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Summary 

It has long been assumed that p53 suppresses tumour development through induction of 

apoptosis, possibly with contributions by cell cycle arrest and cell senescence1,2. However, 

combined deficiency in these three processes, unlike loss of p53, does not cause spontaneous 

tumour development, relaunching the search for the mechanisms that are critical for p53 to 

suppresses tumorigenesis3-5. To define such mechanisms, we performed sensitised in vivo 

screens in mice with an shRNA library targeting p53-regulated genes. We found that 

knockdown of three of the hits, Zmat3, Ctsf and Cav1, promoted lymphoma/leukaemia 

development only when PUMA and p21, the critical effectors of p53-driven apoptosis, cell 

cycle arrest and senescence, were also absent. Notably, loss of the DNA repair gene Mlh1, 

caused lymphoma in a wild-type background and its enforced expression was able to delay 

tumour development driven by loss of p53. Knockdown of Mlh1, Msh2, Rnf144b, Cav1 and 

Ddit4, all direct p53 target genes and implicated in DNA repair, accelerated MYC-driven 

lymphoma development to a similar extent as knockdown of p53. Collectively, these findings 

demonstrate that extensive functional overlap of several p53-regulated processes safeguards 

against cancer and that, at least within the haematopoietic compartment, coordination of 

DNA repair appears to be an important process by which p53 suppresses tumour 

development.     



The tumour suppressor gene p53 is mutated in ~50% of human cancers6. In addition to its critical 

role in preventing tumour development, p53 also constitutes a major determinant of the cellular 

response to genotoxic cancer therapy1,7,8. Accordingly, mice lacking functional p53 are highly 

predisposed to developing cancer and their cells are resistant to genotoxic anti-cancer agents9,10. 

As a transcription factor p53 regulates expression of ~300 target genes to coordinate diverse 

cellular effector functions, including apoptotic cell death, cell cycle arrest and cellular 

senescence11,12. Although these processes were widely thought to be essential for p53-mediated 

tumour suppression1,7, surprisingly, no tumours arose in mice lacking PUMA, NOXA and p215, 

the critical mediators of p53-induced apoptosis13,14 and G1/S cell cycle arrest/cell senescence15, 

respectively, or in mice bearing mutations in p53 that impair transcriptional activation of these 

genes3,4. Moreover, loss of even a single p53 allele accelerated c-MYC-driven lymphomagenesis 

to a much greater extent than complete loss of either PUMA and NOXA or PUMA and p2116,17. 

Thus, p53 must suppress tumour development through currently underappreciated processes that 

either overlap with, or are distinct from induction of apoptosis, cell cycle arrest and cell 

senescence. 

 

To define the mechanisms critical for p53-mediated tumour suppression we conducted in vivo 

screens using a pooled shRNA library containing 930 shRNAs targeting 166 known p53 target 

genes (5-6 shRNAs per gene) compiled from published gene expression and ChIP-sequencing data 

(Fig. 1a, Supplementary Table 1)3,18. The first screen was sensitised by the absence of the critical 

effectors of p53-driven apoptosis, cell cycle arrest and senescence (Puma-/-;p21-/-)5. When 

haematopoietic stem/progenitor cells (HSPCs) from foetal livers of E13.5 Puma-/-;p21-/- or wt 

(C57BL/6-Ly5.2) embryos were transduced with a p53 targeting shRNA and then transplanted 

into lethally irradiated wt (C57BL/6-Ly5.1) mice, 100% of recipients developed 

lymphoma/leukaemia within 300 days (Fig. 1b and Supplementary Fig. 1). Conversely, mice 

transplanted with Puma-/-;p21-/- or wt HSPCs that had been transduced with an empty vector or a 

control shRNA targeting Renilla luciferase did not develop tumours (Fig. 1b and Supplementary 

Fig. 1). This establishes that our screening strategy was effective and had a low false positive rate.  

 

Mice reconstituted with Puma-/-;p21-/- HSPCs that had been transduced with the pooled p53 target 

gene shRNA library developed lymphoma/leukaemia at an incidence of ~30% (21/67) within one 



year (Fig. 1b). Genomic DNA was isolated from these tumours and the enriched shRNAs identified 

by amplicon sequencing. Most tumours contained several distinct shRNAs and, predictably, the 

p53.848 shRNA was enriched in 4 of 27 tumours (Fig. 1c,d). 

A complementary screen was conducted to search for shRNAs that could further accelerate c-

MYC-driven lymphomagenesis even when p53-driven PUMA-mediated apoptosis is blocked. 

Mice reconstituted with Eµ-Myc;Puma-/- HSPCs that had been transduced with the shRNA library 

developed lymphoma at an accelerated rate compared to mice reconstituted with control vector 

transduced Eµ-Myc;Puma-/- HSPCs, although the p53 shRNA (positive control) caused even 

greater acceleration (Fig. 1e). Lymphomas that arose in this shRNA library screen prior to 50 days 

post-transplantation were deemed accelerated and selected for genomic DNA analysis to identify 

the enriched shRNAs. The ‘hits’ from the two screens were ranked according to: (1) shRNAs that 

had highest enrichment in tumours, (2) number of tumours in which a particular shRNA was 

enriched, (3) independent shRNAs targeting the same gene found enriched in tumours (Fig. 

1c,d,f,g and Supplementary Table 2,3).  

Based on these criteria we selected fourteen genes for validation and shRNAs targeting each of 

these genes were introduced individually into Puma-/-;p21-/- or Eµ-Myc;Puma-/- HSPCs to test their 

ability to promote tumorigenesis in reconstituted animals. In the Puma-/-;p21-/- HSPCs, knockdown 

of six of the fourteen genes tested (Mlh1, Cav1, Zmat3, Ctsf, Rfwd2 and Rb1) caused 

leukaemia/lymphoma (mostly of myeloid origin, Supplementary Fig. 2a,b) in a significant fraction 

(10-75%) of reconstituted mice within a year (Fig. 2a and Supplementary Fig.3a-c). In contrast, 

shRNAs targeting Apc, Serpin1, Tl3, Ercc5, Ppm1j, Crip2, Tgf, lincRNA-p21 did not promote 

tumorigenesis in this setting (Supplementary Fig. 3a). Therefore, these hits were not pursued. 

