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Abstract

In eukaryotic cells, there are two major proteolytic mechanisms 

which generally utilize for regulation of the various cellular proteins.

One is the ubiquitin-proteasome system (UPS), which uses 

ubiquitin as a marker protein that targets damaged or misfolded 

proteins for proteolysis by proteasome. The other is autophagy-

lysosome system, which encloses targeted proteins or cytoplasmic 

components using double-membrane vesicles for degradation.

Understanding the relationship between UPS and autophagy has 

been challenged in many studies. 

However, in my study, compared with previous studies which

used inhibition method of a proteolytic pathway, I used upregulation 

of proteasome activity through USP14 inhibition and found that 

autophagic flux was impaired. Monitoring lysosomal pH suggested 

that USP14 inhibition does not affect lysosomal function. To clarify 

which step of autophagy was regulated by enhanced proteasome

activity through USP14 inhibition, I tested inhibitors of USP14 and 

autophagy. The results showed that USP14 activity regulates 

autophagy at the autophagosome-lysosome fusion step.

Next, I examined a number of possible mediators which is 

important in autophagsome-lysosome fusion step and found that

UVRAG degraded rapidly in USP14-downregluated manner. To 

elucidate the biological meaning of these crosstalk between UPS 

and autophagy via USP14, I tested pathological protein related with 

neurodegenerative diseases. First, I tested tau (MAPT) and found 

that oligomer form of MAPT was significantly decreased when 

USP14 was inhibited. It may refer that enhanced proteasome 

activity expedite the clearance of oligomeric MAPT. I also tested 
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Huntingtin (HTT) which is related Huntington’s disease, and found 

that accumulation of pathological form of HTT (HTT-Q97) was 

appeared in USP14 and autophagy inhibition manner. However, the 

protein level of non-pathological form of HTT (HTT-Q25) was not 

affected in USP14 or autophagy inhibited manner. Therefore, these 

results indicate that accumulation of pathological form of HTT 

would be regulated autophagy rather than UPS. Taken together, 

enhanced proteasomal activity via USP14 inhibition may lead to 

degradation of UVRAG, defect autophagic flux consequently. 

Moreover, this compensatory negative feedback between two major 

proteolytic mechanisms showed incompatible result in two 

pathological proteins of neurodegenerative disease, therefore, other 

pathological proteins under USP14-mediated coordination would be 

further studied. 
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Chapter 1. Introduction

1.1. Study Background

Cellular proteins were designated to degrade in the two pathways. 

In ubiquitin-proteasome system (UPS), targeted proteins for 

degradation by 26S proteasomes are tagged which making covalent 

band (making similar isopeptide bond, between the carboxy 

terminus of ubiquitin with the e-amino group of lysine of another 

ubiquitin molecule) to ubiquitin (Ciechanover et al., 2004; Pickart et 

al., 2001; Weissman et al., 2001). The process of ubiquitin 

mediated substrate starts with reaction of ATP-dependent 

activating an E1 enzyme. It transfers ubiquitin to E2 enzyme, which 

tags ubiquitin to substrate with the help of E3 enzyme (Nandi et al., 

2006). Ubiquitin should be removed before they translocate the 

core of proteasomes. Deubiquitinating enzymes help this process, 

which classified at least five subfamilies. Four of the subfamilies are 

cysteine proteases whereas the other group is zinc-dependent 

metalloprotease (Amerik et al., 2004). 

Another pathway is autophagy-lysosome system (refers 

hereinafter to autophagy) which begins with an isolation membrane 

derived from endoplasmic reticulum or the trans-Golgi and 

endosomes (Axe et al., 2008; Simonsen et al., 2009). When 

phagopore formed, it expends and engulfs the proteins or organelles 

which were designated to degrade, sequestering in a double-

membraned autophagosome. Then the autophagosomes fuse with 

the lysosomes, sequestered proteins or organelles degrade by 

lysosomal acid proteases (Mizushima et al., 2007).

