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Acylglycerol kinase augments JAK2/STAT3
signaling in esophageal squamous cells
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JAK?2 activity is tightly controlled through a self-inhibitory effect via its JAK homology domain 2 (JH2), which
restricts the strength and duration of JAK2/STAT?3 signaling under physiological conditions. Although mul-
tiple mutations within JAK2, which abrogate the function of JH2 and sustain JAK2 activation, are widely
observed in hematological malignancies, comparable mutations have not been detected in solid tumors. How
solid tumor cells override the autoinhibitory effect of the JH2 domain to maintain constitutive activation of
JAK2/STATS3 signaling remains puzzling. Herein, we demonstrate that AGK directly interacted with the JH2
domain to relieve inhibition of JAK2 and activate JAK2/STAT3 signaling. Overexpression of AGK sustained
constitutive JAK2/STAT?3 activation, consequently promoting the cancer stem cell population and augmenting
the tumorigenicity of esophageal squamous cell carcinoma (ESCC) cells both in vivo and in vitro. Furthermore,
AGK levels significantly correlated with increased STAT3 phosphorylation, poorer disease-free survival, and
shorter overall survival in primary ESCC. More importantly, AGK expression was significantly correlated with
JAK2/STAT3 hyperactivation in ESCC, as well as in lung and breast cancer. These findings uncover a mech-
anism for constitutive activation of JAK2/STAT3 signaling in solid tumors and may represent a prognostic

biomarker and therapeutic target.

Introduction

JAK2, a member of the Janus (JAK) family of nonreceptor protein
tyrosine kinases, regulates signaling via multiple cytokine recep-
tors, such as the interleukin-6 (IL-6), erythropoietin, leptin, and
interferon-y receptors (1-3). Functioning as a prototypical kinase
to mediate the phosphorylation of STAT3, JAK2 plays a cru-
cial role in regulating the JAK/STATS3 signaling pathway, which
is hyperactivated in a wide range of tumor types (2, 3). Recent
advances have shown that the JAK2/STAT3 pathway is involved
in the maintenance of the cancer stem cell (CSC) population. It
has been reported that JAK/STAT?3 signaling is required for induc-
tion of the pluripotency factor NANOG and the chemoresistant
phenotype in liver CSCs (4). Activation of the JAK/STAT3 path-
way in glioblastoma is essential for the maintenance of the tumor
stem cell-like phenotype, such as sphere formation, expression
of pluripotency-associated markers, and tumorigenicity (5). Con-
versely, blockade of JAK2 activation in breast cancer results in a
reduction of the CD44*/CD24- CSC population and aloss of tum-
origenicity in vivo (6). Disruption of constitutively activated JAK2/
STATS3 signaling has also been found to inhibit tumorigenicity
and tumor progression in multiple types of cancer (7-9).

JAK2 kinase is composed of 7 JAK homology (JH) domains,
namely JH1-7, from the carboxyl terminal to the amino terminal.
The JH1 domain functions as the kinase domain of JAK2, and
transphosphorylation of the tyrosine 1007 and 1008 residues in
the JH1 domain facilitates activation of JAK2. The JH3-7 region
of JAK2 is essential for receptor interactions (1, 10, 11). Interest-
ingly, basal JAK2 activity is shown to be tightly controlled by its
JH2 domain, which can physically interact with and inhibit the
kinase activity of the JH1 domain (12, 13). Mutation or deletion of
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the JH2 domain in Drosophila JAK or human JAK2 results in hyper-
activation of the kinase (14, 15). Importantly, the discovery of a
large number of mutations within the JH2 domain, which result in
persistent JAK2 activation in hematological malignancies, strongly
supports the notion that overriding JH2-mediated JAK2 inhibition
is crucial for JAK2 hyperactivation in cancer. The most common
JAK2 mutation that inhibits the function of JH2, JAK2 V617F, is a
driver mutation in hematological malignancies, such as polycythe-
mia vera, essential thrombocythemia, and primary myelofibrosis
(16-18). However, JAK2 mutations leading to a loss of function in
the JH2 domain are rarely reported in solid tumors, despite the
fact that persistent JAK2 activity is also widely observed (3, 19).
This raises the possibility that a potent, nonmutation-driven
mechanism may serve to override JH2-mediated inhibition of JAK2
and thus sustain constitutive activation of JAK2 in solid tumors.
Acylglycerol kinase (AGK), a multisubstrate lipid kinase, cata-
lyzes the production of lysophosphatidic acid and phosphatidic
acid from monoacylglycerol and diacylglycerol (20-22). Overex-
pression of AGK leads to activation of EGFR and promotes the
proliferation and migration of prostate cancer cells, suggesting
that AGK might act as a potent oncogene (20, 23). However, the
clinical significance of AGK and its associated signaling path-
ways remain unclear. Herein, we report that AGK is markedly
overexpressed in esophageal squamous cell carcinoma (ESCC) and
correlates with poorer disease-free survival and shorter overall sur-
vival in primary ESCC. Furthermore, we found that AGK directly
binds to the JH2 domain of JAK2 and blocks JH2-mediated inhibi-
tion of JAK2, resulting in constitutive activation of JAK2/STAT3
signaling and propagation of the CSC population in ESCC in vitro
and in vivo. More importantly, AGK expression was shown to cor-
relate significantly with STAT3-regulated signatures in ESCC,
lung cancer, and breast cancer patient gene expression profiles.
These findings uncover a mutation-independent mechanism of
JH2 inhibition that sustains activation of JAK2 in solid tumors.
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Figure 1

