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Abstract. The high expression of metabolic enzymes, including 
glutaminase (GA) and lactate dehydrogenase A (LDHA), which 
contribute to bioenergetics and biosynthesis of mammalian 
cells, has been identified in a variety of cancer types. The 
current study indicated intratumoral heterogeneity with respect 
to protein expression of the metabolic enzymes in colorectal 
cancer (CRC). GA protein expression was determined using 
immunohistochemistry in 98 cases of surgically resected T3 
CRC. A total of 75 cases (74%) exhibited moderate to strong 
immunopositivity of GA based on whole‑section examination. 
A significant correlation was demonstrated between GA 
expression and clinicopathological features, including 
histological type and tumor budding in a patient population. 
Detailed histological analysis revealed the upregulation of GA 
protein expression at the invasive margin, including tumor 
budding of CRC tissues. Semi‑quantitative examination 
revealed a significant difference in immunoexpression level of 
GA between the invasive margin and central CRC. However, 
LDHA expression exhibited an opposite pattern, with 
expression elevated at the center and significantly decreased at 
the tumors invasive margin. Immunohistochemical expression 
of another glycolytic enzyme hexokinase II was equivalent 
in both regions. Furthermore, gene silencing of GLS1, which 
encodes GA protein, and GA inhibitor treatment significantly 
inhibited cell growth of CRC cell lines. Therefore, the results 
of the present study demonstrated that the alteration in GA and 
LDHA expression is more prominent at the invasive margin, 
which involves tumor budding in CRC.

Introduction

Currently, there is an increasing attention to altered energy 
metabolism in cancer. In normal cells, adequate oxygen 
usually inhibits glycolysis, allowing mitochondrial oxidative 
phosphorylation to generate ATP using glycolytic pyruvate (1). 
However, it is widely accepted that cancer cells increase, but 
do not decrease glycolysis even in an oxygen‑sufficient envi-
ronment. This notable phenomenon is well known as Warburg 
hypothesis (2), although the significance it confers to cancer 
cells has not been completely understood. In support of the 
hypothesis, multiple reports have shown that hexokinase II 
(HK2) and lactate dehydrogenase A (LDHA), which are critical 
enzymes, respectively catalyzing the initial and final steps of 
glycolysis, were overexpressed in many types of cancers (3‑6). 
Recently, several lines of evidence have also revealed the new 
role of aerobic glycolysis, by which it does not only supply 
ATP but also yields biomass such as nucleotides, amino acids, 
or lipids necessary for cell proliferation (7).

Besides glucose, the mammalian cells can use other nutri-
ents for energy production. Such alternatives include amino 
acids, especially glutamine, which is the most abundant amino 
acid in mammals (8). The oxidizing pathway of glutamine, a 
phenomenon known as glutaminolysis, begins with conversion 
of glutamine to glutamate by glutaminase (GA). Glutaminolysis 
shares several steps with TCA cycle, which leads to the recog-
nition that glutamine is a source of energy generation (9). 
For cancer‑specific metabolism, increased glutaminolysis is 
considered an important hallmark (10). Clinicopathological 
examination using immunohistochemistry showed that there 
was a relationship between increased GA expression and the 
malignant property of colorectal cancer (CRC) (11). There 
are two isoenzymes of GA, as denoted by the kidney and 
the liver‑types encoded by GLS1 and GLS2 genes, respec-
tively (12). In previous studies, the kidney‑type of GA was 
indicated to play a role in facilitating tumorigenesis (13).

Tumor budding is defined as the presence of single malignant 
cells or small clusters composed of fewer than five cells at the 
invasive margin of tumors (14). Numerous evidence has shown 
that tumor budding is associated with adverse outcome, such as 
lymph node and distant metastasis of CRC (15). From the biolog-
ical point of view, it is believed that this morphological feature 
is closely related to epithelial‑mesenchymal transition  (16). 
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However, the metabolic characteristics particularly for tumor 
budding at the invasive margin remain unexplored.

In the present study, we investigated the immunohisto-
chemical expression of energy‑associated enzymes such as 
GA, LDHA, and HK2 in CRC, and we discussed the potential 
role of the metabolic alterations specifically at the invasive 
margin including tumor budding.

