
Astrocytes locally translate transcripts in their
peripheral processes
Kristina Sakersa,b,c, Allison M. Lakeb,c, Rohan Khazanchib,c, Rebecca Ouwengaa,b,c, Michael J. Vasekb,c, Adish Danid,e,
and Joseph D. Doughertyb,c,e,1

aDivision of Biology and Biomedical Sciences, Washington University School of Medicine in St. Louis, St. Louis, MO 63110; bDepartment of Genetics,
Washington University School of Medicine in St. Louis, St. Louis, MO 63110; cDepartment of Psychiatry, Washington University School of Medicine in St.
Louis, St. Louis, MO 63110; dDepartment of Pathology and Immunology, Washington University School of Medicine in St. Louis, St. Louis, MO 63108;
and eHope Center for Neurological Disorders, Washington University School of Medicine in St. Louis, St. Louis, MO 63110

Edited by Don W. Cleveland, University of California, San Diego, La Jolla, CA, and approved March 30, 2017 (received for review October 26, 2016)

Local translation in neuronal processes is key to the alteration of
synaptic strength necessary for long-term potentiation, learning,
and memory. Here, we present evidence that regulated de novo
protein synthesis occurs within distal, perisynaptic astrocyte pro-
cesses. Astrocyte ribosomal proteins are found adjacent to synapses
in vivo, and immunofluorescent detection of peptide elongation in
acute slices demonstrates robust translation in distal processes. We
have also developed a biochemical approach to define candidate
transcripts that are locally translated in astrocyte processes. Compu-
tational analyses indicate that astrocyte-localized translation is both
sequence-dependent and enriched for particular biological func-
tions, such as fatty acid synthesis, and for pathways consistent with
known roles for astrocyte processes, such as GABA and glutamate
metabolism. These transcripts also include glial regulators of synap-
tic refinement, such as Sparc. Finally, the transcripts contain a dis-
proportionate amount of a binding motif for the quaking RNA
binding protein, a sequence we show can significantly regulate
mRNA localization and translation in the astrocytes. Overall, our
observations raise the possibility that local production of astrocyte
proteins may support microscale alterations of adjacent synapses.
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Astrocytes are required for the proper development and
maintenance of the synapse, a structure described as tripartite

because of the critical contribution from peripheral processes of
these cells (1). There is evidence that astrocytes determine synapse
number (2, 3) and strength (4, 5), and reciprocally, that neurons
mediate maturation of astrocyte processes (6), yet our mechanistic
understanding of these interactions is incomplete.
The localized synthesis of proteins in neurons is instrumental for

synaptic modulation (7) and neurite outgrowth (8, 9). Because
neurites must extend great distances to reach a target cell, they
have the ability to harbor mRNAs and ribosomes proximal to
spines and axons (10, 11), where local translation occurs in a pre-
cise spatial, temporal, and activity-dependent manner. Similarly,
oligodendrocytes also selectively localize some myelin-associated
mRNAs for local translation within their ensheathing processes
(12). Outside of the nervous system, localized protein synthesis
occurs in a variety of biological systems, including Drosophila oo-
cytes and migrating fibroblasts, suggesting that this phenomenon is
a widely used regulatory system (13, 14).
Peripheral astrocyte processes (PAPs) reach lengths comparable

to some neurites, and one astrocyte territory can contact up to
100,000 synapses (15). Furthermore, the dynamic nature of PAPs
at synapses requires rapid responsiveness to synaptic changes (5,
16). Therefore, we hypothesized that astrocytes also use local
translation. We reasoned that several conditions must be met to
establish that local translation occurs in astrocytes: First, both ri-
bosomes and mRNA must be present in PAPs. Second, new
protein translation must occur in PAPs. Finally, even if protein
synthesis is detected, it is only of substantial interest if it is regu-
lated. Specifically, if local translation in astrocytes exists to support

either local adaptation or specialization of function, as it does in
other cells, then it should be biased toward specific transcripts, and
these transcripts should contain specific sequence features. Herein,
we provide biochemical and imaging evidence for these criteria and
define the peripheral translatome of the astrocyte.

