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ABSTRACT
Cellular uptake of clinically important deoxynucleoside analogs
is mediated by nucleoside transporters including the human
equilibrative nucleoside transporter 1 (hENT1) and the concen-
trative nucleoside transporter-1 (hCNT1). These transporters are
responsible for influx of cytarabine and reduced hENT1 expres-
sion is a major resistance mechanism in acute myeloid leuke-
mia. We determined hENT1 and hCNT1 protein expression by
immunocytochemistry in 50 diagnostic pediatric acute myeloid
leukemia patient samples. All samples expressed hENT1 [9/43
(21%) low; 26/43 (60%) medium and 8/43 (19%) high] and
hCNT1 [2/42 (5%) low; 35/42 (83%) medium and 5/42 (12%)
high] at the cell membrane and cytoplasm. Statistical analysis
showed a non-significant relationship between survival and
transporter expression and in vitro drug sensitivity. In conclu-
sion, the nucleoside transporters hENT1 and hCNT1 are broadly
expressed in pediatric acute myeloid leukemia at diagnosis.
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1. Introduction

The human equilibrative nucleoside transporter 1 (hENT1; or SLC29A1) and
concentrative nucleoside transporter-1 (hCNT1; SLC28A) are transmembrane
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proteins involved in nucleoside homeostasis and cellular uptake of deoxynucleo-
side analogs (NAs) by facilitated diffusion or concentrative uptake.[1–4] In leu-
kemic cells, hENT1 is responsible for the uptake of around eighty-percent of
cytarabine (Ara-C), a cornerstone NA in the treatment of acute myeloid leukemia
(AML).[1,5–7] In contrast, gemcitabine, which is used extensively for the treatment
of solid tumors, is transported into the cell by both hCNT1 and hENT1.[4,8,9]

Nucleoside transporters play a role in NA cytotoxicity and chemoresistance.
Recent Cox regression analysis of AML patients (n¼ 28) showed that patients
with high or baseline hENT1 expression prior to treatment, had a 50% longer
median OS (p¼ 0.012) suggesting that hENT1 expression profiling might be of
clinical importance.[10] Other studies show inconclusive results, for example, a
survival study reported that hENT1 expression did not significantly contribute to
Ara-C resistance in acute lymphoblastic leukemia (ALL) patients older than
15 years of age and analysis of 79 B-cell precursor ALL cell lines found no correl-
ation between hENT1 gene expression and Ara-C resistance. Unexpectedly,
higher hENT1 expression was seen in cell lines with Ara-C resistance, when
compared with cell lines with low expression.[11,12] Apparently other parameters
also play a role in ara-C resistance.
However, hENT1 mRNA levels in pediatric and adult AML samples are

related to resistance and outcome, suggesting that low transporter expression
is a relevant mechanism of Ara-C resistance.[13–15] Micro-array studies per-
formed on Ara-C resistant human ALL cells demonstrated that a decrease in
hENT1 expression was linked to lower Ara-C activity and decreased intracel-
lular drug metabolism.[16] Reconstitution of the hENT1 gene by transfection
reversed Ara-C resistance 600-fold in human lymphoid H9 cells.[17] It has
been shown that indirect modulation of hENT1 from the cell membrane of
leukemic cells resulted in a significant decrease in nucleoside transporter
activity and increased Ara-C resistance in AML cells in vitro.[18] Reversal of
resistance due to decreased transporter activity has been attempted by
bypassing the transporter, e.g., by lipophilic pro-drugs.[19]

In addition, elevated hENT1 mRNA, which has been reported previously in
infants with MLL gene-rearranged ALL (ALL-MLLþ) explained the remarkable
Ara-C sensitivity in this patient population.[20,21] It is plausible that elevated levels
of transporter lead to increased Ara-C influx across the cellular membrane,
resulting in increased intracellular drug accumulation and enhanced cytotox-
icity.[22] Furthermore, in pediatric ALL-MLLþ indirect modulation of hENT1
expression affects significantly Ara-C cytotoxicity in pediatric AML in vitro.[21]

