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Abstract

Introduction For energy production, cancer cells maintain a high rate of glycolysis instead of oxidative phosphorylation
converting glucose into lactic acid. This metabolic shift is useful to survive in unfavorable microenvironments. We investi-
gated whether a positive glycolytic profile (PGP) in gastric adenocarcinomas may be associated with unfavorable outcomes
under an anticancer systemic therapy, including the anti-angiogenic ramucirumab.

Materials and methods Normal mucosa (NM) and primary tumor (PT) of 40 metastatic gastric adenocarcinomas patients
who received second-line paclitaxel-ramucirumab (PR) were analyzed for mRNA expression of the following genes: HK-1,
HK-2, PKM-2, LDH-A, and GLUT-1. Patients were categorized with PGP when at least a doubling of mRNA expression
(PT vs. NM) in all glycolytic core enzymes (HK-1 or HK-2, PKM-2, LDH-A) was observed. PGP was also related to 7P53
mutational status.

Results Mean LDH-A, HK-2, PKM-2 mRNA expression levels were significantly higher in PT compared with NM. 18
patients were classified as PGP, which was associated with significantly worse progression-free and overall survival times.
No significant association was observed between PGP and clinical-pathologic features, including TP53 positive mutational
status, in 28 samples.

Conclusions Glycolytic proficiency may negatively affect survival outcomes of metastatic gastric cancer patients treated
with PR systemic therapy. T7P53 mutational status alone does not seem to explain such a metabolic shift.
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Background

For energy production under aerobic conditions, normal
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cells generally transform glucose into carbonic anhydride
by means of oxidative phosphorylation. Conversely, glyco-
lysis with ultimate production of lactate is predominant in
invasive cancer cells, even in the presence of sufficient levels
of oxygen [1]. Although the incomplete oxidation of glu-
cose to lactate yields only 5% of the energy available from
glucose, this apparently senseless waste of glucose actually
constitutes a survival advantage in rapidly proliferating cells.
In fact, it makes them insensitive to transient or permanent
hypoxic conditions, it contributes to the production of nucle-
osides and amino acids, and it constitutes a very rapid way
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to produce energy [1, 2]. Furthermore, lactate is not just a
waste product of this process; on the contrary, it promotes
tumor invasion by favouring cell migration, angiogenesis,
immune escape and radioresistance [3]. This metabolic shift
is promoted by the over-expression of the key effectors of
the glycolytic pathway [4, 5], including specific membrane
glucose transporters (GLUT-1), and enzymes involved in
the promotion of each single step of the glycolytic cascade
(Fig. 1). The over-expressed enzymes themselves are subject
to selection with some isoforms more frequently represented
in tumor cells [4, 5].

In a previous study in metastatic colorectal cancer [6],
we found mRNA tumor overexpression of GLUT-I and the
glycolytic genes hexokinase 1 (HK-1) and 2 (HK-2), pyru-
vate kinase isoform 2 (PKM-2) and lactate dehydrogenase
isoform A (LDH-A). In the subset of patients treated with
anti-angiogenic bevacizumab, the glycolytic profile showed
signals of detrimental association with survival outcomes

Phase 1: sugar activation
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[6]. In fact, clones can be selected that have the ability to
survive anti-angiogenic therapy-induced hypoxia, and the
selection of hypoxia -resistant clones can also be observed
with VEGF (vascular epithelial growth factor) receptor-1
and -2 inhibition [7, 8]. These clones require fewer pro-
angiogenic factors to promote their growth and prolifera-
tion and they possess phenotypic properties allowing them
to overcome the lack of energy and nutrients supply [7, 8].
Most relevant, metabolic adaptation with a glycolytic shift
may not be a simple prognostic biomarker [9, 10], but it
may indicate innovative treatment strategies and novel drug
targets in anti-cancer therapy [11-13].