Notably, several independent shRNAs targeting Mlh1 or Cav1 accelerated lymphoma 

development in the Eµ-Myc;Puma-/- background to a similar extent as p53 knockdown itself, 

whereas shRNAs targeting Zmat3 or Ctsf had no impact (Fig. 2b and Supplementary Fig. 4a,b). 

This indicates that the importance of ZMAT3 and CTSF in p53-mediated tumour suppression may 

vary depending on the nature of the cooperating oncogenic lesions. 

Western blot and qRT-PCRs analyses verified that the shRNAs targeting Mlh1, Cav1, Zmat3, Ctsf, 

TGF, Ercc5 and Crip2 caused a reduction in the corresponding proteins and mRNAs, 



respectively (Supplementary Fig. 5a-d). Moreover, qRT-PCR analysis and Western blotting 

confirmed that these now validated tumour suppressors were upregulated in thymocytes in a p53-

dependent manner in response to -radiation or treatment with the MDM2 inhibitor nutlin-3a 

(Supplementary Fig. 6a,b). Knockdown of Mlh1, Cav1, Zmat3 or Ctsf in p53-/- HSPCs did not 

accelerate lymphoma development in reconstituted mice (Fig. 2c). This is consistent with the 

notion that these genes function in tumour suppression largely downstream of p53 rather than in 

parallel pathways.  

Pathway analysis demonstrated that many validated hits from our screens function in DNA repair 

and cell division (Supplementary Table 4). Therefore and because of the potent impact of their 

knockdown on tumour development in the Puma-/-;p21-/- and/or Eµ-Myc;Puma-/- backgrounds, we 

next focused on Mlh1, Cav1 and Zmat3. First, we tested the published functions of Cav1 and Mlh1 

in DNA repair19,20 and for Cav1 we also assessed cell proliferation21. The comet assay revealed 

that pre-leukaemic Eµ-Myc;Puma-/- B lymphoid cells expressing shRNAs that target Mlh1, Cav1 

or p53 (positive control) had more DNA lesions compared to control vector transduced cells 

(Supplementary Fig. 7a,b). DAPI staining showed that Cav1 knockdown also significantly 

enhanced cycling of pre-leukaemic Eµ-Myc;Puma-/- B lymphoid cells (Supplementary Fig. 7c). 

Zmat3 was reported to regulate cell death and cell proliferation22. To explore the function of Zmat3 

we used CRISPR/CAS9 technology to generate mutant mice lacking this protein (Supplementary 

Fig. 8a-e). Our examination of the ZMAT3-deficient animals showed that, unlike loss of p53, loss 

of ZMAT3 did not affect proliferation and apoptosis in lymphoid cells or cellular senescence in 

mouse embryonic fibroblast (Supplementary Fig. 9a-d). Collectively, these findings reveal that 

loss of MLH1 drives tumorigenesis exclusively through a direct defect in DNA repair whereas loss 

of CAV1 may increase DNA lesions by deregulating cell cycling.     

For a highly critical effector of p53-mediated tumour suppression it would be expected that its loss 

could drive tumorigenesis on its own, i.e. on a wt background. Knockdown of Cav1, Zmat3 or Ctsf 

did not cause leukaemia/lymphoma development in this setting (Fig. 3a). This reveals that their 

loss can only promote tumour development when p53-mediated apoptosis (via PUMA) and p53-

mediated G1/S cell cycle arrest/senescence (via p21) are also impaired, demonstrating the 

extensive backup of multiple p53-regulated effector processes in tumour suppression. In contrast, 



Mlh1 knockdown was able to cause lymphoma/leukaemia development on a wt background (Fig. 

3a) and accelerated tumorigenesis on the Eµ-Myc background at a rate comparable to knockdown 

of p53 itself (Fig. 3b). This indicates that MLH1 is a critical contributor to p53-mediated tumour 

suppression. Notably, in humans germ-line or acquired mutations in Mlh1 cause non-polyposis 

colorectal cancer23 and are responsible for a fraction of Li-Fraumeni Syndrome (LFS) patients who 

do not carry mutations in p5324,25.  

 

Tumours with defects in p53 or genes implicated in DNA repair, such as Mlh1, usually present 

with extensive genomic abnormalities26-28. These aberrations might include nucleotide-level 

changes like single nucleotide variants (SNVs) and microsatellite instability, or structural variants, 

such as large-scale chromosome rearrangements and more focal gene amplifications or deletions. 

Using whole cancer genome sequencing, we observed a number of large-scale copy number 

changes in lymphomas driven by the p53 shRNA, but comparatively fewer in those driven by the 

Mlh1 shRNA and in control lymphomas (Fig. 3c, Supplementary Fig.10). Examining non-

recurrent SNVs revealed a marked bias toward T>G/A>C substitutions in a subset of trinucleotide 

contexts (Supplementary Fig. 11a,b). There were no apparent differences in the numbers of 

substitutions observed across the tumours. However, short tandem repeat variants, an indicator of 

microsatellite instability, were markedly more numerous in lymphomas driven by Mlh1 

knockdown than among the other lymphomas (Fig. 3d, Supplementary Fig. 12). Control tumours 

showed a low number of structural and short tandem repeat genomic aberrations in these 

comparisons despite the longer (87 days vs ~40 days) tumour latency. These data are consistent 

with the notion that defects in MLH1-mediated DNA repair contribute to microsatellite instability, 

whereas tumours driven by loss of p53 exhibit a broader pattern of genomic lesions.  

