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For decades, sodium/iodide symporter NIS-mediated iodide uptake has played a crucial role in the radioactive
ablation of thyroid cancer cells. NIS-based gene therapy has also become a promising tool for the treatment of
tumors of extrathyroidal origin. But its applicability has been hampered by reduced expression of NIS, resulting
in a moderated capacity to accumulate 3! and in inefficient ablation. Despite numerous preclinical enhancement
strategies, the understanding of NIS expression within tumors remains limited.

This study aims at a better understanding of the functional behavior of exogenous NIS expression in the context
of malignant solid tumors that are characterized by rapid growth with an insufficient vasculature, leading to
hypoxia and quiescence. Using subcutaneous HT29NIS and K7M2NIS tumors, we show that NIS-mediated uptake
and NIS expression at the plasma membrane of cancer cells are impaired in the intratumoral regions. For a better
understanding of the underlying molecular mechanisms induced by hypoxia and quiescence (separately and in
combination), we performed experiments on HT29NIS cancer cells. Hypoxia and quiescence were both found to
impair NIS-mediated uptake through mechanisms including NIS mis-localization. Modifications in the expression
of proteins and metabolites involved in plasma membrane localization and in energy metabolism were found
using untargeted proteomics and metabolomics approaches.

In conclusion, our results provide evidence that hypoxia and quiescence impair NIS expression at the plasma
membrane, and iodide uptake. Our study also shows that the tumor microenvironment is an important parameter
for successful NIS-based cancer treatment.

Introduction

The sodium/iodide symporter (NIS) is a glycoprotein that is located
at the basolateral membrane of thyrocytes and that mediates the active
transport of iodide for thyroid hormone synthesis [1-3]. For decades,
NIS-mediated iodide accumulation in the thyrocytes has been a useful
tool for the diagnosis and treatment of thyroid cancer [4-6]. It is well
established that thyroid tumor cells mediate reduced iodide uptake [71,
allowing the use of several gamma emitter substrates of NIS (1231 and
99mTe) for the diagnosis of thyroid tumor cells by scintigraphy, i.e. of
malignant cold nodules. However, thyroid carcinomas are mainly differ-
entiated (DTC), with preserved NIS expression and iodine uptake ability
[8]. After total thyroidectomy, the remaining NIS expression then allows
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for radioiodine ablation of metastases and residual thyroid tissue using
131,

After the identification of the NIS-encoding genes [9-11], iodide up-
take could be evoked in non-thyroid cancer cells using gene therapy
approaches. The resulting induced iodide uptake enabled noninvasive
imaging of gene transfer monitoring and radioiodine ablation of tar-
geted cells [12,13,14]. However, while promising results were obtained
in preclinical trials on multiple myelomas [15, 16] and on hepatic carci-
nomas [17], other attempts failed to yield sufficient radioactive uptake
for complete tumor cell ablation when applied to in vivo tumor models,
despite the eradication of the same cell lines in vitro [18-21]. Clinical tri-
als confirmed that the applicability of radioiodine to treat non-thyroidal
neoplasms was hampered by the heterogenous NIS expression within le-
sions, resulting in a reduced capacity of such tumors to accumulate 1311
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[22, 23]. In this context, one should note that most of these in vivo as-
says were based on the use of subcutaneous xenograft tumors obtained
after injection of cell lines, the predominant mouse solid tumor model
[24].

In order to achieve efficient ablation using the maximal tolerable ra-
dioiodide activity, several strategies have been explored to improve NIS
expression, NIS-mediated radioactive uptake and radiobiological effects.

For more than a decade now, research has been undertaken to un-
ravel the post-transcriptional regulation of NIS [25-29]. Together with
other groups, we have studied the higher iodide uptake ability of the
rodent NIS compared to that of the human protein [30, 31], as well
as the key molecular events involved in the post-translational regula-
tion of NIS that could improve its localization at the plasma membrane
[1,6,32,33]. To date, however, the underlying molecular mechanisms
remain incompletely understood and transferring the rodent gene into
patients may trigger deleterious immune responses. In this context, we
recently provided evidence that achieving more uniform radioisotope
ablation within xenografts using nanomedicine may help overcome re-
sistance and reduce administered activities of radioactive iodine [34].
Our data, however, failed to address how tumor characteristics, in par-
ticular the tumor microenvironment, could influence the level of mem-
branous NIS expression.

