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Roles for hENT1 and dCK in gemcitabine sensitivity and 
malignancy of meningioma

  

Masahiro Yamamoto, Tomomi Sanomachi, Shuhei Suzuki, Hiroyuki Uchida, Hajime Yonezawa, 
Nayuta Higa, Tomoko Takajo, Yuki Yamada, Asuka Sugai, Keita Togashi, Shizuka Seino, 
Masashi Okada, Yukihiko Sonoda, Hirofumi Hirano, Koji Yoshimoto, and Chifumi Kitanaka

Departments of Molecular Cancer Science (M.Y., T.S., S.H.S., A.S., K.T., S.Z.S., M.O., C.K.), Clinical Oncology (T.S., 
S.H.S.), Neurosurgery (Y.Y., Y.S.), and Ophthalmology and Visual Sciences (K.T.), Yamagata University School 
of Medicine, Yamagata, Japan; Department of Neurosurgery, Graduate School of Medical and Dental Sciences, 
Kagoshima University, Kagoshima, Japan (H.U., H.Y., N.H., T.T., H.H., K.Y.); Research Institute for Promotion of 
Medical Sciences, Yamagata University Faculty of Medicine, Yamagata, Japan (C.K.)

Corresponding Author: Chifumi Kitanaka, MD, PhD, Department of Molecular Cancer Science, Yamagata University School of 
Medicine, Yamagata, 990-9585, Japan (ckitanak@med.id.yamagata-u.ac.jp).

Abstract
Background.  High-grade meningiomas are aggressive tumors with high morbidity and mortality rates that fre-
quently recur even after surgery and adjuvant radiotherapy. However, limited information is currently available on 
the biology of these tumors, and no alternative adjuvant treatment options exist. Although we previously demon-
strated that high-grade meningioma cells were highly sensitive to gemcitabine in vitro and in vivo, the underlying 
molecular mechanisms remain unknown.
Methods. We examined the roles of hENT1 (human equilibrative nucleoside transporter 1) and dCK (deoxycytidine 
kinase) in the gemcitabine sensitivity and growth of meningioma cells in vitro. Tissue samples from meningiomas 
(26 WHO grade I and 21 WHO grade II/III meningiomas) were immunohistochemically analyzed for hENT1 and dCK 
as well as for Ki-67 as a marker of proliferative activity.
Results.  hENT1 and dCK, which play critical roles in the intracellular transport and activation of gemcitabine, re-
spectively, were responsible for the high gemcitabine sensitivity of high-grade meningioma cells and were strongly 
expressed in high-grade meningiomas. hENT1 expression was required for the proliferation and survival of high-
grade meningioma cells and dCK expression. Furthermore, high hENT1 and dCK expression levels correlated with 
stronger tumor cell proliferative activity and shorter survival in meningioma patients.
Conclusions. The present results suggest that hENT1 is a key molecular factor influencing the growth capacity and 
gemcitabine sensitivity of meningioma cells and also that hENT1, together with dCK, may be a viable prognostic 
marker for meningioma patients as well as a predictive marker of their responses to gemcitabine.

Key Points

1.  hENT1 and dCK influence the gemcitabine sensitivity of meningioma cells.

2.  hENT1 regulates dCK expression and cellular proliferative activity in meningioma.

3.  hENT1 and dCK are novel prognostic markers for meningioma.
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Meningiomas are the most common intracranial neo-
plasms originating from the arachnoid cap cells of the 
leptomeninges.1 These tumors are categorized into three his-
topathological grades (I-III) in the World Health Organization 

(WHO) classification system, with the mitotic index serving as 
a key criterion in grading meningiomas.2 A high Ki-67 labeling 
index, an indicator of cell proliferation, has been closely asso-
ciated with a high risk of recurrence and a poor prognosis in 
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patients with meningiomas.3 However, the molecular mech-
anisms responsible for the proliferative activity of menin-
gioma cells remain unclear.

