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Figure 3 | Suppressive effect of novel RNAi agents for RPN2 in A549-luc-C8 cells. (a) Immunohistochemical staining for RPN2 proteins in
representative tumors of A549-luc-C8 xenograft lung cancer models. The scale bars indicate 100 pm. (b) Phase-contrast micrographs of A549-luc-C8
cells 96 h after transfection with RPN2 siRNA, RPN2 PnkRNA, RPN2 nkRNA or control siRNA using DharmaFECT 1 reagent. The scale bars indicate
10 pm. {c) Cell proliferation was measured 96 h after transfection with each of the RNAi therapeutic agents. Inhibition of cell growth was observed on
A549-luc-C8 cells treated with RPN2 siRNA, PnkRNA, nkRNA, or the control siRNA. Statistical analysis was performed by the Bonferroni multiple-
comparison test. The data represent the means = SD (n = 3). ¥, P < 0.001 versus control siRNA group. ¥*, P < 0.01 versus control siRNA group.
*, P < 0.05 versus control siRNA group. (d) The inhibition of the targeted mRNA levels is shown. Human RPN2 expression levels were normalised to
beta-actin levels. Statistical analysis was performed by the Bonferroni multiple-comparison test. Data represent the means = SD (n = 3).

*% P < 0.001 versus control siRNA group.

suppressive effects for RPN2, the RNAi cell transfection method was
used. The inhibition of cell growth was observed on A549-luc-C8
cells treated with RPN2 siRNA, PnkRNA, nkRNA, or the control
siRNA (Fig. 3b,c). The inhibition of the targeted mRNA levels was
also shown (Fig. 3d). RPN2 PnkRNA and nkRNA, as well as siRNA,
inhibited A549-luc-C8 cell proliferation and suppressed RPN2 ex-
pression. Furthermore, a rescue experiment indicated that exogen-
ous RPN2 expression could rescue the functional changes induced by
the specific RNAi knockdown (supplementary Fig. 3ab). These

results revealed that RPN2 may be the target of the inhibition of
tumor growth of A549-luc-C8 cells.

Inhibition of RPN2 expression by the inhaled novel RNAi agents’
delivery system (single administration study, mice per group; n =
4). To investigate the inhibition of lung cancer by the inhaled novel
RNAI agents” delivery system, RPN2 siRNA, PnkRNA and nkRNA
were administered intratracheally into mice on day 28 of the
intravenous injection of A549-luc-C8 cells. The treatment group
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Figure 4 | Single administration study with novel RNAi platforms against RPN2 gene in vivo and with an endocytosis assay in vitro. The effects of
transfection on the expression of RPN2-mRNA 24 h after the inhaled administration of RNAi therapeutic agents with (a) or without delivery reagents (b).
Measurements of human RPN2 expression levels by real-time RT-PCR. Data represent the means £ SD (1 = 4). *, P < 0.05 versus control siRNA group.
(c) Endocytosis assay for naked RNAi therapeutic agents. Naked PnkRNAs were incorporated into the A549-luc-C8 cell cytoplasm through
endocytosis in the absence of delivery reagents. The scale bars indicate 10 pm.

received 15 p1g RNAi agent by inhaled administration only on day 28.
The total luminescence from all tumors was determined at different
times post-treatment until 7 days post-treatment for each mouse.
However, there was no suppression of luminescence in mice
treated with RPN2 siRNA, PnkRNA, nkRNA, or control siRNA
over the same observation period. Upon confirming the down-
regulation of RPN2 expression, the xenograft tumor tissues were
excised 24 h after the inhaled administration of RNAi agents, and
quantitative real-time RT-PCR was performed. RPN2 mRNA was
significantly down-regulated in the RPN2 siRNA- and PnkRNA-
treated xenografts, ‘compared with those treated with control
siRNA (Fig. 4a). Moreover, we also tried to replicate the same
inhaled administration study of RNAi agents without delivery
vehicles. Remarkably, only naked RPN2-PnkRNA tended to
suppress RPN2 mRNA expression, compared with the other three
experimental groups (Fig. 4b). The endocytosis assay with labeled
siRNAs and PnkRNAs using pHrodo™ Red succinimidyl ester
showed the presence of the intracellular fluorescence signal in both
A549-luc-C8 cells and PCI14 cells transfected with not only RNAi
therapeutic agents plus reagent but also naked PnkRNAs (Fig. 4c,
Supplementary Fig. 4). This indicates that naked PnkRNAs were

incorporated into the cell cytoplasm by endocytosis without de-
livery reagents. These results suggest that the repeated admini-
stration of naked RPN2-PnkRNA might be required for the
inhibition of tumor growth. Therefore, we tested the hypothesis
that a novel RNAi agent might have emerged as a powerful
technology capable of suppressing the expression of target genes

“without delivery vehicles,

Analysis of the efficiency of naked RPN2-PnkRNA on the inhi-
bition of lung tumor growth (repeated administration study, mice
per group; n = 12). Based on the observed PnkRNA pharma-
codynamics (supplementary Fig. 2), we believe that the weekly
administration schedule of PnkRNA-RPN2 is a reasonable RNAi-
therapeutic strategy. To assess the efficiency of the naked novel RNAi
{PnkRNA) agent on the inhibition of lung tumor growth, naked
RPN2-PnkRNA was intratracheally administered on days 28, 35,
and 42 post-inoculation. At the end of the experiment on day 49,
mice with naked RPN2-PnkRNA showed inhibition of tumor
growth, and there were significant differences between the naked
RPN2-PnkRNA and the naked control-PnkRNA on day 49 (P <
0.05) (Fig. 5ab). Histopathological analysis revealed that the
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A549-luc-C8 cell lung tumors were significantly inhibited by naked involve weight loss and were associated with the specific down-
RPN2-PnkRNA (Fig. 5¢, d). Furthermore, the lung specimens, regulation of mRNAs and protein at the molecular target (Supple-
including normal lung tissues, did not show any significant toxicity ~mentary Fig. 5a, b). In addition, the number of Ki-67 positive nuclei
from the aerosol treatment (Fig, 5¢). The significant effects did not  in naked RPN2-PnkRNA-treated cells was significantly decreased
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Figure 5 | Repeatadministration study with naked RPN2-PnkRNA in vivo. (a) Analysis of the efficiency of naked RPN2-PnkRNA upon the inhibition of
lung tumor growth after inhaled (i.h.) administration once a week for 3 weeks with bioluminescent imaging. Representative images of scid mice on days
28, 35, 42 and 49. Each experimental regimen consisted of twelve animals. (b) The bioluminescent change (days 35, 42 and 49/pre-treatment day 28)
emitted from the whole bodies of the mice on day 28 was set to 100%. Statistical analysis was performed by the Bonferroni multiple-comparison test. The
data represent the means = SD (n = 12). *, P < 0.05 versus naked control-PnkRNA group. (c) Haematoxylin eosin-stained sections of each of the right
lower lobes from the same mice that were imaged in Figure 5a, treated with naked control-PnkRNA or naked RPN2-PukRNA on day 49. The scale bars
indicate 100 pm. (d) The ratio of tumor/normal tissue area (%) of HE staining (on day 49). The data represent the means = SD (n = 12). Statistical
analysis was performed using the Bonferroni multiple-comparison test. *, P < 0.05 versus naked control-PnkRNA group.
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compared to the control group (Supplementary Fig. 5¢). Therefore,
the aerosol delivery of naked PnkRNA could be a unique and safe
strategy for inhibiting lung cancer growth in vivo.

Discussion

Our findings indicate that a novel class of RNAi therapeutic
agents (PnkRNA, nkRNA) can be delivered to lung cancer by
aerosols, Furthermore, we have demonstrated that a novel RNAi
agent, RPN2, markedly suppressed the growth of A549-luc-C8
xenograft tumors in vivo. The novel RNAI agent was administered
in naked, unmodified form by aerosol. To the best of our know-
ledge, our results present the first evidence that gene silencing by
means of intrapulmonary delivery of naked, unmodified RNAi
agents may have therapeutic potential in treating lung cancer.
Despite the highly promising potential of RNAi for novel drug
discovery, some obstacles still must be overcome before clinical
applications®. The biggest hurdle remains a suitable delivery
method. In this study, we were challenged to overcome this hurdle
through a combination of unique RNAi platforms and a local
delivery method.

