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Abstract

Pre-leukemic clones carrying DNMT3A mutations have a selective advantage and an inherent chemoresistance, however
the basis for this phenotype has not been fully elucidated. Mutations affecting the gene TP53 occur in pre-leukemic hema-
topoietic stem/progenitor cells (preL-HSPC) and lead to chemoresistance. Many of these mutations cause a conformational
change and some of them were shown to enhance self-renewal capacity of preL-HSPC. Intriguingly, a misfolded P53 was
described in AML blasts that do not harbor mutations in TP53, emphasizing the dynamic equilibrium between wild-type
(WT) and “pseudo-mutant” conformations of P53. By combining single cell analyses and P53 conformation-specific mono-
clonal antibodies we studied preL-HSPC from primary human DNMT3A-mutated AML samples. We found that while leu-
kemic blasts express mainly the WT conformation, in preL-HSPC the pseudo-mutant conformation is the dominant. HSPC
from non-leukemic samples expressed both conformations to a similar extent. In a mouse model we found a small subset
of HSPC with a dominant pseudo-mutant P53. This subpopulation was significantly larger among DNMT3AR®2H-mutated
HSPC, suggesting that while a pre-leukemic mutation can predispose for P53 misfolding, additional factors are involved
as well. Treatment with a short peptide that can shift the dynamic equilibrium favoring the WT conformation of P53, spe-
cifically eliminated preL-HSPC that had dysfunctional canonical P53 pathway activity as reflected by single cell RNA se-
quencing. Our observations shed light upon a possible targetable P53 dysfunction in human preL-HSPC carrying DNMT3A
mutations. This opens new avenues for leukemia prevention.

Mutations affecting TP53 occur during the pre-leukemic
stage of AML... Some of these mutations cause a con-

Introduction

Although acute myeloid leukemia (AML) is preceded by clonal
hematopoiesis (CH), most CH clones are not “pre-leukemic”
and do not transform to AML.! When referring to the most
common mutated gene in CH, DNMT3A, the main discrimi-
native characteristics between pre-AML and CH are larger
clones and more accompanying mutations, reflecting the se-
lective advantage of these clones.? Experimental and clinical
studies have demonstrated that DNMT3A-mutated pre-leu-
kemic clones have also an inherent chemoresistance and the
ability to reconstitute the bone marrow following AML
chemotherapeutic treatments.’>®* The mechanisms behind
this pre-AML phenotype remain unclear.

formational change’ that can be detected using con-
formation-specific monoclonal antibodies.® In a
heterozygous state, the mutant protein can have a domi-
nant negative effect over the wild-type (WT) protein that
leads to chemoresistance and P53 dysfunction as re-
flected by a reduced expression of downstream target
genes of P53.° Moreover, TP53 mutations can enhance the
self-renewal capacity of murine hematopoietic stem/pro-
genitor cells (HSPC)."°

Interestingly, a dynamic equilibrium was described be-
tween the WT and the mutant conformations of P53. The
WT protein can acquire a "pseudo-mutant” conformation
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rendering it dysfunctional, with a reduced transcriptional ac-
tivity™. The pseudo-mutant conformation was found in TP53
WT AML blasts,” and was correlated with growth factor
stimulation.”®

In this report we investigated whether P53 conformational
changes occur during early evolutionary stages of DNMT3A—
mutated (TP53 WT) AML, similar to the stages during which
TP53 mutations appear. Furthermore, we tested the in-
fluence of a short peptide, that stabilizes the WT conforma-
tion of P53 and restores its transcriptional activity,* on the
fitness of DNMT3A-mutated pre-leukemic HSPC (prelL-
HSPC) in vivo. This was performed by assessing its influence
on their engraftment capacity in immuno-deficient mice.

Methods

Samples

Primary samples were received from Princess Margaret
Cancer Center, University Health Network (UHN), Canada
(UHN IRB protocol 01-0573) and from Rambam Health Care
Campus, Israel (IRB protocol #283-1). Clinical characteristics
of each sample are presented in the Online Supplementary
Table S1.

Mass cytometry

We analyzed primary AML samples with mass cytometry
using a panel of metal-conjugated monoclonal antibodies
targeting surface markers (Online Supplementary Table S2A)
and P53 conformation-specific monoclonal antibodies that
were conjugated to heavy metals: PAb1620 (for the WT con-
formation) and PAb240 (for the mutant conformation). The
antibody staining concentrations were determined by titra-
tion on positive and negative control cell populations. Spe-
cifically, intra-nuclear antibody concentrations were
calibrated using MCF 7 cells line (TP53 WT) and RXF 393 cell
line (TP53%™") (Online Supplementary Figure S1). Absence of
false positive staining was validated using HL-60 cell line
(TP53 null). All samples were stained and recorded at least
in duplicates (except for the mobilized peripheral blood
mononuclear cell [PBMC] donations, due to paucity of avail-
able cells). See the Online Supplementary Appendix for de-
tails.

Xenotransplantation assays and in vivo pharmacologic
treatment

All experiments were performed in accordance with Insti-
tutional Guidelines approved by the Weizmann Institute of
Science Animal Care Committee (11790319-2) and as de-
scribed previously®. Primary CD3-depleted AML samples
were injected to immune-deficient mice (see the Online
Supplementary Appendix for additional information). Five
weeks after the injection of human cells, when engraftment
was established, we treated some of the mice for 2 weeks
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with pCAP-250 (myr- RRHSTPHPD)™. Other mice were
treated with a scrambled, control peptide. Mice were sacri-
ficed on day 56. We evaluated human engraftment by flow
cytometry and sorted the main sub-populations for deep
targeted DNA sequencing according to the mutations of the
original injected pool, thus identifying their stem cell of ori-
gin (Figure 4A) (see the Online Supplementary Appendix).

