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INTRODUCTION
TP53/TRP53/p53 suppresses tumor development through 

oncogenic stress-induced transcriptional upregulation of 
genes involved in several cellular responses, including apop-
totic cell death, cell-cycle arrest, cellular senescence, and 
DNA repair (1, 2). Mutations in the TP53 gene are found 
in human cancers of diverse cellular origin with an overall 
frequency of approximately 50%, often occurring alongside 
loss of the other TP53 allele (loss of heterozygosity; LOH; 
ref. 3). Although some of these mutations cause loss of the 
TP53 protein (modeled by Trp53 knockout mice), most TP53 
mutations in human cancers result in substitution of single 
amino acids, usually in the DNA-binding domain. High 
levels of stabilized mutant TP53 proteins are a common 
feature of such malignant cells (4, 5). Mutant TP53 pro-
teins have been proposed to drive malignant transformation 
and sustain tumor growth via three not mutually exclusive 
processes: (i) loss-of-function (LOF), that is, an inability of 

mutant TP53 to activate expression of the genes that are 
transcriptionally activated by wt TP53 to suppress tumori-
genesis; (ii) dominant-negative effects (DNE), that is, mutant 
TP53 repressing wt TP53 function through engagement in 
mixed tetramers; and (iii) gain-of-function (GOF) activities 
(Fig.  1A; refs. 3, 4, 6, 7). The GOF activities are thought to 
be mediated through neomorphic interactions of mutant 
TP53 proteins with other transcriptional regulators, activat-
ing cellular responses that are not impacted by wt TP53 (8). 
The LOF and DNE of mutant TP53 are accepted to be critical 
for malignant transformation, with the importance of the 
DNE restricted to cells that coexpress wt TP53 and mutant 
TP53, most notably nascent neoplastic cells during early 
stages of tumorigenesis (9–11). Sustained LOF was proven to 
be critical for continued tumor growth using mouse models 
in which expression of wt TP53 could first be switched off 
to drive tumorigenesis but then restored in the malignant 
cells. This suppressed tumor expansion through induction 
of either apoptosis or cell senescence, depending on the 
tumor type (12–14). It is less clear how important the GOF 
activities of mutant TP53 proteins are for sustained tumor 
growth. This issue has been resolved for several oncoproteins. 
For example, genetic removal or pharmacologic inhibition of 
mutant KRAS diminishes the growth of cancers, validating 
this oncogenic protein as a therapeutic target (15). If mutant 
TP53 and its reported GOF activities were likewise essential 
for sustained tumor expansion, drugs that could abolish its 
expression (e.g., approaches based on PROTAC technology; 
ref.  16) or block its GOF activities would be predicted to 
have therapeutic impact. A reduction in tumor expansion, 
albeit minor, was reported in a study using knock-in mice 
expressing R248Q mutant TRP53, where its expression could 
be extinguished in lymphoma cells through CRE-mediated 
gene deletion (17). Resolving the issue whether mutant TP53 
is essential for sustained survival and proliferation of malig-
nant cells has important ramifications for the design of novel 
cancer therapies.
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RESULTS
Inducible Removal of Mutant TP53 Does not 
Reduce Proliferation or Survival of Diverse 
Human Cancer Cell Lines

Substantial resources are being invested into the devel-
opment of drugs that abrogate mutant TP53 expression or 

its reported GOF activities as potential cancer therapeutics. 
However, the evidence that such drugs would be effective 
is conflicting (17, 18). This motivated us to undertake a 
wide-ranging and detailed examination of the requirement 
for sustained expression of mutant TP53 protein for the 
in vitro growth of a panel of fifteen human cancer cell lines 
of diverse origin (breast, colorectal, lung, and hepatocellular 
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Figure 1. Removal of mutant TP53 in human cancer cell lines using doxycycline-inducible CRISPR/Cas9 technology. A, Schematic of how wt TP53 func-
tions as a tumor suppressor and mechanisms by which mutant TP53/TRP53 proteins are postulated to promote neoplastic transformation. B, Table list-
ing the names and cellular origin of the 16 mutant TP53–expressing human cancer–derived cell lines examined, with their respective TP53 mutations 
indicated. C, Schematic to illustrate the strategy for removing mutant TP53 proteins using an inducible CRISPR/Cas9 platform. D, Western blotting to 
demonstrate the progressive removal of mutant TP53 protein in the human cancer cell lines SW620 and MDA-MB-231 after transduction with the vector 
containing the doxycycline-inducible sgRNAs targeting TP53 (isgTP53) and treatment with doxycycline. One control included was to not treat these cells 
with doxycycline. The same cancer cell lines transduced with a doxycycline-inducible nontargeting control sgRNA (isgNC) and treated, or not treated, with 
doxycycline were used as further controls. Probing for β-actin was used as a protein loading control. The Western blots shown are representative of 2 
or 3 independent blots from independent experiments. Removal of the respective mutant TP53 proteins from the other human cancer–derived cell lines 
used in this study is documented in Supplementary Fig. S1.
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carcinomas, lymphoma, leukemia, and an osteosarcoma; 
Fig. 1B). To achieve this, we used an inducible CRISPR/Cas9 
platform to genetically inactivate 12 distinct endogenous 
mutant TP53 genes that have been reported to engender GOF 
activities (19) in the panel of human cancer cell lines. These 
cancer cell lines were transduced with a vector for stable 
expression of Cas9 plus doxycycline-inducible vectors for the 
expression of a TP53-specific guide RNA (isgTP53) or a con-
trol guide RNA (isgNC; ref.  19). The transduced cancer cells 
were treated with doxycycline to induce sgRNA expression or 
were left untreated, and their survival and proliferation were 
monitored every two days from day 0 to day 12 (Fig. 1C). The 
progressive removal of mutant TP53 protein was verified by 
Western blotting and sequencing of the relevant TP53 exons 
(Fig. 1D; Supplementary Fig. S1A and S1B; the potential cave-
ats with respect to any residual small amount of mutant TP53 
protein found after 6 or more days of treatment of isgTP53-
transduced cancer cells with doxycycline are addressed in 
later experiments). The inducible removal of mutant TP53 
had no impact on the in vitro survival or proliferation of the 
cancer cell lines tested. Regardless of their TP53 state, all 
cancer cell lines proliferated vigorously during log expansion 
until reaching confluence, followed by a reduction in viable 
cells and an increase in dead cells (Fig.  2A and B; Supple-
mentary Fig.  S2A, Supplementary Tables  S1 and S2). Flow 
cytometric analysis confirmed that the removal of mutant 
TP53 had no impact on cell cycling (Fig. 2C; Supplementary 
Fig. S2B). Because these experiments were conducted during 
and immediately after the removal of mutant TP53, it appears 
unlikely that acquisition of mutations that provide compen-
sation for the loss of GOF activities of mutant TP53 would 
explain these findings.