Identification of AGK as a JH2 domain—interacting protein that activates the JAK2/STAT3 pathway. (A) Lysates from ECa109 cells transfected
with HA-JH2 were immunoprecipitated using anti-HA affinity agarose, followed by MS peptide sequencing. AGK was identified in the precipitate
together with the 7 other indicated proteins. (B) Representative MS plots and sequences of peptides from AGK. (C) Immunoprecipitation assay
revealing that AGK interacted with JAK2 and STAT3. (D) STAT3 luciferase reporter activity was analyzed in AGK-transduced, AGK-silenced, and
control cells. Error bars represent the means + SD of 3 independent experiments. *P < 0.05. (E) Western blot analysis of p-STAT3 (Tyr705), total
STAT3, p-JAK2 (Tyr1007-1008), and total JAK2 expression in the indicated cells. a-Tubulin was used as a loading control. (F) GSEA plot showing
that AGK expression positively correlated with STAT3-activated gene signatures (DAUER_STAT3_TARGETS_UP, V$STAT3_01/02) and inversely
correlated with STAT3-suppressed gene signatures (DAUER_STAT3_TARGETS_Dn) in published ESCC patient gene expression profiles (NCBI/

GEO/GSE20347 and GSE29001, n = 79). IP, immunoprecipitation.

Results

Identification of AGK as a JH2 domain—interacting protein that activates
the JAK2/STAT3 pathway. To explore the mechanism by which solid
tumor cells override the autoinhibitory effect of JH2 to maintain
activation of JAK2/STATS3 signaling, affinity purification and
mass spectrometry (MS) were used to identify JH2-interacting
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proteins in ECal109 ESCC cells. As shown in Figure 1, A and B,
and Supplemental Figure 1A (supplemental material available
online with this article; doi:10.1172/JCI68143DS1), AGK and 7
other proteins were identified as potent JH2-interacting proteins.
Importantly, reciprocal coimmunoprecipitation and Western
blot assays further demonstrated that AGK could form a complex
Volume 123~ Number 6
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with JAK2 and STATS3, suggesting that AGK might be involved
in the regulation of JAK2/STAT3 signaling (Figure 1C). Indeed,
we found that among these JH2-interacting partners, overexpres-
sion of AGK dramatically increased, whereas silencing of AGK
decreased, STAT3 luciferase reporter activity and the expres-
sion levels of phosphorylated JAK2 (p-JAK2, Tyr1007-1008) and
phosphorylated STAT3 (p-STAT3, Tyr705) (Figure 1, D and E
and Supplemental Figure 1B). Furthermore, through analysis of
AGK expression and STAT3-regulated gene signatures via gene set
enrichment analysis (GSEA) (24, 25) in published ESCC patient
expression profiles, we found that AGK levels between normal and
tumor tissues and within tumors were positively correlated with
the STAT3-activated gene signatures and inversely correlated with
the STAT3-suppressed gene signatures (Figure 1F and Supple-
mental Figure 2). Taken together, these results suggest that AGK
contributes to the activation of JAK2/STAT3 signaling in ESCC.

AGK interacts with JAK2 via binding directly to its JH2 domain. To
further investigate the physical association between AGK and
the JAK2/STAT3 complex, the effect of AGK knockdown on the
interaction between endogenous JAK2 and STAT3 was examined.
As shown in Figure 2A (left panel), AGK silencing did not reduce
the binding affinity of JAK2 for STAT3, indicating that AGK does
not contribute to JAK2/STAT3 interaction. Though knockdown
of STAT3 did not lead to an obvious effect on the interaction
between JAK2 and AGK, silencing JAK2 dramatically decreased
the interaction between AGK and STAT3 (Figure 2A, middle and
right panels). These observations suggest that the AGK-STAT3
interaction occurs in an indirect manner and that AGK-mediated
activation of JAK2/STAT3 signaling might be dependent on JAK2.

Next, we examined whether AGK specifically interacts with the JH2
domain of JAK2. We constructed 3 truncated JAK2 fragments: JH1,
JH2, and JH3-7, the 3 major functional regions of JAK2 (Figure 2B).
We performed an immunoprecipitation assay which demonstrated
that AGK only interacted with the JH2 fragment of JAK2 (Figure 2C).
Importantly, far-Western blot analysis revealed that both immuno-
precipitated full-length JAK2 and the JH2 fragment interacted with
recombinant His-tagged AGK (Figure 2D), indicating that AGK
interacted with JAK2 by directly binding to its JH2 domain.

