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A somatic mutation in moesin drives progression into

acute myeloid leukemia

Ouyang Yuan'*, Amol Ugale'? Tommaso de Marchi?, Vimala Anthonydhason?,
Anna Konturek-Ciesla', Haixia Wan', Mohamed Eldeeb’, Caroline Drabe', Maria Jassinskaja’,
Jenny Hansson’, Isabel Hidalgo', Talia Velasco-Hernandez®, J6rg Cammenga’,

Jeffrey A. Magee’”®, Emma Niméus>®, David Bryder'*

Acute myeloid leukemia (AML) arises when leukemia-initiating cells, defined by a primary genetic lesion, acquire
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subsequent molecular changes whose cumulative effects bypass tumor suppression. The changes that underlie
AML pathogenesis not only provide insights into the biology of transformation but also reveal novel therapeutic
opportunities. However, backtracking these events in transformed human AML samples is challenging, if at all
possible. Here, we approached this question using a murine in vivo model with an MLL-ENL fusion protein as a
primary molecular event. Upon clonal transformation, we identified and extensively verified a recurrent codon-
changing mutation (Arg?®*Cys) in the ERM protein moesin that markedly accelerated leukemogenesis. Human
cancer-associated moesin mutations at the conserved arginine-295 residue similarly enhanced MLL-ENL-driven
leukemogenesis. Mechanistically, the mutation interrupted the stability of moesin and conferred a neomorphic
activity to the protein, which converged on enhanced extracellular signal-regulated kinase activity. Thereby, our
studies demonstrate a critical role of ERM proteins in AML, with implications also for human cancer.

INTRODUCTION
Acute myeloid leukemia (AML) arises from genetic and/or epigenetic
events in immature hematopoietic cells that lead to the formation of
leukemia-initiating cells (LICs) (1). LICs gain a competitive advan-
tage over normal hematopoietic progenitors and progress into AML
upon additional genetic perturbations that further promote prolif-
eration and/or inhibit differentiation (1-3). The identity of secondary
mutations can thereby shed light on the biology of leukemic trans-
formation and provide molecular candidates for therapeutic targeting.
Balanced chromosomal translocations that involve the mixed
lineage leukemia-1 (MLLI/KMT2A) gene can form chimeric fusion
proteins with novel gene regulatory properties. These MLL re-
arrangements (MLLr) represent recurrent initiating events in AML
and comprise 35 to 50% of AML cases in infants (4). In older children
and adults, MLLr can be found in ~3% of de novo AML cases (5). In
general, MLLr AML associate with a poor prognosis (6) and a sub-
stantial fraction of these leukemias harbor somatic mutations believed
to drive transformation, with activating mutations in RAS, FLT3,
PTPN11, and BRAF being the most common (5). This has lent sup-
port to a two-step model of leukemogenesis in which the initial MLLr
act to mainly inhibit differentiation and the secondary mutations
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activate signals that drive proliferation, without excluding that the
secondary mutations can also contribute to enhanced survival and/or
further inhibit differentiation. However, in pediatric MLLr acute
lymphoblastic leukemia (ALL), the frequency of secondary mutations
is lower and these mutations are often subclonal and frequently lost
upon relapse (7). This has challenged the generality of the two-step
model of MLLr leukemia by suggesting that these fusion products
can drive leukemia by itself in a target cell-dependent manner and/or
that genetic predisposition can replace for somatically acquired
secondary mutations.

The powerful oncogenic activity of MLL fusion proteins has been
frequently exploited in mouse models to explore the pathogenesis
of leukemic initiation, evolution, therapy resistance, and relapse. In
most of such work, MLL fusions have been introduced by viral
delivery to immature murine hematopoietic cells, followed by their
transplantation into recipient mice (8). Using these approaches, a
few recent attempts have been made to map secondary mutations in
MLL-AF9-driven AML (9, 10). Consistent with data from human
patients, there have been reports on secondary genetic/activating
lesions in KRAS, BRAF, CBL, PTPN11, and GNB2 upon transformation.
In support of the relevance of these mutations for AML development,
their coexpression with different MLL fusions can accelerate leuke-
mogenesis and produce more aggressive and rapid AML (9, 11, 12).
However, substantial differences exist between mutation patterns in
human leukemic samples and the few murine studies executed to
date. Most notably, these differences relate to the exact types of
secondary mutations identified and their observed frequencies, with
extensive subclonality observed in murine studies. While this ob-
viously could be a real observation, the possibility remains that the
modeling of leukemia initiation in murine models does not accurately
reflect the monoclonality of human AML.

As an alternative to viral delivery, we previously generated an
inducible transgenic mouse strain in which a human MLL-ENL
fusion gene can be induced by doxycycline (iMLL-ENL mice) (13).
The rationale for this approach was to circumvent several of the
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experimental caveats associated with viral delivery of MLL fusions,
including poor delivery, unphysiological expression levels caused
by the strong promoters typically associated with viral vectors, and
insertional mutagenesis. In addition, the iMLL-ENL model has
allowed us to firmly establish the precise identity of hematopoietic
progenitor cells capable of initiating AML, without having to sub-
ject candidate cells to any form of in vitro culture before assessment
of their leukemic capacity (13, 14).

Here, we set out to dissect the stepwise AML progression in the
iMLL-ENL model. We demonstrate a three-phase progression of
evolving AML, in which preleukemic cells initially expand, which
was followed by a contraction and later transformation into AML in
a clonal-dependent manner. To clarify the molecular pathogenesis
that drives the transformation process, we subjected multiple inde-
pendent AMLs to exome sequencing. This revealed a highly recur-
rent de novo mutation in the X-linked ezrin-radixin-moesin (ERM)
protein moesin that leads to cysteine change at the evolutionary
conserved arginine-295 residue. Detailed functional studies revealed
that R295C mutant MSN markedly accelerated leukemogenic trans-
formation, with human cancer-associated mutations at the same
residue having similar effects on the transformation process. Thereby,
our work provides new insights into the molecular pathogenesis of
disease progression in MLLr AML.

RESULTS

A triphasic and monoclonal disease pattern underlie
transformation into MLL-ENL-driven AML

To explore mechanisms underlying development into AML, we used
a transplantation-based mouse model in which a human MLL-ENL
fusion gene can be conditionally induced in defined murine LICs by
administration of doxycycline (13). We previously showed that
myeloid-oriented pre-granulocyte/macrophage progenitors (pGMs;
LinScal kit"CD41 CD150"CD105") are potent LICs in the iMLL-
ENL model (13). Building on these previous observations, we isolated
pGMs from iMLL-ENL mice and transplanted the cells into wild-
type (WT) recipients under continuous doxycycline/MLL-ENL
induction. The use of different congenic CD45 markers allowed
for monitoring of transplanted cells and host/competitor cells in
peripheral blood (PB) over time.

We observed a pattern of leukemic development in which MLL-
ENL-induced pGM cells initially (4 weeks after transplantation)
yielded a high level of myeloid contribution in transplanted hosts
(Fig. 1A). WT pGMs provide only marginal, if any, myeloid recon-
stitution at this point (15). After this, we observed declines in
myeloid contribution, which was consistent among individual
hosts but varied between mice as for magnitude (Fig. 1A). Later, we
observed rapid rebounds in iMLL-ENL-derived myeloid cells that
continued to elevate (Fig. 1A) and coincided with AML diagnosis
according to the Bethesda classification for murine myeloid malig-
nancies (16). Compared to retroviral MLL-fusion models, the ini-
tial (pre)leukemogenic pattern from iMLL-ENL cells was different,
in that (pre)leukemogenic cells with retrovirally delivered MLLr
appear to continuously elevate following their initial detection (17).

