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2Department of Immuno-Oncology, City of Hope Medical Center, Duarte, California, USA.

SLight Microscopy Core, Beckman Research Institute, City of Hope Medical Center, Duarte,
California, USA.
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Abstract

We report here on a novel pro-leukemogenic role of FMS-like tyrosine kinase 3-internal tandem
duplication (FLT3-1TD) that interferes with microRNAs (miRNAS) biogenesis in acute myeloid
leukemia (AML) blasts. We showed that FLT3-ITD interferes with the canonical biogenesis of
intron-hosted miRNAs like miR-126, by phosphorylating SPRED1 protein and inhibiting the
“gatekeeper” Exportin 5 (XPO5)/RAN-GTP complex that regulates the nucleus-to-cytoplasm
transport of pre-miRNAs for completion of maturation into mature miRNAs. Of note, despite the
blockage of “canonical” miRNA biogenesis, miR-155 remains upregulated in FLT3-1TD+ AML
blasts, suggesting activation of alternative mechanisms of miRNA biogenesis that circumvent the
XPO5/RAN-GTP blockage. MiR-155, a BIC-155 long noncoding (Inc) RNA-hosted oncogenic
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miRNA, has previously been implicated in FLT3-ITD+ AML blast hyperproliferation. We showed
that FLT3-1TD upregulates miR-155 by inhibiting DDX3X, a protein implicated in the splicing of
Inc-RNAs, via p-AKT. Inhibition of DDX3X increases unspliced BIC-155 which is then shuttled
by NXF1 from the nucleus to the cytoplasm, where it is processed into mature miR-155 by
cytoplasmic DROSHA, thereby bypassing the XPO5/RAN-GTP blockage via “non-canonical”
mechanisms of miRNA biogenesis.

Keywords
Acute Myeloid Leukemia (AML); FLT3-1TD; miR-126; miR-155; DROSHA; DDX3X; SPRED1

Introduction

MicroRNAs (miRNAs) are small noncoding RNAs that control gene expression by binding
to cognate sites in the 3" untranslated region (3" UTR) of target messenger RNAs (MRNASs)
[1]. MiRNA coding sequences are hosted in intragenic or intergenic regions of the genome
and are transcribed as primary (pri) miRNAs and processed into precursor (pre) miRNAs

by nuclear DROSHA before being exported into the cytoplasm via the Exportin 5 (XPO5)/
RAN-GTP complex. In the cytoplasm, pre-miRNAs are processed by Dicer into mature
miRNAs and incorporated into the RNA-induced silencing complex (RISC), where they pair
with target mMRNASs to promote their degradation and/or inhibit their translation into the
corresponding encoded proteins [1].

We and others previously reported on the biological, prognostic and therapeutic roles

of individual miRNAs in acute myeloid leukemia (AML), a genetically heterogeneous
myeloid malignancy characterized by differentiation arrest and proliferation of transformed
hematopoietic stem and progenitor cells (HSPCs) [2,3,4]. Of note, certain molecular subsets
of AML have been associated with deregulated expression of specific miRNAs [5]. To

this end, the FMS-like tyrosine kinase 3 (FL7.3) gene encodes a protein member of

the receptor tyrosine kinase (RTK) family that promotes proliferation and survival of
normal hematopoietic cells in response to FLT3 ligand binding. In approximately 25%

of AML patients, however, the FL73gene acquires an internal tandem duplication (ITD)
and encodes a mutant receptor with aberrant, ligand-independent tyrosine kinase (TK)
activity that confers growth and survival advantages to leukemic blasts [6]. In the clinic,
FLT3-ITD positive (+) AML patients are treated with TK inhibitors (TKISs) in combination
with chemotherapy [7]. In FLT3-1TD+ AML, miR-155 has emerged as one of the most
significantly upregulated miRNAs and has been shown to play a dosage-dependent role

in the hyperproliferation of leukemic blasts that characterizes this molecular subset of the
disease [8,9,10,11].

More recently, we and others reported that aberrant TK activity inhibits canonical miRNA
biogenesis in leukemia. Using models of chronic myelogenous leukemia (CML), we showed
that BCR/ABL downregulates miR-126, by inhibiting the XPO5/RAN-GTP complex and
halting miRNA maturation [12,13,14,15,16]. Since higher levels of miR-126 associated
with cell quiescence, miR-126 downregulation ultimately promoted leukemia growth [16].
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Herein, we hypothesize that by virtue of its aberrant TK activity and similarly to BCR/ABL,
FLT3-1TD may also alter miRNA biogenesis by inhibiting the XPO5/RAN-GTP complex.
Corollary to this hypothesis is that FLT3-1TD must also activate other mechanisms of
miRNA biogenesis to circumvent the “self-imposed” XPO5/RAN-GTP inhibition and allow
for miR-155 upregulation as commonly observed in FLT3-ITD+ AML blasts.

Using an AML M/PTPW £jt3TDATD moyse model and FLT3-ITD+ primary AML blasts,
we first showed that FLT3-1TD has a previously unrecognized two-fold (de)regulatory
activity on the miRNA biogenesis by blocking canonical mechanisms for intron-hosted
miRNAs like miR-126 and activating “non-canonical” mechanisms for long noncoding (Inc)
RNA-hosted miRNAs like miR-155. The net result is a strong miRNA-mediated signal for
leukemia growth.

Materials and Methods

Human and mouse samples

Normal and AML peripheral blood (PB) and BM samples were obtained, respectively, from
donors and patients at the City of Hope National Medical Center (COHNMC), under one

of three City of Hope Institutional Review Board approved banking protocols, #06229,
#03162, #07047 or #18067 in accordance with an assurance filed with and approved by the
Department of Health and Human Services, and met all requirements of the Declaration of
Helsinki. Written informed consent was obtained from donors (#06229) or patients (#03162,
#07047 or #18067) prior to specimen acquisition.