In contrast to benign WHO grade I meningiomas that ac-
count for ~80% of all meningioma cases and may be cured 
by surgical resection, high-grade (WHO grade II and III) 
meningiomas, which account for the remainder (~20%), 
pose substantial therapeutic challenges.4 While nearly 
half of grade II meningiomas reportedly recur even after 
surgical resection,5–7 the prognosis of grade III anaplastic 
meningioma is more dismal, with median overall sur-
vival being less than 3  years.8–10 Postoperative radio-
therapy is recommended for all grade III meningiomas 
and incompletely resected grade II meningiomas,11 and 
chemotherapy is considered when no further surgical or 
radiotherapy options exist. However, chemotherapy for 
meningiomas is still experimental; a few candidate drugs 
have been tested in clinical trials and none have yet to 
demonstrate efficacy in high-grade meningiomas.12–14 
Therefore, the development of novel chemotherapies for 
high-grade meningiomas is needed.

We recently identified gemcitabine (2′,2′-difluorodeoxy
cytidine [dFdC]) from a panel of chemotherapeutic agents 
as a highly effective drug against high-grade meningioma 
cells in vitro. We demonstrated that it controlled tumor 
growth for an extended period in vivo in a mouse xeno-
graft model of meningioma,15 which warrants clinical trials 
to evaluate its efficacy in patients with high-grade menin-
gioma. However, due to the lack of sufficient information 
on the molecular mechanisms underlying the high sen-
sitivity of high-grade meningioma cells to gemcitabine, 
there are currently no molecular biomarkers with which 
to select patients most likely to benefit from gemcitabine. 
Therefore, we herein searched for factors that contribute 
to the sensitivity of meningioma cells to gemcitabine and 
also examined their roles in the biology of meningioma.

Materials and Methods

Cell Culture

HKBMM, a human malignant meningioma cell line, was 
obtained from the Riken BioResource Research Center 

(Tsukuba, Japan) and maintained in Ham’s F12 medium 
supplemented with 10% fetal bovine serum (FBS). IOMM-
Lee, a human malignant meningioma cell line, and IMR90, 
normal human fetal lung fibroblasts, were obtained from 
the American Type Culture Collection (Manassas, VA, 
USA) and cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% FBS. M-20-U, M-10-S, and 
M-16-N were established by H.H. from the brain tumor tis-
sues of benign meningiomas (M-20-U and M-10-S) and an 
atypical meningioma (M-16-N), as described in detail in the 
Supplementary Materials and Methods, and were main-
tained in RPMI-1640 medium supplemented with 20% FBS.

Meningioma Patient Cohort and Specimens

Clinical and histopathological information as well as tissue 
specimens were retrospectively collected from all high-
grade meningiomas (9 WHO grade II meningiomas from 
7 patients) that were treated surgically at the Department 
of Neurosurgery, Yamagata University between 2009 
and 2019 and with surgical tissue specimens available 
for immunohistochemical analyses. Clinical and histo-
pathological information as well as surgical specimens 
were collected from all high-grade meningiomas (11 WHO 
grade II meningiomas from 11 patients and 1 WHO grade 
III from 1 patient) treated surgically at the Department 
of Neurosurgery, Kagoshima University between 1996 
and 2018. Low-grade meningiomas (26 WHO grade 
I meningiomas from 26 patients) treated at each institution 
during the same periods were used as controls. Criteria for 
the selection of low-grade meningioma cases are described 
in the Supplementary Materials and Methods. The histo-
pathological diagnosis and grading of meningiomas were 
performed by the pathology departments of the treating in-
stitutions according to the WHO classification available at 
the time of surgery.

To verify the authenticity of tissue specimens prior to 
conducting immunohistochemical analyses, a hematoxylin 
and eosin-stained section from a specimen of each menin-
gioma was reviewed by a board-certified pathologist (M.Y.) 
to confirm whether it was consistent with the histopatho-
logical diagnosis originally made at the treating institution. 
The following data were retrieved for clinical information: 

Importance of the Study

Increasing the precision of the prognostic diagnosis of 
meningioma and establishing a novel therapeutic op-
tion to treat meningiomas recurring after surgery and 
radiotherapy are currently some of the main challenges 
in meningioma research. In addition to hENT1 and dCK 
being critical factors influencing the gemcitabine sen-
sitivity of meningioma cells, the present results dem-
onstrated that hENT1 is involved in the regulation of 
dCK and plays a critical role in the proliferation and 
survival of meningioma cells, which contributed to the 

identification of a relationship between the expression 
of these molecules and the survival of meningioma pa-
tients. The present results, which suggest the potential 
of hENT1 and dCK as excellent prognostic molecular 
markers of meningioma, introduce the possibility of a 
chemotherapeutic approach in a subset of meningioma 
patients with an otherwise poor prognosis and, as such, 
may make a significant contribution to the promotion of 
precision medicine for meningioma.

