
Nucleic Acids Research , 2023, 51 , 11258–11276 
https://doi.org/10.1093/nar/gkad774 
Advance access publication date: 4 October 2023 
RNA and RNA-protein complexes 

Dr osha-dependent micr oRNAs modulat e FUS-mediat ed 

neurodeg ener ation in vivo 

Sukhleen Kour 1 , Tyler F or tuna 

1 , Eric N. Anderson 

1 , Dar ilang Mawr ie 

1 , Jessica Bilstein 

2 , 

Ramakr ishnan Siv asubr amanian 

2 , Caroline War d 

1 , Rishit Ro y 

1 , Dhivy aa Rajasundar am 

3 , 

J ared St ernec ker t 2 , 4 and Udai Bhan Pandey 

1 , 5 , * 

1 Department of Pediatrics, Children’s Hospital of Pittsburgh, University of Pittsburgh Medical Center, Pittsburgh, PA 15224, USA 

2 Center for Regenerative Therapies TU Dresden ( CRTD ) , Technische Universität ( TU ) Dresden, Dresden, 01307, Germany 
3 Department of Pediatrics, Division of Health Informatics, Children’s Hospital of Pittsburgh, Pittsburgh, PA 15224, USA 

4 Medical Faculty Carl Gustav Carus of TU Dresden, Dresden, 01307, Germany 
5 Children’s Neuroscience Institute, Children’s Hospital of Pittsburgh, University of Pittsburgh Medical Center, Pittsburgh, PA 15224, USA 

* To whom correspondence should be addressed. Tel: +1 412 692 3192; Email: udai@pitt.edu 

Abstract 

Mutations in the Fused in Sarcoma ( FUS ) gene cause the familial and progressive form of amyotrophic lateral sclerosis ( ALS ) . FUS is a nuclear 
RNA-binding protein in v olv ed in RNA processing and the biogenesis of a specific set of microRNAs. Here we report that Drosha and two 
pre viously uncharacteriz ed Drosha-dependent miRNAs are strong modulators of FUS e xpression and pre v ent the cytoplasmic segregation of 
insoluble mutant FUS in vivo . We demonstrate that depletion of Drosha mitigates FUS-mediated degeneration, survival and motor defects in 
Drosophila. Mutant FUS strongly interacts with Drosha and causes its cytoplasmic mis-localization into the insoluble FUS inclusions. Reduction 
in Drosha le v els increases the solubility of mutant FUS. Interestingly, w e f ound tw o Drosha dependent microRNAs, miR-378i and miR-6832–5p, 
which differentially regulate the expression, solubility and cytoplasmic aggregation of mutant FUS in iPSC neurons and mammalian cells. More 
importantly, we report different modes of action of these miRNAs against mutant FUS. Whereas miR-378i may regulate mutant FUS inclusions 
b y pre v enting G3BP-mediated stress granule f ormation, miR-6832–5p ma y affect FUS e xpression via other proteins or pathw a y s. Ov erall, our 
research re v eals a possible association betw een ALS-link ed FUS mutations and the Drosha-dependent miRNA regulatory circuit, as well as a 
useful perspective on potential ALS treatment via microRNAs. 
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Introduction 

RNA-binding proteins ( RBPs ) are evolutionary conserved ef-
fector molecules that are crucial for regulating spatial and
temporal gene expression in the central nervous system ( 1–
4 ) . Various disease-causing mutations in RBP-encoded genes
lead to disruption of RNA or protein stoichiometry, cause dys-
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regulated nucleocytoplasmic shuttling, aggregation and de- 
fective RNA metabolism in a wide range of neurodegener- 
ative and neurological diseases ( 5–7 ) . Among them, amy- 
otrophic lateral sclerosis ( ALS ) , a lethal neuromuscular dis- 
order characterized by progressive loss of nerve cells, mus- 
cle wasting and paralysis, is caused by autosomal dominant 
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utations in various RBPs such as TDP-43, FUS, MATR3,
AF15, TIA1, hnRNP A2 / B1 and hnRNP A1 ( 5 ,8–10 ) . Around
0% of ALS cases are non-inherited and sporadic ( sALS ) ,
hereas the rest ( 5–10% ) are inherited ( familial ALS ) geneti-

ally > 25 genes ( 11–13 ) . FUS ( Fused in Sarcoma, also known
s Translocated in Liposarcoma ) is one of several RBPs impli-
ated in ALS, including the most aggressive, early-onset forms
f ALS, along with structurally and functionally related TDP-
3, MATR3 and hnRNP A1 ( 14–17 ) . To date, > 40 pathogenic
utations in FUS have been linked to ∼4% of the familial

orm of ALS. FUS is a ubiquitously expressed nuclear pro-
ein, and most of ALS-causing FUS mutations reside primar-
ly in the C-terminal nuclear localization sequence, leading to
mpaired nuclear transport, nuclear depletion and toxic cyto-
lasmic aggregation of the mutant protein, which contribute
o disease pathogenesis ( 14 ,18–21 ) . Furthermore, the progno-
is in a few ALS patients suggests that elevated physiological
evels of wild-type ( WT ) FUS, in addition to the mutant pro-
ein’s nuclear-cytoplasmic imbalance, may play a role in the
athogenesis of ALS ( 22 ,23 ) . 
FUS binds to RNAs through its conserved central RNA

ecognition motif, zinc finger motif and C-terminal arginine-
lycine-glycine domain and regulates many aspects of DNA
epair and RNA metabolism, including transcription ( 24 ) ,
plicing ( 25 ) , mRNA stability and transport ( 26 ,27 ) , the bio-
enesis and processing of miRNAs ( 28–31 ) . One plausible
xplanation for the FUS-mediated cellular toxicity observed
n ALS could be the dysregulated mRNA processing due to
uclear–cytoplasmic imbalance and the uncontrolled accumu-
ation of toxic mutant FUS in the cytoplasmic stress granules
 32–35 ) . Recent studies have shown that FUS interacts with
on-coding RNAs to undergo RNA-mediated allosteric reg-
lation, generating alternative protein interactions and tran-
criptional effects ( 36–38 ) . Interestingly, FUS has been iden-
ified as one of the putative interactors of Drosha, a ribonu-
lease ( RNase ) III enzyme and indispensable component of
he microprocessor complex required for instigating miRNA
aturation in the nucleus by cleaving pri-miRNAs into pre-

ursor miRNAs ( 39–41 ) . FUS controls the biogenesis of a sub-
et of microRNAs by modulating Drosha activity and facili-
ating its binding to the transcriptional sites of pri-miRNAs
 30 ) . Furthermore, various miRNAs ( miR141 and 200a ) have
een shown to regulate FUS gene expression, implying a com-
lex interplay between FUS and microRNAs biogenesis ( 42 ) .
owever, the direct role of Drosha and Drosha-dependent mi-

roRNAs in the regulation of mutant FUS activity in ALS has
ot been elucidated so far. 
In this study, we described Drosha as an important reg-

lator and genetic modifier of FUS- mediated toxicity. We
ound that depletion of Drosha significantly reduces FUS lev-
ls and mitigates eye degeneration and motor defects caused
y mutant FUS expression in Drosophila . Surprisingly, the ex-
ression of mutant FUS caused the mislocalization of nuclear
rosha into cytoplasmic FUS puncta. We observed that abol-

shing Drosha levels and its activity strongly reduces FUS lev-
ls and prevents the incorporation of insoluble mutant FUS
nto cytoplasmic stress granules. More importantly, through
icroRNA profiling, we identified two Drosha-dependent mi-

roRNAs, miR-378i and miR6832-5p, which strongly modu-
ate the levels and aggregation of insoluble mutant FUS in the
ytoplasm. Interestingly, modulating miR-378i levels prevents
3BP-positive stress granule formation in the cytoplasm, sug-

esting that miR378i ameliorates mutant FUS inclusion into
the stress granules by modulating G3BP-dependent stress
granule dynamics. Overall, our results provide insight into
the possible link between Drosha-dependent microRNAs and
FUS-mediated ALS pathogenesis. 

Materials and methods 

Drosophila lines and assays 

The FUS-WT, FUS-R518K, FUS-R521C and FUS-P525L lines
were generated by site-specific insertion of the human trans-
gene using the pUAST-attP2 vector at Best Gene Inc. UAS-
RFP and FUS P525L-RFP lines have been described previ-
ously ( 43 ) . The RNAi lines were purchased from the Vienna
Drosophila Resource Center ( VDRC ) . All stocks were cul-
tured in a 12-hour light / dark cycle incubator on a standard
dextrose medium. 

Eye degeneration 

Flies expressing wild-type and mutant FUS ( R518K,
R521C and P525L ) in eyes under the control of an eye-specific
driver, GMR-gal4, were crossed with Drosha deficiency and
UAS-Drosha RNAi fly lines at 28 

◦C. Adult female F1 progeny
were separated, and their eye phenotype was captured using
a Leica M205C microscope equipped with a Leica DFC450
camera. External eye degeneration was quantified using a
previously published scoring system ( 44–46 ) . Around 15–20
4-day-old progenies were objectively scored ( 2 points for
5% and 4 points for 50% affected area ) based on abnor-
mal bristle orientation, retinal collapse, ommatidial fusion,
pitting and disorganization of the ommatidial array. Com-
parisons between genotypes were made using the Student’s
t -test. 

Eclosion assay 
UAS-FUS WT, R521C and R518K fly lines were crossed with
motor neuron specific driver D42-gal4 in combination with
a Drosha RNAi line at 28 

◦C, and the eclosion of adult flies
from puparia was monitored for 4 days. The percentage
eclosed adult flies to the total number of puparia ( eclosed and
uneclosed ) was calculated for each condition and normalized
with controls. 

Motor dysfunction assays 
Larval crawling: third-instar larvae from the crosses between
fly lines expressing UAS-Drosha RNAi and UAS-FUS WT and
mutants ( R521C and R518K ) under the control of the mo-
tor neuron-specific driver, D42-gal4, were collected and their
movements were measured in an agar petridish ( 47 ) . The ex-
periment was performed in triplicates with five larvae per
replicate, and the distance crawled by each larva was recorded
and measured per unit of time ( velocity, cm / s ) for each
condition. 