A new class of RNAi agents, PnkRNA and nkRNA, have a unique
helical structure containing a central stem and two loops. Their large-
scale production at low cost is possible because they do not require an
annealing step. Previously, we also reported that the intrapulmonary
delivery of novel RNAi agents was not associated with the expression
of interferon (IFN)- or IFN- in the mouse model of lung diseases,
suggesting that they might provide a solution to safety concerns
about the off-target effects of canonical siRNAs®. In this study, novel
RNAI agents showed significant effectiveness in lung cancer xeno-
graft models and proved to be more stable against nuclease degra-
dation than canonical siRNAs. The in vitro assay with labeled RNAi
therapeutic agents showed that naked PnkRNAs were incorporated
into the cell cytoplasm by endocytosis without delivery vehicles;
these results were reproduced in two independent lung cancer cell
lines, Furthermore, we were successful at providing evidence for this
technology by showing that a naked, unmodified PnkRNA signifi-
cantly inhibited lung tumor growth without any serious toxicity. The
naked RNAi therapeutic approach has high safety potential because
no proinflammatory or toxicological response was induced by the
delivery vehicles. In the specimens of xenograft mouse lungs, no
necrosis, degeneration, anaplasia in pneumocytes, atelectasis or
emphysema was detected after naked aerosol treatment (Fig. 5¢).
These data show that naked PnkRNA functions safely and efficiently
in an aerosol delivery system. However, we believe that more ded-
icated studies with aerosol delivery are required to evaluate the pos-
sible untoward pulmonary toxicity in vivo. In general, naked RNAi
agents can avoid many of the issues regarding side effects and tox-
icities that ate related to the formulation of reagents and might be
able to facilitate specific therapeutic molecular targeting, which is
considered a promising strategy’>'®. In addition, naked siRNAs can
be administered to mice to down-regulate an endogenous or exogen-
ous target without inducing an IFN response’”. Taken together, strat-
egies using naked novel RNAi agents can be altered to minimise the
potential for off-target effects from RNAi therapeutic agents. As one
significant limitation of this study, it is unknown whether these novel
RNAi-therapeutics would be successful in a host with an intact
immune system. We will test the efficacy of naked-PnkRNA delivery
technology in immune-competent mice in a future study. Further-
more, we hope that the stability and effectiveness of this technology
in humans will be evaluated in preclinical trials. )

Dozens of RNAi-based therapeutics are currently undergoing
preclinical and clinical trials, and these studies provide further
opportunities for successful results’. Many of these studies are
conducted through local administration to specific tissues, such as
ocular, epidermal, pulmonary, colonic, and pancreatic tissues’®.
Thus, the direct-delivery approach can overcome barriers in clinical

testing, and successful RNAIi can offer high specificity to specific
organs and fewer undesirable off-target effects compared to systemic
administration'. The success of the delivery of RNAi-based thera-
peutics requires efficiency, convenience, and patient compliance
with the delivery route. For these reasons, the aerosol delivery system
of RNAI agents is a safe and powerful potential treatment for lung
cancer; because the anatomical structure and location of the lungs
make this simple, non-invasive approach possible and its high deliv-
ery efficiency reduces systemic side effects. Here, we provided evid-
ence that the aerosol delivery of a naked, unmodified RNAi agent by
the MicroSprayer™ technique results in a highly improved local
distribution in the lung peripheries. Although further analysis is
required, our novel technology delivered by aerosol can be altered
to minimise the potential for off-target effects from RNAi thera-
peutic agents.

The potency and target specificity of the RNAi knockdown have
generated considerable excitement as a new therapeutic modality
for cancer therapy. There have already been significant improve-
ments in RNAi-based therapeutics for the treatment of various
cancers, including lung cancer®. Honma et al revealed that
RPN2, which is part of an N-oligosaccharyltransferase complex,
efficiently induced apoptosis in docetaxel-resistant human breast
cancer cells*, Recently, RPN2 expression has also been shown to
be a potential therapeutic target and promising prognostic marker
for several types of cancer®?, Remarkably, Zhu et al revealed that
RPN2 is highly expressed in CD24*CD44"* stem-like pancreatic
cancer cells”. We have also recently demonstrated that RPN2 is
multifunctional, that it tightly regulates tumor survival, and that it
is anti-apoptotic. RPN2 regulates cancer stem cell properties
through the stabilization of mutant p53. Furthermore, RNAi-
mediated knockdown in several types of cancer cells results in cell
growth inhibition in vitro and in vivo™, These findings suggest
that RPN2 could be a promising therapeutic target for several
types of cancer, The data presented in this study demonstrate that
the expression of RPN2 is involved in lung tumor growth in vitro
and in lung cancer xenograft models. Furthermore, based on a
rescue experiment, exogenous RPN2 expression can rescue the
functional changes induced by specific RNAi knockdown.
Therefore, our study indicated that RPN2 might serve as a poten-
tial target for gene therapy in lung cancer treatment. Although
RPN2 RNAi agents efficiently inhibited the proliferation of A549-
luc-C8 cells, further study is required to develop an RNAi-based
therapy that induces cytocidal activity specific to the lung cancer
cells. It would be worthwhile to investigate in a future study
whether naked RPN2-PnkRNA treatment combined with doce-
taxel is a better therapeutic strategy against lung cancer. _

A major limitation of this study is that it is entirely based on a
single cell line, a single target. Non-small cell lung cancers (NSCLCs)
harbor a single specific mutated oncogene like K-ras that is thought
to be the primary genetic “driver” leading to lung cancer. In this
experiment, we used mutant k-ras cell line and still do not know
the RPN2 function is mutant k-ras-dependent phenotype or not.
Therefore, we plan to utilize a naked RNAi-based therapeutic tech-
nology in other lung cancer cell lines and other gene targets to estab-
lish delivery efficacy in future studies.

In conclusion, we have developed a new technology with unique
RNAIi platforms delivered by aerosol. Our findings have provided
new insights into the availability of naked and unmodified RNAi
agents in RNAi therapeutic trials. These novel findings also have
the potential to make an extremely valuable contribution to the
development of lung cancer treatment as a reasonable class of
RNAi-based therapy.

Methods

Reagents. The antibiotic solution (containing 10,000 U/mL penicillin and 10 mg/mL
streptomycin), the trypsin-EDTA mixture (containing 0.05% trypsin and EDTA),
RPMI-1640, FBS {foetal bovine serum} and pHrodo™ Red succinimidyl ester were
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abtained from Invitrogen (Carlsbad, CA). The pairs of each small interfering RNA
(siRNA) and novel RNAi reagent, targeting luciferase mRNA, and human RPN2
mRNA (Supplementary Table 1, 2) were purchased from Bonac (Kurume, Japan).
Alistars Negative Control siRNA was obtained from Qiagen (Hilden, Germany).

Preparation of novel RNAi agents. The preparation of proline diamide amidite and
the novel RNAI agents has been previously described”. Novel RNAi agents are
prepared as single-stranded RNA that self-anneals into a unique structure containing
a double-stranded RNA with an unpaired site bound at the right and left ends by an
oligonucleotide loop or by a non-nucleotide molecule (a proline derivative). Fig. 1
shows the schematic model of human RPN2, which was selected as a representative
RNAI target.

RNA stability. To estimate the resistance to nucleases, 40 jd (2 pmol/I) of siRNA,
nkRNA and PnkRNA directed against human RPN2 were incubated at 37°C with

1 pl of RNase Cocktail Enzyme Mix (Ambion, Foster City, CA) (RNase A 500 U/ml,
RNase T1 20,000 U/ml). After the specified times, the ribonuclease reaction was
stopped, and 2 ul of each sample was run on 3% agarose gel.

Cell line. A549-luc-C8 cells, a luciferase-expressing cell line derived from A549
human lung adenocarcinoma cells by stable transfection of the North American
Firefly Luciferase gene expressed from the CMV promoter, were purchased from
Xenogen. The human lung adenocarcinoma cell line PC14 was obtained from RIKEN
BioResource Center (Tokyo, Japan). These cells were cultured in RPMI-1640
containing 10% heat-inactivated FBS and an antibiotic-antimycotic at 37°C in 5%
CO,.

RNA extraction. Total RNA was extracted from cultured cells or mice lungs using

QIAzol and miRNeasy Mini Kit (Qiagen) according to the manufacturer’s protocol.
The purity and concentration of all RNA samples were quantified using NanoDrop
ND-1000 (Thermo Scientific, San Jose, CA). For RPN2 mRNA analysis of mice lungs,
the animals were sacrificed 24 h after the inhaled administration of each RNAi agent.

Quantitative Real-time PCR (QRT-PCR). The reverse transcription reaction was
performed with a High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA) using a random hexamer primer. The synthesised
¢DNAs were quantified by SYBR Green I qRT-PCR. Quantitative real-time reverse
transcription-PCR (qRT-PCR) analysis was conducted using primers for human
RPN2 (forward:5'-CTTCCAGAGCCACTGTCCTC-3; reverse: 5'-CCGGTTGTC-
ACCTTCAACTT-3'). B-Actin (forward:5’-ATTGCCGACAGGATGCAGA-3";
reverse:5’'-GAGTACTTGCGCTCAGGAGGA-3’) was used for normalisation. The
relative amounts of RPN2 were measured using the 2(-Delta Delta C(T)) method. The
reactions were performed with the ABI Prism 7300 Sequence Detection System
(Applied Biosystems) at 95°C/10 min, followed by 40 cycles at 95°C/15 s and 60°C/
30 s. All qRT-PCR reactions were performed in triplicate.

Transient transfection assays. A549-luc-C8 cells were plated on six-well plates at a
density of 2 X 10° cells/well and grown overnight until 50-80% confluence was
achieved to obtain maximum transfection efficiency. The cells were transfected with
validated siRNA, the novel RNAi agents (PukRNA, nkRNA) for RPN2, or Allstars
Negative Control siRNA (Qiagen) at a final concentration of 25 nmol/l using the
DharmaFECT 1 reagent (Thermo Scientific), according to the ranufacturer’s
protocol. In the cDNA rescue experiment, an RPN2 Human cDNA OREF clone
(Origene Technologies, Rockville, MD) or pEGFP-N1 (Clontech Laboratories,
Mountain View, CA) was combined with each siRNA using DharmaFECT Duo
(Thermo Scientific), according to the manufacturer’s protocol. RPN2-siRNA
targeting site is located 906 nt downstream of the ATG start codon of human RPN2
<DNA sequence on human RPN2 expression vector.

