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Abstract

Purpose: Peripheral T-cell lymphomas are clinically aggressive and usually fatal, as few 

complete or durable remissions are achieved with currently available therapies. Recent evidence 

supports a critical role for lymphoma-associated macrophages during T-cell lymphoma 

progression, but the specific signals involved in the cross-talk between malignant T-cells and their 

microenvironment are poorly understood. Colony-stimulator factor 1 receptor (CSF1R, CD115) is 

required for the homeostatic survival of tissue-resident macrophages. Interestingly, it’s aberrant 

expression has been reported in a subset of tumors. In this manuscript we evaluated its expression 

and oncogenic role in T-cell lymphomas.

Experimental Design: Loss-of-function studies, including pharmacologic inhibition with a 

clinically available tyrosine-kinase inhibitor, pexidartinib, were performed in multiple in vitro and 

in vivo models. In addition, proteomic and genomic screenings were performed to discover 

signaling pathways that are activated downstream of CSF1R signaling.

Results: We observed that CSF1R is aberrantly expressed in many T-cell lymphomas, including 

a significant number of peripheral and cutaneous T-cell lymphomas. Colony-stimulating factor 1 

(CSF1), in an autocrine or paracrine-dependent manner, leads to CSF1R autophosphorylation and 

activation in malignant T-cells. Furthermore, CSF1R signaling was associated with significant 

changes in gene expression and in the phosphoproteome, implicating PI3K/AKT/mTOR in 
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CSF1R-mediated T-cell lymphoma growth. We also demonstrated that inhibition of CSF1R in-

vivo and in-vitro models is associated with decreased T-cell lymphoma growth.

Conclusions: Collectively, these findings implicate CSF1R in T-cell lymphomagenesis and have 

significant therapeutic implications.
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INTRODUCTION

Peripheral T-cell lymphomas (PTCL) are a heterogeneous group of non-Hodgkin 

lymphomas that are characterized by an aggressive clinical course, chemotherapy resistance, 

and poor survival(1–5). While cell surface receptors, including cytokine receptors and the T-

cell receptor(6), play critical roles during T-cell lymphoma (TCL) progression and may be 

therapeutically targeted, the paucity of representative cell lines and animal models has 

hampered progress, and PTCL remains an area of unmet need. The sequential steps involved 

in the maturation and activation of normal T-cells are tightly regulated by cues derived from 

their microenvironment. Not surprisingly, communication between malignant T-cells and 

constituents of their microenvironment, including macrophages, is critical for tumor growth, 

survival and migration(3,7–11). Lymphoma-associated macrophages (LAM) are abundant 

constituents of the TCL microenvironment, and have emerged as an attractive therapeutic 

target(3,12,13).

Colony-stimulating factor 1 receptor (CSF1R) is required for the homeostatic survival and 

migration of macrophages and their progenitors(14–16). In addition to its expression on 

myeloid-lineage cells, including macrophages(17), Langerhan’s cells(18), osteoclasts(19), 

and tumor-associated macrophages(20), CSF1R expression has also been observed on non-

hematopoietic cells, including Paneth cells(21) and many solid tumors (20,22–25). CSF1R 

activation occurs upon binding one of its two ligands: colony-stimulating factor 1 (CSF1) 

and interleukin-34 (IL-34)(26). Although both ligands are partially redundant, CSF1 is a 

dominant trophic factor for macrophages(27–30), including tumor-associated 

macrophages(31). CSF1R belongs to the platelet-derived growth factor receptor (PDGFR) 

family, and is a type III receptor tyrosine kinase(32). Upon ligand engagement, CSF1 

receptors dimerize, leading to step-wise auto-phosphorylation of tyrosine residues within the 

cytoplasmic tail and recruitment of signaling proteins, including PI3K(33,34). More recently 

it has been demonstrated that paracrine activation on CSF1R-expressing carcinoma cells 

activates oncogenic pathways that promote tumor invasion(31,35). Also, autocrine activation 

of CSF1R in breast carcinoma is associated with tumor metastasis and growth(36), and poor 

outcomes(20,37).

The aberrant expression of CSF1R has also been demonstrated in lymphoid neoplasms, 

particularly classic Hodgkin lymphoma(12,38–41). CSF1R expression in Hodgkin 

lymphoma results from dysregulated epigenetic control and loss of methylation within an 

alternative CSF1R promoter, resulting in the expression of ‘non-canonical’ CSF1R 
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transcripts(39). Importantly, CSF1R inhibition with selective tyrosine kinase inhibitors is a 

rational therapeutic approach in neoplasms that aberrantly express CSF1R(22,25,42). Given 

the pathogenic role of CSF1R-expressing LAM in the TCL and the availability of CSF1R 

antagonists, we evaluated the expression and function of CSF1R in the T-cell lymphomas. 

We adopted an unbiased phosphoproteomic approach, demonstrating that CSF1R activation 

in T-cell lymphomas leads to AKT/mTOR activation and promotes tumor growth. Therefore, 

CSF1R inhibition is a rational therapeutic strategy in the TCL, with a dual mechanism of 

action in CSF1R+ TCL.

Material and Methods

Immunohistochemistry

Immunohistochemical stains were performed on selected cases using tissue microarrays or 

whole tissue sections. CSF1R immunohistochemical stains were performed with two 

antibodies; rabbit anti-CSF1R (Santa Cruz Biotechnologies H-300, dilution 1:100) and 

rabbit anti-CSF1R (Abcam EPR20634, dilution 1:200). Immunohistochemical staining was 

performed at two independent laboratories (Michigan State University Histolab, and 

University of Michigan Cancer Center histology core). CSF1R expression was validated in 

classical Hodgkin and non-Hodgkin lymphomas (supplementary figure 1A and data not 

shown), both antibodies showed similar results. Cases were graded as positive for CSF1R if 

more than 30% of tumor cells expressed cytoplasmic CSF1R. Interpretation of CSF1R 

expression was performed independently by three pathologists (C.M.Z, K.I. and N.G.B). 

CBFA2T3 immunohistochemical stains were performed with rabbit anti-CBFA2T3 (PA5–

66808, dilution 1:1000 – Thermo Scientific), as described(43). For nuclear expression of 

CBFA2T3, the percentage of positive tumor cells, and the intensity (0–3) were measured. 