Rapid iterative negative geotaxis ( RING ) assay: UAS-FUS
WT and mutant fly lines were crossed with either neuronal-
specific inducible driver, ELAV Gene-switch ELAVGS-gal4,
alone or in combination with Drosha RNAi, and day 1 fe-
male progenies were collected. The transgene was expressed
by transferring the flies ( 10 flies per vial ) to standard media
mixed with 20 mM RU486 at 28 

◦C, and locomotion was as-
sessed by the RING assay after 9 days on drug food ( 47 ) .
Briefly, vials containing flies were tapped down against the
bench, and the climbing was recorded on video for 45 seconds.
The climbing ability of flies was assessed either by calculating
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the distance climbed by each fly per unit time ( velocity ) or by
measuring the percentage of flies reaching the 5 cm mark in 10
s. Quantifications were performed manually by a third party
in a blinded manner, and data was normalized with w1118
control flies. 

Life span assay 
One-day-old female F1 flies carrying UAS-FUS WT and mu-
tant transgenes with or without Drosha RNAi were fed on
fly food containing 20 mM RU486 ( 20 flies per vial, total
flies = 100 ) . RU486 mediates the expression of transgenes in
fly neurons by the inducible ELAVGS-gal4 system. The num-
ber of dead flies was recorded every alternate day, and the per-
centage survival was calculated by the Kaplan–Meier survival
plot. w1118 flies crossed with ELAVGS-gal4 alone were used
as controls. 

Immunohistochemistry ( IHC ) 
Brains of third-instar larvae expressing either P525L-RFP
alone or in combination with Drosha RNAi were fixed in
4% paraformaldehyde and processed as described previously
( 48 ) . The brains were incubated with mouse anti-lamin Dmo
antibody ( DSHB, 1:200 ) overnight, washed and probed with
anti-mouse Alexa Flour 647 ( Invitrogen # 28181, 1:100 ) .
The brains were mounted using DAPI-Fluoroshield ( SIGMA,
#F6182 ) , and images were taken using a Nikon A1 Eclipse Ti
confocal microscope. For quantification, five different confo-
cal images from four different fly brains were used to calculate
the number of cells with cytoplasmic FUS puncta. Student’s t-
test was used to calculate the P value between the two groups.

Mammalian cell culture and transfections 

Human embryonic kidney 293T ( HEK293T ) ( ATCC® CRL-
3216™) and N2a cells were cultured in Advanced Dulbecco’s
Modified Eagle Medium supplemented with 10% FBS and
1% Glutamax at 37 

◦C and 5% CO 2 . Drosha knockout
( DKO ) HEK293 cells were a gift from Dr Shuo Gu ( 49 ) . FUS
induced pluripotent stem cells ( iPSCs ) are well-established
CRISPR / Cas9-edited lines with isogenic controls used in
various published works ( 50 ,51 ) . iPSCs were cultured on
Matrigel-coated plates in mTeSRTM-1 media ( STEMCELL
Technologies ) . 

HEK293T cells were transiently transfected with plasmid
constructs for 24–48 hours by using Turbofect ( Invitrogen ) .
miRNA transfections were performed for 48 hours using
Lipofectamine TM RNAiMAX transfection reagent ( Thermo
Fisher ) . Doxycycline-inducible and stable FUS WT, FUS
R521C and FUS P525L N2a lines ( 52 ) were induced with 400
ng / ml of doxycycline for 48 hours after the transfections. 

Plasmids 

HA-tagged FUS WT, FUS-R518K and FUS-R521C cDNA
constructs were previously generated in our laboratory ( 45 ) .
HA-tagged FUS WT and FUS-R521C cDNA constructs with
3 

′ untranslated region ( UTR ) were custom designed by Vector
builder. The GFP-Drosha WT construct was a gift from Dr.
Shuo Gu ( 49 ) . S300A / S302A Drosha and myc-Drosha were
purchased from Addgene. 

Differentiation of iPSCs into neuronal cells 

FUS iPSCs were differentiated into neurons by following
the previously described protocol ( 53 ) . Briefly, 80–90%
confluent and well-spread iPSCs were grown for 7 days 
in Neurobasal / Dulbecco’s Modified Eagle Medium-F12 

medium ( 1:1 v / v ) containing 2% B27 ( Gibco, 17054–044 ) ,
1% N2 ( Gibco, 17502–048 ) , 1% Glutamax ( Gibco ) and 

1% non-essential amino acids ( Gibco, 11140050 ) along 
with SB431542 ( STEMCELL Tpechnologies ) , LDN ( Sigma 
SML0559 ) , smoothened agonist ( Cayman Chemicals 
11914 ) and retinoic acid ( Sigma R2625 ) . For the the next 
5 days, cells were grown in neurobasal-N2-B27 media sup- 
plemented with retinoic acid, smoothened agonist, DAPT 

( N-[2S- ( 3,5-difluorophenyl ) acetyl]-L-alanyl-2-phenyl-1,1- 
dimethylethyl ester-glycine ) ( Cayman, 13197 ) and SU5406 

( Cayman, 131825 ) . On day 14, cells were dissociated 

and cultured on poly-ornithine and laminin-coated plates 
in neurobasal-N2-B27 media containing growth factors 
( BDNF , GDNF , CNTF ) and ascorbic acid ( Sigma, A4403 ) .
The differentiated neurons were processed for subsequent 
immunofluorescence and western blot analyses after 28 days.

Immunofluorescence ( IF ) 

For IF, cells were processed as previously described ( 53 ) .
Briefly, cells were fixed in 4% paraformaldehyde and blocked 

in 5% normal goat serum for 15 min. The cells were incubated 

overnight at 4 

◦C with the primary antibodies: mouse anti- 
Drosha ( Santa Cruz, 1:200 ) , mouse anti-HA ( Sigma, 1:1000 ) ,
rabbit anti-HA ( Invitrogen, 1:1000 ) and anti-rabbit G3BP 

( Thermo Fisher, 1:1000 ) . The following day, cells were washed 

thrice with PBS-1% TritonX-100 and incubated with sec- 
ondary antibodies: Alexa Fluor-488, Alexa Fluor-568 and 

Alexa Fluor-647 ( Invitrogen, 1:1000 ) for 2 hours. The cells 
were washed with PBS-1% TritonX-100 and mounted using 
Fluoroshield 

TM containing DAPI ( Sigma ) . All the images were 
taken on Nikon A1 eclipse Ti confocal microscope. 

The percentage of cells with FUS puncta was quantified 

from 7–8 different x60 confocal images from three different 
coverslips, with each image containing 14–20 cells in total. For 
Drosha S300A / S302A expression analysis, cells cotransfected 

with FUS ( WT and mutants ) and cytoplasmic S300A / S302A 

from 6–8 confocal images were used. Student’s t -test was used 

to calculate the significance ( P value ) between the two groups.

Western blotting ( WB ) 

The cells were lysed in RIPA-lysis buffer: 150 mM NaCl, 50 

mM NaF, 2 mM EDTA, 0.2 mM sodium orthovanadate, 1% 

sodium deoxycholate, 2 mM DTT, 1% NP40, 0.1% SDS and 

protease inhibitor ( Roche 11836170001 ) . After determining 
the concentration with the Pierce TM BCA protein assay kit 
( Thermo Scientific 23227 ) , around 40 μg of protein was sep- 
arated using either 4–12 Bis-Tris or 3–8% Tris-acetate Nu- 
Page gel ( Novex / Life Technologies ) . The proteins were trans- 
ferred onto nitrocellulose membranes ( Invitrogen IB23001 ) ,
incubated in 2.5% QuickBlocker reagent ( EMB Millipore 
WB57-175GM ) for 1 hour at room temperature and probed 

overnight at 4 

◦C with primary antibodies. The blots were in- 
cubated with secondary antibodies for 1 hour, washed with 

1% Tween-20 in Tris buffered saline and imaged. 
For quantification, each protein lysate from three different 

transfections ( biological replicates ) was run in duplicates or 
triplicates ( 2–3 technical replicates ) . Anti-FUS antibody used 

in the study ( Bethyl and Thermo Fisher ) probed for both 

post-transcriptionally modified ( upper band ) and unmodified 

( lower band ) FUS protein. IDV values from the upper FUS 
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and were measured using Fiji / Image Studio, normalized with
ither Tubulin or GAPDH, and plotted in a scatter bar graph.
 one-way analysis of variance ( ANOVA ) with a Bonferroni
ost hoc multiple comparison test was used to calculate the
ignificance ( P ) between the three groups. 

o-immunoprecipitation 

ysates were prepared from HEK cells co-transfected with
FP-DROSHA and HA-tagged FUS WT or mutants ( R5218K

nd R521C ) in buffer containing 10 mM Tris–HCl ( pH 7.5 ) ,
00 mM NaCl, 2.5 mM MgCl 2 , 2 mM DTT, 2.5 mM sodium
rthovanadate, 0.1% NP40 and 1x protease inhibitor cock-
ail ( Invitrogen ) . The lysates ( 400 μl ) were incubated with ei-
her rabbit anti-HA ( Invitrogen ) or mouse anti-GFP ( Santa
ruz ) antibodies overnight at 4 

◦C. The antibody-protein com-
lex was incubated with 80 μl of Protein G superparamag-
etic beads ( Invitrogen 10004D ) for 4 h at 4 

◦C, followed
y subsequent washes and precipitation using MagnaRack™
 Invitrogen CS15000 ) . The RNA-dependent interaction be-
ween FUS and Drosha was assessed by treating the cell ex-
racts with 1 mg / ml RNase A for 1 hour at 4 

◦C before starting
he immunoprecipitation with mouse GFP antibody. The im-
unoprecipitated samples were resuspended in 1x NuPage™
DS-Sample buffer ( Invitrogen NP0007 ) , followed by SDS–
AGE and immunoblotting. 

