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Abstract

Positron emission tomography (PET) imaging with the amino acid tracer 6-18F-fluoro-.-3,4-
dihydroxy-phenylalanine (18F-DOPA) may provide better spatial and functional information in
human gliomas than CT or MRI alone. The -type amino acid transporter 1 (LAT1) is responsible
for membrane transport of large neutral amino acids in normal cells. This study assessed the
relationship between LAT1 expression and 18F-DOPA uptake in human astrocytomas.
Endogenous LAT1 expression was measured in established glioblastoma (GBM) cell lines and
primary GBM xenografts using Western blotting and quantitative reverse transcription polymerase
chain reaction (QRT-PCR). Uptake of 18F-DOPA was approximated in vitro using 3H-.-DOPA as
an analog. Uptake of 3H-.-DOPA was assessed in cells expressing LAT1 shRNA or LAT1 siRNA
and compared to non-targeted (NT) control ShRNA or siRNA sequences, respectively. To
demonstrate the clinical relevance of these findings, LAT1 immunofluorescence staining was
compared with corresponding regions of 18F-DOPA PET uptake in patients with newly diagnosed
astrocytomas. LAT1 mRNA and protein expression varies in GBM, and the extent of 3H-.-DOPA
uptake was positively correlated with endogenous LAT1 expression. Stable sShRNA-mediated
LAT1 knockdown in T98 and GBM28 reduced 2H-.-DOPA uptake relative to NT shRNA by 57
(P < 0.0001) and 52 % (P < 0.001), respectively. Transient siRNA-mediated LAT1 knockdown in
T98 reduced 3H-.-DOPA uptake relative to NT siRNA up to 68 % (P < 0.01). In clinical samples,
LAT1 expression positively correlated with 18F-DOPA PET uptake (P = 0.04). Expression of
LAT1 is strongly associated with 3H-.-DOPA uptake in vitro and 18F-DOPA uptake in patient
biopsy samples. These results define LAT1 as a key determinant of 18F-DOPA accumulation in
GBM.
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Introduction

Positron emission tomography (PET)-CT allows a functional evaluation of metabolic
perturbations unique to cancer, and this provides an opportunity to delineate normal and
tumor tissue based on functional PET imaging. Specifically for imaging brain tumors, 6-18F-
fluoro-.-3,4-dihydroxy-phenylalanine (28F-DOPA) is a promising radi-otracer with high
uptake in malignant brain tumors and low uptake in normal brain tissue [1]. In comparison
to the radiotracers 2-deoxy-2-18F-fluoro-o-glucose (18F-FDG) or 3-deoxy-3-18F-
fluorothymidine (18F-FLT), 18F-DOPA provides more accurate visualization of high-grade,
low-grade, and recurrent tumors [2, 3]. Thus, there is significant interest in using 18F-DOPA
PET in conjunction with traditional magnetic resonance imaging (MRI) for neurosurgical
and radiation therapy planning in gliomas [4].

The mechanism associated with elevated 18F-DOPA accumulation in gliomas has not been
established, although up-regulation of an 18F-DOPA transporter may contribute to this
phenotype [5]. The -type amino acid transporter 1 (LAT1) is a sodium-independent neutral
amino acid transporter that facilitates --DOPA transport in renal epithelial cells and
endothelial cells in brain capillaries [6-9], as well as .-methyl-11C-methionine (X1C-MET) in
human gliomas [10]. High LAT1 expression has been shown to correlate with tumor grade
and potentially lower survival in human astrocytomas [11, 12]. Based on these data, the
current study evaluated the influence of LAT1 on 18F-DOPA accumulation in human
astrocytomas in both in vitro studies and in human biopsy samples.

Materials and methods

Cells and reagents

Primary serially transplantable GBM xenografts were established as previously described,
and along with U87 and T98 glioma cell lines, were thawed from frozen stocks [13]. Cells
were grown in tissue culture flasks containing DMEM medium (Gibco Life Technologies,
Carlshad, CA) supplemented with 10 % fetal bovine serum (Invitrogen, Carlsbad, CA) and 1
% penicillin/streptomycin (100 U/mL; Gibco).