In most murine AML models, including the iMLL-ENL model,
AML is initiated from a pool of candidate LICs (18). However, human
AML typically have a monoclonal origin (I). This led us to next in-
vestigate the clonal composition of AMLs developing from iMLL-ENL
LICs. For this, we transduced iMLL-ENL LICs immediately after
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their isolation with a lentiviral barcode library (19) and transplanted
the cells as before into WT recipients under MLL-ENL induction
(Fig. 1B). Upon disease, we extracted genomic DNA (gDNA) from
donor-derived AML cells, which was followed by Sanger sequencing
of the introduced barcodes. In four of the six analyzed leukemic samples,
we recovered a single dominant barcode (Fig. 1B). In the remaining
two cases, we observed a more crowded barcode sequence, indicating
either a polyclonal origin or possibly a leukemic clone that originally
was provided with more than one barcode (Fig. 1B). Together, these
results demonstrated selection and evolution of predominant/driver
clones during the development of murine MLL-ENL-driven AML,
a similarity to that observed in human patients.

iMLL-ENL AMLs associate with a highly recurrent point
mutation in the X-linked gene moesin that leads

to an arginine-295-to-cysteine substitution

Given the pattern of leukemic development in the AML model (Fig. 1),
we hypothesized that transformation into AML associate with the
acquisition of secondary driver mutations. We therefore next set out
to identify these mutations.

We previously showed that AML can originate from several dif-
ferent types of hematopoietic progenitor cells in the iMLL-ENL model,
includmg common lymphoid progenitors (CLPs; Lin"IL7Ra"
Flt3*Scal®"c-kit'®"), granulocyte-macrophage-lymphoid progenitors
(GMLPs; Lin~ Scal*ck1t+CD48 CD150: these cells are mostly positive
for CD34 and Flt3), and pGM:s (13). Building on this and to explore
whether any distinct secondary mutation patterns might associate
with different cell types of origin (for instance, related to inherent
differences in proliferation or lineage potential), we designed a first
experiment where we assessed secondary somatic driver mutations
in AML samples derived from different LIC types. We isolated
CLPs, GMLPs, and pGMs from iMLL-ENL mice and transplanted
the cells to new recipients in conjunction with induction of MLL-
ENL. Upon transformation, we isolated gDNA from leukemic cells
and subjected samples to exome sequencing (the general strategy
for detection of secondary mutations is outlined in Fig. 2A). Fol-
lowing filtering (see methods for details), we could extract 40 candi-
date somatic variants in this first experiment, out of which nine
mutations were recurrent (Fig. 2B and table S1). From subsequent
sequencing experiments (below), three of these mutations (in Flrt1,
Polr3e, and Mcts2) could be classified as germline rather than somatic.
Out of the other six recurrent mutations, only a C883T mutation in
moesin was confirmed as somatically acquired at high variant allele
frequency (VAF) (>0.3) and across multiple samples. This mutation
leads to an amino acid change of arginine-295 to cysteine (R295C).

To extend our first sequencing experiment, we focused on AML
derived from pGM cells. This is because of the similarity in muta-
tion spectra across initiating cell types in our first experiment (Fig 2B
and fig. S1) and because pGM are more easily accessible/frequent
than GMLPs and CLPs. In subsequent experiments, we also re-
designed our approach slightly such that AML was initiated from
individual mice for which we, at initiation of experimentation, also
generated appropriately matched/paired control samples. This was
done to identify somatic mutations acquired upon AML transformation
more easily. Thus, we conducted three additional sequencing exper-
iments in which three separate founder mice were used to generate 13
additional leukemic samples (3 AML samples from founder 2, 6 AML
samples from founder 3, and 4 AML samples from founder 4). The
only recurrently mutated genes across these three cohorts were Msn

20f 15



SCIENCE ADVANCES | RESEARCH ARTICLE

Genetically barcode
iIMLL-ENL cells

A B
100+
= @]
D\ ~
[%2] s
© 7=
@ L3
© k R
©
[}
7} ;
g
|
P4
u
-
)
=

Time (weeks)

- Monitor disease
- Harvest leukemic cells
upon transformation
- Determine barcodes

VAN ok .
% amnalaaannily s

AN AAOARINVOAAM BC 5

e o o ——————— — — — —
20-nt barcode

Fig. 1. Disease characteristics of the iMLL-ENL model. (A) pGMs were isolated from iMLL-ENL mice and transplanted competitively into lethally irradiated recipients
(n=10). Colored symbols and connecting lines show levels of donor-derived myeloid in individual recipients over time. (B) Left: Strategy used to evaluate the clonal
composition of iMLL-ENL transformed AML using lentiviral barcoding. Right: Sanger sequencing of DNA barcodes after transformation, demonstrating clonality in a ma-

jority of individual AMLs.

(9 of 13 samples) and Ptpnll (2 of 13, G60V and E76K) (Fig. 2C).
Taking all four cohorts (22 sequenced AML samples) into account,
the R295C Msn mutation was by far the most frequently secondary
mutation (detected in 14 samples). Other recurrently mutated
genes were Ptpnll (3), Cdhll (3), Cdk4 (2), Fbxo22 (2), Sh2d1b1
(2), and Exol (2) (fig. S1). Ptpnll and Cdk4 mutations have been
shown previously to activate RAS signaling and cell cycle regulation,
respectively, in human AML (11, 20). Single-mutant cases were ob-
served for several genes (fig. S1 and table S1), including for instance
in Hras and Braf, that have also previously been reported to be mu-
tated in AML (6, 10, 11, 20-31). Last, to determine whether the
C883T/R295C was dependent on the transplantation setting, we inter-
rogated 10 separate iMLL-ENL AML samples derived from an alterna-
tive, non-transplantation-based model system (32). We observed a
high frequency (7 of 10) of the C883T/R295C Msn mutation also in
these samples (Fig. 2D).

We previously observed that pGM cells give rise to a small fraction
of lymphoid cells upon transplantation (15). To further confirm the
specificity of the C883T/R295C Msn mutation to AML, we isolated
donor-derived T and B cells at the same time as AML cells and subjected
gDNA from these cell subsets to Sanger sequencing. This revealed
the presence of the mutation only in the fraction of AML cells (Fig. 2E).

The Msn gene is located on the X chromosome. Given the very
high VAF of the C883T/R295C mutation in male AML cells
(Fig. 2, B to D), the observed mutation presented as hemizygously
dominant in male leukemic cells. To extend our interrogations to
female cells, we applied Sanger sequencing for both gDNA and cDNA
from female leukemic samples (the AML samples of experiment
pGM_2 in Fig. 2C). Both WT Msn and the mutant C833T/R295C
allele could be retrieved in gDNA from samples in which the muta-
tion had been detected by Illumina sequencing (Fig. 2F). By con-
trast, only the mutant Msn allele could be detected upon analysis of
cDNA (Fig. 2F). This demonstrated that the mutant allele localizes
to the active X chromosome in female cells.

Given the high recurrence of the C833T/R295C Msn mutation,
we hypothesized that this mutation perhaps could be somatically
acquired in a small fraction of hematopoietic cells as part of normal
mouse biology and that the onset of MLL-ENL expression might
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select for such cells. This hypothesis was further entertained by the
detection of a low VAF of the mutation in one of the founder mice
(Fig. 2C and table S1). To explore this possibility, we performed
ultradeep targeted sequencing of hematopoietic progenitors isolated
from both WT C57BL/6 and uninduced iMLL-ENL mice (three in-
dividual mice per genotype). As controls for the detection sensitivity,
we used synthesized oligonucleotide templates of either WT, 0.1%,
or 1% spike-in C833T/R295C mutant Msn sequences. With an average
sequencing depth of approximately 40,000 reads per sample (table
S2), we could recover 0.12 and 0.88% mutant sequences in the 0.1
and 1% spike-in controls, respectively. However, the frequency of
C833T substitution in WT C57BL/6 or uninduced iMLL-ENL sam-
ples was not higher than the negative (WT) controls (Fig. 2G).

Collectively, while our attempts to identify relevant driver muta-
tions revealed that MLL-ENL-driven murine AMLs associate with
few dominant and recurrent secondary mutations (table S1), which
seem to be in agreement with the situation also in human MLL
fusion—driven leukemia (7, 31, 33), one notable exception was a
C833T mutation in the Msn gene that leads to an R295C substitu-
tion. This mutation was found in 21 of 32 (65.6%) of the AML samples
evaluated by exome sequencing and mostly at high VAF, without
any apparent restriction as for cell of origin or to the transplanta-
tion setting. This X-linked mutation was further found to associate
with the active X chromosome and to form in response to MLL-
ENL expression, rather than existing as a preexisting somatic muta-
tion subsequently selected for by coexpression of MLL-ENL.

