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ABSTRACT:Thepurposeof our studywas to evaluatehowhyperglycemia (HG) influencesLys63proteinubiquitination
and its involvement in tubular damage and fibrosis in diabetic nephropathy (DN). Gene and protein expression
of UBE2v1, a ubiquitin-conjugating E2-enzyme variant that mediates Lys63-linked ubiquitination, and Lys63-
ubiquitinated proteins increased in HK2 tubular cells under HG. Matrix-assisted laser desorption/ionization–time of
flight/tandemmass spectrometry identified 30 Lys63-ubiquitinated proteins,mainly involved in cellular organization,
such as b-actin, whose Lys63 ubiquitination increased under HG, leading to cytoskeleton disorganization. This effect
was reversedby the inhibitor of theUbc13/UBE2v1 complexNSC697923.Westernblot analysis confirmed thatUBE2v1
silencing inHK2underHG,restoredLys63-b-actinubiquitinationlevels to thebasal condition. Immunohistochemistry
onpatientswith type2diabetic (T2D) revealedan increase inUBE2v1-andLys63-ubiquitinatedproteins,particularly in
kidneysofpatientswithDNcomparedwithcontrolkidneysandothernondiabetic renaldiseases, suchasmembranous
nephropathy. Increased Lys63 ubiquitination both in vivo in patients with DN and in vitro, correlated with a-SMA
expression,whereasUBE2v1silencing reducedHG-induceda-SMAprotein levels, returning themtobasal expression.
In conclusion, UBE2v1- and Lys63-ubiquitinated proteins increase in vitro under HG, as well as in vivo in T2D, is
augmented in patients with DN, and may affect cytoskeleton organization and influence epithelial-to-mesenchymal
transition. This process may drive the progression of tubular damage and interstitial fibrosis in patients with DN.—
Pontrelli, P., Conserva, F., Papale,M., Oranger, A., Barozzino,M., Vocino, G., Rochetti,M. T., Gigante,M., Castellano,
G.,Rossini,M.,Simone,S.,Laviola,L.,Giorgino,F.,Grandaliano,G.,DiPaolo,S.,Gesualdo,L.Lysine63ubiquitination
is involved in theprogressionof tubular damage indiabetic nephropathy. FASEB J. 31, 308–319 (2017).www.fasebj.org
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Diabeticnephropathy (DN) is the leadingcauseof end-stage
renal disease. About one-third of patients with type 2 di-
abetes (T2D) develop this complication, which is charac-
terized by distinctive changes in all renal compartments (1).
Although ithasbeenwidelyacceptedthatglomerular injury

is the main component of DN, tubular–interstitial changes
have been reported to be involved in its progression (2).

A typicalDNhistologic signature is extracellularmatrix
(ECM) deposition, both in the glomerulus and in the
tubular–interstitial compartment, and it is mainly re-
sponsible for the progression of interstitial fibrosis and
glomerulosclerosis (3).

Epithelial-to-mesenchymal transition (EMT) represents
the process inwhich tubular epithelial cells start to express
fibroblast markers and thus play a role in the progression
of kidney fibrosis (4). Its involvement in the progression of
tubular–interstitial fibrosis is controversial; however, it
hasbeen found thatEMTrepresents theprincipal sourceof
myofibroblasts in DN (5).

Development and progression of DN are significantly
greater in patients with poor glycemic control; therefore,
high glucose toxicity has been suggested as a major cause
of renal damage (6). Several pathways are activated in
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response to hyperglycemia (HG) (7–9); however, the mo-
lecular mechanisms underlying tubular damage byHG are
still largely unclear.

The ubiquitin pathway is emerging as a possible key
player in theonsetofDN(10–12).Ourgroup identified free
ubiquitin as a potential biomarker in urine samples of
patientswithDN compared to patientswith diabeteswho
have other chronic kidney diseases (13).Moreover, Dihazi
et al. (14) reported the presence of the ubiquitin fusion
protein UbA52 in urine of patients with T2Dwith macro-
ormicroalbuminuria, suggesting its role asa tubular injury
indicator. In the kidney, UbA52was exclusively located in
tubules, and its expression in mouse kidney was found to
beproportional to theglucose concentrations inblood (15).

Ubiquitination is a fundamental process in intracellu-
lar signaling, as it controls numerous aspects of protein
function (16). Ubiquitination is a multistep process, con-
sisting of the attachment of the 8-kDa ubiquitin moiety
to target proteins after sequential action of 3 classes of
enzymes: an E1 ubiquitin-activating enzyme, an E2
ubiquitin-conjugating enzyme, and an E3 ubiquitin ligase
(17). E2 is responsible both for E3 selection and substrate
modification; thus, E2s function at the heart of the ubiq-
uitin transferpathwayandare responsible formuchof the
diversity of ubiquitin cellular signaling (18).

Polyubiquitin chain formationoccurswhenaLys residue
of ubiquitin is linked to the C-terminal glycine of another
ubiquitin; substrateproteins canbe linked toubiquitinusing
7 distinct ubiquitin Lys residues (Lys6, -11, -27, -29, -33, -48,
and 63). The different bound Lys-residue of the poly-
ubiquitin chain targetsproteins todifferent fates (19, 20).The
Lys63 modification in particular is not responsible for pro-
tein degradation, but affects protein localization and cell
signaling, thus regulating protein function and scaffolding
interactions, such as in NF-kB activation (21, 22).

The ubiquitin-conjugating E2 enzyme variant 1,
UBE2v1,also calledUEV1orMMS2, isacofactorofUBC13,
the only known E2 Ub-conjugating enzyme that produces
Lys63-linked ubiquitin chain, and represents a distinctive
group among the E2 protein family that maintains the en-
zymatic core of ubiquitin-conjugating enzymes but lacks a
conserved cysteine residue with catalytic activity (23).

The involvement of UBE2v1 in diabetes has only been
hypothesized. Woroniecka et al. (9) reported an increased
UBE2v1 gene expression in microdissected tubules of
human DN kidneys compared with healthy control kid-
neys.Moreover, this genemapson chromosome20,where
T2D candidate risk genes are concentrated (24). The pos-
sible connection of Lys63 protein ubiquitination in T2D
andsubsequent renaldamagehasnotbeenexploredso far.

