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ABSTRACT

Mature microRNAs are bound by a member of the
Argonaute (Ago1-4) protein family, forming the core
of the RNA-induced silencing complex (RISC). Asso-
ciation of RISC with target mRNAs results in ribonu-
cleoprotein (RNP) assembly involved in translational
silencing or RNA degradation. Yet, the dynamics of
RNP assembly and its underlying functional implica-
tions are unknown. Here, we have characterized the
role of the RNA-binding protein Staufen2, a candidate
Ago interactor, in RNP assembly. Staufen2 depletion
resulted in the upregulation of Ago1/2 and the RISC
effector proteins Ddx6 and Dcpia. This upregulation
was accompanied by the displacement of Ago1/2
from processing bodies, large RNPs implicated in
RNA storage, and subsequent association of Ago2
with polysomes. In parallel, Staufen2 deficiency de-
creased global translation and increased dendritic
branching. As the observed phenotypes can be res-
cued by Ago1/2 knockdown, we propose a working
model in which both Staufen2 and Ago proteins de-
pend on each other and contribute to neuronal home-
ostasis.

INTRODUCTION

Posttranscriptional gene regulation is an important cellular
mechanism, which is mediated through a network of thou-
sands of RNA-binding proteins (RBPs) (1-3). It is the RNA
that serves as platform for the combinatorial assembly of
different RBPs. Their intertwined action actually deter-
mines the fate of the RNA (1,4). The association of RNAs
and proteins results in the formation of RNA granules, of-
ten termed ribonucleoprotein particles (RNPs), that show
large heterogeneity in composition, size and function (5,6).
Depending on the composition and condensation grade of

RNA and protein components within the particles, the dy-
namic of RNP assembly differs (7,8). While transport RNPs
have been shown to contain only few transcripts and medi-
ate RNA localization and local translation (5,9,10), larger
assemblies such as stress granules or cytosolic processing
bodies (P-bodies) are thought to rather serve in RNA and
RBP storage (5,6,11).

Specific RNA structures rather than primary binding se-
quences are preferentially recognized by double-stranded
RBPs (dsRBPs), thereby regulating RNA condensation
grade and RNA accessibility for other RBPs. The neuron-
enriched Staufen2 (Stau2) protein is a dsRBP that preferen-
tially binds to the 3’-UTR of target RNAs (12) and, as a part
of transport RNPs, enables their directed dendritic trans-
port (13,14). Stau2 regulates activity-dependent dendritic
mRNA localization (12) and is required for maintenance of
general dendritic RNA content (15). A large subset of Stau2
targets encodes for synaptic proteins, with a prominent en-
richment of members acting in the G protein-coupled re-
ceptor pathway (16). Finally, in vivo and in vitro studies
have shown that defective or missing Stau2 yield abnormal
dendritic spines (17) and deficits in long-term depression
(18,19). On the protein level, Stau2 is known to interact
with several other RBPs, including some involved in RNA
interference (RNAI) and translation repression, mainly in
an RNA-dependent manner (20). One core component of
the RNAi machinery is the ubiquitously expressed RBP
belonging to the Argonaute protein family (Agol-4). For
RNAI, small RNAs, such as microRNAs (miRNAs), are
transcribed, processed and loaded onto Ago, where they
serve as a guide strand to recognize a set of target mR-
NAs (21,22). This RNA induced silencing complex (RISC)
then leads to translation repression and/or RNA degrada-
tion of the target mRNA. On the mechanistic level, this
is achieved by recruitment of downstream effector proteins
such as GW182/Tnrc6, Ddx6 and CCR4-NOT (23). In ad-
dition, direct RNA degradation can be achieved by the in-
trinsic slicer activity of Ago2 (24). The importance of Ago2
and RISC is highlighted by the findings that loss of Ago2 in
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mice leads to embryonic lethality and Ago2 germline mu-
tants to central nervous system abnormalities in humans
(24,25). Both Ago and RISC effector proteins are enriched
in P-bodies (11), but also exist in the cytosol. Certain mem-
bers, such as Ago2, Dicer or TRBP, even localize to dis-
tal dendrites, where they exert neuronal activity dependent
functions (26,27).

Individual RNAi components have been shown to exist
in neuronal Stau2 RNPs (20,28). Here, we aimed to un-
ravel the underlying network of Stau2 and RBPs involved in
RNA.I. The synergistic or antagonistic mechanisms between
different RBPs have been extensively studied on the single
target level (29). Cellular RNP remodeling, however, upon
alteration of single RBPs has rarely been looked at so far.
We provide experimental evidence that the neuronal RBP
Stau2 regulates key RISC protein expression, while global
miRNA abundance appears unaffected by Stau2. Further,
Stau2 deficiency resulted in altered Agol/2 RNP assem-
bly, shifting Agol/2 association from P-bodies to actively
translating polysomes. Finally, analysis of global transla-
tion in neurons led us to speculate that Ago—possibly via
Stau2—needs to be properly balanced in order to ensure
neuronal function and homeostasis. Importantly, our bio-
chemical and cell biological study reveals a compensatory
loop between two key RBPs providing new functional and
mechanistic insight into neuronal Ago RNP assembly and
RNA.I.

