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1. INTRODUCTION:

Qualitative and quantitative defects in natural killer (NK) cells is a feature contribute to survival of
BCR-ABL1 tyrosine kinase inhibitor (TKI)-resistant quiescent leukemia-initiating stem cells
(gLSCs) in TKI-treated chronic myelogenous leukemia (CML) patients. Our preliminary data
indicate that the decrease in NK cell numbers and their inability to kill CML qLSC may result from
unbalanced levels of the bone marrow microenvironment (BMM)-regulated miR-155 and miR-300
in NK cells. Thus, we proposed to determine whether altering the miR-155/miR-300 ratio by
increasing miR-155 expression confers to NK cells the ability to overcome the BM mesenchymal
stem cell (MSC) and hypoxia-induced inhibitory effects on their proliferation and anti-cancer
cytotoxicity, and efficiently kill TKI-resistant CML qLSCs in vitro and in vivo. This study might serve
as proof-of-concept for developing miRNA-based NK cell immunotherapies for the several stem
cell-derived malignancies with dysfunctional NK cells.

2. KEYWORDS:

Leukemia, CML, BCR-ABL1, NK cells, miRNAs, miR-155, miR-300, quiescent LSC, MSC,
hypoxia, immunotherapy.

3. ACCOMPLISHMENTS:

What were the major goals of the project?

The major goals of this funded project were:

Aim#1 To assess whether sustained miR-155 expression rescues NK cell killing of TKI-resistant
gLSCs by determining whether 1A) constitutive miR-155 expression enhances NK cell killing of
quiescent CML LSCs and restores selective cytotoxicity against leukemic but not normal HSCs in
primary NK cells from leukemic animals in vitro; and 1B) constitutive miR-155 expression alone or
associated with miR-300 downregulation override the hypoxia- and MSC-induced NK cells growth
arrest and impaired cytotoxicity toward patient-derived qLSCs.

Aim#2 To determine the in vivo therapeutic potential of miR-155-activated NK cell anti-LSC
cytotoxic activity by 2A) generation and in vitro functional characterization of BMM-resistant NK-
92-155/anti-300 cells.; and 2B) assessing NK-92-155/300 cytotoxicity against CML gqLSCs in CML
mouse PDXs.

What was accomplished under these goals?



This is the final technical outcome of the experiments performed from 7/1/2019 (from
8/30/2019 — date of ACURO approval) until 6/30/2022. Note that all experimental activities
have been suspended on March 18", 2020 and restarted at normal pace in Fall 2021 due to
COVID-19.

Project goals remained the same. We successfully completed all experimental tasks proposed in
Aims 1A, 1B and 2A. Unfortunately, results indicated that the effect of miR-155 mimic RNA
oligonucleotides in human NK cells were not as strong as in mouse NK cells and did not sufficiently
counteract the inhibitory effects exerted by bone marrow (BM) microenvironment (BMM) factors
(e.g., MSCs and hypoxia). This and COVID-19 pandemic strongly precluded feasibility of
experiments proposed in SOW Task 2B. As an alternative, we followed the Reviewers’ panel
suggestions and investigated the miR-155- and miR-300-dependent molecular mechanisms
regulating NK cell proliferation and cytotoxic function. Results of all experiments are outlined below.

SOW Task #1 To assess whether sustained miR-155 expression rescues NK cell killing of TKI-
resistant quiescent leukemic stem cells (gLSCs)

1A) To assess in vitro miR-155 boosting effect on NK cell cytotoxicity against quiescent
leukemic stem cells (LSCs).
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e LTC-IC assays were performed as proposed according to the modified protocol reported in Ref.
77 of the funded grant. Unfortunately, no mouse LTC-IC colonies were obtained following such
protocol; thus, to overcome this problem we assessed changes in LSC activity by determining
the effect of wt and miR-155 tg NK cells on BCR-ABL1-tg LSK self-renewal in BM serial
replating assays. In four independent experiments, miR-155 NK cells were significantly more
efficient than wt NK cells to reduce mouse LSC replating efficiency (Fig. 2B) indicating that
numbers of self-renewing long-term leukemic HSCs were more efficiently killed by miR-155 NK
cells.

e As proposed, we counteracted miR-155 activity by lentiviral-mediated expression of SHIP-1.
Results indicate that SHIP-1 significantly suppressed by ~50% NK cell-mediated killing of BCR-
ABL" cells (Fig. 2C)
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Fig. 2. Effects of miR-155 on NK cell cytotoxicity on BCR-ABL1" qLSC numbers and LSC activity.
(A): Spontaneous NK cell cytotoxicity toward CFSE-labeled SCL-tTA-BCR1-derived bone marrow BCR-
ABL1* qLSCs was determined by FACS-mediated evaluation of LSC numbers in Annexin V"¢9CFSE™#*
cells before and after exposure to wild type (wt) and miR-155-tg NK cells for 18 hours. (B): Decreased
methylcellulose serial replating efficiency of SCL-tTA-BCR1-derived LSCs (Lin"Sca1*Kit") exposed for 18
hours to wt and miR-155-tg NK cells. (C) NK cell cytotoxic activity against BCR-ABL1* cells upon forced
expression of NK cell negative regulator and miR-155-target SHIP-1. **P<0.01, ****<0.0001.

1B) To determine whether miR-155 overexpression overcomes BMM (MSC and/or hypoxia)-
induced suppression of human and mouse NK cell proliferation and cytotoxic activity.

o Effect on NK cell proliferation. Numbers of mouse wt but not miR-155-tg NK cells were
strongly reduced (50% inhibition) upon 5-day exposure to M2104 murine BM MSC-CM, suggesting
that miR-155 overexpression can overcome BM MSC-induced NK cell growth inhibition (Fig. 3A).
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Fig. 3. Effects of miR-155 and/or anti-miR-300 on BMM-induced suppression of NK cell proliferation.
(A\): Effect of M2-10B4 mesenchymal stromal cell (MSC) conditioned medium (CM; 100% vol/vol) on wt and
miR-155-tg NK cell proliferation after 5-day culture in presence of IL-2. (B): Effect of bone marrow HS-5
MSC CM and hypoxia on proliferation of human NK cells exposed to 500nM CpG-scramble, CpG-miR-155
and/or CpG-anti-miR-300. Results are expressed as the mean +/- SEM. **P<0.01, ***P<0.001




BM mesenchymal stromal cell (MSC) conditioned medium (CM)-induced inhibition of NK-92 cell
proliferation was ~30% and ~50% rescued by 500nm CpG-miR-155-5p and 500nM CpG-anti-miR-
300 treatment, respectively, but neither additive nor synergistic effect was observed with the miR-
155/anti-miR-300 combination (Fig. 3B).

o Effect on NK cell cytotoxic activity. Unexpectedly, treatment with CpG-miR-155-5p or
CpG-anti-miR-300 did not overcame BM MSC HS-5 CM (100% vol/vol)- and hypoxia (1% O, 48h)-
induced suppression of CD56"CD3" NK-92 cell cytotoxic activity toward CML stem/progenitor cells
(Fig. 4A) despite a) SHIP1 levels in NK-92 cells were, as expected, markedly reduced (~80%
inhibition) by 500nM CpG-miR-155-5p treatment (insets in Fig. 4A); and b) NK-92 cells efficiently
kiled (30-70% cytotoxic activity at E:T=10:1) CD34" CML gLSCs (see fig. 4 in funded grant
application) and/or dividing CD34" stem/progenitors isolated from 3 CML and AML BM samples
(Fig. 4B, compare black to red bars). This suggests that augmenting levels of mature miR-155 with
synthetic CpG-based oligonucleotides in NK cells is not suffficient to antagonize the combined
inhibitory effect of hypoxia and MSCs on NK cell cytotoxic activity despite the ability of miR-155 to
increase NK cell numbers in culture conditions mimicking the hypoxic leukemic stem cell BM niche
(Fig. 3B).
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Fig. 4. Effects of miR-155 and/or anti-miR-300 on BMM-induced suppression of NK cell
cytotoxicity. (A): Effect of 500nm CpG-scramble (SCR; control), CpG-miR-155 and CpG-anti-miR-300
on the cytotoxicity of human NK-92 cells against CD34* CML stem/progenitor cells maintained in
normoxic and hypoxic (1% Oz; 48 hours) conditions in MSC HS-5 conditioned medium. Graph shows
the mean +/- SEM of Annexin V* BCR-ABL1* cells after exposure to NK cells at different E:T ratios.
Insets show levels of miR-155 and of its direct target SHIP-1 in CpG-scramble and CpG-miR-155
treated cells. (B): Flow cytometry plots and relative graphs show the cytotoxic activity of human NK-92
cells (used at different E:T ratios) against primary CML and AML CD34* stem/progenitor cells

SOW Task #2 To determine the in vivo therapeutic potential of miR-155-activated NK cell anti-LSC
cytotoxic activity.

2A) Generation and in vitro functional characterization of BMM-resistant NK-92-155/anti-300
cells.

We have generated NK-92 cells expressing mature miR-155 and an anti-miR-300 and assessed
changes in their activity toward BCR-ABL1" cells. Results indicate that levels of ectopic mature miR-
155 in these cells were not sufficient to augment NK cell cytotoxic activity toward BCR-ABL1* K562
cells (Fig. 5A). Conversely, we found that overexpression of pre-miR-155, achieved by transducing
NK-92 cells with lenti-pre-miR-155 (PMIRH155PA1; SBI System Bioscience), efficiently
counteracted the MSC HS-5 CM inhibitory effect on NK cells and led to a >50% decrease in the



number of CML blast crisis (CML-BC; n=3) quiescent (eFluor™*CD34") LSCs (qLSCs) and dividing
CD34" progenitors (Fig. 5B), suggesting that other mechanisms, which are counteracted by the
expression of pre-miR-155, are responsible for the BMM-induced inhibition of NK cell cytotoxicity

2B) Assessing NK-92-155/300 cytotoxicity against CML ¢gLSCs in CML mouse PDXs.
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Fig. 5. Effects of ectopic mature miR-155 and pre-miR-155 expression on human CD56*CD3
NK cell cytotoxicity. Cytotoxic activity against K562 CML-BC (A), primary CML-BC (n=3) CD34"
dividing progenitors (B right panel) and quiescent eFluor™CD34" LSCs (B left panel ) of IL-2 cultured
CD567CD3" NK-92 cells transduced with control vectors or with a construct containing a mature miR-
155 (A) or a pre-miR-155 (B) cassette and IL-2 cultured in the presence or absence of MSC HS-5
conditioned medium (CM). Values represent the mean +/- SEM. *P<0.05, **P<0.01

Feasibility of these in vivo experiments was primarily precluded by the lack of mature miR-155
activity in human NK-92 cells.

As alternative experiments, we followed the Reviewers’ suggestions made to the funded grant
application and assessed the mechanisms whereby pre-miR-155 and miR-300 regulate NK cell
proliferation and/or cytotoxic activity against BCR-ABL1" LSCs and progenitors. Thus, we further
investigated a) the effect of BMM (e.g. MSCs) on positive (e.g. SET) and negative (e.g. miR-300,
CEBPB, SHIP-1) regulators of NK cell proliferation and cytotoxic activity in wild type and pre-miR-
155-transduced NK cells; and determined b) whether altered FAS, DR5 and NKG2D ligands
expression on BCR-ABL1* LSK cells and FAS ligand and TRIAL levels on NK cells may account
for the selective and enhanced LSC killing by ectopic pre-miR-155-expressing NK cells. Obtained
results are outlined below.

. BMM-induced miR-300-dependent molecular mechanisms regulating NK cell
proliferation/activity. \We dissected the mechanism by which MSCs and hypoxia induces miR-300
to suppress NK cell growth and killing activity. We found that conditioned medium from both HS-5
and primary MSCs and hypoxia upregulated CEBPB expression (mMRNA and protein) that, in turn,
increased miR-300 levels and led to silencing of G1/S cell cycle regulators (i.e., CCND2 and CDKG6)
and PP2A inhibitor SET in NK cells. Moreover, we found that levels of pre-miR-155 were
downregulated upon exposure of NK cells to MSC-derived exosomes (these experiments have
been reported in fig. 5 and S5 of the enclosed publication). Because loss of CCND2/CDK6 activity
arrests proliferation and SET inhibition (PP2A activation) impairs NK cell activation and cytotoxicity,
miR-300-induced suppression of these factors may represent the mechanism by which the BMM
suppresses NK cell growth and activity against LSCs.



. Interplay between MSC-induced and pre-miR-155-dependent molecular mechanisms
regulating NK cell proliferation/activity. We also found that GFP-sorted pre-miR-155-
overexpressing NK-92 cells, maintained in the absence of IL-2, showed reduced SHIP-1 and
increased SET expression (Fig. 6). This might explain the reported (Fig. 5B) ability of pre-miR-155
to rescue NK-92 cell spontaneous cytotoxicity toward qLSCs and CD34" progenitors from CML
patient samples from the inhibitory effects of BM MSCs. By contrast, levels of pri-miR-300 and
those of its positive transcriptional regulator CEBPB were strongly induced by exposure to MSC HS-
5 CM and insensitive to ectopic pre-miR-155 expression (Fig. 6). This suggests that miR-300 and
pre-miR-155 are independent signals that negatively and positively, respectively, regulate NK cell
proliferation and anti-leukemia cytotoxic activity although pre-miR-155-induced SET expression
may, at least in part, counteract the MSC-induced CEBPB-miR-300-mediated SET downregulation

(see enclosed publication).
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Fig. 6. Effects of ectopic pre-miR-155 expression of NK cell regulatory molecules. (Left to right):
Expression of miR-155, SHIP-1 (western blot is representative of three independent experiments), SET,
CEBPB and pri-miR300 in vector- and pre-miR-155-transduced, GFP-sorted and IL-2-cultured NK-92 cells
in the absence or presence of MSC HS-5 CM (100% vol/vol). Results are expressed as the mean +/- SEM
of n=3 experiments. *P<0.05, ***P<0.001

o Regulation of NK:leukemia cell interaction by miR-155. We assessed levels of NK cell
receptors and ligands and found that FAS and DR5 expression is significantly upregulated
whereas levels of NKG2D ligands Rae1 and MULTI1 but not those of HS60 are barely detectable
in leukemic LSKs (Fig. 7), suggesting that FAS and DR5 may render CML gqLSCs more susceptible
NK cell cytotoxic activity. Analysis of FAS Ligand and TRIAL expression in primary NK1.1*CD3" NK
cells revealed that TRIAL levels are higher in miR-155 tg compared to wt NK cells maintained in
resting condition (Fig. 8A).
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Fig. 7. Expression of NK cell receptors in mouse BCR-ABL" cells. Levels of Rae1b, Multi, H60, DR5
and FAS in primary SCL-tTA-BCR/ABL-derived (n=3) bone marrow Lin'Sca*Kit* (LSCs) and Lin"Sca'Kit*
(progenitors) cells. Results are expressed as the mean +/- SEM. ****P<0.0001




Conversely, FAS Ligand and TRIAL expression was not significantly different in IL-2-cultured wt
and miR155 tg NK1.1"CD3" NK cells cultured in the absence or presence of mouse MSC CM (Fig.
8A). Consistent with the expression studies, wt and miR-155-tg NK cell- mediated cytotoxic activity
against BCR-ABL1" progenitors was FAS dependent but NKG2D independent (Fig. 8B).
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Fig. 8. Expression and role of FAS and TRIAL in wt and miR-155-tg NK cells. (A): Comparative
analysis of FAS Ligand and TRIAL surface expression on splenic wt and miR-155-tg NK1.1"CD3™ NK
cells analyzed after purification (resting) or after culturing in IL-2 +/- MSC HS-5 CM. Results are
expressed as the mean +/- SEM. ****P<0.000. (B) Cytotoxicity assays were performed in medium
without or with 1mM EGTA/2mM MgClz and anti-FAS Ligand or/and anti-TRAIL antibody or control
antibody (left panel), or in the absence or presence of anti-NKG2D (CD314) block or isotype-matched
(iso) control antibody block (right panel). 32D-BCR-ABL cells were used as targets. Effector cells were
splenic NK1.1*CD3~ NK cells from wt and miR-155-tg mice. Results are from one representative
experiment. x-axis, E:T cell ratio; y-axis, percentage of killing activity.
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What opportunities for training and professional development has the project provided?

