
high frequency in high-risk pancreatic cancers
(13). The M50R Fan1 variant, which cosegregates
with pancreatic cancer in two separate families,
is a strong candidate pancreatic cancer predis-
position gene. M50 lies in the UBZ domain of
Fan1 (Fig. 4C). Similar to the UBZ* mutation
(C44A+C47A), the Fan1 M50R mutation abol-
ished Fan1 foci but rescued the MMC sensitiv-
ity of U2OS Fan1−/− cells (Fig. 4, D and E). The
M50R mutant failed, however, to prevent chro-
mosome abnormalities induced by HU or MMC
in Fan1−/− cells (Fig. 4F). Moreover, expression of
wild-type Fan1 in Fan1−/− cells restored normal
track length in HU, but the Fan1 M50R mutant
failed to do so (Fig. 4G). Therefore, the Fan1M50R
variant associated with high-risk pancreatic can-
cers causes unrestrained replication fork progres-
sion and chromosomal instability known to drive
carcinogenesis.
In this study, we made the unexpected find-

ing that although Ub-Fancd2 recruits Fan1 to
ICL-blocked replication forks, this is not required
for ICL repair judged by MMC sensitivity and
G2 arrest. Instead, Fan1 recruitment is vital for
protective responses when forks stall, even in
the absence of DNA cross-links. Cells defective
in Fan1 recruitment, or activity, show a high fre-
quency of chromosome abnormalities and in-
creased fork rate when forks are forced to stall.
The mechanisms underlying these defects are
not yet clear, but cells depleted of the HLTF
translocase or RAD51 recombinase, which both
drive fork reversal, show longer replication tracks
in HU, similar to Fan1-defective cells (14, 15).
Therefore, Fan1 recruitment and activity might
promote fork reversal, but this remains to be
tested. It is not yet clear whether the chromo-
some abnormalities seen after fork stalling in
Fan1-defective cells are related to the increased
fork speed or whether they arise indepen-
dently. It seems counter-intuitive, perhaps, that
a nuclease activity is required to prevent chro-
mosome breaks at stalled forks. One potential
explanation is that Fan1 cleaves stalled forks in
a way that enables replication to resume after
fork stalling, consistent with a recent report that
Fan1 promotes replication fork recovery (16).
Failure of Fan1-mediated fork processing may
result in the persistence of structures that are
cleaved inappropriately by other nucleases, lead-
ing to forks breaking in away that is refractory to
repair.
Our observations that Fan1 nuclease activity

and interaction with Ub-Fancd2 prevent can-
cers prompt future investigations as to whether
cancer predisposition associated with FA might
be caused by defective fork processing, as opposed
to defective ICL repair. Identifying a separation-
of-function Fan1 mutant affecting ICL repair but
not stalled fork processing would be valuable for
these efforts. Besides pancreatic cancer, germline
mutations in Fan1 have been identified in colon
cancer (17). Loss of heterozygosity (LOH) has not
been observed in tumors from the M50R carriers
or in Fan1-mutated colon cancers (13, 17). Epige-
netic inactivation of Fan1, haplo-insufficiency, or
dominant-negative effects may provide explana-

tions, but these ideas remain to be investigated.
KIN caused by biallelic Fan1 mutations is a very
rare disease, but early-onset cancerswere reported
in two affected families (17). These reports, to-
gether with the present study, are consistent with
Fan1 acting as a tumor suppressor with multiple
roles in genome maintenance vital for preventing
human diseases.
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Neurons diversify astrocytes
in the adult brain through sonic
hedgehog signaling
W. Todd Farmer,1 Therése Abrahamsson,1 Sabrina Chierzi,1 Christopher Lui,1

Cristian Zaelzer,1 Emma V. Jones,1 Blandine Ponroy Bally,1 Gary G. Chen,2,3

Jean-Francois Théroux,2,3 Jimmy Peng,4,5 Charles W. Bourque,1 Frédéric Charron,4,5

Carl Ernst,2,3,6,7 P. Jesper Sjöström,1 Keith K. Murai1*

Astrocytes are specialized and heterogeneous cells that contribute to central nervous
system function and homeostasis. However, the mechanisms that create and maintain
differences among astrocytes and allow them to fulfill particular physiological roles remain
poorly defined. We reveal that neurons actively determine the features of astrocytes in
the healthy adult brain and define a role for neuron-derived sonic hedgehog (Shh) in
regulating the molecular and functional profile of astrocytes. Thus, the molecular and
physiological program of astrocytes is not hardwired during development but, rather, depends
on cues from neurons that drive and sustain their specialized properties.