Interaction between UPS and autophagy were examined in the 

context of proteasome inhibition. Compensatory induction of 

autophagy was showed in proteasome inhibited condition to 

reinstate the cellular proteolytic process (Ding et al., 2007; Milani 

et al., 2009; Zhu et al., 2010). However, in the context of 

downregulated autophagy, using inhibitors or genetic ablation 
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method, distinguishing result was showed; downregulation of 

proteasome due to the accumulation of p62/SQSTM1 and 

upregulation of proteasome activity (Korolchuk et al., 2009; Wang 

et al., 2013).

To elucidate the effect of upregulated proteasome activity on 

autophagy, I used the inhibition of USP14. The ubiquitin specific 

protease 14 (USP14) is proteasome-associated deubiquitinating 

enzyme and it cuts at the distal tip of the ubiquitin chain

catalytically, obstructs the degradation of substrate (Lee et al., 

2011). Furthermore, USP14 also delays the proteasomal 

degradation in noncatalytically through the interaction with ATPase 

ring of proteasome (Hanna et al., 2006; Lee et al., 2010).

1.2. Purpose of Research
  

In this study, I examined the autophagic flux in the context of  

proteasome activity was enhanced, giving new approach to find the 

interaction between UPS and autophagy. To enhance the 

proteasome activity, I inhibited USP14 in genetic ablation, silencing, 

and chemical inhibition method. First, I observed the status of 

autophagic flux when USP14 were inhibited, and then I elucidated 

which step of autophagy would be related. Furthermore, using 

neurodegenerative disease related proteins (tau and HTT), I was

able to enlighten the crosstalk between UPS and autophagy.
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Materials and Methods

A. Cell cultures and transient overexpression

All mammalian cells including HEK293 cell (human embryonic 

kidney cell), MEF cell (mouse embryonic kidney cell), HeLa cell 

(human cervical cancer cell) and colorectal cells used in this study 

were cultured in Dulbecco’s modified Eagle’s medium (Welgene) 

supplemented with 10% fetal bovine serum (Tissue Culture 

Biologics, 101), 2 mM glutamine (Corning, 25-005), and 100 U/mL 

penicillin/streptomycin (Corning, 30-002). For transfection, cells 

were prepared in 6-well plates (> 95% confluent or at a density of 

106 cells per well), and reagent was used Lipofectamine 3000 

(Thermo Fisher Scientific, L3000-015) for this study. For 

fluorescence experiments, cells were seeded in 24-well plates with 

glass coverslips, and then washed with PBS three times briefly, and 

fixed in 4% paraformaldehyde in phosphate-buffed saline (PBS, pH 

7.4) for 10 to 15. For MAPT-BiFC cells, 30 nM okadaic acid was 

treated for 24 hr to elevate the MAPT oligomerization (Shin et al., 

2017). The slides were mounted with the Fluoroshield mounting 

medium containing DAPI (Abcam, ab104139). Fluorescent images 

were used an Olympus fluorescence microscope (IX71) and were 

analyzed using ImageJ software (v1.48k, NIH). 

B. Immunoblotting

Cells were washed with PBS, and lysed with 

radioimmunoprecipitation assay (RIPA) buffer with protease 

inhibitor cocktail. Collected lysate were centrifugated at 14000 rpm 

for 15 min at 44℃. Supernatant were collected and boiled with 2X 

sample buffer at 85℃. Samples were separated by SDS-PAGE and 

then transferred onto PVDF membranes. Membranes were 

incubated with 5% skim milk in TBST (10 mM Tris, pH 8.0, 150 

mM NaCl, 0.5% Tween-20) for 60 min. After blocking, membranes 

were incubated with primary antibodies for 60 min. After washing 

membranes with TBST three times for 10 min, incubated with 
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secondary antibodies for 60 min, and then washed three times using 

TBST, and developed with ECL solution (Advansta, K-12045) 

according to the manufacturer’s protocols. 

C. Co-immunoprecipiation assay

HEK293 cells were transfected with 1 µg of plasmids expressing 

flag-tagged USP14-mut, and with 1 µg of HA-tagged UVRAG 

plasmids or control for pcDNA3.1 vector. Cell were lysed with co-

IP buffer (25 mM Tris-HCl [pH 8.0], 75 mM NaCl, 0.1% NP-40, 1 

mM EDTA, and a cocktail of protease inhibitors) and then mixed 

with 20 µL of 50% slurry of anti-HA affinity matrix (clone 3F10).

