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Chlamydiae are Gram negative, obligate intracellular bacteria, and Chlamydia 

trachomatis is the etiologic agent of the most commonly reported sexually transmitted 

infection (STI) in the United States. Chlamydial infections have been epidemiologically 

linked to increased rates in cervical cancer in patients previously infected by human 

papillomavirus (HPV). Chlamydiae undergo a biphasic life cycle that takes place inside 

a parasitophorous vacuole termed an inclusion. The inclusion associates very closely 

with host cell centrosomes, and this association is dependent upon the host motor 

protein dynein. We have previously reported that this interaction induces supernumerary 

centrosomes in infected cells, leading to multipolar mitotic spindles and inhibiting 

accurate chromosome segregation. Our findings demonstrate that chlamydial infection 

causes mitotic spindle defects independently of its effects on centrosome amplification. 

We show that chlamydial infection increases centrosome spread and inhibits the spindle 

assembly checkpoint delay to disrupt centrosome clustering. These data suggest that 

chlamydial infection exacerbates the consequences of centrosome amplification by 

inhibiting the cells’ ability to suppress the effects of these defects on mitotic spindle 

organization. We hypothesize that these combined effects on infected dividing cells 
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identifies a possible mechanism for Chlamydia as a cofactor in cervical cancer 

formation. Many studies indicate that centrosome abnormalities, spindle defects, and 

chromosome segregation errors can lead to cell transformation. Here we demonstrate 

that infection with Chlamydia trachomatis is able to transform 3T3 cells in soft agar 

resulting in anchorage independence and increased colony formation. We also show for 

the first time Chlamydia infects actively replicating cells in vivo. Infection of mice with 

Chlamydia results in significantly increased cell proliferation within the cervix and 

corresponding cervical dysplasia. Confocal examination of infected tissues also 

revealed elements of chlamydial induced chromosome instability. These results 

contribute to a growing body of data implicating a role for Chlamydia in cervical cancer 

development. 
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CHAPTER 1 
INTRODUCTION 

Chlamydiae and Host Cell Interactions 

Chlamydiae are Gram negative, obligate intracellular bacterial organisms, with 

different species causing a multitude of infections in both humans and animals. 

Chlamydia trachomatis is a major human pathogen with over 15 distinct serovars that 

infect epithelial surfaces. Multiple urogenital serovars cause sexually transmitted 

infections (STI), and several ocular serovars lead to trachoma, a chronic conjunctivitis 

resulting in scarring and blindness (Moulder, 1991). Chlamydia is the most commonly 

reported cause of sexually transmitted infection in the United States, and the most 

frequent cause of preventable infectious blindness in the developing world (Cook, 

2008). With a prevalence rate of about 4% among young adults and an estimated 92 

million new cases worldwide each year, Chlamydia is a critical public health matter 

(Belland et al., 2004; Miller et al., 2004). Chlamydial infections are commonly subclinical 

and therefore left untreated, infections can then lead to harmful sequelae such as pelvic 

inflammatory disease, ectopic pregnancy, and tubal infertility (Cates and Wasserheit, 

1991). Infection with Chlamydia has also been associated clinically with cervical 

metaplasia (Kiviat et al., 1985), and epidemiologically linked to an increased risk for 

other STIs and cervical cancer (Koskela et al., 2000; Anttila et al., 2001; Smith et al., 

2002; Smith et al., 2004; Madeleine et al., 2007). 

All Chlamydiae are obligate intracellular bacteria, and have in common a unique 

biphasic life cycle. The developmental cycle alternates between two distinct forms, the 

elementary body (EB) and the reticulate body (RB). The EB is infectious, existing as the 

environmentally stable and metabolically inert unit, while the RB is metabolically active, 
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intracellular replicative form (Moulder, 1991). The EB interacts with the host cell 

membrane through electrostatic interactions with heparin sulfate glycosaminoglycans 

and stimulates phagocytosis through a type three secretion system effector known as 

TARP (translocated actin-recruiting phosphoprotein), which induces actin 

rearrangement and internalization of the EB by the host cell (Clifton et al., 2004).The 

intracellular phase of the developmental cycle takes place within a membrane-bound 

parasitophorous vacuole termed an inclusion. The inclusion occupies a unique 

intracellular niche, bypassing fusion with host cell endosomal or lysosomal pathways, 

and intercepting exocytic vesicles containing sphingomyelin and cholesterol from the 

Golgi apparatus (Hackstadt et al., 1995; Carabeo et al., 2003). Once internalized EBs 

can begin to differentiate into RBs, and RBs replicate inside the inclusion by binary 

fission. After multiple rounds of replication an unknown signal induces RBs to 

asynchronously redifferentiate back to EB form. EBs can then initiate another round of 

infection allowing spread to adjacent cells (Abdelrahman and Belland, 2005). 

Following de novo synthesis of chlamydial proteins the nascent inclusions are 

trafficked to the perinuclear region of the host cell. The inclusion is translocated along 

the microtubule network to the microtubule organizing center (MTOC), and this is 

dependent upon the minus-end directed microtubule motor protein dynein (Grieshaber 

et al., 2003). At the MTOC reside the host cell centrosomes and Chlamydia remains 

associated with the centrosomes throughout the developmental cycle (Grieshaber et al., 

2006). Chlamydia is unique in that dynein is required to transport the inclusion but the 

dynein activating complex, dynactin, is not required; all other dynein processes employ 

the dynactin complex to link cargo, as well as activate dynein (Helfand et al., 2002). 
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Viruses and other bacterial organisms that make use of the host vesicular trafficking 

system, such as Herpesviridae or the bacterium Orentia tsutsugamushi, require the 

dynein/dynactin complex. Chlamydia utilizes dynein without this complex. Because 

chlamydial trafficking is dependent upon dynein but does not require dynactin, 

Chlamydia must initiate protein synthesis to modify the inclusion with a dynein activating 

complex before it can migrate to the MTOC (Grieshaber et al., 2003).  

Migration of the inclusion to the MTOC is unidirectional and the inclusion remains 

tightly associated with the centrosomes throughout the cell cycle (Grieshaber et al., 

2006). The cytoplasmic microtubule array is organized at the MTOC by the 

centrosomes. The centrosomes play an essential role in cell motility, organizing cellular 

architecture, adhesion and polarity during interphase, and nucleating bipolar spindle 

pole formation during mitosis (Sluder, 2004).  

The centrosome consists of two centrioles embedded in an electron-dense cloud 

of approximately 100 proteins called the pericentriolar material (PCM). Centrioles are 

orthogonally positioned barrel-shaped structures that are related to the basal bodies 

essential for the formation of cilia and flagella. The PCM includes proteins responsible 

for nucleation of microtubules known as the γ-tubulin ring complex (Nigg, 2002; 

Andersen et al., 2003; Bettencourt-Dias and Glover, 2007). The centrosome duplication 

cycle is coupled with the cell cycle, with one centrosome present during G1, and then 

duplicated, like the chromosomes, during S-phase. During G1 the centrioles separate to 

become templates for the formation of new centrioles, or procentrioles, during S-phase. 

In S-phase the centrioles are duplicated by a semi-conservative mechanism; allowing 

the formation of two separate centrosomes by the beginning of G2 (Nigg, 2007). There 
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is a mother and a daughter centrosome for each cell after division, and the mother and 

daughter centrosomes migrate to opposite poles to organize the spindles for mitosis 

(Piel et al., 2000). 

Two centrosomes are critical at mitosis for the formation of bipolar spindles; 

subsequent unchecked centrosome amplification leads to the formation of multipolar 

spindles (Fukasawa, 2007). Multipolar mitoses can result in the loss or gain of 

chromosomes which may lead to the eradication of tumor suppressor genes or the 

introduction of alleles that may promote unregulated cell growth or insensitivity to 

apoptotic signals (Sluder, 2004). Centrosome amplification is, therefore, a characteristic 

of many human cancers with defects present in low grade tumors and increasing in 

more aggressive carcinomas (Pihan et al., 2003). The potential role of centrosomes in 

cancer was first proposed by Theodore Boveri in 1914, in his book, The Origin of 

Malignant Tumors, where he proposed tumors may be the result of genetic instability as 

a consequence of multipolar mitoses by way of multiple centrosomes. He suggested the 

more abnormal mitoses a cell undergoes the more likely the cell may become malignant 

(Boveri, 2008). Boveri’s hypothesis was ignored until several years ago; presently 

centrosome aberrations are widely regarded as inevitably leading to genetic instability, 

and that this may be a significant factor in the initiation and progression of 

carcinogenesis (Pihan et al., 2003; Sluder, 2004; Fukasawa, 2007; Boveri, 2008; 

Duensing et al., 2008). 

Although centrosome amplification is clearly important for spindle multipolarity, the 

presence of extra centrosomes does not always lead to multipolar spindle formation. 

Most cell types are able to cluster extra centrosomes together during mitosis to form a 
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functional bipolar spindle. The coalescence of supernumerary centrosomes allows the 

cell to equally distribute chromosomes to avoid aneuploidy (Ring et al., 1982; Quintyne 

et al., 2005; Rebacz et al., 2007).  

Grieshaber et al. has previously shown infection with Chlamydia induces 

supernumerary centrosomes in primary human fibroblasts, as well as aberrant spindle 

pole formation, and chromosome segregation defects leading to genetic instability 

(Grieshaber et al., 2006). The dominant interaction between the host centrosome and 

the chlamydial inclusion may become important in elucidating the mechanism for the 

increased rate in cancer formation in patients with a previous chlamydial infection 

(Koskela et al., 2000; Anttila et al., 2001; Smith et al., 2002; Matsumoto et al., 2003; 

Smith et al., 2004; Madeleine et al., 2007). It has been shown that some bacterial 

infections alone are able to contribute to cancer, such as Helicobacter pylori, but unlike 

viral induced cancers, bacteria lack specific oncogenes and possible molecular 

mechanisms to cancer are not yet clear (Lax and Thomas, 2002). While it is widely 

accepted that infection with human papillomavirus (HPV) is required for cervical cancer 

formation, HPV has been revealed to be a necessary but insufficient cause of cervical 

cancer. Due to a long latency period of the virus it is clear that other factors are 

necessary for transformation to cancer (zur Hausen, 1996). Clinically, oncogenic HPV 

causes transient infections of the cervix, and only a small proportion of women exposed 

to HPV ever progress to cervical cancer (Madeleine et al., 2007). This suggests that 

other cofactors are necessary in conjunction with HPV, such as other STIs, hormones, 

smoking, and host genetic background and immunologic responses (Ho et al., 1998) 



 

19 

Chlamydia trachomatis and HPV Epidemiological Studies 

Several studies have been completed linking Chlamydia as a cofactor in increased 

cancer rates by virtue of a past infection (Koskela et al., 2000; Anttila et al., 2001; Smith 

et al., 2002; Matsumoto et al., 2003; Smith et al., 2004; Madeleine et al., 2007). Koskela 

et al. performed large case-controlled study of 530,000 Nordic women in 2000. They 

examined serum samples from women diagnosed with cervical cancer and their 

matched controls. They then determined by microimmunofluorescence that antibodies 

to Chlamydia trachomatis were associated with an increased risk for squamous cell 

carcinoma (Koskela et al., 2000). Anttila et al. released a second study using serum 

samples from the Nordic women and confirmed similar results (Anttila et al., 2001). A 

case-controlled study carried out in women from Brazil and the Philippines by Smith et 

al. revealed women seropositive for Chlamydia trachomatis and positive for HPV DNA 

had a two-fold increase in squamous cervical cancer. This study also suggested 

increased serum titers correlated with increased risk for squamous cancer (Smith et al., 

2002). In 2002 a population based study by Wallin et al. examined Chlamydia 

trachomatis and HPV DNA by PCR in samples from 130,000 women followed for 26 

years in northern Sweden, and similarly found a prior infection with Chlamydia was 

associated with increased risk for development of invasive cervical cancer (Wallin et al., 

2002). In 2004, a case-controlled study of 1200 women with invasive cervical cancer 

and 1100 control women from 7 different countries coordinated by the International 

Agency for Research on Cancer (IARC) in France corroborated the previous studies 

findings, confirming an overall association of C. trachomatis and cervical cancer while 

controlling for HPV DNA (Smith et al., 2004). In 2007 Madeleine et al. carried out a 

population based study in the Seattle-Puget Sound area determining the association of 
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C. trachomatis antibodies increased risk for squamous cervical cancer (Madeleine et al., 

2007). Most recently a study of 131 women in Brazil undergoing colposcopy 

(microscope viewing of the cervix) or biopsy for abnormal cervical smears discovered 

women seropositive for C. trachomatis and positive for HPV DNA, specifically types 16 

and 18, were at significant risk for high grade cervical neoplasia (Da Barros et al., 

2012).  

Cervical Cancer 

Cervical cancer is intimately linked to infection with high risk HPV types such as 16 

and 18. Over 90% of squamous cell carcinomas or adenocarcinomas of the cervix are 

positive for integrated high risk HPV genomes 16 and 18 (zur Hausen, 1996). The HPV 

encoded oncoproteins E6 and E7 are consistently expressed in these cancers and a 

significant role in transformation to malignancy is attributed to these proteins (Münger et 

al., 1989).  

Papillomaviruses are non-enveloped, double-stranded DNA viruses with a circular 

genome. They have a high species specificity and exhibit high tissue tropism for 

squamous epithelium. There are over 100 human papillomavirus types that have been 

described, and 40 of those infect the anogenital tract. It is well established that infection 

with certain types of HPV can cause cervical cancer, the second most common cause 

of cancer in women worldwide (Frazer, 2004). HPVs are classified into low- or high-risk 

types according to their presence in malignancies. HPV infections are associated with 

many other diseases such as common genital warts, and other cancers such as vulvar, 

vaginal, penile, anal, and oral carcinomas (zur Hausen, 2009). 

