Cell

Single-cell dissection of the human motor and
prefrontal cortices in ALS and FTLD

Graphical abstract

Single-cell RNA-seq of motor and prefrontal cortex in ALS and FTLD
C9ALS

PN
@

x16

SFTLD COFTLD
* * v

x13  x11

% &
\»
Prefrontal cortex

Identify differentially expressed genes, altered pathways, and vulnerable cell types

f& e -

Differential expression

Pathway enrichment Differential vulnerability

Molecular risk factors predict dysregulation and cell death

Transcriptional enrichment of
disease-linked genes
:

Betz cell

?7??

Vulnerability fingerprint spans

multiple morphologies s
B Py Vulnerable =3y

U
Resilient \W’ v

S

Spindle neuron

Highlights

Multi-region atlas of 625,973 cells from 73 ALS, FTLD, and
control individuals

Alterations in sporadic and C9orf72+ familial cases are highly
convergent

Highly affected cell types are enriched for known genetic risk
factors

Vulnerability fingerprint transcends brain regions and
canonical cell types

Pineda et al., 2024, Cell 187, 1971-1989
April 11, 2024 © 2024 Elsevier Inc.
https://doi.org/10.1016/j.cell.2024.02.031

Authors

S. Sebastian Pineda, Hyeseung Lee,
Maria J. Ulloa-Navas, ..., Myriam Heiman,
Veronique V. Belzil, Manolis Kellis

Correspondence

mheiman@mit.edu (M.H.),
veronique.belzil@vumc.org (V.V.B.),
manoli@mit.edu (M.K.)

In brief

Cell-type-specific transcriptional
changes across the ALS-FTLD disease
spectrum are studied through an
integrated single-cell atlas of the human
motor and prefrontal cortices, revealing
molecular fingerprints and disease
signatures of vulnerable cell types as well
as non-cell-autonomous pathological
mechanisms.

¢ CellPress



Cell

¢? CellPress

Single-cell dissection of the human motor
and prefrontal cortices in ALS and FTLD

S. Sebastian Pineda,’-23* Hyeseung Lee,® Maria J. Ulloa-Navas,® Raleigh M. Linville,3>“ Francisco J. Garcia,**
Kyriakitsa Galani,>* Erica Engelberg-Cook,®> Monica C. Castanedes,® Brent E. Fitzwalter,® Luc J. Pregent,®
Mahammad E. Gardashli,> Michael DeTure,® Diana V. Vera-Garcia,® Andre T.S. Hucke,® Bjorn E. Oskarsson,”
Melissa E. Murray,> Dennis W. Dickson,®> Myriam Heiman,>-6-%* Veronique V. Belzil,>%* and Manolis Kellis'-24*
1Department of Electrical Engineering and Computer Science, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
2Computer Science and Atrtificial Intelligence Laboratory, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
3Picower Institute for Learning and Memory, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

4Broad Institute of MIT and Harvard, Cambridge, MA 02141, USA

5Department of Neuroscience, Mayo Clinic, Jacksonville, FL 32224, USA
SDepartment of Brain and Cognitive Sciences, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

“Department of Neurology, Mayo Clinic, Jacksonville, FL 32224, USA

8Present address: Department of Neurology, Vanderbilt University Medical Center, Nashville, TN 37232, USA

9L ead contact

*Correspondence: mheiman@mit.edu (M.H.), veronique.belzil@vumc.org (V.V.B.), manoli@mit.edu (M.K.)

https://doi.org/10.1016/j.cell.2024.02.031

SUMMARY

Amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD) share many clinical, path-
ological, and genetic features, but a detailed understanding of their associated transcriptional alterations
across vulnerable cortical cell types is lacking. Here, we report a high-resolution, comparative single-cell mo-
lecular atlas of the human primary motor and dorsolateral prefrontal cortices and their transcriptional alter-
ations in sporadic and familial ALS and FTLD. By integrating transcriptional and genetic information, we iden-
tify known and previously unidentified vulnerable populations in cortical layer 5 and show that ALS- and
FTLD-implicated motor and spindle neurons possess a virtually indistinguishable molecular identity. We
implicate potential disease mechanisms affecting these cell types as well as non-neuronal drivers of patho-
genesis. Finally, we show that neuron loss in cortical layer 5 tracks more closely with transcriptional identity
rather than cellular morphology and extends beyond previously reported vulnerable cell types.

INTRODUCTION

Although amyotrophic lateral sclerosis (ALS) and frontotemporal
lobar degeneration (FTLD) are considered two distinct diagno-
ses, they show overlapping clinical, pathological, and genetic
characteristics, suggesting that they are part of the same dis-
ease spectrum.” Clinically, 40%-50% of patients diagnosed
with either ALS or frontotemporal dementia (FTD) eventually
develop symptoms of the other disease, and up to 15% of pa-
tients receive both diagnoses.”® Pathologically, nuclear deple-
tion and cytoplasmic accumulation of transactive response
DNA binding protein of 43 kDa (TDP-43) is observed in more
than 95% of ALS and ~50% of FTLD patients,7'8 the latter known
as TDP-43-associated FTLD (FTLD-TDP, hereafter FTLD). More-
over, these diseases have shared genetic underpinnings, with
the most commonly known causal mutation being a hexanucleo-
tide (G4C,) repeat expansion in the C90rf72 gene.® "

