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Abstract: Insulin-like growth factor binding protein 3 (IGFBP3), a hypoxia-inducible gene, regulates a variety of cel-
lular processes including cell proliferation, senescence, apoptosis and epithelial-mesenchymal transition (EMT). 
IGFBP3 has been linked to the pathogenesis of cancers. Most previous studies focus upon proapoptotic tumor 
suppressor activities of IGFBP3. Nevertheless, IGFBP3 is overexpressed in certain cancers including esophageal 
squamous cell carcinoma (ESCC), one of the most aggressive forms of squamous cell carcinomas (SCCs). The 
tumor-promoting activities of IGFBP3 remain poorly understood in part due to a lack of understanding as to how the 
tumor microenvironment may influence IGFBP3 expression and how IGFBP3 may in turn influence heterogeneous 
intratumoral cell populations. Here, we show that IGFBP3 overexpression is associated with poor postsurgical prog-
nosis in ESCC patients. In xenograft transplantation models with genetically engineered ESCC cells, IGFBP3 contrib-
utes to tumor progression with a concurrent induction of a subset of tumor cells showing high expression of CD44 
(CD44H), a major cell surface receptor for hyaluronic acid, implicated in invasion, metastasis and drug resistance. 
Our gain-of-function and loss-of-function experiments reveal that IGFBP3 mediates the induction of intratumoral 
CD44H cells. IGFBP3 cooperates with hypoxia to mediate the induction of CD44H cells by suppressing reactive 
oxygen species (ROS) in an insulin-like growth factor-independent fashion. Thus, our study sheds light on the growth 
stimulatory functions of IGFPB3 in cancer, gaining a novel mechanistic insight into the functional interplay between 
the tumor microenvironment and IGFBP3.
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Introduction

Esophageal squamous cell carcinoma (ESCC) is 
one of the deadliest forms of all human squa-
mous cell carcinomas (SCCs), characterized by 
poor prognosis and limited therapeutic inter-
vention. Treatment failure can be linked to 
tumor-cell heterogeneity due to diverse cell 
types (cancer cells, fibroblasts, immune cells, 
blood vessels) in tumors. ESCC cells them-
selves contribute to intratumoral heterogene-

ity. Amongst the cell surface markers defining 
distinct subsets of cancer cells is CD44. As a 
major receptor for hyaluronic acid, CD44 has a 
role in cancer cell invasion, metastasis and 
drug resistance by mediating crosstalk between 
cancer cells and the surrounding microenviron-
ment [1-4]. High CD44 (CD44H) expression has 
been attributed to tumorigenic cells or those 
referred to as tumor initiating cells or cancer 
stem cells (CSCs). Tumor initiating capability of 
CD44H cells has been documented in many 
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tumor types including head and neck SCC 
(HNSCC) and ESCC [4-7]. CD44 is upregulated 
in cancer cells adjacent to tumor stroma [6]. 
Cancer cells display increased generation of 
reactive oxygen species (ROS) and adaptation 
to oxidative stresses [8]. CD44 has been impli-
cated in regulation of antioxidant capacity of 
CSCs [9-11]. In the tumor microenvironment, 
hypoxia regulates CD44 expression via hypoxia 
inducible factor (HIF)-1α [12]; however, it 
remains elusive as to how ESCC cells cope with 
oxidative stress under hypoxic conditions. 

Insulin-like growth factor binding protein 3 
(IGFBP3) regulates cell proliferation and apop-
tosis in insulin-like growth factor (IGF)-
dependent and independent manners. IGFBP3 
has been linked to the pathogenesis of can-
cers. Most previous studies focus upon pro-
apoptotic tumor suppressor activities of 
IGFBP3, inhibiting the prosurvival IGF-mediated 
signaling [13]. Nevertheless, IGFBP3 is overex-
pressed in ESCC and other tumor types where 
its biological significance remains unclear [14-
16]. Hypoxia activates IGFBP3 transcription 
through HIF-1α [17]. IGFBP3 is often localized 
to the intratumoral hypoxic area [17]. Under 
experimental conditions, ectopically expressed 
IGFBP3 neutralizes IGFs to trigger apoptosis in 
ESCC cells upon xenograft transplantation [18]; 
however, endogenous IGFBP3 is induced in 
tumors and permissive for tumor formation. 
Moreover, IGFBP3I56G/L80G/L81G (GGG-IGFBP3) 
lacking IGF-binding capability not only negates 
apoptosis, but facilitates invasive tumor growth 
in vitro and in vivo [16, 17, 19-21]. Thus, IGFBP3 
may have context-dependent tumor-promoting 
activities. 