 

Next, we tested the impact of enforced MLH1 expression on tumour development driven by loss 

of p53, either alone or in context of MYC over-expression. Of note, mice reconstituted with Cas9 

or E-Myc/Cas9 HSPCs that had been transduced with a vector encoding MLH1 and a p53 sgRNA 

developed lymphoma at a slower rate compared to control mice reconstituted with HSPCs that had 

been transduced with vectors that encode only the p53 sgRNA or a mutant of MLH1 that lacks its 

nuclear localisation sequence plus the p53 sgRNA (Fig. 3e, Supplementary Fig. 13). These 

findings and those from the lymphoma genome analysis are consistent with the notion that loss of 



p53 causes a reduction in the expression of not only Mlh1 but of several DNA repair genes, with 

the loss of any of them potentially driving tumorigenesis. To test this hypothesis, we examined the 

roles of several DNA repair genes that are reportedly regulated by p53 - Fancc, Polk, Ercc5, Pms2, 

Mgmt, Msh2, Rnf144b and Ddit4 -  in tumour suppression (Supplementary Fig. 14a; 

Supplementary Table 4). Mice reconstituted with Eµ-Myc HSPCs that had been transduced with 

shRNAs targeting Polk, Pms2 or Mgmt showed only a minor or no acceleration of lymphoma 

development compared to animals reconstituted with control Eµ-Myc HSPCs (Fig. 4a). Although 

these shRNAs potently knocked down the mRNA and protein levels of their targets 

(Supplementary Fig. 14b-d), it cannot be excluded that even greater loss of these proteins would 

have accelerated tumorigenesis more substantially. Remarkably, knockdown of Msh2, Rnf144b, 

Ddit4 or Cav1 accelerated lymphoma development at a rate comparable to knockdown of p53 

itself, and knockdown of Fancc and Ercc5 also enhanced lymphomagenesis, albeit to a lesser 

extent (Fig. 4a). Since some of these now validated tumour suppressor genes have been reported 

to regulate not only DNA repair but also several other processes, including cell proliferation or 

cell death (Supplementary Table 4), we tested their functions in pre-leukaemic Eµ-Myc B 

lymphoid cells (Supplementary Fig. 15a). In agreement with their published roles in DNA repair, 

comet assays validated that knockdown of these genes significantly increased DNA lesions in these 

cells (Supplementary Fig. 15b). Knockdown of Cav1, Rnf144b and Ddit4, but not knockdown of 

Mlh1 or Msh2, also significantly enhanced the cycling of pre-leukaemic Eµ-Myc B lymphoid cells 

(Supplementary Fig. 7a, 15c), but none of the shRNAs impacted on apoptosis triggered by diverse 

cytotoxic insults (Supplementary Fig. 16 a-e). Ddit4 was reported to act as a negative regulator of 

the mTORC1 pathway29. However, Western blot analysis showed that knockdown of Ddit4 did 

not perturb mTORC1 signaling in pre-leukaemic Eµ-Myc B lymphoid cells (Supplementary Fig. 

17). Collectively, these findings are consistent with the notion that MLH1 and MSH2 exclusively 

function in DNA repair, whereas the ability of RNF144b, CAV1 and DDIT4 to restrain cell 

proliferation may suggest that they enable DNA repair by controlling cell cycling and thereby 

suppress tumorigenesis30.  

Whole genome sequencing analysis revealed that genomic aberrations in the lymphomas 

accelerated by the knockdown of Rnf144b, Cav1, Ddit4, and Mlh1 were less extensive and 

abundant than those seen in lymphomas accelerated by knockdown of p53, which presented with 

large chromosome arm scale genomic lesions (Fig. 3c,4b and Supplementary Fig. 10,18a-b). These 



findings are consistent with the notion that p53 maintains genome stability by orchestrating a broad 

array of DNA damage repair mechanisms30. To provide evidence that p53 activated DNA repair 

processes are also critical for its tumour suppression in human cancers, we assessed whether 

mutations in DNA damage repair genes are mutually exclusive with mutations in p53. We found, 

indeed, that mutations in Mlh1, Msh2, Rnf144b, Fancc, Cav1 and Pms2 are mutually exclusive 

with mutations p53 within haematological cancers (Supplementary Fig. 19a,b). We expanded our 

analysis to colorectal cancer samples because they contain high rates of mutations in p53 and 

strong DNA mismatch repair mutational signatures. We found that in these cancers not only 

mutations in the DNA mismatch repair genes Mlh1, Msh2 or Pms2, but also mutations in FancC 

and Rnf144b are significantly mutually exclusive with mutations in p53 (Fig. 4c, Supplementary 

Fig. 20a,b).  

In conclusion, our work shows that in vivo shRNA screening in sensitised genetic backgrounds is 

a feasible approach to identify tumour suppressors. Our validation and functional assays indicate 

that p53 is a highly potent tumour suppressor because it can activate several tumour suppressive 

processes that cooperate and overlap to provide effective safeguard against cancer development 

(Fig. 4b). Thus, several p53-regulated processes must fail simultaneously for tumours to develop, 

for example loss of PUMA mediated apoptosis plus p21-mediated cell cycle arrest/senescence plus 

the process reliant on Zmat3. The relative importance of the different p53-activated cellular 

responses and the nature of their functional overlap in tumour suppression are likely to vary 

between different cell types and also in relation to the nature of the oncogenic drivers activated in 

the nascent neoplastic cells. Regardless, our findings suggest that coordination of DNA repair is a 

highly critical component of p53-mediated tumour suppression, at least within the context of 

hematological malignancies, consistent with the concept that p53 functions as the guardian of the 

genome27. 
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Figure 1 In vivo shRNA library screening to identify critical effectors of p53-mediated tumour 

suppression. a Experimental strategy of the screens. b Kaplan-Meier curve showing tumour-free 

survival of mice reconstituted with Puma−/−;p21−/− HSPCs that had been transduced with vectors 

encoding shRNAs targeting p53 (p53.1124; positive control), Renilla Luciferase, an empty vector 