The h-score was calculated (0–300), and loss of CBFA2T3 was scored if the h-score was 

less than 150 (less than 0.5 standard deviations from the mean). Tumor samples analyzed 

were collected from the pathology library of cases at the University of Michigan Health 

System. Cutaneous T-cell lymphoma (CTCL) cases represent primary cutaneous CD30-

positive lymphoproliferative disorders (n=31) and mycosis fungoides (n=23).

Cell culture and shRNA lentiviral transduction

ALCL-cell derived cell lines (SR786, Karpas290, SUP-M2, SUDH1L and DEL), CTCL-

derived cell lines (MyLa, Mac-1), and PTCL-NOS (T8ML1) derived cell lines were 

maintained in RPMI-1640 with 10% fetal bovine serum. Cell lines were validated, as 

previously described(18,43,44), and tested for mycoplasma every 6 months by Universal 

Mycoplasma Detection Kit (ATCC). T8ML1 cell lines were generated from a PTCL, NOS 

patient(45), and maintained with supplemented IL-2 RPM1 media. Stable expression of 

doxycycline-inducible shRNA was generated with lentiviral mediated transduction of plko-

Tet-On vectors. Oligo sequences for CSF1R shRNA#1: 

CCGGACAGGAGAGAGCGGGACTATACTCGAGTATAGTCCCGCTCTCTCCTGTTTTT

TG, shRNA#2: 

CCGGGAATCTCACAGGACCTCTTAGCTCGAGCTAAGAGGTCCTGTGAGATTCTTTT

TTG and scramble: 

CCGGCCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGGTTT
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TT. Knock-down of CBFA2T3 was performed with sigma mission pLKO.1 shRNA vectors, 

TRCN0000020164 (shRNA #1) and TRCN0000020165 (shRNA #2).

Compounds

Crizotinib was purchased from Selleckchem. PLX3397/Pexidartinib was provided under 

MTA from Plexxikon Inc. Tenalisib/RP6530 was provided under MTA from Rhizen 

pharmaceuticals. Unless otherwise indicated in the manuscript, inhibitory compounds were 

used at 1μM final concentration and vehicle control (DMSO) used as an appropriate control. 

Human recombinant purified CSF1 was acquired from BioLegend. Induction of CSF1R 

signaling with recombinant CSF1 ligand was done at 20ng/ml concentration at indicated 

times.

Antibodies, ELISA assay and quantitative real-time PCR

Complete list of antibodies is included supplemental table 5. ELISA assays for CSF1R and 

pan-phosphorylated CSF1R were purchased from RayBiotech and performed according to 

manufacturer instructions. ELISA assays for quantification of CSF1 ligand were purchased 

from RayBiotech, and performed according to manufacturer’s instructions. List of primers 

for quantitative real-time PCR primers are included in supplemental table 6.

Proliferation, apoptosis and colony formation assays

Colony formation assays were performed with Methocult H4230 (Stem cell technologies) 

per manufacturer’s instructions. Briefly, approximately 5000 cells were seeded with or 

without doxycycline (10ng/ml), colonies were grown for 7 days before staining with p-

iodonitrotetrazolium chloride (Sigma-Aldrich, St. Louis, MO). Proliferation was evaluated 

with CellTiter Glo assays (Promega) over 72 hours. Multiparametric evaluation of cellular 

apoptosis was performed by flow cytometry analysis of Annexin V (Invitrogen) 

incorporation, coupled with either Propidium Iodide (Miltenyi Biotec – MACS) or DilC1(5) 

incorporation (Thermo Scientific). Staining and detection procedures for flow cytometry 

were performed according to manufacturer instructions.

Phosphoproteome analysis by mass spectrometry

Sixty million cells were lysed in 9 M urea/20 mM HEPES pH8.0/0.1% SDS and a cocktail 

of phosphatase inhibitors. Six milligrams of protein were reduced with 4.5 mM DTT, 

alkylated with 10 mM iodoacetamide and then digested with trypsin (1/50, w/w) overnight at 

37°C. Metal oxide affinity chromatography (MOAC) was performed to enrich 

phosphorylated peptides and reduce the sample complexity prior to tyrosine-phosphorylated 

peptide immunoprecipitation as previously described (46). Peptides were analyzed in an 

Orbitrap FusionTM TribidTM mass spectrometer (Thermo Fisher). RAW files were 

processed in MaxQuant version 1.6.0.1 using default setting if not stated otherwise (47). 

Peptides and proteins were identified with a target-decoy approach in revert mode using 

Andromeda search engine integrated into the MaxQuant environment. The search was 

performed against the human UniProt FASTA databased (April 2016). Oxidized methionine, 

protein N-acetylation and serine/threonine/tyrosine phosphorylation were selected as 

variable modifications and carbamidomethyl cysteine was selected as fixed modification. 
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Enzyme specificity was set to trypsin and up to two missed cleavages were allowed for 

protease digestion. The false-discovery rate (FDR) at the protein, peptide and modification 

levels was set to 1%. The “match between runs” option was enabled.

Gene expression profiling

Microarray based gene expression profiling was performed on Karpas 299 after 6hrs 

treatment with DMSO, pexidartinib or crizotinib at the University of Michigan DNA 

sequencing core. Analysis of the data, was performed with the oligo package of 

bioconductor, in order to fit log2 transformed expression values to the probesets. Limma was 

used in order to fit weighted linear models to the data and look for genes of interest. Detailed 

protocol and statistics are included as supplemental methods.

Mouse studies

Mouse studies were approved by the University Committee on Care and Use of Animals 

(UCUCA) and performed in accordance with guidelines established by the Unit for 

Laboratory Animal Medicine (ULAM) at the University of Michigan. Mice were housed 

under specific-pathogen free conditions. SUPM2 or Karpas 299 cells (2 × 106) were injected 

subcutaneously in immunodeficient NSG mice or Rag2/Il2rg immunodeficient mice with 

transgenic expression of humanized CSF1 ligand(48). Upon injections, mice were fed with 

either nutritionally complete pexidartinib-containing (275mg PLX3397/kg) or control chow, 

provided under MTA by Plexxikon. Toxicity secondary to drug delivery was assessed by 

daily monitoring of clinical condition (appearance, activity and body condition). Tumors 

were measured and mice humanely euthanized approximately 14 days after pexidartinib- or 

control-treatment.

