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TAR DNA-binding protein 43 (TDP-43) is a nucleic acid–
binding protein, and its aggregation represents the defining
pathology in amyotrophic lateral sclerosis (ALS) and related
proteinopathies. Recent studies implicate cytoplasmic stress
granules (SGs) as hubs that may facilitate TDP-43 aggregation.
Here, using cellular fractionation, biochemical analyses, and
histological assays, we show that TDP-43 targeted to the cyto-
plasm has multiple fates. Whereas a TDP-43 subpopulation is
indeed recruited to SGs, mature aggregated TDP-43, produced
with aggregate-prone TDP-43 variants or exposure to oxidative
stress, generates distinct TDP-43 inclusions that are surpris-
ingly devoid of SGs. Consistent with this observation, we found
that SG components are predominantly excluded from TDP-43
pathology in motor neurons from individuals with ALS. We gen-
erated de novo SGs by expressing the fragile X protein (FMRP)
and found that rather than directly engaging TDP-43 aggre-
gates, SGs can sequester the proteostasis factor histone deacety-
lase 6 (HDAC6) and thereby impede TDP-43 clearance from
cells. These findings indicate that SGs form distinct cytoplasmic
structures that can indirectly enhance TDP-43 aggregation.
Therapeutic approaches that inhibit SG formation may there-
fore be effective at suppressing TDP-43–mediated toxicity in
patients with ALS and related TDP-43 proteinopathies.

TDP-43 is an RNA-binding protein that forms the major
pathology in amyotrophic lateral sclerosis (ALS),2 frontotem-
poral lobar degeneration (FTLD-TDP), and related proteinopa-
thies (1). In addition, missense mutations in the TARDBP gene
have been identified as pathogenic for familial ALS and FTLD-
TDP (2, 3). Over the last few years, questions have emerged
regarding pathologic mechanisms by which TDP-43 aggrega-
tion is initiated, including the role of post-translational modifi-

cations in driving aberrant TDP-43 accumulation (4 –7).
Although C-terminal TDP-43 phosphorylation (on serine resi-
dues 403/404 and 409/410) is an excellent marker of disease
pathology, in some instances TDP-43 phosphorylation sup-
pressed rather than promoted aggregation (8), prompting us to
consider alternative modifications that impact TDP-43.

Recently, we discovered that TDP-43 is subject to reversible
lysine acetylation at residues Lys-145 and Lys-192 within the
RNA-binding domains (RNA recognition motifs). Either ac-
etylation-mimicking TDP-43 mutations or fully acetylated
TDP-43 (achieved with the acetyltransferase CBP/p300) led to
insoluble, hyperphosphorylated, and ubiquitinated TDP-43
aggregates that were readily engaged by autophagy and ubiqui-
tin-proteasome pathways but not efficiently cleared and accu-
mulated as pathological inclusions (4, 9). Consistent with a
role for this modification in disease, acetylated TDP-43 was
detected in ALS patient spinal cord harboring full-length
TDP-43 but was not present in FTLD-TDP brain containing
mostly cleaved C-terminal TDP-43 fragments that lack the Lys-
145 residue (10). We proposed that aberrantly acetylated
TDP-43 triggers its aggregation in a similar manner to genetic
TARDBP mutations, some of which also reside within the RNA
recognition motif domains and potentially modulate critical
interactions between TDP-43 and target mRNA (11, 12).

TDP-43 acetylation was most prominent when TDP-43 was
targeted to the cytoplasm, prompting us to consider its role
in cytoplasmic mRNA triage. Stress granules (SGs) are mem-
brane-less organelles with a cytoprotective role, representing
active sites of RNA triage in response to environmental insults
(13, 14). Studies have shown that TDP-43 is recruited to SGs in
response to a variety of stressors (15–20). Our previous study
showed that TDP-43 localizes to SGs in a manner that depends
on the toxic nature of the environmental insult (21). What
remains unclear is the relevance of TDP-43 localization to SGs
and whether these structures may act as putative harbingers of
disease pathology. This issue has important clinical implica-
tions since persistent SGs were proposed to initiate ALS patho-
genesis (22–24).

The RNA-binding protein FMRP, implicated in fragile X syn-
drome, is an excellent marker of SGs that co-localizes with
TDP-43 during stress (21). FMRP was shown to bind TDP-43,
co-regulate shared downstream mRNA targets, alter TDP-43
solubility, and modulate TDP-43 toxicity in a Drosophila model
(25–28). Thus, FMRP may control TDP-43 function and aggre-
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gate-induced toxicity. However, the link between FMRP, SGs,
and TDP-43 pathology has not been fully investigated, because
it remains challenging to reproduce robust full-length TDP-43
pathology needed to address the interplay between these
factors.