After overnight incubation, beads were washed three times with the 

same buffer, the immunoprecipitated proteins were analyzed with 

SDS-PAGE/IB.

D. Proteasome activity

Cells were lysed with proteasome lysis buffer (50 mM NaH2PO4 

[pH 7.5], 100 mM NaCl, 10% glycerol, 5 mM MgCl2, 0.5% NP-40, 

5 mM ATP, 1 mM dithiothreitol) which included protease inhibitor

cocktails. Then, cells were homogenized by passing them 15 times 

through a 26G1/2 needle attached to a 1-ml syringe. Homogenized 

soups were centrifuged at 12,000 rpm for 15 min. To adjust the 

protein amount (150 µg per assay) of supernatants, Bradford assay

was used. After adding 12.5 µM fluorogenic proteasome substrate 

N-succinyl-Leu-Lcu-Val-Tyr-7-amidomethylcoumarin (Suc-

LLVY-AMC, Enzo Life Science, BML-P802) in assay buffer (50 

mM Tris [pH 7.5], 1 mM EDTA, 1 mg/ml BSA, 1 mM ATP, 1 mM 

dithiothreitol), fluorescence was measured. The excitation was 380 

nm and emission was 460 nm, with maintain the reactions at 30℃ in 

real time on a Tecan infinite M200 fluorometric reader.

E. RNA interference

All siRNA transfection were conducted using G-fectin (Genolution) 

following to the manufacturer’s instructions. Briefly, when cells 

were plated at 20–30% confluence in 6-well plates initially, adding 
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siRNA to the final concentration of 10 nM. After 48 h, the cells 

were harvested for experiments. The sequences of siRNA were as 

follows: control (5′- CCUCGUGCCGUUCCAUCAGGUAGUU-3′

sense, 5′- CUACCUGAUGGAACGGCACGAGGUU-3′ antisense), 

USP14 (5′- AGAAAUGCCUUGUAUAUCAUU-3′ sense, 5′-

UGAUAUACAAGGCAUUUCUUU-3′ antisense), UVRAG (5′-

CAAUCAAAGACAAUAUCAAUU-3′ sense, 5′-

UUGAUAUUGUCUUUGAUUGUU-3′ antisense), and UCHL5

(5′- CUUAGAGCAACAUCCUAAUUU-3′ sense, 5′-

AUUAGGAUGUUGCUCUAAGUU-3′ antisense).

F. Electron microscopy

Cells were fixed overnight in a mixture of cold 2.5% glutaraldehyde 

in 0.1 M phosphate buffer (pH 7.2), and 2% para-formaldehyde in 

0.1 M phosphate or cacodylate buffer (pH 7.2), then fixed again 

with 2% osmium tetroxide in 0.1 M phosphate or cacodylate buffer 

for 1.5 hr at RT. After the cells were washed briefly with 

deuterated H2O2, dehydrated in a graded series of ethanol solutions 

(50%, 60%, 70%, 80%, 90%, 95%, and 100% ethanol) (×2), 

infiltrated with propylene oxide for 1 h and then with epoxy resin 

mixed at 1:1 with propylene oxide for 2 hr at RT. To polymerization, 

the epoxy resin-embedded samples were loaded into capsules at 

38°C for 12 h and then at 60°C for 48 h. Samples were cut off at 

1.0-nm thickness using an ultramicrotome (RMC Boeckeler, MT-

XL) and collected on a copper grid, stained with 1% toluidine blue 

for 45 s on a hot plate at 80°C to make slices. To detect 

appropriate areas, samples cut at 65 nm and stained with saturated 

4% uranyl acetate and 4% lead citrate before detecting under a 

transmission electron microscope (JEOL, JEM-1400) at 80 kV.

G. Statistical analysis

The one-way ANOVA followed by the Bonferroni post hoc test was 

used for Statistical significance of differences between various 

groups for most data. Differences were considered significant at P < 

0.05. 



９

Results

1. Autophagic flux deficit by USP14 inhibition

Firstly, to confirm the enhanced proteasome activity in the 

manner of inhibition of USP14, I tested two condition using a 

fluorogenic substrate (suc-LLVY-AMC); the fluorescent signal 

implicates the proteasome activity (Kisselev et al., 2006).