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab015#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noab015#supplementary-data
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patient age at the time of surgery, sex, date of surgery, and 
date of tumor progression or the last follow-up. Tumor pro-
gression and progression-free survival (PFS) were defined 
as documented growth of the tumor after surgery on fol-
low-up imaging by magnetic resonance imaging (MRI) or 
computed tomography (CT) and the time from surgery 
to tumor progression, respectively. Two meningiomas (2 
WHO grade II from 1 patient of the Yamagata cohort) were 
excluded from the survival analysis because of the diffi-
culty obtaining the exact date of tumor progression due in 
part to the multiplicity of tumors. The study protocol was 
reviewed and approved by the respective institutional re-
view boards. Written informed consent was obtained from 
all participants.

Statistical Analysis

Results were expressed as the mean and standard de-
viation (SD), and differences were compared using the 
Student’s t-test, Kruskal-Wallis test, one-sample t-test, or 
one-way analysis of variance (ANOVA) with Tukey’s post-
hoc test. Relationships between histopathological factors 
were analyzed using a simple linear regression analysis. 
PFS curves were obtained using the Kaplan-Meier method. 
PFS was compared between groups using the Log-rank 
test. A P value of <.05 was considered to be significant. All 
analyses were performed using GraphPad Prism version 8 
for Mac (GraphPad Software, San Diego, CA, USA).

The details of materials and other methods are de-
scribed in the Supplementary Material.

Results

High-Grade Meningioma Cells Are Highly 
Sensitive to Gemcitabine and Express High 
Levels of hENT1 and dCK

We previously reported that high-grade meningioma 
cell lines were as or more sensitive to gemcitabine than 
gemcitabine-sensitive human cancer cell lines derived from 
cancers for which gemcitabine is used in clinical practice.15 
However, it remained unclear whether the sensitivity of 
meningioma cells to gemcitabine was dependent on their 
grade of malignancy. Therefore, we examined the growth 
inhibitory effects of gemcitabine on human meningioma 
cell lines including M-20-U and M-10-S (derived from WHO 
grade I meningiomas) and IOMM-Lee (derived from WHO 
grade III meningioma) in addition to those used in our pre-
vious study.15 The results obtained showed that high-grade 
meningioma cell lines including IOMM-Lee were more 
sensitive to gemcitabine than low-grade meningioma 
cell lines and IMR90 normal human fibroblasts, as indi-
cated by their lower IC50 values (Figure 1A). Furthermore, 
IOMM-Lee cells were sensitive to gemcitabine-
induced cell cycle arrest in in vivo subcutaneous xen-
ograft mouse models similar to HKBMM malignant 
meningioma cells (Figure 1B, Supplementary Figure S1),  
which were previously shown to be highly sensitive to 
gemcitabine in vivo.15 Reflecting the high sensitivity of 
IOMM-Lee cells to gemcitabine observed in vivo in the 

subcutaneous models, systemic gemcitabine prolonged 
the survival of mice with intracranial meningiomas 
in a brain tumor treatment model (Supplementary 
Figure S2). Collectively, these results suggest that 
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Fig. 1  hENT1 and dCK expression and gemcitabine sensitivity in cul-
tured meningioma cells. (A) Viability of cells treated with gemcitabine. 
IMR90 (a noncancerous, normal human fetal fibroblast cell line), 
M-20-U, M-10-S (low-grade meningioma cell lines), M-16-N, HKBMM, 
and IOMM-Lee (high-grade meningioma cell lines) cells treated with 
various concentrations of gemcitabine (0, 1, 10, 102, 103, or 104 nM) for 
3 days were cultured without gemcitabine for another 3 days. Cell via-
bility was then evaluated by the WST-8 assay in 5 replicates. IC50 values 
were calculated by a nonlinear regression model. (B) Systemic adminis-
tration of gemcitabine inhibits the growth of IOMM-Lee xenografts. On 
the day after the subcutaneous implantation of IOMM-Lee cells, mice 
were treated with gemcitabine (20 mg/kg, intraperitoneal injection, three 
times a week, n = 6) or vehicle alone (Control, n = 6). (C) The relationship 
between the IC50 for gemcitabine and the expression of hENT1 and dCK 
was analyzed by Western blotting. Values in (A) and (B) are shown as the 
mean ± SD. *P < .05. Abbreviations: dCK, deoxycytidine kinase; hENT1, 
human equilibrative nucleoside transporter 1, NA, not applicable.
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high-grade meningioma cells have increased sensitivity to 
gemcitabine, which may be of therapeutic significance.

