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Misregulation of a pluripotency-associated transcription factor
network in adult tissues is associated with the expansion of rare,
highly malignant tumor-initiating stem cells (TISCs) through poorly
understood mechanisms. We demonstrate that robust and selective
expression of the receptor for the adipocyte-derived peptide
hormone leptin (OB-R) is a characteristic feature of TISCs and of
a broad array of embryonic and induced pluripotent stem cells and
is mediated directly by the core pluripotency-associated transcrip-
tion factors OCT4 and SOX2. TISCs exhibit sensitized responses to
leptin, including the phosphorylation and activation of the pluri-
potency-associated oncogene STAT3 and induction of Oct4 and
Sox2, thereby establishing a self-reinforcing signaling module. Ex-
posure of cultured mouse embryonic stem cells to leptin sustains
pluripotency in the absence of leukemia inhibitory factor. By
implanting TISCs into leptin-deficient ob/ob mice or into compara-
bly overweight Lepr®™“" mice that produce leptin, we provide ev-
idence of a central role for the leptin-TISC-signaling axis in
promoting obesity-induced tumor growth. Differential responses
to extrinsic, adipocyte-derived cues may promote the expansion
of tumor cell subpopulations and contribute to oncogenesis.

olid tumors and blood cell malignancies are composed of

heterogeneous cell types that exhibit striking differences in
their capacity to initiate and sustain tumor growth (1, 2). Tumor-
initiating stem cells (TISCs) are rare, highly malignant cells
identified within diverse tumor types that share important simi-
larities with undifferentiated embryonic stem cells (ESCs) in the
inner cell mass of blastocyst-stage embryos (3-5). TISCs, like
ESCs, are capable of unlimited, self-renewing cell divisions and
express a pluripotency-associated transcription factor (TF) net-
work that includes the core constituent regulators OCT4, SOX2,
and NANOG (6-8).

During normal embryonic development, this transcriptional
regulatory network ensures that the generation of undiffer-
entiated stem cells is matched appropriately to the demand for
new cells as the organism engages in de novo tissue formation. In
the context of TISCs, however, this same genetic network is
thought to participate in the related processes of tumor initia-
tion, malignant progression, and the acquisition of resistance to
radiation and chemotherapy (9-11). Misregulation of Nanog and
other constituents of the pluripotency-associated TF network
can antagonize key tumor suppressor pathways and promote self-
renewing divisions, thereby expanding the pool of malignant
progenitor cells (12, 13).

Genetic and biochemical approaches to characterize TISCs
have begun to yield important mechanistic insights into these
events. TISCs display aberrant patterns of chromatin modifica-
tion, including hypermethylation of promoter sequences and an
associated silencing of tumor-suppressor genes, in a process
mediated by the action of Polycomb group genes (14, 15). TISCs
also fail to properly regulate the activity of major signal trans-
duction pathways. Notably, TISCs isolated from human hepa-
tocellular carcinoma (HCC) exhibit both loss of function of
the type II TGF-p receptor and excessive activation of the IL-6
cytokine-signaling pathway, including the downstream effector
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STAT3 (16, 17). In a mouse model of HCC, a subpopulation of
highly tumorigenic CD133%/CD49f"/Nanog™® liver TISCs was
identified on the basis of significantly elevated expression of Toll-
like receptor 4, a transmembrane receptor that activates NF-xB
and induces a proinflammatory and tumorigenic gene expression
program upon direct interaction with bacteria-derived lipopoly-
saccharide (LPS) ligands (18).

These observations raise the possibility that identification of
cell-surface receptors and associated signal transduction pathways
that are selectively expressed or activated in TISCs can provide
vital insights into the molecular basis for the potent tumorigenic
capacity that is characteristic of TISCs. Such insights in turn may
lead to the identification of TISC-specific molecular vulner-
abilities that can be exploited therapeutically. In this report,
we show that the leptin receptor (OB-R), the transmembrane
receptor for the adipocyte-derived peptide hormone leptin, is
expressed strongly and selectively in TISCs and in a broad array of
pluripotent stem cell types, including ESCs and induced pluripo-
tent stem cells (iPSCs). By using gain- and loss-of-function strat-
egies, we show that leptin serves as a key intermediary linking the
accumulation of excess adipose tissue to activation of a pluri-
potency-associated TF network and obesity-induced oncogenesis.