Inducible Removal of Mutant TP53 Does 
Not Impact Mitochondrial Activity or ROS 
Levels in Human Cancer Cell Lines

Adaptation of cell metabolism (i.e., the Warburg effect; 
ref. 20) is a hallmark of cancer (21), and high intracellular lev-
els of reactive oxygen species (ROS) are often associated with 
increased cellular metabolism (22, 23). Mutant TP53 has been 
reported to regulate metabolic changes and impact the levels 
of ROS in cancer cells (24). Mitotracker and CellROX stain-
ing revealed that the removal of mutant TP53 had no impact 
on mitochondrial content/activity or the intracellular levels 
of ROS in the cancer cell lines tested (Fig. 2D and E; Supple-
mentary Fig. S2C and S2D). These data show that sustained 
expression of mutant TP53 is not required for the metabolic 
adaptation of these cancer cells.

Removal of Mutant TP53 Does Not Impact 
Responses of Human Cancer Cell Lines to 
Nutrient Deprivation or Cytotoxic Drugs

The ability of cancer cells to tolerate diverse stresses, such 
as deprivation of nutrients or growth factors, is critical for 
ensuring their survival and proliferation (25). The GOF 
effects of mutant TP53 have been reported to assist malignant 
cells in adapting to such stress (26). To determine the impor-
tance of the alleged GOF activities of mutant TP53 on cancer 
cells under stress, we cultured the control cancer cell lines and 
the mutant TP53–depleted derivatives in medium containing 

only 3% or 1% FCS, as a model of nutrient deprivation (27). 
Culturing in 1% FCS plus dox treatment had similar impact 
on cell expansion and induced similar extent of death in both 
the control and mutant TP53–depleted SW620 cells (∼50%), 
whereas no significant death was observed in the other cell 
lines tested (Fig.  3A and B; Supplementary Fig.  S3A). The 
death seen in the SW620 cells is likely due to their sensitiv-
ity to doxycycline when cultured in low serum and was not 
associated with the removal of mutant TP53. Furthermore, 
we could not detect any impact of induced removal of mutant 
TP53 on cell growth, cell cycling, mitochondrial content/
activity or ROS levels in any of the cancer cell lines tested 
in medium containing 1% FCS (Fig.  3A; Supplementary 
Fig. S3B–S3D) or 3% FCS (Supplementary Figs. S4A and S4B 
and S5A–S5C; Supplementary Tables S1 and S2).

Mutant TP53 has been reported to render malignant 
cells resistant to diverse anticancer agents (28). We found 
that removal of mutant TP53 did not impact the killing of 
the cancer cell lines tested in response to treatment with 
etoposide, 5-fluorouracil (5-FU), taxol, or cisplatin (Fig. 3C; 
Supplementary Fig.  S6A–S6D; Supplementary Table  S3). 
RNA-sequencing analysis revealed a large overlap of the dif-
ferentially expressed (DE) genes between the control MDA-
MB-231 cells and their mutant TP53-deleted derivatives 
after treatment with etoposide (Fig. 3D). This indicates that 
these cancer cells deal with this cytotoxic drug by engaging 
the same signaling pathways. Some similarities in changes 
in gene expression were seen in previous reports but those 
studies did not compare side-by-side isogenic parental cells 
with their mutant TP53–deleted derivatives (29, 30). Col-
lectively, our results demonstrate that sustained expression 
of mutant TP53 is not required for the ability of cancer cells 
to adapt to conditions of stress, including treatment with 
anticancer agents.

Clonal Populations of Mutant TP53–Deleted 
Human Cancer Cell Lines Behave Similarly to Their 
Control Mutant TP53–Expressing Counterparts

A potential caveat to the data presented above is that 
within the polyclonal populations of cancer cells that had 
been induced to express the mutant TP53 targeting sgRNA, 
a small amount of mutant TP53 protein remained, which 
was detectable by Western blotting and confirmed by TP53 
exon sequencing (Fig.  1D; Supplementary Fig.  S1A and 
S1B). To determine whether the residual, albeit markedly 
reduced, levels of mutant TP53 could have influenced the 
read-out of the experiments, single cell–derived clones (2–3 
per cancer cell line) lacking detectable mutant TP53 protein 
were established from the MDA-MB-231 (breast cancer, 
R280K), HT29 (colorectal cancer, R273H), Rael-BL (Bur-
kitt lymphoma, R282W), and MDA-MB-468 (breast cancer, 
R273H) human cancer cell lines. The complete absence of 
mutant TP53, verified by Western blotting, had no impact 
on the proliferation, survival, cycling, mitochondrial con-
tent/activity, ROS levels, and response of these cells to anti-
cancer agents, even in medium containing only 3% or 1% 
FCS (Supplementary Figs. S7A–S7G, S8A–S8G, S9A–S9G, 
and S10A–S10G).

Competitive coculture of two isogenic cell populations 
where one carries a mutation is a sensitive assay to detect 
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even subtle defects in cell proliferation and survival. When 
mutant TP53–deleted MDA-MB-231, HT29, AU565, and 
BT549 human cancer cells were each mixed at a 50/50 ratio 
with their mutant TP53–expressing controls, no competi-
tive disadvantage was observed during 15 days of coculture 

(Supplementary Fig.  S11A), even when the cells were con-
tinuously treated with etoposide (Supplementary Fig. S11B). 
This demonstrates that the removal of mutant TP53 does not 
cause a detectable competitive disadvantage in these human 
cancer cell lines.
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Figure 2. Removal of mutant TP53 does not impact the proliferation, survival, mitochondrial content, and ROS levels in human cancer cell lines. A, In vitro 
growth of the indicated human cancer cell lines with or without doxycycline-mediated induction of a mutant TP53-specific inducible sgRNA (isgTP53) or an 
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the cancer cells had been treated with doxycycline for 5 days (see A). Data in A and B are presented as mean ± SEM of three independent experiments. 
There were no consistent significant differences between the mutant TP53–deleted cancer cells versus the control cancer cells in any of the experiments 
shown (see Supplementary Tables S1 and S2 for details of the statistical analyses).
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Figure 3. Removal of mutant TP53 does not impair the ability of cancer cells to adapt to conditions of stress. A, In vitro growth of the indicated human 
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(isgNC) grown in medium with 1% FCS. B, In vitro survival of the cancer cells described in A. C, The viability of the cancer cells described in A after treat-
ment with the indicated concentrations of etoposide for 48 hours. D, Volcano plots for the control mutant TP53–expressing MDA-MB-231 cells treated 
with etoposide versus treatment with vehicle (left) and for the mutant TP53–deleted derivatives treated with etoposide treatment versus treatment 
with vehicle (right). The x-axis shows the log2 fold change in gene expression whereas the y-axis shows −log10 (P). Significantly differentially expressed 
(DE) genes are those above −log10 (0.05) = 1.3 on the y-axis. The top 15 significantly DE genes are indicated by green dots. The Venn diagram shows that 
nearly 60% of DE genes after treatment with etoposide are the same between the control and the mutant TP53–deleted MDA-MB-231 cancer cells. Data 
in A–C are presented as mean ± SEM of three independent experiments. There were no consistent significant differences between the TP53-deleted 
cancer cells versus the control cancer cells in any of the experiments shown (see Supplementary Tables S1 and S2 for details of the statistical analyses).