Astrocyte Ribosomes and mRNA Exist in Their Peripheral
Processes, in Vivo
Although previous work using electron microscopy (EM) (17) has
suggested that ribosome-like structures exist in PAPs, their iden-
tity has never been confirmed. We used transgenic mice, where
ribosomal protein RPL10A is fused with EGFP specifically within
astrocytes (Aldh1L1-EGFP/RPL10A), to localize the large sub-
unit of ribosomes (18). Using in vivo immunofluorescence (IF) in
cortical astrocytes, we found that EGFP/RPL10A extends beyond
GFAP+ processes and into peripheral processes surrounded by
Aqp4, which marks astrocyte membranes and vascular endfeet
(19) (Fig. S1 A and B). We then asked if we could detect tagged
ribosomes in perisynaptic PAPs using both immuno-EM and a
recently developed approach leveraging stochastic optical recon-
struction microscopy (STORM), allowing for ultrastructural-level
resolution compatible with multicolor fluorescent labeling (20).
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Astrocyte EGFP/RPL10A was found surrounding synapses via
EM (Fig. 1A) and within 100 nm of synapses, which are defined by
apposition of pre- and postsynaptic markers via STORM (Fig.
1B). Because translation requires both large and small subunits,
we confirmed peripheral localization of endogenous small ribo-
somal subunits via RPS16 IF (Fig. S1C), indicating the tagged
RPL10A is not mislocalized in the Aldh1L1-EGFP/RPL10A mice.
Together, these data provide strong evidence that astrocyte ribo-
somes are present near cortical synapses.
We next sought to confirm the presence of mRNA within PAPs.

We chose to focus on the localization of Slc1a2 (GLT-1) for two
reasons: first, GLT-1 protein is highly expressed in PAPs (21) and
second, previous colorimetric in situ hybridization suggested its
peripheral localization (22). Because conventional immunolabel-
ing methods did not allow us to distinguish the peripheral pro-
cesses of neighboring astrocytes from one another, we developed a
viral method to sparsely GFP-label astrocytes in nontransgenic
mice (Fig. S2). Using this approach, we confirmed that Slc1a2
mRNA is found throughout the astrocyte, including in distal
GFAP− PAPs (Fig. S1D).

Astrocyte Processes Synthesize Proteins in Their Distal Tips
After demonstrating the presence of both ribosomes and mRNA in
PAPs, we next tested whether distal translation occurs by using
puromycin to label actively translating peptides in acute brain slices
(Fig. 2A). Puromycin, a tRNA-structural analog, incorporates into
translating ribosomes and puromycylates the growing peptide (23).
Using an antibody against puromycin for IF in sparsely labeled as-
trocytes (Fig. 2A and Fig. S3A), we detected nascent translation
within PAPs, which was blocked by pretreatment with the translation
inhibitor, anisomycin, indicating that puromycin labeling requires
active translation (Fig. 2B). We quantified the total translation oc-
curring throughout the astrocyte by measuring the fluorescence in-
tensity of puromycin within GFP and puromycin double-positive
puncta at increasing radii from the nucleus of the astrocyte. We
empirically determined that a 27-μm radius captures the majority of
the astrocyte, without extending into neighboring astrocyte territo-
ries (Fig. S3B), consistent with previous data describing a mean
murine astrocyte diameter of 56 μm (15). Given the short duration

of incubation, we concluded that puromycylated peptides in PAPs
were made locally rather than transported. Quantification of pur-
omycylation in astrocytes indicates that on average 73% of trans-
lation in an astrocyte occurs >9 μm from the nucleus center (Fig.
2C), and does not taper significantly as it extends to the periphery.

PAP-Translating Ribosome Affinity Purification Reveals
Hundreds of Enriched Ribosome-Bound Transcripts in PAPs
In neurons, local translation appears to be enriched for certain
transcripts, often those generating proteins with synaptic roles. If
translation in PAPs does indeed have a physiological role, then a
specific subset of astrocyte transcripts should show enriched
translation there. We hypothesized that local translation is
sequence-dependent, and furthermore will be enriched for
transcripts consistent with the known roles of the PAP (e.g.,
glutamate homeostasis).
To test this hypothesis, we developed a method to capture