The virus penetrates the epithelium through microabrasions and infects the stem 

cells of the basal layer that support the different epithelial layers above. HPV replication 
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depends on the stepwise differentiation program of these cells, therefore making 

culturing virus in the laboratory difficult. The virus replicates episomally in the basal 

stem cells, as well as in their progeny known as transit amplifying cells. The transit 

amplifying cells terminally differentiate to populate the suprabasal layer of the 

epithelium. The virus replicates in the host cell nucleus and uses the encoded early (E) 

genes E1 and E2 and host cellular replication machinery to replicate in the episomally 

maintained cells (Woodman et al., 2007). Expression of the E6 and E7 proteins delays 

cell cycle arrest and differentiation which is normally observed as epithelial cells move 

from the basement membrane to become mature keratinocytes. The delay of cell cycle 

arrest allows for further viral episome replication using host machinery and actually 

produces the thickening of the skin (wart) that is characteristic of some 

papillomaviruses. When the differentiation of the replicating epithelial cells to mature 

keratinocytes finally occurs the virus encoded structural late (L) proteins L1 and L2 are 

expressed and encapsidate the viral genomes in the nucleus. Mature virions are 

assembled in the nucleus and released from the cell as infectious particles (Narisawa-

Saito and Kiyono, 2007).  

Infection with high risk HPV types (16, 18, 31, 33, 35, 45, 52, and 58) can result in 

random integration of the viral episome into host chromosomes (Muñoz et al., 2003). 

Integration of the viral DNA can interrupt the negative feedback system between E2 and 

E6/E7 expression. E2 represses the transcription of E6 and E7 and integration of the 

virus leads to the disruption or loss of E2 and the subsequent overexpression of E6 and 

E7. As a result of this, HPV infected cells with integrated viral DNA acquire extended 

lifespans, preserve the ability to proliferate, and can perpetuate mutations in the 
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germline DNA. These cells become dysplastic which is a precursor to cervical cancer 

(Muñoz et al., 2006). 

Oncoprotein E6 inactivates tumor suppressor and cell cycle checkpoint protein 

p53 by accelerating its proteolytic degradation. This can induce chromosomal instability 

by inhibition of p53 mediated DNA repair. Oncoprotein E7 binds and degrades pRB the 

retinoblastoma tumor suppressor protein, and this accounts for E7’s ability to induce 

DNA synthesis and cellular proliferation (zur Hausen, 2009). E7 is also responsible for 

inducing abnormal centrosome duplication leading to spindle defects that contribute to 

genomic instability. E6 and E7 function synergistically, simultaneously inhibiting cellular 

apoptotic and anti-proliferative responses to markedly increase genetic instability 

(Münger and Howley, 2002). 

Genital HPV infection is one of the most common sexually transmitted diseases 

worldwide. Approximately 20 million people in the United States are infected with HPV 

and another 6 million become newly infected each year. At least half of all sexually 

active men and women will acquire HPV at some point throughout their lives (Wheeler, 

2008). In most cases infections are resolved spontaneously through an effective 

immune response (Narisawa-Saito and Kiyono, 2007). Understanding the role 

chlamydial infection plays between HPV exposure and cervical cancer incidence is 

important to understanding the progression of cervical cancer. 

Cervical cancer arises from lesions on the cervix known as cervical intraepithelial 

neoplasias (CIN), which is the growth of abnormal cells in the epithelium of the cervix. 

CIN is not cancerous but posses the potential to progress to cancer if left unchecked by 

the immune system or untreated. There are three stages of CIN: CIN I, CIN II, and CIN 
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III, and these define how abnormal the cervical epithelial cells appear, progressing from 

low grade to high grade. The moderate grade CIN II and high grade CIN III can lead to 

severe dysplasia of the cervix followed by carcinoma in situ and finally invasive 

carcinoma (Wheeler, 2008). 

In this study we will show chlamydial infection results in significant detriment to 

dividing cells. We will examine Chlamydia’s affect on centrosome number, and 

positioning; the affect on spindle architecture, and resulting defect in spindle checkpoint 

delay and mitosis. We will present evidence for Chlamydia’s ability to transform cells in 

vitro and provide support to this end in vivo. The dominant interaction between 

Chlamydia and the host cell cycle may prove to be an important step in predisposing 

cells to genetic instability in conjunction with HPV infection.  
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CHAPTER 2 
MATERIALS AND METHODS 

Organisms and Cell Culture  

Chlamydia trachomatis serovar L2 (LGV 434), serovar G (UW-57-Cx), and C. 

muridarum Nigg strain (referred to as mouse pneumonitis or MoPn) were grown in 

McCoy cells and elementary bodies (EBs) were purified by Renografin density gradient 

centrifugation as previously described (Howard et al., 1974). EBs were stored at -80 C 

until ready for use. Coxiella burnetii Nine Mile phase II (NMII) clone 4 was a gift from 

Robert Heinzen, Rocky Mountain Labs, NIAID/NIH. 

All cell lines were obtained from American Type Culture Collection™. McCoy cells 

(CRL-1696) were maintained in DMEM (Gibco®), supplemented with 10% FBS 

(Cellgro®) and 10μg/mL gentamicin (Cellgro®). Neuroblastoma (N1E-115) cells (CRL-

2263) were grown in RPMI-1640 (Cellgro®) supplemented with 10% fetal bovine serum 

(FBS) (Gibco®) and 10μg/mL gentamicin (Gibco®). HeLa 229 cells (CCL-2.1) were 

grown in RPMI-1640 supplemented with 10% FBS and 10μg/mL gentamicin. 3T3 (CCL-

92) and COS-7 (CRL-1651) cells were maintained in RPMI-1640 medium, 

supplemented with 10% FBS and 10μg/mL gentamicin. End1/E6E7 (CRL-2615) cells 

were maintained in serum-free Keratinocyte Medium (ScienCell™) with Keratinocyte 

Growth Supplement (ScienCell™). 

Infection of Cultured Cells 

Confluent monolayers of cells were incubated with C. trachomatis EBs at a MOI of 

approximately 5 in Hank’s Balanced Salt Solution (Gibco®) for 30 minutes at room 

temperature while rocking. After incubation, the HBSS was removed and replaced with 

fresh complete media, and the infection was allowed to continue for 36 hours, unless 
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otherwise noted. Coxiella burnetii infections were carried out similarly, however cells 

were incubated with the inoculum for 4 hours and then replaced with fresh media 

containing no antibiotics. C. burnetii infections were allowed to continue for 96 hours.  

Immunofluorescence Staining of Cultured Cells 

Cells for fluorescent microscopy were grown on 12-mm number 1.5 borosilicate 

glass coverslips coated with Poly-L-lysine (Sigma®). The coverslips were either fixed in 

ice cold methanol for 10 minutes, or 4% paraformaldehyde for 10 minutes and 

permeabilized with 0.1% Triton X-100 for 15 minutes. Cultured cells were incubated with 

the primary antibodies as follows: mouse monoclonal anti-γ-tubulin (Sigma®), mouse 

monoclonal anti-β-tubulin (Sigma®), rabbit monoclonal anti-β-tubulin (Cell Signaling 

Technology®) and mouse monoclonal anti-dynein intermediate chain 74.1 (Covance®). 

Chlamydiae were stained with human serum from male AB plasma purchased from 

Sigma; specifically for Figure 3-5E, Chlamydia trachomatis serovar L2 was stained with 

a monoclonal anti-MOMP antibody, a gift from Harlan Caldwell, Rocky Mountain Labs, 

NIAID/NIH. To visualize the primary antibodies appropriate AlexaFluor® (Molecular 

Probes/Life Technologies™) conjugated secondary antibodies were used; 488/568/647 

against mouse, or human immunoglobulin G (IgG). The far-red fluorescent DNA dye 

DRAQ5™ (Biostatus Limited) was used to visualize nuclei.  

Microscope 

Images were acquired using a spinning disk confocal system connected to a Leica 

DMIRB microscope with a 63x oil-immersion objective, equipped with a Photometrics 

cascade-cooled EMCCD camera, under the control of the Open Source software 

package μManager (http://www.micro-manager.org/). Images were processed using the 

image analysis software ImageJ (http://rsb.info.nih.gov/ij/). Representative confocal 

http://www.micro-manager.org/
http://rsb.info.nih.gov/ij/
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micrographs displayed in the figures are maximal intensity projections of the 3D data 

sets, unless otherwise noted. 

Transfections and Plasmids 

Cells were seeded on 12 mm number 1.5 glass coverslips in 24-well plates and 

grown to 50% confluency. Transfections were carried out using Lipofectamine 2000 

(Life Technologies™) according to the manufacturer’s instructions. The GFP-NuMA 

plasmid construct was a kind gift from Dr. Andreas Merdes, Centre National de la 

Recherche Scientifique-Pierre Fabre, Tolouse, France. Transfection with GFP-Plk4 was 

carried out as above. Human Plk4 (ATCC™) was cloned from pBlueScript into a GFP-

destination vector using the Gateway® Cloning System (Life Technologies™) according 

to the manufacture’s instructions. The GFP-EB1 plasmid was a kind gift from Dr. 

Jennifer S. Tirnauer, University of Connecticut Health Center. 

Nocodazole Washout 

HeLa cells, neuroblastomas, or HeLas transfected with GFP-Plk4 were treated 

with 5μg/mL nocodazole in complete media for 30 minutes at 37°C. The cells were then 

washed twice with fresh media and placed at 37°C to recover. The cells were fixed at 0, 

5, 10, 15, 20, and 25 minutes following the washout. The cells were subsequently 

stained for β-tubulin, γ-tubulin, and Chlamydia when necessary. 

Mitotic Index, DNA Synthesis Assays, and Stages of Mitosis Analysis 

The mitotic index was calculated by determining the ratio of mitotic cells to the 

total number of cells present in a field of view. HeLa cells were stained with anti-

phosho-Histone H3 (Thermo Scientific) to easily discern mitotic cells, and for Chlamydia 

when necessary. For the infected populations only infected cells were counted. A 

minimum of 1500 cells were counted over 20-30 fields and the procedure was repeated 
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three times. The rate of DNA synthesis in HeLa cells was determined by uptake of the 

thymidine analogue EdU (5-ethynyl-2’-deoxyuridine), with the use of the Click-iT® EdU 

kit (Life Technologies ™ C10337). For uninfected and infected populations EdU positive 

cells were compared with the total number of cells present in a field of view. For the 

infected populations only infected cells were counted. A minimum of 1500 cells were 

counted over 20-30 fields and the procedure was repeated three times. The stages of 

mitosis were determined by staining cells for DNA and establishing the number of cells 

in different stages of mitosis for multiple coverslips. A minimum of 200 cells were 

counted for each stage of mitosis for both uninfected and infected populations, and the 

procedure was repeated three times. 

Western Blot Analysis 

The western blot analysis for dynein localization was carried out as follows. 

Uninfected and infected cells were mechanically lysed in MEPS buffer {5 mM MgSO4, 5 

mM EGTA, 0.25 M sucrose, 35 mM PIPES [piperazine-N,N_-bis(2-ethanesulfonic 

acid)]} and microtubules were stabilized with taxol, the samples were centrifuged at low 

and then high speeds. Each of the pellets and supernatant from the high-speed spin 

were run on SDS-PAGE and blotted for anti-dynein 74.1. The western blot procedure for 

in vivo cyclin B1 was carried out as follows. HeLa cells were infected with C. 

trachomatis L2 for 30 hours. Mitotic cells were shaken off the flask in PBS and 

centrifuged. Pellets were lysed with sample buffer (Thermo Scientific). A western blot 

was performed using mouse monoclonal anti-cyclin B1 (Cell Signaling Technology®) or 

mouse monoclonal anti-GAPDH (EnCor) followed by sheep anti-mouse HRP antibody 

(AbCam®). The substrate was a chemo-luminescent reagent (Pierce).  
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Cell-free Degradation 

Mitotic host cell proteins were collected as follows. Mitotic cells were shaken off 

the flask in PBS and centrifuged. Cells were lysed with NP-40 Buffer [1% NP-40, 0.5% 

Triton X-100, 0.15 M NaCl, 50 mM Tris pH 8.0] for 20 minutes on ice. Sample was 

centrifuged at 18,505 x g to remove debris and stored at -80°C. Chlamydial proteins 

present in the cytoplasm were collected as follows. Cells were scraped into PBS and 

pelleted. Cells were resuspended in douncing buffer [10 mM KCl, 1.5 mM MgCl2, 1 mM 

ethylenediaminetetraacetic acid (EDTA), 1mM DTT, 250 mM sucrose, 20 mM Hepes-

KOH pH 7.5] and dounced 5 times. Cells were centrifuged for 5 minutes at 1500 x g and 

the supernatant collected and further spun for 15 minutes at 100,000 x g. Supernatant 

was used as enzyme source. A western blot was performed as described above. Rabbit 

monoclonal anti-cytokeratin 8 (Abcam®) followed by goat anti-rabbit HRP antibody 

(Millipore) was used as a loading control. 

Immunoprecipitation 

HeLa cells were lysed using Radio-Immunoprecipitation Assay (RIPA) buffer [20 

mM Tris pH 7.5, 10% glycerol, 1% triton X-100, 1% deoxycholic acid, 0.1% SDS, 2.5 

mM EDTA and protease inhibitor cocktail (Sigma®)] and sonicated. Cellular debris was 

pelleted and the supernatant was added to Protein A Agarose (Pierce) along with 

mouse monoclonal anti-securin (AbCam®). Following four hour room temperature 

incubation, the complexes were pelleted and washed [25 mM Tris pH 7.5, 150 mM 

NaCl, 0.1% Triton X-100]. Protein was eluted with 0.2 M glycine (pH 2.0) and 

neutralized with 1M Tris. Western blot analysis was performed with rabbit anti-PTTG-1 

(Life Technologies™) followed by goat anti-rabbit HRP (Sigma®). 
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Calculation of Dynein and NuMA in Mitotic Spindles 

Three dimensional image stacks were taken and a three dimensional region of 

interest was drawn around the mitotic spindles and separately around the entire cell. 