MATERIALS AND METHODS
Plasmids

Plasmids expressing human Flag/HA-Agol
(NM_012199.5, 214-2787 nt), Flag/HA-Ago2
(NM_012154.5, 128-2070 nt), Flag/HA-Ago2-S387A
and Flag/HA-Ago2-824:34A were kindly provided by G.
Meister (30) and subcloned into pEGFP-C3 (Clontech)
or ptagRFP-C (Evrogen) under control of the CMV
promotor. For luciferase assays 2x MS2 loops (31) or the
3’-UTR of rat Rgs4 (position 728-2919 nt; NM_017214.1)
were cloned 3'- of the Renilla open reading frame of the
psiCHECK?2 dual luciferase vector. The MS2 coat protein
(MCP) (31) was cloned into ptagRFP-C (Evrogen) by
replacing the tagR FP open reading frame and mouse Stau?2
62kDa isoform (12) was inserted N-terminal to MCP. The
plasmids expressing sh-resistant pCMV-tagRFP-Stau2
62kDa (12), pCMV-eGFP-Mov10 (NM001107711, 159-
3173 nt) (20), psPAX2 (16) and pcDNA3.1-VSV-G (16)
have been described previously. The pSUPERIOR.neo
vector (Oligoengine) was used for expression of shRNAs;
plasmids expressing shStau2 (32), shPum?2 (33), shAgo2
(34), shHuR (34) have been described previously. For
lentivirus  expression, pCMV-eGFP-Ago2, pCamk2a-
tagRFP-H1-shRNA, or pCamk2a-tagBFP-H1-shRNA
were subcloned into lentiviral vector Fu3a. The shRNA
oligo sequences were (5-3'):

e shNTC_F: tccaaagttcgaatggttttcaagagaaaccattc-
gaactttgga;
e shStau2 F: gatatgaaccaaccttcaattcaagagattgaaggttg-

gttcatatc;
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e shPum?2_F: accaagttggtctggattcttcaagagagaatccagac-
caacttggt;

e shHuR_F:  gaagaggcaattaccagtttcattcaagagatgaaactg-
gtaattgcctcttc;

e shAgol F: cgagaagaggtgctcaagaactgtgaagccaca-

gatgggttcttgagcacctcttcteg;
e shAgo2 F: tgttcgtgaatttgggatcattgtacaatgatcccaaattcac-
gaaca.

Lentivirus production

Lentiviral particles for shNTC, shStau2, shPum?2, shAgo2,
shAgol and eGFP-Ago2 were generated from HEK-293T
cells co-transfected with packaging plasmids psPAX2 and
pcDNA3.1-VSV-G and the respective lentiviral Fu3a plas-
mid using calcium phosphate coprecipitation. After 48 h
virus production, supernatants were filtered (0.45 pm
PVDF Millex-HV; Millipore), concentrated by ultracen-
trifugation (65 000 x g, 140 min, SW 32 Ti rotor; Beckman
Coulter) and resuspended in Opti-MEM™ (Life Technolo-

gies) (16).

Neuronal cell culture, transduction and transfection

All animals in this study were used according to the Ger-
man Welfare legislation for Experimental Animals (LMU
Munich, Regierung von Oberbayern). Rat hippocampal neu-
ron cultures from embryos at day 17 (E17) of timed preg-
nant Sprague-Dawley rats (Charles River Laboratories)
were generated as described previously (17). Briefly, E17
hippocampi were dissected, trypsinized and cells dissoci-
ated and plated on poly-L-lysine coated coverslips and cul-
tured in NMEM + B27 medium (Invitrogen) with 5% CO,
at 37°C. For cortical cultures, E17 cortices were trypsinized
and dissociated, the cell suspension sequentially filtered
through 100-, 70- and 40-p.m cell strainers and then plated
at a density of 100 000 cells/cm? on poly-L-lysine coated
60 or 100 mm dishes. For protein and RNA analysis, cor-
tical neurons were transduced with lentiviral suspension at
9-10 days in vitro (DIV) and lysed at 13—14 DIV. For protein
localization experiments, transient co-transfection of hip-
pocampal neurons by calcium phosphate precipitation (35)
was performed at 14 DIV, followed by fixation with 4 % PFA
at 15 DIV.

Polysome profiling

Polysome profiling was performed as previously described
(36) from neurons transduced at 10 DIV with eGFP-Ago?2
and shNTC or shStau2, respectively. In brief, 5 million
cortical cells per condition were incubated for 10 min
with either cycloheximide (CHX, 355 wM) to stall ribo-
somes or with Harringtonine (3.7 wM) to induce ribosome
run-off. Cells were homogenized in polysome lysis buffer
(10 mM Tris—HCI pH 7.4, 150 mM NaCl, 5 mM MgCl,,
1 vol% NP-40 (IGEPAL CA-630), 1% (w/v) sodium deoxy-
cholate supplemented with 100 pg/mL CHX and 2 mM
dithiothreitol) at 4°C, Lysates were precleared at 13 000
x g at 4°C for 5 min and subsequently loaded onto 18—
50% (w/v) sucrose gradients (5 ml, 100 mM KCI, 5 mM
MgCl,, 20 mM HEPES pH 7.4). Gradients were spun at
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35 000 rpm (SW55Ti rotor, Beckman Coulter) at 4°C for
1.5 h and fractionated (10 x 500 wl, Piston Fractionator,
Biocomp) with continuous RNA absorbance detection at
254 nm. Protein extraction of 300 wl was performed using
methanol/chloroform (37) and proteins were resolubilized
in SDS loading buffer at 90°C for 3 min.

eGFP-Agol/2 and eGFP-Mov10 protein localization

Analysis of eGFP-Ago1/2 or eGFP-Mov10 localization in
dependence of Stau2, Pum2 or HuR depletion was per-
formed in hippocampal neurons grown on coverslips. Neu-
rons were transiently co-transfected at 14 DIV with the re-
spective overexpression plasmids and shNTC, shStau?2, sh-
Pum?2 or shHuR expressing plasmids using calcium phos-
phate precipitation. Neurons were fixed with 4% PFA 16—
20 h post transfection at 15 DIV. Coverslips were immunos-
tained against Stau2 or Pum2, mounted on microscope
slides with Fluoromount™ Aqueous Mounting Medium
(Sigma), imaged and analyzed as described in the mi-
croscopy and image analysis section.