(negative controls) or the p53 target gene directed shRNA library. N represents total number of 

reconstituted mice within a cohort. c Representative pie charts showing the fraction of total reads 

of a particular shRNA within the pre-injection pool or within individual tumours. d Number of 

tumours containing a particular enriched shRNA. A full list of the shRNAs enriched in these 

tumours is shown in Supplementary Table 2. e Kaplan-Meier curve showing tumour-free survival 

of mice reconstituted with Eµ-Myc;Puma−/− HSPCs that had been transduced with an empty vector 

(negative control), the p53.1124 shRNA (positive control) or the p53 target gene directed shRNA 

library. N represents total number of mice within a cohort. Median survival for control = 71 days 

post-transplantation; median survival for p53.1124 shRNA = 40 days post-transplantation 

(compared to control, ****p<0.0001); median survival for p53 target gene directed shRNA library 

= 55 days post-transplantation (compared to control, **p=0.0012). f Number of genes with 0, 1, 2 

or 3 shRNAs found enriched in the tumours. A full list of the genes for which shRNAs were found 

enriched in tumours is shown in Supplementary Table 3.  g Number of genes with 0, 1, 2, and 3 

independent shRNAs targeting that gene found in lymphomas arising within <50 days post-

transplantation.  



Figure 2 Validation of candidate tumour suppressors. a Kaplan-Meier curves showing tumour-

free survival of mice reconstituted with Puma-/-;p21-/- HSPCs that had been transduced 

individually with the indicated shRNAs. Table represents validation of the top shRNAs. b Kaplan-

Meier curves showing tumour-free survival of mice reconstituted with Eµ-Myc;Puma-/- HSPCs 



that had been transduced individually with the indicated shRNAs. Median survival for control = 

71 days, p53.1124 shRNA = 40 days, Cav1.955 shRNA = 33 days, Mlh1.649 shRNA = 36 days, 

Zmat3.6173 shRNA = 85 days, Ctsf.1542 shRNA = 75 days post-transplantation (Mlh1.649, 

Cav1.351 and p53.1124 shRNA compared to control, all ****p<0.0001). Table represents 

validation of the top shRNAs. Survival curves for mice reconstituted with Eµ-Myc;Puma-/- HSPCs 

transduced with a control shRNA vector (negative control) and p53 shRNA (positive control) 

constitute the aggregate from several independent experiments and they are also shown as controls 

in Fig. 1e and Supplementary Fig. 4a,b. c Kaplan-Meier curves showing tumour-free survival of 

mice reconstituted with p53-/- HSPCs that had been transduced individually with the indicated 

shRNAs. Median survival for control = 144 days, Cav1.955 shRNA = 104 days, Mlh1.648 

shRNA= 119 days, Zmat3.6173 shRNA = 128 days, Ctsf.1542 shRNA = 129 days post-

transplantation. N represents total number of reconstituted mice within a cohort.



 



Figure 3 MLH1 is a potent tumour suppressor. a Kaplan-Meier curves showing tumour-free 

survival of mice reconstituted with wt HSPCs that had been transduced with the indicated shRNAs. 

b Kaplan-Meier curves showing tumour-free survival of mice reconstituted with Eµ-Myc HSPCs 

that had been transduced with the indicated shRNAs. Median survival for control = 87 days, for 

p53.1124 = 41 days, for Mlh1.648 = 39 days post-transplantation (compared to control, 

****p<0.0001). c CIRCOS plots of log2 fold-change in copy number (black dots), inter-

chromosomal translocations (red lines) and intra-chromosomal structural variants (blue lines). Eµ-

Myc lymphomas accelerated by an shRNA against Mlh1 (#1400 and #1401), by an shRNA against 

p53 (#1494 and #1497), and control Eµ-Myc lymphomas (#1314 and #1420, transduced with an 

empty vector or a vector encoding an shRNA targeting Renilla luciferase); #1651 pre-leukaemic 

Eµ-Myc B lymphoid cells transduced with shRNAs against Mlh1, and #1649 non-transduced 

(control) pre-leukaemic Eµ-Myc B lymphoid cells. d Short Tandem Repeat (STR) variants in the 

lymphoma and pre-leukaemic cells (PLC). The differences consist mostly in single-nucleotide 

reductions in motif length (Supplementary Fig. 12). e Kaplan-Meier curve showing tumour-free 

survival of mice reconstituted with HSPCs expressing CAS9 that had been transduced with the 

following vectors: human Bim sgRNA (negative control), p53 sgRNA (positive control), p53 

sgRNA plus wild-type Mlh1-Flag, p53 sgRNA plus Mlh1-FlagNLS (mutant of MLH1 lacking its 

nuclear localisation sequence). Medium survival for p53 sgRNA = 142 days, Mlh1-FlagNLS + 

p53 sgRNA= 145 days, wild-type Mlh1-Flag + p53 sgRNA =207 days. N represents total number 

of reconstituted mice within a cohort. 

 

 

 

 





Figure 4 Several p53-regulated DNA repair genes function as tumour suppressors.  

a Kaplan-Meier curves showing tumour-free survival of mice reconstituted with Eµ-Myc HSPCs 

that had been transduced with the indicated shRNAs. Median survival post-transplantation: control 

= 87 days, for p53.1124 = 41 (positive control) for Rnf144b.2144 = 38 and Rnf144b.1963 = 51 

days (****p<0.0001), for Msh2.830 = 48 days and for Msh2.1102 = 35 days (****p<0.0001), for 

Ddit4.759 = 48 days (****p<0.0001) and Ddit4.1432 = 56 days (**p=0.0028) for Cav1.351 = 38 

and Cav1.955 = 28 (****p<0.0001), for Fancc.1512 = 59 days (**p=0.0083), for Polk.3595 = 53 

days (*p=0.0122) and for Polk.1079 = 64 days (p=n.s (not significant)), for Ercc5.1743 = 60 days 

