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Abstract

TAR DNA-binding protein 43 (TDP-43) is a DNA/RNA-binding protein that is integral to RNA processing.
Among these functions is a critical role in microRNA (miRNA) biogenesis through interactions with the
DROSHA and DICER complexes. It has been previously shown that there is a general reduction in miRNA
levels within the spinal cord and spinal motor neurons of amyotrophic lateral sclerosis (ALS) patients. In
addition, the most common pathological feature of ALS is re-distribution of TDP-43 from the nucleus to the
cytoplasm where it forms cytoplasmic inclusions. Among miRNAs dysregulated in ALS, several are known
to regulate TDP-43 expression. In this study, we demonstrate that TDP-43 is in a regulatory negative feed-
back network with miR-181c-5p and miR-27b-3p that is dependent on its nuclear localization within
HEK293T cells. Further, we show that cellular stress which induces a redistribution of TDP-43 from the
nucleus to the cytoplasm correlates with the reduced production of miR-27b-3p and miR-181c-5p. This
suggests that reduced nuclear TDP-43 disrupts a negative feedback network between itself and miRNAs.
These findings provide a further understanding of altered miRNA biogenesis as a key pathogenic process
in ALS.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).

Introduction

TAR DNA-binding Protein 43 (TDP-43) is a
primarily nuclear DNA/RNA-binding protein that is
ubiquitously expressed in every cell and has a
diverse set of functions which include: mRNA
transcription, mRBNA splicing, mRNA transport,
microRNA (miRNA) and long non-coding RNA
(IncRNA) processing, and mRNA translation.’ Sev-
eral of these functions have been identified as dys-
regulated within motor neurons of patients with

amyotrophic lateral sclerosis (ALS) where TDP-43
re-locates from the nucleus to the cytoplasm result-
ing in the subsequent formation of pathological
aggregates. This phenomenon occurs in 97% of
all ALS cases.”™®

In vitro and in vivo models have shown that an
induced cellular stress can cause TDP-43 to re-
locate from the nucleus to the cytoplasm and
enter stress granule structures.®® Proteins with
low-complexity domains (LCD), like TDP-43, have
been shown to phase separate into liquid droplets;
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however, if left to accumulate, LCD-containing pro-
teins can form irreversible insoluble fibrils which are
believed to be the precursors of pathological inclu-
sions in ALS motor neurons.”'® Evidence that
stress granules may act as a seed for pathological
cytoplasmic aggregates of TDP-43 in ALS is that
TIA-1, an essential stress granule component, co-
localizes with TDP-43 aggregates in ALS motor
neurons.'"'? Further, increased mRNA and protein
levels of TDP-43 have been observed in both the
spinal cord and motor neurons of ALS patients,’®'*
suggesting that TDP-43 levels are being aberrantly
regulated which may contribute to its accumulation
into cytoplasmic aggregates.

Our lab, and others, have shown that a large pool
of miRNAs, small BRNA molecules (20, 22
nucleotides) generally responsible for post-
transcriptional gene suppression’'°*—have reduced
levels within ALS spinal cord and motor neu-
rons.*>'® Further, we have shown that ALS-linked
miRNAs suppress TDP-43 expression suggesting
that the loss of miRNA function could result in
increased levels of TDP-43 in ALS motor neu-
rons.'” Given the observation that TDP-43 is
involved in the miRNA biogenesis pathway through
interactions with both the DROSHA and DICER
complex,'® we postulated that TDP-43 regulates
the production of miRNAs that in turn will suppress
its expression. We further hypothesize that TDP-43
is in a negative feedback loop with a specific group
of miRNAs and that this function is dependent on
its nuclear localization.

In this manuscript, we explore the negative
feedback network between TDP-43 and two ALS-
related miRNAs, miR-27b-3p and miR-181c-5p, in
HEK293T cells and demonstrate that this
regulation is dependent on TDP-43 nuclear
localization. Further, we also demonstrate that
TDP-43 affects the processing of these two
miRNAs at different levels within the miRNA
biogenesis pathway.

Results

Knockdown of TDP-43 alters small RNA profile
in HEK293T cells

Knockdown of TDP-43 in HEK293T cells was
accomplished using an siRNA pool targeting
TARDBP (siTDP #1) mRNA (Figure 1(A)). MiRNA
expression was then analyzed by microarray. We
observed that more than 370 small RNAs
(scaBNAs, snoRNAs, and miRNAs) were
significantly dysregulated, most of which were
miRNAs (Figure 1(B), Table S1). Interestingly,
several miRNAs that were downregulated
following knockdown of TDP-43 also contained a
miRNA recognition element (MRE) within the
3'untranslated region (UTR) of TARDBP (Figure 1
(C)) according to miRanda software. We selected
five miRNA candidates with MREs in the
TARDBP 3'UTR that had the greatest reduced

fold-change following knockdown of TDP-43, and
confirmed with real-time PCR that four of the five
selected miRNAs (miR-27b-3p, miR-30a-5p, miR-
181c-5p and miR-425-3p) were significantly
downregulated after knockdown of TDP-43, while
miR-1260b showed a non-significant reduction
(Figure 1(D)).

