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Drosophila RNAi Screen Reveals
CD36 Family Member Required
for Mycobacterial Infection

Jennifer A. Philips,’* Eric J. Rubin,® Norbert Perrimon'%*

Certain pathogens, such as Mycobacterium tuberculosis, survive within the hostile
intracellular environment of a macrophage. To identify host factors required for
mycobacterial entry and survival within macrophages, we performed a genome-
wide RNA interference screen in Drosophila macrophage-like cells, using My-
cobacterium fortuitum. We identified factors required for general phagocytosis, as
well as those needed specifically for mycobacterial infection. One specific factor,
Peste (Pes), is a CD36 family member required for uptake of mycobacteria, but
not Escherichia coli or Staphylococcus aureus. Moreover, mammalian class B
scavenger receptors (SRs) conferred uptake of bacteria into nonphagocytic cells,
with SR-BI and SR-BII uniquely mediating uptake of M. fortuitum, which suggests a
conserved role for class B SRs in pattern recognition and innate immunity.

About one-third of the world’s population is
infected by M. tuberculosis, which is respon-
sible for more deaths yearly than any other
bacterial pathogen. In addition, other patho-
genic mycobacteria, including M. fortuitum,
are capable of causing infection in humans (/).
Although macrophages play a central role in
host defense, recognizing and destroying path-
ogens, pathogenic mycobacteria are able to
survive within this hostile environment. My-
cobacteria can escape phagosome-lysosome
fusion (2) and grow in a variety of evolu-
tionarily divergent phagocytic cells, including
mammalian macrophages, fish monocytes (3),
fly hemocytes (4), and amoeba (5). Thus,
mycobacteria appear to target evolutionarily
conserved molecules for intracellular surviv-
al and growth. Although several factors in-
volved in phagosome maturation arrest have
been studied (6), there has been no system-
atic, genetic approach for identifying host
factors required for mycobacterial survival.
Here we describe a model of infection using
Drosophila S2 cells, a macrophage-like cell
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line (7-9) that is readily amenable to RNA
interference (RNAi). This allowed us to con-
duct a systematic functional genomic screen
to identify host factors required for uptake
and growth of mycobacteria.

M. fortuitum has several properties that
make it a useful model mycobacterium. Like
M. tuberculosis, it restricts interferon-y (IFN-
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y)-induced nitric oxide production and limits
phagosome fusion with lysosomes (10),
suggesting it has virulence properties in com-
mon with other mycobacteria. In addition, M.
fortuitum infects Diptera in nature (11), so
flies may have innate mechanisms to combat
infection. Practically, M. fortuitum grows rel-
atively rapidly at 25°C, the temperature at
which S2 cells grow, thus facilitating de-
velopment of a robust assay of intracellular
growth. To detect intracellular growth, we
tested constructs in which green fluorescent
protein (GFP) expression is under control of
the map24 and map49 promoters that are
induced when the fish pathogen Mycobac-
terium marinum infects macrophages (12).
We found that these promoters could also be
used to efficiently detect intracellular growth
of M. fortuitum (fig. S1). By 24 hours after
infection of S2 cells, expression of map24
and map49 was induced (figs. S1 and S2;
Fig. 1A).

In mammalian cells, recruitment of the
Arp2/3 complex is required for phagocyto-
sis (13), whereas expression of a dominant-
negative version of Rab5 causes internal-
ized Mycobacterium avium to be delivered
to the lysosome (/4). Thus, we reasoned that
double-stranded RNAs (dsRNAs) targeting