The ratio of fluorescence intensity was calculated by dividing the fluorescence intensity 

in the spindle region of interest by the total intensity of the cell. N > 25, and each 

experiment was repeated three times. 

Calculation of Centrosome Spread 

Images used for centrosome spread calculations were taken as three dimensional 

image stacks and maximum intensity plots were used to calculate the two dimensional 

spread. Because the cells are spread out on the coverslip the z dimension was very 

small in relation to both x and y and therefore not used in the calculation of geometric 

spread. The two dimensional spread was calculated using the ImageJ plug-in ‘Hull and 

Circle'. A region of interest was drawn around the centrosomes, which were identified by 

automatic thresholding of the fluorescence intensity and the area of the bounding circle 

was calculated from the minimal fitted polygon.  

FUCCI (Fluorescence Ubiquitination Cell Cycle Indicator) 

HeLa cells were transduced with Premo™ FUCCI Cell Cycle Sensor (Life 

Technologies™) according to the manufacturer’s instructions. When necessary, the 

cells were infected with Chlamydia after the transduction. The cells were then imaged 

live for 18 hours, collecting frames every 10 minutes. For infected cells, this time period 

captures 24-30 hours post infection. This experiment was repeated three times each for 

both uninfected and infected populations. Data sets were exported to an OMERO 

imaging data base (http://www.openmicroscopy.org/site/products/omero). The 

quantification tools available in OMERO were used for the live cell intensity plots.  

http://www.openmicroscopy.org/site/products/omero
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Soft Agar Assay 

The 3T3 soft agar transformation assay (Millipore) was performed according the 

manufacturer’s instructions. Briefly, 3T3 cells were mock-infected, infected (C. 

trachomatis or C. burnetii), or treated with UV light for 1, 3, and 5 minutes. The C. 

trachomatis, and C. burnetii infections were cured for 3-4 days with 50μg/mL and 

10μg/mL rifampicin (Fisher Scientific), respectively. The cells were allowed to recover 

from antibiotic treatment for 2-3 days and then plated with the appropriate controls onto 

minimum of four 6-well plates containing soft agar. The soft agar plates were fed with 

fresh media every 3-4 days, and incubated for approximately 28 days. After the 

incubation the cells were stained with the commercially available kit and the number of 

colonies per well were counted. These assays were repeated on 3-6 independent 

occasions.  

Mice 

K14-HPV-E7 mice were obtained from Paul Lambert, McArdle Laboratory for 

Cancer Research, University of Wisconsin Medical School, Madison, Wisconsin, and 

were generated as described previously (Herber et al., 1996). The transgene was 

maintained in a hemizygous state on the inbred FVB/N background. All mice were 

housed in American Association for Accreditation of Laboratory Animal Care-approved 

facilities at the University of Florida, and all animal manipulations were carried out in 

accordance with an Institutional Animal Care and Use Committee approved protocol. 

University of Florida Animal Care Services provided assistance with implantation of 

estrogen pellets.  
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Infection and Experimental Manipulation of Mice 

Groups of 8-10 week old female K14-HPV-E7 mice and their wild-type littermates 

were injected intraperitoneally with 2.5mg Depo-Provera (Pfizer) in 100μL sterile 

phosphate buffered saline (PBS) at 10, and 3 days prior to infection. At 6 days prior to 

infection, mice were anesthetized with isoflurane and continuous release estrogen 

pellets delivering 0.05mg 17ß-estradiol over 60 days (Innovative Research of America) 

were implanted subcutaneously in the dorsal skin. The mice were then infected via the 

vaginal vault with 1x105 inclusion-forming units (IFU) of Chlamydia muridarum (MoPn). 

Control groups for each set of mice were mock-infected with sucrose phosphate 

glutamate buffer [(SPG) 8mM sodium phosphate dibasic anhydrous, 2mM sodium 

phosphate monobasic, 220mM sucrose, 0.5mM L-glutamic acid]. Mice were sacrificed 

at 1 week post-infection. For three consecutive days prior to sacrifice, all groups 

received intraperitoneal injections of 200μg EdU (5-ethynyl-2’-deoxyuridine, Life 

Technologies™) in 50μL sterile PBS. 

The mice represented in Figure 4-5 received no estrogen treatment and were 

sacrificed 5 days after initial infection. Infection was carried out as above, however 

infected groups were reinfected on day 3 with an additional 1x105 IFU of Chlamydia 

muridarum. 

Verification of Infection 

Verification of genital tract infection was adapted from the Morrison laboratory 

(Morrison et al., 2011), and monitored as follows. The vaginal canal was swabbed with 

a calcium alginate tipped swab (Fisher Scientific), and the tip was then vortexed in 

500μL SPG with two sterile 4mm glass beads (Kimble Chase) for 2 minutes. Each 

sample was then diluted appropriately and 300μL of inoculum was placed onto McCoy 
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cells. The plates were centrifuged at 900 x g for 1 hour, followed by incubation at 37 C 

for 1 hour. After incubation the inoculum was removed and 500μL of fresh media 

[DMEM supplemented with 10% FBS, 15μg/mL gentamicin, and 0.25μg/mL Fungizone 

(amphotericin B, Life Technologies™)] was added. The infections were allowed to 

continue for 30 hours. The cultures were fixed with methanol and the number of IFUs 

was determined by indirect immunofluorescence as described above.  

Histopathology 

Whole murine reproductive tracts were harvested following sacrifice and placed in 

embedding cassettes (Fisher Scientific) with one sponge for compression. Reproductive 

tracts were fixed overnight at room temperature in 10% neutral buffered formalin (Fisher 

Scientific). The University of Florida Molecular Pathology Core performed paraffin-

embedding, sectioning, and hematoxylin and eosin (H&E) staining of all tissues. Paraffin 

blocks were sectioned, with the entire organ in one plane, at 4 and 10μm as specified in 

the figure legends. Two H&E slides, sectioned at different depths, from each animal 

were evaluated by a board certified pathologist (Larry Fowler) blinded to experimental 

condition. Cervical intraepithelial neoplasia (CIN) scores were determined according to 

the published system developed with K14-HPV-E7 mice (Riley et al., 2003). The 

grading system ranged from 1-6 arbitrary units and assessed the nucleus:cytoplasm 

ratio within squamous epithelial cells, the frequency of these cells in the squamous 

epithelium, and the architecture of the intersection between squamous epithelium and 

underlying vaginal or cervical stroma. A score of 1 corresponded to normal tissue, 2 = 

CIN I, 3 = CIN II, 4 = CIN III, score of 5 represented carcinoma in situ (CIS), and 

squamous cell carcinoma (SCC) received a score of 6. 
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Immunofluorescence Staining of Mouse Reproductive Tracts 

Formalin-fixed, paraffin-embedded tissue sections were deparaffinized in two 

changes of xylene for 10 minutes each and then dehydrated in 100% ethanol for 5 

minutes. The slides were then rehydrated through a graded ethanol series (95% and 

70%) for 5 minutes each, followed by a wash in dH20 for 5 minutes; all steps were 

carried out at room temperature. The slides were placed in sodium citrate buffer [10mM 

sodium citrate, 0.05% Tween 20, pH 6.0] at 96.5 C for 25 minutes. To allow the slides to 

cool to room temperature they were moved to a dH20 bath for 5 minutes. Sections were 

permeabilized overnight at 4 C with 0.1% Triton X-100 (Fisher Scientific) in 1X PBS. 

The slides were washed in 0.5% PBS-Tween 20 (Fisher Scientific), and then blocked 

with 10% normal goat serum (Life Technologies™) at room temperature for a minimum 

of 4 hours. Slides were washed with PBST and incubated with primary antibodies 

diluted in 10% normal goat serum for 24 hours. Primary antibodies consisted of mouse 

monoclonal anti-γ-tubulin (Sigma®), and mouse monoclonal anti-E-Cadherin (BD 

Biosciences). Chlamydia trachomatis was stained with human serum from male AB 

plasma purchased from Sigma. Tissues were washed three times for 30 minutes each 

in PBST and incubated in secondary antibody for 4-8 hours. To visualize the primary 

antibodies appropriate AlexaFluor® (Molecular Probes/Life Technologies™) conjugated 

secondary antibodies were used: 488/568/647 against mouse, or human 

immunoglobulin G (IgG). The far-red fluorescent DNA dye DRAQ5™ (Biostatus Limited) 

was used to visualize nuclei.  

Calculation of Cell Proliferation  

The rate of cell proliferation in mice was determined by uptake of the thymidine 

analog EdU (5-ethynyl-2’-deoxyuridine), with the use of the Click-iT® EdU kit per the 
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manufacturer’s instructions (Life Technologies). Briefly, tissue sections were treated for 

immunofluorescence as above, however before incubation with primary antibody, the 

Click-iT® reaction was performed to visualize EdU positive cells. For each animal, EdU 

positive cells were compared with the total number of cells present in a field of view. A 

minimum of 2000 cells were counted over 15-20 fields, and this was completed at two 

different depths within the transformation zone. 

Statistical Analyses 

Numerical data are presented as the mean ± SEM, unless otherwise noted, and 

were analyzed by the unpaired Student’s t-test to compare means between two groups 

using GraphPad Prism® 4 software, version 4.03 for Windows (GraphPad Software, San 

Diego, CA). 
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CHAPTER 3 
CHLAMYDIA TRACHOMATIS INFECTION CAUSES MITOTIC SPINDLE POLE 

DEFECTS INDEPENDENTLY OF ITS EFFECTS ON CENTROSOME 

AMPLIFICATION  

Chlamydia trachomatis Inhibits Centrosome Clustering 

Chlamydia trachomatis infection is the leading bacterial cause of sexually 

transmitted infection (STI) in the United States, approaching four million cases annually 

(Miller et al., 2004). If left untreated, chlamydial infections can lead to more serious 

sequela such as pelvic inflammatory disease, ectopic pregnancy and tubal infertility 

(Handsfield, 1983; Guderian and Trobough, 1986; Henry-Suchet et al., 1987; Kelver 

and Nagamani, 1989; Reniers et al., 1989; Garland et al., 1990; Martin, 1990; Cohen 

and Brunham, 1999). Chlamydia has also been reported as a cofactor for increased 

cancer rates in patients previously infected by human papillomavirus (HPV) (Koskela et 

al., 2000; Anttila et al., 2001; Smith et al., 2002; Wallin et al., 2002; Matsumoto et al., 

2003; Hinkula et al., 2004; Smith et al., 2004; Madeleine et al., 2007). At least 90% of all 

cervical carcinomas are associated with infection by high-risk HPV types 16 and 18 

(Muñoz et al., 2003), but only a small number of women infected with HPV progress to 

invasive cervical cancer (ICC) (Walboomers et al., 1999). Therefore, the development of 

ICC depends on cofactors in conjunction with HPV, such as other STIs, hormones, 

smoking and host genetic background and immunologic responses. 

The gain or loss of chromosomes due to mitotic defects can greatly accelerate 

tumor progression, and as a result, supernumerary centrosomes are seen in the 

carcinomas of many origins (Sluder, 2004; Saunders, 2005; Chi and Jeang, 2007). The 

                                            
Reprinted with permission from Knowlton, A.E., Brown, H.M., Richards, T.S., Andreolas, L.A., Patel, R.K., 
and Grieshaber, S.S. (2011). Chlamydia trachomatis infection causes mitotic spindle pole defects 
independently from its effects on centrosome amplification. Traffic (Copenhagen, Denmark) 12, 854-66. 
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presence of bipolar spindles at mitosis is critical for the proper segregation of 

chromosomes. Failure to form bipolar spindles results in chromosome segregation 

errors leading to chromosome instability, and ultimately aneuploidy (Sluder, 2004). We 

established previously that chlamydial infection induces centrosome number defects 

and multipolar spindles (Grieshaber et al., 2006). Recently, Johnson et al. confirmed our 

findings and showed that chlamydial infection disregulates the centrosome synthesis 

pathway (Johnson et al., 2009). However, the presence of multiple centrosomes does 

not necessarily lead to mitotic spindle defects. Cells with supernumerary centrosomes 

have the ability to suppress multipolar spindles and undergo normal bipolar mitosis by 

clustering centrosomes to form only two active organizing sites (Quintyne et al., 2005; 

Saunders, 2005). 

Clustering of centrosomes appears to require two mechanisms; organization of the 

microtubules by microtubule motor proteins and the spindle assembly checkpoint 

(SAC). The microtubule motor protein dynein along with the nuclear mitotic apparatus 

protein (NuMA) are proposed to focus microtubules allowing the cell to form bipolar 

spindles even in the presence of extra centrosomes (Merdes et al.,1996; Quintyne et 

al., 2005; Nguyen and Münger, 2009). The SAC, on the other hand, is a mechanism to 

monitor microtubule attachment to the kinetochores, delaying the onset of anaphase 

until the microtubules and chromosomes are properly organized (Basto et al., 2008). 

In the current study, we show that chlamydial-infected cells are unable to suppress 

the multi-centrosome phenotype to form bipolar spindles, as cells with preexisting extra 

centrosomes infected with Chlamydia are not able to sequester these centrosomes into 

functional bipolar spindles. This defect in centrosome clustering is not due to 
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deregulation of microtubule motor proteins, as dynein and NuMA are still present in the 

spindles and functional, but is instead due to coordinate events of increasing 

centrosome spread during interphase, as well as overriding the spindle assembly 

checkpoint (SAC) delay. This is likely an important factor in pathogenesis especially in 

co-infection with HPV. 

