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However, our long-lived mice are slightly larger
and consume about the same or slightly more
food than the short-lived controls. Indeed, long-
lived systemic frs2” mice are more insulin
sensitive and glucose tolerant than WT mice;
however, long-lived brain-specific blrs2™ and
blrs2~’" mice are insulin resistant, hyperinsuli-
nemic, and glucose intolerant. The mechanism
responsible for this disparity is unknown.
Regardless, our results point to the brain as the
site. where reduced insulin-like signaling can
have a consistent effect to extend mammalian
life span—as it does in C. elegans and D.
melanogaster (1, 3).

As mammals age, compensatory hyperinsuli-
nemia usually develops to maintain glucose
homeostasis and prevent the progression toward
life-threatening type 2 diabetes (6); however,

increased circulating insulin might have nega-
tive effects on the brain that can reduce life span
(4, 21, 23). By directly attenuating brain Irs2 sig-
naling, an aging brain can be shielded from the
negative effects of hyperinsulinemia that ordinar-
ily develop with overweight and advancing age.
Consistent with this hypothesis, moderate daily
exercise, calorie restriction, and weight loss—
which reduce circulating insulin—might increase
life span by attenuating Irs2 signaling in the brain.
Other strategies that improve peripheral insulin
sensitivity, such as reduced growth hormone sig-
naling, could have the same effect (5). Indeed,
human centenarians display increased peripheral
insulin sensitivity and reduced circulating insulin
concentrations (23). Hence, we suggest that the Irs2
signaling cascade in the brain integrates the effects
of peripheral nutrient homeostasis with life span.
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Patched1 Regulates Hedgehog
Signaling at the Primary Cilium

Rajat Rohatgi,>* Ljiljana Milenkovic,* Matthew P. Scott't

Primary cilia are essential for transduction of the Hedgehog (Hh) signal in mammals. We
investigated the role of primary cilia in regulation of Patchedl (Ptc1), the receptor for Sonic
Hedgehog (Shh). Ptcl localized to cilia and inhibited Smoothened (Smo) by preventing its
accumulation within cilia. When Shh bound to Ptc1, Ptcl left the cilia, leading to accumulation of
Smo and activation of signaling. Thus, primary cilia sense Shh and transduce signals that play
critical roles in development, carcinogenesis, and stem cell function.

plays an important role both in embryonic
development and in adult stem cell func-
tion (/, 2). Dysregulation of the pathway causes
birth defects and human cancer (2). Despite the

The Hedgehog (Hh) signaling pathway

importance of Hh signaling in mammals, there
are gaps in our understanding of early events in
this pathway. In the absence of signal, the
transmembrane protein Patchedl (Ptcl) keeps
the pathway turned off by inhibiting the function

of a second transmembrane protein, Smoothened
(Smo). The secreted protein Sonic Hedgehog
(Shh) binds and inactivates Ptcl, allowing
activation of Smo. Smo then triggers target gene
transcription through the Gli family of transcrip-
tion factors. The mechanism by which Shh
inhibits Ptcl and Ptcl inhibits Smo is not
understood in mammals.

In Drosophila, Ptc inhibits the movement of
Smo to the plasma membrane. Binding of Hh
causes the internalization of Ptc from the plasma
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membrane to vesicles, allowing Smo to translo-
cate to the plasma membrane and activate
downstream signaling (3, 4). The discovery that
protein components of primary cilia are required
for Hh signaling suggested that subcellular
localization has an important role in mammalian
Hh signaling (5). Primary cilia are cell surface
projections found on most vertebrate cells that
function as sensory “antennae” for signals (6).
Several components of the Hh pathway, includ-
ing Smo and the Gli proteins, accumulate in
primary cilia, and Smo is enriched in cilia upon
stimulation with Shh (7, 8).

We examined the dynamic subcellular local-
ization of Ptcl and Smo in mammalian cells with
the use of novel antibodies to the two proteins (fig.
S1). These antibodies allowed detection of endo-
genous Ptcl and Smo in cultured mouse fibro-
blasts (NIH 3T3 cells) and mouse embryonic
fibroblasts (MEFs), two Hh-responsive cell types
(9). Hh signaling was activated in NIH 3T3 cells
by treatment with either Shh or SAG (Shh-agonist),

a small molecule that directly binds and activates
Smo (10). Because ptcl is itself a transcriptional
target of Hh signaling, increases in Ptcl protein
levels can serve as a metric for pathway activation.
Ptcl protein levels began to rise by 4 hours and
continued to increase until 24 hours after addi-
tion of Shh (Fig. 1A). After stimulation of cells
with Shh or SAG, endogenous Smo was en-
riched in primary cilia (Fig. 1B). The mean fluo-
rescence intensity of Smo in cilia began to increase
as early as 1 hour after stimulation of cells with
Shh or SAG (Fig. 1C and fig. S2). This likely
represented relocalization from a cytoplasmic
pool, because the total amount of Smo protein
did not increase at this time point (Fig. 1A).