Western blotting for LAT1

Antibodies were purchased targeting human LAT1 (poly-clonal; Cell Signaling Technology,
Beverly, MA) and human B-Actin (monoclonal; Sigma-Aldrich, St. Louis, MO). Cells were
lysed in a detergent-containing buffer [20 mM Tris—HCI (pH 7.4), 0.1 % sodium dodecyl
sulfate (SDS), 1 % Triton X-100, and 1 % sodium deoxycholate] with protease inhibitors
(Roche, Indianapolis, IN). Lysates were prepared, resolved by electrophoresis, and
transferred to nitrocellulose membranes as described previously [14]. Nonspecific binding
was blocked with 5 % nonfat milk, 0.1 % Tween-20 and 50 mM Tris (TBST, pH 7.5).
Primary antibodies were prepared according to the manufacturer’s instructions and
incubated overnight at 4 °C. Secondary antibodies (horseradish-peroxidase-conjugated anti-
1gG; Pierce, Rockford, IL) were incubated for 1 h at room temperature. Membranes were
developed using the Pierce chemiluminescence protocol (Pierce), stripped, and incubated
with an anti-B-actin antibody to confirm even sample loading.

RNA isolation, reverse transcription and quantitative RT-PCR (qRT-PCR)

Total cellular RNA was isolated with the RNeasy kit (QIAGEN, Valencia, CA). RNA
concentrations were determined by spectrophotometry at 260 nm using a Nano-Drop 2000
(Thermo Scientific, Wilmington, DE). Reverse transcription was performed using 2 pg of
RNA, synthesized to cDNA in a 20 pL reaction system with reverse transcriptase (RT), RT
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buffer, and random primers (Promega, Madison, WI). Conditions for reverse transcription
were 5 min at 70 °C, 5 min on ice and then 90 min at 37 °C.

Oligodeoxynucleotide primers were purchased for PCR amplification (Integrated DNA
Technologies, Coralville, 1A); LAT1: forward (5-
CCCAACTTCTCATTTGAAGGCACC-3) and reverse (5'-
CCATAGCGAAAGAGGCCGCTGTATAA-3') and B-actin: forward (5'-
CCAGAGATGGCCACGGCTGCT-3) and reverse (5'-
TCCTTCTGGATCCTGTCGGGA-3'). The gRT-PCR was performed on an ABI Prism
7900 with 384-well plates using adhesive seals as covers. PCR mixes were created for LAT1
and the R-actin endogenous control in a 20 pL reaction per well using a single-step gRT-
PCR reagent kit (ABI). The gRT-PCR was programmed as follows: 30 min at 42 °C, 10 min
at 95 °C, then 40 cycles of 15 s at 95 °C then 1 min at 60 °C. Each sample was amplified in
triplicate. Relative levels of LAT1 mRNA were calculated using the SDS RQ 1.3 software
(ABI).

Stable shRNA-mediated knockdown of LAT1

A LAT1-targeted shRNA expressing pGIPZ plasmid was used with the sequence 5'-
TGCTGTTGACAGTGAGCGCGGTACGAATCTCATCCCTCAATAGTGAAGCCACAG
ATGTATTGAGGGATGAGATTCGTACCATGCCTACTGCCTCGGA-3 (Open
Biosystems, Huntsville, AL) and a non-specific targeting (NT) shRNA for control. Plasmid-
containing bacteria were amplified per the manufacturer’s protocol. Plasmids were isolated
and purified using the HiSpeed Plasmid Midi Kit (QIAGEN). Lentiviral packaging was
performed with Trans-Lentiviral packaging mix in 293T cells according to the
manufacturer’s instructions (Open Biosystems).

T98 and GBM28 cells were plated on 6-well plates at 1 x 10° and 2 x 10° cells per well,
respectively. The following day, medium was aspirated and replaced with 750 L of
medium with 10 pg/mL polybrene. Next, 250 L of virus-containing solution was added to
each well and incubated at 37 °C for 24 h. Cells were selected with puromycin and
monitored for GFP expression.