Results 

Centrosome Defects and Spindle Defects Are Linked 

We previously reported that chlamydial infection resulted in an increase in the 

number of cells with defective centrosome numbers as well as an increase of cells with 

multipolar spindles during mitosis. These two phenotypes, while functionally linked, are 

not mutually interdependent. It has recently become clear that eukaryotic cells have 

mechanisms to suppress the disruptive effects of extra centrosomes and can form 

normal bipolar mitotic spindles even when additional centrosomes are present 

(Quintyne et al., 2005). To further investigate the impact of chlamydial infection on both 

centrosome number defects as well as spindle pole organization defects, these 

phenotypes were quantitated over the time course of the chlamydial infectious cycle. 

The number of cells with centrosome number defects increased linearly over time 

before peaking at about 98% (Figure 3-1). The number of mitotic cells with spindle 

defects followed the same trend. The rate of increase in both centrosome number 

defects and spindle defects was plotted against each other resulting in a line that had a 

slope approaching 1 (0.76 ± 0.08; Figure 3-1A). The one-to-one linkage of these two 

phenotypes suggested that Chlamydia is inhibiting the innate centrosome clustering 

mechanism of mammalian cells reported by Quintyne et al. (Quintyne et al., 2005). 
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The linked increase in spindle pole defects with increased centrosome numbers 

was specific to chlamydial-infected cells. The overexpression of polo-like kinase-4 

(Plk4) induces supernumerary centrosomes. Transfection of GFP-Plk4 in HeLa cells led 

to a dramatic increase in average centrosome numbers but did not lead to an increase 

in spindle defects showing that HeLa cells can actively suppress the effects of extra 

centrosomes (Figure 3-1C,D). These data suggest that chlamydial infection is causing 

spindle pole defects in addition to increasing centrosome numbers. 

Chlamydial Infection Causes Spindle Defects Independently of Centrosome 
Number Defects 

To verify that chlamydial infection causes spindle defects independently from 

inducing centrosome number defects, we infected the murine neuroblastoma cell line 

N1E-115. This cell line has a unique phenotype in that cells possess a large number of 

extra centrosomes with every cell having more than two centrosomes (Quintyne et al., 

2005). However, these cells have predominantly normal bipolar spindles showing an 

inherent ability to suppress the effects of extra centrosomes on spindle organization. 

We hypothesized that infection of this cell type would allow us to separate the effects of 

chlamydial infection on centrosome number defects from effects on spindle 

organization. Neuroblastomas were infected for 36 h with C. trachomatis serovar L2. 

This time point was chosen as it corresponds with a dramatic increase in both spindle 

pole defects and centrosome number defects, but is well before cell lysis which occurs 

after 48 h infection with serovar L2. Infected neuroblastoma cells had elevated 

centrosome numbers when compared with uninfected cells, 11.8 ± 0.5 and 9.0 ± 0.5, 

respectively (Figure 3-2A). However, all the cells in both infected and uninfected 

populations had greater than two centrosomes. To investigate the effect of chlamydial 
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infection on spindle pole architecture, cells were stained for microtubules and the 

number of metaphase cells with improperly organized mitotic spindles was quantitated. 

The uninfected neuroblastoma cells were able to suppress the effects of extra 

centrosomes as only 33.5 ± 2.9% had multipolar spindles (Figure 3-2B). However, the 

spindle poles of infected cells were greatly disrupted with 71.7 ± 4.1% displaying a 

multipolar spindle phenotype at 36 h post-infection (Figure 3-2B). This dramatic 

increase in defective spindles cannot be explained by the modest increase in 

centrosomes per cell, as the percentage of cells with intrinsic centrosome number 

defects (100%) did not change. This suggested that Chlamydia not only induces 

centrosome number defects but also interferes with the cells’ innate ability to suppress 

the effects of extra centrosomes. 

Genital Serovars Also Cause Spindle Pole Defects 

The ability of a chlamydial infection to disrupt mitotic spindle organization may be 

an important virulence factor for Chlamydia’s epidemiological link to cervical cancer. We 

asked whether the more common STI-causing serovars caused the same clustering 

defect. Neuroblastoma cells were infected with serovars G and L2, and with the mouse 

pathogen C. muridarum. Chlamydia muridarum is used as a model for human 

reproductive tract diseases. Infection with all the three chlamydial strains resulted in 

increased spindle pole defects at similar levels to that of serovar L2 (Figure 3-2). 

Centrosome Function 

The primary function of the centrosomes is to act as the minus-end anchoring and 

nucleating site for microtubules. There are multiple mechanisms used by cells to 

suppress the effects of extra centrosomes, clustering and selective suppression of 

centrosome activity (Brinkley, 2001). To ask whether chlamydial infection affected the 
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ability of the centrosome to nucleate microtubules, neuroblastoma cells were 

transfected with GFP-EB1. EB1 is a plus-end microtubule tracking protein and labels 

the growing ends of the microtubules. The centrosomes of all the EB1-transfected N1E-

115 cells showed robust microtubule minus-end anchoring and nucleation, as shown by 

bright EB1 staining colocalizing with all centrosomes (Figure 3-3A). This staining pattern 

was unchanged in chlamydial-infected cells; every centrosome had equivalent amounts 

of EB1 fluorescence, showing that all the centrosomes in both infected and uninfected 

cells were functional. However, the centrosomes of the infected cells appeared to be 

more disorganized than in uninfected cells. 

To further examine the effect of chlamydial infection on centrosome function, a 

nocodazole washout was performed on uninfected and infected neuroblastoma cells to 

test the ability of centrosomes to nucleate microtubules following depolymerization. 

After nocodazole treatment and subsequent recovery, the centrosomes in uninfected 

and infected cells were compared at 0, 5, 10, 15, 20 and 25 min. Representative images 

from 0 and 25-min post-washout confirm that centrosomes from both uninfected and 

infected cells are equally able to reestablish microtubule nucleation. At 25-min post-

washout, there is a bright β-tubulin staining colocalizing with all the centrosomes (Figure 

3-3B). To this end, we also performed nocodazole washouts in HeLa cells and HeLas 

transfected with Plk4 resulting in similar staining patterns as with the neuroblastoma 

cells (Figures 3-4 and 3-5). 

Chlamydial Infection Increases the Spread of Extra Centrosomes During 
Interphase 

The physical grouping of centrosomes is a necessary step for normal bipolar 

mitosis. We hypothesized that chlamydial infection may affect the physical grouping of 
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centrosomes and that this may be a contributing mechanism to chlamydial induction of 

multipolar spindles. 

To answer this question, we measured the geometric spread of centrosomes in 

infected and uninfected interphase neuroblastoma cells. The geometric spread is a 

measure of the area taken up by a bounding circle that encompasses the cells’ 

centrosomes (Figure 3-6). The centrosomes in the uninfected neuroblastoma cells were 

clustered in an average area of 34.4 μm2 (Figure 3-6, center box) with the middle 50% 

clustered between 1.5 and 24 μm2 (Figure 3-6, box) and a fairly tight standard deviation 

of 69 (Figure 3-6, whiskers). This changed dramatically upon infection with C. 

trachomatis L2. The average area occupied by the geometric spread of the 

centrosomes was 122 μm2 (Figure 3-6, center box), with the middle 50% spread 

between 10 and 164.5 μm2 (Figure 3-6, box). The standard  deviation  was  also  much  

greater suggesting  much  more variability  in  the  localization of  the  centrosomes  

(Figure 3-6,  whiskers). This result suggests that chlamydial infection interferes with the 

cells’ ability to localize centrosomes together in a small area; perhaps making it more 

difficult to physically group the centrosomes into only two active spindle poles. 

Dynein Localization and Function 

Dynein localization to the spindle poles is reported to be necessary for focusing 

and clustering extra centrosomes in order to form normal bipolar mitotic spindles 

(Quintyne et al., 2005; Nguyen et al., 2008). We previously showed that chlamydial 

infection causes relocalization of centrosomes from their normal cellular position and 

that the microtubule motor protein dynein was necessary for this effect (Grieshaber et 

al., 2006). We also showed that dynein is recruited and maintained on the chlamydial 

inclusion (Grieshaber et al., 2003). For these reasons, we hypothesized that dynein 
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sequestration by the chlamydial inclusion was a probable mechanism for the decrease 

in centrosome clustering we observed. To measure this effect, we quantified the 

fluorescent signal of dynein staining in the spindle poles as a percentage of the total 

dynein fluorescence in the entire cell including the chlamydial inclusion. If dynein was 

sequestered by the chlamydial inclusion, we would expect that the percentage of the 

dynein fluorescence signal would be reduced in the spindles. However, just the opposite 

was observed, in uninfected neuroblastomas 18.4% of the total dynein fluorescence 

signal was present in the spindle poles. The percentage of dynein fluorescence signal in 

chlamydial-infected cells rose to about 32.7% (Figure 3-7A,B). This finding is probably 

the result of an increase in the number of spindles in mitotic cells due to a chlamydial 

infection. Thus, sequestration of dynein by the inclusion is not likely to be involved in the 

induction of mitotic spindle defects. Western blot analysis showed that the total amount 

of dynein in the cell was unchanged (Figure 3-7C). 

We next asked whether chlamydial infection affected dynein function in infected 

cells. Dynein is the major minus-directed motor protein complex in the cell and is 

responsible for the transport of a wide variety of cargo. We tested the effect of 

chlamydial infection on two cellular processes dependent on dynein trafficking; 

retrograde trafficking and trafficking to the lysosomes. Cells were infected with C. 

trachomatis L2 for 32 h and the delivery of fluorescently labeled Cholera toxin B subunit 

(CtxB) was measured. CtxB is delivered to the Golgi apparatus after binding to the lipid 

GM1 on the plasma membrane in a dynein-dependent manner. Fluorescently labeled 

transferrin (Tf) was used to measure dynein-dependent trafficking from the plasma 

membrane to the lysosome. Intensity plots demonstrate that in both chlamydial infected 
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and uninfected HeLa cells, Tf and CtxB are efficiently delivered from the plasma 

membrane to the perinuclear region by 30 min post-infection (Figure 3-7D). Normalizing 

the percentage of the fluorescent signal delivered over time showed that there was no 

delay, as the rate of delivery was not affected by chlamydial infection. 

Chlamydial nascent inclusions also require dynein function for delivery to the 

microtubule organizing center (MTOC) of the host cell. To determine if chlamydial 

infection impacted nascent inclusion trafficking, we infected cells with C. trachomatis 

serovar G for 24 h followed by a 4 h infection with C. trachomatis serovar L2. Antibodies 

specific for serovar L2 were used to differentiate between the established serovar G 

chlamydial infection and the trafficking of the early nascent L2 inclusions. In both 

uninfected and serovar G-infected cells, the L2 inclusions were delivered efficiently to 

the MTOC of the cells with >95% of the L2 signal delivered to the perinuclear region 

(Figure 3-7E). 

Chlamydial Infection Does Not Alter the Recruitment of NuMA to the Mitotic 
Spindle 

NuMA is a nuclear protein that localizes to the mitotic spindle during mitosis. In the 

spindle, NuMA is complexed with dynein and is required for spindle architecture. 

Decreased amounts of NuMA in mitotic spindles inhibit centrosome clustering and lead 

to multipolar spindles in many cancers (Merdes et al., 1996; Gaetz and Kapoor, 2004; 

Quintyne et al., 2005). We therefore, asked if chlamydial infection caused defects in 

NuMA localization that could potentially be a mechanism for spindle defects. To 

measure NuMA localization, neuroblastoma cells were transfected with a plasmid 

expressing GFP-tagged NuMA and the percentage of NuMA recruited to the spindles in 

relation to total GFP signal in the cell was calculated. In uninfected cells, 26.7% of the 
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GFP signal was present in the spindles and after infection with C. trachomatis L2 at 36 

hr post-infection this increased slightly to about 28.7% of the GFP signal present in the 

mitotic spindles (Figure 3-8). This is consistent with the results from the dynein 

recruitment experiment and is probably due to chlamydial infection increasing the 

number of mitotic spindles. 

Taken together, these experiments show that chlamydial infection does not cause 

multipolar spindles by inducing gross defects in the microtubule motors involved in 

centrosome focusing. However, chlamydial infection does lead to a disorganization of 

the centrosomes, likely by interfering with the local microtubule organization near the 

chlamydial inclusion. 

Chlamydial Infection Inhibits the Function of the SAC  

Clustering additional centrosomes to form bipolar spindles requires two 

mechanisms. The first is the dynein/NuMA focusing pathway which clusters extra 

centrosomes and nucleates the microtubules into spindles, and the second is to delay 

mitosis to allow time for the microtubules and centrosomes to properly organize (Basto 

et al., 2008). To determine if chlamydial infection affects the timing of mitosis, we 

measured the mitotic index and determined the stages of mitosis in infected and 

uninfected HeLa cells. The mitotic index is determined by calculating the ratio of cells in 

mitosis, as determined by the phosphorylation of Histone H3 to total interphase cells, 

and provides a measure of the time it takes to complete mitosis. Uninfected cells had a 

mitotic index of about 8.1%, whereas in infected cells the index dropped to 3.8%. To 

show that this drop was caused by a decrease in the time cells took to complete mitosis, 

we measured the frequency of cells in S phase by measuring DNA synthesis rates. The 

proportion of cells in S phase did not significantly change after infection with Chlamydia 



 

45 

as the percentage of 5-ethynyl-2’-deoxyuridine (EdU)-positive cells was the same 

between uninfected and infected cells, 61.9 ± 4.8 versus 60.6 ± 5.2, respectively (Figure 

3-9A). To determine the stage of mitosis chlamydial infection was affecting, we 

categorized the mitotic cells. In the uninfected cell population, 7 ± 1% were in prophase, 

30 ± 1% in prometaphase, 37 ± 1% in metaphase, 12 ± 1% in anaphase, and 14 ± 1% 

in telophase. However, in the L2-infected population there was a significant shift from 

metaphase to prometaphase while the other stages did not change significantly (Figure 

3-9B). In the infected population, metaphase dropped to 21 ± 2% and prometaphase 

increased to 54 ± 3%. This shift was significantly different from the uninfected 

population with a p-value <0.001. The difference between prometaphase and 

metaphase is the organization of the chromosomes at the metaphase plate. The shift to 

prometaphase in the context of a lower mitotic index suggests that cells are entering 

anaphase before the chromosomes are completely aligned. 