Puromycylation assay

Cortical neurons (2 million per condition) grown in 60 mm
dishes, or hippocampal neurons grown on coverslips were
transduced with lentiviruses expressing shNTC, shStau?2,
shAgol, and/or shAgo2 at 8-9 DIV. The medium was
refreshed after two days of lentivirus transduction. At
13-14 DIV, neurons were treated with 1 wM puromycin
for 5 min, washed 2x with warm HBSS and lysed in
3xSDS loading buffer (cortical neurons for Western Blot)
or fixed with 4% PFA for 10 min (hippocampal neu-
rons for immunostaining). As control, cells were pretreated
with 100 pg/ml cycloheximide for 10 min prior to addi-
tion of puromycin. Western Blot, immunostaining against
puromycin, microscopy and image analysis were performed
as described in the respective sections. Quantification of the
puromycin intensity from Western Blot was performed by
measuring the whole lane intensity normalized to a Tubulin,
for each biological replicate two technical replicates were
performed. For hippocampal neurons, the average cell body
intensity was measured of >35 healthy neurons per experi-
ment and condition.

Western blotting

Samples were treated with 50 U Benzonase Nuclease
(Merck) for 10 min and 3 x SDS loading buffer was added,
prior to heating to 65°C for 12 min. Proteins of equiv-
alent number of neurons were resolved on 10% SDS-
PAGE, transferred to nitrocellulose (pore size 0.2 pwm)
and subjected to immunoblotting with mouse anti-Ago2
(2E12-1C9) (1:500, WHO0027161M1, Sigma), rabbit anti-
Stau2 (1:500, selfmade (28)), rabbit anti-aTubulin (1:15
000, P1332Y, Abcam), rabbit anti-GFP (1:500, K3-184-2,
kind gift from A. Noegel), mouse anti-Puromycin (1:500,
12D10, Millipore), or rabbit anti-Rpl7a (1:1000, Abcam)
diluted in blocking solution (2% BSA, 0.1% Tween20,
0.1% sodium azide in TBS pH 7.5). After incubation
with IRDye labelled secondary donkey anti-mouse, anti-
rabbit, or anti-goat (IRDye 800CW or 680RD, Li-Cor),

all diluted 1:15 000 in blocking solution, membranes
were imaged on an Odyssey CLx Imaging System (Li-
Cor). Band intensities were quantified using Image Studio
Lite software (Li-Cor) and normalized to aTubulin signal
intensity.

RNA extraction, cDNA synthesis and qRT-PCR

Total RNA from cortical neurons was extracted using TRI-
zol (Invitrogen) or miRNeasy Mini Kit (Qiagen). cDNA
was generated from 1 pg of DNase treated total RNA, using
Superscript III reverse transcriptase (Invitrogen) with mi-
nor variation to the manufacturer’s instructions. A mixture
of 1.5 wM random primer mix (New England Biolabs) and
2.5 uM (dT)20 was used during cDNA synthesis. Quantita-
tive real time PCR (qRT-PCR) was performed in duplicates
from a 1:50 dilution of the stock cDNA using a home-made
SYBR Green Master Mix (12), with the LightCycler 96 Sys-
tem (Roche). Only primers with an optimized efficiency of
95-105% were used. The 2724Ct method implemented in
the LightCycler Software (Roche) was used to calculate dif-
ferences in RNA levels relative to peptidylprolyl isomerase
A (Ppia) mRNA. The sequences of the qRT-PCR primers
were (5'-3'):

e Ppia_F: gtcaaccccaccgtgttett; Ppia R: ctgetgtetttg-

gaactttg;
e Drosha_F: ctacacggtggccgtttact; Drosha_R: caatgaac-
cgcttctgatga;

e Dicer_F: gcaaggaatggactctgage; Dicer_R: gtacacctgeca-
gaccacct;
e Stau2 F: agttgcgactggaacaggac; Stau2_R: tggaccactc-

catcctttgt;
e Agol F: caacatcactcacccgtttg; Agol_R:  gcaggt-
gctgggatagagac;

e Ago2 F: acaagctggttttgcgctac; Ago2_R: ttgctgatcte-
ctcttgeeg;

e Pum2_F: atgggagcagctctttgact; Pum2_R: gatgagccaaatc-
cactgagag.

Immunostaining

For immunostaining neurons were washed twice with warm
HBSS and then fixed with warm 4% PFA in HBSS for
10 min. Fixed cells were washed thrice with HBSS and
permeabilized with 0.1% Triton X-100 in DPBS for 5 min
and blocked for at least 30 min in blocking solution (2%
FCS, 2% BSA, 0.2% fish gelatin (Sigma) in DPBS). The fol-
lowing primary antibodies were used overnight in 10 vol%
blocking solution in DPBS: mouse anti-Ago2 (2E12-1C9)
(1:500, WH0027161M1, Sigma), rabbit anti-Stau2 (1:500,
selfmade (28)), mouse anti-Stau2 (1:500, selfmade (28)),
mouse anti-Puromycin (1:500, 12D10, Millipore), mouse
anti-Dcpla (1:500, Sigma), rabbit anti-Ddx6 (1:500 (Rck),
MLB), mouse anti-Pum?2 (1:10 000, Abcam). The following
secondary antibodies were used for 2 h in 10 vol% block-
ing solution in DPBS: donkey anti-mouse or rabbit AF488-,
AF555- or AF647-conjugated antibodies (all Invitrogen).
Coverslips were mounted on microscope slides with Fluo-
romount™ Aqueous Mounting Medium (Sigma).
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Sholl analysis

Hippocampal neurons grown on coverslips were transiently
transfected at 11 DIV with plasmids expressing fluorescent
reporters and shNTC, shStau2, shAgol and/or shAgo2.
Three days after transfection, neurons were washed with
warm HBSS and fixed with 4 % PFA for 10 min. Images
were acquired as described below and the eGFP fluorescent
reporter signal was used as marker to visualize the dendritic
tree of transfected neurons. Using ImageJ, images were con-
verted into 8 bit and a threshold was set for clear differenti-
ation between dendrites and background. Unspecific back-
ground pixels were removed, a line between the center of
the cell body and the furthest dendritic signal was drawn as
basis for the Sholl analysis plugin in ImageJ (10 pm ring
step size) that automatically counted intersections between
dendritic branches and individual concentric rings.