To determine whether Ptcl regulates the
localization of Smo, we examined Smo local-
ization in MEFs from ptc/”~ mice (9). These
cells showed constitutive activation of Hh target
gene transcription (fig. S3). Consistent with a
role of Ptcl in regulating Smo trafficking, Smo
was constitutively localized to primary cilia in
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these cells even in the absence of Shh or SAG
(Fig. 1, D and E). Reintroduction of Ptcl into
these cells by means of a retrovirus suppressed
Hh-pathway activity (fig. S3) and prevented Smo
accumulation in primary cilia (Fig. 1, D and E).
Thus, the regulation of Smo localization by Ptcl
is conserved from flies to mammals.

To understand how Ptcl may regulate entry
of Smo into the cilium, we examined the local-
ization of Ptcl in MEFs and mouse embryos.
Endogenous Ptcl was present in small amounts
in MEFs, near the limit of detection by immuno-
fluorescence. We therefore increased the amounts
of Ptcl protein by stimulating cells with SAG.
Under these conditions, Ptc1 was highly enriched
in primary cilia (Fig. 2A). The ciliary localization
of Ptc] was confirmed in three additional ways.
First, Ptcl fused to yellow fluorescent protein
(Ptc1-YFP) was found around the base and in the
shaft of cilia in unstimulated prc/ ™ cells infected
with a retrovirus encoding Ptc1-YFP (Figs. 2B
and fig. S12). Second, Ptc1-YFP overproduced
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Fig. 1. Rapid localization of Smo
in primary cilia after activation of
the Hh pathway and regulation by
Ptc1. (A) Immunoblots with anti-
bodies to Ptcl, Smo, and actin
were used to assess amounts of
endogenous proteins in extracts
from NIH 3T3 cells treated with
Shh or SAG (100 nM). (B) Enrich-
ment of Smo in primary cilia of
NIH 3T3 cells left untreated (con-
trol) or treated with Shh or SAG
(100 nM) for 24 hours. (C) Mean
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ptc1™~ MEFs and reversal by
retrovirally transduced Ptc1-YFP.
In (B) and (D), confocal images of
the ciliary marker acetylated tu-
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detected by immunofluorescence;
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in ptel” cells by transfection showed clear
ciliary localization in both live and fixed cells
(Fig. 3A and figs. S10 and S14). Third and most
important, endogenous Ptcl was found in the
cilia of mouse embryo mesoderm cells respon-
sive to Shh (Fig. 2D and figs. S4 and S5) (/).

Ptcl staining in cross sections of embryonic
day 9.5 (E9.5) embryos was detected in cells of
the ventral neural tube, notochord, splanchnic
mesoderm, and paraxial mesoderm, precisely the
regions where Hh signaling is known to be active
and Shh target genes such as ptcl are highly
expressed (Fig. 2C and fig. S4B) (/). We focused
on mesoderm cells because they are likely the
cells that gave rise to the MEFs that we have
analyzed in culture. Endogenous Ptcl showed
asymmetric localization to a domain surrounding
the base of the cilium and in particles along the
shaft of the cilium (Fig. 2D and figs. S4C and
S5). This localization pattern around the base and
in a particulate pattern along the shaft of the
cilium is similar to that seen in cultured fibro-
blasts (compare Fig. 2D and fig. S12). In embryo
cells, there was more variability in the amount of
Ptcl in the shaft of cilia, a finding likely related to
differences in the amount of Shh signal received
by cells in the complex milieu of embryonic
tissue. The concentration of Ptcl at the base of
primary cilia suggests a mechanism for how it
may inhibit Smo activation. Transport of proteins
in and out of primary cilia is thought to be
regulated at their base, and Ptc1 could function at
this location to inhibit a protein-trafficking step
critical for Smo activation (/7).

Shh could inactivate Ptc1 by binding to it at the
cilium and inducing its internalization, degrada-
tion, or movement to other regions of the plasma
membrane. To determine whether Ptcl at the
cilium can bind to Shh, we produced a fluores-
cently labeled version of the N-terminal signaling
fragment of Shh (ShhN-A594). Minute amounts
of ShhN-A594, one-hundredth of those required
to activate signaling, were added to live prcl ™’
cells transfected with Ptc1-YFP and a marker for
cilia, inversin fused to cyan fluorescent protein
(inversin-CFP) (12). Live cells were used because
the interaction between Shh and Ptcl does not
survive fixation. ShhN-A594 concentrated at cilia
containing Ptc1-YFP and colocalized with puncta
of Ptc1-YFP (Fig. 3A and fig. S7). Ptcl” cells
expressing inversin-CFP alone did not bind ShhN-
A594, and an excess of unlabeled ShhN prevented
binding of ShhN-A594 (fig. S7).

