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Abstract Nucleosides participate in many cellular pro-

cesses and are the fundamental building blocks of nucleic

acids. Nucleoside transporters translocate nucleosides

across plasma membranes although the mechanism by

which nucleos(t)ides are translocated into the nucleus

during DNA replication is unknown. Here, we identify two

novel functional splice variants of equilibrative nucleoside

transporter 2 (ENT2), which are present at the nuclear

envelope. Under proliferative conditions, these splice

variants are up-regulated and recruit wild-type ENT2 to the

nuclear envelope to translocate nucleosides into the

nucleus for incorporation into DNA during replication.

Reduced presence of hENT2 splice variants resulted in a

dramatic decrease in cell proliferation and dysregulation of

cell cycle due to a lower incorporation of nucleotides into

DNA. Our findings support a novel model of nucleoside

compartmentalisation at the nuclear envelope and translo-

cation into the nucleus through hENT2 and its variants,

which are essential for effective DNA synthesis and cell

proliferation.

Keywords Nucleoside transporters � ENT2 � HNP36 �
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Abbreviations

CHX Cycloheximide

ER Endoplasmic reticulum

hCNT Human concentrative nucleoside transporter

hENT Human equilibrative nucleoside transporter

INM Inner nuclear membrane

NCX Sodium–calcium exchanger

NE Nuclear envelope

NMD Nonsense-mediated decay

NPC Nuclear pore complex

NT Nucleoside transporter

ONM Outer nuclear membrane

ORF Open reading frame

PPI Protein–protein interaction

PP1 Protein phosphatase 1

PTC Premature termination codon

TMD Transmembrane domain

WT Wild type
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Introduction

The cell cycle consists of a complex series of coordinated

processes that ensure correct development and growth of

tissues. Regulation of cell cycle is foundational to all

aspects of normal cell functioning and its dysregulation

contributes to many diseases. Therefore, enhanced insights

into the mechanisms involved in cell cycle regulation are

fundamental to understanding all aspects of cell physiology

in health and disease. DNA replication is a key event

during cell cycle progression [1–3]. Nuclear DNA repli-

cation is a tightly controlled process which ensures a

faithful copying of the genome during each cell cycle

[4, 5]. This complex process requires the participation of

many protein complexes and enzymes [4, 6] and an

essential element is the availability of a substantial and

accessible pool of nucleotide building blocks for DNA

synthesis [7]. Surprisingly, the location, source and regu-

lation of these critical pools of nucleotides within the cell

are not well known despite their essential role in cellular

proliferation. It has been clearly demonstrated that insuf-

ficient supply of nucleotides during DNA replication

results in slow replication fork progression resulting in

DNA damage and genomic instability [7, 8]. These data

suggest that an enhanced understanding of the factors that

regulate and maintain pools of nucleotides will provide

insight into the regulation of DNA replication and cellular

proliferation.

Nucleotides are phosphorylated nucleosides, which are

either synthesised in the cytosol through the energetically

demanding de novo synthesis pathway, or are acquired by

the cell from extracellular sources via the salvage pathway

[9–11]. Nucleosides are hydrophilic and, therefore, require

specialised integral membrane transport proteins, known as

nucleoside transporters (NT) for transmembrane flux

[12, 13]. The NTs comprise two non-homologous solute

carrier families, SLC28, encoding human concentrative

nucleoside transporters (hCNTs) and SLC29, encoding

human equilibrative nucleoside transporters (hENTs)

[12–14]. Both families have been traditionally regarded as

being predominantly plasma membrane transporters [15].

However, prior to the cloning of the first member of the

SLC29 gene family (hENT1) [16], a novel nuclear protein

named HNP36 was identified in fibroblasts as a mitogenic

delayed-early response gene [17] and was subsequently

confirmed as a splice variant of hENT2 [18]. The physio-

logical significance of this observation was not investigated

further although the existence of functional nuclear hENTs

in human cells was reported [19]. Taken together, these

data suggest a previously unidentified, but potentially

essential, nuclear role for ENTs in contributing to the

regulation and supply of essential ingredients for DNA

synthesis, and thus cellular proliferation.

The mechanisms that regulate supply of DNA building

blocks to the nucleus are not well understood. Nucleos(-

t)ides are compartmentalised into cytoplasmic and nuclear

pools in the cell and these pools are in disequilibrium with

each other, such that concentrations in the cytosol and the

nucleus vary depending on the needs of the cell [20–22].

Insufficient nuclear pools of nucleotides during DNA

replication result in dysfunctional cell proliferation [7, 8].

Therefore, we propose that NTs participate in the nucle-

oside compartmentalisation and are key contributors to

effective proliferative function in human cells. We present

here evidence for the existence and presence of two novel

functional isoforms of hENT2 at the nuclear envelope,

which possess a previously unidentified role in cell cycle

progression. We propose a novel model of nucleoside

processing at the nuclear envelope, which enables the rapid

deployment of nucleotides into the nucleus during DNA

replication and which is essential for cell proliferation.

Materials and methods

Cell culture, transfection and MTT assay

HEK-293 (ATCC—CRL 1573) and HeLa (ATCC—CCL-

2) cells were maintained in proliferative conditions in

Dulbecco’s Modified Eagle’s Medium (DMEM) with

4.5 mg/ml glucose and supplemented with 10 % (v/v)

Foetal Bovine Serum (FBS) (Gibco) at 37 �C in a humid-

ified incubator and a 5 % CO2 atmosphere. Both cell lines

were certified to be mycoplasma free by an external agency

(DDC Medical). When indicated, cells were transiently

transfected according to the manufacturer’s instructions,

using Lipofectamine� 2000 (Invitrogen) for hENT2 and

hENT2-related constructs and Lipofectamine� 3000 (In-

vitrogen) for transfecting shRNA constructs, obtaining

transfection efficiencies of approximately 60–70 %. Pro-

tein extraction, confocal microscopy and nucleoside

transport assays were carried out 36 h after transfection

and knockdown experiments were analysed at 72 h post-

transfection.

For viability assays, HEK-293 cells were seeded in

96-well plates and transfected with different combinations

of shRNA constructs. At 72 h post-transfection, MTT (3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide) dissolved in non-supplemented culture medium was

added to a final concentration of 0.75 mg/ml and cells were

incubated at 37 �C for 30 min. Cell respiration leads to an

insoluble purple formazan product being formed in living
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cells. MTT solution is removed at 30 min and DMSO

(100 ll) was added to each well to solubilise the formazan

product. Absorbency of the resulting solution was deter-

mined using a plate reader at 550 nm wavelength. Results

were normalised to samples transfected with scrambled

shRNA (control) set to 100 % viability.