Attempts to increase radioactive retention by co-expression of NIS
and exogenous thyroperoxidase [35,36,37] have been implemented,
but they have produced insufficient synergistic benefits. Enhancement
strategies were also developed to increase the dose in situ using either ra-
dioactive substrates with higher destructive potential such as the alpha-
particle emitter 211At[38,39,40] and the beta-emitting radiometal 188Re
[41,42,43] or by various radio-sensitizing approaches [34,44,45]. Im-
proving exogenous NIS expression within non-thyroidal neoplasms has
also been largely explored through direct protein delivery [46] and var-
ious gene transfer strategies. Among these are viruses [1, 47,48], nonvi-
ral gene delivery vectors [49,50] and more recently, stem cell-mediated
gene delivery approaches [1, 51-54]. However, so far, despite encour-
aging results, such strategies still have to overcome practical limitations
to their efficacy and clinical translation.

Most of the studies were carried out on both cultured cells and
xenograft models using the same cell lines. As of today, few studies have
been performed to evaluate the relevance of preclinical models and the
use of subcutaneous xenograft mouse models in particular. However, us-
ing a hypoxia-responsive promoter and mesenchymal stem cell target-
ing, Muller and collaborators found significant tumor growth inhibition
after application of a therapeutic dose of radioiodine in an orthotopic
model, but not in a subcutaneous model [51].

In order to gain a deeper understanding of how the tumor microen-
vironment may influence NIS subcellular localization and uptake ability
within tumors, we combined microSPECT/CT imaging and immunohis-
tochemistry on models of rapidly-growing malignant solid tumors in
which NIS was stably inserted. Our results show that both uptake and
NIS expression are heterogeneously localized in HT29NIS xenografts,
with higher expression observed in the proliferative and vascularized
regions. To get a comprehensive overview of the effects of the microen-
vironment on NIS expression and localization, post-translational NIS
regulation and metabolic changes within tumor cells, we performed ra-
dioiodine uptake, immunofluorescence, proteomics and metabolomics
analyses on tumor cells cultured in conditions evoking hypoxia, nor-
moxia, proliferation or quiescence. These observations may provide the
basis for an improved understanding of the underlying molecular mech-
anisms.

Materials and methods
Cell culture

HT29, K7M2, and DHD cells were grown in Dulbecco’s Modi-
fied Eagle’s medium (DMEM, Gibco 31966-021) supplemented with
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10% Fetal Bovine Serum (FBS, PAA, Gold A11-151), and 0.01 mg/ml
penicillin/streptomycin (Gibco, Thermo Fischer Scientific, Courtaboeuf,
France).

NIS-expressing cell lines

NIS-expressing cell lines were established after transfection of human
colon carcinoma HT29 cells (ATCC HTB-38, LGC Standards, Molsheim,
France) and of murine osteosarcoma K7M2 cells (ATCC CRL-2836) with
the eukaryotic expression vector pcDNA3.1-mNIS [10]. Stable clones
(HT29NIS) were selected as described [55].

Animal studies

Animal housing and procedures were in accordance with the guide-
lines of the French Agriculture Ministry and were approved by the local
ethics committee (Ciepal NCE/2015-223). For the induction of tumors,
HT29NIS cells (2 x 10° cells) or K7M2NIS cells were subcutaneously in-
jected (5% 105 cells) in the back of 7-week-old SCID mice (Harlan, Gan-
nat, France). SPECT imaging and immunohistochemistry experiments
were performed when the tumors reached a diameter between 0.5 and
1 cm.

In vivo SPECT/CT imaging

Animals were administered activities of 20MBq °°™TcO4~ intraperi-
toneally. Images of the tumor uptake were obtained using a dedicated
microSPECT/CT scanner (eXplore speCZT CT120, General Electric) as
previously described [55]. Reconstructed images were analyzed and
quantified using AMIDE software. Uptakes were expressed as percent-
ages of the injected activity after decay correction.

Immunohistochemistry

Formalin-fixed, paraffin-embedded tumor tissue sections were
stained using a rabbit polyclonal anti-NIS antibody (antibody 25, see
[56]) followed by HRP-conjugated anti-rabbit antibodies and a 3,39-
diaminobenzidine (DAB) co-substrate. The sections were counterstained
with Harris hematoxylin (Sigma-Aldrich) before image acquisition.

In vitro proliferation assays

Proliferating cells (cells with a normal rate of cell division) were
obtained by seeding 2 x 10® HT29 or HT29NIS cells in low confluence
(10%) in DMEM supplemented with 10% FBS for 24 h. Upon reach-
ing 50% confluence, cells were processed for the experiment. Quiescent
cells (non-proliferative cells in reversible-rest state) were obtained by
seeding 10 x 10% HT29 or HT29NIS cells (at 50% confluence) in DMEM
medium supplemented with 0.1% FBS for 48 h [57] Cells were grown
under hypoxic conditions (1% oxygen for 24 h in hypoxia chamber 200
INVIVO2 Hypoxia Workstation (Ruskinn Technology Ltd, UK)) or nor-
moxia (21% oxygen).