ALS and FTLD may also share vulnerabilities in related cell
types. ALS is characterized by a progressive loss of motor neu-
rons.'? Although there is debate as to which motor neurons

display the primary causal pathology in ALS, the earliest pathol-
ogy has been observed in both spinal lower motor neurons
(LMNs) and cortical upper motor neurons (UMNSs)."® UMNSs in
the primary motor cortex (MCX) are essential for voluntary motor
control, sending intratelencephalic, extrapyramidal, and pyrami-
dal tract projections to control the orientation, extent, and speed
of movement. ALS shows loss of pyramidal tract UMNs in layer 5
(L5) of the MCX, including the morphologically distinct giant Betz
cells, which make direct corticospinal connections to the
LMNs.''°

The dorsolateral prefrontal cortex (DLPFC) is involved in exec-
utive cognitive processes, such as working memory, attention,
abstract reasoning, and motor planning. FTLD shows loss of
large fork cells and von Economo neurons (VENs, sometimes
called spindle neurons), which mainly reside in L5 of the anterior
cingulate cortex (ACC), the frontal insula (Fl), the DLPFCs (Brod-
mann areas 9 and 10) to a lesser extent, and potentially other
brain regions.'®'® VENs reportedly share molecular markers
with UMNSs,?° and recent studies suggest that VENs may also
be extratelencephalic (ET) projection neurons.?"

Cell 187, 1971-1989, April 11, 2024 © 2024 Elsevier Inc. 1971
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Given the selective vulnerability and rarity of these implicated
cell types, 82222 single-cell methods are needed to better study
them. Using single-nucleus RNA sequencing (snRNA-seq) we
generated comparative, single-cell molecular atlases of the
MCX and DLPFC in ALS and FTLD, spanning 73 sporadic and
C9orf72 familial (C9) patients and pathologically normal (PN)
controls. We use these to identify and characterize known and
novel vulnerable populations, examine transcriptional alterations
in neuronal, glial, and vascular cell types, identify convergent and
divergent disease mechanisms and pathways across cell types,
diseases, and brain regions, and implicate drivers of cell-type-
specific differential vulnerability.

RESULTS

Experimental design and characterization of cell types
in the affected cortices

We assembled a well-genotyped cohort of 73 donors spanning
33 ALS (17 sporadic [SALS], 16 C9orf72 familial [COALS)), 24
FTLD (13 sporadic [SFTLD], 11 C9orf72 familial [COFTLD]), and
16 PN controls. From each donor, we obtained dissections
from the MCX (Brodmann area 4; BA4) and the DLPFC (Brod-
mann area 9; BA9; hereafter “PFC”). From these, we isolated
nuclei and generated gene expression libraries for high-
throughput sequencing (Figures 1A and S1A; Table S1; STAR
Methods). We report 625,973 high-quality single-nucleus pro-
files across 145 samples (Figure S1B; STAR Methods). We anno-
tated 44 transcriptionally distinct subpopulations classified into
excitatory and inhibitory neurons, glial, and vascular (and im-
mune) cell types (Figures 1B-1D and S1C). We used a set of
well-curated canonical layer and cell-type marker genes®**°
(Figures 1E and S1D) to identify major known populations, which
were further partitioned into transcriptional subtypes based on
well-defined gene co-expression domains (Figure S1E; STAR
Methods), all of which were reproducible across donors, sexes,
and diseases (Figures STF-S1l).

Translaminar L2-5 pyramidal neurons comprised the largest
excitatory population and contained a notable subpopulation
expressing L3-5 markers that possessed the highest expression
of long-range projection markers NEFH and SCN4B (Ex L3-L5
SCN4B NEFH; Figures 1B, 5A, and 5B; Table S2), which may
be a previously hypothesized human-specific pyramidal sub-
type with long-range cortico-cortical projections.”® Of key
importance were populations of L5 cells (Ex L5 VATIL EYA4/
THSD4) that encompass motor and spindle neurons known to
be differentially vulnerable in ALS or FTLD. We captured all ma-
jor classes of neocortical inhibitory neurons (Figure 1C),
including subtypes of somatostatin (SOM)+ GABAergic inter-
neurons, representing Martinotti, small basket, and long-range
projecting interneurons, parvalbumin (PV)+ basket and chande-
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lier cells, 5-HT3aR+ serotonergic interneurons, and LAMP5+
rosehip neurons.”” We recovered all expected classes of
glia, including oligodendrocytes, oligodendrocyte progenitors
(OPC), microglia, and two astrocyte subtypes: high GFAP-ex-
pressing and CD44+ interlaminar and fibrous astrocytes (Astro
GFAP+) and low GFAP-expressing and CD44— protoplasmic
astrocytes (Astro GFAP-). Lastly, we annotated arterial, venous,
and capillary subtypes of endothelial cells, smooth muscle and
pericyte mural cells, fibroblasts, and CD8+ T cells (Figure 1D).
De-novo-identified marker genes for all subtypes are provided
in Table S2. Our integrated analysis produced a near-perfect
overlap of transcriptionally analogous cells originating from
each region, and a cross-region comparison of neuronal tran-
scriptome-wide gene expression produced a one-to-one corre-
spondence between most subtypes (Figure 1F), suggesting
strong conservation of cell-type identity at the transcriptional
level but with potentially disease-relevant distinctions in L5
(Figures 1F and S1J). To facilitate integration and comparison
with previously published datasets, we provide alternative cell-
type annotations in the annotated data (Figure S1K; see STAR
Methods).