€295 mutant MSN leads to a marked acceleration of

AML progression

Given the high recurrence of the C295 MSN mutation (Fig. 2), we
wanted to determine whether this mutation had any functional
consequences on AML progression and/or propagation. For this, we
transplanted iMLL-ENL LICs transduced with either WT or C295
mutant MSN into lethally irradiated congenic recipients and assessed
leukemic progression (Fig. 3A). We observed that mice transplanted
with C295 mutant MSN developed AML with a notably shortened
latency (median latency, 28 days) compared to LICs with WT MSN
(median latency, 90 days; Fig. 3B).
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Fig. 2. iMLL-ENL cells associate with a recurrent codon-changing point mutation in moesin upon AML transformation. (A) Experimental strategy to identify
secondary mutations that associate with transformation into MLL-ENL-driven AML. (B) Predicted deleterious mutations identified in AML samples originating from dif-
ferent LIC subsets. (#1) Three different missense variants were detected in Cdh11: p.G86V, p.I100F, and p.V147D. AA, amino acid. (C) The presence of the MSN R295C
mutation in AML samples derived from pGM cells from three separate founders. (#2) Two different missense variants were detected in Ptpn11: p.G60V and p.E76K. *The
founder mouse in pGM_4 was found to harbor a low AF of the MSN R295C mutation. (D) The presence of the MSN R295C mutation in AML samples derived from a non-
transplantation-based model system. In (B) to (D), each column represents an individual leukemic sample, with dark gray boxes indicating a gain of mutation with an allele
frequency (AF) > 0.3 and light gray boxes indicating a gain of mutation with an AF of 0.1 to 0.3. (E) Sanger sequencing chromatograms depicting the Msn missense C>T
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(G) Ultradeep targeted sequencing results of the Msn C883T substitution in WT C57BL/6 and uninduced iMLL-ENL cells.

To further characterize the influence of the C295 mutant MSN
upon AML progression, we analyzed PB, bone marrow (BM), and
spleen at 14, 21, and 28 days after transplantation of iMLL-ENL
LICs + C295 mutant MSN (Fig. 3, C to E). We observed that C295
mutant MSN increased the engraftment in a time-dependent manner
in PB (Fig. 3C). This co-occurred with marked increases in spleen
sizes (Fig. 3D). Morphological analyses showed that the frequency
of leukemic blasts/undifferentiated cells derived from C295 mutant
MSN LICs was significantly higher than that observed from WT
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MSN LICs and increased gradually after transplantation (Fig. 3D
and fig. S2A). Fluorescence-activated cell sorting (FACS) analysis
for the differentiation-associated markers CD36 and Gr1 revealed
lower expression on C295 MSN mutant AML cells (fig. S2B). Quan-
titative reverse transcription polymerase chain reaction (QRT-PCR)
demonstrated that iMLL-ENL cells with WT MSN exhibited re-
duced expression of the MLL-fusion AML-associated genes Hoxa9
and Meis1 over time. By contrast, C295 mutant MSN sustained high
expression of these genes (fig. S2C).
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megaly in recipients transplanted with C295 mutant MSN LICs. The image show spleens harvested from recipients 28 days after transplantation. (E) Blast cell frequency at
14, 21, and 28 days after transplantation of iMLL-ENL LICs with WT or C295 mutant MSN (n =5 mice per group/time point). See also fig. S2. (F) AML with C295 mutant MSN
continues to rely on MLL-ENL expression. Event-free survival of secondary recipients of iMLL-ENL and C295 mutant MSN expressing leukemic cells as a consequence of
MLL-ENL expression (n =5 mice per group). (G) Knockdown of C295 mutant MSN restricts the propagation of MLL-ENL-driven AML. Left: MSN expression was measured
by Western blot following short hairpin RNA (shRNA)-mediated Msn knockdown. Right: Event-free survival in secondary recipients of MLL-ENL + C295 mutant MSN fol-
lowing shRNA-mediated Msn knockdown (n =10 per group). A scrambled shRNA was used as control. ACTB, beta-actin.

Because of the high pathogenicity of C295 mutant MSN, we next  delayed AML progression (Fig. 3G, right). Together, these data demon-
tested whether MLL-ENL leukemic blasts with C295 mutant MSN  strate that the C295 MSN mutation collaborate with MLL-ENL to
remained dependent on MLL-ENL expression. For this, we trans-  promote a rapid transformation into AML that is characterized by a
planted C295 mutant MSN leukemic blasts to secondary hosts in  pronounced inhibition of differentiation.
the presence or absence of MLL-ENL expression. All mice with
MLL-ENL induction presented with AML within 4 weeks, while mice €295 mutant MSN does not affect normal hematopoiesis
without MLL-ENL induction showed no signs of disease develop- Having established a potent leukemia-promoting activity of the
ment (Fig. 3F). C295 MSN variant (Fig. 3), we next explored the influence of the

To determine the role of C295 mutant MSN for AML maintenance, —mutant protein on normal hematopoiesis. For this, we transduced
we applied a short hairpin RNA (shRNA) approach. After verifica- normal candidate hematopoietic stem cells (HSCs) with either WT
tion of an effective sShRNA that targets Msn (Fig. 3G, left), we intro-  or C295 mutant MSN, which was followed by competitive trans-
duced it to C295 MSN-bearing MLL-ENL AML cells and evaluated  plantation. We observed a highly similar multilineage contribution
AML propagation in secondary hosts. Reducing the expression of from WT or C295 MSN-transduced HSCs (Fig. 4A), without any
C295 mutant MSN significantly impaired AML cell repopulation and ~ apparent signs of disease development. This suggested that the
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C295 MSN mutation is not pathogenic by itself but rather a cooper-
ating event with MLL-ENL.

MSN is dispensable for MLL-ENL AML and its effects are
independent on T558 phosphorylation

In a next set of experiments, we investigated whether MSN function
was essential for the initiation of MLL-ENL leukemogenesis. For this,
we reduced normal Msn expression in iMLL-ENL LICs before their
transplantation. In this setting, disease latency was indistinguishable

between LICs carrying the scramble shRNA and the Msn shRNA
(Fig. 4B).

It is well established that phosphorylation of MSN threonine-558
(T558) plays a crucial role for the activity of MSN (34). To investi-
gate whether this phosphorylation might play a role in AML develop-
ment, we transplanted iMLL-ENL LICs with phosphoinactive (T558A)
or phosphomimetic (T558D) MSN variants (34) and assessed leu-
kemic progression. Somewhat unexpectedly, these two variants did
not differ as for disease latency (Fig. 4C). Next, we investigated the
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Fig. 4. Human cancer-associated MSN mutations accelerate AML progression. (A) The C295 mutant MSN does not affect normal HSC function or multilineage devel-
opment. Left: Engraftment of normal candidate HSCs expressing WT or C295 mutant MSN (GFP*) in PB at 28 weeks after transplantation. Right: Hematopoietic lineage
distribution from WT or C295 mutant MSN (n =7 to 8 mice per group). (B) MSN is dispensable for disease progression from iMLL-ENL LICs. Kaplan-Meier survival curves
depict event-free survival of recipients transplanted with iMLL-ENL LICs transduced with either a scramble shRNA or an shRNA against Msn (n =10 mice per group). (C)
Event-free survival of recipients transplanted with iMLL-ENL LICs transduced with either a phosphoinactive mutant construct (MSN T558A) or a phosphomimetic mutant
(MSN T558D) (n =10 mice per group). (D) Leukemic propagation of C295 mutant MSN AML is impaired by the phosphomimetic T558D mutation. Kaplan-Meier survival
curves depict event-free survival of recipients transplanted with iMLL-ENL LICs expressing C295 MSN together with either phosphoinactive T558A (C295 + A558) or phos-
phomimetic T558D (C295 + D558) variants (n = 10 mice per group). (E) R295 mutant MSN-variants identified in human cancers accelerate MLL-ENL-driven AML progres-
sion. Left: MSN variants adjacent to the R295 residue from The Cancer Genome Atlas (TCGA) and Catalog of Somatic Mutations in Cancer databases. UCEC, uterine corpus
endometrial carcinoma; GA, gastric adenocarcinoma; MA, melanoma; LC, large intestine carcinoma. Right: Kaplan-Meier survival curves depict event-free survival of re-
cipients transplanted with iMLL-ENL LICs transduced with C293, C294, H295, or $295 MSN variants (n = 5 mice per group). iMLL-ENL LICs cells transduced with WT or C295
MSN (same as in Fig. 3B) are included for reference.
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potential role of the phosphorylation status of T558 on C295 mutant
MOSN. For this, we generated compound mutant variants of C295
MOSN together with the phosphoinactive T558A (C295 + A558) or
phosphomimetic T558D (C295 + D558) variants. Notably, mice re-
ceiving LICs transduced with the phosphomimetic C295 + D558
MSN developed AML with a significantly longer latency (median,
68 days) compared to mice receiving cells transduced with the phos-
phoinactive C295 + A558 MSN (median, 28 days; P < 0.0001; Fig. 4D).