In previous work, we had shown that of the 4
miRNA candidates identified here, miR-27b-3p,
miR-181c-5p and miR-425-3p, but not miR-30a-
5p, were significantly reduced in sSALS spinal
cord.® However, using TargetScan 7.2,"° only
miR-27b-3p and miR-181c-5p had conserved
MREs in the TARDBP 3'UTR giving them a high
probability that they would affect TDP-43 expres-
sion. Given this information, we decided to check
whether miR-27b-3p and miR-181c-5p were
expressed in spinal motor neurons. Indeed, using
fluorescent in situ hybridization, we observed that
both miRNAs are expressed in human spinal motor
neurons (Figure S1), and therefore, we decided to
explore their relationship with TDP-43 expression.

MiR-27b-3p and miR-181c-5p reduce TDP-43
expression

To determine whether miR-27b-3p and/or miR-
181c-5p regulate TDP-43 expression, miRNA
mimics of both miR-27b-3p and miR-181c-5p
were individually transfected into HEK293T cells.
This led to a reduction of both endogenous TDP-
43 protein and mRNA levels 48 hours after
transfection (Figure 2(A)—(C)). Further, we
individually transfected antagomirs to suppress
the endogenous function of either miR-27b-3p,
miR-181c-5p, or both. This led to a significant
increase in TDP-43 protein and mRNA expression
when the antagomir targeting miR-181c-5p (Anti-
181c) was transfected, but no effect was
observed in transfecting the antagomir targeting
miR-27b-3p (Anti-27b) alone. Transfecting both
Anti-181c and Anti-27b had no greater impact on
TDP-43 expression than observed when
transfecting Anti-181c alone (Figure 2(D)—(F)).
Previous research has shown that miR-27b-3p,
and its miRNA family member miR-27a-3p, work
together to suppress gene expression as they
have the same MREs.?"?? Therefore, since miR-
27b-3p inhibition alone is insufficient to induce
increased TDP-43 expression, we examined
whether miR-27a-3p could suppress TDP-43 levels
in the absence of miR-27b-3p. As observed with
miR-27b-3p, the inhibition of miR-27a-3p alone
does not affect TDP-43 protein levels. However,
the inhibition of both miR-27a-3p and miR-27b-3p
simultaneously induces a significant increase in
TDP-43 protein levels (Figure S2). Therefore, this
data indicates that while miR-181c-5p and miR-
27b-3p are in a negative feedback loop with TDP-
43, miR-27a-3p can replace the function of miR-
27b-3p in suppressing TDP-43 when miR-27b-3p
is absent and explains our failure to observe an
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Figure 1. Change in small RNA expression following knockdown of TDP-43 in HEK293T cells. (A) Western blot
showing knockdown of TDP-43 via siRNA (siTDP #1). (B) Volcano plot indicating change in global small RNA
expression following knockdown of TDP-43 (n = 3). Green and red represent downregulated and upregulated small
RNAs, respectively. Microarray data was normalized to spike-in control probe sets. (C) List of miRNAs that are
downregulated following knockdown of TDP-43 and that have MREs within the TARDBP 3'UTR according to
miRanda software. (D) Real-time PCR was used to confirm the change in candidate miRNA expression following
TDP-43 knockdown (n = 3). Real-time PCR data was normalized to an endogenous control (miR-1296-5p). Bars
represent mean fold-change (2A-AACT) + SD in real-time PCR analysis. Student’s t-test was used to determine
significance in microarray and real-time PCR analyses (*p < 0.05, **p < 0.01).

alteration in TDP-43 expression in the presence of
the antagomir targeting miR-27b-3p alone.

We then examined whether miR-27b-3p and
miR-181c-5p regulated TARDBP expression via
direct interactions with the 3'UTR of TARDBP.
Wild-type TARDBP 3'UTR or TARDBP 3'UTR
containing mutations in the +2 and +3 position of
either the miR-27b-3p or miR-181c-5p MRE were
linked to a firefly luciferase gene (Figure 2(Q)).
Reporter gene assays revealed that when the
firefly gene contains the wild-type TARDBP
3'UTR there is a reduction in luciferase activity in
the presence of either exogenous miR-27b-3p or
miR-181c-5p. However, these miRNAs have no
effect on the luciferase activity when the TARDBP
3'UTR contains mutations in their respective
MREs (Figure 2(H)). This indicates that both miR-
27b-3p and miR-181c-5p can interact directly with
the 3UTR of TARDBP in order to reduce gene
expression.

Nuclear localization of TDP-43 is required to
regulate miR-27b-3p and miR-181c¢c-5p
expression

Since cellular stress is known to alter TDP-43
localization from the nucleus to the cytoplasm, we
wanted to determine whether stress would lead to
a reduction in the levels of miR-27b-3p and miR-
181c-5p similar to that observed following
knockdown of TDP-43. After an induced cellular
stress, levels of both miR-27b-3p and miR-181c-
5p were significantly reduced concomitant with
the expected reduction of nuclear localization of
TDP-43 (Figure 3).

