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Abstract
Interaction of platelet-derived growth factor (PDGF) isoforms with their receptors results in activation and internalization of 
receptors, with a concomitant activation of downstream signalling pathways. Ubiquitination of PDGFRs serves as a mark to 
direct the internalization and sorting of the receptors. By overexpressing a panel of deubiquitinating enzymes (DUBs), we 
found that USP17 and USP4 efficiently deubiquitinate PDGF receptor β (PDGFRβ) and are able to remove both Lys63 and 
Lys48-linked polyubiquitin chains from the receptor. Deubiquitination of PDGFRβ did not affect its stability, but regulated 
the timing of its trafficking, whereby USP17 prolonged the presence of the receptor at the cell surface, while USP4 affected 
the speed of trafficking towards early endosomes. Induction of each of the DUBs in BJhTERT fibroblasts and U2OS osteo-
sarcoma cells led to prolonged and/or shifted activation of STAT3 in response to PDGF-BB stimulation, which in turn led 
to increased transcriptional activity of STAT3. Induction of USP17 promoted acute upregulation of the mRNA expression 
of STAT3-inducible genes STAT3, CSF1, junB and c-myc, while causing long-term changes in the expression of myc and 
CDKN1A. Deletion of USP17 was lethal to fibroblasts, while deletion of USP4 led to a decreased proliferative response to 
stimulation by PDGF-BB. Thus, USP17- and USP4-mediated changes in ubiquitination of PDFGRβ lead to dysregulated 
signalling and transcription downstream of STAT3, resulting in defects in the control of cell proliferation.

Keywords PDGFRβ · Ubiquitination · STAT3 · Receptor tyrosine kinase

Introduction

The platelet-derived growth factor (PDGF) isoforms are 
mitogens and chemotactic agents for smooth muscle cells, 
pericytes, fibroblasts and glial cells of the brain [23], regu-
lating embryonic development, would healing, interstitial 
fluid pressure and blood–brain barrier [3]. PDGF isoforms 
bind to receptor tyrosine kinases (RTKs) α and β (PDGFRα 
and PDGFRβ, respectively), causing receptor dimerization 

and autophosphorylation. This results in internalization and 
activation of downstream signalling pathways [22, 30] at the 
plasma membrane as well as during endosomal trafficking 
[39, 40, 53] and via translocation to the nucleus [41].

Ubiquitination is a post-translational modification of cel-
lular proteins that plays important roles in, e.g., proteasomal 
degradation of proteins, intracellular trafficking, receptor 
internalization and downregulation, DNA repair and cell 
proliferation [43]. Ubiquitination of RTKs following ligand 
binding and phosphorylation is a hallmark of receptor-
mediated endocytosis and serves to mediate interactions of 
RTKs with the sorting machineries at the cell surface and 
at endosomes [15]. The importance of addition of ubiquitin 
moieties for the function of PDGFRβ has been extensively 
investigated [31, 44, 46], while no deubiquitinating enzyme 
(DUB) that may regulate the levels of ubiquitination of 
PDGFRβ has been identified to date.

DUBs have been implicated in the regulation of diverse 
cellular processes, such as cell cycle, signal transduction, 
apoptosis, DNA repair and chromatin remodelling [45]. 
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The DUB family consists of approximately 120 members, 
which can cleave polyubiquitin chains or remove the ubiq-
uitin moiety from target proteins, thus reversing the effect 
of ubiquitin ligases [29]. DUBs are categorized into sev-
eral subclasses, the largest being the group of ubiquitin-
specific cysteine proteases (USPs) that contain a core USP 
catalytic domain, a zink-binding motif and a conserved 
cysteine residue in the catalytic triad [55]. Roles in recep-
tor endocytosis and trafficking have been described for 
several DUBs [36]. For example, USP8 regulates early-
to-recycling endosomal circuit of EGFR subcellular traf-
ficking [2], while AMSH aids the sorting of EGFR to the 
lysosomal degradation pathway by interacting with the 
ESCRT machinery [37]. In addition, USP17 was found 
to be required for clathrin-mediated endocytosis of EGFR 
and was proposed to have a general role in endocytosis 
[26] and also to affect cell migration and plasma mem-
brane localization of H-Ras by acting on isoform 2 of Ras 
converting enzyme 1 (RCE1) at the endoplasmic reticulum 
[9, 10, 27, 38].

DUBs display strong regulatory connection not only to 
intracellular sorting routes, but also to various secondary 
messengers of activated signalling pathways. USP4 is an 
oncoprotein [17, 18] which is phosphorylated by Akt; it 
shuttles between the cytoplasm and the nucleus [49] and 
regulates cell growth pathways by acting on signalling 
molecules, such as PDK1 and mTOR [11]. Signalling by 
signal transducer and activators of transcription proteins 
(STATs) are examples of pathways which are activated 
downstream of PDGFRβ directly by its intrinsic kinase 
activity [52, 54] in pre-assembled complexes by the cell 
membrane [42, 47] or indirectly by the nonreceptor tyros-
ine kinase Src that is activated by PDGFRs [54]. Notably, 
PDGF-induced Src-mediated signalling by STAT3 was 
found to be one of the crucial pathways required for cel-
lular transformation [51], but the mechanism of activation 
of STAT3 remains enigmatic. Depending on the strength 
and the nature of the signal, STAT3 can be activated 
at the plasma membrane, at the perinuclear endosomal 
compartment as was shown for c-Met [28], in the Golgi 
[8] or in the nucleus itself [32]. Importantly, it has been 
demonstrated that PDGFRβ internalization in response to 
PDGF is a necessary pre-requisite for the full activation 
of STAT3 [25].

In this work, we show that the ubiquitin-specific pro-
teases USP17 (also known as DUB3) and USP4 efficiently 
remove ubiquitination of PDGFRβ, affecting its internali-
zation and early-endosomal sorting, thereby controlling 
the timing of PDGFRβ-induced STAT3 activation, which 
in turn affects transcription of STAT3-inducible genes, 
including STAT3, CSF1, junB, c-myc and CDKN1A, 
adversely affecting cell proliferation.

Materials and methods

Reagents and antibodies

Primary antibodies against Flag-M2 (#F1804) and 
α-tubulin (#T6074) were purchased from Sigma, and 
antibodies against HA-tag (sc-805) and ubiquitin (#16-
6078-82) from Santa Cruz Biotechnology and Invit-
rogen, respectively. Polyclonal antibodies recognizing 
PDGFRβ (CTβ) and Alix (HP95) were homemade [19, 
31], and a PDGFRβ antibody was purchased from Bio-
techne (#AF385). Primary antibodies against phospho-
rylated PDGFR (pTyr857, #3170), Akt (#9272S), phos-
phorylated Akt (pSer473, D9E, #4060 / pThr308, 244F9, 
#4056), p44/p42 MAPK (Erk1/2, 137F5, #4695), phos-
phorylated p44/p42 MAPK (pErk1/2, pThr202/pThr204, 
#9101), PLCγ1 (#2822), phosphorylated PLCγ1 (pTyr783, 
#2821), STAT3 (79D7, #4904) and phosphorylated STAT3 
(pTyr705, D3A7, #9145) were purchased from Cell Sig-
nalling Technology. A USP4 antibody was from Bethyl 
Labs (#A300-829A) and a USP17L24 antibody from 
Abgent (#AP5491b). Secondary antibodies for immunob-
lotting, HRP-conjugated goat antimouse IgG (#62–6520) 
goat antirabbit IgG (#65–6120), were from Invitrogen. 
Puromycin was purchased from Invivogen and doxycy-
cline from TakaraBio.

Cell culture and treatments

The human embryonic kidney cell line HEK293T, human 
osteosarcoma cell line U2OS (Uppsala University) and 
human foreskin fibroblast cell line BJhTERT (Clontech) 
were cultured in Dulbecco’s Modified Eagle’s medium 
(DMEM) (Sigma-Aldrich), supplemented with 10% fetal 
bovine serum (FBS) (Biowest) at 37 °C in 5%  CO2 humidi-
fied atmosphere. The BJhTERT doxycycline-inducible 
cell lines were cultured in DMEM, supplemented with 
0.8 μg/ml puromycin and 10% FBS, while the media for 
doxycycline-inducible U2OS cells was supplemented with 
2.0 μg/ml puromycin and 10% FBS. Starvation media was 
DMEM, supplemented with 0.1% FBS. Cell monolayers 
were stimulated with 20 ng/ml PDGF-BB (Chiron Corp.) 
for biochemical experiments and with a range of concen-
tration from 1 to 20 ng/ml for functional experiments. For 
stability experiments, cells were pretreated with 50 µg/
ml cycloheximide for 1 h. For the induction of USP4 or 
USP17L22, tet-inducible BhTERT and tet-inducible U2OS 
cell lines were pretreated with 100 ng/ml doxycycline for 
48 h.
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Generation of tet‑inducible cell lines

Lenti-X Tet-One Inducible Expression System (Takara 
Bio USA) was used for the generation of tet-inducible 
cell lines. Flag-USP4 and Flag-USP17L22 were cloned 
into the pLVX-TetOne vector, using In-Fusion HD Cloning 
Kit (Takara Bio USA) and the constructs were tested by 
transient transfection. Nanoparticle complexes were pro-
duced from the Lenti-X vectors using Lenti-X Packaging 
Single Shots (VSV-G) and transfected to the 293 T cells 
cultured in 10-cm dishes in 8 ml DMEM supplemented 
with 10% FBS to obtain enough lentivirus. After 24 h, 
8 ml of media was collected and stored at 4 °C; 5 ml of 
fresh media was added and collected after another 24 h. 
The collected supernatants were diluted thrice with the 
media and added to BJhTERT cells or U2OS cells cultured 
in 6-well plates supplemented with 8 μg/ml polybrene. The 
media was changed after 16 h to DMEM supplemented 
with Tet System Approved FBS (Takara Bio USA) and 
puromycin (0.8 μg/ml for BJhTERT cells, 2.0 μg/ml for 
U2OS cells). Surviving cells were cultured in media with 
puromycin. Doxycycline (100 ng/ml) was added to induce 
the expression of USP4 or USP17L22.

