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PTPNI11 Knockdown Prevents Changes in the Expression
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Abstract—The MAPK (RAS/BRAF/MEK/ERK) signaling pathway is a kinase cascade involved in the regulation of cell
proliferation, differentiation, and survival in response to external stimuli. The V600E mutation in the BRAF gene has been
detected in various tumors, resulting in a 500-fold increase in BRAF kinase activity. However, monotherapy with selective
BRAF V600E inhibitors often leads to reactivation of MAPK signaling cascade and emergence of drug resistance.
Therefore, new targets are being developed for the inhibition of components of the aberrantly activated cascade. It was
recently discovered that resistance to BRAF V600E inhibitors may be associated with the activity of the tyrosine phosphatase
SHP-2 encoded by the PTPN11 gene. In this paper, we analyzed transcriptional effects of PTPN11 gene knockdown and
selective suppression of BRAF V600E in a model of thyroid follicular epithelium. We found that the siRNA-mediated
knockdown of PTPN11 after vemurafenib treatment prevented an increase in the expression CCNAI and NOTCH4 genes
involved in the formation of drug resistance of tumors. On the other hand, downregulation of PTPN11 expression blocked
the transcriptional activation of genes (p21, p15, p16, RB1, and IGFBP7) involved in cell cycle regulation and oncogene-
induced senescence in response to BRAF V600E expression. Therefore, it can be assumed that SHP-2 participates not only

in emergence of drug resistance in cancer cells, but also in oncogene-induced cell senescence.
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Aberrantly activation of RAS/RAF/MEK/ERK sig-
naling (MAPK cascade) contributing to cell survival and
metastasis has been described as a common mechanism
in cancer emergence and progression [1]. The V600E
mutation in the BRAF gene (BRAF V600E) identified in
multiple cancer types (e.g., thyroid cancer) is one of the
most common driver mutations affecting components of
the MAPK-cascade [2]. Cells expressing the BRAF

Abbreviations: EGFR, epidermal growth factor receptor; OIS,
oncogene-induced senescence; RT-qPCR, reverse transcrip-
tion/quantitative PCR.

* To whom correspondence should be addressed.

V600E protein exhibit elevated chromosomal instability
and mitotic activity and possess higher invasion potential
due to the MEK-dependent upregulation of the expres-
sion of matrix metalloproteases (MMP-3, MMP-9, and
MMP-13). BRAF V600E-bearing tumors display more
invasive behavior [3] associated with poor therapeutic
response to radioiodine ('*'I) therapy and higher mortal-
ity [4]. Taking into account the aforementioned data,
BRAF V600E has been recently viewed as a major thera-
peutic target in these types of cancer.

SHP-2 encoded by the PTPNI11 gene was the first
protein phosphatase identified as an oncogenic protein
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[5-7]. It is expressed in diverse cell types and participates
in oncogenic events in leukemia and breast and lung can-
cers by regulating invasion, metastasis, apoptosis, onco-
gene-induced senescence (OIS), DNA damage, cell pro-
liferation, cell cycle progression, and drug resistance [8,
9]. It is believed that SHP-2 plays an important role in the
activation of Ras family proteins [10, 11], as well as
JAK/STAT, PI3K/Akt, and other signaling pathways [12].

Inactivation of the PTPN 11 gene results in embryon-
ic death and multiple congenital anomalies occurring at
gastrulation stage in different species (mouse, fly, and
worm) [13]. In addition, SHP-2 regulates the insulin sig-
naling [14] and development of central nervous system
and heart [15, 16]. The role of this phosphatase in the eti-
ology of various tumors differs depending on the disease
stage and anatomical location of the tumor. SHP-2 acts as
a tumor suppressor in hepatic carcinoma [17] and meta-
chondromatosis [18] and, on contrary, functions as an
oncogenic protein in leukemia, lung and breast cancers,
and melanoma [19]. PTPN1I-activating mutations have
been found in samples collected from patients with acute
myeloid leukemia, gastric cancer, glioblastoma, and
anaplastic large-cell lymphoma, which allowed to define
PTPNI11 as a protooncogene [20]. PTPN11 expression is
upregulated in thyroid cancer and correlates with the
low-grade differentiation, high malignancy, and
increased rate of lymph node metastasis [21].
Upregulated PTPN11 expression was detected in thyroid
cancer cell lines SW579, IHH-4, FTC-133, TPC-I,
DRO, TA-K, and ML-1 [21]. It was found that SHP-2
downregulation may prevent reactivation of the
RAS/RAF/MEK/ERK cascade mediated by the activat-
ed epidermal growth factor receptors (EGFRs) in murine
lung adenocarcinoma model and in colon cancer cell
lines [22, 23]. The PTPNI1 knockdown by antisense
oligonucleotides slows down the growth of cancer cells
and induces apoptosis in thyroid cancer cell line SW579
[21]. There are data that point at both positive and nega-
tive influence of PTPNII-activating mutations on the
Ras/MAPK cascade in patients with the Noonan syn-
drome [14]. However, other data prove that the shRNA-
mediated knockdown of PTPNI1I has no effect on the
growth and proliferation of cancer A2058 cells bearing
the BRAF V600E mutation [24].