We then investigated the molecular factors contributing 
to differential gemcitabine sensitivity among high- and 
low-grade meningioma cell lines. Since hENT1 (human 
equilibrative nucleoside transporter 1), a major trans-
porter of gemcitabine,16,17 and dCK (deoxycytidine kinase), 
the rate-limiting enzyme for the intracellular activation of 
gemcitabine,18 have been shown to be critically involved 
in the gemcitabine sensitivity of some cancer types, such 
as pancreatic and biliary tract cancers, both in vitro and 
in clinical settings,17–23 we examined their expression 
levels in the meningioma cell lines. The results obtained 
indicated that both of these molecules were expressed at 
higher levels in the high-grade than in the low-grade me-
ningioma cell lines (Figure 1C). The expression levels of 
hENT1 and dCK strongly correlated with the IC50 values for 
gemcitabine and also showed very close parallelism be-
tween themselves (Figure 1C). Therefore, parallel increases 
in the expression of hENT1 and dCK may be responsible 
for the increased sensitivity of high-grade meningioma 
cells to gemcitabine.

Increased Expression of hENT1 and dCK in High-
Grade Meningiomas

To clarify whether WHO grade-dependent parallel in-
creases in the expression of hENT1 and dCK in me-
ningioma cell lines in vitro reflect hENT1 and dCK 
expression in vivo in patient meningiomas, we conducted 
an immunohistochemical analysis of hENT1 and dCK ex-
pression using surgically resected meningioma tissues (26 
low-grade [WHO grade I] meningiomas and 21 high-grade 
[WHO grade II/III] meningiomas). The expression levels of 
hENT1 and dCK in high-grade meningioma tissues were 
both significantly higher than those in low-grade menin-
gioma tissues (Figure 2A and B). Furthermore, a correla-
tion was observed between the expression levels of hENT1 
and dCK in patient meningioma tissues (Figure 2C), which 
was consistent with in vitro results (Figure 1C).

The Endogenous Expression of hENT1 and dCK 
in High-Grade Meningioma Cells Contributes to 
Their Increased Sensitivity to Gemcitabine

We investigated whether the increased expression of 
hENT1 and dCK in high-grade meningioma cells plays a 
critical role in their sensitivity to gemcitabine. We initially 
examined the effects of S-(4-nitrobenzyl)-6-thioinosine 
(NBTI), a specific inhibitor of the transporter activity of 
hENT1,24 on the gemcitabine sensitivity of high-grade me-
ningioma cells. The pharmacological inhibition of hENT1 
by the NBTI treatment impaired the growth inhibitory ef-
fects of gemcitabine on these cells (Supplementary Figure 
S3). This result was corroborated by the genetic knock-
down of hENT1 (Figure 3A), which reduced the sensitivity 
of cells to gemcitabine in both short- (Figure 3C) and long-
term (Figure 3E) assays. Similarly, the genetic knockdown 
of dCK resulted in high-grade meningioma cells that were 
less sensitive to gemcitabine in both short- and long-term 

assays (Figure 3B, D, and F). These results indicated that 
the endogenous expression of hENT1 and dCK plays a cru-
cial role in the increased sensitivity of high-grade menin-
gioma cells to gemcitabine.

