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Abstract

Aberrant epidermal growth factor receptor (EGFR) signaling is a common driver of glioblastoma
(GBM) pathogenesis, however, the downstream effectors that sustain this oncogenic pathway
remain unclarified. Here we demonstrate that tripartite motif-containing protein 59 (TRIM59) acts
as a new downstream effector of EGFR signaling by regulating STAT3 activation in GBM. EGFR
signaling led to TRIM59 upregulation through SOX9 and enhanced the interaction between
TRIMS9 and nuclear STAT3, which prevents STAT3 dephosphorylation by the nuclear form of T
cell protein tyrosine phosphatase (TC45), thereby maintaining transcriptional activation and
promoting tumorigenesis. Silencing TRIM59 suppresses cell proliferation, migration, and
orthotopic xenograft brain tumor formation of GBM cells and glioma stem cells (GSCs).
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Evaluation of GBM patient samples revealed an association between EGFR activation, TRIM59
expression, STAT3 phosphorylation, and poor prognoses. Our study identifies TRIM59 as a new
regulator of oncogenic EGFR/STATS3 signaling and as a potential therapeutic target for GBM
patients with EGFR activation.
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Introduction

A hallmark of human cancers is aberrantly active oncogenic signaling stimulated by
amplified and overexpressed genes (1). Epidermal growth factor receptor (EGFR) is frequent
amplified and overexpressed, and plays a prominent role in glioblastoma (GBM) (2-4).
Amplification and overexpression of EGFR or EGFRVI// (a constitutively active EGFR
mutant) confer a worse prognosis in glioma patients (2, 5, 6). EGFR/EGFRvIII drives
tumorigenesis by multiple down-stream pathways, including through activation of signal
transducer and activator of transcription 3 (STAT3) signaling, thereby stimulating cancer cell
proliferation, survival, and chemoresistance (7-9). STAT3 signaling can be activated through
amplification and mutation of EGFR, phosphorylation of the enhancer of zeste homolog 2
(EZH2), and activation of the janus kinase 2 (JAK2) (7-9). In other cancer and immune
cells, STAT3 activity can be inhibited through either dephosphorylating JAK in the
cytoplasm by SHP1, SHP2 or PTP1B (10), or directly dephosphorylation in the nucleus by
the nuclear form of T cell protein tyrosine phosphatase (TC45) (11-13). In addition to these
proteins identified in the EGFR/STAT3 signaling axis, additional components remain
uncharacterized for their roles in promoting tumorigenesis.

TRIMS59 is a member of the tripartite motif-containing (TRIM) protein superfamily, and has
a TRIM or RBCC motif consisting of a RING-finger domain (R), a B-box domain (B), and a
coiled-coil domain (CC)(14). TRIM59 was initially identified as an early signal transducer
in SV40 Tag and Ras oncogenic pathways in murine prostate cancer models (15).
Subsequently, TRIM59 was found to be upregulated in human gastric tumors, promoting
tumorigenesis by enhancing ubiquitination and degradation of p53 (16). TRIM59 was also
upregulated in human lung cancer, osteosarcoma, and cervical cancer (17-19). Moreover,
TRIMS9 interacts with ECSIT as an adaptor protein required for the Toll-like receptor-
mediated transduction pathway in HeLa cells (20). TRIM59 has been implicated in
mediating tumor progression, but the mechanisms regarding how it facilitates tumorigenesis
have not been elucidated.

In this study, we reveal TRIM59 as a new effector for EGFR/EGFRvIII-driven
tumorigenesis. Our data shows that TRIM59 expression is upregulated by EGFR/EGFRuvIII
in GBM through SOX9. EGFR signaling promotes TRIM59-STAT3 interaction in the
nucleus. Specifically, Y218/Q221 sites of TRIM59 are required for STAT3 activation and
TRIM59-STAT3 interaction. TRIM59 promotes STAT3 activity by inhibiting TC45-
mediated dephosphorylation of STAT3, leading to enhanced EGFR/EGFRvIII-driven

Cancer Res. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sang et al.

Page 3

tumorigenesis. The importance of this novel pathway is highlighted by the co-expression of
p-EGFRY1173 TRIM59, and p-STAT3Y70% in a large number of glioma clinical samples.
Co-expression of p-EGFRY1173 and TRIM59 also correlates with poor survival of GBM
patients.

Materials and Methods

Cell lines

Plasmids

LN229 and U87 (21) GBM cells were from ATCC (Manassas, VA, USA). Patient-derived
glioma stem cell (GSC) lines, GSC 1123 and GSC 83 were from Dr. Ichiro Nakano (22).
Glioma cells were cultured in 10% FBS/DMEM, and GSC cells were maintained in
DMEM/F12 supplemented with B27 (1:50), heparin (5 mg/ml), basic FGF (20 ng/ml), and
EGF (20 ng/ml) as we previously described (23). All cell lines in this study were
authenticated using STR DNA fingerprinting in March 2017 by Shanghai Biowing Applied
Biotechnology Co., Ltd (Shanghai, China), and mycoplasma infection was detected using
LookOut Mycoplasma PCR Detection kit (Sigma-Aldrich). Only lower-passage cell lines
were used for the study.

TRIM59 cDNA was amplified from U87 cells, sequenced, and then subcloned into the
pLVX-Puro and pcDNAS3 vectors (Clontech) with an HA tag. SOX9 cDNA was also
amplified from U87 cells and then subcloned into the pcDNAS3 vector. HA-TRIM59 deletion
constructs were made as previously described (20). pcDNA3-Flag-STAT3, pcDNA3-Flag-
STAT3-Y705F, and pcDNA3-Myc-STAT3 were derived from pLEGFP-WT-STAT3, which
was a gift from George Stark (Lerner Research Institute, Cleveland Clinic, Addgene plasmid
#71450) (24). pcDNA3-Flag-TC45 was derived from pEFneo-HA-TC45 (12). HA-
TRIM59Y218F/Q221A point mutation was generated using a site-directed mutagenesis kit
(Invitrogen) following the manufacturer’s protocol. TRIM59 shRNAs were purchased from
Genechem (Shanghai, China).