Materials and methods

Patients and tumor materials. Ninety‑eight formalin‑fixed 
and paraffin‑embedded specimens of surgically resected 
T3 CRC, diagnosed at the Division of Pathology of Osaka 
Medical College hospital in 2013 were evaluated. Excluded 
were patients receiving chemotherapy or radiation therapy 
prior to surgery. Clinical data were obtained by reviewing 
patients' medical records. Pathological stages were deter-
mined according to American Joint Committee on Cancer 
7th edition criteria for tumor staging (17). The primary sites 
of CRC were divided into right and left, with the splenic 
flexure as the dividing point. This study was approved by the 
Institutional Review Board (IRB) of Osaka Medical College 
(Approval no. 1571). The requirement for the written consent 
used for the research was waived by the IRB under the condi-
tions being to use clinical data anonymously, to publicize the 
use of residual tissues, and to give participants the opportu-
nity to opt out.

Histological and immunohistochemical analyses. 
Representative hematoxylin and eosin‑stained sections were 
selected, and two pathologists reexamined all histopatho-
logical classification according to WHO criteria (18). Tumor 
budding was analyzed in accordance with the international 
evidence‑based scoring system (19). Based on the bud count 
using 20x objective lens, those located principally at the 
invasive margin of tumors were categorized as follows: Low, 
<5 buds; intermediate, 5‑9 buds; high, ≥10 buds. The invasive 
margin was defined as the five most distant cell layers from 
the central parts of tumors, and the tumor center was defined 
as the bulk of tumors excluding the invasive margin and 
the surface. Immunohistochemical staining was performed 
following the manufacturer's protocol (Vector Laboratories). 
Briefly, sections of 4 µm thickness were cut from the repre-
sentative paraffin block. After deparaffinization, endogenous 
peroxidase activity was quenched by 10 min incubation in 3% 
hydrogen peroxide solution. Then the sections were subjected 
to antigen retrieval using heat from pressure cooker, and were 
incubated with primary antibodies at room temperature for 
30 min. The primary antibodies used were as follows: GA, 
rabbit monoclonal antibody (Abcam), recognizing the kidney 
type and encoded by GLS1, in a dilution of 1:400; LDHA, 
rabbit monoclonal antibody (Abcam) in a dilution of 1:2,000; 
HK2, rabbit monoclonal antibody (Proteintech) in a dilution of 
1:100. Subsequently, all sections were kept in 3,3‑diaminoben-
zidine as a chromogen for 5 min. As negative controls, sections 
were treated by omitting the primary antibodies.

Immunohistochemical evaluation. We evaluated the immunos-
taining of GA protein initially on the entire tumor areas of the 
representative section. Immunoreactivity was classified using 

a modified method as previously described: Grade 1, immu-
nopositive in <25% of tumor cells; grade 2, immunopositive in 
25‑50% of tumor cells; grade 3, immunopositive in >50% of 
tumor cells (20). In this setting, only the proportion of stained 
cells throughout the entire tumor areas was examined, and 
the intensity of staining was not considered. In addition, the 
superficial layers of the tumors were not examined because of 
vague immunopositivity, possibly due to erosive and necrotic 
changes. Grade 1 was regarded as negative and grades 2 and 3 
as positive. For LDHA and HK2, immunohistochemical 
evaluation was performed similarly.

Semi‑quantitative analysis of immunostaining. Considering 
intratumoral heterogeneity, we next conducted semi‑quantitative 
analysis of immunoreactivity in the budding‑positive cases 
(≥5 buds). Briefly, we scanned up to 10 fields at the invasive 
margin to identify hotspots (with highest tumor budding) using 
x10 objective lens, and we examined immunohistochemical 
reactivity in the selected hotspot using x20 objective lens. For 
semi‑quantification, a combination assessment of the propor-
tion and intensity of immunostaining was performed (20,21). 
In the selected field, we determined the proportion of zero, 
positive staining in <25% of tumor cells; one, positive staining 
in 25‑50% of tumor cells; two, positive staining in 51‑75% of 
tumor cells; three, positive staining in more than 75% of tumor 
cells. Then we evaluated the intensity in the same field as 
follows: 0, none; 1, slight; 2, abundant; 3, strong. The product of 
the proportion and the intensity defined the score (0‑9).