To verify that chlamydial-infected cells were exiting mitosis early, we measured the 

length of mitosis using the fluorescence ubiquitination cell cycle indicator system 

(FUCCI) (Sakaue-Sawano et al., 2008). HeLa cells were transduced with modified 

baculovirus encoding the two fluorescent proteins that respond to changes in the cell 

cycle. Multiple cells were imaged for 18 h using live cell microscopy. Example cells are 

shown (Figure 3-10A). The timing of mitosis was plotted by normalizing the start of 

mitosis to the first frame before nuclear membrane breakdown (NMBD) and the green 

fluorescent intensity (GFP-geminin) was normalized to the fluorescent signal in the 

nucleus at this time point. Relative signal intensity was plotted as a function of time 

(Figure 3-10B). Complete degradation of GFP-geminin (loss of green fluorescence) was 
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used as the marker for mitotic exit. The graph in Figure 3-10B represents the average 

time and intensity for four infected and five uninfected cells. The infected cells spent an 

average of 29 min less time in mitosis than the uninfected cells (53 ± 4 mins versus 82 ± 

8 min, respectively; Figure 3-10C). 

Taken together, these experiments show that the chlamydial-infected cells 

progress normally though the cell cycle but exit metaphase before the chromosomes 

are properly aligned. Delay of the onset of anaphase until all the chromosomes are 

aligned during metaphase is mediated by the SAC. Eukaryotic cells use the SAC as a 

safety mechanism to ensure the fidelity of chromosome segregation (Musacchio and 

Salmon, 2007). The SAC is switched off by the activity of the anaphase-promoting 

complex (APC). The APC ubiquitylates securin and cyclin B1, thereby activating the 

protease separase and inactivating the cyclin-dependent kinase-1 (Cdk1). Separase 

then cleaves cohesin complexes that hold the sister chromatids together and initiates 

sister-chromatid separation. Cdk1 inactivation leads to the dephosphorylation of Cdk1 

substrates by protein phosphatases, and by that means enables exit from mitosis 

(Peters, 2006). Previous studies have indicated that chlamydial infection can lead to 

degradation of cyclin B1 (Balsara et al., 2006; Paschen et al., 2008). We hypothesized 

that the observed early onset of anaphase in chlamydial-infected cells was due to 

degradation of cyclin B1 and securin. To test whether cyclin B1 and securin were 

degraded during a chlamydial infection, mitotic cells were harvested using a mitotic 

shake off and the levels of cyclin B1 and securin were measured by western blot and 

immunoprecipitation, respectively. Securin levels were measured using 

immunoprecipitation, as it was present in much lower quantities than cyclin B1. In the 
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chlamydial-infected mitotic cells, nearly all the cyclin B1 was cleaved as a lower 

molecular weight band appeared and the expected 48 kDa band disappeared (Figure 3-

11A). The securin immunoprecipitation experiments demonstrated that securin was also 

degraded in the chlamydial-infected cells. GAPDH was used as a loading control 

(Figure 3-11B). 

Cyclin B1 is cleaved by a chlamydial protease-like activity factor (CPAF) secreted 

into the cytosol of infected cells (Balsara et al., 2006; Paschen et al., 2008). To 

determine if securin was similarly cleaved by a secreted protease, we purified the 

cytosolic fraction from infected cells using the method reported for CPAF purification 

(Zhong et al., 2001). The cytosolic fraction was incubated with mitotic host proteins and 

a western blot was performed to analyze the degradation. Cyclin B1 and securin were 

both cleaved after incubation with infected cytosolic lysate and compared with keratin 8 

as a control (Figure 3-11C). In the immunoprecipitation experiments we observed 

complete disappearance of the securin signal, whereas in the cell-free degradation 

assay we observed cleavage of the protein. We believe this is because we precipitate 

with a C-terminally targeted antibody and attempted detection with an N-terminally 

target antibody. 

Discussion 

In previous studies, we showed that the chlamydial inclusion acquires the dynein 

motor protein and initiates migration from the cell periphery to the MTOC early after 

entry (Grieshaber et al., 2003). The interaction between dynein and the chlamydial 

inclusion continues throughout the chlamydial life cycle (Grieshaber et al., 2006). This 

association results in centrosome number defects and centrosome mislocalization 

(Grieshaber et al., 2006). Recently, Johnson et al. confirmed centrosome amplification 
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and showed that chlamydial infection disregulates centrosome duplication (Johnson et 

al., 2009). We have also shown that infected cells display an increased frequency of 

multipolar mitotic spindles(Grieshaber et al., 2006). Multipolar spindles are found in 

many cancers and lead to an increase in chromosome instability that can be an 

important step in cellular transformation. The mechanisms that regulate spindle 

bipolarity and organization are not completely understood. However, centrosome 

number defects play a necessary role in this process. Supernumerary centrosomes 

provide extra nucleation sites for the formation of aberrant spindles. Extra centrosomes 

do not always lead to multipolar spindles as eukaryotic cells have multiple mechanisms 

to suppress the effects of too many centrosomes. 

In this study, we showed that chlamydial infection causes spindle defects during 

mitosis independently of its effect on centrosome amplification. Proper spindle formation 

in the presence of extra centrosomes requires at least two major cellular functions; 

centrosome clustering and a delay in mitosis for the   clustering-focusing pathway to 

successfully form only two spindle poles. The centrosome clustering and spindle-

focusing pathway require localization of both dynein and the NuMA protein in the mitotic 

spindles (Merdes et al., 1996; Quintyne et al., 2005). We were surprised to find that 

chlamydial infection did not measurably affect the recruitment of either of these proteins 

to the mitotic spindle, or did infection affect diverse dynein functions within the cell. We 

initially hypothesized that, like the mechanism in many cancer cells, sequestration of 

dynein by the chlamydial inclusion would lead to a loss of dynein and NuMA in the 

spindles and would be a likely mechanism for the disruption of centrosome clustering 

(Merdes et al., 1996; Quintyne et al., 2005). Instead, it appears that infection with 
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Chlamydia induces spindle defects by disrupting centrosome organization during 

interphase and inhibiting mitotic arrest. 

Chlamydial infection of cells (cell line N1E-115) with inherent centrosome number 

defects resulted in an increase in the spread of the supernumerary centrosomes. This 

result is probably mediated by the same mechanism that leads to displacement of the 

centrosomes from their normal juxtanuclear position in cells with normal centrosome 

numbers (Grieshaber et al., 2006). We have previously shown that the centrosomes 

interact directly with the chlamydial inclusion and that this interaction is mediated by 

dynein (Grieshaber et al., 2006). We believe that the increase in the spread of 

supernumerary centrosomes caused by chlamydial infection is the result of a direct cis-

interaction between the chlamydial inclusion and centrosomes mediated by dynein. This 

spread is likely due to a direct interaction with the chlamydial inclusion prohibiting 

normal centrosome movement. 

Chlamydial infection significantly decreased the mitotic index of infected cells but 

did not change the rate of S phase in the cell cycle. Other labs have also reported that 

chlamydial infection does not significantly change the length of the cell cycle (Campbell 

et al., 1989; Greene and Zhong, 2003; Greene et al., 2004). Infection also leads to a 

shift in the mitotic cells of the infected population from metaphase to prometaphase. 

These data suggest that infected cells are spending less time in mitosis and 

prematurely transitioning from metaphase to anaphase, indicating that infection inhibits 

the function of the SAC. The SAC acts to arrest mitosis, giving the spindles and the 

chromosomes time to properly attach and align at the metaphase plate. It is triggered by 

unattached kinetochores and lack of tension between sister chromatids (Musacchio and 
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Salmon, 2007). The SAC arrests mitosis by negatively regulating cdc20 activation of the 

APC which mediates polyubiquitylation of cyclin B1 and securin (Musacchio and 

Salmon, 2007). It is the inhibition of the degradation of these two proteins that keeps the 

cell from progressing to anaphase (Musacchio and Salmon, 2007). We show here that 

chlamydial infection actively overrides cell cycle arrest by causing the degradation of the 

two targets of the APC; cyclin B1 and securin. We do not yet know what chlamydial 

factor(s) are involved in the cleavage of securin but it is likely that the chlamydial 

effector CPAF is involved as it has been shown to target cyclin B1 (Balsara et al., 2006; 

Paschen et al., 2008). Other factors may also contribute to chlamydial regulation of the 

cell cycle. For example, the type III secretion effector CT847 is reported to interact with 

the host cellular Grap2 cyclin D-interacting protein (GCIP) and is proposed to drive 

chlamydial-infected cells through the G1/S cell cycle checkpoint (Chellas-Géry et al., 

2007).  

Taken together, these data in combination with the data from Johnson et al. 

support the idea that chlamydial infection actively promotes spindle defects and 

chromosome instability by affecting at least three independent cellular pathways, 

disregulation of centrosome duplication (Johnson et. al.), capture of centrosomes 

through dynein resulting in mislocalization of centrosomes (this study) and lastly, 

overriding the SAC-driving infected cells through mitosis in the presence of spindle 

defects and unaligned chromosomes. 

The role that disregulation of the SAC plays in the chlamydial infectious cycle is 

not clear, as most of the cells infected by a natural chlamydial infection are terminally 

differentiated. However, one class of cells that would be impacted by the inhibition of 
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cell cycle checkpoints leading to increased spindle defects are cells coinfected with 

