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Hexokinase 2 as an independent risk factor for worse
patient survival in esophageal adenocarcinoma
and as a potential therapeutic target protein:

A retrospective, single-center cohort study
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Abstract. Cancer cells exhibit a distinct metabolic profile
that features an upregulation of less efficient glycolysis
accompanied by lactate production for energy generation,
in contract to the characteristic metabolism of normal cells.
Consequently, cancer research has focused on the enzymes
that participate in these cancer metabolic pathways. Among
them, hexokinase 2 (HK?2) has an important position as the
initial enzyme in the glycolytic pathway. Increased expres-
sion levels of HK2 have been correlated with an increased
risk of poor patient outcomes and advanced tumor stages in a
number of malignant tumors, such as gastric carcinoma. The
present study aimed to investigate the specific role of HK2
in patients diagnosed with esophageal adenocarcinoma. A
total of 643 patients with esophageal adenocarcinoma were
included. Immunohistochemical staining and HK2 mRNA
in situ probes were used to investigate the association of
HK?2 expression levels with clinical and molecular tumor
characteristics. Patients who exhibited high HK?2 expression
levels demonstrated significantly reduced overall survival
(OS) times compared with patients who exhibited low HK2
expression levels (29.6 vs. 39.9 months, respectively; P=0.027).
Furthermore, high HK?2 expression levels were demonstrated
to be an independent risk factor for reduced patient survival
(hazard ratio, 1.65; 95% CI, 1.09-2.50; P=0.018). Significantly
reduced patient survival was also demonstrated in the subgroups
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of male patients, patients with primarily resected tumors,
patients with HER2-negative tumors and patients with tumors
exhibiting Y chromosome loss. Elevated expression of HK?2
was identified as a risk factor for unfavorable patient survival
in esophageal adenocarcinoma. This revelation suggests the
potential for future diagnostic and therapeutic avenues tailored
to this specific patient subset. Identifying patients with high
HK?2 expression may pinpoint a higher-risk cohort, paving the
way for comprehensive prospective studies that could advocate
for intensified monitoring and more aggressive therapeutic
regimens. Furthermore, the targeted inhibition of HK2 could
hold promise as a strategy to potentially enhance patient
outcomes.

Introduction

The incidence of esophageal adenocarcinoma (EAC) and
adenocarcinoma of the gastroesophageal junction has gradu-
ally increased over the last three decades (lincidence rate
ratio, 2.45) (1). Despite stable incidence rates since then, the
survival of these patients remains poor, which highlights the
need for biomarkers for early disease detection and novel
therapeutic strategies (1). A hallmark of cancer is altered
cellular metabolism (2). The energy production in cancer
cells is characterized by increased levels of the less efficient
oxygen-independent glycolysis, followed by lactate production.
While these pathways are also present in healthy cells, they
are overly activated in cancer cells (3). The expression levels
of distinct enzymes of the glycolysis pathway [hexokinase
(HK)1 and pyruvate kinase isozyme M2] have been shown
to correlate with disease progression, cancer cell invasion
and poor patient survival in esophageal squamous cell cancer
(ESCC) (4). The first step of glycolysis is the phosphoryla-
tion of glucose to glucose-6-phosphate by the HK enzyme;
five different isozymes of HK have been reported, with, for
instance, type I facilitating catabolic functions through mito-
chondrial interaction and utilizing intramitochondrial ATP,
type II potentially serving anabolic roles, type III primarily
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localized perinuclearly with less understood functions, type IV
involved in carbohydrate metabolism as a glucose sensor, and
type V involved in the gestational glucose regulation (5-8).
These isozymes show tissue-specific expression patterns and
varying affinities towards glucose. The expression of HK2,
one of the five isozymes, in human adults is limited, as HK2
is only expressed in skeletal muscle and adipose tissues under
physiological conditions (6). However, HK2 becomes upregu-
lated in cancer cells (9). Additionally, HK2 expression levels
are increased in esophageal cancer compared with those in
normal esophageal tissues (10). Therefore, HK2 is not only of
interest in metabolic pathway studies or as a sole biomarker,
but also as a potential target for novel therapeutic options for
patients with esophageal cancer.