Cell viability analysis

Cell viability was assessed using the trypan blue dye exclusion test;
cells were stained and counted as described [58].

Iodide uptake assays

Iodide uptake in whole cells was performed according to [31] with
30 M Nal and 1251, Measurements were made after 1 h in the presence
or the absence of 100 mM perchlorate, a NIS inhibitor. The radioactivity
was measured using a gamma counter (BioTraces, Herndon, Virginia,
USA).
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NIS protein expression analysis

For Western blot analysis, tumor cell membrane proteins were sub-
jected to electrophoresis as previously described [31]. Immunodetection
was performed with anti-mNIS antibody 25 or with an anti-g-actin anti-
body (Sigma), followed by anti-rabbit or anti-mouse secondary antibod-
ies, respectively (references 31460 or 31430, Thermo Fisher Scientific).

Immunofluorescence

Tumor cells plated in 24-well format were grown for 24 h in different
growth conditions (normoxic or hypoxic; proliferative or quiescent) be-
fore being fixed (4% PFA and 0.02% glutaraldehyde) and permeabilized
(0.1% triton). After a blocking step (BSA 1%), immunofluorescence la-
belling was performed using anti-mNIS antibody 25 as previously de-
scribed [31]. Nuclei were stained with Hoechst 33342. Fluorescence
images were captured and analyzed using a Cytation 3 imaging reader
(BioTek instruments, Inc.).

Proteomic analysis

Proteins from the cancer cells were extracted as previously described
for Western blot analyses. Methods were as reported previously (59) and
are detailed in the supplementary information.

Metabolomics analysis

Plated cells were rinsed twice with a cold sucrose solution (150
mM), and cold methanol was added to each well. Plates were incu-
bated overnight at —20 °C. After centrifugation at 15000 g for 15 min,
supernatants were removed and dried using a SpeedVac concentrator.
Metabolic profiling was performed using LC-MS/MS as previously de-
scribed [59]. Detailed procedures are provided in supplementary infor-
mation.

Statistical analysis

For the iodide uptake assay and NIS protein expression, the re-
sults shown are the average + SD (n=3). One-factor ANOVA followed
by the Posthoc-Bonferroni method were applied for all comparisons,
as appropriate. p <0.05 was considered as significant. For proteomics
and metabolomics, all experiments were performed in four independent
replicates. Proteins and metabolites between groups were considered
significantly different when p <0.05, up-regulated when fold change >2
and down-regulated when fold change <0.5.

Results

NIS-mediated uptake and NIS expression are not homogeneous in tumor
Xxenografts

As shown in the representative images in Fig. 1(A)—(C), micro-SPECT
imaging clearly showed that 99mTc pertechnetate uptake was mainly lo-
cated at the external border of the HT29NIS tumors. Such a pattern was
observed in all HT29NIS tumors with a diameter above 5 mm. A simi-
lar pattern of uptake was observed in tumor xenografts developed from
other cell lines stably expressing exogenous NIS, murine osteosarcoma
K7M2NIS cells (Fig. 1(D)-(F)) or rat colon cancer DHDNIS cells (data
not shown).

Interestingly, the pertechnetate uptake observed within peripheral
areas of subcutaneous tumors in vivo (Fig. 1) was correlated with NIS
expression as determined by immunohistochemistry. As illustrated in
Fig. 2(A), stronger NIS immunostaining was observed at the plasma
membrane of the cancer cells that are located at the border of the tumors
(Fig. 2(D)) and that exhibit higher mitotic activity (Ki-67) (Fig. 2(B) and
(F)). A weaker and more diffuse NIS expression was observed in the in-
ternal areas of the tumors (ratio=1.61, p <0.005, supplementary Fig.
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1(A)), associated with lower percentages of Ki-67-positive tumor cells
(Fig. 2(G)) (2.38% versus 18.61% for the internal and external areas,
respectively p<0.001, supplementary Fig. (1B)). In the necrotic central
areas of the tumors, NIS staining was lost (Fig. 2(A)). Peripheral pro-
liferative areas were further confirmed by higher expression levels of
carbonic anhydrase IX (CAIX) (supplementary Figure 1C). CAIX expres-
sion was associated with proliferative HT29 cells in a study using similar
xenografts [60]. Internal areas of the tumor showing a weak NIS stain-
ing also displayed a strong HIF-1 immunostaining, suggesting hypoxic
zones (Fig. 2(C) and (H)). Taken together, our results indicate that a
weaker and more diffuse NIS expression in the internal parts of the tu-
mor is associated with cancer cells exhibiting a lower proliferative status
in a more hypoxic environment.