For quantification, three independent immunoprecipitation
lots ( n = 3 ) were analyzed and the calculated IDV values
f precipitated HA-FUS were normalized to Drosha-GFP. A
catter bar graph was plotted, and Student’s t- test was used to
etermine the significance. 

oluble–insoluble protein fractionation 

or soluble–insoluble fractionation, HEK293T cells and dif-
erentiated FUS neurons transfected with miR-6832–5p mimic
r antagomir-378i were resuspended in NP40 lysis buffer:
.5% NP40, 10 mM Tris HCl pH 7.8, 10 mM EDTA, 150
M NaCl, 2.5 mM Na orthovanadate, 1x protease inhibitor

ocktail ( Roche 11836170001 ) . The cell extracts were son-
cated and centrifuged at 21 000 g for 30 min. The super-
atant ( soluble fraction ) was collected, and the pellet was re-
uspended in re-solubilization buffer: 50 mM Tris HCl pH 6.8,
% SDS, 10% glycerol, followed by sonication and centrifu-
ation at 12 000 g for 10 min ( insoluble fraction ) . The solu-
le and insoluble fractions were boiled in 1x NuPage™ LDS-
ample buffer at 95 

◦C for 5 min, separated by SDS–PAGE, and
mmunoblotted. Three independent immunoblots were quan-
ified ( n = 3 ) , and significance was measured using the Stu-
ent’s t- test. 

tability assay 
o assess the effect of Drosha on the degradation of en-
ogenous or HA-tagged FUS, HEK293T and DKO cells were
ransfected with HA-FUSWT and HA-R521C plasmids for 24
ours. The cells were harvested and lysed in RIPA-lysis buffer
fter 0, 3, 6, 12, 24 and 36 hours of 100 μg / ml cycloheximide
 CHX ) treatment. The total protein extract was resolved by
DS–PAGE, followed by immunoblotting, as indicated above.
DVs were normalized to GAPDH based on three indepen-
ent gels. A linear regression graph was plotted, and a half-
ife estimate of FUS protein in HEK293T and DKO cells was
alculated. 

All the antibodies were prepared with 2.5% QuickBlocker
eagent. The blots were imaged using Odyssey® CLx ( LI-
COR Biosciences ) . All samples were run in triplicates and the
integrated band densities ( IDVs ) were calculated in the image
studio software ( LI-COR ) . 

Primary antibodies used were: mouse anti-tubulin ( SIGMA,
1:10 000 ) , mouse anti-Drosha ( Santa Cruz, 1:200 ) , mouse
anti-HA ( Sigma, 1:2000 ) , rabbit anti-HA ( Invitrogen, 1:5000 )
and rabbit anti-FUS ( Bethyl, 1:2000 ) . 

Secondary antibodies used were: anti-rabbit DYLight 800
and anti-mouse 680 ( Invitrogen, 1:10 000 ) . 

Quantitative OCR 

RNA was isolated from cells and neurons by using the
PureLinkTM RNA mini kit ( Invitrogen ) , following the
manufacturer’s instructions. RNA concentration and purity
( 260 / 280 and 260 / 230 ratios ) were determined using a Nan-
oDrop ND-1000 spectrophotometer. Around 300 ng of to-
tal RNA was reverse transcribed to cDNA by using iS-
cript™ Reverse Transcription Kit ( BioRad ) . Quantitative PCR
was performed on 1 / 10th of the cDNA using a custom-
designed 5 

′ 6-F AM / ZEN / 3 

′ IBFQ ID T PrimeTime Assay Set
( Supplementary Table 1 ) in a 7300 real-time PCR machine
( Applied Biosystems ) . Using GAPDH as an internal con-
trol, gene expression ( C t values ) was normalized across 4–5
replicates. 

In flies, RNA was isolated using TRizol ( Ambion;
15596026 ) as previously described ( 17 , 43 , 45 , 46 ) . Around
nine fly heads were used for RNA extraction, and gene ex-
pression was normalized with tubulin. 

Small RNA profiling 

For small RNA sequencing, HEK293T and CRISPR / Cas9-
edited DKO cells were transfected with FUS WT and FUS
R521C plasmid constructs without 3 

′ UTR for 24 hours.
Small RNAs ( < 200 nt ) were isolated using mirVana™ miRNA
Isolation Kit ( Invitrogen ) , and profiling was performed on 1
μg of total RNA using BGI’s DNBSEQ™ small RNA sequenc-
ing platform. For quality control, 18–30 nt RNA segments
were separated by PAGE gel, followed by adaptor ligation and
real-time PCR amplification of cDNAs. All the contaminant
adaptors or tags were removed, and the length distribution of
clean reads ( between 18 and 30 nt ) was summarized. Reads
were mapped to the human reference genome and to other
sRNA databases using Bowtie2 ( 54 ) , and gene expression lev-
els were calculated using Transcripts Per Kilobase Million
( TPM ) . Differentially expressed small RNAs were screened
by DESeq2 based on the negative binomial distribution ( 55 ) ,
and the significance of gene expression differences was cal-
culated using an adjusted P ≤ 0.1 and the absolute value
of log 2 ratio ≥1. Hierarchical clustering of differentially ex-
pressed miRNA was performed using pheatmap function, and
several software programs such as RNAhybrid, miRanda or
TargetScan were used to predict the small RNA targets
( 56–58 ) . 

miRNA real time PCR 

For miRNA quantification and validation, HEK293T and
DKO cells were transfected with FUSWT, R518K and R521C
for 24 hours with Turbofect ( Invitrogen ) , and total RNA was
isolated using MagMAX™ mirVana™ Total RNA Isolation
Kit ( Applied Biosystems™) by following the manufacturer’s
instructions. 30 ng of RNA were reverse transcribed by using
the TaqMan™ MicroRNA Reverse Transcription Kit ( Applied
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Biosystems™) and miRNA-specific primers ( Supplementary
Table S1 ) , followed by real-time PCR using TaqMan™ Uni-
versal Master Mix II with UNG ( TaqMan assays, Applied
Biosystems™) . Using U6snRNA as internal control, the C t val-
ues were normalized across 4–5 replicates. 

The soluble and insoluble fractionation of mRNA was
performed by following the previously published protocol
with some modifications ( 59 ) . Briefly, DOX induced FUS WT,
R521C and P525L N2a cells were treated with 0.25 mM
sodium arsenite for 1 h and collected by centrifugation at
4000 g for 5 min. Cells were resuspended with PBS and sub-
jected to three cycles of freeze-thawing. The cell extract was
centrifuged at 17 800 g for 10 minutes at 4 

◦C. RNA from
supernatants and precipitates containing the soluble and in-
soluble fractions, respectively, was isolated was isolated us-
ing MagMAX™ mirVana™ Total RNA Isolation Kit ( Applied
Biosystems™) and analyzed by real-time PCR. 

miRNA transfections and assays 

miRNA antagomirs and mimic with 2 

′ -O-methyl residues
and ZEN modifications were custom generated and pur-
chased from IDT . HEK293T , DOX-inducible FUS-N2a cells,
and differentiated neuronal cells were transfected with 100
nM of miRNA antagomirs and mimic for 48 hours by us-
ing Lipofectamine™ RNAiMAX ( Invitrogen ) and processed
for subsequent real-time PCR and immunoblotting ( described
previously ) . FUS was induced in stable FUS WT, R521C and
P525L-N2a cells by 400 ng / ml of Doxycycline ( DOX ) for 48
hours along with miRNA transfection. 

Statistical analysis 

All the statistical analyses were performed on GraphPad Prism
v.8 software. Comparisons between two groups were per-
formed by Student’s t -test. A one-way ANOVA with Bonfer-
roni or Tukey post hoc multiple comparison tests was applied
for more than two comparisons. 

Results 

Depletion of Drosha affects FUS expression and 

phenotypes in vivo 

Previously, through an unbiased genome-wide screen in
Drosophila ( 45 ) , we identified Drosha as one of the genetic
modulators of mutant FUS-mediated toxicity . Drosha is a
part of the microprocessor complex, and FUS is required for
miRNA-mediated gene silencing through its interaction with
Drosha ( 29 ,39 ) . To further validate whether Drosha acts as a
potential modifier of FUS-associated ALS, we utilized the well-
established Drosophila FUS-ALS model system ( 45 , 51 , 60 ) for
examining the various attributes of ALS-mediated manifes-
tations such as eye degeneration, motor dysfunction and re-
duced life span ( Figure 1 ) . By using the GAL4 / upstream ac-
tivation sequence ( UAS ) system and an eye-specific promoter
( GMR ) , we expressed human FUS WT and ALS-linked FUS
mutants ( R521C and R518K ) in Drosophila eyes with or
without Drosha- specific RNAi ( Figure 1 a ) . We found that re-
ducing the levels of Drosha, as validated by qPCR ( Figure 1 c ) ,
significantly alleviated eye degeneration in FUS-expressing
flies as compared to EGFP controls ( Figure 1 a and b ) . Im-
portantly, FUS WT and mutant flies expressed significantly
higher levels of Drosha mRNA as compared to EGFP controls
( Supplementary Figure S1a ) . Using RNAi-mediated knock-
down of Drosha, we observed a significant reduction in FUS 
protein levels in fly neurons, suggesting that Drosha-mediated 

suppression could be due to a reduction in the levels of toxic 
FUS protein ( Figure 1 d and e ) . 

