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Abstract

Tripartite motif 24 protein (TRIM24) is a plant homeodomain (PHD)/bromodomain histone 

reader, recently associated with poor overall survival of breast cancer patients. At a molecular 

level, TRIM24 is a negative regulator of p53 levels and a co-activator of estrogen receptor. 

However, the role of TRIM24 in breast tumorigenesis remains largely unknown. We used an 

isogenic human mammary epithelial cell (HMEC) culture model, derived from reduction 

mammoplasty tissue, and found that ectopic expression of TRIM24 in immortalized HMECs 

(TRIM24-iHMECs) greatly increased cellular proliferation and induced malignant transformation. 

Subcutaneous injection of TRIM24-iHMECs in nude mice led to growth of intermediate to high-

grade tumors in 60-70% of mice. Molecular analysis of TRIM24-iHMECs revealed a glycolytic 

and tricarboxylic acid cycle gene signature, alongside increased glucose uptake and activated 

aerobic glycolysis. Collectively, these results identify a role for TRIM24 in breast tumorigenesis 

through reprogramming of glucose metabolism in HMECs, further supporting TRIM24 as a viable 

therapeutic target in breast cancers.
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INTRODUCTION

Recent studies indicate that specific members of the tripartite motif (TRIM) protein family, 

characterized by conserved amino (N)-terminal zinc-finger domains of a RING-type E3 

ubiquitin ligase, B-boxes and coiled coil, are important regulators of carcinogenesis 1. 

Among these, we identified TRIM24, as a previously unknown E3-ubiquitin ligase of p53 in 

embryonic stem cells and breast cancer cell lines, and as a histone reader that activates 

estrogen-dependent genes associated with cellular proliferation and tumor development 2-4. 

Of note, we and others reported that high expression of TRIM24 is associated with poor 

prognosis and survival in breast cancer patients 4, 5. However, whether TRIM24 plays a 

causal role in malignant transformation of breast epithelial cells during breast tumor 

development and progression has yet to be studied. Further, the mechanisms involved in 

potential TRIM24-mediated breast tumor initiation and progression are unknown.

Dramatic shifts in metabolism have received a substantial amount of interest from 

investigators over the past decade and are considered a hallmark of cancer 6. Highly 

proliferative tumor cells undergo fundamental changes in metabolism and nutrient usage that 

result in their survival and progression, and metabolic transformation appears to be 

necessary for sustained cellular proliferation 7, 8. In most cases, metabolic transformation is 

glucose-dependent, with invasive cancers exhibiting increased aerobic glycolysis to meet 

increasing energy demand 9. Altered metabolic activity is crucial for uncontrolled 

proliferation of cancer cells, evasion of growth-inhibitory signals, cellular migration, and 

dissemination of metastatic cells into distant tissues 7. Although researchers have 

appreciated that epigenetic, oncogenic and tumor suppressor networks contribute to 

metabolic reprogramming of cancer cells 10, the key players involved in regulation of breast 

tumor metabolism and their role in tumorigenesis are poorly defined.

The transition of a normal cell to a malignant one is a multistep process 11. Therefore, to 

develop a timeline of TRIM24 deregulation during malignant transformation of human 

mammary epithelial cells and elucidate a role for TRIM24 in breast tumorigenesis, we used 

an isogenic HMEC culture model of transformation. These HMEC lines were originally 

derived from normal reduction mammoplasty tissue samples and, following exposure to 

various oncogenic agents, were previously characterized as representative of the stepwise in 

vivo process of breast tumorigenesis: normal finite lifespan cells (184D12), abnormal post-

stasis (184B-7p12) finite lifespan cells, non-malignant immortalized cell lines (184A113) and 

malignantly transformed immortal (184AA214) cells, which have mutations that support 

anchorage independent growth (AIG). 13, 15-19 This HMEC system proved useful for 

identifying and reflecting the molecular events involved in the early stages of human breast 

tumorigenesis20. Here, we report that HMECs, transitioning from cells with finite lifespans 

to immortal and then malignantly transformed cells, exhibited gradual and increasing 

expression of endogenous TRIM24. Ectopic expression of TRIM24 potently increased 
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proliferation of an immortalized HMEC (iHMEC) line, 184A1, and conferred malignant 

transformation, as judged by multiple criteria including growth of xenograft tumors. 

TRIM24 over expression promoted a glycolytic and tricarboxylic acid (TCA) cycle gene 

signature in these malignantly transformed iHMECs, which in turn activated glucose 

metabolic pathways in the cells. Taken together, our results reveal a role for TRIM24 in 

metabolic reprogramming associated with malignant transformation of normal mammary 

epithelial cells. To our knowledge, this is the first reported identification of TRIM24 as a 

major regulator of metabolic shifts in cancer cells, consistent with its correlation with poor 

overall survival of breast cancer patients.

