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ABSTRACT

Chasing an intriguing biological question on the disparity of sodium
iodide symporter (NIS, officially known as SLC5A5) expression and
function in the clinical scenario of breast cancer, this study addresses
key molecular defects involved. NIS in cancer patients has primarily
been recorded to be a cytoplasmic protein, thus limiting the scope for
targeted radio-iodine therapy. We developed NIS transgene-
overexpressing MCF-7 breast cancer cells, and found a few clonal
derivatives that show predominant expression of NIS in the plasma
membrane. The majority of clones, however, showed cytosolic NIS
expression over long passages. Cells expressing membranous NIS
show unperturbed dynamic trafficking of NIS through secretory
pathway organelles when compared to cells expressing cytoplasmic
NIS or to parental cells. Further, treatment of cells expressing
membranous NIS with specific glycosylation inhibitors highlighted the
importance of inherent glycosylation processing and an 84 gene
signature glycosylation RT-Profiler array revealed that clones
expressing NIS in their membrane cluster separately compared to
the other cells. We further confirm a role of three differentially
expressed genes, i.e. MAN1B1, MAN1A1 and MAN2A1, in regulating
NIS localization by RNA interference. Thus, this study shows the
important role of mannosidase in N-glycosylation processing in order
to correctly traffic NIS to the plasma membrane in breast cancer cells.

This article has an associated First Person interview with the first
author of the paper.

KEY WORDS: Sodium iodide symporter, NIS, SLC5A5, Protein
trafficking, Glycosylation, Mannosidase, Breast cancer

INTRODUCTION

In humans, sodium iodide symporter (NIS, officially known as
SLCS5AS) is the sole iodine pump protein present in certain cells —
such as thyroid follicular cells, gastric mucosa, salivary gland or
even lactating mammary gland cells — where iodine transport
through the cell barrier is important for normal organ function and
physiology (Riedel et al., 2001a). As a member of a solute carrier
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family of proteins, its localization on cell membrane is important for
its function and, possibly, governed by three putative N-linked
glycosylation sites at amino acid positions 225, 485 and 497 (Levy
etal., 1997). Abundant overexpression (80% positive cases) of NIS
in breast cancer has been reported worldwide (Chatterjee et al.,
2013; Ryan et al., 2011; Tazebay et al., 2000; Wapnir et al., 2003),
raising a hope of utilizing this endogenous protein in targeted radio-
iodine-based diagnostic imaging and/or therapy for patients. But,
over time, insufficient NIS levels on the plasma membrane
proved to be the bottleneck (Dutta and De, 2015). By using
immunohistochemistry to study NIS, is has been revealed that the
majority of breast cancer tissue shows cytoplasmic expression of
NIS, whereas control staining of normal thyroid or salivary gland
with the same monoclonal antibody shows the typical membrane
staining (Chatterjee et al., 2013). One important study with a
particular focus on analyzing the subcellular localization of NIS has
shown that, among all the positive breast cancer tissue specimens,
only 27% cases represented membrane localization (Beyer et al.,
2009). In fact, this study related the subcellular expression of NIS
to the disappointing clinical imaging results, which showed only
17-25% of breast cancer patients with visible radionuclide uptake
(Moon et al., 2001). Later, the same was confirmed by many others,
including us (Chatterjee et al., 2013; Renier et al., 2009).

To address this limitation, studies have attempted to identify
factors responsible for the membrane localization of NIS (Chung
et al,, 2015; Riedel et al., 2001b). Glycosylation is a post-
translational modification (PTM) that controls many biological
processes, such as protein folding, stability or subcellular
localization of proteins (Zhou et al., 2005). Defects in N-linked
glycosylation have been shown to be associated with impaired cell
surface expression of some membrane transporters (Weng et al.,
2013). The primary site for N-linked glycosylation in the cell is the
endoplasmic reticulum (ER), where the core glycan attaches to the
dolichol phosphate anchor in the lumen of the ER and is further
processed for folding. ER-resident chaperons, such as calnexin
and calreticulin, assist in recognizing the misfolded proteins and
then recruit other folding chaperons, e.g. PDI, which helps in
protein folding (Benyair et al., 2015). Folded proteins are then
allowed to exit the ER and enter the Golgi complex, where
maturation of glycoproteins takes place by final processing of
N-glycans that are generating either hybrid, complex or mannose-
rich type glycans. Only the mature form of proteins then migrate to
their destination (Aebi, 2013; Parodi, 2000). Thus, glycan
maturation and subsequent modifications are important for
folding and intracellular trafficking of glycoproteins. Since the
localization of NIS in the majority of breast cancer cases is
defective, we here study the dynamic distribution within primary
cellular compartments.

Past studies have shown that in T47D breast cancer cells, where
NIS is predominantly present in the cytoplasm, EGF-mediated ERK
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activation improves membrane localization of this transporter and,
thus, enhances its function (Jung et al., 2008). Another study has
shown PI3K activation to negatively regulate NIS glycosylation and
function (Knostman et al., 2007). Treatment of cells with tunicamycin
to inhibit the first step of glycosylation shows a dramatic reduction of
membrane-localized NIS and accumulation of a 55kDa de-
glycosylated form of NIS — as shown by immunoblotting (Beyer
et al., 2011; Chung et al., 2015). Combined mutation of the three
putative sites of N-linked glycosylation have shown an ~50%
reduction in the function of NIS isolated from rat thyroid tissue
(Levy et al., 1998), and an >50% reduction in its in function in
human breast cancer cells (Beyeretal., 2011). In addition, treatment of
cells with KT5823, a staurosporine-related protein kinase inhibitor,
leads to an accumulation of hypo-glycosylated NIS in the cytoplasm
(Beyer et al., 2011), thus, highlighting the role of glycosylation as an
important PTM that dictates the function of NIS (Chung et al., 2015).
Defective localization of NIS in the cytoplasm due to mutations,
such as for R124H NIS have been reported in COS cells (Paroder et
al., 2013). Further, these authors have also shown that the R124H
NIS mutant is retained within cytoplasmic ER and incapable of
localizing to the Golgi (Paroder et al., 2013). Although N-linked
glycosylation has been suggested as a mediator that regulates NIS
localization, effector molecules affecting this process remained
unidentified. Therefore, to better understand defective localization
of NIS in breast cancer cells, we report the development and use of
clones derived from a breast cancer cell line, which show a different
localization of NIS, and further identify the key processing genes
responsible. This multi-parametric investigation reveals novel
information on impaired cellular trafficking processes of NIS and
will have main implications on our understanding of the localization
and function of this iodine pump protein.

