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Huntington'’s disease (HD) is caused by an expanded CAG repeat in the hun-
tingtin gene, yielding a Huntingtin protein with an expanded polyglutamine
tract. While experiments with patient-derived induced pluripotent stem cells
(iPSCs) can help understand disease, defining pathological biomarkers
remains challenging. Here, we used cryogenic electron tomography to visua-
lize neurites in HD patient iPSC-derived neurons with varying CAG repeats, and
primary cortical neurons from BACHD, deltaN17-BACHD, and wild-type mice.
In HD models, we discovered sheet aggregates in double membrane-bound
organelles, and mitochondria with distorted cristae and enlarged granules,
likely mitochondrial RNA granules. We used artificial intelligence to quantify
mitochondrial granules, and proteomics experiments reveal differential pro-
tein content in isolated HD mitochondria. Knockdown of Protein Inhibitor of
Activated STATI1 ameliorated aberrant phenotypes in iPSC- and BACHD neu-
rons. We show that integrated ultrastructural and proteomic approaches may
uncover early HD phenotypes to accelerate diagnostics and the development
of targeted therapeutics for HD.

Huntington’s disease (HD) is a progressive, fatal neurodegenerative
disorder caused by a genetic mutation in the huntingtin gene (HTT).
The mutation is an expansion of a CAG repeat to ~40 and above within
the first exon. This yields a mutated Huntingtin protein (mHTT) with an
expanded polyglutamine (polyQ) tract that is pathogenic. Disease
typically strikes in mid-life, lasting ~10-15 years with an ongoing pro-
gression of symptoms, which include cognitive decline, mood and
personality disorders, and loss of motor control’. CAG length is
roughly correlated inversely with the age of disease onset with repeats
longer than -60 causing a juvenile form of HD**. No disease-modifying
treatments are available. Neuropathologically, degeneration of

medium spiny neurons in the striatum and cortical atrophy serve as
prominent manifestations’.

Methods to decipher the pathogenesis of neurodegenerative dis-
orders are needed to identify biomarkers sensitive to clinical pro-
gression and to inform therapeutic trials. A potential resource for such
insights are patient-derived induced pluripotent stem cells (iPSCs)®”,
which can be differentiated into multiple cell types, including neurons®
exhibiting disease phenotypes. Indeed, a number of HD-associated
phenotypes have been recapitulated in neurons differentiated from HD
iPSCs, including transcriptional dysregulation**?, bioenergetic
deficits”, impaired neurodevelopment**2'*55, altered cell adhesion'*?,
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'°7 and increased susceptibility

impaired nucleocytoplasmic trafficking
to cell stressors'®, among others.

The propensity of mHTT to aggregate in neuronal cells is a hall-
mark of HD and leads to the appearance of large (micrometer scale)
nuclear and neuritic inclusions, as seen in mouse models' and human
post-mortem brain*. mHTT’s potential role in the impairment of
autophagy in HD may contribute to aberrant protein accumulation®.
However, neither protein aggregation nor disruptions to protein
homeostasis have been observed in iPSC-derived HD models unless
treated with an inhibitor of the proteasome?, likely because these
models represent early developmental stages where overt disease
phenotypes are challenging to detect.

In parallel, other technological advances in cell, molecular and
structural biology are poised to contribute to the goal of identifying
early markers of pathology. For example, advances in cryogenic elec-
tron microscopy (cryoEM) and tomography (cryoET) have recently
elucidated the structure of soluble HTT in complex with HAP40 at
near-atomic resolution”, the topology of mHTT-exon 1 and polyQ
in vitro aggregates at nanometer resolution’, and have enabled
visualization of the interactions between mHTT-exon 1 aggregates and
other proteins and cellular compartments in transfected yeast® and
HeLa” cells, and with molecular chaperones in vitro*”*, CryoET and
cryoEM have shown aggregates in neurons for other neurodegenera-
tive diseases including poly-GA aggregates in amyotrophic lateral
sclerosis®® and frontotemporal dementia®®. Correlative light and elec-
tron microscopy has also been used to image recruitment of mHTT-
exon 1 to cytoplasmic aggregates within the single membrane, vesicle-
rich endolysosomal organelles®.

Herein, we used cryoET to visualize neurites from six human iPSC-
derived neurons (iPSC-neuron) cell lines endogenously expressing full-
length mHTT with a range of normal and pathogenic CAG repeat
lengths (Q18, Q20, Q53, Q66, Q77 and Q109). Using the same methods,
we also studied mouse primary embryonic cortical neurons from the
BACHD transgenic model** expressing the full-length human mHTT,
the deltaN17-BACHD model (dN17-BACHD) expressing full-length
human mHTT lacking the first 17 amino acids® and their littermate
wild-type (WT) controls. For all our samples, we examined subcellular
organelles previously implicated in HD, namely mitochondria* and
autophagosomes®, and found marked changes in morphology as
compared to controls. We then coupled these ultrastructural obser-
vations with mitochondrial proteomics and identified changes in the
levels of several mitochondrial and RNA-binding proteins in HD sam-
ples. We also developed an artificial intelligence-based semi-auto-
mated 3D segmentation method to quantify changes in mitochondrial
granule numbers and sizes.

