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CHAPTER 4  

 

XRN2 loss causes PARP inhibitor and cisplatin 

resistance of BRCA1-deficient mouse mammary 

tumor cells 

 

Guotai Xu, Peter Bouwman, Wendy Sol, Jos Jonkers, Piet Borst, Sven 
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Abstract 

We have previously reported that spontaneous mouse mammary tumors arising 

in a genetically engineered mouse model (GEMM) for human BRCA1-

associated breast cancer (K14Cre;Brca1F/F;p53F/F) cannot be eradicated by 

most classical and novel anti-cancer drugs. Treatment of Brca1;p53-deficient 

mouse mammary tumor-bearing mice with the maximal tolerance dose (MTD) of 

cisplatin often shrinks tumors to unpalpable sizes, but the remnant tumors are 

not eradicated, even though tumors relapsing after cisplatin treatment remain 

cisplatin sensitive. It is still largely unknown how the remnant tumors escape 

from eradication by cisplatin. 

 

In a loss-of-function screen using KB1P-G3 (G3) cell lines we made an attempt 

to identify genes that are involved in rescuing HR-deficient cells from cisplatin-

induced cell death. From this screen, hairpins targeting 5'-3' Exoribonuclease 2 

(Xrn2) in cisplatin-surviving colonies were highly enriched compared to the 

untreated group. Loss of XRN2 by 2 individual hairpins causes cisplatin 

resistance of Brca1; p53-deficient tumor cells but none of these hairpins has an 

effect on cell growth. In addition, XRN2 loss causes PARP inhibitor resistance of 

Brca1; p53-deficient mouse mammary tumor cells both in vitro and in vivo.  
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Text 

Although many solid tumors often shrink in response to anti-cancer drugs, 

tumors are usually not eradicated by those drugs resulting in disease relapse 

and mortality. To understand and antagonize mechanisms underlying this 

clinical hurdle, a genetically engineered mouse model for human BRCA1-

associated breast cancer (K14Cre; Brca1F/F; p53F/F) has been comprehensively 

studied in our group.  DSBs can be repaired by error-free homologous 

recombination (HR), which is initiated by end resection at DSBs and which 

requires BRCA1 (San Filippo et al., 2008). Subsequently, BRCA2 and other 

factors recruit RAD51 to the end-resected DNA to form a RAD51-ssDNA 

filament, which is an essential intermediate product for HR. (Li et al., 2009; 

McIlwraith et al., 2005; Moldovan et al., 2010). We have shown that mammary 

tumors “spontaneously” arising in this model are hypersensitive to DNA (repair)-

targeting anti-cancer therapy but cannot be eradicated due to the critical role of 

BRCA1 in homologous recombination (HR) (Rottenberg et al., 2008; Rottenberg 

et al., 2007; Zander et al., 2010). Treatment of BRCA1;p53-deficient tumor-

bearing mice with the MTD of doxorubicin, topotecan or the PARP inhibitors 

often shrinks tumors to unpalpable sizes, but from the remnant tumors grow out 

and eventually become fully resistant to them. In contrast, tumors relapsing after 

cisplatin treatment remain cisplatin sensitive. Nevertheless, residual tumor cells 

in cisplatin remnants are not killed, even not by a dose-dense schedule. This 

result cannot be explained by increased defense mechanisms of tumor-initiating 

cells or lack of drug penetration (Pajic et al., 2010).  

Following cisplatin administration, 1, 2-intra-strand cross-links between 

purine bases and inter-strand crosslinks occur in the DNA. We therefore 

hypothesized that enhanced DNA damage repair can help to rescue doomed 

cells. To identify novel genes which help the remnant tumors escape from 

eradication by cisplatin, a loss-of-function screen was performed in vitro using 

the BRCA1/p53-deficient G3 cell line. This cell line was generated from a 

spontaneous Brca1-/-; p53-/- mouse mammary tumor and it shows a comparative 

genomic hybridization (CGH) profile that is similar to the original tumor. 