MNCs were isolated using Ficoll separation. CD34* cells were then isolated using a positive
magnetic bead selection protocol (Miltenyi Biotech, Germany). To normalize for FLT3-1TD
levels in our experiments, we selected only patient samples with high FLT3-1TD allelic
ratios (=0.7). All FLT3-1TD-negative samples are also FLT3-TKD negative.

The MIPTOWY £r3TDITD AML mouse model was used in this study [18]. Lin"Sca-1c-Kit"
(L"S'K"), Lin"Sca-1+c¢-Kit- (L"S+K-), Lin"Sca-1"c-Kit* (L"S’K™) and LSK (Lin-Sca-1+c-
Kit+) cells were sorted and used for /n vitro studies. Mouse care and experimental
procedures were performed in accordance with federal guidelines and protocols and were
approved by the Institutional Animal Care and Use Committee at the City of Hope.

Immunoprecipitation and Immunoblotting analyses

Cells were washed and harvested in ice-cold PBS and subsequently lysed in RIPA buffer
containing 10 mM protease inhibitor cocktail (Thermo Scientific, Lafayette, CO). For
immunoprecipitation, 500 pg — 1 mg of cell lysate were incubated with indicated antibody
for overnight at 4°C. 50 pl of Protein A/G agarose beads (Cell Signaling, Danvers,

MA) were added and the mixture was inverted for 3 hours at 4°C. For immunoblotting,
immunoprecipitated complex or 50 g of each cell lysate was separated on NUPAGE 4—
12% gradient gels (Invitrogen, Carlsbad, CA) and immunocomplexes were visualized with
enhanced chemiluminescence reagent (Thermo Scientific, Lafayette, CO).

Leukemia. Author manuscript; available in PMC 2022 April 01.
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miRNA labeling and analysis

The cells were cultured and incubated with a miRNA SmartFlare RNA probe (EMD
Millipore) for 16 h. To ensure that the cell types, including MV-4-11 and primary AML
blasts, could effectively endocytose the SmartFlare probes, we examined the uptake of
probes in these cells using a SmartFlare uptake control, a scrambled control and a
housekeeping 18S control (according to the manufacturer’s guidelines). Cells were then
washed in 1x phosphate buffered saline (PBS) and fixed in 4% paraformaldehyde for 3 min.
Nuclei were counterstained with 4”,6-diamidino-2-phenylindole (DAPI), and the images
were analyzed using a confocal microscope (Zeiss LSM880). A more detailed protocol is
provided in Supplementary Materials and Methods.

Statistical analysis

Where indicated, to compare the means of two groups, results were generally compared

by using unpaired, two-tailed Student’s ztest, with values from at least two independent
experiments with triplicate determination. Data are presented as mean + standard error (SE),
as indicated. p< 0.05 was considered statistically significant; ns indicates not significant.

An extensive description of the methods can be found in the Supplementary Materials and

Methods.

Results

Target sequences for SiRNAs are shown in Supplementary Table S1. TagMan gene
expression assays used for quantitative polymerase chain reaction (q-PCR) analysis are
shown in Supplementary Table S2. Primer sequences used for RNA immunoprecipitation
(RIP), RT-PCR and g-PCR analysis are shown in Supplementary Table S3. Antibodies

used for RIP, immunoprecipitation (IP) and immunoblotting (IB) analysis are shown in
Supplementary Table S4. Locked nucleic acid (LNA) probes used for fluorescent in situ
hybridization (FISH) and Northern blot are shown in Supplementary Table S5. Proteins used
for in vitro kinase assay are shown in Supplementary Table S6. Characteristics of patient
samples are shown in Supplementary Table S7.

FLT3-ITD-induced miR-126 down-regulation

We previously reported that miR-126 is downregulated in CML, via the aberrant TK
activity of BCR/ABL. Low levels of miR-126 induce leukemic cells out of quiescence and
contribute to leukemia growth [16]. Thus, we postulated here a similar activity for FLT3-
ITD in AML. To prove this hypothesis, firstly we compared miR-126 expression levels

in FLT3-ITD+ (n=55) vsFLT3-1TD negative (-) (n=126) AML patients from The Cancer
Genome Atlas (TCGA) miRNA sequencing (seq) database [17] (Fig. 1a, left) and in primary
bone marrow (BM) CD34+ blasts from AML patients’ samples banked at our institution
(Fig. 1a, right). We observed that levels of miR-126 were significantly lower in FLT3-ITD+
compared to FLT3-ITD- patients. Patients with FLT3-tyrosine kinase domain (TKD) point
mutations were excluded from this analysis. The AML cell line MV-4-11, which carries

a high FLT3-1TD allelic ratio, also expressed lower levels of miR-126 when compared

with FLT3-1TD- AML cell lines (Supplementary Fig. S1A, left), normal CD34+ cells, and
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FLT3-1TD- AML blasts (Supplementary Fig. S1A, right). Expression levels of miR-126
were also significantly lower in distinct immunophenotypic leukemic cell subpopulations
sorted from the BM of a murine model of FIt3-ITD+ AML (M/PTPWY £jt3TD/ITD) 118]
compared to their normal counterparts from wild-type (wt) controls (Fig. 1b).

Consistent with previous reports showing that miR-126 controls cell quiescence [12,15,16],
miR-126 knock down (KD) led to an increase in cell cycling of M/PTOWY £r3 TDATD aAnpjL
LSK cells (Supplementary Fig. S1B). In contrast, miR-126 overexpression (OE) increased
the percentage of quiescent AML LSK cells (Supplementary Fig. S1C). Transduction of a
FLT3-1TD lentiviral vector in normal murine LSK cells decreased miR-126 levels compared
with a control vector (Fig. 1c). Conversely, pharmacologic inhibition of FLT3-1TD with the
TKI AC220 (quizartinib) [19] increased miR-126 expression in human primary FLT3-ITD+
blasts and cell line (MV-4-11) cells but not in human FLT3-1TD- AML blasts, normal HSCs
or FLT3-ITD- cell line (HL-60) (Fig. 1d and Supplementary Fig. S1D). These results were
corroborated by live miR-126 staining with SmartFlare probes (Fig. 1e and Supplementary
Fig. S1E).