Results

We set out to examine whether CD133*/Nanog™ liver TISCs
isolated from a transgenic mouse model of HCC (18) exhibit
differential expression of cytokine or adipokine receptors rela-
tive to nonprogenitor tumor cells. Analysis by quantitative re-
verse-transcription PCR (qQRT-PCR) of a panel of transcripts,
including those encoding receptors for IL-6 (IL-6R) and adipo-
nectin (AdipoR1), showed comparable expression levels between
TISCs and their nonprogenitor counterparts (Fig. 14). By con-
trast, analysis of the leptin receptor (OB-R, encoded by the Lepr
gene) revealed a striking, 6.3-fold increase in TISCs relative to
CD133" control cells isolated in parallel from the same tumors
(Fig. 14). Immunoblotting of lysates prepared from two in-
dependent isolates of liver TISCs or CD133™ controls confirmed
that expression of the signaling-competent, long-form of OB-R
(OB-Rb) occurs selectively in CD133*/Nanog™ TISCs (Fig. 1B).

Examination of OB-R expression by immunohistochemical
analysis of mouse tumor specimens showed significant overlap in
immunoreactivity between OB-R and CD133 (Fig. 1C), with 85.6 +
6.2% (n = 647, P < 0.01) of OB-R* cells from multiple tumor
samples (n = 8) costaining with antisera specific for CD133. To
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Fig. 1.

Selective expression of leptin receptor OB-Rb in CD133* TISCs is mediated by the pluripotency factors OCT4 and SOX2. (A) Quantitative RT-PCR

analysis of mRNA transcript levels for the IL-6 receptor (IL-6R), adiponectin receptor (AdipoR1), and leptin receptor (OB-R) in CD133*/Nanog™* TISCs and CD133~
cells. (B) Selective expression of the long-form leptin receptor OB-Rb in CD133*/Nanog™* TISCs. Two independent sets of CD133* and matched CD133™ cells
were isolated in parallel by dissociation of Ns5a-Tg mouse liver tumors. Tumor lysates were probed using antisera specific for OB-R (Top) or NANOG (Midd/e).
Asterisk (*) indicates a nonspecific cross-reacting band and is included as a loading control. (C) Immunostaining of mouse liver tumors showing distribution of
CD133 and OB-R. CD133 localizes prominently to plasma membranes. Colocalization of OB-R and CD133 occurs in a subpopulation of tumor cells. (Scale bar,
50 um.) (D) FACS analysis and quantification of OB-R expression in CD133~ controls and CD133*/Nanog* TISCs isolated from dissociated tumors. (E) Lepr
promoter-reporter assay. The indicated Lepr-luciferase fusions or a promoter-less vector were examined in CD133*/Nanog* TISCs and PIL-4 hepatoblasts. A
candidate OCT4/SOX2-binding site identified by sequence homology search is indicated by the blue triangle. Promoter activity is expressed as relative light
units (RLU) normalized to the activity of cotransfected Renilla luciferase. Error bars represent the SD from at least three independent biological replicates (**P <
0.01). (F) ChIP-gPCR assay showing direct association of OCT4 and SOX2 on Lepr. Error bars represent SD from at least three independent biological replicates. (**P <
0.01; *P < 0.05). (G) Lentiviral-mediated shRNA knockdown of OCT4 and SOX2. Lysates prepared from CD133* TISCs infected with lentivirus encoding
nontargeting, scrambled control shRNA (sh-Scr), sh-SOX2 (lane 2), or sh-OCT4 (lanes 3 and 4) were analyzed by immunoblotting to determine the levels of
SOX2 and OCT4. An actin immunoblot of the same lysates is included as a loading control. (H) Immunoblot analysis of OB-Rb in lysates prepared from CD133*

TISCs stably expressing a nontargeting shRNA control (sh-Scr, lane 1) or shRNAs targeting either SOX2 (lane 2) or OCT4 (lanes 3 and 4).

obtain an additional quantitative assessment of the relationship
between OB-R and CD133 expression in these tumors, we per-
formed FACS analysis of cultured, early passage mouse liver tumor
cells (Fig. 1D). Results from this approach corroborated the im-
munohistochemical studies, indicating that 54.9 + 4.1% of
CD133* TISCs strongly coexpress OB-R, whereas only 18.2 +
1.7% of CD133™ cells exhibit staining for OB-R. Thus, the ex-
pression of OB-R occurs preferentially in CD133* cells, and OB-
R* cells compose a distinct subset of the overall CD133* progen-
itor population.

