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SUMMARY

This research addresses how tumor cells utilize glucose as a
proliferative hormone to induce growth factor–independent
signaling via phosphoenolpyruvate-mediated histidine phos-
phorylation of focal adhesion kinase. Targeting phosphohisti-
dine signaling may prevent tumor progression in patients who
are resistant to growth factor–targeted therapy.

BACKGROUND & AIMS: Most targeted therapies against cancer
are designed to block growth factor–stimulated oncogenic
growth. However, response rates are low, and resistance to
therapy is high. One mechanism might relate to the ability of
tumor cells to induce growth factor–independent proliferation
(GFIP). This project aims to understand how (1) cancer cells
preferentially derive a major growth advantage by using critical
metabolic products of glucose, such as phosphoenolpyruvate
(PEP), to drive proliferation and (2) esophageal squamous cell
carcinoma (ESCC) cells, but not esophageal adenocarcinoma cells,
can induce GFIP by using glycolysis to activate phosphohistidine
(poHis)-mediated signaling through focal adhesion kinase (FAK).

METHODS: The hypothesis to be tested is that ESCC GFIP
induced by glucose is facilitated by PEP-mediated histidine
phosphorylation (poHis) of FAK, leading to the possibility that
ESCC progression can be targeted by blocking poHis signaling.
Biochemical, molecular biological, and in vivo experiments
including bromodeoxyuridine/5-ethynyl-20-deoxyuridine labeling,
radioisotope tracing, CRISPR gene editing, and analysis of
signaling gene sets in human cancer tissues and xenograft models
were performed to define the mechanisms underlying ESCC GFIP.

RESULTS: Glucose promotes growth factor–independent DNA
replication and accumulation of PEP in ESCC cells. PEP is the
direct phospho-donor to poHis58-FAK within a known “HG”
motif for histidine phosphorylation. Glucose-induced poHis58
promotes growth factor–independent FAK-mediated prolifera-
tion. Furthermore, glucose activates phosphatidylinositol-30-
kinase/AKT via poHis58-FAK signaling. Non-phosphorylatable
His58A-FAK reduces xenograft growth.

CONCLUSIONS: Glucose induces ESCC, but not esophageal
adenocarcinoma GFIP via PEP-His58-FAK-AKT signaling.
ESCC progression is controlled by actionable growth
factor–independent, glucose-induced pathways that regulate
proliferation through novel histidine phosphorylation of FAK.
(Cell Mol Gastroenterol Hepatol 2019;8:37–60; https://doi.org/
10.1016/j.jcmgh.2019.02.009)
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ost anti-neoplastic targeted therapies are designed
Abbreviations used in this paper: Ab, antibody; ANOVA, analysis of
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dine; SD, standard deviation; TCGA, The Cancer Genome Atlas.
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Mto block growth factor–stimulated tumor prolif-
eration. Studies from our lab and from others indicate that
cancer cells can continue to grow in the presence of glucose
under growth factor–deficient conditions.1,2 It has long been
known that glucose availability controls microorganism
growth and that cancer cells metabolize large quantities of
glucose through enhanced glycolysis as their energy and
carbon source (the Warburg effect).3 The role of glucose in
directly supporting cancer cell proliferation through growth
factor–independent, phosphoenolpyruvate (PEP)-induced
histidine signaling pathways is reported here.

Esophageal squamous cell carcinoma (ESCC) has a
strong phenotype of aerobic glycolysis, a finding that is used
radiologically to identify metastatic disease with glucose-
based probes such as 18F-fluorodeoxyglucose.4 In addition,
ESCCs exhibit high frequencies of genomic amplifications of
the oncogenic drivers, CCND1, SOX2, and TP63, which are
also associated with enhanced glycolysis and ESCC pro-
gression.5–7 Tumor cells reprogram glucose metabolism
from mitochondrial respiration to glycolysis,1 which is akin
to a process often occurring in microorganisms where
glucose is used as a less efficient metabolite to supply
biosynthetic material and energy. However, in human can-
cer cells, isotope tracing studies show that amino acids, but
not glucose, account for the majority of cancer cell biomass.8

Therefore, the high rates of glucose consumption in human
cancer cells support their rapid cell division in excess of
supplying carbon sources or energy.

Elevation of glycolytic intermediates such as PEP is a
common feature of tumor cells.9 PEP, but not adenosine
triphosphate (ATP), can transfer its high-energy phosphoryl
group to histidine residues in the bacterial glucose transport
system10 and to histidine 11 of the glycolytic enzyme
phosphoglycerate mutase in pyruvate kinase 2–expressing
tumor cells.9 PEP-mediated phosphorylation of proteins
regulates carbohydrate metabolism in response to nutrient
availability in bacteria.11 Phosphohistidine (poHis) is a key
factor within the signaling cascade that modulates glucose
metabolism and proliferation of prokaryotes12 and
mammalian cells.9,13,14

Focal adhesion kinase (FAK) plays a critical role in
glucose-stimulated phosphatidylinositol-30-kinase (PI3K)-
AKT-insulin signaling,15 insulin/insulin-like growth factor 1
(IGF-1) stimulation of glucose metabolism, growth
factor–independent survival,1 RTK-induced proliferation,
and integrin-stimulated survival.16 On stimulation by
growth factors such as insulin and IGF-1, cells activate
PI3K/AKT/MTOR signaling via tyrosine kinase signaling.
FAK can cross-talk to insulin-independent signaling to
promote glucose metabolism.1,17 FAK activation and up-
regulation are associated with uncontrolled prolifera-
tion.16,18 Furthermore, FAK activation has been associated
with promotion of ESCC metastases.19

On the basis of data showing that ESCC, but not esoph-
ageal adenocarcinoma cancer (EAC), cells exhibited glucose-
induced, growth factor–independent proliferation (GFIP),
we searched for post-translational modifications/activations
stimulated by glucose only. Here, we show that glucose-
induced poHis58-FAK mediates GFIP in ESCCs, likely
through activation of PI3K/AKT signaling and through a
phospho-transfer from the glycolysis intermediate, PEP. Our
novel data suggest that ESCCs, but not EAC, have developed
this pathway to facilitate GFIP and to escape therapy that
targets growth factor signaling. This model identifies
potentially new avenues for targeting ESCCs based on
antagonizing glucose-mediated pathways.
Results
Glucose Stimulates Esophageal Squamous
Cell Carcinoma Growth in the Absence of
Growth Factors

Human ESCCs exhibit one of the highest frequencies of
genetic mutations, yet these include few, if any, actionable
targets. In fact, no targeted therapy is currently approved
for the treatment of ESCC.20 In contrast, clinical radio-
labeling of ESCC is facilitated by glucose-based probes,
suggesting that tumor metabolism in these tumors might be
driven by mediators of the glycolytic pathway. To determine
the differential dependence of ESCC on classic growth
factor–mediated mitogenic pathways vs those driven by
glucose, we cultured cells in serum-free conditions and then
induced mitogenesis during a period of 8 days by addition of
serum (5% fetal bovine serum [FBS]) and/or glucose (1 mg/
mL or 5.56 mmol/L). Compared with [FBS þ glucose] con-
ditions, serum alone was a poor mitogen for all ESCC cell
lines, whereas glucose alone induced strong proliferation
(45%–80% of levels induced by FBS þ glucose) (Figure 1A).
In contrast, although serum alone could induce proliferation
of EAC cell lines, glucose alone was insufficient as a mitogen
(Figure 1B). Nonetheless, the finding that EAC proliferation
induced by serum was 3- to 5-fold less than under [FBS þ
glucose] conditions suggests that glucose plays a synergistic
role with growth factors.

Most malignancies consume excessive glucose, and many
become addicted to glucose for their uncontrolled growth.21

To determine whether ESCC proliferation is highly glucose-
dependent and thus potentially targetable therapeutically,
we modified a common protocol for growth factor stimu-
lation studies by depleting glucose for short periods of time
(4 hours) in the presence of 5% serum, followed by
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Figure 1. Glucose promotes ESCC cell growth in the
absence of serum. (A) Cell numbers were counted for un-
transformed esophageal epithelial (Het) and ESCC cells
(KYSE70, KYSE150, KYSE180, KYSE520, TE1, TE8, TE9, and
TE10) ± glucose (5.56 mmol/L) stimulation in the presence or
absence of FBS (5%) for 8 days. Cell numbers were
normalized to the number with glucose and FBS. Data are
averages with SD from 3 biological replicates; 3 independent
experiments that showed similar results; two-way ANOVA
test, ****P < .0001 vs Glc without FBS. (B) Cell numbers were
counted for EAC (FLO1, SK, and KYAE1) ± glucose (5.56
mmol/L) stimulation in the presence or absence of FBS (5%)
for 8 days. Relative levels of cell numbers were calculated
and shown. Data are averages with SD from 3 biological
replicates; 3 independent experiments that showed similar
results; two-way ANOVA test, **P < .01, ***P < .001, ****P <
.0001 vs Glc with FBS. Glc, glucose.
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treatment with glucose (5.56 mmol/L) for 1 hour in the
absence of serum. The conditions for assessments of
glucose-stimulated cell proliferation are based on the
observation that glucose depletion for more than 3 hours
followed by glucose addition (5.56 mmol/L) for more than
15 minutes induces new DNA synthesis, as measured by
bromodeoxyuridine (BrdU) incorporation (Figure 2A and B).
Indeed, ESCC proliferation (BrdU incorporation over back-
ground) could be induced by glucose in a dose-dependent
manner, whereas EAC or esophageal epithelial cells (Het)
were not induced to proliferate under these conditions
(Figure 2C). We also showed that short-term (4-hour)
glucose treatment in the absence of serum could induce
DNA synthesis in a panel of ESCC lines, as measured by 5-
ethynyl-20-deoxyuridine (EdU)–coupled fluorescence flow
cytometry (Figure 2D). The ratios of BrdU incorporation
induced by glucose over serum-starved conditions were
used subsequently as an indicator of glucose-dependent
GFIP. For example, glucose alone induced a 2.3-fold in-
crease in the proliferation index of the ESCC line KYSE70, in
comparison with no significant increase in Het or the EAC
cell line FLO1 (Figure 2E). Furthermore, we examined
whether insulin, a known growth factor that stimulates
glucose uptake, could supplement glucose-induced prolif-
eration. An insulin responsive breast cancer cell line (MCF7)
was used as a positive control. As expected, insulin (5 mg/
mL) stimulated MCF7 cell growth in the absence or pres-
ence of 5.56 mmol/L glucose (Figure 2F). However, at the
concentrations of glucose used (5.56 mmol/L), insulin (5
mg/mL) did not enhance glucose stimulation of ESCC growth
(Figure 2F), although it cannot be excluded that it may have
effects on more limited glucose concentrations. However, it
is important to note that under these conditions, activation
of insulin receptor-induced mitogenic pathways was insuf-
ficient to augment the ability of glucose to act as an ESCC
mitogen, strengthening the notion that glucose can drive
ESCC proliferation in a growth factor–independent fashion.

