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Abstract

O-GlcNAcylation is a post-translational modification on nuclear and cytoplasmic 

proteins, attached to and removed from serine or threonine residues by O-GlcNAc 

transferase (OGT) and O-GlcNAcase (OGA). O-GlcNAcylation is known to affect 

various cellular mechanisms, one of which is cell proliferation. The mitogen-activated 

protein kinase/extracellular signal-regulated kinase (MAPK/ERK) pathway is involved in 

cell proliferation, and activation of this pathway if known to increase OGT expression 

and O-GlcNAcylation. 

This study aims to identify presence of O-GlcNAcylation in the MAPK pathway, 

specifically on ERK2, and determine the function of ERK2 O-GlcNAcylation in the 

pathway. Here we discovered that OGA inhibition increased nuclear localization of ERK2, 

indicating a relevance between the MAPK pathway and O-GlcNAcylation. Through 

immunoprecipitation and lectin precipitation of ERK2, we identified O-GlcNAcylation 

on both endogenous and exogenous ERK2. Co-immunoprecipitation results of MEK1 and 

ERK2 showed that OGT induced O-GlcNAcylation change corresponded to an increase 

in ERK2-MEK1 interaction. Examination of subcellular fractionation results showed that 

upon OGT overexpression, ERK2 nuclear localization was decreased.

In conclusion, we have observed that ERK2 is O-GlcNAcylated, and that this 

modification increased the interaction between ERK2 and MEK1, leading to decreased 

nuclear localization of ERK2 in HEK293 cells.
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Chapter 1. Introduction

A crucial modulator in a multitude of cellular mechanisms, O-linked β-N-

acetylglucosamine (O-GlcNAc) modification – also known as O-GlcNAcylation – is a 

post-translational single sugar modification occurring on serine and threonine residues of 

nuclear and cytoplasmic proteins1. 

O-GlcNAc is dynamically attached to and removed from proteins in response to cellular 

cues, through the functions of O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA)1. 

2-3% of glucose entering the cell is processed by the hexosamine biosynthetic pathway 

(HBP) to produce uridine 5’-diphospho-N-acetylglucosamine (UDP-GlcNAc). This UDP-

GlcNAc is used as substrate by OGT to modify proteins, resulting in O-GlcNAcylation 

on proteins2,3,5. Since O-GlcNAc modification can occur on serine and threonine residues, 

it can reciprocally interplay with phosphorylation. The O-GlcNAcylation may occur on 

the same site as a phosphorylation or an adjacent site to a phosphorylation1,4. Through 

this reciprocal relationship the two modifications can either positively or negatively affect 

one another’s modification and function4.

Since UDP-GlcNAc, a substrate for O-GlcNAcylation is composed of many molecules 

related to energy, O-GlcNAc is thought to function as a nutrient sensor3,5,6. It is also 

implicated in a variety of cellular mechanisms, one of which is cell proliferation7. In 

idiopathic pulmonary arterial hypertension (IPAH) disease cells which exhibit increased 

cell proliferation, the activity of HBP was also found to be augmented. Down regulation 
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of OGT through siRNA knockdown in these cells resulted in decreased smooth muscle 

cell proliferation8. In a different research it was reported that cells lacking the HBP rate-

limiting enzyme glutamine:fructose-6-phosphate amidotransferase (GFAT) showed not 

only decreased O-GlcNAc but also decreased cell proliferation9. Thus we sought to 

understand the impact of O-GlcNAcylation on the pathways regulating cell proliferation.

In order to study the relevance of O-GlcNAcylation to cell proliferation, the 

MAPK/ERK signaling pathway was chosen. The MAPK-ERK pathway is a cellular 

signaling pathway consisting of a kinase cascade that transmits signals initiated by 

extracellular stimuli (ex. growth factor, cytokines) to their intracellular targets. The 

pathway is most prominently known to be involved in cell proliferation7.

  Three kinases Raf, MEK1/2 and ERK1/2 relay signals received from membrane 

receptors (ex. receptor-linked tyrosine kinases) by phosphorylating their downstream 

kinases. The kinase cascade ends with the phosphorylation of ERK1/2 which is then 

activated10. The activated ERK1/2 goes on to phosphorylate its cytosolic targets, or 

localizes to the nucleus to phosphorylate its nuclear targets such as transcription factors 

(ex. c-Fos), enabling production of proteins which prepare the cell for proliferation10,11. 

