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LMO?2 activation by deacetylation is indispensable for
hematopoiesis and T-ALL leukemogenesis
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Hematopoietic transcription factor LIM domain only 2 (LMO2), a member of the TAL1
transcriptional complex, plays an essential role during early hematopoiesis and is fre-
quently activated in T-cell acute lymphoblastic leukemia (T-ALL) patients. Here, we dem-
onstrate that LMO2 is activated by deacetylation on lysine 74 and 78 via the nicotinamide
phosphoribosyltransferase (NAMPT)/sirtuin 2 (SIRT2) pathway. LMO2 deacetylation
enables LMO2 to interact with LIM domain binding 1 and activate the TAL1 complex.
NAMPT/SIRT2-mediated activation of LMO2 by deacetylation appears to be important for
hematopoietic differentiation of induced pluripotent stem cells and blood formation in

® LMO2 is deacetylated
by the NAMPT/SIRT2
pathway.

® LMO2 deacetylation is
essential for LIM
domain binding 1
binding and TAL1
complex activation
during hematopoiesis
and T-ALL
leukemogenesis.

zebrafish embryos. In T-ALL, deacetylated LMO2 induces expression of TAL1 complex
target genes HHEX and NKX3.1 as well as LMO2 autoregulation. Consistent with this,
inhibition of NAMPT or SIRT2 suppressed the in vitro growth and in vivo engraftment of

J T-ALL cells via diminished LMO2 deacetylation. This new molecular mechanism may provide
new therapeutic possibilities in T-ALL and may contribute to the development of new methods for in vitro generation of

blood cells. (Blood. 2019;134(14):1159-1175)

Introduction

Hematopoietic transcription factors that play crucial roles during
different stages of blood development are often deregulated
in leukemia,’* strengthening the view that appropriate regula-
tion of transcription factor networks is essential for maintaining
proper hematopoietic tissue homeostasis. One example of the
importance of dose and cell differentiation stage-dependent
expression of transcription factors in blood homeostasis is the
LIM domain only 2 (LMO2) protein, an essential transcriptional
regulator of early hematopoiesis.** LMOZ2 knockout mice and
zebrafish exhibit a complete loss of hematopoietic cells.” Notably,
malignant cells from ~50% of patients with T-cell acute lym-
phoblast leukemia (T-ALL) express elevated levels of LMO2 or
its interaction partner SCL/T-cell acute lymphocytic leukemia 1
(TAL1).51° LMO2 is continuously silenced after commitment
to early T-cell progenitors, and its overexpression leads to pre-
leukemic alterations in thymocytes that culminate in T-ALL."™5 It
has been shown that, in T-ALL, LMOZ2 reactivates a hematopoietic
stem cell (HSC)-specific transcriptional program, leading to en-
hanced self-renewal and proliferation of early T-cell progenitors
with reduced capacity for T-cell differentiation of T-ALL blasts. A
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recent study by Garcia-Ramirez et al demonstrated that the
presence of LMO2 in murine hematopoietic stem/progenitor
cells (HSPC) is necessary for the early stages of transformation
to T-ALL through in vivo reprogramming.’”

LMO2, which is highly conserved in organisms ranging from
zebrafish to humans,® consists of 2 LIM domains (LIM1 and LIM2)
connected by a short, flexible hinge region.'®'? LIM domains are
generally composed of 2 consecutive zinc finger motifs that me-
diate interactions with other proteins. The LMO2 protein forms the
core of the transcriptional TAL1 complex, anchoring its interaction
partners LIM domain binding 1 (LDB1), TAL1 (also known as SCL),
E47 (also known as transcription factor-3), and GATA binding
protein 1 (GATA1).2° Both LMO2 LIM domains serve as scaffolds
for assembly of the complex. Whereas the interaction with LDB1
involves all 4 zinc fingers, the interaction with the TAL1:E47
heterodimer is largely localized to the central hinge region, in-
volving the C-terminal zinc finger of LIM1 and the N-terminal zinc
finger of LIM2.1? GATA proteins are thought to interact mostly with
the LIM2 domain.' Thus, LMOZ2 functions as an essential adapter
protein, allowing the proper assembly of the TAL1 complex.
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Figure 1. Lysine deacetylation of LMO2 is essential for the LDB1 interaction and transcriptional activity of the TAL1 complex. (A) Schematic of the LMO2 protein showing
2 putative lysines in LMO2 (K74 and K78) within the LIM1 domain that could be deacetylated (bold and underlined) based on in silico analysis. (B-C) Immunoprecipitation (IP) assay
of the lysates of HEK293T cells transfected with expression vectors of p300 and WT or K74/78R LMO2 mutant. IP and immunoblot were performed with indicated antibodies. IPs
were performed twice; representative western blot images are depicted. (D) Schematic of the activation of target genes during early hematopoiesis (upper) and T-ALL
leukemogenesis (lower) by binding of the TALT complex (consisting of E47, TAL1, LDB1, LMO2, and GATA1/2 proteins) to the specific putative regions on the gene promoters.
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Determining how LMO?2 activity may be specifically targeted in
T-ALL requires an understanding of the mechanisms of LMO2
activation. There are only a few reports describing the mechanism
of LMO2 activation. Two of them demonstrated autoregulatory
mechanisms of elevated LMO2 messenger RNA (mRNA) ex-
pression in HSCs and T-ALL cells.?"?2 Posttranslational regulation
of protein function through deacetylation mediated by nicotin-
amide phosphoribosyltransferase (NAMPT) and sirtuin (SIRT) is
known to play a pivotal role during myeloid differentiation and
leukemogenic transformation of hematopoietic cells. The NAMPT/
SIRT pathway serves this function by activating a number of
proteins, including the CCAAT/enhancer binding proteins C/EBPa
and C/EBPB, the serine/threonine kinase AKT, the tumor-suppressor
P53, and the forkhead box transcription factor FOXO3.23-%
NAMPT is a NAD*-generating enzyme, and SIRT family proteins
(SIRT1-7) are NAD*-dependent class Ill histone deacetylases.?®
Despite their high similarity, SIRT1 and SIRT2 have different
functions, targets, and preferential intracellular localizations. In
this latter context, SIRT1 is preferentially localized to the nucleus,
whereas SIRT2 is a cytoplasmic enzyme that transiently migrates
to the nucleus during the G2/M cell-cycle transition.??2 It has
been demonstrated that a SIRT1 deficiency compromises he-
matopoietic differentiation of mouse embryonic stem (ES) cells,
and embryonic and adult hematopoiesis in the mouse.?' How-
ever, the role of NAMPT and SIRT2 during early stages of blood
cell development or T-ALL leukemogenesis is largely unknown.
Importantly, specific selective inhibitors of NAMPT, SIRT1, and
SIRT2 have been described,*?-** allowing functional analysis of
the specific role of these factors. In the present study, we inves-
tigated whether LMO2 is activated by NAMPT/SIRT2-mediated
deacetylation in T-ALL and in early blood development in vitro
and in vivo.