This background prompted us to plan a novel study for
evaluating the possible negative impact of the up-regulated
glycolytic profile in patients exposed to anti-angiogenics.
We focused on the paclitaxel-ramucirumab (PR) associa-
tion for second-line therapy in metastatic gastric cancer.
Ramucirumab is a recombinant human immunoglobulin G1
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Fig.1 Schematic representation of the three main steps (sugar acti-
vation, cleavage and oxidation) in the glycolysis pathway. Glucose
transport-1 (GLUT-1) mediates the internalization of glucose across
the plasma membrane. Hexokinase (HK-1 and HK-2) transfer one
phosphate group from ATP to glucose, yielding glucose-6-phosphate
(G6P). G6P may be shunted into the non-oxidative arm of the pen-
tose phosphate pathway (PPP), otherwise it is converted through the
intermediate reaction of glycolysis to 3-phosphoglycerate. Pyruvate
kinase (PKM-2) catalyzes the transfer of a phosphate group from
3-phosphoglycerate to ADP, to give pyruvate and ATP. In the pres-

Aerobic Pathway ¢ycle

ence of oxygen, cells completely oxidize most of that pyruvate in the
mitochondria to CO, during the process of oxidative phosphorylation
in the tricarboxylic acid (TCA) cycle. When oxygen is limited, cells
can redirect the pyruvate generated by glycolysis away from mito-
chondrial oxidative phosphorylation by generating lactate (anaerobic
glycolysis). Lactate dehydrogenase isoform A (LDH-A) catalyzes
the reversible conversion of pyruvate to lactate with the simultane-
ous oxidation of the cofactor NADH to NAD". Warburg observed
that cancer cells tend to convert most glucose to lactate regardless of
whether oxygen is present (aerobic glycolysis)
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(IgG1) neutralizing monoclonal antibody specific for VEGF
receptor-2 that prevents ligand binding and receptor-medi-
ated pathway activation in endothelial cells. It is approved
as a single agent, or in combination with paclitaxel, for the
treatment of patients with advanced or metastatic gastric
or gastroesophageal junction cancer with disease progres-
sion or after prior fluoropyrimidine or platinum-containing
chemotherapy [14].

Interestingly, recent studies have revealed novel functions
of the TP53 tumor-suppressor gene including the regula-
tion of glycolysis [15]. In pre-clinical models, the pS3 pro-
tein has been shown to repress glycolysis through multiple
mechanisms. In particular, p53 transcriptionally represses
the expression of glucose transporters and it was found to
down-regulate the HK-2 and PKM-2 glycolytic enzymes.
Also, p53 induces the expression of TIGAR (TP53-induced
glycolysis and apoptosis regulator), which decreases the
intracellular concentrations of fructose-2,6-bisphosphate,
and thus reduces glycolysis and diverts glucose catabolism
to the pentose phosphate pathway [16, 17]. The TP53 gene
is frequently mutated in gastric adenocarcinomas, and unlike
many other tumor suppressors, the majority of 7P53 muta-
tions are missense, which usually leads to the production of
the full-length mutant protein [18]. Also, it has been well-
documented that some mutant p53 proteins not only lose the
tumor-suppressive function, but they gain new oncogenic
functions as a result of the so-called “gain-of-function”
TP53 mutations [18, 19]. In this study, we also devoted
an ancillary analysis to TP53 mutational status to evaluate
whether signals of p53 regulation of the glycolytic shift are
detectable in vivo.

Methods

Italian institutions involved in the RAMos retrospective
study [20] were asked to participate in the present study.
To evaluate the results of a translational analysis in a homo-
geneous population of patients, this retrospective investi-
gation focused on patients treated with the combination of
ramucirumab and paclitaxel only. Therefore, patients were
required to be treated with ramucirumab 8 mg/kg on days 1
and 15, with paclitaxel 80 mg/m2 on days 1, 8 and 15, and
both intravenously every 28 days. Availability of paired tis-
sues of the primary tumor (PT) and normal mucosa (NM)
was required for study inclusion. To characterize the gly-
colytic shift in cancer cells, mRNA over-expression of key
enzymes in the three main phases of the glycolytic pathway
were studied (Fig. 1). The relationship between levels of
the mRNA and survival outcomes was assessed. All patient
information and pathology material were collected under
a protocol approved by the Regional Ethical Committee.
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Patients were asked to provide additional written informed
consent (see supplementary information file).

