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Abstract 

Title of dissertation: Tristetraprolin functions as a tumor suppressor in metastatic breast 

cancer cells by a novel mechanism independent of mRNA binding 

Christina Ross, Doctor of Philosophy 2015 

Dissertation directed by: Gerald Wilson, Associate Professor, Biochemistry and 

Molecular Biology. 

The RNA-binding protein tristetraprolin (TTP) targets and initiates decay of many 

mRNAs containing AU-rich elements.  TTP expression is repressed across a wide range 

of human tumors and cancer cell lines relative to non-transformed tissues suggesting that 

TTP may function as a tumor suppressor in many cancers, and low TTP expression is a 

negative prognostic indicator in breast cancer.  The range of pro-tumorigenic factors 

encoded by TTP-targeted mRNAs and the variety of neoplastic phenotypes that TTP has 

been reported to modulate in different cell types prompted the hypothesis that TTP may 

coordinately attenuate multiple tumor suppressive pathways in a single cell background.  

Here we show that TTP slows proliferation of the triple negative MDA-MB-231 breast 

cancer cell model by restricting passage through the G1/S checkpoint while 

concomitantly inhibiting stemness, cell migration, expression of select regulatory 

proteins including cyclin D1 and c-Myc, and tumor growth in murine xenograft models.  

However, suppression of cellular tumorigenic phenotypes and cell cycle markers was 

independent of TTP’s canonical mRNA-destabilizing function, which is inactivated by 

constitutive ERK but not p38 MAP kinase signaling in MDA-MB-231 cells.  Consistent 

with this model, a non-RNA-binding TTP mutant similarly suppressed MDA-MB-231 

proliferation, stemness, and migration together with cyclin D1 and c-Myc levels.  Protein 

turnover assays revealed that TTP expression accelerates the decay of cyclin D1 and c-

Myc by a proteasome-dependent mechanism.  Microarray analysis of MDA-MB-231 



 
 

cells  expressing TTP also revealed attenuated regulation of c-Myc target genes, however 

shRNA studies showed c-Myc knockdown in MDA-MB-231 cells does not result in the 

same attenuation of gene regulation, nor does loss of c-Myc phenocopy the effects of 

TTP expression.  However, despite being dispensable for suppressing tumorigenic 

characteristics of MDA-MB-231 cells, the RNA-binding activity of TTP did induce a 

variety of specific gene expression changes despite limitations on its mRNA-destabilizing 

ability.  Collectively our data establish a novel mechanism by which TTP can suppress 

several tumorigenic phenotypes and gene expression programs in a single cell model 

independently of its mRNA-destabilizing function.  Given the diverse range of cancers 

where MAP kinase pathways are activated, these non-canonical TTP functions may be 

applicable to many tumor types.  
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Chapter 1  

Introduction: Tristetraprolin: roles in cancer and senescence 

 

1.1 The diverse cellular features of cancer 

Decades of research have defined cancer as a disease caused by dynamic changes 

in the genome.  Mutations acquired familially or accumulated over time can activate 

oncogenes through dominant gain of function and disable tumor suppressor genes by 

recessive loss of function (1).  The unstable genome of a tumor cell not only makes 

cancer unique to each patient, but also provides a mechanism by which a single tumor 

can be heterogeneous in composition.  This pathological heterogeneity in turn 

complicates strategies for early detection and optimal treatment of many cancers, 

prompting research efforts to identify biomarkers and cellular mechanisms associated 

with oncogenic transformation and tumor development that may be exploited for 

therapeutic intervention. 

 Although cancers display diverse characteristics among different tissues and 

individuals, there are several common cellular phenotypes that are acquired during the 

development and progression of the disease.  Six of these “cancer hallmarks” were 

described in a seminal review by Weinberg and Hanahan as: [i] limitless replicative 

potential, [ii] evasion of apoptosis, [iii] sustained angiogenesis, [iv] self-sufficiency in 

growth signals, [v] insensitivity to anti-growth signals, and [vi] tissue invasion and 

metastasis (2).  More recently, the development of a sustained pro-inflammatory tumor 

microenvironment has been accepted as a seventh hallmark of cancer (3). Finally, 

recently identified hallmarks, aptly named emerging hallmarks were detailed in Weinberg 
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and Hanahan’s 2011 review of strides made in cancer research in the past decade. These 

emerging hallmarks are [i] deregulation of cellular energetics, [ii] genome instability and 

mutation, and [iii] avoidance of immune detection, bringing the total number of cancer 

hallmarks to ten (1). Following from this model, a major focus of current cancer research 

is to identify specific genetic mechanisms and pathways responsible for the acquisition 

and manifestation of these tumorigenic phenotypes, which subsequently may provide 

potential targets for downstream therapeutic development.   

 

1.1.2 Oncogenes and pathway deregulation 

Cancer is caused primarily by somatic mutations of proto-oncogenes; 

uncontrolled expression of proteins encoded by these genes or production of specific 

mutated forms can initiate neoplastic transformation (4).  A proto-oncogene can be 

activated into an oncogene through a myriad of mechanisms including structural 

alterations, gene fusions, juxtaposition with enhancers, or amplification (5, 6).  This 

initial mutation can directly deregulate key growth and/or apoptosis cascades or may do 

so indirectly by disrupting genome caretaker pathways, which predisposes cells to further 

somatic mutations (5).  However, oncogenic activation can more widely and radically 

impact cell physiology through downstream effects on gene expression.  Common 

instances of this phenomenon occur when transcription factors are overexpressed or 

constitutively activated in cancers, since enhanced activity of these factors can distort the 

expression of myriad gene targets leading to global alterations in gene regulatory 

networks.  This “transformation amplification process” provides a mechanism by which 

mutations in a very limited population of genes can dramatically modulate a plethora of 
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cellular phenotypes.  For example, the transcription factor MYC is overexpressed in 

many high-grade pre-malignancies and invasive tumors and is associated with poor 

patient outcome.  MYC directly regulates transcription of many genes that encode 

proteins involved in promoting cell proliferation, survival, and angiogenesis, while other 

MYC target genes encode factors that block differentiation and induce genetic instability 

(7).   

Deregulation of gene regulatory circuits can also result from aberrant activation of 

cellular signaling pathways, as is often observed when growth factor receptors are 

mutated.  In lung cancer and glioblastoma, the epidermal growth factor receptor (EGFR) 

is often mutated or overexpressed.  Downstream events resulting from constitutive 

activation of the EGFR pathway include transcriptional activation of antiapoptotic and 

proliferative genes, a key step in the transformation of global gene expression and 

initiation of tumor development (8).  However, the characterization of specific molecular 

effectors that drive deregulated pathways also presents opportunities for therapeutic 

intervention.  For example, the erbB2 gene (also known as HER2), a receptor tyrosine 

kinase belonging to the epidermal growth factor receptor (EGFR) family, is 

overexpressed in a subset of aggressive breast cancers and enhances several key pro-

tumorigenic phenotypes (9, 10).  However, a humanized monoclonal antibody 

(Trastuzumab) that targets the extracellular domain of the ErbB2 protein and 

downregulates its expression can inhibit tumor growth and enhance chemosensitivity (10, 

11).  

 Beyond direct alterations in transcription factor expression or activity, gene 

expression pathways can also be deregulated by alterations in epigenetic and post-
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transcriptional mechanisms.  Epigenetic profiles of tumor cells frequently differ greatly 

from their normal tissue patterns (12), yielding heritable changes in global gene 

expression that do not stem from changes in DNA sequence.  Perhaps the best known 

epigenetic event associated with tumor cells is widespread hypomethylation of DNA, a 

state that alters transcription of nearby genes but also enhances chromosomal instability 

and mutation rates (13, 14).  Finally, cells employ a variety of mechanisms to control 

gene expression after transcription, largely through modulating the stability and/or 

translational potential of individual mRNAs or subpopulations thereof.  The remainder of 

this chapter will principally focus on the regulation of mRNA turnover through the 

protein tristetraprolin, and how suppression of this mechanism can exacerbate specific 

pro-tumorigenic phenotypes and impede cellular senescence. 

 

1.2. Post-transcriptional gene regulation and tristetraprolin  

 In eukaryotic cells, gene expression is normally tightly regulated through multiple 

control mechanisms.  These regulatory systems are essential to ensure that gene products, 

whether they be protein or RNA, are maintained within levels appropriate for cellular 

growth, maintenance, function and apoptosis.  An important determinant governing 

protein synthetic rates is the cytoplasmic concentration of their corresponding mRNAs, 

which is dependent on rates of both mRNA synthesis and degradation.  The kinetics of 

gene transcription, pre-mRNA processing and nucleocytoplasmic transport are 

cumulatively responsible for mRNA synthetic rates and are subject to independent 

regulation.  However, the cytoplasmic degradation rate of each mRNA is also tightly 

regulated, allowing the cell to quickly modulate transcript levels and hence their potential 
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to program translation.  Tight regulation of mRNA turnover kinetics is imperative for two 

principal reasons: [i] it can decrease the cell’s response time between a transcriptional 

stimulus and its phenotypic output, and [ii] cells can vary the turnover rates of specific 

transcripts in response to diverse stimuli, thus providing a mechanism to rapidly modify 

protein production without modulating transcriptional activity (15, 16).   

 

1.2.1 AU-rich element (ARE)-mediated mRNA decay 

AU-rich elements (AREs) are potent cis-acting determinants of cytoplasmic 

mRNA turnover in mammalian cells.  The mRNA-destabilizing activity of AREs is 

essential for limiting cellular production of many clinically important gene products, 

including many oncogenes, cytokines, and inflammatory factors.  AREs regulate mRNA 

turnover by interacting with ARE binding factors that impact transcript stability.   

In mammals, AREs constitute a family of varied RNA sequences localized to the 

3’ untranslated regions (3’UTRs) of 8-10% of all mRNAs.  In eukaryotic cells, the major 

mRNA decay pathway proceeds by 3’→5’ shortening of the mRNA 3’-poly(A) tail, 

followed by rapid digestion of the mRNA body by 5’→3’ and/or 3’→5’ exoribonuclease 

activities (15, 17).  The deadenylation phase of degradation appears to be rate limiting in 

the majority of cases, and the presence of an ARE generally accelerates mRNA turnover 

by increasing the deadenylation rate (18, 19). 

AREs from individual mRNAs are frequently conserved between species, yet 

there is astonishing diversity in the sequences of AREs between different transcripts.  In 

general however, an ARE consists of a 40- to 150-nt U-rich region containing one or 

more repeats of the pentamer AUUUA.  This motif has been found in an overlapping 
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arrangement among AREs in mRNAs that encode inflammatory mediators and cytokines 

such as IL-3 and TNFα (20, 21).  Interestingly, AREs from proto-oncogene mRNAs such 

as c-fos and c-myc normally contain fewer AUUUA pentamers dispersed within a larger 

U-rich domain (22).  This varied population of ARE sequences found within the 

transcriptome is recognized by selected members of a group of trans-acting factors 

collectively termed ARE-binding proteins (ARE-BPs) (23, 24).  One such ARE-BP is 

AUF1, also known as heterogeneous nuclear ribonucleoprotein (hnRNP) D, which was 

first identified as an activity that could bind the ARE in c-myc mRNA and destabilize 

mRNAs containing this sequence (25, 26).  The KH-type splicing regulatory protein 

(KSRP) is another example of an ARE-BP associated with accelerating decay of its 

mRNA targets, but also functions in the control of nuclear pre-mRNA splicing (27).  

Other ARE-BPs including the neuronal-specific factors HuC and HuD, and their 

ubiquitously expressed family member HuR function to stabilize ARE-containing 

mRNAs, possibly by competing with the mRNA-destabilizing ARE-BPs for cognate 

substrate transcripts (28).  Finally, a distinct family of ARE-BPs typified by the proteins 

TIA-1 and the closely related protein TIAR do not appear to modulate mRNA decay 

kinetics directly, but rather control the translational efficiency of targeted transcripts (29). 

 

1.2.1.a Tristetraprolin  

 Tristetraprolin (TTP; also known as ZFP36, TIS11, NUP475, and G0S24) is a 34-

kDa member of the CCCH class of tandem zinc finger proteins and is expressed in a 

variety of tissues (30).  TTP was first shown to interact with the ARE from TNFα 

mRNA, and its list of known and likely mRNA targets continues to grow (31).  The 
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strongest evidence of an mRNA-destabilizing role for this factor is observed in a TTP-

deficient mouse model, where TNFα mRNA is significantly stabilized in macrophages, 

which leads to a significant elevation in circulating TNFα and contributes to symptoms of 

a systemic inflammatory syndrome (32).  Major phenotypes observed in TTP-deficient 

mice include medullary and extramedullary myeloid hyperplasia associated with 

cachexia, erosive arthritis, dermatitis, conjunctivitis, glomerular mesangial thickening, 

and high titers of anti-DNA and antinuclear antibodies (33, 34).   

 Current models indicate that TTP functions by binding selected ARE-containing 

mRNAs, then targeting them for destruction by recruitment of the deadenylase 

components Not1 and Caf1 (35).  However, TTP binding may also accelerate later stages 

of mRNA turnover, since co-purification experiments have identified components of 

mRNA 5’-decapping complexes (36) and factors responsible for both 5’→3’ and 3’→5’ 

degradation of the mRNA body (37) associated with cellular TTP.  In vitro analyses of 

TTP binding to ARE fragments have shown that optimal binding requires an RNA 

sequence containing AUUUA or AUUUUA motifs flanked by additional uridylate 

residues (38).  However, given the sequence heterogeneity of AREs across the 

transcriptome it remains a challenge to explicitly identify the mRNA subpopulation that 

is subject to TTP-directed degradation.  

 

1.2.1.b Phosphorylation of Tristetraprolin 

TTP is subject to extensive posttranslational modification, particularly 

phosphorylation (reviewed in Ref. 39), and several reports have also described its 

ubiquitination (40-42).  A number of signaling pathways have been reported to target 
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TTP, including the mitogen-activated protein kinases (MAPKs) Extracellular signal-

regulated kinases (ERK), p38MAPK, and c-Jun N-terminal kinase (JNK), as well as the 

glycogen synthase kinase-3β (GSK3β), protein kinase A (PKA), protein kinase B 

(PKB/AKT), and protein kinase C (PKC) pathways (39, 43-46). While extensive TTP 

phosphorylation has been mapped, only the serine–threonine phosphatase protein 

phosphatase 2A (PP2A) has been established as promoting TTP dephosphorylation (47). 

Indirectly, casein kinase 2 (CK2) has been shown to enhance TTP-mediated mRNA 

decay by phosphorylating mitogen-activated protein (MAP) kinase phosphatase-1 (MKP-

1), which in turn dephosphorylates and thereby inactivates p38MAPK (48). 

The p38MAPK pathway represents a critical controller of TTP function. TTP can be 

phosphorylated by MAPK-activated protein kinase 2 (MK2), a downstream target of 

p38MAPK, at serines 52 and 178 in mouse, corresponding to 60 and 186 in humans (45, 49, 

50). Phosphorylation of TTP at these sites was initially hypothesized as regulating TTP 

ARE binding (41, 44, 51). However, this model remains controversial since work by 

several groups suggests that TTP mRNA binding activity was not affected by 

phosphorylation occurring through ERK, p38MAPK/MK2, or JNK kinase activity (43, 45, 

50, 52, 53). Numerous publications reported that, in response to phosphorylation by 

p38MAPK, TTP can form complexes with the multifunctional adaptor 14-3-3 proteins (45, 

47, 50, 53-55), an interaction that appears to inhibit TTP-directed mRNA decay and 

protects TTP proteins from proteasomal degradation (40, 47, 56). Completing the 

signaling pathway circuit, PP2A has been reported to mediate dephosphorylation of TTP, 

thus promoting decay of target mRNAs that are stabilized through activation of 

p38MAPK/MK2-mediated TTP phosphorylation (47).  
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More recent work shows that the ERK pathway also regulates TTP protein 

stability (42, 57, 58). These findings are consistent with earlier work reporting that 

p38MAPK activation, while necessary to inhibit TTP function, was not sufficient by itself 

to inhibit TTP function. Rather, the combined activation of both ERK and p38MAPK was 

needed to inhibit TTP-mediated TNFα ARE decay (42). It is also clear that the current 

understanding of TTP phosphorylation and the impact of phosphorylation events on TTP 

function is incomplete. For example, TTP is still capable of promoting decay of the 

TNFα transcript following 4 h of LPS stimulation, a time point at which the TTP protein 

is fully induced and phosphorylated (32). Thus, at least in some physiological situations, 

phosphorylation of TTP does not appear to abrogate its mRNA-destabilizing capability. 

 

1.2.1.c Tristetraprolin as a potential tumor suppressor 

Eukaryotic cell vitality is controlled by an array of extensively intertwined 

signaling networks and protein pathways.  Neoplasia, in contrast, requires the 

deregulation of key cellular pathways leading to abnormal growth and malignancy.  

Given that ARE-containing mRNAs encode factors that are critical for cell growth, 

differentiation and apoptosis, it can be hypothesized that, as an ARE-BP, TTP may act as 

a key regulator controlling multiple cellular pathways that impact neoplastic 

development.  

In 2003, Stoeklin et al. showed that TTP behaved as a tumor suppressor in a v-H-

ras-dependent mast cell tumor model (59).  TTP expression in tumor cells decreased the 

abnormally high levels of IL-3 mRNA observed in these cells.  Since proliferation of this 

tumor cell line is driven by an IL-3 autocrine loop, suppression of IL-3 synthesis by TTP 
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dramatically slowed cell growth and significantly delayed tumor formation in murine 

xenografts.  More recently, surveys of TTP expression in human tumors and cancer cell 

lines have yielded several findings suggesting that TTP may function as a tumor 

suppressor in diverse neoplastic contexts (60, 61).  First, TTP expression was suppressed 

in many human cancers and cultured cancer cell lines relative to non-transformed tissues 

across a wide range of tissue sources.  Second, TTP expression negatively correlated with 

tumor grade in breast and prostate cancers, and finally, breast cancer patients displaying 

low tumor TTP expression at tumorectomy showed significantly poorer disease-free 

survival than patients whose tumors expressed TTP at high levels (60).  Interestingly, an 

independent study showed that genetic polymorphisms in TTP also correlated with 

reduced response to Trastuzumab in HER2-positive breast cancer patients (62).  The 

mechanism(s) by which reduced TTP expression exacerbates tumorigenic phenotypes are 

not yet established; however, evidence suggests that the deregulation of many TTP target 

genes can promote diverse pro-tumorigenic phenotypes (63). Herein, I will review how 

interactions between TTP and known mRNA substrates can suppress several mechanisms 

associated with tumor development and progression, and how loss of TTP expression or 

function may deregulate these processes, thus promoting more aggressive neoplastic 

characteristics.   

 

1.3. The impact of tristetraprolin on the hallmarks of cancer 

1.3.1. Cancer-related inflammation  

The role of inflammation during normal homeostasis is to protect the body against 

pathogens, injury, and in some cases tumors.  However, the functions carried out by 

inflammatory cells and factors can also benefit tumor progression.  The long term abuse 
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of inflammatory mechanisms can alter gene expression patterns in cells, resulting in 

changes in cellular phenotypes that lead to dysplasia and cancer.  Approximately 25% of 

all human cancers are attributed to the effects of chronic infections that cause 

inflammation and other chronic inflammatory syndromes (64). 

Extensive research during the past decade has revealed that several major cellular 

circuits link inflammation and cancer.  Intrinsic and extrinsic mechanisms are accepted as 

the two basic pathways through which inflammatory and neoplastic conditions unite.  

The intrinsic pathway begins when neoplastic genetic events induce the expression of 

inflammation-related programs able to guide the establishment of an inflammatory 

microenvironment (3).  One such mechanism involves the extensive generation of 

cytokines and inflammatory factors which benefit the development and progression of 

tumors.  These factors include TNFα, various interleukins, and growth and differentiation 

factors (65).  In contrast, the extrinsic pathway is induced when chronic inflammatory 

conditions within normal tissue stimulate cancer development (3).  Chronic inflammation 

is diagnosed by: [i] sustained tissue damage, [ii] proliferation induced by damage, [iii] 

continuous tissue repair, and [iv] metaplasia, the reversible change of differentiated cell 

type (66-68).  Infiltration of immune cells to a site of injury can prompt metaplasia 

progression to dysplasia, a condition in which chaotic proliferation results in atypical cell 

populations and neoplasia (69, 70).  Whether by intrinsic or extrinsic means, cancer-

related inflammation ultimately results in the infiltration of white blood cells, 

predominantly tumor-associated macrophages, the presence of inflammatory factors 

(cytokines such a TNFα, interleukin (IL)-1, IL-6, and chemokines such as CCL2 and 

CXCL8) and the occurrence of tissue remodeling and angiogenesis.  Taken together, 
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these additions to cellular microenvironments can aid in both neoplastic transformation 

and in tumor progression (3).  

Early research with TTP revealed its importance in the balance of inflammatory 

response mechanisms.  First, TTP knockout mice exhibit a severe chronic inflammatory 

phenotype (33).  However, TTP expression can be induced in response to select pro-

inflammatory (e.g., lipopolysaccharide) and anti-inflammatory (e.g., glucocorticoids) 

stimuli (32, 71), supporting key roles for TTP in the control of inflammatory responses.  

More recent research identifying mRNA targets of TTP continues to support this model 

as many TTP substrate transcripts encode factors that are central to the control of 

inflammation and other pro-tumorigenic processes (Figure 1-1).  

 

1.3.1.a TNFα 

Tumor necrosis factor α (TNFα) is a key pro-inflammatory cytokine.  TNFα is 

 

Figure 1-1. Regulation of TTP mRNA targets involved in cancer hallmarks. A model for 

coordinated control of pro-oncogenic post-transcriptional gene regulatory networks by TTP. The listed 

mRNAs encoding oncogenic factors and evidence for TTP mediated post-transcriptional regulation of 

these transcripts is described within the text. 



13 

 

synthesized as a transmembrane protein with a molecular mass of 26 kDa, but is then 

secreted as a soluble 17-kDa pro-peptide following cleavage by TNFα-converting 

enzyme.  Circulating TNFα then mediates its effects through TNFα receptors I and II 

which promote expression of other inflammatory genes, principally through the 

activation of the nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 

(NF-κB) and MAPK pathways (Figure 1-2) (72).  Although activated macrophages are 

the primary source of TNFα, it can be produced by many other cell types including a 

wide variety of tumor cells.  Emerging evidence has shown that TNFα is a major 

mediator of cancer-related inflammation and acts as a tumor promoting factor (73).  

 

Figure 1-2. TTP quenches cytokine signaling pathways. Tumor necrosis factor (TNF)-α and 

interleukin (IL)-6 receptor binding leads to the activation of inflammatory cascades and induces 

expression of downstream pro-inflammatory factors such as cyclooxygenase (COX)-2.  The IL-6/IL-6R 

interaction activates the Janus kinase (JAK)-signal transducer and activator of transcription (STAT) 

pathway.  Phosphorylation and nuclear translocation of STAT induces IL-6 and IL-1 gene transcription.  

TNF-α activates the TNF receptor 1(TNFR1)/Tumor necrosis factor receptor type 1-associated DEATH 

domain protein (TRADD)/TNF-α receptor–associated factor 2 (TRAF2) pathway.  TRAF mediates the 

activation of inhibitor of κB kinase (IKK), which triggers the phosphorylation-induced proteasomal 

degradation of IκB, leading to activation of NF-κB and subsequent transcription of target genes 

including iNOS and COX-2.  However, TTP induces the decay of mRNAs that encode IL-6, TNFα, IL-

1 and COX-2, allowing TTP to quench these inflammatory signaling cascades at several levels.  Solid 

arrows indicate direct activation, right angle arrows indicate transcriptional activation, and blue T 

symbols indicate inhibition of expression by mRNA degradation.  Adapted from Ref. 98.  
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Constitutive TNFα production within the tumor microenvironment is a characteristic of 

many malignant tumors and is often associated with poor prognosis (74).  In fact, an early 

report demonstrated that TNFα induces neoplasia 1000-fold more effectively than the 

chemical tumor promoters 12-O-tetradecanoylphorbol-13-acetate and okadiac acid (75).  