The tumor-promoting activities of IGFBP3 
remain poorly understood in part due to limited 
understanding of the roles of IGFBP3 influenc-
ing tumor cell heterogeneity in the hypoxic 
tumor microenvironment. We hypothesized that 
IGFBP3 has a unique biological activity in 
established tumors. Herein, we demonstrate 
for the first time that IGFBP3 may have a novel 
IGF-independent antioxidant activity, suppress-
ing ROS-mediated cytotoxicity, thereby increas-
ing the intratumoral CD44H cells in the hypoxic 
tumor microenvironment.

Materials and methods

Tissue microarrays and immunohistochemistry

ESCC tissues and adjacent non-cancerous 
mucosa were procured via surgery at the 

Kagoshima University Hospital (YK and SN) and 
used to generate tissue microarray as described 
previously [22]. All of the clinical materials were 
obtained from informed-consent patients in 
accordance with Institutional Review Board 
standards and guidelines. Immunohistochemi- 
stry was performed and scored as described 
previously [23]. In brief, sections were incubat-
ed with anti-human IGFBP-3 mouse monoclo-
nal antibody (Clone 84728.111) (R&D Systems, 
Minneapolis, MN) at 1:250 dilution, followed by 
incubation with biotinylated secondary IgG and 
signal development using the DAB Peroxidase 
Substrate Kit (Vector). The staining was 
assessed independently by two of the authors 
(SN and AJK). The intensity was scored as neg-
ative (0), weakly positive (0.5), definitively posi-
tive (1) or strongly positive (2).

Cells and treatment

ESCC cell lines (TE11, TE12 and T.T), T-TeRas 
and derivatives including those expressing 
wild-type (WT) or GGG-mutant IGFBP3 were 
established and exposed to either hypoxia 
(0.5% O2) or normoxia (21% O2); or treated with 
or without hydrogen peroxide (H2O2) (Sigma-
Aldrich, St. Louis, MO) or recombinant human 
IGFBP-3 (rhIGFBP3) as described previously 
[17, 18, 21, 24].

Lentivirus or retrovirus-mediated gene transfer 
and transient transfection for RNA interfer-
ence (RNAi)

Stable transduction of cells with tetracycline-
inducible (Tet-On) or constitutively-expressed 
short hairpin RNA (shRNA) directed against 
IGFBP3 (V2LHS_111628 and V2LHS_225584; 
BP3-1 and BP3-2) or a non-silencing scramble 
control sequence (RHS4743) (Open Biosystems, 
Huntsville, AL) were done as described previ-
ously [21]. Small interfering RNA (siRNA) 
sequences directed against IGFBP3 (Stealth 
siRNA, HSS105267 and HSS179812; BP3-1 
and BP3-2) or a non-silencing control sequence 
(Silencer Select Negative Control #1) (10 nM) 
(Invitrogen, Carlsbad, CA) were transfected 
transiently with LipofectamineTM RNAi Max 
reagent (Invitrogen), following the manufactur-
er’s instructions. Sixteen hours after the trans-
fection, cells were exposed to hypoxia or nor-
moxia, or treated with or without H2O2 for 48 h.

