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Abstract

Mutations in the immunoglobulin superfamily, member 1 gene (IGSF1/Igsf1) cause an X-

linked form of central hypothyroidism. The canonical form of IGSF1 is a transmembrane gly-

coprotein with 12 immunoglobulin (Ig) loops. The protein is co-translationally cleaved into

two sub-domains. The carboxyl-terminal domain (CTD), which contains the last 7 Ig loops,

is trafficked to the plasma membrane. Most pathogenic mutations in IGSF1 map to the por-

tion of the gene encoding the CTD. IGSF1/Igsf1 encodes a variety of transcripts. A little

studied, but abundant splice variant encodes a truncated form of the protein, predicted to

contain the first 2 Ig loops of the full-length IGSF1. The protein (hereafter referred to as

IGSF1 isoform 2 or IGSF1-2) is likely retained in most individuals with IGSF1 mutations.

Here, we characterized basic biochemical properties of the protein as a foray into under-

standing its potential function. IGSF1-2, like the IGSF1-CTD, is a glycoprotein. In both

mouse and rat, the protein is N-glycosylated at a single asparagine residue in the first Ig

loop. Contrary to earlier predictions, neither the murine nor rat IGSF1-2 is secreted from het-

erologous or homologous cells. In addition, neither protein associates with the plasma mem-

brane. Rather, IGSF1-2 appears to be retained in the endoplasmic reticulum. Whether the

protein plays intracellular functions or is trafficked through the secretory pathway under cer-

tain physiologic or pathophysiologic conditions has yet to be determined.

Introduction

Loss-of-function mutations in the immunoglobulin superfamily, member 1 gene (IGSF1/Igsf1)

cause central hypothyroidism in humans (OMIM #300888) and mice [1–3]. IGSF1 is abun-

dantly expressed in the developing and adult pituitary gland [3–5]. According to observations

in both humans and mice, IGSF1-deficiency is associated with impaired hypothalamic thyro-

tropin-releasing hormone (TRH) stimulation of thyroid-stimulating hormone (TSH) synthesis

and/or secretion by thyrotrope cells of the anterior pituitary [2, 3, 6, 7]. IGSF1’s normal func-

tion in cells and how its absence leads to impaired TRH action are presently unknown.
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The IGSF1/Igsf1 gene encodes several mRNA transcripts in a tissue-specific manner [4, 8–

10]. The most thoroughly characterized transcript derives from 20 exons and encodes a large

transmembrane glycoprotein of 12 C2-type immunoglobulin (Ig) loops. This protein is co-

translationally cleaved into N- and C-terminal domains (NTD and CTD) [11]. According to in
vitro analyses, the CTD traffics to the plasma membrane, whereas the NTD is retained in the

endoplasmic reticulum (ER). The CTD contains the last 7 of 12 Ig loops (from the full-length

IGSF1), a transmembrane domain, and a short cytoplasmic tail, and is generally regarded as

the functional part of the protein. This concept derives from at least two observations. First,

most intragenic IGSF1 mutations map to the part of the gene encoding the CTD [1–3, 12–18].

Second, the CTD can be produced from a mRNA isoform derived from an intronic promoter,

at least in mouse [4, 7, 11]. Therefore, expression of the NTD is not required for expression or

proper membrane trafficking of the CTD. Nonetheless, the 5 Ig loop-containing NTD is con-

served across mammalian species, suggesting that it may have currently unappreciated

functions.

During the initial characterization of Igsf1 mRNAs in rats, a truncated but abundant tran-

script was identified in both pituitary and testis [10]. It was cloned from human and murine

pituitaries shortly thereafter [4, 19]. This mRNA variant shares 5’ sequence through the first 5

exons with the full-length IGSF1/Igsf1. However, it retains part of the 5th intron and protein

translation terminates within this sequence. The open-reading frame of this variant (hereafter

IGSF1 isoform 2 or IGSF1-2) is predicted to encode the first 2 of the 12 Ig loops in the full-

length IGSF1. As the protein contains an N-terminal signal peptide but lacks a transmembrane

domain, it was predicted to be secreted [10], but this has not been demonstrated experimen-

tally. Indeed, to date, there are no published reports on characterization of IGSF1-2. Here, we

investigated whether IGSF1-2 is a secreted protein.