The vascularity and the perfusion of subcutaneous HT29-NIS tumors
were also studied using ultrasounds. As shown in a representative illus-
tration in Supplementary Fig. 2, tumors exhibited marked heterogeneity
in blood perfusion, ranging from no or low perfusion in the center of the
tumors to an increased perfusion towards the tumor periphery.

These results indicate that reductions in 9™Tc pertechnetate uptake
and NIS expression in xenografts could be associated with tumor regions
exhibiting reduced blood perfusion and proliferation, evoking hypoxic
and quiescent tumor microenvironments.

NIS-mediated iodide uptake is decreased by hypoxia and quiescence in
cultured HT29NIS cells

We also studied NIS expression in cultured colorectal cancer cells
grown in conditions mimicking hypoxia and quiescence.

Hypoxia of cultured cells was induced after incubation for 24 h in
the presence of 1% oxygen in a dedicated incubator (control conditions
are in the presence of 21% oxygen). Quiescent cells were induced by
higher cell confluence combined with a reduced percentage (0.1%) of
fetal bovine serum (FBS) in the culture media. As a control, proliferative
cells were at low confluency (~10%) and the media contained 10% FBS.
In HT29NIS cells, a significative decrease (approximatively 20 percent)
in cell viability was induced by quiescence and hypoxia (see Supplemen-
tary Fig. 3). In contrast, under similar culture conditions, the parental
cell line HT29 (that does not express NIS) did not exhibit any decrease
in cell viability. We also verified that a quiescent state was induced in
our experimental conditions by measuring the expression of p27 pro-
tein, a negative regulator of cell cycle progression at G1. This protein
is present at higher levels in quiescent cells and it is reduced in cells
in a proliferative state (see Supplementary Fig. 4). In addition, results
from our metabolomics experiments (see final results section) further
demonstrated that our experimental conditions were mimicking hypoxia
and quiescence. We verified that a hypoxic state was evoked in our ex-
perimental conditions by analyzing two proteins, Pyruvate Kinase M2
(PKM2) and Lactate Dehydrogenase A (LDHA), s that are up regulated
by hypoxic conditions (Supplementary Fig. 5).

NIS-mediated iodide uptake assays were performed in prolifera-
tive and quiescent HT29NIS cells under normoxic and hypoxic con-
ditions. As shown in Fig. 3, hypoxic conditions induced a signifi-
cant reduction (50%=+4) in NIS-mediated iodide uptake in prolifera-
tive cells. In addition, quiescence also significantly reduced (54%=2)
NIS-mediated iodide uptake in normoxic conditions. Finally, iodide up-
take was markedly decreased (91%=+1) in quiescent cells under hypoxic
conditions. In conclusion, our results indicate that hypoxia and quies-
cence induce cumulative impairments of NIS-mediated iodide uptake in
HT29NIS cells.

Subcellular localization of the NIS protein is altered in hypoxic and
quiescent conditions

To further assess the mechanisms underlying the reduction in NIS up-
take induced by hypoxia and quiescence, NIS protein expression, mRNA
levels and subcellular localization were studied.
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Fig. 1. %°™Tc pertechnetate uptake ability of subcutaneous HT29NIS and K7M2NIS tumors. Human colon cancer HT29NIS cells or murine osteosarcoma K7M2NIS
cells expressing NIS were subcutanously inoculated into nude mice NOD SCID. Twenty-seven days after inoculation, serial SPECT/CT scans were performed. Mice
received an intraperitoneal injection of 100 MBq *™TcO, and, 60 minutes after, mice were imaged with a microSPECT/CT camera (eXplore speCZT, General Electric).
Transverse (A, D), coronal (B, E) and sagittal (C, F) slices were obtained from fused SPECT/CT images of the tumor area.

Immunoblotting and quantitative-RT-PCR experiments were per-
formed on proliferative and quiescent HT29NIS cells cultured under
normoxic and hypoxic conditions. As illustrated in Supplemental Fig.
6(A), NIS expression by proliferative HT29NIS cells was reduced (1.5-
fold) in hypoxic conditions compared to normoxic conditions. A similar
decrease induced by hypoxic conditions was observed (1.75-fold) in qui-
escent cells. Quantitative-RT-PCR results also showed a 2-fold reduction
in mRNA levels induced by hypoxic conditions in both quiescent and
proliferative cancer cells (Supplemental Fig. 6(B)). Our results indicate
that hypoxia but not quiescence induces a decrease of NIS-protein ex-
pression in HT29NIS cells.

