





lead to enhanced oxidative stress and cell death. Our
study suggests that ChREBP transactivates TXNIP and
enhances the production of ROS to promote leukemia
differentiation and delay leukemogenesis, although the
detailed mechanisms await further investigation. To our
knowledge, this is the first body of evidence showing that
ChREBP/TXNIP/RUNX1 signaling plays an essential role
in the suppression of leukemogenesis. We also speculate
that some other metabolic genes, similar to ChREBP,
may have dual functions in the initiation, development or
relapse of different types of tumors.

RUNXI1 and GATA2 have been considered two
critical transcription factors for stemness of HSCs
[41-44]. The levels of RUNX1 and GATA2 are fine-
tuned during hematopoiesis as well as leukemogenesis.
Interestingly, there exist dose effects of both RUNX1 and
GATA?2 in leukemia development because either too low
or too high levels of these proteins significantly influence
the initiation, maintenance and relapse of leukemia [45].
Notably, our data indicate that ChREBP directly binds to
the RUNX1 promoter, but not to the GATA2 promoter,
to promote the differentiation of LICs. TXNIP can

Figure 5: TXNIP promotes differentiation in a mouse leukemia cell line and suppresses its proliferation. (A-B)
Overexpression (OE) of TXNIP in C1489 cells was measured by immunoblotting analysis (A) and the cell numbers were calculated
at indicated time points (B). (C) Relative mRNA expression levels of RUNXI1 in control or TXNIP-overexpressing C1498 cells. (D)
Representative flow cytometric analysis of ROS levels in control and TXNIP-overexpressing C1498 cells measured by staining with 5-(and-
6)-carboxy-2',7'-dichlorofluorescein diacetate. (E) Representative images of Wright-Giemsa staining of control or TXNIP-overexpressing
C1498 cells following PMA treatment for 48 h. Immature cells (arrows) and mature cells (arrowheads) are indicated. (F) Quantification
of the results described in panel E. A total of 15-20 cells were counted for each section and 8—10 sections were evaluated overall (n = 3).
(G—H) Representative flow cytometric analysis of the levels of Mac-1 or Gr-1 in control or TXNIP-overexpressing C1498 cells. (I)
Schematic diagram for the functions of ChREBP in leukemogenesis. ChREBP inhibits leukemia development by transactivating TXNIP,
which downregulates the expression levels of RUNX1, or directly suppresses the RUNX1 expression to promote myeloid differentiation.
(Scale bars, 20 pm; *p < 0.05; **p <0.01; ***p < 0.001).
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further suppress RUNX1, but not GATA2, expression.
Meanwhile, both ChREBP and TXNIP effectively inhibit
the mRNA levels of RUNX1 and GATA?2, although the
underlying mechanism remains largely unknown. In
summary, we provide interesting and important clues
showing that ChREBP may play differential roles in
different types of cancers. ChREBP acts as a tumor
suppressor to promote the differentiation of LICs but does
not promote the differentiation of normal HSCs. ChREBP
and its downstream molecules, including TXNIP, RUNX1
and GATA2, may be ideal therapeutic targets for certain
types of leukemia.

MATERIALS AND METHODS
Mice

The ChREBP-null mice were kindly provided by Dr.
Xuemei Tong at Shanghai Jiao Tong University School
of Medicine. C57BL/6 CD45.2 mice were ordered from
the Shanghai SLAC Laboratory Animal Co. Ltd. Animal
experiments were approved and conducted according to
the Guidelines for Animal Care at Shanghai Jiao Tong
University School of Medicine.

Leukemia cell lines

Several mouse or human AML cell lines, including
C1498 (mouse), THP1 (human, M5), HL60 (human,
M3) and U937 (human, M5) were cultured in RPMI
1640 medium (Hyclone) supplemented with 10% FBS
(Hyclone). All the cell lines were from ATCC.

