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Abstract  1 

Cervical and ovarian cancers exhibit characteristic mutational signatures that are reminiscent of 2 

mutational processes, including defective homologous recombination (HR) repair. How these 3 

mutational processes are initiated during carcinogenesis is largely unclear. Chlamydia 4 

trachomatis (Ctr) infections are epidemiologically associated with cervical and ovarian cancers. 5 

Previously, we showed that Ctr induces DNA double-strand breaks (DSBs) but suppresses ATM 6 

activation and cell cycle checkpoints. The mechanisms by which ATM regulation is modulated 7 

and its consequences for the repair pathway in Ctr-infected cells remains unknown. Here, we 8 

found that Chlamydia interferes with the usual response of protein phosphatase 2A (PP2A) to 9 

DSBs. As a result, PP2A activity remains high as the level of inhibitory phosphorylation at Y307 10 

remains unchanged following Ctr-induced DSBs. Protein-protein interaction analysis revealed 11 

that Ctr facilitates persistent interaction of PP2A with ATM, thus suppressing ATM activation. 12 

This correlated with a remarkable lack of homologous recombination (HR) repair in Ctr-infected 13 

cells. Chemical inhibition of PP2A activity in infected cells released ATM from PP2A, resulting in 14 

ATM phosphorylation. Activated ATM was then recruited to DSBs and initiated downstream 15 

signaling, including phosphorylation of MRE11, NBS1 and Chk2-mediated activation of the 16 

G2/M cell cycle checkpoint in Ctr-infected cells. Further, PP2A inhibition led to the restoration 17 

of Ctr-suppressed HR DNA-repair function. Together, this study reveals that Ctr modulates PP2A 18 

signaling to suppress ATM activation to prevent cell cycle arrest, thus contributing to a deficient 19 

high fidelity HR pathway and a conducive environment for mutagenesis. 20 

 21 
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Importance 22 

Chlamydia trachomatis induces DNA double strand breaks in host cells but simultaneously 23 

inhibits a proper DNA damage response and repair mechanisms. This may render host cells 24 

prone to loss of genetic integrity and transformation. Here we show that C. trachomatis 25 

prevents activation of the key DNA damage response mediator ATM by preventing the release 26 

from PP2A, leading to a complete absence of homologous recombination repair in host cells. 27 

28 
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Introduction  29 

In recent years, several epidemiological studies have implicated infections with the Gram-30 

negative bacterial pathogen Chlamydia trachomatis (Ctr) in the development of cervical (1, 2) 31 

and ovarian carcinomas (3). These cancers together show eight distinct validated mutational 32 

signatures (http://cancer.sanger.ac.uk/cosmic/signatures), one of which is attributed to 33 

defective homologous recombination (HR) repair. How these mutational processes are initiated 34 

during the course of carcinogenesis is largely unknown. It is thus intriguing that Ctr, an obligate 35 

intracellular bacterium causing chronic, asymptomatic infections, promotes DNA double-strand 36 

breaks (DSBs) and modulates a range of host cellular functions and signal transduction 37 

pathways, including those involved in preserving cellular and genomic integrity (4-10), immune 38 

activation and apoptosis induction (11). 39 

DSBs represent the most dangerous form of damage, as they cannot always be faithfully 40 

repaired, thus bearing the risk of genomic instability and chromosomal rearrangements (12). 41 

The DNA damage response (DDR) in mammalian cells prevents the accumulation of mutations 42 

and genomic instability (12, 13). Ataxia-telangiectasia mutated (ATM), an apical activator 43 

induced by DSBs, plays a critical role in relaying a strong, wide-spread signal to numerous 44 

downstream effectors involved in multiple processes (14), including repair, cell cycle and cell 45 

death (15). Activation of ATM can occur by direct interaction with single-stranded DNA or 46 

oligonucleotides at DSBs, as well as direct interaction with the MRE11–RAD50–NBS1 complex 47 

(MRN), whose members are themselves ATM substrates (16). Thus, a positive feedback loop 48 

http://cancer.sanger.ac.uk/cosmic/signatures
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between ATM and its substrate proteins seems to be required for its correct positioning at 49 

break sites. 50 

In our previous study we showed that Chlamydia induces DSBs but simultaneously suppresses 51 

the activation and recruitment of ATM and MRE11 to the damage sites (8, 17). However, the 52 

molecular mechanisms by which Chlamydia suppresses activation of ATM signaling in the face 53 

of extensive DSBs and its consequence for the function of the error-free HR repair pathway 54 

remain unknown. Phosphorylation and dephosphorylation of proteins appear to be crucial for 55 

activating the DDR within minutes of DNA damage (18), suggesting a prime role for protein 56 

phosphatases in regulating the DDR (16) . The protein phosphatase 2A (PP2A), a 57 

serine/threonine phosphatase, has been implicated in regulation of ATM activity in response to 58 

radiation-induced DSBs (19). PP2A holoenzymes are heterotrimers consisting of a core dimer 59 

scaffold (A) and a catalytic (C) subunit that is associated with one of the regulatory (B) subunits. 60 