Wang et al.RESEARCH ARTICLE

368 | CANCER DISCOVERY FEBRUARY  2024	 AACRJournals.org

shRNA-Mediated Reduction of Mutant TP53 Can 
Impair the Survival and Proliferation of Human 
Cancer Cell Lines Through Off-Target Toxicity

Our findings contrast with some previous studies that 
showed that reduction of mutant TP53 expression using 
RNA interference inhibited the in vitro growth and survival 
of certain human cancer cell lines (31, 32). To try to explain 
these discrepancies, the previously published TP53 targeting 
(ishTP53) and control (ishNC) shRNA sequences were cloned 
into a doxycycline-inducible vector and transduced into the 
same human cancer cell lines used in those studies: SKBR3 
(breast cancer, R175H), HUH-7 (hepatocellular carcinoma, 
Y220C), T47D (breast cancer, L194F), MDA-MB-231 (breast 
cancer, R280K), SW620 (colon cancer, R273H + P309S), and 
HT29 (colon cancer, R273H). Despite efficient reduction in 
mutant TP53 levels (Supplementary Fig.  S12A), only minor 
cell death and reduction in cell proliferation were observed in 
both the control shNC and shTP53 variants from day 0 to day 
5 (Supplementary Fig. S12B and S12C). To clarify the minor 
killing induced by RNAi, ishTP53 and ishNC vectors were 
also transduced into derivatives of the MDA-MB-231, HT29, 
BT549, and HUH-7 cancer cell lines in which mutant TP53 
had already been removed by CRISPR (Fig. 4A). Notably, sig-
nificant killing and inhibition of cell growth were observed in 
the TP53-deleted HUH-7, HT29, and BT549 cells with doxy-
cycline-induced expression of ishTP53 (Fig. 4B and C). Accord-
ingly, the induction of ishTP53 decreased colony formation to 
a similar extent in the mutant TP53–expressing control cells 
and the mutant TP53–deleted CRISPR derivatives in each of 
these cancer cell lines (Fig. 4D). These findings demonstrate 
that the doxycycline-mediated induction of the shRNA tar-
geting mutant TP53 can inhibit the survival and proliferation 
of certain cancer cells through nonspecific toxic effects, rather 
than by removing a critical function of mutant TP53.

Mutant TP53-Expressing Human Cancer Cell Lines 
Retain the Machinery to Respond to Wild-Type TP53

We next addressed whether the mutant TP53–expressing 
human cancer cell lines retained the ability to respond to 
wt TP53, provided mutant TP53 was removed to obviate its 
DNE. To examine this, wt TP53 was ectopically expressed 
in control mutant TP53–expressing MDA-MB-231 (R280K) 
and SW620 (R273H + P309S) human cancer cells and their 
mutant TP53–deleted derivatives (Supplementary Fig. S13A). 
In the mutant TP53–depleted derivatives, enforced expression 
of wt TP53 caused transcriptional activation of the TP53 tar-
get genes BBC3 (encoding proapoptotic PUMA) and CDKN1A 
(encoding the cyclin-dependent kinase inhibitor p21; Sup-
plementary Fig.  S13B) and increased their sensitivity to the 
MDM2 inhibitor nutlin-3a and etoposide (Supplementary 
Fig. S13C and S13D). As expected, this was not observed in 
the control MDA-MB-231 and SW620 cells, owing to the 
DNE exerted by endogenous mutant TP53 on the ectopically 
introduced wt TP53.

Next, we attempted CRISPR-mediated repair of mutant TP53 
into wt TP53 gene sequences in the MDA-MB-231 (R280K),  
AU565 (R175H), SKBR3 (R175H), and HCC70 (R248Q) human 
cancer cell lines, relying on simultaneous electroporation of 
a Cas9 ribonucleoprotein (RNP) along with a ssDNA HDR 

donor (Fig.  5A; Supplementary Fig.  S14A; ref.  33). Remark-
ably, 4 days after electroporation, 13%–56% of genomes in 
these cancer cells encoded wt TP53 but after 12 days, wt TP53 
genomes were undetectable in all four cancer cell lines (Fig. 5B; 
Supplementary Fig. S14B) because of potent selection against 
cells with restored wt TP53 expression. The restored wt TP53 
protein was functional, given that 4 days, but not 12 days, 
after RNP electroporation, the MDA-MB-231 and AU565 cells 
both displayed a significant increase in BBC3 and CDKN1A 
mRNA upon treatment with nutlin-3a (Fig.  5C). This was 
not seen in cancer cells electroporated with a control HDR 
donor that introduced a silent mutation avoiding correction 
of the mutant TP53 gene sequence (Fig.  5C). These findings 
demonstrate that these cancer cells retain the machinery to 
respond to wt TP53 by activating its cell death and cell-cycle 
arrest programs.

Removal of Mutant TP53 Does Not Reduce 
Growth or Metastasis of Human or Mouse 
Cancer Cells In Vivo

We next examined whether removal of mutant TP53 
impacted the growth of cancer cells in vivo. MDA-MB-231, 
HT29, and Rael-BL–derived clones with complete loss of 
mutant TP53 were able to grow in immune-deficient NSG 
mice at rates comparable to their mutant TP53–expressing 
controls (Fig.  6A; Supplementary Fig.  S15), reaching simi-
lar tumor weights at ethical endpoint (Fig.  6B). For MDA-
MB-231 and HT29 cancer cells, even after transplantation 
with limited cell numbers (200K, 20K, or 2K), no impact of 
removal of mutant TP53 on tumor growth in vivo and tumor 
weight at ethical endpoint were observed (Supplementary 
Fig.  S16A and S16B). Western blotting confirmed the pres-
ence or absence of mutant TP53 in the tumors derived from 
the control cancer cells or their mutant TP53–deleted deriva-
tives, respectively (Fig.  6C; Supplementary Fig.  S16C). Con-
sistent with these findings from in vivo experiments, removal 
of mutant TP53 had no impact on colony formation of MDA-
MB-231, MDA-MB-468, HT29, HUH-7, and AU565 cancer 
cells in vitro (Supplementary Fig. S17A and S17B).

To examine the impact of removal of mutant TP53 on cancer 
metastasis, MDA-MB-231 (R280K) and SUM159 (R158InF) 
human breast cancer cells were implanted into the mammary 
fat pads of NSG mice, and the primary tumors were resected 
when they had reached 200 mm3 to enable analysis of metas-
tasis thereafter. No significant differences in the numbers of 
lung metastases were observed between the control cancer 
cells versus their mutant TP53–deleted derivatives (Fig.  6D; 
Supplementary Fig.  S18A). Western blotting confirmed the 
presence of mutant TP53 protein in the lung metastases 
from the former and its absence in the latter (Fig.  6E; Sup-
plementary Fig. S18B). Histologic staining demonstrated that 
the control SUM159 cells and their mutant TP53–deleted 
derivatives had similar ability to form metastases in the lung 
(Supplementary Fig.  S18C). Accordingly, transwell assays 
revealed that control AU565 as well as BT549 cancer cells and 
their mutant TRP53–deleted derivatives had similar ability to 
migrate in vitro (Supplementary Fig. S19A and S19B).