While we observed lower levels of mature miR-126 (Fig. 1f, left) in FLT3-1TD+ compared
with FLT3-1TD- cells, we noted a reverse pattern of expression for pri-miR-126 and pre-
miR-126, which were found to be higher in FLT3-ITD+ compared with FLT3-1TD- cells
(Fig. 1f, middle and right). Furthermore, treatment with AC220 increased levels of mature
miR-126 (Fig. 1d) and decreased levels of pri- and pre-miR-126 in FLT3-1TD+ AML blasts
(Fig. 1g) and MV-4-11 cells (Supplementary Fig. S1F) but not in FLT3-1TD- cells. These
findings supported our hypothesis that FLT3-1TD downregulates miR-126 by interfering
with pre-miRNA processing and completion of the cytoplasmic steps of miRNA biogenesis.

FLT3-ITD disrupts canonical mechanisms of miRNA biogenesis via SPRED1
phosphorylation

One “gatekeeper” of canonical miRNA biogenesis is the XPO5/RAN-GTP complex [20].
Within this complex, XPO5 is a RAN-GTP-dependent double-stranded (ds) RNA-binding
protein that mediates nuclear export of pre-miRNAs from the nucleus to the cytoplasm for
the completion of MiIRNA maturation [21]. RAN is a small GTPase that plays a key role
in determining the directionality of transport of pre-miRNAs from nucleus to cytoplasm
according to a GDP-to-GTP gradient [22]. Importantly, RAS small GTPases interact

and are inhibited by the SPRED1, a protein encoded by the sprouty related Drosophila
enabled/vasodilator-stimulated phosphoprotein homology 1 (EVH1) domain containing 1
(SPREDI) gene, which is also a putative substrate for TKs and a proven target of miR-126
[23,24,25,26]. Quintanar-Audelo M et al (2011) showed that tyrosine phosphorylation is
important for the interplay of SPRED1 with small GTPases [25]. Thus, we hypothesize that
FLT3-ITD could inhibit the XPO5/RAN-GTP complex via SPRED1.

To this end, we first demonstrated the interaction between SPRED1 and FLT3. We showed
that SPRED1 and FLT3 interacted in cell-free /n vitrobinding (Supplementary Fig. S2A)
and kinase phosphorylation assays (Fig. 2a) that used recombinant proteins. Next, we
showed that SPRED. also interacted and co-localized with RAN in FLT3-ITD+ AML
blasts using confocal immunostaining imaging (Supplementary Fig. S2B), Duolink protein
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interaction (Fig. 2b, left) and immunoprecipitation assays (Fig. 2b, middle). We also
confirmed that SPRED1 bound to RAN but not to XPO5 in a cell-free /n vitro binding
assay (Fig. 2b, right and Supplementary Fig. S2C).

Consistent with previous findings showing that SPRED1 inhibits small GTPAses via the
GTPase-activating proteins (GAPSs) [27], we demonstrated that SPRED1 interacted with
RANGAP1, a GAP for RAN (Supplementary Fig. S2D, left), which enhanced SPRED1-
RAN binding (Supplementary Fig. S2D, right). Depletion of RANGAP1 (but not that of
XPO5) attenuated SPRED1 and RAN binding (Supplementary Fig. S2E). The presence
of EVH1 domain, but not that of other functional SPRED1 domains [i.e., c-KIT binding
domain (KBD) or cysteine-rich domain (CRD)], was required for the interaction of SPRED1
with RAN/RANGAP1 (Fig. 2c and Supplementary Fig. S2F). Mutation of SPRED1 at the
Y377 and Y420 residues resulted in decreased SPRED1 and RANGAP1/RAN binding in
both of MV-4-11 and HL-60 cells (Supplementary Fig. S2G), suggesting that SPRED1
phosphorylation is required for these protein-protein interactions.

Consistent with these results, higher levels of total SPRED1, p-SPRED1 and SPRED1-RAN
binding were observed in FLT3-ITD+ vs FLT3-ITD- AML blasts (Fig. 2d). SPRED1 KD
increased RAN and XPOS5 interaction (Fig. 2e, top panels) and levels of mature miR-126
and reduced those of pre-miR-126 (Fig. 2e, bottom panels and Supplementary Fig. S2H)

in FLT3-ITD+ AML blasts, thus supporting the inhibitory activity of p-SPRED1 on the
RAN/XPO5 complex.

Taken together, these results demonstrate that FLT3-1TD downregulates miR-126 by
interfering with the canonical steps of miRNA biogenesis mediated by the XPO5/RAN-GTP
complex via p-SPRED1. We also show first that p-SPRED1 has GAP-activity for RAN.

miR-155 escapes the FLT3-ITD-dependent blockage of miRNA biogenesis

We and others have reported that miR-155, a multifunctional miRNA involved in regulation
of hematopoiesis, immunity, inflammation and cancer growth, is overexpressed in FLT3-
ITD+ AML and contributes to leukemic blast hyperproliferation and survival in molecular
subsets of the disease [8,9,10,11]. However, since we showed that FLT3-1TD inhibits the
XPO5/RAN-GTP complex, which reportedly processes the majority of pre-miRNAs [21,28],
we reasoned that activation of mechanisms circumventing the XPO5/RAN-GTP blockage
must be activated in order to promote high levels of miR-155 in FLT3-1TD+ blasts.