Nothing to report

How were the results disseminated to communities of interest?

Nothing to report

What do you plan to do during the next reporting period to accomplish the goals?

Nothing to report

4. IMPACT:

What was the impact on the development of the principal discipline(s) of the project?

Nothing to report
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What was the impact on other disciplines?

Nothing to report

What was the impact on technology transfer?

Nothing to report

What was the impact on society beyond science and technology?

Nothing to report

CHANGES/PROBLEMS:

We found that the ability of miR-155 to enhance NK cell proliferation and cytotoxicity of NK1.1*CD3
NK cells was not dependent on the activity of mature miR-155 only (as expected) but it required pre-

miR-155 expression. Thus, we used a pre-miR-155 (lenti-pre-miR-155) instead of mature miR-155
for executing the proposed experiments.

12



Actual or anticipated problems or delays and actions or plans to resolve them

The in vivo experiments proposed in Aim 2B with human NK cells have been precluded by the
evidence that NK-92 cells engineered to overexpress miR-155/anti-miR-300 (Aim 2A) did not confirm
those obtained using miR-155 transgenic NK cells (Aim 1). Additional experiments (suggested by the
Reviewers’ panel) aimed at determining the molecular mechanisms regulating miR-155/miR-300-
regulated ability of NK cells to kill leukemic cells were instead performed.

Changes that had a significant impact on expenditures

Nothing to Report.

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or
select agents

Significant changes in use or care of human subjects

Nothing to Report.

Significant changes in use or care of vertebrate animals

Although the NRG-SGM3 mouse colony was expanded to perform experiments described in Task 2B,
the advent of COVID-19 pandemic obliged us to euthanize all mice. At the end of pandemic and in
light of the new results (Fig. 5) , we arrived at conclusion that those experiments were not feasible

because of the lack of effect of mature miR-155 on NK cell cytotoxic activity toward leukemic stem
cells.

Significant changes in use of biohazards and/or select agents

Nothing to Report.
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6. PRODUCTS:

o Publications, conference papers, and presentations

Journal publications.

Silvestri G.*, Trotta R.* Stramucci L., Ellis J., Harb J., Neviani P., Wang S., Eisfeld A.K., Walker
C.J., Zhang B., Srutova K., Gambacorti-Passerini C., Pineda G., Jamieson CHM., Calabretta B.,
Stagno F., Vigneri P., Nteliopoulos G., May P., Reid A., Garzon R., Roy D.C., Moutuou M.M.,
Guimond M., Hokland P., Deininger M., Fitzgerald G., Harman C., Dazzi F., Milojkovic D.,
Apperley J.F., Marcucci G., Qi J., Machova-Polakova K., Zou Y., Fan X., Baer M. R., Calabretta B.
and Perrotti D. Persistence of drug-resistant leukemic stem cells and impaired NK cell immunity in
CML patients depend on MIR300 anti-proliferative and PP2A-activating functions. Blood Cancer
Discovery. 1(1):48-67, 2020. (*) Co-first Authors

Books or other non-periodical, one-time publications.

Nothing to Report.

Other publications, conference papers and presentations.

Nothing to Report.

o Website(s) or other Internet site(s)
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https://bloodcancerdiscov.aacrjournals.org

https://twitter.com (AACR Blood Cancer Discovery Twitter)

Technologies or techniques

Nothing to Report.

Inventions, patent applications, and/or licenses

Nothing to Report.

Other Products

Nothing to Report.
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7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

Name: Danilo Perrotti
Project Role: PI
Researcher Identifier: ORCID ID: 0000-0003-0726-8766; Scopus ID: 6603930319;
Nearest person month worked: 12
Contribution to Project: Conceptualization, formal data analysis, supervision, paper writing/
editing. Funding Support: N/A
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Persistence of Drug-Resistant Leukemic Stem
Cells and Impaired NK Cell Immunity in CML
Patients Depend on MIR300 Antiproliferative
and PP2A-Activating Functions

Giovannino Silvestril?, Rossana Trotta?3, Lorenzo Stramucci'?, Justin J. Ellis*>, Jason G. Harb*>,

Paolo Neviani*>, Shuzhen Wang?, Ann-Kathrin Eisfeld*>, Christopher J. Walker*>, Bin Zhang®,

Klara Srutova’, Carlo Gambacorti-Passerini®, Gabriel Pineda?, Catriona H. M. Jamieson!?, Fabio Stagno?!,
Paolo Vigneri'!, Georgios Nteliopoulos?, Philippa C. May??, Alistair G. Reid!2, Ramiro Garzon*>,
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Guido Marcucci®, Jianfei Qi?, Katerina Machova Polakova’, Ying Zou?, Xiaoxuan Fan?, Maria R. Baer!?,

Bruno Calabrettal8, and Danilo Perrottil21219

— Persistence of drug-resistant quiescent leukemic stem cells (LSC) and impaired natural

killer (NK) cell immune response account for relapse of chronic myelogenous leukemia
(CML). Inactivation of protein phosphatase 2A (PP2A) is essential for CML-quiescent LSC survival and NK
cell antitumor activity. Here we show that MIR300 has antiproliferative and PP2A-activating functions that
are dose dependently differentially induced by CCND2/CDK6 and SET inhibition, respectively. MIR300 is
upregulated in CML LSCs and NK cells by bone marrow microenvironment (BMM) signals to induce quies-
cence and impair immune response, respectively. Conversely, BCR-ABL1 downregulates MIR300 in CML
progenitors to prevent growth arrest and PP2A-mediated apoptosis. Quiescent LSCs escape apoptosis by
upregulating TUGI long noncoding RNA that uncouples and limits MIR300 function to cytostasis. Genetic
and pharmacologic MIR300 modulation and/or PP2A-activating drug treatment restore NK cell activity,
inhibit BMM-induced growth arrest, and selectively trigger LSC apoptosis in vitro and in patient-derived
xenografts; hence, the importance of MIR300 and PP2A activity for CML development and therapy.

SIGNIFICANCE: Tumor-naive microenvironment-induced MIR300 is the only tumor suppressor miRNA
that induces CML LSC quiescence while inhibiting NK cell antitumor immune response and CML LSC/
progenitor cell apoptosis through its anti-proliferative and PP2A-activating functions, respectively.
Thus, the importance of MIR300 and PP2A-activating drugs for formation/survival and eradication of

drug-resistant CML LSCs, respectively.
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INTRODUCTION

Chronic myeloid leukemia (CML) is a biphasic hemat-
opoietic stem cell (HSC) myeloproliferative disorder driven
by BCR-ABL1 oncogenic kinase activity (1). Despite being
clinically manageable, CML is not a curable cancer and
resistance to ABL tyrosine kinase inhibitors (TKI) remains
a major therapeutic challenge (2). In fact, persistence of
CML-initiating quiescent leukemic stem cells (qQLSC) likely
depends on their innate and acquired TKI resistance (3)
and on impaired natural killer (NK) cell cytotoxicity against
leukemic stem cells (LSC) (4), and accounts for disease
relapse and dismal outcome (1, 5). Clinical trials, aimed at
targeting intrinsic mechanisms of TKI resistance, failed to
eradicate the TKI-resistant qLSC reservoir, likely because of
bone marrow (BM) microenvironment (BMM) protective and
inhibitory effects on LSCs and NK cells, respectively (5, 6).

Protein phosphatase 2A (PP2A) serine-threonine phos-
phatase is a druggable multimeric tumor suppressor inac-
tivated in nearly all types of cancer, mostly by increased
endogenous inhibitor (e.g., SET, CIP2A) or impaired subunit
expression/function (7). PP2A loss-of-function is essential
for cancer stem cell maintenance, tumor growth/progres-
sion, and activation of NK cell proliferation and antitumor
cytotoxic activity (7). BCR-ABL1-independent and -dependent
signals inhibit PP2A activity in CML [chronic (CP) and
blastic (BC) phase] TKI-resistant qLSCs and TKI-sensitive
and -resistant proliferating blasts, respectively, through acti-
vation of the SET-dependent PP2A inhibitory pathway (PIP;
refs. 8, 9). Preclinical studies aimed at restoring physiologic
PP2A activity with SET-sequestering PP2A-activating drugs
(PADs; e.g., FDA-approved FTY720, OSU-2S, and OP449) have
shown unprecedented antileukemia effects in TKI-sensitive
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and -resistant CP and BC phase CML qLSCs and progeni-
tors with neither adverse effects on normal hematopoiesis
nor organ toxicity (8-10). In contrast, PP2A inhibiting drugs
(PIDs; e.g., LB100), alone and in combination with TKIs,
arrest proliferation of TKI-resistant CML progenitors, but do
not exert effects on qLSC survival, and enhance leukemogen-
esis when used alone (11, 12).

The mechanisms underlying CML LSC quiescence, survival
and self-renewal, and reduced NK-cell number and cytotoxic-
ity likely result from integration of CML cell-autonomous
and BMM-generated signals (1, 6). The latter are triggered
by BM niche-specific metabolic conditions (e.g., oxygen ten-
sion), cell-to-cell direct, and soluble and/or exosome-encapsu-
lated factor [e.g., microRNA (miRNA)|-mediated interactions
between leukemic, mesenchymal stromal (MSC), endothelial,
and immune cells (13-15).

Several miRNAs have been associated with PP2A inacti-
vation (16) and LSC expansion and maintenance (17, 18);
however, a clear causal link between their altered expression,
persistence of drug-resistant LSCs, and PP2A loss-of-function
is still missing.

Among the miRNAs predicted in silico to reactivate PP2A
by targeting PIP factors (e.g., JAK2, hnRNPA1, and SET), we
focused on hsa-miR-300 (MIR300), an intergenic miRNA that
is inhibited in several stem cell-driven tumors and belongs
to the 14q32.31 DLKI-DIO3 genomic-imprinted tumor sup-
pressor miRNA cluster B (19). Here we report that MIR300 is
a BMM-induced cell context-independent tumor suppressor
with antiproliferative and PP2A-activating functions that
are not only essential for induction and maintenance of
LSC quiescence and impaired NK cell anticancer immunity,
but they can also be exploited to selectively and efficiently
induce PP2A-mediated cell death of CD34* CML-quiescent
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LSCs and proliferating progenitors while sparing normal
hematopoiesis.

RESULTS

MIR300 Loss in Leukemic Progenitors and
Differential Induction of Its Cell Context-
Independent Tumor Suppressor Activities in
TKI-Resistant Quiescent CML (CP and BC) LSCs

MIR300 levels were progressively and markedly reduced by
BCR-ABLLI activity (imatinib treatment) in bulk and dividing
BM CD34* CML (CP and BC) progenitors compared with
normal CD34* BM (NBM) and umbilical cord blood (UCB)
cells, and higher in HSC-enriched CD34"CD38" than com-
mitted CD34*CD38" CML (CP and BC) BM cells (Fig. 1A).
Accordingly, MIR300 expression was up to 800-fold lower in
dividing CD34" progenitors than qLSCs (CD34*CFSE™*)
from patients with CML (CP and BC), but similar in quies-
cent and proliferating CD34* UCB (Fig. 1B) cells.

Restoring MIR300 expression at physiologic levels by CpG-
based oligonucleotides (500 nmol/L CpG-miR-300) reduced
>75% proliferation and clonogenic potential and enhanced
apoptosis (spontaneous and TKI-induced) of CD34" CML
(CP and BC), but not UCB cells (Fig. 2A and B). Importantly,
Ki-67/DAPI and FUCCI2BL-mediated cell-cycle analyses in
CD34* CML and LAMA-84 cells, respectively, indicated that
MIR300 arrested cell cycle and markedly expanded qLSC (GO
= 50%) and apoptotic sub-G, cell fractions of CML, but not
normal CD34" cells (Fig. 2C).