Microscopy and image analysis

Images were acquired using Zeiss Zen software on a
Zeiss Z1 Axio Observer microscope including a 63x Plan-
Apochromat oil immersion objective (1.40 NA), a COL-
IBRI.2 LED and an HXP 120 C light source and the Axio-
cam 506 mono camera. Neurons were selected for cell mor-
phology and viability as well as for expression of plasmids
or lentiviruses and images were taken in the dendritic plane.
For eGFP-Agol/2 and eGFP-Mov10 protein localization
experiments, z-stacks of whole neurons were acquired (30
planes with 0.26 pm step-size) and a z-projection of the
maximum intensity was performed in ImageJ. The number
of eGFP-Agol/2, eGFP-Mov10, Dcpla and Ddx6 parti-
cles per neuron were manually counted using the multipoint
tool in Imagel. For cell body fluorescence intensity quan-
tification of eGFP-Ago2, or puromycin, Stau2 and Pum?2
protein signal, the measure function in the Zeiss Zen soft-
ware was used and a region of interest was drawn by hand
based on the phase contrast image. Analysis of colocaliza-
tion between endogenous Ago2, Stau2, Dcpla and Ddx6
was performed by acquisition of z-stacks of whole neurons
(35 planes with 0.22 pm step-size), followed by deconvo-
lution using the Zeiss Zen software deconvolution module,
with default settings of the constrained iterative method.
Colocalization analysis was performed blind using ImageJ
within the first 15 pm of the dendrite (proximal) and within
a 15 pm box >20 pwm away from the cell body (distal). For
all experiments, >15 neurons per condition from at least
three independent biological experiments were quantified.

Dataset comparison and gene ontology analysis

Gene ontology overrepresentation analysis was done us-
ing the statistical overrepresentation test of the PANTHER
classification system (http://www.pantherdb.org) (38). Pro-
tein network analysis was done using STRING database
(https://string-db.org) (39). Comparison of Stau2 related
MS datasets with P-body enriched genes were performed
using R studio based on the Gene names.

Statistical analysis

Microsoft Excel, Prism5 and R software (ggplot2) were
used for data processing, plotting and statistical analy-
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sis. Figures represent mean + standard error of the mean
(SEM) of at least three independent biological replicates.
Asterisks and hashtags represent p-values obtained by one-
way ANOVA and either paired or unpaired two-sided
Student’s t-test using the mean values per experiment
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001),
if not stated otherwise.

RESULTS

Agol/2 and RISC effector proteins are upregulated in Stau2
depleted neurons

Recently, we have performed label-free quantitative mass
spectrometry to characterize proteome changes in primary
cortical neurons upon depletion of Stau2 (36). This allowed
us to analyze possible changes of RBP levels in detail, which
would give us first insights into the underlying dynamics
of RNP remodeling (20,36). Using gene ontology (GO)
analysis, we found a statistically significant enrichment of
miRNA associated biological processes in the proteome of
Stau2-deficient neurons (Figure 1A). In particular, we ob-
served a concerted upregulation of the RISC effector pro-
teins Ddx6, Dcpla and Edc4 and especially Agol and Ago2
proteins upon Stau2 depletion (Figure 1B, Supplementary
Figure S1A). The depicted protein interactor scheme (Fig-
ure 1B inset) suggests that these significantly upregulated
RBPs are functionally connected with each other (23,40).
This upregulation appears to be predominantly regulated at
the protein level, as there was no corresponding significant
increase of Agol and Ago2 mRNA levels in cortical neu-
rons deficient for Stau2 (Figure 1C). This prompted us to
inquire whether Stau2 possibly altered expression or trans-
lation of upregulated miRNA associated genes via direct
RNA-binding. We compared the list of upregulated pro-
teins with published Stau2 target RNA datasets from RNA
immunoprecipitation (16) and individual-nucleotide reso-
lution UV crosslinking and immunoprecipitation (iCLIP)
(12) experiments (both from embryonic neuronal tissue).
Notably, the mRNAs coding for Agol, Ago2, Ddx6, Dcpla
and Edc4 were not enriched in those datasets, suggesting
that Stau2 does not regulate their expression through di-
rect RNA-binding (Figure 1D, Supplementary Figure S1B).
Several lines of evidence, however, suggest a possible link
between Stau2 and the miRNA machinery: (i) Staufen has
been linked to processing of small interfering RNAs in
coleopteran insects (41); (ii) nuclear export of the Stau2
62 kDa isoform is dependent on the miRNA-export factor
Exportin5 (42); and (iii) mRNAs of miRNA processing fac-
tors Drosha and Dicer were upregulated in Stau2 deficient
neurons (16) (Supplementary Figure S1C).