Fig. 1. Host factors re-
quired for M. fortuitum
infection identified by RNAI.
After treatment with
dsRNAs, S2 cells were in-
fected with M. fortuitum
map24::GFP. (A) dsRNA
targeting Arp14D or Rab5
decreased infection as com-
pared to controls treated
with dsRNA targeting GFP.
I (B) This assay was used as
the basis of a genomewide
screen (75). A composite
image of 35 wells is shown.
(C) Pie charts based upon
GeneOntology (GO) index
biological function show
the categories of host fac-
tors that reproducibly de-
creased infection after 3
days of dsRNA treatment,
as well as the subsets that
are required for phagocy-
tosis and those that are
apparently phagocytosis
independent.
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Arpl14D and Rab5 would decrease infection
in Drosophila cells. Indeed, we found that
these dsRNAs blocked intracellular growth
of M. fortuitum (Fig. 1A). Using this assay,
we performed a genomewide RNAI screen in
which each unique dsRNA was tested for its
ability to disrupt infection on the basis of
visual inspection and automated image anal-
ysis (15) (Fig. 1B). We found six out of seven
Arp2/3 components, five out of seven COPI
components, and all six alleles of actin, sug-
gesting a false-negative rate of less than 20%.
Upon repeat testing of the candidates identi-
fied in the primary screen, 86 dsRNAs
decreased infection by 2 SDs (P < 0.05; tables
S1 and S3). These dsRNAs target genes in-
volved in basic cellular processes, the largest

CG7228

[}
X
<
1
[
=
S

o

% uptake

Fig. 2. CG7228 is required in S2 cells for infec-
tion by M. fortuitum and uptake of M. smegmatis
but not E. coli or S. aureus. (A) dsRNA against
CG7228 blocked infection by M. fortuitum as
compared to controls treated with dsRNA against
GFP. (B) Uptake of fluorescein isothiocyanate
(FITC)—conjugated E. coli (black bars) and S.
aureus (gray bars) is blocked by dsRNA toward
dSR-Cl, Arp14D, Cdc42, and CG3523, but not
CG7228. Data show the percent uptake as com-
pared to that in untreated cells (fig. S3). The
mean * SD of six experiments is shown in which
each dsRNA was tested in triplicate (*P < 0.05
compared to GFP-treated wells, Students t test.)
(C) Antibiotic protection experiments demon-
strate the role of CG7228, CG3523, and Cdc42 in
the uptake of M. smegmatis. Data are normalized
to GFP; the mean = SD is shown from a repre-
sentative experiment performed in triplicate.

categories of which are predicted to have a
role in vesicle trafficking and actin cytoskel-
etal organization (Fig. 1C).

Because GFP expression requires internal-
ization of bacteria, we expected to find dsRNAs
that block general phagocytosis. Indeed, 54
dsRNAs caused a significant decrease in phago-
cytosis, as measured by the uptake of flu-
orescent Escherichia coli (P < 0.01; table S2 and
fig. S3). About two-thirds of these dsRNAs
target factors involved in the actin cyto-
skeleton and vesicle trafficking (Fig. 1C).
Nearly all of the actin cytoskeletal compo-
nents that affected M. fortuitum infection
appeared to be generally required for phago-
cytosis, including Cdc42, the Arp2/3 complex,
actin capping proteins, and cofilin, all mole-
cules previously implicated in phagocytosis
(13). Most vesicle trafficking genes also af-
fected phagocytosis, with exceptions such as
CGI1515 (predicted to have SNAP receptor
activity) and Rab2.

However, the requirement for many genes
for infection could not be explained by their
role in phagocytosis. For example, dsRNA
that targets chickadee (chic), which encodes a
Profilin, caused a small increase in phagocy-
tosis (118% of GFP-treated well; P < 0.05),
similar to what has been reported in hemo-
cytes heterozygous for chic (chic®329/+) (9).
Hence, Chic is unlikely to act at the level of
uptake and may play a unique role in myco-
bacterial infection. Some dsRNAs, such as
those that target Rab5 and Rac2, caused a
mild defect in phagocytosis relative to their
severe defect in the M. fortuitum infection, in-
dicating that they may have additional roles
later in infection. Finally, some categories of
host factors were not required for bacterial
uptake in general but were nonetheless needed
for infection with M. fortuitum. These include
components of the vacuolar adenosine triphos-
phatase and chromatin factors, along with

vector

CG7228

CD36

many that do not fit into distinct categories
(Fig. 1C).

