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Abstract

Cancer cells adopt various modes of migration during metastasis. How the ubiquitination

machinery contributes to cancer cell motility remains underexplored. Here, we report that tri-

partite motif (TRIM) 59 is frequently up-regulated in metastatic breast cancer, which is corre-

lated with advanced clinical stages and reduced survival among breast cancer patients.

TRIM59 knockdown (KD) promoted apoptosis and inhibited tumor growth, while TRIM59 over-

expression led to the opposite effects. Importantly, we uncovered TRIM59 as a key regulator

of cell contractility and adhesion to control the plasticity of metastatic tumor cells. At the molec-

ular level, we identified programmed cell death protein 10 (PDCD10) as a target of TRIM59.

TRIM59 stabilized PDCD10 by suppressing RING finger and transmembrane domain-con-

taining protein 1 (RNFT1)-induced lysine 63 (K63) ubiquitination and subsequent phosphotyr-

osine-independent ligand for the Lck SH2 domain of 62 kDa (p62)-selective autophagic

degradation. TRIM59 promoted PDCD10-mediated suppression of Ras homolog family mem-

ber A (RhoA)-Rho-associated coiled-coil kinase (ROCK) 1 signaling to control the transition

between amoeboid and mesenchymal invasiveness. PDCD10 overexpression or administra-

tion of a ROCK inhibitor reversed TRIM59 loss-induced contractile phenotypes, thereby accel-

erating cell migration, invasion, and tumor formation. These findings establish the rationale for

targeting deregulated TRIM59/PDCD10 to treat breast cancer.

Author summary

Cancer cell metastasis is the primary cause of mortality in cancer patients. Changes in cell

morphology are critical for cancer cell motility and metastasis, and this process requires

spatiotemporal control of the turnover or stabilization of signaling components that regu-

late cell polarity. Autophagy—a highly regulated intracellular degradation process—pro-

vides cancer cells with access to energy sources while preventing mutagenic oxidative stress
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to suppress tumorigenesis. But the mechanisms underlying how autophagy impacts cell

metastasis remain mostly unknown. Here, we identify TRIM59, a protein in the E3 ligase

family known to target ubiquitinated proteins for proteasomal or autophagic degradation,

as a key component of a novel molecular mechanism in human breast cancer. We show

that TRIM59 regulates the degradation of PDCD10, which is involved in programmed cell

death and is the main factor for driving the pathogenesis of the devastating familial cerebral

cavernous malformation (CCM) disease. We find that TRIM59 has an effect in cell shape

and contractility by controlling PDCD10 levels. Our results suggest that targeting the

TRIM59-PDCD10 interplay could lead to new therapeutic strategies to treat breast cancer

and CCM.

Introduction

The tripartite motif (TRIM) protein family of E3 ubiquitin ligases is intimately implicated in

tumorigenesis by enhancing gene translocation and fusion [1,2], promoting cell cycle arrest

through deregulation of tumor protein 53 (p53) and cyclin-dependent kinase (CDK) inhibitors

degradation [3,4], or regulating tumor metabolic homeostasis with melanoma antigen family pro-

teins [5]. TRIM proteins share a common domain architecture, comprising an N-terminal really

interesting new gene (RING) domain, followed by one or two B-boxes (B1/B2) and a coiled-coil

(CC) region. TRIM proteins often have ubiquitin (Ub) ligase activity and can selectively target

Ub-modified proteins for proteasomal or autophagic degradation [6,7]. To search for potential

pro-oncogenic members in the human TRIM family that are differentially expressed in cancer tis-

sues, we systematically analyzed the expression profiles of 68 TRIM genes based on datasets from

the Cancer Genome Atlas (TCGA) database (Fig 1A). Among all the TRIM genes, TRIM59 was

found to be the only member displaying marked up-regulation across all the 12 cancer types, a

discovery that concurs with the recent findings that TRIM59 promotes the progression of pros-

tate cancer [8], lung cancer [9], and gastric cancer [10]. While these earlier studies are primarily

centered on establishing the correlations of TRIM59 with cancer hallmarks such as cell cycle pro-

gression and apoptosis, the direct targets of TRIM59 and the molecular mechanisms underpin-

ning the pro-oncogenic role of TRIM59 in breast cancer, particularly its involvement in advanced

stages of malignant transformation (cancer invasion and metastasis), remain largely unexplored.

Acquisition of invasion behavior during cancer cell metastasis involves substantial changes

in cell morphology, protrusive activity, and the generation of cell polarity through controlling

cytoskeletal dynamics and cell–cell adhesions [11]. Tumor cells can adopt a mesenchymal

migration mode with elongated cell shapes, or display amoeboid/blebbing motility with

rounded cell morphologies during metastasis. Protrusion types such as lamellipodia, driven by

actin polymerization, as well as membrane blebs resulting from intracellular pressure gener-

ated by actomyosin contractions are associated with these different migration modes [12]. Rho

guanosine triphosphatase (GTPase) and the Rho-associated coiled-coil kinase (ROCK) signal-

ing have been established as central players in regulating the transition between mesenchymal

and amoeboid movements. Cells with high Ras-related C3 botulinum toxin substrate 1 (Rac1)

activity often display mesenchymal motility, whereas high Ras homolog family member A

(RhoA) activity induces the assembly of contractile actin cortex and amoeboid (bleb) migra-

tion by promoting the phosphorylation of myosin light chain 2 (MLC2; at residues Thr18 and

Ser19) [12] and the actin-membrane linkage protein, Ezrin (Thr567)/Radixin (Thr564)/Moe-

sin (Thr558) (ERM) [13].

Among all the factors influencing the RhoA-ROCK1 signaling, the programmed cell death

protein 10 (PDCD10; or cerebral cavernous malformation [CCM] 3) emerges as an upstream
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regulator. PDCD10 complexes with CCM1 (Krev/Rap1 Interacting Trapped 1 [KRIT1]) and

CCM2 (osmosensing scaffold for mitogen-activated protein kinase kinase kinase-3 [OSM]) to

control the onset of a detrimental disease named CCM. CCM is characterized by vascular

lesions in the central nervous system [14]. Loss of CCM proteins, including PDCD10, has been

linked to aberrant ROCK activity to cause abnormal phosphorylation of myosin light chain

(MLC) and ERM. ROCK hyperactivity has been noted in CCM patients with altered expres-

sion or mutations in PDCD10 [15–20]. However, the molecular determinants that govern

PDCD10 protein stability are yet to be identified. We reason that the TRIM subfamily of E3

ligases could serve as attractive candidates given their well-established roles in modulating pro-

tein degradation through multiple mechanisms, including but not limited to Ub ligation for

proteasomal degradation, selective autophagy degradation pathways, or functioning as adap-

tors to stabilize targeted proteins by segregating them from the degradation complex [21,22].

Our study of the mechanisms by which TRIM59 controls cell plasticity through regulating

PDCD10 stability and the downstream RhoA-ROCK signaling may provide novel insights

into the regulatory network of cancer cell invasion and metastasis.

In this study, we identified TRIM59 as a cancer-associated E3 Ub ligase, the expression of

which was strongly associated with poor clinical outcomes in breast cancer patients. TRIM59

promoted breast cancer cell growth and migration/invasion both in vitro and in vivo. Impor-

tantly, we showed that TRIM59 was essential for the transition of breast cancer cells between

mesenchymal and amoeboid movements. By means of yeast two-hybrid screening, we further

uncovered PDCD10 and the E3 ligase RING finger and transmembrane domain-containing

protein 1 (RNFT1) [23] as direct binding partners of TRIM59. TRIM59 stabilizes PDCD10 by

preventing its lysine (K) 63 ubiquitination induced by RNFT1 and the subsequent phosphotyro-

sine-independent ligand for the Lck SH2 domain of 62 kDa (p62)-selective autophagic degrada-

tion, thereby augmenting its suppressive effects on RhoA/ROCK1-mediated mesenchymal-

amoeboid transition (MAT) in breast tumor. Our study establishes TRIM59 and PDCD10 as

potential targets to develop new anticancer therapeutics.

Results

Up-regulation of TRIM59 in breast cancer and its correlation with poor

clinical outcomes

Among the approximately 70 members in the TRIM family, TRIM59 stood out as one of the

most differentially expressed genes, with its expression ubiquitously up-regulated by 1.6- to

6.3-fold in 12 analyzed cancer types compared with the adjacent normal tissues (Figs 1A and

S1A). Particularly, in breast invasive carcinoma (BRCA), TRIM59 mRNA level was significantly

increased in tumor sites (red plot) compared with its expression in normal adjacent tissues (blue

plot; fold change = 4.03, P value = 2.9 × 10−28; S1A Fig). In parallel, we assessed the expression of

TRIM59 mRNA in human and mouse tissues, as well as in a panel of human breast cancer cell

lines, by using the mammary epithelial cell line MCF10A as a nonmalignant control. TRIM59

expression was relatively low in normal human and mouse mammary gland tissues when com-

pared with cells/tissues of the immune system (spleen, thymus, T and B cells; S1B and S1C Fig).

We further detected expression of TRIM59 in breast cancer cell lines, with the highest expression

in cell lines such as MCF7 but relatively low expression in cell lines such as MDA-MB-231 (S1D

Fig). To further verify the protein levels of TRIM59 in breast cancer patients, we performed

immunohistochemistry (IHC) staining for TRIM59 on primary human breast tumors obtained

from a large cohort of breast cancer patients (S1 and S2 Tables). Among the 154 patients, 87

biopsy specimens contained both tumors and matched normal adjacent tissues, whereas the

other 67 had only tumor tissues. Among the 87 matched samples, we detected markedly higher
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intensities of TRIM59 immunostaining in breast tumors than in tumor-adjacent normal tissues

(Fig 1B and 1C and S1 and S2 Tables). Notably, TRIM59 protein levels were positively corre-

lated with the pathologic grades of breast cancer (Grade I, n = 18; Grade I–II, n = 26; Grade II

and higher, n = 110) and were slightly higher in estrogen receptor (ER)-negative breast cancer

(Figs 1D and S1E-S1G and S1 and S2 Tables). Most clinically relevant, elevated TRIM59

expression was significantly associated with shortened breast cancer patient survival (P = 0.0244)

(Fig 1E). To confirm that TRIM59 is an independent factor linked to clinical outcomes, we per-

formed multivariate overall survival analysis by using a Cox proportional hazard model based on

available clinical information, including patient cancer stages and pathological grades. Our statis-

tical analysis confirmed TRIM59 expression as an independent prognostic factor (hazard

ratio = 2.99; 95% CI: 1.10–8.12, P = 0.031, S1H Fig). In addition, even among high-grade (Grade

II and higher) patients, higher TRIM59 expression was significantly correlated with a shortened

survival rate (log-rank test P value = 0.017, S1I Fig). Together, our results establish a positive cor-

relation of augmented TRIM59 expression with breast cancer progression and survival.

TRIM59 promotes breast tumor growth both in vitro and in vivo

To examine the biological function of TRIM59 in breast cancer, we employed a short hairpin

RNA (shRNA)-based knockdown (KD by 75%, Fig 2B) or clustered regularly interspaced

short palindromic repeats (CRISPR)-associated protein-9 nuclease (CRISPR/Cas9)-based

knockout (KO, guanine- thymine [GT] insertion, Fig 2B) strategy in TRIM59-high breast can-

cer cell line MCF7 (Figs 2A and S2A and S2B). In parallel, we stably overexpressed TRIM59

by about 20-fold (Fig 2C) in MDA-MB-231, a breast cancer cell line with relatively low

TRIM59 expression (Figs 2A and S2A and S2B). Using a cell proliferation colorimetric assay,

we found that TRIM59 KD or KO in MCF7 pronouncedly suppressed cell proliferation (with

both nontransfected wild-type [WT]) and control shRNA (shControl)-transfected cells as con-

trols; Fig 2D). By contrast, cell proliferation was significantly enhanced by overexpressing

(OE) TRIM59 in MDA-MB-231 cells (Fig 2E). We next examined the anchorage-independent

growth of TRIM59 KD/KO MCF7 cells and TRIM59 OE MDA-MB-231 cells by using a Matri-

gel-based 3D culture system. TRIM59 depletion dramatically reduced the frequency of colony

formation of MCF7 cells from 14.7 ± 0.5% (control) to 5.1 ± 0.3% (shTRIM59) and 3.7 ± 0.9%

(TRIM59 KO) (Fig 2F). Conversely, TRIM59 overexpression promoted the colony formation

of MDA-MB-231 cells from 10.8 ± 0.1% to 26.2 ± 0.4% (Fig 2G). Furthermore, TRIM59 inacti-

vation dramatically impaired MCF7 cell migration by 50%–60% (Fig 2H), whilst TRIM59

overexpression increased cell migration of MDA-MB-231 cells by 60% (Fig 2I). We further

Fig 1. Increased expression of TRIM59 correlates with breast cancer progression and poor survival in patients. (A) The fold change of

TRIM family genes across 12 cancer types (y-axis) compared with their paired controls (obtained from adjacent non-tumorigenic tissues)

based on TCGA dataset analysis. The color intensity indicates the range of fold change, and black boxes indicate a significant difference in

gene expression between tumor and adjacent non-tumorigenic tissues (fold change> 1.5 and P value< 0.05). Upper bars show the frequency

of cancer types, with up-regulation (red) and down-regulation (blue) for each TRIM family gene. Top hit TRIM59 was highlighted by red

arrowhead. (B) Quantitative analysis of TRIM59 IHC staining in 87 paired tumor/non-tumor samples. (C) Representative IHC staining

images of adjacent normal tissues and breast cancerous tissues probed with the anti-TRIM59 antibody. A total of 154 patient samples were

stained and analyzed. (D) Analysis of TRIM59 staining intensity in association with clinical stages of breast tumor samples (Grade I, n = 18;

Grade I–II, n = 26; Grade II and higher, n = 110). An IHC score less than or equal to 0.75 was defined as “Low IHC ratio” or Down-regulation/

No change and a value greater than 0.75 was defined as “High IHC ratio” or Up-regulation. (E) Kaplan–Meier survival curves for breast cancer

patients based on the scores of TRIM59 IHC staining. High intensity of TRIM59 immunostaining strongly associates with poor patient

survival, P = 0.0244. Data in B and D are presented as means ± SD; �P< 0.05, ��P< 0.01, ���P< 0.001. The underlying data can be found in

S1 Data. BLCA, urothelial bladder cancer; BRCA, breast invasive carcinoma; COAD, colon adenocarcinoma; ESCA, esophageal carcinoma;

HNSC, heck and neck squamous cell carcinoma; IHC, immunohistochemistry; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal

papillary cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; STAD,

stomach adenocarcinoma; TCGA, the Cancer Genome Atlas; THCA, thyroid carcinoma; TRIM, tripartite motif.

https://doi.org/10.1371/journal.pbio.3000051.g001
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Fig 2. TRIM59 promotes breast cancer cell proliferation, growth, migration, and invasion in vitro. (A) IB analysis of TRIM59 expression in the noncancerous

mammary epithelial cell line (MCF10A) and breast cancer cell lines (MCF7 and MDA-MB-231). (B and C) IB analysis of TRIM59 expression in shRNA or CRISPR/

TRIM59-PDCD10 interplay to promote cancer growth and metastasis
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assessed the impact of TRIM59 inactivation or overexpression on cell migration and invasion

using an independent assay based on Matrigel-coated transwell chambers. Again, down-regu-

lation or loss of TRIM59 impeded MCF7 cell invasion (Fig 2J), whereas TRIM59 overexpres-

sion increased the numbers of invaded MDA-MB-231 cells (Fig 2K). Our findings establish

that TRIM59 promotes the proliferation, migration, and invasion of breast cancer cells.

In order to investigate the functional consequence of TRIM59 inactivation or overexpres-

sion in vivo, we orthotopically injected MCF7 cells and MDA-MB-231 cells stably expressing

shTRIM59 or TRIM59-internal ribosome entry site-green fluorescent protein (TRIM59-IR-

ES-GFP), respectively, with Matrigel (1:1) into the NOD scid gamma (NSG) mouse mammary

fat-pad and monitored tumor growth up to 10 weeks. The tumor weight and volume were sub-

stantially reduced in mice bearing TRIM59 KD MCF7 cells when compared with control mice

(Fig 3A and 3B). By comparison, mammary xenograft tumor growth was greatly accelerated

in mice bearing TRIM59 OE MDA-MB-231 cells, with a notable increase in tumor sizes (Fig

3C and 3D). IHC staining of the marker of proliferation (Ki-67), revealed fewer proliferative

cells in TRIM59 KD xenograft tumors (Fig 3E) but more prominent proliferative activity in

TRIM59 OE MDA-MB-231 xenografts, when compared with the control samples (Fig 3F).