Cloning of hENT2 and hENT2 splice variants, HA-

tagged and shRNA constructs

The full ORF of hENT2 was amplified by polymerase

chain reaction (PCR) using PfuTurbo� DNA high-fidelity

polymerase (Roche) and four different batches of cDNA

from the breast cancer cell line MCF7. Use of FL4F and

FL5R primers (Table S4) resulted in the amplification of at

least four different products ranging in size from 1000 to

1500 bp and which were visualised by electrophoresis in

1 % agarose gel. After gel extraction, hENT2 amplicons

were ligated into the vector pGemT Easy (Promega) and

transformed into competent E. coli DH5a bacteria (Invit-

rogen). Cloning resulted in a total of 360 colonies, which

were screened by PCR. 110 clones were isolated and fur-

ther sequenced, resulting in a total of 33 clones which were

all confirmed to be the full-length WT hENT2 isoform,

while 77 were splice variants of hENT2.

Isoforms 10C, 4A, 16D and 45F were sub-cloned into

ApaI and PstI sites of the mammalian expression vector

pcDNA3.1 (Invitrogen). The epitope tag HA (YPYDVP-

DYA) was inserted at the C terminus of hENT2 and

hENT2 splice variants by three sequential steps of site-

directed mutagenesis PCR using PfuTurbo� polymerase

(Roche), inserting nine extra nucleotides in each reaction.

Primers used for HA insertion are listed in Table S4. Full-

length WT hENT2 was further cloned into KpnI and XbaI

sites of the mammalian expression vector p3xFLAG-CMV-

7.1 (Sigma-Aldrich). The 3xFLAG-hENT1 construct was

previously generated in Dr. Coe’s lab.

The shRNA constructs were specifically designed to

target the exon 1–exon 3 junction in the case of 197J—lack

of exon 2, which includes variants 4A (HNP36) and 45F

(HNP32) and the exon 3–exon 5 junction in the case of

198J—lack of exon 4, which includes variants 16D and

45F (both codifying HNP32). Both sequences are listed in

Table S4. shRNA constructs were customised and cloned

into psi-U6.1 vector from GeneCopoeia (http://www.

genecopoeia.com), which includes eGFP sequence as

reporter gene. The control used consisted of a scrambled

shRNA construct and was provided by the same company

(GeneCopoeia).

mRNA surveillance test and qPCR analysis

Eukaryotic cells possess a nonsense-mediated decay

(NMD) pathway, which detects and degrades mRNA

transcripts that contain premature termination codons

(PTC). The NMD pathway is linked to the synthesis of

proteins as it detects the PTC once the ribosome binds to

the mRNA and the translation starts [23].

To determine if mRNA is degraded by the NMD path-

way, HEK-293 cells were treated with 20 lg/ml CHX

(Sigma-Aldrich) in non-supplemented DMEM for 6 h at

37 �C. CHX inhibits protein biosynthesis, which is

required by the NMD pathway consequently inhibited by

the treatment. Total RNA was extracted using PureLink�

RNA mini kit (Ambion) and cDNA was synthesised using

SuperScript� III First Strand Synthesis Kit (Invitrogen)

according to manufacturer’s instructions. A positive con-

trol for this approach consisted of amplification of the

nPTB gene, which has been previously describe to undergo

the NMD pathway [24], by PCR and followed by analysis

by agarose gel as previously described [24]. Results con-

firmed an increase of the exon 10-skipped variant of nPTB

proving the NMD pathway was blocked by CHX treatment.

Relative quantitative analysis of mRNA expression (real-

time PCR or qPCR) was performed using SYBER� Green

PCR Master Mix and 7500 Fast Real-time PCR system

(Applied Biosystems). Primers designed for qPCR

(Table S4) were initially validated and amplification effi-

ciencies were confirmed to be between 90 and 110 %.

Combinations of four different primers allowed specific

amplification of each one of the hENT2 isoforms under

study. GAPDH was used as a housekeeping gene and nPTB

as a positive control. Results were calculated by normal-

ising treated samples to their untreated controls using the

formula 2�DDCt . The same protocol and primers were used

to confirm knockdown of hENT2 isoforms after transfec-

tion of shRNA constructs with the exception of HMBS and

HPRT1 as housekeeping genes.

qPCR screening for hENT2 and hENT2 splice variants

was conducted using a commercial multiple tissue and cell

line panel (Clontech). Samples used in the panel are

reported to come from human tissues and cancer cell lines

free of genomic DNA. The same previous primers were

used for individual amplification of the different hENT2

isoforms and housekeeping genes. Amplification of total

hENT2 mRNA (including full-length and splice variants)

was conducted using primers F0 and R0 (Table S4) for

comparison. For the results, all samples were normalised to

total hENT2 in HEK-293, using the formula 2�DDCt .
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SDS-PAGE and immunoblotting analysis, co-

immunoprecipitation and confocal microscopy

Since well-validated, highly specific antibodies against

hENT2 splice variants are not available, we conducted

immunoblotting and immunocytochemistry using HA

antibodies against HA-tagged constructs of hENT2 and

hENT2 splice variants. Briefly, HEK-293 cells were tran-

siently transfected for 36 h with hENT2-HA and hENT2-

HA splice variants followed by extraction of total protein

using NP-40 lysis buffer (Tris–HCl 50 mM pH8, NaCl

150 mM, Nonidet P40 1 % (v/v), Na4P2O7 5 mM, NaF

50 mM, Na3VO4 1 mM and protease inhibitor cocktail;

cOmplete Mini—Roche). Protein extracts were quantified

using Bradford protein assay kit (Bio-Rad). When indi-

cated, protein extracts were incubated with PNGase F

(New England Biolabs), an amidase that cleaves between

the innermost GlcNAc and asparagine residues of

oligosaccharides from N-linked glycoproteins, following

the manufacturer’s instructions. Denatured protein extracts

(30 lg of protein for 30 min at 37 �C in presence of b-
mercaptoethanol) were separated in 12 % (v/v) SDS–

polyacrylamide gels by electrophoresis (SDS-PAGE) and

transferred to nitrocellulose membranes (Bio-Rad). Fol-

lowing incubation with anti-HA High-Affinity Antibody

(diluted 1:2000; Roche) and polyclonal anti-ENT2 anti-

body (diluted 1:1000; Abcam), proteins were detected

using a secondary antibody conjugated to horseradish

peroxidase and an enhanced chemiluminescence detection

kit (Thermo Scientific). For co-immunoprecipitation

experiments, HEK-293 cells were co-transfected with

combination of one HA-tagged protein as bait, HNP36

(4A-HA) or HNP32 (45F-HA) and one Flag-tagged protein

as prey (either Flag-hLa as negative control, Flag-hENT1

or Flag-hENT2). Total protein was extracted with NP-40

buffer and incubated with HA-affinity columns from Pierce

HA Tag IP/Co-IP Kit (Thermo Fischer), following the

manufacturer’s protocol. Results were visualised by SDS-

PAGE as previously described.

