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Positive feedback between NF-xB and TNF-a
promotes leukemia-initiating cell capacity

Yuki Kagoya,! Akihide Yoshimi,' Keisuke Kataoka,' Masahiro Nakagawa,! Keiki Kumano,!
Shunya Arai,! Hiroshi Kobayashi,? Taku Saito,2 Yoichiro Iwakura,® and Mineo Kurokawa’

1Department of Hematology and Oncology and 2Department of Orthopaedic Surgery, Graduate School of Medicine, The University of Tokyo, Tokyo, Japan.
3Division of Experimental Animal Immunology, Research Institute for Biomedical Sciences, Tokyo University of Science, Chiba, Japan.

Acute myeloid leukemia (AML) is a heterogeneous hematologic malignancy that originates from leukemia-ini-
tiating cells (LICs). The identification of common mechanisms underlying LIC development will be impor-
tant in establishing broadly effective therapeutics for AML. Constitutive NF-kB pathway activation has been
reported in different types of AML; however, the mechanism of NF-kB activation and its importance in leuke-
mia progression are poorly understood. Here, we analyzed myeloid leukemia mouse models to assess NF-kB
activity in AML LICs. We found that LICs, but not normal hematopoietic stem cells or non-LIC fractions
within leukemia cells, exhibited constitutive NF-kB activity. This activity was maintained through autocrine
TNF-a secretion, which formed an NF-kB/TNF-o. positive feedback loop. LICs had increased levels of active
proteasome machinery, which promoted the degradation of IxBa and further supported NF-kB activity. Phar-
macological inhibition of the proteasome complex markedly suppressed leukemia progression in vivo. Con-
versely, enhanced activation of NF-«B signaling expanded LIC frequency within leukemia cell populations. We
also demonstrated a strong correlation between NF-kB activity and TNF-a secretion in human AML samples.
Our findings indicate that NF-kB/TNF-a signaling in LICs contributes to leukemia progression and provide

a widely applicable approach for targeting LICs.

Introduction

Acute myeloid leukemia (AML) is a highly aggressive hemaro-
logic malignancy characterized by a relentless proliferation of
immature myeloid blasts. Recent studies have demonstrated that
the apparently uniform leukemia cell population is organized as
a hierarchy that originates from leukemia-initiating cells (LICs)
(1, 2). Although intensive chemotherapy is initially effective in
most cases of AML, the surviving LIC clones repopulate the dis-
ease, leading to subsequent relapse and an ultimately dismal
prognosis (3). Another problem is that AML is a heterogeneous
disease with different cytogenetic and molecular abnormalities.
This heterogeneity has increasingly been unveiled by recent work
involving the screening of recurrent mutations seen in AML cells
using high-throughput sequencing technology, which is useful for
constructing individualized therapeutics (4, 5). At the same time,
however, these findings indicate that it is difficult to develop a
treatment strategy in addition to standard chemotherapy that is
widely applicable to AML. Therefore, to establish effective treat-
ments, it is important to identify the universally essential mech-
anisms involved in the LIC phenotype, irrespective of the cells’
diverse genetic abnormalities.

NF-kB is a transcription factor initially discovered in B cells (6).
Although well known for its role in controlling various aspects of
immune responses, the NF-kB pathway is now also recognized as
an important regulator of cell survival, proliferation, and differ-
entiation (7-9). Its constitutive activation has been reported in
a variety of malignancies and mostly plays a cancer-promoting
role (10-12). There is some evidence that this pathway activity is
also seen in the AML CD34*CD38- fraction, which is considered
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to be enriched for LICs (13, 14). Given that NF-kB activity is not
restricted to specific AML subtypes or genetic abnormalities, it is
possible that the signaling is universally essential for myeloid leu-
kemia progression, and a variety of agents have been reported to
induce apoptosis in cultured leukemia cells via NF-kB pathway
inhibition (15-19). The effect of specific inhibition of the NF-xB
pathway on LICs in vivo, however, has not been sufficiently stud-
ied. Furthermore, the mechanism of this pathway’s activation
remains to be elucidated. Although several gene mutations found
in hematologic malignancies have been reported to be associated
with enhanced NF-xB signaling (20-22), these findings do not
fully explain why the activation of NF-B is observed in a num-
ber of different types of leukemia. It is more intriguing, as well
as reasonable, to consider that NF-xB activation arises from the
signaling pathways that are commonly involved in LICs. Another
limitation of the previous studies is that LIC-enriched populations
in AML are highly heterogeneous among patients and are not nec-
essarily confined to the CD34*CD38- fraction, as they are in nor-
mal HSCs. Therefore, it is problematic to strictly define LICs by
their surface-marker antigens (23, 24).

