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研究成果の概要（和文）：FDG-PET検査は糖代謝の亢進を定量化し画像化する癌診断法として、大腸癌を始めとした種
々の癌において用いられている。癌におけるKRAS遺伝子変異は糖代謝に関与することが分子レベルで近年報告されてお
り、実際に大腸癌手術の切除標本を使用した検討でKRAS遺伝子変異はグルコース・トランスポーターの発現を介してFD
G集積に有意に関与していた。FDG-PET検査はKRAS遺伝子変異の有無を予測することで、大腸癌における分子標的治療薬
である抗EGFR抗体の適応の有無を判断し大腸癌治療に応用できる可能性がある。

研究成果の概要（英文）：KRAS gene mutations occur in approximately 40 % of colorectal cancers (CRCs) and 
are associated with resistance to anti-EGFR antibody therapy. We demonstrated FDG accumulation in 
positron emission tomography (PET) was significantly higher in CRCs with mutated KRAS than in those with 
wild-type KRAS in a clinical setting. Moreover, using paired isogenic human CRC cell lines that differ 
only in the mutational status of KRAS gene, we demonstrated that mutated KRAS caused higher FDG 
accumulation possibly by up-regulation of GLUT1; moreover, HIF-1α additively increased FDG accumulation 
in hypoxic lesions. FDG-PET might be useful for predicting the KRAS status noninvasively.

研究分野：消化器外科

キーワード： 大腸癌　FDG-PET検査　KRAS遺伝子　糖代謝
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Supplementary Table 1. Different Thresholds for Optimal Differentiation between 
Mutated and Wild-type KRAS/BRAF   
 
Threshold   Sensitivity Specificity Accuracy 
               (%)    (%)  � (%)     
               
SUVmax 
  13  74    75  � 75 
  14  65    82  � 75 
 
Abbreviations: PPV, positive predictive value; NPV, negative predictive value;  
TLR, tumor-to-liver SUV ratio 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

��P < 0.05�

�3�

18F-FDG accumulation in CRC cells by up-regulating expression
of GLUT1, HK2, or both. To test this idea, we incubated each cell
line with 18F-FDG and then measured 18F-FDG uptake in vitro.
18F-FDG accumulation was significantly higher in HCT116 cells
than in HKe-3 and HKh-2 cells; similarly, accumulation was higher in
DLD-1 cells than in DKO-4 cells (Fig. 2A).
To gain further insight into 18F-FDG accumulation in CRC cells,

we performed RNA interference experiments. We separately in-
troduced into these cell lines 2 independent small interfering RNA
(siRNA) constructs targeting KRAS, GLUT1, and HK2 (referred
to as siKRAS #1 and #2, siGLUT1 #1 and #2, and siHK2 #1 and
#2, respectively) and verified that both siRNA constructs dramat-
ically decreased expression of each protein. In HCT116 cells,

18F-FDG accumulation was significantly
decreased by treatment with either siKRAS
or siGLUT1, whereas the effect of siHK2
was weak (Fig. 2B). On the other hand,
18F-FDG accumulation in HKe-3 cells was
significantly decreased by siGLUT1 but
only minimally decreased by siKRAS and
not decreased at all by siHK2 (Fig. 2C).
To test whether these effects of siRNAs
were specific, we further performed rescue
experiments after treatment with siRNAs.
Namely, we transiently transfected the mu-
tated KRAS (G13D), GLUT1, or HK2 ex-
pression vectors into cells treated with
siRNA that were targeting 59 or 39 untrans-
lated region of the respective genes. In
HCT116 cells, the decrease of 18F-FDG
accumulation induced by siKRAS, siGLUT1,
or siHK2was significantly recovered (Fig. 3A).
In HKe-3 cells, the decrease of 18F-FDG
accumulation induced by siGLUT1 was
significantly recovered (Fig. 3B). Inter-
estingly, 18F-FDG accumulation was sig-
nificantly increased by overexpression of
mutated KRAS (G13D), although it was
not decreased by knockdown of wild-type
KRAS (Fig. 3B, left panels). The results
with DLD-1 cells were similar to those with
HCT116 cells (Supplemental Figs. 2A and
2B). These data indicated that mutated KRAS
caused increased 18F-FDG accumulation in
CRC cells mainly by up-regulating GLUT1
expression.