TNFα receptors are expressed on stromal and epithelial cells, facilitating cancer 

development by TNFα-regulated proliferation and survival of neoplastic cells.  TNFα can 

also indirectly exert its effects through endothelial cells and inflammatory cells present 

within the tumor microenvironment (73). 

Regulatory mechanisms operate at virtually every step of TNFα expression, 

including post-transcriptional control through an ARE located within the 3’UTR of TNFα 

mRNA.  TTP binds directly to canonical high-affinity binding sites within the TNFα 

ARE (38), and this interaction potently destabilizes the TNFα transcript in cells (32, 76).  

In fact, the severe chronic inflammatory syndrome exhibited by TTP knockout mice is 

largely due to elevated circulating TNFα levels, since repeated administration of anti-

TNFα antibodies attenuates these symptoms (33).  It is likely that downregulation of TTP 

expression in many cancers may favor tumor progression by elevating TNFα expression, 

thus enhancing the inflammatory state of the local tumor microenvironment.  

 

1.3.1.b COX-2 

Cyclooxygenase 2 (COX-2; also known as prostaglandin-endoperoxide synthase 

2) catalyzes the first step in the conversion of arachidonic acid into prostaglandins, most 

notably prostaglandin E2 and related compounds, which are closely associated with the 

development of pro-inflammatory environments (77, 78).  COX-2 is undetectable in most 
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normal tissues as it is an inducible enzyme, only becoming abundant in 

activated macrophages and other cells at sites of inflammation (Figure 1-2).  More 

recently, it has been shown to be upregulated in a wide variety of cancers and to have a 

central role in tumorigenesis (79).  

According to the American Cancer Society, colorectal cancer is the 3rd most 

common cancer in the US, and the second most common cause of cancer-related 

fatalities.  Both abnormally high COX-2 expression and elevated levels of key 

prostaglandins are frequently found in colorectal tumor tissue (78).  Interestingly, 

epidemiological studies show a 40-50% reduction in mortality for patients taking COX-2-

inhibiting drugs such as aspirin (80).  These data support a critical role for COX-2 in the 

progression of some colorectal tumors, and elevated COX-2 expression has become a 

marker of poor patient prognosis in these cancers (78).  High levels of COX-2 have also 

been found in other cancers such as breast cancer, astrocytomas and head and neck 

squamous cell carcinoma (HNSCC) (81-85). 

COX-2 expression is increased in the epithelium of many tumors, but more 

prominently in the tumor’s stromal component.  It is hypothesized that prostaglandins 

produced by stromally-derived COX-2 may promote tumor growth in a paracrine fashion 

by binding to members of a family of G protein-coupled receptors on nearby carcinoma 

cells.  These receptors in turn activate downstream signaling events that induce 

expression of a host of gene products including factors that exacerbate the inflammatory 

state of the tumor microenvironment (78, 83).  In addition to promoting inflammatory 

signaling, COX-2 can also decrease apoptotic susceptibility.  For example, COX-2 

overexpression inhibits the cytochrome c-dependent apoptotic pathways as well as death 

http://en.wikipedia.org/wiki/Adaptive_enzyme
http://en.wikipedia.org/wiki/Macrophage
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receptor 5 expression and confers resistance to TRAIL-induced apoptosis in human colon 

cancer cells (86, 87).  Together, these properties have prompted consideration of COX-2 

as a potent oncogene when deregulated and/or overexpressed in tumor or stromal tissue.  

The COX-2 mRNA contains an ARE in its 3’UTR that associates with TTP in 

cancer cell models (88).  In addition, TTP expression is suppressed in many 

adenocarcinomas when compared to normal colon tissue, and correlates with 

overexpression of COX-2 (89).  However, ectopic expression of TTP in these cells 

rescued cellular regulation of COX-2 production and attenuated cell proliferation, and 

furthermore antagonized enrichment of COX-2 levels mediated by the ARE-binding 

mRNA-stabilizing factor HuR (90).  These data provide strong evidence that the reduced 

expression of TTP seen in many human colorectal cancers may be responsible in part for 

the increased expression of COX-2, which in turn can contribute to the aggressive 

characteristics and poor prognosis associated with these tumors. 

 

1.3.1.c IL-6 

Interleukin 6 (IL-6) is a cytokine secreted by T cells and macrophages that 

stimulates inflammation and B cell maturation.  Like many cytokines, IL-6 serves as a 

growth and survival factor that acts on pre-malignant cells and maintains a pro-

tumorigenic inflammatory state.  Association of circulating IL-6 with cognate cell surface 

receptors initiates signal transduction cascades that lead to activation of several 

transcription factors including signal transducer and activator of transcription 3 (STAT3) 

and NF-κB (91), resulting in downstream activation of their target genes (Figure 1-2).  

The NF-κB pathway in particular is aberrantly activated in over 50% of cancers and 
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renders premalignant or transformed cells resistant to apoptosis while also increasing 

their proliferation rates (91, 92).  Elevated IL-6 expression can be detected in patient 

serum, and is linked to an increased risk of colorectal adenoma development (93).  

Consistent with this finding, genetic ablation of IL-6 in mice reduced both the size and 

number of colonic adenomas (94).  Expression of IL-6 in serum or tissue samples has 

been observed in many inflammation-based cancers, and generally correlates with poor 

patient prognosis (91).   

Studies from several labs have highlighted the contributions of TTP to the 

maintenance of cytokine homeostasis.  For example, interferon-stimulated expression of 

TTP limits the induction of several pro-inflammatory cytokines, including IL-6, 

following exposure to bacterial lipopolysaccharide (95).  More recent work has shown 

that knockdown of TTP increases the stability of several cytokine mRNAs in HNSCC 

cells, leading to elevated secretion of these factors (96).  The relationship between TTP 

and IL-6 expression was also verified in TTP-deficient mice and embryonic fibroblasts 

from these animals, as each showed elevated IL-6 production relative to wild type models 

(97).  Taken together, these studies have established a strong link between TTP levels and 

expression of IL-6 as well as several other cytokines, leading to the appealing hypothesis 

that stimulation of TTP expression or activity might be a useful therapeutic strategy for 

suppressing multiple cytokines in inflammation-based cancers.  
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1.3.2 Sustained angiogenesis 

Cells need to reside within 100 micrometers of capillary blood vessels in order to 

receive an adequate supply of oxygen and nutrients, highlighting the importance of 

organized and coordinated vascular development (1, 99).  However, observations of 

tumor vasculature have revealed blood vessel disorganization that is leaky and inefficient 

(100).  Despite the weakness of tumor-associated vessels, tumors cannot develop larger 

than 1-2 millimeters in diameter without induction of angiogenesis (101).  The exact 

timing when a tumor acquires sustained angiogenesis is uncertain, but there is supporting 

evidence for the existence of an “angiogenic switch”.  At this point during tumor 

development, gene expression patterns shift to a profile which increases the production of 

blood vessels to provide nutrients and oxygen to the growing tumor (102).  New vessels 

can originate from pre-existing vessels in the tumor microenvironment or from 

circulating bone marrow-derived endothelial progenitor cells (BM-EPCs) (103, 104).  

The normally quiescent vasculature can be activated to sprout new capillaries by a 

switching mechanism based upon changes in the relative balance of angiogenic inducers 

and inhibitors.  In some tissues, the absence of angiogenesis inducers may keep the 

switch off, while in others the angiogenic inducers are present but held in check by higher 

levels of inhibitors (102).  It is clear that angiogenic inducers and inhibitors must be kept 

under tight regulation in order to control the switch, as deregulation would be extremely 

beneficial to a developing tumor mass.  Several mRNAs encoding angiogenic inducers 

have been identified as TTP targets, and thus are aberrantly expressed in neoplastic cells 

where TTP expression is suppressed.  
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1.3.2.a VEGF 

Vascular endothelial growth factors (VEGFs) and their receptors are essential 

regulators of vasculogenesis, angiogenesis, and lymphangiogenesis (105).  They function 

to create new blood vessels during development and after injury, create muscle following 

exercise, and new vessels to bypass blocked ones (106).  VEGF is a homodimeric 

glycoprotein and is the only known mitogen that specifically acts on endothelial cells 

(107).  All members of the VEGF family stimulate cellular responses by binding 

to tyrosine kinase receptors on the cell surface, causing them to dimerize and become 

activated through transphosphorylation (108).  The binding of VEGF to VEGF receptor 2 

(VEGFR-2) triggers downstream signaling events that stimulate the permeability of 

existing blood vessels.  This then forms a lattice network to direct the migration of 

endothelial cells and enhance chemotaxis of BM-EPCs (109, 110).  

The VEGF/VEGFR-2 signaling axis appears to be the most important regulator of 

blood vessel growth in tumors and is a key regulator of the angiogenic switch in cancer 

(111, 112).  Early experiments showed that anti-VEGF monoclonal antibodies could 

inhibit growth of human tumors transplanted into nude mice (111).  Also, elevated levels 

of VEGF mRNA correspond with the induction of VEGF found in most human tumors, 

and while hypoxia is thought to be the primary inducer of VEGF expression, several 

oncoproteins have also been shown to trigger its production (113).  As such, the 

regulation of VEGF expression is of primary importance to the restriction of tumorigenic 

angiogenesis. 

Expression of TTP and VEGF was analyzed in resected colorectal cancer 

specimens by immunohistochemistry (90).  TTP levels were low in cancerous cells, but 

http://en.wikipedia.org/wiki/Tyrosine_kinase
http://en.wikipedia.org/w/index.php?title=Transphosphorylation&action=edit&redlink=1
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high in non-malignant mucosa while VEGF levels correlated inversely.  However, 

overexpression of TTP in cultured colon cancer cells markedly reduced VEGF mRNA 

levels (90).  This and several other studies using diverse cell and/or tissue models have 

concluded that TTP inhibits VEGF production by destabilizing VEGF mRNA, and that 

reduced TTP expression may contribute to the increased VEGF levels observed in a 

variety of human cancers (60, 90, 114, 115).  This model is also consistent with data from 

xenograft studies that have shown decreased vascular development in tumors from cells 

that express TTP (115, 116).  However, some recent studies have also described an 

alternative mechanism that can inhibit the ability of TTP to suppress VEGF expression in 

tumor cell models.  When TTP is phosphorylated by stimulation of the ERK/MAPK 

pathway, TTP’s mRNA-destabilizing activity is inhibited resulting in stabilization of 

VEGF mRNA and consequently an increase in VEGF expression (57).  Similarly, 

hyperphosphorylated TTP, likely resulting from activation of the p38MAPK pathway, was 

observed to be ubiquitously expressed in a panel of primary malignant glioma tissues 

concomitant with elevated VEGF levels.  However, conditional overexpression of TTP 

from a transgene in malignant glioma cells destabilized IL-8 and VEGF mRNAs and 

down-regulation of protein production (117). Together, these examples show that 

functional TTP is a potent inhibitor of VEGF expression, with downstream implications 

for tumor vascularization.  However, they also prompt new models whereby tumor cells 

can suppress the mRNA-destabilizing activity of TTP through protein post-translational 

modifications, in addition to previously described examples where TTP expression is 

inhibited in aggressive cancers. 
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1.3.2.b HIF-1 

 Hypoxia-inducible factor 1 (HIF-1) is a heterodimeric transcription factor whose 

expression is highly regulated (118).  It coordinates metabolic adaptation to hypoxia and 

also directs oxygen delivery to cells via angiogenesis.  HIF-1 is composed of two 

subunits, a constitutively expressed β subunit and an oxygen- and growth factor-regulated 

α subunit (119).  The HIF-1α subunit is targeted by HIF prolyl-hydroxylase for 

degradation by hydoxylation during normoxic conditions, however during hypoxia the 

HIF prolyl-hydroxylase is inhibited, allowing the HIF-1α subunit to accumulate (120).  

Studies have also shown HIF-1α induction in non-hypoxic conditions, as TNFα-induced 

NF-κB appears to positively regulate HIF-1α mRNA synthesis (121).   

There is also a growing body of research indicating that HIF-1 is a key player in 

carcinogenesis.  In xenografts, tumor growth and angiogenesis are correlated with HIF-1 

expression (122).  In human cancers, HIF-1α is frequently overexpressed as a result of 

intratumoral hypoxia and genetic alterations affecting key oncogenes (119).  As such it is 

not surprising that HIF-1 levels are elevated in the most common human cancers 

including those of the lung, prostate, breast, and colon, and are associated with increased 

patient mortality in several cancer types (123).  Finally, there is growing evidence 

suggesting that several oncogenic and tumor suppressor gene pathways are 

interconnected with the HIF-1 regulatory circuit (124).  

Similar to previous examples, control of HIF-1α expression by TTP is also 

mediated by binding to the 3’UTR of HIF-1α mRNA, and overexpressing TTP represses 

the induction of HIF-1α synthesis normally observed under hypoxic conditions (125).  

Conversely, siRNA-directed suppression of TTP expression stabilized HIF-1α mRNA 
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during hypoxia, increasing accumulation of this transcript (126).  HIF-1α mRNA contains 

eight putative TTP-binding motifs, suggesting that its expression may be extensively 

regulated through ARE-directed mechanisms, although reporter assays indicated that the 

two most distal AU-rich elements of HIF-1α mRNA alone were sufficient for TTP-

mediated repression (126).  By suppressing TTP expression, it is likely that tumor cells 

will enhance the amplitude of HIF-1-dependent transcriptional reprogramming associated 

with hypoxia, and thus more aggressively adapt to the nutrient restriction associated with 

tumor growth. 

 

1.3.3 Tissue invasion and metastasis  

In general, primary tumors can be successfully treated with early detection, 

however once tumor cells acquire metastatic ability and travel to secondary sites patient 

survival declines.  The initial primary tumor microenvironment plays an important role in 

this process of metastasis (127, 128).  Properties of tumor cells, as well as the 

heterogeneity of the tumor cell population, can be influenced by hormones and cytokines 

but also by the specific population of stromal cells surrounding the tumor, since the 

cytokines and signaling molecules produced by stromal cells can activate several 

downstream effectors to enhance invasion and adhesion of tumor cells (127, 129).  While 

genetic and epigenetic alterations can promote progression of tumor cells to enter a 

metastatic state, the correct microenvironmental conditions are key for metastasis to 

occur (130).  The process of tumor cell invasion requires departure from the original 

tumor site, survival during circulation through blood or lymphatic vessels, permeation 

into new tissue, and finally the acquisition of survival traits in the new environment (127, 
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131).  These challenges restrain potential metastatic cells; for perspective a seminal study 

showed that only 0.02% of B16F1 melanoma cells injected intraportally to target mouse 

liver created potentially fatal metastasis (132, 133).  Although many preventive and 

selective barriers exist which inhibit primary tumors from progressing to metastatic cases, 

this threatening diagnosis of metastasis is ultimately responsible for 90% of all deaths 

from human cancers (134). 

Some recent studies have provided evidence that suppression of TTP expression 

may contribute to enhanced invasiveness in selected tumor types.  Surveys of prostate 

(60) and breast cancer patients (135) showed significantly lower expression of TTP in 

primary tumors versus metastases.  Similarly, in a cohort of breast cancer patients 

decreased tumor TTP mRNA levels were associated with increases in pathologic tumor 

grade, VEGF expression, and mortality from recurrent disease (60).  As mentioned 

previously, activating VEGF expression enhances tumor vascularization, which facilitates 

metastasis from primary tumor sites to distal tissues (116).  Another study focused on 

TTP expression in cultured breast cancer cell models, finding that TTP levels were 

relatively high in non-invasive breast cancer cell lines like MCF-10 when compared with 

the highly invasive MDA-MB-231 line, but also that ectopic expression of TTP 

significantly inhibited the invasiveness of MDA-MB-231 cells (136).  Using a microarray 

strategy this group also identified a population of TTP-regulated mRNAs that are known 

to have prominent roles in breast cancer invasion and metastasis, and demonstrated that 

transcripts encoding matrix metalloproteinase 1 (MMP1), urokinase plasminogen 

activator (uPA) and the uPA receptor (uPAR) were overexpressed in invasive cell lines 

(136).  These data indicate that suppression of specific mRNA targets by TTP may play a 
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protective role against cell invasiveness and metastasis, and also raise the possibility that 

loss of TTP expression may help facilitate the transition from a primary to a metastatic 

tumor.  

 

1.3.3.a miR-29a 

 MicroRNAs (miRNAs) are RNA molecules averaging 20 nucleotides in length 

that function as post-transcriptional regulators of gene expression.  Within the context of 

the RNA-Induced Silencing Complex (RISC), miRNA binding to complementary target 

mRNAs can repress translation of these transcripts or target them for degradation (137, 

138).  Aberrant expression of miRNAs has been observed in many diseases and appears 

to contribute to tumorigenesis.  In particular, some data implicate miRNA deregulation in 

metastatic progression (139-141).  One example is miR-29a, which is dramatically 

enhanced in a cohort of metastatic human breast cancers relative to non-invasive tumors 

(135).  Similarly, this miR was expressed at low levels in an H-Ras-V12-transformed 

mouse epithelial mammary cell model, but at much higher levels when these cells were 

directed through the epithelial-mesenchymal transition (EMT) by exposure to 

transforming growth factor-β (TGF-β).  However, overexpression of miR-29a alone was 

sufficient to induce metastatic growths from epithelial cells in this model, supporting a 

causative relationship between miR-29a and EMT.  TTP mRNA was identified as a 

functional target of miR-29a in these cells, and direct suppression of TTP expression 

using siRNA mimicked many features of miR-29a overexpression (135).  Together, these 

exciting data suggest that the expression of many factors contributing to development of 

metastases may be controlled by a TTP-directed post-transcriptional gene regulatory 
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circuit, but also provide evidence for a novel mechanism that might suppress TTP 

expression in a subset of aggressive cancers. 

 

1.3.3.b  MMP1 

Matrix metalloproteinase-1 (MMP1, also known as interstitial collagenase) is a 

zinc-dependent protease that degrades extracellular matrix proteins (142).  The protease 

acts as a molecular ratchet tethered to the cell surface, allowing it to move processively 

along collagen fibrils digesting collagen and other substrates during tissue remodeling 

(143).  MMP1 levels are normally enriched in the tumor microenvironment and facilitate 

cell migration and invasion (144), and induction of MMP1 was identified as an important 

component of a gene expression signature associated with metastasis of breast cancer to 

the lung (145).  Microarray and ribonucleoprotein immunoprecipitation-based analyses of 

mRNAs regulated by TTP identified MMP1 as one of a panel of metastasis-related genes 

that are normally suppressed by TTP-directed mRNA destabilization (Figure 1-1).  

Consistent with this finding, MMP1 expression is very high in cell models that do not 

express TTP, including the highly invasive breast cancer cell line MDA-MB-231 (136). 

 

1.3.4 Evasion of apoptosis 

Potential cancer cells undergoing proliferation become an even greater threat 

when natural cell death pathways, most notably apoptosis, are blocked (146).  After the 

initiation of apoptosis, cells acquire distinct physiological characteristics in just 30 to 120 

minutes.  Cellular membranes and cytoskeletons are broken down, the cytosol is 

expelled, chromosomes degrade, and the nucleus fragments.  Proximal cells digest the 
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remains of the apoptotic cell within twenty-four hours (147).  Typically, apoptotic 

pathways lie dormant until triggered by extracellular signals such as IL-3, Fas, and 

TNFα, or intracellular signals such as DNA damage, oncogene activation, or hypoxia 

(148).  Apoptosis can occur through two principal mechanisms: (1) the extrinsic pathway, 

with the activation of cysteine aspartyl-specific proteases (caspases), or (2) the intrinsic 

pathway, with the release of cytochrome c and other pro-apoptotic molecules from 

mitochondria (149, 150).   

The multifaceted and sometimes redundant nature of the various cell death 

pathways normally presents a significant obstacle to tumor cell growth.  Despite such 

hurdles cancer cells can evolve multiple ways of disrupting these pathways, which confer 

selective cellular advantages that drive continued tumor growth.  While relatively little is 

known of mechanisms linking TTP to control of apoptosis, some data indicate that TTP 

can increase the sensitivity of cells to apoptotic cell death.  For example, overexpressing 

TTP in some cell models including 3T3 fibroblasts and U251MG glioma cells induced 

apoptosis even in the absence of additional stimuli, but TTP also significantly enhanced 

cellular sensitivity to TNFα-induced apoptosis (117, 151).  In HeLa cells, restoration of 

TTP to physiologically relevant levels increased sensitivity to apoptosis induced by 

staurosporine, which principally activates the mitochondrial-directed pathway, but did 

not affect sensitivity to the DNA-damaging agent cisplatin (60).  These data suggest that 

TTP expression is associated with a pro-apoptotic state, but this may be limited to 

selected apoptotic triggering mechanisms and/or discrete subpopulations of cell types. 

To date, no TTP substrate mRNAs have been clearly shown to link loss of TTP 

with resistance to intracellular apoptotic signaling.  While a few mRNAs that encode 



27 

 

apoptotic regulators are now known to be targeted and post-transcriptionally regulated by 

TTP, the functional significance of their repression by TTP remains unclear.  For 

example, cIAP2 is a member of the inhibitor of apoptosis (IAP) gene family that is 

upregulated in many cancers and blocks activation of apoptotic cascades through several 

mechanisms (152).  Canonical binding sites for TTP are located within the 3’UTR of 

cIAP2 mRNA, which can recruit TTP and target this mRNA for destruction (125).  By 

suppressing production of this apoptotic inhibitory factor, TTP would be considered to 

exert a pro-apoptotic effect in this context.  However, TTP also binds and accelerates 

decay of the mRNA encoding Polo-like protein kinase 3 (Plk3), which normally 

functions to activate apoptosis in response to oxidative stress (153), suggesting an anti-

apoptotic role for TTP in this system. 

Cellular studies performed to date have provided some evidence that TTP-

regulated expression of mRNA decay may impact cellular sensitivity to selected 

apoptotic stimuli, consistent with a general model whereby loss or diminution of TTP 

expression might help tumor cells evade apoptosis.  Another intriguing possibility is that 

perturbations in TTP expression might contribute to chemotherapeutic resistance in 

tumors, as these agents frequently function by exploiting endogenous apoptotic 

mechanisms.  However, while transcriptome-wide surveys of TTP substrate mRNAs 

(136, 154, 155) have identified many potential targets through which TTP might 

influence apoptotic signaling, functional studies have yet to be performed on most of 

these TTP substrate candidates, and as such precise roles for TTP in the regulation of 

apoptosis remain undetermined.  
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1.3.5 Limitless replicative potential 

A defining phenotype of cancer is accelerated cell growth which leads to the 

development of tumors.  Deregulation of cell growth is achieved by cells that are able to: 

[i] supply the metabolic needs for cell duplication, [ii] gain autonomy over normal 

growth signals, and [iii] develop insensitivity to growth inhibitory signals (1, 124, 156).   

A cancer cell must fulfill the bioenergetic and biosynthetic requirements of cell 

division to ensure that a viable daughter cell can be generated.  Rapid induction of energy 

via ATP production and generation of other macromolecules allow tumor cells to meet 

the metabolic demands of proliferation (124).  Accordingly, enhanced glucose uptake and 

increased glucose metabolism have been observed in many cancer types.  Glycolysis 

produces pyruvate which, due to the up-regulation of the enzyme lactate dehydrogenase 

in tumor cells, is mostly converted to lactate (157).  In non-transformed cells this is an 

inefficient form of metabolism, however, in tumor cells with excessive glucose uptake, 

ATP can be produced at a higher rate (158).  One of the earliest observations in cancer 

biology was the Warburg effect: the exploitation of glycolysis and inhibition of oxidative 

phosphorylation (159).   

Tumor cells also stimulate growth by acquiring the ability to manufacture 

extracellular growth signals and induce positive feedback signaling loops (1).  For 

example, expression of platelet-derived growth factor (PDGF) is upregulated in many 

breast cancers.  The enhanced levels of PDGF secreted from these cells can then bind and 

stimulate PDGF receptors, which in turn activate a host of intracellular pro-growth 

signaling and gene regulatory events (160).  However, prospective cancer cells must also 

suppress their sensitivity to anti-proliferative signals, which normally hinder cell growth 
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by inducing quiescence or by forcing entry into a postmitotic differentiated state (1).  