Collectively, results from our in vivo studies further reinforced the conclusion that TRIM59

plays a pro-oncogenic role in breast cancer by promoting tumor cell growth and migration.

TRIM59 regulates breast cancer cell apoptosis and cell cycle independent of

p53

To understand the molecular mechanisms by which TRIM59 promotes breast tumor growth,

we performed quantitative functional proteomics studies on MCF7 cells (TRIM59 KD or KO

versus control) by using a high-throughput reverse phase protein array (RPPA) [24]. Our

unbiased comparative analysis revealed the differential expression/phosphorylation of at least

nine key cancer-associated signaling proteins (S2C Fig), which might be directly or indirectly

affected upon alteration of TRIM59. For instance, we detected the up-regulation of G1/S phase

negative regulators, CDK inhibitors p21 and p27, and the down-regulation of a positive regula-

tor kinase CDK1. These changes to some extent explained our observation that MCF7 cells

manifested an apparent accumulation at the G0/G1 phase following TRIM59 depletion (Fig

3G). In TRIM59-depleted MCF7 cells, we also observed down-regulation of pro-oncogenic

factors, such as avian myelocytomatosis virus oncogene cellular homolog (c-Myc), type I insu-

lin-like growth factor receptor (IGF1R), and vascular endothelial growth factor receptor 2

(VEGFR2), along with enhanced expression of E-cadherin (encoded by cadherin 1 [Cdh1])

and inositol polyphosphate-4-phosphatase type II b (INPP4b), a recently discovered tumor

suppressor [25–27] (S2C Fig).

Cas9 lentivirus-transduced control, TRIM59 KD (shTRIM59-2, KD efficiency confirmed by qPCR; B, middle) and TRIM59 KO MCF7 (B, left), or

TRIM59-overexpressing (OE) MDA-MB-231 stable cells (C). sgRNA targeting TRIM59 was confirmed by Sanger sequencing (B, right). A dinucleotide GT insertion

(underlined) caused an early abortion of TRIM59 translation, as further validated by immunoblotting (B, lane 4). (D and E) Graphic representation of 96-hour MTS

proliferation assays of WT (non-transduced), control (transduced with non-targeting shRNA/sgRNA), shTRIM59 and TRIM59 KO MCF7 cells (D), and WT or

TRIM59 OE MDA-MB-231 cells (E). (F and G) Colony formation assay in 3D Matrigel culture was performed to assess the rate of colony formation of control,

shTRIM59, and TRIM59 KO MCF7 cells at day 8 (F) or WT and TRIM59 OE MDA-MB-231 cells at day 4 (G). Bar graphs show the number of colony-forming units

(n = 8). Scale bars: 100 μm. (H and I) Scratched wound healing assays were performed to assess the rates of migration for control, shTRIM59, and TRIM59 KO MCF7

cells at 72 hours (H) or WT and TRIM59 OE MDA-MB-231 cells at 36 hours (I). Bar graphs show the percentage of migration rate (n = 8). Scale bars: 100 μm. (J and K)

Transwell invasion assay was performed in Matrigel-coated 8-μm pore size transwell plates to assess the invasion ability of control, shTRIM59, and TRIM59 KO MCF7

cells (J) or WT and TRIM59 OE MDA-MB-231 cells (K). Bar graphs show the numbers of invaded cells (n = 8). Scale bars: 100 μm. Data in B, D-K are presented as

means ± SD; �P< 0.05, ��P< 0.01 versus controls. The underlying data can be found in S1 Data. CRISPR/Cas9, clustered regularly interspaced short palindromic

repeats (CRISPR)-associated protein-9 nuclease; IB, immunoblot; KD, knockdown; KO, knockout; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-

(4-sulfophenyl)-2H-tetrazolium; OD, optical density; OE, overexpressing; qPCR, quantitative polymerase chain reaction; sgRNA, single guide RNA; shRNA, short

hairpin RNA; TRIM59, tripartite motif 59; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3000051.g002
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We next assessed the apoptotic properties of breast cancer cells by using 7’AAD and Annexin

V double staining. TRIM59-depleted MCF7 cells exhibited higher frequencies of early-stage

(indicated by the Annexin V+ and 7’AAD− population) and late-stage apoptosis (Annexin V

+7’AAD+ staining) (Fig 3H and 3I). Consistently, xenograft tumors isolated from mice injected

with TRIM59 KD MCF7 cells showed substantially higher staining of cleaved-caspase3. By con-

trast, TRIM59-OE MDA-MB-231 cells displayed reduced staining of cleaved-caspase3, an indi-

cator of active apoptosis (Fig 3J). Because the rat sarcoma (Ras)-mitogen-activated protein

kinase (MAPK) signaling [28] and p53 signaling [29] are most commonly implicated in the reg-

ulation of cell cycle and apoptosis, we further asked whether these signaling components were

altered in TRIM59-depleted MCF7 cells. We set out to test this by determining the protein levels

of p53 and cleaved caspase 3, as well as the phosphorylation status of p38, ERK1/2, and c-Jun

N-terminal kinase (JNK) in TRIM59 KD MCF7 cells, with immunoblotting. We did not observe

significant changes in expression or phosphorylation between TRIM59 KO and WT MCF7 cells

(Fig 3K). In aggregate, our findings suggest that TRIM59-mediated regulation of breast cancer

cell growth is very likely independent of the MAPK and p53 signaling pathways.

TRIM59 facilitates breast cancer cell metastasis

Upon TRIM59 depletion or overexpression, we noticed prominent morphological changes in

breast cancer cells. TRIM59 depletion in MCF7 cells caused a pronounced reduction of cell area

with increased cell–cell interactions. By contrast, overexpression of TRIM59 changed the overall

shape of MDA-MB-231 cells into a more elongated, mesenchymal phenotype, with longer

membrane protrusions and reduced cell–cell adhesion (Fig 4A). Cell shape is mainly controlled

by the organization of cytoskeleton and actin/myosin (actomyosin)-mediated cell contractility

[30], which can be monitored by assessing the phosphorylation of MLC (p-MLC) and ERM (p-

ERM; Ezrin-Radixin-Moesin). Cytoskeletal F-actin staining with fluorescent phalloidin con-

firmed the morphological change of MCF7 cells upon TRIM59 depletion. In addition, depletion

of TRIM59 in MCF7 cells changed the organization of p-MLC to generate an accumulated arc

of p-MLC in the cell cortex, accompanied by increased staining of E-cadherin, which mediates

cell–cell adhesion (Fig 4B). In line with the immunostaining results at single cell levels, immu-

noblot (IB) analysis revealed an increase in the total amounts of phosphorylated MLC and E-

cadherin (Fig 4C). Conversely, overexpression of TRIM59 (with IRES-GFP) in MDA-MB-231

cells led to a marked loss of p-MLC staining compared to non-overexpressing (GFP-negative)

cells in the same imaging field (Fig 4D). We next examined the effect of altered TRIM59 expres-

sion on another indicator of cell contractility by assessing the phosphorylation status of ERM

with immunostaining and western blotting. Upon TRIM59 deletion, we observed enhanced

Fig 3. TRIM59 promotes the tumor growth and survival of breast cancer cells in vivo. (A and B) Representative tumor images (A) and tumor volume at

indicated time points (B) in nude mice that were orthotopically injected into mammary fat-pad with control (non-targeting shRNA) or shTRIM59 MCF7 cells

(1 × 107 cells/mouse). n = 9 mice per group. (C and D) Representative tumor images (C) and tumor size quantification at indicated time points (D) in NSG mice

that were orthotopically injected into mammary fat-pad with control and TRIM59 OE MDA-MB-231 cells (5 × 106 cells/mouse). n = 5 mice per group. (E and F)

Representative image of shControl or shTRIM59 MCF7 xenografts (E) and control or TRIM59 OE MDA-MB-231 (F) xenograft tumors stained with HE and Ki-

67. Scale bars: 20 μm. (G) Cell cycle analysis on Control, shTRIM59, and TRIM59 KO MCF7 cells by flow cytometry. The population of cells at each stage was

shown in the bar graph. n = 6. ��P< 0.01 versus control. (H and I) Apoptotic assessment of shControl, shTRIM59, and TRIM59 KO MCF7 cells. Apoptosis was

assayed with Annexin V/7-AAD staining and measured by flow cytometry (H). Statistical analysis of cell populations at early or late stages of apoptosis (I). Live,

7’AAD−AnnexinV−; Early, 7’AAD−AnnexinV+; Late, 7’AAD+AnnexinV+. n = 6. (J) Representative images of cleaved-caspase3 expression in paraffin sections from

xenograft tumors made of shControl or shTRIM59 MCF7 cells (top) and WT or TRIM59 OE MDA-MB-231 cells (bottom). n = 6. Scale bars: 10 μm. (K) IB

analysis of cell cycle/apoptosis regulators (p53 and MAP kinase pathway members) expression in shControl or shTRIM59 MCF7 cells. Data in B, D, G, and I are

presented as means ± SD. �P< 0.05, ��P< 0.01 versus controls. The underlying data can be found in S1 Data. Casp3, caspase3; HE, hematoxylin–eosin; Ki-67,

marker of proliferation; KO, knockout; MAP, mitogen-activated protein; NSG, NOD scid gamma; OE, overexpressed; p-ERK, phosphorylation of extracellular

signal–regulated kinase (ERK); p-JNK, phosphorylation of c-Jun N-terminal kinase (JNK); p-P38, phosphorylation of P38 MAP kinase; p53, tumor protein 53;

shRNA, short hairpin RNA; TRIM59, tripartite motif 59; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3000051.g003
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blebbing (Fig 4E), as well as increased p-ERM levels, but no significant changes in the total

ERM levels in both MCF7 cells (Fig 4F) and xenograft tumors (Fig 4G). In contrast, TRIM59

overexpression in MDA-MB-231 cells suppressed ERM phosphorylation (Fig 4F and 4G). In

human samples, Spearman correlation analysis based on Clinical Proteomic Tumor Analysis

Consortium (CPTAC) [31] also revealed a negative correlation between TRIM59 expression

and phosphorylation of ezrin (Fig 4H, p-S148 and p-S366, R = −0.23). These data suggest that

TRIM59 modulates phosphorylation of MLC and ERM in breast cancer cells. In the xenograft

models, overexpression of TRIM59 in MCF7 or MDA-MB-231 cells promoted pulmonary

metastasis of breast cancer cells, whereas TRIM59 deficiency suppressed cancer cell metastasis,

as reflected by cytokeratin 8 (CK8) staining of metastasized cancer cells in the lung (Fig 4I). We

next performed in vivo imaging analysis to monitor the effect of TRIM59 on tumor metastasis

in NSG mice injected with MCF7-luc or MDA-MB-231-luc cells (luciferase-expressing stable

cells). TRIM59 deficiency suppressed primary tumor growth at early stages (around 8 weeks

postinjection). This phenotype could be reversed through the reconstitution of TRIM59 OE

(KO+OE group; Fig 4J). Notably, TRIM59-deficient MCF7-luc cells acquired a growth advan-

tage later (around 12 weeks postinjection, KO tumor size was comparable to control or KO+OE

group), but the metastatic ability was greatly reduced (Fig 4J, middle). Re-expression of

TRIM59 restored the metastatic capacity of MCF7-luc cells to a level comparable to the WT

group (Fig 4J, right). Similarly, overexpression of TRIM59 in MDA-MB-231-luc cells promoted

cancer cell metastasis at approximately 6 weeks postinjection and greatly shortened survival,

because the mice died at 10 weeks (Fig 4K). We further analyzed the expression of TRIM59 in

human breast cancer patient lymph node metastases versus primary tumor with both RNA

sequencing dataset analysis (GSE30480) and IHC staining on patient tissue array samples

(paired primary versus metastatic tissues from the same patient). We found a significantly

higher expression of TRIM59 in metastatic breast cancer at both mRNA and protein levels (Fig

4L and 4M). Thus, our data demonstrate a positive correlation between TRIM59 expression

and breast cancer metastasis.

Because β-catenin is also a component for the cancer-promoting Wnt signaling that is inti-

mately involved in tumor metastasis [32–35], we further examined the expression of β-catenin

and Wnt target gene AXIN2 [36]. Imaging of β-catenin staining in MCF7 and MDA-MB-231

Fig 4. TRIM59 regulates breast cancer cell actomyosin contractility and metastasis. (A) Representative images of cell morphology changes upon

TRIM59 deletion (T59 KO) in MCF7 cells (upper, left) or overexpression (T59 OE) in MDA-MB-231 cells (bottom, left). Scale bars: 20 μm.

Quantification of the cell area of MCF7 (upper, right) and MDA-MB-231 cells (bottom, right). n = 6. (B) Representative confocal images of MCF7 cells

depleted of TRIM59 and stained for F-actin, pSer19-MLC, and E-cadherin. Scale bars: 20 μm. (C) IB analysis of E-cadherin, pSer19-MLC expression in

WT and TRIM59-KO MCF7 cells. (D) Representative confocal images of TRIM59 overexpressing (T59 OE) MDA-MB-231 cells with IRES-GFP

stained for pSer19-MLC (red). Scale bars: 10 μm. (E) Representative confocal images of p-ERM expression (green) in WT and TRIM59-deleted MCF7

cells. Scale bars: 10 μm. (F) IB analysis of p-ERM and total ERM levels in WT, TRIM59 KD, or TRIM59 KO MCF7 cells (lanes 1–3) and WT or

TRIM59 OE MDA-MB-231 cells (lanes 4–6). (G) Representative IHC staining images for p-ERM in tissue sections from xenograft tumors of TRIM59

KO MCF7 cells or TRIM59 OE MDA-MB-231 cells compared with control cells. Scale bars: 200 μm. (H) Spearman correlation between TRIM59

expression and ezrin phosphorylation (p-S148, p-S366) levels. (I) Representative images showing HE and CK8 staining of lung micro-metastases of

xenograft tumors in the indicated groups (WT versus TRIM59 OE or TRIM59 KO in MCF7 or MDA-MB-231 cells). Scale bars: 100 μm (HE); 20 μm

(CK8). Red arrow: pulmonary metastatic foci. Statistical analysis of the number of lung metastases was shown in the right panel. n = 6. (J and K)

Representative luminescent images of the primary and metastases acquired with an IVIS imaging system. Luminescence imaging in NSG mice was

followed after inoculation with breast cancer cells into the mammary fat-pad at the indicated time points (n = 3). Note, 10-week-old NSG mice

inoculated with TRIM59 OE MDA-MB-231-luc died without bioluminescent imaging. (L) Gene expression analysis of TRIM59 in primary and lymph

node metastases (GSE30480 dataset). (M) Representative TRIM59 IHC staining images in paired primary breast cancer and metastatic lymph nodes

from breast cancer patients (n = 19). Statistical analysis of paired patient samples (primary versus metastatic tissues in the same patient) were shown on

the right. Data in A, I, L, and M are presented as means ± SD. �P< 0.05, ��P< 0.01 versus controls. The underlying data can be found in S1 Data. CK8,

cytokeratin 8; ERM, Ezrin (Thr567)/Radixin (Thr564)/Moesin (Thr558); HE, hematoxylin–eosin; IB, immunoblot; IHC, immunohistochemistry; IRES,

internal ribosome entry site; GFP, green fluorescent protein; IVIS, in vivo imaging system; KD, knockdown; KO, knockout; Min, minimum; Max,

maximum; NSG, NOD scid gamma; OE, overexpressed; p-ERM, phosphorylation of ERM; pSer19-MLC, phosphorylation of MLC at serine 19;

TRIM59, tripartite motif 59; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3000051.g004
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xenografts revealed that TRIM59 was positively correlated with the expression of β-catenin,

while AXIN2 transcription was suppressed by TRIM59 deletion (S3A and S3B Fig). These

findings indicate that TRIM59 might also promote β-catenin expression and the activation of

the Wnt pathway.

Together, our data indicate that TRIM59 promotes breast cancer cell metastasis by (1)

inhibiting the phosphorylation of MLC and ERM required for actomyosin contractility and

amoeboid migration, (2) reducing the expression of cell adhesion molecules such as E-cad-

herin, and (3) increasing the cellular level of β-catenin and promoting metastasis-associated

Wnt signaling.

TRIM59 binds to PDCD10 and blocks PDCD10 autophagic degradation

To gain insight into the direct target(s) of TRIM59 in the regulation of breast cancer cell sur-

vival and metastasis, we set out to perform an unbiased yeast two-hybrid screening assay (p53

and Large T-antigen as positive control) by using TRIM59 as prey and normalized universal

human cDNA library as bait. PDCD10 stood out as a strong candidate that was repeatedly

detected in the 40+ positive clones after stringent selections (Fig 5A and S3 Table). PDCD10

has been recently shown to suppress Rho/ROCK-mediated actomyosin contractility [15], thus

prompting us to hypothesize that PDCD10 might serve as the key player to mediate the

TRIM59-related conversion of cell migration modes.