Cell Proliferation Assay (MTS assay). A Cell Counting Kit-8 (CCK-8) (Dojindo
Laboratories, Kumamoto, Japan) was used in the cell proliferation assay. Five
thousand cells per well were seeded in 96-well plates. The following day, the cells were
replenished with fresh medium containing 25 nmol/l of each RN A1 agent. After four
days of culture, a plate was assayed by adding 10 pl of CCK-8 solution to each well,
and the plate was further incubated for 4 h at 37°C. The absorbance at 450 nm was
measured using Envision (PerkinElmer, Norwalk, CT).

RNAi therapeutic agent labelling with pHrodo™! Red succinimidyl ester and
endocytosis assay. The fluorescence of the pHrodo™ Red dye increases as the pH
decreases from neutral to acidic, making it an ideal tool to study endocytosis®. The
amine-reactive forms of pHrodo™ Red succinimidyl ester were used for labelling the
RNAI therapeutic agents. After being labeled according to the manufacturer’s
protocol, the oligonucleotides were purified by reverse-phase HPLC. A549-luc-C8
cells or PC14 cells were transfected with the labeled siRNAs or PnkRNAs. Each
labeled oligonucleotide was transfected with or without DharmaFECT 1 reagent.
Then, the plates were incubated at 37°C for 3 hours to allow endocytosis to run to
completion. Hoechst 33342 was used as a DNA counter-stain (cyan). Microscopic
analysis was performed with a FLUOVIEW FV10i confocal microscope.

In vivo imaging of RNAi therapeutic agents in mice with lung cancer. Animal
experiments were performed in compliance with the guidelines of the Institate for
Laboratory Animal Research, National Cancer Center Research Institute, These

studies were approved by the National Cancer Center Research Institute. Six- to
seven-week-old male C.B-17/Icr-scid/scid)cl mice (CLEA Japan, Shizuoka, Japan)
were used in the experiments. The animals were housed ina 12 hlight/12 hdark cycle
and provided with an autoclaved rodent diet and water ad libifum. The mice were
injected intravenously with 2 X 10° A549-luc-C8 cells suspended in 0.25 ml of sterile
Dulbecco’s PBS via the tail vein (day 0). For in vivo imaging, the mice were
administered 150 mg/kg D-luciferin (Promega, Madison, WI) by intraperitoneal
injection. Ten minutes later, photons from the whole bodies of the animals were
counted by measuring bioluminescence with an IVIS imaging system (Xenogen,
Alameda, CA), according to the manufacturer’s instructions. The data were analysed
using LIVINGIMAGE 4.2 software (Xenogen). The development of lung cancer was
monitored twice a week in vivo by bioluminescent imaging. Four weeks after tumor
injection (day 28), the bioluminescence from the implanted cancer cells was
measured, and the mice were divided into four treatment groups (single
administration study, mice per group; n = 4) or two groups (repeated administration
study, mice per group; n = 12) with equivalent levels of bioluminescence. In the single
administration study, the individual mice were administered 15 pg of each RNAi
agent with It vivo-jetPEI™ (Polyplus Transfection Inc, New York, NY) (resultingina
calculated 1:6 charge ratio of nuclejc acid backbone phosphates to cationic lipid
nitrogen atoms) in a volume of 25 pl on day 28 using an endotracheally inserted
MicroSprayer™ aerosoliser (IA-1C; Penn-Century) and a high-pressure syringe
(FM]J-250; Penn-Century, Philadelphia, PA)*. Data are from a representative
experiment of three independent experiments. In the repeated administration study,
the treatment—15 g of each naked RNAi agent inhaled by using a MicroSprayer™
aerosoliser—was performed on days 28, 35, and 42 (once a week for 3 weeks, three
treatments total). To control for mouse-to-mouse variability, the bioluminescence
ratio for each mouse was normalised by dividing by each day of the post-treatment/
pre-treatment (day28) ratie of luciferase intensity for that mouse. For in vivo
knockdown analysis, animals were sacrificed 24 h after each RNAi application, and
lungs were removed and processed for histology or knockdown determination by
gRT-PCR (SYBR Green).

Lung histological findings. Lung tissues were fixed in 10% neutral buffered formalin,
paraffin-processed, and sectioned at 5 pm. Formalin-fixed and paraffin-embedded
slides were stained with haematoxylin and eosin (H&E) or used for
immunohistochemical (IHC) staining. With regard to the histologic estimation of
tumor burden, the freeware Image ] (National Institutes of Health, Bethesda,
Maryland, USA) was used. Upon the IHC staining, antigen retrieval was performed
by autoclave in a 10 mmol/l sodium citrate buffer (pH 6.0), and the endogenous
peroxidase activity was blocked with the Immuno Pure Peroxidase Suppressor
(Pierce, Chester, UK). The slides were incubated with RPN2 (A-1, Santa Cruz
Biotechnology, Santa Cruz, CA) or Ki-67 (M7240, Dako Cytomation, Copenhagen,
Denmeark) primary antibody at 4°C overnight. The next day, after washing, the
samples were incubated with mouse peroxidase-conjugated anti-mouse IgG
{ImmPRESS Reagent; Vector Labs, Burlingame, CA) for 1 h. The immunoreactions
were visualised with diaminobenzidine, and the sections were counterstained with
haematoxylin.

Immunofluorescence staining. To estimate the inhaled distribution of RNAi agents,
15 pg of Allstars NegativesiRNA Alexia Fluor 647 (Qiagen) with In vivo-jetPEI™ was
aerosolised by means of a MicroSprayer™, and the lungs were harvested 6 h after
application, processed for paraffin sectioning, and analysed by confocal microscopy.
DAPI staining was carried out immediately before imaging. Imaging for the cyan
(DAPI) and magenta (fluorescently labeled siRNA) channels was performed in
sequential mode using the appropriate excitation and emission settings. Microscopic
analysis was performed with a FLUOVIEW FV10i confocal microscope (OLYMPUS,

Tokyo, Japan).

Statistical analysis, All experiments were repeated at least three times, and the results
are expressed as the means = SE. The statistical analyses were conducted using the
Bonferroni multiple-comparison test. These analyses were performed with the Expert
StatView analysis software (version 4; SAS Institute, Cary, NC). P < 0.05 was
considered to be statistically significant.
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Myelodysplastic syndromes are induced by
histone methylation—altering ASXL7 mutations
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Recurrent mutations in the gene encoding additional sex combs-like 1 (ASXL1) are found in various hemato-
logic malignancies and associated with poor prognosis. In particular, ASXL1 mutations are common in patients
with hematologic malignancies associated with myelodysplasia, including myelodysplastic syndromes (MDSs),
and chronic myelomonocytic leukemia. Although loss-of-function ASXL1 mutations promote myeloid transfor-
mation, a large subset of ASXL1 mutations is thought to result in stable truncation of ASXL1. Here we demon-
strate that C-terminal-truncating Asxl1 mutations (ASXL1-MTs) inhibited myeloid differentiation and induced
MDS-like disease in mice. ASXL1-MT mice displayed features of human-associated MDS, including mulsi-
hneage myelodysplasia, pancytopenia, and occasional progression to overt leukemia. ASXLI-MT resulted
in derepression of homeobox A9 (Hoxa9) and microRNA-125a (miR-125a) expression through inhibition of
polycomb repressive complex 2-mediated (PRC2-mediated) methy]auon of histone H3K27. miR-125a reduced
expression of C-type lectin domain family 5, member a (Clec54), which is involved in myeloid differentiation. In
addition, HOXA9 expression was high in MDS patients with ASXL1-MT, while CLECSA expression was generally
low. Thus, ASXL1-MT-induced MDS-like disease in mice is associated with derepression of Hox49 and miR-125a
and with Clec5¢ dysregulation. Our data provide evidence for an axis of MDS pathogenesis that implicates both

ASXL1 mutations and miR-125a as therapeutic targets in MDS.

Introduction
Additional sex combs-like 1 (ASXLI)is 1 of 3 mammalian homo-
logs of the Drosophila additional sex combs (Asx), and plays critical
roles both in activation and suppression of Hox genes in axial
patterning through regulating the polycomb group and tritho-
rax group proteins {1-4). ASXLI is mutated in patients with the
entire spectrum of myeloid malignancies including 11%-21% of
patients with myelodysplastic syndrome (MDS) (5-8), 10%-15%
of patients with myeloproliferative neoplasms (MPNs), 5%-25%
of patients with acute myeloid leukemia (AML) (5, 7), and 43%-
58% of patients with chronic myelomonocytic leukemia (CMML)
(6,7, 9, 10). Additionally, ASXLI mutations are associated with
adverse survival in a variety of myeloid malignancies (8, 9).
Recently it was reported that ASXL1 binds members of the
polycomb repressive complex 2 (PRC2), specifically EZH2, EED,
and SUZ12, and that ASXL1 loss in myeloid hematopoietic
cells profoundly inhibits trimethylation of histone H3-lysine
27 (H3K27me3), a hallmark repressive modification induced by
the PRC2 (11). ASXL1 also associates with the deubiquitinat-
ing enzyme BAP1, which may promote expression of genes (12)
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through removal of H2A lysine 119 ubiquitination placed by the
PRC1 complex. Thus, ASXL1 appears to be involved in both PRC2-
mediated gene repression and opposition of PRC1 function (13).