To explain how FLT3-ITD differentially impacted the expression levels of distinct miRNAs
(i.e., decrease for miR-126 and increase for miR-155), we first noticed that, while miR-126
is hosted in an intronic region of the epidermal growth factor like domain 7 (EGFL7)

coding gene, miR-155 is hosted at the locus of the Inc-RNA BIC-155. BIC-155 is reportedly
transcribed under the control of nuclear factor kappa B (NFxB) [29,30,31,32,33], one of

the downstream effectors of FLT3-ITD [9]. The Inc-RNA BIC-155 is transcribed as a

12-kb unspliced precursor RNA and subsequently spliced into a polyadenylated ~1.7-kb pre-
miRNA transcript before being processed into mature miR-155, presumably via canonical
DROSHA- and Dicer-dependent mechanisms of miRNA biogenesis [29,30,31,32,33]. We
noted that levels of spliced BIC-155 were lower in FLT3-1TD+ than in FLT3-ITD- AML
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blasts, and that they increased upon treatment with the TKI AC220 or siAKT (Fig. 3a),
thereby suggesting that FLT3-ITD may affect the BIC-155 splicing process.

Non-canonical mechanism of miR-155 biogenesis requires DDX3X/hnRNP U and NXF1

Members of the DEAD-box helicase family (DDX proteins) have been reported to control
the expression of several specific miRNAs implicated in neuronal differentiation (i.e.,
miR-26a/b, miR-9, and miR-181a/b) [34]. DDX3X is a member of the RNA helicase protein
family and is involved in the regulation of RNA splicing, and possibly in miRNA biogenesis
[35,36]. Dolde et al. (2018) recently showed that phosphorylation decreases DDX3X
ATPase activity, which is reportedly coupled with the helicase activity of this protein
[37,38]. To this end, we noted that DDX3X harbors an AKT consensus phosphorylation
motif around the S590 residue (Fig. 3b, left) and therefore we postulated that it may

serve as a substrate of p-AKT, a known downstream effector of FLT3-ITD [39] (Fig. 3b,
right). Consistent with this observation, we showed that the ATPase activity of DDX3X

was attenuated in FLT3-1TD+ cells (Fig. 3c right, second and third bars). Conversely,
treatment with the TKI1 AC220 or AKT KD increased both the expression (Fig. 3c, left)

and the ATPase activity of DDX3X (Fig. 3c, right, third to fifth bars). Upon suppression

of endogenous DDX3X in FLT3-1TD- AML blasts, forced expression of the activated
GFP-AKT (AKT-myr) mutant decreased the ATPase activity of co-expressed DDX3X-wt to
levels comparable to those observed with the hypoactive mutant DDX3X-DQAD (Fig. 3d).

Dardenne et al. (2014) showed that DDX5 and DDX17 cooperate with heterogeneous
ribonucleoprotein particle (hnnRNP) proteins in RNA splicing regulation [40,41]. A role of
hnRNP U has been reported in the splicing of pre-mRNAs [42,43]. Thus, we postulated

that DDX3X could interact with hnRNP U in the splicing of BIC-155. To this end, we
showed that DDX3X co-localized (Fig. 4a, left) and physically interacted (Fig. 4a, middle)
with hnRNP U, and in turn with unspliced BIC-155 RNA (Supplementary Fig. S3A). We
conducted these experiments in FLT3-ITD- AML blasts to eliminate the interference of the
FLT3 mutant on the splicing complex. We showed that the interaction between the DDX3X
and hnRNP U proteins did not depend on the binding of the substrate BIC-155, as it also
occurred in lineage-negative (Lin-) BM cells from miR-155 KD mice and in a cell-free assay
using recombinant proteins in the absence of BIC-155 (Supplementary Fig. S3B and Fig. 4a,
right). DDX3X KD reduced the interaction of DDX3X with hnRNP U (Supplementary Fig.
S3C) and led to increased levels of unspliced BIC-155 RNA (Supplementary Fig. S3D and
S3E) and mature miR-155 (Fig. 4b, left), and decreased levels of pri- and pre-miR-155 (Fig.
4b, right). Forced expression of DDX3X wt, the nonfunctional mutant DDX3X DQAD,

or the constitutively AKT-phosphorylated mutant DDX3X S590D increased the binding of
BIC-155 to hnRNP U (Fig. 4c, left), but only DDX3X wt increased BIC-155 splicing (Fig.
4c, right). KD of hnRNP U reversed the effects of DDX3X wt OE (Fig. 4d). Thus, we
concluded that both proteins were required for an efficient substrate splicing. Interestingly,
DDX3X activity (Fig. 3c), binding of BIC-155 RNA to hnRNP U (Fig. 4e, middle, first
panel; Supplementary Fig. S3F) and BIC-155 RNA splicing (Fig. 3a) were all decreased

in FLT3-1TD+ compared with FLT3-1TD- AML blasts. Accordingly, AC220 treatment or
AKT KD increased the DDX3X and hnRNP U interaction (Fig. 4e, left) and BIC-155 RNA
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splicing (Fig. 4e) in FLT3-ITD+ AML blasts, supporting the inhibitory role of FLT3-1TD on
BIC-155 splicing.

In addition to inhibition of BIC-155 splicing, we also observed higher levels of cytoplasmic
unspliced BIC-155 in FLT3-ITD+ AML compared with FLT3-1TD- AML blasts (Fig. 5a,
left and 5b, second lane), as shown using fractionated RT-PCR and /n situ hybridization.
Conversely, both AC220 treatment and AKT KD, a downstream effector of FLT3-1TD,
increased levels of spliced BIC-155 and reduced those of unspliced BIC-155 in FLT3-1TD+
AML blasts (Fig. 5a, right). Thus, we hypothesized that FLT3-ITD promoted an increased
nucleus-to-cytoplasm transport of unspliced BIC-155. To this end, we observed an increased
binding of unspliced BIC-155 to the nuclear RNA export factor 1 (NXF1) protein in FLT3-
ITD+ AML blasts (Fig. 5¢, left). Lipopolysaccharide (LPS) is a known activator of NFxB
that reportedly promotes BIC-155 transcription [29,30,31]. To this end, we showed that LPS
treatment increased enrichment of NFxB onto the BIC-155 promoter (Supplementary Fig.
S4A, left) and enhanced BIC-155 mRNA expression (Supplementary Fig. S4A, right). As
NXF1 binds RNA transcripts and shuttles them from the nucleus to the cytoplasm [44],
NXF1 KD led to an increased nuclear retention of unspliced BIC-155 mRNA (Fig. 5d and
5e) and decreased levels of mature miR-155 (Fig. 5f) in LPS-treated FLT3-ITD+ MV-4-11
cells. Treatment with AC220 also decreased both BIC-155 mRNA-NXF1 binding and levels
of mature miR-155 (Fig. 5c¢, right) in FLT3-1TD+ AML blasts.