Thus, the purpose of our studywas to evaluate the role
of Lys63 protein ubiquitination in response to HG and its
possible involvement in the progression of tubular dam-
age and fibrosis in DN.

MATERIALS AND METHODS

Reagents

Anti-UBE2v1, anti-b-actin, anti-ubiquitin, and anti-a smooth mus-
cleactin (a-SMA)antibodieswere fromAbcam(Cambridge,United

Kingdom).Anti-ubiquitin Lys63-specific antibodywas fromMerck
Millipore (Darmstadt, Germany). Horseradish peroxidase (HRP)–
conjugated antibodies were supplied by Santa Cruz (Dallas, TX,
USA). The selective inhibitor of the Ubc13/Uev1A (UBE2v1) com-
plex, NSC697923 (25), was from Selleckchem (Houston, TX, USA).
All other chemicals were reagent grade.

Cell culture

HK2, an immortalized proximal tubular epithelial cell line from
normal adult human kidney (26), was from American Type
Culture Collection (Rockville, MD, USA). Cells were grown in
DMEM with 1000 mg glucose/L (low glucose: 5.5 mM) sup-
plemented with 10% fetal bovine serum, 100 U/ml penicillin,
100 mg/ml streptomycin, and 2 mM L-glutamine (Sigma-
Aldrich, St. Louis,MO,USA) (completemedium). This condition
was regarded as basal. For passage, confluent cells werewashed
with PBS, removed with 0.5% trypsin/0.02% EDTA in PBS and
plated in complete mediumwith or without 24.5 mM D-glucose
orL-glucose, the L-isomerof glucose, as osmolarity control, for the
indicated times.

Western blot analysis

Cells were lysed in RIPA buffer [5 mM EDTA, 1 mM sodium
orthovanadate, 150 mM sodium chloride, 1.5% Nonidet P-40,
20 mM Tris-HCl (pH 7.4), 10 ml/ml 2-chloroacetamide, and
10 ml/ml phosphatase inhibitor cocktail]. Proteins (40 mg) from
each lysate underwent SDS/PAGE on a 4–15% precast poly-
acrylamide gel (Bio-Rad, Milan, Italy) and then were electro-
transferred onto 0.2mmPVDFmembrane. The filterwas blocked
with 5% skimmilk powder in TBS (13PBS+0.1%Tween-20) and
then incubated with the anti-UBE2v1 or the anti-ubiquitin,
Lys63-specific antibody or, in separate sets of experiments, with
the anti-a-SMA antibody. Membranes were incubated with the
appropriate HRP-conjugated secondary antibody, stripped, and
immunoblotted again with anti-b actin antibody. The ECL en-
hanced chemiluminescence system was used for detection (GE
Healthcare Life Sciences, Milan, Italy). Quantification of band
intensities was performed by the function “Analyze and Label
peaks” of the ImageJ 1.34 Software (National Institutes ofHealth,
Bethesda, MD, USA; http://rsb.info.nih.gov/ij/).

UBE2v1 silencing and immunoprecipitation

UBE2v1 silencing was performed according to the manufac-
turer’s instruction by the transfection of 4 preselected small in-
terfering RNAs (siRNAs) (1 nmol) for the target gene (FlexiTube
GeneSolution; Qiagen, Hilden, Germany) with TransIT-TKO
Transfection Reagent (Mirus Bio, Madison, WI, USA) in HK2
cells. All-Star control siRNA (Qiagen) was used as the vital
scrambled control.

Immunoprecipitationonprotein extractswasperformedwith
the IP-50 Protein G Immunoprecipitation kit (Sigma-Aldrich). In
brief, 200 mg of proteins was incubated with the anti-b actin
antibody, for 3 h on a rocking platform at 4°C, and then with
protein G Sepharose overnight at 4°C. Immunoprecipitated
proteins were eluted in sample buffer [2-ME, 10% SDS, 10%
glycerol, 0.5MTris-HCl (pH 6.8), and 0.05% bromophenol blue],
boiled, and subjected to SDS-PAGE.

Isolation and identification of
ubiquitinated proteins

Pierce Crosslink IP Kit (ThermoFisher Scientific, Rodano, Italy)
with a specific anti-ubiquitin antibody was used to purify
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ubiquitinated proteins. In brief, samples were precleared by in-
cubating 500 mg of proteins with protein G agarose resin.
Ubiquitin antibody was then added to 200 ml of protein G aga-
rose resin and covalently immobilized by crosslinking with
disuccinimidyl suberate (DSS). The antibody resin was in-
cubated with 500 mg of total protein extracts of HK2 cells. After
washing, ubiquitinated proteins were eluted in 40 ml elution
buffer [UREA 9M, 3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate (CHAPS) 2%, and DTT 100 mM] and sub-
jected, in duplicate, to SDS/PAGE on a 12% homemade
polyacrylamide gel. One gel duplicate underwent immuno-
blot analysis with anti-ubiquitin, Lys63-specific antibody as
previously described, while the other was stained by colloidal
Coomassie Blue G-250. Gel destaining was achieved by se-
quential washing until protein bands were clearly visible.
Coomassie-stained gel and ubiquitin–Lys63-immunoblotted
membranes were compared to select, among all the immu-
noprecipitated proteins, the Lys63-ubiquitinated ones. Bands
of interest were excised and trypsin digested according to our
optimized protocol (27). Eluted peptides were analyzed by
matrix-assisted laser desorption/ionization–time of flight/
tandem mass spectrometry (MALDI-TOF/MS-MS).

MALDI-TOF/MS-MS

A peptide mixture of the selected protein bands was separately
loaded on a prespotted anchor chip (Bruker Daltonics, Bremen,
Germany). MS and MS/MS analyses were performed on an
Autoflex IIITOF/TOF200 instrument (Bruker Daltonics) (27). Pro-
tein identification was performed on NCBInr and Swissprot data-
bases with the Mascot search algorithm (Matrix Science, Boston,
MA, USA; http://www.matrixscience.com/), with the following pa-
rameters: Homo sapiens (taxonomic category), trypsin (enzyme),
carbamidomethyl (fixed modification for cysteine residues), and
oxidationofmethionine (variablemodification).Mass tolerancewas
100 for the monoisotopic peptide masses and 0.3 Da for MS/MS
analysis.Confident identificationofproteinswasachievedwhenthe
threshold significance score exceeded56 (P,0.05) forpeptidemass
fingerprinting (PMF) and 27 (P, 0.05) for MS/MS data.