Cell lines and cell culture. DLD‑1 and WiDr human CRC cell 
lines were obtained from Japanese Collection of Research 
Bioresources (JCRB) Cell Bank. Both cells were authenti-
cated by short tandem repeated sequence profiling by JCRB, 
confirming that the WiDr was identical to HT‑29 (22). Cells 
were cultured in RPMI‑1640 (Invitrogen) with 10% (v/v) 
heat‑inactivated fetal bovine serum (Sigma‑Aldrich). The 
temperature and atmosphere were 37˚C and 95% air with 5% 
CO2, respectively.

Gene silencing assay. The siRNA for GLS1 (siR‑GLS1, 
Silencer® Select Pre‑Designed siRNA) was purchased from 
Life Technologies. The siRNA ID was s5840. The sequence 
of sense of siR‑GLS1 was 5'‑GAU​UUG​CUG​UUC​UAU​ACA​
Att‑3' and that of antisense was 5'‑UUG​UAU​AGA​ACA​GCA​
AAU​Ctt‑3'. Silencer Negative Control siRNA (Invitrogen) was 
used as the control for nonspecific effects. CRC cells were 
seeded in 6‑well plates at a concentration of 0.5x105 cells per 
well on the day before transfection. The concentration of each 
siRNA was 10 nM. At 48 h after transfection, cell viability 
was determined through a dye exclusion test using trypan blue 
(Life Technologies).

GA Inhibition assay. BPTES (bis‑2 (5‑phenylacet-
amido‑1,2,4‑thiadiazol‑2‑yl) ethyl sulfide), an inhibitor of GA, 
was purchased from Selleck Chemicals. The concentrations of 
BPTES were chosen according to the information provided by 
Selleck and others (23,24). To assess cell proliferation, CRC cells 
were seeded in 96‑well plates at a concentration of 0.5x104 cells 
per well on the day before treatments. MTT (3‑(4,5‑dimethylthi-
azol‑2‑yl)‑2,5‑diphenyltetrazolium‑bromide; Sigma‑Aldrich) 
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assay was performed according to the protocol described previ-
ously (25). In the assay, absorbance at 540 nm was measured 
using SH‑1000Lab microplate reader (Corona Electric).

Western blot analysis. At 48  h after transfection, protein 
samples were extracted from the cells and western blot 
analysis was performed following the protocols described 
previously (25,26). The materials used for the analysis were as 
follows: RIPA buffer (Thermo Fisher Scientific, Inc.), Protease 
Inhibitor Cocktail (Sigma‑Aldrich), DC Protein assay kit 
(Bio‑Rad), polyacrylamide gels (Wako Pure Chemical), PVDF 
membrane (Bio‑Rad), and PVDF Blocking Reagent for Can 
Get Signal® (TOYOBO). The primary antibodies used were 
anti‑GA (Abcam; EP7212), anti‑LDHA (Abcam; EP1566Y), 
and anti‑β‑actin (Sigma‑Aldrich; A2228). The secondary anti-
bodies used were HRP‑conjugated goat anti‑rabbit and horse 
anti‑mouse IgG (Cell Signaling Technology). The immunoblots 
were detected and visualized by Fusion‑FX7 (Vilber Lourmat) 
with LuminataTM Forte Western HRP Substrate (Millipore). 
β‑actin was used as an internal control.

cBioPortal data analysis. Data regarding genomic alterations 
of GLS1 in patients with CRC were obtained through the cBio-
Portal for Cancer Genomics website (http://www.cbioportal.
org/), which we accessed on October 27, 2019. The database 
of The Cancer Genome Atlas (TCGA) PanCancer atlas studies 
was used for cross‑cancer analysis of mutations and copy 
number alterations (CNAs) of GLS1 (27‑29). In addition, to 
enrich the number of CRC samples, six other studies of CRC 
(DFCI, Genentech, MSK 2014, CaseCCC, CPTAC‑2, and 
MSK 2018) were chosen (30‑35). All searches were performed 
in accordance with the cBioPortal online instructions.