To determine the molecular basis for the markedly enriched
expression of OB-Rb in TISCs, we generated a series of pro-
moter reporter constructs in which defined regions of the mouse
Lepr promoter and flanking region were placed upstream of a
reporter gene encoding firefly luciferase. Cultured liver TISCs
and PIL-4 hepatoblast controls (19) were transfected with each
reporter vector, and the normalized firefly luciferase activity was
subsequently determined. This approach delineated a discrete
sequence encompassing the proximal 0.5 kb downstream of the
transcription start site (TSS) in exon 1 of Lepr as a critical me-
diator of TISC-specific expression of OB-R (Fig. 1E).

In parallel with the reporter assays, we used the multiple se-
quence alignment algorithm ClustalW to search the Lepr gene and
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associated promoter sequences for matches to consensus target
motifs recognized by the pluripotency-associated transcription
factors OCT4, SOX2, NANOG, STATS3, and KLF4 (6, 7). Using
this in silico approach, we identified a candidate site located 0.5 kb
downstream of the TSS, which closely matches (12/15 bases) the
consensus target sequence for the OCT4/SOX2 heterodimer (Fig.
1E). To evaluate the function of this sequence in TISC-selective
expression of OB-R, we generated a series of three mutants
(Mut1-Mut3), each of which harbors mutations in two consecutive
nucleotides within the candidate site. Introduction of these
mutations sharply diminished the expression of the (—60/4535)
Lepr-luciferase reporter in TISCs, implicating the OCT4/SOX2
heterodimer in TISC-specific induction of Lepr (Fig. 1E).

To evaluate a potential role for OCT4 and SOX2 in the stem
cell-specific induction of Lepr, we performed chromatin immu-
noprecipitation (ChIP) using antibodies specific for OCT4 and
SOX2, followed by quantitative PCR (qPCR) with primer sets
designed to probe for association of these transcription factors
across a 3.3-kb region centered at the Lepr TSS (Fig. 1F). In
agreement with findings from the reporter assay, the ChIP-qPCR
experiments demonstrated significant enrichment relative to IgG
control immunoprecipitates for OCT4- and SOX2-bound DNA
at or near the candidate site in exon 1 of Lepr (Fig. 1F).
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We also conducted electrophoretic mobility-shift assays in
which TISC nuclear lysates were incubated with a biotinylated,
double-stranded oligonucleotide probe corresponding to the
candidate OCT4/SOX2 site. The wild-type probe, but not a mu-
tant probe harboring both Mut! and Mut2 mutations, yielded a
band that was diminished upon addition of excess, unlabeled
competitor probe (Fig. S1, lanes 1-4). Preincubation of nuclear
lysates with SOX2 antibody decreased the intensity of this band,
and an OCT4 antibody produced an apparent shift in mobility
(Fig. S1, lanes 6 and 7), supporting a direct association of OCT4
and SOX2 with the candidate OCT4/SOX2 site in Lepr.

We next examined whether OCT4 and SOX2 are required for
expression of OB-R in TISCs. Lentiviral shRNA-mediated
knockdown of OCT4 or SOX2 was confirmed by immunoblotting
(Fig. 1G) and resulted in an apparent reduction in the levels of
OB-Rb in a manner that corresponded closely to the efficiency of
OCT4 or SOX2 gene silencing (Fig. 1H). TISCs harboring
shRNAs targeting either OCT4 or SOX2 exhibited reduced ac-
tivity of the Lepr (—60/+535) luciferase reporter (Fig. S24) and
decreased levels of endogenous OB-R as determined by qRT-
PCR analysis (Fig. S2B).

The involvement of OCT4 and SOX2 in expression of OB-Rb
prompted us to explore whether elevated expression of OB-Rb
might likewise occur in other stem cell lines. Comparison by
immunoblotting of lysates prepared from human hepatoblasts,
mature human hepatocytes, or HepG2 hepatocellular carcinoma
cells with a panel of stem cell lines, including the mouse ESC line
E14, the human ESC lines H1 and H9, and iPSCs derived from
rat fibroblasts (iPS2), demonstrated a direct correspondence
between pluripotency and the robust expression of OB-Rb (Fig.
2A). These findings suggest that elevated expression of OB-Rb
represents a general feature of pluripotent cells.