Interestingly, certain genetic variants of hENT1, which may magnify genetic
expression, are also associated with treatment outcome in AML.[2,23,24]

The aim of our present study was to relate the immunohistochemical
detection of protein expression of hENT1 and the pyrimidine-preferring
hCNT1 transporter, and ex vivo sensitivity to nucleoside analogs.
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2. Materials and methods

2.1. Patient material

Bone marrow or peripheral blood samples were collected from 50 untreated
children diagnosed with de novo AML. The patient population consisted of
32 boys and 18 girls with a median age of 10.7 years (range 0.1–16.8 years).
The median white blood cell count (WBC) was 83.8 (range 2.1–524� 106/
ml) and all FAB-types were represented (2 FAB-M0; 5 FAB-M1; 8 FAB-
M2, 4 FAB-M3, 18 FAB-M4, 10 FAB-M5, 1 RAEB and 2 unknown). A
summary of treatment protocols for these patients (DCOG AML 87, 97, all
including ara-C) is given elsewhere.[15]

2.2. Cell isolation and immunocytochemistry staining

Mononuclear cells were separated by density gradient centrifugation
(Lymphoprep, density 1.077 g/ml; Nycomed Pharma, Oslo, Norway) and
where necessary the percentage of malignant cells was enriched as
described previously.[25] All samples contained >80% blasts as determined
morphologically by May-Gr€unwald-Giemsa staining. Immunocytochemical
staining was performed on (cryo-preserved) cytospins standard alkaline
phosphatase/anti-alkaline phosphatase (APAAP) method. Cells were fixed
with acetone (10minutes at room temperature). Slides were washed with
Phosphate-buffered saline (PBS) twice, for 5minutes) and incubated over-
night with the primary antibodies, rabbit-anti human hENT1 and hCNT1
diluted 1:100 and 1:150, respectively, in PBS with 1% bovine serum albu-
min (BSA) and 0.1% Na-azide as described elsewhere.[21,26] The following
day, slides were washed (2� 5minutes in PBS) and incubated with the sec-
ondary antibody, biotinylated swine-anti-rabbit (Dako, Glostrup, Denmark)
diluted 1:300 in PBS with 1% BSA and 0.1% Na-azide for one hour. After
the wash steps, slides were incubated with the alkaline-phosphatase conju-
gated streptavidine (1:100 in PBS with 1% BSA and 0.1% Na-azide) for
30minutes (Dako, Glostrup, Denmark). Visualization of AP was performed
by incubation in New Fuchsin/naphtol ASBI phosphate solution supple-
mented with levamisole. Cells were counterstained with using Mayer’s
Hematoxylin Solution (Merck, Darmstadt, Germany) and embedded in
Aquamount. hENT1 and hCNT1 protein expression was evaluated by two
independent investigators by scoring the intensity of the staining as either
low, medium or high. When compared to positive controls, “low” or weak
staining was defined as less than one third of the intensity (<0.3) and
“high” staining was defined as the upper fifth of the intensity (>0.8) and
medium staining was in between these two intensities.[26]
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2.3. MTT assay

For assessment of drug sensitivity, the MTT colorimetric assay was per-
formed on cells suspended in 96-well round bottom plates at a concentra-
tion of 2� 106 cells/ml in RPMI-1640 cell culture medium containing 20%
fetal calf serum (FCS), 200 mg/ml of gentamycin, 2mM glutamine, and
0.5ml ITS (insulin 5 mg/ml, transferrin 5 mg/ml, sodium selenite 5 ng/ml.[27]