Statistical analysis. The association between immunoexpres-
sion status of GA and clinicopathological characteristics was 
analyzed using chi‑square test. Semi‑quantitative scores of GA, 
LDHA, and HK2 were compared with Wilcoxon rank sum test. 
Kaplan‑Meier curves were constructed to plot the probability of 
patient's overall survival, and the differences between survival 
distributions were analyzed with the log‑rank test. For in vitro 
experiments that were performed in triplicates in each assay, 
the two‑sided Student's t‑test was used to determine the statis-
tical significance of the differences. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Clinicopathological data. The clinicopathological background 
of all 98 cases of CRC is shown in Table I. The patients had 
a median age of 70.0 years and there were 56 males (57%) 
and 42 females (43%). There were 54 cases (55%) in stage II, 
39 cases (40%) in stage  III, and 5 cases (5%) in stage  IV. 
Histologic types were composed of 90 cases of usual adeno-
carcinoma (92%) and 8 cases of variants including mucinous 
and micropapillary  (8%). The primary sites consisted of 
31 cases (32%) of right colon and 67 cases (68%) of left colon. 
Fifty‑five cases (56%) were positive for lymph node and/or 
distant metastasis. For tumor budding, 65 cases (66%) were 
categorized as low and 33 cases (34%) as intermediate to high 
tumor budding.

Immunoexpression of GA in the entire areas of CRC. First, 
we assessed immunohistochemical expression of GA based on 
whole‑section examination. Seventy‑five (74%) of 98 cases were 
positive for immunostaining of GA (grades 2 and 3). As described 
in Table I, the status of GA expression showed statistically signif-
icant association with histological type (P=0.0264) and tumor 
budding (P=0.0448), but not with metastasis (P=0.3260) in our 
patient population. In addition, we scrutinized the relationship 
between GA status and patient prognosis. Kaplan‑Meier analysis 
(Fig. 1) revealed that there was no significant association between 
GA expression and patient prognosis (P=0.93). Next, we focused 
on the distribution of GA immunopositivity in cancer tissues 
because of the positive correlation between GA expression and 
tumor budding (Fig. 2A). As shown in Fig. 2B and C, there was 
a tendency towards enhanced immunoreactivity of GA protein 
at the invasive margin along with tumor budding. This increased 
expression was more conspicuous in low GA expression cases 
(grade 1) with intermediate to high tumor budding (3 cases). 
Such cases exhibited increased immunopositivity of GA more 
robustly and preferentially at the invasive margin, containing 
tumor budding, despite its partial and arbitrary expression in the 
center (Fig. 2D and E).

Semi‑quantitative analysis of GA expression. To elucidate 
the correlation between GA expression and tumor budding, 
we extracted and focused on the subgroup of intermediate to 
high‑budding cases (n=33). In this subgroup, immunoreac-
tivity of GA was semi‑quantitatively assessed by comparing 
the invasive margin including tumor budding with the center 
region (6). Consequently, the semi‑quantitative scores of GA 
immunoexpression were 5.8±3.0 for the invasive margin and 
3.7±2.6 for the center (Table II). Statistically, the immunoex-
pression of GA at the margin was significantly higher than that 
of the center (P=0.0005).

Immunoexpression of LDHA and HK2. In the subgroup of 
intermediate/high budding cases, we performed additional 
immunohistochemistry of LDHA and HK2. In 26 of 33 cases 
(79%), we confirmed positive immunoreactivity for LDHA 
in the entire tumor areas on the sections. Notably, our immu-
nohistochemistry indicated that the immunoexpression of 
LDHA at the invasive margin with tumor budding was likely 
to be weak compared to that in the center (Fig. 3A and B). 
Semi‑quantitative analysis revealed that LDHA scores were 
0.4±0.6 for the invasive margin and 2.5±2.1 for the center 
(Table II). Statistically, LDHA score of the invasive margin 
was significantly lower than that of the center (P<0.001). 
Further, we frequently observed opposite trends for LDHA 
and GA expressions at the periphery of identical cancer nests, 
with weaker staining for LDHA and increased staining for GA 
(Fig. 3C-F). Next, we evaluated the expression and distribution 
of HK2 in the same way. Our immunohistochemistry showed 
positive immunoreactivity of HK2 in 32 of 33 cases (97%). 
However, there was no significant difference in HK2 expres-
sion between the margin and the center (Table II).

