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Abstract

Mucin-type O-glycosylation is initiated by the UDP-GalNAc polypeptide:N-acetylgalactosa-

minyltransferase (GalNAc-T) family of enzymes. Their activity results in the GalNAc α1-O-

Thr/Ser structure, termed the Tn antigen, which is further decorated with additional sugars.

In neoplastic cells, the Tn antigen is often overexpressed. Because O-glycosylation is con-

trolled by the activity of GalNAc-Ts, their regulation is of great interest. Previous reports sug-

gest that growth factors, EGF or PDGF, induce Golgi complex-to-endoplasmic reticulum

(ER) relocation of both GalNAc-Ts and Tn antigen in HeLa cells, offering a mechanism for

Tn antigen overexpression termed “GALA”. However, we were unable to reproduce these

findings. Upon treatment of HeLa cells with either EGF or PDGF we observed no change in

the co-localization of endogenous GalNAc-T1, GalNAc-T2 or Tn antigen with the Golgi com-

plex marker TGN46. There was also no enhancement of localization with the ER marker cal-

nexin. We conclude that growth factors do not cause redistribution of GalNAc-Ts from the

Golgi complex to the ER in HeLa cells.

Introduction

Mucin-type O-glycans decorate a wide range of secreted and transmembrane proteins. These

molecules play a diverse set of physiological roles including structural roles within the extracel-

lular matrix [1], the function of the innate immune system [2], and involvement in key signal

transduction pathways [3]. In common with other secreted and trans-membrane proteins, the

polypeptide core of mucins is synthesized in the endoplasmic reticulum (ER) and then trans-

ported to the Golgi complex via the ER-Golgi complex intermediate compartment (ERGIC). A

family of enzymes, termed the UDP-GalNAc polypeptide:N acetylgalactosaminyltransferases

(GalNAc-Ts, EC 2.4.1.41) initiates the addition of the first sugar in O-glycan biosynthesis in

the Golgi complex by catalysing transfer of N-acetylgalactosamine (GalNAc) from the sugar

donor UDP-GalNAc to the hydroxyl group of Thr/Ser residues of the protein core [4]. The

resultant structure GalNAc α1-O-Thr/Ser is termed “Tn antigen”. Normally, additional sugars
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are added stepwise, resulting in an extraordinary array of diverse O-glycan structures [4]. In

contrast, Tn antigen is often expressed in neoplastic cells [5–10], and is thought to contribute

to their “invasiveness” [11].

Mucin-type O-glycans are often arrayed in clusters due to variably glycosylated repeating

Thr/Ser-containing sequences that form the sites of sugar attachment. Further, recent O-glyco-

proteomic studies (e.g. [12] reveal that many non-mucinous secretory proteins are O-glycosy-

lated, often with isolated glycosites, and these sites may have profound effect on protein

functions. Thus, the acquisition, pattern, and density of O-glycans may be regulated by both

the substrate specificity and the spatiotemporal expression of the multiple GalNAc-Ts.

Detailed studies of GalNAc-T substrate specificity point to a requirement for either unique

GalNAc-Ts, or multiple GalNAc-Ts working in concert, to ensure that the acquisition of O-

glycans is complete [4, 12–14].

Gill et al. (2010) reported that either EGF or PDGF activation of the Src-kinase pathway

stimulates O-glycosylation initiation in HeLa cells. Their model posits that recruitment of

active Src family kinases (SFKs) to the Golgi complex modulates the formation of transport

carriers formed by the action of the GTPases, Arf1 and its effector the COPI complex, the

molecular machinery known to control retrograde transport of Golgi complex resident pro-

teins to the ER [15]. Using Helix pomatia (HPA) lectin to detect Tn antigen, Gill et al. (2010)

observed progressive re-distribution of HPA staining from the Golgi complex to the surround-

ing cytoplasm following growth factor treatment. To account for these findings, they suggested

that GalNAc-Ts (but not other glycosyltransferases) located in the Golgi complex are uniquely

sorted into retrograde carriers that transport these enzymes to ER resulting in higher levels of

the Tn antigen in the ER of cells stimulated with growth factors compared to control cells.

They term this novel mechanism for Tn antigen overexpression “GALA”.

This model has important implications for the regulation of mucin biosynthesis. If O-gly-

can acquisition were initiated in the ER due to selective re-direction of GalNAc-Ts, this could

result in a more densely glycosylated Tn antigen since the remaining O-glycosylation machin-

ery is not available until the mucin traffics to the Golgi complex. O-glycan density underlies

many biological roles including enhancement of protein resistance to proteolysis [16, 17], as

well as imparting important structural properties of some surface receptors [18–20], and the

selectivity with which the mucin-type protein interacts with lectins [21, 22]. Moreover, in vitro

studies suggest that the presence of Tn antigen inhibits extension of neighbouring glycans by

the relevant glycosyltransferases [23]. Moreover, it is known that ER localized O-mannosyla-

tion influences the subsequent addition of GalNAc by GalNAc-Ts [24]; if GalNAc-Ts re-local-

ize to the ER, it is plausible that this could influence the acquisition of O-mannose residues.

Therefore, if GalNAc-Ts re-locate to the ER, this would offer an important mechanism to alter

the sugar coat of cell surfaces and their functions. Given the potential implications suggested

by Gill et al. (2010) we attempted to reproduce several of the key observations published by

Gill and colleagues [25] as a starting point to conducting studies that would build upon these

findings. However, when we performed co-localization studies with experimental approaches

similar to those reported by Gill et al., 2010, and additional ones using standard ER and Golgi

complex markers in combination with antibodies to GalNAc-T1 and—T2, in EGF- or PDGF-

stimulated HeLa cells [25, 26], we failed to obtain any evidence for changes in the normal

localization of endogenous GalNAc-T1 and GalNAc-T2. Rather, GalNAc-Ts remain predomi-

nately localized to the Golgi complex. Moreover, we did not detect changes in either the loca-

tion of HPA-lectin reactive materials. Taken together, our experiments lead us to conclude

that in HeLa cells, activation by the growth factors EGF and PDGF does not stimulate O-glyco-

sylation initiation of mucins via the relocation of GalNAc-T from the Golgi complex to the

ER.