RESULTS

Defective membrane localization of NIS is linked to impaired
trafficking within breast adenocarcinoma cells

To verify whether NIS localization to the cell membrane is linked to
cellular protein trafficking, we tracked endogenous NIS protein
through reporter-tagged intracellular secretary pathway organelles.
Proteins destined for the plasma membrane are folded in the
endoplasmic reticulum (ER) followed by maturation in the Golgi
complex. Hence, the presence of NIS in the ER, ER exit sites and
Golgi complex was tracked using GFP-tagged KDEL, Sec16B and
GalNac T2 molecular marker proteins, respectively (Connerly et al.,
2005; Love et al., 1998; Munro and Pelham, 1987). MCF-7 breast
cancer cells (hereafter referred to as baseline MCF-7 cells) all
express a detectable amount of NIS protein and were treated with
brefeldin A (BFA) for 30 min causing complete disruption of the
Golgi complex, which was restored rather slowly within 12 h after
BFA was withdrawn (Fig. S1A,B). Disruption of the Golgi led to
accumulation of cargo (i.e. NIS) in the ER and, when the Golgi was
restored, cargo trafficking from ER to Golgi was tracked by the
colocalization of NIS with respective organelle markers. NIS
colocalization with the ER, ER exit site or Golgiat O h, 6 hand 12 h
post BFA treatment are shown in Fig. 1A. Over time NIS was able to
enter ER exit sites and, thus, the overlap coefficients of NIS and ER
exit sites slightly increased from 0.5 (0 h) to 0.6 (12 h). Atthe 0 h
time point, i.e. the time at which the Golgi complex was completely
disrupted, Golgi-resident cargo moved to the ER through retrograde
transport. Hence, the staining pattern of NIS with GalNac T2 at this
time mimics that of NIS with ER (Fig. 1A). But, interestingly, with
time the colocalization signal for NIS with GalNac T2 dropped
significantly (P=0.0001), indicating a defective transport of NIS in
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Fig. 1. Baseline MCF-7 cells show defective NIS trafficking through
secretory pathway. (A) Colocalization of NIS with the ER marker KDEL, the
ER exit site (ERES) marker Sec-16B or the Golgi marker GalNac T2. Red
indicates NIS stained with anti-mouse Dylight 633 secondary antibody; green
represents organelle-specific markers fused to GFP reporter. 0 h, 6 and 12 h
indicate time points after BFA rescue (i.e. the course of Golgi restoration). The
images represent a single plane. White spots on the merge channel show
colocalization between the two channels. Scale bars: 10 pm. Images were
acquired using a 63x objective with oil. (B) Graph showing overlap coefficients
of NIS (red) with GalNac T2, KDEL (blue) or Sec-16B (green) at 0 h, 6 h and
12 h after treatment with BFA. Error bars indicate +s.e.m. ****P<0.0001.

baseline MCF-7 cells. Results obtained by quantifying the overlap
coefficient values indicated that NIS remains colocalized in the ER
compartment at all time (Fig. 1B). Additionally, another
endogenous glycoprotein, EGFR, is similarly tracked in MCF-7
cells, where it can cross ER exit sites (ERES) (Fig. S2A,B).

MCF-7 clonal cells that overexpress NIS show a different
localization pattern of the protein

To investigate the intracellular trafficking defect of NIS, we
developed a NIS-overexpressing MCF-7 cell (hereafter referred to
as MCF-7 clonal cells) by transfecting a bi-cistronic plasmid
expression vector that consists of the B-actin promoter driving the
human NIS DNA and IRES-TurboFP.Fluc2. The cap-dependent
translation of NIS and the cap independent translation of the
TurboFP.Fluc2 fusion reporter help to achieve simultaneous
expression of NIS and the fusion reporter genes (Fig. 2A). MCF-7
clonal cells, with 10-1000 fold higher luciferase activity were
selected (Fig. 2B), and further cross-verified for NIS expression by
immunofluorescence (IF). Strikingly, out of all 37 NIS-positive
clones screened, only six clones showed NIS protein localized at the
cell membrane (i.e. cl2, cl22, cl30, cl31, cl32, cl34), whereas the
remaining clones showed cytoplasmic localization similar to that of
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Fig. 2. Generation of NIS-overexpressing MCF-7 cell clones with different localizations of NIS. (A) The bi-cistronic plasmid vector used in the study.
The therapeutic gene (human NIS) and the fusion reporter gene (TurboFp.Fluc2) are linked through an EMCV-IRES sequence, which allows translation of the
second cistron. (B) Bar graph representing screening of MCF-7 clones on the basis of their luciferase expression measures in RLU/microgram/S (relative
light units/ug/second); patterned bars represent clones with distinct NIS expression on the cell membrane, which was verified by IF. (C) Photomicrographs

of some MCF-7 cell clones after NIS IF (red) and cross staining with DAPI (blue), showing marked differences in NIS localization, i.e. cytoplasmic or
membranous (cl6 and cl4 or cl22 and cl31, respectively) compared to that in untransfected MCF-7 cells. Scale bars: 20 ym. (D) lodide uptake assay in MCF-7
NIS-expressing clones. Blocking of NIS with perchlorate shows significant decrease in iodide uptake, indicating NIS specific uptake. **P<0.01, ****P<0.0001.
(E) Photomicrographs of baseline MCF-7, cI31 and cl6 cells that had undergone double-IF, staining for NIS (red) and Her3 (green). Scale bars: 10 um. (F) Western
blot showing completely glycosylated (100 kDa), partially glycosylated (65 kDa) and non-glycosylated (50 kDa) NIS in clI31, cl6 and MCF-7 cells.

