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Mutations in Trp53, prevalent in human cancer, are reported to drive tumorigenesis through dominant-negative
effects (DNEs) over wild-type TRP53 function as well as neomorphic gain-of-function (GOF) activity. We show that
five TRP53 mutants do not accelerate lymphomagenesis on a TRP53-deficient background but strongly synergize
with ¢c-MYC overexpression in a manner that distinguishes the hot spot Trp53 mutations. RNA sequencing revealed
that the mutant TRP53 DNE does not globally repress wild-type TRP53 function but disproportionately impacts a
subset of wild-type TRP53 target genes. Accordingly, TRP53 mutant proteins impair pathways for DNA repair,
proliferation, and metabolism in premalignant cells. This reveals that, in our studies of lymphomagenesis, mutant
TRP53 drives tumorigenesis primarily through the DNE, which modulates wild-type TRP53 function in a manner

advantageous for neoplastic transformation.
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TRP53 gene mutations are found in many human cancers
and are typically associated with poor patient outcomes
(Vogelstein et al. 2000; Vousden and Lane 2007). Over
2000 different TRP53 mutations have been reported in hu-
man cancer (Bouaoun et al. 2016); however, they occur at a
disproportionately high rate at six specific amino acid
“hot spot” residues (R175, G245, R248, R249, R273, and
R282) and result in a limited number of specific single
amino acid substitutions. The mechanism underlying
the strong selection for hot spot mutant TRP53 proteins
in human cancer remains unknown (Baugh et al. 2018).
Hot spot mutant TRP53 proteins have lost wild-type
TRP53 transcriptional function but can still bind and in-
hibit the function of the wild-type TRP53 protein ex-
pressed from the nonmutated allele (dominant-negative
effect [DNE]). They are also thought to exhibit neomor-
phic gain-of-function (GOF) effects involving interactions
with diverse transcriptional regulators (Farmer et al. 1992;

“Present address: Department of Pediatric Oncology, Dana-Farber Cancer
Institute, Boston, MA 02215, USA.

5These authors contributed equally to this work.

SThese authors contributed equally to this work.

Corresponding authors: strasser@wehi.edu.au, gkelly@wehi.edu.au
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.314286.118.

Freed-Pastor and Prives 2012). Through these mecha-
nisms, mutant TRP53 protein overexpression has been re-
ported to influence cancer development and response to
therapy (Freed-Pastor and Prives 2012; Muller and Vous-
den 2014).

The DNE is thought to rely on the prolonged half-life of
mutant TRP53 (Freed-Pastor and Prives 2012) and the for-
mation of mixed tetramers with the wild-type TRP53 pro-
tein (Milner et al. 1991; Farmer et al. 1992; Sturzbecher
et al. 1992; Jeffrey et al. 1995) that impair normal tran-
scriptional control of wild-type TRP53 target genes (Willis
et al. 2004). Mutant TRP53 DNE and GOF are supported
by findings in the Li-Fraumeni cancer predisposition syn-
drome (Li and Fraumeni 1969), which typically results
from the inheritance of a germline TRP53 mutation (Mal-
kin et al. 1990; Srivastava et al. 1990), where patients with
a hot spot TRP53 mutation, such as R248Q), develop can-
cer at a younger age compared with those with a TRP53-
null mutation (Bougeard et al. 2008). Mutant TRP53
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GOF is also supported by the observation that mice with
homozygous germline Trp53 gene missense mutations
(murine: R172H and R270H) develop a different spectrum
of tumors with increased metastasis compared with mice
lacking TRP53 (Trp53~/~) (Lang et al. 2004; Olive et al.
2004).

Notably, TRP53 mutations frequently co-occur with
deregulated c-MYC proto-oncogene expression across a
range of human cancer types (Ulz et al. 2016), including
Burkitt lymphoma (Gaidano et al. 1991; Giulino-Roth
et al. 2012; Love et al. 2012). These combined genetic al-
terations are associated with highly aggressive disease
and poor patient outcomes. Accordingly, 20%-30% of
lymphomas arising in Ey-Myc mice, which overexpress
the c-Myc oncogene under control of the IgH gene enhanc-
er (Adams et al. 1985), acquire Trp53 mutations (Eischen
etal. 1999; Schmitt et al. 1999). Altogether, these observa-
tions suggest an important functional interplay between
mutant TRP53 proteins and deregulated c-MYC expres-
sion during tumorigenesis.

We conducted a systematic evaluation of five different
mutant TRP53 proteins across three contrasting tumor
development models, including a model of c-MYC overex-
pression, to interrogate the relative importance of the
DNE and GOF effect of mutant TRP53 during cancer de-
velopment. This has highlighted the importance of the
DNE during the early stages of MYC-driven lymphoma
development and uncovered previously unrecognized fea-
tures of the DNE.