Based on this information, we next determined if
the nuclear localization of TDP-43 is a
requirement for the regulation of miR-27b-3p and
miR-181c-5p expression. To do this, we used
plasmids (SiRES) resistant to a specific siRNA
(siTDP #2) which contained either FLAG-tagged
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Figure 2. MiR-27b-3p and miR-181c¢-5p decrease TDP-43 protein and mRNA expression by interacting with the
TARDBP 3'UTR. (A) Western blot showing TDP-43 and GAPDH protein levels following transfection of either
scramble control (SCR), miR-27b-3p and miR-181c¢-5p. (B) Quantification of relative TDP-43 protein expression when
normalized to GAPDH (n = 3). (C) Change in mRNA expression of TARDBP when normalized to 18S rRNA following
transfection of either SCR, miR-27b-3p, or miR-181c-5p (n = 3). (D) Western blot showing TDP-43 and GAPDH
protein following transfection of SCR, Anti-27b, Anti-181c, or both Anti-27b and Anti-181c. (E) Quantification of TDP-
43 protein when normalized to GAPDH. (F) TARDBP mRNA when normalized to 18S following transfection of SCR or
antagomirs (n = 3). (G) Plasmids containing a reporter gene linked to wild-type or mutant TARDBP 3'UTRs were co-
transfected in HEK293T cells with either SCR (control), miR-27b-3p or miR-181c¢-5p to determine changes in reporter
gene expression. (H) Reporter gene assays showing the change in expression of the reporter gene when linked to
either the wild-type (TDP WT) or mutated (TDP Mut) TARDBP 3'UTR when in the presence of either miR-27b-3p, or
miR-181c-5p (n = 9). Data was normalized to renilla expression prior to comparison and was further normalized to
account for the individual miRNAs effect on the reporter plasmid itself. Bars represent mean + SD. Significance was
determined using a one-way ANOVA followed by a Tukey’s post-hoc for multiple comparisons ("$p > 0.05, *p < 0.05,
**p < 0.01, **p < 0.001).

wild-type TDP-43 (siRES pC32-FLAG-TDP-43  ure S3(C)—€). The siRES pC32-FLAG-TDP-43

WT) or FLAG-tagged TDP-43 without its nuclear
localization signal (siRES pC32-FLAG-TDP-43
ANLS), as previously described.?® Both plasmids
had a transfection efficiency of ~70% (Figure S3
(A) and (B)). SiTDP #2 was able to knockdown
endogenous TDP-43 (Figure 4(A)) without affect-
ing the expression of the siRES plasmids (Fig-

WT plasmid was primarily nuclear, while siRES
pC32-FLAG-TDP-43 ANLS was primarily cyto-
plasmic (Figure 4(B)) as expected. 24 hours after
transfection of either SCR (negative control) or
siTDP #2, either pcDNA 3.1 (negative control),
siRES pC32-FLAG-TDP-43 WT, or siRES pC32-
FLAG-TDP-43 ANLS were transfected into
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Figure 3. Reduced expression of miR-27b-3p and miR-181c-5p and reduced nuclear localization of TDP-43 five
hours post-osmotic stress (A) HEK293T cells were either not treated (control) or treated with 400 mM of sorbitol to
induce an osmotic stress. Cells were fixed and stained for TDP-43 (red) and TIA-1 (green) immunofluorescence.
Scale bar represents 50 um. (B) MiR-27b-3p (n = 3) and miR-181c-5p (n = 5) expression between non-stressed and
stressed cells was measured via real-time PCR. Expression levels were normalized to an exogenous control (cel-
miR-39b-5p) prior to comparison. Bar represents mean fold-change (2A-AACT) + SD. Student’s t-test was used to

determine significance (*p < 0.05, **p < 0.01).

HEK293T cells. Recovery of both miR-27b-3p and
miR-181c-5p to normal levels 48 hours post-
knockdown of TDP-43 was seen only when cells
were transfected with siRES pC32-FLAG-TDP-43
WT and not when either pcDNA 3.1 or siRES
pC32-FLAG-TDP-43 ANLS plasmids were trans-
fected (Figure 4(C)), indicating that TDP-43
nuclear localization is necessary for the expres-
sion of miR-27b-3p and miR-181c-5p.

Knockdown of TDP-43 or cellular stress affect
primary miRNA processing

Based on the reduction of mature miRNA levels
of miR-27b-3p and miR-181c-5p observed
following knockdown of TDP-43, we wanted to
determine at what level in the biogenesis pathway
of these two miRNAs that TDP-43 was acting.
After total RNA extraction, we designed primers
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Figure 4. Nuclear localization signal of TDP-43 is required for the regulation of miR-27b-3p and miR-181c-5p
expression. (A) Western blot showing knockdown of TDP-43 following transfection of siRNA (siTDP #2). (B)
Immunofluorescence showing localization of either pC32-FLAG-TDP-43 wild-type (TDP WT) or pC32-FLAG-TDP-43
ANLS (TDP ANLS in which the nuclear localization signal was deleted) siRES plasmids. Scale bar represents 25 pm.
(C) HEK293T cells were transfected with either SCR (control) or siTDP #2, and then transfected again 24 hours later
with either pcDNA (control), TDP WT or TDP ANLS plasmids. MiR-27b-3p and miR-181c-5p levels were measured 24
hours after transfection of plasmids (n = 3). Expression levels were normalized to an exogenous control (cel-miR-39b-
5p) prior to comparison. Bar represents mean fold-change (2A-AACT) + SD. SCR + pcDNA samples were negative
controls in which the bar representing their expression levels was set at one for comparison purposes. Significance
was determined using (A) Student’s t-test, or (D) a one-way ANOVA followed by a Tukey’s post-hoc for multiple

comparisons ("$p > 0.05, *p < 0.05**p < 0.01).