Furthermore, for NSG mice transplanted with HT29 
human colon cancer cells, both the mutant TP53–expressing 
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Figure 4. Doxycycline-mediated induction of an inducible shRNA targeting mutant TP53 inhibits proliferation and survival of human cancer cell lines 
through an off-target toxic effect. A, Western blot analysis showing the reduction of mutant TP53 protein in the indicated human cancer cell lines with 
or without doxycycline-mediated induction of an inducible TP53-specific shRNA (ishTP53) or an inducible control shRNA (ishNC). Probing for β-Actin 
was used as a protein loading control. The Western blots shown are representative of 2 or 3 independent blots from independent experiments. B, In vitro 
growth of the indicated human cancer cell lines with or without doxycycline-mediated induction of an inducible TP53-specific shRNA (ishTP53) or an 
inducible control shRNA (ishNC) for 12 days. C, In vitro survival of the cancer cells described in A and B. (continued on next page)
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control tumors and the mutant TP53–deleted counterparts 
responded to 5-FU in vivo in a similar manner, with their 
expansion reduced to a similar extent compared with the 
growth of these tumors in untreated host mice (Supplemen-
tary Fig. S20A). Immunostaining revealed similarly decreased 
numbers of Ki-67–positive (i.e., proliferating) control or 
mutant TP53–depleted HT29 colon cancer cells in the 5-FU–
treated host mice compared with the untreated tumor-bear-
ing mice (Supplementary Fig. S20B).

To allow studies of tumor growth in mice with a compe-
tent immune system, we examined the impact of removal of 
mutant TP53 in Eμ-Myc mouse lymphoma cells, where spon-
taneous mutation of Trp53 is found in approximately 25% of 
lymphomas (34). We used the MRE412 cell line derived from 
a lymphoma that had spontaneously acquired an R246Q-
mutant TRP53 (equivalent to R249Q in humans) during its 
development. Removal of mutant TRP53 had no impact on 
the survival and proliferation of these lymphoma cells in vitro 
(Supplementary Fig. S21A and S21B) or their ability to grow 
in immune-competent mice (Supplementary Fig.  S21C). 
Removal of mutant TRP53 was confirmed in the lymphomas 

grown in vivo by Western blotting (Supplementary Fig. S21D), 
and flow cytometric analysis of GFP and Ly5.2 expression fur-
ther verified that they were derived from the transplanted Eμ-
Myc lymphoma cells (Supplementary Fig. S22). Furthermore, 
we transplanted EO771 mouse breast cancer cells (S364R), 
both controls and their mutant Trp53–deleted derivatives, 
into the mammary fat pads of isogenic C57BL/6 recipient 
mice with a functional immune system. Removal of mutant 
TRP53 protein had no impact on the weight and volume of 
the primary tumors collected 11 days after transplantation 
(Fig.  6F) or the composition of immune cells in the micro-
environment of these tumors (Supplementary Fig. S23). The 
loss of mutant TRP53 in the primary tumors derived from 
the sgTrp53-transduced derivative cancer cells was confirmed 
by Western blotting (Fig. 6G).

Removal of Mutant TP53 Does Not Impair the 
Growth of Human Colon Cancer–Derived Organoids 
in Culture or as Tumor Xenografts in NSG Mice

Organoids derived from human cancers and their trans-
plantation into NSG mice are considered an ideal model for 
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Figure 5. Impact of correction of the mutant TP53 sequence to wt TP53 in the MDA-MB-231 and AU565 human cancer cell lines. A, Schematic of the 
components used for electroporation to correct the mutant TP53 gene sequence to wt TP53 in human cancer cells. The crRNA recognition site (under-
lined), PAM sequence (in green), and the cut site (dashed vertical line) for the MDA-MB-231 and AU565 mutTP53 target sequence are presented (K280 
and H175 residues in yellow). Bottom, the ssDNA HDR donor sequences are presented: the modified codon (in red) together with the PAM sequence silent 
mutation (in orange) are shown. B, Percentages of genomes carrying the intended TP53 edit at the indicated time points. N = 3 independent experiments. 
Individual values of biological replicates their mean and SEM are reported. C, The mRNA abundance for the indicated genes at the indicated time points 
in the absence (-) or presence (+) of treatment with 5 μmol/L nutlin-3a for 12 hours. N = 3 independent experiments. The data are presented as the mean 
and SEM of three independent experiments.

Figure 4. (Continued) D, The cancer cell lines described in A and B were seeded at 8,000 (8K), 4,000 (4K), or 2,000 (2K) cells per well. The photographs 
show examples of colony formation assays. Colonies were stained with 1% crystal violet. Measurements of colony areas as determined by software 
ImageJ. Three independent assays were performed for each cancer cell line. Data in B–D are presented as mean ± SEM of three independent experiments.
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studying the growth of human cancer while enabling the 
genetic manipulation of these cells (35). We derived orga-
noids, WCB123LU and WCB139T, from human colorectal 
cancers expressing R248W or R175H mutant TP53, respec-
tively, and used CRISPR/Cas9 to generate derivatives lacking 
mutant TP53. The mutant TP53–deleted colon cancer orga-
noids grew in culture (Supplementary Fig. S24) and formed 

tumors in NSG mice (Fig. 6H; Supplementary Fig. S25 and 
S26A) in a manner comparable with the control organoids, 
reaching similar tumor weights at ethical endpoint (Fig. 6I; 
Supplementary Fig.  S26B). Removal of mutant TP53 was 
confirmed by Western blotting (Fig.  6J; Supplementary 
Fig.  S26C) and IHC (Fig.  6K; Supplementary Fig.  S26D). 
Staining for Ki-67 revealed that the in vivo proliferation 
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Figure 6. Removal of mutant TP53 does not impair tumor growth and metastasis in vivo. A, Growth of the human cancer cell lines MDA-MB-231, 
SW620, and Rael-BL, either mutant TP53-expressing control cells or the mutant TP53-deleted derivatives, in NSG mice (N = 6 mice per cell line) with 
tumor volumes presented in mm3. B, Weights of the tumors from A at the ethical endpoint. C, Western blot analysis of the tumors from A to verify the 
presence of mutant TP53 protein in the control cancer cells and to confirm its absence in the tumors arising from the mutant TP53–deleted cancer cells. 
Probing for β-Actin was used as a protein loading control. D, Numbers of metastatic cells and nodules in the left lungs of NSG mice that had been injected 
with MDA-MB-231 breast cancer cells, either mutant TP53-expressing control cells or the mutant TP53-deleted derivatives, into their mammary fat 
pads (N = 6 mice for each cancer cell line). The primary breast tumors were resected when they had reached 200 mm3 to enable analysis of metastasis 
thereafter. E, Western blot analysis of the metastases from D to verify the presence or absence of mutant TP53, respectively. Probing for β-Actin was 
used as a protein loading control. (continued on following page)
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rate was comparable between tumor cells derived from the 
control organoids and their mutant TP53–deleted deriva-
tives (Fig. 6K; Supplementary Fig. S26D). RNA-sequencing 
analysis revealed extensive similarity in gene expression 
between tumors from the mutant TP53–deleted WCB123LU 
organoids compared with tumors derived from the con-
trol organoids, with only 109 genes upregulated and 232 
downregulated (Fig.  6L). The removal of mutant TP53 
in colon cancer–derived organoids did not increase their 
sensitivity to anticancer drugs in culture (Supplementary 
Fig. S27). Moreover, the control organoids and the mutant 