Ubiquitin remnant-containingpeptides (28)were identified by
searching for the ubiquitin signature (GG, 114.05 Da, or LRGG,
383.23Da) linkedtoaLys residueof thepredicted trypticpeptides.

Functional analysis of the identified proteins was obtained
through Ingenuity Pathway Analysis (IPA; Qiagen).

RNA isolation and real-time PCR

Total RNAwas extractedwith TRI Reagent (Sigma-Aldrich).
RNA concentration and purity was assessed by the Nano-
Drop ND-1000 Spectrophotometer (ThermoFisher Scien-
tific). Reverse transcription of total RNA was performed
using the High Capacity cDNA Reverse Transcription Kit
(ThermoFisher Scientific). SYBR-green quantitative PCR am-
plification was performed in triplicate using specific primers
for UBE2v1 (forward: TGGAGTGGTGGACCCAAGA; reverse:
TAACACTGTCCTTCGGGCG); data were analyzed with the
LightCycler 96 thermal cycler software SW1.1 (RocheDiagnostics,
Monza, Italy).

Confocal microscopy

b-Actin cell distribution, Lys63 ubiquitination, and a-SMA ex-
pression were evaluated in HK2 cells and tissues, by indirect
immunofluorescence and confocal microscopy analysis. Cells
(53 104)wereplatedona coverslip and incubatedwith 30mMD-
or L-glucose for various times. NSC697923 inhibitor (1 mM) was

preincubated for 1 h before adding D-glucose. HK2 cells were
then fixed with 4% paraformaldehyde, treatedwith 0.2% Triton-
X 100/PBS, and incubated in blocking buffer (4%goat serum, 2%
bovine serum albumin/PBS) and then with the anti-ubiquitin,
Lys63-specific antibody or anti-a-SMA antibody.

Immune complexes were identified by incubating cells with
the secondary antibody (Alexa Fluor 555 or Alexa Fluor 488;
ThermoFisher Scientific). In some experiments after incubation
with the anti-ubiquitin, Lys63-specific antibody, andAlexa Fluor
555, the anti-b-actin antibody was added and detected by the
Alexa Fluor 488 goat anti-mouse antibody.

Renal biopsies were deparaffinized and subjected to 3 mi-
crowave (750W) cyclesof 5min in citratebuffer (pH6) tounmask
the epitope. The slideswere then incubatedwith the appropriate
blocking solution, primary antibodies (anti-a-SMA 1:100, anti-
ubiquitin, Lys63-specific antibody 1:50) and the appropriate
secondary antibodies (Alexa Fluor 488 and 555).

Samples were counterstainedwith TO-PRO-3 (ThermoFisher
Scientific), mounted in Fluoromount (Vector Laboratories,
Burlingame, CA, USA), and sealed. Negative control was
obtained omitting the primary antibodies.

Cell-specific fluorescence was analyzed by confocal laser
scanningmicroscopywith theTCSSP2 (Leica,Wetzlar,Germany),
equippedwith argon-krypton (488 nm), green neon (543 nm), and
heliumneon (633 nm) lasers. Imageswere recordedwith the Leica
imaging software.

Kidney samples and immunohistochemistry

Kidney samples were obtained by needle-core biopsies, fixed in
4% formaldehyde, and processed for routine histologic staining
(hematoxylin-eosin, periodic acid-Schiff, silver methenamine,
andMasson’s trichrome). The histologic lesions and the extent of
interstitial fibrosis were scored independently by 2 pathologists
(ADP,MR) blinded to the clinical history of the patient assigning
a score ranging from +: 0–30% (minimal fibrosis), to +++:
60–100% (completely fibrotic). For immunohistochemistry we
used the remaining portions of kidney biopsies from 4 subjects
screenedaspotential kidneydonors for transplantationwithT2D
without any histologic and clinical evidence of renal damage; 9
patients with T2D and biopsy-proven diagnosis of DN, from 4
controls with urinary abnormalities (hematuria and proteinuria
of #1 g/24 h) undergoing kidney biopsy; and 4 patients with
biopsy-proven diagnosis of membranous nephropathy (MN).
Patients with DNwere characterized by mesangial proliferation
and ECM accumulation in the glomeruli, podocyte loss, glo-
merular basalmembrane (GBM) thickening, and amild vacuolar
degradation of tubular cells in the presence of focal tubular at-
rophy and classified as class III in accordance with Tervaert et al
(29). Controls showed a normal kidney, at both optical and
electron microscopy examination. Patients with idiopathic MN
presented the classic histologic features (GBM thickening with
granular IgG deposits). The study was conducted according to
the latest version of the Declaration of Helsinki and was ap-
proved by the local ethics committee (Prot. N.4104/2013). The
main demographics and clinical characteristics of the patients
enrolled are reported in Table 1.

For the immunohistochemical evaluation of UBE2v1 protein
expression and Lys63-ubiquitinated protein accumulation, 4 mm-
thick sections of paraffin-embedded tissue after rehydration and
antigenic retrieval were incubated with H2O2 (3%) and then with
Triton (0.25%).After blockingwith protein block (Dako,Glostrup,
Denmark), sections were incubated with anti-UBE2v1 or anti-
ubiquitin, Lys63-specific antibody in a humidified chamber. The
immune complexes were detected by the peroxidase/DAB Dako
Real EnVision Detection System (Dako). The peroxidase reaction
was shown by a brown precipitate, counterstained with Mayer’s
hematoxylin (blue) andmountedwithglycerol (DakoCytomation,
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Carpinteria, CA, USA). Negative controls were obtained by
omitting the primary antibody. Digital images were acquired
at 320 magnification, using the ScanScope CS2 device (Aperio
Technologies, Vista, CA, USA) and analyzed by ImageScope
V12.1.0.5029 (Aperio Technologies). Specific staining was quanti-
fied using the Positive Pixel Count v9_v10.0.0.1805 algorithm
(AperioTechnologies) tomeasure thenumber of positive cells. For
each region (high-power field; hpf) thenumber of cellswith strong
(3+) signal identified by the algorithm was considered.

