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Figure 3.

Antigen-specific effector functions of CD19-CAR T-cells in vitro. (a) IFN-y secretion by CD19-CAR T-cells after co-culture with 373/

CD19 or parental 3T3 cells. (b) Cytotoxicity of CD19-CAR T-cells against Raji and K562 cells in Calcein-AM release assays. K562 cells served as
CD19™ targets. (¢) Cytotoxic activities in CD4- and CD8-sorted T-cells. (d) Cytotoxicity against primary CD19" diffuse large B-cell lymphoma

(DLBCL) cells. Values show the mean + s.d. of triplicate wells.

CD3* SB-engineered T-cells (19-65%; day 1).'*?° After 3 weeks of
expansion, stable and robust CD19-CAR expression was detected
in engineered T-cells (~95%; Figure 2a, lower), comparable to that
observed in SB- or PB-engineered T-cells with CD19-CAR (51-98%)
after 3 weeks of expansion with antigen stimulation.'®'*%
Improvements in vector design and delivery should yield even
better results. Peng et al?’ showed that a green fluorescent
protein (GFP)-encoded SB transposon exhibited >50% transduc-
tion without antigen stimulation in primary T-cells in the presence
of an mRNA-encoded transposase. Additionally, SB100X, which
encodes a hyperactive SB transposase, exhibited improved
transposition activity and enhanced T-cell gene transfer
efficiency.?? Thus future development of the hyperactive Tol2
transposase and its RNA delivery may improve the generation of
CD19-CAR T-cells.

Some retroviral vectors integrate near transcription start sites
and so have the potential to cause insertional mutagenesis.?>
However, as yet there have been no reports that retroviral vectors
have caused adverse events in T-cells®** Tol2 transposons
preferentially integrate around transcription start sites, CpG
islands and DNasel hypersensitive sites.”® We mapped the
integration sites of Tol2- and retrovirus vector-engineered T-cells
with CD19-CAR and showed that their target sequences did not
overlap (Table 1). However, our sample size is too small to
compare the exact integration profile of each vector, so further
large-scale comparative analysis of integration sites will provide
the necessary important information about the integration
preference and safety of the vectors. Regardless of the vector
system used, the development of safer transgene delivery systems
has become an important area of study. To this end, AAV-based
site-directed integration systems may be useful, because Rep
proteins from AAV facilitate the integration of the viral genome
into a specific locus (termed AAVS1) in chromosome 19.%°
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This locus is one of the safe locations in the human genome for
efficient and safe transgene expression.’” Ammar et al?®
demonstrated that fusion constructs consisting of Rep and Tol2
transposase integrated marker genes from Tol2 transposon donor
plasmids near the AAVS1 locus, which may offer a safer
transposon-based gene delivery system for human gene and cell
therapy.

In the present study, we have demonstrated that the adoptive
transfer of Tol2-engineered T-cells with CD19-CAR suppressed
tumor growth in tumor-bearing mice and have shown enhanced
tumor suppression of Tol2-engineered T-cells in combination with
systemic IL-7 delivery. IL-7 has previously been used to enhance
the anti-tumor effect of tumor specific-T-cells in preclinical and
clinical studies and has acceptable toxicity profiles.'® Furthermore,
IL-7 preferentially maintains memory CD4" and CD8" T-cells over
CD4*CD25%Foxp3™ regulatory T-cells in clinical trials.'® Therefore,
IL-7 appears to be a potential adjuvant for engineered T-cell
therapy.

The Tol2 transposon system is a promising technology for gene
transfer in mammalian cells, and its efficacy is comparable with
other transposon systems, such as SB and PB transposons. Tol2
also offers some advantages over SB, including a high cargo
capacity and limited OPI, which are important characteristics for
transposon-based gene therapy. With respect to cargo capacity
and OPI, PB is similar to Tol2. Therefore, the simultaneous
comparison of Tol2 and PB, with or without various augmenting
reagents (for example, PD-1 antibody or IL-7) in a characterized
mouse model as described in this work, would help identify an
optimal transposon system for immunogene therapy.

In conclusion, we used the Tol2 transposon system to
stably transfer CD19-CAR into primary human T-cells.
We found that expanded T-cells contained one or two copies of
CD19-CAR leading to efficient transgene expression and further
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Figure 4. (a) Bioluminescent imaging of systemic Raji tumor progression in Rag2™/“yc™’~ mice following T-cell infusion. Mice inoculated
intravenously with Raji/Luc cells on day 0 were infused with CD19-CAR T-cells alone on day 3 (T-cell treatment group, n=3) or in combination
with three intraperitoneal injections of an anti-PD-1 antibody (n=4), whereas mice in the control group did not receive T-cells (n=4).
(b) Quantitative bioluminescence imaging on day 27 as shown in panel (a). (¢) Raji tumor-bearing mice were infused with CD19-CAR T-cells
alone (n=3) on day 3 or in combination with a single intramuscular injection of AAV-IL-7 (n=4). (d) Quantitative bioluminescence image on
day 27 as shown in panel (c). Bioluminescent imaging was performed on days 13, 20 and 27. *P < 0.05, **P < 0.01.

demonstrated that they exhibited CD19-dependent anti-tumor
effects in vitro and in a xenograft mouse model of human B-cell
lymphoma. Our results indicate that the Tol2 transposon system is
a useful gene transfer platform and could be applied to CD19-
CAR-based T-cell therapy for refractory B-cell malignancies.

MATERIALS AND METHODS

Plasmids

The Tol2 transposon plasmid pT2AL200R175-CAGGS-EGFP has
been described previously.” The Tol2 transposon plasmid encod-
ing CD19-specific CAR with CD28 and CD3( signaling domains
(CD19-CAR) from the SFG-1928z retroviral vector®® pTol2-CD19-
CAR was generated by replacing the EGFP sequence of
pT2AL200R175-CAGGS-EGFP with the CD19-CAR sequence. The
Tol2-transposase plasmid pCAGGS-mT2TP carrying a modified
transposase cDNA® with codons optimized for mammalian use
was also transfected. The human IL-7 expression vector AAV-IL-7
was generated by ligating IL-7 cDNA into the pAAV-MCS vector
(Agilent Technologies Inc., Palo Alto, CA, USA).

Recombinant AAV-IL-7 production

The recombinant AAV-IL-7 vector (serotype 1) was prepared as
previously described,®® and vector titers were measured using
real-time PCR.°
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PBLs and cell lines

PBLs from three healthy donors and a clinical sample from a
patient with non-Hodgkin B-cell lymphoma were collected under
a protocol approved by the Jichi Medical University Institutional
Review Board, with written informed consent obtained from each
donor. The mouse fibroblast NIH3T3 cell line expressing human
CD19 (3T3/CD19)*" was maintained in Dulbecco’s modified Eagle’s
medium (Life Technologies, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (Sigma-Aldrich, St Louis, MO, USA).
The human Burkitt lymphoma cell line Raji (Health Science
Research Resources Bank, Osaka, Japan), Raji cells expressing
luciferase (Raji/Luc)'® and the human erythroleukemia cell line
K562 (Riken BRC, Ibaraki, Japan) were also used. Cell lines were
cultured in RPMI 1640 medium (Life Technologies) supplemented
with 10% fetal bovine serum.

Transfection and expansion of T-cells

PBLs (5x10% were nucleofected with pTol2-CD19-CAR and
pCAGGS-mT2TP (5 ug each) using the Human T-cell Nucleofector
Kit and Amaxa Nucleofector Il program U-014 (Lonza, Basel,
Switzerland) on day 0. Transfected PBLs were transferred to X-Vivo
15 (Takara Bio, Shiga, Japan) supplemented with 5% human AB
serum (NOVA Biologics, Oceanside, CA, USA) (T-cell complete
medium) and cultured overnight. The next day, cells were
stimulated with y-irradiated (50 Gy) 3T3/CD19 cells at a 1:1 ratio
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for selective propagation and cultured in T-cell complete medium
supplemented with 1 nM recombinant human IL-2 (Life Technol-
ogies) in G-Rex10 culture flasks (Wilson Wolf Manufacturing
Corporation, New Brighton, MN, USA). 3T3/CD19 cells were added
to the T-cell cultures on days 1 and 8.