To determine the sub-cellular localization of each iso-

form, immunocytochemistry and confocal microscopy of

hENT2 and hENT2 variant HA-tagged proteins were per-

formed on semiconfluent monolayers of transiently

transfected HEK-293 cells cultured on glass coverslips.

Cells were treated with CHX (10 lg/ml) in non-supple-

mented DMEM for 3 h at 37 �C to reduce protein

background at the ER. Glass coverslip-grown transfected

cells were incubated for 15 min in 3 % (w/v)

paraformaldehyde in phosphate-buffered saline (PBS),

rinsed 3 times in PBS, incubated with 10 % (v/v) FBS in

PBS for 30 min, incubated with anti-HA (diluted 1:200;

Roche), anti-NPC (diluted 1:500; Abcam) and/or anti-Flag

(diluted 1:500; Sigma-Aldrich) for 1 h at room

temperature, rinsed three times with PBS, incubated with

secondary antibodies Alexa� 555 Donkey anti-Mouse and

Alexa� 488 Donkey anti-Rat (both diluted 1:300, Invitro-

gen), rinsed three times with PBS, incubated with DAPI

3 nM in PBS for 5 min when indicated, rinsed three more

times with PBS and mounted on slides using aqua-based

mounting medium (MP Biomedicals). Images were

obtained using the Olympus Fluoview 300 confocal

microscope and analysed with Olympus Fluoview 300

Imaging software under blind observation to preserve an

objective perception. All the confocal images show a single

and representative section of a Z-series taken through the

entire cell.

Nucleoside and nucleobase transport assays

Transport studies on monolayer-cultured cells were carried

out as previously described [25] by exposing replicate cul-

tures at room temperature to the appropriate 3H-labelled

nucleoside or nucleobase (1 lM, 1 lCi/ml) in uptake buffer

(5.4 mM KCl, 1.8 mM CaCl2, 1.2 mM MgSO4, 10 mM

HEPES and 137 mM choline chloride) supplemented with

1 lM NBTI (hENT1 inhibitor—A) or 10 lM dipyridamole

(hENT1 and hENT2 inhibitor—B) or nothing

(hENT1 ? hENT2 activity plus diffusion—C). Incubation

was stopped after 10 s bywashing themonolayers three times

in cold uptake buffer supplemented with NBTI and dipyri-

damole. hENT-specific transport rates were calculated as

follows: hENT1 = C - A; hENT2 = C - hENT1 - B.

Xenopus laevis oocytes were used for heterologous

hENT2 and hENT2 splice variants activity assays since

they lack endogenous nucleoside transport activity [26]

and, for reasons that remain unclear, intracellular nucle-

oside transporters are trafficked to the plasma membrane in

Xenopus oocytes, allowing detailed and extensive func-

tional characterization [27, 28]. Oocytes were removed

from adult female frogs in accordance with an animal

utilisation protocol approved by the Animal Care Com-

mittee, University of Guelph. After extraction, stage V–VI

oocytes were stored overnight at 18–20 �C in ND96

medium (NaCl 96 mM, KCl 2 mM and HEPES 5 mM

supplemented with gentamicin sulphate (50 lg/ml), peni-

cillin G (100 lg/ml), pyruvic acid 2 mM, theophylline

90 mg, MgCl2 1 mM and CaCl2 1.8 mM). Follicle layers

were removed by treating the oocytes with collagenase

Type I (1 mg/ml) for 20–40 min in calcium-free saline.

cRNA samples were generated according to mMessage

mMachine� Kit manufacturer’s protocol (Ambion) and

validated by 2100 Bioanalyzer (Agilent Technologies).

cRNA (75 ng/oocyte) was injected into 15–20 oocytes per

condition per trial using a nanoinjector. Following injec-

tion, oocytes were kept at room temperature for 72 h in

ND96 medium, changing to fresh medium daily. To asses
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transport activity, oocytes were incubated for 60 min at

room temperature in choline chloride transport buffer

(200 ll) containing 10 lM of un-labelled substrate and

0.1 mCi/ml of 3H-labelled substrate. Following incubation,

extracellular substrate was removed using three rapid

washes (1 ml) with ice-cold choline chloride buffer con-

taining 10 lM dipyridamole. Each single oocyte was then

placed into a separate scintillation vial with 1 % (v/v) SDS

(200 ll). Vials were subjected to vigorous shaking for

45 min before addition of scintillation fluid and counting.

Flow cytometry: apoptosis, proliferation and cell

cycle

Flow cytometry data were analysed using a MACSQuant�

Analyzer (MiltenyBiotec) at the Research Core Facilities

of Saint Michael’s Hospital in Toronto. To determine the

apoptotic status of samples, cells were seeded and trans-

fected with shRNA constructs targeted against 4A

(HNP36—197J shRNA), 16D (HNP32—198J shRNA) and

45F (HNP32—197J and 198J shRNAs). The shRNA con-

structs co-expressed GFP and thus cytometric analyses in

knockdown experiments were limited to GFP-positive

cells. At 72 h post-transfection, cells were liberated using

trypsin, inactivated through the addition of supplemented

media, pelleted at 500g for 5 min, resuspended in 0.5 ml of

Annexin V binding buffer and 25 ll of Annexin V (Life

Technologies) and incubated on ice for 15 min. Cells were

then co-stained with 1 lg/ml of propidium iodide and

analysed by flow cytometry.

For cell proliferation assays, cells were labelled with

10 lM CellTrace Violet (Life Technologies) for 10 min

according to the previously published method [29]. 48 h

post-labelling, samples were trypsinised as described above

and analysed via flow cytometry and proliferative capacity

and generation peaks modelled using FCS Express version

4 (De Novo Software). In both cases, manufacturer’s pro-

tocols were followed and samples were positively gated

based on high GFP expression and single events during the

analysis. To analyse cell cycle we conducted a one-di-

mensional determination of DNA content using propidium

iodide as previously described [30] and results were anal-

ysed with an FCS express 4.0 multicycle DNA fitting

algorithm with G1 CVs of\4 %.