  The kinases ERK1 and 2 possess 84% sequence identity, with the two isoforms 

distributed differently across tissues12. However, it has been studied that while ERK1 

knock out in mice was not detrimental to growth, ERK2 knock out led to an early 

embryonic death13,14,15. These researches have supported the claim that ERK2 was 

capable of substituting for ERK1. Therefore we chose ERK2 as our matter of study. 
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  Human ERK2 is activated upon phosphorylation at theronine 185 and tyrosine 187 by 

MEK. Following activation, threonine 190 is phosphorylated by autocatalysis16,17. The 

phosphorylated ERK2 can then be localized to the nucleus to carry on phosphorylation of 

its substrates18. 

The relationship between the MAPK pathway and O-GlcNAc has not yet been studied 

in depth. One recent research showed that activation of the MAPK pathway through 

drugs led to an increase in OGT expression and consequently to an increase in O-

GlcNAcylation19. We were curious as to whether a reverse relationship existed, where an 

increase in O-GlcNAcylation would exercise an effect on the MAPK pathway.

In this study we found that ERK2, the last kinase of the MAPK pathway, is O-

GlcNAcylated. Under the conditions of increased ERK2 O-GlcNAcylation, interaction 

between ERK2 and MEK1 was found to be increased. From our experimental results we 

hypothesize that this interaction, enhanced by increased O-GlcNAc, leads to a decrease in 

nuclear localized ERK2
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Chapter 2. Materials and Methods

2.1 Cell culture

HEK293 cells were cultured in 25mM Dulbecco’s modified Eagle’s medium (Hyclone, 

Logan, UT) supplemented with 10% foetal bovine serum at 37°C in 5% CO2. Cells were 

cultured every 48 hours, seeded at 1:5 dilutions. 

2.2 Cell counting

HEK293 cells were seeded in 6-well plates, 10x104 cells per well. After treatment the 

cells were incubated with 0.25% Trypsin-EDTA (Gibco) for 5 minutes and then harvested. 

The cells were re-suspended in 25mM Dulbecco’s modified Eagle’s medium. 1:1 ratio 

diluted cell solution was prepared by mixing with 0.4% Trypan blue stain (Gibco) and 

incubating for 5 minutes. The stained cells were then transferred to Neubauer improved 

chamber (Marienfeld) and viable cells were counted under OLYMPUS CK2-TRC 

microscope. The number of cells in 0.1ul of cell solution was obtained by counting four 

large squares, then dividing the sum of the four cells by 4, and multiplying by dilution 

factor 2. The number of cell per ml was obtained by multiplying the cell number from 

previous calculation with 104. 

2.3 DNA plasmids and transfection

DNA plasmids used in the experiments are the following. FLAG-ERK2 and FLAG-



- 16 -

OGT were cloned into p3xFLAG-CMV™-7.1 Expression Vector (Sigma-Aldrich, St 

Louis, MO). Untagged pCMV-OGT was used in overexpression. MEK1 was cloned into 

pRK5 in frame with an N-terminal Myc epitope. For transfection polyethylenimine 

(Sigma-Aldrich, St Louis, MO) was used, at ratio of 3μl 1x polyethylenimine for 

transfection of 10μg DNA plasmid.

2.4 Cell lysis, cell fractionation

Cells were lysed using NET buffer (150 mM NaCl, 1% Nonidet P-40 [NP-40], 50 mM 

Tris-HCl and 1 mM EDTA, pH 8.0), supplemented with Protease Inhibitor Cocktail 

(Roche, Mannheim, Germany), 1mM DTT, 5mM NaF and 1mM Na3VO4, and incubated 

on ice for 30 minutes with vortexing every 5 minutes. 

Subcellular fractionation was carried out using hypotonic Buffer A (10 mM HEPES, 10 

mM KCl, 0.1 mM EDTA, 0.1 mM EGTA and 1 mM DTT) and extraction Buffer C(20 

mM HEPES, 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT and 10% glycerol). 