Methods

Cell culture

HEK 293T and HEK 293FT cells were cultured in Dulbecco’s modified
Eagle medium supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin. MOLT-4 and MOLT-14 cells
were cultured in RPMI-1640 medium supplemented with 10%
FBS and 1% penicillin/streptomycin. Mononuclear cells isolated
from bone marrow or peripheral blood samples of 3 pediatric
T-ALL patients were transplanted IV into 8- to 12-week-old fe-
male NOD.Cg-Prkdc=lI2rgt™™i//SzJ (NSG) mice (The Jackson
Laboratory, Bar Harbor, ME). T-ALL blasts isolated from spleen of
engrafted mice were used for the in vitro experiments and the
in vivo zebrafish engraftment. Written informed consent and
institutional review board approval of the University Hospital
Tlbingen in accordance with the Declaration of Helsinki were
obtained for the use of T-ALL bone marrow and peripheral blood
samples for this study.

Healthy donor-derived human iPS cells (hCD34-iPSC16)%* were
kindly provided by Nico Lachmann and Thomas Moritz (Hannover

Medical School, Hannover, Germany). This human iPS cell line
was maintained on mitomycin-C-treated (Sigma-Aldrich,
St. Louis, MO) SNL feeder cells in Dulbecco’s modified Eagle
medium/F12 (Sigma-Aldrich) supplemented with 20% Knockout
Serum Replacement (Thermo Fisher Scientific, Waltham, MA),
30 ng/mL basic fibroblast growth factor (Peprotec, Rocky Hill, NJ),
1% nonessential amino acids solution (Thermo Fisher Scientific),
100 mM 2-mercaptethanol (Thermo Fisher Scientific), and 2 mM
L-glutamine (Thermo Fisher Scientific). The culture medium was
replaced daily with fresh medium. Colonies were mechanically
passaged onto new SNL feeder cells every 10 days.

Hematopoietic differentiation of iPS cells
Undifferentiated iPS cell colonies were cultured on growth factor-
reduced Matrigel (Becton-Dickinson)-coated cell culture dishes
in Stemline Il HSC expansion medium (Sigma-Aldrich) con-
taining insulin-transferrin-selenium (ITS) supplement (Thermo
Fisher Scientific) and cytokines (bone morphogenetic protein 4
[BMP4], 20 ng/mL, R&D Systems, Minneapolis, MN) was added
to the culture for the first 4 days and then replaced with vascular
endothelial growth factor 165 (VEGF 165) (40 ng/mL, R&D Sys-
tems) for 2 days. On day 6, VEGF 165 was replaced with a com-
bination of stem cell factor (50 ng/mL, R&D Systems), interleukin
3 (IL-3; 50 ng/mL, R&D Systems), and thrombopoietin (5 ng/mL,
R&D Systems). Thereafter, medium was replaced every 3 or 4 days.
FK866 (Sigma-Aldrich), AC93253 (Sigma-Aldrich), EX527 (Sigma-
Aldrich), or dimethyl sulfoxide (DMSO; vehicle control, Sigma-
Aldrich) were added to the fresh medium. Differentiated iPS cells
were dissociated using StemPro Accutase Cell Dissociation Reagent
(Thermo Fisher Scientific), harvested through a cell strainer (Miltenyi
Biotec, Bergisch Gladbach, Germany), and used for analysis.
CD34* cells were sorted using the CD34 MicroBead Kit, human
(Miltenyi Biotec) following the manufacturer’s instructions.

Zebrafish experiments

Gene knockdown experiments were performed using wild-type
(WT) TE fish and the transgenic line Tg(-6.35drl:EGFP).3¢ Anti-
sense morpholino oligonucleotides (MOs) were obtained from
GENE TOOLS (Philomath, OR) targeting nampta (5'-TGTGTG
ACCTGCAATGAAAGAAAGA-3') or sirt2” (5'-ACCTCTAAAGGA
CACAAAAAAGGCT-3'). MOs and plasmids (pcDNA3.1-pbef
[NAMPT], pcDNA3.1-SIRT2-flag, and pSIN4-EF1a-LMO2-IRES-
Puro, with WT or K74/78R mutant LMOZ2 complementary DNA)
were injected into 1-cell stage embryos using a PV830 Pneumatic
PicoPump (World Precision Instruments, Sarasota, FL) at nontoxic
levels (ie, 3.3 ng nampta MO, 2.5 ng sirt2 MO and 25 pg plasmids).
Primers flanking exon 1 and exon 5 of the nampta gene (forward:
5'-AGAGAAGCCGCGGATTTCAA-3'; reverse: 5'-CTCCAGTCC
TTCCAGGCTTC-3') and primers flanking exon 1 and exon 4 of
the sirt2 gene¥ (forward: 5'-GCTGGCTTATAGTTTTAAAGAGGG
TA-3'; reverse: 5'-AGTATGTAGCGAGCAACTGAGTC-3') were
used for subsequent reverse transcriptase polymerase chain re-
action (RT-PCR) to verify morpholino-induced blocking of splicing.
Embryos at 24 hours postfertilization (hpf) were collected and

Figure 1 (continued) (E) Crystal structure of the LMO2:LDB1-LID complex (PDB 2XJY), highlighting electrostatic interactions of the deacetylated lysines 74 and 78 of LMO2
(green). The lysines and neighboring aspartates, D58 from LMO2-LIM1 and D354 from LDB1 (yellow), are shown as sticks; their cationic ammonium and anionic carboxylate
groups are outlined with dotted spheres representing their van der Waals radii. If the lysines were acetylated, they would carry 0 net-charge and could not complement the
negative charge of the aspartates. N and C termini and the individual zinc fingers (ZF1-ZF4) are labeled. (F) Co-IP of LMO2 and LDB1 proteins in lysates of HEK293T cells
transfected with indicated expression vectors. IP and immunoblot were performed with indicated antibodies. Representative western blot images are depicted. (G) Activity of
GYPA reporter containing the 456-bp upstream region of GYPA with putative binding sites for the TALT complex (upper). HEK293T cells were transfected with GYPA reporter construct
and the indicated expression vectors. The activation of GYPA reporter was measured as described in “Methods." Data show means = standard deviation (SD) (n = 8). *P < .05.

ACTIVATION OF LMO2 BY DEACETYLATION IN T-ALL

€ blood® 3 OCTOBER 2019 | VOLUME 134, NUMBER 14 1161

1202 yoseN L0 uo isanb Aq jpd 5600006 L 0ZPIGPOOIA/LBOEZTL/BS | LIY LIFE LHPd-8ole/poO|q/Bi0"suoneolgndyse//:dpy woly papeojumog



A B
9 0 DMSO
NAMPT ..é § 0.4 H FK866
=03
l tei g_ ? 0.2
. protein < =z
NA mmp NAD* mmp SIRT2 -deacety|ation ?_; =
TAL1 complex -
Cc D
1.25 1.25
DMSO — FK866 — AC93253 S 0 DMSO
23 10 .10 W FK866
= 60 z 33 o5 . 0.75 T M AC93253
3 T =& *
S8 z X g2 os 05
o =20 * 52 025 0.25
= * =
- 0 T T T T 1 0 O
0 24 48 72 48 hours 72 hours
Time (h)
E F
DAPI overlay Cy/3c o
O O
[%2] [%2]
= = 0.15
@] a]
0 0
3 3
[T [T
[32] ™
Te) 7o)
& &
Q Q
< <
blue: nuclei (DAPI) blue: nuclei (DAPI)
Cy3 dots: PLA signals of acetylated LMO2 Cy3 dots: PLA signals of acetylated LMO2
G H
— MOCK 704 MOCK
= 25 — Lmozwr = 71— tmo2wr
= — LMO2 K74/78 é — LMO2 K74/78
< 20 = 50
s IS
2 g
S 15 S 30 3
2 + FK866 =t + AC9325
o o 10 s
0 4 8 12 16 20 24 28 0 6 1218243036424854606672788490
Time (h) Time (h)
| J
DAPI overlay DAPI overlay
N
& NN N EN
P e o & 5 5
<
e O 2
SIRT2 < o
LMO2 3 3
- =
blue: nuclei (DAPI); Cy3 dots: PLA signals of LMO2-SIRT2 interaction