Samples and nucleic acids extraction

Four to six 10-pm sections from formalin-fixed, paraffin-
embedded (FFPE) specimens were obtained from PT and
matched NM. The sample preparation protocol expressly
indicated the acquisition of NM samples from surgical or
biopsy blocks with accurate identification of healthy gas-
tric mucosa. These sections had to be distinct from those
prepared for tumor sampling thus excluding proximity to
tumor infiltration. Before cutting sections for total nucleic
acids isolation, an additional slide was prepared for hema-
toxylin—eosin staining and the pathologists identified repre-
sentative areas with an almost complete representation of
tumor infiltration. For each enrolled patient, total DNA and
RNA were extracted from PT and matched NM. Both tissues
were micro-dissected and placed in a 1.5 ml reaction tube
containing 1 ml xylene to remove paraffin. DNA and RNA
were extracted using the RecoverAll™ Multi-Sample RNA/
DNA Isolation Workflow (Invitrogen™, CA, USA) accord-
ing to the manufacturer’s instructions. DNA and RNA con-
centration and purity were measured using the NanoDrop
1000 spectrophotometer (Nanodrop Technologies, Rockland,
DE, USA).

cDNA synthesis and quantitative real-time PCR
(RT-qPCR)

The SuperScript™VILO™ ¢cDNA Synthesis kit (Invitro-
gen™ CA, USA) was used to generate first-strand cDNAs
from 1 pg of total RNA according to the manufacturer’s
instructions. The products were diluted to obtain a final con-
centration of 10 ng/pl of reverse-transcribed mRNA. Quan-
titative real-time PCR (RT-qPCR) was performed to analyze
the mRNA expression levels of the five candidate genes (HK-
1, HK-2, PKM-2, LDH-A, and GLUT-1) and two reference
genes (B2M and GUSB), as previously reported [6]. Briefly,
RT-qPCR was carried out using TagMan Gene Expression
Assay and TagMan Gene Expression Mastermix (Applied
Biosystems, Foster City, CA, USA) following the manufac-
turer’s protocol. All reactions were performed in triplicate
and each PCR run included a no-template control. The RT-
gqPCR Ct values (the average value of the triplicates) were
converted in CyO0 by a tool for accurate and precise quantifi-
cation [21] and the relative mRINA expression of each target
was calculated as ACy0=Cy0 et geney—CYO(reference gene) 1
this analysis, a higher mRNA expression level corresponds
to a smaller ACyO value.

Subsequently, the 27220 method was used to express
the n-fold differential expression (fold change) of each
candidate gene between the tumor sample and the normal
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counterpart. Fold change >2 indicates a doubling in the
mRNA content and it was adopted as a threshold for dif-
ferential RNA expression in microarray and drug induction
studies [22-25].

Amplicons library preparation and next-generation
sequencing (NGS) for TP53 analysis

A custom panel (IAD_119861) including the TP53 cod-
ing and the relative UTR regions was designed using the
Ion AmpliSeq™ Designer software (Thermo Fisher, Foster
City, CA). The panel was made up of 35 amplicons and
ensured 82% of gene coverage. The Ion AmpliSeq Library
Kit Plus was used to prepare the libraries according to the
manufacturer’s instructions. Libraries were generated using
40 ng of tumor DNA and indexed using the Ion Xpress
Barcode Adapter Kit. Library purification was carried out
using the AMPure™ XP Reagent (Beckman Coulture, CA,
USA) on the DynaMag™-2 Magnet. Qubit™ 4 Fluorometer
(Invitrogen™,, CA, USA) was used to quantify amplicons
libraries. After dilution of all samples at 100 pM, libraries
were pooled for emulsion PCR on the Ion OneTouch™ 2
instrument, using the Ion S5™ Template OT2 kit, accord-
ing to the manufacturer’s instructions. The Ion Sphere™
Particles were enriched using the Ion OneTouch™ Enrich-
ment System and the template was sequenced on the Ton
Torrent S5 platform using the Ion 540™ Chip following
the manufacturer’s instruction. All of these instruments and
reagents were supplied by Thermo Fisher (Foster City, CA).
Read alignment was performed using hg19 (GRCh37) as the
reference genome.

Variant call files were generated by the Variant Caller
v.5 plugin pre-installed in the Torrent Suite and analyzed
with the Ton Reporter™ software (Thermo Fisher, Foster
City, CA). BAM files were also manually checked on IGV
(Integrative Genomics Viewer) [26]. Mutations were catego-
rized as “disruptive” (TP53p) or “non-disruptive” (TP53yp)
according to the classification of Poeta et al. [27]. Muta-
tions were also classified as “gain-of-function” (TP535op)
if reported in current databases from the review of available
studies in which a clear gain-of-function effect was shown
[19].

Statistical analysis

mRNA expression levels were reported as ACy0 values with
means and standard deviations; group differences were com-
pared using two-sample t- and Wilcoxon tests. Significant
associations for each gene were required to be detectable
with both reference genes. Contingency tables were analyzed
by the Fisher’s exact test. Statistical significance was defined
as p<0.05.