Statistical analysis

Data are presented as means 6 SD and compared by un-
paired Student’s t test. A value of P , 0.05 indicated statistical
significance.

RESULTS

UBE2v1 expression and Lys63 protein
ubiquitination increase in tubular cells under
HG conditions

We first investigated whether HG could alter UBE2v1
gene expression and subsequent Lys63 ubiquitination of
targeted proteins in vitro. We observed a rapid increase in
UBE2v1 gene expression by real-time PCR in HK2 cells
under HG (compared to L-glucose), with the peak occur-
ring after 1 h of incubation (Fig. 1A). The rapid increase
in gene expression, was also associated with an increase
in protein production, because, in HG conditions, both

TABLE 1. Main clinical data of patients enrolled in the study

Clinical characteristic Control Diabetic
Diabetic nephropathy:

class III
Membranous
nephropathy

Patients (n) 4 4 9 4
Sex (M/F) 2/2 2/2 5/4 4/0
Age (yr) 48 6 14 64 6 8.3 68 6 3.1 52 6 17.2
Blood pressure (mmHg) 123 6 9/75 6 5 117 6 9/62 6 16 135 6 13 /75 6 5.8 133 6 25; 82 6 16
Serum creatinine 0.8 6 0.1 0.9 6 0.2 2.1 6 0.7 1.3 6 0.6
Proteinuria (g/24 h) 0.04 6 0.02 0.8 6 0.2 2.5 6 1.7 7.1 6 3.5
Estimated glomerular
filtration rate (ml/min)

80 6 10 75 6 45 45 6 20 78 6 42

Body mass index 26 6 4.4 32 6 11 30 6 4.3 30 6 4
Glycosylated hemoglobin (%) 5.1 6 0.1 7.7 6 0.9 9.7 6 0.9 5.1 6 0.9

Figure 1. Effect of high glucose on UBE2v1 gene (A) and protein expression (B) and Lys63 protein ubiquitination (C) in tubular cells.
A) UBE2v1 gene expression was evaluated by quantitative PCR. B) Left: UBE2v1 protein levels in HK2 cells, normalized to b-actin
expression. Right: quantification of UBE2v1 protein expression in 3 independent experiments. C) Top: Lys63 ubiquitination in HK2
cells normalized to b-actin expression. Bottom: quantification of Lys63-ubiquitinated proteins normalized to b-actin expression. Each
experiment was performed at least 3 times. Histogram data are means 6 SD. *P , 0.05 vs. basal; °P , 0.05 vs. LG.
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UBE2v1 (Fig. 1B) and Lys63-ubiquitinated proteins (Fig. 1C)
rose, with a peak 48 h after incubation.

Identification of Lys63-ubiquitinated proteins
in tubular cells under HG conditions

To identify those proteins undergoing HG-mediated
Lys63ubiquitination and their potential role in driving the
progression of tubular damage in patientswith diabetes, a
MALDI-TOF/MS-MS analysis was used. For this pur-
pose, HK2 cells were incubated for 48 h with 30 mM
D- or L-glucose, and, after immunoprecipitation of total
ubiquitinated proteins, they were separated by mono-
dimensional SDS gel electrophoresis and identified by
MALDI-TOF/MS-MS, as described in Materials and
Methods.Werecognized30proteinsamongthose showing
increased Lys63 ubiquitination after HG stimulation
(Table 2). To better understand their functional role and
the biological pathways in which these proteins were in-
volved,weused the IPA software. It recognized 14proteins
included in a unique functional network, and all such pro-
teins were linked to ubiquitin C, a polyubiquitin precursor,
thus supporting the role of ubiquitination in the functional
modulation of the identified proteins (Fig. 2). The identified
proteins were mostly involved in the regulation of cell

morphology and structure, and almost all networks
screened includedb-actin andG1-actin (Table 3).MS-MS
analysis of the predicted b-actin-ubiquitinated peptide
enabled identification of Lys328 as a potential target site
for Lys63 ubiquitination (Fig. 3).

HG-induced Lys63 ubiquitination affects
actin organization

To confirm Lys63 actin ubiquitination and to evaluate the
role of this process in tubular damage leading to DN, we
performed a confocal analysis of b-actin Lys63 ubiquiti-
nation, in HK2 under HG. Whereas in basal conditions
or after exposure to high levels of L-glucose, Lys63-
ubiquitinated proteins were mainly concentrated in the
perinuclear area, and actin fibers appearedwell organized,
actin fibers lost their typical organization andwere totally
ubiquitinated in Lys63 under HG (Fig. 4A). Selective in-
hibition of the Ubc13–Uev1A complex by NSC697923
restored basal b-actin organization, also under HG. To
confirm the specific Lys63 ubiquitination of actin fibers,
we performed immunoprecipitation of b-actin proteins
in HK2 cells. The amount of b-actin with Lys63-specific
ubiquitination in HG was significantly higher after 48 h,
when compared to both basal conditions and L-glucose

TABLE 2. Anti-ubiquitin-Lys63 immunoprecipitated proteins identified by MALDI-TOF-MS/MS analysis

Gel band Protein Uniprot accession no. Mascot score
Peptide,

MS/MS (n)