Guided by ultrastructural and proteomic data, we explored the
impact of genetic knockdown (KD) of a SUMO E3 ligase Protein Inhi-
bitor of Activated STATI1 (PIASI), a protein previously linked to the
maintenance of proteostasis and synaptic function in HD***%, PIAS1
reduction abrogated both enlarged mitochondrial granules and aber-
rant aggregates in autophagic organelles in human HD iPSC-neurons.
Following PIAS1 knockdown in the BACHD mouse model, enlarged
mitochondrial granules were absent, but aggregates in autophagic
organelles remained. These findings are consistent with prior studies
showing that PIAS1 knockdown is neuroprotective in HD mice and
human iPSC-neurons?~,

Our investigations provide a platform with which to structurally
evaluate in situ organelle phenotypes in thin regions of intact neurons
at nanometer resolution, in the presence and absence of potential
therapeutics. The paradigm we propose emphasizes the ability to
explore early disease manifestations and mechanisms in neurites of
intact patient- and mouse-model-derived neurons, which serves as a
proof of concept for the utility of cryoET as a structural readout to
assess HD phenotypes and to provide a preclinical evaluation of
potential therapies.

Results

Huntington’s disease patient-derived iPSCs differentiated into
mature neurons on electron microscopy grids

Neurons differentiated from human iPSCs with pathological- and
normal-length CAG tracts in the HTT gene provide a platform to study
different HD pathological states within their endogenous genetic
context*. Here, we developed a robust protocol to differentiate iPSC-
neurons with characteristics of medium spiny neurons on electron
microscopy (EM) gold grids (Supplementary Fig,. 1).

We first differentiated iPSCs to neural progenitors and then
adapted our prior maturation protocol* to allow the cells to grow
directly on EM gold grids, eliminating the Matrigel matrix to minimize
background densities, thereby maximizing contrast in cryoET images
(Supplementary Fig. 1a). The cells survived, differentiated and matured
without Matrigel, producing axons and dendrites, and displaying
normal neuronal morphology (Supplementary Fig. 1b, c). Differentia-
tion of cells was also performed at half density (see Methods) to
increase the likelihood of obtaining grids with only one cell per grid
square, minimizing the potential for overlap between cells while
maximizing the number of areas suitable for cryoET imaging (Sup-
plementary Fig. 1c). These modifications allowed iPSCs to differentiate
into cells with medium spiny neuron-like characteristics directly on the
grids, as validated by DARPP32 and CTIP2 co-staining”? (Supplemen-
tary Fig. 1d). Cells were differentiated for 16 days to progenitors, then
plated on EM gold grids for terminal differentiation and maturation.
After three more weeks (21 + 2 days) of terminal differentiation, grids
were vitrified by rapid plunging into liquid propane on day -37-39*%4°
to preserve the neurons in a near-native state without chemical fixative
or metal stain.

CryoET data revealed mitochondria with abnormal cristae and

enlarged granules in neurites of HD patient iPSC-neurons

The initial motivation to image intact human HD neurons using cryoET
was to determine whether we could directly visualize, at nanometer
scale, in situ aggregates of native mHTT (endogenous and untagged)
that are not visible using other microscopy methods, as well as their
surrounding subcellular components. A single iPSC-neuron is a
micrometer-sized cell with a thick cell body and long, thin neurites.
Since the electron beam cannot penetrate through the cell body of
neurons, we extensively surveyed the structural features in the neur-
ites of our HD cells by recording low magnification 2D images, from
which we identified potential regions of interest for subsequent
higher-magnification cryoET data collection (Supplementary Fig. 2).

Following an iterative search in many different areas on the
cryoEM grids for all HD patient iPSC-derived (Q53, Q66, Q77, and
Q109) and control (Q18, Q20) neurons, we failed to detect large
cytoplasmic inclusions or aggregates such as those previously
observed in in vitro mHTT-exonl expressing cells*>%**2, However,
this exhaustive examination did detect, in numerous regions in the
neurites of all samples, abnormally large and dense, discrete, granular
features as well as tangled aggregates, both within double membrane-
bound compartments. Some of these compartments showed classic
features of mitochondria (Fig. 1), as marked by an outer double
membrane and the appearance of inner membrane invaginations
forming cristae (Supplementary Movie 1).

The large and dense granular features inside mitochondria were
consistently present in tens of tomograms of HD cell lines (Q53, Q66,
and Q77), and cristae appeared abnormal in most mitochondria in
higher polyQ lines (Q53, Q66, Q77, and Q109) particularly visualized in
3D tomograms (Fig. 1d-f). The Q109 line showed extensive dysmor-
phology, often having no granules at all, but with highly abnormal
cristae (Fig. 1f). Importantly, these aberrant features were absent from
mitochondria of control iPSC-neurons (Q18 & Q20), though smaller
features, consistent with normal mitochondrial granules, were readily
observed (Fig. 1a, b). To facilitate 3D visualization, we used a
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b Q20