To further biochemically validate the endogenous TRIM59-PDCD10 interaction, we per-

formed a co-immunoprecipitation (co-IP) assay in MCF7 cells. After pulling down with an anti-

TRIM59 antibody, we detected the co-enrichment of PDCD10 by blotting with an anti-PDCD10

antibody (Fig 5B, immunoglobulin G [IgG] as a negative control). To further narrow down the

key domains within TRIM59 that mediate the interaction with PDCD10, we generated a set of

truncated or deleted variants of TRIM59 (Fig 5C), including the full-length TRIM59 (FL),

TRIM59 without RING (R) domain (ΔR), TRIM59 without the predicted transmembrane

domain (ΔTM), coiled-coil domain (CC), and B-box only domain (B). We found that PDCD10

interacted with FL and ΔTM, and that deletions of the RING domain (in ΔR, CC, and B con-

structs) compromised the PDCD10-TRIM59 interaction. These findings suggest that the RING

domain within TRIM59 is essential for its physical interaction with PDCD10 (Fig 5C).

Because the RING domains of E3 ligases are often involved in mediating protein ubiquiti-

nation and degradation [37,38], we reasoned that TRIM59 might modulate the protein stabil-

ity of PDCD10. After knocking down TRIM59 using two different shRNAs, we unexpectedly

found that the expression of endogenous PDCD10 was greatly reduced in MCF7 cells (Fig 5D,

left panel lane 2, S4A and S4B Fig). The down-regulation of PDCD10 expression at protein

levels was further validated by immunofluorescent staining in TRIM59 KO MCF7 xenograft

tumors (Fig 5E). Conversely, accumulation of PDCD10 was observed upon overexpression of

TRIM59 in MDA-MB-231 cells (Fig 5D, left panel lane 4). Under all these conditions, the

mRNA levels of PDCD10 remained largely unaltered (Fig 5D, right panel), thus ruling out a

transcriptional regulatory mechanism. Furthermore, to rule out the possibility that TRIM59

might promote the nuclear translocation of PDCD10 to prevent its degradation in the cyto-

plasm, we separated the nucleus and cytoplasm fractions of WT or TRIM59 KO MCF7 cells.

We found that PDCD10 is a cytoplasmic protein and its protein level is greatly reduced upon

TRIM59 deletion (Fig 5F). Thus, TRIM59 is essential for the maintenance of steady-state levels

of PDCD10 protein.

To identify the protein degradation pathways that might mediate PDCD10 stability upon

TRIM59 depletion or overexpression, we first examined the protein stability of PDCD10 in

TRIM59 KD (S4C Fig) or TRIM59 KO (Fig 5G) MCF7 cells in the presence of a proteasome
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Fig 5. TRIM59 interacts with PDCD10 and blocks the autophagic degradation of PDCD10. (A) Yeast two-hybrid screening to confirm the interaction between

TRIM59-BD and PDCD10-AD. Transformed and mated cells were grown on–Leu–Trp medium (bottom). Interaction of TRIM59 with PDCD10 was verified on high-

stringency plates (–Leu–Trp–His–Ade) and with a β-galactosidase filter assay and Aureobasidin A (AbA) (top). Interaction of p53 and SV40 large T-antigen (LTA) was

used as positive control. (B) Co-IP and IB analysis of extracts of MCF7 cells with the indicated antibodies. IP with IgG was added as a negative control. (C) Co-IP and

IB analysis of extracts of HEK293T cells transfected with FLAG-PDCD10 along with HA-tagged TRIM59 variants (full-length WT or deletions [ΔR, ΔTM, B, and CC]

as shown on the top cartoon). (D) IB and qPCR analysis of PDCD10 protein expression (left) and mRNA levels (right) in shControl and shTRIM59 MCF7 cells (D, lane

1 versus 2) or in control and TRIM59 OE MDA-MB-231 cells (D, lane 3 versus 4). Data are presented as means ± SD. NS versus controls. The underlying data can be

found in S1 Data. (E) Representative immunofluorescent staining of PDCD10 (green) in sections from xenograft of shControl or shTRIM59 MCF7 cells. DAPI, DNA-

intercalating dye, indicates the nucleus (blue). Scale bars: 100 μm. n = 4. (F) IB analysis of PDCD10 expression in MCF7 WT or TRIM59 KO cell fractions. β-actin and

LaminB1 were used as markers for the cytosolic and nuclear fractions, respectively. (G) IB analysis of PDCD10 expression in WT or TRIM59 KO MCF7 cells treated

with DMSO or 10 μM MG132 (proteasome inhibitor) or 200 nM BafA1 (autophagy inhibitor). See S4C Fig for similar experiments using TRIM59 KD cells. ΔR,

TRIM59 without RING domain; ΔTM, TRIM59 without the predicted transmembrane domain; AbA, Aureobasidin A; AD, transcription activation domain;–Ade,

adenine dropout; B, B-box-type zinc finger domain; BafA1, bafilomycin A1; BD, DNA-binding domain; C, cytosolic fraction; CC, coiled-coil domain; co-IP, co-

immunoprecipitation; HA, hemagglutinin;–His, histidine dropout; IB, immunoblot; IgG, immunoglobulin G; IP, immunoprecipitation; KD, knockdown; KO,

knockout;–Leu, Leucine dropout; LTA, large T-antigen; N, nuclear fraction; NS, not significant; OE, overexpressing; PDCD10, programmed cell death protein 10; p53,

tumor protein 53; qPCR, quantitative polymerase chain reaction; SV40, polyomavirus simian virus 40; TM, transmembrane domain; TRIM59, tripartite motif 59;–Trp,

tryptophan dropout; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3000051.g005
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inhibitor, MG132, and autophagy inhibitor bafilomycin A1 (BafA1) or 3-methyladenine

(3-MA), as well as DMSO as control. We found that inhibition of autophagy with BafA1 or

3-MA restored PDCD10 protein levels, even upon TRIM59 depletion, but not with the protea-

some inhibitor MG132 (Figs 5G and S4C and S4E). In parallel, we overexpressed TRIM59 in

TRIM59-low MB-MDA-231 cells, with and without treatment of BafA1, and monitored

PDCD10 protein levels by immunoblotting. We found that ectopic expression of TRIM59,

similar to BafA1 treatment, caused a significant up-regulation of PDCD10 protein levels (S4D

Fig, lanes 2 and 3 versus 1). In addition, the TRIM59 OE group in the presence of BafA1 did

not show further up-regulation of PDCD10 (S4D Fig, lane 4 versus 3). Notably, depletion of

TRIM59 did not seem to affect the basal autophagosome formation, as reflected by the similar

puncta areas or numbers of autophagosomal marker GFP-microtubule-associated protein 1A/

1B-light chain 3 (LC3) (GFP-LC3) [39] per cell in WT and the TRIM59 KO human embryonic

kidney 293 cell line that expresses a mutant version of SV40 large T antigen (HEK293T) cells

(S4F Fig). Collectively, our results establish that TRIM59 could prevent PDCD10 from autop-

hagic degradation.

TRIM59 suppresses cell contractility through PDCD10-mediated

inhibition of RhoA-ROCK1 signaling

Given our observations that TRIM59 was up-regulated in human breast tumors and that

TRIM59 stabilizes PDCD10 protein, we asked whether PDCD10 is essential for breast tumor

growth and if the expression of PDCD10 is correlated with TRIM59. As shown in Fig 6A and

6B, KO of either TRIM59 or PDCD10 suppressed MCF7 xenograft tumor growth to a similar

extent. Similar to TRIM59 (Fig 1E), PDCD10 expression was correlated with shortened breast

cancer patient survival (Fig 6C), suggesting a potential pro-oncogenic role of both TRIM59

and PDCD10 in breast cancer.

We next examined how TRIM59 depletion impinged on the major downstream signaling

components of PDCD10. Recent studies have identified several major affected pathways result-

ing from PDCD10 loss, including (i) MEKK3/ERK5 signaling and target genes KLF2, KLF4, and

NOS3 and ADAMTS protease ADAMTS4 and ADAMTS5 [40,41]; (ii) endothelial-mesenchy-

mal transition (EndoMT) marker S100A4 [42]; and (iii) exocytosis gene ANGPT2 [43]. With

quantitative PCR (qPCR), we found that TRIM59 had an inverse correlation with the expression

of the majority of PDCD10-regulated genes (Fig 6D). At the protein level, we focused on analyz-

ing the phosphorylation status of ERK5, a downstream effector of the PDCD10/MEKK3 signal-

ing that is responsible for activating KLF2/4 and ADAMTS4/5 expression [40, 41]. Following

TRIM59 inactivation, we observed a marked increase in phosphorylated ERK5 but not the total

ERK5, suggesting that TRIM59 indeed augments PDCD10-mediated signaling and its down-

stream effectors (Fig 6E). Together, our data suggest that TRIM59 modulates PDCD10 protein

stability to affect PDCD10-associated downstream signaling.

To test whether PDCD10-ROCK signaling is downstream of TRIM59 but upstream of

MLC/ERM to impact breast cancer cells’ contractility (Fig 4), we performed functional rescue

experiments by using a ROCK inhibitor (Y-27632) or through the lentivirus-mediated stable

expression of PDCD10 (Fig 6F) in TRIM59 KO MCF7 cells. Both approaches reduced the

appearance of ROCK-mediated membrane blebbing (Fig 6G) and attenuated the phosphoryla-

tion of ERM induced by TRIM59 deletion (Fig 6H). In MDA-MB-231 cells, depletion of

PDCD10 by shRNA enhanced the phosphorylation of ERM. In MDA-MB-231 cells overexpres-

sing TRIM59 with the resultant suppression of p-ERM, PDCD10 depletion restored p-ERM to a

level that was comparable to WT (Fig 6I). Furthermore, re-expression of PDCD10 in TRIM59
KO cells substantially restored the efficiency of MCF7 cell colony formation (Fig 6J), enhanced

TRIM59-PDCD10 interplay to promote cancer growth and metastasis

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000051 November 8, 2018 14 / 34

https://doi.org/10.1371/journal.pbio.3000051


TRIM59-PDCD10 interplay to promote cancer growth and metastasis

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000051 November 8, 2018 15 / 34

https://doi.org/10.1371/journal.pbio.3000051


cell invasion (Fig 6K), and rescued the growth of xenograft tumors (Fig 6L and 6M). Collec-

tively, these findings suggest that TRIM59 promotes breast cancer growth and migration/inva-

sion through PDCD10-induced suppression of ROCK signaling and subsequent MAT.

TRIM59 blocks RNFT1-mediated K63 ubiquitination and p62-selective

autophagic degradation of PDCD10

Our above results showed that TRIM59 suppressed autophagy-mediated degradation of

PDCD10, but it remained unclear what mechanisms TRIM59 might employ to stabilize

PDCD10. An E3 ligase typically prevents protein from degradation through three major mech-

anisms: (1) the recruitment of deubiquitinase [44], (2) facilitating the degradation of another

E3 ligase in order to stabilize the target protein [45], and (3) nonproteolytic role of an E3 ligase

in the blockade of E3-substrate complex [46]. Emerging evidence shows that different cargo

receptors (e.g., p62, neighbor of BRCA1 gene 1 [NBR1], histone deacetylase 6 [HDAC6], BCL2

interacting protein 3 like [NIX], nuclear Domain 10 Protein 52 [NDP52], optineurin [OPTN])

can discriminate and direct specific cargo proteins for the lysosomal degradation during

autophagy [47]. Because Ub is known as a signal for selective autophagy-mediated cargo pro-

tein degradation recognized by the Ub-associated domain (UBA) of cargo receptors [48,49],

we first set out to test if TRIM59 modulates the ubiquitination of PDCD10. We found that

ectopically expressed TRIM59 inhibited PDCD10 ubiquitination mediated by either WT Ub

or K63-linked Ub (S5A Fig). After screening the interaction of PDCD10 with cargo receptors,

we identified that PDCD10 specifically engaged p62 but not other receptors (Fig 7A). These

findings point to the possibility that TRIM59 might suppress the K63 ubiquitination and

p62-selective autophagic degradation of PDCD10.

p62 has been demonstrated to interact with LC3 to facilitate the lysosomal degradation of

ubiquitinated proteins by autophagy [50]. Upon genetic depletion of p62 or LC3 in MCF7

cells, PDCD10 protein level was profoundly up-regulated compared with WT cells (Fig 7B).

TRIM59 overexpression was unable to further stabilize the protein level of PDCD10 upon p62

depletion (Fig 7C). Next, we hypothesized that TRIM59 might stabilize PDCD10 by blocking

the interaction between PDCD10 and p62. Indeed, the interaction of PDCD10 with p62 was

abolished after overexpression of TRIM59 (Fig 7D). However, we failed to detect a binary

interaction between the full-length TRIM59 and p62, although a weak binding was detected

Fig 6. TRIM59 suppresses cell actomyosin contractility through PDCD10-mediated inhibition of RhoA-ROCK1 signaling. (A and B)

Representative xenograft images of MCF7 cells depleted with TRIM59 or PDCD10 compared with WT control (A) and tumor volume at indicated

time points (B) in NSG mice; 5 × 106 cells/mouse. n = 4 mice per group. IB analysis of PDCD10 expression in WT and KO MCF7 cells was shown

(A, right). (C) Kaplan–Meier survival curves were analyzed based on the expression of PDCD10 (Affymetrix ID: 210907_s_at), according to an

online survival analysis tool using breast cancer microarray data (see Materials and methods for more details). n> 100. P = 0.0025. (D) Quantitative

PCR to evaluate the expression of PDCD10 downstream genes in WT, TRIM59 KO, and PDCD10 KO MCF7 cells. n = 4. (E) IB analysis of

phosphorylation of ERK5, total ERK5, and TRIM59 expression in WT and TRIM59 KO MCF7 cells. (F) IB analysis of FLAG-PDCD10 expression

in MCF7 TRIM59 KO cells transduced with a lentiviral expression construct expressing FLAG-PDCD10. (G and H) Representative

immunofluorescent staining (G, n = 3) or IB analysis (H) of p-ERM and total ERM in WT or TRIM59 KO MCF7 cells treated with RhoA-ROCK1

signaling inhibitor Y-27632 or ectopic expression of PDCD10 (P10 OE). Scale bars: 20 μm. (I) IB analysis of p-ERM and total ERM in WT or

TRIM59 overexpressing MDA-MB-231 cells transduced with control shRNA or PDCD10 shRNA (shPDCD10). (J and K) Colony formation assay in

3D Matrigel culture (J) and Transwell invasion assay (K) were performed to assess the colony formation and invasion of WT, TRIM59 KO MCF7

cells with or without ectopic expression of FLAG-PDCD10. Bar graphs showed the number of colony-forming units (J) and the number of invaded

cells (K) (n = 5). Scale bars: 10 μm (J); 100 μm (K). (L and M) Representative xenograft images of WT, TRIM59-depleted (T59 KO), PDCD10

overexpressing (P10 OE), and T59 KO reconstituted with P10 OE (T59 KO+P10 OE) MCF7 cells (L) and tumor volume at indicated time points

(M) in NSG mice; 1 × 107 cells/mouse. n = 4 mice per group. Data in B, D, J, K, and M are presented as means ± SD. NS, not significant, �P< 0.05,
��P< 0.01 versus controls. The underlying data can be found in S1 Data. ERK5, extracellular signal–regulated kinase 5; ERM, Ezrin (Thr567)/

Radixin (Thr564)/Moesin (Thr558); HR, hazard ratio; IB, immunoblot; KO, knockout; NS, not significant; NSG, NOD scid gamma; OE,

overexpressing; PDCD10, programmed cell death protein 10; p-ERM, phosphorylation of ERM; RhoA, Ras homolog family member A; ROCK1,

Rho-associated coiled-coil kinase 1; shRNA, short hairpin RNA; TRIM59, tripartite motif 59; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3000051.g006
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between the ΔTM mutant and p62 (S5B Fig). Ectopic expression of TRIM59 did not affect the

protein level of p62 (Fig 7D, whole cell lysate (WCL), IB: HA, lane 1 versus lane 2). These

results hint that TRIM59 might block K63 ubiquitination of PDCD10 by exerting an inhibitory

effect on a yet-to-be-identified E3 ligase that directly targets PDCD10.