Both buffers were supplemented with Protease Inhibitor Cocktail (Roche, Mannheim, 

Germany), 1mM DTT, 5mM NaF and 1mM Na3VO4. HEK293 cells were rinsed with 

PBS, then suspended in Buffer A. After 15 minute incubation in ice, the cells were 

vortexed with 0.5% NP-40. The extracts were centrifuged at 4000rpm, 4 min., 4°C. The 

cytoplasm fraction supernatant was placed in a new tube. The pellets were suspended in 

Buffer C and incubated on ice for 30 minutes with vortex every 5 minutes, then 

centrifuged at 15000rpm, 10 min., 4°C to obtain supernatant containing the nuclear 
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fraction.

Protein concentrations of the lysates were calculated by Bio-Rad protein assay 

(Hercules, CA). The lysates were mixed with 4xSDS sample buffer, and subjected to 

western blot.

2.5 Succinylated wheat germ agglutinin (sWGA) precipitation 

  For sWGA precipitation, 2~4mg of NET buffer cell lysates were incubated with PBS-

washed agarose-sWGA (Vector Lab) for 6 hours at 4°C. The sWGA beads were washed 3 

times with NET buffer (supplemented with protease inhibitor cocktail).  Precipitates 

were eluted by addition of 2x SDS sample buffer and boiling.

2.6 Immunoprecipitation

  For FLAG immunoprecipitation, 2~4 mg of NET buffer cell lysates were incubated 

with PBS-washed anti-FLAG M2 affinity Gel (sigma Aldrich) for overnight at 4°C. The 

anti-FLAG M2 affinity Gel was washed 3 times with NET buffer (supplemented with 

protease inhibitor cocktail).  Precipitates were eluted by addition of 2x SDS sample 

buffer and boiling.

2.7 SDS-PAGE, Western blotting

The protein samples obtained from cell lysis, subcellular fractionation, sWGA lectin 

precipitation and immunoprecipitation were subjected to SDS-PAGE and transferred to 
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nitrocellulose membranes (Amersham, Piscataway, NJ). The samples were loaded onto 

10–12% Bis-Tris NuPAGE gel (NOVEX, San Diego, CA) and separated according to size 

by electrophoresis and transferred to nitrocellulose membranes (GE Healthcare). The 

membranes were incubated in 5% skim milk TBS-T for 1 hour in room temperature and 

washed 3 times for 5 minutes by TBS-T. The membranes were then incubated with 

respective primary antibodies diluted to specific concentration in 1% skim milk TBS-T 

either overnight at 4°C or for 8 hours at room temperature. Again the membranes were 

washed 3 times for 5 minutes by TBS-T to remove excess antibodies. Finally the 

membranes were incubated with HRP-conjugated secondary antibodies diluted to 1:5000 

in TBS-T for 1 hour in room temperature, and washed 3 times for 5 minutes by TBS-T. 

Immunofluoresence was detected using an ECL system (GE Healthcare, Bio-Science).

2.8 Reagents and antibodies

ThiaMet-G, provided by Dr Kwan Soo Kim (Yonsei University, Seoul, Korea) was used 

at 50μM concentration, with incubation time of 24 hours. Antibodies were used against 

ERK2 (D-2, mouse monoclonal, Santa Cruz, Dallas, Texas), FLAG (F-3156, mouse 

monoclonal, Sigma-Aldrich, St Louis, MO), cMyc (B-14, mouse monoclonal, Santa Cruz, 

Dallas, Texas), α-tubulin (TU-02, mouse monoclonal, Santa Cruz), lamin A/C (#2032, 

rabbit polyclonal, Cell Signaling, Beverly, MA) and O-GlcNAc  detecting antibody 

CTD110.6  was purchased from Covance (Princeton, NJ). Prosi Prestained Protein 

Marker (P8500, GenDepot) was used to determine approximate size of western blots.
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Chapter 3. Results

3.1 Inhibition of OGA affects MAPK pathway by changing cellular localization of 

Extracellular signal-regulated kinase 2 (ERK2)

To observe how change in global O-GlcNAcylation impacted the MAPK/ERK pathway, 

HEK293 cells were incubated with OGA inhibitor ThiaMet-G for 18hours at 50μM 

concentration and lysed to obtain nucleus, cytoplasm and total lysate fractions. The 

samples were then separated by SDS-PAGE and Western blot was carried out. The 

amount of ERK2 in each subcellular fraction was evaluated by immunoblotting with 

ERK2 antibody (Fig.1A). Under increased O-GlcNAcylation conditions the ratio of the 

ERK2 localized to the nucleus was found to increase by 2.89 times compared to the ratio 

of ERK2 localized to the nucleus in control cells (Fig.1B).