Glucose Increases Glycolysis
We sought to determine whether glucose stimulation of

ESCC proliferation was mediated through increases in
glycolytic pathways. 2-NBDG, a cell-permeable glucose
analog that cannot be metabolized via glycolysis, did not
induce DNA synthesis in ESCC, whereas glucose did
(Figure 3A). Moreover, glucose induced glycolysis in ESCC
under serum-free conditions in a dose-dependent manner
(Figure 3B) and at 2.5- to 5.2-fold increased levels over
those in EAC cell lines (Figure 3C). These results strongly
suggest that glucose-increased glycolysis contributes to
ESCC proliferation.

Even though we show that glucose increased levels of
cell numbers (Figure 1), DNA synthesis (Figure 2), and
glycolysis (Figure 3) in ESCC, it is possible that glucose-
induced cell numbers are also influenced by increased cell
viability. To address this, we simultaneously measured cell
viability (WST1) and cell proliferation (BrdU) in KYSE70
cells stimulated with increasing concentrations of glucose.
Figure 3D shows that glucose primarily stimulated DNA
synthesis and did not serve to rescue cell viability. In
addition, glucose repletion did not affect normal or esoph-
ageal cancer cell viability (Figure 3E). Alternatively, glu-
cose’s mitogenic role in ESCC might be through its role as a
carbon or energy source. However, we noted that the me-
dian effective glucose concentrations needed to induce
proliferation (27 mmol/L; Figure 3D) are at least w150-fold
lower than normal blood glucose levels (4.4–10 mmol/L),22

strongly suggesting that glucose functions as a signaling
molecule rather than a carbon source under these condi-
tions. Furthermore, increased glucose levels did not alter
the levels of intracellular ATP (Figure 3F). Finally, glucose
might induce proliferation by promoting a favorable redox
status.23 However, reactive oxygen species levels were not



Figure 2. Glucose stimulates ESCC cell proliferation in the absence of growth factors. (A) Time course of glucose
depletion before glucose-induced (5.56 mmol/L) BrdU-DNA. Data are averages with SD from 3 biological replicates; 3 inde-
pendent experiments that showed similar results; one-way ANOVA test, *P < .05, **P < .01, ****P < .0001 vs 0 hour. (B)
Glucose increases BrdU-DNA levels in a time-dependent manner. Data are averages with SD from 4 biological replicates; 3
independent experiments that showed similar results; one-way ANOVA test, ***P < .001, ****P < .0001 vs 0 hour. (C) ELISA of
BrdU-DNA levels in ESCC (KYSE70, KYSE180, and TE10) and EAC (FLO1, SK, and KYAE1). Cells were preincubated in
glucose-free medium containing 5% FBS for 4 hours and then treated with 0–10 mmol/L glucose for 1 hour in the presence of
BrdU under serum-deficient conditions. Data are averages with SD from 3 biological replicates; 3 independent experiments
that showed similar results; two-way ANOVA test, ****P< .0001 vs Het. (D) Glucose (5.56 mmol/L) increases EdU-DNA levels in
ESCC. EdU coupling fluorescence flow cytometry analysis of EdU-DNA in 5 ESCC cell lines. (E) Proliferative index of glucose.
Cell numbers were counted for untransformed esophageal epithelial cells (Het), ESCC (KYSE70), and EAC (FLO1) ± glucose
(5.56 mmol/L) stimulation in the absence of serum (FBS)-derived growth factors. Ratios of cell numbers with and without
glucose stimulation were calculated and shown. Data are averages with SD from 3 biological replicates; 3 independent ex-
periments that showed similar results; one-way ANOVA test, *P < .05 vs Het. (F) WST1 assay of an insulin responsive breast
cancer cell line (MCF7) and ESCC cells (KYSE70, KYSE140, TE1, and TE7) ± glucose (5.56 mmol/L) stimulation in the presence
or absence of insulin. Data are averages with SD from 3 biological replicates; 3 independent experiments that showed similar
results; one-way ANOVA test, ****P < .0001 vs Glc alone, Ins alone, or no Glc/Ins. Glc, glucose; Ins, insulin.
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altered by glucose depletion for up to 24 hours, although
cell viability started to wane between 12 and 24 hours
(Figure 3G). Moreover, glucose-promoted proliferation
could not be mimicked by the addition of ATP (which is
taken up by the cells),24 glutamine as an alternate carbon
donor, or the antioxidant N-acetyl-cysteine (Figure 3H).
Figure 1A shows total relative cell numbers in the presence
of FBS alone (no glucose) for 8 days, whereas Figure 3H
shows the relative BrdU-DNA or newly synthesized DNA
levels induced by FBS alone (no glucose) for 1 hour. The
different effects of FBS alone on ESCC cells suggested that
(1) prolonged (8 days) but not brief (1 hour) culture of the
cells in media with FBS alone could cause cell death, and
therefore, the relative cell numbers could be the combined
effects of cell death (loss) and proliferation (gain); and (2)
the data suggest that FBS (growth factors) could initiate the
entry into S phase (the high BrdU-DNA levels) but could not
complete the cell cycle (low relative cell numbers) in the
absence of glucose. Taken together, these data demonstrate
that glucose-stimulated proliferation is not mediated
through effects on cell viability, redox state, or carbon/en-
ergy requirements.
Glucose Induces Phosphoenolpyruvate
Accumulation and Histidine Phosphorylation of
Focal Adhesion Kinase

Metabolic flux studies using 13C-glucose isotope tracing
and mass spectrometry (MS) analysis indicate that enhanced
glycolysis in tumor cells correlates with the accumulation of
glycolytic intermediates including PEP.9 Indeed, glucose
treatment shown to induce ESCC proliferation in the absence
of serum (Figure 1A) was associated with increased relative
levels of intracellular PEP in KYSE70 cells (Figure 4A).
Moreover, secreted PEP has been shown to exogenously
stimulate proliferation in bacterial and mammalian cells.25,26

Thus, we treated KYSE70 with increasing concentrations of
exogenous PEP in serum-free conditions and showed that
PEP induces DNA synthesis (BrdU incorporation over con-
trols) at a median effective concentration of 6 mmol/L but no
change in viability (WST1) (Figure 4B).

PEP is known to act as the phosphor-donor for the his-
tidine phosphorylation of proteins that up-regulate the
expression of proliferative and survival genes in bacteria and
rapidly growing cells.9,12,14 On the notion that high glucose-
induced PEP levels in ESCC might play a similar role, we
blotted ESCC lysates with a poHis-specific antibody (Ab),
identifying a dose-dependent glucose-induced band at
roughly 125 kDa (Figure 4C). This protein was acid- and
heat-labile (Figure 4D), a typical property of poHis. FAK has
a similar molecular weight and is known to play a critical
role in glucose-stimulated PI3K-AKT-insulin signaling,15

GFIP, and survival.1 To address whether the glucose-
induced poHis band is FAK, the PTK2 (FAK) gene was dis-
rupted by CRISPR Cas9 in KYSE70 cells, such that its loss
correlated with the loss of the poHis–125 kDa band
(Figure 4E). The notion that the poHis–125 kDa band was
FAK was based on our finding that poHis-Ab reactivity in
FAK immunoprecipitates occurred only in glucose-treated
cells (Figure 4F, upper panel), even though equal amounts
of FAK were found in the immunoprecipitates (Figure 4F,
bottom panel). In parallel, poHis immunoprecipitates blotted
with FAK Ab only identified the 125 kDa band in glucose-
treated cells (Figure 4G). In addition, treatment of ESCC
cells, KYSE70 and TE9, with PEP mimicked the ability of
glucose to induce the poHis-FAK band (Figure 4H). These
results indicate that glucose or PEP likely induces FAK poHis.

Phosphoenolpyruvate Transfers Its Phosphoryl
Group to Focal Adhesion Kinase

Several approaches were pursued to confirm that PEP
serves as the phospho-donor for FAK in ESCC. First, PEP, but
not ATP or pyruvate, induced histidine phosphorylation of
recombinant FAK (Figure 5A). We also considered the pos-
sibility that the anti-poHis Ab might have weak cross-
reactivity with phosphotyrosine, which is known to be
induced in FAK on mitogen stimulation.27 To rule out this
possibility, phosphotyrosine-linked bovine serum albumin
was added to the poHis Ab in our enzyme-linked immuno-
sorbent assay (ELISA), and indeed, addition of poY–bovine
serum albumin had no effect on the anti-poHis Ab detec-
tion of poHis-FAK levels in varied amounts of ESCC lysate
(Figure 5B). In contrast, acidification of ESCC lysates to pH
0.7 ablated detection of the poHis-FAK in ELISA (Figure 5B).
Second, addition of active human poHis phosphatase to the
PEP/rFAK assay decreased poHis-FAK levels, whereas
treatment with heat-inactivated poHis phosphatase did not
(Figure 5C). Finally, the ability of 32P-labelled PEP to donate
its 32phosphoryl group to purified FAK could be reduced by
unlabeled PEP but not by ATP or pyruvate (Figure 5D). In
addition, the labeling of FAK by 32P-PEP was dose-
dependent (Figure 5E). Taken together, these data
strongly suggest that glucose-induced PEP induces a direct
histidine phosphorylation of FAK in ESCC.

Phosphohistidine 58–Focal Adhesion Kinase Is
Essential for Glucose-Induced Proliferation

We continued to analyze whether poHis-FAK correlated
with glucose-induced proliferation in ESCC. Surgical sam-
ples from normal human esophagus vs ESCC cases (n ¼ 6)
were analyzed for PEP by using PEP Fluorometric Assay Kit.
The PEP levels of the human ESCC tumor samples were
higher than those of normal esophagus (Figure 6A). The
poHis-FAK levels in these human samples were assessed by
using ELISA with the poHis Ab for coating/immobilizing
poHis proteins and the FAK Ab for detection of poHis-FAK
on the well. The tumor samples had statistically significant
higher poHis-FAK levels in human ESCC surgical specimens,
compared with matched normal esophagus (Figure 6B). This
is consistent with the concept that PEP-induced poHis-FAK
may play a role in ESCC progression. In ESCC cell lines such
as KYSE70, neither serum nor glucose changed total FAK
protein levels, yet glucose strongly induced the poHis-FAK
band over the level induced by serum (Figure 6C and D).
Moreover, the in vitro histidine phosphorylation level of
recombinant N-terminal but not C-terminal FAK fragment
was similar to that of the full-length FAK (Figure 6E),
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suggesting that the major poHis sites were located on the N-
terminus of FAK.