«== Outer double membrane

Fig. 1| Mitochondria in neurites of HD patient iPSC-neurons exhibit altered
morphology and contain enlarged granules of varying size. Slices (-1.4 nm
thick) through selected regions of representative cryoET tomograms and corre-
sponding segmentations of local features for a Q18, b Q20, ¢ Q53, d Q66, e Q77,
and f Q109 human iPSC-neurons. For HD Qn, mitochondria have swollen cristae
and contain enlarged granules compared to controls (Q18 & Q20), with

@ Cristae membranes

s Granules s Microtubules

Q109 showing the most aberrant phenotype in which many mitochondria show
normal, small granules, some show no granules at all and barely any cristae, and
some show large granules. Segmentation colors: red: microtubules, yellow: mito-
chondrial outer double-membranes, dark blue: granules, and cyan: cristae mem-
branes. Scale bars =100 nm.

combination of convolutional neural network-based algorithms in
EMAN2* to annotate and segment these dense structures as well as
other mitochondrial and subcellular features in surrounding areas,
such as microtubules (Fig. 1a-e, Supplementary Movie 1). Of note, the
granules in mitochondria of HD cells did not comprise homogeneous,
smooth densities, but rather exhibited complex interwoven textures,
occasionally displaying lower-density regions or voids regardless of
their size (Fig. 2a, b).

CryoET data showed mitochondria with abnormal cristae and
enlarged granules in neurites of HD mouse model primary
neurons

Next, we tested whether the abnormal ultrastructural features we
observed in iPSC-neurons were also present in primary embryonic
cortical neurons cultured from the BACHD mouse model®”’, which
expresses full-length human mHTT with an expanded polyQ tract
comprised of 97 mixed CAG-CAA repeats under the control of human
regulatory sequences. We used cryoET to image neurites in primary
cortical BACHD neurons and again found abnormally enlarged
granules within mitochondria whose cristae were often disrupted
compared to WT (Fig. 3a, b), similar to those seen in neurites of iPSC-
neurons (Fig. 1c-f). Our data are evidence that neurons from both
human and mouse HD models share the presence of enlarged gran-
ules and other changes in mitochondria, supporting the view that
these morphological abnormalities could be used as diagnostic fea-
tures of HD. We also evaluated primary cortical neurons from BACHD
transgenic mice expressing human mHTT lacking the first 17
N-terminal amino acids (dN17-BACHD)*. The N-terminus of HTT
contains a putative mitochondrial membrane-targeting sequence

that can form an amphipathic helix**** characteristic of proteins
transported into the mitochondria. Further, this domain is required
for interaction with the translocase subunit of mitochondrial inner
membrane protein 23 (Tim23), essential for protein import across
mitochondria*®. More severe phenotypes are observed in dN17-
BACHD than BACHD mice®, with nuclear and endoplasmic reticulum
(ER) mHTT localization for the former, as well as large nuclear
inclusions in the BACHD model*’. CryoET of neurites in dN17-BACHD
neurons showed even more severe distortions in most of their
mitochondria (Fig. 3c), suggesting a role for the N17 domain in
mitochondrial integrity. These observations, therefore, suggest that
the polyQ tract of mHTT can be particularly disruptive to mito-
chondria, as previously reported for mitochondrial membranes using
other techniques®.

Neurites in HD patient iPSC-derived and mouse model neurons
contain sheet-like aggregates in autophagic organelles
In addition to the dense, enlarged granules observed in mitochondria,
we observed numerous, much larger aggregates in other membrane-
bound compartments in both HD patient iPSC-neurons and mouse
primary neurons. While they appeared to be filamentous when viewed
in two-dimensional (2D) z-slices through the tomograms, closer three-
dimensional (3D) inspection, revealed that they are composed of
densely interwoven slab-shaped, and sheet-like aggregates (Fig. 4,
Supplementary Movie 2), hereafter called sheet aggregates.
Importantly, these sheet aggregates were present in the neurites
of all HD patient Qn neurons (Q53, Q66, Q77, and Q109) (Fig. 5a) as well
as in those of HD mouse model neurons (BACHD and deltaN17-
BACHD) (Fig. 5b). On the other hand, double membrane-bound
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Fig. 2 | Mitochondria in HD neurites contain enlarged granules composed of
tightly packed, heterogeneous densities. Z-slices (-1.4 nm thick) through repre-
sentative cryoET tomograms of a neurite from a a HD iPSC-neuron (Q77) and b a
control iPSC-neuron (Q18), and corresponding oblique cutaway-view

segmentations of mitochondrial outer double membranes (yellow) and dense,
granular densities inside (light blue), with accompanying zoomed-in views of the
mitochondrial granules. Scale bars = 100 nm. Segmentation colors: yellow: double
membrane, light blue: mitochondrial granules.

Fig. 3 | Mitochondria from neurites of HD mouse model neurons exhibit altered
morphology and contain enlarged granules of varying size. Slices (-1.4 nm thick)
through selected regions of representative cryoET tomograms and corresponding
segmentations of local features for a WT, b BACHD and ¢ dN17 BACHD primary

deltaN17

e

neurons reveal that neuronal mitochondria in HD mice have swollen cristae and
contain enlarged granules compared to controls (WT). Segmentation colors are the
same as Fig.1. Scale bars=100 nm.

compartments in neurites of control human iPSC (Q18) (Fig. 5¢) and
mouse (WT) (Fig. 5d) neurons lacked these sheet aggregates.