Recently, it was demonstrated that the tyrosine phos-
phatase SHP-2 is often activated in human melanoma
biopsy samples and melanoma cell lines. SHP-2 was
found to participate in the activation of
RAS/RAF/MAPK cascade in melanoma cells expressing
mutant NRAS protein and cells bearing wild-type BRAF,
whereas PTPN11 knockdown resulted in the suppression
of cell proliferation and ERK activation in WM3211 and
MeWo human melanoma cell lines [19].

Vemurafenib (PLX4032) is a low-molecular-weight
inhibitor of BRAF V600E that was approved by the FDA
in 2011 for the therapy of metastatic melanoma [25].

BIOCHEMISTRY (Moscow) Vol. 85 No. 1 2020

109

When used for the treatment of melanoma and thyroid
carcinoma, vemurafenib was able to activate signaling via
receptor tyrosine kinases (RTKSs) resulting in rapid reac-
tivation and stimulation of the EGFR signaling pathway
[26, 27]. SHP-2 is involved in the signal transduction
from EGFRs to p21%* (RASA1) and other signaling mol-
ecules, so SHP-2 downregulation may reduce reactiva-
tion of the MAPK cascade. Some data indicate that
vemurafenib causes SHP-2 activation and reactivates sig-
naling via MEK/ERK in the case of hepatocyte growth
factor (HGF) expression in vemurafenib-resistant cells
[22].

Our study was aimed at assessing the impact of
downregulated PTPN1] transcription on the expression
of genes involved in regulation of cell proliferation,
chemotherapy resistance, and OIS after selective BRAF
V600E inhibition. Transcriptome analysis was performed
to identify genes displaying noticeable changes in gene
expression. Based on the results of transcriptome analy-
sis, we selected a number of genes involved in the cycle
control and cell senescence for further studies by quanti-
tative PCR (qPCR). As a result, we found that PTPN11]
knockdown with small interfering RNAs (siRNAs) mini-
mizes effects of the BRAF V600E on transcriptional lev-
els of genes involved in the cell cycle regulation. In par-
ticular, downregulation of PTPN11 expression prevented
activation of expression of genes participating in the OIS,
such as RBI1, p21, pl5, pl6, and IGFBP, in response to
BRAF V600E and/or vemurafenib. This suggested that
SHP-2 takes part in the induction of OIS, which might
account for its tumor-suppressing activity.

MATERIALS AND METHODS

BRAF V600E-bearing lentiviral vectors. For cloning
of the BRAF gene containing the oncogenic V600E muta-
tion, the 5'-fragment of the BRAF gene was excised from
the commercially available plasmid pBABE-Puro-
BRAF(V600E) (Addgene, USA) [28] by the BamHI and
Munl restriction sites; the 3'-fragment was amplified by
PCR with BRAF-in-Mun-F and BRAF-Not-R primers
(table). The BamHI (5'-end) and Notl (3'-end) sites were
introduced into commercially available LeGO-iPuro2
plasmid carrying the puromycin resistance gene
(Lentiviral Gene Ontology Vectors, Germany) that was
then used as a vector for BRAF cloning. Primer sequences
are shown in the table.