To define which poHis site or sites on FAK were
responsible for controlling glucose-induced proliferation, we
scanned FAK for the “HG” motif shared by many poHis pro-
teins,9,13,28 ultimately identifying H58 as a candidate site
(Figure 6F). This was in agreement with a report on poHis
proteomics in Escherichia coli, in which 50% of identified
endogenous poHis proteins contained the HG motif.29 We
then analyzed recombinant FAK by using liquid chromatog-
raphy (LC)/MS–MS and identified enrichment of poHis58
(VFHYFESNSEPTTWASIIRpoH58GDATDVRGII). Indeed, the
relative glucose-induced poHis level of ectopically expressed
FAKH58A was significantly lower than that of WT-FAK in
KYSE70 cells (Figure 6G). We noted that KYSE70 cells stably
expressing FAKH58A exhibited decreased glucose consump-
tion and altered cell morphology (small and round shape),
compared with those expressing WT-FAK (Figure 6H and I).
Glucose consumption was decreased in FAK KO SCC cells
re-expressing FAKH58A, indicating that H58A inhibition of
poHis-FAK signaling decreased utilization of glucose for
biomass synthesis (Figure 6H). Furthermore, individual
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KYSE70-[FAKH58A] clones showed a correlation between
FAKH58A expression levels and decreased proliferation
(Figure 6J). The stable expression of the phosphomimetic
FAKH58E mimicked glucose-increased proliferation
(Figure 6K). Taken together, these data suggest that poHis58-
FAK is necessary and sufficient to mediate glucose-induced
ESCC proliferation and is consistent with our previous
finding that dominant negative down-regulation of FAK at-
tenuates glucose-modulated glycolysis and re-sensitizes
cancer cells to cell death after serum removal.1

Glucose Modulates Growth Factor–Independent
Focal Adhesion Kinase Function and Esophageal
Squamous Cell Carcinoma Proliferation

Growth factor/integrin activation of FAK is mediated
through autophosphorylation of Y397.16 To determine
whether poY397 is required for glucose-induced poHis58,
we mutated Y397 to F397 to prevent Y397 phosphorylation.
The stable expression of FAKY397F did not attenuate glucose-
increased poHis-FAK levels in KYSE70 cells (Figure 7A).
Next, we examined whether FAK kinase activity was
required for glucose-induced proliferation in ESCC. Whereas
treatment with defactinib inhibited serum-induced prolif-
eration, it had no effect on glucose-induced proliferation
(Figure 7B). Moreover, FAKY397F attenuated growth
factor–induced but not glucose-induced proliferation
(Figure 7C). Furthermore, loss of kinase activity (FAK454R,
kinase dead30) only slightly attenuated the ability of FAKH-

is58E-454R to induce proliferation in the absence of glucose
(Figure 7D). These data indicate that poHis58-FAK pro-
motes glucose-stimulated proliferation independent of
poY397-mediated FAK kinase activity.

Glucose Activates Phosphatidylinositol-30-
Kinase–AKT Signaling via Phosphohistidine
58–Focal Adhesion Kinase

Growth factors such as insulin and IGF-1 stimulate PI3K/
AKT signaling to promote proliferation in normal cells.31

However, it was unclear what mitogenic pathways are
Figure 3. (See previous page). Glucose enhances glycolysis,
proliferation is not mediated through cell viability, redox
fluorescence flow cytometry of BrdU-DNA in KYSE70 cells s
absence of serum. (B) Seahorse analyzer measurement of extrac
0–40 mmol/L glucose in the absence of serum. (C) Seahorse as
EAC cells in the absence of serum-derived growth factors. Da
pendent experiments that showed similar results; one-way ANO
DNA synthesis of KYSE70 cells without affecting viability. Simult
in KYSE70 cells that were stimulated by 0–10 mmol/L glucos
KYAE1, and normal (Het) cells. After glucose depletion, cells we
for 1 hour. (F) Glucose repletion does not alter intracellular AT
(KYSE70, TE1) and EAC (FLO1) cells were assessed. (G) Glucose
up to 24 hours and viability up to 12 hours. WST1 and 20,70–dich
ROS levels in glucose-depleted KYSE70 cells for 0–24 hours in
biological replicates; 3 independent experiments that showed s
hour). (H) ATP, alternative carbon source, and the effects of an a
of ATP, alternative carbon (Glutamine, Glut), and an antioxidant
with SD from 3–6 biological replicates; 3 independent expe
****P < .0001 vs vehicle (no FBS, no Glc). Glc, glucose.
induced by glucose in the absence of growth factors. An un-
biased screen of major cancer-associated pathways using a
Cancer Signaling Phospho Antibody Array (Full Moon Bio-
systems, Sunnyvale, CA) identified several activated signaling
pathways induced by glucose in the absence of growth fac-
tors, including those involving ERK1/2, JNK, and p38
mitogen-activated protein kinases, PI3K-AKT, and JAK1/2. In
addition, there was also an increase in the relative phospho-
levels of FGFR1, EGFR, and FAKpoY925, the latter a known Src
phosphorylation site,32 and corresponding to a small increase
in relative SrcpoY418 levels (Table 1). Gene set enrichment
analysis (GSEA) of transcriptome data from The Cancer
Genome Atlas (TCGA) database revealed an enrichment of
PI3K/AKT/mTOR signaling gene set expression in ESCC,
compared with the less glucose-dependent EAC tumors
(Figure 8A). The key components of the PI3K-AKT cascade,
including PIK3CD, PIK3CA, PIK3R2, AKT2, and AKT3 expres-
sion, were also significantly increased in ESCC (Figure 8B).
Indeed, glucose could induce poHis-FAK and poAKT increases
in a dose-dependent manner in KYSE70 (ESCC) (Figure 9A)
but not in FLO1 (EAC) cells (Figure 9B) under serum-free
conditions. The ectopic expression of FAKH58A attenuated
glucose-increased relative poAKT levels in KYSE70 cells
(Figure 9C), and short hairpin RNA knockdown of AKT
expression (using a clone that recognizes AKT1 and 2 iso-
forms33) ablated glucose-induced proliferation (Figure 9D).
In addition, inhibition of PI3K or AKT by wortmannin or
AZD5363, respectively, decreased serum- or glucose-
stimulated proliferation (Figure 9E). In contrast, the MEK1
inhibitor, PD98059, did not impact FBS- or glucose-induced
proliferation (Figure 9E). In addition, a panel of tyrosine ki-
nase inhibitors known to target insulin/IGF-1R, epidermal
growth factor receptor, fibroblast growth factor receptor,
platelet-derived growth factor receptor, Abl, vascular endo-
thelial growth factor receptor, c-KIT, and Src failed to ablate
glucose-induced ESCC proliferation yet significantly inhibited
serum-induced proliferation (Figure 9F). Taken together,
these data suggest that activation of the PI3K/AKT pathway
facilitates glucose-induced proliferation in ESCC via the
phosphorylation of FAK on His58.
which is increased in ESCC vs EAC, and glucose-induced
state, and carbon/energy requirements. (A) EdU-coupled
timulated by glucose (Glc) (5.56 mmol/L) or 2-NBDG in the
ellular acidification rate (ECAR) of KYSE70 cells stimulated by
say of glucose-induced (5.56 mmol/L) glycolysis in ESCC and
ta are averages with SD from 3 biological replicates; 3 inde-
VA test, ****P < .001 vs ESCC. (D) Glucose repletion promotes
aneous assessments of viability (WST1) and BrdU-DNA levels
e. (E) WST1 assay of KYSE70, KYSE180, TE10, SK, FLO1,
re kept in FBS-free medium containing 0–10 mmol/L glucose
P levels. Intracellular ATP levels in glucose-stimulated ESCC
depletion does not alter reactive oxygen species (ROS) levels
lorofluorescin diacetate (DCFDA) analysis of cell viability and
the presence of FBS (5%). Data are averages with SD from 3
imilar results; two-way ANOVA test, **P < .01 vs controls (0
ntioxidant do not mimic glucose-induced proliferation. Effects
(N-acetyl-cysteine, NAC) on proliferation. Data are averages

riments that showed similar results; one-way ANOVA test,
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Blocking Phosphohistidine–Focal Adhesion
Kinase Signaling Prevents Glucose-Induced
Esophageal Squamous Cell Carcinoma Growth
In Vivo

To determine whether poHis58-FAK plays a role in ESCC
tumor progression in vivo, under conditions that combine
glucose and growth factor stimulation, SCID mice were
injected subcutaneously with KYSE70 cells stably express-
ing either WT- or H58A-FAK. KYSE70-[FAKH58A] tumors
grew slower than those expressing WT-FAK (Figure 10A),
producing smaller tumors (Figure 10B and C). Importantly,
the KYSE70-[FAKH58A] tumors had lower relative poHis-FAK
and poAKT levels compared with those in KYSE70-[WT-
FAK] tumors (Figure 10D), strongly suggesting that loss of
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poHis58-FAK inhibits ESCC tumor growth by attenuating
PI3K/AKT signaling.
Discussion
Our studies demonstrate a direct onco-proliferative

function of glucose (Figure 11). Mammalian cells respond
to growth cues such as hormones and/or anchorage by
enhancing glucose uptake and glycolysis for biomass syn-
thesis.34,35 The proliferation of most normal cell types
ceases on removal of growth factors, yet many tumors have
developed GFIP through the induction of autocrine path-
ways stimulated by pro-oncogenic mutations.2 However,
our data indicate that in the absence of serum-derived
growth factors, glucose directly stimulates ESCC cell pro-
liferation, and that this ability is not shared by EAC cells.
This can explain resistance to growth factor–targeted ther-
apy that is seen in ESCC as well as other cell types.

The pro-proliferative role for glucose in ESCC is not
likely through providing energy/carbon sources or by
restoring redox balance but more likely as a mitogen. This is
because the micromolar levels of glucose capable of
inducing ESCC proliferation are several logs lower than
serum glucose concentrations involved in providing ATP
through the glycolytic pathway. Understanding this glucose-
dependent GFIP may allow for novel interventions that
target this common abnormality in ESCC.