AGK sustains JAK2 activation via blockage of JH2-mediated autoinhi-
bition of JAK2. It has been demonstrated that JH2 domain-medi-
ated autophosphorylation is responsible for JH2-mediated JAK2
inhibition (26, 27). Therefore, we tested whether AGK-JH2 inter-
action can affect the phosphorylation status of JH2. Since there is
currently no commercially available JH2 phosphorylation-specific
antibody, we immunoprecipitated the ectopically expressed JH2
domain and then examined its phosphorylation status using a
phosphotyrosine-specific antibody. As shown in Figure 2E, over-
expression of AGK drastically reduced the phosphorylation level
of JH2 but elevated the expression of p-JAK2 (Tyr1007-1008), sug-
gesting that AGK induced JAK2 kinase activity via inhibition of
JH2 autophosphorylation. Furthermore, an in vitro kinase assay
showed that incubation of recombinant STAT3 with AGK alone
did not result in phosphorylation of STAT3 (Tyr705). However,
AGK could dramatically increase the phosphorylation level of
STAT?3 (Tyr705) mediated by JAK2 (Figure 2F). Interestingly, the
duration of STAT3 activation induced by IL-6 stimulation was
dramatically prolonged in AGK-transduced cells and reduced in
AGK-silenced cells (Supplemental Figure 3), indicating that over-
expression of AGK sustained JAK2/STAT3 signaling. Moreover, we
found that the kinase-dead AGK mutant, AGK G126E (20), could
2578
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still form a complex with JAK2, and overexpression of AGK G126E
also increased the phosphorylation level of STAT3 (Figure 2, G
and H). Taken together, these results further support the notion
that AGK-mediated activation of JAK2/STAT?3 signaling occurs
through the induction of JAK2 activity via the suppression of JH2
autophosphorylation.

AGK promotes ESCC tumorigenesis in vivo. In an effort to under-
stand the effect of AGK on activation of JAK2/STAT3 signaling,
we subcutaneously inoculated different numbers of cells mixed
with Matrigel into the inguinal folds of NOD/SCID mice. As
shown in Figure 3, A and B, the tumors formed by AGK-trans-
duced ESCC cells were dramatically larger than the vector control
tumors when 1 x 104 or 1 x 103 cells were implanted. Conversely,
AGK:-silenced cells formed much smaller tumors and presented
lower rates of tumorigenesis (Figure 3A and Table 1). Impor-
tantly, only AGK-overexpressing cells formed tumors when 1 x 102
cells were implanted (Figure 3A and Table 1). Furthermore,
immunohistochemistry (IHC) revealed that AGK overexpression
increased, whereas AGK silencing decreased, the phosphorylation
levels of both JAK2 and STAT3 in tumor xenografts (Figure 3C).
These results indicate that AGK activates the JAK2/STAT3 path-
way and strongly promotes ESCC tumorigenesis in vivo.

AGK promotes the stem cell population and stem cell-like phenotype in
ESCC. Considering the ability of AGK to induce tumorigenesis
in a very small number of cells, we suspected that AGK might
be involved in the promotion of the CSC population in ESCC.
We therefore conducted a tumor sphere formation assay to
examine the effect of AGK on self-renewal of spherogenic ESCC
cells. Notably, AGK-transduced cells formed approximately
2-fold more spheres with an approximately 2- to 10-fold higher
cell content compared with the spheres formed by vector con-
trol cells. Conversely, AGK-silenced cells formed approximately
4-fold fewer spheres with an approximately 3- to 7-fold lower cell
content compared with vector control cells (Figure 4, A-C, and
Supplemental Figure 4).

It has been reported that the side population (SP) is a subpop-
ulation of cells that may exhibit stem cell-like characteristics and
that CD44 expression correlates with the tumorigenicity of ESCC
cells (28-30). Consistent with previous reports, our analysis also
shows that SP* cells sorted from ESCC cells had a higher propor-
tion of CD44" cells compared with SP- cells, and SP* cells and
CD44* cells sorted from ESCC cells exhibited a higher clonogenic
ability and higher expression of pluripotency-associated markers,
including ABCG2, SOX2, OCT4, NANOG, and BMI1 (Supplemental
Figure 5, A-C). We then further examined the effect of AGK on
the regulation of the proportion of SP* cells and CD44" cells. As
shown in Figure 4D, AGK overexpression increased the proportion
of SP* cells from 0.66% to 8.12% in ECa109 cells, and from 0.22%
to 3.81% in KYSES10 cells. Conversely, silencing AGK decreased
the proportion of SP* cells from 0.64% to 0.14% in ECa109 cells,
and from 0.22% to 0.09% in KYSES510 cells (Figure 4D). Similarly,
the CD44" population and the expression of multiple pluripoten-
cy-associated factors dramatically increased in AGK-transduced
cells but decreased in AGK-silenced or JAK2-silenced cells (Supple-
mental Figure 6, A and B, and Figure 4E). Collectively, our results
indicate that overexpression of AGK promotes the stem cell popu-
lation and stem cell-like phenotype in ESCC.

JAK2/STAT3 signaling is required for the cancer stem cell-promoting
effect of AGK. Next, we investigated whether JAK2/STAT3 acti-
vation is responsible for the promoting effect of AGK on the
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Figure 2

AGK enhances JAK2 activity by blocking JH2-mediated autoinhibition of JAK2. (A) Depletion of AGK did not affect the interaction between JAK2
and STATS3 (left panel). Depletion of STAT3 did not alter the interaction between JAK2 and AGK (middle panel). Depletion of JAK2 impaired the
interaction between AGK and STAT3 (right panel). (B) Schematic illustration of wild-type JAK2 and the truncated JAK2. (C) Coimmunoprecipitation
assay showing that AGK specifically interacted with the JH2 domain of JAK2. (D) Immunoprecipitated HA-tagged JAK2 and the JH2 domain were
gel purified, transferred to a membrane, and incubated with His-tagged recombinant AGK, then detected using an antibody specific to 6 x His
or the HA tag. Recombinant His-tagged AGK was used as a control. (E) Expression of p-JAK2 (Tyr1007-1008) in whole-cell lysates (WCL) from
HEK293T cells transfected with vector or AGK (left panel). Total JAK2 was used as a control. Tyrosine phosphorylation status of the immunopre-
cipitated JH2 domain from HEK293T cells cotransfected with JH2 and vector or AGK (right panel). (F) In vitro kinase assay of immunoprecipitated
JAK2 incubated with or without recombinant AGK. Recombinant STAT3 was used as the substrate. (G) The expression of p-STAT3 (Tyr705) and
p-JAK2 (Tyr1007-1008) in the indicated cells infected with wild-type AGK or a kinase-dead AGK mutant (AGK G126E). (H) Immunoprecipitation
assay indicating that the mutated AGK (AGK G126E) interacted with JAK2 in the indicated cells.