As ALS predominantly affects the motor neurons ( 61 ) , we 
asked whether RNAi-mediated loss of Drosha could influence 
the motor function defects in FUS expressing fly neurons. We 
expressed Drosha RNAi in motor neurons of WT and mutant 
FUS flies by using the motor neuron-specific driver D42-GAL4 

and examined the crawling ability of third-instar larvae and 

their eclosion into adults. We found strong eclosion defects, as 
measured by the percent of adult flies to the total number of 
puparia, in wild-type and mutant FUS flies, which are signifi- 
cantly restored by reduced Drosha levels ( Figure 1 f ) . Similarly,
we noticed a significant improvement in the locomotor abil- 
ity of larvae, as determined by total distance traveled per unit 
time ( velocity ) , in FUS flies expressing Drosha RNAi ( Figure 
1 g ) . To further assess any motor-related behavioral changes,
we conducted a rapid iterative negative geotaxis ( RING ) as- 
say in adult flies expressing the FUS transgene in combina- 
tion with Drosha RNAi in fly neurons by using an inducible 
ELAVGS-GAL4 promoter. We found that loss of Drosha sig- 
nificantly ameliorated the climbing ability of FUS-expressing 
flies, as determined by calculating either the percentage of flies 
that can climb above 5 cm in 10 s ( Figure 1 h ) or the dis- 
tance climbed by a fly per second ( Figure 1 i ) , respectively. As 
ALS is a fatal condition with an average life expectancy of 
2–5 years after diagnosis, we investigated the effect of loss of 
Drosha on the life span of flies expressing WT and R521C 

in fly neurons. We found that depletion of Drosha increased 

the survivability of FUS WT and R521C flies as compared 

to FUS-alone controls ( Figure 1 j–l, and Supplementary Fig- 
ure S1b ) . While R518K-expressing flies showed a moderate 
change in overall survivability by Drosha RNAi, we found 

that Drosha depletion notably increased the number of days 
to reach 50 and 75% mortality as compared to R518K-alone 
flies ( Supplementary Figure S1b ) . Overall, we discovered that 
Drosha is a genetic modifier of FUS toxicity in vivo and that 
lowering its levels reduces FUS-mediated neuronal defects and 

lethality by lowering toxic FUS protein levels. 

FUS mutations regulate Drosha levels and 

localization pattern in iPSC neurons and 

mammalian cells 

We assessed the expression of Drosha in patient-derived FUS- 
R521C lymphoblastoid cells by qPCR and found a signif- 
icant upregulation in Drosha RNA levels as compared to 

age-matched controls ( Figure 2 a ) . As FUS is a known in- 
teractor of Drosha ( 39 ) , we investigated whether ALS caus- 
ing FUS mutations affect its interaction with Drosha. We 
performed co-immunoprecipitation to pull down the GFP- 
Drosha by using anti-HA antibodies and vice versa from 

the HEK293T cell lysates co-transfected with GFP-Drosha 
and HA-tagged FUS WT, R518K and R521C, respectively 
( Figure 2 b ) . We found a strong and increased interaction of 
Drosha with FUS-R521C compared to FUS WT ( Figure 2 c ) .
To further determine whether Drosha and FUS interaction 

requires RNA, we immunoprecipitated HA-FUS with anti- 
GFP antibody in the presence or absence of 1mg / ml RNase 
in HEK293T cells co-transfected with FUS ( WT, R518K and 

R521C ) and Drosha-GFP ( Figure 2 d ) . We found that levels of 
HA-FUS immunoprecipitates were significantly decreased in 
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Figure 1. Drosha is a genetic modifier of FUS-mediated toxicity in vivo . ( A ) Representative eye images of flies expressing wild-type and mutant FUS 
( R518K, R521C ) when crossed with EGFP control and Drosha RNAi flies ( B ) Bar graph showing that in the absence of Drosha, the severity of eye 
degeneration as shown in ( A ) was significantly reduced in FUS wild-type and mutants ( n = 18 ) . ( C ) qPCR showing the significant reduction of Drosha 
mRNA in the Drosha-RNAi fly line. Tubulin mRNA was used as a normalization control ( t wo-t ailed unpaired t -test, n = 3 ) . ( D ) R epresentativ e immunoblot 
showing FUS levels in fly neurons expressing WT and mutant FUS in the presence and absence of Drosha RNAi. ( E ) Quantitative bar graph in ( D ) 
showing the significant decrease in FUS protein levels in wild-type and mutant FUS ( R518K and R521C ) fly neurons upon knockdown of Drosha. Tubulin 
was used as a normalization control ( t wo-t ailed unpaired t -test, n = 5 ) . ( F ) Bar graph depicting the eclosion defect in flies expressing WT and mutant 
FUS, as measured by the percentage of eclosed adults relative to the total number of pupae, and its rescue by RNAi-mediated Drosha knockdown 
( t wo-t ailed unpaired t -test, n = 4–7 ) . ( G ) B ar graph sho wing that the cra wling defect ( measured as distance tra v eled in 1 minute ) w as significantly 
rescued by the RNAi-mediated KD of Drosha in third-instar larvae expressing WT and mutant FUS under the control of motor neuron driver, D42-gal4. 
U A S-Drosha RNAi lines crossed with a motor neuron-specific driver ( D42-gal4 ) were used as comparative controls ( t wo-t ailed unpaired t -test, 
n = 27–52 ) . ( H , I ) Bar graph representing RING assay, calculated as climbing speed of a fly per second ( H ) and the percentage of flies climbing above 5 
cm in 10 s ( I ) , sho w ed significant impro v ement in the climbing abilities of flies expressing wild-type and mutant FUS on Drosha knockdown. W1 1 18 and 
U A S-Drosha RNAi flies crossed with ELA V GS-gal4 driver lines were used as comparative controls ( t wo-t ailed Mann–Whitney U -test ) . ( J –L ) Kaplan–Meier 
survival plots showing the effect of loss of endogenous Drosha on the life span of flies expressing WT ( J ) and mutant FUS, R518K ( K ) and R521C ( L ) 
transgenes under the inducible neuronal ELA V -U A S gal4 sy stem, respectiv ely. One-da y -old female flies e xpressing the transgene w ere gro wn on 20 mM 

RU486 drug food to express the transgene and monitored every day for the span of 40 days ( log-rank ( Mantel–Cox ) test, n = 80 ) . The data represent 
mean ± SEM. P values ( **** < 0.0 0 01, *** < 0.0 01, ** < 0.01 ) . 
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Figure 2. Mutant FUS ele v ates endogenous Drosha le v els and promotes its sequestration in the cytoplasmic stress granules. ( A ) Bar plot showing 
Drosha mRNA le v els in patient lymphoblastoid cells carrying FUS R521C mutation as compared to three age-matched controls. GAPDH was used as a 
normalization control ( t wo-t ailed unpaired t -test, n = 3 ) . ( B ) Co-immunoprecipitation blots showing the interaction between FUS and DROSHA in 
HEK293T cells co-transfected with GFP-tagged Drosha and HA-tagged FUS ( WT, R518K and R521C ) for 24 h. Anti-GFP and anti-HA antibodies were used 
to precipitate HA-FUS and Drosha-GFP, respectively. Beads incubated with protein extract were used as a negative control. ( C ) Scatter bar plot showing 
an increased interaction of HA-FUS R521C with Drosha-GFP as compared to FUS WT and R518K as shown in ( B ) . The graph represented the levels of 
precipitated HA-FUS relative to Drosha GFP across five replicates ( n = 5, one-way ANO V A ) ( D ) Representative blots depicting the immunoprecipitation 
of HA-FUS by Drosha-GFP in the presence or absence of 1 mg / ml RNase A in HEK293T cells transfected with HA-FUS WT and mutants. ( E ) Bar graph 
showing the levels of precipitated HA-FUS by Drosha-GFP. The interaction of FUS and Drosha showed a significant decrease in RNase A treated lysates 
as compared to untreated groups ( n = 5, t wo-t ailed unpaired t -test ) . The data ( 1a, 1c, and 1e ) represent mean ± SEM. P values *** < 0.00 1, ** < 0.0 1 ) . ( F ) 
IF images showing the colocalization of endogenous Drosha with FUS in HEK293T cells transfected with HA-FUSWT, HA-R518K and HA-R521C. Inset 
images show the sequestration of nuclear DROSHA into cytoplasmic FUS puncta in R518K and R521C expressing cells versus FUSWT. ( G ) IF images of 
HEK293T cells treated with 0.25 mM sodium arsenite for 1 hour showed localization of endogenous nuclear Drosha into cytoplasmic G3BP-positive 
stress granules as compared to untreated cells. All microscopic images were taken at x60 optical magnification, and DAPI was used to mark the nucleus. 



Nucleic Acids Research , 2023, Vol. 51, No. 20 11265 

R  

g  

F
 

i  

i  

t  

i  

o  

l  

p  

p  

c  

o  

p  

q  

p  

p  

l  

a  

u  

I  

D  

t  

e  

m  

p  

s  

e

K
a

T  

h  

(  

i  

t  

o  

c  

g  

H  

t  

t  

m  

l  

R  

c  

m  

r  

n  

i  

f  

s  

t  

i  

S  

d  

r  

m  

m  

t  

(  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nase-treated lysates compared to untreated controls, sug-
esting an RNA-dependent interaction between Drosha and
US ( Figure 2 e ) . 
FUS is predominantly nuclear, and ALS-linked mutations

n FUS lead to its mislocalization and irreversible segregation
nto the cytoplasmic inclusions and stress granules ( 33 ,62 ) . As
hese FUS inclusions have been shown to exert pathogenic-
ty through toxic gain of function by sequestration of vari-
us other RNAs and proteins ( 63 ,64 ) , we asked whether ALS-
inked FUS mutations ( R518K and R521C ) modulate the ex-
ression and localization of endogenous Drosha. We overex-
ressed HA-tagged FUS WT, R518K and R521C in HEK293T
ells to determine their impact on the subcellular localization
f endogenous Drosha. Drosha is a part of nuclear complex
rotein and we found that mutant R518K, and R521C se-
uestered Drosha into cytoplasmic FUS inclusions as com-
ared to the FUS WT, indicating that mutant FUS could
ossibly influence Drosha function by promoting its mis-

ocalization and increased expression ( Figure 2 a and f ) . The
ggregation of mutant FUS in the cytoplasmic stress gran-
les ( SGs ) is one of the pathological hallmarks of ALS. By
F, we analyzed the sub-cellular distribution of endogenous
rosha in HEK293T cells under stress conditions and found

hat the treatment with 0.25 mM sodium arsenite caused the
ntrapment of nuclear Drosha in the G3BP-positive cytoplas-
ic stress granules ( Figure 2 g ) , mimicking the effect caused by
athological FUS mutants ( Figure 2 b ) . All these observations
uggest that pathological FUS mutations may regulate Drosha
xpression and affect its cellular localization. 