2 b-Actin, cytoplasmic 1, partial P60709 122 6
2 b-Actin variant Q53G99 122 5
3 Actin, cytoplasmic 2, partial P63261 122 5
3 Ubiquitin-conjugating enzyme E2 W isoform 1 Q96B02 56 1
3 ACTG1 protein, partial (Homo sapiens) P63261 99 6
6 a-Enolase P06733 70 4
10 Chain A, pyruvate kinase Q504U3 101 3
10 ZBTB44 protein Q8NCP5 74 2
11 Selenocysteine-specific elongation factor P57772 72 2
12 Chain A, structure of human transketolase P29401 96 2
19 5-Aminolevulinate synthase, erythroid-specific, mitochondrial P22557 68 3
19 E3 Ubiquitin protein ligase Q96PU4 63 5
19 g-Aminobutyric acid receptor subunit b-3 P28472 62 2
19 Holliday junction recognition protein Q8NCD3 89 2
19 Protein FAM217B Q9NTX9 62 2
19 RILP-like protein 1 Q5EBL4 63 2
19 RUN and FYVE domain-containing protein 4 Q96T51 75 1
19 SHC SH2 domain-binding protein 1-like protein Q9BZQ2 72 4
19 Translocating chain-associated membrane protein 1 Q15629 63 1
19 Tropomodulin-4 Q9NZQ9 66 2
19 UPF0704 protein C6orf165 Q8IYR0 72 3
19 WW domain-binding protein 4 O75554 68 1
19 P2X purinoceptor 5 Q93086 64 1
19 Synaptotagmin-like protein 2 (isoform 2) Q9HCH5-2 66 4
22 Core-binding factor, runt domain, a-subunit 2; translocated to, 2 O43439 71 1
22 Semaphorin-4D Q92854 59 1
23 Glutamate-rich protein 6 Q7L0X2 67 1
25 SPARC-related modular calcium-binding protein 2 Q9H3U7 58 2
28 Chain A, human Hsp90-bWith Pu3 [9-butyl-8(3,4,5-trimethoxy-

benzyl)-9H-purin-6-ylamine]
P08238 58 2

30 Protein FAM178A Q8IX21 60 2

Gel band numbers correspond to the rimmed band shown in Fig. 3.
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stimulation. This process was dependent on UBE2v1, in
that its silencing completely blocked D-glucose-induced
b-actin Lys63 ubiquitination (Fig. 4B, C).

UBE2v1 expression and Lys63 protein
ubiquitination in vivo in diabetes,
with and without DN and other
nondiabetic nephropathies

To confirm whether HG conditions could be responsible
for the increased Lys63 protein ubiquitination, we ana-
lyzed UBE2v1 protein expression and Lys63 ubiquitina-
tion in kidney biopsies of patients with T2D, with or
without class III DN, compared with control kidneys and
patients with MN. Immunohistochemistry revealed that
both UBE2v1 protein expression (Fig. 5A–F) and Lys63
protein ubiquitination (Fig. 5H–M) were completely ab-
sent in control kidneys (Fig. 5C, J) and inkidneybiopsies of
patients with proteinuric nephropathies and nondiabetic
renal diseases, such as MN (Fig. 5F, M). By contrast,
UBE2v1 protein expression and Lys63 ubiquitination,

were instead significantly increased in patientswith T2D
(Fig. 5A, B, H, I). Both signals were detected only at the
tubular level and only in some tubules. The same pattern
of UBE2v1 protein expression and of Lys63-ubiquitinated
proteins increased in atrophic tubules of patients with
DN (Fig. 5D, E, K, L), as demonstrated by quantification
of UBE2v1 (Fig. 5O) and Lys63-ubiquitinated (Fig. 5P)
proteins.

Lys63 ubiquitination led to expression of
mesenchymal markers by epithelial cells

By transmission electron microscopy, we observed, in
patients with DN compared to controls, focal epithelial
necrosis of tubular lining cells, with a loss of cell-to-
basement membrane adhesion. Epithelial cells of the
proximal tubule were flattened with diminished brush
border, loss of cellular adhesion, and reduced complexity
of basolateral membrane folds (data not shown). One
of the principal events leading to EMT is represented
by reorganization of the cytoskeletal architecture, loss of

Figure 2. Functional analysis of
Lys63-ubiquitinated proteins in
HK2 cells under HG conditions.
Ubiquitinated proteins were iden-
tified by MALDI-TOF/MS-MS
(identified proteins are listed
in Table 2) and functionally an-
alyzed by the IPA software. The
network, graphically represented
as nodes (proteins) and edges
(the biologic relationship be-
tween proteins), was constructed
by IPA software. Colored nodes
represent Lys63-ubiquitinated pro-
teins in HK2 cells under HG
conditions; others (empty nodes)
are those that IPA automatically
includes as biologically linked.
Meanings of node shapes and
edges are indicated in the leg-
end within the figure. Table 3
displays the most significant
molecular and cellular functions
of the Lys63-ubiquitinated pro-
teins under HG.

TABLE 3. Molecular and cellular functions of the Lys63 ubiquitinated proteins in HK2 cells under HG, identified by the IPA software

Function P Symbol n

Cell morphology 7.53E204–2.75E202 ACTB, CBFA2T2, GABRB3 3
Cellular function and maintenance 1.31E203–2.68E–02 ACTB, ACTG1, RILPL1 3
Cell-to-cell signaling and interaction 1.50E203–4.57E202 ACTB, ACTG1, GABRB3 3
Carbohydrate metabolism 1.51E203–6.01E203 TKT 1
Cellular assembly and organization 1.51E203–3.12E202 ACTB, ACTG1, HJURP 3
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cellular polarity, and increased expression of markers de-
fining the mesenchymal phenotype, such as a-SMA. On
this basis, we decided to investigate whether accumula-
tion of Lys63-ubiquitinated proteins could induce ex-
pression of mesenchymal markers by epithelial cells in
vivo. For thispurpose,weanalyzeda-SMAexpressionand
Lys63 ubiquitination by confocal microscopy on kidney
biopsies of selected patients with class III DN, reporting
different grades of interstitial fibrosis. We observed that
patients with DNwith a lesser extent of interstitial fibrosis
(Fig. 6, DN + and ++), as defined by the Masson’s tri-
chrome staining (Fig. 6C), were characterized by the ex-
pression of a-SMAmarker in tubules characterized by the
presence of Lys63-ubiquitinated proteins (Fig. 6A, B). Of
note, the increase in the extent of interstitial fibrosis (Fig. 6,
DN +++ patients) inversely correlated with the presence
of tubular cells positive for both Lys63-ubiquitinated
proteins and a-SMA, suggesting that fibroblasts have
already induced scarring of kidney tissue.

In vitro, we also confirmed that Lys63 ubiquitination
was responsible for increased a-SMA expression, in that

inhibitionofLys63ubiquitinationbyNSC697923 inhibited
a-SMA expression induced by high glucose (Fig. 6D).