Statistics

All the data represents at least three independent experiments. Sample size for animal 

experiments was based on previous publications performing similar experiments, ensuring 

that a sufficient sample size was selected to confidently assess statistical significance(6). 

Treatment allocation was not randomized, and all animals in a given experiment were 

included for analysis. Significance was calculated with parametric student T-test. Statistics 

for gene expression profiling analysis are indicated in supplemental methods section. 

Phosphoproteomic bioinformatic analysis was conducted in Perseus (version 1.6.2.3) and 

Microsoft Excel. The dataset was transformed into a log2 scale. To overcome the “missing 

value” issue, a stringent valid value filtering was performed. These required at least 30% of 

valid values in all groups and at least 2/3 of valid values in at least one group. The remaining 

missing values were included from a random Gaussian-shaped distribution applying a 

downshift of 1.5 times the standard deviation of the global dataset, and a width of 0.5 times 

the standard deviation. The data was normalized by mean subtraction. Pathway analysis and 

network analysis were performed using pairwise Student’s t-test to determine CSFR1-

regulated sites after treatment by pexidartinib. Proteins carrying significantly regulated 

phosphorylation sites were subsequently used as input for interaction and pathway analyses 

using DAVID, KEGG and STRING databases.
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Pyrosequencing

Pyrosequecing experiments were performed at Zymo Research. Detail protocol included in 

supplemental materials.

RESULTS

CSF1R is expressed in peripheral T-cell lymphomas

To examine CSF1R expression in peripheral T-cell lymphomas (PTCL) and cutaneous T-cell 

lymphomas (CTCL), patient biopsies were analyzed by immunohistochemical staining 

(Figure 1A–C and supplementary figure 1A–D). CSF1R expression was most prevalent in 

cutaneous T-cell lymphomas, as ≥30% of tumor cells expressed CSF1R in 52% of the cases 

examined (n = 54). CSF1R expression was variable, being observed in 5–99% of tumor cells 

(mean 54%) among the CTCL cases examined (Figure 1B). Aberrant expression of CSF1R 

was also detected in different subtypes of peripheral T-cell lymphomas, including anaplastic 

large cell lymphomas (ALCL, 46%; n=11), extranodal NK/T cell lymphomas (ENKTCL, 

60%; n = 6), PTCL, non-otherwise specified (PTCL, NOS, 25%; n=59) and 

angioimmunoblastic T-cell lymphomas (AITL, 7%; n=33) (Figures 1A–C). The number of 

tumor cells with aberrant expression of CSF1R was variable among PTCL cases, ranging 

from 10% to 95% (average 16%). As anticipated, CSF1R was localized within the cytoplasm 

and membrane of TCL cells. Consistent with these findings, CSF1R was detected in protein 

extracts from T-cell lymphoma lines (Figure 1D), and was expressed at the cell surface 

(supplementary figure 2A). In order to evaluate whether aberrant epigenetic regulation at the 

CSF1R promoter may explain its aberrant expression in T-cell lymphomas, as observed in 

classic Hodgkin lymphoma, the presence of non-canonical and canonical CSF1R 
transcripts(39) was evaluated among different T-cell lymphoma lines. These experiments 

demonstrated that canonical and non-canonical CSF1R transcripts were present in cells that 

expressed CSF1R, but were largely undetectable in cells that did not express CSF1R 

(supplementary figure 2B). Loss of the epigenetic repressor CBFA2T3 in classic Hodgkin 

lymphoma is associated with decreased methylation at regulatory sequences in CSF1R, and 

increased CSF1R expression. In order to evaluate the mechanism for deregulated CSF1R 

expression in T-cell lymphomas, assessment of CBFA2T3 expression was performed on 

different subtypes of T-cell lymphoma cases and cell lines (supplementary figure 2C). 

Evaluation of CBFA2T3 expression in ALCL, PTCL, NOS and ENKTCL cases that harbor 

aberrant expression of CSF1R, revealed that CBFA2T3 is constitutively expressed in these 

tumors (supplementary figure 2E–G). In contrast, decreased expression of CBFA2T3 was 

observed in a large proportion of CTCL cases (69%, n = 29). Importantly, a large proportion 

of cases with decreased CBFA2T3 expression aberrantly expressed CSF1R (70%, 

supplementary figure 2G). Consistent with this, expression of non-canonical CSF1R 

transcripts were detectable in CTCL cases with low or absent CBFA2T3 expression 

(supplementary figure 2C). To further evaluate the role of CBFA2T3 in CSF1R expression, 

CBFA2T3 was knocked down in T8ML1 cells. CBFA2T3 knock-down was associated with 

a 3-fold increase in non-canonical CSF1R transcripts, in comparison with scramble shRNA 

(supplementary figure 2D). To further analyze the potential epigenetic regulation of CSF1R 
transcription, transcripts were quantified after treatment with combinations of 

hypomethylating agents (decitabine or azacytadine) and a histone deacetylase inhibitor 
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(belinostat). Treatment with these agents significantly increased non-canonical and 

canonical transcripts in TCL lines, suggesting that CSF1R expression in TCL may be 

epigenetically regulated (supplementary figure 3A and B). In addition, pyrosequencing of 

the alternative CSF1R promoter(39) demonstrated that TCL lines with high-expression of 

non-canonical transcripts feature 20-fold decrease in methylation at two CpG conserved 

residues, in comparison with TCL cell lines that feature low-levels of non-canonical 

transcripts (supplementary figure 3D). These findings demonstrate that CSF1R is aberrantly 

expressed, to varying degrees, in multiple TCL subsets, and its expression is likely 

epigenetically regulated. To evaluate whether CSF1R is activated in these cells, CSF1R 

phosphorylation was analyzed. CSF1R phosphorylation was detected among the T-cell 

lymphoma lines evaluated, suggesting that CSF1R is activated in a subset of T-cell 

lymphoma lines (Figure 1E and supplementary figure 3C). In order to investigate if 

activation of CSF1R can occur secondary to autocrine secretion/activation of CSF1/CSF1R, 

lymphoma-derived secretion of CSF1 was tested in TCL supernatants by ELISA. Secreted 

CSF1 was detected at different concentrations from the media of cultured T-cell lymphoma 

lines (Figure 1F). Similarly, CSF1 mRNA was detected from tested TCL lines, and was 

absent in lines that did not secrete CSF1 (supplementary figure 3F). Importantly, the 

provision of exogenous CSF1 to TCL cells that do not produce CSF1 led to CSF1R 

activation in a time-dependent manner (supplementary figure 3G). Overall, these findings 

demonstrate that CSF1R and CSF1 are expressed in TCL, and further, CSF1R activation 

may occur in an autocrine- or paracrine-dependent manner.