To overcome these challenges, we used variable myeloid leukemia
mouse models, in which LIC-enriched fractions were well character-
ized using a surface marker phenotype and revealed that NF-kB sig-
naling is constitutively activated in LICs, but not in normal cells or
non-LIC fractions within leukemic BM cells. We also elucidate the
mechanism of NF-kB activation in LICs in each model and demon-
strate that the inhibition of NF-kB or its upstream machinery in
LICs markedly suppresses leukemia progression in vivo.

Results
The NF-XB pathway is activated in LICs of different types of myeloid leu-

kemia models. To extensively investigate NF-xB activity in LICs of
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different types of myeloid leukemia, we used three types of mouse
models of myeloid leukemia induced by the retroviral transduction
of granulocyte-monocyte progenitors (GMPs) with MLL-ENL and
MOZ-TIF2 and the cotransduction of GMPs with BCR-ABL and
NUP98-HOXA9 (Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/JCI68101DS1).
LIC-enriched populations of these myeloid leukemia models
have been investigated in previous studies: GMP-like leukemia
cells (L-GMPs) in MLL-ENL and MOZ-TIF2 models and the lin-
eage™ Sca-1" fraction in the BCR-ABL/NUP98-HOXA9 model
(Supplemental Figure 2, A-C, and refs. 25-27). In order to obtain
cell populations that would barely contain LICs, we also sorted
lineage~ c-Kit~ cells in MLL-ENL and MOZ-TIF2 leukemic mice
and lineage* cells in a BCR-ABL/NUP98-HOXA9 model. There
were striking differences in clonogenic potential (Supplemental
Figure 3) and LIC frequencies, as determined by in vivo limiting
dilution assays in the two populations of each model (Figure 1A
and Supplemental Table 1). Therefore, we confirmed that LIC and
non-LIC fractions can be clearly isolated through the surface anti-
gen profiles of the three leukemia models. Next, we visualized the
subcellular distribution of the major NF-kB subunit p65 in LICs,
non-LICs, and normal cells by immunofluorescence staining and
confocal microscopy. As shown in Figure 1B, prominent nuclear
translocation of p6S was observed in the LICs of each model,
while it was retained mostly in the cytoplasm in normal lineage~
c-Kit* Sca-1* cells (KSLs), which are enriched for HSCs and GMPs.
Interestingly, non-LICs also had relatively reduced p6S nuclear
translocation signal compared with that in LICs in all three leu-
kemia models. We quantified the nucleus/cytoplasm ratio of p65
staining intensity in these images, which also showed that the LICs
in each model had significant nuclear localization compared with
that observed in non-LICs, normal KSLs, and GMPs (Figure 1C).
To further test NF-kB transcription activity in LICs, we investi-
gated the expression profiles of a subset of genes regulated by the
NF-kB pathway. We first used two sets of published gene expres-
sion microarray data, which compared the expression profiles of
MOZ-TIF2 L-GMPs (26), MLL-AF9 L-GMPs, and HOXA9-MEIS1
L-GMPs (28) with those of normal hematopoietic stem or progen-
itor cells (HSPCs). The expression profiles of previously identified
NF-KkB target genes were assessed by gene set enrichment analysis
(GSEA) (Supplemental Table 2 and ref. 29), which showed that
L-GMPs had increased expression levels of NF-xB target genes
compared with those in normal HSPCs in both sets of gene expres-
sion microarray data (Figure 2A). We also compared the expression
profiles of the same gene set in CD34*CD38- human AML cells
with those of the equivalent cell population in normal BM cells,
which corresponded to the HSC fraction, and observed a similar
tendency (Figure 2B and ref. 30). Then, we validated these results
using quantitative real-time PCR by comparing the expression
levels of several NF-kB target genes in LICs and non-LICs from
our three mouse models with those in normal GMPs and found
increased expression levels of most of the genes in different types of
LICs, but no significant elevation of these levels in non-LICs (Fig-
ure 2C and Supplemental Figure 4). Furthermore, the level of p65
phosphorylation, which is important for enhancing its transcrip-
tion activity, was significantly increased in LICs compared with
the level observed in normal GMPs (Figure 2D). Consistent with
these findings, LICs showed a more prominent increase in apop-
tosis than did normal cells or non-LICs when treated with sc-514,
a selective inhibitor of IkB kinase  (IKKf) (Figure 2, E and F,
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and ref. 31). Although LICs from BCR-ABL/NUP98-HOXA9-
induced leukemia were rather resistant to sc-514 compared with
cells from MLL-ENL- and MOZ-TTF2~induced leukemia, they still
showed higher sensitivity than non-LICs. Collectively, these data
fully support the hypothesis that the NF-«xB pathway is constitu-
tively activated in the LICs of different types of myeloid leukemia.

