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A B S T R A C T   

Protein tyrosine phosphatase 1B (PTP1B) is a critical regulator of different signalling cascades such as the EGFR 
pathway. The biological importance of PTP1B is further evidenced by knockout mice studies and the identifi
cation of recurrent mutations/deletions in PTP1B linked to metabolic and oncogenic alterations. Cisplatin is 
among the most widely used anticancer drug. The biological effects of cisplatin are thought to arise primarily 
from DNA damaging events involving cisplatin-DNA adducts. However, increasing evidence indicate that the 
biological properties of cisplatin could also rely on the perturbation of other processes such as cell signalling 
through direct interaction with certain cysteine residues in proteins. Here, we provide molecular, cellular and in 
vivo evidence suggesting that PTP1B is a target of cisplatin. Mechanistic studies indicate that cisplatin inhibited 
PTP1B in an irreversible manner and binds covalently to the catalytic cysteine residue of the enzyme. Accord
ingly, experiments conducted in cells and mice exposed to cisplatin showed inhibition of endogenous PTP1B and 
concomitant increase in tyrosine phosphorylation of EGFR. These findings are consistent with previous studies 
showing tyrosine phosphorylation-dependent activation of the EGFR pathway by cisplatin and with recent 
studies suggesting PTP1B inhibition by cisplatin and other platinum complexes. Importantly, our work provides 
novel mechanistic evidence that PTP1B is a protein target of cisplatin and is inhibited by this drug at molecular, 
cellular and in vivo levels. In addition, our work may contribute to the understanding of the pathways undergoing 
modulation upon cisplatin administration beyond of the established genotoxic effect of cisplatin.   

1. Introduction 

Phosphorylation of tyrosine residues by protein tyrosine kinases 
(PTKs) serves as a ubiquitous mechanism for cell signalling and plays an 

important role in numerous biological processes such as proliferation, 
differentiation, migration and apoptosis [1]. Protein tyrosine phos
phorylation is negatively regulated by the opposing action of protein 
tyrosine phosphatases (PTPs) that dephosphorylate phosphotyrosine 
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(pTyr) residues. PTPs are thus key players of cellular signalling and re
sponses [2,3]. Consequently, aberrant activity of PTPs is involved in 
different diseases such as diabetes, immune disorders and cancer [4–6]. 
PTP1B is a ubiquitous and abundant intracellular prototypic non re
ceptor tyrosine phosphatase that is recognized as a major negative 
regulator of numerous signalling cascades of metabolic and/or onco
genic relevance such as the insulin or epidermal growth factor (EGF) 
pathways [6–8]. The critical biological role of PTP1B is further high
lighted by the identification of recurrent mutations/deletions of PTP1B 
in certain cancer and by knock-out mice models showing metabolic and 
oncogenic alterations [9–14]. PTP1B activity depends upon a conserved 
catalytic cysteine residue that renders the enzyme redox sensitive 
[15–17]. Reversible oxidation and inhibition of PTP1B by reactive ox
ygen species (ROS) is considered as a critical physiological mechanism 
in the activation and the redox control of tyrosine kinase signalling as 
observed in the EGFR pathway [18,19]. In addition, chemical S-modi
fication at the active site of PTP1B by environmental electrophiles (such 
as quinones or heavy metals) has been shown to inactivate the enzyme 
and drive aberrant EGFR tyrosine phosphorylation and signalling [20, 
21]. 

Cisplatin is one of the most successful and widely used anticancer 
drug. The mechanism of action of cisplatin is thought to rely mainly on 
the formation of stable DNA adducts on guanine that lead to DNA 
damaging events and ultimately to cell death [22–24]. However, several 
studies indicate that cisplatin could also impact other biological pro
cesses such as DNA repair and cell signalling, most notably the EGFR 
pathway [23,25–29]. In addition, cisplatin could exert, at least in part, 
these biological effects through binding to peptide or proteins with 
subsequent structural and/or functional alterations [24,30,31]. In 
particular, the functions of certain cellular enzymes have been reported 
to be inhibited by cisplatin through binding to the thiol group of redox 
sensitive cysteines [26,32–35]. Interestingly, recent studies have 
pointed out that PTP1B could be inhibited by cisplatin albeit in depth 
molecular, cellular and in vivo evidences were lacking [70]. 

In this paper, we provide novel molecular, cellular and in vivo evi
dence that the chemotherapeutic drug cisplatin inhibits the enzymatic 
functions of PTP1B. Mechanistic and kinetics experiments using re
combinant purified human PTP1B show that the inhibition is irrevers
ible and involves the formation of a covalent adduct of cisplatin with the 
redox-sensitive catalytic cysteine residue of the enzyme. Further studies 
carried out in cells and in mice indicate that treatment with cisplatin 
leads to the irreversible inhibition of endogenous PTP1B and concomi
tant activation of EGFR signalling. Altogether, our findings identify 
PTP1B as a target of cisplatin and suggest that inhibition of PTP1B by 
cisplatin could contribute, at least in part, to biological effects of this 
widely used drug through aberrant PTP1B-dependent signalling. More 
broadly, our work provides a better understanding of the intricate 
network of pathways undergoing modulation upon cisplatin adminis
tration and that goes beyond the well-established genotoxic effect of 
cisplatin. 

