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ABSTRACT OF DISSERTATION

HUMAN T LYMPHOTROPIC VIRUS TYPE 1 PROTEIN TAX 
REDUCES HISTONE LEVELS

Human T Lymphotropic Virus Type 1 (HTLV-1) is an oncogenic retrovirus 

that causes adult T-cell leukemia/lymphoma (ATLL). The virally encoded Tax 

protein is thought to be necessary and sufficient for T-cell leukemogenesis. Tax 

promotes cell proliferation, represses multiple DNA repair mechanisms, 

deregulates cell cycle checkpoints, inhibits apoptosis and induces genomic 

instability. All of these effects of Tax are thought to cooperate in the 

development of ATLL. In this study, we demonstrate that histone protein levels 

are reduced in HTLV-1 infected T-cell lines as compared to uninfected T-cell 

lines, while the relative amount of DNA per haploid complement is unaffected. In 

addition, we show that replication-dependent histone transcript levels are 

reduced in HTLV-1 infected T-cell lines, relative to uninfected T-cell lines. 

Furthermore, we show that Tax expression is sufficient for reduction of 

replication-dependent histone transcript levels. These results demonstrate that 

Tax disrupts the proper regulation of replication-dependent histone gene 

expression. Further, our findings suggest that HTLV-1 infection uncouples 

replication-dependent histone gene expression and DNA replication, allowing the 

depletion of histone proteins with cell division. Histone proteins are involved in 

the regulation of all metabolic processes involving DNA including transcription, 
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replication, repair and recombination. This study provides a previously 

unidentified mechanism by which Tax may directly induce chromosomal 

instability and deregulate gene expression through reduced histone levels.

James M. Bogenberger 
Graduate Degree Program in Cell and Molecular Biology 

Colorado State University 
Fort Collins, CO 80523 

Spring 2008
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Chapter 1

Introduction
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1.1 HTLV-1: PATHOGENESIS AND ASSOCIATED DISEASES

Human T Lymphotropic Virus Type 1 (HTLV-1) is a complex retrovirus 

originally isolated in 1980 from a patient with cutaneous T-cell lymphoma (1). 

After the identification of HTLV-1 as the first human retrovirus, it was 

demonstrated to be associated with a malignancy of T-lymphocytes known as 

adult T-cell leukemia/lymphoma (ATLL) (2-6). ATLL is now known to be a direct 

result of HTLV-1 infection (7). HTLV-1 is also associated with the non-malignant, 

neurodegenerative disease tropical spastic paraparesis/HTLV-1 associated 

myelopathy (TSP/HAM) (8). HTLV-1 is suspected to be associated with several 

other inflammatory diseases such as uveitis, arthritis and polymiositis (8-10).

Although the exact mechanistic details of T-cell transformation by HTLV-1 

remain unknown, it is clear that HTLV-1 induced transformation is different from 

that of other known retroviruses. Unlike the acutely transforming retroviruses, 

which encode a viral homolog of a cellular proto-oncogene, HTLV-1 does not 

encode an oncogene transduced from a host genome (11). Additionally, 

development of ATLL does not correlate with a specific HTLV-1 proviral 

integration site (12). While malignant cells within a single individual exhibit a 

common site of proviral integration, the site of proviral integration varies amongst 

malignant cells of different individuals (13-15). Thus, HTLV-1 induces ATLL 

independently of the cis-acting effects of proviral integration, distinguishing it 

from the slowly transforming, cis-acting retroviruses.

Like all retroviruses, the HTLV-1 genome consists of two long-terminal 

repeats (LTRs) flanking the structural retroviral genes gag, pro, pol and env (11).
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HTLV-1 contains an additional genomic segment between the env gene and the 

3' LTR, called the pX region (16). The pX region contains four partially 

overlapping open reading frames (ORFs), encoding several nonstructural and 

accessory viral gene products required for viral replication and infectivity (Figure 

1.1) (17-22). ORF IV encodes the viral transcription factor Tax (16). Tax is 

essential for replication of the HTLV-1 genome and is required for HTLV-1 

pathogenesis. Although there is no known cellular homolog of Tax, it is 

considered to be an oncoprotein. Tax has been shown to be necessary and 

sufficient in the transformation of primary T-cells and in the formation of tumors in 

transgenic mice (2, 23-27).
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Figure 1.1. HTLV-1 genome and transcripts. HTLV-1 mRNAs are shown 
below the proviral genome. Boxes correspond to the open reading frames 
utilized for translation of the indicated mRNA. The triangles above the 
gag-pro-pol and env mRNAs show the protease cleavage sites in the 
corresponding protein products. MA = Matrix, CA = Capsid, NC = 
Nucleocapsid, PR = Protease, RT = Reverse Tr-ascriptase, IN = Integrase, 
SU = Surface Protein, TM = Transmembrane Protein. The roman numerals 
indicate the open reading frames of the pX region utilized in the translation of 
the indicated mRNA.
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Cell-free HTLV-1 virions are essentially non-infectious (28, 29). It has 

been demonstrated that a small percentage of HTLV-1 infected T-cells do 

complete a replication cycle and are able to infect additional T-cells through a 

virological synapse mediated by cell-to-cell contacts (30). HTLV-1 mRNAs and 

proteins are usually undetectable in the circulating peripheral blood mononuclear 

cells of HTLV-1 individuals with a high proportion of T-cells containing integrated 

HTLV-1 provirus (31, 32). HTLV-1 virions are not detected in the plasma of 

HTLV-1 infected individuals (33). Studies have shown that inhibitors of reverse 

transcriptase do not reduce the number of T-cells containing provirus in HTLV-1 

infected individuals (34). Furthermore, reverse transcriptase is a highly 

error-prone polymerase, yet variations in HTLV-1 coding-sequences are limited 

when compared to other retroviruses, such as Human Immunodeficiency Virus 

Type 1 (HIV-1), that rely on viral transmission to uninfected cells to increase the 

number of infected cells (35). The aforementioned observations have led to the 

conclusion that persistent HTLV-1 infection is maintained by proliferation of 

HTLV-1 infected cells, rather than completion of the viral replication cycle. This 

requirement for cellular proliferation to replicate the proviral genome has likely 

provided the selective pressure for HTLV-1 to evolve strategies to induce 

inappropriate cellular proliferation. HTLV-1 Tax protein is known to induce 

cellular proliferation of HTLV-1 infected T-cells (36). While the induction of 

inappropriate cell division effectively replicates the proviral genome, it also has 

important consequences with respect to cellular transformation and the 

development of ATLL.
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Evidence from clinical studies suggests that fewer than seven percent of 

HTLV-1 infected individuals develop ATLL (37). In addition, manifestation of 

ATLL occurs after a long latent period ranging from twenty to sixty years (38). 

Both of these observations suggest that subsequent events are required in the 

progression from HTLV-1 infection to T-cell transformation and the development 

of ATLL. The function of the HTLV-1 oncogenic protein Tax is fundamentally 

different from that of other viral oncoproteins. While other cancer-causing 

viruses require continuous expression of viral oncoprotein to perpetuate the 

transformed phenotype (39), Tax expression is not required to maintain the ATLL 

phenotype (40, 41). Thus, it is thought that the HTLV-1 encoded protein Tax 

creates a cellular environment more conducive to multi-step oncogenesis. As 

multi-step oncogenesis is accelerated by reduced DNA repair capacity and/or 

genomic instability (42), Tax expression may establish either or both of these 

conditions. Reduced DNA repair capacity and/or genomic instability may induce 

permanent changes in cellular homeostasis that mediate and/or perpetuate 

neoplastic transformation if and when Tax expression is silenced.

Tax is also linked to the non-malignant, inflammatory diseases associated 

with HTLV-1 infection, such as tropical spastic paraparesis/HTLV-1 associated 

myelopathy (TSP/HAM). Evidence suggests that two independent factors; the 

host immune response and the probability that an HTLV-1 infected T-cell 

expresses Tax, play a pivotal role in the development of these diseases (43, 44). 

Host immunosurveillance of HTLV-1-specific antigen presentation and lysis of 

HTLV-1 infected T-cells by cytotoxic T lymphocytes (CTLs) eliminates T-cells 
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expressing HTLV-1 proteins (44-46). While many HTLV-1 proteins are 

recognized, the dominant antigenic target of HTLV-1-specific CTLs is the Tax 

protein (47, 48). Mutations resulting in CTL escape are not observed with 

HTLV-1 infection, as with infection by Human Immunodeficiency Virus Type 1 

(HIV-1) (49). Despite a CTL response to HTLV-1 gene expression, steady-state 

populations of HTLV-1 infected T-cells exhibiting clonal proviral integration are 

maintained in infected hosts (50). While the number of HTLV-1 infected T-cells 

in a given host remain constant prior to leukemogenesis, the number of HTLV-1 

infected T-cells between different hosts has been observed to differ by more than 

103-fold (51). TSP/HAM patients have been observed to have a greater number 

of HTLV-1 infected cells than asymptomatic carriers (52). Differences in the rate 

of CTL lysis have been reported between different HTLV-1 positive individuals, 

with reduced CTL antiviral efficacy correlating with the occurrence of a greater 

number of HTLV-1 infected cells (53). The number of HTLV-1 infected T-cells 

expressing Tax has been estimated to range from 0.3% to 3.0% daily between 

different hosts, with higher levels of Tax expression correlating with TSP/HAM 

patients and lower levels of Tax expression correlating with asymptomatic 

carriers (44). These observations suggest that the proliferative advantage 

gained through Tax expression surpasses the deleterious effects of 

immunosurveillance. While the mechanism by which HTLV-1 infected T-cells 

cause inflammatory disease is not known, efficacy of the host immune response 

and levels of Tax expression are determinants in the development of TSP/HAM.
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Maintenance of a persistent viral infection is essential to all pathologies 

associated with HTLV-1. While many of the HTLV-1 accessory gene products 

encoded by the pX region are required for maintaining HTLV-1 infection in vivo, 

Tax protein is unique in that it is the only HTLV-1 accessory gene product that is 

sufficient to induce T-cell transformation.

1.2 FUNCTIONS OF HTLV-1 TAX PROTEIN

Tax exhibits many properties with respect to regulating the HTLV-1 

replication cycle. Tax functions as a transcriptional activator regulating 

expression of the HTLV-1 genome (54). In addition, Tax exhibits many cellular 

properties not directly involved in regulating transcription of the HTLV-1 genome. 

However, these other cellular properties of Tax do function to replicate the 

proviral genome through induced proliferation and promotion of survival of 

HTLV-1 infected cells.

1.2 a Tax as a Transcription Factor

Tax activates transcription of the HTLV-1 genome (54). The LTRs of 

HTLV-1 contain three degenerate copies of a recognition element known as a 

viral cAMP response element (vCRE). The vCREs have a central portion similar 

to cellular cAMP response elements and thus bind the cAMP-response element 

binding protein (CREB). Tax interacts with GC-rich sequences adjacent to the 

vCREs in a CREB-dependent manner (55-58). A historical model for 
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CREB-dependent transcription suggests that signal-mediated phosphorylation of 

CREB is responsible for recruitment of the coactivators CBP/p300 and for 

transcriptional activation. However, more recent evidence suggests that 

promoter-bound phosphorylated CREB is not sufficient for CBP/p300 recruitment 

(59, 60). While Tax has been shown to induce CREB phosphorylation in vivo 

(61), evidence suggests that Tax exhibits activator function beyond that of simply 

inducing CREB phosphorylation (60, 62). Tax interactions with CREB/ATF 

proteins have been reported to contribute to deregulated transcriptional control of 

some cellular genes (63). However, studies have shown that a Tax mutant 

defective for CREB/ATF activation is still capable of inducing T-cell 

immortalization (64).

1.2 b HTLV-1 Tax in T-Cell Transformation

Cells employ several barriers that protect against neoplastic 

transformation. These include the multiple levels of regulation impinging on cell 

proliferation, cellular checkpoints that terminate with repair or apoptosis upon 

detection of different types of DNA damage or gross chromosomal abnormalities, 

and regulation of senescence and apoptosis. HTLV-1 infected T-cells must 

breach these protective barriers before ATLL can emerge. Tax deregulates 

several aspects of cellular homeostasis governing these protective barriers. The 

expression of Tax results in replication of the proviral genome through cell 

proliferation and increased survival of cells containing provirus.
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Cellular proliferation is required for replication of the proviral genome, and 

the viral protein Tax exhibits several activities that result in the induction of cell 

proliferation. Tax activates expression of D type cyclins, which participate in 

regulating the G1 restriction point (65). Tax activation of D type cyclin expression 

is thought to occur primarily through increased IL-2 receptor signaling (66-68). In 

addition, Tax binds to cyclin-dependent kinases (CDKs), leading to signal­

independent hyperphosphorylation of the retinoblastoma (Rb) protein and thus 

activation of the E2F transcription program regulating genes necessary for DNA 

replication (69, 70). Tax has also been reported to induce proteosomal 

degradation of the Rb protein (71). Tax is known to interfere with the activity of 

several CDK inhibitors. This occurs through direct Tax binding of the CDK 

inhibitors (INK4A and INK4B) (72, 73) and through direct transcriptional 

repression of the INK4C, INK4d and KIP1 genes by Tax binding of E-box binding 

factors required for transcriptional activation of these CDK inhibitors (74, 75). 

The net effect of Tax on D cyclin expression, cyclin-dependent kinases and 

cyclin-dependent kinase inhibitors, is the induction of signal-independent cell 

proliferation.

Tax is known to inhibit multiple DNA repair mechanisms. Tax represses 

transcription of polymerase (3, which is involved in base excision repair, 

nucleotide excision repair and mismatch repair (76). The ability of cell cycle 

checkpoints to impede cell division until damage can be repaired or signal the 

induction of apoptosis if damage cannot be repaired greatly reduces the 

accumulation of mutations resulting from impaired repair processes. Checkpoint 
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Kinase 1 (Chk1) functions in the activation of S and G2 checkpoints in response 

to DNA damage. Tax has been reported to directly interact with Chk1 resulting in 

an inhibition of G2 arrest in response to y-irradiation (77). Moreover, Tax is also 

known to inactivate p53 function, through several putative mechanisms (78-80). 

Although the mechanistic details are currently controversial, it is clear that p53 

function is abrogated in Tax expressing cells (81). Tax has also been reported to 

deregulate the spindle assembly checkpoint (SAC) by binding to MAD1 (82). Tax 

deregulation of cell cycle checkpoints results in an increased rate of cellular 

proliferation and favors replication of the HTLV-1 proviral genome.

In addition to inducing inappropriate proliferation and deregulating multiple 

cell cycle checkpoints, Tax has been reported to promote cell survival. Tax binds 

directly to phosphatidylinositol 3-kinase (PI3K) and promotes phosphorylation of 

Akt, which initiates a survival signal though downstream effectors (83). Tax has 

been shown to promote NF-xB nuclear localization thereby inducing expression 

of NF-xB responsive genes, including those involved in promoting cell survival 

(84, 85). Tax promoted cell survival increases the number of HTLV-1 infected 

cells.

While Tax has been shown to be necessary and sufficient for T-cell 

transformation, Tax expression is only detected in about forty percent of ATLL 

cells (40, 86-88). These observations have led to the conclusion that Tax is 

required to initiate transformation but is not required to perpetuate the 

transformed phenotype in ATLL cells. As Tax protein is the major target of CTLs, 

cells not expressing Tax have a clear advantage in evading the host immune 
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response. While Tax protein is known to bypass many of the barriers to 

neoplastic transformation, it is not known exactly what cellular changes induced 

by Tax allow for the continued progression and/or maintenance of the ATLL 

phenotype after Tax expression has been silenced.