Moreover, these cells have been successfully transplanted orthotopically into 

mice to recapitulate the morphology and drug response of the original tumor 
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(Jaspers et al., 2013). In this screen, We transduced G3 cells with a shRNA 

library that comprises 1976 hairpins targeting 391 genes involved in the DNA 

damage response (DDR) and positively transduced cells were subjected to 

cisplatin treatment. As a result, a reproducible enrichment of hairpins targeting 

Exoribonuclease 2 (Xrn2) was found in cisplatin-surviving colonies compared to 

the untreated group. XRN2 recognizes single-strand RNA with a 5'-terminal 

monophosphate to degrade it processively to mononucleotides (Miki and 

Grosshans, 2013). In addition, it cleaves the polyadenylation site to liberate a 5' 

fragment, which is subsequently processed to form the mature mRNA and a 3' 

fragment, which remains attached to the elongating polymerase. As a result, it 

may promote the termination of transcription by modulating RNA polymerase II 

activity (Wagschal et al., 2012). Our in vitro validation confirmed that loss of 

XRN2 which was achieved by 2 individual hairpins causes cisplatin resistance 

but none of these hairpins has an effect on the cell proliferation of Brca1;p53-

deficient tumor cells. In addition, we found that XRN2 loss also causes PARP 

inhibitor (PARPi) resistance of Brca1; p53-deficient mouse mammary tumor cells 

both in vitro and in vivo. We aim that the understanding of mechanisms that 

impair the efficacy of anti-cancer drugs will help to identify new therapeutic 

strategies that may improve current therapies. 

 

Results 

A loss-of-function screen identifies XRN2 as a potential predictor for 

cisplatin response of Brca1-/-; p53-/- mammary tumor cells 

To identify novel mechanisms that are responsible for cisplatin resistance in 

BRCA1-deficient mouse mammary tumors, we performed a loss-of-function 

screen in vitro using pooled shRNAs from the Sigma mission library (TRC Mm 

1.0) targeting mouse genes that have been implicated in the DDR (Figure 1a).  

We transduced the cell lines with the pooled shRNAs that comprises 1976 

hairpins targeting 391 genes involved in the DNA damage/repair (Xu et al., 

2015) and then positively transduced cells were selected by puromycin. I treated 

the cells with 2μM cisplatin (~100 fold IC50) that killed almost all the empty 

vector transduced cells but there were some cells surviving in the shRNA library 

transduced group. We The gDNA of cisplatin-surviving colonies and also of 
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untreated cells were used as the template to amplify the barcodes of the 

shRNAs by PCR and then the integrated barcode-specific shRNAs were 

retrieved by deep sequencing. As a result, a reproducible enrichment of hairpins 

against Xrn2 was found in the cisplatin-surviving colonies compared to the 

untreated cells. The reads of different hairpins were counted and Xrn2 was the 

only hit using the following criteria: first, hairpins targeting the same gene in 

survival clones should have at least105 reads (total ~6x106 reads for each 

sample); second, at least 2 different hairpins targeting the same gene should be 

present; third, hairpins in resistant clones should be highly enriched (>32-fold) in 

cells after cisplatin selection. To validate the results from the screens in vitro, we 

transduced 2 individual hairpins targeting Xrn2. This efficiently inhibited 

accumulation of the Xrn2 transcripts as determined by RT-qPCR (Figure 1b) 

and this was confirmed by Western Blotting (Fig 1c). Using colony formation 

assays, we observed that loss of XRN2 reduces the sensitivity to cisplatin 

(Figure 1d), suggesting that loss of XRN2 may enhance intra- or inter-strand 

cross-link repair (ICLR).  
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Figure 1   

 

Figure 1  | Xrn2 loss reduces the sensitivity to cisplatin in Brca1-/-;p53-/-; 

cells in vitro. (a) Design of the functional shRNA screen. gDNA, genomic DNA.  

(b) Quantification of Xrn2 transcript levels in KB1P-G3 cells transduced with 

Xrn2-targetingshRNAs or the vector control. Hprt was used as a control for 

transcript expression. (c) Colony formation assay using KB1P-G3 cells 

transduced with the indicated constructs and treatments.   

 

Xrn2 loss causes PARPi resistance in Brca1-/-; p53-/- tumor cells 

To our knowledge, the link between XRN2 and ICLR has not been investigated 

thus far.. In addition, because SSBs and DSBs may occur when the intra- and 

inter-strand cross-links are removed during ICLR or DNA replication, it is also 
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possible that the XRN2 loss-induced resistance to cisplatin is caused by 

enhanced single strand break repair (SSBR) or double strand break repair 

(DSBR). To better understand the mechanisms of XRN2 loss-induced 

resistance to cisplatin, we performed a colony formation assay to study the 

response of  XRN2 loss cells to PARPi treatment. We observed that XRN2 loss 

also causes PARPi resistance in BRCA1-deficient tumor cells, suggesting that 

XRN2 loss is more likely to enhance SSBR or DSBR (Figure 2).  