In Vivo 18F-FDG Accumulation into

Xenograft Tumors

To assess the effect of mutated KRAS on
18F-FDG accumulation in vivo, we measured
18F-FDG accumulation into transplanted
xenograft tumors in severe combined im-
munodeficiency mice using small-animal 18F-
FDG PET/CT scans. HCT116 and HKe-3
cells were injected subcutaneously into the
right and left flanks, respectively, of the in-
dividual mice. As previously reported (11,
14), HKe-3 cells do not grow as xenograft
tumors in nude mice, but we found that
HKe-3 cells mixed with Matrigel could

grow as xenograft tumors in severe combined immunodeficiency
mice. Microscopic pathologic examination revealed these tumors to
be composed of viable, nonnecrotic cancer cells (Supplemental
Fig. 3A), and 18F-FDG PET/CT images clearly delineated these
tumors. Importantly, 18F-FDG accumulation was much higher in
HCT116 tumors than in HKe-3 tumors (Fig. 4A). For quantitative
analysis, we calculated tumor-to-liver 18F-FDG uptake ratios,
because 18F-FDG uptake in the normal liver remains stable.
We have found that there was a significant difference between
HCT116 and HKe-3 tumors (4.19 6 0.27 vs. 1.90 6 0.28, re-
spectively; P , 0.01; Fig. 4B, left). However, there was no sig-
nificant difference in tumor size among them at the time of
imaging (Fig. 4B, right).

FIGURE 2. In vitro 18F-FDG accumulation. (A) In vitro 18F-FDG accumulation into CRC
cells with or without KRAS mutation. HCT116 cells (B) and HKe-3 cells (C) were treated
separately with 2 independent siRNA constructs (#1 and #2) targeting KRAS, GLUT1, and HK2
or non-silencing siRNA (Ctrl). Forty-eight hours after transfection, expression levels of
each protein were confirmed with Western blotting (upper panels), and in vitro 18F-FDG
accumulation was measured (lower panels). 18F-FDG accumulation levels are presented
as mean ± SD of triplicate measurements. *P , 0.01. †P , 0.05. %ID 5 percentage injected
dose.
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18F-FDG accumulation in CRC cells by up-regulating expression
of GLUT1, HK2, or both. To test this idea, we incubated each cell
line with 18F-FDG and then measured 18F-FDG uptake in vitro.
18F-FDG accumulation was significantly higher in HCT116 cells
than in HKe-3 and HKh-2 cells; similarly, accumulation was higher in
DLD-1 cells than in DKO-4 cells (Fig. 2A).
To gain further insight into 18F-FDG accumulation in CRC cells,

we performed RNA interference experiments. We separately in-
troduced into these cell lines 2 independent small interfering RNA
(siRNA) constructs targeting KRAS, GLUT1, and HK2 (referred
to as siKRAS #1 and #2, siGLUT1 #1 and #2, and siHK2 #1 and
#2, respectively) and verified that both siRNA constructs dramat-
ically decreased expression of each protein. In HCT116 cells,

18F-FDG accumulation was significantly
decreased by treatment with either siKRAS
or siGLUT1, whereas the effect of siHK2
was weak (Fig. 2B). On the other hand,
18F-FDG accumulation in HKe-3 cells was
significantly decreased by siGLUT1 but
only minimally decreased by siKRAS and
not decreased at all by siHK2 (Fig. 2C).
To test whether these effects of siRNAs
were specific, we further performed rescue
experiments after treatment with siRNAs.
Namely, we transiently transfected the mu-
tated KRAS (G13D), GLUT1, or HK2 ex-
pression vectors into cells treated with
siRNA that were targeting 59 or 39 untrans-
lated region of the respective genes. In
HCT116 cells, the decrease of 18F-FDG
accumulation induced by siKRAS, siGLUT1,
or siHK2was significantly recovered (Fig. 3A).
In HKe-3 cells, the decrease of 18F-FDG
accumulation induced by siGLUT1 was
significantly recovered (Fig. 3B). Inter-
estingly, 18F-FDG accumulation was sig-
nificantly increased by overexpression of
mutated KRAS (G13D), although it was
not decreased by knockdown of wild-type
KRAS (Fig. 3B, left panels). The results
with DLD-1 cells were similar to those with
HCT116 cells (Supplemental Figs. 2A and
2B). These data indicated that mutated KRAS
caused increased 18F-FDG accumulation in
CRC cells mainly by up-regulating GLUT1
expression.