2. Materials and methods 

2.1. Materials 

Cisplatin, p-nitrophenyl phosphate (pNPP), 5-iodoacetamide fluo
rescein (5-IAF), N,N-dimethylformamide (DMF), hydrogen peroxide 
(H2O2), HClO4, 1,4-dithiothreitol (DTT), sodium fluoride (NaF), sodium 
orthovanadate (Na3VO4), isopropyl β-D-thiogalactoside (IPTG), Triton 
X-100, lysozyme, His-select nickel resin, were obtained from Sigma- 
Aldrich (Saint Quentin Fallavier, France). Protease inhibitors were 
purchased from Roche (Meylan, France). PD-10 columns were from GE 
Healthcare (BUC, France). EGFR antibody (SAB4300352), β-actin anti
body (SC-81178) and Protein G plus-agarose beads (SC-2002) were 
obtained from Santa Cruz Biotechnology (Heidelberg, Germany). PTP1B 
(FG6–1 G) and phospho-EGFR antibody (Tyr 1069, 09–310) were 

obtained from Merck (Saint Quentin Fallavier, France). Oxidized PTP 
active site antibody (MAB2844) was obtained from R&D system (Min
neapolis, USA). Xcalibur was purchased from Thermo Scientific Fisher 
(Boston, USA). Cisplatin was dissolved in DMF. 

2.2. Cell culture 

Human HaCaT or human A431 cells were cultured in DMEM medium 
(Invitrogen, Paris, France) with 10% fetal bovine serum (Sigma, France) 
at 37 ◦C with 5% CO2. 

2.3. Expression and purification of recombinant human PTP1B 

The complementary DNA (cDNA) coding for the shorter version of 
human PTP1B (1− 321) was cloned into pET28a plasmid and was later 
transformed into Escherichia coli 21 (DE3). Bacteria were cultured at 37 
◦C under agitation until reaching an OD of 0.6, then grown overnight at 
16 ◦C in the presence of 0.5 mM IPTG. Cells were harvested by centri
fugation and resuspended in lysis buffer (20 mM Tris HCl, 100 mM NaCl, 
0.5% Triton X-100, 1 mg/ml lysozyme and protease inhibitor, pH 7.5). 
The lysate was sonicated (10 s ON, 20 s OFF, 10 min, 20% power) on ice 
and pelleted (15,000 g, 30 min, 4 ◦C). Supernatant was incubated with 
His-select nickel resin in the presence of 10 mM imidazole for 2 h at 4 ◦C 
under agitation. Beads were then poured into a column, washed with 
washing buffer (20 mM Tris-HCl, 100 mM NaCl, 20 mM imidazole, pH 
7.5) and PTP1B was eluted with elution buffer (20 mM Tris-HCl, 100 
mM NaCl, 300 mM imidazole, pH 7.5). Protein elution was controlled by 
Bradford assay and eluted samples were incubated with 10 mM DTT on 
ice for 20 min. Purified PTP1B was buffer exchanged to 20 mM Tris-HCl, 
100 mM NaCl, pH 7.5 using PD-10 column. Protein concentration and 
purity were assessed by Bradford reagent and SDS-PAGE. Proteins were 
stored at − 80 ◦C until use. 

2.4. Determination of PTP1B phosphatase activity using pNPP 

The phosphatase activity of PTP1B was measured by pNPP assay as 
previously described [36,37]. Briefly, samples containing PTP1B (200 
nM) were incubated with different concentrations of cisplatin in 100 
mM sodium acetate buffer, 1 mM DTT, pH 6 for 30 min at 37 ◦C (total 
volume of 100 μl). 20 μl of each sample were taken and diluted 10 times 
with sodium acetate buffer containing 5 mM pNPP. The formation of the 
product (p-nitrophenol) was tracked by continuous measurement of the 
absorbance at 405 nm for 10 min at 37 ◦C using thermostatic microplate 
reader (BioTek, France) in a total volume of 200 μl. The final concen
tration of PTP1B after dilution was 20 nM. 

2.5. Determination of recombinant PTP1B activity using FAM-conjugated 
tyrosine-phosphorylated STAT3 (pSTAT3) peptide by RP-UFLC 

The tyrosine phosphatase activity of PTP1B was measured by RP- 
UFLC using FAM-conjugated peptide derived from the sequence of 
human STAT3 where tyrosine 704 is phosphorylated (701SAAP
PYLKTK709, Proteogenix, France) as previously described [36,38]. 
Briefly, samples containing PTP1B (200 nM) were incubated with 
different concentrations of cisplatin in 100 mM sodium acetate buffer, 1 
mM DTT, pH 6 for 30 min at 37 ◦C (total volume of 100 μl). 20 μl of each 
sample were taken, diluted 10 times and incubated in sodium acetate 
buffer for 30 min at 37 ◦C in the presence of 50 μM FAM-conjugated 
pSTAT3 peptide (final concentration of PTP1B was 20 nM). The reac
tion was stopped with the addition of 50 μl HClO4 (15%, v/v) and 
samples were injected into a Shim-pack XR ODS column (100 mm, 2 
mm, 2.2 µm) (Shimadzu) at 40 ◦C. The mobile phase used for the sep
aration consisted of two eluents: solvent A was water with 0.12% tri
fluoacetic acid (TFA), and solvent B was acetonitrile with 0.12% TFA. 
Compounds were separated by an isocractic flow (80% A/20% B) rate of 
0.6 ml/min. pSTAT3 peptide and its dephosphorylated form (product) 
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were monitored by fluorescence emission (λ = 530 nm) after excitation 
at λ = 485 nm and quantified by integration of the peak absorbance area. 