As expected, NXF1 or SPRED1 KD in FLT3-1TD+ AML blasts induced cell cycle arrest
and reduced cell proliferation, consistent with downregulation of mature miR-155 and
upregulation of miR-126 (Supplementary Fig. S5). In contrast, DDX3X KD in FLT3-ITD+
blasts increased cell cycle and cell proliferation consistent with upregulation of miR-155 and
downregulation of miR-126 (Supplementary Fig. S5).

Thus, altogether, these results support an active role of FLT3-1TD in increasing unspliced
BIC-155 that is transported to the cytoplasm by NXF1. Interestingly, similar findings were
also observed for other IncRNA-hosted miRNAs previously implicated in hematopoiesis
and/or leukemogenesis (miR-125b, miR-196b, miR-146a) (Supplementary Fig. S4B

and S4C, left), but not for intron-hosted miRNA (miR-126, miR-146b) (Fig. 5f and
Supplementary Fig. S4C, right), suggesting that the described mechanisms may not be
restricted respectively to BIC-155 and miR-126, but could be broadened to other miRNAs
[45,46,47,48].

BIC-155 IncRNA is processed by cytoplasmic DROSHA into mature miR-155 in FLT3-ITD+

AML blasts

Having shown that unspliced BIC-155 is transported from the nucleus to the cytoplasm via
NXF1, we then asked if it could also be processed into mature miR-155 in the cytoplasm

of FLT3-ITD+ AML cells. DROSHA is a primarily nuclear ribonuclease that cleaves pri-
miRNAs in order to produce pre-miRNAs, which are then transported to the cytoplasm
where they serve as Dicer substrates in the final steps of miRNA biogenesis [49]. However,
recent studies reported that some DROSHA isoforms (DROSHA 1 and 4) may localize
preferentially to the cytoplasm [50,51]. Thus, we first measured the fractionated nuclear and
cytoplasmic expression of DROSHA in FLT3-ITD+ and FLT3-1TD- AML blasts (Fig. 6a

Leukemia. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nguyen et al.

Page 9

and 6b, left) and normal CD34+ cells (Fig. 6a and 6b, right). Higher levels of cytoplasmic
DROSHA were present in FLT3-ITD+ compared with FLT3-1TD- AML blasts and normal
CD34+ cells (Fig. 6a and 6b). Furthermore, in FLT3-1TD+ MV-4-11 cells, we observed
that the isoforms DROSHA 1 and DROSHA 4 preferentially localized to the cytoplasm
compared with the isoforms DROSHA 2 and DROSHA 3, which instead preferentially
localized to the nucleus (Supplementary Fig. S6A) [50]. Using RNA-binding protein
immunoprecipitation (RIP) assays, we then proved that unspliced BIC-155 preferentially
co-localized and bound with cytoplasmic DROSHA whereas pri-miR-126 colocalized with
nuclear DROSHA in FLT3-1TD+ MV-4-11 cells (Supplementary Fig. S6B and S6C).

Of note, we observed similar patterns of localization with cytoplasmic DROSHA for

other known miRNA-hosting IncRNAs (NED-125b, MIR3142HG, and HOXA10-AS), and
localization with nuclear DROSHA for other intron-hosted pri-miRs (e.g., pri-miR-146b)
(Supplementary Fig. S6D).

Upon endogenous DROSHA KD and forced expression of distinct ectopic DROSHA
isoforms, we observed higher levels of IncRNA-hosted miRNAs (i.e., miR-155, miR-125b,
miR-146a and miR-196b; Fig. 6¢c-6e) in FLT3-1ITD+ MV-4-11 cells transduced with
DROSHA 1 and 4 (cytoplasmic isoforms) compared to those transduced with DROSHA

2 and 3 (nuclear isoforms). In contrast, forced expression of DROSHA 2 and DROSHA

3 more than that of DROSHA 1 and 4 increased levels of mature forms of intron-hosted
miRNAs (i.e., miR-126 and miR-146b) (Fig. 6¢, 6d and 6f). RIP assays demonstrated that
BIC-155 and other IncRNAs (i.e., NED-125h, and HOXA10-AS) were preferentially bound
to DROSHA 1 and 4 rather than to DROSHA 2 and 3 (Supplementary Fig. S6E) in FLT3-
ITD+ MV-4-11 cells. Upon endogenous DROSHA KD, ectopically expressed DROSHA 4,
but not that of DROSHA 2, increased levels of mature miR-155 from a transduced INcRNA
BIC-155 vector (Supplementary Fig. S6F).

We validated these results in vivo by comparing BM Lin- MNCs from FLT3-wt with

those from FLT3-1TD (M/PTPW £j¢3TDIITDY mice (Fig. 7a). We observed that in BM Lin-
MNCs from the MIFTPWY £jt3TDIITD moyse, DDX3X expression (Fig. 7b) and BIC-155
splicing were reduced (Fig. 7c) whereas the binding between unspliced BIC-155 and NXF1
(Supplementary Fig. S7A) and the expression of cytoplasmic BIC-155 were increased
(Supplementary Fig. S7B) compared with FLT3-wt counterpart. Finally, cytoplasmic
DROSHA (Fig. 7d and Supplementary Fig. S7C) and mature miR-155 (Fig. 7e) were also
increased in BM Lin- MNCs from the M/FPTPWt £t3TDNTD moyse compared to those of
FLT3-wt control.