(**p=0.0066) and for Ercc5.2801 = 73 days (p=n.s.), Pms2.1907 = 73 days and Pms2.535 = 129 

days (p=n.s.), for Mgmt.780 = 70 days and for Mgmt.370 = 87 days (p=n.s.). p values shown 

indicate comparison to control. Survival curves for mice reconstituted with Eµ-Myc HSPCs 

transduced with a control shRNA vector (negative control) and those transduced with a p53 

shRNA (positive control) constitute the aggregate from several independent experiments and they 

are the same for all 9 panels shown and are also shown as controls in Figure 3b. b CIRCOS plots 

of log2 fold-change in copy number (black dots) and intra-chromosomal structural variants (blue 

lines) in Eµ-Myc lymphomas accelerated by an shRNA against p53 (#1162), Cav1 (#1076), Ddit4 

(#1817), Rnf144b (#1790) and a control Eµ-Myc lymphoma (#1712) transduced with an shRNA 

targeting Renilla luciferase c Representative map illustrating mutations in p53 and the indicated 

p53 regulated-DNA damage repair genes in human colorectal cancers. Mutual exclusivity relative 

to mutations in p53 was evaluated using cBioPortal tools (***p<0.001, **p<0.001, *p<0.01). Full 

representation of the study is shown in Supplementary Fig. 20 a,b.  d Model for p53-mediated 

tumour suppression. 
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METHODS 

Short hairpin RNA vectors. A miR-30-based shRNA library directed against p53 target genes 

was cloned into LMS (MSCV-based vectors)31 in pools of ~300 shRNAs, respectively. The genes 

that meet at least 3 of the 4 below listed p53 target criteria were included in the shRNA library 

directed towards p53 target genes: (1) presence of a p53 response element (RE) in the DNA close 

to or within the gene; (2) demonstration that the gene is either upregulated or downregulated at the 

mRNA and/or protein levels by the activated wild-type p53 protein (but not by mutant p53 

protein); (3) evidence was derived by cloning the p53 RE from that gene, place it near a test gene, 

such as a luciferase reporter, and demonstrate that the wt p53 protein can regulate the test gene; 

(4) chromatin immunoprecipitation (CHIP) with a p53-specific antibody to demonstrate the 

presence of the p53 protein on the RE site in the DNA. Individual shRNAs for validation were 

synthesised as 97 bp oligos (Gene Works), PCR-amplified and cloned into LMS and LMP 

vectors31, which were verified by sequencing.  

 

sgRNA lentiviral vectors. The constitutive sgRNA expression vectors were derived from the 

pFUGW vector, which has been described previously32, where the H1-sgRNA cassette has been 

inserted via Pac1 upstream of the UbiC Promoter and the eGFP cassette was replaced by a T2aCFP 

sequence (pFUT2aCFP). This vector was then linearised using Pac1, allowing the H1-p53 or H1-

Mlh1 to be cloned into it. The sgRNA sequences are as follows: p53: 

5’GGCAACTATGGCTTCCACCT; Mlh1: 5’-AGCAGGAGTTATTCGGCGTC. 

 

Lentiviral expression constructs for Mlh1. Whole gene synthesis was used to generate the Mlh1 

cDNA (Genscript). The cDNA corresponding to the full-length coding region of the MLH1 protein 

was flanked at the 5’ end by a restriction site for EcoRI followed by a KOZAK and Flag sequence 

(5’-GAATTCACCATGGACTACAAGGACGACGATGACAAG-3’) and the 3’ end by 

a restriction site for BamH1. An Mlh1-FlagNLS cDNA fragment encoding MLH1 with the 

nuclear localisation sequence (NLS) deleted was generated as in48. The cDNAs were cloned into 

the pFUT2aCFP vector that was linearised using Pac1, allowing the p53 sgRNA to be cloned into 

it.  

 

  



Retrovirus production and cell culture. Retroviral particles were produced by transient 

transfection of 293T cells grown in 10-cm Petri dishes with 10 µg of vector DNA along with the 

packaging retroviral constructs GAG (4.8 µg), and pENV (2.4 µg), and lentiviral constructs pMDL 

(5 µg), RSV (2.5 µg) and ENV (5 µg) using standard calcium phosphate precipitation as previously 

described33. Virus containing supernatants were collected at 48-72 h after transfection and passed 

through a 0.45 µm filter. For infection of Eµ-Myc lymphoma derived cell lines and WT MEF 

(mouse embryo fibroblast) lines, aliquots of 105 cells were suspended in 2 mL of virus-containing 

supernatant and then centrifuged at 2,200 rpm for 1.5 h at 32oC. Primary WT MEFs were prepared 

from E13.5 embryos. A single cell suspension of the body (excluding head and foetal liver) was 

prepared. All primary MEFs were used between passage 2 and 4. Primary WT MEFs were 

transformed with retroviruses expressing Ad5 E1A and H-Ras (G12V) onco-proteins as described 

above. The mouse 560 Eμ-Myc lymphoma cell line was cultured in high-glucose DMEM 

supplemented with 10% heat-inactivated FCS, 50 μM β-mercaptoethanol (Sigma), 100 μM 

asparagine (Sigma), 100 U/mL penicillin and 100 mg/mL streptomycin in a humidified incubator 

at 37°C, 10% CO2. 

 

Cell viability assays. Thymi and bone marrow were harvested from mice of the indicated 

genotypes and single cell suspensions prepared. Cells were cultured in high-glucose DMEM 

supplemented with 10% heat-inactivated FCS, 50 μM β-mercaptoethanol (Sigma), 100 μM 

asparagine (Sigma), 100 U/mL penicillin and 100 mg/mL streptomycin in a humidified incubator 

at 37°C, 10% CO2. Cells were plated into 96-well flat-bottom plates at a starting density of 5 x 104 

cells/well and treated with the indicated stimuli, as described34. Cell viability was determined by 

staining with propidium iodide (PI) plus FITC-conjugate Annexin V followed by flow cytometric 

analysis on a BD-Biosciences LSRW flow cytometer with 10,000 cells recorded per sample. Data 

were analysed using FlowJo analysis software.   