Single cell RNA sequencing and mass cytometry of
engrafting cells

Following mice sacrifice and bone marrows retrieval (from
the injected and non-injected bones), cells from all mice of
each treatment cohort were pooled together. Human cells
were separated according to the expression of human CD45
(EasySep™, StemCell Technologies, Vancouver, Canada) (Fig-
ure 5). The lack of murine cells was validated by flow cyto-
metry  using human-specific  antibodies  (Online
Supplementary Table S3). Alignment of single cell RNA se-
quencing (scRNA-seq) data to murine genome excluded any
contamination with murine cells (see see the Online Sup-
plementary Appendix). Viable cells (Trypan Blue negative)
were divided as follows: 5x10¢ cells from each cohort were
taken for mass cytometry and 100,000 cells from each co-
hort were taken for scRNA-seq. 40,000 cells of CD3 depleted
cells of the original, injected, sample (PBMC) were also taken
for scRNA-seq alongside the engrafting cells. Mass cyto-
metry was performed using antibody panel shown in the On-
line Supplementary Tables S2B and S2C. scRNA-seq libraries
were prepared using 10X Genomics technology (see the On-
line Supplementary Appendix).

Mass cytometry of DNMT3AR%2H mouse model of clonal
hematopoiesis

Following mice sacrifice, bone marrows were extracted and
enriched for Lin- cells (EasySep™, StemcCell Technologies,
Vancouver, Canada). Mass cytometry was performed using
antibody panel shown in the Online Supplemental Table S2D,
using the same staining protocol. PAb1620 and PAb240 de-
tect both murine and human P53.

Statistical analyses

Comparisons between two groups, were performed using
the two-tailed, non-paired, non-parametric Wilcoxon rank
sum test with 95% confidence interval (Cl) and continuity
correction.

Results

P53 conformations in DNMT3A-mutated, TP53 wild-type
leukemic blasts and pre-leukemic hematopoietic
stem/progenitor cells

In order to determine P53 conformations in leukemic blasts
and in preL-HSPC we analyzed by mass cytometry nine
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DNMT3A-mutated, TP53 WT, NPM1c human AML samples. We
chose this AML subtype because it is the most common
subtype representing 15% of AML clones™ and because the
ability to clearly distinguish between leukemic blasts (har-
boring both DNMT3A and NPM1 mutations) and pre-leukemic
cells (harboring only DNMT3A mutations).

All samples underwent deep sequencing to verify that they
do not carry TP53 mutations even at low variant allele fre-
quencies (VAF). Leukemic blasts from each AML sample
were gated according to the immune-phenotype that was
originally reported by the clinical laboratory of the medical
center where patients were diagnosed (which appears next
to each sample in the Online Supplementary Table S7).
Phenotypic preL-HSPC were defined as cells that are
negative for CD33, CD15, CD11b, CD19, CD79b, CD3, CD16 and
CD45RA and are CD34-positive. When identified in primary
AML samples, a portion of the cells with this immune-phe-
notype were shown to be pre-leukemic (harboring only
DNMT3A mutation, without NPM1 mutation).®

We found that blasts expressed high levels of P53, most of
it in its WT conformation (Figure 1A). Nonetheless, the
pseudo-mutant conformation was present as well as pre-
viously described.”

Next, we calculated the ratio between the intensity of the
two conformations of P53 in each individual cell. We termed
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this ratio the “pseudo-mutant to WT conformation ratio”,
PM/WT-CR. We found that, although there is wide variability
with regard to the expression of the two conformations of
P53, leukemic blasts express mainly the WT conformation
(with a median PM/WT-CR of 0.53) while phenotypic prelL-
HSPC express mainly the pseudo-mutant conformation of
P53 (a median PM/WT-CR of 3.06) (Figure 1B). Since staining
with PAb240 and PAb1620 is mutually exclusive,®"” the sum
of their intensities gives an estimate of the total P53 ex-
pression in each cell. PreL-HSPC with a high PM/WT-CR had
higher levels of total P53 when compared with PreL.-HSPC
with a low PM/WT-CR (Online Supplementary Figure S2),
similar to TP53-mutated cells in myelodysplastic
syndromes.”®

The misfolded conformation of P53, that reacts with the
monoclonal antibody PAb240, can be induced by cyto-
kines,”® temperature™ or hypoxia.?® We therefore, studied
cells that were frozen immediately after they were col-
lected from peripheral blood, without exposing them to
culture media or cytokines. All staining procedures and
sample handling were performed in a temperature of 20°C
(lower than the temperature range that can cause p53
misfolding’) and not under hypoxic conditions. Since the
PAb240 antibody we used, can react also with a denatured
P53, we verified that our staining procedure does not
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Figure 1. Mass cytometry of primary human acute myeloid leukemia samples. Single cell analysis of primary human acute myeloid
leukemia (AML) samples was performed by mass cytometry. P53 conformation-specific monoclonal antibodies were used to
measure the level of expression of each P53 conformation: PAb1620 for the wild-type (WT) conformation and PAb240 for the
mutant (or misfolded) conformation. Sub-populations that reside in the samples were identified by a panel of monoclonal anti-
bodies targeting surface markers. Hematopoietic stem/progenitor cells (HSPC) were defined as having CD45RA- CD33- CD19-
CD79b- CD15- CD16- CD11b- CD3- immuno-phenotype. (A) A representative ViSNE analysis of mass cytometry single cell data
showing CD33 staining (left panel) in the peripheral blood of a DNMT3AR2H NPM1c AML patient. As expected, most cells are leu-
kemic blasts (circled in red). The high resolution of mass cytometry allowed the identification of rare phenotypic pre-leukemic
HSPC as well (circled in blue). P53 staining superimposed on the same ViSNE analysis (middle and right panels) demonstrate
that blasts express mainly the WT conformation of P53, while the dominant conformation in pre-leukemic cells is the pseudo-
mutant conformation. (B) The ratio between the intensity of the pseudo-mutant conformation and that of the WT conformation
of P53 was calculated for each cell of 9 AML samples. Each dot represents a single cell. n denotes the number of cells analyzed
in each cell population. The dashed line represents equal intensities of both conformations (ratio of 1). In each of these cell
populations there is variability with regard to the expression of the two conformations of P53. However, in the leukemic blasts
(red), the dominant conformation is the WT with a median ratio of 0.53. In the pre-leukemic cells (blue) the dominant conforma-
tion of P53 is the pseudo-mutant, with a ratio of 3.06. Box plot centers, hinges and whiskers represent the median, first and
third quartiles and 1.5 X interquartile range, respectively. Boxes are drawn with widths proportional to the square-roots of the
number of observations in each group. The two-tailed, non-paired, non-parametric Wilcoxon rank sum test was used with 95%

confidence interval and continuity correction. tSNE: t-distributed stochastic neighbor-embedding.