ribosome-bound mRNA from PAPs using translating ribosome
affinity purification (PAP-TRAP) (Fig. 3A). Synaptoneurosomes
(SNs) are translation-competent membrane-enclosed appositions
of pre- and postsynaptic specializations that can be purified from
brain homogenates by density fractionation. Although the neuro-
nal contents of SN fractions have been well-described, a pre-
liminary RNA-sequencing of the total SN fraction suggested
substantial contribution of mRNAs from nonneuronal cells. This
finding is in agreement with a prior RT-PCR observation of an
astrocyte transcript in SNs (24). Furthermore, immunoblot con-
firmed SN fractions contain Ezrin, a constituent of PAPs (25), and
astrocytic EGFP/RPL10A, as well as the expected enrichment of
PSD95 and depletion of nuclear Lamin B2 (Fig. 3B). Therefore, to
define the RNAs being translated by astrocytes in the SN, we
isolated astrocyte-tagged ribosome-bound RNA from the fraction
(Fig. S4), and performed RNA-seq on the PAP-TRAP sample and
three-comparison samples (Dataset S1).
We next leveraged these data to identify those transcripts with

enriched ribosome occupancy in the PAP. Because all RNAs must
move from the nucleus through the soma to arrive in PAPs, we did
not expect to find transcripts that are only found in PAPs and not
in the soma. Rather, we used an intersection of two comparisons
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Fig. 1. EM and STORM show astrocyte ribosomes in close proximity to synapses, in vivo. (A) Representative electron micrographs of DAB-labeled EGFP/
RPL10A (arrowheads) in astrocyte processes (green) near cortical synapses (axon = blue and postsynaptic density = red). (Scale bars, 500 nm.) (B) STORM
imaging showing an EGFP/RPL10A (green) filled astrocyte process proximal to synapses [as illustrated, these are defined by apposition of Bassoon (red) and
Homer (blue)]. Inset of box on Left, and side view is a 90° rotation of a second synapses, again showing EGFP/RPL10A puncta surrounding a synapse.
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to derive a stringent list of PAP translated candidates. First, we
compared SN RNA-seq to cortex-input RNA-seq to enrich for
transcripts localized to the fraction. This, by itself, would identify
putatively localized transcripts, but would contain transcripts
from many cell types. Thus, we intersected this set with those tran-
scripts enriched on astrocyte ribosomes in the SN (PAP-TRAP/SN).
This combined analysis identified 224 transcripts that are signifi-
cantly enriched on PAP ribosomes (Fig. 3 C–E and Dataset S2),
including Slc1a2.
We also tested a direct statistical comparison of PAP-TRAP to

TRAP samples as an alternative method of defining locally
translated astrocyte transcripts. Whereas the resulting analysis
included all 224 discovered transcripts above, it also included
several clearly spurious transcripts (e.g., mitochondrial transcripts
not translated on the eukaryotic ribosome) that are most clearly
attributable to a difference in background levels of contaminating
RNA between TRAP and PAP-TRAP. We found that although
PAP-TRAP still enriches for known astrocyte transcripts relative
to SN samples, there is a blunting of both enrichment of known
astrocyte markers and depletion of neuronal markers relative to a

control cortex TRAP (Fig. 3 C and D). Although we are interested
in further optimizing PAP-TRAP to reduce this background, and
thus increase sensitivity to define additional transcripts, our cur-
rent intersectional analysis appears robust. The analysis includes
several canonical astrocyte markers (Fig. 3F), and overlaps with
both mRNA detected in astrocyte processes in vitro (26) and those
just reported for radial glia in vivo (27) (Fig. S5A). Thus, we
proceeded with analysis of the 224 high-confidence transcripts.
For computational analyses, we also generated a contrasting

set of transcripts depleted from the PAP using a reciprocal ap-
proach: we intersected the transcripts depleted from the SN
relative to cortex input, but still enriched on astrocytes ribosomes
by TRAP. We identified 116 astrocyte transcripts (“PAP-
depleted” transcripts) (Fig. 3E and Dataset S3).