Small interfering RNA knockdown of LAT1

The 27-nt TriFECTa siRNA kit for human LAT1 was designed and provided by IDT. Three
different siRNA sequences targeting LAT1 were used: sSiRNA #1 had the sequence: 5’-
CCUAUGGAGGAUGGAAUU-3 (sense) and 5’-UUCAAGUAAUUCCAUCCU-3
(antisense); sSIRNA #2: 5¥-GGACAUGCCUCAAGGAUA-3’ (sense) and 5'-
CUCCCUGUAUCCUUGAGG-3 (antisense); SIRNA #3: 5/-
UCUAGAAACAGAGACAAG-3 (sense) and 5-UGCCUUUCUUGUCUCUGU-3
(antisense). Negative control siRNA was provided by IDT. T98 cells were transfected with
25 nM of siRNA using instructions provided with HiPerFect reagent (QIAGEN). Cells were
processed in parallel for Western blotting and assessment of 3H-.-DOPA uptake at 72 h.

Cellular uptake of 3H-.-DOPA

Cells were plated in 24-well plates (1 x 104 cells/mL) and 3H-.-DOPA uptake studies were
performed at 48 h. A sodium-free uptake solution (US) was created containing 125 mM
choline chloride, 5.6 mM o-glucose, 4.8 mM KCI, 1.2 mM MgSOy, 1.2 mM KH,PQy, 1.3
mM CaCl, and 25 mM HEPES (pH of 7.4). For experiments, standard medium was
aspirated and cells were washed gently three times with 500 IpL US and pre-incubated with
500 pL of US for 10 min. US was aspirated and 500 pL of buffer was added containing 10
1M -DOPA (Sigma) and 18.5 kBq of 3H-.-DOPA (Moravek Biochemicals, Brea, CA) per
well. After 20 min of incubation at 37 °C, uptake was terminated by washing cells with 500
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uL ice cold buffer three times. Cells were lysed by incubating in 0.3 M NaOH with 0.1 %
Triton-X for 20 min at room temperature. Lysate was added to an equal volume of liquid
scintillation fluid and quantified with a liquid scintillation counter. Radioactive content of
the lysate was adjusted for protein content by quantitating protein with the Bradford method.
Differences in 3H-.-DOPA uptake in relation to LAT1 expression were analyzed using a
two-sample t test.

Patients, 18F-DOPA synthesis, PET acquisition and data analysis

As part of a prospective imaging/biopsy study at Mayo Clinic in Rochester, Minnesota
taking place between October 2010 and September 2011, 6 patients (5 men, 1 woman) with
newly diagnosed astrocytomas were included. All patients provided written informed
consent prior to participation, and the study was approved by the Mayo Clinic Institutional
Review Board. The details of the protocol and results for all patients studied are being
reported elsewhere (Pafundi et al. manuscript submitted).

Prior to surgery, patients had a PET/CT scan, followed by an MRI (GE Signa HDxt® 1.5
Tesla) with contrast. PET imaging was performed with a GE Discovery 690® PET/CT
system. 18F-DOPA (5.0 + 10 % mCi) was administered intravenously and 10 min after
injection, a 10 min 3-dimensional (3D) PET acquisition was performed and a 47-slice
helical CT pre-scan image was obtained for attenuation correction of PET data. PET
sinograms were reconstructed with a fully ordered-subset expectation maximization (3D-
OSEM) algorithm.

The 18F-DOPA PET scan was registered to intra-operative or pre-operative T1- and T2-
weighted MRI scans using MIM Maestro™ (MIM Software, Cleveland, OH) and transferred
to the Stealth Station™ Neuronavigation System (Medtronic Sofamor Danek, Memphis,
TN). Subsequently, 1 to 3 locations of PET and MRI concordance and discordance were
stereotactically biopsied for each patient during the course of resection. A 10 mm diameter
region of interest (ROI) was selected around each biopsy coordinate and analyzed for
median tumor standardized uptake value (SUVmedian) by an experienced radiation
physicist.