Treatment wells contained 80 ml of cell suspension and 20 ml of the drugs
of interest at different concentrations (refer to supplementary table A.4 for
concentrations). Control wells contained 20 ml of RPMI-1640 medium and
80 ml of cell suspension, while blank controls had 100 ml of RPMI-1640
medium. MTT was performed in duplicates and plates were incubated at
37 �C, in a humidified 5% CO2 incubator for 4 days. At the end of the
incubation period, 10ml of MTT dye (5mg/ml) was added to each well and
placed in the 37 �C incubator for an additional 6 hours, followed by the
addition of 100 ml isopropanol. After 5minutes, the optical density (OD)
was measured at 562 nm. For the analysis, the average OD of the blank
wells is subtracted from the average OD of the control wells or the treat-
ment wells. The lethal dose 50 (LC50) was then determined by calculating
cell survival with the following equation: mean OD treatment well (minus
blank)/mean OD control well (minus blank) x100, as described
elsewhere.[27]

2.4. mRNA extraction

Total mRNA from these primary pediatric AML cells was extracted previ-
ously[15] using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany)
according to manufacturer’s instructions and reverse transcribed to cDNA
using random hexamers as described elsewhere.[15] For measurement of
hENT1 and hCNT1 mRNA expression probes and primers have been
described earlier as well.[15]

2.5. Statistical analysis

Statistical analysis was done using SPSS Version 24.0 (IBM Corp., Armonk,
NY, US) software. Overall Survival (OS) analysis was evaluated by con-
structing Kaplan-Meier curves. For comparisons between means we used
Student’s T test and Spearman’s Rho for non-parametric correlations
(hENT protein level and outcome). In order to evaluate any significant dif-
ferences between categorical sets of data (FAB types and immunohisto-
chemistry intensity scores) we used Pearson Chi-square test.

4 A. C. JARAMILLO ET AL.



3. Results

HL60 consistently stained positive for both hENT1 and hCNT1 in the cyto-
plasm (Figure 1A, B, and C). Negative controls were performed by omitting
the first antibody and did not have a staining (Figure 1A). Seven samples
were non-evaluable due to poor morphology and one sample was lost dur-
ing the procedure. hENT1 and hCNT1 were localized at the membrane and
in the cytoplasm in all AML patient samples (Figure 1 D, E, F, G). There
was a relatively uniform staining within one patient, while there was no
significant difference between samples obtained from peripheral blood or
bone marrow. hENT1 staining intensity was low in 9/43 (21%) samples,
medium in 26/43 (60%) samples and high in 8/43 (19%) samples, and
appeared to be slightly granular. hCNT1 staining intensity was low in 2/42
(5%) samples, medium in 35/42 (83%) samples and high in 5/42 (12%)
samples (Figure 2A, 2B and Table 2). In 8/42 (19%) AML patient samples
hCNT1 was located predominantly at the cellular membrane. hENT1 and
hCNT1 expression were not associated with age or WBC at diagnosis. Both
hENT1 and hCNT1 expression appeared to be higher in (myelo) monocytic

Figure 1. Immunocytochemistry for hENT1 and hCNT1 proteins, as scored by two independent
observers in several representative patient samples. Negative control in HL-60 cells was done
by omitting one antibody (1A). Positive controls (1B, 1C) are compared with AML samples of
different color intensity (1D, E, F, G). Low staining was defined as less than one third of the
intensity (<0.3) and high staining was defined as the upper fifth of the intensity (>0.8) and
medium staining was in between these two intensities (- þ).
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(FAB M4/5) AML blasts compared to poorly differentiated/myeloblastic
(FAB M0-3) AML blasts (Table 1) but there was no significant difference
(Pearson Chi-square¼ 10.8, P¼ 0.37). There was no correlation between
mRNA expression and immunocytochemistry staining intensity scoring
(Spearman’s rho¼ 0.19, two-tailed). Additionally, hENT1 mRNA[15] and
corresponding immunohistochemistry intensities, were significantly differ-
ent from each other (two tailed Student T-test, P¼ 0.044) (Figure 2C).
There was no significant correlation with cytogenetic markers such as
chromosomal rearrangements.
The sensitivity of primary AML samples to Ara-C in the high hENT1

and hCNT protein expression groups tended to be higher (lower LC50)
than in the low hENT and hCNT group, but this was not significant
(Figure 3A and 3B). We did not observe a difference for the other deoxy-
nucleoside analogs cladribine, gemcitabine, fludarabine and decitabine. The
immunocytochemistry staining intensity did not correlate with OS
(Spearman’s Rho, P¼ 0.67) (Figure 4) and survival analysis for hCNT1 was
difficult to determine due to the low number of samples allocated to low
and high staining intensity scores (data not shown).

