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Breast cancer accounts yearly for 200,000 newly diagnosed American women and 

loss of 40.000 of them, representing the number one killer in middle-aged women. 

Taxanes are considered among the most active chemotherapeutic agents for breast 

cancer treatment however intrinsic and acquired resistances to taxanes, limit the 

successful therapeutic outcomes of breast cancer patients. Thus it is crucial to identify 

mechanisms of resistance and predictive markers that would allow differentiation of 

patients in taxane responders or non-responders to improve patients overall and 

cancer-free survival.  

While seeking for additional markers of taxane response, we identified the novel 

role of protein Daxx in taxane sensitivity in experimental models and, importantly, in 

breast cancer patients (Chapter 3).  Daxx, a ubiquitously expressed nuclear protein with 

relevant roles in transcription and cancer progression, acts as a mitotic checkpoint 

protein that ensures cell death upon exposure to taxanes. We have demonstrated that 

this function is mediated by Daxx mitotic partner Ubiquitin Specific processing Protease-

7 (USP7). We found that USP7 has a crucial role in mitotic progression, regulating 

stability of mitotic checkpoint proteins CHFR, Aurora A kinase and Bub3. Results 
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described in this dissertation show that decreased USP7 expression impairs response 

to taxanes in cancer cell lines (Chapter 4).  

In addition, here we show that Daxx-USP7 complex is fundamental for faithful 

chromosomes segregation in daughter cells. Decreased expression of USP7 leads to 

accumulation of several mitotic abnormalities and ultimately to aneuploidy, as we 

previously observed for Daxx (Chapter 5).  

In conclusion, this work identified a new biological role of Daxx and USP7 in 

mitosis where loss of these proteins can contribute to cancer initiation/progression and 

development of chemotherapy resistance.  

Thus, the study presented in this dissertation proposes Daxx and USP7 as 

predictive markers for taxane chemotherapy response to allow proper patient’s 

stratification. In addition, by explaining one of the mechanisms of taxane resistance, this 

study allows rational choice of alternative therapeutic strategies to defeat breast cancer. 
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CHAPTER 1 
INTRODUCTION 

Breast Cancer  

  “Breast cancer” refers to an abnormal and malignant growth within the breast 

tissue. It is the oldest described tumor in humans, as cases of breast cancer were 

documented in an ancient Egyptian document. The “Edwin Smith Papyrus”, which dates 

circa 1650 BC, is part of a medical treatise that among 48 cases of trauma surgery 1, 

describes 8 cases of breast tumors, referred as ulcers, treated by cauterization. In the 

manuscript also appears the comment that "there is no cure" for this disease.  

Indeed the belief that breast cancer was incurable dominated among physicians 

until the 19th century  until when advances in surgical practices - concomitantly to 

introduction of clinical microscopy and chemotherapy - allowed the increase of the 

survival of breast cancer patients 1.  However, in spite of the enormous progress 

achieved in the last 20 years in treatment and detection, breast cancer still represents 

the number one killer of middle-aged women worldwide (American Cancer Society). 

Most commonly, breast cancer originates from epithelial cells localized in the 

breast ducts, tubular structures that connect the lobules to the nipple to secrete milk 

(ductal carcinoma), or less frequently from cells lining the lobules or milk glands (lobular 

carcinoma).  

At the early stages, breast cancer is asymptomatic. Therefore, the diagnosis of 

breast cancer starts with detection of anomalies, generally a lump, during either clinical 

or a self breast examination, which is then confirmed by radiological exam 

(mammogram) and breast biopsy. At the later stages symptoms appear such as 

changes in the size, shape, or feel of the breast or nipple. In advanced breast cancer, 
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skin ulcers, leak of fluids from the nipple and pain or discomfort in the breast or armpit 

area may also appear. 

Epidemiology and Risk Factors  

About 1 in 8 U.S. women (just under 12%) will develop invasive breast cancer over 

the course of her lifetime. Every year, breast cancer accounts for about 200.000 newly 

diagnosed American women and a loss of more than 40.000 of them, representing the 

second most deadly cancer (American cancer society). According to the disease state, 

the 5 year survival is very different: for a non-invasive (or in-situ) tumor the survival 

rates are the highest, about 97%; they are decreased to 78% for a local invasive tumor 

and are down to 22% for an invasive/metastatic cancer. These numbers highlight the 

importance amongst middle aged women of conducting routine screening. 

The incidence of breast cancer is 100 times higher among women than men. This 

is mainly due to hormonal susceptibility of the female breast tissue and the changes in 

breast mass due to menarche, pregnancies and menopause. Indeed the odds to being 

diagnosed with breast cancer are highly connected to ‘reproductive’ risk factors such as 

early menarche, late menopause, use of contraceptives, first pregnancy after age 30 

and breastfeeding history. 

Beside sex, there are other genetic factors that may increase the odds of being 

diagnosed with breast cancer. About 10% of all breast cancer cases have an inherited 

component 2. The first cause of familial breast cancer (about the 3% of hereditary breast 

cancer 2) is attributable to germline mutations in breast cancer susceptibility protein type 

1 and 2 (BRCA1 and BRCA2) genes normally involved in DNA damage response and 

double strand brake repair 3. Women that are diagnosed with mutations in BRCA1 gene 

have a 51% risk of breast cancer and 25% risk of ovarian cancer by age 50, while 
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mutations in BRCA2 gene confer a 63% risk of breast cancer by age 70 4. Other genetic 

conditions associated with higher risk of breast cancer include the Li-Fraumeni 

syndrome-1, in which patients harbor germline mutation of the TP53 gene 5, 6. A number 

of other factors increase the risk of breast cancer such as mutation of genes ataxia 

telangiectasia mutated (ATM) 7 and phosphatase and tensin homolog (PTEN which 

causes the Cowden disease) 8. Loss of these genes usually correlates with poor tumor 

prognosis.  

Also ‘environmental’ risk factors are associated with breast cancer, such as 

obesity, poor diet, smoking, alcohol consumption, exposure to chemicals (pesticides, 

antibiotics or hormones) and ionizing radiations.  

Prognostic and Predictive Factors 

For the successful treatment of breast cancer patients, it is fundamental to have 

available established prognostic and predictive factors to help clinicians select an 

optimal treatment option for a given patient. While prognostic factors may be able to 

predict the outcome and recovery from the disease, predictive factors instead are 

indicative of response to the therapy.   

The major prognostic factor for early breast cancer is the lymph node involvement 

9. A patient with negative nodes has the highest 5 year survival rate but it progressively 

decreases as the number of positive nodes increases 10. Of high clinical relevance 

Her2/neu and hormone receptor statuses (estrogen or progesterone receptors –ER or 

PR) have predictive and prognostic features 9. The presence of ER or PR (about 45% of 

patients are ER and PR positive and about 30% are ER and PR negative) is indicative 

of higher 5 year survival rates; however it is also an indicator of higher chances of 

cancer recurrence. An ER or PR positive tumor will be also responsive to hormonal 
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therapy (eg. tamoxifen). Similarly, the Human Epithelial growth factor Receptor-2 status 

(Her2), which is over-expressed in 20-25% of invasive breast cancer, is usually an 

indicator of tumor aggressiveness and poor outcome. Patients with tumors positive for 

Her2 are predicted to be responsive to DNA damaging agents. Her2-dependent tumors 

can also be treated with a humanized monoclonal antibody (Trastuzumab or 

Herceptin®) against Her2 which inhibits the proliferation and survival of tumor cells.  

In spite of the success of these prognostic and predictive markers, it is still difficult 

to identify patients that are responsive to chemotherapy. Particularly, there is a need to 

predict response to therapy among women with triple negative disease (ER, PR and 

Her2 negative). 

Breast Cancer Treatment 

After breast cancer diagnosis, the treatment chosen for each patient will be 

assessed according to tumor stage and the patient’s genetic background and it will 

include surgery (if tumor is operable), chemotherapy and/or radiotherapy.  

For patients with in situ breast cancer a lumpectomy, single or even double 

mastectomies (for patients with familial breast cancer) are among the surgical options. 

Radiation therapy may also be recommended after lumpectomy or mastectomy.  

Chemotherapy represents the only therapeutic approach for inoperable breast 

cancer and it is the preferred treatment option for operable breast cancer patients either 

before or after surgical removal of the tumor. 

Taxane Chemotherapy  

A number of agents with established cytotoxic activity are used in therapy; taxanes 

(paclitaxel (or Taxol®) and docetaxel (Taxotere®) are considered among the most active 

11.  
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Taxol® was first isolated from the Pacific yew, Taxus brevifolia, in 1962. Its 

antitumor activity was immediately recognized, but due to the extremely low yield of 

drug obtained from the tree and the poor solubility, the interest on the efficacy of this 

molecule was slow to rise 12. As the xenograft mouse model was introduced, the 

efficacy of Taxol® in killing tumors prompted the introduction of this drug in clinical trials 

in 1983 13. The successful entry of paclitaxel into clinical trials boosted an interest in 

understanding the mechanism of taxane-induced cell death. Work done from Dr. 

Horwitz uncovered that paclitaxel had a unique mechanism of action as it was found to 

act on microtubules 14, 15. However, later on, it was recognized that proteins targeted by 

this treatment, went beyond tubulin, acknowledging that downstream targets of taxanes 

include mitotic checkpoint proteins 16. After the semi-synthesis of Taxol® was achieved, 

the use of this drug was approved for treatment of refractory ovarian cancer. From 1994 

Taxol® has been employed as chemotherapic agent for breast ovarian, colon and lung 

malignancies.  

In 2003 the American Chemical Society established that the discovery of Taxol® 

was a National Historic Chemical Landmark as life-saving compound in oncology 13. 

Taxanes Activity 

Although taxanes are successful in the selective killing of tumor cells in clinical 

settings, current understanding of how this happens is controversial and incomplete. For 

a long time, apoptosis had been considered the main mechanism of cell death in 

response to taxane treatment. Currently, several distinct models of therapy response 

are recognized 17-19, wherein different modes of tumor cell death are likely determined 

by drug concentration 20 and genetic background of the cells within a tumor 21.  
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Taxanes bind to microtubles and inhibit their depolymerization and functions in 

both mitosis and interphase 14, 15, 22. At pharmacological concentrations, taxanes 

reversibly bind to a subunit of the tubulin heterodimers which forms microtubules; this 

accelerates polymerization and inhibits the depolymerization of tubulin, disrupting 

microtubule dynamics. This event, in turn, activates a mitotic checkpoint which invokes 

mitotic arrest 23.  This mitotic arrest does not persist indefinitely. After some period of 

time, cells usually undergo an aberrant exit from mitosis, characterized by the lack of 

metaphase, anaphase and cytokinesis. The nuclear envelope is re-formed around 

individual chromosomes or groups of chromosomes producing large nonviable cells with 

multiple micronuclei, which are morphologically distinguishable from apoptotic cells. 

This type of cell death, known as mitotic catastrophe, is activated during mitosis as a 

result of deranged spindle formation coupled with blocks of different checkpoint 

mechanisms thus causing aberrant chromosome segregation and nuclear fragmentation 

24-28.  

Taxanes and Mitotic Checkpoints  

Taxanes inhibit microtubules dynamics. But since the formation of the mitotic 

spindle, the attachment of kinetochores and correct chromosome partitioning all rely on 

microtubule dynamics, taxanes are also known as mitotic spindle poisons 29.  

The mitotic block observed upon taxane exposure derives from activation of the 

Spindle Assembly Checkpoint (SAC) 19 which controls metaphase-anaphase transition 

by ensuring that all kinetochores are correctly attached to spindles before anaphase 23, 

30, 31.  When cells are exposed to conditions of prolonged mitotic stress in the presence 

of these toxins, the SAC is eventually inactivated and cells exit mitosis 32 as micro-

nucleated or tetraploid 33.  This abnormal mitotic exit is referred as “mitotic slippage”, or 
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“mitotic catastrophe” 34, 35 and is dependent upon the ubiquitination and proteolysis of 

cyclin B and Securin.  

Several mitotic checkpoint proteins, including MPS1, Survivin, CHFR, and 

members of Mad and Bub protein families (Mad1, Mad2, BubR1, Bub1 and Bub3), 

sense improper tension between kinetochores and microtubules of the mitotic spindle 

and transmit a signal to inhibit mitotic progression. Inactivation of these checkpoint 

proteins has been associated with either increases in sensitivity or resistance to taxane 

treatment 36-40 and for Mad2 and BubR1 findings are controversial 36, 37, 41. 

The factors that determine prolongation of mitotic block and, thus, resistance to 

treatment by taxanes, remain incompletely characterized. Inactivation of CHFR, mitotic-

associated E3 ubiquitin ligase 42-44) which degrades the mitotic kinase Aurora A 45 leads 

to decreased sensitivity to mitotic spindle poisons 46. Down-regulation of breast cancer 

susceptibility gene 1 (BRCA1) by siRNA leads to increased taxane resistance in breast 

cancer cell line MCF-7 47. Another report describes the microtubule depolymerizing drug 

nocadozole to induce delay in mitotic exit upon depletion of p31comet in HeLa cells. 

p31comet acts in mitosis by counteracting spindle checkpoint function of Mad2 48. Thus, 

recent efforts have started to link sensitivity of tumor cells to taxane treatment with 

genetic defects in the cell cycle checkpoints in association with cancer chemotherapy. It 

has been suggested that inactivation of mitotic checkpoint proteins can contribute to the 

selective response of taxane treatment in vivo 49. However, mutations in known 

checkpoint proteins occur rather rarely 50, 51; thus broader studies are necessary to 

search for novel molecular targets of taxanes therapy. 
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Predictive Markers for Taxane Response 

Many cancer patients are resistant or become resistant to Taxol® during drug 

administration 52-54. Over the last 30 years, basic research has provided invaluable 

support in developing therapeutic strategies, but unfortunately it has failed so far to 

understand how almost half of the patients develop therapy resistance 52, 53. 

Predicting and overcoming resistance or incomplete response to these agents 

would represent a major improvement in the clinical management of breast cancer 55-57. 

Factors contributing to taxane resistance include: alteration in expression of tubulin or 

microtubules-associated proteins 58-60, multidrug-resistance 61, 62, deregulations in 

numerous cellular pathways 63 such as cell cycle control 64, cell proliferation 65, 66, 

apoptosis 67 and nuclear-cytoplasmic transport for both proteins and RNA 68, 69. 

Numerous studies support the evidence that SAC plays a pivotal role in taxane 

resistance. Spindle checkpoint defects have been described in increased sensitivity and 

resistance to paclitaxel and oftentimes results were controversial 36, 40, 41.   

Down-regulation of checkpoint proteins CHFR, survivin and Bub1 were shown to 

increase paclitaxel sensitivity 36, 38, 70. Conversely , inactivation of mitotic checkpoint 

proteins which lead to taxane resistance include BRCA1 47, Mad2 antagonist protein 

p31comet, 48 and Bub3 71. Among checkpoint proteins, Aurora A kinase has been linked to 

taxane resistance 72-74; it is amplified in breast cancer 75-77 and is over-expressed in 

several tumors 78-83 with poor prognosis 84-86. 

Protein Daxx: a Novel Player in Paclitaxel Resistance 

Daxx is 120 KDa highly conserved and ubiquitously expressed protein 87.  

We have found that sensitivity to paclitaxel treatment in breast cancer cell lines 

and mouse cells correlates with the level of Daxx, a ubiquitously expressed nuclear 
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protein. Upon paclitaxel exposure, cells with high levels of Daxx induce a transient 

mitotic block followed by mitotic catastrophe, while cells with low Daxx are blocked in 

prometaphase and continue proliferation after drug removal. While screening for Daxx 

expression in breast malignancy, we documented extensive heterogeneity of Daxx in 

primary breast cancer specimens.  

Studies published from our laboratory showed correlation between Daxx and 

cellular response to paclitaxel 88.  Cell lines with extreme level of Daxx: T47D (low level 

of Daxx, Daxx/actin = 1.0) and MDA MB 468 (high levels of Daxx, Daxx/actin = 14.0) 

behaved very differently when exposed to paclitaxel. Results from colony formation 

assay showed a high survival rate of T47D cells (low level of Daxx) and low survival rate 

of MDA MB 468 cells (high level of Daxx) at all time-points tested. Thus, these data 

demonstrated that low levels of Daxx correlate with increased resistance to paxlitaxel 

treatment in breast cancer cell lines. To further confirm this correlation, Daxx was 

depleted in MDA MB 468 breast cancer cells and HEp2 human epithelial carcinoma 

cells by stable expression of anti-Daxx shRNA. Depletion of Daxx by shRNAs 

reproduced the original finding that level of Daxx is critical for paclitaxel response 88. 