The increased activation of glycolysis and the subsequent
increased demand for glucose in cancer cells have become
integral elements in cancer diagnostics, notably in fluorode-
oxyglucose-positron emission tomography (FDG-PET) (11).
Previous reports on the correlation between FDG uptake and
HK?2 expression vary. In colorectal cancer and cholangio-
carcinoma, no correlation between FDG uptake and HK?2
expression was detected. However, increased HK?2 expression
levels were positively correlated with increased FDG uptake in
hepatocellular carcinoma (11,12). This suggests that different
enzymes of glycolysis are activated depending on different
tumor entities and therefore different tumor microenviron-
ments.

In a previous expression pattern study, high HK?2 expres-
sion levels were associated with poor patient outcomes, as well
as higher tumor stages, the occurrence of lymph node metas-
tases and increased tumor size in colorectal cancer, gastric
cancer and hepatocellular cancer (13).

HK?2 expression levels have been reported as significantly
increased in ESCC compared with those in EAC (14). However,
the role of HK2 and its prognostic implications in EAC are
currently unclear. Therefore, the present study aimed to eluci-
date the impact of HK2 expression levels on the oncological
outcome of patients with EAC.

Materials and methods

Patients and tumor samples. The study present was approved
by the Ethics Committee of the University Hospital of Cologne
(approval no. 21-1146; Cologne, Germany) and was conducted
in accordance with the Declaration of Helsinki. The study
was reported in line with the Strengthening the Reporting
of Observational Studies in Epidemiology guidelines (15).
Patients from 1998 until 2019 at the University Hospital of
Cologne (Cologne, Germany) were screened for the present
retrospective, single-center cohort study. Inclusion criteria
were as follows: A diagnosis of EAC, patients underwent an
Ivor-Lewis esophagectomy, curative treatment intention, and
sufficient tumor tissue was available for the tissue microarray.
All patient data were collected prospectively and analyzed
retrospectively for the present study. Written informed consent
for inclusion in the database and tissue bank was obtained
from each patient. The median age of all included patients was
63.1 years (range, 27.8-91.6 years). Overall survival (OS) was
defined as the time from the date of surgery until death or being
censored in case of loss of follow-up and was updated yearly.

Patients who had experienced survival periods of <90 days
postoperatively or lacked sufficient tissue for the subsequent
analysis were excluded from the present study. The pathological
assessment of tumor samples was conducted according to the
7th edition of the Union for International Cancer Control (16).
The tumor borders of the primary tumor tissue samples were
demarcated by an experienced pathologist and 1.2-mm tissue
cylinders were punched out using a semi-automated precision
instrument. The tissue cylinders were then transferred to a
paraffin-embedded tissue microarray and were cut into 4-ym
slices. Tissues were fixed in a 4% formaldehyde solution at
room temperature for 24 h, followed by embedding in paraffin.

Fluorescence in situ hybridization (FISH). FISH was
conducted as described in a previous study (17). Briefly,
analysis was performed for the long (green) and short (red)
arm of the Y chromosome [cat. no. (long), 05J10-024; cat.
no. (short), 05J27-079; Abbott]. The ready-to-use FISH
pretreatment kit was utilized (Vysis IntelliFISH Universal
FFPE Tissue Pretreatment Protease; cat. no. 08N&85-005;
Abbott), all in accordance with the manufacturer's instruc-
tions. A fully automated upright fluorescence microscope
Leica DM5500 B (Leica Microsystems) was used. The
imaging was performed with a JVC KY-F75 digital camera
(JVCKenwood) (Fig. S1A and B). FISH data were analyzed
by two experienced pathologists. The absence of green and
red staining was defined as Y chromosome loss. Internal
controls were performed by screening normal epithelial tissue,
fibroblasts or lymphocytes on the tumor sample slide. Samples
were excluded if no clear control could be obtained.

