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Chlamydiaeareobligate intracellular bacterial pathogens that haveamajor effect onhumanhealth.Because
of their intimate association with their host, chlamydiae depend on various host cell functions for their sur-
vival. Here, we present an RNA-interference–based screen in human epithelial cells that identified 59 host
factors that either positively or negatively influenced the replication of Chlamydia trachomatis (Ctr). Two
factors, K-Ras and Raf-1, which are members of the canonical Ras–Raf–MEK (mitogen-activated or extra-
cellular signal–regulated protein kinase kinase)–ERK (extracellular signal–regulated kinase) pathway, were
identified as central components of signaling networks associated with hits from the screen. Depletion of
Ras or Raf in HeLa cells increased pathogen growth. Mechanistic analyses revealed that ERK was acti-
vated independently of K-Ras andRaf-1. InfectionwithCtr led to theAkt-dependent, increased phospho-
rylation (and inactivation) of Raf-1 at serine-259. Furthermore, phosphorylatedRaf-1 relocalized from the
cytoplasm to the intracellular bacterial inclusion in an Akt- and 14-3-3b–dependent manner. Together,
these findings not only show that Chlamydia regulates components of an important host cell signaling
pathway, but also provide mechanistic insights into how this is achieved.
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INTRODUCTION

Chlamydiae are Gram-negative, obligate, intracellular bacterial pathogens
and the causative agents of a wide range of human and animal diseases.
Chlamydia trachomatis (Ctr) is a human pathogen associated with several
diseases, including sexually transmitted diseases (1) and preventable blind-
ness (trachoma) (2). The developmental cycle ofCtr alternates between two
functionally and morphologically distinct forms: the extracellular, infec-
tious, metabolically inactive elementary body (EB) and the intracellular,
metabolically active, replicating reticulate body (RB). EBs infect host cells
and differentiate into RBs within a membrane-bound, protective vacuole
called the inclusion. RBs multiply, and at the end of the cycle they rediffer-
entiate into EBs,which are released from cells to initiate a new developmen-
tal cycle by infecting neighboring cells (3).

To ensure successful entry, survival, and propagation, Chlamydia inter-
acts with its host cell in several different ways. Chlamydia has a type III
secretion system, which releases bacterial effector proteins into the host cell
(4, 5). The production of these effectors varieswith the developmental cycle
(6). In addition, host cell proteins, including 14-3-3b and Bcl2-associated
agonist of cell death (BAD), are recruited to the inclusion, which results in
the modulation of host cell processes (7). Chlamydia targets various func-
tions of the infected cell to acquire amino acids (8), nucleotides (9), and
other precursors from the host. The pathogen is also capable of manipulating
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host cell pathways and functions, such as proapoptotic defense mechanisms
(10) and the Ras–Raf–MEK (mitogen-activated or extracellular signal–
regulated protein kinase kinase)–ERK (extracellular signal–regulated ki-
nase) cascade (11), for its own benefit. ERK and its downstream target
cytosolic phospholipase A2 (cPLA2) are activated during infection with
Chlamydia (11). Although bacterial and host factors contribute to the
establishment and success of the infection, the underlying host mechanisms
remain widely elusive.

The Ras-Raf-MEK-ERKpathway plays a key role in fundamental phys-
iological functions, such as cell proliferation, cell cycle, survival, and apo-
ptosis (12). Raf-1 is activated by a direct interaction with a guanosine
triphosphate (GTP)–bound, activemolecule of the guanosine triphosphatase
(GTPase) Ras, which recruits Raf-1 to the plasma membrane (13). At the
membrane, kinases, such as p21-activated kinase (PAK) andSrc familymem-
bers, activate Raf-1 by multiple phosphorylation reactions (14). The active
form of Raf-1 phosphorylates MEK1 and MEK2. The predominant down-
stream targets of theMEKsare themitogen-activated protein kinases (MAPKs)
ERK1 and ERK2 (13). The ERKs phosphorylate multiple transcription
factors, including Ets-1, c-Jun, c-Myc, ribosomal S6 kinase (p90RSK), and
nuclear factor kB (NF-kB) (15, 16). In addition to following a classical linear
cascade, the Ras-Raf-MEK-ERK pathway is also widely branched (12).

The silencing of gene expression by RNA interference (RNAi) technol-
ogy is proving to be a powerful tool to investigate the function of host pro-
teins. High-throughput applications of RNAi have led to insights into events
such as cytokinesis (17),Wnt signaling (18), Janus-activated kinase (JAK)–
signal transducer and activator of transcription (STAT) signaling (19), and
host-pathogen interactions (20, 21). Two relevant loss-of-function screens
have revealed a role for the multiprotein Tim-Tom complex in Chlamydia
caviae infection (22) and highlighted the importance of the receptor tyrosine
kinase platelet-derived growth factor receptor b (PDGFR-b) and the kinase
ABL for the efficient uptake of Ctr by host cells (23). However, these studies
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were carried out inDrosophila cells, a non-native host cell type forChlamydia,
which supports the full developmental cycle of C. caviae but not that of Ctr.