Figure 2. The NAMPT/SIRT2 pathway activates LMO2 by deacetylation in T-ALL cells. (A) Schematic of the NAMPT-NAD*-SIRTs pathway. (B) Reporter gene assay using
GYPA reporter construct. HEK293T cells were transfected with a GYPA reporter and the indicated expression constructs. Transfected cells were cultured in the presence or
absence of FK866 for 24 hours, and the activation of the GYPA reporter was measured as described in “Methods." The same concentration of DMSO was added as a vehicle
control. Data show means = SD (n = 8). *P < .05. (C) Live-cell counting of MOLT-4 cells treated with 10 nM FK866 or 100 nM AC93253. The same concentration of DMSO was
added as a vehicle control. Dead cells were excluded by trypan blue dye staining. Data represent mean * SD from 3 independent experiments, each in triplicate (*P < .05
compared with DMSO-treated cells). (D) Live-cell counting of primary blasts from T-ALL patients (n = 3) treated with 10 nM FK866 or 100 nM AC93253 for 48 or 72 hours. The same
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homogenized with a pestle for RNA isolation and NAD" mea-
surement. RNA was isolated using the RNeasy Mini Kit (Qiagen)
following the manufacturer’s instructions. Images were collected
using an Axio ZoomV16 microscope (ZEISS).

Xenotransplantation experiments were performed using WT TE
or albino fish (alb®¥).3® WT embryos were treated with 0.003%
1-phenyl-2-thiourea to prevent pigment formation. MOLT-4 cells
were labeled with Vybrant CFDA SE Cell Tracer Kit (Thermo Fisher
Scientific) following the manufacturer’s instructions. Labeled cells
were suspended in phosphate-buffered saline at a density of 2 X
10° cells/uL, and 1 nlL cell suspension (200 cells) was injected into
the perivitelline space of embryos at 24 hpf. Injected embryos were
incubated at 28°C for 1 hour followed by incubation with DMSO or
FK866 for 48 hours at 35°C. Drug-treated embryos were dissoci-
ated by passing through a 40-um cell strainer (Greiner Bio-One) in
ice-cold FACS buffer (phosphate-buffered saline, 2% FCS, 0.05%
NaN3) and then analyzed using a BD LSR Il Flow Cytometer
(Becton-Dickinson) and FlowJo software (FlowJo, LLC).

Xenotransplantation in mice

NSG mice (The Jackson Laboratory) were maintained under spe-
cific pathogen-free conditions in the research animal facility of
the University of Tlibingen, Germany, according to German
federal and state regulations (Regierungsprasidium Tibingen,
K3/17). Primary T-ALL patient cells or MOLT-4 cells (0.5 X 10¢
cells each) were injected IV into 8- to 12-week old male NSG mice
and randomized to the treatment groups. Seven days after leu-
kemia inoculation, mice were injected intraperitoneally once a day
with 20 mg/kg FK866 hydrochloride hydrate (dissolved in 20%
[2-Hydroxypropyll-y-cyclodextrin [HGC]) or 20% HGC, respec-
tively. Two or 3 weeks after starting the treatment, mice were
euthanized, and the bone marrow was analyzed for human CD45™*
leukemia cells by flow cytometry. Engrafted T-ALL cells were
isolated from bone marrow samples using the human CD45
MicroBeads Kit (Miltenyi Biotec) following the manufacturer’s
instructions.

Statistical analyses
Statistical analyses were conducted using Student t test or
BootstRatio.?? Statistical significance was taken to be P < .05.

Results

Lysine deacetylation of LMO2 is essential for the
binding to LDB1 protein and activation of the
TAL1 complex

Using the in silico prediction algorithms PAIL,*° LysAcet*' and
LAceP,*? we identified 2 evolutionarily highly conserved lysine
residues, K74 and K78, in the LIM1 domain of LMO2 that may be
targets for deacetylation (Figure 1A). Acetylation of LMO2 protein
was confirmed in immunoprecipitation assay using HEK293T
cells, in which acetylation of LMO2 protein was enhanced by

cotransfection with the lysine acetyltransferase p300 (Figure 1B).
We confirmed acetylation of the endogenous LMO2 protein in
the LMO2-expressing T-ALL cell line MOLT4 in immunoprecipi-
tation assay (supplemental Figure 1A-B, available on the Blood
Web site).

To evaluate the role of K74 and K78 of LMO2 on its deacety-
lation, we generated expression constructs containing WT or
deacetylation-mimic LMO2 mutant at the predicted lysine res-
idues (K74/78R). Immunoprecipitation assays in HEK293T cells
cotransfected with LMO2 constructs and p300 using anti-LMO2
antibody followed by western blot with anti-acetyl-K antibody
confirmed acetylation of WT LMO2 and demonstrated that
deacetylation-mimic LMO2 mutant at K74/78R could not be
acetylated (Figure 1C). LMOZ2 is a component of the multiprotein
transcriptional activation TAL1 complex, consisting of LMO2,
LDB1, TAL1, E47, and GATA1/2 proteins that exert transcrip-
tional activity toward target genes activated during early he-
matopoiesis and in T-ALL blasts (Figure 1D).** Therefore, we
aimed to investigate whether LMO2 deacetylation on K74 and
K78 may affect its interaction with LDB1. Structurally, both K74
and K78 are accommodated in the second zinc finger of LMO2,
but only K74 is directly involved in the interaction with LDB1.
The association of LMO2 and LDB1 is driven by both polar and
hydrophobic contacts. The LDB1-LID domain binds in an elon-
gated conformation along the 2 LMO2 LIM domains by con-
tributing an additional B-strand to each of the 4 zinc finger
domains (Figure 1E). Consequently, a large network of backbone
hydrogen bonds is formed in these extended B-sheets, which are
fortified by several hydrophobic contacts between the LID and
both LIM domains. However, there are also several electrostatic
interactions, which are exclusively formed via the LIM1 domain.'®
In addition to the described salt bridges between R40, E52, and
R70 of LIM1 and E362, R360, and E355 of LDB1-LID, we note that
K74 is also in direct van der Waals distance to D354 for an ionic
interaction. Together with D352, E353, and E355, D354 forms
a strongly anionic DEDE motif, which is counterbalanced by the
cationic R70 and K74. Consequently, when K74 is acetylated (and
thus neutralized), the interaction with D354 is lost and the elec-
trostatic balance between LMO2 and LDB1 impaired. In contrast,
K78 is not directly interacting with LDB1-LID but forms a salt
bridge with D58 of the same zinc finger (Figure 1E). It is con-
ceivable that this interaction is stabilizing the geometry of the LIM
domain. This notion is supported by the observation that in 1
instance of a LMO2:LDB1-LID crystal structure (PDB 2XJZ, chain
C), in which this interaction is broken, the geometry of LIM1 is
distorted and the LDB1-LID domain detached from the first zinc
finger."® It is therefore conceivable that the acetylation of K78
would lead to a similar conformational change and thus abrogate
the LMO2:LDB1 interaction.