So far, there is no reported E3 ligase for PDCD10. In our yeast two-hybrid screening for

potential TRIM59 binders (S3 Table), we identified a previously uncharacterized E3 ligase,

RNFT1 [23], thus prompting us to speculate that RNFT1 might be the E3 ligase for mediating

PDCD10 K63 ubiquitination. Similar to the scenario visualized in either PDCD10 OE or

TRIM59 OE cells, we detected a marked increase of PDCD10 protein levels upon depletion of

RNFT1 (Fig 7E and 7F). Endogenous K63 ubiquitination of PDCD10 was also diminished

considerably in RNFT1 KO MCF7 cells compared with WT (Fig 7F). To examine if RNFT1

bound to PDCD10 and TRIM59 blocked the interaction between PDCD10 and RNFT1, we

performed co-IP experiments in MDA-MB-231 cells (WT versus TRIM59 OE) and MCF7

cells (WT versus TRIM59 KO). We detected the endogenous interaction between RNFT1 and

PDCD10 in both breast cancer cell lines but not for IgG controls (Fig 7G and 7H; IB: RNFT1,

lanes 3 versus 1). TRIM59 OE or TRIM59 KO suppressed or stabilized the PDCD10-RNFT1

interaction, respectively (Fig 7G and 7H; IB: RNFT1, lanes 3 versus 4). Following depletion of

RNFT1 in MCF7 cells, we observed a dramatic reduction in K63 ubiquitination of PDCD10.

In RNFT1 KD cells, TRIM59 overexpression was unable to further inhibit the K63 ubiquitina-

tion of PDCD10 (Fig 7I). Collectively, our results suggest that TRIM59 blocks RNFT1-me-

diated K63 ubiquitination of PDCD10.

Finally, to pinpoint the potential Ub site within PDCD10, we generated several lysine (K)-

to-arginine (R) mutations on conserved key residues (K132, K179, K183) in the C-terminal

focal adhesion targeting-homology (FAT-H) domain of PDCD10, which might be involved in

the linkage with Ub [51] (Fig 7J). We found that, as seen with WT PDCD10, TRIM59 overex-

pression in HEK293T cells led to the accumulation of the K132R and K183R mutants, but not

the K179 mutant (Fig 7K). In addition, K63 ubiquitination of PDCD10 was blocked when

K179 was mutated (Fig 7K). Therefore, our data imply that TRIM59-mediated stabilization of

PDCD10 might require K179, a site that could be potentially ubiquitinated by RNFT1.

Discussion

The TRIM family proteins, most of which have E3 Ub ligase activity, play crucial roles in (i)

cancer cell metabolism by regulating adenosine monophosphate (AMP)-activated protein

kinase (AMPK) stability [5], (ii) cancer cell proliferation and apoptosis by targeting p53 [4],

and (iii) oncogenic transcriptional activation [52]. The study of TRIM proteins in cancer

motility (mode of migration and invasion) and metastasis remains largely an uncharted terri-

tory. Cancer cells adopt several types of motility modes: (1) mesenchymal type and lamellipo-

dia mode with elongated morphology directed by Rac signals, (2) blebbing and amoeboid

mode with small F-actin-rich protrusions regulated by Rho-kinase signaling [12,53], and (3)

collective invasion of tumor cell clusters, with leading cells expressing basal epithelial markers

such as cytokeratin-14 or p63 [54,55]. In this study, we have uncovered a previously uncharac-

terized role of TRIM59 in modulating the motility modes and metastasis of cancer cells

through coordinated actions of the adhesion molecules and the organization of actin/myosin

(actomyosin)-mediated cell contractility. Specifically, TRIM59-deleted breast cancer cells favor

the amoeboid mode through (i) augmented activation of actomyosin contractile proteins

MLC2 and ERM, (ii) excessive formation of E-cadherin-mediated focal adhesion [56], and (iii)

the suppression of metastasis-associated Wnt/β-catenin signaling [32–35]. All these factors
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promote cell–cell adhesion and mesenchymal (or lamellipodia) to amoeboid-like movement

transition (MAT), leading to suppressed collective tumor cell migration.

In our effort to apply a yeast two-hybrid screen for the identification of direct targets of

TRIM59 in the regulation of cell motility, PDCD10 stood out as a strong candidate. Loss of

TRIM59 or PDCD10 suppresses tumor growth both in vitro and in vivo, and the amount of both

proteins inversely correlates with survival of breast cancer patients. Several lines of evidence have

implicated critical roles of PDCD10 in the suppression of ROCK/Rho signaling-mediated phos-

phorylation of MLC to regulate actomyosin contractility [15–17], whose expression is aberrantly

up-regulated in metastatic colon cancer cells [57] and pancreatic adenocarcinomas [58]. In addi-

tion, Rho-ROCK activation phosphorylates ERM to regulate cell apoptosis [59]. Thus, regulation

of Rho-ROCK signaling by PDCD10 might directly affect the phosphorylation status of MLC and

ERM. On the other hand, PDCD10 has been shown to be important for Ste20-like kinase (STK)-

mediated phosphorylation of ERM after cells were exposed to reactive oxygen species to protect

cells from death under oxidative stress conditions [60]. Multiple reports have shown that ERM,

instead of a target of RhoA signaling [59], may function upstream of RhoA in zebrafish [61]. Yet,

it is unclear if cancer cells have hijacked different pathways other than the PDCD10-STK-ERM

axis for their own benefits to support growth and migration. In this study, we have demonstrated

a previously unrecognized role of TRIM59 in breast cancer. TRIM59 directly interacts with and

stabilizes PDCD10, leading to suppressed RhoA-mediated MLC and ERM phosphorylation.

PDCD10 overexpression or administration of a ROCK inhibitor could reverse TRIM59 loss-

induced contractile phenotypes, thereby accelerating cell migration and invasion. Future genetic

and cellular studies of the spatiotemporal organization of PDCD10/STKs complexes under physi-

ological conditions in various cell types will be needed to determine the precise function of

PDCD10 in cancer cell migration and metastasis.

In addition, KD or KO of TRIM59 promotes cell apoptosis and cell cycle arrest at G0/G1

phase, as revealed by increased cleaved-caspase3 and Annexin V/7-AAD staining and elevated

expression of G1/S transition inhibitors p21 and p27, with concomitant down-regulation of

G1/S transition promoter CDK1 in the cell cycle [62] revealed by RPPA analysis. These pheno-

types are reminiscent of p53-mediated antitumor activity by inducing cell senescence, cell

cycle arrest, and apoptosis [10,63]. However, p53 expression remained largely unaltered in

TRIM59 KD MCF7 cells, thus clearly indicating the existence of a p53-independent

Fig 7. TRIM59 blocks RNFT1-mediated PDCD10 K63 ubiquitination and p62-selective autophagic degradation. (A) Co-IP and IB analysis of

extracts of HEK293T cells transfected with FLAG-PDCD10, along with expression vectors for cargo receptors HA-p62, HA-NBR1, HA-HDAC6,

HA-NIX, HA-NDP52, or HA-OPTN. (B) IB analysis of PDCD10, p62, and LC3 expression in WT, p62 KO, and LC3 KO MCF7 cells. (C) IB analysis of

PDCD10 expression in WT and p62 KO HEK293T cells with or without overexpression of TRIM59 (WT versus TRIM59 OE). (D) Co-IP and IB analysis

of extracts of HEK293T cells transfected with HA-p62, FLAG-PDCD10, along with empty vector or Myc-TRIM59. (E) IB analysis of WT, PDCD10 OE,

TRIM59 OE, and RNFT1 KO MCF7 cells using anti-E-cadherin, anti-p-ERM, anti-ERM, or anti-PDCD10 antibodies. (F) Co-IP and IB analysis of

extracts of WT or RNFT1 KO MCF7 cells with indicated antibodies. (G and H) Co-IP and IB analysis of extracts of WT or TRIM59 OE MDA-MB-231

cells (G) and WT or TRIM59 KO MCF7 cells (H) with indicated antibodies and IgG controls. Cells were treated with BafA1 to maintain PDCD10 levels.

(I) Co-IP and IB analysis of extracts of WT or TRIM59 OE stable HEK293T cells transfected with control shRNA or shRNFT1, along with expression

vectors for FLAG-PDCD10, HA-K63. Cells were treated with BafA1 to maintain PDCD10 levels. (J) IB analysis of extracts of HEK293T cells transfected

with FLAG-PDCD10 WT or mutants (K132R, K179R, and K183R), along with empty vector control (C) or vector for overexpressing (OE) TRIM59.

Conserved lysine residues within the FAT-H domain (aa 92–212) were highlighted. The relative expression levels of FLAG-PDCD10 WT or mutants were

indicated below the blot images after performing densitometric scanning of blots with subsequent normalization to β-actin. (K) Co-IP and IB analysis of

extracts of HEK293T cells transfected with FLAG-PDCD10 WT or mutants (K132R, K179R, K183R), along with the expression vector for HA-K63-Ub.

BafA1, bafilomycin A1; C, empty vector control; co-IP, co-immunoprecipitation; DD, dimerization domain (aa 1–92); ERM, Ezrin (Thr567)/Radixin

(Thr564)/Moesin (Thr558); EV, empty vector; FAT-H, focal adhesion targeting-homology; HA, hemagglutinin; HDAC6, histone deacetylase 6; IB,

immunoblot; IgG, immunoglobulin G; IP, immunoprecipitation; KO, knockout; K63-Ub, lysine 63-linked polyubiquitin; LC3, microtubule-associated

protein 1A/1B-light chain 3; Myc, avian myelocytomatosis virus oncogene cellular homolog; NBR1, neighbor of BRCA1 gene 1; NDP52, nuclear Domain

10 Protein 52; NIX, BCL2 interacting protein 3 like; OE, overexpressing; OPTN, optineurin; PDCD10, programmed cell death protein 10; p-ERM,

phosphorylation of ERM; p62, phosphotyrosine-independent ligand for the Lck SH2 domain of 62 kDa; RNFT1, RING finger and transmembrane

domain-containing protein 1; shRNA, short hairpin RNA; TRIM59, tripartite motif 59; WCL, whole cell lysate; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3000051.g007
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mechanism. Notably, proteomic mapping of PDCD10 interactors has identified proteins

involved in the regulation of G0/G1-S phase transition of the cell cycle, such as cytoskeletal

protein guanine nucleotide-binding protein subunit beta-like protein (GBLP) [14,64]. Further

analysis is needed to clarify whether PDCD10 is directly responsible for the function of

TRIM59 in cell survival and cell cycle regulation.

Besides the observation of TRIM59 in the regulation of breast cancer cell survival and mode

of cancer cell migration and metastasis, our unbiased RPPA study revealed that other critical

oncogenic pathways are altered upon TRIM59 depletion in breast cancer cells. We detected a

significant reduction in VEGFR2 protein expression upon KD or KO of TRIM59 in MCF7

cells. Interestingly, one recent study has shown that PDCD10 colocalizes with VEGFR2. Loss

of PDCD10 decreased the stability of VEGFR2 protein [65], hinting that TRIM59 might stabi-

lize VEGFR2 protein through PDCD10 to augment VEGF signaling and tumor angiogenesis

[65]. Moreover, the metabolic states of cancer cells determine their fates in a nutrient-poor

environment [66]. TRIM59 depletion in breast cancer cells could further impinge on genes

and pathways involved in cancer metabolism: (1) down-regulation of metabolism-related

oncogenes such as c-MYC and IGF1R [67,68]; (2) up-regulation of tumor suppressors

INPP4b, a PtdIns(3,4,5) P3 phosphatase that modulates membrane lipid metabolism and

inhibits protein kinase B (AKT) activation [69]. Therefore, our data suggest a multifaceted

function of TRIM59 in regulating breast cancer angiogenesis and metabolism, which will be

further subjected to mechanistic dissection in follow-on studies in the near future.

In summary, our study has unveiled TRIM59 as an essential tumor-promoting factor that

facilitates breast cancer growth and metastasis through modulating PDCD10-associated sig-

naling pathways, as well as other oncogenic pathways. Loss of TRIM59 sensitizes PDCD10 for

autophagy-mediated degradation and subsequently induces robust ROCK activity to promote

cell adhesion and suppress mesenchymal or lamellipodia movement (Fig 8). Hence, a thera-

peutic intervention that interrupts the functional interplays between TRIM59 and PDCD10

might provide a promising strategy to treat breast cancer and CCM.

Materials and methods

Ethics statement

The use of human cancer cell lines was in accordance with institutional guidelines on human

cell research and the approved protocol (IBC2015-132) by the Institutional Review Board. Ani-

mal experiments in this study were approved and carried out in accordance with the protocol

(2015-0342-IBT) provided by the Institutional Animal Care and Use Committee (IACUC) at

Institute of Biosciences and Technology, College of Medicine, Texas A&M University. IACUC

uses the National Institute of Health (NIH) Guide for the Care and Use of Laboratory Animals,

which is based on the United States Government Principles for Utilization and Care of Verte-

brate Animals Used in Testing, Research, and Training.

Cell lines, antibodies, and reagent

Breast cancer cell lines MDA-MB-436 (HTB-130), MDA-MB-231 (HTB-26), MDA-MB-468

(HTB-132), MDA-MB-175-VII (HTB-25), CAMA-1 (HTB-21), MDA-MB-453 (HTB-131),

MDA-MB-361 (HTB-27), MCF7 (HTB-22), normal mammary epithelial cell line MCF10A

(CRL-10317) cells, and HEK293T cells (CRL-3216) were purchased from American Type Cul-

ture Collection (ATCC, Manassas, VA) and maintained in DMEM or RPMI-1640 medium

with 10% fetal bovine serum (FBS) according to culture instructions provided by ATCC. Cell

lysate was collected by RIPA buffer (10 mM Tris, pH 7.2, 0.1% SDS, 0.1% v/w Triton X-100,

0.1% deoxycholate, 5 mM EDTA) with protease/phosphatase inhibitor cocktail (#5872, Cell
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Signaling Technology, Danvers, MA). Protein concentration was determined by BCA assay

using BCA Protein Assay Reagent (#23225, Thermo Fisher Scientific, Waltham, MA). A total

of 30–60 μg of cell lysate was subjected to western blot analysis.

Antibodies used in western blot and immunoprecipitation include primary antibodies

against PDCD10 (#sc-365587, for immunoprecipitation and immunofluorescent staining),

p53 (#sc-126), and total ERM antibody (#sc-22807) were purchased from Santa Cruz Biotech-

nology (Dallas, TX). PDCD10 antibody (#ABN-1016, for IB analysis) was purchased from

Millipore (Burlington, MA). TRIM59 antibody (#NBP-82625) was purchased from Novus

Fig 8. TRIM59 depletion attenuates breast cancer cell survival and metastasis. TRIM59 is essential for breast cancer cell mesenchymal movement and cell

survival by maintaining low cell adhesion and high Wnt signaling of breast cancer cells. TRIM59 stabilizes PDCD10 by inhibiting K63 ubiquitination induced

by RNFT1 at the lysine 179 site, and subsequently suppresses p62-selective autophagy degradation. TRIM59 deficiency facilitates PDCD10 degradation to

overcome its inhibitory effect on Rho/ROCK signaling, thereby causing hyperactivated MLC and ERM and mesenchymal to amoeboid transition (MAT).

TRIM59 deficiency also promotes excessive E-cadherin expression and reduces β-catenin expression, leading to high cell adhesion, low Wnt signaling, and

high cell death to ultimately curtail tumor formation and metastasis. ERM, Ezrin (Thr567)/Radixin (Thr564)/Moesin (Thr558); KO, knockout; K63-Ub, lysine

63-linked polyubiquitin; LC3, microtubule-associated protein 1A/1B-light chain 3; MAT, mesenchymal to amoeboid transition; MLC, myosin light chain;

PDCD10, programmed cell death protein 10; p-ERM, phosphorylation of ERM; p-MLC, phosphorylation of MLC; p62, phosphotyrosine-independent ligand

for the Lck SH2 domain of 62 kDa; Rho/ROCK, Ras homolog/Rho-associated coiled-coil kinase; RNFT1, RING finger and transmembrane domain-containing

protein 1; TRIM59, tripartite motif 59; Ub, ubiquitin; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3000051.g008
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Biologicals (Littleton, CO) and TRIM59 antibody (#ab69639) was purchased from Abcam

(Cambridge, United Kingdom). RNFT1 antibody (#PA5-48913) was purchased from Thermo

Fisher Scientific (Waltham, MA). Cleaved-Caspase3 (#9661), Ki-67 (#9027), phosphorylated

(p)-SAPK/JNK (#9251), p-p38 MAPK (#4511), p-p44/p42 (#9101), p-ERK5 (#3371), total

ERK5 (#3552), p-Ezrin (Thr567)/Radixin (Thr564)/Moesin (Thr558) antibody (#3726), Epi-

thelial-Mesenchymal Transition (EMT) Antibody Sampler Kit (#9782), Cadherin-Catenin

Antibody Sampler Kit (#9961), and p-myosin light chain 2 (Ser19) (#3671) were purchased

from Cell Signaling Technology (Danvers, MA). anti-FLAG M2 affinity gel (#A2220), anti-

FLAG M2-peroxidase (HRP) antibody (#A8592), and anti-HA−HRP antibody (#H6533) were

purchased from Sigma-Aldrich (St. Louis, MO).