Here, we present a systematic siRNA-based loss-of-function screen aimed
at discovering host cell factors that interfere with the entry, survival, and
replication of Ctr within human epithelial cells. We identified 59 host cell
factors whose knockdown altered Ctr infectivity. These factors included
K-Ras andRaf-1, whichwhen knocked down led to the increased growth of
Ctr. Despite the depletion of K-Ras and Raf-1, ERKwas still activated after
the infection of cells with Ctr, which was accompanied by the strong stim-
ulation of cPLA2. This suggested that activation of ERK in Ctr-infected
cells occurred through aK-Ras– andRaf-1–independentmechanism. Infec-
tion by Ctr also led to the Akt1- and Akt2-dependent phosphorylation of
Raf-1 at Ser259, a modification known to inactivate Raf-1 (24, 25). In addi-
tion, we showed that Raf-1 was recruited to the inclusion in an Akt- and
14-3-3b–dependent manner. These data suggest that infection withCtr trig-
ww
gers a modular regulation of components of the Ras-Raf-MEK-ERK
pathway to support growth of the pathogen.
RESULTS

A functional RNAi screen for host cell factors critical to
Ctr infection and development is established
To identify host cell factors that have crucial functions during Ctr infec-
tion and the progression of the pathogen’s developmental cycle (Fig.
1A), we established a two-step assay that enabled us to determine (i)
the number of EBs that infected cells and differentiated into RBs inside
host cells (termed infection) and (ii) the resulting infectious progeny (termed
infectivity). We used fluorescence microscopy as a read-out system (Fig.
1B). One day before transfection with small interfering RNAs (siRNAs),
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Fig. 1. A loss-of-function screen for host factors involved in the develop-
ment cycle of Chlamydia (Ctr). (A) The development cycle of Ctr. Ctr EBs
(green) enter the host cell (step 1) and differentiate to RBs (red) (steps
1 and 2). The RBs multiply (step 3) and redifferentiate back to EBs (step
4) that can infect new host cells. (B) Cells were seeded (step 1) and trans-
fected (step 2) in triplicate. At 72 hours after transfection, one plate was
fixed (step 3) to monitor any specific effects of the siRNAs used on cell
growth. The remaining two plates were infected with Ctr (step 4), and at
24 hours after infection one plate was fixed to evaluate the number and
size of Ctr infectious particles (infection, step 5). Fresh cells were seeded
(step 6) and infected with the lysate from the second infected plate at
48 hours after infection (steps 7 and 8), fixed 24 hours later to measure
infectivity (step 9). Nuclei in the host cells of all of the plates were stained
with Hoechst and Chlamydia were detected with an antibody against Ctr
(step 10). Imageswere acquired (step 11) and subjected to image and data
analysis (steps 12 and 13). (C) The siRNAs siLuci, siARF1, and siLC3 were
established as having no effect, an activating effect, or an inhibitory effect,
respectively, on infectivity ofCtr from transfected cells. Shownare represent-
ative images and the normalized infectivity rates ± SD of three independent
experiments. siLuci was used as a reference control.
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HeLa cells were seeded in three 96-well plates. The cells in one plate were
fixed 72 hours after transfection to evaluate the possible effects of gene
knockdown on cell number. At the same time, cells in both of the remaining
plateswere infectedwithCtr. Cells in one of the plateswere used tomonitor
the infection rate 24 hours after infection, whereas cells in the other plate
were lysed 48 hours after infection, and dilutions of the lysates were used to
infect nontransfected HeLa cells, which were fixed 24 hours after infection
to monitor the infectivity rate of Ctr. All of the plates were then processed
for immunofluorescence microscopy by staining the cell nuclei with
Hoechst dye, whereas bacterial inclusions were detected with an antibody
against the major outer membrane protein (MOMP) of Ctr. The number of
inclusions per cell and sizes of these inclusions were determined by auto-
mated microscopic readout (fig. S1).

To test the reliability of the functional assay,we used siRNAs specific for
the small GTPase adenosine diphosphate (ADP) ribosylation factor (ARF1)
(siARF1) and a combination of siRNAs specific for the light-chain subunits
of the microtubule-associated proteins MAP1LC3A and MAP1LC3B
(siLC3). Transfection of cells with siARF1 before infection with Ctr re-
sulted in larger inclusions and higher infectivity than occurred in cells trans-
fected with an siRNA against luciferase (siLuci) (thus, siARF1 was
considered an activating control), whereas siLC3-mediated knockdown of
MAP1LC3A andMAP1LC3B before infection resulted in the formation of
smaller inclusions and almost no infectivity (Fig. 1C and fig. S2) (thus,
siLC3 was considered an inhibitory control). Three siRNA libraries were
screened: a kinase library that targeted 646 kinases and kinase-binding
proteins, an apoptosis library directed against 418 apoptosis-related
genes, and a custom library that targeted 471 genes with a broad range
of cellular functions. Altogether, 1289 unique genes were targeted with
two pooled siRNAs per gene. Each pooled siRNAwas tested a minimum
of three times in 96-well plates. For further analyses, we concentrated on
ww
infectivity. Only plates inwhich the controls showed increased or decreased
infectivity rates of at least twofold were analyzed further.

For quality control, a platewise correlation coefficient matrix was gen-
erated for each of the tested parameters in the assay, based on all samples
(fig. S3). Infectivity datawere normalized byB-score andpercent-of-control
(POC) analyses (Fig. 2A, fig. S4, and table S1), and targeted genes were
designated as primary hits according to defined thresholds, as described
in Materials and Methods. With this approach, we identified 204 and 203
primary hits from the B-score and POC analyses, respectively. For further
analyses, we focused on the 80 genes common to both methods, in addition
to 26 genes that were identified exclusively from either the B-score or POC
methods, giving a total of 132 primary hits.