(G) Densitometric analysis of glycosylated and non-glycosylated NIS normalized to tubulin (loading control) in cI31, cl6 and MCF-7 cells.

baseline MCF-7 cells (Fig. 2C). The MCF-7 cell line is known to
have high endogenous expression of the HER3 receptor (officially
known as ERBB3). Therefore, double-IF staining for NIS and
HER3 was performed in representative clones to further confirm our
observation on NIS localization differences (Fig. 2E). Following
this interesting finding of differently localized NIS in clonal cells,
we have rigorously followed their reporter and NIS expression over
ten serial passages for two clonal cell populations of each type —
i.e. c122 and cl131 for membrane NIS and cl4 and cl6 for cytoplasmic
NIS — to ensure that the respective pattern is maintained
(Fig. S3A-D). To reveal the intensity of NIS expression in clonal
cells, immunoblotting was performed, This shows a higher amount
of fully glycosylated (100 kDa) NIS in cI31 compared with the cl6
(cytoplasmic NIS) and baseline MCF-7 cells (Fig. 2F,G). We have
also performed karyotyping (GTG banding) of baseline MCF-7
cells and of representative clonal cell variants. We also found a near-
triploidy karyotype and similar abnormalities, such as a derivative
chromosome 1, and isochromosomes of 7 and 11. However, apart
from resembling the parental karyotype, the clones do show a few
karyotypic differences, such as deletions and extra copies of some
chromosomes (see Table S1). It should also be noticed that
chromosome 19, which carries the NIS gene in humans, is unaltered
across all cells. These results, therefore, indicate that clonal

heterogeneity lies within the MCF-7 cell population, which might
have an effect on different localizations of the target.

Further, we tried to verify whether localization of NIS at the
plasma membrane of cl31 dictates its function, and a non-
radioactive iodine uptake assay was performed as described
(Kelkar et al., 2016). As expected, those cells expressing NIS at
the membrane showed a significantly higher (P=0.002) uptake of
iodine compared with those expressing it in the cytoplasm
(Fig. 2D). Uptake of iodine was significantly reduced in response
to inhibition with perchlorate, indicating assay specificity. Together,
by introducing a NIS-containing transgene in MCF-7 cells, we
established two distinctly different clonal cell derivatives, one with
NIS appropriately localized at the cell surface and the other with
mislocalized protein. These cellular features are well maintained
over multiple passages and show clear differences in terms of iodine
pump function.

NIS protein trafficking follows a conventional pathway in
clonal cells with membrane localization of NIS

The clonal variants of MCF-7 cells that overexpress NIS (clonal
cells) at the plasma membrane provide a unique opportunity to
verify whether NIS follows the classic intracellular trafficking
pathway. Following a strategy similar to the one described above,
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Fig. 3. MCF-7 clonal cells clI31 and cl6 cells show different NIS trafficking via the secretory pathway. (A,D) Micrographs, showing colocalization

of NIS (red) with KDEL, sec-16B or GalNac T2 (green) in cl31 (A) and cl6 (D) cells. All images represent a single plane. White spots are points of colocalization.
Scale bars: 10 ym. White arrows indicate colocalization of NIS and the Golgi marker to compare cI31 and cl6 cells. (B,E) Average overlap of coefficients
obtained for NIS with GalNac T2, KDEL or Sec-16B markers in cl31 (B) and cl6 (E) cells. The best middle plane was used for quantification. Error bars
indicate s.e.m. ****P<0.0001. (C) Distribution of NIS from ER via ERES to the Golgi complex as the Golgi is restored in cl31 and cl6 cells; y-axis values indicate
the average overlap coefficient values of NIS and the respective organelle marker.

the overlap coefficient of NIS and ER maintains a value of 0.55 in
cl31 cells after treatment with BFA (Fig. 3A,B). Additionally,
during disrupted Golgi transport at 0 h, with an overlap coefficient
value of 0.53, the coefficient value goes up to 0.6 over time as Golgi
is restored. This indicates that NIS is capable to traffic normally as
the Golgi is restored in cells where the pump protein is properly
placed on the membrane. In comparison, NIS-overexpressing
cytoplasmic clone (cl6), we find that intracellular trafficking
pattern resembles more that of parental MCF-7 cell. The overlap
coefficient of NIS with ER slightly increases from 0.47 (6 h) to 0.55
(12 h). Later, 12 h after BFA treatment, when the restoration of the
Golgi structure is complete, the overlap value of NIS with an intact
Golgi is markedly lower, with a coefficient of 0.3 (Fig. 3D.E). For
ER exit sites, NIS colocalization with the sec16B marker shows
coefficient values of 0.52 (0 h) and 0.558 (6 h), which reduces to
0.46 (12 h). Therefore, in the cytoplasmic clone, limited NIS
trafficking to Golgi is implicated. Thus, the overall distribution of
NIS across main organelles is depicted in Fig. 3C. It reveals that in
cells that express NIS at the membrane, NIS traffic from ER to Golgi
increases over time and progresses normally as the Golgi is restored.

In cells that express NIS at the cytoplasm, NIS remains accumulated
in the ER and/or ERES, as trafficking to the Golgi is greatly
affected. Parallel protein trafficking experiments for the EGFR was
also carried out by using the same clonal cell types. Compared to
cl6, cl31 cells here show significantly higher (P=0.005) amounts of
EGFR in the Golgi within 6 h after treatment with BFA (Fig. S2C).

NIS association with calnexin is increased in cells with
defective trafficking

The association of proteins with folding chaperons, such as
calnexin, can provide insights into their folding state, as well as
the quality of newly synthesized glycoproteins. The association of
NIS with calnexin was measured by IF in the two clonal cell types.
For this, baseline MCF-7 and clonal cell derivatives were treated
with cyclohexamide (chx) to inhibit translation for 12 h until fully
glycosylated NIS protein becomes undetectable. Aftera short rescue
period (6 h), cells were fixed and stained with antibodies against
NIS and calnexin to capture their association. The overlap
coefficient obtained in cl31 was significantly lower (P<0.05) than
in cl6 or baseline MCF-7 cells, indicating that the nascent NIS
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molecule is in a folding-competent state, thus, enabling correct
membrane localization of NIS in cl31 (Fig. 4A,B). Interestingly, in
the chx-treatment, cl31 cells showed that fully glycosylated
(100 kDa) NIS protein decreased during the 24 h treatment
period, whereas partially glycosylated NIS fractions remained
unaltered (Fig. 4C). Notice that endogenous calnexin expression
was found to be more or less equal in all cell types, indicating a
possible differential association/dissociation in the clonal cells
(Fig. 4D).