nocking down Drosha prevents cytoplasmic FUS 

ggregation in mammalian cells and in vivo 

he cytoplasmic amassing of mutant FUS protein in ALS
as been associated with cellular toxicity and neuronal death
 65 ,66 ) . Since we established that the pathological mutations
n FUS lead to increased Drosha expression and its sequestra-
ion in the cytoplasmic FUS puncta, we performed an anal-
gous experiment in CRISPER / Cas9-edited DKO HEK293T
ells to investigate if the loss of Drosha alleviates the ag-
lomeration of mutant FUS puncta into SGs. We transfected
EK293T and DKO cells with HA-tagged wild-type and mu-

ant FUS ( R518K and R521C ) for 24 hours and assessed
he distribution of FUS puncta in G3BP- positive cytoplas-
ic stress granules ( Figure 3 a ) . We observed a profound mis-

ocalization and accumulation of mutant FUS ( R518K and
521C ) in the cytoplasmic G3BP positive inclusions in HEK
ells. In comparison, the percentage of cells with colocalized
utant FUS and G3BP positive puncta showed a significant

eduction in DKO cells. On the other hand, FUS WT showed
uclear expression and no comparable change in distribution
n control and DKO cells ( Figure 3 b ) . In a similar study, we
ound that ectopic expression of Drosha in DKO cells rein-
tated the cytoplasmic mislocalization and aggregation of mu-
ant FUS ( Supplementary Figure S2 ) , suggesting that Drosha
s crucial to prevent mutant FUS segregation in the cytoplasm.
ince our in vivo data ( Figure 1 d and e ) suggested a notable
ecrease in FUS protein levels upon Drosha knockdown, we
ecapitulated the findings and assessed the FUS levels by im-
unoblotting in DKO cells transfected with wild-type and
utant FUS ( R518K and R521C ) cDNA constructs. We found

hat loss of Drosha significantly decreased the endogenous
 ∼30–40%, Figure 3 d ) and ectopic ( ∼60–80%, Figure 3 e )
FUS protein levels as compared to controls ( Figure 3 c–e ) , in-
dicating that reduced sequestration of mutant FUS into the
cytoplasmic SGs on DKO could be due to a decrease in the
overall levels of FUS protein. Since the FUS cDNA constructs
used in this study lacked 3 

′ UTR, we looked at how Drosha
depletion affects the FUS expression in DKO or HEK293T
cells transfected with FUS ( WT and R521C ) constructs with
3 

′ UTR ( Supplementary Figure S3a ) . Interestingly, analogous
to our findings in Figure 3 d, the DKO cells displayed sig-
nificantly lower endogenous ( ∼40% ) and HA-FUS ( ∼50% )
protein levels compared to HEK293T cells ( Supplementary
Figure S3b and c ) , suggesting that Drosha could potentially
function independent of 3 

′ UTR to modulate FUS expression.
Moreover, we found that Drosha depletion significantly re-
duced FUS mRNA levels in untransfected ( Supplementary Fig-
ure S3d ) and FUS ( WT and mutants ) transfected DKO cells
( Supplementary Figure S3e ) . Furthermore, we supplemented
our findings by examining the impact of Drosha depletion
on the distribution and mislocalization of FUS puncta in fly
motor neurons ( Figure 3 f and Supplementary Figure S4 ) . We
expressed the RFP-tagged mutant FUS-P525L transgene with
or without Drosha RNAi in fly neurons by using the motor
neuron-specific promoter OK-gal4 and evaluated the subcellu-
lar localization of FUS in the ventral nerve cord ( VNC ) region
of the third instar larval brain by immunofluorescence ( Figure
3 f ) . We found an apparent mislocalization of mutant FUS to
the cytoplasm of larval neurons expressing the FUS-P525L
transgene and, on RNAi-mediated knockdown of Drosha, the
number of cells with cytoplasmic P525L puncta showed a
significant reduction in vivo ( Figure 3 g ) . On the other hand,
no notable difference was observed in the nuclear localiza-
tion of FUS WT protein in fly brains with or without Drosha
RNAi ( Supplementary Figure S4 ) . Consequently, to better un-
derstand the indirect mechanism by which Drosha is responsi-
ble for the decreased FUS levels, we compared the stability of
endogenous ( Figure 3 h ) as well as ectopically expressed FUS
WT ( Figure 3 j ) and R521C ( Figure 3 l ) in DKO and HEK293T
cells. The rate of degradation of FUS protein analyzed after
0, 3, 6, 12, 24 and 36 hours of CHX treatment showed that
ectopic FUS WT ( Figure 3 k ) and R521C ( Figure 3 m ) proteins
were significantly unstable in Drosha KO ( FUS WT t 1 / 2 = 23.9
and R521C t 1 / 2 = 21.8 hours, respectively ) cells compared to
HEK293T ( t 1 / 2 = 44 h ) cells. On the other hand, endogenous
FUS demonstrated a comparable, but slightly lower, rate of
degradation ( t 1 / 2 = 32.9 h ) by Drosha depletion compared
to controls ( Figure 3 h and i ) , suggesting that in the absence
of 3 

′ UTR, FUS WT and R521C showed robust rate of degra-
dation in DKO cells compared to controls. All in all, these
findings indicate that the loss of Drosha not only affects the
expression and stability of FUS, but also reduces the accumu-
lation of mutant FUS in cytoplasmic stress granules. 

Phosphorylation of Drosha is essential for 
regulating FUS toxicity 

Drosha is a core component of the microprocessor complex,
which instigates miRNA maturation in the nucleus by cleav-
ing pri-miRNAs into precursor miRNAs ( 40 ,67 ) . Drosha ac-
tivity, subcellular localization and interaction with other co-
factors and pri-miRNA are all known to be regulated by
its phosphorylation at Serine 300 and 302 in the Arg / Ser
rich N terminus region ( 68 ) . To test the functional con-
sequences of Drosha activity on ALS-linked mutant FUS
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Figure 3. Abolishing endogenous DROSHA prevents mutant FUS aggregation: ( A ) Representative IF images of HEK293T and CRISPR / Cas9-edited DKO 

cells transfected with HA-FUSWT, HA-R518K and HA-R521C, respectively. Inset images showing a strong reduction in the cytoplasmic sequestration of 
mutant FUS in DKO cells ( right two columns ) as compared to controls ( left two columns ) . All microscopic images were taken at x60 optical 
magnification, and DAPI was used to mark the nucleus. ( B ) Quantitative bar plot indicating a significant reduction in the percentage of cells with FUS 
puncta in DKO cells compared to controls, as shown in ( A ) . For the quantification, se v en to ten IF images with 14–20 cells each were used ( n = 7–10, 
t wo-t ailed unpaired t -test ) . ( C ) Representative immunoblots showing DROSHA, HA-FUS and endogenous FUS levels in HEK293T and DKO cells 
transfected with FUS WT, R518K and R521C cDNA constructs as compared to controls. Tubulin was used as a normalization control. ( D , E ) Bar graphs 
showing significant reduction in the levels of endogenous FUS ( D ) and HA-FUS ( E ) in DKO cells compared to controls ( n = 6–8, t wo-t ailed unpaired t 
test ) . ( F ) R epresentativ e IF images of third instar larval brain expressing the RFP-P525L transgene with or without Drosha RNAi under the control of 
motor neuron driver OK371-gal4. Inset images showing a significant reduction of cytoplasmic P525L puncta on RNAi mediated knockdown of Drosha. 
( G ) Bar plot showing the significant decrease in the percentage of cells with cytoplasmic FUS puncta in P525L larval brain expressing Drosha RNAi as 
compared to controls. Five different confocal images from four different fly brain sections were used to calculate the number of cells with FUS puncta 
relative to total number of cells ( n = 5 two-tailed unpaired t -test ) . ( H –M ) R epresentativ e blots showing the degradation of endogenous FUS ( H ) as well 
as transfected HA-FUS WT ( J ) and HA-R521C ( K ) in DKO and HEK293T cells after 0, 3, 6, 12, 24 and 36 hours of CHX treatment. Quantitativ e analy sis on 
three independent blots sho w ed an increased rate of depletion of endogenous FUS ( I ) as well as overexpressed HA-FUS WT ( K ) and HA-R521C ( M ) in 
DKO cells as compared to control. GAPDH was used as a normalization control ( n = 3 ) . The data ( B, D, E, G, I, K and M ) represent mean ± SEM. P 
values **** < 0.0 0 01, *** < 0.0 01, * ≤0.05 ) . 
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oxicity, we co-transfected HEK293T cells with phospho-dead
rosha ( Serine to Alanine change at 300 / 302 residue ) and
ild-type, FUS-R518K and FUS-R521C, respectively, and ex-

mined the change in the expression and distribution pattern
f FUS by IF and western blot ( Figure 4 a–d ) . The overex-
ression of Drosha S300A / S302A resulted in the cytoplasmic
islocalization of Drosha in HEK293T cells, which contrasts
ith its nuclear expression and activity ( Figure 4 a, third col-
mn from left ) . By IF, we found that increasing the levels of
he inactive, phospho-dead Drosha ameliorated the sequestra-
ion of mutant FUS ( R518K and R521C ) into the cytoplas-
ic inclusions as compared to cells expressing mutant FUS

lone ( Figure 4 a ) . The percentage number of cells with cy-
oplasmic FUS puncta also showed a significant and robust
ecrease with Drosha S300A / S302A overexpression in the
US-R518K and FUS-R521C transfected groups ( Figure 4 b ) .
n comparison, FUS WT showed no significant changes in its
ocalization with or without Drosha S300A / S302A ( Figure
 a and b ) . In addition, we performed western blot to probe
he effect of Drosha S300A / S302A overexpression on the
verall levels of wild-type and mutant FUS protein ( R518K
nd R521C ) in HEK293T cells. We found that elevated lev-
ls of inactive Drosha ( S300A / S302A ) drastically and signifi-
antly reduced FUS protein levels in cells expressing wild-type
nd mutant FUS compared to FUS-alone groups ( Figure 4 c
nd d ) . In comparison, when we overexpressed EGFP-tagged
rosha in HEK293T cells expressing wild-type and mutant
US ( R518K and R521C ) , we found a drastic increase in mu-
ant FUS sequestration into the G3BP-positive cytoplasmic in-
lusions compared to EGFP controls ( Figure 4 e ) . Correspond-
ngly, overexpression of Drosha in HEK293T cells resulted
n significantly higher endogenous FUS protein compared to
GFP control ( Supplementary Figure S5 ) . Similarly, a signif-

cant increase in the expression of HA-FUS protein was ob-
erved in cells co-transfected with Drosha-GFP and HA-FUS
 wild-type and mutant ) constructs compared with EGFP con-
rols ( Figure 4 f and g ) . Taken together, these findings suggest
hat Drosha activity might be essential for FUS expression and
ubcellular localization. 