Immunoprecipitation and Western blotting assays

Immunoprecipitation and Western blotting analyses were performed as we previously
described (23). Briefly, cells were lysed, centrifuged, and then protein concentrations were
determined. Equal amounts of cell lysates were immunoprecipitated with specific antibodies
and protein G-agarose beads (Invitrogen). Standard Western blotting was done with antibody
against p-actin (1-19), STAT1 (C-111), STAT5 (G-2), and STAT3 (H-190) (Santa Cruz
Biotechnology); Flag (M2, Sigma-Aldrich); HA (#66006-1-1g), Lamin B1 (Proteintech
Group); TRIM59 (ab69639, Abcam); EGFR (D38B1), phospho-STAT3 (Y705) (D3A7),
phospho-EGFR (Y1173) (53A5), STAT3 (124H6), TCPTP (TC45)(D7T7D), Myc (9B11),
Tubulin (#2148), and HA (C29F4) (Cell Signaling Technology).

Cell proliferation and colony formation assays

Cell proliferation analysis was performed using a WST-1 assay kit (Roche) and colony
formation analysis was performed as previously described (25). Briefly, for cell proliferation
analysis, cells were split, seeded, and proliferation measured using the WST-1 assay Kkit. For
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colony formation assay, 10,000 cells were seeded in a 0.4% Noble Agar top layer with a
bottom layer of 0.8% Noble Agar in each of the triplicate wells of a 12-well plate. Cell
culture media was changed every 3 days thereafter. Colonies were scored after 2-3 weeks
and data were analyzed.

shRNA knockdown and transfection assays

shRNA knockdown and transfection assays were performed as previously described (23).
Lentiviruses were produced by co-transfecting specified DNA and packaging plasmids (26)
into 293T cells using Lipofectamine 2000 reagent according to manufacturer’s instruction
(#52758, Invitrogen). Viruses were concentrated by ultracentrifugation and added into the
culture media supplemented with 8 pg/ml polybrene. Transduced human GBM cells were
harvested, and then expressions of exogenous proteins or inhibition of target genes by
knockdown vectors were validated by Western blotting assay.

RNA isolation and qRT-PCR

Total RNA was isolated from cells using the Trizol Plus RNA Purification Kit (Thermo
Fisher Scientific) and was reversely transcribed into cDNA using the Reverse Transcription
Kit (Takara) according to the manufacturer’s instructions. gGRT-PCR was performed using
the Power SYBR Green Master Mix (Life Technologies) in the Applied Biosystems StepOne
Plus Real-Time Thermal Cycling Block. Primers are listed in Table S1. Results were
analyzed using the 27(AACY) method.

RNA-Seq and Gene Set Enrichment Analysis (GSEA)

Total RNA was extracted and purified using the Qiagen RNeasy Mini kit (Valencia, CA,
USA) according to the manufacturer’s instructions. The quality of RNA was assessed by a
bioanalyzer before sequencing. Libraries for poly(A)* RNA were prepared according to the
Illumina protocol. Libraries were sequenced on Illumina HiSegX Ten platforms. The criteria
of differentially expressed genes were genes that showed a > 2 fold gene expression changes
with a false discovery rate (FDR) < 0.05. GSEA was performed using the GSEA software
(27). RNA-Seq data reported in this study have been deposited with the Gene Expression
Omnibus under the accession GEO ID: GSE95386 and GSE106557.

Luciferase promoter assay

For the luciferase promoter assay, TRIM59 promoter was amplified from U87 cells using the
primers: 5’-acacacatgagccaccacg-3” and 5”-ggatgctgagagccgeccega-3” and subcloned into
the pGL3 vector (Promega). pGL3-TRIM59 promoter was co-transfected with or withtout a
SOX9 expression plasmid into U87 cells using the Lipofectamine 2000 transfection reagent
(Thermo Fisher Scientific) according to the manufacturer’s recommendation. pRL-TK
(Renilla luciferase, Promega) was used as a control. Luciferase and Renilla signals were
measured using the Dual-Luciferase Reporter Assay kit (Promega) according to a protocol
provided by the manufacturer (Berthold technologies).
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Tumorigenesis studies

Athymic nu/nu female mice aged 6-8 weeks (SLAC, Shanghai, China) were used. Mice
were randomly divided into 5 per group. In total, 5 x 10° U87 GBM cells or 6,000 GSC83
GSCs transduced with a luciferase reporter to measure tumor growth were stereotactically
implanted into the mouse brain as previously described (25). Mice were euthanized when
neuropathological symptoms developed. Tumor volumes were measured using the largest
tumor cross-section for each samples and estimated as (W2 x L)/2, W < L (28) using H&E
stained sections or measured in vivo using luciferase activity after injection of D-luciferin.
Bioluminescence imaging was performed using the IVIS Lumina imaging station (Caliper
Life Sciences). All animal experiments were approved by Shanghai Jiao Tong University
Institutional Animal Care and Use Committee (IACUC).