Cell culture and lentiviral vector transduction.
Immortalized thyroid follicular epithelial Nthy-ori 3-1
cells (Sigma, USA) were grown in RPMI1640 culture
medium (PanEco, Russia) supplemented with 10% fetal
bovine serum (Biosera, France), 2 mM L-glutamine,
penicillin (100 U/ml)/streptomycin (100 pg/ml), and
1 mM sodium pyruvate. The cells were used for obtaining
two cell lines transduced with the original LeGO-iPuro2
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Primer sequences

Primer

5'-3'" sequence

Application

1

2

3

PTPNI11-F
PTPNII-R

PTPN11siRNA-F
PTPN11siRNA-R

PTPN11scRNA-F
PTPN11scRNA-R

bACT-F
bACT-R

GAPDH-F
GAPDH-R

CCNDI1-F
CCNDI-R

PAPSS2-F
PAPSS2-R

FBLNI1-F
FBLNI1-R

BRAF-in-Mun-F
BRAF-Not-R

P21-F
P21-R

MAPK3-F
MAPK3-R

CCNAL-F
CCNAI-R

CCND2-F
CCND2-R

CCNG2-F
CCNG2-R

CDKNIC-F
CDKNIC-R

Notch4-F
Notch4-R

CCNC-F
CCNC-R

CCNB2-F
CCNB2-R

DUSP6-F
DUSP6-R

Mekl1-F
Mekl1-R

5'-CGGTGAATGACTTTTGGCGG-3'
5'-GTTCCTAACACGCATGACGC-3'

5'-GGAGAACGGUUUGAUUCUUTT-3'
5'-AAGAAUCAAACCGUUCUCCTCtt-3'

5'-AGUACAGCAAACGAUACGGtt-3'
5'-CCGUAUCGUUUGCUGUACUtt-3'

5'-TGCGTGACATTAAGGAGAAG-3'
5'-GTCAGGCAGCTCGTAGCTCT-3'

5'-CAAGGTCATCCATGACAACTTTG-3'
5'-GGCCATCCACAGTCTTCTGG-3'

5'-GGCGGAGGAGAACAAACAGA-3'
5'-TGTGAGGCGGTAGTAGGACA-3'

5'-TGCACTTTGACACCCTGCT-3'
5'-CAGCGTTCCTCTTTTCTGTGT-3'

5'-ATCAGAAGGACTGCTCGCTG-3'
5'-ATGGCAGCACCTCTTCACAA-3'

5'-TGATGATGAGAGGTCTAATCCCAGAGTG-3'
5'-TTTTGCGGCCGCTCAGTGGACAGGAAACGCACCA-3'

5'-ACTCTCAGGGTCGAAAACGG-3'
5'-GATGTAGAGCGGGCCTTTGA-3'

5'-CACCCTGGAAGCCATGAGAG-3’
5'-TGGCGGAGTGGATGTACTTG-3’

5'-TAGGGCTGCTAACTGCAAATGG-3’
5'-CCGGTGTCTACTTCATACACATCC-3'

5'-ATCCGCAAGCATGCTCAGAC-3’
5'-GCTCAGTCAGGGCATCACAA-3'

5'-GCCCAGAACCTCCACAACAG-3'
5'-GGTGCACTCTTGATCACTGG-3'

5'-AAGAGATCAGCGCCTGAGAAG-3'
5'-TGGGCTCTAAATTGGCTCACC-3'

5'-GGAGGAAGAAGAGGGGCAGT-3'
5'-CCCTCTGGGTCTGACCACT-3'

5'-AGTTATTGCCACTGCTACGGT-3'
5'-AGCAGCAGCAATCAATCTTGT-3

5'-AGTTCCAGTTCAACCCACCAA-3'
5'-TTGCAGAGCAAGGCATCAGA-3’

5'-ACCTGGAAGGTGGCTTCAGT-3'
5'-GCACTATTGGGGTCTCGGTC-3'

5'-ATGCCCAAGAAGAAGCCGAC-3'
5'-GCTCTAGCTCCTCCAGCTTC-3'

analysis of PTPN11 expression

RNA oligonucleotides with two
deoxyribonucleotides at the 3'-
end to obtain siRNA

RNA-oligonucleotides with two
deoxyribonucleotides at the 3'-
end used to obtain scRNA
analysis of B-actin expression
analysis of GAPDH expression
analysis of CCND1 expression
analysis of PAPSS2 expression
analysis of FBLN1 expression
BRAF(V600E) C-end cloning
analysis of p21 expression
analysis of MAPK3 (ERKI)
expression

analysis of CCNA I expression
analysis of CCND_2 expression
analysis of CCNG2 expression
analysis of CDKN IC expression
analysis of Notch4 expression
analysis of CCNC expression
analysis of CCNB2 expression

analysis of DUSP6 expression

analysis of Mek I expression
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Table (Contd.)