2.6. Effects of reducing agent and buffer exchange on cisplatin-inhibited 
PTP1B 

PTP1B (200 nM) was first incubated with cisplatin (25 µM) in 100 
mM sodium acetate buffer, pH 6 for 30 min at 37 ◦C (total volume of 100 
μl). Samples were either buffer exchanged (PD Spin Trap G-25; GE 
Healthcare) to sodium acetate buffer (100 mM, pH 6) or further incu
bated with 1 or 5 mM DTT (10 min at room temperature) before 10-fold 
dilution in sodium acetate buffer (100 mM, pH 6) and measurement of 
PTP1B residual activity using pNPP assay as described previously. 

2.7. 5-IAF labeling and H2O2 mediated oxidation of PTP1B catalytic 
cysteine 

For IAF labeling, PTP1B (200 nM) was first incubated with cisplatin 
(25 µM) in sodium acetate buffer (100 mM, 1 mM DTT, pH 6) at 37 ◦C for 
30 min followed by another incubation at 37 ◦C for 10 min in the dark in 
the presence of 20 µM 5-IAF. Samples were then split into two parts. One 
part was diluted 10-fold in sodium acetate buffer and used for measuring 
PTP1B residual activity using pNPP assay as described before; another 
part was separated by SDS-PAGE, transferred onto nitrocellulose mem
brane. 5-IAF fluorescence on PTP1B labelled cysteine residues was 
detected with a Fujifilm LAS 4000 detection system (λexc = 485 nm, 
λem = 530 nm). Membranes were later probed with anti-PTP1B 
antibody. 

For the detection of PTP1B oxidized catalytic cysteine, PTP1B (200 
nM) was incubated with cisplatin (25 μM) or H2O2 (250 μM) at 37 ◦C for 
30 min in sodium acetate buffer (100 mM, 1 mM DTT, pH 6) in a total 
volume of 100 μl. Samples were then split into two parts. One part was 
diluted 10-fold in sodium acetate buffer and used for measuring PTP1B 
residual activity using pNPP assay as described above; the other part was 
separated by SDS-PAGE, transferred onto nitrocellulose membrane and 
probed with an antibody specific to the oxidized catalytic cysteine of 
PTPs. Membranes were washed thoroughly with PBS and further probed 
with anti-PTP1B antibody. 

2.8. Effects of cisplatin on PTP1B in the presence of the competitive PTP 
inhibitor Na3VO4 

PTP1B (200 nM) was incubated with 200 μM Na3VO4 in the presence 
or absence of cisplatin (25 µM) in sodium acetate buffer (100 mM, 1 mM 
DTT, pH 6) at 37 ◦C for 30 min (total volume of 100 μl). Samples were 
diluted 10-fold in sodium acetate buffer and PTP1B residual activity was 
quantified using pNPP assay as described before. 

2.9. Mass spectrometry analysis of cisplatin binding to a PTP1B active site 
peptide containing the Cys215 residue 

The peptide approach previously used to characterize oxidative 
modifications of Cys215 in PTP1B was carried out [39]. Briefly, the 
PTP1B peptide derived from the sequence of the enzyme catalytic 
domain (214HCSAGIGRS222, Proteogenix, Schiltigheim, France) (10 μg, 
0.5 mM) was incubated with cisplatin (2.5 mM) in H2O at 37 ◦C for 24 h 
in a total volume of 20 μl. The peptide preparation (1 μl) was injected 
into a BioResolve RP (450 Å, 2.7 µm, 0.3 mm × 150 mm) Polyphenyl 
Column (Waters, Milford, USA) using an UltiMate 3000 RSLCnano 
chromatographic system fitted with a capillary flow meter from Ther
moFisher Scientific (Waltham, MA, USA). Mobile phases A and B were 
respectively H2O/acetonitrile 98/2 and H2O/acetonitrile 20/80 acidi
fied with 0.1% formic acid. The sample was eluted at a flow rate of 6 
μl/min using the following slope change points: 0–5 min hold at 6.3% B, 
5 min slope until 25% B, 40 min slope until 56% B, 5 min wash at 100% 
B and finally 10 min hold at 6.3% B. The eluent was sprayed using the 

conventional ESI ion source of a Q-Exactive Plus mass spectrometer from 
ThermoFisher Scientific operating in the positive ion mode. MS spectra 
were acquired at a resolution of 70,000 with a mass range of m/z 
250–1700 and an AGC target value of 1 × 10⁶ for a maximum ion 
accumulation time of 500 ms. MS/MS data were acquired at similar 
resolution, in data-dependent top2 acquisition mode with an AGC target 
value of 5 × 105 for a maximum ion accumulation time of 250 ms. 
Parent ions were selected for fragmentation by Higher-energy C-trap 
Dissociation (HCD) with a dynamic exclusion time of 30 s. Raw data 
were processed with Thermo Xcalibur v3.0.63 and especially the isotope 
simulation tool embedded in the software was used to simulate mono
isotopic patterns obtained after reaction of cisplatin with the HCSA
GIGRS peptide of interest. 