HPV. We hypothesize that the combined effects of centrosome number defects, 

increases in centrosome spread, and inhibition of the SAC and other cell cycle 

checkpoints may contribute to cervical cancer in patients previously infected with HPV. 
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Figure 3-1. Centrosome abnormalities correlate with spindle dysfunction. A) HeLa cells 
were infected with Chlamydia trachomatis serovar L2, and fixed at 0, 24, 32, 
and 48 hours post-infection. Cells were stained with anti-γ-tubulin for 
centrosomes (green), anti-β-tubulin for spindle poles (red), and with human 
serum for Chlamydia (blue). The percentage of infected cells with greater 
than two centrosomes and greater than two spindle poles were counted for 
each time point (mock-infected cells were counted for the 0 hr time point). A 
linear regression model generated a positive slope of 0.76 ± 0.1, and r2=0.97. 
B) Representative confocal micrograph, displaying an infected multipolar cell, 
and an uninfected bipolar cell. C) HeLa cells were transfected with GFP-Plk4. 
Centrosomes (arrows) were stained with anti-γ-tubulin (green), centrosomes 
from transfected populations were easily identified as GFP positive. The 
uninfected cells were co-stained for DNA (blue), the infected cells were co-
stained for Chlamydia (red). The GFP-Plk4 transfected cells were co-stained 
for microtubules (red) and DNA (blue). The cells were counted for both 
uninfected and infected populations resulting in 2.2 ± 0.1 average 
centrosomes per cell, and increasing to 3.2 ± 0.3 average centrosomes/cell 
36 hours post-infection. The Plk4 transfected cells were counted for GFP 
positive centrosomes and this population contained 3.7 ± 0.2 average 
centrosomes/cell, n > 150 for each population. D) Spindle poles (arrows) were 
stained with anti-β-tubulin and quantitated by counting the percentage of cells 
with more than two spindle poles in the uninfected, infected, and GFP-Plk4 
transfected populations resulting in 5.5 ± 0.8 48.3 ± 3.4, and 5.0 ± 4.0 percent 
multipolar spindles, respectively. The percentage of cells with multipolar 
spindles is significantly higher in infected cells compared to Plk4 positive 
cells, p=0.0012 (Student’s t-test) n > 100 for each population. The 
representative confocal micrographs are co-stained as above, with the 
exception of the infected cell, in which Chlamydia is also stained with the 
DNA dye DRAQ5™. Scale bars, 5μm. 
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Figure 3-2. Chlamydial infection induces slight centrosome amplification, but significant 
spindle defects in neuroblastomas. A) Uninfected neuroblastomas were 
stained with anti-γ-tubulin for centrosomes (green), and DNA (blue). 
Neuroblastomas were infected with serovars L2, G, and Chlamydia 
muridarum (MoPn) and then stained for centrosomes (green), and Chlamydia 
(red). The cells were imaged, and the centrosomes (arrows) were then 
counted for each population, n > 150. The uninfected cells averaged 9 ± 0.5 
centrosomes/cell, and the infected cells averaged 11.8 ± 0.5, 12.5 ± 0.7, and 
14.5 ± 1.2 centrosomes/cell, respectively. B) For spindle pole quantification 
uninfected neuroblastomas were stained with anti-β-tubulin for spindle poles 
(green), and DRAQ5™ (blue). Infected neuroblastomas were stained for 
spindles (green) and for Chlamydia (red). Mitotic cells were counted for each 
population (arrows), n > 100. The infected population is 71.7 ± 4, 72.3 ± 2.4, 
and 72.1 ± 3.4 percent multipolar, respectively, compared to 33.5 ± 2.9 
percent multipolar in uninfected controls. *p < 0.0015 (Student’s t-test). Scale 
bars, 5μm. 
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Figure 3-3. Centrosome function is not inhibited by chlamydial infection. A) Uninfected 
and infected neuroblastomas were transfected with GFP-EB1 (green), a plus-
end microtubule tip- tracking protein. The cells were subsequently stained for 
centrosomes (red), and Chlamydia (blue) as necessary. The cells were 
imaged by confocal microscopy to evaluate the function of the centrosomes 
after infection. B) Neuroblastomas were incubated with nocodazole and 
allowed to recover. The cells were fixed and stained at sequential time points 
during recovery for centrosomes (green), microtubules (red), and Chlamydia 
(blue) as necessary. The panels at time zero exhibit confocal images of cells 
at the time of washout. The panels at 25 minutes display cells that have been 
allowed to recover for 25 minutes after washout. Scale bars, 5μm. 
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Figure 3-4. Chlamydial infection has no affect on centrosome ability to nucleate 
microtubules. HeLa cells were incubated with nocodazole and allowed to 
recover. The cells were fixed and stained at sequential time points during 
recovery for centrosomes (green), microtubules (red), and Chlamydia (blue) 
as necessary. The panels at time zero exhibit confocal images of cells at the 
time of washout. The panels at 25 minutes display cells that have been 
allowed to recover for 25 minutes after washout. Scale bars, 5μm 
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Figure 3-5. Plk4-induced extra centrosomes have no affect on centrosome ability to 
nucleate microtubules. HeLa cells were transfected with GFP-Plk4 incubated 
with nocodazole and allowed to recover. The cells were fixed and stained at 
sequential time points during recovery for centrosomes (green), and 
microtubules (red). The panels at time zero exhibit confocal images of cells at 
the time of washout. The panels at 25 minutes display cells that have been 
allowed to recover for 25 minutes after washout. Scale bars, 5μm. 
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Figure 3-6. Chlamydial infection affects centrosome positioning in interphase cells. A) 
Both uninfected and infected neuroblastomas were stained for centrosomes 
(green), microtubules (red), and DNA (blue). The chlamydial inclusion is 
demarcated with an arrow. The area within the bounding circle translates to 
the geometric spread of the centrosomes (inset). B) The box and whisker plot 
demonstrates the uninfected population have centrosomes that are clustered 
within an average area of 34.4μm2 (small box) ± 69.1 (standard deviation, 
whiskers), and the middle 50% of uninfected cells have centrosomes 
clustered within an area of 1.5 to 24µm2 (large box). The infected cells 
contain centrosomes that are spread over a larger distance with a mean 
average area of 121.9μm2 ± 149.8, with the middle 50% spread between 10 
and 164.5µm2, n < 76 for each population. Scale bars, 5μm. 
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Figure 3-7. Dynein localization and function is unaffected by chlamydial infection. A) 
ImageJ was used to measure the relative fluorescence intensity of uninfected 
and infected cells stained with anti-dynein IC (mAb 74.1).  Figure A 
demonstrates how the images are processed. Scale bars, 5μm. B) The 
relative dynein percentages in the spindles of the infected and uninfected 
populations was measured, n > 50, and the experiment was repeated three 
times. The uninfected cells contain 18.4 ± 1 percent dynein in the spindles 
and the infected cells contain 32.7 ± 2 percent dynein, *p < 0.0001 (Student’s 
t-test). C) This was confirmed by western blot. D) Dynein trafficking function 
was determined by measuring the delivery of Alexa-transferrin (Tf) or Alexa-
Cholera toxin B subunit (CtxB) to the peri-nuclear region of the cell in 
uninfected and infected cells. The fluorescence intensity of Tf and CtxB was 
determined at 0, 15, and 30 minutes post incubation with the endocytic 
markers. There was no significant difference in the delivery of Tf or CtxB in 
uninfected or infected cells. E) Furthermore, dyenin-dependent delivery of 
Chlamydia serovar L2 was not affected by previous infection of cells with 
serovar G. 
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Figure 3-8. Chlamydial inhibition of centrosome clustering occurs independently of 
NuMA. A) Neuroblastomas were transfected with the construct GFP-NuMA. 
Mitotic, GFP-NuMA-positive cells were measured for NuMA association with 
the spindles using ImageJ. The spindles were stained with β-tubulin (red), 
and Chlamydia (blue). Scale bars, 5μm. B) There was no significant 
difference in the in the relative amount of NuMA associated with the spindles 
in uninfected or infected populations, 26.7 ± 2 and 28.7 ± 2 percent, 
respectively. 
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Figure 3-9. Examination of the cell cycle demonstrates Chlamydia overrides the SAC. 
A) The mitotic index of infected cells significantly decreases from 8.1 ± 0.4 to 
3.8 ± 0.6 percent mitotic uninfected cells, p = 0.0044. The rates of DNA 
synthesis in HeLas measured by incorporation of EdU, remained the same in 
uninfected and infected cells (62 ± 4.8 vs 60.5 ± 5.2 percent cells positive for 
EdU). B) Analysis of uninfected and infected (32hrs) HeLa cells during the 
different stages of mitosis revealed that cells undergo a shift from metaphase 
(36.6 ± 1.3 percent cells in metaphase) to prometaphase (54.0 ± 3.2 percent 
cells in prometaphase) during infection, p < 0.001 (Student’s t-test).  
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Figure 3-10. Chlamydia induces early mitotic exit as shown by FUCCI analysis. HeLa 
cells were transduced with FUCCI and imaged live by confocal microscopy. 
Time spent in mitosis was determined by assessing the time from nuclear 
membrane breakdown (NMBD) to complete degradation of GFP. A) Each 
panel contains a representative image from uninfected and infected cells in 
G2 (0 minutes), the start of mitosis (NMBD, 10 minutes), and mitotic exit 
(variable time). Scale bars, 5μm. B) The relative fluorescence intensity is 
normalized to time zero and the plot displays the decrease in fluorescence 
intensity from NMBD to mitotic exit (arrows). Each point represents the 
average normalized fluorescence intensity for 4 infected cells and 5 
uninfected cells. C) The average time spent in mitosis is quantified in the 
graph. The time for uninfected cells is 53 ± 3 minutes, and 82 ± 8 minutes for 
infected cells, p = 0.018. 
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Figure 3-11. Chlamydial infection leads to the degradation of cyclin B1 and securin. 
Uninfected and infected lysates of HeLa cells were examined for the SAC 
proteins cyclin B1 and securin. A) Western blot analysis of uninfected and 
infected lysates for cyclin B1 displayed cleavage of cyclin B1. B) Securin was 
analyzed by IP followed by western blot analysis which also demonstrated 
degradation in infected lysates. C) A cell-free degradation assay was 
performed. Cyclin B1 and securin cleavage occurs in the presence of 
cytosolic chlamydial proteins.  
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CHAPTER 4 
EVIDENCE OF CHLAMYDIAL INDUCED CELL DEFECTS IN VIVO 

Chlamydia Affects Dividing Cells In Vitro and In Vivo 

Chlamydiae are bacterial pathogens that infect epithelial cells and are responsible 

for a wide range of diseases in both animal and human hosts. Chlamydia trachomatis, a 

human pathogen, is comprised of over 15 distinctive serovars some of which are 

responsible for trachoma; the leading cause of preventable blindness, as well as the 

most commonly acquired sexually transmitted infection of bacterial origin. In women, 

untreated genital infections can result in devastating consequences such as pelvic 

inflammatory disease, ectopic pregnancy, and even infertility (Schachter, 1999; Belland 

et al., 2004). Every year, there are over 4 million new cases of Chlamydia in the United 

States (Miller et al., 2004) and an estimated 92 million cases worldwide (WHO, 2001). 

This study will also focus on Chlamydia muridarum, formerly the murine serovar of C. 

trachomatis referred to as mouse pneumonitis (MoPn). Despite the differences in tissue 

tropism C. trachomatis and C. muridarum share a very similar genome (Stephens et al., 

1998; Read et al., 2000) Although C. muridarum causes no known disease in humans it 

is extensively used as a model in studying human reproductive tract disease, as 

infection of mice with C. muridarum closely resembles the pathology of genital infection 

with C. trachomatis (Patton et al., 1989; Cotter et al., 1995; Shah et al., 2005).   

Infection with Chlamydia trachomatis has been epidemiologically linked to 

increased rates in cervical cancer in women who are co-infected with human 

papillomavirus (HPV) (Koskela et al., 2000; Anttila et al., 2001; Smith et al., 2002; Wallin 

et al., 2002; Matsumoto et al., 2003; Hinkula et al., 2004; Smith et al., 2004; Madeleine 

et al., 2007). Cervical cancer is the second most common cancer of women worldwide 
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(Woodman et al., 2007). Greater than 90% of cervical cancers are associated with high 

risk HPV types 16 and 18, but there is a considerable time gap between exposure to 

HPV and development of cervical cancer (Walboomers et al., 1999). This is attributed to 

the fact that HPV is a necessary but insufficient cause of cervical cancer, and many 

studies have been conducted to investigate other risk factors that are involved in 

progression of the disease, including smoking, exposure to hormones, and the host’s 

immune system among others (zur Hausen, 1996; Madeleine et al., 2007).  

We have previously shown that chlamydial infection stimulates aberrant 

centrosome amplification. Centrosome abnormalities result in spindle architecture 

defects during mitosis, and chlamydial induced defects during mitosis lead to 

chromosomal segregation errors, failure in cytokinesis, and aneuploidy (Grieshaber et 

al., 2006; Knowlton et al., 2011; Brown et al., 2012). These cellular defects are apparent 

in cancerous lesions of almost every origin (Pihan et al., 1998; Lingle et al., 2002; zur 

Hausen, 2002; Pihan et al., 2003; Nigg, 2006; Ganem et al., 2009). We hypothesize that 

the transformative phenotypes Chlamydia infection induces in vitro can contribute to 

transformative defects in vivo. 

In this study we show host cell division is a major requirement for chlamydial 

induced cell defects to arise. We demonstrate chlamydial infection can transform 3T3 

cells in vitro leading to anchorage independence and the formation of colonies in soft 

agar. We utilize a mouse model to demonstrate Chlamydia muridarum is able to infect 

actively replicating cells in vivo. We also determine infection with Chlamydia induces 

significant increases in cell proliferation within the cervix in mice that are transgenic for 

HPV oncoprotein E7 as well as their wild-type littermates. This infection corresponds 
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with progression to moderate cervical dysplasia in these mice. The development of 

cervical dysplasia is likely an important factor in defining a role for Chlamydia in cervical 

cancer development.  

Results 

The Chlamydial Induced Cytopathic Effects of Centrosome Amplification, 
Multipolar Spindles, and Multinucleation are Dependent on Cellular Replication 
and Not Dependent on Coexpression of Any Particular Oncogenes 

We have previously described that chlamydial infection induces multipolar 

spindles, centrosome amplification, and multinucleation in HeLa cells. HeLa cells are a 

cervical cancer cell line that express components of the HPV18 genome including the 

E6 and E7 oncoproteins (Schwarz et al., 1985). We and others have demonstrated that 

the induction of multipolar spindles, centrosome amplification, and multinucleation all 

require progression through the cell cycle (Greene and Zhong, 2003; Johnson et al., 

2009; Knowlton et al., 2011). To determine if the oncogenes expressed in HeLa cells 

were required for any of these phenotypes we measured the rates of centrosome 

amplification, multipolar spindle formation, and multinucleation in a variety of cells that 

replicate in culture (Figure 4-1). We tested End1/E6E7, COS-7, and 3T3 cells. End1 

(ATCC CRL-2615) cells are an endocervical cell line established from normal epithelial 

tissue and immortalized by transduction with the retroviral vector LXSN-16E6E7 

(Fichorova et al., 1997). These cells express the E6 and E7 oncogenes from HPV-16. 

COS-7 cells are an African green monkey kidney fibroblast-like cell line derived by 

transformation with an origin defective mutant of SV40 which codes for wild-type T 

antigen (Gluzman, 1981). The 3T3 cell line was established from disaggregated Swiss 

mouse embryos and spontaneously developed immortality but retain anchorage 

dependence (Todaro and Green, 1963). 
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We infected End1, COS-7, and 3T3 cells for 36 hours with C. trachomatis, serovar 

L2. We chose this time point because it corresponds with centrosome and spindle 

abnormalities as we have previously described. Compared with their uninfected 

counterparts End1 cells had elevated numbers of centrosomes, from 2.5 ± 0.1 to 3.5 ± 

0.1 centrosomes/cell, respectively. These cells also displayed a significant increase in 

multipolar spindle formation, from 21.2 ± 4.6 percent in uninfected cells to 73.7 ± 2.0 

percent. Upon infection End1 cells also demonstrated a significant increase in the 

percentage of multinucleated cells from 6.7 ± 0.8 to 36.6 ± 3.3 percent (Figure 4-1A). 

We also investigated COS-7 cells, and upon infection had increased numbers of 

centrosomes, from 2.1 ± 0.03 centrosomes/cell to 2.8 ± 0.2, respectively. There was 

also a significant increase in the formation of multipolar spindles after chlamydial 

infection from 15.5 ± 0.8 percent multipolar to 30.0 ± 2.9 percent. Multinucleated cells 

accumulated significantly from 13.9 ± 1.9 percent to 37.1 ± 0.8 percent multinucleated 

(Figure 4-1B). The 3T3 fibroblasts displayed a similar trend, with a significant increase 

in centrosome number from 2.2 ± 0.1 to 3.2 ± 0.1 centrosomes/cell. The formation of 

multipolar spindles increased significantly from 5.5 ± 0.9 percent multipolar to 41.2 ± 3.5 

percent. The presence of multinucleated 3T3s increased moderately from 2.9 ± 0.01 

percent to 4.8 ± 0.1 percent multinucleated (Figure 4-1C). Although the 3T3 cells had 

only a modest but significant increase in multinucleated cells infection with Chlamydia 

was still able to induce centrosome abnormalities and spindle assembly difficulties. In all 

cases after infection the cells contained amplified centrosomes, increased rates of 

multipolar spindles and an accumulation of multinucleated cells. These results support 
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the hypothesis that the only cellular cofactors required for these phenotypic effects is 

cellular replication. 