RESULTS

Aberrant expression of TRIM24 during breast cancer progression

To determine whether TRIM24 expression in breast tissues was deregulated during breast 

cancer progression, we performed IHC-staining to detect TRIM24 protein expression in a 

human tissue microarray (BR2082, US Biomax) consisting of samples of normal breast 

tissue, atypical ductal hyperplasia, intraductal breast carcinoma, and invasive breast 

carcinoma. We detected low TRIM24 protein expression in normal breast tissue but high 

expression in atypical ductal hyperplasia and carcinoma (Fig. 1A), suggesting that TRIM24 

expression is deregulated in breast cancer and likely early in progression. We then examined 

the expression of TRIM24 in 1008 breast cancer patients and 92 normal samples from The 

Cancer Genome Atlas – Breast invasive carcinoma (TCGA-BRCA) dataset. We found the 

TRIM24 was significantly up-regulated in breast invasive carcinoma patients (p-value: 

1e-16, Fig 1B) and its expression in paired samples was greater than 1.5 fold in 40 out of 

106 (37.8%) patients (Supp. Fig S1A).

Next, we assessed whether high levels of TRIM24 expression were associated with any 

specific breast cancer sub-type by using the TCGA-BRCA dataset and by performing 

TRIM24-IHC in an array of tissue samples from 72 breast cancer cases. In the TCGA-

BRCA dataset, the PAM50 (Prediction analysis of Microarray – 50 genes expression 

signature21) breast-cancer subtypes showed different distribution in TRIM24 high 

expressing versus low expressing patients (p-value: 1.32e-07). The basal subtype (Odds 

ratio: 1.98, p-value: 3.8e-04) was significantly over-represented in the TRIM24 high 

expressing patients, followed by HER2 (Odds ratio: 1.78, p-value: 0.03) and Luminal B 

subtype (Odds ratio: 1.4, p-value: 0.047); whereas, the Luminal A subtype (Odds ratio: 0.43, 

p-value: 1.46e-08) was significantly under-represented (Fig. 1C). For details of the 

intersection of PAM50 and TRIM24-expression analysis, please see Supp. Fig. S1B. In the 

breast cancer tissue array (BR2082, US Biomax), TRIM24 expression stratified into three 

classes: low (score, 0-2), undetectable to low expression in few foci (25%); intermediate 

(score, 3-5), abundant foci with expression in nuclear and cytoplasmic compartments (47%); 

and high (score, 6-8), abundant foci with high expression in nuclei (28%, Fig.1D). Of note, 

chi-square testing (Supp. Table T1) identified a statistically significant positive correlation 

of TRIM24 expression with ErbB2 (HER2) expression (p < 0.0001) and ER (p = 0.003).

To estimate a timeline for deregulation of TRIM24 expression in breast cancer cells during 

malignant transformation, we used an isogenic HMEC model that facilitates assessment of 
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molecular changes from the earliest stages of human breast carcinogenesis (Fig. 2A). In this 

model, the transformation of normal, finite lifespan HMECs to malignant cells requires 

overcoming two distinct senescence-associated barriers to immortality15, 20. The first, a 

stress-associated barrier called stasis, is overcome or bypassed in cultured HMECs by 

inactivation of the RB pathway, commonly through loss of p16ink4a expression12, 13, 16, 17. 

HMECs that escape stasis undergo further proliferation before encountering the second, 

more stringent barrier to immortality due to critically shortened telomeres 17. In rare 

instances, cells that gain telomerase expression escape this barrier and acquire immortal 

potential. Additional perturbations, such as insertional mutagenesis of p5314 or transduction 

of specific oncogenes22 can confer malignant properties to the immortally transformed cells. 

We found that endogenous TRIM24 expression increases at both RNA and protein levels 

early in the transformation process, after stasis is overcome (184B-7p12, 15), and continues 

to be highly expressed in the immortalized HMEC lines 184A113 and 184AA214(Fig. 2B, 

Supp. Fig. S2A). Strikingly, TRIM24 expression was even more highly up-regulated in 

MCF-7 cells (p53 wild type and ER positive), MDAMB231 (p53- mutant and triple 

negative) and SKBR3 (p53-mutant and HER2 positive) cultured lines of breast tumor-

derived cells (Fig. 2B). Thus, the progressive stages of breast cancer in human patient tumor 

samples and immortalization of isogenic HMEC lines support a correlation between 

TRIM24 expression and loss of normal, cellular homeostasis.