TP53–deleted derivatives displayed similar responses to the 
anticancer agent 5-FU in vivo, with their growth rate reduced 
to a comparable extent relative to the expansion of these 
tumors in untreated host mice (Supplementary Fig. S28A). 
Ki-67–positive cells were consistently reduced in the 5-FU–
treated tumors compared with untreated tumors, with no 
differences detected between the control organoid versus 
the mutant TP53–deleted organoid-derived tumors (Supple-
mentary Fig. S28B). Collectively, these results demonstrate 
that mutant TP53/TRP53 is not critical for the sustained in 
vivo growth of diverse human and mouse cancer cells, the 
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Figure 6. (Continued) F, Volume and weight of the primary tumors in immune-competent mice transplanted with EO771 mouse breast cancer cells, 
either mutant Trp53–expressing control cells or their mutant Trp53–deleted derivatives. The breast cancer cells were transplanted into mammary fat 
pads of Cas9 transgenic mice (C57BL/6 background) to prevent immune rejection caused by Cas9 expression. G, Western blot analysis of the tumors 
from F to verify the presence of mutant TRP53 in the control cells or its absence in the mutant Trp53–deleted derivatives. Probing for β-Actin was used 
as a protein loading control. H, Growth of the human colon cancer–derived organoids WCB123LU, either the mutant TP53–expressing controls or the 
mutant TP53–deleted derivatives, in NSG mice (n = 6 mice per organoid line) with tumor volume presented in mm3. I, Weights of the tumors from H at the 
ethical endpoint. J, Western blot analysis of the tumors from H to verify the presence of mutant TP53 in the tumors derived from the control organoids 
or its absence in the tumors derived from the mutant TP53–deleted derivatives. K, Hematoxylin and eosin staining and IHC of the tumors from H to verify 
the presence of mutant TP53 in the control tumors or its absence in the mutant TP53–deleted derivatives. IHC analysis of Ki-67 in the tumors from H to 
reveal the expression of this marker of cell proliferation in tumors derived from the control mutant TP53–expressing colon cancer organoids or their 
mutant TP53–deleted derivatives. Magnification, 200×. L, Mean difference plot for the RNA-seq differential gene expression analysis comparing tumors 
in NSG mice that had been derived from mutant TP53–expressing control WCB123LU colon cancer organoids with tumors in NSG mice derived from the 
mutant TP53–deleted derivatives. The x-axis shows the average gene log expression, whereas the y-axis shows gene log2 fold change. Points colored red 
and blue indicate genes that are significantly upregulated or downregulated, respectively, in the tumors derived from the mutant TP53–deleted colon cancer 
organoids compared with the mutant TP53–expressing control tumors. Data in B, D, and I are presented as mean ± SEM of results from experiments 
conducted in triplicate.
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metastasis of human breast cancer cells, or the response of 
human cancer cells to anticancer agents.

DepMap Database Mining Reveals that Mutant 
TP53 Is Not a Cancer Vulnerability

To extend beyond our own study, we mined the data within 
DepMap (Cancer Dependency Map) to examine the effect of 
deleting mutant TP53 by CRISPR on the growth and survival 
of 391 diverse types of human cancer cell lines, covering 

158 mutant TP53 proteins. This showed unequivocally that 
removal of mutant TP53 did not affect the growth of any 
of these cancer cell lines, with them behaving in a manner 
comparable with the TP53-deficient cancer cell lines after 
transduction with a TP53 sgRNA (Fig.  7A). Interestingly, 
the studies reported in DepMap that used a TP53-specific 
RNAi showed that this treatment inhibited the growth of a 
few cancer cell lines, but tellingly, these growth-inhibitory 
effects were also seen in several TP53-deficient human cancer 

TP53 deficient
(n = 32)

Mutant TP53
(n = 391)

A

B

C

wt TP53
(n = 165)

Mutant BRAF
(n = 81)

Unmutated
(n = 997)

Mutant KRAS
(n = 151)

Unmutated
(n = 927)

Mutant KRAS
(n = 110)

Unmutated
(n = 600)

Mutant BRAF
(n = 62)

Unmutated
(n = 648)

TP53 deficient
(n = 29)

Mutant TP53
(n = 273)

wt TP53
(n = 125)

–1 0 1
TP53 gene effects (Chronos)

CRISPR (DepMap public 22Q4 + score, Chronos)

BRAF gene effects (Chronos)
CRISPR (DepMap public 22Q4 + score, Chrones)

BRAF gene effects (DEMETER2)
RNAi (Achilles+DRIVE+Marcotte, DEMETER2)

KRAS gene effects (Chronos)
CRISPR (DepMap public 22Q4 + score, Chrones)

KRAS gene effects (DEMETER2)
RNAi (Achilles+DRIVE+Marcotte, DEMETER2)

TP53 gene effects (DEMETER2)
RNAi (Achilles+DRIVE+Marcotte, DEMETER2)

2 3

–3 –2 –1 0 1

–4 –3 –2 –1 0 1 –3 –2 –1 0 1

–3–4 –2 –1 0 1

–1–2 0 1 2 3

Figure 7. Analysis of the DepMap database does not identify mutant TP53 as a cancer cell dependency. A, Analysis of the DepMap database shows 
that the deletion of mutant TP53 using CRISPR had no impact on the growth of 391 human cancer cell lines encompassing 158 different TP53 muta-
tions. RNAi-mediated removal of mutant TP53 impaired the growth of not only a small number of cancer cell lines expressing mutant TP53 but also of 
some cancer cell lines that are TP53 deficient, demonstrating the off-target effects of RNAi. Removal of wt TP53 by either CRISPR or RNAi led to a 
growth advantage in many cancer cell lines expressing wt TP53. B, Mining of the DepMap database shows that the in vitro growth of human cancer cell 
lines expressing mutant BRAF is impaired when mutant BRAF is removed by using CRISPR/Cas9 or RNAi technology. C, Mining of the DepMap database 
shows that the in vitro growth of human cancer cell lines expressing mutant RAS is impaired when mutant RAS is removed by using CRISPR/Cas9 or 
RNAi technology.
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cell lines (Fig. 7A). This is consistent with our observation of 
off-target growth-inhibitory effects of TP53 targeting RNAi 
(Fig. 4). In contrast, and consistent with our findings (Fig. 5; 
Supplementary Fig. S12 and S13), targeting wt TP53 by either 
CRISPR or RNAi caused a growth advantage in many cancer 
cell lines expressing wt TP53 (Fig. 7A). As a positive control, 
we further mined the DepMap database to show that target-
ing mutant KRAS or mutant BRAF either by CRISPR or RNAi 
greatly impaired the growth of human cancer cell lines driven 
by these mutant proteins (Fig. 7B and C). This demonstrates 
that mutant KRAS and mutant BRAF proteins but not 
mutant TP53 proteins are cancer cell dependencies.