PAP-Enriched Transcripts Suggest Physiological Roles for
Local Translation, Including Modulation of Neurotransmitter
Metabolism
To provide a systems perspective as to functions local translation
might serve in astrocytes, we performed pathway analyses on the
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Fig. 2. Peripheral ribosomes are actively translating in astrocytes. (A) Cartoon diagram of puromycylation experiments. Acute slices (cartooned in gray) are
incubated with puromycin (red hexagon) which attaches to the growing peptide (cartooned by amino acid abbreviations in circles). Slices are then prepared
for IF detection of puromycin. (B) Maximum projection superresolution SIM to detect puromycylation (red) of synthesizing proteins in a GFP-labeled astrocyte
shows translation occurs in peripheral processes, and is blocked by pretreatment with anisomycin. Arrowheads indicate puromycylated peptides colocalized
with GFP-positive peripheral astrocyte processes. (Scale bar, 10 μm.) (Magnification, 100 ×.) (C) Quantification of puromycin intensity (only puromycin pixels
that were in astrocytes labeled with GFP were measured) at increasing radii from the nucleus indicates robust translation occurs in PAPs. Repeated-measures
ANOVA revealed main effects of condition F(2, 138) = 9.694, P = 0.0001 and distance F(8, 1,104) = 19.023, P < 2E-16 with a significant interaction between
condition and distance F(16, 1,104) = 2.019, P = 0.01. Data represented as mean ± SEM. Asterisks represent one-sided t tests, post hoc. ****P < 0.001, ***P <
0.005, *P < 0.05. n (cells) = 54 (puromycin), 48 (anisomycin+puromycin).
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PAP-enriched transcripts (Fig. 4A and Fig. S6A). We found that
PAP-localized transcripts had overrepresentation of genes medi-
ating glutamate and GABA metabolism, consistent with PAP
functions of glutamate transport (Slc1a2, Slc1a3) (21, 28) and
metabolism (Glul). We also identified a set of enzymes repre-
senting multiple steps in a pathway for biosynthesis of unsaturated
fatty acids (Scd1, Scd2, Fads1, Fads2, Elovl5, Hadha), suggesting a
novel hypothesis that there may be some local regulation of fatty
acid production either for signaling or expansion of local mem-
brane. We also identified several motor and cytoskeletal proteins
(e.g., Kif1c,Myo1D), local translation of which could play a role in
morphological remodeling of astrocyte processes. Finally, we also
noticed an enrichment for genes and members of gene families
known to regulate synapse number (Mertk, Sparc, Thbs4) (29–31),
suggesting that synapse formation and elimination may be medi-
ated in part by local translation of cues from adjacent astrocytes.
In contrast, PAP-depleted transcripts have largely nonoverlapping
Gene Ontology (GO) categories with PAP-enriched transcripts,
and are enriched for transcription regulators and amino acid ca-
tabolism (Fig. S6B).

PAP-Enriched Transcripts Have Longer 3′UTRs and Are More
Highly Expressed than PAP-Depleted Transcripts
For some well-characterized dendritically localized transcripts, as
well as the localization of Actb in fibroblasts, sequence-specific
features are commonly found within the 3′UTR that mediate

their localization (32–34) or localized translation. Therefore, we
tested whether PAP-enriched transcripts contain sequence-specific
features. We found no differences in individual nucleotide or
GC content (Fig. S7). However, PAP-enriched transcripts were
expressed significantly higher in cortical astrocytes compared with
PAP-depleted transcripts (Fig. 4B). In neurons, locally translated
mRNAs, often sequestered by RNA-binding proteins (RBPs) into
granules for transport and protection, have significantly longer
3′UTRs (35). This aspect may enable more sequence motifs or
secondary structure for binding RBPs. We found that PAP-
enriched transcripts are also significantly longer, specifically in
their 3′UTRs (Fig. 4C). Because RBPs may recognize secondary
structure rather than specific sequence, we used the RNA-folding
algorithm, ViennaRNA (36), to investigate the stability of tran-
script 3′UTRs in the PAP-enriched/depleted transcripts. In-
terestingly, we found that PAP-enriched 3′UTRs are predicted to
have more stable secondary structures (Fig. 4D). The greater
length and structure suggests that sequences in 3′ UTRs may also
serve to regulate the localized enrichment of specific mRNAs in
PAPs, perhaps because of the presence of specific motifs.