2.10. Kinetics of PTP1B inactivation by cisplatin 

PTP1B (200 nM) was incubated with different concentrations of 
cisplatin in sodium acetate buffer (100 mM, 1 mM DTT, pH 6) at 37 ◦C. 
At different time points, aliquots were taken, diluted 10 times with so
dium acetate buffer and then assayed for PTP1B residual activity using 
pNPP as described before. The inhibition rate of PTP1B by cisplatin can 
be represented as follows: ln [% residual activity] = kobs × t (where t is 
time and kobs is the apparent first-order inhibition rate constant). For 
each cisplatin concentration, the kobs value can be calculated from the 
slope of the natural logarithm of the percentage of PTP1B residual ac
tivity as a function of time. The second-order rate constant (kinact) was 
determined from the slope of kobs plotted as a function of cisplatin 
concentration (kobs = kinact × [cisplatin]). The reaction order between 
cisplatin and PTP1B could be determined by the slope of the linear plot 
of the natural logarithm of kobs as a function of the natural logarithm of 
cisplatin concentration. The kinetic data were fitted and plotted using 
Prism 8.0.0 (GraphPad Software, La Jolla, USA). 

2.11. Effects of cisplatin on EGFR tyrosine phosphorylation in cells 

HaCaT or A431 cells were serum-starved overnight and then treated 
with different concentrations of cisplatin for 24 h at 37 ◦C, 5% CO2. Cells 
were then washed with PBS, harvested and lysed in lysis buffer (PBS, 1% 
Triton X-100, 1 mM Na3VO4, 1 mM NaF and protease inhibitor) on ice 
for 30 min under agitation. Cell lysates were centrifuged at 15,000 g for 
10 min at 4 ◦C, and the supernatants (whole cell extracts) were kept. 
Samples were separated by SDS-PAGE and transferred onto a nitrocel
lulose membrane. EGFR activation was then assayed by western blot 
using anti-phospho-EGFR antibody. Membranes were stripped and re- 
probed sequentially with anti-EGFR, anti-PTP1B and anti-β-actin 
antibodies. 

2.12. Immunoprecipitation of endogenous PTP1B 

HaCaT or A431 cells were serum-starved overnight and treated with 
cisplatin (20 µM) for 24 h at 37 ◦C, 5% CO2. Whole cell extracts were 
obtained as stated above, but without the addition of Na3VO4 and NaF in 
lysis buffer. Endogenous PTP1B was immunoprecipitated by incubating 
1 mg of whole cell extracts in the presence of 1 µg of PTP1B antibody 
overnight at 4 ◦C under agitation. Samples were then rocked for 1 h at 4 
◦C in the presence of 30 μl of protein G–Agarose. The immunobeads were 
harvested by centrifugation, washed three times with lysis buffer (PBS, 
1% Triton X-100), and split in two. Half of the beads was incubated with 
50 µM FAM–phosphorylated STAT3 peptide in sodium acetate buffer 
(100 mM, 1 mM DTT, pH 6) at 37 ◦C for 2 h (total volume of 50 μl) to 
determine endogenous PTP1B residual activity by RP-UFLC as described 
previously. The second part of immunobeads were incubated with non- 
reducing Laemmli sample buffer and heated at 100 ◦C for 10 min. Elu
ates were separated by SDS-PAGE, transferred onto nitrocellulose 
membrane and analyzed by western blot using an anti-PTP1B antibody. 
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2.13. Treatment of mice with cisplatin 

C57BL/6 mice (12 weeks, female) were obtained from Janvier (Le 
Genest, France) and bred in pathogen-free conditions in the animal fa
cility of the Institut de Recherche Saint-Louis (IRSL) (Hopital Saint- 
Louis, Universite de Paris). Mice (n = 3) were treated by intraperito
neal injection of 7.5 mg/kg cisplatin in sodium chloride solution (0.9%). 
Control mice (n = 3) were treated with vehicle only. After 5 h, liver 
tissues were taken and washed 3 times with cold PBS, cut into small 
pieces and washed again 3 times with cold PBS. Samples were lysed with 
lysis buffer (PBS, 1% Triton X-100, 1 mM Na3VO4, 1 mM NaF and pro
tease inhibitor) for 30 min on ice under agitation. Lysates were centri
fuged at 15,000 g for 10 min at 4 ◦C, supernatants were kept and 
analyzed for EGFR phosphorylation. Endogenous PTP1B was immuno
precipitated from lysates (without Na3VO4 and NaF) and assayed for 
activity by RP-UFLC as as described above. All the animal procedures 
performed were approved by the local Committee on the use and care of 
animal. 

2.14. Statistical analysis 

All data were reported as mean ± standard deviation (S.D.) of three 
independent experiments. Quantification of western blot signal was 
carried out using ImageJ software (National Institutes of Health, USA). 
Data were analyzed by either t-test or one-way analysis of variance 
(ANOVA) using GraphPad Prism version 8.0.0. A threshold of p < 0.05 
was used to consider differences as statistically significant. (* P ≤ 0.05, 
** P ≤ 0.01). 