Compared with WT mouse embryonic fibroblasts (MEFs), USP14-/-

MEFs showed significantly increased level of proteasome activity 

(Figure 1A). I also assessed USP14 siRNA, and the result showed 

that proteasome activity was elevated in whole-cell extracts 

(WCEs) of USP14 knockdown cells (Figure 1B).

In order to see how the increased proteasome activity affects the 

autophagy, I observed the level of LC3 and p62. In contrast to WT 

MEFs, increased p62 and LC3-II protein levels were observed in 

USP14-/- MEFs (Figure 1C). Similarly, accumulated LC3-II protein 

was observed in USP14 knockdown (Figure 1D). The result was 

showed little effect on the LC3-II level in UCHL5 knockdown

(Figure 1D). Moreover, I tested IU1 as a USP14 inhibitor to confirm 

whether the similar result would derive when genetically ablated 

USP14. As a result, when I treated IU1 in dose and time dependent 

manner, accumulation of p62 and LC3-II were observed (Figure 1E 

and 1F). However, this effect was not shown in USP14-/- MEFs, 

which the result was showed that elevated LC3-II and p62 level 

was not significantly changed compared with WT MEFs (Figure 1G). 

These results implicate that increased synthesis or decreased 

degradation of LC3-II is dependent on USP14 inhibition.

To further verify the effect of USP14 in autophagy, I confirmed 

lysosomal pH and found that enhanced proteasome activity do not 

affect the lysosomal acidification (Figure 1H). 
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Figure 1 Enhanced proteasome activity via USP14 inhibition 

increases the Level of LC3-II

(A) The proteasome activity was measured in the three 

independent MEF clones using suc-LLVY-AMC. Values that 

plotted are the mean ± SD (n=3). (B) Same as in (A), whole-cell 

extracts (WCEs) were determined after the knockdown or control 

siRNA transfected for 48 h. The plotted values are mean ± SD 

(n=3). (C) In USP14-/- MEFs, endogenous LC3-II levels were 

significantly increased compared with WT MEFs. Short exp and 

long exp; exposure time of blot, short and long. (D) HEK293 cells 

were transfected for silencing USP14, UCHL5 and making control 

using scrambled sequence. After 48 hr, protein samples were 

collected and analyzed by immunoblotting. (E) To treat IU1 in
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dose-dependent manner, IU1 treated with 0, 25, 50, 75, or 100 µM 

in the cells for 8 hr. (F) The cells were treated 100 µM IU1 with 

different time periods as indicated above. (G) WT and USP14-/-

MEFs were treated IU1 with 0, 50, 100 or 200 µM for 8 hr. All blots 

were detected in same gel without IB for LC3 which was removed 

the sample lane using 25 µM IU1 (black line). (H) LysoTracker and 

pHrodo were used to monitor the lysosomal acidification. After the 

treatment of 100 µM of IU1 for 8 hr, ~100 cells were analyzed for 

mean the LysoTracker- or pHrodo-positive puncta per cell. Each 

plot presented mean ± SD (n=3).
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2. Inhibition of USP14 retards the progress of 

the fusion of autophagosomes with lysosomes

After the confirmation of USP14 does not affects lysosomal 

acidification, which step of autophagic flux would be regulated by 

USP14 inhibition should be scrutinized. Bafilomycin A1(BafA1) 