Evidence for Multiple Mechanisms of Regulation of
Localized Translation
There are at least two mutually nonexclusive mechanisms by
which particular transcripts could show increased translation at
the PAP. First, the mRNAs could have motifs that enrich their
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localization, in particular subcellular compartments; second, they
could have motifs that control their interactions with ribosomes
in certain compartments. To assess the possibility of the first
mechanism, we surveyed mRNA localization, in vivo, of six PAP-
enriched and two PAP-depleted mRNAs, via FISH (Fig. 5).
Similar to the puromycylation experiments (Fig. 2 and Fig. S3),
we quantified the FISH intensity in astrocytes at increasing dis-
tances away from the nucleus. Because synapses can be found at
a range of distances from the nucleus (37, 38), and PAPs lack IF
markers in vivo, it is difficult to determine which FISH puncta
might localize to PAPs. Nonetheless, using our simple metric, we
found that subcellular mRNA localization patterns vary signifi-
cantly between probes [repeated-measures ANOVA, F(7, 144) =
2.175, P = 0.04], supporting substantial sequence-dependent
regulation of RNA localization within astrocytes. Some tran-
scripts, like Sparc, Cpe, and Dynlrb1, appeared to have a relative
depletion of mRNA from the perinuclear compartment, whereas
others had a more even distribution (Slc1a2, Slc1a3) or a distal
depletion (Hsbp1). A diversity of patterns was also apparent in
an additional five transcripts (Fig. S8). Overall, this finding is
consistent with different transcripts using multiple distinct
mechanisms to mediate their PAP-enriched translation, some
functioning at the level of RNA localization, whereas others may
regulate interactions with the ribosome.

The Quaking RBP Response Element Is Enriched in PAP
Transcripts and Regulates RNA Location and Protein
Stability
In neurons and oligodendrocytes, motifs regulating local trans-
lation are also often found in the 3′UTR (33). To test the hy-
potheses that specific 3′UTR sequences might also mediate
mRNA localization or local protein production in astrocytes, we
scanned for enriched motifs using analysis of motif enrichment
(AME) (39) and identified a significant enrichment of the core

site of Quaking (Qk) RBP response element (QRE; Fisher’s
exact test, P = 1.2E-05). The QRE is comprised of a core site
NACUAAY and a half site YAAY, where Y is a pyrimidine (40),
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Mertk (15 cells), Slc1a2 (14 cells), Slc1a3 (25 cells), Sparc (16 cells), with cells
collected across three independent animals.
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and the half site may lie upstream or downstream of the core.
Thus, to confirm the results from AME, we independently
searched for the complete motif and found that a significantly
higher percentage of PAP transcripts contain a QRE, compared
with PAP-depleted transcripts (Fig. 6A). Interestingly, Qk has a
known role in mRNA export from the nucleus. In oligodendro-
cytes of Qk viable mice, myelin basic protein mRNA is restricted
to the nucleus and thus cannot be locally synthesized, inevitably
causing dysmyelination and a quaking phenotype (41, 42).
Therefore, we hypothesized that QREs may play a role in local
translation of PAP transcripts. Qk is present in astrocytes and is
known to regulate Gfap in primary human astrocytes (43, 44).
Here, we chose to focus on the Sparc 3′UTR that has two pu-
tative QREs (Fig. 6B), is secreted from astrocytes, and has been
shown to specifically antagonize the synaptogenic effects of the
protein Hevin, thus suggesting a physiological role for local
translation (30, 45). We first asked whether Sparc is bound by Qk
in vivo by immunoprecipitating (IP) the three Qk isoforms, QKI-
5, -6, and -7 (Fig. 6C). We found that Sparc co-IPs with the nuclear
isoform, QKI-5 and one cytoplasmic isoform, QKI-6, but not QKI-
7 (Fig. 6D).
To directly probe whether RNA localization is altered with the

loss of the QREs, we designed astrocyte-specific viral reporter
constructs in which a membrane-bound cerulean fluorescent
protein (mCFP) is followed by the Sparc 3′UTR, with or without
both QREs (Fig. 6E and Fig. S2), under the control of a GFAP
promoter to sparsely label astrocytes as above. Quantification of
total FISH intensity in each cell was not different between con-
ditions (Fig. 6F); however, we did notice an increase in nuclear
localized CFP mRNA intensity (Fig. 6G) when we deleted the
QREs from Sparc, in a subset of the astrocytes. When we quan-
tified the number of cells in each condition with nuclear RNA foci,
we found that significantly more cells contained nuclear RNA
when we deleted Sparc’s QREs (Fig. 6H). We confirmed this is not
the result of an artifactual hybridization to viral episomal DNA
because a nuclear RNA remained after treatment with RNase H.
Additionally, we noticed that CFP protein appeared consistently
brighter in cells that were transduced with Sparc 3′UTR without
the QREs. We quantified the IF signal intensity of cells in each
condition and found that cells transduced with Sparc 3′UTR
without QREs had significantly more CFP protein (Fig. 6I). Fi-
nally, to determine whether these aspects of QRE function will
result in a different subcellular distribution of the translated
protein, we examined distribution of mCFP after normalizing for
expression levels. We found QREs altered the relative concen-
tration of mCFP in the distal compartments (Fig. 6J). Overall,
these data indicate that the QREs promote nuclear export of
Sparc and, without affecting RNA abundance, also serve to sup-
press translation and shift the relative proportion of proteins.