Growth factors do not regulate O-glycosylation
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Materials and methods

Cell Culture

HeLa CCL-2 cell were purchased from ATCC (American Type Culture Collection (ATCC),

Manassas, VA), and maintained in Dulbecco’s Modified Eagle Medium (DMEM) (Thermo-

Fisher Scientific) supplemented with 10% fetal bovine serum (FBS) (ThermoFisher Scientific)

and 1% Pen/Strep (Life Technologies, Grand Island, NY) at 37˚C in a 5% CO2 incubator.

Antibodies and fluorescent lectins

For immunofluorescence experiments the following primary antibodies and lectins were used:

mouse anti-GalNAc-T1 (un-diluted), mouse anti-GalNAc-T2 (un-diluted)[27]; sheep anti-

TGN46 (1:500; Biorad); rabbit anti-calnexin (1:200; Abcam); Alexa Fluor1 488 Helix pomatia
agglutinin (HPA) lectin (5μg/ml; ThermoFisher Scientific). The fluorescently labelled second-

ary antibodies used were: Cy5 Donkey anti-sheep (1:100; Jackson ImmunoResearch); Alexa

Fluor1 488 Donkey anti-mouse (1:1000; ThermoFisher Scientific); Alexa Fluor1 555 Donkey

anti-mouse (1:1000; ThermoFisher Scientific); Alexa Fluor1 555 donkey anti-rabbit (1:1000;

ThermoFisher Scientific).

Immunofluorescence

For experiments in which un-transfected HeLa cells were used to quantify changes in the intra-

cellular distribution of endogenous GalNAc-T1, T2 or HPA-labeled species, cells seeded at the

desired density onto glass cover slips were grown in DMEM containing 10% FBS. Cells were

washed twice with phosphate buffered saline (PBS) and left incubating in serum-free media

for at least 16 h. Cells were washed once more and later incubated with or without DMEM

containing 0.1% bovine serum albumin (BSA) and human recombinant EGF (100 ng/ml;

Sigma Aldrich) or PDGF-bb (50 ng/ml; ThermoFisher Scientific). Cells were washed, fixed

with 4% paraformaldehyde (PFA) in PBS for 10 min, washed with PBS, and later incubated in

quench solution (NH4Cl 75 mM, glycine 20 mM) containing 0.1% Tx-100 for 10 min. Cells

were blocked in 0.2% BSA/fish skin gelatin (7mg/ml)/0.05% saponin in PBS for 30 min. Pri-

mary mouse antibodies against GalNAc-T1 and T2 were used non-diluted, complemented

with 0.5% BSA and with antibodies against calnexin and TGN46 overnight at room tempera-

ture. For HPA labelling, cells were incubated with antibodies against calnexin and TGN46 in

the blocking solution. Cells were then incubated with the respective secondary antibodies with

or without HPA- conjugated to Alexa-488 (5 μg/ml) for 2 h at 37˚C. Cells were washed and

later mounted with ProLong Gold (ThermoFisher Scientific) reagent and cured overnight

before imaging.

Microscopy and image quantification analyses

Images shown in all figures were obtained with a Nikon A1R+ confocal microscope (Nikon

Instruments Inc.) equipped with the following solid state lasers and filters: 488 nm (525/50),

561 nm (600/50) and 640 nm (650LP), using a 60x Plan Apochromat oil objective (NA 1.4)

with an image pixel size of 70 nm and a pinhole size of 0.7 airy unit (AU). The volume of each

cell was imaged in its entirety with a z-step of 100 nm. Image acquisition was performed at

room temperature using the NIS-Element imaging software (Nikon Instrument Inc.). For

visualization purpose, a max projection of 30 z slices from each imaging stack was generated

using ImageJ software.

Comparative co-localization analysis of HPA-reactive material or endogenous GalNAc-T1

and GalNAc-T2 with ER marker (calnexin) and Golgi complex marker (TGN46) of control
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and growth factor-stimulated cells was performed using Imaris (Bitplane, Oxford Instruments,

Concord, MA). For each image, a mask is created using the HPA or GalNAc-Ts channel, and

then an automatic threshold is applied for each marker channels. The Manders’ coefficient A,

corresponding to the proportion of intensity in channel A (ER or Golgi complex) coincident

with intensity in channel B (HPA or GalNAc-Ts), is then used to quantify the co-localization

of both markers with HPA or GalNAc-Ts. R software was used to perform a non-parametric

Wilcoxon test to determine the statistical significance of the Manders’ correlation coefficient

after various growth factor treatments.

Western blot analysis

HeLa cells were plated on 100mm dishes and allowed to recover for ~18 hours. Cells were then

washed with PBS and incubated in serum-free DMEM for 16 h. Cells were then treated with

DMEM containing 0.1% BSA and human recombinant EGF (100 ng/ml; Sigma Aldrich) or

PDGF-BB (50 ng/ml; ThermoFisher Scientific) for 10 min, 30 min, 1 hours, 2 hours, 3 hours

or 4 hours. After the indicated times, cells were trypsinized and collected by centrifugation.

Following two washes in PBS cells were lysed in 1X Phosphate buffered saline (PBS), 1% Triton

X-100 and HALT protease inhibitors (Roche) for 30 min at 4C. Proteins were resolved on

4–12% SDS-PAGE and transferred to nitrocellulose membranes (ThermoFisher Scientific).

Membranes were blocked in Block Buffer (Licor) and subsequently incubated with either rab-

bit anti-P44/P42 MAPK (1:1000; Cell Signaling) or rabbit anti-P-P44/P42 (1:1000; Cell Signal-

ing) and mouse anti-alpha-tubulin (1:5000; Cell Signaling). Following three washed in PBS

+0.1% Tween-20 membranes were incubated with IRDye1 680 donkey anti-mouse (1:5000;

Licor) and IRDye1 800 donkey anti-rabbit (1:5000; Licor). Membranes were subsequently

washed with PBS +0.1% Tween-20 followed by PBS immediately prior to data acquisition with

a Licor Odyssey scanner. Quantification of Western blot band intensity was performed using

ImageJ. Fold change in P-P44/P42 was calculated by first normalizing band intensity for either

P44/P42 or P-P44/P42 against the alpha tubulin signal from the mock lane in each blot. Next,

the density in the normalized mock lane was divided by the normalized density of each time

point to yield a fold change. Lastly, the fold change in P-P44/P42 was divided by the fold

change in P44/42 for each respective time point. The average values for each time point were

calculated from three independent western blots from three separate growth factor treatments

and were graphed using Microsoft Excel. Error bars represent standard deviation.