1.3 HTLV-1 ACCESSORY PROTEIN FUNCTION IN INFECTION 

AND T-CELL TRANSFORMATION

In addition to the pleiotropic Tax protein, the HTLV-1 genome encodes six 

other accessory proteins, p12, p21, p30, p13, HBZ and Rex. While these 

accessory proteins are not essential for viral replication in vitro (89), experiments 

in animal models have demonstrated that these proteins are important for 

productive infection in vivo (90-93). Accessory protein p12 localizes to the 

endoplasmic reticulum and Golgi and appears to promote cell survival through 

increased cytoplasmic calcium levels (94). This protein may also participate in 

the evasion of HTLV-1 specific CTLs through a reduction of major 

histocompatibility complex type I expression (95). p30 may function to promote 

cell proliferation through effects on the cellular coactivators CBP/p300 (96-98). 

Additionally, p30 may promote viral latency by preventing the nuclear export of 

Tax and Rex mRNA (99). Accessory protein p13 localizes to the mitochondrial 

inner membrane and affects potassium and calcium uptake, suggesting a 

function through calcium signaling along with p12 (100). Rex recognizes a 

sequence in HTLV-1 RNA and represses splicing, which governs the transition to 
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production of full-length genomic RNA (101, 102). Rex has also been shown to 

promote nuclear export of viral RNA (103). The function of p21 is currently 

unknown.

Unlike the previously mentioned HTLV-1 accessory proteins, the HBZ 

open reading frame is transcribed from the minus stand of the provirus (104, 

105). The HBZ open reading frame is thought to produce a protein product and a 

functional RNA product. While HBZ protein suppresses transcriptional activation 

by Tax, HBZ RNA appears to promote T-cell proliferation through up-regulation 

of E2F1 transcription, as well as E2F1 target genes (106-108). While the 

non-Tax accessory gene products of HTLV-1 are not sufficient for T-cell 

transformation, they are required for maintaining a persistent viral infection in 

vivo. Thus, these other accessory proteins are critical to the pathologies 

associated with HTLV-1.

1.4 CHROMOSOMAL ABNORMALITIES IN ATLL, HTLV-1 

INFECTED AND TAX EXPRESSING T-CELLS

ATLL cells exhibit a broad spectrum of chromosomal abnormalities, 

including deletions, duplications, translocations and aneuploidy (109, 110). Tax 

expression and DNA damage have been correlated in studies demonstrating that 

Tax expression results in the formation of micronuclei (111, 112). Micronuclei 

are small nuclei containing whole chromosomes or chromosomal fragments, 

separate from the main nucleus. Micronuclei can result from damage to 
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chromosomes (113, 114). Tax expression has been correlated with an increase 

in double-strand DNA breaks (115). Tax expression has been shown to induce 

gene amplification (116), an indication of genomic instability. Tax expression has 

also been observed to cause an uncoupling of DNA synthesis from cell division, 

resulting in the formation of multinucleated giant cells with decondensed 

chromatin (117). These giant cells feature less heterochromatin near the nuclear 

periphery, as suggested by an absence of the dark, condensed material normally 

observed just under the nuclear membrane. In addition to decondensed 

chromatin, these giant cells exhibit lobulated nuclei. The lobulated nuclei 

phenotype of Tax expressing cells is similar to that of the large lymphocytes with 

convoluted nuclear outlines, known as “flower cells,” observed at higher 

frequencies in HTLV-1 infected individuals and ATLL patients (118). The 

chromatin of ATLL cells has been described as being clumped and more 

homogenous than that of normal T-cells (118). Currently there is not a clear 

mechanism for how these chromosomal abnormalities arise in Tax expressing 

and HTLV-1 infected T-cells.

1.5 CHROMATIN: OVERVIEW

In a broad sense, chromatin refers to the nucleoprotein fiber that is the 

foundation of the chromosome. This chromatin fiber is composed of a long, 

linear polymer of genomic DNA in association with a roughly equal mass of 

histone proteins, in addition to many other proteins with enzymatic and structural 
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functions. While much is known about the smallest and most fundamental units 

of the chromatin fiber, little is known about how the chromatin fiber is arranged 

into a chromosome.

The histone proteins are critical components of chromatin. The core 

histones assemble with DNA into nucleosome core particles, the fundamental 

units of chromatin (119). This is achieved by assembling two of each of the core 

histones (H2A, H2B, H3 and H4) into a histone octamer, around which 146 base 

pairs of DNA is wrapped (120). Arrays of nucleosome core particles constitute a 

chromatin fiber, the primary level of chromatin structure. The chromatin fiber is a 

highly dynamic and heterogeneous macromolecule in vivo. The chromatin fiber 

is further compacted through the formation of additional levels of higher order 

structure. Linker histones are thought to modulate nucleosome dynamics and 

higher order chromatin structure. Ultimately, the chromatin fiber is compacted by 

non-histone proteins forming metaphase chromosomes, the most compacted 

state of genomic DNA (Figure 1.2). Histones and chromatin structure play a 

central role in the regulation of all DNA metabolic processes, including 

transcription, replication, repair and recombination.
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Figure 1.2. Chromatin hierarchical structure. DNA is wrapped around the 
histone octamer to form a nucleosome. Arrays of nucleosomes are arranged to 
form a chromatin fiber, the primary level of chromatin structure. The chromatin 
fiber is compacted into higher-order chromatin structures, with the most 
compacted state occurring during metaphase of mitosis. The interphase 
chromatin fiber and the higher order structures of the chromatin fiber are 
relatively uncharacterized in vivo. (Figure from Jeff Hansen and Karolin Luger)
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As nearly every cell in a multi-cellular organism contains the same

genomic information, cell differentiation and specialization require that distinct 

transcriptional programs are established and maintained. Post-translational 

modifications to the histone tails are thought to impart cellular differentiation 

through epigenetic control of the genome (121).

Chromatin structure, energy-dependent octamer sliding and the epigenetic 

information on the histone tails are all known to participate in double-strand DNA 

break repair (122, 123). Defects in nucleosome assembly have been shown to 

interfere with the repair of double-strand DNA breaks. Cells lacking the 

chromatin assembly factors CAF-1 and RCAF are hypersensitive to irradiation 

and to DNA-damaging agents such as methyl methanesulfonate. Furthermore, 

assays developed to quantify site-specific double-strand break repair by both 

non-homologous end joining and recombination pathways demonstrate repair 

defects in CAF-1 and RCAF mutants (124). Inhibition of chromatin assembly 

during DNA replication directly induces double-strand DNA breaks (125). 

Double-strand DNA breaks are potent inducers of genomic instability as they are 

repaired by the error-prone process of non-homologous end joining when a sister 

chromatid is not available for the higher fidelity process of recombination- 

mediated repair (126). Furthermore, partial depletion of histone H4 has been 

shown to increase homologous recombination-mediated genetic instability (127).
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1.6 REPLICATION-DEPENDENT HISTONE GENE EXPRESSION

In normal somatic cells, expression of the majority of histone genes is 

tightly coupled to the rate of DNA replication during S phase of the cell cycle. 

Thus, they are called replication-dependent histone genes. Under normal 

circumstances inhibition of histone synthesis results in inhibition of DNA 

replication. Conversely, blocking DNA replication results in inhibition of histone 

expression (128). The coordination of histone gene expression and DNA 

synthesis is critical in the maintenance of chromosomal integrity (129). Histone 

chaperones and chromatin assembly factors normally cooperate in the deposition 

of histones onto nascent DNA as it emerges from the replication fork (130, 131). 

Since there is no significant pool of non-nucleosomal histones, nucleosome 

assembly at the replication fork is dependent on de novo histone expression and 

redistribution of existing histones (132, 133).

Mammalian cell division requires the synthesis of 108 histone proteins 

during a brief S phase. It is thought that cells contain multiple copies of the 

replication-dependent histone genes in order to meet these histone protein 

demands. Genomic sequence analysis has revealed fifty-nine 

replication-dependent core histone genes and six replication-dependent linker 

histone genes, clustered at four different chromosomal loci in human cells (134). 

The expression of all the replication-dependent histone genes is coordinately 

regulated during the DNA synthesis (S) phase of the cell cycle. This coordinate 

regulation is mediated by transcriptional and post-transcriptional mechanisms. It 

is not known how the transcriptional and post-transcriptional mechanisms of 
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histone gene regulation are coupled to the rate of DNA synthesis in proliferating 

cells.

1.6 a Transcriptional Regulation of Replication-Dependent

Histone Gene Expression

The rate of transcription of all the replication-dependent histone genes 

increases three- to five-fold as cells enter S phase (135). Studies have shown 

that proper cell cycle-dependent transcriptional regulation of each histone 

subtype involves unique cis-regulatory elements and unique transcription factors 

for each histone subtype (136, 137). It is not known how these different 

DNA-binding transcription factors are coordinated to activate transcription of all 

the replication-dependent histone genes in response to cell cycle signaling. 

Recently, non DNA-binding proteins have been identified that may be involved in 

coordinating histone gene transcription. Hir1p and Hir2p are cell cycle regulators 

thought to be responsible for transcriptional repression of histone gene 

expression in the budding yeast, Saccharomyces cerevisiae (138). HIRA is the 

mammalian homolog of these yeast proteins and may regulate histone gene 

expression in mammalian cells. HIRA has been shown to display histone 

chaperone function independent of DNA synthesis (139). HIRA has been shown 

to be phosphorylated by cyclin E/cdk2 during S phase of the cell cycle and HIRA 

activity is thought to be inhibited by this phosphorylation. The ectopic expression 

of HIRA is known to result in S phase arrest and reduced histone transcript 
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levels, suggesting a negative function for HIRA in replication-dependent histone 

gene expression outside of S phase (140).

NPAT is another mammalian protein thought to function in the coordinate 

expression of replication-dependent histone genes. Like HIRA, NPAT has also 

been shown to be an in vivo substrate of cyclin E/cdk2. Phosphorylation of 

NPAT correlates with the colocalization of NPAT to histone processing bodies 

(141, 142). Inhibition of NPAT gene expression impedes cell cycle progression 

and decreases histone gene expression in mammalian cells (143). Thus, NPAT 

is thought to participate in the up-regulation of replication-dependent histone 

gene expression during S phase.

Cajal bodies are multifunctional nuclear organelles known to accumulate 

high concentrations of small nuclear ribonucleoproteins (snRNPs) and other 

factors involved with histone pre-mRNA processing, including U7 snRNP and 

stem-loop binding protein (SLBP) (144-146). Histone gene clusters are 

intimately associated with Cajal bodies in a number of different organisms (147). 

In the fruit fly Drosophila, U7 snRNP resides in a distinct nuclear cluster 

distinguishable from the Cajal body, known as the histone locus body (HLB) 

(148). The FADD-like IL-1 ^-converting enzyme associated huge (FLASH) 

protein has been identified as a component of the histone gene expression 

machinery. Reduction of FLASH expression reduces histone gene transcription, 

results in S-phase arrest and disrupts normal Cajal body architecture, including a 

loss of NPAT from histone gene clusters. FLASH is reported to interact with 
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NPAT and chromatin immunoprecipitation reveals that FLASH interacts with 

histone promoter sequences (149).

1.6 b Post-Transcriptional Regulation of Replication-Dependent 

Histone Gene Expression

Post-transcriptional mechanisms of histone gene expression are 

responsible for an additional eight- to ten-fold increase in histone mRNA levels 

as cells enter S phase (135, 150). The replication-dependent histones are 

unique amongst genes transcribed by RNA polymerase II in that they do not 

contain introns and are not polyadenylated. Instead, they all contain a very 

similar 3' stem-loop structure that is bound by a conserved protein in mammals, 

stem-loop binding protein (SLBP) (151, 152). SLBP mediates the only RNA 

processing event required for production of mature histone mRNAs, a 3' 

endonucleolytic cleavage (153). In addition, SLBP regulates the nuclear export, 

half-life and translational efficiency of histone mRNAs (154-156).

1.7 STATEMENT OF PURPOSE

1.7 a Historical Perspective

Initially the aim of this project was to examine the phosphorylation status 

and the global stoichiometry of the somatic histone H1 isoforms in HTLV-1 

infected T-cell lines as compared to uninfected T-cell lines. The rationale for this 

initial investigation was based on two separate hypotheses. The HTLV-1 protein
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Tax deregulates cyclin-dependent kinase activities, thus we hypothesized that 

histone H1 phosphorylation status would be altered during the cell cycle. 

Additionally, we sought to investigate the hypothesis that the linker histone 

isoforms are functionally distinct with respect to transcriptional competency. We 

reasoned that changes in gene expression in HTLV-1 infected cells may 

correlate with both global and local changes in linker histone isoform 

stoichiometry. The phosphorylation status of histone H1 isoforms was 

determined by specifically extracting histone H1 from HTLV-1 infected and 

uninfected T-cell lines using a perchloric acid extraction method and 

subsequently analyzing the extracts by mass spectrometry. Mass spectrometry 

revealed that all of the histone H1 isoforms were less phosphorylated in HTLV-1 

infected T-cell lines than in uninfected T-cell lines. To determine the global 

stoichiometry of the somatic histone isoforms, a rigorous absolute real-time PCR 

approach was used to analyze transcript levels for each of the somatic histone 

H1 isoforms. Surprisingly, we discovered that transcripts for all of the somatic H1 

isoforms were reduced in HTLV-1 infected T-cell lines as compared to uninfected 

T-cell lines. In light of this result, it became clear why acid extraction of linker 

histone, normalized to cell number, consistently yielded less linker histone from 

HTLV-1 infected T-cell lines, than from uninfected T-cell lines. As linker histone 

gene expression is regulated by the same mechanisms as the core histones, we 

began to analyze core histone transcript and protein levels in HTLV-1 infected 

and uninfected T-cell lines. Both northern blots and western blots revealed a
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reduction of core and linker histone transcript and protein levels in HTLV-1 

infected T-cell lines as compared to uninfected T-cell lines.

1.7b Significance

There is ample evidence showing the importance of histones and 

chromatin in the regulation of all aspects of DNA-based metabolism. Thus, the 

purpose of my research became the demonstration of the unprecedented finding 

that histone levels are reduced in HTLV-1 infected T-cell lines. This 

demonstration culminated in the development of a flow cytometry-based assay to 

measure histone protein and DNA content simultaneously in individual T-cells. 

Through this approach my research has unequivocally demonstrated a reduction 

of histone:DNA ratios in HTLV-1 infected T-cell lines as compared to uninfected 

T-cell lines. To begin to address the mechanism by which HTLV-1 reduces 

histone levels and to correlate our finding with the oncogenic capacity of HTLV-1, 

this research has also revealed that Tax expression is sufficient to reduce 

histone transcript levels in an uninfected T-cell line.
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Chapter 2

Materials and Methods
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2.1 CELL LINES AND CELL CULTURE

The following HTLV-1 infected T-cell lines, C8166-45 (C81), HuT102, MT-2 and 

SbB-1 and uninfected T-cell lines, CEM, Jurkat and Molt-4 were cultured in 

Iscove’s Modified Dulbecco’s Media (IMDM; Sigma-Aldrich) supplemented with 

10% fetal bovine serum (Atlas Biologicals), 50,000 units/liter each 

streptomycin/penicillin and 2 mM L-glutamine. All T-cell lines were cultured at 

37°C in the presence of 5% CO2.

2.2 ISOLATION OF PRIMARY CD4+ LYMPHOCYTES FROM 

PERIPHERAL BLOOD SAMPLES

2.2 a Density Gradient Centrifugation

Peripheral blood samples where obtained from Bonfils Blood Center. 