To test whether Stau2 indeed regulates mature miRNA
levels, we performed small RNA sequencing from Stau2 de-
ficient cortical neurons (Supplementary Figure S1D-G). Of
the total detected miRNA population, 43 miRNAs (8 %)
were differentially regulated with the majority being down-
regulated (Supplementary Figure S1E, F). However, while
the expression of some miR NAs is significantly changed, we
did not observe an overall reduction in total miRNA abun-
dance upon Stau2 KD (Supplementary Figure S1G). This
is in accordance with previous results from C. elegans defi-
cient for Staufen (43). Based on these results, we conclude

€20z Joquiaydag 0z uo 1senb Aq 80£5099/7€0./Z L/0S/I0IE/HEU /W00 dNO"dlWapED.//:SARY WOl PAPEO|UMOQ


http://www.pantherdb.org
https://string-db.org

7038 Nucleic Acids Research, 2022, Vol. 50, No. 12

A T t
Cortical __ ?r?Ns-?-lécc;?n Experiment
neurons shStau? 14 DIV

Fold enrichment (biological process)
0 20 40 60

neg. reg. of protein folding

reg. of miRNA mediated inhibition of TL

pos. reg. of nuclease activity

miRNA metabolic process

reg. of early endosome to late endosome transport
virion assembly

pos. reg. of gene silencing by miRNA

pos. reg. of posttranscriptional gene silencing
vesicle targeting

reg. of gene silencing by miRNA

c
© 2.0- O shNTC
g O shStau2
ﬁ
o 15
®
=
» 107
o
>
2
<05/ |*
4
14
€0.0

Stau2 Agol Ago2

B Mass spectrometry
25+
20 4
§ L]
154
3
L .3
% 10
S ., .
BT N L
0 T
-3 -2 -1

log2 (shStau2/shNTC)

Stau2 iCLIP
(Sharangdhar
et al., 2017)

Stau2
RNA IP

(Heraud-Farlow
et al., 2013)

Figure 1. Stau2 depletion leads to upregulation of Agol/2 and RISC effector proteins. (A) Gene ontology (GO) overrepresentation analysis (PANTHER,
biological process) of all significantly upregulated proteins from primary rat cortical neurons deficient for Stau2 from Schieweck et al. (36). (B) Volcano
plot displaying protein levels measured by quantitative mass spectrometry and protein network analysis (STRING database) of highlighted significantly
upregulated genes (orange; p-value as criteria) from Schieweck ez al. (36); unpaired two-tailed Student’s z-test. (C) Quantification of Stau2, Agol and
Ago2 mRNA levels using qRT-PCR from cortical neurons at 14 DIV transduced with shANTC or shStau2 at 10 DIV, normalized to Ppia and shNTC;
paired two-tailed Student’s #-test. (D) Venn diagram comparing proteins significantly upregulated upon Stau2 KD (36), RNAs enriched in Stau2 RNA-
IPs (16), or Stau2 targets identified by iCLIP (12). Error bars are £ SEM from >3 independent biological experiments; asterisks represent P-values
(*P < 0.05). DIV, days in vitro; NTC, non-targeting control; TL, translation; KD, knock down; iCLIP, individual-nucleotide resolution cross-linking and

immunoprecipitation.

that the upregulation of Agol/2 and its effector proteins
upon downregulation of Staufen is not caused by changes
in global miRNA abundance, but might be the result of a
more sophisticated regulation of a specific subset of miR-
NAs and/or of other miRNA independent mechanisms,
such as posttranslational modifications or protein stability.

Stau2 co-localizes with Ago2 in distal dendrites

In HEK-293 cells, Stau2 as well as the upregulated miRNA
associated proteins are found to be enriched in LSM14-
positive P-bodies (11) (Figure 2A). We therefore investi-
gated whether Stau2, Ago2 and Ddx6 co-localize in the
same RNA granules in neurons with a particular focus on
proximal and distal dendritic segments (Figure 2B). In the
proximal segment, Ago2 showed strong colocalization with
Ddx6 (90 £+ 5%) while colocalization with Stau2 was more
subtle (23 + 5%) (Figure 2C). These results are in line with
previous colocalization analysis and live cell imaging data
showing transient interactions between Stau2 and Ago2
(28). Interestingly, this pattern changed in distal dendrites
and colocalization of Ago2 with Stau2 increased signifi-

cantly to 45 + 6%. Together, this suggests that both Stau2
and Ago2 proteins indeed interact with each other. Inter-
estingly, this interaction seems to be localization-dependent
and might take place rather in dendritic RNPs than in so-
matic P-bodies.

Stau2 selectively regulates Ago1/2 localization to P-bodies

Next, we investigated whether Stau2 might affect Ago2 pro-
tein localization in primary hippocampal neurons. Since
the interaction of Stau2 and Ago2 seemed to be dependent
on the localization, we hypothesized that Stau2 deficiency
could selectively affect Ago2 RNP assembly. Similar to en-
dogenous Ago2 (Figure 2B), eGFP-Ago2 predominantly
yielded a granular pattern and colocalized with endogenous
Dcpla and Ddx6 in control conditions (ShNTC) in ma-
ture neurons (Figure 3A,B). Upon depletion of Stau2 by
RNA interference using an shRNA against Stau2 (Supple-
mentary Figure S2A) (16), eGFP-Ago2 disassembled from
P-bodies and yielded a diffuse expression pattern (Figure
3A). This decrease in puncta number per cell is statisti-
cally significant: 46 £ 7 to 10 &+ 4 eGFP-Ago2 particles
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body.

per cell with a P-value of 0.0294 (Figure 3C). The fre-
quency distribution of the number of eGFP-Ago?2 particles
per cells nicely reflects this effect (Supplementary Figure
S2B). Quantification of the cGFP-Ago2 intensity in the cell
body (Figure 3A) revealed a similar increase upon Stau2
depletion (Supplementary Figure S2C) as detected for en-
dogenous Ago2 in both the mass spectrometry and West-
ern Blot analyses (Figure 1B, Supplementary Figure S1A).
Together, our data thereby further substantiate posttran-
scriptional upregulation of Ago2. Interestingly, Agol, an-
other Ago protein family member, that was even stronger
upregulated as Ago2 in Stau2 depleted neurons (Figure 1B),
showed a similar change in the localization and distribu-
tion pattern upon downregulation of Stau2 as compared
to eGFP-Ago2 (Figure 3D,E; Supplementary Figure S2D).
This indicates that the regulation is not Ago2 specific, but
is apparently true for other Ago proteins. Furthermore, we
examined the Stau2 dependent localization of Dcpla (P-
body marker) and Mov10 (known Ago2 and Stau2 inter-
acting protein). Importantly, localization of both proteins
remained unaffected by Stau2 depletion (Figure 3F, Sup-
plementary Figure S2F,G), suggesting that the overall for-
mation of P-bodies is unaffected.