3

1 2
P15-F 5'-GGGAAAGAAGGGAAGAGTGTCGTT-3'
P15-R 5'-GCATGCCCTTGTTCTCCTCG-3'
P16-F 5'-GGGGGCACCAGAGGCAGT-3'
P16-R 5'-GGTTGTGGCGGGGGCAGTT-3'
IGFBP7-F 5'-GGCATGGAGTGCGTGAAGAG-3'
IGFBP7-R 5'-CTTGCTGACCTGGGTGATGG-3'
LeGO-BRAF-F 5'-TTCACCGCAGTGCATCAGAA-3'
LeGO-BRAF-R 5'-AAACGCACACCGGCCTTATT-3'
IL8-F 5'-ACCACCGGAAGGAACCATCT-3'
IL8-R 5'-GAATTCTCAGCCCTCTTCAA-3’
VEGFA-F 5'-CTTGCCTTGCTGCTCTACCT-3'
VEGFA-R 5'-GCAGTAGCTGCGCTGATAGA-3'
RBI-F 5'-GGACCGAGAAGGACCAACTG-3'
RBI-R 5'-CTTCTGGGTCTGGAAGGCTG-3'
IL6-F 5'-CATCCTCGACGGCATCTCA-3'
IL6-R 5'-CAGGCAAGTCTCCTCATTGAA-3'

analysis of p 15 expression
analysis of p 16 expression
analysis of /IGFBP7 expression
analysis of expression of lentiviral
vector bearing BRAF V60OE gene
analysis of /L& expression
analysis of VEGFA expression

analysis of RB1 expression

analysis of IL6 expression

vector and iPuro2-BRAF V600E carrying the human
BRAF gene with the driver oncogenic mutation V600E,
respectively. Viral particles were obtained as described by
Prokofjeva et al. [29]. Transduced cells were selected on a
puromycin-containing medium (final puromycin con-
centration, 1 pg/ml) for 7 days. Modification of the cell
transcriptional program after insertion of the target genes
was additionally confirmed by qPCR with the CCNDI
F/R, PAPSS2 F/R, and FBLN1 F/R primers (table) and
by analysis of the expression profile.

PTPNI11 knockdown and selective BRAF V600E inhi-
bition. BRAF V600E was suppressed using selective
inhibitor vemurafenib (PLX4032; Selleck, USA) at the
concentration of 1 uM. The PTPN11 gene was knocked
down in Nthy-ori 3.1 and Nthy-ori 3.1/BRAF V600E
cells using the corresponding siRNAs and RNAIMAX
transfection reagent (Thermo Fisher Scientific, USA)
according to the manufacturer’s recommendations. For
the combined effect, siRNAs were added 72 h after incu-
bation with vemurafenib. As a control of PTPN11 knock-
down, we used scrambled RNA (scRNA) as described
before [30] [see Table S1 in the Supplement to this paper
on the web sites of Biochemistry (Moscow) (http://
protein.bio.msu.ru/biokhimiya) and Springer Publishing
(https://link.springer.com/journal/10541)].

RNA isolation, cDNA synthesis, and qPCR. Total
RNA was isolated from Nthy-ori 3-1 and Nthy-ori 3-1/
BRAF V600E cells using Trizol reagent (Invitrogen,
USA) according to manufacturer’s recommendations.
Reverse transcription reaction was carried out using of
2 ug total RNA and MMLYV RT Kit (Evrogen, Russia).
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gPCR was performed according to Schwartz et al. [31].
Primer sequences are shown in the table.