TRIM24 drives HMEC transformation and survival

To answer the critical question of whether TRIM24 causes malignant transformation of 

HMECs, we induced ectopic expression of TRIM24 in the non-malignant, immortal 184A1 

HMEC (iHMEC) line. Analysis of stable control- (FLAG-only) and TRIM24-expressing, 

lentiviral-transduced iHMEC pools from two independent experiments (TRIM24-1 and 

TRIM24-2) showed increased TRIM24 expression at both the RNA and protein level, 

compared to control pooled cells (Fig. 3A). Of note, we see a corresponding decrease in p53 

protein expression in both TRIM24-1 and TRIM24-2 iHMECs suggesting that the 

ectopically expressed TRIM24 is enzymatically active 2. The growth rates of TRIM24-1 and 

TRIM24-2 iHMECs were significantly higher than control vector-transduced iHMECs, 

suggesting increased proliferation (by cell count see Fig. 3B; by XTT assay see Supp. Fig 

S2B). Consistent with this, both TRIM24-1 and TRIM24-2 iHMECs exhibited significant 

enrichment of cells in the S and G2/M phases of the cell cycle, compared to control cells 

enriched in G1, indicating rapid cell-cycle progression as a result of TRIM24 expression 

(Fig. 3C, for flow data see Supp. Fig. S3).

To assess the oncogenic potential of TRIM24-iHMECs, we examined their ability to grow in 

an anchorage-independent manner in soft agar. Our control iHMEC line failed to form 

colonies in soft agar, whereas TRIM24-iHMECs formed colonies comparable in size and 

number to colonies of MCF-7 cells used as a positive control (Fig. 3D). Thus, ectopic 

expression of TRIM24 confers anchorage-independent growth to iHMECs, suggesting that 

TRIM24 over expression is sufficient to induce malignant transformation of immortal, 

nontumorigenic HMECs.
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TRIM24 regulates multiple cancer-associated pathways and promotes a glycolytic and 
TCA-cycle gene signature in HMECs

To understand the mechanisms of TRIM24-induced transformation of iHMECs, we 

analyzed the gene expression profiles of 420 cancer-associated genes in TRIM24-iHMECs 

and control iHMECs using the nCounter analysis system. This analysis identified 233 genes 

(55% of the total) that were significantly changed (Supp. Fig. S4A) suggesting that TRIM24 

mediated deregulated expression of cancer-relevant genes. Expression of 127 (30%) of these 

genes was up-regulated, whereas 106 genes (25%) were down-regulated (Supplementary 

Table T2). Unsupervised hierarchical clustering of the 233 differentially expressed genes 

clearly distinguished the control and TRIM24-iHMECs (Fig. 4A), supporting TRIM24-

mediated transformation of iHMECs via effects on cancer-associated genes and pathways.

TRIM24 induced expression of genes frequently altered in cancers, including PTEN, NRAS, 

KRAS and others that enrich amongst multiple cancer pathways (see Supplementary Tables 

T3 and T4). Additionally, TRIM24 up-regulated genes are significantly enriched (p≤0.05) in 

functional pathways that impact metabolism and growth, including the citrate cycle (TCA), 

ErbB, insulin, mitogen-activated protein kinase (MAPK) and mTOR signaling and cell cycle 

regulation (Fig. 4B). The highly significant pathways down-regulated by TRIM24 

expression include TP53, representing a breadth of cancer types and pathways, as well as 

members of the ErbB pathway (see Supplementary Tables T3 and T4).

Analysis of individual glycolytic regulatory genes uncovered a glycolytic signature, specific 

to TRIM24-iHMECs versus control, marked by increased Hexokinase 2 (HK2), 

Phosphoglutamase 1 (PGM1), Enolase 1 (ENO1), Glucose-6-phosphate isomerase (GPI), 

Pyruvate dehydrogenase kinase 1 (PDK1), and Lactate dehydrogenase C (LDHC) mRNA 

expression (Fig. 4C). Gene expression changes were reflected in elevated HK2, PGM1, 

ENO1, PDK1, and LDHC protein expression, along with elevated Aldolase A (Aldo) protein 

(Fig. 4E). HK2 is a key enzyme involved in tight regulation of glycolysis via catalysis of 

individual, irreversible steps of glucose to glucose-6-phosphate and phosphoenolpyruvate to 

pyruvate 10.

Additionally, we found that expression of TCA-cycle genes was also higher in TRIM24-1 

and TRIM24-2 iHMECs compared to control iHMECs. Succinate dehydrogenase complex, 

subunits A, B, and D (SDHA, SDHB and SDHD); dihydrolipoamide S-acetyltransferase 

(DLAT); isocitrate dehydrogenase 2 (IDH2); oxoglutarate dehydrogenase (OGDH); 

aconitase 1 (ACO1); malate dehydrogenase 2 (MDH2) and fumarate hydratase (FH) were 

among the TCA-associated genes with up-regulated expression (Fig.4E). Collectively, these 

results suggest that TRIM24 expression in iHMECs and subsequent transformation rely on 

increased glucose metabolism to meet the higher energy demands of increased growth and 

proliferation. This metabolic shift is marked by up-regulation of both glycolysis and 

expression of TCA-cycle genes.

To determine if these findings are relevant to human breast disease, we assessed whether 

TRIM24 expression correlated with altered expression of glucose metabolism genes in 

human breast tumors using TCGA-BRCA expression data and Geneset enrichment analysis 

(GSEA) on invasive breast carcinoma samples. Consistent with our in vitro findings, we 
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found that the glucose transport pathway (p-value: 0.001, Normalized Enrichment Score 

(NES23): 1.88) was among the top 10 pathways positively correlated with TRIM24 

expression (Fig. 4F). For a complete list of enriched pathways please see Supp. Table T5. 