Phosphorylation of Ago2 has been shown to regulate its
P-body localization and affinity to RISC associated pro-
teins (Ago2 S387) (44,45) as well as its affinity to tar-
get mRNAs (Ago2 S/T824:34) (30,46). We therefore asked
whether these two well characterized Ago2 phosphomu-
tants might affect the Stau2-dependent Ago2 localization
in primary neurons (Supplementary Figure S2H-K). As
in the wildtype eGFP-Agol/2 localization assay, we co-
expressed eGFP-Ago2 alanine phosphomutants (S/T824A
and S387A) and sh constructs in hippocampal neurons and
quantified the number of eGFP particles per cell. In con-
trol conditions (shNTC), both phosphomutants localized
to P-bodies and displayed a similar particle number per
cell as wildtype eGFP-Ago2 (Figure 3C). Loss of Stau? re-
sulted in a strong and significant reduction of eGFP-Ago2
S/T824:34A as well as eGFP-Ago2 S387A particles, mim-
icking the pattern observed in wildtype eGFP-Ago2 (Fig-
ure 3C). Importantly, none of the phosphomutants resulted
in significant changes compared to wildtype Ago2 arguing
that the observed Stau2-dependent regulation is likely to be
independent of posttranslational modifications of Ago2.

We next investigated whether the observed disassembly of
Ago?2 from P-bodies can be rescued by reintroducing Stau2
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protein. First, overexpression of an sh-resistant tagRFP-
Stau2R (17) in control conditions (shNTC) significantly in-
creased the average number of eGFP-Ago2 particles per cell
(60 particles), compared to cells expressing only tagRFP (38
particles). Furthermore, overexpression of tagR FP-Stau2R
in the presence of shStau2 partially rescued eGFP-Ago2
localization to P-bodies (Figure 4A, B). In order to en-
sure that the observed re-localization is not caused by mere
overexpression of an exogenous Ago-dependent shRNA
(shStau2), we repeated the experiment by co-expressing
shRNAs against the RBPs Pum2 and HuR, respectively
(Figure 4C, D; Supplementary Figure S3). Rewardingly,
overexpressing exogenous shRNAs did not affect eGFP-
Agol/2 localization in neurons. Together, these data sug-
gest that Stau2 selectively regulates the assembly of Ago
RNPs, but not of other P-body enriched proteins.

Ago2 associates with translating polysomes upon Stau2 de-
pletion

Ago proteins have been linked to translation inhibition as
well as RNA degradation (22). While P-bodies are thought
to be sites of RNA storage, RNAimediated translation con-

trol appears to be generally independent of these granules
(47,48). In this context, it is interesting to note that Ago2
can associate with polysomes at the endoplasmic reticu-
lum and in the cytosol (49), where it inhibits (50) or pro-
motes translation (51), respectively. As we observed disas-
sembly of Ago2 from P-bodies upon Stau2 depletion, we
were interested whether cytoplasmic Ago2 were to associate
with polysomes. Therefore, we performed polysome profil-
ing (52), a method where translating ribosomes are frozen
on the mRNA by incubating neurons with the translation
inhibitor cycloheximide, followed by lysis and fractionation
on a sucrose gradient (Figure 5A). Western Blot analysis
of the profiling fractions revealed that both eGFP-Ago2
and Stau2 comigrate with polysomes (Figure 5B). Inter-
estingly, eGFP-Ago2 comigration significantly increased in
Stau2 deficient neurons (Figure 5B, C), while the riboso-
mal marker Rpl7a remained unchanged. Ribosome run-off
of actively translating polysomes by pretreatment of neu-
rons with the translation initiation inhibitor harringtonine
resulted in a shift of Rpl7a as well as eGFP-Ago2 towards
monosomes (Figure 5D,E), compared to cycloheximide-
treated neurons (Figure 5B, C). This indicates that eGFP-
Ago2 migration indeed depends on actively translating
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polysomes. In other cell types, treatment with cyclohex-
imide leads to disassembly of P-body markers (53,54). If
this were also the case with our cycloheximide treatment
in primary neurons, the polysome profiling data would be
compromised since Ago localization would change due to
P-body disassembly. Interestingly, the granule assembly of
both Dcpla as well as Ddx6 were not affected by cyclohex-
imide treatment of primary neurons, using identical condi-
tions as used for polysome profiling, 10 min and 355 pM
(Figure 5F, G). Additionally, recent in-depth data on Ddx6
granule assembly show its dependence on both the neuronal
activity as well as the translational state (Bauer et al., 2022,
Nature Comm., in press). Furthermore, as a pilot experi-
ment, we explored the molecular basis of the interaction
between Stau2 and Ago on the target level by performing
Ago2-IP experiments in the presence and absence of Stau2
(Supplementary Figure S4). Here, we found increased Stau2
target association for Rgs4 (16), Rhoa (19) and Calm3 (12)
with Ago2 upon Stau2 depletion (Supplementary Figure
S4D). It is tempting to speculate that these targets become
available for Ago2 binding upon release from Stau2 RNPs.

Together, our data suggest that Stau2 depletion results in
an increased association of Ago2 with some Stau2 target
mRNAs as well as with actively translating polysomes. The
latter observation matches the disassembly of Ago2 from P-
bodies upon Stau2 depletion, since P-bodies are reported to
be free of polysomes (11).