Flow cytometry

CD19-CAR surface expression on transduced T-cells was assessed
using a biotin goat anti-mouse F(ab’)-specific antibody, phycoer-
ythrin—Streptavidin (Jackson Immunoresearch, West Grove, PA,
USA) and fluorescein isothiocyanate anti-human CD3 (Biolegend,
San Diego, CA, USA). Samples were analyzed using the BD LSR
Fortessa with FACSDiva software (BD Biosciences, San Diego,
CA, USA).

Western blotting

CD19-CAR protein expression was examined by western blotting
using an anti-human CD3{ antibody as described previously.'

Transgene copy number and integration sites

Transgene copy numbers were measured by real-time quantitative
PCR using Thermal Cycler Dice Real Time System Il (Takara Bio).
Genomic DNA was isolated from CD19-CAR T-cells by a QlAamp
DNA Mini Kit (Qiagen, Valencia, CA, USA) on days 21 and 29 after
transduction. PCR was performed using a Cycleave PCR Core kit
(Takara Bio) with sets of primers and probes specific for CO19-CAR
and human IFN-y. For CD19-CAR, these were the forward primer A:
5'-TGCACAGTGACTACATGAACA-3’; the reverse primer B: 5'-CGTC
CTAGATTGAGCTCGTTA-3"; and probe: 5'-gctcc(A)gag-3'; for IFN-y,
these were the forward primer C 5'-CAGGGTCACCTGACACATTCA-3';
the reverse primer D: 5-ACTAGGCAGCCAACCTAAGC-3’; and
probe: 5'-acaatgaac(A)ct-3'. Uppercase letters of probe sequences
represent RNA bases. Serially diluted CD19-CAR and human IFN-y
plasmid standards (1 pl containing 6x10'-3x 10° copies each)
were used. Each standard curve (threshold cycle values versus
copy numbers) is shown in Supplementary Figure S2 (day 29). The
average CD19-CAR copy number per cell was calculated by
normalizing to the endogenous number of diploid human /FN-y
copies.

Inverse PCR was performed as described previously” to identify
the 3’ transposon junction sequence. Genomic DNA was digested
with Hpa Il and self-ligated. Integration junction sequences were
amplified by two rounds of PCR. The primers for first-round PCR
were: F1 (5-TGGCGGCCTCGAGTGGCTGTTA-3') and R1 (5'-CTCTA
CAAATGTGGTATGGCTG-3'); those for second-round PCR were: F2
(5"-GTGAAGGGCGTCGTAGGTGTC-3") and R2 (5'-GTATGGCTGATT
ATGATCCTCTA-3'). Second-round PCR products were cloned into a
pMD20-T vector (Takara Bio), which was then transformed into
DH5a cells. The genomic integration sites of retrovirus vectors
were determined in our previous study.*? Sequences of resulting
clones were subjected to a human BLAST search at http://blast.
ncbi.nlm.nih.gov/Blast.cgi and analyzed as described previously.*?

Enzyme-linked immunosorbent assay

Supernatants from duplicate wells of the target 3T3/CD19 cell and
effector CD19-CAR T-cell co-culture (10° cells each) were harvested
after 48-h incubation. Supernatant human [FN-y levels were
measured using a human [FN-y enzyme-linked immunosorbent
assay kit (Biolegend).

Cytotoxicity assay

Cell lytic activity was examined using calcein acetoxymethyl ester
(Calcein-AM) (Dojindo, Kumamoto, Japan) cytotoxicity assays.*?
Calcein-AM-labeled Raji cells and K562 target cells (10% each) were
co-cultured with increasing numbers of effector CD19-CAR T-cells.
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After 4-h incubation, supernatants were harvested and transferred
into 96-well plates. Sample fluorescence was read by Fluoroskan
Ascent FL (Thermo Fisher Scientific, Waltham, MA, USA). The
percentage of lysed cells was calculated with the same formula
used for °'Cr release assays.™

Mouse tumor model

Balb/c Rag2™/“yc™/~  (10-12-weeks old) immunodeficient
mice® " were intravenously injected with 5x10* Raji/Luc cells
on day 0. Mice were intravenously injected with 107 CD19-CAR
T-cells alone on day 3 or T-cells in combination with either
intraperitoneal injection of an anti-PD-1 antibody (Clone J116;
Bio-XCell, West Lebanon, NH, USA)*® at 250ug per mouse
(on days 3, 10 and 17) or intramuscular injection of AAV-IL-7
(10""vg per body) on day 3." Bioluminescence imaging was
performed and analyzed using an IVIS imaging system with the
Living Image software (PerkinElmer, Waltham, MA, USA) as
described previously.”” All mouse experiments were carried out
humanely following approval from the Institutional Animal
Experiment Committee of Jichi Medical University.

Statistical analysis

The Student's t-test was used to evaluate differences in
experiments. GraphPad Prism 5 (GraphPad Software, San Diego,
CA, USA) was used to analyze statistical calculations. A value of
P < 0.05 was considered statistically significant.

Nucleotide sequence accession numbers

Reported nucleotide sequence data are available from the
DDBJ/EMBL/GenBank database under accession nos. AB917147-
AB917152 and LC002285-LC002289.
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H ead and neck squamous cell carcinoma (HNSCC) is
diagnosed in more than 500 000 panents worldwide each

Galanin and its receptors, GALR1 and GALR2, are known tumor suppressors and
potential therapeutic targets in head and neck squamous cell carcinoma (HNSCC).
Previously, we demonstrated that, in GALR1-expressing HNSCC cells, the addition
of galanin suppressed tumor proliferation via upregulation of ERK1/2 and cyclin-
dependent kinase inhibitors, whereas, in GALR2-expressing cells, the addition of
galanin not only suppressed proliferation, but also induced apoptosis. In this
study, we first transduced HEp-2 and KB cell lines using a recombinant adeno-
associated virus (rAAV)-green fluorescent protein (GFP) vector and confirmed a
high GFP expression rate (>90%) in both cell lines at the standard vector dose.
Next, we demonstrated that GALR2 expression in the presence of galanin
suppressed cell viability to 40-60% after 72 h in both cell lines. Additionally, the
annexin V-positive rate and sub-G0/G1 phase population were significantly
elevated in HEp-2 cells (mock vs GALR2: 12.3 vs 25.0% (P < 0.01) and 9.1 vs 32.0%
(P < 0.05), respectively) after 48 h. These changes were also observed in KB cells,
although to a lesser extent. Furthermore, in HEp-2 cells, GALR2-mediated apopto-
sis was caspase-independent, involving downregulation of ERK1/2, followed by
induction of the pro-apoptotic Bcl-2 protein, Bim. These results illustrate that
transient GALR2 expression in the presence of galanin induces apoptosis via
diverse pathways and serves as a platform for suicide gene therapy against
HNSCC.

various signaling pathways in all tissues of the body, and
approximately 30% of all current pharmaceuticals exert their

year, accounting for 5% of all malignancies."""*’ Despite multi-
disciplinary therapy, the prognosis ()f patients wm advanced
HNSCC has remained poor over several decades.”’ Thus, the
invention of new therapeutic approaches against HNSCC, such
as gene therapy and molecular targeted therapies has received
much attention."*”” However, theqe novel treatments remain
inadequate, because various signal transduction systems are
defective in typical HNSCC, and little therapeutic effect is
achieved by therapies targeting single mechanisms. Thus, there
is a need to develop an effective drug delivery system and a
novel molecular targeted therapy with multiple therapeutic
targets.