Proteins required for Ctr infectivity are validated
To validate the initial 132 hits, we performed a second round of screening
that used four independent, newly designed siRNAs for each target gene
(Fig. 2B). Data were normalized by POC. Validated hits that showed a
minimum change in infectivity of twofold with at least three siRNAs were
classified as strong, those that exhibited a 1.5-fold effect with at least three
siRNAs were classified as medium hits, and those that exhibited a 1.5-fold
effect with two siRNAs were categorized as weak hits. Primary hits that did
not meet the validation criteria or that showed opposing phenotypes were
grouped as “not validated.”With these stringent criteria, of the 132 primary
hits subjected to hit validation, 30 qualified as weak, 15 as medium, and 14
as strong hits (Fig. 2B, tables S2 and S3, and fig. S5). Of the primary hits
that were exclusively derived from the B-score and POC methods, we
achieved a validation rate of 35 and 46%, respectively; a validation rate of
48% was achieved by selecting hits common to both methods (Fig. 2C).
These validation rates indicate that control-based normalization of RNAi
screening data may be more reliable than sample-based normalization.
 on June 16, 2020
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Fig. 2. Identification and validation
of hits from theprimary screen. (A)
Infectivity data of cells transfected
with a pool of two siRNAs per
gene were analyzed in parallel
by two statistical normalization
methods: B-score and POC. siLC3
inhibitory controls are marked in
green, siARF1 activating controls
in red, and samples in black.
The black lines indicate the
defined thresholds used for defin-
ing the primary hits. All of the 80
overlappingprimaryhits fromboth
statistical analysis methods and
the 26 nonoverlapping primary
hits that were identified exclusive-
lywith theB-score andPOCmeth-
ods were chosen for further
validation. (B) Validation of the hits
was performed for 132 primary
hits with four independent siRNAs
per gene. Data were analyzed by
POC normalization and validated

hits were grouped into “strong,” “medium,” and “weak” hits according to the number of siRNAs that elicited a biological effect. (C) Validated hits are grouped
according to the statistical analysis used for the definition of primary hits. The numbers of scored hits fromeach of themethods of analysis used in the primary
screen, as well as the overlapping genes, are shown.
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Network analysis identifies a coherent network of
interactions important for Ctr infectivity
To identify functional modules and signaling pathways that were potentially
associated with the 59 validated hits, we carried out gene ontology (GO)
analysis with GOstats software and pathway analysis with Ingenuity
Pathway Analysis (IPA) software. First, we looked for enriched GO terms
associatedwith the validated hits according to biological process or molecu-
lar function.We found an over-representation of genes associatedwith small
GTPases and especially with Ras-related signal transduction (Fig. 3A).

Next, we performed an in silico network analysis with IPA and catego-
rized the hits according to their proposed molecular and cellular functions.
Multiple functional groups were significantly (P < 0.05; log < −2) enriched
ww
in all three hit categories (Fig. 3B). Two representative functions, cell death
and cell morphology, were merged and subjected to an assisted network
analysis by IPA (Fig. 3C) on the basis of known protein-protein interactions
or roles in activation, inhibition of proteins, and transcription of genes. Sev-
eral connectionswere apparent; for example, the proapoptotic protein direct
inhibitor of apoptosis (IAP)–binding protein with low isoelectric point (pI)
(DIABLO) and the tumor necrosis factor receptor (TNFR) superfamily
members lymphotoxin b receptor (LTBR) and TNFR18 are connected to
the E3 ubiquitin ligase TNFR-associated factor 2 (TRAF2) through protein-
protein interactions (26–28).The receptor phosphatidylinositol-5-phosphate
4-kinase type 2 beta (PIP5K2B) binds to tumor necrosis factor receptor
superfamily member 1A (TNFRSF1A) (29), a known activator of TRAF2
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Fig. 3. Gene enrichment and network analysis. (A) Statistically significant
(P< 0.05) enrichment factors of selected biological processes, according to
GO, for the 14 hits classified as strong. Enrichment factors andP valueswere
calculated with the GOstats R-package in a modification available from the
GaggleWeb site (seeMaterials andMethods). (B) The strong, medium, and
weakhits (shown asbars fromdark blue to light blue)were analyzedwith IPA
software for prominent functions. Only functions that met the significance
threshold (red line) are displayed (P<0.01; log<−2). (C) Two representative
functions, cell death and cell morphology, were joined and subjected to a
curated network analysis. The simplified network based on the interactions
predicted by IPA is depicted. Hits are designated in colors based on phe-
notypes: green for those targets that inhibited infectivity and red for those
gene targets that increased infectivity upon knockdown. Other proteins
(non-hits) were added to complement the networks (displayed in white).
The connections between the proteins are depicted as follows: A, activation;
PP, protein-protein interaction; E, expression; RB, regulation of binding; P,
phosphorylation; MB, member; I, inhibition. Solid lines show direct interac-
tions, whereas dashed lines show indirect interactions.
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(30). Additionally, we found that G protein–coupled receptor kinase 5
(GRK5), the GTPase RhoA, and integrin a5 (ITGA5), which we identified
in the screen, are connected to TRAF2 through RhoGTPase activating pro-
tein 5 (ARHGAP5), caveolin 1 (CAV1), ARF GTPase-activating protein
GIT1 (GIT1), and TNFRSF12A. TRAF2 is also connected to the hits serine
and threonine-protein kinase TAO3 (TAOK3), MAPK kinase kinase 14
(MAP3K14), and TRAF2 and NCK-interacting protein kinase (TNIK)
(31–33), all of which are serine and threonine protein kinases and known
activators of c-Jun N-terminal kinase (JNK), which in turn interacts with
Ras (34). Mitogen-activated protein kinase 12 (MAPK12), a member of
the JNK family, interacts withMAPK14 (27), which results in the increased
expression of the gene encoding nitric oxide synthase 2 (NOS2) (35). Fur-
thermore, Ras activates Raf, which in turn interacts with prohibitin (36).
Knockdown of the MEK family member MAPK kinase 6 (MAP2K6), an-
other validated hit, led to decreasedCtr infectivity, suggesting an alternative
role for Ras, Raf, and MEK during infection.