Although loss of ASXL1 promotes myeloid transformation by
impairing PRC2-mediated gene repression at a number of critical
loci (11), intriguingly, most ASXL1 mutations are located in the
§' region of the last exon (exon 12), which are predicted to result
in expression of a truncated ASXL1 protein. As further support
for this, ASXLI mutations are usually heterozygous, leaving
1 allele intact. Therefore, we hypothesized that the C-terminal
truncated form of ASXL1 might function as a dominant-negative
mutant that suppresses the ASXL1-WT function or alternatively
as a gain-of-function mutant (14, 15), These possible effects of
ASXL1 mutations have not been studied and are critical to delin-
eate given the clinical importance of ASXLI mutations.

In this study we show that ASXL1 mutations profoundly
inhibited myeloid differentiation in vitro and induced typical
MDS in a mouse model. We then sought to explore the molecu-
lar link between ASXLI mutations and epigenetic disturbances
that lead to development of MDS. We identify that expression of
mutant forms of ASXL1 results in impaired PRC2 function and
impaired myeloid differeritiation in vitro and in vivo. Moreover,
we identify that ASXLI mutations induce upregulated expres-
4527
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Figure 1

ASXL1 mutations inhibit G-CSF-induced mysloid differentiation of
32Dcl3 cells. (A) Schematic diagram of ASXL1-WT and 2 mutants,
ASXL1-MT1 and ASXL1-MT2. ASXH, ASX homology region; NLS,
nuclear localization signal; NR, putative nuclear receptor coregu-
lator binding motifs; PHD, plant homeodomain. (B) Expression of
ASXL1-WT and its mutants in 293T cells or 32Dcl3 cells transiently
transfected or stably transduced with a FLAG-ASXL1-MT1, ASX-
L1-MT2, ASXL1-WT, or an empty vector (pMYs-1G). (C) HEK293T
cells were transiently transfected with FLAG-ASXL1-MT, FLAG-
ASXL1-WT, and Myc-EZH2 cDNA, followed by IP of FLAG epitope
and Western blofting for EZH2. Cell lysates were also subject to
immunoblotting with anti-FLAG Ab or anti-Myc Ab. (B) ASXL1 pro-
tein expression using C-terminus anti-ASXL1 antibodies in leukemia
cell lines. Harboring mutations are as follows: K562, heterozygous
ASXLT Y591Y/X; KU812, heterozygous ASXLT R693R/X; Mono-
Mac-6, heterozygous ASXL? L1393RisX30; MEG-01, homozygous
ASXL1 G646WisX12; TS9;22, homozygous ASXL1 R693X; KBM5,
homozygous ASXLT G710X. (E) Nuclear localization of ASXL1-MTs.
The 293T cells transiently transfected with pMYs-IG, pMYs-FLAG-
ASXL1-MT1-1G, pMYs-FLAG-ASXL1-MT2-1G, or pMYs-FLAG-
ASXL1-WT-IG were immunostained with anti-FLAG Ab (red) and
DAPI (blue). Original magnification, x600. (F) Surface expression
of CD11b in 32Dcl3 cells transduced with indicated plasmid after
incubation with 1 ng/ml IL-3 (blue) or 50 ng/ml G-CSF for 6 days
(red) was analyzed by flow cytometry (top). Filled histograms show
control (IgG). Proportions of segmented cells on days 0, 3, and 6
of G-CSF stimulation are shown (middle). Morphology of the cells
6 days after G-CSF stimulation was assessed by Wright-Giemsa
staining (bottom). Original magnification, x400; scale bars: 20 pm.

sion of microRNA-125a (miR-125a) and subsequent suppres-
sion of Cype lectin domain family 5, member a (ClecSa), a type II
membrane protein critical for myeloid differentiation. These
results identify what we believe is a novel genetically accurate
murine model of MDS and additional critical pathways for
ASXL1-mediated myeloid transformation. Moreover, these find-
ings suggest therapeuric potential for targeting the mutant
forms of ASXL1 as well as miR-125 in the treatment of patients
with myeloid malignancies.

Results

Mutant ASXL1 inhibited G-CSF—induced differentiation of 32Dcl3 cells.
Most ASXLI frame-shift mutations are found in the last exon,
which are predicted to result in expression of C-terminal truncated
forms. We constructed an N-terminal FLAG-tagged WT ASXL1
(FLAG-ASXL1-WT) as well as N-terminal FLAG-tagged truncared
mutants of ASXL1 (FLAG-ASXL1-MT1 and -MT2 (Figure 1A).
FLAG-ASXL1-MT1 and -MT2 were derived from the mutated
genes of 1934dupG;G646WfsX12 and 1900-1922del; E635RfX 1S,
respectively, of patients with MDS. Although there is some con-
troversy as to whether the most common ASXL1 mutation,
1934dupG;G646WisX12, represents a true somatic mutation or
an artifact (16), most studies have suggested this allele can occur
as a somatic mutation in hematologic malignancies (17-19). When
transiently expressed in 293T cells or stably expressed in 32Dcl3
cells, these constructs expressed ASXL1-WT and ASXL1 mutant
protein (ASXL1-MT) with expected molecular weights detected by
an anti-FLAG antibody (Figure 1B). As reported previously (11),
immunoprecipitation studies demonstrated that EZH2 bound
ASXL1-WT. We further demonstrated that ASXL1-MT as well as
ASXL1-WT can bind to EZH2 (Figure 1C). ASXL1-WT could also
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be detected in hemopoietic cell lines by anti-C-terminal ASXL1
antibodies (Figure 1D); HL60, U937, and SET2 harboring only the
ASXL1-WT alleles expressed the WT 190-kDa protein. In K562,
KU812, and Mono-Mac-6 harboring 1 WT and 1 truncated mutant,
ASXL1-WT could be easily detected with the C-terminal antibody.
To detect C-terminal truncated endogenous ASXL1 proteins,
we used antibodies against the N-terminal part of ASXL1. How-
ever, the backgrounds were so high that we could not determine
whether the C-terminal-truncated ASXL1 was expressed. Similarly,
in TS9;22, KBM-5, and MEG-01 cell lines harboring homozygous
truncated ASXL1, we were not able to determine whether the
truncated ASXL1 was expressed. We confirmed by quantitative
real-time PCR (qRT-PCR) that the ASXL1 transcript was detected
in these cell lines (Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/JC170739DS1). When
ASXL1-MTs were expressed in 293T cells, they localized to the
nucleus (Figure 1E) similar to the ASXL1-WT, suggesting that the
truncated ASXL1 mutant is expressed and prompting us to exam-

“ine the effects of stable expression of ASXL1-MTs in both in vitro

and in vivo experiments.

We investigated the effects of expression of WT and mutant ASXL1
alleles on hemartopoietic differentiation. To this end, we expressed
ASXL1-MT1 and -MT2 in 32Dcl3 cells and examined their effect
on differentiation of the transduced cells. Interestingly, G-CSE-
induced differentiation of 32Dcl3 cells was partially inhibited by the
expression of ASXL1-MT1 and -MT2 but not by the expression of
ASXL1-WT, based on morphology and flow cytometric expression
of CD11b (Figure 1F). In addition, all-trans retinoic acid-induced
(ATRA-induced) granulocytic differentiation of HL60 and GM-CSF-
induced monocytic differentiation of FDC-P1 cells were atrenuated
by the overexpression of ASXL1-MT2 (Supplemental Figure 2A). The
expression of ASXL1-MTs as well as ASXL1-WT did not affect the
growth rate of 32D cells cultured in the presence of IL-3 and did not
induce factor-independent growth (Supplemental Figure 2B). For
further experiments, we mainly used ASXL1-MT2 unless otherwise
specified, and refer to this mutant hereafter as ASXL1-MT.

ASXLI-MT reduced the expression of ClecSa/Mdll. To elucidate the
molecular mechanisms by which ASXL1-MT inhibited the G-CSF-
induced differentiation of 32Dcl3 cells, we compared the expres-
sion profiles of parental 32Dcl3 cells and 32Dcl3 cells expressing
ASXL1-MT maintained in the presence of 1 ng/ml IL-3 or 50 ng/ml
G-CSF. We identified a small set of genes whose expression levels
changed more than 2-fold. These included ClecSa/Mdi1, Cd14,and
Prom1. Bxpression of these genes was downregulated in 32Dcl3
cells expressing the ASXL1-MT. Among them, we focused on the
type Il transmembrane receptor Clec5a (20), because it was known
that Clec5a expression is associated with granulocytic differenti-
ation of 32Dcl3 cells (21). We confirmed that expression of ClecSa
was reduced in 32Dcl3-expressing ASXL1-MT (Figure 2A). More-
over, while the expression of Clec5a in 32D cells was increased by
G-CSF stimulation in a time-dependent manner, as previously
reported (21), both in mRNA and protein levels, this increase was
profoundly suppressed by the expression of ASXL1-MT butnot
by ASXL1-WT (Figure 2, A and B). This may result from the obser-
vation that myeloid differentation of 32Dcl3 cells was inhibited
by ASXL1-MT, and expression of ClecSa increases with myeloid
differentiation, suggesting Clec5a serves as a marker of myeloid
differentiation. On the other hand, ATRA or G-CSF-induced
granulocytic differentiation of HL60 cells or 32Dcl3 cells, respec-
tively, was enhanced by the expression of Clec5a (Figure 2C and

4629



Downloaded on February 26; 2014,  The Journal of Clinical Investigation. More information at. www.jcl.org/arlicles/view/70759

research ariicle

A B

Clec5a relative expression

14
12
10
8
6
4
2
0 B
Mock MT Mock MT Mock MT Mock MT
Ohr zhr 6hr 24hr
C
Mature cells (%)
B
o]
=2
L5
w0y
[&]
2
o
Mock CIecSa'
Figure 2

ASKLI-MT ¢

ASKLI-WT

ClecSa

72hr 144hr

Mature cells (%)

Sh control

Sh3

Sha
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Supplemental Figure 3A), suggesting that ClecSa plays a direct
rolein the differentiation of myeloid cells.