Blood samples were diluted 1:1 with 0.5% BSA-PBS pH 7.4. Diluted samples 

(10 mL) were layered on 5 mb of Ficoll-Paque PbUS (Amersham Biosciences) in 

15 mb conical tubes. Samples were centrifuged at 400 x g for 40 minutes at 

room temperature. The upper layer was carefully aspirated off after 

centrifugation. Cells at the interphase were transferred to 50 mb conical tubes (4 

per 50 mb conical tube) and each tube was filled to the 50 mb mark with 0.5% 

BSA-PBS. Tubes were centrifuged at 300 x g for 10 minutes at room 

temperature. The supernatant was aspirated off and the cell pellet was washed 

by resuspending in 50 mb of 0.5% BSA-PBS and centrifuged at 200 x g for 15 

minutes at room temperature to remove platelets. This wash step was repeated 
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once. The cell pellet was resuspended in 1 ml of 0.5% BSA-PBS and cell 

densities were determined.

2.2 b Magnetic Labeling and Column Separation of CD4+ 

Lymphocytes

Gradient purified cells were washed with 2 ml of 0.5% BSA-PBS per 107 

cells and centrifuged at 300 x g for 10 minutes at room temperature. Cell pellets 

were resuspended in 80 ^L of 0.5% BSA-PBS per 107 cells. Microbeads 

conjugated to CD4+ antibodies (Miltenyi Biotech) were added at a concentration 

of 20 ^L per 107 cells. Cell-microbead suspensions were incubated for 15 

minutes at 4°C while rotating. After incubation, 2 ml of 0.5% BSA-PBS was 

added per 107 cells and suspensions were centrifuged at 300 x g for 10 minutes 

at 4°C. The cell-microbead suspension was resuspended in 500 ul of 0.5% 

BSA-PBS per 108 cells.

An LS magnetic separation column (Miltenyi Biotech) was placed into a 

magnetic field stand (Miltenyi Biotech) and equilibrated with 3 ml of 0.5% 

BSA-PBS. The cell-microbead suspension was then loaded onto the column. 

The column was washed 3 times with 3 ml of 0.5% BSA-PBS. After the last 

wash, the column was removed from the magnetic field stand and placed into a 

15 ml conical tube. Cells were flushed out of the column with 5 ml of 0.5% 

BSA-PBS using a plunger (Miltenyi Biotec).
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2.3 RNA EXTRACTION AND cDNA SYNTHESIS

RNA was extracted from asynchronous cells (107) using Trizol (Invitrogen) 

or CONCERT cytoplasmic RNA reagent (Invitrogen) according to the 

manufacturer’s protocol. All the reagents used with both of these protocols were 

prepared with 0.2% diethylpyrocarbonate (DEPC) in purified water (Sigma). All 

instruments and workspaces were treated with RNase-away prior to performing 

extractions. In order to reduce genomic contamination, RNA samples were 

treated with 20 units of RNase-free DNase I (Roche) at room temperature for 30 

minutes before heat inactivating the DNase I at 65°C for 10 minutes. DNA was 

synthesized with the iScript cDNA synthesis kit (Bio-Rad) according to 

manufactures protocol using a programmable thermal cycler set for 5 minutes at 

25°C, then 30 minutes at 42°C, followed by 5 minutes at 85°C. This kit utilizes a 

random hexamer primer mix for cDNA synthesis. Prior to cDNA synthesis RNA 

was quantified via spectrophotometry, so that 5 pg of total RNA could be used 

per 20 pL iScript reaction.

2.4 REVERSE TRANSCRIPTASE REAL-TIME PCR

2.4 a Relative Reverse Transcriptase Real-Time PCR

RNA samples were reverse transcribed into cDNA in a separate step prior 

to performing real-time PCR. Real-time PCR was performed using iQ SYBR 

Green Supermix (Bio-Rad) on an iCycler (Bio-Rad) and data expressed 

according to the Michael Pfaffl method, using EF1a as an internal control for 

27



normalization (157). A five-point standard curve was constructed by serial 

diluting target DNA to evaluate PCR efficiency for every primer pair in every 

experiment. Only experiments with PCR efficiencies in the range of 90-110% 

were included in data analysis. All samples, including those used to construct 

standard curves for PCR efficiency, were loaded in triplicate for all experiments. 

Real-time PCR products were electrophoresed on 1.5% agarose gels to verify 

the specificity of each primer pair (See supplementary data, Figure 3.21). Melt 

curves were analyzed for every experiment to ensure that amplification products 

were primer pair specific.

2.4 b Absolute Reverse Transcriptase Real-Time PCR

RNA samples were reverse transcribed into cDNA in a separate step prior 

to performing real-time PCR. Real-time PCR was performed using iQ SYBR 

Green Supermix (Bio-Rad) on an iCycler (Bio-Rad). Reference plasmids 

containing H1 isoform inserts and cDNA samples were quantified using an 

intercalating agent that specifically binds double-strand DNA quantitatively 

(Picogreen, Molecular Probes) on a spectrofluorometer. Plasmid and cDNA 

concentrations were determined by extrapolation from a standard curve 

constructed from lambda phage DNA of known concentration (See 

supplementary data, Figure 3.16A). Avogadro’s number was used to calculate 

copy number from plasmid size and concentration. Quantified reference 

plasmids were then serial diluted to yield samples from 500 to 50 million 

molecules. The serial diluted samples served to evaluate efficiency during real­
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time PCR and to construct a standard curve. The Ct for each reference plasmid 

was plotted against the natural log of the molecule number so that we could 

extrapolate the number of linker histone molecules (transcripts) per picogram of 

cDNA analyzed by real-time PCR (See supplementary data, Figure 3.16B). H1 

transcripts (copy numbers) are then expressed as molecules/pg of cDNA. Melt 

curves were analyzed for every experiment to ensure that amplification products 

were primer pair specific. All samples, including those used to construct standard 

curves, were loaded in triplicate for all experiments. This protocol was adapted 

from the method described by Michael Whelan, et. al. (158).

2.4 c Primer Sequences for Real-Time PCR

The following primer sequences were used for real-time PCR:

H2A Fwd AGCTCAACAAGCTTCTGGGCAA;

H2A Rev TTGTGGTGGCTCTCGGTCTTCTT;

H2B Fwd TGCGCCCAAGAAGGGTTCTAAA;

H2B Rev ACGAAGGAGTTCATGATGCCCA;

H3 Fwd TGCTCATCCGCAAACTGCCATT;

H3 Rev AGTGACACGCTTGGCGTGAATA;

H4 Fwd ACCGTAAAGTACTGCGCGACAA;

H4 Rev TTCTCCAGGAACACCTTCAGCA:

H1S-1 Fwd CCTGTAAAGAAGAAGGCGGCCAAA;

H1S-1 Rev CAGAGAAACTCCGCTACGCTCTTT;

H1S-2 Fwd CCCAGTATCTGAGCTTATCACCAAGG;
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H1S-2 Rev TTTCTTAAGCGCGGCCAGAGAAAC;

H1S-3 Fwd CCCGGCTAAGAAGAAGGCAACTAA;

H1S-3 Rev GAAAGGCCATTGCGCTCCTTAGAA;

H1S-4 Fwd CCGGTGTCCGAGCTCATTACTAAA;

H1S-4 Rev GCTTTCTTGAGAGCGGCCAAAGAT;

EF1a Fwd GCCTCTCCAGGATGTCTACAAA;

EF1a Rev GTTTGAGAACACCAGTCTCCACTC;

Tax Fwd TTCTACCCGAAGACTGTTTGCCCA;

Tax Rev TGTCCAAATAAGGCCTGGAGTGGT.

2.5 NORTHERN BLOTS

2.5 a Electrophoresis, Transfer, Probe Preparation and 

Hybridization

RNA extracts were quantified by spectrophotometry so that 10 ng of total 

RNA could be resolved on 1% agarose / 6.6% formaldehyde gels containing 20 

mM MOPS, 2 mM sodium acetate and 1 mM EDTA pH 8.0. All aqueous 

solutions used in this protocol were prepared with purified water containing 0.2% 

diethylpyrocarbonate (DEPC) to deactivate potential contaminating RNases. 

Prior to electrophoresis of the RNA extracts, the gel box and comb were treated 

with 3% hydrogen peroxide to deactivate potential contaminating RNases. RNA 

extracts were prepared in a solution containing 5% glycerol, 0.0001% 

bromophenol blue (BPB), 20 mM MOPS, 2 mM sodium acetate, 1 mM EDTA pH 
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8.0 and 3.7% formaldehyde by incubating at 70°C for 10 minutes. Immediately 

after heat denaturation, the prepared samples were incubated on ice for two 

minutes prior to loading. Samples were electrophoresed at 50V until the pPB 

dye front had migrated approximately two-thirds the length of the gel.

After electrophoresis, the gel was removed and washed 4 times with 200 

ml DEPC-treated water. The fourth wash was allowed to incubate for 20 

minutes. The gel was then treated with 200 ml of 50 mM sodium hydroxide for 

15 minutes. After the base treatment, the gel was washed quickly with 200 ml 

DEPC-treated water and incubated in 200 ml of 250 mM sodium phosphate pH 

6.5 for 30 minutes. RNA samples were then transferred to a nylon membrane 

overnight, by using a downward capillary action setup with 25 mM sodium 

phosphate pH 6.5 as transfer buffer.

To prepare 32P-radiolabeled probes a random hexanucleotide mixture 

(Roche; Random Primed DNA Labeling Kit) was utilized. DNA templates were 

denatured by incubating at 100°C for 5 minutes and immediately cooled on ice. 

Denatured DNA (25 ng) was mixed with 0.025 mM each of dCTP, dGTP and 

dTTP, 60 uCi [«32P] labeled dATP, 10 units of Klenow fragment DNA polymerase 

(Fermentas) and a proprietary hexanucleotide mixture in reaction buffer (Roche; 

Random Primed DNA Labeling Kit). This mixture was incubated at 37°C for 30 

minutes after which EDTA pH 8.0 was added to a final concentration of 25 mM to 

stop the reaction. Unincorporated dNTPs were then separated from the 

generated probes by centrifugation through a Micro Bio-Spin 6 column (Bio-Rad).
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Membranes were probed with histone and EF1a probes simultaneously. 

Membranes were prepared for hybridization by incubating in a solution of 50% 

(v/v) stabilized formamide (FORMAzol; Molecular Research Center), 250 mM 

sodium phosphate pH 7.2, 250 mM sodium chloride, 1 mM EDTA pH 8.0, 100 

ng/^L denatured salmon sperm DNA, and 10.5% (w/v) SDS for 120 minutes at 

43°C in a rotating hybridization tube. Radiolabeled probes were boiled for 5 

minutes and immediately cooled on ice prior to adding to the hybridization 

solution. Probes were allowed to hybridize overnight (16-24 hours) at 43°C in a 

rotating hybridization tube. After hybridization, membranes were washed 3 times 

with 20 ml of 300 mM sodium chloride, 30 mM sodium citrate, and 0.001% SDS 

(SSC) preheated to 53°C. The membrane was then incubated at 53°C for 20 

minutes in 35 ml of SSC in a rotating hybridization tube. The membrane was 

then washed 2 times with 35 ml of 25 mM sodium phosphate pH 7.2, 1 mM 

EDTA pH 8.0 and 0.001% SDS by incubating at 53°C for 18 minutes each, in a 

rotating hybridization tube. Finally, the membrane was washed 2 times with 35 

ml of 25 mM sodium phosphate, 1 mM EDTA pH 8.0 and 0.01% SDS by 

incubating at 53°C for 18 minutes each, in a rotating hybridization tube. The 

membrane was then allowed to air dry for 3 minutes prior to wrapping in 

cellophane and exposing to a phosphorimager screen.

Phosphorimager screens were scanned on a STORM (Molecular Probes). 

Histone signals were quantified with ImageQuant software version 5.1 (Molecular 

Dynamics) and normalized to EF1a signals.
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2.5 b Primer Sequences for the Preparation of 32P-Radiolabeled

Probes

The DNA templates used for the generation of 32P-radiolabeled probes for 

histone and EF1a transcripts were prepared by PCR from Jurkat genomic DNA 

using the following primers:

H1 Fwd AAGGAGCGCAATGGCCTTTCTTTG;

H1 Rev GCCTTCTTGGCCTTTGCAGCTTTA;

H2A Fwd TTCAGTTTCCCGTAGGCCGAGT,

H2A Rev GAAGCTTGTTGAGCTCCTCATCGT;

H2B Fwd AAGAAGGATGGCAAGAAGCGCAAG;

H2B Rev ACTTGGAGCTGGTGTACTTGGTGA;

H3 Fwd ATCGCTATCGGCCTGGTACAGT;

H3 Rev AGCTGGATGTCCTTGGGCATGATA;

H4 Fwd ATGTCAGGACGCGGCAAAGGAGGTAA;

H4 Rev GATCACGTTCTCCAGGAACACCTTCA;

EF1a Fwd TCATTGGACACGTAGATTCGGGCA;

EF1a Rev TTCACACCCAGTGTGTAAGCCAGA;

The DNA template used for the generation of 32P-radiolabeled probes for 

Tax transcripts was prepared by PCR from pSG-Tax plasmid DNA using the 

following primers:

Tax Fwd TTCCCAGGGTTTGGACAGAGTCTT;

Tax Rev GCGTGCCATCGGTAAATGTCCAAA.
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2.6 PERCHLORIC ACID EXTRACTION OF HISTONE H1

This extraction technique is based upon the fact that histone H1 is soluble 

in 5% perchloric acid while nearly all other cellular proteins are insoluble, 

including the core histones. Soluble histone H1 is recovered by precipitation with 

30% trichloroacetic acid.

Cultured T-cells (1 x 108 total) were pelleted by centrifugation at 325 x g 

for 3 minutes. Culture media was decanted and cells were washed with 5 ml 

phosphate buffered saline (PBS) pH 7.4 by resuspending the cell pellet and 

centrifuging as above. Wash buffer was decanted and 5% (v/v) perchloric acid 

(PCA) was added to the cell pellet at a volume of 1 ml per 1.5 x 107 cells. After 

adding 6.7 ml 5% PCA cells were gently vortexed until suspended and 

incubated for 60 minutes on ice with periodic swirling at 15 minute intervals. 

After incubation, the insoluble debris was pelleted by centrifugation at 12000 x g 

for 10 minutes at 4°C. The volume of the supernatant (acid soluble fraction) was 

measured as it was transferred to a new tube so that trichloroacetic acid (TCA) 

could be added to a final concentration of 30% (v/v). After addition of the 

appropriate volume of 100% TCA, the mixture was gently swirled and incubated 

on ice for 60 minutes to precipitate histone H1. Histone H1 was pelleted by 

centrifugation at 17,350 x g for 15 minutes at 4°C. The pellet was washed twice 

with 15 ml of acetone and centrifuged at 17,350 x g for 5 minutes at 4°C after 

each wash. After air-drying the pellet for 5-10 minutes it was suspended in 200 
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p.L purified water. Samples were resolved by 15% SDS-PAGE and total protein 

visualized by coomassie brilliant blue staining.

2.7 WESTERN BLOTS

2.7a Preparation of Whole Cell Extracts

Whole cell extracts (WCEs) were prepared by pelleting 1 x 107 cells by 

centrifugation at 325 x g for 3 minutes. After decanting the culture media, the cell 

pellet was washed with 5 mL PBS pH 7.4 by resuspending the cell pellet and 

centrifuging as above. The cell pellet was then resuspended in 200 pL of 

Laemmli buffer 62.5 mM Tris-HCI pH 6.8, 3% (w/v) SDS, 20% (v/v) glycerol and 

boiled for 10-20 minutes. Bromophenol blue was excluded from Laemmli buffer 

and added to whole cell extracts just prior to gel electrophoresis, so that extracts 

could be quantified first. After boiling, WCEs were centrifuged at 18,000 x g for 

10 minutes at 4°C and supernatant was transferred to a microcentrifuge tube for 

storage at -80°C.