Knockdown of K-Ras and Raf-1 leads to
increased Ctr infectivity
The Ras-Raf-MEK-ERK pathway is activated after infection with Ctr,
which leads to the phosphorylation and activation of cPLA2 by ERK
(11). Blocking the Ras-Raf-MEK-ERK pathway with chemical inhibitors,
for example, theMEK inhibitor U0126, decreases the infectivity ofCtr and
reduces the extent of phosphorylation of cPLA2 (11). In contrast, our
screening results showed that knockdown of K-Ras and Raf-1 led to
ww
increased Ctr infectivity (table S3). Knockdown of the other Raf and Ras
family members failed to elicit changes inCtr infectivity (fig. S6, A and B).
To further elucidate the mechanism by which the Ras-Raf-MEK-ERK
pathway was activated during Ctr infection, we compared the cellular
outcomes generated by chemical inhibitors with those caused by siRNA-
mediated knockdown of gene expression. Western blotting analysis re-
vealed that ERK and cPLA2 were strongly phosphorylated 30 hours after
infection, whereas theMEK inhibitor U0126 repressed the phosphorylation
of ERK and cPLA2 in response to infection (Fig. 4A). Knockdown ofMEK
also hampered the phosphorylation of ERK after infection with Ctr (Fig.
4B), whereas ERK and cPLA2 were still phosphorylated when K-Ras
and Raf-1 were knocked down (Fig. 4C). Consistently, U0126 decreased
the infectivity of Ctr (Fig. 4D), whereas knockdown of K-Ras and Raf-1
led to increased infectivity (Fig. 4E). These data strongly suggest that the
phosphorylation of ERK and the phosphorylation and activation of cPLA2

duringCtr infection requireMEK but not K-Ras or Raf-1. In addition, both
the activation of ERK and the depletion of K-Ras and Raf-1 supported the
growth ofChlamydiawithin host cells. Thus,we further investigated the fate
of Raf-1 during Ctr infection.

Raf-1 is phosphorylated at Ser259 after Ctr infection
Because knockdown of Raf-1 supported the growth of Chlamydia, we
investigated whether phosphorylation of Raf-1 was influenced by Ctr in-
fection. Previous studies showed that Raf-1 is inactivated when it is phos-
phorylated at Ser259 by Akt (25, 37). OurWestern blotting analysis revealed
http://st
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ke.sciencem
ag.org/
Fig. 4. Activation of ERK after infection with
Ctr is independent of K-Ras and Raf-1.
Western blotting analysis (30 hours after
infection) of (A) uninfected andCtr-infected
cells with and without UO126, (B) unin-
fected and Ctr-infected cells transfected
with siRNAs targeting luciferase or MEK1
and 2, and (C) uninfected and Ctr-infected
cells transfected with siRNAs targeting lucif-

erase, K-Ras, or Raf-1. b- Actin was used as a loading control. (D) Uninfected andCtr-infected
cells treated with or without UO126 were lysed at 48 hours after infection and these samples
were used to infect freshly seeded cells. These cells were fixed 24 hours after infection and the
infectivity was quantified. Data shown are themean ± SD of three experiments normalized to
mock-treated, infected cells. (E) Uninfected and Ctr-infected cells, untransfected or trans-
fected with siRNAs specific for luciferase, K-Ras, or Raf-1, were lysed 48 hours after infection
and these samples were then used to infect freshly seeded cells. These cells were fixed 24
hours after infection and the infectivity of the bacteria was quantified. Data shown are the
mean ± SD of three independent experiments normalized to infected and siLuci-transfected
cells. Western blots depicted in (A) to (C) are representative of three experiments. For
knockdown of K-Ras and Raf-1, two independent siRNAs were used (indicated as 1 and 2).
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the increased abundance of Raf-1 phosphorylated at Ser259 in Ctr-infected
cells compared to that in uninfected cells, and that knockdown of Akt
inhibited this infection-dependent phosphorylation event (Fig. 5). These
findings strongly suggested that Raf-1 was inactivated by Akt-dependent
phosphorylation at Ser259 in response to infection by Ctr.

Phosphorylated Raf-1 is recruited to the inclusion in an
Akt- and 14-3-3b–dependent manner
During Ctr infection, 14-3-3b is recruited to the inclusion by inclusion pro-
tein G (IncG) (38) and interacts with other host cell proteins, such as BAD
(7). Phosphorylation of Raf-1 at Ser259 results in the binding of Raf-1 to
14-3-3b, a negative regulator of Raf-1 (25), and suggests that Raf-1 is
redistributed within Chlamydia-infected cells (39). Thus, we speculated
that Raf-1 might also be recruited to the inclusion upon infection in a 14-
3-3b– andAkt-dependent manner. Uninfected andCtr-infectedHeLa cells
were fixed 30 hours after infection and incubated with antibodies against
14-3-3b, Raf-1, or phosphorylated Raf-1 (pRaf-1). Confocal images re-
vealed that Raf-1 and pRaf-1 colocalized with 14-3-3b at the membranes
of inclusions in infected cells, whereas in uninfected cells, Raf-1 and pRaf-
1 were dispersed throughout the cytoplasm (Fig. 6, A and B). Additionally,
ectopic expression of wild-type Raf-1 or a Ser259→Ala mutant of Raf-
1 (S259A) revealed that only the wild-type protein localized to the inclu-
sions, whereas the mutant form remained in the cytoplasm of infected cells
(Fig. 6, C and D). These data confirmed the phosphorylation-dependent re-
cruitment of Raf-1 to the inclusion.
 on June 16, 2020
http://stke.sciencem