In general, tyrosine kinase receptors and cytokine receptors,
and their signaling pathways are important in carcinogene-
sis®® and they have been analyzed as molecular targets

and prognostic factors in HNSCC. However, the roles of

G-protein—coupled receptors (GPCRs), which are important
signaling molecules, are not fully understood. GPCRs control
| 72-80
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therapeutic effects by interacting with GPCRs. Therefore, the
field of GPCRs holds promlse f()r further drug discovery and
therapeutic dev elopmem( )

Previously, we investigated the function and signal transduc-
tion of galanin receptors, which are representative GPCRs in
HNSCC."%!'Y Galanin is a 30-amino acid peptide, which has
three specific receptors (GALR1-3). Galanin and its receptors
are mainly expressed in the central and peripheral nervous sys-
tems and function in neurotransmission. '># Recently, gala-
nin has been shown to regulate cell proliferation and qurvwa}
in many tumors.">"'” With the development of functional
analysis methods for each receptor, it became clear that
GALRI] and GALR2 are likely to act as tumor suppressors.
Our previous study showed that activation of the GALRI
signaling pathway suppressed tumor cell proliferation via
phosphorylation of ERK1/2, and involves upregulation of the
cyclin-dependent kinase inhibitors in HNSCC."®'® Other
studies showed that GALRI! inhibits proliferation by inactivat-
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ing the mitogen-activated protein kinase (MAPK) pathway in
oral carcinoma.'” Moreover, activation of the GALR2 signal-
ing pathway suppresses tumor cell growth through induction of
apoptosis in some tumors, including HNSCC.!'H920 The
cytotoxic effects of the GALR2 signaling pathway are partially
mediated by dephosphorylation of Akt and the Bcl-2 protein,
Bad, in PC12 cells, a pheochromocytoma cell line.?"
However, further analysis is required with respect to prog-
nostic factors in HNSCC, applications of molecular targeted
therapy, and clinical applications of gene therapy. The adeno-
associated (AAV) vector is a promising system in gene
therapy, holding various benefits, such as a lack of pathogenic-
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ity, low immunogenicity, long-term transgene expression, and
broad tissue-specificity. "> To date, AAV vectors have been
used in clinical trials for the treatment of various diseases,
such as Parkinson’s disease, hemophilia B, and inherited reti-
nal disorders.***”" Additionally, it is thought to be applicable
to suicide-gene therapy against various cancers, including
HNSCC. ¥ rAAV-galanin is currently clinically applied in
the suppression of limbic seizure activity.”" and this vector is
suitable for use in the galanin-GALR system. Given this back-
eround, we set out to evaluate the effects of GALR expression
on apoptosis and analyzed the assoctated mechanism of action
using HNSCC cells.
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Transduction efficiency using recombinant adeno-associated virus (rAAV)-enhanced green fluorescent protein (EGFP) in head and neck

squamous cell carcinoma (HNSCCQ) cell lines. HEp-2 and KB cells were transduced by AAV-EGFP at various vector doses. Upper: GFP-positive cell
rate under vector dose-dependent and time-course conditions in each cell line are indicated. Lower: Raw data expressing GFP intensity as a mea-

sure of gene expression.
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Material and Methods

Cell culture and reagents. Human laryngeal carcinoma cell
line HEp-2 and human oral carcinoma cell line KB were pur-
chased from American Type Culture Collection (Manassas,
VA, USA). Cells were cultured in oaMEM (Gibco, Grand
Island, NY, USA) supplemented with 10% heat-inactivated
fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin. Human galanin was obtained from ANASPEC
(San Jose, CA, USA), PD98059 and staurosporine from Wako
(Osaka, Japan), and z-VAD-fmk from Promega (Madison, WI,
USA). Although KB cells were originally thought to be
derived from an epidermal carcinoma of the mouth, HeLa cell
contamination was found thereafter through isoenzyme and
other analyses (http://www.atcc.org/Products/All/CCL-17.aspx).
Therefore, KB cells may not be a pure HNSCC cell line. How-
ever, we used both cell lines to understand the universal func-
tion of GALR?2, rather than its cell-specific function.

Plasmid and rAAV vector production. The GALRIHA-Ires-
GFP and GALR2HA-Ires-GFP fragments were obtained from
our previous experiments.'”’ The sequences were subcloned
into the pAAV-MCS vector (Agilent technologies, Palo Alto,
CA, USA).

To produce recombinant AAV vectors, we used an AAV
helper-free system (Agilent technologies). Each pAAV vec-
tor, pAAV-RC, and the pHelper plasmid were cotransfected
into subconfluent HEK293 cells by the calcium phosphate
precipitation method or by polyethylenimine. After 72-h
incubation, cells were harvested and lysed using three
freeze-thaw cycles. The crude viral lysate was purified by
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Fig. 2. Expression of GALR1 and GALR2 using individual recombinant

AAV vectors in head and neck squamous cell carcinoma (HNSCC) cells.
(a) Quantitative RT-PCR was performed to measure GALR1 and GALR2
expression in wild type (Wt) or HNSCC cells transduced by each of the
rAAV vectors. (b) Western blot results showing exogenous GALRT and
GALR2 expression in Wt or HNSCC cells transduced by each of the
rAAV vectors, as detected by an HA-antibody.
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two rounds of CsCl density-gradient ultracentrifugation. The
titer of TAAV vectors was subsequently determined by quan-
titative PCR analysis.

Quantitative RT-PCR. Total RNA was isolated using an
RNeasy mint kit (Qiagen, Valencia, CA, USA). Reverse tran-
scription was performed using a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, USA)
according to the manufacturer’s protocol. cDNA was amplified
using TagMan Expression Assays (Applied Biosystems):
GalR1 (Hs00175668 m1), GalR2 (Hs00605839 ml), and GAP-
DH (Hs99999905 m1). The PCR conditions were as follows:
50°C for 2 min, 95°C for 10 min, and 40 cycles each consist-
ing of 95°C for 15 s and 60°C for 1 min. The expression lev-
els of the target genes were analyzed using the comparative C,
method, and GAPDH was used as a control gene.

Immunoblotting. Cells were lysed in a buffer containing
62.5 mM Tris-HCI (pH6.8), 2% SDS, 10% glycerol, 6% mer-
captoethanol, and 0.01% bromophenol blue. To detect GALRs
expression, cell lysates were treated with N-Glycosidase F
(New England BioLabs, Beverley, MA, USA) without boiling,
as described previously.'*'? Mitochondrial and cytosolic frac-
tions were obtained using Mitochondrial Isolation Kit (Ther-
moFisher Scientific, Logan, UT, USA).

Samples were gel electrophoresed and transferred to polyv-
inylidene difluoride membranes, which were probed with
specific antibodies. Mouse monoclonal antibodies to hemag-
glutinin (HA)-tag, phospho-Bad (Ser112), and B-actin, rabbit
monoclonal antibodies to p44/42 MAPK (Erk1/2), phospho-
p44/42  (Thr202/Tyr204), Akt, phospho-Akt, caspase-3,
cleaved caspase-3, Bax, Bcl-2, Bcl-xL, Mcl-1, Bim, Bad,
survivin, antibodies to Cox IV and XIAP, polyclonal anti-
bodies to AIF, Endonuclease G, Bitl, HtrA2 and cytochrome
¢ were purchased from Cell Signaling Technology (Beverly,
MA, USA). Bands were visualized using an Enhanced
Chemiluminescence Kit (GE Healthcare, Buckinghamshire,
UK) and an ImageQuant LAS 4000 (Fujifilm, Tokyo,
Japan).