Post-translational modification in the C-terminal part of the catalytic subunit regulates the 61 

phosphatase activity of PP2A. Phosphorylation of tyrosine residue 307 (Y307) on the C subunit 62 

results in decreased PP2A enzyme activity (20, 21). Upon irradiation-induced DSBs, the PP2AC-63 

B55α regulatory subunit of PP2A, which normally facilitates association with ATM, rapidly 64 

dissociates, leading to ATM autophosphorylation and activation (19, 22).  65 

Here, we addressed the involvement of PP2A in the failure to mount an adequate response to 66 

DSBs in Chlamydia-infected cells. Interestingly, PP2A activity remained high and exhibited 67 

persistent interaction with ATM, keeping it in an inactive state despite DSBs. This is in line with 68 

a remarkable loss of HR repair function in Ctr-infected cells. Okadaic acid, an inhibitor of PP2A, 69 
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led to increased phosphorylation of Y307 on the PP2A catalytic subunit and released ATM from 70 

PP2A, resulting in ATM phosphorylation. The activated ATM was then recruited to chromatin 71 

and initiated downstream signaling leading to Chk2-mediated G2/M cell cycle checkpoint 72 

activation and restoration of HR DNA-repair. Together, this study reveals an intriguing 73 

mechanism by which Chlamydia modulates host signaling to support its intracellular 74 

development. By inhibiting ATM signaling, this pathogen inactivates an essential high fidelity HR 75 

pathway and predisposes infected cells to mutagenesis. 76 

 77 
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Results 78 

Chlamydia trachomatis induced ATM inactivation is mediated by protein phosphatase 2A 79 

Irradiation-induced DSBs elicit PP2A-mediated ATM activation (18). However, Ctr infection 80 

suppresses the phosphorylation-mediated activation of ATM despite induction of extensive 81 

DNA double strand breaks (DSBs) Figure 1A-B. Here we investigated the role of protein 82 

phosphatase 2A (PP2A) in regulating ATM suppression after Ctr-induced DSBs. Treatment of Ctr 83 

infected cells with the protein phosphatase inhibitor okadaic acid (OA) at different 84 

concentrations (19) for the last 2 h or for different periods of time during infection led to 85 

increased phosphorylation of ATM at Ser1981 (pATM) in a concentration and exposure time 86 

dependent manner, compared to untreated infected cells (Figure 1C, 1D). While OA treatment 87 

itself does not induce DSBs, OA treatment of Ctr infected cells leads to enhanced induction of 88 

DSBs, as demonstrated by neutral comet assay (Figure 1E) and immunoblot analysis for 89 

phospho- hallmark of DSBs (Figure 1F). Further, to analyze the specific 90 

role of PP2A in the ATM inhibition observed in Ctr infected cells, siRNA-mediated knockdown 91 

(KD) of the PP2A catalytic alpha subunit PPP2CA was performed. PPP2CA KD led to ATM 92 

activation in Ctr infected cells (Figure 1 G-H) in contrast to Ctr infected cells transfected with 93 

neutral control (siLuci). Thus, PP2A plays a key role in the suppression of ATM activation after 94 

Ctr induced DSBs. 95 

 96 

Dynamic interaction of ATM and PP2A persists despite Chlamydia induced DNA double strand 97 

breaks 98 
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Phosphorylation of the PP2A catalytic subunit C at Y307 (PP2A-C pY307) inhibits binding of the 99 

regulatory subunit B, an essential component for interaction with target proteins. To evaluate 100 

whether functionally active PP2A is directly responsible for inhibiting ATM activation, we 101 

analyzed the level of PP2A-C pY307 in Ctr infected cells with and without OA treatment. The 102 

levels of pY307 remained unaffected in response to Ctr infection or treatment with FTY720, an 103 

immunomodulator that activates PP2A, which served as positive control (Figure 2A). 104 

Interestingly, a dramatic increase in PP2A-C pY307 levels in Ctr infected cells treated with OA 105 

was observed indicating that PP2A is present in its active form in Ctr infected cells.  Further, we 106 

performed an in-situ proximity ligation assay (PLA) using specific antibodies against PP2A and 107 