The Journal of Clinical Investigation  http://www.jci.org ~ Volume 123~ Number6  June 2013 2579



research article

A ECa109- ECa109- ECa109- ECa109- 1x104 1x103 1x102
1cm veclto_r AGK  RNAi-vector AG'?AI#A‘ 4 == \/ector =8= \ector -8~ \fector
—_ \ " £ -- AGK &= AGK -= AGK
1x1 04 é =+~ RNAi-vector =i~ RNAi-vector =&~ RNAi-vector
E 800, ~* AGK-RNAi#1 500, ~* AGK-RNAi#1 250, ~* AGK-RNAi#1
~ S 600 400 200
3 & ° 300 150
1x10 . 400 200 100
g 200 100 50
-
1x102 | = 7 13 19 25 31 7 13 19 25 31 7 13 19 25 341
Day Day Day
ECa109

N WL 1 e

L

),

BN

-
t

S Toagit 1)
Y .?F'? e

p-STAT3
(Tyr705)

% AN

% gows
QY. IS

p-JAK2
(Tyr1007-1008)

Figure 3

RMAi-vector

. I'ﬁ\

AGK-RNAi#1

by LA ’oo- -
s 170
SN CA

»
Ll

i 'r.‘:“'; %

AGK enhances the tumorigenicity of ESCC cells in vivo. (A) The tumors formed by AGK-transduced ESCC cells were larger than the vector
control tumors. Conversely, the tumors formed by AGK-silenced cells were smaller than the tumors formed by the RNAi-vector cells. 1 x 104 and
1 x 103 of the indicated cells were implanted into NOD/SCID mice (upper and middle panels). 1 x 102 of the indicated cells were implanted into
NOD/SCID mice (lower panels); only the AGK-transduced cells formed tumors. Representative images of the tumors are shown. (B) Growth
curves for tumor formation after implantation of different numbers of the indicated cells. Mean tumor volumes are plotted. (C) Representative
images of tumor tissue formed by the indicated cells stained with H&E or antibodies against AGK, p-STAT3 (Tyr705), or p-JAK2 (Tyr1007-1008).

Scale bars: 1 cm (A); 100 um (C).

CSC population in ESCC. As shown in Figure 5, A-C, Supple-
mental Figure 7A, and Table 2, silencing JAK2 in AGK-trans-
duced cells resulted in a drastic reduction of sphere-forming
ability and a reversal of AGK-induced tumorigenicity in vivo.
The increased proportion of SP* and CD44" cells, elevated
expression of pluripotency-associated markers, and increased
p-STAT3 expression induced by AGK overexpression could also
be dramatically abrogated by JAK2 knockdown or by treatment
with JAK2 inhibitors (Figure 5, D and E, Supplemental Figure
7B, and Supplemental Figure 8). Conversely, depletion of STAT3
also abolished the ability of AGK to promote sphere formation
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(Figure 5, F-H, and Supplemental Figure 7C). Together, these
results suggest that the JAK2/STAT3 pathway is required for the
promoting effect of AGK on cancer stem cell-associated pheno-
types in ESCC.

AGK overexpression correlates with progression and poor prognosis
in human ESCC. To investigate whether AGK contributes to the
pathogenesis of ESCC, we examined the expression of AGK in
ESCC cell lines and human ESCC tissues. As shown in Figure
6, A and B, and Supplemental Figure 9, A and B, AGK was dif-
ferentially upregulated at both the protein and mRNA levels
in all 11 ESCC cell lines analyzed compared with 2 primary
Number 6
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Table 1
Effect of AGK on the ability of ESCC cells to form tumors in vivo

Inoculated cells Number of cells inoculated

1x104 1x103 1x102
ECa109-vector 50f5 3ofb 0of5
ECa-109-AGK 50f5 50f5 50f5
ECa109-RNAi-vector ~ 50f5 4 0f5 0of5
ECa109-AGK-RNAi#1 2 of 5 10f5 0of5

normal esophageal epithelial cells (NEECs), and in all 8 ESCC
patient samples compared with the paired adjacent non-tumor
tissues, indicating that AGK is overexpressed in ESCC. We also
consistently observed that the levels of AGK were associated
with p-JAK2 (Tyr1007-1008; P = 0.032, » = 0.596) and p-STAT3
(Tyr705; P = 0.007, r = 0.703) expression in ESCC cell lines
(Figure 6A).