NIS subcellular localization was compared in proliferative and quies-
cent HT29NIS cells under normoxic and hypoxic conditions. Represen-
tative immunocytochemistry analyses are shown in Fig. 4. In prolifera-
tive HT29NIS cells cultured under normoxic conditions (HT29NIS-NP),
NIS expression appeared to be mainly located at the plasma membrane
(see zoomed image). In contrast, NIS staining in proliferative HT29NIS
cells under hypoxic conditions (HT29NIS-HP), was predominantly lo-
cated in the cytosol and accumulated in intracellular areas. In quiescent
HT29NIS cells under normoxic conditions (HT29NIS-NQ), NIS-specific
immunostaining was dispersed in the cytosol of the cells and plasma
membrane staining was rarely visible. Finally, for quiescent HT29NIS
cells in hypoxic conditions (HT29NIS-HQ), NIS protein appeared both
diffuse in the cytosol and accumulated in intracellular areas. NIS-specific
immunostaining was virtually absent at the plasma membrane. In con-
clusion, our results indicate that hypoxia and quiescence impair NIS-

protein expression at the plasma membrane of HT29NIS cells and induce
distinct patterns of NIS subcellular localization, suggesting that the un-
derlying mechanisms that drive changes in localization are diverse.

Hypoxic and quiescent conditions induce proteome modifications

The molecular mechanisms underlying NIS retention induced by hy-
poxia and quiescence were assessed by proteomics experiments on pro-
liferative and quiescent HT29NIS cells cultured under normoxic or hy-
poxic conditions. Variations of protein expression and related pathways
are shown in Supplementary Data 1 and Supplementary Fig. 7. As shown
in the Venn diagram in Fig. 5(A), most of the significant protein upreg-
ulations are related to the quiescence state, but they differ according to
hypoxic or normoxic conditions. The Venn diagram in Fig. 5(B) shows
that significatively downregulated proteins were mainly found when hy-
poxic quiescent cells were compared to normoxic quiescent cells. The
heatmap in Fig. 5(C) illustrates the significant variations in the expres-
sion level of the proteins involved in relevant pathways. Glycolysis-
related protein levels were increased in proliferative cells under hy-
poxic conditions and in quiescent cells under normoxic conditions. As
expected from hypoxic conditions, HIF1 signaling was significantly in-
duced in proliferative cells under hypoxic conditions (Fig. 5(C) and sup-
plementary data 1). Also, as expected, the levels of the proteins of the
cell cycle pathway were reduced in quiescent cells (Fig. 5(C) and supple-
mentary data 1). In addition, levels of TriCarboxylic Acid (TCA)-cycle-
related proteins were increased in quiescent cells. For HIFla, sirtuin and
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Fig. 2. Representative immunohistochemistry detection of the NIS protein, Ki-67 and HIF-1alpha in subcutaneous HT29-NIS tumors. Colon cancer cells expressing
NIS (2 x 106) were subcutaneously inoculated into NOD SCID nude mice. Mice were sacrificed twenty-seven days after inoculation. (A) NIS immunostaining displays
higher protein expression in the border of the tumor (D) and weaker and more diffuse expression in the more internal regions (E), no expression within necrotic
areas (N). (B) Representative images of Ki-67 staining showing peripheral proliferative activity within HT29NIS (F) and low mitotic activity in internal areas (G).
Higher HIF-1 immunostaining was observed in internal regions of the tumor surrounding necrotic areas, (H).

EIF2 signaling, most of the related proteins showed higher levels in qui-
escent cells in hypoxic conditions. As expected, lower levels of cell-cycle-
related proteins were linked to quiescence. Cellular trafficking, actin-
cytoskeleton-related proteins were found to be upregulated in quies-
cent cells under normoxic conditions. However, for Calveolar-mediated-
endocytosis, epithelial-adherens-junction, phagosome-maturation and
clathrin-mediated-endocytosis pathways, related proteins showed re-
duced expression in quiescent cells under hypoxic conditions. The Venn
diagram in Fig. 5(D) summarizes all the significantly- impacted path-
ways.