Global gene expression changes in ALS and FTLD

To guide the investigation of cell-type-specific disease behavior,
we performed a correlation analysis of transcriptome-wide gene
expression changes, revealing four distinct global patterns of
dysregulation across our cohort (Figure 2A): (1) intra-region,
intra-phenotype gene expression changes were well conserved
across cell types (e.g., PFC SFTLD vs. PFC COFTLD); (2) cross-
region, intra-phenotype gene expression changes were still
conserved across cell types (e.g., PFC FTLD vs. MCX FTLD),
but intra-cell-type correlations (along the diagonal) were weaker
than those within the same region. This implies that broad, non-
cell-type-specific expression changes are conserved across
brain regions, but the cell-type-specific disease response is
more region specific; (3) there is almost no overlap in disease sig-
natures when comparing ALS with FTLD across different brain
regions (e.g., MCX FTLD vs. PFC ALS); and (4) in contrast with
(), intra-region, cell-type-specific alterations across ALS and
FTLD are conserved (e.g., diagonals of MCX ALS vs. MCX
FTLD). This is exemplified by the strong cross-phenotype off-di-
agonals visible within each region block but absent across re-
gions. This suggests that the cell-type-specific component of
the transcriptional disease response is similar across ALS
and FTLD in most cell types irrespective of genotype. Within a
disease group (e.g., MCX COFTLD), we see additional substruc-
ture indicating a shared dysregulation profile among most
excitatory neurons, but with distinctions in potentially disease-
relevant subtypes, most prominently among FTLD cases
(Figure 2A inset).

Figure 1. Experimental design and characterization of cell types in the affected cortices
(A) Experimental design for transcriptional profiling of 73 ALS, FTLD, and PN individuals (625,973 cells).
(B-D) UMAP subplots of annotated (B) excitatory neurons, (C) inhibitory neurons, and (D) non-neuronal subtypes. Insets: clusters of full UMAP visualized in each

subplot.

(E) Taxonomy of annotated subtypes. Values represent average log-transformed marker expression normalized to a maximum per column.

(F) Transcriptional similarity of neuronal populations across brain regions.
See Figure S1.
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To identify genes and pathways involved in disease pathobi-
ology, we performed two types of differential gene expression
analyses across the four disease groups: (1) a coarse analysis
aimed at identifying drivers of the pan-neuronal expression pat-
terns discussed above, considering excitatory and inhibitory
neuron populations each in whole, and (2) a cell-type-specific
analysis focusing on individual subtypes. Details on each,
including how subtypes were aggregated for analysis, can be
found in Figure S1L, Table S3, and STAR Methods. The full re-
sults of all analyses can be found on Synapse (see data and
code availability).

There have been conflicting reports regarding the similarity
between sporadic and C9 ALS/FTLD gene expression
changes.”®™>° Our pan-neuronal analysis shows exceptional
gene-level similarity across genotypes in neurons of both dis-
eases in the predominantly affected brain regions (Figures 2B
and S2A). This is consistent with the fact that, without genotype
information, sporadic and C9 cases of ALS and FTLD are often
clinically indistinguishable. Gene set enrichment analysis
(GSEA)®" of differentially expressed genes (DEGs) upregulated
in excitatory neurons of ALS cases showed enrichment of gene
ontology (GO) biological process terms associated with mito-
chondrial and endosome transport (Figure 2C). Additionally,
genes linked to sphingomyelin biosynthetic processes were up-
regulated in ALS (Figure 2C). This is noteworthy because overac-
tivity of serine palmitoyltransferase (SPT), a key enzyme in sphin-
gomyelin synthesis, has been linked to a childhood-onset,
monogenic form of ALS.*> Among upregulated FTLD DEGs in
excitatory neurons, there was an enrichment for terms associ-
ated with respiration and metabolic stress (Figure 2C). Downre-
gulated genes in FTLD were enriched for terms related to cilium
function and structure (Figure 2C). Across all neurons, and in
both phenotypes and brain regions, we observed a strong pos-
itive enrichment of several terms associated with cytoplasmic
translation and innate immune activation (Figures 2C and S2B).