ATM to visualize protein-protein interaction. In Ctr infected cells, we observed a stronger 108 

interaction between PP2A and ATM compared to uninfected cells. However, additional 109 

treatment of Ctr-infected cells with OA led to reduced interaction of PP2A and ATM, similar to 110 

what is observed after etoposide-induced DSBs (Figure 2 B and 2C). Together, in Ctr-infected 111 

cells PP2A remains active and continues to interact with ATM, thus maintaining it in a 112 

dephosphorylated state despite the presence of DSBs. 113 

 114 

G2/M cell cycle checkpoint is activated in Ctr-infected cells upon PP2A inhibition 115 

ATM acts as a dual function protein in DNA damage repair, as well as in transduction of signals 116 

eliciting cell cycle checkpoints to provide enough time for DNA repair and/or apoptosis 117 

induction depending on the extent of DNA damage (8, 15, 23). Here we assessed whether 118 

activation of ATM following PP2A inhibition restores the functional cell cycle checkpoint in Ctr-119 
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infected cells. To this end, cells infected for 45 h with or without additional treatment of OA 120 

during the last 6, 12, 20 or 24 h were subjected to immunoblot analysis for phosphorylation of 121 

the checkpoint protein Chk2, an effector of active ATM kinase. Levels of phosphorylated Chk2 122 

increased in infected cells treated with OA in contrast to untreated infected cells, depending on 123 

the duration of treatment (Figure 3A). Further, we analyzed whether activation of Chk2 protein 124 

culminates in cell cycle arrest. Since Ctr is an intracellular pathogen, cell cycle analysis based on 125 

DNA content using a FACS approach remains suboptimal as Ctr DNA interferes with the 126 

quantification. For this reason, we used the novel and powerful FUCCI (Fluorescence Ubiquitin 127 

Cell Cycle Indicator) cell system, which utilizes fluorescent proteins in combination with two 128 

components of the DNA replication control system of higher eukaryotes: the licensing factor 129 

Cdt1 and its inhibitor geminin. The abundance of Cdt1 and geminin shows an inverse pattern 130 

during the cell cycle, with opposing effects on DNA replication. Cdt1 protein peaks in G1 phase 131 

just before the onset of DNA replication, and declines abruptly after S phase initiation. 132 

Conversely, geminin levels are high during S and G2 phase, but low during late mitosis and G1 133 

phase (24). These HeLa FUCCI cells (24), which exhibit green fluorescence during S/G2/M and 134 

red fluorescence during G1 phase, in combination with additional immunostaining for S phase 135 

using BrdU antibody enable the identification of cells that are in G1, S or G2/M phase. Using 136 

automated image acquisition and analysis of FUCCI HeLa cells additionally labeled with BrdU 137 

and Hoechst, we found that cells infected with Ctr proliferate without cell cycle arrest (Figure 138 

3B). However, activation of ATM via OA treatment in infected cells leads to increased 139 

accumulation of cells in G2/M phase, as quantified by GFP positive and BrdU negative cells. 140 

Representative images of Ctr infected HeLa FUCCI cells with or without OA (Figure 3C) show 141 
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increased GFP positive cells in an OA concentration-dependent manner indicating G2/M cell 142 

cycle arrest. Cells treated with etoposide served as positive control for DSB-induced G2/M cell 143 

cycle arrest. Further, we analyzed if the observed cell cycle checkpoint activation and enhanced 144 

G2/M arrest are dependent on ATM activation. To this end, Ctr-infected cells were treated with 145 

OA alone or in combination with the ATM Kinase inhibitor KU-55933 (ATMi) and analyzed for 146 

pChk2 by immunoblotting and for cell cycle profile using HeLa FUCCI cells. The increase in 147 

pChk2 levels, as well as the increased proportion of cells in G2/M phase in infected cells treated 148 

with OA is prevented when ATM activation is inhibited by ATMi (Figures 3D and 3E). Thus, 149 

inhibition of PP2A rescues the Ctr-imposed suppression of ATM activation-mediated cell cycle 150 

arrest.  151 

 152 

In Chlamydia-infected cells PP2A impairs DNA repair by homologous recombination  153 

To investigate the efficiency of HR repair in the face of Ctr-induced DSBs, we used the HEK293 154 

DR-GFP reporter cell line. This cell line has an I-SceI site integrated into a full-length GFP gene 155 

(SceGFP), which allows the introduction of a single DSB via the rare-cutting endonuclease I-SceI, 156 

thus disrupting the GFP gene (25). Repair of this DSB by HR, using a downstream internal 157 

truncated GFP fragment as the template, results in a functional GFP gene. Using the HEK293 158 

DR-GFP cell line, we further developed an automated microscopic assay using the ScanR system 159 