RT-qPCR

Total RNA were extracted from HeLa ATCC cells using the RNeasy micro kit and the QIAsh-

redder spin column (Qiagen, Valencia, CA) for homogenization, following manufacturer

protocol. Then 1mg of RNA was used to produce cDNA using iScript™ Reverse Transcription

Supermix (Biorad, Hercules, CA). RT-qPCR was performed using Taqman1 Gene expression

assay (ThermoFisher Scientific, Waltham, MA) following manufacturer procedure. The PCR

was performed using TaqMan1 Universal PCR Master Mix (ThermoFisher Scientific, Wal-

tham, MA), with 50 ng of cDNA and the following probes: Actin B (Hs99999903_m1) was used

as a positive control, and used to normalization for the relative expression of GalNAc-T1

(Hs00234919_m1), GalNAc-T2 (Hs00189537_m1), GalNAc-T3 (Hs00237084_m1), GalNAc-

T4 (Hs00559726_s1), GalNAc-T5 (Hs00294826_m1), GalNAc-T6 (Hs00200529_m1), GalNAc-

T7 (Hs00213624_m1), GalNAc-T8 (Hs00213610_m1), GalNAc-T9 (Hs00222357_m1), Gal-

NAc-T10 (Hs00213903_m1), GalNAc-T11 (Hs00757865_m1), GalNAc-T12 (Hs00226436_m1)

and CD3e (Hs01062241_m1).

Growth factors do not regulate O-glycosylation
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Results

Growth factor stimulation has no effect on the Golgi complex localization

of GalNAc-T1 and—T2

To determine if growth factor treatment effects the localization of endogenous GalNAc-T1

and -T2 we treated HeLa CCL-2 cells (acquired from ATCC) with EGF or PDGF, using

conditions previously reported as sufficient to cause redistribution of GalNAc-T from the

Golgi complex (Gill et al., 2010). GalNAc-T1 and -T2 are the most abundant GalNAc-T

transcripts expressed in HeLa cells and thus represented a logical choice for these studies

(S1 Fig). To directly visualize if GalNAc-Ts were located in the Golgi complex or ER, cells

from all treatment conditions were stained with antibodies to TGN-46 (a Trans-Golgi com-

plex marker), calnexin (an ER marker) and either endogenous GalNAc-T1 or endogenous

GalNAc-T2 (the kind gift of Dr. Ulla Mandel, U. Copenhagen). In serum starved cells that

were not treated with additional growth factors both GalNAc-T1 (Fig 1AA’–1AD’) and

GalNAc-T2 (Fig 1BA’–1BD’) co-localized with TGN46. When serum starved cells were

treated with EGF for 4 hours or PDGF for 3 hours both GalNAc-T1 (Fig 1AE’–1AL’) and

GalNAc-T2 (Fig 1BE’–1BL’) remained co-localized with TGN46. To quantify the proportion

of GalNAc-Ts located in the Golgi complex versus the ER under the various treatment

conditions we determined the Manders’ correlation coefficient (MCC) [28–30] of the

GalNAc-T/TGN46 and GalNAc-T/calnexin staining, respectively (Fig 1C). We found a

strong coincidence of endogenous GalNAc-T1 or—T2 with TGN46 in both control,

serum starved, cells and those stimulated with EGF or PDGF with a MCC of 0.9 ± 0.1. In

contrast, the MCC between either GalNAc-T1 or—T2 and calnexin was 0.4 ± 0.1 under all

conditions tested. A Wilcoxon test showed no significant difference between control and

EGF or PDGF treatments. Together, our data demonstrates that EGF and PDGF treatment

of serum starved HeLa cells does not alter the Golgi complex localization of GalNAc-T1

or -T2.

Proteins containing Tn antigen remain localized within the Golgi complex

after growth factor stimulation

Because our growth factor treatment did not result in a change in GalNAc-T localization we

next determined if EGF or PDGF treatment of serum starved HeLa cells resulted in a change

in Tn antigen localization as was also reported by Gill et al. 2010. We similarly visualized the

Tn antigen using a fluorescently labelled HPA (also referred to as HPL) lectin but addition-

ally co-stained for both a Golgi complex (TGN46) and an ER (calnexin) marker. After treat-

ment of serum starved cells with either EGF for 4 hours (Fig 2AE’–2AH’) or PDGF for 3

hours (Fig 2AI’–2AL’) HPA-reactive material was found localized with TGN46, similar to

serum starved control cells (Fig 2AA’–2AD’). To quantitate the proportion of HPA-reactive

material found in either the Golgi complex or ER we calculated the MCC of HPA-reactive

material/TGN46 or HPA-reactive material/calnexin, respectively. We found a strong

coincidence of HPA-reactive material with the Golgi complex with a MCC of 0.8 ± 0.1 for

untreated and cells treated with EGF or PDGF, while the coincidence of HPA-reactive mate-

rial with ER was low with a MCC of 0.3 ± 0.1, that did not change after growth factors treat-

ment (Fig 2B). A Wilcoxon test showed no significant difference between control and EGF

or PDGF treatments. Together, our data indicate that EGF or PDGF treatment of serum

starved HeLa cells has no effect on the Golgi complex localization of proteins carrying the

Tn antigen.