cause significant denaturation of P53 by testing it in TP53
WT cell line (Online Supplementary Figure S7). The fact
that different samples and different cells within samples
presented with different levels of PAb240 staining (with
some being negative for this staining), attest for lack of
P53 denaturation during the staining process. Other re-
ports, that have identified almost exclusively the pseudo-
mutant conformation in AML blasts,”? used a less gentle
intra-cellular staining protocol than us.

P53 conformations in cord blood and in DNMT3A-mutated
non-pre-leukemic hematopoietic stem/progenitor cells

In order to understand whether the high expression level
of the pseudo-mutant conformation of P53 is part of a
more general stem cell phenotype, we used the same im-
mune-phenotypic criteria and analyzed CD34*-enriched
cells of a healthy cord blood sample.

Both conformations of P53 were detected in all sub-
populations, however in contrast to preL-HSPC, cord
blood HSPC expressed them to a similar extent (Online
Supplementary Table S14). At the single cell level, cord
blood HSPC had a significantly lower PM/WT-CR (a median
PM/WT-CR of 1.22 in cord blood HSPC compared with a
median PM/WT-CR of 3.06 in preL-HSPC, P<0.00001, Wil-
coxon rank sum test, Figure 2A).

We further analyzed two samples of mobilized PBMC do-
nated by individuals with DNMT3AR2H-mutated CH with
high VAF of 19.7% and 34% (Online Supplementary Table
S7). Both samples had no other additional mutations as
assessed by our sequencing panel. Here too, we noticed
variability at the single cell level, however HSPC from
these non-leukemic DNMT3AR2H-mutated samples were
found to have a median PM/WT-CR of 0.53, significantly
lower than in preL-HSPC (P<0.00001, Wilcoxon rank sum
test, Figure 2A). Figure 2B emphasizes the inter-sample
and intra-sample heterogeneity. In most primary AML
samples, preL.-HSPC have a high PM/WT-CR.

P53 conformations in non-DNMT3A-mutated pre-leukemic
hematopoietic stem/progenitor cells

We studied a TP53R**8-mutated AML sample (#161632)
without any DNMT3A mutations. R248Q substitution
causes destabilization of P53” and disrupts P53’s tran-
scriptional activity.?"?> However, it causes only a partial
misfolding of P53 and was found to have a relatively
weak reactivity with PAb240.%2"2® As expected, most CD33*
blasts had a stronger reactivity with PAb1620 (Online Sup-
plementary Figure S3). These blasts have lost their WT
TP53 allele (having del(17) by conventional G-band analy-
sis, and TP53%?*8Q VAF of 94%, Online Supplementary Table
S7), confirming the weak reactivity of TP53R?48Q with
PAb240. In contrast, phenotypic preL-HSPC had a stronger
reactivity with PAb240 than with PAb1620 (median
PAb1620 to PAb240 ratio of 2.1, Figure 2B far right). It is
conceivable that these cells have a residual WT TP53 al-
lele,*?® emphasizing that their increased reactivity with
PAb240 might reflect the presence of a “pseudo-mutant”
P53.

P53 conformations in LSK cells of a DNMT3AR#82H clonal
hematopoiesis mouse model

We studied Lin- Sca-1* cKit* cells (analogous to human
HSPC) derived from a rodent model of DNMT3ARe2" clonal
hematopoiesis. We crossed the human DNMT3ARE82H
knock-in mice?® with mice carrying a Cre recombinase al-
lele under the regulation of Vav promotor which is ex-
pressed only in the hematopoietic system?” to create
hematopoietic-specific human DNMT3A mutant mice
(hDNMT3AREE2H)  C57Bl x Vav-Cre mice were used as a con-
trol group (Cre-control). We also used DNMT3A haplo-in-
sufficient mice (mDnmt3a haploinsufficiency) that model
DNMT3A frameshift mutations. All mice were males.