We compared the interaction between LDB1 and WT K74/78Q
(acetylation-mimic) or K74/78R (deacetylation-mimic) LMO2

Figure 2 (continued) concentration of DMSO was added as a vehicle control. Dead cells were excluded by trypan blue dye staining. Live-cell numbers are normalized to those
obtained in samples treated with DMSO (defined as 1). Data represent means + SD of triplicate determinations (*P < .05 compared with DMSO-treated cells). Duolink in situ
proximity ligation assay (PLA) of MOLT-4 cells (E) or primary blasts (F) from T-ALL patient (patient no. 3) treated with 10 nM FK866 or 100 nM AC93253 for 48 hours using anti-
LMO2 and anti-acetylated lysine antibodies. The same concentration of DMSO was added as a vehicle control. Representative images are shown. Scale bars: 10 um. (G-H)
Proliferation of MOCK, WT-LMO2, or K74/78R LMO2-expressing MOLT4 cells (2 X 10 cells/well of a 96-well plate) was evaluated over time with the IncuCyte S3 Live-Cell Analysis
System. The experiment was performed twice, each in triplicate. (I) Co-IP assay of SIRT2 and LMO?2 protein interaction in lysates of HEK293T cells transfected with SIRT2 and
LMO2 expression vectors. IP and immunoblotting were performed using the indicated antibodies. Representative images are shown. (J) Duolink in situ PLAs in MOLT-4 cells and
primary blasts of T-ALL patients. Cells were stained with anti-LMO2 and anti-SIRT2 antibodies. Representative images are shown. Scale bars: 10 um. RLU, relative light unit.
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Figure 3. NAMPT/SIRT2-mediated LMO2 deacetylation is essential for LMO2 interaction with LDB1, activation of TAL-1 complex, and proliferation of T-ALL cells.
(A) Co-IP of LMO2 and LDB1 from lysates of MOLT-4 cells treated with 10 nM FK866 for 72 hours. IP and immunoblotting were performed using the indicated antibodies.
Representative images are shown. Bar graphs of the LDB1/LMO2 binding ratio indicate the LDB1 protein signal divided by the LMO2 protein signal in IP samples. Data show
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expression constructs by co-immunoprecipitation and indeed found
that the K74/78Q LMO2 mutant showed a weaker interaction with
LDB1 in comparison with WT and K74/78R LMO?2 (Figure 1F).

Furthermore, we made a reporter gene construct containing a
456-bp upstream regulatory region of the human GYPA gene
containing GATA binding motifs, an E-box and SP1 binding
site specific for TAL1 complex binding** and performed reporter
gene assay. We found that the acetylation-mimic K74/78Q LMO2
mutant suppressed GYPA promotor activity of the TALT complex
in comparison with WT and the deacetylation-mimic K74/78R
LMO2 mutant (Figure 1G). These results demonstrate that
deacetylation of LMO2 at lysines 74 and 78 is essential for the
transcriptional activity of the TAL1 complex.

Activation of LMO2 by NAMPT-mediated
deacetylation

Proteins may be deacetylated by the NAMPT/SIRT pathway.*
NAMPT is essential for the generation of NAD* and activation of
NAD*-dependent protein deacetylases, SIRT (Figure 2A). To
evaluate whether transcriptional activity of the TALT complex is
affected by NAMPT-triggered LMO2 deacetylation, we compared
TAL1 complex-dependent activation of the GYPA promoter in
HEK293T cells in the presence or absence of the specific NAMPT
inhibitor FK866. Indeed, we observed markedly diminished ac-
tivation of TAL1 complex-dependent GYPA promoter activity
after NAMPT inhibition compared with DMSO-treated control
group (Figure 2B).

In vitro inhibition of NAMPT or SIRT2 suppresses

proliferation and induces apoptosis of T-ALL cells

by inhibiting LMO2 deacetylation

LMO?2 and/or other components of the TAL1 complex are hyper-
activated in T-ALL.*¢47 Accordingly, we evaluated whether inhibition
of NAMPT or SIRTs (SIRT1 and SIRT2) affects the proliferation and/
or survival of the LMO2-expressing T-ALL cell lines, MOLT4 and
MOLT14 (supplemental Figure 1A). We found that inhibition of
NAMPT (FK866) or SIRT2 (AC93253), but not SIRT1 (EX527), led
to a marked reduction in cell proliferation, as assessed by cell
counts, 3H-thymidine incorporation, and BrdU assays, compared
with vehicle (DMSO)-treated samples (Figure 2C; supplemental
Figure 1C-H; data not shown). Apoptosis was also elevated in
cells treated with FK866 or AC93253 (supplemental Figure 2A)
compared with vehicle controls. These phenotypic changes are
consistent with the almost completely abolished levels of intracel-
lular NAD* (supplemental Figure 2B). Strong dependence of
MOLT4 cells on LMO2 was confirmed in CRISPR/Cas?-mediated
LMO2 knockout (KO) studies, where we found dramatically

diminished viability, proliferation, and elevated apoptosis of
MOLT4 cells upon LMO2 KO (supplemental Figure 2C-H;
supplemental Table 1).

We further evaluated the effects of NAMPT- or SIRT2 inhibition
on the survival of primary blasts from T-ALL patients. We selected
T-ALL patients expressing LMO2 and TAL1 levels comparable
to that of the LMO2-dependent MOLT4 cell line having high
LMO2 levels (supplemental Figure 1A; supplemental Table 2;
supplemental Figure 3A). Treatment of LMO2- and TAL1-expressing
primary blasts from T-ALL patients with FK866 or AC93253 also
led to markedly diminished cell proliferation and reduced NAD*
levels (in FK866 treated cells) (Figure 2D; supplemental Table 2;
supplemental Figure 3A-B). These findings are in line with the
diminished deacetylation of LMO2 following treatment of the
MOLT4 T-ALL cell line and primary T-ALL blasts with FK866 or
AC93253 compared with cells in vehicle control groups (Figure 2E-F;
supplemental Figure 3C). The specificity of the Duolink signal of
acetylated LMO2 protein was confirmed in LMO2 KO MOLT4 cells
(supplemental Figure 3D). Interestingly, FK866- or AC?3253-treated
MOLT4 cells stably expressing the K74/78R LMO2 mutant showed
better proliferation compared with control transduced cells, as
evaluated using an IncuCyte cell proliferation assay (Figure 2G-H).

We further evaluated whether SIRT2 interacts with LMO2 to
induce its deacetylation. Indeed, direct interactions between
SIRT2 and LMO2 were detected by coimmunoprecipitation and
subsequent western blotting of lysates from HEK293T cells
cotransfected with SIRT2 and LMO2 (Figure 2I), as well as in
Duolink assays of T-ALL cell lines and primary cells from T-ALL
patients (Figure 2J; supplemental Figure 4A). Moreover, inter-
actions between endogenous LMO2 and LDB1 in MOLT-4 cells
were considerably diminished by inhibition of NAMPT or SIRT2
(Figure 3A-B; supplemental Figure 4B), and TAL1 complex activity
toward the GYPA reporter was reduced in SIRT2-KO HEK293FT
cells (Figure 3C; supplemental Figure 3C-D). In addition, mRNA
levels of the known LMO2-target genes, HHEX'® and NKX3.1,48
were strongly decreased in cells treated with FK866 or AC93253
(Figure 3D; supplemental Figure 4E). Consistent with the pre-
viously reported autoregulation of LMOZ expression in HSCs and
T-ALL cells, 222 LMO2 mRNA levels were reduced after NAMPT or
SIRT2 inhibition (Figure 3D; supplemental Figure 4E).