To this end it is essential to examine the function of Daxx as a novel mitotic 

checkpoint protein that determines sensitivity to paclitaxel and can be used as a 

predictive marker in selection of breast cancer patients to receive taxane therapy. In 

addition, it will be important to determine the mechanism of this sensitivity by elucidating 

the role of Daxx in mitotic progression. Identification of Daxx as a novel mitotic 

checkpoint release protein which determines resistance to taxanes, will aid in proper 

selection of patients to receive this therapy and contribute to our understanding of 
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mechanisms that connect cell division, genome instability and breast cancer 

progression. 

Daxx: an Enigmatic and Controversial Protein 

The first description of protein Daxx dates back in 1997 when Yang et al. identified 

Daxx as a Fas “death-domain associating protein” 89 in a yeast two-hybrid screen. The 

interaction between Daxx and the cytosolic portion of Fas was reported to trigger a 

FADD-independent activation of the Jun N-terminal kinase pathway, which in turn 

activated apoptosis. This report challenged the apoptosis field that not all the signals 

from the Fas receptor were mediated and translated in the cell by FADD. However 

reports which followed were unable to reproduce the same results 90. Data collected in 

mouse embryonic fibroblasts which were deficient in FADD or caspase-8 could not 

activate apoptosis thus suggesting that Daxx did not elicit a FADD independent pathway 

91, 92. Most importantly other groups failed to reproduce Daxx and Fas interaction 

reporting also that the apoptotic activation prompted by Daxx over-expression was not 

mediated by JNK 93. Contradictory evidence on the pro-apoptotic function of Daxx were 

also supported by the in vivo work done by the Leder group on Daxx knockout mouse. 

Loss of Daxx caused embryonic lethality by day 8.5-9, but quite unexpectedly it was not 

marked by proliferation abnormalities as lack of a pro-apoptotic protein would.  

Conversely, Daxx knockout was characterized by extensive apoptosis, supporting 

instead an anti-apoptotic function of Daxx 94, 95.  

In addition, to challenge the initial findings, accumulating evidence, given by 

biochemical fractionations and immunofluorescence experiments, described Daxx as a 

nuclear protein 93, 96 with obvious ND10/PML body association in interphase cells 96. 
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Daxx binds to sumoylated PML via its two independent SUMO interaction motifs (SIMs) 

that results in Daxx accumulation in the ND10/PML nuclear bodies 97, 98. 

In addition Daxx was found to co-localize at heterochromatin loci with ATRX a 

chromatin remodeling enzyme in a cell cycle dependent manner 99. Thus, these results 

raised the question on how a nuclear confined protein such as Daxx could trigger 

apoptosis by interacting with Fas, a membrane embedded protein.  

Indeed, Daxx localization has been object of a second diatribe.  Using cellular 

biochemical fractionation of NIH-3T3 fibroblasts, the Lalioti group showed that the 

majority of endogenous Daxx accumulated in the nuclear compartment while a minor 

part was detected in low-density microsomes 100. They also confirmed these finding by 

immunofluorescence staining, thus assuming that two distinct intracellular Daxx pools 

may exist: one in the nucleus and another in the cytosol within low density microsomes.  

Intracellular localization of Daxx has also been attributed to shuttling between 

cellular compartments in response to stresses 101-105 mainly to guarantee cell survival.   

Daxx was reported to re-locate from the nucleus to the cytoplasm during glucose 

deprivation 105, 106, oxidative stress 105 and chemical hypoxia 102. These re-localization 

studies however were mostly done with over-expressed protein and were not supported 

by following studies. The first conflicting report showed via biochemical separation that 

Daxx remains in the nucleus after exposure to hydrogen peroxide or UV treatment 107.  

The second, that we undertook, was done to analyze endogenous Daxx cellular 

localization using several cell lines, including those that were reported to display 

cytoplasmic Daxx accumulation. None of the cell line, challenged with same or harsher 

stresses than those published, showed any redistribution of Daxx from the nuclear to 
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cytosolic compartment by any means tested (immunofluorescence, time-lapse 

microscopy and biochemical fractionation) 108. Thus, while there is some tantalizing 

evidence to suggest existence and function of Daxx in the cytoplasm, more extensive 

studies of endogenous protein trafficking are required. 

Daxx spatiotemporal relocalization appears to occur within the nucleus in a cell 

cycle dependent manner 99 and in response to some stresses109. At the end of S-phase 

Daxx is relocalized from ND10 nuclear bodies to condensed heterochromatin by 

phosphorylated ATRX, a chromatin remodeling protein 99. The biological role of this 

redistribution is still under investigation.  It has been show that Daxx, along with other 

ND10-associated proteins can be released from ND10 into the nucleoplasm during heat 

shock and heavy metal exposure 109.   

Daxx has also been known to interact with the CENtromeric Protein-C (CENP-C) 

and relocalize to centromeres 110, 111. The function of this interaction has been recently 

uncovered in mouse cells 112 and will be discussed below.  

In summary, Daxx localization within the nuclear compartment has been confirmed 

by a number of reports 113. Through its two independent SUMO interaction motifs (SIMs) 

Daxx binds to sumoylated PML in the ND10/PML nuclear bodies 97, 98.  

Daxx Structure  

Since its discovery, it was apparent that Daxx plays important roles in regulating a 

wide array of functions even if amidst some controversy. To orchestrate these cellular 

processes, spanning from transcriptional regulation to antiviral response which will be 

discussed in the next paragraphs, Daxx interacts with a long list of proteins (more than 

50). However, the molecular mechanisms on how Daxx contributes to these disparate 

cellular functions, is unknown, mainly because the structural characterization of this 
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protein is poor. hDaxx is a 740-amino acid protein that was described to contain, a 

coiled coil region 111, a predicted "Pair of Amphiphatic Helices" (PAH) 114 and two 

SUMO interacting motifs (SIM) 97, 98. These poorly characterized domains have been 

used to set boundaries to design deletion constructs for Daxx to probe interaction with 

over 50 putative partner proteins 113. Future work was undoubtedly necessary for 

detailed and proper characterization of Daxx protein structure. 

DHB Domain Characterization of Daxx 

In collaboration with Dr. McIntosh, University of Vancouver Using NMR 

spectroscopy, we have demonstrated that the C-terminal half of Daxx is intrinsically 

disordered, whereas a folded domain is present at its N-terminus. This domain forms a 

left-handed four-helix bundle with topology which differs from the Sin3 PAH domains. 

This Daxx Helical Bundle (DHB) domain interacts with the N-terminal residues of the 

tumor suppressor Ras-association domain family 1C (Rassf1C) which in turn folds into 

an amphipathic a-helix upon binding the Daxx domain. Indeed Daxx was reported to be 

able to recruit/sequester Rassf1C 115 in ND10 upon Rassf1C over-expression and the 

two proteins were shown to interact and regulate mitosis 116. 

Based on a proposed Daxx recognition motif as hydrophobic residues preceded by 

negatively-charged groups, we found that peptide models of p53 and MDM2 also bound 

the DHB domain 117. This provides a structural foundation for understanding Daxx 

functions and molecular interactions. 

Daxx a Multifunctional Protein 

As described above, Daxx was identified as a proapoptotic Fas-interacting protein 

89 and later demonstrated to have anti-apoptotic activity 94, 95, 118, is a ubiquitously 

expressed and highly conserved nuclear protein that also possesses intrinsic 
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transcription repression activity 119. Indeed the best characterized Daxx function is that 

of transcription co-repressor 120. Daxx does not bind directly to DNA but only indirectly 

113.  In several reports Daxx was described to be recruited through its SUMO interaction 

motifs, with sumoylated transcription factors 121-123  or chromatin modifiers such as 

HDAC2 124  and DNA methyltransferases 125. Some of these examples will be described 

in the next paragraphs. 

Daxx regulates also stability of p53 E3-ligase MDM2 through binding of 

Deubiquitinating Enzyme USP7 (also known as HAUSP) and hence can regulate p53-

mediated apoptosis. According to the work initially published by Tang et al. 126, Daxx 

ultimately prevents MDM2 self-ubiquitination, enabling this E3 ligase to target p53 for 

proteolytic degradation 126, 127. Upon DNA damage Daxx-USP7-MDM2 complex 

dissociates so that MDM2 is destabilized by self-ubiquitination and proteolitic 

degradation. This leads to stabilization and activation of p53.  

Daxx has also been described to interact with the CENtromeric Protein-C (CENP-

C) and localize to centromeres 110, 111. The functional significance of Daxx association 

with CEN/periCEN was dim until recent findings which identified Daxx-containing 

complex as a novel chaperone for histone H3.3 128, 129. This transcription-associated 

variant of histone H3 was recently shown to be enriched in repetitive regions of genome 

including telomeric and pericentromeric loci 129. Several studies have shown that Daxx-

mediated incorporation of H3.3 into MaSat in mouse cells correlates with transcription 

elevation from this region of genome 128 suggesting Daxx role in maintenance of 

heterochromatin structure at these genomic loci 128.  
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Daxx Role in Mitosis 

Despite extensive characterization of Daxx intranuclear localization during 

interphase 90, 99 little is known about the localization of this protein in mitosis. It has been 

previously reported that the major Daxx housing domain in interphase, ND10/PML 

bodies, undergoes dramatic changes during mitosis with number of domains decreased 

130-132 and protein composition of domains changed. ND10/PML bodies become 

depleted of Daxx, Sp100 and SUMO-1 concomitantly with a reported 

hyperphosphorylation of the PML protein 110, 133. As cells leave mitosis and re-enter G1, 

ND10 reform their interphase protein composition with Daxx reappearing at this domain 

110. To analyze the localization of Daxx during mitosis, mouse cells were stained with 

Daxx antibodies, and DNA counterstained with Hoechst 33258. Localization of Daxx 

was evaluated and documented relative to stages of mitosis as determined by the 

degree of chromatin condensation and chromosome localization. In prophase Daxx is 

accumulated in a dot-like pattern characteristic of ND10-the major site of Daxx 

localization during interphase. The main transition of Daxx localization occurs when 

cells progress into prometaphase. Instead of a dot-like localization, Daxx is visible in a 

pattern characteristic of mitotic spindles, where it remains during the end of 

prometaphase and part of metaphase (characterized by aligned chromosomes). Once 

cells proceed into anaphase (chromosome separation pattern), Daxx disappears from 

the mitotic spindle and remains diffuse during the end of mitosis 134.  

Another indication that Daxx may participate in mitosis is the above mentioned 

interaction between Daxx and the intrinsic kinetochore component CENP-C 111. 

Depletion of Ams2, a Daxx-like motif-containing GATA factor in S. pombe results in 

chromosome missegregation 135.  
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We found that Daxx-/- embryos are developmentally retarded by day 8 and 

completely disintegrated by day 11.5 99. DNA staining of day 9.5 Daxx-/- embryos 

revealed accumulation of mitotic cells in prometaphase and high level of apoptosis, 

while a dismal level of apoptotic cells and all mitotic stages were observed in Daxx+/+ 

embryos. Daxx+/+, Daxx +/- and Daxx-/- cell lines were collected from day 9.5 embryos; 

karyotyping of Daxx-/- cells revealed high aneuploidy and genomic instability. All three 

tested Daxx-/- cell lines were tri/tetraploid, with high heterogeneity in chromosome 

number between five metaphases analyzed for each of these cell lines. In general, a 

high level of genomic instability and aneuploidy is often observed upon depletion of 

mitotic checkpoint proteins 23, 136, confirming a potential function of Daxx in mitosis 

progression indicating prometaphase as a potential stage of Daxx activity. 

Daxx Role in Carcinogenesis 

Several reports show a connection with Daxx expression and carcinogenesis. 

Daxx over-expression has been documented within the stroma of prostate cancer 

samples 137. The role of Daxx in prostate cancer may be explained by Daxx functions as 

a co-repressor of the androgen receptor (AR) a hormone receptor essential for the 

homeostasis of prostate tissue 138. It was shown that Daxx can also negatively influence 

AR transcription activity in colon cancer cells 139 in a SUMO-dependent manner.  

Daxx decreased expression was found in tumor specimens of adenocarcinoma. 

The authors reported that this phenomenon can be explained by the loss of Daxx 

regulation of proliferation and differentiation in colon cells 140.  

Another example of Daxx involvement in tumorigenesis, involves the proto-

oncogene c-met, in which over-expression is documented in tumors, including breast 

cancer, and elevates metastatic potential. Our laboratory demonstrated that Daxx is a 
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repressor of c-met transcription via HDAC2 recruitment/stabilization on c-met promoter. 

Inverse correlation between Daxx and c-Met in metastatic breast cancer specimens 

suggests potential function of Daxx as a c-met repressor during cancer progression 120. 

Thus, in breast cancer pathogenesis, reduced Daxx not only elevates taxane resistance 

88, but also accelerates metastatic progression via c-met up-regulation.  

A recent report also documented somatic mutations of Daxx gene in 25% of 

patients affected by pancreatic neuroendocrine tumors (PanNETs) 141.  Among 

PanNETs the authors found collectively 43% of tumor with mutated Daxx or its partner 

ATRX. Due to the reported activity of Daxx/ATRX complex in chromatin remodeling at 

repetitive G-rich sequences, like telomeres 112, 142, subsequent work was done to 

analyze telomere length in PanNETs 143. This study found that Daxx and ATRX 

mutations positively correlate with long telomeres, which were extended by alternative 

lengthening of telomeres (ALT), a mechanism independent by the enzyme telomerase 

143, 144. 

Taken together, these studies highlight Daxx role as tumor suppressor; further 

studies are needed to better characterize Daxx function in the process of 

carcinogenesis. 

. 
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CHAPTER 2 
MATERIAL AND METHODS 

Cell Culture 

HEp2, H1299 and HCT116 parental or p53-/- cells were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, 2 mM 

glutamine and 100 U/mL penicillin and 100 µg/mL streptomycin (Gibco BRL, Carlsbad, 

CA) and grown in a humidified 5% CO2 incubator. MCF10A were obtained from 

American Type Culture Collection (ATCC, Manassas, VA) and were cultured under 

recommended conditions. Taxol® (Paclitaxel; Sigma, St Louis, MO, USA; 100 mM in 

dimethyl sulfoxide) was used at a final concentration of 10 nM.  Thymidine (Sigma) was 

dissolved in 1N NaOH for 1M stock and used at a final concentration of 2 mM. 

MLN8054 (Millennium Pharmaceuticals Inc., Cambridge, MA) was dissolved in DMSO 

at 5 mg/ml and used at 4 µM final concentration. 

Immuno-precipitation and Mass Spectrometry Analysis 

Cells synchronized by DTB and blocked in 10nM Taxol® were lysed 30 minutes at 

RT in lysis buffer consisting of 50 mM Tris-HCL (pH 7.45), 150 mM NaCl, 1mM EDTA, 

1% Triton X-100, in presence of 10 mM N-ethylmaleimide (Sigma), 5 mM 

iodoactetamide (Sigma), 1 mM phenylmethylsulfonylfluoride (Calbiochem, EMD 

Chemicals, Gibbstown, NJ, USA), 1 mg/mL aprotinin (Sigma), 1 mM leupeptin (Sigma), 

1 mM pepstatin (Sigma). Lysate was then pre-cleared by centrifugation at 1800g for 10’ 

at RT and filtration trough 0.45 micron filter (Corning). Pre-cleared lysates (Input) were 

incubated with preconditioned FLAG magnetic beads for 3 hours at RT on end-over-end 

rotator. Beads were than washed four times with lysis buffer without protease inhibitors 
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and eluted by thrombin cleavage (1 enzyme unit, New England Labs) for 30’ in lysis 

buffer. 

Protein samples were then analyzed for efficiency of pull-down and co-IP by 

western blot analysis as described below. For Mass spectrometry analysis samples 

were loaded on Protean II precast gels 8-16% Tris-HCl (#161-1457, BioRad, Hercules, 

CA). Bands were then revealed with Novex colloidal blue staining kit (#LC6025, 

Invitrogen, Carlsbad, CA, USA). 

Immunofluoresence 

Immunofluoresence analysis was completed as previously described 116.  Cells 

were fixed, permeabilized and then stained with the following primary antibodies: Daxx 

5.14 monoclonal 99, PML 14 rabbit 96, USP7 (Bethyl labs, Montgomery, TX), Aurora A 

(Cell Signaling Technologies, Danvers, MA) and alpha-Tubulin (Sigma). Then labeling 

was done using appropriate FITC- or Texas Red-conjugated secondary antibodies 

(Invitrogen) and HOECHST (Sigma). Images were analyzed using Leica TCS SP5 

confocal microscope. 