Cultured mouse ESCs (mESCs) can be maintained in the
pluripotent state through sustained activation of STAT3 by the
cytokine leukemia inhibitory factor (LIF) (20), which engages
a high-affinity, heterodimeric coreceptor complex composed of
LIFR and gp-130 (21). Mouse embryos genetically deleted for
LIFR develop normally, however, suggesting that in vivo multi-
ple, redundant signaling pathways collaborate to maintain plu-
ripotency in blastocyst-stage embryos (22). To examine whether
leptin can substitute for LIF to maintain pluripotency in cultured
mESCs, we used ESCs that carry a chromosomally integrated
green fluorescent protein (GFP) reporter expressed under the

S st s wien . © | OB-Rb

35— R - — - S actin
1 2 3 4 5 6 7 8 9

B

LIF withdrawn +LIF +leptin

036% : 107% i 133%

side scatter

>
Oct4-GFP

Fig. 2. Expression of OB-Rb in diverse classes of stem cells and role of leptin
in sustaining pluripotency. (A) Immunoblot of lysates prepared from mouse
CD133* liver TISCs (lanes 1 and 8), E14 mESCs (lane 2), and human liver
hepatoblasts and hepatocytes (lanes 3 and 4). OB-Rb expression is also
shown for the H1 and H9 human ESCs (lanes 5 and 6), rat iPS2 cells (lane 7),
and human HepG2 hepatocellular carcinoma cells (lane 9). (B) Leptin sustains
pluripotency in cultured E14 mouse embryonic stem cells. E14 Oct4-GFP cells
were cultured for 11 d in media with or without LIF (1,000 U/mL) or in the
presence of leptin (200 ng/mL), harvested, and analyzed by FACS for quan-
tification of GFP-expressing cells. The graphs shown are representative of
results from three independent biological replicates.
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control of the Oct4 promoter (Oct4-GFP), which is therefore
active specifically in pluripotent stem cells (23). E14 Oct4-GFP
cells were cultured for 11 d in the presence or absence of LIF or
in media supplemented with 200 ng/mL recombinant mouse
leptin. As expected, propagation of E14 Oct4-GiP cells in the
absence of LIF diminished expression of the Oct4-GFP reporter
(Fig. 2B). Strikingly, addition of recombinant leptin to the cul-
ture media maintained the expression of the Oct4-GFP reporter
at a level comparable to that measured in the presence of LIF
(Fig. 2B). Leptin therefore can serve as a substitute for LIF to
sustain the pluripotent state in cultured mESCs.

We next examined the biochemical response of TISCs to
leptin. Consistent with the elevated expression of OB-Rb in
TISCs, exposure to 150 or 300 ng/mL leptin triggered the rapid
tyrosine phosphorylation and activation of STAT3, a down-
stream effector of OB-Rb, in TISCs but not in CD133™ tumor
cells, as determined by immunoblotting using antisera specific for
phospho-STAT3 (p-Y705) (Fig. 34). The levels of phospho-
STAT3 increased within 15 min of exposure to leptin, followed
by a rapid decrease, which has been described and is due in part
to induction of the feedback inhibitor SOCS3 (24, 25).

Components of the pluripotency-associated TF network in-
cluding STAT3, OCT4, and SOX2 coordinately occupy target
promoters of downstream effector genes and modulate the ex-
pression of other network constituents through extensive re-
ciprocal and cross-regulation (6, 7, 26). We found that in TISCs
exposed for 24 h to leptin (150 ng/mL), STAT3 binds directly to
the proximal promoter regions of Oct4 and Sox2, as determined
by ChIP-gPCR using an antibody specific for STAT3, with the
greatest enrichment of STAT3 occurring in the region between
0.5 and 1 kb upstream of the TSS for both Oct4 and Sox2 (Fig. 3 B
and C). These findings prompted us to examine the effect of
leptin on the induction of Oct4, Sox2, and Nanog. Exposure to
leptin produced dose-dependent increases in the transcriptional
induction of a luciferase reporter from the Oct4 (—5068) and Sox2
(=3.3 kb) promoters, although no effect was detected on the
Nanog (—4828/+190) promoter (Fig. 3D). Consistent with the
induction of Oct4 and Sox2 and in keeping with our earlier find-
ings that OCT4 and SOX2 mediate expression of OB-R in TISCs
(Fig. 1 F and H), leptin also stimulated the Lepr (—60/+535) lu-
ciferase reporter but not the Lepr (—1025/+35) reporter that lacks
the OCT4/SOX2 response element (Fig. 3D).