We found known ALS-linked genes neurofilament light chain
(NEFL) and STMNZ2 to be among the most upregulated excitatory
neuron DEGs (Figure 2D). NEFL is a blood and cerebrospinal
fluid (CSF) biomarker of axon degeneration in ALS and FTLD,**
and STMNZ2, a key regulatory target of TDP-43, is essential for
motor neuron axonal outgrowth and regeneration. TTC14, a
gene encoding an RNA-binding protein linked to various ciliopa-
thies, is among the most downregulated in the MCX (Figure 2D).
We also note a pan-phenotypic downregulation of the ALS-
linked gene, PABPN1, whose expression reportedly suppresses
TDP-43 toxicity (Figures 2D and S2C).** The most upregulated

¢? CellPress

pan-phenotypic DEG in PFC was HSP90AA1 (Figures 2D and
S2C), which encodes the inducible component of Hsp90, whose
overexpression facilitates the accumulation of toxic aggregates
in numerous neurodegenerative disorders, including TDP-43
and poly(GR) in ALS and FTLD.*®

We were interested to see if any cell type was responsible for
driving the dramatic upregulation of HSP90AAT across diseases.
Cell-type-level DEG analysis revealed a pan-phenotypic upregu-
lation of HSP90AA1 across neuronal subtypes, primarily in the
PFC (Figures 2E and S2D). Hsp90 regulates the activity of
HSF-1, the master regulator of the heat shock response; there-
fore, we found it likely that other heat shock proteins might
also be dysregulated. Indeed, we found HSP1A1 and HSPA8
(which encodes Hsp70) to also be dysregulated in numerous
cell types, but not in the way we expected. HSP1A71 was broadly
downregulated, mainly in C9ALS, in both regions, and HSPA8
was broadly upregulated in both regions, but more so in ALS.
Lastly, we checked if HSP90AAT upregulation was accompa-
nied by upregulation of immediate early genes (IEGs) because
this could reflect a stress signature seen in low-quality or hypoxic
cells or samples. We did not observe IEG or hypoxic signature
gene upregulation in any disease group.

Non-neuronal disease mechanisms

Several studies have highlighted the important contribution of
glia to ALS and FTLD disease mechanisms,** such as
increased microglia and astrocyte inflammatory and immune-
related gene expression, as well as decreased oligodendrocyte
gene expression. We noted downregulation of astrocytic genes
that contribute to neuronal homeostasis, including SLC1A2,
SLC4A4, and PTGDS, and upregulation of zinc ion membrane
transporters SLC39A771 and SLC39A72 (Figure 3A). These
changes likely reflect shifts in astrocytic homeostatic support
of neuronal metabolic function, but it is unclear if these are
responsive mechanisms or causal pathogenic shifts. We noted
strong positive enrichment of GO terms related to oxidative
phosphorylation (OXPHOS) and protein synthesis in GFAP+ as-
trocytes of ALS MCX (Figure S2E), and in GFAP— astrocytes in
ALS PFC (Figure S2F). These results suggest that protoplasmic
astrocytes show more metabolic dysregulation in the context
of the PFC, interlaminar or fibrous astrocytes in the context of
the MCX, and both more so in ALS than FTLD.

We detected some upregulation of activated glia markers in
astrocytes (Figure 3B) but did not observe the broad upregula-
tion of pan-reactive, Al-reactive, or A2-reactive astroglial
markers”® nor the disease-associated or reactive astrocyte

Figure 2. Global gene expression changes in ALS and FTLD

(A) Similarity of disease-induced gene expression changes across the profiled cohort. Examples of (1) conserved intra-phenotype, intra-region alterations within
and across cell types, (2) conserved intra-phenotype, cross-region alterations within and across cell types, (3) non-conservation of changes across dissimilar
phenotypes and brain regions, (4) conserved cross-phenotype, intra-region alterations predominantly within cell types, and (5) conserved gene expression

changes across excitatory neurons within a single phenotype and brain region.

(B) Comparison of excitatory neuron DEGs across genotypes. In each panel, the Pearson correlation is shown in the top-left and the number of overlapping DEGs

(FDR < 0.05 in both genotypes) is shown in the bottom-right.

(C) Select top-ranking GO terms enriched in DEGs of excitatory neurons in ALS and FTLD cases.
(D) Top up- and downregulated genes shared across diseases in excitatory neurons, per brain region.
(E) Differential expression of heat shock genes broadly dysregulated across excitatory neurons.

See Figure S2.
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Figure 3. Non-neuronal disease mechanisms and vascular changes
(A) Top up- and downregulated genes shared across diseases in astrocyte populations.
(B) Differential expression of disease-associated astrocyte markers.
(C) Top up- and downregulated genes shared across diseases in microglia.
(D) Differential expression of microglial genes associated with disease response and homeostasis. Combined legend for (A)-(D).
(E) Top up- and downregulated genes shared across diseases in oligodendrocytes.
(F) Differential expression of select junctional, endothelial identity, and immune response genes in endothelial cells.
(G) Immunofluorescent labeling of ArpC3 with lectin in MCX. Lectin selectively labels blood vessels.
(H) Quantification of lectin and ArpC3 signal (n = 5 PN and n = 5 SALS donors).
(I) Immunofluorescent co-labeling of claudin-5 and VE-cadherin in MCX.
(legend continued on next page)
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signatures recently observed in ALS spinal cord.?®**"** The up-
regulation of the activated glia markers observed was variable
across phenotypes and brain regions (Figure 3B).

Supporting a shift to an activated microglia phenotype, we
observed a downregulation of homeostatic microglia genes
CSF1R and CX3CR1 (Figures 3C and 3D). We observed some
upregulation of a subset of disease-associated microglia
markers previously seen in the spinal cord of an ALS mouse
model and in the human ALS spinal cord,?®*® including GNAS,
IL18, and SPP1 (Figure 3D). Additionally, we observed variable
downregulation of inflammatory response pathway terms and
other activated microglia markers such as APOE, CD14, CD86,
and HAVCR2 (Figures 3D and S2G).