 

Figure 2 

 

Figure 2 | Xrn2 loss causes PARPi resistance in Brca1-/-; p53-/- tumor cells. 

(a) Long-term clonogenic assay using KB1P-G3 cells transduced with the 

indicated constructs and treatments. (b) Overall survival of mice with KB1P-G3-

derived Xrn2 loss or control tumors treated with one regimen of 50 mg olaparib 

per kg daily for 28 days or left untreated. The P value was calculated using the 

log-rank test.  

 

Xrn2 inhibition does not seem to affect olaparib sensitivity of Brca2; p53-

deficient tumor cells 

Another interesting question is whether Xrn2 loss is also capable of inducing 

olaparib resistance in Brca2; p53-deficient mouse mammary tumor cells. 

BRCA2 is crucial in the HR pathway since it recruits RAD51 to the end-resected 
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DNA at DSBs. For this purpose, we did a colony formation assay using Brca2; 

p53-deficient cell lines KB2P1.21 and KB2P-3.4 which were derived from a 

Brca2; p53-deficient mouse mammary tumor. As shown in Figure 3, we 

transduced KB2P-1.21 and KB2P-3.4 cells with 2 individual hairpins targeting 

Xrn2, which efficiently inhibited the Xrn2 transcripts as determined by RT-qPCR 

(Figure 3a, b). By colony formation assay, XRN2 loss does not induce PARPi 

resistance in BRCA2-deficient tumor cells (Figure 3c, d), suggesting that the 

protecting effect from PARPi or cisplatin-induced death by XRN2 loss is 

dependent on BRCA2.  

 

Figure 3 

 

 

Figure 3 |  Loss of Xrn2 does not cause olaparib resistance in Brca2-/-; p53-

/-  tumor cells in vitro. 

 (a, b) Quantification of Xrn2 transcript levels in Brca2-/-;p53-/- (KB2P-1.21 or 

KB2P-3.4) cells transduced with Xrn2-targeting shRNAs or the vector control. 



 

169 

Hprt was used as a control for transcript expression. The data represent the 

mean ± SD. (c, d) Colony formation assays of KB2P-1.21 or KB2P-3.4 cells 

transduced with the indicated constructs and treatments. 

 

 

Future directions 

Together, these data suggest that XRN2 may act upstream of BRCA2. It will be 

of interest to investigate whether XRN2-deficient Brca1-/-;p53-/- cells have 

restored RAD51 foci formation. Future studies will be necessary to investigate 

the precise mechanisms of XRN2 loss-induced resistance and whether our 

findings are clinically relevant. 

 

Materials and Methods 

 

Cell lines and compounds 

Cell culture was performed as previously described (Xu et al., 2015). Briefly, G3, 

KB2P-1.21 and KB2P-3.4 cell lines were cultured in DMEM/F-12 (Life 

Technologies) supplemented with 10% FCS, 50 U/mL penicillin, 50 ng/mL 

streptomycin, 5 µg/mL insulin (Sigma), 5 ng/mL epidermal growth factor (Life 

Technologies) and 5 ng/mL cholera toxin (Gentaur) under low oxygen conditions 

(3% O2, 5% CO2, 37°C). 293T cells were cultured in DMEM supplemented with 

10% FCS, under standard conditions (21% O2, 5% CO2, 37 °C). AZD2461 and 

olaparib were provided by AstraZeneca. 

 

Lentivirus-based transduction of cells with shRNA 

shRNA transduction was performed as previously described (Xu et al., 2015). 

Briefly, glycerol stocks of shRNA hairpins were obtained from the Sigma Mission 

library (TRC Mm 1.0) and isolated using the Genopure maxi kit (Roche). 293T 

cells were used for lentivirus production and target cells were infected for 12h 

with polybrene (6 µg/mL). The medium was refreshed after lentivirus infection 

and the cells were selected with puromycin. 

Individual shRNA vectors used were collected from the TRC library.  

Mouse Xrn2: 
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shXrn2-9959: TRCN0000119959_ CCAAATGATGTGGAGTTTGAT;  

shXrn2-9957: TRCN0000119957_ CCAGAGGATAACGTCAGGTTA; 

shXrn2-9960: TRCN0000119960_ CAACGATACTACAAGAACAAA. 