TRP53 dominant-negative effect in lymphomagenesis

Results

To investigate the relative contributions from the loss-of-
function effect, DNE, and GOF effect of mutant TRP53
during tumor development (Fig. 1A), we assessed the im-
pact of five different TRP53 mutations in three different
tumor-prone settings: Trp53~/~, Trp53*/~, and Ep-Myc/
Trp53*/*. Each Trp53 mutation that we studied had been
observed to arise spontaneously in Eu-Myc lymphomas,
including two hot spot Trp53 mutations (R246Q and
R270H), two less common mutations (V170M and
1192S), and one rare mutation (insG280) (Fig. 1B; Kelly
etal.2014). The full-length mouse Trp53 cDNA sequences
were cloned into a constitutive retroviral expression vec-
tor (pMIG) (Supplemental Fig. S1A). Expression of each
mutant TRP53 protein and the ability to form multimeric
complexes were confirmed (Supplemental Fig. S1B,C).
The impact of all five TRP53 mutants on tumor develop-
ment was evaluated using hematopoietic stem/progenitor
cell (HSPC) reconstitution models (Fig. 1A). The Trp53~/~
setting was anticipated to reveal only GOF effects because
the wild-type TRP53 protein is absent. The Trp53*/~ con-
dition was anticipated to be sensitive to both the DNE and
GOF effect. The Eu-Myc; Trp53** setting provides an as-
sessment of the interplay between mutant TRP53, both
DNE and GOF, with ¢-MYC overexpression.
Transduction of Trp53~/~ HSPCs with mutant TRP53
expression vectors and transplantation into lethally
irradiated wild-type C57BL/6-Ly5.1 mice did not result
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Figure 1. Mutant TRP53 proteins do not accelerate lymphoma development in the Trp53~/~ and Trp53*/~ genetic backgrounds.
(A) HSPC reconstitution model to examine the impact of mutant TRP53 protein expression on tumor development. (B) The mutant
TRP53 proteins studied, with the corresponding human amino acid position indicated. (*) Hot spot mutation. (C—F) Kaplan-Meier survival
curves for mice reconstituted with Trp53~/~ (C,D) or Trp53*/~ (E,F) HSPCs transduced with empty vector (pMIG) or expression vectors for
each of the five mutant TRP53 proteins that were tested. (n) Number of mice. C and E represent composite survival curves of all TRP53
mutants (N'=5) combined. P-values were determined by log rank (Mantel-Cox) test. (G) Tumor phenotype summary for mutant TRP53
transduced Trp53*/~ HSPC reconstitution experiments (from E and F). The tumor spectra for the individual TRP53 mutants are shown

in Supplemental Figure S1G.
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in accelerated lymphoma development (Fig. 1C,D). Tu-
mors from these mice rarely expressed the mutant
TRP53 protein (7.5%; three out of 40) (Supplemental Fig.
S1D), arguing against a strong selective advantage. Mice
reconstituted with Trp53*/~ HSPCs that had been trans-
duced with mutant TRP53 proteins also displayed no
acceleration in tumor development (Fig. 1E,F). However,
expression of hot spot (R270H, R246Q), and, to a lesser
extent, G280) mutant TRP53 proteins altered tumor spec-
trum with the emergence of myeloid neoplasms (38%)
and lineage marker-negative tumors (14%) that were not
observed in control mice (Fig. 1G; Supplemental Fig.
S1F,G). Notably, 57% (16 out of 28) of these tumors ex-
pressed the mutant TRP53 protein (Supplemental Fig.
S1E), demonstrating a selective advantage conferred by
the mutant TRP53 proteins.

In striking contrast, mutant TRP53 markedly accelerat-
ed lymphoma development in the setting of c-MYC over-
expression (i.e., mice reconstituted with mutant TRP53
transduced Eu-Myc;Trp53*/* HSPCs) (Fig. 2A). Remark-
ably, the two hot spot mutant TRP53 proteins had the
most potent impact (Fig. 2A, red box). This suggests a dis-
tinctive functional interaction between the hot spot mu-
tant TRP53 proteins and ¢c-MYC expression; however,
differences in immunogenicity underlying the observed
differences between the mutant TRP53 proteins cannot
be excluded. Notably, mutant TRP53 did not accelerate
lymphoma development to the same extent as complete
deletion of wild-type Trp53 using CRISPR/Cas9 technolo-
gy (Fig. 2A, dotted line). This demonstrates that exogenous
overexpression of a mutant TRP53 protein cannot re-
capitulate complete loss of TRP53 function and implies
that, despite mutant TRP53 overexpression, the endoge-
nous wild-type TRP53 protein retains the capacity for tu-
mor suppression, consistent with findings from a lung

adenocarcinoma model (Turrell et al. 2017). The im-
munophenotype of the mutant TRP53-accelerated MYC
lymphomas was similar to that of control lymphomas
(Supplemental Fig. S2A), and, while they displayed bio-
logical heterogeneity, all expressed readily detectable mu-
tant TRP53 protein in their nuclei (Fig. 2B; Supplemental
Fig. S2B).