Inhibition of MIR300 function (500 nmol/L CpG-anti-
miR-300) did not reduce numbers [carboxyfluorescein diacetate
succinimidyl diester (CFSE) assay] and clonogenic activity [col-
ony forming cells (CFC) and/or long term culture-initiating

CML-CP (n = 19)
P=0.0042

Figure 1. MIR300 loss in leukemic progenitors
and differential induction of its cell context-
independent tumor suppressor activities in
quiescent LSCs. A, (left) MIR300 levels in healthy
NBM and CML-CP and -BC CD34* BM cell fractions.
Inset shows MIR300 levels in additional CD38-
fractionated CD34* CML-CP BM cells expressed
as n-fold difference in CD34*CD38* compared
with CD34+CD38 samples. B, MIR300 levels

in untreated and imatinib (24 hours)-treated
CD34* quiescent (CFSE™) and dividing (Div.1)
CFSE-labeled CML and UCB cells. Asterix on
CD34+*CD38" cell populations (panel 1a) indicate
significance between MIR300 levels CD34+CD38"
versus CD34*CD38 cells. Data are shown as
mean = SEM from at least three independent
experiments; *, P<0.05; **, P<0.01; ***, P< 0.001;
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CD34*
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Figure 2. MIR300 activity in quiescent leukemic stem and progenitor cells. A, Growth (48 hours) and clonogenic potential (CFC) of CpG-scramble- and
CpG-miR-300-treated (500 nmol/L) CD34+* CML-BC and UCB cells. B, Effect of CpG-miR-300 and CpG-scramble (500 nmol/L) on spontaneous and IM

(18 hours)-induced apoptosis (Annexin V/7-AAD) in CD34* CML-BC cells (n=3). Data are reported as mean + SE (P < 0.01) from three independent exper-
iments inside representative Annexin V/7AAD FACS pseudocolor plots. C, Ki-67/DAPI (left; Gg: MIR300 = 46% vs. scr = 10%; G1: MIR300 = 15% vs. scr
=50%; S/G,-M: MIR300 = 4% vs. scr = 27.4%; and sub-G;: MIR300 = 35% vs. scr = 3%) and FUCCI-2BL (right; G1-Go: MIR300 = 40.2% vs. scr = 23.6%;
G1-5:MIR300=15% vs. scr = 2.85%; S/G,-M: MIR300 = 45% vs. scr = 76.6%) cell-cycle analysis of UBC and Ph* (primary CD34* and synchronized
LAMA-84) cells exposed to the indicated CpG-ONs. D, Dose-dependent differential regulation of MIR300 antiproliferative and proapoptotic activities on
CML gLSC (CFSE™*) and progenitor (Div. 1-2) cell (left) and LTC-IC (right) numbers. Vector transduced and 500 nmol/L CpG-scramble and CpG-anti-miR-300
served as controls. Inset, MIR300 levels in pCDH-MIR300 lentiviral-transduced and 250-500 nmol/L CpG-miR-300-treated Ph* cells. Data are shown as
mean + SEM from at least three independent experiments; *, P < 0.05; **, P< 0.01; ***, P< 0.001; ****, P< 0.0001. Range values of controls are reported in
Supplementary Table SI.
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cells (LTC-IC) of CML and normal CD34" stem and pro-
genitor cells (Fig. 2D; Supplementary Fig. S1). In contrast,
graded ectopic MIR300 expression (Fig. 2D, inset) differen-
tially affected leukemic, but not UCB-quiescent stem cell
activity and survival. In fact, low MIR300 levels (pCDH-
MIR300 and 250 nmol/L CpG-miR-300) strongly inhibited
CML (CP and BC) LTC-IC and/or CFC/replating activities
without affecting qLSC numbers, whereas high MIR300 doses
(500 nmol/L CpG-miR-300) also reduced by more than 80%
CML qLSCs and dividing CD34* progenitor cell numbers
(Fig. 2D; Supplementary Fig. S1). Thus, MIR300 functions as
a cell context-independent dual activity (antiproliferative and
proapoptotic) tumor suppressor that inhibits LTC-IC-driven
colony formation by impairing qLSC ability to enter cycle and
undergo cytokine-induced differentiation without affecting
their survival, which is halted at higher MIR300 expression levels.

MIR300 Acts as Master PP2A Activator and
Inhibitor of G;-S Transition in CML LSCs and
Progenitors

Consistent with the absolute requirement of PP2A inhi-
bition for CML, but not normal stem/progenitor cell pro-
liferation and survival (9), gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) functional
enrichmentand clustering of MIR300-predicted and -validated
(e.g., CTNNB1, CCND2, and Twistl; ref. 19) mRNA targets
indicated that most of MIR300 targets are also validated
PP2A targets (Supplementary Fig. S2) and that MIR300 anti-
proliferative and proapoptotic activities may result either
from targeting SET that, in turn, induces PP2A-dependent
inactivation of factors important for G,-S cell-cycle tran-
sition (e.g., CCND2, CDK6) and survival (e.g., CTNNBI,
JAK2, Twistl, and MYC) of CML qLSCs and progenitors,
or from their direct inhibition by MIR300 (Supplementary
Figs. S2 and S3A). Accordingly, CpG-miR-300, but not CpG-
scramble, reactivated PP2A and markedly reduced CCND2,
CDKG6, JAK2, hnRNPA1, SET, CTNNB1 (B-catenin), MYC,
and Twistl expression in primary CD34* CML (CP and
BC) progenitors and Philadelphia-positive (Ph*) cell lines,
but not in normal CD34" cells (Fig. 3A) in which PP2A has
no proapoptotic activity (8, 20). Importantly, expression
of MIR300-insensitive Flag-tagged SET mRNAs lacking the
entire 3’'UTR (Flag-SET) or just a region encompassing the
high- and low-affinity MIR300-binding sites (Flag-A3’"UTR-
SET), but not that of full-length wild-type SET (Flag-
wt3’'UTR-SET), rescued Ph* cells from MIR300-induced
cell-cycle arrest and PP2A-dependent apoptosis (Annexin V*
cells; Fig. 3A, right).

MIR300 Dual Activity Is Regulated in a Dose-
Dependent Differential Target-Selection Manner

Hierarchically clustering of MIR300 predicted and vali-
dated targets based on integration of different algorithms,
some of which also take into account levels of MIR300 and
of its targets in normal and leukemic BM cells (i.e., ComiR,
CSmiRTar), positioned the G;-S cell-cycle regulators CCND2
and CDK6 within the top 2% and SET within the 5% of
MIR300 targets, followed by JAK2, hnRNPA1, CTNNB1, and
Twist1 clustering within the top 25%, and MYC in the lower

75% of MIR300-interacting mRNAs (Fig. 3C; Supplementary
Fig. S3B). Notably, other regulators of G,-S transition (e.g.,
CNNA2) and LSC cell-cycle reentry (e.g., Notch signaling)
clustered together with CCND2 and CDK6, whereas MIR300
targets, belonging to JAK-STATs, PI3K-Akt, Wnt, MAPK sign-
aling pathways, and regulating CML (CP and BC) progenitor
cell survival and expansion, ranked below SET and within the
bottom 75% of MIR300 target distribution (Supplementary
Fig. S3B), suggesting that their MIR300-induced inactivation/
downregulation is PP2A-mediated, occurs upon SET inhibi-
tion, and requires levels of MIR300 higher than those nec-
essary to inhibit CCND2 and CDK6 and trigger cell-cycle
arrest in a PP2A-independent fashion. This implies that the
differential induction of MIR300 antiproliferative and proa-
poptotic activities (Fig. 2C and D) may depend on its ability
to select targets in a dose-dependent manner. Indeed, low
levels of ectopic MIR300 expression, achieved by exposing
CD34* CML-BC stem/progenitor cells to CpG-miR-300 con-
centrations (e.g., 100 nmol/L) not triggering qLSC apoptosis
(Fig. 2D), strongly reduced CCND2 and CDK®6, but not SET
expression that, instead, became barely detectable at CpG-
miR-300 doses (e.g., 500 nmol/L) inducing qLSC apoptosis
(Fig. 3B, right). This is also consistent with the presence of
four, six, and two MIR300-binding sites in CCND2, CDK6, and
SET mRNA 3’UTRs, respectively (Fig. 3B, left).

Because CDK6/CCND2 downregulation is an essential
feature of G,-Gy-arrested myeloid qLSCs (21, 22) and SET
inhibition is sufficient for inducing PP2A-dependent CML
LSC and progenitor cell apoptosis (8, 9), the ability of MIR300
to sequentially trigger growth arrest and PP2A-mediated
apoptosis of CD34" CML (CP and BC) qLSCs and progeni-
tors suggests that MIR300 expression in LSCs may account
for their entry into quiescence, whereas its downregulation
in leukemic progenitors likely occurs to prevent apoptosis
(Fig. 3B, right).

MIR300 Antiproliferative Activity Accounts for
BMM-Induced CML LSC Entry into Quiescence

MIR300 is under the control of an intergenic differentially
methylated region (IG-DMR) preceding and controlling the
expression of maternally expressed genomic-imprinted MEG3
IncRNA and other DLK1-DIO3 miRNAs (Supplementary Fig.
S4A) that are strongly inhibited upon promoter methylation
in several types of cancer, including myeloid leukemias (23).
Treatment with 5-Aza-2"-deoxycytidine (5-Aza) augmented by
10*-10°-fold MIR300 expression in Ph* cells (Supplementary
Fig. S4B); however, nearly all cells underwent apoptosis after
24 hours, suggesting that MIR300 upregulation in CML
qLSCs unlikely depends on IG-DMR demethylation and
expression of all 74-cluster B tumor suppressor miRNAs
(Supplementary Fig. S4A). Thus, MIR300 induction may
depend on BM osteogenic niche factors (e.g., MSCs, hypoxia,
TGFp1), known to inhibit growth and induce quiescence of
leukemic cells (13, 14).

Indeed, expression of MIR300 increased at qLSC or
higher levels (Fig. 1B) upon exposure of primary CD34"
CML-BC and/or LAMA-84 cells and BM-derived primary
CD34°CD45°CD73*CD105*CD90*CD44" hMSCs and HS-5
MSCs to hypoxia, suggesting that MSCs may also contrib-
ute to enhanced MIR300 levels in qLSCs (Fig. 4A and B).

OF5 | BLOOD CANCER DISCOVERY 2020

AACRJournals.org

Downloaded from https://bloodcancerdiscov.aacrjournals.org by Danilo Perrotti on March 4, 2020. Copyright 2020 American
Association for Cancer Research.


https://bloodcancerdiscov.aacrjournals.org

The MIR300 Tumor Suppressor Is Required for Leukemogenesis

A
+ + CpG-miR-300
kDa T + CpG-miR (scramble)
35 CCND2
G,—S Transition
37 CDKe6
125 JAK2
PP2A Inhibitor
34
hnRNPA1 pathway (PIP)
37 SET
90 CTNNB1
Ph* cells
50 MYC = + miR-300
>E 75 *kok
21 Twistt S =
5 G
25 GRB2 S 2 50
CML (n=3) UCB (n=3) -
CD34+ CD34+ &g 25
0
B
= hsa-miR-300 Dose-dependent target selection
B::Sn:/:/a DIANA microT-CDS ComiR CSmiRTar mirDIP 4.1
mRNA Targets
(3'UTR)
CCND2 4 9(1), 6(3) mer  0.90 0.51 12 0.63
CDK6 6 3(7),6(3) mer 0.89 0.42 9 0.62
SET 2 8,6 mer 0.84 0.33 14 0.53
JAK2 6 9(1),7(2) mer 0.83 0.30 14 0.46
TWIST1 1 6mer 0.84 0.27 10 0.52
hnRNPA1 2 7mer 0.83 0.27 1 0.51
CTNNB1 1 7 mer 0.83 0.30 12 0.47
MYC 1 6mer 0.23 0.14 6 0.19

+ + miR-300 K562 cell number (%) (832—M
+ +  Scramble ° g 3 G,~G,
CCND2
CDK6 G,;—S Transition S(_:ramble
JAK2 miR-300
hnRNPA1  P|P Anti-miR-300
SET
GRB2 miR-300 Binding sites
LAMA-84 K562
Flag SET 3UTR wt3'UTR
Flag SET 3UTR  A3'UTR
Flag SET pCDH-Flag-SET
-
£
5
=) Flag-SET
X
@ GRB2
T 6 P=0.014
E 4 Annexin V* Ph* cells (48 h)
(0] 2 Vector: ~12%
£ miR-300: ~60%
S 0
Z  MR-B00  Vector Ph"Cels
X CCND2 LSC Quiescence
miR-300 CDKG G1/S Growth arrest
Leukemia progenitors
iR- APOPTOSIS
miR-300 SET PP2A LSCs
CpG-scramble 100 500 100 500 CpG-ON (nmol/L)
1 112 1.00 0.31
1 091 0.29 0.18

CCND2
1 1.09 0.54 0.35

CML-BC CD34" (n=3)

Figure 3. MIR300 acts as master PP2A activator and inhibitor of G,-S transition through a dose-dependent target selection mechanism. A, Left;,
representative blots show effect of MIR300 on its targets and PP2A activity in UCB and CML-BC CD34* cells and cell lines exposed to CpG-scramble and
CpG-miR-300 (500 nmol/L; 48-72 hours). Right, (top) Dapi/Ki67 cell-cycle analysis of CpG-scramble, -miR-300, and CpG-anti-miR-300 (500 nmol/L;

21 hours)-treated aphidicolin-synchronized K562 cells; (middle) Flag-SET lentiviral constructs with wild-type or a deleted mRNA 3'UTR; (bottom) MIR300-
induced downregulation of Flag-SET proteins, and rescue of Ph* cells from exogenous MIR300-induced growth inhibition (Trypan blue exclusion)/
apoptosis (Annexin V*) by Flag-SET cDNAs lacking MIR300-binding site. Similar results were obtained with LAMA-84 cells. B, Hierarchical clustering of
statistically significant (P < 0.05 with FDR correction) MIR300 targets using the indicated databases (number of binding sites is indicated in red). Top
right, schematic representation of the biological effects of MIR300 dose-dependent target selection activity in gLSCs and leukemic progenitors;
(bottom) SET, CDK6, CCND2, and B-actin levels in CpG-MIR300- and CpG-scramble-treated (100-500 nmol/L; 48 hours) CML-BC CD34* cells.

Accordingly, MIR300 expression was strongly augmented in
CD34* CML cells exposed to hMSC and HS-5 conditioned
medium (CM) and/or MIR300-containing CD63*Alix* MSC
exosomes (100 pg/mL; Fig. 4C).

Hypoxia- and MSC-induced MIR300 expression correlated
with 40% to 60% reduced cell division and, importantly, with
doubled numbers of cells in the CFSE™* CD34* qLSC com-
partment (Fig. 4B and C; Supplementary Fig. S4C). Ph* LAMA-
84 cells also responded to MSC-CM exposure by ceasing
proliferation and modifying gene expression (Supplementary
Fig. S4D, left and right) in a manner similar to that of
CML qLSCs (1). Importantly, exposure to MSCs (CM and/

or exosomes) neither diminished SET and PP2Ac"" (inac-
tive) levels (Supplementary Fig. S4D, right) nor induced cell
death (unchanged cell viability), suggesting that MSCs increase
MIR300 expression in CD34* LSCs at levels sufficient to induce
cell-cycle exit, but not to trigger PP2A-mediated apoptosis.
Moreover, anti-MIR300 molecules (pZIP-miR-300 or CpG-anti-
miR-300) suppressed hypoxia-induced MIR300 target down-
regulation in CD34* CML stem/progenitor cells and prevented
MSC-induced inhibition of their proliferation when expressed
in MSCs (Fig. 4A and C), further indicating that MIR300 anti-
proliferative activity likely mediates BMM-induced CD34* LSC
entry into quiescence in CML (CP and BC). Note that increased

AA< —R American Association for Cancer Research

2020 BLOOD CANCER DISCOVERY | OF6

Downloaded from https://bloodcancerdiscov.aacrjournals.org by Danilo Perrotti on March 4, 2020. Copyright 2020 American
Association for Cancer Research.

RESEARCH ARTICLE


https://bloodcancerdiscov.aacrjournals.org

RESEARCH ARTICLE Silvestri et al.