CSF1R activity promote the growth of T-cell lymphomas in-vitro

Having established the expression and activation of CSF1R in TCL, we adopted a loss-of-

function strategy to address its potential oncogenic role in these TCL using complementary 

molecular and pharmacologic approaches. We first used a clinically available and rationally 

designed tyrosine kinase inhibitor that is selective for CSF1R (Pexidartinib, PLX3397)

(25,49). In order to confirm CSF1R inhibition upon pexidartinib treatment, TCL cells with 

autocrine-activation of CSF1R were treated with pexidartinib. A marked decrease in CSF1R 

phosphorylation was observed upon treatment with pexidartinib (Figure 2A, supplementary 

figure 4A). Importantly, pexidartinib did not show any effect on the phosphorylation levels 

of the oncogenic kinase NPM-ALK which is expressed in a portion of the TCL cells 

evaluated (supplementary figure 4B). In addition, a dose-dependent decrease in proliferation 

was observed with exposure to pexidartinib (Figure 2B and supplementary figure 4D–E), 

however these effects were not observed in TCL cells that do not express CSF1R, supporting 

the relative selectivity of this FDA-approved agent (supplementary figure 4C). Consistent 

with these findings, treatment with pexidartinib was associated with increased apoptosis of 

TCL cells, as demonstrated by phosphatidylserine exposure (Figure 2C–E), PARP cleavage 

and Caspase 3 cleavage (Figure 2F and supplementary figure 4F). To further address the role 

of CSF1R in T-cell lymphoma growth, and exclude the possibility of off-target effects with a 

TKI, doxycycline-inducible stable expression of CSF1R-targeting shRNA were successfully 

generated in T-cell lymphoma-derived lines. To exclude shRNA ‘off-target’ effects, two 

different shRNA constructs were generated (Figure 3A and B). Following CSF1R knock-

down, the viability of T-cell lymphoma lines was measured at 24hrs intervals for up to 

72hrs. CSF1R knockdown led to a significant decrease in viability by 1.5-fold and 1.7-fold 
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(n=4, p<0.01) in comparison with controls (Figure 3C). To further examine the role of 

CSF1R during lymphoma growth, colony-formation assays were performed. T-cell 

lymphoma cells with CSF1R knock-down were cultured in methocult media, and colony 

formation was assessed after 10 days of culture. CSF1R knockdown led to a 1.5-fold and 

2.0-fold reduction in colony formation when compared with non-targeting shRNA (n = 3, 

p<0.01) (Figure 3D and E). Collectively, these findings indicate that CSF1/CSF1R-

dependent signaling promotes TCL growth and survival.

Activation of CSF1R is associated with phosphorylation of different signaling pathways

Physiological engagement and activation of CSF1R results in downstream phosphorylation-

dependent signaling that modifies the survival and differentiation of myeloid lineage 

cells(33,34). However, the downstream signals that are regulated by CSF1R activation in 

most non-myeloid lineage cells are not known. In order to characterize the signaling 

pathways that are activated by CSF1R, an unbiased phosphoproteomic approach was 

performed after inhibition of CSF1R activity with pexidartinib in T-cell lymphoma lines. For 

this screening, Karpas 299 T-cell lymphoma lines were selected because the secretion of 

CSF1 ligand together with strong surface expression of CSF1R are present. This screen 

identified a total of 1936 independent phosphotyrosine peptides corresponding to 1123 

proteins. In addition, a combined set of 8045 independent phophoserine/phosphothreonine 

peptides, corresponding to a total number of 3136 proteins were also identified in the screen 

(supplementary table 1 and 2). A significant reduction in CSF1R auto-phosphorylated 

peptides was observed in pexidartinib treated cells, further validating this approach (table 1, 

supplementary figure 5A and supplementary table 3). Hierarchical clustering was performed 

from three technical replicates, demonstrating that pexidartinib-treated cells formed a 

distinct cluster (Figure 4A and supplementary figure 5B), encompassing a total of 551 

unique proteins with significant modifications in phosphorylated peptides. Out of those 

phosphorylated peptides, 451 were modifications in serine residues, 122 tyrosine residues 

and 113 threonine resides (supplementary table 3). Signaling pathway analysis of these 

changes following CSF1R inhibition was performed with Kyoto Encyclopedia of Genes and 

Genomes (KEGG online software), and was consistent with differential phosphorylation of 

PI3K/AKT-regulated signaling (Supplementary Table 1, Figure 4B). Also, modifications in 

proteins that participate in cellular processes, including metabolism, cell cycle progression 

and actin-cytoskeleton dynamics were also identified (Figure 4B, supplementary table 4 and 

supplementary figure 5C). To further explore the signaling pathways that are activated 

downstream of CSF1R signaling, an unbiased gene expression profile array was performed 

upon CSF1R inhibition with pexidartinib. The expression of 217 genes was significantly 

altered upon CSF1R inhibition with pexidartinib (n=3, p<0.01; Figure 4C). Importantly, 

inhibition of CSF1R was associated with changes in the expression of genes that are 

involved in cytokine (JAK/STAT) signaling (Figure 4D). Similarly, the phosphoproteomic 

screening demonstrated differential phosphorylation of proteins that are involved in JAK/

STAT signaling, including STAT1, STAT3, STAT5 and SOS2 (supplementary table 2). 