Immunoblot analysis of lysates prepared from TISCs exposed
for 24 h to either leptin (150 ng/mL) or LPS (5 ng/mL), a known
inducer of Nanog, or to both stimuli showed that the levels of
OCT4 and SOX2, but not NANOG, are increased to similar
degrees in response to leptin (Fig. 3E). Interestingly, the stron-
gest induction of OCT4, SOX2, and NANOG occurred following
concurrent exposure to both leptin and LPS ligands. Quantita-
tive RT-PCR analysis of RNA isolated from TISCs exposed to
leptin (150 ng/mL) for 48 h substantiated these findings, dem-
onstrating comparable increases in the levels of OCT4 and SOX2
as well as the induction of multiple constituents of the pluri-
potency-associated TF network (Fig. S3). Stable expression of
the nonphosphorylatable, dominant-negative STAT3 mutant
STAT3-Y705F in TISCs abolished the induction of endogenous
Oct4 and Sox2 by leptin, as judged by qRT-PCR analysis (Fig.
3F), indicating that activation of STAT?3 is the basis for induction
by leptin of downstream components of the pluripotency-asso-
ciated TF network.

Leptin can act as a mitogen (27, 28), and STATS3 is rapidly
activated during liver regeneration and has been implicated in cell
proliferation following partial hepatectomy (29) and in the pro-
liferation of transformed cells (30). We therefore asked whether
OCT4 or SOX2, acting downstream of STAT3, can drive TISC
proliferation. TISCs stably expressing lentiviral sSiIRNAs targeting
either OCT4 or SOX2 displayed an attenuated rate of cell growth
after 96 h in culture and were largely refractory to the stimulative
effect of leptin (200 ng/mL) on cell proliferation relative to con-
trol TISCs expressing a nontargeting, scrambled shRNA (Fig. 44).
Whereas 78.7 + 6.1% of control TISCs were immunopositive for
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Ki67, a marker of cell proliferation, knockdown of SOX2 or OCT4
reduced the fraction of Ki67-positive cells to 44.7 + 4.5% and
42.2 +3.8%, respectively (P < 0.01), without significantly affecting
the proportion of cells undergoing apoptosis as determined by
Annexin V immunoreactivity (Fig. 4B). We further found that
in vivo knockdown of OCT4 impaired tumor growth by TISCs
implanted s.c. into immune-compromised NOG (NOD/Shi-scid/
IL-2Rynull) mice. Two weeks after cells were implanted, tumors
that grew from control TISCs expressing a scrambled shRNA (sh-
Scr) were significantly larger than those obtained from sh-OCT4-
expressing TISCs (415 + 120 mm® vs. 151 + 59 mm®; P < 0.01)
(Fig. S4).

To evaluate the function of leptin in TISC-mediated onco-
genesis, NOG mice implanted with CD133% TISCs (4 x 10%)

were randomly assigned to cohorts (» = 8 mice/cohort) receiving
i.p. injections of either PBS vehicle or leptin (2 pg/g body weight)
every other day for a total of six injections. TISCs implanted into
the leptin-treated mice grew more rapidly and after 3 wk attained
significantly greater tumor volumes compared with tumors
implanted mto the vehicle-treated cohort (1,260 + 275 mm?® vs.
448 + 246 mm’; P < 0.01) (Fig. 4C).

We next 1mplanted TISCs (4 x 10*) s.c. into obese ob/ob or
Lepr™® mice or into lean littermate controls. As anticipated,
TISCs implanted into obese hosts formed tumors more rapidly
than those implanted into the lean controls (31) (Flg 4D). No-
tably, however, TISCs implanted into Lepr®™“® mice, which lack
a functional leptin receptor but produce leptin, grew more rap-
idly than TISCs implanted into comparably overweight ob/ob
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prepared from TISC tumors recovered from ob/ob, Lepr®'?®, or lean control hosts. Tumors from all hosts were allowed to attain similar volumes (400-500

mm?) before surgical recovery and preparation of lysates.
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mice, which are unable to produce the leptin hormone (1,230 +
244 mm® vs. 477 + 149 mm?>; P < 0.01) (Fig. 4D). Biochemical
analysis of tumors allowed to reach comparable volumes (400—
500 mm?*) before surgical removal showed that levels of tyrosine
phosphorylated STAT3 (p-Y705) were reduced in tumors
obtained from ob/ob mice compared with those from Lepr™/®
hosts (Fig. 4F), indicating that leptin serves as a central activator
of STAT3 in these TISC populations.