IHC of human glioma specimens

Statistics

Results

In accordance to a protocol approved by Shanghai Jiao Tong University Institutional Clinical
Care and Use Committee, according to the Declaration of Helsinki, clinical brain tissue
specimens were collected at Ren Ji Hospital, School of Medicine, Shanghai Jiao Tong
University, Shanghai, China. The investigators obtained informed written consent from the
subjects. These specimens were examined and diagnosed by pathologists at Ren Ji Hospital.
The tissue sections from paraffin-embedded de-identified human GBM specimens were
stained with against TRIM59 (1:50), p-EGFRY1173 (1:50), and p-STAT3Y705 (1:50)
antibodies. Non-specific 1gGs were used as negative controls. IHC staining was scored as
0-7 according to the percentage of positive cells, as previously described (25). Tumors with
0 or 2 staining scores were considered as low expressing and those with 3 to 7 scores were
considered high expressing. Two separate individuals who were blinded to the slides
examined and scored each sample.

GraphPad Prism version 5.0 for Windows (GraphPad Software Inc., San Diego, CA, USA)
was used to perform one-way analysis of variance (ANOVA) with Newman-Keuls post hoc
test or an unpaired, two-tailed Student’s #test. Spearman’s rank correlation analysis was
used to investigate the correlation of protein expression levels in human clinical GBM
specimens, and Kaplan-Meier survival analysis was carried out by log-rank test using SPSS
version 20.0 for Windows (International Business Machines Corp.). A p-value of less than
0.05 was considered statistically significant.

TRIM59 expression level is associated with a poor prognosis of glioma patients

To identify the roles of TRIM59 in glioma progression, we first assessed expression of
TRIM59 in clinical specimens of glioma patients. We performed IHC staining assays in a
total 152 clinical brain tissue specimens, including 6 normal brain tissues, 17 WHO grade I,
22 WHO grade 111 and 107 GBM. As shown in Fig. 1A, TRIM59 staining was negative or
weak in normal brain tissues and low in WHO grade 11 tumors. TRIM59 was expressed in
the majority of high-grade gliomas (WHO grade |1l and GBM tumors), and was particularly
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high in GBM (Fig. 1A and 1B). These observations suggest that TRIM59 expression is
correlated with glioma grade.

To further assess the relationship of TRIM59 expression and glioma patient survival, we
performed Kaplan—Meier survival analysis in our GBM samples and revealed a statistically
significant worse prognosis for glioma patients with high TRIM59 protein levels compared
with those with low levels (Fig. 1C). The median patient survival times of these patients
were 10.43+0.97 and 14.47+1.25 months, respectively (P < 0.01). We also downloaded one
microarray dataset of clinical WHO grade |1l and GBM tumors, GDS1816 (29), and
examined the relationship of 7R/M59 mRNA expression and glioma patient survival by
Kaplan—Meier survival analysis. As shown in Fig. 1D, Kaplan—Meier survival analysis
demonstrated that glioma patients with high 7R/IM59 mRNA levels show a statistically
significant worse prognosis compared with those with low levels, with the median patient
survival times of 13.77£0.91 and 26.83+7.17 months, respectively (P< 0.01). We also
examined 7R/M59 mRNA expression in different clinical subtype glioma samples, and
found that compared with proneural (PN) subtype tumors, TRIM59 is highly expressed in
proliferation (PRO) and mesenchymal (MES) subtype tumors (Fig. 1E). Taken together,
these observations strongly indicate that TRIM59 expression is closely associated with
progression and poor prognosis in glioma patients.

TRIM59 is transcriptionally upregulated by EGFR/EGFRvIII through SOX9 in GBM

Since TRIM59is expressed relatively high in clinical proliferation subtype gliomas with
EGFR amplification and mutation, we hypothesize that TRIM59 is important for EGFR/
EGFRvIII-driven glioma tumorigenesis. To validate this, we first analyzed expression of
TRIMS59 using Western blotting assay in isogenic LN229 and U87 GBM cells with, or
without EGFRVIII. This analysis revealed that TRIM59 was significantly upregulated in
EGFRvIlI-expressing GBM cells compared with that in the controls (Fig. 2A). In U87 GBM
cells with stable overexpression of EGFR, EGF stimulation also markedly increased
TRIM59 expression (Fig. 2B). Treatment with the EGFR tyrosine Kinase inhibitor, erlotinib
significantly inhibited EGF-stimulated TRIM59 expression (Fig. 2B). We further assessed
the expression of 7TR/M59mRNA in LN229 and U87 GBM cells with, or without
EGFRVIII, and found that 7R/M59 mRNA expression levels were significantly increased in
GBM cells transduced with EGFRvIII compared with the controls (Fig. 2C). This data
demonstrates that TRIM59 is upregulated by activated EGFR in GBM cells.

To test whether EGFRVIII’s effect on TRIMS59 expression depends on its kinase activity, we
used a kinase activity-deficient EGFRvIII construct (EGFRVIII-KD; Fig. 2D) (30). In U87
GBM cells, EGFRvIII significantly elevated TRIM59 expression relative to the parental
control line while EGFRvIII-KD did not (Fig. 2D), indicating that the enhanced TRIM59
expression is dependent on EGFRvIII kinase activity.

EGFRvIII was shown to induce transcription and epigenetic remodeling of the enhancer
landscape to promote glioma tumorigenesis through SOX9 and FOXGL1 transcription factor
networks (31). To reveal the regulatory mechanisms of TRIM59 upregulation by EGFR/
EGFRvIII, we further analyzed histone H3 lysine 27 acetylation (H3K27ac) ChIP-Seq data
(GSE72468) at the loci of 7R/M59, and detected a significant increase in H3K27 acetylation
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at the putative enhancers near 7R/M59in US7/EGFRvIII GBM cells compared with U87
GBM cells (Fig. 2E), suggesting that EGFRvIII upregulates TRIM59 expression by
activating its enhancers. Next, we performed SOX9 and FOXG1 knockdown experiments in
LN229/EGFRvIII and U87/EGFRvVIII cells using two separate ShRNAs. Compared with the
controls, SOX9knockdown in EGFRvIII-expressing cells markedly inhibited EGFRVIII-
upregulated TRIM59 protein expression (Fig. 2F), whereas FOXGZ knockdown had no
effects (Fig. S1). Moreover, overexpression of SOX9activated TR/M59 expression in U87
GBM cells (Fig. 2G). Taken together, our data support that TRIM59 is transcriptionally
upregulated by EGFR/EGFRVIII through SOX9 in GBM cells.