Materials and methods

Cell culture and transfections

CHO cells (ATCC CCL-61; provided by P. Morris, Population Council, New York, NY) were

cultured in DMEM/Ham’s F-12 (319-075-CL, Wisent Inc., Saint-Jean-Baptiste, Québec) sup-

plemented with 10% fetal bovine serum (FBS; 12483–020, Gibco, Burlington, Ontario). Cells

were seeded at a density of 4x105 cells/well in 6-well plates (3516, Costar, Corning, NY) and

transfected with 16 μl Lipofectamine 2000 (11668019, ThermoFisher, Burlington, Ontario)

and 4 μg plasmid DNA. HEK293 cells (ATCC CRL-1573; provided by T. Hébert, McGill Uni-

versity, Montréal) were maintained in DMEM (319-005-CL, Wisent Inc.) supplemented with

7% (v/v) FBS. Cells were seeded at a density of 4x106 per 10-cm dish (08-772-23, Thermo-

Fisher) and transfected the following day with 21 μg polyethylenimine (PEI; 23966, Poly-

sciences Inc., Warrington, PA) and 7 μg plasmid DNA. HepG2 cells (ATCC HB-8065) were

cultured in EMEM (320-026-CL, Wisent Inc.) supplemented with MEM nonessential amino

acid solution (321-011-CL, Wisent Inc.) and 10% (v/v) FBS. Cells were seeded at a density of 8

x106 per 10-cm dish and transfected the following day with 42 μl Lipofectamine 2000 and 7 μg

plasmid DNA. All cells were grown in a humidified environment at 37˚C with 5% CO2.

Constructs

The rat IGSF1-2 expression vector was generated by PCR amplifying the coding sequence of

Igsf1-2 from a rat testis cDNA library clone and ligating it into the KpnI and ApaI sites of

pcDNA4/Myc-HIS-A (Invitrogen, Carlsbad, CA). All PCR primer sequences are provided in

Table 1. The murine IGSF1-2 expression vector was generated through a three-step process.

First, the coding sequence was PCR amplified from adult mouse pituitary cDNA and ligated
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into the HindIII and XhoI sites of pcDNA3.0. Two additional amplification reactions were per-

formed starting with this plasmid to enable in-frame ligation into pcDNA4/Myc-HIS-A.

Asn43Gln (N43Q) and N44Q mutations were introduced into the murine and rat IGSF1-2

expression vectors, respectively, using the QuikChange protocol (Agilent Genomics, Santa

Clara, CA). The transthyretin (Ttr) coding sequence was PCR amplified from murine liver

cDNA and ligated into the HindIII and XbaI sites of pcDNA4/Myc-HIS-A. The BMPR1A-Myc

expression construct was previously described [20]. All constructs were confirmed by Sanger

sequencing (Genome Québec, Montréal, Québec).

Deglycosylation and immunoblotting

Deglycosylation and immunoblotting were performed as previously described [3]. Briefly, pro-

tein lysates were prepared from cultured cells 24 h post-transfection using RIPA buffer (150

mmol/L NaCl, 50 mmol/L NaF, 10 mmol/L NaPO4, 2 mmol/L EDTA, 1% (v/v) NP-40, 1% (w/

v) sodium deoxycholate, 0.1% (v/v) SDS) containing protease inhibitors (2 mg/ml aprotinin, 2

mg/ml leupeptin, 1 mg/ml pepstatin A, and 0.2 mol/L PMSF). For deglycosylation assays, pro-

tein lysates were denatured at 100˚C for 10 min and deglycosylated by incubating with 50U

EndoH (P0702S) or PNGaseF (P0704S, New England Biolabs, Whitby, Ontario) for 2 h at

37˚C. For immunoblotting, 25 μg protein samples were denatured with Laemmli Buffer con-

taining 2% (v/v) β-mercaptoethanol for 10 min at 70˚C, resolved by SDS-PAGE on 14% (v/v)

Tris-glycine polyacrylamide gels, and transferred to Protran nitrocellulose membranes

(NBA083C001EA, Perkin Elmer, Waltham, MA). Membranes were blocked in Tris-buffered

saline Tween [TBST; 150 mmol/L NaCl, 10 mmol/L Tris (pH 8.0), 0.05% (v/v) Tween 20] con-

taining 5% (w/v) non-fat milk, incubated with primary antibody overnight at 4˚C, washed

with TBST, incubated for 2 h with secondary antibody, and washed again with TBST. The fol-

lowing antibodies were used at the indicated concentrations: monoclonal anti-mouse c-Myc