N-linked glycosylation modulates plasma membrane
localization of NIS

Taking clues from the data generated above, we saw that the different
sub-cellular localization of NIS is a consequence of different cellular

B

A Golgi

Medial Trans

ER Cis

Control

Fig. 4. NIS shows a higher association with calnexin in

cl6 cells with trafficking defect. (A) Imnmunofluorescence

images showing the colocalization of calnexin (green) with
NIS (red) in cl31, cl6 and MCF-7 cells. Binary vision (white
spots) indicates points of colocalization between NIS and
calnexin. The images show a single best plane. Scale bars:
10 ym. (B) Bar graph showing the calculated overlap
coefficients between NIS and calnexin. The association in cl6
cells is significantly higher (P<0.0001) when compared to cl31
cells. Error bars represent +s.e.m; *P<0.05; ****P<0.0001.
(C) Western blot showing the decrease of NIS protein levels
at different time points in response to treatment with chx.

(D) Western blot showing calnexin protein levels in cl31, cl6
and MCF-7 cells. Tubulin was used as a loading control.
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trafficking in breast cancer cells. Additionally, the human NIS
protein has three putative N-glycosylation sites at amino acid
positions 225, 485 and 497 (Levy et al., 1997). Therefore, we
further questioned whether PTM, like N-linked glycosylation, is
directly involved in NIS localization among the clonal cell
variants. The cl31 cells, which represent membranous NIS were
exposed to various glycosylation inhibitors, thereby interfering
with different steps of N-linked glycosylation, as depicted in
Fig. SA. Inhibitors chosen were deoxymannojirimycin (DMM),
swainsonine and tunicamycin, inhibiting various intermediate
stages during the N-linked glycosylation process. Tunicamycin
inhibits the first step of N-linked glycosylation, i.e. the addition of
core oligosaccharide to nascent polypeptide. DMM is an inhibitor
of class 1 alphal, 2 mannosidase. Swainsonine is an inhibitor of
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Fig. 5. Inhibition of N-linked glycosylation perturbs translocation of NIS to the plasma membrane. (A) Cartoon detailing glycan processing steps of a
protein as it uses the secretory pathway, as well as the site of action of the inhibitors of N-linked glycosylation used in this research. (B) IF images showing
treatment effect with step-specific glycosylation inhibitors DMM, tunicamycin and swainsonine at 48 h. The RGB histogram plotted below suggests incremental
cytoplasmic staining of NIS in DMM- or tunicamycin-treated cells. Nucleus cross-staining was done using DAPI (blue). (C) Western blot showing a profound
decrease in the mature glycosylated form of NIS (100 kDa) after 48 h of treatment with DMM, tunicamycin or swainsonine. Tubulin was used as an endogenous
loading control. (D) Western blot showing the effect of N-linked glycosylation inhibitors on another endogenous protein EGFR in cI31 cells. (E) Effect of inhibition of
NIS function measured by non-radioactive uptake of iodine. Cells that express NIS in their membrane and were treated with glycosylation inhibitors show a
significant decrease in their iodine uptake ability. *P<0.05; ***P<0.001; ****P<0.0001.
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Golgi mannosidase 2. They were tested for their cytotoxicity in
baseline MCF-7 cells, at selected concentrations below their half
maximal inhibitory concentration (IC50) (Fig. S4A—C). IF of NIS
was done in c131 and cl6 cells after treating cells with inhibitors for
48 h. The cl31 cells treated with DMM or tunicamycin showed
substantial loss of membrane-localized NIS, whereas swainsonine-
treated cells showed only partial loss of membrane-localized NIS
(Fig. 5B). As expected, treatment of cytoplasmic clone (cl6) with
these inhibitors did not have any impact on NIS localization, as
shown by RGB plot, clearly suggesting cytoplasmic staining of
NIS before and after treatment with inhibitor (Fig. S4A).
Swainsonine treatment of cl31 cells for a prolonged period of
120 h caused a substantial localization shift for NIS (Fig. S4B).
The effect of these glycan inhibitors on NIS were further verified
by western blotting. The apparent loss of the fully glycosylated NIS
protein (100 kDa) in DMM- and tunicamycin-treated samples
further supports the IF observations (Fig. 5C). To verify the effect
of glycosylation inhibitors on other endogenous N-linked
glycoproteins present in the cell, immunoblotting of EGFR
shows a shift to non-glycosylated EGFR (~135 kDa) from the
170 kDa mature form of EGFR that is present in untreated control,
indicating a global de-glycosylation effect in inhibitor-treated cells
(Fig. 5D). To further support the effect of these inhibitors on NIS
function, cl31 cells (membranous NIS) treated with DMM,
swainsonine or tunicamycin for 48 or 72 h showed a significant
reduction of iodine uptake compared to untreated cl31 cells
(P<0.05). Additionally, the result also revealed that tunicamycin-
treated cl31 and cl6 cells (membranous and cytoplasmic NIS,
respectively) had equivalent iodine uptake ability, clearly

indicating a loss of NIS function in response to interference of
glycosylation (Fig. 5E).

Differential expression of several glycosylation genes
constitute the difference in subcellular localization of NIS
across the cell models

Now, knowing whether N-linked glycosylation is, indeed, an
important player in modulating subcellular localization of NIS, we
further investigated regulatory genes involved in the process. Total
mRNA extracted from baseline MCF-7 cells and membranous or
cytoplasmic NIS (hereafter referred to membranous or cytoplasmic
NIS-expressing cells) were used for analysis on the RT-PCR profiler
array platform (Fig. 6A). The heat map generated using the relative
expression values of a set of 84 human genes involve in the cellular
glycosylation process of the respective cells was analyzed.
Interestingly, the data evidently showed that a specific set of 32
genes was upregulated in membrane clones, but downregulated in both
cytoplasm clones and baseline MCF-7 cells. By further analyzing the
data using ClustVis software, sample clustering was done, which
showed that MCF-7 and cytoplasm clones, indeed, clustered together
and classify distinctly than the membrane-expressing clones.