Our studies demonstrate that glycolytic PEP modification
of FAK on His58 contributes to glucose-dependent growth
of ESCC cells. This suggests that ESCC cells obtain growth
factor independence through poHis-FAK signaling. Common
amplification of cyclin D1 gene expression in ESCC has been
linked to inhibited mitochondrial activity.6 In addition,
cancer cells often express the low activity isoform of pyru-
vate kinase, PKM2, an enzyme converting PEP to pyruvate,
but not the high activity PKM1 isoform. Impaired mito-
chondrial function and PEP-to-pyruvate conversion can lead
to PEP accumulation. Our data demonstrate that PEP
elevation in ESCC cells stimulates DNA synthesis and in-
duces poHis58-FAK. By using purified protein preparations
of FAK and radiolabeled PEP, we also demonstrate a direct
ability of PEP to transfer its phosphoryl group to FAK. This
Figure 4. (See previous page). Glucose induces PEP accum
increases PEP levels. Intracellular PEP levels in KYSE70 cells ±
from 3 biological replicates; 3 independent experiments that sh
without glucose. (B) PEP stimulates DNA synthesis without red
lated by 0–1 mmol/L PEP. (C) Glucose induces poHis proteins
poHis proteins in glucose-stimulated KYSE70 cells. After glucos
mmol/L glucose for 1 hour and harvested. A specific anti-poHis
poHis proteins were heat and acid labile. Immunoblot of poHis p
cells exposed to 5.56 mmol/L glucose. Lanes 2 and 3 were treate
poHis proteins in FAK KO KYSE70 cells. Immunoblot of poHis
mmol/L glucose. (F) Immunoprecipitation/Immunoblot of poHis-
was used to detect poHis-FAK on the polyvinylidene difluorid
reprobed with the anti-FAK Ab. (G) Immunoprecipitation/Immun
cells were stimulated with glucose (5.56 mmol/L), and lysates w
and Immunoblot using the anti-FAK Ab. The membrane was ex
panel) period of time. (H) PEP mimics glucose-induced poHis-
glucose (Glc) (5.56 mmol/L) or PEP (5 mmol/L) for 1 hour. IB of p
was stripped and then reprobed using an anti-actin Ab.
results in increased histidine phosphorylation of FAK. Mu-
tation of the Y397-FAK autophosphorylation site did not
alter glucose-induced poHis and did not reduce glucose-
induced proliferation but did inhibit growth
factor–dependent proliferation. PEP represents a critical
source of phosphoryl groups that can drive growth
factor–independent histidine signaling. These findings
explain why glycolysis is increased in some cancer cells: not
to provide nutrients for macromolecular synthesis, but to
enable the production of critical intermediates for signaling
and proliferation in a growth factor–independent manner.

We have shown that induction of poHis FAK results in
PI3K/AKT activation. FAK has been shown to bind to PI3K
in 2 major ways: (1) at the poY397 site via the p85-SH2
domain and (2) at the C-terminal PA domain via the p85-
SH3 domain. Because poY397-FAK is not required for
glucose-induced proliferation, it is likely that poHis58-
induced interaction of p85-SH3 to the FAK-PA binding site
contributes to AKT activation. Glucose-promoted poHis58-
FAK-AKT signaling will allow ESCC cells to avoid their
dependence on growth factors such as insulin and/or IGF-1
for proliferation.

Our findings directly link mitogenic glucose to histidine
signaling, AKT activation, and tumor proliferation in vitro
and in vivo. Thus, whereas other cancer types develop
growth factor independence through mutations and/or
amplifications of oncogenic mediators that induce autocrine
signaling, our data suggest that ESCCs have evolved growth
factor independence through a glucose/PEP/poHis58-
FAK proliferation pathway. Indeed, this may explain why
ESCCs are relatively insensitive to drugs that target the re-
ceptor and non-receptor tyrosine kinases activated by
growth factors, and why there is no current molecular tar-
geted therapy approved for ESCC. Importantly, this putative
glucose dependence pathway represents a therapeutic
window that can be exploited.

Epidemiologic studies suggest that there are different
factors responsible for the pathogenesis of ESCC compared
with those for EAC.36 Despite this, similar treatment regi-
mens are used for these disparate tumor types, resulting in
varied response rates. Worldwide, ESCC tumors present a
far greater health hazard than EAC.37 Our studies clearly
ulation and histidine phosphorylation of FAK. (A) Glucose
glucose stimulation (5.56 mmol/L). Data are averages with SD
owed similar results; t test, *P < .05 vs cells kept in medium
ucing viability. BrdU-DNA and WST1 in KYSE70 cells stimu-
in KYSE70 cells in a dose-dependent manner. Immunoblot of
e depletion for 4 hours, KYSE70 cells were stimulated with 0–1
Ab was used to detect poHis proteins in the cell lysates. (D)
roteins derived from heat- or acid-treated lysates of KYSE70
d with low pH buffer (acid) or heating to decompose poHis. (E)
proteins in WT and FAK KO KYSE70 cells exposed to 5.56
FAK using anti-FAK Ab to pulldown. The anti-poHis antibody
e membrane. The same membrane was stripped and then
oblot of poHis-FAK using anti-poHis Ab to pulldown. KYSE70
ere subjected to Immunoprecipitation using the anti-poHis Ab
posed to x-ray film for a short (upper panel) and long (lower
FAK. KYSE70 and TE9 cells were stimulated with or without
oHis-FAK and total FAK was performed. The same membrane



Figure 5. PEP donates its phosphoryl group for histidine phosphorylation of FAK. (A) PEP increases poHis-FAK levels.
ELISA of poHis-FAK levels after recombinant FAK was incubated with 0–50 mmol/L PEP or controls (ATP, pyruvate). Data are
averages with SD from 3 biological replicates; 3 independent experiments that showed similar results; two-way ANOVA test,
****P < .0001 vs controls (ATP or pyruvate). (B) The anti-poHis Ab specifically detects poHis but not poTyrosine. ELISA of
poHis-FAK in acid-treated lysates (poHis-Low pH). Phospho-tyrosine bovine serum albumin (poY-BSA) was added to the
poHis antibody buffer to block its cross-activity to poTyrosine (poY). Data are averages with SD from 3 biological replicates; 3
independent experiments that showed similar results; two-way ANOVA test, ****P < .0001 vs control (poHis-Low pH). (C)
Human poHis phosphatase treatment. Human poHis phosphatase (PHPT) removal of phosphoryl groups in rFAK and ELISA of
poHis on rFAK. Data are averages with SD from 3 biological replicates; 3 independent experiments that showed similar results;
one-way ANOVA test, **P < .01, and ***P < .001 vs PHPT-treated samples. (D) PEP donates phosphate directly to FAK.
Treatment of purified FAK with 32P-PEP, separation of 32P-FAK from unreacted 32P-PEP, and scintillation counting of 32P-
poHis-FAK. þPEP/þATP/þPy: 32P-PEP treatment with excessive cold PEP, ATP, or pyruvate. Data are averages with SD from
3 biological replicates; 3 independent experiments that showed similar results; one-way ANOVA test, *P < .05 vs 32P-PEP
treated rFAK. (E) Dose response with 32P-PEP. rFAK was incubated with varied concentrations of 32P-PEP. Data are averages
with SD from 4 biological replicates; 3 independent experiments that showed similar results; one-way ANOVA test, ***P < .001
vs control (0 mmol/L 32P-PEP).
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show an increased dependence on glucose and glycolysis for
proliferation in ESCC. These results are consistent with the
increased uptake of radiolabeled fluorodeoxyglucose on
positron emission tomography scans in ESCC compared
with EAC, likely reflective of increased glycolysis present in
ESCC in vivo.4 In fact, glucose-stimulated ESCC proliferation
in eukaryotes resembles nutrient control of prokaryotic
growth.12 Finally, patients with metabolic disorders associ-
ated with glucose elevation are at increased ESCC cancer
risk, supporting the mitogenic role of glucose in this
disease.38

Current FAK-targeted or other kinase inhibitors are
typically ATP-competitive compounds or inhibitors of scaf-
folding activity with signaling partners,39 and they are
usually assessed for inhibition of growth factor–induced
signaling and/or proliferation. Moreover, these inhibitors
are likely aimed to patients where the target pathway is
activated by mutation and/or gene amplification. However,
our studies indicate that glucose-induced poHis58-
dependent ESCC proliferation requires neither FAK-Y397
phosphorylation nor FAK kinase activity, both of which
are typically induced by growth factor/RTK pathways.
Indeed, current FAK inhibitors evaluated in clinical trials in
humans have had only modest effects. Although these FAK
kinase inhibitors (GSK2256098 or VS-6063 also known as
defactinib or PF-045548778) greatly decreased poY397
levels to w80% from baseline, minor responses or disease
stabilization were observed in only 13%–33% of patients
with advanced solid tumors including esophageal can-
cer.40–42 It would be of interest to test current growth
factor–dependent FAK kinase inhibitors against inhibitors
targeting poHis-dependent signaling and glucose-dependent
proliferation. In future studies, it would be of interest to
develop novel inhibitors of glucose-induced poHis-FAK
signaling and compare the effects on ESCC xenograft growth
of current FAK tyrosine kinase inhibitors against such novel
poHis58-FAK inhibitors. Targeting glucose-induced poHis
will be an innovative and specific way to inhibit the prolif-
eration of ESCC, because normal adult tissues are not reliant
on aerobic glycolysis-induced proliferation.