Inhibition of NAMPT results in diminished
proliferation of T-ALL cells in vivo due to abrogated
deacetylation of LMO2

We further evaluated the effect of NAMPT inhibition on the
proliferation and survival of LMO2-expressing T-ALL cells in vivo.

Figure 3 (continued) means *+ SD from 3 independent experiments (*P < .05). (B) Duolink in situ PLAs of MOLT-4 cells treated with 10 nM FK866 or 100 nM AC93253 for 48
hours. Cells were stained with anti-LMO2 and anti-LDB1 antibodies. Scale bars: 10 um. (C) WT or SIRT2-knockout (SIRT2KO) HEK293FT cells were transfected with a GYPA
reporter and the indicated expression constructs. Transfected cells were cultured for 24 hours; activation of the GYPA reporter was measured as described in "Methods."
Signals measured in cells cotransfected with LMO2 and GYPA constructs were normalized to those in cells without an LMO2 expression plasmid (defined as 1). Data show
means + SD (n = 8; *P < .05). (D) mRNA expression levels of the indicated genes in MOLT-4 cells treated with 10 nM FK866, 100 nM AC93253, or DMSO for 72 hours were
assessed using quantitative RT-PCR. Target gene/GAPDH mRNA expression ratios are shown. Data, expressed as arbitrary units (AUs), are means = SD from
3 independent experiments, each in triplicate (*P < .05 compared with DMSO-treated cells). (E-G) Xenotransplantation of T-ALL cells into zebrafish embryos. Zebrafish
embryos were transplanted with labeled primary T-ALL cells (E), MOLT-4 cells transduced with a WT (F), or K74/78R mutant LMO2-expressing lentivirus construct
(G). FACS, fluorescence-activated cell sorting. Xenotransplanted embryos were treated with 800 nM FK866 or DMSO for 2 days. Numbers of transplanted cells were
assessed as described in "Methods." Data represent percentage of labeled cells normalized to the average percentage of labeled cells in the DMSO-treated group. The
black lines represent mean = SD. Each dot represents 4 embryos pooled as 1 biological sample. The number of analyzed embryos is indicated in the lower panel of each
figure (***P < .0001; **P < .001). (H) Representative western blotimages of cell lysates of MOLT-4 cells transduced with the indicated lentivirus constructs using anti-LMO2
and anti-B-actin antibodies. NS, not significant.
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Figure 4. In vivo inhibition of NAMPT results in reduced T-ALL burden in NSG mice owing to abrogated deacetylation of LMO2. (A) Xenotransplantation of NSG mice with
either MOLT-4 cells, transduced with WT or K74/78R mutant LMO2-lentivirus, or primary T-ALL patient cells. Transplanted mice were injected intraperitoneally (i.p.) with
20 mg/kg of FK866 once a day for 2 (MOLT4 cells) or 3 (T-ALL patient cells) weeks. The same concentration of HGC was injected as a vehicle control. (B-D) Fold changes of percent
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To this end, we injected MOLT-4 T-ALL cells or primary T-ALL
patient cells labeled with the dye carboxyfluorescein diacetate
succinimidyl ester into zebrafish embryos at 24 hpf and sub-
sequently treated embryos with FK866 or DMSO for 48 hours. In
line with our in vitro observations, the number of primary T-ALL
patient cells in FK866-treated embryos was markedly reduced
compared to control DMSO-treated samples (Figure 3E). In addi-
tion, transduction of MOLT-4 cells with a deacetylation-mimicking
LMO2 (K74/K78), but not with WT LMO2, protected these cells
from FK866-mediated cell death in vivo (Figure 3F-H).

In another series of experiments, we engrafted primary T-ALL
patient cells and MOLT-4 cells into immunodeficient nonobese
diabetic severe combined immunodeficiency IL2Ryc™~ (NSG)
mice. Engrafted mice were treated with 20 mg/kg FK866 or
HGC (solvent for FK866) for 14 (MOLT-4 cells) or 21 (primary T-ALL
patient cells) days, once a day (Figure 4A-D). Similar to zebrafish
xenograft experiments, the percentage of engrafted T-ALL cells
was strongly reduced in FK866-treated mice compared with
HGC-injected control animals (Figure 4 B-C). LMO2 deacety-
lation was reduced and interactions between LMO2 and LDB1
were markedly diminished in T-ALL cells isolated from the bone
marrow of engrafted FK866-treated mice (Figure 4E-H). mRNA
expression levels of HHEX and NKX3.7 were reduced in MOLT4
cells engrafted in FK866-treated mice compared with that ob-
served in HCG-treated mice (Figure 4l). Again, transduction of cells
with the deacetylation-mimicking K74/78R LMO2 mutant, but not
WT LMO2 (as control) prevented FK866-mediated abrogation of
engraftment (Figure 4C-D), and rescued downregulation of LMO2
target genes (Figure 4l). In line with this, LMO2 deacetylation was
reduced and interactions between LMO2 and LDB1 were much
weaker in LMO2-WT-transduced MOLT4 cells isolated from the
bone marrow of engrafted FK866-treated mice, but not in cells
transduced with the K74/K78 LMO2 mutant (Figure 4G-H).

Gene expression signature of
NAMPT-deacetylated LMO2 in T-ALL

To identify the gene expression program regulated by NAMPT-
deacetylated LMO2 in T-ALL, we performed RNA sequencing
(RNA-Seq) analysis of WT or K74/78 LMO2-expressing MOLT4
cells treated with FK866 or DMSO for 2 days (Figure 5A). We
detected 69 genes to be differentially regulated in WT LMO2-,
but not K74/78 LMO2-expressing cells after NAMPT inhibition
by FK866 (Figure 5B-C; supplemental Table 3). Among these
genes, we found tumor- or leukemia-associated candidates, as
PRDM1, HOXD13, RASL11B, TRAF1, IGFBP4, SOX7, SOX12,
CYP1B1, and CYP2E1 (Figure 5C). Pathway overrepresentation
analysis*’ of the candidate genes revealed cytochrome P450,
tryptophan degradation, biological oxidation, direct p53 effec-
tors, and tumor necrosis factor a (TNF-a) signaling pathways to be
regulated by NAMPT-deacetylated LMO2 (Figure 5D). Using
iRegulon analysis of the transcription factor binding sites® pre-
sented in FK866-treated WT LMO2, but not in K74/78 LMO2
MOLT4 cells, as compared with each DMSO control, we detected

PITX-, ZNF695-, MEF2-, and Ep300-binding motifs to be signif-
icantly enriched (Figure 5E).