2.7b Quantification of Whole Cell Extracts

Total protein concentration of whole cell extracts was determined by 

absorption at 280 nm. A standard curve was constructed using purified bovine 

serum albumin (BSA) of known concentration. Protein concentrations of WCEs 

were extrapolated from the BSA standard curve. As the Laemmli buffer used to 

prepare the WCEs contained several components at concentrations known to 
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interfere with absorption spectra at 280 nm, the WCEs were diluted below the 

interference limits of these components (159).

WCEs were diluted 1:100 by mixing 5 pL of WCE with 495 pL of purified 

water (Sigma). Laemmli buffer was also diluted 1:100 with purified water, to use 

in the preparation of the BSA standards at concentrations of 25, 50, 100, 250, 

500 and 1000 ng/uL and to set the background absorption to zero on the 

spectrophotometer.

2.7c Electrophoresis, Transfer and Antibody Detection

WCEs were resolved by 15% SDS-PAGE and proteins were transferred to 

a nitrocellulose membrane in a Mini Trans-Blot (Bio-Rad) containing an ice block, 

at 300 mAmps for 60 minutes. After transfer, the nitrocellulose was blocked with 

15 mL 5% (w/v) non-fat dry milk (NFDM) in PBS pH 7.4, containing 0.05% (w/v) 

sodium azide and 0.002% (v/v) Tween-20. After blocking, the nitrocellulose was 

incubated with primary antibody overnight at 4°C. Primary antibodies were 

diluted in 2.5% NFDM in PBS pH 7.4, containing 0.05% sodium azide and 

0.002% Tween-20. The concentration of primary antibody was empirically 

determined for every antibody used. After primary antibody incubation, the 

nitrocellulose was washed three times with 10 mL 2.5% NFDM in PBS pH 7.4, 

containing 0.05% sodium azide and 0.002% Tween-20. The membrane was 

then incubated in 15 mL of secondary antibody for 90 minutes at room 

temperature. Anti-mouse and anti-rabbit HRP-conjugated secondary antibodies 
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(Promega) were both diluted 1:10,000 in PBS pH 7.4. After secondary antibody 

incubation the membrane was washed three times with PBS pH 7.4. Antibody 

binding was then visualized using the ECL+ detection system (Amersham) and 

scanning membranes on a STORM (Molecular Probes). One of the western 

blots presented (H2B, Figure 3.3) was recorded using film, as the STORM was 

inoperable at the time of this western blot.

2.7d Antibodies

The following antibodies and concentrations were used for western 

blotting. Mouse monoclonal anti-actin, Clone: C4 (MP Biomedicals) 1:1,000; 

mouse monoclonal anti-EF1a, Clone CBP-KK1 (Upstate) 1:1250; mouse 

monoclonal anti-H1, (Biomeda, product number V7013) 1:750, rabbit polyclonal 

anti-H2A, clone Poly 6194 (Biolegand) 1:450, rabbit polyclonal anti-H2B, 

ab18977 (Abcam) 1:100, rabbit polyclonal anti-H3, ab1791 (Abcam) 1:35,000, 

rabbit polyclonal anti-H4 (Biovision, catalog number 3624) 1:200.

2.8 DNA CONTENT/CELL CYCLE ANALYSIS

Cell cultures were diluted to a density of 5 x 105 to 1 x 106 cells/mL 24 

hours prior to fixation to ensure a cell population proliferating in log phase at the 

time of fixation. Culture media containing 106 total asynchronous cells was 

centrifuged at 325 x g for 3 minutes to pellet the cells. The cell pellet was 

suspended in 5 ml ice-cold phosphate buffered saline (PBS) pH 7.4 to wash 
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away residual culture media and cells were once again pelleted as above. The 

washed cell pellet was suspended in 2 ml ice-cold PBS pH 7.4. 2 mL of ice-cold 

100% ethanol was added dropwise to the cell suspension with a Pasteur pipet 

while vortexing at the lowest setting. The dropwise addition of ethanol was 

performed by adding 5 drops, waiting 5 seconds, and then repeating this 

sequence until the entire 2 mL of ethanol was added. An additional 3 mL of ice­

cold 100% ethanol was added slightly faster by pipeting continuously while 

vortexing vigorously. Fixed cells were then incubated at -20°C for approximately 

24 hours. After incubating, cells were pelleted again by centrifugation at 325 x g 

for 3 minutes. Cells were suspended in 1 mL ice-cold PBS pH 7.4 containing 1% 

BSA to wash away residual ethanol. After centrifuging as before, cells were 

suspended in 500 pL PBS pH 7.4 containing 1% BSA and then vortexed briefly. 

In order to extract low molecular weight DNA, cells were incubated in 1 mL of 4 

mM sodium citrate and 192 mM dibasic sodium phosphate pH 7.8 for 30 minutes 

at room temperature. Cells were pelleted as before, buffer was decanted and the 

cell pellet was suspended in 1 mL of 50 ug/mL propidium iodide containing 730 

Kunitz U/mL RNase A and incubated at room temperature for 20 minutes prior to 

running samples. Data was collected on an EPICS flow cytometer (Beckman 

Coulter) and cell cycle distributions were calculated using Multicycle (Phoenix 

Flow Systems).
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2.9 HISTONE: DNA RATIOS BY FLOW CYTOMETRY

2.9a Preparation of Cells for Flow Cytometry

Asynchronous cells from log phase (5 x 106) were pelleted by 

centrifugation 325 x g and washed with 5 mL ice-cold PBS. Pellets were 

resuspended in 500 pL ice-cold PBS and transferred to 4.5 mL ice-cold 1% 

formaldehyde (methanol-free) in PBS and incubated on ice for 15 minutes to fix 

cells. After fixation cells were pelleted as above and washed with 4.5 mL ice­

cold PBS. Cell pellets were resuspended in 500 pL ice-cold PBS and transferred 

to 4.5 mL ice-cold 70% ethanol and let stand at -20°C for at least 2 hours to 

permeablize cells. (A 4 hour incubation, though not absolutely necessary, 

seemed to yield higher quality DNA histograms) After ethanol permeabilization, 

cells were centrifuged at 200 x g for 8 minutes at room temperature. Cell pellets 

were washed 2 times with 2 mL PBS. Cell pellets were then resuspended in 2 

mL of 1% BSA-PBS and let stand at room temperature for 5 minutes. After 

blocking, 100 pL of 1% BSA-PBS containing 5 pg primary antibody (ab1791 

rabbit polyclonal to histone H3, Abcam; or V7013 mouse monoclonal antibody to 

histone H1, Biomeda) was added an incubated overnight at 4°C while rotating. 

Cells were then washed with 2 mL 1% BSA-PBS and centrifuged at 300 x g for 5 

minutes at room temperature. Cell pellets were incubated in 2 mL of 1% BSA- 

PBS solution containing 5 pg of Alexa Flour 488 goat anti-rabbit secondary 

antibody (product number A11008, Molecular Probes) for histone H3 analysis or 

Alexa fluor 488 goat anti-mouse secondary antibody (product number A11029, 
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Molecular Probes) for histone H1 analysis, for 1 hour at room temperature. Cells 

were washed with 5 ml 1% BSA-PBS and centrifuged at 300 x g for 5 minutes at 

room temperature. Cell pellets were incubated in 1 ml PBS containing 25 ug/mL 

propidium iodide (PI) (Sigma) and 40 Kunitz units/mL RNase A (Sigma, certified 

DNase-free) for 30 minutes at room temperature. During secondary antibody 

incubation containers were shielded from light. Unstained cells, as well as cells 

treated with primary antibody only, secondary antibody only, PI only, and primary 

and secondary antibody only were included as controls in every experiment to 

determine background fluorescence and in instrument calibration.

Cells were analyzed on a MoFlo (Dako Cytomation) flow cytometer/cell 

sorter with laser excitation at 488 nm with 110 mW. Data was interpreted using 

Summit software, version 4.0 (Dako Cytomation).

2.9 b Data Analysis

Mean histone signal intensity was traced from G1 through G2/M by setting 

a narrow window on the DNA histogram and recording the histone signal 

associated with the cell population defined by the window. During flow 

cytometry, a cell is assigned to an appropriate channel based on the DNA 

content of the cell, thus cell populations are defined by DNA content. By moving 

from the G1 peak (1X DNA content) to the G2/M peak (~2X DNA content) in 

defined increments, histone signals were recorded for particular DNA contents. 

Histone:DNA ratios can be determined directly from this data and expressed as a 
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whole raw number or relative to Jurkat. In order facilitate the comparison of 

individual experiments, the G1 histone:DNA ratio of Jurkat was then set equal to 

1 and the values of the other T-cell lines examined expressed relative to Jurkat. 

This was necessary due to individual experimental variations in histone and DNA 

signals based on instrument calibration and settings. While it is impossible to 

compare histone and DNA signals directly between individual experiments, 

histone:DNA ratios calculated are comparable and highly reproducible.

2.10 CO-TRANSFECTION AND MAGNETIC SELECTION OF 

TRANSFECTANTS

2.10 a Electroporation

Jurkat cells were co-transfected with pSG-Tax/pMACS Kk or pUC- 

19/pMACS Kk at 20 ng total DNA per 1 x 107 cells by electroporation in 0.4 cm 

cuvettes using Genepulse (Bio-Rad). Cells were collected by centrifugation at 

325 x g for 3 minutes and washed with non-supplemented Iscove's Modified 

Dulbecco’s Medium (IMDM) (Sigma). Washed cells were resuspended in 500 nL 

of non-supplemented IMDM containing 20 ng total DNA and incubated for 10 

minutes prior to electroporation. The electroporation settings were as follows: 

voltage; 250V, amperage; 1500 nF and ohms; set to infinity. Both the pSG-Tax 

and pUC-19 plasmids were used in 3.5 molar excess of the pMACS Kk plasmid, 

in order to increase the probability that cells expressing the selection marker also 

contained the experimental plasmid. The 500 nL of transfected cell suspension 
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was transferred to 25 cm2 filter-cap T-flasks, carefully avoiding transfer of lysed 

cells floating on the surface. Transfected cells were then plated at a density of 1 

x 106 cells/mL in supplemented IMDM and incubated for 24 hours prior to 

enrichment with the pMACS Kk magnetic selection system (Miltenyi Biotec).

2.10 b Magnetic Separation

The pMACS Kk expression plasmid encodes a truncated mouse MHC 

class I molecule. Cells receiving plasmid by electroporation express a unique 

surface marker distinguishing transfected cells from untransfected cells. 

Magnetic beads conjugated to an antibody specific for the mouse MHC class I 

molecule are then used to retain transfected cells within a column placed in a 

magnetic field, while untransfected cells are washed away. This procedure 

results in the enrichment of transfected cells.

Transfected cells were pelleted by centrifugation at 150 x g for 10 minutes. 

After decanting media, cells were resuspended in 320 ^L of PBS pH 7.4 with 5 

mM EDTA (PBE) per 107 total cells. After resuspending cells, 150 nL of 

MACSelect Kk microbeads (Miltenyi Biotec) were added to the cell suspension 

and incubated for 15 minutes, while rotating at 4°C. After incubating, PBE was 

added to a final volume of 2 ml. A LS magnetic separation column (Miltenyi 

Biotec) was placed into a magnetic field stand (Miltenyi Biotec) and equilibrated 

with 3 ml of PBE prior to loading the cell/bead suspension. As dead cells result 

in clogging of the separation column, pre-separation filters (Miltenyi Biotec) were 
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used. After loading the cell/bead suspension, the columns were washed 4 times 

with 3 ml of PBE. The column was then removed from the magnetic field stand 

and bound cells were flushed out with 4.5 ml of supplemented IMDM using a 

plunger (Miltenyi Biotech). Enriched cell populations were plated at a density of 

1 x 106 cells/mL and cultured for an additional 24 hours prior to harvesting cells 

for RNA extraction and DNA content analysis.

2.11 Preparation of T-Cell Lines for Harvesting of Metaphase 

Spreads

T-cell lines were incubated in media containing 100 ng/mL colcemid for 3 

hours. After colcemid treatment, cells were pelleted by centrifugation at 150 x g 

for 5 minutes. After decanting media, 5 ml of 75 mM potassium chloride was 

added dropwise while vortexing gently. Cells were incubated in potassium 

chloride for 15 minutes at room temperature. After incubating, 1 ml of (3:1) 

methanol:acetic acid was added dropwise while gently vortexing. Cells were 

immediately pelleted by centrifugation at 150 x g for 5 minutes. The initial fixative 

was decanted and 5 ml of (3:1) methanol:acetic acid was added dropwise while 

gently vortexing. Cells were then allowed to incubate for 10 minutes at room 

temperature. Cells were then pelleted by centrifugation at 150 x g for 5 minutes 

and the fixation sequence described above was repeated once. Cells were then 

stored at -20°C prior to analyzing metaphase spreads.
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Cells were centrifuged 150 x g for 5 minutes and the fixative was aspirated 

off the cell pellet. Fixative, (3:1) methanol:acetic acid, was then added at a 

volume that just covered the cell pellet. Glass slides were cleaned with ethanol 

and rinsed with sterile water prior to placing slides on a steaming apparatus. 

Approximately 3 drops of the cell suspension was dropped onto glass slides with 

a Pastuer pipet from a distance of about 30 cm. Slides were allowed to steam for 

8 seconds. Slides were then placed on a warming tray until dry. Slides were 

visualized on a Zeiss phase microscope.

2.12 Micrococcal Nuclease Digestion of Nuclei

Nuclei were isolated and micrococcal nuclease (MNase) digestions 

performed exactly as described in detail by Hager and Fragoso (160).
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Chapter 3

Human T Lymphotropic Virus Type 1 Protein Tax 

Reduces Histone Levels

The findings described and discussed in this chapter have been published 

in the open-access journal, Retrovirology. However, this chapter includes 

evidence, in addition to published data, demonstrating that HTLV-1 infection and 

Tax expression reduce histone levels. The materials and methods used to 

complete the experiments included in this section have been described in 

Chapter 2. The citation for the manuscript is as follows:

Bogenberger, JM and Laybourn, PJ Human T Lymphotropic Virus Type 1 

Protein Tax reduces histone levels. Retrovirology, 2008 Jan 31; 5(1):9
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3.1 ABSTRACT

ATLL cells exhibit many chromosomal abnormalities. The nuclei of ATLL 

cells are often enlarged, with chromatin appearing more homogenous than that 

of normal T-cells. HTLV-1 infected and Tax expressing T-cells contain 

micronuclei, a potential indication of DNA damage. While DNA damage and 

genomic instability have been observed in many types of transformed cells, 

defects in chromatin structure/assembly have not been correlated with 

transformed phenotypes. Defects in chromatin assembly may represent a novel 

means for the induction of DNA damage and genomic instability. The viral 

transcription factor Tax is thought to deregulate the expression of hundreds of 

cellular genes. Mechanisms for the deregulation of many of these genes have 

been described. Chromatin is an integral component in the regulation of 

eukaryotic transcription. Thus, it is possible that defects in chromatin structure 

contribute to the mechanisms of deregulation previously described for Tax 

deregulated genes. In addition, defects in chromatin structure/assembly may 

represent a novel means for the deregulation of gene expression.

We were interested in investigating the possibility that the aforementioned 

attributes of ATLL, HTLV-1 infected and Tax expressing T-cells result, in part, 

from defects in forming proper chromatin structure. Since histones are critical to 

the formation of proper chromatin structure, we hypothesized that HTLV-1 

infection and Tax perturb histone gene expression. This study demonstrates that 

histone protein and transcript levels are reduced in HTLV-1 infected T-cell lines 

as compared to uninfected T-cell lines. Additionally, our findings suggest that 
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HTLV-1 infection uncouples replication-dependent histone gene expression and 

DNA replication, allowing the depletion of histone protein with cell division. 