Discussion
Here we present evidence of localized translation of specific
transcripts in astrocytes. We have provided evidence that ribo-
somes and mRNA are localized throughout the astrocyte, and by
labeling of new protein synthesis with a brief pulse with puromycin
have confirmed new peptide synthesis throughout the cell. We also
use a biochemical method to enrich for ribosome-bound tran-
scripts in PAPs. Our data indicate that these PAP-enriched can-
didates have a median higher expression and a significantly longer
and more stable 3′UTR than those transcripts not enriched in the
PAP. The higher median expression suggests one mechanism that
prevents distal translation for some transcripts might be destabi-
lizing elements that lead to a short half-life, and indeed many
proteins with roles in transcription regulation have such elements
(46). The 3′UTR length and structure differences suggest that
localization information exists in the 3′UTR, as is the case with
many dendritically translated transcripts (33). As proof of this
concept, we found that the QRE is enriched in PAP transcripts

and in the context of the Sparc 3′UTR, promotes nuclear export
and decreases translational efficiency. Although we did not find a
difference in peripherally localized RNA in the absence of QREs,
mRNA export is a key first step in localization and may contribute
to a multistep mechanism of peripheral localization. Additionally,
it is thought that translational repression of locally translated
mRNAs is a critical step in proper spatial expression of the protein
(47, 48). Thus, Qk may bind PAP-localized mRNAs and suppress
translation during transport or to keep the mRNA in a poised state
at the PAP until receipt of an unknown cue. When tested with a
reporter gene, the consequence of removing the QREs was to
increase the relative protein abundance in the periphery, consis-
tent with other motifs in the RNA regulating peripheralization of
the mRNA, whereas the QRE suppresses translation. Under-
standing of additional mechanisms governing astrocyte local trans-
lation will provide insight to the phenomenon and opportunities to
test the physiological relevance.
We also demonstrate the complexity of mRNA localization in

astrocytes, in vivo, with FISH. These data motivate the devel-
opment of tools for labeling PAPs, as we demonstrated that
mRNA localization does not follow simple patterns based on
distance from the nucleus. We hypothesize that the subcellular
domains in astrocytes may rather be specified by their proximity
to CNS structures, such as synapses and blood vessels, and this
likely contributes to the variability in mRNA distribution within
and across probes when using our current proxy measure (Fig. 5).
Finding RNA or protein markers of any such domains would
advance the field, as would application of methods like merFISH
(49), to determine which mRNA species are coenriched in par-
ticular puncta within an astrocyte.
Interestingly, we detected a few neuron-derived transcripts

copurifying and enriched with SN-localized astrocyte ribosomes
(Dataset S2), but we conclude that the removal of these tran-
scripts from the data does not change the overall conclusions
presented herein (Fig. S5 and Dataset S4). However, the possible
mechanisms for this signal may reveal interesting biology and are
of interest for future study.
We note that our current list of locally translated candidates

includes several disease genes; most notably, the Alzheimer’s-
associated gene Apoe appears to be robustly enriched in the
PAP. Furthermore, at least two dysregulated transcripts identi-
fied via TRAP in astrocytes in amyotrophic lateral sclerosis
(ALS) models (Heyl and Vim) (50), as well as Slc1a2, which is
downregulated in the motor cortex of ALS patients (51), are
enriched in the PAP. It is possible that dysregulation of local
translation may contribute to disease progression and vulnera-
bility of adjacent neurons. The PAP-TRAP method should be
readily adaptable to study such possibilities in mouse models of
neurological disorders.
Whereas local translation in neurons has been described for