Given that all mutant TRP53-accelerated lymphomas
were derived from Eu-Myc;Trp53*/* HSPCs and that a
high rate (20%-30%) of spontaneous Trp53 mutation oc-
curs in this model (Eischen et al. 1999; Schmitt et al.
1999; Michalak et al. 2009), we assessed the genetic and
functional status of the endogenous Trp53 alleles in these
lymphomas. Most mutant TRP53-accelerated lympho-
mas retained both copies of the endogenous wild-type
Trp53 gene (10 out of 12; 83%) (Fig. 2C) and, as such,
showed a significant response to etoposide treatment (Sup-
plemental Fig. S2C). Only two lymphomas (17%) had lost
one allele of endogenous wild-type Trp53 and, during
the derivation of cell lines, underwent selection for func-
tional inactivation of the remaining wild-type Trp53 allele
(Supplemental Fig. S2D), precluding them from further in-
vestigations. Importantly, no missense mutations of the
endogenous Trp53 alleles were observed in any of the lym-
phomas that arose with retroviral expression of mutant
TRP53. Based on these findings, we conclude that the ex-
ogenous mutant TRP53 protein had a powerful effect in re-
ducing the selective pressure for spontaneous mutations
in the endogenous wild-type Trp53 gene. We hypothesized
that this may be due to either suppression of endogenous
wild-type TRP53 function by the DNE or GOF effect of
mutant TRP53 that may obviate selection for endogenous
missense Trp53 mutation.

Mutant TRP53 proteins are considered to drive tumor-
igenesis by deregulating gene expression through their

Figure 2. Overexpression of mutant TRP53 proteins ac-
celerates lymphoma development in an Ey-Myc; Trp53**
background and relieves selective pressure for mutation
of endogenous Trp53 genes. (A) Kaplan-Meier survival
curves for mice reconstituted with Ey—Myc;TrpSS*/ *
HSPCs comparing empty vector control (pMIG),
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DNE and GOF effect (Freed-Pastor and Prives 2012). In or-
der to examine the transcriptional effects of the mutant
TRP53 proteins in a controlled setting, we expressed
each of the five mutant TRP53 proteins in Eu-Myc;
Trp53** lymphoma cell lines (Fig. 3A). The Trp53 wild-
type status was confirmed by functional studies and se-
quencing (data not shown). Notably, in these lymphoma
lines, but not in Eu-Myc;Trp53~/~ lymphoma cell lines,
R246Q and R270H hot spot TRP53 mutant proteins
were found to be expressed at lower levels compared
with the other mutant TRP53 proteins examined (Fig.
3B) despite equivalent construct expression (Fig. 3C) and
ability to reduce TRP53-dependent induction of apoptosis
(Fig. 3D). Therefore, interestingly, the tumor-initiating
potency was inversely correlated with mutant TRP53 pro-
tein level in cells that also expressed wild-type TRP53. To
test whether the presence of wild-type TRP53 negatively
impacts the expression of the hot spot mutant TRP53 pro-
teins, we used CRISPR/Cas9 technology to inactivate the
endogenous wild-type Trp53 gene in Trp53*/*;Eu-Myc
lymphoma cell lines prior to introducing mutant TRP53
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protein expression. This resulted in substantial accumula-
tion of the R246Q and R270H mutant TRP53 proteins
(Supplemental Fig. S3A). The finding that loss of endoge-
nous wild-type Trp53 permits higher-level expression of
the hot spot TRP53 mutant proteins was corroborated in
studies using primary mouse embryonic fibroblasts (Sup-
plemental Fig. S3B). Strikingly, even in the absence of en-
dogenous wild-type TRP53, MDM?2 inhibition by nutlin-
3a (Vassilev et al. 2004) resulted in a further increase of
these TRP53 mutant proteins in Eu-Myc lymphoma lines
(Supplemental Fig. S3A). This confirms that MDM?2 is a
critical negative regulator of hot spot mutant TRP53 pro-
tein levels (Terzian et al. 2008) and that it can drive mu-
tant TRP53 protein degradation even in the absence of
wild-type TRP53.