(Olympus) for simultaneous visualization and scoring of GFP positive infected and uninfected 160 

cells from the same microscopic image. HEK293 DR-GFP cells were infected with Ctr and the 161 

number of GFP positive cells compared to that in uninfected cells. Interestingly, the number of 162 
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GFP positive cells in infected and uninfected cultures remained the same. However, even in Ctr-163 

infected cultures a GFP signal was only observed in cells that had remained non-infected, 164 

indicating an almost complete abrogation of HR in infected cells (Figure 4A-B). PP2A inhibition 165 

led to recovery of HR in infected cells in a concentration-dependent manner (Figure 4A-5B), as 166 

well as partial restoration of apoptosis signaling (Figure 4C)  167 

Further, the restored functional HR is associated with the increased recruitment of activated 168 

ATM to the DSBs after PP2A inhibition in Ctr infected cells. Immunofluorescence analysis of 169 

pATM, γH2AX and DNA in cells infected for 36 h with or without addition of OA during the last 170 

20 h, or treated with etoposide for 2 h as a positive control, showed that in contrast to 171 

etoposide-treated cells, Ctr-infected cells lacked pATM foci at DSB sites (Figure 5A). OA treated 172 

cells showed increased localization of pATM to the damaged DNA after infection (Figure 5A-C).  173 

Proper HR repair depends on ATM-mediated phosphorylation of MRE11 S676 and S678, which 174 

is required for end resection by exonuclease 1, as well as S343 on the MRN complex member 175 

NBS1 (16, 26, 27). Therefore, we used immunoblotting to analyze phosphorylation of MRE11 at 176 

S676 (pMRE11) and NBS1 at S343 (pNBS1) in Ctr-infected cells with or without OA treatment. 177 

No increase in pMRE11 and pNBS1 could be observed compared to uninfected control cells. In 178 

contrast, Ctr-infected cells treated with OA show enhanced pMRE11 and pNBS1 (Figure 5D) in 179 

congruence with the increase in pATM levels described above (Figures 1C, 1D and 5A). 180 

Together, our results show that Ctr-infection suppresses host cell apoptosis and the HR repair 181 

response to DSBs as a consequence of PP2A-mediated inactivation of ATM signaling, thereby 182 

predisposing host cell mutagenesis. 183 
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Discussion  184 

This study reveals that Chlamydia, despite inducing DSBs, modulates a host regulatory 185 

inhibition mechanism to alter the usual DDR and homologous recombination repair processes 186 

to ensure its survival, while potentiating the threat to the genome integrity of its host cells.  187 

DNA damage induces a series of phosphorylation events, mainly of serine (Ser) and threonine 188 

(Thr) residues, leading to the activation of checkpoint proteins and DNA repair factors (18). 189 

Phosphorylation of ATM on Ser1981 following DSB induction leads to its activation as an apical 190 

activator and mobilizer of DDR proteins (15, 23). Failure of ATM activation can have severe 191 

effects on genomic stability. We have previously reported that Ctr-induced DSBs lead to 192 

enhanced either ATM or MRE11 (8). Ctr is also known to modulate 193 

MAPK signaling, contributing to aberrant cell proliferation despite the presence of DSBs (4, 8).  194 

Several studies have proposed alternative mechanisms for ATM activation, including direct 195 

interaction with single-stranded DNA or oligonucleotides at DSBs (16). However, these 196 

mechanisms clearly fail to elicit an ATM response in Ctr-infected cells despite the presence of 197 

DSBs. While the role of kinases in the DDR has been well established, the complex roles of 198 

protein dephosphorylation by phosphatases are only just emerging. Dephosphorylation events 199 

have been implicated in keeping DDR factors inactive during normal cell growth (28, 29) and in 200 

the inactivation of checkpoint arrest following DNA repair. Further, spatial and temporal 201 

regulation of dephosphorylation events mediated by phosphatases is crucial for the DDR (28).  202 

Activation of ATM in response to irradiation-induced DSBs has been shown to require 203 

disruption of its constitutive association with PP2A (19). Conversely, our results show that Ctr 204 
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interferes with the normal PP2A response to DSBs, thus inhibiting the ATM-mediated DDR. ATM 205 

activity is further regulated by the protein phosphatases PP1 and PP5, with PP1 inhibiting ATM 206 

activity (19, 30), while PP5 activates it by a yet unknown mechanism (31). However, we 207 

demonstrate that PP2A is specifically involved in suppressing ATM activation in Ctr-infected 208 

cells, since siRNA mediated knockdown of the catalytic alpha subunit of PP2A led to activation 209 