mall RNA profiling revealed novel microRNAs 

nvolved in FUS pathogenesis 

lobal misregulation of miRNA biogenesis has been found
s one of the molecular facets of ALS ( 69 ,70 ) . Since Drosha
s the global regulator of miRNA biogenesis and its interac-
ion with FUS facilitates the synthesis of various neuronal-
pecific miRNAs ( 30 ) , we used the small RNA profiling ap-
roach to identify the key Drosha-dependent miRNAs that are
ritical for FUS function and turnover independent of 3 

′ UTR.
s in the present study, Drosha showed a robust interaction
ith FUS-R521C and significantly modulates its expression

nd mislocalization, we included FUS WT and FUS-R521C
or the miRNA profiling studies. The small RNAs were iso-
ated from DKO and HEK293T cells transfected with wild-
ype and FUS-R521C cDNA constructs, and miRNA tran-
criptome was profiled and mapped to the human reference
enome and other snRNA databases ( Figure 5 a ) . By using
he in silico DESeq2 format, we identified various differen-
ially expressed ( DE ) miRNAs in different pairwise compar-
sons using adjusted P value threshold of ≤ 0.01 and a log-fold
hange of ≥1.5 ( Figure 5 b ) . We found 695 differentially ex-
ressed miRNAs ( 553 upregulated and 142 downregulated )
in FUS-R521C expressing DKO cells in contrast to 41 in FUS-
R521C expressing HEK293T cells ( 31 upregulated and 11
downregulated ) when compared to the control groups ( Figure
5 b ) . Similarly, heat maps of the top 40 DE miRNAs in FUS-
R521C showed a contrasting trend in DKO and HEK293T
cells when compared to control groups ( Figure 5 c, Supple-
mentary Figure S6 ) , suggesting that mutant FUS-R521C ex-
pression in the absence of Drosha could influence the miRNA
expression profile. Interestingly, we found six distinct and dif-
ferentially expressed miRNAs ( three upregulated and three
downregulated ) when we compared the FUS-R521C vs con-
trol group in DKO cells with the FUS-R521C vs control group
in HEK293T cells ( Figure 5 d ) . To validate the miRNA se-
quencing results, we chose top-hit miRNAs from the up- ( miR-
6832–5p ) and down-regulated ( miR-378i ) groups and exam-
ined their expression pattern in FUS-expressing cells with or
without Drosha using the TaqMan qPCR assay. After normal-
ization with U6 snRNA, we found a significant and robust
decrease in miR-378i and increase in miR-6832–5p levels in
DKO cells expressing FUS WT and FUS-R521C as compared
to the HEK293T control groups ( Figure 5 e and f ) . Interest-
ingly, the levels of miR-378i showed a significant increase in
FUS-R521C-expressing HEK293T cells as compared to FUS
WT and control groups ( Figure 5 e ) . We validated our find-
ings in CRISPR / Cas9-edited human FUS iPSC neurons and
examined miR-378i and miR-6832–5p levels relative to iso-
genic control by real-time PCR. While the levels of miR-378i
remained unchanged, we found a significant reduction in miR-
6832–5p levels in differentiated FUS-P525L neurons as com-
pared to isogenic control ( Supplementary Figure S7 ) . Over-
all, these results demonstrate that Drosha-dependent miRNAs
might be affected by FUS mutations and could potentially
modulate FUS expression independently of 3 

′ UTR. 

Mapping protective effects of microRNAs in FUS 

iPSC neurons 

To investigate whether reduced miR-378i or increased miR-
6832–5p activity affects the expression of ALS-linked FUS
mutants, we modulated the levels of these miRNAs in FUS-
P525L neurons or stably expressing FUS-N2a cells using
custom synthesized, Cy3-labeled antagomiR-378i and miR-
6832–5p mimic ( Figure 6 a ) , respectively, and analyzed FUS
mRNA and protein levels. The antagomiR-378i and miR-
6832–5p mimic were validated by qPCR in HEK293T cells
( Figure 6 b and c ) . Intriguingly, we found a significant reduc-
tion in FUS protein levels by either suppressing miR-378i ac-
tivity or upregulating miR-6832–5p levels in FUS-P525L and
isogenic control neurons ( Figure 6 d and e ) , implying a possi-
ble direct-correlation between FUS expression and miR-378i
activity, while miR-6832–5p might exert an inverse interde-
pendence with FUS. Furthermore, we performed similar ex-
periments in N2a cells expressing FUS WT, R521C and P525L
under a DOX-inducible system ( Figure 6 f and g ) , as well as in
HEK293T cells transfected with wild-type and mutant FUS
( R518K and R521C ) ( Supplementary Figure S8 ) and found
a significant decrease in FUS protein levels by antagomir-
miR -378i, miR -6832–5p mimic ( Figure 6 g and Supplemen-
tary Figure S8 ) or both ( Figure 6 g ) . On the contrary, increas-
ing miR-378i or reducing miR-6832–5p levels caused a sig-
nificant upregulation in FUS protein levels in HEK293T cells
co-transfected with FUS ( WT, R518K and R521C ) and ei-
ther miR-378i mimic or antagomir-6832–5p ( Supplementary
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Figure 4. Decreasing Drosha activity pre v ents mutant FUS aggregation. ( A ) R epresentativ e IF images of cytoplasmic FUS aggregation in HEK cells 
transfected with HA-FUS, HA-R518K and HA-R521C ( left two columns ) and when cotransfected with phospho-dead Drosha with a serine to alanine 
change at position 300 / 302 ( four columns from the right ) . Inset images showed a strong reduction in the cytoplasmic mutant FUS puncta by DROSHA 

S300A / S302A o v ere xpression ( right column ) as compared to controls ( second column from left ) . ( B ) B ar graph quantification sho wing a significant 
reduction in the percentage of cells with FUS puncta by DROSHA S300A / S302A when co-expressed with FUSWT, R518K and R521C. Cells 
co-expressing FUS and cytoplasmic mutant Drosha from 6–8 confocal images were used for the quantification ( n = 6–8, t wo-t ailed unpaired t -test ) . ( C ) 
R epresentativ e immunoblots of HA-FUS le v els in HEK293T cell lysates transfected with HA-tagged wild-type ( WT ) and mutant FUS ( R518K and R521C ) 
with or without DROSHA S300A and S302A. Tubulin was used as a normalization control. ( D ) Bar graph showing that HA-FUS levels was significantly 
decreased in cells co-expressing DROSHA S300A / S302A and HA-tagged FUS ( WT, R518K and R521C ) as compared to FUS alone ( n = 3, t wo-t ailed 
unpaired t -test ) . ( E ) R epresentativ e IF images of HEK cells transfected with WT and mutant FUS ( HA-R518K and HA-R521C ) in combination with either 
control EGFP or DROSHA-GFP. Inset images showing a strong aggravation of cytoplasmic FUS puncta with DROSHA overexpression as compared to 
EGFP controls. ( F ) R epresentativ e immunoblots of HA-FUS le v els in HEK cells co-transfected with HA-FUS constructs ( WT, R518K and R521C ) and 
either DROSHA-GFP or EGFP control constructs. ( G ) Bar plot showing a significant increase in HA-FUS levels by DROSHA overexpression in cells 
co-expressing FUS constructs as compared to EGFP controls ( n = 3, t wo-t ailed unpaired t -test ) . All microscopic images were taken at 60 optical 
magnification, and DAPI was used to mark the nucleus. The data ( B, D and G ) represent mean ± SEM. P values ( **** < 0.0 0 0 1, ** < 0.0 1, * ≤0.05 ) . 
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Figure 5. Small RNA profiling of Drosha-dependent micro-RNAs in mutant FUS. ( A ) Schematic representation of the w orkflo w from the sample 
preparation to small RNA sequencing. ( B ) Bar-graph representation of differentially expressed microRNAs among nine different pairwise comparisons 
( control vs DKO, control vs FUS WT, control vs FUS R521C, FUSWT vs FUS R521C, DKO control vs DKO FUS WT, DKO control vs DKO FUS R521C, 
DKO FUS WT vs DKO FUS R521C and HEK FUS R521C vs DKO FUS R521C ) . ( C ) Heat map depicting the differentially expressed miRNAs in FUS-R521C 

compared to controls with or without Drosha in HEK293T cells. ( D ) Table of miRNAs with FDR adjusted P values 0.05 that are up- or down-regulated in 
DKO cells expressing FUS-R521C versus HEK293T cells transfected with FUS-R521C. ( E , F ) QPCR validation of miR-378i and miR-6832–5p levels as in 
the table in ( D ) in FUSWT, R521C and un-transfected control with or without Drosha. The data represent mean ± SEM. P values ( **** < 0.0001, 
*** < 0.001, * ≤0.05 ) . 
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igure S9 ) . Correspondingly, we found a significant decrease
n FUS mRNA levels in FUS-P525L and isogenic control neu-
ons by antagomir-378i and miRNA-6832–5p mimic, indicat-
ng that FUS could be the potential target of these miRNAs
 Figure 6 h ) . Furthermore, to determine whether FUS is the
ossible target of these miRNAs, we checked for the presence
f any putative target sites of these miRNAs in FUS by in silico
argetScan analysis. We found a single responsive element that

s complementary to the canonical 7-mer miR-6832–5p seed
equence in the 3 

′ UTR region of FUS ( Supplementary Figure
10 ) . Furthermore, on account of the low conservation con-
ext score of the miR-6832–5p seed sequence with the FUS
 