Together, modulation of the phosphorylation status of WT MSN
at T558 had little effect on the latency of MLL-ENL-driven trans-
formation. This was markedly different in the context of the C295
mutation, where mimicking T558 phosphorylation abrogated most
of its leukemia-propagating activity.

Human cancer-associated MSN mutations at the R295
residue accelerates AML progression

We next assessed MSN gene mutations in human cancer samples
derived from the TCGA (The Cancer Genome Atlas) and Catalog of
Somatic Mutations in Cancer databases. This revealed MSN gene
variants involving the R295 itself (H295 and S295) or in the RRRK-
PDT motif (positions 293 to 299), a motif that has previously been
suggested to be involved in human tumorigenesis (35). Specifically,
cancers with such mutations included for endometrial carcinoma,
melanoma, gastric adenocarcinoma, and large intestinal carcinomas
and these variants (Fig. 4E, left) were all predicted to be deleterious,
damaging, or pathogenic by Sorting Intolerant From Tolerant (SIFT)
(36), PolyPhen (37), or Functional Analysis through Hidden Markov
Models (FATHMM) (38). To functionally test whether these muta-
tions might also associate with alterations in AML progression, we
transplanted iMLL-ENL LICs retrovirally transduced with each of
these variants into lethally irradiated recipients and assessed leu-
kemia progression. This showed that $295 MSN expressing LICs
succumbed to leukemia with kinetics very comparable to LICs with
the aggressive/murine C295 variant (median latency, 25 days for $295
and 28 days for C295). Mice transplanted with H295 mutant MSN also
displayed a pronounced shortening of disease development (median
survival, 74 days as compared to 90 days for WT MSN). The disease
progression from LICs with variants outside the R295 residue did
not differ significantly from WT MSN. Together, these experiments
revealed that variants that lead to alterations of the R295 residue of
MSN seem to be particularly pathogenic, with a potential involve-
ment of these MSN mutations as codrivers also in human cancer.

The R295C mutation modulates the structural dynamics

and dimerization of moesin

The pathogenicity of the alterations at the R295 residue led us to next
explore the structural effects of the C295 mutation. We first assessed
the protein conformation of WT and C295 MSN using molecular
dynamics simulation (MDS). This revealed that the B5C site at the
4.1 protein, ezrin, radixin, moesin (FERM) C-terminal domain of
the WT protein was transformed to a random coil structure in C295
mutant MSN (Fig. 5A). This secondary structural element is highly
conserved in MSN from different species as well as among other ERM
proteins and has been previously suggested to be functionally import-
ant for MSN dimerization (39).

To try to functionally assess whether the C295 mutation affects
MSN dimerization, we evaluated the WT or C295 mutant MSN dimer/
monomer status in vivo using nondenaturing gel electrophoresis
(Fig. 5B). This showed that C295 mutant MSN associated with a
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decreased (approximately half) dimer formation and increased
(approximately threefold) monomer formation compared to WT
MSN (Fig. 5C). Together, these results suggested that the C295 mu-
tation in MSN leads to structural changes in the protein that impair
the ability of MSN to form self-inactivating homodimers.

Interactome analysis reveals minor alterations between WT
and €295 mutant MSN

To explore potential changes in interactomes between WT and C295
mutant MSN, we next used mass spectrometry (MS) to identify pro-
teins that bind to WT and C295 mutant MSN. WT and C295 mutant
FLAG-tagged MSN-transduced LICs were subjected to FLAG immuno-
precipitation followed by MS analysis, with empty vector-transduced
LICs as a background control. By comparing the abundance of spe-
cific peptides between the background control and FLAG-tagged
MOSN samples, we identified 116 proteins enriched in the FLAG-tagged
MSN samples (Fig. 5E and table S3). The identified interacting proteins
included ezrin-radixin-moesin binding phosphoprotein-50 (EBP50),
CD44 Antigen (CD44), Radixin (RDX), and Nucleoporin 93 (NUP93),
which have previously been found to bind to ERM proteins (40). More
generally, an interactome analysis revealed the interacting proteins
to be enriched in biological pathways such as cytoskeleton cell move-
ment, migration, and inflammation, which are all functionally relevant
to previously attributed functions of MSN (Fig. 5D). However, no
obvious alterations were detected when comparing the proteins bound to
WT or C295 mutant MSN (Fig. 5E). Together, these results strongly
suggested that the disease-promoting activities of C295 mutant MSN is not
via a pronounced disruption of the ability to interact with other proteins.

C295 mutant MSN activates ERK signaling ina
pMEK-independent manner
Alterations in the mitogen-activated protein kinase (MAPK)/extra-
cellular signal-regulated kinase (ERK) pathway have frequently been
implicated in leukemia (41), and the subclass of MLLr leukemia ap-
pears to have a particular propensity for activating mutations in this
pathway (33, 42). Therefore, to test whether C295 mutant MSN dys-
regulates the MAPK/ERK pathway, we lastly assessed the ERK activity
in WT or C295 mutant MSN-transduced LICs by Western blotting.
This revealed that C295 mutant MSN associated with a significant
increase of ERK phosphorylation compared to WT MSN [Fig. 6 (left
and right, summary of data)], which in vivo extended to a persistent
up-regulation of the ERK targets Myc and Ccnd1 (Fig. 6, Band C).
To test whether the observed up-regulation of ERK phosphoryl-
ation associated with activation of MAPK kinase (MEK), we evalu-
ated the activity of MEK. Somewhat unexpectedly, no increase of
phosphorylated MEK (pMEK) was observed in C295 mutant MSN
compared to WT MSN-transduced LICs. By contrast, a constitutively
active RAS mutation (HRAS Q61L) resulted in significant increase
in pERK and pMEK (Fig. 6). Together, these results established that
leukemogenic activity of C295 mutant MSN, similar to the class of
activating RAS mutations that are well established for MLLr AML,
converges on enhanced ERK activity.

DISCUSSION

One way to gain insights into the stepwise processes in which
normal cells become LICs is to build on the rich genetic informa-
tion available from studies on human AML and explore such genetic
circuits using relevant animal models. In the work described here,
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Fig. 5. The R295C mutation alters the structural dynamics of MSN, while the MSN interactomes is preserved in C295 mutant MSN. (A) Simulation of molecular
dynamics of WT and C295 mutant MSN. Secondary structural changes at the FERM C-terminal domain of mutant MSN are shown in blue. In the C295 mutant structure,
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(B) Nondenaturing gel electrophoresis of WT and €295 mutant MSN. Western blot with an anti-FLAG antibody was performed using nondenaturing (top) and denaturing
(bottom) gel electrophoresis. (C) Densitometry profile showing the mean ratios + SD of monomeric and dimeric MSN in cells transduced with WT or C295 mutant MSN in
three independent experiments. (D) Enriched biological terms associated with MSN interactomes. (E) Volcano plot representation of abundance of interacting proteins
of C295 mutant versus WT MSN from five biological replicates. The significance threshold (P < 0.05) is indicated with a dashed line at the y axis and fold change indicated

at the x axis.

we explored an inducible model of MLL-ENL (13) with the aim of
identifying secondary mechanisms that underlie transformation into
overt AML. In the initial stages of our work, we established that clonality,
a hallmark of human AML, is a key feature of AML also in the model
used. Next, we set out to identify potential secondary mutations that
could explain the disease pattern of MLL-ENL-associated AML.
Secondary somatic mutations have been reported in human AML
in several studies (31, 43), and the subclass of MLLr leukemia have
a particular propensity for activating mutations in the RAS pathway
(33, 42). Furthermore, RAS-mutant clones are dominant at both
AML progression and relapse (33, 42). The molecular cross-talk be-
tween the activation of RAS/RAF/MAPK cascade and aberrant ex-
pression of HOX genes induced by MLL fusions appears to have a
key role in the cooperative leukemogenesis of MLL fusions and Ras

Yuan et al., Sci. Adv. 8, eabm9987 (2022) 20 April 2022

mutations (44). Activating Ras mutations also have a strong impact
in murine models of MLLr leukemia (9, 14), although the degree to
which these mutations arise spontaneously in murine models is less
known. Among the somatic mutations identified in our work that
could be unequivocally linked to the RAS pathway were activating
mutations in Hras, Ptpnll, and Braf. These results further support
the use of murine models to identify relevant biological pathways
that underlie disease progression in human cells. Other mutations,
including such affecting phosphatidylinositol 3-kinase-AKT, Janus
kinase-signal transducers and activators of transcription, and re-
ceptor tyrosine kinase signaling pathways might also be relevant for
AML progression, especially in the Msn WT cases (fig. S1).