Growth factors do not regulate O-glycosylation
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Fig 1. Growth factor treatment does not change Golgi complex localization of GalNAc-T1 or -T2. Serum

starved HeLa cells were stimulated with 100 ng/ml of EGF for 4 h, 50 ng/ml of PDGF for 3 h or left untreated as a

control. Cells were subsequently immunostained with antibodies to the Golgi complex marker TGN46 (AC’, AG’,

AK’, BC’, BG’ and BK’), the ER marker calnexin (cnx) (AA’, AE’, AI’, BA’, BE’, and BI’) and either endogenous

GalNAc-T1 (AB’, AF’, and AJ’) or GalNAc-T2 (BB’, BF’ and BJ’). Merged channels (AD’, AH’, AL’, BD’, BH’, and BL’)

demonstrate that growth factor treatments have no effect on GalNAc-T1 or—T2 Golgi complex localization. Insets

depicting a magnified view of merged imaging channels. Individual maximum projections of 30 confocal sections

Growth factors do not regulate O-glycosylation

PLOS ONE | https://doi.org/10.1371/journal.pone.0179241 July 18, 2017 6 / 14

https://doi.org/10.1371/journal.pone.0179241


Growth factor treatment results in rapid signalling in HeLa cells

Our results indicated that EGF or PDGF treatment of serum starved cells does not result in

any changes in GalNAc-T or Tn antigen localization away from the Golgi complex (Figs 1 and

2). Because these results were contrary to those reported by Gill et al. (2010), we sought to con-

firm that our growth factor treatments were in fact eliciting the appropriate cellular responses

in HeLa cells. To this end we performed a time course of EGF or PDGF treatment following

serum starvation of HeLa cells. Cell extracts were analysed by Western blot using antibodies

specific to phosphorylated P44/P42 MAPK as an indicator of receptor tyrosine kinase activa-

tion and subsequent downstream signalling [31–33]. In serum starved cells treated with either

EGF or PDGF, peak detection of phosphorylated P44/P42 occurred 10 minutes after treatment

and then decreased over the remainder of the time course (Fig 3A and 3B). These results are

consistent with previously reported time frames for MAPK pathway activation [34, 35].

Our initial growth factor treatments were performed using conditions reported by Gill et al.

(2010). Because 4 hour EGF or 3 hour PDGF treatment yielded no change in GalNAc-T Golgi

complex localization (Figs 1 and 2) and the fact that there was little detectable MAPK activa-

tion at these time points (Fig 3A and 3B), we next determined if GalNAc-T or Tn antigen

localization changed after 10 minutes of growth factor treatment, when the highest level of

phosphorylated P44/P42 is detected (Fig 3A and 3B). When serum starved cells were left

untreated or treated with either EGF or PDGF for 10 minutes, GalNAc-T1, -T2 (S2 Fig) and

Tn antigen (S3 Fig) remained co-localized with TGN46. MCC calculations confirmed that

there existed a high degree of coincidence between GalNAc-T1, -T2 and Tn antigen with

TGN46 (0.79–0.89 ± 0.1) and low coincidence with calnexin (0.25–0.3 ± 0.1) (Fig 3C). A Wil-

coxon test showed no significant difference between control and EGF and PDGF treatments.

These data indicate that under conditions when MAPK pathway activation is highest there is

still no change in GalNAc-T Golgi complex localization.

Discussion

Here, we demonstrate that growth factor treatment of serum starved HeLa cells causes no

change in the Golgi complex localization of endogenous GalNAc-T1 and—T2, the predomi-

nant isoforms expressed in these cells, or Tn antigen, the immediate product of GalNAc-T

enzymatic activity. These findings are in direct contrast to what was previously reported in the

literature [25, 36]. Gill et al. utilized immunofluorescence experiments that simultaneously

visualized HPA (a lectin that recognizes Tn antigen)/Tn antibody/giantin (a Golgi complex

marker) or HPA/GalNAc-T1/giantin to ascertain if growth factor treatments cause the Tn

antigen and GalNAc-T1 to redistribute to the ER. Part of the evidence presented to support

redistribution to the ER are images of cytoplasmic regions that are discrete from the areas

occupied by the Golgi complex marker. The authors also visualize GalNAc-T1/ERGIC53 (a

marker of the ER-to-Golgi complex intermediate compartment)/HPA and HPA/PDI (an ER

marker)/giantin to support their hypothesis that GalNAc-Ts are trafficked to the ER after

growth factor treatment. Again, insets of cytoplasmic regions are used to support these conclu-

sions. However, Gill et al. did not report simultaneous visualization of a GalNAc-T with a

shown in (A) are representative of 95, 74 and 78 cells for Control, EGF and PDGF treatments, respectively, from

two independent experiments. Images in (B) are representative of 73, 79, and 61 cells for Control, EGF and PDGF

treatments, respectively, from two independent experiments. Scale bars, 10 μm. (C) Manders’ correlation

coefficient was used to quantitate the degree of coincidence between GalNAc-T1 or—T2 with TGN46 (Golgi

complex) and GalNAc-T1 or—T2 with calnexin (ER) in control, EGF and PDGF treated cells from confocal sections

acquired over the entire volume of each cell. Values represent the mean ± S.D. from the number of cells described

in (A) and (B).

https://doi.org/10.1371/journal.pone.0179241.g001
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Fig 2. Growth factor treatment has no effect on Tn antigen localization. Serum starved HeLa cells were either left unstimulated,

treated with 100 ng/ml of EGF for 4 h or 50 ng/ml of PDGF for 3 h. Cells were subsequently immunostained with antibodies to TGN46

(AC’, AG’ and AK’), calnexin (AA’, AE’, and AI’) and the lectin HPA (AB’, AF’ and AJ’). Merged channels (AD’, AH’, and AL’) show that

neither EGF nor PDGF treatment move Tn antigen away from the Golgi complex. Individual maximum projections of 30 confocal

sections shown are representative of 93, 76 and 71 cells for Control, EGF and PDGF treatments, respectively, from two independent

experiments. Scale bars, 10 μm. (B) To quantitate the amount of Tn antigen found in Golgi complex versus ER we calculated the

Manders’ correlation coefficient for HPA/TGN46 and HPA/calnexin signals acquired over the volume of individual cells, respectively.

