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Abstract Signal transduction pathways control various

biological processes in cells leading to distinct cellular

functions. Protein–protein interactions and post-transla-

tional modifications are the physiological events that occur

in signaling pathway. p38 MAPK are known to be involved

in regulating wide range of cellular processes by interact-

ing and activating relevant signaling molecules by means

of phosphorylation. Deregulation of p38 MAPK is associ-

ated with various pathological conditions. In order to get an

insight into the role played by p38 MAPK in cellular sig-

naling, studies were carried out to identify proteins that

interact with p38 MAPK. Mass spectrometry was used to

identify the proteins present in p38 MAPK complex

obtained by co-immunoprecipitation. Based on mass

spectrometry data, here we report insulin-like growth fac-

tor-II binding protein 1 (IGF2BP1) as a novel interacting

partner of p38 MAPK. IGF2BP1 is a RNA-binding protein

predominantly known to be involved in tumor progression.

To reconfirm the mass spectrometry data, in silico analysis

was carried out. Based on different models predicted in

silico, we report the possible interaction domains of

p38MAPK and IGF2BP1. Considering the involvement of

p38MAPK and IGF2BP1 in cancer, our study opens up the

possibility of p38MAPK regulating IGF2BP1 function, and

the possibility of targeting this novel interaction for

developing cancer-treating drugs is discussed.
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Introduction

In response to extracellular stimulus, various signaling

cascades mediate changes in gene expression that are

regulated at different levels including, post-transcriptional

level. The post-transcriptional regulation involves various

processes such as RNA export, stability, localization, and

rate of translation which are mediated by proteins collec-

tively known as RNA-binding proteins [1]. The involve-

ment of RNA-binding proteins in cancer progression and

metastasis has been extensively studied [2]. Among the

various RNA-binding proteins, insulin-like growth factor-II

binding proteins (IGF2BP) have been known to be largely

involved in tumor progression.

The IGF2BP belongs to a group of conserved RNA-

binding proteins that are known to regulate stability of

RNA at post-transcriptional level. They are assigned

numerous synonyms such as the IMP, VICKZ, ZBP KOC

based on their diverse biological roles identified indepen-

dently by different research groups [3–5]. IGF2BP1 is an

oncofetal protein that is predominantly expressed in the

embryonic tissues and cancer cells [6]. In the recent past,

an upregulated expression of IGF2BP1 has been observed

in various cancers including lung, ovarian, colon, brain,

breast, and skin [7–9]. This protein stabilizes the c-Myc

mRNA, preventing its degradation by binding to a specific

sequence known as the coding region determinant (CRD)

and thereby increasing c-Myc protein levels leading to cell

proliferation, one of the hallmarks of cancer [10]. They are

also known to regulate the translation of IGFII mRNA by

binding to its 50 UTR, another factor for increasing cell

proliferation [11]. As proposed by Bell et al., these proteins

are termed as the ‘‘post transcriptional drivers of tumor

progression’’ owing to their role in cancer metastasis. They

are also known to positively regulate the expression of
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various oncogenic factors such as KRAS and c-MYC

which has a role in proliferation and MDR1 which plays a

role in drug resistance of tumor cells [12]. IGF2BP1 is also

known to have a role in signal transduction pathways such

as PI3K, mTOR, and the MAPKs via protein–protein

interactions [11, 13, 14]. Apart from cell proliferation,

IGF2BP1 is also known to regulate tumor cell migration

through MK5 and PTEN signaling [15].

MAPKs are central signaling molecules which convey

upstream signals from the cell membrane to the nucleus.