Genomic alterations of GLS1 in a range of cancer types and 
CRC databases. To elucidate whether the heterogeneous expres-
sions of the proteins were due to gene mutation or amplification, 
we first examined the genomic alterations of GLS1 in the 
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TCGA PanCancer Atlas Studies (10967 cases in 32 studies) for 
cross‑cancer analysis. As shown in Fig. 4A, the overall rate of 
the genomic alterations was low in various cancer types, and the 
rates of mutations and CNAs of GLS1 were 0.84% (5 cases) and 
0%, respectively, in 594 CRC cases. Next, we investigated the 
GLS1 alterations in 6 other CRC studies to enrich the number 
of samples. As shown in Fig. 4B, the ratio of GLS1 mutations 
was 0.93% (9 cases) in 964 CRC cases. As for CNAs of GLS1, 
no positive case was found in the CRC databases (1239 cases).

Suppression of GLS1 inhibited CRC cells growth. Finally, 
we further confirmed whether GLS1 affected CRC cell 

growth. Gene silencing effects on GLS1 by siRNA‑GLS1 
were examined in two CRC cell lines, DLD‑1 and WiDr cells 
(Figs. 5A and S1). As shown in Fig. 5B, knockdown of GLS1 
significantly inhibited CRC cells growth. BPTES, which was 
known as a GA inhibitor, also suppressed cell growth of both 
CRC cell lines in a dose‑dependent manner (Fig. 5C).

Discussion

Although the relationship between cancer and altered metabo-
lism is not new, the interest in cancer metabolism has been 
rekindled, partly because of the prevalence of metabolic‑based 

Table I. Association between clinicopathological features and GA immunohistochemical status in all cases (n=98).

	 GA expression
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Variable	 No. of cases (%)	 Grade 1	 Grade 2	 Grade 3	 P‑value

Sex					     0.2529
  Male	 56 (57)	 15	 14	 27
  Female	 42 (43)	   8	 17	 17
Age					     0.7472
  <59	 18 (18)	   3	   6	   9
  ≥60	 80 (82)	 20	 25	 35
BMI					     0.1574
  ≥25.0	 14 (14)	   5	   6	   3
  ≤25.0	 84 (86)	 18	 25	 41
TNM stage					     0.4940
  Ⅱ	 54 (55)	 15	 14	 25
  Ⅲ	 39 (40)	   8	 15	 16
  Ⅳ	 5 (5)	   0	   2	   3
Histological type					     0.0264
  Usual	 90 (92)	 20	 26	 44
  Variants	 8 (8)	   3	   5	   0
Primary site					     0.5813
  Right	 31 (32)	   9	   8	 14
  Left	 67 (68)	 14	 23	 30
Lymphatic invasion					     0.7044
  Absent	 9 (9)	   1	   2	   6
  Present (low)	 67 (68)	 17	 21	 29
  Present (high)	 22 (23)	   5	   8	   9
Vascular invasion					     0.0903
  Absent	 16 (16)	   6	   7	   3
  Present (low)	 65 (66)	 16	 18	 31
  Present (high)	 17 (18)	   1	   6	 10
Metastasis					     0.3260
  Negative	 54 (55)	 15	 14	 25
  Positive	 44 (45)	   8	 17	 19
Tumor budding					     0.0448
  Low	 65 (66)	 20	 20	 25
  Intermediate/High	 33 (34)	   3	 11	 19

GA, glutaminase; BMI, body mass index.
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imaging modalities, such as positron emission tomography, 
for detecting cancer (1). Much attention has been attracted 
to the relationship by the identification and characterization 
of driver mutations in metabolic enzymes such as isocitrate 

dehydrogenase in several cancers  (36). To date, it is more 
important to consider the metabolic trait of cancer from basic 
research to clinical application, especially in the fields of 
genome‑based tumor diagnosis or molecular‑targeted therapy. 
However, tumor budding has been established as a surrogate 
marker for malignant grade and prognosis in clinical prac-
tice (14,15). The explorations involving tumor budding with 
epithelial‑mesenchymal transition and subsequent causation 
of metastasis have grown and attracted more attention (37), 

Figure 1. Kaplan‑Meier overall survival curve in 98  patients with pT3 
colorectal adenocarcinoma. There was no significant association between 
GA expression and patients prognosis (P=0.93). GA, glutaminase.