A most prominent finding in our work was the identification
and verification of a highly recurrent MSN R295C mutation upon
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Fig. 6. C295 mutant MSN increases ERK phosphorylation in a pMEK-independent manner. (A) C295 mutant MSN increases ERK phosphorylation but not MEK phos-
phorylation. Left: Representative immunoblotting analysis showing the levels of pERK, pMEK, total ERK, and total MEK in WT (n = 5), C295 mutant MSN (n =5), or HRAS L61
(n=2) transduced LICs. B actin immunoblotting was used as loading control. Right: Summary of the ERK and MEK activity. Graphs show mean pERK/total ERK + SD and
mean pMEK/total MEK % SD in two to five independent experiments. (B and C) mRNA expression of Myc and Ccnd1 in GFP* MLL-ENL in LICs with WT or C295 mutant MSN
at different time points after transplantation. Data show means + SD from three biological replicates (individual mice) per time point.

transformation. Surveying the literature, we observed that the MSN
R295C mutation was previously identified in one case of a clathrin
assembly lymphoid myeloid (CALM)/AF10 mouse model (45) and,
more recently, as a recurrent somatic mutation in AML using a ret-
roviral model of MLL-AF9 (10). In the work by Kotani et al. (10), it
was proposed that the MSN R295C mutation is frequently “swept
out” by other driver mutations in the process of clonal evolution of
AML, perhaps suggesting the MSN R295C mutation to be more of
a “passenger” than a “driver” mutation. This interpretation is not com-
patible with our results, which demonstrate that C295 mutant MSN
plays a crucial role in both leukemia initiation and maintenance. Rather,
we believe that the retroviral model system as used by Kotani et al.
(10) might be characterized by a higher LIC polyclonality than the
model system used here. Thereby, clonal competition eventually selects
against MSN R295C mutant cells in favor of LICs carrying even more
aggressive secondary mutations. Regardless, to our knowledge, no
functional information on the consequence of the MSN R295C muta-
tion on AML development has been provided previously.

MSN, a member of ERM family that also include ezrin and
radixin, is best known for its involvement in regulating cell polarity,
adhesion, and migration (46). In hematopoiesis, both MSN and
ezrin are expressed, whereas radixin is mostly absent. MSN is the
quantitatively dominant ERM protein in human blood cells and the
only ERM family member expressed in platelets (47). However, neither
expression levels nor mutations have to date been associated with

Yuan et al., Sci. Adv. 8, eabm9987 (2022) 20 April 2022

human AML (data from TCGA). Still, increasing evidence suggests
that the dysregulation of cell signaling resulting from both altered
MSN expression and its subcellular localization play crucial roles
during progression of oral squamous cell carcinoma, melanoma, and
breast cancer (48-51), and an MSN-anaplastic lymphoma kinase
(ALK) fusion, resulting from a (X;2)(q11-12;p23) translocation, under-
lies the pathogenesis of anaplastic large cell lymphoma (52).

A germline R171W mutation leads to loss of MSN expression
and associates with an X-linked immunodeficiency syndrome (53).
Our results demonstrate that the R295C mutation is clearly different
and relies on continuous MLL-ENL expression to propagate trans-
formed cells. While it is well established that phosphorylation on
the highly conserved T558 is associated with activation of MSN
(34), we were somewhat puzzled that the phosphorylation on T558
impaired the transforming ability of the C295 mutant MSN. How-
ever, we note that a previous study observed that T558 phosphoryl-
ation of MSN in human myeloid cells led to diminished activation
of the Rho guanosine triphosphatase CDC42 (54). This is likely of
relevance also to MLLr AML, which relies on CDC42 activity to
promote LIC self-renewal (55).

MOSN contains a FERM domain with cloverleaf conformation of
its F1, F2, and F3 subdomains (56). Notably, interactions mediated
by the R295 residue in F3 and E87 in the F1 domain has been
proposed to maintain the FERM domain stability (56). Disruption
of interactions between F3 and F1, on the other hand, leads to F3
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subdomain movements and destabilizes the FERM domain
conformation (56). The F3 subdomain, which contains secondary
structures including strand B5C (residues 245 to 251) and a1C helix
(residues 274 to 297), is crucial for the function of MSN (39). The
interaction between strand B5C and the FERM C-terminal residues
(residues 295 to 304) was suggested to maintain homodimerization, an
important mechanism for the stabilization and inactivation of MSN
(39). Our protein simulation data provided support that the C295
mutation perturbs the secondary structures and stability of FERM
domain in MSN. In addition, the R295C mutant MSN appears to
exhibit a pronounced reduction in the amount of homodimers and
increase in the amount of monomers, which further supported the
notion of a disturbed FERM domain conformation in C295 mutant
MSN. Notably and of relevance to MSN mutations found in human
cancer, we observed that two mutations identified in human can-
cer, 5295 and H295, also associated with pathogenicity in the mu-
rine MLL-ENL model. The correlation between the pathogenicity
and the positive charge on the substituted residue supported that the
mutation might function by perturbing the salt bridge interaction
normally associated with R295. On the other hand, substitutions on
residues R293 and R294 did not reveal any functional consequence
for transformation, perhaps proposing a specific role for the substi-
tuted R295 residue.

While our proteomic data failed to reveal any apparent changes
in the protein interactome as a consequence of the R295C mutation,
we were able to establish induction of ERK signaling and its targets
Mpyc and Ccndl downstream of the mutation. This finding links
previous observations, including mutations in Braf, Ras, and
Ptpnll, as prominent secondary mutations in both human and
murine MLLr AML models (9, 10) and reinforces the promising
prospect of ERK targeting in AML (57). While it seems that MSN
mutant MLL-ENL-driven AML always associate to active ERK,
we have observed instances of MLL-ENL AMLs with WT MSN in
which ERK activation is less pronounced. Thus, while frequent, ERK
activation might not be an absolute requirement for MLLr AML.

While further analysis will be required to explore how C295
mutant MSN stimulate the ERK signaling to accelerate AML pro-
gression, the ERM family protein ezrin was previously proposed to
facilitate the encounter of RAS with its activating enzyme, thereby
mediating spatiotemporal regulation of RAS activity (58, 59). Our
interactome analysis revealed direct binding between MSN and
ERK. Therefore, C295 mutant MSN might affect ERK activity by
regulating the encounter of ERK with its phosphorylating or de-
phosphorylating enzymes. Surveying the literature, we also noted
that the RRRKPDT motif at residues 293 to 299, which is affected by
the R295C mutation, has been implicated previously in propagation
of human lung cancer via its direct regulation by a small RNA, piR-L-163
(35). R295 mutants might thereby function by altering the binding
of small MSN regulatory RNAs, although how this would be con-
nected to ERK activity is less clear.

We report here on the stepwise development of AML in a murine
MLL-ENL model. Our study provides new insight into the evolu-
tionary trajectories in murine MLLr AML, with the specific identi-
fication of a recurrent MSN R295C mutation and its function in
leukemogenesis. We reveal a potential involvement of variants that
lead to alterations of the R295 residue of MSN as codrivers also of
human cancer. We believe that a better understanding of the bio-
logical roles and specific mechanisms of ERM proteins can be used
for therapeutic benefit in human cancer, including AML.
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MATERIALS AND METHODS

Mice

The generation and characterization of the iMLL-ENL model has
been described previously (13). MLL-ENL expression was induced
in vivo by administration of doxycycline in the food (2000 mg/kg;
Ssniff Spezialdiiten GmbH). Eight to 12-week-old female C57BL/6N mice
were used as recipients (Taconic; RRID: MGI:6196877), and iMLL-ENL
mice were used at 8 to 14 weeks of age. Mice were maintained in the
animal facilities at the Biomedical Center of Lund University, and
all animal experiments were performed with the approval of a local
ethics committee.