Agol/2 and Stau2 act antagonistically on global translation

Ago proteins and RISC inhibit translation (21). In some
cases, however, they have been reported to promote transla-
tion (51,55). We therefore set out to test whether increased
association of Ago with polysomes upon Stau2 depletion
resulted in inhibition or rather in stimulation of global
translation. Therefore, we designed lentiviruses harboring
shRNAs against Agol and Ago2 and tested the effect of
Agol/2 depletion, as well as Stau2 depletion (Supplemen-
tary Figure SSA), on global translation in cortical and hip-
pocampal neurons using the puromycylation assay (56).
Puromycin binds to actively translating ribosomes, result-
ing in termination of translation and release of puromycin
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in vitro; NTC, non-targeting control; CHX, cycloheximide; DMSO, dimethylsulfoxide.

labelled peptides that can be detected by puromycin an-
tibodies. Pretreatment of neurons with the translation in-
hibitor cycloheximide prevented puromycin incorporation
(Figure 6A, B), indicating that the assay indeed detected
active translation. Downregulation of Agol/2 protein lev-
els resulted in upregulated global translation in hippocam-
pal neurons detected by immunostaining against puromycin
(Figure 6C, D). On the contrary, depletion of Stau2 re-
sulted in an overall decrease of global translation. Finally,
co-expression of shAgol/2 and shStau?2 resulted in a res-

cue of translation levels comparable to control (shNTC).
These effects could also be reproduced in cortical neurons
by Western Blot analysis (Supplementary Figure S5B).

As depletion of Stau2 caused an overall decrease in trans-
lation, we wanted to explore whether Stau2 alone would
promote gene expression in cells. For this, we performed
MS?2 tethering assays and included a validated Stau2 tar-
get mRNA from neurons, Rgs4 (16,57), as positive con-
trol. Similar to previous results from neurons (16), overex-
pressing tagRFP-Stau2 in HeLa cells caused a significant
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Figure 6. Stau2 and Agol/2 oppositely regulate translation. (A) Representative fluorescent images of hippocampal neurons and dot plot (B) of the cell
body puromycin signal intensity from two biological replicates treated with translation inhibitor CHX or with DMSO as control (>35 cells per replicate
and condition; cells shown as individual symbols). Scale bar is 20 wm. (C) Representative fluorescent images of hippocampal neurons transduced with
lentiviruses expressing shNTC, shStau2, or shAgol/2 at 8-9 DIV and treated with puromycin prior to fixation at 13-14 DIV. Scale bar is 10 pm. (D) Dot
plot of the cell body puromycin signal intensity from four biological replicates (> 40 cells per replicate and condition; cells shown as individual symbols).
Puromycin fluorescent intensity is shown as pseudocolored grey values. Error bars are & SEM; asterisks represent P-values (****P < 0.0001). Unpaired
two-tailed Student’s 7-test. DIV, days in vitro; Ctrl, control; CHX, cycloheximide; NTC, non-targeting control.

increase in Rgs4 3'-UTR luciferase reporter activity (Sup-
plementary Figure S5C). When we tethered tagRFP-Stau2
fused to the MS2-coat binding protein to the luciferase re-
porter mRNA by simply adding 2 MS2 binding sites with-
out any Rgs4 sequence elements, we observed a significant
increase. Importantly, however, mere overexpression of un-
tethered tagRFP-Stau2 did not result in changes of MS2
reporter expression arguing against unspecific binding of
Stau2 to the MS2 stem loops. These data suggest that Stau2
is likely to also act independently of its effect on Ago1/2 to
promote translation.

Stau2 and Agol/2 balance neuronal branching

In conclusion, the results presented in this study are all
consistent with the idea of opposing functions of Stau2

and Agol/2 in neuronal posttranscriptional gene expres-
sion. This hypothesis and the biological relevance of this
interaction is further strengthened by experiments in de-
veloping neurons, in which we investigated the potential
of RBPs affecting dendritic arborization. Loss of Stau2
profoundly increased neuronal branching, while knock-
down of Agol/2 led to reduction of branching complex-
ity (Figure 7A—C). Interestingly, individually downregulat-
ing either Agol or Ago2 did not result in altered dendritic
branching (Supplementary Figure S6A,B). In line with the
above-mentioned experiments, double knockdown of both
Stau2 and Agol/2 was sufficient to restore control den-
dritic complexity. We therefore like to propose that ex-
pression and RNP assembly of Ago proteins—Iikely via
Stau2—need to be properly balanced to ensure neuronal
homeostasis.

€20z Joquiaydag 0z uo 1senb Aq 80£S099/7€0./Z |/0G/2I0IME/1EU/W00 dNO"OIWLBPEDE//:SARY WOy POPEOJUMOQ



7044 Nucleic Acids Research, 2022, Vol. 50, No. 12

A
Hippocampal Transfection Sholl analysis
neurons 11 DIV 14 DIV
shNTC shAgo1/2
&y \\
shNTC
shStau2 |
‘}
B C
——shNTC —— shAgo1/2
shStau2 shStau2 *
12 + shAgo1/2 1204
2 2 1004 P03
o 10 2 L4
° V= 80-
3 oE
7] (U=
5 84 do 60 *
2 2@ | 1
£ £ o® o
o 67 52 404 =
i £
* -
2 4 * # @ 2
o #
E 2_ c T T T T
o y oW
* .&é %@o QO" QO"
0 LU U U L L L) @ ,;(‘ é(\v. é(\v.
NI .-19 "bQ @ ‘)Q Q,Q ,\Q ‘bQ QQ\QQ\\Q '&Q\,@ &x
Distance from soma [um] ®
&
D
T miRNA
" IV
go
Ddx6
P-body Stau2 KD P-body