Thymidine incorporation into DNA, nuclei isolation

and fractioning

To quantify thymidine incorporation into DNA and pres-

ence in the nuclei, we used two different protocols. First,

cells were seeded in 100 mm plates and incubated with

1 lCi/mL of [3H]-thymidine for 2 h after 72 h of knock-

down of HNP36 and HNP32 with the co-expression of

shRNA constructs 197J ? 198J. Cells were then fixed in

ice-cold 70 % methanol, washed in ice-cold 3 % tri-

chloroacetic acid (TCA) and solubilised 1 % SDS and

0.3 % NaOH. Samples contained nuclear radio-labelled

thymidine, either incorporated into DNA or stored in the

nuclear envelope. Radioactivity was counted by liquid

scintillation using a standard scintillation counter [31]. The

second protocol used to quantify nuclear thymidine was

based on nuclei isolation and fractioning. Nuclei were

isolated using the commercial Nuclei Isolation Kit (Sigma-

Aldrich) following the manufacturer’s instructions. Sam-

ples were split into two and one half was resuspended in

1 % SDS and 0.3 % NaOH, added scintillation liquid and

counted with the scintillation counter. The rest of each

sample was fractioned into the inner nuclear membrane

(INM) and the outer nuclear membrane plus lumen (ONM).

For this, samples were incubated with a 1 % citric acid

solution on ice for 15 min and pelleted at 50009g for

10 min [32]. Pellets contain the inner nuclear membranes

and the nucleoplasm (INM) and supernatants the outer

nuclear membrane and the nuclear lumen (ONM). Both

fractions were resuspended in 1 % SDS and 0.3 % NaOH,

added scintillation liquid and counted with the scintillation

counter. When indicated, cells were arrested after 24 h of

serum and amino acid starvation (non-supplemented MEM

medium) [33].

Results

Novel splice variants of hENT2 identified in MCF7

cells

Full-length wild-type (WT) hENT2 (GenBank:

NM001532) and splice variants were cloned as described in

the ‘‘Materials and methods’’. The splice variants were

classified and compared based on the putative proteins

generated by their open reading frames (ORFs) (Table S1).

Two variants, 22C (Genbank: AF401235) and 17G (Gen-

Bank: BC011387), are predicted to generate proteins

containing the first six transmembrane domains (TMD) of

the full-length hENT2 protein. Variant 22C has been pre-

viously described as hENT2A and which is located in an

intracellular location with a vesicular distribution [34]. Due

to the similarity in the predicted structure of 22C and 17G,

we hypothesised that the isoform 17G was a new cyto-

plasmic variant.

We also identified a variant, 22E, which lacks 68

nucleotides in exon 4, resulting in a translated protein of

36 kDa and which has been previously described as a

hydrophobic nucleolar protein (HNP36; GenBank:

X86681) comprising 326 amino acids [17]. However, more

extensive bioinformatic analysis using current nucleic acid
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sequence analysis programs suggests that this transcript

results in a protein consisting of 336 amino acids. A novel

splice variant (4A), lacking exon 2 and resulting in a pre-

dicted ORF of 336 amino acids, is identical to our

prediction for HNP36 (Fig. 1a). Three more variants (16D,

45F and 30D) were cloned, each producing the same

translated protein containing the last seven TMD of the WT

protein. This structure consists of one less TMD than

HNP36 and we anticipated this protein to be another

nuclear isoform of hENT2.

We also identified three splice variants with deletions at

each end of the transcript, which would result in small

proteins of three TMD. We hypothesised it is unlikely that

these variants would reach the plasma membrane or form

functional proteins based on the extent of the truncations.

Therefore, we focussed further analysis on the putative

nuclear variants (4A, 16D and 45F) together with the WT

isoform. Nucleic acid and protein sequences of 4A, 16D

and 45F splice variants are listed in Tables S2 and S3.

Novel splice variants of hENT2 are functional

transporters localised at the nuclear envelope (NE)

mRNA surveillance tests in HEK-293 cells confirmed that

the splice variants 4A, 16D and 45F are endogenously

expressed, validating that further observations in a

Fig. 1 Nuclear splice variants of hENT2. a Structure of hENT2 and

hENT2 splice variant transcripts (left) and putative proteins (right).

Further studies were conducted using WT, 4A, 16D and 45F isoforms.

See also Figure S1 and Tables S1, S2 and S3. b Immunoblots of

endogenous hENT2 and overexpressed hENT2-HA proteins (WT

10C-HA; 4A-HA; 16D-HA and 45F-HA) obtained from HEK-293

cells. Control samples were transfected with empty pcDNA3.1 vector.

Top membranes were incubated with anti-HA antibody and films were

exposed for 10 s (top left) or 5 min (top right). Short exposure

revealed two bands of WT hENT2-HA above 53 kDa, whereas longer

exposure showed HNP36 and HNP32 bands above 30 kDa. Mem-

branes incubated with anti-ENT2 antibody (bottom left) showed WT

hENT2 double band at 55 and 60 kDa in all samples but could not

detect overexpressed splice variants. b-Actin (bottom right) was used

as loading control (representative image; n = 7). c Confocal micro-

scopy of HEK-293 cells expressing hENT2-HA proteins (green) and

nuclear envelope marker nuclear pore complex (NPC; red). WT

hENT2 does not co-localise with NPC whereas 4A-HA, 16D-HA and

45F-HA co-localise with NPC at the nuclear envelope (representative

image; n = 6). d Nucleoside uptake in HEK-293 cells expressing WT

hENT2 and hENT2 nuclear variants. Non-transfected HEK-293 cells

(control) show very little hENT2 activity whereas WT hENT2

transfected cells show significantly higher hENT2 activity. Cells

transfected with either HNP36 (4A-HA) or HNP32 (45F-HA) did not

show any significant changes in hENT2 activity compared to control

cells (mean ± SD; n = 3; *p\ 0.05, ***p\ 0.001)
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heterologous system are not artefacts of overexpression

(Figure S1).

The molecular weights of the splice variant proteins

(4A, 16D and 45F) are consistent with predicted ORFs

(36 kDa for HNP36, and 32 kDa for a protein that we

identified as HNP32) and contrasted with the typical dou-

blet species (55 and 60 kDa) seen for the WT hENT2

(Fig. 1b). HA-tagged splice variant proteins are present at

the nuclear membranes based on their co-localisation with

nuclear pore complex (NPC) (Fig. 1c). Lack of functional

transport at the plasma membrane by the splice variants (in

contrast to WT hENT2-dependent uptake) in HEK-293

cells (Fig. 1d) confirmed that these variants were not pre-

sent at the plasma membrane, as we previously observed

(Fig. 1c). Intriguingly, hENT1-dependent nucleoside

uptake decreased significantly when WT hENT2 was

overexpressed suggesting that relative abundance of

hENT1/2 isoforms at the plasma membrane impacts overall

nucleoside transport.

While the splice variants do not contribute to plasma

membrane nucleoside flux, they do transport nucleosides

(purine, pyrimidine; Fig. 2a, b) and nucleobases (Fig. 2c)

when expressed heterologously in X. laevis oocytes, thereby

proving they are functional transporters as anticipated by

previous structural studies on ENT-like proteins [35, 36].