Western blotting. Western blotting was performed
according to Afanasyeva et al. [32]. Cell lysates were
mixed with 4x Laemmli buffer at a 3 to 1 ratio, incubated
for 5 min at 95°C, and loaded on 10% polyacrylamide gel
(30 pg protein per well). Analysis of Erk1/2 phosphoryla-
tion was carried out using phospho-p44/42 MAPK
(Erk1/2) (Thr202/Tyr204) antibodies (dilution 1 : 2000;
Cell Signaling, USA) followed by incubation with sec-
ondary goat anti-rabbit IgG horseradish peroxidase-con-
jugated antibodies (1 : 30,000 dilution; Thermo
Scientific, USA). The total amount of Erk1/2 was deter-
mined with anti-p44/42 MAPK (Erkl/2) antibodies
(dilution, 1 :2000; Cell Signaling) followed by incubation
with secondary goat anti-mouse IgG horseradish peroxi-
dase-conjugated antibodies (dilution, 1 : 30,000; Thermo
Scientific).

Cell transcriptome analysis. Total RNA was isolated
from Nthy-ori 3-1 and Nthy-ori 3-1/BRAF V600E cells
as described above. Next, mRNA was purified from
400 ng of total RNA using NebNext PolyA mRNA
Isolation Module (New England Biolabs, UK) fragment-
ed (14 min, 94°C) in the presence of random primers and
used as a template in the reverse transcription reaction.
The resulting cDNA was isolated using AMPure XP para-
magnetic beads (Beckman Coulter, USA) and ligated
with adaptors. This was followed by the introduction of
barcodes, amplification, and another round of purifica-
tion on paramagnetic beads. All reactions were performed
using NEBNext Ultra II Directional RNA Library prepa-
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ration kit for Illumina (New England Biolabs). Library
quantification was performed with a Qubit 3.0 fluorome-
ter (Invitrogen); library quality was assessed with a
Bioanalyser 2100 (Agilent Technologies, USA). Prior to
sequencing, library quantification was validated by gPCR
with 2.5x EVA Green reaction mix for gPCR (Syntol,
Russia) and adaptor primers from Illumina (Evrogen).
Based on the effective concentration, the library was
diluted to 2 nM and pooled in accordance with expected
depth of sequencing. Sequencing was carried out on the
Illumina HiSeq 2500 platform (Illumina, Germany) in
the 57-bp single-end read mode using HiSeq SR Cluster
Kit v4 cBot and HiSeq SBS V4 50-Cycle Kit (Illumina).
Raw data are available from the SRA database
(ncbi.nlm.nih.gov/sra/; project no. PRINAS529086).
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Illumina sequencing data were processed with the
Trimmomatic software for read trimming [33], STAR
software for read mapping to the human reference
sequence (release GRCh38) [34], and FeatureCounts
algorithm for read counting [35]. The calculations were
carried out at the Common Use Genome Center
(http://www.eimb.ru/rus/ckp/ccu_genome c.php). The
number of reads in each sample was normalized using the
DESeq2 algorithm [36]. The correlation coefficient was
defined as the linear Pearson’s correlation coefficient
(r-Pearson’s). Genes whose expression changed 2-fold or
more were used for analyzing differential expression.
Functional enrichment for differentially expressed genes
was calculated using the web-based portal Metascape
[37].

PAPSS2
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Fig. 1. a) Expression of lentiviral mRNA carrying BRAF V600E normalized to the GAPDH expression level (y-axis) in parenteral Nthy-ori-
3.1 cell line and Nthy-ori-3.1/BRAF V600E cells. b) Expression of CCND1, PAPSS2, and FBLN genes in normal thyroid tissue and thyroid
tumor bearing the BRAF V600E mutation based on transcriptome analysis (GEO dataset ID, GSE27155 [37]). Expression levels (y-axis) are
normalized to the mean values of the expression levels of the same genes in normal thyroid tissue. c) Expression of CCNDI, PAPSS2, and
FBLNI in nontransformed Nthy-ori-3.1 cells and Nthy-ori-3.1/BRAF V600E cells overexpressing BRAF V600E (y-axis) normalized to the
GAPDH expression level and expression of mRNAs for the same genes in nontransformed Nthy-ori-3.1 cells. d) Western blot analysis of Erk1,/2
(p44/42 MAPK) phosphorylation. Right panel, phosphorylated Erk1/2; left panel, total Erkl/2. Loading control is shown on both panels
(membrane staining with Ponceau S dye). Relative increase in the total and phosphorylated Erk1/2 in BRAF V600E-bearing cells vs. parental
Nthy-ori-3.1 cells is shown. All data (a-d) are shown as means = SEM from three independent repeats; *, significant difference between the

compared groups (p-value < 0.05 according to the Student’s #-test).