In oligodendrocytes, we noted a dysregulation of genes en-
coding various metabolic factors, cell adhesion/ECM molecules,
and proteostasis factors (Figure 3E). We further noted that oligo-
dendrocytes displayed downregulation of genes involved in
axon guidance (SEMA3B), myelination (CNP), as well as oligo-
dendrocyte differentiation and specification (SOX8, OLIG1, and
OLIG2). These suggest dysregulation of oligodendrocyte matu-
ration and transcriptional identity with potential pathogenic con-
sequences, especially for long-range projection neurons that
would be dependent upon oligodendrocyte support for proper
axonal function.**™*" Negative enrichment of GO terms associ-
ated with oligodendrocyte development and differentiation was
most pronounced in ALS (Figure S2H).

Vascular changes

Cerebrovascular dysfunction has been postulated to precede
classical pathological changes and clinical symptoms in various
neurodegenerative disorders.*® Consistent with prior evidence
of vascular leakage and tight junction loss,®™>° we found that
components of tight and adherens junctions were downregu-
lated in MCX endothelial cells of ALS, and to a lesser extent
FTLD cases, including CLDN5, PECAM1, RAPGEF3, and
MICALLZ2 (Figure 3F), but saw little evidence of the same in the
PFC. We also observed reduced expression of brain endo-
thelial-enriched transcription factors (LMO2, PPARD, and
TSC22D1) and of transcripts associated with transcellular trans-
port (MFSD2A and TFRC) and immune response (IRAK3 and
HLA-E), again in the ALS MCX (Figure 3F).

Downregulation of proteins encoding tight and adherens
junction components would be expected to affect blood-brain
barrier (BBB) integrity. Considering factors contributing to BBB
dysfunction, we noticed that the ArpC3 subunit of the actin-
related protein (Arp)2/3 complex (ARPC3) was downregulated
pan-phenotypically in MCX endothelial cells (Figure 3F).
Indirect immunofluorescence staining showed a stark depletion
of vascular ArpC3 protein in the ALS MCX endothelium
(p=0.003) (Figures 3G and 3H). Because ArpC3 regulates the for-
mation of tight and adherens junctions,®**° we hypothesized that
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endothelial junction proteins may also be mislocalized in ALS. To
test this, we assessed the localization of tight junction protein
claudin-5 (CLDN5) and adherens junction protein VE-cadherin
(CDHB5). Claudin-5 localization to junctions was diminished in
ALS microvessels of the MCX (p = 0.038), as evidenced by a shift
from strands of immunofluorescence toward cytoplasmic signal
(Figures 3l and 3J). VE-cadherin co-localized with claudin-5
and seemed to also display diminished junctional localization
but was not significant (p = 0.077). These data provide evidence
of cerebrovascular dysfunction by reduced expression and mis-
localization of tight junctions in the ALS motor endothelium and
suggest a potential mechanism related to the loss of Arp2/3 com-
plex machinery, similar toits effects in regulating tight junctions to
promote epidermal barrier formation.**

Lastly, major histocompatibility complex (MHC) class 1 anti-
gen E (HLA-E) emerged as a top endothelial DEG across ALS
and FTLD (Figure 3F). HLA-E is an important regulator of natural
killer (NK) cell function, specifically acting in endothelial cells as
an inhibitory stimulus for NK-mediated cell lysis.®®®" We
observed reduced HLA-E protein expression in ALS MCX endo-
thelial cells (p = 0.010) (Figures 3K and 3L). Previous work found
elevated NK cells in serum, spinal cord, and MCX of ALS patients
and SOD1 mouse models of ALS and reported that depletion of
NK cells reduces motor neuron degeneration and increases sur-
vival.®® Thus, loss of HLA-E from brain endothelium may repre-
sent a mechanism for NK-mediated BBB breakdown and/or
NK cell parenchymal accumulation.

Drivers of cell-type-specific differential vulnerability

The L5 excitatory neurons linked to ALS and FTLD have been
historically defined by morphology or projections, but their mo-
lecular identities have not been fully resolved. We integrated ge-
netic information with our transcriptional data to pinpoint the
transcriptional profiles of known and perhaps yet undiscovered
differentially vulnerable cell types.

From the largest-to-date ALS genome-wide association study
(GWAS),* we generated gene-level phenotype association sta-
tistics from identified single-nucleotide polymorphisms (SNPs)
and used them to compute a per-cell susceptibility score based
on SNP-linked gene enrichment (Figure 4A). This score repre-
sents a prediction of predisposition or “susceptibility” to differ-
ential vulnerability (measured by transcriptional dysregulation)
based on known genetic factors. The results of this analysis
show that L5 excitatory neuron populations scored the highest
across brain regions (Figures 4A and 4B), signifying enrichment
and co-expression of GWAS-linked genes and representing
likely candidates for differential vulnerability. A differential
enrichment analysis of the same gene set to identify SNP-linked
genes enriched in each subtype showed a similar pattern with
the VAT1L+ (Ex L5 VAT1L EYA4) and SCN4B+ (Ex L3-5 SCN4B
NEFH) subtypes expressing the highest number of SNP-linked

(J) Quantification of junctional claudin-5 and VE-cadherin signals (n = 5 PN and n = 5 SALS donors).