A
strocytes have fundamental roles in near-
ly all aspects of brain function, including
extracellular ion and neurotransmitter ho-
meostasis, neurometabolism, and cerebro-
vasculature control (1–3). Prime examples

are pH-sensing brainstem astrocytes that medi-
ate respiratory control (4) and AMPA (a-amino-3-
hydroxy-5-methyl-4 isoxazolepropionic acid)–type
glutamate receptor–expressing glia that func-
tion in cerebellar motor learning (5). Distinct
patterns of transcription (6, 7) implicate select

genetic programs and possibly distinct signaling
mechanisms that establish astrocyte subtypes
(2, 8). These processes participate in early de-
velopmental patterning events to promote as-
trocyte heterogeneity in vivo (9–12).
We explored how molecular features of astro-

cytes are created and sustained in the mature
mouse brain. Because of the complexity of as-
trocyte heterogeneity in brain areas such as the
cerebral cortex, we focused on the cerebellar cor-
tex, which contains two specialized astrocyte
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types, Bergmann glial cells (BGs) and velate as-
trocytes (VAs), that have distinct cell positioning,
morphology, and molecular composition (13, 14).
BGs localized within the Purkinje cell (PC) layer
extend processes that enwrap PC dendrites and

synapses (Fig. 1A). In contrast, VAs in the granule
cell layer (GCL) surround granule cells (GCs) and
mossy fiber glomeruli (Fig. 1A) (15). BGs and VAs
display distinct, but overlapping, molecular pro-
files. Although BGs and VAs show comparable
expression of genes, including GFAP (glial fib-
rillary acidic protein), Sox9 [SRY-related high
mobility group (HMG)–box gene 9], and GLT1
(glutamate transporter 1), BGs are enriched in
AMPA receptors GluA1 and GluA4, and GLAST
(glial high-affinity glutamate transporter) (Fig.
1B) (5). VAs, in contrast, have low amounts of
GluA1, GluA4, and GLAST and large amounts of
the water channel aquaporin 4 (AQP4) (Fig. 1B)
(16). Note that components of the sonic hedge-
hog (Shh) signaling pathway, a developmental
morphogen pathway (17, 18), including the Gli1
transcription factor and Shh receptors Patched

(patched domain–containing protein) 1 and 2
(Ptch1/2), are also enriched in mature BGs but
not VAs (www.brain-map.org; www.gensat.org)
(Fig. 1B). Ptch2 and Smoothened (Smo) are also
expressed by cultured cerebellar astrocytes ex-
pressing GLAST (fig. S1).
In the developing central nervous system

(CNS), various cells produce Shh to regulate
cell specification, axon guidance, and cell pro-
liferation (17, 18). To identify which cells pro-
duce Shh in the mature brain, we used a mouse
line that produces tamoxifen-sensitive Cre re-
combinase from the Shh gene locus (fig. S2A).
Cre activation with tamoxifen in >5-week-old
mice revealed that PCs, GCs, and interneu-
rons expressed Shh (Fig. 1C and fig. S2, B to E).
Immunolabeling for Shh showed localization
in neurons, including PCs, and an overall en-
richment in the molecular layer (Fig. 1C and
fig. S2, F and G). To determine whether Shh
signaling regulates mature BGs in vivo, we re-
moved the Shh signal transducer Smo from BGs
using controlled activation of Cre with tamoxifen
in astrocytes expressingGLAST (GLASTCreERT2)
(fig. S3A) (19, 20). Quantitative reverse transcrip-
tase polymerase chain reaction (qRT-PCR) showed
a 24% loss of Smo mRNA after Cre activation
(fig. S3B), an amount that did not disrupt cerebellar
organization or motor performance (fig. S3C). BGs
lacking Smo extended processes that enwrapped
PC dendrites, detected by staining of calbindin,
and spines, seen by staining of metabotropic glu-
tamate receptor 1 (mGluR1) (fig. S4).
Although Smo was not essential for the struc-

ture of BGs, Smo regulated expression of mol-
ecules that confer BG specialized properties (5).
Shh signaling sustained GluA1 expression and
prevented expression of AQP4 (Fig. 1D and fig.
S3D). Virally expressed Cre in patches of BGs
(Fig. 2A) revealed that Smo was needed for ex-
pression of GluA1, GluA4, GLAST, the inward
rectifying potassium channel Kir4.1 (21), and
Ptch2 (Fig. 2, B and C, and fig. S5) (22). This loss
was accompanied by an increase in the amount
of AQP4 (Fig. 2, B and C). No changes were ob-
served for GLT1 or overall anatomy (figs. S5 and
S6). To assess physiological changes to BGs, we
used AMPA uncaging to elicit AMPA-receptor
responses in BGs (Fig. 2D). This showed reduced
AMPA receptor–mediated currents after Smo loss
(Fig. 2E). To determine whether Shh expressed by
PCs maintains BG gene expression, we removed
Shh from PCs using Cre (fig. S7A). BGs next to
PCs lacking Shh had decreased amounts of GluA1,
Kir4.1, and GLAST and increased amounts of
AQP4 (Fig. 2F and fig. S7B), with no disruption
to the presence or position of cells containing
SOX9 or the expression of GLT1 (fig. S8).
Cerebellar VAs are exposed to lower amounts