We next proceeded to globally characterize the tran-
scriptional changes associated with mutant TRP53 ex-
pression after activation of the endogenous wild-type
TRP53 protein with the MDM2 antagonist nutlin-3a us-
ing next-generation mRNA sequencing (RNA-seq). The
RNA-seq data are illustrated according to treatment, cell

Figure 3. Mutant TRP53 proteins exert a target gene-
selective DNE. (A) Experimental approach to examine
ras the DNE exerted by the mutant TRP53 proteins in Eu-
e Myc lymphoma-derived cell lines. (B) Analysis of mu-
g?ﬁ? - tant TRP53 transduced Eu-Myc; Trp53*/* and Ey-Myc;
gg:%‘f . Trp53~/~ lymphoma-derived cell lines by Western blot
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line, and Trp53 mutation (Supplemental Fig. S3C). Treat-
ment of control Eu-Myc lymphoma cell lines with nutlin-
3a altered the expression of >5000 genes (false discovery
rate [FDR]<0.05) (Supplemental Table S1). Uniform and
modest (approximately fourfold) overexpression of each
mutant Trp53 transcript was confirmed (Supplemental
Fig. S3D, top panel). Differentially expressed genes were
identified between mutant TRP53 transduced and control
Eu-Myc lymphoma cell lines following nutlin-3a treat-
ment (n =455 genes with FDR <0.1) (Fig. 3E; Supplemen-
tal Table S2). Differentially expressed genes included
some previously reported mutant TRP53 GOF targets
(Dck, Wdr13, E2F1, and Hmgcs1) (Freed-Pastor and Prives
2012; Kollareddy et al. 2015). However, the predominant
effect resulted from opposition of the nutlin-3a treatment
effect observed in the control cell lines (Fig. 3E), consis-
tent with the DNE of mutant TRP53 being the primary
underlying mechanism for differential gene expression
in this setting. Gene set signature analysis was performed
using a list of known wild-type TRP53 target genes (n=
253 genes total; n=185 assigned for analysis; n=95
induced after nutlin-3a) (Supplemental Table S3). Nut-
lin-3a treatment caused significant induction of this
gene set in the control cell lines (P =3.94 x 1078), and, over-
all, this gene set was significantly repressed in all mutant
TRP53 transduced lines (P =3 x 107%), confirming the pres-
ence of an overall DNE. Surprisingly, however, 39% (37
out of 95 genes) of the wild-type TRP53-induced target
genes (Supplemental Table S4, yellow) were not signifi-
cantly repressed (P> 0.05) by mutant TRP53 (Supplemen-
tal Table S4, gray). For example, the key proapoptotic
TRP53 target genes Puma/Bbc3 and Noxa/Pmaipl (Oda
et al. 2000; Jeffers et al. 2003; Villunger et al. 2003 ) showed
comparable baseline expression and nutlin-3a-driven in-
duction between mutant TRP53-expressing and control
cell lines (Supplemental Fig. S3D). This is consistent
with the ability of the mutant TRP53 proteins to acceler-
ate lymphoma development because these targets are not
critical mediators of wild-type TRP53 tumor suppressor
function (Brady et al. 2011; Li et al. 2012; Valente et al.
2013; Janic et al. 2018). Furthermore, mutant TRP53 did
not significantly repress induction of other known wild-
type TRP53 target genes (e.g., Rockl, Btg2, Duspll,
Stagl, and Zmat3), whereas Mdm4, Fas, Ercc5, Mgmt,
Revl, Bax, PIk2, and Akl were significantly repressed
(Supplemental Table S4, gray). Many strongly repressed
genes function in DNA damage repair (e.g., Ercc5, Polk,
Mgmt, and Rev1), which is critical for TRP53-dependent
tumor suppression (Janic et al. 2018), negative feedback
to TRP53 signaling (Fig. 3F, red arrows), or metabolic path-
ways (Supplemental Table S5). Quantitative RT-PCR
(QRT-PCR) showed comparable expression of Rockl in
the presence or absence of mutant TRP53 following nut-
lin-3a treatment, while other targets, including Mdm?2
and Ercc5, were strongly repressed by mutant TRP53 (Sup-
plemental Fig. S3E).

Variation in the nature of the DNE was revealed when
comparing differentially expressed genes for the distinct
mutant TRP53 proteins individually (Fig. 3F; Supplemen-
tal Table S4). Individual P-values were determined for
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each mutant TRP53 protein in the wild-type TRP53
gene set test to indicate their respective DNE strength
(Fig. 3F, gray box). The hot spot mutant TRP53 proteins
could be distinguished from the less frequent TRP53 mu-
tants by permitting higher-level expression of certain
TRP53 target genes following nutlin-3a treatment, includ-
ing Rockl1, Ackr2, and Trim30a (Fig. 3F, green arrows).
This suggests that preserved expression of select wild-
type TRP53 target genes may be advantageous for neo-
plastic transformation and/or sustained tumor growth.
Various effector functions of the wild-type TRP53 protein
are required for homeostasis and adaption to cellular
stress (Basak et al. 2008; Maddocks et al. 2013) such that
an ideal mutant TRP53 dominant-negative protein would
be predicted to preserve certain beneficial wild-type
TRP53 functions while repressing its tumor suppressor
function.