BIOCHEMISTRY (Moscow) Vol. 85 No. 1 2020



SHP-2 CONTROLS CELL DIVISION AND SENESCENCE

RESULTS

Expression of BRAF V600E in Nthy-ori 3-1 cells acti-
vates intracellular RAS/RAF/MEK/ERK signaling. The
effects of phosphatase SHP-2 on the transcriptional pro-
gram in thyroid cells carrying the oncogenic BRAF
V600E mutation were investigated using the cell line sta-
bly expressing BRAF V600E that was derived from the
human follicular epithelial cell line Nthy-ori 3-1 by
transduction with the lentiviral vector LeGO iPuro2-
BRAF V600E (see “Materials and Methods”). Expression
of the lentiviral mRNA for BRAF V600E was confirmed
by RT-qPCR (Fig. 1a).

The Nthy-ori/BRAF V600E cell line was analyzed
for the expression of cyclin D1 (CCND1), a key effector in
the MAPK and PI3K-AKT signaling pathways [38-40],
because cyclin D1 expression is known to be activated in
BRAF V600E-bearing tumors. We also assessed expres-
sion of 3’'-phosphoadenosine 5'-phosphosulfate synthase
2 (PAPSS2) and fibulin 1 (FBLN1) that were shown to be
profoundly downregulated in BRAF V600E-positive thy-
roid tumors (according to publicly available transcrip-
tome profiling data [39]) (Fig. 1b). It was found that
expression of mutant BRAF V600E resulted in modest
upregulation of CCND1 expression (~2.0 to 2.5-fold com-
pared to nontransformed cells) and significant downreg-
ulation of the of PAPSS2 and FBLN1 expression (Fig. 1¢).
In addition, we determined the amounts of Erkl/2
(p44/42 MAPK) [41] and its phosphorylated form pErk
(a key component in the MAPK cascade) in Nthy-ori 3-1
and Nthy-ori 3-1/BRAF V600E cells and found that the
BRAF V600E-bearing cells contained elevated amounts
of pErk (Fig. 1d).

The results of transcriptome analysis of Nthy-ori 3-1
and Nthy-ori 3-1/BRAF V600E cells were compared
with similar data published earlier [42]. The correlation
coefficient for the earlier published data and the results
we received for the Nthy-ori/BRAF V600E cell line was
0.76, demonstrating a relatively high similarity between
the data.

Therefore, the Nthy-ori/BRAF V600E cell line sta-
bly expressing BRAF V600E displayed all features of the
oncogene-mediated changes in the cell transcriptional
program.

Downregulation of PTPN11 suppresses expression of
genes involved in OIS and activation of MAPK and PI3K-
AKT pathways in cells expressing BRAF V600E. In order
to compare the effects of BRAF V600E selective inhibitor
vemurafenib alone or in combination with PTPN11 sup-
pression on gene expression in thyroid epithelial cells car-
rying the BRAF V600E mutation, the PTPN1 gene was
knocked down in Nthy-ori 3-1 and Nthy-ori 3-1/BRAF
V600E cells using siRNAs. We measured the efficiency of
PTPN 11 suppression by RT-qPCR and found that SHP-2
expression was strongly downregulated in both cell lines
(Fig. 2).
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To investigate the role of SHP-2 in the modulation
of cell response to vemurafenib, we analyzed cell tran-
scriptome in the cells with normal and suppressed
PTPN11 expression with and without vemurafenib treat-
ment (see Table S1 in Supplement) to identify the groups
of genes whose expression was most affected by the
experimental conditions. In particular, significant
changes in the mRNA levels of BRAF V600E-expressing
cells treated by vemurafenib were described for genes
which can be classified into the following groups: “extra-
cellular matrix” (group 1 and 3), “calcium-ion-induced
cell response” (group 4) and “phase I xenobiotic
response” (group 5) (Fig. Sla in Supplement).
Downregulation of PTPNI1 expression resulted in
altered expression of genes associated with “chronic
inflammatory response” (group 2), “corticosteroid-
induce cell response” (group 3), and “positive regulation
of IL-8 secretion” (group 4) (Fig. S1b in Supplement).
Unfortunately, the decrease in the PTPNI1] expression
after combined use of vemurafenib and PTPN11 siRNA
was insufficient for assessing their full impact on the cell
transcriptome. In that regard, based on the results
obtained from other samples, we selected a set of genes
involved in cell growth, survival, and sensitivity to
chemotherapy for further analysis. First of all, we
noticed a marked influence of PTPNI1 downregulation
on the levels of IL-8 and some other pro-inflammatory
and growth factors. Changes in the mRNA levels for
these genes are typical for cells undergoing OIS [43].
Moreover, PTPN11 downregulation resulted in altered