Materials and Methods
Cell Models of Glucose-Stimulated Proliferation

In the presence of serum, cells were incubated in
glucose-free medium for 3–8 hours to deplete glucose and
then in serum-free medium with or without glucose for 1–4
hours. WST1 was used to monitor cell viability/prolifera-
tion. BrdU or EdU was used to label glucose-induced DNA
synthesis. BrdU/EdU-DNA levels were analyzed by using
ELISA or fluorescence flow cytometry. CRISPR-Cas9 gene
editing systems were used to interrupt the FAK gene.
Standard molecular biological techniques were used to
make WT/mutant FAK constructs. All mutations such as
FAK His58A/E were verified by sequencing. Cells expressing
WT/mutant (His58A/E) FAK were obtained by using flow
cytometry sorting, G418 selection, and colony expansion.
ESCC cells (KYSE70) expressing WT/His58A FAK were used
for xenograft models.
Cell Line and Reagents
To verify that cell lines were not false, misidentified, and

were known to be authentic cell lines, we searched the
Cellosaurus database ExPASy Bioinformatics Resource Por-
tal for RRID numbers for each verified cell line shown
below. Human ESCC KYSE70 (RRID: CVCL_1356), KYSE140
(RRID: CVCL_1347), KYSE150 (RRID: CVCL_1348), KYSE180
(RRID: CVCL_1349), KYSE520 (RRID: CVCL_1355), TE1
(RRID: CVCL_1759), TE7 (RRID: CVCL_9972), TE9 (RRID:
CVCL_1767), TE8 (RRID: CVCL_1766), and TE10 (RRID:
CVCL_1760) were originally obtained from Takayoshi Tobe
lab (KYSE) and the Takashi SASAKI lab (TE). Human
esophageal epithelial cell line (Het-1A, RRID: CVCL_3702,
ATCC# CRL-2692) and human breast cancer cell line (MCF7,
RRID: CVCL_0031, ATCC# HTB-22) were purchased from
ATCC. Esophageal adenocarcinoma (FLO1, RRID:
CVCL_2045, SK-GT-4, RRID: CVCL_2195, KYSE1, RRID:
CVCL_1825, and OACM5.1C, RRID: CVCL_1842) were pur-
chased from Sigma-Aldrich (St Louis, MO). Cancer cell lines
were maintained in recommended medium in the presence
of 10% FBS and 1% antibiotics: KYSE70/KYSE140//
KYSE150/KYSE520/TE1/TE7/TE8/TE9/TE10, RPMI-1640;
KYAE1, F-12K þ RPMI1640; SK-GT-4, RPMI-1640; and
FLO1, DMEM. The human esophageal epithelial cell line was
cultured in BEGM.

The antibodies were obtained from the following sour-
ces: anti-N3-poHis (Millipore, Burlington, MA; MABS1352),
anti-poY397-FAK (Cell Signaling Technology, Danvers, MA;
#3283), anti-FAK (Millipore; 05-537), anti-GFP (Abcam,
Cambridge, UK; AB290), anti-poS473-AKT (Cell Signaling
Technology; #9271), anti-AKT (Cell Signaling Technology;
#9272), anti-AKT1 (Santa Cruz Biotechnology, Santa Cruz,
CA; sc-5298), anti-AKT2 (Santa Cruz Biotechnology; sc-
5270), anti-AKT3 (Santa Cruz Biotechnology; sc-134254),
anti-poERK1/2 (Cell Signaling Technology; #4377), anti-
ERK1/2 (Cell Signaling Technology; #9102), and anti-b-
actin (Sigma-Aldrich; A5441).

AKT and control shRNAs were purchased from Santa
Cruz Biotechnology. PI3K/AKT/ERK inhibitors, wortman-
nin/AZD5363/PD98059, were purchased from Sigma-
Aldrich. Receptor tyrosine kinase inhibitors, BMS-754807,
BIBW2992, Ponatinib, and Dasatinib, were purchased from
Selleck Chemicals (Houston, TX). CRISPR-Cas9 gene editing
system (1 � sgRNA/Cas9 all-in-one expression clone tar-
geting PTK2 [NM_001199649.1]) was purchased from
GeneCopoeia (Rockville, MD). Lipofectamine 3000 Trans-
fection Reagent was purchased from Life Sciences (Corning,
NY). Chemicals such as PEP and pyruvate were purchased
from Sigma-Aldrich.
Assessments of Glucose-Induced Proliferation
Three approaches were applied, namely BrdU ELISA,

EdU coupling flow cytometry, and trypan blue exclusion cell
counting. Briefly, cells were incubated in glucose-free me-
dium containing 5% FBS for 3–8 hours to deplete glucose
and then in FBS-free medium with or without varied con-
centrations of glucose in the presence of BrdU for 1 hour or
EdU for 4 hours. For simultaneous assessments of cell
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viability (WST1) and cell proliferation (BrdU), the treated
cells were incubated in RPMI-1640 containing WST1 for
15–60 minutes and measured by using a microplate reader
at 450 nm. BrdU-DNA was determined by using the Cell
Proliferation ELISA (BrdU, colorimetric; Roche, Basel,
Switzerland) by following the manufacturer’s instructions.
EdU-DNA was assessed by using Click-iT Plus EdU Pacific
Blue Flow Cytometry Assay Kit (Life Science). To count
viable cells, the cells were trypsinized, mixed with trypan
blue, and counted on a TC-20 cell counter (Bio-Rad Labo-
ratories, Hercules, CA).

Antibody Microarray Analysis
KYSE70 cells (2,000,000/100-mm dish) were incubated

in glucose-free RPMI-1640 containing 5% FBS for 8 hours.
Next, the cells were incubated in FBS-free medium with or
without 1 mmol/L glucose for 1 hour. Cancer Signaling
Antibody Arrays (Full Moon Biosystems) were used to
detect phosphorylation/activation of key signal proteins by
following the manufacturer’s instructions. Briefly, cells were
homogenized in lysis buffer, buffer was exchanged, and
biotin was labelled. Microarray slides were blocked, coupled
with labelled lysates, and detected with C3-streptavidin. The
processed antibody array plates were sent to the company
for detection and data analysis.

The Cancer Genome Atlas Database Search and
Analysis

EC cohort of TCGA consisted of 183 patients (95 ESCC þ
88 EAC). The mRNA expression z-scores from RNA-seq were
downloaded via cBioPortal Center (http://www.cbioportal.
org/).43 Statistical analyses were performed by using R
software (http://www.r-project.org/) and Bioconductor
(http://bioconductor.org/). GSEA was performed on TCGA
cohort by using software provided by the Broad Institute
(http://software.broadinstitute.org/gsea/index.jsp), as pre-
viously described.43 Patients were classified into 2 groups,
ESCC and EAC.
Figure 6. (See previous page). poHis-FAK signaling modul
esophagus (ES) or ESCC tumors. Data are averages with SD f
independent experiments that showed similar results; unpaired t
normal esophagus (ES) or ESCC tumors. Data are averages with
2 independent experiments that showed similar results; unpaired
glucose (Glc) (5.56 mmol/L) or FBS (5%)-stimulated KYSE70 ce
stimulation (5.56 mmol/L). Data are averages with SD from 3 b
similar results; unpaired t test, ***P < .001 vs –Glc. (E) ELISA of p
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dinary one-way ANOVA test, ***P < .001 vs control (FL). (F) Rep
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Data are averages with SD from 3 biological replicates; 3 indepe
**P < .01 vs WT control. (I) H58A-altered cell morphology. Mic
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transfected cells to assess the levels of WT/H58A-FAK (inset).
dependent experiments that showed similar results; ordinary one
of WT/H58E FAK-transfected KYSE70 cells ± glucose stimulatio
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lanes.
Site-Directed Mutagenesis and Overexpression
GeneArt Site-Directed Mutagenesis System (Invitrogen,

Carlsbad, CA) was used for construction of pEGFP-FAK-
H58A/E. Mutagenesis primers for H58A were the
following: forward, 50-C AGT ATT ATC AGG GCA GGA GAT
GCT ACT GAT G and reverse, 50-C ATC AGT AGC ATC TCC
TGC CCT GAT AAT ACT G; for H58E: forward, 50-C AGT ATT
ATC AGG GAG GGA GAT GCT ACT GAT G and reverse, 50-C
ATC AGT AGC ATC TCC CTC CCT GAT AAT ACT G (the
underlined triplets are those that are mutated). The muta-
tion was verified by Sanger sequencing. Cells were trans-
fected with the constructs by using Lipofectamine 3000
Transfection Reagent. G418 selection, fluorescence flow
cytometry sorting, and colony expansion were performed as
previously described.1
Enzyme-linked Immunosorbent Assay of
Phosphohistidine–Focal Adhesion Kinase

The protocol for analysis of poHis-FAK levels was modi-
fied because poHis is heat and acid labile. The wells were
coated with an anti-poHis-N3 antibody44 (0.98 ng/mL, rabbit,
MABS1352; Millipore) in 50 mL coating buffer (phosphate-
buffered saline [PBS], pH 7.4) or coating buffer alone at 4�C
overnight. After the wells were washed with washing buffer
(PBS, pH 7.4, 0.03% Tween-20, 200 mL/well) 3 times, 200 mL
of 10% dry milk in washing buffer was added to the wells
and kept at room temperature for 2 hours. Then, the wells
were rinsed with washing buffer 2 times. To detect PEP-
induced poHis-FAK, the reaction mixture containing
Na2HPO4/NaH2PO4 buffer (20 mmol/L, pH 7.6), NaCl
(50 mmol/L), MgCl2 (5 mmol/L), ethylenediamine tetraacetic
acid (1 mmol/L), dithiothreitol (DTT) (2 mmol/L), PEP
(20 mmol/L), and purified recombinant FAK (0.26 ng/mL,
Cat#: PV3832; Invitrogen) was added to the poHis Ab–coated
wells and kept at room temperature for 5 hours. Excessive
pyruvate or ATP (100 mmol/L) was used to replace PEP in
the parallel reaction mixtures as negative controls. For the
assessment of cellular poHis-FAK levels, 50 mL of cell lysates
ates ESCC proliferation. (A) PEP levels in human normal
rom 6 biological replicates (2 samples from each subject); 2
test, **P < .01 vs ES. (B) ELISA of poHis-FAK levels in human
SD from 6 biological replicates (2 samples from each subject);
t test, **P < .01 vs ES. (C) Immunoblot of poHis-FAK levels in
lls. (D) ELISA of poHis-FAK levels in KYSE70 cells ± glucose
iological replicates; 3 independent experiments that showed
oHis-FAK FERM and CD domains. CD, C-terminal domain of
minus, 1-128 aa); FL, full-length FAK; GST, green florescence
; 3 independent experiments that showed similar results; or-
orted poHis proteins that contain the “HG” motif. (G) ELISA of
T/H58A FAK. Data are averages with SD from 8 biological
ts; unpaired t test, **P < .01 vs WT. (H) H58A reduces glucose
up by WT/H58A FAK-transfected mouse FAK KO SCC cells.
ndent experiments that showed similar results; unpaired t test,
roscopy examination of WT/H58A FAK-transfected KYSE70
with glucose stimulation (5.56 mmol/L). Immunoblot of the