that would capture both primary and precursor
miRNA molecules (Figure S4(A)). Amplification of
primary (pri-miRNA) and precursor miRNAs (pre-
miRNA) together for both miR-27b and miR-181c
showed no change in expression following
knockdown of TDP-43 (Figure S4(B)—(C)). In
order to examine primary miRNA structures
separately from precursor molecules, we
designed primers outside the region of the
precursor sequence (Figure 5(A)). When
examining pri-miRNAs separately, we observed
that there was a significant increase in the
amount of pri-miR-181c, while there was no
change in pri-miR-27b levels (Figure 5(B) and
(C)) showing that reduced TDP-43 affects the
levels of pri-miR-181c.

We next examined whether cellular stress would
have a similar effect on the primary and precursor
miRNAs as observed with knockdown of TDP-43.
We observed a significant increase in pri/pre-miR-
27b and pri/pre-miR-181c after stress (Figure S4
(D) and (E)). When looking at the primary miRNA
molecules specifically, there was a significant
increase in pri-miR-27b and pri-miR-181c
following a cellular stress (Figure 5(D)—(E)).
Taken together, the data suggests that reduced
levels of mature miRNA levels either by
knockdown of TDP-43 or cellular stress is not due
to reduced primary miRNA levels, but rather,
reduced processing of these miRNAs. Given this,
we next further investigated precursor structures
of miR-27b and miR-181c.
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Figure 5. Knockdown of TDP-43 increases levels of pri-miR-181c, while cellular stress increases levels of both pri-
miR-27b and pri-miR-181c. (A) Representative imagine of primary transcripts showing location of forward (purple line)
and reverse primers (green line). Primers were designed only to capture pri-miRNA structure. HEK293T cells were
either (B) transfected with siTDP #1, or (D) exposed to an osmotic stress (Scale bar represents 50 um). RT-qPCR of
pri-miR-27b (n = 4) and pri-miR-181c (n = 4/5) following (C) knockdown of TDP-43, or (E) an osmotic stress.
Expression levels were measured using densitometry and were normalized to 18S rRNA prior to comparison. Bars
represent mean = SD. Significance was determined using a Student’s t-test (VSp > 0.05, *p < 0.05, **p < 0.01).

Knockdown of TDP-43 and cellular stress
affects precursor miRNA processing

Knockdown of TDP-43 showed no change in the
overall levels of pre-miR-27b or pre-miR-181c
(Figure 6(A) and (B)), while cellular stress led to a
significant increase in pre-miR-27b but had no
effect on pre-miR-181c levels (Figure 6(C) and
(D)). Since precursor miRNA molecules are
present in the nucleus and cytoplasm, we wanted
to determine the levels of pre-miR-27b and pre-
miR-181c within both cellular compartments.

We successfully fractionated samples into
nuclear and cytosolic fractions (Figure S5). Both
knockdown of TDP-43 and an induced cellular
stress caused a significant reduction in cytosolic
pre-miR-181c, but no significant change in its
nuclear levels, whereas there was no significant

change in nuclear or cytosolic levels of pre-miR-
27b in both conditions (Figure 7). This suggests
that the knockdown of TDP-43 and cellular stress
can affect the levels of certain pre-miRNA
molecules within the cytosolic compartment,
specifically pre-miR-181c, while having no effect
on other pre-miRNA molecules, such as pre-miR-
27b.

Despite showing that knocking down TDP-43
causes deficits at several levels of miRNA
processing, there was no effect on the expression
of the major proteins involved in the miRNA
biogenesis pathway at the time we see changes
to miRNA levels (Figure S6). This suggests in this
time frame that TDP-43 plays a critical role in the
function of proteins within the miRNA biogenesis
pathway when processing miR-27b-3p and miR-
181c-5p.
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Figure 6. Knockdown of TDP-43 has no effect on overall pre-miR-27b or pre-miR-181c levels, while cellular stress
increases levels of pre-miR-27b. HEK293T cells were either (A) transfected with siTDP #1, or (C) exposed to an
osmotic stress (Scale bar represents 50 um). Real time PCR of pre-miR-27b (n = 3) and pre-miR-181c (n = 3) levels
following (B) knockdown of TDP-43, or (D) an osmotic stress. Expression levels were normalized to an exogenous
control (cel-miR-39b-5p) prior to comparison. Bar represents mean fold-change (2A-AACT) + SD. Significance was
determined using a Student’s t-test (NSp > 0.05, *p < 0.05, **p < 0.01).