Here, we provide evidence that SGs and mature TDP-43
aggregates are distinct yet coordinated cytoplasmic entities.
Although TDP-43 becomes partly integrated into SGs, more
aggregate-prone TDP-43 species, generated by pathogenic
modifications or exposure to sublethal stress conditions, are
surprisingly devoid of SGs. In support of these observations,
limited SG pathology was observed in ALS patient motor
neurons. We propose that pathological TDP-43 undergoes a
conformational transition that disrupts its interaction with
SGs, leading to the evolution of a distinct ALS inclusion
pathology.

Results

Cytoplasmic TDP-43 forms SG-associated and
non–SG-associated structures

A small pool of nuclear TDP-43 relocalizes to SGs upon
exposure to environmental stressors (17, 29). However, under
pathological conditions, TDP-43 preferentially accumulates in
cytoplasmic inclusions. To determine whether cytoplasmic
TDP-43 is recruited to SGs, we expressed TDP-43 lacking a
nuclear localization sequence (TDP-43–�NLS) or a compara-
ble variant containing aggregate-prone acetylation-mimic sub-
stitutions at residues Lys-145 and Lys-192 (TDP-43–�NLS–
2KQ), the latter of which generates very robust TDP-43
inclusions that more closely resemble ALS pathology (4).
Although cytoplasmic TDP-43 targeting alone did not cause
significant accumulation within SGs (Fig. 1A), the more aggre-
gate-prone TDP-43 mutant showed enhanced SG localization
detected with multiple SG markers including FMRP and TIAR
(Fig. 1, B and C, see cyan arrowheads marking SGs). Aggregate-
prone TDP-43–�NLS–2KQ also occasionally formed distinct
amorphous inclusions with minimal SG co-localization (Fig. 1,
C and D, see magenta arrowheads marking large inclusions). In
contrast to SG markers, Hsp70 strongly labeled the TDP-43
inclusions (Fig. 1D), consistent with the recruitment of chaper-
ones as a TDP-43 clearance mechanism (9).

To further assess the interplay between TDP-43 and SGs, we
induced aggregation of cytoplasmic targeted TDP-43 (TDP-
43–�NLS) using a sublethal arsenite exposure (0.25 mM for
1 h), previously shown to promote TDP-43 cysteine cross-link-
ing and rapid TDP-43 aggregation (21). Similar to acetylation-
mimic inclusions, arsenite-induced aggregation produced
amorphous inclusions that did not co-localize with FMRP-im-
munoreactive SGs (Fig. 1E). An even more pronounced se-
paration of these compartments was observed with TDP-43–
�NLS–2KQ (Fig. 1F). Quantification of these results showed a
significant reduction in TDP-43 recruitment to SGs upon stress
exposure (Fig. 1G). Thus, although cytoplasmic TDP-43 can
integrate into SGs, it also rapidly aggregates into a spectrum of
SG-negative inclusions that are more reminiscent of the hall-
mark pathology seen in ALS patients.

SG localization in ALS spinal cord

To assess SG localization patterns in diseased motor neu-
rons, we analyzed human postmortem spinal cord tissue from
ALS patients. A previous report suggested that some SG com-
ponents were recruited to inclusions in ALS and FTD patient
brain or spinal cord (29). Given the minimal overlap of FMRP
with aggregate-prone TDP-43 inclusions in vitro (Fig. 1), we
analyzed total FMRP and P-FMRP immunoreactivity (Fig. 2).
We note that P-FMRP is also a robust SG marker in cultured
cells (Fig. S1). Immunohistochemistry (IHC) showed that
FMRP and P-FMRP were diffusely cytoplasmic in ALS motor
neurons and did not show patterns that resembled or correlated
with TDP-43 pathology (Fig. 2A, see magenta arrowheads
marking TDP-43 pathology). Confirming this observation,
double labeling showed abundant skein-like, filamentous, and
spherical TDP-43 inclusions with minimal FMRP or P-FMRP
co-localization (Fig. 2, B and C).

Double-labeling experiments were also performed with anti-
bodies detecting TIA-1 and TIAR (primary SG nucleators),
which also showed limited co-localization with mature TDP-43
inclusions (Fig. 2, D and E). We note that although TIA-1 was
closely juxtaposed to TDP-43 inclusions in a subset of motor
neurons, it did not directly co-localize with TDP-43 (Fig. 2D).
Similarly, whereas TIAR showed a somewhat stippled cytoplas-
mic localization pattern in motor neurons, these foci did not
co-localize with aggregated TDP-43 inclusions (Fig. 2E, inset).
Overall, our results in cultured cells and ALS spinal cord sup-
port the notion that mature TDP-43 pathology undergoes a
morphological transition that is quite distinct from physiolog-
ical SG assemblies.