We sacrificed four male mice (one of each genotype) at
1.5 months (“wild-type” [WT]) to 22 months of age
(“mmDnmt3a haploinsufficiency?”).
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Figure 2. Mass cytometry of human hematopoietic stem/progenitor cells from leukemic and non-leukemic samples. Immuno-
phenotypic hematopoietic stem and progenitor cells (HSPC) from a cord blood sample and from two DNMT3AR"-mutated mobi-
lized peripheral blood mononuclear cell (PBMC) samples were analyzed by mass cytometry. All cells that are CD45RA- CD33-
CD19- CD79b- CD15- CD16- CD11b- CD3- were included. The ratio between the intensity of the pseudo-mutant conformation and
that of the wild-type (WT) conformation of P53 was calculated for each cell. Each dot represents a single cell. (A) The pseudo-
mutant to WT conformation ratio was around or below 1 in non-leukemic HSPC, significantly lower than that measured in pre-
leukemic HSPC (preL-HSPC) (n denotes their number in each sample cohort). The dashed line represents equal intensities of
both conformations (ratio of 1). Box plot centers, hinges and whiskers represent the median, first and third quartiles and 1.5 X
interquartile range, respectively. Boxes are drawn with widths proportional to the square-roots of the number of observations
in each group. The two-tailed, non-paired, nonparametric Wilcoxon rank sum test was used with 95% confidence interval and
continuity correction. (B) Because of the variability at the single cell level with regard to the expression of the two conformations
of P53, data for each individual sample are presented separately. The specific DNMT3A or TP53 variant appears above each
sample. From left to right: HSPC from a cord blood sample, HSPC from 2 samples of TP53-WT, DNMT3AR®" -mutated clonal
hematopoiesis (all in black), HSPC from 9 TP53-WT, DNMT3A-mutated AML samples (blue), HSPC from a DNMT3A-WT, TP53R?48Q-
mutated AML sample (light blue). In 8 of 9 preL-HSPC samples the dominant conformation of P53 is the pseudo-mutant. Although
the TP53R?48Q variant has low reactivity with PAb240, pre-leukemic cells of this sample demonstrated a high PAb240 to PAb1620
intensity ratio, similar to other preL-HSPC, implying the possible presence of a “pseudo-mutant” conformation of their residual
TP53-WT allele (see text for details). The median and 1.5 X interquartile range are presented for each sample. The medians are
drawn proportional to the square-roots of the number of observations in each cohort.

We found that although the median values of the PM/WT-
CR in all mouse genotypes were less than 1 (P53 is mainly
in its WT conformation), hDNMT3AR®2" mice had signifi-
cantly more LSK cells with an extremely high PM/WT-CR.
82 cells (4.9%) of hDNMT3ARE2H | SK cells had a PM/WT-
CR greater than 10, significantly more than the 17 (0.9%)
WT LSK cells with this high ratio (P<0.0001, Chi-square
test of independence with Yates continuity correction,
Figure 3).

All LSK cells were found to be in GO (as assessed by
combined cyclin B1 and KI-67 staining, Online Supple-
mentary Table S2D), even those with this extremely high
PM/WT-CR.

Targeting P53 mutant conformation in vivo

We speculated that the high PM/WT-CR can contribute to
the enhanced selective advantage of preL-HSPC'?® and
that reverting this ratio might reduce their fitness. We

chose to explore this by using patient-derived xenograft
models. In these models, the human cells are injected to
and engraft immuno-deficient mice. The murine environ-
ment exerts a selective pressure on the injected cells, ex-
posing different stem cells that reside in them. In about a
third of mice, that are injected with PBMC donated by AML
patients at the time of diagnosis, the engrafting human
cells are enriched with progeny of preL-HSPC (determined
by sequencing the engrafting cells).®¢ This model can be
utilized also to assess the sensitivity of the engrafting cells
(as reflected by their engraftment and differentiation ca-
pacities) to various therapeutic interventions (Figure 4A).
As a model for an intervention that can target a high
PM/WT-CR, we used a short peptide (myr-RRHSTPHPD,
named: pCAP-250) that can shift the balance between the
WT and the mutant conformations of P53 by stabilizing the
WT conformation. This peptide was shown to restore the
downstream transcriptional activity of P53."
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Figure 3. P53 conformations in murine LSK cells. Immunophenotypic LSK cells of a mouse model of human DNMT3AR®2 clonal
hematopoiesis. Samples were analyzed by mass cytometry. The ratio between the intensity of the pseudo-mutant conformation
and that of the wild-type (WT) conformation of P53 was calculated for each cell. Each dot represents a single cell. n denotes
the number of cells in each sample. The dashed lines at ratios 1 and 10 represent equal intensities of both conformations and
high levels of the pseudo-mutant conformation, respectively. 82 cells (4.9%) of hDNMT3AREH-mutated LSK cells had a con-
formation ratio greater than 10, significantly more than the 17 (0.9%) WT LSK cells with this high ratio (P<0.0001, Chi-square test
of independence between genotype and number of LSK cells with a conformation ratio greater than 10, with Yates continuity
correction). Comparisons between total LSK cells retrieved from the different mice were performed using a two-tailed, non-
paired, non-parametric Wilcoxon rank sum test with 95% confidence interval and continuity correction. Medians values are: WT:
0.7; Cre control: 0.61; mDnmt3a haplo-insufficient: 0.41; hDNMT3ARE2H; 0.81. The median and 1.5 X interquartile range are presented

for each sample. The medians are drawn proportional to the square-roots of the number of observations in each cohort.

We tested the influence of pCAP-250 on the engraftment
capacity of the above-mentioned DNMT3A, NPM1 mutated
AML samples (that their preL-HSPC express pseudo-mu-
tant P53). Most samples resulted in non-pre-leukemic
human grafts (either leukemic engraftments or non-pre-
leukemic, multi-lineage engraftments). However, one
sample (sample #160005) that its prelL-HSPC express
mainly the pseudo-mutant conformation of P53 (Figure
2B), gave rise to a multi-lineage graft (Online Supplemen-
tal Figure S4) that was composed of pre-leukemic cells
harboring only the pre-leukemic DNMT3A mutation (Online
Supplementary Table S7). The engraftment capacity of
these cells decreased significantly following treatment
with pCAP-250 in three independent experiments (Figure
4B). pCAP-250 treatment did not affect the engraftment
capacity of cord blood, non-preL-HSPC from an AML
sample, DNMT3AR®2H CH or of leukemic stem cells (Figure
4C to F, Online Supplementary Tables S8 to S10).

Molecular characterization of cells affected by P53-
directed therapeutic intervention

We wanted to explore P53 conformations and its tran-
scriptional activity in the engrafting pre-leukemic cells by
studying them with mass cytometry and scRNA-seq, re-
spectively. In order to achieve this, we injected the AML
sample that gave rise to a pre-leukemic graft (sample

#160005) into recipient mice, treated the mice with a
single dose of pCAP-250 at 8 weeks, sacrificed the mice
12 hours later and analyzed the engrafting human cells by
both methodologies (Figure 5).