hENT1-Dependent Expression of dCK in 
Meningioma Cells

During knockdown experiments, we noted that the 
hENT1 knockdown reproducibly resulted in reduced 
dCK protein expression in the high-grade meningioma 
cell lines (Figure 4A), but not vice versa (Figure 4B). 
The hENT1 knockdown also downregulated the mRNA 
expression of dCK (Supplementary Figure S4), sug-
gesting that hENT1 regulates dCK expression at the 
transcriptional level. These results suggested an unex-
pected molecular mechanism for the close relationship 
between the expression of hENT1 and dCK, which was 
observed earlier both in vitro (Figure 1C) and in vivo 
(Figure 2C). Since the hENT1 inhibitor NBTI failed to af-
fect the protein (Supplementary Figure S5A) or mRNA 
(Supplementary Figure S5B) level of dCK, the trans-
porter activity of hENT1 may not necessarily be required 
for the hENT1-mediated regulation of dCK expression. 
Collectively, these results implied that hENT1 acts up-
stream of dCK in meningioma cells and, thus, influences 
their sensitivity to gemcitabine.
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Fig. 2  Relationship among hENT1 expression, dCK expres-
sion, and WHO grades in meningiomas. The H-scores of hENT1 
(A) and dCK (B) expression in surgical specimens from patients 
with low-grade (WHO grade I) and high-grade (WHO grade II/III) 
meningiomas. Horizontal bars show the mean ± SD. P values were 
calculated by the Student’s t-test. (C) Correlation between hENT1 
and dCK expression in surgical specimens from meningioma pa-
tients. R-squared (R2) and P values were calculated by a linear 
regression analysis. Abbreviations: dCK, deoxycytidine kinase; 
hENT1, human equilibrative nucleoside transporter 1.
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hENT1-Dependent Growth and Survival of High-
Grade Meningioma Cells

During knockdown experiments, we also noted that the 
hENT1 knockdown reproducibly resulted in reduced vi-
ability in both HKBMM and IOMM-Lee cells (Figure 4C), 
whereas the effects of the dCK knockdown on cell via-
bility were negligible (Figure 4D). A cell cycle analysis re-
vealed that modest reductions in hENT1 expression (by 
use of sihENT1 #2) led to a significant increase in the G0/
G1 fraction accompanied by a slight increase in the sub-
G1 fraction (Figure 4A and E). The increase in the sub-G1 
fraction, which was most likely due to apoptosis based on 
elevated expression levels of cleaved caspase 3 (Figure 
4A), became more pronounced when hENT1 expression 
was more potently reduced by sihENT1 #1 (Figure 4A and 
E). These results suggested that the inhibition of hENT1 
activity resulted in cellular phenotypes ranging from 
a proliferation block to apoptotic cell death depending 
on the severity of hENT1 inhibition. In contrast, the im-
pact of the dCK knockdown on the cell cycle status was 
less pronounced (Figure 4F). Decreased cell viability as 
a result of the hENT1 knockdown was accompanied by 
the increased expression of γH2AX, an indicator of DNA 
double-strand breaks (Figure 4A). These results are con-
sistent with previous findings showing that an insufficient 
supply of nucleosides and the resultant imbalance in the 
dNTP pool may aggravate “replication stress,” thereby 
inducing DNA double-strand breaks and, consequently, 
apoptotic cell death.25,26 In an attempt to validate these 
results pharmacologically, we also examined the effects 
of different NBTI concentrations on the viability of high-
grade meningioma cells. NBTI only decreased cell viability 
at 100 µM (Supplementary Figure S3A), a concentration at 
which it inhibits not only hENT1, but also hENT2, which 
is another human equilibrative nucleoside transporter 
that has an overlapping, but somewhat different, sub-
strate specificity and is 7000-fold less sensitive to NBTI 
than hENT1.24,27,28 Prompted by this result, we examined 
the expression of hENT2 in high-grade meningioma cells. 
The hENT1 knockdown consistently decreased the protein 
(Figure 4A), but not mRNA (Supplementary Figure S4) ex-
pression of hENT2, suggesting the hENT1-dependent pro-
tein expression of hENT2 in vitro. We also found that the 
hENT2 knockdown decreased the expression of hENT1 
and dCK and the growth and gemcitabine sensitivity of 
high-grade meningioma cells (Supplementary Figure 
S6). Since hENT2 was recently shown to be transported 
to the plasma membrane to form hetero-oligomers with 
hENT1,29 the present results imply that the hENT2 protein 
recruited to the plasma membrane is stabilized and helps 
stabilize hENT1 when complexed with hENT1. Therefore, 
hENT1 may cooperate with hENT2 to support the growth 
of meningioma cells in vitro. To confirm whether hENT1 
expression is a critical factor influencing meningioma cell 
growth in vivo, we implanted high-grade meningioma 
cells into nude mice after the knockdown of hENT1 or dCK. 
Although the growth of tumors formed by dCK knockdown 
cells was similar to or slightly less than that of control tu-
mors, the growth of tumors from hENT1 knockdown cells 
was significantly inhibited and accompanied by increases 
and decreases in γH2AX- and Ki-67-positive tumor cell 