A B
Normoxia « Normoxia
Hypoxia (48 h) g Hypoxia (48 h)
400 & ) 30
FITC-A 10
CFSE .
0 0
2 300 kDa + CpG-anti-miR-300 2 20
O
3 125 JAK2 -
S = .
2 200 > SET i
Pé: 90 CTNNB1 (° catenin) % 10
2 50 MYC
0 25 GRB2
CML-BC CD34* CML-BC CD34" hMSCs HS-5
(n=3) (n=3) (n=3)
C

RMPI hMSCs, n =3 HS-5 HS-5 anti-miR-300

+  pZIP-miR-300

+ ZIP - - -
= = 12 =4 =3 =4
go n=3 40 =38 5000 "t 3" 3 "
S 60 oxx CTNNB1 .
Q\o/ Alix « 2,500 +
s SET o 25 S
2 % 2 g2
5 40 GRB2 CD63 - 2 9
< 20 HS-5 050 = g
£ 2 3 e
g 20 *kk ok : 40 5 E 1 1 E 1
o 530 T E S
G} 820 £ &
0 10 % £ 0
CML-BC CD34* LAMA-84 CML-BC CD34" IS 0 w F CML-BC CD34* CML-BC CD34" CML-BC CD34"
CM Exosomes HS-5 CM Exosomes CM
D E F
Normoxia ~ Hypoxia (48 h) Hypoxia MigR1  MigR1-C/EBP°-ER™
4 500 -3  c/EBPC n=3 n=3
® n=4 n=3 o - . 400 *xAK 2.0
° . £ 400 109 o -
3 *Lap 2 ~109bp P o 350 3
(0] b £
— pBCR-ABL1 LAP2 3 300 -109 bp p109mut 2 300 EI 15
8 (oPY) @ GFP/Luc ) C/EBP°-ER
Q2 3 p o 2
@ BCR-ABL1 LIP S 500 o 250 ° 40
o (¢ABL) o = 5
g GRB2 S *x co 4 £ GRB2
= C/EBP® S 100 o = 05
s CML-BC - E o g 0
GRB2 +
0 CD34 0 o
CML-BC CD34+ Hypoxia ~ Normoxia

CML-BC CD34* CML-BC CD34*

Figure 4. C/EBPB-dependent MIR300 tumor suppressor antiproliferative activity accounts for BMM-induced LSC entry into quiescence. A, Effect

of hypoxia on (i) MIR300 levels in CD34* CML-BC, and BM-derived primary (hnMSCs) and HS-5 MSCs (B); and (ii) MIR300 targets in untreated and CpG-
anti-miR-300-treated (500 nmol/L, 48 hours) and CML-BC cells. Inset, effect of hypoxia on CFSE*CD34* CML-BC proliferation. C, Effect of hMSC and
HS-5 conditioned medium (CM) and/or exosomes (50-100 ug/mL) from parental, vector (pZIP), and anti-MIR300 (pZIP-MIR300)-transduced primary
hMSCs and/or HS-5 cells on: (i) proliferation (% growth inhibition); (ii) gLSC fraction (CFSE™*CD34+); and (iii) MIR300 levels in CD34* CML-BC and
LAMA-84 cells. Insets, B-catenin and SET levels in anti-MIR300 (pZip-300)-transduced HS-5 (left); MIR300 in HS-5 Alix*CD63* exosomes (right).

D, Effect of hypoxia on primary MIR300 transcripts (pri-miR-300), C/EBPB (LAP1, LAP2, and LIP isoforms), BCR-ABL1 expression (¢ABL) and activity
(ePY), and GRB2 levels in CD34* CML-BC cells. (*): nonspecific band. E, MIR300 promoter/enhancer activity in hypoxia- (48 hours) and normoxia-cultured
CML-BC CD34* cells transduced with pGFP/Luc-based MIR300-reported constructs. p109mut is mutated in the -64 and -46 bp C/EBPB-binding sites.

F, Effect of ectopic C/EBPB (inset) on mature (MIR300) and primary (pri-miR-300) MIR300 levels in CD34* CML-BC cells. Data are represented as mean +
SEM for at least three experiments. Range values of controls are reported in Supplementary Table S1.
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B-catenin in HS-S cells indicated functionality of lentivirally-
transduced anti-MIR300 construct (Fig. 4C, inset).

Hypoxia-Induced MIR300 Expression in CML-BC
LSCs Requires C/EBPp Activity

The notion that hypoxia induces quiescence of CD34* CML
LSCs and progenitors (24), and that hypoxia, but not MSCs,
induces MIR300-dependent SET inhibition and increases levels
of mature and primary (pri-miR-300) MIR300 transcripts (Fig.
4A and D; Supplementary Fig. S4D) suggests that the contri-
bution of hypoxia to MIR300 expression in qLSCs is greater
than that of MSC-derived exosomes, and that it may depend
on increased MIR300 transcription. Indeed, luciferase (luc)
assays in normoxia- and hypoxia-cultured CD34" CML-BC
stem/progenitor cells transduced with reporter constructs
containing full-length or 5’-deleted MIR300 intergenic region
revealed the presence of a hypoxia-sensitive regulatory element
in the 109 bp preceding the human MIR300 gene (Fig. 4E).
ENCODE (V3) ChIP-Seq and PROMO analyses revealed that
this 109 bp is located in a DNasel hypersensitive region and
contains two CCAAT Enhancer Binding Protein B (C/EBPB)-
binding sites at position —-64 and -46 that may drive transac-
tivation of MIR300 transcription. Site-directed mutagenesis of
these C/EBPB-binding sites (p109mut) resulted in loss of luc
activity (Fig. 4E), indicating that C/EBP binding to this 109 bp
regulatory element is essential for MIR300 transactivation in
hypoxia-, but not normoxia-cultured CD34" CML-BC cells.
Accordingly, increased pri-miR-300 expression correlated with
markedly higher C/EBPB LAP1 (transcriptionally active) levels
in hypoxic CD34" CML-BC cells (Fig. 4D). In contrast, lack of
C/EBP-driven p109-luc activity in normoxic CD34* CML-BC
progenitors correlated with increased C/EBPP LIP (inhibitory
function) expression (Fig. 4D). Consistent with the notion
that CEBPB translation is inhibited by BCR-ABL1 activity (25)
and that hypoxia inactivates BCR-ABL1 to induce LSC quies-
cence (14), MIR300 induction by hypoxia was associated with
decreased BCR-ABLL1 activity, but not expression, (Fig. 4D)
and ectopic C/EBPB-ER™M expression rescued primary (pri-
miR-300) and mature MIR300 expression in normoxic CD34"
CML-BC cells (Fig. 4F).

Hypoxia also substantially increased by 10- to 20-fold
MIR300 and C/EBPP protein, but not mRNA levels, in
BM-derived primary MSCs and/or HS-S cells (Fig. 4B;
Supplementary Fig. S4E), suggesting that the hypoxic condi-
tions of the osteogenic BM niche may increase MIR300 levels
in CML LSCs by simultaneously inducing C/EBPB LAP1-
dependent MIR300 transcription and increasing transfer of
MSC-derived exosomal MIR300. Conversely, the evidence
showing that MIR300 levels in C/EBPB-responsive CD34"
CML-BC cells and/or Ph* cell lines were not influenced by
ectopic C/EBPa expression or exposure to TGFB1-blocking
antibody (Supplementary Fig. S4F and S4G), indicated that
these qLSC regulators do not contribute to increased MIR300
expression.

Notably, the notion that mouse ¢/ebpp induces BCR-ABL*
LSK exhaustion (26) does not argue against a role for human
C/EBPp as an inducer of LSC quiescence because: (i) LSKs
are pushed into cycle by constitutively activated BCR-ABL1
that promotes C/EBPB-dependent LSK maturation (26), (ii)
the hypoxia-sensitive C/EBPB-responsive MIR300 regulatory

element is not conserved in mouse cells, and (iii) an A-to-G
substitution in mmu-miR-300 seed sequence at +4 position
is predicted (miRTar, MFE: < -10 kcal/mol; score: 2136.5) to
prevent mouse MIR300 targeting of ccnd2 and cdk6 mRNAs.

MIR300 Is Upregulated in CML NK Cells and
Its BMM-Induced Antiproliferative and PP2A-
Activating Functions Impair NK Cell Immune
Response

In CML, loss of NK cell antitumor immune response
is causally linked to persistence of TKI-resistant LSCs (4,
27, 28). Cytotoxicity assays showed that cytokine-activated
CD56"CD3™ NK cells can kill CD34* CML-initiating qLSCs
(Fig. 5A). Because cytokine-induced CCND2 expression and
SET-dependent PP2A inhibition are essential for CD56*CD3~
primary NK and clinically relevant NK-92 cell proliferation
and antitumor cytotoxicity (refs. 29, 30; Supplementary Fig.
S5A), and KEGG/GO analyses predicted that MIR300 regu-
lates innate anticancer immunity (Supplementary Fig. S3A,
right), we assessed whether reduced numbers and dysfunc-
tional NK cells in patients with CML (28, 31) depend on
increased MIR300 expression.

MIR300 levels were increased in CD56*CD3” NK cells from
patients with CML at diagnosis, but not in NK cells, from
healthy individuals (Fig. 5B), suggesting that loss of NK-cell
proliferation and killing activity against CD34* CML qLSCs
and progenitors may depend on BMM-generated and leukemia-
sustained MIR300 antiproliferative and PP2A-activating
functions. Indeed, exposure to hypoxia and BM MSC (pri-
mary hMSCs and HS-5 cells)-derived CM and/or Alix*CD63*
exosomes reduced by 45% to 75% IL2-dependent proliferation
of CD56'CD3" primary NK and NK-92 cells (Fig. SC and
D; Supplementary Fig. S5B) and severely impaired NK-cell
immunoregulatory (IFNy production) and anticancer cyto-
toxic (K562 killing) activities (Fig. SE). Importantly, lenti-
viral anti-miR-300 (pZIP-miR-300) transduction into HS-S
cells and pretreatment of NK-92 cells with CpG-anti-miR-300,
but not with CpG-scramble, significantly suppressed MSC
CM- and/or exosome-inhibitory effects on NK cell prolif-
eration and cytotoxicity against CML cells (Fig. 5D and E).
Accordingly, IL2-induced proliferation and cytotoxicity of
CDS56"CD3™ NK and clinically relevant NK-92 cells was sup-
pressed in CpG-miR-300-, but not CpG-scramble-treated cells
(Fig. SF), suggesting that impaired NK-cell growth and cyto-
toxicity against CML qLSCs and proliferating blasts occur
in a MIR300-dependent manner through hypoxia- and MSC-
(CM and exosomes) generated signals, increasing levels of
C/EBPB and MIR300 that, in turn, reduces CCND2, CDKG6,
and SET expression (Fig. 5C, E, and F).

Selective Suppression of MIR300 Proapoptotic,
But Not Antiproliferative Activity by TUGI IncRNA
in CML Quiescent LSCs

Myeloid qLSCs display low to undetectable CCND2 and
CDKG6 expression, but high SET levels (9, 22, 32), and sur-
vive despite the high expression levels of a functional (target
downregulation) MIR300 (Figs. 1B and 4A), suggesting that
a MIR300-interacting factor differentially regulates MIR300
activities to prevent CML qLSC apoptosis while allowing LSC
cell-cycle exit.

American Association for Cancer Research

AAC

2020 BLOOD CANCER DISCOVERY | OF8

Downloaded from https://bloodcancerdiscov.aacrjournals.org by Danilo Perrotti on March 4, 2020. Copyright 2020 American
Association for Cancer Research.

RESEARCH ARTICLE


https://bloodcancerdiscov.aacrjournals.org

RESEARCH ARTICLE Silvestri et al.

A B C
CML-BC (n=3) PB healthy (n=3) ‘. Normoxia [l Hypoxia (48 h) |
CML-BC+ NK-92 (n = 3) PB CML-CP (n=3) + Hypoxia +
_ _ n=3 + CM (HS-5
15 1=3 27 n=3 10 RE ek SET< )
] gLSC Killing e 3
o 3 2 2 = CCND2
> i . > > < .,
g 1.0 (E:T =10:1) & 3 CFsE CDKe
w P > s GRB2
U) o bs) 5 %) *kk
S os >k @ A1 @ £ + CM (Hs-5)
e T s 2 SET
§ € IS é 1
8 o 0 0 o, GRB2
CD34*CML-BC hNK Cells hNK Cells NK-62
D E
RPMI hMSCs, n=3 HS-5 HS-5 anti-miR-300 |. revi [l HS-5 ] HS-5 anti-miR-300 |
NK-92 CpG-scr + HS-5 CM NK-92 CpG-anti-miR-300 + HS-5 CM + + HS5CM
+ Control
n=3 e n=3 n=3 n=3 n=3 n=3 + anti-miR-300
__ 60 . 10 25 . 100 8 60 [ Jser
& o (IL12/L8) _
; % 8 Q . B-Actin
ke > @ < NK-92
= 40 () [ + 40
5 g 6 15 3 s
= o — 50 £ 40 *
£ & 4 = 3
£ 20 o i c 20
g E 2 0.5 NS
© 0 0 0 0
hNK NK-92 NK-92  NK-92 hNK  NK-92 NK-92 NK-92 NK-92  (E:T=5:1)
CM Exosomes CM  Exosomes Exosomes Exosomes M
F

[. CpG-scramble (500 nmoiL) [l CoG-miR-300 (500 nmolrL)

n=3 n=3 + Control
100 40 (ET=5:1) + mif-500
§ 80 ;\3\ SET
g g B-Actin
60 .
_g z 20 hNK Cells
2 40 F + Control
= = + miR-300
8 20 < SET
0 0 B-Actin
hNK Cells NK-92 NK-92

Figure 5. BMM-induced MIR300 antiproliferative and PP2A-activating functions impair NK cell immune response. A, NK-92 cell cytotoxicity against
CML-BC qLSCs. B, MIR300 levels in CD56*CD3~ NK (hNK) cells from healthy and CML-CP individuals. C, Effect of hypoxia and MSC CM on MIR300,
C/EBPB, SET, CCND2, CDK6, and GRB2 levels in hNK and/or NK-92 cells. Inset, effect of hypoxia on CFSE* NK cell growth. D, Effect of CM and exosomes
from hMSCs and from parental, vector-, and anti-MIR300-transduced HS-5 cells on proliferation (left) and MIR300 levels (right) in hNK and untreated,
500 nmol/L CpG-scramble or CpG-anti-MIR300-treated NK-92 cells. E, IL12/IL18 (18 hours)-induced IFNy mRNA levels and NK cytotoxicity (% Annexin V*
K562 cells) in IL2-cultured NK-92 cells exposed to CM or exosomes from parental or vector- and anti-MIR300-transduced HS-5 cells. Inset, SET

and actin levels in NK-92 exposed to vector- and anti-miR300-transduced HS-5 CM. RPMI medium served as control. F, Effect of CpG-scramble and
CpG-miR-300 treatment (500 nmol/L; 36 hours and 7 days) on IL2-depleted NK-92 cytotoxicity (% Annexin V+ K562 cells), IL2-induced hNK cell proliferation
(% cell number), and on SET and B-actin expression. Data are represented as mean + SEM for at least three experiments. Range values of controls are
reported in Supplementary Table S1.