LAT1 immunofluorescence

A Mayo Clinic neuropathologist evaluated the H&E stained biopsy samples according to
World Health Organization criteria and defined sections with suitable tissue for LAT1
analysis. Formalin-fixed paraffin embedded sections were deparaffinized with xylene and
rehydrated with a series of alcohol washes. Antigen retrieval was performed using 10 mM
sodium citrate (pH 6.0) for 30 min. Samples were blocked with 10 % goat serum in PBS
supplemented with 0.1 % Tween-20 for 30 min at room temperature. Anti-LAT1
(Epitomics, Burlingame, CA) primary antibody was added at a concentration of 1:100 and
incubated for 2 h at room temperature. After washing, samples were incubated with a
secondary Cy5-labeled antibody and counterstained with DAPI (4,6,-diamidino-2-
phenylindole). The slides were visualized using a Zeiss LSM 510 confocal laser scanning
microscope and LAT1 expression was semi-quantitatively graded according to the following
system: (=) for no LAT1 expression, (+) for minimal staining, (++) for patchy, moderately
diffuse staining, and (+++) for widely diffuse LAT1 staining. Correlation between 18F-
DOPA PET SUVmedian and LAT1 expression was performed using the Mann-Whitney U
test.
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Endogenous LAT1 expression and 3H-.-DOPA uptake in human glioma lines

LAT1 expression was evaluated in a panel of five human glioma cell lines by Western
blotting and qRT-PCR. One established cell line (T98) and two primary xenograft lines
(GBM22 and GBM28) had readily detectable LAT1 and one established cell line (U87) and
one primary xenograft line (GBM6) had relatively low LAT1 expression (Fig. 1a, b).
Specifically, LAT1 expression was significantly lower in U87 (16 % of T98 expression, P <
0.001; 14 % of GBM28, P < 0.01) and GBM6 (14 % of T98, P < 0.001; 12 % of GBM28, P
< 0.05). Corresponding with the low LAT1 expression in these two lines, 3H-.-DOPA
uptake was significantly lower in U87 (26 % of T98 uptake, P < 0.001; 33 % of GBM28, P
< 0.05) and GBM6 (28 % of T98, P < 0.01; 35 % of GBM28, P < 0.01; Fig. 1c). To
summarize, GBM cell lines with low LAT1 expression had significantly less 3H-.-DOPA
uptake as compared to cell lines with readily detectable LATL.

Knockdown of LAT1 reduces 3H-.-DOPA uptake in human glioma lines

The influence of LAT1 expression on .-DOPA uptake was specifically investigated using
RNA interference-mediated LAT1 knockdown in both T98 and GBM28 cells. Lentiv-irally
delivered shRNA significantly reduced LAT1 protein expression (Fig. 2a). At the mMRNA
level, LAT1 shRNA reduced LAT1 expression by 83 % in T98 (P < 0.001) and 74 % in
GBM28 (P < 0.001) as compared to the NT shRNA control (Fig. 2b). Knockdown of LAT1
expression was associated with a significantly lower 3H-.-DOPA uptake by 57 % in T98 (P
< 0.0001) and 52 % in GBM28 (P < 0.001, Fig. 2c). To compliment the ShRNA data, LAT1
RNA interference was performed in T98 using three different sSiRNA oligonucleotide
sequences. Significant reaching maximal knockdown at 72 h (Fig. 3a). Relative to NT
SiRNA control-treated samples, 3H-.-DOPA uptake was reduced by 58 % in siRNA #1 (P =
0.07), 68 % in siRNA #2 (P = 0.007), and 58 % in siRNA #3 (P = 0.03; Fig. 3b). These
results demonstrate that LAT1 is an important mediator of 3H-.-DOPA uptake in GBM in
vitro.

Correlation of 18F-DOPA uptake with LAT1 expression in patient astrocytoma tissue

The relationship between LAT1 expression and 18F-DOPA uptake was further explored as
part of a larger 18F-DOPA imaging study in which image-guided biopsy samples were
obtained from regions of different 18F-DOPA uptake in patients with newly diagnosed
astrocytomas (Fig. 4a). Pathologic review of the biopsy samples defined 2 patients with
grade Il (4 samples), 2 with grade 111 (4 samples), and 2 with grade IV (4 samples)
astrocytomas, for a total of 12 unique biopsy samples in 6 patients. LAT1
immunofluorescence was performed on all 12 biopsy samples (Fig. 4b, ¢). Semi-quantitative
LAT1 expression scoring revealed no (=) staining in one, (+) staining in five, (++) staining
in four, and (+++) staining in two samples. There was a marginally significant trend toward
increasing LAT1 expression with higher pathologic grade (P = 0.054). Median SUV from
the biopsy region for these 12 biopsy sites ranged from 0.93 to 3.68. Analysis with the
Mann-Whitney U test revealed a statistically significant positive correlation between 18F-
DOPA PET SUVmedian and LAT1 expression (Fig. 5; P = 0.04). These findings confirm
the potential importance of LAT1 as a mediator of 18F-DOPA uptake in newly diagnosed
astrocytomas.