of ATM.  210 

We investigated in more depth the mechanism by which Ctr infection regulates PP2A. PP2A 211 

activity is regulated via post-translational modifications of its catalytic subunit. Methylation of 212 

the catalytic subunit enhances activity by facilitating binding of the regulatory B subunit, an 213 

essential event for interaction with target proteins (20). Conversely, phosphorylation of the 214 

catalytic subunit PP2A-C at pY307 inhibits binding of the B subunit and interaction with the 215 

target protein. The phosphatase inhibitor OA enhances phosphorylation at PP2A-C pY307, 216 

potently inactivating PP2A (32). Here, we found that while Ctr-infected cells show minimal 217 

phosphorylation of PP2A-C Y307, comparable to uninfected cells, OA treatment leads to 218 

inactivation of PP2A by increasing PP2A-C pY307 and dissociation of ATM, resulting in ATM 219 

phosphorylation.  220 

Phosphorylated ATM modulates the activity of several downstream effector protein kinases, 221 

leading to the coordinated activation of the DNA repair machinery and cell cycle checkpoints 222 

(33). Checkpoint kinase 2 (Chk2) is a well-known effector of pATM (34). ATM activation 223 

following irradiation-induced DNA damage leads to Chk2 phosphorylation and G2/M cell cycle 224 

arrest (34, 35). In Ctr-infected cells, PP2A-mediated suppression of ATM phosphorylation 225 
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prevents Chk2 phosphorylation and cell cycle arrest. Since HR only occurs during S and G2 226 

phases, when sister chromatids are available as templates, lack of ATM and consequent 227 

checkpoint activation suppresses HR and shifts DSB repair to the error-prone NHEJ pathway, 228 

which repairs breaks during all phases of the cell cycle as it does not require sequence 229 

homology (14, 36, 37). 230 

Once ATM is phosphorylated, it undergoes spatial relocalization to the nucleus, where it 231 

initiates repair by phosphorylating proteins that are recruited to DSBs. These form discrete foci 232 

of phosphorylated ATM substrates (such as histone H2AX, NBS1 and MRE11) (15). This 233 

recruitment of pATM is suppressed by Ctr infection, but our findings show that it can be 234 

partially rescued by inactivating PP2A. As a consequence, ATM-mediated phosphorylation of 235 

MRE11 and NBS1 is also restored, allowing HR repair of DSBs to proceed. We have shown 236 

previously that in response to Ctr-induced DSBs the ATM substrate H2AX is phosphorylated by 237 

the NHEJ pathway effector DNA-dependent protein kinase catalytic subunit (DNA-PKcs) in the 238 

absence of ATM activation (8). This suggests that in Ctr infected cells the NHEJ repair pathway is 239 

predominantly active. In congruence, infected cells exhibit defective repair of DSBs, leading to 240 

loss of nucleotides and mismatch incorporation of nucleotides (8). Furthermore, Chlamydia 241 

infection causes cytokinesis defects, leading to multinucleated host cells, increased 242 

supernumerary centrosomes, abnormal spindle poles, and chromosomal segregation defects 243 

(38, 39) that could culminate in genomic instability. In the present study, we have directly 244 

confirmed - using a reporter cell line - that HR does not take place in Ctr-infected cells, as ATM 245 

activation is blocked by PP2A. Further, restoring ATM phosphorylation also restores apoptosis 246 
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signaling in infected cells, indicating that cells with extensive and unrepairable damage are 247 

eliminated via apoptosis induction.  248 

Thus, to promote cell cycle progression and survival for its propagation, Ctr interferes with the 249 

usual function of PP2A, thereby suppressing the ATM-HR axis responsible for high-fidelity repair 250 

of DSBs. Further, the functions of PP2A and ATM are not only known to regulate the cellular 251 

response to DSBs but also to function in various branches of metabolism and cell signaling (40), 252 

indicating the magnitude of the effect on diverse signaling cascades in Ctr-infected cells - thus 253 

predisposing to mutagenesis and loss of cellular homeostasis.  254 
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Materials and Methods 255 

Cell culture  256 

End1 E6/E7 (End1) [American Type Culture Collection (ATCC) CRL-2615], FUCCI HeLa cells and 257 

HEK293 DR reporter cells were cultured in Hepes-buffered DMEM (Gibco) supplemented with 258 

10% fetal calf serum (FCS) (Biochrome), 2 mM glutamine, and 1 mM sodium pyruvate, at 37°C 259 

in a humidified incubator containing 5% CO2.  260 

Chlamydia infections 261 

Ctr L2 (ATCC VR-902B) stocks were prepared as described earlier (4) . Unless otherwise stated, 262 