Values represent the mean ± S.D. of quantified experimental replicates described in (A).

https://doi.org/10.1371/journal.pone.0179241.g002
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Fig 3. Time course of MAPK activation following growth factor treatments. (A) Serum starved cells were left untreated,

treated with 100 ng/ml of EGF or 50 ng/ml of PDGF. At varying time points after treatment cell extracts were prepared and

subjected to Western blotting with antibodies specific for P44/P42 or phosphorylated P44/P42 (P-P44/P42) as an indicator of

MAPK signalling. The time course revealed that the highest level of P-P44/P42 is detected 10 minutes after treatment.

Western blots shown are representative of three independent experiments. (B) Quantification of fold change in detectable

P-P44/P42 as a function of time after growth factor treatment. Average fold change in P-P44/P42 is shown with error bars

Growth factors do not regulate O-glycosylation
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Golgi complex and an ER marker to support their hypothesis. When we performed growth fac-

tor treatments using conditions reported by Gill et al. (2010) and simultaneously visualized a

Golgi complex marker (TGN46), an ER marker (calnexin) and endogenous GalNAc-Ts or Tn

antigen (HPA) no change in GalNAc-T or Tn antigen localization was detected.

To quantify amount of Tn antigen or GalNAc-T1 co-localized with their Golgi complex

marker Gill et al. use two different approaches. First, they measured the fluorescent intensity

of each marker along a randomly drawn line and looked for similar changes in intensity of

each marker along the line. Second, they identified the area of the cell corresponding to the

organelle in question, by performing “intensity-based cutoff”, and subsequently determined

the degree to which the experimental marker resided within that area. It is unclear if these

measurements were made over the entire volume of a cell or only on individual confocal sec-

tions. By this approach and the markers used (giantin/HPA and GalNAc-T1/giantin/HPA) the

authors would only be able to conclude whether or not Tn antigen and GalNAc-T1 is found in

the Golgi complex under the various growth factor treatments. Because simultaneous imaging

of an ER marker and GalNAc-T were never performed, it would not be possible to conclude if

GalNAc-Ts were located in the ER. Additionally, quantification of experiments involving T1/

ERGIC53/HPA and HPA/PDI/giantin were not reported. In the results presented here we

directly visualized TGN46, calnexin and either endogenously expressed GalNAc-T1, T2, or

HPA. To quantify the degree to which GalNAc-Ts or HPA co-localized with either TGN46 or

calnexin we calculated the Manders’ correlation coefficient (MCC) for each combination of

markers, visualized over the entire volume of each cell, under the growth factor treatments

tested. When comparing two entities, this approach relays the fraction of one channel that co-

localizes with the second channel [28–30]. By this measure we confirmed that there was a

strong degree of coincidence between both endogenous GalNAc-Ts and Tn antigen with

TGN46 and a low degree of coincidence with calnexin under all conditions tested, demonstrat-

ing that growth factor treatment did not result in a change in the Golgi complex localization of

either GalNAc-Ts or Tn antigen.

Gill et al. (2010) did not report a quantitative measure of EGF or PDGF effect after addition

to HeLa cells, except for the immunolocalization of GalNac-T1, HPA or Tn. We therefore can-

not rule out the possibility that the effect of EGF and PDGF treatment is temporally different

in the cells they employed relative to the HeLa CCL-2, cells obtained from the ATCC. How-

ever, to partially address this possibility we also performed our immunofluorescence experi-

ments after 10 minutes of EGF or PDGF treatment, when we detect the highest levels of

phosphorylated P44/P42. Our results indicate that regardless of when we measure the localiza-

tion of GalNAc-Ts they are predominantly found co-localized with TGN46 and thus within

the Golgi complex.

We are unable to rule out the possibility that there is an inherent difference between the

HeLa cells used by Gill et al. (2010) and those purchased from ATCC. We did initial studies

with one sample of cells graciously provided by Dr. F. Bard, and did not find any difference

from the results reported here (data not shown). We subsequently learned that a second line of

HeLa cells was also used by the Bard lab. At a minimum, our results indicate that the observa-

tions termed “GALA”, reported by Gill et al. are not generalizable to all HeLa cells. Thus, care

representing the S.D. seen from the quantification of three independent western blots from three separate growth factor

treatments. (C) Quantification of amount of GalNAc-T1, -T2 and Tn antigen found in Golgi complex or ER after 10 minutes of

growth factor treatments. Manders’ correlation coefficient was calculated on the data set shown in S2 and S3 Figs. Values

represent the mean ± S.D.

https://doi.org/10.1371/journal.pone.0179241.g003
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should be taken when exploring the possibility that this reported phenomenon is a global

mechanism for regulating mucin-type protein O-glycosylation.

Supporting information

S1 Fig. GalNAc-T expression in Hela cells. Quantitative real-time PCR was performed to

quantitate levels of GalNAc-T transcript in HeLa cells. RNA levels were normalized to b-actin,

CD3e was used as the negative control (-). Values represent mean values ± S.D. for three inde-

pendent experiments.

(TIF)

S2 Fig. GalNAc-Ts remain Golgi complex localized when MAPK signaling is highest.

Serum starved HeLa cells were either left unstimulated, treated with 100 ng/ml of EGF for 10

min or 50 ng/ml of PDGF for 10 min. Cells were subsequently immunostained with antibodies

to TGN46 (AC’, AG’, AK’, BC’, BG’ and BK’), the ER marker calnexin (AA’, AE’, AI’, BA’, BE’,

and BI’) and either endogenous GalNAc-T1 (AB’, AF’, and AJ’) or GalNAc-T2 (BB’, BF’ and

BJ’). Merged channels (AD’, AH’, AL’, BD’, BH’, and BL’) demonstrate that no change in Gal-

NAc-T Golgi complex localization is observed. Individual maximum projections of 30 confo-

cal sections shown in (A) are representative of 81, 85 and 82 cells for control, EGF and PDGF

treatments, respectively, from two independent experiments. Representative images in (B) are

from 103, 123 and 136 cells for control, EGF and PDGF treatments, respectively, from three

independent experiments. Scale bars, 10 μm.