Immunohistochemistry (IHC). HK2 staining was conducted
using the automatic staining system Leica BOND-MAX (Leica
Biosystems). Dilutions, reagents and control tissues were used
according to the manufacturer. Here, the polymer refine detec-
tion kit BOND Epitope retrieval Solution 1 (cat. no AR9961;
Leica Biosystems) was used (100°C for 5 min) to perform the
automated staining according to the manufacturer's instruc-
tions. IHC staining was performed using primary antibodies
for HER2 [cat. no. 4B5; Roche Diagnostics; with EDTA
(BOND Epitope retrieval Solution 1; Leica Biosystems) as a
buffer for the epitope retrieval; with positive control breast
carcinoma cells previously confirmed to be HER2-positive]
and HK2 [1:500; cat. no. abl04836; Abcam; with EDTA
(BOND Epitope retrieval Solution 1, Leica Biosystems) as a
buffer for the antigen retrieval; with negative control normal
human esophagus epithelium cells]. HER2 and HK2 staining
was analyzed by two experienced pathologists. HER?2 staining
was defined as either negative or positive. The staining inten-
sity and the percentage of positive cancer cells of the HK2
staining were assessed to calculate a H-score, which was
computed using these parameters as previously described (18).
The patient cohort was divided into two groups using the
median H-score: Low expression of HK2 (H-score <100) and
high expression of HK2 (H-score =100).

RNAScope™ for HK2. The RNAScope™ assay was performed
as described previously, following the manufacturer's instruc-
tions (19). According to the user manual of the kit, 5-pm thick
tissue microarray sections were deparaffinized, pretreated,
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digested, hybridized and counterstained using hematoxylin
before developing the signal, using the provided RNAScope
2.5 HD Assay-RED (cat. no. 322360; Bio-Techne) and mRNA
probe RNAscope Probe-Hs-HK?2 (cat. no. 487731; Advanced
Cell Diagnostics; Bio-Techne). Analyses of the RNAScope
assay results were performed independently by two experi-
enced pathologists using a Leica DM2500 light microscope
(Leica Microsystems). For imaging, the slides were scanned
with the Aperio GT 450 DX (Leica Biosystems). Signal scoring
followed the manufacturer's guidelines (score 0, <1 dots/cell;
score 1, 1-3 dots/cell; score 2, 4-9 dots/cell; score 3, 10-15
dots/cell; and score 4, >15 dots/cell). Positivity was defined as
a score >0, which reflected the presence of detectable signals
according to the specified scoring criteria.

Validation of the IHC HK2 antibody. HK2 IHC results were
compared with results using the aforementioned RNAscope
mRNA in situ hybridization probes targeting HK2 in 10
early-stage esophageal adenocarcinoma cases, which were
included in the total study cohort, to validate use of the HK2
antibody. In all cases, the expression levels detected by the
IHC HK2 antibody corresponded with those identified by
RNAScope, demonstrating agreement between the HK2
expression levels detected using both methods. Of these, the
four HK?2 positive cases exhibited high HK?2 expression levels
using both assays, which confirmed the accuracy and reli-
ability of the immunohistochemical HK?2 antibody.

Statistical analysis. All statistical analyses were conducted
using SPSS (version 29.0.1.1; IBM Corp.). Survival data are
presented as Kaplan-Meier curves and were analyzed using
the log-rank test. Associations between clinicopathological
values and survival data were assessed using univariate and
multivariate Cox regression analyses. Qualitative values were
compared using the %> test. P<0.05 was considered to indicate
a statistically significant difference.

Results

Correlation between HK2 expression and clinicopathological
values. In the present study, 643 patients with EAC who under-
went Ivor-Lewis esophagectomy at the University Hospital
of Cologne were included (Fig. 1). A large proportion of the
included patients were male (87.6%). The median OS time of
the total patient cohort was 24.0 months. Neoadjuvant therapy
was administered to 69.2% of patients (n=445). Lymph node
metastases were diagnosed in 59.6% of the included patients
(n=383) (Table I). The study cohort was stratified into two
groups using the median H-score for IHC staining: i) Tumors
with low HK?2 expression (n=307); and ii) tumors with high
HK?2 expression (n=336) (Fig. 2A). IHC staining was veri-
fied through comparison with RNAScope HK2 staining
(Fig. S1C and D). In all cases evaluated, the RNAScope and
[HC results corresponded, which confirmed the association
between HK2 mRNA and protein expression levels. The
clinicopathological characteristics between these two groups
were compared (Table I). High HK2 expression levels were
significantly associated with patients who underwent peri-
operative therapy with chemoradiotherapy for oesophageal
cancer followed by surgery (CROSS; P=0.033). No other
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significant differences between patients with low and high
HK?2 expression in all other variables mentioned in Table I
could be detected.

High HK2 expression is associated with worse patient survival
in the total cohort. Survival analyses was performed to assess
the impact of HK2 expression on patient survival. High HK?2
expression levels were significantly associated with reduced
patient times survival in the total cohort (median OS, 29.6 vs.
39.9 months, respectively; P=0.027; Fig. 2B).