Flow cytometry and Fluorescence Activated 
Cell Sorting (FACS)

FACSCalibur (BD Biosciences, San Jose, CA) 
and FlowJo (Tree Star, Ashland, OR) were used 
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for flow cytometry. Cells were suspended in 
Hank’s balanced salt solution (Invitrogen) con-
taining 1% BSA (Sigma-Aldrich) and stained 
with PE/Cy7-anti-CD24 at 1:10 (BioLegend, San 
Diego, CA) and APC-anti-CD44 at 1:20 (BD 
Biosciences) on ice for 30 min. To purify CD44L 
and CD44H cells, xenograft tumors were 
minced into 1 mm3 pieces and incubated in 
Dulbecco’s modified Eagle medium (DMEM) 
(Invitrogen) containing 1 mg/ml collagenase I 
(C9263-1G, Sigma-Aldrich) at 37°C for 90 min. 
Following centrifugation, residual tissue pieces 
were digested in 0.05% trypsin-EDTA (Invitrogen) 
at 37°C for 10 min and then with 1 U/ml 
Dispase (#354235, BD Biosciences) and 100 
μg/ml DNase I (#10104159001, Roche) at 
37°C for 10 min. Dissociated tumor cells were 
filtrated with a 40 µm cell strainer (BD 
Biosciences), washed and incubated with the 
above anti-CD24 (1:10) and anti-CD44 (1:20) 
antibodies along with FITC-anti-mouse histo-
compatibility complex class I antigen H-2K[d] 
(1:10) (BD Biosciences, San Jose, CA) and prop-
idium iodide (1:250) (Sigma-Aldrich). FACS 
Vantage SE (BD Biosciences) was used to iso-
late CD44high-CD24low/- cells (CD44H) and 
CD44low/--CD24low/- cells (CD44L) from TE11 and 
T-TeRas xenograft tumors. Flow cytometry was 
repeated for each genotype and condition at 
least three times.

DCF assay

ROS were determined by flow cytometry with 2’, 
7’-dichlorodihydrofluorescein diacetate (DCF) 
dye (Invitrogen) according to the manufactur-
er’s instruction. In brief, cells were incubated 
with 10 µM DCF at 37°C for 30 min and further 
cultured for up to 3 hours prior to flow 
cytometry. 

Real-time reverse-transcription polymerase 
chain reaction (RT-PCR)

Real-time RT-PCR for IGFBP3 was done as 
described previously using β-actin as an 
internal control [17, 21].

Western blotting

Western blotting was done as described previ-
ously [17, 21] using the following primary anti-
bodies at the indicated titers; anti-IGFBP3 
(DSL-R00536; Diagnostic Systems Laborato- 
ries, Webster, TX) (1:1000), anti-HIF-1α (6109- 

58; BD Biosciences) (1:1000) and anti-β-actin 
(AC74; Sigma-Aldrich, St. Louis, MO) (1:5000).

Statistical analyses

Data from experiments are presented as mean 
± standard error (n=3) or mean ± standard 
deviation (n=8) and were analyzed by two-tailed 
Student’s t test. P<0.05 was considered signifi-
cant. Overall survival curves were plotted by 
the Kaplan-Meier method and subjected to the 
log rank test. Variables with a value of P<0.05 
by univariate analysis were used for subse-
quent multivariate analyses based on Cox’s 
proportional hazards model. 

Results

IGFBP3 contributes to invasive tumor growth 
and poor prognosis in ESCC patients 

To determine whether IGFBP3 expression may 
influence disease progression in ESCC patients, 
we first performed immunohistochemistry (IHC) 
for IGFBP3 using tissue microarrays represent-
ing paired primary tumors and adjacent normal 
mucosa from patients who underwent esopha-
gectomy and lymph node dissection without 
prior neoadjuvant chemotherapy or radiation 
therapy. IGFBP3 was overexpressed in tumors 
in 32 out of 91 informative cases (35%) com-
pared to adjacent normal mucosa (Figure 1A). 
IGFBP3 expression was weak in normal or non-
cancerous esophageal mucosa; and no tumor 
samples showed apparent downregulation of 
IGFBP3 in ESCC cells compared to adjacent 
normal mucosa (data not shown) as shown pre-
viously [24]. ESCC cells tended to express 
IGFBP3 focally. Six cases (6.6%) with the most 
intense IGFBP3 expression showed a signifi-
cantly reduced postsurgical survival rate 
(Figure 1B) associated significantly with tumor 
depth, lymph node metastasis, lymphatic inva-
sion and venous invasion (Table 1), implying 
IGFBP3 overexpression in tumor progression.