Preparation of a DUB cDNA library

A cDNA library consisting of 64 Flag- and HA-tagged deu-
biquitinating enzymes (DUBs) in retroviral expression vec-
tors (backbone vector MSCV-N-Flag-HA-IRES-PURO) [50] 
was kindly provided by Dr Peter ten Dijke, Leiden, Nether-
lands. Heat-shock transformation of E. coli competent cells 
with the respective deubiquitinase constructs was performed 
and the transformed cells were then spread on LB plates 
(containing 100 μg/ml ampicillin) and incubated at 37 °C 
overnight. A single colony was then selected, inoculated in 
100 ml LB medium, supplemented with 100 μg/ml ampi-
cillin and incubated overnight in a shaker at 37 °C. DNA 
purification was subsequently performed following the Plas-
mid DNA purification Nucleobond® Xtra protocol (Mach-
erey–Nagel) and DNA constructs were stored at − 20 °C 
until further use.

 Plasmid and siRNA transfection

HEK293T cells were transiently transfected with Lipo-
fectamin 2000 reagent (Invitrogen, USA), and U2OS cells 
were transfected with Lipofectamine 3000 (Invitrogen, 
USA), according to the manufacturer’s instructions. For 
siRNA knockdown, cells were transiently transfected with 
10 nM of trilencer-27 USP4 siRNA (#SR305038, sequence 
A or C, OriGene, USA) or 60 nM of trilenser-27 USP17L9P 
siRNA (#SR318236, sequences A and C, Origene, USA). 
Transfection of siRNA was mediated by SilentFect (BioRad 

Laboratories AB) for 72 and 96 h. The knockdown efficiency 
was determined by immunoblotting.

Mutation of the USP4 gene using CRISPR‑Cas9 
lentiviral transduction

Single guide RNAs (sgRNA) were designed using the online 
tool at www. broad insti tute. org/ gpp/ public/ analy sis- tools/ 
sgrna- design, and cloned into the BsmBI site of the lentiC-
RISPRv2 lentiviral vector according to [48]. Two sgRNA 
were designed to target two distinct sequences within 
exon 4 of the human USP4 gene according to the GTEx 
Portal (www. gtexp ortal. org). Exon 4 is the first constitu-
tive exon, not subjected to alternative splicing, and codes 
for a conserved domain of the ubiquitin carboxyl-terminal 
hydrolase 4 protein family. The sgRNA sequences were: 
G67, 5ʹ-CTA TGT ATT GGT CCC TAC CGagg-3ʹ and G57, 
5-cccTAC CGA GGC GTG GAA TAA AC-3ʹ (PAM sequences 
shown in lower case letters). Lentiviruses containing the 
sgRNA, the Cas9 nuclease and puromycin N-acetyl-trans-
ferase genes were generated in HEK293T cells by co-trans-
fection of the packaging plasmids psPAX.2 and psMD2 
(Addgene). Supernatants containing lentivirus were har-
vested 24 h and 48 h post-transfection. Lentivirus expressing 
EGFP based on the pLJM1-EGFP plasmid was used as con-
trols of transduction. The cloned guide RNAs were verified 
by Sanger sequencing. The subsequent transduction of the 
U2OS and BJhTERT cells was carried out overnight in Opti-
MEM (Gibco) containing 8 µg/ml hexadimethrine bromide 
(polybrene; Sigma-Aldrich) and selection of the transduced 
cells was performed for 3 days with 2 µg/ml puromycin 
(Gibco) for U2OS and 0.8 µg/ml puromycin for BJhTERT. 
Confirmation of successful CRISPR-Cas9 genome editing 
for USP4 was also determined at the RNA level by qRT-
PCR, and at the protein level by immunoblotting. Single 
clones were isolated by serial dilution in 96-well plates and 
verified as above.

Immunoprecipitation and immunoblotting

After starvation and stimulation of 50% confluent cell 
monolayers with PDGF-BB (20 ng/ml) for the indicated 
time periods, cells were washed once in ice-cold phos-
phate-buffered saline (PBS) and lysed in RIPA lysis buffer 
(0.5% deoxycholate, 0.1% SDS, 1% Triton X-100, 10% 
glycerol, 20 mM Tris, pH 7.4, 150 mM NaCl), supple-
mented with 1 mM Pefa Block and 1 mM sodium ortho-
vanadate for 15 min on ice. For co-immunoprecipitation, 
starved cells were lysed in a mild buffer (1% Triton X-100, 
20 mM Tris, 150 mM NaCl, pH 7.5) supplemented with 
1 mM Pefabloc and 1 mM sodium orthovanadate. The cell 

http://www.broadinstitute.org/gpp/public/analysis-tools/sgrna-design
http://www.broadinstitute.org/gpp/public/analysis-tools/sgrna-design
http://www.gtexportal.org
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lysates were precleared by centrifugation at 13,000 rpm 
for 15 min at 4 °C and were incubated with the primary 
antibody overnight at 4 °C with end-over-end rotation, fol-
lowed by an one-hour incubation with protein A/G mag-
netic beads (Pierce, ThermoScientific). The beads were 
washed three times with the ice-cold lysis buffer and the 
adsorbed proteins were eluted in 1% of sodium dodecylsul-
fate (SDS) sample buffer by boiling at 95 °C for 5 min. The 
protein samples were subjected into SDS–polyacrylamide 
gel electrophoresis (PAGE); after electro-transfer to PVDF 
membranes (Immobilon), the membranes were blocked in 
5% bovine serum albumin (BSA) in PBS, 0.1% Tween-20 
and incubated at 4 °C overnight with primary antibodies, 
which were prepared according to the suppliers’ recom-
mendations. After three washes in PBS, 0.1% Tween-20, 
the membranes were incubated with horseradish perox-
idase-conjugated secondary antibodies for one hour at 
room temperature. The proteins were visualized with the 
enhanced chemiluminescence (ECL) detection system on a 
charge-coupled device (CCD) camera (BioRad) and quan-
tified using Bio-Rad ImageLab 6.0.1 software. Whenever 
fluorescent immunoblotting was used, membranes were 
blocked with Intercept blocking buffer (#927-60001 LI-
COR Biosciences, diluted 1:3 in TBS) for 2 h at room 
temperature, incubated overnight with primary antibodies 
at 4 °C, washed three times in 0.05% Tween-20 in TBS for 
15 min and incubated with fluorescent conjugated second-
ary antibodies (Alexa680 and IRDye800) diluted in block-
ing buffer, followed by three washes in 0.05% Tween-20 in 
TBS for 15 min. The Alexa680 antimouse (#A10038) and 
IRDye 800CW antirabbit (#926-32213) secondary anti-
bodies were from Thermo Fischer Scientific and LI-COR 
Biosciences, respectively. The membranes were scanned 
using an Odyssey Scanner and the blots were quantified 
using ImageStudio Lite v5.2.5 (LI-COR Biosciences).

Deubiquitination assay

HEK293T cells were seeded in 10-cm cell culture dishes 
(Sarstedt AG) and then transfected with the indicated 
plasmids. After starvation, cells were lysed in a buffer 
containing 1% SDS, 50 mM Tris, 150 mM NaCl, 2 mM 
EDTA, pH 8.0, supplemented with Halt protease and phos-
phatase inhibitor cocktail (Thermo Scientific). The cell 
samples were passed through a 21-gauge needle to shear 
the DNA, sonicated and heated at 95 °C for 10 min, fol-
lowed by a tenfold dilution in a buffer containing 50 mM 
Tris, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 
supplemented with Halt protease and phosphatase inhibi-
tor cocktail (Thermo Scientific). After centrifugation for 
5 min at 2500 rpm, immunoprecipitation of PDGFRβ and 
elution of proteins were performed, as described above.

Immunofluorescence and image analysis

BJhTERT USP4 tet-inducible or CRISPR-Cas9 USP4-
knockout cells were seeded on 10 × 10  mm coverslips, 
induced or not with doxycycline for 48 h, starved overnight 
in DMEM, supplemented with 0.1% FBS and stimulated 
with 20  ng/ml of PDGF-BB for indicated times. Cells 
were fixed in 3.7% of paraformaldehyde–PBS solution for 
15 min at room temperature, permeabilized in 0.1% SDS, 
1% BSA–PBS solution for 15 min, blocked in 1% BSA–PBS 
for 1 h and incubated with primary antibody overnight. Cov-
erslips were washed 5 times, incubated with the secondary 
antibody for 50 min, washed 5 times, incubated with 1 µg/
ml DAPI solution, mounted in Vectashield mounting media 
(Vector Labs, CA) and analysed by confocal microscopy. 
Images were acquired using ZEISS LSM700 inverted con-
focal microscope with numerical aperture 1.4 oil objective 
at Biological Visualization Facility (SciLife Lab, Uppsala 
University, Sweden) at 128 × 1128 pixels using Zen black 
software and high resolution AxioCam microscope camera. 
For presentation in the manuscript, images were exported 
as merged tiff files with 8xbit resolution, individual colour 
channels were adjusted for brightness equally on all images 
within the experiment. For image analysis of co-localiza-
tion, original ZEN images were uploaded into Cell Profiler 
Imaging software [7] and automatic pipeline was created 
at SciLife BioImage Informatics Facility, Uppsala, Sweden, 
to estimate correlation between distribution of signals for 
individual channels across the image. Correlation was cal-
culated using Pearson correlation coefficient with > 0 value 
for a possibility of correlation reaching to 1 when correlation 
is perfect; cutoff was placed at 0.2.

RNA analysis

Tet-inducible BJhTERT cells were seeded at 0.5 ×  105 
cell/dish in 10-cm Petri dishes, treated with 100 ng/ml 
of doxycycline for 8 h the next day, and maintained in 
DMEM, supplemented with 0.1% FBS with or with-
out 100 ng/ml doxycycline with or without stimulation 
with 10 ng/ml PDGF-BB for 72 h. RNA was extracted 
with RNA extraction kit (Macherey–Nagel), 1  µg of 
total RNA was used for reverse transcription with 
High Capacity cDNA kit (Applied Biosystems), fol-
lowed by quantitative PCR (qPCR) with SYBR green 
qPCR ready mix (Techtum) in CFX Opus 96 real time 
PCR system (BioRad). The following primers were 
used for qPCR: HPRT forward 5’cctggcgtcgtgattagt-
gat and reversed 5ʹ agacgttcagtcctgtccataa; myc forward 
5ʹ aggctcctggcaaaaggtca and reversed 5ʹ ctgcgtagtt-
gtgctgatgtg; p21 forward 5ʹ-gtgtgagcagctgccgaagtca 
a n d  r e v e r s e d  5 ʹ - t g a c a t g g c g c c t c c t c t g a g t ; 
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USP17  fo r ward  5 ʹ - tgga tga tgccgagg tcacc  and 
r eve r s e d  5 ʹ t g t c t g t g t c t t c t g c g c c a ;  U S P 4  fo r-
ward  5 ʹ - ac t a tg t a t tgg tccc t accga  and  reve r sed 
5ʹ-gcagtgcttgacaaacaggc.