′ UTR, we speculated on the possibility of an indirect effect
f miR-6832–5p on FUS expression. Among all the possible
targets identified in our small RNA profiling, we found a pu-
tative target of miR-6832–5p, Ribosomal L1 domain contain-
ing 1 ( RSL1D1 ) , which has been shown as a possible inter-
actor of FUS ( 71 ) . The miR-6832–5p has three binding ele-
ments in the 3 

′ UTR of RSL1D1 mRNA ( Supplementary Fig-
ure S10 ) . By qPCR, we found a significant decrease in RSL1D1
mRNA levels in P525L neurons transfected with miR-6832–
5p mimic compared to isogenic control ( Figure 6 i ) , suggesting
a similar inverse correlation of miR-6832–5p expression with
RSLD1 levels as of FUS. To analyze the interrelationship of
FUS, RSL1D1 and miR-6832–5p, we evaluated the RSL1D1
mRNA expression in HEK293T cells transfected with wild-
type and mutant FUS ( R518K and R521C ) with or without
Drosha. Compared to FUSWT and controls, RSL1D1 mRNA
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Figure 6. miR-6832–5p and miR-378i regulate FUS expression. ( A ) Ribonucleotide sequences of custom-synthesized miR-6832–5p mimic and 
antagomiR-378i. ( B , C ) qPCR validation of miR-6832–5p and miR-378i levels in HEK293T cells following transfection with miR-6832–5p mimic ( B ) and 
antagomiR-378i ( C ) , respectively ( n = 4, t wo-t ailed unpaired t -test ) . ( D ) R epresentativ e immunoblots of FUS protein expression in isogenic controls and 
mutant FUS-P525L neurons after transfection with miR-6832–5p mimic and antagomiR-378i. G APDH w as used as internal control. ( E ) Bar graph showing 
a significant decrease in FUS protein le v els b y o v ere xpression of miR-6832–5p or inhibition of miR-378i in mutant FUS-P525L neurons as compared to 
isogenic controls ( n = 7, one w a y ANO V A ) . ( F ) R epresentativ e immunoblots demonstrating the le v els of FUS after treatment with miR-6832–5p mimic, 
antagomir-378i or both in DOX-induced FUS WT, FUS R521C and FUS P525L N2a cells. ( G ) Scatter bar graph showing the significant decrease in the 
le v els of wild-type and mutant FUS ( R521C and P525L ) in N2a cells as in ( F ) by miR-6832–5p mimic, antagomir-378i or both ( n = 8, one w a y ANO V A ) . ( H ) 
QPCR of total RNA from isogenic control and FUS-P525L neurons re v ealed a significant decrease in FUS le v els in neurons transfected with 
miR-6832–5p mimic or miR-378i inhibitor, respectively, as compared to untransfected controls ( n = 4, t wo-t ailed unpaired t -test ) . ( I ) Bar plot of target 
v alidation b y qPCR sho wing a decrease in R SL1D1 mRNA le v els b y miR-6832–5p ( n = 4, tw o-tailed unpaired t -test ) . ( J ) qPCR of RNA isolated from DKO 

cells expressing WT and mutant FUS showed a significant reduction in RSL1D1 mRNA as compared to HEK293T controls ( n = 3, t wo-t ailed unpaired 
t -test ) . ( K ) R epresentativ e e y e images of flies e xpressing WT and mutant FUS transgene either alone or in combination with RNAi-mediated knockdo wn 
of RSL1D1. ( L ) Bar plot depicting that RSL1D1 knockdown significantly reduces FUS-mediated eye degeneration in WT and mutant FUS flies ( n = 16, 
t wo-t ailed unpaired t -test ) . The data ( B, C, E, G, H, I, J and L ) represent mean ± SEM. P values ( **** < 0.0 0 01, *** < 0.0 01, * < 0.01, * ≤0.05 ) . 
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evels were significantly increased in FUS-R518K and FUS-
521C expressing cells, and its levels showed a significant re-
uction in the absence of Drosha ( Figure 6 j ) . To further probe
he genetic and functional link between FUS and RSL1D1, we
ssessed the effect of RNAi-mediated knockdown of RSL1D1
n mutant FUS-linked eye degeneration in vivo ( Figure 6 k ) .
ompared to WT and mutant FUS ( R518K and R521C ) ex-
ressing flies, we found a significant decrease in FUS-mediated
ye degeneration on RSL1D1 depletion ( Figure 6 k and l ) , sug-
esting that RSL1D1 could be a possible modulator of FUS
oxicity , thereby , establishing a feasible interdependence be-
ween RSL1D1, FUS and miR-6832–5p activity. 

iR-378i suppresses G3BP1-mediated stress 

ranule formation and modulates mutant FUS 

olubility 

ince the sequestration of mutant FUS into insoluble cytoplas-
ic inclusions is known to cause neuronal toxicity and death,
e evaluated the effect of miR-378i and miR-6832–5p activity
n the FUS solubility in neuronal cells. First, we examined if
he mutant FUS caused the segregation of miR-378i and miR-
832–5p in the soluble and insoluble RNA fractions of DOX-
nduced FUSWT, FUS-R521C and FUS-P525L N2a cells by
PCR ( Figure 7 a and b ) . We found a significant 2- to 4-fold
ncrease in miR-378i levels in the insoluble fraction of R521C
nd P525L cells, whereas FUSWT showed no apparent change
n the miRNA levels ( Figure 7 a ) . On the contrary, miR-6832–
p showed a significant decrease in the insoluble fraction of
5252L with no change in FUSWT and R521C cells ( Figure
 b ) , suggesting that mutant FUS may lead to differential and
bnormal sequestration of miRNAs in the cytoplasmic insol-
ble inclusions. Next, we tested whether altering the levels of
iR -378i and miR -6832–5p affects the solubility of FUS pro-

ein. We transfected FUS-P525L and isogenic control neurons
ith either antagomir-378i or miR-6832–5p mimic and mea-

ured the levels of FUS protein in the soluble and insoluble
ysates. We found that both antagomir-378i and miR-6832–
p mimic caused a significant reduction in the insoluble FUS
rotein in P525L neurons as compared to the isogenic con-
rols ( Figure 7 c and d ) . Likewise, we investigated the effect of
iR -378i and miR -6832–5p activity on the protein solubility
f other two FUS mutants, FUS-R518k and FUS-R521C, in
EK293T cells and found that the absence of miR-378i activ-

ty significantly abated the levels of insoluble mutant FUS pro-
ein ( Figure 7 e and f ) whereas increased miR-6832–5p activity
as required to improve FUS solubility ( Figure 7 e and g ) . Fur-

hermore, we probed the role of miR-378i and miR6832-5p
n the sequestration of mutant FUS into insoluble cytoplas-
ic stress granules by IF. We introduced antagomir-378i and
iR6832-5p mimic into the Dox-induced R521C cells and

ssessed the change in FUS solubility and localization under
tress condition ( Figure 7 h and i ) . We found that antagomir-
78i significantly ameliorated insoluble FUS inclusions in the
ytoplasm. Notably, the cells with higher levels of antagoimiR-
78i showed a significant reduction in FUS R521C level, sug-
esting that the dosage of miRNA-378i is crucial for mu-
ant FUS expression and its aggregation ( Figure 7 h and j ) . We
ound equivalent results when we overexpress miR-6832–5p
nd found a significant decrease in R521C intensity and its cy-
oplasmic aggregation in N2a cells ( Figure 7 i and k ) . Interest-
ngly, we found that reducing miR-378i levels significantly pre-
ent G3BP-mediated stress granule formation, suggesting that
miR-378i could be involved in the buildup of insoluble FUS
inclusions by modulating the stress granule assembly ( Figure
7 h, l and Supplementary Figure S11 ) . However, miR-6832–
5p has no apparent effect on G3BP-mediated stress granules,
suggesting that it might regulate FUS levels and solubility via
some other mechanism ( Figure 7 i and l ) . Overall, these find-
ings indicate that mutant FUS expression and its toxic cyto-
plasmic segregation could be regulated by altering the activity
of various Drosha-dependent miRNAs. 

Discussion 

Our findings demonstrate a strong correlation between
Drosha and microRNAs expression with FUS levels, its sol-
ubility, and the abnormal segregation of mutant FUS in
the cytoplasm. Disease causing mutation in FUS have been
linked with clinically heterogeneous and aggressive forms of
ALS ( 71–74 ) . With previous unbiased deficiency screen in
Drosophila ( 45 ) combined with the knockdown studies, we
identified Drosha as one of the strong suppressors of FUS-
mediated degeneration and neuronal defects. Drosha is the
core ribonuclease of miRNA processing pathway responsible
for generating microRNA precursors ( pre-miRNAs ) in the nu-
cleus ( 40 , 41 , 75 ) . Drosha has been extensively studied for its
cell-type specific expression ( 49 ) , posttranscriptional modifi-
cations ( 76 ) , degradation ( 77 ) and for its importance in RNA
metabolism ( 78 ) , development, differentiation and regulation
of neurogenesis ( 79 ,80 ) . However, it has never been directly
implicated with ALS pathogenesis. We performed compre-
hensive studies in Drosophila to demonstrate that targeted
depletion of Drosha can sufficiently mitigate FUS-mediated
neurodegeneration ( Figure 1 ) . We found that knockdown of
Drosha significantly attenuated eye degeneration and develop-
mental eclosion defects, as well as motor neuron-related loco-
motion and climbing defects caused by wild-type and mutant
FUS expression in flies. Interestingly, we found a direct correla-
tion between Drosha and FUS levels. The reduction of Drosha
in motor neurons of flies caused a significant decrease in the
levels of FUS and it was further validated in CRISPR / Cas9
generated DKO HEK293 cells ( Figure 3 c ) . Intriguingly, we
found that Drosha affects FUS protein levels independently
of the 3 

′ UTR ( Figure 3 c and Supplementary Figure S3 ) and its
reduction strongly abated the stability of overexpressed FUS
WT and R521C ( Figure 3 h–m ) . This suggests that Drosha may
regulate FUS levels by modulating its interaction and rate of
degradation ( Figures 2 and 3 ) . Furthermore, the reduced lev-
els of Drosha significantly improved the life span of FUS ex-
pressing flies, further supporting our findings that Drosha is a
strong modulator of FUS activity and toxicity. 