ag.org/
Fig. 6. Translocation of Raf-1 to the Ctr inclusion is dependent on its phos-
phorylation at Ser259. Uninfected and Ctr-infected HeLa cells were fixed
30 hours after infection and were incubated with antibodies against 14-3-3b
and Raf-1 (A) or against 14-3-3b and pRaf-1 at Ser259 (B). Images were
acquired with a confocal microscope. Overlaid images show the colocaliza-
tion of 14-3-3b and Raf-1 with the Ctr inclusion. Uninfected andCtr-infected
HeLa cells transfected with plasmids encoding wild-type (WT) Raf-1 (C) or
the S259A mutant of Raf-1 (D) were fixed 30 hours after infection and incu-
bated with an antibody against the HA tag. Images were acquired with a flu-
orescence microscope. Ctr inclusions are marked with an asterisk. Overlaid
images show the translocation of WT, but not mutant, Raf-1 to the inclusion.
Images are representative of three independent experiments.
Fig. 5. Phosphorylation of Raf-1 at Ser259 after infection with Ctr depends
on Akt. Uninfected and Ctr-infected HeLa cells transfected with siRNAs
specific for luciferase or Akt (siAkt1 + 2) were harvested 30 hours after in-
fection and subjected to Western blotting analysis for the detection of Akt,
pERK, Raf-1, and pRaf-1 (Ser259). b-Actin was used as a loading control.
One blot representative of three independent experiments is shown.
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To corroborate these observations, we performed fractionation experi-
ments. Uninfected and Ctr-infected cells transfected with siRNAs specific
for luciferase (a negative control), Akt, or 14-3-3b were separated into sub-
cellular fractions 30 hours after infection, and subjected toWestern blotting
analysis to detect Raf-1 and, as amarker forChlamydia, the chlamydial heat
shock protein 60 kD (Hsp60). As expected, chlamydial Hsp60 was found
mainly in the membrane- and organelle-containing fraction of infected cells
(Fig. 7, A to C). Consistent with our confocal results, Raf-1 was distributed
between the cytosolic and the membrane- and organelle-containing
fractions in uninfected control cells transfected with an siRNA against lu-
ciferase. In contrast, Raf-1 was predominantly localized to the membrane-
and organelle-containing fraction in infected cells (Fig. 7A). However, in
Akt-knockdown cells, we observed a lack of redistribution of Raf-1 from
the cytosolic fraction to the membrane of both uninfected and Ctr-infected
cells (Fig. 7B). A similar scenariowas observedwhen cells were depleted of
14-3-3b (Fig. 7C). To investigatewhether Raf-1 directly interactedwith 14-3-
3b at the inclusion, we performed an in situ proximity ligation assay, which
enabled us to visualize protein-protein interactions. InCtr-infected cells, we
observed a strong accumulation of signals at the inclusion (Fig. 7D). Thus,
our findings demonstrate pRaf-1 was recruited to the inclusion in a manner
that was dependent on Akt and a direct interaction with 14-3-3b.

DISCUSSION

Here, we present an siRNA-based, loss-of-function screen in human epithe-
lial cells that identified 59 targets that positively or negatively regulatedCtr
infectivity. Network and gene-enrichment analyses pointed toward K-Ras
and Raf-1 as central players involved in signaling networks engaged during
ww
Ctr infection. To validate this observation, we dissected the functions of
K-Ras and Raf-1 during infection. We found that ERKwas activated even
whenRaf-1was depleted; that Raf-1was phosphorylated at Ser259, a known
inactivating modification of Raf-1, in an Akt-dependent manner; and that
phosphorylated Raf-1 was recruited to the inclusion, in a manner that was
dependent onAkt and a direct interactionwith 14-3-3b. These findings have
revealed an unexpected Ras- and Raf-independent MEK-ERK signaling
pathway during Ctr infection.

We established a screening strategy to identify host factors that influ-
enced Ctr infection by measuring infectious progeny (infectivity). This
screen uncovered numerous targets with as yet unknown connections to
the development of Chlamydia. To delineate the relevance of the connec-
tions between the identified hits and infection byChlamydia, wegenerated a
curated “interaction network” on the basis of known interactions. In support
of this approach, we identifiedmultiple factors that had previously been im-
plicated in Chlamydia infection. One of these, TNFRSF1A, which we
predicted to be part of the network, is less abundant on the surface of
Ctr-infected cells than it is on the surface of uninfected cells (40). Likewise,
we observed increased infectivity by Ctr upon knockdown of another
TNFR superfamily member, TNFRSF18. Consistent with the inhibitory
effect of TNFRSF18 on Ctr infectivity, neutralization of its agonist TNF-a
increases the infectivity of C. pneumoniae (41). In addition, the pro-
apoptotic protein DIABLO, whose knockdown increased the infectivity
of Ctr, reportedly interacts with cytosolic inhibitor of apoptosis 1 (cIAP1)
and cIAP2 (42, 43), which both constitute essential factors in Ctr-
induced antiapoptotic mechanisms (44). Furthermore, TNFRSF18 and
NOS2 were identified as hits in an RNAi-based screen of Ctr infection
in Drosophila cells (23). Together, our analysis reveals a coherent
 on June 16, 2020
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Fig. 7. Translocation of Raf-1 to
the inclusion is dependent on Akt
and on a direct interaction with 14-
3-3b. (A to C) Uninfected and Ctr-
infectedHeLa cells transfectedwith
siRNAs specific for luciferase (A),
Akt1/2 (B), or 14-3-3b (C) were sep-
arated into subcellular fractions 30
hours after infection, and subjected
to Western blotting analysis for the
presence of Raf-1 and chlamydial
Hsp60. Calpain, LAMP-1, Lamin-A/C,
and cytokeratin-8 were used as
markers for cytosolic (C), membrane-
organelle (M), nuclear (N), and cyto-
skeletal (CS) subcellular fractions,
respectively. Blots shown are repre-
sentativeof three independentexper-
iments. (D)UninfectedandCtr-infected
HeLa cells were stained with the
Duolink in situ PLA kit with antibo-
dies against Raf-1 and 14-3-3b. Flu-
orescent dots represent interactions
between Raf-1 and 14-3-3b. Antibo-
dies against MEK1/2 and 14-3-3b
were used as negative controls. In-
clusions are marked with an asterisk.
Images shown are representative of
three independent experiments.
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network of interactions from receptors to signaling effectors, which could
modulate an array of transcription factors that play substantial roles in
Ctr infection.