Immunocytochemistry. Cells were seeded onto coverslips and
incubated overnight, and transduced with each recombinant
AAV vector. After 48 h of incubation, cells were fixed, and
stained with mouse monoclonal anti-HA-tag antibody (Cell
Signaling). Subsequently, cells were stained with Alexa Fluor
555-labeled goat anti-mouse IgG (Cell Signaling) and the
nuclei counterstained with DAPI. Furthermore, to determine
the transport potential of HA-tagged GALRs proteins to the
cytoplasmic membrane, HEp-2 cells stably expressing these
proteins were established by transfecting the AAV plasmid
into HEp-2 cells using Lipofectamine (Invitrogen, Carlsbad,
CA, USA). Green fluorescent protein-positive cells were
selected by flow cytometry using a FACS Vantage SE at
4 weeks after transfection (BD Biosciences, San Diego, CA,
USA). Exogenous GALR! or GALR2 were localized using a
BIOREVO BZ-9000 microscope (Keyence, Osaka, Japan) and
an Olympus FV-500 Confocal Microscope (Olympus Corpora-
tion, Tokyo, Japan).

Cell viability assay. The effect of activation of the GALR
signaling pathways on cell viability was examined using
WST-1 (Roche Diagnostics, East Sussex, UK). Cells were
seeded in a 96-well microculture plate, incubated overnight,
and then cultured in serum-free media (SFM) containing
0.1% bovine serum albumin for 2 h. Subsequently, cells
were exposed to the individual rAAV vectors and galanin
for 24-72 h. WST-1 reagent was added for the last 1-2 h of
the incubation, and the absorbance at 450 nm was measured
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using a Spectra Max 190 microplate reader (Molecular
Devices, Sunnyvale, CA, USA).
Apoptosis and cell cycle analysis. Apoptotic cells were

detected by staining with phycoerythrin (PE)-conjugated ann-
exin V protein (BD Bioscience, San Jose, CA, USA) and flow
cytometry. Cell cycle analysis was performed with the CycleT-
EST PLUS DNA Reagent Kit (BD Biosciences) and flow
cytometry. Apoptosis-induced DNA fragmentation was mea-
sured for the sub-G0O/G1 cell cycle phase populations.

Statistical analysis. Statistical analysis was performed using
Student’s r-test and Kruskal-Wallis test.

Results

Transduction efficiency of HNSCC cell lines using rAAV-EGFP,
To determine transduction efficiency in HNSCC cell lines
using rAAV vectors, HEp-2 and KB cells were infected with a
rAAV-EGFP vector at various vector doses. After incubation
for 24-72 h, GFP-positive cells were counted by flow cytome-
try. We confirmed a high GFP expression (>90%) in both
HNSCC cell lines transduced by vector doses above 1 x 107
vector genomes (vg)/cell for 48 h (Fig. 1). Consequently, a
titer of | x 107 vg/cell was used as standard vector dose.

GALR gene expression after transduction of rAAV-GALR vec-
tors. We determined both the endogenous and exogenous
mRNA expression levels of each GALR gene in HEp-2 and
KB cells transduced by rAAV-GALRI or rAAV-GALR2 by
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quantitative RT-PCR. After 48 h of transduction, elevated
mRNA expression levels of exogenous GALRI and GALR2
were observed in both cell lines (Fig. 2a).

The expression levels of exogenous GALRI1 and GALR2
proteins were also assessed by western blot analysis and
immunocytochemistry, using a mouse monoclonal anti-HA tag
antibody, and confirmed robust expression of GALRI and
GALR2 proteins (Figs 2b.3). Immunofluorescence revealed
that GFP-positive cells showed exogenous expression of GAL-
Rs, which was localized to both the cytoplasm and plasma
membrane in cells transiently transduced with AAV vectors
(Fig. 3a). However, in stable GALRs-expressing HEp-2 cells,
exogenous GALRs located only to the plasma membrane
(Fig. 3b). These results suggested that transient-transduction
impelled movement of a large quantity of these proteins to the
cytoplasm, although these proteins themselves have the poten-
tial to be transported to the plasma membrane, as expected for
a G protein-coupled receptor.

Co-administration of rAAV-GALR2 and galanin inhibits cell pro-
liferation and induces apoptosis. We examined the ability of
each GALR signaling pathway to inhibit HNSCC growth. Cul-
ture of cells in the presence of both rAAV-GALR2 and vary-
ing doses of galanin in SFM for 24-72 h resulted in cell
growth suppression in a time- and dose-dependent manner in
both HNSCC lines, as assessed by WST-1 assay. After 72 h of
stimulation, the cell growth rate was significantly decreased to
40% in HEp-2 and 60% in KB cells (Fig. 4a). In contrast,

(b)

Fluorescence microscope

HAtag GFP DAPI

Merge

(a) Exogenous GALR1T and GALR2 localization in head and neck squamous cell carcinoma (HNSCC) cells transiently transduced with each

of the recombinant adeno-associated virus (rAAV) vectors. (b) Exogenous GALR1 and GALR2 localization in HEp-2 cells stably transfected with
each of the AAV plasmids. Images show cells stained with the anti-HA antibody (left-most), green fluorescent protein (GFP) (second from the
left), DAPI (4'6’-diamidino-2-phenylindole dihydrochloride) (second from the right), and merged images (right-most).
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Fig. 4. Co-administration of galanin and recombi-
nant adeno-associated virus (rAAV)-GALR2 during
cell culture inhibited cell proliferation and induced
cell death in head and neck squamous cell
carcinoma (HNSCC) cells. (a) Inhibitory effects of
galanin on growth of HNSCC cells transduced with
the respective rAAV vectors. (b) Flow cytometric
analysis of cell apoptosis using the annexin V.
(c) Cell cycle analysis by flow cytometry. *P < 0.05;
**p < 0.01.

Cancer Sci | January 2014 | vol. 105 | no. 1 | 76



www.wileyonlinelibrary.com/journal/cas

co-administration of rAAV-GALRI and galanin did not affect
cell proliferation in either cell line (Fig. 4a).

The ability of GALR signaling to induce apoptosis was
assessed by measuring annexin V staining in both cell lines.
Co-treatment of cells with rAAV-GALR2 and galanin (I pM)
for 48 h significantly induced apoptosis in 25% of HEp-2 cell
and less markedly induced apoptosis in 6% of KB cdlx
(Fig. 4b).

Furthermore, changes in the cell cycle distribution after acti-
vation of either GALR pathway were evaluated by flow
cytometry. Co-administration of rAAV-GALR2 vector and gal-
anin (1 pM) for 48 h significantly increased the sub-G0O/Gl
phase population, to 32% in HEp-2, and to 16.6% in KB cells
(Fig. 4c¢), suggesting that DNA fragmentation was induced by
activation of the GALR2 signaling pathway, along with apop-
tosis. No other effects on cell cycle distribution were observed
(Fig. 4c). Additionally, GALRI1 activation had no effects on
induction of apoptosis or cell cycle distribution (Fig. 4b.c).

Stimulation of GALR2 signaling downregulates ERK1/2, and
upregulates Bim. As the GALR2-mediated cytotoxic effects
were mainly due to apoptosis induction, we examined whether
stimulation of the GALR2 signaling pathway affected the
phosphorylation states of ERK1/2 and Akt by immunoblotting.
Sustained dephosphorylation of ERK1/2 was induced by stim-
ulation of GALR2 signaling in both HNSCC cell lines
(Fig. 5a), but no effect on Akt phosphorylation was observed
(Fig. 5b).

Moreover, we examined the influence of the pathway on key
apoptosis regulators, viz., the Bcl-2 protein and inhibitor of
apoptosis protein (IAP) families. The proapoptotic “BH-3-only”

Original Article
Uehara et al.

Bel-2 protein Bim was upregulated by activation of GALR2
signaling in HEp-2, but not in KB cells (Fig. 5a,c). No other

apoptosis-related  proteins investigated were affected by
GALR2 activation in either cell line (Fig. 5¢). Additionally,

activation of GALRI signaling did not affect the phosphoryla-
tion state of ERK or the other apoptotic regulators (Fig. 5¢).