Discussion

PET imaging is commonly used in oncology to accurately define tumor extent in a wide
variety of malignancies. While 1F-FDG is a frequently used PET tracer, the high rate of
glucose metabolism in normal brain results in a high background of FDG uptake that limits
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its utility for imaging brain tumors [15]. In comparison, amino acid-based radiotracers, such
as 11C-MET or 18F-DOPA have relatively low brain uptake compared to tumor uptake, and
there is significant interest in using these novel radiotracers to more accurately define tumor
extent in conjunction with traditional MR imaging [2, 16]. Specifically, our group and others
have demonstrated that regions of detectable 18F-DOPA PET uptake can extend
significantly beyond the T1 with contrast or T2/FLAIR volumes [1-3, 17]. The focus of the
current study was to define whether LAT1 influences tumor uptake of 18F-DOPA.
Expression levels of LAT1 in human glioma cell lines and patient tumor biopsies varied
significantly, but positively correlated with 3H-.-DOPA and 18F-DOPA uptake, respectively.
Moreover, shRNA and siRNA knockdown of LAT1 significantly suppressed 3H-.-DOPA
uptake in vitro. Collectively, these data suggest LAT1 as an important transporter of 18F-
DOPA in human astrocytomas.

LAT1 is an important mediator of large neutral amino acid transport across cell membranes.
LAT1 is expressed in the endothelial cells comprising the blood—brain barrier to facilitate
uptake of neutral amino acids into brain tissue [6], but overall expression is quite low in
normal brain [11, 12]. In comparison, LAT1 expression levels correlate with tumor grade for
astrocytomas, which may reflect the increased cellular demands for amino acids associated
with rapid tumor growth [10-12]. Previous studies have correlated LAT1 expression with
uptake of 11C-MET and 14C-.-leucine in human gliomas [10, 18], and .-DOPA, .-leucine,
and other large neutral amino acids in various normal tissues [6-8, 19]. The current study is
the first to clearly link LAT1 function to the level of 3H-.-DOPA and 18F-DOPA
accumulation in gliomas. These data suggest that changes in LAT1 expression can have a
significant impact on 18F-DOPA uptake in clinical PET imaging. Nonetheless, there are
likely additional factors that drive 18F-DOPA uptake and retention within cells. Despite
robust knockdown of LAT1 expression in T98 and GBM28 cells, 3H-.-DOPA uptake was
only reduced by approximately 50-70 %. Similarly, in previous studies, approximately 90 %
suppression of LAT1 mRNA levels lowered melphalan influx only by 58 % in HeLa cells
and 14C-.-leucine uptake by 58 % in KB oral cancer cells [20, 21]. Radiotracer accumulation
within cells reflects both transport across the cellular membrane and then subsequent
metabolism to trap the tracer within the cell. While a detailed analysis of 18F-DOPA
metabolites and their function is beyond the scope of this paper, 18F-DOPA is converted

to 18F-dopamine, which may be retained in synaptic vesicles [22] or converted to 3-O-
Methyl-6-18F-fluoro-.-DOPA (OFMD) [22, 23]. Although metabolites have the potential to
confound our results, the effect is unlikely to be significant, as OFMD has similar uptake in
brain tumors to other 18F-labeled amino acids [24]. Subsequent metabolites are
decarboxylated and eventually lost via diffusion [22]. The minimal persistent accumulation
of 18F-DOPA in the current experiment might simply relate to residual LAT1 activity within
the cell membrane or alternate transport mechanisms, such as paracellular diffusion [25] or
activity of other amino acid transporters (LAT2) [26], in conjunction with cellular .-DOPA
metabolism that captures any 18F-DOPA that is effectively transported across the membrane
[7]. Additional studies are required to clearly define all the components that mediate 18F-
DOPA uptake in human gliomas.