Our analysis demonstrates that all splice variants have

transport profiles similar to full-length hENT2, except for

HNP36, which shows slightly increased nucleoside uptake.

hENT2 nuclear variants are highly expressed

in cancer cells compared to healthy tissue

Alternative splicing is highly regulated in cell proliferation

and its dysregulation results in serious diseases such as

cancer [37–40]. Since HNP36 was initially identified as a

delayed-early response gene for which expression increases

after mitogenic stimuli [17], we hypothesised that genera-

tion of nuclear hENT2 variants is also regulated and that

these variants would be preferentially expressed under

proliferative conditions.

Full-length WT hENT2 is the predominant species

expressed in a broad range of human tissues and cell lines

Fig. 2 Activity and expression profiles of hENT2 nuclear variants.

a 2-Chloro-adenosine, b uridine and c hypoxanthine uptake in X.

laevis oocytes expressing hENT2 nuclear variants. HNP36 and

HNP32 are functional nucleoside and nucleobase transporters when

expressed in X. laevis oocytes (mean ± SEM; n = 10–15;

**p\ 0.01, ***p\ 0.001). d mRNA expression levels of hENT2

isoforms in different human tissues and e cell lines
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(Fig. 2d, e) although total levels of mRNA expression and

overall proportions of each splice variant vary among tis-

sues (Fig. 2d) and cell lines (Fig. 2e). In human tissues,

full-length hENT2 represents 80–90 % of the total mRNA

hENT2 expression but only 55–80 % in cancer cell lines.

Splice variants have lower mRNA expression levels in

normal tissue but these levels rise in proliferative cells in

culture (e.g. 16D,\10 % of total hENT2 in healthy tissue

vs. 15–30 % in cell lines).

Taken together, our results confirm that nuclear hENT2

splice variants are broadly expressed among different tis-

sue types and cell lines and that highly proliferative cells

(cancer cells) have higher mRNA expression levels of

nuclear hENT2 isoforms compared to non-proliferative

tissues. These results suggest that the regulation of alter-

native splicing of hENT2 is correlated with proliferative

status of the cell leading us to speculate that nuclear

hENT2 variants play a role in cell proliferation.

Nuclear variants of hENT2 recruit full-length

isoform to the NE and form functional heteromers

by protein–protein interaction (PPI)

Alternative splicing can regulate protein function [41] in a

variety of ways, including a role for splice variants as

dominant negative regulators of WT proteins by modifying

sub-cellular localisation [42–45]. We predicted that nuclear

hENT2 splice variants act as functional transporters at the

NE and represent a novel mode of regulation of WT

hENT2 by modifying localisation or functionality of the

full-length protein depending on the proliferative needs of

the cell.

Overexpression of hENT2-HA in HEK-293 cells con-

firmed the presence of the full-length protein at the plasma

membrane but not at the NE (Fig. 1c), although a qPCR

screen confirmed a high mRNA expression level of hENT2

nuclear variants in HEK-293 cells (Fig. 2e). However,

overexpression of hENT2-HA increases the expression of

WT hENT2 compared to the endogenous nuclear isoforms.

Therefore, it would be very difficult to discern changes in

localisation of WT hENT2 following this treatment. To

confirm our hypothesis, we analysed sub-cellular localisa-

tion of WT hENT2 following co-transfection of both

isoforms (Flag-hENT2 with HNP36-HA and HNP32-HA).

Confocal microscopy confirmed that hENT2-HA (Fig. 1c)

and Flag-hENT2 (Figure S2) are located at the plasma

membrane when expressed alone in HEK-293 cells.

However, Flag-hENT2 is present at the NE and co-lo-

calises with HNP36-HA (construct 4A-HA) or HNP32-HA

(construct 45F-HA) when co-expressed in HEK-293 cells

(Fig. 3a). Co-transfection of Flag-hENT1 with HNP36-HA

and HNP32-HA showed co-localisation at the ER, where

these proteins are synthesised, but failed to elicit the same

alteration in sub-cellular distribution, suggesting this

change is specific to hENT2 (Fig. 3a).

To determine if this change in sub-cellular localisation

alters hENT2-dependent nucleoside uptake, we measured

hypoxanthine and uridine transport in HeLa cells, which

have endogenous hENT2 activity, and found that hENT2-

mediated hypoxanthine transport was increased approxi-

mately twofold when WT hENT2 was overexpressed

(Fig. 3b). In contrast, transfection of HNP36 (4A) resulted

in a fourfold reduction in hENT2-mediated transport

compared to control. These data are consistent with a

model in which HNP36 mediate redistribution of hENT2

away from the plasma membrane and towards the NE.

Endogenous hENT1-mediated uridine transport decreased

(*threefold) following transfection with WT hENT2

(Fig. 3c). These results, together with the slight increase in

hENT1-mediated uptake after transfection of HNP36,

suggest that ENTs may compensate for each other in terms

of activity when there are changes in the levels or presence

of each isoform at the plasma membrane, as previously

observed (Fig. 1d). These changes in hENT2-mediated

uptake due to overexpression of HNP36, together with co-

localisation of both proteins and altered hENT2 sorting

inside the cell, suggest that hENT2 nuclear variants play a

regulatory role in modulating presence and activity of full-

length hENT2 at the plasma membrane.

Splice variants can regulate a WT protein via PPI

[44–46]. We speculated that this was a mechanism of

regulation of hENT2 and confirmed that HNP36-HA (4A-

HA) and HNP32-HA (45F-HA) each co-immunoprecipitate

with Flag-hENT2 (Fig. 3d), suggesting that the splice

variants can interact with WT hENT2. The formation of

PPI between WT hENT2 and its nuclear isoforms also

cFig. 3 Functional hENT2 heteromers at the nuclear envelope.

a HEK-293 cells co-expressing Flag-hENT2 or Flag-hENT1 (red)

with HA-tagged HNP36 (4A-HA) and HNP32 (45F-HA) (green).