 

Loss-of-function screen 

Loss-of-function screen was performed as previously described. Briefly, 1976 

lentiviral hairpins from the Sigma Mission library (TRC Mm 1.0) targeting 391 

mouse DNA damage repair related genes were pooled (Xu et al., 2015) . shRNA 

library transduced cells were selected with a high concentration of cisplatin 

(2μM, about 100-fold the IC50) which killed almost all the cells of the empty 

vector group. genomic DNA of cisplatin-surviving cells and untreated cells was 

extracted and shRNA inserts were retrieved from 50 ng genomic DNA by PCR 

(PCR1 and PCR2). Adaptors and Indexes for deep sequencing (Illumina HiSeq 

2000) were incorporated into PCR primers as follows: 

PCR1 forward: 

PCR1_01_PLKO1_f_cisplatin, 

ACACTCTTTCCCTACACGACGCTCTTCCGATCT GCCTAA 

CTTGTGGAAAGGACGAAACACCGG; 

PCR1_02_PLKO1_f_untreated, 

ACACTCTTTCCCTACACGACGCTCTTCCGATCT CACTGT 

CTTGTGGAAAGGACGAAACACCGG; 

PCR1 reverse: P7_pLKO1_r, CAAGCAGAAGACGGCATACGAGAT 

TTCTTTCCCCTGCACTGTACCC; 

PCR2 forward: P5_IlluSeq, 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTT

CCGATCT;  

PCR2 reverse: P7, CAAGCAGAAGACGGCATACGAGAT. 

PCR2 products were subjected to deep sequencing and the shRNA stem 

sequence was segregated and aligned to the TRC library. The reads of different 

hairpins were counted and the following criteria were used to select the top hits 

for validation: first, hairpins targeting the same gene in survival cells should 

have at least105 reads (total ~6x106 reads); second, at least 2 different hairpins 
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targeting the same gene should be present; third, hairpins in resistant clones 

should be highly enriched (>32-fold) in cells after olaparib selection. 

 

Colony formation assay 

For the PARPi treatment study, on d0, 1x104 (G3, KB2P_1.21 or KB2P_3.4) 

cells were seeded per well with PARPi (or untreated control) into 6-well plates. 

The medium of the PARPi treatment groups was refreshed with PARPi every 4 

days. On day 5 (d5), the untreated control group was stopped and the PARPi 

treatment groups were stopped after another 2 to 3 weeks and stained with 

0.1% crystal violet.  

For cisplatin treatment, on d0, 2x104 G3 cells were seeded per well into 6-well 

plates.  24h later, cisplatin was added to the cells and the medium was 

refreshed 24h after cisplatin treatment. On d5, the untreated control group was 

stopped and the cisplatin treatment groups were stopped after another 2 to 3 

weeks and stained with 0.1% crystal violet.  

 

Mice and in vivo study 

All in vivo experiments were approved by the Animal Experiments Review Board 

of the Netherlands Cancer Institute, complying with Dutch legislation. To 

generate mouse mammary tumors from cell lines, 5x105  G3-vector and G3- 

shXrn2-9959 cells were orthotopically transplanted into 6-wk old female wild-

type FVB/N_Ola129 mice as previously described (Jaspers et al., 2013). Mice 

were randomized to the olaparib treatment or untreated control groups. 

 

RT-qPCR  

RT-qPCR was performed as previously described. Briefly, total RNA was 

isolated from cells and  cDNA was made from 1ug RNA with the GoScript™ 

Reverse Transcription system (Promega). For the quantitative PCR cDNA, 

primer forward and reverse (400 nM) and Lightcycler 480 SYBR Green I Master 

(Roche) were applied in a Lightcycler 480 96-well plate (Roche). and the Cp 

value of the gene of interest was subtracted from the housekeeping gene Hprt. 

This value was put in the power of 2 and this was also done for the SD from 3 
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independent experiments. The primer sequences used in this study are as 

follows: 

Mouse Xrn2 forward: cttccaggagcaagaaagccag; 

Mouse Xrn2 reverse: gtttccattgccgcccattg; 

Mouse Hprt forward: CTGGTGAAAAGGACCTCTCG; 

Mouse Hprt reverse: TGAAGTACTCATTATAGTCAAGGGCA. 
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