To functionally evaluate the consequences of the target
gene-selective DNE exerted by mutant TRP53 during ear-
ly tumor development, we analyzed preleukemic Eu-Myc;
Trp53*/* B lymphoid cells expressing the two hot spot
TRP53 mutants R246Q and R270H or a control vector.
For this, mice were analyzed 4 wk after reconstitution,
prior to the development of lymphoma (Supplemental
Fig. S4A). All reconstituted mice displayed similar retrovi-
ral transduction efficiency in their leukocytes (Supple-
mental Fig. S4B). Mice reconstituted with mutant
TRP53 transduced Eu-Myc; Trp53*/* HSPCs exhibited an
expansion of pro-B/pre-B cells in their bone marrow (Fig.
4A), the tumor-initiating cells (i.e., cancer stem cells) in
the Eu-Myc lymphoma model (Langdon et al. 1986). Anal-
ysis of B lymphoid cells ex vivo showed that, consistent
with the relative lack of repression of Puma and Noxa,
mutant TRP53 expression did not affect spontaneous
cell death (Supplemental Fig. S4C,D) or killing by several
TRP53-dependent (nutlin-3a and y-irradiation) or TRP53-
independent (docetaxel) agents (Fig. 4B). In contrast, pre-
leukemic B cells expressing hot spot mutant TRP53
showed an increase in mitochondrial number and func-
tion (Fig. 4C), consistent with a previous report (Wang
et al. 2013); increased numbers of cells in the S/G,M phas-
es of the cell cycle (Fig. 4D); and an increase in nuclear
yH2AX foci (Fig. 4E,F). The latter indicates increased
DNA damage, and this was supported by comet assays
(Supplemental Fig. S4E). Of note, the preleukemic B lym-
phoid cells did not show high-level hot spot mutant
TRP53 protein expression, although efficient vector trans-
duction was confirmed by eGFP positivity (Supplemental
Fig. S4F-H).

Finally, RNA-seq was performed on preleukemic
Eu-Myc; Trp53*/* B lymphoid cells expressing each of the
five mutant TRP53 proteins or a pMIG control vector
(Supplemental Table S6). Consistent with the DNE, this
confirmed that mutant TRP53 proteins primarily re-
pressed gene expression (Fig. 4G), and TRP53 gene set test-
ing revealed repression of wild-type TRP53 target genes
(Fig. 4H). Comparison of the DNE for each mutant
TRP53 protein showed variation in strength and selectiv-
ity similar to that observed in E-Myc lymphoma-derived
cell lines (Supplemental Fig. S5A,B).
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Figure 4. The hot spot mutant TRP53 proteins R246Q and R270H selectively deregulate metabolic, cell proliferation, and DNA repair
pathways in preleukemic cells. Mice were reconstituted with empty vector (pMIG) control or mutant TRP53 (R246Q and R270H) trans-
duced Eu-Myc; Tp53*/* HSPCs, and their preleukemic cells were analyzed at 4 wk. (A) Bone marrow-derived pre-B/pro-B cells calculated
from flow cytometry and total femur cell counts. Mutant TRP53 R246Q (n=6) and R270H (n = 6) are compared with pMIG control (n=5).
P-values were determined by unpaired t-test. (B) Cell death after administration of 5 uM nutlin-3a or 0.5 pg/mL docetaxel or exposure
to 2.5 Gy of y-irradiation. Data represent mean + SEM. Mutant TRP53 R246Q (n=3) and R270H (n = 3) are compared with pMIG control
(n=3). P-values were determined by paired Student’s t-test. (C) Mitochondria number and activity assessed in bone marrow-derived
preleukemic pre-B/pro-B cells. Representative histogram for R246Q mutant TRP53 protein transduced preleukemic B lymphoid cells
as compared with empty vector (pMIG) control transduced cells. Median fluorescence intensity summary data represent mean + SEM.
pMIG: n = 3; mutant TRP53: N =2 mutations; n = 8 replicates. P-value was determined by unpaired ¢-test. (D) Cell cycle analysis of preleu-
kemic B lymphoid cells using DAPI staining and the Watson pragmatic model for analysis. Data represent mean + SEM. Mutant TRP53
R246Q (n=6) and R270H (n = 6) are compared with pMIG control (n=5). P-values were determined by unpaired t-test. (E) Representative
images from confocal microscope. Images shown are deconvoluted maximum projection images using Fiji software. (Blue) DAPI for nu-
cleus; (red) yH2AX foci. (F) Quantitation of yH2AX focus number per cell nucleus and yH2AX focus area per cell nucleus. Data represent
mean = SEM. Control: n = 4; mutant TRP53 (R246Q and R270H): nn = 14. P-value was determined by unpaired ¢-test. (*) P <0.05; (**) P<0.01.
(G,H) RNA-seq analysis of untreated (directly ex vivo) preleukemic Epz-Myc B lymphoid cells expressing mutant TRP53 proteins (data for
all five TRP53 mutants combined) compared with empty vector (pMIG) transduced control cells. (G) Log, fold changes with differentially
expressed genes highlighted (FDR <0.05). (H) Barcode enrichment plot depicting down-regulation of the TRP53 gene set test (P-value by
FRY test). (I) Model: Mutant TRP53 exerts a selective DNE that modulates wild-type TRP53 function.

