T, Kurley SJ, Tyagi S, Karlin KL, 
Dominguez-Vidana R, Hartman JD, et al. The spliceosome 
is a therapeutic vulnerability in MYC-driven cancer. Nature. 
2015; 525: 384-8. doi: 10.1038/nature14985.

50. Lee SC, Dvinge H, Kim E, Cho H, Micol JB, Chung YR, 
Durham BH, Yoshimi A, Kim YJ, Thomas M, Lobry C, 

Chen CW, Pastore A, et al. Modulation of splicing catalysis 
for therapeutic targeting of leukemia with mutations in 
genes encoding spliceosomal proteins. Nat Med. 2016; 22: 
672-8. doi: 10.1038/nm.4097.

51. Munoz MC, Laulier C, Gunn A, Cheng A, Robbiani 
DF, Nussenzweig A, Stark JM. RING finger nuclear 
factor RNF168 is important for defects in homologous 
recombination caused by loss of the breast cancer 
susceptibility factor BRCA1. J Biol Chem. 2012; 287: 
40618-28. doi: 10.1074/jbc.M112.410951.

52. Xie A, Puget N, Shim I, Odate S, Jarzyna I, Bassing CH, Alt 
FW, Scully R. Control of sister chromatid recombination by 
histone H2AX. Mol Cell. 2004; 16: 1017-25. 

53. Bhatia V, Herrera-Moyano E, Aguilera A, Gomez-
Gonzalez B. The Role of Replication-Associated Repair 
Factors on R-Loops. Genes (Basel). 2017; 8. doi: 10.3390/
genes8070171.

54. Hatchi E, Skourti-Stathaki K, Ventz S, Pinello L, Yen A, 
Kamieniarz-Gdula K, Dimitrov S, Pathania S, McKinney 
KM, Eaton ML, Kellis M, Hill SJ, Parmigiani G, et al. 
BRCA1 recruitment to transcriptional pause sites is required 
for R-loop-driven DNA damage repair. Mol Cell. 2015; 57: 
636-47. doi: 10.1016/j.molcel.2015.01.011.

55. Munoz MC, Yanez DA, Stark JM. An RNF168 fragment 
defective for focal accumulation at DNA damage is 
proficient for inhibition of homologous recombination in 
BRCA1 deficient cells. Nucleic Acids Res. 2014; 42: 7720-
33. doi: 10.1093/nar/gku421.

56. Wickramasinghe VO, Gonzalez-Porta M, Perera D, 
Bartolozzi AR, Sibley CR, Hallegger M, Ule J, Marioni 
JC, Venkitaraman AR. Regulation of constitutive and 
alternative mRNA splicing across the human transcriptome 
by PRPF8 is determined by 5’ splice site strength. Genome 
Biol. 2015; 16: 201. doi: 10.1186/s13059-015-0749-3.

57. Hou S, Li N, Zhang Q, Li H, Wei X, Hao T, Li Y, Azam S, 
Liu C, Cheng W, Jin B, Liu Q, Li M, et al. XAB2 functions 
in mitotic cell cycle progression via transcriptional 
regulation of CENPE. Cell Death Dis. 2016; 7: e2409. doi: 
10.1038/cddis.2016.313.

58. Laulier C, Cheng A, Stark JM. The relative efficiency of 
homology-directed repair has distinct effects on proper 
anaphase chromosome separation. Nucleic Acids Res. 2011; 
39: 5935-44. 

59. Gelot C, Magdalou I, Lopez BS. Replication stress in 
Mammalian cells and its consequences for mitosis. Genes 
(Basel). 2015; 6: 267-98. doi: 10.3390/genes6020267.

60. Gunn A, Stark JM. I-SceI-based assays to examine distinct 
repair outcomes of mammalian chromosomal double 
strand breaks. Methods Mol Biol. 2012; 920: 379-91. doi: 
10.1007/978-1-61779-998-3_27.

61. Bennardo N, Cheng A, Huang N, Stark JM. Alternative-
NHEJ Is a Mechanistically Distinct Pathway of Mammalian 
Chromosome Break Repair. PLoS Genet. 2008; 4: 
e1000110. 



Oncotarget93337www.impactjournals.com/oncotarget

62. Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, 
Zhang F. Genome engineering using the CRISPR-Cas9 
system. Nat Protoc. 2013; 8: 2281-308. doi: 10.1038/
nprot.2013.143.

63. Howard SM, Yanez DA, Stark JM. DNA damage response 
factors from diverse pathways, including DNA crosslink 
repair, mediate alternative end joining. PLoS Genet. 2015; 
11: e1004943. doi: 10.1371/journal.pgen.1004943. 