Data are averages with SD from 9 biological replicates; 3 in-
-way ANOVA test, ***P < .001 vs WT. (K) Relative proliferation
n (5.56 mmol/L). Data are averages with SD from 6 biological
ts; ordinary one-way ANOVA test, ****P < .0001 vs both H58E
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Figure 7. poHis58 mimics poY397-triggered FAK function in glucose-induced proliferation. (A) Immunoblot of poHis-FAK
in WT and Y397F FAK-transfected FAK KO mouse embryonic fibroblasts. (B) Effects of FAK kinase inhibitor (defactinib) on
FBS- or glucose (5.56 mmol/L)-increased BrdU-DNA levels in KYSE70 cells. Data are averages with SD from 3 biological
replicates; 3 independent experiments that showed similar results; ordinary one-way ANOVA test, ****P < .0001 vs Glc/FBS.
(C) BrdU-DNA levels in WT FAK or FAKY397F-transfected FAK KO mouse embryonic fibroblasts ± glucose and/or FBS stim-
ulation. FAK-WT: FAK KO mouse embryonic fibroblasts re-expressing WT FAK; and FAK-Y397F: FAK KO mouse embryonic
fibroblasts re-expressing FAKY397F. Data are averages with SD from 6 biological replicates; 3 independent experiments that
showed similar results; two-way ANOVA test, ****P < .0001 vs Glc/FBS-WT. (D) BrdU-DNA levels in FAKH58E/A-454R-transfected
FAK null mouse embryonic fibroblasts ± glucose stimulation. WT: FAK KO mouse embryonic fibroblasts re-expressing WT
FAK; H58A-454R: FAK KO mouse embryonic fibroblasts re-expressing FAKH58A-454R; and H58E-454R: FAK KO mouse em-
bryonic fibroblasts re-expressing FAKH58E-454R. Data are averages with SD from 3 biological replicates; 3 independent ex-
periments that showed similar results; two-way ANOVA test, **P < .01 vs WT þGlc, ****P < .0001 vs WT –Glc. Glc, glucose.
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(0.17 ug/mL) was added to the anti-poHis Ab–coated wells.
The wells were washed with washing buffer 3 times to
remove any unbound materials. The first antibody (FAK4.47,
mouse, 1:1000 in 50 mL of antibody buffer [PBS, pH 7.4,
0.03% Tween-20, 1% bovine serum albumin]) was added to
the wells and kept at 4�C overnight. After washing 3 times, an
anti-mouse immunoglobulin G–horseradish peroxidase
(1:1000 in 50 mL antibody buffer) was added to the wells and
kept at room temperature for 2 hours. After washing 3 times,
the substrate TMB (50 ml/well) was used and detected at 650
nm wavelength on a microplate reader.
Western Blot Analysis and Immunoprecipitation
Preparation of cell lysates in NP-40 lysis buffer (pH 8.0)

containing protease and phosphatase inhibitor cocktails
(Roche) and sodium dodecyl sulfate–polyacrylamide gel
electrophoresis were performed as previously described.1

To detect poHis protein levels, the protocol was modified
to retain the acid and heat sensitive poHis on proteins.44

Major changes included the following: (1) cell lysates in
Laemmli buffer (pH 8.0) were directly loaded to the gel
without heating to 95�–98�C, (2) the membranes were
washed in alkaline washing buffer (25 mmol/L Tris, pH 8.5,
137 mmol/L NaCl, 2.7 mmol/L KCl, and 0.04% Tween-20),
and (3) dry milk in washing buffer was used to block
nonspecific sites on the membranes. For the negative con-
trols, an aliquot of cell lysate was heated at 95�C for 15
minutes or incubated under acidic pH (0.2 mol/L HCl) at
37�C for 15 minutes to reduce histidine phosphorylation.

After glucose depletion, KYSE70 cells were kept in
medium with or without glucose (5.56 mmol/L) for 1



Table 1.Ratio Analysis for Paired Antibodies

Antibody list

Signal ratio Fold change

without
glucose

with
glucose

with/without
glucose

14-3-3 zeta (Phospho-Ser58) 14-3-3 zeta (Ab-58) 1.92 1.88 0.98

4E-BP1 (Phospho-Thr36) 4E-BP1 (Ab-36) 1.57 1.54 0.98

Akt (Phospho-Thr308) Akt (Ab-308) 0.77 0.84 1.09

Akt (Phospho-Ser473) Akt (Ab-473) 0.74 0.91 1.22

Akt2 (Phospho-Ser474) Akt2 (Ab-474) 1.17 1.18 1.01

AMPK1 (Phospho-Thr174) AMPK1 (Ab-174) 1.76 1.56 0.89

BAD (Phospho-Ser112) BAD (Ab-112) 0.86 0.98 1.15

BAD (Phospho-Ser136) BAD (Ab-136) 1.00 1.10 1.10

BAD (Phospho-Ser155) BAD (Ab-155) 1.04 1.16 1.12

BCL-2 (Phospho-Thr56) BCL-2 (Ab-56) 0.85 0.91 1.07

BCL-2 (Phospho-Ser70) BCL-2 (Ab-70) 0.66 0.72 1.09

BCL-XL (Phospho-Ser62) BCL-XL (Ab-62) 0.09 0.09 1.05

Beta-Catenin (Phospho-Ser37) Beta-Catenin (Ab-37) 1.12 1.21 1.08

Beta-Catenin (Phospho-Thr41/Ser45) Beta-Catenin (Ab-41/45) 2.10 1.99 0.95

BRCA1 (Phospho-Ser1423) BRCA1 (Ab-1423) 0.14 0.15 1.05

BRCA1 (Phospho-Ser1524) BRCA1 (Ab-1524) 0.88 0.91 1.04

CaMKII (Phospho-Thr286) CaMKII (Ab-286) 0.84 0.96 1.14

Caspase 3 (Phospho-Ser150) Caspase 3 (Ab-150) 1.12 1.16 1.03

Caspase 9 (Phospho-Thr125) Caspase 9 (Ab-125) 0.61 0.65 1.06

Caspase 9 (Phospho-Ser144) Caspase 9 (Ab-144) 0.80 0.79 0.99

Caspase 9 (Phospho-Tyr153) Caspase 9 (Ab-153) 0.88 1.02 1.17

Caspase 9 (Phospho-Ser196) Caspase 9 (Ab-196) 0.40 0.37 0.93

Caveol in-1 (Phospho-Tyr14) Caveol in-1 (Ab-14) 1.81 1.91 1.06

CDC2 (Phospho-Tyr15) CDC2 (Ab-15) 0.72 0.96 1.32

cdc25A (Phospho-Ser75) cdc25A (Ab-75) 1.36 1.56 1.15

cdc25C (Phospho-Ser216) cdc25C (Ab-216) 0.43 0.45 1.05

CDK2 (Phospho-Thr160) CDK2 (Ab-160) 0.87 1.00 1.16

Chk1 (Phospho-Ser280) Chk1 (Ab-280) 1.28 1.41 1.10

Chk1 (Phospho-Ser317) Chk1 (Ab-317) 0.82 0.85 1.04

Chk1 (Phospho-Ser345) Chk1 (Ab-345) 1.19 1.19 1.00

Chk2 (Phospho-Ser516) Chk2 (Ab-516) 0.97 1.15 1.19

Chk2 (Phospho-Thr68) Chk2 (Ab-68) 0.35 0.39 1.11

c-Jun (Phospho-Thr239) c-Jun (Ab-239) 1.04 1.10 1.05

c-Jun (Phospho-Ser243) c-Jun (Ab-243) 0.45 0.51 1.14

c-Jun (Phospho-Ser73) c-Jun (Ab-73) 0.20 0.19 0.96

c-Kit (Phospho-Tyr721) c-Kit (Ab-721) 0.70 0.80 1.15

CREB (Phospho-Ser133) CREB (Ab-133) 0.64 0.76 1.18

CrkII (Phospho-Tyr221) CrkII (Ab-221) 0.61 0.62 1.01

eEF2K (Phospho-Ser366) eEF2K (Ab-366) 0.67 0.67 1.01

EGFR (Phospho-Tyr1110) EGFR (Ab-1110) 0.70 0.86 1.23

eIF2a (Phospho-Ser51) eIF2a (Ab-51) 0.88 0.86 0.98

elF4E (Phospho-Ser209) elF4E (Ab-209) 0.78 0.95 1.21

Elk-1 (Phospho-Ser383) Elk-1 (Ab-383) 1.09 1.01 0.93

ERK3 (Phospho-Ser189) ERK3 (Ab-189) 1.18 1.19 1.00

ERK8 (Phospho-Thr175/Tyr177) ERK8 (Ab-175/177) 0.57 0.58 1.02

Estrogen Receptor-alpha
(Phospho-Ser167)

Estrogen Receptor-alpha
(Ab-167)

1.14 1.13 0.99

FAK (Phospho-Tyr397) FAK (Ab-397) 1.14 1.05 0.92

FAK (Phospho-Tyr861) FAK (Ab-861) 0.75 0.79 1.06
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Table 1.Continued