To determine the significance of these findings in human can-
cers, we analyzed the expression of OB-R in human hepatocel-
lular carcinoma specimens and matched normal liver tissue
obtained from the same patients. Immunostaining analysis
revealed that a majority of CD133™ liver tumor cells strongly
coexpressed OB-R (57.3 &+ 8.6%; n = 482) whereas very few
CD133" cells did so (1.8 0.8%;n = 511) (P < 0.01) (Fig. 5A4 and
B). In support of these findings, immunoblotting of lysates pre-
pared from flash-frozen human HCC clinical specimens and
matched, noncancerous tissues demonstrated significantly greater
abundance of OB-Rb specifically within tumor tissues (Fig. 5C).

We also conducted an extensive meta-analysis comparing
expression levels of OCT4 and OB-R using micorarray data
generated from human pancreatic cancer, breast cancer, and
multiple myeloma tissue specimens and from cultured human
epithelial colorectal adenocarcinoma (CaCo-2) cells. Through
this approach, we elucidated a robust, statistically significant
(P < 0.05) positive correlation between expression of OCT4 and
OB-R across these diverse human cancers (Fig. 5D), extending
the clinical significance of the causal relationship between OCT4
and OB-R first identified in mouse TISCs.

Discussion

We demonstrate that profound and selective expression of the
leptin receptor OB-R occurs across a broad array of pluripotent
cell types, including in nontransformed human and mouse-de-
rived ESC and iPSC lines, implicating robust expression of OB-R
as an underlying feature of the pluripotent state. These findings
reveal a signaling route from white adipose tissue to tumor stem
cell subpopulations and indicate that TISCs are intrinsically
primed to modulate the expression and activity of a pluripotency-
associated TF network in response to fluctuations in body-fat
levels. The identification of this physiological signaling circuit has
implications for our understanding of how systemic hormonal
cues can influence tumor growth and malignant progression.
Epidemiological studies have demonstrated that excess body
fat increases the incidence of cancers from multiple tissue types
and is associated with an elevated risk of cancer mortality (32,
33). Elevated serum insulin and IGF-1 (34-36) and colonization
of tumors by adipose-derived stromal and vascular endothelial

Fig. 5. Elevated OB-R expression in human HCC
and correspondence of OB-R and OCT4 in multiple
tumor types. (A) Immunohistochemical analysis of
HCC tumors. Surgically resected HCC patient tumor
specimens from age-matched specimens were fixed
and stained with antisera to CD133 and OB-R and
counterstained with DAPI to indicate nuclei. White
arrows indicate examples of cells strongly coex-
pressing CD133 and OB-R. (Scale bar, 100 pm.) (B)
Quantification of CD133 and OB-R reactivity.
CD133* and CD133" cells were scored for the de-
gree of OB-R immunopositivity. Brackets indicate
statistically significant (**P < 0.01) comparisons
between groups. (C) Immunoblot analysis of
lysates prepared from surgically resected HCC pa-
tient specimens (T) and matched normal tissue (N).
Immunoblot of actin serves as a control for protein

cells (37, 38) have been put forward as mechanisms to explain the
tumor-promoting effect of obesity. Genetic studies in mice have
further demonstrated an essential role for the proinflammatory
cytokines IL-6 and tumor necrosis factor (TNF) in the onset and
progression of experimental obesity-induced cancer (31, 39).
However, the question of whether distinct subpopulations of tu-
mor cells exhibit differential responses to these and other ex-
trinsic cues has been largely overlooked. The demonstration that
solid tumors and hematological malignancies are composed of
distinct subpopulations of cells (1, 2) raises the possibility that
a given signaling molecule can elicit varying effects on conversion
to a malignant phenotype in a manner that depends critically on
characteristics intrinsic to the responding cells.