decades, only a few studies have been able to address its physio-
logical role. Although we do not yet have the tools to directly
probe the physiological role of peripheral astrocyte translation,
our pathway analyses provide interesting clues. We found that the
transcripts for secreted protein precursors are found in PAPs (Clu,
Cpe, and Sparc), all of which have been identified as enriched in
astrocyte-conditioned media by mass spectrometry (45). This
finding suggests that these glial-derived soluble signaling mole-
cules are locally synthesized before their extracellular release.
Furthermore, we noted several peripherally enriched transcripts
for proteins with known roles in synapse maintenance, including
Sparc, and Mertk. It has been shown that Sparc negatively regu-
lates excitatory synaptogenesis by antagonizing Hevin (30). Fur-
thermore, Mertk is a required engulfment receptor for astrocyte-
mediated synapse elimination, in vitro and in vivo (29). Together,
these findings provide evidence consistent with the exciting pos-
sibility that localized translation might have a role in a localized
astrocyte-mediated synaptic modulation. Overall our data indicate
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Fig. 6. Qk promotes nuclear export of Sparc mRNA and controls its translational efficiency. (A) Percent of transcripts in PAP-enriched/depleted lists that contain the
QRE core and half sites NACUAAY-N(1,20)-YAAY, one-tailed Fisher’s exact test. (B) Sparc 3′UTR cDNA sequences that contain putative QREs, numbers indicate position
(NM_001290817). (C) Qk isoforms 5, 6, and 7 were immunoprecipitated from adult mouse brain and isolated material was analyzed on a Western blot with Qk
antibodies. Total mouse IgG was used in negative IP controls. (D) RT-PCR of Sparc after isolation of Qk or mouse IgG-bound RNA. (E) Cartoon schematic of viral
constructs with representative confocal images from each condition. Arrows indicate representative examples of RNA localized in the periphery (Sparc 3′UTR) vs. soma/
nucleus (Sparc no QRE) of the cell. (Scale bar, 10 μm.) (F) Boxplots of FISH intensity throughout the entire cell, student’s two-tailed t test. (G) Percent intensity of FISH
signal across distance, normalized within cell. Repeated-measures ANOVA main effect of distance: F(1, 1,240) = 47.132, P = 1.05E-11. (H) Number of cells containing
nuclear RNA foci, one-tailed Fisher’s exact test. (I) CFP protein intensity in each cell, Wilcoxon rank-sum test. (F–H) n = = 67 (Sparc), 71 (Sparc no QRE); (I) n = 53 (Sparc),
46 (Sparc no QRE). (J) Percent intensity of CFP protein across distance, normalized within cell. Repeated-measures ANOVAmain effects of condition F(1, 97) = 6.025, P =
0.0159 and distance F(1, 97) = 11.21, P = 0.0012 and a significant interaction between them F(1, 97) = 30.08, P = 3.29E-7.
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that astrocytes are capable of a sequence-regulated localized
translation. We posit here that, whereas neurons are thought to
require localized translation to compensate for the great length of
their dendrites and axons, astrocytes contacting multiple synapses
may use local translation to allow for them to respond to or
modulate the activity of specific synapses.

Materials and Methods
Animals. All procedures were approved by the Institutional Animal Care and
Use Committee at Washington University in St. Louis.

Viral Delivery. AAV9 GFAP-mCFP or AAV9 CBA-IRES-GFP and was delivered by
intracranial injections in postnatal day (P)2 pups, and tissueswere harvested at P21.

Acute Slice Preparation and Drug Treatment. Acute cortical slices (300 μm)
were prepared as described previously (52). Slices were incubated with 3 μM
puromycin (Tocris #40–895-0) for 10 min at 37 °C. In controls, 1 mM aniso-
mycin (Sigma #A9789) was added to slices 30 min before puromycin.

IF. For IF, 40-μm sections were cryosectioned after 4% paraformaldehyde
(PFA) perfusions. Sections were incubated with primary antibodies (Table S1)
followed by Alexa-conjugated secondary antibodies (Invitrogen) and DAPI. For
STORM, Jackson Immunoresearch secondary antibodies were conjugated with
acceptor (Cy2, Cy3, or Alexa 405) and reporter (Alexa 647) fluorophore dye
pairs and imaged as described previously (53). Representative images are from
triplicate experiments.