(1:500, M5546, Sigma-Aldrich, St. Louis, MO), polyclonal rabbit anti-mouse IGSF1 (1:1000;

previously described [11]), and HRP-conjugated goat anti-mouse (1:5000, BioRad, Missis-

sauga, Ontario). Bands were visualized using ECL Western Lightning Plus (NEL105001EA,

Perkin-Elmer, Boston, MA) and exposed to HyBlot CL autoradiography film (E3018, Denville

Scientific Inc., Metuchen, NJ).

Protein purification

Twenty-four h post transfection, culture medium was collected and cell debris removed by

centrifugation (10 min at 4000 rpm). HisPur Cobalt Resin (89964, ThermoFisher) was washed

with PBS and then added to the medium. The resin-medium mixture was incubated overnight

at 4˚C with rotation. Resin was allowed to settle by gravity, supernatant was removed, and the

resin was washed with 10 mmol/L imidazole (I5513, Sigma Aldrich) in PBS. Bound proteins

Table 1. Primers used for cloning and mutagenesis.

Plasmid Sense Antisense

rIgsf1-2 AGGCCGGTACCGGCTAGAGTGA TTCGAAGGGCCCACCAGCCATGATCCCTGGGAT

mIgsf1-2 ACGGAAGCTTCTAAGCCATGATGCTTCGGACC ACGGCTCGAGGTTTTGCTCAACCAGCCATGA

mIgsf1-2 GC insert TCCCAGGGATCATGGCTGCGGTTGA GGTTTTGCTCAACCGCAGCCATGATC

mIgsf1-2 XhoI site GGGATCATGGCTGCGCTCGAGCAAA CTCGAGGTTTTGCTCGAGCGCAGCCA

mIgsf1-2 N43Q CAGGCCCCTTGGGAGCAGATCACACTCTGGTGC GCACCAGAGTGTGATCTGCTCCCAAGGGGCCTG

rIgsf1-2 N44Q GCACCAGAGTGTGATTTGCTCCCAAGGGGCCTG CAGGCCCCTTGGGAGCAAATCACACTCTGGTGC

mTtr-Myc/His CCCAAGCTTGACAGGATGGCTTCCCTTCGA GCTCTAGAATTCTGGGGGTTGCTGACGAC

https://doi.org/10.1371/journal.pone.0180731.t001
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were eluted with 250 mmol/L imidazole in PBS for 5 min at 95˚C. Four μg protein samples

were resolved on 14% (v/v) Tris-glycine polyacrylamide gels and immunoblotted as described

above.

Cell surface biotinylation

Transfected HEK293 cells were washed with PBS and incubated with EZ-link Sulfo-

NHS-LC-Biotin (21335, Pierce, Nepean, Ontario) diluted to 0.5 mg/mL in PBS for 30 min at

4˚C. Cells were washed with PBS containing 100 mmol/L glycine and lysed in RIPA buffer as

described above. Supernatant was incubated overnight at 4˚C with EZview Red Anti-c-Myc

Affinity gel (E6654, Sigma Aldrich) and eluted with Laemmli buffer containing 2% (v/v) β-

mercaptoethanol. Blotting proceeded as described above; however, the membrane was blocked

with TBS-T containing 5% (w/v) bovine serum albumin (BSA) and incubated with Vectastain

ABC Elite as per manufacturer’s instructions (PK-6100, Vector Laboratories, Burlingame, CA)

before being exposed to film.

Immunofluoresence

Circular coverslips (12-545-80, Fisher) were placed in 24-well plates (CLS3527, Costar) and

then coated with diluted 2.6X Matri-gel (356234, Corning). Next, 3x104 HEK293 cells were

seeded per well in DMEM supplemented with 7% (v/v) FBS and transfected the following day

in DMEM with 1 μg of DNA and 3 μg of PEI for 5 h. Cells were then refed with complete

medium. Approximately, 24 h post-transfection, cells were fixed with 4% (w/v) paraformalde-

hyde (PFA; P6148, Sigma-Aldrich) for 2 min and washed with PBS three times. Some cells

were treated with PBS containing 0.5% (v/v) Triton X-100 to permeabilize the membrane;

other cells were left intact. Cells were blocked for 1 h with PBS containing 15% (v/v) goat

serum (053–110, Wisent Inc.). For permeabilized cells, the blocking solution also contained