Because this observation suggested that EMT could be
induced by deposition of Lys63-ubiquitinated proteins,
thus promoting progression of fibrosis, we also evaluated
the effect of UBE2v1 silencing in high glucose-induced
a-SMA expression in HK2 cells. HG induced a significant
increase in a-SMA expression with a peak after 48 h of
incubation and this increase was completely abolished by
UBE2V1 silencing (Fig. 6E, F).

DISCUSSION

In the present study, 1) HG increased UBE2v1 expression
and Lys63 protein ubiquitination in cultured human tu-
bular cells; 2) Lys63 ubiquitination targeted the proteins
mainly involved in cellmorphology and structure, such as
b-actin andG1-actin; 3) HG-induced Lys63 ubiquitination
of actin-modified cytoskeletal organization, and this ef-
fect was reversed by selective inhibition or silencing of

Figure 3. Identification of ubiquitinated b-actin by MALDI-TOF-MS/MS analysis. A) Monodimensional SDS gel electrophoresis of
anti-ubiquitin immunoprecipitated proteins of HK2 cells in the indicated conditions. Rimmed bands have been analyzed by
MALDI-TOF-MS/MS analysis. The numbered gel bands correspond to the number of the proteins identified in Table 2. B) PMF
spectra of the gel bands (1) with the corresponding histogram of the Mascot score search result for MS analysis (2), and display of
the relative entries, which identified b-actin; b-actin amino acid sequence (3) is shown with matched peptides in bold and the
ubiquitinated peptide (+GG) underlined. C) Histogram of Mascot score search results for MS/MS sequencing and display of the
b-actin-ubiquitinated peptide (aa 316–328 +GG).
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UBE2v1; 4) kidneys from patients with diabetes showed
an upregulation of both UBE2v1 expression and Lys63
protein ubiquitination that was further increased in pa-
tients with DN at the tubular level; 5) the extent of in-
terstitial fibrosis in vivo in patients with DN inversely
correlated with the presence of tubular cells charactered
by accumulation of Lys63 ubiquitinated proteins and ex-
pression of the mesenchymal marker a-SMA; and 6) HG-
induceda-SMAexpression inHK2cells in vitro is linked to
Lys63 protein ubiquitination, given thatUBE2v1 silencing
restored HG-induced a-SMA expression to basal levels.

The role of ubiquitination in DN has been emerging in
the past few years (30). Ubiquitination is a complex post-
translational modification responsible for several regula-
tory functions (16). The modulation of ubiquitin-induced
protein degradation in DN has been described and seems
toplay a role indiseaseprogression (11, 31). Lys63protein-
ubiquitination instead, has mainly been associated with
nonproteolytic regulation of signaling pathways (32), and
its involvement in the progression of renal damage in-
duced by HG had never been explored so far.

HG is recognized as a leading cause of diabetic tissue
damage (33). In our study,HG elicited a significant increase

in Lys63 protein ubiquitination in cultured tubular cells. By
aproteomicapproach,we identified30Lys63-ubiquitinated
proteins duringHG in tubular cells, each potentially able to
play a specific role in the progression of tubular damage
in DN. In particular, among these proteins, we identified
b-actin and G1-actin as included in the principal molecu-
lar and cellular functions representative of the Lys63-
ubiquitinated proteins under HG-conditions and observed
that Lys63 ubiquitination led to actin disassembly in vitro.

Cytoskeletaldisassemblyhas alreadybeendescribedas
an important consequence of high glucose exposure, thus
suggesting its contribution in themechanisms involved in
injury progression in DN (34, 35).

Thesemorphologicchangesmayalsopredisposepatients
with diabetes to the development of tubular–interstitial
damage(5)andtotheprogressionof fibrosis,whichhasbeen
described as important as the degree of glomerular sclerosis
in the progression of diabetic kidney disease (36).

The involvement of ubiquitination in the organization
of cytoskeletal proteins has been recently linked to the
proteasome activity (37), whereas the role of Lys63 ubiq-
uitination in the regulation of cellular adhesion and mi-
gration has been described only in tumor cells (38).

Figure 4. A) Immunofluorescence analysis of b-actin distribution and Lys63 ubiquitination in HK2 cells. Cells were preincubated with
the specific inhibitor of the Ubc13–Uev1A complex NSC697923, in the indicated conditions before D-glucose was added. The results
represent 4 independent experiments. B, C) HG effect on b-actin Lys63 ubiquitination. B) b-Actin Lys63 ubiquitination was analyzed
by immunoprecipitation of total protein lysates, with a specific anti–b-actin antibody and subsequent Western blot analysis with an
anti-ubiquitin, Lys63-specific antibody (top). The same membrane was then stripped and blotted again with anti–b-actin antibody
(bottom). siUBE: UBE2v1 silencing for the indicated time periods. Scramble: vital scrambled control. Results are representative of 3
experiments. C) Quantification of specifically Lys63-ubiquitinated b-actin, compared with the total amount of b-actin. Histogram data
are means 6 SD. °P , 0.05 HG 48 h vs. basal; §P , 0.05 HG+siUBE 48 h vs. HG 48 h; *P = 0.05 HG 48 h vs. LG 48 h.
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Post-translational modifications, such as O-linked N-
acetyl-b-D-glucosaminemodification, have beendescribed
as responsible for morphologic changes at both the glo-
merular and tubular levels in thediabetickidney, and these
modifications involve cytoskeletal proteins (39). Cyto-
skeletal changes, in turn,would affect the barrier to protein
filtration, as suggested by both in vitro studies under HG
conditions (40) and in vivo studies in human DN (41).
Moreover, actin depolymerization has been described in
pancreaticb cells afterHG exposure, affecting cell survival
and function and reducing cell–cell adhesion (42). In line
with these data, we observed that HG induced a disas-
semblyof actin fibers in tubular cells throughLys63protein

ubiquitination, since this process was reversed with a
specific inhibitor of UBE2v1 complex, NSC697923, which
restored actin organization.