MAPKs mediate a wide range of cellular processes

including cell proliferation, differentiation, and death, of

which p38 MAPKs are mainly involved in mediating var-

ious signals such as UV radiation, osmotic shock, and

inflammatory cytokines. Upon receiving signals from

upstream kinases, they interact with specific proteins and

activate them by means of phosphorylation. The down-

stream proteins are usually transcription factors that mod-

ulate the gene expression resulting in physiological

changes in the cells to respond for the signal. All known

MAPK-interacting proteins use ‘D’ domain � R=K

� �
1�2

�

� Xð Þ2�6�/� X � /�Þ to interact with MAPKs and the

interacting proteins are phosphorylated by MAPKs at

proline-directed serine/threonine residues [16]. Deregula-

tion of p38 MAPK signaling is known to result in various

pathological conditions like cancer, Alzheimer’s, cardio-

vascular dysfunction, and chronic inflammatory diseases

[17]. RNA-binding proteins are known to be regulated

through p38 MAPK signaling. Tristetraprolin (TTP), a

RNA-binding protein known for binding to several cyto-

kine mRNAs such as TNF-a is regulated by p38 MAPK

[18]. In an effort to understand the proteins that are regu-

lated by p38 MAPK, interacting proteins of p38 MAPK

were immunoprecipitated and identified by mass spectro-

metric analysis. To our knowledge this is the first study to

report IFG2BP1 as a novel interacting protein of p38

MAPK. Unlike other p38 MAPK substrates, IGF2BP1,

being an oncofetal protein, and expressed only in cancer

cells would be a potential target to develop novel drugs to

treat cancer with fewer side effects.

Materials and methods

Cell culture and transfection

HeLa, human cervical cancer cells were maintained in

Dulbecco’s Modified Eagle’s Medium (DMEM) supple-

mented with 10% fetal bovine serum. The cells were

incubated at 37 �C in a humidified atmosphere with 5%

CO2. A day prior to transfection, the cells were seeded in

100 mm dishes at a density of 1.5–2 9 106 cells. The cells

were transfected with 5 lg of plasmid encoding Flag-tag-

ged p38 MAPK using Lipofectamine 2000 (Life tech-

nologies) as per the manufacturer’s protocol and the cells

transfected with empty vector served as control.

Co-immunoprecipitation and western blot

After 24 h of transfection, the cells were lysed with Triton-

X Lysis buffer (50 mM Tris pH-7.4, 137 mM NaCl, 20%

Glycerol, 1% Triton-X, and complete protease inhibitor

cocktail with 1 mM PMSF). An aliquot of the lysates was

tested for its expression of Flag-p38MAPK by western blot

using the antibodies, anti-Flag and anti-p38 (Cell Signal-

ing). Equal quantities of lysates were incubated with FLAG

M2 beads (Sigma) with gentle rocking at 4 �C for 4 h to

immunoprecipitate FLAG-p38 along with its interacting

proteins. FLAG M2 beads incubated with whole cell

lysates of vector-transfected cells served as control. At the

end of incubation period, the beads were washed thrice

with Triton-X lysis buffer. The washed bead pellet con-

taining the immune complex was resuspended in SDS

loading buffer and heated at 95 �C for 5 min. The samples

were then resolved on a 10% SDS Polyacrylamide gel and

silver stained.

Mass spectrometry

The silver-stained bands were excised into 1 mm2 pieces.

The proteins in the pieces were destained, reduced (DTT),

alkylated (iodoacetamide), and subjected to tryptic diges-

tion overnight at 37 �C. After digestion, the supernatant

was subjected to LC–MS/MS analysis. The data obtained

were processed using protein Discoverer (version 2.1.,

Thermo Fisher). All the MS/MS data were converted to

mgf files and the files were then submitted to Mascot

search algorithm (Matrix science, London, UK) and sear-

ched against the UniProt human database.

Preparation of molecules and molecular docking

The X-ray crystal structure of p38 MAPK (MAPK14) and

IGF2BP1 were retrieved from the Protein Data Bank

(PDB). The PDB IDs of MAPK 14 obtained was 1A9U

[19] and that of IGF2BP1 was 3KRM [20]. The retrieved

protein structures were checked for the presence of ANI-

SOU groups and hetero atoms and were excluded from the

study. Further, both the protein structures were energy

minimized using SWISS PdbViewer [21]. A molecular

docking analysis was carried out using pyDock server [22]

that predicts the docking based on interaction restraints.

Based on the number of D-domains present in IGF2BP1,

interaction restraints were prepared separately for each

domain. Except for the interaction residue information, all
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the other parameters were set to default parameters to have

better comparative analysis. For each interaction restraint,

ten best-docked poses were obtained. Based on the RMSD,

Electrostatic potential, hydrogen bond interactions, desol-

vation energy, the docked poses were refined to understand

the accurate interaction pattern between the two proteins.

The protein complex with least RMSD, electrostatic, and

better desolvation energy was taken for further analysis.