FISH. FISH was performed on 14-μm slide-mounted cryosections after 4% PFA
fixation of virally injected animals. Custom digoxigenin-labeled antisense
probes were hybridized overnight, washed, H2O2-blocked, Dig-antibody–
labeled, and detected via Tyramide Signal Amplification Cyanine 3 Tyramide
(PerkinElmer #NEL704A001KT) as described previously (54). IF was subsequently
performed. See Table S2 for primers for FISH probe templates.

Microscopy. Confocal microscopy used an UltraVIEW VoX spinning disk
(PerkinElmer) or an AxioImager Z2 (Zeiss). Structured illumination microscopy
(SIM) microscopy was performed on a Nikon n-SIM. STORM images were
acquired on a custom-built microscope.

Quantification. We drew concentric rings around the nucleus with increasing radii
of 3 μm, in ImageJ, and quantified intensity of CFP; the extent of FISH or puro-
mycin intensity and area overlapping with GFP/CFP were quantified for each ring.

EM. Mice were perfused with 37 °C Ringer’s solution, then 37 °C 4% PFA, then
postfixed. Next, 100-μm coronal vibratome sections were cut, rinsed, H2O2-
blocked, washed, incubated in 1% sodium borohydride, washed then incubated
with anti-GFP, then Vectastain ABC elite (Vector Laboratories, PK-6100), and
washed in 0.1 M sodium acetate, then labeled with nickel-enhanced DAB be-
fore postfixation. Samples were then prepared for EM, as described previously
(55). The 70-nm-thin sections were imaged on a JEOL JEM-1400 Plus at 80 KeV.

IP. Qk was immunoprecipitated by coupling QKI antibody to Biotinylated-
Protein G (Pierce) on Streptavidin M280 Dynabeads (Invitrogen). C57bl6/j
brains were homogenized, lysed, and incubated with beads at 4 °C. Beads
were washed and split for RNA isolation (75%) and Western blotting (25%).

SN Preparation. Three cortices (including hippocampi) per replicate were
homogenized from Aldh1l1:EGFP/RPL10A mice and homogenate was spun at
1,000 × g for 10 min at 4 °C, layered onto a sucrose-Percoll gradient as de-
scribed previously (56), and spun at 32,500 × g for 5 min. The SN band was
collected by puncturing the bottom of the tube to collect the SN fractions.

Western Blots. For three independent replicates, lysates were separated on
4–12% polyacrylamide gel (Bio-Rad), transferred to PVDF, and probed with
primary antibodies (Table S1) and HRP-coupled secondaries (Bio-Rad).

TRAP-seq. TRAP was performed on three replicates of SN fraction (PAP-TRAP
sample) and cortex homogenate (cortex-TRAP sample), modified from proto-
cols as described previously (18, 57). RNA quality and concentration were
assessed using PicoChips on the Agilent BioAnalyzer (Fig. S4). Double-stranded
cDNA was prepared using the Nugen Ovation RNA-seq System V2. Illumina
sequencing libraries using the NEBNext Ultra DNA Library Prep Kit for Illumina
(#E7370S). Libraries were sequenced on an Illumina HiSEq. 2500, for a total of
195 M 50-bp reads across the 12 samples. Reads were analyzed as described
previously (54). Raw and analyzed RNA-sequencing data are also available at
the Gene Expression Omnibus, accession no. GSE74456.

GO Analysis. PAP-enriched and -depleted lists (Fig. 3E) were analyzed using the
BiNGO plugin (v3.0.3) in Cytoscape (v3.2.1). Mouse genome informatics IDs and
descriptions were obtained from the biomaRt package from Bioconductor in R.
Overrepresented biological processes were identified using a hypergeometric
test with Benjamini–Hochberg. Lists were compared with a background list of
genes detected at counts per million (cpm) > 2 in the cortex-input sample.

Sequence Features. For each gene, the sequence of the longest isoform was
used. All comparisons between lists were made with Wilcoxon rank-sum
test with Benjamini–Hochberg correction. For RNA structure, we used the
ViennaRNA RNAfold (58) program, and normalized for length. AME used the
MEME-suite (59) webtool on PAP-enriched transcripts, using PAP-depleted
transcripts as control sequences, with default parameters and Fisher’s exact
test. The QRE (40) motif was independently validated with a custom R script.
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