While limitless replicative potential was perhaps the earliest hallmark of cancer to be 

recognized, healthy tissue must undergo a profoundly complex transition in order for it to 

be achieved.  

To date few studies have directly examined the role of TTP in controlling cell 

proliferation.  In HeLa cells, restoring TTP to levels comparable to untransformed 

cervical tissue slowed cell proliferation by 50% (60).  This growth inhibitory activity 

required the RNA-binding activity of TTP, since a mutant form of the protein lacking this 

function had no effect on cell proliferation.  TTP expression also exerted a negative effect 

on both proliferation and cell survival in the human glioma cell line U251MG (117).  

Although little is known of the mechanism(s) by which TTP affects proliferation, 

additional studies have identified potential mRNA targets of TTP that encode factors 

intimately involved in control of cell cycle progression (63, 161, 162). 

 

1.3.5.a c-Myc  

The c-myc (MYC) gene encodes a transcription factor that is believed to regulate 

transcription of as much as 15% of the human transcriptome (163).  In healthy cells, c-

Myc expression is induced by a host of mitogenic signaling pathways including Wnt, 

Notch, STAT, and selected receptor tyrosine kinases, and mediates its numerous 

biological effects by modulating transcription of its target genes (164).  A long-

appreciated role for c-Myc is its ability to drive cell proliferation by inducing 

transcription from cyclin genes (Figure 1-3).  However, c-Myc is also involved in 

facilitating cell growth, in part by enhancing production of ribosomal RNA, in the 
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regulation of cell death by suppressing expression of the anti-apoptotic protein Bcl-2, and 

also plays roles in the control of cell differentiation and stem cell self-renewal (165).  

The variety of cell cycle and growth stimulatory effects of c-Myc make it a very 

strong oncoprotein, which is potently upregulated in many types of cancers.  In neoplasia, 

aberrant expression of c-Myc alters the transcriptional activity of myriad target genes, 

among which are many with oncogenic or tumor suppressive activities.  However, 

beyond directly re-programming an extensive transcriptional regulatory network, c-Myc 

overexpression also indirectly promotes genomic instability through a wide range of 

 

Figure 1-3. TTP down regulates key G1/S transition factors. The primary G1/S cell cycle 

checkpoint controls the commitment of eukaryotic cells to transition through the G1 phase to enter into 

the DNA synthesis S phase.  Two cell cycle kinase complexes, CDK4/6-Cyclin D and CDK2-Cyclin E, 

work in concert to relieve inhibition of a dynamic transcription complex that contains the 

retinoblastoma protein (Rb) and E2F.  Commitment to enter S-phase occurs through sequential 

phosphorylation of Rb by Cyclin D-CDK4/6 and Cyclin E-CDK2 that dissociates the repressor 

complex, permitting transcription of genes required for DNA replication.  The transcription factor c-

Myc is an important regulator of this checkpoint.  c-Myc promotes the transcription of Cyclin D1, 

Cyclin E, and CDK 4/6, as well as expression of the CDK activator cdc25A.  c-Myc also promotes the 

activity of CDK2 through indirect inhibition of cyclin dependent kinase inhibitors p21 and p27.  TTP 

can regulate passage through this checkpoint by accelerating the turnover of mRNAs encoding c-Myc 

and Cyclin D1.  A single arrow or T indicates a direct stimulation or inhibition, respectively, 

consecutive arrows or Ts denote multistep modification. Arrows containing right angles indicate 

transcriptional activation, and dashed lines are tentative interactions.  Finally, blue T symbols indicate 

inhibition of expression by mRNA degradation. Adapted from Ref. 174. 
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mechanisms, including direct DNA damage resulting from increased generation of 

reactive oxygen species, gene amplifications, and mitotic spindle defects.  Together these 

properties create a hypermutagenic environment that dramatically increases the 

likelihood of subsequent mutations in genes that control the cell cycle, apoptosis, and 

senescence (166, 167).  

In many cancers, acquiring resistance to the antiproliferative effects of TGF-β1 is 

crucial for malignant progression, and frequently results from constitutive induction of c-

Myc (168).  A recent study examined the role of TTP on cellular responses to TGF-β1 in 

liver cancer cells.  TTP expression was suppressed in hepatocellular carcinoma cell lines 

compared with normal tissue, owing to methylation of a single CpG site within the TGF-

β1-responsive region of the TTP promoter (162).  Methylation at this site promotes 

binding of a transcriptional repressor, inhibiting both basal and TGF-β1-induced 

transcription from the TTP gene.  The resulting diminution of cellular TTP led to a 

significant increase in the stability of c-myc mRNA, consistent with previous 

observations showing that the c-myc transcript was targeted and destabilized by TTP 

(55), and consequent increases in c-Myc protein levels.  This model was further 

supported by observations that methylation of the TGF-β1-response element in the TTP 

promoter directly correlated with expression of c-Myc in tumor samples from 

hepatocellular carcinoma patients (162).  This example highlights how a specific 

epigenetic event that suppresses TTP expression can deregulate c-Myc production, thus 

facilitating resistance to a key antiproliferative signal during tumor progression. 
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1.3.5.b LATS2 

The large tumor suppressor kinase 2 (LATS2) protein is a serine/threonine kinase 

with important roles in centrosome duplication and in the maintenance of genomic 

stability.  LATS2 physically interacts with MDM2 to inhibit p53 ubiquitination and to 

promote p53 activation, which in turn permits cells to undergo p53-dependent G1/S arrest 

and avoid entering a tetraploid G1 state following damage to the mitotic spindle or 

centrosome dysfunction (169). LATS2 is also known to be a key component of the Hippo 

signaling pathway, in which it functions to control cell growth through the regulation of 

YAP protein turnover in response to growth inhibitory signals (170, 171). These 

functions classify LATS2 as a tumor suppressor and help to control cell homeostasis, and 

loss of LATS2 function is observed in a variety of tumor types including leukemia, breast 

and prostate cancer (172).  However, recent work showed that LATS2 is significantly 

overexpressed in some nasophayngeal carcinomas and is a poor prognostic indicator in 

patients.  Furthermore, silencing LATS2 by siRNA in nasophayngeal carcinoma cell lines 

actually inhibited growth suggesting a possible role for LATS2 in tumorigenesis (173).  

Together, these examples highlight the incomplete nature of current models of LATS2 

function, but also suggest that it is likely to have multiple activities including regulation 

of cell proliferation, cell death and cell migration, as well as broad governing roles such 

as transcriptional regulation and maintenance of genetic stability (172). 

 Recently, TTP was found to bind and destabilize LATS2 mRNA in the lung 

adenocarcinoma cell line A549, thus negatively regulating cellular LATS2 levels (161).  

SiRNA-directed depletion of TTP in these cells enhanced LATS2 expression, which in 

turn modestly inhibited cell proliferation.  This effect was abrogated if LATS2 expression 
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was also suppressed.  These data prompt a curious possibility that TTP could function as 

a pro-tumorigenic factor in this cellular context, by inhibiting expression of a tumor 

suppressor.  

 

1.3.6 Non-canonical tumor suppressive mechanisms of TTP 

 While the majority of studies examining the role(s) of TTP in cancer have focused 

on its mRNA-destabilizing function toward pro-oncogenic substrate transcripts, there 

have been a small number of studies that indicate TTP may also reduce tumorigenicity 

through other molecular interactions. Such non-canonical mechanisms have thus far been 

limited to protein: protein interactions. One study of particular interest was performed in 

MCF-7 cells, an epithelial-like breast cancer line that is Her2 negative and estrogen 

receptor (ER) and progesterone receptor (PR) positive. In MCF-7 cells TTP was found to 

reduce proliferation and tumor growth in mice through a protein:protein interaction with 

ERα.  This interaction recruited TTP to the promoters of ERα target genes where it 

repressed transcriptional activation through the attenuation of co-regulator SRC-1 activity 

and recruited histone deacetylases (175). This finding suggests that TTP may function as 

a transcriptional regulator as well as post-transcriptional regulator, and changes in TTP 

activity may alter the transcriptome dramatically. 

TTP has also been shown to interfere with activation of the transcription factor 

NF-κB by blocking nuclear translocation of p65 and c-Rel subunits, leading to the 

suppression of NF-κB-regulated genes (176, 177). In macrophages this mechanism 

suppressed transcription of IL-12, a cytokine essential for T-helper 1 (Th1) cell 

differentiation and proliferation (176).  While this work has been performed in 
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macrophages it holds great implication for TTP research in cancer cells. NF-κB is a 

regulator of transcription and to promote cell survival and production of growth and 

angiogenesis factors, NF-κB may directly stimulate transcription of cell cycle and pro-

angiogenic genes such as cyclin D1 and VEGF C (178, 179). Targeting NF-κB 

therapeutically may prove beneficial in some cancer types, and conceivably negative 

regulation by TTP could be used as a tool for this purpose. 

Finally, a very recent study published in Cancer Research indicates that TTP may 

function independent of its mRNA-destabilizing function in Tumor Associated 

Macrophages (TAMs). In this study researchers found constitutive TTP expression in 

TAMs but TTP's effects on mRNA stability were negligible and limited by constitutive 

p38MAPK activity (180). However, elimination of TTP still promoted excessive increases 

in levels of inflammatory mediator proteins, suggesting that TTP could serve as a 

translational suppressor or accelerate protein turnover in this context. These data describe 

a mechanism by which manipulating the p38MAPK–TTP axis in macrophages may 

profoundly impact localized inflammatory signaling in the tumor microenvironment, with 

corresponding consequences on tumor growth and behavior. 

 

1.4. The role of tristetraprolin in senescence  

1.4.1 Senescence 

Senescence is a mechanism employed to prevent cell growth past a certain 

number of replicative cycles, known as the Hayflick’s limit (104).  This constraint varies 

depending on cell type but is normally about 40 to 60 replications based on critical 

telomere length.  Morphological and biochemical alterations of senescent cells include 
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flattening of cytoplasm and increased granularity, induction of β-galactosidase and 

alterations in gene expression patterns (105).   

Prospective tumor cells that acquire mechanisms to circumvent senescence and 

undergo limitless replication gain a tremendous growth advantage.  Frequently, cancer 

cells evade senescence by reactivating the telomerase enzyme which maintains telomeres 

at chromosome ends (181).  Also, fibroblasts with defective pRb and p53 proteins can 

divide through generations past normal replication limits (182).   

 

1.4.2 Tristetraprolin induces senescence 

 Relatively few studies have examined the functional relationship between TTP 

and cellular senescence.  In a survey of human tissues, levels of TTP protein and the 

relative proportion of cells expressing TTP decreased as a function of age in several cell 

types, including those of the immune, nervous, and muscular systems, suggesting that 

TTP does not promote cellular senescence in these tissues (183).  However, B 

lymphocytes from aged mice typically exhibit elevated levels of TTP relative to cells 

from young mice (184).  Higher TTP in the older cells binds and destabilizes the mRNA 

encoding the transcription factor E47, an important regulator of immunoglobulin class 

switching.  Cultured cell-based studies reported to date also generally support a pro-

senescence role for TTP.  For example, in human diploid fibroblasts, cells approaching 

senescence exhibited a substantial elevation in TTP expression (183). 

A potential mechanism linking TTP to cellular senescence was developed using 

human papillomavirus (HPV)-transformed cervical cancer cells as a model.  HPV 

integration into the human genome enables the expression of viral proteins such as E6 
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and E7 which promote HPV-induced carcinogenesis (185, 186).  Specifically, these 

proteins prevent infected cells from entering senescence by maintaining a dormant p53 

pathway and elevated telomerase activity (187).  E6 forms a complex with the E6-

associated protein (E6-AP), a cellular E3 ubiquitin ligase, which then binds p53 and 

targets the protein for ubiquitin-dependent degradation (188, 189).  However, TTP can 

bind and destabilize E6-AP mRNA, and the resulting diminution of E6-AP protein levels 

stabilizes the p53 protein, allowing it to accumulate in the cell (190).  As a result, HPV-

positive HeLa cells that overexpress TTP exhibit the growth arrest and β-galactosidase 

activities typical of senescence.  While post-transcriptional suppression of E6-AP 

expression can account for the senescence-promoting potential of TTP in this model 

system, it remains unclear whether other TTP substrate mRNAs encode factors that limit 

senescence more generally.   

 

1.5. Oncogenic mechanisms that suppress tristetraprolin 

 Several studies have shown that TTP expression is suppressed in many cancers, 

and that there is frequently an inverse correlation between TTP levels and tumor 

aggressiveness.  Following from these findings, numerous groups have examined the 

mechanisms linking loss of TTP expression to tumor development, from perspectives of 

both global cellular phenotypes and also characterization of deregulated TTP substrate 

mRNAs (described above).  However, among the fundamental questions that remain 

unanswered are: [i] what mechanism(s) are responsible for suppressing TTP expression 

in cancer? and [ii] is TTP suppression a critical step in the transition from healthy into 

neoplastic tissue, or in the development of metastases? 
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 To date, a few published works have provided insights into cellular mechanisms 

that can diminish TTP expression and/or activity in specific cellular contexts.  One 

example described above details an epigenetic mechanism that can suppress TTP 

transcription.  A single methylated CpG site in the TGF-β1 response element contained 

within the TTP gene promoter is sufficient to silence TTP expression in a hepatocellular 

cancer cell line (162).  Furthermore, this CpG site was frequently methylated in tumors 

from hepatocellular carcinoma tumors relative to normal liver tissue.  A second 

mechanism involves post-transcriptional suppression of TTP expression by the 

microRNA miR-29a, which is overexpressed in metastatic human breast cancers relative 

to non-invasive tumors, and is sufficient to induce invasive characteristics in an epithelial 

murine mammary cancer cell model (135).  In a broader sense, the roles of other cellular 

ARE-BPs could also play a role in buffering or enhancing perturbations in TTP 

expression, as extensive post-transcriptional cross-talk exists between these factors.  

Many ARE-BPs are encoded by mRNAs that contain ARE-like sequences in their 

3’UTRs, which can bind and be regulated by different subsets of the cellular ARE-BP 

population (191).  Although ARE-BP binding to TTP mRNA has not been rigorously 

characterized, the TTP transcript also contains a 3’UTR-localized ARE, which can bind 

TTP protein in an apparent autoregulatory loop (192, 193).  Finally, TTP expression 

and/or activity can be regulated post-translationally through hyperphosphorylation by the 

p38MAPK and ERK MAP kinase pathways.  In melanoma cells, constitutive ERK activity 

suppresses TTP levels by targeting the protein for degradation by the proteasome (194).  

By contrast, experiments in bone marrow-derived macrophages suggest that TTP 

phosphorylation by the p38MAPK-activated protein kinase 2 (MK2) actually increases the 
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stability of the TTP protein but reduces its affinity for ARE-containing mRNAs (41).  A 

later study using HeLa cells provided evidence that phosphorylation of TTP by MK2 

could also inhibit its ability to degrade mRNA by blocking recruitment of the CAF1 

deadenylase enzyme (53).  In summary, recent studies have identified a wide variety of 

potential mechanisms that can regulate the expression or activity of TTP, and have 

described examples where some of these events have been subverted to suppress TTP in 

specific cancer cell models.   

 

1.6. The scope of the project 

 For many years, the majority of TTP studies have focused on the identification of 

mRNA binding partners and the influence that TTP-directed regulation of those 

transcripts has on specific aspects of cellular behavior. The work described herein takes a 

new approach to the study of TTP with a larger focus on the overall impact of TTP 

expression on tumor cell characteristics. This investigation was spurred by the description 

of TTP expression across patient tumors and tumor cell lines which overwhelmingly 

indicated that TTP expression correlates negatively with progression of cancer, in 

particular breast cancer.  

In the rigorous study by Brennan et al., TTP mRNA levels were shown to be 

substantially decreased in tumors relative to patient-matched nontransformed tissues in 

65% of patients tested (60).  This finding was particularly true in tumors of the thyroid 

(10 of 10), lung (9 of 10), ovary (9 of 10), uterus (9 of 10), and breast (8 of 10). TTP 

protein levels were also substantially decreased in whole-cell extracts from breast tumors 

compared to patient-matched nontransformed tissue from five patients. Perhaps the most 
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striking results came from correlation analyses of TTP expression with pathologic 

features and clinical outcomes in breast cancer.  Using an array data set containing gene 

expression profiles of 251 breast tumors from the Gene Expression Omnibus, TTP 

mRNA levels were found to be negatively correlated with Elston-Ellis pathologic tumor 

grade.  Kaplan-Meier analyses when these tumors were stratified by TTP mRNA levels 

revealed further impacts on patient outcomes.  Patients with low or intermediate tumor 

TTP levels were 2- to 3-fold more likely to die from recurrent breast cancer following 

tumor excision than those whose tumors strongly expressed TTP. Taken together, these 

data indicate that repression of tristetraprolin expression in tumors may represent a 

negative prognostic indicator in breast cancer.  

 At the genesis of this study the state of the field could then be summarized as 

such: [i] low TTP mRNA levels correlate strongly with increased breast cancer specific 

mortality (60), [ii] many well-established TTP substrate mRNAs are of pro-oncogenic 

factors (63, 195), and [iii] aggressive breast cancer remains extremely challenging to treat 

with available therapeutics (196).  From here, the next obvious question was whether 

restoring TTP expression into a highly dedifferentiated and metastatic breast cancer 

model could reduce its aggressiveness and tumorigenicity.   

Ultimately the long term goal of this work is to determine if pharmacologically 

increasing TTP expression in tumor cells could be beneficial in fighting breast cancer.  At 

this early stage, however, our experiments examined the responses of the MDA-MB-231 

cell line, a well-established model for aggressive, triple negative breast cancer. As 

described in Chapter 2, the impact of TTP expression on the reduction of tumorigenic 

phenotypes in this line was unexpectedly extensive.  Perhaps even more unexpected was 
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the mechanism by which TTP mediates such tumor suppressive effects: TTP requires 

neither its mRNA-destabilizing nor mRNA-binding functionalities.  Instead we highlight 

TTP-dependent acceleration of protein turnover, in particular examining c-Myc and 

cyclin D1.  By its conclusion, Chapter 2 will show that TTP not only functions as a 

powerful tumor suppressor in metastatic breast cancer, but also that the mechanism by 

which TTP functions as such depends heavily on the unique intracellular signaling of the 

cell type observed.  

The profound phenotypic changes examined in Chapter 2 prompted an in depth-

study of the effect of TTP on the gene expression programs of MDA-MB-231 cells. In 

Chapter 3 we analyze a gene array study in which several key cellular pathways were 

found to be significantly altered in MDA-MB-231 cells upon TTP expression.  These 

data support the significance of TTP regulation of c-Myc protein levels by demonstrating 

changes in the expression of genes downstream of c-Myc signaling.  Interestingly, while 

TTP affects expression of c-Myc and its gene expression programs, direct suppression of 

c-Myc alone did not recapitulate many of the tumor suppressor phenotypes induced by 

TTP in MDA-MB-231 cells. Along with the large number of pathways that are 

significantly altered, this suggests that TTP likely transforms several tumor-promoting 

programs by regulating a wide variety of regulatory genes in parallel rather than targeting 

a single oncogenic factor.  

 In this work, we have identified surprising features in the role of TTP in reducing 

the tumorigenic properties of aggressive breast cancer cells. In the process, however, we 

have also raised additional questions. Some general conclusions and lines of inquiry for 
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the future are summarized in Chapter 4, although many key points are discussed in 

Chapters 2 and 3 as well.  
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Chapter 2 

Tristetraprolin suppresses multiple tumorigenic phenotypes in a triple 

negative breast cancer cell model via a non-canonical mechanism 

 

2.1 Introduction 

TTP is a tandem zinc finger protein best known for targeting mRNAs containing 

AREs in their 3’-untranslated regions for degradation by recruiting decapping enzymes 

and 3’ and 5’ exonucleases (35, 197, 198).  Myriad mRNA targets for TTP have been 

identified, including many that encode key regulators of inflammation, proliferation, 

differentiation, and angiogenesis such as TNFα, c-Myc, cyclin D1, VEGF, COX-2, HIF-

1α and IL-6 (32, 55, 90, 95, 116, 126, 199). 

 The variety of TTP substrate mRNAs associated with tumor development 

prompted the hypothesis that diminution or inactivation of TTP might provide tumor cells 

a competitive advantage by minimizing this negative regulatory influence on a host of 

pro-tumorigenic genes (195, 200).  This model was supported by observations that TTP 

expression is frequently suppressed across a wide range of human cancers and cancer cell 

lines relative to non-transformed tissues (60, 61).  Concomitantly, several studies showed 

how TTP-dependent destabilization of individual mRNAs could modulate specific 

tumorigenic phenotypes in cultured cell models, although the gene targets and cellular 

consequences varied widely among tested cell types.  For example, TTP induces 

senescence in HPV18-positive HeLa cells by destabilizing ubiquitin ligase E6-AP  

 

1. Ross, C.R, Buckley, S.F., Landis, C.J., White, E.J.F., Brennan-Laun, S.E., Mahat, D.B., 

Wilson, G.M. As submitted to Molecular Cancer Research (2015).  
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mRNA.  The subsequent reduction in E6-AP protein levels stabilizes p53 protein, an E6 

substrate (190).  In head and neck squamous cell carcinoma, loss of TTP stabilized 

transcripts encoding matrix metalloproteinases 2 and 9 as well as IL-6, leading to an 

increase in invasive potential that included destruction of basement membranes and 

invasion of underlying connective tissue (201).  In a third example, depletion of TTP in 

T47D breast cancer cells stabilized IL-16 mRNA, increasing its production and secretion 

which promoted tumor infiltration with monocytes, defining a paradigm by which tumor 

cell TTP expression may impact microenvironmental interactions (202). 

In breast tissue, TTP may play a key role in gland development.  TTP expression 

is strongly associated with mammary differentiation and increases dramatically during 

lactation (203).  As such, suppression of TTP in breast cancer may reflect or direct a 

general transition to dedifferentiated states.  Like many tissues, TTP expression is 

decreased at both the mRNA and protein levels in most breast tumors (60, 203).  TTP 

mRNA levels also correlate inversely with tumor stage and low tumor TTP expression at 

tumorectomy is a poor prognostic indicator in breast cancer patients (60, 135, 204).  

However, currently relatively little is known about specific cellular mechanisms 

regulated by TTP in breast cancer.  In a Ras-driven mouse breast tumor line, loss of TTP 

promoted EMT and lung metastases (135) while overexpression of TTP in the human 

metastatic triple negative breast cancer (TNBC) line MDA-MB-231 was reported to slow 

invasiveness through Matrigel (136). 

The wide range of mRNA targets identified for TTP coupled with the pathological 

consequences of TTP suppression in diverse cancer types suggest that modulating TTP 

expression may impact multiple tumorigenic properties in individual cell types.  To 
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address this question, we analyzed the impact of TTP on a range of cellular phenotypes 

associated with tumor growth, survival, and metastasis.  These studies were performed 

using the MDA-MB-231 cell model for two principal reasons.  First, MDA-MB-231 cells 

express endogenous TTP at very low levels (136), consistent with data from aggressive 

human breast tumors (60, 203).  Second, MDA-MB-231 cells are a model of TNBC, 

where the lack of estrogen receptors, progesterone receptors, and HER-2/Neu gene 

amplification precludes efficacy of current biomarker-targeted therapeutics (196).  As 

such, genetic or biochemical mechanisms that manipulate tumorigenic properties in this 

cell model may represent targets for novel therapeutic strategies.  Here, we show that 

expressing TTP in MDA-MB-231 cells attenuates several of its most potent tumorigenic 

properties, including some not previously identified in any other cell model.  However, 

subsequent gene regulatory studies revealed that TTP does not mediate these effects by 

its canonical mRNA-destabilizing function, as constitutive ERK activation in MDA-MB-

231 cells abrogates this activity.  Rather, in these cells TTP activates a protein turnover 

cascade that is independent of its RNA-binding activity, thus identifying a completely 

novel mechanism for suppression of tumor cell growth and function by this factor. 