The NAMPT-NAD*-SIRT2 pathway is essential

at early-stage hematopoietic differentiation of
iPS cells

Previously, we demonstrated that NAMPT activates myeloid
differentiation of CD34* bone marrow-derived HSC.2> LMO2
plays an important role during early stages of hematopoietic
differentiation.*> Knowing that leukemogenic role of LMO2 in
T-ALL may be linked to the abnormal reactivation of the HSC-
specific transcriptional program in T-lymphocyte progenitors,®
we aimed to study whether NAMPT-mediated deacetylation
of LMO2 is playing a role during early steps of hematopoietic
differentiation. We performed a serum- and feeder-free mono-
layer hematopoietic differentiation of iPS cells®'5? in the presence
of FK866, AC93253, or DMSO (Figure 6A). Interestingly, the
percentage of KDR*CD34* hematopoietic progenitor cells
on day 6 of culture was noticeably decreased by inhibition of
NAMPT or SIRT2 compared with the control DMSO-treated
group (Figure 6B-C), whereas the percentage of KDR*CD34~
was not affected and the percentage of KDR"CD34 " cells was
even increased at the highest inhibitor concentration (sup-
plemental Figure 5A-D). Inhibition of SIRT1 had no effect on
the formation of hematopoietic cells from iPS cells (supplemental
Figure 5E-G). Intracellular NAD* levels in differentiated iPS cells
treated with FK866 were markedly suppressed on day 6 of culture
in comparison with the DMSO control group (supplemental
Figure 5H). Moreover, the emergence of CD43* hematopoietic
progenitor cells on day 13 of culture as well as colony-forming
unit formation was completely suppressed after SIRT2 inhibition
(Figure 6D-E). These results indicate that SIRT2 is essential during
early hematopoietic differentiation of human iPS cells down-
stream of the NAMPT-NAD™ signaling pathway.

LMO2 is deacetylated by NAMPT/SIRT2 during the
early stages of hematopoietic differentiation of
iPS cells

To identify whether LMO2 is a downstream target of the
NAMPT-NAD*-SIRT2 mediated deacetylation at the early stage
of hematopoietic differentiation, we compared the acetylation
state of LMO2 and other hematopoietic transcription factors
essential for early-stage hematopoiesis (TAL1 and RUNX1)® in
iPS-derived hematopoietic cells on day 6 of culture. We used the
Duolink-proximity ligation assay (PLA)-FACS,> which allows iden-
tification of endogenous protein complexes or protein mod-
ifications in single cells, and quantified the signal using flow
cytometry.>* Signal from total protein was obtained by staining
with a primary antibody specific for the protein of interest; signal
from acetylated protein was obtained using a combination of
primary antibody and acetyl-lysine antibody. Interestingly, only
LMO2 showed increased deacetylation in iPSCs-derived HSCs
on day 6 of culture (Figure 6F; supplemental Figure 6A). The
Duolink assay revealed an interaction of LMO2 and SIRT2 proteins

Figure 4 (continued) of human CD45* primary T-ALL patient cells (B) and Molt-4 cells (C-D) in bone marrow of FK866-treated mice to HGC group are shown. Data represent
mean = standard error of the mean (****P < .0001), n = 5to 8 mice per group. (E-H) Duolink in situ PLAs of human CD45" cells isolated from bone marrow of mice transplanted
with primary T-ALL patient cells (E-F) or MOLT-4 cells (G-H). “WT" and "K74/78R" indicate mice transplanted with MOLT-4 cells transduced with WT or K74/48R LMO2 mutant,
respectively. Cells were stained with anti-LMO2 and anti-acetylated lysine (E,G) or anti-LMO2 and anti-LDB1 antibodies (F,H). Representative images are shown. Scale bars:
10 wm. (I) mRNA expression levels of the indicated genes in human CD45" cells isolated from bone marrow of xenotransplanted mice. mRNA expression was assessed using
quantitative RT-PCR, and is expressed as arbitrary units (AUs). Target gene/GAPDH mRNA expression ratios are shown. Data show means = SD from 5 independent

experiments, each in triplicate (*P < .05).
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Figure 5. NAMPT-LMO2 dependent gene expression signature in MOLT4 cells. (A) Schematic of the experimental procedure. Venn diagram (B) and heat map (C) of genes
that were significantly differentially regulated upon FK866 treatment compared with DMSO-treated groups of WT LMO2 or K74/78 LMO2 expressing MOLT4 cells (adjusted
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transcription factor motifs.

in iPSC-derived HSCs on day 6 of culture (Figure 6G) and inhi-
bition of SIRT2 resulted in elevated acetylation of LMOZ2 as well as
diminished interaction with LDB1 compared with control DMSO
treated cells (Figure 6H-I; supplemental Figure 6B-C). Target genes
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of the TAL1 complex as well as FOS and FRZB (early hema-
topoiesis genes) mRNA expression were also suppressed in
iPS cell-derived HSCs on day 6 of culture in the presence of
NAMPT- or SIRT2-specific inhibitors (Figure 6J; supplemental
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Figure 6D). These data suggest an essential role of NAMPT-NAD*-
SIRT2-mediated deacetylation of LMO2 for the activation of TAL1
complexes in early hematopoiesis.

Inhibition of the NAMPT-NAD*-SIRT2 pathway
with morpholinos abrogates early hematopoiesis in
zebrafish embryos

We further evaluated the role of the NAMPT-NAD*-SIRT2 pathway
during early hematopoiesis in vivo in zebrafish. In zebrafish em-
bryos, developing blood cells appear in the blood island located
just before the yolk extension around 24 hpf.> To analyze early
hematopoiesis, we used transgenic zebrafish Tg(-6.35drl:EGFP)
expressing GFP under the control of the draculin promoter, which
is expressed in hematopoietic progenitor cells within the lateral
plate mesoderm.? We knocked down zebrafish orthologs for
NAMPT and SIRT2, (nampta and sirt2) by injecting 1-cell-stage
zebrafish embryos with antisense MOs.3” MO-induced mRNA
knockdown was efficient (supplemental Figure 7A). Although
nampta- or sirt2-knockdown embryos showed tail defects, these
phenotypes could be rescued by coinjection with expression
plasmid encoding human NAMPT or SIRT2, indicating nampta
and sirt2 specific knockdown (supplemental Figure 7B). We
quantified early hematopoiesis in zebrafish embryos by counting
GFP* cells in the developing blood island at 24 hpf and found that
nampta and sirt2 MO-injected embryos had markedly reduced
numbers of hematopoietic cells compared with uninjected control
embryos (Figure 7A), which could be rescued by coinjection with
expression plasmid of human NAMPT or SIRT2 (supplemental
Figure 7C-D). In line with impeded hematopoiesis 24 hpf,
NAD* levels as well as mRNA expression levels of down-
stream target genes of the TAL1 complex were downregulated by
knockdown of nampta and sirt2 genes (Figure 7B; supplemental
Figure 7E). These data suggest that the NAMPT-NAD*-SIRT2
pathway is indispensable for early hematopoiesis, most likely
through the activation of the TALT complex in zebrafish embryos.

While the morpholino knockdown data has to be confirmed with
genetic mutants, injection of zebrafish embryos with expression
plasmid of human deacetylation-mimic LMO2 mutant (K74/78R),
but not WT LMO2, rescued nampta MO-induced defective he-
matopoiesis and mMRNA expression of TAL1 complex target genes
at 24 hpf (Figure 7C-D). Together with our results in human
iPS cells, these results indicate that deacetylation of LMO2
at K74/78 by NAMPT and SIRT2 is crucial for early vertebrate
hematopoiesis.