of Shh than BGs, as indicated by Shh immuno-
labeling (Fig. 1C) and the low amounts of Shh
receptor Ptch2, which is positively regulated by
Shh signaling (Fig. 1B). To test whether the Shh
pathway could control VAs, constitutively active
Smo (SmoM2) was expressed in VAs under the
control of Cre (fig. S9A) (23). Virally and gen-
etically induced expression of SmoM2 in VAs
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reduced amounts of AQP4 and increased GluA1,
GLAST, and Kir4.1 (Fig. 3, A to C, and fig. S9, B to
D) without affecting cell proliferation (fig. S10).
To determine whether increasing the Shh path-
way allowed VAs to obtain an mRNA profile
resembling that of BGs, we performed RNA se-
quencing (RNA-seq) on small groups of VAs and
BGs individually isolated from fresh brain slices
(Fig. 3D and fig. S11). This identified 415 mRNAs
that significantly distinguish control VAs from
BGs. Hierarchical clustering analysis based on
thesemRNAs showed that SmoM2-expressingVAs
(SmoM2 VAs) showed greater similarity to BGs
than control VAs. Genes strongly expressed in
control VAs like Edn1 (endothelin 1) and Tlr2
(Toll-like receptor 2) are substantially reduced
in SmoM2 VAs, whereas genes expressed in BGs
likeAnxa7 (annexinA7) areup-regulated inSmoM2
VAs (Fig. 3, E and F). Thus, Shh signaling drives
specific changes in VAs, which causes them to ac-
quire a molecular profile that is intermediate be-
tween a BG and a VA.
We also tested if Shh signaling regulates

BGs during development by altering Shh signal-

ing at postnatal day 2 (P2) and analyzing mice at
P15 (fig. S12). Smo deletion decreased amounts of
GluA1 and increased amounts of AQP4 in develop-
ing BGs (fig. S13, A and B), whereas SmoM2 ex-
pression increased abundance ofGluA1, GluA4, and
Kir4.1 in VAs (fig. S13, C and D). SmoM2 expression
led to a small, significant increase in proliferating
glia that contained Ki67, which suggested that Shh
signaling promotes cell division during early stages
(fig. S14). Thus, cerebellar astrocytes use the Shh
pathway at developing and adult stages to estab-
lish and sustain their molecular features.
Shh is expressed by neurons in several adult

brain regions (24–26). To determine whether as-
trocytes in these areas respond to the Shh path-
way, we expressed SmoM2 in mature astrocytes
(fig. S15) and examined the expression of pro-
teins, including Kir4.1, which shows heteroge-
neous expression (Fig. 4 and fig. S15). In the
hippocampus, SmoM2 expression increased Kir4.1
protein in CA1 and dentate gyrus astrocytes and
overall Kir4.1mRNA (Fig. 4, A to C, and figs. S15
and S16). Kir4.1 mRNA was also decreased in
Shh haploinsufficient mice, which showed re-

duced Shh and Gli1mRNA (Fig. 4D). Kir4.1 up-
regulation also increased barium-sensitive Kir4.1
currents, as revealed by changes in the rectifica-
tion index (Fig. 4, E to H, and fig. S17) (21).
Similarly, Kir4.1 mRNA levels were reduced in
cultured hippocampal astrocytes exposed to Shh
pathway inhibitors (fig. S18) (27, 28). GLAST,
GluA1, andGluA4 expressionwere unaffected (figs.
S19 to S21). In cortical astrocytes, removal of Smo
reducedKir4.1 protein (fig. S22, A andB), whereas
expression of SmoM2 increased astrocyte Kir4.1
protein (fig. S22, C and D, and fig. S23). This was
consistent with decreased and increased Kir4.1
mRNA in the cortex of Shh haploinsufficient
and SmoM2mice, respectively (fig. S22, E and F).
GLAST and AQP4 mRNAs remained unchanged
in SmoM2andShhhaploinsufficientmice (figs. S22,
S24, and S25).
We found that astrocytes depend on cues from