inhibits the fusion of autophagosomes with lysosomes, obstructs 

acidic hydrolysis in autolysosomes, LC3-II turnover blocked 

consequently (Klionsky et al., 2012). Using BafA1, I examined 

whether the USP14 is related in before or after the fusion step of 

autophagosomes with lysosomes. In the presence of BafA1, control 

siRNA transfected cells showed increased level of LC3-II in a time 

dependent manner. However, in USP14 knockdown showed 

marginal level change of LC3-II (Figure 2A) and similar effect was 

showed in USP14-/- MEFs, LC3-II level was not affected by BafA1

(Fig 2B). Moreover, IU1 treated HEK293 cells showed significantly 

accumulated autophagosomes in the transmission electron 

microscopy images (Figure 2C).  Furthermore, to confirm the 

effect of inhibition of USP14 on autophagosome-lysosome fusion, I

used HEK293 cells stably expressing mRFP-GFP-LC3. In this cell, 

because of GFP is degraded at a low lysosomal pH, autophagosomes 

were labeled as GFP positive and RFP positive (RFP+GFP+, yellow), 

and autolysosomes were generally labeled RFP positive (RFP+GFP-, 

red). In USP14 knockdown, autophagosomes were increased while 

autolysosomes were decreased (Figure 2D and 2E). In addition, 

inhibition of USP14 using IU1 also showed significantly decreased 

number of autolysosomes, and increased size of autophagosomes 

which showed similar result according to transmission electron 

microscopy images (Figure 2F and G). To summarize, my results 

suggest that USP14 activity affects the process of autophagosome-

lysosome fusion.
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Figure 2 The USP14 activity regulates the fusion of autophagosomes 

with lysosomes

(A) HEK293 cells were transfected for silencing USP14. To assess 

the inhibition of autophagosome-lysosome fusion, 100 nM of

bafilomycin (BafA1) was used and incubated with different time 

period as indicated. Different lane of SDS-PAGE was used in this 

experiment to observe the sets of protein (both siCtrl and siUSP14), 

and removed without indicated lane (Black line). (B) Increased level 

of LC3-II was showed in WT MEFs which treated 100 nM of BafA1. 

The level of LC3-II level was showed no significant change in the 
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presence or absence of 100 nM BafA1 in USP14-/- MEFs. (C) After 

the treatment with DMSO or 100 µM IU1 for 6 hr, HEK293 cells 

were observed with electron microscopy. Arrowheads of double 

membraned organelles indicate autophagosome. A scale bar 

indicates 1 µm and N means nucleus. (D and E) To observe the 

effect of USP14 on autophagic flux, HEK293 cells that expressing 

mRFP-GFP-LC3 stably were used in this experiment. After the 

transfection of indicating siRNA for 24 hr, fluorescent images were 

used for quantification. (E) The plotted values are implicating the 

percentage of cells with the RFP+GFP+(autophagosome)- or 

RFP+GFP-(autolysosome)-LC3 puncta. To normalize the data, cells 

were counterstained with DAPI for count the total cell number. 

Error bars represent the mean ± SD (n=3). (F and G) Same cells 

were used as (D), except the 100 µM IU1 was treated for 8 hr in 

this experiment. (G) The RFP+GFP-(autolysosome)-LC3 puncta 

were normalized to the yellow (RFP+GFP+, indicates 

autophagosome) puncta using merged images (Right panel). The 

average size of GFP-positive puncta were measured in the 

presence or absence of 100 µM IU1 (incubated for 8 hr). The plots 

implicate the mean ± SD (n=3) of 10 different images including at 

least 1,000 cells.
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3. Impeding the fusion of autophagosomes with 

lysosomes may be ascribed the level of UVRAG 

to proteasomal degradation

On the basis of the aforementioned results which USP14 inhibition 

retards the autophagosome-lysosome fusion, I assessed a number 

of possible mediators of autophagosome-lysosome fusion. In 

USP14-/- MEFs, I found that UVRAG level was significantly low, 

virtually absent compared with WT MEFs (Figure 3A). Similar 

result was showed in USP14 knockdown using siRNA, UVRAG level 

was significantly decreased (Figure 3B). Inhibition of USP14 using 

IU1 also observed that UVRAG level was barely detectable (Figure

3C). These results suggest that enhanced proteasome activity via 

USP14 inhibition may degrade UVRAG more rapidly. To elucidate 

proteasome activity affects endogenous UVRAG level, I treated 

MG132 in dose dependent manner. The result showed that UVRAG 

was stabilized in accordance with increased dose of MG132 (Figure

3D). 

Because of USP14 acts on proteasome catalytically and non-

catalytically, I observed poly ubiquitinated UVRAG level in the 

presence of IU1 or proteasome inhibitors using immunoprecipitation 

experiment. USP14 have catalytic activity that trims poly Ub chain 

before proteasomal degradation commences (Lee et al., 2010), 

2010), on the other hands, USP14 interacts with ATPase rings that 

makes conformational change of 19S regulatory particle of 

proteasome to translocate substrate properly (Bashore et al., 2015). 