We further characterized one host factor
that appeared to be specifically required for
mycobacterial uptake. The dsRNA that tar-
geted CG7228, a member of the CD36 family
of scavenger receptors (SRs), blocked infec-
tion by M. fortuitum (Fig. 2A), but appeared to
be dispensable for phagocytosis in general.
dSR-CI, a class C scavenger receptor, makes
a small contribution toward the uptake of E.
coli and Staphylococcus aureus in S2 cells (8),
but we could not detect a similar contribution
from CG7228 (Fig. 2B). However, CG7228
was required for uptake of Mycobacterium
smegmatis, as were more general phagocytosis
factors (Fig. 2C). In addition, CG7228 is re-
quired for uptake of Listeria monocytogenes
(16). That CG7228 is required for infection with
M. fortuitum and for uptake of M. smegmatis
and L. monocytogenes, but makes no contribu-
tion toward the uptake of E. coli or S. aureus,
suggests that it functions in pattern recognition,
detecting some component of Mycobacteria and
Listeria. On the basis of its role in bacterial
infection, we have named it peste (pes).

To determine whether Pes was sufficient to
confer uptake of mycobacteria, we expressed
it in human embryonic kidney 293 (HEK293)
cells that are refractory to infection with M.
Sfortuitum. HEK293 cells transfected with Pes
could be infected with M. fortuitum (Fig. 3A),
showing that the Drosophila SR can mediate
uptake of mycobacteria in human cells. Pes
also caused a small increase in the uptake
of E. coli and S. aureus when transfected in
HEK293 cells (Fig. 3, B and C), although it
did not seem to be required for their uptake in
S2 cells. This apparent discrepancy may be
explained by genetic redundancy provided by
PGRP-Lc¢ (7), dSR-CI (8), and potentially
other SRs that mediate uptake of E. coli and
S. aureus in S2 cells.

SR-BI SR-BII

X e

Fig. 3. Class B SRs mediate uptake of M. fortuitum, E. coli, and S. aureus. HEK293 cells transfected
with vector (pcDNA3.1) or expression constructs for CG7228 (Pes), CD36, SR-BI, or SR-BIl were (A)
infected with M. fortuitum map24::GFP or (B) incubated with FITC-E. coli or (C) FITC-S. aureus. In (A)
green represents GFP expression from the map24 promoter, whereas in (B) and (C) green shows the
FITC signal from internalized bacteria. Nuclei are stained red. Magnification, x40.
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Whereas in Drosophila there are more than
10 class B SRs, in humans and mice there are
four—CD36, SR-BI, its splice isoform SR-
BII, and LIMP-II. We tested the ability of
these molecules to mediate infection with
M. fortuitum and found that human SR-BI
and SR-BII (/7) resulted in an even greater
level of infection than Pes when transfected
in HEK293 cells. In contrast, expression of
murine CD36 caused little, if any, increase in
infection with M. fortuitum (Fig. 3A). How-
ever, cells transfected with CD36 were capa-
ble of taking up E. coli, and to a lesser extent
S. aureus. SR-BI and SR-BII seemed more
indiscriminate in terms of their bacterial rec-
ognition, as they were able to mediate up-
take of all bacteria tested (Fig. 3, B and C).
Whereas SR-BI and SR-BII have been ex-
tensively studied for their role in cholesterol
transport in liver and steroidogenic tissue,
their role in macrophages is less clear (18).
We suggest that these receptors may be im-
portant in host defense against a broad range
of bacteria, including M. fortuitum, E. coli,
and S. aureus, and could play a role in the
nonopsonic uptake of M. tuberculosis. Con-
sistent with this idea, fucoidin, a nonspecific
inhibitor that blocks both class A SRs and
SR-BI (19), interferes with binding and up-
take of M. tuberculosis in monocyte-derived
macrophages (20). CD36 may play a partial-

ly overlapping role in recognizing bacteria,
but is unable to mediate uptake of M. fortuitum.
Because CD36 augments Toll-like receptor 2
(TLR2) signaling in response to a subset of
TLR2 ligands (21), we speculate that CD36,
SR-BI, and SR-BII serve partially overlapping
roles in both bacterial uptake and TLR sig-
naling, which may represent an evolutionar-
ily conserved strategy in host defense, linking
phagocytosis to antimicrobial signaling.

References and Notes
. D. E. Griffith, R. ). Wallace Jr., Semin. Respir. Infect.

11, 301 (1996).