DISCUSSION
In this study, we used a doxycycline-inducible lentiviral 

CRISPR platform to remove endogenous mutant TP53 in 
cancer cells. This approach enabled the continuous monitor-
ing of the proliferation and survival of cancer cells during the 
process of removal of mutant TP53 in vitro. Importantly, this 
provided a full range of controls with which the potential 
cytotoxic effects of specific sgRNA vectors or doxycycline 
on cancer cells could be reliably observed, thereby excluding 
off-target effects to the greatest possible extent. Our find-
ings show that in 16 human cancer cell lines and two mouse 
cancer cell lines of diverse cellular origin encompassing 15 
mutant TP53/TRP53 proteins with proposed GOF activi-
ties, removal of mutant TP53 had no impact on cell survival, 
proliferation, migration, metabolism, or response to stress, 
including treatment with anticancer drugs. Our findings 
are supported by studies of human AML and mouse B lym-
phoma in which mutant TP53/TRP53 proteins exerted their 
tumorigenic effects through their DNE with no evidence for a 
critical role of alleged GOF effects (9, 11), and the theory that 
aneuploidy may explain the behaviour of certain cancer cells 
expressing mutant TP53 (36). However, our findings contra-
dict some previous publications. For example, it was reported 
that mouse embryonic fibroblasts (MEF) homozygous for the 
Trp53 R172H mutation proliferated more quickly in culture 
and underwent transformation more readily than Trp53−/− 
MEFs (37). The differences between these findings compared 
with our results may be explained by the fact that we used 
isogenic cancer cell lines to directly compare the TP53/TRP53 
mutant versus TP53/TRP53–deficient state, whereas the pre-
vious study compared cells that were not isogenic, which 
obviates accurate comparison (37). Moreover, some studies 
reported that RNA interference–mediated removal of mutant 
TP53 inhibited the growth of a small number of human 
cancer cell lines in vitro (31, 32), supporting an essential role 
for its GOF activities in sustaining tumor expansion. Impor-
tantly, we found that doxycycline-induced expression of the 
same shTP53 caused death and inhibited proliferation of the 
same human cancer cell lines not only in the mutant TP53–
expressing parental cells but also in their CRISPR-generated 
mutant TP53–deficient derivatives. TRP53 RNAi-mediated 
inhibition of in vitro growth of human cancer cell lines that 
lack TRP53 was also evident in the DepMap data. These find-
ings demonstrate that the inhibition of cancer cell prolifera-
tion and survival observed in previous studies may be due to 
off-target toxic effects of RNA interference. Off-target toxic 

effects of RNAi technologies have been demonstrated (38). 
For example, several genes that were identified as cancer 
dependencies in screens using RNAi (e.g., HDAC6, MAPK14, 
CASP3, and PAK4) could not be validated when these genes 
were deleted using CRISPR/Cas9 or when the encoded pro-
teins were targeted with specific inhibitors. In conclusion, 
identification of mutant TP53 as a cancer dependency by 
RNAi is not reliable.

The notion that pharmacologic removal of mutant TP53 
can impair cancer growth, which was based on studies using 
compounds that allegedly do this indirectly, has also been 
challenged (17). For example, one HDAC inhibitor, SAHA, 
was reported to inhibit tumor growth by causing specific 
degradation of mutant TP53 protein (17), but another HDAC 
inhibitor, FK228, was shown to kill tumor cells in a manner 
independent of the removal of mutant TP53 (18). Notably, 
CRISPR/Cas9-mediated removal of HDAC6 did not inhibit 
the proliferation of these tumor cells (38). These observations 
challenge the notion that mutant TP53 is the critical target 
of HDAC inhibition and that removal of mutant TP53 would 
inhibit tumor growth.

Our unprecedented expansive xenograft studies of human 
and mouse cancer cell lines and patient colon cancer–derived 
organoids in NSG mice (the latter widely regarded as the gold 
standard in vivo model for studying human tumor growth; 
ref. 39) revealed that removal of mutant TP53 did not impair 
tumor expansion or metastasis. The tumors formed from 
the mutant TP53–deleted human colon cancer organoids 
exhibited the same architecture and rate of cell proliferation 
as tumors derived from the control mutant TP53–express-
ing colon cancer organoids. RNA-seq analysis confirmed that 
there were only very few differences in gene expression between 
the control versus the mutant TP53–deleted tumors grow-
ing in NSG mice. Thus, we found no evidence that mutant 
TP53, and hence its reported GOF activities, are critical for 
sustained tumor growth in vivo. Our findings are consistent 
with observations that tumors from TRP53-deficient mice, the 
state resulting from genetic loss of mutant TP53/TRP53, are 
highly aggressive (40, 41) and relatively insensitive to diverse 
anticancer agents (42, 43).

In conclusion, our studies overall using 16 cancer cell 
lines representing 7 different types of human cancers, mouse 
lymphoma, and breast cancer cells and human colon can-
cer–derived organoids, spanning 15 different TP53/TRP53 
mutants, extended by mining the DepMap database encom-
passing 391 cancer cell lines with 158 different mutations 
in TP53, reveal that the GOF activities of mutant TP53 are 
not universally required for the sustained survival and prolif-
eration of malignant cells in vitro or tumor growth in vivo. It 
remains possible that GOF effects of certain mutant TP53/
TRP53 proteins, alongside their DN effects, may play critical 
roles during early stages of tumor development when nascent 
neoplastic cells express both mutant TP53 and wild-type TP53. 
Moreover, it cannot be excluded that GOF activities of certain 
TP53 mutant proteins, not tested here and not present in 
the DepMap database, may be critical for sustained tumor 
expansion. However, our findings suggest that drugs capable 
of abrogating expression of mutant TP53 proteins or block-
ing their GOF activities would be unlikely to afford substan-
tial general therapeutic benefit in mutant TP53–expressing 
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cancers. Rather, our finding that CRISPR-mediated correction 
of mutant TP53 into wt TP53 could extinguish the prolifera-
tion of cancer cells in vitro suggests that drugs that can restore 
wt TP53 activity to mutant TP53 proteins, such as PC14586, a 
structural corrector specifically targeting Y220C mutant TP53, 
should be effective.