  

DC

BA

0

20

40

60

80

100

120 IOMM-Lee

Gemcitabine (nM) Gemcitabine (nM)

R
el

at
iv

e 
ce

ll 
vi

ab
ili

ty
 (

%
)

R
el

at
iv

e 
ce

ll 
vi

ab
ili

ty
 (

%
)

R
el

at
iv

e 
ce

ll 
vi

ab
ili

ty
 (

%
)

R
el

at
iv

e 
ce

ll 
vi

ab
ili

ty
 (

%
)

HKBMM
siControl
sihENT1#1
sihENT1#2

IOMM-Lee

IOMM-Lee IOMM-Lee

N
um

be
r 

of
 c

ol
on

ie
s 

pe
r 

w
el

l
G

em
ci

ta
bi

ne
 (

nM
) siControl

5

0

0 5
Gemcitabine (nM)

siControl

sihENT1

#1 #2

FE

0

50

100

150

200

*

NS

NS

sihENT1
#1 #2

G
em

ci
ta

bi
ne

 (
nM

) siControl

5

0

sidCK
#1 #2

* NS

NS

N
um

be
r 

of
 c

ol
on

ie
s 

pe
r 

w
el

l

siControl

sidCK

#1 #2
0

50

100

150

200
0 5

Gemcitabine (nM)

0 2 64 8 10 0 2 64 8 10

0 2 64 8 10 0 2 64 8 10

0

20

40

60

80

100

120

*

*

*
*

*

*

*

*

*

*

0

20

40

60

80

100

120

0

20

40

60

80

100

120

** *

*

*

* *

*

*

*

*

*

*

*

*

*

*

*

**

*

*

*

*

*

*

*

siControl
sidCK#1
sidCK#2

HKBMM

dCK

GAPDH

siCont #1 #2
sidCK

siCont #1 #2
sidCK

HKBMM IOMM-Lee

siCont #1 #2
sihENT1

siCont #1 #2
sihENT1

HKBMM IOMM-Lee

hENT1

GAPDH
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Transfected cells were harvested 3 days after the second trans-
fection and subjected to Western blotting. (C and D) Alternatively, 
2 days after the second transfection, transfected cells were cul-
tured in the presence of gemcitabine for 3 days and then in the 
absence of gemcitabine for another 3 days and subjected to the 
WST-8 assay. (E and F) Transfected IOMM-Lee cells were seeded 
at a colony-forming density (500 cells/well in 6-well plates), cul-
tured in the presence of gemcitabine for 3 days, and then in the ab-
sence of gemcitabine for another 6-9 days, to perform the colony 
formation assay. In (C) through (F), values were shown as the mean 
± SD from samples in 6 replicates of a representative experiment 
repeated with similar results. *P < .05, NS: P ≥ .05. Abbreviations: 
dCK, deoxycytidine kinase; hENT1, human equilibrative nucleoside 
transporter 1; NS, nonsignificant.
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numbers, respectively (Figure 4G, Supplementary Figure 
S7). These results suggested that hENT1 expression is re-
quired to prevent DNA damage and sustain the growth of 
meningioma cells in vivo and in vitro.