We performed unbiased clustering of the mass cytometry
data of engrafting cells (100,000 cells of each treatment
cohort) according to their surface markers. We found that
there was no qualitative difference between the two
treatment cohorts: mice treated with pCAP-250 and mice
treated with the control peptide engrafted with the same
human sub-populations (clusters) as shown in Figure 6A.
However, in accordance with the decreased engraftment
observed in Figure 4B, some clusters decreased quanti-
tatively in the treated mice. This quantitative difference
was significantly dependent on treatment cohort
(P<0.000001, chi square test of independence). Performing
a post hoc standardized residuals analysis (with a Bonfer-
roni correction for multiple comparisons) revealed that
among the clusters that decreased quantitatively in
treated mice, clusters 1, 3, 4, 8, 9, 14 and 19 (Figure 6B),
are the source of that difference (Online Supplementary
Table S15). Most cells that belong to these clusters were
eliminated in the pCAP-250 treated mice. It is therefore
possible that cells extracted from pCAP-250 treated mice
represent resistant cells. In order to characterize cells
that are sensitive to pCAP-250 treatment, we decided to
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Figure 4. Xenotransplantation assays and in vivo pharmacologic treatment. (A) Schematic of the experimental setup. The pool

of peripheral blood mononuclear cells (PBMC) of acute myeloid

also rare pre-leukemic hematopoietic stem and progenitor cells,

leukemia (AML) patients contains mainly blasts (red circles) .but
preL-HSPC (blue circles). Sorting and sequencing the engrafting

cells allowed us to determine whether they originate from preL-HSPC (having only a DNMT3A mutation) or from leukemic stem

cells (having both DNMT3A and NPM1 mutations). This experime

ntal model enabled us to explore the sensitivity of the different

cells to P53-directed treatment. (B to F) Engraftment of the different injected samples as assessed by flow cytometry according
to treatment cohort: control peptide (green) and pCAP-250 treated (peptide, red). Each dot represents a mouse and the dashed

line represents the threshold for engraftment (presence of 01%

of human cells out of all cells extracted from the bone marrow).

The origin of the engrafting cells was determined by sequencing. Below each plot appear the medians of the allele frequency of

DNMT3A and NPM1 mutations in the injected sample (patient)

and in the engrafting cells retrieved from mice in each cohort

(control peptide and peptide) attesting for their stem cell of origin. CH: clonal hematopoiesis (detailed sequencing results are
presented in the Online Supplementary Tables S7 to S70). Box plot centers, hinges and whiskers represent the median, first and
third quartiles and 1.5 X interquartile range, respectively. Boxes are drawn with widths proportional to the square-roots of the
number of observations in each cohort. All comparisons were performed using a two-tailed, non-paired, non-parametric Wilcoxon

rank sum test with 95% confidence interval and continuity corr

examine the median intensities of surface markers and of
P53 conformations in cells that belong to these clusters and
that were extracted from the control peptide treated mice.
These clusters showed mainly a myeloid/monocytic differ-
entiation pattern although some had low expression of B
cell lineage markers (Online Supplementary Table S11). The
ratio between the two conformations of P53 in most en-
grafting cells was lower than that measured in the injected
HSPC and was around 1 (Figure 6C). There was no correla-
tion between clusters of cells that quantitatively decreased
following pCAP-250 treatment and the PM/WT-CR of their
cells. However, cells in the clusters that were quantitatively
affected the most by pCAP-250 treatment (clusters 14 and
19, Online Supplementary Table S15) had a high PM/WT-CR
(Figure 6C) and these clusters contained 90% and 79% such
cells, respectively (Online Supplementary Table ST7).

Our scRNA-seq data validated the pre-leukemic stem cell
origin of the engrafting cells: unbiased clustering that was
performed for all samples together (patient PBMC and en-

ection.

grafting cells) presented the monomorphic nature of the
leukemic blasts (represented by only 4 clusters, none of
which was found among the engrafting cells) in contrast
to the 22 different clusters that represent the engrafting
cells (Online Supplementary Figure S5). Additionally, so-
matic variant calling of the scRNA-seq data identified only
the DNMT3ARE2H mutation in the engrafting cells, without
the NPM17c mutation.

Similar to the mass cytometry data, the scRNA-seq data
revealed that engrafting cells from both treatment co-
horts contained the same subpopulations (clusters) and
that not all clusters decreased quantitatively to a similar
extent in the treated cohort. Clusters 0,2,5,13 and 20 de-
creased quantitatively (Online Supplementary Table S12),
and this decrease from 46.4% to 29.6%, was found to be
significantly dependent on treatment cohort (P<0.021)
(Figure 7A).

Gene expression of these clusters was found to be en-
riched with genes that are related to B cell differentiation
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Figure 5. P53 conformations and transcriptional activity in engrafting pre-leukemic cells. Schematic of the experimental setup
for P53 conformation analyses by mass cytometry and for gene expression profiling by single cell RNA sequencing (scRNA-seq)
of engrafting human cells. Acute myeloid leukemia (AML) sample #160005 that contains mainly blasts (red circles) but also rare
pre-leukemic hematopoietic stem/progenitor cells (preL-HSPC) (blue circles) was injected to NSG immune-deficient mice. This
sample produces pre-leukemic human grafts harboring the DNMT3A mutation without the mutation in NPM1. At 8 weeks a single
dose of pCAP-250 or the control peptide (16.6 mg/kg) was administered intravenously (V) to the recipient mice and mice were
sacrificed 12 hours later. Cells retrieved from bone marrows of all mice in each treatment cohort were pooled together and
murine hematopoietic cells (black circles) were depleted using human CD45 enrichment kit. Human pre-leukemic cells (blue
circles) were divided between downstream analyses methodologies (as detailed in the Online Supplementary Appendix and the
methods sections). tSNE: t-distributed stochastic neighbor-embedding.
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Figure 6. Mass cytometry of engrafting cells. All positively stained surface markers were used for unbiased clustering (FlowSOM
analysis) of the mass cytometry data of engrafting cells. WT: wild-type; HSPC: hematopoietic stem and progenitor cells. (A) All
clusters. (B) Clusters with a significant quantitative decrease following treatment with pCAP-250 (Online Supplementary Table
S15). (C) Ratio of the median intensities of the pseudo-mutant and WT conformations of P53 (PM/WT-CR) in engrafting cells and
in the injected HSPC. Engrafting cells (from control peptide treated mice) are categorized by the clusters shown in (A). Data
about injected HSPC were obtained from sample #160005 as shown in Figure 2B.