STAT3 transcription factor colorimetric assay

USP4- and USP17L22-tet-inducible BJhTERT cells were 
seeded at 0.5 ×  105 cells per 10 cm Petri dishes, induced 
or not with 100 ng/ml of doxycycline for 36 h, starved 
overnight in DMEM containing 0.1% FBS and 100 mg/ml 
doxycycline for the appropriate samples and stimulated 
with 20 ng/ml PDGF-BB for 15, 30 and 60 min. Bind-
ing of STAT3 to its interaction DNA element 5ʹ-TTC CCG 
GAA-3ʹ was analysed using a STAT3 transcription factor 
assay kit (Abcam, #ab207229) according to the manu-
facturer’s instructions. Nuclear extracts were isolated by 
swelling cells in hypotonic buffer (20 mM Hepes, pH = 7.5, 
0.1 mM EDTA, 5 mM NaF, 10 µM  Na2MoO4) with further 
addition of 0.5% NP-40 followed by a brief centrifugation 
at 4 °C for 30 s. Nuclear extracts were incubated with 
the microplate coated with the oligonucleotide sequence, 
washed, incubated with the primary STAT3 antibody, fol-
lowed by antirabbit HRP-conjugated antibody, incubated 
with developing solution and absorbance was read on a 
spectrophotometer at OD 450 nm.

Proliferation assay

Tet-inducible BJhTERT cells were seeded at 5000 cells/
well in a 48-well plate (Sarstedt AG). After overnight cell 
starvation in DMEM, supplemented with 0.1% FBS, the 
cells were incubated in media containing 10% or 0.1% 
FBS, and/or the indicated PDGF-BB concentrations for 
72 h. The cells were then washed with PBS to remove 
residual DMEM media and the CYQUANT Cell prolif-
eration assay kit (#C7026, Thermo Scientific) was used 
according to manufacturer's specifications. The fluo-
rescence of DNA-binding dye was measured using the 
Enspire multimode plate reader from Perkin Elmer set 
up with the excitation and emission filters at 480 nm and 
520 nm, respectively.

Statistical analysis

Statistical analyses were carried out using Microsoft Excel 
or GraphPad Prism version 7.0. The statistical significance 
of differences among mean values was determined by two-
tailed t test with unequal variance; one-way ANOVA test 
was used for proliferation assay. *p < 0.05; **p < 0.01; 

***p < 0.001. All experiments were repeated from three to 
five times.

Results

USP17L22 and USP4 deubiquitinate PDGFRβ

In order to identify deubiquitinating enzymes that may regu-
late ubiquitination and function of PDGFRβ, we performed 
an overexpression screen using a library of 64 Flag-HA-
tagged DUBs [50]. For this purpose, individual DUBs were 
co-expressed with PDGFRβ in 293 T cell lines and their 
ubiquitination state was assessed after stimulation with 
PDGF-BB for 5 min by immunoprecipitation of PDGFRβ 
and immunoblotting for ubiquitin. Figure 1a shows selected 
DUBs and Supplementary Table 1 presents the summary 
of the screen. USP17 (named DUB3 in the library descrip-
tion) and USP4 efficiently deubiquitinated PDGFRβ, and 
were further analysed by quantification of their effects on 
deubiquitination of PDGFRβ (Fig. 1b,c; direct interac-
tion between PDGFRβ and USP4 (Figure S1a) and USP17 
(DUB3) was also detected (Figure S1b). It was noted that 
USP17 was extremely effective in removing ubiquitination 
from PDGFRβ, while USP4 mediated a partial effect when 
expressed at a similar level. The family of USP17 deubiq-
uitinating enzymes consists of 30 highly similar proteins 
expressed from multiple genes on chromosomes 4 and 8 [5, 
6] that share up to 90% sequence identity on the protein level 
and up to 96% identity on the DNA level. The expressed 
USP17 protein had a size of approximately 55 kDa instead 
of the expected 69 kDa, When the USP17 plasmid from the 
library was sequenced, it matched to the USP17L9p isoform 
and was found to contain a stop codon, which may represent 
a cloning artefact, leading to the expression of a truncated 
protein DUB3, which was nevertheless effective in remov-
ing ubiquitin chains as shown in Fig. 1 as well as interacting 
with PDGFRβ (Figure S1b). The expressed USP17 sequence 
aligned most closely to the USP17L22 family member, while 
missing RNA-binding and hyaluronan binding domains. 
We obtained a full-length Flag-tagged USP17L22 plas-
mid (GeneScript) in order to analyse the full-length pro-
tein. In addition, we mutated K488N and Q310T to create 
the USP17L11 isoform and K488N and Q310P to create 
the USP17L20 isoform and confirmed that all 3 full length 
USP17L proteins were equally effective in removing ubiq-
uitination from PDGFRβ as the truncated USP17 (DUB3) 
(Fig. 1d). Moreover, by co-immunoprecipitation we detected 
an interaction between overexpressed full-length USP17 pro-
teins and PDGFRβ in 293 T cells (Fig. 1d, third panel from 
the top). We also analysed USP17L2, which is the USP17 
family member that is most dissimilar to USP17L22 and 
found that it too efficiently removed ubiquitination from 
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PDGFRβ (Fig. 1f. Thus, it is likely that all USP17 family 
members are able to deubiquitinate PDGFRβ; we have used 
USP17L22 in further experiments.

Co-transfection of DUBs and PDGFRβ with mutant 
HA-tagged ubiquitin constructs that were able to form only 

K48- or only K63-linked chains, followed by immunoprecip-
itation of HA-ubiquitin and immunoblotting for PDGFRβ, 
revealed that both USP17 (DUB3) and USP4 were able to 
remove both K48- and K63-linked polyubiquitin chains from 
PDGFRβ (Fig. 1e). In order to exclude the possibility that 

a

c db

e f
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the observed changes in deubiquitination of PDGFRβ were 
caused by ubiquitination status of other proteins that might 
have been bound to PDGFRβ during immunoprecipitation, 
we subjected samples to deubiquitination assay using dena-
turing conditions, where lysates were boiled before immu-
noprecipitation in order to remove all PDGFRβ-bound pro-
teins. We were able to confirm that full length USP17L22 
and USP17L2 efficiently removed ubiquitin marks from 
activated overexpressed PDGFRβ, while USP4 mediated a 
partial effect (Fig. 1f).

USP17L22 and USP4 do not affect long‑term 
stability of PDGFRβ

In order to assess the effect of USP4 and USP17 on PDGFRβ 
stability, we transiently overexpressed USP4 and USP17L22 
in U2OS osteosarcoma cells that naturally express PDGFRβ. 
However, no appreciable effects on the stability of the recep-
tor were observed (data not shown). In order to exclude the 
possibility of inefficient transfection in U2OS cells, we 

created stable tet-inducible cell lines, in which individual 
DUBs were induced in all cells in response to the addition of 
the tetracycline-derivative doxycycline to the media. Like-
wise, in these cells there was no significant effect on the 
PDGF-BB-induced rate of degradation of PDGFRβ, after 
USP17L22 had been induced for 48 h with doxycycline in 
BJhTERT (Fig. 2a) or U2OS (Fig. 2b) cells. Similarly, when 
USP4 was induced in tet-inducible BJhTERT (Fig. 2c) or tet-
inducible U2OS (Fig. 2d) cells, no effect on ligand-induced 
degradation of PDGFRβ was observed.

In order to estimate how the loss of USP4 might affect 
the function of PDGFRβ, we created CRISPR-Cas9 medi-
ated USP4 knockout BJhTERT cell lines. Consistently, in 
two independent mutant cell lines, that were created using 
G57 and G67 sgRNA (as described in the methods) and 
abbreviated CR-57 and CR-67, no effect on ligand-induced 
degradation of PDGFRβ was observed (Fig. 2e). It has been 
previously reported that USP17 is required for G1-S cell 
cycle progression [38] and serves as a deubiquitinating 
enzyme for a number of proteins crucial for cell viability, 
such as Cdc25a, and deletion of USP17 has been found to 
be lethal to the cells [50]. In agreement with this, we found 
that transient knockdown of USP17 with siRNA was toxic 
to the cells and lead to dramatic decrease of cell viability 
(as shown below in Fig. 6h), therefore it was not possible 
to create a stable USP17 CRISPR-Cas9 knockout cell line. 
This suggests that USP17 functions on multiple cellular 
substrates, maintaining cell viability in addition to deubiq-
uitinating PDGFRβ.