Patient samples and gene expression profiling analysis of human breast

cancer

Fresh samples of human breast cancer and paired adjacent normal tissues (paired adjacent

normal versus cancerous tissues, n = 90), as well as metastatic cancer and paired primary can-

cer tissues (paired primary versus metastatic samples, n = 19) were obtained during surgery at

Sir Run Run Shaw Hospital of Zhejiang University. All samples were collected with patients’

informed consent and approved by Institutional Review Board. For assessing the correlation

between TRIM59 IHC scores and clinical stages of breast cancer, a total of 170-spot, paraffin-

embedded tissue array chips (HBre-Duc170Sur-01), including 90 paired breast tumor and

normal tissues, 70 tumor tissues, and 10 normal tissues with 10 to 13.5 years of follow-up

information, were purchased from Shanghai Outdo Biotech (Shanghai, China). Please note

that we deleted nine cases (J07A0938, J07A0942, J07A0944, J07A0946, J07A0958, J07A0973,

J07A0999, J07A1044, J07A1131) based on the 154 cases listed in S1 Table prior to the multivar-

iate analysis, as N and AJCC stage information was absent in J07A0938, J07A0958, J07A0973,

and J07A1044, and PR and/or ER and/or HER2 information was absent in J07A0942,

J07A0944, J07A0946, J07A0999, and J07A1131. Detailed clinical features of breast cancer sam-

ples are summarized in S1 and S2 Tables. Gene expression profiling (GEP) analysis of

TRIM59 protein expression (in both primary and metastatic breast cancer samples) was per-

formed on datasets from Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/

geo/) GSE30480. Specifically, we included 14 primary breast tumors and 6 metastatic lymph

node samples. Statistical differences among multiple groups were analyzed with one-way

ANOVA test. Significant differences were determined when the P value was less than 0.05.

Immunoprecipitation and IB analysis

For immunoprecipitation experiments, whole cell extracts obtained 24 hours after transfection

were lysed in low salt lysis buffer (50 mM Tris, pH 7.5; 150 mM NaCl; 1% Triton-X; 5 mM

EDTA; 10% [v/v] glycerol with protease/phosphatase inhibitor cocktail) or RIPA buffer and

shaken on ice for 15 minutes. Whole cell lysates were incubated for 4 hours at 4˚C with the

indicated antibodies and protein A/G beads (#20421, Thermo Fisher Scientific, Waltham,

MA) or with anti-FLAG (#A2220, Sigma-Aldrich, St. Louis, MO) or anti-HA (#A2095, Sigma-

Aldrich, St. Louis, MO) agarose gels for FLAG- OR HA-tagged protein pull-down. After incu-

bation, beads were washed five times with 1 mL low salt lysis buffer or RIPA buffer, boiled

with 4× SDS loading buffer, and subjected to SDS-PAGE. Proteins were transferred to nitro-

cellulose membranes (Bio-Rad, Hercules, CA). Membranes were blocked in 5% dry milk/

TBST for 1 hour and incubated using indicated antibodies. IB analysis was developed using

the Luminata Western HRP Chemiluminescence Substrates (#WBLUF0500, Millipore, Bur-

lington, MA) and ChemiDoc XRS+ System with Image Lab (Bio-Rad, Hercules, CA).
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IHC and immunofluorescent assay

The TRIM59 levels in breast tumors and normal breast tissues were evaluated by IHC using an

anti-TRIM59 antibody on paraffin-embedded tissue samples or commercial tissue arrays

(Shanghai Outdo Biotech, Shanghai, China) as previously described [70]. Briefly, sections were

dewaxed, hydrated, and washed. After neutralization of endogenous peroxidase and micro-

wave antigen retrieval, slides were preincubated with blocking serum and then incubated for 1

hour at 37˚C with indicated antibodies. Subsequently, the sections were serially rinsed, incu-

bated with the second antibody, and treated with HRP-conjugated streptavidin. Reaction

products were visualized with 3, 3-diaminobenzidine tetrahydrochloride and counterstained

with hematoxylin. TRIM59 IHC scores were calculated from TRIM59 IHC staining intensity

multiplied by positive staining rate. Staining intensity is generally divided into four levels: 0

indicates negative staining, 0.5 indicates weakly positive, 1 indicates staining intensity is light

yellow or light brown, and 2 indicates staining intensity is yellow or brown. The ratio of the

number of positive cells to the total number of such cells in the tissue was defined as the posi-

tive staining rate.

The immunofluorescence assays and confocal microscopy were conducted as described

previously [71]. HEK293T, MCF7, or MDA-MB-231 cells were grown on the glass-bottom

dish (MatTek, Ashland, MA) in complete medium. Cells were then fixed in 4% paraformalde-

hyde solution in PBS at room temperature for 15 minutes and permeabilized at room tempera-

ture with 0.1% Triton X-100/PBS. Subsequently, cells were blocked in 5% normal goat serum

(NGS) for 1 hour at RT, and then incubated in indicated primary antibodies in SignalStain

antibody diluent (#8112, Cell Signaling Technology, Danvers, MA) for 16 hours at 4˚C. Cells

were then washed three times with PBS and incubated with the secondary fluorescent antibody

(1:400 dilution) for 1 hour. The nucleus was then labeled with DAPI for 5 minutes in the dark

and then followed by three washes in PBS. For monitoring autophagosome formation, cells

were transfected with expression vector for GFP-LC3 (#psetz-gfplc3, Invivogen, San Diego,

CA). Samples were then visualized using Nikon Eclipse Ti-E microscope. All acquired images

were analyzed and the correlation coefficient (r) of pixel intensity values was extracted by

using the Nikon NIS-Elements AR package or the ImageJ (NIH) software.

Yeast two-hybrid screening

Yeast two-hybrid screening was carried out with Matchmaker Gold Yeast Two-Hybrid System

(#630489, Clontech Laboratories, Mountain View, CA) using the AH109 yeast strain, as previ-

ously described [72]. To construct a bait plasmid, full-length TRIM59 was cloned in-frame

into the GAL4 DNA-binding domain of pGBKT7. A normalized human universal Match-

maker cDNA library (#630481, Clontech Laboratories, Mountain View, CA) was used to

screen about 1 × 106 clones. Positive clones were picked up and library plasmids were recov-

ered and expanded in Escherichia coli. The inserted cDNAs were sequenced and then charac-

terized with the BLAST program.

Lentivirus production and transduction

Bacterial strains containing the plasmids for GIPZ lentiviral shRNA targeting TRIM59,

PDCD10, or RNFT1 were purchased from Dharmacon. Plasmid purification was conducted by

using the QIAGEN Plasmid Maxi kit (#12162, QIAGEN, Hilden, Germany).

HEK293T cells were used to produce lentivirus. Co-transfection of the lentiviral plasmids,

pMD2.G (#12259, Addgene, Cambridge, MA) and psPAX2 (#12260, Addgene, Cambridge,

MA), was done by CalPhos Mammalian Transfection Kit (#631312, Clontech Laboratories,

Mountain View, CA). Forty-eight and seventy-two hours after transfection, virus-containing
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cell culture supernatant was collected and passed through a 0.45-μm filter for virus prepara-

tion. HEK293T, MCF7, or MDA-MB-231 cells were seeded at 70% confluence 1 day before

infection. A total of 5 mL of virus-containing cell culture supernatant with 8 μg/mL polybrene

(#TR-1003-G, Millipore, Burlington, MA) was added to each 10-cm dish for 3 hours before

adding 5 mL of complete DMEM containing 10% FBS. Virus infection was repeated 24 hours

later. Between 48 and 72 hours after the first infection, MCF7 or MDA-MB-231 cells were har-

vested and seeded in 96-well plates at 1 cell/well for single colony selection. TRIM59 KD effi-

ciency was assessed by quantitative PCR.

RPPA analysis

Cells were washed twice in ice-cold PBS, lysed in 500 μL lysis buffer (1% Triton X-100, 50 mM

HEPES, pH 7.4, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 100 mM NaF, 10 mM Na pyro-

phosphate, 1 mM Na3VO4, and 10% glycerol, with freshly added protease/phosphatase inhibi-

tor cocktail) for 20 minutes on ice, with occasional shaking every 5 minutes, and centrifuged at

14,000 rpm for 10 minutes at 4 oC to collect supernatant. Protein concentration was deter-

mined by BCA assay and adjusted to 1–1.5 mg/mL. Cell lysate was mixed with 4×SDS sample

buffer without bromophenol blue (40% glycerol, 8% SDS, 0.25 M Tris-HCl, pH 6.8, with

freshly added 2-mercaptoethanol at 1/10 of the volume). A 100-μL sample for each replicate

was sent for analysis. RPPA assay was done at the RPPA Core Facility of M.D. Anderson Can-

cer Center (Houston, TX). A full list of antibodies (Ab List_218) used in this study was

described as follows: https://www.mdanderson.org/research/research-resources/core-

facilities/functional-proteomics-rppa-core/antibody-information-and-protocols.html.

Construction of sgRNA/Cas9 LentiCRISPR

We designed human single guide RNAs (sgRNAs) as previously described [73], using the

online CRISPR design tool (crispr.mit.edu), by inputting targeted exon sequence. TRIM59,

PDCD10, p62, LC3, or RNFT1 sgRNA was designed and cloned into the BsmB1 site of lenti-

CRISPR vector containing Cas9-P2A-puromycin and was verified by sequencing analysis. The

sgRNA-containing plasmids were transfected into HEK293T cells with pMD2.G and psPAX2.

After 2 days, the virus-containing medium was subjected to ultracentrifugation (20,000g at

4˚C for 2 hours) and frozen at −80˚C. HEK293T, MCF7, or MDA-MB-231 cells were trans-

duced with control sgRNA or TRIM59-, PDCD10-sgRNA–, or RNFT1-sgRNA–containing len-

tiCRISPR viruses. Transduced cells were selected in the presence of puromycin (#A1113803,

ThermoFisher, Waltham, MA) for 48 hours and subjected to ligand stimulation or viral infec-

tion. The primers used for sgRNA are as follows:

TRIM59 sgRNA: 50-caccgCCAGCATGTACAGATCTTGAAA-30

PDCD10 sgRNA: 50-caccgGGGCATAGAAACCATGGATG-30

RNFT1 sgRNA: 50-caccgTCATGACCAGAAGCGGACGG-30

LC3 sgRNA: 50-caccgACCTCCTTACAGCGGTCGGC-30

p62 sgRNA: 50-caccgCACCGTGAAGGCCTACCTTC-30

Wound healing assay

A total of 1 × 106 MCF7 or MDA-MB-231 cells were plated and cultured in 6-well plates until

they reached 100% confluence, followed by overnight starvation in medium containing 0.5%

FBS. Starved cells were pretreated with mitomycin C (#M4287, Sigma-Aldrich, St. Louis, MO)
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at 20 μg/mL for 4 hours. A wound was made in the confluent cell layer by scratching wells in

vertical and horizontal directions. Cells were then washed with PBS twice and migration was

induced by complete medium containing 10% FBS. Cell migration was checked every 12 hours

until the wound healed in one of the samples. Migration was stopped by removing growth

medium and fixing cells in 4% paraformaldehyde.

Transwell invasion assay

Growth factor–reduced Matrigel (#356234, BD Biosciences, San Jose, CA) was mixed with

serum-free MEM Eagle medium at 1:4. A total of 100 μL of the mixture was added to the bottom

of cell culture inserts with 8-μm pore size. Cell culture inserts were incubated at 37˚C for 1 hour.

Cells were serum starved overnight in DMEM containing 0.5% FBS. Starved cells were pre-

treated with mitomycin C at 20 μg/mL for 4 hours. Starved cells were harvested and resus-

pended at 1 × 105 cells/mL in DMEM containing 0.5% FBS. A total of 100 μL of cell suspension

was seeded into a cell culture insert with Matrigel at the bottom. A total of 500 μL of complete

DMEM containing 10% FBS was added to the lower chamber. Ten percent FBS served as che-

moattractant. Cell invasion was checked every 12 hours until a significant population of cells

invaded through the 8-μm pore on the cell culture insert (48 hours in most experiments). Non-

invasive cells were removed from the top of the filter with a cotton swab. Cells at the bottom of

the insert were fixed by immersing cell culture inserts in 4% paraformaldehyde for 15 minutes

at room temperature. Cell culture inserts were then washed in PBS. Invaded cells were stained

with 0.05% crystal violet in distilled water for 30 minutes. After two washes in PBS, invaded

cells were visualized under an Olympus IX70 microscope, and three randomly chosen fields per

membrane were photographed and quantitated using the Fiji ImageJ software [74].

Three-dimensional cell culture

Three-dimensional culture of MCF7 cells was performed as described previously [75]. Briefly, pre-

chilled 24-well plates were coated with a thin layer of BD Matrigel Basement Membrane Matrix

and incubated for 30 minutes at 37˚C. A total of 2 × 103 cells/well of control shRNA MCF7 or

TRIM59 shRNA-MCF7 stable cells suspended in diluted Matrigel (1:4 dilution in RPMI1640

medium with 10% FBS) were added into the well and incubated for 30 minutes at 37˚C. A total of

500 μL of culture medium was then added and culture was maintained for 10 days, with medium

changed every 2 days. Colony formation was then photographed and quantified.

qPCR analysis

Total RNA was isolated from cells or tissues, and first-strand cDNA was generated from total

RNA using oligo-dT primers and SuperScript III Reverse Transcriptase (#18080093, Thermo

Fisher Scientific, Waltham, MA). qPCR was performed using specific primers and the ABI

Prism 7000 analyzer (Applied Biosystems, Foster City, CA) with the PowerUp SYBR Green

Master Mix (#A25741, Thermo Fisher Scientific, Waltham, MA). Target gene expression val-

ues were normalized to human GAPDH. The primers used for qPCR are as follows:

GAPDH-Fwd: 50-TCAAGAAGGTGGTGAAGCAG-30

GAPDH-Rev: 50-GAGGGGAGATTCAGTGTGGT-30

MYC-Fwd: 50-GGCTCCTGGCAAAAGGTCA-30

MYC-Rev: 50-CTGCGTAGTTGTGCTGATGT-30

AXIN2-Fwd: 50-CAACACCAGGCGGAACGAA-30
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AXIN2-Rev: 50-GCCCAATAAGGAGTGTAAGGACT-30

S100A4-Fwd: 50-GATGAGCAACTTGGACAGCAA-30

S100A4-Rev: 50-CTGGGCTGCTTATCTGGGAAG-30

NOS3-Fwd: 50-TGATGGCGAAGCGAGTGAAG-30

NOS3-Rev: 50-ACTCATCCATACACAGGACCC-30

KLF2-Fwd: 50-TTCGGTCTCTTCGACGACG-30

KLF2-Rev: 50-TGCGAACTCTTGGTGTAGGTC-30

KLF4-Fwd: 50-CCCACATGAAGCGACTTCCC-30

KLF4-Rev: 50-CAGGTCCAGGAGATCGTTGAA-30

ADAMTS4-Fwd: 50-GAGGAGGAGATCGTGTTTCCA-30

ADAMTS4-Rev: 50-CCAGCTCTAGTAGCAGCGTC-30

ADAMTS5-Fwd: 50-GAACATCGACCAACTCTACTCCG-30

ADAMTS5-Rev: 50-CAATGCCCACCGAACCATCT-30

ANGPT2-Fwd: 50-AACTTTCGGAAGAGCATGGAC-30

ANGPT2-Rev: 50-CGAGTCATCGTATTCGAGCGG-30

TRIM59-Fwd: 50-AAGATCCTCGTGTACTGCCAT-30

TRIM59-Rev: 50-CAATGCCAGTTGGAGCAATTTC-30

PDCD10-Fwd: 50-GCCCCTCTATGCAGTCATGTA-30

PDCD10-Rev: 50-AGCCTTGATGAAAGCGGCTC-30

RNFT1-Fwd: 50-CCTGAAGCAAAGACATCTGGG-30

RNFT1-Rev: 50-ACTGTGCAGTTGGCTACGATT-30

Xenograft

Orthotopic mammary fat-pad injection of 8-week-old female NOD.Cg-Prkdc<scid>

Il2rg<tm1Wjl>/SzJ (NOD scid gamma, NSG) mice (#005557, The Jackson Laboratory, Bar

Harbor, ME) with MCF7 or MDA-MB-231 cells was performed. Briefly, mice were anesthe-

tized and an abdominal incision was made to expose the mammary gland. A total of 1–10 × 106

cells in 50 μL RPMI1640 with 10% FBS were mixed with an equal volume of pathogen-free BD

Matrigel Basement Membrane Matrix and injected into the mammary fat-pad. Tumor growth

was monitored and measured with a digital caliper, and the tumor volume in mm3 is calcu-

lated by the formula: volume = (width)2 × length/2. At 12 weeks, mice were euthanized and

necropsied to remove tumors and organs potentially containing metastatic foci for formalin

fixation, paraffin embedding, and tissue analysis.