PDY8059 inhibits cell proliferation and induces apoptosis via
inactivation of the MEK/ERK pathway in HNSCC cells. To deter-
mine whether dephosphorylation of ERKI1/2 results in cell
growth inhibition and apoptosis induction in HNSCC cells, we
examined the reproducibility of GALR2-mediated cytotoxicity
using a specific  ERK (MEKI) inhibitor, PD98059. As
expected, dephosphorylation of ERK1/2 was induced by treat-
ment of both HNSCC cell lines with PD98059 at 20-100 uM
for 48 h (Fig. 6a). When cells were cultured in SFM in the
presence of PD98059 for 48 h, dose-dependent cell growth
suppression  (Fig. 6b) and significant apoptosis induction
(Fig. 6¢c) were observed; these effects were more marked in
HEp-2 cells. In addition, dose-dependent upregulation of Bim
was observed in HEp-2, but not in KB cells, after incubation
with PD98059 for 48 h (Fig. 6a). Thus, the GALR2-mediated
cytotoxic effects involved at least downregulation of ERK1/2,
while Bim may play a role in modulation of GALR2-mediated
apoptotic sensitivity. However, despite apoptosis induction in
KB cells, Bim activation was not observed, suggesting the
existence of multiple signaling pathways for apoptosis induc-
tion.

GALR2-mediated apoptosis is mainly induced via a caspase-
independent pathway. We further investigated the role of the
caspase signaling pathway in GALR2-mediated apoptosis by
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recombinant adeno-associated virus (rAAV)-GALR2 vector and galanin. (a) Effect of galanin on ERK1/2 activation and Bim expression in rAAV-
GALR2 vector-transduced head and neck squamous cell carcinoma (HNSCC) cells. (b) Effect of galanin on Akt activation in GALR-transduced
HNSCC cells. (¢) Effects of treatment of cells with galanin and transduction with individual rAAV vectors on the phosphorylation state of ERK1/2
and expression of proteins belonging to the Bcl-2 or IAP families.
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Effect of the MEK inhibitor PD98059 on head and neck squamous cell carcinoma (HNSCC) cells. (a) Phosphorylation states of ERK1/2

after treatment with PD98059. (b) Effect of PD98059 on proliferation of HNSCC cells. (c) Apoptosis analysis by an Annexin V in HNSCC cells. *P <

0.05, **P < 0.01.

measuring the cleavage of caspase-3 by immunoblotting. Com-
pared to cells treated with 1 puM staurosporine (STS), minimal
cleavage of caspase-3 was observed after stimulation of
GALR?2 signaling pathway in either HNSCC line (Fig. 7a).
Additionally, GALR2-mediated inhibition of cell growth was
not abrogated by pretreatment with the pan-caspase inhibitor
z-VAD-FMK (50 uM) in HEp-2 cells (Fig. 7b).

We further examined whether activation of mitochondrial
apoptosis-related factors were involved in initiating a caspase-
independent pathway. Apoptosis inducers, such as apoptosis
inducing factor (AIF), endonuclease G, HirA2, and Bitl, are
known to be released from the mitochondria to the cytosol and
the nucleus by caspase-independent apoptotic signals. No
translocation of these proteins in response to GALR2 activa-
tion (Fig. 8) was seen in mitochondrial and cytosolic fractions
from transduced HEp-2 cells cultured with/without galanin
(1 uM) for 48 h.

Discussion

We previously demonstrated the function of the GALRI and
GALR2 signaling pathways. In HNSCC cell lines, we showed
that stably re-expressed GALR!1 suppressed tumor cell prolifer-
ation via ERK1/2-mediated effects on cyclin-dependent kinase
inhibitors, whereas, in GALR2-transduced HNSCC cells, gala-
nin suppressed cell proliferation and induced apoptosis. Thus,
we deduced that GALR1 and GALR2 function as tumor

© 2013 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

suppressors and therefore focused on these proteins as thera-
peutic targets for HNSCC.

Here, we showed that transduction of GALR2 using rAAV
vectors makes HNSCC cells susceptible to galanin-induced
growth inhibition and apoptosis; however, we could not show
anti-tumor effects of rAAV-mediated GALRI activation in
HNSCC cells. It is unclear why GALRI and GALR2 have
such different effects. We considered that, because of constitu-
tive phosphorylation of ERK1/2 even under serum-free culture
conditions in the HNSCC cells used in our experiments, fur-
ther activation of ERK1/2 by GALRI! activation may not be
critical to cell proliferation and survival in these cells.

Although these mechanisms are thought to be partially
responsible for tumor cell growth inhibition, the apoptosis
induction mechanisms mediated in HNSCC cells by GALR2
activation remain unclear. Our results indicated that downregu-
lation of ERK1/2 is important as a novel apoptotic mechanism
triggered by GALR2 activation.

Dephosphorylation of ERK1/2 via stimulation of other
GPCRs has previously been reported. Yamada et al. reported
that angiotensin I type 2 receptor (AT2R) mediated apoptosis
followed by dephosphorylation of MAPK in growth factor-
supported PC12 cells.** Others have reported that inhibition of
MAPKSs via AT2R was mediated by stimulation of serine/thre-
onine phosphatase 2A (PP2A).°% It has been reported that
phosphotyrosine phosphatase DEP-1/PTPn-dependent dephos-
phorylation of ERKI/2 is required for inhibition of basic

Cancer Sci | January 2014 | vol. 105 | no.1 | 78
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growth factor-dependent cell proliferation mediated by the
stimulating somatostatin receptors in glioma cells.®** There-
fore, we anticipated that some protein phosphatase related to
the dephosphorylation of MAPK cascades may be involved. As
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an alternative to protein phosphatase activation, Fushimi er al.
reported that prostaglandin E2 downregulated TNF-o-induced
production of matrix metalloproteinase-1 by inhibiting the Raf-
I/MEK/ERK cascade through activation of the EP4 prostanoid
receptor.”® Tumor necrosis factor-o—mediated Raf activation,
involving phosphorylation at Ser338, was suppressed by stimu-
lation of the EP4 receptor; in contrast, phosphorylation of the
inhibitory site on Raf, at Ser259, was stimulated via the EP4
receptor. EP4-mediated Raf inactivation was followed by
dephosphorylation of MEK1/2 and ERK1/2. Hence, we exam-
ined whether GALR2 activation affects the phosphorylation
state of MEK /2, immediately upstream of ERK1/2. We con-
firmed that at least dephosphorylation of MEK1/2 was induced
by GALR2 activation in HEp-2 cells (data not shown). A com-
prehensive analysis of the influence of the Ras/Raf/MEK/ERK
cascades following activation of the GALRZ2 signaling pathway
requires further study. In addition to the apoptotic mechanisms
mediated by MAPK inhibition via specific inhibitors,
Eisenmann et al. reported the importance of the MAPK path-
way-downstream effector protein, RSK, and the BH-3-only
proapoptotic protein Bad in melanoma cell survival.®” More-
over, other groups reported that induction of apoptosis in
melanoma cells following inhibition of MEK is mediated by
the Bel-2 family members PUMA, Bim, and Mcl-1, as well
as through caspase-independent and AlF-dependent mecha-
nism.***? Therefore, we examined whether these regulators,
including those belonging to the Bcl-2 and the AP family of
proteins, and caspase-dependent as well as caspase-independent
apoptosis-related proteins, may be associated with the apoptotic
mechanisms triggered by GALR2 activation. We found that
upregulation of Bim is induced by GALR2 activation. Future
studies involving downregulation of Bim expression, for
instance by using siRNA, would verify this relationship further.

Although dephosphorylation of ERK1/2 by GALR2 activa-
tion was observed in both HNSCC cell lines, significant upreg-
ulation of Bim via GALR2 signaling was only induced in
HEp-2, but not in KB cells. These results imply that there are
both Bim-dependent and Bim-independent unknown pathways
that induce apoptosis, and suggest that the type of pathways
followed downstream of GALR2 depends on the cell line.