De novo FMRP granules are distinct from mature TDP-43
pathology

We next sought to generate de novo SGs to ask whether SGs
formed in the absence of cellular stress are sufficient to recruit
TDP-43. We used a low-level FMRP overexpression paradigm
in which the human FMR1 promoter drives expression of GFP-
tagged FMRP (30). In this system, ectopically expressed FMRP
generates granules that closely resemble stress-induced SGs
(31, 32). We found that de novo FMRP granules were sufficient
to recruit endogenous TDP-43, as detected with either N- or
C-terminal TDP-43 antibodies (5) (Fig. 3, A and B, see cyan
arrowheads marking SGs), suggesting that SG-localized
TDP-43 is predominantly full-length rather than truncated.
Cytoplasmic TDP-43–�NLS (Fig. 3C) and more prominently
TDP-43–�NLS–2KQ (Fig. 3D) were both recruited to FMRP–
GFP granules in transfected QBI-293 cells or primary corti-
cal neurons (Fig. 3E). Aggregate-prone TDP-43–�NLS–2KQ
formed inclusions that showed little overlap with FMRP–GFP
granules. Indeed, we confirmed that SG-negative inclusions
contained hyperphosphorylated pathological TDP-43 (Fig. 3F).
The addition of arsenite further dissociated FMRP–GFP gran-
ules from TDP-43 inclusions (Fig. 3, G and H; see also quanti-
fication in Fig. 3I).

An aggregation time course was performed to evaluate the
dynamics of FMRP granules and TDP-43 inclusions in response
to arsenite (Fig. 4). In the absence of stress, TDP-43–�NLS is
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primarily punctate and diffusely cytoplasmic, but within 30 min
of arsenite exposure, small TDP-43 foci begin to emerge, many
of which co-localized with FMRP (Fig. 4, see cyan arrowheads
for 30-min time point). Other similarly sized TDP-43 aggre-
gatesthatremainedFMRP-negativeinsteadcoalescedintophos-
phorylated P409/410-positive TDP-43 inclusions (Fig. 4, see
magenta arrowheads for 30-min time point). By 60 min, more
robust perinuclear and phosphorylated inclusions began to
accumulate that were almost completely devoid of FMRP (Fig.
4, see magenta arrowheads for 60-min time point marking
phospho–TDP-43 inclusions). These results support a distinct
morphological transition from TDP-43–positive cytoplasmic
SGs to mature aggregated inclusions.

SGs indirectly modulate TDP-43 aggregation propensity

To further interrogate the interplay between TDP-43 and
SGs, we examined whether TDP-43 inclusions influenced
FMRP. We found that cytoplasmic TDP-43 aggregates partially
co-localized with phosphorylated FMRP at Ser-499 (Fig. S1, A
and B), a marker of stalled polyribosomes and translational
repression (31, 33), but which had not previously been linked to
SGs or TDP-43 aggregation. We therefore asked whether
TDP-43 aggregates altered FMRP phosphorylation status.
TDP-43 constructs were co-expressed with FMRP–GFP fol-
lowed by FMRP immunoprecipitation and incubation with or
without �-phosphatase to identify phosphorylated FMRP pro-
tein bands. The more aggregate-prone cytoplasmic TDP-43–

Figure 1. TDP-43 has multiple fates leading to SGs or cytoplasmic inclusions. A–F, QBI-293 cells were transfected with full-length cytoplasmic targeted
TDP-43 constructs containing two mutated nuclear localization sequences (NLS1 and NLS2) yielding TDP-43–�NLS. This construct harbors mutations spanning
82KRK84 and 95KVKR98 motifs: K82A/R83A/K84A/K95A/K97A/R98A. The comparable TDP-43–�NLS–2KQ mutant harbors two additional lysine-to-glutamine
mutations (K145Q/K192Q) that were shown to mimic cytoplasmic acetylation of TDP-43 and thereby enhance TDP-43 aggregation propensity. Transfected
cells were left untreated (A–D) or exposed to 0.25 mM sodium arsenite (E and F) for 1 h at 37 °C in complete medium and subsequently fixed and analyzed by
immunofluorescence microscopy using antibodies detecting Myc-tagged TDP-43 in combination with FMRP (A, B, E, and F), TIAR (C), or Hsp70 (D). Scale
bar, 50 �m. White arrows highlight cells that are magnified in the inset, cyan arrowheads highlight SGs, and magenta arrowheads highlight TDP-43
inclusions. G, co-localization of FMRP granules in TDP-43 transfected cells was quantified using �100 granules from n � 10 fields per condition (n � 3
independent experiments) using ImageJ software. The values represent percentages of total FMRP granules that co-localize with ectopically expressed
Myc-tagged TDP-43. Error bars indicate S.E., and p values were calculated by Student’s t test. ***, p � 0.001; **, p � 0.01; *, p � 0.05. TDP-43–�NLS showed
less granule formation compared with the acetylation mimic TDP-43–�NLS–2KQ. Arsenite-induced inclusion formation reduced the co-localization of
TDP-43 with SGs.
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�NLS–2KQ increased FMRP phosphorylation, which was
abrogated by phosphatase treatment (Fig. S1C). Thus, aggre-
gate-prone TDP-43 species can regulate SG components.