 

Cell cycle analysis. Spleens were harvested from mice of the indicated genotypes and single-cell 

suspensions were prepared. Cells were plated at 5 x 104 cells/well into 96-well plates, in triplicate 

for each treatment, coated with 1 µg/mL anti-CD40 (FGK45) plus 10 µg/mL anti-IgM F(ab’)2 

antibody fragments (Jackson ImmunoResearch) and incubated for 96 h in high-glucose RPMI-

1640 media supplemented with 10% heat-inactivated FCS, 50 μM β-mercaptoethanol (Sigma), 



100 μM asparagine (Sigma), 10mM HEPES, 2mM glutamine,0.1mM non-essential amino acids, 

1mM sodium-pyruvate, and 100 U/mL penicillin and 100 mg/mL streptomycin in a humidified 

incubator at 37°C, 10% CO2. To track cell division, cells were labeled with 5 μM CellTrace Violet 

(CTV) (Life Technologies) at 5 µM, according to the manufacturer’s instructions. CTV dilution 

was assessed by flow cytometry, gating first on live B cells (B220+ and PI-). Flow cytometric 

analysis was performed on a BD-Biosciences LSR IIW flow cytometer. Data were analyzed using 

FlowJo software (Treestar). Bone marrow was harvested from mice of the indicated genotypes and 

single-cell suspensions were prepared. Cells were plated at 5 x 105 cells/well into 96-well flat-

bottom plates, fixed, permeabilised and stained with DAPI for flow cytometric cell-cycle analysis 

using a BD-Biosciences LSR IIW flow cytometer. Data were analysed using FlowJo analysis 

software (Tree Star) and distribution of cells within the distinct stages of the cell cycle determined 

by applying the Watson (pragmatic) cell-cycle modeling algorithm to the DAPI fluorescence 

intensity profile of the cells.  

 

Senescence-associated -galactosidase activity assay. WT, p53-/- and Zmat3-/- MEFs were 

prepared from E13.5 embryos. A single cell suspension of the body (excluding head and foetal 

liver) was prepared. MEFs between passage 6 and 7 were fixed in 2% formaldehyde 0.2% 

glutaraldehyde and incubated with X-gal (Invitrogen) at pH 6.0 for 14 h to determine senescence 

associated -galactosidase activity, as previously described35.  

 

Animal experiments. Experiments with mice were conducted according to the guidelines of The 

Walter and Eliza Hall Institute animal ethics committee. Eµ-Myc, Eµ-Myc;Puma-/- 16, Puma-/-;p21-

/-  and p53−/− 10  mice were all maintained on a C57BL/6-Ly5.2+ background. The CAS9 mice were 

on a C57BL/6-Ly5.2 background (Fig. 3e) and on a mixed C57BL6/129SV background 

(Supplementary Fig. 13b) For haematopoietic reconstitution, fresh embryonic day 13.5 (E13.5) 

foetal liver cells (a rich source of HSPCs) were obtained and placed into alpha-minimum essential 

medium (-MEM) with glutamax (Gibco) supplemented with 10% FCS (foetal calf serum; Gibco), 

1 mM L-glutamine, 1 mM sodium pyruvate, 100 µg/mL streptomycin, 100 U/mL penicillin, 10 

mM HEPES, 50 µM -mercaptoethanol containing the cytokines IL-6 (10 ng/mL), stem cell factor 

(100 ng/mL), thrombopoietin (50 ng/mL) and FLT-3 ligand (10 ng/mL). Foetal liver cells were 

maintained in culture for approximately 48 h for retroviral/lentiviral infection. Viral supernatants 



were collected as described above. Infections were performed in a 6-well non-tissue-culture-

treated plate that had been coated overnight with retronectin solution (32 µg/mL in PBS) at 4oC 

followed by coating with 2% albumin solution from bovine serum (Sigma-Aldrich A1595) in PBS 

at 37oC for 30 min prior to coating with viral particles. Viral particles were centrifuged onto the 

retronectin-coated plates at 3,000 rpm for 1 h. Foetal liver cells were then added to each well and 

incubated for 24 h. HSPCs transduced with vectors encoding shRNAs or sgRNAs were collected, 

washed in PBS, and injected into lethally irradiated (2x5.5 Gy, 4 h apart) C57BL/6-Ly5.1+ mice. 

Eµ-Myc;Cas9 HSPCs transduced with sgRNAs were collected, washed in PBS and then injected 

into sub-lethally irradiated (2.5 Gy) Rag1tm1Mom/J mice (Supplementary Fig. 13b). Reconstituted 

animals were monitored for illness by lymph node/spleen palpation and overall appearance. 

Survival time was defined as the time from haematopoietic reconstitution until the animal became 

ill and had to be sacrificed for ethical reasons. 

 

Generation of Zmat3-deficient mice. CRISPR/CAS9 mediated generation of Zmat3 mutant mice 

was performed as previously described 36,37. Cas9 mRNA (20 ng/μL) and sgRNAs (10 ng/μL) of 

the sequence sgRNA#1 GTCAAGCATACTCCATACCC and sgRNA#2 

GCGGTGTGAATTGCTGTGCC were injected into the cytoplasm of fertilized one-cell stage 

embryos. 19,772 bp of genomic sequence spanning exons 2 to 5 was targeted for deletion. After 

24 h, two-cell stage embryos were transferred into the uteri of pseudo-pregnant female C57BL/6J 

mice. Viable offspring were genotyped by next-generation sequencing as previously described32. 