  ThiaMet-G treatment also influenced proliferation of HEK293 cells. 24 hours 

following treatment with ThiaMet-G, the cells were harvested using trypsin and stained 

with 0.4% Trypan blue. The number of cells were counted using Neubauer improved 

counting chamber. We found that ThiaMet-G treated HEK293 cells showed greater cell 

proliferation compared to non-treated cells (Fig.1C). 

Through these experiments we showed that OGA inhibition by ThiaMet-G increased 

nuclear localization of ERK2, as well as enhanced cell proliferation of HEK293. Since 

localization of ERK2 to the nucleus is a sign of MAPK pathway activity18, thus we 

concluded that increased O-GlcNAc by inhibition of OGA affected the MAPK pathway.
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Figure 1. Inhibition of OGA affects MAPK pathway by changing cellular 

localization of Extracellular signal-regulated kinase 2 (ERK2). (A) HEK293 cells 

were treated with 50μM ThiaMet-G and incubated for 24 hours. The cells were harvested 

and subjected to fractionation to obtain nucleus, cytoplasm and total lysate fractions. 

Western blotting of fractions was done by ERK2, O-GlcNAc, lamin A/C, and α-tubulin. 

(B) The ratio of nuclear/cytoplasmic ERK2 was obtained by quantification and 

normalization. Nuclear ERK2 was normalized to the amount of lamin A/C, and 

cytoplasmic ERK2 was normalized to the amount of α-tubulin. The values are an average 
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obtained from two separate experiments. (C) HEK 293 cells were treated with 25μM or 

50μM ThiaMet-G for 24hours. The cells were then treated with trypsin and counted using 

0.4% Trypan blue staining and Neubauer improved counting chamber. The value 

indicates number of cell per ml.
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3.2 ERK2 is O-GlcNAcylated under high glucose conditions in HEK293 cells

In the previous experiment, under increased O-GlcNAcylation condition, the 

intracellular distribution of ERK2 was found to be increased in the nucleus. To determine 

whether ERK2 is O-GlcNAcylated, lectin precipitation and immunoprecipitation were

carried out on endogenous and exogenous ERK2.

  HEK293 cells were transfected with pCMV-OGT or treated with ThiaMet-G. The cells 

were lysed and the lysate was used in lectin precipitation using O-GlcNAc moiety 

binding sWGA beads. As a result, endogenous ERK2 was precipitated, and the amount of 

precipitated ERK2 increased under OGT overexpression and ThiaMet-G treatment 

conditions (Fig.2A). To confirm sWGA binding of ERK2, Flag-ERK2 and pCMV-OGT 

were co-expressed in HEK293 cells and precipitated with sWGA. Flag-ERK2 was 

precipitated with sWGA, and the amount of precipitated Flag-ERK2 increased under 

OGT overexpression condition (Fig 2B). 

To confirm presence of O-GlcNAcylation on ERK2 using a more direct approach, 

immunoprecipitation by anti-FLAG M2 affinity Gel was carried out on cells transfected 

with Flag-tagged ERK2 and pCMV-OGT. Immunoprecipitated Flag-ERK2 was 

immunoblotted using O-GlcNAc antibody CTD 110.6. O-GlcNAcylation was detected on 

Flag-ERK2 and found to be increased under OGT overexpression. (Fig. 2C)

Through these experiments O-GlcNAcylation on both endogenous and exogenous 

ERK2 was observed, and found to be increased under O-GlcNAc enhanced conditions.
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Figure 2. ERK2 is O-GlcNAcylated under high glucose conditions in HEK293 cells. 

(A) HEK293 cells were transfected with pCMV-OGT or treated with 50μM ThiaMet-G. 