(K) Immunofluorescent labeling of vascular HLA-E in MCX.
(L) Quantification of HLA-E signal (n = 6 PN and n = 6 SALS donors).

In (G), (l), and (K), the scale bars, 50 um. In (H), (J), and (L), the error bars represent the standard error of the mean. (*) p < 0.05; (**) p < 0.01; unpaired one-tailed

t test.
See Figure S2.
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genes (Figure 4B). Unfortunately, the lack of a well-powered
GWAS precluded this analysis for FT(L)D.

The susceptibility analyses are based on endogenous gene
expression in PN post-mortem tissue with the intent of predicting
disease response. With cell-type-specific gene expression data
in hand, we could directly quantify that response across our
cohort. For each subtype, we computed a transcriptional diver-
gence score (TxD score), which quantifies the magnitude of
transcriptional dysregulation (Figure 4C; STAR Methods). This
analysis revealed that VAT1L+ (both subtypes) and SCN4B+
excitatory subtypes were dramatically more dysregulated than
all other cell types across disease groups. VAT1L+ neurons likely
comprise or contain the UMN, and spindle populations known to
be depleted in ALS and FTLD, but the significance of the SCN4B-
expressing population is unknown. This subtype shows greater
than expected similarity to the VAT7L+ neurons (Figure 1F) but
is more closely related to the less vulnerable translaminar
neurons with which it clusters. Remarkably, this analysis also
shows a region-dependent differential disease response. The
SCN4B+ MCX population is almost as dysregulated as the
putative UMN clusters, whereas its PFC counterpart is no more
dysregulated on average than any other translaminar excitatory
subtype (Figure 4C). Overall, these measurements mirror those
obtained from the GWAS gene enrichment analysis. We
compared the GWAS-predicted susceptibility scores with the
observed TxD scores and found that they are strikingly well corre-
lated (Figure 4D). This implies that population-level genetics are
strongly predictive of cell-type-specific differential vulnerability.

Next, we examined the relationship between expression of
known disease-linked genes and transcriptional dysregulation.
This “TxD-association analysis” identified genes that may repre-
sent either molecular risk factors or those whose expression
might serve as a predictor of susceptibility. We looked at 65
genes expressed in our data whose association with ALS or
FTD is supported by the literature and found 16 to be positively
correlated with TxD (FDR < 0.01) (Figures 4E and S3A). Six of
these genes (DCTN1, TUBA4A, NEFL, KIF5A, STMN2, and
DYNC1HT) are linked to axonal structure or transport. The inter-
pretation of strongly negatively correlated genes is more ambig-
uous because this could suggest a protective role of these genes
in disease or that said gene is absent in vulnerable cell types.

The observation that disease-linked gene expression is corre-
lated with dysregulation led us to identify three cell types en-

¢? CellPress

riched for these genes (Figure 4F). L5 VAT1L+ neurons exhibited
the highest enrichment, in particular the regionally conserved
EYA4+ subtype (Ex L5 VAT1L EYA4), and more so in the MCX.
Surprisingly, the L3/5 SCN4B+ cell type in the MCX was enriched
for a dozen disease-linked genes, implying that this cell type
warrants further investigation for association with ALS/FTLD pa-
thology. We also looked for enrichment of genes associated with
other axonal disorders (spinal muscular atrophy [SMA], Charcot-
Marie-Tooth disease [CMT]), as well as other common neurode-
generative diseases (Alzheimer’s [AD], Parkinson’s disease
[PD]). We did not observe enrichment of known AD, PD, or
SMA-linked genes beyond those already linked to ALS or FTD,
but saw marginal enrichment of CMT-linked genes (data
not shown).

We next assessed how ALS- and FTD-linked gene expres-
sion was altered in disease. We identified a handful of genes
with notable disease-associated expression patterns (Fig-
ure 4G). As established by the pan-neuronal DEG analysis (Fig-
ure 2D), STMN2 and NEFL are among the most upregulated
genes showing no cell-type-specific expression pattern. Upre-
gulation of these, along with MAPT, may reflect a compensa-
tory response to axonal damage.®®®’ Downregulation of
C9orf72 in the blood and spinal cord of G4C, expansion car-
riers has been previously reported.?®®? We report that this
downregulation is not cell-type specific in the human cortex,
with C9orf72 being among the most downregulated genes
across most cell types in our data but only in C9 cases.
Notably, this downregulation appears broader in the MCX. In
ALS, neurofilament heavy chain (NEFH), bound by SMI-32
and sometimes used as a marker of UMNs, was selectively up-
regulated in the UMN-like L5 VATTL+ neurons of the MCX.
Other genes, such as the ALS-causative gene HNRNPAT,
showed a disease-specific dysregulation pattern restricted to
C9ALS MCX.

We repeated the TxD-association analysis across the entire
transcriptome to identify new genes whose expression may be
strongly correlated with dysregulation. One might expect that
top-ranking genes would include marker genes of vulnerable
cell types, but this was not the case. Among the top-ranking
TxD-associated genes in both brain regions was LYNX1 (Fig-
ure S3B). LYNXT1 interacts with nicotinic acetylcholine receptors
(nAChRs) and is thought to modulate their activity, preventing
excessive excitation.®>* Given that smoking is the only widely

Figure 4. Drivers of cell-type-specific differential vulnerability

(A) Heatmap of disease susceptibility scores based on ALS GWAS-linked gene enrichment. Scores superimposed on PN cells of UMAP from Figure 1A.