We hypothesize that the reason why the therapeutic effect of
AAV-GALR2 in KB cells was less marked than in HEp-2 cells
may be that KB cells do not possess the Bim-dependent path-
way, whereas HEp-2 cells possess both pathways. Wittau
et al.*” demonstrated that there are multiple signaling path-
ways downstream of GALR2 in small cell lung cancer cells,
resulting from coupling of GALR2 to various G-proteins. Their
results supported our hypothesis that GALR2 has multiple sig-
naling pathways by which apoptosis is induced, and that ERK
inactivation, followed by upregulation of Bim, is associated
with the intensity of apoptosis induction following activation
of GALR?2 signaling.

These findings about differences between in HEp-2 and in KB
cells indicate that the pathways involved in GALR2-induced
apoptosis diverge, and the details of these signaling path-
ways remain unclear. For further investigation, we divided
GALR2-induced apoptosis pathways into caspase-dependent
and -independent pathways in order to investigate this phenome-
non further. When investigating the caspase-dependent pathway,
we found that GALR2-inhibition of cell growth was not abro-
gated by the pan-caspase inhibitor z-VAD-FMK. Moreover,
none of the apoptosis inducers of the caspase-independent path-
way that we examined were translocated to the cytosol from the
mitochondria, and activation of members of the IAP and the

© 2013 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.
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Bel-2 protein families, except for Bim. were unchanged by
GALR?2 signaling. These results suggested that the apoptotic
pathway induced by GALR2 signaling encompasses other
unknown pathways. Because carcinogenesis of HNSCC is
mainly triggered by extrinsic factors, such as smoking or alco-
hol, which induce various genetic defects, this distinctive feature
makes GALR2 advantageous as a therapeutic gene.

In conclusion, we have shown that GALR2 expression in the
presence of galanin induced apoptosis via diverse pathways;
thus, gene therapy using the GALR2 gene holds promise as a
novel suicide-gene therapy against HNSCC.
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 Key Points

Recent investigations indicate that epigenetic regulators act at the initial step of myeloid
leukemogenesis by forming preleukemic hematopoietic stem cells (HSCs), which pos-
sess the increased self-renewal potential but retain muitidifferentiation ability, and
synergize with genetic abnormalities in later stages to develop full-blown acute myeloid
leukemias. However, it is still unknown whether this theory is applicable to other malig-
nancies. In this study, we demonstrate that lysine-specific demethylase 1 (LSD1) over-
expression is a founder abnormality for the development of T-cell lymphoblastic leukemia/
lymphoma (T-LBL) using LSD1 transgenic mice. LSD1 expression is tightly regulated
via alternative splicing and transcriptional repression in HSCs and is altered in most
leukemias, especially T-LBL. Overexpression of the shortest isoform of LSD1, which is
specifically repressed in quiescent HSCs and demethylates histone H3K9 more effi-
ciently than other isoforms, increases self-renewal potential via upregulation of the
HoxA family but retains multidifferentiation ability with a skewed differentiation to T-cell
lineages at transcriptome levels in HSCs. Transgenic mice overexpressing LSD1 in

HSCs did not show obvious abnormalities but developed T-LBL at very high frequency after y-irradiation. LSD1 overexpression
appears to be the first hit in T-cell leukemogenesis and provides an insight into novel strategies for early diagnosis and effective

treatment of the disease. (Blood. 2015;00(00):1-15)

Introduction

Epigenetic modifications have been implicated in various bio-
logical processes of considerable importance, such as cell prolif-
eration and differentiation.' Recent systematic investigations
revealed that epigenetic deregulation plays fundamental roles
in oncogenesis, especially the development of hematologic
malignancies.>* More importantly, epigenetic abnormalities gen-
erally act as initiating mutations, which transform normal stem
cells into cancer stem cells at the initial step of oncogenesis.
For example, recurrent mutations of DNA methyltransferase 3A
(DNMT3A) or isocitrate dehydrogenase (IDH) 1/2 give rise to
preleukemic hematopoietic stem cells (HSCs), which possess a
higher self-renewal potential than normal counterparts but retain
multidifferentiation capacity.*® Additional genetic abnormali-
ties, such as NPM1c mutations and FLT3-internal tandem dupli-
cation, confer further growth advantages and malignant phenotypes
to preleukemic HSCs, leading to the development of full-blown acute
myeloid leukemias (AML). Similar initiator functions have been
demonstrated in other epigenetic regulators, such as the methyl-
cytosine hydroxylase TET2, histone methyltransferase EZH2, and
Polycomb-related protein ASXL2, in myeloid leukemogenesis.7"°

However, itis still unknown whether this theory is applicable to other
malignancies.

Lysine-specific demethylase 1 (LSD1 also named KDM1A/AOF2/
BHC110) is an FAD-dependent histone demethylase that specifically
removes the monomethyl and dimethyl groups from lysine-4 and
lysine-9 residues of histone H3."' Hence, LSD1 bifunctionally modu-
lates the enhancer/promoter functions of target genes in a context-
dependent manner.'? LSD1 mediates a repressive function via H3K4
demethylation as a component of the CoREST and NuRD com-
plexes,'® whereas it activates hormone-regulated genes via H3K9
demethylation when associated with androgen or estrogen receptors.'*
Moreover, LSD1 has 4 isoforms with different histone demethylating
activities and affinities to CoREST, offering an additional layer of
functional regulation.'”

Recent genetic approaches revealed that LSD1 is indispens-
able for broad tissue homeostasis and proper develo1;>ment.]6 In the
hematopoietic system, Spriissel et al'” demonstrated that shRNA-
mediated knockdown of LSD1 impairs maturation of blood cells in
association with the expansion of undifferentiated hematopoietic
stem/progenitor cells (HSPCs) and committed progenitors in mice.
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Figure 1. LSD1 is barely expressed in normal
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cell lines (TALL-1, MOLT-4, CEM, KOPT-K1, and
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pression of LSD1 and GAPDH. The PCR products of
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pression in primary samples according to the Oncomine
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AML (n = 28); 2, B-cell acute lymphoblastic leukemia
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performed semiquantitative RT-PCR for the expression
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genitors, leukemic cell lines, and primary T-LBL cells
from 3 patients (cases 2, 5, and 8). The cDNAs were
amplified with primers covering the entire exons (1F and
19R; see supplemental Table 1 for nucleotide sequen-
ces), followed by nested PCR with primers 1/2F and 3R
as reported by Zibetti et al.'s (E) The signal intensities
of each band at 35 cycles in panel D were quantified
by NIH Image J software, normalized to those of cor-
responding GAPDH, and shown as relative values setting
the expression level of LSD1 (™7) in CD347/CD38™ cells

to 1.0. (F) We quantified the mRNA expression of total

Mv4a-11 293

I i W\ 1
25 30 3525 30 3525 30 35

(+H=Y(-1-)

GAPDH

Molt4 CEM TALL-1 Jurkat #2

1 VI 11 |
25 30 35 25 30 35 25 30 25 30 35

LSD1, mostly (~/~) and (*/7), with 1/2F and 3R primers
and the isoform (*/7) with 1/2F and 2aR (within exon
2a) primers using the Power SYBR Green PCR Master
Mix (Life Technologies). The expression level was nor-
malized to that of GAPDH and quantified by the 244C!
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On the other hand, LSD1 was shown to be essential for the self-
renewal and proper differentiation of HSCs in conditional LSD1
knockout mice.'® Furthermore, it is of note that LSD1 expression is
elevated in neuroblastoma and bladder cancer'®?? and is correlated
with a poor prognosis in hormone-dependent prostate and breast
cancers.?!

From these observations, we hypothesized that the expression levels
and function of LSD1 are tightly regulated in HSPCs and their dereg-
ulation underlies the development of hematologic malignancies. This
idea is compatible with the initiating role of epigenetic deregulation
in leukemogenesis, but has not yet been experimentally proven. In the
present study, we investigated whether the abnormalities of LSD1

[ Ll L |
25 30 3525 30 3525 30 35

the expression of murine LSD1 isoforms with primer
pairs of 2F and 3R (top panel) or 2F and 8/9R (middle
panel) (see supplemental Table 1 for nucleotide se-
quences). ANOVA, analysis of variance; CT, cycle
threshold; SD, standard deviation.

cause the malignant transformation of HSPCs by generating transgenic
mice that overexpress an LSD1 isoform in HSPCs under the control of
the Sca-1 promoter.