LICs maintain their constitutive NF-KB activity via autocrine TNF-o.
signaling. In the next step, we addressed the question of how LICs
maintain constitutive NF-xB activity in different types of leuke-
mia models. In order to investigate genes prevalently dysregulated
in LICs, we analyzed the previously published microarray-based
gene expression profiles comparing murine and human LICs with
normal HSPCs (26, 28, 30). After narrowing down our analysis to
the genes commonly upregulated in LICs in three different types
of murine leukemia models, we further selected nineteen genes
whose expression is elevated in human AML CD34*CD38- cells
(Figure 3A). Among the nineteen genes with typically elevated
expression levels in LICs, we focused on Tnuf, because it is well
known as an activator of NF-kB and as an NF-kB-regulated gene.
For the purpose of directly evaluating TNF-o abundance in the
BM of leukemic mice, we measured the concentration of TNF-a
in the BM extracellular fluid and confirmed that it was conspic-
uously enriched in leukemic BM cells compared with normal BM
cells (Figure 3B). We also examined the TNF-a concentration in
culture media conditioned by LICs, non-LICs, and normal cells,
respectively, to determine whether leukemia cells themselves have
the ability to secrete TNF-c.. We found that TNF-o secretion was
distinctly elevated in LICs, while the normal GMP-conditioned
media barely included TNF-a (Figure 3C). Although non-LICs
also had TNF-a secretory ability, it was much lower that that
of LICs. We therefore reasoned that LICs might maintain their
NF-kB pathway activity via autocrine TNF-a signaling. To test
this hypothesis, we cultured freshly isolated LICs in serum-free
media with a TNF-a-neutralizing antibody or its isotype control
and observed p65 subcellular distribution. While LICs treated with
isotype control antibodies maintained p65 nuclear translocation
even after serum-deprived culture, the p65 translocation signal we
observed in three types of LICs was significantly attenuated when
these cells were cultured with neutralizing antibodies against
TNEF-a (Figure 3D). The results were also confirmed by quanti-
fication of p65 intensity (Figure 3E). These data strongly suggest
that different types of LICs have a similarly increased potential for
TNF-a secretion, which maintains constitutive NF-kB activity in
an autonomous fashion.