For the purpose of clinical associations, fold change
results produced by the 27240 method were adopted.
Cases were defined as having a positive glycolytic profile
(PGP) when fold changes >2 (PT vs. NM) were present in
all glycolytic core genes: HK-1 or HK-2, PKM-2, LDH-A,
and GLUT-1. The remaining cases were categorized as hav-
ing a negative glycolytic profile (NGP).

The primary end-point was overall survival (OS), which
was compared between PGP and NGP groups to assess the
possible clinical impact of glycolytic proficiency. OS was
calculated from the date of the first cycle of second-line
PR therapy to the earliest of date of death or last follow-
up. Progression-free survival (PFS) was the secondary end-
point, defined as the time from the date of the first cycle of
second-line PR therapy to the earlier of disease progression
or death, or last follow-up.

The Kaplan—Meier method was used to estimate survival
curves and the log-rank test was used to compare survival
times between PGP and NGP groups. A multivariable Cox
proportional hazards model was then used to adjust for clini-
cal and pathologic features. Two-sided p values 95% con-
fidence intervals (CI) were reported. A p value <0.05 was
considered statistically significant.

Statistical analyses were performed using MedCalc
for Windows, version 15.0 (MedCalc Software, Ostend,
Belgium).

Results

Forty consecutive patients who underwent PR second-line
systemic therapy and had paired archival tissue samples of
the PT and matched NM were included from eight Italian
institutions. All patients received first-line chemotherapy
with a platinum derivate (cisplatin or oxaliplatin) plus fluo-
ropyrimidines. In the second-line setting, patients under-
went PR between September 2015 and September 2018
(Table 1). The results of second-line therapy in this cohort
of patients parallel findings in the RAMos study [20]. The
overall response rate was 17.5%, with 7 partial responses
in the 40 patients. In the whole group, the median OS was
7.8 months (95% CI 4.5 to 8.6 months) and the median PFS
was 3.8 months (95% CI 3.2 to 4.6 months).

Expression analyses

As shown in Fig. 2, statistically significant differences in
mRNA expression levels were detected comparing ACy0
values between PT tissues and matched NM for HK-2, PKM-
2, GLUT-1 and LDH-A.

The ranking of fold change analysis is reported in Fig. 3.
Fold change >2 was detected in 19 cases for GLUT-1, in
19 cases for LDH-A, in 19 cases for PKM-2, in 13 cases
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Table 1 Characteristics and distribution of the 40 patients according
to the glycolytic profile

Variable Number of patients (%)
Total PGP NGP p value
Age
> 70 years 29 (72.5) 11(61) 18(82) 0.7
<70 years 11(27.5) 7@39) 4(@18)
Gender
Male 18 (45) 739) 11(50) 0.5
Female 22(55) 11(61) 11(50)
PFS1 time
> 6 months 26 (65) 13(72) 13(59) 0.5
< 6 months 14 (35) 5028) 94D
Number of metastatic
sites
1 21(52.5) 6(33) 15(68) 0.05
>2 19 (47.5) 12(67) 7(32)
Peritoneum involvement
Positive 21(52.5) 10(55) 11 (50) 0.7
Negative 19 (47.5) 8(45) 11(50)
ECOG PS
0 22(55) 10(55) 12(54.5) 0.5
1-2 18 (45) 8(45) 1045.5)
Lauren’s histology
Intestinal 26 (65) 14(78) 12(54.5)0.9
Diffuse 14 (45) 4(22) 10(45.5)
Grading
12 18 (45) 10(55) 8(36) 0.3
3 22 (55) 8 (45) 14 (64)
Primary tumor resected
Yes 18 (45) 7@39) 11(50) 0.1
No 22(55) 11(61) 11(50)
Primary tumor site
Cardia 9(225) 528 4718 0.7
Non-cardia 21(77.5) 13(72) 18(82)

PGP positive glycolytic profile, NGP negative glycolytic profile,
PFS1 progression-free survival to first-line chemotherapy, ECOG PS
Eastern Cooperative Group Performance Status

for HK-2 and in 16 cases for HK-1. Eighteen cases showed
synchronous fold change > 2 in one of the two hexokinases
(HK-2 or HK-1), PKM-2, LDH-A, and they composed the
PGP group. Notably, all the PGP cases showed also fold
change > 2 for GLUT-1. The remaining 22 cases composed
the NGP group. Intriguingly, a clear-cut distribution of fold
change > 2 expression levels in the four analyzed target
genes seems to be present. In fact, except for case number
16 and 30, NGP group cases showed none or a single nRNA
fold change > 2.