Endogenous ERK2 was precipitated from lysates using sWGA. Western blotting was 

done by ERK2, O-GlcNAc and α-tubulin. (B) Flag-ERK2 was transfected into HEK293 

cells together with pCMV-OGT. Each cell lysate was immunoprecipitated with anti-

FLAG M2 affinity Gel. O-GlcNAc was detected by CTD110.6 antibody. Western blotting 

was done by Flag, O-GlcNAc, OGT and α-tubulin. (C) Flag-ERK2 was transfected into 
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HEK293 cells together with pCMV-OGT. Flag-ERK2 was precipitated from lysates using 

sWGA. ERK2 was detected by Flag antibody. Western blotting was done by Flag, OGT, 

O-GlcNAc and α-tubulin.
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3.3 Increased O-GlcNAcylation on ERK2 increases interaction between ERK2 and 

MAPK/ERK Kinase 1 (MEK1)

After determining O-GlcNAcylation of ERK2 (Fig.2.), we aimed to determine the 

function of the modification. ERK2 is known to interact with its upstream kinase MEK1 

through its cytosolic retention sequence/common docking domain (CRS/CD), and MEK1 

with ERK through its D domain (Lysine3, Lysine 4, Lysine 5)20,21. Besides acting as 

upstream kinase to ERK2, MEK1 has been identified as a cytosolic retention molecule to 

ERK220. Increase in the amount of MEK1 is known to sequester ERK2 to the cytosol20.

To observe the effect of increased O-GlcNAc on the interaction between ERK2 and 

MEK1, HEK293 cells were overexpressed with Flag-ERK2, Myc-MEK1 and pCMV-

OGT. The transfected cells were then immunoprecipitated using FLAG bead and 

subjected to Western blotting. The amount of MEK1 interacting with ERK2 was detected 

using Myc antibody. We found that Immunoprecipitated ERK2 was indeed interacting 

with MEK1, and that the amount of MEK1 interacting with ERK2 increased upon OGT 

overexpression (Fig.3).

As a result we determined that increased O-GlcNAcylation by OGT expression, which 

increased O-GlcNAcylation on ERK2, enhanced the interaction between ERK2 and 

MEK1.
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Figure 3. Increased O-GlcNAcylation on ERK2 increases interaction between ERK2 

and MAPK/ERK Kinase 1 (MEK1). Myc-MEK1 and Flag-ERK2 were overexpressed 

together with pCMV-OGT in HEK293 cells. Each cell lysate was immunoprecipitated 

with anti-FLAG M2 affinity Gel. Flag antibody was used to detect ERK2, and cMyc 

antibody was used to detect MEK1. OGT, O-GlcNAc and α-tubulin were immunoblotted 

using respective antibodies.
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3.4 Nuclear localization of ERK2 is decreased under increased O-GlcNAc 

modification conditions

MEK1 plays a role in both promoting and impeding nuclear translocation of ERK2, by 

means of phosphorylation and molecular interaction10,20,21. Because an increase in O-

GlcNAcylation by OGT overexpression was found to enhance molecular interaction 

between ERK2 and MEK1 (Fig.3.), we examined whether this change resulted in a 

change in the cellular distribution of ERK2.

HEK293 cells were each transfected with FLAG-OGT or MEK1. The cells were put 

through subcellular fractionation to obtain nucleus, cytoplasm, and total lysate fractions. 

The samples were then Western blotted for endogenous ERK2 using ERK2 antibodies. 

We observed that the positive control MEK1 overexpression did decrease nuclear 

localization of ERK2. Nuclear localization of ERK2 was also decreased under OGT 

overexpression conditions (Fig.4A,B).

From these results we could extrapolate that OGT overexpression condition, which 

increased the interaction between ERK2 and MEK1, lead to cytosolic retention of ERK2 

without increase in total amount of MEK1.
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Figure 4. Nuclear localization of ERK2 is decreased under increased O-GlcNAc 

modification conditions. (A) HEK293 cells were transfected with vehicle (Mock), 

FLAG-OGT and Myc-MEK1 each. Cells were subjected to subcellular fractionation to 

obtain nucleus, cytoplasm and total lysate cell fractions. Western blotting of subcellular 

fractions was done by ERK2, lamin A/C, α-tubulin, Flag, cMyc and O-GlcNAc 

antibodies. (B) The ratio of nuclear/cytoplasmic ERK2 was obtained by quantification 
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and normalization. Nuclear ERK2 was normalized to the amount of lamin A/C, and 

cytoplasmic ERK2 was normalized to the amount of α-tubulin. The values are an average

obtained from two separate experiments.
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Chapter 4. Discussion