We next addressed the central issue of whether FMRP gran-
ules influence TDP-43 aggregation propensity. Given the spa-
tial separation of SGs from mature TDP-43 inclusions, we
considered the possibility that recruitment of key proteostasis
factors to FMRP granules, and hence their sequestration or
depletion from the cytoplasm, might indirectly enhance
TDP-43 aggregation. Among the factors known to be enriched
in SGs, we focused on the deacetylase HDAC6, previously

shown to regulate SG dynamics (34) and also mediate
autophagy-dependent processing of diverse aggregates includ-
ing TDP-43 (35, 36). We first examined whether endogenous
HDAC6 was physically sequestered within ectopically gener-
ated FMRP granules. Indeed, FMRP granules recruited a pool of
endogenous cytoplasmic HDAC6 (Fig. 5A, see cyan arrowheads
highlighting HDAC6-positive granules).

To clarify whether HDAC6 sequestration to granules and
therefore loss of its normal function could exacerbate TDP-43
aggregation, biochemical fractionation studies were performed
to evaluate TDP-43 solubility. We fractionated TDP-43 aggre-
gates after pharmacological inhibition with the HDAC6 selec-
tive inhibitor tubastatin A (TBST) and observed a significant
increase in insoluble phosphorylated TDP-43 by immunoblot-
ting (Fig. 5B, compare lanes 1–3 with lanes 4 – 6). Strikingly, a
similar increase in insoluble TDP-43 was observed in the pres-
ence of FMRP–GFP alone (Fig. 5B, compare lanes 1–3 with
lanes 7–9). The effect of FMRP–GFP in driving TDP-43 aggre-
gation occurred despite the fact that FMRP granules and
TDP-43 inclusions did not co-localize. In addition, the FMRP-
mediated increase in TDP-43 aggregation was not further exac-
erbated when combined with TBST, suggesting that de novo
FMRP granules and HDAC6 inhibition may coordinately
increase TDP-43 aggregation (Fig. 5B, compare lanes 4 –12, and
see full quantification in Fig. 5C). We note that inhibition of
HDAC6 in the presence of FMRP granules did however signif-
icantly increase TDP-43 inclusion size, consistent with a role
for HDAC6 in TDP-43 clearance (Fig. 5, D and E) (35, 37, 38).
Similar to our analysis in cultured cell lines, inhibition of
HDAC6 in primary cortical neurons that contained stress-in-
duced SGs was sufficient to enhance cytoplasmic TDP-43 accu-
mulation (Fig. S2, see white arrows marking cytoplasmic
TDP-43 puncta).

To demonstrate that restoring HDAC6 expression can alle-
viate SG-induced TDP-43 aggregation, control or WT HDAC6
expression vectors were co-transfected with FMRP, and cell
lysates were fractionated to evaluate TDP-43 aggregation. A
reduction of aberrant TDP-43 species was observed, particu-
larly with the insoluble pool of TDP-43, whereas soluble
TDP-43 levels were not appreciably affected (Fig. 5F, compare
lanes 1–3 with lanes 4 – 6). By employing a panel of C-terminal
HDAC6 deletion constructs, we observed that suppression of
TDP-43 aggregation did not require the extreme C-terminal
ubiquitin-binding domain (BUZ domain) shown to mediate
association with polyubiquitinated substrates (35). However,
the HDAC6 1– 840 construct lacking the additional SE14
domain, a region known to interact with diverse aggregate-
prone proteins including Tau and SOD1 (39, 40), was no longer
capable of clearing TDP-43 aggregates (Fig. 5F, compare lanes
4 – 6 with lanes 10 –12) despite its localization to TDP-43 inclu-
sions (Fig. S3). Quantification of these results showed that WT
HDAC6, but not HDAC6 1– 840, significantly suppressed
TDP-43 aggregation by �3-fold (Fig. 5G). The suppression of
TDP-43 aggregation was similarly observed with overexpres-
sion of Hsp70 (Fig. S3). Thus, SGs can indirectly enhance
TDP-43 aggregation and facilitate the formation of disease-
linked inclusions by depleting critical proteostasis regulators
such as HDAC6.

Figure 2. Stress granules and ALS spinal cord inclusions form distinct
cytoplasmic structures. A, IHC was performed on lumbar spinal cord sec-
tions from sporadic ALS cases harboring TDP-43 pathology. B–E, TDP-43
inclusions were labeled with phosphorylated (P409/410) TDP-43 antibodies
(red), and stress granules were marked by FMRP (B), P-FMRP (C), TIA-1 (D), or
TIAR (E), antibodies (green). All ALS cases displayed spinal cord pathology, as
assessed by phosphorylated 409/410 immunoreactivity. There was minimal
co-localization of SG markers with either skein-like, round, or filamentous
TDP-43 aggregates (see merged panels). The specificity of all SG antibodies
was validated by SG immunoreactivity in arsenite-treated cells. Secondary
evaluation of antibody specificity was tested by positive immunoreactivity in
cells overexpressing FMRP, TIA-1, and/or TIAR. Scale bar, 200 �m. White
arrows highlight neurons that are magnified in insets, and magenta arrow-
heads highlight TDP-43 inclusions.
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Discussion

In this study, we explored the interplay between TDP-43
pathology and SGs. Reproducing full-length TDP-43 pathology
similar to that seen in ALS/FTD has been challenging. To over-
come this, we used genetic and pharmacological approaches to
generate mature TDP-43 aggregates that are more reflective of

ALS pathology as a means to interrogate the relationship
between these cytoplasmic structures.