Discussion

We have provided evidence of a negative
feedback regulatory loop in which TDP-43, miR-
27b-3p and miR-181c-5p interact in a manner that
is dependent on the nuclear localization of TDP-
43. We show that TDP-43 regulates these two
miRNAs differently within the miRNA biogenesis
pathway, and that cellular stress which reduces
TDP-43 nuclear localization had similar, but not
the exact same effects on the processing of these
two miRNAs as when levels of TDP-43 are
reduced via an siRNA.

In our data, we showed that inhibition of miR-
27b-3p did not result in the upregulation of
endogenous TDP-43 expression, despite the fact
that we showed that overexpression of miR-27b-
3p can suppress endogenous TDP-43 expression
and that miR-27b-3p can bind to the 3'UTR of
TDP-43 to regulate this suppression. Since miR-
27a-3p has the same MRE as miR-27b-3p within

the TARDBP 3'UTR, we decided to test if these
two miRNAs were working together to suppress
TDP-43 expression, and thus, inhibition of one
miRNA would not be enough to see an effect on
TDP-43 levels. We showed that in fact you need
both inhibition of miR-27a-3p and miR-27b-3p to
effectively de-repress TDP-43. This matches
previous research as miR-27a-3p and miR-27b-3p
have been shown to work together to suppress
the expression of several genes including, DPD,
TFPlo and PINK1.2°%? Therefore, inhibition of
miR-27b-3p alone is not be enough to de-repress
TDP-43 expression as miR-27a-3p is able to com-
plement its function.

TDP-43 has previously been shown to be
involved in pri-miRNA and pre-miRNA processing
within the DROSHA and DICER complex,
respectively.’® Interestingly, TDP-43 regulates
miRNAs in different ways, including selectively pro-
moting the processing of certain primary miRNAs,
or promoting or preventing the processing of
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Figure 7. Nuclear/cytosolic fractionation indicated reduced cytoplasmic levels of pre-miR-181c following knock-
down of TDP-43 or cellular stress. HEK293T cells were either (A) transfected with siTDP #1, or (C) exposed to an
osmotic stress (Scale bar represents 50 um). Real-time PCR of pre-miR-27b (n = 3) or pre-miR-181c (n = 3) levels
within either the nucleus or cytoplasm of HEK293T cells following (B) knockdown of TDP-43, or (D) osmotic stress.
Expression levels were normalized to an exogenous control (cel-miR-39b-5p) prior to comparison. Bar represents
mean fold-change (2A-AACT) + SD. Significance was determined using a Student’s t-test (NSp > 0.05, *p < 0.05).

certain precursor miRNAs.'®?* However, the Since TDP-43interacts with DROSHA and DICER
molecular reason for this selectivity is still unclear. in both an RNA-dependent and independent
In line with previous work, our data showed this  manner,'® it is difficult to know whether TDP-43
diverse role of TDP-43 within the miRNA biogene-  needs to bind directly to either pri- and/or pre-
sis pathway as knockdown of TDP-43 led to miRNAs, DROSHA and/or DICER complexes, or
reduced levels of cytoplasmic pre-miR-181c and both to assist in the processing of these two miR-
mature miR-181c-5p levels, but increased pri- NAs. Further, inthe presented data, it cannot be con-
miR-181c levels. Low levels of TDP-43 function cluded that TDP-43 is directly involved in the
likely reduces DROSHA processing as has been biogenesis of these two miRNAs which could be
previously shown and could explain the accumula-  why TDP-43 affects cytoplasmic DICER processing
tion of pri-miR-181c.'® The reduction of cytoplas-  of pre-miR-27b even though the regulation of miR-
mic pre-miR-181c means that reduced TDP-43 27b-3p levels is dependent on TDP-43 nuclear local-
levels either impedes pre-miR-181c transport or ization. Of note, TDP-43 has been shown via CLIP-
promotes the degradation of this pre-miRNA mole- Seq data to bind to pre-miR-181¢ in human brain
cule in the cytoplasm. Regardless, it is clear that ~ samples, but not pre-miR-27b.%° This could suggest
TDP-43 promotes the production of miR-181c-5p  that TDP-43 has more of an indirect effect on miR-
at several levels within the miRNA biogenesis path-  27b-3p levels, while having more of a direct effect
way. Further, knockdown of TDP-43 only caused a  on the expression of pre-miR-181c. This may
reduction of mature miR-27b-3p with no effect on  explain why TDP-43 affects these two miRNAs dif-
the pri- and pre-miRNAs, indicating that TDP-43  ferently in their biogenesis. However, this needs fur-
likely promotes DICER processing of pre-miR-27b. ther investigation.
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While TDP-43 has been shown to regulate
several different miRNAs in multiple cell lines, this
is the first study, to our knowledge, that shows
TDP-43 in a negative feedback network with
miRNAs. Similar networks have been identified
between other RNA-binding proteins and
miRNAs, such as FUS and miR-141/200a, and
hnRNPA1 and miR-18a.?°"?® These negative feed-
back networks are likely critical biological mecha-
nisms that regulate homeostatic levels of RNA-
binding proteins and miRNAs. The observation that
ALS-associated mutations in the FUS 3'UTR can
disrupt the negative feedback loop between miR-
141/200a and FUS, highlights the potential impor-
tance of these networks in motor neurons.?® While
there is currently no genetic connection with miR-
NAs and TDP-43 MREs, as there is with FUS,
genetic studies examining non-coding regions in
ALS patient samples is still very limited and further
research in needed.