To further investigate the clinical significance of AGK in ESCC,
AGK expression was examined in 247 cases of ESCC using IHC
(Supplemental Table 1). As illustrated in Figure 6C, AGK was
markedly upregulated in ESCC, but was only marginally detect-
able in normal esophageal tissues. Statistical analyses revealed that
AGK expression correlated with clinical stage (P < 0.001), TNM
classification (T: P = 0.008, N: P < 0.001, M: P < 0.001, respec-
tively), tumor grade (P = 0.002), and recurrence or uncontrolled
progression (P = 0.012) in ESCC (Supplemental Table 2). Impor-
tantly, high AGK expression was associated with poorer progno-
sis and poorer disease-free survival in ESCC patients (P < 0.001;
P <0.001; Figure 6, D and E). Moreover, univariate and multivar-
iate survival analyses indicated that AGK expression was recog-
nized as an independent prognostic factor for both overall and
disease-free survival in ESCC patients (Supplemental Tables 3
and 4). Taken together, our results suggest a possible link between
overexpression of AGK and ESCC progression.

AGK expression correlates with STAT3 activation in ESCC. Finally,
we examined whether the AGK/JAK2/STAT3 axis identified in
ESCC cells is clinically relevant. As shown in Figure 7, A and
B, correlation studies showed that AGK expression positively
correlated with the phosphorylation levels of JAK2 and STAT3
in ESCC specimens (P < 0.001, P < 0.001, respectively). These
results were further confirmed in 8 freshly collected ESCC
specimens, in which AGK expression positively correlated
with the expression of p-STAT3 (Tyr705; P = 0.031, r = 0.753)
and p-JAK2 (Tyr1007-1008; P = 0.018, » = 0.797), and STAT3
transcriptional activity (P = 0.039, r = 0.732; Figure 7, C and
D). We also found that AGK levels positively correlated with
the expression of pluripotency markers in the same 8 ESCC
specimens and ESCC datasets (Supplemental Figure 10, A-D).
Importantly, AGK expression also correlated with the expres-
sion of STAT3-regulated gene signatures in both lung cancer
and breast cancer datasets (Figure 8A and Supplemental Figure
11, A and B). Consistently, depletion of AGK in both lung can-
cer and breast cancer cell lines resulted in decreased expression
of p-JAK2 (Tyr1007-1008) and p-STAT3 (Tyr705) and reduced
STAT3 transcriptional activity (Figure 8, B and C). These obser-
vations further support the notion that AGK contributes to
JAK2/STAT?3 activation in solid tumors, which results in tumor
aggressiveness and poorer clinical outcome (Figure 8D).
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Discussion

A novel mechanism regulating JAK2 activity in solid tumors. For many
cytoplasmic tyrosine kinases, intramolecular domain-domain inter-
actions act as another level of negative regulation of their catalytic
activity by inhibiting autophosphorylation and preventing aberrant
activation of the kinases in response to various activation signals.
For instance, the SRC kinases c-SRC and HCK are self-inhibited by
association of the intramolecular SRC homology region 2 (SH2)
and SH3 domains, which lock the molecule in a conformation
that simultaneously disrupts the kinase active site (31, 32). How-
ever, mutations abrogating these intramolecular interaction sites
result in kinase hyperactivation (33). Interaction of the intramo-
lecular JH1/2 domain of JAK2 has also been found to autoinhibit
and terminate basal JAK2 activity, which prevents persistent signal
activation and increases inducibility under physiological conditions
(12, 13). In agreement with this observation, JAK2 mutations that
result in abrogation of JH2 kinase activity have been identified as
driver mutations in hematological malignancies (16-18). However,
how solid tumors cells, which rarely harbor comparable mutations,
override JH2-mediated autoinhibition remains largely unknown. In
the current study, we identify AGK as a binding partner of the JH2
domain of JAK2 kinase in ESCC. The interaction between AGK and
the JH2 domain blocked the autoinhibitory effect of JH2 on JAK2,
thus contributing to elevated basal JAK2 activity and prolonged
STAT3 activity. More importantly, AGK expression was also found
to correlate with STAT3-regulated signatures in ESCC, lung cancer,
and breast cancer patient expression profiles. Thus, our findings
uncover a novel mutation-independent mechanism that abrogates
the autonegative regulation of JAK2 in solid tumors.

Oncogenic role of AGK in promoting the CSC population in ESCC.
Extensive evidence indicates that CSCs, the subpopulation of
tumor cells that are capable of self-renewal and undergo aberrant
differentiation processes, are strongly linked to cancer initiation
and progression (34). CSCs display greater resistance to radio-
and chemotherapy compared with more differentiated tumor
cells, which indicates that the CSC subset can escape from con-
ventional cancer therapy to initiate and perpetuate tumorigenesis
(35). In multiple independent studies, the CSC population has
been associated with poor patient prognosis in ESCC, which is the
sixth leading cause of cancer deaths worldwide (28, 36, 37). Huang
and colleagues reported that the CSC population in ESCC displays
robust resistance to radio- and chemotherapy (38) and correlates
with the risk of mortality in this disease. Despite strong evidence
for their clinical relevance, the critical factors that regulate the
maintenance of the CSC population in ESCC are still poorly
explored. In this study, we demonstrate that AGK was markedly
upregulated in ESCC, and high AGK expression was associated
with poorer prognosis and reduced disease-free survival in ESCC
patients. Overexpression of AGK promoted the CSC population
and augmented the tumorigenicity of ESCC cells both in vivo and
in vitro. Therefore, our findings not only provide a mechanistic
insight into the maintenance of CSCs in ESCC, but also represent
a target for restraining the CSC population in ESCC.