In vivo, we observed that UBE2v1 protein expression
andLys63ubiquitination involveonly tubular cells, butnot
all tubules show the accumulation of Lys63-ubiquitinated
proteins. Because the process is already visible in kidney
biopsies of patients with T2D and without apparent renal
disease, but is almost absent in kidney biopsies from pa-
tients with other proteinuric nondiabetic kidney diseases
suchasMN,wecanspeculate that those tubules showingan
accumulation of Lys63-ubiquitinated proteins couldmove
along a functional and structural change, dependent on

Figure 5. A–N ) UBE2v1 protein expression (A–F) and Lys63 protein ubiquitination (H–M) in vivo. Immunohistochemical
analysis was performed on kidney biopsies of patients with T2D without (diabetic; A, B, H, I ) and with DN (D, E, K, L) compared
to controls (C, J ) and membranous nephropathy (membranous; F, M). Negative controls (NC) for UBE2v1 (G) and Lys36 (N)
were included. O, P) Quantification of specific staining for UBE2v1 (O) and Lys36 (P). Data are means 6 SD.
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Figure 6. Lys63 ubiquitination and a-SMA expression in vivo and in vitro in tubular cells. A, B) Immunofluorescence was
performed on kidney biopsies of patients with T2D or without and with diabetic nephropathy (DN) compared to controls and
GNM. Original magnification,363 (A), and zoom of particular areas (B). C) Patients with DN were divided in accordance with the
range of interstitial fibrosis (+: 0–30%; ++: 30–60%; +++: 60–100%), as determined by Masson’s trichrome. D) Immunofluorescence
analysis of a-SMA expression. Cells were preincubated with the specific inhibitor of the Ubc13–Uev1A complex NSC697923 in the
indicated conditions before D-glucose was added (HG). E) a-SMA protein levels in HK2 cells (representative of 3 independent
experiments) normalized to b-actin expression. siUBE, UBE2v1 silencing; scramble, vital scrambled control. F) Quantification of
a-SMA protein levels normalized to b-actin expression. Histogram data are means 6 SD. *P , 0.02 HG 48 h vs. basal; °P , 0.05
HG 48 h vs. HG+siUBE 48 h; §P , 0.05 HG+scramble 48 h vs. HG+siUBE 48 h.

LYSINE 63 UBIQUITINATION IN DIABETIC NEPHROPATHY 317



cytoskeletal disassembly, ultimately leading to the onset
and progression of overt renal damage. In particular, we
also demonstrated that Lys63-ubiquitinated proteins are
responsible for increased expression of a-SMA, a mesen-
chymal marker expressed by epithelial cells during EMT.
The role of EMT as a source of myofibroblasts and in pro-
gression of fibrosis is an open debate (43). Although in vitro
studies support the existence of EMT, evidence that fibro-
blasts derive from epithelial cells in vivo is controversial (44,
45).However, recentlyZhao et al. (46) have reported both in
vitro in tubular cells after high glucose treatment and in vivo
in diabetic rats, the increase in mesenchymal markers
(fibronectin, collagen-1, a-SMA, and fibroblast-specific
protein-1) and the decrease in epithelial markers
(E-cadherin and zonula occludens-1), thus concluding that
HGplays an important role in EMTand inDNdysfunction.
In addition, cytoskeletal alterations have been described to
play an important role in EMT in breast cancer cells (47).
Because changes in cell morphology represent the main
feature of EMT, we also tried to understand whether Lys63
ubiquitination of cytoskeletal proteins could be involved in
this cellular process, thusplaying a role in theprogression of
fibrosis in patients with DN. In cancer cells, it has been re-
ported that differentiation from an epithelial to mesenchy-
mal state is regulated by many transcription factors, whose
activation ismediatedbyaubiquitination-likeprocess called
SUMOylation,whichconsists in thereversiblebindingof the
small ubiquitin-likemodifierpeptide (SUMO) toaLysof the
target protein (48). Moreover, ubiquitination is responsible
for themodulationof theTGF-b signalingactivity,oneof the
pathwaysmainly involved in the regulationofEMT (49, 50),
thus emphasizing the role of post-translational modifica-
tions in the regulation of intracellular signaling pathways
leading to EMT (51). We also confirmed in vitro that in-
hibition of Lys63 protein ubiquitination specifically sup-
pressed HG-induced a-SMA expression, thus defining the
possible role played by this post-translational modification
in the expression of one of the mesenchymal markers pos-
sibly involved in EMT and subsequently in the progression
of tubular–interstitial fibrosis in DN. Also in vivo, we dem-
onstrated that the presence of Lys63-ubiquitinated proteins
is associatedwith the expression of a-SMA by tubular cells.

We recognize that our study had some limitations. First,
the analysis of Lys63 ubiquitination represents an un-
derestimate of what happens in the cells. In addition to
ubiquitinated b-actin, we identified another 29 likely
ubiquitinatedproteins but, as represented in Fig. 3A, the
low separation power ofmonodimensional SDS-PAGEdid
not allow identification of all immunoprecipitated proteins
byMALDI-TOF-MS/MS analysis, which was able to iden-
tify, for each gel band, only the most abundant proteins.

Of note, functional analysis was conducted only on the
proteins bound to the cytoskeleton but each of the other
identified proteins should be investigated, as well.

Moreover, it remains unclear why in patients with DN,
only some tubules are involved in increased UBE2v1
protein expression and subsequent Lys63-ubiquitinated
protein accumulation, as well as the mechanisms through
which tubular damage evolves in these structures.

In addition, themolecularmechanisms bywhich Lys63
ubiquitination influences the increased expression of

a-SMA by tubular cells remain to be investigated, as well
as the effective association between increased a-SMA ex-
pression under HG conditions and EMT in vivo.