DNA was stained with DAPI (blue). hENT2 co-localises at the

nuclear envelope with HNP36 and HNP32, unlike hENT1 which

remains at the plasma membrane when co-expressed with HNP36 and

HNP32 (representative images; n = 3). See also Figure S2. b Hypox-

anthine hENT2-mediated and c 2-chloro-adenosine hENT1-mediated

uptake in HeLa cells expressing different hENT2 isoforms. hENT2

transport activity at the plasma membrane significantly decreases

after overexpression of HNP36 (4A), whereas hENT1 transport

activity significantly decreases after hENT2 overexpression and

increases after HNP36 overexpression (mean ± SD; n = 3;

*p\ 0.05, **p\ 0.01). d Co-immunoprecipitation of Flag-hENT1

(E1) and Flag-hENT2 (E2) with HNP36-HA (4A-HA) and HNP32-

HA (45F-HA). HNP32 and HNP36 protein–protein interact with

hENT2 but not hENT1. Flag-hLa was used as negative control

(representative image, n = 4). e 2-Chloro-adenosine and f hypoxan-
thine uptake in oocytes co-expressing WT hENT2 with HNP36 (4A)

and HNP32 (45F) confirms that the transporters are functional when

co-expressed in X. laevis oocytes (mean ± SEM; n = 10–20;

*p\ 0.05, ***p\ 0.001)
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suggests the presence of heteromers at the NE, which is

supported by the observation that hENT1 did not co-im-

munoprecipitate with HNP36 or HNP32, proving these

isoforms specifically interact with hENT2.

When HNP36 and HNP32 were co-expressed along with

the WT hENT2 transporter protein in X. laevis oocytes, we

observed that hENT2-mediated transport of 2-chloro-ade-

nosine (Fig. 3e) and hypoxanthine (Fig. 3f) was slightly

lower, although similar, compared to the transport

observed when expressing WT hENT2 alone. These data

are consistent with the concept that formation of hENT2–

HNP36 and hENT2–HNP32 heteromers does not alter the

basic functional properties of hENT2 proteins.

Knockdown of HNP36 and HNP32 leads

to a decrease in cell proliferation

and a dysregulation of cell cycle

We have shown here that hENT2 splice variants are

broadly expressed among tissues and cell lines and that

higher levels of expression are associated with proliferative

conditions. Therefore, we hypothesised that HNP36 and

HNP32, and the formation of functional hENT2 heteromers

at the NE, contribute to cell proliferation by regulating

nucleos(t)ide availability in the nucleus. Knockdown of

HNP36 and HNP32 in HEK-293 cells was validated by

qPCR analysis (Fig. 4a) and a decrease in HNP36 and

HNP32 protein expression was later confirmed by Western

blotting (Fig. 5c, d). The shRNA construct 197J targets

those splice variants lacking exon 2, which are 4A

(HNP36) and 45F (HNP32), whereas the targets for 198J

shRNA construct are the variants lacking exon 4, which are

16D (HNP32) and 45F (HNP32). Knockdown of HNP36

and HNP32 in HEK-293 cells resulted in decreased cell

survival (72 h post-transfection with shRNA constructs;

Fig. 4b), which was enhanced by the presence of both

constructs (197J\ 198J\ 197J ? 198J). Since the effect

on cell survival could be the result of changes in either cell

proliferation or apoptosis, we analysed the apoptotic status

of cells after knockdown of HNP36 and HNP32 (annexin

V/PI staining of transfected cells; Figure S3) and observed

no changes compared to control cells, suggesting the

decrease in cell survival was due to changes in cell

proliferation.

We confirmed a role for nuclear hENT2 splice variants

in regulating cell proliferation by measuring the number of

divisions that cellular populations of HEK-293 cells have

undergone using a standard cellular flow cytometry-based

proliferation assay. Following the knockdown of HNP36

and HNP32, we observed a decrease in cellular prolifera-

tion (average of number of replications per cell including

undivided cells; Fig. 4c) and further confirmed that the

decrease in cell proliferation was caused by a dysregulation

in cell cycle since knockdown of HNP36 and HNP32 led to

an increase in the number of cells in S phase (Fig. 4d)

along with a decreased percentage of cells in G2 (Fig. 4e).

We propose that this cell cycle arrest is due to an insuffi-

ciency in the nucleotide pools needed to sustain DNA

replication, and the concomitant decrease in cell prolifer-

ation (Fig. 4f).

HNP36 and HNP32 recruit hENT2 to the inner

nuclear membrane (INM) under proliferative

conditions to supply nucleosides to the nucleus

To confirm that the dysregulation of cell cycle after HNP36

and HNP32 knockdown is caused by a decrease in nucle-

oside supply into the nucleus, we measured the

incorporation of radio-labelled thymidine and thymidine

metabolites into DNA in HEK-293 cells (Fig. 5a). Our

results showed a 38 % decrease in thymidine incorporation

after knockdown of HNP36 and HNP32 (co-transfecting

both shRNA constructs 197J ? 198J), suggesting that

hENT2 splice variants are involved in the translocation of

nucleosides into the nucleus. We measured a decrease

(30–35 %) in thymidine incorporation into DNA in isolated

nuclei (Fig. 5b) and the INM sub-fraction. There was also a

marked decrease (40 %) in thymidine levels in the outer

nuclear membrane (ONM) sub-fraction, which includes the

lumen content, confirming the presence of nucleosides in

the lumen of the NE and supporting our contention that

nucleosides reach the nucleus across the ONM and INM

via nucleoside transporters at the nuclear envelope.

Immunoblotting of isolated nuclei, INM and ONM sub-

fractions from HEK-293 cells for hENT2 isoforms con-

firmed the presence of endogenous HNP36 and HNP32,

visible as a double band (of slightly more than 30 kDa), in

the total nuclei and INM fractions (Fig. 5c). As expected,

the intensity of these bands decreased significantly

(*65 %) after knockdown of HNP36 and HNP32

(Fig. 5d). Interestingly, WT hENT2 was present in all

fractions although the lower molecular weight band was

predominant at the INM while the larger molecular weight

band was found predominantly at the ONM. ENTs are

putatively glycosylated at their first extracellular loop and

it has been reported that glycosylation could be involved in

ENT’s trafficking to the plasma membrane [47, 48]. We

hypothesised that the lower molecular weight band

observed for ENT2 could correspond to a deglycosylated

form of the transporter. Total protein extracted from HEK-

293 cells and incubated with PNGase F revealed no

changes in size for the double band of hENT2, whereas

Flag-hENT1 protein band decreased in weight after being

deglycosylated (Fig. 5e). These results suggest that the

difference between the two ENT2 protein bands would not

be due to glycosylation.
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Knockdown of HNP36 and HNP32 resulted in no

overall changes in the total amount of hENT2 present at the

nucleus, although there was approximately 40 % less at the

INM (Fig. 5d). These results suggest that relative presence

of HNP36 and HNP32 correlates with presence of WT

hENT2 at the INM. To confirm that hENT2 is regulated by

splice variants under proliferative conditions, we repeated

the previous experiments using arrested cells after 24 h of

starvation. Thymidine levels were decreased (*17 %) in

isolated nuclei in serum-deprived cells compared to control

Fig. 4 Decrease in cell proliferation and dysregulation of cell cycle

after knockdown of HNP36 and HNP32 in HEK-293 cells. a qPCR

analysis of mRNA levels of hENT2 isoforms after 72 h of knockdown

confirms a decrease in mRNA expression of HNP32 and HNP36.

shRNA 197J targets splice variants 4A (HNP36) and 45F (HNP32)

and shRNA 198J targets splice variants 16D (HNP32) and 45F.