The prospect of a reciprocal relationship existing between O-GlcNAc and the MAPK 

kinase pathway was highly probable, considering the function of O-GlcNAcylation as 

glucose sensitive nutrient sensor3,5,6. However, the effect of changed O-GlcNAc on the 

MAPK pathways has not yet been studied in detail, thus this research aimed to ascertain 

whether an association existed between the two.

In this study, we demonstrated that the MAPK pathway is influenced by OGA inhibitor 

ThiaMet-G-induced change in O-GlcNAcylation, in the form of increased nuclear 

localization of ERK2. Since ERK2’s cellular distribution was affected by ThiaMet-G, we 

examined whether ERK2 was O-GlcNAcylated. ERK2 O-GlcNAcylation was detected 

and this modification was successfully linked to a change in ERK2 function. Under 

ERK2 O-GlcNAcylation conditions the interaction between ERK2 and MEK1 was found 

to be enhanced. Furthermore, since MEK1 could function as cytosolic retention molecule 

to ERK220, we hypothesized that O-GlcNAc enhanced ERK2-MEK1 interaction may 

retain ERK2 in the cytosol. The Western blot of cellular fractionation confirmed our 

hypothesis, with more ERK2 retained in the cytosolic fractions under OGT 

overexpression conditions.

  Combining the results of this research we came to a tentative conclusion that the 

MAPK pathway was influenced by change in O-GlcNAcylation, and that the pathway’s 

final effector kinase, ERK2 was modified with O-GlcNAc. The O-GlcNAcylation on 
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ERK2 enhanced ERK2-MEK1 interaction, possibly leading to decreased nuclear 

localization of ERK2.

During the research we faced several complications. The first was the conflicting 

subcellular fractionation result of OGA inhibitor ThiaMet-G and OGT overexpression 

conditions. While both ThiaMet-G and OGT overexpression resulted in increased global 

O-GlcNAc, the effects of the two conditions on the nuclear-cytosolic localization of 

ERK2 were markedly different. ERK2 was dominantly localized to the nucleus under 

ThiaMet-G treatment (Fig.1A), whereas it was dominantly retained in the cytosol under 

OGT overexpression conditions (Fig.3A). We hypothesized that although both ThiaMet-G 

treatment and OGT overexpression resulted in increased global O-GlcNAcylation, 

because the two conditions employ different mechanisms to achieve the result, ERK2 

localization was affected differently. ThiaMet-G enhances global O-GlcNAcylation by 

inhibiting OGA from removing existing O-GlcNAcylation, whereas OGT overexpression 

increases total OGT proteins allowing O-GlcNAcylation of yet unmodified proteins. Our 

hypothesis is that the O-GlcNAcylation on ERK2 which enhanced interaction with 

MEK1 and subsequently influenced cytosolic retention is newly gained from OGT 

overexpression, but not from ThiaMet-G treatment. In order to confirm this hypothesis, 

identification of ERK2 O-GlcNAcylation by Mass spectrometry is required. By 

comparing ERK2 under ThiaMet-G treatment and OGT overexpression conditions, it may 

be possible to determine whether ERK is differently modified under the two 

circumstances, which would shed light on the differing subcellular fractionation result of 
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this research.

The second limitation of this study was the effectiveness of coimmunoprecipitation as 

a method for studying interaction between two proteins, in our case ERK2 and MEK1. 

While we were successful in detecting MEK1 on immunoprecipitated ERK2, we could 

not achieve the reverse. Immunoprecipitation of MEK1 using A/G beads and Myc 

antibody was successful, but due to an excess of background we could not detect the 

presence of ERK2. 

Third, while interaction between ERK2 and MEK1 increased under OGT 

overexpression (Fig.3), we cannot conclude that the O-GlcNAcylation on ERK2 alone 

functioned in enhancing ERK2-MEK1 interaction. To be certain that the increase in 

ERK2 O-GlcNAcylation was crucial to enhanced ERK2-MEK1 interaction, an in vitro

binding assay (ex. GST pull-down) is required to eliminate all other cellular variables.