Breast cancer metastasis animal model

MCF7 and MDA-MB-231 cells were transduced with a lentivirus containing pLenti-CMV-Lu-

ciferase-IRES-GFP, followed by lentiviral transduction for the overexpression or CRISPR/

Cas9-mediated disruption of TRIM59 (empty vector or control sgRNA as negative control).
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Six-week-old NSG mice were used for the orthotopic injection of breast cancer cells (MCF7,

107 cells/mouse; MDA-MB-231, 2 × 106 cells/mouse) into mammary fat-pad. D-Luciferin (15

mg/mL) 150 mg/kg was injected intraperitoneally into tumor-bearing mice 10 minutes before

imaging. The growth and metastasis of the tumors were monitored by weekly bioluminescence

imaging using the IVIS imaging system (Xenogen, Waltham, MA). End point assays were con-

ducted 10 or 14 weeks after the inoculation unless the animal euthanasia was required because

of significant morbidity.

Nuclear and cytoplasmic extraction

Nuclear and cytoplasmic fractions were isolated using NE-PER Nuclear and Cytoplasmic

Extraction Reagents (#78833, Thermo Fisher Scientific, Waltham, MA). A total of 107 MCF7

cells were harvested with trypsin-EDTA and washed with PBS. A 50-μL cell pellet was resus-

pended by vigorous vortexing in 500 μL ice-cold CER I solution and incubated on ice for 15

seconds. A total of 27.5 μL ice-cold CER II solution was added and mixed followed by 1 minute

of incubation on ice and was then centrifuged for 5 minutes at 16,000g. The supernatant frac-

tion containing the cytoplasmic extract was transferred to a clean prechilled tube until use.

The insoluble pellet fraction containing the nuclei was suspended in 250 μL ice-cold NER, fol-

lowed by continuous vortexing for 15 seconds every 10 minutes for 40 minutes. The mixture

was then centrifuged at 16,000g for 10 minutes. The supernatant fraction containing the

nuclear extract was transferred to a clean prechilled tube until use.

Proliferation and apoptosis assays

Cell proliferation was determined by MTS assay. MCF7 or MDA-MB-231 cells were seeded

into 96-well plates in 100 μL of culture medium and cultured for the indicated time. Ten

microliters per well of MTS (#G3582, Promega, Madison, WI) was added into each well for a

2-hour incubation at 37˚C in a humidified, 5% CO2 atmosphere. The absorbance was mea-

sured using a model ELX800 Micro Plate Reader (Bio-Tek Instruments, Winooski, VT) at 490

nm then the proliferation was calculated. Annexin V and 7-AAD staining kit (#559763, BD

Biosciences, San Jose, CA) was used to detect apoptotic cells. WT, TRIM59 KD, or TRIM59
KO MCF7 cells were harvested with trypsin-EDTA and washed with PBS twice. Cells were

then resuspended in 1× binding buffer at a concentration of 106 cells/mL. A total of 5 μL

Annexin V and 5 μL 7-AAD was added to 100 μL of the cell solution and incubated at RT for

15 minutes in the dark. Stained cells were washed and resuspended in 400 μL of 1× binding

buffer and analyzed by flow cytometry.

Colony formation assay

The colony formation assay was used to reflect anchorage-independent cell growth. About

1 × 104 MCF7 or MDA-MB-231 cells suspended in 1 mL of 0.33% agarose 1640 medium con-

taining 10% FBS were plated in 12-well plates on the top of existing 0.5% bottom agarose with

the same medium. The medium was replenished every 3–5 days, and colonies that grew

beyond 50 μm in diameter after 2–3 weeks were scored as countable.

Cell cycle assay

A total of 5 × 105 WT, TRIM59 KD, or TRIM59 KO MCF7 cells per well were seeded into

6-well plates and allowed to attach overnight. The culture media were replaced with fresh com-

plete 1640 containing 2 mM thymidine and cultured for 18 hours; after washing with PBS, the

block was released by incubation in fresh complete 1640 for 10 hours. Cells were blocked again
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with fresh complete 1640 containing 2 mM thymidine and cultured for 18 hours; after washing

with PBS, the block was released by incubation in fresh complete 1640 for 12 hours. Cells were

collected and permeabilized with precooled 75% ethanol at 4˚C overnight. The next day, the

cells were washed with PBS and incubated with 0.5% PI (#556463, BD Biosciences, San Jose,

CA) in the dark for 30 minutes. DNA content was detected by flow cytometry. The data were

analyzed with ModFit software.

TCGA data analysis

Gene expression data were downloaded from the TCGA data portal (https://portal.gdc.cancer.

gov/). The normal sample was extracted from the same adjacent non-tumorigenic tissue in the

same patient. Comparison of tumor and paired adjacent normal samples is used in TCGA data

analysis [76], as described in our previous studies [77]. Genes were considered differentially

expressed if the fold change (FC) is>1.5 and t test P value is <0.05.

Statistics

Descriptive statistics, including means, standard deviations, medians, and ranges, were com-

puted for each group and analyzed with Student t test or for multiple comparisons, with

ANOVA. Data were presented as mean ± standard error. The sample size for each experiment,

n, was included in the results section and the associated figure legend. All analyses were per-

formed with GraphPad Prism 5 (GraphPad Software, La Jolla, CA). P values<0.05 were con-

sidered significant. Phosphorylation levels of Ezrin in BRCA were obtained from CPTAC [31].

We calculated the Spearman correlation between TRIM59 expression and the phospho-Ezrin

(S148, S366) status in BRCA and used Spearman correlation coefficient, |Rs| > 0.2, as statisti-

cal significance. We used the Kaplan–Meier method to calculate survival curves and a log-rank

test to check whether gene levels were significantly associated with overall patient survival.

Patient survival curves based on the expression of PDCD10 (Affymetrix ID: 210907_s_at) were

analyzed according to an online survival analysis tool (kmplotter.com), using breast cancer

microarray data [78]. Multivariate analysis of prognostic factors was performed by a Cox (pro-

portional hazards) regression model, including TRIM59 levels or clinical information (cancer

staging and grading).

Supporting information

S1 Fig. TRIM59 expression in normal tissues and malignancies. Related to Fig 1. (A) Fold

change of TRIM59 expression across 12 cancer types compared with their paired controls

(obtained from adjacent noncancerous tissues), based on TCGA dataset analysis. (B and C)

mRNA expression profiles of TRIM59 in human (B) and mouse (C) tissues. (D) Quantitative

RT-PCR of TRIM59 mRNA expression in human breast cancer cell lines. (E-G) TRIM59 IHC

scores in subtypes of breast cancer based on HER and ER status. (H) Multivariate overall sur-

vival analysis of patient by using a Cox proportion hazards model. (I) Kaplan–Meier survival

curves for Grade II or above breast cancer patients. Patients were divided into two groups

according to TRIM59 staining scores (Low, with a score less than or equal to 0.75; High, with a

score greater than 0.75). The underlying data can be found in S1 Data. ER, estrogen receptor;

HER, human epidermal growth factor receptor 2; IHC, immunohistochemistry; RT-PCR,

reverse transcription polymerase chain reaction; TCGA, the Cancer Genome Atlas; TRIM59,

tripartite motif 59.

(TIF)
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S2 Fig. Validation of TRIM59 antibodies and RPPA analysis in TRIM59-depleted MCF7

cells. Related to Fig 3. (A) IB analysis of TRIM59 expression in MCF10A, MCF7, and

MDA-MB-231 using two TRIM59 antibodies (Novus and Abcam). Purified TRIM59 protein

was used as positive control (S2A, left). (B) TRIM59 mRNA expression levels in MCF7 and

MDA-MB-231 cells revealed by RNA sequencing dataset analysis (GEO database: #GSE54326).

n = 3. Data are presented as means ± SD. �P< 0.05. (C) RPPA analysis of alterations in protein

expression levels or phosphorylation in Control, shTRIM59, and TRIM59 KO MCF7 cells.

n = 3. The underlying data can be found in S1 Data. IB, immunoblot; RPPA, reverse phase pro-

tein array; TRIM59, tripartite motif 59.

(TIF)

S3 Fig. TRIM59 promotes Wnt/β-catenin signaling. Related to Fig 4. (A) Representative

immunochemistry staining of β-catenin in tissue sections from xenograft tumors of TRIM59
KO MCF7 cells or TRIM59 OE MDA-MB-231 cells compared with control cells. Scale bars:

200 μm. (B) qPCR quantification of the Wnt signaling pathway downstream gene AXIN2 in

WT and TRIM59 KO MCF7 cells. n = 4. Data are presented as means ± SD. ���P< 0.001 ver-

sus WT. The underlying data can be found in S1 Data. KO, knockout; OE, overexpressed;

qPCR, quantitative polymerase chain reaction; TRIM59, tripartite motif 59; WT, wild-type.

(TIF)

S4 Fig. TRIM59 modulates protein stability of PDCD10 through autophagy pathways.

Related to Fig 5. (A) IB analysis of endogenous TRIM59 expression in MCF7 cells expressing two

different shRNAs targeting TRIM59 compared with scramble shRNA (shControl). (B) IB analysis

of endogenous PDCD10 expression in MCF7 cells expressing shTRIM59-1 or shTRIM59-2 com-

pared with shControl. MCF7 cells expressing shPDCD10-1 or shPDCD10-2 targeted to PDCD10

were used as control. (C) IB analysis of PDCD10 in WT MCF7 or TRIM59 KD MCF7 cells treated

with DMSO, BafA1, 3-MA, or MG132 for 6 hours. (D) IB analysis of PDCD10 protein levels in

WT or TRIM59 OE MDA-MB-231 cells treated with DMSO or BafA1 for 12 hours. Quantitative

comparisons of PDCD10 levels were analyzed by densitometric scanning of blots and normalized

to β-actin. (E) Co-IP and IB analysis of HEK293T cells transfected with FLAG-p53, along with

HA-tagged UbWT, followed by MG132 treatment (0, 6, or 12 hours). (F) Representative confocal

images of WT or TRIM59 KO HEK293T cells transfected with GFP-LC3. BafA1, bafilomycin A1;

co-IP, co-immunoprecipitation; GFP, green fluorescent protein; HA, hemagglutinin; IB, immuno-

blot; KD, knockdown; KO, knockout; LC3, microtubule-associated protein 1A/1B-light chain 3;

OE, overexpressed; PDCD10, programmed cell death protein 10; shRNA, short hairpin RNA;

TRIM59, tripartite motif 59; UbWT, ubiquitin WT; WT, wild-type; 3-MA, 3-methyladenine.

(TIF)

S5 Fig. TRIM59 suppresses K63 ubiquitination of PDCD10. Related to Fig 7. (A) HEK293T

cells were transfected with FLAG-PDCD10 and HA-Ub (WT) or its mutants, along with Myc-

TRIM59 or empty vector, in the presence of BafA1. Whole-cell lysates were immunoprecipitated

with anti-FLAG beads and immunoblotted with indicated antibodies. (B) Co-IP and IB analysis

of extracts of HEK293T cells transfected with FLAG-p62, along with HA-TRIM59 full-length

WT or deletions (ΔR, ΔTM, B, and CC). ΔR, TRIM59 without RING domain; ΔTM, TRIM59

without the predicted transmembrane domain; B, B-box-type zinc finger domain; BafA1, bafilo-

mycin A1; CC, coiled-coil domain; co-IP, co-immunoprecipitation; HA, hemagglutinin; IB,

immunoblot; K63, lysine 63; Myc, avian myelocytomatosis virus oncogene cellular homolog;

PDCD10, programmed cell death protein 10; p62, phosphotyrosine-independent ligand for the

Lck SH2 domain of 62 kDa; Ub, ubiquitin; TRIM59, tripartite motif 59; WT, wild-type.

(TIF)
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S1 Table. Statistical analysis on the correlation between TRIM59 IHC scores and clinical

parameters in patients with breast cancers. IHC, immunohistochemistry; TRIM59, tripartite

motif 59.

(DOCX)

S2 Table. Clinical features of breast cancer samples used in this study.

(DOCX)

S3 Table. Summary of yeast two-hybrid screening results for TRIM59-interacting proteins,

classified in functional groups. TRIM59, tripartite motif 59.

(DOCX)

S1 Data. Excel files containing the underlying numerical data for Figs 1A, 1B, 1D, 1E, 2B,

2D, 2E, 2F, 2G, 2H, 2I, 2J, 2K, 3B, 3D, 3G, 3I, 4A, 4H, 4I, 4L, 4M, 5D, 6B, 6C, 6D, 6J, 6K

and 6M and S1A, S1B, S1C, S1D, S1E, S1F, S1G, S1H, S1I, S1B, and S1B. Data were listed in

the indicated separate sheets.

(XLSX)
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1. de Thé H, Lavau C, Marchio A, Chomienne C, Degos L, Dejean A. The PML-RAR alpha fusion mRNA

generated by the t(15;17) translocation in acute promyelocytic leukemia encodes a functionally altered

RAR. Cell. 1991; 66(4):675–84. PMID: 1652369.

2. Hatakeyama S. TRIM proteins and cancer. Nat Rev Cancer. 2011; 11(11):792–804. https://doi.org/10.

1038/nrc3139 PMID: 21979307.

3. Liu Y, Raheja R, Yeh N, Ciznadija D, Pedraza AM, Ozawa T, et al. TRIM3, a tumor suppressor linked to

regulation of p21(Waf1/Cip1.). Oncogene. 2014; 33(3):308–15. https://doi.org/10.1038/onc.2012.596

PMID: 23318451; PubMed Central PMCID: PMC3928554.

4. Elabd S, Meroni G, Blattner C. TRIMming p53’s anticancer activity. Oncogene. 2016; 35(43):5577–84.

https://doi.org/10.1038/onc.2016.33 PMID: 26898759.

TRIM59-PDCD10 interplay to promote cancer growth and metastasis

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000051 November 8, 2018 30 / 34

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000051.s006
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000051.s007
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000051.s008
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000051.s009
http://www.ncbi.nlm.nih.gov/pubmed/1652369
https://doi.org/10.1038/nrc3139
https://doi.org/10.1038/nrc3139
http://www.ncbi.nlm.nih.gov/pubmed/21979307
https://doi.org/10.1038/onc.2012.596
http://www.ncbi.nlm.nih.gov/pubmed/23318451
https://doi.org/10.1038/onc.2016.33
http://www.ncbi.nlm.nih.gov/pubmed/26898759
https://doi.org/10.1371/journal.pbio.3000051


5. Pineda CT, Ramanathan S, Fon Tacer K, Weon JL, Potts MB, Ou YH, et al. Degradation of AMPK by a

cancer-specific ubiquitin ligase. Cell. 2015; 160(4):715–28. https://doi.org/10.1016/j.cell.2015.01.034

PMID: 25679763; PubMed Central PMCID: PMCPMC5629913.

6. Ozato K, Shin DM, Chang TH, Morse HC 3rd. TRIM family proteins and their emerging roles in innate

immunity. Nat Rev Immunol. 2008; 8(11):849–60. https://doi.org/10.1038/nri2413 PMID: 18836477;

PubMed Central PMCID: PMC3433745.

7. Mandell MA, Jain A, Arko-Mensah J, Chauhan S, Kimura T, Dinkins C, et al. TRIM proteins regulate

autophagy and can target autophagic substrates by direct recognition. Dev Cell. 2014; 30(4):394–409.

https://doi.org/10.1016/j.devcel.2014.06.013 PMID: 25127057; PubMed Central PMCID:

PMC4146662.

8. Valiyeva F, Jiang F, Elmaadawi A, Moussa M, Yee SP, Raptis L, et al. Characterization of the oncogenic

activity of the novel TRIM59 gene in mouse cancer models. Mol Cancer Ther. 2011; 10(7):1229–40.

https://doi.org/10.1158/1535-7163.MCT-11-0077 PMID: 21593385.