(TIF)

S3 Fig. HPA remain Golgi complex localized when MAPK signaling is highest. Serum

starved HeLa cells were either left unstimulated, treated with 100 ng/ml of EGF for 10 min or

50 ng/ml of PDGF for 10 min. Cells were subsequently immunostained with antibodies to

TGN46 (C, G and K), calnexin (A, E, and I) and the lectin HPA (B, F and J). Merged channels

(D, H, and L) show that neither EGF nor PDGF treatment cause a change in the Golgi complex

localization of Tn antigen. Individual maximum projections of 30 confocal sections are repre-

sentative of 77, 91 and 93 cells for control, EGF and PDGF treatments, respectively, from three

independent experiments. Scale bars, 10 μm.

(TIF)

Acknowledgments

We thank Kanishka Patel for help with experiments, Dr. George Patterson for advice on quan-

tification of confocal microscopy data and providing reagents, and Dr. Kenneth Yamada for

critical reading of earlier versions of the manuscript. We thank Dr. Ulla Mendel for providing

antibodies to endogenous GalNAc-T1 and -T2, and for her review of the manuscript. We

thank Drs. Kelly Ten Hagen and George Patterson for reviewing multiple versions of the man-

uscript. We thank Dr. Frederic Bard for providing us with additional details of his work and a

sample of HeLa cells from his lab. This work was supported by the Intramural Research Pro-

gram of the National Institutes of Health, NICDR.

Author Contributions

Conceptualization: RER DTT LAT.

Data curation: GGH RER DTT.

Formal analysis: GGH DTT.

Growth factors do not regulate O-glycosylation

PLOS ONE | https://doi.org/10.1371/journal.pone.0179241 July 18, 2017 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179241.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179241.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0179241.s003
https://doi.org/10.1371/journal.pone.0179241


Funding acquisition: LAT.

Investigation: GGH RER DTT MA LB.

Project administration: LAT.

Supervision: LAT.

Validation: GGH RER DTT LAT.

Visualization: GGH RER DTT LAT.

Writing – original draft: GGH RER DTT LAT.

Writing – review & editing: GGH RER DTT LAT.

References
1. Zhang L, Tran DT, Ten Hagen KG. An O-glycosyltransferase promotes cell adhesion during develop-

ment by influencing secretion of an extracellular matrix integrin ligand. The Journal of biological chemis-

try. 2010; 285(25):19491–501. PMID: 20371600;

2. Tabak LA. In defense of the oral cavity: structure, biosynthesis, and function of salivary mucins. Annual

review of physiology. 1995; 57:547–64. https://doi.org/10.1146/annurev.ph.57.030195.002555 PMID:

7778877.

3. Kufe DW. MUC1-C oncoprotein as a target in breast cancer: activation of signaling pathways and thera-

peutic approaches. Oncogene. 2013; 32(9):1073–81. https://doi.org/10.1038/onc.2012.158 PMID:

22580612.

4. Bennett EP, Mandel U, Clausen H, Gerken TA, Fritz TA, Tabak LA. Control of mucin-type O-glycosyla-

tion: a classification of the polypeptide GalNAc-transferase gene family. Glycobiology. 2012; 22

(6):736–56. https://doi.org/10.1093/glycob/cwr182 PMID: 22183981.

5. Brockhausen I. Mucin-type O-glycans in human colon and breast cancer: glycodynamics and functions.

EMBO reports. 2006; 7(6):599–604. https://doi.org/10.1038/sj.embor.7400705 PMID: 16741504;

6. Itzkowitz S, Kjeldsen T, Friera A, Hakomori S, Yang US, Kim YS. Expression of Tn, sialosyl Tn, and T

antigens in human pancreas. Gastroenterology. 1991; 100(6):1691–700. PMID: 1850375.

7. Konno A, Hoshino Y, Terashima S, Motoki R, Kawaguchi T. Carbohydrate expression profile of colorec-

tal cancer cells is relevant to metastatic pattern and prognosis. Clinical & experimental metastasis.

2002; 19(1):61–70. PMID: 11918084.

8. Konska G, Guerry M, Caldefie-Chezet F, De Latour M, Guillot J. Study of the expression of Tn antigen

in different types of human breast cancer cells using VVA-B4 lectin. Oncology reports. 2006; 15

(2):305–10. PMID: 16391846.

9. Laack E, Nikbakht H, Peters A, Kugler C, Jasiewicz Y, Edler L, et al. Expression of CEACAM1 in adeno-

carcinoma of the lung: a factor of independent prognostic significance. Journal of clinical oncology: offi-

cial journal of the American Society of Clinical Oncology. 2002; 20(21):4279–84. https://doi.org/10.

1200/JCO.2002.08.067 PMID: 12409325.

10. Springer GF. T and Tn, general carcinoma autoantigens. Science. 1984; 224(4654):1198–206. PMID:

6729450.

11. Radhakrishnan P, Dabelsteen S, Madsen FB, Francavilla C, Kopp KL, Steentoft C, et al. Immature trun-

cated O-glycophenotype of cancer directly induces oncogenic features. Proceedings of the National

Academy of Sciences of the United States of America. 2014; 111(39):E4066–75. https://doi.org/10.

1073/pnas.1406619111 PMID: 25118277.

12. Steentoft C, Vakhrushev SY, Joshi HJ, Kong Y, Vester-Christensen MB, Schjoldager KT, et al. Preci-

sion mapping of the human O-GalNAc glycoproteome through SimpleCell technology. The EMBO jour-

nal. 2013; 32(10):1478–88. https://doi.org/10.1038/emboj.2013.79 PMID: 23584533;

13. Gerken TA, Revoredo L, Thome JJ, Tabak LA, Vester-Christensen MB, Clausen H, et al. The lectin

domain of the polypeptide GalNAc transferase family of glycosyltransferases (ppGalNAc Ts) acts as a

switch directing glycopeptide substrate glycosylation in an N- or C-terminal direction, further controlling

mucin type O-glycosylation. The Journal of biological chemistry. 2013; 288(27):19900–14. https://doi.

org/10.1074/jbc.M113.477877 PMID: 23689369;

14. Revoredo L, Wang S, Bennett EP, Clausen H, Moremen KW, Jarvis DL, et al. Mucin-type O-glycosyla-

tion is controlled by short- and long-range glycopeptide substrate recognition that varies among