To examine the direct involvement of ClecSa in G-CSF-induced
differentiation of 32Dcl3 cells, we designed 2 shRINAs (sh3 and sh4)
for ClecSa, which efficiently knocked down Clec5a expression
in 32Dcl3 cells (Supplemental Figure 3, B and C). Intriguingly,
G-CSF-induced differentiation of 32Dcl3 was significantly inhib-
ited by ClecSa knockdown (Figure 2D), suggesting that ASX-
L1-MT inhibits differentiation of 32Dcl3 cells, at least in part
through suppression of ClecSa. Importantly, ectopic expression
of Clec5a in ASXL1-MT-expressing 32Dcl3 cells restored the dif-
ferentiation ability of 32Dcl3, although this restoration was not
induced by a mutant Clec5a that harbors a K16A mutation in
the transmembrane domain, which disrupts the ability to asso-
ciate with DAP12 (data not shown), an activating adaptor for
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Clec5a that transmits the positive signal associating with ClecSa
(Figure 3, A and B, Supplemental Figure 3D, and ref. 20). Thus,
ASXL1-MT reduced the expression of ClecSa, which contributes
to granulocytic differentiation of 32Dcl3 cells, leading to the
disturbed differentiation of 32Dcl3 cells. Interestingly, expres-
sion of CLECSA was reduced in the whole BM cells of the major-
ity of patients with MDS when compared with normal BM cells
(Figure 3C). However, the presence or absence of ASXLI muta-
tions did not correlate with CLECSA expression in BM cells of
MDS patients, suggesting that other MDS disease alleles can alter
CLECSA expression in patients with ASXLI-WT.

ASXLI-MT5 induced MDS-like disease in mice. Using a mouse BM
transplant (BMT) model, we next examined the in vivo effect
of ASXL1-MT expression. BM cells derived from S-fluoroura-
cil-treated Ly5.2 mice were transduced with a retrovirus vector

Number11  November 2013
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pMXs-FLAG-ASXL1-MT2-IG (IRES-GFP), and the transduced

cells were transplanted into sublethally irradiated LyS.1 mice. In
the transplanted mice, the percentage of the GFP-positive cells

gradually increased in the peripheral blood and reached 41%-100%
one year after transplantation, while it gradually decreased over
time in the mice transplanted with ASXL1-WT- or empty vector-
transduced BM cells (Figure 4A). GFP-positive cells in the BM of
ASXL1-MT-transduced mice 6 months after the transplantation

were mostly CD11b positive and included relatively few B220-

positive cells, while GFP-negative, nontransduced cells consisted
of equal numbers of CD11b-positive and B220-positive cells

(Figure 4B). All of the transplanted mice displayed more or less

morphological abnormalities 12 months or more after transplan-
tation, mainly in myeloid cells and red blood cells (Figure 4C),

including Pelger-Huet anomaly and hypersegmentation for mye-

loid cells and Howel-Jolly bodies, polychromasia, and anisopoiki-
locyrosis for erythrocytes, consistent with multi-lineage dysplasia
of human MDS. Mice expressing ASXL1-MT died of MDS after
a long latency (median survival, 400.5 days), while most of the
mock-transduced mice survived nearly 2 years without developing
myeloid malignancies (Figure 4D). The GFP-positive BM cells that

increased in ASXL1-MT-transduced mice were positive for CD11b
and weakly positive for Grl and CD34. Expression of c-kit varied

from positive to negative. These data suggest that a GFP-positive
population contains immature and mature myeloid cells (Figure
4E). These mice developed severe anemia, leukopenia, and throm-
bocytopenia, while the BM was hypercellular and the spleen was

enlarged (Figure 4, F and G). Thus, ASXL1-MT~transduced MDS

mice developed pancytopenia with dysplasia in granulocytes and

erythroid cells and occasionally progressed to overt leukemia,
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shown. Images were obtained with
a BX51 microscope and an Olympus
DP12 camera with a UplanFl objec-
tive lens. Original magnification, x40;
scale bars: 20 um. Data are repre-
sentative of 3 independent experi-
ments. (C) Relative expression levels
of CLEC5A were examined by qRT-
PCR in whole BM cells derived from
normal controls and from patients
with ASXL7-mutated MDS and ASX-
L7-WT MDS. The values were nor-
malized by GAPDH mRNA levels. All
data with error bars are presented as
mean = SEM of 2 independent exper-
iments. P values were calculated
using the 2-tailed Student’s t test or
the Cochran-Cox test.

displaying all the features of human MDS. Overexpression of
ASXL1-MT1 in the same BMT model revealed basically identical
results (Supplemental Figure 4).

Expression profiles of hemopoietic cells of the mice that developed MDS.
To elucidate the molecular mechanisms by which ASXL1-MT
induced MDS, we performed expression profiles of BM cells of
mice that developed MDS. We used CD3-B220-Ter119- BM cells
of mock-transduced mice as a control. Gene set enrichment anal-
ysis (GSEA) indicated that ASXL1-MT induced an expression pro-
file that inversely correlated with known PRC target genes (22),
suggesting that ASXL1-MT inhibited PRC (Figure 5A). We also
examined the expression of Hoxa genes and ClecSz in BM cells of
the mice that developed MDS or MDS/AML after transplantation
of ASXL1-MT-transduced BM cells; the expression of posterior
Hozxa genes was increased and that of Clec5a was decreased in BM
cells of MDS or MDS/AML mice when compared with BM cells of
mock-transduced mice (Figure 5B). We next performed ChIP of
the promoter regions of posterior Hoxa genes using H3K27me3
antibodies and found that H3K27me3 was greatly decreased
around the promoter regions of HoxaS, Hoxa9, and Hox410 in the
MDS mice, correlating well with the upregulation of their mRNA
expression (Figure 5, B and C). In addition, Western blot analysis
of purified histones in 32Dcl3 cells transduced with ASXL1-MT
indicated that H3K27me3 was reduced globally (Figure 5D).

Interestingly, HOXAS expression was increased in whole BM
cells of most MDS patients harboring ASXL1 mutations, while the
changes in HOXA9 expression was not significant in MDS patients
without ASXLI mutations (Figure SE).

ASXLI-MT collaborated with N-Ras-G12V in inducing lenkemia.
ASXL1 knockdown reduces the latency and increases the severity
4631
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Figure 4

ASXL1 mutations induce MDS-like symptoms in a mouse BMT
model. (A) Percentage of chimerism of donor cells in peripheral blood
(PB). The chimerism of Ly5.1 donor—derived GFP-positive cells in
PB (mean = SEM) was examined after transplantation: mock, n = 6;
ASXL1-MT, n = 12; ASXL1-WT, n = 6. (B) Percentages of CD11b-
positive or B220-positive cells related to GFP positivity in the BM of the
transplanted mice determined by flow cytometric analyses. Samples
were obtained from mice with pMYs-FLAG-ASXL1-MT2-1G, sactificed
6 months after transplantation (n = 5). (C) Dysplasias of hematopoietic
cells in mice recelving transplants of ASXL1 mutants were observed.
Scale bars: 10 um. (D) Kaplan-Meier analysis for the survival of
mice that received transplants of BM cells transduced with pMYs-IG
(mock, n = 13, blue line) and pMYs-FLAG-ASXL1-MT2-1G (ASXL1-MT,
n = 25, red line). P values were calculated using a log-rank test.
(E) Flow cytometric analyses of BM cells derived from mice with ASX-
L1-MT. (F) Mice transplanted with ASXL1-MT2 (ASXL1-MT, n = 11)
displayed progressive pancylopenia, macrocytosis, and hyperplastic
BM and increased splenomegaly compared with mice transplanted
with empty vector (mock, n = 5). BM cells were isolated from the femurs
and tibias of the sacrificed mice. (G) Blood count data, including white
blood cells (WBC), hemoglobin (Hb), and platelets (PLT), at 3, 6, or
12 months after transplantation are indicated (mean + SEM). Mock,
n=6; ASXL1-MT,n=12.*P < 0.05.