As shown in Table 1, the distribution of clinical and path-
ologic features of the 40 patients according to PGP and NGP
status did not show statistically significant associations. A
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borderline p value (p =0.05) was observed between PGP
and NGP groups for the number of metastatic sites, with a
numerically greater prevalence of PGP patients having more
extensive metastatic disease.

PGP status did not differentiate treatment responses to
second-line therapy (p > 0.05). There were 2 partial response
in the PGP group and 5 in the NGP group. Four patients
had stable disease in the PGP group and 10 in the NGP
group. Disease progression occurred in 12 patients in the
PGP group and in 7 patients in the NGP group. The number
of patients with partial response and stable disease in the
disease-control rate (DCR) was statistically significantly dif-
ferent between the two groups with DCR in 15 and 6 patients
in the NGP and PGP groups, respectively (p =0.03).

Expression analysis and TP53 status

TP53 mutations in the coding region were found in 28
patients (70%). All detected TP53 mutations were missense
mutations described in the IARC database. Their character-
istics are reported in Fig. 3, together with the distribution
of cases according to glycolytic status. Eleven carriers of a
TP53 mutation were in the PGP group and 17 were in the
NGP group. Seven patients without 7P53 mutations were
in the PGP group and 5 in the NGP group. The association
between TP53 mutation and glycolytic status was not statis-
tically significant (p =0.20). The TP53 missense mutations
were classified as TP53yp in 7 cases, TP53 in 10 cases and
TP5350pin 11 cases. In particular, all but one of the TP53y,
mutations occurred in the NGP group. Six of the 10 TP53,
mutations were in the PGP group and 7 of the 11 TP5350p
mutations were the NGP group (p=0.1).

Survival analysis

In the OS analysis of second-line PR systemic therapy (see
Fig. 4, Panel A), patients with a NGP showed statistically
significant better survival than those with PGP: median
OS of 8.9 months (95% CI 7.8—10.7 months) vs. median
OS of 4.1 months (95% CI 3.5-5.3 months), respectively
(»p=0.008). Similarly, glycolytic status showed a statistically
significant impact on PFS (Fig. 4, panel B). Median PFS
in NGP patients was 4.9 months (95% CI 4.4-6.1 months)
and median PFS in PGP patients was 2.0 months (95% CI
1.9-3.7 months) (p =0.02).

The results of the multivariable Cox regression analysis
are shown in Table 2. The glycolytic profile retained inde-
pendent associations with PFS and OS, after controlling for
other prognostic factors. In the OS analysis, adverse out-
come was associated with PGP status, ECOG performance
status 1-2, peritoneum involvement and the presence of the
primary gastric tumor.
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Discussion In the past few years, translational clinical studies in

Even after a decade from the FDA approval of the first
anti-VEGF drug bevacizumab, resistance to anti-VEGF
therapy remains a challenge in the treatment of cancer
patients. Mechanisms of resistance are described as being
intrinsic (preexisting) or adaptive (acquired), and they may
explain why some tumors do not respond from the outset
and why others progress after initial shrinkage. Redun-
dancy of pro-angiogenic growth factors and activation of
alternative angiogenic pathways have been investigated
and considered as the prevalent mechanisms of resistance
to anti-angiogenic compounds in cancer therapy [8, 9].
In recent years, many pre-clinical and translational stud-
ies indicated that metabolic reprogramming with adaptive
escape in response to a hypoxic tumor microenvironment
may offer a novel and intriguing opportunity for explaining
the failure of anti-angiogenic treatments in solid tumors.
In particular, glycolysis is an essential metabolic pathway
in the hypoxic adaptation for survival and tumor progres-
sion. In this perspective, tumors may develop early and/
or late resistance to anti-angiogenic agents when clones
are more equipped for prompt and redundant metabolic
changes (i.e., glycolytic shift) in a therapeutically induced
hypoxic environment [7, 9].

cancer patients have addressed the putative clinical impact
of glycolysis-related proteins and factors on prognosis, and
there is mounting evidence that these features negatively
affect survival outcomes [28]. The gastric cancer setting
was analyzed in some of these studies. Findings showed
significant associations between poor prognosis and more
advanced stage disease or adverse histological features with
up-regulated expression of glucose transporters [29-31]
hexokinases [32-34] pyruvate kinases [34, 35], other
enzymes involved in energy metabolism [36, 37], and lac-
tate dehydrogenase [38—40]. To the best of our knowledge,
this is the first study that analyzes a homogenous population
of metastatic gastric cancer patients treated with a regimen
that includes an anti-angiogenic compound. Moreover, we
attempted an approach with multiple genes to determine a
PGP rather than a single-component analysis.