USP17L22 and USP4 act at different subcellular 
locations

The lack of long-term stabilization of endogenous PDGFRβ 
in response to the induction of USP4 and USP17 suggested 
that deubiquitination of PDGFRβ by these DUBs did not 
extend the half-life of PDGFRβ. In order to explore the pos-
sibility that USP4 and USP17 may regulate subcellular traf-
ficking of PDGFRβ in response to PDGF-BB stimulation, we 
analysed the effect of USP4 and USP17 on internalization of 
PDGFRβ from the cell surface. We found that the induction 
of USP17 led to a slightly increased presence of PDGFRβ on 
the cell surface in USP17L22-tet-inducible BJhTERT cells, 
despite low induction of USP17L22 cells (Fig. 3a) and more 
clearly in USP17L22-tet-inducible U2OS cells where the 
induction was stronger (Fig. 3b), while no effect on PDGFRβ 
internalization was seen upon induction of USP4 in both tet-
inducible BJhTERT (Fig. 3c) and in U2OS (Fig. 3d) cells. 
Consistently, the amount of cell surface-localized PDGFRβ 
was not significantly different between PDGF-BB stimu-
lated normal BJhTERT and USP4-CRISPR-Cas9 knockout 
fibroblasts (BJ-KO-USP4) after stimulation with PDGF-BB 
(Fig. 3e). Although we sometimes observed fluctuations of 

Fig. 1  USP4 and USP17 are the deubiquitinases of PDGFRβ. a A 
DUB cDNA screen identifies USP17 and USP4 as deubiquitinating 
enzymes of PDGFRβ. Wild-type PDGFRβ and individual Flag- and 
HA-tagged DUB constructs were overexpressed in HEK293T, cells 
were serum-starved and stimulated with PDGF-BB (20  ng/ml) for 
10  min, PDGFRβ was immunoprecipitated with anti-PDGFRβ anti-
body and eluates were immunoblotted for ubiquitin or PDGFRβ. 
Expression of DUBs in total cell lysates was confirmed by immu-
noblotting with anti-Flag (first two bottom panels) or HA (third bot-
tom panel) antibodies. b USP4 and USP17 (DUB3) were selected 
and validated for the ability to remove ubiquitination from PDGFRβ. 
PDGFRβ was immunoprecipitated as described in panel a and eluates 
were immunoblotted for ubiquitin or PDGFRβ. Expression of DUBs 
in total cell lysates was confirmed with Flag antibody. c Quantifica-
tion of PDGFRβ ubiquitination of at least three independent experi-
ments as performed in panel b is shown; ***p < 0.001. d USP17L22, 
USP17L11 and USP17L20 interact with and deubiquitinate PDGFRβ. 
PDGFRβ and Flag-tagged USP17 isoforms were co-overexpressed in 
HEK293T; cells were then serum-starved and stimulated with PDGF-
BB (20  ng/ml) for 10  min. PDGFRβ was immunoprecipitated and 
eluates were probed with a ubiquitin, PDGFRβ and Flag antibody. 
Expression of USP17 isoforms in total cell lysates is shown in the 
bottom panel. e USP4 and truncated USP17 (DUB3) remove Lys48- 
and Lys63-linked polyubiquitin chains from PDGFRβ. HEK293T 
cells were co-transfected with plasmids encoding Flag-GFP, Flag-
USP4, Flag-DUB3, PDGFRβ, HA-ubiquitin or mutant HA-Lys48-
Ub and HA-Lys63-Ub. Immunoprecipitation was performed with 
HA antibody and eluates were immunoblotted for PDGFRβ. The 
expression levels of PDGFRβ, Flag and α-tubulin in total cell lysates 
were also determined by immunoblotting. f USP4, USP17 (DUB3), 
full-length USP17L2 and USP17L22 isoforms remove ubiquitina-
tion from PDGFRβ under denaturing conditions. Lysates of cells that 
were co-expressing PDGFRβ with each of the indicated plasmids 
were boiled before immunoprecipitation with PDGFRβ and eluates 
were immunoprecipitated with HA antibodies and immunoblotted for 
ubiquitin and PDGFRβ. The expression levels of Flag and α-tubulin 
in total cell lysates were also determined by immunoblotting. IP 
immunoprecipitation, IB immunoblotting, TCL total cell lysates, kDa 
molecular mass in kilodalton
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total levels of PDGFRβ in unstimulated cells both on the 
cell surface and in the total cell extracts, these differences 
were not significant. Thus, our results suggest that USP17 
prolongs the presence of PDGFRβ on the cell membrane by 
affecting the internalization of the receptor from the cell sur-
face, while USP4 may deubiquitinate PDGFRβ at other cel-
lular locations. We explored the role of USP4 in the down-
stream sorting events and found that the co-localization of 
PDGFRβ with early endosomes upon induction of USP4 in 
tet-inducible BJhTERT fibroblasts, was decreased at 7 min 
of stimulation with PDGF-BB, as compared to the control 
cells (Fig. 4a, b). The staining pattern of early endosomes 

was unchanged, while the differences in co-localization 
with early endosomes appeared to be associated with dif-
ferent timing of PDGFRβ clustering (Figure S2) and subse-
quent delivery to the early endosomes. Thus, the presence 
or absence of ubiquitin marks may regulate the sorting of 
PDGFRβ via clathrin-coated pits. Consistently, upon deple-
tion of USP4 in BJ-KO-USP4 cells (Fig. 4c, e) and in U2OS-
USP4 knockout cells (U2OS-KO-USP4) (Fig. 4d), there 
was significant co-localization of clustered PDGFRβ with 
the early endosomal marker EEA1 while co-localization of 
PDGFRβ with the late endosomal marker Rab7 was not sig-
nificantly affected (Fig. 4f).

e

c d

a b

Fig. 2  USP4 and USP17 do not stabilize the levels of PDGFRβ. a, 
b Induction of USP17L22 does not stabilize PDGFRβ levels. Bjh-
TERT-USP17L22 tet-inducible cell line (a) and U2OS-USP17L22 
tet-inducible cell line (b) were induced to express USP17L22 with 
doxycycline and pretreated with cycloheximide to block protein syn-
thesis before stimulation with PDGF-BB (20  ng/ml) for indicated 
time periods. Expression levels of PDGFRβ, Flag-tagged USP4 and 
Alix as a loading control were determined by immunoblotting of 
total cell lysates. A representative experiment of three independent 
repeats is shown; expression levels of PDGFRβ relative to the load-
ing control were quantified and the level of PDGFRβ in uninduced 
and unstimulated cells was set as 1. c, d Induction of USP4 does 
not stabilize PDGFRβ levels. BjhTERT-USP4 tet-inducible cell line 
(c) or U2OS-Usp4 tet-inducible cell line (d) was induced to express 
USP4 with doxycycline and pre-treated with cycloheximide before 

stimulation with PDGF-BB for indicated time periods. Expression 
levels of PDGFRβ, Flag and α-tubulin were determined in total cell 
lysates. A representative experiment of three independent repeats is 
shown; expression levels of PDGFRβ relative to the loading control 
were quantified and the level of PDGFRβ in uninduced and unstimu-
lated cells was set as 1. e PDGFRβ degradation rate is not changed 
in BJhTERT-CRISPR-Cas9-USP4 knock-out fibroblasts. Wild-type 
BJhTERT and BJhTERT-CRISPR-Cas9-USP4 knockout cell line 
CR57 (sqRNA construct 57) and BJhTERT-CRISP-USP4 cell line 
CR67 (sqRNA construct 67) were pretreated with cycloheximide and 
stimulated with PDGF-BB (20 ng/ml) for the indicated time periods. 
Expression levels of PDGFRβ, USP4, Alix and α-tubulin were deter-
mined by immunoblotting of total cell lysates. Quantification is pre-
sented as shown in panels a–d. Molecular mass of molecular markers 
is indicated in kDa. IB immunoblotting, TCL total cell lysate
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Deubiquitination of PDGFRβ regulates the timing 
of activation of STAT3

We next investigated the impact of deubiquitinating activ-
ity towards PDGFRβ on the subsequent signalling events. 
Interestingly, we found that both USP4 and USP17 mainly 
affected the PDGFRβ-mediated activation of STAT3, as 
detected by phosphorylation of Tyr705, which is a marker 

for its activation [32], while the activation of certain other 
signalling effectors (such as PLCγ) was not significantly 
affected. Induction of USP17L22 in BJhTERT fibroblasts 
enhanced the activation of STAT3 (Fig. 5a, c), which was 
statistically significant at 45 min, while USP4 induction pro-
duced a little increase and slight shift in the peak of STAT3 
activation, which was significant at 10 min of stimulation 
with PDGF-BB (Fig. 5b, d). Conversely, deletion of USP4 

c

b

d

e

a

Fig. 3  Internalization of PDGFRβ from the cell surface is affected 
by USP17, but not by USP4. a, b The internalization of PDGFRβ is 
delayed by induction of USP17L22. BJhTERT-USP17L22 tet-induc-
ible cell line (a) or U2OS-USP17L22 tet-inducible cell line (b) was 
induced with doxycycline to express USP17L22, serum-starved and 
stimulated with PDGF-BB for the indicated periods of time. Bioti-
nylated cell surface proteins were precipitated with streptavidin aga-
rose and eluates were immunoblotted for PDGFRβ and transferrin 
receptor. The expression levels of Flag-tagged USP17L22 and Alix as 
a loading control in total cell lysates were also determined by immu-
noblotting. A representative experiment of three independent repeats 
is shown; expression levels of the cell surface PDGFRβ relative to the 
loading control were quantified using the lighter exposed blot and the 
level of PDGFRβ in uninduced and unstimulated cells was set as 1. 
c, d Induction of USP4 does not affect internalization of PDGFRβ. 

BJhTERT-USP4 tet-inducible cell line (c) or U2OS-USP4 tet-induc-
ible cell line (d) was induced with doxycycline to express Usp4 and 
experiment was performed as described in panels a and b. Pulldown 
eluates were immunoblotted for PDGFRβ or transferrin receptor. The 
expression levels of Flag-tagged USP4 and Alix in total cell lysates 
were also determined by immunoblotting. The levels of PDGFRβ 
were quantified as described for panels a and b. e USP4 knock-
out does not affect the internalization rate of PDGFRβ. BJhTERT 
wildtype and USP4-CRISPR-Cas9 KO cells (BJ-KO-USP4) were 
stimulated with PDGF-BB (20 ng/ml) for the indicated time periods 
and treated as described in panel a. Biotinylated proteins were pre-
cipitated with streptavidin-agarose, immunoblotted for PDGFRβ 
and TfR. Str. PD streptavidin pulldown, TfR transferrin receptor, IB 
immunoblotting, TCL total cell lysate. The molecular mass of pro-
teins is indicated in kilodalton
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in BJhTERT-CRISPR-Cas9 knockout fibroblasts led to 
decreased activation of STAT3 in response to PDGF-BB 
(Fig. 5e). These findings are in agreement with a previous 
report, showing that internalization and intracellular traf-
ficking of PDGFRβ is necessary for efficient activation of 
STAT3 and that STAT3 is activated both at the plasma mem-
brane and at the early endosomes [25]. We could not detect 
any ubiquitination of the STAT3 protein itself (Fig. 5f and 
S3) or any effect of overexpression of USP4 and USP17 on 
the total levels of STAT3, thus ruling out the possibility that 
these DUBs directly regulate STAT3. It is therefore likely 
that USP4 and USP17 affect the activation of STAT3 by act-
ing on PDGFRβ at both of these cellular locations; USP17 
by retaining PDGFRβ longer at the plasma membrane and 
USP4 by regulating the timing of early delivery of PDGFRβ 
to early endosomes.