of myeloproliferation induced by N-Ras-G12D (11). We thus
examined whether stable expression of ASXL1-MT might sim-
ilarly collaborate with N-Ras-G12V in vivo. As reported, N-Ras-
G12V induced MPN-like diseases in the BMT model (23). In this
model, co-transduction of ASXL1-MT, but not ASXL1-WT, with
N-Ras-G12V significantly shortened latency when compared with
mice transplanted with BM cells transduced with N-Ras-G12V
alone (Figure 6A and data not shown) and increased the number
of immature blast cells (35% vs. 15%), indicating that the com-
bination of N-Ras-G12V and ASXL1-MT induced progression
to AML rather than MPN (Figure 6, B and C). It also enhanced
hepatosplenomegaly in the affected mice (Figure 6, D and E),
while hemoglobin concentrations and number of white blood
cells did not change significantly (Figure 6F). The expression of
Hoxa9 was increased in leukemic cells induced by ASXL1-MT and
N-Ras-G12V when compared with that in MPN cells induced by
N-Ras-G12V alone (Figure 6G), suggesting that ASXL1-MT inhib-
ited PRC2-driven repression of transcription. On the other hand,
expression of ClecSa was significantly decreased in leukemic cells
induced by ASXL1-MT and N-Ras-G12V (Figure 6G). Other sur-
face markers of MPN or AML cells induced by N-Ras-G12V or
N-Ras-G12V and ASXL1-MT, respectively, were similar, although
expression of CD11b and c-kit was slightly higher in N-Ras-G12V
and ASXL1-MT-induced AML compared with N-Ras-G12V-
induced MPN (Figure 6H). Thus, ASXL1-MT accelerated the
onset of MPN induced by N-Ras-G12V and resulted in moderate
increase in immature blasts and leukemic transformation, with
increased expression of Hoxa9 and decreased expression of ClecSa.

miR-125a is responsible for the repression of ClecSa by ASXL1-MT. As
shown in Figure 5D, H3K27me3, a transcriptionally repressive
mark, was globally reduced by ASXL1-MT. In order to ascertain
whether a miRNA involved in myeloid transformation might be
upregulated with ASXL1 mutations, we performed microarray
analysis of miRNAs in ASXL1-MT-transduced BM cells and
mock-transduced BM cells of the BMT model. We identified
increased expression of several miRNAs in BM cells expressing
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ASXL1-MT, including miR-671, miR-125a, miR-714, miR-18b,
miR-129, and miR-3107 (Supplemental Table 1). Among these,
miR-125a is known to regulate hematopoietic stem cell numbers
and induce MPN in a mouse BMT model (4, 24). A closely related
miRNA, miR-125b, induces a variety of hematologic malignancies
in transgenic mice and BMT models (25-27). We confirmed that
expression of miR-125a was increased in 32Dcl3 cells expressing
ASXL1-MT when compared with those expressing ASXL1-WT
or the empty vector (Supplemental Figure 5). We next evaluated
whether ClecSa is a target gene of miR125a. We identified a rec-
ognition site of miR-125a in the 3’ untranslated region (3'UTR)
of mouse ClecSa and 2 recognition sites in the 3'UTR of human
CLECSA (Figure 7A). Therefore, we focused on Mus musculus
miR-125a (mmu-miR-125a) and further investigated the effects
of miR~125a expression.

First, to confirm that the 3'UTR of the murine ClecS# gene was
targeted by miR-125a, we generated an EFla promoter-driven
luciferase construct harboring the 3"UTR of the Clec5s gene
(Figure 7B) and performed a luciferase assay. As expected, the pres-
ence of the 3'UTR of the ClecSa gene reduced luciferase activity
(Figure 7C). This reduction was completely cancelled by mutat-
ing the miR-125a target sequence in the 3'UTR of the Clec52 gene
(Figure 7, B and C). miR-125b1 and miR-125b2 are genes distinct
from miR-125a, but their seed sequence is identical with that of
miR-125a. When miR-125a or miR~12.5b was expressed in 32Dcl3
cells, ClecSa expression was reduced both at mRNA levels and sur-
face expression levels (Figure 7, D and E) compared with 32Dcl3
cells transduced with empty vector. Moreover, these cells became
more resistant to G-CSF~induced differentiation (Figure 7F).
These results clearly demonstrate that miR-125a targets Clec5a
expression, leading to the inhibition of differentiation.

We next examined H3K27me3 near the transcription start site
(TSS) of miR-125a in 32Dcl3 cells transduced with the empty vec-
tor, ASXL1-MT, or ASXL1-WT. This revealed profound reduction
of H3K27me3 near the TSS of miR-125a in 32Dcl3 cells expressing
ASXL1-MT (Figure 8, A-C). Moreover, H3K27me3 near the TSS of
miR-125a was also reduced in BM cells of the mice that developed
MDS after the transplantation of the ASXL1-MT-transduced BM
cells, when compared with cells from mice engrafted with control
BM cells (Figure 8, A, D, and E). Intriguingly, EZH2 binding to
the miR-125a locus was reduced in ASXL1-MT-expressing 32Dcl3
cells or in ASXL1-MT-transduced BM cells from mice that devel-
oped MDS, while ASXL1-WT seemed to increase EZH2 bind-
ing to the miR-125a locus (Figure 8, B and D). Altogether, these
results indicared a scenario in which ASXL1-MT hampered EZH2
binding to the miR-125a locus and suppressed EZH2-mediated
H3K27me3 near the TSS of the miR-125a gene, leading to dere-
pression of miR-125a. The increased miR-125a expression inhib-
ited the expression of ClecSa, contributing to the impaired differ-
entiation of mouse BM cells that developed MDS.

Discussion

We have established and characterized a mouse MDS model
induced by ASXL1 mutations. Although MDS patients frequently
harbor multiple somatic mutations, it is not clear whether combi-
nations of multiple mutations are required for the development of
MDS. In addition, the molecular mechanisms of MDS pathogen-
esis remain elusive, particularly for recently identified mutations
in epigenetic factors. Here we demonstrate that expression of the
ASXL1-MT alone induces MDS in the mouse BMT model aftera
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Figure 5
ASXL1-MT inhibited EZH2 functions, leading to loss of H3K27me3 at the HoxA locus. (A) GSEA of microarray analysis of mice with ASXL1-MT

revealed a significant enrichment of genes found in a previously described gene expression signature of the PRC target, compared with that of
mice with empty vectors. (B) In the mouse BMT model, ASXL1-MT-induced MDS/AML resulted in increased Hoxa5, Hoxa9, and Hoxa70 and

decreased Clec5a mRNA expression as shown by qRT-PCR analysis in BM cells from transplanted mice. (C) ChiIP for H3K27me3 followed by

gPCR across the Hoxa5, Hoxa9, Hoxa10, and Clec5a locus in BM cells of mice that received transplants of BM cells transduced with pMYs-1G

(mock) or pMYs-FLAG-ASXL1-MT-1G (ASXL1-MT). (D) Acid-extracted histones were obtained from 32Dcl3 cells transduced with pMYs-1G,

pMYs-FLAG-ASXL1-MT-IG, and pMYs-FLAG-ASXL1-WT-IG, and then analyzed by Western bloiting using anti-H3K27me3 antibodies. Levels

of histone modifications were normalized to the amount of histone H3 and are indicated using imageJ. (E) Relative expression levels of HOXA9
were examined by gRT-PCR in whole BM cells derived from normal controls and from patients with ASXL7-mutant MDS and ASXL7-WT MDS.

The values were normalized by GAPDH mRNA levels.

long latency, indicating that ASXL1-MT is a driver mutationin  of conventional clinical predictors (8, 28); this highlights a critical
MDS development. Mutations in ASXL1 have been reported in  need to understand the precise mechanism of transformation by
patients with the entire spectrum of myeloid malignancies and are  ASXLI mutations. Recently, it wasindicated that a subset of ASXL1
recurrently associated with adverse overall survival, independent  mutations result in loss of stable expression of full-length ASXLI
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Figure 6

ASXL1 mutations collaborated with the N-Ras activating mutation in inducing myeloid leukemia. (A) Kaplan-Meier analysis for the survival of
mice that received transplants of BM cells fransduced with pMYs-N-Ras-G12V-1G and pMYs-INGFR (N-Ras-G12V + mock, n = 4, blue line) and
pMYs-N-Ras-G12V-1G and pMYs-ASXL1-MT2-INGFR (N-Ras-G12V + ASXL1-MT, n = 6, red line). P values were calculated using a log-rank
test. (B) Cytospin preparations of BM cells derived from mice transplanted with N-Ras-G12V + mock and N-Ras-G12V + ASXL1-MT were stained
with Giemsa. Representative photographs are shown. Original magnification, x400; scale bars: 20 um. (€ and D) Mice transplanted with N-Ras-
G12V/ASXL1-MT displayed increased numbets of leukemic blasts in BM (C) and hepatomegaly and splenomegaly (D), although the differences
in spleen weight were not statistically significant. P values were calculated using the Student’s ¢ test (C) or Cochran-Cox test (D). (E) Macroscopic
findings of sactificed mice transplanted with BM cells transduced with the indicated construct. Representative photographs are shown. (F) Mice
transplanted with N-Ras-G12V/mock and N-Ras-G12V/ASXL1-MT displayed severe anemia and leukopenia fo a similar extent. (G) gRT-PCR
revealed an increased expression of Hoxa@ and decreased expression of Clec5a in the BM of mice transplanted with N-Ras-G12V/ASXL1-MT.
P values were calculated using the Cochran-Cox test. (H) Flow cytometric analysis of BM cells derived from sacrificed mice transduced with
indicated constructs.
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ASXL1 mutations caused upregulation of miR-125a, leading to the repression of Clec5a. (A) Schematic presentation of predicted miR-