Discussion

The miRNAs miR-126 and miR-155 have been previously reported to control,

respectively, cell quiescence and proliferation both in normal hematopoiesis and leukemia
[11,13,15,16,52]. Using an AML mouse model and primary blasts, we report here on a
previously unrecognized function of FLT3-1TD that takes control of mechanisms of miRNA
biogenesis and aberrantly upregulate miRNAs like miR-155 that promote leukemia growth
and suppress those like miR-126 that contribute to cell quiescence.
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We showed that FLT3-ITD decreases the biogenesis of the tumor suppressor miR-126

by interfering with pre-miR-126 processing via SPRED1 phosphorylation. Phosphorylated
SPRED1 binds RAN via RANGAP1 and inhibits the XPO5-RAN complex that controls
the canonical transport mechanisms of pre-miR-126 from the nucleus to the cytoplasm.
This in turn results in a decreased production of mature miR-126. Since SPRED1 is a
miR-126 target [26], a negative feedback regulatory loop is activated, with progressively
lower levels of miR-126 that lead to progressively higher levels of SPREDL in leukemia
cells that exit quiescence, enter the cell cycle and expand. Phosphorylation is necessary for
the interaction of SPRED1 with RAN in the XPO5-RAN complex and occur directly via
FLT3-ITD. Of note, analysis of potential phosphorylation sites using Data from NetPhos 3.1
server-Technical University of Denmark [53 and unpublished data] support the notion that
SPRED1 is a substrate for multiple kinases including PKC, CKI and CKII, c-KIT, EGFR
and AKT.

Since the XPO5/RAN-GTP “gatekeeper” complex reportedly controls not only the
biogenesis of miR-126 but also other miRNAs (e.g. miR-146b; Supplementary Fig. S4C)
[1], it was surprising to us that miR-155 remained upregulated in FLT3-ITD+ AML blasts.
Thus, we postulated that FLT3-ITD activates alternative mechanisms of miRNA biogenesis
that circumvent the XPO5/RAN-GTP blockage. To this end, we noticed that, while miR-126
is hosted at the intronic region of the coding gene £EGFL 7, miR-155 is instead hosted at

the INcCRNA BIC-155 locus, and therefore, once transcribed, the biogenesis of these two
miRNAs may follow different processing paths. Thus, while the intron-hosted miR-126 is
transcribed as a pri-miRNA and then processed by nuclear DROSHA into pre-miR-126,
Inc-RNA BIC-155 undergoes DDX3X splicing in normal cells. However, in AML blasts,
FLT3-1TD inhibits DDX3X-dependent IncRNA BIC-155 splicing and therefore increase
the levels of unspliced BIC-155. Unspliced BIC-155 binds to NXF1 and is transported to
the cytoplasm, where it serves as a substrate for cytoplasmic DROSHA for completion

of BIC-155 maturation into miR-155 (Fig. 7f), thereby by-passing the XPO5/RAN-GTP
blockage. Of note, the existence of cytoplasmic DROSHA was recently reported in cancer
cell lines [50,51], and here first shown in primary leukemic blasts. Thus, our study supports
the notion of a dual activity of FLT3-ITD on miRNA biogenesis that leads to aberrantly
decrease in miR-126 to overcome cell quiescence and aberrantly increase in miR-155 to
promote leukemia growth

Of note, the mechanisms of FLT3-1TD-dependent disruption of miRNA biogenesis also
affect intron-hosted miRNAs other than miR-126, and IncRNA-hosted miRNAs other

than miR-155 (see Fig. 5 and Supplementary Fig. S4). However, generalization of this
observation to the whole miRNome of cancer cells requires additional studies. In fact,

the high cellular specificity of miRNA expression, high degree of overlap between gene-
and IncRNA-hosted miRNAs (e.g. some miRNAs are hosted in IncRNAs that overlap with
introns of coding genes), and the difference in levels of aberrantly activated kinases, may
differentially impact the degree by which miRNA biogenesis is dysregulated. Nevertheless,
as miRNA-targeting therapeutics are being explored in the clinic [54], the aberrant activity
of FLT3-1TD on miRNA biogenesis could provide opportunities for adding novel miRNA-
targeting therapeutic approaches to the current therapeutic armamentarium available for the
treatment of these AML patients.
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Fig. 1: FLT3-ITD down-regulates miR-126 expression.

a miR-126 expression in FLT3-ITD+ vs FLT3-1TD- AML patients from a public database
(left) and in BM primary CD34+ blasts (right). For BM primary CD34+ blasts, total

RNA was extracted and levels of miR-126 were measured by g-PCR. b Comparison of
miR-126 levels in BM MNC immunophenotypic subpopulations from wild type (wt) vs
MIFTOWY i 3TDITD AML mice. BM MNCs were isolated from each group of mice and
subpopulations were isolated using flow cytometry (as described in Methods). MiR-126
expression was measured by g-PCR; (each group, n=3). ¢ LSK cells from wt mice (n=3)
transduced with control (CON) or FLT3-ITD lentivirus vectors. FLT3-1TD (left) and
miR-126 (right) expression levels were measured by g-PCR at 48 hours. d, e miR-126
expression in CD34+ blasts from healthy donor or FLT3-ITD- vs FLT3-1TD+ AML patients
treated ex-vivo with DMSO (CON) or the tyrosine kinase inhibitor AC220 (20 nM)
measured by g-PCR (d) or staining with SmartFlare miR-126 probes (€). The cells were
treated with DMSO or AC220 for 24 hours. f Mature miR-126 (left), pri-miR-126 (middle),
and pre-miR-126 (right) expression in FLT3-1TD- (n=12) and FLT3-1TD+ (n=12) AML
blasts. Levels of pri-, pre- and mature miR-126 were measured by g-PCR. g FLT3-ITD-
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and FLT3-ITD+ AML blasts (each group, n=3) were treated with DMSO or 20 nM AC220
for 24 hours. Left, pri-miR-126 by g-PCR. Right, Northern blot to detect pre-miR-126 and
mature miR-126. Unless otherwise noted, results from triplicate experiments are shown,
error bars represent SD. Significance was calculated using unpaired t test, “p” values are
shown. Scale bar, 10 pm.
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Fig. 2: Inhibition of XPO5/RAN by SPRED1.