In Vivo 18F-FDG Accumulation into

Xenograft Tumors

To assess the effect of mutated KRAS on
18F-FDG accumulation in vivo, we measured
18F-FDG accumulation into transplanted
xenograft tumors in severe combined im-
munodeficiency mice using small-animal 18F-
FDG PET/CT scans. HCT116 and HKe-3
cells were injected subcutaneously into the
right and left flanks, respectively, of the in-
dividual mice. As previously reported (11,
14), HKe-3 cells do not grow as xenograft
tumors in nude mice, but we found that
HKe-3 cells mixed with Matrigel could

grow as xenograft tumors in severe combined immunodeficiency
mice. Microscopic pathologic examination revealed these tumors to
be composed of viable, nonnecrotic cancer cells (Supplemental
Fig. 3A), and 18F-FDG PET/CT images clearly delineated these
tumors. Importantly, 18F-FDG accumulation was much higher in
HCT116 tumors than in HKe-3 tumors (Fig. 4A). For quantitative
analysis, we calculated tumor-to-liver 18F-FDG uptake ratios,
because 18F-FDG uptake in the normal liver remains stable.
We have found that there was a significant difference between
HCT116 and HKe-3 tumors (4.19 6 0.27 vs. 1.90 6 0.28, re-
spectively; P , 0.01; Fig. 4B, left). However, there was no sig-
nificant difference in tumor size among them at the time of
imaging (Fig. 4B, right).

FIGURE 2. In vitro 18F-FDG accumulation. (A) In vitro 18F-FDG accumulation into CRC
cells with or without KRAS mutation. HCT116 cells (B) and HKe-3 cells (C) were treated
separately with 2 independent siRNA constructs (#1 and #2) targeting KRAS, GLUT1, and HK2
or non-silencing siRNA (Ctrl). Forty-eight hours after transfection, expression levels of
each protein were confirmed with Western blotting (upper panels), and in vitro 18F-FDG
accumulation was measured (lower panels). 18F-FDG accumulation levels are presented
as mean ± SD of triplicate measurements. *P , 0.01. †P , 0.05. %ID 5 percentage injected
dose.
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(Fig. 4C) and that KRAS mutational status correlated with HIF-1a
and GLUT1 expression (Table 1). Taken together, these data dem-
onstrate that increased 18F-FDG accumulation in cancer cells as
determined by PET imaging may reflect increased glucose metab-
olism that is dependent on KRAS mutation and enhanced by tumor
hypoxia.
Somatic point mutations in the KRAS gene occur in a variety of

human malignancies, most frequently in pancreatic cancer, non–
small cell lung cancer, and CRC. Moreover, KRAS mutation is a
strong predictor of clinical resistance to EGFR-targeted therapies;
therefore, KRAS mutational testing derived from primary tumors
has been incorporated into the routine clinical treatment of meta-

static CRC. Although screening for KRAS
mutation has a high negative predictive
value for response to EGFR-targeted ther-
apies against metastatic CRC, its positive
predictive value is low and most KRAS
wild-type patients do not derive benefit.
Potential reasons to explain this phenome-
non are the intratumoral heterogeneity of
KRAS alleles within individual primary
CRCs (18) and the discordant KRAS
status between primary tumor and corre-
sponding metastases (19,20). It has also
been reported that the intratumoral hetero-
geneity within a primary CRC can explain
the discordant KRAS status between pri-
mary and metastatic CRC tumors (21). In
addition, mutational testing requires tumor
tissue samples resected by biopsy or sur-
gery, but samples from metastatic tumors
are uncommon because of the difficulty of
accessing them and low tumor content sec-
ondary to treatment effect. Our findings pro-
vide a basis by which 18F-FDG PET/CT
scans can be considered predictive of the
macroscopic KRAS mutational status of the
whole tumor, which may inform the thera-
peutic strategy.
The Warburg effect is considered to be

a metabolic hallmark of cancer cells and
has been exploited clinically for detection
of tumors by 18F-FDG PET scans. The mo-
lecular mechanisms causing upregulation of
glucose metabolism are as yet not understood,
but KRAS signaling has been recently re-
ported to be implicated in the regulation of
aerobic glycolysis in several types of cancer.
For example, in a mouse model of pancreatic
adenocarcinoma, mutated KRAS enhanced
glycolysis through upregulation of glucose
transporter and several glycolytic enzymes
and then diverted glycolytic intermediates
into hexosamine biosynthesis and pentose
phosphate pathways to maintain tumor growth
(22). Notably, knockdown of the rate-limiting
enzymes in either hexosamine biosynthesis
or pentose phosphate pathways suppressed
tumor growth, suggesting potential metabolic
targets for therapeutic benefit. By metabo-
lomic analysis with HCT116, HKe-3, DLD-1,

and DKO-4 cells, we have also observed that mutated KRAS
caused a significant metabolic change involving multiple path-
ways; the most significant are intermediates of glucose metabolism,
including glucose 6-phosphate, glyceraldehyde 3-phosphate, and
3-phosphoglyceric acid (Supplemental Table 1). Functional vali-
dation of several mutated KRAS-regulated metabolic enzymes may
provide candidate therapeutic targets and associated biomarkers.
18F-FDG PET/CT scans directly assess glycolytic tumor pheno-
type and thus might predict the efficacy of glycolytic inhibitors for
CRC patients with mutated KRAS who do not respond to anti-
EGFR therapies and for whom alternative therapeutic strategies
are needed. Thus, this study suggests the possibility of the novel