TRIM59 knockdown inhibits EGFRUvIII-stimulated STAT3 activity

The functional roles of TRIM59 in cancers are not fully characterized. To test whether
TRIMS9 is critical for EGFR/EGFRVIII-driven glioma tumorigenesis, we knocked down
TRIMS9 in LN229/EGFRVIII and U87/EGFRUVIII cells using two separate sShRNAs, and
performed gene set enrichment analysis (GSEA) in TR/IM5%knockdown LN229/EGFRvII|
cells versus control cells (Fig. 3A). EGFR-regulated transcription factor STAT 3-targeted
gene signature (32) was significantly altered in 7R/M59-knockdown GBM cells (Fig. 3A).
Then, we performed Western blotting assays and found that compared with the controls,
depletion of TRIM59in EGFRvIII-expressing cells markedly inhibited EGFRvIII-promoted
STAT3 phosphorylation (Fig. 3B). Moreover, 7TR/M59knockdown significantly inhibited
EGFRvIlI-induced transcription of STAT3 target genes, SOCS3and ¢-FOS (10) (Fig. 3C).

To validate that TRIM59 is important for EGFR-stimulated STAT3 activity, we
overexpressed Flag-tagged STAT3 wild type (WT), or an inactive form mutant (Y705F), in
U87/EGFRVIII cells transfected with a TRIM59 shRNA. As shown in Fig. 3D and 3E,
overexpression of STAT3 WT rescued TR/IM59 knockdown-suppressed STAT3
phosphorylation and EGFRvIII-induced transcription of SOCS3and ¢-FOSin U87/
EGFRVIII/shT59 cells, whereas overexpression of STAT3Y705F did not.

To support that TRIMS59 is critical for EGFR/EGFRvIII-driven glioma tumorigenesis, we
performed assays to investigate effects of 7/R/M59 knockdown on EGFR/EGFRvIII-
stimulated cell proliferation, colony formation in soft agar in vitro, and tumor growth using
orthotopic xenografts. As shown in Fig. 3F and 3G, compared with the controls, depletion of
TRIM59in EGFRvIII-expressing cells markedly inhibited EGFRvIII-promoted cell
proliferation and colony formation in soft agar. When engineered U87 cells were implanted
into the brains of animals, knockdown of endogenous TRIM59 significantly reduced
EGFRvIII-stimulated tumor growth relative to non-silencing control xenografts (Fig. 3H and
31). These data demonstrate that TRIM59 is important for EGFRvIII-stimulated STAT3
activity and glioma tumor growth.

To further determine whether TRIM59 is critical for glioma tumorigenesis, we analyzed the
effects of TRIM59 on patient-derived glioma stem cells (GSCs) using molecular biology, in
vitro, and in vivo assays (25, 33). As shown in Fig. 3], TRIM59 was expressed in both
mesenchymal subtype GSCs (GSC83 and GSC1123) previously characterized by high levels
of endogenous EGFRVIII (25) and are highly tumorigenic in orthotopic mouse xenografts
(22, 25). Treatment of EGFR inhibitor, erlotinib, significantly inhibited EGFR
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phosphorylation (p-EGFR), STAT3 phosphorylation (p-STAT3), and TRIM59 expression
(Fig. 3J). Knockdown of endogenous TRIM59 using two separate ShRNAs in both GSC
lines markedly suppressed p-STAT3 and EGFRvIII-induced transcription of SOCS3and c-
FOS (Fig. 3K and 3L). Intracranial xenografts demonstrated that 7R/M59 knockdown
significantly inhibited GSC growth in vivo (Fig. 3M and 3N), and extended animal survival
compared with the control (Fig. 30), validating our observations in EGFRvIII GBM cell
lines (Fig. 3B to 3l). These data also support that TRIM59 is important for EGFRvIII
tumors. We also found that 7R/M59is co-expressed with SOX9in classical (CL) and
mesenchymal (MES) subtype Grade 111 and GBM tumors in the Chinese Glioma Genome
Atlas (CGGA) datasets (Fig. S2A and S2B). Moreover, SOX9is co-expressed with EGFR in
both tumor subtypes (Fig. S2C and S2D). This further demonstrates that SOX9 enhances
TRIM59 expression to regulate CL and MES subtype glioma tumorigenicity.

EGFR promotes TRIM59 interaction with STAT3 in the nucleus

To reveal how TRIM59 mediates EGFRvIII-stimulated STAT3 activity, we first transfected
HA-tagged TRIM59 into LN229/EGFRvIII and U87/EGFRvIII GBM cells, and then
performed immunoprecipitation and Western blotting analyses using anti-HA and anti-
STAT3 antibodies. As shown in Fig. 4A, TRIM59 interacted with STAT3 in both GBM cells.
Moreover, their interaction was significantly enhanced by overexpression of EGFRvIII (Fig.
4B). Our analysis of immunoprecipitation and Western blotting using cytoplasmic and
nuclear fractions further revealed that the association between TRIM59 and STAT3 occurred
in the nucleus (Fig. 4C).