Our motivation came from an emerging hypothesis that SGs
may become coopted during ALS pathogenesis, acting as a crit-
ical hub that initiates pathological TDP-43 aggregation (23).
Indeed, we and others suggested that chronic SG recruitment of

Figure 3. De novo FMRP granules recruit endogenous TDP-43 but are distinct from mature TDP-43 inclusions. A and B, cells expressing FMRP–GFP
(driven by the human FMR1 promoter) were double-labeled to detect endogenous TDP-43 using polyclonal anti-TDP-43 1065 (A) or 1039 (B). Anti–TDP-43–
1039 detects the extreme C terminus of TDP-43, whereas anti–TDP-43–1065 detects the extreme N terminus. De novo FMRP granules were sufficient to recruit
endogenous full-length TDP-43. C–H, cytoplasmic-targeted TDP-43–�NLS or TDP-43–�NLS–2KQ mutants were co-expressed with FMRP–GFP in QBI-293 cells
(C, D, and F–H) or transfected primary cortical neurons (E), which resulted in de novo production of cytoplasmic FMRP granules. Spherical FMRP–GFP
granules were spatially distinct from the amorphous TDP-43 inclusions generated by the TDP-43–�NLS–2KQ mutant (D and F) or in response to arsenite
(G and H). Scale bar, 50 �m. White arrows highlight individual cells that are magnified in the insets, cyan arrowheads highlight FMRP granules, and
magenta arrowheads highlight TDP-43 inclusions. I, quantification of the percentage of FMRP-positive granules that co-localized with TDP-43 was
determined using ImageJ software, as described in the Fig. 1 legend. Error bars indicate S.E., and p values were calculated by Student’s t test. ***, p �
0.001; **, p � 0.01; *, p � 0.05.

TDP-43 aggregates are distinct from stress granules

3700 J. Biol. Chem. (2019) 294(10) 3696 –3706



TDP-43 could eventually produce hallmark TDP-43 pathology
in individuals with ALS/FTD spectrum disorders (41). How-
ever, we found that SGs and mature TDP-43 aggregates are
separable. Reversible SGs retain their spherical morphology,
whereas mature TDP-43 aggregates (induced by either aggre-
gate-prone TDP-43 modifications or acute oxidative stress)
tend to coalesce and form larger aggregated structures contain-
ing amorphous, filamentous, and/or skein-like morphology.
Interestingly, a similar phenomenon was observed with the
ALS-associated Fus protein, in which the authors noted a clear
morphological distinction between cytoplasmic Fus granules
and larger Fus aggregates, with the latter being more similar to
inclusion pathology in ALS–FUS patients (42).

SG formation is thought to occur as a consequence of liquid-
liquid phase transitions, a biochemical property of several
RNA-binding proteins now implicated in ALS and FTD (43–
46). We speculate that TDP-43 pathology may emerge through
a complex series of conformational changes (e.g. stress-medi-
ated), post-translational modifications (e.g. phosphorylation
and acetylation), and the presence of any genetic variants/mu-
tations (e.g. ALS-linked mutations), all of which could modify
its liquid-like properties to enhance TDP-43 aggregation. How
might SGs influence these parameters? First, SGs may act as
a short-lived intermediate that seed and/or modify stable
TDP-43 aggregates that dissociate from SGs. Indeed, we show
that stress-induced or de novo produced SGs co-localize with
cytoplasmic TDP-43 but then show limited co-localization as
mature TDP-43 aggregates begin to emerge (Figs. 1–3), despite
the fact that both entities (SGs and mature aggregates) co-exist
in individual cells. Our findings are consistent with those of
McGurk et al. (47), who recently proposed that SGs might pro-
tect TDP-43 from aberrant phosphorylation and aggregation.

Second, small pools of aggregated TDP-43 may emerge through
a completely SG-independent mechanism. The rare detection
of SGs (at least those SGs marked by FMRP, TIA-1, or TIAR)
that co-localize with TDP-43 in ALS motor neurons (Fig. 2)
indicates that SGs may not necessarily be required to directly
precipitate TDP-43 pathology, at least using the SG markers
and conditions employed in this study. Consistent with our
histology findings, two recent studies showed no evidence for
TIA-1 recruitment to TDP-43 inclusions in ALS patients with
or without missense mutations in the TIA-1 gene (48, 49).
Lastly, one can envision a model whereby SGs indirectly pro-
mote TDP-43 pathology that is consistent with our data show-
ing sequestration of HDAC6 (and potentially many other pro-
teostasis factors) to cytoplasmic RNA granules (Fig. 5).