Furthermore, this study demonstrates that Tax expression in uninfected Jurkat 

T-cells is sufficient for reduction of replication-dependent histone transcript 

levels.

3.2 INTRODUCTION

While HTLV-1 infected and Tax-expressing cells exhibit chromosomal 

abnormalities including deletions, duplications, translocations and aneuploidy, it 

is not known exactly how these diverse abnormalities arise. There is no 

evidence linking a specific chromosomal abnormality to the development of 

ATLL. The chromatin of ATLL cells has been described as being clumped and 

relatively more homogenous than that of normal T-cells (5). Tax expressing cells 

exhibit a reduction of heterochromatin at the nuclear periphery (5, 118). Studies 

have shown that Tax deregulates the mitotic spindle assembly checkpoint (SAC), 

which can result in aneuploidy in HTLV-1 infected T-cells (82). While Tax effects 

on the SAC are sufficient to explain aneuploidy in HTLV-1 infected cells, they do 

not likely explain the observed defects in chromatin appearance. Additionally, 

Tax has been shown to deregulate checkpoints involved in DNA damage repair, 

at multiple levels (161). While damage checkpoint deregulation occurring in the 

presence of Tax promoted cell survival could result in T-cells that are 

accumulating mutations, it does not likely account for gross chromatin 

abnormalities.
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Histone proteins form the foundation of eukaryotic chromatin. While there 

are no previous reports of histone level reductions associated with viral infection 

or transformed phenotypes, reduction of histone levels has been achieved 

experimentally. The linker histone isoforms have been systematically evaluated 

by the creation of knockout mice lacking a single H1 isoform or combinations 

thereof. While ablation of a single H1 isoform did not alter viability, combinatorial 

knockouts resulting in a reduction of total linker histone to 50% or more, resulted 

in death during mid-gestation (162). A study evaluating partial depletion of 

histone H4 in a Saccharomyces cerevisiae strain that can be gradually depleted 

of histone H4 demonstrates that a 29% reduction in H4 protein levels results in 

only a slight decrease in the rate of cell proliferation. Furthermore, this study 

demonstrates that a 29% reduction in histone H4 protein levels does not effect 

global nucleosome repeat length or micrococcal nuclease sensitivity of the 

resultant chromatin (127).

A group of protists known as the dinoflagellates represent an anomaly 

amongst eukaryotes in terms of chromosome structure. Dinoflagellates contain 

haploid genomes ranging in size from 2 to 200 gigabases, yet lack nucleosomes 

and histone proteins altogether. The chromosomes of the dinoflagellates occur 

in a liquid crystalline state and are condensed even during interphase. While the 

dinoflagellates utilize basic proteins to package genomic DNA, the basic protein 

to DNA ratio in dinoflagellates is an astounding 1:10 (163).

While the histones package genomic DNA within the nuclei of nearly all 

eukaryotes, they also function in the regulation of all processes involving DNA, 

48



including replication, transcription, repair and recombination. The regulatory 

functions of histones in DNA-based metabolism are not necessarily distinct from 

the packaging function, as evidence indicates that the degree of chromatin 

compaction correlates with varying activities. Chromatin structure is likely 

integrated into of all aspects of DNA function. Modifications to the histone tails, 

while capable of altering chromatin structure, may have additional roles with 

respect to the storage of epigenetic information and interaction with 

non-architectural chromatin binding proteins. Defects in chromatin assembly will 

affect all processes involving DNA and will have deleterious consequences for 

cellular homeostasis. This study provides a previously unidentified mechanism 

by which Tax may directly induce chromosomal instability and deregulate gene 

expression through reduced histone levels.

3.3 RESULTS

3.3 a Acid Extraction of Histone H1 Indicates a Reduction of 

Histone H1 Protein in HTLV-1 Infected T-Cell Lines

In order to specifically extract histone H1 protein from T-cell lines, 

perchloric acid extractions were performed. Perchloric acid extracts from whole 

cells are a nearly homogenous mixture of histone H1 isoforms without further 

purification, as judged by gel electrophoresis and visualization with a non-specific 

protein stain. The H1 isoforms are resolved as two separate bands on 15% 

polyacrylamide gels. H1s-2, H1s-3 and H1s-4 are indistinguishable in a slower
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migrating band, while H1S-1 migrates slightly faster. Perchloric acid was used to 

extract H1 isoforms from both uninfected and HTLV-1 infected T-cell lines. 

Electrophoretic resolution of acid extracts indicates a reproducible reduction of all 

H1 isoforms in the HTLV-1 infected T-cell lines examined (Figure 3.1A & B). In 

order to illustrate the separation of the isoforms, a gel with increased resolution 

was included (Figure 3.1B). Additionally, comparison of these two gels shows 

that there was not a problem with the loading or extracting of the MT-2 sample in 

figure 3.1A, as histone H1 levels are actually significantly lower in the MT-2 

samples shown (Figure 3.1B). Although these results indicate a reproducible 

reduction of histone H1 protein in the two HTLV-1 infected T-cell lines examined, 

the results obtained through this methodology are difficult to rigorously quantify. 

While these extracts were normalized against total cell number, it is often difficult 

to attain highly accurate cell counts. Tax is cytotoxic in cultured cells and results 

in an increase in non-viable cells, making counting difficult despite the use of cell 

viability dyes. Therefore, we sought to measure histone H1 levels by western 

blotting.
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Figure 3.1. Acid extraction indicates a reduction of histone H1 protein 
in HTLV-1 infected T-cell lines. Histone H1 isoforms were specifically 
extracted from an equal number of cells with 5% perchloric acid. Extracts 
were resolved by 15% SDS-PAGE and visualized by coomassie brilliant blue 
staining. The T-cell lines used for extract preparation are indicated on the 
top of the gels. Uninfected T-cell lines are labeled in blue, while HTLV-1 
infected T-cell lines are labeled in red. The sizes of the molecular weight 
markers (MW) are indicated in kilodaltons on the left of the gels (A & B). 
The black triangles on the top correspond to different amounts of extract 
loaded, with the thinner portion representing a 1X volume and the thicker 
portion representing a 2X volume (A). The arrows point to the two migratory 
species of histone H1, with the slower migrating band composed of H1s-2, 
H1s-3 and H1s-4 and the faster migrating band composed of only H1S-1 (B).

H1s-2, H1s-3, H1s-4
H1s-1
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3.3 b Western Blots Show a Reduction of Core and Linker 

Histones in HTLV-1 Infected T-Cell Lines

As the acid extraction method discussed in 3.3a lacks an internal control 

for normalization we decided to perform western blots to determine histone H1 

protein levels in HTLV-1 infected and uninfected T-cell lines. Whole cell extracts 

were prepared from three uninfected T-cell lines (CEM, Jurkat and Molt-4) and 

four HTLV-1 infected T-cell lines (SLB-1, MT-2, HuT102 and C81). Extracts were 

prepared from an equal number of starting cells for each T-cell line examined. In 

addition, we measured the level of a “housekeeping” gene product concurrently, 

as an internal control.

To improve the accuracy of cell count determination for extract 

preparation, a Coulter counter was used. As this instrument utilizes the electrical 

resistance of the plasma membrane to count cells in a single-cell stream passing 

though a detector, it is more reliable than a hemacytometer in determining cell 

density. Initially an antibody directed against actin was used for normalization. A 

membrane probed with an anti-total H1 antibody revealed a reduction in total H1 

protein in HTLV-1 infected T-cells lines (Figure 3.2A). The same membrane was 

stripped and re-probed with an anti-total actin antibody. Surprisingly, the levels 

of total actin were considerably elevated in the HTLV-1 infected T-cell lines 

(Figure 3.2B). Although the Coulter counter should be more accurate than 

manual counting, we wanted to verify that this was not an artifact of a miscount, 

and so we prepared another set of extracts using a hemacytometer.
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a-actin
a-H1

Figure 3.2. Western blots show a reduction of histone H1 protein in 
HTLV-1 infected T-cell lines. Whole cell extracts were resolved by 15% 
SDS-PAGE and probed with the antibodies indicated to the left of the 
membrane scans. The T-cell lines examined are indicated at the top of the 
membrane scans. HTLV-1 infected T-cell lines are labeled in red, while 
uninfected T-cell lines are labeled in blue. Acid extracted H1 (200ng) was 
loaded as a marker (A, B & C). The sizes of the molecular weight markers 
(MW) are indicated in kilodaltons to the right of the upper membrane scan. 
The extracts were prepared by using an equal number of cells as determined 
with a Coulter counter (A & B). The same membrane probed with a-H1 (A) 
was stripped and re-probed with a-actin (B). The extracts were prepared by 
using an equal number of cells as determined with a hemocytometer (C).
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The results from a second preparation of extracts were similar, with total 

H1 being reduced and total actin being elevated in the HTLV-1 infected T-cell 

lines (Figure 3.2C). This finding is rationalized by evidence that HTLV-1 infected 

cells undergo polarization of the actin cytoskeleton upon cell-to-cell contact in the 

formation of a virological synapse (30). Additionally, our measurement of an 

increase in total actin protein levels is substantiated by the finding that at least 

one actin subunit is up-regulated in fresh ATLL cells and HTLV-1 infected T-cells, 

as determined by microarray analysis (164, 165). While this was encouraging 

with respect to our ability to prepare and quantify whole cell extracts, this meant 

that actin would not be suitable as an internal control.

We decided to employ an antibody for translation elongation factor 1 alpha 

(EF1a) as a normalization control based on data from the Laybourn lab that 

suggested EF1a levels were constant between uninfected and HTLV-1 infected 

T-cell lines. In addition, total protein concentration was determined for each 

extract, so that total protein resolved by gel electrophoresis would be equal for 

each sample. As the replication-dependent histones are coordinately regulated, 

we were interested in analyzing core histone protein levels in our panel of T-cell 

lines by western blotting. We were surprised to find a reduction of all four core 

histones in our whole cell extracts, in addition to the previously observed 

reduction in H1 levels (Figure 3.3). Additionally, it appeared as though EF1a 

levels were similar between infected and uninfected T-cell lines. Many western 

blots were performed and a reduction of both core and linker histone protein
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levels in HTLV-1 infected cells was reproducible. However, several aspects of 

the western blotting technique made quantification of the actual level of reduction 

quite difficult. In addition, differences in the amount of DNA in these cell lines 

could account for changes in histone protein levels, as the amount of histone 

protein in a cell is proportional to DNA content. Thus, we became interested in 

employing a technique that would enable us to determine histone and DNA 

content concurrently.
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Figure 3.3. Western blots demonstrate a reduction of both core and linker 
histone protein levels in HTLV-1 infected T-cell lines. Whole cell extracts 
were quantified by A280 so that 60 ng of total protein could be resolved by 15% 
SDS-PAGE. All gels were loaded identically with the positions of each extract 
(T-cell line) indicated at the top of the first gel. Uninfected T-cell lines are 
labeled in blue while HTLV-1 infected T-cell lines are labeled in red. The sizes 
of the molecular weight markers are indicated in kilodaltons to the left of each 
membrane scan. The antibodies used to probe the membranes are indicated to 
the right of each membrane scan. Acid extracted histone H1 (200 ng) was 
loaded as a marker for the H1 western blot, whereas purified recombinant 
mouse octamer (800 ng) was loaded for the core histone western blots.
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3.3 c Flow Cytometry Demonstrates Reduced Histone H3:DNA

Ratios in HTLV-1 Infected T-Cell Lines

To quantify histone protein levels more accurately, we measured histone 

protein and DNA content simultaneously using a flow cytometry-based assay. 

This assay has several advantages over the previously used methods for 

measuring cellular histone protein levels. In normal cells, histone protein levels 

are dependent on cellular DNA content. This fact has several important 

consequences for the measurement of histone protein levels in different cell 

lines. Differences in the amount of DNA per haploid complement will result in 

concomitant differences in histone protein levels during interphase. Additionally, 

as cells replicate genomic DNA during S-phase, histone protein levels will 

increase along with the DNA content. Therefore, differences in cell cycle 

distributions represent another putative source for observed differences in 

histone protein levels. The simultaneous quantification of histone protein and 

DNA content allowed us to normalize histone protein levels to DNA content. The 

ability to detect the slight increases in both histone protein and DNA content as 

cells progress through S-phase, attests to the quantitative sensitivity of our 

assay.

Histone H3 and DNA content were measured simultaneously by flow 

cytometry. The antibody used is directed against the H3 carboxyl-terminus and 

recognizes modified forms of H3 and H3 variants. In addition, H3 forms the core 

heterotetramer of nucleosomes, along with histone H4. It is important to note 
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that somatic cells, regardless of cell cycle phase, contain no significant histone 

pools and levels of the four core histones and total linker histone are finely 

balanced. It has been estimated that even during S phase, the soluble histone 

pool not associated with DNA represents about 0.1% of total histone in human 

cells (132, 133). Therefore, the levels of H3 measured using this antibody are 

indicative of the nucleosomal levels on the chromosomes. During flow 

cytometry, the level of anti-H3 antibody bound per cell was measured using an 

Alexa 488-conjugated secondary antibody.

Mean histone H3 signal intensity was traced from G1 through G2/M and 

plotted against mean genomic DNA content. This was accomplished by setting 

up a series of windows or data filters. The first window (R1) was created on the 

side light scatter (SCC) versus forward light scatter (FSC) histogram (Figure 

3.4A). This histogram is generated from the light characteristics of cells as they 

pass through the flow cell. This window ensures that the cell population we are 

observing in subsequent analysis is composed of cells with similar light scattering 

characteristics. In addition, a clump gate was set during the collection of our 

data to eliminate cells that may pass through the flow cell attached to another cell 

from our analysis. A narrow DNA content window (R2) was then defined on each 

DNA histogram, so that the histone H3 levels for the corresponding cell 

population defined by the window could be determined at that particular DNA 

content level. An example of this procedure is shown for the determination of 

histone H3 content during G1 (Figure 3.4B & C).
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B (DNA Content) C (G1 H3 Content)A (Light Scatter)

Molt4

Figure 3.4. Example of the data filtering procedure used in the calculation of 
G1 histone:DNA ratios. Side scattered light (SSC) is plotted against forward 
scattered light (FSC). The ellipsoid shape draw on the SSC versus FSC 
histogram is the first window applied and is labeled R1 (A). Cell counts (y-axis) 
are assigned to channel numbers (x-axis) based on propidium iodide content 
(DNA content). The bar shaped window (R2) placed over the G1 peak is set to 
analyze only the cell population within this window (B). The corresponding G1 
histone H3 content of the population defined by the R2 window is shown (C).
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The data filtering procedure described in the previous paragraph and 

shown in figure 3.4 was used to trace histone H3 content from G1 through G2/M. 

This allowed us to graph histone H3 levels as a function of DNA content levels 

(Figure 3.5). Our results show that upon initiation of DNA replication at the onset 

of S phase, cells exhibit a near linear increase in both DNA and histone H3 

content. As cells approach G2/M histone H3 immunofluoresence was observed 

to plateau in all T-cell lines examined (both HTLV-1 infected and uninfected), 

while PI fluorescence (DNA content) continued to increase in a near linear 

fashion. The plateau in H3 immunofluoresence observed may be explained by a 

decrease in H3 antibody epitope accessibility during chromosome condensation. 