Next, to investigate the specificity of TRIM59-STAT3 interaction, we determined the
interaction between TRIM59 with STAT1 or STATS in U87 and LN229 GBM cells with or
without EGFRVIII overexpression. As shown in Fig. 4D, TRIM59 did not bind to STAT1 or
STATS in control or EGFRVIII cells.

Finally, to further identify which region or domain in TRIM59 mediates its association with
STAT3, we generated several deletion mutants lacking various functional binding domains
as indicated in Fig. 4E, and then separately transfected them into U87/EGFRvIII GBM cells.
Mutants D1, D2, and D4, but not mutant D3, could bind to STAT3 (Fig. 4F), suggesting that
the middle region of amino acid residues 160-280 of TRIMS59 is required for interacting
with STAT3. These data suggest that EGFRvIII specifically promotes TRIM59 interaction
with STAT3 in the nucleus.

Y218/Q221 sites of TRIM59 are important for TRIM59-STAT3 interaction

Since the middle region of amino acid residues 160-280 of TRIM59 does not contain any
previously defined signaling motif, we performed in silico analysis using The Eukaryotic
Linear Motif Resource for Functional Sites of Proteins (http://elm.eu.org) and identified one
potential consensus motif, Y XXQ (consistent with a STAT3 SH2-binding domain) (34-36),
in TRIM59 at amino acid residues 218-221(Fig. 4E). To assess whether this Y XXQ motif is
critical for TRIM59-STAT3 interaction, we constructed the TRIM59 vector with specific
point mutations, substituting tyrosine () to phenylalanine (F) 218 and Glutamine (Q) to
Alanine (A) 221. Re-expression of shRNA-resistant TRIM59 wild type (WT*) rescued
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EGFRuvllI-induced binding of TRIM59 with STAT3 (Fig. 5A), STAT3 phosphorylation (Fig.
5A), and transcription of SOCS3and ¢-FOS (Fig. 5B), in both U87/EGFRvIII/shT59 and
LN229/EGFRvIII/shT59 GBM cells. However, re-expression of shRNA-resistant TRIM59
Y218F/Q221A mutant did not restore EGFRvIII-induced STAT3 phosphorylation or target
gene expression (Fig. 5A and 5B), suggesting that the Y218/Q221 sites are critical for
TRIMS9 interaction with STAT3.

To further reveal the roles of TRIM59Y218/Q221 jn EGFR/EGFRvIII-driven glioma
tumorigenesis, we re-expressed shRNA-resistant TRIM59WT* and TRIM59Y?218F/Q221Ax j
U87/EGFRVIII/shT59 and LN229/EGFRVIII/shT59 cells. Compared to the controls, re-
expressing TRIM59WT* rescued 7R/M59 knockdown-suppressed cell proliferation and
colony formation in soft agar stimulated by EGFRvIII, whereas re-expressing
TRIM59Y218F/Q221Ax djd not (Fig. 5C and 5D). Moreover, re-expressing TRIM59WT=
significantly restored TRIM59 depletion-inhibited tumor growth relative to the control
xenografts, whereas re-expressing TRIM59Y218F/Q221A% showed no enhanced tumorigenic
growth (Fig. 5E and 5F). Collectively, these findings suggest that Y218/Q221 sites are
critical for TRIM59 functions in EGFR/EGFRvIII-driven tumorigenesis in gliomas.

TRIM59 promotes STAT3 activity by inhibiting STAT3-TC45 binding

Protein tyrosine phosphatase, TC45, can negatively regulate STAT3 activity by directly
dephosphorylating STAT3 in the nucleus, thereby repressing oncogenic signaling (11, 12).
We performed immunoprecipitation and Western blotting analysis to examine whether
TRIM59 affects the dephosphorylation process of STAT3. As shown in Fig. 6A, TC45 could
form a complex with STAT3 in both LN229/EGFRvIII and U87/EGFRvVIII cells. However,
we found that TRIM59 overexpression significantly suppressed the interaction of TC45 and
STATS3, but increased STAT3 phosphorylation stimulated by EGFRvIII (Fig. 6A). This data
suggests that TRIM59 may promote STAT3 activity through disruption of STAT3-TC45
interaction, which inhibits dephosphorylation of p-STAT3 in the nucleus.

To validate this observation, we determined the domain of STAT3 binding with TRIM59 and
TC45 in glioma cells. We generated an N-terminus and a C-terminus deleted mutants
lacking various functional binding domains as indicated in Fig. 6B, and then separately
transfected them into U87/EGFRVIII cells. As shown in Fig. 6C and 6D, it was revealed that
both TRIM59 and TC45 interacted with the C-terminal fragment of STAT3, suggesting that
TRIM59 may compete with TC45 to interact with STAT3.

To support that TRIM59 mediates STAT3 activity through disruption of STAT3-TC45
interaction, we co-expressed Myc-tagged STAT3 and Flag-tagged TC45 with or without
HA-tagged TRIM59WT or TRIM59Y218F/IQ221A jnto U87/EGFRVIII cells. Consistent with
our findings, the level of p-STAT3 was markedly diminished in cells overexpressing TC45, a
trend that was reversed by overexpressing TRIM59WT but not TRIM59Y218F/Q221A (Eiq.
6E). Moreover, overexpressing TRIM59WT  but not TRIM59Y?218F/Q221A attenuated the
interaction between TC45 and STAT3 (Fig. 6E). These data show that TRIM59 competes
with TC45 to interact with STAT3, resulting in the disassociation of the STAT3-TC45
complex, preventing STAT 3-inactivation by TC45 dephosphorylation, and stabilizing STAT3
transcriptional activation.
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Co-expression of p-EGFRY1173 TRIM59 and p-STAT3Y705 correlates with a worse prognosis