Control samples expressed a scrambled shRNA construct

(mean ± SEM; n = 3–5). b MTT assays (mean ± SD; n = 3) and

c proliferation assay (mean ± SEM; n = 3–5) after 72 h of knock-

down. d Increase in %S phase (mean ± SD, n = 3) and e decrease in

%G2 phase (mean ± SD; n = 4) after knockdown of hENT2 nuclear

variants. f Schematic representation of cell cycle. See also Figure S3.

*p\ 0.05, **p\ 0.01, ***p\ 0.001
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cells, while thymidine levels in the INM sub-fraction

showed a significant decrease (30 %) of incorporation into

DNA (Fig. 6a). In contrast, thymidine levels in the lumen

(ONM) showed a significant (2.2-fold) increase in arrested

cells (Fig. 6b), suggesting the lumen of the NE functions as

a reservoir of nucleosides when cells are not proliferating.

Associated with this reduced incorporation, levels of

HNP36 and HNP32 protein also decreased significantly

(75 %) in serum-deprived cells (Fig. 6c, d). Interestingly,

we found no evidence for presence of WT hENT2 at the

INM while the overall expression showed an increase

(*twofold), confirming the regulatory role of HNP36 and

HNP32 in recruiting hENT2 to the INM. Immunoblotting

also revealed a third band, whose nature remains unclear,

right above the double band of full-length hENT2 in total

and ONM fractions (Fig. 6c). Supporting these changes in

protein expression, we observed a striking decrease in 45F

splice variant (HNP32) mRNA expression levels in arres-

ted cells, while WT hENT2 levels significantly increased

(Fig. 6e). No change in expression levels of 4A and 16D

splice variants was noted suggesting that 45F is the pre-

dominant variant down-regulated under non-proliferative

conditions. These results confirm that the expression of

hENT2 splice variants is highly regulated depending on the

proliferative state of the cell. Furthermore, since a decrease

in HNP32 implied an increase in hENT2 expression, the

mechanism involved in such regulation most likely implies

specific splicing factors that generate either WT hENT2 or

its nuclear splice variants based on the needs of the cell.

Discussion

The mechanisms controlling cell division and tissue growth

are well known [1–3]. However, very basic metabolic

events, such as those determining the supply of nucleotides

for DNA replication are far less understood. Here, we

provide evidence supporting a novel role for members of

the SLC29 family of proteins in the regulation of cell

proliferation. In our model, HNP36 and HNP32 act to

Fig. 5 Thymidine incorporation into DNA requires the participation

of HNP36 and HNP32. a Thymidine incorporation into DNA after

HNP36 and HNP32 knockdown co-transfecting both shRNA con-

structs 197J ? 198J in HEK-293 cells (labelled as shRNA). Control

samples expressed a scrambled shRNA construct. b Thymidine

presence in isolated nuclei, INM and the nuclear lumen (ONM)

fractions from HEK-293 cells. All graphs represent mean ± SEM;

n = 4; **p\ 0.01. c Immunoblot of endogenous hENT2 isoforms in

nuclear sub-fractions from HEK-293 cells. Nuclear pore complex

(NPC) is shown as a loading control (representative image; n = 4).

See also Figure S4. d Densitometry of the immunoblot of hENT2

proteins (mean ± SD; n = 3). *p\ 0.05, **p\ 0.01, ***p\ 0.001.

e Immunoblot of endogenous hENT2 and overexpressed Flag-hENT1

proteins from HEK-293 cells treated with (?) and without (-)

PNGase F. Results showed no changes in ENT2 double band after

deglycosylation whereas Flag-hENT1 proteins are reduced in size

after being deglycosylated by PNGase F. b-Actin was used as loading

control (representative image; n = 3)
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localise hENT2 at the INM where they form functional

heteromers that supply nucleosides necessary for DNA

replication into the nucleus.

Oligomerisation of hENT2 and sorting to the NE

HNP36 was reported to be located at the NE [17] although

the functional significance of this observation has been

unclear for many years. We have confirmed this observa-

tion and significantly extended it by demonstrating that

HNP36 and HNP32 are present at the INM. However, the

mechanism underlaying the sorting of these splice variants

to the NE remains unclear. It has been previously reported

that trafficking of hENT2 to the plasma membrane can be

affected by glycosylation [48] and, therefore, the localisa-

tion of these variants to the nuclear membrane could be due

to the lack of TM1 which leads to the loss of glycosylation

sites, Asn48 and Asn57, thereby affecting intracellular

sorting without affecting function. Our results did not

confirm the role of glycosylation in the trafficking of full-

length hENT2 to the INM; therefore, further studies should

be conducted to understand the mechanism underlying the

differential sorting of hENT2 proteins.

HNP36 and HNP32 are the first splice variants con-

firmed as functional transporters for any human ENT

member, and they regulate the WT isoform both in terms of

biological function and sub-cellular localisation [12, 14].

Alternative splice variants often inhibit and/or modulate a

WT protein through PPI and the formation of heteromers

[49–51]. It is also well known that oligomerisation works

as a mechanism for the stabilisation and regulation of a

large number of transmembrane proteins, including trans-

porters [46, 52–55]. It is currently unknown whether

oligomerisation of ENTs occurs, although recent studies

described the crystal structure of a CNT in Vibrio cholerae

as a trimer and proposed the formation of oligomers for the

human ortholog [56]. Our results are the first, to our

knowledge, that demonstrate the existence of PPI among

different isoforms of hENT2 and that suggest the formation

of heteromers among species of hENT2 along with their

Fig. 6 Regulation of HNP36 and HNP32 after cell starvation in

HEK-293 cells. a Decrease of thymidine incorporation into DNA

after cell starvation in isolated nuclei and INM sub-fraction.

b Significant increase of presence of thymidine in the nuclear lumen

(ONM sub-fraction) after cell starvation. All graphs represent

mean ± SEM; n = 4; *p\ 0.05, ***p\ 0.001. c Immunoblot of

endogenous hENT2 isoforms in isolated nuclei, INM and ONM sub-

fractions after cell starvation. Nuclear pore complex (NPC) is shown

as a loading control (representative image; n = 4). d Densitometry of

the immunoblot of hENT2 proteins (mean ± SD; n = 3). *p\ 0.05,

**p\ 0.01, ***p\ 0.001. e mRNA expression of hENT2 isoforms

after cell starvation
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co-localisation at the NE. This hetero-oligomerisation

appears to be part of the mechanism that regulates the

sorting of hENT2, by recruiting it to the INM, and hence

decreasing hENT2-mediated transport activity at the

plasma membrane. In conclusion, HNP32 and HNP36 act

as dominant negatives of WT hENT2 at the plasma

membrane, although these proteins appear to form func-

tional oligomers at the INM which are capable of

internalising nucleosides and nucleobases into the nucleus.