9. Zhan W, Han T, Zhang C, Xie C, Gan M, Deng K, et al. TRIM59 Promotes the Proliferation and Migra-

tion of Non-Small Cell Lung Cancer Cells by Upregulating Cell Cycle Related Proteins. PLoS ONE.

2015; 10(11):e0142596. https://doi.org/10.1371/journal.pone.0142596 PMID: 26599082; PubMed Cen-

tral PMCID: PMC4658198.

10. Zhou Z, Ji Z, Wang Y, Li J, Cao H, Zhu HH, et al. TRIM59 is up-regulated in gastric tumors, promoting

ubiquitination and degradation of p53. Gastroenterology. 2014; 147(5):1043–54. https://doi.org/10.

1053/j.gastro.2014.07.021 PMID: 25046164.

11. Clark AG, Vignjevic DM. Modes of cancer cell invasion and the role of the microenvironment. Curr Opin

Cell Biol. 2015; 36:13–22. https://doi.org/10.1016/j.ceb.2015.06.004 PMID: 26183445.

12. Ridley AJ. Rho GTPase signalling in cell migration. Curr Opin Cell Biol. 2015; 36:103–12. https://doi.

org/10.1016/j.ceb.2015.08.005 PMID: 26363959; PubMed Central PMCID: PMCPMC4728192.

13. Matsui T, Maeda M, Doi Y, Yonemura S, Amano M, Kaibuchi K, et al. Rho-kinase phosphorylates

COOH-terminal threonines of ezrin/radixin/moesin (ERM) proteins and regulates their head-to-tail asso-

ciation. J Cell Biol. 1998; 140(3):647–57. PMID: 9456324; PubMed Central PMCID:

PMCPMC2140160.

14. Hilder TL, Malone MH, Bencharit S, Colicelli J, Haystead TA, Johnson GL, et al. Proteomic identification

of the cerebral cavernous malformation signaling complex. J Proteome Res. 2007; 6(11):4343–55.

https://doi.org/10.1021/pr0704276 PMID: 17900104.

15. Shenkar R, Shi C, Rebeiz T, Stockton RA, McDonald DA, Mikati AG, et al. Exceptional aggressiveness

of cerebral cavernous malformation disease associated with PDCD10 mutations. Genet Med. 2015; 17

(3):188–96. https://doi.org/10.1038/gim.2014.97 PMID: 25122144; PubMed Central PMCID:

PMCPMC4329119.

16. Stockton RA, Shenkar R, Awad IA, Ginsberg MH. Cerebral cavernous malformations proteins inhibit

Rho kinase to stabilize vascular integrity. J Exp Med. 2010; 207(4):881–96. https://doi.org/10.1084/jem.

20091258 PMID: 20308363; PubMed Central PMCID: PMCPMC2856024.

17. Borikova AL, Dibble CF, Sciaky N, Welch CM, Abell AN, Bencharit S, et al. Rho kinase inhibition res-

cues the endothelial cell cerebral cavernous malformation phenotype. J Biol Chem. 2010; 285

(16):11760–4. https://doi.org/10.1074/jbc.C109.097220 PMID: 20181950; PubMed Central PMCID:

PMCPMC2852911.

18. Totsukawa G, Wu Y, Sasaki Y, Hartshorne DJ, Yamakita Y, Yamashiro S, et al. Distinct roles of MLCK

and ROCK in the regulation of membrane protrusions and focal adhesion dynamics during cell migration

of fibroblasts. J Cell Biol. 2004; 164(3):427–39. https://doi.org/10.1083/jcb.200306172 PMID:

14757754; PubMed Central PMCID: PMCPMC2172229.

19. Amano M, Nakayama M, Kaibuchi K. Rho-kinase/ROCK: A key regulator of the cytoskeleton and cell

polarity. Cytoskeleton (Hoboken). 2010; 67(9):545–54. https://doi.org/10.1002/cm.20472 PMID:

20803696; PubMed Central PMCID: PMCPMC3038199.

20. Amano M, Ito M, Kimura K, Fukata Y, Chihara K, Nakano T, et al. Phosphorylation and activation of

myosin by Rho-associated kinase (Rho-kinase). J Biol Chem. 1996; 271(34):20246–9. PMID: 8702756.

21. Kimura T, Mandell M, Deretic V. Precision autophagy directed by receptor regulators—emerging exam-

ples within the TRIM family. J Cell Sci. 2016; 129(5):881–91. https://doi.org/10.1242/jcs.163758 PMID:

26906420.

22. Wang L, Heidt DG, Lee CJ, Yang H, Logsdon CD, Zhang L, et al. Oncogenic function of ATDC in pan-

creatic cancer through Wnt pathway activation and beta-catenin stabilization. Cancer Cell. 2009; 15

(3):207–19. https://doi.org/10.1016/j.ccr.2009.01.018 PMID: 19249679; PubMed Central PMCID:

PMCPMC2673547.

23. Kaneko M, Iwase I, Yamasaki Y, Takai T, Wu Y, Kanemoto S, et al. Genome-wide identification and

gene expression profiling of ubiquitin ligases for endoplasmic reticulum protein degradation. Sci Rep.

TRIM59-PDCD10 interplay to promote cancer growth and metastasis

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000051 November 8, 2018 31 / 34

https://doi.org/10.1016/j.cell.2015.01.034
http://www.ncbi.nlm.nih.gov/pubmed/25679763
https://doi.org/10.1038/nri2413
http://www.ncbi.nlm.nih.gov/pubmed/18836477
https://doi.org/10.1016/j.devcel.2014.06.013
http://www.ncbi.nlm.nih.gov/pubmed/25127057
https://doi.org/10.1158/1535-7163.MCT-11-0077
http://www.ncbi.nlm.nih.gov/pubmed/21593385
https://doi.org/10.1371/journal.pone.0142596
http://www.ncbi.nlm.nih.gov/pubmed/26599082
https://doi.org/10.1053/j.gastro.2014.07.021
https://doi.org/10.1053/j.gastro.2014.07.021
http://www.ncbi.nlm.nih.gov/pubmed/25046164
https://doi.org/10.1016/j.ceb.2015.06.004
http://www.ncbi.nlm.nih.gov/pubmed/26183445
https://doi.org/10.1016/j.ceb.2015.08.005
https://doi.org/10.1016/j.ceb.2015.08.005
http://www.ncbi.nlm.nih.gov/pubmed/26363959
http://www.ncbi.nlm.nih.gov/pubmed/9456324
https://doi.org/10.1021/pr0704276
http://www.ncbi.nlm.nih.gov/pubmed/17900104
https://doi.org/10.1038/gim.2014.97
http://www.ncbi.nlm.nih.gov/pubmed/25122144
https://doi.org/10.1084/jem.20091258
https://doi.org/10.1084/jem.20091258
http://www.ncbi.nlm.nih.gov/pubmed/20308363
https://doi.org/10.1074/jbc.C109.097220
http://www.ncbi.nlm.nih.gov/pubmed/20181950
https://doi.org/10.1083/jcb.200306172
http://www.ncbi.nlm.nih.gov/pubmed/14757754
https://doi.org/10.1002/cm.20472
http://www.ncbi.nlm.nih.gov/pubmed/20803696
http://www.ncbi.nlm.nih.gov/pubmed/8702756
https://doi.org/10.1242/jcs.163758
http://www.ncbi.nlm.nih.gov/pubmed/26906420
https://doi.org/10.1016/j.ccr.2009.01.018
http://www.ncbi.nlm.nih.gov/pubmed/19249679
https://doi.org/10.1371/journal.pbio.3000051


2016; 6:30955. https://doi.org/10.1038/srep30955 PMID: 27485036; PubMed Central PMCID:

PMCPMC4971459.

24. Li J, Zhao W, Akbani R, Liu W, Ju Z, Ling S, et al. Characterization of Human Cancer Cell Lines by

Reverse-phase Protein Arrays. Cancer Cell. 2017; 31(2):225–39. https://doi.org/10.1016/j.ccell.2017.

01.005 PMID: 28196595.

25. Li Chew C, Lunardi A, Gulluni F, Ruan DT, Chen M, Salmena L, et al. In Vivo Role of INPP4B in Tumor

and Metastasis Suppression through Regulation of PI3K-AKT Signaling at Endosomes. Cancer Discov.

2015; 5(7):740–51. https://doi.org/10.1158/2159-8290.CD-14-1347 PMID: 25883022; PubMed Central

PMCID: PMC4497843.

26. Bertucci MC, Mitchell CA. Phosphoinositide 3-kinase and INPP4B in human breast cancer. Ann N Y

Acad Sci. 2013; 1280:1–5. https://doi.org/10.1111/nyas.12036 PMID: 23551093.

27. Berx G, Cleton-Jansen AM, Nollet F, de Leeuw WJ, van de Vijver M, Cornelisse C, et al. E-cadherin is a

tumour/invasion suppressor gene mutated in human lobular breast cancers. EMBO J. 1995; 14

(24):6107–15. PMID: 8557030; PubMed Central PMCID: PMC394735.

28. Zhang W, Liu HT. MAPK signal pathways in the regulation of cell proliferation in mammalian cells. Cell

Res. 2002; 12(1):9–18. https://doi.org/10.1038/sj.cr.7290105 PMID: 11942415.

29. Schuler M, Bossy-Wetzel E, Goldstein JC, Fitzgerald P, Green DR. p53 induces apoptosis by caspase

activation through mitochondrial cytochrome c release. J Biol Chem. 2000; 275(10):7337–42. PMID:

10702305.

30. Murrell M, Oakes PW, Lenz M, Gardel ML. Forcing cells into shape: the mechanics of actomyosin con-

tractility. Nat Rev Mol Cell Biol. 2015; 16(8):486–98. https://doi.org/10.1038/nrm4012 PMID: 26130009.

31. Mertins P, Mani DR, Ruggles KV, Gillette MA, Clauser KR, Wang P, et al. Proteogenomics connects

somatic mutations to signalling in breast cancer. Nature. 2016; 534(7605):55–62. https://doi.org/10.

1038/nature18003 PMID: 27251275; PubMed Central PMCID: PMCPMC5102256.

32. Jang GB, Kim JY, Cho SD, Park KS, Jung JY, Lee HY, et al. Blockade of Wnt/beta-catenin signaling

suppresses breast cancer metastasis by inhibiting CSC-like phenotype. Sci Rep. 2015; 5:12465.

https://doi.org/10.1038/srep12465 PMID: 26202299; PubMed Central PMCID: PMCPMC5378883.

33. Pacheco-Pinedo EC, Durham AC, Stewart KM, Goss AM, Lu MM, Demayo FJ, et al. Wnt/beta-catenin

signaling accelerates mouse lung tumorigenesis by imposing an embryonic distal progenitor phenotype

on lung epithelium. J Clin Invest. 2011; 121(5):1935–45. https://doi.org/10.1172/JCI44871 PMID:

21490395; PubMed Central PMCID: PMCPMC3083778.

34. Zhan T, Rindtorff N, Boutros M. Wnt signaling in cancer. Oncogene. 2017; 36(11):1461–73. https://doi.

org/10.1038/onc.2016.304 PMID: 27617575; PubMed Central PMCID: PMCPMC5357762.

35. Fodde R, Brabletz T. Wnt/beta-catenin signaling in cancer stemness and malignant behavior. Curr Opin

Cell Biol. 2007; 19(2):150–8. https://doi.org/10.1016/j.ceb.2007.02.007 PMID: 17306971.

36. Jho EH, Zhang T, Domon C, Joo CK, Freund JN, Costantini F. Wnt/beta-catenin/Tcf signaling induces

the transcription of Axin2, a negative regulator of the signaling pathway. Mol Cell Biol. 2002; 22

(4):1172–83. https://doi.org/10.1128/MCB.22.4.1172-1183.2002 PMID: 11809808; PubMed Central

PMCID: PMCPMC134648.

37. Kwon YT, Ciechanover A. The Ubiquitin Code in the Ubiquitin-Proteasome System and Autophagy.

Trends Biochem Sci. 2017; 42(11):873–86. https://doi.org/10.1016/j.tibs.2017.09.002 PMID:

28947091.

38. Meroni G, Diez-Roux G. TRIM/RBCC, a novel class of ’single protein RING finger’ E3 ubiquitin ligases.

Bioessays. 2005; 27(11):1147–57. https://doi.org/10.1002/bies.20304 PMID: 16237670.

39. Mizushima N, Yoshimori T, Levine B. Methods in mammalian autophagy research. Cell. 2010; 140

(3):313–26. https://doi.org/10.1016/j.cell.2010.01.028 PMID: 20144757; PubMed Central PMCID:

PMCPMC2852113.

40. Zhou Z, Tang AT, Wong WY, Bamezai S, Goddard LM, Shenkar R, et al. Cerebral cavernous malforma-

tions arise from endothelial gain of MEKK3-KLF2/4 signalling. Nature. 2016; 532(7597):122–6. https://

doi.org/10.1038/nature17178 PMID: 27027284; PubMed Central PMCID: PMCPMC4864035.

41. Zhou Z, Rawnsley DR, Goddard LM, Pan W, Cao XJ, Jakus Z, et al. The cerebral cavernous malforma-

tion pathway controls cardiac development via regulation of endocardial MEKK3 signaling and KLF

expression. Dev Cell. 2015; 32(2):168–80. https://doi.org/10.1016/j.devcel.2014.12.009 PMID:

25625206; PubMed Central PMCID: PMCPMC4589864.

42. Bravi L, Rudini N, Cuttano R, Giampietro C, Maddaluno L, Ferrarini L, et al. Sulindac metabolites

decrease cerebrovascular malformations in CCM3-knockout mice. Proc Natl Acad Sci U S A. 2015; 112

(27):8421–6. https://doi.org/10.1073/pnas.1501352112 PMID: 26109568; PubMed Central PMCID:

PMCPMC4500248.

TRIM59-PDCD10 interplay to promote cancer growth and metastasis

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000051 November 8, 2018 32 / 34

https://doi.org/10.1038/srep30955
http://www.ncbi.nlm.nih.gov/pubmed/27485036
https://doi.org/10.1016/j.ccell.2017.01.005
https://doi.org/10.1016/j.ccell.2017.01.005
http://www.ncbi.nlm.nih.gov/pubmed/28196595
https://doi.org/10.1158/2159-8290.CD-14-1347
http://www.ncbi.nlm.nih.gov/pubmed/25883022
https://doi.org/10.1111/nyas.12036
http://www.ncbi.nlm.nih.gov/pubmed/23551093
http://www.ncbi.nlm.nih.gov/pubmed/8557030
https://doi.org/10.1038/sj.cr.7290105
http://www.ncbi.nlm.nih.gov/pubmed/11942415
http://www.ncbi.nlm.nih.gov/pubmed/10702305
https://doi.org/10.1038/nrm4012
http://www.ncbi.nlm.nih.gov/pubmed/26130009
https://doi.org/10.1038/nature18003
https://doi.org/10.1038/nature18003
http://www.ncbi.nlm.nih.gov/pubmed/27251275
https://doi.org/10.1038/srep12465
http://www.ncbi.nlm.nih.gov/pubmed/26202299
https://doi.org/10.1172/JCI44871
http://www.ncbi.nlm.nih.gov/pubmed/21490395
https://doi.org/10.1038/onc.2016.304
https://doi.org/10.1038/onc.2016.304
http://www.ncbi.nlm.nih.gov/pubmed/27617575
https://doi.org/10.1016/j.ceb.2007.02.007
http://www.ncbi.nlm.nih.gov/pubmed/17306971
https://doi.org/10.1128/MCB.22.4.1172-1183.2002
http://www.ncbi.nlm.nih.gov/pubmed/11809808
https://doi.org/10.1016/j.tibs.2017.09.002
http://www.ncbi.nlm.nih.gov/pubmed/28947091
https://doi.org/10.1002/bies.20304
http://www.ncbi.nlm.nih.gov/pubmed/16237670
https://doi.org/10.1016/j.cell.2010.01.028
http://www.ncbi.nlm.nih.gov/pubmed/20144757
https://doi.org/10.1038/nature17178
https://doi.org/10.1038/nature17178
http://www.ncbi.nlm.nih.gov/pubmed/27027284
https://doi.org/10.1016/j.devcel.2014.12.009
http://www.ncbi.nlm.nih.gov/pubmed/25625206
https://doi.org/10.1073/pnas.1501352112
http://www.ncbi.nlm.nih.gov/pubmed/26109568
https://doi.org/10.1371/journal.pbio.3000051


43. Zhou HJ, Qin L, Zhang H, Tang W, Ji W, He Y, et al. Endothelial exocytosis of angiopoietin-2 resulting

from CCM3 deficiency contributes to cerebral cavernous malformation. Nat Med. 2016; 22(9):1033–42.

https://doi.org/10.1038/nm.4169 PMID: 27548575; PubMed Central PMCID: PMCPMC5014607.