Our prior study showed that TDP-43 acetylation regulates
mRNA binding, because both the Lys-145 and Lys-192 target
lysines are in close proximity to the nucleic acid– binding inter-
face (4). Thus, TDP-43 acetylation and reduced RNA binding
may regulate TDP-43’s ability to incorporate into SGs and
direct TDP-43 toward an alternative and perhaps more aggre-
gated fate. Consistent with this possibility, oxidative stress,
which promotes TDP-43 acetylation and dissociation from tar-
get mRNAs, similarly promotes TDP-43 aggregation and disso-
ciation from SGs (4). Future RNA-Seq approaches could help
identify the full scope of TDP-43 targets that are sequestered in
SGs, whose expression may become deregulated by aberrant
TDP-43 acetylation.

We identified HDAC6 as a component of FMRP granules
(Fig. 5A), which is consistent with a prior report linking
HDAC6 to SG dynamics (34). We also showed that blocking
HDAC6 led to an increase in the insoluble TDP-43 pool (Fig.
5B), suggesting that HDAC6 inhibitors may in fact exacerbate

Figure 4. TDP-43 aggregates undergo a dynamic transition from cytoplasmic granules to mature inclusions. Cells co-expressing cytoplasmic TDP-43
(TDP-43–�NLS) and FMRP–GFP were treated with 0.25 mM arsenite for up to 60 min, followed by fixation and triple labeling to detect FMRP granules (green),
total TDP-43 (red), and pathological phospho-TDP-43–positive (P409/410) inclusions (blue) by confocal microscopy. Cyan arrowheads highlight FMRP granules,
and magenta arrowheads highlight mature TDP-43 inclusions. We note a gradual stress-dependent transition in TDP-43 morphology from granular SG-asso-
ciated puncta to mature inclusions by �30 min, which corresponded with the emergence of phosphorylated TDP-43 (P409/410) inclusions and minimal
co-localization with FMRP–GFP. Scale bar, 20 �m.
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TDP-43 aggregation within these cellular contexts. Although
HDAC6 inhibitors have shown some potential as neuroprotec-
tive agents in ALS models (50, 51), it is worth noting that
HDAC6 function is critical for maintaining proteostasis, poten-
tially by trafficking protein aggregates via microtubule-bound
dynein motors and delivering bound cargo to the autophagy-
lysosomal machinery for degradation (35). Indeed, several stud-
ies have suggested a protective role for HDAC6 in suppressing
toxicity (36, 38). Considering that HDAC6 inhibition can
increase protein aggregation, increase the levels of damaged
mitochondria via impaired mitophagy (52), and prevent effi-
cient autophagic-lysosomal fusion (36), these data may warrant
a re-evaluation of the therapeutic utility of HDAC6 inhibitors.
In fact, it may be critical to evaluate HDAC6 inhibitor efficacy
at specific stages of disease progression or define the impact of
these compounds on specific cell-types (e.g. neurons and glia) in
the central nervous system.

The paradoxical effects of HDAC6 inhibitors could also
reflect the diversity of cytosolic HDAC6 substrates. Future
efforts are needed to distinguish the role of HDAC6 as a regu-
lator of tubulin acetylation versus nontubulin substrates includ-
ing, for example, the actin remodeling machinery (e.g. actin and
cortactin) (53), a variety of MT-associated factors (e.g. Tau,
MAP2, and MAP4) (54), and heat shock proteins whose activi-
ties are controlled by reversible lysine acetylation (e.g. Hsp70
and Hsp90) (55, 56). Such insights could pave the way toward
targeted approaches to modulate HDAC6 activity in a more
substrate-selective manner.

Experimental procedures

Plasmids and cell culture

QBI-293 cells (MP Biomedicals) are commercially available
and maintained according to standard protocol. The protocols
followed in our animal studies were approved by the University
of North Carolina Institutional Animal Care and Use Commit-
tee (approval no. 17-049). Primary cortical neurons were iso-
lated from CD1 embryos (Charles River). Neurons were grown
on coverslips for 10 –11 days in vitro and transfected using cal-
cium-phosphate gene delivery (Promega), followed by fixation
in 4% paraformaldehyde and analysis by immunostaining, as
described below. All expression plasmids were amplified in
DH5� bacteria (New England Biolabs). TDP-43 constructs
(cloned into pcDNA 5T0 vector) containing mutations in
nuclear localization sequences (NLSs) and acetylation-mimic
Lys 3 Gln mutations were described previously (4). FMRP–
GFP constructs containing the human FMR1 promoter were

kindly provided by Dr. Jennifer Darnell (Rockefeller Univer-
sity). Plasmids were transfected into QBI-293 using FuGENE 6
(Promega) following the manufacturer’s instructions. The cells
were cultured in 6-well plates or on poly-D-lysine– coated cov-
erslips for 24 h prior to transfection. Co-transfection of multi-
ple plasmids (e.g. TDP-43–�NLS–K145Q combined with con-
trol vector or FMRP–GFP) was performed using FuGENE 6 per
the manufacturer’s protocols. Tubastatin A (TBST) was pur-
chased from Sigma and used in cell culture experiments at a
final concentration of 5 �M.