Discussion

In the present study, we demonstrated for the first time that
NAMPT and SIRT2 are essential for the proliferation and survival
of T-ALL blasts in vitro and in vivo. We also found that NAMPT
and SIRT2 are important for blood cell formation in an iPS cell
model in vitro and in morpholino-mediated knockdown experi-
ments in zebrafish embryos in vivo. Therefore, we have opened
a new line of investigation into the role of NAMPT-mediated
protein deacetylation in developmental hematopoiesis and
T-ALL leukemogenesis. It would be interesting to investigate
whether NAMPT/SIRT2-mediated protein deacetylation gov-
erns the development of other tissues and organs of, for ex-
ample, mesoderm origin, and whether SIRT2 or other SIRTs are
involved.

ACTIVATION OF LMO2 BY DEACETYLATION IN T-ALL

The dose- and cell type-dependence of NAMPT in the hema-
topoietic system is well documented. Thus, hyperactivated
NAMPT and SIRT2 have been shown to induce uncontrolled
proliferation of hematopoietic progenitors and cause acute
myeloid leukemia.?* We demonstrated that inhibition of NAMPT
or SIRT2 suppressed proliferation and induced apoptosis of
T-ALL cells in vitro and in vivo. We previously published evidence
for an important role of NAMPT in later stages of the myeloid
specification of hematopoietic progenitors that depend on gran-
ulocyte colony-stimulating factor or granulocyte-macrophage
colony-stimulating factor.2>?” Most likely, NAMPT is also activated
by other growth factors essential for the induction of embryonic
hematopoiesis, such as BMP4, VEGF, and basic fibroblast growth
factor, or the development of T-ALL, such as common +y-chain
signaling cytokines (gamma c-cytokines), including IL-2, IL-4, IL-7,
and IL-9.5¢58 We recently determined the involvement of the IL-13
pathway in NAMPT-triggered myeloid differentiation.?¢ Less is
known about the role of NAMPT and SIRTs in T lymphopoiesis.
Bruzzone et al showed impaired proliferation and function of
activating T lymphocytes upon NAMPT depletion in experimental
autoimmune encephalomyelitis.>? SIRT1 plays a role in Foxp3™*
T-regulatory cell function®® and in human CD8* memory T cells.®
Interestingly, we found that SIRT2, but not SIRT1, is important
during early stages of blood cell formation and T-ALL development
downstream of NAMPT activation. SIRT1 and SIRT2 have a high
degree of structural similarity and may have similar functions and
targets. However, there are also reports that SIRT1 possesses
specific functions that are not shared by SIRT2. The same is true for
SIRT2.227 |n our system, it is obvious that these 2 SIRTs exhibit
different functions and have different downstream effectors.
Previous investigations by Han et al and Ou et al demonstrated that
a SIRT1 deficiency causes increased apoptosis and diminished
hematopoietic differentiation in mouse ES cells.?'42 In contrast,
we found no effect of SIRT1 inhibition on early hematopoietic
differentiation, a difference that may be explained by the dif-
ferences in species and/or cell type used. Whether SIRT2 also
plays a role in apoptosis induction and/or hematopoietic differ-
entiation of mouse ES cells remains to be investigated.

Importantly, we indicated for the first time that LMO2 is a
downstream target of NAMPT signaling, showing that NAMPT/
SIRT2-mediated LMO2 activation by deacetylation on lysines
K74 and K78 is essential for LMO?2 interaction with LDB1 and
formation of a transcriptionally active TALT complex (Figure 7E).
We found that LMO2 is deacetylated by NAMPT/SIRT2 during
early stages of hematopoietic differentiation and T-ALL devel-
opment (Figure 7E). This is the first report describing activation
of LMO2, a developmentally important protein, by deacetylation
on K74 and K78 within the LIM1 domain, which is essential for
the association of LMO2 with LDB1 protein and TAL1 complex
activation. Knowing this, it has become possible to perform structure-
based screens of chemical compounds to identify candidates
that either prevent LMO2 deacetylation and LDB1 binding in
T-ALL, or induce this interaction and enhance blood cell forma-
tion. Holen et al®® and von Heideman et al®* already described
FK866's toxicity and safety analyzing the first clinical studies
for FK866 treatment in cancer patients. The dose-limiting toxicity of
FK866 is thrombocytopenia and various gastrointestinal symptoms
including nausea, vomiting and diarrhea. In our study, daily treat-
ment of NSG mice with FK866 for up to 21 days was well tolerated
with no premature deaths, as already described by Nahimana
et al®® and Matheny et al.¢¢ Only some minor side effects were
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Figure 6. The NAMPT-NAD*-SIRT2 pathway plays an essential role in early-stage hematopoietic differentiation of iPS cells via LMO2 deacetylation. (A) Schematic of the
serum- and feeder-free monolayer human iPS cells hematopoietic differentiation system. (B-C) The percentage of KDR*CD34* cells was evaluated in differentiated iPS cells
on day 6 treated with FK866 (B) or AC93253 (C). The same concentration of DMSO was used as a vehicle control. Data show means * SD and are derived from 3 independent
experiments, each in triplicate. *P < .05. (D-E) The percentage of CD43* cells was evaluated by flow cytometry (D), and colony-forming unit assays were performed in
differentiated iPS cells on day 13 treated with 100 nM AC93253 during differentiation (E). The same concentration of DMSO was used as a vehicle control. Data are mean + SD

1170 @€ blood® 3 OCTOBER 2019 | VOLUME 134, NUMBER 14 MORISHIMA et al

1202 yoseN L0 uo isanb Aq jpd 5600006 L 0ZPIGPOOIA/LBOEZTL/BS | LIY LIFE LHPd-8ole/poO|q/Bi0"suoneolgndyse//:dpy woly papeojumog



A *
=]
nampta MO + < 80 * [ control
P g W nampta MO
o 5 60 M sirt2 MO
S 340
o o
=2 c
— g é 20
= 8 0
B C
MO [ control
[ control nampta W nampta MO
M nampta MO M nampta MO + LMO2 WT
: M nampta MO + LMO2 K74/78R
. M sirt2 MO Me
s55° —
2= : 280
= <
g4 nampta MO nampta MO S 2 40
[WE}
gt + LMO2 WT + LMO2 K74/78R [T
5 = 2 S S 40
8= 5o
g E €S20
= 0 S 2
gatala kdrl kIf1 =8 o

v}

n.s. E

8 4 LMO2-deacetylation is essential for Inhibition of NAMPT-SIRT2 pathway
hematopoiesis and T-ALL leukemogenesis impairs LMO2-deacetylation, abrogating
= via LDB1 interaction and TAL1 complex hematopoiesis and T-ALL.
% <D: 6 activation.
% = e NAMPT
OC.J g _’l inhibitor y NA SIRT2
g-) © 4 Aol *,l (H‘v tor
-+ % @ NAD
&= M\ o
s = 2 4 acetylated K74 and K78 acetylated K74 and K78
= SIRT2-mediated l
deacetylation i
0 -

LMO2-LDB1
nteraction

gatala kdrl klf1

LMO2-LDB1

interaction

[ control @D GATAT
B rompiahiO Y

KDR H
M nampta MO + LMO2 WT %%n\\/\\/\ A

W nampta MO + LMO2 K74/78R blood cell o
formation HHEX
% %g NKX3.1
LMO2
N/ \\I%Iw’l\\‘/ VGT