On the basis of the previous data, we found that the mannose-
specific inhibitor DMM causes a reversal in the phenotype of cl31
cells. The array data further confirmed this observation, showing
that mannosidase genes, such as MANIA1, MANIB1, MAN2A1 and
MAN2A2, indeed, show remarkable upregulation in membrane-
expressing NIS clones compared with their counterparts that express
NIS in the cytoplasm (Fig. 6B). Mannosyltransferase genes, i.e.
MGAT4B or MGATS, also show upregulation in membrane clones,
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RT-PCR array data show clear differences in the expression of glycosylation-regulating genes when comparing baseline MCF-7 cells, clonal cells expressing
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whereas MGAT4C shows downregulation in two out of three
membrane clones (Fig. S6A). Among other genes ST6GALI and
NEU4 should be noticed, as they are upregulated in the membrane
clones (Fig. S6B,C).

Cellular mannosidase activity is a crucial determinant for
membrane-specific localization of NIS

As revealed from the glycosylation gene array, membrane clones
show higher expression of mannosidase genes such as MANIBI,
MANIAI and MAN2A1. To validate the functional impact of these
three mannosidases on NIS localization or function, we performed
RNAI for endogenous gene knockdown in cl31 cells. Transcript
analysis for each gene product after treatment with siRNA shows a
60-80% drop in relative mRNA expression (Fig. 7A). NIS
expression was also verified by immunoblotting, where the fully
glycosylated 100 kDa NIS band was considered as the main
comparator among the samples (Fig. 7C). Immunoblot results
show that knockdown of individual mannosidases reduced the
100 kDa NIS band, and was further reduced in response to dual
knockdown of MANIBI+MANIAI, MANIAI+MAN2AI or
MANIBI+MAN2A1 as well as knockdown of all three candidates
together. Our data convincingly point towards MAN1BI1 as a central
role player, impacting NIS glycosylation in this cell type because
NIS sub-cellular localization by IF staining revealed that
knockdown of MANIBI, MANIAI or MAN2AI disrupts NIS
localization on cell surface, the most-prominent one being MANIBI,
where treated cells show major spreads of stained NIS in the

cytoplasm (Fig. 7B). Further, the effect of mannosidase knockdown
on NIS function was verified showing that treatment with siRNA
against MANIB1, MANIAI or MAN2A1 significantly (P<0.005)
reduced cellular iodine uptake capacity when compared to untreated
cells (Fig. 7D). As these mannosidase enzymes have a global effect
on a number of glycoproteins, we also tested another endogenous
protein, HER3, as control. We observed that, by knocking down
these mannosidase genes alone, no prominent change in the HER3
localization occurred on the plasma membrane. However, by
combining the three mannosidases, a significant reduction in
HER3 protein expression on plasma membrane location was
observed (Fig. 7E). Additionally, since our results revealed a role
for the mannosidase class of enzymes regarding the sub-cellular
localization of NIS, we tested for the presence of mannose on the
NIS molecule. NIS was pulled down by immunoprecipitation (IP)
from total cell lysates of cl31, cl6 and MCF-7 cells, and further
western blotting was performed (Fig. S7A). As the data suggested,
NIS obtained from cl31 cells showed the highest level of the
100 kDa fraction, i.e. NIS bound to mannose. Further, by probing
with concavalin A (conA), the NIS IP fraction in cl31 was revealed
to be the one with highest mannose glycosylation (Fig. 7F).
Interestingly, as the mannose-positive band appeared at 100 kDa,
matured NIS is a mannose-rich glycoprotein.

DISCUSSION

The unique potential of using NIS to mediate targeted radio-iodine
ablation in breast cancer is severely impeded, as this aberrant and

Fig. 7. Mannosidases are responsible for

impaired trafficking of NIS in breast
cancer. (A) Bar graph showing the
knockdown effect of MAN1B1, MAN1A1 and
MANZ2A1 mRNAs after using siRNAs in cl31

cells. ****P<0.0001. (B) IF images and RGB

histogram plots showing that MAN1B1,
MAN1A1 and MAN2A1 knockdown
effectively perturbs localization of NIS (red) to

the cytoplasm. Cross-staining of the nucleus
was done with DAPI (blue). Scale bars:

10 um. (C) Western blot showing the effect
knockdown of MAN1B1, MAN1A1, MAN2A1
and their respective combinations has on NIS

glycosylation. The 100 kDa band

corresponds to completely glycosylated NIS;
partly glycosylated NIS has a molecular mass
of 60 kDa. Tubulin was used as an
endogenous loading control. (D) Bar graph

showing significantly reduced function
(**P<0.01; ***P<0.001; ****P<0.0001)
observed for NIS-mediated iodine uptake in
cl31 cells in response to siRNA treatment of
individual mannosidases. Error bars
represent +s.e.m. (E) IF images and RGB
histogram plots showing MAN1B1, MAN1A1

and MAN2A1 triple knockdown effectively
perturbs localization of HER3 (green) to the
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endogenously overexpressed pump protein primarily stays in the
cytoplasm (Micali et al., 2014). Elucidation of the factors that
regulate NIS localization in non-thyroidal cancer cells revealed
information on defective glycosylation as the root cause of NIS
malfunction (Chung et al., 2015; Levy et al., 1997). This study
brings new evidence in this direction and identifies key molecules
involved in the deregulated glycosylation that is responsible for
impaired NIS function in breast cancer cells.

The cell model utilized in this study is unique but, rather, an
offshoot from another interesting observation in which — by
expressing the  A#tB-CAG-driven  bi-cistronic ~ NIS-IRES-
TurboFP.Fluc2 transgene in the MCF-7 breast adenocarcinoma cell
line — two clearly distinguishable phenotypes were obtained. A few
clones with variable amount of NIS protein on the plasma membrane
(c130, c131, c132, c134, cl22, cI2.) was, ideally, what we wanted to find.
However, a majority of others clones showed cytoplasmic expression
of NIS (cl4, cl6 etc.), allowing us to investigate the basis of defective
NIS function. The difference in the NIS localization pattern is striking
and can be explained by the purview of current understandings
regarding clonal heterogeneity, especially when the baseline cell is a
clonal cancer cell. Previous reports have explained that different
clones derived from the same cell line could possess different
properties (Hastings and Franks, 1983). Karyotypic differences across
the derived clonal population provide further evidence of cancer cell
heterogeneity that lies within the cell population itself. But,
importantly, retention of respective features over a number of
passages is very reassuring, supporting their true clonal nature. The
difference in iodine pump function also brings further support to the
genuine nature of the observed variation in NIS localization.