The protein complex was visualized using PyMOL, and the

interacting residues of the two proteins were visualized

using LigPlot Plus software [23].

Results

Identification of p38 MAPK-interacting proteins

The whole cell lysates from vector (control) and Flag-p38

MAPK-transfected cells were extracted, and the expression

of Flag-p38 MAPK was tested by western blot analysis.

With FLAG antibody, a single band of 38 kDa was

obtained only in lysates of Flag-p38 MAPK-transfected

cells and not in control cells (Fig. 1a upper panel). With the

same samples, western blot with p38 antibody revealed a

light band corresponding to endogenous p38 MAPK and a

strong band corresponding to overexpressed FLAG-p38

MAPK (Fig. 1a lower panel). Western blot analysis was

carried out using an aliquot of co-immunoprecipitated

samples to confirm (a) immunoprecipitation of Flag-

p38MAPK and (b) presence of a well-known p38 MAPK-

interacting protein, ATF2, in the immune complex. A

single band corresponding to Flag-p38 MAPK (Fig. 1b

upper panel) and ATF2 (Fig. 1b lower panel) was obtained

only in Flag-p38 MAPK-transfected samples and not in

vector-transfected samples. After confirming the presence

of ATF2 in the immune complex obtained from FLAG-p38

MAPK samples, large quantities of the samples were

separated on a 10% SDS-PAGE along with control

immunoprecipitated samples, and the gel was silver

stained.

Mass spectrometric analysis

The silver-stained gel was excised into pieces and sub-

jected to trypsin digestion followed by LC–MS/MS anal-

ysis. The mass spectrometry results were analyzed on

scaffold software. Proteins that are present only in immune

complex obtained from Flag-p38 MAPK-transfected cells

were considered for further analysis. Also proteins in

which minimum of four unique peptides detected in mass

spectrometry were considered. IGF2BP1 was considered as

a novel p38 MAPK-interacting protein due to (a) the

presence of 19 peptides unique to IGF2BP1, (b) the pres-

ence of four D-domain, the consensus sequence of MAPK-

interacting proteins, and (c) the presence of proline-di-

rected serine/threonine residues (proline directed four

threonine residues and one serine residue) (Fig. 2a). The

peptides of IGF2BP1 were detected only in the Flag-p38

MAPK-transfected extracts and were absent in the vector-

transfected extracts (Fig. 2b).

In silico analysis

The in silico interaction between p38 MAPK (MAPK 14)

and IGF2BP1 was analyzed using molecular docking. The

docking was performed using pyDock server which utilizes

interaction restraints to perform rigid docking. Since there

were four D-domains present in the receptor protein

(IGF2BP1), four different docking analyses were per-

formed to obtain the best-docked complex. Each docking

analysis produced ten docked complexes, and the complex

with least RMSD, electrostatic potential, and better desol-

vation energy was taken for further analysis (Tables 1, 2, 3,

4). Primarily, the docked poses with high binding energy

and an RMSD value more than 1.0 Å were excluded from

the study. While comparing the energy values obtained

from the docking analysis of the four D-domains, we

observed least energies to be found with D-Domain 2

(Lys190, Gln191, Gln192, Gln193, Val194, Asp195,

Ile196, Pro197, Leu198) (Table 2), thereby interpreting

that, there could be least binding affinity of this domain

with MAPK14 protein. We selected the top scores of each

docked complex and a comparison between the four

complexes was made (Table 5). Consequently, we obtained

four docked complexes for each docking. When analyzing

the best-docked complex, we observed that, IGF2BP1

protein interacted with MAPK14 with Arg433, Phe434,

Ala435, Ser436, and Ser437 of the D-domain. Apart from

this, there were also other interacting residues of IGF2BP1

and MAPK14 which have been tabulated in Table 6.