IGFBP3 may regulate tumor growth influencing 
CD44H cell content in xenograft tumors

We hypothesized that IGFBP3 may influence 
tumor growth and CD44 expression in ESCC 
cells in the hypoxic tumor microenvironment. 
We used TE11 and T-TeRas cells since both 
form xenograft tumors in immunodeficient mice 
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Figure 1. High IGFBP3 expression is associated with poor 
prognosis in ESCC patients. A: Immunohistochemistry re-
veals focal upregulation of IGFBP3 in primary ESCC tissues 
on tissue microarrays. Two representative cases scored as 
strongly positive IGFBP3 expression in tumors are shown. 
Note an intense cytoplasmic staining of IGFBP3 (arrows). 
IGFBP3 was expressed in spindle-shaped tumor cells rem-
iniscent of EMT in case 1. Scale bars, 50 μm. B: A high 
level of IGFBP3 expression predicts a poor 5 year survival 
rate. Overall survival curves were plotted according to the 
Kaplan-Meier method, and p value was calculated using 
log rank test.

Table 1. Univariate and multivariate analysis of factors affecting overall survival rate

Variables Number of 
patients

5-year survi- 
val rate (%)

Univariate analysis Multivariate analysis
p-value Relative risk (confident interval) p-value

Sex
    male 82 29.3

0.037
    female 9 37.8
Tumor depth
    pT1, 2 38 56.3

<0.001
1.591

0.002
    pT3, 4 53 15.9 (1.188-2.180)
Lymph node metastasis
    negative 44 47.0

0.003
1.200

0.211
    positive 47 18.8 (0.902-1.610)
Lymphatic invasion
    negative 31 42.1

0.032
    positive 60 28.3
Venous invasion
    negative 63 39.6

0.005
1.241

0.137
    positive 28 17.9 (0.932-1.638)
IGFBP3 expression
    Low (score 0-1) 85 35.0

0.045
1.268

0.31
    High (score 2) 6 0.0 (0.780-1.880)
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and that hypoxia has been documented in 
resulting tumors [17, 25]. TE11 forms well-dif-
ferentiated SCC [17] while T-TeRas gives rise to 
poorly-differentiated tumors [21]. TE11 cells 
show relatively high basal IGFBP3 expression 
[16]. T-TeRas cells show low IGFBP3 expression 

in culture and a moderate induction in xeno-
graft tumors [18].

To perform RNAi experiments in vivo, TE11 cells 
were stably transduced by lentivirus expressing 
tetracycline inducible shRNA directed against 