Western Blotting 

Protein samples were separated by 4-20% SDS-PAGE (Biorad), transferred to 

nitrocellulose membranes (Whatman, Dassel, Germany) and blocked with 3% non-fat 

milk/PBS, 0.1% Tween (PBST).  Primary antibodies to Daxx 677 rabbit (in house), 

USP7 rabbit (Bethyl labs), Cyclin B1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), 

CHFR (Abcam, Cambridge, MA, USA), Aurora A (Cell signaling), Bub3 (BD 

Transduction Laboratories, Franklin Lakes, NJ, USA), Actin (Sigma) or were diluted in 

3% milk/PBST and incubated overnight at 4°C.  Membranes were then washed 3X with 

PBST for 1 hr at RT with appropriate secondary antibody (Millipore, Billerica, MA, USA; 
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all 1:2,500).  Membranes were then washed with PBST and exposed using ECL reagent 

(Amersham, GE Healthcare, Pittsburg, PA, USA). Densitometry analysis of cyclin B or 

CHFR and actin western blots was performed using the Quantity One software from 

Bio-Rad. 

Transient and Stable Depletions  

For transient siRNA transfections smart pools were purchased from Dharmacon 

and employed according manufacturer instructions.  

For stable depletion of HEp2, H1299 and MCF10A cells a lentiviral expression 

system kindly provided by Peter M. Chumakov (Lerner Research Institute, Cleveland 145 

was used as previously described 116. shRNAs and Daxx 116, for control and USP7 were 

designed according to the Dharmacon siDESIGN algorithm. control shRNA was 

directed against base pairs 1262-1284 of SETDB1 (TCCTCTTTCTTATCCTCGTATGT).  

Time Lapse Microscopy 

Time lapse imaging of cells was performed according to 146.  Briefly, control and 

Daxx-depleted HEp2 cells were stably transfected with GFP-histone H2B (gift of Dr. 

Duane Compton, Dartmouth) and analyzed by Leica TCS SP5 confocal microscope 

equipped with environmental chamber; images were taken every 2 min. Mitotic stages 

were determined by three hallmark events including 1) first indication of chromatin 

condensation marked as late G2/prophase transition (T=0); 2) invagination of the 

nucleus marking the prophase/pro-metaphase transition; and 3) beginning of 

chromosome segregation marking the metaphase/anaphase transition. Three 

experiments were completed for each shRNA group with an average of 20-30 cells per 

experiment. 
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APC Assay 

Cellular pellets were resuspended in lysis buffer (20mM Tris-HCl, pH 7.2, 2mM 

DTT, 0.25mM EDTA, 5mM KCl, 5mM MgCl2) on ice and subjected to 1,500psi N2 in a 

nitrogen disruption chamber. The lysate was spun for 15min at 15,000g.  Supernatants 

were divided into single use aliquots and flash frozen in N2.  For assays, extracts, on 

ice, were supplemented with an energy regenerating system (30U/mL rabbit creatine 

phosphokinase type I, 7.5mM creatine phosphate, 1mM ATP, 1mM MgCl2, 0.1mM 

EGTA), non-destructible cyclin B, and cycloheximide.  Proteins were then added in a 

final volume of 14mL. 35S-labeled substrate (1mL) was added; aliquots were made and 

shifted to 30°C.  Samples were quenched at the indicated times by the addition of 

sample buffer, resolved by SDS-PAGE and imaged using a Typhoon phosphorimager 

(GE Healthcare).   

Mitotic Stages Assessment 

Cells were transiently depleted by control or USP7 siRNAs (Dharmacon, Thermo 

Fisher Scientific, Waltham, MA, USA). 72h post-transfection cells were fixed and than 

DNA stained with hoechst 33342. Mitotic stages were determined by microscopy and 

were categorized as prophase-prometaphase (P), metaphase (M) or anaphase (A) or 

telophase (T) according DNA morphology. Mitotic stages assessment for each sample 

was conducted counting at least 100 mitotic events per experiment. 

Micronuclei Scoring  

Cells stably depleted by control or USP7 shRNAs were grown on coverslips than 

fixed and stained for DNA according to immunofluorescence procedure. The criteria 

adopted for of micronuclei (MN) scoring were previously described 147, 148.  MN score 

represent the number of MN per cell. For each sample at least 300 cells were counted.  
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Colony Formation Assay 

Cells exposed to control or 10 nM Taxol® were originally plated on 3.5 cm dishes 

(Corning) for treatment.  Following exposure, cells were trypsinized and re-plated (in 

triplicates) at 1:1,000 dilution on six well plates (Corning, Lowell, MA) for colony 

formation analysis.  Five to seven days afterwards, colonies were stained with crystal 

violet and counted.   

Immunohistochemistry 

For this study, twenty two women were identified with locally advanced HER-2 

non-amplified breast cancer that were treated with standard taxane/anthracycline based 

neoadjuvant chemotherapy at H. Lee Moffitt Cancer Center. Initial core biopsy was 

performed for the diagnosis and all patients underwent neoadjuvant chemotherapy 

followed by definitive surgery with either lumpectomy or mastectomy and axillary lymph 

node dissection. Two patients had invasive lobular carcinoma, one patient papillary 

carcinoma, while the remainder had invasive ductal carcinoma. Four tumors were 

hormone receptor negative and eighteen tumors were hormone receptor positive.  

Tissue blocks were obtained from initial biopsy (prior to neoadjuvant chemotherapy) to 

perform immunohistochemical staining for Daxx. Slides were de-paraffinized with xylene 

and re-hydrated through decreasing concentrations of ethanol to water, including an 

intermediary step to quench endogenous peroxidase activity (3% hydrogen peroxide in 

methanol).  For heat-induced antigen retrieval, sections were heated in a water bath at 

95°C while submerged in Trilogy buffer (Cell Marque, Hot Springs, AR) for 25 minutes 

and afterwards incubated with a universal protein blocker Sniper (Biocare Medical, 

Walnut Creek, CA) for 15 min, RT.  Monoclonal mouse anti-Daxx 5.14 was added o/n at 

RT.  Mach 2 goat anti-mouse-horse radish peroxidase-conjugated (Biocare Medical, 
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Walnut Creek, CA) was then added for 30 min, RT.   Detection of Daxx was achieved by 

incubating slides in 3’3’ diaminobenzidine (Biocare Medical, Walnut Creek, CA) for 15 

min, RT. Slides were counterstained with hematoxylin (Vector Laboratories Inc., 

Burlingame, CA) for 10 sec and mounted with Cytoseal XYL (Richard-Allen Scientific, 

Kalamazoo, MI). Slides were analyzed using Leica DM2000 microscope and pictures 

were taken using Leica DFC480 CCD camera with Leica FireCam 1.7.1 software. For 

each specimen, at least one thousand cells were examined for Daxx expression, and 

the number of cells with an evident signal were recorded and categorized by the 

intensity of staining (0 for undetectable, 5 for highest) of Daxx multiplied by the percent 

of staining cells (Daxx score).  

Mouse Xenografts 

HEp2 xenografts were generated in Nu/Nu mice by subcutaneous injection of 5 x 

106 HEp2 cells containing a 1:1 mixture of matrigel (BD Bioscience)/DMEM suspension.  

Tumors were monitored daily and grown to a volume of approximately 150 mm3 (day 7-

9 after cell injection) before drug treatment. Vehicle (1 part of 1:1 solution of 50% 

EtOH/Cremaphor EL (Sigma) to 10 parts of PBS) or 20 mg/kg Taxol® (LC Laboratories, 

Woburn, MA; Paclitaxel stock = 25 mg/mL dissolved in EtOH/Cremaphor EL) was 

injected intraperitoneally (IP) every second day for a total of five injections.  Up to fifteen 

animals were used for each experimental group.  Tumor volume was measured by 

calipers and calculated on a daily basis using the formula V= (1/6) πa(b)2 where (a) and 

(b) are the measured length and width (millimeters) of the tumor, respectively.  

Increases or reductions in tumor size were determined according to the relative initial 

tumor size beginning on day one of injection. Experiment was terminated at day 15 of 

first drug injection or when tumor volume reaches 1000 mm3.  
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Metaphase Spreads and Karyotyping 

HEp2 and H1299 cells stably expressing control or USP7 shRNAs were treated 

with 50 ng/mL colcemid (Invitrogen, Carlsbad, CA) for 2 hours. Similarly, MCF10A cells 

were treated with 50 ng/mL colcemid for 16 hours before proceeding with metaphases 

preparations. Cells were collected and resuspended in a hypotonic solution of 2% KCl 

and 2% Na3C6H5O7 for 7 minutes at 37°C. Metaphase spreads were then prepared 

and stained with Giemsa-trypsin (G-band) procedure. Analysis was carried out using the 

OLYMPUS BX41 microscope equipped with a BASLER scA1400-17gmASI digital 

camera. Images were analyzed using the Applied Spectral Imaging (ASI) software 

V7.0.6.8860. Unless stated differently, for each experiment at least one-hundred 

metaphases for each sample were counted. 
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CHAPTER 3 
CELLULAR LEVELS OF DAXX CORRELATE WITH TAXANE RESISTANCE  

Introductory Remarks 

Taxanes, a group of cytotoxic drugs which includes paclitaxel (Taxol®) and 

docetaxel (Taxotere®), are among the most successful anticancer agents for breast 

cancer chemotherapy 11, 18, 149. Taxanes affect microtubule stability, but mutations or 

alterations in tubulin occur very rarely in cancers 150. Taxane activity affects mainly 

mitotic checkpoints 16, 151 and leads to a prolonged arrest of cells in mitosis, that will 

eventually trigger cell death 21 by a mechanism still largely unknown 17, 152-154. Currently, 

many mitosis-related proteins have been scrutinized for their ability to affect taxane 

sensitivity, but like tubulin, many of these proteins are unaltered in cancer and cannot 

explain the majority of drug resistance seen in patients exposed to these compounds. 

Many breast cancer patients are resistant or become resistant to taxanes during 

drug administration 52-54. A number of studies have been carried out to determine a 

genomic profile that could be predictive for taxane treatment 63, 155-158. Despite the 

extensive efforts toward identification of predictive markers for taxane treatment in 

breast cancer, the clinical applications of results have been limited. This was partly due 

to lack of reproducibility of methods among several groups 159 but also to the fact that 

the loss of checkpoint genes involved in mitotis and taxane response rarely occurs in 

cancer 50, 51. In addition, these approaches do not account for the fact that regulation of 

mitosis occurs largely at the post-translational level 160.  

 

Giovinazzi S, Lindsay CR, Morozov VM, Escobar-Cabrera E, Summers MK, Han HS, McIntosh LP, Ishov 
AM. Regulation of mitosis and taxane response by Daxx and Rassf1. Oncogene. 2012 Jan 5;31(1):13-26. 
doi: 10.1038/onc.2011.211. 
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Thus, predicting and overcoming resistance or incomplete response to these 

agents would represent a major improvement in the clinical management of breast 

cancer 55-57. 

Functional screens have been directed at finding novel targets affecting sensitivity 

to Taxol® and other compounds but it remains unclear whether these targets play a 

direct role in Taxol® sensitization or offer prognostic value to clinicians 161.  The 

existence of a mitotic stress checkpoint(s), separate in function from the SAC has been 

proposed in regard to cells that have been exposed to spindle toxins like Taxol® 46. 

Thus, it is essential to identify these mitotic guardian proteins or pathways involved in 

Taxol® sensitization/resistance because foreknowledge of these targets may prove 

useful for proper selection of patients for taxane-based chemotherapy.  To this end, we 

sought to further understand the phenomenon of Daxx-dependent Taxol® resistance 

related to mitosis and to determine its importance in tumors subjected to this type of 

chemotherapy. 

Intrinsic and acquired resistances to taxanes represent the most limiting factors to 

the successful treatment of breast cancer patients. 

Exploring the mechanism of Daxx-based resistance, we observed that, upon 

Taxol® treatment, cells with reduced level of Daxx remain in a prolonged mitotic arrest 

and complete cell division after Taxol® removal, while cells with high levels of Daxx exit 

from Taxol®-induced mitotic block as micro-nucleated cells incapable for proliferation in 

cell culture settings 88, 116. 

Daxx is a highly conserved and developmentally essential nuclear protein 94, 99, 108. 

Daxx is involved in numerous cellular processes such as transcriptional regulation 113, 
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anti-viral immunity 162, apoptosis 90, 95 and carcinogenesis 163, 164. Exploring the 

mechanism of Daxx-based resistance, we observed that, upon Taxol® treatment, cells 

with reduced level of Daxx remain in a prolonged mitotic arrest and complete cell 

division after Taxol® removal, while cells with high levels Daxx exit from Taxol®-induced 

mitotic block as micro-nucleated cells incapable for proliferation in cell culture and 

xenograft settings 88, 116.  

Results 

Duration of Mitotic Stages is Affected in the Absence of Daxx 

 Resistance to Taxol® was observed in human breast cancer (MBA-MD-468) and 

human larynx carcinoma (HEp2) cells with experimentally reduced Daxx 88. To 

understand the function of Daxx in Taxol® response, we utilized HEp2 cells expressing 

control or anti-Daxx short hairpin RNAs (shRNAs) (Figure 3-1a). We used this model 

cell line as taxane-based therapy is one of treatment options in head and neck cancer 

165 and given the ability of HEp2 cells to recapitulate the Daxx-dependent Taxol® 

response observed in breast cancer cell lines as shown previously 88. HEp2 cells were 

synchronized using a double thymidine block and released for cyclin B protein level 

analysis to monitor G2/M/G1 progression. Although control shRNA cells showed 

destruction of cyclin B by 9 h post-thymidine release, Daxx-depleted cells showed 

prolonged stabilization of cyclin B at 9.5–11 h post-release, suggesting that Daxx is 

required for normal mitosis (Figure 3-1b). Next, we studied mitotic progression by time-

lapse microscopy in control- and Daxx-depleted cells stably transfected with histone 

H2B-GFP. The occurrence of chromatin condensation in Daxx-depleted cells was more 

rapid, indicating faster progression of prophase compared with control cells (Daxx 

shRNA cells had average 7.5 min and control shRNA average 10.2 min). Contrarily, the 
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average prometaphase/metaphase timing of Daxx depleted cells (37.6 min) was longer 

than in control depleted cells (average 31.2 min). No differences in mitotic progression 

were observed in control shRNA compared with parental HEp2 cells (data not shown). 

The combination of these data suggests that depletion of Daxx in human cells results in 

perturbation of normal mitosis, implying that Daxx is necessary for proper mitotic 

progression.  

Cyclin B is Stabilized in Daxx-Depleted Cells Treated with Taxol® 

Cells with reduced Daxx display increased resistance to Taxol® treatment because 

the majority of cells arrest in mitosis for longer period of time (and thus are able to 

complete normal division upon Taxol® wash-out), while control cells exit mitosis towards 

micro-nucleated cells (and stop proliferation). A similar effect was previously observed 

upon cell exposure to low or high Taxol® concentrations 88. We sought to understand 

the Taxol® resistance phenomenon more in depth by analyzing the cyclin B levels in 

synchronized control, Daxx- depleted cells upon 10 nM Taxol® treatment. Whereas 

cyclin B protein levels decreased by 13 hrs post-release in control cells, it was stabilized 

in Daxx- depleted cells (Figure 3-2). Stabilized cyclin B upon Daxx depletion is a 

biochemical indication of cells arrested in mitosis, while control cells exit mitosis by 

micronucleation, as confirmed morphologically for Daxx-depleted cells 88.  

Daxx is not Required for Activation of the Anaphase Promotion Complex (APC) in 

vitro for Degradation of Mitotic Cyclins 

To determine whether Daxx was required for the activity of mitotic E3 ubiquitine 

ligase APC/C or release from the spindle checkpoint, we utilized an in vitro system 

using mitotic extracts, which recapitulates both of these activities 166.  APC activity was 

determined by monitoring the destruction of radio-labeled Securin which remained 
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stable throughout all extracts derived from cells (control- or Daxx -depleted) and 

confirmed an active spindle checkpoint (Figure 3-3a).  During the incubation, extracts 

undergo a slow spontaneous release from spindle checkpoint-mediated inhibition.  The 

loss of Daxx did not delay the kinetics of this release, suggesting that it is not required 

for direct activation of the APC upon checkpoint silencing.   We tested this idea directly, 

by asking whether the Mad2 antagonist, p31Comet, was able to induce APC activity 

toward Securin in these extracts.  Addition of p31Comet to control as well as Daxx 

deficient mitotic extracts (produced from mitotic cells in either nocodazole or Taxol® 

block) resulted in equal activation of the APC and subsequent destruction of Securin 

(Figure 3-3b) while addition of recombinant Daxx protein did not induce activation of the 

APC (data not shown).  Taken together, these results imply that the prolonged mitotic 

arrest observed upon Daxx depletion is not due to an inability to activate the APC, at 

least in vitro.  However, as the mechanism(s) of spindle checkpoint silencing/release 

are poorly understood, we cannot exclude that Daxx may participate in an upstream 

event that is not recapitulated in our in vitro settings.   