Thereafter, we enquired whether this difference is due to PTM, i.e.
N-linked glycosylation, regulating membrane protein translocation. A
past study has shown that treatment with tunicamycin can reverse NIS
location (Chung et al., 2015). Tunicamycin inhibits the first step of
glycosylation, during which attachment of GalNc to the dolichol
phosphate anchor occurs (Wojtowicz et al., 2012). Our current study
also describes a decrease in membrane-localized NIS upon treatment
with this inhibitor. Additionally, the role of other steps of the glycan
maturation process of NIS inside the cell are shown. In our study, we
used DMM and swainsonine. DMM inhibits the activity of Golgi
mannosidase 1, which is required for processing the 8-mannose form
to the 5-mannose form, intermediates that are generated during the
N-linked glycosylation in the Golgi, when mannose units are cleaved
from the core glycan by enzymes, such as mannosidases. This event is
important for trafficking of glycans in Golgi (Gross et al., 1986).
DMM treatment of cl31 shows severe defects in the membrane
localization of NIS within 48 h, such that they more resemble the
cytoplasm clones. Swainsonine is a mannosidase II activity inhibitor
that inhibits the late maturation process of N-glycans in the Golgi
complex (Elbein et al., 1981); it shows a much delayed response (i.e.
120 h) in terms of altering membrane localization of NIS. These
results indicate that the early steps of mannose modification are crucial
in determining the sub-cellular fate of NIS. Results obtained from
trafficking colocalization studies further confirmed that, in the clonal
membrane type (cl31), NIS is present in the ER and, as the Golgi
restores after treatment with BFA, can enter the Golgi. However, in the
clonal cytoplasm type (cl6) and in baseline MCF-7 cells, the ER-to-
Golgi transit is restrained after Golgi restoration. In fact, as opposed to
the membrane clone, cytoplasm cells show accumulation of NIS in
ER/ER exit sites, even when Golgi restoration is complete. The
proteins that are incapable of folding appropriately, undergo ER
quality control through a series of calnexin/calreticulin cycles, where
they are allowed to gain their correct confirmation (Caramelo and

Parodi, 2015). Our results further showed that the association of NIS
with calnexin is significantly higher (£<0.05) in MCF-7 and cl6 cells
compared with cI31 cells. Those proteins that fail to fold in spite of this
quality control come to the cytoplasm through ER translocation
channels and are degraded by proteasomes (Ahner and Brodsky,
2004). Cytosolic localization of NIS in case of MCF-7 and cl6 cells
might, perhaps, face this fate (not verified). Together, all these results
indicate a very important aspect on NIS protein localization, i.e. NIS
undergoes initial glycan processing in the ER and, if when this process
is compromised, breast cancer cells show cytoplasmic accumulation
and NIS dysfunction.

Thereafter, we focus on identifying key glycosylation genes that are
differentially regulated in the clonal cell variants and baseline MCF-7.
Based on the expression pattern obtained by analyzing a set of
84 genes present in the transcript array, baseline MCF-7 and
clonal cells with cytoplasmic NIS localization do cluster together.
However, clones that express membranous NIS cluster separately,
showing differential upregulation of genes primarily belonging to
mannosidases, mannosyltransferases, sialidases and neuramindases.
These results sufficiently indicate that altered expression of certain
important genes related to glycosylation-processing function in the
clonal variants is widely different, thus, bringing out the difference in
NIS localization and function. We further focus on investigating the
role of mannosidases, focusing on MANIBI, MANIAI and
MAN2AT highlighted in the Glycosylation RT profiler array data.
These showed upregulation in cI31 as compared to cl6. MAN1B1 and
MANIAL are class 1 o-mannosidases that help to cleave the terminal
mannose moieties from core glycan. MAN1B1 acts on the -branch of
mannose. Both MAN1A1 and MANIBI are localized in the ER,
whereas MAN2AL is localized in the Golgi, which helps in the final
maturation of glycoprotein. By knocking down these mannosidases
individually or in combination caused substantial reduction of NIS
expression at cell surface of the membrane clones and, thus, impacted
the cellular iodine uptake ability. In view of the known importance of
initial mannose modifications for NIS maturation, our results imply
that the three mannosidases have an important role in trafficking NIS
to the cell membrane. When sufficient glycosylation processing
enzymes are present N-glycan processing takes place effectively,
leading to correct folding of NIS. This, in turn, boosts successful
trafficking of NIS from ER to Golgi and finally to the cell membrane.

In summary, our results show for the first time that inadequate
mannose processing by mannosidase enzymes is deeply involved in
sugar modification at the ER site in breast cancer cells (Fig. 8). Since
cellular defects in glycosylation processes are responsible for
mislocalization of NIS in breast cancer cells, the molecular targets
validated here actually impact on impaired NIS function in breast
cancer. The second messenger cyclic AMP (cAMP), mediates the
first step of N-linked glycosylation, improving levels of dolichol
pyrophosphate oligosaccharide (Konrad and Merz, 1994). Thus,
pre-treatment with cAMP can also enhance membrane localization
of NIS. Further, validation of additional regulators identified here,
such as sialidases and neuramindases, might help our understanding
of how N-glycosylation impacts on NIS localization in breast cancer
cells and, thus, might provide a scope of furthering any of those
molecular targets for the clinical use of this pump protein as a
therapeutic candidate.

MATERIALS AND METHODS

Materials

D-luciferin was procured from Biosynth chemistry and biology (L-8220),
brefeldin A (BFA) from Sigma, (B7651), Deoxymannojirimycine (DMM)
and tunicamycin from Sigma (D9305 and T7765, respectively),
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Fig. 8. Schematic diagram showing important aspects of mannose glycosylation and trafficking defects found for NIS protein in two populations
of MCF-7 cells. In the case of cI31, human NIS undergoes stepwise post-translation events in cellular organelles, such as the ER and the Golgi complex, which
enables NIS to localize to the cell membrane. This is in contrast to NIS in cl6, where it faces incomplete glycosylation owing to reduced levels of glycosylation
enzymes, such as MAN1B1 and MAN2A1. In this case NIS is unable to pass through ER exit sites.