Of note, the sheets in these aggregates were reminiscent of
some regions in mHTT exon 1 and polyQ-only aggregates in vitro,
shown to contain long, relatively flat, or slightly curved, ribbon-
like*® or sheet-like* morphologies. Similar features were also
observed previously for poly-GA aggregates® and possibly in small

regions of GFP-tagged TDP-25 gel-like inclusions®. Interestingly,
the thickness of the sheet aggregates in our neurons here was more
uniformly -2 nm when visualized in our 3D tomograms with con-
trast transfer function correction and without downsampling or
low-pass filtration. Fourier transforms of these sheets in higher
magnification images did not reveal any periodic arrangement
in them.
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Fig. 4 | Neurites in HD cells contain double membrane-bound compartments
with sheet aggregates composed of interwoven slabs and sheets. a Z-slice
(-1.4 nm thick) through a selected region showing a sheet aggregate in a repre-
sentative cryoET tomogram of a neurite of an HD patient iPSC-neuron (Q66) and
corresponding segmentation of double membranes (yellow) and aggregated

densities inside (light blue). b Cutaway, oblique view of an enlarged region from the
segmentation in a and further zoomed-in views of selected subregions showing
examples of sheet-like areas within the aggregate. Scale bars =100 nm. Segmen-
tation colors: yellow: double membrane, light blue: sheet aggregate.

Eukaryotic cells contain several characteristic double membrane-
bound compartments including mitochondria, nucleus, and organelles
in the autophagy pathway such as mitochondria-derived vesicles*’,
autophagosomes®’, and amphisomes®’. Here, the compartments con-
taining the sheet aggregates (200 nm to ~500 nm range in the longest
span) were much smaller than the nucleus (-3-18 pm in diameter), and
sometimes seemed to bind or merge with one another (Supplementary
Fig. 3a). While they were most often similar in size to small mito-
chondria, and could possibly correspond to degenerating versions of
this organelle or mitochondria-derived vesicles*’, they may also cor-
respond to other autophagic organelles with no visible cristae or to
other molecular components targeted for autophagy®™, suggesting
alternative and possibly complementary or parallel biogenesis origins.
For instance, autophagosomes participate in cellular pathways for
degradation and clearance and thus are possible candidates to contain
these sheet aggregates. Supporting this interpretation, we found
instances of sheet aggregates within double membrane-bound com-
partments fused with single membrane-bound compartments (Sup-
plementary Fig. 3b-d), reminiscent of lysosomes, a picture strikingly
similar to amphisomes, which result from the fusion of autophago-
somes with lysosomes*°.

In addition, in support of the degenerating mitochondria assign-
ment, we observed features suggestive of nascent sheet aggregates in
what appeared to be degenerating mitochondria with disrupted cris-
tae remnants (Supplementary Fig. 3e). To further characterize the
nature of these features, we again used semi-automated, neural-
networks-based annotation of the corresponding tomogram with
EMAN2*, training on a few positive references (n=10) from a mature

sheet aggregate only. Strikingly, the algorithm assigned the putative
nascent sheet aggregate features in what appears to be a mitochon-
drion as belonging to the same type of feature as mature sheet
aggregates, even though the networks were trained exclusively with
mature sheet aggregate references (Supplementary Fig. 3f). This
organelle could represent a degenerated mitochondrion asso-
ciated with a lysosome, as these two organelles were recently dis-
covered to interact directly via their membranes®. Indeed, this
mitochondrion and a similar neighboring organelle are seen interact-
ing with single membrane-bound compartments (Supplemen-
tary Fig. 3g).

Mitochondrial proteomics of human iPSC-neurons identified
differentially expressed proteins, including those engaged in
RNA binding

The accumulation of mitochondrial granules (Fig. 2), distinctly dif-
ferent from the sheet aggregates (Fig. 4), and the disruption of
cristae observed in the neurites of HD neurons, are consistent with
impaired mitochondrial function and bioenergetics previously
described for HD***?, To investigate potential mechanisms under-
lying the abnormal enlargement of mitochondrial granules, we per-
formed liquid chromatography-tandem mass spectrometry-based
proteomic analysis on mitochondria isolated from HD patient iPSC-
neurons (Q109) and controls (Q18) since the former represents the
most extreme phenotype among our HD patient iPSC-neuron sam-
ples (Fig. 6). The Q109 line has severely disrupted mitochondria with
few granules and highly disrupted cristae. Mitochondria were iso-
lated by using magnetically labeled anti-TOM22 microbeads™.
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Q66

c Q18
3

Fig. 5 | Neurites in HD patient iPSC-derived and mouse model primary neurons
exhibit sheet aggregates within double membrane-bound organelles. Slices
(-1.4 nm thick) through selected regions of representative cryoET tomograms
showing double membrane-bound compartments in neurites of a iPSC-neurons

i e e Ll ettt

and b mouse model primary neurons, as well as ¢ Q18, Q20, and d WT controls.
Control lines do not show the presence of sheet aggregates. Scale bars =100 nm.
The red arrows in full-frame views in b and d indicate double membrane-bound
organelles.