Thus, TRIM24 has a significant and/or strong tendency to be co-expressed with genes that 

regulate glucose metabolism in breast tumors, supporting clinical relevance of our findings.

TRIM24 expression results in diverse metabolic states and increased glucose uptake in 
iHMECs

To determine the functional impact that TRIM24 expression has on cellular metabolism, we 

examined the two main bio-energetic pathways: oxidative phosphorylation (OXPHOS) and 

glycolysis. The rate of oxygen consumption by cells (OCR) is an indicator of mitochondrial 

respiration 24. Additionally, cells generate ATP via glycolysis (the conversion of glucose to 

lactate) independently of oxygen. Measurement of the lactic acid produced indirectly via 

protons released into the extracellular medium, which causes acidification of the medium 

surrounding the cells, provides the extracellular acidification rate or ECAR 24. Previous 

studies suggest that maintenance of high reserve mitochondrial capacity is a major factor 

that defines the vitality and/or survival of cancer cells 25.

To examine the bio-energetic phenotype of TRIM24-iHMECs and control iHMECs, we 

measured respiration, glycolysis rate and ATP turnover in the cells in response to 

pharmacological modulators of glucose metabolism (Fig. 5A and B). TRIM24-1 and 

TRIM24-2 iHMECs exhibited higher basal ECARs and OCRs compared to control 

iHMECs, suggesting increased basal glycolysis and mitochondrial respiration, respectively. 

We then metabolically perturbed the cells by treating the cells with compounds that shift the 

bio-energetic profiles of the cells. Oligomycin, an inhibitor of the mitochondrial ATP 

synthase, triggered a robust increase in lactic acid production (Fig. 5A), expressed as 

changes in ECAR levels in control and TRIM24-iHMECs. After uncoupling the proton 

gradient in the electron transport chain from oxidative phosphorylation by treating the cells 

with FCCP, TRIM24-1 and TRIM24-2 iHMECs had much higher reserve mitochondrial 

capacities than did control iHMECs (Fig. 5B). With these effects on metabolism, TRIM24-

iHMECs are more responsive to stress under conditions of increased energy demand, 

compared to control iHMECs. Taken together, our findings suggest that ectopic expression 

of TRIM24 in iHMECs leads to increased basal glycolysis and basal mitochondrial 

respiration in parallel with an increased reserve of mitochondrial capacity.

Next, we studied whether the altered bio-energetic states of TRIM24-iHMECs result in 

increased glucose uptake by these cells. We compared control and TRIM24-iHMECs using 

the fluorescent 2-deoxyglucose analog (2-NBDG) staining. Our results indicated higher 

glucose uptake in both TRIM24-1 and TRIM24-2 iHMECs, compared to control iHMECs, 

further confirming the increased glycolytic state of TRIM24-transformed cells. (Fig. 5C, 

Supplementary Fig. S4B and S4C). Consistent with this, we observed significantly increased 

glucose transporter protein GLUT4 gene expression and measurable GLUT1 activation in 

TRIM24-iHMECs (Fig. 5D).

Pathiraja et al. Page 6

Oncogene. Author manuscript; available in PMC 2015 November 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TRIM24 regulates expression of several genes associated with glucose metabolism in 
multiple breast cancer lines

We asked whether TRIM24-mediated regulation of glycolytic and TCA-associated genes is 

widespread amongst various cellular models of breast cancer by assessing multiple, 

established cell lines derived from breast tumors. Transient knock down of TRIM24 

(siTRIM24) expression (Supp. Fig. S5) in MCF-7 (luminal), MDA-MB-231 (triple-

negative), and SKBR3 (HER2-positive) indicated that depletion of TRIM24 down-regulated 

GLUT1, ACO1, IDH1, IDH2, PGM1, and OGDH expression in MCF-7 cells (Fig. 6A). 

Moreover, expression of GLUT1, ACO1, IDH1, and IDH2 was likewise decreased in MDA-

MB-231 and SKBR3 cells treated with TRIM24 siRNA, suggesting that regulation of 

specific metabolic genes by TRIM24 is conserved, albeit to varying levels. We then checked 

for expression of the aforementioned metabolic genes in the isogenic panel of HMECs. 

Interestingly, we found that the endogenous expression pattern of ACO1 and IDH2 parallels 

endogenous TRIM24 expression and follows an upward trend along the transformation 

process, and OGDH and HK2 gain highest expression in the immortalized malignant 

HMECs (Fig. 6B). Taken together, these results suggest that TRIM24-mediated deregulation 

of glucose metabolism is a relatively global phenomenon that occurs in multiple breast 

cancer subtypes.

TRIM24-HMECs form intermediate to high-grade tumors in nude mice

We assessed the impact of TRIM24 expression in iHMECs by in vivo xenograft formation. 