Analysis of Mitosis Related Proteins upon Daxx Depletion  

Daxx exhibits transcription repression activity 113; thus it could potentially regulate 

mitotic progression and Taxol® sensitivity repressing mitotic checkpoint proteins. In this 

regard, Daxx depletion does not change accumulation of several mitosis-related 

proteins including Cdc27, Cdc20, and Mad2 (Figure 3-4a).  No cell cycle specific 

changes of Daxx protein level were observed either (Figure 3-4b).  The combination of 

these data may suggest that Daxx-mediated Taxol® sensitivity is independent of the 

previously reported transcription repression activity of Daxx, at least for tested SAC-

related proteins. 
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Daxx Dependent Tumor Response to Taxol® 

 Next, we sought to understand the importance of Daxx in tumor response to 

Taxol® using neoplasm generated by a xenograft system. Taxane-based therapy is one 

of treatment options in head and neck cancer 165; therefore, we assessed the anti-

neoplastic activity of Taxol® exerted on tumors generated from control- or Daxx-

depleted HEp2 larynx carcinoma cells. By comparing the daily changes in tumor volume 

(beginning of treatment at approximately 150 mm3 of tumor) between Taxol® and vehicle 

treated groups, we could determine regressions in tumor growth. Response to Taxol®of 

control neoplasms compared to vehicle was markedly sharper due to the sudden drop 

in volume even after the first injection of drug.  The regression trend was observed 

further after the 2nd-5th drug administration from day 4-11 (Figure 3-5a).  This drug 

response, in contrast, was reduced in Daxx-depleted xenografts as the sizes of Taxol®-

treated tumors in these groups closely followed that of vehicle-administered tumors. The 

residual tumor size (calculated as a ratio of sizes between Taxol®-injected to vehicle-

injected tumors at the end of experiment) of Daxx-depleted tumors after five 

administrations of Taxol® averaged to be 0.65 while the residual size of control-depleted 

tumors was much smaller at 0.27 (Figure 3-5a). We concluded that tumors generated 

from Daxx-depleted cells had reduced response rate to Taxol® administration compared 

to control-depleted tumors. 

Taxane-induced Mitotic Catastrophe in Xenografts 

We reasoned that the differential Taxol® response of these tumor groups may, in 

part, be linked to the cellular outcomes as documented previously 88: Taxol®-resistant 

cells arrest in a prolonged mitotic state with sustained cyclin B protein levels and 

continue cell division upon drug decay, while non-resistant cells exit mitosis forming 
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micronucleated cells incapable of entering next cycle. To address this possibility, we 

analyzed cellular morphology at tumor xenografts sections. Based on DNA staining, 

cells were categorized as 1) interphase, 2) mitosis, 3) apoptosis, and 4) micronuclei 88. 

In control shRNA xenografts, we observed an increased number of micronucleated cells 

(indication of Taxol® response) after 2nd and 5th injections of Taxol®, elevating to 50% at 

the end of treatment.  In contrast, the number of interphase and mitotic cells (indication 

of Taxol® resistance) in Daxx-depleted xenografts remained high, while micronuclei 

were low (less than 10% at the end of treatment), suggesting that cells keep cycling 

(Figure 3-5 c).  Occurrence of apoptotic cells was similar across all xenografts and 

increased marginally upon Taxol® exposure.  Thus, in current experimental settings, 

depletion of Daxx elevated resistance of experimental tumors to Taxol® treatment, with 

majority of cells continuously cycling – while tumors derived from control-depleted cells 

formed micronuclei and thus stop proliferation. 

In Breast Cancer Patients, Daxx is a Predictive Factor for Paclitaxel Response  

To address the clinical ramifications of Daxx regulation of taxane sensitivity, twenty-two 

women with locally advanced HER-2 non-amplified breast cancer who were treated with 

standard taxane and anthracycline based neoadjuvant chemotherapy at H. Lee Moffitt 

Cancer Center were identified for this study. Patients were classified as either 

responders or non responders based on the clinical response measured with the 

longest diameter by physical examination performed by the treating physician at the 

time of encounter, with responders experiencing >75% reduction. Daxx score was 

calculated based on the Daxx IHC staining intensity multiplied by the percent of staining 

cells. Based on the above definition of response, 10 patients were classified as 

responders and twelve as non-responders. Comparison of pretreatment samples 
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between the responders and non-responders was performed using an independent 

sample t test. Responders to therapy had a higher mean Daxx score compared to non-

responders (Figure 3-6; p=0.06). This data suggested that Daxx score could predict the 

response to neoadjuvant taxane and anthracycline based chemotherapy. The small 

sample size and the retrospective nature of the study are the main limitation of this 

finding that will be further validated in a future prospective study. 

Summary of Results 

In this chapeter, we presented several evidences that levels of Daxx determine 

taxane resistance in 1) cell lines (see text), 2) mouse xenografts (Figure 3-5) and 3) 

breast cancer patients (Figure 3-6). Moreover, we showed that this resistance is 

determined by Daxx-dependent regulation of mitotic progression, as documented by 1) 

elevated stability of cyclin B (Figures 3-1 and 3-2); 2) prolongation of 

prometa/metaphase stages of mitosis (see text). We also found that Daxx does not 

affect directly APC, at least in in vitro setting (Figure 3-3), necessitating in vivo study to 

pin Daxx function in mitosis and taxol resistance. Studies presented in this chapter have 

established new roles for Daxx in cell cycle progression—the importance of which may 

be intensified because of its function as a trigger for Taxol® sensitization—which adds to 

our understanding of mechanisms linking cell division, chemotherapy response and 

cancer progression. 

Discussion 

Taxane chemotherapy is considered among the most responsive treatment 

options for many cancer patients, either alone or as adjuvant in combination with 

anthracyclins 11. Nevertheless, large numbers of patients are resistant or become 

resistant to taxane therapy during treatment. The response rate of docetaxel is ~50% 
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even after the first-line chemotherapy administration and decreases to 20-30% by 

second- or third-line administration 52, 53. Thus, development of new genomic prognosis 

factors and in-depth understanding of drug activity on both a cellular and organism 

levels are needed for optimization of adjuvant therapy and proper patient stratification. 

Numerous studies have been carried out to determine a genomic profile that could be 

predictive to taxane treatment 155-159 while alternative approaches have sought to 

understand selective resistance to taxanes to decipher mechanisms which regulate 

responses 150, 167, 168. Inactivation of mitotic proteins can contribute to the selective 

response of taxane treatment in vivo 49. Divergent response to Taxol® exposure is 

usually seen in cells deficient of mitotic checkpoint proteins or other regulators of cell 

division.  To date, loss of function of the majority of mitotic proteins, including Mad2, 

Bub1 and BubR1, and response to paclitaxel is controversial.  Hence, identification of 

factors, that increase drug resistance upon inactivation, is largely incomplete or 

uncharacterized.  

To this end, Daxx was verified as a novel regulator of Taxol® response in cell 

culture conditions, animal models and primary human tumor specimens.  Human breast 

cancer cells and larynx carcinoma HEp2 cells with experimentally modified levels of 

Daxx, show reduced responses to Taxol® as previously described 88.  A mouse 

xenograft system also recapitulates our initial findings, becoming the first indication that 

Daxx could be important for the fate of tumors exposed to taxane based chemotherapy 

(Figure 3-5, panels A and B). We also found that control groups displayed an increased 

amount of micronucleation upon Taxol® treatment, which may account for the rapid loss 

of xenografts tumor volume observed in these regimental settings (Figure 3-5, panel C).  
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In contrast, Daxx-depleted tumors displayed increased mitotic and interphase index 

(Figure 3-5, panel C), indicating that cells were capable to maintain mitotic block via 

elevated cyclin B stability (Figure 3-2) and continue proliferation after Taxol® decay that 

happens fast in nude mice 169.  Thus, mitotic cells from Daxx-depleted tumors can 

potentially reenter G1 after drug decay, providing a working model for how cells or 

tumors devoid of either of these protein targets can survive chemotherapy treatment 

and proliferate (Model in Figure 3-7). 

The nature of Daxx function in cells is largely attributed to regulation of apoptosis 

or transcription.  While this functionality is debatable in many circumstances, the 

prevailing idea of the role of Daxx is that of a modulator or adapter of many cellular 

functions which are critical to cell vitality 113.  Indeed, Daxx has been found critical and 

necessary for embryonic development in mice as Daxx-/- embryos exhibit extensive 

apoptosis and lethality by E11.5 99, 170.   

In addition to function in Taxol® response, we also report an unexpected role of 

Daxx in the regulation of mitosis.  In the absence of Daxx, the duration of prophase and 

the prometaphase/metaphase transition is altered.  Indeed, the stability of cyclin B 

protein is changed in the absence of Daxx as well (Figure 3-1).  This may suggest that 

the activity of E3 ubiquitin ligase APC is altered in the absence of Daxx.  We attempted 

to study the role of Daxx as direct regulator of APC using an in vitro assay, but the 

results were undistinguishable (Figure 3-3), suggesting that cellular in vivo mitotic 

environment is necessary for proper execution of Daxx function in mitosis.   Differential 

degradation of cyclin B in Daxx-depleted cells could also be due to mis-regulation of 

cyclin B on a different operational level, namely, the alteration in stability of the APC 
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activator Cdc20 171. However, we found no differences in and accumulation of Cdc20 as 

well as Cdc27 and Mad2 (Figure 3-4).  In addition our results indicate that upon Daxx 

depletion and taxane exposure both dynamics of degradation and/or accumulation of 

cyclin B levels are affected.  

Evidences presented in this chapter suggest that Daxx represents a trigger for 

cellular Taxol® sensitivity.These findings in addition to recently reported functions of 

Daxx repression of c-met oncogene expression 120 and Daxx mutation in tumors141, 143, 

may further uncover Daxx role in tumor progression.  In the future, Daxx may serve as 

useful molecular marker for proper selection of cancer patients for taxane 

chemotherapy.  In order to achieve this goal, clinical studies additional to presented 

here (Figure 3-6) will be required examining the status of Daxx expression in tumors 

before and after taxane treatment as well as studies in patients with an established 

history of taxane resistance.  Daxx expression vary in breast cancer cell lines 88, but the 

mechanism of Daxx down-regulation has largely been unstudied.   
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Figure 3-1.  Daxx-dependent stability of cyclin B. (a) Western blot analysis of Daxx 

depletion in HEp2 cells. (b) Control- and Daxx depleted HEp2 cells were 
synchronized by a double thymidine block (0 h) and then released into normal 
media for progression through mitosis (6–11 h). Top: Western blot analysis of 
cyclin B protein stability. Bottom: Relative quantization of cyclin B protein 
levels (normalized to actin). Cyclin B protein is stabilized longer in Daxx-
depleted cells (at 9.5–11 h, post-thymidine release), indicating that Daxx-
depleted cells are delayed in mitosis. Data show a representative experiment 
out of four. 

50 



 

 

 
 
Figure 3-2.  Depletion of Daxx prolongs cyclin B stability. Western blot analysis of cyclin 

B protein stability in HEp2 control- or Daxx-siRNA cells treated with Taxol® for 
the indicated amount of time (6–22 h). Cells were synchronized using DTB 
and released (0 h) into normal media containing 10 nM Taxol®. The bottom 
panel: densitometry analysis of cyclin B normalized by actin; for each cell line, 
the cyclin B/actin ratio at 0 h set as 1.0. Whereas cyclin B protein levels 
rapidly decrease by 13 h post-thymidine release in control shRNA cells, cyclin 
B protein levels were stabilized longer in Daxx- and Rassf1A-depleted cells 
(through 22 h, post-thymidine release), indicating that Daxx and Rassf1A 
depletion prolongs exit from mitosis in response to Taxol® exposure. Data 
show a representative experiment out of three. 
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Figure 3-3. Daxx is not required for in vitro activation of the APC. A) Extracts were 
generated from nocodazole-arrested cells expressing control- or Daxx-
shRNAs and the stability of the APC substrate Securin, labeled with 35S, was 
monitored by autoradiography. B) Extracts were generated as in (A) from 
cells treated with 10 μM nocodazole or 10 nM Taxol® (paclitaxel). The 
requirement for Daxx to activate the APC was tested by addition of the Mad2 
antagonist p31 Comet. 
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Figure 3-4. Analysis of mitosis-related proteins. A) Analysis of mitotic checkpoint 
proteins in control- and Daxx-depleted cell lines. Parental HEp2 cells and 
cells stably expressing control or two independent anti-Daxx shRNAs were 
analyzed by Western blot for levels of Cdc27, Cdc20, and Mad2; proteins 
levels are unchanged. B) Cell cycle-dependent expression of Daxx. HEp2 
cells were synchronized using a double thymidine block to arrest cells in the 
G1/S-boundary and then released and allowed to progress through S, G2, M 
phase (0-11hr post thymidine release, compare with cyclin B dynamics on 
Figure 3-1). Daxx protein level showed no significant changes during cell 
cycle. 
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Figure 3-5.  Depletion of Daxx increases resistance of experimental tumors to Taxol®.  
Control- or Daxx- depleted tumors derived from injection of HEp2 cells into 
Nu/Nu mice were treated with vehicle or 20mg/kg Taxol®.  A) Table 
summarizing key statistical data generated from tumors exposed to vehicle or 
Taxol® regimens.  Relative tumor sizes for vehicle (A) or Taxol®-treated 
tumors (B) were recorded at the end of treatment and the relative residual 
tumor volumes were calculated by dividing the values from (B) over (A).  B) 
Graphs charting the changes in relative tumor size of control-or Daxx- 
depleted xenografts exposed to vehicle or Taxol®.  Asterisks at day number (x 
axis) denote time of injection of vehicle or Taxol® (days 1, 3, 5, 7, 9).  Note 
discrepancy in tumor growth in vehicle and Taxol® treated tumors in control 
shRNA groups, while the rate of growth in Daxx-shRNA group exposed to 
Taxol® have reduced response. C) Treatment response at cellular level. 
Tumor xenografts were extracted 24 hours following the 2nd or 5th Taxol® 
injection or at the end of experiment (day 15) and cellular response was 
analyzed based on appearance of chromatin (stained for DNA) by light 
microscopy and characterized as 1) interphase, 2) mitotic, 3) micronucleated, 
and 4) apoptotic as described previously88.  Control xenografts exhibited an 
increased number of micronucleated cells (indication of Taxol® response), 
while Daxx-depleted xenografts show increased numbers of mitotic and 
interphase cells (indication of Taxol® resistance and continuous proliferation) 
and correspondingly less micronuclei; number apoptotic cells is similar among 
groups. 
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Figure 3-6. Daxx levels have reverse correlation with taxane chemotherapy response in 

breast cancer patients. Twenty-two women with breast cancer who were 
treated with standard taxane and anthracycline based neoadjuvant 
chemotherapy were classified as either responders (up to 75% reduction of 
tumor size; 10 patients) or non-responders (less than 75% reduction of tumor 
size; 12 patients). Daxx score was calculated based on the Daxx IHC staining 
intensity multiplied by the percent of staining cells. Comparison of 
pretreatment samples between the responders and non-responders was 
performed using an independent sample t test. Responders to therapy had a 
higher mean Daxx score compared to non-responders (p=0.06). 
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Figure 3-7. Model of Daxx-dependent Taxol® response. At pharmacological 
concentrations, Taxol® reversibly inhibits microtubule dynamics blocking cells 
in prometaphase. Cells that are sensitive to Taxol® activate mitotic block only 
transiently, followed by cyclin B proteolysis, micronuclei formation, block of 
proliferation and cell death, while Daxx negative cells have a more prolonged 
prometaphase block due to elevated cyclin B stability; they continue 
proliferation after drug decay/withdrawal and microtubule dynamics 
restoration--thus surviving chemotherapy. 
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CHAPTER 4 
DAXX INTERACTS WITH UBIQUITIN SPECIFIC PROTEASE-7, USP7, TO 

REGULATE MITOSIS AND CELLULAR TAXOL® RESPONCE  

Introductory Remarks 

Taxanes (paclitaxel and docetaxel) are powerful drugs for breast cancer treatment; 

however, a large number of patients are resistant to this therapy for unknown reasons. 

Therefore it will be essential to develop prognostic tools and predictive markers to 

differentiate the patient population for appropriate chemotherapy selection.  

According to our model (Figure 3-7), Daxx deficient cells cannot resolve 

prometaphase/metaphase transition as efficiently as control cells. This would explain 

the observation that, upon taxanes treatment, cells with a low Daxx expression are 

protected from mitotic catastrophe and are able to complete mitosis and survive after 

taxane decay. Given high level of taxane resistance in clinical conditions, we attempted 

to understand the role of Daxx in such resistance and cell cycle regulation (Chapter 3). 

We demonstrated that low levels of Daxx induce stabilization of cyclin B which allows 

cells exposed to taxanes to stay in a prolonged mitotic arrest and escape action of 

chemotherapy.  

Growing evidence describes mitosis as a dynamic process controlled by multi-

protein complexes 172, 173. Considering the ability of Daxx to interact and recruit a wide 

variety of partners 113, it is highly probable that additional proteins may participate in the 

Daxx-dependent checkpoint regulation as well as contribute to taxane chemotherapy 

resistance.  