(cluster 0), to MAPK and NFkB pathways (cluster 2), and
to monocyte differentiation and Interferon signaling path-
way (cluster 13) (similar to the mass cytometry data, On-
line Supplementary Table ST11).

Gene expression of less affected clusters was found to be
enriched with genes that are related to B-cell differenti-

ation (clusters 1), to macrophage/monocyte differentiation
(cluster 6), to mast cell/basophil differentiation (cluster
18) and to plasmacytoid/dendritic differentiation (cluster
21) (Online Supplementary Table S13). The similarities in
expression of differentiation markers and genes between
affected clusters and less-affected clusters mean that
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pCAP-250 treatment did not cause a differentiation bias.
Analyzing the cell cycle score of the clusters that were af-
fected by pCAP-250 treatment revealed that they are
mainly in G1 phase (Figure 7B). This means that the treat-
ment was not specifically affecting proliferating cells.
Cells in the clusters that decreased quantitatively follow-
ing treatment with pCAP-250 had a significantly reduced
expression of CDKN1A (P21), relative to their TP53 ex-
pression level (P<0.006, Figure 7C). Apart from this reduc-
tion in CDKNTA expression, we did not identify any
additional reduced expression of other P53-regulated
genes,” thus a pseudo-mutant P53 could have a partial
P53-transcriptional dysfunction, similar to other TP53 mu-
tants.*® In summary, cells affected by pCAP-250 were not
characterized by their differentiation or proliferation sig-
natures, but rather by their P53 function.

We tried to understand how the cells were eliminated in
the pCAP-250 treated mice. We did not find an increase
in apoptosis, necroptosis (RIPK1 or RIPK3) or ferroptosis
pathway genes in pCAP-250 treated samples when com-
pared to control samples. Nonetheless, the clusters that
decreased following pCAP-250 treatment had a reduced

A. Tuval et al.

expression of CD44 and of GPX4 when compared with
other clusters.

Targeting TP53 mutant in vivo

In order to test the sensitivity of TP53-mutant cells to
pCAP-250, we injected peripheral blood mononuclear
cells of the TP53%?*8Qe-mutated AML sample described
above (#161632), to immune-deficient mice and then
treated them with pCAP-250 (single dose at week 8). The
overall engraftment capacity of the human cells was not
influenced by the treatment (Figure 8A). When we ana-
lyzed by flow cytometry the engrafting sub-populations,
we found that most engrafting cells have a myeloid im-
mune-phenotype (Figure 8B, green and brown colors)
similar to the injected blasts, suggesting that most of
them originate in leukemic stem cells. Nevertheless, we
did see small subpopulations of engrafting cells with a
non-myeloid immune-phenotype, mainly in the control
cohort (Figure 8B, blue colors). Although not verified by
targeted sequencing, this points to engraftment of pre-
leukemic stem cells, preferentially in the control cohort.
We therefore speculated that pCAP-250 specifically elim-
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Figure 7. Single cell RNA sequencing of engrafting cells. (A) tSNE (t-distributed stochastic neighbor-embedding) analyses of
single cell RNA sequencing (scRNA-seq) data of engrafting cells. Each dot represents a cell. Both treatment cohorts contain the
same sub-populations, however, some clusters (0, 2, 5, 13 and 20 that are circled in purple) decreased quantitatively following
treatment with pCAP-250. This decrease from 46.4% to 29.6%, was found to be significantly dependent on treatment cohort
(P<0.021, chi square test of independence with Yates continuity correction). (B) Cell cycle score of engrafting cells from both the
“control peptide” and “peptide” cohorts superimposed on the tSNE analyses shown in (A). Most cells in pCAP-250-affected
clusters belong to the “control peptide” cohort. (C) tSNE analyses of scRNA-seq data of engrafting cells with the expression of
TP53 (left) and of CDKNTA (P21, right). We calculated the difference between the logarithmic fold change of the expression of
CDKN1A and that of TP53 in pCAP-250-affected cells (clusters 0, 2, 5, 13) and compared it to the same difference that was cal-
culated for less affected cells (clusters 1, 6-9, 12,1 4-19, 21-23). We found that affected cells had a significantly reduced expression
of CDKNI1A relative to their TP53 expression, when compared to other clusters of cells (P=0.006, Wilcoxon rank sum test).
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inated these subpopulations in the treated cohort. In order
to test this, we pooled together engrafting cells from all
mice in each cohort (as described in the methods section)
and analyzed them by mass cytometry using the antibody
panel shown in the Online Supplementary Table S2C. This
panel included two anti-mouse monoclonal antibodies
that allowed us to “gate out” any residual murine cells. We
then performed an unbiased clustering of 247,300 engraft-
ing cells from each treatment cohort, according to their
surface markers. A significant difference that was depend-
ent on treatment cohort was found between the control
sample and the treated sample (P<0.000001, chi square
test of independence). Performing a post hoc standardized
residuals analysis (with a Bonferroni correction for multiple
testing) revealed that clusters 4,5,6,7,9,10,11 and 15 that
quantitatively decreased in the treated mice (sensitive to
pCAP-250), and clusters 1, 8, 12, 13, 14, 16, 17, 18, 19 and 20
that quantitatively increased in the treated mice (resistant
to pCAP-250) are the source of that difference. While all
the resistant clusters had a leukemic immune-phenotype
(Figure 8C, green colors), the non-myeloid clusters
(clusters 4 and 11 in the Online Supplementary Table S76,
Figure 8C, purple and blue, respectively) were found to be
sensitive to pCAP-250 treatment (Online Supplementary
Table S16 and S77), consistent with our flow cytometry
analysis (Figure 8B). Indeed, some of the sensitive clusters
have a myeloid immune-phenotype (Figure 8C, green),
however, these too might have a pre-leukemic origin (as
shown in the Online Supplementary Table S7, peptide-
treated cohort, mouse #5).
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Discussion