Growth factors do not regulate O-glycosylation

PLOS ONE | https://doi.org/10.1371/journal.pone.0179241 July 18, 2017 12 / 14

http://www.ncbi.nlm.nih.gov/pubmed/20371600
https://doi.org/10.1146/annurev.ph.57.030195.002555
http://www.ncbi.nlm.nih.gov/pubmed/7778877
https://doi.org/10.1038/onc.2012.158
http://www.ncbi.nlm.nih.gov/pubmed/22580612
https://doi.org/10.1093/glycob/cwr182
http://www.ncbi.nlm.nih.gov/pubmed/22183981
https://doi.org/10.1038/sj.embor.7400705
http://www.ncbi.nlm.nih.gov/pubmed/16741504
http://www.ncbi.nlm.nih.gov/pubmed/1850375
http://www.ncbi.nlm.nih.gov/pubmed/11918084
http://www.ncbi.nlm.nih.gov/pubmed/16391846
https://doi.org/10.1200/JCO.2002.08.067
https://doi.org/10.1200/JCO.2002.08.067
http://www.ncbi.nlm.nih.gov/pubmed/12409325
http://www.ncbi.nlm.nih.gov/pubmed/6729450
https://doi.org/10.1073/pnas.1406619111
https://doi.org/10.1073/pnas.1406619111
http://www.ncbi.nlm.nih.gov/pubmed/25118277
https://doi.org/10.1038/emboj.2013.79
http://www.ncbi.nlm.nih.gov/pubmed/23584533
https://doi.org/10.1074/jbc.M113.477877
https://doi.org/10.1074/jbc.M113.477877
http://www.ncbi.nlm.nih.gov/pubmed/23689369
https://doi.org/10.1371/journal.pone.0179241


members of the polypeptide GalNAc transferase family. Glycobiology. 2016; 26(4):360–76. https://doi.

org/10.1093/glycob/cwv108 PMID: 26610890;

15. Spang A. Retrograde traffic from the Golgi to the endoplasmic reticulum. Cold Spring Harbor perspec-

tives in biology. 2013; 5(6). https://doi.org/10.1101/cshperspect.a013391 PMID: 23732476.

16. van der Post S, Subramani DB, Backstrom M, Johansson ME, Vester-Christensen MB, Mandel U, et al.

Site-specific O-glycosylation on the MUC2 mucin protein inhibits cleavage by the Porphyromonas gingi-

valis secreted cysteine protease (RgpB). The Journal of biological chemistry. 2013; 288(20):14636–46.

https://doi.org/10.1074/jbc.M113.459479 PMID: 23546879;

17. Zhang L, Syed ZA, van Dijk Hard I, Lim JM, Wells L, Ten Hagen KG. O-glycosylation regulates polarized

secretion by modulating Tango1 stability. Proceedings of the National Academy of Sciences of the

United States of America. 2014; 111(20):7296–301. https://doi.org/10.1073/pnas.1322264111 PMID:

24799692;

18. Jentoft N. Why are proteins O-glycosylated? Trends in biochemical sciences. 1990; 15(8):291–4.

PMID: 2204153.

19. Ostuni MA, Guellec J, Hermand P, Durand P, Combadiere C, Pincet F, et al. CX3CL1, a chemokine

finely tuned to adhesion: critical roles of the stalk glycosylation and the membrane domain. Biology

open. 2014; 3(12):1173–82. https://doi.org/10.1242/bio.20149845 PMID: 25395671;

20. Paszek MJ, DuFort CC, Rossier O, Bainer R, Mouw JK, Godula K, et al. The cancer glycocalyx

mechanically primes integrin-mediated growth and survival. Nature. 2014; 511(7509):319–25. https://

doi.org/10.1038/nature13535 PMID: 25030168;

21. Dam TK, Gerken TA, Cavada BS, Nascimento KS, Moura TR, Brewer CF. Binding studies of alpha-Gal-

NAc-specific lectins to the alpha-GalNAc (Tn-antigen) form of porcine submaxillary mucin and its

smaller fragments. The Journal of biological chemistry. 2007; 282(38):28256–63. https://doi.org/10.

1074/jbc.M704677200 PMID: 17652089.

22. Kato K, Takeuchi H, Ohki T, Waki M, Usami K, Hassan H, et al. A lectin recognizes differential arrange-

ments of O-glycans on mucin repeats. Biochemical and biophysical research communications. 2008;

371(4):698–701. https://doi.org/10.1016/j.bbrc.2008.04.120 PMID: 18455506.

23. Brockhausen I, Dowler T, Paulsen H. Site directed processing: role of amino acid sequences and glyco-

sylation of acceptor glycopeptides in the assembly of extended mucin type O-glycan core 2. Biochimica

et biophysica acta. 2009; 1790(10):1244–57. https://doi.org/10.1016/j.bbagen.2009.05.020 PMID:

19524017.

24. Tran DT, Lim JM, Liu M, Stalnaker SH, Wells L, Ten Hagen KG, et al. Glycosylation of alpha-dystrogly-

can: O-mannosylation influences the subsequent addition of GalNAc by UDP-GalNAc polypeptide N-

acetylgalactosaminyltransferases. The Journal of biological chemistry. 2012; 287(25):20967–74.

https://doi.org/10.1074/jbc.M112.370387 PMID: 22549772;

25. Gill DJ, Chia J, Senewiratne J, Bard F. Regulation of O-glycosylation through Golgi-to-ER relocation of

initiation enzymes. The Journal of cell biology. 2010; 189(5):843–58. https://doi.org/10.1083/jcb.

201003055 PMID: 20498016;

26. Gill DJ, Tham KM, Chia J, Wang SC, Steentoft C, Clausen H, et al. Initiation of GalNAc-type O-glycosyl-

ation in the endoplasmic reticulum promotes cancer cell invasiveness. Proceedings of the National

Academy of Sciences of the United States of America. 2013; 110(34):E3152–61. https://doi.org/10.

1073/pnas.1305269110 PMID: 23912186;

27. Mandel U, Hassan H, Therkildsen MH, Rygaard J, Jakobsen MH, Juhl BR, et al. Expression of polypep-

tide GalNAc-transferases in stratified epithelia and squamous cell carcinomas: immunohistological

evaluation using monoclonal antibodies to three members of the GalNAc-transferase family. Glycobiol-

ogy. 1999; 9(1):43–52. PMID: 9884405.