 

2.2 Materials and Methods 

2.2.1 Reagents 

TTP (T5452), GAPDH (G9295) and FLAG (A8592) antibodies were from Sigma 

(St. Louis, Missouri, USA).  Cyclin A (sc-239), cyclin E (sc-481), CDK1 (sc-54), CDK2 

(sc-163), CDK4 (sc-601), p21 (sc-6246) and lamin B (sc-6217) antibodies and calpeptin 

were from Santa Cruz (Dallas, Texas, USA).  Antibodies to c-Myc (5605), ERK (9102), 
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phospho-ERK (9101), p38MAPK (9218), phospho-p38MAPK (9211), phospho-MAPKAPK-2 

(3044), and lactate dehydrogenase (2012) were from Cell Signaling (Danvers, 

Massachusetts, USA) while anti-GFP (14-6674) was from eBioscience (San Diego, 

California, USA).  Cyclin D1 antibody (04-1151) and inhibitors U0126, SB203580, 

MG132, cycloheximide and actinomycin D were from EMD Millipore (Billerica, 

Massachusetts, USA).  5’-biotin tagged RNA substrates encoding the ARE from human 

TNFα mRNA (B-ARE; GUGAUUAUUUAUUAUUUAUUUAUUAUUUAUUUAUUU 

AG) or a fragment of the rabbit β-globin coding sequence (B-Rβ; UGGCCAAUGCCCU 

GGCUCACAAAUACCACUG) and all DNA oligos were synthesized and purified by 

Integrated DNA Technologies (Coralville, IA, USA). 

 

2.2.2 Tissue culture  

MDA-MB-231/Tet-Off cells were created by stably transfecting MDA-MB-231 

(American Type Culture Collection, Manassas, VA, USA) with plasmid pTet-Off 

(Clontech, Mountain View, CA, USA) and selecting in 800 μg/ml G148 (Mediatech, 

Manassas, VA, USA), then maintained at 37°C and 5% CO2 in DMEM (Life 

Technologies, Grand Island, NY, USA) with 10% fetal calf serum (FCS; Atlanta 

Biologicals, Norcross, GA, USA) and 400 µg/ml G148.  Luciferase assays using plasmid 

pTRE2-luc (Clontech) were used to screen isolated clones for Dox responsiveness; only 

clones that suppressed luciferase expression by at least 300-fold in 2 μg/ml Dox (Sigma) 

were retained.  MDA/FLAG-TTP and MDA/FLAG-TTP C147R lines were generated by 

transfecting MDA/Tet-Off cells with plasmids pT2hyg-FLAG-TTPwt and pT2hyg-

FLAG-TTP C147R (60), respectively, and selecting in 100 µg/ml hygromycin B (Roche 
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Diagnostics, Indianapolis, IN, USA).  Dox was maintained (2 µg/ml) during selection and 

clonal expansion to minimize potential TTP-dependent effects on cell viability.  All cells 

were cultured in the absence of Dox for at least 3 days before experiments to permit 

transgene expression.  

 

2.2.3 Protein and mRNA analyses  

Protein levels from whole cell lysates were analyzed using Western blots as 

described previously (205), except that Immobilon-Fl membranes (EMD Millipore) were 

used for gel transfers.  Where indicated, nuclear and cytoplasmic fractions were separated 

biochemically as described (206).   

Levels of cyclin D1, cyclin E1, c-myc, uPAR, and MMP1 mRNAs were measured 

by quantitative reverse-transcription PCR (qRT-PCR) detected with SYBR Green as 

described (207) and normalized to GAPDH using primer sets listed in Table 2-1.  

Cellular mRNA decay rates were measured using actD time course assays as described 

(205, 207, 208).  Cyclin D1 and c-myc mRNA levels were quantified at each time point 

as described above while VEGF and GAPDH mRNAs were quantified concomitantly 

using a multiplex TaqMan qRT-PCR assay with primer/probe sets listed in Table 2-1.  In 

all cases, resolved mRNA half-lives (t1/2) are based on the mean ± SD of n independent 

time course experiments. 

 

2.2.4 Cell viability, cell cycle, and apoptosis assays 

Cell viability was measured using the MTT Cell Proliferation Assay (ATCC) 

according to the manufacturer’s instructions.  Cell cycle distributions were measured by 
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fixing cells in 70% ethanol, staining DNA with propidium iodide, then analyzing by flow 

cytometry as described (209).  Apoptosis was monitored using the PE Annexin V 

Table 2-1.  qRT-PCR primer sets  

 

DNA oligo sequence (5’ to 3’) 

cyclin D1 SYBR primer set 

forward CGCCTCACACGCTTCCTCTC 

reverse GTCCACCTCCTCCTCCTCCTC 

  

cyclin E1 SYBR primer set 

forward AGGACGGCGAGGGACCAG 

reverse TCCGAGGCTTGCACGTTGAG 

  

c-myc SYBR primer set 

forward CCCGCTTCTCTGAAAGGCTCTC 

reverse GTTCTCCTCCTCGTCGCAGTAG 

  

uPAR SYBR primer set 

forward CCCACTCAGAGAAGACCAACAGG 

reverse GACAGCCCGGCCAGAGGT 

 

MMP1 SYBR primer set 

forward CAGGGGAGATCATCGGGACAAC 

reverse GGGCCTGGTTGAAAAGCATGAG 

  

VEGF Taqman primer set a 

forward GCACCCATGGCAGAAGG 

reverse 

probe 

CTCGATTGGATGGCAGTAGCT 

Fl-CTGATAGACATCCATGAACTTCACCACTTCGT-BHQ1b 

  

GAPDH SYBR and Taqman primer set 

forward GAGAGTCAGCCGCATCTTC 

reverse ACTCCGACCTTCACCTTCC 

probe TxR-CGCCAGCCGAGCCACATCGC-BHQ2b 

  

firefly luciferase SYBR primer set 

forward TCTCTAAGGAAGTCGGGGAAGC 

reverse CCCTCGGGTGTAATCAGAATAGC 

  

Renilla luciferase SYBR primer set 

forward GGCCTCTTCTTATTTATGGCGACA 

reverse GATTTGCCCATACCAATAAGGTCTG 

  

EGFP SYBR primer set 

forward GCGACACCCTGGTGAACC 

reverse GATGTTGTGGCGGATCTTGAA 

 
aThis primer/probe set targets all known splice variants of human VEGFA mRNA.  

bAbbreviations are: BHQ1, Black Hole Quencher 1; BHQ2, Black Hole Quencher 2; Fl, fluorescein; 

TxR, Texas Red. 
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Apoptosis detection kit 1 (BD Biosciences, San Jose, CA, USA) and analyzed by flow 

cytometry.  All flow cytometry data were collected using a BD FACSCalibur (BD 

Biosciences) and analyzed using associated BD CellQuest Pro software. 

 

2.2.5 Tumorsphere formation assay 

Cells were harvested in trypsin, washed twice in phosphate-buffered saline, then 

resuspended in serum-free DMEM and grown in 24-well Ultra Low Attachment plates 

(Corning) for four days.  Cell clusters with diameters >50 μm were scored as 

tumorspheres as described (210).  Quantitative analyses of tumorsphere-forming 

frequency used the ELDA method as described (211). 

 

2.2.6 Migration and invasiveness assays 

Wound healing assays were performed by plating cells at 75% confluence then 

culturing in DMEM + 2% FBS for 24 h.  Once cells reached 100% confluence they were 

scratched using a sterile pipet tip and imaged after 0 and 12 hours.  For RTCA 

experiments, cells were incubated in serum-free medium for 24 h before seeding in 

RTCA Cim-16 plates (Roche Diagnostics) in serum-free medium.  Medium containing 

10% FCS was used as a chemoattractant in the lower chamber.  Cell migration into the 

lower chamber was measured by electrical impedance across the growth surface as a 

function of time using the xCELLigence platform (Roche Diagnostics) (212).  For 

invasion assays, RTCA plates were coated with Matrigel (BD Biosciences) diluted in 

serum-free medium (1:20 v/v) prior to cell loading.  
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2.2.7 Biotin-RNA pulldown assays 

MDA-MB-231 cells were transfected with pcDNA3.1(-) vectors (Life 

Technologies) expressing FLAG-TTP or FLAG-TTP C147R.  Forty-eight hours after 

transfection, cells were treated with 5 µM U0126 or equivalent vehicle (DMSO) for 6 

hours. Cytoplasmic extracts were prepared and FLAG-TTP protein binding to RNA 

substrates monitored using biotin-RNA pulldown assays as described (207, 208). 

 

2.2.8 Data analysis and statistics 

Pairwise comparisons of mRNA levels and half-lives, cell proliferation rates, cell 

cycle progression parameters, xCELLigence data, and tumorsphere frequency were 

performed using the unpaired t test. Differences yielding P < 0.05 were considered 

significant. 

 

2.3 Results 

2.3.1 TTP slows MDA-MB-231 proliferation by inhibiting the G1/S checkpoint 

TTP levels were suppressed in MDA-MB-231 cells relative to non- (MCF-10A) 

or weakly tumorigenic (MCF-7) breast cell models (Figure 2-1A), consistent with a 

previous report (136) and the inverse relationship between TTP expression and breast 

tumor grade (60).  To test whether restoring TTP might attenuate tumor cell 

characteristics in MDA-MB-231 cells, we first generated an MDA-MB-231/Tet-Off cell 

line, then used this background to create two independent clonal lines expressing FLAG-

tagged TTP from a doxycycline (Dox)-responsive promoter (Figure 2-1A).  Since 

previous studies indicated that TTP impacts proliferation and/or apoptosis in different 
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cell models (60, 151, 213), we compared the accumulation of TTP-expressing cells with 

the parental MDA/Tet-Off line as a function of time.  Cells from both TTP lines 

accumulated significantly slower than MDA/Tet-Off cells (Figure 2-1B), consistent with 

a role for TTP in inhibiting cell proliferation or enhancing cell death.  Observations that 

 

Figure 2-1. Effect of TTP expression on proliferation and cell cycle progression in MDA-MB-231 

cells. (A) Western blots comparing TTP expression in the aggressive TNBC cell model MDA-MB-231 

relative to immortalized but non-tumorigenic MCF-10A breast epithelial cells and the weakly 

tumorigenic model MCF-7 (top) and showing FLAG-TTP expression in two MDA/TTP clonal lines 

(bottom).  (B) MTT assays measuring cell accumulation rates in MDA/Tet-Off cultures and MDA/TTP 

clonal lines.  *P < 0.001 vs. MDA/Tet-Off.  (C) Total fractions of annexin V- and 7AAD-stained 

MDA/Tet-Off and MDA/TTP cl2 cells detected by flow cytometry show no significant changes in total 

apoptotic or necrotic cells.  (D) Cell cycle distributions of MDA/Tet-Off and MDA/TTP cl2 cells 

resolved by flow cytometry of propidium iodide-stained cells.  *P < 0.01 vs. MDA/Tet-Off. 
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MDA/Tet-Off and a TTP-expressing clone showed no differences in annexin V- or 

7AAD-positive cell fractions (Figure 2-1C) indicated that TTP limits MDA-MB-231 

accumulation by slowing cell proliferation rather than activating cell death pathways.  

Cell cycle analyses supported this conclusion since TTP-expressing cells presented larger 

G1 subpopulations and lower fractions in S phase than MDA/Tet-Off cells (Figure 2-1D), 

suggesting that TTP slows proliferation by inhibiting the G1/S checkpoint. 

 

2.3.2 TTP reduces the tumorsphere-forming potential of MDA-MB-231 cells 

Tumorsphere assays are frequently employed to identify cancer cell 

subpopulations with stem-like properties (210), which are significant because cancer 

stem cells contribute to treatment relapse owing to their enhanced chemoresistance and 

migratory potential (214).  While each tested cell model formed the irregular clustered 

assemblies (Figure 2-2A) typical of MDA-MB-231 tumorspheres (210, 215), 

significantly fewer were formed from TTP-expressing cells (Figure 2-2B).  Quantitative 

assessment using extreme limiting dilution analysis (ELDA) (211) confirmed that cells 

expressing TTP formed tumorspheres at dramatically lower frequencies than MDA/Tet-

Off cells (Figure 2-2C; Table 2-2), suggesting that TTP may attenuate some of the stem-

like properties of MDA-MB-231 cells. 

 

2.3.3 TTP suppresses migration but not invasiveness of MDA-MB-231 cells 

Several regulatory cascades contribute to the highly invasive behavior of MDA-

MB-231 cells (216).  To determine the impact of TTP on MDA-MB-231 migration and 

invasiveness, we first used wound healing assays to assess migratory potential.  
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MDA/Tet-Off cells largely closed a monolayer wound within 12 hours while TTP-

expressing cells were dramatically slower (Figure 2-3A).  MTT assays revealed no 

significant difference in cell numbers between MDA/Tet-Off and MDA/TTP lines after 

12 h in media containing 2% FCS (data not shown), thus excluding differential 

proliferation as a contributor to wound healing rates.  Orthogonally, measurements using 

a real time cell analyzer (RTCA) system (xCELLigence) confirmed that TTP also 

 

Figure 2-2. Effect of TTP expression on tumorsphere forming potential MDA-MB-231 cells. (A) 

Phase contrast images of tumorspheres formed by MDA/Tet-Off and MDA/TTP clonal cell lines.  Scale 

bar = 50 µm.  (B) The number of tumorspheres (>50 µm) formed from each cell model per 1000 cells 

seeded.  *P < 0.0005 vs. MDA/Tet-Off.  (C) The frequency of mammosphere formation was calculated 

for each cell model using the ELDA algorithm.  Raw data are listed in Table 2-2.  Plots show the ln 

fraction of tumorsphere-negative wells as a function of seeding density.  Regression solutions (solid 

lines) and 95% confidence intervals (dashed lines) demonstrated that TTP dramatically decreased 

tumorsphere-forming frequency from 1/87 (95% CI 1/163 – 1/46) in MDA/Tet-Off cells to 1/1159 

(95% CI: 1/1792 – 1/750, P = 1.5 × 10-12 vs. MDA/Tet-Off) for the MDA/TTP cl1 and 1/1395 (95% CI: 

1/2145 – 1/907, P = 5 × 10-14 vs. MDA/Tet-Off ) for MDA/TTP cl2 clonal lines. 
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significantly inhibited cell migration towards a chemoattractant (Figure 2-3B).  However, 

no significant variation was observed in the invasiveness of MDA/Tet-Off and 

MDA/TTP cells through Matrigel-coated membranes (Figure 2-3C).  Cumulatively these 

data indicate that TTP slows the rate of MDA-MB-231 cell migration, but suggest that 

this does not impact invasive potential through Matrigel.  

 

 

Table 2-2.  Frequency of tumorsphere formation by MDA-MB-231 cell models  

 

Cell model Cells seeded/well Wells yielding tumorspheresa 

   

MDA/Tet-Off 5000 8\8 

 3500 8\8 

 2000 8\8 

 1000 8\8 

 500 7\8 

 250 8\8 

 100 8\8 

Tumorsphere-forming cell density (95% CI) 

 

1/87 (1/163 – 1/46) 

   

MDA/TTP cl1 5000 8\8 

 3500 8\8 

 2000 6\8 

 1000 5\8 

 500 3\8 

 250 1\8 

 100 0\8 

Tumorsphere-forming cell density (95% CI) 

 

1/1159 (1/1792 – 1/750) 

P = 1.5 × 10-12 vs. Tet-Off 

   

MDA/TTP cl2 5000 8\8 

 3500 8\8 

 2000 6\8 

 1000 5\8 

 500 1\8 

 250 0\8 

 100 0\8 

Tumorsphere-forming cell density (95% CI) 

 

1/1395 (1/2145 – 1/907) 

P = 5 × 10-14 vs. Tet-Off 

 
afraction of wells seeded at indicated cell frequency that yielded at least one tumorsphere >50 µm after 

4 days in culture.  Mammosphere formation frequencies, 95% confidence intervals (CI), and P values 

were calculated using the Extreme Limiting Dilution Analysis (ELDA) algorithm at 

http://bioinf.wehi.edu.au/software/elda/. 

 
 

http://bioinf.wehi.edu.au/software/elda/
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2.3.4 TTP alters levels of key cell cycle regulators but not via mRNA destabilization 

TTP attenuated several tumorigenic phenotypes in MDA-MB-231 cells including 

proliferation, tumorsphere formation, and migration.  Our next objective was to identify 

mechanisms by which TTP mediates these functions.  TTP-induced accumulation of 

MDA-MB-231 cells in G1 (Figure 2-1d) suggested that this protein might modulate 

levels of select cell cycle regulatory factors.  Western blots indicated that the cyclin-

dependent kinases CDK1 and CDK2 were upregulated in TTP-expressing cells while the 

cell cycle inhibitor p21 and G1/S-checkpoint regulatory proteins cyclin D1 and cyclin E 

were strongly suppressed (Figure 2-4A).  Furthermore, the pro-proliferative factor c-Myc, 

which promotes progression at several stages of the cell cycle, was also potently 

downregulated in MDA/TTP cells.   

 

Figure 2-3. Effect of TTP expression on cell migration and invasion in MDA-MB-231 cells. (A) 

Wound healing assays comparing the migratory potential of MDA/Tet-Off and MDA/TTP cl2 cells 

performed in medium containing 2% FBS over 12 hours.  (B) Cell migration through a membrane (8 

µm average pore size) towards a chemoattractant (10% FBS) was measured over 24 hours using the 

xCELLigence RTCA platform.  Each point represents the mean ± SD cell index across 4 independent 

samples.  (C) Measurements of cell invasiveness through Matrigel using the xCELLigence system 

showing mean ± SD cell index values taken from 4 independent samples. 
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Since suppression of cyclin D1, cyclin E, and c-Myc were most consistent with 

restricting the cell cycle at G1/S, the next objective was to identify the mechanism(s) 

downregulating them in TTP-expressing cells.  Cyclin E, cyclin D1 and c-myc mRNAs 

all contain ARE-like sequences, and cyclin D1 and c-myc mRNAs are both targeted and 

destabilized by TTP in glioblastoma cells (55).  Accordingly, the trivial hypothesis was 

that TTP suppressed expression of these genes by targeting their mRNAs for decay.  

 

Figure 2-4. Changes in protein level, mRNA level, and mRNA decay rate of cell cycle regulatory 

factors upon TTP expression in MDA-MB-231 cells. (A) Western blots comparing levels of key cell 

cycle regulatory proteins in MDA/Tet-Off vs. MDA/TTP cl2 cells.  The legend (right) indicates the 

principal cell cycle stage(s) normally associated with each listed factor.  (B) Relative steady-state levels 

of cyclinD1, c-myc and cyclin E mRNAs measured by qRT-PCR using GAPDH mRNA as a loading 

control.  Bars represent the mean ± SD values from three independent cell samples.  Results for each 

mRNA are normalized to expression in MDA/Tet-Off cells.  (C) Representative actinomycin D (actD) 

time course assays measuring c-myc and cyclin D1 mRNA decay kinetics in indicated MDA-MB-231 

clonal lines.  mRNA levels were measured at time points following actD treatment by qRT-PCR, and 

associated mRNA decay kinetics were resolved by nonlinear regression to a first-order decay model 

(lines).  Compiling data from independent replicate experiments yielded cyclin D1 mRNA half-lives 

(t1/2) of 4.1 ± 0.8 h (n = 4) in MDA/Tet-Off cells and 4.2 ± 0.5 h (n = 4) in MDA/TTP cells).  For c-myc 

mRNA, t1/2 = 0.60 ± 0.01 h (n = 4) in MDA/Tet-Off cells and 0.91 ± 0.31 h (n = 5) in MDA/TTP cells. 
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However, TTP had no effect on cyclin E or c-myc mRNA levels in MDA-MB-231 cells 

and cyclin D1 mRNA was modestly induced in the TTP-expressing line (Figure 2-4B), 

indicating that TTP did not suppress expression of these proteins by decreasing their 

steady-state mRNA levels.  This observation raised two mechanistic possibilities: [i] that 

TTP-dependent destabilization of these mRNAs was compensated by increased 

transcription, or [ii] that TTP does not destabilize these substrates in MDA-MB-231 cells.  

To distinguish between these models, the half-lives (t1/2) of cyclin D1 and c-myc mRNAs 

were measured using actinomycin D (actD) time course assays.  Neither transcript 

displayed significant differences in decay kinetics as a result of TTP expression (Figure 

2-4C), demonstrating that TTP does not destabilize these mRNAs in this cell background. 

 

2.3.5 Constitutive ERK activity in MDA-MB-231 cells inhibits the mRNA-

destabilizing function of TTP 

TTP activity can be regulated through the ERK and p38 MAP kinase pathways 

(42, 57, 217).  Both ERK and p38MAPK are constitutively active in MDA-MB-231 cells as 

well as many other cancers and cancer cell lines (218-221).  To test whether ERK and/or 

p38MAPK inhibit the mRNA-destabilizing function of TTP in MDA/TTP cells, we 

measured the effect of the MEK inhibitor U0126 and the p38MAPK inhibitor SB203580 on 

the decay kinetics of VEGF mRNA, one of the best-characterized and most clinically 

relevant substrates of TTP (60, 90, 116, 117).  Western blots verified that ERK 

phosphorylation and p38MAPK kinase activity were abrogated in cells treated with 

applicable inhibitors (Figure 2-5A).  In vehicle-treated MDA/Tet-Off and MDA/TTP 

cells, VEGF mRNA decayed at essentially identical rates (Figure 2-5B; Table 2-3), 
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Figure 2-5. TTP mRNA binding and destabilization following MAPK inhibitors in MDA-MB-231 

cells. (A) (left) Western blot analyses of FLAG-TTP, phospho-ERK (P-ERK), and total ERK levels in 

MDA/TTP cl2 cells treated with U0126 (5 µM, 6 h) or a vehicle control (DMSO).  (right) Western 

blots showing levels of FLAG-TTP, phospho-p38MAPK (P-p38), total p38MAPK, and the phosphorylated 

p38MAPK substrate MAPKAPK-2 in MDA/TTP cl2 cells treated with SB203580 (5 µM, 6 h) or a vehicle 

control (DMSO).  (B) Act D time course assays were performed as described in Figure 2-4D but 

measuring VEGF mRNA decay kinetics in MDA/Tet-Off (left) and MDA/TTP cl2 (right) cells 

following 6 h pre-treatment with 5 µM U0126 (open circles, dashed line), 5 µM SB203580 (triangles, 

dotted line), or DMSO vehicle control (solid circles, solid line).  Representative mRNA decay plots are 

shown.  Compiled mRNA half-lives from independent replicate experiments are listed in Table 2-3.  

(C) Nuclear and cytoplasmic extracts were prepared from MDA/TTP cl2 cells treated with U0126 (5 

µM) or a vehicle control (DMSO) for 6 hours.  The subcellular distribution of FLAG-TTP was then 

determined by Western blot analyses of equal cellular equivalents of each fraction.  Distributions of 

lamin B and lactate dehydrogenase (LDH) were also analyzed as representative nuclear and 

cytoplasmic proteins, respectively.  (D) Biotin-RNA pulldown assays testing the RNA-binding activity 

of FLAG-TTP from extracts of MDA-MB-231 cells that had been treated with U0126 (5 µM) or 

vehicle control (DMSO) for 6 hours prior to cell lysis.  B-ARE is a biotin-tagged probe spanning the 

core ARE from TNFα mRNA, a well-characterized high affinity TTP ligand (38), while B-Rβ is a non-

ARE substrate encoding a fragment of the rabbit β-globin coding sequence.  “Input” lanes were loaded 

with 1 µg of indicated cytoplasmic lysates. 
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consistent with the inability of TTP to destabilize cyclin D1 or c-myc mRNAs (Figure 2-

4C) in the MDA-MB-231 background.  Inhibiting p38MAPK did not impact VEGF mRNA 

decay in either cell model, while inhibiting ERK signaling had no effect on VEGF 

mRNA turnover in MDA/Tet-Off cells.  However, in MDA/TTP cells treated with the 

MEK inhibitor, VEGF mRNA was destabilized by almost 2-fold (Figure 2-5B; Table 2-

3).  Together, these data show that the canonical mRNA-destabilizing function of TTP is 

inactivated in MDA-MB-231 cells as a result of constitutive ERK but not p38MAPK 

signaling.  