Glycosylation RT-PCR array was from Qiagen (PAH546Z), Silencer select
siRNA smartpools from Life Technologies (4392426), CellLight ER-GFP,
Bacmam from Thermo Fisher scientific (C10590), Luciferase Assay system
from Promega (E4030). We used EGFR primary antibody (Cell Signaling
Technology, 42678, 1:100), HER3 monoclonal antibody (Cell Signaling
Technology, 12708S, 1:100), human sodium iodide symporter antibody
(Thermo Scientific (MAS5-12308, 1:50), o-tubulin primary antibody (Sigma,
T9026), calnexin antibody (Cell Signaling Technology, C5C9, 1:50), anti-
mouse HRP secondary antibody (Abcam, ab6728), goat anti-rabbit HRP
antibody (Thermo Scientific, 31460), goat anti-rabbit DyLight 488 secondary
antibody (Thermo Fisher Scientific, 35552), goat anti-mouse DyLight 633
secondary antibody (Thermo Fisher Scientific, 35512), Biotynylated conA
lectin (Sigma, C2272), avidin-peroxidase (Sigma, A3151).

Generation of stable NIS-overexpressing cell lines

The NIS-IRES-FL2.turboFP bi-cistronic DNA cassette was sub-cloned in
attb-CAG phage integrase mammalian expression vector (Groth et al.,
2000). Cells of the MCF-7 breast cancer cell line were transfected with attb-
CAG NIS-IRES-FL2.turboFP plasmid DNA using Lipofectamine 2000
reagent. After 48 h cells were kept in RPMI-1640 with 10% FBS (Gibco)
supplemented with 600 pug/ml G418 antibiotic. Once colonies formed, cells
were transferred to 96-well plates and propagated further. Positive clones
were picked up after luciferase assay using LAR II substrate. Cells were
constantly maintained under G418 selection until freezing cells in liquid N,.
Expression of NIS was verified by IF.

Luciferase reporter assay

Luciferase assays were performed as per recommended standard protocol.
Clonal cells from replica plates were lysed using cell lysis buffer and
reporter activity was measured using a microplate reader (BMG Labtech)
after adding LARII substrate to each well. The relative light units (RLUs)
were normalized to the respective protein concentrations of the lysates.

Immunoblotting

Cells were lysed using RIPA buffer containing protease inhibitor cocktail.
Equal amounts of protein from control and transfected/treated cells were
separated by 7.5% SDS-PAGE and transferred onto a nitrocellulose

membrane by using a semi-dry blotting apparatus. After blocking with 5%
non-fat dry milk, membranes were probed with antibodies against human
NIS, o-tubulin, EGFR and calnexin. The blots were then probed with
HRP-conjugated secondary antibodies and developed using a Chemidoc
system. Cells were treated with cyclohexamide (chx) at 40 pg/ml) at different
time points. Lysates were then collected and analysed by immunoblotting.

Immunoprecipitation and lectin western blot

A standard IP protocol was followed with the following specifications:
Cell lysates were prepared using RIPA lysis buffer and 250 pg of
protein from each sample was used for IP. Sepharose G beads were
blocked with 2% BSA and used for IP. RIPA buffer with low SDS (0.01%)
was used as IP dilution buffer. NIS was pulled down with 2 pg primary
antibody by incubating the bead antibody and lysates together overnight at
4°C under constant rotation. Following the IP, NIS was eluted from the
immune-complex with urea buffer according to instructions provided in
protocol for IP provided by Abcam. Biotynylated concavalin A (conA)
lectin was used to probe the purified product of IP on nitrocellulose
membrane at a concentration of 15 pug/ml in TBST for 1 h at RT. The
blot was then probed with streptavidin HRP-conjugated secondary antibody
at 1:30,000 dilution.

Immunofluorescence

For immunofluorescence (IF) studies, cells were fixed with 4%
paraformaldehyde. Blocking was done using 2% BSA followed by
overnight incubation with NIS, HER3 or calnexin antibodies at 4°C. The
cells were then washed with PBS, incubated with anti-mouse or anti-rabbit
Dylight 633 secondary antibody for 1 h. Fluorescence micrographs were
captured by using a Carl Zeiss LSM 780 confocal microscope using a 63x
objective with a numerical aperture of 1.3 and a pinhole restricted to 1 AU
(1 AU=0.7 um). The images for colocalization experiments were captured by
sequential independent scanning of both channels to exclude cross-talks.
The acquisition software used was Zen2012. To study the colocalization of
NIS and different cell organelle markers, cells were transfected with GalNac
T2-GFP and sec16B-GFP plasmids to, respectively, mark Golgi and ERES,
and transduced for 48 h with CellLight™ ER-GFP bacculovirus that marks the
ER through present KDEL sequences. Cells were then treated with brefeldin A
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(BFA) (5 pg/ml) for 30 min to disrupt the Golgi, followed by a rescue period
of 6 hand 12 h. RGB plot profiles were made using ImageJ software. Images
were stacked to RGB mode and then the plots were measured under the
graphics section in ImagelJ. The plot shows the intensity of all points on the line
of interest drawn on the image. Intensities are measured for all channels in
that image, in our case red and blue. The RGB plot x-axis shows the distance in
um and the y-axis shows the intensity. Accumulation of proteins only at the
surface of the cell, will give a sharp peak of red intensity at that site on the line
of interest, whereas cytoplasmic staining gives a more-distributed pattern of
red intensities.

Real-time PCR

After transfecting cl31 cells with 20 nM siRNA by using Lipofectamine
RNAi max, for 48 h, RNA was extracted using an RNeasy kit. cDNAs were
synthesized by using the first-strand cDNA synthesis kit. Sequences of
duplex siRNA and PCR primers are in shown in Table S2. Quantitative real-
time PCR (RT-PCR) was performed using SYBR Green probe mix on the
7900HT PCR cycler (Applied Biosystems). Triplicate samples were run for
each sample. The comparative AACt method was used to calculate relative
gene expression.

lodine uptake assay
lodine uptake was done using standardized non-radioactive assay method as
described before (Kelkar et al., 2016).

Glycosylation RT-profiler PCR array

Glycosylation PCR arrays were carried out as per recommended protocol
(Qiagen). RNA samples was isolated from various cell clones tested using
an RNAeasy kit (Qiagen) and residual DNA was digested on the column
with RNAse H, as provided in the kit. Quality of RNA was checked by using
a denaturing RNA gel and cDNA was prepared using 1 pg of RNA per
sample by using an AffinityScript cDNA synthesis kit (ThermoFisher).
c¢DNA and SYBR Green were loaded together with the PCR mix in
individual wells, which already contained the primer for the reaction. After
RT-PCR was carried out using Quantstudio 12K flex, data were uploaded to
DRYAD and analyzed using ClustVis software.