In the presence of IU1, polyubiquitinated UVRAG was partially 

stabilized compared with treatment of proteasome inhibitors (Figure

3E). Taken together, UVRAG level may tuned by proteasome 

activity, through DUB activity of USP14.

In many cancer cell types, abnormal reduced level of UVRAG can 

be tumorigenic (Ionov et al., 2004). I tested several colon cancer 

cells, and found that compared with SW480 and DLD1, HCT116 has 

significantly low level of USP14 and UVRAG (Figure 3F). In the 
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presence of IU1, HCT116 cells showed no elevation of LC3-II level

(Figure 3G). Therefore, my result suggests that USP14 activity

may requires the fusion of autophagosome and lysosome through 

the regulation of the cellular UVRAG level.
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FIGURE 3 Implication of autophagic flux may be derived from 

accelerated proteasomal degradation of UVRAG via USP14 inhibition 

(A) The protein level of UVRAG was almost absent in USP14-/-

MEFs. (B) Compared with control, UVRAG level was decreased by 

USP14 knockdown. The level of endogenous UVRAG, BECN1 were 

detected using HEK293 cells which were transfected siCtrl or 

siUSP14 for 48 hr. (C) Significantly decreased level of UVRAG was 

showed in 50 µM IU1 treated HEK293 cell. (D) Proteasome 

inhibition was conducted in HEK293 cells using MG132 for 6 hr and 

the protein level of UVRAG and BECN1 were detected by SDS-

PAGE followed by IB. (E) Hemagglutinin (HA)-tagged Ub (HAUb) 

and FLAG-tagged UVRAG (FLAGUVRAG) were transfected in 

HEK293 cells for 24 hr. Before the lysis of the cells, 100 µM IU1

and proteasome inhibitors (PI, 10 µM MG132, 1µM PS341) were 
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treated and incubated for 6 hr. Immunoprecipitation was conducted 

using anti-FLAG antibody, and anti-HA antibody was used for IB. 

(F) HCT116, SW480 and DLD1 cells were used for observe the 

endogenous USP14 and UVRAG level. Asterisks refer nonspecific 

signals. (N) Inhibition of USP14 using 50 µM IU1 for 6 hr was 

showed no alteration of LC3-II and p62 level in HCT116 cells.
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4.  Inhibition of USP14 promotes the clearance 

of MAPT and delays its oligomerization

To elucidate whether the regulation of autophagy through USP14 

inhibition have an importance in the cells, I assessed two 

pathological protein, tau (MAPT) and HTT, which related with 

neurodegenerative diseases. First, I used two form of MAPT, the 

longest isoform of human MAPT (MAPT-WT) and its aggregation-

prone P301L mutant (MAPT-PL). HEK293 cells that transiently 

overexpressing USP14-WT showed elevated level of coexpressed 

MAPT-WT and MAPT-PL. Meanwhile, a catalytically inactive 

USP14 mutant had dominant-negative effects on coexpressed 

MAPT proteins (Figure 4A). To find out whether the USP14 

activity affects MAPT oligomers, I tested doxycycline-based 

MAPT-inducible system (Trex-MAPT cell line). Trex-MAPT cell 

lines express MAPT in dose dependent manner, and high-molecular 

weight MAPT oligomers, which suspected to have toxicity in the 

tauopathies, observed in the presence of doxycycline in a long time 

periods (> 48 hr) (Kim et al., 2016b; Ward et al., 2012). In the 

presence of IU1, decreased level of MAPT oligomer was showed in 

dose dependent manner (Figure 4B). To clarify this result, I used 

MAPT-BiFC cells. MAPT-BiFC cells express the MAPT in a 

biomolecular fluorescence complementation (BiFC) manner, which 

the fluorescence appears when MAPT makes oligomers (Jiang et al., 

2016). In the presence of okadaic acid to make MAPT oligomers, 

MAPT-BiFC cells treated IU1 showed significantly decreased BiFC 

signals (Figure 4C and 4D). It may refers that enhanced 

proteasome activity through USP14 inhibition delays the 

oligomerization of MAPT.