Ras, Raf, and MEK were placed as central signaling components
within the described interaction network. Previous work established that
the Ras-Raf-MEK-ERK pathway is activated after infection with Ctr and
that ERK-mediated activation of cPLA2 is involved in the recruitment of
glycerophospholipids to the inclusion (11). The Ras-Raf-MEK-ERK sig-
naling module is usually perceived as a linear pathway, with ERK being
the effector. However, other studies have unveiled a role for these kinases
outside of this established signaling cascade, suggesting the existence of
ERK-independent functions of Raf-1 (45). Inhibiting the activation of
MEK with U0126 results in the abrogation of ERK phosphorylation and
prevents the acquisition of glycerophospholipids in Ctr-infected cells
(11). Consistently, we found that treatment of Ctr-infected cells with
U0126 inhibited the phosphorylation of ERK and decreased the infectivity
ofCtr. RNAi-mediated silencing ofMEK also led to decreased phosphoryl-
ation of ERK after infection, suggesting that MEK was required for the ac-
tivation of ERK and its downstream effectors during Ctr infection. In the
context of Ctr infection, the depletion of K-Ras and Raf-1 did not lead to
decreased amounts of phosphorylated ERK and cPLA2, but rather caused
an increase in Ctr infectivity. Our data suggest that both Ras and Raf-1 are
not involved in the downstream activation of MEK and ERK during Ctr
infection. In agreement with our observations, nonlinear activation of
ERK independent of the Ras-Raf-MEK pathway occurs during infection
with Mycobacterium leprae (46). Together, these findings strengthen the
critical role of MEK and ERK in the survival of Ctr in infected cells and
reveal that K-Ras and Raf-1 have antagonistic functions relative to those of
MEK and ERK.

The kinase activity of Raf-1 is regulated by theAkt-dependent phospho-
rylation of a conserved serine residue (Ser259) in its N-terminal regulatory
domain (25), which inactivates Raf-1 (14). Here, we observed the Akt-
dependent phosphorylation of Raf-1 at Ser259 in Ctr-infected cells, which
suggested infection-dependent inactivation of Raf-1. Relocation of Raf-1
from the cytoplasm to the inclusion, similar to the recruitment of 14-3-3b
(38), was dependent on the phosphorylation at Ser259. Furthermore, this
relocation event was also dependent on Akt and on a direct interaction be-
tween Raf-1 and 14-3-3b. These findings suggest that Chlamydia sup-
presses the function of Raf-1 by sequestering it to the inclusion; activation
of Raf-1 normally occurs at the plasma membrane. Consistent with this
notion, our screening data showed that depletion of Raf-1 was beneficial
for the survival of Ctr, indicating that inactivation of Raf-1 by phosphoryl-
ation at Ser259 and its sequestration to the inclusion act in concert. The host
cell protein BAD is also recruited to the inclusion through an interaction
with 14-3-3b in a phosphorylation- andAkt-dependentmanner; furthermore,
siRNA-mediated depletion of Akt reversed this phenotype and sensitized
Ctr-infected cells to apoptosis (7). This implies that 14-3-3b acts as bait,
sequestering several host proteins to the inclusion and thereby supporting
survival of the pathogen.

In conclusion, this is the first comprehensive, human cell–based, RNAi
loss-of-function screen for host cell factors that either positively or negatively
affect the developmental cycle of Ctr. Detailed investigation of two of
these factors, Ras andRaf-1, demonstrated an uncoupled regulation of com-
ponents of the canonical Ras-Raf-MEK-ERK signaling cascade byChlamydia.
Our study also provides evidence for the inactivation of Raf-1 during Ctr in-
fection. The functional importance of this inactivation is currently under in-
vestigation; however, we hypothesize that Ctr specifically inactivates and
sequesters Raf-1 to actively interfere with the downstream signaling events
inducedbyRaf-1 independentlyofMEKandERK.Ourobservations indicate
that Ctr has evolved efficient strategies to uncouple individual modules from
ww
otherwise coherent signaling cascades and further advance our understanding
of Chlamydia–host cell interactions.
MATERIALS AND METHODS

Cell lines and bacterial strains
HeLa cells [American Type Culture Collection (ATCC) CCL-2] were
grown in Hepes-buffered growth medium [RPMI (GibCo) supplemented
with 10% fetal calf serum (FCS) (Biochrome), 2 mM glutamine, and
1 mM sodium pyruvate], at 37°C in a humidified incubator containing
5% CO2. Ctr serovar L2 (ATCC VR-902B) was propagated in HeLa cells
in infection medium (RPMI medium supplemented with 5% FCS).

Propagation of Chlamydia and infections
Ctr was propagated in HeLa cells grown in 150-cm2 cell culture flasks in
24 ml of infection medium. The cells were detached 48 hours after infec-
tionwith 3-mmglass beads andwere centrifuged at 500g for 10min at 4°C.
The pelleted cells were resuspended in sucrose-phosphate-glutamate (SPG)
buffer and ruptured by vortexing with glass beads. Cell lysates were then
centrifuged as before to sediment nuclei and cell debris. The supernatant
was further centrifuged at 20,000g for 40 min at 4°C, and the resulting bac-
terial pellet was resuspended in 15 ml of SPG buffer with a 21- to 22-gauge
injection needle. Suspensions ofChlamydiawere stored in aliquots at −75°C
until required. HeLa cells were infected with Ctr at a multiplicity of infec-
tion (MOI) of 0.5 to 3 in infection medium. The medium was refreshed
2 hours after infection, and the cells were grown at 35°C in 5% CO2 until
they were fixed or lysed to be used for reinfections.