Antibody list

Signal ratio Fold change

without
glucose

with
glucose

with/without
glucose

FAK (Phospho-Tyr925) FAK (Ab-925) 1.03 1.23 1.20

FGF Receptor 1 (Phospho-Tyr154) FGF Receptor 1 (Ab-154) 0.72 0.89 1.23

FKHR (Phospho-Ser256) FKHR (Ab-256) 1.23 1.23 1.00

GSK3 alpha (Phospho-Ser21) GSK3 alpha (Ab-21) 0.99 0.92 0.93

GSK3 beta (Phospho-Ser9) GSK3 beta (Ab-9) 0.66 0.71 1.08

HDAC8 (Phospho-Ser39) HDAC8 (Ab-39) 1.06 1.10 1.04

HER2 (Phospho-Tyr877) HER2 (Ab-877) 1.12 1.17 1.04

Histone H2A.X (Phospho-Ser139) Histone H2A.X (Ab-139) 0.84 0.88 1.05

HSF1 (Phospho-Ser303) HSF1 (Ab-303) 0.75 1.05 1.40

HSP27 (Phospho-Ser15) HSP27 (Ab-15) 1.61 1.64 1.02

HSP27 (Phospho-Ser78) HSP27 (Ab-78) 0.96 1.23 1.28

HSP90B (Phospho-Ser254) HSP90B (Ab-254) 1.17 1.48 1.26

ICAM-1 (Phospho-Tyr512) ICAM-1 (Ab-512) 1.89 1.86 0.99

IGF-1R (Phospho-Tyr1161) IGF-1R (Ab-1161) 1.29 1.31 1.01

IkB-alpha (Phospho-Ser32/Ser36) IkB-alpha (Ab-32/36) 5.36 6.36 1.19

IkB-alpha (Phospho-Tyr42) IkB-alpha (Ab-42) 1.76 1.88 1.06

IkB-epsi lon (Phospho-Ser22) IkB-epsi lon (Ab-22) 0.48 0.47 0.96

IKK alpha (Phospho-Thr23) IKK alpha (Ab-23) 0.64 0.77 1.21

Integrin beta-3 (Phospho-Tyr773) Integrin beta-3 (Ab-773) 0.57 0.64 1.11

Integrin beta-3 (Phospho-Tyr785) Integrin beta-3 (Ab-785) 1.11 1.10 0.99

JAK1 (Phospho-Tyr1022) JAK1 (Ab-1022) 0.95 1.28 1.35

JAK2 (Phospho-Tyr1007) JAK2 (Ab-1007) 0.65 0.73 1.13

JAK2 (Phospho-Tyr221) JAK2 (Ab-221) 0.90 1.27 1.41

JunB (Phospho-Ser259) JunB (Ab-259) 1.75 1.77 1.01

JunB (Phospho-Ser79) JunB (Ab-79) 2.08 1.87 0.90

JunD (Phospho-Ser255) JunD (Ab-255) 1.68 1.84 1.09

Keratin 18 (Phospho-Ser33) Keratin 18 (Ab-33) 2.04 2.28 1.12

MDM2 (Phospho-Ser166) MDM2 (Ab-166) 0.06 0.07 1.06

MEK1 (Phospho-Ser217) MEK1 (Ab-217) 1.91 1.95 1.02

MEK1 (Phospho-Ser221) MEK1 (Ab-221) 0.96 1.14 1.19

MEK1 (Phospho-Thr291) MEK1 (Ab-291) 0.61 0.68 1.10

MEK2 (Phospho-Thr394) MEK2 (Ab-394) 0.98 0.97 0.98

Met (Phospho-Tyr1349) Met (Ab-1349) 0.73 0.84 1.15

MKK3 (Phospho-Ser189) MKK3 (Ab-189) 0.84 0.98 1.16

MSK1 (Phospho-Ser376) MSK1 (Ab-376) 1.82 1.97 1.08

mTOR (Phospho-Ser2448) mTOR (Ab-2448) 1.91 1.99 1.04

Myc (Phospho-Thr358) Myc (Ab-358) 0.24 0.28 1.17

Myc (Phospho-Ser373) Myc (Ab-373) 1.57 1.58 1.00

Myc (Phospho-Thr58) Myc (Ab-58) 1.41 1.42 1.00

Myc (Phospho-Ser62) Myc (Ab-62) 1.73 1.57 0.91

NFkB-p100/p52 (Phospho-Ser865) NFkB-p100/p52 (Ab-865) 0.44 0.41 0.93

NFkB-p100/p52 (Phospho-Ser869) NFkB-p100/p52 (Ab-869) 1.02 1.04 1.02

NFkB-p105/p50 (Phospho-Ser893) NFkB-p105/p50 (Ab-893) 0.88 0.93 1.06

NFkB-p105/p50 (Phospho-Ser907) NFkB-p105/p50 (Ab-907) 0.94 0.98 1.04

NFkB-p65 (Phospho-Thr254) NFkB-p65 (Ab-254) 0.90 0.83 0.92

NFkB-p65 (Phospho-Ser529) NFkB-p65 (Ab-529) 1.53 1.61 1.05

p21Cip1 (Phospho-Thr145) p21Cip1 (Ab-145) 1.19 1.25 1.06

p27Kip1 (Phospho-Ser10) p27Kip1 (Ab-10) 1.39 1.42 1.02
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Table 1.Continued

Antibody list

Signal ratio Fold change

without
glucose

with
glucose

with/without
glucose

p27Kip1 (Phospho-Thr187) p27Kip1 (Ab-187) 1.25 1.15 0.92

P38 MAPK (Phospho-Tyr182) P38 MAPK (Ab-182) 0.36 0.45 1.26

p44/42 MAP Kinase (Phospho-Thr202) p44/42 MAP Kinase (Ab-202) 0.87 1.01 1.17

p44/42 MAP Kinase (Phospho-Tyr204) p44/42 MAP Kinase (Ab-204) 0.96 1.21 1.26

p53 (Phospho-Ser315) p53 (Ab-315) 0.39 0.53 1.35

p53 (Phospho-Ser6) p53 (Ab-6) 1.30 1.42 1.09

p70 S6 Kinase (Phospho-Ser424) p70 S6 Kinase (Ab-424) 1.62 1.41 0.87

PDGF Receptor beta (Phospho-Tyr751) PDGF Receptor beta (Ab-751) 0.52 0.59 1.14

PDK1 (Phospho-Ser241) PDK1 (Ab-241) 0.52 0.36 0.70

PI3-kinase p85-alpha (Phospho-Tyr607) PI3-kinase p85-alpha (Ab-607) 0.68 1.01 1.47

PI3-kinase p85-subunit alpha/gamma
(Phospho-Tyr467/Tyr199)

PI3-kinase p85-subunit alpha/
gamma (Ab-467/199)

0.98 0.06 1.08

PTEN (Phospho-Ser380/Thr382/Thr383) PTEN (Ab-380/382/383) 0.66 0.73 1.11

Pyk2 (Phospho-Tyr402) Pyk2 (Ab-402) 1.48 1.58 1.07

Rac1/cdc42 (Phospho-Ser71) Rac1/cdc42 (Ab-71) 1.83 1.79 0.98

Raf1 (Phospho-Ser259) Raf1 (Ab-259) 1.01 1.02 1.01

Rb (Phospho-Ser780) Rb (Ab-780) 0.93 1.07 1.15

Rel (Phospho-Ser503) Rel (Ab-503) 1.15 1.25 1.08

SAPK/JNK (Phospho-Thr183) SAPK/JNK (Ab-183) 0.77 1.08 1.40

Shc (Phospho-Tyr349) Shc (Ab-349) 0.62 0.74 1.20

SHP-2 (Phospho-Tyr580) SHP-2 (Ab-580) 1.93 2.04 1.05

Src (Phospho-Tyr418) Src (Ab-418) 0.23 0.26 1.11

Src (Phospho-Tyr529) Src (Ab-529) 1.52 1.48 0.98

STAT1 (Phospho-Tyr701) STAT1 (Ab-701) 1.72 1.74 1.01

STAT1 (Phospho-Ser727) STAT1 (Ab-727) 1.78 2.11 1.19

STAT3 (Phospho-Tyr705) STAT3 (Ab-705) 1.18 1.16 0.98

STAT3 (Phospho-Ser727) STAT3 (Ab-727) 1.56 1.54 0.99

STAT4 (Phospho-Tyr693) STAT4 (Ab-693) 1.71 1.71 1.00

STAT5A (Phospho-Tyr694) STAT5A (Ab-694) 1.62 1.46 0.90

STAT5A (Phospho-Ser780) STAT5A (Ab-780) 0.15 0.16 1.08

STAT6 (Phospho-Tyr641) STAT6 (Ab-641) 1.40 1.61 1.15

STAT6 (Phospho-Thr645) STAT6 (Ab-645) 0.22 0.24 1.13

Tau (Phospho-Ser404) Tau (Ab-404) 1.13 1.18 1.05

Trk B (Phospho-Tyr515) Trk B (Ab-515) 0.32 0.37 1.13

TYK2 (Phospho-Tyr1054) TYK2 (Ab-1054) 0.84 0.87 1.04

VEGFR2 (Phospho-Tyr951) VEGFR2 (Ab-951) 0.19 0.21 1.08
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hour and harvested. Lysates (1 mg protein) were
pre-cleared by using agarose–immunoglobulin G plus for
1 hour and then incubated with agarose-conjugated anti-
FAK-AC Ab at 4�C overnight. The beads were washed with
1� PBS (pH 8.0) 3 times. Two times loading buffer (pH 8)
was added to the immunoprecipitates. The beads (im-
munoprecipitates) were directly loaded to a sodium
dodecyl sulfate–polyacrylamide gel electrophoresis gel
without heating to preserve poHis. The anti-poHis Ab was
used to detect poHis-FAK on the polyvinylidene difluoride
membrane. The same membrane was stripped and then
reprobed with the anti-FAK Ab.
Microscopy Examination
KYSE70 cells were cultured on a 25 cm2

flask. Live cell
images were acquired by using a Zeiss (Carl Zeiss GmbH,
Oberkochen, Germany) AX10 Observer microscope with a
LD APIan 20X/0,30 Ph 1 lens.

Mass Spectrometry
To overcome the labile nature of the poHis phosphor-

amidite moiety, we used the reported protocols that have
been established for poHis detection. Phosphorylated hu-
man FAK (PV3832; Invitrogen) was digested with trypsin
as previously described.45–47 The protein samples were



Figure 8. Glucose acti-
vates PI3K/AKT signaling
via poHis58-FAK. (A)
ESCC enriches PI3K/AKT/
mTOR signaling genes.
Statistical analysis of hall-
mark PI3K/AKT/MTOR
gene sets in ESCC (n ¼ 95)
and EAC (n ¼ 88) samples
in TCGA database. (B)
Levels of PI3K and AKT
mRNA are increased in
human ESCC tumors. Sta-
tistical analysis of key PI3K
and AKT expression in
ESCC (n ¼ 95) and EAC
(n ¼ 88) samples in the
TCGA database. ****P <
.0001 vs EAC.
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processed by using a surfactant-aided precipitation/on-
pellet digestion (SOD) procedure, which provides extensive
cleanup to remove detergents and non-protein matrix
components, deep protein denaturation (by both surfac-
tants and precipitation) for rapid, efficient, and reproduc-
ible digestion, and thereby achieves reliable quantification
of samples. Briefly, 100 mg protein was reduced with 10
mmol/L DTT with incubation at 37�C for 30 minutes in
Eppendorf Thermomixer (Eppendorf, Hauppauge, NY), and
cysteine residues were alkylated with 20 mmol/L iodoa-
cetamide at 37�C for 30 minutes in the dark. For protein
precipitation, 1 volume of chilled acetone (–20�C) was
gently added into each sample and mixed for 1 minute to
obtain a cloudy suspension. Then, another 8 volumes of
chilled acetone were added to the mixture to precipitate
proteins. The solution was vortexed until it became clear
and stored at –20�C overnight to allow complete precipi-
tation. Subsequently, samples were centrifuged at 20,000g
for 30 minutes at 4�C to obtain a protein pellet. After
removing the supernatant, 500 mL chilled acetone/water
mixture (85/15, v/v %) was added to wash the pellet.
Samples were centrifuged for 3–5 minutes, acetone/water
supernatant was discarded, and the sample was allowed to
air dry. The system was kept under pH 8.5 all the time to
prevent potential acid catalysis of poHis degradation.