Chlamydia infection experiments were performed at a multiplicity of infection (MOI) of 5 in 263 

infection medium (DMEM supplemented with 5% FCS, 2 mM glutamine, and 1 mM sodium 264 

pyruvate). The medium was exchanged at 2 h p.i., and cells were grown at 35°C in 5% CO2.  265 

SDS-PAGE and Western blotting 266 

Cells grown in six-well plates and treated as per experimental requirement were washed with 267 

PBS and lysed with 300 μl of SDS sample buffer (3% 2- mercaptoethanol, 20% glycerin, 0.05% 268 

bromophenol blue, 3% SDS). Cell lysates were collected and incubated at 95°C for 10 min. 269 

Samples were stored at −20 °C until required. SDS page and Western blotting were performed 270 

as described earlier (4). 271 

Indirect immunofluorescence microscopy 272 

Indirect immunofluorescence microscopy was performed as described in (8). Briefly, cells 273 

incubated in CSK buffer (10 mM PIPES pH 6.8, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 1 274 



18 

 

mM EGTA, 0.5% TritonX-100) on ice for 10 min and then fixed with 2% PFA at room 275 

temperature for 30 min. Cells were washed with PBST (PBS with 0.1% Tween-20) and then 276 

incubated in blocking buffer (3% BSA in PBST) for 30 min followed by 1 h incubation at room 277 

temperature (RT) with primary antibodies. Cells were washed and incubated for 1 h at RT with 278 

the appropriate fluorochrome-conjugated secondary antibodies. Cells were also stained for 279 

DNA with Draq5 or Hoechst in PBS for 5 min before being mounted with Mowiol. The 280 

fluorochromes were visualized with Cy2, Cy3 and Cy5 filters. A series of images with z-stacks 281 

were acquired with a laser scanning confocal microscope (Leica) and further processed with 282 

Image J and Photoshop CS3 (Adobe Systems). Integrated intensities were calculated using 283 

ImageJ software. 284 

Proximity ligation assay 285 

Proximity ligation assay was performed as previously described (4). Briefly, End1E67E7 cells 286 

grown on coverslips in 24-well plates were infected with Ctr. Cells were washed twice with PBS 287 

and then fixed with ice-cold methanol overnight at 4°C. Incubation with antibodies against ATM 288 

and PP2A-A was performed with the Duolink® In Situ Orange Starter Kit Goat/Rabbit (Sigma) 289 

according to the manufacturer’s instructions. A series of images with z-stacks were acquired 290 

with a laser scanning confocal microscope (Leica), analyzed with ImageJ software, and further 291 

processed by Photoshop CS3 (Adobe Systems). 292 

Cell Cycle analysis using FUCCI HeLa cells 293 

Fucci HeLa cells were seeded in 96-well plates (5,000 cells/well) and then infected with Ctr L2 294 

on the following day. Then, cells were treated with OA with or without 10µM ATM inhibitor 295 
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(KU-55933). Cells were treated with BrdU at 1:1000 dilution in 5% FCS in DMEM medium for 1 h 296 

before PFA fixation followed by incubation with 2 M HCL for 20 min and then 0.1M sodium 297 

borate (Na2B4O7) pH 8.5 for 2 min. The cells were permeabilized and stained with anti-BrdU 298 

(1:1000) primary antibody followed by fluorochrome-conjugated secondary antibody and 299 

Hoechst. Finally, images were acquired by automated microscope using Cy2, Cy3, Cy5 and DAPI 300 

filter, and data was analyzed by ScanR Software using a custom developed image analysis assay. 301 

Antibodies and chemicals 302 

Antibodies used were obtained from the following sources: anti-BrdU (GE Healthcare), pChk2 303 

(Th68), ATM (D2E2 pATM (Ser1981), pMre11 (Ser676) and cleaved caspase-3 (Asp175) from Cell 304 

Signalling; gH2AX(Ser139) from Upstate; pATM (Ser1981), Mre11, Chk1, NBS1, pNBS1 (S343), 305 

PP2A C (p-Y307) from Abcam; goat-anti-Chlamydia -MOMP from AbD Serotec; Chlamydia 306 

HSP60 from Enzo Life Sciences, β-actin from Sigma, and mouse anti-Chlamydia MOMP KK12 307 

from the University of Washington. Secondary antibodies conjugated to horseradish peroxidase 308 

(HRP) were purchased from Amersham Biosciences and secondary antibodies labeled with Cy2, 309 

Cy3 or Cy5 were from Jackson Immuno Research Laboratories. Hoechst was purchased from 310 