0.2% (v/v) Triton X-100. Cells were incubated with monoclonal mouse anti-c-Myc Ab (Sigma

M5546; 1:500) overnight. The following day, cells were washed with PBS, incubated with Alexa

Fluor 488 rabbit anti-mouse (A-21121, ThermoFisher Scientific; 1:500) for 1 h and washed

again with PBS. Coverslips were mounted on slides using Prolong Gold Antifade reagent with

DAPI (1266174, ThermoFisher Scientific). Confocal images were captured as Z-stacks with a

Leica SP8 multiphoton microscope with a 63X objective (N.A. 1.4). Double-labeling for Myc

and GRP-78/BiP (Abcam, ab21685; 1:500) was performed similarly with a few exceptions: 1)

cells were seeded at a density of 5x104, 2) fixation in 4% paraformaldehyde was reduced to 2

min, 3) incubation in primary antibodies was for 1 h at room temperature rather than over-

night, and 4) the secondary antibodies were Alexa Fluor 488 donkey anti-mouse (A-21202,

ThermoFisher Scientific; 1:500) and Alexa Fluor 594 donkey anti-rabbit (A-21207, Thermo-

Fisher Scientific; 1:500).

Results and discussion

To enable investigations of the IGSF1-2 protein isoform, we cloned the murine cDNA into an

expression vector that added a Myc/His tag to the C-terminus. This was necessary as antibod-

ies against the N-terminus of IGSF1 produced inconsistent results (data not shown). When

expressed in CHO cells, murine IGSF1-2 migrated as a single protein species of ~28 kDa (Fig

1A, lane 2). The previously described IGSF1-NTD and—CTD are glycoproteins [11]. IGSF1-2

is similarly predicted to be glycosylated at an asparagine residue (Asn43) in the first of its 2 Ig

loops. Consistent with this idea, removal of N-linked sugars with either PNGaseF or EndoH

hastened migration of the protein on SDS-PAGE (Fig 1A; lanes 3 and 4). Moreover, mutation

of Asn43 to Gln (N43Q) caused a similar increase in IGSF1-2’s mobility (lane 5), which was
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not further altered by PNGaseF or EndoH (lanes 6 and 7). Collectively, these data indicate that

murine IGSF1-2 is a glycoprotein, which is glycosylated at Asn43. Moreover, the equivalent

effects of EndoH and PNGaseF suggest that the protein only acquires immature sugars and

may therefore not transit from the ER to the Golgi in the secretory pathway.

To assess the generality of these results, we repeated the analyses with rat IGSF1-2. Both

murine and rat IGSF1-2 migrated as single protein species when expressed in CHO cells (Fig

1B, lanes 4 and 7). Again, treatment with EndoH or PNGaseF caused similar patterns of degly-

cosylation in both species (lanes 5, 6, 8, and 9). Comparable results were observed in a second

cell line (HEK293; data not shown and Fig 2). Thus, IGSF1-2 is a glycoprotein containing only

immature N-linked sugars in both mouse and rat. Interestingly, though the rat and murine

IGSF1-2 proteins are of similar length (233 and 232 amino acids, respectively), the rat protein

consistently migrated more rapidly on SDS-PAGE than the mouse (compare lanes 4 and 7 in

Fig 1B). This likely resulted from differences in the cloning strategies for the expression con-

structs between the two species and differences in the lengths of their signal peptides (18 and

10 amino acids, respectively, according to SignalP-4.1).

Although IGSF1-2 was originally predicted to be secreted [10], the EndoH-sensitivity of the

protein suggested that it might not exit the ER. We therefore asked whether IGSF1-2 could be

detected in culture medium of transfected cells. HEK293 cells were transiently transfected with

wild-type or glycosylation-deficient forms of murine (N43Q or NQ) or rat (N44Q or NQ)

IGSF1-2 or the thyroid hormone binding protein transthyretin (TTR). The latter is a secreted

protein [21] and was included as a positive control. As with IGSF1-2, the TTR expression vec-

tor included a C-terminal Myc/His tag. As demonstrated by immunoblotting of whole cell

Fig 1. Murine and rat IGSF1-2 are glycoproteins. A) CHO cells were transfected with empty vector

(pcDNA4), wild-type murine IGSF1-2-Myc/His, or murine IGSF1-2 (N43Q)-Myc/His expression vectors.