STAT3 transcriptional activity and expression 
of STAT3 target genes is affected by induction 
of USP17 and USP4

We proceeded to verify if changes in the phosphorylation 
status of STAT3 induced by overexpression of the DUBs 
during PDGF-BB stimulation lead to differences in tran-
scriptional activity of activated STAT3. To this end we 
quantified the binding of activated STAT3 to its consen-
sus binding element immobilized onto a microplate by an 
ELISA type assay upon induction of DUBs in BJhTERT tet-
inducible cell lines and PDGF-BB stimulation for 15, 30 and 
60 min. We observed a dramatic and significant PDGF-BB-
inducible increase in the STAT3 binding when USP17 was 
induced in the cells (Fig. 6a), while induction of USP4 lead 
to a weak increase in the binding of activated STAT3 to its 
consensus binding element which was significant at 15 min 

of stimulation with PDGF-BB (Fig. 6b). We further analysed 
the effect of induction of DUBs and PDGF-BB stimulation 
on the short-term transcriptional changes for some STAT3 
target genes that could be relevant in PDGF-BB signalling. 
We indeed observed that strong binding of STAT3 to its 
binding element upon induction of USP17 as detected by 
ELISA correlated to the increased gene expression of STAT3 
itself (Fig. 6c), colony-stimulating factor-1 (CSF1) (Fig. 6d) 
and myc (Fig. 6e), while leading to somewhat increased and 
prolonged induction of junB (Fig. 6f), insignificant increase 
of suppressor of cytokine signalling 3 (SOCS3) (Fig. 6g) and 
no effect on the expression of CDKN1A (Fig. 6h).

In order to investigate the long-term consequences of 
aberrant STAT3 activation upon induction of USP4 and 
USP17, we analysed expression levels of STAT3 target 
genes, i.e. myc and CDKN1a (p21), that are known to have 
opposing functions in the regulation of cell proliferation [1]. 
Interestingly, we found that induction of USP17L22 (Fig. 7a) 
in BJhTERT cells during 3 days of treatment of cells with 
PDGF-BB led to significant upregulation of expression of 
both myc (Fig. 7b) and p21 (Fig. 7c), as compared to nonin-
duced PDGF-BB-treated cells. Similarly, upon induction of 
USP4 (Fig. 7d), mRNA expression levels of myc in response 
to PDGF-BB was elevated compared to the noninduced cells 
(Fig. 7e), while expression of CDKN1A was somewhat ele-
vated (Fig. 7f). The effects of USP4 induction followed the 
same trend as the effects of USP17L22, however, due to 
lower and variable levels of induction no statistical signifi-
cance between repeats could be obtained.

PDGF‑BB‑induced cell proliferative response 
is dysregulated upon manipulation of USP17 
and USP4 levels

In order to determine the functional significance of the 
PDGFRβ ubiquitination status, we analysed PDGF-BB-
induced proliferation, contraction and migration of cells 
upon induction and deletion of USP17L22 or USP4 in BJh-
TERT cells. CRISPR-Cas9-mediated deletion of USP4 led 
to decreased proliferative response to PDGF-BB (Fig. 7g), 
while cell growth in full media (DMEM, supplemented 
with 10% FBS) was not affected (Fig. 7h). As mentioned 
above, USP17 has been demonstrated to act on several cell 
cycle proteins and indeed we observed that even transient 
USP17 depletion adversely affected viability of BJhTERT 
fibroblasts (Fig. 7h), which may be explained by the fact 
that USP17 acts on other substrates that are essential for 
cell cycle progression. When USP17L22 or USP4 were 
induced in tet-inducible cell lines, we did not observe any 
significant changes in proliferative response to PDGF-
BB (data not shown). This may be explained by opposing 
effects of STAT3-mediated activation on both mitogenic 

Fig. 4  USP4 regulates the speed of co-localization of PDGFRβ with 
early endosomes. a, b Induction of USP4 delays co-localization 
of PDGFRβ with early endosomes. USP4 expression was induced 
in BJhTERT-USP4 tet-inducible cell line versus noninduced con-
trol cells. Representative images of co-localization (in yellow) of 
PDGFRβ (red) with early endosomal marker EEA1 (green) at indi-
cated times of stimulation with PDGF-BB (a). Co-localization of 
PDGFRβ and EEA1 was quantified in 3 independent experiments 
and is presented as Pearson coefficient of correlation of distribution 
of signals for each analysed channel in 15–35 cells per condition. 
*p < 0.05 (b). c–e CRISPR-Cas9-mediated knockout of USP4 leads to 
faster co-localization of PDGFRβ with early endosomes. Co-localiza-
tion of PDGFRβ and EEA1 marker was quantified and presented as in 
panel b for BJ-CRISPR-Cas9 knockout cells versus BJhTERT control 
cells (c) and U2OS CRISP-USP4 knockout cells versus U2OS con-
trol cells (d). e Representative images of co-localization (in yellow) 
of PDGFRβ (red) with early endosomal marker (green) at indicated 
times of stimulation with PDGF-BB of the experiments quantified in 
panel c are presented. f Co-localization between PDGFRβ and late 
endosomal marker (Rab7) is presented for BJhTERT CRISP-USP4 
knockout cells versus BJhTERT control cells
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(downstream of myc) and antiproliferative (downstream of 
CDKN1a (p21)) signalling pathways, leading to different 
effects on proliferation of different cell types. No consist-
ent effects on PDGF-BB-induced cell contraction or cell 
migration were observed upon induction or deletion of 
USP4 or USP17 (data not shown).

Discussion

Ligand-mediated dimerization and activation of RTKs, 
including PDGFRβ, promote activation of signalling path-
ways, but also initiates internalization and downregulation 
of receptors [20, 21] which is controlled by ubiquitination of 
the receptor [35]. The existence of more than 600 ubiquitin 
ligases in the human genome is indicative of the complexity 
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of this type of posttranslational modification [24, 29] while 
deregulation of ubiquitination has been associated with the 
development of various diseases, including cancer [43]. It 
has become evident that deubiquitinating enzymes play an 
important role in balancing the action of ubiquitin ligases, 
defining the level and type of ubiquitination, which deter-
mines not only degradation rate but also speed of internali-
zation, sorting mechanisms and signalling downstream of 
activated receptors. The importance of direct deubiquitina-
tion for internalization and sorting of RTKs has been shown 
for EGFR [2, 37], HER2 involving POH1 [34] and NGF 
receptor TRKA involving CYLD [14]. In this work we iden-
tified USP17 and USP4 as deubiquitinating enzymes that 
regulate trafficking and signalling of PDGFRβ.

In our study we have shown that both USP17 and USP4 
directly deubiquitinate PDGFRβ; thus, the observed removal 
of PDGF-BB-induced ubiquitination was not due to deubiq-
uitination of some PDGFRβ-bound proteins that co-immu-
noprecipitated with the receptor. However, the possibility 
that USP17 and USP4 act on E3 ligases, thereby decreasing 
addition of ubiquitin marks on PDGFRβ cannot be excluded. 
This possibility remains to be further explored. Interestingly, 
we have not seen any appreciable stabilization effect on the 
level of PDGFRβ after overexpression of USP17 or USP4 
or by knockdown of USP4. Thus, it appears that the action 
of the two DUBs is not directed towards reversing the pro-
teasomal or lysosomal degradation of PDGFRβ. However, 

we were able to monitor a transient delay of PDGFRβ traf-
ficking during the short course of PDGF-BB stimulation that 
correlated with changes in activation of STAT3. This sug-
gests that the subcellular localization of the DUBs plays an 
important role for the function of deubiquitinating enzymes 
on PDGFRβ and also confirms the previously reported find-
ings that the process of PDGFRβ endocytosis defines the 
PDGF-BB-mediated activation of STAT3 [25]. We observed 
that induction of USP17L22 caused a delay in the internali-
zation of PDGFRβ from the cell surface that is consistent 
with its reported general role in the regulation of endocytosis 
of EGFR [26]. Surprisingly, USP4 did not act in a similar 
fashion, in fact, deletion of USP4 speeded up the sorting of 
PDGFRβ towards early endosomes. Notably, USP8 has been 
reported to act on EGFR in a similar fashion; deletion of 
USP8 promotes faster internalization of EGFR, demonstrat-
ing that it regulates endosomal trafficking of EGFR [2]. In 
our study, deubiquitination of PDGFRβ by USP4 prolonged 
its time of signalling between the plasma membrane and 
early endosomes, while depletion of USP4 speeded up the 
sorting and decreased the amplitude of activation of STAT3.