Autocrine TNF-o signaling promotes leukemia cell progression. We were
then interested in exploring the effect of autocrine TNF-a secre-
tion on leukemia progression. BM cells derived from WT or Tnf-
knockout mice were transplanted into sublethally irradiated WT
recipient mice after transduction with MLL-ENL and MOZ-TIF2,
and cotransduction with BCR-ABL and NUP98-HOXA9 (Figure
3F). Although several mice did develop leukemia with prolonged
latency, Tnf-deficient cells were significantly (P < 0.01) impaired in
their ability to initiate leukemia (Figure 3G). We confirmed that
Tnf-deficient LICs show a distinct decrease in nuclear localization
of p65 compared with the that in LICs derived from WT BM cells
(Supplemental Figure 5, A and B). Next, we examined whether
paracrine TNF-o from the BM microenvironment contributes to
leukemia progression. When the established leukemia cells were
secondarily transplanted into WT or Tnfknockout recipient mice,
Tnf-deficient leukemia cells failed to effectively establish AML in
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Figure 2

NF-xB transcription activity is increased in LICs. (A) GSEA of NF-xB target genes in the published gene expression data comparing LICs in
leukemia mouse models with normal HSPCs. Left panel: comparison of MOZ-TIF2 L-GMP with normal KSLs and GMPs (GSE24797). Right
panel: comparison of MLL-AF9 and HOXA9-MEIS1 L-GMPs with normal KSLs, common myeloid progenitors (CMPs), and GMPs (GSE20377).
(B) GSEA of NF-«xB target genes in CD34+CD38- fractions in human AML versus healthy controls (GSE24006). (C) Quantitative real-time PCR
analysis of a subset of NF-xB target genes in LICs of MLL-ENL, MOZ-TIF2, and BCR-ABL/NUP98-HOXAS leukemia models relative to normal
GMPs (n = 4). Error bars indicate SD. (D) Immunoblotting of total and phosphorylated p65 in normal GMPs and LICs in the three leukemia models.
(E) Representative annexin V and 7-AAD profiles of normal c-Kit* cells, L-GMPs, and Lin-c-Kit- cells in MLL-ENL leukemic mice after a 24-hour
culture with or without 10 uM IKK inhibitor (sc-514). (F) Average percentage increase in apoptotic cells in LICs of the three leukemia models
compared with that in non-LICs and normal c-Kit+ cells treated with 10 uM IKK inhibitor (sc-514) (n = 4 each). Error bars indicate SD.

all three models (Figure 3, H and I). Interestingly, there was no
significant difference in leukemogenicity among the recipient
genotypes. These results indicate that autocrine TNF-o secretion
is important for AML progression and that the contribution of
paracrine effects derived from stromal cells is minimal.

4 The Journal of Clinical Investigation

The impact of specific NF-KB inbibition on leukemia progression. To
investigate the influence of specific NF-kB pathway inhibition
on leukemia progression in vivo, we transduced MLL-ENL leuke-
mia cells with a retroviral vector expressing a dominant-negative
form of IxBa (super repressor, referred to herein as IkB-SR) or
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Figure 3

Autocrine TNF-a secretion maintains constitutive NF-kB activity and
confers proliferative advantage in LICs. (A) Thorough investigation
of genes with elevated expression in murine and human LICs com-
pared with that in normal HSPCs in the published gene expression
data. (B) TNF-c ELISA in extracellular fluid of normal or leukemic BM
(n = 4 each). Error bars indicate SD. (C) TNF-a secretory ability in
LICs compared with that of non-LICs and normal GMPs assessed
by ELISA in cultured media (n = 4 each). Error bars indicate SD.
(D) Immunofluorescence assessment for p65 nuclear translocation in
LICs in serum-free culture medium with neutralizing antibody against
TNF-a or isotype control. Scale bars: 10 um. (E) Quantification of p65
nuclear translocation of LICs treated with neutralizing antibody against
TNF-o or isotype control assessed by the mean nucleus/cytoplasm
intensity ratio. More than 50 cells were scored in each specimen, and
the average intensity ratio with SD is shown. (F) Schematic represen-
tation of the experiments. BM cells derived from WT or Tnf-knockout
mice were transduced with MLL-ENL, MOZ-TIF2, and BCR-ABL plus
NUP98-HOXA9 and transplanted into sublethally irradiated mice.
(G) Survival curves of mice in the experiments shown in F (n = 7 each).
(H) Schematic representation of the experiments. WT or Tnf-- leuke-
mia cells were secondarily transplanted into WT or Tnf- recipient mice.
(1) Survival curves of mice in the experiments shown in H (n = 5 each).