Whole cell protein lysates were collected and treated with PNGaseF (P), EndoH (E), or buffer alone (-) before

being subjected to SDS-PAGE and immunoblotting (IB) with a Myc antibody. Molecular weight markers (in

kDa) are shown at the left. Lanes are numbered at the bottom. B) CHO cells were transfected and lysates

analyzed as in panel A, with the following exception: wild-type rat IGSF1-2-Myc/His was used in place of the

mutant murine expression vector. *, non-specific band.

https://doi.org/10.1371/journal.pone.0180731.g001
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Fig 2. Murine and rat IGSF1-2 proteins are not secreted from transfected cells. HEK293 cells were

transfected with expression plasmids for wild-type (WT) or glycosylation mutant (NQ) forms of murine or rat

IGSF1-2, murine transthyretin (TTR), or empty vector (pcDNA4). Note, in all cases, proteins were expressed

with Myc/His tags at their C-termini. Media (top two panels) and whole cell protein lysates (bottom panel) were

collected and analyzed by SDS-PAGE and immunoblotting for Myc. In the middle panel, proteins in culture
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lysates, all proteins were expressed at roughly equivalent levels (Fig 2, lanes 2–6, bottom

panel). In contrast, only TTR could be detected in culture medium, whether or not proteins

were enriched via Ni-NTA chromatography (Fig 2, lane 6, middle and top panels). Equivalent

results were observed in a second heterologous cell line (CHO; data not shown).

Although these results suggested that IGSF1-2 was not secreted, they did not definitively

show that the protein failed to transit out of the ER. For example, it is possible that the protein

might navigate the secretory pathway, but remain associated with the plasma membrane.

Though IGSF1-2 lacks a transmembrane domain or motif for GPI-linkage, this did not rule

out association through protein-protein or other biophysical interactions. We therefore used

cell-surface biotinylation to assess whether IGSF1-2 associates with the plasma membrane.

HEK293 cells were transfected with C-terminally Myc-tagged forms of IGSF1-2 (mouse and

rat) or the human BMP type IA receptor (BMPR1A). The latter is a transmembrane glycopro-

tein and was used as a positive control. Roughly equivalent amounts of the proteins were

immunoprecipitated with a Myc antibody (Fig 3A, lanes 2–4, bottom panel). BMPR1A runs as

a doublet, with the higher molecular weight band representing the mature, plasma membrane

form of the protein. As shown in the cell-surface biotinylation analysis, only this form of the

protein was detected at the plasma membrane (Fig 3A, lane 4, top panel). Neither murine nor

rat IGSF1-2 was detected at the membrane (lanes 2 and 3, top panel). In complementary

immunofluorescence analyses, IGSF1-2 protein could be detected in permeabilized, but not

non-permeabilized cells (Fig 3B, compare top and bottom panels). Moreover, IGSF1-2 coloca-

lized with GRP-78/BiP, a well-described luminal ER protein (Fig 3C). These results are consis-

tent with the hypothesis that IGSF1-2 is not a secreted or plasma membrane-associated

protein, but rather remains within the cell, most likely in the ER.

One caveat to the above results is that all the analyses were performed in heterologous cells

(CHO or HEK293). It was therefore possible that mechanisms required for IGSF1-2 secretion

were absent. Thus, we turned to a homologous cell system. IGSF1 is expressed in developing

liver [5] and in hepatocellular carcinoma [22]. IGSF1-CTD is expressed in the liver cancer cell

line HepG2 (Fig 4A). Unfortunately, we were unable to confirm expression of endogenous

IGSF1-2 in HepG2 cells, as we lack antibodies against this isoform. Nonetheless, when we

expressed murine or rat IGSF1-2 in HepG2 cells, we were again unable to detect the proteins

in the culture medium, in contrast to TTR (Fig 4B, top panel). These data further support the

interpretation that IGSF1-2 is not a secreted protein, at least not in the cell lines investigated

here.