TALL

Figure 7. Morpholino-mediated inhibition of the NAMPT-NAD*-SIRT2 pathway impedes early hematopoiesis in zebrafish embryos. (A,C) Quantification of EGFP*
hematopoietic cells in uninjected control and morpholino (MO)/plasmid injected Tg(-6.35drl:EGFP) zebrafish embryos at 24 hpf. Representative images and numbers of EGFP*
hematopoietic cells in the blood islands are shown. Data show mean = SD (n = 5). *P < .05. Scale bars: 50 wm. (B,D) mRNA expression levels of the indicated genes in control and MO/
plasmid injected zebrafish embryos at 24 hpf were assessed using quantitative RT-PCR. Target gene/actbT mRNA expression ratios are shown. Data show mean =+ SD from 3 independent
experiments, each in triplicate. *P < .05. (E) Schematic for the NAMPT/SIRT2-mediated lysine deacetylation of the LMO2 transcription factor that is essential for the interaction of LMO2 with
LDB1 and formation of the TALT complex. This activates the oncogenic transcriptional program and promotes T-cell leukemia development or induces blood cell formation.

observed, such as mild fatigue and reduced movement com-
pulsion. In zebrafish embryos, FK866 treatment did not show any
severe side effects even if used in higher concentrations.

LMO?2 is expressed in early T-cell progenitors and is normally
switched off during T-lymphocyte differentiation.”™'® In T-ALL,
LMO2 continues to be expressed owing to recurrent chromosomal

Figure 6 (continued) derived from 3 independent experiments, each in triplicate. *P < .05. (F) Representative histograms of the Duolink-FACS analysis on the acetylation of the
indicated proteins in differentiated iPS cells on day 6. Blue, signal from total protein; red, signal from acetylated protein; lime green, negative control. (G) Duolink in situ PLA
assay in the differentiated iPS cells on day 6 of culture. Cells were stained with anti-LMO2 and anti-SIRT2 antibodies. Representative images are depicted. Scale bars: 10 um. (H)
Representative histograms of the Duolink-FACS analysis on the acetylation of LMO2 protein in differentiated iPS cells on day 6 in the absence or presence of 100 nM AC93253.
The same concentration of DMSO was added as a vehicle control. Blue, signal from total protein; red, signal from acetylated protein; lime green, negative control. Graph bars of the
total to acetylated protein Duolink-FACS signal ratio indicates the mean fluorescence intensity (MFI) of acetylated LMO2 protein signal divided by the MFI of total LMO2 protein
signal. Data are mean = SD from 3 independent experiments. *P < .05. (I) Duolink in situ PLA assay in the differentiated iPS cells on day 6 of culture treated with 100 nM AC93253.
The same concentration of DMSO was added as a vehicle control. Cells were stained with anti-LDB1 and anti-LMO2 antibodies. Representative images are depicted. Scale bars: 10 um.
(J) mRNA expression levels of the indicated genes in differentiated iPS cells on day 6 of culture in the presence of 3 nM FK866 or 100 nM AC93253 were assessed using
quantitative RT-PCR and expressed as AUs. The same concentration of DMSO was added as a vehicle control. Target gene ACTB mRNA expression ratio measured in the control
DMSO-treated sample was normalized to 1. Data are mean =+ SD from 3 independent experiments, each in triplicate. *P < .05 compared with DMSO-treated cells. ND, not detected.
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translocations, deletions in an upstream negative regulatory region,
somatic acquisition of a neomorphic promoter, or gene therapy-
related retroviral insertional mutagenesis at the LMOZ2 locus.82247-70
In our T-ALL patient cohort, we did not compare LMOZ2 expression
levels to that of early thymocyte progenitors, but the samples
selected for further analysis showed comparable LMO2 ex-
pression level to the LMO2 dependent MOLT4 T-ALL cell line.
Activated LMO2 reactivates an HSC-specific transcriptional
program in T-cell progenitors, leading to enhanced self-
renewal and proliferation, with reduced capacity for T-cell dif-
ferentiation and transformation into T-ALL blasts.'>'¢ These data
are in agreement with our observation that LMO2 activation
by NAMPT/SIRT2-mediated lysine deacetylation is essential for
both formation of HSCs and T-ALL leukemogenesis. Most likely,
deacetylated LMO2 activates common downstream targets
that are important a specific transcriptional program in HSCs
and transformation of T-ALL blasts. At the same time, we
cannot exclude the involvement of other transcriptional targets
in addition to LMO2 that are activated by NAMPT and SIRTs
in HSCs and/or T-ALL cells. In addition, NAMPT-independent
mechanisms of LMO?2 activation in HSCs and T-ALL cells should
be considered.

Using RNA-Seq analysis of MOLT4 cells stably expressing WT
or deacetylated LMO2 mutant, we were able to identify signal-
ing pathways such as cytochrome P450, tryptophan degrada-
tion, biological oxidation, P53- or TNF-a downstream signaling
cascades to be regulated by NAMPT-mediated LMO2 de-
acetylation. Components of the cytochrome pathway, CYPE1 and
CYP1B1, that were downregulated upon NAMPT inhibition in
a LMO2-dependent manner, are known to play a role in the ALL
pathogenesis.”'”* Additionally, tryptophan degradation may play
a role in the tumorigenesis and may be evaluated further for the
potential drug targeting.”*”> Most probably, LMOZ2 is involved in
the metabolic reprogramming of HSCs during T-leukemogenesis.”*7®
P53 mutations are frequent finding in ALL that correlates with poor
chemotherapy response.”? TNF-a is known to be involved in
different steps of leukemogenesis, including cellular transformation,
proliferation, survival, and resistance to chemotherapy.®%-83 In
iRegulon analysis, we identified target gene enrichment for
known T-ALL-associated transcription factors, such as PITX,8
ZNF695,85 MEF2 family,8¢?' and EP300.92 These data further
confirmed the important role of the LMO2 activation by NAMPT-
mediated deacetylation in the T-ALL development. It would
be interesting to investigate functional connection between
identified candidate genes and pathways and NAMPT-
activated LMO2 in the pathogenesis of T-ALL and early
hematopoiesis.

The 2 experimental models for studying early steps in hema-
topoiesis used here (in vitro iPS cells and in vivo zebrafish) have
offered us an excellent opportunity to study the involvement
of NAMPT/SIRTs in differentiation processes of diverse layers/
organs and at defined developmental stages. Our observations
may help establish improved culture conditions for modulating
NAMPT/SIRT signaling (eg, for large-scale in vitro generation of
hematopoietic cells from iPS cells).

Taken together, our findings demonstrate that a novel posttrans-

lational mechanism, NAMPT/SIRT2-mediated lysine deacetylation,
is involved in regulating the developmentally important protein
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LMO2. This mechanism could prove profoundly important for
developmental biologists, tumor biologists, and clinical scientists/
oncologists. Our observations have translational significance,
suggesting the possibility of clinically targeting T-ALL leukemia
cells through specific inhibition of NAMPT-mediated LMO2
deacetylation. They also have implications for the large-scale
in vitro production of hematopoietic cells through modulation of
the NAMPT/SIRT2/LMO2 axis.
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