Hypoxic and quiescent conditions induce modifications of the metabolome

Metabolomics studies were undertaken to gain further insight into
the molecular mechanisms underlying NIS retention induced by qui-

escence and hypoxia. Data variations in metabolite levels and related
pathways are shown in Supplementary Data 2. Supplementary Fig. 8
summarizes significant metabolite variations. In Fig. 6(A), the heatmap
indicates variations of the metabolites related to glycolysis and TCA-
cycle pathways. Our results show that pyruvic acid is increased in qui-
escent cells under normoxic conditions and decreased in quiescent cells
under hypoxic conditions. Lactic acid is increased in quiescent cells in
hypoxic and normoxic conditions. Most metabolites of the TCA-cycle are
decreased in quiescent cells under hypoxic conditions. All the pathway
analysis results are summarized in Fig. 6 using Venn diagrams. Fig. 6(B)
shows the modified pathways in the different conditions compared to
proliferative cells in normoxic conditions. Supplementary Fig. 9 com-
pares quiescent cells in hypoxic conditions to all other conditions). This
analysis suggests that quiescence induces significantly more changes in
the metabolic pathways than hypoxia. Hypoxia induces increases of cer-
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tain amino acid levels (for example, arginine and lysine) in proliferative
cells and decreases of others (aspartate and glutamate) in quiescent cells.
Our metabolomics experiments provide preliminary results regarding
the changes in cellular metabolism that are induced by our experimen-
tal conditions.

Discussion

The applicability of NIS gene therapy for tumors of extrathyroidal
origin has been hampered by the heterogenous NIS expression within
tumors resulting in a reduced radioiodide uptake ability and treat-
ment efficacy. In the present study, we addressed whether the het-
erogeneous expression and uptake of NIS could be correlated to the
heterogeneous characteristics of tumors in terms of hypoxia and qui-
escence, two key features of the tumor microenvironment. By devel-
oping several xenograft models with exogenous NIS-expressing-cancer
cells, we showed that NIS-mediated radioiodide uptake and NIS local-
ization at the plasma membrane of cancer cells are impaired in intra-
tumoral areas exhibiting hypoperfusion, a well-known inducer of hy-
poxia and quiescence. In line with this observation, a lower uptake
ability of the xenograft was observed in areas of the tumor present-

MERGE

ZOOM

Fig. 4. Subcellular localization of NIS protein by immunofluorescence in proliferative HT29NIS cells in normoxic conditions (HT29NIS-NP), proliferative HT29NIS
cells in hypoxic conditions (HT29NIS-HP), quiescent HT29NIS cells in normoxic conditions (HT29NIS-QP) and quiescent HT29NIS cells in hypoxic conditions
(HT29NIS-HQ). As a negative control wild type HT29 cells (HT29WT) are also shown.
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Fig. 5. Variation in protein levels of proliferative HT29NIS cells in normoxic conditions (NP), proliferative HT29NIS cells in hypoxic conditions (HP), quiescent
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regulated proteins. (C) Heat map of the significantly changed protein levels related to selected pathways. Green indicates higher levels and red indicates lower levels.
(D) Venn diagram of significantly altered pathways. Only significantly altered pathways compared to NP are shown. A value of p <0.05 was considered significant.
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ing a lower proliferative (Ki-67) index as well as a higher HIF-1 al-
pha staining for hypoxia. Given the complexity in analyzing the sep-
arate and combined influence of hypoxia and quiescence on NIS ac-
tivity and proper localization at the plasma membrane using in vivo
models, we then performed in vitro studies on the HT29NIS cancer cell
line. The effects of hypoxia and quiescence, separately and in combina-
tion, on NIS uptake ability, subcellular localization, and expression were
therefore assessed in NIS-expressing cancer cells. In addition, to get a
better understanding of the underlying molecular mechanisms through
which hypoxia and quiescence may impair NIS function, we also un-
dertook untargeted proteomics and metabolomics analyses. Altogether,
our data provide evidence that both hypoxia and quiescence impair NIS-
mediated uptake and NIS expression at the plasma membrane of cancer
cells. More precisely, NIS activity is inhibited by both factors to a dif-
ferent extent and through distinct patterns of mis-localization of the
protein to intracellular compartments. Proteomics and metabolomics
experiments provided preliminary molecular features that are re-
lated to post-translational NIS regulation induced by hypoxia and/or
quiescence.