Fig. 1 Analysis of immunoprecipitated samples for presence of

ATF2. a Western blot analysis was carried out with whole cell lysates

obtained from vector and Flag-p38 MAPK-transfected cells. b Sam-

ples that were immunoprecipitated from these whole cell lysates were

analyzed by Western blot. Bands corresponding to Flag-p38 MAPK

and ATF-2 were present only in the whole cell lysate from Flag-p38

MAPK-transfected cells and absent in whole cell lysate from vector-

transfected samples
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Although interacting residues are important, more critical

are the various interactions such as van der Waal’s forces,

electrostatic interactions. This docked conformation was

then subjected to other interaction analysis such as van der

Waals and electrostatic potentials as these are a few

important interaction [24, 25]. We observed that, Ser436 of

Fig. 2 a Scaffold image of amino acid sequence of IGF2BP1, peptide

sequences detected by mass spectrometric analysis are highlighted in

yellow. The D-motif sequences are highlighted in gray and the

proline-directed serine/threonine residues in black. b Scaffold anal-

ysis of mass spectra, Bar graph Quantity of IGF2BP1 specific

peptides spectra were normalized to total spectra. There were no

detectable IGF2BP1-related peptides in vector and a value of 17.5

was obtained in F-p38 samples. Venn diagram indicating the presence

of 19 peptides corresponding to IGF2BP1 in only FLAG-p38 MAPK

samples and not in vector samples. F-p38/FLAG-p38MAPK Immune

complex precipitated from whole cell lysate of Flag-p38 expression

vector-transfected cells. Vector immune complex from whole cell

lysate of empty vector-transfected cells. (Color figure online)

Table 1 Docking predictions of the top 10 models with D-Domain-1 (Lys77, Gln78, Arg79, Ser80, Arg81, Lys82, Ile83, Gln84, Ile85)

Rank of docked

pose

RMSD value

(Å)

Binding

energy(kcal/mol)

Electrostatic force

(kcal/mol)

Van der Waals forces

(kcal/mol)

Desolvation

energy

1 0.87 -22.951 -37.343 42.891 -7.475

2 0.88 -38.854 -43.724 22.334 -1.983

3 0.74 -16.748 -52.06 21.784 9.572

4 0.72 -38.473 -55.21 -4.938 15.461

5 0.82 -50.886 -50.32 37.278 6.362

6 0.347 -32.744 -39.369 8.739 -1.663

7 0.443 -38.193 -46.33 -34.855 9.681

8 0.576 -26.362 -24.602 24.203 -17.904

9 0.882 -40.581 -26.678 36.939 -17.094

10 0.345 -24.116 -48.038 55.078 2.473
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IGF2BP1 protein showed strong interactions with Ser326,

Asp324, and Arg330 of the p38 MAPK (MAPK14) through

one hydrogen bond with each amino acid. In addition, Lys

465 of IGF2BP1 protein formed hydrogen bond with

Asp324 and Ala 435 of IGF2BP1 and Arg320 of p38

MAPK (Fig. 3). Electrostatic interactions play a crucial

Table 2 Docking predictions of the top 10 models with D-Domain-2 (Lys190, Gln191, Gln192, Gln193, Val194, Asp195, Ile196, Pro197,

Leu198)

Rank of docked

pose

RMSD value

(Å)

Binding energy

(kcal/mol)

Electrostatic force

(kcal/mol)

Van der Waals forces

(kcal/mol)

Desolvation

energy

1 0.889 -28.695 -33.031 50.583 -11.897

2 0.873 -36.69 -47.424 -3.656 8.194

3 0.73 -27.336 -54.352 36.228 11.191

4 0.82 -33.726 -32.557 21.643 -9.037

5 1.201 -38.921 -32.227 56.853 -12.832

6 0.76 -36.357 -23.516 20.043 -17.858

7 0.78 -40.243 -54.058 -2.422 14.997

8 0.99 -34.625 -25.241 68.051 -20.804

9 0.87 -39.539 -29.266 50.296 -14.988

10 0.82 -31.276 -46.492 -23.999 9.737

Table 3 Docking predictions of the top 10 models with D-Domain-3 (Arg433, Phe434, Ala435, Ser436, Ala437, Ser438, Ile439, Lys440,

Ile441)

Rank of docked

pose

RMSD value

(Å)

Binding

energy

Electrostatic force

(kcal/mol)

Van der Waals forces

(kcal/mol)