125a-binding sites in the mouse Clec5a (top) and human CLEC5A 3'UTR (bottom). (B) To confirm that Clec5a is a direct target gene of miR-125a,
the WT 3'UTR of Clec5a or the mutated 3’'UTR was cloned to downstream of the Renilla luciferase (Rluc) open reading frame. Schematic diagrams
of predicted miR-125a-binding sites in the Clec5a-3'UTR and the alignment between miR-125a and either Clec5a-3'UTR (top) or a mutated 3'UTR
(bottom) are shown. Three bases in the 3'UTR, corresponding to seed sequences, were replaced with the indicated bases in the mutant form.
(C) 293T cells were cotransfected with an internal control vector (pGL3-control) plus either pGL4.74[hRluc/TK}-Clec5a3'UTR-WT or
pGL4.74[hRluc/TK]-Clec5a3'UTR-MT plus either pMXs-EF 1-miR-125a-Puro or mock (pMXs-EF 1-Puro). Luciferase assays were per-
formed with a triplicate set. (D) Relative expression levels of Clec5a by qRT-PCR in 32Dcl3 cells transduced with pMXs-EF 1-Pure (mock),
pMXs-EF1-miR-125a-Puro, and pMXs-EF1-miR-125b-Puro. (E) Positive rate of Clecba expression in 32Dcl3 cells transduced with mock,
miR-125a, ormiR-125b after incubation with 1 ng IL-3 (0 hours) or 50 ng/ml G-CSF (12 hours) was analyzed by flow cytometry atindicated time points.
{F) The proportion of mature cells (left) and cytospin preparations (right) of the 32Dc¢I3 cells expressing mock, miR-125a, or miR-125b cultured
in the presence of 50 ng/mi G-CSF for 6 days. Scale bars: 20 um. *P < 0.05,

and that depletion of ASXL1 promoted myeloid transformation  of H3K27me3, impaired myeloid differentiation and collaborated
through impaired PRC2-mediated H3K27 methylation (11). with co-occurting genetic alterations, as was seen with downregula-
ASXL1 mutations mostly occur as heterozygous mutations, and  tion of ASXL1-WT. The observation that expression of ASXL1-MT
the mutations conspicuously occur as nonsense and frameshift  mirrors the effects of downregulation of ASXL1-WT strongly sug-
mutations in the last exon, prior to the PHD domain. This suggests  gests that in addition to known loss-of-function mutations, a sub-
that most ASXLI murations result in a stable protein product that ~ set of ASXL1 mutations confer dominant-negative activity.
may have gain-of-function mutations. Here we identify that stable ~ Expression of ASXL1-MT as demonstrated here resulted in
expression of ASXL1-MT, which results in global downregulation impaired myeloid differentiation in vitro and in vivo. ASXLI
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mutations are most frequent in patients with MDS, MDS/MPN
overlap syndromes, and AML with myelodysplasia-related changes,
highlighting a close relationship between impaired myeloid differ-
entiation and ASXLI mutations (29). We identified that expression
of ASXL1-MT invivo results in the development of a lethal disorder
characterized by morphologic dysplasia, leukopenia, and impaired
myeloid differentiation with subsequent transformation to AMLin
some cases, all hallmarks of human MDS. Moreover, co-expression
of mutant forms of ASXL1 with oncogenic N-RAS, a complex geno-
type common to patients with CMML (10), results in a lethal mye-
loid malignancy with shorter latency than that seen with oncogenic
N-RAS alone. Given the paucity of genetically accurate murine mod-
els of MDS, expression of ASXL1-MT as demonstrated here may be
quite valuable for further mechanistic and preclinical studies of
MDS and AML with myelodysplasia-related changes. Interestingly, it
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has been recently reported that disruption of the ASXL1-interacting
molecule BAP1 in mice induced CMML-like disease (30). BAPI
mutation was also identified in a patient with MDS, implicating the
BAP1-ASXL1 axis in suppressing MDS. The contribution of disrup-
tion of the ASXL1-BAP1 axis (PRC1 related), versus loss of H3K27
trimethylation (PRC2 related), in promoting myeloid transforma-
tion induced by ASXL1-MT requires further evaluation.

To understand the transcriptional events responsible for
the biological effects of ASXL1 mutations in more detail, we
performed transcriptomic studies in the presence of mutant
ASXL1 invitro and in vivo. In addition to identifying significant
upregulation of posterior Hoxs genes, we identified increased
expression of miR-125a due to locus-specific downregulation
of H3K27 methylation. Moreover, it has been reported that
miR-125ais upregulated after inhibition of EZH2 by knockdown
Number 11
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in DU145 prostate cancer cells (31). miR-125a was the only miR
upregulated in both our murine system and in primary human
MDS samples (32). miR-125a belongs to the miRNA family that
also includes miR-125b1 and miR-125b2, all of which have the
same seed sequence and have been implicated in human leuke-
mia/lymphoma (33-35) as well as in MDS (32). Forced expres-
sion of these miRs has been previously shown to induce the
expansion of hemopoietic stem cells or hamper myeloid differ-
entiation (4, 24-26, 32, 35).

Although several proapoprtotic genes have been implicated for
hematopoietic transformation as miR-125a targets (4, 26, 36),
here we identified direct repression of a novel target Clec5z by
miR-125a as a specific effector of the differentiation pheno-
type. The type II membrane protein CLECSA (20) belongs to
the lectin family and associates with the adaptor protein DAP12
to transmit positive signals. It was previously recognized that
ClecSa expression is correlated with myeloid differentiation, as
ClecSa is expressed in monocytes and neutrophils, and its expres-
sion is increased by granulocytic differentiation of 32Dcl3 cells
(21) and monocytic differentiation of U937 cells and primary
progenitor cells (37). Here we present clear evidence that ClecSa
supports myeloid differentiation. First, ASXL1-MT but not
ASXL1-WT reduced expression of ClecSs in 32Dcl3 cells and
impaired G-CSF-induced granulocytic differentiation. Second,
in 32D3 cells expressing ASXL1-MT, myeloid differentiation
was partly restored by the forced expression of Clec5Sa, but not
by a mutant ClecSa (Clec5a-K16A) that cannot associate with
DAP12. Third, knockdown of ClecSa impaired G-CSF-induced
differentiation of 32Dcl3 cells. In addition, ClecSa expres-
sion was downregulated in the ASXL1-MT-induced MDS
mice. These results indicate thar downregulation of Clec5z by
ASXL1-MT impairs myeloid differentiation and is involved in
MDS development. Interestingly, while HOXA9 expression was
high in MDS patients with ASXLI mutations (Figure SE), the
expression level of CLECSA was generally low in MDS patients
compared with controls and did not correlate with the presence
of ASXL1 mutations {Figure 3C). This suggests that CLECSA
expression is reduced in MDS by multiple causes including
ASXL1 mutations, and that reduction of CLEC5A might play
a general role in the pathogenesis of MDS. Prior data indicat-
ing downregulation of CLEC5A expression in acute leukemia
likewise support the possibility that CLECSA downregulation
may be important in the pathogenesis of multiple subtypes of
myeloid malignancies (38).

The data presented here indicate that ASXLI mutations, which
result in a truncated protein product, may (a) inhibit PRC2 func-
don in a dominant-negative fashion and (b) promote myeloid
transformation through impaired PRC2-mediated repression of
posterior HOXAs and miR-125a and subsequent miR-125a sup-
pression of CLECSA. Thus, although changes in expression of other
genes caused by ASXLI mutations may also be involved, it is doc-
umented that the derepression of HOXAs and miR-125a and the
suppression of CLECSA contribute to the development of MDS.
Given the clinical importance of ASXLI mutations, the identifica-
tion of gain-of-function ASXL1 mutations is critical, as it provides
arationale for therapies aimed at targeting the expressed mutant
forms of ASXL1. Finally, the data here provide further basis for
the involvement of miR-125 in myeloid malignancy pathogenesis
and identify an important role for CLECSA in the pathogenesis of
multiple genetic subtypes of myeloid malignancies.
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Methods

Mice. C57BL/6 (LyS.1) mice (Sankyo Labo Service Corporation) and
C57BL/6 (Ly5.2) mice (Charles River Laboratories Japan) were used for
BMT experiments.

Cell cultwre. HEK293T cells were cultured in DMEM supplemented with
10% FBS. Human leukemia cell lines were cultured in RPMI-1640 supple-
mented with 10% FBS (HL60, U937, K562, KU812, TS$9;22, and MEG-01
cells), RPMI-1640 supplemented with 20% FBS (SET2, NOMO1, and Mono-
Mac-6 cells), RPMI-1640 medium supplemented with 10% FBS/1 uM
hydrocortisone/10% horse serum (UKE1 cells) or IMDM with 20% FBS
(KBMS cells). The murine myeloid cell lines 32Dcl3 and FDC-P1 were
grown in RPMI-1640 medium supplemented with 10% FBS, antibiotics,
1-glutamine, and 1 ng/ml IL-3. Before the assays for proliferation and
differentiation, the transduced 32Dcl3, HL60, or FDC-P1 cells were GFP
sorted or subjected to drug selection with 1 pg/ml puromycin and/or
10 pg/ml blasticidin, if necessary.