Quiescence induced many changes in the HT29NIS cell proteome, in
particular and as expected, a reduction in the levels of proteins that are
related to cell cycle control of chromosomal replication. Modifications
were also observed in additional pathways (cellular metabolism, signal-
ing and trafficking). By contrast, hypoxia induced few global proteome
variations. Similar global changes of metabolic pathways were found be-
tween quiescence and hypoxia, which is consistent with the observation
that hypoxia is as a modulator of cell proliferation [61]. In addition,
a focus on the TCA-cycle (Fig. 7) showed that related enzymes were
mainly induced by quiescence. Slightly reduced levels in TCA-related
metabolites and pyruvic acid were found in proliferative cells under hy-
poxic conditions when compared to normoxic conditions, as expected.
Such metabolites exhibited increased levels in quiescent cells in nor-
moxic conditions when compared to proliferative cells, in correlation
with higher levels of the corresponding enzymes. Finally, TCA-related
metabolites and pyruvic acid levels were strongly decreased in quies-
cent cells under hypoxic conditions. The extent of this effect reveals
more than cumulative changes and could explain the decrease in the
cell viability. To our knowledge, no other “omic” study has been per-
formed using similar experimental conditions. Downregulation of the
temporal profiles of TCA-cycle enzymes in the transition from quies-
cence to proliferation in response to IL-3 was previously reported by
Lee and collaborators [62]. Although these results differ from ours, the
differences in both the experimental conditions as well as the cell lines
tested (non-malignant murine pro-B lymphocyte cell line), may account
for this apparent discrepancy.

In the clinic, the targeted radioactive iodine therapy of extrathy-
roidal tumors using hNIS as a therapeutic gene has been performed
through NIS transfer using an adenovirus vector in which NIS expres-
sion was driven by the cytomegalovirus (CMV) promoter. To gain better
insight into the mechanisms controlling NIS activity and subcellular lo-
calization within non-thyroidal tumor cells, we established cancer cells
in which NIS expression is under the control of the constitutive CMV
promoter [10]. Several lines of evidence from the literature suggest that
CMV promoter activity may vary according to different factors including
components from the tumor microenvironment. Using a human anaplas-
tic thyroid carcinoma cell line transfected with a plasmid encoding hNIS,
Kim and collaborators linked CMV promoter activation in response to
doxorubicin to that of NF-kB [63]. However, controversies exist sur-
rounding the link to hypoxia and quiescence. Both of these tumor mi-
croenvironment components were reported by D’Ignazio to induce NF-
kB activation [64], whereas reduced expression of proteins under the
CMV promoter was described to occur only in response to hypoxia by
the Wendland group [65]. In our study, western-blot analyses indicated
that NIS expression is reduced by hypoxia but remains unaffected by
quiescence. Although no variation in NIS-encoding RNA is expected in
response to quiescence, lower NIS-encoding RNA levels and other post-
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translational mechanisms may account for the decreased NIS-protein
level induced by hypoxia.

Parameters other than the CMV promoter activity may account for
the reduced expression of NIS at the plasma membrane of cancer cells.
The intracellular expression of NIS has already been reported in tumor
cells of different origins including breast cancer and thyroid [66-70]. Al-
though the strong intracellular staining observed in breast and thyroid
cancers proved to be mainly due to nonspecific binding of the antibod-
ies by our group [71], we cannot rule out that altered NIS localization
in thyroid cancer cells could contribute to lower its expression at the
plasma membrane and to reduce the NIS-mediated iodide uptake. NIS
localization at the plasma membrane has been reported to be tightly
regulated [6] and several sorting motifs have been proposed [6, 32],
but the underlying molecular mechanisms remain poorly understood.

Studies on different membrane proteins have provided evidence that
hypoxia modulates endocytosis, integrins and Na,K-ATPase [72]. In
alveolar epithelial cells, hypoxia-induced endocytosis of Na,K-ATPase
was shown to be mediated by mitochondrial reactive oxygen species,
PKC-zeta [73] and RhoA activation [74], suggesting that phosphory-
lation plays a role in Na,K-ATPase endocytosis. Phosphorylation sites
have also been identified on the NIS protein [75]. In addition, Kiang
and collaborators reported that hypoxia activates the phosphorylating
enzyme PKC [76]. Phosphorylation sites of NIS could therefore be in-
volved in hypoxia-induced NIS mislocalization. Although none of the
five phosphorylation sites of NIS studied by Vadysirisack appeared to
be involved in the regulation of the protein at the plasma membrane
[75], others may be involved and remain to be studied.

Glycosylation-dependent mechanisms have also been involved in
the membrane localization of hNIS and in its uptake activity [77].
Recently, a particular cellular metabolite (uridine diphosphate N-
acetylglucosamine ) was even shown to directly control endocytic traffic
proteins by regulating glycosylation [78], Of interest, we found levels
of this metabolite to be markedly increased in quiescent cells, suggest-
ing that quiescence could induce NIS endocytosis and reduce tumor cell
uptake ability.