We next asked whether the interaction of Shh
with Ptc1 influences the localization of Ptc1. Ptcl
was concentrated at cilia after treatment of cells
with SAG alone but not after treatment with Shh
or a combination of Shh and SAG (Fig. 3B). This
suggested that Shh binding might trigger the
removal of the Ptcl-Shh complex from the
cilium, or that new Ptcl produced in response
to Shh was not localized in the cilium. To dis-
tinguish these possibilities, we induced the pro-
duction of large amounts of Ptcl in the cilia of
NIH 3T3 cells with SAG treatment and then

Tubulin Tubulin Ptc1 DAPI

ptc1-/-; vector

ptc1-/-; ptc1YFP

Tubulin

Fig. 2. Localization of Ptc1 in primary cilia. (A) Concentration of endogenous Ptcl in cilia of NIH 3T3 cells
stimulated with 100 nM SAG. (B) Localization of Ptc1-YFP in ptc1™~ MEFs infected with a retrovirus carrying an
empty vector or the ptcI-YFP coding sequence. In (A) and (B), cilia (red) and Ptc1 (green) were visualized by
immunofluorescence; nuclei (blue) were stained with DAPI. (C) Ptcl staining in Shh-responsive cells of the
neural tube (nt), notochord (nc), floor plate (fp), and paraxial mesoderm (m). Cross sections of wild-type (top
row) or control ptcZ ™'~ (bottom row) mouse embryos (E9.5) were imaged with a 40x objective. (D) Asymmetric,
ciliary localization of Ptc1 in paraxial mesoderm cells. The cell boxed in white is magnified in the bottom panel;
arrows indicate Ptcl staining (red) around the base and in the shaft of cilia (green).
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Inversin-CFP Ptc1-YFP

Fig. 3. Interactions between Shh and Ptcl at primary cilia. (A)
Colocalization of Shh and Ptc1 at the cilium shown in a confocal image
of a live ptc1™ cell transfected with Ptc1-YFP (green) and incubated
with ShhN-A594 (red, 300 ng/ml) for 45 min. Inversin-CFP (cyan)
marks the cilium, the dotted line demarcates the cell border, and
insets show magnified views of the cilia. (B) Mean Ptc1 fluorescence in
cilia of NIH 3T3 cells treated with SAG (100 nM), Shh, or both. (C)
Disappearance of Ptcl from primary cilia after Shh treatment. NIH 3T3
cells preincubated with SAG for 24 hours were switched to control
medium (untreated) or into Shh-containing medium. The red dashed
baseline shows the amount of ciliary Ptcl in cells treated with Shh for
4 hours without a 24-hour SAG pulse.
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Fig. 4. Accumulation of Smo and Ptc1 at cilia of NIH 3T3 cells exposed to
200-hydroxycholesterol. (A and €) Localization of cilia (red) and Smo or
Ptc1 (green) in cells treated with 10 uM 20a-hydroxycholesterol or 7a-
hydroxycholesterol for 24 hours. (B) Time course of Smo accumulation at
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the primary cilium in NIH 3T3 cells treated with 200-hydroxycholesterol.

(D) Increase in Ptcl fluorescence in primary cilia after treatment with
200-hydroxycholesterol. In (B) and (D), each point shows the mean +
SEM of fluorescence from 10 to 20 cilia.
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switched the cells to control medium or medium
containing Shh (Fig. 3C). Ptcl levels in the cilium
remained stable in the control, but Shh treatment
caused a time-dependent disappearance of Ptcl
from the primary cilium (Fig. 3C and fig. S8).
The loss of Ptcl from cilia was not associated
with a decrease in total Ptcl protein levels (fig.
S11) and thus implied movement of Ptcl from
cilia to another location in the cell. This delo-
calization was only evident with the endogenous
protein and not upon examination of transfected
Ptc1-YFP, a far more abundant protein (fig. S7B).