The multifunctionality of DUBs and the variety of the 
substrates that they may work on represents a challenge in 
identification of the functional role that the DUBs may have 
on PDGFRβ signalling. Both overexpression and down-
regulation of USP4 have been associated with tumorigen-
esis [16, 33, 56], while USP17 has been reported to control 
proliferation, cell cycle, apoptosis and stemness in differ-
ent systems. The USP17 family of DUBs has 30 members 
that are crucial for the progression of the cell cycle, but 
can also adversely regulate cell proliferation and apoptosis 
[13]. USP17 was previously shown to inhibit proliferation 
by inhibiting phosphorylation of the downstream kinases 
MEK1/2 and ERK1/2 MAP-kinase by blocking Ras mem-
brane localization and activation [4]. Conversely, USP17 has 
been reported to promote mitogenic gene expression and cell 
proliferation by deubiquitinating transcription factor Elk-1 
that is induced by the activation of ERK1/2 [12]. Remark-
ably, in our study manipulations of the levels of expression 
of either USP17 or USP4 during PDGF-induced signalling 
led to a consistent impact on the activation of STAT3, which 
also translated into an increased transcriptional activity of 
STAT3 and affected acute some STAT3 target genes. Thus, 
the above reported adverse effects of USP17 overexpres-
sion may be explained, at least in part, by the upregulation 
of two functionally conflicting STAT3 target genes, myc 
and CDKN1A in response to PDGF-BB stimulation; myc 
promotes proliferation and oncogenic transformation, while 
CDKN1A suppresses the progression of the cell cycle. USP4 
had milder but similar effect on the expression of myc, but 
not on CDKN1A, which is consistent with weaker impact on 
the activation of STAT3. This demonstrates the importance 
of regulation of the timing of the subcellular trafficking of 

Fig. 5  USP4 and USP17L22 affect the timing of activation of STAT3. 
a, b Induction of USP17L22 results in a shift of STAT3 activation 
to later time points in BJhTERT inducible cells. Expression of Flag-
tagged USP17L22 was induced with doxycycline, cells were serum-
starved and stimulated with PDGF-BB (20  ng/ml) for the indicated 
time periods. Expression of total and phosphorylated proteins was 
determined in total cell lysates using antibodies against PDGFRβ, 
Flag, STAT3 (pY705), STAT3, PLCγ (pY783), PLCγ, pS473 
Akt1/2/3, Akt1/2/3, pThr202/pThr204 Erk1/2, Erk1/2 and β-actin (a). 
Phosphorylated STAT3 (pSTAT3) versus total STAT3 levels were 
quantified in three experiments; peak of phosphorylation at 10 min of 
stimulation with PDGF-BB was set as 1. Standard deviation is shown 
between repeats; *p < 0.05 (b). c, d Induction of USP4 increases the 
STAT3 activation in BJhTERT-USP4 inducible cells. BJhTERT-
USP4 inducible cells were treated as described and immunoblotting 
was performed for proteins as in panel a; α-tubulin was used as load-
ing control. Activated pSTAT3 relative to STAT3 protein levels were 
quantified in three independent experiments as in panel b; *p < 0.05 
(d). e CRISPR-Cas9 knockout of USP4 decreases the STAT3 activa-
tion in BJhTERT-CRISPR-Cas9-USP4 knockout cells. The control 
BJhTERT and CRISPR-Cas9-USP4 knockout BJhTERT cells were 
starved overnight and stimulated with PDGF-BB (20 ng/ml) for the 
indicated time periods. Immunoblotting was performed for the indi-
cated proteins, as in panels a–d. f USP4 does not deubiquitinate 
STAT3. After USP4 induction and serum starvation, BJhTERT-USP4 
cells were stimulated with PDGF-BB (20  ng/ml) for the indicated 
time periods, lysates were divided and immunoprecipitated with anti-
PDGFRβ (CTβ) or anti-STAT3 antibodies. Eluates were immunoblot-
ted for ubiquitin. Levels of PDGFRβ, Flag-USP4 and α-tubulin were 
determined by immunoblotting (IB)
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the receptor by DUBs, which leads to selective activation of 
certain signalling pathways even if the impact on PDGFRβ 
trafficking is minor. In our study, we observed that PDGF-
induced cell proliferation was affected by the function of 
USP17 and USP4, while we could not detect any appreciable 

changes in migration and contraction of fibroblasts. How-
ever, since both DUBs promote the activation of STAT3, 
it is difficult to assess the individual impact of each DUB 
on PDGFRβ-induced proliferation. For example, the knock-
down of USP4 may lead to compensation by USP17 or other 
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Fig. 6  Activation of STAT3 promotes increased DNA binding and 
results in acute induction of STAT3 target genes. a, b Transcriptional 
activity of STAT3 is increased upon induction of DUBs and PDGF-
BB stimulation. USP17L22 (a) or USP4 (b) were induced in the 
BJhTERT tet-inducible cell lines, cells were starved overnight and 
stimulated with PDGF-BB for 0, 15, 30 and 60 min. 20 µg of nuclear 
extracts were incubated with STAT3 binding element 5ʹ-TTC CCG 
GAA-3ʹ in a microplate and binding was quantified by colorimetric 
ELISA. Positive control was 5  µg of HepG2 cells stimulated with 
100 ng/ml IL-6 (as supplied in the kit). The value for negative control 
was obtained by incubating each of the unstimulated or stimulated for 

15, 30 or 60 min nuclear extracts from the uninduced BJhTERT cells 
with the addition of 20 pmol of unbound oligonucleotide that com-
peted with the binding of activated STAT3 to the plate (as supplied 
in the kit). Absorbance values were plotted for three independent 
repeats; standard deviation is shown. The statistical significance was 
determined by one-tailed t test with unequal variance; *p < 0.05. c–h 
Induction of USP17L22 promotes acute upregulation of STAT3 target 
genes. USP17L22 was induced in the BJhTERT tet-inducible cell line 
which were stimulated with PDGF-BB for 1, 2 or 3 h and the expres-
sion of mRNA for STAT3 (c), CSF-1 (d), myc (e), SOCS3 (f), junB (g) 
and CDKN1A (h) was determined by quantitative PCR
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DUBs that may affect PDGFRβ ubiquitination simultane-
ously. In addition, the ability of DUBs to work on multiple 
substrates contributes to the functional output.

In conclusion, we have found that USP4 and USP17 are 
deubiquitinating enzymes acting on the PDGFRβ capable 

of removing both Lys48- and Lys63-linked polyubiquitin 
chains. Although this did not affect ligand-induced PDGFRβ 
degradation, it did modulate its trafficking in response to 
PDGF-BB; USP17 slowed receptor clearance from the cell 
surface, whereas USP4 had a role in fine-tuning the kinetics 

a b c

d e

g h

f

Fig. 7  Induction of USP17 and USP4 upregulate gene expression of 
myc and CDKN1A affecting cell proliferation. a–c USP17L22 pro-
motes upregulation of myc and CDKN1A transcription in response 
to PDGF-BB. USP17L22 was induced in the BJhTERT tet-inducible 
cell line (a) and the expression of mRNA for myc (b) and CDKN1A 
(c) was determined by quantitative PCR. d–f USP4 affects expres-
sion of myc but not CDNK1A in response to PDGF-BB. USP4 was 
induced in BJhTERT tet-inducible cell line (d) and mRNA for myc 
(e) and CDKN1A (f) was determined by quantitative PCR. g Dele-
tion of USP4 in BJhTERT CRISPR-Cas9 knockout cells decreases 
proliferative response to PDGF-BB, as compared to BJhTERT con-
trol cells. Fibroblasts were cultured for 3 days in the absence or the 

presence of increasing concentrations of PDGF-BB, cell proliferation 
was determined by measurement of DNA-intercalating fluorescent 
dye using CYQUANT proliferation assay. Relative fluorescent counts 
relate to the number of cells in the samples. h Total cell growth was 
not affected by deletion of USP4 in BJhTERT CRISPR-Cas9 knock-
out cells, while transient knockdown of USP17 in BJhTERT led to 
cell death. CYQUANT proliferation assay was used to measure rela-
tive number of cells growing under conditions of starvation in 1% 
FBS versus complete media for BJhTERT fibroblasts, BJ-CRISP-
Cas9-USP4 fibroblasts (BJ-KO-Usp4) and BJhTERT fibroblasts tran-
siently transfected with nontargeting control siRNA or USP17L9P 
siRNA
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of PDGFRβ arrival to the early endosome. The altered 
PDGFRβ trafficking correlated to altered STAT3 activation 
and the expression of its target genes, including myc and p21 
that are important in the control of cell proliferation.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00018- 022- 04128-1.

Acknowledgements We thank Petter Ranefall from SciLife BioImage 
Informatics Facility for creating automatic pipelines for quantification 
of immunofluorescence images.

Author contributions NS, KW and MT performed the experiments 
and contributed to writing the manuscript, CCL created CRISP-CAS9 
mutated constructs, JL and CHH financed and supervised the work 
and critically read the manuscript, NP conceived the idea, performed 
experiments, supervised the work and wrote the manuscript.

Funding Open access funding provided by Uppsala University. The 
work was supported by grants from the Ludwig Institute for Cancer 
Research and Swedish Cancer Society (no 190066 Pj 01H to CHH and 
CAN 2018/425 to JL).

Availability of data and materials All data, constructs and cell lines 
generated and analysed during this study are available from the cor-
responding author on reasonable request.

Declarations 

Conflict of interest The authors declare no competing financial inter-
ests.

Consent for publication All authors have read and approved the manu-
script.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Aaronson DS (2002) A road map for those who don’t know JAK-
STAT. Science 296:1653–1655. https:// doi. org/ 10. 1126/ scien ce. 
10715 45

 2. Berlin I, Schwartz H, Nash PD (2010) Regulation of epidermal 
growth factor receptor ubiquitination and trafficking by the USP8-
STAM complex. J Biol Chem 285:34909–34921. https:// doi. org/ 
10. 1074/ jbc. M109. 016287

 3. Betsholtz C (2004) Insight into the physiological functions of 
PDGF through genetic studies in mice. Cytokine Growth Factor 
Rev 15:215–228. https:// doi. org/ 10. 1016/j. cytog fr. 2004. 03. 005

 4. Burrows JF, Kelvin AA, McFarlane C, Burden RE, McGrattan 
MJ, De la Vega M, Govender U, Quinn DJ, Dib K, Gadina M, 
Scott CJ, Johnston JA (2009) USP17 Regulates Ras activation 
and cell proliferation by blocking RCE1 activity. J Biol Chem 
284:9587–9595. https:// doi. org/ 10. 1074/ jbc. M8072 16200

 5. Burrows JF, McGrattan MJ, Johnston JA (2005) The DUB/USP17 
deubiquitinating enzymes, a multigene family within a tandemly 
repeated sequence. Genomics 85:524–529. https:// doi. org/ 10. 
1016/j. ygeno. 2004. 11. 013

 6. Burrows JF, Scott CJ, Johnston JA (2010) The DUB/USP17 deu-
biquitinating enzymes: a gene family within a tandemly repeated 
sequence, is also embedded within the copy number variable 
Beta-defensin cluster. BMC Genomics 11:250. https:// doi. org/ 
10. 1186/ 1471- 2164- 11- 250

 7. Carpenter AE, Jones TR, Lamprecht MR, Clarke C, Kang I, Fri-
man O, Guertin DA, Chang J, Lindquist RA, Moffat J, Golland 
P, Sabatini DM (2006) Cell Profiler: image analysis software 
for identifying and quantifying cell phenotypes. Genome Biol 
7:R100. https:// doi. org/ 10. 1186/ gb- 2006-7- 10- r100