 It has been proposed that TTP phosphorylation may inhibit its mRNA-

destabilizing activity by promoting nuclear sequestration (41).  However, fractionation 

experiments indicated that the principally cytoplasmic distribution of FLAG-TTP in 

MDA-MB-231 cells is unaffected by ERK inhibition (Figure 2-5C).  Alternatively, TTP 

phosphorylation may inhibit its mRNA-destabilizing function by weakening binding to 

mRNA targets (41) or by promoting association with 14-3-3, which blocks interactions 

with deadenylase complexes (42, 50).  Biotin-RNA pulldown experiments demonstrated 

robust ARE-binding activity for FLAG-TTP produced in MDA-MB-231 cells (Figure 2-

Table 2-3. Effect of MAP kinase inhibitors on VEGF mRNA decay kinetics in MDA-MB-231 cell 

models 

 

Cell line treatmenta t1/2 (h)b n 
    

MDA/Tet-Off DMSO 3.32 ± 0.35 5 

 U0126 3.20 ± 0.54 5 

 SB203580 2.96 ± 0.31 3 

    

MDA/TTP cl2 DMSO 3.34 ± 0.33 4 

 U0126 1.87 ± 0.25* 4 

 SB203580 3.77 ± 0.30 3 
 

aCells were treated with U1026 (5 μM), SB203580 (5 µM), or an equivalent volume of DMSO for 6 h 

at 37 °C prior to inhibition of transcription with actD.   
bVEGF mRNA half-lives were resolved using actD time course assays as shown in Figure 2-5B and are 

listed as the mean ± SD of n independent time course experiments.  *P = 0.0004 vs. MDA/TTP cl2 

vehicle control. 
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5D); similar results were observed using extracts from MEK inhibitor-treated cells.  

These data indicate that TTP produced in MDA-MB-231 cells retains its RNA-binding 

activity regardless of ERK-dependent phosphorylation events, but that it does not initiate 

decay of targeted transcripts.  

 

2.3.6 TTP tumor suppressor functions in MDA-MB-231 cells are independent of 

mRNA binding 

Given that TTP produced in MDA-MB-231 cells can bind RNA substrates but 

cannot accelerate their decay, and yet still attenuates several pro-tumorigenic phenotypes, 

prompted the question of whether TTP’s RNA-binding activity is even required for its 

tumor suppressive functions.  To answer this question an MDA/Tet-Off clonal line was 

developed that stably expressed a TTP mutant termed FLAG-TTP C147R.  The C147R 

mutation abolishes RNA-binding by disrupting a Zn2+-coordinating residue within the C-

terminal zinc finger domain (60, 207, 222).  Biotin-RNA pulldown experiments did not 

detect RNA binding by FLAG-TTP C147R expressed in MDA-MB-231 cells (Figure 2-

6A).  However, FLAG-TTP C147R in MDA-MB-231 cells did induce many of the same 

tumor suppressive phenotypes observed with wild type TTP.  First, cyclin D1 and c-Myc 

protein levels were substantially reduced relative to MDA/Tet-Off cells (Figure 2-6B).  

Second, MDA/TTP C147R cells proliferated more slowly than MDA/Tet-Off cells 

(Figure 2-6C), exhibiting a growth rate similar to the MDA/TTP lines (Figure 2-1B).  

Third, MDA/TTP C147R cells formed tumorspheres at significantly lower frequency 

than MDA/Tet-Off cells (Figure 2-6D).  Finally, wound healing assays indicated that the 

C147R mutant attenuated cell migration (Figure 2-6E).  Cumulatively, these data indicate 
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Figure 2-6. Effect of TTP mRNA-binding-deficient mutant on cancer phenotypes in MDA-MB-

231 cells. (A) Biotin-RNA pulldown experiments assessing RNA binding by FLAG-TTP and the 

C147R mutant expressed in MDA-MB-231 cells, performed as described in Fig. 2-5D.  (B) Western 

blot analyses of cyclin D1 and c-Myc protein levels in MDA/Tet-Off and MDA/TTP C147R cells 

normalized to GAPDH.  (C) MTT assays measuring proliferation of MDA/Tet-Off and MDA/TTP 

C147R cell cultures.  *P < 0.001 vs. MDA/Tet-Off.  (D) The number of tumorspheres (>50 µm) formed 

from indicated cell models per 1000 cells seeded.  *P < 0.0005 vs. MDA/Tet-Off.  (E) Wound healing 

assays comparing migration of MDA/Tet-Off and MDA/TTP C147R cells performed as described in 

Fig. 2-3A. 
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that TTP does not require RNA-binding activity to suppress several tumorigenic 

phenotypes in MDA-MB-231 cells, and by extension, that TTP must function in this cell 

model through an as yet uncharacterized mechanism.  

 

2.3.7 TTP activates proteasome-dependent degradation of c-Myc and cyclin D1 

proteins in MDA-MB-231 cells 

 To identify mechanisms by which TTP might exert its tumor suppressive effects 

independent of mRNA decay we returned to the diminution of c-Myc and cyclin D1 

protein levels observed in TTP-expressing cells (Figure 2-4A).  TTP did not decrease the 

steady-state levels or stability of c-myc or cyclin D1 mRNAs (Figures 2-4B and C) 

indicating that protein abundance must be reduced via translational inhibition and/or 

accelerated protein turnover.  Since c-Myc protein is abnormally stable in many breast 

cancers and cell lines including MDA-MB-231 (223), cycloheximide (CHX) time course 

assays were used to compare c-Myc and cyclin D1 protein turnover rates.  In the absence 

of TTP, c-Myc protein was stable, remaining abundantly detected even three hours after 

translational arrest (Figure 2-7A).  By contrast, c-Myc was essentially undetectable as 

quickly as one hour after CHX administration in TTP-expressing cells.  Cyclin D1 

protein decayed more rapidly than c-Myc in MDA/Tet-Off cells but was still detectable 

following 2-3 hours of CHX treatment, whereas in MDA/TTP cells cyclin D1 was 

undetectable as early as one hour after translational arrest.  Together these data indicate 

that TTP suppresses c-Myc and cyclin D1 protein levels by accelerating their turnover in 

MDA-MB-231 cells.  
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c-Myc protein is degraded through two major pathways, one directed to the 

proteasome and the other by calpains (224, 225).  To determine which was regulated by 

TTP, cellular c-Myc protein levels were measured following treatment with inhibitors of 

calpains (calpeptin) or the proteasome (MG132).  In MDA/Tet-Off cells, c-Myc levels 

increased after treatment with calpeptin but not MG132 (Figure 2-7B), suggesting that 

the calpain pathway was principally responsible for c-Myc protein turnover.  In cells 

expressing TTP, calpeptin had minimal effect on c-Myc levels.  However, treating 

MDA/TTP cells with MG132 resulted in extremely robust accumulation of high 

molecular weight immunoreactive species consistent with polyubiquitinated c-Myc 

 

Figure 2-7. c-Myc and Cyclin D1 Protein turnover in MDA-MB-231 cells upon TTP expression. 
(A) Levels of c-Myc and cyclin D1 proteins measured by Western blot at select times following 

inhibition of translation using CHX (3 μM) with GAPDH as a loading control.   (B) Western blot 

analysis of c-Myc protein from MDA/Tet-Off and MDA/TTP cl2 cells following treatment with 

calpeptin (40 μM), MG132 (5 μM) or vehicle control for 6 hours. (C) Cyclin D1 protein from indicated 

cell sources analyzed by Western blot following treatment with MG132 (5 μM) or vehicle for 6 hours. 
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(Figure 2-7B), and supporting a model whereby TTP promotes rapid degradation of c-

Myc protein by a proteasome-dependent mechanism.  Similarly, cyclin D1 and higher 

molecular weight forms accumulated in MG132-treated MDA/TTP cells (Figure 2-7C), 

suggesting that a comparable mechanism is responsible for TTP-induced suppression of 

cyclin D1 expression. 

 

Discussion 

Tumor suppressive roles for TTP have been identified in multiple cancer cell 

models (described under Introduction), generally following a paradigm whereby TTP-

directed destabilization of one or a few mRNAs decreases production of factor(s) that 

drive an important pro-tumor phenotype.  Curiously, the spectrum of reported TTP-

responsive tumor cell properties covers much of the current “Hallmarks of Cancer” 

template (1), prompting the question of whether TTP might coordinately regulate 

multiple tumor-promoting pathways in a single cell type.  Here, we demonstrate that TTP 

attenuates several tumorigenic phenotypes in the metastatic TNBC cell model MDA-MB-

231 including proliferation, migration, and stem-like behavior, accompanied by 

decreased levels of important oncoproteins including c-Myc, cyclin D1, and cyclin E.  

However, TTP did not suppress these factors by accelerating mRNA decay despite their 

identification as TTP substrates in other cell models (55), as constitutive ERK signaling 

inhibited the canonical mRNA-destabilizing function of TTP.  Rather, TTP induces rapid 

degradation of c-Myc and cyclin D1 proteins via a proteasome-dependent mechanism in 

MDA-MB-231 cells.  Finally, the independence of TTP’s tumor suppressor role from its 
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mRNA-destabilizing activity was verified by observations that an RNA binding-defective 

mutant (C147R) also robustly limited several aggressive tumorigenic phenotypes.   

 To our knowledge this is the first evidence linking TTP to a protein degradation 

mechanism, and presents several interesting questions.  Could phosphorylation event(s) 

switch TTP from mRNA-destabilizing to alternative regulatory roles?  What mechanisms 

link TTP to accelerated protein turnover in MDA-MB-231 cells?  Conceptually, TTP 

could alter the levels or activity of select E3 ubiquitin ligases or deubiquitinases, or 

specific kinases/phosphatases that prime protein targets for ubiquitination (226, 227).  

Since the consequences of TTP on tumorigenic phenotypes and select biomarkers were 

independent of its RNA-binding activity, we predict that this alternative regulatory mode 

likely involves protein:protein contacts.  However, we cannot rule out the possibility that 

mutant or wild type TTP functions may be coupled indirectly to RNA substrates via TTP-

interacting RNA-binding factors such as p45AUF1 or mRNA decapping/deadenylating 

complexes (35, 36, 228).  

  Beyond our discovery that TTP can promote protein turnover, other non-

canonical TTP functions have also been reported.  In MCF-7 cells, TTP reduced 

proliferation and tumor growth by interacting with ERα.  Subsequent recruitment of TTP 

to ERα-targeted promoters repressed transcription by attenuating SRC-1 co-regulator 

activity and recruiting histone deacetylases (175).  TTP can also suppress transcription of 

NF-κB-regulated genes by blocking nuclear translocation of the NF-κB p65 and c-Rel 

subunits (176, 177), a mechanism by which TTP limits transcription of IL-12 in 

macrophages (176).  As a TBNC line MDA-MB-231 cells do not express ERα, however, 
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we cannot yet discount the possibility that inhibition of NF-κB may contribute to some of 

TTP’s tumor suppressive effects in this cell model.  

While TTP substantially reduced MDA-MB-231 cell migration in both wound 

healing and RTCA-based assays, we were surprised that TTP did not affect invasiveness 

through Matrigel (Figure 2-3C).  Changes in cell migration and invasiveness often occur 

concomitantly, however, a growing body of literature describes circumstances where 

these phenotypes can be uncoupled (229-232).  Although TTP was previously reported to 

inhibit MDA-MB-231 invasiveness by destabilizing mRNAs encoding select pro-

invasive factors (136), two key differences between the former study and ours may have 

contributed to this apparent discrepancy.  First, our cell models use stably integrated 

vectors that express TTP at physiologically-relevant levels in cultured cell lines (60), 

while evidence for TTP-inhibited invasiveness was observed using transiently transfected 

cells that may have expressed TTP at much different levels.  The consequences of TTP 

on mRNA turnover could conceivably be dose-dependent, particularly at high 

concentrations where a subpopulation might evade constitutively active kinases.  Dosage 

differences may similarly account for findings in the previous report that mRNAs 

encoding pro-invasiveness factors including MMP1 and uPAR were downregulated in 

MDA-MB-231 cells transfected with TTP (136), transcripts that were not suppressed by 

TTP in our cell models (Figure 2-8).  Whether TTP destabilized these mRNAs in MDA-

MB-231 cells in the previous study remains unknown, since mRNA decay was measured 

in murine embryonic fibroblasts where TTP has robust mRNA-destabilizing function (60, 

97, 154, 207).  However, an alternative hypothesis is that high TTP levels might 

transcriptionally limit expression of these invasiveness factors since each is positively 
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regulated by NF-κB in diverse cell contexts (233-237) and TTP can inhibit NF-κB 

activation (described above).  A second key difference is that the previous study used a 

luciferase reporter to detect cells traversing the Matrigel barrier, while we used an RTCA 

system that does not rely on reporter expression.  Given the effect of TTP on cyclin D1 

and c-Myc protein turnover in MDA-MB-231 cells (Figure 2-7), we tested whether 

luciferase protein might be similarly affected by comparing levels of luciferase mRNA 

and protein in our cell models.  Firefly luciferase activity was suppressed by over 85% in 

MDA/TTP cells relative to MDA/Tet-Off when normalized to mRNA levels (Figure 2-9).  

This phenomenon was not limited to firefly luciferase, as TTP also decreased EGFP 

protein levels when normalized to EGFP mRNA.  By contrast, Renilla luciferase activity 

was modestly increased relative to its mRNA in MDA/TTP cells.  These data suggest that 

some reporter proteins, including firefly luciferase, may also be destabilized in TTP-

expressing cells, which would accordingly underestimate cell numbers when used in this 

context.  

 

Figure 2-8. Steady state levels of MMP1 and uPAR mRNAs in MDA-MB-231 cells upon TTP 

expression. Relative steady-state levels of uPAR and MMP1 mRNAs in indicated cell lines measured 

by qRT-PCR using GAPDH mRNA as a loading control.  Bars represent the mean ± SD values from 

three independent cell samples.  Results for each mRNA are normalized to expression in MDA-MB-

231 cells. 
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Beyond revealing new phenotypic and molecular consequences of TTP 

expression in an aggressive cancer cell model, the current study also highlights how TTP 

can mediate diverse functions across different cancer cell types.  In MDA-MB-231 cells, 

the canonical mRNA-destabilizing activity of TTP is inactivated by constitutive ERK 

signaling, a phenomenon common to many cancers (238).  Conversely, ectopically 

expressed TTP destabilizes mRNA targets in many other cell models including HeLa 

(human cervical adenocarcinoma), U87MG (human glioblastoma), PC3 (human prostate 

cancer), and several others (60, 195, 213, 239).  In each of these cases, TTP expression 

correlates with suppression of select tumorigenic phenotypes, but these can vary from 

one cell model to another.  We suggest that tissue-specific differences in TTP 

phosphorylation may provide a molecular basis for some of these distinctions.  

 

Figure 2-9 Effect of TTP expression on reporter protein levels normalized to reporter mRNA in 

MDA-MB-231 cells. Comparisons of protein:mRNA ratios for select reporter genes in MDA/Tet-Off 

vs. MDA/TTP cell backgrounds.  Plasmid pGL3-promoter (Promega) was co-transfected with pRL-

GAPDH (Renilla luciferase driven by human minimal GAPDH promoter) or pEGFP-C1 (Clontech) 

into indicated cell lines.  Firefly and Renilla luciferase activities were measured using the Dual 

Luciferase Assay kit (Promega) and EGFP protein levels by Western blot.  All mRNAs were quantified 

by qRT-PCR using primer sets listed in Supplemental Table S2 and DNA-free total RNA samples 

purified using the NucleoSpin RNA II kit (Clontech).  For each reporter, the ratio of protein:mRNA in 

each cell model was calculated and normalized to the ratio in MDA/Tet-Off cells.  Bars indicate the 

mean ± SEM ratios across ≥4 independent experiments. *P < 0.05 vs. MDA/Tet-Off, **P < 0.001 vs. 

MDA/Tet-Off. 
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Regulation of TTP by the p38MAPK and ERK pathways has been described (41, 42, 44, 

51), but the identification of at least 10 distinct phosphorylation sites by 

phosphoproteomic analysis (240) suggests that additional kinases may also target this 

factor.  An elegant example highlighting the impact of TTP phosphorylation on its tumor 

suppressive properties was recently described in glioma cells, where a phospho-null TTP 

mutant showed enhanced tumor suppressive properties relative to the wild type protein 

(203).  Together, these findings argue that TTP must mediate its tumor suppressor 

functions by at least two distinct mechanisms.  First, the canonical ARE-binding, mRNA-

destabilizing activity of TTP can repress expression of multiple tumor-promoting factors, 

but is subject to inactivation by protein kinases which are commonly active in aggressive 

tumors.  Second, the activation of a protein turnover pathway targeting a subset of cell 

cycle regulatory proteins (and potentially more) that is independent of TTP’s RNA-

binding functions.  Added to these are emerging roles in repression of transcription factor 

function that cumulatively present some intriguing questions.  Do these activities of TTP 

function simultaneously?  Do they function additively or synergistically in suppressing 

tumor development?  Are they differentially activated in response to specific 

phosphorylation events, other post-translational modifications, or even the presence of 

ancillary protein partners?  This diversity of new functional modalities for TTP will 

prompt many mechanistic and regulatory questions, and possibly present new 

opportunities to exploit TTP as a therapeutically useful target, even in cell types where its 

canonical functions are disabled. 
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Chapter 3 

TTP antagonizes a Myc-like transcriptional program in MDA-MB-231 

cells, but Myc downregulation is not sufficient to phenocopy the 

pleotropic tumor suppressive properties of TTP 

 

3.1 Introduction 

TTP is a protein expressed in a variety of tissues, and is perhaps best known for 

functioning as an immunosuppressant.  Through use of a tandem zinc finger domain, TTP 

binds mRNAs containing AREs in their 3’-untranslated regions, and by recruiting 

decapping enzymes and 3’ and 5’ exonucleases, TTP targets these mRNAs for 

degradation (35, 197, 198).  Many TTP substrate mRNAs have been identified, including 

several that encode key regulators of inflammation such as TNFα and IL-6, but more 

recently numerous factors that regulate specific tumorigenic phenotypes like cell 

proliferation, differentiation, and angiogenesis have also been shown to be regulated by 

TTP.  This latter group of TTP-targeted mRNAs includes those encoding c-Myc, cyclin 

D1, VEGF, COX-2, and HIF-1α (32, 55, 90, 95, 116, 126, 199).  

TTP expression is frequently suppressed across a wide range of human cancers 

and cancer cell lines relative to non-transformed tissues (60, 61).  TTP mRNA levels 

correlate inversely with tumor stage and low tumor TTP expression at tumorectomy is a 

poor prognostic indicator in breast cancer patients (60, 135, 204).  While relatively little 

is known about specific cellular mechanisms regulated by TTP in breast cancer, analysis 

of cancer cell characteristics in culture has revealed a tumor suppressive role.  For 

example, in a Ras-driven mouse breast tumor line, loss of TTP promoted EMT and lung 
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metastases (135), while overexpressing TTP in the human metastatic TNBC line MDA-

MB-231 potently inhibited several tumorigenic phenotypes including proliferation, 

migration, stemness, and tumor growth in a xenograft model (Chapter 2).   

In MDA-MB-231 cells, diminution of aggressive phenotypes is induced in the 

absence of TTP’s canonical mRNA-destabilizing function due to constitutive activity of 

the ERK MAPK pathway in this cell line.  Furthermore, parallel experiments using an 

mRNA-binding-defective TTP mutant (C147R) revealed that the tumor suppressive 

effects of TTP are independent of its mRNA-binding activity in this cell model.  

Intriguingly, TTP expression accelerated the proteasome-dependent turnover of specific 

oncogenic proteins in MDA-MB-231 cells, in particular cyclin D1 and c-Myc.  However, 

the biochemical events that link TTP to either the enhanced degradation of select proteins 

or the suppression of pro-tumorigenic phenotypes in MDA-MB-231 cells remain 

unknown.  

In order to identify mechanisms by which TTP might mediate its tumor 

suppressive roles in MDA-MB-231 cells we employed microarrays as an unbiased means 

to prioritize subsets of genes that may link TTP expression to downstream cellular events.  

By comparing the consequences of expressing wild type versus C147R mutant forms of 

TTP across the MDA-MB-231 cell transcriptome we were able to discriminate distinct 

changes in transcript levels that either: [i] required, or [ii] were independent of TTP’s 

RNA-binding activity.  While this approach does not address regulation at translational or 

post-translational levels of gene expression, it can identify putative pathways and gene 

regulatory networks driven by c-Myc and other transcription factors that may account for 

alterations in cellular phenotypes.  
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Overexpression of the c-myc (MYC) gene occurs in many high-grade 

malignancies and invasive tumors, and is a negative prognostic indicator (241).  It 

encodes a transcription factor that is believed to regulate synthesis of as much as 15% of 

the human transcriptome (163).  The population of genes known to be regulated by c-

Myc includes many that encode proteins involved in promoting cell proliferation, 

survival, and angiogenesis, as well as factors that block differentiation and induce 

genomic instability.  In this manner, overexpression of c-Myc can directly re-program an 

extensive transcriptional regulatory network and drive neoplastic transformation (7, 242).  

Based on our finding that expressing TTP in MDA-MB-231 cells lowers c-Myc 

protein levels, we hypothesized that TTP-induced changes in tumorigenic phenotypes 

may be due to the reprograming of c-Myc-regulated gene expression.  Here, we show that 

TTP antagonizes a Myc-like transcriptional program in MDA-MB-231 cells, but that 

Myc downregulation alone is not sufficient to phenocopy the pleotropic tumor 

suppressive or gene regulatory consequences of TTP expression. 

 

3.2 Materials and methods 

3.2.1 Reagents 

Antibody to GAPDH (G9295) was from Sigma (St. Louis, Missouri, USA), and 

antibody to c-Myc (5605) was from Cell Signaling Technology (Danvers, Massachusetts, 

USA). 

 

3.2.2 Cell culture 

 MDA/Tet-Off, MDA/FLAG-TTP and MDA/FLAG-TTP-C147R lines were 

created and cultured as described in Chapter 2.  MDA/TetOff-shLuc and MDA/TetOff-
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shMyc lines were generated by transfecting MDA/Tet-Off cells with plasmids pLKO-

shLuc (Sigma, SHC007) and pLKO-shMyc (Thermo, clone ID: TRCN0000039642), 

respectively, then selecting in 0.5 µg/ml puromycin (Sigma) and maintaining at 37 °C 

and 5% CO2 in DMEM (Life Technologies, Grand Island, NY, USA) supplemented with 

10% fetal calf serum (FCS; Atlanta Biologicals, Norcross, GA, USA), 400 µg/ml G148 

(Mediatech, Manassas, VA, USA) and 0.5 µg/ml puromycin.  Western blots were used to 

screen isolated shMyc clones and only clones that suppressed c-Myc protein by > 80% in 

response to 2 μg/ml Dox (Sigma) treatment were retained. 

 

3.2.3 Microarray analysis  

Total RNA was isolated in biological quadruplicate from the MDA-MB-231 

clonal lines MDA/Tet-Off, MDA/FLAG-TTP, and MDA/FLAG-TTP-C147R using 

Trizol reagent (Life Technologies) according to the manufacturer’s instructions.  The 

quality of each RNA preparation was assessed using an Agilent Bioanalyzer, and then 

labeled using the Ambion Illumina TotalPrep RNA Amplification Kit (Life 

Technologies) to create biotinylated, amplified RNA (aRNA).  Briefly, reverse 

transcription was performed from an oligo(dT) primer bearing a T7 promoter using 

ArrayScript™ to synthesize virtually full-length cDNA, which then underwent second 

strand synthesis and cleanup to become a template for in vitro transcription with T7 RNA 

polymerase.  In vitro transcription generates hundreds to thousands of biotinylated, 

antisense RNA copies of each mRNA in a sample.  Finally, aRNA from each sample was 

denatured and hybridized to Illumina Sentrix Human HT-12 v4 Expression Beadchips 

(Illumina, San Diego, CA) following the manufacturer’s protocols.  The hybridized 
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aRNA was then incubated with a Cy3-streptavidin label, and the resulting fluorescence 

intensity at each array position read using an Illumina iScan array reader.  The content of 

the Illumina Sentrix Human HT-12 v4 Expression Beadchip chip provides genome-wide 

transcript coverage of well-characterized genes, gene candidates, and splice variants 

using  more than 47,000 probes derived from the National Center for Biotechnology 

Information Reference Sequence (NCBI) RefSeq Release 38 (November 7, 2009) and 

other sources.  