A starting point for discussion is the characterization
of the population of gastric cancer patients whose tumors
displayed the positive glycolytic profile. Given the rela-
tively early interest in the clinical impact of cancer meta-
bolic features, there is a lack of standardized criteria and
almost all studies investigated single glycolysis-related
factors with different methods [28]. We formulated an
approach which combined the biochemical principle of
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Fig.3 Results of tumor profiling according to fold-change mRNA
analysis. Cases were categorized as positive glycolytic profile (PGP)
when fold-change>2 simultaneously occurred in HK-I or HK-

the glycolytic cascade in its main enzymatic steps [41],
together with a sensitive threshold for mRNA expression
in vivo [23, 25]. Fold-change is a very intuitive method
to identify differentially expressed genes and it quantifies
the change of expression levels. In fold-change analyses,
1.5 or 2 is often used as the cut-off to choose differentially
expressed genes. The contemporary up-regulation of three
key glycolytic enzymes coupled with fold-change >2 in
mRNA expression in cancer tissues compared with their
normal counterpart is a fairly strict criterion to label a PGP
case. In a comparative analysis between tissues, the quality
of sampling is mandatory for reducing the risk of biases.
For example, the result of a NGP status could be a false-
negative if sampling was made in deceptively healthy NM
areas. In our study, pre-specified procedures for sampling
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2, PKM-2, LDH-A (dark grey squares). White squares denote the
remaining cases with a negative glycolytic profile (NGP) because
fold-change <2 or fold- change >2 in only one or two mRNA

and the involvement of expert pathologists in the selection
of tissues should have minimized this risk. The observed
differences in mRNA expression levels of target genes
between NM and PT tissues would suggest an effective
procedure to seize the presence of the glycolytic shift. We
cannot rule out that an expression level analysis of each
target gene in PT or NM tissues could be also predictive of
clinical outcomes. However, to our opinion, this approach
would be less informative on a global glycolytic shift and
it could be done after identifying a cut-off level for each
tested gene. We acknowledge that our criteria necessitate
replication in independent studies and additional settings.
Hopefully, they could lay the groundwork for a standard-
ized determination of a glycolytic profile in translational
cancer studies.
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Fig.4 Results of survival analyses by PGP and NGP status in the
40 patients. Kaplan-Meyer survival curves of overall survival (Panel
A) and progression-free survival (Panel B) to second-line paclitaxel-
ramucirumab

In the global analysis of mRNA levels between PT tissues
and NM, enhanced expression of GLUT-1, PKM-2, LDH-A
and HK-2 was found. Except for HK-1, these data parallel
our findings in colorectal cancer [6]. The variable result of
HK-1 expression analysis in cancer tissues and the lack of
global up-regulation in this study is not surprising. HK-2
was found to be overexpressed more than HK-1 in several
cancer types compared with their normal counterpart [42].
The four hexokinase isoenzymes (HK-1, HK-2, HK-3, and
glucokinase) are structurally similar, but only HK-1 and
HK-2 are functionally similar. Since hexokinase serves as
the gateway through which glucose enters the alternative
metabolic pathway, HK-1 is redundant to the primary cata-
lytic role of HK-2 to ensure the cancer cell a constant gly-
colytic flux [43].

According to our criteria, 18 (45%) primary gastric ade-
nocarcinomas were categorized as having a positive glyco-
Iytic profile and, therefore, displaying an intrinsic capability
of metabolic adaptation in an unfavorable, hypoxic microen-
vironment. In fact, the PR combination is not a “pure” anti-
angiogenic treatment, but it has been demonstrated that even
paclitaxel exploits anti-angiogenic mechanisms of action,

especially in fractionated regimens [44]. These features may
explain why the exposure of these patients to an anti-angi-
ogenic therapy with ramucirumab and paclitaxel produced
significantly shorter OS and PFS than patients with a nega-
tive glycolytic profile. More than providing novel prognostic
information, mediators of an up-regulated glycolytic status
may represent the target of novel compounds with tumor
metabolism interference activity [45]. Inhibitors of glucose
transporters, PKM-2 and LDH-A, attenuate aerobic glyco-
lysis and tumor proliferation with the potential therapeutic
role [46], alone or in combination with anti-angiogenic [47]
and immune checkpoint [48] therapies.