(B) Heatmap on the left shows the median susceptibility scores per subtype. Bar plot on the right shows the number of GWAS-linked genes enriched in each
subtype. Wilcoxon rank sum test (log,-fold change Z score > 1 and FDR < 0.001).

(C) Transcriptional divergence (TxD) score of subtypes by disease and brain region.

(D) Left: Pearson correlation between susceptibility (from B) and TxD (from C) scores. Right: FDR-adjusted correlation p values of corresponding comparisons on

the left.

(E) TxD association analysis of ALS- and FTD-linked genes. Genes with a significant association with more than one disease group are shown. See extended

Figure S3A for all genes.

(F) Differential enrichment of ALS- and FTD-linked genes across excitatory neuron subtypes. Differentially vulnerable (by TxD score) subtypes are denoted in red.

Genes enriched in at least one vulnerable subtype are shown.

(G) Differential expression of select ALS- and FTD-linked genes across excitatory neurons in disease.
(H) Select top-ranking GO terms (left) and KEGG pathways (right) enriched among TxD-associated genes. Terms have a positive normalized enrichment score

(NES) if enriched among positively correlated genes and negative otherwise.
See Figure S3.
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accepted environmental risk factor for ALS,®° it is possible that
nicotine exposure from smoking results in hyperexcitation of
L5 neuron nAChR activity, normally counteracted by LYNX1.

GSEA identified many positively TxD-associated GO terms
related to primary ciliary function, organization, and assembly
across disease groups (Figures 4H and S3C). Primary cilia are
believed to play a role in axonal guidance,®® which may relate
to enhanced vulnerability of long-range projection neurons high-
ly dependent on this process. Many terms and genes associated
with axon development and repair were found to be positively
associated (Figure S3C), which is expected given that long-
range projection neurons are the most affected cell types. Terms
enriched among negatively correlated genes centered around
RNA metabolism, the ribosome, and anti-viral immunity
(Figures 4H and S3C). The association of mitochondrial meta-
bolism and OXPHOS-related genes appeared to be highly region
specific (Figure S3C). Among the Kyoto Encyclopedia of Gene
and Genomes (KEGG)®’ terms, there was a region-dependent
enrichment of neurodegeneration terms, including ALS and de-
mentias (Figure 4H).

Finally, a stark number of the most positively correlated genes
were not only enriched across vulnerable populations but also
broadly dysregulated with region, phenotype, or genotype spec-
ificity (Figure S3D). Among these was TBR1, which is normally
expressed at high levels in L6 neurons and at low levels in L5b
neurons according to our data and prior reports®® and is known
to repress FEZF2 transcription and thus repress its activity in
subplate L6 corticothalamic projection neurons in order to
restrict the corticospinal tract origin to L5.%°

Characterization of vulnerable L5 excitatory

populations

Having identified differentially vulnerable transcriptional signa-
tures, we aimed to characterize these clusters in greater detail.
In ALS, the vulnerability of MCX-specific L5 ET projection neu-
rons, generally believed to be UMNSs, is well established. Best
known are the giant Betz cells that synapse directly onto the
LMNs. Similarly, the loss of L5 frontally enriched, spindle-like
VENs and fork cells has been linked to behavioral-variant
FTD'""° and is considered a pathological hallmark of several
FTD subtypes, including FTLD-TDP.”" Despite the molecular
and pathological similarities between ALS and FTLD, among
non-comorbid cases, these diseases initially exhibit non-over-
lapping affected region and cell-type-specific progression pat-
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terns, and their most selectively vulnerable populations are not
known to coexist.

To identify these canonically implicated cells, we looked at the
expression of known UMN, VEN, and L5 ET projection neuron
markers in the relevant brain regions (Figure 5A)."2>7277% |5
VAT1L+ neurons, which partitioned into two subclusters,
EYA4+ and THSD4+ (the latter detected almost exclusively in
the MCX), selectively expressed nearly all reported marker genes
(Figures 5A and 5B). UMNs and spindle neurons share few
morphological similarities and have no known overlap in their
localization or projections other than both residing in L5. It was
remarkable to see that markers of both overlapped perfectly
onto the same cluster (Figure 5B), indicating near indistinguish-
able transcriptional profiles. We chose to use the marker gene
VATI1L to identify this cell population given its global specificity
(Figures 5B and S4A). We also identified ARL13B, a ubiquitously
expressed gene greatly enriched in L5 VAT 1L+ neurons, as a po-
tential marker of this population (Figures 5B and S4A). ARL13B
regulates Sonic hedgehog signaling and is involved in the main-
tenance of the ciliary axoneme structure.”>”® More importantly,
ARL13Bis a canonical marker of primary cilia, whose constituent
pathway gene expression is both dysregulated in disease
(Figures 2C, 6D, and 6E) and strongly correlated with susceptibil-
ity and transcriptional divergence (Figures 4H and S3C).