FIGURE 5. In vitro 18F-FDG accumulation under hypoxic conditions. (A) Western blot analysis
showing protein expression of HIF-1α, GLUT1, and HK2 under normoxic and hypoxic cultures.
Protein levels were normalized to β-actin, and densitometry values are expressed as fold change
compared with HCT116 in normoxia (*P , 0.01 vs. HCT116 in normoxia, †P , 0.01 vs. HCT116 in
hypoxia). (B) In vitro 18F-FDG accumulation in HCT116 and HKe-3 cells under normoxic and
hypoxic cultures. (C) In vitro 18F-FDG accumulation under normoxic and hypoxic culture in
HCT116 and HKe-3 cells. These cells were treated with 2 independent siRNA constructs targeting
HIF-1α (siHIF-1α #1 and siHIF-1α #2). Results are presented as mean ± SD of triplicate measure-
ments (*P , 0.01, †P , 0.05). Ctrl 5 control.
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whether this effect of siHIF-1a was specific, we transiently trans-
fected the HIF-1a expression vector into HCT116 cells treated
with siHIF-1a that was targeting the 39 untranslated region of the
HIF-1a sequence and noted that the decrease in 18F-FDG accu-
mulation was partially recovered in hypoxic HCT116 cells (Sup-
plemental Fig. 5). The HIF-1a protein level was not completely
recovered by the transient transfection approach, which may ex-
plain why the recovery of 18F-FDG accumulation was not statis-
tically significant (P 5 0.115). These data indicated that, under
hypoxic conditions, CRC cells with mutated KRAS increased 18F-
FDG accumulation, partially depending on the HIF-1a pathway,
whereas the enhanced uptake of 18F-FDG by hypoxic CRC cells
with wild-type KRAS was independent of the HIF-1a pathway.

Immunohistochemical Analysis of Clinical CRC Samples

To evaluate the clinical significance of the above findings, we
immunohistochemically examined human CRC samples. We pre-
viously examined 51 clinical CRC samples and found that 18F-FDG
accumulation is significantly higher in CRCs with KRAS/BRAF
mutations than in those with wild-type KRAS/BRAF (10). In this
study, we further examined the relationship between KRAS muta-
tional status and HIF-1a expression with these same 51 clinical
samples (Table 1). Each patient was classified on the basis of KRAS
mutational status into two groups: patients with wild-type KRAS
(n 5 29) and those with mutated KRAS (n 5 22). HIF-1a expres-

sion was positive in 19 (37%) of 51
tumors. Importantly, HIF-1a expression
was positive in 12 (55%) of 22 tumors
with mutated KRAS, whereas it was posi-
tive in only 7 (24%) of 29 tumors with
wild-type KRAS, indicating a significant as-
sociation between KRAS mutational status
and HIF-1a expression (P 5 0.026; Table
1). In these 51 samples, KRAS mutational
status was also significantly correlated with
maximum standardized uptake value and
with GLUT1 expression but not with
HK2 expression (Table 1). Representative
cases of mutated and wild-type KRAS are
shown in Supplemental Figures 6A and
6B. These data indicated that an increase
in 18F-FDG accumulation observed by 18F-
FDG PET scans might reflect activation of
glucose metabolism by mutated KRAS and
by tumor hypoxia. Taken together, these
results highlight a unique interaction be-
tween KRAS and tumor microenvironment
(e.g., hypoxia) and may potentially con-
tribute to the phenotypic differences in KRAS
mutation in CRC.

DISCUSSION

18F-FDG PET scans are widely used to
diagnose, monitor treatment response, and
assess prognosis for many types of cancer.
However, the underlying molecular mech-
anisms responsible for 18F-FDG accumula-
tion in cancer cells are not yet clear. It was
previously reported that, under normoxic
conditions, the increase in GLUT1 expres-