 

Z Score: The Z score transformation was used to normalize fluorescence intensity levels 

for individual transcripts to permit comparisons between arrays.  This approach corrects 

data internally within a single array by expressing hybridization values for individual 

genes as a unit of standard deviation (SD) from the normalized mean calculated from all 

fluorescence signals across the array.  Briefly, hybridization signals from each array were 

converted into raw intensity values and log10 transformed.  Z scores were then calculated 

by subtracting the overall average gene intensity (across a single array) from the raw 

intensity for each individual gene, then dividing by the SD calculated across all measured 

intensities according to the formula:  

Z score = (intensityG – mean intensityG1…Gn)/SDG1…Gn, 

where G is any gene on the microarray and G1… Gn represent the aggregate parameters 

across all arrayed genes (243). 

 

Z ratio: Z ratios were used to identify significant changes in levels of specific mRNAs 

between samples.  Z ratios were calculated for each arrayed gene individually by taking 
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the difference between the Z score averages between replicates of different experimental 

conditions, and dividing by the SD of differences in Z scores across the array:  

Z ratio = [(Z scoreG1-ave)A – (Z scoreG1-ave)B ]/SD of Z score differencesG1…Gn 

where G1 represents the average Z score for any particular gene being tested under 

multiple experimental conditions (in this case, A versus B) and G1… Gn represents the 

aggregate Z score comparisons between conditions A and B across all genes on the array.  

Calculated Z ratios have the advantage that they can be used in multiple comparisons 

without further reference to the individual conditional standard deviations by which they 

were derived (243).  A Z ratio of ± 1.96 is inferred as significant (P < 0.05), although 

empirical observation has shown consistent results with Z ratio values of ± 1.50 or 

greater (243).  For this study, levels of individual RNAs were considered to be 

significantly changed if they exhibited Z ratios < -1.5 or > 1.5 between datasets and 

signal intensity differences yielding P < 0.05.  

 

3.2.4 Pathway analysis  

 Two complementary approaches were used to identify candidate gene pathways 

that were significantly up- or down-regulated between RNA populations.  First, 

parametric analysis of gene set enrichment (PAGE) was performed using a list of 

pathways obtained from http://www.broad.mit.edu/gsea/msigdb/msigdb_index.html (C2 

collection).  Our expression data was tested for gene set enrichment using the PAGE 

method as previously described (244).  Briefly, for each pathway a separate Z score 

(Zpathway) was computed as follows: 
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Z score𝑝𝑎𝑡ℎ𝑤𝑎𝑦
𝑎𝑟𝑟𝑎𝑦

=
(𝜇𝑍 𝑟𝑎𝑡𝑖𝑜

𝑝𝑎𝑡ℎ𝑤𝑎𝑦
− 𝜇𝑍 𝑟𝑎𝑡𝑖𝑜

𝑎𝑟𝑟𝑎𝑦
) ∙ √𝑛𝑎𝑟𝑟𝑎𝑦

𝑝𝑎𝑡ℎ𝑤𝑎𝑦

𝜎𝑍 𝑟𝑎𝑡𝑖𝑜
𝑎𝑟𝑟𝑎𝑦 , where 

𝜇𝑍 𝑟𝑎𝑡𝑖𝑜
𝑝𝑎𝑡ℎ𝑤𝑎𝑦

= mean value of Z ratios within a pathway 

𝜇𝑍 𝑟𝑎𝑡𝑖𝑜
𝑎𝑟𝑟𝑎𝑦

= mean value of Z ratios over the array 

𝑛𝑎𝑟𝑟𝑎𝑦
𝑝𝑎𝑡ℎ𝑤𝑎𝑦

= number of genes in pathway on the array 

𝜎𝑍 𝑟𝑎𝑡𝑖𝑜
𝑎𝑟𝑟𝑎𝑦

= standard deviation of Z ratio on the array 

 

For each Zpathway a P value defining the probability that the enrichment of differentially 

regulated genes in that pathway was nonrandom was computed in statistical software 

JMP 11.0.  This tool is part of the microarray analysis platform DIANE 6.0, and is 

described at: http://www.grc.nia.nih.gov/branches/rrb/dna/diane_software.pdf. 

 In parallel, the National Cancer Institute Pathway Interaction Database (NCI-PID) 

(245) was used to identify pathways that were significantly altered in both the 

MDA/FLAG-TTP and MDA/FLAG-TTP-C147R lines relative to the parental MDA/Tet-

Off cell model.  Using the NCI-PID batch query web page 

http://pid.nci.nih.gov/search/batch_query.shtml, genes with Z ratios of -3 > Z ratio > 3 

were input as two separate groups termed “downregulated” for Z < -3, and “upregulated” 

for Z > 3.  The following settings were selected: View – Pathways, Data source – NCI-

Nature curated, and Output format – JPEG.  This generated a list of differentially 

regulated pathway candidates, with each substituent gene listed and separated by group 

(i.e., up- versus down-regulated).  The pathways are ranked by the probability that the 

fraction of substituent genes included in query lists are nonrandom, and are assigned P 

values accordingly.  The lower the P value, the greater the probability that the query list 

http://www.grc.nia.nih.gov/branches/rrb/dna/diane_software.pdf
http://pid.nci.nih.gov/search/batch_query.shtml
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is biased towards a given pathway.  The parameters for generating each P value are the 

size of the query set, the number of biomolecules in a given pathway and the number of 

molecules in the database as a whole.  

 

3.2.5 Protein and mRNA analysis 

Comparisons of protein levels from whole cell lysates were performed using 

Western blots as described in Chapter 2.  Levels of specific mRNAs were compared by 

quantitative reverse-transcription PCR (qRT-PCR) detected with SYBR Green as 

described (207) using the primer sets in Table 3-1.  Each mRNA was measured in 

quadruplicate qRT-PCR reactions from each RNA sample normalized to GAPDH 

mRNA, and then averaged across biological replicates and expressed as the mean ± SD. 

 

3.2.6 Assessment of tumor cell phenotypes 

Proliferation assays: Cell viability was measured using the MTT Cell Proliferation 

Assay (ATCC) according to the manufacturer’s instructions.   

Tumorsphere formation assays: Cells were harvested in trypsin, washed twice in 

phosphate-buffered saline (PBS), then resuspended in serum-free DMEM and grown in 

24-well Ultra Low Attachment plates (Corning) for four days.  Cell aggregates with 

diameters >50 μm were scored as tumorspheres as described (210).  

Migration assays: Wound healing assays were performed by plating cells at 75% 

confluence then culturing in DMEM + 2% FBS for 24 h.  Once cells reached 100% 

confluence they were scratched using a sterile 200 μl pipet tip and imaged using phase-

contrast microscopy after 0 and 12 hours.   
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Table 3-1.  qRT-PCR primer sets 

DNA oligo sequence (5’ to 3’) 

cyclin D1 SYBR  primer set 

forward CGCCTCACACGCTTCCTCTC 

reverse GTCCACCTCCTCCTCCTCCTC 

  

BMI1 SYBR primer set 

forward TTTCATTGTCTTTTCCGCCCGC 

reverse CCTCCACAAAGCACACACATCAG 

  

CAD SYBR primer set 

forward GTCCTTGGCTCTGGCGTCTAC 

reverse GTCGGTGCTGACTGTCTCTGG 

  

CCL5 SYBR primer set 

forward CCCTGCTGCTTTGCCTACATTG 

reverse GCCAGACTTGCTGTCCCTCTC 

 

DKK1 SYBR primer set 

forward GGGCGGGAATAAGTACCAGACC 

reverse GGGACTAGCGCAGTACTCATCAG 

  

KAT2A SYBR primer set  

forward TCATCGGTGGCATCTGCTTCC 

reverse GGTGGTTCATCAGGTGGGTCC  

  

GAPDH SYBR primer set 

forward GAGAGTCAGCCGCATCTTC 

reverse ACTCCGACCTTCACCTTCC 

  

PEG10 SYBR primer set 

forward CCCCATCCTTCCTGTCTTCGC 

reverse AGCTGTAGCTTCACTTCTGTGGG 

  

SERPINI1 SYBR primer set 

forward GCGGAGCGGAGCACAGTC 

reverse TTCAAGCCTCCCACACACCTG 

  

TAF12 SYBR primer set 

forward AAGATGTGGAGGAGATGCTGCTG 

reverse AGGGTGCTAGACTTGCGATGC 

  

TJP2 SYBR primer set 

forward  GTTGGCTGGTGGCAATGATGTC 

reverse CATCCTCCCGCACTAATCCTCTG 
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3.2.7 Data analysis and statistics 

Pairwise comparisons of mRNA levels, cell proliferation rates, and tumorsphere 

frequency were performed using the unpaired t test. Differences yielding P < 0.05 were 

considered significant. 

 

3.3 Results 

3.3.1 The ability of TTP to bind RNA differentially alters the transcriptome in 

MDA-MB-231 cells.  

 As we have described previously, exogenous expression of wild type TTP 

(TTPwt) or the RNA-binding-defective mutant C147R suppressed several tumorigenic 

phenotypes in MDA-MB-231 cells (Chapter 2).  Expression of either TTPwt or the 

C147R mutant also reduced cellular levels of the oncogenic transcription factor c-Myc by 

accelerating its degradation via the proteasome.  The concerted modulation of multiple 

cellular phenotypes coupled with depletion of an oncogenic transcription factor that 

regulates a diverse population of genes suggested that the tumor suppressive roles of TTP 

might involve widespread alterations in mRNA levels.  In order to systematically 

characterize transcriptomic changes resulting from TTP expression and to identify 

potential gene families linking TTP to diminution of MDA-MB-231 tumorigenic 

properties, microarray analyses were performed to compare levels of mRNAs across 

MDA/TTP and MDA/TTP-C147R cells relative to the MDA/Tet-Off line.  RNA samples 

were isolated in biological quadruplicate, assessed for quality, and analyzed using 

HumanHT-12 v4 Expression BeadChips.  Hierarchal clustering of all gene intensities 

showed a high degree of reproducibility among replicate RNA samples from each cell 

model (Figure 3-1A).  However, clustering analysis also showed that mRNA profiles in 
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MDA/TTP cells exhibited much higher variance from the parental MDA/Tet-Off line 

than was observed with MDA/TTP-C147R cells.  This result indicates that while the 

MDA/TTP-C147R cells recapitulated the tumor suppressive effects we previously 

measured, the RNA-binding function of TTP enables additional changes in the 

transcriptome.  

 

 Next, specific gene intensities measured across the MDA/TTP and C147R mutant 

cell lines were compared to MDA/TetOff control cells.  In order to identify gene 

populations likely to contribute to the phenotypic changes shared by these lines, we first 

focused on genes that were coordinately regulated in both cell types when compared to 

MDA/TetOff cells, resulting in 298 significantly upregulated and 319 significantly down 

regulated genes (Figure 3-1B).  The 20 genes identified as most significantly up- and 

down-regulated in MDA/TTP and MDA/TTP-C147R cells relative to MDA/Tet-Off are 

 

Figure 3-1. Dendrogram and Venn Diagram of gene expression in MDA-MB-231 TTP and C147R 

expressing cells, and Tet-Off control cells (A) Dendrogram illustrating hierarchal clustering of RNA 

samples analyzed by microarray from MDA/Tet-Off, MDA/TTP, and MDA/TTP C147R. Numbers 1-4 

indicate biological replicate (B) Venn diagram showing the numbers of significantly up- and down-

regulated mRNAs in MDA/TTP or MDA/TTP-C147R cells compared to MDA/Tet-Off cells, based on 

Z ratio cutoffs of < -1.5 or > 1.5 between datasets. 



81 

 

listed in Table 3-2 and Table 3-3, respectively.  Interestingly, several of the genes are 

associated with common cellular processes, suggesting that TTP expression may alter the 

activity of specific pathways at many points.  Furthermore, despite many shared changes 

Table 3-2. Top 20 most significantly upregulated genes by TTP and C147R expression in MDA-

MB-231 cells. 

Symbol SYNONYMS ENTREZ ID 
(Z ratio)  

TTP vs. Tet-OFF 

(Z ratio)  

 C147R vs. Tet-OFF 

THBS1 TSP; THBS; TSP1 7057 8.71 5.12 

ANKRD1 

C-193; ALRP; 

bA320F15.2; CVARP; 

CARP; MCARP 

27063 8.42 13.83 

BMP4 
BMP2B1; BMP2B; 

ZYME 
652 7.45 4.86 

S100A16 

DT1P1A7; 

MGC17528; S100F; 

AAG13 

140576 7.45 4.31 

C15orf52 
FLJ43339; 

DKFZp686N1468 
388115 7.43 1.59 

DKK1 DKK-1; SK 22943 7.33 2.55 

DUSP6 MKP3; PYST1 1848 7.19 3.59 

CHST15 

DKFZp781H1369; 

KIAA0598; BRAG; 

RP11-47G11.1; 

MGC34346 

51363 7 5.26 

NT5E 
eN; eNT; NT5; NT; 

CD73; NTE; E5NT 
4907 6.9 6.86 

VAMP8 VAMP5; EDB 8673 6.9 4.29 

C1orf133  574036 6.85 6.01 

CTGF 

CCN2; MGC102839; 

IGFBP8; NOV2; 

HCS24 

1490 6.8 7.83 

NFE2L3 NRF3 9603 6.63 4.42 

MFGE8 
HsT19888; BA46; 

OAcGD3S; EDIL1 
4240 6.33 3.34 

HIST2H2AA4 H2A/R 723790 6.27 2.09 

EMP1 CL-20; EMP-1; TMP 2012 6.14 5.33 

HIST2H2AA3 

H2a-615; H2A; 

H2AFO; HIST2H2AA; 

H2A/q; H2A/O; H2A.2 

8337 6.12 2.24 

AP1S2 

MGC:1902; 

SIGMA1B; MRX59; 

DC22 

8905 6.1 3.45 

IFIT2 

GARG-39; G10P2; 

cig42; ISG-54K; IFI-

54; IFI54; ISG54 

3433 6.08 16.78 

LAMB3 LAMNB1 3914 6.05 7.06 
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in gene expression between the two cell lines, each line also regulated a substantial 

number of genes differentially (Figure 3-1B). 

 

 

Table 3-3. Top 20 most significantly down regulated genes by TTP and C147R expression in 

MDA-MB-231 cells. 

Symbol SYNONYMS ENTREZ ID 
(Z ratio) 

TTP vs. Tet-OFF 

(Z ratio) 

C147R vs. Tet-OFF 

OLFM1 
AMY; NOELIN1; 

NOE1; OlfA 
10439 -14.29 -12.48 

LOC100134134  100134134 -14.22 -6.39 

RASIP1 RAIN; FLJ20401 54922 -12.48 -4.6 

KRT17 PCHC1; K17; PC2; PC 3872 -12.25 -3.04 

CGA 

GPHa; TSHA; FSHA; 

LHA; HCG; GPHA1; 

CG-ALPHA 

1081 -11.47 -14.23 

CPS1  1373 -11.3 -3.51 

FOXQ1 HFH1 94234 -10.87 -7.37 

RUNX3 

FLJ34510; MGC16070; 

PEBP2aC; CBFA3; 

AML2 

864 -10.62 -8.5 

PXDN 

D2S448E; D2S448; 

VPO; MG50; 

KIAA0230; PXN; 

PRG2 

7837 -10.61 -8.29 

GAL 
GALN; GMAP; GLNN; 

MGC40167 
51083 -10.21 -5.39 

ASS1 CTLN1; ASS 445 -9.62 -13.26 

ALPL 

TNSALP; HOPS; 

FLJ40094; AP-TNAP; 

TNAP; MGC161443 

249 -9.53 -12.32 

ANKRD38 

dJ1078M7.1; FLJ10884; 

KIAA0172; RP5-

1155K23.5 

163782 -9.3 -17.13 

KANK4  163782 -9.08 -17.32 

LOC340274  340274 -8.59 -12.82 

GAS1  2619 -7.35 -5.17 

LOC392871  392871 -7.2 -11.67 

TRIM7 GNIP; RNF90 81786 -6.93 -4.24 

CRABP2 CRABP-II; RBP6 1382 -6.76 -4.35 

MOCOS 
MOS; FLJ20733; 

HMCS 
55034 -6.5 -4.58 
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3.3.2 Expression of TTPwt and the RNA-binding-defective mutant alters transcripts 

associated with distinct cellular processes 

To determine if changes in gene expression shared between the MDA/TTP and 

MDA/TTP-C147R lines were associated with specific cellular processes we used two 

separate pathway analysis methods.  First, PAGE analysis revealed that while expression 

of TTP and the C147R mutant may impact many processes independently, they also show 

overlapping alterations in many of the same cellular pathways (Figure 3-2).  Notably, 

both cell models show elevated expression of genes associated with processes important 

for cell morphology and motility, specifically the Rho pathway, tight junctions, 

regulation of the actin cytoskeleton, and endocytosis.  Genes involved in the transduction 

of select extracellular signaling cascades including JAK/STAT, EGFR, and ErbB were 

also upregulated.  Conversely, many genes encoding products associated with RNA 

processing and translation were downregulated in both the MDA/TTP and MDA/TTP-

C147R lines, including factors that direct mRNA 3’-end processing, pre-mRNA splicing, 

transcriptional elongation and processing of capped transcripts, processing of capped 

intron-containing pre-mRNAs, formation of free 40S ribosomal subunits, and GTP 

hydrolysis and joining of 60S ribosomal subunits during translational initiation.  

Additional coordinately downregulated genes included some regulating several aspects of 

glucose metabolism such as glycolysis, the electron transport chain, oxidative 

phosphorylation, insulin synthesis and secretion, and glucose regulation of insulin 

secretion.  

Next, we used the NCI-PID web utility as an independent approach to identify 

specific pathways that may be altered in both the MDA/TTP and MDA/C147R lines 
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relative to MDA/Tet-Off cells.  This method takes known biomolecular interactions and 

key cellular processes and assembles them into signaling pathways, providing an 

 

Figure 3-2. Heat map of gene expression changes in MDA-MB-231 cells expressing TTP and 

C147R compared to control cells. (A) Heat map of replicate experiments (n = 4) displaying the 

relative ratios of genes expressed in MDA/TTPwt or C147R versus MDA/Tet-Off cells.  Changes in 

gene expression are indicated as higher (red) or lower (green) Zpathway scores.  
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orthogonal interpretation of differential RNA expression data.  This analysis identified 52 

signaling pathways that were significantly altered in response to both TTP and C147R 

expression in MDA-MB-231 cells.  Table 3-4 shows the 10 most favored signaling 

pathways ranked by P value.  Interestingly, several TTPwt/C147R-responsive pathways 

predicted using the NCI-PID utility were similar to those identified by PAGE analysis 

including ErbB1 downstream signaling, insulin mediated glucose transport, stabilization 

and expansion of the E-cadherin adherens junction, as well as E-cadherin signaling at 

Table 3-4. Top 10 most significantly favored signaling pathways as determined by NCI-PID 

analysis 

Pathway Name 

 

Biomolecules upregulated 

by TTP and C147R 

Biomolecules downregulated 

by TTP and C147R 
P value 

Signaling events mediated 

by HDAC Class III  

HIST1H4A, HIST1H4B, 

HIST1H4C, HIST1H4D, 

HIST1H4E, HIST1H4F, 

HIST1H4H, HIST1H4I, 

HIST1H4J, HIST1H4K, 

HIST1H4L, HIST2H4A, 

HIST2H4B, HIST4H4, 

KAT2B 

 1.08e-12 

Regulation of cytoplasmic 

and nuclear SMAD2/3 

signaling  

CALM1, CALM2, 

CALM3, CTDSP2, 

CTDSPL, SCP2 

 4.31e-05 

Syndecan-4-mediated 

signaling events  

ACTN1, CCL5, PTK2, 

SDC4, THBS1, TNC 
RHOA 8.76e-05 

ErbB1 downstream 

signaling  

BCL2L1, CALM1, 

CALM2, CALM3, DUSP6, 

EGR1, NCKAP1, SRF 

CYFIP2, PIK3R2, PRKCZ, 

SRA1 
3.37e-04 

E-cadherin signaling in the 

nascent adherens junction  

CCND1, CRK, NCKAP1, 

TJP1 
CYFIP2, RHOA, SRA1 3.67e-04 

Stabilization and expansion 

of the E-cadherin adherens 

junction 

ACTN1, EPHA2, NCKAP1 
CYFIP2, EFNA1, RHOA, 

SRA1 
6.56e-04 

Cellular roles of Anthrax 

toxin  

ANTXR2, CALM1, 

CALM2, CALM3 
ANTXR1 7.63e-04 

Validated targets of C-MYC 

transcriptional activation 

DDX18, FOSL1 

BMI1, CAD, COMMD3-

BMI1, KAT2A, PEG10, 

SERPINI1, TAF12 

2.67e-03 

Insulin-mediated glucose 

transport  

CALM1, CALM2, CALM3 PRKCZ, TRIP10 2.69e-03 

Notch signaling pathway  

ADAM10, CCND1, 

RAB11A 
DLL3, DNER, MFAP2, SKP1 3.16e-03 

 

 

http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200025&jpg=on&source=NATURE&genes_a=8294,8361,8362,8850,8370,8367,8366,8364,8359,554313,8363,8368,8360,8365,121504&genes_b=
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200025&jpg=on&source=NATURE&genes_a=8294,8361,8362,8850,8370,8367,8366,8364,8359,554313,8363,8368,8360,8365,121504&genes_b=
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200179&jpg=on&source=NATURE&genes_a=805,10217,801,6342,808,10106&genes_b=
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200179&jpg=on&source=NATURE&genes_a=805,10217,801,6342,808,10106&genes_b=
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200179&jpg=on&source=NATURE&genes_a=805,10217,801,6342,808,10106&genes_b=
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200135&jpg=on&source=NATURE&genes_a=6385,87,5747,6352,3371,7057&genes_b=387
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200135&jpg=on&source=NATURE&genes_a=6385,87,5747,6352,3371,7057&genes_b=387
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200134&jpg=on&source=NATURE&genes_a=805,1848,1958,801,6722,808,598,10787&genes_b=26999,10011,5296,5590
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200134&jpg=on&source=NATURE&genes_a=805,1848,1958,801,6722,808,598,10787&genes_b=26999,10011,5296,5590
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200125&jpg=on&source=NATURE&genes_a=595,1398,7082,10787&genes_b=387,26999,10011
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200125&jpg=on&source=NATURE&genes_a=595,1398,7082,10787&genes_b=387,26999,10011
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200183&jpg=on&source=NATURE&genes_a=87,10787,1969&genes_b=387,1942,26999,10011
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200183&jpg=on&source=NATURE&genes_a=87,10787,1969&genes_b=387,1942,26999,10011
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200183&jpg=on&source=NATURE&genes_a=87,10787,1969&genes_b=387,1942,26999,10011
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200211&jpg=on&source=NATURE&genes_a=805,118429,801,808&genes_b=84168
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200211&jpg=on&source=NATURE&genes_a=805,118429,801,808&genes_b=84168
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200056&jpg=on&source=NATURE&genes_a=8886,8061&genes_b=790,5274,6883,100532731,23089,2648,648
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200056&jpg=on&source=NATURE&genes_a=8886,8061&genes_b=790,5274,6883,100532731,23089,2648,648
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200197&jpg=on&source=NATURE&genes_a=805,801,808&genes_b=9322,5590
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200197&jpg=on&source=NATURE&genes_a=805,801,808&genes_b=9322,5590
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200015&jpg=on&source=NATURE&genes_a=595,102,8766&genes_b=6500,4237,10683,92737
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those junctions.  However, the NCI-PID analysis also predicted unique TTPwt/C147R-

regulated signaling events including those mediated by Class III histone deacetylases 

(HDACs), regulating cytoplasmic and nuclear SMAD2/3 signaling, and Notch. 