Because the taurine upregulated gene 1 (TUGI) is a MIR300- progenitors and to CD34*CFSE™* UCB cells, but not in
interacting (33) long noncoding RNA (IncRNA) that prevents either CD34*CFSE™ UCB HSCs, compared with dividing
the inhibition of MIR300-regulated factors (e.g., CCNDI, CD34" UCB progenitors or CD34" Lin~ compared with
CTNNB1, and Twist1) described as important for tumor cell CD34* Lin® BM cells from healthy individuals (Fig. 6B;
growth and survival (34), we investigated whether TUGI may Supplementary Fig. S6A and S6B). In CML, TUGI is regu-
differentially regulate MIR300 tumor suppressor activities in lated in a manner similar to that of MIR300; in fact, TUGI
CML qLSCs (Fig. 6A). expression is imatinib-insensitive in qLSCs, but not in divid-

TUGI levels are markedly increased in CD34*CFSE™* ing CD34* progenitors in which it is markedly suppressed
CML qLSCs compared with dividing CD34* CML by BCR-ABL1 activity (Fig. 6B).
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Figure 6. Selective suppression of MIR300 proapoptotic, but not antiproliferative, activity by TUG IncRNA in CML quiescent LSCs. A, BMM-generated
signals regulating MIR300-TUGI interplay and its effect on CML LSC survival and quiescence. B, TUGI levels in CD34* quiescent stem (CFSE™*) and
dividing progenitors (Div.1, 2) and in untreated and imatinib-treated CD34* CML cells. C, Effect of anti-TGFp antibody (Ab) and/or hypoxia (1% O,

48 hours) on TUGI IncRNA and FoxM1 levels in CD34* and CD34+*CFSE™* CML-BC cells. D, Dose-dependent differential effect of low (100 nmol/L) and
high (500 nmol/L) CpG-TUG1-shRNA and CpG-scramble on Ph* LAMA-84 cell proliferation and survival (Annexin V). E, Effect of anti-TGFB Ab, TUG1-shRNA,
TUGI RNA, and control (CpG-scramble or empty vector) on recovery of untreated and CpG-scramble, -miR-300, and/or -anti-miR-300 eFluor*CD34+ CML
qLSCs (eFluorm>) and dividing (Div.1-2) progenitors relative to input. Inset, TUGI levels in vector, TUGI shRNA and scramble-shRNA cells. Data are
represented as mean + SEM for at least three experiments. Range values of controls are reported in Supplementary Table S1.

Because TUGI expression correlates with that of TGFf1
in tumor cells (35) and TGFB1 is a known inducer of LSC
quiescence and it is secreted by leukemic cells including
CD34* CML blasts (36), we investigated the role of TGFB1
in the regulation of TUGI expression and activity in CD34*
CML qLSCs and progenitors. Exposure (48 hours) of CD34*
CML-BC cells to a TGFp1l-blocking antibody (anti-TGFp
Ab; green bars) halves TUGI levels and also reduces levels
of FoxM1 (Fig. 6C, left), a transcriptional factor that is

essential for quiescence and maintenance of hematopoietic
stem cells, including CML LSCs, and induces TUGI expres-
sion in osteosarcoma cells (37-39). In contrast, FoxM1 and/
or TUGI expression is strongly induced in a TGFB-dependent
manner in hypoxia-cultured (48 hours, 1% O,) CML-BC
CD34*CFSE™ and bulk CD34" cells (Fig. 6C), suggesting
that hypoxia-induced TGFB1 (36) enhances TUGI levels in
a FoxM1-dependent manner to neutralize MIR300 proapop-
totic activity in CML CD34* qLSCs.

American Association for Cancer Research

AAC

2020 BLOOD CANCER DISCOVERY | OF10

Downloaded from https://bloodcancerdiscov.aacrjournals.org by Danilo Perrotti on March 4, 2020. Copyright 2020 American
Association for Cancer Research.


https://bloodcancerdiscov.aacrjournals.org

RESEARCH ARTICLE

Silvestri et al.

Indeed, dosing TUGI downregulation by exposure to low
and high CpG-TUGI-shRNA concentrations mimicked the
dose-dependent differential activation of MIR300 antiprolif-
erative and proapoptotic functions exerted by different CpG-
miR-300 doses (Fig. 2D); in fact, exposure of Ph* cells (LAMA-84)
to 100 nmol/L CpG-TUGI-shRNA efficiently induced growth
arrest, but modestly affected survival (Annexin V* cells; Fig.
6D and E, inset). Conversely, 500 nmol/L CpG-TUGI-shRNA
decreased CD34%eFluor™>* CML-BC qLSC and LAMA-84 cell
numbers in a MIR300-sensitive manner and further enhanced
CpG-miR-300-driven apoptosis resulting in a nearly com-
plete loss of CD34*eFluor™>* qLSCs and dividing CD34*
leukemic progenitors (Fig. 6D and E). As expected, exposure
(48 hours) to a TGFB1-blocking antibody markedly decreases
qLSC numbers, but very modestly affects dividing leuke-
mic progenitors (Fig. 6E). In contrast, TUGI overexpression
(TUGI1 RNA) antagonized CpG-miR-300-induced qLSC and
progenitor cell apoptosis (Fig. 6E). CpG-anti-miR-300 fully pre-
vented TUGI-shRNA-induced apoptosis of CML CD34*eFluor
qLSCs (Fig. 6E), suggesting that CML LSC entry into quies-
cence and qLSC survival are MIR300-driven TUGI-regulated
effects. Thus, hypoxia-induced TGFB1-FoxM1-mediated sig-
nals increase TUGI expression to allow CD34* CML LSC entry
into quiescence and qLSC survival by maintaining the amount
of free functional MIR300 at levels sufficient for arresting cell
cycle, but not for triggering PP2A-dependent apoptosis (Fig.
6A; Supplementary Fig. S6C). Conversely, CpG-anti-miR-300
did not counteract TUGI-shRNA-induced apoptosis in CD34*
CML progenitors (Fig. 6E). Moreover, the nearly complete
killing of CD34* CML dividing progenitors induced by CpG-
miR-300 and -TUGI-shRNA combined treatment (Fig. 6E) sug-
gests that the BCR-ABL1-regulated low TUGI expression in
CD34* CML blasts (Fig. 6B) is required for inhibiting the activ-
ity of other miRNAs negatively regulating cell survival.

Disruption of MIR300-TUG1 Interplay and

PAD Treatment Abrogate the BMM-Protective
Effect on Survival of CML qLSCs and BCR-ABL1~*
Leukemia-Initiating Cells

By using a previously described patient-derived xenograft
(PDX)-based approach suitable for determining changes in
CML LT-HSC survival (40), we assessed the effects of disrupt-
ing the MIR300-TUGI interplay on BM-repopulating CML
qLSCs. NRG-SGM3 mice (n = 4/group) were transplanted
with >95% Ph* CD34* CML-CP, - AP (accelerated phase) and
-BC cells previously exposed for 48 hours to 500 nmol/L CpG-
scramble (control), CpG-miR-300, and CpG-TUGI-shRNA used

as single agents or in combination (Fig. 7A). At 4 and 8 weeks
after engraftment, BM hCD45*CD34" progenitors and LSC-
enriched hCD45"CD34*CD38" cells were reduced by 75% to
97% in all arms (Fig. 7B and C). Inhibition and/or saturation of
TUGI MIR300-sponging activity with CpG-TUGI-shRNA and
CpG-miR-300 resulted in the killing of approximately 100% of
leukemia-initiating (hCD45"CD34*CD38 CD90") quiescent
HSCs (Fig. 7C), barely detectable BCR-ABLI transcripts, and
3.6-fold increased numbers of normal (Ph™) BM cells (Fig. 7D),
and strongly reduced numbers of PB and BM CML (CP, AP
and BC) hCD45* cells (Fig. 7E). Thus, CpG-oligonucleotide-
mediated pharmacologic disruption of MIR300-TUGI bal-
ance allows PP2A-mediated MIR300 proapoptotic activity to
suppress chronic and blastic CML development by selectively
and efficiently eliminating nearly all TKI-resistant leukemic,
but not normal quiescent HSCs and progenitors. Note that
the extremely low numbers (0%-0.0015% of total BM cells
recovered/12 mice/arm) of CpG-miR-300-, CpG-TUGI-shRNA-,
and CpG-miR-300/TUGI-shRNA-treated CD34*CD38 CD90*
CML (CP, AP, and BC) BM-repopulating cells (Fig. 7C) did
not justify serial BM transplantation into secondary and
tertiary recipients.

Consistent with the role of MIR300 as a BMM-induced
tumor suppressor capable of triggering CML CD34* qLSC
apoptosis through suppression of SET-mediated PP2A inhibi-
tion, and with the notion that SET expression is increased in
CD34*CD38°CD90* CML LSCs (9) and that SET-sequestering
PADs selectively induce apoptosis of TKI-resistant seri-
ally transplantable leukemic LT-HSCs and CD34*CEFSE™
quiescent CML, but not normal HSCs (9), PAD treatment
(2 umol/L FTY720) of HS-S-cocultured CFSE*CD34* CML-BC
cells markedly reduced the cobblestone area-forming cell
(CAFC) activity (Fig. 7F, left) and numbers of adherent
CFSE™*AnnexinV*¢CD34* CML qLSCs (~91.1% inhibition
relative to DMSO-treated controls; Fig. 7F, right), suggest-
ing that FTY720-mediated PP2A activation (20) circumvents
the MSC-mediated protective effect on CML qLSC survival.
Likewise, HS-5 CM did not protect LAMA-84 CML progeni-
tors from FTY720-induced apoptosis (Supplementary Fig.
S4D, middle). As expected (41), TKI treatment (imatinib)
did not reduce, but augmented CAFC and qLSC numbers
(Fig. 7F). Accordingly, FTY720, but not imatinib, strongly
decreased CAFC activity (red arrows) derived from Lin
“ScatCD45 CD31*CDS1" mouse MSC (mMSC)-induced
(inset) CFSEPright 32D-BCR-ABL cells (Fig. 7G), further indicat-
ing that pharmacologic PP2A activation by SET-sequestering
PADs can lead to CML eradication at qLSC level.

>

Figure 7. Disruption of MIR300-TUGI interplay and PAD treatment abrogate the BMM-protective effect on survival of CML qLSCs and BCR-ABL1*
leukemia-initiating cells. A, Xenotransplantation protocol of ex vivo-treated CD34+ chronic (CP), accelerated (AP) and blastic phase (BC) CML cells in
NRG-SGM3 mice (n =4 mice/treatment/patient sample). B and C, Analysis of CpG-MIR300-~, CpG-TUG1-shRNA-, CpG-TUG1-shRNA+CpG-MIR300-, and
CpG-scramble-treated CML cells from BM aspirates at 2-12 (3D plots) and 10 to 20 weeks posttransplant quantitative analysis of CML cells stained with
the indicated antibodies. D, Evaluation at 10 to 20 weeks posttransplant of BCR-ABL1 transcripts by gRT-PCR (left) and of % Ph-negative (Ph-) cells by FISH
(right) in total and FACS-sorted hCD45*BM cells, respectively. E, Analyses of BM CML cells at 10 to 20 weeks posttransplant: hCD45* cells (%) in BM (left)
and PB (right) of mice transplanted with CML (CP, AP, and BC) and treated with the indicated CpG-ODNs. Age-matched mice served as controls. Error bars,
mean + SEM. F, Effect of 2.5 umol/L FTY720 or 1 umol/L imatinib (IM) on CAFC activity (left) and numbers of CFSE™*AnnexinV"ehCD45*CD34+ CML qLSCs
derived from CFSE-labeled CD34* CML-BC cells cocultured for 7 days on BM-derived HS-5 MSC cells (right). Inset, FACS plot shows gating of CFSE™ CML
gLSCs. G, Relative number and representative images of CAFC (red arrows) of CFSE-labeled 32D-BCR-ABL cells cocultured with primary mMSCs in the
absence or presence of IM (1 umol/L, 48 hours) or FTY720 (2 umol/L, 48 hours; n=5). Inset: CFSEP"&" fraction of adherent 32D-BCR-ABL cells in medium
and cocultured for 4 days with mMSCs. Range values of controls are reported in Supplementary Table S1.
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DISCUSSION

Altered miRNA expression and PP2A tumor suppressor
activity are tightly linked to leukemogenesis and impaired
NK-cell-mediated anticancer immunity. The notion that
PADs, but not TKIs, kill CML qLSCs (42) implies that BCR-
ABL1 kinase-independent signals, likely arising from the
endosteal hypoxic BMM (5), regulate CML LSC activity and
survival through inhibition of PP2A. We previously reported
that BCR-ABL1 expression, but not activity, is essential for
recruitment of Jak2-driven hnRNPA1-mediated signals induc-
ing SET-dependent PP2A inhibition that, in turn, allows
CTNNB1 (B-catenin)-dependent regulation of CML (CP and
BC) LSC proliferation and survival (9). We also demonstrated
that inhibition of cytokine-induced SET upregulation or
PAD treatment impair NK-cell cytotoxicity against Ph* cells
through activation of PP2A (30). Here we showed that post-
transcriptional signals, which are initiated by the tumor-naive
BMM and likely maintained by the tumor-reshaped BMM,
control CML LSC entry/maintenance into quiescence and
impair NK-cell immunity. This occurs through the induction
of MIR300, a tumor suppressor miRNA with dose-dependent
antiproliferative and PP2A-activating functions, which are
uncoupled and differentially regulated by TUGI IncRNA
decoy activity in CML LSCs. Importantly, a dose-dependent
target selection mechanism (43) allows the sequential activa-
tion of MIR300 antiproliferative and PP2A-activating func-
tions through the inhibition of CDK6/CCND2 and SET,
respectively, in CML qLSCs and progenitors and in NK cells.

MIR300 Role in CML LSCs and Progenitors

Expression studies revealed that MIR300 levels are down-
regulated in CML (CP and BC) CD34* progenitors, but
not in the CML-initiating (1) qLSC (CD34*CFSE™) frac-
tion. Restoration of MIR300 expression arrested proliferation,
expanded the Go-G; quiescent stem cell fraction, strongly
impaired survival of dividing CD34* CML stem/progenitor
cells, and was associated with downregulation of CCND2/
CDK®6, SET, and other PP2A-regulated CML growth- and
survival-promoting factors (e.g., JAK2, CTNNB1, hnRNPA1
and MYC; ref. 1). Because CCND2/CDKG6 inhibition char-
acterizes quiescent long-term HSCs (LT-HSCs) and is suf-
ficient to arrest CD34" leukemic progenitors in Gy-G; (21,
22), MIR300-induced loss of CCND2/CDK®6, which occurs at
low levels of MIR300 expression, likely represents the mecha-
nism by which MIR300 antiproliferative activity contributes
to CML stemness. Likewise, SET inhibition, which occurs
when MIR300 is highly expressed and is sufficient for trig-
gering PP2A-mediated cell death of CML (CP and BC) qLSC
and progenitors (8, 9), likely account for MIR300-induced
apoptosis. In fact, we showed that loss of MIR300 binding
to SET impaired MIR300-induced PP2A-mediated Ph* cell
apoptosis. This also suggests that inactivation and/or down-
regulation of JAK2, CTNNBI1, Twistl, and MYC may result
from MIR300-induced PP2A activation. Indeed, bioinformat-
ics analysis that integrates several algorithms and also takes
into account miRNA and mRNA targets’ expression levels
in normal and myeloid leukemia BM cells indicated that
MIR300-induced inhibition of other PP2A-regulated survival
factors (e.g., Twistl, CTNNBI, JAK2, and MYC) requires

levels of MIR300 significantly higher than those suppressing
SET (Fig. 2B; Supplementary Fig. S3B). Thus, downregula-
tion of these MIR300 targets unlikely represent the primary
mechanism of MIR300-induced apoptosis of CML qLSCs
and progenitors. Strengthening the importance of CCND2/
CDKG6 and SET as key MIR300 effectors is the notion that
MIR300-induced CCND2/CDKG6 and SET inhibition may not
be limited to MIR300-induced posttranscriptional downregu-
lation. In fact, MIR300 may also impair SET, CCND2 and/or
CDKG6 transcription, mRNA nuclear export, translation and/
or protein stability/activation upon inhibition of other PIP
factors (e.g., hnRNPA1, JAK2, and SETBP1), and the associ-
ated XPO1 (Supplementary Fig. S3A, left; refs. 8, 20, 44-46).