Desolvation

energy

1 0.73 -56.445 -67.248 4.621 30.823

2 0.77 -38.676 -66.612 8.686 27.067

3 0.79 -37.848 -64.803 18.4 25.116

4 0.72 -52.156 -62.799 31.935 7.449

5 0.74 -27.434 -62.601 -4.356 35.603

6 0.738 -26.986 -62.219 -3.834 35.617

7 0.829 -35.963 -60.447 61.595 -2.157

8 0.81 -37.248 -60.045 24.151 20.382

9 0.833 -28.935 -59.57 51.16 25.52

10 0.71 -28.734 -59.282 9.588 29.59

Table 4 Docking predictions of the top 10 models with D-Domain-4 (Lys450, Val451, Arg452, Met453, Val454, Ile455, Ile456)

Rank of docked

pose

RMSD value

(Å)

Binding energy

(kcal/mol)

Electrostatic force

(kcal/mol)

Van der Waals forces

(kcal/mol)

Desolvation

energy

1 0.83 -31.342 -30.587 37.752 -11.416

2 1.0 -19.86 -44.15 42.49 1.709

3 0.77 -32.709 -23.996 58.621 -20.056

4 0.73 -22.189 -23.165 -6.723 -14.231

5 0.78 -40.31 -32.895 -29.981 -1.997

6 0.88 -37.351 -64.803 18.4 25.116

7 0.76 -32.033 -41.215 37.526 -0.364

8 0.34 -25.105 -50.414 49.601 7.653

9 0.48 -21.48 -47.771 -2.676 10.261

10 0.69 -38.049 -17.664 45.352 -24.623
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role in many biological processes such as protein–protein

interaction, protein–ligand interaction [26–28]. Hence,

comparing the number of hydrogen bonds and the elec-

trostatic potential, we observed better binding between the

two proteins using D-Domain-3 ‘‘RFASASIKI’’ (Arg433,

Phe434, Ala435, Ser436, Ala437, Ser438, Ile439, Lys440,

Ile441).

Discussion

Cellular physiology is mainly controlled by interactions

between proteins, protein–DNA, and protein–RNA. RNA-

binding proteins regulate RNA half-life in the cytoplasm

and thus determine the protein levels in the cells there by

playing an important role in cellular physiology [29]. In

response to cellular stress, p38MAPK interacts with

specific proteins in the cytoplasm, leading to the changes in

protein composition in the cells, in a way to respond to the

physiological stimuli [30]. p38 MAPK signaling is

involved in patho-physiological process such as inflam-

mation, cell division, cancer, metastasis, DNA damage.

[31]. Depending upon the cell’s requirement, p38 MAPK

mediates its effect by interacting with specific regulatory

proteins such as transcription factors, there by changing the

protein composition in the cell to respond to the physio-

logical condition. Identification of proteins that interact

with p38 MAPK helps us to understand the role played by

different interacting partners in various signaling pathways.

The main objective of the present study was to identify

the novel proteins that are interacting with p38 MAPK

which was not pertained to be cell line specific. In the

process we had chosen HeLa cells, which are the most

common cell line used for various researches. Its rapid cell

proliferating ability in comparison to other cell lines has an

advantage for performing the expression studies [32].

Presence of single band in the western blot analysis of

whole cell extract using Flag antibody confirms the

Fig. 3 Docked complex

MAPK14 (Red) and IGF2BP1

(Pink) protein visualized using

PyMOL software. Further the

interacting residues and

interaction patterns were

elucidated with LigPlot Plus

software. (Color figure online)

Table 5 Top scores of docking with the 4 different D-domains

Rank of docked

pose

RMSD value

(Å)

Binding energy

(kcal/mol)

Electrostatic force

(kcal/mol)

Van der Waals forces

(kcal/mol)

Desolvation

energy

1 0.72 -38.473 -55.21 -4.938 15.461

2 0.78 -40.243 -54.058 -2.422 14.997

3 0.73 -56.445 -67.248 4.621 30.823

4 0.34 -25.105 -50.414 49.601 7.653

Table 6 The interacting residues of MAPK14 and IGF2BP1

Proteins MAPK14 IGF2BP1

Interacting

residues

Arg73, His 77, Asp324, Ser326, Phe327, Arg330, Ser329, Asp331,

Leu332, Glu336, Ser347, Leu340

Gln405, Lys429, Arg433, Phe434, Ala435, Ser436,

Ser438, Pro459, Glu461, Ala462, Lys465
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expression of Flag-p38MAPK (Fig. 1a). Immunoprecipi-

tation of Flag-p38MAPK and its interacting proteins

(ATF2) was confirmed by western blot analysis (Fig. 1b).