Figure 2. Histology of CRC and immunohistochemical analysis of 
GA protein. (A) Histology at the invasive margin. The arrows indicate 
tumor budding. (haematoxylin and eosin; original magnification, x200). 
(B)  Immunohistochemistry of GA (original magnification, x100), and 
(C) tumor budding at the invasive margin with prominent expression of GA 
protein (original magnification, x400). (D) An example of GA‑negative CRC 
preserving high levels of GA expression at the invasive margin. The upper and 
lower parts of the image indicate the center and invasive front, respectively 
(original magnification, x100). (E) Strong expression of GA at the invasive 
margin with tumor buds in GA‑negative case (original magnification, x400). 
CRC, colorectal cancer; GA, glutaminase.

Table II. Semiquantitative result of immunohistochemical 
expression of GA, LDHA and HK2 in the margin and center 
of CRC.

Score	 Margin	 Center	 P‑value

GA	 5.8±3.0	 3.7±2.6	 0.0005
LDHA	 0.4±0.6	 2.5±2.1	 <0.001
HK2	 7.5±2.8	 7.8±2.7	 0.0832

Values are mean  ±  standard deviation; GA, glutaminase; LDHA, 
lactate dehydrogenase A; HK2, hexokinase II; CRC, colorectal 
cancer.

Figure 3. Immunohistochemistry of LDHA. (A) Immunohistochemistry of 
LDHA (original magnification, x100), and (B) the invasive margin, including 
tumor budding, indicating minimal expression (original magnification, 
x400). (C)  Increased GA expression and (D) weaker LDHA expression 
at the periphery of the same cancer nest (original magnification, x100). 
Representative images of the protein expressions of (E) GA and (F) LDHA 
using serial sections (original magnification, x400). LDHA, lactate dehydro-
genase A; GA, glutaminase.
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whereas those of metabolic features remain limited. Therefore, 
the objective of our current study is to elucidate the tumor 
budding‑specific metabolism.

On the basis of the significant association between GA 
protein expression and tumor budding status, we demonstrated 
for the first time that GA expression is augmented more 

preferentially at the invasive margin, including the tumor buds, 
in CRC. When intratumoral heterogeneity was excluded, this 
observation is generally in line with those in previous studies, 
which concluded that the GA expression was upregulated in 
CRC (11). As we found mutations a small percentage and no 
CNAs of GLS1 in CRC in the cBioPortal data analysis, our 

Figure 4. Genomic alterations of GLS1 in the data sets at the cBioPortal for Cancer Genomics. (A) Cross‑cancer analysis of GLS1 using the dataset of TCGA 
Pan‑Cancer Atlas Studies. Green, mutation; purple, fusion; red, amplification; blue, deep deletion; and gray, multiple alteration. (B) Genomic alterations of 
GLS1 in large datasets of CRC. TCGA, The Cancer Genome Atlas; CNA, copy number alterations.

Figure 5. The effect of suppressive GLS1 gene on CRC cells. (A) The protein expression levels of GLS1 in siR‑GLS1‑treated CRC cells. (B) Cell viability 
after transfection with siR‑GLS1 in DLD‑1 and WiDr cells. The concentration of siR‑GLS1 was 10 nM and the effects were assessed at 48 h after transfec-
tion. (C) Cell viability after treatment with GA inhibitor (BPTES) in DLD‑1 and WiDr cells. The effects were assessed at 48 h after treatments. Results are 
expressed as percentages of cell number in the untreated control (mean ± standard deviation); **P<0.01; ***P<0.001; †††P<0.001. CRC, colorectal cancer; si, 
small interfering; C, control; GA, glutaminase.
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commonly recognized finding could not be due to such genomic 
changes in GA. Moreover, this is of great interest because of 
its functional implication at the invasive margin, containing 
tumor budding of CRC. At first, it is reasonable to suggest that 
upregulation of GA is likely to be due to the requirement of 
glutamine. This may indicate that the marginal region appears 
more glutamine‑addicted in CRC tissues (38). In addition, this 
suggests a possible occurrence of glutamine anaplerosis at the 
invasive margin, involving tumor budding (8). Anaplerosis is 
the replenishing process to have a matching influx of TCA 
cycle intermediates, which are consumed and lacking (39). 
Glutamine is regarded as a fundamental source (40) and there-
fore, our data may imply that the marginal cells along with 
tumor budding need more biomass via glutamine anaplerosis to 
proliferate, invade, and metastasize. Interestingly, our in vitro 
assay showed that forced suppression of GLS1 gene expression 
clearly inhibited the growth of CRC cells. This observation 
from our assays, though still small and insufficient, warrants 
further investigation in terms of possible GA‑targeted therapy 
for CRC patients.