To this end, we used a functional proteomic approach to isolate Daxx-containing 

multiprotein complex upon paclitaxel treatment. The hypothesis was that the 

identification of a Daxx interacting mitotic network could speed up detection of new 
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markers of taxane resistance and lead to the development of new approaches to 

combat this resistance. 

Our proteomic analysis identified Ubiquitin Specific processing Protease-7 (USP7) 

as the most abundant protein in Daxx mitotic complex.  

USP7 is also known as Herpes-virus Associated Ubiquitin Specific Protease, or 

HAUSP, because it was first identified playing a role in antiviral response by interacting 

and regulating stability of a herpes virus E3-ubiquitin ligase 174-176.  

USP7 is a deubiquitylating enzyme or DUB 177, which, by catalyzing the removal of 

ubiquitin chains from substrate proteins, rescue them from degradation. Due to the roles 

of its substrates, USP7 is involved in disparate cellular processes, in normal or stressed 

conditions 127, 178-180.  

USP7 partakes in transcriptional regulation by stabilizing the transcription factor 

REST essential for the maintenance of neuronal stem/progenitor cells 181, 182. USP7 

participates in DNA damage response by stabilizing Claspin 183, an adaptor protein that 

controls duration of stress checkpoint response 184.  

Deubiquitylating activity of USP7 has been shown to regulate mono-ubiquitylation 

of tumor suppressor PTEN 179 and transcription factor FOXO4 185, thus enabling 

nucleoplasm-cytosol shuttling of these proteins.  

USP7 has been described also in epigenetic regulation due to its role in 

stabilization of PRC1 complex subunits (MEL18 and BMI1), and regulation of 

monoubiquitylation of the histone H2B 186-188. A recent study reported that USP7 can 

interact and increase the activity of DNMT1 in vitro though binding, suggesting that 

USP7 can play an important role inDMNT1-mediated epigenetic maintenance 189.   
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The interest on USP7 biological roles spiked when it was shown that USP7 

regulates the fate of the tumor suppressor p53 190, 191. The Gu lab reported that USP7 

directly interacts and stabilizes p53. However subsequent genetic studies demonstrated 

that this USP7 mediated regulation of p53 is not the predominant one in cells. Contrarily 

to what was expected, genetic inactivation of USP7 in mice resulted in p53 stabilization, 

data not compatible with the notion of p53 as major USP7 substrate 192, 193. 

Indeed, later on, it was demonstrated that USP7, in association with Daxx, regulates 

p53 127, 191, 192, via MDM2 126, the E3 ubiquitin ligase that antagonize p53. In interphase, 

Daxx forms a bridge between USP7 and p53-specific E3 ligase MDM2 126, 127, 191, 192. In 

normal conditions, this ternary complex allows USP7 to remove the ubiquitin moieties 

from self-ubiquitylated MDM2. Stabilized MDM2 in turn can ubiquitylate p53 and 

maintain the levels of this protein low throughout the cell cycle. In response to genotoxic 

stress Daxx-USP7-MDM2 ternary complex promptly dissociates, inducing therefore 

MDM2 self-destruction and stabilization of p53. These results explain the early lethality 

observed in USP7 knockout mice (Embryonic day 3.5) where cells isolated from these 

embryos are characterized by loss of MDM2, abnormal accumulation of p53 with 

consequent cell proliferation arrest and apoptosis 194. However, deletion of p53 gene in 

USP7 knockout mice was not able to rescue USP7 induced embryonic lethality 

(contrarily to what was shown for MDM2 knockout mice 195), providing the genetic proof 

of the importance a p53-independent function of USP7 196, 197.  

Regarding the involvement in cancer progression, USP7 has been described as 

both tumor suppressor and oncogene 179, 185, 190, 191. Due to potential oncogenic 

properties, mostly attributed to p53 regulation, USP7 represented a promising anti-
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neoplastic target. Indeed several specific USP7 inhibitors (USP7i) have been developed 

so far 198, 199 and are currently tested at the pre-clinical level. These drugs have shown 

to be potent anti-proliferative agents 199, 200 in several cancer cell lines but the 

therapeutical use of these USP7 inhibitors can be limited by frequent inactivation of p53 

gene in tumorigenesis and limited knowledge regarding alternative pathways controlled 

by USP7.  

In the current and the following chapters (Chapter 4 and 5) we will demonstrate 

that USP7 and Daxx play a pivotal role in mitosis and their silencing contribute to 

genomic instability and chemotherapy response. Here we show that this newly identified 

Daxx and USP7 mitotic interaction occurs and functions independently from p53. 

So far, participation of USP7 in mitosis has only been speculated. USP7 was 

shown to interact and stabilize checkpoint protein CHFR 178, but its direct involvement in 

mitotic regulation has not yet been demonstrated.  

Results  

Daxx Mitotic Complex Isolation 

We have previously shown that protein Daxx participates in mitosis regulation thus 

affecting taxane resistance 88, 134. In order to gain insights of Daxx function in this tightly 

controlled cell cycle stage, we isolated Daxx mitotic complex using the pOZ-FH-N 

expression vector for Tandem Affinity Purification (TAP) 201. The plasmid pOZ-FH-N 

coding for FLAG (F) and HA (H) tags was modified to harbor a thrombin cleavage site 

(TCS) between the tags.  For mitotic complex isolation, stable HEp2 cell lines 

expressing pOZ-F-TCS-H or pOZ-F- TCS-H-Daxx were synchronized by double 

thymidine block (TDB) and released in Taxol® to arrest cells in mitosis (95% by FACS 

analysis) to mimic conditions of Taxol® treatment. Cell lysates were subjected to FLAG 
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immuno-precipitation (IP) followed by thrombin cleavage. The eluted fractions were 

resolved by SDS-PAGE, colloidal Comassie stained (Figure 4-1, panel A) and identical 

gel areas from Daxx or control IPs were sequenced by mass spectrometry. 

Daxx Interacts with USP7 in Mitosis 

The most abundant protein identified exclusively in Daxx mitotic complex was the 

deubiquitylating enzyme USP7 127, 178, 179 (Ubiquitin-specific-processing protease 7, also 

known as HAUSP 202) (see Table 1). The association of Daxx and USP7 was previously 

published 126, 180; yet, neither mitotic-specific binding between Daxx and USP7, or USP7 

function in mitosis, were previously reported.  

This novel mitotic interaction is reproducible as confirmed by co-

immunoprecipitation experiments (Figure 4-1).  Mass spectrometry data was validated 

by FLAG IP in cellular system and protocol used for the complex isolation (Figure 4-1, 

panel B) where USP7 was pulled-down specifically in FLAG- Daxx IP but not FLAG only 

IP. These results were further validated by immunoprecipitation of endogenous Daxx in 

nocodazole arrested HEp2 cells (Figure 4-1, panel C). We were also able to prove 

reciprocal binding of USP7 and Daxx by immunoprecipitating endogenous USP7 in cells 

arrested in mitosis with both nocodazole (Figure 4-1, panel D, left) and Taxol® (Figure 4-

1, panel D, right). Our results therefore strongly demonstrate that Daxx and USP7 

interact in mitosis. Interestingly this association occurs in cells arrested in 

prometaphase by Taxol®, which keeps the spindle assembly check-point (SAC) active, 

or nocodazole which instead leaves the SAC inactivated. Thus Daxx and USP7 

interaction occurs in prometaphase independently from the SAC activation status.  
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Depletion of USP7 Causes Delay of Early Mitotic Events 

We previously demonstrated that Daxx depletion causes stabilization of cyclin B1, 

blocking transiently cells in mitosis 116 (Figures 3-1 and 3-2). To test whether Daxx and 

USP7 cooperate to maintain this block, USP7 was depleted by siRNA in HEp2 cells 

(Figure 4-2, panel A).  Cells were then synchronized using a double thymidine block and 

released to monitor cyclin B protein levels during progression through G2/M/G1 stages. 

While cells transfected with control siRNA showed degradation of cyclin B by 9 hrs post-

thymidine release, USP7 depleted cells showed stabilization of cyclin B at 9-11 hrs 

post-release. Thus, as was shown for Daxx 134 in Chapter 3, depletion of USP7 also led 

to stabilization of cyclin B in mitosis (Figure 4-2, panel A). 

Since Daxx and USP7 were previously reported to be involved in the regulation of 

tumor suppressor p53 stability 127, 191, 192, via MDM2 de-ubiquitylation and stabilization 

126, we tested whether p53 may be involved in Daxx and USP7 mitotic function.  To this 

end USP7 was depleted in non-small lung carcinoma cell line H1299, which is p53 null 

203. This cell line has similar levels of Daxx and USP7 compared to HEp2 cells (Figure 

4-2). H1299 cells were then transfected with control or USP7 siRNAs and synchronized 

to monitor cyclin B stability, as described above, in cells entering (7 hrs post DT 

release), progressing (9 hrs post DT release) and exiting mitosis (11 hrs post DT 

release). Cyclin B was stabilized in H1299 cells upon USP7 depletion (Figure 4-2, panel 

B). Therefore we concluded that down-modulation of either Daxx or USP7 causes cyclin 

B accumulation. In addition, as previously observed for Daxx 88, we now show that 

silencing of USP7 affects cyclin B stability independently from p53.  

We had previously shown that Daxx depletion causes impaired mitotic progression 

and a transient mitotic block 134. Therefore we next sought to investigate how USP7 
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may affect cellular advancement though mitotic stages. Consistently to what was 

observed for Daxx, USP7 depletion does not increase mitotic index per se (data not 

shown). However, USP7 depletion resulted in an increase of prometa- and metaphase 

stages (P/M) of mitosis. An increase in P/M index was observed in both HEp2 cells 

(Figure 4-3, panel A) and H1299 cells (Figure 4-3, panel B). Therefore we concluded 

that USP7 silencing causes a p53-independent mitotic delay, in agreement with 

stabilization of cyclin B (Figure 4-2) and the effects documented for Daxx depletion 116 

(Chapter 3). 

USP7 Depletion Destabilizes CHFR Protein 

USP7 has been reported to remove ubiquitin chain and  increase stability of a 

mitotic checkpoint protein, the E3 ligase Checkpoint with Forkhead and Ring finger 

(CHFR) 178.   

Loss of CHFR expression was documented in up to 50% of tumor specimens from 

a variety of tissues including breast cancer 70, 204, 205. CHFR knockout mice are viable 

with high rates of spontaneous tumors due to the chromosomal instability and mitotic 

defects linked to accumulation of Aurora A 45, the key mitotic kinase that promotes 

bipolar spindle assembly 83, 206-208; it also controls mitosis by regulating cyclin B 

localization and stability 207, 209. 

To test whether mitotic function of USP7 is mediated by CHFR, we monitored this 

protein stability in HEp2 cells stably expressing control or USP7 shRNAs. Cells depleted 

by USP7 showed decrease in CHFR protein levels (0 hours) and a reduced stability of 

this protein upon protein synthesis block with cycloheximide (CHX, Figure 4-4, panel A).  
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Similarly, H1299 cells transiently depleted of USP7 had reduced stability and 

decreased CHFR protein levels upon CHX treatment, compared to control depleted 

cells (Figure 4-4, panel B). 

Thus, USP7 depletion destabilizes mitotic E3 ligase CHFR independently from p53 

cellular status.  

Loss of USP7 Leads to Accumulation of Aurora A and Multipolar Spindles 

CHFR is required for the maintenance of an early mitotic checkpoint essential to 

blocking mitotic progression through the metaphase stage while the cell is withstanding 

stresses 46, 210.  Being a RING domain E3 ligase, CHFR binds and ubiquitylates one of 

the pivotal mitotic kinases, Aurora A 45, 204, 211 targeting this kinase for proteasomal 

degradation. We tested whether we could observe changes in accumulation of Aurora A 

upon depletion of USP7. An increase in Aurora A protein levels was observed in both 

HEp2 and H1299 cell lines upon depletion of USP7 (Figure 4-5, panel A). Upon 

depletion of USP7 in H1299 p53 null cells, the increment of Aurora A is noticeably 

higher that in p53 wild type HEp2 cells as shown by the quantification of Aurora A 

protein levels (Ratio Aurora A/Actin, Figure 4-5 A). This difference may be explained by 

the G1-S block and apoptosis triggered by p53 accumulation upon USP7 depletion in 

HEp2 cells, while H1299 cells can progress through G1/S checkpoint, thus continuously 

accumulating Aurora A.  

Since Aurora A kinase governs faithful replication, separation/ localization of 

centrosomes and bipolar spindle assembly 212, we asked whether we could observe 

mitotic abnormalities in USP7 depleted cells.  

In agreement to what was reported for Aurora A amplification or accumulation 208, 

213-215 we observed a significant increase of multipolar mitoses in cells with either stably 
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(Figure 4-5, panel B) or transiently (Figure 4-6) depleted USP7 as shown by immuno-

fluoresce staining for Aurora A and α-tubulin. Although localization of Aurora A was 

preserved in cells lacking USP7, an increase in multipolar mitoses was observed in both 

HEp2 and H1299 cells. Transient depletion of Daxx revealed that multipolarity can be 

mediated by absence of either Daxx or USP7 with the highest effect observed with 

decreased levels of the latter (Figure 4-6). This result is in agreement with our 

hypothesis that Daxx may trigger USP7 DUB activity in mitosis.   

We also observed an increase in overnumerary poles (>4 poles) in USP7 shRNA 

cell lines (Figure 4-5, panel C) potentially due to failed cytokynesis and centrosome 

over-replication in cells going through multiple cell divisions upon USP7 depletion (and, 

therefore, with elevated Aurora A).  

In order to confirm this data in a non-tumorigenic cell line, we counted multipolar 

mitoses of human mammary epithelial cells, MCF10A, upon transient depletion with 

cell-permeable non-targeting control or USP7 siRNAs (Accell technology, Dharmacon). 

Analysis of up to four-hundred mitoses in MCF10A control or USP7 depleted cells 

confirmed data obtained in HEp2 and H1299 cancer cell lines (not shown).  

USP7 Depletion Elevates Taxane Resistance that Can Be Attenuated with 
Aurora A inhibitor MLN8054 

In order to investigate the existence of a correlation between USP7 and cellular 

response to paclitaxel, USP7 mRNA expression was analyzed across the NCI-60 cell-

line screen 216, 217.  This expression profile was then correlated with sensitivity to 

paclitaxel. Analysis done by our collaborator Dr. Reinhold at the NHI-NCI, revealed that 

USP7 expression significantly correlates with paclitaxel response (P <0.05) in the NCI-

60 cell lines. 
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To investigate the role of USP7 in taxane response, HEp2 cells stably expressing 

USP7 or control shRNAs were tested for paclitaxel induced cell death measured by 

colony formation assay. Increased survival of USP7 depleted cells was observed in 

comparison to cells expressing the control shRNA (Figure 4-7).  After 18 hours of taxol 

treatment only 7% of colonies in control cells survived, while USP7 depleted cells 

tolerated the same condition to a much higher extent showing a 25% survival rate. 

Therefore, experimental down-regulation of USP7 reduced sensitivity to paclitaxel 

treatment in HEp2 cells as it was previously shown for Daxx.  

Since Aurora A over-expression correlates with poor patient’s outcomes 84-86 and 

resistance to taxanes 72-74, selective Aurora A inhibitors, such as MLN8054 218-220, have 

been developed. Use of these drugs in cells with overexpressed Aurora A has been 

shown to sensitize tumor cells to chemotherapeutic agents including taxanes 221-223, 

even when spindle checkpoint proteins are absent 224.  Thus, the potential of abrogating 

taxol resistance in combinatorial treatments with Aurora A kinase inhibitors are 

promising for clinical applications.  

Currently, MLN8054, as selective inhibitor of Aurora A 218, 220, is in phase-I clinical 

trials in patients with advanced malignancies and solid tumors including breast cancer. 

Thus we chose this drug as an inhibitor of Aurora A to test whether it could override 

USP7 induced paclitaxel resistance. MLN8054 was tested alone or in combination with 

Taxol® in cells stably expressing control or USP7 shRNAs in colony formation assay 

(Figure 4-7). Cells expressing control or USP7 depleted cells did not show significantly 

different response to MLN8054 alone; however a different outcome was observed when 

this drug was used in combination with Taxol®. The drug combination did not synergize 
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in the killing of control depleted cells (8% survival in MLN8054+Taxol® treatment vs 7% 

with Taxol® alone), but it was effective in diminishing taxol resistance in USP7 shRNA 

cells (17% survival in MLN8054+Taxol® treatment vs 29% with Taxol® alone, P=0.01). 

The combination of the two drugs was also more effective than MLN8054 alone in killing 

USP7 depleted cells (17% survival in MLN8054+Taxol® treatment vs 25% with 

MLN8054 alone, P=0.05). 