with a control vector, transplanted them into recipient mice,
and compared the characteristics of the repopulating cells (Fig-
ure 44). Although the introduction of IkB-SR did not affect the
morphology of MLL-ENL leukemia cells (Supplemental Figure
6A), p65 was almost completely sequestered in the cyroplasm of
L-GMPs with IkB-SR (Figure 4B and Supplemental Figure 6B),
and the expression levels of NF-kB target genes, including Tnf,
were substantially decreased (Figure 4C). Considering that the
blockage of autocrine TNF-o. attenuated NF-kB signaling, we
hypothesized that NF-xB activity and TNF-a secretion form a
positive feedback loop in LICs. We therefore established MOZ-
TIF2 and BCR-ABL/NUP98-HOXAY leukemia cells with IxB-SR.
The introduction of IxkB-SR significantly decreased a proportion
of the cells in the S and G2/M phases of the cell cycle and resulted
in a substantial growth delay of those cells in liquid culture (Sup-
plemental Figure 6, C and D). Moreover, leukemia cells with IxB-
SR had a reduced colony-forming capacity, while the transduction
of IxkB-SR into normal HSCs had no significant influence on
their colony-forming ability (Figure 4D). Finally, we transplanted
leukemia cells with IkB-SR into sublethally irradiated mice and
observed a remarkable delay in leukemia progression (Figure 4E).
We also confirmed that the developed leukemia cells with IkB-SR
had reduced nuclear translocation of p65 compared with that seen
in control cells (Supplemental Figure 6E). In contrast, when nor-
mal BM cells were transduced with IxB-SR and transplanted into
lethally irradiated mice, we observed no significant differences in
the reconstitution capacity of the transplanted cells, nor did we
find significant differences in peripheral blood cell counts or PBL
surface-marker profiles, indicating that NF-kB pathway inhibition
exerts a marginal influence on normal hematopoiesis (Supplemen-
tal Figure 7, A-C). Collectively, these findings clearly demonstrate
that enhanced NF-kB activity in LICs plays a supportive role in
leukemia progression and that NF-kB inhibition severely attenu-
ates the proliferative ability of these cells.

To further validate the importance of the NF-xB pathway in
leukemia progression, we used BM cells from Rela*fox mice (32).
We similarly established leukemia cells derived from Relaflox/flox
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BM cells. Then, the developed leukemia cells were infected with
codon-improved Cre recombinase-IRES-GFP (iCre-IRES-GFP) or
GFP empty vector, and GFP-positive cells were isolated and sec-
ondarily transplanted into sublethally irradiated mice (Figure 4F).
Remarkably, most of the mice transplanted with Rela-deleted leu-
kemia cells did not develop leukemia (Figure 4G). Compared with
controls, several mice did develop leukemia after longer latencies,
but they did not develop leukemia after tertiary transplantation
(data not shown), indicating that the complete ablation of NF-xB
drastically reduced leukemogenicity.