CryoET tomograms of isolated mitochondria (Fig. 6a, b) looked like
those in HD neurites, containing enlarged granules in Q109 and small
granules in Q18 (Fig. 1a, f, Fig. 6a, b). In quality control experiments,
the mitochondrial isolation method was assessed via Western ana-
lysis on each cell fraction; this yielded a fraction with enrichment of
mitochondria (using ATPB protein levels as a proxy) with some minor
contamination from other organelles (LC3 levels were used as a
proxy for autophagosomes, and CTIP2 levels as a proxy for nuclei)
(Supplementary Fig. 4a). Consistent with previous observations, our
proteomic datasets were associated with Gene Ontology (GO) terms
related to mitochondrial functions (Supplementary Fig. 4b).

Comparing the mitochondrial proteome of Q109 HD patient iPSC-
neurons vs controls (Q18) revealed a total of 177 differentially enriched
peptides, of which 124 were unique proteins, the majority of which
were depleted in HD (Fig. 6¢ & Supplementary Data 1). Mitochondrial-
encoded proteins were not depleted, however, depleted proteins
included nuclear-encoded mitochondrial proteins (purple in Fig. 6d)
such as TOMM70A, a mitochondrial import receptor involved in the
translocation of preproteins which contain a mitochondrial targeting
sequence, into mitochondria, which is impaired in HD*'. Interestingly,
FIS1 (mitochondrial fission protein) levels were increased in HD
(Fig. 6d), consistent with previous data showing altered regulation of
mitochondrial fission in HD>**,

GO analysis of the differentially enriched peptides found RNA
binding to be the most significantly altered molecular function
(Fig. 7a), as reflected by increased levels of various cytoplasmic RNA
binding proteins such as hnRNPA2BI1, hnRNPA1, and hnRNPHL. G-rich
sequence factor 1 (GRSFI), a nuclear-encoded mitochondrial RNA
binding protein essential for mitochondrial homeostasis and required
for mitochondrial RNA processing®*’, showed reduced levels in the
Q109 HD mitochondria, consistent with the general lack of granules in
these neurons. Panther pathway analysis identified cytoskeletal reg-
ulation by Rho GTPase and axon guidance mediated by semaphorins as
the two most overrepresented pathways by the DEPs (Fig. 7b).

Ingenuity Pathway Analysis (IPA) of the mitochondrial differen-
tially enriched peptides identified a network representing proteins
involved in RNA post-transcriptional modification, further implicating
these proteins in RNA biology and dynamics (Fig. 7c). Upstream reg-
ulators identified by IPA included Amyloid Precursor Protein (APP) and
transforming growth factor  (TGF-f) as predicted inhibitors of the
mitochondrial DEPs in HD. IPA pathways included mitochondrial dys-
function and Glycolysis 1, consistent with the mitochondrial deficits in
HD’**? (Supplementary Fig. 4c—f, Supplementary Data 1).

The presence of enlarged mitochondrial granules could repre-
sent aberrant accumulation of mitochondrial RNA granules
(MRGs)**%¢L suggesting RNA processing and RNA quality control
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Fig. 6 | Mass spectrometry of isolated mitochondria revealed different levels of
associated proteins in neurites of iPSC-neurons (Q109) vs controls with
representative cryoET of isolated HD mitochondria. Z-slices (-1.4 nm thick) of
a control Q18 and b Q109 mitochondria showing abnormal accumulation and
enlargement of mitochondrial granules in the latter. Scale bar =100 nm. Most of
the mitochondria from Q109 have aberrant cristae and no granules as shown in

Fig. 1 and quantitated in Fig. 9. ¢ Mass spectrometry of proteins in isolated mito-
chondria showed 177 differentially enriched peptides, of which 124 were unique to
a certain protein. d Scatter plot showing fold change of peptides(X) vs the log false
discovery rate(Y) of the 177 peptides highlighting selected proteins that were
depleted or increased in HD (Q109) mitochondria in comparison to controls (Q18).
Mitochondrial proteins are colored in purple and ER proteins in orange.

deficits, and/or aberrant protein quality control due to disrupted
protein import arising from the presence of mHTT*. Given that mass
spec shows a differential enrichment of RBPs, which are components
of MRGs, we investigated whether the enlarged granules might be
MRGs by modulating GRSF1, which is involved in the formation of
MRGs**¥, in the Q66 neurons that showed significantly and con-
sistently enlarged mitochondrial granules (Fig. 1d) but less disruption
of mitochondrial cristae. GRSF1 was reduced through RNAi-mediated
knockdown and we examined whether there was any effect on
granule size and/or number per mitochondria. Accell (Horizon Dis-
covery) siRNA treatment was initiated on day 28 of differentiation
after plating on grids at day 16. Total knockdown at day 37 was
recorded by qRT-PCR at 90% (Supplementary Fig. 4g-i). Tomograms
were collected from the cells on grids. The enlarged granules were
disrupted (Fig. 7d), and were of significantly smaller size as reflected
in subsequent quantitative analysis (described below), following

GRSF1 knockdown compared to control scrambled siRNA, suggest-
ing the granules are MRGs.