Evolution into AML from iMLL-ENL pGMs

A total of 5000 pGMs were isolated from iMLL-ENL mice (CD45.1")
using cell sorting (FACSAria II or III cell sorters; Becton Dickinson)
and transplanted together with 300,000 unfractionated CD45.2" BM
cells into lethally irradiated (900 rads) CD45.2" mice. Recipients were
put on a doxycycline-containing diet 5 days before transplantation to
ensure expression of MLL-ENL immediately after transplantation.

Assessment of clonality of developing leukemias

A lentiviral guide RNA (gRNA) library containing 87,897 individual
gRNA sequences was repurposed here for cellular barcoding. The
genome-wide mouse lentiviral CRISPR gRNA library was a gift from
K. Yusa (Addgene, no. 50947) (19). For the lentivirus production,
3 ug of a lentiviral vector, 9 pug of ViraPower Lentiviral Packaging
Mix (Invitrogen), and 12 pl of PLUS Reagent were added to 3 ml of
Opti-MEM and incubated for 5 min at room temperature. Thirty-six
microliters of the LTX reagent was then added to this mixture and
further incubated for 30 min at room temperature. The transfection
complex was added to 80% confluent human embryonic kidney 293-FT
(American Type Culture Collection, PTA-5077; RRID: CVCL_6911)
cells in a 10-cm dish and incubated for 3 hours. The medium was
replaced with fresh medium 24 hours after transfection (19). Viral
supernatant was harvested 48 hours after transfection and stored at
—-80°C. pGMs from iMLL-ENL mice were isolated and transduced
with lentivirus by centrifugation of the lentivirus (2 hours, 1200g,
and 32°C) over RetroNectin (Takara Bio)-coated plates according
to the manufacturer’s instructions and coculture of the cells over
the virus-coated wells overnight at 37°C. Transduction rates were
aimed <30% to minimize the risk of infection of individual cells with
multiple barcodes. Forty-eight hours after transduction, 5000 trans-
duced cells [blue fluorescent protein (BFP)] were sorted and transplant-
ed into lethally irradiated (900 rads) WT recipients (CD45.2") together
with 300,000 unfractionated BM cells (CD45.2"). At leukemic transfor-
mation, gDNA was purified from individual leukemic recipient BM
cells using the PureLink Genomic DNA Isolation Kit (Thermo Fisher
Scientific) and the 20-base pair (bp) barcodes were amplified by
PCR. Barcodes were amplified using Q5 High-Fidelity DNA Poly-
merase (New England Biolabs) with the following cycling conditions:
30 s at 98°C, 32 cycles of 10 s at 98°C, 30 s at 65°C, and 30 s at 72°C,
followed by a final 2-min extension at 72°C. Primers used were
ACGATACAAGGCTGTTAGAGAGA (forward) and CGGTGC-
CACTTTTTCAAGTT (reverse). Following PCR, Sanger sequencing
of the barcodes was performed (Eurofins).

Retroviral production and transduction
An Msn cDNA was cloned using Gibson assembly (New England
Biolabs) into an Eco RI and Xho I linearized MigR1 retroviral vector
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(60) to generate the Msn-WT-green fluorescent protein (GFP) con-
struct. Other Msn variants vectors were generated by using a Q5
Site-Directed Mutagenesis kit (New England Biolabs) from the
Msn-WT constructs. An shRNA targeting Msn were selected from a
mouse genome-wide sensor-based shRNA predictions library and cloned
into the retroviral-based sShRNA expression vector LENG, as previously
described (61). LENG was a gift from J. Zuber (Addgene, plasmid
no. 111162). Replication-incompetent retroviruses were produced
by transfecting the vectors into Plat-E packaging cells (RRID: CVCL_
B488) using Lipofectamine LTX Reagent with PLUS Reagent (Thermo
Fisher Scientific). Virus-containing supernatants were harvested
48 hours after transfection. Retroviral transductions were performed
by centrifugation of the retrovirus (2 hours, 1200g, and 32°C) over
RetroNectin (Takara Bio)-coated plates according to the manufac-
turer’s instructions and coculture of the cells over the virus-coated
wells for 48 hours at 37°C.

Transduction and transplantation of LICs

To assess the role of C295 MSN in normal hematopoiesis, we trans-
duced BM LSK (Lin"Scal*cKit") cells from WT C57BL/6 mice
(CD45.2") with either WT or R295C mutant MSN containing retro-
virus. Cells were cultured in StemSpan serum-free expansion media
(STEMCELL Technologies) supplemented with gentamicin (50 ng/ml;
Invitrogen), 100 uM 2-mercaptoethanol (Thermo Fisher Scientific),
mouse Interleukin-3 (mIL-3) (5 ng/ml), human Flt3-Ligand (hFlt3)
(20 ng/ml), mouse thrombopoietin (mTPO) (10 ng/ml), mouse stem
cell factor (mSCF) (50 ng/ml; all from PeproTech), and doxycycline
(1 ug/ml; Sigma-Aldrich).

Forty-eight hours after transduction, 2000 donor cells were
competitively transplanted into lethally irradiated WT recipient hosts
(CD45.1%) together with 300,000 unfractionated CD45.1" BM cells
per mouse. At the experimental end point (28 weeks after trans-
plantation), reconstitution was assessed by FACS analysis of PB. To
assess the influence of MSN variants for MLL-ENL leukemia pro-
gression, GMLPs and pGMs (LICs) were isolated as described pre-
viously (13) from iMLL-ENL mice and transduced with retroviruses
expressing WT, C295, A558, D558, C295 + D558, or C295 + A558
MSN. Forty-eight hours after transduction, 6000 GFP" transduced
cells were sorted and transplanted into lethally irradiated (900 rads)
WT recipients (CD45.2%) together with 300,000 unfractionated
BM. To assess the influence of MSN for MLL-ENL leukemia progres-
sion, GMLPs and pGMs (LICs) were transduced with retroviruses
expressing a scramble or Msn-targeting shRNA. Following trans-
duction, 3000 GFP" transduced cells were sorted and transplanted
into lethally irradiated (900 rads) WT recipients (CD45.2") together
with 300,000 unfractionated BM cells to ensure survival of trans-
planted hosts. To assess the leukemogenic activity of MSN variants
H295, §295, C294, and C293 identified in human cancers, we trans-
planted 6000 transduced iMLL-ENL LICs per mouse into lethally
irradiated (900 rads) WT recipients (CD45.2") together with 300,000
unfractionated BM. For secondary transplantations, leukemic blasts
were collected from primary AML samples with the C295 mutant
MSN. For evaluation of MLL-ENL dependence, 100,000 candidate
AML cells were transplanted to secondary recipients with or with-
out MLL-ENL induction. For evaluation of the impact of the C295
MSN on AML propagation, primary AML cells were transduced
with retroviruses expressing Msn shRNA or scramble shRNA.
Forty-eight hours after transduction, 100,000 GFP" leukemic blasts
were sorted and transplanted into sublethally irradiated (450 rad)
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WT recipients (CD45.2"). Where relevant, recipients were put on a
doxycycline-containing diet 5 days before transplantation to ensure
continuous expression of MLL-ENL. Survival rates were plotted using
the Kaplan-Meier method (GraphPad Prism). Mortality, rapid ele-
vations in donor myeloid chimerism, and signs of morbidity according
to ethical guidelines were considered events for plotting event-free
survival. Cells were sorted on a FACSAria II or III cell sorter (Becton
Dickinson). The following antibodies were used for flow cytometry:
anti-mouse CD117 (c-Kit)-APC (BioLegend, catalog no. 105812; RRID:
AB_1282964), anti-mouse/human B220 Biotin (BioLegend, catalog
no. 103203; RRID: AB_312988), anti-mouse CD4-Biotin (SONY,
catalog no. 1102020; RRID: AB_1848918), anti-mouse CD8-Biotin
(SONY, catalog no. 1103520; RRID: AB_962670), anti-mouse Ly-6G/
Ly-6C (Gr-1)-Biotin (BioLegend, catalog no. 108404; RRID: AB_313369),
anti-mouse TER-119-Biotin (BioLegend, catalog no. 116203; RRID:
AB_313704), SAv-Brilliant Violet 605 (SONY, catalog no. 2626145),
anti-mouse Ly-6A/E (Sca-1)-Pacific Blue (BioLegend, catalog no. 122520;
clone E13-161.7), anti-mouse CD48-fluorescein isothiocyanate (FITC;
BioLegend, catalog no. 103404; RRID: AB_313018), anti-mouse CD150-PE
(BioLegend, catalog no. 115904; RRID: AB_313683), anti-mouse
CD105-PE-Cy7 (Thermo Fisher Scientific, catalog no. 25-1051-82;
RRID: AB_2573379), anti-mouse CD16/CD32-Alexa Fluor 700
(Thermo Fisher Scientific, catalog no. 56-0161-82; RRID: AB_493994),
anti-mouse CD36-APC (BioLegend, catalog no. 102612; RRID:
AB_2072639), anti-mouse Gr-1-Brilliant Violet 711 (SONY, catalog
no. 1142215; clone RB6-8C5), anti-mouse CD127 (IL7Ra)-FITC
(Thermo Fisher Scientific, catalogno. 11-1271-85; RRID: AB_465196),
and anti-mouse CD135 (Flt3)-PE (Thermo Fisher Scientific, catalog
no. 12-1351-83; RRID: AB_465860) All flow cytometry and FACS
data were analyzed using Flow]Jo software (version 10.3, Tree Star).