Our data suggests that the regulation of miR-
27b-3p and miR-181c-5p, and hence the negative
feedback network, is dependent on the nuclear
localization of TDP-43. This observation has
relevance for several neurodegenerative diseases
in which TDP-43 forms neuronal cytoplasmic
inclusions, including  ALS, Frontotemporal
Dementia and Alzheimer's disease.”> ' Both
miR-27b-3p and miR-181¢c-5p have been shown
to be reduced in the spinal cord of patients with
ALS.® We show here that these miRNAs are
expressed in motor neurons, providing a correlation
between TDP-43 cytoplasmic re-localization and
the dysregulation of these two miRNAs in ALS.
MiR-181c-5p has also been shown to be reduced
in the anterior temporal cortex and parietal lobe
cortex of patients with Alzheimer’s disease, and in
cultures of primary hippocampal neurons from
mouse Alzheimer models, indicating that miR-
181c-5p may be critical for overall central nervous
system and neuronal function.®>*® It has been
shown that TDP-43 can regulate the mature levels
of miR-27b-3p and miR-181c-5p, and other mem-
bers of the miR-181 family (miR-181a-d) in several
cell lines."®%*3> Thus, TDP-43 regulation on the
biogenesis of miR-27b-3p and the miR-181a-d fam-
ily likely represents a broad phenomenon rather
than a cell-specific one.

Further, we showed an induced cellular stress
which  causes reduced TDP-43 nuclear
localization alters miRNA processing leading to a
reduction in miR-27b-3p and miR-181c-5p, similar
to what was seen after knockdown of TDP-43.
This is a critical finding as cellular stress has
been shown to drive TDP-43 from the nucleus to
the cytoglasm in both in vitro and in vivo neuronal
models,®® indicating that cellular stress, while not
the only effect, results in the reduction of nuclear
TDP-43 levels to regulate miRNA biogenesis. The
differences observed between the results for the
cellular stress and siRNA experiments is likely
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due to the fact that stress is not a targeted
approach and that there are other cis- or trans-
acting factors besides TDP-43 that regulate the
biogenesis of these miRNAs that are also affected
by cellular stress. However, these experiments pro-
vide evidence that stress may be a major compo-
nent to the pathogenesis of ALS where an
extensive reduction in miRNA levels in spinal cord
and motor neurons is observed.®'®

While we identified a regulatory network that
could have major significance to ALS, we also
recognize that this study has limitations. For
example, studying molecular pathways in
HEK293T cells may not be fully representative of
the molecular pathways observed in motor
neurons. Therefore, this study offers a foundation
of understanding miRNA regulatory networks and
how they may be disrupted in ALS. Future studies
should extend these observations into both
in vitro and in vivo models of motor neuron
dysfunction to fully understand how this pathway
may contribute to ALS pathogenesis.

In  conclusion, we propose a biological
mechanism by which under normal conditions
TDP-43 is in a negative feedback network with
miRNAs (i.e. miR-27b-3p and miR-181c-5p), and
that this is perturbed during cell stress due to
reduced TDP-43 nuclear localization. Thus,
reduction of nuclear TDP-43 reduces miRNAs
levels resulting in a de-repression of the TARDBP
transcript, and ultimately, increased TDP-43
levels. This biological mechanism could have
important implications for the pathogenesis of
neurodegenerative diseases, such as ALS, where
the reduction of miRNA levels coincides with the
upregulation and mis-localization of TDP-
43,3 13141631 Fyrther, enhancement of miRNA pro-
cessing at the level of DICER has been shown to
improve motor function of rodent models that carry
ALS-related mutations in TDP-43."° Since we and
others have shown that TDP-43 affects miRNA pro-
cessing at multiple levels within the miRNA biogen-
esis pathway,'® an enhancement of both the
DROSHA and DICER complexes may be neces-
sary to have the greatest impact to slow ALS dis-
ease progression.

Methods and Materials

Plasmid constructs

SiRNA resistant plasmids (siRES) were either
pC32-FLAG-TDP-43 wild-type or pC32-FLAG-
TDP-43 ANLS and were resistant to an siRNA
that targets endogenous TARDBP (siTDP #2).°

TARDBP 3'UTR that is expressed in human
spinal cord was linked to the firefly luciferase
gene within the pmirGLO plasmid (Promega Cat.
# E1330) as described previously.'”” Mutations
were put into the +2 and +3 position of the miRNA
recognition element (MRE) of either miR-27b-3p or
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miR-181c-5p of the TARDBP 3'UTR using the
QuikChange Site-Directed Mutagenesis Kit (Agilent
Cat. # 210219). Cloned sequences and mutants
were confirmed using Sanger sequencing.