In contrast, LDHA expression exhibited the opposite 
pattern in the majority of cases, with its expression increased 
at the center and significantly, but unexpectedly, weaker 
at the invasive margin of the tumors. LDH is a tetrameric 
enzyme responsible for glycolysis and they are of two types: 
Muscle/anaerobic (LDHA) and heart/aerobic (LDHB) (41). It is 
widely appreciated that aberrantly high expression of LDHA, 
but not LDHB, is crucial for Warburg effect and carcinogen-
esis (3‑5). In this perspective, unless considering intratumoral 
heterogeneity, our present data are consistent with previous 
reports (3). As far as intratumoral heterogeneity is concerned, 
this is the first demonstration in terms of spatially heteroge-
neous expression of LDHA in CRC tissues, to the best of our 
knowledge. At the same time, this finding raises a question of 
why reduced LDHA expression occurs at the invasive margin 
involving tumor budding. The reason remains unknown, 
but it may be simply explained by the microenvironment of 
relative non‑hypoxic. Since hypoxia can lead to upregula-
tion of LDHA (42), its downregulation may be reflected in 
non‑hypoxic condition of the invasive margin in comparison 
with the center. Another explanation can be provided by a 
recent report showing that a certain condition such as argi-
nine deprivation upregulated glutamine anaplerosis, as well 
as inhibited Warburg effect, in argininosuccinate synthetase 
1‑deficient cancers  (43). To begin with, LDHA regulation 
remains complex and far from being completely understood, 
since numerous genes have been reported to be related to 
LDHA expression and activity (44). Thus, our present finding 
warrants further investigation to reveal the role and mecha-
nism of LDHA expression at the marginal area of CRC.

In recent years, there has been increased awareness and 
scrutiny of intratumoral heterogeneity, in view of morpho-
logical, genetic, and biological characteristics  (45‑47). To 
detect, analyze, and interpret this, we should keep in mind 
that comprehensive and comparative approaches toward 
cancer tissues are required. For this purpose, there are 
several issues concerned particularly about the methodology. 
First, high‑throughput screenings such as tissue microarray, 
which is familiar at present, appear not suitable as a method 
for evaluating heterogeneity of tumors histopathologically, 

because they assess small and partial regions of tumor tissues 
sampled  (48,49). Second, the evaluation of immunohisto-
chemistry in many published reports has been done using the 
so‑called ‘positive or negative’ method, in which stainability 
was determined in a tumor as a whole. In such dichotomy, 
there should be a tendency to underestimate heterogeneity 
of tumors, since the assessment occasionally misses or omits 
minor portions (48,50,51).

The present study has several limitations. The number of 
the samples was small because we selected only pT3 CRC 
cases. Further study that includes different categories and 
various histopathological subtypes is required. In addition, the 
in vitro experiments in the present study were preliminary. To 
account for the association between GA and LDHA expres-
sion at the invasive margin of CRC, further investigation such 
as in vitro experiments, animal model studies, or metabolic 
analysis should be conducted.

In conclusion, we described herein a novel immunohisto-
logical‑based alteration in GA and LDHA expression at the 
invasive margin together with tumor budding, based on signifi-
cant correlation between GA expression and tumor budding. 
These results are the first step towards extending the investiga-
tion into the mechanisms underlying this intriguing alteration 
and its effect on metabolic enzymes.
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