To this end, we injected female nude mice subcutaneously with either Control or TRIM24-

iHMECs in 50% high concentration matrigel. TRIM24-1 and TRIM24-2 xenografts 

displayed significantly higher xenograft volume as compared to their control counterparts 

(Fig. 7A, Supp. Fig. S6A-C). H&E staining showed that xenograft tumors from TRIM24-

iHMECs contained intermixed neoplastic epithelial cells and fibrous tissue in various 

proportions (Fig. 7B, left panel), whereas no epithelial cells were detected in xenografts 

from Control-iHMECs (Fig. S6D-E and 7C). TRIM24-expressing, neoplastic epithelial cells 

formed tumors that reflect a spectrum of low, intermediate and high-grade malignancy (Fig. 

7B, left panel). The expression levels of TRIM24 in these tumors correlated with the 

malignancy grade, as shown by TRIM24-IHC (Fig. 7B, right panel). The grade of 

malignancy was based on the degree of cellular atypia, anysokaryosis and degree of 

vascularization (Supp. Fig. S6F-H, Supp. Table T6). Of note, about 60-70% of the tumors 

formed with TRIM24-iHMECs were either intermediate or high grade (Fig. 7D) with the 

proportion of epithelial cells in the subcutaneous tumors at 30-40% (Fig. 7C, Suppl. Fig. 

S6E), compared to xenografts of Control-iHMECs that consisted of fibrous tissue only (Fig. 

7C, Supp. Fig. S6E, Supp. Table T6). Taken together, these data indicate that over 

expression of TRIM24 can confer in vivo tumorigenic growth of iHMECs.

DISCUSSION

Here, we show that expression of TRIM24 has a wide range of transcriptional and functional 

consequences, supporting transformation and tumor progression of HMECs. TRIM24-

induced transformation of iHMECs is associated with deregulation of multiple cancer-

associated pathways, including glucose metabolism, in correlation with breast 
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tumorigenesis. To our knowledge, this is the first reported identification of TRIM24 as a 

major regulator of a metabolic shift in cancer cells. TRIM24 over expression induces 

malignant transformation of non-malignant, immortalized breast epithelial cells. When 

challenged to form tumors as subcutaneous xenografts in nude mice 26-28, we observed that 

60-70% of tumors formed by TRIM24-iHMECs were scored as intermediate or high grade 

and contained 30-40% epithelial cells. Interestingly, many of these epithelial cells had 

unusually larger nuclei (high anysokaryosis) that correlate with increased TRIM24 

expression.

Our gene expression profiling studies of TRIM24-overexpressing HMECs demonstrated 

marked enrichment of growth-stimulating pathways previously associated with breast cancer 

development and progression, such as the ErbB 29, insulin 30 and mitogen-activated protein 

kinase 31 signaling pathways, as well as glucose metabolism. Tumor cells have higher 

glucose metabolism and preferentially use glycolysis instead of oxidative phosphorylation 

(OXPHOS) for energy demand, referred to as the Warburg effect 32. The “aerobic” 

glycolysis switch has been reported for many tumor types, and studies of various 

proliferating cells link global metabolic reprogramming to cancer progression 33, 34. During 

aerobic glycolysis, glucose is converted to pyruvate and finally to lactate, which is exported 

and contributes to extracellular acidification 10. Consistent with this, we observed increased 

ECAR levels in HMECs overexpressing TRIM24, in addition to increased glucose uptake 

and a glycolytic gene signature. Preferential use of aerobic glycolysis offers several benefits 

to rapidly proliferating cancer cells with regards to both bio-energetic and biosynthetic 

demands 35.

Perhaps surprisingly, OXPHOS is also promoted by TRIM24 over expression in iHMECs, 

as shown by increased OCR levels and an altered TCA-cycle gene signature. This is 

somewhat contradictory to a Warburg effect, which predicts aerobic glycolysis in cancer 

cells as a result of permanent impairment in mitochondrial function. However, recent studies 

find that defects in mitochondrial OXPHOS are not common in spontaneous tumors 33, 36, 

and mitochondrial OXPHOS in most cancers remains intact 37-41. The existence of more 

than one tumor-specific metabolic state is becoming increasingly clear, and tumors exploit a 

variety of metabolic strategies that continue to be uncovered 42. For example, tumor cells 

can generate ATP via mitochondrial oxidation of fatty acids and amino acids, such as 

glutamine, when glucose is limited 42-44. A considerable number of cancers use OXPHOS or 

a mixture of glycolysis and OXPHOS as pathways of energy production 45.