Biological and clinical lines of evidence have established that
NF-kB is constitutively activated in ESCC (39, 40). Interestingly,
we found that high levels of NF-kB are recruited to the promoter
region of AGK, according to ChIP sequencing tracks in the UCSC
genome browser (http://genome.ucsc.edu/cgi-bin/hgGateway).
Meanwhile, the AGK locus is located in the same region as the
oncogene BRAF, which has been reported to be amplified in several
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AGK promotes the ESCC CSC population in vitro. (A) Representative images of spheres formed by the indicated cells. Scale bar: 100 um. (B
and C) Histograms showing the mean number of spheres (B) and the fold change in the number of cells per sphere (C) in spheres formed by the
indicated cells. (D) Hoechst 33342 dye exclusion assay showing that overexpressing AGK promoted, whereas silencing AGK attenuated, the SP
cells in the indicated cells. (E) Real-time PCR analysis of the expression of pluripotency-associated markers, including ABCG2, SOX2, OCT4,
NANOG, and BMI1, in the indicated cells. Error bars represent the means + SD of 3 independent experiments. *P < 0.05.
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Silencing JAK2 reverses the CSC-promoting effect of AGK. (A) Representative images of spheres formed by the indicated cells. (B and C)
Histograms showing the mean number of spheres (B) and the fold change in the number of cells per sphere (C) in spheres formed by the
indicated cells. (D) Hoechst 33342 dye exclusion assay showing that JAK2 silencing reversed the ability of AGK to promote the SP cells in
the indicated cells. (E) Real-time PCR analysis of the expression of pluripotency-associated markers in the indicated cells. (F) Representative
images of spheres formed by the indicated cells. (G and H) Histograms showing the mean number of tumor spheres (G) and the fold change
in the number of cells per sphere (H) in spheres formed by the indicated ESCC cells. Error bars represent the means + SD of 3 independent
experiments. *P < 0.05. Scale bars: 100 um (A and F).
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Figure 6

Overexpression of AGK correlates with poor prognosis in human ESCC. (A) Western blot (left panel) and correlation analyses (right panel) of
AGK, p-STAT3 (Tyr705), total STAT3, p-JAK2 (Tyr1007-1008), and total JAK2 expression in 2 primary cultured human NEECs and 11 ESCC cell
lines. a-Tubulin was used as a loading control. (B) Western blot (left panel) and correlation analyses (right panel) of AGK expression in 8 paired
primary ESCC tissues (T) and the matched adjacent non-tumor tissues (ANT) from the same patient. a-Tubulin was used as a loading control.
(C) IHC staining indicating that AGK expression is upregulated in human ESCC compared with normal esophageal tissues. Normal esophageal
tissue (upper panel); ESCC tissue (lower panel). Scale bar: 100 um. (D and E) Kaplan-Meier analysis of 5-year overall survival (D) and 5-year
disease-free survival (E) for ESCC patients stratified by low versus high expression of AGK (log-rank test; P < 0.001, P < 0.001, respectively;
n = 247). Quantification of IHC using a staining index (SI; see Supplemental Methods). Samples with an S| greater than or equal to 8 were con-
sidered to have high expression and samples with an Sl less than 8 were considered to have low expression.

solid tumor types (41-43), suggesting that overexpression of AGK Contribution of AGK to activation of JAK2/STATS3 signaling. Recent
in ESCC might be associated with genomic amplification. Thus, advances have highlighted the role of JAK2/STAT3 signaling in
it would be of great interest to further investigate whether AGK  the maintenance of CSCs, which reinforces the importance of this
upregulation in ESCC can be attributed to genomic amplification  pathway in tumor recurrence and chemoresistance and indicates
and/or NF-kB-mediated transcriptional upregulation. the potential curative effects of JAK2/STAT3 pathway inhibition
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(4-6). Meanwhile, constitutive activation of JAK2/STAT3 signal-
ing is widely observed in ESCC, and disruption of the JAK2/STAT3
pathway can inhibit ESCC tumorigenesis and progression (44, 45),
indicating the importance of JAK2/STAT3 signaling during the
development and progression of ESCC. Herein, we demonstrated
that ectopically expressing AGK significantly increased, whereas
silencing AGK decreased, the STAT3 transactivity in ESCC cells.
As a major cytokine responsible for activation of JAK2/STAT3
signaling, IL-6, has been demonstrated to play important roles
in the promotion of malignant properties in multiple types of
cancer. However, through an analysis of previously published
gene expression profiles from ESCC tissues, we did not observe
a significant correlation between the expression of IL-6 and the

The Journal of Clinical Investigation
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STAT3-regulated signatures (Supplemental Figure 12). In con-
trast, a positive correlation was found between the level of AGK
and the STAT3-regulated gene signatures. Therefore, our results
demonstrate an important role of AGK in the activation of JAK2/
STAT3 signaling, which may occur independently of the effects of
IL-6 in ESCC.