High proteasome activity in LICs yields differences in NF-XB activity
between leukemia cell populations. We next sought to elucidate the
mechanisms underlying the differences in p65 nuclear transloca-
tion status between LICs and non-LICs. We confirmed that LICs
had substantially lower IkBa protein levels compared with those
of non-LICs in all three models (Figure 5, A and B). These results
are very consistent with the p65 distribution status of LICs and
non-LICs, considering that NF-kB is usually sequestered in the
cytoplasm, bound to IkBa, and translocates to the nucleus, where
IkBa. is phosphorylated and degraded upon stimulation with a
variety of agents such as TNF-a. (33). We initially tested whether
the expression of IkBa. is downregulated in LICs at the transcrip-
tion level and found that LICs had a tendency toward increased
Nfkbia mRNA expression levels compared with non-LICs (Figure
5C). Moreover, when Nfkbia mRNA translation was inhibited by
treatment with cycloheximide, the reduction in IkBo protein levels
was more prominent in LICs than in non-LICs (Figure 5, D and E).
These data indicate that the differences in IxBa levels are caused
by the protein’s predominant degradation in LICs. Since both LICs
and non-LICs are similarly exposed to high levels of TNF-a within
leukemic BM cells, we considered that there would be differences
in response to the stimulus and sequentially examined the down-
stream signals. We first hypothesized that there is a difference in
TNEF-a receptor expression levels between LICs and non-LICs that
leads to greater TNF-a signal transmission in LICs. The expression
patterns of TNF receptors I and II were, however, almost similar
in LICs and non-LICs, although they varied between leukemia
models (Supplemental Figure 8A). We next tested the phospho-
rylation capacity of IxkB kinase (IKK) by examining the ratio of
phosphorylated IkBa to total IkBa after treatment with the pro-
teasome inhibitor MG132. Contrary to our expectation, a similar
accumulation of the phosphorylated form of IxBa was seen in
both LICs and non-LICs, implying that they had no significant
difference in IKK activity (Supplemental Figure 8B). Another pos-
sibility is that the differences in IkBa. protein levels are caused by
predominant proteasome activity in LICs, because it is required
for the degradation of phosphorylated IkBo. We measured 208
proteasome activity in LICs and non-LICs in each leukemia model
by quantifying the fluorescence produced upon cleavage of the
proteasome substrate SUC-LLVY-AMC and observed a 2- to 3-fold
higher proteasome activity in LICs (Figure 5F). Furthermore, the
expression of several genes encoding proteasome subunits was ele-
vated in LICs compared with that in non-LICs (Figure 5G). Simi-
larly, the published gene expression data on human AML samples
revealed that CD34*CD38- cells had increased expression levels of
proteasome subunit gene sets compared with those in CD34- cells
(Supplemental Figure 9 and ref. 30). These findings suggest that
enhanced proteasome activity in LICs leads to more efficient deg-
radation of IkBa in response to TNF-a,, thus resulting in elevated
NF-xB activity. We then tested the effect of bortezomib, a well-
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Specific inhibition of NF-xB significantly inhibits leukemia progression in vivo. (A) Schematic representation of the following experiments: c-Kit+
BM cells isolated from MLL-ENL leukemic mice were transduced with IkB-SR or control vector and transplanted into sublethally irradiated mice.
(B) Quantification of p65 nuclear translocation assessed by the mean nucleus/cytoplasm intensity ratio by immunofluorescence staining. More
than 50 cells were scored in each specimen, and the average intensity ratio with SD is shown. (C) Relative expression profiles of NF-xB target
genes in MLL-ENL leukemia cells with or without 1xB-SR. The change in Hoxa9 expression is shown as a control gene not regulated by NF-xB.
Error bars indicate SD (n = 3 each). (D) CFC assay of leukemia cells and normal HSCS with or without IkB-SR. Cells were seeded at 2,000
cells per well in MLL-ENL or BCR-ABL/NUP98-HOXA9-induced leukemia cells, at 500 cells per well in MOZ-TIF2—induced leukemia cells,
and at 1,000 cells per well in normal HSCs (n = 6 in each experiment). (E) Survival curves of mice transplanted with MLL-ENL, MOZ-TIF2, and
BCR-ABL/NUP98-HOXAS leukemia cells with or without [kB-SR (n = 6 each). (F) Schematic representation of the following experiments: WT or
Relaflofiox mice were transduced with MLL-ENL, MOZ-TIF2, or BCR-ABL plus NUP98-HOXA9 and transplanted into sublethally irradiated mice.

The developed leukemia cells were transduced with iCre-IRES-GFP or control GFP, and GFP+ cells were secondarily transplanted into mice.
(G) Survival curves of mice in the experiments shown in F (n = 6 each).

known proteasome inhibitor, on LICs in vivo (Figure SH). First,
we treated mice with full-blown leukemia with a single injection of
bortezomib and compared their BM surface-marker profiles with
those of the vehicle-treated mice. Notably, bortezomib-treated
mice showed a significant decrease in LIC-enriched populations
in each type of leukemia (Figure 5,1 and J). Finally, we treated mice
with bortezomib after LIC transplantation and observed signifi-
cant improvement in survival in those treated with bortezomib
(Figure SK). These results are very consistent with the selectively
elevated proteasome activity we observed in LICs.