For protein digestion, the pellet was dissolved in 100 mL
Tris (pH 8.5) buffer and sonicated in a water bath at 37�C.
Then, 80 mL Tris buffer was added to 20 mg enzyme powder
(Sigma-Aldrich) on ice for activation. The digestion pro-
cedure comprised 2 steps: (1) activated trypsin was added
to the samples at a ratio of 1:40 (enzyme: substrate) and
incubated for 6 hours at 37�C in an Eppendorf Thermo-
mixer, and (2) a second aliquot of trypsin solution with
equal volume was added to the samples and incubated
overnight. After centrifugation at 20,000g for 20 minutes at
4�C, two-thirds of the digestion solution was carefully
transferred into a tube for LC-MS analysis.

The peptide fragments derived from purified human FAK
were subjected to HCD MS/MS analysis as previously
described.29,48,49 The nano-flow reverse phase LC included a
Spark Endurance autosampler (Emmen, Holland) and an
ultra-high pressure Dionex (Sunnyvale, CA) ultimate Nano-
2D Ultra capillary/nano-LC system. Peptide separation
used a long nano-LC column (75-mm ID � 100 cm) with



Figure 9. Glucose activates PI3K/AKT signaling via poHis58-FAK. (A) Glucose increases pAKT levels in ESCC (KYSE70) in
a dose-dependent manner. Immunoblot of pAKT/AKT levels in KYSE70 exposed to 0–250 mmol/L glucose in the absence of
serum (FBS). (B) Glucose does not alter pAKT levels in EAC (FLO1). Immunoblot of pAKT/AKT levels in FLO1 exposed to 0–250
mmol/L glucose in the absence of serum (FBS). (C) H58A attenuates gluocse-increased pAKT levels. Immunoblot of pAKT and
total AKT levels in WT/GFP-H58A-FAK-transfected KYSE70 cells exposed to 5.56 mmol/L glucose. Low/Med/High: trans-
fected cells expressing low/medium/high levels of GFP-H58A-FAK. (D) shAKT attenuates glucose-induced proliferation.
shRNA inhibition of AKT expression (shAKT) in KYSE70 cells ± glucose (5.56 mmol/L) stimulation in the absence of serum.
Data are averages with SD from 3 biological replicates; 3 independent experiments that showed similar results; unpaired t test,
**P < .01 vs shAKT (with Glc). (E) PI3K/AKT inhibitors reduce glucose-induced proliferation. Effects of PI3K/AKT/ERK inhibition
(PI3Ki/AKTi/ERKi) on serum (FBS, 5%) and glucose (Glc) (5.56 mmol/L) stimulation of BrdU-DNA synthesis. Wort, wortmannin;
AZD, AZD5363; PD, PD98059. Data are averages with SD from 3 biological replicates; 3 independent experiments that showed
similar results; two-way ANOVA test, ***P < .001, ****P < .0001 vs controls (Vehicle with FBS or Glc). (F) RTKis have minimal
effects on glucose-induced proliferation. Effects of receptor tyrosine kinase inhibition (RTKi) on serum-derived growth factor
(FBS, 5%) and glucose (Glc, 5.56 mmol/L) stimulation of BrdU-DNA synthesis. BIBW, BIBW2992; BMS, BMS-754807; Das,
Dasatinib; Pon, Ponatinib. Data are averages with SD from 3 biological replicates; 3 independent experiments that showed
similar results; two-way ANOVA test, *P < .05, ****P < .0001 vs controls (Vehicle with FBS or Glc).
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Figure 10. H58A decreases poHis-FAK signaling in vivo and xenograft growth. (A) H58A reduces tumor growth. Tumor
volume of WT- or H58A FAK-transfected xenografts. Data are averages with SD from 6 biological replicates; 3 independent
experiments that showed similar results; two-way ANOVA test, ***P < .001, ****P < .0001 vs WT. (B) H58A reduces tumor
weight. Weights of xenografts expressing WT or H58A FAK. Data are averages with SD from 6 biological replicates; 3 inde-
pendent experiments that showed similar results; unpaired t test, ***P < .001 vs WT. (C) WT-/H58A-FAK xenografts. Images of
isolated xenografts derived from WT- or H58A FAK-transfected cells. (D) H58A decreases tumor poHis-FAK and pAKT levels.
ELISA of poHis-FAK and pAKT levels in WT/H58A FAK-transfected xenografts. Ratios of pAKT/AKT in H58A xenografts were
normalized to those in WT samples. Data are averages with SD from 6 biological replicates; 3 independent experiments that
showed similar results; two-way ANOVA test, **P < .01, ****P < .0001 vs WT.
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Pepmap 3 mm C18 particles. A large-ID trap (300 mm ID � 1
cm) was packed with Zorbax (Agilent Technologies, Santa
Clara, CA) 5 mm C18 materials to allow large-capacity
loading and removal of hydrophobic and hydrophilic ma-
trix components. Mobile phase A was 10 mmol/L ammo-
nium acetate in 2% acetonitrile (pH 8), and mobile phase B
was 10 mmol/L ammonium acetate, pH 8 in 88% acetoni-
trile. A 4-mg peptide sample was loaded onto the trap with
1% B at 10 mL/min. After the trap was washed for 3 mi-
nutes, a 250 nL/min flow rate was used to back-flush the
samples onto the nano-LC column for further separation.
The column was enclosed in a heating sheath filled with
heat-conductive silicone and warmed homogeneously at
40�C, which helps improve the chromatographic resolution
and reproducibility. The following was the 2.5 h separation
gradient used on the column: 4% B for 15 minutes, 13%–
28% B for 110 minutes, 28%–44% B for 5 minutes, 44%–
60% B for 5 minutes, 60%–97% B for 1 minute, and 97% B
for 17 minutes. The trap was turned offline at 45 minutes to
flush hydrophobic components. No perceivable degradation
of poHis was observed under this LC condition.

An Orbitrap Fusion Lumos Mass Spectrometer (Thermo
Fisher Scientific, San Jose, CA) was used for peptide identi-
fication and quantification. Data collection was operated in a
3-second cycle using the data-dependent top-speed mode.
The MS1 survey scan (m/z 400–1500) was at a resolution of
120,000, with automated gain control target of 500,000 and
a maximum injection time of 50 milliseconds. Precursors
were fragmentized in HCD activation mode at normalized
collision energy of 35%, and the dynamic exclusion was set
with 45 seconds. Precursors were filtered by quadrupole
using an isolation window of 1 Th. The MS2 spectra were
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Figure 11. Glucose-induced poHis-FAK signaling and
tumor growth.

2019 Glucose Drives Cancer Growth via poHis Signaling 57
collected at a resolution of 15,000 in the Orbitrap, with an
automated gain control target of 50,000 and a maximum
injection time of 50 milliseconds.

The raw files (.raw) generated by LC-MS were matched
to database with SEQUEST-HT searching engine embedded
in Proteome Discoverer (v2.1; Thermo Scientific). The
search parameters were set as follows: (1) precursor ion
tolerance, 20 ppm; (2) fragment ion tolerance, 0.6 Da; (3)
maximum missed cleavages, 2; (4) static modifications:
carbamidomethylation/þ57.021 Da (C); (5) dynamic mod-
ifications: oxidation/þ15.995 Da (M);
phosphorylation þ79.9663 Da (S, T, Y, H); (6) decoy data-
base search, target FDR 0.01; (7) site probability threshold,
50; and (8) co-isolation interference, 60%.

Extracellular Flux Analysis and Assessments of
Glucose, Lactate, and Phosphoenolpyruvate
Levels

Seahorse XF243 Extracellular Flux Analyzer (Seahorse
Bioscience, North Billerica, MA) was used to assess the live
cell extracellular acidification rate as previously described.1

Glucose consumption and levels of lactate and PEP were
assessed by using glucose/lactate/PEP Colorimetric/
Fluorometric Assay Kits (Sigma-Aldrich) as previously
described.1

Phosphoenolpyruvate Labelling and 32P-
Phosphoenolpyruvate Treatment of rFocal
Adhesion Kinase

We adapted a published protocol for labeling PEP with
32P-ATP.9 Briefly, pyruvate was mixed with g-32P-ATP in the
reaction buffer containing rabbit muscle pyruvate kinase and
DTT and incubated for 60 minutes. Q column was used to
separate unreacted 32P-ATP from 32P-PEP. Thin-layer chro-
matography was run to verify labelled 32P-PEP. To analyze
the phosphoryl group transfer from 32P-PEP to rFAK, rFAK
(0.26 ng/mL) was incubated in the phosphate buffer (pH 8)
containing 2 mmol/L DTT, 32P-PEP (4 mmol/L) with or
without �10 excessive PEP/ATP/pyruvate at room temper-
ature for 1 hour. FAK was purified by using Pierce Gluta-
thione Spin purification kit (Thermo Fisher Scientific) by
following the manufacturer’s instructions. Glutathione-eluted
rFAK was subjected to scintillation counting on a scintillation
counter (Beckman Coulter, Brea, CA; LS6500).
Xenograft Mouse Models
Animal experimental protocols were approved by the

Roswell Park Comprehensive Cancer Center Institutional
Animal Care and Use committee. KYSE70 cells (1.5 � 106

cells, 100 mL/mouse) expressing the GFP-FAK-WT or GFP-
FAK-H58A gene were mixed with 50% Matrigel Matrix
(Fisher Scientific, Corning #356234) and injected into the
right (H58A) and left (WT) axilla of 6-week-old female SCID
mice (obtained from Roswell Park Comprehensive Cancer
Center), respectively.1 Perpendicular diameters of each tu-
mor were measured with calipers. Tumor volume (TV) was
calculated by using the following formula: TV ¼ (width)2 �
length/2.

Statistical Analyses
GraphPad Prism (GraphPad Software, La Jolla, CA) was

used for statistical analysis. Student t tests were used for
single comparisons. For comparisons that involve multiple
variables and observations, analysis of variance (ANOVA)
was used. For in vitro and in vivo studies, the number of
biological replicates was calculated by using a statistical
analysis for power determination. For all studies, we set an
alpha value of 0.05, a power of 0.8, and a standard deviation
(SD) of 0.25. For in vivo studies, 6-week-old female SCID
mice were randomly assigned to experimental groups.
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accurate protein measurement in large cohorts.
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