HK2 expression levels are correlated with patient survival in
primarily resected patients, but not in neoadjuvant-treated
patients. Due to the standard use of multimodal therapy for
a large portion of patients with EAC, the patient cohort was
divided into two subsets: i) Patients who had received neoad-
juvant treatment; and ii) patients who had undergone primary
surgery without preceding adjuvant interventions. The afore-
mentioned impact on patient survival was substantiated within
the subgroup of primarily resected patients, as high HK?2
expression was significantly associated with reduced patient
survival time in the primary surgery cohort (median OS, 33.9
vs. 140.9 months, respectively; P=0.013; Fig. 2C). However,
no significant difference was demonstrated with regard to
the impact of HK?2 expression levels on patient survival for
those who underwent neoadjuvant therapy (median OS, 28.1
vs. 31.6 months, respectively; P=0.391; Fig. 2D). Furthermore,
survival analyses were conducted for two perioperative
therapy regimes, namely, CROSS and fluorouracil, leucovorin,
oxaliplatin and docetaxel (FLOT). No significant survival
differences associated with HK2 expression levels were
demonstrated in the CROSS (median OS, 27.2 vs. 26.8 months,
respectively; P=0.400; Fig. 2E) or the FLOT (median OS, 24.1
vs. 22.8 months, respectively; P=0.712; Fig. 2F) subgroups.

High HK?2 expression is an independent risk factor for worse
patient survival in multivariate Cox regression analysis. Cox
regression analysis was performed to assess the association
between clinicopathological values and patient survival. In
univariate analyses, high pathological tumor status (y)pI-status,
high pathological lymph node status (y)pN-status, high grading
(G) and high HK?2 expression were associated with reduced
patient survival in the total patient cohort [(y)pT, P<0.001; (y)
pN, P<0.001; G, P=0.001; HK2 expression, P=0.028; Table SI].
In multivariate analyses, high HK2 expression levels were
demonstrated to be an independent risk factor, as a significant
association with reduced patient OS was demonstrated (HR,
1.629; 95% CI, 1.077-2.465; P=0.021; Table II). Additionally, (y)
pI-, (y)pN- and lymphatic vessel invasion (L)-status were associ-
ated with significantly reduced patient survival, thus representing
independent risk factors for patients with EAC [(y)pT, P=0.009;
(y)pN, P<0.001; L-status, P=0.009; Table II]. Similar findings
could be found in the primarily resected subgroup. Here, higher
age, higher (y)pI-, (y)pN- and G-status, and high HK?2 expression
were correlated with worse patient survival in the univariate anal-
yses [age, P<0.001; (y)pT, P<0.001; (y)pN, P<0.001; G, P=0.002;
HK?2 expression, P=0.014; Table SI]. In the multivariate analyses,
(y)pT-, (y)pN-stage and high HK2 expression were independent
risk factors for reduced patient survival [(y)pT, P=0.004; (y)pN,
P<0.001; HK2 expression, P=0.040; Table II].
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Patients screened with esophageal
adenocarcinoma who underwent Ivor-
Lewis esophagectomy and are on the

tissue-microarray (n=752)

Patients excluded (n=109):

- Follow-up <90 days (n=36)
- Lack of sufficient tissue on
tissue microarray (n=73)

| Patients included (n=643) |

| Subgroup analyses |

Neoadjuvant therapy: Sex:

- Female (n=80)
- Male (n=563)

- Primary surgery (n=198)
- Neoadjuvant therapy (n=445)

- CROSS (n=236)
- FLOT (n=76)
- Other (n=133)

HER2 expression: Y chromosome:

- Positive (n=65)

- Negative (n=499)

- Not available
(n=79)

- Present (n=216)

- Lost (n=272)

- Not available
(n=75)

Figure 1. Flow diagram of the inclusion process and subgroup analyses. CROSS, chemoradiotherapy for Oesophageal Cancer Followed by Surgery Study;

FLOT, fluorouracil, leucovorin, oxaliplatin and docetaxel.

High HK2 expression was associated with worse patient
survival in male patients, HER2-negative tumors and tumors
with Y chromosome loss.