PIASIT heterozygous knockout in HD patient iPSC-neurons and
short-term Pias1 knockdown in BACHD mouse neurons mod-
ulate aberrant organelle phenotypes

Mitochondrial dysfunction can be highly detrimental to neuronal
function, particularly in light of the extensive energetic requirements
for synaptic function®?. To evaluate whether the observed phenotypes
can be ameliorated, we evaluated genetic reduction of an E3 SUMO
ligase, PIASL, based on our previous data showing that reduced PiasI
expression resulted in: decreased aberrant accumulation of mHTT in
R6/2 HD mice, rescued transcriptional deficits in zQ175 HD mice,
particularly of synaptic genes, and improved mitochondrial DNA
integrity and synaptic gene expression in iPSC-neurons®%, PIAS1
enhances SUMOylation of various proteins, including HTT*”%, To
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Fig. 7 | Analysis of mass spectrometry data from isolated HD (Q109) vs control
mitochondria indicates RNA binding and knockdown of RNA binding protein
GRSF1in Q66 reduces mitochondria granule size. a Graph of gene ontology (GO)
analysis of the 124 unique of differentially enriched proteins in HD vs control
mitochondria showing molecular functions overrepresented by HD DEPs. The false
Discovery Rate (FDR) indicates the reliability of the functional identification of the
DEPs. b Graph of Panther analysis of the 124 differentially enriched proteins in HD
vs control mitochondria showing Panther Pathways overrepresented by HD
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b HD vs CTL mitochondrial DEPs
Panther Pathways
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Cytoskeletal regulation by Rho GTPase

Axon guidance mediated by semaphorins

Q66
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mitochondria differentially enriched proteins. ¢ Ingenuity pathway analysis of the
differentially enriched proteins between HD and control mitochondria highlighted
Post-Translational Modification, RNA Post-Transcriptional Modification, and Pro-

tein Folding as the top network (score, 60 Focus molecules: 27). Proteins in blue are
depleted in HD while proteins in red are enriched. d Examples of z-slices (-1.4 nm
thick) through cryoET tomograms of day 37 iPSC-neurons (Q66) without (top) and
with (bottom) treatment at day 28 with GRSFI siRNA. Scale bars =100 nm.

computationally determine whether targeting PIAS1 would predict
changes in the HD mitochondrial proteome, we first compared the
changes in the mitochondrial proteome of HD iPSC-neurons (Q109 vs
QI18) described above with findings from our prior study* of gene
expression in the same type of differentiated neurons following PIAS1
knockdown (Supplementary Fig. 5a, b). We found a significant overlap
between mitochondrial differentially enriched peptides and RNA
changes induced by siRNA depletion of PIASI in HD iPSC-neurons
(representation factor:2.1 p<3.314e-05, Supplementary Fig. 5a, b,
Supplementary Data 1). These comparisons further supported inves-
tigating whether knockdown of PIASI could influence the presence
and/or size of the aberrant granules we observed within HD
mitochondria.

We again used cryoET to visualize iPSC-neurons (Q53 & Q66,
representing an intermediate range of phenotypes) with PIASI het-
erozygous knockout (hetKO), using a CRISPR-Cas9-generated hetKO,
which produces approximately 50% knockdown (Supplementary
Fig. 6a-d). The PIASI hetKO iPSC neurons differentiated well on EM
gold grids in preparation for cryoET experiments (Supplementary
Fig. 6e). The Q53 and Q66 PIASI hetKO tomograms (Fig. 8a, b right
panels) showed seemingly healthy mitochondria and other double
membrane-bound organelles, lacking the abnormally enlarged gran-
ules and sheet aggregates, respectively, as had been observed in HD
patient iPSC-neurons for all Qns (Figs. 1, 5 & 8a, b left panels). Indeed,

the structural features of Q53 and Q66 PIASI hetKO neurites resemble
those from control Q18 neurons rather than the parental HD lines.

To determine if the rescue of abnormal morphologies observed in
HD patient iPSC-neurons (Q53 & Q66) with PIASI hetKO translates to
mouse cortical neurons, we carried out a short-term Pias1 KD in mouse
primary neuronal cultures derived from E18 BACHD cortical neurons
on EM grids and visualized cells with cryoET (Fig. 8c, d). To reduce
Piasl levels, Accell (Dharmacon) siRNA smart pools against mouse
Pias1 were used. PiasI KD was initiated at day in vitro 3 (DIV3) with one
treatment and grown for 11 days. Cells were vitrified for cryoET analysis
at DIV14. Knockdown of PiasI in the BACHD neurons was successful
according to qRT-PCR analyses; 43% knockdown was achieved com-
paring control-siRNA-treated neurons to Piasl knockdown (Supple-
mentary Fig. 6g, h).