*
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1.0 1
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0.8 - m+vem

.
i
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WT + scRNA WT + siRNA  BRAF V60OE + BRAF V600E +
scRNA siRNA

Fig. 2. PTPNII knockdown with siRNAs in nontransformed
Nthy-ori 3-1 (WT) and Nthy-ori 3-1/BRAF V600E cells (BRAF
V600E) without (—vem) and after vemurafenib treatment
(+vem). The cells were transfected with siRNA (SI) or scRNA
(SC). PTPN11 expression was normalized to the GAPDH expres-
sion (y-axis). The data are shown as mean = SEM from two inde-
pendent repeats; *, significant difference with the cells transfect-
ed with scRNA (p-value < 0.05 according to the Student’s 7-test).
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Fig. 3. Relative expression of genes involved in the regulation of cell proliferation and survival after siRNA-mediated PTPN11 knockdown
and/or selective BRAF V600E inhibition with vemurafenib. WT, Nthy-ori 3-1 cells; BRAF V600E, Nthy-ori 3-1/BRAF V600E cells; +vem,
vemurafenib treatment; SI, cells transfected anti-PTPN11 siRNA; SC, cells transfected with sScRNA. Gene expression (y-axis) was normal-
ized to expression; * significant difference with cells transfected with sScRNA (p-value < 0.05 according to the Student’s #-test).

expression of some key factors linked to OIS develop-
ment (IL-8, p15, p16, p21 and IGFBP7). For instance,
factor p21 causes cell cycle arrest at the G1 and G2 phas-
es via inhibiting cyclin-dependent kinase 1A [41, 42].
Factor p16 exhibits its effects via pRb signaling pathway

by suppressing activity of cyclin-dependent kinases,
resulting in the cell cycle arrest at the G1 phase [44],
whereas factor pl15 acts via the TGF-3 pathway and tar-
gets cyclin-dependent kinases CDK4 and CDK6 [45].
IGFBP7 plays a pivotal role in the inhibition of BRAF-
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MEK-ERK pathway and OIS induction in nevus cells
bearing the BRAF V600E mutation [46].

Therefore, transcriptome analysis allowed us to find
changes in the expression of these and other genes direct-
ly involved in the regulation of cell proliferation and sur-
vival. For some of these genes, altered expression was ver-
ified by RT-qPCR (Fig. 3).

Expression of several genes involved in the OIS
development (p15, p16, p21, and IGFBP7) was upregulat-
ed in Nthy-ori 3-1/BRAF V600E cells compared to the
parental Nthy-ori 3-1 cells (Fig. 3). Besides, expression
of the BRAF V600E resulted in the upregulation of
mRNAs for IL-6, IL-8, and VEGFA, whose secretion is
activated in cells during OIS [43] (Fig. S2 in
Supplement). These data confirm our hypothesis that
expression of these genes was activated by the presence of
the BRAF V600E. We also demonstrated that PTPNI11
knockdown significantly decreased expression of OIS
regulators (RB1, p15, p16, p21, and IGFBP7) and genes of
senescence-associated secretory phenotype (IL6, ILS,
and VEGFA), lowering their expression in Nthy-ori 3-1/
BRAF V600E cells to the level observed in the parental
cell line (Fig. 3 and Supplementary Fig. S2). Hence, we
suggest that tyrosine phosphatase SHP-2 functions as a
pivotal component in the OIS regulation. Interestingly,
treatment by vemurafenib in itself upregulates expression
of p15 and p16 genes even in the BRAF V600E-free cells,
but this effect was also abolished by the PTPN11 knock-
down (Fig. 3).