Clinical Impact of hENT1 and dCK Expression in 
Meningioma

The present results suggested that hENT1 expression, 
which is involved in the control of dCK and hENT2 expres-
sion in vitro, is one of the key factors affecting the growth 
capacity of meningioma cells in culture. Therefore, we in-
vestigated the clinical relevance of the results obtained from 
cultured cells through an immunohistochemical analysis of 
surgically resected meningioma tissues. A correlation was 
observed between hENT1 expression and tumor cell pro-
liferative activity represented by the Ki-67 labeling index 
(Figure 5A). As expected from the strong correlation be-
tween hENT1 and dCK expression described earlier (Figure 
2C), a modest correlation was observed between dCK ex-
pression and the Ki-67 labeling index (Figure 5B). Based 
on the relationship between hENT1 expression and tumor 
cell proliferative activity in meningioma tissues, we investi-
gated the impact of hENT1 expression on the PFS of menin-
gioma patients. Consistent with its relationship with tumor 
cell proliferative activity, high expression levels of hENT1 
were associated with shorter PFS (Figure 5C). Similarly, 
high expression levels of dCK were associated with shorter 
PFS; however, this relationship was more pronounced than 
that of hENT1 (Figure 5D). hENT2 was predominantly ex-
pressed in the nucleus of meningioma tissues in contrast 
to hENT1, which showed a diffuse pattern of expression 
(Supplementary Figure S8), and no correlations were ob-
served between the expression levels of hENT2 and hENT1 
(Supplementary Figure S9A), suggesting that the functional 
interaction between hENT1 and hENT2 in vitro is unique to 
in vitro culture conditions and may not be operative in vivo. 
In accordance with its lack of a relationship with hENT1 ex-
pression, hENT2 expression did not correlate with the Ki-67 
labeling index (Supplementary Figure S9B), WHO grade 
(Supplementary Figure S9C), or PFS in meningioma patients 
(Supplementary Figure S9D); however, low rather than high 
expression levels of hENT2 were associated with shorter 
PFS (Supplementary Figure S9D). Collectively, the results of 
the immunohistochemical analysis of clinical meningioma 
samples were consistent with high hENT1 expression levels 
contributing to the increased malignancy of meningiomas, 
both clinically (as represented by shorter PFS) and histo-
pathologically (as represented by an increased Ki-67 la-
beling index), by facilitating tumor cell growth. The present 
results also demonstrated the potential of hENT1 and dCK 
as prognostic biomarkers for meningiomas.

Discussion

We herein demonstrated that high-grade meningiomas ex-
pressed higher levels of hENT1 and dCK than low-grade 
meningiomas and that their expression critically contrib-
uted to the sensitivity of high-grade meningioma cells 
to gemcitabine. To exert cytotoxic effects, gemcitabine 
needs to be incorporated into cancer cells, mainly by 
hENT1,16,30,31 and is then activated through phosphoryla-
tion by dCK.32 In line with the essential roles of hENT1 and 
dCK in gemcitabine metabolism, the hENT1 knockdown in 
biliary tract cancer cells20 and dCK knockdown in pancre-
atic cancer cells19 attenuated cell sensitivity to gemcitabine, 
which is consistent with the present results. High expres-
sion levels of hENT1 or dCK were associated with better 
survival in gemcitabine-treated cholangiocarcinoma20,21 
and pancreatic cancer,17,18,22,23 indicating that the func-
tional roles of hENT1 and dCK in vitro reflect their roles 
in gemcitabine sensitivity in clinical settings. Therefore, 
the present results demonstrated that patients with 
meningiomas expressing high levels of hENT1 and dCK 
may benefit from gemcitabine-based chemotherapy and, 
thus, clinical trials to test the efficacy of gemcitabine in 
high-grade meningiomas are warranted.

We also identified an unexpected role for hENT1 in 
the proliferation and survival of meningioma cells, 
demonstrating that hENT1 expression is required to 
prevent DNA damage and sustain the growth of me-
ningioma cells both in vitro and in vivo. However, a 
recent study reported that the knockdown of hENT1 
in a cholangiocarcinoma cell line resulted in G1/S ar-
rest accompanied by an increase in the subG1 fraction. 
Furthermore, high hENT1 expression levels were associ-
ated with a high Ki-67 labeling index and shorter overall 
survival in intrahepatic cholangiocarcinomas treated 
without gemcitabine.33 The present results are consistent 
with these findings and collectively suggest that the 
growth regulatory role of hENT1 is a feature shared by 
some types of cancer cells instead of being unique to me-
ningioma cells. Although the mechanisms underlying the 
growth regulatory function of hENT1 remain speculative 
and hypothetical, hENT1 may promote the proliferative ac-
tivity of tumor cells through an adequate supply of pre-
cursors for DNA synthesis based on the primary function 
of hENT1 as a transporter of nucleosides and nucleobases, 
which are precursors of nucleotides that are essential 
for DNA synthesis.27 In support of this concept, previous 
studies demonstrated that an insufficient supply of nucleo-
tides resulted in dysfunctional proliferation, DNA damage, 
and, ultimately, apoptosis.25,26,34 In contrast to hENT1, our 
in vitro and in vivo results suggest a minor role for dCK 
in meningioma cell growth, implying that the reaction 