Our study established TRIM24 as a key mediator of metabolic transformation, one that 

directly reduced p53 protein expression in iHMECs. Recent studies support functions of p53 

in regulation of homeostasis in metabolism and redox balance by processes of mitochondrial 

oxidative phosphorylation, glycolysis, glutamine metabolism, lipid metabolism, and 

antioxidant defense 10. Additionally, aberrant expression of TRIM24 may disrupt cellular 

homeostasis, as a result of TRIM24 epigenetic functions 2-4. Crosstalk between epigenetic 

regulation, metabolic reprogramming and tumor progression has been highlighted by recent 

reports: HK2 and fructose-1, 6- bisphosphatase (FBP1), enzymes with opposing roles in 

glycolysis, are epigenetically regulated by promoter demethylation and methylation, 

respectively46, 47. Histone acetyl transferases acetylate pyruvate kinase M2 isoform (PKM2) 
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at K305 to promote PKM2 degradation in a glucose-dependent manner48. IDH1 and IDH2, 

which catalyze conversion of isocitrate to α-KG, are frequently mutated in >75% of gliomas 

and >20% acute myeloid leukemia49 and induce novel catalytic products, e.g. 2-

hydroxyglutarate (2-HG). 2-HG inhibits the activity of α-KG/Fe2+-dependent dioxygenases, 

including epigenetic modifiers such as histone demethylases (HDMs) and the ten eleven 

translocation protein 2 (TET2)49.

Major shifts in metabolism are universally accepted as a hallmark of cancer cells 11. 

Nevertheless, a lingering question in the field of cancer metabolism is whether this 

metabolic alteration contributes to tumorigenesis or is simply a byproduct of tumorigenesis. 

Given the unique role of TRIM24 in regulating metabolic reprogramming in concert with 

induced transformation, as shown in the present study, this regulation may be a driver event 

in breast tumorigenesis rather than simply a byproduct. More studies are warranted to 

delineate the complete mechanisms of TRIM24-mediated breast tumorigenesis, as well as 

the functional roles of TRIM24 in different breast cancer subtypes. Nevertheless, our 

findings emphasize the role of TRIM24, as a potential oncogene capable of transforming 

HMECs, and highlight the potential therapeutic benefit of inhibiting TRIM24 activity in 

breast cancer patients.

MATERIALS AND METHODS

Cell culture

Previously established HMEC cultures, 184D (normal pre-stasis12), 184B-7p (abnormal, 

post-stasis12), 184A1 (Immortal non-malignant13) and 184AA2 (Immortal malignant14) 

were cultured in M87A medium with 0.1% AlbuMAX bovine serum albumin (Invitrogen) 

and 0.1 nmol/L oxytocin (Bachem) as described12. Human breast cancer cell lines (MCF-7, 

MDA-MB-231, and SKBR3) from ATCC were cultured according to the supplier’s 

protocols. For transient knockdown experiments, TRIM24 (L-047483-00) and non-silencing 

control (D-00120-01-20) small interfering RNAs (siRNAs) (Dharmacon) were transfected at 

100 nM for 48 hours using Lipofectamine RNAiMAX reagent (Invitrogen).

Cell proliferation, soft agar colony formation, and cell-cycle analysis

For cell proliferation and XTT assays, 7500 cells were seeded in 24-well plates in M87A+X 

medium and counted for 6 days (Beckman Coulter counter). For soft agar colony formation, 

5000 cells were seeded in 4ml of M87A+X with 0.35% low-melting-temperature agarose 

(BD Biosciences) overlying 1.5 mL of 0.7% low-melting agarose in 6-well plates and 

incubated at 37°C for 14 days. For cell-cycle analysis, cells were washed and fixed with 

70% ethanol for 1 hour at 4°C and stained with propidium iodide at a concentration of 50 

μg/mL, along with RNase A (100 U/mL), prior to analysis using Flow cytometry and 

ModFit software program (Verity Software House).

HMECs stably overexpressing TRIM24

TRIM24 full-length coding sequences were amplified from the vector pCMV-XL4-

hsTRIM24 (OriGene Technologies) using gene-specific primers (Supp. T7), digested with 

XbaI and PmlI and cloned into pEntry4-FLAG vector 50. TRIM24 coding sequences and 
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FLAG-only sequences were transferred to pLenti-PGK-Neo-DEST 50 using Gateway 

cloning (Invitrogen). Lentiviruses containing culture supernatants were prepared as 

described 4. Briefly, 800 ng of clone/vector DNA were transfected into HEK293T cells with 

packaging vectors pPAX2 and pMD2 (800 ng each) using Effectene (Qiagen) according to 

manufacturer’s instructions. After 48 hours, immortal HMEC line 184A1 was transduced 

using virus-containing culture supernatants with 8 μg /mL Polybrene (Sigma). After 48 

hours, cells were selected using 700 μg/mL G418 (Stratagene) for 10 days. Stable cell lines, 

ectopically expressing TRIM24 (TRIM24-iHMECs) or FLAG only (Control-iHMECs) were 

maintained in regular culture medium containing 200 μg/ml G418.