 8. Chen C-L, Hsieh F-C, Lin J (2006) Systemic evaluation of total 
Stat3 and Stat3 tyrosine phosphorylation in normal human tissues. 
Exp Mol Pathol 80:295–305. https:// doi. org/ 10. 1016/j. yexmp. 
2005. 11. 003

 9. de la Vega M, Burrows JF, McFarlane C, Govender U, Scott CJ, 
Johnston JA (2010) The deubiquitinating enzyme USP17 blocks 
N-Ras membrane trafficking and activation but leaves K-Ras unaf-
fected. J Biol Chem 285:12028–12036. https:// doi. org/ 10. 1074/ 
jbc. M109. 081448

 10. de la Vega M, Kelvin AA, Dunican DJ, McFarlane C, Burrows JF, 
Jaworski J, Stevenson NJ, Dib K, Rappoport JZ, Scott CJ, Long 
A, Johnston JA (2011) The deubiquitinating enzyme USP17 is 
essential for GTPase subcellular localization and cell motility. 
Nat Commun 2:259. https:// doi. org/ 10. 1038/ ncomm s1243

 11. Deng L, Chen L, Zhao L, Xu Y, Peng X, Wang X, Ding L, Jin 
J, Teng H, Wang Y, Pan W, Yu F, Liao L, Li L, Ge X, Wang 
P (2019) Ubiquitination of Rheb governs growth factor-induced 
mTORC1 activation. Cell Res 29:136–150. https:// doi. org/ 10. 
1038/ s41422- 018- 0120-9

 12. Ducker C, Chow LKY, Saxton J, Handwerger J, McGregor A, 
Strahl T, Layfield R, Shaw PE (2019) De-ubiquitination of ELK-1 
by USP17 potentiates mitogenic gene expression and cell pro-
liferation. Nucleic Acids Res 47:4495–4508. https:// doi. org/ 10. 
1093/ nar/ gkz166

 13. Ducker C, Shaw PE (2021) USP17-mediated de-ubiquitination 
and cancer: clients cluster around the cell cycle. Int J Biochem 
Cell Biol 130:105886. https:// doi. org/ 10. 1016/j. biocel. 2020. 
105886

 14. Geetha T, Jiang J, Wooten MW (2005) Lysine 63 polyubiquit-
ination of the nerve growth factor receptor TrkA directs inter-
nalization and signaling. Mol Cell 20:301–312. https:// doi. org/ 
10. 1016/j. molcel. 2005. 09. 014

 15. Goh LK, Sorkin A (2013) Endocytosis of receptor tyrosine 
kinases. Cold Spring Harb Perspect Biol 5:a017459–a017459. 
https:// doi. org/ 10. 1101/ cshpe rspect. a0174 59

 16. Guo W, Ma J, Pei T, Zhao T, Guo S, Yi X, Liu Y, Wang S, Zhu G, 
Jian Z, Gao T, Li C, Liao W, Shi Q (2018) Up-regulated deubiq-
uitinase USP4 plays an oncogenic role in melanoma. J Cell Mol 
Med 22:2944–2954. https:// doi. org/ 10. 1111/ jcmm. 13603

 17. Gupta K, Chevrette M, Gray DA (1994) The Unp proto-oncogene 
encodes a nuclear protein. Oncogene 9:1729–1731

 18. Gupta K, Copeland NG, Gilbert DJ, Jenkins NA, Gray DA 
(1993) Unp, a mouse gene related to the tre oncogene. Oncogene 
8:2307–2310

https://doi.org/10.1007/s00018-022-04128-1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1126/science.1071545
https://doi.org/10.1126/science.1071545
https://doi.org/10.1074/jbc.M109.016287
https://doi.org/10.1074/jbc.M109.016287
https://doi.org/10.1016/j.cytogfr.2004.03.005
https://doi.org/10.1074/jbc.M807216200
https://doi.org/10.1016/j.ygeno.2004.11.013
https://doi.org/10.1016/j.ygeno.2004.11.013
https://doi.org/10.1186/1471-2164-11-250
https://doi.org/10.1186/1471-2164-11-250
https://doi.org/10.1186/gb-2006-7-10-r100
https://doi.org/10.1016/j.yexmp.2005.11.003
https://doi.org/10.1016/j.yexmp.2005.11.003
https://doi.org/10.1074/jbc.M109.081448
https://doi.org/10.1074/jbc.M109.081448
https://doi.org/10.1038/ncomms1243
https://doi.org/10.1038/s41422-018-0120-9
https://doi.org/10.1038/s41422-018-0120-9
https://doi.org/10.1093/nar/gkz166
https://doi.org/10.1093/nar/gkz166
https://doi.org/10.1016/j.biocel.2020.105886
https://doi.org/10.1016/j.biocel.2020.105886
https://doi.org/10.1016/j.molcel.2005.09.014
https://doi.org/10.1016/j.molcel.2005.09.014
https://doi.org/10.1101/cshperspect.a017459
https://doi.org/10.1111/jcmm.13603


Deubiquitinating enzymes USP4 and USP17 finetune the trafficking of PDGFRβ and affect…

1 3

Page 17 of 18    85 

 19. Hasumi Y, Kłosowska-Wardęga A, Furuhashi M, Östman A, Hel-
din C-H, Hellberg C (2007) Identification of a subset of pericytes 
that respond to combination therapy targeting PDGF and VEGF 
signaling. Int J Cancer 121:2606–2614. https:// doi. org/ 10. 1002/ 
ijc. 22999

 20. Heldin C-H (2013) Targeting the PDGF signaling pathway in 
tumor treatment. Cell Commun Signal 11:97. https:// doi. org/ 10. 
1186/ 1478- 811X- 11- 97

 21. Heldin C-H (2012) Autocrine PDGF stimulation in malignan-
cies. Ups J Med Sci 117:83–91. https:// doi. org/ 10. 3109/ 03009 
734. 2012. 658119

 22. Heldin C-H, Lennartsson J, Westermark B (2018) Involvement of 
platelet-derived growth factor ligands and receptors in tumorigen-
esis. J Intern Med 283:16–44. https:// doi. org/ 10. 1111/ joim. 12690

 23. Heldin C-H, Westermark B (1999) Mechanism of action and 
in  vivo role of platelet-derived growth factor. Physiol Rev 
79:1283–1316. https:// doi. org/ 10. 1152/ physr ev. 1999. 79.4. 1283

 24. Hicke L (2001) Protein regulation by monoubiquitin. Nat Rev Mol 
Cell Biol 2:195–201. https:// doi. org/ 10. 1038/ 35056 583

 25. Jastrzebski K, Zdzalik-Bielecka D, Mamińska A, Kalaidzidis Y, 
Hellberg C, Miaczynska M (2017) Multiple routes of endocytic 
internalization of PDGFRβ contribute to PDGF-induced STAT3 
signaling. J Cell Sci 130:577–589. https:// doi. org/ 10. 1242/ jcs. 
191213

 26. Jaworski J, de la Vega M, Fletcher SJ, McFarlane C, Greene MK, 
Smyth AW, Van Schaeybroeck S, Johnston JA, Scott CJ, Rappo-
port JZ, Burrows JF (2014) USP17 is required for clathrin medi-
ated endocytosis of epidermal growth factor receptor. Oncotarget 
5:6964–6975. https:// doi. org/ 10. 18632/ oncot arget. 2165

 27. Jaworski J, Govender U, McFarlane C, de la Vega M, Greene MK, 
Rawlings ND, Johnston JA, Scott CJ, Burrows JF (2014) A novel 
RCE1 isoform is required for H-Ras plasma membrane localization 
and is regulated by USP17. Biochem J 457:289–300. https:// doi. org/ 
10. 1042/ BJ201 31213

 28. Kermorgant S, Parker PJ (2008) Receptor trafficking controls weak 
signal delivery: a strategy used by c-Met for STAT3 nuclear accumu-
lation. J Cell Biol 182:855–863. https:// doi. org/ 10. 1083/ jcb. 20080 
6076

 29. Komander D, Clague MJ, Urbé S (2009) Breaking the chains: struc-
ture and function of the deubiquitinases. Nat Rev Mol Cell Biol 
10:550–563. https:// doi. org/ 10. 1038/ nrm27 31

 30. Lemmon MA, Schlessinger J (2010) Cell signaling by receptor 
tyrosine kinases. Cell 141:1117–1134. https:// doi. org/ 10. 1016/j. 
cell. 2010. 06. 011

 31. Lennartsson J, Wardega P, Engström U, Hellman U, Heldin C-H 
(2006) Alix facilitates the interaction between c-Cbl and platelet-
derived growth factor β-receptor and thereby modulates receptor 
down-regulation. J Biol Chem 281:39152–39158. https:// doi. org/ 
10. 1074/ jbc. M6084 89200

 32. Levy DE, Darnell JE (2002) STATs: transcriptional control and bio-
logical impact. Nat Rev Mol Cell Biol 3:651–662. https:// doi. org/ 
10. 1038/ nrm909

 33. Li T, Yan B, Ma Y, Weng J, Yang S, Zhao N, Wang X, Sun X (2018) 
Ubiquitin-specific protease 4 promotes hepatocellular carcinoma 
progression via cyclophilin A stabilization and deubiquitination. 
Cell Death Dis 9:148. https:// doi. org/ 10. 1038/ s41419- 017- 0182-5

 34. Liu H, Buus R, Clague MJ, Urbé S (2009) Regulation of ErbB2 
receptor status by the proteasomal DUB POH1. PLoS ONE 4:e5544. 
https:// doi. org/ 10. 1371/ journ al. pone. 00055 44

 35. Marmor MD, Yarden Y (2004) Role of protein ubiquitylation in 
regulating endocytosis of receptor tyrosine kinases. Oncogene 
23:2057–2070. https:// doi. org/ 10. 1038/ sj. onc. 12073 90

 36. McCann AP, Scott CJ, Van Schaeybroeck S, Burrows JF (2016) 
Deubiquitylating enzymes in receptor endocytosis and trafficking. 
Biochem J 473:4507–4525. https:// doi. org/ 10. 1042/ BCJ20 160826