Sigma and Draq5 from Cell Signaling. All reagents were used for western blotting or 311 

immunofluorescence at the dilutions recommended by the manufacturers. Chemicals were 312 

obtained from the following sources: okadaic acid (OA) from Santa Cruz, etoposide and FTY720 313 

from Sigma, ATM kinase KU-55933 inhibitor from Merck Millipore. 314 

Neutral comet assay 315 
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Single-cell comet assays were performed according to the manufacturer’s instructions 316 

(Trevigen). Briefly, cells were re-suspended in cold PBS, mixed with low-melting agarose at a 317 

ratio of 1:10 and 50 µl of cell suspension was spread on a Comet Slide. Slides were placed in 318 

lysis buffer followed by electrophoresis, transferred to 70% ethanol and stained with SYBR® 319 

Green. Nuclei were visualized using epifluorescent illumination on a Zeiss microscope. The 320 

amount of DNA damage was quantified by determining the percentage of DNA in the tail using 321 

Comet Score (TriTek) software. Graphs were generated using GraphPad Prism 5 (GraphPad 322 

Software, Inc.). 323 

siRNA transfection and knockdown analysis 324 

siRNAs used in this study were purchased from Qiagen. siRNA transfections were performed as 325 

described previously (4) to reach a final siRNA concentration of 20 nM, using Hiperfect 326 

transfection reagent according to the manufacturer’s guidelines. Two days post-transfection, 327 

the cells were used for different experiments or to determine knockdown efficiency by RT-328 

QPCR.  329 

HR repair analysis in HEK293 (DR-GFP) cell line 330 

2x104 HEK293 (DR-GFP) cells were seeded in 96-well plates coated with a 1:100 dilution of 331 

collagen. The following day, medium was aspirated and 100 µl fresh antibiotic-free medium 332 

added 2 h before transfection. Cells were transfected with I-SceI expression plasmid by diluting 333 

0.25 µg of vector and 0.5 µl of lipofectamine 2000 in 50 µl Optimem medium, followed by 25 334 

min incubation of transfection mixture at room temperature. Then 50 µl of transfection 335 

complexes per well was added to the 96-well plate and incubated at 37°C for 3 h. The cells were 336 
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washed with medium and infected with Ctr L2 at indicated MOI. After 2 h infection, cells were 337 

treated with 2.5 nM, 5 nM or 10 nM OA. Finally, after 40 h infection, cells were fixed with 3.7% 338 

PFA and permeabilized with 1% FCS/0.05% Tween20/2% Triton X-100 in 1xPBS for 2 days at 4 339 

°C. Then cells were stained with goat Ctr-MOMP antibody followed by fluorochrome-340 

conjugated secondary antibody and Hoechst for nuclear staining. Images were acquired with an 341 

automated microscope and analyzed by ScanR Software using a custom developed image 342 

analysis assay. 343 

Statistical Analysis 344 

Statistical analyses were performed using GraphPad Prism 5 software. Student’s t-test was used 345 

to determine p-values. Significance levels were set at ****<0.0001; ***<0.001; **<0.01; 346 

*<0.05; (ns)>0.05 not significant.  347 

 348 
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Figure Legends 475 

 476 

Figure 1. Chlamydia induced DNA double strand breaks fail to activate ATM by engaging 477 

PP2A. (A-F) Human cervical epithelial End1 E6/E7 cells were infected with Ctr and (A) labelled 478 

for γH2AX and DNA (Draq5) at 36 h, (B) analyzed by immunoblot for pATM, tATM, Chlamydial 479 

Hsp60 and β-actin at 45 h post infection (h p.i.) (C-D) analyzed as in (B) following treatment 480 

with OA (C) at different concentrations from 2 h before harvesting or (D) at 20 nM for different 481 

periods (E) treated with OA (250 nM) from 2 h before harvesting at 45 h p.i. followed by neutral 482 

comet assay to asses quantity of DSBs (F) treated with OA at concentrations indicated from 2 h 483 

before harvesting at 45 h p.i. followed by immunoblotting for γH2AX, Chlamydial Hsp60 and β-484 

actin. (A-F) Cells treated with 50 µM etoposide for 2 h before analysis served as positive 485 

control. (G-H) END1 E6/E7 cells transfected with siRNAs targeting luciferase or PPP2CA were 486 

harvested 45 h after infection with Ctr and analyzed for (G) knockdown efficiency by qRT-PCR 487 

and (H) pATM, tATM, γH2AX, chlamydial Hsp60 and -actin by immunoblotting. Data represents 488 

mean ± SD of three experiments normalized to mock-treated infected cells. Representative 489 

blots of three independent experiments are shown; ***p<0.001, ns p>0.05, determined by 490 