Figure 2. IGFBP3 knockdown inhibits TE11 xenograft tumor growth and reduces intratumoral CD44H cells. (A) TE11 
cells with Tet-On shRNA directed against IGFBP3 or a non-silencing sequence (scramble) were exposed to either hy-
poxia or normoxia in the presence or absence of 0.5 µg/ml DOX for 48 h for documentation of the RNAi effect upon 
IGFBP3 expression. Western blotting was done to evaluate indicated molecules with β-actin as a loading control. In 
(B-D), TE11 derivatives with indicated genotypes were xenografted. Mice were administered drinking water with or 
without DOX starting at day 28 for 3 weeks to be sacrificed at day 49. Tumor growth (B), histology (hematoxylin and 
eosin staining) (C) and intratumoral CD44H cells (D) were evaluated. Note that in (C), the tumor without IGFBP3 
knockdown [top panels, DOX (-)] shows an invasive growth pattern as indicated by tumor cell nests extending into 
the adjacent muscle layers (arrows, top left panel) and poorly differentiated atypical cells exhibiting mitotic figures 
(top right panel). By contrast, the tumor with IGFBP3 knockdown [bottom panels, DOX (+)] is well-circumscribed as 
demarcated by arrow heads (bottom left panel) and contains more differentiated cells with fewer mitotic figures 
(bottom right panel). In (D), enzymatically dissociated TE11 cells were isolated from xenograft tumors for FACS 
analysis. *, P<0.05 vs. DOX (-); n=8 in (B) and n=3 in (D). Scale bar, 100 µm in (C).
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either IGFBP3 or a non-silencing scramble con-
trol sequence. When shRNA was induced in cul-
ture with 0.5 µg/ml doxycycline (DOX), IGFBP3 
expression was sharply suppressed under nor-
moxic and hypoxic conditions as documented 
by Western blotting (Figure 2A). IGFBP3 knock-
down did not affect cell proliferation or viability 
under normoxic conditions in culture (data not 
shown). To delineate the functional conse-
quences of IGFBP3 knockdown in established 
tumors, we first allowed tumors to grow to 
approximately 80 mm3 without expressing 
shRNA where tumor growth was found to be 
comparable regardless the genotype (Figure 
2B). Interestingly, tumor growth was significant-
ly suppressed once DOX was administrated to 
induce shRNA directed against IGFBP3, but not 
a non-silencing control sequence (Figure 2B). 
Histology revealed reduced tumor cell viability 
upon IGFBP3 knockdown while viable tumor 
cells showed less proliferative and more differ-
entiated characteristics with a lack of invasion, 
compared to control tumors (Figure 2C and 
data not shown). Interestingly, IGFBP3 knock-

with a control empty vector (Bla) only (Figure 
3A). Moreover, T-TeRas cells expressing 
WT-IGFBP3 failed to form tumors undergoing 
apoptosis as a consequence of IGF neutraliza-
tion by overexpressed IGFBP3 (Figure 3A; and 
data not shown). The intratumoral CD44H cells 
were significantly increased in GGG-mutant 
IGFBP3 expressing tumors compared to the 
Bla-control tumors (Figure 3B). These results 
suggest that IGFBP3 may have an IGF-
independent function to facilitate tumor growth 
with a concurrent increase in CD44H cells.

IGFBP3 may facilitate hypoxic induction of 
CD44H ESCC cells

We addressed further how IGFBP3 may influ-
ence CD44H cells under hypoxic conditions in 
cultured cells. Flow cytometry revealed upregu-
lation of CD44 in both TE11 and T-TeRas cells 
upon hypoxic exposure (Figure 4A). In TE11, 
IGFBP3 knockdown suppressed CD44H cells 
by 50% under hypoxic, but not normoxic condi-
tions (Figure 4B). A similar response was 

Figure 3. Ectopically expressed WT- and GGG-mutant IGFBP3 induces 
CD44H cells in T-TeRas in culture and xenograft tumors. T-TeRas derivatives 
with indicated genotypes [18, 21] were xenografted. Cells were xenografted 
to evaluate tumor growth (A) and intratumoral CD44H cells (B). The rela-
tive CD44H cell level (gated subpopulation within the representative dot 
plots) was shown in the histogram where the number of CD44H cells from 
T-TeRas-Bla was set as 1. Note that FACS analysis in (B) for T-TeRas tumors 
with WT-IGFBP3 were precluded due to growth failure [18]. Bla, empty vec-
tor control; WT, wild-type IGFBP3; GGG, GGG-mutant IGFBP3. *, P<0.05 vs. 
Bla and WT; n=8 in (A) and n=3 in (B).

down decreased intratumoral 
CD44H cell content by 30% 
(Figure 2D). A non-specific 
inhibitory effect upon IGFBP3 
expression was observed in 
culture and attributable to 
either DOX or scramble shRNA 
(Figure 2A); however, scramble 
shRNA did not affect tumor 
growth with or without DOX 
treatment (Figure 2B). More- 
over, DOX alone did not affect 
tumor growth by cells without 
the shRNA transgene con-
structs (data not shown). 
These findings suggest that 
IGFBP3 may be required in 
regulation of ESCC cell prolif-
eration, differentiation and 
invasion as well as CD44H 
cells in established tumors 
with hypoxic tumor microenvir- 
onment.