２０

Figure 4 Accumulation of oligomeric MAPT was attenuated by 

enhanced proteasome activity 

(A) HEK 293 cells were cotransfected the longest isoform of 

human MAPT (MAPT-WT) or aggregation-prone MAPT-P301L 

mutant (MAPT-PL) with USP14-WT or mutant form of USP14. 

(B) HEK293 cells which express the longest isoform of human 

MAPT when the doxycycline induced was examined in the condition 

of 5 ng/mL doxycycline treated for 48 hr. After the different dose 

of IU1 indicated was incubated for 8 hr, protein samples were 

prepared in the presence or absence of the b-mercaptoethanol 

(bME). (C and D) Represented images were used MAPT-BiFC 

cells which treated 30 nM okadaic acid for 24 hr with the present or 

absence of 50 µM of IU1 for 8 hr just before the images were taken. 

(D) is quantification of (C). Data was presented using more than 

1,000 cells, and plots indicate three independent experiments the

mean ± SD.
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5. Inhibition of USP14 hinders the degradation 

of pathological form of HTT 

Next, I examined HTT, which is well known that the long stretch 

of polyglutamine (polyQ) repeats have prone to aggregate in 

Huntington’s disease (Bennett et al., 2007). In this experiment, I

used two kinds of cells that stably expressing different length of 

HTT, which has 25 polyQ repeats and 97 polyQ repeats. The result 

showed that when USP14 was inhibited GFP-tagged HTT-Q97 

level was increased. This result was also showed in BafA1 treated 

cell, but not in MG132 (Figure 5A). Therefore, this result indicates 

that HTT-Q97 levels may be regulated by autophagy. However, 

HTT with short polyQ repeats (HTT-Q25) were not affected by 

inhibition of USP14 or autophagy (Figure 5B). To quantify the 

effect of USP14 inhibition, I used HeLa cells that stably express 

GFP-tagged HTT. Compare to cells that expressing HTT-Q25, 

HTT-Q72 and HTT-Q97 expressing cells were observed 

significantly decreased signals in the presence of IU1 (Figure 5C 

and 5D). Thus, degradation of pathological form of HTT which have 

long polyQ repeats was mainly regulated by autophagy.
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Figure 5 Inhibition of USP14 decrease the clearance of accumulation 

of HTT with long poly Q repeats 

(A and B) HEK293 cells which express GFP-tagged HTT-Q97(A) 

or HTT-Q25 (B) were treated 10 µM of MG132, 100 nM of BafA1, 

and different concentration of IU1 as indicated for 6 hr. (C) 

Represented images were used same cell line of (A) and (B) except 

the presence of 10 µM of IU1 or DMSO for 24 hr. (D) Quantification 

of cells which express HTT-Q25, HTT-Q72, and HTT-Q97 with 

nuclear localization signals. DMSO or 10 µM of IU1 was treated in 

each cells. Data indicates mean ± SD (n=3).
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Discussion

In this study, I have determined that enhanced proteasome 

activity impedes autophagy, especially in fusion of autophagosomes 

with lysosomes. It refers that proteasome activity would directly 

affects autophagic degradation. In this regard, it is notable that 

USP14 has dual function, which regulates cellular proteasomal 

activity and autophagic flux. 

In this study, UVRAG is a key mediator of the crosstalk between 

UPS and autophagy mainly at the stage of the autophagosome-

lysosome fusion. UVRAG is known to regulate the autophagy in the 

early stage (autophagosome maturation) and the fusion step of 

autophagosomes with lysosomes through binding with PI3K 

complex (Liang et al., 2006). However, the results showed that the 

deficit of autophagy through the USP14 was ascribed the rapid 

degradation of UVRAG. It implicates that there are possibilities that 

enhanced proteasome activity would affects the early stage. 

Whether USP14 affects the autophagosome maturation should be 

further studied. Also, endogenous UVRAG interacts with other 

proteins such as BECN1, mTORC1 or C-VPS complex. Whether 

this association would be altered the interaction between UVRAG 

and proteasome or USP14 requires further investigation. 

Here in, I mainly focused on proteotoxic protein, MAPT and HTT, 

especially their accumulation or aggregation tendency. Inhibition of 

USP14 showed the degradation of soluble form of MAPT increased. 