Nevertheless, the simultaneous measurement of histone levels and DNA content 

using flow cytometry is clearly sensitive and quantitative enough to accurately 

measure the slight increase in both DNA and histone associated with genome 

replication as cells progress through S phase of the cell cycle. To display the 

histone H3 levels measured for each of the cell lines examined, the average 

histone H3:DNA ratios corresponding to G1, Mid-S and G2/M cell populations 

were calculated for each cell line and expressed relative to Jurkat (Figure 3.6).
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Figure 3.5. A plot of mean histone H3 vs DNA content demonstrates that 
histone H3 levels are reduced throughout the cell cycle of HTLV-1 
infected T-cell lines. Histone H3 and genomic DNA content were measured 
simultaneously in uninfected T-cell lines (labeled in blue) and HTLV-1 infected 
T-cells lines (labeled in red) using flow cytometry. H3 levels were measured 
using a primary antibody against the C-terminal domain and an Alexa-488 
conjugated secondary antibody. DNA content was measured using propidium 
iodide. Mean histone H3 signal intensity was traced from G1 through G2/M by 
defining a narrow window on the DNA histogram and plotted against the 
genomic DNA content for the corresponding cell population defined by the 
window.
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Figure 3.6. Simultaneous measurement of histone H3 and DNA content 
demonstrates that mean histone H3:DN>. atios are reduced 20-40% in 
HTLV-1 infected T-cell lines. The average histone H3:DNA ratios during 
G1, Mid-S and G2/M are shown for uninfected (labeled in shades of blue) 
and HTLV-1 infected T-cell lines (labeled in shades of red). Ratios were 
determined as outlined in figure 3.4. P-values associated with these 
measurements are shown in Table 1.
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To summarize our results, mean histone H3:DNA ratios are not 

significantly different between each of the three uninfected T-cell lines, Jurkat, 

CEM and Molt4. In clear contrast, mean histone H3:DNA ratios are reduced 20 

to 40% in the HTLV-1 infected T-cell lines, SLB-1, HuT102 and C81, relative to 

Jurkat cells. The reduction of histone H3 observed is consistent throughout the 

cell cycle. Mean histone H3:DNA ratios were reduced 10% on average in MT-2 

cells. While the histone H3 content was much lower in MT-2 cells at all stages of 

the cell cycle, the DNA content was also much lower. The p-values associated 

with the measurement of mean histone H3:DNA ratios are shown in table 1.

MT-2 cells with an equal DNA content exhibit variation in histone H3 

content (Figure 3.7). In other words, MT-2 cells in culture are heterogeneous in 

terms of histone H3 content. Notice that cells with an identical G1 DNA content 

(x-axis) exhibit histone H3 contents varying 8-fold (spanning the y-axis). 

Although the mean histone H3:DNA ratio for MT-2 cells was the greatest of all 

the HTLV-1 infected T-cell lines, a fraction of MT-2 cells exhibited histone 

H3:DNA ratios much lower than any of the other HTLV-1 infected T-cell lines. 

This heterogeneity in histone H3 content was not observed with any of the other 

cell lines examined.
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Figure 3.7. Histone H3 vs DNA histograms demonstrate that MT-2 cells 
are a heterogeneous population with respect to histone H3 content. 
Histone H3 and DNA content were determined as described in detail in 
Chapter 2. Histone H3 signal (logarithmic scale) is plotted against DNA 
content (linear scale). Uninfected T-cell lines are in the left column (labeled 
in blue) while HTLV-1 infected T-cell lines are in the right column (labeled in 
red). Notice that MT-2 cells with an identical G1 DNA content (x-axis) exhibit 
histone H3 contents varying 8-fold (spanning the y-axis).
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Table 1

H3:DNA G1 Mid-S G2/M

CEM 1.7 x 10-1 2.2 x 10-1 1.5 x 10-1

Molt4 1.6 x 10-1 4.2 x 10"1 2.6 x 10-1

MT-2 1.7 x 10-1 2.6 x 10-1 2.2 x 10-1

SLB-1 3.0 x 10-3 1.5 x 10-2 1.1 x 10-2

HuT102 2.2 x 10-2 9.4 x 10-5 6.4 x 10-3

C81 2.6 x 10-2 6.0 x 10-2 3.3 x 10-2

Table 1. P-values associated with the measurement of histone H3:DNA 
ratios by flow cytometry. T-tests were performed by Microsoft Excel using 
the paired two sample for means function. The p-values in this table are 
comparing the histone H3:DNA ratios of Jurkat (set equal to 1) with the 
relative histone H3:DNA ratios of the listed T-cell lines. Histone H3:DNA 
ratios were set equal to 1 and ratios of the other T-cell lines expressed 
relative to Jurkat, so that ratios between individual experiments could be 
compared.
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3.3d Flow Cytometry Demonstrates Reduced Histone H1:DNA

Ratios in HTLV-1 Infected T-Cell Lines

Histone H1 protein levels were determined using the same flow 

cytometry-based assay as for determining histone H3:DNA ratios. These 

experiments were performed in order to measure protein levels for a different 

histone, using a different primary antibody. Mean histone H1 levels are plotted 

against genomic DNA content (Figure 3.8) and mean histone H1:DNA ratios 

were determined (Figure 3.9). Mean histone H1:DNA ratios are not significantly 

different in the three uninfected T-cell lines examined, Jurkat, CEM and Molt4. 

Mean histone H1:DNA ratios are reduced by 40% on average in two of the 

HTLV-1 infected T-cell lines examined, C81 and HuT102 as compared to Jurkat 

cells. The p-values associated with the measurement of H1:DNA ratios are 

shown in table 2. The reduction of H1 observed in C81 and HuT102 cells is also 

consistent throughout the cell cycle.

One of the HTLV-1 infected T-cell lines that exhibited a reduction in mean 

histone H3:DNA ratio by flow cytometry measurements (SLB-1), appeared to 

have a normal mean histone H1:DNA ratio on average (Figure 3.8 & 3.9). 

However, histograms plotting histone H1 against DNA content show that SLB-1 

cell populations do in fact contain cells with reduced histone H1 levels. 

Furthermore, SLB-1 cells that were observed to have a DNA content equal to 

that of the uninfected T-cell lines during H3 flow cytometry analysis, now 

exhibited a lower DNA content, equal to that of MT-2 cells. On average, MT-2 
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cells also appeared to have a mean histone H1:DNA closer to the uninfected 

T-cell lines, as observed for that of the H3:DNA ratios determined for this T-cell 

line. However, histograms plotting histone H1 against DNA content reveal that 

both SLB-1 and MT-2 are heterogeneous populations with respect to histone H1 

content for a specific DNA content (Figure 3.10). The mean histone H1:DNA 

ratios in MT-2 and SLB-1 cells are presented here for consistency. However, the 

histone H1 levels in MT-2 and SLB-1 cells as compared to uninfected T-cell lines, 

are not accurately reflected by mean histone H1:DNA ratios, due to the 

heterogeneity in histone H1 content in these HTLV-1 infected T-cell lines.

When histone H1 content is plotted against DNA content, on a per cell 

basis rather than a population mean, an interesting and consistent difference is 

observed between uninfected and HTLV-1 infected T-cell lines (Figure 3.10). 

HTLV-1 infected T-cell lines exhibit a variable amount of histone H1 for a specific 

DNA content. In other words, HTLV-1 infected T-cell lines consist of a 

heterogeneous population of cells with varying histone H1 contents for a specific 

DNA content. This can be seen by observing the cells spanning the y-axis 

(varying histone H1 content) for a single point on the x-axis (a specific DNA 

content) (Figure 3.10). This heterogeneity in terms of histone H1 content is not 

observed in the uninfected T-cell lines. The percent contribution of these 

sub-populations with reduced histone levels to the total cell population was 

substantial. Data windows were used to determine the percent contribution of 

the sub-populations to the total cell population. The sub-populations under the 

G1 peaks of MT-2, SLB-1 and HuT102 represented 20% +/- 6%, 4% +/- 1% and
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12% +/- 2% of the total cell population, respectively (Figure 3.10). In addition, 

histone H1 levels vary 20 to 30-fold in MT-2 cells with identical G1 DNA content. 

The reduction of histone H1 in the sub-population of MT-2 cells is greater than 

that observed for any of the other HTLV-1 infected T-cell lines. Although the 

mean histone H1:DNA ratios calculated for MT-2 and SLB-1 cells indicate a ratio 

closer to that of the uninfected T-cell lines, histograms plotting histone H1 against 

DNA clearly demonstrate that histone H1 levels are reduced in at least a portion 

of all HTLV-1 infected T-cell lines.
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Figure 3.8. A plot of mean histone H1 vs DNA content demonstrates 
that histone H1 levels are reduced throughout the cell cycle in HTLV-1 
infected T-cell lines. Histone H1 and genomic DNA content were 
measured simultaneously in uninfected (labeled in blue) and HTLV-1 
infected T-cell lines (labeled in red) using flow cytometry. H1 levels were 
measured using a primary antibody directed against the C-terminal domain 
of histone H1 and an Alexa-488 conjugated secondary antibody. DNA 
content was measured using propidium iodide. Mean histone H1 signal 
intensity was traced from G1 through G2/M by defining a narrow window on 
the DNA histogram and plotted against the genomic DNA content for the 
corresponding cell population defined by the window.

69



■ G1 ■ Mid-S G2/M■ G1 • Mid-SG2/M

T-Cell Line

Figure 3.9. Simultaneous determination of histone H1 and DNA content 
demonstrates that mean histone H1:DNA ratios are reduced in HTLV-1 
infected T-cell lines. The average histone H1:DNA ratios during G1, Mid-S 
and G2/M are shown for uninfected (labeled in shades of blue) and HTLV-1 
infected T-cell lines (labeled in shades of red). Ratios were determined by 
the procedure outlined in figure 3.4. The p-values associated with these 
measurements are shown in table 2.
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Table 2

H1:DNA G1 Mid-S G2/M
CEM 1.0 x 10-1 1.1 x 10-1 1.0 x 10-1
Molt4 3.5 x 10-1 3.9 x 10-1 2.5 x 101
MT-2 1.4 x 10-1 1.1 x 10-1 1.8 x 10-1
SLB-1 1.9 x 10-1 1.8 x 10-1 1.0x10-3
HuT102 5.0 x 10-2 1.0 x 10-2 2.0x10-2
C81 1.1 x 10"1 8.0 x 10-2 6.0x10-2

Table 2. P-values associated with the measurement of histone 
H1:DNA ratios by flow cytometry. T-tests were performed by 
Microsoft Excel using the paired two sample for means function. 
The p-values in this table are comparing the histone H1:DNA ratios 
of Jurkat (set equal to 1) with the relative histone H1:DNA ratios of 
the listed T-cell lines. Histone H1:DNA ratios were set equal to 1 
and ratios of the other T-cell lines expressed relative to Jurkat, so 
that ratios between individual experiments could be compared.
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Figure 3.10. Cell populations with identical DNA content but varying 
histone H1 content are revealed in HTLV-1 infected T-cell lines. Histone 
H1 and DNA content were determined as described in detail in Chapter 2. 
Histone H1 signal (logarithmic scale) is plotted against DNA content (linear 
scale). Uninfected T-cell liness are in the left column (labeled in blue), while 
HTLV-1 infected T-cell liness are in the right column (labeled in red). 
Observe the cells spanning the y-axis (varying histone H1 content) for a 
single point on the x-axis (a specific DNA content).
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During the simultaneous measurement of histone H1 and DNA content in 

SLB-1 cells, a reduction of DNA content was observed as compared to that 

determined for histone H3:DNA measurements by flow cytometry. Close 

inspection of the DNA histogram for SLB-1 in figure 3.4b reveals the presence of 

a small sub-G1 DNA content peak. The sub-G1 DNA content peak in the SLB-1 

DNA histogram corresponds to the same channel number (DNA content) as the 

G1 peak of the MT-2 sample in figure 3.4b. SLB-1 and MT-2 were observed to 

have nearly identical G1 DNA contents during H1:DNA measurements. This 

same phenomenon was observed in DNA content analysis performed with SLB-1 

cells prior to the development of our assay for simultaneous measurement of 

histone and DNA content (Figure 3.11). The sub-G1 DNA content peak in the 

DNA histograms of SLB-1 cells from these previous experiments are more 

pronounced than that in figure 3.4b. This sub-G1 DNA content peak observed 

represents a cell population with a reduced DNA content. This peak is not from 

apoptotic cells, as low molecular weight DNA was extracted from fixed cells prior 

to DNA content analysis (see chapter 2 section 2.8 for details). Analysis of 

metaphase spreads (discussed in section 3.5b) prepared from both uninfected 

and HTLV-1 infected T-cell lines indicate that MT-2 cell populations were 

composed of mostly diploid cells whereas SLB-1 cell populations were composed 

of both diploid and tetraploid cells (Figure 3.18). All of the other T-cell lines for 

which metaphase spreads were prepared (Jurkat, CEM, Molt4 and C81) were 

observed to be tetraploid.
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SLB-1

Figure 3.11. A DNA histogram of SLB-1 cells shows two cell 
populations with distinct DNA contents (ploidy). DNA content was 
measured as described in detail in section 2.8. Cell cycle phases with 
asterisks denote the sub-G1 population. These populations are not a 
result of observing apoptotic cells, as low molecular weight DNA was 
extracted from these cells prior to DNA content analysis. The abnormal 
S* peak results from an overlap or stacking of S* cells and cells from the 
G1 shoulder.
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3.3e Replication-Dependent Histone Transcript Levels are 

Reduced in HTLV-1 Infected T-Cell Lines

After demonstrating a reduction of histone protein levels we wanted to 

determine if this reduction was occurring through repression of histone gene 

expression. The replication-dependent histones are expressed from multiple 

gene copies. While their amino acid sequences are highly conserved, the 

histones are divergent enough in their DNA sequences as to require a separate 

primer set for the measurement of transcript from each of the gene copies by 

real-time PCR. Therefore, northern blot analysis was employed allowing the 

measurement of total transcript levels for each replication-dependent histone 

type. Histone transcript levels in each cell line were normalized against EF1«. 

Northern blot analyses revealed a reduction of histone transcripts from all of the 

replication-dependent histone genes in HTLV-1 infected T-cell lines (Figure 

3.12A). Quantification of the Northern blot results revealed a two to five-fold 

reduction in both core and linker histone transcript levels in HTLV-1 infected T- 

cell lines (HUT102, SLB-1 and C81) as compared to Jurkat T-cells (Figure 

3.12B). Total histone transcripts are reduced by 66%, 61% and 50% in SLB-1, 

HuT102 and C81 cells respectively. Histone transcript levels in the other 

uninfected T-cell lines examined, Molt4 and CEM, were either not significantly 

different from or slightly higher than Jurkat. These results demonstrate reduced 

histone transcript levels in HTLV-1 infected T-cell lines as compared to 

uninfected T-cell lines.
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A

Figure 3.12. Northern blots demonstrate a reduction of replication­
dependent core and linker histone transcripts in HTLV-1 infected T-cell 
lines. Core and linker histones were measured in uninfected T-cell lines labeled 
in blue (CEM, Jurkat and Molt4), and HTLV-1 infected T-cell lines labeled in red 
(SLB-1, MT-2, HuT102 and C81) by northern blotting (A). Graphical 
representation of northern blot quantification is shown. Histone transcript signals 
were normalized to EF1a transcript signals. Values for all T-cell lines are 
expressed relative to Jurkat. The p-values associated with northern blot 
measurements of histone transcripts for each cell line were: CEM - 2.3 x 103, 
Molt4 - 1.1 x 10'4, SLB-1 - 5.8 x 1012, HuT102 - 2.9 x 10 8, C81 - 2.8 x 106 (B).
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3.3e All Linker Histone Isoform Transcript Levels are Reduced in

HTLV-1 Infected T-Cell Lines

As northern blots demonstrated a reduction of histone transcripts, we 

wanted to verify this result using a complementary approach. We used reverse­

transcription and real-time PCR to determine the transcript levels of each of the 

somatic linker histone isoforms. Real-time PCR quantification of linker histone 

cDNAs generated from an uninfected T-cell line (Jurkat) and from an HTLV-1 

infected T-cell line (SLB-1) reveal a significant reduction of somatic linker histone 

transcripts in the HTLV-1 infected T-cell line when compared to the uninfected T- 

cell line. H1S-1, H1s-2, H1s-3, and H1s-4 transcripts are 6, 14, 9 and 4-fold lower 

in SLB-1 cells, respectively, relative to Jurkat T-cells (Figure 3.13).