Though limitations existed, the research fulfilled its aim of establishing a connection 

between O-GlcNAcylation and the MAPK pathway, through its study focused on ERK2. 

Our findings suggest that an influencing relationship exists between O-GlcNAcylation 

and the MAPK pathway, which through the regulation of ERK2 cellular localization, may 

possibly be further implicated in influencing cell proliferation.
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Chapter 5. Summary

1. When global O-GlcNAcylation is increased by OGA inhibition, ERK2 is dominantly 

localized in the nucleus.

2. ERK2 is O-GlcNAcylated in HEK293, and O-GlcNAcylation increases under OGT 

overexpression.

3. When O-GlcNAcylation on ERK2 is increased, interaction between ERK2 and 

MEK1 is enhanced.

4. When global O-GlcNAcylation is increased by OGT overexpression, ERK2 is 

decreased in the nucleus.



- 34 -

Chapter 6. References

(1) Hart, G.W., Housley, M.P., and Slawson, C. (2007). Cycling of O-linked beta-N-

acetylglucosamine on nucleocytoplasmic proteins. Nature 446, 1017-1022.

(2) Marshall, S., Bacote, V., and Traxinger, R.R. (1991). Discovery of a metabolic 

pathway mediating glucose-induced desensitization of the glucose transport system. 

Role of hexosamine biosynthesis in the induction of insulin resistance. The Journal 

of biological chemistry 266, 4706-4712.

(3) Love, D.C., and Hanover, J.A. (2005). The hexosamine signaling pathway: 

deciphering the "O-GlcNAc code". Science's STKE : signal transduction knowledge 

environment 2005, re13.

(4) Hart, G.W., Slawson, C., Ramirez-Correa, G., and Lagerlof, O. (2011). Cross talk 

between O-GlcNAcylation and phosphorylation: roles in signaling, transcription, and 

chronic disease. Annual review of biochemistry 80, 825-858.

(5) Bond, M.R., and Hanover, J.A. (2015). A little sugar goes a long way: the cell biology 

of O-GlcNAc. The Journal of cell biology 208, 869-880.

(6) Wells, L., Vosseller, K., and Hart, G.W. (2001). Glycosylation of nucleocytoplasmic 

proteins: signal transduction and O-GlcNAc. Science 291, 2376-2378.

(7) Meloche, S., and Pouyssegur, J. (2007). The ERK1/2 mitogen-activated protein kinase 

pathway as a master regulator of the G1- to S-phase transition. Oncogene 26, 3227-

3239.

(8) Barnes, J.W., Tian, L., Heresi, G.A., Farver, C.F., Asosingh, K., Comhair, S.A., Aulak, 

K.S., and Dweik, R.A. (2015). O-linked beta-N-acetylglucosamine transferase 

directs cell proliferation in idiopathic pulmonary arterial hypertension. Circulation 

131, 1260-1268.



- 35 -

(9) Boehmelt, G., Wakeham, A., Elia, A., Sasaki, T., Plyte, S., Potter, J., Yang, Y., Tsang, 

E., Ruland, J., Iscove, N.N., et al. (2000). Decreased UDP-GlcNAc levels abrogate 

proliferation control in EMeg32-deficient cells. The EMBO journal 19, 5092-5104.

(10) Yoon, S., and Seger, R. (2006). The extracellular signal-regulated kinase: multiple 

substrates regulate diverse cellular functions. Growth factors 24, 21-44.

(11) Murphy, L.O., Smith, S., Chen, R.H., Fingar, D.C., and Blenis, J. (2002). Molecular 

interpretation of ERK signal duration by immediate early gene products. Nature cell 

biology 4, 556-564.

(12) Lefloch, R., Pouyssegur, J., and Lenormand, P. (2008). Single and combined 

silencing of ERK1 and ERK2 reveals their positive contribution to growth signaling 

depending on their expression levels. Molecular and cellular biology 28, 511-527.

(13) Pages, G., Guerin, S., Grall, D., Bonino, F., Smith, A., Anjuere, F., Auberger, P., and 

Pouyssegur, J. (1999). Defective thymocyte maturation in p44 MAP kinase (Erk 1) 

knockout mice. Science 286, 1374-1377.