We also showed that introduction of the BRAF
V600E mutation upregulated expression of genes
involved in the activation of MAPK and PI3K-AKT sig-
naling in tumors with aggressive phenotype, such as
Notch4 [44], MAPK3 (ERKI), MEKI, and multiple
cyclin family members (genes CCNB2, CCNC, and
CCNAI). Expression of DUSP6 as a negative regulator of
BRAF overexpression was upregulated as well [45, 46]. It
should be noted that for the aforementioned genes
(Notch4, CCNA1, DUSP6, etc.), vemurafenib was often
able to augment the effect caused by the introduction of
BRAF V600E that was then abrogated by the PTPNI1
suppression. It was shown earlier that Notch4 and CCNA1
participate in the development of drug resistance in
breast [47] and ovarian [48] cancers. Moreover, upregu-
lated expression of CCNAI is associated with the
increased rate of acute lymphoblastic leukemia develop-
ment in the mouse model of this disease [49], whereas
high levels of CCNB2 and CCNC expression may be
observed in various growing tumors in colorectal adeno-
carcinoma, breast cancer [50], and pituitary adenoma
[51]. On the contrary, downregulation of PTPNII
expression attenuates the influence of BRAF V600E on
the expression of cyclin genes CCNAI, CCNB2, and
CCNC and Notch4 gene, thereby pointing at the ambigu-
ous role of SHP-2 in the development of tumors with the
BRAF V600E mutation.
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DISCUSSION

Impairments in the RAS/RAF/MEK/ERK signal-
ing have been described in various human tumors. The
control of MAPK signaling is based on the negative feed-
back mechanism involving proteins participating in the
cascade. In normal functioning, the components of
MAPK cascade are activated sequentially; however, the
emergence of constitutively activated elements (e.g.,
BRAF V600E) or inhibition of some cascade steps might
result in signaling blockade or activation, respectively, by
the feedback mechanism. We believe that SHP-2 can
play an important role in such regulation, on one hand,
by reactivating cell proliferation in the case of suppres-
sion of some effector molecules and, on the other hand,
by suppressing proliferation of cells constitutively
expressing active cascade components. Thus, it was
shown that the monotherapy aimed at inhibiting a single
component of the MAPK cascade (e.g., MEK or RAF)
results in the upregulated expression of receptor tyrosine
kinases followed by the emergence of the adaptive resist-
ance to the inhibitor in diverse tumor types [52-55].
However, combined use of inhibitors targeting SHP-2
and ALK or MEK efficiently suppressed the growth of
cancer cells with altered ALK [56] and RAS [57] regula-
tion. Our data on the SHP-2 role in the regulation of
transcription of genes (Notch4, CCNAI) involved in the
activation of tumor growth in response to the BRAF
V600E expression after vemurafenib treatment also point
at the SHP-2 participation in the restoration of cell pro-
liferation in response to the inhibition of the
RAS/RAF/MEK/ERK signaling. On the other hand,
the same data indicate that SHP-2 plays an important
role in the activation of transcription of p15, pl6, p21,
RBI, and IGFBP7 genes involved in the OIS induced by
BRAF V600E expression. Vemurafenib may double the
inhibitory effect of PTPN 11 downregulation for the p15
and IGFBP7 genes.

In conclusion, we believe that phosphatase SHP-2 is
important in the regulation of the MAPK cascade both as
a component that transmits the signal from EGFR,
HER2, and other proteins and as a factor involved in the
negative feedback regulation in the case of cascade distur-
bance. This may explain the dual effect exhibited by
SHP-2 on oncogenesis, which might depend on the pres-
ence/absence of mutant components of the MAPK cas-
cade and OIS, as well as the type of therapeutic interven-
tion. Our data point at potential ambiguous consequences
of SHP-2 suppression in cells constitutively expressing
effector molecules of the RAS/RAF/MEK/ERK cas-
cade. On one hand, inhibition of this phosphatase may
prevent reactivation of cell proliferation after exposure to
inhibitors targeting some components of this signaling
pathway; on the other hand, SHP-2 suppression may
result in the activation of cell proliferation due to
impaired OIS.
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