Because the T-cell line used in the screen harbors the oncogenic NPM-ALK fusion, cells 

treated with the ALK inhibitor crizotinib were included as a control. In comparison with 

ALK inhibition, 46% (n = 154 genes) of the changes in gene expression observed in 
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pexidartinib-treated cells were specific for pexidartinib (Figure 4E), and expression of 63 

genes were modified by treatment with either pexidartinib or crizotinib (Figure 4E).

Activation of CSF1R is associated with AKT and mTORC1 activation

As the phosphoproteomic screen implicated the PI3K/AKT/mTOR pathway (Table 1), and 

having established a functional role for CSF1R activation during T-cell lymphoma growth, 

the PI3K/AKT/mTOR pathway was examined further. The PI3K regulatory subunit (p85) 

binds phosphorylated tyrosine(s) within the CSF1R cytoplasmic tail via its SH2 domain, and 

is required for downstream mTOR activation in macrophages(15), demonstrating a PI3K-

dependent link between CSF1R and mTOR activation. Phosphorylation-dependent activation 

of AKT (PKB) is required for activation of the mTOR/raptor complex (mTORC1), and plays 

a critical role in tumor growth and survival(50,51), including T-cell lymphomas(52,53). 

Further analysis of the phosphoproteomic analysis, with less stringent statistical criteria and 

at least an average of 1.5 fold-change, revealed modifications in several proteins within the 

PI3K/AKT/mTOR pathway (Figure 5A). Similarly, a targeted approach for quantitative gene 

expression, demonstrated that several members of the PI3K/AKT/mTOR axis were 

differentially expressed upon CSF1R activation (Figure 5B and supplementary figure 6B). In 

order to examine the extent to which CSF1R activation promotes AKT-signaling, AKT 

phosphorylation was analyzed upon CSF1R inhibition. Phosphorylation of AKT (S473) was 

decreased in a time-dependent manner upon inhibition of CSF1R (Figure 5C and 

supplementary figure 6A). However, phosphorylation of AKT (T308) was detected at very 

low levels, and precluded any further analysis of differential phosphorylation in the 

conditions tested (data not shown). Phosphorylation of extracellular signal-regulated kinase 

(ERK) is regulated downstream of CSF1R in myeloid lineages, and contributes to mTORC1 

activation independently of PI3K (54). Therefore, phosphorylation of ERK was evaluated 

downstream of CSF1R activation. No changes in phosphorylated ERK, or total ERK levels 

were detected downstream of CSF1R inhibition (pexidartinib), suggesting that CSF1R 

activation does not contribute to ERK phosphorylation in T-cell lymphomas (Figure 5C). In 

order to investigate the role of PI3K in CSF1R-dependent AKT phosphorylation, T-cell 

lymphoma lines were cultured with a PI3Kγ/δ inhibitor, tenalisib (RP6530). PI3K inhibition 

was associated with diminished AKT phosphorylation, with no changes in the total levels of 

AKT (Figure 5D). Similarly, cells were cultured with CSF1 in the presence or absence of 

tenalisib. CSF1 led to CSF1R activation and AKT (S473) phosphorylation (Figure 5E). 

However, PI3K inhibition with tenalisib abrogated AKT phosphorylation (Figure 5E), 

suggesting that CSF1R-mediated AKT (S473) phosphorylation is PI3K-dependent. 

Phosphorylation of AKT at S473 is required for optimal AKT activity(55,56), leading to 

mTORC1 activation and phosphorylation of its substrates, including p70S6K and 4EBP1, 

both of which promote tumor growth and proliferation(53,57,58). To further explore the link 

between CSF1R and mTORC1 activation, p70S6K and 4EBP1 phosphorylation were 

evaluated upon CSF1R activation. CSF1R activation led to a significant increase in 4EBP1 

and p70S6K phosphorylation (Figure 5F and G), and phosphorylation of these mTORC1 

substrates was inhibited up CSF1R inhibition with pexidartinib (Figure 5F). Overall, these 

findings further support a role for CSF1R in T-cell lymphomas.
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Activation of CSF1R promotes PTCL growth in-vivo

In order to further address the therapeutic relevance of these findings, the growth of T-cell 

lymphoma xenografts was evaluated upon CSF1R inhibition with pexidartinib. Murine CSF1 

does not bind human CSF1R(48,59); therefore, the autocrine-dependent CSF1R activation 

was evaluated in Karpas 299 xenografts generated in NSG mice. Tumor-bearing mice were 

treated with sham- or pexidartinib-containing chow, and no treatment-related toxicity was 

appreciated. An approximately 50% reduction in tumor growth was observed in 

pexidartinib-treated mice (n=24, p<0.05; Figure 6A and B), and increased apoptosis was 

observed from protein extracts of tumors treated with pexidartinib (Figure 6C). 

Phosphorylation of CSF1R (Y699) and p70S6K (T389) were examined as 

pharmacodynamic biomarkers using protein extracts from these xenografts, and a significant 

reduction in phosphorylation was observed in pexidartinib-treated mice (Figure 6D). In 

similarly designed experiments, SUP-M2 cells (that require exogenous CSF1) were utilized, 

and xenografts generated in immunodeficient mice that either transgenically express human 

CSF1(48) or in non-CSF1 expressing controls. An approximately 3-fold increase in tumor 

volume was observed in CSF1 producing mice compared with control mice (n=32, p<0.001; 

Figure 6E and F). Importantly, tumor growth was inhibited in pexidartinib-treated CSF1 

transgenic mice (n=15, p<0.001; Figure 6E and F). However, no significant change in tumor 

growth was observed in the control mice treated with pexidartinib (Figure 6E and F). 

Overall, these findings demonstrate that activation of CSF1R, in either an autocrine- or 

paracrine-dependent manner, promotes T-cell lymphoma growth, and further supports 

CSF1R as a rational therapeutic target in these lymphomas (supplementary figure 7).