Our findings here indicate that a rare subpopulation of
CD133* liver tumor progenitor cells is primed to respond to
leptin and that leptin can promote malignancy through activation
of TISCs in tumors of overweight animals. Whereas obesi%
stimulates tumor growth in overweight, leptin-producing Lepr®"
hosts, this effect is blunted in ob/ob mice, which cannot produce
leptin (Fig. 4D). We envision a scenario whereby IL-6 and TNF
signaling to the bulk of nonprogenitor tumor cells, and a self-
reinforcing leptin-signaling module active within CD133* TISCs
(Fig. 5E), define parallel, nonredundant pathways that co-
operatively drive obesity-induced oncogenesis. Notably, this
proposal does not rule out a critical role for IL-6 or TNF sig-
naling directly to TISCs in driving tumor growth. Elevated ex-
pression and plasma concentrations of these cytokines have been
noted in different rodent models of obesity (40), including in
ob/ob mice (41), and we detected increased levels of phospho-
STAT3 in tumors harvested from ob/ob mice relative to those
obtained from lean controls (Fig. 4E). Analysis of experimental
obesity-induced tumor growth in mice harboring targeted dele-
tions of Lepr, IL-6R, or TNF-R, or a combination of these loci,
will be required to evaluate the respective contributions of in-
flammatory cytokine and adipokine pathways to obesity-linked
oncogenesis.

The striking correspondence between elevated OB-Rb levels
and the pluripotent state, and the finding that leptin can maintain
pluripotency of cultured mESCs (Fig. 2), together raise the pos-
sibility that OB-Rb performs this function in blastocyst-stage
embryos. Although LIF sustains pluripotency in cultured mouse
ESCs, self-renewal is not abolished in the complete absence of
either LIF or its receptor LIFR (22, 42), pointing to a role for
other factors in sustaining pluripotency in vivo. Leptin is secreted
by uterine endothelial cells and is present in the uterine fluid
during implantation (43, 44), and female ob/ob mice are sterile
but can be restored to fertility by treatment with recombinant
leptin during the first 6.5 d post coitus (45), a time interval that

OB-R %
++ 57.3+/-86
+ 138+/-43 ||
28.9+/-4.0
++ 1.8+/-08 ] -
+ 119+/-2.7
- 86.3+/-9.7

E OB-Rb
IL6R/gp130 . -

OB-Rb
(long exp.)
OB-Rb

(short exp.)

misc )/ adipose tissue

STAT3 leptin

. n nesi:
actin oncogenesis

0OCT4/SOX2

OB-Rb

Lepr 1~ Y

OB-R expression

loading. (D) Scatter plots showing results from meta-analysis comparing the expression levels of OB-R and OCT4 across multiple tumor samples. Expression
data were collected from pancreatic and breast cancers, multiple myeloma, and CaCo-2 colon adenocarcinoma cells. (E) Model of leptin action on TISCs in
promoting tumor growth. Leptin signaling triggers phosphorylation and activation of STAT3 to induce OCT4 and SOX2, thereby completing a self-reinforcing
oncogenic signaling circuit in TISCs. Cytokines such as IL-6 and TNF may also contribute to this signaling network.
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corresponds to the expansion of naive, pluripotent ESCs in the
blastocyst (8). These findings raise the possibility that leptin sig-
naling to OB-Rb functions as an independent signaling axis to
maintain the pluripotent state in mouse blastocysts. Such a func-
tion may extend to human embryonic development, a proposal
that is consistent with a recent report implicating leptin in sup-
porting both the proliferation and the pluripotency of cultured
human embryonic stem cells (46).

Materials and Methods

Vectors. Lepr-luciferase promoter reporter constructs were generated by PCR
using Pfu polymerase and C57BL/6 mouse genomic DNA as a template. Point
mutants were introduced into the —60/+535 reporter by the Pfu/Dpnl
method. All clones were confirmed by sequencing on both strands.

Cells and Reagents. Liver tumors were removed surgically before euthanasia
from NS5a-Tg mice (18) maintained for 12 mo on a Lieber-Decarli alcohol
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diet (3.5% alcohol). TISCs were isolated using the anti-prominin1 (CD133)
MACS affinity column (Miltenyi Biotech) following mechanical dissociation
of liver tumors.

Statistical Analysis. Statistical significance was estimated by unpaired, two-
tailed Student'’s t test. Bars represent the mean and error bars the SD. For all
figures, statistical significance is represented by asterisks above each column:
*P < 0.05; **P < 0.01.
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