Transfection of cells with siRNAs
All siRNAswere purchased fromQiagen. The siRNAsof the custom library
were validated at the Max Planck Institute for Infection Biology, for their
ability to knockdown messenger RNA (mRNA) expression of target genes
by more than 70% compared to control cells transfected with siRNA spe-
cific for luciferase, as described previously (47). Transfection of cells in
96-well plates with siRNAswas performedwith the BioRobot 8000 system
(Qiagen). One day before transfection, 1.5 × 103 HeLa cells were seeded in
each well of a 96-well plate. For each well, 5 ml of the siRNA stock solution
(0.2 mM)was resuspended in 15 ml of RPMIwithout serum and incubated at
room temperature for 10 min, to which 10 ml of a 1:20 diluted solution of
Hiperfect (Qiagen) was added, and the mixture was incubated at room tem-
perature for a further 10 min before 25 ml of growth medium was added.
Fifty microliters of this transfection mixture was added to each well of
the plate in addition to 50 ml of growth medium, which resulted in a final
concentration of siRNA of 10 nM. Cells were incubated at 37°C and 5%
CO2 for 72 hours. For the analysis of functional experiments by Western
blotting, 1 × 105 cells were seeded into eachwell of a 12-well plate 24 hours
before transfection. Cells were then transfected with Hiperfect transfection
reagent according to the manufacturer’s guidelines. In brief, 150 ng of spe-
cific siRNAwas added to RPMI without serum and incubated with 6 ml of
Hiperfect in a total volume of 100ml. After 10 to 15min, the liposome-siRNA
mixturewas added to the cells with 1ml of cell culturemedium, which gave
a final concentration of siRNA of 10 nM. After 1 day, cells were trypsinized
and seeded into new cell culture plates, depending on the experiments. Three
days after transfection, the cells were infected and incubated as indicated
above.

Infectivity assays
In 96-well plates, HeLa cells were infected as described above. At 2 days
after infection, with a BioRobot 8000 system, cells were lysed by adding
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NP-40 (Fluka) at a final concentration of 0.06% for 15 min at room tem-
perature. HeLa cells in six-well plates were infected with Ctr for 48 hours
and thenwere scraped off the plateswith a rubber policeman. The cellswere
collected in 15-ml tubes containing sterile glass beads and lysed by vortex-
ing (at 2500 rpm for 3min). For both plate formats, lysateswere then diluted
1:100 in infectionmediumbefore being transferred to fresh, untreatedHeLa
cells. After incubation at 35°C and 5% CO2 for 24 hours, the cells were
fixed in ice-cold methanol overnight at 4°C and then processed with the
indirect immunofluorescence protocol described below.

Antibodies
Antibodies were obtained from the following sources: Rabbit antibodies
against Raf-1, Ras, phosphorylated cPLA2, total cPLA2, total p44 MAPK
(ERK1), phosphorylated Raf-1 at Ser259, LAMP-1, MEK1 and MEK2,
Akt, and calpain and mouse antibodies against phosphorylated p44 and
p42 MAPK (ERK1 and ERK2) were purchased from Cell Signaling Tech-
nology. Goat and mouse antibodies against 14-3-3b and rabbit antibodies
against Raf-1 (H-71), cytokeratin-8, and the hemagglutinin (HA) epitope
(Y-11) were purchased from Santa Cruz Biotechnology. Mouse antibody
against lamin-A/C was obtained from Chemicon, mouse antibody against
ChlamydiaHsp60was purchased fromAlexa,mouse antibody against b-actin
was from Sigma, and mouse antibody against Chlamydia MOMP KK12
was from the University of Washington. Secondary antibodies conjugated to
horseradish peroxidase (HRP) were purchased from Amersham Biosciences
and secondary antibodies labeled with the fluorochromes Cy2, Cy3, and
Cy5 were from Jackson Immuno Research Laboratories.

Indirect immunofluorescence labeling
Fixed cells (in 96- and 6-well plates) were washed twice with phosphate-
buffered saline (PBS) and blocked by incubating with 0.2% bovine serum
albumin (BSA) in PBS (blocking buffer) for 30 min at room temperature.
Primary mouse antibody against C. trachomatis MOMP KK12 (at a
1:10,000 dilution) was added to the cells for 1 hour at room temperature
before washing twice with PBS. The Cy3-labeled goat antibody against
mouse immunoglobulin G (IgG) was then added at a 1:100 dilution for
1 hour. Host cell nuclei were stained with Hoechst 33342 (Sigma) at a
1:2000 dilution.

Double labeling of Raf-1 or pRaf-1 and 14-3-3b and
confocal microscopy
Infected cells were grown on coverslips, washed twice with PBS, and then
fixed with ice-cold methanol overnight at 4°C. Cells were again washed
twice with PBS and then incubated in blocking buffer as described earlier.
The cells were then incubated for 1 hour at room temperaturewith antibody
against 14 3-3b together with antibody against Raf-1 or pRaf-1 (Ser259) in
100 ml of blocking buffer. The cells were then incubated for 1 hour at room
temperature with the appropriate fluorochrome-conjugated secondary anti-
bodies at a 1:100 dilution. Between incubation steps, cells were washed
three times with PBS. Coverslips were washed and mounted on glass mi-
croscopic slides with Moviol. The fluorochromes were visualized with Cy2
and Cy5 filters. A series of images with Z stacks were acquired with a laser
scanning confocal microscope (Leica) and analyzed with Imaris Software
(Bitplane) and further processed with Photoshop CS3 (Adobe Systems).