Since patient sex, HER2 expression levels and Y chromo-
some loss are reported factors that influence patient survival
in patients with EAC (20-22), further analysis of the impact
of HK?2 expression on patient survival in these subgroups was
performed. The patient cohort was divided into subgroups
based on sex (female or male), HER2 expression (negative or
positive) and the state of the Y chromosome in the tumor cells
[present (positive) or lost (negative)]. Patients with high HK?2
expression showed a significantly reduced OS in subgroups
of male patients, HER2-negative tumors and tumors with Y
chromosome loss (sex, P=0.038; HER2 status, P=0.020; Y
chromosome loss, P=0.018; Fig. 3A-F).

Multivariate analyses confirm high HK?2 expression as an inde-
pendent risk factor for reduced patient survival in the subgroup
of HER2-negative tumors. Univariate and multivariate Cox
regression analyses were performed on the sex, HER2 expres-
sion level and Y chromosome patient subgroups. In univariate
analyses, high HK?2 expression levels were associated with worse
patient survival in the subgroup of patients with tumors with Y
chromosome loss (HR, 1.465; 95% CI, 1.066-2.014; P=0.018;
Table SII) and male patients (HR, 1.262; 95% CI, 1.012-1.572;
P=0.039; Table SII). However, high HK2 expression was not
significantly associated with patient survival in the subgroup
of patients with tumors with Y chromosome loss (HR, 1.505;
95% CI, 0.830-2.727, P=0.178; Table SIII) or male patients in
multivariate analyses (HR, 1.395; 95% CI,0.889-2.189; P=0.147,
Table SIIT). In HER2-negative tumors, the expression level of

HK?2 was significantly associated with reduced patient survival
in univariate and multivariate analyses (univariate: HR, 1.332;
95% ClI, 1.045-1.697, P=0.021; Table SI; Multivariate: HR,
1.687; 95% CI, 1.029-2.764, P=0.038; Table II). In addition, (y)
pI- and (y)pN-status were significantly associated with reduced
patient survival and thus represented risk factors for reduced
patient survival [(y)pT, P=0.031; (y)pN, P=0.006; Table II].

No survival difference is observed in subgroups with specific
risk behavior, such as smoking, in regard to different HK2
expression levels. The impact of reported high-risk behaviors
such as nicotine and alcohol consumption on the association
between HK?2 expression levels and patient survival was inves-
tigated. No significant differences in the HK2 expression levels
were demonstrated in these subgroups (Table I). From survival
analyses, HK2 expression levels showed no significant survival
differences associated with smoking and alcohol consumption
status (non-smoker, P=0.239; smoker, P=0.252; no alcohol
consumption, P=0.504; alcohol consumption, P=0.889; Fig. S2).

In summary, the present study demonstrated that high HK2
expression levels may potentially represent a risk factor associ-
ated with the reduced OS of patients with EAC and in patients
with EAC who underwent primary resection. Moreover, high
HK?2 expression levels additionally represent a potential risk
factor for the specific high-risk subgroups of male patients and
tumors with Y chromosome loss.

Discussion

The present study aimed to evaluate the prognostic significance
of HK?2 in patients diagnosed with EAC. The expression levels
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Table I. General clinicopathological values of the total study population (n=643) and patients with low (n=307) or high (n=336)
HK?2 expression levels.