Translation @

Branching 4

Figure 7. Balanced Stau2/Agol/2 levels are important for neuronal branching. (A) Experiment outline and representative inverted eGFP fluorescent
images of hippocampal neurons transfected at 11 DIV with respective ShRNA constructs and fixed at 14 DIV for Sholl analysis. (B) Quantification of
intersections between neuronal branches and concentric rings. (C) Dot plot showing the sum of intersections over all concentric rings. (D) Proposed
working model of Stau2 governed Agol/2 RNP assembly. In addition to Ago localization to P-bodies, Stau2 and Ago can also be present in smaller
RNA particles distinct from classical P-bodies. Stau2, by preferentially binding complex RNA secondary structures, reduces the accessibility of miRNA
binding sites. In the absence of Stau2, Ago proteins are now able to hijack these mRNAs with altered secondary structures. This may result in the observed
mis-localization of Ago from P-bodies to the neuronal cytosol. Consequently, the remodeling of mRNPs in Stau2 depleted neurons is likely to yield in
decreased overall translation in neurons (depicted by green inhibitory lines) and correlates with increased dendritic branching. It is important to note,
that Stau2 may also has an Ago-independent effect on translation (depicted by orange arrow). Error bars are + SEM from five independent biological
experiments (shown as individual dots) with > 20 cells per replicate and condition; asterisks (to shNTC) and hashtags (to shStau2 + shAgo1/2) represent
p-values (*P < 0.05, **P < 0.01, ***P < 0.001). Paired two-tailed Student’s z-test. DIV, days in vitro; NTC, non-targeting control; KD, knockdown;
miRNA, mRNA, messenger RNA; microRNA.

€20z Joquiaydag 0z uo 1senb Aq 80£5099/7€0./Z L/0S/I0IE/HEU /W00 dNO"dlWapED.//:SARY WOl PAPEO|UMOQ



DISCUSSION

It is now widely accepted in the field that RBPs do not act as
separate players, but rather as interdependent factors jointly
determining the fate of an RNA (2,29). Depending on the
combination of both RNA sequence and structure elements
that regulate RBP assembly, the action of individual RBPs
can differ for different target RNA. For example, the AU-
rich binding protein family Elavl has been shown to act syn-
ergistically as well as antagonistically with miRNAs/Ago
on target RNAs (29,34,58). Here, we have taken an al-
ternative approach by investigating the consequences of
depleting a single RBP, Stau2, on the neuronal RBPome
(36). Ago and RISC associated proteins were found to be
collectively upregulated under those conditions. Together
with our findings on the Stau2-specific Ago disassembly
from P-bodies and increased association with polysomes,
our data suggest Stau2 dependent regulation of Ago con-
taining RNP assembly and composition. We therefore hy-
pothesized whether this Stau2 dependent regulation could
be caused by different molecular mechanisms, from (i) al-
tered global miRNA abundance to (ii) changes in the phos-
phorylation state of Ago up to (iii) altered accessibility of
miRNA binding sites in Stau2 target RNAs. The expres-
sion of proteins involved in miRNA processing and RISC
assembly is tightly coupled to global miRNA abundance.
As Stau2 binds to dsSRNA and especially complex, extended
RNA structures (12,32,59), potential binding to precursor
miRNAs could therefore alter global miRNA processing.
Furthermore, Stau2 has been previously connected to the
small RNA processing pathway (41,42). We could exclude
the first two proposed mechanisms by performing small
RNA sequencing and by testing existing, well character-
ized phosphomutants of the two major Ago2 phosphory-
lation sites S387 and S/T824:34 (Supplementary Figures
S1G, S2H-K). This led us to our third hypothesis where
Ago—upon depletion of Stau2—hijacks previously inac-
cessible miRINA binding sites in the Stau2 target RNA pool
(see our proposed model in Figure 7D). Under wildtype
conditions, an equilibrium between P-body associated and
diffuse cytosolic Ago exists. Upon depletion of Stau2, how-
ever, Ago dissociates from P-bodies and targets previously
inaccessible miRNA binding sites in the Stau2 target RNA
pool. Stau2 therefore critically regulates the RNP assembly
of Ago. A similar mechanism based on structure-dependent
RNA accessibility, however with an opposite outcome, has
been reported for the RBP Puml and p27-3'-UTR (60) as
well as recently for ribosomes (61). Pum1 binding or trans-
lation temporarily unfolds RNA structures in the 3’-UTR
or coding sequence thereby enabling small RNA binding
to the mRNA. In our model, Stau2—through binding to
complex RNA structures—prevents RISC assembly on a
specific subset of RNAs, which in turn modulates RNA
fate. Eventually, this results in increased translation and/or
RNA stability, which is in line with our findings that over-
all translation is decreased in Stau2 depleted neurons (Fig-
ure 7D), and that this effect can be rescued by knockdown
of Agol/2. It is likely that Stau2 has an additional Ago-
independent effect on translation, as shown in Drosophila
(62).

We also observed this complementarity of Stau2 and
Agol/2 when examining neuronal branching, indicating

Nucleic Acids Research, 2022, Vol. 50, No. 12 7045

that this complex RBP network is important for neuronal
function. Possibly this antagonistic action of both RBPs
also results in the stabilization of mRNAs in Stau2 contain-
ing transport RNPs (5), that are translationally silenced by
Ago proteins. Our data showing increased co-localization
of Ago2 and Stau? in distal dendrites, where directed trans-
port of RNAs takes place, support this model. Here, a fine-
tuned equilibrium of Stau2 and Ago proteins would ensure
spatiotemporal control of translation that in turn critically
contributes to neuronal function and synaptic plasticity. To-
gether, our data suggest that Stau2 and Ago/RISC coun-
terbalance each other on several levels, e.g. RNA stability,
translation and neuronal morphology. It is by now well ac-
cepted that posttranscriptional gene expression is regulated
at multiple levels in cells (3). Therefore, it does not come as a
surprise that removing one defined layer may therefore dis-
turb neuronal homeostasis yielding complex phenotypes in
cells (2).
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