4. Discussion

The intracellular uptake of antimetabolites such as ara-C, is transporter
dependent. Both hENT1 and hCNT1 are essential for ara-C uptake.[21] In
this study, we find that hENT1 and the pyrimidine-preferring hCNT1
transporters are broadly expressed in the blasts of pediatric AML patients.
Since the majority of patients scored medium levels of expression, a poten-
tial relation with in vitro sensitivity to deoxynucleoside analogs such as
Ara-C was difficult to establish in this study. In addition, it is important to
note that the effective concentrations of drugs used in the MTT assay were
already so high that Ara-C would be taken up by diffusion, bypassing the
transporters. Furthermore, hENT1 and hCNT1 expression are regulated at
the posttranslational level, which may explain the lack of correlation

Figure 2. A: Frequencies (count) of samples in low (- -), medium (- þ) and high (þ þ) stain-
ing intensity for hENT1 and (2B) hCNT1. 2C: hENT1 mRNA levels of samples (from ref[15]) allo-
cated to score groups low, medium and high.
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Table 1. hENT1 and hCNT1 staining in different AML FAB types.
Low Medium High

hENT1 FAB M0-3 (n¼ 14) 5 (36%) 8 (57%) 1 (7%)
FAB M4-5 (n¼ 27) 3 (11%) 17 (63%) 7 (26%)

hCNT1 FAB M0-3 (n¼ 15) 1 (7%) 14 (93%) –
FAB M4-5 (n¼ 25) 1 (4%) 19 (76%) 5 (20%)

Figure 3. Sensitivity of primary AML samples (depicted as Ara-C LC50 values) in hENT1 (3A)
and hCNT1 (3B) immunohistochemistry score groups.

Figure 4. Kaplan-Meier curves of pediatric AML patients with low (black), medium (dashed)
and high (gray) hENT1 immunocytochemistry staining intensities. All patients received induction
chemotherapy containing an anthracycline (idarubicin or daunorubicin) in combination with
ara-C and etoposide.

Table 2. Frequencies of hCNT and hENT samples and staining intensities.
hCNT-Low hCNT-Medium hCNT-High

hENT Low 1 8 0
hENT Medium 1 23 0
hENT High 0 3 5

NUCLEOSIDES, NUCLEOTIDES AND NUCLEIC ACIDS 7



between immunocytochemistry protein detection and mRNA levels.[2,13,18]

Furthermore, this lack of correlation between hENT1 and hCNT1 expres-
sion with OS of these patients, may be related to the multidrug regimens
which are commonly used to treat these patients.[28]

The cells’ functional capacity is characterized by the enzyme activity within
its cellular pathways. Proteomic profiling, (i.e., through immunohistochemis-
try) could be a useful tool to get a glimpse into the cells functional state.
Further ex vivo cytotoxicity testing (i.e., MTT) can reveal the chemoresist-
ance state of primary AML blasts and can therefore redirect and personalize
treatment. In future studies, functional measurements in conjunction with
immunocytochemistry might elucidate the precise role of hENT1 and
hCNT1 in AML. Recently, a collaborative EORTC-GIMMEA trial has
reported increased survival and a positive response rate with high-dose Ara-
C in very high-risk setting patients, including AML-FLT3-ITDþ cases, which
have notoriously high levels of hENT1 expression levels.[21,29] This supports
the notion that pretreatment analysis of patient genetic profile might be a
useful tool to classify treatment options for patients.

5. Conclusions

The nucleoside transporters hENT1 and hCNT1, which are crucial for the
transport of clinically important deoxynucleoside analogs (e.g., cytarabine),
can be visualized by immunocytochemistry showing that they are broadly
expressed in almost all AML patients.
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