Characteristic Patients Low HK2 expression High HK2 expression P-value
Total patients, n (%) 643 (100.0) 307 (100.0) 336 (100.0)
Sex, n (%) 0.250
Male 563 (87.6) 264 (86.0) 299 (89.0)
Female 80 (12.4) 43 (14.0) 37 (11.0)
Age, n (%) 0.401
<65 years 365 (56.8) 169 (55.0) 196 (58.3)
>65 years 278 (43.2) 138 (45.0) 140 (41.7)
Alcohol, n (%) 0.666
No 181 (28.1) 91 (29.6) 90 (26.8)
Yes 56 (8.7) 30 (9.8) 26 (7.8)
Unknown 406 (63.1) 186 (60.6) 220 (65.5)
Nicotine, n (%) 0.467
No 118 (18.4) 65 (21.2) 53 (15.8)
Active smoker 78 (12.1) 37 (12.1) 41 (12.2)
Former smoker 106 (16.5) 51(16.6) 55(164)
Unknown 341 (53.0) 154 (50.2) 187 (55.7)
Median overall survival (range), months 24.0 (3.0-233.6) 254 (3.0-214.8) 229 (3.0-233.6)
Neoadjuvant therapy, n (%) 0.269
No 198 (30.8) 101 (32.9) 97 (28.9)
Yes 445 (69.2) 206 (67.1) 239 (71.1)
Neoadjuvant therapy regime, n (%) 0.033
CROSS 236 (53.0) 95 (46.1) 141 (59.0)
FLOT 76 (17.1) 41 (19.9) 35 (14.6)
Other 133 (29.9) 70 (34.0) 63 (26.4)
y)pT, n (%) 0.236
1 122 (19.0) 68 (22.1) 54 (16.1)
2 106 (16.5) 49 (16.0) 57 (17.0)
3 394 (61.3) 179 (58.3) 215 (64.0)
4 21(3.3) 11 (3.6) 10 (3.0)
(¥)pN, n (%) 0.483
0 260 (40.4) 131 (42.7) 129 (38.4)
1 182 (28.3) 86 (28.0) 96 (28.6)
2 106 (16.5) 51 (16.6) 55(16.4)
3 95 (14.8) 39 (12.7) 56 (16.7)
L,n (%) 0.682
0 292 (454) 142 (46.3) 150 (44.6)
1 351 (54.6) 165 (53.7) 186 (554)
V,n (%) 0.603
0 478 (74.3) 229 (74.6) 249 (74.1)
1 68 (10.6) 29 (94) 39 (11.6)
2 97 (15.1) 49 (16.0) 48 (14.3)
Pn,n (%) 0.586
0 416 (64.7) 200 (65.1) 216 (64.3)
1 131 (20.4) 58 (18.9) 73 (21.7)
2 96 (14.9) 49 (16.0) 47 (14.0)
G,n (%) 0.285
1 1(0.2) 1(0.3) 0(0.0)
2 103 (16.0) 56 (18.2) 47 (14.0)
3/4 86 (13.4) 39 (12.7) 47 (14.0)
Not applicable or unknown 453 (70.5) 211 (68.7) 242 (72.0)

(y)pN, pathological lymph node status (after neoadjuvant therapys, if applicable); (y)pT, pathological tumor status (after neoadjuvant therapy, if
applicable); CROSS, Chemoradiotherapy for Oesophageal Cancer Followed by Surgery Study; FLOT, fluorouracil, leucovorin, oxaliplatin and
docetaxel; G, grading, L, lymphatic vessel invasion; Pn, perineural invasion; V, venous vessel invasion.
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Figure 2. Representative immunohistochemical staining and survival analyses of patients with EAC. (A) Representative immunohistochemical images of
tumor samples with high (left) and low (right) HK2 expression levels. Kaplan-Meier curves for overall survival classed by HK2 expression levels of (B) the total
patient cohort (low, n=307; high, n=336; P=0.027) and the following subgroups: (C) Primarily resected patients (low, n=101; high, n=97; P=0.013), (D) patients
following neoadjuvant therapy (low, n=206, high, n=239; P=0.391), (E) patients who received CROSS (low, n=95; high, n=141; P=0.400) and (F) patients who
received FLOT as perioperative treatment (low, n=41; high, n=35; P=0.712). Scalebar, 50 zm. CROSS, Chemoradiotherapy for Oesophageal Cancer Followed

Months after surgery

by Surgery Study; FLOT, fluorouracil, leucovorin, oxaliplatin, docetaxel.
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Table II. Multivariate Cox regression analyses of the total cohort, patients following primary surgery and patients with negative

HER?2 expression.
Total cohort Primary surgery Negative HER2 expression

Hazard Hazard Hazard
Characteristic ~ Borders ratio 95% CI P-value ratio 95% CI P-value ratio 95% CI P-value
Age, years >65vs. <65 1.394 0.863-2.252 0.174 1445 0.895-2.331 0.132 1.590 0.909-2.779 0.104
(y)pT >2vs. 1 1.512 1.107-2.066 0009 1.568 1.153-2.133 0.004 1462 1.036-2.064 0.031
(y)pN >1vs.0 1497 1.185-1.891 <0.001 1.582 1.264-1980 <0.001 1449 1.112-1.887 0.006
L, stage 1vs.0 2.121 1.208-3.724  0.009 - - - 1582 0.824-3.035 0.168
V, stage >1vs.0 0.692 0.501-0954 0.025 0.882 0.671-1.161 0.371 0763 0.519-1.122 0.170
G, stage >2 vs. 1 1.055 0.670-1.661 0.817 1216 0.784-1.887 0382 1.102 0.639-1.899 0.727
Hexokinase 2 high vs. 1.629 1.077-2465 0.021 1.541 1.021-2.327 0.040 1.687 1.029-2.764 0.038
expression low