The IGSF1-2 protein is highly conserved in amino acid sequence across mammals. A

BLASTP search of the murine IGSF1-2 sequence returned definitive alignments to IGSF1-2

orthologs (as opposed to full-length IGSF1) in 16 mammalian species. Sequence identity ran-

ged from 77% (big brown bat) to 96% (rat), with 87% identity in human IGSF1-2. This level of

conservation suggests a functional role for the protein. It is presently unclear, however, what

this role might be in the pituitary or other tissues. It is possible that IGSF1-2 is secreted under

conditions we were unable to recapitulate in cultured cells. As there is precedent for Ig super-

family members playing roles in the ER [23], we also cannot rule out intracellular functions.

That said, we generated two Igsf1-deficient mouse models, which have similar phenotypes [3,

4, 7]. The first model [4] lacks multiple IGSF1 isoforms (including IGSF1-2), whereas IGSF1-2

is intact in the second model [7] (Brûlé and Turgeon, unpublished). This suggests that IGSF1-

2 is not functional or that its function depends on the co-expression of other IGSF1 isoforms.

medium were analyzed directly. In the top panel, proteins in the media were analyzed following Ni-NTA

purification and enrichment.

https://doi.org/10.1371/journal.pone.0180731.g002
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In summary, the 2 Ig loop isoform of IGSF1 (IGSF1-2) is highly expressed in the pituitary

gland and is conserved across mammalian species. Despite earlier predictions [10], IGSF1-2

does not appear to be secreted. Therefore, any functions of the protein may be intracellular,

perhaps in the ER. Most pathogenic mutations in IGSF1 map to the portion of the gene encod-

ing the CTD. As a result, IGSF1-2 should be intact in these individuals. In a few families, the

entirety of the IGSF1 gene is deleted; however, their phenotypes are similar to those of individ-

uals harboring missense, nonsense, or frame-shift mutations in the CTD [3, 18]. Therefore,

Fig 3. Murine and rat IGSF1-2 proteins do not traffic to the plasma membrane of transfected cells. A)

HEK293 cells were transfected with expression plasmids for wild-type murine (M.) or rat (R.) IGSF1-2, murine

BMP type IA receptor (BMPR1A), or empty vector (pcDNA4). Note, IGSF1-2 proteins were expressed with

Myc/His tags at their C-termini, whereas BMPR1A had the Myc tag alone. Cell surface proteins were labeled

with biotin prior to collection of whole cell lysates. Lysates were immunoprecipitated (IP) with Myc-beads and

then subjected to SDS-PAGE and transferred to nitrocellulose membranes. Total proteins were

immunoblotted with anti-Myc (bottom), whereas biotinylated proteins were identified with streptavidin-HRP

(top). B) HEK293 cells were cultured on coverslips and transiently transfected with wild-type murine IGSF1-

2-Myc/His. Cells were then fixed and subjected to immunofluorescence with a Myc antibody (green) under

non-permeabilizing (top) and permeabilizing conditions (bottom). C) Cells were transfected as in panel B,

premeabilized, and processed for double-label immunofluorescence with the Myc antibody (green) and an

antibody against GRP-78/BiP (red). The overlay is shown in yellow. In B and C, nuclei were stained with DAPI.

Images were captured by confocal microscopy. Scale bar, 10 μm.

https://doi.org/10.1371/journal.pone.0180731.g003
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IGSF1-2 cannot compensate for the absence of the IGSF1-CTD. IGSF1-2’s function, like that

of the CTD, remains to be determined.
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Fig 4. IGSF1-2 is not secreted from homologous HepG2 cells. A) Expression of endogenous IGSF1-CTD

in HepG2 cells as determined by immunoblot using an antibody that recognizes the N-terminus of the CTD

(black arrow). Protein lysates were treated with PNGaseF to confirm the specificity of the signal (gray arrow).

B) HepG2 cells were transfected with expression plasmids for wild-type murine (M.) or rat (R.) IGSF1-2,

murine transthyretin (TTR), or empty vector (pcDNA4). In all cases, proteins were expressed with Myc/His

tags at their C-termini. Media was collected and His-tagged proteins purified by Ni-NTA chromatography

before analysis by SDS-PAGE and immunoblotting for Myc (top). Cell protein lysates were collected and

immunoprecipitated (IP) with Myc-beads before analysis by Myc immunoblot (bottom). Note that the non-

specific band (*) partially obscures the rat IGSF1-2 in the bottom panel (third lane).

https://doi.org/10.1371/journal.pone.0180731.g004
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