Methods
Cells

Human bone marrow mononuclear cells and CD34 ™ progenitors were purchased
from Takara Bio. CD34 /lineage markers (Lin)~ and CD34 /Lin " cells were
separated with CD34 microbeads and lineage cell depletion kits (Miltenyi
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Biotec). CD34™/CD38" and CD34*/CD38 ™~ cells were purified with an anti-
human CD38 antibody in the Easy Sep system (StemCell Technologies).
Leukemic cell lines were handled as described previously.?? Primary leuke-
mic cells were isolated at the time of diagnostic procedure from patients after
obtaining informed consent in accordance with the Declaration of Helsinki
and the protocol approved by the institutional review board of Jichi Medical
University. We used specimens containing >90% blasts on morphological
and phenotypic examinations. Fractionation of murine HSCs and HSPCs was
performed according to the protocol of Oguro et al®?

Colony formation and replating assays

Purified Lin"/Sca-1*/c-Kit* (LSK) and Lin"/Sca-1"/c-Kit" cells (5 X 10°
cells) were plated in triplicate in methylcellulose M3231 medium (StemCell
Technologies) supplemented with stem cell-oriented cytokines. The colony
number was scored after 7 days, followed by second and third platings.

Polymerase chain reaction

We performed reverse transcription—polymerase chain reaction (RT-PCR) and
real-time quantitative RT-PCR as described previously.'>** TCRB rearrange-
ment was analyzed by genomic PCR according to Shen et al.*® Primer sequences
are listed in supplemental Table 1 (see supplemental Data available at the Blood
Web site).

Plasmids and transfection

Full-length complementary DNAs (cDNAs) for LSD1 transcript variants 1
(BC040194, E2a*/E8a™) and 2 (BC048134, E2a /E8a ") were purchased from
Open Biosystems. We constructed cDNA for LSD1 isoform E2a*/E8a™ from

variants 1 and 2 as described by Zibetti et al.'> Lentiviral expression vectors were
constructed by inserting full-length cDNAs into a CSI-CMV-MCS-IRES DsRed
vector as reported.26

Immunoblotting

We carried out immunoblotting using specific antibodies against LSD1
(Diagenode and Cell Signaling Technology), G9a, Suv39H]1 (Cell Signaling
Technology), PHF8/JHDMIF (Active Motif), JARID1B (Sigma-Aldrich),
dimethylated H3K4 (Active Motif), dimethylated H3K9 (Abcam), histone
H3, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Cell Signal-
ing Technology).

In vitro histone demethylase assay

In vitro translated LSD1%7 (0-20 g) was incubated with 8 wg of calf thymus
histones (Roche) or 0.3 pg of purified Hel.a mononucleosomes (EpiCypher)
with or without 3.9 p.M recombinant CoREST (BPS BioScience), followed by
immunoblotting using methyl-specific antibodies.

Mice

To generate the LSD1 transgenic mice C57BL/6J-Tg(Ly6a-KDM1A*v2), hu-
man LSD1 ¢cDNA encoding the shortest isoform (E2a”/E8a ™) and an SV40 early
polyadenylation (pA) signal were inserted into the Ly-6A cassette (pLy-6A14)
that contains the mouse Sca-1 gene and its regulatory regions.28 The DNA
fragment containing the mouse Sca-1 promoter and human LSD1 cDNA with
a pA signal was excised with Norl and microinjected into the pronuclei of
C57BL/6 mice as described.” The copy number of the transgene was determined
by blotting mouse tail DNA with human LSD1 cDNA as a probe and comparing
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Figure 2. Differential functions of LSD1 isoforms. (A) Calf thymus histones or HeLa mononucleosomes were incubated with purified LSD1 (0, 2, and 20 p.g) with or without
recombinant CoREST, foliowed by immunoblotting using specific antibodies or silver staining (LSD1 and histones) (top panel). Signal intensities were quantified and shown as
relative values of corresponding untreated controls (bottorn panel). (B) Whole-cell lysates were prepared from HEK293 cells transfected with expression vectors for LSD1
isoform (~/~) or (*'~), and subjected to immunoblotting with the indicated antibodies. Signal intensities were quantified and shown as relative values of corresponding mock

transfectants. (C) LSD1 expression and activity in HSPCs (see text for detail).

the band intensity with copy controls of the injection fragment. Pathological
examination of mice was conducted by outside experts. All animal studies were
approved by the Institutional Animal Ethics Committee and performed in ac-
cordance with the Guide for the Care and Use of Laboratory Animals formulated
by the National Academy of Sciences.

Stem cell transplantation in syngeneic mice

Bone marrow mononuclear cells were isolated from LSD1 transgenic and
control mice at 8 to 12 weeks of age, and injected via the tail vein into lethally
irradiated (9.5 Gy) CS7BL/6 (CD45.1) recipient mice (8-12 weeks of age)
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Figure 2. (Continued).

with 2 X 10 backup cells.>® Engraftment was confirmed by measuring the
percentage of CD45.2" cells in the peripheral blood. Subsequent trans-
plantations were similarly performed using 2 X 10° bone marrow cells with
a 12-week interval.

Cell cycle analysis in vivo

Bone marrow cells were harvested 40 minutes after IP injection of bromodeox-
yuridine (1.5 mg/150 pL) and stained with the APC BrdU Flow kit (BD
Pharmingen) to determine cell cycle distribution on flow cytometry.

Global analysis of messenger RNA expression

RNA samples (3 pg) were labeled using T4 RNA ligase in duplicate, and
hybridized with the Gene Chip Mouse Genome 430 2.0 Array (Affymetrix).
The hybridized arrays were scanned with a GeneChip Scanner 3000, and
the scanned images were processed using GeneChip operating software
(Affymetrix).

Results

LSD1 is barely expressed in normal HSPCs, but is
overexpressed in leukemic cells

In an initial effort to clarify the role of LSD1 in leukemogenesis, we
compared the expression of LSD1 between normal human hema-
topoietic cells and leukemic cell lines at protein and messenger RNA
(mRNA) levels. LSD1 protein was under the detection limit in nor-
mal human hematopoietic cells including CD34" HSPCs, CD34~
bone marrow progenitors, lineage marker-positive bone marrow

Q:11 cells, and mature blood cells (Figure 1A top panel). LSD1

expression was also very low in CD34" HSPCs but was slightly
upregulated in CD34 /Lin~ progenitors at the mRNA level
(Figure 1A bottom panel). In contrast, LSD1 was strongly
expressed in most leukemic cell lines, especially those derived
from T-lymphoblastic leukemia/lymphoma (T-LBL) and those
harboring leukemic fusion proteins such as K562 (BCR-ABL™),
THP-1 (MLL-AF9), MV4-11 (MLL-AF47), and PL-21 (PMA-
RARa") (Figure 1A top panel). LSD1 overexpression was
confirmed at the mRNA level in leukemic cell lines (Figure 1A
bottom panel). In addition, we analyzed LSD1 mRNA expres-
sion in primary samples using published data sets from the
Oncomine microarray database and verified LSD1 overexpres-
sion in primary leukemic cells relative to normal bone marrow
cells. Consistent with the results of the cell line studies, LSD1
expression was the highest in primary T-LBL cells, followed
by BCR-ABL carrying chronic myelogenous leukemia and
AML in primary samples (Figure 1B).