In summary, in the present study we observed that
Lys63 ubiquitination is a typical hallmark of DN in vivo,
compared to normal kidneys and patients with T2D and
other nondiabetic nephropathies such asMN.Thepresence
of Lys63-ubiquitinated proteins emerges as a novel mech-
anism responsible for the alteration of cytoskeletal organi-
zation and appears to be involved in the progression of
tubular-interstitial fibrosis by EMT. Finally, we identified
UBE2v1 as the gene driving this post-translational modifi-
cation, thus representing a novel potential target to reduce
the progression of tubular damage and fibrosis in DN.
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24. Hale, P. J., López-Yunez, A. M., and Chen, J. Y. (2012) Genome-wide
meta-analysis of genetic susceptible genes for Type 2 Diabetes. BMC
Syst. Biol. 6(Suppl 3), S16

25. Pulvino,M.,Liang, Y.,Oleksyn,D.,DeRan,M., VanPelt,E., Shapiro, J.,
Sanz, I., Chen, L., and Zhao, J. (2012) Inhibition of proliferation and
survival of diffuse large B-cell lymphoma cells by a small-molecule
inhibitor of the ubiquitin-conjugating enzyme Ubc13-Uev1A. Blood
120, 1668–1677

26. Ryan,M. J., Johnson,G., Kirk, J., Fuerstenberg, S.M., Zager, R. A., and
Torok-Storb, B. (1994) HK-2: an immortalized proximal tubule epi-
thelial cell line fromnormal adult humankidney.Kidney Int.45, 48–57

27. Rocchetti, M. T., Papale, M., d’Apollo, A. M., Suriano, I. V., Di Palma,
A. M., Vocino, G., Montemurno, E., Varraso, L., Grandaliano, G.,
Di Paolo, S., and Gesualdo, L. (2013) Association of urinary laminin
G-like 3 and free K light chains with disease activity and histological
injury in IgA nephropathy. Clin. J. Am. Soc. Nephrol. 8, 1115–1125

28. Xu, G., Paige, J. S., and Jaffrey, S. R. (2010) Global analysis of lysine
ubiquitination by ubiquitin remnant immunoaffinity profiling. Nat.
Biotechnol. 28, 868–873

29. Renal Pathology Society. (2010) Pathologic classification of diabetic
nephropathy. J. Am. Soc. Nephrol. 21, 556–563

30. Luo, Z. F., Qi, W., Feng, B., Mu, J., Zeng, W., Guo, Y. H., Pang, Q., Ye,
Z. L., Liu, L., and Yuan, F. H. (2011) Prevention of diabetic
nephropathy in rats through enhanced renal antioxidative capacity
by inhibition of the proteasome. Life Sci. 88, 512–520

31. Aghdam, S. Y., Gurel, Z., Ghaffarieh, A., Sorenson, C. M., and
Sheibani, N. (2013) High glucose and diabetes modulate cellular
proteasome function: Implications in the pathogenesis of diabetes
complications. Biochem. Biophys. Res. Commun. 432, 339–344

32. Chen, Z. J., and Sun, L. J. (2009) Nonproteolytic functions of
ubiquitin in cell signaling.Mol. Cell 33, 275–286

33. Brownlee, M. (2005) The pathobiology of diabetic complications: a
unifying mechanism. Diabetes 54, 1615–1625

34. Dlugosz, J. A., Munk, S., Ispanovic, E., Goldberg,H. J., andWhiteside,
C. I. (2002) Mesangial cell filamentous actin disassembly and
hypocontractility in high glucose are mediated by PKC-zeta. Am. J.
Physiol. Renal Physiol. 282, F151–F163

35. Clarkson, M. R., Murphy, M., Gupta, S., Lambe, T., Mackenzie, H. S.,
Godson, C., Martin, F., and Brady, H. R. (2002)High glucose-altered
gene expression in mesangial cells. Actin-regulatory protein gene
expression is triggered by oxidative stress and cytoskeletal disassem-
bly. J. Biol. Chem. 277, 9707–9712

36. Gilbert, R. E., and Cooper, M. E. (1999) The tubulointerstitium in
progressive diabetic kidney disease: more than an aftermath of
glomerular injury? Kidney Int. 56, 1627–1637

37. Schaefer, A., Nethe, M., and Hordijk, P. L. (2012) Ubiquitin links to
cytoskeletal dynamics, cell adhesion and migration. Biochem. J. 442,
13–25

38. Ray,D.M., Rogers, B. A., Sunman, J. A., Akiyama, S.K.,Olden, K., and
Roberts, J. D. (2010) Lysine 63-linked ubiquitination is important for
arachidonic acid-induced cellular adhesion and migration. Biochem.
Cell Biol. 88, 947–956

39. Akimoto, Y., Miura, Y., Toda, T., Wolfert,M. A., Wells, L., Boons, G. J.,
Hart, G. W., Endo, T., and Kawakami, H. (2011) Morpholog-
ical changes in diabetic kidney are associated with increased
O-GlcNAcylation of cytoskeletal proteins including a-actinin 4.
Clin. Proteomics 8, 15–24

40. Ha, T. S. (2006) High glucose and advanced glycosylated end-
products affect the expression of alpha-actinin-4 in glomerular epi-
thelial cells. Nephrology (Carlton) 11, 435–441

41. Kimura, M., Toyoda, M., Kato, M., Kobayashi, K., Abe, M., Kobayashi,
T., Miyauchi, M., Yamamoto, N., Umezono, T., and Suzuki, D. (2008)
Expression of alpha-actinin-4 in human diabetic nephropathy. Intern.
Med. 47, 1099–1106

42. Yeo, R. W., Yang, K., Li, G., and Lim, S. K. (2012) High glucose
predisposes gene expression and ERK phosphorylation to apoptosis
and impaired glucose-stimulated insulin secretion via the cytoskele-
ton. PLoS One 7, e44988

43. Zeisberg, M., and Duffield, J. S. (2010) Resolved: EMT produces
fibroblasts in the kidney. J. Am. Soc. Nephrol. 21, 1247–1253

44. Humphreys, B. D., Lin, S. L., Kobayashi, A., Hudson, T. E., Nowlin,
B. T., Bonventre, J. V., Valerius, M. T., McMahon, A. P., and Duffield,
J. S. (2010) Fate tracing reveals the pericyte and not epithelial origin
of myofibroblasts in kidney fibrosis. Am. J. Pathol. 176, 85–97

45. Koesters, R., Kaissling, B., Lehir, M., Picard, N., Theilig, F., Gebhardt,
R., Glick, A. B., Hähnel, B., Hosser, H., Gröne, H. J., and Kriz, W.
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