Therapeutic potential of AGK in ESCC. Chemoradiotherapy (CRT) in
combination with surgery is emerging as an effective therapeutic
strategy in ESCC (46-48). However, the clinical response to CRT
varies greatly in ESCC patients. Differences in the overall survival
rate of patients receiving CRT followed by surgery, compared with
surgery alone, have varied in multiple independent trials (46-50).
On the other hand, patients who achieve a pathologic complete
Volume 123 Number 6
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Table 2
Effect of JAK2 silencing on the ability of AGK to promote ESCC
tumor formation in vivo

Inoculated cells Number of cells inoculated

1x104 1x103 1x 102
ECa109-AGK-RNAi-vector 50f5 50f5 50f5
ECa109-AGK-JAK2-RNAIi#1 30of5 10f5 0of5
ECa109-AGK-JAK2-RNAi#2 4 of 5 20f5 0of5

response (pathCR) after CRT have an improved survival rate (51,
52). Thus, identification of an effective parameter that can predict
the response to CRT may help to determine the optimal therapeu-
tic strategy in ESCC patients. Apart from chemoradioresistance,
disease recurrence is another dominant prognostic factor in ESCC
and also greatly reduces the effect of treatment (50, 53, 54). It is
notable that the CSC population in ESCC has been reported to
confer ESCC cells with both chemoradioresistance and the abil-
ity to recur (38, 55). Herein, we found that AGK acts as a potent
CSC-promoting factor in ESCC, and high AGK expression was
associated with poorer overall survival and disease-free survival
in ESCC patients. Thus, our results suggest that AGK may be a
potent determining factor in patient response to CRT and may
have significance for the selection of the optimal therapeutic strat-
egy for ESCC patients.

The discovery of JAK2 V617F as a driver mutation in hemato-
logical malignancies has led to the development and clinical trials
of JAK2 inhibitors as potent therapeutic agents (56, 57). However,
JAK2 inhibitors do not result in a reduced disease burden in most
patients, which is thought to be linked to the compensatory effects
of other members of the JAK kinase family (56-58). Since the JH2
domain is highly conserved in the JAK family (12), it would be
interesting to further investigate whether AGK can also interact
with other members of the JAK family and enhance their kinase
activities. In this scenario, the inhibition of AGK-JAK interaction
using dominant-negative AGK or an AGK-competing peptide may
serve as a novel and efficient approach to block constitutive JAK/
STAT3 activation in solid tumors.

Methods

Cell lines and primary cell culture. Primary cultures of NEECs were established
from fresh specimens of the adjacent non-tumor esophageal tissue, located
more than 5 cm from the cancerous tissue, according to a previous report
(59). The esophageal cancer cell lines EC18, ECa109, and HKESC1 were
provided by S.W. Tsao and G. Srivastava (University of Hong Kong, Hong
Kong, China). ESCC cell lines KYSE30, KYSE140, KYSE180, KYSE410,
KYSES10, and KYSE520 were originally obtained from DSMZ, the Ger-
man Resource Centre for Biological Material (60). The esophageal cancer
cell lines were grown in DMEM medium (Invitrogen) supplemented with
10% FBS (HyClone; Thermo Scientific).

Tissue specimens and patient information. A total of 247 paraffin-embed-
ded, archived ESCCs and specimens were clinically and histopathologi-
cally diagnosed at the Sun Yat-sen University Cancer Center from 2000 to
2006. ESCCs and adjacent non-tumor tissues were obtained from resected
tumors and adjacent non-tumor esophageal tissues, respectively, and
were provided by Sun Yat-sen University Cancer Center and confirmed by
pathological review. A total of 10 normal esophageal tissues were obtained
by donation from individuals who died in traffic accidents and were con-
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firmed to be free of any prior pathologically detectable conditions. Prior
donor consent and approval from the Institutional Research Ethics Com-
mittee were obtained.

Plasmids, virus production, and infection of target cells. The human AGK gene
was PCR amplified from cDNA and cloned into the pSin EF2 lentiviral vec-
tor. shRNAs targeting AGK, JAK2, and STAT3 were cloned into the pSuper
Retro viral vector. Truncated JAK2 fragments were cloned into pPCDNA3
vector. 6 x STAT3 binding elements were cloned into pTAL Luc vector to
generate STAT3 luciferase reporters. Recombinant His-tagged AGK was
expressed using pET-19b vector. All primers and oligonucleotides used in
plasmid construction are listed in the Primers and Oligonucleotides table in
Supplemental Methods. Transfection of siRNAs or plasmids was performed
using Lipofectamine 2000 reagent (Invitrogen) according to the manufac-
turet’s instructions. Stable cell lines expressing AGK and AGK shRNA(s)
were generated via retroviral infection using HEK293T cells as previously
described (61) and were selected with 0.5 ug/ml puromycin for 10 days.

Western blot analysis. Western blot analysis was performed using anti-AGK
(Epitomics); anti-pSTAT3 (Tyr70S5), anti-STAT3, anti-pJAK2 (Tyr1007-
1008), anti-JAK2, anti-pTyr-100 antibodies (Cell Signaling Technology);
and anti-Flag, anti-HA antibodies (Sigma-Aldrich). To control sample
loading, the blotting membranes were stripped and re-probed with an
anti-o-tubulin antibody or an anti-GAPDH antibody (Sigma-Aldrich).

Immunoprecipitation and MS analysis. Lysates were prepared from 3 x
107 ECa109 cells transfected with HA-tagged JH2 or vector using lysis
buffer (150 mM NaCl, 10 mM HEPES, pH 7.4, 1% NP-40). Lysates were
then incubated with HA affinity agarose (Sigma-Aldrich) overnight at
4°C. Beads containing affinity-bound proteins were washed 6 times by
immunoprecipitation wash buffer (150 mM NaCl, 10 mM HEPES, pH
7.4,0.1% NP-40), followed by 2 elutions with 200 ul of 1 M glycine (pH
3.0). The eluates were pooled and concentrated in a 10-kDa MW cut-off
filter unit (Millipore) to a volume of 30 ul. After the addition of 10 ul of 4
x sample buffer and denaturation, proteins were separated on SDS poly-
acrylamide gels stained with Coomassie blue, and JH2-specific bands were
subjected to MS analysis.