Student’s t-test. 491 

  492 

Figure 2. Inhibition of PP2A disrupts the dynamic interaction between PP2A and ATM in Ctr 493 

infected cells. (A) End1 E6/E7 cells infected with Ctr with or without treatment with OA for the 494 

last 20 h were subjected to immunoblotting for PP2A-A, PP2A-C, PP2A-C pY307, Chlamydial 495 
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Hsp60 and β-actin at 45 h p.i. Cells treated with the chemical compound FTY72, which increases 496 

PP2A activity, were used as positive control. (B-C) Uninfected and Ctr-infected End1 E6/E7cells 497 

were labelled with the Duolink in situ PLA kit with antibodies against ATM and PP2A. (B) 498 

Fluorescent dots represent interactions between ATM and PP2A. Images shown are 499 

representative of three independent experiments. (C) Number of ATM and PP2A interactions 500 

normalized to control uninfected untreated cells, shown as mean + sem. Blot represents three 501 

independent experiments. 502 

 503 

 504 

Figure 3. ATM activation upon PP2A inhibition induces cell cycle checkpoint activation and 505 

G2/M arrest in Ctr infected cells. (A) Ctr-infected End1 E6/E7 cells with or without OA added at 506 

indicated time points before harvesting at 45 h p.i. were analyzed for pChk2, chlamydial Hsp60 507 

and β-actin by immunoblotting. (B-C) Ctr-infected HeLa FUCCI cells treated with OA for 20 h 508 

before fixing at 45 h p.i. Cells were pulsed with BrdU for 1 h before immunofluorescent labelling 509 

for BrdU (blue) and, DNA was counterstained with Hoechst. (B) Percentage of cells in G2/M 510 

phase (Red+/BrdU-) (C) Representative images of cells in G1 (Red), G2/M (green) and S phase 511 

(positive for green and BrdU (Blue) signal). (D) Ctr-infected End1 E6/E7 cells treated with OA 512 

and ATMi 2 h before harvesting at 45 h p.i. followed by immunoblot analysis of pChk2, tChk2, 513 

Chlamydial Hsp60 and β-actin. (E) HeLa FUCCI cells infected with Ctr were treated with OA and 514 

ATMi and pulsed with BrdU for 1 h before immunofluorescence labelling with BrdU antibody. 515 

DNA was counterstained with Hoechst. Images were acquired with an automated microscope. 516 
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Bar graph represents the percentage of cells in G2/M phase. Cells treated with 50 µM 517 

etoposide for the last 2 h served as positive control. Graphs represent mean + sem, **** 518 

p<0.0001, determined by Student’s t-test. All data representative of three independent 519 

experiments. 520 

 521 

 522 

Figure 4. Ctr-induced DSBs fail to activate homologous recombination while inhibition of 523 

PP2A restores the HR pathway. (A-C) HEK293 homologous recombination (HR) repair GFP 524 

reporter (DR-GFP) cells were infected with Ctr and treated with OA at 2 h p.i. followed by 525 

immunofluorescence labelling for MOMP at 40 h p.i.. DNA was counterstained with Hoechst. 526 

(A) Number of infected GFP+ cells as determined using an automated Scan R microscope. (B) 527 

Representative images of labelled cells. Asterisks indicate HR positive infected cells. (C) End1 528 

E6/E7 cells were infected with Ctr and treated with OA at 20 h followed at 45 h p.i. by 529 

immunoblot analysis for cleaved caspase 3, chlamydial Hsp60 and β-actin. Cells treated with 50 530 

µM etoposide for the last 20 h were used as positive control. Data are representative of three 531 

independent experiments. Graph represents mean + sem. 532 

 533 

Figure 5. Upon PP2A inhibition, activated ATM recruits partially to DSBs and phosphorylates 534 

its substrates in Ctr infected cells. (A-C) End1 E6/E7 cells were infected with Ctr for 36 h and 535 

treated with OA for the last 20 h, followed by immunofluorescence analysis (A) Representative 536 

confocal images of γH2AX (red), pATM (green) and DNA (blue). (B-C) Mean pixel intensities of 537 
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γH2AX and pATM per cell quantified using ImageJ. Data represent mean ± sem. for (B) pATM 538 

(green) and (C) γH2AX (red) for at least 25 cells per condition. (D) End1 E6/E7 cells infected with 539 

Ctr for 45 h and treated with OA for the last 2 h were analyzed by immunoblotting for pMRE11 540 

(S676), MRE11, pNBS1 (S343), NBS1, Chlamydial Hsp60 and -actin. Data representative of 541 

three independent experiments; **** p<0.0001, ns p>0.05, analysed by Student’s t-test. 542 

 543 












	Manuscript Text File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