In addition, pre-existed oligomeric MAPT also decrease in the 

presence of IU1 (Figure 5C). This result implicates that 

degradation of monomeric and oligomeric form of MAPT can be 

accelerates the upregulation of proteasome activity. 

On the contrary, HTT with long polyQ chain were accumulated in 

the USP14 inhibition manner. Based on the result of BafA1 treated 

cells, which inhibited autophagy also showed increased level of 

HTT-Q97. To sum up, pathological form of HTT, which have long 

polyQ stretch mainly regulated by autophagy. In the different 
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context, non-catalytic function of USP12, which is DUB enzyme, 

also enhances autophagic flux and suppress mHTT-mediated 

toxicity in vivo (Aron et al., 2018). However, both studies showed 

the biological meaning of autophagy on HTT-mediated toxicity 

were enlightened similarly. 

In this study, the results indicate the UPS and autophagy have 

quite close connection which showed compensatory negative-

feedback. Another evidence was showed that inhibition of USP14 

promotes mitophagy in vivo (Chakraborty et al., 2018). It may 

suggest that inhibition of USP14 also affects the progression of 

mitophagy, and may have therapeutic effects on Parkinson’s disease. 

Therefore, it will be important that which system of proteolytic 

pathway mainly regulates the normal and pathological forms, go 

further, to identify which system was impaired in the proteopathic 

diseases.

To summarize all, I suggest that proteopathic protein have 

individual preference of their clearance underlying the interaction 

between the UPS and autophagy. This finding may give new 

approaches to find out degradation pathway of another proteopathic 

protein to derive possible therapeutic strategies.
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국문 초록

진핵세포의 세포 내 단백질 분해 기작에는 크게 두 종류가 존재한다.

유비퀴틴-프로테아좀 시스템은 유비퀴틴을 분해하고자 하는 표적 단백

질에 유비퀴틴을 결합시킴으로써 프로테아좀에 의해 단백질이 분해가 되

는 시스템이다. 다른 단백질 분해 기작으로는 오토파지-라이소좀 시스

템으로 분해하고자 하는 세포 내 소기관이나 단백질을 두 겹의 세포막을

이용한 과립으로 감싸 분해하는 기작이다. 이 두 가지 단백질 분해 기작

간의 상호작용에 대한 연구에 대해 본 연구에서는 기존의 두 가지 단백

질 분해 기작 중 한 가지를 저하시키는 측면에서의 연구가 아닌, 탈 유

비퀴틴화효소인 USP14을 저해시킴으로써 프로테아좀의 활성을 향상 시

키는 방향으로의 연구를 진행하고자 하였다. USP14의 저하에 의해 세포

내 오토파지의 결손을 확인할 수 있었으나 리소좀의 산성도에는 영향이

없는 것을 확인할 수 있었다. USP14과 오토파지의 저해제를 통해 확인

한 결과 USP14의 저해가 오토파고좀과 리소좀의 결합단계에서 결손을

일으킨다는 것을 짐작할 수 있었다. 오토파고좀과 리소좀의 결합단계에

관여하는 UVRAG의 프로테아좀에 의한 분해가 본 단계를 조절하는 주

요 원인임을 확인할 수 있었다. 이러한 유비퀴틴-프로테아좀 시스템과

오토파지간의 상호관계가 세포 내에서 어떤 역할을 하는지 규명하기 위

해 퇴행성뇌질환과 연관있는 두 가지 단백질인 타우와 헌팅틴을 이용해

실험해 보았으며, 실험결과 타우의 올리고머의 분해가 USP14의 저해에

의해 향상된 것을 확인할 수 있었다. 반면, 헌팅틴의 경우 긴 글루타민

사슬을 가지는 헌팅틴의 분해가 USP14 저해에 의한 오토파지의 저하로

인해 감소하는 것을 관찰할 수 있었다. 종합하면, USP14의 저해로 인한

프로테아좀의 향상된 활성은 UVRAG의 분해를 촉진시켜 오토파지의 저

하를 야기할 수 있으며, 이러한 결과는 퇴행성 뇌질환 관련 단백질들에

게 각기 다른 영향을 미칠 수 있음을 확인할 수 있었다.

주요어 : USP14, UVRAG, 유비퀴틴-프로테아좀 시스템, 프로테아좀, 오

토파지
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