We next tested how IGFBP3 
overexpression may affect 
CD44H cell content in T-TeRas 
tumors. As we have described 
previously [18, 21], T-TeRas 
tumors with GGG-mutant IGF- 
BP3 grew faster than those 
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observed when siRNA was used instead of 
shRNA without having non-specific IGFBP3 inhi-
bition by a non-silencing control sequence 
(data not shown). In T-TeRas cells, the hypoxic 
induction of CD44H cells was augmented by 
either WT- or GGG-mutant IGFBP3 (Figure 4C). 
Unlike xenograft tumors, ectopically expressed 
WT-IGFBP3 did not affect T-TeRas cell prolifera-
tion or viability in culture as cell culture medium 
contained a physiologically exceeding level of 
insulin as a substitute of IGFs that stimulates 
IGF1 receptor while negating the IGF-

neutralizing effect of IGFBP3 [18, 26]. These 
data suggest that IGFBP3 may have a role in 
the hypoxic induction of CD44H cells via an 
IGF-independent mechanism.

IGFBP3 may suppress ROS to facilitate ESCC 
cell adaptation and survival in the hypoxic 
conditions

Since both IGFBP3 and CD44 are HIF-1α target 
genes, we initially suspected that IGFBP3 may 
be upregulated in CD44H cells purified from 

Figure 4. IGFBP3 mediates hypoxic induction of CD44H cells in culture. TE11, T-Te-Ras and indicated derivatives 
were exposed to hypoxia (0.5% O2) or normoxia for 48 h and analyzed by FACS for CD44H cells. In (A), a segmented 
line indicates the CD44H cell fraction. In (B), TE11 cells with Tet-On shRNA directed against IGFBP3 or a non-
silencing sequence (scramble) were treated in the presence or absence of 0.5 µg/ml DOX. In (C), Bla, empty vector 
control; WT, wild-type IGFBP3; GGG, GGG-mutant IGFBP3. *, P<0.05 vs. Normoxia (n=3) in (A); P<0.05 vs. Scramble 
and DOX (+) (n=3) in (B); and P<0.05 vs. Bla and Normoxia (n=3) in (C). #, P<0.05 vs. Bla and Hypoxia (n=3) in (C).
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xenograft tumors. Despite our prediction, 
IGFBP3 mRNA was found to be sharply sup-
pressed in CD44H cells in both TE11 and 
T-TeRas cells (Figure 5), suggesting the possi-
bility that CD44H cells per se may not neces-
sarily depend upon IGFBP3 expression. We 
hypothesized that IGFBP3 may facilitate de 
novo generation of CD44H cells by negatively 
regulating ROS in ESCC cells in the hypoxic 
tumor microenvironment. When IGFBP3 was 
suppressed by siRNA, ROS production was 
greatly enhanced upon exposure to either 
hypoxia or H2O2 in TE11 cells with increased 
cell death (Figure 6A and 6B). In T-TeRas cells, 
ectopically expressed WT- or GGG-mutant 
IGFBP3 inhibited ROS generated in response to 
hypoxia or H2O2 (Figure 6C), preventing hypoxia 
or H2O2 from inducing cell death (Figure 6D), 
albeit to a modest extent.

To further validate the IGFBP3-mediated ROS 
regulation, we employed additional ESCC cell 
lines TE12 and T.T which display intermediate 
and modest IGFBP3 expression levels, respec-
tively [16]. In TE12 cells, IGFBP3 knockdown 
increased basal ROS and increased ROS in 
response to hypoxia, albeit to a lesser extent 
than was observed in TE11 cells (data not 
shown). Interestingly, T.T cells were more prone 
to H2O2-induced cell death than TE11 or TE12 
cells (data not shown). In T.T cells, ectopically 
expressed IGFBP3 or recombinant human (rh) 
IGFBP3 added into cell culture medium reduced 
ROS production upon hypoxic exposure (Figure 
7). In aggregate, these data suggest that 
IGFBP3 may suppress ROS under hypoxic con-
ditions via a unique IGF-independent antioxi-
dant function in ESCC cells.