3. Results 

3.1. Cisplatin impairs the tyrosine phosphatase activity of human PTP1B 
enzyme in vitro 

As stated above, although cisplatin is mainly known as a DNA- 
interacting drug, a limited number of cellular enzymes have nonethe
less been shown to be targeted and inhibited by cisplatin at clinically 
relevant levels, i.e. < 100 μM [26,32,34,35,40–42]. We used purified 
recombinant human PTP1B to assess the effects of cisplatin on its ac
tivity. To this end, the enzyme was preincubated with different 
therapeutically-relevant concentrations of cisplatin (ranging from 0 to 
25 μM) and residual PTP1B activity measured with the chromogenic 
prototypic phosphatase substrate pNPP as previously described [36,37]. 
As shown in Fig. 1 A, PTP1B was inhibited by cisplatin in a 
dose-dependent manner with almost full inhibition obtained at 25 μM 
final concentration. These results were further confirmed with a 

UFLC-based tyrosine phosphatase enzyme assay that uses a 
phospho-STAT3 peptide derived from the sequence of human STAT3 
(701SAAPYLKTK709 where the Y705 is phosphorylated), a known sub
strate of PTP1B as described previously [36,38]. As expected, we found 
that the tyrosine-phosphatase activity of PTP1B towards the substrate 
peptide was inhibited by cisplatin in a similar manner as to what was 
observed with the pNPP assay (Fig. 1B). 

3.2. PTP1B is irreversibly inhibited by cisplatin through the formation of a 
cisplatin adduct with its redox-sensitive active site cysteine residue 

Cisplatin is known to be able to react with redox-sensitive cysteine 
within proteins to form irreversible covalent cisplatin adducts [24,43, 
44]. Moreover, it has been shown that the formation of these irreversible 
cysteine-cisplatin adducts could be responsible for the irreversible 
impairment of the catalytic activity of enzymes such as topoisomerase II, 
Na+ /K+ ATPase or glutathione transferase P1–1 [35,45,46]. We 
further analysed the inhibition of human PTP1B by cisplatin by pre
incubating the enzyme with cisplatin prior to dialysis and measurement 
of residual activity. As shown in Fig. 2 A, dialysis did not permit re
covery of enzymatic activity of PTP1B previously exposed to cisplatin. 
Moreover, experiments carried out with DTT also showed no recovery of 
the PTP1B activity by this reducing agent (Fig. 2B). Altogether, these 
findings supported that inhibition of PTP1B by cisplatin proceeds 
through an irreversible mechanism, possibly through reaction with 
cysteine residues. We therefore investigated whether PTP1B cysteine 
residues were chemically modified by cisplatin. To this end, we used a 
method based on the labelling of free reduced cysteines by the 
sulfhydryl-reactive reagent iodoacetamide-fluorescein which has been 
used previously to detect the chemical modification of cysteine residues 
within proteins including PTP1B [47,48]. As shown in Fig. 2 C, inhibi
tion of PTP1B by cisplatin was concomitant with the modification of 
cysteine residues as indicated by the decrease in IAF-labelling of the 
enzyme. Interestingly, the activity of PTP1B is known to rely on a 
redox-sensitive cysteine residue in the active site of the enzyme 
(Cys215) that can be reversibly or irreversibly oxidized by reactive ox
ygen species to sulfenamide, sulfenic, sulfinic and sulfonic species that 
inactivates the enzyme [15,16,18]. In addition, it has been shown that 
this active site cysteine residue could be covalently modified by certain 
electrophilic compounds with subsequent PTP1B inactivation [20,21]. 
We carried out western blots analyses using an antibody that specifically 
detects oxidized forms but not covalently adducted forms of the active 
cysteine residue of PTP1B or other PTPases [48,49]. As shown in Fig. 2D, 
we found that contrary to H2O2, inhibition of the enzyme by cisplatin 
was not due to oxidation of its catalytic cysteine residue thus supporting 
that cisplatin could impair PTP1B through a covalent cisplatin-cysteine 

Fig. 1. Impairment of PTP1B phosphatase activity by 
cisplatin. PTP1B (200 nM) was incubated with increasing 
cisplatin concentrations (0 μM (Ctrl), 6.3 μM, 12.5 μM, 
25 μM)) at 37 ◦C for 30 min and residual PTP1B activity 
was assayed. (A) PTP1B residual phosphatase activity 
determined with pNPP assay by following the absorbance 
of the solution at 405 nm. Data are represented as the mean 
of three independent experiments + /- SD. * p-value 
< 0.05, * * p-value < 0.01. (B) PTP1B residual tyrosine 
phosphatase activity was measured using pSTAT3 peptide 
by RP-UFLC. Data are represented as the mean of three 
independent experiments + /- SD. * * p-value < 0.01.   
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adduct as reported previously for other enzymes [26,34,35]. 
Consistent with the data reported above, we conducted further ex

periments to test whether cisplatin-dependent inhibition of PTP1B could 
be due to covalent binding of cisplatin to the active-site cysteine residue 
of the enzyme. To this end, we carried out active-site protection assays 
using orthovanadate, a reversible competitive inhibitor of PTP1B that 
interacts with the catalytic cysteine residue within the active site of the 
enzyme [50]. This approach has already been used to identify chemicals 
that react with the catalytic cysteine of PTP1B and that inhibit its ac
tivity [37,48,51]. We observed that the presence of orthovanadate 
markedly slowed the inhibition of PTP1B by cisplatin thereby support
ing that the inhibition process was active site directed and involved the 
catalytic cysteine residue (Fig. 3 A). In line with these results, we found 
that preincubation of PTP1B with cisplatin strongly decreased the 
oxidation of the catalytic Cys215 residue by H2O2 as evidenced by 
western-blot using a specific antibody against oxidized forms of the 

catalytic cysteine residue of PTP1B thus supporting that cisplatin reac
ted with this cysteine (Fig. 3B) [49,52]. 