Phenotypic analyses of the AML development

Diseased mice were subjected to automated blood counting (Sysmex
KX-21N) analyses. Morphological analysis of GFP" BM cells were
spun on a glass slide using a Shandon Cytospin (Thermo Scientific)
and air-dried. Slides were stained for 5 min in May-Griinwald stain-
ing solution (Sigma-Aldrich), washed for 5 min in phosphate-buffered
saline, and stained for 17 min in Giemsa stain (Sigma-Aldrich) diluted
1:20 in deionized water. Slides were rinsed in deionized water, air-
dried, and visualized under a Nikon TE2000-S microscope. For each
sample, four to five images were taken by a QImaging camera and
QCapture Pro software (Fryer Company Inc.). Two hundred cells from
each sample were evaluated to quantify blasts and differentiated cells.

Whole-genome and whole-exome sequencing

gDNA was extracted from donor and recipient BM with the PureLink
Genomic DNA Kit (Invitrogen) for whole-genome sequencing (WGS)
or whole-exome sequencing (WES). WES (Agilent SureSelect whole
exome capture 50 Mb, mouse) was performed on nine independent
leukemia derived from different types of LICs and two additional
donor-recipient pairs (cohort pGM_3 and pGM_4). In addition, we
subjected 10 independent leukemias from a non-transplantation-
based MLL-ENL model (32) to WES. WGS was performed on one
donor-recipient pair (cohort pGM_2), but analysis was restricted to
exonic regions. Samples were sequenced using Illumina instruments.
Raw reads were checked for quality with FastQC (v.0.11.2) (62) and
mapped to mouse reference genome GRCm38 using BWA mem
(v. 0.7.10) (63). Duplicated reads were removed with SAMtools
(v. 0.1.19) (64). Mapped reads were further realigned, and bases
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were recalibrated with genome analysis toolkit GATK using known
variants from C57BL/6N]J, 12951/SvIm] for the detection of single-
nucleotide variations (SNVs), insertions and deletions (indel), and
copy number variations/alterations (65). All functional annotations
were based on ENSEMBL genes. SNV and indel calling were performed
on a donor-single recipient basis using GATK MuTect2 (65). SNVs
and indels detected by the above software were subsequently filtered
by a homemade pipeline, (i) excluding all the reported mutations
with low depth (allele depth, <15); (ii) selecting the protein coding
mutations; (iii) selecting the missense and frameshift mutations;
(iv) excluding mutations with low allele frequency (allele frequency,
<0.1); (v) excluding germline mutations detected from reference sam-
ples in cohorts pGM_2, pGM_3, and pGM_4; (vi) excluding common
single-nucleotide polymorphisms reported in mouse strains mgp.
v4-C57BL/6N]J-129S1/SvImJ-129S5SvEvBrd and PROVEAN (66).
(vii) All the somatic missense mutations were annotated by SnpEff,
and their functional consequences were evaluated using PROVEAN
(66) and SIFT (36). FASTQ files were deposited at the Sequence
Read Archive (SRA) with the dataset identifier PRINA799845.

Ultradeep targeted sequencing

gDNA was extracted from female uninduced iMLL-ENL and WT
C57BL/6 ckit" cells. Six hundred nanograms of gDNA from ~100,000 cells
(200,000 alleles) was used to generate the sequencing libraries for
each sample. For the synthesized WT and MUT Msn oligo controls,
an input estimated to contain 200,000 copies was used. Amplicons
of ~180 bp containing the region of interest were amplified using
PCR with custom primers. The amplified PCR products were cleaned
up using SPRIselect beads (Beckman Coulter). A second PCR was
then performed to add index and sequencing adapters. The ampli-
fied final libraries were cleaned up using SPRIselect beads (Beckman
Coulter). Purified libraries were run on Agilent High Sensitivity
DNA Kit chip (Agilent Technologies) to verify desired size distribu-
tion, quantified by Qubit dsDNA HS Assay Kit (Thermo Fisher
Scientific), and pooled at equimolar concentrations. Pooled libraries
were loaded on an Illumina MiSeq Reagent Nano Kit v2 flow cell
following protocols for single-end 50-cycle sequencing. Sequencing
data were downloaded as FASTQ files that were further assessed
with the quality control tool FastQC (v.0.11.2) (62), including read
count, base quality across reads, and guanine and cytosine (GC)
content per sequence. Reads were evaluated at the ¢.833 position for
base calls supporting the ¢.833C>T mutation.

Protein structure prediction and simulation

of molecular dynamics

The three-dimensional structures of the WT and mutant moesin
were determined using the comparative modeling approach
Modeller 9.214 (67). For target-template alignment, we used three
known template structures (Protein Data Bank IDs: 1e5wA, 5j0kA,
and 2iljA). The modeled structures were evaluated on the basis of
the template structures using RAMPAGE (68). MDS was performed
using the GROMACS 4.6.3 package. GROMOS96 43al force field was
used for all MDS (69). Before performing MDS, water molecules
were removed and the structures were solvated in cubic of simple
point charge water molecules and periodic boundary conditions. The
topology files were generated by GROMOS force field; then, the steepest
descent method was applied for energy minimization. Before starting
dynamics, five chlorine molecules were added to neutralize the sys-
tem. Equilibration of the system was kept at a constant temperature of
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300 K. The equilibrated systems were then subjected to MDS for 100 ns.
For every 5 ns, the trajectory files were saved for further analysis.

Western blot analysis

Native (nondenaturing) conditions

FLAG-tagged sequences [3x FLAG(DYKDDDDK)] were cloned
into the WT and C295 MSN at the C terminus by using Q5 Site-
Directed Mutagenesis (New England Biolabs). WT-MSN-3xFLAG
and C295-MSN-3xFLAG retroviruses were produced and transduc-
ed into NIH 3T3 (CLS, catalog no. 400101/p677_NIH-3T3; RRID:
CVCL_0594) cells. Two days after the transduction, transduced
cells were isolated and expanded in vitro for five more days. A total
of 107 cells were lysed in 1 ml of ice-cold radioimmunoprecipitation
assay lysis buffer [150 mM NaCl, 1% NP-40, 0.5% sodium-deoxycholate,
0.1% SDS, and 10 mM tris-HCI (pH 8)] supplemented with a protease
inhibitor cocktail (Roche). Lysates were cleared by centrifugation at
15,000 rpm for 15 min at 4°C, and supernatants were removed and
assayed for protein concentration using the Quick Start Bradford
Protein Assay Kit (Bio-Rad). Each sample was aliquoted into two
parts. One aliquot was mixed with Novex Tris-Glycine Native Sam-
ple Buffer (2x) (Thermo Fisher Scientific) without denaturation, and
equal amounts of protein from WT and C295 mutant MSN samples
were subjected to 4 to 20% Tris-Glycine Gels (Invitrogen) and
transferred to polyvinylidene difluoride membranes (Bio-Rad). The
other aliquot was denatured by mixing with an appropriate amount
of NuPAGE LDS Sample Buffer (4x) (Thermo Fisher Scientific)
containing 2.5% 2-mercaptoethanol and boiling at 95°C for 5 min.
Equal amounts of proteins from WT and C295 mutant MSN sam-
ples were subjected to SDS-polyacrylamide gel electrophoresis as
reference for total input levels of the FLAG-tagged proteins. The
3xFLAG-Tag was detected with a rabbit anti-FLAG antibody (1:1000;
Invitrogen, PA1-984B; RRID: AB_347227). Horseradish peroxidase—
conjugated donkey anti-rabbit immunoglobulin G (1:5000; GE
Healthcare, NA934) was used as the secondary antibody. The antibody-
labeled proteins were illuminated with SuperSignal West Femto Maximum
Sensitivity Substrate (Thermo Fisher Scientific) and exposed to
imaging films on the ChemiDoc MP Imaging System (Bio-Rad).
Denaturing conditions