mature neurons to control their complex molec-
ular profile in vivo. This challenges the concept
that astrocytes contain hardwiredmolecular and
physiological programs that are fully determined
during development and indicates that neurons
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Fig. 2. Purkinje cells diversify BGs in the mature
cerebellum. (A) (Left) Fluorescence microscopy
of membrane-targeted green fluorescent protein
(GFP) (mGFP, green) in the cerebellum after viral
expression of Cre. (Right) BGs that express mGFP
or not (mTom; magenta). (B and C) Smo loss in
BGs (green; virus delivered at >5 weeks, ana-
lyzed 4 weeks later) [Ptch2 (n = 3 pairs), GluA1
(n = 5), GluA4 (n = 3), GLAST (n = 3), Kir4.1 (n = 3),
and AQP4 (n = 5)]. Protein expression determined
by colocalization with mGFP reference protein.
(D) (Left) Setup to elicit AMPA receptor currents
in BGs. (Right) Patched BGs showing the location
of the compound (N)-1-(2-nitrophenyl)ethylcarboxy-
(S)-a-1-(2-nitrophenyl)ethylcarboxyamino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (NPEC-AMPA)
puff pipette and laser pulse (asterisk). (E) AMPA
receptor currents in BGs. (Left) Representative
trace and quantification of uncaging-evoked AMPA
receptor currents in cells with Smo (n = 7; Smo+/+)
or not (n = 8; Smoc/c). (F) Immunofluorescence
detection of GluA1 and AQP4 in BG after loss of
Shh from PCs (n = 4 pairs). Error bars represent
SEM. Student’s t test. *P ≤ 0.05, **P ≤ 0.01,
***P ≤ 0.001. Scale bars: (A) 300 mm, (B), (D),
and (F) 40 mm.
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communicate with astrocytes to actively regulate
their local environment in the brain. Neurons
use Shh to control the properties of astrocytes
and thus extend its role beyond cell proliferation,
specification, and axon guidance during CNS de-
velopment (17, 18). Surprisingly, astrocytes across

brain regions use Shh signaling differently. Cere-
bellar BGs use Shh signaling to promote glutamate
detection (GluA1 and 4) and recovery (GLAST),
as well as potassium homeostasis (Kir4.1) (21).
This is presumably related to the dense gluta-
matergic inputs onto PCs in the molecular layer.

Note that cerebellar VAs acquire features of the
BG transcriptome upon Shh signaling. Cortical
and hippocampal astrocytes, in contrast, use Shh
signaling for more selective regulation of Kir4.1.
It is possible that neurons release an array of
factors, includingShh, to create astrocyte complexity
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Fig. 3. VAs acquire
BG-like profiles
upon Shh signaling.
(A) Immuno-
fluorescence detec-
tion of GluA1 and
AQP4 in VAs upon
SmoM2 and Tomato
expression after viral
Cre expression (>5-week-
old mice) (n = 4
pairs). (B) Detection
of GluA1 in VAs
expressing SmoM2
(white arrowheads) or
not (gray and
magenta arrow-
heads). (C) Quantifi-
cation of GluA1,
GLAST, and Kir4.1 in
VAs through fluores-
cence colocalization
with Tomato reference
protein (n = 4). One-
way analysis of vari-
ance (ANOVA) with
Tukey’s. (D) Experi-
mental steps for
single-cell RNA-seq.
(E) Dendrogram rep-
resenting a hierarchi-
cal clustering of gene
expression distances
between samples
used in the single-cell
RNA-seq experiment.
Histogram shows a
pseudo-color repre-
sentation of the
Euclidean distance
matrix (from dark
blue for zero distance
to white for large dis-
tance). (F) Gene
expression heat map
from 415 differentially
expressed genes
identified in BGs
compared with VAs.
Colors reflect relative
differences of each
gene (y axis) for each
sample (x axis).
Unsupervised
clustering trees are
shown, and histogram
shows relative expres-
sion level (white for lower expression and blue for higher expression). Error bars represent SEM. *P ≤ 0.05, ***P ≤ 0.001. Scale bars: (A) 20 mm, (B) 30 mm.
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in the mature brain (6, 7). These factors likely co-
operate with developmental patterning events
to generate astrocyte heterogeneity (10, 11, 29)
and ultimately ensure that astrocytes are prop-
erly specialized for the needs of local neural cir-
cuits (30).
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G) Hierarchical
clustering analysis-
grouped SmoM2(–)
(n = 6 cells) with
controls (Tom, n = 10)
but segregated
SmoM2(+) (n = 8).
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Lactobacillus plantarum strain
maintains growth of infant mice
during chronic undernutrition
Martin Schwarzer,1,2* Kassem Makki,1,3 Gilles Storelli,1 Irma Machuca-Gayet,1†
Dagmar Srutkova,2 Petra Hermanova,2 Maria Elena Martino,1 Severine Balmand,4