We measured Ptcl and Smo localization
(Figs. 1 and 3) in the same experiment. Because
the localization changes for Ptcl and Smo de-
scribed above were each seen in >80% of the
cilia visualized, the levels of Ptcl and Smo in
cilia were inversely correlated. The reciprocal
time courses of Ptcl disappearance and Smo ap-
pearance at cilia after Shh addition (Figs. 1C and
3C) support a model in which Shh triggers the
removal of Ptcl from the cilium, allowing Smo
to enter and activate signaling. Consistent with
this idea, cells of the ventral neural tube and floor
plate, which receive large amounts of Shh,
showed high levels of Smo and low levels of
Ptcl in cilia (fig. S13). The movement of Ptcl
and Smo at the cilium is analogous to the situa-
tion in Drosophila, where pathway activation is
associated with Smo movement to the plasma
membrane and movement of Ptc away (3).

Ptc1 may regulate Smo localization through a
small molecule (/3). Because Smo translocation
to the primary cilium appears to be a critical step
in its activation, a regulatory small molecule
would be predicted to control this step. Naturally
occurring oxysterols are good candidates for

endogenous small molecules that regulate Smo
function. Cellular sterol concentrations are im-
portant determinants of a cell’s responsiveness to
Shh, and oxysterols can activate Hh signaling
(14-16). When we treated NIH 3T3 cells with
activating concentrations of the oxysterol 200-
hydroxycholesterol, Smo rapidly translocated to
the primary cilium with kinetics that were iden-
tical to those seen in cells treated with SAG or
Shh (Fig. 4, A and B, and fig. S9). Treatment
with 7B-hydroxycholesterol, an oxysterol that
does not activate the Hh pathway, did not induce
translocation of Smo. This result provides a spe-
cific molecular mechanism—Smo translocation
to cilia—to explain how oxysterols regulate Hh
signaling.

Cells treated with 20a-hydroxycholesterol
also retained Ptcl in cilia in a pattern similar to
that seen in cells treated with SAG (Fig. 4, C and
D). Thus, oxysterols appear to function not like
Shh, by causing the removal of Ptcl from cilia,
but at a more downstream step to make Smo
insensitive to the inhibitory effects of Ptc1. How-
ever, oxysterols function differently from SAG be-
cause they likely do not directly bind to Smo (/6).

Our results suggest that Ptcl localization to
primary cilia inhibits the Hh pathway by exclud-
ing Smo and also allows cilia to function as
chemosensors for the detection of extracellular
Shh. Binding of Shh to Ptcl at primary cilia is
coupled to pathway activation by the reciprocal
movement of Ptcl out of the cilia and Smo into
the cilia, a process that may be mediated by
oxysterols. Elucidating the molecular machinery
that controls Ptc1 and Smo trafficking at primary
cilia will likely provide new targets for modula-
tion of this important pathway.
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Host Inmune System Gene
Targeting by a Viral miRNA

Noam Stern-Ginossar,** Naama Elefant,?* Albert Zimmermann,® Dana G. Wolf,* Nivin Saleh,*
Moshe Biton,* Elad Horwitz,* Zafnat Prokocimer,* Mark Prichard,® Gabriele Hahn,%t
Debra Goldman-Wohl,” Caryn Greenfield,” Simcha Yagel,” Hartmut Hengel,® Yael Altuvia,?}

Hanah Margalit,?*} Ofer Mandelboim*}

Virally encoded microRNAs (miRNAs) have recently been discovered in herpesviruses. However, their
biological roles are mostly unknown. We developed an algorithm for the prediction of miRNA targets
and applied it to human cytomegalovirus miRNAs, resulting in the identification of the major
histocompatibility complex class I-related chain B (MICB) gene as a top candidate target of hcmv-miR-
UL112. MICB is a stress-induced ligand of the natural killer (NK) cell activating receptor NKG2D and is
critical for the NK cell killing of virus-infected cells and tumor cells. We show that hcmv-miR-UL112
specifically down-regulates MICB expression during viral infection, leading to decreased binding of
NKG2D and reduced killing by NK cells. Our results reveal a miRNA-based immunoevasion mechanism
that appears to be exploited by human cytomegalovirus.

iRNAs constitute a large family of
Msmall noncoding RNAs that regulate
gene expression posttranscriptionally,

affecting mRNA degradation and translation
by base-pairing with the 3’ untranslated regions

(3'UTRs) (7). The recent discovery of virally
encoded miRNAs, mostly in herpesviruses, in-
triguingly suggests that miRNAs may function in
interspecies regulation involving viral miRNAs
and host genes (2—4). Human cytomegalovirus

(HCMV) is known to have evolved effective im-
mune evasion strategies, encoding many immu-
nomodulatory proteins that manipulate the
immune response (9, 6). It is thus conceivable
that miRNAs encoded by HCMV (2) might be
exploited during immune evasion. To test this hy-
pothesis, we sought to identify potential human
target genes of the HCMV miRNAs by using our
newly developed target prediction algorithm,
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