Fractionation and biochemical analysis

Biochemical analyses for preparation of cell lysates were per-
formed similar to that previously described (4). Cells from
6-well culture dishes were sonicated and homogenized in RIPA
buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 5
mM EDTA, 0.5% sodium deoxycholate, 0.1% SDS) supple-
mented with 1 mM phenylmethylsulfonyl fluoride, a mixture of
protease inhibitors (1 mg ml�1 pepstatin, leuptin, N-p-tosyl-L-
phenylalanine chloromethyl ketone, N�-tosyl-L-lysine chlo-
romethyl ketone hydrochloride, trypsin inhibitor; Sigma) and a
mixture of phosphatase inhibitors (2 mM imidazole, 1 mM NaF,
1 mM sodium orthovanadate; Sigma). Lysates were then soni-
cated and centrifuged at 21,100 � g for 30 min at 4 °C and then
rinsed in RIPA buffer to deplete the soluble protein pool. The
insoluble pelleted fractions were then extracted in 75 �l of urea
buffer (7 M urea, 2 M thiourea, 4% CHAPS, 30 mM Tris, pH 8.5),
sonicated, and centrifuged at 21,100 � g for 30 min at room
temperature.

All soluble and insoluble fractions were subsequently ana-
lyzed by immunoblotting using the following antibodies: rabbit
polyclonal anti-TDP-43 (Proteintech, 10782-2-AP), rabbit
polyclonal anti–phospho-TDP-43 (Ser-409/410; Proteintech,
22309-1-AP), anti-acetylated tubulin (Sigma, clone 6-11B-1),
anti-�-tubulin (Sigma, clone DM1A), and anti-GAPDH (Milli-
pore, ABS16). Dilution ratios were 1:1000 for all the antibodies
unless otherwise stated. Western blotting protein band quanti-
fication was measured by densitometry using ImageQuant TL
1D, version 8.1 software (GE Healthcare Life Sciences).

For phosphatase reactions, immunoprecipitated FMRP com-
plexes were collected on protein A/G beads and washed four
times (50 mM Tris-HCl, pH 7.4, 250 mM NaCl, 5 mM EDTA,
0.1% Nonidet P-40), followed by a final wash (50 mM Tris-HCl,
pH 7.5, 0.1 mM Na2EDTA, 5 mM DTT, 2 mM MnCl2). After
the last wash, the pellet was divided, and half was treated with
�-phosphatase (New England Biolabs). Samples were incubated

Figure 5. Cytoplasmic FMRP granules sequester HDAC6 and enhance TDP-43 aggregation. A, FMRP–GFP expressing cells were double-labeled to show
co-localization between FMRP granules (green) and endogenous HDAC6 (red). Cyan arrowheads highlight FMRP granules that recruited HDAC6. Scale bar, 20
�m. B, QBI-293 cells co-expressing cytoplasmic TDP-43 (TDP-43–�NLS) in the presence or absence of FMRP–GFP were treated with the HDAC6-specific
inhibitor tubastatin A (TBST) (5 �M for 12 h). Cell lysates were sequentially extracted to generate soluble (RIPA-extracted) and insoluble (UREA-extracted)
fractions followed by immunoblotting with TDP-43 and GAPDH antibodies. Myc-tagged TDP-43 was distinguished from endogenous TDP-43 (end. TDP-43)
based on their distinct molecular weight differences. C, protein band intensities were quantified using ImageQuant TL software (version 8.1), and the values
were represented as relative intensities normalized to the GAPDH loading control. D and E, cells co-expressing TDP-43–�NLS–2KQ and FMRP–GFP were treated
with TBST, where indicated, and triple-labeled to detect FMRP (green), total Myc-tagged TDP-43 (red), and P-409/410 (blue). The number of inclusions and
average inclusion size per cell were measured using ImageJ software and plotted in E. F, QBI-293 cells co-expressing aggregate-prone TDP-43–�NLS–2KQ and
FMRP–GFP along with either control vector (pcDNA3.1, lanes 1–3), WT HDAC6 (lanes 4 – 6), HDAC6-�BUZ lacking residues 1045–1215 (lanes 7–9), or HDAC6
1– 840 lacking residues 841–1215 (lanes 10 –12) were extracted, analyzed by immunoblotting, and quantified by densitometry in G. All HDAC6 constructs were
functional, as determined by deacetylation of tubulin. Error bars indicate S.E., and p values were calculated by Student’s t test. ***, p � 0.001; **, p � 0.01; *, p �
0.05. Ectopic expression of FMRP–GFP or inhibition of HDAC6 increased TDP-43 aggregation while restoring HDAC6 expression suppressed TDP-43 aggrega-
tion. ns, not significant.
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at 37 °C for 30 min and then collected by centrifugation. FMRP
phosphorylation was assayed by immunoblotting with a P-
FMRP antibody (Ser-499; PhosphoSolutions, p1125-499).