The Journal of Clinical Inve

Enforced activation of the NF-KB pathway increases LIC frequency in
leukemic BM. Given the supportive role of the NF-kB pathway in
LIC proliferation as well as the differences in its activation status
observed between LICs and non-LICs, we reasoned that the atten-
uation of NF-kB activity might be related to the transition from
LICs to non-LICs. To test this hypothesis, we transduced MLL-
ENL leukemia cells with a retrovirus encoding shRNA against
IxBa and transplanted them into sublethally irradiated mice (Fig-
ure 6A). Because IxkBa works as an inhibitor of NF-kB by hold-
ing it in the cytoplasm, its downregulation should function to

stigation

hetp://www.jci.org 7



research article

enhance NF-kB activity, regardless of the basal proteasome activ-
ity. We first confirmed that MLL-ENL leukemia cells with shRNA-
mediated knockdown of IkBa (MLL-ENL-IxBaXP) showed
decreased IxBa protein levels in the cytoplasm and increased
nuclear p65 protein levels, which would indicate that NF-kB sig-
nal was enhanced by the reduction of its cytoplasmic inhibitor
(Figure 6B). In accordance with this finding, MLL-ENL-IkBa.XP
cells had a significantly greater ability to secrete TNF-a than did
control cells, reflecting an activated NF-kB/TNF-a signaling loop
(Figure 6C). We further investigated the phenotype of leukemic
mice with MLL-ENL-Ik BoXP. Interestingly, the BM of these MLL-
ENL-IkBaXP mice showed a marked increase in immature Gr-1%°
c-Kithi cell populations (Figure 6D). Consistent with this change,
we found that these leukemic cells had a greater CFC capacity
(Figure 6E). Additionally, in order to investigate the frequency of
LICs in BM mononuclear cells, we performed limiting dilution
analysis by secondary transplantation of leukemia cells. Although
the disease latency for leukemia development was not signifi-
cantly different among the leukemia cells, MLL-ENL-IxBakP
leukemia cells had a marked abundance of LICs in the leukemic
BM mononuclear cells compared with the control shRNA cells
(Figure 6F and Supplemental Figure 10A). These data indicate
that enforced NF-kB activation expands the LIC fraction in MLL-
ENL leukemic BM cells. We also transduced normal BM cells with
shRNAs against IkBa and transplanted them into lethally irradi-
ated mice to test whether NF-xB activation by itself can induce
leukemia or myeloproliferative-like disease. Over the 4-month
follow-up period, the mice exhibited no significant change in
peripheral blood values, indicating that NF-kB signal alone is not
sufficient for leukemogenesis (Supplemental Figure 10B).
Significant correlation between NF-kB and TNF-o. is observed in
buman AML LICs. Finally, we investigated NF-kB/TNF-a posi-
tive feedback signaling in human AML LICs. We analyzed CD34*
CD38- cells derived from 12 patients with previously untreated
or relapsed AML and the same cell population from 5§ normal BM
specimens (Table 1) and evaluated their NF-kB signal intensity.
We also quantified the concentration of TNF-a in the culture
media conditioned by CD34*CD38- cells from each patient in
order to measure the TNF-o secretory ability of these cells. As
expected, our data from both of these analyses showed a wide vari-
ation among patients, one that might reflect a heterogeneous dis-
tribution and frequency of the LIC fraction in human AML cells,
as was previously described (23). LICs in most of the patients did,
however, show increased p6S nuclear translocation and TNF-a
secretory potential compared with normal HSCs (Figure 7, A and
B, and Supplemental Figure 11). We plotted these two parame-
ters for each patient to compare between patients. Interestingly,
a significant positive correlation was demonstrated statistically
(P = 0.02), as LICS with enhanced p65 nuclear translocation
showed a tendency toward abundant TNF-a secretion (Figure
7C). We also compared p65 intensity between LICs and non-
LICs in 2 patients (patients 1 and 3) and found that p6S nuclear
translocation was predominant in LICs, which is also consistent
with the data obtained in murine AML cells (Supplemental Fig-
ure 11). Moreover, we cultured LICs with or without neutralizing
antibodies against TNF-o and assessed p6S nuclear translocation
to determine the effect of autocrine TNF-a on NF-kB activity.
When incubated in the presence of TNF-o-neutralizing antibod-
ies, nuclear translocation of p65 was significantly suppressed in
LICs (Figure 7, D and E). These results support our hypothesis
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that a positive feedback loop exists between NF-kB and TNF-a in
human AML LICs.