28. McDonald JH, Dunn KW. Statistical tests for measures of colocalization in biological microscopy. Jour-

nal of microscopy. 2013; 252(3):295–302. https://doi.org/10.1111/jmi.12093 PMID: 24117417;

29. Dunn KW, Kamocka MM, McDonald JH. A practical guide to evaluating colocalization in biological

microscopy. American journal of physiology Cell physiology. 2011; 300(4):C723–42. https://doi.org/10.

1152/ajpcell.00462.2010 PMID: 21209361;

30. Manders EMM, Verbeek FJ, Aten JA. Measurement of co-localization of objects in dual-colour confocal

images. Journal of microscopy. 1993; 169:375–82. https://doi.org/10.1111/j.1365-2818.1993.tb03313.x

31. Katz M, Amit I, Yarden Y. Regulation of MAPKs by growth factors and receptor tyrosine kinases. Biochi-

mica et biophysica acta. 2007; 1773(8):1161–76. https://doi.org/10.1016/j.bbamcr.2007.01.002 PMID:

17306385;

32. Murphy LO, Blenis J. MAPK signal specificity: the right place at the right time. Trends in biochemical sci-

ences. 2006; 31(5):268–75. https://doi.org/10.1016/j.tibs.2006.03.009 PMID: 16603362.

Growth factors do not regulate O-glycosylation

PLOS ONE | https://doi.org/10.1371/journal.pone.0179241 July 18, 2017 13 / 14

https://doi.org/10.1093/glycob/cwv108
https://doi.org/10.1093/glycob/cwv108
http://www.ncbi.nlm.nih.gov/pubmed/26610890
https://doi.org/10.1101/cshperspect.a013391
http://www.ncbi.nlm.nih.gov/pubmed/23732476
https://doi.org/10.1074/jbc.M113.459479
http://www.ncbi.nlm.nih.gov/pubmed/23546879
https://doi.org/10.1073/pnas.1322264111
http://www.ncbi.nlm.nih.gov/pubmed/24799692
http://www.ncbi.nlm.nih.gov/pubmed/2204153
https://doi.org/10.1242/bio.20149845
http://www.ncbi.nlm.nih.gov/pubmed/25395671
https://doi.org/10.1038/nature13535
https://doi.org/10.1038/nature13535
http://www.ncbi.nlm.nih.gov/pubmed/25030168
https://doi.org/10.1074/jbc.M704677200
https://doi.org/10.1074/jbc.M704677200
http://www.ncbi.nlm.nih.gov/pubmed/17652089
https://doi.org/10.1016/j.bbrc.2008.04.120
http://www.ncbi.nlm.nih.gov/pubmed/18455506
https://doi.org/10.1016/j.bbagen.2009.05.020
http://www.ncbi.nlm.nih.gov/pubmed/19524017
https://doi.org/10.1074/jbc.M112.370387
http://www.ncbi.nlm.nih.gov/pubmed/22549772
https://doi.org/10.1083/jcb.201003055
https://doi.org/10.1083/jcb.201003055
http://www.ncbi.nlm.nih.gov/pubmed/20498016
https://doi.org/10.1073/pnas.1305269110
https://doi.org/10.1073/pnas.1305269110
http://www.ncbi.nlm.nih.gov/pubmed/23912186
http://www.ncbi.nlm.nih.gov/pubmed/9884405
https://doi.org/10.1111/jmi.12093
http://www.ncbi.nlm.nih.gov/pubmed/24117417
https://doi.org/10.1152/ajpcell.00462.2010
https://doi.org/10.1152/ajpcell.00462.2010
http://www.ncbi.nlm.nih.gov/pubmed/21209361
https://doi.org/10.1111/j.1365-2818.1993.tb03313.x
https://doi.org/10.1016/j.bbamcr.2007.01.002
http://www.ncbi.nlm.nih.gov/pubmed/17306385
https://doi.org/10.1016/j.tibs.2006.03.009
http://www.ncbi.nlm.nih.gov/pubmed/16603362
https://doi.org/10.1371/journal.pone.0179241


33. Yoon S, Seger R. The extracellular signal-regulated kinase: multiple substrates regulate diverse cellular

functions. Growth factors. 2006; 24(1):21–44. https://doi.org/10.1080/02699050500284218 PMID:

16393692.

34. Gao J, Li J, Ma L. Regulation of EGF-induced ERK/MAPK activation and EGFR internalization by G pro-

tein-coupled receptor kinase 2. Acta biochimica et biophysica Sinica. 2005; 37(8):525–31. PMID:

16077899.

35. Pierce KL, Tohgo A, Ahn S, Field ME, Luttrell LM, Lefkowitz RJ. Epidermal growth factor (EGF) recep-

tor-dependent ERK activation by G protein-coupled receptors: a co-culture system for identifying inter-

mediates upstream and downstream of heparin-binding EGF shedding. The Journal of biological

chemistry. 2001; 276(25):23155–60. https://doi.org/10.1074/jbc.M101303200 PMID: 11290747.

36. Gill DJ, Clausen H, Bard F. Location, location, location: new insights into O-GalNAc protein glycosyla-

tion. Trends in cell biology. 2011; 21(3):149–58. https://doi.org/10.1016/j.tcb.2010.11.004 PMID:

21145746.

Growth factors do not regulate O-glycosylation

PLOS ONE | https://doi.org/10.1371/journal.pone.0179241 July 18, 2017 14 / 14

https://doi.org/10.1080/02699050500284218
http://www.ncbi.nlm.nih.gov/pubmed/16393692
http://www.ncbi.nlm.nih.gov/pubmed/16077899
https://doi.org/10.1074/jbc.M101303200
http://www.ncbi.nlm.nih.gov/pubmed/11290747
https://doi.org/10.1016/j.tcb.2010.11.004
http://www.ncbi.nlm.nih.gov/pubmed/21145746
https://doi.org/10.1371/journal.pone.0179241