(y)pN, pathological lymph node status (after neoadjuvant therapy, if applicable); (y)pT, pathological tumor status (after neoadjuvant therapy, if
applicable); G, grading, L, lymphatic vessel invasion; Pn, perineural invasion; V, venous vessel invasion; vs, versus; 95% CI, 95% confidence

interval; -, not applicable.

of HK?2 were analyzed in the tumor samples from 643 patients
with EAC and survival and subgroup analyses were performed.
High HK?2 expression levels were significantly associated with
reduced patient OS time. Furthermore, high HK2 expression
levels were identified as an independent risk factor for reduced
OS time of patients with EAC. To the best of our knowledge,
this is the first report of the prognostic value of HK2 expres-
sion levels in EAC; however, similar effects for high HK2
expression have been reported in gastric adenocarcinoma
and breast cancer (23,24). Patients with high HK2 expression
levels could potentially benefit from more frequent follow-up
exams but also from more aggressive neoadjuvant therapy
options. In the future, HK2 expression levels could be assessed
in biopsy material obtained during endoscopic evaluation
before the initiation of neoadjuvant therapy, as these biop-
sies are routinely performed as part of the primary staging
process (25). Further subgroup analyses would be necessary to
confirm this hypothesis. The present study demonstrated HK2
expression levels to be an independent risk factor for patients
with EAC following primary surgery. HK2 expression levels
did not show prognostic value in patients who underwent
esophagectomy after neoadjuvant therapy. Consistent with this
observation, a previous study reported that neoadjuvant radio-
chemotherapy or chemotherapy induces general alterations in
gene expression in EAC (26). Furthermore, HK2 expression
levels differ significantly between pretreated patients and ther-
apy-naive patients with EAC (27). Future studies could assess
HK?2 expression levels in pre- and post-neoadjuvant biopsies
to further evaluate the prognostic value of varying HK2
expression during therapy. FDG uptake, a marker for glucose
demand in cells used in staging exams, negatively correlates
with HK2 expression in patients with esophageal carcinoma,
and its increase is associated with worse patient survival and
more frequent detection in patients with EAC (14), which could
further suggest prognostic value for the assessment of HK2
expression levels. Patients with high HK2 expression levels
could potentially represent a high-risk patient group, which

may have otherwise been classified as low-risk based on the
FDG-PET result. However, a previous clinical trial reported
a correlation between HK?2 expression and the accumulation
of FDG (28). Therefore, further clinical studies are needed
to assess the prognostic implications of the alteration in HK?2
expression levels during tumor progression and therapy.

The prognostic value of HK2 in subgroups defined by the
expression or loss of previously described biomarkers (for
instance, Y chromosome loss and HER2-negative tumors) for
patients with EAC were assessed in the present study. High
HK?2 expression was associated with worse patient survival
in the subgroups of male patients and tumors with Y chro-
mosome loss, which have previously described as high-risk
groups (20,21). Furthermore, high HK?2 expression levels were
identified as an independent risk factor for reduced survival
in patients with HER2-negative tumors, which is a subgroup
that has previously been associated with improved patient
survival (22).

HK2 could also be targeted as a potential therapeutic
option for patients with EAC and hypothetically other cancer
types. For instance, in head and neck squamous cell carci-
noma, HK2 knockdown showed decreased cell growth in vitro
and inhibited tumor progression in vivo (29). Increased HK2
expression levels are associated with decreased patient survival
in nasopharyngeal carcinoma, and inhibition of HK?2 using the
glycolysis inhibitor 3-bromo-2-oxopropionate-1-propyl-ester
reduces cell proliferation and invasion while increasing cell
apoptosis in vitro (30). Capsaicin, which naturally occurs in
red hot peppers, is recognized for its anticancer properties (31).
Mao et al (32) reported that use of capsaicin resulted in reduced
HK?2 expression levels in ESCC cells. Glucose consumption
and lactate production of these cells were reduced by capsaicin
in the study. High lactate levels are reported to correlate with
poorer patient survival (33). Diclofenac, a widely used anal-
gesic, is also described as an anticancer drug due to its ability
to reduce lactate levels in in vivo glioma models, which alters
the immune microenvironment and could help to overcome
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Figure 3. Survival analyses of subgroups. Kaplan-Meier curves for overall survival classed by HK2 expression levels of (A) male (low, n=264; high, n=299;
P=0.038) and (B) female patients (low, n=43; high, n=37; P=0.512). The impact of HK2 expression levels on patient survival in subgroups of patients with
(C) negative (low, n=234; high, n=265; P=0.020) and (D) positive (low, n=31; high, n=34; P=0.445) HER2 expression, and (E) negative (low, n=124; high,
n=148; P=0.018) and (F) positive (low, n=99; high, n=117; P=0.925) Y chromosome expression.