of GBM

Previous studies have shown that high expression of EGFR, EGFRUVIII, and p-STAT3 are
highly correlated with a poor prognosis for glioma patients (8, 37-40). To further assess the
clinical relevance of our findings in this study, we examined expression of p-EGFRY1173,
TRIMS59, and p-STAT3Y705 in clinical glioma samples. Using antibodies with validated
specificities against these proteins, we performed IHC analyses on serial sections of 107
GBM specimens (Fig. 7A). Co-expression of TRIM59 and p-STAT3Y795 was found in the
majority of p-EGFR positive tumors (Fig. 7A). Spearman’s rank correlation analysis, based
on quantification of the IHC staining, revealed statistically significant positive correlations
between p-EGFRY1173 TRIM59, and p-STAT3Y795 (Fig. 7B). Moreover, Kaplan-Meier
analyses of survival showed that co-expression levels of p-EGFR/TRIM59 and TRIM59/p-
STAT3 were correlated with a significantly shorter survival in glioma patients (Fig. 7C).
Taken together, these data support the role of EGFR/TRIM59/STAT3 signaling in the
pathophysiology, clinical progression, and aggressiveness of human gliomas. These results
also suggest that TRIM59, in conjunction with other clinical markers, could improve the
assessment of clinical outcomes in GBM with EGFR activation.

Discussion

Multiple cancers have frequent aberrant activation of EGFR/STAT3 signaling, including
GBM, and cancers of the lung, breast, head and neck, and bladder, resulting in enhanced
tumorigenesis, invasion, metastasis, and immunosuppression in these malignant tumors (8,
12, 41-44). Oncogenic EGFR/STAT3 signaling is activated by gene amplification,
overexpression, or activating mutations through several different mechanisms, including
direct activation of STAT3 by EGFR binding (8, 45) and indirect activation of STAT3
through Src- or JAK (46, 47). In addition, EGFR/STAT3 signaling is activated by IL-6 (41).
Recently, EGFR-induced STAT3 phosphorylation in breast cancer was found to be
dependent on suppressing TC45 dephosphorylation of nuclear STAT3 (12). In this study, we
describe a novel function of TRIM59, acting as a new downstream effector of EGFR
signaling to mediate EGFR/STAT3-driven tumorigenesis. We demonstrate that TRIM59
expression is associated with glioma progression and a poor survival of glioma patients.
TRIMS9 is transcriptionally regulated by EGFR/EGFRvIII through SOX9. Moreover,
EGFR/EGFRvIII promotes TRIM59 interaction with STAT3 in nucleus. The association of
TRIMS59 with STAT3 suppresses TC45-mediated dephosphorylation of STAT3 in the
nucleus, thereby promoting STAT3 activation and glioma tumorigenesis in vitro and in vivo
(Fig. 7D). Taken together, our study provides clinical and mechanistic evidence
demonstrating that TRIM59 upregulation is critical for EGFR/STAT3-driven tumorigenesis
in human cancers.

TRIM59 was initially identified to have proto-oncogenic function in SV40 Tag and Ras
signaling pathways in mouse prostate cancer models (15). However, the mechanisms that
mediate TRIM59 expression and/or activation remain poorly characterized (15). Recently,
TRIM59 was found to be upregulated, and its expression was correlated with gastric cancer
progression and patient survival. TRIM59 promoted gastric tumorigenesis through
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enhancing ubiquitination and degradation of p53 (16). In lung cancers, TRIM59 is also
highly expressed and promotes cell proliferation and migration. However, TRIM59 regulates
expression of cell cycle proteins CDC25C and CDK?1 but not the p53 signaling pathway in
lung cancer cells (18). Moreover, TRIM59 acts as an adaptor protein to interact with ECSIT
in innate immune response (20). In the present study, we described a distinct mechanism by
which TRIM59 mediates EGFR/EGFRVIII/STAT3-driven tumorigenesis. Association of
TRIM59 with nuclear STAT3 is enhanced by EGFR/EGFRVIII, and the Y218/Q221 sites of
TRIMS9 are required for their binding. TRIM59 does not regulate STAT3 expression but
attenuates TC45-STAT3 interaction, preventing STAT3 dephosphorylation by TC45 in the
nucleus, thereby maintaining STAT3 signaling and enhanced tumorigenesis. Our data also
demonstrate that TRIM59 is important for proliferative or classical and mesenchymal
subtype gliomas. Although EGFR amplification and the EGFRvIII mutation occurs with
greater frequency in the GBM classical subtype, we found that TRIM59 is important for
tumorigenicity of patient-derived mesenchymal subtype glioma stem cells (GSCs) with
EGFRvIII overexpression. Moreover, 7R/M59expression is positively correlated with
SOX9, and SOX9is co-expressed with EGFR in mesenchymal and classical subtype
gliomas in the Chinese Glioma Genome Atlas (CGGA) RNA-Seq datasets. Together, this
investigation identifies a previously unrecognized mechanism, in which TRIM59 functions
as a signaling relay in mediating EGFR/EGFRVIII stimulation of oncogenic STAT3
signaling, thereby promoting tumorigenesis in human gliomas. Additionally, our results and
those of the aforementioned studies (15, 16, 18) also provide substantial evidence
demonstrating the context-dependent role of TRIM59 in modulating distinct oncogenic
pathways in multiple cancers.