. D. G. Russell, Nat. Rev. Mol. Cell Biol. 2, 569 (2001).
3. S. H. El-Etr, L. Yan, J. D. Cirillo, Infect. Immun. 69,
7310 (2001).
4. M. S. Dionne, N. Ghori, D. S. Schneider, Infect. Immun.
71, 3540 (2003).
5. ). D. Cirillo, S. Falkow, L. S. Tompkins, L. E. Bermudez,
Infect. Immun. 65, 3759 (1997).
6. I. Vergne, ). Chua, S. B. Singh, V. Deretic, Annu. Rev.
Cell Dev. Biol. 20, 367 (2004).
7. M. Ramet, P. Manfruelli A. Pearson, B. Mathey-
Prevot, R. A. Ezekowitz, Nature 416, 644 (2002).
8. M. Ramet et al., Immunity 15, 1027 (2001).
9. A. M. Pearson et al., Microbes Infect. 5, 815 (2003).
10. T.R. Da Silva et al., Infect. Immun. 70, 5628 (2002).
11. O. Fischer et al., Med. Vet. Entomol. 15, 208 (2001).
12. L. Ramakrishnan, N. A. Federspiel, S. Falkow, Science
288, 1436 (2000).

13. S. Greenberg, S. Grinstein, Curr. Opin. Immunol. 14,
136 (2002).

14. V. A. Kelley, J. S. Schorey, Mol. Biol. Cell 14, 3366
(2003).

15. Materials and methods are available as supporting
material on Science Online.

N

N

Effects of Telomerase and
Telomere Length on Epidermal
Stem Cell Behavior

Ignacio Flores, Maria L. Cayuela, Maria A. Blasco™

A key process in organ homeostasis is the mobilization of stem cells out of their
niches. We show through analysis of mouse models that telomere length, as well
as the catalytic component of telomerase, Tert, are critical determinants in the
mobilization of epidermal stem cells. Telomere shortening inhibited mobilization
of stem cells out of their niche, impaired hair growth, and resulted in sup-
pression of stem cell proliferative capacity in vitro. In contrast, Tert overex-
pression in the absence of changes in telomere length promoted stem cell
mobilization, hair growth, and stem cell proliferation in vitro. The effects of
telomeres and telomerase on stem cell biology anticipate their role in cancer

and aging.

Tumor formation and aging are associated
with alterations in the number or functional
competence of tissue stem cells (/—3). Both
processes have also been linked to alterations
at the telomere (4-7), the nucleoprotein struc-
ture that caps chromosome ends (8, 9), and to
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changes in the activity of telomerase, the re-
verse transcriptase that elongates telomeres
(10, 11). The catalytic subunit of telomerase
(Tert) is expressed in the stem cell compartment
of several adult tissues (/2), although telomer-
ase levels in these tissues are not sufficient to
prevent progressive telomere shortening with
age (10). Reduced telomerase activity due to
mutations in telomerase components in the
human diseases dyskeratosis congenita and
aplastic anemia (/0) leads to accelerated
telomere shortening and premature loss of
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tissue regeneration, which suggests that telo-
merase levels in the adult organism are rate
limiting and influence organ homeostasis. Fur-
ther evidence for a role of telomerase and telo-
mere length in organ homeostasis comes from
the study of telomerase-deficient mice (Terc’~
mice), which show premature aging and a
decreased proliferative potential of adult stem
cell populations (/3-15).

To investigate the role of telomerase and
telomere length on stem cell biology, we used
mouse models with altered telomerase activity
(16). We compared epidermal stem cell num-
ber in different generations of telomerase-
deficient mice, which have telomeres ranging
from slightly reduced in length (first genera-
tion, G1 Terc”’~ mice) to critically short (third
generation, G3 Terc”~ mice) (17, 18). Because
telomerase activity per se is not required for
cell proliferation when telomeres are long, the
study of G1 and G3 Terc’~ mice allowed us to
assess independently the impact of telomerase
deficiency and telomere length on epidermal
stem cells. To visualize epidermal stem cells,
we used a labeling technique previously shown
to mark self-renewing and multipotent epider-
mal cells, the so-called “label-retaining cells”
(LRCs) (16, 19) (Fig. 1A). Confocal micros-
copy revealed that LRCs are enriched at the
bulge area of the hair follicle in Terc*+ (wild-
type) mice, which corresponds to the niche of
epithelial stem cells (Fig. 1B, fig. S1A, and
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