Discussion The findings from our investigations highlighted the im-

portance of the DNE of mutant TRP53 in driving lympho-

This study systematically evaluated the biological effects
of five different Trp53 mutations in three tumor settings:
Trp53~'=, Trp53*/~, and Ep-Myc/Trp53*/*. While there
are limitations to the latter model (specifically, the
Trp53™utant/+/+ genotype does not exactly mimic the
Trp53 heterozygous state; i.e., one wild-type allele and
one mutant Trp53 allele), it is impossible to use the
Eu-Myc; Trp53*/~ background in these experiments due
to rapid lymphoma development in these animals such
that they cannot even be bred, thus also precluding the
generation of Eu-Myc; Trp53~/~ mice. Given that TRP53
protein levels are primarily regulated at the post-transla-
tional level, we considered the Ep-Myc;Trp53™utant/+/+
model to represent a meaningful and tractable system to
study the impact of mutant TRP53 during the early stages
of lymphoma development when wild-type TRP53 is still
expressed and functional alongside mutant TRP53 in the
cells undergoing neoplastic transformation. In our sce-
nario, the ratio of wild-type TRP53 emanating from two
wild-type Trp53 alleles to retrovirally expressed mutant
TRP53 likely recapitulates the heterozygous state in
which endogenous wild-type and mutant Trp53 alleles
are at a 1:1 ratio.

ma development, with the proposed GOF effect of mutant
TRP53 playing only a minor role in our experimental sys-
tems. Interestingly, we report for the first time a marked
synergy between MYC overexpression and mutant
TRP53 proteins that functionally distinguishes the hot
spot mutant TRP53 proteins from other TRP53 mutants.
This has important implications for human cancer where
MYC overexpression and mutant TRP53 frequently co-
occur and are associated with dismal patient outcomes.
Our findings reveal that the DNE of mutant TRP53 is a
primary process driving neoplastic transformation, such
as in ¢-MYC-driven lymphoma development when wild-
type Trp53 remains intact. This reflects the heterozygous
Trp53 state during the early stages of tumorigenesis in hu-
mans before loss of heterozygosity (LOH) at the Trp53 lo-
cus (Freed-Pastor and Prives 2012) and in established
mutant TRP53-driven cancers that have retained a copy
of wild-type TRP53. Importantly, tumors arising in Li-
Fraumeni patients that have undergone LOH at the
TRP53 locus have usually been preceded by a long period
of latency during which the normal wild-type TRP53 al-
lele remains intact, and the impact of the DNE may there-
fore be of great clinical importance. The DNE of all TRP53
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mutants demonstrated a remarkable wild-type TRP53 tar-
get gene selectivity by which certain processes were pref-
erentially deregulated, particularly DNA damage repair,
cell proliferation, metabolism, and negative feedback to
wild-type TRP53 signaling.

Notably, the selectivity of the DNE permitted expres-
sion of a number of TRP53 target genes that are likely ad-
vantageous to tumor development, such as Rockl. In
accordance with this hypothesis, expression of Rockl,
which is not affected by the R270H and R246Q TRP53 mu-
tant proteins (Fig. 3F), has been reported to be critical for
neoplastic transformation (Kumper et al. 2016) and has
been associated previously with mutant TRP53 (Zhang
et al. 2013). This target gene preference of the DNE may
explain the previous observation that heterozygous
Trp53 mutation, unlike complete loss of TRP53, cannot
rescue the embryonic lethality caused by Mdm2 gene
knockout in mice (Terzian et al. 2008).

Remarkably, the hot spot R270H mutant TRP53 dis-
played the weakest DNE, permitting unrestrained expres-
sion of the largest number of wild-type TRP53 target
genes, yet was among the most potent TRP53 mutants
in accelerating lymphoma development. This challenges
dogma and indicates that the target gene-selective and,
consequently, effector process-selective nature of the
DNE of mutant TRP53 modulates wild-type TRP53 func-
tion—rather than globally repressing its function—in a
manner that may be advantageous for tumorigenesis and
cancer growth (Fig. 4I). Many potential mechanisms could
account for the observed target gene selectivity: These
may include features of the mutant TRP53 and wild-
type TRP53 protein—protein interaction, differences in
DNA binding relating to sequence differences or chroma-
tin structure, interactions with other transcription fac-
tors, and/or the gene-specific kinetics for activation of
gene expression.

In conclusion, the DNE is the primary mediator of mu-
tant TRP53-driven tumorigenesis. Early during neoplastic
transformation, the DNE can preferentially deregulate
certain pathways (metabolism, cell cycle, and DNA dam-
age repair), while other pathways remain relatively unaf-
fected (apoptosis), and that these effects occur prior to
mutant TRP53 protein stabilization.