Jurkat

■ H1S-1
■ H1S-2
•H1S-3
H1S-4

SLB-1

Figure 3.13. Reverse transcription and real-time PCR demonstrate a 
reduction of all linker histone isoform transcript levels in HTLV-1 
infected T-cell lines. Somatic linker histone transcripts were measured in 
an uninfected T-cell line (Jurkat) and an HTLV-1 infected T-cell (SLB-1), 
using reverse-transcriptase, real-time PCR. Linker histone transcript levels 
were normalized to EF1a transcript levels and values were expressed 
relative to Jurkat.
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3.3f Tax Expression Alone Reduces Histone Transcript Levels in 

an Uninfected T-Cell Line

The HTLV-1 provirus encodes several viral proteins, but only the Tax 

protein is known to be oncogenic. To determine if Tax alone is sufficient to 

repress histone gene expression, we transiently transfected an uninfected T-cell 

line (Jurkat) with a Tax expression vector (pSG-Tax) or empty vector (pUC-19). 

Both sets of cells were cotransfected with a vector encoding a surface molecule 

(truncated mouse MHC Class I) to allow selection of transfectants by their 

retention on magnetic beads conjugated to antibody recognizing this unique 

surface marker. Reverse-transcription and real-time PCR were used to evaluate 

all of the somatic linker histone mRNAs and representative family members of 

the core histone genes in Tax expressing and mock transfected Jurkat cells. Tax 

expression was verified by both western blot and real-time PCR (See 

supplementary data, Figure 3.22 and Figure 3.23).

Both core and linker histone mRNAs were reduced in Tax expressing 

Jurkat cells as compared to pUC-19 transfected Jurkat cells. Core and linker 

histone mRNA levels are reduced in the range of three- to five-fold, similar to the 

reduction observed in HTLV-1 infected T-cell lines (Figure 3.14).
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Figure 3.14. Reverse transcription and real-time PCR demonstrate that
Tax expression is sufficient for reduction of replication-dependent 
histone transcript levels. Histone transcript levels were measured in 
pSG-Tax transfected Jurkat cells and empty vector transfected Jurkat cells 
using reverse-transcriptase, real-time PCR. P-values associated with the 
measurement of histone transcripts in pUC-19 versus pSG-Tax transfected 
Jurkat cells were: H2A - 3.7 x 10 6, H2B - 3.4 x 10 5, H3 - 5.6 x 10"3, H4 - 
3.5 x 102, H1 -1.1 x 10‘2.
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3.3g Cell Cycle Analysis of Transfected Cells

Replication-dependent histones are only transcribed in S phase of the cell 

cycle and histone transcripts are rapidly degraded at the end of S-phase. To 

eliminate the possibility that Tax expressing cells reduce replication-dependent 

histone transcript levels by reducing the proportion of cells in S phase, we 

determined cell cycle distributions of pSG-Tax and pUC-19 transfected Jurkat 

cells. pSG-Tax and pUC-19 transfected Jurkat cells used for RNA extraction 

were subjected to cell cycle analysis . The percentage of cells in S phase of Tax 

expressing Jurkat cells was 31%, while that of pUC-19 transfected Jurkat cells 

was 36% (Figure 3.15). The reduction of histone mRNAs observed in Tax 

expressing Jurkat cells due to the lower proportion of cells in S phase is no more 

than 14% (31/36) on average. Therefore, Tax effects on cell cycle distribution do 

not account for the remaining 52 to 76% reduction in histone transcript levels 

observed in these Tax transfection studies.

pUC19

Figure 3.15. DNA content analysis reveals similar cell cycle distributions 
for pSG-Tax transfected and empty vector transfected Jurkat cells. Cell 
cycle distributions for empty vector (pUC-19) transfected Jurkat T-cells are 
shown (A) next to pSG-Tax transfected Jurkat T-cells (B).
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3.4 DISCUSSION

3.4a Results

The results in this chapter demonstrate that histone protein levels are 

reduced 20 to 40% in HTLV-1 infected T-cell lines as compared to uninfected 

T-cell lines and that this reduction correlates with decreased histone transcript 

levels. Additionally, we have shown that Tax alone is sufficient to decrease 

histone transcript levels. Replication-dependent histones are expressed only in 

S phase, so it was formally possible that the reduction in histone transcript levels 

observed after Tax expression in an uninfected T-cell line was the result of a 

significant decrease in the proportion of the cell population in S phase. We have 

ruled out this possibility by analyzing cell cycle distributions of Tax expressing 

T-cells as compared to empty vector transfected T-cells. Further, by measuring 

histone H3 levels and DNA content per cell simultaneously using flow cytometry, 

we have demonstrated that the reduced histone levels observed in HTLV-1 

infected T-cell lines do not occur through a reduction in the amount of genomic 

DNA in these cells. Rather, our results indicate that Tax directly deregulates 

histone production and that it occurs, at least in part, through a decrease in 

histone gene transcripts resulting in reduced histone proteins assembled into 

nucleosomes on the genomic DNA. Furthermore, our data indicate that HTLV-1 

infection can uncouple replication-dependent histone gene expression from DNA 

synthesis. It is important to point out that we cannot exclude cooperative effects 

fiom one or more of the other accessory HTLV-1 proteins in either the reduction 
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of histone protein levels or the uncoupling of histone expression from DNA 

replication. However, Tax is sufficient to reduce histone mRNAs.

3.4b Potential Mechanisms of Tax Deregulation of Histone 

Expression

As the promoters for the replication-dependent histone types have been 

shown to utilize unique cis-acting elements bound by different sequence-specific 

trans-acting factors during S-phase induced expression, Tax mediated 

repression of histone expression is likely to occur through an effect on one or 

more of the coordinating regulators of histone expression, FLASH, HIRA, NPAT, 

or SLBP. Alternatively, Tax may reduce histone levels by disrupting the cell 

cycle signaling regulating histone gene expression. The difference in reduction 

of histone protein levels (20 to 40%) and histone transcript levels (50 to 80%) 

suggests some compensation may occur through increased mRNA stability, 

translation efficiency or protein stability.

3.4c Potential Mechanisms for HTLV-1 Uncoupling of Histone 

Expression from DNA Synthesis

In properly functioning cells DNA synthesis is inhibited when histones are 

not immediately deposited at the replication fork. HTLV-1 infected T-cell lines 

are able to proliferate and synthesis DNA with reduced histone levels. Thus the 

results from this study suggest that HTLV-1 infection is able to uncouple the 
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interdependence of histone gene expression and DNA synthesis. There is little 

known about the mechanism coupling histone synthesis and DNA replication. 

One candidate for this function is the histone chaperone Asf1 (Asf1a and Asf1b 

in mammalian cells), which has been shown to regulate histone levels during 

replicational stress (166). Tax may provide a useful probe to investigate this 

coupling mechanism, as well as the mechanism of coordinate histone gene 

regulation in general.

3.4d Effects of Histone Level Reduction

We hypothesize that reduced histone gene expression will have multiple 

consequences for cellular homeostasis. This hypothesis is based on several 

observations from several lines of evidence. Chromatin-remodeling, histone 

replacement, post-translational modifications to the histone tails and DNA 

methylation are thought to function in the epigenetic control of distinct programs 

of heritable transcription (121). Aberrations in all of these mechanisms of 

epigenetic control are known to be associated with neoplastic phenotypes (167­

170). We suggest a reduction of histone levels will affect all of the 

aforementioned epigenetic cancer mechanisms, as these are all 

nucleosome-based processes. Genomic DNA that has lost histones will 

necessarily lose the epigenetic information imprinted on the histone tails. We 

speculate that replacement of replication-dependent histones with histone 

variants will be hindered with reduced histone levels. Furthermore, reduction of 

nucleosome assembly has been show to impair double-strand DNA break repair 
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and directly induce DNA damage (124, 125). We speculate that double-strand 

DNA breaks occurring in nucleosome-free gaps of the genome will not be 

repaired as effectively as double-strand DNA breaks occurring in 

nucleosome-assembled regions of the genome. Defects in double-strand DNA 

break repair in nucleosome-free gaps may occur through reduced y-H2A.X 

signaling and/or defects in nucleosome-based chromatin remodeling activity or 

recruitment thereof. A partial depletion of histone H4 was achieved 

experimentally and shown to induce recombination-mediated genetic instability 

(127). Therefore, we hypothesize that a reduction of histone levels will result in 

genetic instability contributing to the progression of ATLL. We suggest that 

genes controlling histone gene expression and genes coupling histone 

expression to DNA synthesis may be thought of as tumor suppressor genes. We 

suggest that reduced histone protein levels may be associated with other 

neoplastic phenotypes.

Many of the effects of Tax are dependent on the continued expression of 

Tax. While cell proliferation, initiation of pro-survival signals, and deregulation of 

cell cycle checkpoints could facilitate early steps in transformation; it is likely that 

genetic lesions accelerate progression of later steps in HTLV-1 T-cell 

transformation. Epigenetic alterations may also substitute for and/or act in 

concert with genetic lesions to promote transformation. Epigenteic alterations 

can result in changes in gene expression of both tumor suppressors and 

proto-oncogenes. We suggest that reduced histone levels, following transient 

Tax expression during the cell cycle, provides an unprecedented mechanism by 
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which the epigenome can be reprogrammed and genetic lesions induced, even 

after Tax expression is silenced.

3.5 Supplementary Data

3.5a Absolute Real-Time PCR

Data presented in this section provide further evidence of reduced histone 

transcript levels in HTLV-1 infected T-cell lines. While relative, reverse­

transcriptase, real-time PCR (RT2-PCR) data demonstrating a reduction of linker 

histone isoform transcripts in HTLV-1 infected T-cell lines has been presented in 

section 3.3e, the absolute RT2-PCR data presented here provides additional 

information and has several advantages. This absolute, RT2-PCR approach 

allowed us to determine linker histone isoform composition in uninfected T-cell 

lines, an HTLV-1 infected T-cell line, and in primary CD4+ lymphocytes. The 

percent contribution of each isoform towards the total linker histone content 

cannot be determined with traditional, relative RT2-PCR. Transcript levels for 

each isoform are likely to mirror the protein levels for each isoform, given the 

high conservation of the stem-loop sequence in all the linker histone isoform 

transcripts.

There are four linker histone isoforms that have been detected in all 

somatic cells examined to date. These are termed the somatic linker histone 

isoforms and are known as H1S-1, H1s-2, H1s-3 and H1s-4. Although the 

functional specialization of the linker histone isoforms remains controversial and 
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largely uncharacterized, it is hypothesized that specific isoforms are actively 

depleted from certain regions of chromatin so that distinct properties of isoforms 

can influence local chromatin structure/function and expression of genes in those 

regions (171).

The absolute measurement of transcripts with RT2-PCR yields data that is 

expressed as molecules (transcripts) per specified quantity of cDNA 

(molecules/pg cDNA). Data from relative RT2-PCR can only compare the levels 

of transcripts that are determined in a single analysis. Absolute RT2-PCR can be 

used to compare transcript levels across several individual experiments. 

Absolute RT2-PCR represents a powerful method for the standardization of 

presenting real-time PCR data.

To facilitate the measurement of transcripts with absolute RTz-PCR, 

reference plasmids containing histone H1 isoform inserts and cDNA samples 

were quantified with a double-strand DNA-specific intercalating agent using a 

spectrofluorometer. Plasmid and cDNA concentrations were determined by 

extrapolation from a standard curve constructed with lambda phage DNA of 

known concentration (Figure 3.16A). Avogadro’s number was used to calculate 

copy number from the plasmid size and determined concentration. For RT2-PCR 

quantification of H1 isoform transcripts in cDNA samples, a five-point standard 

curve was constructed by serial diluting reference plasmid DNA of known 

concentration and plotting the cycle threshold (Ct) versus the natural log of the 

molecule number, for each dilution in a series of 500 to 50 million molecules
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(Figure 3.16B). This five-point standard curve allowed us to extrapolate

absolute values for individual linker histone isoforms in cDNA samples.

PCR Threshold Cycle (CT)

Figure 3.16. Standard curves utilized for the determination of H1 
isoform transcript levels by absolute RT2-PCR. A standard curve was 
constructed by diluting a known concentration of X phage DNA and 
quantifying the dilutions on a spectrofluorometer using a double-strand 
specific DNA intercalating agent (Picogreen) (A). The natural log of the 
molecule number for each reference plasmid in a serial dilution, ranging from 
500 to 50 million copies, was plotted against the threshold cycle (Cy) 
determined by real-time PCR (B).
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The uninfected T-cell lines CEM and Jurkat, contained 1770 and 1400 

molecules of total linker histone transcripts/pg cDNA, respectively. Total linker 

histone transcripts in the HTLV-1 infected T-cell line SLB-1, were calculated to be 

270 molecules/pg cDNA. This -five-fold reduction of total linker histone 

transcripts observed in SLB-1 cells as compared to Jurkat cells (-six-fold as 

compared to CEM) reinforces data from relative RT2-PCR. CD4+ lymphocytes 

isolated from the peripheral blood of two individuals, exhibited 220 and 95 

molecules of total linker histone transcripts/pg cDNA. While these levels are 

much lower than the uninfected T-cell lines examined, the level of total histone 

H1 transcripts in replicating CD4+ lymphocytes are likely similar to that of 

uninfected T-cell lines. DNA content analysis was not performed for the CD4+ 

lymphocytes isolated from these blood samples. Nevertheless, there is ample 

evidence in the literature suggesting that CD4+ lymphocytes should not be 

actively dividing. As histone transcripts are only detectable during S phase, 

reduced histone transcript levels can be reconciled. Furthermore, evidence 

suggests that quiescent CD4+ lymphocytes are not normally transcribing other 

mRNAs either. Direct evidence for this is provided by the observed levels of 

RNA extracted from equivalent numbers of CD4+ T-cells. Total RNA extracted 

from HTLV-1 infected and uninfected cells is comparable. A typical extraction 

from a T-cell line yields 12.5 pg total RNA/106 cells. For comparison, a typical 

extraction from CD4+ T-cells yields 0.8 pg total RNA/106 cells. The difference in 

total RNA extracted between T-cell lines and primary CD4+ T-cells is -16-fold.
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Strikingly, absolute RT2-PCR data indicate a conserved isoform 

composition amongst all the cells examined (Figure 3.17). Interestingly, 

although the total H1 transcripts were reduced by -five-fold in SLB-1, the isoform

distribution remained very similar. The isoform compositions of the primary CD4+ 

lymphocytes are nearly identical to that of the transformed T-cell lines with one 

striking exception. H1s-3 was found to be nearly absent in primary CD4+ 

lymphocytes. It is hypothesized that local H1s-3 enrichment is associated with 

actively transcribed regions of chromatin (172, 173). The presence of H1s-3 has 

been observed to decline during quiescence (174, 175). However, studies in 

mice suggest that although H1s-3 levels decline in quiescent lymphocytes, H1s-3 

levels remain higher than that of other non-dividing cells (176). As CD4+ 

lymphocyte populations are thought to be circulating in a quiescent state with 

little cell division or transcription occurring, our observation of H1s-3 levels in 

primary CD4+ lymphocytes would lend corroborative evidence to the H1s-3 

hypothesis mentioned above. It would be interesting to determine if H1s-3 

expression levels are increased during T-cell activation. Additionally, it would be 

interesting to determine if the promoters of genes induced during T-cell activation 

are locally enriched with the H1S"3 isoform.
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Figure 3.17. Percent H1 isoform content in uninfected T-cell lines, an 
HTLV-1 infected T-cell line and primary CD4* lymphocytes isolated 
from peripheral blood. Jurkat and CEM are uninfected T-cell lines, 
SLB-1 is an HTLV-1 infected T-cell line and CD4+ #1 and #2 are primary 
lymphocytes isolated from the peripheral blood of two different individuals. 
Percent H1 contribution was determined by absolute real-time PCR as 
described in section 2.3b.
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3.5 b Metaphase Spreads

Metaphase spreads were prepared from both HTLV-1 infected and 

uninfected T-cell lines. The metaphase spreads observed indicate that HTLV-1 

infected T-cell lines are not defective in forming apparently normal metaphase 

chromosomes. With the exception of MT-2, all of the uninfected and HTLV-1 

infected T-cell line populations examined (Jurkat, CEM, Molt-4, SLB-1 and C81) 

appeared to be composed of mostly tetraploid cells. While the SLB-1 cells 

examined appeared to be composed of mostly tetraploid cells, diploid cells were 

observed. Metaphase spreads are shown for SLB-1 and MT-2 and appear to be 

diploid (Figure 3.18). This procedure was performed as a qualitative check for 

the formation of metaphase chromosomes, and no quantitative or statistical 

analysis was performed.