Our results indicate that in the absence of USP7, functional inactivation of the 

mitotic spindle checkpoint using Aurora A kinase inhibitor, MLN8054, can elevate 

cellular taxol response and significantly decrease USP7-induced taxane resistance. 

Summary of Results 

In this chapter, we presented evidence that Daxx and USP7 interact in mitosis 

(Figure 4-1) and that this association determines mitotic progression and taxane 

resistance. For the first time we have shown that DUB enzyme USP7 is involved in 

mitotic regulation as cells depleted by USP7 display 1) elevated stability of cyclin B 

(Figure 4-2); 2) prolongation of prometa/metaphase stages of mitosis (Figure 4-3); 3) 

decreased stability of mitotic E3 Ub ligase CHFR (Figure 4-4) with consequent 

accumulation of CHFR substrate Aurora A and multipolar mitotic spindles (Figure 4-5 

and 4-6). We also found that taxol response in 60 cancer cell lines correlates with levels 

of USP7 and that taxol resistance is elevated upon experimental depletion of USP7 

(Figure 4-7), as it was shown in Chapter 3 and 88, 116 for Daxx. Moreover, we 

demonstrated and that this resistance can be at least partially attenuated by inhibition of 

Aurora A (Figure 4-7). Thus, studies presented in this chapter have established new 

roles for Daxx and USP7 in cell cycle progression where absence of these molecules 

impairs cytotoxic activity of taxane administration (Model in Figure 4-8). 
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Discussion 

Daxx is a multifunctional protein that plays a pivotal role in both physiological and 

pathological cellular processes. We previously demonstrated that cells with low levels of 

Daxx have reduced sensitivity to taxanes (Chapter 3 and 88, 116), powerful 

chemotherapeutic agents, by persisting in a pro-metaphase block that allows cells to 

escape taxane-induced cell death. In this chapter we dissected the mechanisms of 

Daxx-dependent taxanes resistance that also proves function of this protein in mitotic 

progression. We have shown that Daxx interacts (Figure 4-1) and cooperates with 

Ubiquitin Specific processing Protease-7 (USP7) to regulate mitosis (Figures 4-2 and 4-

3). We have demonstrated that depletion of USP7 delays early mitotic events as shown 

by accumulation of prometa/metaphases (Figure 4-3), biochemically confirmed by 

stabilization of cyclin B (Figure 4-2), as it was previously observed for Daxx 88, 116 

(Chapter 3). Therefore our results strongly indicate that Daxx and USP7 interact and 

cooperate in mitosis to ensure accurate mitotic progression. 

Tang et al. demonstrated that in interphase cells, Daxx creates a bridge between 

USP7 and MDM2; moreover, upon Daxx binding, USP7 DUB activity toward MDM2 

increases 126. But how Daxx activates USP7 is still unknown, mainly due to lack of 

biochemical characterization of USP7-Daxx binding. Recent developments in USP7 

field showed that USP7 activity can be enhanced upon binding of co-factors.  The 

metabolic enzyme (GMPS), a known USP7 associating enzyme,  increases 

deubiquitylating activity up to 100-fold through binding of a "switching" loop in close 

proximity to USP7 catalytic domain 225. Thus we can speculate that Daxx may bind 

USP7 in a similar fashion to enhance its activity in mitosis. It is also plausible that Daxx 

contribution to this interaction is to recruit USP7 substrates. Future studies are needed 
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to dissect Daxx and USP7 association in mitosis versus interphase  

In order to understand how Daxx and USP7 regulate mitotic progression we asked 

whether CHFR, a USP7 substrate, is involved.  CHFR is a mitotic E3 ligase that targets 

checkpoint proteins for destruction during mitosis. Our results demonstrate that upon 

USP7 depletion stability of CHFR is reduced in both HEp2 and H1299 cells, indicating 

that this regulation occurs independently from p53 (Figure 4-4).  

Genetic studies 45 demonstrated that the mitotic defects observed in CHFR 

depleted cells are mostly mediated by increased levels of one of its substrates, Aurora 

A kinase. In normal cells Aurora A kinase activity is required for centrosomes maturation 

and separation, thus bipolar spindle formation. The phenotype of cells with high levels 

of Aurora A protein is mainly characterized by multipolar mitoses. Hence, the next 

question we asked was whether Aurora A had accumulated in cells depleted by USP7 

and if we could observe the associated phenotypes. Indeed, depletion of USP7 

correlated with higher Aurora A protein levels compared to control depleted cells, in 

both p53 WT (HEp2) and p53 null (H1299) cell lines. H1299 cells accumulated Aurora A 

protein to an higher extent than HEp2 cells; this effect can be explained by absence of 

p53-mediated G1/S block that allows cell with over-amplified centrosomes to progress 

through cell cycle 226. Study of multipolar events, as result of Aurora A accumulation, 

revealed that USP7 depletion leads to a significant increase of over-numerary spindle 

poles (Figure 4-5) in comparison to control depleted cells. 

We next sought to understand if a similar effect could be seen in Daxx depleted 

cells. Therefore we depleted HEp2 cells by siRNA for non-targeting control, Daxx and 

USP7 and evaluated the multipolar phenotype. An increase of multipolar mitoses was 
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observed in both HEp2 and H1299 cell lines depleted by Daxx or USP7, compared to 

control siRNA treated cells (Figure 4-6). Yet, the highest extent of multipolar phenotype 

was associated with USP7 silencing. These results can be partly due to the fact USP7 

is known to stabilize Daxx in normal condition 227. Hence, USP7 depletion accounts for 

cumulative effects due to reduction in both proteins.  In addition, loss of the complex 

component with enzymatic property (USP7) is more likely to produce the strongest 

multipolar phenotype.  

Results obtained from colony formation assay with experimentally reduced levels 

of USP7 and in silico correlative analysis in the NCI-60 platform, show that USP7 

expression influences response to taxanes in cancer cell lines. Thus, these results 

indicate that USP7, as shown in Chapter 3 for Daxx, can be used as a predictive marker 

for taxane response in cancer patients. Therefore, Daxx and USP7 can be used for 

proper stratification of breast cancer patients to receive taxane-based treatment. 

We collected evidence that USP7, as well as Daxx 88, 134, is a regulator of taxane 

response. Previously, USP7 and Daxx were identified as regulators of p53 stability and 

as such proposed to regulate G1/S cell cycle arrest and apoptosis. In this chapter we 

demonstrated that another stage of cell cycle is regulated by Daxx and USP7 

interaction. As shown in our model in Figure 4-7, we propose that during normal mitotic 

progression Daxx activates USP7 for de-ubiquitination of mitotic E3 ligase CHFR, 

rescuing this protein from degradation. In turn, stabilized CHFR ubiquitylates and 

targets Aurora A for degradation, thus ‘fine tuning’ the levels of this protein on the 

entrance of mitosis. Proper levels of Aurora A ensure bipolar spindle formation and 

normal mitotic progression guaranteed by timely degradation of cyclin B on the 

71 



 

metaphase/anaphase onset. Deregulation of USP7 and/or Daxx reduces stability of 

CHFR, thus Aurora A accumulates. Stabilization of Aurora A leads to cyclin B 

accumulation, potentially by two independent mechanisms. The first one is controlled by 

the SAC which halts mitotic progression due to the inability to resolve multipolar 

mitoses. The second one relies on the ability of Aurora A to directly bind and stabilize 

cyclin B as part of checkpoint response 209. Finally, stabilization of cyclin B holds cells in 

mitosis. This allows cancerous cells exposed to taxanes to acquire a resistant trait by 

having a prolonged mitotic block and continue proliferation after drug decay and 

microtubule dynamics restoration, thus surviving chemotherapy (see model in Figure 3-

7).  

In addition, we demonstrated that a selective small molecule inhibitor of Aurora A, 

MLN8054, can attenuate USP7-mediated taxane resistance, most likely through 

accelerated mitotic slippage toward micronucleation 33. Previously it was shown that 

knockdown of Aurora A by RNA interference enhanced the chemosensitivity of 

paclitaxel in pancreatic cancer cells 74.  This evidence, together with our results, 

suggests that combinatorial drug regimens of taxanes with MLN8054 may improve the 

outcome of chemotherapy response in cancer patients. We also demonstrated that 

cytotoxic effects of combination of Taxol and MLN8054 or Taxol alone are similar in 

control depleted cell lines. However, in USP7 depleted cells, the combinatorial 

treatment represents the most efficacious means to kill chemoresistant cells. The 

results presented here demonstrate a role for USP7 in mediating mitotic progression 

and taxane response mainly through regulation of Aurora A.  
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Table 4-1.  List of USP7 peptides identified by mass spectrometry 
Position (aa)  Sequence  

 847-854  DGPGNPLR 
 480-487  FDDDVVSR 
 941-948  LLEIVSYK 
 302-310  VLLDNVENK 
 875-882  KLYYQQLK 
 1024-1033  IQSLLDIQEK 
 746-755  IQDYDVSLDK 
 409-420  FMYDPQTDQNIK 
 756-784  ALDELMDGDIIVFQKDDPENDNSELPTAK 
Protein coverage by amino acid count: 102/1102 = 9.3% 
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Figure 4-1. Daxx interacts with USP7 in mitosis. (A) HEp2 cells stably expressing pOZ_F-TCS-
H or pOZ_F-TCS-H-Daxx were synchronized in mitosis as described in materials and 
methods. Cell lysates (Inputs) were immuno-precipitated with anti-FLAG-M2 
magnetic beads. After extensive washes, complexes were eluted and resolved on 
SDS-PAGE and colloidal comassie stained. (B) Western blot analysis of 
immunoprecipitation experiment conducted as in (A). Cell lysates labeled as inputs 
(I), flow through (FT) and eluted samples (Elution) recovered by thrombin cleavage 
were immunoblotted with Daxx or USP7 antibodies. Mitotic interaction between Daxx 
and USP7 is reproducible. Representative experiment out of three. (C) Co-IP of 
USP7 with Daxx endogenous immunoprecipitation in HEp2 cells synchronized in 
mitosis by nocodazole exposure. (D) Co-IP of Daxx with USP7 endogenous 
immunoprecipitation in HEp2 cells synchronized in mitosis by nocodazole or Taxol® 
exposure. Numbers below the blots represent the sample percentiles. 

74 



 

 

 
 

Figure 4-2.  USP7 depletion results in stabilization of cyclin B1 (cycB) in a p53 independent 
manner. (A) Western blot analysis in HEp2 and H1299 cells to compare expression 
of p53, Daxx and USP7. HEp2 cells express wild-type p53 while H1299 are p53 null 
but similar levels of Daxx and USP7 are expressed in both cell lines. B and C, left 
panels: Western blot analysis of HEp2 (B) or H1299 (C) cells synchronized by DTB 
and simultaneously transfected with either control or USP7 siRNAs. Samples were 
taken 72h post- transfection at 0, 7, 9 and 11 hours after DTB release to allow cells 
to progress through mitosis. Right panels: Relative quantization of cycB protein 
levels using actin as internal control for each timepoint. Data are normalized using 
control siRNA transfected cells. CycB is stabilized in USP7-depleted cells in a p53 
independent manner. Data shows representative experiments out of three. 
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Figure 4-3. USP7 depletion causes accumulation of mitotic cells in prometa-metaphase. 

HEp2 (A) and H1299 (B) cells were transfected with control or USP7 siRNAs. 
72h post-transfection DNA was stained with hoechst 33342. Mitotic stages 
were distinguished according DNA morphology. The left panels represent the 
frequencies of mitotic stages divided into two groups: from prometaphase to 
metaphase (P-M, indicated by arrows) or from anaphase to cytodieresis (A-C, 
arrowheads). Upon USP7 depletion a dramatic increase of cells in P-M was 
observed. For each experiment counted there were at least one hundred 
mitotic events (± SD, n=3). *P-Value<0.01; ** P-Value<0.02. 
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Figure 4-4. USP7 depletion destabilizes CHFR protein.  Western blot analysis of Hep2 

cells (top) stably expressing control or USP7 shRNA and H1299 cells 
(bottom) transiently transfected with control or USP7 siRNAs exposed to 1 
µg/mL of cyclohexamide (CHX) for 2, 4, 6 or 8 hours. Depletion of USP7 
causes the reduction of CHFR protein levels in both cell lines. 
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Figure 4-5. USP7 depletion causes accumulation of multipolar cell divisions which are 
mediated by accumulation of Aurora A kinase, a CHFR substrate. (A) 
Immunofluoresce staining of HEp2 and H1299 stable cell lines expressing 
shRNAs using Aurora A kinase and α-tubulin to label spindle poles. Hoechst 
was used to stain DNA.  The panels on the right represent the quantification 
of multipolar events over the total number of mitosis (± SD, n=3). Analysis 
was conducted counting at least 100 mitotic events for each experiment. (B) 
Immunofluoresce staining of Aurora A kinase, α-tubulin and DNA in HEp2 and 
H1299 stably expressing USP7 shRNA. In USP7 depleted cells are observed 
multipolar divisions with overnumerary poles (n>4). Quantification of these 
events is presented on the right panel (± SD, n=3). (C) Representative 
Western blot analysis showing accumulation of Aurora A kinase in HEp2 and 
H1299 cells depleted by USP7. Cells were synchronized by DTB and 
releases in growth media for 11 hours to progress through mitosis. Numbers 
represent quantification of Aurora A protein over internal control (actin). 
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Figure 4-6. Transient depletion of USP7 and Daxx leads to the accumulation of 

multipolar mitoses. Graph represents the quantification of multipolar events 
over the total number of mitosis in control, Daxx and USP7 siRNAs, in HEp2 
and H1299 cells. For each experiment staining of Aurora A, α-tubulin and 
DNA was performed to label spindle poles and assess chromosomal 
segregation. A minimum of one hundred mitotic events were counted per 
experiment. Transient depletion of USP7 and Daxx in HEp2 and H1299 cells 
causes increase of multipolar spindles. 
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Figure 4-7. Depletion of USP7 Desensitizes Cells to Paclitaxel which can be rescued by 

Aurora A inhibition. Percentage of colonies formed from control- or USP7-
depleted HEp2 cells which were synchronized using a double thymidine block 
and then released and exposed to control, 10nM taxol, 4uM MLN8054 and 
both drugs for 18 hours.  After treatment, cells were replated for colony 
formation assay (±SD, n=3). 
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Figure 4-8. USP7/Daxx regulation of mitosis and taxane resistance. Daxx activates 

USP7 for de-ubiquitination of mitotic E3 ligase CHFR; stabilization of CHFR 
elevates Aurora A ubiquitination and degradation. Deregulation of USP7 or 
Daxx reduces stability of CHFR, thus accumulating Aurora A. It turns into 
stabilization of Cyclin B that holds cells in mitosis thus elevating survival upon 
taxanes treatment. Ub: ubiquitin.  
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CHAPTER 5 
DAXX AND USP7 ARE GUARDIANS OF GENOMIC STABILITY 

Introductory Remarks  

As it was first postulated by the German biologist Theodor Boveri in 1902, the 

precise partitioning of duplicated chromosomes to daughter cells is essential for the 

development and survival of all organisms. Defects in segregation lead to aneuploidy, 

the state where entire chromosomes are gained or lost. Aneuploidy is a hallmark of the 

majority of tumor cells and several lines of evidence indicate that it contributes to the 

evolution of cancer 228-232. Aneuploidy is also the leading cause of spontaneous 

miscarriages and hereditary birth defects in humans 233, 234. 

In order to segregate correctly the genetic material during mitosis, a sophisticated 

and well conserved system among all eukaryotic cells tightly regulates cell division. 

During this process the dividing cell ensures that kinetochores of each chromatid are 

correctly attached to the bipolar spindle. During the initial formation of the mitotic plate, 

at the prometa/metaphase transition, many sister chromatids do not achieve the 

necessary biorientation. Some sister chromatids may be attached to microtubules 

irradiating from the same spindle pole (known as syntelic attachments) or one chromatid 

may become attached at the same time with microtubules from the two opposite poles 

(known as merotelic attachment) 235. These abnormal attachments must be corrected so 

that until all chromosomes are under proper tension and bi-orientation, the metaphase-

anaphase transition is delayed 236, 237.  In eukaryotic cells this delicate mission is 

assigned to the Spindle Assembly Checkpoint (SAC) 30.  

To the SAC belongs a long list of proteins with checkpoint function identified by 

genetic screenings 238. These proteins can be categorized as ‘sensors’ (Aurora B, 
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Mad1, Bub1 and Mps1) 239, 240 or as ‘signal transducers’ (Cdc20 plus the Mitotic 

Checkpoint Complex or MCC, formed by Mad2, Bub3 and BubR1 proteins) 241 or as 

‘effectors’ (anaphase promotion complex/cyclosome - APC/C) 234, 242, 243. In short, these 

molecules can sense lack or faulty tension, even on a single kinetochore, to produce a 

‘wait’ signal, preventing Cdc20 to associate and activate the APC/C. This system avoids 

segregational errors by inhibiting APC/CCdc20 mediated destruction of cyclin B and 

securin, thereby avoiding entrance in anaphase.  