Immunocytochemistry and quantification

QBI-293 cells were grown on PDL-coated coverslips and
transfected as described above and cultured for the indicated
times. The cells were irreversibly fixed in 4% paraformaldehyde
for 10 min, rinsed in PBS (three times), and permeabilized once
with 0.2% Triton X-100 (Sigma) in PBS for 10 min. Fixed cells
were then blocked in 2% milk for 1 h and incubated with spec-
ified primary antibodies overnight at 4 °C. The cells were
washed in PBS and incubated with Alexa 488 – or 594 –
conjugated secondary antibody. The nuclei were counter-
stained with 4	,6	-diamino-2-phenylindole (Sigma). The cells
were analyzed using Metamorph software on a LSM780 confo-
cal laser microscope (Carl Zeiss) or an Olympus IX71 micro-
scope (Olympus).

The total number of FMRP granules in transfected cells that
co-localized with ectopic TDP-43 was quantified from 8 –10
fields and reported as percentage of co-localizing FMRP gran-
ules/total FMRP granules per field. FMRP granules were either
endogenously produced by exposure to arsenite stress (0.5 mM,
1 h) or ectopically produced by expression of FMRP–GFP.
Quantification of inclusion size, with or without TBST treat-
ment, was performed by counting inclusion number or by mea-
suring inclusion circumference (as determined by anti–phos-
pho-TDP-43 staining, Ser-409/410). Average inclusion size per
cell was represented relative to control conditions. The data
were represented as means 
 S.E. Statistical analysis was per-
formed with a two-tailed unpaired t test with equal variance
(significance set at p value � 0.05 (*), p value � 0.01 (**), and p
value � 0.001 (***). All of the quantitative immunofluorescence
analyses were independently validated and confirmed from at
least three biological replicates.

Primary antibodies used for immunofluorescence and histol-
ogy methods (described below) were as follows: anti-GFP (FL,
Santa Cruz), anti-GFP (B2, Santa Cruz), anti–TDP-43 (Protein-
tech, 10782-2-AP), anti–phospho-TDP-43 (Ser-409/410; Pro-
teintech, 22309-1-AP), anti–phospho-TDP-43 (Ser-409/410;
Millipore, clone 1D3, MABN14), anti–TDP-43 C-terminal
(1038) (5), anti–TDP-43 N-terminal (1065) (5), anti-FMRP
(BD Transduction Laboratories, 610352), anti–phospho-
FMRP (Ser-499; PhosphoSolutions, p1125– 499), anti-TIAR
(Millipore, MAB2160), anti-TIA1 (Santa Cruz, clone C-20),
anti-Hsp70 (Enzo Life Science, SPA-810), anti-HDAC6 (Santa
Cruz, clone H-300). Antibody dilutions ranged from 1:250 to
1:1000 for all antibodies unless otherwise noted.

Histology of ALS spinal cord

Lumbar spinal cord sections from a panel of ALS cases that
were positive for acetylated TDP-43 inclusions (4) and were
kindly provided by Dr. John Q. Trojanowski (University of
Pennsylvania). Double-labeling immunofluorescence staining
was performed at the University of North Carolina Transla-
tional Pathology Laboratory using the above described FMRP,
P-FMRP, TIA-1, TIAR, or phospho-TDP-43 (clone 1D3) anti-
bodies. Slides were dewaxed in Bond Dewax solution (Leica

Biosystems) and hydrated in Bond Wash solution (Leica Bio-
systems). Antigen retrieval for both stains were done for 30 min
in Bond-epitope retrieval solution 1 (pH 6.0, Leica Biosystems),
followed with 5 min of endogenous peroxidase blocking with
Bond peroxide blocking solution (Leica Biosystems). The pro-
tein blocking reagent (Leica Biosystems) was added for 10 min.
Primary antibodies were applied for 1 h. For dual-color immu-
nofluorescence staining, first phospho–TDP-43 was detected
with rabbit anti-rat IgG (Vector labs), bond polymer (Leica Bio-
systems), and tyramide Cy5 (PerkinElmer Life Sciences) and
then with SG markers using bond polymer and tyramide Cy3
(PerkinElmer Life Sciences). After completion of the first stain
and before addition of the second primary antibody, the appro-
priate antigen retrieval protocol and peroxide blocking steps as
described above were applied. The slides were counterstained
with Hoechst (Invitrogen) and mounted with ProLong Gold
antifade reagent (Life Technologies). IHC stained slides were
digitally imaged in Aperio ScanScope XT (Leica Biosystems)
using 20� objective. High resolution acquisition of double-
color immunofluorescence slides in the 4	,6	-diamino-2-phe-
nylindole, Cy3 and Cy5 channels was performed in Aperio
ScanScope FL (Leica Biosystems) using 20� objective.
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