To confirm that cisplatin can indeed react with the Cys215 in the 
active site of human PTP1B, mass spectrometry (MS) approaches were 
carried out. Unfortunately, we experienced technical difficulties for the 
MS analysis of purified PTP1B treated with cisplatin. Notably, peptides 
containing Cys215 could not be detected and more broadly the mass 
spectra were very complex. This is likely due to the myriad of different 
types (and masses) of cisplatin adducts that can be formed on cysteine 
residues [43,44,53]. Similar technical difficulties were previously re
ported for the reaction of cisplatin with cysteine residues of topoisom
erase IIα enzymes [45]. To circumvent this technical difficulties, MS 
experiments were conducted with a synthetic peptide (HCSAGIGRS) 
which is an active site sequence motif of PTP1B that contains the Cys215 
residue. This peptide approach has been previously used to characterize 
oxidative modifications of Cys215 in PTP1B [39]. Consistent with the 

Fig. 2. Irreversibility of PTP1B inhibition by cisplatin and modification of cysteine residues. (A) PTP1B (200 nM) was incubated with cisplatin (25 μM) at 37 ◦C for 
30 min and then subjected to buffer exchange. A control (Ctrl) was done in absence of cisplatin. PTP1B residual activity was measured by pNPP before and after 
buffer exchange. Data are represented as the mean of three independent experiments + /- SD. * * p-value < 0.01. (B) PTP1B (200 nM) was incubated with cisplatin 
(25 μM) at 37 ◦C for 30 min, followed by the addition of DTT (1 or 5 mM) and incubation at room temperature for 10 more minutes. A control (Ctrl) was done with 
PTP1B only. Other controls were done with PTP1B in presence of DTT. PTP1B residual activity in samples was measured by pNPP. Data are represented as the mean 
of three independent experiments + /- SD. * * p-value < 0.01. (C) PTP1B (200 nM) was incubated with or without (Ctrl) cisplatin (25 μM) at 37 ◦C for 30 min, 
followed by the addition of 5-IAF (20 μM) and further incubation at 37 ◦C for 10 more minutes. PTP1B residual activity was measured by pNPP assay and modi
fication of PTP1B cysteine residues by 5-IAF was evidenced by fluorescence as described in Materials and methods section. Data are represented as the mean of three 
independent experiments + /- SD. * * p-value < 0.01. Membrane is representative of three independent experiments. (D) PTP1B (200 nM) was incubated with 
cisplatin (25 μM), H2O2 (250 μM) or buffer (Ctrl) for 30 min at 37 ◦C. PTP1B residual activity and oxidation of PTP1B catalytic cysteine residue were detected by 
pNPP assay and western blot using an anti-oxidized PTP active site cysteine antibody, respectively. Data are represented as the mean of three independent exper
iments + /- SD. * * p-value < 0.01. Membrane is representative of three independent experiments. 
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findings reported above, we found that cisplatin was able to covalently 
bind to the catalytic cysteine residue of PTP1B. Indeed, as shown in 
Fig. 3 C (upper panel) covalent adducts of cisplatin on the peptide were 
clearly identified. Notably, the highest monoisotopic mass at m/z 
1394.347 corresponded to the addition of two [Pt(NH3)2Cl] molecules 
on the free cysteine of the peptide. This type of cysteine-cisplatin adduct 
has already been identified in glutathione peptides treated with cisplatin 
[53]. The following peak at m/z 1375.396 likely corresponded to 
another stoichiometry in solution with the addition of both [Pt(NH3)2Cl] 
and [Pt(NH3)3] while the last peak at m/z 1358.371 could correspond to 
gas phase fragmentation with the loss of one HCl molecule. Simulations 
of the isotopic profiles of these species were generated using Xcalibur. 
They fitted very well the identified molecular compositions of the 
cisplatin-peptide adducts. Isotopic patterns are indeed very informative 
in this case with both chlorine and platinum atoms that display very 
specific isotopes resulting in unambiguous attribution of molecular 
compositions. 

Formation of covalent adducts of cisplatin with cysteine residues has 
been shown to produce a broad absorption band between 220 and 
350 nm corresponding to the cysteine-cisplatin adduct [35,54]. As 
shown in Supplementary Figure 1, incubation of the PTP1B active site 
peptide with cisplatin led to a time-dependent increase in absorbance 
between 220 and 350 nm thus supporting the formation of an adduct 
between the cysteine residue of the peptide and cisplatin. Finally, 
computational covalent docking approaches further supported that 
cisplatin can bind the catalytic cysteine residue within the active site of 

PTP1B (Supplementary Figure 2). 
We carried out in depth kinetic analyses of PTP1B inhibition by 

cisplatin. Consistent with a process involving covalent modification of 
the active site cysteine of PTP1B, the enzyme was found to be inhibited 
in a time-dependent and dose-dependent manner (Fig. 4 A). The second- 
order rate inhibition constant (ki) was found to be close to 34 M− 1.s− 1 

(Fig. 4B). Stoichiometry of the PTP1B inhibition by cisplatin was close to 
1 indicating that the inhibition relies on the reaction of one molecule of 
cisplatin with one molecule of enzyme (Fig. 4 C). 