Retroviral infection and transplantation

The MSCV-MLL-AF9-IRES-YFP-encoding plasmid
[46] and the packaging plasmid pCL-ECO were used
to co-transfect 293T cells using the calcium phosphate
transfection method. MLL-AF9-expressing retroviruses
were collected 48—72 h after transfection. Lin fetal liver
cells were isolated from WT and ChREBP-null mice and
infected with MLL-AF9 retroviruses by spinoculation
in the presence of 4 pg/mL Polybrene. The cells were
cultured overnight in DMEM with 10% FBS, 20 ng/mL
SCF, 20 ng/mL IL-3 and 10 ng/mL IL-6, followed
by another round of spin infection. The infected cells
(300,000) were transplanted into lethally irradiated
(1,000 rad) C57BL/6 mice by retro-orbital injection. YFP*
bone marrow leukemia cells from primary transplanted
mice were further isolated and injected into recipient mice
for serial transplantation. For the rescue experiment, the
retroviral plasmid MSCV-TXNIP-IRES-mCherry was
used to transfect 293T cells, and the resulting retroviral
supernatant was collected for spin infection with ChREBP-

null leukemia cells, followed by retro-orbital injection into
recipient mice.

Flow cytometry

Peripheral blood was collected by retro-orbital
bleeding, and bone marrow cells were isolated from the
femurs and tibias of leukemic mice. Flow cytometry
and cell cycle analyses were performed as we described
previously [47]. Briefly, leukemia cells were stained
with anti-mouse Mac-1-APC, anti-mouse Gr-1-PE, anti-
mouse CD3-APC, anti-mouse B220-PE or anti-mouse
c-Kit-PE monoclonal antibodies (eBioscience). The cell
cycle stages were evaluated with either Ki-67/7-AAD
staining (BD Pharmingen) or a 5-bromo-2'-deoxyuridine
(BrdU) incorporation assay. For the analysis of apoptosis,
leukemia cells were stained with PE-conjugated anti-
Annexin V and 7-AAD (BD Pharmingen) according to the
manufacturer’s protocol. For the measurement of ROS, the
cells were incubated with 1 pM 5-(and-6)-carboxy-2',7'-
dichlorofluorescein diacetate (carboxy-DCFDA, Invitrogen)
for 30 minutes at 37°C, followed by flow cytometric
analysis. For the examination of the BrdU incorporation
assay, leukemic mice were subjected to three intraperitoneal
injections of BrdU (Sigma; 3 mg/24 hours) in PBS. The BM
cells were fixed, permeabilized and denatured, followed by
antibody staining with anti-BrdU-APC according to the
manufacturer’s instructions (BD Pharmingen).

Western blotting

Equal numbers of bone marrow leukemia cells or
leukemia cell lines were collected for further immunoblotting.
Whole cell lysates were electrophoresed on 8—10% sodium
dodecyl sulfate polyacrylamide gels and transferred onto
polyvinylidene difluoride membranes (Millipore). The
membranes were blocked with 5% non-fat milk/TBS and
incubated with primary antibodies at 4°C overnight. The
following antibodies were used for blotting: anti-TXNIP
(Proteintech), anti-ChREBP (Nova Biologicals), anti-f-actin
(Sigma), anti-HA (Sigma) and anti-Strepll (Genescript).

Differentiation analysis of THP1 or C1498 cells

THP1 cells infected with shRNA targeting ChREBP
were treated with 100 ng/mL of phorbol 12-myristate
13-acetate (PMA) for 48 h as previously described [48].
Myeloid differentiation was monitored by flow cytometric
analysis with antibodies against human Mac-1 and CD14
(eBiosciences) or Wright-Giemsa staining. In the other
experiment, a mouse myeloid leukemia cell line, C1498
(kindly provided by Fubin Li at Shanghai Jiao Tong
University School of Medicine), was induced with PMA
for differentiation, followed by examination with Wright-
Giemsa staining and flow cytometric analysis.
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Lentivirus construction, infection and cell
proliferation assays