Discussion

In the present study, we provide evidence that LICs, but not nor-
mal HSPCs or non-LIC fractions within leukemic BM, exhibit
constitutive NF-kB pathway activity in different types of myeloid
leukemia models. Moreover, we identified the underlying mecha-
nism involved in the maintenance of this pathway activity, which
had yet to be elucidated. We found that autocrine TNF-a secre-
tion, with the support of enhanced proteasome activity, contrib-
uted to a constitutive activation of the NF-xB pathway in LICs.
Although we observed different sensitivities to the inhibition of
these signaling cascades according to the type of leukemia, these
cascades play an important role in LIC proliferation, especially
considering that the complete ablation of Tnf or Rela distinctly
suppressed leukemia progression in vivo. These findings, which
we validated in human AML LICs, could translate into improved
AML treatment strategies.

The strong connection between inflammation and cancer has
been increasingly discussed, and the NF-xB pathway is now rec-
ognized as a major regulator bridging the two pathological con-
ditions in different types of malignancies. In most of these malig-
nancies, aberrant activation of the NF-kB pathway derives from
inflammatory microenvironments that are mainly created by
proinflammatory immune cells such as tumor-infiltrating mac-
rophages, neutrophils, and lymphocytes (34, 35). In this study,
however, LICs retained their p65 nuclear translocation even after
serum-free culture, suggesting that the constitutive NF-xB activ-
ity of LICs is maintained in an autonomous fashion. Through
our investigation of gene expression profiles in LICs and normal
HSCs, we found that LICs had distinctly elevated TNF-a expres-
sion levels that contributed to the maintenance of NF-kB activa-
tion in LICs. Conversely, the introduction of IxB-SR markedly
suppressed TNF-o expression levels, indicating that NF-kB activ-
ity and TNF-a secretion create a positive feedback loop in LICs.
Moreover, our hypothesis is strongly supported by our findings
that a positive correlation exists between NF-kB and TNF-a secre-
tory activities in human AML CD34*CD38- cells and that inhibi-
tion of autocrine TNF-a signaling attenuates p65 nuclear translo-
cation. The role of TNF-a in the process of tumor promotion
has recently been demonstrated in various types of solid tumors
(36-39). It has also been reported that TNF-a is required for clonal
evolution of myeloid malignancies (40). On the other hand, there
has been controversy over the effect of TNF-a on leukemia cells
when it was exogenously administered (41, 42). However, these
previous studies did not address the critical question of whether
endogenously secreted TNF-a is required for the maintenance of
established leukemia cells, which is a crucially important aspect
when considering therapeutic applications. We clearly reveal that
the autonomously secreted TNF-o had beneficial effects on LIC
proliferation through NF-kB activation, while the contribution of .
paracrine TNF-a secretion from BM microenvironments was min-
imal. Another important aspect of cytokine secretion by LICs that
was not investigated in the present study is whether this secretion
can exert some influence on BM stromal cells. Since the impor-
tance of bidirectional crosstalk between leukemia and niche cells
through a variety of cytokines has increasingly been recognized
(43), TNF-a secreted from LICs might also modulate the function
of BM stromal cells, which could also have an impact on leukemia
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