Materials and methods
Mice

All experiments with mice followed the guidelines of the Mel-
bourne Directorate Animal Ethics Committee, according to the
Walter and Eliza Hall Institute of Medical Research Ethics Com-
mittee. C57BL/6-Ly5.1 (wild type) were obtained from the Walter
and Eliza Hall Institute’s breeding facility (Kew, Victoria, Austra-
lia). The Eu-Myc transgenic mice (Adams et al. 1985) and the
Trp53~/~ mice have been described (Jacks et al. 1994), and these
strains were backcrossed to C57BL/6-Ly5.2 mice for 30 or 20 gen-
erations prior to use in the present experiments.

Fetal liver-derived HSPC reconstitutions

For hematopoietic reconstitutions, embryonic day 13.5 (E13.5)
fetal liver cells (a rich source of HSPCs) were obtained from
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Trp53*/~, Trp53~'~, or Eu-Myc;Trp53*/* mice on a C57BL/6]J-
Ly5.2 background and cultured as described previously (Aubrey
et al. 2015). Cells were infected with the constitutive expression
mutant TRP53 retrovirus or an empty control vector (viral con-
structs are described in the Supplemental Material). Transduced
cells were collected, washed in PBS, and injected intravenously
into lethally irradiated (2x5.5 Gy) C57BL/6J-Ly5.1 mice. All
transplanted mice were maintained on prophylactic antibiotics
with neomycin (Sigma, N1876) for 4 wk following y-irradiation
and injection of HSPCs.

RNA isolation, cDNA synthesis, and gRT-PCR analysis

Samples for RNA collection were obtained in Trizol reagent (Invi-
trogen) for all quantitative real-time PCR experiments, and total
RNA was purified according to the manufacturer’s instruction.
Total isolated RN A was reverse-transcribed using the SuperScript
III first strand synthesis kit (Invitrogen) using random hexamer
primers. cDNA synthesis was carried out according to the manu-
facturer’s instructions. qQRT-PCR reactions were performed in
triplicate using the TagMan gene expression assays (Applied Bio-
systems) for mRNA. Thermal cycling and data collection were
performed using the ABI Prism 7900 real-time PCR system (Ap-
plied Biosystems) using the SDS software package (Applied Bio-
systems). Gene expression levels were standardized to the
expression of the housekeeping gene Hmbs.

gPCR assay for Trp53 genomic DNA copy number and Trp53 exon
sequencing

Genomic DNA was purified from samples using the DNeasy
DNA extraction kit (Qiagen, 69506). For wild-type Trp53 copy
number analysis, two genomic loci were amplified and quanti-
tated using real-time PCR. Primer pairs were designed to exon 4
and exon 10 of the mouse genomic DNA Trp53 sequence, and
primers were designed to target exonic and intronic regions of
the DNA locus. The Rosa locus was used as a control to normal-
ize values obtained for exon 4 and exon 10 of the Trp53 locus.
Primer details are in the Supplemental Material. qPCR amplifica-
tion was carried out directly from genomic DNA samples. For
exon sequence analysis, indexing PCR primers spanning exons
4-10 were designed. Primer sequences will be provided on re-
quest. PCR fragments were sequenced using the MiSeq platform
(llumina).

Single-guide RNA (sgRNA) lentiviral constructs

The inducible lentiviral platform for CRISPR/Cas9 gene modifi-
cation using doxycycline-inducible sgRNA expression and stable
constitutive expression of CAS9 and the sgRNA sequences tar-
geting exon 4 and exon 5 of the mouse Trp53 gene have been de-
scribed previously (Aubrey et al. 2015).

Virus production and transduction of cell lines

Lentiviral and retroviral particles were generated, and target cells
were infected by spin inoculation as described previously (Aubrey
et al. 2015).

Flow cytometric analysis and cell sorting

Assessment of fluorescent protein expression in cell lines as well
as immunophenotyping of Eu-Myc lymphomas (staining with
surface marker-specific monoclonal antibodies that had been
conjugated to fluorochromes) were performed using an LSR IIW,
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LSR IIC, or FACSCalibur flow cytometer (Becton Dickinson) as
described previously (Kelly et al. 2014; Aubrey et al. 2015).

Drug treatments and functional assays

To perform cell death assays, cells were plated at 5 x 10* cells per
well of a 96-well plate and treated with drugs in tissue culture me-
dium. Nutlin-3a stock solution in DMSO [Cayman chemical,
18585; synonym: (-J-nutlin-3], docetaxel solution (Sandoz), and
20 mg/mL Etoposide solution (Pfizer, 503289) were diluted in tis-
sue culture medium to the concentrations indicated. At set time
points, as indicated in each figure, the viability of cultured cells
was determined by exclusion of propidium iodide (PI) as assessed
by flow cytometry using an LSR-IIC flow cytometer (Becton
Dickinson). PI-negative cells were considered viable, and data
are expressed as a percentage of the viability of a matched untreat-
ed (vehicle-treated) control cell population.