METHODS
Cancer-Derived Cell Lines

The Burkitt lymphoma–derived cell lines, BL41 and Rael-BL, were 
cultured in RPMI1640 medium (Thermo Fisher Scientific) sup-
plemented with 10% FCS (Sigma), 2 mmol/L l-glutamine (Thermo 
Fisher Scientific), 1 mmol/L sodium pyruvate (Thermo Fisher Sci-
entific), 50 μmol/L α-thioglycerol (Sigma), 100 U/mL penicillin 
(Gibco), and 100 U/mL streptomycin (Gibco). SW620, HT29, HUH-
7, MDA-MB-231, and MDA-MB-453 cells were cultured in DMEM 
with 10% FCS, 100 U/mL penicillin, and 100 U/mL streptomy-
cin. HOP-92, NCI-H322m, Difi, HCC70, SUM159, AU565, SKBR3, 
BT549, and NB4 cells were cultured in RPMI1640 medium with 10% 
FCS, 100 U/mL penicillin, and 100 U/mL streptomycin. KHOS/NP 
cells were cultured in MEM with 10% FCS, 100 U/mL penicillin, and 
100 U/mL streptomycin. Eμ-Myc lymphoma cells were isolated from 
the lymphoid organs of sick Eμ-Myc transgenic mice and cultured 
in high-glucose DMEM (Thermo Fisher Scientific) supplemented 
with 10% FCS, 50 μmol/L β-mercaptoethanol (Sigma), 100 μmol/L 
asparagine (Sigma), 100 U/mL penicillin, and 100 U/mL streptomy-
cin. EO771 mouse breast cancer cells were cultured in RPMI1640 
medium supplemented with 10% FCS, 2 mmol/L l-glutamine, 
25 mmol/L HEPES, nonessential amino acids, 1 mmol/L sodium 
pyruvate, 100 U/mL penicillin, and 100 U/mL streptomycin. The 
authenticity of all cell lines used was routinely verified by genomic 
analysis. All cell lines were also routinely tested to confirm the 
absence of Mycoplasma infection (Lonza).

Human Colon Cancer–Derived Organoids
Human colon cancer–derived organoids were cultured as previ-

ously described (44). In brief, the organoids were maintained in the 
basal medium [DMEM/F12 supplemented with penicillin/strepto-
mycin, Glutamax, HEPES, Nicatinamide, N2, and B27 (all from 
Thermo Fisher Scientific) with Matrigel (BD Biosciences) adding 
growth factors (N-Acetyl-l-cysteine, hbFGF, and EGF)]. The medium 
was changed twice a week, and organoids were passaged 1:3 every ten 
days. This study was conducted in accordance with the Declaration 
of Helsinki, the NHMRC Statement on Ethical Conduct in Human 
Research, and Institutional Human Research Ethics approval (HREC 
2016.249). Patients gave written informed consent.

Virus Packaging and Infection of Cancer Cell Lines and 
Colon Cancer–Derived Organoids

The construction of the inducible sgRNA and shRNA expression 
vectors and virus production were performed as previously described 
(19). A negative control sgRNA (isgNC) which targets mouse Bim 
exon 2 (5′-GACAATTGCAGCCTGCTGAG) and a sgRNA targeting 
human TP53 exon 5 (5′- GAGCGCTGCTCAGATAGCGA) were used. 
The sgRNA targeting mouse Trp53 exon 4 (5′-GGCAACTATGGCTT 
CCACCT) was used in mouse lymphoma cells, whereas the sgRNA 
targeting human BIM exon 3 (5′- GACAATTGCAGCCTGCGGAG) 
was used as a negative control in mouse lymphoma cells. The shRNA 
targeting human TP53 (5′-GACTCCAGTGGTAATCTAC) was used, 
whereas the shRNA targeting rat CD8 (5′-AGCAAGCTGAACGATATA) 
was used as a negative control.

For adherent human cancer cell lines, 5  ×  105 cells were plated 
into 6-well plates along with 3 mL viral supernatant and cultured 

overnight. For suspension cancer cell lines, 1  ×  105 cells were sus-
pended in 5 mL viral supernatant and centrifuged at 2,200 rpm 
for 2 hours at 32°C. GFP (indication of sgRNA) and mCherry 
(marker of Cas9 expression) double positive cells were sorted for 
subsequent experiments.

The same sgRNA sequences were also cloned into a constitutive 
expression vector, LCV2, which contains the sequences for Cas9, to 
delete mutant TP53 in human colon cancer–derived organoids. A 
total of 1 × 105 single-cell suspensions of organoids were mixed with 
2 mL viral supernatant and centrifuged at 2,200 rpm for 2 hours at 
32°C. After 72 hours, cells were selected with 5 μg/mL puromycin 
(Sigma) to enrich for those containing the vector.

RNA-Seq Analysis
Total RNA was isolated from cancer cells in vitro or tumors ex vivo 

by using TRIzol reagent according to the manufacturer’s protocol 
(Thermo Fisher Scientific). The mRNA libraries were generated by 
using the Truseq RNA Sample Prep Kit (Illumina) and sequenced 
on a NextSeq 500 instrument using High Output kit (150 cycles; 
Illumina). For both data sets, sequencing reads were aligned to the 
human reference genome, hg38, using Rsubread package v2.2.6 (45). 
Over 97% of reads mapped to the reference genome for each sample 
in the breast cancer cell data and more than 94% for the colon cancer 
cell data samples. Successfully mapped reads were summarized into 
gene-level counts using featureCounts (46). Genes were identified 
using GENCODE annotation v37 (47). For all samples, 74%–82% 
read pairs were assigned to a gene. Genes labeled as “to be experi-
mentally confirmed (TEC)” as well as long noncoding RNAs were 
excluded. Further data preprocessing and differential expression 
analyses were performed separately for the two datasets. Differential 
gene expression analyses were undertaken using the limma v3.46.0 
(48) and edgeR v3.32.1 (49) software packages. Lowly expressed genes 
were filtered out using the filterByExpr function in edgeR with a 
minimum count of 30 for the in vitro breast cancer cell line data and a 
minimum count of 10 for the in vivo colon cancer data. This resulted 
in 14,793 genes and 18,784 genes being retained for downstream 
analysis in the breast and colon cancer datasets, respectively. Com-
positional differences between the libraries were normalized using 
the trimmed mean of M-values (TMM) method (50). Read counts 
were converted to log2 counts per million (logCPM), and differential 
expression between groups of samples was assessed using linear mod-
els and robust empirical Bayes moderated t-statistics with a trended 
prior variance relative to a fold-change threshold of 1.2 (limma-trend 
pipeline with TREAT; refs. 51, 52). False discovery rate was controlled 
below 5% using the Benjamini and Hochberg method. Volcano plots 
and mean-difference plots were generated using the volcano plot and 
plotMD functions in limma. Pathway analyses were performed on 
differentially expressed genes to test for over-representation of bio-
logical pathways as defined by Gene Ontology and KEGG pathways 
using limma’s goana and kegga functions, respectively. Gene-set 
enrichment analyses were performed using ROAST (53), and barcode 
plots were generated using the barcode plot function in limma.