Once all the kinetochore-microtubules attachments satisfy the SAC, Cdc20 can 

then bind and activate APC/C to ubiquitinate cyclin B and securin for proteolytic 

degradation 30, 146. Drops in securin levels lift the inhibition on separase. This enzyme 

then cleaves the cohesin rings which hold sister chromatids together to finally progress 

from metaphase to anaphase 244. 

Thus, maintenance of a functional SAC is fundamental for the genomic stability of 

cells. Genetic studies conducted with hypomorphic or heterozygous mouse models for 

the components of the SAC, demonstrated that these mice are characterized by 

aneuploidy 245-247 and increased rates of spontaneous (Mad2+/- 247, CENP-E+/- 248, 249, 

Bub1 hypomorphic 250, 251) or carcinogen-induced (Bub3 245 and BubR1 246) tumors.   

Surveillance, detection and correction of failed or improper 

microtubule/kinetochore attachment are tightly regulated where recruitment of SAC 

components is hierarchical and sequential 252. The protein Bub3 (budding uninhibited by 

benzimidazoles 3 homolog) 253 is a key SAC component that is immediately localized to 

unattached kinetochores 254. Here it recruits other components of the MCC and the SAC 

sensor Bub1 to generate two inhibitory complexes that suppress the function of APC/C 
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by either sequestering or inhibiting Cdc20 respectively 255, 256. Another fundamental 

checkpoint function governed by Bub3 is to establish the formation of correct 

microtubules-kinetochore attachments coordinating microtubule binding proteins 257, 258.  

Cells with reduced levels of Bub3 compromise localization of the other 

components of the SAC, Bub1 and BubR1 258, resulting in failed SAC activation 257. Due 

to inability to correctly attach and sense improperly bound kinetochores-microtubules, 

reduced expression of Bub3 displays chromosome segregation errors in the form of 

micronuclei 259 misaligned and lagging chromosomes 258. 

During the characterization of USP7 depleted cell lines we noticed a peculiar 

phenotype. Cells lacking USP7 showed signs of chromosomal instability. These results 

were reminiscent of the aneuploidy we previously observed in cells isolated from Daxx 

knock out mouse embryos where extensive aneuploidy was observed in Daxx-/- MEFs, 

compared to Daxx+/- or +/+ MEFs which displayed normal karyotype.  This condition 

was observed in three independent Daxx-/- MEF cell lines, suggesting Daxx may be 

important for accurate chromosomal separation. 

In this chapter we present evidence that USP7, as previously demonstrated for 

Daxx, causes genomic instability characterized by abnormal chromosomes segregation, 

accumulation of micronuclei and increased aneuploidy. We demonstrated that these 

mitotic abnormalities may be mediated by reduction of checkpoint protein Bub3 in USP7 

depleted cells. Our results indicate that USP7 interacts with Bub3 in mitosis. This 

binding favors Bub3 stabilization as cells depleted by USP7 have reduced levels of 

Bub3. These effects are occurring in similar extents in cell lines harboring wild type or 

mutated p53. 
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Thus, results presented in this chapter provide the first evidence that loss of USP7 

leads to genomic instability by destabilizing a key mitotic checkpoint component in a 

p53 independent manner.  

Results  

USP7 Depletion Causes Genomic Instability 

While generating USP7 shRNA cells, we noticed several interphase nuclei 

abnormalities that are usually recognized as derived from mitotic segregational defects 

260. Cells with reduced levels of USP7 have high levels of nuclear blebs and micronuclei 

(MN) compared to control-depleted cells (Figure 5-1). In USP7 shRNA cells, a small 

sub-population of cells that is still positive for USP7 does not have nuclei abnormalities.  

Loss of USP7 leads to increase in micronuclei formation 

To study the significance of this observed nuclear abnormalities we decided to 

quantify the extent of micronuclei (MN) accumulation. MN are the manifestation of 

chromosomal instability and are generated as a consequence of cellular exposure to 

genotoxic stresses or as result of mitotic abnormalities 261. MN originate from 

chromosomal fragments or whole chromosomes that are not segregated during mitosis 

because they are not properly attached to spindle microtubules 262. At the end of mitosis 

nuclear envelope reforms around the ‘lost’ genetic material in the cytoplasm, where MN 

appear as tiny nuclei by DNA staining 263.  In mammalian cells, MN form during 

anaphase 264 from lagging chromosome fragments –in case of failed repair of DNA 

double strand breaks 261– or whole chromosomes –in case of defects in assembly of 

kinetochore proteins 265, 266, abnormal spindles 267, 268 or non-functional SAC 238, 260, 269, 

270. 
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To statistically assess the accumulation of MN upon USP7 depletion compared to 

the control depleted cells, we adopted the previously established rules for MN scoring 

148. The MN score represents the percentage of MN per cell, where as MN was 

considered each rounded DNA material in the cytosol, non- overlapping with the nuclear 

material and not exceeding 1/3 of the volume of the nucleus. Only occasional MN were 

detected in HEp2 and H1299 control depleted cell lines (Figure 5-2, first panel in 

enlarged box); a dramatic increase of MN score was observed in USP7 depleted cell 

lines (Figure 5-2). In addition, the MN population was heterogeneous across the USP7 

shRNA cells in regards of both size and number per cell, as shown by the pictures in 

three distinct fields (Figure 5-2). We could clearly distinguish two different MN sub-

populations. The first one was characterized by multiple and larger MN (Figure 5-2, 

arrows). This type of MN usually arises from multipolar mitoses due to the inability of the 

cell to correctly partition groups of chromosomes. The increased incidence of multipolar 

events upon USP7 depletion and the underlying mechanism were presented in Chapter 

4 (Figure 4-5). The second one was represented by a small MN, often located between 

two interphase nuclei (Figure 5-2, arrowheads). Since this type of MN derives from 

lagging chromosome at the anaphase onset, it is likely that other mitotic segregation 

problems (besides Aurora A induced multipolarity) may be encountered by cells with 

depleted USP7.  

Loss of USP7 causes increase of lagging chromosomes 

One of the mechanisms responsible for the MN formation is the presence of 

unattached or lagging chromosomes in anaphase 264. To better understand the nature 

of MN formation, immunofluorescence staining was done in control or USP7 depleted 

HEp2 cells. Cells were labeled with centromeric protein CENP-A and peri-centromeric 
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protein CENP-B to detect centromeres/kinetochores. Anaphases with lagging 

chromosomes were detected in almost all mitotic events in HEp2 cells stably depleted 

of USP7 (80% of lagging chromosomes versus 10% of control shRNA cells, p=0.00002; 

Figure 5-3). This data, together with the MN scoring, strongly indicates that USP7 

depletion causes significant chromosome mis-segregation that may be driven 1) by 

multipolarity due to accumulation of Aurora A, and 2) from lagging chromosomes in 

anaphase. 

Loss of USP7 promotes abnormal karyotype  

To understand in detail the role of USP7 in genomic instability HEp2 and H1299 

cells stably expressing control or USP7 shRNAs were karyotyped. Our expectation was 

to observe deviation from the cell line chromosomal modal numbers due to the high 

extent of micronucleation and multipolarity in cells with silenced USP7. 

Karyotypes of the analyzed cell lines were nearly triploid for HEp2 cells with 

chromosomal modal number of 72 ± 7.8, and nearly tetraploid for H1299 cells with 

chromosomal modal number of 94.2 ± 12.5. However, upon USP7 depletion, a deviation 

from these numbers was observed. In USP7 depleted HEp2 cell line, the calculated 

chromosomal modal number was 73.1 ± 15.2. The doubling of the standard deviation 

indicates an increased genomic instability in these cells. More dramatic were the effects 

in H1299 USP7 shRNA cell line, in which the modal number was reduced from 94.2 of 

the control to 85.1 chromosomes per cell.  As well, the standard deviation of 

chromosomes modal number was increased almost three-fold. Thus, consistently with 

the morphologic manifestation of genomic instability (MN and lagging chromosomes- 

Figures 5-2 and 5-3), the number of cells with gain or loss of chromosomes was 

increased in USP7 shRNA cells in both p53 positive and negative cells (Figure 5-4).  
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In order to confirm this data in a non-tumorigenic cell line, we analyzed 

karyotypes of human mammary epithelial cells, MCF10A, upon transient depletion with 

cell-permeable non-targeting control or USP7 siRNAs (Accell technology, Dharmacon). 

Analysis of up to one thousand metaphases in MCF10A control or USP7 depleted cells 

confirmed data obtained in HEp2 and H1299 cancer cell lines: USP7 silencing causes 

almost a two-fold increase in aneuploidy.  

This data is in agreement with evidence previously collected from karyotyping of 

Daxx-/- MEFs which were characterized by severe aneuploidy compared to normal 

kariotype displayed by Daxx +/+ MEFs. Hence, our data indicates a common role of 

Daxx and USP7 in mitotic regulation and maintenance of genomic stability.  

USP7 Interacts and Controls Stability of SAC Protein Bub3  

USP7 loss induces high rates of unattached chromosome that may result from a 

change in stability of mitotic checkpoint proteins. While we were screening for mitotic 

proteins which would have differential stability upon USP7 depletion, the ‘interactome’ 

landscape of human DUBs was published 271. This report indicated that USP7, among 

other proteins, interacts with checkpoint protein Bub3 in HeLa cells. Bub3 protein levels 

were consistently low upon USP7 depletion, in both HEp2 and H1299 cells (Figure 5-5, 

panel A).  These results are consistent with the increase of lagging chromosomes and 

MN (Figures 5-2 and 5-3) and the data previously published for Bub3 238. Indeed many 

reports indicate that Bub3 localizes to unattached kinetochores to recruit and interact 

with other members of the MCC to maintain Cdc20 inactive until all kinetochores are 

correctly attached and aligned to the mitotic plate 254, 257-259. Haplo-insufficiency of Bub3 

leads to chromosomal mis-aggregation and chromosomal instability 241, 259.  
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To test USP7/Bub3 interaction, immuno-precipitation experiments of endogenous 

USP7 were done in HEp2 cells synchronized in mitosis by either nocodazole or Taxol® 

exposure. Cell lysates (Input) collected from synchronized cells were used in IP 

experiments with control IgG or USP7 antibodies conjugated to protein G magnetic 

beads (Dynabeads, Invitrogen). Bub3 was pulled-down only with USP7 antibodies 

indicating that endogenous proteins, Bub3 and USP7, interact in vivo in cells arrested in 

mitosis. In addition the results suggest that this association occurs independently from 

the activation status of the SAC, since Bub3 is co-immuno-precipitated with USP7 in 

both nocodazole (SAC off) and Taxol® (SAC on) (Figure 5-5, panel B).   

Summary of Results 

Results presented in this chapter uncover a novel and pivotal function of USP7 in 

the maintenance of genomic stability. Upon USP7 depletion we observed mitotic 

abnormalities including 1) micronuclei accumulation, 2) mis-shaped nuclei, 3) lagging 

chromosomes in anaphase and 4) karyotype instability. Our results suggest that these 

abnormalities are mediated by decreased levels of SAC component Bub3, interaction 

partner and potential substrate of USP7 in mitosis. Thus our results show that USP7 

regulates mitosis by affecting stability of multiple checkpoint proteins: Bub3, CHFR and 

Aurora A, as described in Chapters 4 and 5. 

Discussion 

The work presented in this chapter indicates that, as previously demonstrated for 

Daxx, USP7 is also essential in maintaining genomic stability in mammalian cells, 

independently from the cell tissue of origin. Indeed analysis of interphase cells with 

reduced expression of USP7 presented several manifestations of mitotic abnormalities 
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such as ill shaped nuclei, massive micronucleation, nuclear buds and nucleoplasmic 

bridges (Figures 5-1 and 5-3).  

These events are generally considered as markers of genotoxic stress and are 

hallmarks of tumor cells due to the genomic instability of the cancerous growth. 

Closer analysis of mitotic figures revealed that loss of USP7 causes a wide array 

of mitotic abnormalities such as multipolar spindles (as shown in Chapter 4), increase of 

MN (Figure 5-2) and accumulation of lagging chromosomes (Figure 5-3). Collectively 

this data indicates that USP7 depletion causes genomic instability.  

Karyotype analysis of HEp2 and H1299 cells stably expressing control or USP7 

shRNAs revealed that USP7 depleted cells were more aneuploid than the control 

depleted cells (Figure 5-4); moreover, we recapitulated the same results upon transient 

depletion of USP7 in non-tumorigenic MCF 10A breast epithelial cells (not shown).  

Next, we hypothesized that the loss of USP7 would cause genomic instability by 

deregulating proteins belonging to the SAC. To test this hypothesis we analyzed by 

western blot stability of several components of the SAC (Mad2, Cdc20 and Cdh1, data 

not shown). Only Bub3 showed marked reduction upon USP7 depletion in both HEp2 

and H1299 cells. Prior studies RNAi and genetic demonstrated that decreased Bub3 

causes failure in activating the spindle checkpoint machinery thus ablating the ability to 

correct or establish proper microtubules-kinetochores attachments. These findings may 

explain the observed mitotic abnormalities upon USP7 silencing. Hence, we can 

conclude that cells lacking USP7 are impaired in the spindle checkpoint assembly and 

signaling, dictated by decreased Bub3 protein. These cells enter anaphase with sister 

chromatids improperly attached to the spindle poles. This explains the appearance of 
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lagging chromosomes, the increase in micronuclei and the aneuploidy, as reported in 

this chapter.  

Interestingly Bub3 and USP7 endogenous proteins interact in mitosis as shown in 

Figure 5-5, suggesting that Bub3 could be a direct target of deubiquitinating activity of 

USP7. Thus the reduced levels of the checkpoint protein Bub3 observed in USP7 

depleted cells suggest that Bub3 may be a novel USP7 substrate.  

In conclusion, we identified a new biological role of Daxx and USP7 in G2/M 

progression, which is independent from p53 cellular status. In this chapter, we 

presented novel evidence for a pivotal role for Daxx and USP7 in genomic stability thus 

indicating tumor suppressors function for these proteins. Recent findings of Daxx 

mutations in neuroendocrine pancreatic tumor and pediatric glioblastoma further confirm 

this notion. 
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Figure 5-1. USP7 depletion causes genomic instability. Analysis for USP7 (green) and 
DNA (blue) in HEp2 (A) and H1299 (B) cell lines stably expressing control or 
USP7 shRNAs. The majority of USP7 depleted cells show genomic instability 
(micronucleation and irregular nuclear shape, indicated by arrows) while 
USP7 positive cells (white arrowheads) do not.  
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Figure 5-2. Loss of USP7 causes accumulation of micronuclei. Depletion of USP7 
elevates micronuclei (MN) score in both p53 WT (HEp2) and null cell lines 
(H1299). Three representative fields show heterogeneity of MN size and 
number of MN per cell in USP7 shRNA cell lines. White arrowheads indicate 
single MN while white arrows point to groups of MN. Right: quantifications of 
MN accumulation over the total number of cells (MN score). For each 
experiment a minimum of 300 cells were counted (± SD, n=3) and for the 
scoring of micronuclei the criteria previously described were adopted 148. 
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Figure 5-3. USP7 depletion causes mitotic abnormalities. USP7 depleted cells 

accumulate mitotic bridges and lagging chromosomes. Left: 
immunofluorescence staining of HEp2 cells labeled with centromeric marker 
CENP-A (red), CENP-B (green) and DNA (blue). Right: quantifications of 
lagging chromosomes over the total number of anaphases (lagging 
chromosomes %). For each experiment a minimum of 300 anaphases were 
counted (± SD, n=3) 
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Figure 5-4. Depletion of USP7 leads to increased aneuploidy. Metaphase chromosomal 

analysis of HEp2 (panel A) or H1299 (panel B) cells stably deplete by control 
or USP7 shRNAs. Results were generated from 100 metaphases. Numbers 
represent sample’s weighted average ± weighted s.d.  
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Figure 5-5. USP7 regulates stability and interacts with Bub3. A) Protein levels of 

checkpoint protein Bub3 are decreased upon depletion of USP7 in HEp2 and 
H1299 cells.  Numbers below the blot represent relative quantification of Bub3 
signal over actin chosen as loading control. Representative western blots of 
three independent experiments.  B) Immunoprecipitation experiments of 
endogenous USP7 in HEp2 cells synchronized in mitosis by nocodazole or 
Taxol® exposure. Bub3 is pulled down only with USP7 antibody but not with 
IgG control. Numbers below the blots represent the sample percentile loaded. 
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CHAPTER 6 
SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS 

Summary and Conclusions 

Breast cancer is the most common cancer among middle aged women and ranks 

second in cancer-related mortality. With development of adjuvant therapies in breast 

cancer over the past 40 years, we are getting closer to a cure for breast cancer and 

efforts are continuing to find better treatments for metastatic breast cancer, which 

unfortunately remains incurable. The focus in research to prevent further metastatic 

incurable disease by selective and more effective therapy is needed to decrease 

mortality in breast cancer. Taxanes, a group of cytotoxic drugs which includes paclitaxel 

(Taxol®) and docetaxel (Taxotere), are among the most successful anticancer agents 

for breast cancer chemotherapy 11, 18, 149. Taxane activity affects cell cycle at several key 

points, including mitotic checkpoint 16, 151 and leads to mitotic arrest that will eventually 

trigger cell death 21 by a mechanism still largely unknown 17, 152-154.  