 

3.3.3 TTP antagonizes a Myc-like transcriptional program in MDA-MB-231 cells  

 Within the list of significantly altered signaling pathways identified by the NCI-

PID analysis, both “Validated targets of C-MYC transcriptional activation” and 

“Validated targets of C-MYC transcriptional repression” were selected based on P values 

< 0.05 (Table 3-5).  Consistent with our previous finding that TTP expression reduces c-

Myc protein levels (Chapter 2), six gene targets normally activated by c-Myc were 

largely downregulated in cells expressing TTPwt and C147R while another six genes 

repressed by c-Myc were induced.  To validate these findings, the steady-state levels of 

these mRNAs were then measured by qRT-PCR.  Comparing mRNA levels between 

MDA/TTP and MDA/Tet-Off cells revealed significant TTP-dependent changes in the 

expression of 10 of these 12 gene candidates (Figure 3-3).   

 

 

Table 3-5. Genes significantly altered by TTP expression in MDA-MB-231 cells that are known 

transcriptional targets of c-Myc, as determined by the NCI-PID analysis. 

Pathway Name 
Biomolecules 

upregulated by TTP 

Biomolecules 

downregulated by TTP 
P value 

Validated targets of C-MYC 

transcriptional activation 

DDX18, FOSL1 

BMI1, CAD, KAT2A, 

PEG10, SERPINI1, 

TAF12 

2.67e-03 

Validated targets of C-MYC 

transcriptional repression  

CCL5, CCND1, DKK1, 

NDRG1, TBP, TJP2 
 2.94e-02 

 

 

 

 

http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200056&jpg=on&source=NATURE&genes_a=8886,8061&genes_b=790,5274,6883,100532731,23089,2648,648
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200056&jpg=on&source=NATURE&genes_a=8886,8061&genes_b=790,5274,6883,100532731,23089,2648,648
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200201&jpg=on&source=NATURE&genes_a=595,9414,6908,10397,6352,22943&genes_b=
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200201&jpg=on&source=NATURE&genes_a=595,9414,6908,10397,6352,22943&genes_b=
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3.3.4 c-Myc downregulation is not sufficient to phenocopy the tumor suppressive 

properties of TTP 

 c-Myc is well known for driving tumorigenic phenotypes through the 

amplification of multiple gene regulatory networks (242).  Accordingly, we hypothesized 

that the loss of c-Myc protein and attenuated regulation of c-Myc targeted genes that we 

observed in MDA/TTP cells may contribute to the profound suppression of select pro-

tumorigenic phenotypes that we measured previously in this cell model.  In order to test 

 

Figure 3-3. mRNA steady state levels of c-Myc gene targets upon TTP expression in MDA-MB-

231 cells. qRT-PCR analysis comparing steady state mRNA levels in MDA/TTP cells and MDA/Tet-

Off cells. (A) Genes identified as targets of transcriptional activation by c-Myc, and (B) genes 

identified as targets of transcriptional repression by c-Myc. *P < 0.05 or **P < 0.001 vs. MDA/Tet-Off. 
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this hypothesis we stably expressed a short hairpin RNA (shRNA) targeting the c-myc 

transcript to create a c-Myc knockdown line in the MDA/TetOff cell background.  A cell 

line expressing an shRNA targeting luciferase (shLuc) was constructed as a negative 

control.  Western blots verified robust suppression of c-Myc protein in the MDA/shMyc 

line compared to MDA/shLuc cells (Figure 3-4A).  We then used these cell models to 

measure the influence of c-Myc on the rate of cell proliferation, tumorsphere formation, 

and migration, all of which are suppressed by expression of either TTPwt or the C147R 

mutant in MDA-MB-231 cells (Chapter 2).  

Cell proliferation was measured by comparing the accumulation of MDA/shMyc 

 

Figure 3-4. The effect of c-Myc knockdown on MDA-MB-231 cancer phenotypes. Comparison of 

MDA/shMyc cells to MDA/shLuc cells for (A) c-Myc protein by Western blot, (B) proliferation by 

MTT cell viability assay, (C) tumorsphere formation assay, and (D) migration by wound healing assay. 
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cells with the control MDA/shLuc line as a function of time.  Cells from both lines 

accumulated at the same rate (Figure 3-4B).  Next, tumorsphere assays were performed to 

identify cancer cell subpopulations with stem-like properties (210).  Each tested cell 

model formed the clustered assemblies typical of MDA-MB-231 tumorspheres (210, 

215), but there was no significant difference in the frequency with which these 

tumorspheres formed between MDA/shMyc and MDA/shLuc cells (Figure 3-4C).  

Finally, using scratch assays we had found that TTP markedly reduced cell migration into 

a monolayer wound in the absence of a chemoattractant (Chapter 2).  When this same 

experiment was performed with MDA/shMyc and MDA/shLuc cells we found that loss 

of c-Myc had no effect on cell migratory potential over 12 hours (Figure 3-4D).  

Cumulatively from these experiments we conclude that loss of c-Myc in MDA-MB-231 

cells is not sufficient to phenocopy the tumor suppressive properties of TTP, and by 

extension that TTP-induced attenuation of these tumorigenic phenotypes must be directed 

by a different factor or set of factors.  

 

3.3.5 c-Myc has limited activity towards gene targets in MDA-MB-231 cells 

The widespread oncogenic effects of c-Myc in tumor cells stem largely from its 

transcriptional regulation of myriad genes that contribute to a variety of signaling 

pathways (242).  However, knockdown of c-Myc in MDA-MB-231 cells did not 

phenocopy the tumor suppressive effects of TTP expression, even though many of these 

phenotypes are also reportedly controlled by c-Myc in different cell models (246).  These 

observations prompted the hypothesis that the transcriptional regulatory roles of c-Myc 

might be attenuated or dampened in MDA-MB-231 cells.  We tested this possibility by 
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comparing the expression of known c-Myc target genes between the MDA/shMyc and 

MDA/shLuc cell models.  These experiments focused on the 11 “c-Myc-regulated genes” 

identified from the NCI-PID analysis as differentially expressed in MDA/TTP versus 

MDA/Tet-Off cells that we subsequently validated by qRT-PCR (Figures 3-3B and 3-

3C).   Interestingly, qRT-PCR analysis showed that expression of only 4 of these 10 

genes was significantly, altered in MDA/shMyc versus MDA/shLuc cells (Figures 3-5A 

and 3-5B). Furthermore, of these 4 genes only CCL5 and PEG10 were regulated similarly 

by expression of TTP or knockdown of c-Myc (upregulated and downregulated in each 

case, respectively), and the change in PEG10 was extremely modest (Figures 3-3B, 3-5A, 

3-3A, and 3-5B).  By contrast, BMI and TAF12 mRNAs were suppressed in TTP-

expressing cells but upregulated in the MDA/shMyc cell model.  Together, these findings 

indicate that diminution of c-Myc has little impact on the regulation of many of its well-

characterized gene targets in MDA-MB-231 cells. 

 
 

 

Figure 3-5. mRNA steady state levels of c-Myc gene targets upon c-Myc knockdown in MDA-MB-

231 cells. qRT-PCR analysis to compare steady state mRNA levels in MDA/shMyc and shLuc cells. 

(A) Genes identified as targets of transcriptional activation by c-Myc, and (B) genes identified as 

targets of transcriptional repression by c-Myc. *P < 0.05 or **P < 0.001 vs. MDA/shLuc. 



91 

 

3.4 Discussion 

 Expression of TTPwt and the RNA-binding-defective TTP mutant C147R in 

MDA-MB-231 cells inhibits several tumorigenic phenotypes including proliferation, 

migration, and the ability to form tumorspheres (Chapter 2).  Using microarrays to 

analyze RNA levels across the transcriptomes of MDA/Tet-Off cells and sublines 

expressing either TTPwt or C147R, we identified distinct signaling pathways impacted 

by TTP through mechanisms dependent and/or independent of its RNA-binding activity.  

Consistent with our previous study (Chapter 2), the NCI-PID analysis utility identified 

alterations in the expression of c-Myc-regulated genes in both TTPwt- and C147R-

expressing cells.  This prompted the hypothesis that TTP-dependent diminution of c-Myc 

protein levels might suppress some aggressive tumorigenic properties of MDA-MB-231 

cells by attenuating Myc-dependent regulation of downstream target genes.  However, 

the results of subsequent experiments invalidated this model, since knocking down c-Myc 

expression in MDA-MB-231 cells was not sufficient to phenocopy the inhibition of cell 

proliferation, stemness, or cell migration observed in TTP-expressing cells.   

Curiously, suppression of c-Myc also had little effect on the regulation of known 

c-Myc target genes identified by NCI-PID analysis with the exception of CCL5, 

suggesting the presence of competitive and/or redundant transcriptional signaling 

networks in these cells.  Since c-Myc knockdown experiments were performed using a 

single shRNA to this point, we cannot yet exclude the possibilities that other MYC 

family members (247) might compensate for loss of c-Myc function in these cells, or that 

shRNA off-target effects could exert competing influences on the expression of some 

genes.  Alternatively, it is possible that c-Myc is dispensable for the tumorigenic 
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properties of MDA-MB-231 cells.  While overexpression or increased activity of c-Myc 

is a primary contributor to transformation for many tumors and cancer cell lines 

(reviewed in Ref. 248), MDA-MB-231 cells carry the activating K-Ras mutation G13D, 

which promotes some of its aggressive characteristics including constitutive activation of 

the ERK signaling pathway (249, 250).  Given the extensive crosstalk between Ras and 

Myc family proteins in various cell backgrounds (251-254), including signaling cascades 

controlling Myc protein turnover (255) and stemness (256), it is conceivable that parallel 

K-Ras-driven pathways might compensate for loss of c-Myc in the MDA-MB-231 cell 

model.  Interestingly, NCI-PID analysis of our gene array data also scored “Regulation of 

Ras family activation” as a significantly favored pathway (Table 3-6).  Future 

experiments will test whether TTP can regulate Ras signaling as well as c-Myc in MDA-

MB-231 cells, and if so whether TTP might suppress select tumorigenic phenotypes 

through this pathway. Alternatively, targeted suppression of other TTP-regulated genes 

may reveal links between gene regulatory factors and phenotypes.

 

Hierarchal clustering of microarray data revealed that gene expression profiles 

from MDA/TTP-C147R cells group more closely with MDA/Tet-Off control cells than 

the MDA/TTP line (Figure 3-1A).  This result indicates that the RNA-binding function of 

TTPwt, despite being dispensable for select tumor suppressive activities in MDA-MB-

231 cells, nonetheless contributes to the differential expression of a wide variety of 

genes.  While this concept appears counterintuitive given our observations that 

Table 3-6. TTP expression alters genes integral to Ras family activation. 

Pathway Name 
Biomolecules  

upregulated by TTP 

Biomolecules  

downregulated by TTP 
P value 

Regulation of Ras family 

activation  

CALM1, CALM2, 

CALM3 
PRKCZ 2.23e-02 

 

http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200213&jpg=on&source=NATURE&genes_a=805,808,801&genes_b=5590
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200213&jpg=on&source=NATURE&genes_a=805,808,801&genes_b=5590
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constitutive ERK signaling inhibits the canonical mRNA-destabilizing activity of TTP 

(Chapter 2), several alternative hypotheses may explain these data.  Considering that the 

functional distinction between TTPwt and C147R is based on RNA-binding capability, 

possible mechanisms for TTPwt-specific perturbations of cellular gene expression in 

MDA-MB-231 cells could include: [i] competition or collaboration with other mRNA-

binding factors, [ii] potential translational regulatory roles on some transcripts, or [iii] a 

role for TTP in mRNA localization, which might indirectly impact mRNA decay 

pathways or translational efficiency.  Finally, we cannot exclude the possibility that TTP 

retains the ability to accelerate decay of a subset of mRNA targets despite ERK activity.  

Conceivably, the mRNA substrate selectivity of any of these potential non-canonical TTP 

functions may be dependent on unique RNA sequence or structural contexts, or the 

presence or locations of ancillary RNA-binding factors within the messenger 

ribonucleoprotein complex.   

Despite the substantial differences in transcript profiles measured between 

MDA/TTP and MDA/TTP-C147R cells, both exhibited very similar phenotypic changes 

relative to the parental MDA/Tet-Off line (Chapter 2).  As such, we predict that the 

relatively small number of genes that are coordinately regulated in these two cell lines 

likely contribute to their common tumor suppressive properties.  A caveat to this model is 

that, since microarray analysis only measures changes in transcript levels, it cannot 

directly detect changes in expression resulting from translational or post-translational 

events.  Genes that were regulated similarly in response to expression of TTPwt or the 

C147R mutant clustered in pathways that control specific cellular processes, some of 

which complemented earlier phenotypic studies performed with these cells (Chapter 2).  
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For example, we have previously shown that TTPwt or C147R expression reduces cell 

motility.  Here, four pathways involved in the regulation of cell morphology and motility 

were found to be concurrently upregulated in TTPwt/C147R-expressing cells.  In 

addition, we found that expression of TTPwt or C147R reduces proliferation and 

stemness in MDA-MB-231 cells.  These processes can be regulated by JAK/STAT and 

EGFR signaling (257, 258); components of both pathways were also significantly and 

similarly altered by TTPwt/C147R expression.  Pathway analysis also revealed changes 

in several unexpected processes that warrant further investigation.  To date there has been 

no study describing impacts of TTP on glucose metabolism and respiration, but several 

pathways involved in these processes were down regulated in MDA-MB-231 cells 

expressing TTPwt or C147R.  Similarly, many transcripts significantly altered in TTPwt- 

and C147R-expressing cells encode factors with roles in mRNA processing and 

translation.  While TTP is known to play a key role in the degradation of mRNAs 

associated with inflammation and cancer, to our knowledge there is no record of TTP 

impacting other post-transcriptional regulatory processes.  Finally, analysis of genes 

altered in MDA-MB-231 cells expressing TTPwt and C147R using the NCI-PID showed 

many upregulated genes that encode HDAC Class III substrates.  These mRNAs include 

several transcribed from histone H4 genes, suggesting a possible role for TTP in 

chromatin packaging and/or remodeling, an intriguing but as yet unstudied potential 

consequence of TTP expression.  

 Finally, we have measured the effects of TTP on several phenotypes typical of 

aggressive cancer cells, but have by no means exhausted the list.  We cannot yet discount 

alternative impacts that TTP-induced diminution of c-Myc levels may have on specific 

http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200025&jpg=on&source=NATURE&genes_a=8294,8361,8362,8850,8370,8367,8366,8364,8359,554313,8363,8368,8360,8365,121504&genes_b=
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cellular processes.  For example, in addition to supporting pro-tumorigenic programs 

such as cell growth, migration and stemness, c-Myc is also a key regulator of glucose and 

glutamine metabolism (259, 260).  In cancer cells, metabolic transformation to a more 

anaerobic program known as the Warburg effect is well documented, and often leads to a 

heightened sensitivity to nutrient-limiting environments due to the heavy reliance on 

external carbon sources (261).  Two observations prompt us to hypothesize that 

expression of TTPwt and C147R might alter some metabolic characteristics of MDA-

MB-231 cells: [i] pathway analysis revealed changes in transcripts encoding factors 

involved in processing glucose in the cell (Figure 3-2 and Table 3-4), and [ii] the CCL5 

transcript was significantly upregulated in MDA-MB-231 cells not only following 

expression of TTP but also after knockdown of c-Myc (Figures 3-3A and 3-5A).  CCL5 

has recently been implicated in the regulation of glucose uptake in T cells (262).  

Looking forward, interrogation of glucose metabolism and cellular respiration may yet 

discern important consequences of c-Myc suppression by TTP, and possibly reveal a role 

for CCL5 in these processes.  
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Chapter 4 

Summary and Perspectives 

 

4.1 Diminution of diverse cancer phenotypes by TTP in MDA-MB-231 cells 

 In this work, we have described several novel features of the pleotropic tumor 

suppressive effects induced by the mRNA-destabilizing protein TTP.  Over the past 

decade many mRNA substrates have been identified for TTP, in addition to a small list of 

neoplastic phenotypes impacted by TTP-induced destabilization of select mRNA targets.  

However, this study took a different approach to identify potential tumor suppressive 

mechanisms of TTP: by measuring cellular reprogramming holistically to determine the 

extent to which TTP could manipulate tumorigenic phenotypes and gene regulatory 

pathways in a particularly aggressive breast cancer cell model.  This investigation was 

prompted by the study from Brennan et al. that showed overwhelming reductions in TTP 

mRNA expression across a wide variety of cancer types compared to healthy paired 

tissues, and a striking correlation between breast cancer survival and TTP mRNA levels 

at tumorectomy (60).  These findings suggested that silencing TTP expression in cancer 

cells may be advantageous to the progression of the disease. 

 We chose to work with MDA-MB-231 cells, as they are classified as TNBC and 

thus model a disease particularly difficult to treat with current therapies.  Similar to 

patient data reported by Brennan et al., MDA-MB-231 cells express TTP at very low 

levels compared to the less aggressive MCF-7 and non-transformed MCF-10A cell 

models (Figure 2-1A).  After expressing TTP in the MDA-MB-231 line we observed 

dramatic diminution of several classic hallmarks of cancer cells.  First, we noted a very 
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significant decrease in cellular proliferation rates (Figure 2-1B) accompanied by a 

reduction in the fraction of cells undergoing DNA replication in preparation for division 

(Figure 2-1D).  We also noted that TTP expression significantly reduced the ability of 

cells to form tumorspheres in culture, which can be an indication of reduced stemness in 

the cell population (Figure 2-2).  The ability of cells to migrate either towards or in the 

absence of a chemoattractant, a characteristic essential for metastasis, was also 

suppressed in cells expressing TTP (Figure 2-3A and B).  Finally, in collaboration with 

Dr. Jianguo Liu (Saint Louis University School of Medicine) we found that TTP 

expression in MDA-MB-231 cells greatly reduces tumor growth in murine xenograft 

models (Figure 2A-1).  

While we have identified several tumor suppressive properties of TTP in MDA-

MB-231 cells, its influence on many other hallmarks of aggressive breast cancer remain 

untested.  In several different cell models TTP increased sensitivity to apoptotic stimuli 

(60, 117, 151).  As such, a logical objective would be to comprehensively test its impact 

on the efficacy of chemotherapeutic agents in TNBC backgrounds.  If TTP can increase 

sensitivity to any pharmaceutical interventions that are currently ineffective against 

TNBC, it would suggest that re-activating TTP expression could serve as a useful 

adjuvant to traditional chemotherapeutic options.  Beyond tumor cells, TTP has also been 

investigated in immune system models, with a recent report showing that increased TTP 

expression reduces cytokine production in tumor-associated macrophages (TAMs) (180).  

A study determining how TTP impacts signaling between TNBC tumor cells and stroma 

may aid in combatting the pro-survival signaling produced by TAMs, and benefit the 

recent shift towards immunotherapeutic strategies for cancer treatment (263-266).  
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Yet another untested hallmark that may be normalized by TTP expression is 

cancer cell metabolism, which drives cell growth and proliferation by directing carbon 

away from energy production and into biomolecule assembly.  This phenomenon is 

known as the Warburg effect, where cells preferentially funnel glucose through 

glycolysis and away from the TCA cycle and electron transport chain (261).  This 

transition shifts cells towards more anaerobic forms of respiration, thus decreasing ATP 

production and increasing yields of fatty acids, nucleotides, and amino acids.  Cancer 

cells utilizing this form of metabolism often present increased dependence on glucose and 

glutamine for survival (261).  Interestingly, a major regulator of glucose uptake and 

metabolism in myriad cell types is the transcription factor c-Myc (259, 260).  In the 

glioblastoma cell line U87-MG, TTP was shown to directly target c-myc mRNA for 

degradation, while in this study we have found that c-Myc protein levels are reduced by 

TTP expression in MDA-MB-231 cells via accelerated protein turnover.  Preliminary 

data from our lab show that MDA-MB-231 cells are highly sensitive to low glucose 

concentrations but are able to survive if TTP is expressed, suggesting that TTP reduces 

cellular reliance on this carbon source and potentially facilitating a more normal form of 

metabolism (Figure 4-1).  Growth inhibition of MDA/Tet-Off cells in low glucose 

medium was not a result of nutrient depletion, because similar results were observed even 

when replacing medium on every second day (data not shown).  It is unclear yet whether 

TTP mediates tolerance to low glucose through the reduction of c-Myc protein, but 

similar experiments using the MDA/shMyc and MDA/shLuc cells described in Chapter 3 

could address this question.  In order to determine the role of TTP in cell metabolism and 

respiration, we envision that a preliminary study would assess the consequences of TTP 
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expression on: [i] glucose uptake, [ii] oxygen consumption, and [iii] lactic acid 

production.  

 

4.2 Knockdown of TTP in MCF7 cells does not increase cell proliferation  

 The study described herein has focused on the consequences of overexpressing 

TTP in the TTP-deficient MDA-MB-231 cell background.  These cells are highly 

aggressive, but we have shown that restoration of TTP decreases several tumorigenic 

phenotypes.  To determine whether TTP influences tumorigenic phenotypes in a less 

aggressive breast cancer cell model, we developed two independent MCF7 cell lines that 

silence endogenous TTP expression using shRNA in a Dox-dependent manner (Figure 4-

2A).  The effect of TTP on the proliferation rate of these cells was then measured using 

the MTT cell viability assay as described in Chapter 2 under conditions where 

endogenous TTP was either expressed (-Dox) or silenced (+Dox).  Interestingly, we 

found that loss of TTP expression had no significant and reproducible effect on MCF7 

 

Figure 4-1. The effect of TTP expression in MDA-MB-231 cells on sensitivity to low glucose 

conditions MTT cell viability assays performed over 5 days as MDA/Tet-Off or MDA/TTPwt cells 

were cultured under high glucose (25 mM) or low glucose (5 mM) conditions.  
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cells proliferation over 5 days (Figure 4-2B).  It is possible that the shRNA used in these 

experiments does not suppress TTP expression sufficiently to recapitulate a TTP null cell 

background, so this work should be repeated with a second shRNA targeted to a different 

region of the TTP transcript or a TTP-deficient cell line developed using CRISPR 

technology (267).   

 This result, while preliminary, suggests that suppressing TTP expression alone 

may not be sufficient to drive aggressive phenotypes in breast tumor cells.  However, 

comprehensive elucidation of the tumorigenic consequences of TTP suppression in breast 

cancer will require surveying multiple phenotypes across a range of cancer cell models 

engineered to express TTP at varying levels.  Nevertheless, differences in the tumor 

suppressive functions of TTP between the MCF7 and MDA-MB-231 cell models may 

also reflect the complexity of the gene regulatory circuits that may be modulated by TTP, 

and how its functions may differ between cell backgrounds.  As a regulator of mRNA 

decay, a function anticipated to be active in MCF7 cells since the inhibitory ERK 

regulatory cascade is not constitutively active in this cell model (268), the effect that TTP 

 

Figure 4-2. TTP knockdown in MCF7 cells and proliferation (A) Western blots showing 

suppression of TTP expression in MCF7/Tet-On-shTTP clones 1 and 2 following activation of shRNA 

transcription using Dox (2 μg/ml).  (B) Cell proliferation measured in indicated MCF7/Tet-On-shTTP 

clonal lines in the presence or absence of Dox over 5 days.  
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can have on gene expression overall is dependent upon which genes are transcribed and 

to what level, in the chosen cell background.  Also, we have not yet determined whether 

TTP regulates protein turnover in MCF7 cells as it does in MDA-MB-231 cells (Chapter 

2), but again, if loss of TTP reduces the degradation of specific proteins the impact of this 

function on cellular phenotype will rely upon the protein population expressed in that 

cell.  Finally, TTP has been identified as a transcriptional co-repressor of ERα in MCF7 

cells (175), an activity that will not be retained in MDA-MB-231 cells which do not 

express ERα.  If TTP does regulate transcription of ERα target genes in MCF7 cells, this 

would constitute yet another cell type-specific consequence of TTP suppression on the 

cellular transcriptome, and by extension, gross cellular phenotypes.  Taken together, 

these concepts may explain why TTP exerts such distinct tumor suppressive properties 

across different tumor cell models, and rationalize why knockdown of TTP does not 

recapitulate the single phenotype measured in this analysis.  It is likely, however, that 

loss of TTP expression in MCF7 cells will influence other cellular processes owing to its 

ability to regulate the expression of diverse genes at multiple levels.  