HDR-Mediated Correction of Mutant TP53 in Human 
Cancer Cell Lines

A total of 2 × 105 MDA-MB-231 cancer cells and 3 × 105 AU-565, 
HCC-70 or SK-BR-3 cancer cells were electroporated as previously 
described (33): 120 pmol of Cas9, 1.5 μL Alt-R CRISPR-Cas9 crRNA 
(100 μmol/L, IDT), 1.5 μL Alt-R CRISPR-Cas9 tracrRNA (100 μmol/L, 
IDT), 1.2 μL Ultramer DNA Oligonucleotide (100 μmol/L, IDT), 
and 1.2 μL of Alt-R Cas9 Electroporation enhancer (100 μmol/L, 
IDT), in SE (MDA-MB-231) or SF (AU-565, HCC-70, SK-BR-3) Cell 
Line Nucleofector Solution (Lonza). After electroporation, cells were 
treated with the DNA-PKcs inhibitor NU7441 (1 μmol/L, Selleck 
Chemicals) for 48 hours. Genomic DNA was isolated 4 and 12 days 
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after electroporation using NucleoSpin Tissue columns (Macherey-
Nagel) and subjected to Sanger sequencing and ICE analysis (bioRxiv  
2019.08.10.251082).

Total RNA was isolated using NucleoSpin RNA Plus kit (Mach-
erey-Nagel) and reverse transcribed using RevertAid First Strand 
cDNA Synthesis kit (Thermo Fisher Scientific) with random hex-
amer primers. BBC3 and CDKN1A mRNA levels were determined via 
quantitative PCR using qPCRBIO Probe Mix (PCR Biosystems) and 
the following probe sets: BBC3 probe (PCR amplicon within exon 1; 
Hs.PT.58.38345739.g), CDKN1A (PCR amplicon spanning exon 4 
and 5; Hs.PT.58.40874346.g), and ACTB (PCR amplicon spanning 
exons 1 and 2; Hs.PT.39a.22214847). All probes were conjugated 
with a 6-FAM/ZEN/IBFQ dye/quencher mode. qPCR assays were per-
formed on a CFX Touch Real-Time PCR Detection System (Bio-Rad), 
and Ct values were extracted using a Bio-Rad CFX Manager software. 
Expression values were normalized to the values for β-actin mRNA, 
and the relative quantifications are presented as linearized Ct values 
(2−ΔΔCt), normalized to the wild-type untreated reference values.

Mice and Tumor Transplants
All experiments with mice were approved and carried out in accord-

ance with the guidelines of both the Melbourne Directorate Animal 
Ethics Committee and The Walter and Eliza Hall Institute of Medical 
Research Ethics Committee. Six- to 7-week-old Nod/scid/common γ 
chain–deficient (NSG) female mice were obtained from The Walter 
and Eliza Hall Institute mouse breeding facility. For the human can-
cer cell lines MDA-MB-231, HT29, and Rael-BL as well as the human 
colon cancer–derived organoids, the mutant TP53–expressing control 
cells and their mutant TP53–deleted derivatives were transplanted 
subcutaneously into the flanks of NSG mice (2  ×  106 tumor cells 
per injection for MDA-MB-231 and HT29 cell lines, 4 × 106 tumor 
cells per injection for Rael-BL cell line, and 1 × 106 cells per injection 
for the human colon cancer–derived organoids). Tumor size was 
measured with calipers until mice had reached the mandated animal 
ethics endpoint (i.e., when the first tumor on one flank had reached 
a size of 500 mm3). To examine the growth of tumor xenografts initi-
ated with limiting cell numbers, 200K, 20K, and 2K MDA-MB-231 
cells and HT29 cells were transplanted subcutaneously into the 
flanks of NSG mice. Tumor size was monitored as described above.

To examine metastasis, MDA-MB-231 and SUM159 human breast 
cancer cells (0.5 × 106) were injected into mammary fat pads of NSG 
mice, and primary tumors were surgically removed when tumors had 
reached a volume of 200 mm3 to ensure prolonged survival of the 
mice. The lungs of tumor-burdened mice were excised, and single-cell 
suspensions were generated. GFP/mCherry double positive cells were 
sorted for further analysis.

For in vivo treatment with the anticancer agent 5-FU, NSG mice 
were transplanted with HT29 human colon cancer cells or WCB123LU 
human colon cancer–derived organoids (2 × 106 tumor cells per injec-
tion). When the tumor size reached 100 mm3, 75 mg/kg 5-FU was 
injected intraperitoneally (i.p.) into tumor-bearing NSG mice on day 0 
and day 3. The tumor size was measured as described above for 7 days 
after treatment with 5-FU.

MRE412 Eu-Myc mouse lymphoma cells (C57BL/6J-Ly5.2 back-
ground), the mutant Trp53–expressing control cells or their mutant 
Trp53–deleted derivatives, were injected intravenously (i.v.) into 7- to 
9-week-old immune-competent C57BL/6J-Ly5.1 male mice that had 
been purchased from The Walter and Eliza Hall Institute mouse 
breeding facility. Mice were sacrificed when deemed having reached 
ethical endpoint by an animal research technician who was blinded 
to the genotype of the transplanted lymphoma cells.

EO771 mutant Trp53 mouse breast cancer cells and their 
mutant Trp53–deleted derivatives were injected into mammary fat 
pads of 8-week-old Cas9 transgenic immune-competent C57BL/6J 
mice (54) to avoid immune rejection caused by Cas9 expressed 
in the EO771 cells. Primary tumors were excised 11 days after 

transplantation by surgery. IHC was used to detect the immune cells 
in the tumor microenvironment.

Data Mining and Analysis of the DepMap Database
The DepMap portal is designed to empower discoveries related to 

cancer cell vulnerabilities. The cancer cell lines listed in the database were 
grouped by their mutations in the TP53, KRAS, or BRAF genes, respec-
tively. The corresponding gene-dependence scores of the effects of TP53, 
KRAS, or BRAF gene deletion or silencing using either CRISPR or RNAi, 
respectively, in the indicated cancer cell lines were derived from the data-
sets DepMap public 22Q4 (CRISPR) and Achilles+DRIVE+Marcotte 
(RNAi), which are listed in the Supplementary Tables  S4–S9. Scatter 
plots were generated by using GraphPad Prism 9.

Statistical Analysis
GraphPad Prism was used for statistical analysis. Error bars indi-

cate the SEM of three independent experiments. Two-tailed t tests 
were used to compare two data sets. Definition of P values in the 
figures and Supplementary Data figures is as follows: P > 0.05 (not 
significant; n.s.), P ≤ 0.05 (*), P ≤ 0.01 (**), and P ≤ 0.001 (***).

Data Availability Statement
Two RNA-seq datasets are available at https://www.ncbi.nlm.nih.
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