a SPRED1 phosphorylation by FLT3. Cell-free /n vitro kinase phosphorylation assay
performed using AKT, GSK3, FLT3, and SPRED1 recombinant proteins. AKT
phosphorylated GSK3 was used as a positive control for the phosphorylation assay. Left,
phosphorylation of SPRED1 and GSK3. Right, input controls of recombinant proteins
using in kKinase assay. b Interaction between SPRED1 and RAN in FLT3-ITD+ AML
blasts demonstrated by Duolink protein interaction assay (left) and co-immunoprecipitation
assay (middle). For immunoprecipitation assay, the lysate was immunoprecipitated with
anti-1gG control or anti-RAN antibodies and immunoblotted with anti-SPRED1 and anti-
RAN antibodies. Input controls are shown. Right, direct interaction of SPRED1 and RAN
demonstrated by cell-free binding assay with recombinant proteins. SPRED1 and RAN
recombinant proteins were incubated in the binding buffer overnight and the complex

was immunoprecipitated with anti-SPRED1 antibody and immunoblotted with anti-RAN
antibody. *, nonspecific band. ¢ Mapping binding domain of SPRED1 with RAN. Top,
schematic presentation of the SPRED1 constructs used to map the binding domain of
SPRED1 on RAN as shown on bottom. Bottom, immunoprecipitation of GFP-SPRED1
proteins overexpressed together with HA-RAN in MV-4-11 cells using anti-HA and anti-
GFP antibodies. Input controls of protein expression are shown. d SPRED1 phosphorylation
and SPRED1 and RAN physical interaction in FLT3-1TD- vsFLT3-ITD+ AML blasts.
Five samples of each group were pooled for the assay. The lysate was immunoprecipitated
with anti-SPRED1 or anti-RAN antibodies and immunoblotted with indicated antibodies.
e Effects of SPRED1 knock down (KD) by siRNAs (40 nM) on miR-126. FLT3-1TD+
AML blasts (n=3) were transfected with siSCR or siSPRED1 for 24 hours. Top, interaction
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of SPRED1, RAN and XPO5 determined by immunoprecipitation. Three samples of each
group were pooled for the assay. Input controls are shown on the right. Bottom, miR-126
and pri- and pre-miR-126 expression as assessed by g-PCR. Unless otherwise noted, results
from triplicate experiments are shown, error bars represent SD. Significance was calculated
using unpaired t test, “p” values are shown. Scale bar, 10 pm.
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Fig. 3: Regulation of DDX3X activitiesin FLT3-ITD cells.
a BIC-155 unspliced and spliced levels in FLT3-1TD- and FLT3-ITD+ AML blasts. The

FLT3-1TD- or FLT3-ITD+ blasts were treated with vehicle (CON), AC220 or siAKT

(each, n=3) for 24 hours and analyzed for unspliced and spliced BIC-155 expression by
RT-PCR (see Methods for assay and primer sequences). Semiquantitative expression levels
are shown on right. b AKT phosphorylates DDX3X. Left, AKT phosphorylation motif on
CDS of DDX3X protein. The AKT phosphorylation motif (RXRXX-S/T) is shown at Serine
590. Right, /n vitro phosphorylation assay using recombinant proteins of AKT, GSK3 and
DDX3X. AKT phosphorylated GSK3 was used as a positive control for phosphorylation
assay. Top, phosphorylation of DDX3X and GSK3. Bottom, input controls of recombinant
proteins using in Kinase assay. ¢ DDX3X ATPase activity in FLT3-ITD- and FLT3-ITD+
AML blasts (each, n=3). Left, whole protein lysate from FLT3-1TD- or FLT3-ITD+ AML
blasts were immunoprecipitated (IP) with anti-DDX3X antibody and immunoblotted with
anti-phospho-Serine/Threonine antibody. Right, Fold ATPase activity is shown. d ATPase
activity of AKT-phosphorylated DDX3X. FLT3-ITD- AML blasts (n=5) were transfected
with indicated constructs for 24 hours. Left, efficacy of Flag DDX3X pull down is

shown. Right, fold ATPase activity is shown. Unless otherwise noted, results from triplicate
experiments are shown, error bars represent SD. Significance was calculated using unpaired
t test, “p” values are shown.
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Fig. 4: Regulation of BI C-155 splicing by DDX3X and hnRNP U.
a Interaction between DDX3X and hnRNP U. Left, co-localization between DDX3X and

hnRNP U in FLT3-1TD- AML blast. The cells were stained with anti-DDX3X (red)

and anti-hnRNP U (green) antibodies and images were taken under confocal microscope.
Pearson correlation (p) value = 0.69 + 0.08. Middle, protein lysate from FLT3-ITD- AML
blasts (n=5) was used for immunoprecipitation and immunoblotting using anti-DDX3X and
anti-hnRNP U antibodies. Right, cell-free binding assay using recombinant DDX3X and
hnRNP U protein. DDX3X and hnRNP U recombinant proteins were incubated in the
binding buffer for overnight and the complex was immunoprecipitated with anti-DDX3X
antibody and immunoblotted with anti-DDX3X and anti-hnRNP U antibodies. b Effects