Vector construction. We used the retrovirus vectors pMYs-FLAG-ASX-
L1-WT-IG and pMYs-FLAG-ASXL1-MT-IG, in which ASXL1-WT or
ASXL1-MT (1934dupG;G646W£sX12 or 1900-1922del;E635RfsX15,
respectively), tagged with a FLAG epitope at the N terminus, was inserted
upstream of the IRES-EGFP cassette of pMYs-IG (39). Similarly, WT Clec5a
or Clec5a-K16A was inserted upstream of the IRES-puro to generate pMYs-
Clec5a-IP or pMYs-Clec5a-K16A-IP. ASXL1-MT was subcloned upstream
of the IRES-blasticidin cassette of pMYs-IB. Likewise, Myc-tagged EZH2
was subcloned into pMYs-IG to generate pMYs-Myc-tagged EZH2-IG. To
perform the mouse BMT model, we constructed pMYs-N-Ras-G12V-IG
and pMYs-ASXL1-MT-IRES-nerve growth factor receptor (pMYs-ASXL1-
MT-IRES-NGFR). For knockdown assays, shRINA expression fragments
were cloned into pMXs-U6-GFP or pMXs-U6-Puro, which were pMX-
s-based, self-inactivating retrovirus vectors expressing shRNA under a U6
promoter with a PGK promoter-driven GFP or puromycin-resistant gene
expression. An shRNA expression cassette was constructed in the oppo-
site direction from a GFP/Puro expression cassette. We also constructed
microRNA vectors as described previously (26). Briefly, miRNA expression
fragments were cloned into pMXs-EF1-Puro vector.

Transfection and retrovirus production. Retroviral production was done as
described previously (40). Briefly, retroviruses were generated by transient
transfection of Plat-E packaging cells with using the calcium-phosphate
coprecipitation method. Cell lines such as 32Dcl3 were infected with the
retroviruses as previously described (39).

Mutation analysis of ASXL1. Somatic mutations of ASXLI genes were
searched by sequencing exons after PCR amplification of genomic DNA,
as described previously (6).

gRT-PCR. Total RNAs were treated with deoxyribonuclease I (Invitrogen)
and reverse transcribed by using High Capacity cDNA Reverse Transcrip-
tion Kits (Applied Biosystems) or miScript Reverse Transcription Kit
(QIAGEN). qRT-PCR was performed using a Rotor-Gene Q (QIAGEN).
For mRNA RT-PCR, a SYBR Premix EX Taq (Takara) was used as previ-
ously described (41). Mature miR-125a expression was measured using a
miScript SYBR Green PCR kit (QTAGEN). cDNA was amplified with miR-
125a-specific primers (QIAGEN). Expression of RNA, U6 small nuclear 2
{RNUB6B) as an internal control was used for normalization of the results.
All data with error bars indicate the mean + SEM.

Mounse BMT. Mouse BMT was performed as described previously (40).
Briefly, BM mononuclear cells were isolated from the femurs and tibias
of C57BL/6 (Ly-5.1) donor mice 3 days after intraperitoneal administra~
tion of 150 mg/kg 5-fluorouracil. The cells were stimulated with 50 ng/ml
of mouse stem cell factor, mouse FLT3 ligand, mouse IL-6, and human
thrombopoietin (all cyrokines were from R&D Systems). The prestim-
ulated cells were infected for 60 hours with the retroviruses harboring
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pMYs-IG, pMYs-FLAG-ASXL1-MT-IG, pMYs-FLAG-ASXL1-WT-IG, pMYs-
N-Ras-G12V-IG and pMYs-INGFR, or pMYs-N-Ras-G12V-IG and pMYs-
ASXL1-MT-IRES-NGFR, using 6-well dishes coated with RetroNectin
(Takara Bio). Then, 2 x 106 infected BM cells were injected into sublethally
y-irradiated C57BL/6 (Ly-5.2) recipient mice. Overall survival of trans-
planted mice was estimated using the Kaplan-Meier method. All animal
studies were approved by the Animal Care Commirtee of the Institute of
Medical Science at the University of Tokyo.

Flow cytometric analysis. Briefly, cells were stained with indicated phyco-
erythrin-conjugated antibodies (eBioscience). Flow cytometric analysis
of the stained cells was performed with FACSCalibur Flow (BD Biosci-
ences) equipped with FlowJo Version 7.2.4 software (TreeStar). All data
with error bars indicate the mean + SEM.

Analysis of cell growth. Cell growth was estimated by CellTiter-Glo Lumi-
nescent Cell Viability Assay (Promega). All data with error bars indicate
the mean + SEM.

Immunostaining. Inmunostaining of 293T cells transiently transfected
with retrovirus constructs was performed as described previously (42).
After fixation with 1.5% paraformaldehyde, cells were immunostained
with rabbit anti-Flag Ab. The cells were then stained with Alexa Fluor
546-conjugated goat anti-rabbit immunoglobulin G secondary Ab (Molec-
ular Probes). Nuclei were counterstained with DAPI (4',6-diamidino-2-
phenylindole dihydrochloride). Fluorescent images were analyzed on a
confocal microscope (FLUOVIEW FV300 scanning laser biological micro-
scope JX70 system; Olympus) equipped with a SenSys/0L cold charge-
coupled device camera (Olympus). An LCPlanFI x60/1.40 NA oil was used
as the objective lens. Data are representative of 3 independent experiments.

Western blot analysis. Cell lysates were subject to immunoblotting
using the following antibodies: ASXL1 (clone 2049C2a; Santa Cruz
Biotechnology catalog no. sc-81053; C-terminus directed), EZH2 (clone
AC22; Cell Signaling Technologies catalog no. 3147), FLAG (M2 FLAG;
Sigma-Aldrich catalog no. A2220), c-myc (clone 9E10; Roche catalog
no. 11667 203 601), H3K27me3 (CMA323) (43), total histone H3 (44),and
tubulin (clone B-5-1-2; Santa Cruz Biotechnology catalog no. sc-23948).
Antibodies different from the above used for immunoprecipitation
include anti-EZH2 antibodies (Active Motif caralog no. 39901).
Immunoprecipitation was performed in an immunoprecipitation buf-
fer (150 mM NaCl, 50 mM Tris pH 7.5, 1 mM EDTA, 1% Triton, 2 mM
sodium orthovanadate, 2 mM PMSF, 50 mM sodium fluoride). Western
blot analysis of purified histone was performed as described previously
(45). Data are representative of 3 independent experiments, )

ChIP assay. ChIP assays were performed as described previously (43),
except for the process of cross-link and quenching reactive aldehydes. In
brief, 32cl3 cells or sorted BM cells (2-5 x 108) were cross-linked with 1%
formaldehyde for 5 minutes at room temperature and then incubated
with 350 mM glycine for 5 minutes for quenching. These assays were
carried out using the following antibodies: EZH2 (Active motif catalog
no. 39901), H3K4me3 (CMA304), H3K9me3 (CMA318), H3K27me3
(CMA323) (43), and ubiquityl-histone H2AK119 (clone D27C4; Cell
Signaling Technologies catalog no. 8240). Quantitative PCR was per-
formed with a Rotor-Gene Q (QIAGEN) using SYBR Premix EX Taq
(Takara). All data with error bars indicate the mean + SEM. Data are rep-
resentative of 3 independent experiments.
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Differentiation assay. The 32Dcl3 cells were induced to differentiate to
granulocytes by removing IL-3, washing them twice in RPMI medium with-
out IL-3, and adding G-CSF (R & D Systems) to a final concentration of
50 ng/ml. Cells were cytocentrifuged (Cytospind; Thermo Shandon), and
cell morphologies were evaluated by Giemsa staining 3 or 6 days after G-CSF
addition (46). FDC-P1 cells were washed in RPMI medium and then incu-
bated in murine GM-CSF (10 ng/ml) for 6 days (47). HL60 cells were incu-
bated in the medium supplemented with 10- M ATRA for 3 days. Images
were obtained with a BX51 microscope and a DP12 camera (Olympus) with
an Olympus UplanFl objective lens. All data with error bars indicate the
mean + SEM. Data are representative of 3 independent experiments.

Luciferase assay. Luciferase assays to investigate whether miRNA binds to
the expected target sequence were performed as described previously (26).
All data with error bars indicate the mean + SEM.

Microarray data. Microarray data have been deposited in Gene
Expression Omnibus (accession no. GSE49117 and GSE49118;
hetp://wwwacbinlm.nih.gov/geo/).

Statistics. Statistical significance was calculated using the indicated
tests for independent variables. All calculations were carried out using
the program JMP 8.0 (SAS Institute Inc.). P values of less than 0.05 were
considered significanr using the 2-tailed Student’s ¢ test, unless other-
wise noted. In box and whisker plots, the bottom and top of the box
indicate the first and third quartiles, and the band inside the box is the
second quartile (the median). The lowest or highest datum shows the
minimum or maximum of all of data within 1.5 interquartile range of
the lower or upper quartile.

Study approval. All animal studies were approved by the Animal Care
Comumnittee of the Institute of Medical Science at the University of Tokyo.
MDS patients were diagnosed ar Hannover Medical School. Diagnosis was
based on the World Health Organization classification. Informed consent
was obtained in accordance with the Declaration of Helsinki, and the stud-
ies were approved by the institutional review board of Hannover Medical
School (ethical vote no. 5558) and by the ethics committees of the Univer-
sity of Tokyo (approval 20-10).
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