The lentiviral vector GIPZ was used to express
shRNAs designed to target ChREBP (sequences listed
in Supplementary Table 1). Using the calcium phosphate
transfection method, lentivirus constructs together with the
packaging plasmids pSPAX2 and pMD2G (4:3:1) were
mixed and transfected into 293T cells. The supernatant,
which contained lentiviruses, was harvested 48 h and 72
h later. Lentiviruses were used for subsequent infections
of leukemia cell lines, including THP1, U937 and HL60
cells. Cells (200,000) treated with shRNAs targeting
ChREBP or a scrambled control were cultured in 12-well
plates and counted at the indicated time points.

Quantitative RT-PCR and colony-forming unit
assays

Total bone marrow cells, HSCs, YFP* leukemia cells
or YFP"Mac-1*c-Kit" LICs were sorted by flow cytometry
for the isolation of total RNA. First-strand cDNA was
reverse transcribed using M-MLV reverse transcriptase
(Promega Inc.). The PCR reactions were performed
according to the manufacturer’s protocol. The mRNA level
was normalized to the level of the B-actin RNA transcripts.
The primer sequences used are shown in Supplementary
Table 1. For the colony-forming unit assays, the
indicated numbers of cells from AML mice were plated
in methylcellulose (M3534, Stem Cell Technologies)
according to the manufacturer’s instructions. The numbers
of colonies were calculated 8—10 days after culture.

Glycolysis assays

The ATP content was determined using an ATP
Bioluminescence Assay Kit HS II (Roche) according to
the manufacturer’s protocols. Lactate generation was
measured using the Seahorse XF96 extracellular flux
analyzer as previously described, with minor modifications
[49]. Briefly, three replicate wells of 3 x 10° WT or
ChREBP-null AML cells per well were seeded in 96-well
XF96 plates coated with BD Cell-Tak (BD Biosciences)
in unbuffered DMEM and incubated at 37°C for pH
stabilization. Analyses were performed both under basal
conditions and after the injection of oligomycin (2 pM),
glucose (10 mM) and 2-DG (100 mM).

Luciferase reporter assays

The transcriptional activation of TXNIP by ChREBP
was evaluated using a constructed lentiviral luciferase
reporter vector (kindly provided by Guogiang Chen at
Shanghai Jiao Tong University School of Medicine),
plenti-TXNIP-GFP, which contains the conserved
ChREBP-binding site, as previously described [50]. THP1
cells were infected with plenti-TXNIP-GFP lentiviruses,

FACS-purified, and treated with 5, 10 and 25 mM glucose
for 12 h or 24 h. Following the incubation, the luciferase
activity was measured using a luciferase reporter system
(GloMax® Multi Instrument). Alternatively, the luciferase
activity of THPI1 cells or 293T cells overexpressing
ChREBP and plenti-TXNIP-GFP was measured. To
evaluate the transcriptional activation of RUNXI and
GATA2 by ChREBP or TXNIP, the promoter regions
of RUNX1 and GATA2 were incorporated into a pGL4
vector and analyzed with a luciferase reporter system as
described above.

Chromatin immunoprecipitation assays

Chromatin immunoprecipitation (ChIP) assays
were performed as described previously [51]. A total
of 5 x 105 ChREBP-overexpressing (with a Strepll tag)
THP1 cells were collected and cross-linked by adding
formaldehyde at a final concentration of 1%. The samples
were sonicated with a Q700 sonicator six times (5 sec on
and 10 sec off for each round of sonication). ChREBP was
immunoprecipitated with Strep-Tactin beads (IBA). DNA
fragments were purified using a Qiagen PCR purification
kit and quantified by semi-quantitative PCR with primers
for the TXNIP promoter, listed in Supplementary Table 1.

Statistics

The data are expressed as the mean = SEM. The
data were analyzed with Student’s ¢ test, and the statistical
significance was set at p < 0.05. The survival rates of the
two groups were analyzed using a log-rank test.
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