Many breast cancer patients are resistant or become resistant to Taxol® during 

drug administration 52, 53. Indeed, intrinsic and acquired resistances to taxanes represent 

the most limiting factors to the successful treatment of breast cancer patients. Thus, 

predicting which patients will respond to taxane therapy and which will not benefit but 

only experience the side effects of the chemotherapy, is critical.  

The scientific work presented in this dissertation was designed and executed for 

the characterization of taxane resistance machinery and to identify novel predictive 

markers that would allow differentiation of breast cancer patients for most suitable 

therapies and improve overall and cancer-free survival. 
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Seeking markers of taxane response, we identified a novel role of nuclear protein 

Daxx in taxane sensitivity. During previous studies published by our laboratory, Daxx 

was identified as a novel regulator of paclitaxel response in cell culture conditions 88. 

Breast cancer cell lines with low levels of Daxx expression were resistant to drug 

application and importantly this data was recapitulated upon Daxx depletion in primary 

mouse and human cells.   

In order to better understand this phenomenon we wanted to assess whether Daxx 

mediated taxane resistance could be reproduced also in breast cancer patients.  

To address the clinical ramifications of Daxx regulation of taxane sensitivity, 

twenty-two women treated with standard taxane and anthracycline based neoadjuvant 

chemotherapy for locally advanced breast cancer were classified as either responders 

or non responders based on the clinical outcome. Responders to therapy had a higher 

mean Daxx score (calculated based on IHC staining intensity multiplied by the percent 

of staining cells) compared to non-responders, suggesting that Daxx could predict the 

response to taxane-based chemotherapy. Thus, the characterization of Daxx as novel 

biomarker predicting taxane responsiveness would be a crucial addition to the available 

predictive markers for patient populations with early and metastatic breast cancer.  

 In addition, we found that Daxx depletion affects normal mitotic progression, 

accumulating cells in prometaphase/metaphase via reduced degradation of mitotic 

cyclin B (Chapter 3 and reference 116). In the absence of Daxx, cells remain in a 

prolonged mitotic block, while wild type cells undergo a transient arrest in mitosis. The 

prolonged mitotic arrest allows cells with down-modulated Daxx to escape taxane action 

(model in figure 3-7). To understand the mechanism of how Daxx affects mitosis 
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progression and taxane resistance, we isolated Daxx mitotic complex and identified 

Ubiquitin Specific processing Protease-7 (USP7), a deubiquitylating enzyme (DUB), as 

Daxx interacting protein in mitosis. Deubiquitinating enzyme USP7 has been described 

as both a tumor suppressor and an oncogene 179, 185, 190, 191. Due to potential oncogenic 

properties, mostly attributed to p53 regulation, USP7 represented a promising anti-

neoplastic target 198, 199, 272.  

Earlier reports described that, in interphase, Daxx bridges USP7 and p53-specific 

E3 ubiquitin ligase MDM2, to maintain low levels of tumor suppressor p53 in normal 

cells126, 127, 191, 192. Thus, USP7/Daxx interaction was associated to p53-dependent G1/S 

checkpoint regulation. However, in this dissertation we presented evidence that Daxx 

and USP7 control another stage of cell cycle, mitosis, in a p53 independent manner. We 

found that USP7 depletion affects mitotic progression and taxane resistance similarly to 

Daxx inactivation, suggesting that both proteins are cooperating and functioning as new 

mitotic regulators assuring proper response to taxane treatment (Chapters 4). Their 

action regulates stability of several checkpoint proteins, such as E3 ubiquitin ligase 

CHFR and it substrate Aurora A (Chapter 4) and mitotic checkpoint protein Bub3 

(Chapter 5).  We have demonstrated that cells with decrease expression of USP7 have 

reduced levels of Bub3 and CHFR but accumulate Aurora A. All these effectors are 

regulated directly or indirectly by USP7 and are involved in taxanes response. Cells or 

tumors over-expressing Aurora A (as we have shown in Chapter 4 uopn USP7 down-

modulation) are resistant to paclitaxel administration 72, 74. As well, cells deficient in SAC 

protein Bub3 have been shown unresponsive to paclitaxel 71. Contrarily, cells that lack 

CHFR are more sensitive to taxanes 46, 273 that may contradict our model. Therefore, to 
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assess the contribution of CHFR in USP7 mediated mitotic anomalies, we tested the 

ability of USP7 depletion to accumulate Aurora A in CHFR null HCT116 colon 

carcinoma cell lines. Aurora A and cyclin B were both stabilized in p53 isogenic HCT-

116 cell lines (data not shown), thus indicating that CHFR contributes only partially to 

USP7-mediates stabilization of Aurora A in HEp2 and H1299 cells. Furthermore this 

data highlights the p53 and tissue independency of USP7 mitotic regulation. Thus, 

Daxx/USP7-mediated regulation of mitosis and sensitivity to taxane occurs through fine-

tuning protein levels of checkpoint proteins Aurora A and Bub3 in agreement with 

previous reports.  

We previously reported that Daxx interacts in mitosis with protein Rassf1. The 

major isoform of this gene, Rassf1A, has been implicated as a mitotic regulator and has 

been shown to interact with several key mitotic-related proteins, including Aurora A 274 

and Cdc20 275, though the latter is debatable 276.  However our results clearly show that 

the Daxx and USP7 effects are reproduced in several cell lines including H1299, which 

besides being defective for p53 expression, they are also Rassf1A null. Thus, although 

the mitotic interaction between Daxx and Rassf1A may regulate mitosis by some 

mechanism not yet identified, Daxx regulation of mitosis and taxanes response is most 

likely achieved via interaction with USP7. 

The role of chromosomal instability in affecting taxane sensitivity was also 

proposed 277. Indeed, clinical trials have been devoted to determine the relationship of 

an unstable karyotype to taxanes response 278. Clinical evidence gathered from breast 

and ovarian cancer specimens strongly indicated that tumors which display severe 

chromosomal instability are less sensitive to paclitaxel. Moreover karyotypes of residual 
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tumors with paclitaxel resistant phenotype were greatly more aneuploid than the 

responsive ones, indicating that a selective pressure for this trait occurs 278. 

Current study provides evidence that the loss of these two proteins leads to 

reduced response to taxanes and provides dual mechanistic explanation for this 

phenomenon. Results presented in Chapters 3 and 4 provide strong evidence of a new 

USP7/Daxx function in mitosis and response to the anti-mitotic drugs taxanes. Data 

presented in Chapter 5 indicates that the loss of Daxx and USP7 are linked to genomic 

instability a determining factor in efficacy of taxane cytotoxicity as well as a hallmark of 

cancer progression (Model in Figure 6-1).  

According to our current understanding, Daxx and USP7 control and safeguard 

mitosis. Any dysfunction in this checkpoint contributes to both cancer progression and 

taxane resistance in breast cancer (Model in Figure 6-1). This novel view on 

USP7/Daxx function warrants the use of these genes as novel markers of therapeutic 

resistance and highlights novel targets for clinical intervention, such as Aurora kinase. 

This would allow proper breast cancer patients stratification and rational design of new 

clinical trials which may include combinatorial use of taxanes and Aurora A inhibitors.  

In addition, this study offers insights on USP7 as a therapeutic target. Small 

molecule inhibitors of USP7 DUB activity were developed to activate G1/S block that 

supposes to trigger p53 mediated cell death 198, 200. Efficacy and employment of these 

drugs is limited by mutations or inactivation in p53 gene, occurring in >50% of human 

cancers, including breast cancer 279, 280. Our study demonstrated that silencing of USP7 

correlates with taxane resistance, thus it warns for future clinical use of USP7 inhibitors 

in combinatorial regimens with taxanes.  
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In conclusion, our study provides new insights for therapeutic approaches and 

predictive markers which will help in reducing breast cancer mortality and will increase 

the likelihood of a cure. 

 

 

Figure 6-1. Proposed model for Daxx and USP7 regulation of taxane response and 
genomic instability. Decreased expression of USP7 and/or Daxx leads to 
down-modulation of two checkpoint proteins: CHFR and Bub3. On one hand, 
reduced CHFR allows Aurora A accumulation which in turn causes multipolar 
mitoses (Chapter 4) and genomic instability. Aurora A accumulation explains 
the observed taxanes resistance upon loss of Daxx and/or USP7 which can 
be reversed by administration of Aurora A inhibitors (Chapter 4). On the other 
hand, reduced levels of Bub3 lead to increase of unproperly attached and 
lagging chromosomes. This causes additional genomic instability thus further 
contributing to Daxx/USP7 mediated taxanes resistance (Chapter 5). 
Ultimately loss of Daxx and or USP7 can contribute to cancer progression 
therapy unresponsiveness in breast cancer patients. 
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Future Directions 

Research presented in this study dissected USP7/Daxx-dependent mechanism of 

mitotic progression which affects response to microtubule poisonous drug 

administration, such as taxanes. This newly identified mechanism adds to our basic 

knowledge of cell cycle regulation machinery with the hope of offering rational and more 

effective treatments to defeat breast cancer. This contribution will be significant as it will 

rationally explore novel targeted and combinatorial regimens for treatment and will also 

aid in proper selection of breast cancer patients to receive taxane-based therapy. 

Examine the Mechanism of Daxx Repression in Resistant Cells 

In Chapter 3, we demonstrated that reduction of Daxx expression can dictate 

paclitaxel resistance, at least in a subpopulation of patients, suggesting Daxx as both 

biomarker and target in taxane sensitivity. Levels of Daxx proteins vary among breast 

cancer cell lines and patient specimens, where high levels of Daxx are associated with 

taxane sensitive phenotypes and that low levels of Daxx are associated with resistance 

to taxanes opening questions of Daxx regulation. Recently published screening for Daxx 

mutation identified that Daxx gene is mutated in about 25% of pancreatic 

neuroendocrine tumors, 7.1% of adult glioblastoma, 7.7% of oligodendroglioma and 1% 

of medulloblastomas, however no mutations were detected in a cohort of 96 breast 

cancer patients 143, suggesting that variability of Daxx accumulation between patients is 

not due to Daxx gene mutations.  Thus, future work must be done to identify how 

repression of Daxx is achieved in breast tumors. Understanding the mechanism which 

leads to this gene inactivation may indicate clinical approaches to counteract Daxx 

repression.  
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Analysis of human Daxx promoter revealed three CpG reach islands, suggesting 

DNA methylation and epigenetic regulation as a possible mechanism of Daxx 

repression. If this proves true, we predict that the combination of paclitaxel with drugs 

that could elevate Daxx expression (demethylating agent 5-azacitidine/Vidaza or HDAC 

inhibitor SAHA-Vorinostat) may represent a successful combinatory treatment of 

therapy-resistant breast cancer patients.  We postulate that de-repression of Daxx 

promoter should increase Daxx accumulation and, in turn, restore taxane 

responsiveness – both in cell lines and in patient settings. Therefore, an improved 

understanding of the mechanism of Daxx down-regulation may identify new 

combinatorial regimens to overcome taxane resistance. 

Preliminary data in MDA-MD-468 and T-47D cell lines suggest that Daxx is 

regulated at the transcriptional level. This may be proven true at least in a sub-

population of breast cancers, but it is possible that Daxx might be regulated at the 

protein level as well. Indeed, genetic inactivation of USP7 was proven to destabilize 

Daxx protein, suggesting Daxx as a USP7 substrate.  Hence, it is plausible that USP7 

negative tumors are affected also by reduced Daxx protein levels. 

Validate Predictive Role of Protein USP7 as a Marker for Sensitivity to Taxane-
based Chemotherapy in Breast Cancer Patients 

In Chapter 4, we determined that Daxx interacts with USP7 in mitosis. We 

demonstrated that USP7 controls mitosis and taxane resistance similarly to what was 

observed for Daxx (Chapter 3) in cell lines. Thus, we will next determine how USP7 

contributes to the paclitaxel treatment in mouse xenograft models. Then, it will be 

essential to determine whether USP7 and its mitotic substrates can be used as 
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predictive factors for taxane response by screening both pre- and post-treatment breast 

cancer specimens from patients with known outcomes to taxane-based treatment.  

Earlier reports described USP7 as under-expressed in breast cancer tumor 

specimens 272. Thus, similarly to what is planned for Daxx, the mechanism of USP7 

repression in resistant cells and breast cancer patients will also be examined.  

Explore Use of Aurora A Inhibitors to Reverse Taxane Resistance 

Our working model presented in Chapter 4 (Figure 4-7), indicates that USP7/Daxx 

regulation of mitotic progression occurs through Aurora A. Aurora A is a putative 

oncogene 281, 282; its amplification in breast cancer 75-77, or over-expression in tumors 78-

83 correlates with poor patient outcomes 84-86 and resistance to taxanes 72-74. Silencing 

or inhibition of Aurora A kinase activity sensitizes tumor cells to chemotherapeutic 

agents including taxanes 221-223, suggesting that this gene can be targeted in new 

therapeutic approaches. Thus, this essential mitotic kinase is a potential target to 

overcome taxane resistance. Our future work will test whether inhibition of Aurora A with 

inhibitors such as MLN8054 218, 220 and the newly developed MLN8237 283, both 

currently in phase I clinical trials, can override taxane resistance determined by 

USP7/Daxx. We already tested this hypothesis at the cellular level (Figure 4-6) for 

MLN8054 and we will do the same for MLN8237. Then we will test these molecules in 

xenograft models to evaluate which drug can fully override Daxx/USP7 mediated 

resistance in combinatorial settings with paclitaxel. 

Biochemical Characterization of Daxx and USP7 Mitotic Interaction 

We plan to continue characterization of USP7/Daxx mitotic interaction; this work 

will be useful in understanding Daxx modulatory function of USP7. To this end we will 

map by in vitro and in vivo pull-down assay Daxx and USP7 interacting domains. Next, 
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we will perform NMR characterization of Daxx/USP7 interaction to observe potential 

conformational changes of USP7 upon Daxx binding. Experiments will be done in 

collaboration with Dr. McIntosh, University of Vancouver as we did previously for Daxx 

Helical Bundle (DHB) domain 117. These experiments will also be fundamental in 

determining Daxx function as modulator of USP7 enzymatic activity. Finally, we will 

characterize the role of Daxx post-translational modifications in regulation of USP7 

interaction. To this end, we already mapped mitotic-specific phosphorylation residues of 

Daxx that, based on amino acid signature, may be modified by one of mitotic kinases. 

Studies in this direction may open another avenue in the modulation of Daxx/USP7-

dependent taxane response. 

Examine the Role of Daxx and USP7 in Genomic Instability 

In Chapter 4, we showed that reduced levels of Daxx and USP7 lead to an 

increase in multipolar mitoses mediated by Aurora A accumulation. Cells that exit and 

survive such abnormal mitosis are affected by numerical chromosomal aberration. In 

Chapter 5, we demonstrated that cells silenced of USP7 are indeed characterized by 

genomic instability and that these karyotype abnormalities are induced by reduced 

levels of Bub3 and consequent lagging chromosomes in anaphase.  

Thus, it will be interesting to address with future work whether these two events 

that lead to genomic instability (accumulation of Aurora A and reduced levels of Bub3) 

are related or separate and compounding events. Moreover, we will determine Daxx 

contribution to regulation of Bub3 stability.  
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Determine whether USP7 Regulates stability and Interacts with Components of 
the SAC and Kinetochore 

Proper segregation of genetic material and cell death upon mitotic stresses both 

rely on competent mitotic checkpoint. We found that USP7 silencing reduces stability 

the SAC component Bub3, causing genetic instability and lack of response to 

microtubule poisonous drugs as taxanes. Thus, our study indicates that USP7 

modulates the role of checkpoint proteins at kinetochore. In the future, assessing 

whether USP7 is mediating stability of other components of the SAC or affects their 

localization and functionality will be essential in fully understanding the biological and 

pathological roles of this enzyme. It will be important to determine if USP7 regulates the 

kinetochore structure and function. Detailed microscopy study of inter-kinetochore 

distances and defects in kinetochore- microtubule attachments will be undertaken.  

In conclusion, the study presented in this dissertation provides future directions 

that may prove useful in the identification of novel therapeutic markers and approaches 

that will help in treating breast cancer patients.  
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