 37. McCullough J, Row PE, Lorenzo Ó, Doherty M, Beynon R, Clague 
MJ, Urbé S (2006) Activation of the endosome-associated ubiquitin 
isopeptidase AMSH by STAM, a component of the multivesicular 
body-sorting machinery. Curr Biol 16:160–165. https:// doi. org/ 10. 
1016/j. cub. 2005. 11. 073

 38. McFarlane C, Kelvin AA, de la Vega M, Govender U, Scott CJ, 
Burrows JF, Johnston JA (2010) The deubiquitinating enzyme usp17 
is highly expressed in tumor biopsies, is cell cycle regulated, and is 
required for G-S progression. Cancer Res 70:3329–3339. https:// doi. 
org/ 10. 1158/ 0008- 5472. CAN- 09- 4152

 39. Miaczynska M (2013) Effects of membrane trafficking on signal-
ing by receptor tyrosine kinases. Cold Spring Harb Perspect Biol 
5:a009035–a009035. https:// doi. org/ 10. 1101/ cshpe rspect. a0090 35

 40. Miaczynska M, Pelkmans L, Zerial M (2004) Not just a sink: 
endosomes in control of signal transduction. Curr Opin Cell Biol 
16:400–406. https:// doi. org/ 10. 1016/j. ceb. 2004. 06. 005

 41. Papadopoulos N, Lennartsson J, Heldin C-H (2018) PDGFRβ trans-
locates to the nucleus and regulates chromatin remodeling via TATA 
element–modifying factor 1. J Cell Biol 217:1701–1717. https:// doi. 
org/ 10. 1083/ jcb. 20170 6118

 42. Paukku K, Valgeirsdóttir S, Saharinen P, Bergman M, Heldin C-H, 
Silvennoinen O (2000) Platelet-derived growth factor (PDGF)-
induced activation of signal transducer and activator of transcription 
(Stat) 5 is mediated by PDGF β-receptor and is not dependent on 
c-Src, Fyn, Jak1 or Jak2 kinases. Biochem J 345:759–766. https:// 
doi. org/ 10. 1042/ bj345 0759

 43. Popovic D, Vucic D, Dikic I (2014) Ubiquitination in disease patho-
genesis and treatment. Nat Med 20:1242

 44. Reddi AL, Ying G, Duan L, Chen G, Dimri M, Douillard P, Druker 
BJ, Naramura M, Band V, Band H (2007) Binding of Cbl to a phos-
pholipase Cγ1-docking site on platelet-derived growth factor recep-
tor β provides a dual mechanism of negative regulation. J Biol Chem 
282:29336–29347. https:// doi. org/ 10. 1074/ jbc. M7017 97200

 45. Reyes-Turcu FE, Ventii KH, Wilkinson KD (2009) Regulation and 
cellular roles of ubiquitin-specific deubiquitinating enzymes. Annu 
Rev Biochem 78:363–397. https:// doi. org/ 10. 1146/ annur ev. bioch em. 
78. 082307. 091526

 46. Rorsman C, Tsioumpekou M, Heldin C-H, Lennartsson J (2016) The 
ubiquitin ligases c-Cbl and Cbl-b negatively regulate platelet-derived 
growth factor (PDGF) BB-induced chemotaxis by affecting PDGF 
receptor β (PDGFRβ) internalization and signaling. J Biol Chem 
291:11608–11618. https:// doi. org/ 10. 1074/ jbc. M115. 705814

 47. Sachsenmaier C, Sadowski HB, Cooper JA (1999) STAT activation 
by the PDGF receptor requires juxtamembrane phosphorylation sites 
but not Src tyrosine kinase activation. Oncogene 18:3583–3592. 
https:// doi. org/ 10. 1038/ sj. onc. 12026 94

 48. Shalem O, Sanjana NE, Hartenian E, Shi X, Scott DA, Mikkelsen 
TS, Heckl D, Ebert BL, Root DE, Doench JG, Zhang F (2014) 
Genome-scale CRISPR-Cas9 knockout screening in human cells. 
Science 343:84–87. https:// doi. org/ 10. 1126/ scien ce. 12470 05

 49. Soboleva TA, Jans DA, Johnson-Saliba M, Baker RT (2005) 
Nuclear-cytoplasmic shuttling of the oncogenic mouse unp/usp4 
deubiquitylating enzyme. J Biol Chem 280:745–752. https:// doi. 
org/ 10. 1074/ jbc. M4013 94200

 50. Sowa ME, Bennett EJ, Gygi SP, Harper JW (2009) Defining 
the human deubiquitinating enzyme interaction landscape. Cell 
138:389–403. https:// doi. org/ 10. 1016/j. cell. 2009. 04. 042

 51. Turkson J, Bowman T, Garcia R, Caldenhoven E, De Groot RP, Jove 
R (1998) Stat3 activation by src induces specific gene regulation and 
is required for cell transformation. Mol Cell Biol 18:2545–2552. 
https:// doi. org/ 10. 1128/ MCB. 18.5. 2545

 52. Vignais ML, Sadowski HB, Watling D, Rogers NC, Gilman M 
(1996) Platelet-derived growth factor induces phosphorylation of 
multiple JAK family kinases and STAT proteins. Mol Cell Biol 
16:1759–1769. https:// doi. org/ 10. 1128/ MCB. 16.4. 1759

https://doi.org/10.1002/ijc.22999
https://doi.org/10.1002/ijc.22999
https://doi.org/10.1186/1478-811X-11-97
https://doi.org/10.1186/1478-811X-11-97
https://doi.org/10.3109/03009734.2012.658119
https://doi.org/10.3109/03009734.2012.658119
https://doi.org/10.1111/joim.12690
https://doi.org/10.1152/physrev.1999.79.4.1283
https://doi.org/10.1038/35056583
https://doi.org/10.1242/jcs.191213
https://doi.org/10.1242/jcs.191213
https://doi.org/10.18632/oncotarget.2165
https://doi.org/10.1042/BJ20131213
https://doi.org/10.1042/BJ20131213
https://doi.org/10.1083/jcb.200806076
https://doi.org/10.1083/jcb.200806076
https://doi.org/10.1038/nrm2731
https://doi.org/10.1016/j.cell.2010.06.011
https://doi.org/10.1016/j.cell.2010.06.011
https://doi.org/10.1074/jbc.M608489200
https://doi.org/10.1074/jbc.M608489200
https://doi.org/10.1038/nrm909
https://doi.org/10.1038/nrm909
https://doi.org/10.1038/s41419-017-0182-5
https://doi.org/10.1371/journal.pone.0005544
https://doi.org/10.1038/sj.onc.1207390
https://doi.org/10.1042/BCJ20160826
https://doi.org/10.1016/j.cub.2005.11.073
https://doi.org/10.1016/j.cub.2005.11.073
https://doi.org/10.1158/0008-5472.CAN-09-4152
https://doi.org/10.1158/0008-5472.CAN-09-4152
https://doi.org/10.1101/cshperspect.a009035
https://doi.org/10.1016/j.ceb.2004.06.005
https://doi.org/10.1083/jcb.201706118
https://doi.org/10.1083/jcb.201706118
https://doi.org/10.1042/bj3450759
https://doi.org/10.1042/bj3450759
https://doi.org/10.1074/jbc.M701797200
https://doi.org/10.1146/annurev.biochem.78.082307.091526
https://doi.org/10.1146/annurev.biochem.78.082307.091526
https://doi.org/10.1074/jbc.M115.705814
https://doi.org/10.1038/sj.onc.1202694
https://doi.org/10.1126/science.1247005
https://doi.org/10.1074/jbc.M401394200
https://doi.org/10.1074/jbc.M401394200
https://doi.org/10.1016/j.cell.2009.04.042
https://doi.org/10.1128/MCB.18.5.2545
https://doi.org/10.1128/MCB.16.4.1759


 N. Sarri et al.

1 3

   85  Page 18 of 18

 53. Wang Y, Pennock SD, Chen X, Kazlauskas A, Wang Z (2004) Plate-
let-derived growth factor receptor-mediated signal transduction from 
endosomes. J Biol Chem 279:8038–8046

 54. Wang Y-Z, Wharton W, Garcia R, Kraker A, Jove R, Pledger WJ 
(2000) Activation of Stat3 preassembled with platelet-derived 
growth factor β receptors requires Src kinase activity. Oncogene 
19:2075–2085. https:// doi. org/ 10. 1038/ sj. onc. 12035 48

 55. Ye Y, Scheel H, Hofmann K, Komander D (2009) Dissection of USP 
catalytic domains reveals five common insertion points. Mol Biosyst 
5:1797. https:// doi. org/ 10. 1039/ b9076 69g

 56. Zhong M, Jiang Q, Jin R (2018) USP4 expression independently pre-
dicts favorable survival in lung adenocarcinoma: USP4 and survival 
in lung adenocarcinoma. IUBMB Life 70:670–677. https:// doi. org/ 
10. 1002/ iub. 1755

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/sj.onc.1203548
https://doi.org/10.1039/b907669g
https://doi.org/10.1002/iub.1755
https://doi.org/10.1002/iub.1755

	Deubiquitinating enzymes USP4 and USP17 finetune the trafficking of PDGFRβ and affect PDGF-BB-induced STAT3 signalling
	Abstract
	Introduction
	Materials and methods
	Reagents and antibodies
	Cell culture and treatments
	Generation of tet-inducible cell lines
	Preparation of a DUB cDNA library
	 Plasmid and siRNA transfection
	Mutation of the USP4 gene using CRISPR-Cas9 lentiviral transduction
	Immunoprecipitation and immunoblotting
	Deubiquitination assay
	Immunofluorescence and image analysis
	RNA analysis
	STAT3 transcription factor colorimetric assay
	Proliferation assay
	Statistical analysis

	Results
	USP17L22 and USP4 deubiquitinate PDGFRβ
	USP17L22 and USP4 do not affect long-term stability of PDGFRβ
	USP17L22 and USP4 act at different subcellular locations
	Deubiquitination of PDGFRβ regulates the timing of activation of STAT3
	STAT3 transcriptional activity and expression of STAT3 target genes is affected by induction of USP17 and USP4
	PDGF-BB-induced cell proliferative response is dysregulated upon manipulation of USP17 and USP4 levels

	Discussion
	Acknowledgements 
	References