Discussion

CSF1R plays an important role in regulating the homeostatic survival of tumor-associated 

macrophages (TAM), which promote tumorigenesis in many human cancers, including non-

Hodgkin lymphomas(3,12,13,60). Therefore, CSF1R antagonism has emerged as an 

attractive therapeutic strategy in many cancers, and is currently being examined in clinical 

trials using both TKI- and monoclonal antibody-based strategies. While CSF1R expression 

is generally thought to be restricted to myeloid-lineage cells, more recent studies have 

convincingly demonstrated its aberrant expression on non-myeloid lineage cells, including 

malignant B cells and classical Hodgkin’s lymphoma (cHL)(12,38,39). Given the 

importance of CSF1R-expressing macrophages in T-cell lymphoma pathogenesis, we 

investigated the extent to which CSF1R may be expressed by malignant T-cells, as prior 

studies had suggested that CSF1R may be expressed in anaplastic large cell lymphomas 

(ALCL)(12,39,61). In a large cohort of primary TCL specimens, CSF1R was prevalent in 

the most common TCL subtypes (e.g. PTCL, NOS), and was also observed in ALCL and 

cHL, as previously reported. Our findings demonstrate that CSF1R, while of little value as a 

diagnostic biomarker due to its expression across TCL subtypes, is an attractive therapeutic 

target (supplementary figure 7).

Elegant studies performed in cHL demonstrated that derepression of a long-tandem repeat 

(LTR) generates non-canonical CSF1R transcripts. LTR’s are commonly silenced 

epigenetically by methylation, and expression of the CSF1R gene is regulated by 
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methylation-dependent mechanisms within the promoter and upstream LTR region during 

normal hematopoiesis(39,62). The loss of expression of the ETO family member CBFA2T3 

in Hodgkin’s lymphoma cells is associated with decreased methylation within the CSF1R 
LTR, explaining the aberrant CSF1R expression observed in these cells(39). While non-

canonical transcripts were detectable in cell lines, we were unable to detect these transcripts 

in primary PTCL, NOS specimens (data not shown). Consistent with these findings, the 

transcriptional repressor CBFA2T3, which is characteristically lost in CSF1R-expressing 

cHL, was expressed in the TCL we examined, with the exception of CTCL(39) 

(supplementary figure 2E). Epigenetic dysregulation is a recurring theme in many TCL(3), 

and the increased CSF1R transcription we observed upon treatment with either 

hypomethylating agents or HDAC inhibitors may be consistent with an epigenetic 

mechanism contributing to the aberrant CSF1R expression we observed in CBFA2T3-

expressing cells. Previous genomic and next-generation sequencing studies in both 

cutaneous and peripheral T-cell lymphomas(63–65) did not identify mutations or alterations 

in the CSF1R gene, suggesting that aberrant CSF1R expression in T-cell lymphomas is 

primarily due to its epigenetic dysregulation. Collectively, these results suggest that 

additional epigenetic mechanisms, independent from CBFA2T3 loss, may explain CSF1R 

expression in the PTCL. The extent to which these therapeutic agents may select for CSF1R-

expressing clones, while an interesting question, is unknown.

Lymphoma-associated macrophages (LAM) are abundant constituents of the 

microenvironment in the T-cell lymphomas, where they promote tumor growth and suppress 

host anti-tumor immunity(12). Our findings demonstrate that CSF1 is secreted by malignant 

T-cells, and may represent an important mechanism by which LAM are recruited and 

retained in these lymphomas. Within the TME, LAM directly promote the growth and 

survival of malignant T-cells by providing both cell-surface ligands and cytokines (3). 

Therefore, the observation that paracrine-activation of CSF1R in T-cell lymphoma lines was 

associated with increased tumor growth, suggests that CSF1 secretion from cells within the 

tumor microenvironment, including LAM, promote T-cell lymphoma growth and survival. 

However, our findings also show that autocrine-activation of CSF1R promotes lymphoma 

growth in the absence of exogenous CSF1. CSF1 is post-translationally modified and often 

retained within the extracellular matrix, and may be difficult to detect in plasma(66,67), and 

could explain why CSF1 was rarely detected in plasma from TCL patients (data not shown). 

Future studies will be needed in a larger cohort of patients to examine the extent to which 

CSF1R expression is associated with disease natural history or response to therapy.

The phosphoproteomic and gene expression profile demonstrate activation of conserved 

signaling pathways downstream of CSF1R/CSF1, including those that have been previously 

implicated in lymphoma progression. The mammalian target of rapamycin (mTOR) is a 

downstream target of PI3K/AKT and is the catalytic subunit of two distinct complexes, 

mTORC1 and mTORC2, both of which are distinguishable by their association with 

regulatory proteins, including Raptor and Rictor, respectively. In conventional T-cells, 

mTOR activation is regulated by antigen, costimulatory, and cytokine receptor signaling(3), 

and regulates T-cell survival, differentiation, metabolism and effector functions(68–73). 

Consistent with its role in normal T-cell biology and oncogenic role in other malignancies, it 

is not surprising that constitutive mTOR activation has been implicated in T-cell 
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lymphomas(52). Importantly, gene-expression profiling studies have identified a cluster of 

PTCL cases characterized by poor clinical outcomes and dysregulation of Pi3K-mTOR 

signaling(7,63). Furthermore, the response rate observed (44%) with the mTORC1 inhibitor 

everolimus(52) approximates that observed with the PI3K inhibitors duvelisib and 

tenalisib(74). Nonetheless, additional signaling pathways may also contribute to the CSF1R-

dependent oncogenic effects observed in T-cell lymphomas. Conversely, multiple CSF1R-

independent mechanisms may promote mTOR activation in the TCL, including antigen-

receptor signaling (6,75), cytokine signaling (71,75), ICOS activation in TFH-derived TCL, 

and the genetic landscape (including PTEN deletion)(3).