Western blot analysis

Total protein extracts were prepared by lysis in RIPA buffer
(50 mM Tris-HCL, 150 mM NaCl, 1% NP-40, 0.5% DOC, 0.1%
SDS) supplemented with protease inhibitors (complete protease
inhibitor cocktail; Roche), and Western blot analysis (using
10-25 pg of protein) was performed as described previously (Au-
brey et al. 2015). The antibodies used included HSP70 (clone
N-6; a gift from Dr. Robert Anderson, Peter MacCallum Cancer
Centre), p19/ARF (Rockland, 5.C3.1), and TRP53 (Novocastra/
Leica, CM5).

Blue native polyacrylamide gel electrophoresis (BN-PAGE)
The method for BN-PAGE was reviewed recently (Dewson 2015).

DNA damage analysis

The single-cell gel electrophoresis (comet assay) was used to mea-
sure DNA damage and was performed according to the manufac-
turer’s instructions (The Trevigen Comet assay, 4250-050-K). To
assess nuclear staining for yH2AX, preleukemic B lymphoid cells
were stained with Alexa fluor 647 (AF647)-conjugated antibodies
against phospho-histone H2A X (Ser139; “y-H2AX"”; EMD Milli-
pore, 05-636-AF647). Images were obtained using a DeltaVision
microscope (GE LifeScience). Foci were measured in an automat-
ed fashion using a custom-written macro in Fiji (Schindelin et al.
2012) with the method detailed in the Supplemental Material.

Metabolic assay, cell cycle analysis, and RNA-seq on preleukemic cells

Preleukemic B lymphoid cells were harvested from the femora of
mice at 4 wk after hematopoietic reconstitution. For the metabol-
ic and cell cycle analyses, the cells were plated at 5 x 10* cells per
well in a 96-well format with OP9 supportive cell layer and medi-
um supplemented with IL-7 for 72 h. Mitochondrial activity in
preleukemic B lymphoid cells was assessed using Mitotracker Or-
ange CMTMRos (Invitrogen, M7510). Cells were stained at a final
working concentration of 200 nM for 30 min at 37°C, and fluores-
cence was assessed by flow cytometry. For cell cycle analysis,
whole bone marrow from femora of preleukemic mice was ana-
lyzed. Cells were first fixed and permeabilized using the BD Fixa-
tion and Permeabilization Solutions (554722) and then stained
with antibodies against CD19 and B220 followed by counter-
staining with DAPL DAPI staining was analyzed using an LSR
IIW flow cytometer, and cell cycle analysis in B lymphoid cells
(B220"CD19*) was performed using FloJo software by the Watson
Pragmatic model. For the RNA-seq analysis on preleukemic cells,
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B220"L5.2*GFP* cells were isolated from the bone marrow by
FACS, and RNA was extracted directly using the Trizol method.
The mRNA libraries were prepared and the sequencing was per-
formed as described below.

Library preparation for RNA-seq analysis

The experiments were performed in a 24-well format with 5 x 10°
cells per well. After 12 h of treatment with 5 uM nutlin-3a in the
presence of 25 uM broad-spectrum caspase inhibitor QVD-OPH
(MP-Biomedicals, OPH-109) to prevent cell death, cells were col-
lectedin 1 mL of Trizol, and purification of mRNA was performed
using the RNeasy (Qiagen) kit. The mRNA libraries were pre-
pared using the Agilent Technologies SureSelect strand-specific
RNA library preparation. Multiplexed sequencing was performed
on an Illumina HiSeq 2000 at the Australian Genome Research
Facility (AGRF) to produce between 7 million and 11 million
100-base-pair single-end reads per sample.

RNA-seq analysis

Detailed methods for RN A-seq analysis are in the Supplemental
Material.

TRP53 immunohistochemistry

Immunohistochemistry was performed on paraffin-embedded tis-
sue sections; this was provided as a service by the Walter and
Eliza Hall Institute Histology Service. TRP53 staining (anti-
TRP53 rabbit polyclonal; 1:500; Novocastra, CM5) was per-
formed using the automated system Omnis (Dako). All im-
munohistochemistry images were obtained using the Eclipse
90i microscope (Nikon).

Statistical analysis

Graphpad Prism software was used for generating Kaplan-Meier
animal survival curves and statistical analysis comparing animal
survival curves by log rank test. Graphpad software was also used
in the analysis of cell death assays. Paired and unpaired two-tailed
t-tests were performed to compare samples where indicated, and
a two-way ANOVA was performed to compare transcription in-
duction of TRP53 target genes using qRT-PCR. Stata (version
12.1) software was used to calculate linear regression and adjusted
r-squared.
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