Tomas Hudcovic,2 Abdelaziz Heddi,4 Jennifer Rieusset,3 Hana Kozakova,2

Hubert Vidal,3 François Leulier1*

In most animal species, juvenile growth is marked by an exponential gain in body weight
and size. Here we show that the microbiota of infant mice sustains both weight gain and
longitudinal growth when mice are fed a standard laboratory mouse diet or a nutritionally
depleted diet. We found that the intestinal microbiota interacts with the somatotropic
hormone axis to drive systemic growth. Using monocolonized mouse models, we showed
that selected lactobacilli promoted juvenile growth in a strain-dependent manner that
recapitulated the microbiota's effect on growth and the somatotropic axis. These findings
show that the host's microbiota supports juvenile growth. Moreover, we discovered that
lactobacilli strains buffered the adverse effects of chronic undernutrition on the postnatal
growth of germ-free mice.

D
uring the juvenile growth period, the gain
in animal body size varies widely as a re-
sult of the interactions between nutrition-
al input and the organism’s hormonal cues.
Inmammals, postnatal growth is controlled

by the activity of the somatotropic axis (fig. S1), in

which growth hormone (GH) instructs the liver
and peripheral tissues to produce insulin-like
growth factor–1 (IGF-1), to promote organ and
systemic growth (1–3). Chronic undernutrition
triggers a state of GH resistance (4, 5) that leads
to stunting, and juveniles become small and thin
(6). Acutemalnutrition, in contrast, causeswasting,
defined as severe weight loss and mediated in
part through the disruption of the gutmicrobiota
(7). However, the contribution of the gut micro-
biota to normal postnatal growth and its influ-
ence on the activity of the somatotropic axis
during chronic undernutrition remain unknown.
To address this question, we first compared

the growth parameters of wild-type (WT) and
germ-free (GF) infant male mice fed a standard
breeding diet (25% proteins, 9% fats; table S1)
until young adulthood (8 weeks old, Fig. 1 and
fig. S2). After weaning, the GF andWT animals
ingested similar amounts of food relative to body
weight (fig. S3), yet at 8 weeks of age, GF mice
weighed 14.5% less and were 4% shorter than

WT mice (Fig. 1, A and C; fig. S2, A and B; and
table S2). These growth differences were most
pronounced after weaning (Fig. 1, A toD, and fig.
S2, C andD). Thus, with a standard breeding diet,
the gut microbiota ensures optimal weight gain
and longitudinal growth, especially aroundwean-
ing. Remarkably, the 17%weight gain seen inWT
animals (fig. S2A and table S2) was not a con-
sequence of increased adiposity. The epididymal
fat pads and adipocyte size of WT and GF males
remained similar (fig. S4, A toD). Likewise, levels
of leptin, a circulating marker of fat stores (8),
were similar in the sera of WT and GF animals
(fig. S4E). However, theweight gain of the organs
of WT animals was greater than that of GF mice
(fig. S2E and table S2), confirming that a WTmi-
crobiota is associated with optimal systemic so-
matic growth. This contrasts with the increased
adiposity that results from subtherapeutic anti-
biotic treatments in infantmice that is apparently
caused by disrupting the gut microbiota commu-
nity (9, 10). WT animals were 4% longer (fig. S2B
and table S2), indicating that the microbiota also
influences skeletal growth. Bone growth param-
eters, including femur length, cortical thickness,
cortical bone fraction, and the trabecular fraction
of the femur (Fig. 1, E and F; fig. S2, F to I; and
table S2)were all reduced inGF animals, although
cortical bone mineral density (BMD) was un-
affected (fig. S2J). Previously, Sjögren et al. showed
that trabecular BMD was increased in GF ani-
mals relative to their WT siblings (11). However,
that study was conducted on females of a differ-
ent genetic background than ours. Nevertheless,
taken together, our results show that the gut mi-
crobiota sustains postnatal somatic tissue growth,
leading to increased mass gain and enhanced
longitudinal growth.
Postnatal systemic growth is mainly driven by

the activity of the somatotropic axis (1–3), where
the pituitary glandproducesGH,which induces the
production of IGF-1. The liver is themajor source of
circulating IGF-1 and together with IGF-1 binding
protein-3 (IGFBP-3) serves as an endocrine deter-
minant of somatic growth (3, 12, 13) (fig. S1). In
addition, IGF-1 is produced by peripheral tis-
sues, including muscles, and acts to promote tis-
sue growth in an autocrine/paracrine manner
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