The transcription and translation of regulatory cytokines and transcription factors may be 

temporally and spatially segregated in normal T-cells, as the mRNA translation machinery is 

largely suppressed in resting T-cells. However, upon activation, mRNA translation is 

unleashed in response to mTORC1-dependent increases in translation initiation and 5’-cap 

dependent translation(76). Consequently, the translation of relevant cytokines (e.g. IL-4), 

oncogenes (e.g. c-Myc), and transcription factors (e.g. GATA-3) that have been previously 

implicated in TCL pathogenesis may be regulated in a mTORC1-dependent manner 

(6,58,73,76). Therefore, a proteomic approach, as opposed to the gene expression profiling 

approach we adopted here, may provide a more comprehensive assessment of CSF1R- and 

mTOR-dependent proteins in the TCL. For example, mTORC1 has been previously 

implicated in the translational regulation of GATA-3(6,73), a transcription factor that was 

recently found to identify a distinct subset of PTCL, NOS that was enriched for mTOR-

dependent genes(7,44) and associated with chemotherapy resistance and poor outcomes(6). 

As mTOR plays a central role in regulating T-cell metabolism, the role of CSF1R (and 

PI3K/AKT/mTOR) in regulating metabolism of malignant T-cells warrants further study and 

may have significant therapeutic implications(77–79).

In summary, CSF1R is aberrantly expressed in cutaneous and peripheral T-cell lymphomas 

and is activated by CSF1 in an autocrine- or paracrine-dependent manner. CSF1R activations 

leads to AKT phosphorylation in a PI3K-dependent manner, promoting the growth and 

survival of malignant T cells. Consequently, selective CSF1R inhibitors (e.g. pexidartinib) 

may have a novel dual mechanism of action in these lymphomas – depleting CSF1R-

expressing lymphoma-associated macrophages on the one hand, and inhibiting cell-

autonomous CSF1R signaling in malignant T cells on the other (supplementary Figure 7).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational relevance statement

The T-cell lymphomas remain an area of unmet need, as clinical trial participation 

remains a standard of care in the relapsed/refractory setting, and novel therapeutic 

strategies are needed. We demonstrate that CSF1R is aberrantly expressed in a significant 

proportion of peripheral and cutaneous T-cell lymphomas, where it activates PI3K/AKT 

signaling, and promotes the growth and survival of malignant T cells. Consequently, 

pexidartinib, a selective CSF1R inhibitor, impaired the growth of CSF1R-expressing T-

cell lymphomas. Overall, these findings identify CSF1R as a novel therapeutic target in 

these lymphomas.
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Figure 1. 
CSF1R expression in T-cell lymphomas. A. Representative photographs of PTCL cases that 

express CSF1R within the tumor cells (lower panel), and corresponding hematoxylin and 

eosin (H&E) stain (upper panel). B. Comparative analysis CSF1R expression within 

different subtypes of T-cell lymphomas; (PTCL-NOS n = 59, ALCL n = 11, CTCL n = 31, 

ENKTCL n = 6 and AITL n = 33). Bars represent the percentage of positive cases for 

aberrant CSF1R expression within the tumor cells (≥30% positive tumor cells). C. Table 

indicates the number of cells at the indicated percentage intervals that express CSF1R. D. 
Western blot analysis display positive CSF1R protein expression in Karpas 299, SUPM2 and 

DEL (ALCL), and undetectable expression in MyLa (CTCL) and T8ML1 (PTCL, NOS) 

lines. E. Protein expression of phosphorylated isoforms of CSF1R were detected by western 

blot analysis in the indicated T-cell lymphoma lines. F. Secretion of CSF1 ligand was 

detected from cell cultured media of the indicated T-cell lymphoma lines by ELISA 
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immunoassays. Scatter dot plot = mean ± SD. [Anaplastic large cell lymphoma (ALCL), 

peripheral T-cell lymphoma non-otherwise specified (PTCL-NOS), cutaneous T-cell 

lymphoma (CTCL), extra-nodal NK-type T-cell lymphoma (ENKTCL) and 

angioimmunoblastic T-cell lymphoma (AITL)].

Murga-Zamalloa et al. Page 20

Clin Cancer Res. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Pharmacologic CSF1R inhibition with pexidartinib impairs T-cell lymphoma growth and 

survival. A. The expression of phosphorylated Y723-, Y708- and Y699-CSF1R was 

evaluated upon incubation with 1μM pexidartinib or DMSO vehicle control (time = 30min). 

B. The proliferation of T-cell lymphoma lines was evaluated after 72hrs incubation with 

indicated doses of pexidartinib. C. Annexin V and Propidium Iodide incorporation were 

measured by flow cytometric analysis upon exposure of pexidartinib (1μM, 72hrs), in order 

to evaluate the proportion of viable (Annexin V-/Propidium Iodide-) or apoptotic (Annexin 

V+/Propidium Iodide+) cells. D. DilC1 and Annexin V incorporation were measured by 

flow cytometric analysis upon exposure of pexidartinib (1μM, 72hrs), in order to evaluate 

the proportion of viable (DilC1+/Annexin V-) or apopototic cells (DilC1-/Annexin V+). E. 
Corresponding column graphs depicts the proportion of viable or apoptotic cells upon 

exposure to pexidartinib. F. Expression of cleaved PARP was evaluated upon exposure to 
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pexidartinib (1μM, 72hrs), in indicated TCL cells, in order to assess apoptosis. (A and F) 

GAPDH as loading control. Figures are representative of at least three independent 

experiments. (B and D) Bars = mean ± SEM. **p < 0.01, n = 5.

Murga-Zamalloa et al. Page 22

Clin Cancer Res. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
CSF1R knockdown impairs T-cell lymphoma growth and survival. A. The efficiency of 

CSF1R knock-down upon induction (10ng/ml doxycycline) of two independent CSF1R-

specific shRNA sequences (shRNA#1 and shRNA #2) or scramble control, as measured by 

western blot analysis or flow cytometry testing (B). C. Proliferation of T-cell lymphoma 

lines (Karpas 299) was evaluated after 72hrs of CSF1R shRNA or scramble shRNA 

induction. D. Representative pictures of colony formation assays in methocult media (1 

week growth) upon induction (+dox) or no induction (-dox) of CSF1R-specific or scramble 

shRNA. E. Bar-graph represents fold-change in the number of colonies when CSF1R-

specific or scramble shRNA was induced (Dox) or non-induced (No Dox). Figures are 

representative of at least three independent experiments. (A) GAPDH as loading control. (C 
and E) Bars = mean ± SEM. **p < 0.01, n = 5.
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Figure 4. 
Phosphoproteomic identification of CSF1R-dependent pathways. (A–B) Phosphoproteomic 

analysis of T-cell lymphoma lines after CSF1R inhibition with pexidartinib. A. Clustering of 