sion and glucose uptake in vitro is critically dependent on the
KRAS mutation in CRC cells and follicular thyroid cancer
cells (14,16). Using human clinical samples, we previously found
that KRAS/BRAF mutations significantly increase 18F-FDG accu-
mulation in CRCs possibly through upregulation of GLUT1 ex-
pression (10). In this study, we found that mutated KRAS increased
18F-FDG accumulation in CRC cells mainly through upregulation
of GLUT1 under normoxic conditions (Figs. 1–3). We also sup-
pose that HK2 is partially involved in 18F-FDG accumulation of
KRAS-mutant CRCs (Figs. 1–3). HK2 was recently reported to be
required for tumor initiation and maintenance in KRAS-driven lung
cancer (17), suggesting the role of HK2 in KRAS-mutant CRCs.
Under hypoxic conditions, induction of HIF-1a protein was more
prominent in HCT116 cells than in HKe-3 cells, which additively
increase 18F-FDG accumulation (Figs. 5A and 5B), and knock-
down of HIF-1a in hypoxia resulted in significantly decreased
18F-FDG accumulation in HCT116 cells (Fig. 5C, top right), dem-
onstrating a synergistic interaction between KRAS mutation and
hypoxia. Meanwhile, knockdown of HIF-1a did not result in de-
creased 18F-FDG accumulation in HKe-3 cells under hypoxic con-
ditions (Fig. 5C, bottom right), potentially indicating that CRC
cells with wild-type KRAS increase 18F-FDG accumulation inde-
pendently of HIF-1a. By an immunohistochemical analysis of
xenografts and surgical specimens, we also observed that the
staining pattern of HIF-1a was in accordance with that of GLUT1

FIGURE 4. 18F-FDG PET/CT scans and immunohistochemical analysis of xenograft tumors. (A)
Representative images of 18F-FDG PET/CT scan. Open triangles indicate HKe-3 xenograft tumors,
and closed triangles indicate HCT116 xenograft tumors. At top left is picture of tumor-bearing
mouse; at top right, coronal section; at bottom left, transverse section of HKe-3 tumor; and at
bottom right, transverse section of HCT116 tumor. (B) At left is quantification of 18F-FDG uptake
into xenografts. Values are mean ± SD of tumor-to-liver ratio (n 5 4, *P , 0.01). At right is size of
HKe-3 and HCT116 tumors at time of imaging. Values are mean ± SD (n 5 4, not significant [NS]).
(C) Hematoxylin and eosin (H&E) and immunohistochemical staining for CD34, pimonidazole, HIF-1α,
GLUT1, and HK2 of xenograft tumors derived from HCT116 and HKe-3 cells. Scale bar 5 100 μm.
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whether this effect of siHIF-1a was specific, we transiently trans-
fected the HIF-1a expression vector into HCT116 cells treated
with siHIF-1a that was targeting the 39 untranslated region of the
HIF-1a sequence and noted that the decrease in 18F-FDG accu-
mulation was partially recovered in hypoxic HCT116 cells (Sup-
plemental Fig. 5). The HIF-1a protein level was not completely
recovered by the transient transfection approach, which may ex-
plain why the recovery of 18F-FDG accumulation was not statis-
tically significant (P 5 0.115). These data indicated that, under
hypoxic conditions, CRC cells with mutated KRAS increased 18F-
FDG accumulation, partially depending on the HIF-1a pathway,
whereas the enhanced uptake of 18F-FDG by hypoxic CRC cells
with wild-type KRAS was independent of the HIF-1a pathway.

Immunohistochemical Analysis of Clinical CRC Samples

To evaluate the clinical significance of the above findings, we
immunohistochemically examined human CRC samples. We pre-
viously examined 51 clinical CRC samples and found that 18F-FDG
accumulation is significantly higher in CRCs with KRAS/BRAF
mutations than in those with wild-type KRAS/BRAF (10). In this
study, we further examined the relationship between KRAS muta-
tional status and HIF-1a expression with these same 51 clinical
samples (Table 1). Each patient was classified on the basis of KRAS
mutational status into two groups: patients with wild-type KRAS
(n 5 29) and those with mutated KRAS (n 5 22). HIF-1a expres-

sion was positive in 19 (37%) of 51
tumors. Importantly, HIF-1a expression
was positive in 12 (55%) of 22 tumors
with mutated KRAS, whereas it was posi-
tive in only 7 (24%) of 29 tumors with
wild-type KRAS, indicating a significant as-
sociation between KRAS mutational status
and HIF-1a expression (P 5 0.026; Table
1). In these 51 samples, KRAS mutational
status was also significantly correlated with
maximum standardized uptake value and
with GLUT1 expression but not with
HK2 expression (Table 1). Representative
cases of mutated and wild-type KRAS are
shown in Supplemental Figures 6A and
6B. These data indicated that an increase
in 18F-FDG accumulation observed by 18F-
FDG PET scans might reflect activation of
glucose metabolism by mutated KRAS and
by tumor hypoxia. Taken together, these
results highlight a unique interaction be-
tween KRAS and tumor microenvironment
(e.g., hypoxia) and may potentially con-
tribute to the phenotypic differences in KRAS
mutation in CRC.