Cell culture and transfection

HEK293T cells were maintained in Dulbecco’s
Modified Eagles Media (DMEM; Gibco Cat. #
11965084) which contained 10% fetal bovine
serum (FBS) at 37 °C with 5% CO,. Sorbitol was
added to cell media at a concentration of 400 mM
to induce an osmotic stress. Media with sorbitol
was then added to HEK293T cells with an 80%
confluency. The osmotic stress was maintained
for 5 hours prior to experimentation.

HEK293T cells were seeded into a 6-well plate
(150,000 cells/well) and incubated for 48 hours.
Cells were then either transfected with 100 nM of
SCR (Sigma-Aldrich Cat. # SIC001) or a custom
siRNA targeting endogenous TARDBP (siTDP #2;
Dharmacon) but not siRES plasmids as previously
described.”® 24 hours post-transfection of siTDP
#2, cells were transfected again with 2.5 ng of either
pcDNA 3.1 (negative control), pC32-FLAG-TDP-43
wild-type or pC32-FLAG-TDP-43 ANLS siRES plas-
mids. Mature miRNA levels were examined 24 hours
post-transfection of plasmids. Transfections were
done using the Lipofectamine 2000 Reagent (Invit-
rogen Cat. # 11668019) protocol following the man-
ufacturer’s instructions.

HEK293T cells were seeded into a 6-well plate
(150,000 cells/well) and incubated for 48 hours.
Cells were either transfected with a SCR (Sigma-
Aldrich Cat. # SIC001), miR-27b-3p, or miR-181c-
5p human mirVana miRNA mimic (chemically
modified double stranded RNA) or miR-27a-3p,
miR-27b-3p, or miR-181¢-5p inhibitor (chemically
modified single-stranded RNA; Invitrogen, Cat. #
4464066 and Cat. #4464084, respectively) to
measure changes to endogenous TDP-43 protein
or TARDBP mRNA levels.

Microarray analysis

HEK293T cells were seeded into a 6-well plate
(150,000 cells/well) and incubated for 48 hours.
Cells were either transfected with an 100 nM of
siRNA SMARTpool targeting TARDBP (siTDP #1;
Dharmacon Cat. # L-012394-00-0005), or a
scramble negative control (SCR; Sigma-Aldrich
Cat. # SIC001) at a 60% confluency using the
Lipofectamine 2000 Reagent (Invitrogen Cat. #
11668019) protocol. Total RNA extraction was
then performed 48 hours post-transfection using
the RNeasy Mini Kit (Qiagen Cat. # 74106). RNA
samples were tested for integrity using
bioanalyzer analysis. Total RNA extracts were
sent to the Center of Applied Genomics — TCAG
Facilities at the University of Toronto for
microarray analysis using the GeneChip miRNA
4.0 Array (Applied Biosystems Cat. # 902412).
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Quality control and experimental data from the
microarray was analyzed using the Transcriptome
Analysis Console Software (ThermoFisher
Scientific).

Real-time PCR

Samples from HEK293T cells went under a small
RNA extraction using the mirVana miRNA Isolation
Kit (Invitrogen Cat. # AM1560) to obtain RNA
molecules < 200nts which allowed us to separate
pri-miRNAs (>200nts) from pre-miRNAs
(<200nts). Yield and purity of small RNAs was
determined using spectrophotometry. When
measuring mature mMiRNA levels, small RNA
extracts went under cDNA synthesis using the
TagqMan Advanced cDNA Synthesis Kit (Applied
Biosystems Cat. # A28007), but when measuring
the levels of pre-miRNAs, small RNA extracts
went under cDNA synthesis using the SuperScript
IV VILO Master Mix with DNease Enzyme
(Invitrogen Cat. # 11766050) protocol. All cDNA
synthesis protocols were done according to the
manufacturers’ instructions. Real-time PCR for
mature miRNAs and pre-miRNAs was done either
using the TagMan Advanced miRNA Assay
(Applied Biosystems Cat. # A25576) or the
TagMan Pre-miRNA Assay (Applied Biosystems
Cat. # 4331182), respectively, and the Fast
TagMan Advanced Master Mix (Applied
Biosystems Cat. # 4444965) in accordance to the
manufactures protocol. Since the microarray was
normalized to an exogenous control, confirmation
of changes to miRNA levels was done using an
endogenous control miRNA (miR-1296-5p) which
showed no change in expression following TDP-
43 knockdown (Figure S7). Candidate miRNA
expression for the rest of the experiments was
normalized to an RNA spike-in (cel-miR-39b-5p).
All real-time PCR data was quantified according
to the 2A-AACT method.

Reverse Transcriptase relative quantitative
PCR (RT-qPCR)

HEK293T cells were either transfected with a
SCR (Sigma-Aldrich Cat. # SIC001), miR-27b-3p,
or miR-181¢c-5p human mirVana miRNA mimic
(chemically modified double stranded RNA) or
inhibitor (chemically modified single-stranded
RNA; Invitrogen, Cat. # 4464066 and Cat.
#4464084, respectively) to measure changes to
endogenous TARDBP mRNA levels, or cells were
transfected with either SCR (Sigma-Aldrich Cat. #
SIC001) or siTDP #1 (Dharmacon Cat. # L-
012394-00-0005) to measure changes in pre-and
pri-miRNA together levels, or pri-miRNA levels
alone using the Lipofectamine 2000 Reagent
(Invitrogen Cat. # 11668019) protocol. Total RNA
extraction using the RNeasy Mini Kit (Qiagen Cat.
# 74106) was performed 48 hours post-
transfection. Yield and purity of small RNAs was
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determined using spectrophotometry. RNA
extracts went under cDNA synthesis using the
SuperScript Il Reverse Transcriptase (Invitrogen
Cat. # 18064014) in accordance with the
manufactures instructions which was followed by
quantitative PCR using the Platinum Tagq DNA
Polymerase (Invitrogen Cat. # 10966018) protocol
for amplification via primers outlined in Table S1.
Expression levels were normalized to 18S rRNA
levels prior to comparison.