In this work, we studied P53 conformations in human cells
representing several steps along AML evolutionary trajec-
tory. We focused on the most common pre-leukemic mu-
tation, in the DNMT3A gene'? and therefore our conclusions
are limited to DNMT3A-mutated pre-leukemic cells. We ob-
served that DNMT3A-mutated prelL-HSPC had significantly
higher PM/WT-CR in comparison to AML blasts, to normal
cord blood and to HSPC of DNMT3A-mutated CH (Figures
1B and 2A). Next, we demonstrated that preL-HSPC carrying
DNMT3A mutations were sensitive to treatment with a
small peptide targeting the dynamic equilibrium between
P53 conformations (pCAP-250)" (Figure 4B). Single cell
RNA-sequencing analyses of treated cells suggested that
human prelL-HSPC that are sensitive to pCAP-250 had a re-
duced expression of P21, the major canonical downstream
target of P53. Altogether, these findings suggest that the
dominant conformation of P53 in preL-HSPC carrying
DNMT3A mutations is the pseudo-mutant conformation
and at least some of them, that exhibit dysfunctional P53
transcriptional activity, could be sensitive to perturbations
in the balance between P53 conformations.

While our study provides evidence for a dominant pseudo-
mutant P53 conformation in DNMT3A-mutated prelL-HSPC,
and to some degree dysfunctional P53 transcriptional ac-
tivity, it remains unclear whether these phenotypes func-
tionally contribute to chemo-resistance and increased
fitness (the hallmarks of DNMT3A-mutated prelL-HSPC3-53"
%), In order to answer this question, we used patient-de-
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Figure 8. pCAP-250 treatment of a TP53R?48Q acute myeloid leukemia patient-derived xenograft model. NSG-SGM3 mice were injected
with TP53R?48Q gcute myeloid leukemia (AML) (#161632) sample and treated by a single dose of pCAP-250 8 weeks later. (A) Engraft-
ment of human cells (percentages of human CD45* cells as assessed by flow cytometry) according to treatment cohort: control
peptide (green) and pCAP-250-treated (peptide, red). The overall engraftment was not affected by pCAP-250 treatment. Each dot
represents a mouse and the dashed line represents the threshold for engraftment (presence of 0.1% of human cells out of all cells
extracted from the bone marrow). Box plot centers, hinges and whiskers represent the median, first and third quartiles and 1.5 X in-
terquartile range, respectively. Boxes are drawn with widths proportional to the square-roots of the number of observations in each
cohort. All comparisons were performed using a two-tailed, non-paired, non-parametric Wilcoxon rank sum test with 95% confidence
interval and continuity correction. (B) Flow cytometry analyses of the engrafting sub-populations in the control (upper panel) and
treated (lower panel) cohorts. Injected peripheral blood mononuclear cells (PBMC) appear in the right bars (Patient PB). Only human
CD45" cells that were extracted from the right femurs of the mice are presented. PB: peripheral blood. Most engrafting cells are
myeloid (green and brown colors), similar to the injected blasts (right bars), reflecting their leukemic origin. Some non-myeloid sub-
populations are seen as well (blue colors), reflecting their differentiation capacity and their non-leukemic origin. The control cohort
is enriched with these, non-myeloid, sub-populations when compared with the treated cohort. (C) Immunophenotype of engrafting
clusters following FlLowSOM analysis (unbiased clustering) of the mass cytometry data of the engrafting human cells. Clusters are
grouped according to their sensitivity to pCAP-250 treatment: “resistant” clusters are clusters with a quantitative increase following
pCAP-250 treatment and “sensitive” clusters are clusters with a quantitative decrease following pCAP-250 treatment. The number
of clusters in each group is presented. All 10 resistant clusters have a leukemic immunophenotype (green colors, similar to the leu-
kemic blasts). Of note, one of the resistant clusters (cluster 8 in the Online Supplementary Table S17) has a CD33*CD38*CD34* im-
munophenotype (light green). It probably represents leukemic cells because among the injected blasts a small sub-population with
these markers was identified (panel B, right bars). The non-myeloid clusters (clusters 4 and 11 in the Online Supplementary Table
S16, purple and blue, respectively) are present only among the sensitive clusters, in line with our flow cytometry analyses (panel B).
Six of 8 sensitive clusters have a myeloid immunophenotype (green), however, it is possible that they have a pre-leukemic origin (as

in the Online Supplementary Table S7, peptide-treated cohort, mouse #5).

rived xenograft experiments and treatment with pCAP-
250.