T-cell lymphoma lines (Karpas 299) based on the relative log2 intensities of identified 

phospho-tyrosine, after treatment with pexidartinib or DMSO vehicle (6hrs). Results 

represent three independent experiments. B. Functional analysis of the most represented 

canonical pathways based on the differential phosphorylation of proteins after CSF1R 

inhibition. (C–E) Gene expression analysis of T-cell lymphomas after CSF1R inhibition 

with pexidartinib (24hrs). C. Cluster analysis of T-cell lymphoma lines (Karpas 299) based 

on the average gene-expression after CSF1R inhibition with pexidartinib, NPM-ALK 

tyrosine kinase inhibition (crizotinib) or DMSO vehicle control. Results represent three 

independent experiments. D. Analysis of the most represented canonical pathways based on 

the differential gene expression downstream of CSF1R inhibition with pexidartinib E. Venn 
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diagram depicts the number of genes for which its expression is uniquely or commonly 

modified by CSF1R (pexidartinib) or NPM-ALK (crizotinib) inhibition.
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Figure 5. 
CSF1R activates PI3K/AKT/mTOR signaling. A. Selected proteins that are involved in the 

PI3K/AKT/mTOR signaling pathway that feature at least an average of 2-fold change in 

phosphorylation after inhibition of CSF1R. The fold-change degree of quantity change in 

each direction is indicated by colors. B. Expression of selected genes in T-cell lymphoma 

lines that are components of the PI3K/AKT/mTOR signaling pathway was evaluated by 

quantitative real-time PCR after inhibition of CSF1R with pexidartinib (24hrs) or vehicle 

control (DMSO). C. Phosphorylation of ERK (p44/p42) and AKT (pSer473) was evaluated 

by western blot after inhibition of CSF1R (pexidartinib) at indicated times in T-cell 

lymphoma lines (Karpas 299). D. Phosphorylation of AKT (pS473) was evaluated in T-cell 

lymphoma lines (Karpas 299) downstream of PI3K inhibition with tenalisib at indicated 

times. E. Phosphorylation of CSF1R (pY723) and AKT (pS473) was evaluated in T-cell 

lymphoma lines (Karpas 299) after incubation with human CSF1 ligand (+CSF1) for 20min. 

Murga-Zamalloa et al. Page 26

Clin Cancer Res. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Dependence of CSF1 signaling on PI3K was as evaluated by concomitant incubation with 

tenalisib (PI3K inhibitor) (+CSF1/+tenalisib). F. Phosphorylation of CSF1R (pY708, 

pY699), AKT (pS473) and 4EBP1 (pT37/46) was evaluated in T-cell lymphoma lines 

(Karpas 299) after incubation with human CSF1 ligand for 20min. Specificity of CSF1 

ligand activity was evaluated by concomitant incubation with pexidartinib (CSF1 + Pexi). G. 
Phosphorylation of p70S6K (pT389) was evaluated in T-cell lymphoma lines (Karpas 299) 

upon incubation with human CSF1 ligand at indicated time points. (C-G) GAPDH as 

loading control.
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Figure 6. 
CSF1 and CSF1R promote the growth of T-cell lymphoma xenografts. A. Representative 

photographs of tumor xenografts of Karpas 299 xenografts that secrete CSF1 and express 

CSF1R. Mice were feed with sham-chow (control) of pexidartinib-chow, the tumors were 

extracted after 10 days of treatment. Only tumors that displayed at least 1mm3 (volume) 

growth are included, the total number of tumors with more than 1mm3 tumor volume over 

the total number of engraftments is indicated (left). B. Graphic representation of the tumor 

volumes (mean +/− SD) after feeding the animals with sham-chow (control) or pexidartinib 

(n = 24). C. Protein extracts from Karpas 299 xenografts treated with control-chow (control) 

or pexidartinib were evaluated for PARP cleavage and Caspase 3 cleavage. Asterisk 

indicates cleaved PARP. Caspase 3 cleavage was evaluated with a specific antibody against 

cleaved Caspase 3. D. Phosphorylation of P70S6K (pT389) was evaluated from protein 

extracts of T-cell lymphoma xenografts (Karpas 299) by western blot analysis. GAPDH as 

loading control. E. Representative pictures of tumor xenografts of T-cell lymphoma lines 

that do not secrete CSF1 and express CSF1R (SUPM2). SUPM2 cells were injected in 

transgenic mice that secrete humanized CSF1 or control mice. Mice were fed either sham-

chow (control) or pexidartinib-chow, the tumors were explanted 10 days later. Only tumors 

that displayed at least 1mm3 (volume) growth are displayed, the total number of tumors with 

≥1mm3 tumor volume over the total number of injections is indicated (left). F. Graphic 

representation of the tumor xenograft volumes (mean +/− SD), comparing the effects of 

CSF1 and treatment with pexidartinib, are shown. **p < 0.05.
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Table 1.

List of proteins within Pi3K-Akt signaling pathway with modifications upon CSF1R inhibition.

Pi3k-Akt pathway

Gene symbol Protein name p-residue PLX/DMSO p-value

CSF1R Macrophage colony-stimulating factor 1 receptor Y699 0.67866667 0.0235544

IKBKG NF-kappa-B essential modulator S455 0.57060603 0.0089983

IRS1 Insulin receptor substrate 1 Y465,Y989 2.49579897 0.0443774

MAP2K2 Dual specificity mitogen-activated protein kinase kinase 2 S295 1.53823261 0.0435752

MCL1 Induced myeloid leukemia cell differentiation protein Mcl-1 T92 3.46612251 0.0125372

PKN2 Serine/threonine-protein kinase N2 T801 1.58048452 0.022626

PPP2R5C Serine/threonine-protein phosphatase 2A S458 0.57141452 0.0410022

RBL2 Retinoblastoma-like protein 2 S121,T988 0.43394198 0.0064254

SOS2 Son of sevenless homolog 2 T1232 0.31629528 0.0178266
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