LSD1 isoforms are differentially expressed in normal HSCs and
leukemic cells

Mammals have 4 LSD1 isoforms generated by either the single
or double inclusion of 2 alternative exons 2a and 8a, which are
located in the SWIRM and amine oxidase domains, respectively
(Figure 1C). Although the neuron-specific expression of exon
8a-retaining splice variants has been reported previously,' no
information is available regarding the expression pattern and
biological functions of LSD1 isoforms in the hematopoietic system.
To address this issue, we attempted to detect LSD1 isoforms
discriminately using isoform-specific RT-PCR (supplemental
Table 1). Hematopoietic cells expressed the isoform (7', which

Q:12

Q:13
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Figure 3. The shortest isoform of LSD1 positively regu-
lates the self-renewal of HSCs. (A) We transduced LSK
and Lin"/Sca-1"/c-Kit™ cells from normal mouse bone

marrow with an empty plasmid (Mock) or expression vectors
for LSD1 isoforms (~/~) and (/") for 48 hours, and cultured
them in methylcellulose medium for 7 days to evaluate the
clonogenic growth. Signal intensity of DsRed is shown in the
left panel as a surrogate marker of LSD1 expression in
starting materials. (B) Total cellular RNA was isolated from
LSK cells transduced with LSD1 isoforms (7/7) or (*/"), and
subjected to real-time quantitative RT-PCR for the expres-
sion of the indicated genes. Data were quantified by the
2826t method using simultaneocusly amplified GAPDH as
a reference and shown as fold increases against mock-
transtected controls. (C) c-Kit-positive bone marrow mono-
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carries no additional exons, and the isoform (”‘), which has
the insertion of exon 2a (Figure 1D). Neuron-specific isoforms (*/*)
and ("'") were undetectable in either normal or malignant hema-
topoietic cells (supplemental Figure 1A). Among normal bone
marrow cells, the isoform ("/_) was barely detected in CD34™"/
CD38~ HSCs and was upregulated in CD34*/CD38* multipotent
progenitors and CD347/Lin~ committed progenitors by semi-
quantitative RT-PCR (Figure 1D-E) and real-time quantitative

nuclear (BM) cells were transduced with an empty vector
(Control), LSD1 isoform (~/7) or (*/7), and transplanted into
lethally irradiated recipient mice. We isolated bone marrow
mononuclear cells from recipient mice 10 months after trans-
plantation and performed colony-replating assays in the
presence of murine stem cell factor (mSCF), FLT3 ligand
(FL), and murine interleukin-3 (IL-3) at 50, 50, and 10 ng/mL,
respectively. (D) The means *+ SD (bars) of colony numbers
in each passage (left panel) and representative photographs
of colonies (right panel) are shown. *P < .01 and P < .05
determined by a 1-way ANOVA with the Bonferroni post hoc
test (n = 3).

-

3rd replating

RT-PCR (Figure 1F). In contrast, leukemic cells, including pri-
mary samples from 3 patients with T-LBL, apparently overex-
pressed both (7/7) and (*/7) forms (Figure 1D-F). Finally, we
investigated whether the same expression pattern of LSD1 isoforms
is retained in murine HSPCs. The isoform (~'7) was faintly ex-
pressed in LSK and Lin~/Sca-17/c-Kit" fractions, as observed
in human CD34%/CD38~ HSCs, whereas the expression of the
isoform (*'7) was relatively strong (Figure 1G). Neuron-specific
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Figure 4. The shortest isoform of LSD1 enhances A
the stemness and self-renewal of HSPCs in vivo. N V
(A) Top panel, Schematic view of the injected fragment (the shortest isoform) | ] A
for the generation of LSD1 transgenic mice. Bottom 0 i
panel, We quantified the expression of human LSD1 12
and murine GAPDH (internal control) transcripts in
2 lines of LSD1 transgenic and B6J (Control) mice
using specific primers (supplemental Table 1). Right

h. LSD1 cDNA-pA
Ly6A-h.LSD1 ot hf ol

18215

control Line6 Line3

panel, Genomic DNA (5 ng) was digested with BamH! . Ve - g
30 35 40

and hybridized with LSD1 ¢cDNA as a probe to estimate 30 35 40 30 35 40

copy numbers of transgene. Lane 1, DNA from wild-
type mice + 2 copies of the injection fragment; lane 2,
DNA from wild-type mice + 20 copies of the injection
fragment; lane 3, DNA from wild-type mice; lane 4,
DNA from line 6 mice; lane 5, DNA from line 3 mice.
(B) We determined the percentage of LSK and Lin™/
Sca-1" cells in the bone marrow of 2 lines of LSD1
transgenic and B6J (Control) mice using flow cytom-
etry. Representative data are shown in the right panel
(P8 and P86 correspond to LSK and Lin7/Sca-17* B

fractions, respectively). (C) We determined the per-

centage of CD1507/CD48~ celis in LSK fractions of 10 9 1 control .
2 lines of LSD1 transgenic and B6J mice using flow - Oline §

h.LSD1

Signal intensity (h.LSD1/mGAPDH)

©

cytometry. Representative data are shown in the right P e
panel (the boxed area corresponds to CD150*/CD487/
LSK fractions). (D) We determined the cell cycle profile
of Lin"/Sca-1" and Lin~ bone marrow mononuclear
cells in 2 lines of LSD1 transgenic and B6J (Control)
mice in vivo. (E) Bone marrow cells from 2 lines of
LSD1 transgenic and B6J (Control) mice (CD45.2) were
transplanted into lethally irradiated C57BL/6 (CD45.1)
mice. We determined the percentage of CD45.2™
cells in the peripheral blood 24 weeks after trans- 1
plantation. (F) Bone marrow cells were collected from o

% of lin- mBMCs

control- and LSD1-recipient mice 12 weeks after primary
transplantation, and transplanted into lethally irradiated
C57BL/6 mice. Tertiary transplantation was similarly
performed 12 weeks after secondary transplantation.

The means =+ SD (bars) of 3 independent experiments C
are shown. *P < .05 and **P < .01 determined by 1-way
ANOVA with the Bonferroni post hoc test. (G) Cell cycle
status of HSPCs in LSD1 transgenic mice (see text for
detail).

CD150*CD48LSK (%)

isoforms (*'*) and (7'") were also undetectable in murine hema-
topoietic cells.

The shortest isoform of LSD1 displays robust histone H3K9
demethylating activity in vivo

To gain insights into functional differences between the LSD1 isoforms,
we compared histone demethylating activity of the 2 isoforms
in vitro and in vivo. The in vitro histone demethylation assay re-
vealed that the isoform (7'7) readily demethylated both H3K4
and H3K9 in naked histones even in the absence of CoREST,
whereas the isoform (*/7) had little if any H3K9 demethylating
activity and weak H3K4 demethylating activity (Figure 2A left
half). The same assay using nucleosomes yielded slightly different
results: H3K4 demethylation was detected only with the isoform
(77 in the presence of CoREST and very weak H3K9 demethyla-
tion was observed with the isoform (+/ 7) in the absence of CoREST
(Figure 2A right half). As the experiments with nucleosomes might
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reflect the in vivo situation more accurately, we attempted to confirm
these results by analyzing the methylation status of endogenous histones
in HEK293 cells after the overexpression of each isoform. The isoform
("'7) demethylated H3K9 robustly and H3K4 moderately, whereas the
isoform (™) displayed very weak activity for both residues in HEK293
cells (Figure 2B left panel; supplemental Figure 1B). The discrepancy
between the results of in vitro demethylation and in vivo transfection
assays might be due to the effects of LSD1 on other histone modi-
fication enzymes. To investigate this possibility, we examined the
expression of H3K9 methyltransferases G9a and Suv39H1, H3K9
demethylase PHF8/THDMIF and H3K4 demethylase JARID1B in
LSD1-overexpressing HEK293 cells. As shown in Figure 2B (right
panel), LSD1 readily increased and decreased the expression levels of
PHF8/JHDMI1F and JARID1B, respectively. Combined with the ex-
pression data, we propose the model that low LSD1 activity is required
to maintain HSCs in a quiescent state and an increase in LSD1 activity,
especially that against H3K9, via the upregulation of the isoform (/")
shifts quiescent HSCss to an active/cycling state (Figure 2C).