 

4.3 A novel function of TTP in cells where ERK is constitutively active 

 Herein we have demonstrated that TTP repressed several oncogenic phenotypes in 

MDA-MB-231 cells in the absence of its canonical mRNA-destabilizing function (Figure 

2-1B, 2, 3A, 3B, and 5B), and even independent of RNA binding (Figure 2-6).  While 

TTP synthesized in this cell type retains RNA-binding activity (Figure 2-5D), parallel 

experiments using the RNA-binding-defective mutant TTP-C147R verified that this 

function is dispensable for suppression of several tested cancer hallmarks (Figure 2-6).  
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Furthermore, we have shown that constitutive activation of the ERK signaling pathway is 

responsible for inhibiting TTP’s ability to destabilize a well-characterized mRNA 

substrate in MDA-MB-231 cells (Figure 2-5B).  These findings directly contradict 

conclusions proffered by the only other published study describing TTP function in this 

cell model.  In that report, researchers focused on three putative TTP targets selected 

based on differential steady-state levels in TTP-expressing MDA-MB-231 cells: MMP-1, 

uPA, and uPAR mRNAs (136).  Ribonucleoprotein immunoprecipitation (RNP-IP) 

experiments verified that TTP bound these mRNAs in MDA-MB-231 cells, however, 

TTP-dependent acceleration of mRNA decay was only demonstrated in TTP+/+ and 

TTP−/− mouse embryonic fibroblasts (136).  Based on our finding that constitutive ERK 

signaling in MDA-MB-231 cells abrogates TTP-dependent destabilization of VEGF 

mRNA, we believe it to be unlikely that TTP suppresses MMP-1, uPA, and uPAR 

mRNAs by accelerating their turnover in this cell background.  These findings suggest 

that the mechanism(s) by which TTP functions are likely to be dependent upon the cell 

type and environment, and reinforce the risks of moving between different cell models to 

delineate pathways that regulate specific genes. 

To our knowledge, our study is first to link TTP to induction of a protein turnover 

program.  In MDA-MB-231 cells, this pathway accelerated degradation of c-Myc and 

cyclin D1, and possibly additional factors (Figure 2-7).  Interestingly, another recent 

paper has shown that expression of TTP in TAMs reduces the levels of several cytokine 

proteins, but does not destabilize the transcripts that encode them (180).  The authors 

suggest that TTP might alter the translational efficiency of these mRNAs as they are TTP 

binding targets, but in the absence of any mechanistic validation we theorize that the 
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phenomenon described in this report could also result from accelerated protein turnover.  

It is also clear that there is a need for further characterization of how ERK 

phosphorylation impacts TTP activity on mRNA substrates and its ability to intersect 

with protein turnover pathways.  An assessment of TTP’s roles in these processes across 

an array of cell lines with normal or overactive ERK signaling could shed light on the 

intricate regulation of TTP interactions, particularly if coupled with gain- (expression of 

constitutively active MEK) and loss-of-function (ERK shRNA or inhibitors) approaches.  

It also remains unclear which residues on TTP are phosphorylated by ERK or its 

downstream effectors in this cell line, but forthcoming experiments could address some 

intriguing questions including: [i] does phosphorylation via ERK signaling switch TTP 

between mRNA-destabilizing and protein turnover roles? [ii] Do these phosphorylation 

events impact TTP activities only in the context of other post-translational modification 

(PTMs)? And [iii] do the tumor suppressive effects of TTP differ depending on its 

phosphorylation status?  

Our discovery that TTP can induce a protein turnover pathway also highlights the 

hazards of considering mRNA levels as a proxy for protein concentration.  In chapter 2 

we show that TTP had no effect on c-myc mRNA abundance in MDA-MB-231 cells, and 

even increased cyclin D1 mRNA levels by approximately 2.5-fold (Figure 2-4B).  

Nevertheless, levels of both proteins are drastically reduced in TTP-expressing cells due 

to accelerated proteasome-dependent degradation (Figure 2-7).  Similarly, through this 

line of inquiry we have determined that TTP significantly alters the expression of select 

reporter proteins in MDA-MB-231 cells, as both firefly luciferase and EGFP proteins 

were dramatically suppressed in TTP-expressing cells when normalized to reporter 
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mRNA levels (Figure 2-9).  This became particularly important when we attempted to 

reconcile our finding that TTP did not impact MDA-MB-231 cell invasiveness with a 

prior study by Al-Shouhibani et al. that reported the opposite (136).  One key difference 

was that we measured cell invasiveness through Matrigel using RTCA, which requires no 

labeling of cells, while Al-Shouhibani et al. quantified cells that traversed the matrix by 

measuring the activity of a transiently transfected luciferase reporter.  Our findings 

suggest that luciferase activity is a poor readout for MDA-MB-231 cell numbers as TTP 

levels are varied, since the suppression of luciferase protein in TTP-expressing cells will 

result in disproportionately lower luciferase activity, hence underestimating cell count.   

 

4.4 Regulation of c-Myc protein and gene expression programs by TTP 

 In this work we have shown that TTP can regulate expression of select genes by 

inducing a protein degradation pathway, thus expanding its activity profile beyond its 

canonical role as an mRNA destabilizer (Figure 2-7).  Specifically, we have found that 

TTP accelerates proteasome-dependent turnover of cyclin D1 and c-Myc proteins (Figure 

2-7), both of which are key regulators of the G1/S cell cycle switch.  The biochemical 

link between TTP and this protein turnover pathway remains unknown, and many 

possibilities exist including but not limited to the indirect regulation of mRNA through 

interactions between TTP and other RNA-BPs, or possible regulation of an E3 ligase, 

deubiquitinase, or factors that prime protein targets for ubiquitination such as GSK3β 

through direct protein:protein interactions (226, 227).  

In a 2012 report, Zhang et al. show that c-Myc protein is aberrantly stable in 

patient breast cancer tissue as well as many breast cancer cell lines (223).  In MDA-MB-

231 cells, this stability results from reduced expression of Axin1 variant 1.  Axin1 is a 
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multi-domain scaffold protein that coordinates several different protein complexes 

involved in regulating Wnt, TGFβ, SAPK/JNK, and p53 signaling (269).  Zhang et al. 

found that Axin1 promotes c-Myc degradation by coordinating the formation of a multi-

subunit complex that includes GSK3β, PP2A, and other proteins involved in degrading 

Myc (223).  The AXIN1 gene expresses two naturally occurring splice variants, termed 

variant 1 (V1) and variant 2 (V2).  AXIN1V1 mRNA encodes an 862-aa protein, whereas 

the protein encoded by AXIN1V2 mRNA lacks the 36 aa from exon 9 (223).  By 

analyzing the roles of Axin1 protein variants the authors showed that decreased 

expression of total AXIN1 and differential expression of AXIN1V1 vs. AXIN1V2 can 

both contribute to increased c-Myc protein stability and associated increases in Myc 

oncogenic activity in human breast cancers. 

Based on these reports we postulated that TTP may restore proper turnover of c-

Myc in MDA-MB-231 cells by stimulating expression of Axin1.  We measured AXIN1 

mRNA variants as well as total Axin1 protein levels in the MDA/Tet-Off control and 

MDA/TTP cell models.  We found that in TTP-expressing cells both Axin1 variants were 

increased at the mRNA level by approximately 2.5-fold, which was reflected by a 

significant increase in total Axin1 protein (Figure 4-3).  These data raise the possibility 

that the accelerated turnover of c-Myc induced by TTP in MDA-MB-231 cells might be 

mediated through elevated Axin1 levels.  Subsequent experiments will test whether 

suppressing Axin1 (by shRNA) blocks rapid c-Myc protein decay in TTP-expressing 

cells.  However, even if this experiment is successful, the exact mechanism by which 

TTP might control c-Myc protein turnover through Axin1 would remain unclear.  

Biochemically connecting TTP to a c-Myc protein turnover pathway will likely require a 
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comprehensive survey of the TTP protein interactome in these cells, performed by 

immunoprecipitating (IP) FLAG-TTP from MDA-MB-231 cells followed by proteomics 

analysis.  This strategy for identifying TTP binding partners may detect protein 

degradation pathways with which TTP may intersect, or gene regulatory factors that may 

be responsible for enhancing Axin1 expression. 

  In this study we also investigated the consequences of c-Myc downregulation in 

TTP-expressing MDA-MB-231 cells.  c-Myc is a transcription factor that intersects many 

pathways and can control myriad cellular processes (246, 248).  Surprisingly, of the 

cancer hallmarks we have studied, independently suppressing c-Myc in MDA/Tet-Off 

cells using shRNA was unable to phenocopy the consequences of TTP expression.  

Despite its well-known oncogenic roles in numerous cancer types, silencing c-Myc 

directly had no impact on MDA/Tet-Off cell proliferation, tumorsphere-forming 

frequency, or migration compared to an shRNA control cell line (Figure 3- 4).  By 

microarray analysis we observed that TTP potently attenuated known c-Myc 

 

Figure 4-3. Axin1 protein, and splice variant mRNA levels upon TTP expression in MDA-MB-231 

cells. (A) qRT-PCR analysis of total AXIN1 mRNA, and AXIN1V1 and AXIN1V2 mRNA levels using 

variant specific primers in MDA/Tet-Off and TTP cells. (B) Western blot analysis of total Axin1 

protein levels in MDA/Tet-Off and TTP cells.  
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transcriptional programs; this finding was subsequently validated using qRT-PCR (Figure 

3-3).  However, when levels of these same transcripts were assessed following c-Myc 

knockdown we found that c-Myc alone had little impact on its target genes.  Together 

these data suggested that additional regulatory mechanisms are likely active in this cell 

model that compete and/or are redundant with c-Myc, but are still suppressible by TTP.  

This reduced transcriptional role for c-Myc may also account, at least in part, for the lack 

of phenotypic consequences observed when c-Myc is suppressed directly.  To date we 

have knocked down c-Myc in MDA/Tet-Off cells, but have not yet been able to perform 

the converse experiment; expressing a stabilized form of c-Myc in a TTP-expressing cell 

background.  Conceivably, if TTP functions by attenuating an oncogenic factor or 

pathway upstream of c-Myc, then restoring c-Myc expression could allow it to regain 

control of its target genes. 

  

4.5 TTP impacts many gene expression pathways in MDA-MB-231 cells 

independent of its canonical mRNA-binding and -destabilizing functions 

In an effort to identify potential mechanisms linking TTP to its profound tumor 

suppressive effects in MDA-MB-231 cells, we analyzed cell transcriptomes using 

microarrays to comprehensively assess alterations in gene expression programs.  We have 

shown that TTP produced in this cell type can bind a cognate RNA target, but that it does 

not destabilize several well-characterized mRNA substrates (Figures 2-5B and D).  

Despite this apparent loss of canonical function, we discovered that TTP is nevertheless 

able to induce widespread changes in the expression of diverse gene populations.  

Concomitantly, we also found that the mRNA-binding-defective TTP mutant C147R also 
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induced profound changes in gene expression patterns, although many of these were 

distinct from those modulated by TTPwt.  Cumulatively, these observations forced us to 

consider two possibilities: [i] that TTP is able to impact mRNA steady state levels even 

in the absence of its mRNA-destabilizing capabilities, and [ii] that RNA binding may 

nonetheless modify TTP’s effects on gene expression, possibly augmenting or switching 

TTP function between different modalities.  

Our first objective was to analyze microarray data for genes altered in an mRNA 

binding-independent manner, because similar phenotypic consequences were observed in 

MDA/Tet-Off cells following expression of either TTPwt or the C147R mutant (Chapter 

2).  Grouping genes that were significantly altered in both TTPwt- and C147R-expressing 

cells compared to control cells revealed several interesting features of TTP-dependent 

changes in the transcriptome.  TTP profoundly impacted the steady state levels of many 

mRNAs both positively and negatively (Table 3-1 and 3-2).  However, to assess how 

these changes in transcript levels might impact tumorigenic phenotypes we turned to 

pathway analysis.  For example, among the genes most potently upregulated by TTP are 

two encoding histone H2A proteins, HIST2H2AA4 and HIST2H2AA3.  A link between 

TTP expression and increased levels of mRNAs encoding core nucleosome proteins was 

further supported by the NCI-PID analysis which revealed upregulated expression of 

several other core histone genes.  Specifically, a pathway described as “Signaling events 

mediated by HDAC Class III”, comprised extensively of core histone proteins, was the 

pathway identified as most significantly biased by TTP-induced gene alterations (P=1.08 

x 10-12, Table 3-3).  

http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200025&jpg=on&source=NATURE&genes_a=8294,8361,8362,8850,8370,8367,8366,8364,8359,554313,8363,8368,8360,8365,121504&genes_b=
http://pid.nci.nih.gov/search/pathway_landing.shtml?what=graphic&pathway_id=200025&jpg=on&source=NATURE&genes_a=8294,8361,8362,8850,8370,8367,8366,8364,8359,554313,8363,8368,8360,8365,121504&genes_b=
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This indication that genes encoding core histones were significantly upregulated 

by TTPwt and C147R was an unexpected result, and to our knowledge the first evidence 

for such a mechanism.  Most of the genes that clustered in this signaling pathway encode 

histone H4 proteins, which together with H2A (noted above), H2B, and H3 are the core 

histones responsible for the nucleosome structure of the chromosomal fiber (reviewed in 

(270)).  K(lysine) acetyl transferase 2B (KAT2B) mRNA was also upregulated by TTP 

and clustered with this group. KAT2B associates with the p300/CBP transcriptional co-

regulatory complex and regulates transcription via acetylation of nucleosome core 

particles (271).  This finding raised the intriguing possibility that TTP might have a 

genome-wide impact on gene expression by altering DNA packaging, perhaps by varying 

the abundance of core histone proteins and/or by manipulating the relative levels of 

specific variants.  We feel that this finding warrants further study, but first the protein 

levels of these core histones will need to be assessed.  While it is tempting to assume that 

the increase in H2A and H4 mRNA levels indicate heightened protein levels, it is 

alternatively possible that TTP accelerates core histone turnover, and that the increased 

transcript levels we observed are part of a compensatory reactive mechanism to maintain 

genome-wide nucleosome structure.   

Subsequently, we considered gene expression changes that occur only when 

mRNA binding is possible, based on genes whose expression was altered in the presence 

of TTPwt expression only.  While mRNA binding was not necessary to recapitulate the 

tumor suppressive effects of TTP in MDA-MB-231 cells (Figure 2-6), we did note that 

the ability of TTP to bind RNA induced unique alterations in the transcriptome.  This 

observation was also supported by hierarchical clustering of gene expression between 
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TTPwt, TTP-C147R and Tet-Off MDA-MB-231 cells, which indicated that TTPwt 

induced much greater variance in mRNA levels than did C147R when expressed in the 

parental MDA/Tet-Off line (Figure 3-1A).  As a consequence, many pathways were 

predicted to be altered uniquely upon TTPwt expression.  One example predicted by 

pathway analysis of TTPwt-specific alterations was a group of genes involved in 

telomere maintenance.  This group of significantly upregulated genes was highly 

populated with mRNAs encoding core histones H2A, H2B and H4, the histone H2A 

variant H2AX, and the telosome/shelterin telomeric complex component TPP1.  

Alterations in nucleosome components could conceivably impact telomere maintenance 

in several ways, since changes in chromosomal structure can manipulate recognition by 

trans-acting factors and transcription of telomeric repeat-containing RNA (TERRA) 

(272-274).  Telomeres are well established as a major ‘replicometer’, counting the 

population doublings in non-transformed cells and ultimately triggering replicative 

senescence (275).  If TTP modulates expression of factors that bind or regulate telomere 

structure, we predict that it may alter the propensity of cells to enter senescence.  To test 

this possibility, we tested whether TTP influenced expression of senescence-associated β-

galactosidase (SA-β-gal) in our MDA-MB-231 cell models.  We found that 

approximately 18% of TTP-expressing cells stained positive for SA-β-gal vs. < 1% for 

MDA/Tet-Off cells or those expressing the C147R mutant (data not shown).  While these 

data support a role for TTP in promoting senescence in MDA-MB-231 cells, the 

mechanisms linking TTP to altered expression of telomere-associated factors, as well as 

the means by which these proteins perturb telomere maintenance remain unknown.. 
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TTP was previously shown to induce senescence in human papillomavirus 

(HPV)-transformed cervical cancer (HeLa) cells as described in chapter 1.  In this line 

TTP can bind and destabilize E6-AP mRNA, a protein known to prevent infected cells 

from entering senescence by maintaining the p53 pathway in a dormant state and 

elevating telomerase activity.  Ultimately the resulting diminution of E6-AP protein 

levels stabilizes the p53 protein, allowing it to accumulate in the cell (190).  In our work 

with MDA-MB-231 cells, we have shown that TTP does not accelerate decay of three 

well-characterized mRNA substrates, but this does not discount the possibility that a 

small subset of mRNAs might still be destabilized by this factor in this cell background.  

However, it is alternatively possible that in MDA-MB-231 cells TTP induces senescence 

in an mRNA binding-dependent manner, but independent of its mRNA-destabilizing 

function.  

 

4.6 Potential therapeutic opportunities presented by dynamic tumor suppressive 

functions of TTP 

 Ultimately a long term goal of studying TTP in cancer is to determine whether 

pharmacologically increasing TTP expression or one or more of its activities in tumor 

cells could be beneficial in fighting cancer.  In this work, we have found that TTP 

exhibits strong tumor suppressive properties in TNBC MDA-MB-231 cells, both in vitro 

and in murine xenograft models.  Extending from these findings are many new questions: 

[i] will TTP have the same effects in other cancer models where ERK is constitutively 

activated? [ii] Does TTP mediate some of its tumor suppressive effects by altering Ras 

signaling, and if so would other cell models driven by Ras respond similarly to TTP 
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expression? [iii] How do aggressive tumor cells repress TTP expression, and do any 

FDA-approved drugs target these mechanisms?  

 Perhaps one of the most interesting questions is how TTP suppresses tumorigenic 

characteristics.  Several groups have reported that TTP inhibits cancer phenotypes in 

various cancer cell models where ERK is not constitutively active through destabilization 

of select mRNA targets (reviewed in Ref. 195).  However, our findings indicate that a 

comprehensive assessment of TTP’s tumor suppressive abilities and the molecular 

mechanisms that drive them must also consider how phosphorylation via the ERK 

pathway affects its effectiveness.  This information would be essential if future TTP-

based therapies are to be developed, since ERK activation is a tumor characteristic shared 

by a large percentage of cancer patients (276).  Such a study of TTP function could be 

initiated using an array of breast cancer cell models that include some where ERK is 

activated such as MDA-MB-231, BT549, and  MDA-MB-436 cells, and comparing these 

data with cell models exhibiting normal ERK signaling such as MCF7, T47D, and ZR-

75-1 (268).  Of course, these cell lines differ in many other respects, but a correlative 

study measuring TTP’s mRNA-destabilizing activity, its modulation by ERK, and its 

impact on protein turnover together with accompanying phenotypic assays would reveal 

significant new information about the relationships between ERK and the tumor 

suppressive properties of TTP. 

 As ongoing work continues to determine the mechanisms by which TTP functions 

and cancer types that it can suppress, a simultaneous line of inquiry should elucidate how 

TTP expression is quenched during tumor progression.  TTP levels are dramatically 

downregulated across many cancer types compared to normal tissue (60), and in breast 
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cancer TTP expression continues to decrease as cells become less differentiated (60, 

203).  Preliminary data from our lab has found that in MDA-MB-231 cells this 

phenomenon is due to an approximately 98% reduction in TTP gene transcription when 

compared to the weakly tumorigenic breast cancer cell line MCF-7.  Determining how 

neoplastic transformation so efficiently impairs TTP transcription may yield valuable 

targets for developing potential therapies to restore its expression in tumor cells.  Such a 

study could take advantage of high throughput screening approaches to survey large 

libraries of FDA-approved and novel compounds for their ability to transcriptionally 

activate the TTP locus.  Based on the current status of research into the tumor suppressive 

functions of TTP, the potential benefits of pharmacologically increasing TTP expression 

could include sensitizing cells to other chemotherapeutic agents, slowing tumor growth, 

and reducing metastasis, all consequences that may improve morbidity and mortality 

among cancer patients.   
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Appendix:  

TTP inhibits MDA-MB-231 cells from forming tumors in murine xenografts 

 

 In Chapter 2 we showed that expressing TTP in the TNBC cell model MBA-MB-

231 reduces many of its tumorigenic properties in vitro including proliferation, migration 

and stemness.  While in vitro experiments provide a wealth of information about cellular 

behavior and molecular interaction, they do not measure the survival and propagation of 

cancer cells within a living organism.  Based on the profound tumor suppressive effects 

of TTP observed in this cultured cell model, we hypothesized that TTP expression would 

similarly reduce tumor growth in vivo.  This question was tested in collaboration with Dr. 

Jianguo Liu at Saint Louis University School of Medicine, St. Louis, MO. 

 In order to observe how TTP expression may affect cell growth and survival in an 

animal model, MDA/TetOff and MDA/TTP cells were inoculated into the mammary fat 

pads of NOD scid gamma (NSG) mice.  Consistent with in vitro phenotypic experiments, 

the NSG mice that received TTP-expressing tumor cells did not develop tumor masses, 

while mice inoculated with MDA/TetOff cells rapidly developed measurable tumors 

(Figure Apx-1A and Apx-1B).  After 29 days, mice were euthanized and tumors were 

collected and probed for TTP-FLAG expression by Western blot.  This analysis 

confirmed that MDA/TTP cells maintained expression of FLAG-tagged TTP throughout 

the in vivo trial (Figure Apx-1C).  Together, these data show that TTP expression 

significantly inhibits the establishment and growth of solid tumors by MDA-MB-231 

cells in mice.  This work further supports the hypothesis that TTP functions as a tumor 
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suppressor in TNBC, and that restoration of TTP in tumorigenic tissue could dramatically 

inhibit tumor growth. 

 

Materials and Methods 

Mice 

6 to 8 week-old NSG mice were obtained from The Jackson Laboratory (Bar 

Harbor, ME) and housed in cages with filter tops in a laminar flow hood.  Animals were 

fed food and acid water ad libitum and maintained in pathogen-free condition.  All 

experimental procedures were performed with the approval of the IACUC at Saint Louis 

University.  For tumor induction, MDA/TTPwt or MDA/Tet-Off control cells were 

cultured for one week without Dox to induce transgene expression before injecting 5 x 

106 cells subcutaneously (s.c.) in 100 μl phosphate-buffered saline into the abdominal 

mammary glands (12 animals per cell model).  Tumor size was measured every two days 

using calipers and volume calculated using the formula length × width × height.    

 

 

 

Figure Apx-1. Effect of TTP expression on MDA-MB-231 xenograft growth in mice (A) Tumor 

growth of MDA/TetOff and MDA/TTP cells over 29 days. (B) Tumor volume at day 29. (C) Western 

blot analysis of FLAG-TTP in tumors seeded with MDA/TTP and MDA/TetOff cells. 
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Western blotting  

Proteins (100 µg) were separated by 10% SDS-PAGE, transferred to 

polyvinylidene difluoride membranes, and blocked in 5% nonfat milk in Tris buffer (pH 

8.0).  Primary Ab was added at a concentration of 1 µg/ml in blocking buffer and left 

overnight at 4˚C.  After extensive washing, secondary Ab conjugated to HRP was added 

at a 1:5000 dilution in 5% nonfat milk in Tris buffer and blots subjected to ECL detection 

(PerkinElmer Life Sciences, Boston, MA).   
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