44. Chen M, Meng Q, Qin Y, Liang P, Tan P, He L, et al. TRIM14 Inhibits cGAS Degradation Mediated by

Selective Autophagy Receptor p62 to Promote Innate Immune Responses. Mol Cell. 2016; 64(1):105–

19. https://doi.org/10.1016/j.molcel.2016.08.025 PMID: 27666593.

45. Song Y, Lai L, Chong Z, He J, Zhang Y, Xue Y, et al. E3 ligase FBXW7 is critical for RIG-I stabilization

during antiviral responses. Nat Commun. 2017; 8:14654. https://doi.org/10.1038/ncomms14654 PMID:

28287082; PubMed Central PMCID: PMCPMC5355826.

46. Pan Y, Shi H. Stabilizing the Transcription Factors by E3 Ligase COP1. Trends Plant Sci. 2017; 22

(12):999–1001. https://doi.org/10.1016/j.tplants.2017.09.012 PMID: 28988633.

47. Johansen T, Lamark T. Selective autophagy mediated by autophagic adapter proteins. Autophagy.

2011; 7(3):279–96. https://doi.org/10.4161/auto.7.3.14487 PMID: 21189453; PubMed Central PMCID:

PMCPMC3060413.

48. Kraft C, Peter M, Hofmann K. Selective autophagy: ubiquitin-mediated recognition and beyond. Nat

Cell Biol. 2010; 12(9):836–41. https://doi.org/10.1038/ncb0910-836 PMID: 20811356.

49. Kim PK, Hailey DW, Mullen RT, Lippincott-Schwartz J. Ubiquitin signals autophagic degradation of cyto-

solic proteins and peroxisomes. Proc Natl Acad Sci U S A. 2008; 105(52):20567–74. https://doi.org/10.

1073/pnas.0810611105 PMID: 19074260; PubMed Central PMCID: PMCPMC2602605.

50. Pankiv S, Clausen TH, Lamark T, Brech A, Bruun JA, Outzen H, et al. p62/SQSTM1 binds directly to

Atg8/LC3 to facilitate degradation of ubiquitinated protein aggregates by autophagy. J Biol Chem. 2007;

282(33):24131–45. https://doi.org/10.1074/jbc.M702824200 PMID: 17580304.

51. Mertins P, Qiao JW, Patel J, Udeshi ND, Clauser KR, Mani DR, et al. Integrated proteomic analysis of

post-translational modifications by serial enrichment. Nat Methods. 2013; 10(7):634–7. https://doi.org/

10.1038/nmeth.2518 PMID: 23749302; PubMed Central PMCID: PMC3943163.

52. Groner AC, Cato L, de Tribolet-Hardy J, Bernasocchi T, Janouskova H, Melchers D, et al. TRIM24 Is an

Oncogenic Transcriptional Activator in Prostate Cancer. Cancer Cell. 2016; 29(6):846–58. https://doi.

org/10.1016/j.ccell.2016.04.012 PMID: 27238081; PubMed Central PMCID: PMCPMC5124371.

53. Sanz-Moreno V, Gadea G, Ahn J, Paterson H, Marra P, Pinner S, et al. Rac activation and inactivation

control plasticity of tumor cell movement. Cell. 2008; 135(3):510–23. https://doi.org/10.1016/j.cell.2008.

09.043 PMID: 18984162.

54. Cheung KJ, Gabrielson E, Werb Z, Ewald AJ. Collective invasion in breast cancer requires a conserved

basal epithelial program. Cell. 2013; 155(7):1639–51. https://doi.org/10.1016/j.cell.2013.11.029 PMID:

24332913; PubMed Central PMCID: PMCPMC3941206.

55. Cheung KJ, Padmanaban V, Silvestri V, Schipper K, Cohen JD, Fairchild AN, et al. Polyclonal breast

cancer metastases arise from collective dissemination of keratin 14-expressing tumor cell clusters.

Proc Natl Acad Sci U S A. 2016; 113(7):E854–63. https://doi.org/10.1073/pnas.1508541113 PMID:

26831077; PubMed Central PMCID: PMCPMC4763783.

56. Riento K, Ridley AJ. Rocks: multifunctional kinases in cell behaviour. Nat Rev Mol Cell Biol. 2003; 4

(6):446–56. https://doi.org/10.1038/nrm1128 PMID: 12778124.

57. Cardoso J, Boer J, Morreau H, Fodde R. Expression and genomic profiling of colorectal cancer. Biochim

Biophys Acta. 2007; 1775(1):103–37. https://doi.org/10.1016/j.bbcan.2006.08.004 PMID: 17010523.

58. Aguirre AJ, Brennan C, Bailey G, Sinha R, Feng B, Leo C, et al. High-resolution characterization of the

pancreatic adenocarcinoma genome. Proc Natl Acad Sci U S A. 2004; 101(24):9067–72. https://doi.

org/10.1073/pnas.0402932101 PMID: 15199222; PubMed Central PMCID: PMCPMC428474.

59. Hebert M, Potin S, Sebbagh M, Bertoglio J, Breard J, Hamelin J. Rho-ROCK-dependent ezrin-radixin-

moesin phosphorylation regulates Fas-mediated apoptosis in Jurkat cells. J Immunol. 2008; 181

(9):5963–73. PMID: 18941185.

60. Fidalgo M, Guerrero A, Fraile M, Iglesias C, Pombo CM, Zalvide J. Adaptor protein cerebral cavernous

malformation 3 (CCM3) mediates phosphorylation of the cytoskeletal proteins ezrin/radixin/moesin by

mammalian Ste20-4 to protect cells from oxidative stress. J Biol Chem. 2012; 287(14):11556–65.

https://doi.org/10.1074/jbc.M111.320259 PMID: 22291017; PubMed Central PMCID:

PMCPMC3322875.

61. Zheng X, Xu C, Di Lorenzo A, Kleaveland B, Zou Z, Seiler C, et al. CCM3 signaling through sterile 20-

like kinases plays an essential role during zebrafish cardiovascular development and cerebral cavern-

ous malformations. J Clin Invest. 2010; 120(8):2795–804. https://doi.org/10.1172/JCI39679 PMID:

20592472; PubMed Central PMCID: PMCPMC2912181.

62. Sherr CJ, Roberts JM. CDK inhibitors: positive and negative regulators of G1-phase progression.

Genes Dev. 1999; 13(12):1501–12. PMID: 10385618.

TRIM59-PDCD10 interplay to promote cancer growth and metastasis

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000051 November 8, 2018 33 / 34

https://doi.org/10.1038/nm.4169
http://www.ncbi.nlm.nih.gov/pubmed/27548575
https://doi.org/10.1016/j.molcel.2016.08.025
http://www.ncbi.nlm.nih.gov/pubmed/27666593
https://doi.org/10.1038/ncomms14654
http://www.ncbi.nlm.nih.gov/pubmed/28287082
https://doi.org/10.1016/j.tplants.2017.09.012
http://www.ncbi.nlm.nih.gov/pubmed/28988633
https://doi.org/10.4161/auto.7.3.14487
http://www.ncbi.nlm.nih.gov/pubmed/21189453
https://doi.org/10.1038/ncb0910-836
http://www.ncbi.nlm.nih.gov/pubmed/20811356
https://doi.org/10.1073/pnas.0810611105
https://doi.org/10.1073/pnas.0810611105
http://www.ncbi.nlm.nih.gov/pubmed/19074260
https://doi.org/10.1074/jbc.M702824200
http://www.ncbi.nlm.nih.gov/pubmed/17580304
https://doi.org/10.1038/nmeth.2518
https://doi.org/10.1038/nmeth.2518
http://www.ncbi.nlm.nih.gov/pubmed/23749302
https://doi.org/10.1016/j.ccell.2016.04.012
https://doi.org/10.1016/j.ccell.2016.04.012
http://www.ncbi.nlm.nih.gov/pubmed/27238081
https://doi.org/10.1016/j.cell.2008.09.043
https://doi.org/10.1016/j.cell.2008.09.043
http://www.ncbi.nlm.nih.gov/pubmed/18984162
https://doi.org/10.1016/j.cell.2013.11.029
http://www.ncbi.nlm.nih.gov/pubmed/24332913
https://doi.org/10.1073/pnas.1508541113
http://www.ncbi.nlm.nih.gov/pubmed/26831077
https://doi.org/10.1038/nrm1128
http://www.ncbi.nlm.nih.gov/pubmed/12778124
https://doi.org/10.1016/j.bbcan.2006.08.004
http://www.ncbi.nlm.nih.gov/pubmed/17010523
https://doi.org/10.1073/pnas.0402932101
https://doi.org/10.1073/pnas.0402932101
http://www.ncbi.nlm.nih.gov/pubmed/15199222
http://www.ncbi.nlm.nih.gov/pubmed/18941185
https://doi.org/10.1074/jbc.M111.320259
http://www.ncbi.nlm.nih.gov/pubmed/22291017
https://doi.org/10.1172/JCI39679
http://www.ncbi.nlm.nih.gov/pubmed/20592472
http://www.ncbi.nlm.nih.gov/pubmed/10385618
https://doi.org/10.1371/journal.pbio.3000051


63. Khoo KH, Verma CS, Lane DP. Drugging the p53 pathway: understanding the route to clinical efficacy.

Nat Rev Drug Discov. 2014; 13(3):217–36. https://doi.org/10.1038/nrd4236 PMID: 24577402.

64. Baxter SS, Dibble CF, Byrd WC, Carlson J, Mack CR, Saldarriaga I, et al. Role of cytoskeletal proteins

in cerebral cavernous malformation signaling pathways: a proteomic analysis. Mol Biosyst. 2014; 10

(7):1881–9. https://doi.org/10.1039/c3mb70199a PMID: 24770493; PubMed Central PMCID:

PMC4043921.

65. He Y, Zhang H, Yu L, Gunel M, Boggon TJ, Chen H, et al. Stabilization of VEGFR2 signaling by cerebral

cavernous malformation 3 is critical for vascular development. Sci Signal. 2010; 3(116):ra26. https://doi.

org/10.1126/scisignal.2000722 PMID: 20371769; PubMed Central PMCID: PMCPMC3052863.

66. Pavlova NN, Thompson CB. The Emerging Hallmarks of Cancer Metabolism. Cell Metab. 2016; 23

(1):27–47. https://doi.org/10.1016/j.cmet.2015.12.006 PMID: 26771115; PubMed Central PMCID:

PMCPMC4715268.

67. Miller DM, Thomas SD, Islam A, Muench D, Sedoris K. c-Myc and cancer metabolism. Clin Cancer

Res. 2012; 18(20):5546–53. https://doi.org/10.1158/1078-0432.CCR-12-0977 PMID: 23071356;

PubMed Central PMCID: PMCPMC3505847.

68. Werner H. Tumor suppressors govern insulin-like growth factor signaling pathways: implications in

metabolism and cancer. Oncogene. 2012; 31(22):2703–14. https://doi.org/10.1038/onc.2011.447

PMID: 21963847.

69. Kofuji S, Kimura H, Nakanishi H, Nanjo H, Takasuga S, Liu H, et al. INPP4B Is a PtdIns(3,4,5)P3 Phos-

phatase That Can Act as a Tumor Suppressor. Cancer Discov. 2015; 5(7):730–9. https://doi.org/10.

1158/2159-8290.CD-14-1329 PMID: 25883023.

70. Yu K, Ahrens S, Zhang X, Schiff H, Ramakrishnan C, Fenno L, et al. The central amygdala controls

learning in the lateral amygdala. Nat Neurosci. 2017; 20(12):1680–5. https://doi.org/10.1038/s41593-

017-0009-9 PMID: 29184202; PubMed Central PMCID: PMCPMC5755715.

71. He L, Jing J, Zhu L, Tan P, Ma G, Zhang Q, et al. Optical control of membrane tethering and interorga-

nellar communication at nanoscales. Chem Sci. 2017; 8(8):5275–81. https://doi.org/10.1039/

c7sc01115f PMID: 28959426; PubMed Central PMCID: PMCPMC5606013.

72. Tan P, He L, Cui J, Qian C, Cao X, Lin M, et al. Assembly of the WHIP-TRIM14-PPP6C Mitochondrial

Complex Promotes RIG-I-Mediated Antiviral Signaling. Mol Cell. 2017; 68(2):293–307 e5. https://doi.

org/10.1016/j.molcel.2017.09.035 PMID: 29053956.

73. Jing J, He L, Sun A, Quintana A, Ding Y, Ma G, et al. Proteomic mapping of ER-PM junctions identifies

STIMATE as a regulator of Ca(2)(+) influx. Nature cell biology. 2015; 17(10):1339–47. https://doi.org/

10.1038/ncb3234 PMID: 26322679; PubMed Central PMCID: PMC4589512.

74. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source

platform for biological-image analysis. Nat Methods. 2012; 9(7):676–82. https://doi.org/10.1038/nmeth.

2019 PMID: 22743772; PubMed Central PMCID: PMCPMC3855844.

75. Lee GY, Kenny PA, Lee EH, Bissell MJ. Three-dimensional culture models of normal and malignant

breast epithelial cells. Nature methods. 2007; 4(4):359–65. https://doi.org/10.1038/nmeth1015 PMID:

17396127; PubMed Central PMCID: PMC2933182.

76. Cancer Genome Atlas N. Comprehensive molecular portraits of human breast tumours. Nature. 2012;

490(7418):61–70. https://doi.org/10.1038/nature11412 PMID: 23000897; PubMed Central PMCID:

PMCPMC3465532.

77. Gong J, Li Y, Liu CJ, Xiang Y, Li C, Ye Y, et al. A Pan-cancer Analysis of the Expression and Clinical

Relevance of Small Nucleolar RNAs in Human Cancer. Cell Rep. 2017; 21(7):1968–81. https://doi.org/

10.1016/j.celrep.2017.10.070 PMID: 29141226.

78. Gyorffy B, Lanczky A, Eklund AC, Denkert C, Budczies J, Li Q, et al. An online survival analysis tool to

rapidly assess the effect of 22,277 genes on breast cancer prognosis using microarray data of 1,809

patients. Breast Cancer Res Treat. 2010; 123(3):725–31. Epub 2009/12/19. https://doi.org/10.1007/

s10549-009-0674-9 PMID: 20020197.

TRIM59-PDCD10 interplay to promote cancer growth and metastasis

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000051 November 8, 2018 34 / 34

https://doi.org/10.1038/nrd4236
http://www.ncbi.nlm.nih.gov/pubmed/24577402
https://doi.org/10.1039/c3mb70199a
http://www.ncbi.nlm.nih.gov/pubmed/24770493
https://doi.org/10.1126/scisignal.2000722
https://doi.org/10.1126/scisignal.2000722
http://www.ncbi.nlm.nih.gov/pubmed/20371769
https://doi.org/10.1016/j.cmet.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26771115
https://doi.org/10.1158/1078-0432.CCR-12-0977
http://www.ncbi.nlm.nih.gov/pubmed/23071356
https://doi.org/10.1038/onc.2011.447
http://www.ncbi.nlm.nih.gov/pubmed/21963847
https://doi.org/10.1158/2159-8290.CD-14-1329
https://doi.org/10.1158/2159-8290.CD-14-1329
http://www.ncbi.nlm.nih.gov/pubmed/25883023
https://doi.org/10.1038/s41593-017-0009-9
https://doi.org/10.1038/s41593-017-0009-9
http://www.ncbi.nlm.nih.gov/pubmed/29184202
https://doi.org/10.1039/c7sc01115f
https://doi.org/10.1039/c7sc01115f
http://www.ncbi.nlm.nih.gov/pubmed/28959426
https://doi.org/10.1016/j.molcel.2017.09.035
https://doi.org/10.1016/j.molcel.2017.09.035
http://www.ncbi.nlm.nih.gov/pubmed/29053956
https://doi.org/10.1038/ncb3234
https://doi.org/10.1038/ncb3234
http://www.ncbi.nlm.nih.gov/pubmed/26322679
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1038/nmeth1015
http://www.ncbi.nlm.nih.gov/pubmed/17396127
https://doi.org/10.1038/nature11412
http://www.ncbi.nlm.nih.gov/pubmed/23000897
https://doi.org/10.1016/j.celrep.2017.10.070
https://doi.org/10.1016/j.celrep.2017.10.070
http://www.ncbi.nlm.nih.gov/pubmed/29141226
https://doi.org/10.1007/s10549-009-0674-9
https://doi.org/10.1007/s10549-009-0674-9
http://www.ncbi.nlm.nih.gov/pubmed/20020197
https://doi.org/10.1371/journal.pbio.3000051