Infection of NIH3T3 Cells Induces Anchorage Independence 

To determine if these potentially transforming phenotypes induced by chlamydial 

infection could lead to cellular transformation we infected 3T3 cells with C. trachomatis 

L2 at a MOI of 10 to reach a high probability that every cell was infected. These cells 

were cured of the infection with rifampicin for four days and allowed to recover for an 

additional three days. The cured 3T3 cells were then plated in soft agar and allowed to 

grow for 28 days (Figure 4-2B). In vitro cellular transformation detection assays are 

commonly used to measure the morphological changes in cellular phenotypes induced 

by carcinogens and other insults (DiPaolo et al., 1969; Lasne et al., 1974; Yoheved et 

al., 2004). Transformation associated with phenotypic changes, such as 3T3 

anchorage-independent growth, can be easily assayed by quantifying colony formation 

in soft agar (Shin et al., 1975). 

When infected and cured 3T3s were plated in soft agar we saw a significant 

increase in colony formation compared to mock-infected and cured 3T3s; the mock-

infected cells had an average of 1.7x10-4 ± 3.1x10-5 colonies/well, and the cured 3T3s 

had a dramatic increase in colony formation with an average of 1.5x10-3 ± 2.6x10-4 

colonies/well (Figure 4-2A). As a control for transformation we exposed 3T3 cells to 

ultraviolet (UV) light for 1, 3, and 5 minutes. We saw a significant increase in colony 

formation at 1 and 3 minutes compared to mock-infected colonies, 9.9x10-4 ± 1.5x10-4 

colonies/well and 1.8x10-3 ± 2.9x10-4, respectively. At 5 minutes of UV exposure there 

was a decrease in the number of colonies/well compared to 1 and 3 minutes, at 1.4x10-3 

± 1.6x10-4, and we attribute this to cell death due to excessive DNA damage from UV 
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exposure. To verify that colony formation from infected and cured cells was a 

Chlamydia-specific effect and not the result of intracellular infection or of secondary 

effects from a large bolus of material like the inclusion, we also infected cells with the 

obligate intracellular bacterium Coxiella burnetii. C. burnetii lives within a 

parasitophorous vacuole (PV) inside the host cell, and the volume of the Coxiella PV 

can occupy a large portion of the cytoplasm much like the chlamydial inclusion (Howe 

and Heinzen, 2006). When we infected and cured 3T3 cells of C. burnetii infection there 

was no increase in colony formation compared to mock-infected controls at 3.3x10-5 ± 

2.3x10-5 colonies/well. The resulting colony formation indicates that Chlamydia 

trachomatis has the ability to induce transformation of 3T3 cells in vitro, supporting our 

hypothesis that cellular defects that arise due to chlamydial infection have potentially 

detrimental effects.  

Reproductive Tract Infection of Mice Demonstrates Chlamydia Infects Replicating 
Cell Populations 

Chlamydia trachomatis causes sexually transmitted disease infecting the epithelial 

cells of the vagina, cervix, uterus, and Fallopian tubes. This population of cells is 

terminally differentiated but does undergo cyclical cell turnover and replacement; 

consequently there is a subset of cells undergoing cellular replication (Leppert, 2012). 

We used the mouse model of chlamydial infection to ascertain Chlamydia’s ability to 

infect those replicating cell populations. We infected 8 week old wild-type FVB/N mice 

with Chlamydia muridarum for 7 days, and injected them with EdU (5-ethynyl-2’-

deoxyuridine), a thymidine analog, for three consecutive days prior to sacrifice. The 

EdU allowed us to visualize any cells that had undergone S-phase, as the thymidine 

analog would have been taken up by any newly synthesized DNA (Salic and Mitchison, 
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2008). We examined EdU-treated tissue sections co-stained for Chlamydia and DNA, 

and we observed a subset of infected actively replicating cells within the cervical 

epithelium (Figure 4-3A).  

Infection Stimulates Cellular Replication During Infection  

Chlamydial infection begins in the vaginal epithelium, ascending toward the cervix 

and the upper genital tract. The epithelium lining the vagina and the outer cervix is 

composed of squamous epithelium. Where the outer cervix meets the inner cervix the 

squamous epithelium is replaced by glandular columnar epithelium, and the columnar 

epithelium lines the inner cervix and the rest of the upper genital tract. The junction on 

the cervix where squamous epithelium transitions to columnar epithelium is known as 

the transformation zone. Because of the high degree of metaplasia, or the process of 

one type of epithelium transitioning into another, most cervical cancers originate in the 

transformation zone (Autier et al., 1996; Elson et al., 2000). 

We wanted to investigate the native replication rate of the cells in the 

transformation zone, and whether a 7 day chlamydial infection could change the level of 

replicating cells in this region. We compared the replication rates in these cells with a 

HPV-16 E7 gene knock-in mouse. These mice were created as a model for HPV-

induced cervical cancer in an effort to elucidate the E7 oncogene specific contributions 

to cancer progression. The expression of the E7 oncogene is driven under the human 

keratin 14 (K14) promoter, its expression directed to the stratified epithelium, therefore 

the mouse is designated as K14-HPV-E7 (Herber et al., 1996). We chose to examine 

the E7 knock-in mouse because expression of the transgene would ensure these mice 

to have increased cellular replication rates over the wild-type animals. We were also 

interested in distinguishing whether chlamydial infection could exacerbate this increased 
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replication. These animals were treated with exogenous estrogen, as it has been shown 

to be an essential cofactor in the onset and development of cervical cancer in this 

mouse model (Brake and Lambert, 2005). We elected to treat both the transgenic and 

wild-type groups with estrogen to provide each animal matched capacity to develop 

cervical dysplasia, and to identify any chlamydial specific effects during this process.  

To determine the proliferation rates of the cervical epithelium in these animals we 

calculated the percentage of EdU positive cells present over multiple fields of view 

within the transformation zone (Figure 4-3B). The wild-type, mock-infected animals had 

a native cell proliferation rate of 3.0 ± 0.5 percent and upon infection this rate increased 

significantly to 21.7 ± 5.9 percent. The K14-HPV-E7 mice had a native replication rate of 

5.7 ± 1.0 percent, and the infected K14-HPV-E7 animals had a considerably higher 

proliferation rate of 19.7 ± 2.6 percent. We believe the increase in cell proliferation rates 

due to chlamydial infection can be attributed to remodeling of the epithelial lining after 

the insult of infection. This remodeling however, gives Chlamydia overwhelming access 

to actively replicating cells, resulting in the opportunity to induce transformative defects 

within the host cell. The bacterial load for each infected animal was calculated based on 

recovered inclusion forming units (IFUs) (Morrison et al., 2011) enumerated in Table 4-

1. 

Chlamydial Infection Induces Cervical Dysplasia in Mice 

We next wanted to investigate the effects of chlamydial infection on cervical 

histopathology. Cervical cancer arises from noninvasive premalignant lesions known as 

cervical intraepithelial neoplasias (CINs). In women these lesions are graded 

histologically based on the presence of atypical epithelial cells on the outer cervix: CIN I 

correlates with mild dysplasia, CIN II with moderate dysplasia, and CIN III corresponds 
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to both severe dysplasia and carcinoma in situ (Steenbergen et al., 2005). A board 

certified pathologist blinded to experimental condition surveyed the groups of mock-

infected and infected K14-HPV-E7 mice and their wild-type littermates used above, and 

assigned a pathological score to two different sections from each animal. The rubric is 

detailed in the methods section. These scores were established by a grading system 

developed specifically for HPV transgenic mice to determine the degree of dysplasia in 

the mouse cervix (Riley et al., 2003). This classification system is based on the human 

model for carcinogenic progression mentioned above. We compared these scores 

between uninfected and infected animals to determine if chlamydial infection induced 

cervical dysplasia (Figure 4-4A). The wild-type, mock-infected group retained normal 

cervical epithelium after treatment, receiving an average score of 1.3 ± 0.3. The wild-

type infected group however, progressed to moderate cervical intraepithelial neoplasia 

with a CIN score of II receiving an average score of 3.3 ± 0.3. The K14-HPV-E7 mice 

followed the same trend with the uninfected group receiving a score of 1.8 ± 0.5 

indicating the normal epithelium was preserved after treatment, while the infected group 

received a score of 3.5 ± 0.3 revealing these animals also progressed to CIN II. The 

normal tissue from both wild-type and transgenic animals contains cells with normal 

nuclear to cytoplasm ratio and mitotic figures present only in basal layers (Figure 4-4B). 

CIN II lesions contain cells with increased nuclear size, some anaplastic cells, and 

dysplastic cells distributed frequently throughout the squamous epithelium. The lesions 

are also characterized by epithelial projections thrown into the underlying cervical 

stroma (Figure 4-4C). The presence of moderate cervical dysplasia in the infected 

animals suggests that, at least initially, Chlamydia is able to provide a convenient 
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environment for cervical dysplasia progression. The CIN II score the infected K14-HPV-

E7 animals received also indicates that chlamydial infection may play a role in 

exacerbation of cellular defects contributed by HPV oncogene expression.  

Indication of Chlamydial Induced Cellular Defects in Vivo  

Finally, we wanted to determine if any of the phenotypic evidence of pre-

cancerous and cancerous lesions we identified in cell culture existed in vivo. Because 

we showed Chlamydia was able to infect actively replicating cells and there was such 

an abundance of cell proliferation upon infection we chose to infect the animals on day 

0 and reinfect on day 3 of the one week infection. This increased the probability of 

infection within replicating cells. We then examined the vaginal and cervical tissue for 

centrosome defects, spindle multipolarity, and presence of multinucleated cells in both 

K14-HPV-E7 mice and wild-type. Contrary to the 5μm thick tissue sections we 

evaluated above for the cell proliferation experiments and histopathology, these 

experiments surveyed tissue sections 10μm thick, which encompasses the depth of a 

layer of cells in its entirety. We could then be assured we were examining an entire cell 

in three-dimensional space.  

We found evidence of centrosomes associated the chlamydial inclusion, rather 

than the juxtanuclear position they normally occupy (Figure 4-5A). We have previously 

reported that chlamydial infection leads to the physical separation of centrosomes, 

resulting in difficulty positioning them appropriately for cell division (Knowlton et al., 

2011). We also observed infected cells with more than one nucleus (Figure 4-5B). 

Multinucleation is a phenotype associated with chromosomal instability, low and high 

grade cervical dysplasia, and we have shown chlamydial infection can induce 

multinucleation in cultured cells (Duensing et al., 2001; Riley et al., 2003; Brown et al., 
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2012). To establish nuclei were, in fact, inside a single cell we co-stained our sections 

with an antibody for the transmembrane protein E-cadherin. E-cadherin is expressed 

specifically in epithelial tissues and the antibody staining allowed us to visualize the 

membrane for individual cells. Further inspection of our tissue sections also resulted in 

the discovery of a micronucleus in an infected cell (Figure 4-5C). Micronuclei are small 

cytoplasmic bodies containing chromatin that are morphologically similar to nuclei, but 

are not included in daughter nuclei after cell division. They are the result of a number of 

factors including acentric chromosome fragments (chromosomes lacking a centromere) 

due to ionizing radiation or excision repair of damaged bases. Micronuclei have also 

been shown to be the product of mis-segregation of whole chromosomes during 

anaphase either due to a disruption in mitotic spindle assembly, defects in the spindle 

assembly checkpoint (SAC), or abnormal centrosome amplification (Kirsch-Volders et 

al., 1997; Gisselsson, 2008; Zyss and Gergely, 2009; Fenech et al., 2011). Previous 

work to come out of our lab has demonstrated Chlamydia to be responsible for inducing 

spindle architecture defects, delaying the SAC, and stimulating centrosome 

amplification (Knowlton et al., 2011; Brown et al., 2012). We have also shown HeLa 

cells cured of an infection have increased rates of micronuclei formation (Grieshaber et 

al., 2006). 

We did not find any infected cells undergoing mitosis in our tissue sections. We 

believe this is because mitosis is a comparatively quick process, and unlike cells in 

culture where Chlamydia infects almost 100% of the cells the level of infection is a great 

deal lower in animal tissue. Thus infected cells undergoing mitosis is a much rarer event 

in our tissue sections. Multinucleation, centrosome positioning defects and the formation 
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of micronuclei are phenotypes that accumulate and are therefore more readily observed 

in the infected tissues. However, the discovery of multinucleated cells and micronuclei 

leaves little doubt that chlamydial infection induces some level of chromosomal 

instability.  

Discussion 

The epithelial lining of the genital tract is composed of terminally differentiated 

cells that undergo cyclical tissue remodeling leading to monthly cell turnover (Leppert, 

2012). Because the epithelial cells are cyclically replaced by stem cells residing below 

the epithelial cell layer Chlamydia has little access to dividing cells. In this study we 

show that in cell culture a dividing cell population must be present to induce detrimental 

cellular defects such as abnormal proliferation of centrosomes, formation of multipolar 

spindles, and the presence of multinucleated cells; the coexpression of other 

oncoproteins appears not to be necessary. We believe the chlamydial induced defects 

to be responsible for the induction of anchorage independence in the 3T3 soft agar 

assay, as infection with Coxiella burnetti resulted in no colony formation. We understand 

there are differences in biology between murine and human cells, but with the support 

of cell defects present in human (HeLa) and primate (COS-7) cells, as well as 3T3s in 

vitro, we are confident in Chlamydia’s ability to transform 3T3 cells in soft agar.    