For determination of MAPK signaling, iMLL-ENL LICs were isolated
and transduced with WT, C295 mutant MSN, or L61 HRAS. Two
days after transduction, transduced cells were sorted and grown
in vitro for 5 more days. A total of 107 cells were lysed, cleared, and
further processed as above. The following antibodies were used:
rabbit B-actin (1:1000; Cell Signaling Technology, 4970; RRID:
AB_2223172), rabbit p44/42 MAPK (Erk1/2) (1:1000; Cell Signaling
Technology, 9102; RRID: AB_330744), rabbit phospho-p44/42
MAPK (Erk1/2) (Thrzoz/Tyr204) (1:1000; Cell Signaling Technology,
9101), rabbit MEK1/2 (1:1000; Cell Signaling Technology, 9122;
RRID: AB_823567), and rabbit phospho-MEK1/2(Ser””/**!) (1:1000;
Cell Signaling Technology, 9121). For determination of MSN pro-
tein level upon Msn shRNA knockdown, iMLL-ENL LICs were isolated
and transduced with scramble or Msn shRNA. Two days after trans-
duction, transduced cells were collected, lysed, and processed as above.
Rabbit moesin (1:1000; Abcam, ab52490; RRID: AB_881245) was used.

Immunoprecipitation and MS

Sample preparation for protein mass spectroscopy
WT-MSN-3xFLAG, C295-MSN-3xFLAG, or empty MigR1 vector
retrovirus—transduced iIMLL-ENL LICs (five biological replicates/individual
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mice were included per group) were lysed in 1 ml of ice-cold immuno-
precipitation buffer [50 mM tris-HCI (pH 7.4), 150 mM NaCl, 1%
NP-40, and protease inhibitor]. Lysates were cleared by centrif-
ugation at 15,000 rpm for 15 min at 4°C, and supernatants were re-
moved and assayed for protein concentration using the Quick Start
Bradford Protein Assay Kit (Bio-Rad). Equal amounts of proteins
from WT, C295 mutant MSN, or empty vector-transduced LICs
were incubated with 40 pl of Anti-FLAG M2 Magnetic Beads
(Sigma-Aldrich, M8823; RRID: AB_2637089) for 6 hours in the cold
and then washed six times in immunoprecipitation wash buffer
[50 mM tris-HCI (pH 7.4), 150 mM NacCl, 0.3% NP-40, and protease
inhibitor]. Beads bound with FLAG-tagged proteins were then washed
with 200 mM Hepes, and bound proteins were digested on beads
with trypsin (5 pg/ml) in 200 mM Hepes/0.1% RapiGest for 7 hours
at 37°C. Supernatant containing peptides was collected, and proteins
remaining on beads were further digested with trypsin (5 ug/ml) in
200 mM Hepes/0.1% RapiGest/1 mM dithiothreitol for 1.5 hours at
37°C. Supernatant was collected, and both supernatants were com-
bined. Digested peptide mixtures were desalted and purified using
Oasis HLB cartridges (Waters). Columns were primed and condi-
tioned in three steps using pure methanol, 80% acetonitrile (ACN),
and 0.1% formic acid (FA) in ultrapure water and 0.1% FA in water,
respectively. Samples were loaded on columns, and eluates were loaded
again to maximize recovery. Columns were washed four times with
0.1% FA in water, and peptides were subsequently eluted in 45%
ACN and 0.1% FA in water. Eluates were dried and stored at —80°C
before MS analysis.

MS analysis

Before MS analysis, purified peptide mixtures were reconstituted
with 3% ACN and 0.1% FA in ultrapure water, and peptide concen-
tration was measured on a DS-11-FX (DeNovix) at 215 nm. Global
proteome MS analysis was performed on a Q-Exactive HF-X (Thermo
Fisher Scientific) MS. The volume equivalent of 1 ug of tryptic pep-
tides from each sample was trapped on an Acclaim PepMap 100
precolumn (ID, 75 um by 2 ¢cm; C18, 3 um; 100 A resin; Thermo
Fisher Scientific) and then separated on a reverse-phase EASY-Spray
HPLC column (ID, 75 pm by 50 cm; C18, 2 um; 100 A resin; Thermo
Fisher Scientific) coupled to a Proxeon nano-liquid chromatography
EASY 1200 system (Thermo Fisher Scientific). Peptides were eluted
in a 120-min gradient (flow, 350 nl/min; mobile phase A, 0.1% FA
in H,O; mobile phase B, 80% ACN and 0.1% FS). Gradient was as
follows: 10 to 30% B in 90 min, 30 to 45% B in 20 min, 45 to 95% B
in 0.5 min, and 95% B for 9 min. Full MS scan parameters were as
follows: 60,000 resolution and AGC target was set to 3E6. Tandem
MS scan parameters were as follows: 15,000 resolution and AGC
target was set to 1E5. Collision energy was set to 28, and # of ana-
lyzed peaks was set to 15. Dynamic exclusion window was set to 10 s.
MS data processing

MS files were analyzed using MaxQuant (70) (v1.6.3.4), and MS
spectra searched using the Andromeda (71) search engine with the
UniProt-Swiss-Prot mouse proteome database (version download,
2021.02.08; selected enzyme, trypsin). Carbamidomethylation of Cys
residues was selected as fixed modification, while Met oxidation and
acetylation of N-terminal residues were selected as variable ones.
Label-free quantification (LFQ) was activated for the proteome data
search. Identification of peptides resulting from missed cleavages
was allowed. Precursor ion tolerances were 20 and 4.5 parts per million
for first and main searches, respectively. Match-between-run option
was enabled, and settings were left to default. Protein LFQ intensities
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were used for downstream proteome analyses. The protein abundance
table were filtered for protein g value (cutoff, 0.01), contaminant
(excluded), reverse sequences (excluded), unique peptides (at least 1).
Data analysis

LFQ intensities were log,-transformed and filtered to select high-
confidence interactors by using Welch corrected ¢ test (P value cutoff,
0.05) and quantitative enrichment measure (log, ratio to negative con-
trol; >0). WT and mutant samples were filtered separately against the
empty MigR1 vector control. Missing data were then applied (four of
five observations needed). The filtered dataset was subsequently cen-
tered and scaled. Statistical differences between WT and mutant models
were assessed by Welch t test (Benjamini-Hochberg adjusted P value
cutoff, 0.05). Analyses were performed in GraphPad (v9.0) and R (v3.6).
Data accession

MS files have been deposited to the ProteomeXchange Consortium
via the PRIDE partner repository with the dataset identifier PXD028261.

gqRT-PCR

Total RNA was isolated using a single-cell RNA purification kit
(Norgen Biotek) and converted to cDNA using SuperScript III First-
Strand Synthesis System (Invitrogen). qRT-PCR reactions were run
with SYBR GreenER (Invitrogen) on a CFX96 Touch Real-Time PCR
Detection System (Bio-Rad). All signals were quantified using the
ACt method and were normalized to B-actin mRNA expression levels.

Statistical analysis

Data analysis was performed using Microsoft Excel and GraphPad
Prism (GraphPad Software). All FACS data were analyzed with
FlowJo (Tree Star). Significance values were calculated by Student’s
two-tailed # test or the log rank test (Mantel-Cox test) for Kaplan-
Meier curves.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm9987

View/request a protocol for this paper from Bio-protocol.
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