Quantitative real-time PCR (qRT-PCR)

Total RNA was isolated with TRIzol reagent (Invitrogen) and qRT-PCR analysis was 

performed as described 4.

nCounter analysis

A panel of 420 breast cancer associated genes was used for nCounter analysis (NanoString 

Technologies) 51. Three biological replicates of RNA from TRIM24 and Control iHMECs 

(100ng each) were processed according to the manufacturer’s recommendations (http://

www.nanostring.com). Data were analyzed using the nSolver digital analyzer software 

program (http://www.nanostring.com/products/nSolver). Differentially expressed genes 

were identified using the Student t-test: genes with expression significantly (p < 0.05) up- 

(fold change ≥ 1.2) or down-regulated (fold change ≤ 0.8) were identified. Unsupervised 

hierarchical clustering of differentially expressed genes was performed using the GENE-E 

software program (http://www.broadinstitute.org/cancer/software/GENE-E/) and a 

Euclidean distance matrix. Gene Ontology (GO) category (http://www.geneontology.org/) 

enrichment analysis and KEGG pathway analysis were done using the Database for 

Annotation, Visualization and Integrated Discovery (DAVID) (http://

david.abcc.ncifcrf.gov/) 52.

Immunoblotting and Immunohistochemistry

Immunoblotting of proteins in TRIM24 and Control iHMECs was performed using standard 

techniques with antibodies listed in Supplemental Table T8. Immunohistochemistry (IHC) 

of breast tumor arrays, BR2082 (US Biomax) and BR1503 (US Biomax), was performed, as 

described 4, using a VECTASTAIN Elite ABC Kit and a DAB Detection Kit (Vector 

Laboratories) with an anti-TRIM24 antibody (1:200 dilution; Proteintech). IHC staining data 

for ER, PR, and ErbB2 were available and TRIM24 staining was quantified using the Allred 

scoring method (for details of the Chi-square method and calculations please see Supp. 

Table T1) 53.

Metabolic experiments and glucose uptake

The extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) of 

TRIM24 and Control iHMECs were measured using an XFe96 Extracellular Flux Analyzer 

(Seahorse Bioscience) as described 24. Briefly, 50,000 cells were seeded into XFe96 tissue 

culture plates in quadruplicate and ECAR and OCR measured under basal conditions and 
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after sequential treatment of the cells with Oligomycin (1 μM), FCCP (Carbonylcyanide p-

trifluoromethoxyphenylhydrazone, 500 nM) and Rot + Ant [Rotenone (1 μM) + Antimycin 

A (1 μM)]. Cells were trypsinized and counted using a Coulter counter (Beckman Coulter) 

and the cell count used for normalization purposes. For glucose uptake assays, a non-

metabolic fluorescent-labelled glucose (2- NBDG) was used. iHMECs were seeded in the 

regular HMEC medium for 24h and just prior to performing the assay were washed with 

glucose-free medium. Cells were incubated with glucose-free medium, containing 120 μM 

2-NBDG (Invitrogen) for 0.5h, 1.0h, 1.5h and 2h, followed by FACS analysis.

Xenograft experiments

Female athymic Nu/Nu mice (age 6–8 weeks) were housed under pathogen-free conditions. 

1 million TRIM24 iHMECs or Control iHMECs suspended in 50 μl of serum free DMEM 

were co-injected subcutaneously with 50 μl of high concentration Matrigel (BD 

Biosciences); 10-15 mice were injected for each cell line. Tumor sizes measured weekly by 

caliper for up to 64 days and xenograft volume calculated as previously described54. All 

procedures were approved by the University of Texas M D Anderson Cancer Center 

Institutional Animal Care and Use Committee and performed with veterinary supervision.

The Cancer Genome Atlas data and statistical methods

The Cancer Genome Atlas – Breast invasive carcinoma (TCGA-BRCA) data on RNA 

expression (Level 3) of Breast invasive carcinoma patients (1008) and normal tissues (92) in 

terms of RSEM (RNA-seq by Expectation-Maximization) were downloaded from the Broad 

Institute TCGA Firehose Genome Data analysis center pipeline (standard data run 

2013/11/14). 950 of 1008 BRCA samples had PAM50 subtype information available. Gene 

set enrichment analysis (GSEA) was run with default parameters with TRIM24 expression 

levels as phenotype and C2 (canonical pathways) gene sets. GSEA with patient samples 

limited to Basal subtypes and TRIM24 expression as phenotype gave very similar results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Aberrant expression of TRIM24 during breast cancer progression
A, TRIM24-Immunohistochemical (IHC) staining was performed on a breast tissue array 

(BR2082, US Biomax) with tissues from different stages of breast cancer progression such 

as normal mammary gland, atypical ductal hyperplasia, Intraductal carcinoma and invasive 

ductal carcinoma, B, Distribution of TRIM24 expression (p-value:1.32e-07) in TCGA breast 

invasive carcinoma patients (1008) and normal tissues (92) and C, in PAM50 breast cancer 

subtypes (950, also see Supp. Fig. S1B for additional information). D, TRIM24 expression 

in breast tissue array (BR1503, US Biomax) by Allred score (left), Correlation of TRIM24 

expression with ER, PR, HER2, p53, and Ki67 (right and bottom left, as assessed by IHC). 