of DDX3X KD on pri-, pre- and miR-155 levels. FLT3-ITD- AML blasts (n=5) were
transfected with siSCR or siDDX3X (20 nM) for 24 hours Levels of miR-155 (left), pri- and
pre-miR-155 (right) were measured by g-PCR. ¢ Rescued effects of DDX3X WT, DQAD
or S590D mutant on siDDX3X-regulated BIC-155 splicing. The FLT3-ITD- AML blasts
(n=5) were transfected with siDDX3X (20 nM) and then continuously transfected with
DDX3X WT, DQAD or S590D mutant. Left, interaction between unspliced BIC-155 and
hnRNP U (by RIP assay, see Methods) and IP and IB controls. Right, expression of spliced
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and unspliced forms of BIC-155 by RT-PCR. Optical density ratio is shown. d Effects of
hnRNP U KD on DDX3X regulated BIC-155 splicing. FLT3-1TD- AML blasts (n=5) were
transfected with DDX3X WT in the presence of siSCR or sihnRNP U (20 nM) for 24
hours. The interaction of DDX3X and hnRNP U are on the left and levels of unspliced
BIC-155 binding with hnRNP U and total unspliced BIC-155 are on the right. e Different
levels of DDX3X binding with hnRNP U and miR-155 expression between FLT3-1TD-
and FLT3-ITD+ AML blasts (each, n=3). Left, interaction between DDX3X and hnRNP U
determined by IP. Middle, the levels of unspliced BIC-155 bound to hnRNP U determined
by RIP assay. Right, miR-155 levels determined by g-PCR. Unless otherwise noted, results
from triplicate experiments are shown, error bars represent SD. Significance was calculated

using unpaired t test, “p” values are shown. Scale bar, 10 pm.
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Fig. 5: Lnc-RNA hosted miR-155 transportation by NXF1.
a, b Fractionated cytoplasm and nuclear distribution of unspliced BIC-155 in FLT3-

ITD+ AML blasts. a The cells were fractionated into cytoplasmic and nuclear fraction.
Expression of unspliced and spliced BIC-155 in indicated cells were assessed by RT-PCR.
Densitometry quantification of RT-PCR results of unspliced BIC-155 and spliced BIC-155
are shown. b /n situ hybridization was performed on the indicated cells with specific
probes targeting BIC-155. Representative images are shown. ¢ BIC-155/NXF1 binding in
FLT3-ITD- and FLT3-ITD+ AML blasts. Left, the FLT3-1TD- or FLT3-ITD+ blasts (each,
n=3) were analyzed for levels of BIC-155 binding to NXF1 using RNA-binding protein
immunoprecipitation (RIP) assay (see Methods) and miR-155 using g-PCR. Right, the
FLT3-ITD+ blasts (n=3) were treated with AC220 or vehicle for 24 hours and interaction
of BIC-155/NXF1 and miR-155 levels were analyzed. d-f Effects of NXF1 KD on cellular
distribution of BIC-155 and expression of miRNAs. MV-4-11 cells were treated with LPS
for 24 hours in the presence of siSCR, siXPO5, or siNXF1. d Interaction between BIC-155
and NXF1 by RIP assay. e Left, cell images with /n situhybridization of BIC-155. Right,
quantitative analysis of cellular distribution of BIC-155. f Levels of miR-126 and miR-155
were measured by g-PCR. Significance was calculated using unpaired t test, “p” values are
shown. Scale bar, 10 pm.
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Fig. 6: Lnc-RNA hosted miR-155 processing by cytoplasmic DROSHA.
a, b Cellular distribution of DROSHA in FLT3-ITD-, FLT3-ITD+ AML blasts and normal

peripheral blood mononuclear cells (PBMC). a Representative image of DROSHA staining
in three individual FLT3-ITD- and FLT3-ITD+ AML blasts (left) and in MV-4-11 cells,
FLT3-1TD+ AML blast, and PBMC cells (right). The images were taken under confocal
microscope. b Immunoblot of cellular fractionation with indicated antibodies. The indicated
cells were fractionated to cytoplasmic and nuclear fractions and immnublotting was
performed with indicated antibodies. c, d Effects of DROSHA isoforms on miR-126 and
miR-155 expression. MV-4-11 cells were transfected with siDROSHA to knock down (KD)
expression of endogenous DROSHA and then transfected with each DROSHA isoform to
assess the role of the individual isoforms. ¢ Expression levels of miR-126 and miR-155

by g-PCR is shown on (left). Right, control immunoblotting with indicated antibodies.

d Representative images of cells staining with indicated miRNA SmartFlare probes (see
Methods). e, f Effects of DROSHA isoforms on intronic and Inc-RNA hosted miRNAs
expression. MV-4-11 cells were transfected as described in (c, d). Expression levels of
Inc-RNA-hosted miRNASs by g-PCR is shown on (€) and that of intronic miR-146b on (f).
Unless otherwise noted, results from triplicate experiments are shown, error bars represent
SD. Significance was calculated using unpaired t test, “p” values are shown. Scale bar, 10
pm.
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Fig. 7: Regulation of miR-155 processing by DDX3X/NXFl/cytoplasmic DROSHA in BM Lin-
cellsfrom FIt3-1TD mice.

a In vivo experimental design. The lineage-negative (Lin-) stem-progenitor cell population
from BM were isolated from FIt3 wild type (wt) or FIt3-ITD (M/PTPMWY £f¢3TDITD) mjce
to analyze as indicated (each group, n=3). b, ¢ Expression of DDX3X and BIC-155 splicing
in Lin- cells from FIt3-wt and FIt3-1TD mouse. b Level of DDX3X was examined by
immunoblotting. ¢ Unspliced or spliced BIC-155 was examined by RT-PCR. d Cellular
distribution of DROSHA in Lin- cells from Flt3-wt and FIt3-1TD mice. Immunoblot

of cellular fractionation with indicated antibodies is shown. e Levels of miR-155 were
measured by staining with SmartFlare probes (left) and g-PCR (right). f Schematic model
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of regulation miR-155 expression in FT3-ITD+ AML cells through regulation of DDX3X/
NXF1/cytoplasmic DROSHA. Unless otherwise noted, results from triplicate experiments
are shown, error bars represent SD. Significance was calculated using unpaired t test, “p”
values are shown. Scale bar, 10 um.
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