(14) Hatano, N., Mori, Y., Oh-hora, M., Kosugi, A., Fujikawa, T., Nakai, N., Niwa, H., 

Miyazaki, J., Hamaoka, T., and Ogata, M. (2003). Essential role for ERK2 mitogen-

activated protein kinase in placental development. Genes to cells : devoted to 

molecular & cellular mechanisms 8, 847-856.

(15) Saba-El-Leil, M.K., Vella, F.D., Vernay, B., Voisin, L., Chen, L., Labrecque, N., Ang, 

S.L., and Meloche, S. (2003). An essential function of the mitogen-activated protein 

kinase Erk2 in mouse trophoblast development. EMBO reports 4, 964-968.

(16) Seger, R., Ahn, N.G., Posada, J., Munar, E.S., Jensen, A.M., Cooper, J.A., Cobb, 

M.H., and Krebs, E.G. (1992). Purification and characterization of mitogen-activated 

protein kinase activator(s) from epidermal growth factor-stimulated A431 cells. The

Journal of biological chemistry 267, 14373-14381.



- 36 -

(17) Lorenz, K., Schmitt, J.P., Schmitteckert, E.M., and Lohse, M.J. (2009). A new type 

of ERK1/2 autophosphorylation causes cardiac hypertrophy. Nature medicine 15, 75-

83.

(18) Chuderland, D., Marmor, G., Shainskaya, A., and Seger, R. (2008). Calcium-

mediated interactions regulate the subcellular localization of extracellular signal-

regulated kinases. The Journal of biological chemistry 283, 11176-11188.

(19) Zhang, X., Ma, L., Qi, J., Shan, H., Yu, W., and Gu, Y. (2015). MAPK/ERK 

signaling pathway-induced hyper-O-GlcNAcylation enhances cancer malignancy. 

Molecular and cellular biochemistry 410, 101-110.

(20) Rubinfeld, H., Hanoch, T., and Seger, R. (1999). Identification of a cytoplasmic-

retention sequence in ERK2. The Journal of biological chemistry 274, 30349-30352.

(21) Tanoue, T., Adachi, M., Moriguchi, T., and Nishida, E. (2000). A conserved docking 

motif in MAP kinases common to substrates, activators and regulators. Nature cell 

biology 2, 110-116.



- 37 -

Extracellular Signal-Regulated Kinase 2 O-GlcNAc 수식

능 연

연 원

믹스 생 과 과

지

O-GlcNAcylation 포질과 에 재 는 단 질들에 어 는 post-

translational 수식 류 다. 수식 는 O-GlcNAc transferase (OGT)

O-GlcNAcase (OGA) 단 질들 통 serine 또는 threonine 미 산에

여지고 또 거 다. O-GlcNAcylation 다 포 내 사 신 달

에 여 고 고, 가 포 식 다. Mitogen-activated protein 

kinase/extracellular signal-regulated kinase (MAPK/ERK) 신 달체계는 포 식

에 어 역 고, 신 달 체계 는 OGT 가

O-GlcNAcylation 가 어지는 것 다.

본 연 는 MAPK 신 달 체계에 ERK2 단 질 O-GlcNAcylation 여

를 규 고, 또 ERK2 단 질 O-GlcNAcylation MAPK 신

달 체계에 어 역 는지 보 고 다. 우리는 OGA 

ERK2가 에 집 는 것 여 O-GlcNAcylation과 MAPK 신

달 체계 사 에 연 찾 다. Immunoprecipitation과 lectin precipitation 통

exogenous, 그리고 endogenous ERK2에 O-GlcNAcylation 재 는 것

다. ERK2 MEK1 co-immunoprecipitation 결과, OGT 과

ERK2 O-GlcNAcylation 가 께 ERK2-MEK1 사 상 가

볼 수 었다. - 포질 리 실험 통 OGT 과 건에 ERK2

는 에 어 드는 것 다.

실험 통 우리는 ERK2가 O-GlcNAcylation 어 고, 또 수식

가 ERK2-MEK1 사 상 가 게 어 극 는

HEK293 포 에 ERK2가 어드는 것 견 다.
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