These experiments revealed that treatment with pCAP-
250 diminished the engraftment capacity of preL-HSPC
(Figure 4B) reflecting a reduction in self-renewal capacity
at the stem or progenitor cell level. Most of the sensitive
cells were eliminated, and therefore could not be studied
directly. In order to overcome this, we performed unbi-
ased clustering analyses for both the pCAP-250-treated
and the control peptide-treated cells together. By doing
so, we were able to characterize the sensitive cells using
data from the control-peptide cohort. We identified
clusters of cells that were influenced by pCAP-250 treat-
ment (clusters 14 and 19, Figure 6B and C; Online Supple-
mentary Table S15) and demonstrated that the vast
majority of their cells (80-90%) expressed P53 predomi-
nantly in its pseudo-mutant conformation. Engrafting
cells that were selectively eliminated by pCAP-250 treat-
ment had a high ratio between their P53 expression and
their P21 expression levels (Figure 7A and C). Since P21 is
the major canonical TP53-regulated gene, these cells had
a partially dysfunctional P53 canonical pathway and as
mentioned above, some of them had a high PM/WT-CR.
These results can be explained by additional factors in-
fluencing the conformation equilibrium of P53 or by other
mechanisms by which pCAP-250 eliminates cells, however
they could also point to possible functional consequences
of a high PM/WT-CR of P53 that should be further ex-
plored in the future.

Non-R882 DNMT3A variants are more prevalent in CH than
in AML,* and when such clones transform to AML, they
are accompanied by a lower number of cooperating mu-
tations.®® This implies that single mutant clones carrying

non-R882 DNMT3A mutations have enhanced self-renewal
when compared with single mutant clones carrying
DNMT3ARE2 mutations (that undergo rapid clonal expan-
sion after they acquire additional mutations). Figure 2B
demonstrates that DNMT3ARE2-mutated cells might have
a lower PM/WT-CR when compared with cells harboring
non-R882 variants of DNMT3A, and although our study is
not statistically powered to draw any definite conclusions,
this does support a possible correlation between a high
PM/WT-CR and increased self-renewal capacity.

In order to gain more support to our claim that increased
PM/WT-CR and dysfunctional P53 activity are associated
with the increased fitness and progression of DNMT3A-
mutated preL-HSPC we treated with pCAP-250 both cord
blood samples and HSPC from healthy individuals carrying
DNMT3A mutations (CH). We could not identify reduced
engraftment after treatment with pCAP-250. Furthermore,
the PM/WT-CR of both CH and cord blood derived HSPC
was lower than preL-HSPC. In this regard it is important
to stress that preL-HSPC derived from AML patients might
be phenotypically different from HSPC carrying DNMT3A
from the CH stage. While we know that individuals with
large clones (with a variant allele frequency of more than
10%, reflecting their enhanced fitness) have high (50%)
chances to evolve to AML,?> we do not understand the evol-
utionary trajectory (epigenetically due to accumulation of
methylation changes and phenotypically) of the HSPC that
eventually transform to AML.

Altogether, we were able to demonstrate that P53-directed
treatment, that is capable of stabilizing the WT conforma-
tion of P53, specifically targeted DNMT3A-mutated human
preL.-HSPC and possibly also TP53-mutated prelL-HSPC.
This was demonstrated in two samples, thus we cannot
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generalize our conclusions, but it suggests that at least
some of the fitness advantage of preL-HSPC is correlated
with the presence of pseudo-mutant P53.

Despite this limitation it is clear from our study that
DNMT3A-mutated preL-HSPC have a high PM/WT-CR. Our
hDNMT3AR2H mouse model data emphasize that a pre-leu-
kemic mutation (DNMT3ARE2 in this case) predisposes P53
in a subpopulation of HSPC to acquire a pseudo-mutant
conformation. Similar to our observations of a high PM/WT-
CR among cells that belong to an early developmental
stage of malignancy, high levels of pseudo-mutant P53
were reported in other pre-malignant states,* and P53
dysfunction was detected in DNMT3A-mutated pre-malig-
nant thymocytes.*® Future studies might shed light on the
molecular mechanisms that underlie this phenotype.

It was recently shown that DNMT3A-mutated HSPC have
enhanced self-renewal under inflammatory conditions.*
Previous studies have demonstrated that cytokines,® and
inflammation®® can modulate P53’s folding and that a mis-
folded P53 characterizes leukemic blasts with enhanced
self-renewal.?® An inflammatory environment, as present in
the serum of AML patients,*? might modify P53 conforma-
tions and lead to a higher PM/WT-CR. However, we found
that leukemic blasts that share the same cytokine-rich en-
vironment have the lowest levels of pseudo-mutant P53.
It was previously suggested that mutant conformation of
P53 is correlated with cell proliferation.*®* Our data (pro-
duced by using methodologies with a higher resolution and
including more cells) do not support this claim (Figure 7B,
DNMT3AR®2H murine LSK cells with a high PM/WT-CR being
in GO). Other factors besides inflammation or the muta-
tional profile of the clone (as implied by our findings in
TP53R*Q-mutated preL-HSPC) could also induce a pseudo-
mutant P53. For example: the cellular proteomic composi-
tion,” P53’s interactions with other proteins,*** zinc
chelation,*® oxidative stress,* P53’s ubiquitination (PAb240
recognizes an MDM2-bound P53)*® the silencing of Hippo
tumor suppressor pathway*® were all implicated in the
conformational switch of P53. It is possible that inter-
actions between the environment and the pre-leukemic
clone are responsible for the higher PM/WT-CR observed
in DNMT3A-mutated preL-HSPC, and future studies can ex-
pose such an etiology.

In summary, our observations in human preL-HSPC high-
light a unique phenotype that characterizes part of the pre-
leukemic clone. Interestingly, DNMT3A-mutated primary
AML do not present with a classical TP53-mutated pheno-
type (namely, a complex karyotype) suggesting that the
pseudo-mutant P53 is not equivalent to a mutated P53.

A. Tuval et al.

Realizing that the enhanced self-renewal of pre-leukemic
cells could be correlated with their P53 protein folding and
not only with their mutational profile calls for studying the
physiological and pathological mechanisms that induce this
conformational change (whether cell-intrinsic or micro-en-
vironmental factors). It remains unclear whether this phe-
nomenon can be generalized to other (non-DNMT3A)
pre-leukemic mutations or other pre-malignant conditions
and whether it could be exploited for targeting these pre-
malignant clones. However, it can potentially open new av-
enues for both AML prediction and for its prevention.
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