 

shRNA recovery, identification and determination of representation. Genomic DNA was 

isolated from tumour cells using PureLink® Genomic DNA (ThermoFisher) and amplified the 

integrated shRNAs using PCR, and sequenced the amplified products on Illumina MiSeq. For 

identifying the shRNAs and to determine their representation, the sequence reads were aligned to 

a list of all shRNAs used in the screen.  

 

Illumina MiSeq sequencing. Each dual indexed library plate pool was quantified using the 

Agilent Tape station and the Qubit RNA assay kit for Qubit 2.0 Fluorometer (Life Technologies). 

The indexed pool was diluted to 12 pM for sequencing on a MiSeq instrument (Illumina) according 

to the manufacturer’s instructions. The 300-cycle kit was used for amplicon sizes of less than 280 



bp, and these amplicons were sequenced as single reads (281 cycles) followed by a 44-cycle second 

index read. Amplicons that were larger than 280 bp were sequenced using the 600-cycle kit, and 

both reads 1 and 2 were sequenced for 311 cycles. 

 

Library preparation and whole genome sequencing. An input of 100 ng of genomic DNA per 

lymphoma or pre-leukaemic cell (#1400, #1401, #1497, #1420, #1494, #1314, #1649, #1651) was 

prepared and indexed for Illumina sequencing using the TruSeq DNA sample Prep Kit (Illumina) 

according to the manufacturer’s instruction.  The library was quantified using the Agilent 

Tapestation and the Qubit™ RNA assay kit for Qubit 3.0® Fluorometer (Life Technologies).  The 

indexed libraries were then pooled and prepared for paired end sequencing on a NextSeq500 

instrument using the 150-cycle kit v2 chemistry (Illumina) as per manufacturer’s instructions.  A 

total of 10 NextSeq runs were completed which generated 4 billion 2x 75 base paired end reads 

for subsequent analysis.  The base calling and quality scoring were determined using Real-Time 

Analysis on board software v2.4.6, while the FASTQ file generation and de-multiplexing utilised 

bcl2fastq conversion software v2.15.0.4. Whole genome sequencing libraries for lymphomas and 

pre-leukaemic cell samples (#1620, #1076, #1085, #1817, #1818, #1162, #1712, #1790, #1791) 

were prepared using the TruSeq Nano DNA Library Preparation Kit (Illumina, San Diego) and 

sequenced to an average depth of 30x at Genome One (Garvan Institute, Sydney) on the Illumina 

HiSeq X Ten platform. 

 

Whole genome sequence analysis. Sequencing reads were aligned to the GRCm38/mm10 

reference genome using bwa mem (version 0.7.15-r1140)38 with default settings. Single nucleotide 

variants. We called single nucleotide variants (SNVs) using multiSNV version 2.339 with default 

settings, treating sample #1649 (derived from pre-leukaemic, non-infected Eµ-Myc B lymphoid 

cells) as the “normal” and the remaining seven samples as “lymphomas”. We ignored calls with a 

double-reference genotype, or with a quality score less than 90. Loci were excluded from 

consideration wherever multiSNV either called more than one non-reference allele, or tagged an 

allele with filters other than “PASS”. We also excluded those loci with called changes in more 

than one of the six lymphoma samples. We then applied a number of quality control filters: loci 

were excluded from consideration if they overlapped regions in the mm10 blacklist produced by 

the ENCODE project  [https://www.encodeproject.org/files/ENCFF547ME]; if they coincided 

https://genome.ucsc.edu/cgi-bin/hgGateway?db=mm10


with the coordinates of SNPs in dbSNP142  

[http://hgdownload.soe.ucsc.edu/goldenPath/mm10/database/snp142.txt.gz]; if they occurred in 

repeats annotated by RepeatMasker  

[http://hgdownload.cse.ucsc.edu/goldenPath/mm10/database/rmsk.txt.gz]; or if they occurred in 

regions of 100mer mappability less than 1, computed for mm10 using the GEM software suite40 
SNVs were annotated with their flanking bases using functions from the software package 

VariantAnnotation41. This approach detects substitutions that occur in the population at a SNV 

frequency of more than approximately 5%, and will have an increasing false negative rate as 

population diversity increases. Substitution rate analysis was therefore restricted to malignant 

lymphoma samples where clonal selection minimises this effect. 

Short tandem repeat (STR) genotyping. We called STR genotypes using HipSTR version v0.442, 

filtering using the included “filter_vcf.py” script. We included in our analysis those genotypes that 

were called with a posterior probability of >0.9 (unphased) and in which there was at least a 1 

base-pair difference from the mm10 reference genome. We excluded sites where all eight samples 

had the same genotype (even where this was distinct from the reference genotype). For STR 

genotyping, samples #1649, #1651, #1314, #1420, #1497, #1494, #1400 and #1401 were 

processed separately to samples #1620, #1818, #1817, #1791, #1790, #1712, #1162, #1085 and 

#1076. 

Copy number and structural variant calling. Smoothed copy number estimates were produced by 

qnaseq43 with a 100 kb bin size, excluding from considerations regions in the mm10 ENCODE 

blacklist [https://www.encodeproject.org/files/ENCFF547ME]. We called structural variants 

using GRIDSS version 1.3.444 with default settings, excluding those sites not marked “PASS” and 

applying region-based filtering similar to that we applied to SNV calls: loci were excluded from 

consideration if they overlapped regions in the ENCODE mm10 blacklist 

[https://www.encodeproject.org/files/ENCFF547ME]; if they coincided with the coordinates of 

deletions or in-dels in dbSNP142  

[http://hgdownload.soe.ucsc.edu/goldenPath/mm10/database/snp142.txt.gz]; if they occurred in 

repeats annotated by RepeatMasker  

[http://hgdownload.cse.ucsc.edu/goldenPath/mm10/database/rmsk.txt.gz]; or if they occurred in 

regions of 100mer mappability less than 145. Structural variants were included if they had a QUAL 

score of greater than 500 in one sample and 0 in the remaining samples. CIRCOS-style plots were 

http://hgdownload.soe.ucsc.edu/goldenPath/mm10/database/snp142Mult.txt.gz
http://hgdownload.soe.ucsc.edu/goldenPath/mm10/database/snp142Mult.txt.gz


produced with the software package ggbio46. }. For copy number analysis and variant calling, 

samples #1649, #1651, #1314, #1420, #1497, #1494, #1400 and #1401 were processed separately 

to samples #1620, #1818, #1817, #1791, #1790, #1712, #1162, #1085 and #1076. 