Discussion

IGFBP3 may promote disease progression in 
patients with ESCC featuring a hypoxic tumor 
microenvironment

Using well-annotated tumor tissue microarrays 
and genetically engineered cell lines, we show 
for first time that IGFBP3 overexpression may 
contribute to ESCC disease progression (Figure 
1), influencing intratumoral CD44H cell content 
in the hypoxic tumor microenvironment (Figures 
2-4). CD44H cells per se show low IGFBP3 
expression (Figure 5); however, IGFBP3 facili-
tates ESCC cell adaptation to hypoxia and 
increase CD44H cells by suppressing ROS in an 
IGF-independent manner (Figures 6 and 7).

Given context-dependent dichotomous tumor 
promoting and suppressive functions of 
IGFBP3, the prognostic value of IGFBP3 expres-
sion remains unclear in many tumor types. 
Earlier studies link IGFBP3 overexpression to 
poor prognosis in breast cancer [27, 28]. 
IGFBP3 positive test results by IHC predicted 
poor prognosis in HNSCC patients showing con-
current IGF-1 receptor expression [29]. IGFBP3 
expression was also found to be downregulated 
in 32% of tongue SCC cases (n=34) and 48% of 
ESCC cases (n=110), contributing to poor prog-
nosis [30, 31]. Unlike these studies, none of 
our primary tumor samples showed IGFBP3 
downregulation in ESCC cells compared to non-
cancerous epithelial cells in the adjacent nor-
mal mucosa. This is in agreement with our own 
previous study documenting IGFBP3 overex-
pression at the mRNA and protein levels in a 
distinct ESCC patient cohort [24]. As a hypoxia 
target gene, IGFBP3 was often found in the pri-
mary ESCC tumor cells surrounding a necrotic 
lesion [17]. Discrepancies between our data 
and others may be accounted for in part by 
intratumoral heterogeneous and focal expres-
sion of IGFBP3 (Figure 1A). They may also 
attributable to different scoring methods used 
for IHC results. In addition, some of the com-
mercially available IGFBP3 antibodies fail to 
detect full length IGFBP3 by Western blot analy-
sis (Natsuizaka et al. unpublished data). Since 
moderate IGFBP3 upregulation had no prog-
nostic impact in this study, a further study is 
warranted with an increased sample size.

IGFBP3 may influence intratumoral CD44H 
ESCC cell content

How does IGFBP3 facilitate tumor growth? 
TE11 cells with IGFBP3 knockdown formed less 

Figure 5. IGFBP3 mRNA is downregulated in CD44H 
cells from xenograft tumors. IGFBP3 mRNA was de-
termined by qRT-PCR in CD44L and CD44H cells 
purified from TE11 and T-TeRas xenograft tumors. 
*, P<0.05 vs. CD44L; ns, not significant vs. CD44L 
(n=3).
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invasive tumors (Figure 2). By contrast, IGFBP3 
overexpression in T-TeRas cells promoted inva-
sive tumor growth (Figure 3) associated with 
increased epithelial-mesenchymal transition 
(EMT) [21]. Interestingly, IGFBP3 promotes vas-
cular survival and regrowth in a rodent model of 
retinopathy where IGFBP3 has an IGF-
independent role to recruit endothelial progeni-
tor cells [32]. IGFBP3 also facilitates migration, 
differentiation, and capillary formation of adult 
bone marrow-derived endothelial precursor 
cells [33]. Thus, IGFBP3 may stimulate angio-
genesis, promoting tumor growth in established 
tumors.