Presence of ATF2 in the Flag- p38MAPK-immunoprecip-

itated samples suggests that other p38 MAPK-interacting

proteins are also present in the obtained immune complex.

Mass spectrometric-mediated detection of peptides corre-

sponding to a particular protein in the pool of peptides

derived from p38MAPK immune complex indicates the

presence of that protein in the complex. Identification of

peptides corresponding to IGF2BP1 suggests the presence

of this protein in the p38 MAPK immune complex. Con-

fidence level increases as the number of peptides detected

from a particular protein increases. Presence of 19 different

peptides corresponding to IGF2BP1 in the pool of peptides

analyzed suggests that this protein is a novel p38 MAPK-

interacting protein. The peptide detected corresponds to

35% of the total length of the protein (Fig. 2a). Absence of

these peptides in the peptide pool generated from mock

immune complex; rules out the possibility of non-specific

co-precipitation of IGF2BP1 (Fig. 2b). All proteins that

interact with MAPKs use a specific domain known as ‘D’

domain [16]. Presence of four ‘D’ domains in the IGF2BP1

further confirms the possibility of this being a MAPK-in-

teracting protein. All MAPKs are known to regulate

downstream signaling molecules by phosphorylating at

either one or more proline-directed serine or threonine

residues [33]. A scan of IGF2BP1 amino acid sequence for

MAPK phosphorylation moiety reveals one serine (Ser

181) and four threonine residues (Thr24, Thr249, Thr446,

Thr528,) suggesting these residues may be the site for

MAPK phosphorylation (Fig. 2a). Since the Flag-p38

MAPK immune complex was isolated from whole cell

lysates obtained using Triton-X lysis buffer which does not

disrupt the nuclear membrane, the whole cell lysate con-

sists of proteins from cytoplasmic fraction of the cell and

therefore the p38 MAPK-IGF2BP1 interaction is expected

to occur in the cytoplasm.

Molecular docking studies are important to understand

the various biological interactions between the molecules

which may further aid in understanding the biological

process. Subsequently, molecular docking protocols offer

insights over the fundamental interactions in the protein

and between the proteins [34, 35]. In silico analysis of p38

MAPK–IGF2BP1 reveals a feasible complex and four best-

docked poses were obtained with least binding energy and

RMSD value. Electrostatic potential, van der Waal’s for-

ces, and hydrogen bonds are the other important parameters

which determine the interacting residues. Of the four

docked poses, the best pose for the interaction between p38

MAPK and IGF2BP1 was observed for D-Domain 3

‘‘RFASASIKI’’ (Arg433, Phe434, Ala435, Ser436, Ala437,

Ser438, Ile439, Lys440, Ile441). The possibility of

IGF2BP1 to affect the kinase activity of p38 MAPK could

be eliminated due to the fact that p38 MAPK is upstream in

the hierarchy of cell signaling.

Conclusion

Identification of protein–protein interactions responsible

for cause of particular disease serves as target for devel-

oping novel drugs [36]. IGF2BP1 is overexpressed in

several cancers and also associates with metastasis [37].

Developing a cancer-treating drug with minimal side

effects is one of the current challenges in the field of

medicine. IGF2BP1 has a role in protecting RNA encoding

proteins involved in/responsible for causing cancer

[12, 38]. Our observation that p38 MAPK interacts with

IGF2BP1 suggests that, p38 has a role in IGF2BP1 func-

tion. Usually MAPKs activate their substrate by phospho-

rylation and if experimental evidences can be obtained that

IGF2BP1 function is regulated by p38 MAPK, developing

drugs to block these interactions would serve as one of the

targets for the development of drugs to treat cancer. In this

regard, it is pertinent to note that p38 MAPK is also

involved in several forms of cancer and metastasis [39].

Inhibitors of p38 MAPK cannot be a choice for treating

cancer for the reason that this protein is involved in more

than one function; hence blocking p38 MAPK as such

would result in side effects. In this regard, it is also

important to note that in adults, IGF2BP1 is predominantly

expressed only in cancer cells and therefore drugs blocking

IGF2BP1–p38 MAPK would act only on cancer cells

specifically. Our lab is currently working to establish a role

for p38 MAPK in IGF2BP1 function.
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