The evidence that high levels of MIR300 expression does not
induce apoptosis of CML qLSCs, which exhibit inactivation of
PP2A and activation of JAK2, SET, and CTNNBI1 (1, 9), raises
the questions of whether MIR300 is required for LSC quiescence
and survival; how MIR300 is regulated in qLSCs and leukemic
progenitors; and how qLSCs elude MIR300-induced apoptosis.

The requirement of MIR300 for induction and mainte-
nance of CML LSC quiescence is clearly demonstrated (Figs.
2D, 3B, and 4C; Supplementary Fig. S4D) by: (i) the ability
of anti-MIR300 molecules to antagonize MSC-induced inhi-
bition of leukemic cell proliferation, (ii) impaired LTC-IC-
driven colony formation in the absence of qLSC apoptosis in
CD34* cells exposed to CpG-miR-300 concentrations inhibit-
ing CCND2/CDKG6 but not SET expression, and by the (iii)
inability of MSCs to induce SET downregulation in CML cells.
Importantly, the evidence that MIR300-dependent SET inhi-
bition is induced by hypoxia, but not MSCs, in CD34* CML
stem/progenitor cells (Fig. 4A; Supplementary Fig. S4D) and
that SET, JAK2, and CTNNBI are active in CML qLSCs (1,
46), suggests that LSC entrance into quiescence is initiated by
MSCs prior to LSC niching into the BM endosteal area with
the lowest O, tension in which the MIR300 PP2A-activating
proapoptotic function is likely inhibited by the hypoxia-
induced TUGI sponging activity. Moreover, the evidence
that anti-MIR300-expressing MSCs fail to suppress leukemic
CD34* cell proliferation, and that exposure of CD34* CML
stem/progenitor cells to MSC CM and/or exosomes increases
MIR300 expression and double the number of CD34* CML cells
in the quiescent LSC compartment (Fig. 4), suggests that the
MSC-induced transition into quiescence of CD34" CML LSCs/
progenitors may depend on CDK6/CCND2 downregulation
induced by MSC-derived exosomal MIR300. In this scenario,
hypoxia-induced MIR300 will sustain, but not promote, CML
LSC quiescence. However, MSCs may contribute to the hypoxia-
dependent regulation of MIR300-induced LSC quiescence and
qLSC survival by increasing TUGI expression through the
release of TGFP1 (36). Mechanistically, we showed that hypoxia
induces MIR300 transcription in CD34" CML cells and MSCs
through reduced LIP (inhibitory) and increased LAP1 (activa-
tory) C/EBPB, which binds/transactivates a hypoxia-sensitive
regulatory element located 109 bp upstream the MIR300 gene.
Accordingly, it was found that C/EBPP was found expressed in
CML LSCs (26), induced by hypoxia, and to negatively regulate
G;-S transition and SET expression (47, 48).

Although other miRNAs regulating LSC survival or qLSC
reentry into cycle have been associated with CML develop-
ment (18, 49, 50), to our knowledge, MIR300 is the only cell
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context-independent (same activity in LSCs and progenitors)
miRNA capable of both supporting CML leukemogenesis
by inducing LSC quiescence and triggering CML qLSC and
progenitor cell apoptosis.

MIR300 Role in NK Cells

MIR300 is also the only tumor-naive-induced tumor
suppressor miRNA that inhibits NK cell-mediated innate
anticancer immunity while promoting LSC quiescence. NK
cells preferentially kill cancer stem cells (4, 51), including
BM-repopulating TKI-resistant BCR-ABL1* qLSCs (Fig. 5B),
and NK-cell quantitative and functional impairment is a fea-
ture of patients with untreated and TKI-treated CML (6, 52).
Impaired NK-cell immunity also associates with CML qLSC
persistance in patients with TKI-treated CML in deep molec-
ular remission (28, 31), whereas normal levels of activated
NK cells characterize patients in sustained treatment-free
remission (28) and account for increased disease-free survival
after T-cell-depleted stem cell transplant (4), suggesting that
NK-cell-based therapies may lead to qLSC eradication.

Despite RNA sequencing (RNAseq) of MSC exosomal RNA
suggesting that other 14 MSC-derived miRNAs may contrib-
ute to impaired NK-cell activity (Supplementary Fig. S5C),
we showed that MIR300 levels are increased in circulating NK
cells from patients with CML at diagnosis and that BMM-
induced inhibition of NK cell proliferation and antitumor
activity require MIR300 induction. In fact, BMM-induced NK
cell inhibition was recapitulated by MIR300 mimics and abro-
gated by MIR300 RNAI. Furthermore, our data suggests that
impaired NK-cell proliferation and cytotoxicity may depend
on C/EBPB-MIR300 signals leading to CCND2/CDK6 and
SET downregulation. Because the tumor-naive BMM-induced
loss of CCND2 and SET expression (PP2A inhibition) account
for suppression of NK cell proliferation (29) and antitumor
cytotoxicity (30), the NK cell quantitative and qualitative
defects observed in CML may arise from MIR300-mediated
signals initiated by the naive BMM (S53), sustained and/or
exacerbated by the leukemia-reshaped BMM (54) and over-
riding cytokine-driven NK cell activation (55). Interestingly,
treatment with MSC exosomes also reduced pre-miR-155
levels (BIC) in IL12/IL18-stimulated and resting NK-92 cells
(Supplementary Fig. S5D). Because, miR-155 not only inhib-
its SHIP1 and PP2A to allow MAPK- and AKT-dependent
NK cell proliferation and cytotoxic activity (16, 55), but also
suppresses C/EBPP expression (ref. 56; Supplementary Fig.
S5D), MSC-induced BIC downregulation likely contributes
to MIR300-dependent NK cell inhibition by antagonizing
miR155-induced C/EBPB downregulation. Furthermore, con-
sistent with the notion that TUGI acts as a MIR300 decoy and
in contrast with the mechanism regulating MIR300 activities
in leukemic cells, BMM-induced NK cell inhibition occurs in
a MIR300-dependent, but not TUGI-independent manner; in
fact, hypoxia did not increase, but decreased TUGI expression
in NK cells, and TUG1-shRNAs did not alter NK cell number
(Supplementary Fig. SSE and SSF).

Biologic and Therapeutic Relevance of the
MIR300-TUG1 Interplay in CML Cells

TUGI is an oncogenic IncRNA upregulated in different
types of cancer in which it has strong diagnostic, prognostic

and therapeutic relevance (34). In CML-BC qLSCs, TUGI is
induced by hypoxia and uncouples MIR300 functions and
dose-dependently suppresses only MIR300 PP2A-mediated
proapoptotic activity (Fig. 6). This unprecedented IncRNA
function allows TUGI to maintain unbound MIR300 at levels
sufficient for inducing CML LSC growth arrest but not for
triggering PP2A-mediated apoptosis, which does not depend
on loss of TUGI survival signals, but on the effect of freed
MIR300 on SET mRNA. Accordingly, TUGI loss in solid
tumors was associated with Gy-G; arrest and apoptosis,
whereas its overexpression with induction of proliferation
and upregulation of mitogenic and survival factors (e.g.,
CCND1/2, CTNNBI, and Twist1) also described as MIR300
targets (34). In addition, we showed that TUGI activity is
MIR300-restricted in CD34" CML qLSCs, but not in leukemic
progenitors in which TUG1-shRNAs induced apoptosis of
anti-MIR300-treated CD34" CML cells. Because TUGI inter-
acts with several tumor suppressor miRNAs (34, 57), this sug-
gests that TUGI may function in CML LSCs and progenitors
as a hub for specific subsets of functionally related tumor
suppressor miRNAs. Indeed, 56 experimentally validated
TUGI-interacting miRNAs that possess growth-suppressive
and/or proapoptotic functions are differentially expressed
in CD34*CD38 LSC-enriched and CD34*CD38*-committed
progenitor CML (CP and BC) cells (Supplementary Fig. S7A).
Notably, 96.4% and 44.3% of these miRNAs are predicted to
shut down BCR-ABL1-dependent signals in CML blasts and,
like MIR300, to act as inhibitors of cell-cycle progression and
PP2A activators (Supplementary Fig. S7A and S7B). Thus, it
is conceivable that balanced TUG1-MIR300 levels are essential
for CML qLSC induction/maintenance, whereas insufficient
TUGI expression will lead to CML qLSC and progenitor cell
apoptosis by freeing MIR300 and other miRNAs with similar
tumor suppressor activities. Conversely, high TUGI sponge
activity will likely promote CML cell proliferation, survival,
and qLSC cell-cycle reentry, although an aberrant TUGI
increase that also inhibits MIR300 antiproliferative activity
may induce LSC exhaustion by impairing entry into quiescence
and forcing reentry into cycle.

Mechanistically, we showed that increased TUGI expres-
sion in qLSCs depends on hypoxia-induced TGFB1 secre-
tion by CD34* CML stem/progenitor cells. In fact, exposure
to a TGFB1 blocking antibody markedly impaired TUGI
expression in CML progenitors and in hypoxia-cultured CML
qLSCs. However, hypoxia-induced TGFBR1/2 upregulation
in CML LSCs (36) may also contribute to increased TUGI
expression and regulation of MIR300 functions. Hypoxia-
induced TUGI expression in CML qLSCs may also depend
on Notch activity (58); however, blocking TGFB1 signaling
in CD34" CML progenitors and hypoxia-exposed qLSCs also
strongly suppressed expression of FoxM1, a TUGI transcrip-
tional inducer and regulator of CML LSC quiescence and
cycling activity (37, 39, 50). Thus, hypoxia-TGFB-FoxM1,
but not Notch-induced signals, increases TUGI expression in
CML LSCs to selectively inhibit MIR300 PP2A-mediated proa-
poptotic function while allowing MIR300-dependent entry
into quiescence. However, Notch signaling may contribute
to the MIR300-TUGI-dependent regulation of LSC quies-
cence and survival through the RBPJ-mediated inhibition of
miR-155 that may induce TUGI and MIR300 expression by
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preventing FoxM1 and C/EBPB downregulation, respectively
(Supplementary Fig. S6C).

In conclusion, tumor-naive BMM-induced MIR300 tumor
suppressor antiproliferative and PP2A-activating functions
support CML development through induction of LSC qui-
escence and inhibition of NK cell-mediated qLSC killing,
respectively. This may represent the initial step leading to
formation and expansion of the TKI-resistant CML qLSC
pool. Once established, the CML clone will reshape the BMM
to further support disease development and progression.
TUGI-MIR300 interaction plays a central role in this process
because altering its ratio leads to the nearly complete and
selective PP2A-dependent eradication of chronic and blastic
CML qLSCs in vitro and in PDXs. This, together with the
ability of SET-sequestering PADs to bypass the MSC-induced
protective effect on CML qLSC survival, not only highlights
the therapeutic importance of pharmacologically modulat-
ing PP2A activity in anti-LSC and NK cell-based therapeutic
approaches for CML eradication, but also indicates that the
activity of a tumor suppressor (i.e., MIR300) can be exploited
by LSCs to preserve their ability to induce and maintain
leukemia.

METHODS

Cell Culture and Treatments

Cell Lines Ph* CML-BC K562 and LAMA-84, human BM MSC-
derived HS-5 (59), mouse BM-derived 32D-BCR/ABL, and the clini-
cally relevant human NK-92 (60) cells were cultured in RPMI1640
medium. NK-92 cultures were supplemented with 150 IU/mL rhIL2
(Hoffmann-La Roche, Inc.). The amphotropic-packaging 293T and
Phoenix cells were cultured in DMEM. All tissue culture media were
supplemented with 10% to 20% heat-inactivated FBS (Gemini; Invit-
rogen), 2 mmol/L L-glutamine, and 100 U/mL penicillin/streptomy-
cin (Invitrogen). Cell lines were obtained from ATCC, authenticated
by FACS, qRT-PCR, or immunoblotting phenotypical analyses and
used at low passages and tested for Mycoplasma contamination using
a MycoAlert Mycoplasma Detection Kit (Lonza, Inc.).

Primary Cells Human hematopoietic stem and progenitor cell
factions from healthy and leukemic individuals were isolated from
BM, PB, or UCB. Prior to their use, cells were kept (18 hours) in
StemSpan CC100 cytokine-supplemented SFMII serum-free medium
(Stemcell Technologies). Human BM MSCs (hMSCs) from healthy
individuals were isolated from BM cells by Ficoll-Hypaque density-
gradient centrifugation followed by culture in complete human
MesenCult Proliferation Kit medium and used for CM and exosome
purification (Supplementary Methods). Human CD56*CD3" NK cells
(purity >95%) from healthy (UCB or PB), CML (CP, BC and AP) indi-
viduals were FACS and/or magnetic (Miltenyi Biotec, Inc.) cell sorted,
or RosetteSep Ab-purified (Stemcell Technologies) as described
previously (30).

Frozen CML leukemia specimens were from the Leukemia Tis-
sue Banks located at The University of Maryland (UMB, Baltimore,
MD), The Ohio State University (Columbus, OH), Maisonneuve-
Rosemont Hospital Research Centre, Montreal (Quebec, Canada),
Hammersmith Hospital, Imperial College (London, United King-
dom), “Policlinico-Vittorio Emanuele” (Catania, Italy), University of
Utah (Salt Lake City, UT), Hematology Institute Charles University
(Prague, Czech Republic), and Aarhus University Hospital (Aarhus,
Denmark); fresh UCB, NBM, and PB (CML and healthy individuals)
samples were purchased (Lonza, Inc.) or obtained from UMB Hospi-
tal (Baltimore, MD) and Maisonneuve-Rosemont Hospital Research

Centre, Montreal. Patient samples were not collected for this study,
which was carried out with a waiver of informed consent and approval
from the University of Maryland Institutional Review Board (IRB).
UCB units were collected at the University of Maryland Medical
Center with IRB-approved protocol and written informed consent.

mMSCs were isolated as described previously (61). Briefly, BM
was flushed from femurs and tibias of FVB/N mice. Bones were
fragmented to small chips (1-2 mm) and digested with 1 mg/mL col-
lagenase for 2 hours at 37°C. Digested bones were grown in mouse
MesenCult MSC Basal Medium supplemented with Mesenpure
and MSC Stimulatory Supplement (Stemcell Technologies). Purity
(Lin"CD45°CD31°CDS51%Scal™90%) of isolated cells was confirmed
by flow cytometry using anti-Lin Pacific Blue, CD45 Pe-Cy7, CD31
FITC (BioLegend), CD51 PE, and Scal APC (eBioscience) antibod-
ies. Cells were kept for a maximum of five passages. mMSC CM was
obtained by culturing 50% to 70% confluent mMSCs in IMDM sup-
plemented with 10% FBS and 2 mmol/L r-glutamine for 48 hours.