Role of hENT2 oligomers at the NE

Our results demonstrate the presence of functional nucle-

oside transporters at the NE raising questions as to their

role and the relevance of nucleosides in the nucleus.

The NE comprises the outer nuclear membrane (ONM)

and the inner nuclear membrane (INM) joined at the nuclear

pore complex (NPC), generating an inter-membrane space or

lumen that acts as a calcium store surrounding the nucleus

[57, 58]. Here, we propose a novel model for nucleoside

compartmentalisation at the NE allowing for rapid release to

the nucleus under mitogenic conditions (Fig. 7). Based on our

results, the presence of hENT2 heteromers at the INM would

help transport nucleosides from the lumen into the nucleus

under proliferative conditions. A functional model concen-

trating nucleosides at the NE would also require the presence

of a concentrative transporter (hCNT) at the ONM, which

would transport nucleosides against a concentration gradient.

Indeed, previous work from our laboratory describes a func-

tional hCNT3 variant (hCNT3ins) which is localised at the

ER [59]. The ER has a contiguous membrane with the ONM

and shares the lumen space with the NE. Therefore, we

propose a model in which ER-located hCNT3ins concentrates

nucleosides in the lumen space of the NE. Subsequently,

under mitogenic conditions, HNP36 and HNP32 are up-reg-

ulated and recruit hENT2 to the INM to enhance the flux of

nucleosides into the nucleoplasm enabling efficient DNA

synthesis. Furthermore, hCNT3ins is a concentrative trans-

porter which co-transports sodium cations into the lumen

space. These ions can be transported into the nucleoplasm by

a sodium–calcium exchanger (NCX) which is located at the

INM to preserve the calcium store in the NE [60–62].

Interestingly, a similar mechanism has been previously

described in plants, where nucleobases and nucleosides are

released from storage organelles during germination and

then recycled by the salvage pathway [63]. Similarly,

several studies in mammalian cells describe the existence

of two different nucleotide pools within the cell, one in the

cytosol and one at the nucleus [21]. These nucleotide pools

have been reported to be in disequilibrium with each other,

in such a way that the concentration of nucleotides in the

nuclear pool increased to micromolar concentrations when

cells entered S phase of cell cycle to support DNA repli-

cation [20, 22]. Taken together, these studies support the

existence of a regulated mechanism of transport and stor-

age of nucleotides at the nucleus which facilitates the rapid

Fig. 7 Proposed model for the role of nucleoside transporters and compartmentalisation of nucleosides at the NE. Cartoon representing the NE

and its INM and ONM, as well as hENT2 nuclear variants located at the INM to translocate nucleosides from the lumen into the nucleoplasm
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release of nucleotides into the nucleoplasm to synthesise

DNA. This model (Fig. 7) is consistent with our results

showing changes in cell cycle with decreased HNP36 and

HNP32 expression as a consequence of reduced nucleoside

translocation into the nucleus. Moreover, our model is also

supported by previous studies which demonstrated that a

reduction in levels of nucleotides leads to DNA damage

and genome instability due to a slow replication fork pro-

gression during DNA replication and a dysregulation of

cell cycle resulting in an increase in the percentage of cells

in S phase [7, 8], coinciding with our observations after

knocking down the expression of HNP36 and HNP32.

Most recent studies on chromosome replication have

focused on the machinery necessary for DNA synthesis,

assuming that when a cell enters S phase of the cell cycle,

there are always sufficient levels of nucleotides in the

nucleus to replicate the whole chromosome. Nucleoside to

nucleotide metabolism has been reported as taking place in

the cytosol with translocation of nucleotides into the nucleus

through the non-specific NPC being inferred [63–65].

However, it is very unlikely that sufficient levels of nucle-

osides/nucleotides are present in the cytoplasm indefinitely

without metabolism, and thus will become a limiting factor

for DNA synthesis and subsequent cell duplication. In

contrast, the presence of a number of key nucleoside

metabolic enzymes within the nucleus suggests that nucle-

oside to nucleotide metabolism occurs in this location and

that a supply of nucleosides to feed this metabolic process

will exist [66–70]. Intriguingly, we recently identified pro-

tein phosphatase 1 (PP1) in a MYTH screen [71] as a

putative interacting protein of hENT2 (unpublished data)

and it was also recently reported that the novel nucleoside

kinase ZAP, which is localised at the nucleus, also interacts

with PP1 [70]. An interaction between ZAP-PP1 and PP1-

hENT2 would bring ZAP and hENT2 together in a meta-

bolon to enable nucleosides delivered by hENT2 to be

rapidly metabolised to nucleotides by ZAP and then incor-

porated into the newly synthesised DNA chains (Fig. 7).

Thus, we believe that our data, along with newly identified

components of nucleoside metabolism in the nucleus, point

to a novel and previously unidentified metabolic machinery

that is present very close to location of DNA synthesis.

Therapeutic implications

hENT2 is a marker for advanced stages of cancer [72] and

elevated hENT2 expression is correlated with vascular

invasion and poorer outcomes in various models (hepato-

cellular carcinoma, mantle cell lymphoma and ovarian

carcinoma) [73, 74]. Our findings contribute to understand

why cancer cells, with an enhanced expression of nuclear

hENT2 isoforms, have a substantial availability of

nucleotides to facilitate cellular proliferation. Furthermore,

hENT2 plays a crucial role as a nucleoside-derived anti-

cancer drug transporter, especially in the case of chronic

lymphocytic leukaemia (CLL) [75, 76]. Therefore, CLL

cells expressing high levels of HNP36/32 proteins would

be less affected by anticancer nucleoside analogs since

these cells would have a decreased capacity to transport

nucleoside-derived drugs inside the cell due to a reduced

presence of WT hENT2 at the plasma membrane.

It iswell known that alternative splicing is drastically altered

in cancer cells to support cellular proliferation [37–40]. Recent

studies have identified a large number of molecules and treat-

ments that modify the alternative splicing pattern in different

cancer models [77, 78]. Consequently, alternative splicing has

become a new target for cancer therapy. A deeper under-

standing of regulation of alternative splicing of hENT2 could

enable a therapeutic reversion of the ratio of WT/nuclear iso-

forms. Therefore, further studies should identifymolecules and

treatments to modify the splicing pattern of hENT2 in cancer

cells to promote the expression ofWT hENT2 to increase drug

uptake and also deprive theproliferative cell fromacritical pool

of nucleosides within the nucleus.
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