Due to a paucity of information regarding Chlamydia’s affect on replicating cells in 

vivo we were curious to find out whether chlamydial infection could induce the same 

phenotypic defects in vivo as we have reported in vitro (Grieshaber et al., 2006; 

Knowlton et al., 2011; Brown et al., 2012). We were able to show for the first time that 

not only can Chlamydia infect actively replicating cells within the cervix of mice, but 

infection results in a considerable increase in cell proliferation in these animals. We 
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believe the induction of cell proliferation is significant because unchecked proliferation is 

the origin for cancer formation. The increased levels of cell replication upon infection 

create an environment predisposed for chlamydial induced centrosome aberrations, 

multipolar mitoses, and genetic instability. The increased replication rates in K14-HPV-

E7 infected animals compared to their uninfected counterparts indicate Chlamydia may, 

in fact, exacerbate HPV-induced cell proliferation contributing to increased cellular 

defects, and perhaps contribute to the increased rates in cervical cancer that have been 

reported in women co-infected with HPV. 

The development of moderate cervical intraepithelial neoplasia II in the infected 

mice was a surprising finding. We expected the K14-HPV-E7 mice to have some level 

of dysplasia due to the expression of the oncogene, as well as the wild-type mice to 

experience some mild cell changes as a result of infection, but we did not expect both 

wild-type and transgenic mice to develop CIN II. In future studies we will be interested to 

find out if this dysplasia persists or perhaps develops into carcinoma in situ over a 6 to 9 

month period. We believe the cell proliferation induced by infection is a major 

contributing factor to cervical dysplasia, followed by chlamydial induced centrosome and 

mitotic spindle defects contributing to genetic instability. Furthermore, in vivo evidence 

of centrosome localization defects and genomic instability, which are present in 

precancerous and cancerous lesions of many origins, lends itself to the hypothesis that 

chlamydial infection may prime the cervix for progression to neoplasia or exacerbate 

neoplastic lesions already present.  
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Figure 4-1. Chlamydia induces centrosome and spindle defects in replicating cells. A) 
Uninfected and infected End1/E6E7 cervical carcinoma cells were stained for 
centrosomes (green, top and bottom panel), and mitotic spindles (green, 
middle panel), Chlamydia (red, infected panel) and DNA (blue). Uninfected 
cell populations have an average of 2.5 ± 0.1 centrosomes/cell, while the 
infected cell population centrosome distribution (arrow) significantly increased 
to an average of 3.5 ± 0.1 centrosomes/cell, p<0.0001, N>150. The number 
of cells with multipolar spindles (arrow) were counted for each population with 
the uninfected cells having 21.2 ± 4.6 percent multipolar spindles while the 
infected population significantly increased multipolar spindles to an average 
of 73.7 ± 2.0 percent, p=0.0005, N>150. The presence of multinucleated cells 
(stars) significantly increased with infection from 6.7 ± 0.8 to 36.6 ± 3.3 
percent, p=0.0009, N>200. B) COS-7 cells were treated as above. Uninfected 
cells had an average of 2.1 ± 0.03 centrosomes/cell, infection resulted in an 
average of 2.8 ± 0.2 centrosomes/cell, p=0.0200, N>300. Uninfected COS-7s 
had an average of 15.5 ± 0.8 percent multipolar spindle formation, while the 
infected cells significantly increased to 30.0 ± 2.9 percent multipolar spindles, 
p=0.0093, N>150. When evaluated for the presence of multinucleated cells, 
uninfected populations had an average of 13.9 ± 1.9 percent multinucleated 
cells, and infected populations significantly increased to an average of 37.1 ± 
0.8 multinucleated cells, p=0.0003, N>200. C) Uninfected and infected 3T3 
fibroblasts were evaluated as the other cell lines above. Uninfected 3T3 cells 
had an average of 2.2 ± 0.1 centrosomes/cell, while infected cells increased 
significantly to 3.2 ± 0.1 centrosomes/cell, p=0.0014, N>300. Uninfected and 
infected populations of 3T3s were compared for multipolar spindle formation, 
uninfected cells had an average of 15.5 ± 0.9 percent multipolar spindles, 
while infected populations increased significantly to 41.2 ± 3.5 multipolar, 
p=0.0021, N>150. Uninfected 3T3s were 2.9 ± 0.01 percent multinucleated, 
and upon infection became 4.8 ± 0.1 percent multinucleated, a significant 
increase, p<0.0001, N>200. Scale bars, 5μm. 
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Figure 4-2. Chlamydial infection induces anchorage independence in 3T3 fibroblasts. 
Mock-infected and infected 3T3s were cured of chlamydial infection and 
incubated for 4 weeks in soft agar. The cells were stained, and the colonies 
were enumerated and normalized to the 2500 cells initially plated. A) The 
uninfected cells had an average of 1.7x10-4 ± 3.1x10-5 colonies/well, the 
infected cells an average of 1.5x10-3 ± 2.6x10-4 colonies/well. Cells treated 
with UV light for 1 minute had an average of 9.9x10-4 ± 1.5x10-4 colonies/well, 
while cells treated for 3 and 5 minutes had an average of 1.8x10-3 ± 2.9x10-4 
and 1.4x10-3 ± 1.6x10-4 colonies/well, respectively. 3T3 cells cured of an 
infection with the intracellular bacterial pathogen Coxiella burnetii had an 
average of 3.3x10-5 ± 2.3x10-5 colonies/well. N>72 wells, p<0.0001. B) The 
images in the panels are examples of stained colonies from mock-infected 
and L2-infected cells after a 4 week incubation. The first column is a single 
well of a 6-well plate. The second column is a 10X magnification of the 
indicated area (dashed box). 
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Figure 4-3. Chlamydia infects actively replicating cells in vivo, and induces cell 
proliferation. A) A female FVB wild-type mouse infected with Chlamydia 
muridarum for 7 days was treated with EdU (green) prior to sacrifice to detect 
cell proliferation, and formalin-fixed, paraffin-embedded sections (4μm thick) 
were stained for Chlamydia (red) and DNA (blue). The sections were imaged 
by confocal microscopy. A chlamydial inclusion can be seen associated with 
an actively replicating EdU positive cell (arrow) within the cervical epithelium. 
B) Female K14-HPV-E7 mice and their wild-type littermates were mock-
infected and infected with Chlamydia muridarum for 7 days. The mice were 
treated with EdU, and the EdU positive cells per total cells present in multiple 
fields of view were counted to determine the rate of cell proliferation. Wild-
type uninfected mice, N=4, had an average of 3.0 ± 0.5 percent cell 
proliferation, while the infected WT mice, N=3, experienced a significant 
increase of cell proliferation at an average of 21.7 ± 5.9 percent, p=0.003. The 
uninfected E7 mice had an average of 5.7 ± 1.0 percent cell proliferation, and 
the infected E7 mice had a significantly higher average of 19.7 ± 2.6 percent, 
p=0.0002, N=4 mice/group. Scale bars, 5μm. 
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Figure 4-4. Presence of Chlamydia muridarum induces CIN. Infected and mock-infected 
groups of 3-4 K14-HPV-E7 mice and their wild-type littermates were 
sacrificed 7 days post-infection. H&E sections were evaluated by a 
pathologist and each animal was given a score based on progression of 
cervical dysplasia; the scores were averaged for each animal. A) The wild-
type, mock-infected group received an average score of 1.3 ± 0.3, N=4, 
indicating these animals retained normal cervical epithelium after treatment. 
The wild-type infected group received an average score of 3.3 ± 0.3, N=3 
representing a progression to CIN II, p=0.0037. The K14-HPV-E7 mice 
followed a similar pattern with the uninfected group receiving a score of 1.8 ± 
0.5 indicating most of the animals had normal tissue, while the infected group 
received a score of 3.5 ± 0.3 indicating these animals also progressed to CIN 
II, p=0.0203, N=4. B) Uninfected tissue from a wild-type and K14-HPV-E7 
mouse. C) The CIN II lesions seen in the infected mice correspond with 
epithelial projections into the stroma and contain cells that have increased 
nuclear:cytoplasm ratio (arrows). Scale bars, 50μm.  
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Figure 4-5. Evidence of centrosome mislocalization and genetic instability in infected 
animals. K14-HPV-E7 mice their wild-type littermates were infected on day 0 
and boosted on day 3, and the animals were examined for phenotypic 
evidence of precancerous characteristics within the cervix. A) A 10μm thick 
tissue section from a wild-type mouse was stained for centrosomes (green), 
Chlamydia (red), and DNA (blue). The arrow indicates the centrosome is 
localized to the chlamydial inclusion. B) A K14-HPV-E7 tissue section was 
stained for E-Cadherin (green), Chlamydia (red), and DNA (blue). The stars 
denote two nuclei within the infected cell. The images in panel C are taken 
from wild-type tissue sections stained for E-cadherin (green), Chlamydia 
(red), and DNA (blue). The arrow indicates the formation of micronuclei. Scale 
bars, 5μm. 
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Table 4-1. Inclusion forming units (IFU) recovered from animals on day 1 postinfection 

Wild-type IFU K14-HPV-E7 IFU 

(N=3) 1.28x107 (N=4) 8.42x105 

 2.48x107  1.52x106 

 5.07x105  3.56x106 

   1.11x107 

Summary of live bacterial shedding from wild-type and K14-HPV-E7 infected mice. 
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CHAPTER 5 
CONCLUSIONS AND FUTURE DIRECTIONS  

The link between Chlamydia trachomatis and cervical cancer has been examined 

in several case-controlled and population based studies over the past decade and 

infection has been invariably associated with invasive cervical cancer (ICC), however a 

mechanism has yet to be established (Koskela et al., 2000; Anttila et al., 2001; Smith et 

al., 2002; Wallin et al., 2002; Matsumoto et al., 2003; Hinkula et al., 2004; Smith et al., 

2004; Madeleine et al., 2007). In this study we show that a chlamydial infection is able 

to induce centrosome amplification and contribute to geometric centrosome spread. We 

demonstrate the physical separation of extra centrosomes in infected cells directly 

inhibits the host’s ability to cluster extra centrosomes making it difficult to form bipolar 

spindles, leading to the formation of multipolar spindles. The presence of multipolar 

spindles and Chlamydia’s ability to truncate mitosis and circumvent the spindle 

assembly checkpoint ultimately results in chromosomal instability and aneuploidy. 

During cell division the chlamydial inclusion can be partitioned so that one daughter cell 

inherits the inclusion, and the other daughter cell, while no longer infected, retains the 

chlamydial induced cellular defects (Campbell et al., 1989; Greene and Zhong, 2003). 

Grieshaber et al. has shown that even after infection is cured with antibiotics 

centrosome number defects persist, and previously infected cells develop micronuclei, a 

significant indicator of chromosomal instability (Grieshaber et al., 2006). Recent work to 

come out of our lab (Brown et al., 2012) demonstrated that chlamydial infection induces 

lagging chromosomes in anaphase, cytokinesis failure, and multinucleated cells, all of 

these contributing to aneuploidy and chromosomal instability.  
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Due to the phenotypic defects present in infected cells in culture we wanted to 

investigate Chlamydia infection in vivo. We showed for the first time that Chlamydia is 

able to infect actively replicating cells within the murine vaginal tract, an important 

finding as we have shown infection induces significant defects in replicating cells. We 

demonstrated that infection results in considerable increases in cell proliferation within 

the transformation zone of infected mice. We believe this induction in cell proliferation is 

an important first step in cancer progression. Infection also induced CIN II, or moderate 

cervical dysplasia, in wild-type mice and mice transgenic for the HPV oncoprotein E7. 

The development of CIN II is a particularly interesting finding as moderate dysplasia is a 

necessary precursor in the progression to invasive cervical cancer. In tissue sections 

from mice subjected to reinfection we observed evidence of centrosomes localized 

away from the nucleus and associated with the chlamydial inclusion, we observed 

multinucleated cells and the formation of micronuclei in vivo. Taken together these 

results suggest Chlamydia can act as a cofactor exacerbating HPV-induced cervical 

cancer. Chlamydia may also be considered an independent factor in cervical cancer 

development in cases in which reinfection has occurred. 

More studies are necessary to fully elucidate the relationship between HPV 

infection, chlamydial infection, and cervical cancer formation. In the very immediate 

future we plan to infect primary cells in culture and test them for the ability to develop 

centrosome number defects, form multipolar spindles, and become multinucleated. We 

will also inhibit host cell protein synthesis with cylcoheximide and after infection 

examine centrosome numbers, spindle defects, and the presence of multinucleated 

cells in End1E6/E7 cells, COS-7, 3T3 and the aforementioned primary cells. These 
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experiments will facilitate our hypothesis that chlamydial infection needs to take place in 

a dividing cell population to induce cell defects and the expression of other oncogenes 

is not necessary. The short one week time period is not long enough to determine if 

chlamydial infection has any enduring effects on cervical cancer development. Further 

experiments should include a study of 9 months, as this is the time point all mice 

transgenic for HPV E7 develop invasive cervical cancer (Riley et al., 2003). To fully 

appreciate the relationship between HPV and Chlamydia, studies should also be done 

with mice transgenic for HPV E6 only, as well as the biologically relevant HPV E6-E7 

mice. It is possible that the HPV oncoproteins E6 and E7 provide some necessary 

factors other than increased cell proliferation that we have not yet determined. We 

should also consider the age of the transgenic mice before infection, as we may see 

differences in cervical dysplasia progression in older mice compared to younger mice, 

as the older mice have encountered expression of the transgene for longer. We could 

infect transgenic mice at 6 months of age and determine the level of cervical dysplasia 

progression at 9 or 12 months of age to establish if the length of the expression of the 

transgene is a factor. Furthermore, the 3T3 soft agar model could be utilized in a tumor 

assay in which colonies formed in soft agar as a result of chlamydial transformation 

could be transferred to nude mice to determine if they are truly carcinogenic, as these 

studies would isolate the immune surveillance process from our hypothesized 

mechanism to transformation. To further understand the mechanisms by which 

Chlamydia induces these phenotypes we could perform microarray studies to examine 

host cell responses after chlamydial infection and determine which pathways may be 

important to cancer induction during infection. More studies need to be done to fully 
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understand the dynamic between chlamydial infection and HPV; however the results 

presented here provide new and important insight into Chlamydia’s role in cervical 

cancer development. 
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