AB

Figure 3.18. Metaphase spreads indicate that HTLV-1 infected T-cell 
lines are not defective in forming apparently normal metaphase 
chromosomes. Metaphase spreads were analyzed as described in section 
2.13. A metaphase spread for SLB-1 (A) and MT-2 (B) are shown.
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3.5 c Micrococcal Nuclease Digestions

To determine the nucleosomal repeat length of genomic DNA that is 

accessible to micrococcal nuclease digestion, we isolated nuclei from an 

uninfected and an HTLV-1 infected T-cell line for digestion with this nuclease. 

Micrococcal nuclease digestions were performed with nuclei prepared from an 

uninfected (Jurkat) and an HTLV-1 infected T-cell line (HuT102). The digestion 

indicates that a 20-40% reduction of histone proteins does not result in a 

noticeable genome-wide increase in nucleosome spacing or nuclease sensitivity 

(Figure 3.19). In support of this data, a study has shown that Saccharomyces 

cerevisiae cells with a 29% reduction of histone H4 do not display a global 

increase in nucleosomal repeat length nor an increase in micrococcal nuclease 

sensitivity (127). As there is not a global increase in nucleosome repeat length, 

this data indicates that there is an increase in the frequency of nucleosome-free 

regions.
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Figure 3.19. Micrococcal nuclease digestions of nuclei from an 
uninfected and an HTLV-1 infected T-cell line indicate similar 
nucleosome spacing. Micrococcal nuclease (MNase) digestions were 
performed as described in section 2.14 and extracted DNA was resolved by 
1% agarose gel electrophoresis. The uninfected T-cell line (Jurkat) is on the 
left while the HTLV-1 infected T-cell line (HuT102) is on the right. The 
triangles at the top of the gel scan indicate increasing MNase concentrations. 
The sizes of the marker (M) are indicated to the left of the gel scan in base 
pairs. The numbers on the right indicate DNA bands corresponding to the 
number of nucleosomes indicated.
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3.5d Western Blots Indicate that Tax Expression May be

Sufficient to Reduce Histone Protein Levels

Jurkat cells were cotransfected with pUC-19/pMACS Kk and 

pSG-Tax/pMACS Kk as described in detail in section 2.10. Transfected cells 

were plated at a density of 5 x 105 cells/mL after magnetic separation of 

electroporated cells, which was performed 24 hours post-electroporation. Cell 

densities were monitored periodically and whole cell extracts were prepared once 

the total cell number of the culture had roughly doubled. A doubling of total cell 

number, which corresponds roughly to one cell division, occurred 100 hours after 

electroporation. Cells were harvested at densities of 1.1 x 106 and 9.4 x 105 

cells/mL for pUC-19 and pSG-Tax transfected cells, respectively. Transfected 

cells were allowed time to double, as a reduction in histone protein levels is only 

possible as cells are dividing.

Whole cell extracts of pUC-19 and pSG-Tax transfected Jurkat cells were 

prepared from en equal number of total cells (4.5 x 106). Western blots were 

performed with a-H1, a-H2A and a-actin antibodies. Western blots show a 32% 

reduction of histone H1 in pSG-Tax transfected Jurkat cells as compared to 

pUC-19 transfected cells (Figure 3.20A), while showing a 34% of histone H2A in 

pSG-Tax transfected cells as compared to pUC-19 transfected cells (Figure 

3.20B). Histone H1 and H2A signals were quantified by ImageQuant analysis 

and normalized to actin signals. While ATLL and HTLV-1 infected T-cells have 
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been reported to up-regulate p-actin expression (164, 165), a microarray study 

conducted with a Tax-inducible T-cell line, specifically evaluating cytoskeleton 

elements, failed to report up-regulated expression of any actin isoform (177). 

Tax expression was verified in these whole cell extracts, although the level of 

Tax at 100 hours was lower than that in pSG-Tax transfected cells harvested 48 

hours after electroporation. Due to issues with normalization, maintaining Tax 

expression through cell division and quantitative sensitivity of western blotting, 

these experiments were not pursued any further and are presented here as 

preliminary data.

Figure 3.20. Western blots indicate a reduction of histone protein levels 
in pSG-Tax transfected Jurkat cells after one cell division. Whole cell 
extracts were resolved by 15% SDS-PAGE and probed with antibodies 
indicated to the right of the membrane scans. The transfected plasmid is 
indicated at the top of the membrane scans. The dots correspond to 1X and 
2X volumes of whole cell extracts loaded. The sizes of the molecular weight 
markers (MW) are indicated to the left of the membrane scans. The whole 
cell extracts were prepared from an equal number of cells, as determined with 
a hemacytometer (A & B)
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3.5e Verification of PCR Amplicons

Amplicons from real-time PCR experiments were retrieved from 96-well 

plates and resolved by gel electrophoresis to ensure these PCR products were 

primer pair specific (Figure 3.21). The expected size of the amplicons in base 

pairs is as follows: H1a - 158, H1° - 140, H1S-1 - 105, H1s-2 - 79, H1s-3 - 129, 

H1s-4 - 105, H1s-4* - 90, H2A - 100, H2B - 174, H3 - 176, H4 -139.

Figure 3.21. Verification of PCR amplicons demonstrates primer pair 
specific amplification. PCR products were sampled from PCR 
experiments and resolved by 1.5% agarose gel electrophoresis. Amplicons 
from primers specific for the H1 isoforms (A) and primers for representative 
family members of the core histones (B) are shown. The target genes for 
the primer pairs used in real-time PCR are shown at the top of the gel scans. 
The sizes of the marker (M) are indicated in base pairs to the left and right of 
the gel scan for A and to the left of the gel scan for B.
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3.5f Verification of Tax Expression from pSG-Tax Plasmid by 

Western Blot and RT2-PCR

Tax expression from the pSG-Tax expression vector used in the 

transfection experiments described in section 3.3f-g, was verified by both 

western blotting (Figure 3.22) and by reverse transcription and real-time PCR

(Figure 3.23).

50

37 a-Tax

0 
0

Figure 3.22. Western blots verify Tax protein in pSG-Tax 
transfected Jurkat cells. The plasmids used for transfection are 
indicated at the top of the membrane scans. The triangles at the top 
indicate different amounts of whole cell extracts loaded, with the 
thinner portion corresponding to a 1X volume and the thicker portion 
corresponding to a 2X volume. The marker lane was loaded with 300 
ng of purified Tax protein. The sizes of the molecular weight markers 
(MW) are indicated to the left of the membrane scan.
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Figure 3.23. Tax transcript levels are detected in pSG-Tax transfected 
Jurkat cells. A real-time PCR amplification curve using primers specific for 
Tax transcript is shown for pSG-Tax and pUC-19 transfected Jurkat samples. 
Curve-fit, relative fluorescent units (CF-RFU) are shown on the y-axis while 
the threshold cycle (Ct) is shown on the x-axis (A). To demonstrate the 
primer pair specificity of the Tax primers a melt curve is shown. The 
derivative of the RFU divided by the melting temperature (Tm) is plotted on the 
y-axis, while Tm is plotted on the x-axis. (B) While the amplification curve 
indicates a product from Tax primers in the pUC-19 transfected Jurkat 
sample, the melt curve shows that this product is due to non-specific primer 
dimer amplification.
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Chapter 4

Future Directions
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4.1 How does HTLV-1 Infection Reduce Histone Levels?

Studies suggest that key regulatory steps in the regulation of histone gene 

expression are post-transcriptional (153, 154). A reduction in transcription of the 

histone genes can be compensated for by increased mRNA stability and 

translation efficiency. Furthermore, the down-regulation of histone gene 

expression upon completion of the cell cycle or in response to arrest of DNA 

replication, occurs through decay of histone mRNA (178, 179). There is a 

considerable body of evidence demonstrating viral protein interaction with host 

mRNA decay pathways (180). Despite indications that Tax repression of histone 

gene expression is likely to occur through a post-transcriptional mechanism, it is 

possible that the observed repression occurs, at least in part, through an effect 

on transcription. For example, there may be a lower limit for transcription levels 

at which point, post-transcriptional mechanisms are no longer able to 

compensate. As transcription of the diverse replication-dependent histone genes 

are coordinately regulated, Tax may affect the activity of one or more of the 

regulators responsible for this coordinate expression. This could occur through 

direct Tax protein interactions with one or more of these regulators, through Tax 

deregulation of upstream signaling pathways, or through Tax reduction of the 

expression levels of one or more of these coordinate regulators.
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Recently, degradation of histone mRNA transcripts has been found to 

proceed through the oligouridylation of histone mRNA transcripts.

Oligouridylation is a recently discovered mechanism by which a poly-U tail is 

added to histone mRNA transcripts prior to degradation (181). Tax reduction of 

histone transcript levels may occur through the induction of transcript 

degradation. To test this hypothesis, oligouridylated histone transcripts could be 

quantified in Tax expressing cells using reverse transcription and real-time PCR 

with an oligo(dA) primer and a histone-specific primer. If Tax induces 

degradation of histone transcripts, it is likely that an increase in oligouridylated 

histone transcripts will be observed in Tax expressing cells.

As SLBP regulates the processing, export, stability and translation 

efficiency of histone transcripts, it represents an attractive target for Tax 

reduction of histone gene expression. SLBP levels are not regulated 

transcriptionally during the cell cycle. SLBP stability is regulated through the 

phosphorylation of threonine 60 and 61. Degradation of SLBP at the end of S 

phase initiates an abrupt decline in histone mRNAs (178). Therefore, putative

Tax deregulation of SLBP function may occur through modification of SLBP 

phosphorylation state. Phosphorylation-specific SLBP antibodies are currently 

unavailable. However, mutation of either threonine 60 or 61 to an alanine 

renders SLBP resist to degradation. Therefore, if Tax reduces histone transcript 

levels by stimulating SLBP phosphorylation, the ectopic expression of a 

threonine 60 to alanine mutant would counteract Tax reduction of histone gene 

expression.
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Alternatively, Tax may directly interact with SLBP and interfere with SLBP 

function in histone mRNA maturation, translation efficiency or stability. 

Co-immunoprecipitation assays using anti-Tax and anti-SLBP antibodies would 

indicate whether Tax forms a complex with SLBP or SLBP/histone RNA 

complexes.

To distinguish between a putative Tax effect on histone transcript 

maturation versus stability or translation efficiency, an in vitro pre-mRNA 

processing assay could be used. If Tax interferes with histone mRNA 

processing, the addition of Tax to an in vitro processing reaction utilizing nuclear 

extracts, should inhibit the formation of mature histone mRNAs.

Tax may reduce histone transcript levels through an effect on transcription 

or though a combination of transcriptional and post-transcriptional mechanisms.

Tax effects on histone transcription may be facilitated by a decrease in NPAT 

protein levels. NPAT antibodies are available and protein levels could be 

determined by western blotting. NPAT protein levels are consistent throughout 

the cell cycle. NPAT activity is regulated by phosphorylation upon entry into S 

phase. Phosphorylation of NPAT on tyrosine 1270 and 1350 by cyclin E/Cdk2 

regulate NPAT activity and nuclear localization to histone gene loci (141).

Phospho-specific antibodies are available and could used in conjunction with flow 

cytometry, as this would be advantageous for observing phosphorylation levels at 

specific times during the cell cycle. Flow cytometry measurement of nuclear 

protein requires a large quantity of antibody that may be difficult to obtain. As an 

alternative approach, flow cytometry could be used to sort cells based on DNA 

102



content and the sorted populations could be used in the preparation of whole cell 

extracts for western blotting.

HIRA is the mammalian homolog of the yeast proteins, Hir1p and Hir2p, 

known to regulate histone gene transcription (182). HIRA is likely to regulate 

histone transcription in mammals. HIRA is a cell cycle regulator for which protein 

levels are consistent throughout the cell cycle. Phosphorylation of HIRA on 

threonine 555 correlates with S phase progression whereas unphosphorylated

HIRA induces S phase arrest (140). HIRA protein levels and phosphorylation

status could be determined as described for NPAT.

FLASH is another component of the histone gene expression machinery 

localized to histone gene promoters and represents an additional putative Tax 

target for reducing histone levels. FLASH-specific antibodies could be used to 

determine FLASH protein levels in whole cell extracts or in fixed cells using flow 

cytometry. Additionally, FLASH-specific antibodies could be used to explore the 

nuclear distribution and thus defects in proper FLASH localization in Tax 

expressing and HTLV-1 infected cells using fluorescent microscopy.

4.2 What are the Consequences of Reduced Histone Levels?

Several lines of evidence suggest that a reduction of the histone:DNA ratio 

is likely to promote T-cell transformation. Defects in nucleosome assembly 

hinder DNA repair and induce double-strand DNA breaks. Thus, we hypothesize 
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that a reduction of histone proteins will increase the incidence of double-strand

DNA breaks, resulting in a mutator phenotype.

Defects in nucleosome assembly during DNA replication may also perturb 

the passage of epigenetic information from mother to daughter cell. We 

hypothesize that a reduction of histone protein to levels similar to that observed 

in HTLV-1 infected T-cell lines will result in the activation and/or repression of 

cellular proto-oncogenes and tumor suppressors, respectively.

To separate the effects of reduced histone levels from the pleiotropic 

effects of Tax, an experimental knockdown of histone protein levels can be 

achieved with SLBP siRNAs. The incidence of double-strand DNA breaks could 

be measured with a y-H2A.X-specific antibody using flow cytometry analysis.

Additionally, reverse transcription and real-time PCR could be used to measure 

expression levels of selected cellular transcripts in SLBP knockdowns, although 

a broader approach such as microarray analysis would be much more suitable.

Furthermore, chromatin immunoprecipitation using antibodies against specific 

modifications to the histone tails could be used in an attempt to correlate 

epigenetic changes with reductions in expression levels.

Inactivation of viral gene expression through DNA methylation results in 

retroviral latency, serving as a host cell defense mechanism with implications for 

retroviral replication cycles. The 5' LTR of HTLV-1 is hypermethylated in the

MT-4 T-cell line and proviral gene expression inactivated. It would be interesting 

to test if a decreased histone:DNA ratio results in reactivation of proviral gene 

expression in MT-4 cells.
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