STAT3 activity is regulated by positive activators, such as receptor tyrosine kinases (RTKSs)
(8), interleukin-6 (I1L-6) family cytokines, G-protein-coupled receptors (GPCRs), and Toll-
like receptors (TLRs) (48). Aberrant activation of STAT3 is inhibited by negative regulators,
including TC45 (11-13), PIAS3 (49), and SHP-1 (50). EGFR/EGFRvIII can activate STAT3
directly or through positive regulators (8, 46, 47). However, the mechanism by which EGFR/
EGFRvIII overcomes these endogenous STAT3 inhibitory factors remains unclear. Recently,
it was shown that EGF-stimulated STAT3 activation can be suppressed by overexpression of
Gdx/UBLA4A in breast cancer cells, which specifically bridges and stabilizes TC45-STAT3
binding, and promotes dephosphorylation of STAT3, leading to the suppression of
tumorigenesis (12). Here, we demonstrate that knockdown of 7R/M59inhibited STAT3
activation stimulated by EGFR/EGFRvIII, whereas re-expression of sShRNA resistant
TRIM59 restored STAT3 activation. Furthermore, TRIM59 interacted with STAT3 in the
nucleus. Overexpression of TRIM59 inhibited TC45-STAT3 association and promoted
STAT3 activation. Further investigation indicated that EGFR/EGFRvIII-upregulated
TRIMS9 could disrupt the interaction between TC45 and STAT3 by competing with TC45 to
associate with STAT3. Our results identify a novel mechanism of EGFR-activated STAT3, in
which TRIM59 maintains oncogenic signaling by inhibiting STAT3-TC45 complex
formation to keep STAT3 phosphorylation and activation.

In conclusion, our findings reveal a previously unknown signal relay by which TRIM59
mediates EGFR stimulation of STAT3 by inhibiting TC45 dephosphorylation of STAT3 in
the nucleus, thereby enhancing the oncogenic activity of the EGFR/STAT3 signaling
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pathway in human gliomas. The newly established roles of TRIM59 in EGFR-driven
tumorigenesis provide a rationale for TRIM59 as a novel prognostic marker for glioma
patients and a potential target for further therapeutic investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TRIM59 expression is correlated with a poor prognosis of GBM patients
A, IHC staining of TRIM59 expression in normal brain tissues and clinical glioma

specimens. Scale bars: 50 um. Arrows show positive staining. NB, normal brain tissues. I,
WHO grade Il gliomas. 111, WHO grade 1l gliomas. B, Quantitative analysis of TRIM59
protein expression in A. C, Kaplan—Meier analysis of patients with high TRIM59 protein-
expressing GBM versus low TRIM59 protein-expressing tumors in A. Statistical analysis
was performed by log-rank test in a SPSS software. Median survival (in months): low,
14.47+1.25; high, 10.43+0.97. Black bars, censored data. D, Kaplan—Meier analysis of
patients with high 7R/M59 mRNA-expressing gliomas versus low 7R/M59 mRNA-
expressing tumors. Expression data of 7R/M59 mRNA were downloaded from the
GDS1816 dataset of Grade Il tumors and GBM (29) and analyzed. Median survival (in
months): low, 26.83+7.17; high, 13.77+0.91. E, Expression level of TRIM59 mRNA is
significantly higher in proliferation (PRO) and mesenchymal (MES) subtype tumors than in
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proneural (PN) subtype tumors. Error bars = SD. *, £<0.05. **, £<0.01. ***, £<0.001.
Data represent two independent experiments with similar results.
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Figure 2. TRIM59 expression is upregulated by activated EGFR in GBM cells
A, Effects of EGFRvIII overexpression on TRIMS59 protein expression in U87 and LN229

GBM cells. P, parental cells; vilI, U87 or LN229 cells expressing EGFRVIII. p-actin was
used as a loading control. B, Erlotinib treatment inhibited EGF-stimulated EGFR
phosphorylation and EGFR-upregulated TRIM59 expression in U87 GBM cells with stable
expression of EGFR. EGF (20 ng/ml) stimulated U87 GBM cells with, or without, Erlotinib
(10 uM) for 24 h. C, qRT-PCR analysis of effects of EGFRvIII on 7R/M59 mRNA
expression. D, WB analysis of effect of kinase dead EGFRvIII (EGFRvIII-KD) on TRIM59
expression. E, Snapshots of UCSC genome browser (genome.ucsc.edu) of H3K27ac ChlP-
Seq data (GSE72468) at the loci of TR/IM59. The shaded H3K27ac peaks indicated putative
EGFRvIlI-responsive enhancer. F, Effects of SOX9depletion on EGFRvIII-stimulated
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TRIM59 protein expression. G, Overexpression of SOX9 promotes 7TR/M59 transcription in
a dose-dependent manner. A luciferase reporter of TR/IM59 promoter was transiently
transfected into U87 cells with the different amount of SOX9 expression plasmid DNA.
Arrows, EGFR. Arrow heads, EGFRvIII. Error bars + SD. *, £<0.05. Data represent two
independent experiments with similar results.
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Figure 3. Knockdown of TRIM59 inhibits EGFRvVIII-stimulated STAT 3 activity
A, Gene set enrichment analysis (GSEA) of STAT3 target genes using ranked gene