Cells were treated for the indicated time and schedule with
1-2 pumol/L imatinib mesylate (IM; Novartis), 5 umol/L 5-Aza-2’-
deoxycytidine (5-Aza; Sigma), 250-500 nmol/L CpG-scramble, -miR-300,
-anti-miR-300, and -TUGI-shRNA oligonucleotides (ODN; Beckman
Research Institute, City of Hope, Duarte, CA), 1.25 ug/mL anti-TGFp
neutralizing antibody (1D11; R&D Systems), 10 ng/mL rhIL12 and
100 ng/mL rhIL18 (R&D Systems), and 2 pmol/L FTY720 (Fingoli-
mod, Sigma). Where indicated, cells were cultured for the indicated
times in hypoxic conditions (1% O,), HS-5 and hMSC CM (100%
vol/vol), or in medium supplemented with MSC-derived exosomes
(50-100 pug/mL). During treatments, viable cells were enumerated by
the trypan blue exclusion test.

Flow Cytometry and Cell Sorting

CD34*, CD34'CD38", CD34'CD38" fractions were magnetic
(CD34 MicroBead Kit; Miltenyi Biotec) and/or FACS (aCD34 APC/
PE and aCD38 PE/Cy7 Abs, BD Biosciences) purified (purity: >90%-
100%). Primary human NK cells were sorted using Alexa Fluor 488
ahCD56, PE-CyS ohCD19¢ and PE-Cy7 ahCD3 Abs (BD Biosciences)
and their purity assessed by PE aCD56 (Beckman Coulter, Life Sci-
ences) and APC-eFluor780 aCD3 (eBioscience) antibody staining.
hMSC purity (>99%) was assessed by flow cytometry using anti-
CD34 and CD45 FITC, CD73 PE-Cy7, CD105 Alexa 647, CD44
Percp-Cy5.5, and CD90 PE antibodies (BD Biosciences). Apoptosis
was quantified by FACS upon staining cells with PE Annexin-V and
7-ADD (BD Biosciences). Cells were sorted using the FACS Aria II
(BD Biosciences). Data acquisition and analyses were performed at
the UMBCCC Flow Cytometry Facility. Data from LSRII or CANTO
II flow cytometers (BD Biosciences) were analyzed by using either the
Flow]Jo v8.8.7 or Diva v6.1.2 software.

LTC-IC and CFC/Replating Assays

CD34* CML (CP and BC) and UCB cells were lentivirally trans-
duced/GFP-sorted and/or treated (500 nmol/L, 3 days) with CpG-
ODN to ectopically express either MIR300 or anti-MIR300 RNAs
prior to use in LTC-IC and CFC assays (46). Vector-transduced and
CpG-scramble-treated cells served as controls.

LTC-ICs A total of 2 x 105 CML and 2 x 10° UCB CD34" cells
were cultured with a 1:1 mixture of irradiated (80 Gy) IL3/G-CSF-
producing M2-10B4 and IL3/KL-producing SI/SI murine fibroblasts
in MyeloCult H5100 (Stemcell Technologies) supplemented with
hydrocortisone. Medium was replaced after 7 days, followed by
weekly half-medium changes, and fresh 500 nmol/L CpG-ODN where
required. After 6 weeks, adherent and floating cells were harvested,
and 5 X 10° CML and 2 x 103 for UCB cells were plated into cytokine
(KL, G-CSF, GM-CSF, IL3, and IL6) supplemented MethoCult H4435.
LTC-IC-derived colonies were scored after 14 days.
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CFCs and CFC/replating Assays CD34" and CD34* CD38™ CML
(5 x 10% and/or UCB (2 x 10%) cells were seeded in MethoCult
H4435 supplemented with Epo, KL, G-CSF, GM-CSF, IL3, and
IL6. Fourteen-day colonies were mixed and the same number
of cells replated twice (first and second replating) and scored
2 weeks later.

CFSE (or eFluor670)-Mediated Tracking of Cell Division

CFSE (CellTrace CFSE Proliferation Kit, Invitrogen) or eFluor670
(Cell Proliferation Dye eFluor670; eBioscience)-stained cells were
FACS sorted to isolate the highest fluorescent peak, treated as indi-
cated, harvested after 4 to 5 days, and counterstained with Near-IR
Fluorescent Dye (Live/Dead Cell Stain Kit, Invitrogen) to determine
the number of viable dividing (CFSE/NearIR") and quiescent cells
(CFSE™>/NearIR"). Where indicated, cells were stained with anti-
CD34 APC and sorted into dividing and quiescent subpopulations.
Quiescent stem (CFSE™*CD34*) and dividing progenitor cells in
each peak were reported as a fraction of the initial number of CD34*
cells (46). For NK cells, 4- and 7-day-cultured CFSE-labeled NK-92
and primary NK cells, respectively, were aCD56 APC Ab- and Aqua
Fluorescent Dye (Live/Dead Cell Stain Kit, Invitrogen) stained. NK
cells were used in cytotoxicity assays and proliferation was quanti-
tated as fold changes of CFSE mean fluorescence intensity in living
CDS56" NK cells.

Plasmids

PpPCDH-miR-300 (hsa-miR-300) pCDH-MIR300 was generated by
subcloning a 490 bp Nhel-BamHI PCR fragment encompassing the
mature hsa-MIR300 into the pCDH-CMV-MCS-EF1-copGFP-puro
(SBI) vector. Sequence was confirmed by sequencing.

PSIH-H1-Zip-MIR300 (pZip-MIR300) To knockdown MIR300, a
5’-EcoRI and 3’-BamHI-flanked MIR300 antisense dsODN was direc-
tionally cloned into the pSIH1-H1-copGFP vector (SBI).

PSIH-H1-copGFP-shTUG1 (TUG1 shRNA) A shRNA cassette
containing the targeted nt 4571 to 4589 of hTUG1 RNA (58)
was subcloned into pSIH-H1-copGFP vector (SBI). A nonfunctional
scrambled TUGI shRNA was used as a control.

pLenti-TUGI The hTUGI into the pLenti-GIII-CMV-GFP-2A-
Puro-based vector was from Applied Biological Materials, Inc.

PGFP/Luc-based MIR300 Promoter Constructs p513-GFP/Luc,
p245-GFP/Luc, and p109-GFP/Luc were generated by cloning the
-522 bp, -245 bp, and -109 bp regions upstream the hsa-MIR300 gene
locus (Sequence ID: NC_000014.9) into pGreenFirel (pGFP/Luc,
pGF1; SBI) reporter vector. The regions upstream the hsa-MIR300
gene were PCR amplified from K562 DNA and cloned into the pGF1
EcoRI-blunted site.

Pp109-C/EBPBmut-GFP/Luc  An EcoRI-containing double-stranded
synthetic oligonucleotide spanning the -109 bp MIR300 regulatory
(region and containing the T/G and C/G mutated C/EBPB consensus
binding sites located at positions -64 and -46, respectively, was sub-
cloned into EcoRI-digested pGF1 vector. pPCDH-Flag-SET, fluorescent
ubiquitination-based cell-cycle indicator reporter pPCDH-FUCCI2BL,
MigR1-AuORF-C/EBPB-ER™M, and MigR1-AuORF-C/EBPo-HA con-
structs were described previously (25, 62-64).

PpCDH-Flag-SET 3'UTRwt-GFP and pCDH-Flag-SET A3'UTR-GFP
Wild-type (627 bp) or 3’-deleted (513 bp) SET 3'UTRs were PCR
amplified from K562 cDNA using a common EcoRI-linked 5’-primer
and specific BamHI-linked 3’-primers for the wild-type and deleted

SET mRNA 3’UTR. The PCR products were cloned into the pCDH-
Flag-SET plasmid and sequenced.

MSC CM and Exosome Purification

HS-5- and hMSC-derived CM was obtained by culturing cells
in complete RPMI (24 hours) and StemSpan SFMII (48 hours)
medium, respectively. Alix*CD63* exosomes were purified by dif-
ferential centrifugation (3,000 x g, 15 minutes; 10,000 x g, 10
minutes; and 100,000 X g, 70 minutes) from HS-5 CM cultured in
exosome-free FBS-supplemented medium (65, 66). When required,
exosomes were precipitated (Exo-Quick; SBI) prior to isolation by
ultracentrifugation.

Lentiviral and Retroviral Transduction

Lentiviral or retroviral particles were produced by transient
calcium phosphate transfection (ProFection Mammalian Trans-
fection System, Promega) of 293T and Phoenix cells, respectively
(8,9, 67). Briefly, viral supernatant was collected 24 and 48 hours
after transfection and directly used or concentrated by PEG
precipitation. Viral titer was determined by flow cytometry by
calculating number of GFP* 293T cells exposed (48 hours) to
different viral dilutions. One to three spinoculation rounds were
used for cell line infection, whereas a single spinoculation with
diluted viral supernatants (MOI = 6) was used for primary cells.
Viral supernatants were supplemented with polybrene (4 pg/mL).
FACS sorting or puromycin selection was initiated 48 hours after
transduction.

Cell-cycle Analysis

Cell-cycle analysis was performed by 4’,6’-diamidine-2-phenylin-
dole (DAPI)/Ki-67 staining of CpG-scramble- or CpG-miR-300-treated
(500 nmol/L; 72 hours) primary CD34* CML (CP and BC) and UBC
cells as described previously (64). Briefly, cells were fixed, permea-
bilized (Cytofix/Cytoperm kit, BD Biosciences), and Ki-67 PE (Bio-
Legend) and DAPI (Sigma) stained. Alternatively, cell-cycle analysis
was performed on pCDH-Fucci2BL-infected cells and subjected to
flow cytometric analysis. LAMA-84-FUCCI2BL* CML-BC cells were
exposed to 500 nmol/L CpG-scramble and CpG-miR-300 oligonucleo-
tides after being G;-S synchronized (4-6 pmol/L aphidicolin,
6 hours). CpG-oligo-treated (48 hours) FUCCI2BL* cells were sub-
jected to live-cell imaging for 48 hours and analyzed as described
previously (64). Briefly, CpG-scramble- or CpG-miR-300-treated cells
in Go-G; were mVenus™ PE-Texas-Red*, G;-S cells were mVenus*
PE-Texas-Red*, and S-G,-M cells were mVenus* PE-Texas-Red".

Live-Cell Imaging and Confocal Microscopy

Wide-field fluorescence imaging of CpG-ODN-treated pCDH-
FUCCI2BL-transduced LAMA-84 cells was executed with an Olym-
pus Vivaview digital camera, maintained at humidified atmosphere
37°C with 5% CO,, mounted into a microscope-equipped incubator
with green and red fluorescence filters. Emission spectral ranges were
green-narrow (490-540 nm) and red-narrow (570-620 nm). Imaging
was carried out for 24 or 48 hours. Confocal fluorescence images
were acquired using a LEISS LSMS510-inverted confocal microscope
equipped with 40x/1.2-NA water immersion objective with 0.55-um
pixel size. Cell-cycle phases were determined by plotting average red
and green fluorescent intensity over time using Prism 6.0 d software.
The Vivaview raw images were reconstructed using Image]J v5.2.5 and
Adobe CS6 software.

Real-time RT-PCR

Total RNA was extracted using miRNeasy Micro Kit (Qiagen Inc.)
or TRIzol (Invitrogen) and reverse transcribed using a standard
cDNA synthesis or the TagMan MicroRNA Reverse Transcription Kit
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with mouse and/or human-specific sets of primers/probe for BCR-
ABL1, CEBPB, FOXM1, TUGL, IENy, pri-MIR300, MIR300, pre-miR-155
(BIC), 18S, RNU44, RNU6B, and snoRNA202 (Applied Biosystems).
PCR reactions were performed using a StepOnePlus Real Time PCR
System (Applied Biosystems). Data were analyzed according to the
comparative C, method using RNU44, RNUG6B, 18S, and snoRNA202
transcripts as an internal control. Results are expressed as fold
change of mean = SEM.

Immunoblot Analysis

Lysate from cell lines and primary cells were subjected to SDS-
PAGE and Western blotting as described previously (46). The antibod-
ies used were anti-actin, anti-Myc, anti-C/EBP, anti-Alix, anti-Twist,
and anti-CD63 (Santa Cruz Biotechnology); anti-GRB2 (Transduc-
tion Laboratories); anti-JAK2, anti-B-catenin, anti-FoxM1, anti-CDK®,
anti-pJAK2Y1007/1008 " and anti-CCND2 (Cell Signaling Technology);
anti-SET (Globozymes); anti-ABL (Ab-3), anti-CCND1/2, anti-PY
(4G10), and anti-PP2Ac**” (EMD); anti-hnRNPA1 (Abcam); and
anti-Flag (M2; Sigma).

PP2A Phosphatase Assay

PP2A assays were performed using the malachite green-based
PP2A Immunoprecipitation Phosphatase Assay Kit (Millipore) as
described previously (46). Briefly, protein lysates (50 ug) in 100 uL
of 20 mmol/L HEPES pH 7.0/100 mmol/L NaCl, 5 ug oPP2Ac Ab
(Millipore), and 25 pL protein A-agarose was added to 400 uL of
50 mmol/L Tris pH 7.0, 100 mmol/L CaCl,. Immunoprecipitates
were carried out at 4°C for 2 hours and used in the phosphatase reac-
tion according to the manufacturer’s protocol.

Luciferase Assay

Transcriptional activity of the intergenic 513 bp region upstream
the MIR300 gene was investigated by luciferase assay using the
pGreenFire-Lenti-Reporter system (pGF1; SBI) in cell lines and pri-
mary CD34" CML-BC cells. Briefly, cells were transduced with con-
structs containing wild-type full-length 513 (p513-GFP/Luc) and
deleted 245 (p245-GFP/Luc) and 109 (p109-GFP/Luc) base pair-long
region upstream the MIR300 gene locus, or with the p109-GFP/
Luc construct mutated in the two C/EBPB-binding sites (p109-
CEBPPmut-GFP/Luc). The empty vector (pGFP-Luc; pGF1) was used
as a negative control. After 48 hours, cells were lysed and luciferase
activity was determined by Pierce Firefly Luciferase Flash Assay Kit
(Thermo Scientific).