Statistics

All data are expressed as meants.e. Statistical significance was analysed by
Student’s #-test using GraphPad Prism 6 software (GraphPad Software, La
Jolla, CA). Two-way ANOVA (Tukey’s multiple comparison test) was used
to analyze statistical significances of the overlap coefficient values obtained
for NIS and EGFR with that of ER-, ERES- and Golgi-specific organelle
markers at various time points. Overlap coefficient values were counted
from an average of 4045 cells per sample in various experiments done. P
values of <0.05 were considered statistically significant and the confidence
interval (CI) was set at 95%. Statistical analysis was done for a minimum of
two independent biological repeats. ClustVis software was used for cluster
analysis of gene expression profiler array datasets.
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Figure S1: Effect of Brefeldin A (BFA) on Golgi deformation/reformation Kinetics.

S1A. Live cell imaging of GalNac-T2-GFP (green) reporter at different time intervals,
post BFA treatment, in MCF-7 cells (Live cell movie split into images). S2B. Golgi rescue
kinetics, post BFA withdrawal in MCF-7 cells, as seen by GalNac-T2-GFP (green)

reporter. The scale bar represents 10um.
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Figure S2: The trafficking of EGFR through Golgi across the clonal model systems.
S2A. Co-localization of EGFR (red) with GalNac T2 (green) respectively in MCF-7 cells. All
images represent a single plane. White spots are the points of co- localization between the
two channels. The scale bar represents 10um. S2B. Chart showing overlap co-efficients
values obtained for EGFR with GalNac T2, Sec16B, and KDEL in MCF-7 cells. The middle
best plane was used for quantification. Error bars indicate SEM. S2C. Chart showing overlap
co-efficients values obtained for EGFR with GalNac T2 in cI31 and cl6 cells. The middle best

plane was used for quantification. Error bars indicate SEM

[
R
)

(]

£

—_
k)
£

fay

©
+

[

q]

£
Q@

a

a

=)
n

L[]

o)

(O]

c
o

O
n
o
O
Y=

o
©

c

—

=)

o
<



J. Cell Sci.: doi:10.1242/jcs.232058: Supplementary information

S3A -l P10
| P P10 108-

RLU/ug protein/sec

RLU/ug protein/sec
— — — — — —
S o © o 2 °
I‘D L IN. Iu Ih IU|
]
<
1
1
-
1
‘ i

Figure S3: Stable expression of NIS in the clonal cell models is maintained over long
passages. S3A-B. Luciferase assay showing relative light output normalized to protein
concentration of FI2 activity in membrane and cytoplasmic NIS overexpressing clones across
passage 1 and passage 10 S3C-D. IF images showing the localization of NIS in membrane
clones and cytoplasmic clones across passage 1 to 10. NIS stained with Dylight 633

secondary antibody (red) and nucleus staining by DAPI (blue). The scale bar represents 20um.
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Figure S4: The effect glycosylation inhibitors on NIS localization in cytoplasmic clones,
and the action of swainsonine over 120 hours in cl31. NIS localization in cytoplasmic
clone is not affected by glycosylation inhibitor treatment and swainsonine can take down
membrane expression of NIS over 120 hours S4A. IF images showing the localization of NIS
(red) in response to glycosylation inhibitors tunicamycin, DMM and swainsonine at 48 and
120 hours in cytoplasmic clone. S4B. IF images showing the delayed action of swainsonine

on altering NIS (red) localization over 120 hours. The scale bar represents 10um
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Figure S5: Cytotoxicity of glycosylation inhibitors on MCF-7 cells. The glycosylation
pathway inhibitors used are not cytotoxic to MCF-7 cells. SSA-C: Graph showing the results
from MTT assay, revealing that the selected dose of each drug for the study (highlighted in
blue), lies below IC50.
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Figure S6: Expression of various class of glycosylation enzyme coding genes across
clonal models and MCF-7 baseline cell. Differential expression of various class of
glycosylation enzyme coding genes across membrane and cytoplasmic clone w.r.t to baseline
cells S6A. Chart showing fold change for various mannosyl transferase enzyme coding genes
in membrane and cytoplasmic clones with respect to baseline MCF-7 cell. S6B. Chart
showing differential expression profile of sialidases enzyme coding genes. S6C. Chart

showing differential expression profile of neuramindase enzyme coding genes.
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Figure S7: NIS western blot showing effective pull down of NIS from the clonal cell
models. Immunoprecipitation of NIS from the different cell lineages reveals that cI31 possess
the highest amount of 100kDa fraction of NIS. S7A: Western blot showing the staining of
NIS from the IP sample, across the different cell types. Ponceau staining was used as a

loading control from input samples.
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Table S1: Karyotype analysis of MCF-7 derived stable cell models of differential

NIS localization.

Cell line

MCF-7 parent

cl31

clé

Ploidy

Triploidy

Triploidy

Triploidy

Similar abnormalities

+ Derivative chromosome 1
due to inversion and
duplication of
chromosome

+ Isochromosomes of g arm
of chromosome 7 and 11

+ Derivative chromosome 1
due to inversion or
duplication of
chromosome

+ Isochromosomes of g arm
of chromosome 7 and 11

+ Derivative chromosome 1
due to inversion or
duplication of
chromosome

= Isochromosomes of g arm
of chromosome 7 and 11

Differential abnormalities

Deletion in p/g arm of
chromosome 1,2,3,6,11,17

Extra copies of chromosomes
7,8,9,10,11,13,14,15,16,17

Deletion in p/g arm of
chromosome 1,6,8,11,17

Extra copies of chromosomes
4,5,7,8,9,10,11,13,15,16,17.2
0,22

Deletion in p/q arm of
chromosome 1,2,3,6,8,11,17

Extra copies of chromosomes
4,5,7,8,9,10,11,13,14,15,16,1
7,20

Table S1: Clonal heterogeneity among MCF-7 clones based on karyotype differences. GTG

banding pattern has been used to evaluate the chromosome structures and numbers.
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