Unlike our previous analysis in colorectal cancer [6],
we did not evaluate RAS mutations. This choice was made
considering the low frequency of RAS mutations in gastric
cancer (roughly 1-10%) and the presence instead of RAS
amplification [49]. Notably, RAS mutations and RAS ampli-
fication may display different oncogenic effects in molecular
pathways [49], thus, making it even more difficult to inter-
pret the role of oncogenic RAS in gastric adenocarcinoma.
Conversely, we attempted an exploration between glycolytic
status with PGP/NGP categories and 7P53 mutations. This
analysis was supported by high frequency of TP53 muta-
tions in gastric adenocarcinomas [18, 19] and the increasing
amount of pre-clinical and experimental data, which sup-
port a major role of the tumor suppressor gene in orchestrat-
ing the glycolytic capability of cancer cells [15, 17]. TP53
mutations were almost equally distributed between PGP and
NGP, without any significant association even after consid-
ering their sub-classification into disruptive, non-disruptive
and gain-of-function.Proof of TP53 driving the Warburg
effect mainly derive from pre-clinical studies in cellular and
murine models [15, 17]. It is likely that glycolytic proper-
ties of cancer cells in vivo undergo modulation from multi-
ple effectors [50]. Therefore, the putative influence of p53
perturbation is diluted among the several factors that may
impact the glycolysis capabilities of cancer cells.

Limitations of this study are its retrospective nature and
small sample size. However, our sophisticated analysis
of glycolysis profiling in gastric adenocarcinomas, which
required primary tumor tissues and the normal mucosa, lays
a foundation for future study. This is especially important
since no affordable predictive marker of response and sur-
vival under the ramucirumab-paclitaxel regimen has been
identified [51] and second-line therapy is offered to all
patients who may benefit according to clinical criteria.

In conclusion, glycolytic proficiency was found to be
associated with adverse survival outcomes of metastatic
gastric cancer patients treated with PR systemic therapy.
TP53 mutational status alone does not seem to explain such
a metabolic shift. Further investigation is needed to confirm
our findings that would promote the development of novel
therapeutic strategies against cancer metabolism.
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Table 2 Results of the
multivariate model analysis

Overall survival

Progression-free Survival

Variable HR (95% confi- p value HR (95% confidence interval)  p value
dence interval)

Age

> 70 years vs. <70 years 0.51 (0.21-1.16) 0.1 0.64 (0.29-1.39) 0.2
Gender

Female vs, Male 0.53 (0.19-1.46 0.5 0.48 (0.53-3.78) 0.4
First PFS time

< 6 months vs,> 6 months 2.41(0.92-6.33 0.07 1.38 (0.60-3.16) 0.4
Number of metastatic sites

>2vs. 1 1.27 (0.55-2.96) 0.5 1.32 (0.59-2.95) 0.5
Peritoneum involvement

Positive vs. Negative 294 (1.21-7.13)  0.01 1.42 (0.60-3.35) 0.4
ECOG PS

1-2vs: 0 2.56 (1.18-5.56)  0.01 1.83 (0.88-3.79) 0.1
Lauren’s histology

Intestinal vs. Diffuse 0.46 (0.16-1.33) 04 0.64 (0.26-1.54) 0.3
Grading

3 vs.1-2 1.43(0.46-4.43) 0.5 1.58 (0.48-5.10) 0.4
Primary tumor resected

No vs. Yes 3.11(1.03-9.38)  0.04 3.39 (1.05-10.09) 0.04
Primary tumor site

Cardia vs. non-cardia 2.55(0.79-8.26) 0.1 1.81 (0.66-5.39) 0.4
Glycolytic status

PGP vs. NGP 2.57 (1.17-5.63)  0.01 2.49 (1.16-5.38) 0.01

HR hazard ratio, PGP positive glycolytic profile, NGP negative glycolytic profile, PFS progression-free
survival, ECOG PS Eastern Cooperative Group Performance Status
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