Chemical reagents. JAK2 inhibitors II and III (SD-1029) were purchased
from Millipore. STAT3 recombinant protein was purchased from Abcam.

Tumor xenografts. All experimental procedures were approved by the
TACUC of Sun Yat-sen University. The NOD/SCID mice were randomly
divided into 3 groups (n = 5 per group). Indicated cells of 3 dosages (1 x
104, 1 x 103, 1 x 10%) were inoculated s.c. with Matrigel (final concentra-
tion of 25%) into the inguinal folds of NOD/SCID mice. Tumor volume
was determined using an external caliper and calculated using the equa-
tion (L x W?2)/2. The mice were scarified 31 days after inoculation and the
tumors were excised and subjected to pathologic examination.

Sphere formation assays. Five hundred cells were seeded in 6-well ultra-low
cluster plates and 10 or 20 cells were seeded in 24-well ultra-low cluster
plates for 10 days. Spheres were cultured in DMEM/F12 serum-free medium
(Invitrogen) supplemented with 2% B27 (Invitrogen), 20 ng/ml EGF, 20 ng/
ml bFGF (PeproTech), 0.4% BSA (Sigma-Aldrich), and 5 ug/ml insulin.

Flow cytometric analysis. Cells were dissociated with trypsin and resus-
pended at 1 x 10° cells per milliliter in DMEM containing 2% FBS and
then preincubated at 37°C for 30 minutes with or without 100 uM vera-
pamil (Sigma-Aldrich) to inhibit ABC transporters. The cells were subse-
quently incubated for 90 minutes at 37°C with S ug/ml Hoechst 33342
(Sigma-Aldrich). Finally, the cells were incubated on ice for 10 minutes and
washed with ice-cold PBS before flow cytometric analysis. The data were
analyzed by Summit 5.2 software (Beckman Coulter).

Far-Western blot analysis. For far-Western blot analysis, the indicated pro-
teins were immunoprecipitated by HA-tag affinity gel (Sigma-Aldrich) and
resolved by SDS-PAGE, and the proteins were transferred to a PVDF mem-
Number 6
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brane. The membrane was then blocked in 10% skimmed milk for 1 hour at
4°C. As indicated, recombinant His-AGK was added at 5 ug/ml and incu-
bated at 4°C for 18 hours. The blot was then washed 6 times with TBST and
subjected to Western blot analysis using anti-His antibody (Sigma-Aldrich).

JAK2 kinase assay. The immunoprecipitation-purified JAK2 protein
(washed in buffer containing 25 mM HEPES, pH 7.4, 250 mM NacCl, 0.5%
NP-40, 1 mM EDTA, 0.2% glycerol, and 1 mM PMSF) from HEK293T cells
was subsequently washed 3 times with kinase assay buffer (10 mM HEPES,
pH 7.4, 50 mM NacCl, S mM MgCl,, 5 mM MnCl,, 50 mM NaF, and 0.003
mM Na3VOy). The protein was then incubated with the indicated proteins
and 250 uM adenosine triphosphate (ATP). Recombinant STAT3 (500 ng)
was used as a substrate for each assay. The reaction system was incubated
for 30 minutes at 25°C and then subjected to Western blot analysis.

EMSA. EMSA was performed using the LightShift Chemiluminescent
EMSA kit from Pierce Biotechnology. The following DNA probes contain-
ing specific binding sites were used: STAT3: sense, 5" TCGACATTTCCCG-
TAAATC-3', antisense, 5'-GATTTACGGGAAATGTCGA-3'; and OCT-1:
sense, 5S'-TGTCGAATGCAAATCACTAGAA-3', antisense, S'-TTCTAGT-
GATTTGCATTCGACA-3'.

Microarray data process and visualization. Microarray data were downloaded
from the GEO database (http://www.ncbi.nlm.nih.gov/geo/) using the
accession numbers indicated in Figures 1F and 8A, and in Supplemental
Figures 2, 10D, and 12. Microarray data extracts were performed on MeV
4.6 (htep://www.tm4.org/mev/). GSEA was performed using GSEA 2.0.9
(htep://www.broadinstitute.org/gsea/).

Statistics. All statistical analyses except for microarray data were per-
formed using the SPSS 13.0 (IBM) statistical software package. Pearson’s
%2 test was applied in studying the correlation between AGK expression and
clinicopathologic characteristics of ESCC. Survival curves for both AGK-

—

.Shuai K, Liu B. Regulation of JAK-STAT signal-

Genome Biol. 2004;5(12):253.

high and AGK-low patients were plotted using the Kaplan-Meier method,
and statistical differences were compared using a log-rank test. Univariate
and multivariable survival analyses were performed using Cox regression
analysis. Comparisons between 2 groups were performed using the Stu-
dent’s ¢ test. Bivariate correlations between study variables were calculated
by Pearson’s correlation coefficients. Data represent the means = SD. A
Pvalue less than 0.05 was considered statistically significant.

Study approval. The use of human ESCC tissue specimens was evaluated
and approved by the Ethical Committee of Sun Yat-sen University Cancer
Center, and written informed consent was obtained from all participants
or their appropriate surrogates. All animal studies were conducted with
the approval of the Sun Yat-sen University JACUC and were performed in
accordance with established guidelines.
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