Along this line, our proteomics analyses indicate a marked effect
of quiescence combined with hypoxia on the cellular trafficking path-
ways (i.e. Caveolar-mediated endocytosis signaling or phagosome matu-
ration). Interestingly, similar inhibitions in trafficking pathways (in par-
ticular Caveolar-mediated endocytosis and clathrin-mediated endocyto-
sis signaling) were previously reported by our group in thyroids where
the uptake ability was inhibited with either Nal or iodinated contrast
agents [79]. It is therefore tempting to speculate on the existence of com-
mon mechanisms controlling NIS localization and activity/inhibition be-
tween thyroid and NIS-expressing extrathyroidal cancer cells.

Beyond cellular trafficking, the tumor microenvironment may affect
protein degradation. Recent evidence demonstrates that autophagy is
associated with NIS expression at the plasma membrane in thyroid can-
cers [80] and that HMGB1-mediated autophagy could regulate NIS pro-
tein degradation [81]. Considering the cross talk between hypoxia and
autophagy mediated by HIFa and NF-xB [82], our results suggest that
such a mechanism could also be involved in reducing NIS-expression at
the plasma membrane in cells under hypoxic conditions. However, be-
cause autophagy is a dynamic process with autophagosomes constantly
forming and disappearing, analyzing the levels of key autophagic fac-
tors such as LC3 through proteomics was not appropriate to quantify
this phenomenon. Dedicated experiments will therefore be required to
measure the autophagic flux and assess its potential involvement in NIS
regulation

Although informative, our proteomic analyses failed to detect NIS
proteins and its post-translational modifications. Several key protein
modifications (phosphorylation, glycosylation, ubiquitination of tyro-
sine residues, etc.) have been described by different groups, including
our own, to critically affect NIS interactions with intracellular partners,
its subsequent proper localization on the plasma membrane, as well as
its activity [32, 75, 83]. Although beyond the scope of the present work,
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a study simultaneously addressing the transcriptional, translational, and
post-translational levels of NIS regulation in response to hypoxia and
quiescence could be very informative.

In poorly differentiated thyroid carcinoma, very low iodide uptakes
have been reported. Despite very low NIS-encoding RNA[84], the NIS-

posttranscriptional regulation by hypoxia and quiescence that occur
in thyroid tumor cells cannot be excluded as a contributing factor to
the complete lack of iodide uptake. In well-differentiated thyroid car-
cinomas (papillary carcinoma or follicular carcinoma), variable reduc-
tions in NIS-encoding RNA levels have been reported [84]. According
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to metabolomics studies on thyroid cancers, tumor cells have increased
glycolytic activity and decreased TCA cycle products that are related
to the Warburg effect and hypoxia [85]. We postulate that NIS target-
ing at the plasma membrane could be impaired in well-differentiated
thyroid tumors by molecular mechanisms similar to those described in
this study. Thus, the tumor microenvironment could promote lower NIS-
mediated iodide uptake in well-differentiated thyroid tumors and metas-
tases.Improving our understanding of the fine regulation of NIS may
have consequences of paramount importance for cancers with low ex-
pression of membranous NIS, in order to improve radioiodine therapy.

One limitation of NIS-mediated gene therapy is that, in most pre-
clinical studies, efficient radiotherapy requires radioactive doses pro-
portionally higher than those currently used in humans and consid-
ered to be safe. For most reported preclinical studies, xenografts de-
rived from tumor cell lines were used. Most of these cellular models
grow quickly and xenografts are likely to be similar to those described
in this study using HT29NIS cells. Quiescence and hypoxia could also
lead to lower exogenous NIS expression in such xenografts. As expected
from the rapid growth rate of these tumor cells lines, NIS expression in
xenografts could strongly vary in the different areas of the xenograft.
Using SPECT imaging, we observed similar iodide uptake limited to the
border of xenografts using NIS-expressing cell lines other than HT29NIS.
We can also speculate that quiescence and hypoxia are more prominent
in such xenografts than in most human neoplasms and may therefore
contribute to underestimate the antitumor effects using tumor cell line-
based preclinical models in NIS gene radiotherapy studies.

In conclusion, our study provides the first line of evidence that hy-
poxia and quiescence strongly impair NIS-mediated uptake by post-
transcriptional mechanisms that mainly alter NIS-protein expression at
the plasma membrane. The tumor microenvironment is complex and
additional studies exploring the link between microenvironment fac-
tors, signal transduction and metabolic pathways may help elucidate the
pathological mechanisms involved in NIS-mediated therapy. Our obser-
vations may have implications for the clinical management of patients
affected by differentiated thyroid carcinomas and non-thyroidal cancers,
where controlling environmental factors may potentiate the efficacy of
radioiodine therapy.
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