DISCUSSION

18F-FDG PET scans are widely used to
diagnose, monitor treatment response, and
assess prognosis for many types of cancer.
However, the underlying molecular mech-
anisms responsible for 18F-FDG accumula-
tion in cancer cells are not yet clear. It was
previously reported that, under normoxic
conditions, the increase in GLUT1 expres-

sion and glucose uptake in vitro is critically dependent on the
KRAS mutation in CRC cells and follicular thyroid cancer
cells (14,16). Using human clinical samples, we previously found
that KRAS/BRAF mutations significantly increase 18F-FDG accu-
mulation in CRCs possibly through upregulation of GLUT1 ex-
pression (10). In this study, we found that mutated KRAS increased
18F-FDG accumulation in CRC cells mainly through upregulation
of GLUT1 under normoxic conditions (Figs. 1–3). We also sup-
pose that HK2 is partially involved in 18F-FDG accumulation of
KRAS-mutant CRCs (Figs. 1–3). HK2 was recently reported to be
required for tumor initiation and maintenance in KRAS-driven lung
cancer (17), suggesting the role of HK2 in KRAS-mutant CRCs.
Under hypoxic conditions, induction of HIF-1a protein was more
prominent in HCT116 cells than in HKe-3 cells, which additively
increase 18F-FDG accumulation (Figs. 5A and 5B), and knock-
down of HIF-1a in hypoxia resulted in significantly decreased
18F-FDG accumulation in HCT116 cells (Fig. 5C, top right), dem-
onstrating a synergistic interaction between KRAS mutation and
hypoxia. Meanwhile, knockdown of HIF-1a did not result in de-
creased 18F-FDG accumulation in HKe-3 cells under hypoxic con-
ditions (Fig. 5C, bottom right), potentially indicating that CRC
cells with wild-type KRAS increase 18F-FDG accumulation inde-
pendently of HIF-1a. By an immunohistochemical analysis of
xenografts and surgical specimens, we also observed that the
staining pattern of HIF-1a was in accordance with that of GLUT1

FIGURE 4. 18F-FDG PET/CT scans and immunohistochemical analysis of xenograft tumors. (A)
Representative images of 18F-FDG PET/CT scan. Open triangles indicate HKe-3 xenograft tumors,
and closed triangles indicate HCT116 xenograft tumors. At top left is picture of tumor-bearing
mouse; at top right, coronal section; at bottom left, transverse section of HKe-3 tumor; and at
bottom right, transverse section of HCT116 tumor. (B) At left is quantification of 18F-FDG uptake
into xenografts. Values are mean ± SD of tumor-to-liver ratio (n 5 4, *P , 0.01). At right is size of
HKe-3 and HCT116 tumors at time of imaging. Values are mean ± SD (n 5 4, not significant [NS]).
(C) Hematoxylin and eosin (H&E) and immunohistochemical staining for CD34, pimonidazole, HIF-1α,
GLUT1, and HK2 of xenograft tumors derived from HCT116 and HKe-3 cells. Scale bar 5 100 μm.
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whether this effect of siHIF-1a was specific, we transiently trans-
fected the HIF-1a expression vector into HCT116 cells treated
with siHIF-1a that was targeting the 39 untranslated region of the
HIF-1a sequence and noted that the decrease in 18F-FDG accu-
mulation was partially recovered in hypoxic HCT116 cells (Sup-
plemental Fig. 5). The HIF-1a protein level was not completely
recovered by the transient transfection approach, which may ex-
plain why the recovery of 18F-FDG accumulation was not statis-
tically significant (P 5 0.115). These data indicated that, under
hypoxic conditions, CRC cells with mutated KRAS increased 18F-
FDG accumulation, partially depending on the HIF-1a pathway,
whereas the enhanced uptake of 18F-FDG by hypoxic CRC cells
with wild-type KRAS was independent of the HIF-1a pathway.

Immunohistochemical Analysis of Clinical CRC Samples

To evaluate the clinical significance of the above findings, we
immunohistochemically examined human CRC samples. We pre-
viously examined 51 clinical CRC samples and found that 18F-FDG
accumulation is significantly higher in CRCs with KRAS/BRAF
mutations than in those with wild-type KRAS/BRAF (10). In this
study, we further examined the relationship between KRAS muta-
tional status and HIF-1a expression with these same 51 clinical
samples (Table 1). Each patient was classified on the basis of KRAS
mutational status into two groups: patients with wild-type KRAS
(n 5 29) and those with mutated KRAS (n 5 22). HIF-1a expres-