3.3. Cisplatin inhibits endogenous PTP1B and increases EGFR 
phosphorylation in human cultured cells and in mice 

As stated previously, PTP1B is known to be a major regulator of the 
EGFR signaling pathway through its tyrosine phosphatase activity [18, 
19,55]. In addition, covalent inhibition of PTP1B by electrophilic 
chemicals such as quinones is well known to increase EGFR tyrosine 
phosphorylation [20,21,56]. Interestingly, cisplatin has been shown to 
activate EGFR through increased tyrosine phosphorylation [25,27,57]. 
We thus exposed human HaCaT keratinocytes to cisplatin and monitored 
tyrosine phosphorylation of EGFR by western-blot as previously 
described [25,56]. HaCaT cells have been used in different studies aimed 
at analyzing PTP1B-dependent activation of EGFR phosphorylation and 
activation [56,58]. Consistent with earlier reports, we observed that 
exposure of the cells to cisplatin led to increased EGFR tyrosine phos
phorylation (Fig. 5 A) [25,27,57]. Importantly and in line with these 

Fig. 3. Analysis of PTP1B-cisplatin adduct on PTP1B active site cysteine. (A) PTP1B (200 nM) was incubated with Na3VO4 (200 μM) at 37 ◦C for 30 min in the 
presence or absence of cisplatin (25 µM). Incubations of the enzyme in presence of cisplatin only were carried out. Incubation with PTP1B only was also done (Ctrl). 
PTP1B residual activity was measured by pNPP. (B) PTP1B (200 nM) was pre-incubated with cisplatin (25 μM) at 37 ◦C for 30 min prior to incubation with H2O2 
(250 μM) for 10 min. Control samples with PTP1B incubated with cisplatin or H2O2 were also carried out. Oxidation of PTP1B catalytic cysteine residue was evi
denced by western blot using an anti-oxidized PTP active site cysteine antibody. Membrane is representative of three independent experiments. (C) 10 μg of PTP1B 
peptide derived from the sequence of the enzyme catalytic domain (214HCSAGIGRS222) was incubated with cisplatin (2.5 mM) at 37 ◦C for 24 h prior to LC-MS/MS 
analysis. The combined non-deconvoluted signal of the modified peptide at charge state 1 + are shown (top panel). Thermo Xcalibur v3.0.63 and especially the 
isotope simulation tool embedded in the software was used to simulate isotopic patterns obtained after reaction of cisplatin with the HCSAGIGRS peptide 
(lower panels). 

R. Liu et al.                                                                                                                                                                                                                                      



Biomedicine & Pharmacotherapy 153 (2022) 113372

7

results, we found that the activity of cellular PTP1B was markedly 
impaired in the cells exposed to cisplatin (Fig. 5B). In line with this, 
endogenous EGFR activation (Supplementary Figure 3 A) and PTP1B 
activity inhibition (Supplementary Figure 3B) by cisplatin in A431 cells 
were further confirmed. Finally, we carried out investigations in mice 
(C57BL/6j, n = 3) treated or not with a clinically-relevant dose of 
cisplatin via intraperitoneal injection (7.5 mg/kg). As shown in Fig. 6 A, 
treatment with cisplatin led to increased EGFR tyrosine phosphorylation 
in liver extracts of the treated mice. Accordingly, we observed a marked 
decrease in intrinsic tyrosine phosphatase activity of endogenous PTP1B 
when mice were treated with cisplatin (Fig. 6B). Taken together, these 
findings are consistent with the results reported above and support the 
notion that cisplatin is an inhibitor of PTP1B with subsequent impact on 
PTP1B-regulated signaling pathways such as EGFR [25,27,57]. 

4. Discussion 

Cisplatin is considered as one of the most potent anticancer drug in 
clinical use for the treatment of several cancers [23,62]. The biological 

effects of this chemotherapeutic drug is thought to arise primarily from 
the formation of covalent adducts with purine DNA bases [24]. Yet, 
other key biological processes in particular protein 
phosphorylation-mediated cell signalling have been shown to be 
impacted by cisplatin [23,27,29,35]. We show here that the protein 
tyrosine phosphatase PTP1B, a key negative regulator of different pro
tein tyrosine phosphorylation-dependent pathways, is impaired by 
cisplatin. In depth molecular and kinetic analyses using recombinant 
purified human PTP1B indicate that the inhibition of the tyrosine 
phosphatase activity of the enzyme is irreversible and occurs through 
the formation of covalent cisplatin-protein adducts with the active site 
cysteine residue of the enzyme (Cys 215). These data are in contrast with 
the results reported by Yuan et al. which suggested that cisplatin inhibits 
PTP1B reversibly [70]. However, reversible inhibition of PTP1B by 
cisplatin is unlikely. Indeed, the activity of PTP1B is known to rely on 
the redox status of this reactive active site Cys 215 residue [16,63]. 
Interestingly, the catalytic Cys 215 residue is prone to covalent modi
fication by environmental electrophilic compounds such as naph
toquinones or aldehydes which have been shown to inhibit PTP1B 