CryoET experiments showed that treating BACHD neurons with
Piasl siRNA resulted in a reduction of enlarged granules in neurons,
with many mitochondria completely lacking detectable granules in
comparison to the BACHD mitochondria. However, sheet aggregates
in autophagic organelles were present in comparable numbers to
those in BACHD neurons without Piasl KD (Fig. 8d, bottom right).
Thus, the beneficial effects of PIASI hetKO in HD patient iPSC-neurons
was only partially replicated in the mouse model under our experi-
mental conditions, possibly due to the later and shorter treatment
time frame. Whether the impact of PIAS1 reduction is consistent across
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Fig. 8 | Effects of reduced PIAS1/Pias1 on mitochondrial granule size and sheet
aggregates in autophagic organelles in neurites of HD model neurons. Slices
(-1.4 nm thick) through representative cryoET tomograms of neurites in a Q53 and
b Q66 HD iPSC-neurons without (left) and with (right) PIASI hetKO show that PIASI
hetKO ameliorated the phenotypes of enlarged mitochondrial granules (first row)
and sheet aggregates in putative autophagic organelles (second row). Slices

d BACHD Pias1 KD

P L e e e ) B e e

(-1.4 nm thick) through representative cryoET tomograms of neurites in ¢ BACHD,
d BACHD Pias1 KD, and e WT mouse neurons show that PiasI KD ameliorated the
enlarged mitochondrial granules (third row) but not the sheet aggregates in
putative autophagic organelles (fourth row) in BACHD-derived neurons. Scale
bars =100 nm.

all cells or results in different effects in different cell types needs fur-
ther investigation.

Artificial intelligence-based semi-automated 3D segmentation
enabled quantitative characterization of abnormally enlarged
mitochondrial granules in neurites of HD neurons

We observed both enlarged granules and disrupted cristae in the
mitochondria of HD neuronal processes (Figs. 1-3). The mitochondrial
granules varied in size, seeming much larger in HD mitochondria than
in controls. To quantify their size distribution, we developed a semi-
supervised, artificial intelligence-based method to automatically
detect and segment mitochondria and mitochondrial granules in
neurite tomograms (Supplementary Fig. 7). Among all tomograms
gathered from three technical replicates per cell line (Supplementary
Table 1), the algorithm found that 139 contained mitochondria for the
various HD patient iPSC-neurons and 83 for mouse model neurons
(Supplementary Table 1).

Quantifying mitochondrial granule volumes by segmentation esti-
mation (see Methods) (Fig. 9) with our algorithm yielded distributions
for Q53, Q66, and Q77 that were shifted towards larger sizes with
respect to controls (Fig. 9a). This was also observed for BACHD and,
dN17-BACHD compared to WT neurons (Fig. 9c), transfected with a
control siRNA. In contrast, granule volumes on average were not larger
in Q109 compared to controls, likely due to the significant general dis-
ruption of mitochondria in the former. PIASI hetKO produced a sig-
nificant decrease in the Q66 and Q53 lines when compared to parental
Q66 and Q53 (Dunn’s multiple comparisons Q66 vs. Q66 PIAS1 hetKO
padj < 0.0001, Q53 vs. Q53 PIASI hetKO padj < 0.0001), with Q66 PIAS1
hetKO resembling the control Q18 and Q20 iPSC lines, and Q53 PIAS1
hetKO having granules significantly smaller than controls (Q20 vs. Q53
PIAS1 hetKO padj < 0.0001 Q18 vs. Q53 PIASI hetKO padj=0.0002).

Furthermore, mitochondrial granule volumes were rescued to WT
size in BACHD neurons treated with Piasl siRNA in comparison to
BACHD neurons without treatment and BACHD neurons treated with
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control siRNA (Dunn’s multiple comparisons WT vs BACHD Piasl
siRNA padj > 0.9999, BACHD vs. BACHD PiasI siRNA padj < 0.0001,
and BACHD Control siRNA vs. BACHD Piasl siRNA padj < 0.0001). In
addition, there was a significant decrease in granule volume when we
treated Q66 neurons with GRSF1 siRNA (padj < 0.0001).

While mitochondrial granule volumes were increased for all
Qn iPSC-neurons except Q109, granule numbers per nm?® of
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mitochondrial volume were not different in any of them from those
in control Q18 or Q20 cells (Fig. 9b). Interestingly, GRSF1 siRNA
treatment of Q66 neurons significantly increased the number of
granules in the mitochondria (padj=0.0316). On the other hand,
granule numbers per nm? of mitochondrial volume were decreased
in all mouse cell lines with respect to WT, including in those treated
with siRNAs (Fig. 9d).
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Fig. 9 | Artificial Intelligence (Al)-based 3D quantification of mitochondrial
granule volume and granule number per mitochondrial volume. Al-based
quantitation of neuronal tomograms containing mitochondria demonstrates a
significant increase in mitochondrial granule size with higher polyQ in HD human
and mouse model neurons. While this is rescued by PIASI hetKO and GRSFI siRNA in
iPSC neurons, it is only partially rescued by Pias1 KD in mouse model neurons.
Violin plots displaying Al measurements of mitochondrial granule a volume
(Kruskal Wallis statistic = 857.2, P value < 0.0001 with Dunn’s multiple compar-
isons) and b numbers per nm* of mitochondrial volume (Kruskal Wallis statistic =
129.6 P< 0.0001 with Dunn’s multiple comparisons) from cryoET tomograms of
neurites for several HD patient iPSC-neuronal cell lines (number of tomograms per
cell line: Q18 =21, Q20 =20, Q53 =14, Q66 =10, Q77 =5, Q109 =37, Q53 PIASI
hetKO =22, Q66 PIASI hetKO = 68 and Q66 GRSFI siRNA =17; number of granules
per cell line:Q18 = 364, Q20 = 774 Q53 =254, Q66 =249, Q77 = 94, Q109 =1534, Q53