***p < 0.001.
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Figure 2. Aberrant expression of TRIM24 in an isogenic HMEC model
A, Schematic of the isogenic HMEC model showing transition of the cells from finite-

lifespan cells to immortal and malignant cells. B, TRIM24 mRNA (left) and protein (right) 

expression in HMEC lines transitioning from “normal” finite-lifespan cells before stasis to 

immortal and malignant cells. Data are averages from three biological replicates ± standard 

deviation (SD). **p < 0.01.
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Figure 3. TRIM24 drives iHMEC transformation and survival
A, qRT-PCR analysis of TRIM24 mRNA and Immunoblot of TRIM24 and p53 in Control, 

TRIM24-1, and TRIM24-2 iHMECs. B, Cell proliferation analysis of Control, TRIM24-1, 

and TRIM24-2 iHMECs. C, Cell-cycle analysis of Control, TRIM24-1, and TRIM24-2 

iHMECs. D, Anchorage-independent proliferation of Control iHMECs, TRIM24-1 

iHMECs, and MCF-7 cells as determined using a soft agar colony formation assay (left) and 

quantification of the colonies per field ± SD (right). The data are averages from two 

replicates ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 4. Regulation of multiple cancer-associated pathways in iHMECs by TRIM24
A, Heat map showing unsupervised hierarchical clustering of 233 differentially expressed 

genes in TRIM24-1 compared to the Control. B, Table showing the list of Upregulated 

pathways associated with Growth and Metabolism in TRIM24-iHMECs (for complete list of 

pathways please see Supp. T3 & T4). C, qRT-PCR analysis of Glycolytic genes in Control, 

TRIM24-1, and TRIM24-2 iHMECs showing upregulation of their expression. D, 

Immunoblot for various Glycolytic proteins in Control, TRIM24-1, and TRIM24-2 

iHMECs. E, qRT-PCR analysis of TCA-cycle genes in Control, TRIM24-1, and TRIM24-2 

iHMECs. The data are averages from three biological replicates ± SD. F, GSEA profiles of 

different pathways positively correlated to TRIM24 expression in TCGA-BRCA dataset. 

NES: Normalized Enrichment Score (See Supp. Table T5 for complete list of pathways.) *p 

< 0.05; **p < 0.01; ***p < 0.001.
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Figure 5. TRIM24 leads to diverse metabolic states and increased glucose uptake
A and B, Extracellular Acidification rate (ECAR) and Oxygen Consumption Rate (OCR) in 

the presence of Oligomycin (1 μM), FCCP (Carbonylcyanide p-

trifluoromethoxyphenylhydrazone, 500 nM) and Rot + Ant [Rotenone (1 μM) + Antimycin 

A (1 μM) measured using an XFe96 Extracellular Flux Analyzer (Sea-horse) for Control, 

TRIM24-1 and TRIM24 iHMECs. Both ECAR and OCR, were normalized using cell 

number. C, 2-NBDG (Florescent Glucose) uptake assay for Control, TRIM24-1, and 

TRIM24-2 iHMECs for 0 hours (untreated) and 2 hours. Florescent intensity curves of the 2-

NBDG uptake are shown. D, qRT-PCR analysis of GLUT4 and GLUT1 mRNA expression 

in Control, TRIM24-1, and TRIM24-2 iHMECs. The data are averages from three biological 

replicates ± SD. ***p < 0.001.
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Figure 6. TRIM24 regulates expression of several genes associated with glucose metabolism in 
multiple breast cancer subtypes
A, MCF-7, SKBR3 and MDA-MB-231 cells were transfected with siControl or siRNA 

against TRIM24 (siTRIM24) and harvested 48 hours later. Effect of TRIM24 knockdown on 

expression of a glucose metabolism gene panel (by qRT-PCR analysis) is shown. The data 

are averages from three replicates ± SD. *p < 0.05; **p < 0.01; ***p < 0.001. B, mRNA 

expression for ACO1, IDH2, OGDH and HK2 in HMEC lines transitioning from normal 

finite-lifespan pre-stasis cells to abnormal finite post-stasis, non-malignant immortal and 

malignant cells. The data are averages from three biological replicates ± SD. *p < 0.05; **p 

< 0.01.
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Figure 7. TRIM24-HMECs form intermediate to high-grade tumors in nude mice
A, Tumor volume after 65 days post-injection of Control and TRIM24-iHMECs in nude 

mice. **p < 0.01 (all compared to Control). B, H&E Staining and TRIM24-IHC for various 

grades of tumors obtained from nude mice injected with TRIM24-iHMECs. C, Distribution 

of various grades of tumors from mice injected with either Control or TRIM24-iHMECs. D, 

Distribution of epithelial cells in tumors from mice injected with either Control or TRIM24-

iHMECs.
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