expression changes in 7R/M5%-knockdown LN229/EGFRVIII cells compare to control cells.
NES, normalized enrichment score. B, WB assays of the effects of TRIM59 knockdown
with two different shRNAs (shT59-1 and shT59-2) compared to a control ShRNA in LN229
and U87 GBM cells on EGFRvIII-stimulated STAT3 phosphorylation. Arrows, EGFR.
Arrow heads, EGFRVIII. C, qRT-PCR analyses of effects of 7TR/IM59depletion on SOCS3
and ¢-FOS expression in B. D, WB assays of overexpression of Flag-tagged STAT3 wild
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type (WT) or an inactive form of STAT3 (Y705F) mutant or an empty vector (EV) in U87/
EGFRvIII GBM cells with or without 7R/M59 knockdown. E, gRT-PCR analyses of the
effects of overexpression of Flag-STAT3 WT or Y705F mutant on 7R/M59 depletion-
inhibited expression of SOCS3and ¢-FOSin D. F and G, Effects of knockdown of TRIM59
on in vitro cell proliferation (F) and cell colony formation (G). H, sShRNA knockdown of
TRIM59 inhibits EGFRvIII-promoted U87 tumor growth in the brain. |, Quantification of
tumor size in H. J, Effects of EGFRvIII on expression of TRIM59 and p-STAT3. GSC83
and GSC11233 GSCs were treated with Erlotinib (10 uM) for 24 h. B-Actin was used as a
control. Arrow heads, EGFRVIII. K and L, Knockdown of 7R/M59 inhibits p-STAT3 and
EGFRvIlI-induced transcription of SOCS3and ¢-FOSin GSC83 and GSC11233 GSCs. M,
Representative bioluminescence images of brains with indicated GSC83 control or 7TR/M59
knockdown GSCs at 13 days after implantation. Images represent results of five mice per
group of two independent experiments. N, Quantification of the bioluminescence activity in
M. O, Kaplan—-Meier analysis of animals with shT59-expressing GSC83 GSC tumors versus
shC-expressing tumors. Statistical analysis was performed by log-rank test. Median survival
(in days): shC, 17; shT59-1, 33; shT59-2, 30. Error bars = SD. *P< 0.05. Data are
representative of two or three independent experiments with similar results.
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Figure 4. EGFR promotes TRIM59 interaction with STAT3 in the nucleus
A, IP and WB analyses of the association of STAT3 with ectopic HA-TRIM59 in LN229/

EGFRvIII and U87/EGFRvIII GBM cells. 1gG was used as a control. B, Effects of
EGFRVIII overexpression on the association of STAT3 with TRIM59. C, The interaction of
TRIM59 and STAT3 occurs primarily in the nucleus. Cytoplasmic and nuclear proteins from
U87 GBM cells, with or without EGFRVIII overexpression, were separated and subjected to
IP as indicated. The nuclear marker Lamin B1 and the cytoplasmic marker Tubulin were
used to demonstrate the purity of fractions. D, TRIM59 specifically interacts with STAT3.
IP/WB analyses of the association of TRIM59 with STAT1, STAT3 and STAT5 in LN229
and U87 GBM cells. E, Schematics of TRIM59WT and various TRIM59 deletion mutants. F,
STAT3 interacts with TRIM59 with amino acid residues 160-280. TRIM59WT or the
indicated TRIM59 mutants was transfected into U87/EGFRvIII GBM cells. Data are
representative of two or three independent experiments with similar results.
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Figure5. Y218/Q221 sitesof TRIM59 arecritical for TRIM59-STAT 3 interaction and
EGFRuvIII-driven tumor growth

A, IP/WB analyses of the effect of TRIM59 Y218F/Q221A mutant on the association of
TRIMS59 with STAT3. shRNA-resistant TRIM59 WT and Y218F/Q221A mutant were re-
expressed in U87/EGFRVIII/ShTRIM59 and LN229/EGFRvIII/ShTRIM59 GBM cells,
respectively. B, Effects of re-expression of shRNA-resistant TRIM59 WT and Y218F/
Q221A mutant on SOCS3and c-FOS expression in A. C to E, Effects of re-expression of
shRNA-resistant TRIM59WT and TRIM59Y218F/Q221A mytant on in vitro cell proliferation
(C), cell colony formation (D), and tumor growth in the brain (E). Data in E, representative
images of H&E analyses of brain sections. Scale bars: 1 mm Data. F, Quantification of
tumor size in E. Data were from stained brain sections of 5 mice per group. Error bars+SD.
*P<0.05. Data and images are representative of two to three independent experiments.
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Figure 6. TRIM59 promotes STAT 3 activity through disruption of STAT3-TC45 interaction
A, Effects of TRIM59 overexpression on TC45-STAT3 interaction and STAT3

phosphorylation in LN229/EGFRvIII and U87/EGFRvIII GBM cells. B, A schematic
presentation of full-length STAT3 and its truncation mutants. C and D, Domain mapping of
STAT3 demonstrates the domains that interact with TC45 (C) or TRIM59 (D). E, Effects of
TRIM59Y218F/Q221A mytant on STAT3 phosphorylation and the interaction between TC45
and STAT3. Flag-TC45 and Myc-STAT3 with or without HA-TRIM59WT or HA-
TRIM5QY?218F/Q221A \yere separately cotransfected into US7/EGFRVIII cells. Data are
representative of two or three independent experiments with similar results.
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Figure 7. Co-expression of p-EGFRY1173, TRIM59, and p-STAT3Y705 iscorrelated with a worse
prognosis of gliomas

A, In total, 107 GBM specimens were analyzed by IHC. Representative images of two GBM
specimens that were IHC stained positive or negative by the indicated antibodies. Scale bars:
50 um. B, Correlation of expression between p-EGFRY1173 and TRIM59, or TRIM59 and p-
STAT3Y705, C, Kaplan-Meier analyses of patients with high p-EGFRY1173/high TRIM59-
expressing tumors (red line) versus low EGFRY1173/low TRIM59-expressing tumors (black
line), or high TRIM59/high p-STAT3Y7%-expressing tumors (red ling) versus low
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TRIM59/low p-STAT3Y7%5_expressing tumors (black line) based on IHC analyses in A.
Median survival (in months) in left: low, 14.90; high, 9.53. Median survival (in months) in
right: low, 14.51; high, 10.13. Pvalues were calculated by the log-rank test. Black tick
markers indicate censored data. D, A working model of EGFR/TRIM59/STAT3 signaling
pathway in glioma tumorigenesis.
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