sion was positive in 19 (37%) of 51
tumors. Importantly, HIF-1a expression
was positive in 12 (55%) of 22 tumors
with mutated KRAS, whereas it was posi-
tive in only 7 (24%) of 29 tumors with
wild-type KRAS, indicating a significant as-
sociation between KRAS mutational status
and HIF-1a expression (P 5 0.026; Table
1). In these 51 samples, KRAS mutational
status was also significantly correlated with
maximum standardized uptake value and
with GLUT1 expression but not with
HK2 expression (Table 1). Representative
cases of mutated and wild-type KRAS are
shown in Supplemental Figures 6A and
6B. These data indicated that an increase
in 18F-FDG accumulation observed by 18F-
FDG PET scans might reflect activation of
glucose metabolism by mutated KRAS and
by tumor hypoxia. Taken together, these
results highlight a unique interaction be-
tween KRAS and tumor microenvironment
(e.g., hypoxia) and may potentially con-
tribute to the phenotypic differences in KRAS
mutation in CRC.

DISCUSSION

18F-FDG PET scans are widely used to
diagnose, monitor treatment response, and
assess prognosis for many types of cancer.
However, the underlying molecular mech-
anisms responsible for 18F-FDG accumula-
tion in cancer cells are not yet clear. It was
previously reported that, under normoxic
conditions, the increase in GLUT1 expres-

sion and glucose uptake in vitro is critically dependent on the
KRAS mutation in CRC cells and follicular thyroid cancer
cells (14,16). Using human clinical samples, we previously found
that KRAS/BRAF mutations significantly increase 18F-FDG accu-
mulation in CRCs possibly through upregulation of GLUT1 ex-
pression (10). In this study, we found that mutated KRAS increased
18F-FDG accumulation in CRC cells mainly through upregulation
of GLUT1 under normoxic conditions (Figs. 1–3). We also sup-
pose that HK2 is partially involved in 18F-FDG accumulation of
KRAS-mutant CRCs (Figs. 1–3). HK2 was recently reported to be
required for tumor initiation and maintenance in KRAS-driven lung
cancer (17), suggesting the role of HK2 in KRAS-mutant CRCs.
Under hypoxic conditions, induction of HIF-1a protein was more
prominent in HCT116 cells than in HKe-3 cells, which additively
increase 18F-FDG accumulation (Figs. 5A and 5B), and knock-
down of HIF-1a in hypoxia resulted in significantly decreased
18F-FDG accumulation in HCT116 cells (Fig. 5C, top right), dem-
onstrating a synergistic interaction between KRAS mutation and
hypoxia. Meanwhile, knockdown of HIF-1a did not result in de-
creased 18F-FDG accumulation in HKe-3 cells under hypoxic con-
ditions (Fig. 5C, bottom right), potentially indicating that CRC
cells with wild-type KRAS increase 18F-FDG accumulation inde-
pendently of HIF-1a. By an immunohistochemical analysis of
xenografts and surgical specimens, we also observed that the
staining pattern of HIF-1a was in accordance with that of GLUT1

FIGURE 4. 18F-FDG PET/CT scans and immunohistochemical analysis of xenograft tumors. (A)
Representative images of 18F-FDG PET/CT scan. Open triangles indicate HKe-3 xenograft tumors,
and closed triangles indicate HCT116 xenograft tumors. At top left is picture of tumor-bearing
mouse; at top right, coronal section; at bottom left, transverse section of HKe-3 tumor; and at
bottom right, transverse section of HCT116 tumor. (B) At left is quantification of 18F-FDG uptake
into xenografts. Values are mean ± SD of tumor-to-liver ratio (n 5 4, *P , 0.01). At right is size of
HKe-3 and HCT116 tumors at time of imaging. Values are mean ± SD (n 5 4, not significant [NS]).
(C) Hematoxylin and eosin (H&E) and immunohistochemical staining for CD34, pimonidazole, HIF-1α,
GLUT1, and HK2 of xenograft tumors derived from HCT116 and HKe-3 cells. Scale bar 5 100 μm.
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whether this effect of siHIF-1a was specific, we transiently trans-
fected the HIF-1a expression vector into HCT116 cells treated
with siHIF-1a that was targeting the 39 untranslated region of the
HIF-1a sequence and noted that the decrease in 18F-FDG accu-
mulation was partially recovered in hypoxic HCT116 cells (Sup-
plemental Fig. 5). The HIF-1a protein level was not completely
recovered by the transient transfection approach, which may ex-
plain why the recovery of 18F-FDG accumulation was not statis-
tically significant (P 5 0.115). These data indicated that, under
hypoxic conditions, CRC cells with mutated KRAS increased 18F-
FDG accumulation, partially depending on the HIF-1a pathway,
whereas the enhanced uptake of 18F-FDG by hypoxic CRC cells
with wild-type KRAS was independent of the HIF-1a pathway.