Luciferase assay

HEK293T cells were co-transfected with either
SCR (Sigma-Aldrich Cat. # SIC001), or human
mirvana miRNA mimics (miR-27b-3p or miR-
181c-5p; Invitrogen Cat. # 4464066) and either an
empty pmirGLO plasmid or a pmirGLO plasmid
containing the 3'UTR of TARDBP using the
Lipofectamine 2000 Reagent (Invitrogen Cat. #
11668019) protocol. Luciferase activity was
measured 24 hours post-transfection using the
Dual-GLO Luciferase Assay System (Promega
Cat. # E2920). Firefly luciferase levels were
normalized to renilla luciferase levels, and data
was further normalized to account for the effect
the miRNAs have on the plasmid itself prior to
comparison as previously described.*®

Western blot

All protein extractions were done from HEK293T
cells using the NP40 lysis buffer with proteinase
inhibitors followed by sonication. Protein lysates
were resuspended in loading buffer containing 5%
B-mercaptoethanol and denatured at 90 °C for 5
min. Samples ran on an 10% SDS-page gel and
then were ftransferred onto a nitrocellulose
membrane. Blots were probed with either rabbit
anti-TDP-43 (1:5000; Proteintech Cat. # 10782-2-
AP), mouse anti-FLAG (1:2500; Cedarlane Cat. #
CLANT146-2), rabbit anti-DROSHA (1:1000;
abcam Cat. # ab12286), rabbit anti-DCGR8
(1:1000; abcam Cat. # ab191875), mouse anti-
XPO5 (1:1000; abcam Cat. # ab57491), mouse
anti-DICER (1:1000; abcam Cat. # ab14601),
mouse anti-AGO2 (1:1000; abcam Cat. #
ab57113), rabbit anti-TRBP (1:1000; Proteintech
Cat. # 15753-1-AP), or rabbit anti-GAPDH (1:5000;
abcam Cat. # ab9485) and later with an HRP
secondary antibody (goat anti-mouse 1:3000;
Biorad Cat. # STAR207P, or goat anti-rabbit
1:5000; Invitrogen Cat. # 65-6120). Data was
quantified using densitometry measured by
Imaged software. Relative protein levels were
normalized to GAPDH expression prior to
comparison.

Fluorescent in situ hybridization (FISH)

Neuropathologically intact human spinal cord
tissue was used to examine whether candidate
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miRNAs were expressed in human spinal motor
neurons. Tissue was cut into 7 um sections. FISH
was done as previously described.®” MiRCURY
LNA miRNA Detection Probes that targeted miRNA
candidates contained 5" and 3’ DIG labels (Qiagen
Cat. # 339111), which were further targeted by an
HRP secondary antibody (Sigma-Aldrich Ca. #
11633716001) and a Tyramide Signal Amplification
tagged with a Cy3 fluorophore (PerkinElmer Cat. #
NEL744001KT). Spinal cord samples were exam-
ined for positive expression of candidate miRNAs
using the Leica TSC SP8 confocal microscope.

Immunocytochemistry

Cells were fixed using 4% paraformaldehyde
(PFA) and blocked with 8% Bovine Serum
Albumin (BSA). Proteins of interest were targeted
by either rabbit anti-TDP-43 (1:250; Proteintech
Cat. # 10782-2-AP), goat anti-TIA-1 (1:100; Santa
Cruz Cat. # sc-166247), or rabbit anti-FLAG
(1:100; abcam Cat. # ab49763) primary
antibodies, which were targeted by Alexa 488
goat anti-rabbit, Alexa 555 donkey anti-goat, and

Alexa 488 goat anti-mouse, respectively,
secondary antibodies (1:200; Life Technologies
Cat. # A32721, A21432, and A32721,

respectively). Samples were imaged using the
Leica TSC SP8 confocal microscope.

Fractionation

Nuclear and cytosolic protein and RNA
fractionations was performed using the PARIS kit
(Invitrogen Cat. # AM1921) in accordance to the
manufacturers  instructions. 100 U/ml  of
SUPERase IN RNase Inhibitor (Invitrogen Cat. #
AM2694) was added to the cell fractionation
buffer and cell disruption buffer within the PARIS
kit to prevent RNA degradation.

Statistics

Significance was determined either using a
Students t-test when comparing two conditions, or
One-Way ANOVA followed by a Tukey’s post-hoc
when comparing multiple conditions. Data was
considered significant if p < 0.05.
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