Drosha assembles in a large protein complex, known as
the Drosha Microprocessor complex, in association with
DGRC8 and multiple auxiliary factors such as RNA heli-
cases ( p68, p72 and DHX9 ) and hnRNPs ( hnRNP R, hn-
RNP H1 and hnRNPU ) which together modulate the bind-
ing efficacy, fidelity and cleavage specificity of Drosha ( 39 ,81 ) .
Recently, FUS has been identified as one of the interac-
tors and regulator of Drosha-mediated miRNA biogene-
sis ( 39 ) . FUS facilitates the generation of subset of miR-
NAs by binding and recruiting Drosha at pri-miRNA chro-
matin loci ( 29 ,30 ) . The direct implication of mutant FUS
that manifests as toxic protein aggregates on Drosha ex-
pression and activity is not well studied in ALS pathogen-
esis. We found that mutant FUS ( R521C ) showed a strong
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Figure 7. Ov ere xpression of miR-6832–5p and inhibition of miR-378i promote FUS solubility and pre v ent its cytoplasmic aggregation. ( A , B ) Bar graphs 
showing the fold change in the mature miRNA levels of miR-378i ( A ) and miR-6832–5p ( B ) in the soluble and insoluble fractions of total RNA isolated 
from DOX-induced FUS WT, FUS R521C and FUS P5252L N2a cells ( n = 3, t wo-t ailed unpaired t -test ) . ( C ) Representative immunoblots presenting the 
soluble and insoluble fractionation of FUS protein in FUS-P525L and isogenic control neurons when transfected with miR-6832–5p mimic and 
antagomir-378i. ( D ) Bar graph quantification of ratio of insoluble to soluble levels of FUS as in panel ( C ) , showing a significant reduction in insoluble FUS 
le v els in FUS-P525L transfected with miR-6832–5p mimic and antagomiR-378i as compared to control neurons ( n = 3, two-tailed unpaired t -test ) . ( E ) 
R epresentativ e blots of soluble and insoluble fractionation of FUS from HEK293T cell cotransfected with FUS constructs ( WT, R518K and R521C ) and 
miR-6832–5p mimic or antagomiR-378i. ( F , G ) Bar graphs representing the significant decrease in insoluble FUS levels by miR-378i inhibition ( F ) and 
miR-6832–5p o v ere xpression ( G ) in cells expressing WT and mutant FUS . Soluble t ubulin le v els w ere used as normalization control ( n = 4, tw o-tailed 
unpaired t -test ) . The data represent mean ± SEM. P values ( **** < 0.0 0 0 1, ** < 0.0 1, * < 0.05 ) . ( H ) R epresentativ e IF images of DOX-induced and sodium 

arsenite-treated R521C-N2a cells transfected with antagomir-378i for 48 hours. T he lo w er tw o panels depict the effect of heterogenous transfection ( low 

and high ) of antagomir-378i on FUS le v els and cytoplasmic G3BP-puncta compared to controls ( I ) R epresentativ e IF images of DOX-induced and sodium 

arsenite-treated FUS R521C-N2a cells depicting the decrease in FUS expression when transfected with miR-6832–5p. ( J ) Bar plot showing significant 
decrease in FUS expression with different transfected le v els of antagomir-378i as shown in ( H ) ( n = 25–35, two-tailed unpaired t -test ) . ( K ) Bar graph 
showing that overexpression of miR-6832–5p significantly decrease FUS levels as in ( I ) ( n = 76, t wo-t ailed unpaired t -test ) . ( L ) Bar plot indicating a 
significant reduction in the number of G3BP-positive stress granule puncta by antagomir-378i in DOX-induced FUS R521C as shown in ( H ) . Four 
x60 microscopic images were used for the quantification ( n = 4, t wo-t ailed unpaired t -test ) , and DAPI was used to mark the nucleus. The data ( A, B, D, F 
and G ) represent mean ± SEM. P values ( **** < 0.0 0 0 1, ** < 0.0 1, * ≤0.05 ) . 
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nteraction with Drosha and caused its abnormal sequestra-
ion in the cytoplasmic FUS inclusion ( Figure 2 b and c ) . More-
ver, Drosha showed a strong nuclear / cytoplasmic partition-
ng under stress condition and accumulates in G3BP-positive
ytoplasmic stress granule ( Figure 2 d ) . Previous studies have
hown that stress causes P38MAPK-mediated phosphoryla-
ion of Drosha which prevents its interaction with DGCR8
nd promotes its nuclear export and degradation ( 82 ) . Thus,
e can deduce that disease causing FUS mutations may influ-

nce Drosha function by altering its expression and subcellu-
ar localization. 

The unbalanced nuclear / cytoplasmic partitioning and en-
rapment of mutant FUS in the cytoplasmic stress granules
s a well-established hallmark of ALS-FUS pathogenesis ( 21 ) .

e demonstrated that depletion of Drosha in Drosophila
rain and HEK293T cells led to decrease cytoplasmic mu-
ant FUS inclusions, and this effect is dependent on Drosha
evels and activity ( Figure 3 a and f ) . Drosha activity and its
uclear import is dependent on its phosphorylation at 300
nd 302 Serine residues ( 68 ) . We found that overexpression
f phospho-dead Drosha with Serine to Alanine change at
00 / 302 residue in HEK-293T cells prevents the aggregation
f mutant FUS in cytoplasm and cause a significant decrease
n FUS levels ( Figure 4 a ) . Together, these results indicates that
eduction in Drosha activity seems essential for dispersing ab-
ormal mutant FUS aggregates. 
Drosha is a core protein for microRNA biogenesis and a

ariety of microRNAs are essential for the functioning of the
ervous system and the development and survival of neu-
ons ( 39 , 69 , 79 ) . Dysregulation of miRNA networks have been
inked with various neurodegenerative diseases, including ALS
nd Alzheimer’s disease ( AD ) ( 69 ,83–85 ) . FUS via its inter-
ction with Drosha is shown to facilitate synthesis of vari-
us neuronal-specific miRNAs, with an essential role in neu-
onal differentiation and synaptogenesis ( 42 ,69 ) . To compre-
ensively assess the detrimental effect of disease-causing FUS
utations on global microRNA biogenesis and to identify var-

ous miRNAs misregulated and involved in Drosha-mediated
uppression of FUS toxicity independent of 3 

′ UTR, we ex-
ressed wild-type and mutant FUS R521C cDNA constructs
n the control and CRISPR / Cas9 generated DKO HEK293
ells and performed microRNA profiling by high throughput
NA sequencing. Intriguingly, we found six Drosha-regulated
icroRNAs that are differentially expressed in mutant FUS-
521C ( Figure 5 ) . Of these, we further evaluated the role of
iR-378i and miR-6832–5p in context of mutant FUS toxic-

ty in mouse N2a cells as well as in CRISPR / Cas9 generated
US P525L iPSC neurons. miR-378i levels showed a signif-

cant decrease in FUS-R521C expressing DKO cells whereas
iR-6832–5p was highly upregulated upon Drosha depletion,

uggesting that mutant FUS-R521C has a contrasting effect on
he expression of these Drosha-dependent miRNAs. miR-378
amily of microRNAs have been implicated in various forms
f cancer as well as neuronal autophagy and neurological
unctional impairment ( 86 ) , however, the role of miR-378i and
iR-6832–5p is still not well established. We found that mod-
lating the levels of miR-378i and miR-6832–5p has contrast-
ng effect on the expression, localization and solubility of mu-
ant FUS in N2a and FUS-P525L neurons. The levels of miR-
78i were significantly elevated in the insoluble RNA frac-
ion of mutant FUS ( R521C and P5252L ) expressing N2a cells
hereas miR-6832–5p levels are significantly lower in the in-

oluble RNA fraction of FUS-P525L cells, suggesting a distinc-
tive mode of action of the two miRNAs in FUS-mediated toxi-
city ( Figure 7 a and b ) . We used custom-synthesized antagomir-
378i and miR-6832–5p mimic to determine the effect of these
miRNAs on FUS levels, localization, and solubility. Our data
suggested that depletion of miR-378i led to decrease in FUS
mRNA and protein levels, prevents the toxic segregation of
mutant FUS into the cytoplasmic G3BP-positive stress gran-
ules and significantly decrease the insolubility of mutant FUS.
On the contrary, we found that miR-6832 overexpression is
required to ameliorate FUS levels, mutant FUS solubility and
its cytoplasmic aggregation. In silico target analysis showed a
single putative target site of miR-6832–5p on the 3 

′ UTR re-
gion of FUS, suggesting the possibility of FUS being the direct
target of miR-6832–5p. In addition, among various presumed
targets of miR-6832–5p, we found RSL1D1 ( also validated by
qPCR ) , which is a known putative interactor of FUS ( 71 ) and
found a possible link between mutant FUS toxicity with the
miR-6832–5p target-RSL1D1 ( Supplementary Figure S4 ) . We
found that depletion of Drosha significantly decrease the levels
of RSL1D1, which is contrary to the increased levels of miR-
6832–5p on DK O . Additionally, we found that decrease in
RSL1D1 levels significantly alleviated FUS mediated eye toxic-
ity in flies. These data suggest that miR-6832–5p may regulate
FUS activity through different molecules and pathways. On
the other hand, we found that antagomiR-378i impedes mu-
tant FUS aggregation by preventing the G3BP-mediated stress
granule formation, and since miR-378i showed less target sim-
ilarly with FUS, we suggest a possible indirect mode of regu-
lation of mutant FUS toxicity by miR-378i ( Figure 7 h ) . 

Overall, our study established Drosha as a potential modi-
fier of FUS-mediated neurodegeneration and revealed a differ-
ential miRNA-based regulation of FUS activity and solubility.
With this work, we elaborated that Drosha and FUS activ-
ities are interdependent and disease-causing FUS mutations
disrupt microRNA biogenesis. We provided compelling evi-
dence highlighting alternate miRNA-linked molecular mech-
anisms in modulating pathogenic FUS mediated neurodegen-
eration in ALS. 
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