immune escape mechanisms (34,35). HK2 expression levels
were also related to altered immune cell infiltrates (36).
Therefore, in the future, manipulation of HK2 expression
levels via inhibitors could potentially help to overcome
tumor resistance caused by immune escape. Nonetheless, the
targeting of HK?2 expression in patients with cancer should be
further investigated, as HK?2 also participates for in a number
of physiological mechanisms of the glucose metabolism,
including phosphorylation of glucose, anabolic functions, and
subcellular localization and mitochondrial binding (6).

HK?2 expression levels have been reported to impact the
therapeutic response of a number of types of tumors. Patients
with ovarian cancer who exhibited high HK2 expression

levels demonstrated a significantly increased frequency of
chemoresistance (tumor recurrence within 6 months after
the termination of first-line chemotherapy) (37). In addition,
HK?2 knockdown in head and neck squamous cell carcinoma
cells showed an increased sensitivity to cisplatin and 5-fluo-
rouracil, which may be of significant importance for patients
with esophageal carcinoma (29). According to the ESMO
Clinical Practice Guideline for diagnosis, treatment and
follow-up, patients with locally advanced esophageal carci-
noma are eligible for perioperative radio-chemotherapy (25).
Here, patients receive either chemotherapy with 5-fluo-
rouracil, oxaliplatin and docetaxel (FLOT protocol) or
radiochemotherapy with carboplatin and paclitaxel (CROSS
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protocol) (38,39). From the aforementioned results of the
present study and previous studies discussed, it could be
suggested that patients characterized by low HK?2 expression
levels may theoretically have improved benefits from periop-
erative therapy.

The present study had a number of limitations. The inclu-
sion of disease-free survival data could add more clinically
significant information, although it was not evaluated in
the present study. However, as a number of patients at the
University Hospital of Cologne were referred nationally and
internationally, reliable disease-free survival data was not
available. Additionally, as the present study was conducted
retrospectively, future prospective studies to assess the
value of HK2 as a biomarker are warranted. Finally, as a
single-center cohort study was conducted, potential selection
biases may have been introduced, such as the ethnicity of
patients, as predominantly Caucasian patients are treated
at the University Hospital of Cologne. Therefore, further
multi-center studies are required to confirm the generaliz-
ability of the present study.

In spite of the aforementioned limitations, the present
study demonstrated that HK2 expression levels represent an
independent risk factor for the reduced survival of patients
with EAC. Through future research, HK2 expression status
may potentially be used in daily clinical decision-making. The
evaluation of pre-neoadjuvant HK2 has potential to streamline
perioperative therapy selection. Moreover, the investigation
of HK?2 and glycolysis as potential therapeutic targets could
encompass mechanisms relating to the induction of apoptosis,
the inhibition of cell proliferation and addressing immune
escape pathways.

The present study assessed the prognostic significance
of the IHC expression levels of HK2 in 643 patients diag-
nosed with EAC. An association between HK?2 expression
and unfavorable patient outcomes, particularly in primary
resections, male patients, cases with Y chromosome loss
and tumors negative for HER2 was demonstrated. This
suggested that the incorporation of HK2 as a biomarker
has potential to identify a high-risk subgroup of patients
in the future. This high-risk subgroup may benefit from
more frequent follow-up examinations or even alternate
therapeutic interventions. Moreover, patients with low
HK?2 expression levels could potentially derive benefits
from multimodal treatment protocols, such as periopera-
tive FLOT therapy. In the future, HK2 may be considered
as a therapeutic target to improve treatment outcomes of
patients with EAC.
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