Immunohistochemical Analysis of Clinical CRC Samples

To evaluate the clinical significance of the above findings, we
immunohistochemically examined human CRC samples. We pre-
viously examined 51 clinical CRC samples and found that 18F-FDG
accumulation is significantly higher in CRCs with KRAS/BRAF
mutations than in those with wild-type KRAS/BRAF (10). In this
study, we further examined the relationship between KRAS muta-
tional status and HIF-1a expression with these same 51 clinical
samples (Table 1). Each patient was classified on the basis of KRAS
mutational status into two groups: patients with wild-type KRAS
(n 5 29) and those with mutated KRAS (n 5 22). HIF-1a expres-

sion was positive in 19 (37%) of 51
tumors. Importantly, HIF-1a expression
was positive in 12 (55%) of 22 tumors
with mutated KRAS, whereas it was posi-
tive in only 7 (24%) of 29 tumors with
wild-type KRAS, indicating a significant as-
sociation between KRAS mutational status
and HIF-1a expression (P 5 0.026; Table
1). In these 51 samples, KRAS mutational
status was also significantly correlated with
maximum standardized uptake value and
with GLUT1 expression but not with
HK2 expression (Table 1). Representative
cases of mutated and wild-type KRAS are
shown in Supplemental Figures 6A and
6B. These data indicated that an increase
in 18F-FDG accumulation observed by 18F-
FDG PET scans might reflect activation of
glucose metabolism by mutated KRAS and
by tumor hypoxia. Taken together, these
results highlight a unique interaction be-
tween KRAS and tumor microenvironment
(e.g., hypoxia) and may potentially con-
tribute to the phenotypic differences in KRAS
mutation in CRC.

DISCUSSION

18F-FDG PET scans are widely used to
diagnose, monitor treatment response, and
assess prognosis for many types of cancer.
However, the underlying molecular mech-
anisms responsible for 18F-FDG accumula-
tion in cancer cells are not yet clear. It was
previously reported that, under normoxic
conditions, the increase in GLUT1 expres-

sion and glucose uptake in vitro is critically dependent on the
KRAS mutation in CRC cells and follicular thyroid cancer
cells (14,16). Using human clinical samples, we previously found
that KRAS/BRAF mutations significantly increase 18F-FDG accu-
mulation in CRCs possibly through upregulation of GLUT1 ex-
pression (10). In this study, we found that mutated KRAS increased
18F-FDG accumulation in CRC cells mainly through upregulation
of GLUT1 under normoxic conditions (Figs. 1–3). We also sup-
pose that HK2 is partially involved in 18F-FDG accumulation of
KRAS-mutant CRCs (Figs. 1–3). HK2 was recently reported to be
required for tumor initiation and maintenance in KRAS-driven lung
cancer (17), suggesting the role of HK2 in KRAS-mutant CRCs.
Under hypoxic conditions, induction of HIF-1a protein was more
prominent in HCT116 cells than in HKe-3 cells, which additively
increase 18F-FDG accumulation (Figs. 5A and 5B), and knock-
down of HIF-1a in hypoxia resulted in significantly decreased
18F-FDG accumulation in HCT116 cells (Fig. 5C, top right), dem-
onstrating a synergistic interaction between KRAS mutation and
hypoxia. Meanwhile, knockdown of HIF-1a did not result in de-
creased 18F-FDG accumulation in HKe-3 cells under hypoxic con-
ditions (Fig. 5C, bottom right), potentially indicating that CRC
cells with wild-type KRAS increase 18F-FDG accumulation inde-
pendently of HIF-1a. By an immunohistochemical analysis of
xenografts and surgical specimens, we also observed that the
staining pattern of HIF-1a was in accordance with that of GLUT1

FIGURE 4. 18F-FDG PET/CT scans and immunohistochemical analysis of xenograft tumors. (A)
Representative images of 18F-FDG PET/CT scan. Open triangles indicate HKe-3 xenograft tumors,
and closed triangles indicate HCT116 xenograft tumors. At top left is picture of tumor-bearing
mouse; at top right, coronal section; at bottom left, transverse section of HKe-3 tumor; and at
bottom right, transverse section of HCT116 tumor. (B) At left is quantification of 18F-FDG uptake
into xenografts. Values are mean ± SD of tumor-to-liver ratio (n 5 4, *P , 0.01). At right is size of
HKe-3 and HCT116 tumors at time of imaging. Values are mean ± SD (n 5 4, not significant [NS]).
(C) Hematoxylin and eosin (H&E) and immunohistochemical staining for CD34, pimonidazole, HIF-1α,
GLUT1, and HK2 of xenograft tumors derived from HCT116 and HKe-3 cells. Scale bar 5 100 μm.
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