Although we did not directly address the role of 
IGFBP3 in CSCs, influence of IGFBP3 upon 
intratumoral CD44H cells (Figures 2 and 3) is a 
novel finding. As a secretory protein, IGFBP3 
interacts with numerous extracellular matrix 
proteins including Fibronectin [34]. The trans-
forming growth factor (TGF)-β and EGFR signal-
ing pathways are also influenced by IGFBP3 
[24, 35-39]. Since CD44 interacts also with 
these extracellular matrix proteins and signal-
ing pathways, IGFBP3 and CD44 may have a 
mutual functional interplay. IGFBP3 was occa-
sionally found in spindle-shaped ESCC cells 
reminiscent of EMT (Figure 1A). As a key con-

Figure 6. IGFBP3 influences ROS and cell viability in response to hypoxia or H2O2. TE11 cells were transiently trans-
fected with siRNA directed against IGFBP3 (BP3-1 and BP3-2) or a non-silencing sequence (scr, scramble) in (A) 
and (B). T-TeRas derivatives with indicated genotypes were used in (C) and (D). Cells were exposed for 48 h to either 
hypoxia or normoxia; or H2O2 at 400 µM. In (A) and (C), ROS levels were determined by DCF assays. In (B) and (D), 
cell viability was determined. Bla, empty vector control; WT, wild-type IGFBP3; GGG, GGG-mutant IGFBP3. *, P<0.05 
vs. scramble and either normoxia or H2O2 (-); #, P<0.05 vs. scramble and either hypoxia or H2O2 (+) (n=3) in (A) and 
(B). *, P<0.05 vs. Bla and either normoxia or H2O2 (-); #, P<0.05 vs. Bla and either hypoxia or H2O2 (+) (n=3) in (C) 
and (D). 
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stituent of the tumor microenvironment, hypox-
ia regulates CSCs [40] and EMT [41]. EMT has 
been implicated in CD44H CSC generation [42]. 
TGF-β mediates hypoxic induction of EMT [43]. 
A subset of ESCC cells undergoes EMT in the 
invasive tumor front [44]. In human esophageal 
cells, EGFR facilitates enrichment of EMT-
competent cells [45] where IGFBP3 promotes 
TGF-β-mediated EMT [21]. Cancer cells with low 
CD44 (CD44L) expression may spontaneously 
give rise to CD44H cells [46]. Therefore, IGFBP3 
may promote an EMT-mediated conversion of 
non-CSC to CSC. 

IGFBP3 may regulate ROS via multiple mecha-
nisms

This study reveals for the time an IGF-
independent antioxidant function of IGFBP3 
(Figures 6 and 7). IGFBP3 is induced upon rep-
licative or stress-induced senescence [47-49]. 
Thus, IGFBP3 may have broader roles for cop-
ing with stress-inducing stimuli. How may 
IGFBP3 suppress ROS? Superoxide dismutase 
2 (SOD2) is upregulated in T-TeRas with ectopi-
cally expressed IGFBP3 although it is unclear 
whether IGFBP3 may directly regulate SOD2 
(Natsuizaka et al. unpublished observations). 
Investigation is currently underway as to how 
IGFBP3 may influence the cellular redox regula-
tory mechanisms. Although our data imply an 
IGF-independent role of IGFBP3, suppression 
of IGF-mediated signaling has been implicated 
in oxidative stress resistance and longevity in 
multiple organisms [50]. Therefore, IGFBP3 
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Figure 7. IGFBP3 regulates ROS in T.T cells. T.T cells were stably transduced 
with WT-IGFBP3, GGG-IGFBP3 or empty vector (Bla) to create derivatives 
with indicated genotypes. A: Cells were subjected to Western blotting with 
β-actin as a loading control. B: T.T derivatives with indicated genotypes or 
parental T.T cells incubated with or without rhIGFBP3 (rhBP3) were exposed 
to either hypoxia or normoxia for 48 h. ROS levels were determined by DCF 
assays.*, P<0.05 vs. either Bla or 0 nM rhBP3 and normoxia; #, P<0.05 vs. 
either Bla or 0 nM rhBP3 and hypoxia (n=3).

may suppress ROS in both 
IGF-dependent and indepen-
dent manners.

In conclusion, our study sheds 
light on the growth stimulatory 
role of IGFPB3 in cancer via an 
IGF-independent antioxidant 
activity that may influence 
CD44H cells including puta-
tive CSCs, gaining a novel 
mechanistic insight into the 
functional interplay between 
the tumor microenvironment 
and IGFBP3.
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