 

Analysis of mutual exclusivity of mutations in different genes in human cancers. Mutual 

exclusivity between mutations in p53 and mutations in p53 activated DNA damage repair genes 

was evaluated in human colorectal and haematological cancers. Mutual exclusivity plots were 

generated using the online cBioPortal tools (cbioportal.org). P values were calculated using the 

Fisher exact test. 

 

Flow cytometric analysis and cell sorting. Assessment of eGFP in tumour cells and 

immunophenotyping of lymphomas and leukaemias were performed using LSR IIW or FACS 

Calibur flow cytometers (Becton Dickinson). Immunophenotyping of lymphomas and leukaemias 

was performed on single-cell suspensions that had been stained with surface-marker-specific 

antibodies. The following fluorochrome-conjugated antibodies were utilised: B220 (RA3-6B2), 

IgM (5.1), IgD (11-26C), CD4 (H129), CD8 (YTS.169), MAC-1 (M1/70), and GR-1 (RB6-8C5). 

To confirm that the lymphomas or leukaemias were of donor haematopoietic cell derived origin, 

staining for Ly5.2 (5.405.15.2) was performed, in addition to verifying that they were GFP+. 

Antibodies were produced in our laboratory and conjugated to R-phycoerythrin (R-PE) or 

allophycocyanin according to the manufacturer’s (Prozyme) instructions. Virally transduced cell 

lines were sorted using Aria W (Becton Dickinson) by enriching for eGFP-positive cells.  

 

Western blot analysis. Total protein extracts were prepared from primary MEF lines, E-Myc 

lymphoma cell lines, primary lymphomas and bone marrow derived pre-leukaemic B lymphoid 

cells by lysis in RIPA buffer supplemented with protease inhibitors (complete protease inhibitor 

cocktail, Roche). Protein content in extracts was quantitated using the Bradford assay (Bio-Rad). 

Protein were separated by SDS-PAGE (ThermoFisher) and transferred onto nitrocellulose 

membranes (ThermoFisher). Membranes were blocked using 5% milk in PBS with 0.1% Tween 

20 prior to incubation with the primary antibody. Polyclonal antibodies were used to detect mouse 

ZMAT3 (Sigma-Aldrich, AV50793), p53 (Novocastra, Leica, CM5) and MLH1 (Calbiochem, 

PC56). Monoclonal antibodies were used to detect mouse CAV1 (BD Biosciences, 610406) and 

http://cbioportal.org/


HSP70 (clone N6; a gift from Dr Robin Andersson, Olivia Newton John Cancer Centre, 

Heidelberg, VIC, Australia). For checking mTOR activity, E-Myc lymphoma cells were lysed in 

20 mM Tris pH 7.5, 135 mM NaCl, 1.5 mM EDTA, 10% glycerol, 1% Triton X-100 including 

protease inhibitors (Roche, Dee Why, NSW, Australia). Equal amounts of protein were separated 

on 10% NUPAGE® Bis Tris gels (Invitrogen), transferred to PVDF, and blotted with the following 

antibodies from Cell Signalling: LC3B (D11), p-ULK1S757 (D7O6U), ULK1 (D8H5), p-S6S240/244 

(D68F8), S6 (5G10), p-4E-BP1S65 (#9451), 4E-BP1 (53H11), and SQSTM1 (#5114). The antibody 

against -actin (loading control) was purchased from Sigma (AC-15). 

 

DNA damage repair analysis (comet assay). The single-cell gel electrophoresis (Comet assay) 

was used to measure DNA damage in pre-leukaemic E-Myc and E-Myc;Puma-/- bone marrow 

derived B lymphoid cells. Bone marrow cells were harvested from the femora of pre-leukaemic 

mice at 10-12 days after reconstitution. Donor derived, transduced B lymphoid cells (B220+GFP+) 

were purified by FACS sorting and the comet assay was performed according to the 

manufacturer’s instructions (The Trevigen CometAssay #4250-050-K). The slides were analysed 

at 10x magnification under a Nicon 90i microscope for pre-leukaemic E-Myc;Puma-/- B lymphoid 

cells (Supplementary Fig. 7a,b) and under a Nikon TiE Live Cell Imaging microscope for pre-

leukaemic E-Myc B lymphoid cells (Supplementary Fig. 11b). The comet tail moment was 

measured by blinded scoring of the images using the Matamorph image analysis software.  

 

qRT-PCR analysis. Total RNA was isolated from FACS sorted lymphoma cells, thymocytes or 

E1A/H-Ras transformed MEFs using TRIzol (ThermoFisher) and reverse transcribed using 

SuperScript II Reverse Transcriptase (ThermoFisher) and Oligo-d(T) primers. qRT-PCR was 

performed in triplicate using Taqman Gene Expression assays (ThermoFisher) and an ABI 7900 

and ViiA7 Real-time PCR machine. The mRNA expression levels of p53 target genes of interest 

were standardised by the transcript levels of the reference gene, Hmbs, based on the comparative 

threshold method (Ct).  

 

Statistical analysis. Prism (Version 7; GraphPad Software) software was used for all statistical 

analyses. Two-group comparisons were made using 2-tailed t tests assuming equal variances. 

Tumor free survival data were plotted using Kaplan-Meier curves. Differences in survival time 



between cohorts of mice were tested using log-rank tests. P values less than 0.05 were considered 

to indicate statistical significance. 
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