Treatment of cells with U0126
Cells (1 × 105) were seeded in each well of a 12-well plate 1 day before
infection. Two hours after infection with Ctr (at an MOI of 3), 1 ml of fresh
infection medium containing either 10 or 100 mMU0126 was added to the
cells. Depending on the experiment, cells were harvested for Western
blotting analysis or for determination of infectivity.
ww
Automated microscopy and image analysis
The numbers and sizes of chlamydial inclusions and host cells were ana-
lyzed with an automated microscope (Olympus Soft Imaging Solutions).
Imageswere takenwithDAPI (4′,6-diamidino-2-phenylindole) andCy3 filter
sets (AHF-Analysetechnik) at the same position. ScanR Analysis Software
(Olympus Soft Imaging Solutions) was used to automatically identify and
quantify inclusions and cells.

Subcellular fractionations
Subcellular fractionation was carried out with the ProteoExtract Subcellular
Proteome Extraction kit (Calbiochem) according to the manufacturer’s
instructions.

Transfections with pcDNA3
HeLa cellswere grown on coverslips in 12-well plates, transfectedwith 1 mg
of plasmid DNA encoding HA-tagged wild-type Raf-1 (pcDNA3-Raf-1-
WT) or the HA-tagged S259A mutant of Raf-1 (pcDNA3-Raf-1-S259A)
with Lipofectamine 2000 (Invitrogen), as described by the manufacturer.
Twenty-four hours later, cells were infected with Ctr at anMOI of 2. Thirty
hours after infection, cells were washed twice with PBS and fixed with ice-
cold methanol overnight at 4°C. Cells were again washed twice with PBS
and then incubated with blocking buffer as described earlier. The cells were
then incubated with primary antibody against the HA tag for 1 hour at room
temperature. Cells were then incubated with the secondary fluorochrome-
conjugated antibody at a 1:100 dilution for 1 hour at room temperature. Be-
tween incubation steps, cells werewashed three times with PBS. Coverslips
werewashed andmounted on glassmicroscopic slideswithMoviol. Images
were acquired with a fluorescent microscope (Leica) and processed with
Photoshop CS3 (Adobe Systems).

Proximity ligation assay
HeLa cells grown on coverslips in 12-well plates were infected with Ctr. At
30 hours after infection, cells were washed twice with PBS and then fixed
with ice-coldmethanol overnight at 4°C. Incubationwith antibodies against
Raf-1 (H-71),MEK1/2, or 14-3-3b (A-6)was performedwith the Proximity
LigationAssay kit (OLINK) according to themanufacturer’s instructions. A
series of images with Z stacks were acquired with a laser scanning confocal
microscope (Leica), analyzed with Imaris Software (Bitplane), and further
processed by Photoshop CS3 (Adobe Systems).

SDS-PAGE and Western blotting
Depending on the experiment, untransfected or transfected HeLa cells were
grown in six-well plates, infected with Ctr as described earlier, and then
washed with PBS. To each well 200 ml of 1× SDS sample buffer (3% 2-
mercaptoenthanol, 20% glycerin, 0.05% bromphenol blue, 3% SDS) was
added. Cell lysates were collected and boiled for 10 min. Samples were
stored at −20°C until required. Proteins from the cell lysates were resolved
by SDS–polyacrylamide gel electrophoresis (SDS-PAGE), transferred to
polyvinylidene difluoride (PVDF) membranes (PerkinElmer Life Sciences),
and blocked with 3% milk powder in tris-buffered saline (containing 0.5%
Tween 20) for 30 min before incubation with the appropriate antibodies.
The bound primary antibodies were incubated with the corresponding
HRP-conjugated secondary antibodies. Immunoreactive proteins were de-
tected on an x-ray film directly or with the AIDA Image Analyzer after
addition of ECL reagent (Amersham Biosciences).

Statistical analysis
Screening data were corrected for plate-to-plate variability by normalizing
compound measurements relative to controls with POC and B-score analyses
(48). The resulting data from both methods were used for further analysis and
w.SCIENCESIGNALING.org 16 March 2010 Vol 3 Issue 113 ra21 9

http://stke.sciencemag.org/


R E S E A R C H A R T I C L E

D
ow
hit classification. For thePOCmethod,Pvalues and log2 ratioswere calculated
for each of the samples. Hits were then classified by defining P value (<0.05)
and fold change (>2) for the primary screen, and fold change (>1.5) for the hit
validation. In the B-score method, hits were scored by transforming the nor-
malized measurements into Z scores. Hits were then classified by defining
thresholds of the Z score for both up-regulating and down-regulating phe-
notypes (3 and −1, respectively).

Gene enrichment and network analysis
For gene enrichment analysis, we modified the R-script available from the
Gaggle Web site (http://gaggle.systemsbiology.net/svn/gaggle/PIPE2.0/
trunk/PIPEletResourceDir/GOTableEnrichment/GOEnrichmentScript.R).
This script applies the R-package GOstats developed by Falcon andGentle-
man (49) and is available at Bioconductor (http://www.bioconductor.org).
Briefly, we defined a gene universe consisting of 1289 genes targeted in our
screen and processed different gene hit lists (strong, medium, and weak)
against this universe with respect to molecular function (MF), cellular com-
ponent (CC), and biological process (BP). For the significantly enrichedGO
terms, we calculated the enrichment factors. Network analysis was carried
out with IPA software (http://www.ingenuity.com/).
http://stke.sciencem
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