Cytotoxicity Assays

A flow cytometry-based killing assay was performed using K562
cells as targets (68). Briefly, HS-5-derived CM (100% vol/vol) or exosomes
(50-100 pg/mL) preconditioned (36 hours in 50-150 IU/mL IL2)
NK-92 cells were coincubated (3.5 hours) with CFSE-labeled K562
cells at ratio 5:1. Killing was evaluated by assessing the percent-
age of Annexin-V* cells on CD56™ and/or CFSE* target cells. When
CpG-ODNs were used, NK-92 cells were preconditioned (36 hours) in
medium lacking IL2. NK-92 cell-killing of qLSCs was performed using
CFSE-labeled CD34* CML-BC cells cultured (4 days) in cytokine-
supplemented StemSpan II Serum-Free Expansion Medium exposed
(18 hours) to NK-92 cells. Spontaneous cytotoxicity toward qLSCs
was determined by FACS-mediated evaluation of LSC numbers in
Annexin V"$CD34"CFSE™* cells before and after exposure to NK-92
cells.

LSC Engraftment and Disease Development
in NRG-SGM3 Mice

In vivo evaluation of changes in BM-repopulating LSCs was per-
formed as described previously (40). A total of 10° BM CD34* CML

(n=3;>95% Ph*; CP, AP, and BC) cells, treated (500 nmol/L, 48 hours)
ex vivo with CpG-ODNs, were intravenously injected (4 mice/treat-
ment group/patient sample) into sublethally irradiated (2.6 Gy)
6 to 8-week-old NOD.Cg-Raglt™Mom  [[2pgmIWil  To(CMV-IL3,
CSF2,KITLG)1Eav/] mice (NRG-SGM3; The Jackson Laboratory).
Engraftment was assessed by anti-human CD45 (BD Biosciences)
flow staining of intrafemur BM aspirates (46) at 2 weeks in CpG-
scramble control groups and at 2, 4, and 12 weeks posttransplant in
CpG-MIR300, -TUGIshRNA, and MIR300+TUG1shRNA CML-BC, AP,
and CP, respectively. Animal studies were performed according to
IRB- and Institutional Animal Care and Use Committee-approved
protocols.

Oligonucleotides and Primers

The partially phosphothioated (*) 2-O-Methyl ODNs were linked
using 5 units of C3 carbon chain linker, (CH2); (X). The ODNs
were synthesized by the DNA/RNA Synthesis Laboratory, Beckman
Research Institute of the City of Hope (Duarte, CA).

CpG-oligonucleotides and Probes

CpG-miR-300: 5’-g*g*tgcatcgatgeagg® g*g* g* gxxxxxuauacaagggeaga
cucucucu-3’

CpG-anti-miR-300: 5'-g* g*tgcatcgatgcagg® g* g* g* gxxxxxagagagagucu
gcccuuguaua-3’

CpG-Tugl-shRNA: 5'-g*g*tgcatcgatgeagg® g* g* g gxxxxxuuacucuggge
uucugcac-3’

CpG-scramble: 5’-g*g*tgcatcgatgeagg® g*g* g* gxxxxxguagaaccguacuc
gucacuua-3’

pPCDH-CMV-MCS-EF1-copGFP-puro miRNA Constructs
MIR300(F): 5’-gctagctgtgactagttgtaccttag-3; MIR300 (R): 5’-gatccte
tcttccagaaageecttg-3”

pSIH1-H1-copGFP Constructs

Zip-MIR300 ODN: S’-gatatgttcccgtctgagagagagaaggacagecttetctetea
gacgggaacatataaaaacttaa-3’

shTUG1(+): 5’-gatccgtgeagaageccagagtaattcaagagattactctgggeteetgea
cteeeeg-3”

shTUGL1 (-): 5™-aattcaaaaagtgcagaagcccagagtaatctcttgaattactctggget
tetgeacg-3

PpCDH-Flag-SET Constructs
SET3’UTRwt-GFP(F): 5’-gaattctagcttttttectecttectetgtata-3;
SET3’UTRwt-GFP(R): 5’-cggatccgtatacaagtcaaact-3’
SETA3’UTR-GFP(F): 5’-ggatccagagaaaagcatccaa-3’;
SETA3’UTR-GFP(R): 5’-cggatccgtatacaagtcaaact-3”

pGreenFirel
p522-pGF1(F): 5’-ccggaattccggeacgttttcagtatcaaatget-3”
p245-pGF1(F): 5’-ccggaattccggtgaacctettttactgtgactagttg-3”
p109-pGF1(F): 5’-ccggaattccggggtgtgctgetetcaccat-3”
Common(R): 5’-tgctctagagcaaatgatggeagtgacaggaa-3’

p109-C/EBPB Mutant Construct

(+) strand ODN: 5’-aattc ggtgtgctge tctcaccatg cagatcccat ctgtg
tetct aaggetgget cctggagetg gtgggaactt agtcacagag gaaatggect
tectgteact gecatcattg-3’

(-) strand ODN: 5’-caatgatggc agtgacagga aggccatttc ctctgtgact
aagttcceac cagetccagg agecagectt agagacaca gatgggatct geatggtgag
agcagcacac cgaatt-3’

Bioinformatics Tools

Statistically significant (P < 0.05 with FDR correction) predicted
and validated hsa-miR-300 mRNA targets according to mRNA target
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function and MIR300 doses were identified using DIANAmicroT-
CDS (diana.imis.athena-innovation.gr), ComiR (http://www.benoslab.
pitt.edu/comir/), CSmiRTar (http://cosbi4.ee.ncku.edu.tw/CSmiRTar/),
and mirDIP 4.1 (ophid.utoronto.ca/mirDIP/; refs. 69-71). KEGG
and GO analyses were used to define the biological pathways and
the functional roles of miRNA-300 and TUGI targets were performed
using miR-Path v.3 (snf-515788.vm.okeanos.grnet.gr). MIR300 and
TUGI individual gene expression profiles were obtained from curated
datasets in the Gene Expression Omnibus (GEO) repository (ncbi.
nlm.nih.gov/geoprofiles/). TUG1 levels in normal and leukemic
myelopoiesis were analyzed from BloodSpot database (servers.
binf.ku.dk/bloodspot/) of healthy and malignant hematopoiesis.
Integration of StarBase v2.0 (starbase.sysu.edu.cn/starbase2/index.
php) database with the RNAseq MiRbase data from CD34'*CD38",
CD34*CD38" CML and NBM cells was used to identify TUGI-
sponged miRNAs.

Statistical Analysis

P values were calculated by Student ¢ test (GraphPad Prism v6.0).
Results are shown as mean = SEM. A P value less than 0.05 was
considered significant (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ***,
P <0.0001). Mixed models’ approach, the split-plot design, was used
to assess differences in percent cell across three treatment groups.
The percent cell change was estimated using a model with two main
effects for treatment and stage of a cell cycle, as well as their interac-
tion. Tests of fixed effects revealed that interaction of treatment and
stage of a cell cycle is highly significant (P = 0.01) and the two main
effects, treatment and stage, should be interpreted with caution
(Pvalues are 1.0 and <0.0001, respectively). The differences in average
percent cell were tested across groups and sliced at a particular stage

of cell cycle.
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Figure S1. MIR300 activity in quiescent leukemic stem and progenitor cells. CFC-replating assays
shows effects of lentiviral-mediated ectopic MIR300 expression, 250 nM and 500 nM CpG-miR-300 on
serial replating activity (2™ replating) of leukemic chronic and acute CML and normal UCB CD34*CD38-
HSC-enriched cell fractions. Infection with lentiviral empty vector and treatment with CpG-anti-MIR300
and CpG-scramble served as controls.



Figure S2. KEGG/GO analysis of MIR300 on PP2A-regulated signal transduction pathways.
Cartoon shows the SET-dependent PP2A Inhibitory pathway in CML and the pleiotropic inhibitory effect
of PP2A activation on validated and predicted MIR300 targets regulating G1/S cell cycle transition, Wnt-
B-catenin, TGFpB, JAK-STAT, PI-3K-Akt, RAS-MAPK and Notch signaling pathways.



Figure S3. MIR300 acts as master PP2A activator and inhibitor of G1/S transition. A, (left) Additional effects
of MIR300 on SET, CCND2 and CDKG6 expression; (right) KEGG/GO analysis of MIR300 effects on signal
transduction pathways. B, CSmiRTar (filters: bone marrow normal and myeloid leukemia cells) and miRDIP-ComiR
integrated analyses show functional clustering of predicted/validated MIR300 targets.
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Figure S4. MIR300 anti-proliferative activity accounts for BMM-induced LSC entry into quiescence.
A, Structure of 14q32 DLKI-DIO3 genomic imprinted locus hosting the MEG3-regulated human MIR300. B,
MIR300 levels in 5-Aza- or DMSO-treated (24h) Ph* cells. C, Effect of hypoxia on proliferation of CFSE*CD34*
CML-BC cells. D, left: Effect of MSC (HS-5)-derived CM on LAMA-84 proliferation expressed as fold changes
of CFSE mean of fluorescence intensity (MFI)XSEM; middle: pro-apoptotic effect of PAD (FTY720; 2.5uM)
and DMSO (control) on HS-5-cultured LAMA-84 cells; right: Effect of MSC (HS-5)-derived CM BCR-ABL1
expression (o-ABL1) and activity (a-PY), phospho-BCR-ABLI1, JAK2 expression and activity JAK2
Y 1007/1008, PP2A activity (pPP2AY307 inactive form) and GRB2 used as a control (blots are representative
of three independent experiments). E, Levels of C/EBP3 and GRB2 mRNA and protein in HS-5 cells exposed
to hypoxia (48h; 1% 0O2). F, Effect of neutralizing TGFp antibody (anti-TGFf Ab; 48h, 1.25 ug/ml) on MIR300
levels in CD34* CML-BC cells. G, Effect of ectopic C/EBPa. (MigR1-AuORF-C/EBPa-HA) and C/EBPj
(MigR1-C/EBPB-ER™M) on MIR300 levels in K562 cells. Immunoblot shows levels of C/EBPf and GRB2 in
normoxic and hypoxic K562 cells.
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Figure S5. BMM-induced MIR300 anti-proliferative and PP2A-activating functions impair NK

cell immune-response. A, PP2A-dependent regulation of MIR300 and miR-155 validated pathways
predicted to occur also in the bone marrow endosteal niche. B, Effect of hypoxia (1% O, 7 days) on
CFSE*NK cell proliferation (% CFSE mean of fluorescence). C, HS-5 exosomal miRNAs reported as
negative regulators of NK cell proliferation/activity and their experimentally validated targets. miRNA
RNAseq was performed on an Illumina platform using libraries derived from 100 ng RNA/sample from
HS-5 exosome purifications (n=3). D, Precursor (pre-miR-155) miR-155 (BIC) levels in resting and IL-
12/IL-18 (18h)-stimulated NK cells exposed (48h) to HS-5 exosomes. E, Effect of hypoxia (1% O2) and
HS-5 CM (48h) on TUG1 expression in CD56*CD3- primary NK and NK-92 cells. F, Effect of CpG-TUGI-
shRNA and CpG-scramble (200-500 nM, 5 days) on IL-2-induced NK cell proliferation (% cell number).
Data are represented as mean+SEM.
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Figure S6. Selective suppression of MIR300 pro-apoptotic but not anti-proliferative activity by TUG1 IncRNA
in quiescent LSCs. A, BloodSpot array-based TUG1 expression levels during normal myelopoiesis and in myeloid
neoplams. B, GEO Profiles show TUG1 levels in in lineage-negative (Lin") and -positive (Lin*) CD34- and CD34human
stem/progenitor cells from healthy individuals. C, Experimental data- and current literature-based graphic representation of
signaling network controlling CML LSC quiescence and survival through the BMM-C/EBPB-MIR300 and BMM-TGF3-
FoxM1 pathways. Dotted lines indicate inactive pathways, line thickness indicates relevance of the signal for LSC
quiescence. Red lines indicate signals increasing MIR300 levels. Black lines signals increasing TUGI levels. (bottom)
effects of different TUG1 levels on CML leukemic stem (LSC) and progenitor (LPC) cell fate.



TUG1-SPONGED miRNAs and signaling (56 expressed /163 predicted)

Figure S7. Bioinformatic analysis of TUG1-sponged miRNAs and mRNA targets in CML. A, (left) Integration of
validated TUG1-sponged miRNAs with RNAseq data (heatmaps) from BM CD34*CD38" and CD34+*CD38* CML (CP and
BC) and NBM (n=3/group). Effect of TUG1-sponged miRNA on PP2A inhibitors (Venn diagram); Functional integration
of TUG1-sponged miRNAs and their mRNA targets into regulatory network KEGG/GO analysis; (right) Circular diagrams
show top 4 pathways affected by TUG1-sponged miRNAs. B, Predicted effect of MIR300 and of TUG1-sponged miRNAs

on Pluripotent Stem Cell Signaling pathways.



Figures Range values of controls for the indicated experiments

Figure 2A | Cell Viability

SCR 130000 to 250000 cell/ml

CFCs

SCR UCB 193 to 220 colonies/number of plated cells

SCR CML BC 182 to 200 colonies/ number of plated cells

Figure 2D | CFSE tracking cell number

CpG SCR Oligos 250 nM 313 to 499 CD34*qLSCs

CpG SCR Oligos 250 nM 1874 to 9864 Div. 1-2 CD34* CML progenitors
CpG SCR Oligos 500 nM 104 to 2477 CD34*gLSCs

CpG SCR Oligos 500 nM 722 to 88464 Div. 1-2 CD34* CML progenitors
LTC-IC assays

Lentiviral pcDH infection: 98 to 180 colonies

CML CpG SCR Oligos 500 nM: 80 to 146 colonies

CML CpG SCR Oligos 250 nM: 81 to 210 colonies

UCB CpG SCR Oligos 500 nM: 148 to 194 colonies

Figure 4C | Growth inhibition %
Control RPMI leukemia cells/ml: 0.14 to 1.34 103/ml

Figure 4D | Real Time PCR
Normoxia-cultured cells: 30.4to 32.6 CT

Figure 4F Real Time PCR
MigRI-transduced cells: 27.5 t0 32.9 CT

Figure 5A | CFSE-mediated proliferation:
Control 318 to 677 CD34*qLSCs

Figure 5D | Growth inhibition %
Control RPMI or SCR NK cells/ml: 0.46 to 1.35x103

Figure 5F | Cell number %
SCR NK cells/ml: 0.468 to 2.31x103

Figure 6E CFSE tracking cell number
SCR 116 to 953 CD34*gLSCs
SCR 15076 to 61621 Div. 1-2 CD34" progenitors

Figure 7C | FACS analysis
CpG SCR hCD45*CD34"in mouse BM 44.79% to 80%

CpG SCR hCD45*CD34*CD38 in mouse BM 0.4% to 1.88%
CpG SCR hCD45*CD34*CD38CD90" in mouse BM 0.00044% to 0.008%

Figure 7E | FACS analysis
CpG SCR hCD45*in mouse BM 43.5% to 87.3%

CpG SCR hCD45*in mouse PB 0% to 87 %

Table S1. Range values of controls for the experiment reported in the indicated figures (see
Methods for further details).