Fig. 4. Kinetics of PTP1B inhibition by cisplatin. (A) PTP1B (200 nM) was incubated with different concentrations of cisplatin (circle represents 0 μM, square 
represents 3.1 μM, triangle represents 6.3 μM, inverted triangle represents 12.5 μM, diamond represents 25 μM) at 37 ◦C. At different time points, an aliquot of the 
mix was taken and PTP1B residual activity was determined with pNPP assay. kobs were calculated from the slope of the natural logarithm of PTP1B residual activity as 
a function of time for each cisplatin concentration. Data are represented as the mean of three independent experiments + /- SD. (B) kobs were plotted as a function of 
cisplatin concentration and the second order inhibition rate constant (ki) was determined from the slope of the linear regression (slope: 2063 ± 106 M− 1⋅min− 1, R2 =

0.97). Data are represented as the mean of three independent experiments + /- SD. (C) Reaction order value was determined by a least-square procedure from the 
slope of the linear plot of the natural logarithm of kobs as a function of the natural logarithm of cisplatin concentration (slope: 0.95 ± 0.068, R2 = 0.95). Data are 
represented as the mean of three independent experiments + /- SD. 

Fig. 5. Effects of cisplatin on EGFR tyrosine 
phosphorylation and on endogenous PTP1B 
activity in cells. (A) HaCaT cells were treated 
with different concentrations of cisplatin (0 μM, 
10 μM, 20 μM, 40 μM) for 24 h as described 
previously [25]. Total cell extracts were ob
tained and EGFR tyrosine phosphorylation and 
total EGFR protein expression were determined 
by western blot and quantified. PTP1B and 
β-actin amounts in cell extracts were also 
determined by western blot. Data are repre
sented as the mean of three independent ex
periments + /- SD. * p-value < 0.05, * * p-value 
< 0.01. Membrane is representative of three 
independent experiments. (B) HaCaT cells were 
treated with cisplatin (20 μM) for 24 h at 37 ◦C 
and endogenous PTP1B protein was immuno
precipitated from whole cell extracts. Residual 
PTP1B activity and PTP1B protein content were 
determined by RP-UFLC and western blot, 
respectively. Data are represented as the mean 
of three independent experiments + /- SD. * * 
p-value < 0.01. Membrane is representative of 
three independent experiments.   
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irreversibly through covalent adduction [20,21,37]. Although cisplatin 
is mainly described as a DNA-interacting drug, it can covalently bind to 
certain reactive cysteine residues in proteins to form cisplatin adducts 
that can impact protein functions [24,35,43,64]. Of note, the binding of 
cisplatin to proteins is increasingly recognized as a mechanism whereby 
cisplatin could exert, at least in part, its biological effects [24,28,30,35]. 
In particular, certain cellular enzymes such as topoisomerase II, caspase 
3 or Na+/K+-ATPase have been shown to be inhibited by cisplatin 
through covalent modification of important cysteine residues [26,32, 
34]. We found that the rate of inhibition of PTP1B by cisplatin (ki 
=34 M− 1. s− 1) was very similar to the rates determined for the inhibition 
of human arylamine N-acetyltransferase 1 (12 M− 1. s− 1) or GSTP1–1 
(35 M− 1. s− 1), two enzymes that are inhibited through the formation of 
cisplatin-cysteine adducts [33,35]. These rates are by far greater than 
rates of reaction of cisplatin with the cysteine residue of GSH, a known 
biological reducing agent that binds covalently to cisplatin (3.10− 2 M− 1. 
s− 1) or the thiol group of sodium-2-mercaptoethnesulfonate (mesna) a 
drug used to mitigate the toxic adverse effects of cisplatin (7.10− 2 M− 1. 
s− 1) [65,66]. Interestingly, the rate of reaction of cisplatin with DNA has 
been reported to be close to 2 M− 1.s− 1 [67]. In addition, the rate of in
hibition of PTP1B by cisplatin is comparable to that reported previously 
for hydrogen peroxide (10 M− 1. s− 1) and acrolein (87 M− 1. s− 1), two 
known cellular inhibitors of PTP1B that modify the catalytic cysteine of 
the enzyme [37,68]. As stated above, PTP1B activity is a key negative 
regulator of different cell signalling cascades such as the EGFR pathway 
and inhibition of PTP1B activity is known to trigger increased EGFR 
tyrosine phosphorylation and activation [17–19,21]. In line with the 
results obtained with purified human PTP1B, we indeed observed that 
cisplatin was able to inhibit the activity of cellular PTP1B (Fig. 5B). In 
addition, these data are in agreement with studies conducted with 
different cell lines which showed that exposure to cisplatin leads to 
EGFR activation through increased tyrosine phosphorylation [25,27, 
57]. Experiments conducted in mice exposed to clinically-relevant 
concentrations of cisplatin further supported that cisplatin inhibits 
PTP1B and increases EGFR tyrosine phosphorylation. Interestingly, in
hibition of PTP1B by chemical modification of its active site cysteine by 
certain electrophilic compound is known to trigger increased EGFR 
tyrosine phosphorylation and activation [19–21,69]. 

It is increasingly recognized that in addition to DNA, cisplatin exerts 
its biological effects by targeting proteins with subsequent alteration of 
cellular processes such as signalling pathways [24,28,32,35]. Interest
ingly, recent studies suggest that inhibition of PTP1B by platinum 
complexes could represent a novel anticancer mechanism [70]. In line 
with this, our work provides molecular, cellular and in vivo evidence that 

cisplatin can impair the enzymatic functions of PTP1B thus supporting 
that PTP1B could be a protein target of cisplatin. 
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