transfected twice with siControl, sihENT1#1, or sidCK#2 siRNAs were subcutaneously implanted into nude mice (1 × 106 viable cells/injection, 
n = 8, each group) on the day following the second transfection, and the tumor volume was measured. In (C) through (G), values in the graphs 
were the mean and SD. In (C) and (D), the average absorbance for siControl was set to 100% for each experiment, and P values were calcu-
lated by a one-sample t-test. In (E) and (F), P values from comparisons with the values of siControl were calculated by a one-way ANOVA with 
Tukey’s post-hoc test. In (G), P values from comparisons with the values of siControl group were calculated by the Kruskal-Wallis test. *P < .05. 
Abbreviations: ANOVA, analysis of variance; dCK, deoxycytidine kinase; hENT1, human equilibrative nucleoside transporter 1.
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catalyzed by this enzyme is not rate-limiting for the pro-
liferative activity of meningioma cells. The present results 
also revealed that the reduced expression of hENT1 de-
creased dCK expression; however, the mechanistic link be-
tween hENT1 and dCK remains elusive. We hypothesized 
that hENT1 may affect the availability of nucleosides, in-
cluding the endogenous dCK substrate deoxycytidine, in 
cooperation with hENT2 in vitro, which may influence the 
expression of dCK.

The WHO grading system classifies meningiomas 
based on histopathological findings, including cell pro-
liferation evaluated by the number of mitoses per 10 
high power fields.2,35 Although the criteria for grading 
is based on clinical relevance to predict outcomes, the 
current WHO grading system may not always accu-
rately predict clinical courses, underscoring the need 
for novel biomarkers and/or grading systems of prog-
nostic value. Two recent studies addressed this need 
and indicated that a classification based on genome-
wide methylation profiling36 and unsupervised hi-
erarchical clustering according to RNA sequencing 
(RNA-seq) and whole-exome sequencing data37 more 
accurately predicted clinical outcomes than the WHO 

classification. However, since genome-wide analyses 
are not always available in a standard clinical labora-
tory, it may still be difficult to apply these methods to 
a routine clinical diagnosis. We demonstrated using an 
immunohistochemical analysis that high expression 
levels of hENT1 or dCK correlated with shorter PFS in 
meningiomas. Moreover, high dCK expression levels 
were associated with shorter PFS even when WHO 
grade I or II/III tumors were selected (Supplementary 
Figure S10C). Therefore, the present results suggest 
that hENT1 and dCK function not only as feasible, 
but also useful prognostic markers in the routine di-
agnosis of meningiomas when combined with the 
WHO grading system. Consistent with the present 
results, the significance of hENT1 as a prognostic 
marker has already been demonstrated in intrahepatic 
cholangiocarcinoma,33 ampullary carcinoma,38 and 
gastric cancer.39 Similarly, a relationship between high 
dCK expression levels and a poor prognosis has been 
reported in esophageal cancer,40 breast cancer,41 and 
adenocarcinoma of the esophagus, esophagogastric 
junction, and gastric cardia.42 Although the under-
lying mechanisms for the relationship between dCK 
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expression and a poor prognosis in meningioma re-
main elusive, clinical studies are warranted to eval-
uate the prognostic significance of hENT1 and dCK.

In conclusion, we have revealed in this study, novel 
roles of hENT1 and dCK in the biology of meningioma 
cells and thereby discovered them as potential bio-
markers with which to identify meningioma patients 
who have poor prognosis but nevertheless are most 
likely to benefit from gemcitabine-based chemotherapy. 
The present study thus makes a significant step toward 
establishing precision medicine for the management of 
meningioma patients.

Supplementary Material

Supplementary material is available at 
Neuro-Oncology online.
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