PIASI hetKO =13, and Q66 PIASI hetKO =2524 and Q66 GRSFI siRNA = 958) as well
as mitochondrial granule ¢ volume (Kruskal Wallis statistic = 1030, P < 0.0001 with
Dunn’s multiple comparisons) and d numbers per nm? of mitochondrial volume
(Kruskal Wallis statistic = 68.28, P < 0.0001 with Dunn’s multiple comparisons)
from cryoET tomograms of neurites for three mouse neuron models (number of
tomograms per mouse model: WT =31, BACHD =22, dN17 BACHD =15, BACHD
Control siRNA=5 and BACHD PiasI siRNA=12; number of granules per mouse
model:WT =2057, BACHD = 634, dN17-BACHD =477, BACHD Control siRNA =91
and BACHD Piasl siRNA =92). The human neurons and mouse model neurons
showed an increase in granule volumes in all but Q109, a trend of reduced granule
number in human neurons and a significant reduction in granule number in mouse
model neurons. Median displayed as dashed line, dotted lines display quartiles.
ns = not significant, ***p < 0.0001, *p < 0.01, *p < 0.05 For full statistical details
refer to Supplementary Table 2. Source data are provided as a Source Data file.

Discussion

In this study, we have defined Q-length dependent ultrastructural
changes that occur in neuronal processes (neurites) of human HD
iPSC-neurons and BACHD primary cortical neurons. Specifically, we
found that HD neurons contain two types of double membrane-bound
organelles including mitochondria and autophagic organelles with
abnormal densities inside, which are completely absent in healthy
control neurons. First, in mitochondria, we observed ultrastructural
changes, most notably enlarged granules in all HD samples compared
to controls (Figs. 1-3). Importantly, many HD samples also exhibited
severely disrupted cristae, similar to cryoET observations in other
neurodegenerative disorders such as Leigh syndrome®*®, Second, we
observed sheet aggregates within autophagic organelles resembling
mitochondria-derived vesicles, autophagosomes and/or amphisomes
(Figs. 4, 5, Supplementary Fig. 3). These findings are highly significant
in demonstrating the disruption of organellar structure in HD, possibly
as very early events in pathogenesis that precede overt neuronal dys-
function and the appearance of inclusions visible in neurons derived
from HD patient?® and mouse model° brain tissues.

Cellular cryoET experiments yield 3D volumes (“tomograms”) that
sample regions of the crowded subcellular environment in vitrified
cells preserving their native structures. In the initial stages of this
project, we visualized hundreds of neurite tomograms, leading to the
discovery of enlarged granules in mitochondria and sheet aggregates
in autophagic organelles within them. Using a newly developed semi-
supervised artificial intelligence-based method to segment and quan-
tify the number and volume of mitochondrial granules (Supplemen-
tary Fig. 7), we concluded that their enlargement is a structural
signature of HD, consistently present in both human iPSC- and mouse
model-derived neurons (Fig. 9). Figure 9 shows the statistical analysis
of all our tomograms with mitochondria from various HD models and
treatments. Thus, our quantitative findings do not depend on sub-
jective observation.

The aberrant accumulation of large mitochondrial granules and
abnormal cristae are known hallmarks of mitochondrial dysfunction as
assayed by other methods in similar systems®**%, As members of the HD
iPSC Consortium'®, we previously showed that striatal-like HD iPSC-
neurons similar to those examined here have mitochondrial deficits
including altered mitochondrial oxidative phosphorylation and
enhanced glycolysis”. Additional studies have also shown mitochon-
drial dysfunction, fragmentation, and disrupted cristae by electron
microscopy of chemically fixed cell lines expressing mHTT®’.

The high scattering contrast of the enlarged granules we observed
here in both human and mouse HD model neurons could be attribu-
table to RNA and/or calcium phosphate. Mitochondria normally con-
tain calcium phosphate granules, which store excess calcium, maintain
mitochondrial calcium concentration, and contribute to the main-
tenance of mitochondrial function®®*’. Furthermore, calcium overload
within cells causes ultrastructural remodeling of cristae’®”, as in our
experimental results described above, which was particularly

extensive for Q109 iPSC-neurons and dN17-BACHD neurons. Cellular
calcium dyshomeostasis is a well-established phenotype in HD”*7* and
mitochondrial calcium dysregulation was observed in mitochondria
isolated from transgenic YAC128 HD mice”. Assessing the proteome of
mitochondria isolated from human HD iPSC-neurons identified dif-
ferentially enriched proteins related to protein import and RNA
binding (Fig. 7). Mitochondrial RNA granules (MRGs) are normal fea-
tures of the mitochondrial matrix*’, and are composed of newly syn-
thesized RNA, RNA processing proteins and mitoribosome assembly
factors™ 778 Stressors such as dysregulation of RNA processing and
RNA quality control defects or inhibition of mitochondrial fission or
fusion®®®! can cause aberrant accumulation of MRGs, which are com-
posed of large ribonucleoprotein complexes®®. MRGs are fluid
condensates® and components of mitochondrial post-transcriptional
pathways and are responsible for mitochondrial RNA translation”.
When t