Defining the relationship between LAT1 activity and 18F-DOPA accumulation provides an
important mechanistic link that can provide insight into biochemical factors that influence
the performance of 18F-DOPA imaging in tumors. There was a non-statistically significant
trend in the present study between LAT1 expression and tumor grade consistent with prior
reports that LAT1 expression correlates with tumor grade, proliferation, and poor prognosis
in many tumors including gliomas [10-12, 27-34]. Consistent with these data, regions of
high 18F-DOPA uptake correlate with glioma grade in a larger study being conducted at
Mayo Clinic (Pafundi et al. manuscript submitted). High-grade gliomas have extensive
regions of hypoxia, and previous studies provide conflicting data regarding the influence of
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hypoxia on LAT1 expression [35, 36]. Additional biochemical studies suggest that
mammalian target of rapamycin (mTOR), protein kinase C, platelet derived growth factor,
and androgen receptor signaling also can drive LAT1 expression. Conversely, LAT1-
mediated uptake of essential amino acids is important for robust mTOR activation in tumors
[37-39]. In light of the high level of LAT1 expression observed in many tumors, several
groups are exploring the therapeutic utility of cytotoxic LAT1 substrates [40-42]. Within the
context of these studies, our data demonstrating a mechanistic link between LAT1
expression and 18F-DOPA uptake suggest that 18F-DOPA imaging could be used to evaluate
signaling inhibitors that influence LAT1 expression or to select tumors for use of LAT1-
based novel therapeutic strategies.

Conclusion

This study demonstrates that LAT1 expression significantly correlated with 3H-.-DOPA
uptake in human gliomas in vitro and 18F-DOPA uptake in vivo. These results are the first
report of a relationship between 18F-DOPA uptake and LAT1 expression in human gliomas.
As additional factors driving LAT1 expression and other mediators of 18F-DOPA transport
are discovered, these data will provide researchers a more clear understanding of how 18F-
DOPA PET can be optimally deployed in the field of oncology.
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Fig. 1.

Er?dogenous LAT1 expression correlates with 3H-.-DOPA uptake in GBM. Expression of
LAT1 a mRNA by qRT-PCR and b protein by Western blotting is shown for the indicated 5
tumor lines. ¢ Uptake of 3H-.-DOPA was evaluated in vitro. Both the qRT-PCR and uptake
studies are normalized to T98 cells as a control and data are plotted as mean of at least three
independent experiments. Error bars are the standard error of the mean. (* P<0.05; 1 P <
0.01)
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Fig. 2.

Lentivirally delivered anti-LAT1 shRNA reduces 3H-.-DOPA uptake (b). Data shown
represents uptake in GBM. T98 and GBM28 were transduced with anti-LAT1 shRNA or
with non-targeting (NT) shRNA controls. Reduced protein levels are seen on Western blots
(a) and reduced mRNA is seen on gRT-PCR (b). Knockdown of LAT1 significantly
reduced 3H-.-DOPA uptake in both T98 and GBM28 (c). The data shown represents at least
three independent experiments. Data are plotted as the mean + SE of the mean of
independent experiments with results normalized to NT shRNA vector transduced cells (* P
< 0.001)
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RNA interference by three anti-LAT1 siRNA sequences reduce 3H-.-DOPA uptake in GBM.
Robust protein knockdown (&) was achieved in T98 cells transfected with anti-LAT1 siRNA
compared with NT siRNA at 72 h. Reduction in LAT1 expression correlates with lower 3H-
.-DOPA uptake (b). Data shown represents three independent experiments. Data are plotted
as the mean = SE of the mean of independent experiments with results normalized to NT
SiRNA vector transfected cells (* P < 0.05; T P < 0.01)
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Fig. 4.

LAT1 expression correlates with 18F-DOPA SUVmedian in newly diagnosed human
astrocytoma. Biopsy samples were taken from regions of high (red outlined region) and low
(blue outlined region) 18F-DOPA uptake (a). Samples were then stained for LAT1 using
immunofluorescence (green, Cy5-Latl; blue, DAPI-nuclei). Regions of low (b) or high

(c) 18F-DOPA uptake demonstrated corresponding low and high LAT1 expression,
respectively

J Neurooncol. Author manuscript; available in PMC 2014 January 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Youland et al. Page 15

4
P=0.04
B
3 -
[ e
8 T
®
£ 2
> A
=
» q- -
0 I 1 |
- + ++ +++

LAT1 Expression

Fig. 5.
Semi-quantitatively graded LAT1 expression was statistically significantly correlated
with 18F-DOPA SUVmedian by Mann-Whitney U test (P = 0.04)
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