The L5 VAT1L+ cluster was enriched for long-range projection
and large axon caliber markers NEFH and SCN4B (Figure 5B),
but as mentioned, L3/5 SCN4B+ neurons (Ex L3-L5 SCN4B
NEFH) expressed these at even higher levels. Strikingly, these
neurons also appear to be differentially vulnerable in disease
(Figure 4C), are the next most transcriptionally similar to L5
VAT1L+ neurons (Figure 1F), and are enriched for ALS- and
FTD-associated genes (Figure 4F). Furthermore, these two cell
populations are the only excitatory cell types that showed clear
regional heterogeneity in their distribution, with both possessing
an MCX-enriched subpopulation (Figure 5C).

The significance of ALS- and FTD-linked gene expression in
vulnerable cell types has come under renewed interest following
reports of human-specific enrichment of these genes in spinal
LMNs.’” Having established that these genes are highly enriched
in cortical UMNs (Figure 4F), we sought to determine if this
enrichment was also human specific. We performed snRNA-
seq of mouse MCX from 8-week-old C57BL/6J mice and recov-
ered a transcriptional landscape resembling that of the human
MCX (Figure S5A). Corticospinal motor neurons (CSMNs) are
well conserved across mammals and have been thoroughly

Figure 5. Characterization of vulnerable L5 excitatory populations

(A) Relative expression of known markers of L5 ET neurons, including those with Betz and VEN morphology, from various brain regions.

(B) Heatmaps superimposed on Figure 1B showing relative expression of known and novel markers of differentially vulnerable excitatory neuron subtypes (whose
location in the UMAP is shown on the left). Inset shows markers that distinguish subtypes of L5 VAT7L+ neurons.

(C) UMAP of excitatory neurons (same as Figure 1B) colored by brain region of origin. Inset: region-specific heterogeneity of L5 VAT1L+ subtypes.

(D) Differential expression of ALS and FTD-linked genes in L5 VAT7L+ neurons between human and mouse MCX. Only statistically significant (Z score > 1 and

FDR < 0.001) genes are marked. NS: not significant.

(E) Select top-ranking GO terms enriched in marker genes of human L5 VAT1L+ subtypes. See Figure S4B for extended results.
(F) Differential enrichment of cilia-associated genes across excitatory neuron subtypes. Differentially vulnerable subtypes are denoted in red. See Figure S4C for

extended results.

(G) Representative images of IHC labeling of VAT1L (brown) in PN MCX (left), PFC (middle), and ACC (right). Black arrows denote cells with Betz (in MCX) or

spindle (in PFC and ACC) morphology. Scale bars, 100 pm.
See Figures S4 and S5.
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characterized in mice,”*"® leading to the identification of CSMN
markers such as Crim1, Diaph3, and Igfbp4. We identified a sin-
gle Vatll-expressing cluster that closely matched human
L5 VATI1L+ neurons (Figure S5B) and expressed these
canonical mouse CSMN markers (Figure S5C). This population
selectively expressed many of the same human (and mouse)
L5 ET markers (Figure S5D) but did not partition into subclusters
based on the identified L5 VAT7L+ MCX subtype markers (Fig-
ure S5E). Differential expression analysis between human and
mouse L5 VATT1L+ neurons identified 17 statistically significant
(Z score > 1 and FDR < 0.001) ALS- and FTD-associated genes
enriched in human cells (Figure 5D). This includes all ALS genes
enriched in human LMNs (NEFH, NEFL, SOD1, TUBA4A, and
CHCHD10),”” except for SPP1, which was statistically signifi-
cant but subthreshold in magnitude.

Pathway enrichment analysis of L5 VAT71L+ neuron marker
genes (Figures 5E and S4B) identified expected terms related
to axon structure and maintenance, but more surprisingly,
cilia-associated terms such as ciliary movement and axoneme
assembly also emerged, supporting a role for this organelle in
disease susceptibility. We further identified almost 50 cilia-asso-
ciated genes that were highly enriched across L5 VATTL+ and
L3/5 SCN4B+ neurons (Figure S4C). Although many cilia genes
are also microtubule associated and therefore expected to be
enriched inlong-range projection neurons, we found that roughly
half were cilium specific (Figure 5F).

Betz cells comprise a relatively rare cortical population, ac-
counting for 10%-15% of MCX L5b.?” Although Betz cells are
just one type of UMN, other MCX-residing subtypes are not
morphologically distinct and have not been specifically quanti-
fied. Spindle neurons are rarer, making up only 3% of ACC L5,
where they are most abundant and less abundant in other brain
regions. 2 In either case, these bounds mean that they should
comprise far less than the total proportion of L5 VAT 7L+ neurons
present in our data. We quantified the morphological diversity of
cells in this cluster across cortical regions by immunohistochem-
ical (IHC) staining of VAT1L.

First, we confirmed that VAT1L labels UMNs, specifically Betz
cells and spindle neurons in their respective cortices, and only la-
bels neurons in L5, as the transcriptomic data indicated
(Figures 5A, 5B, and S4A). We found that disease-implicated
morphologies made up a minority of the VAT1L+ cells (Fig-
ure 5G). In the MCX, we observed ~11% of VAT1L+ cells to
have stereotypical Betz morphology (data not shown). Betz cells
are identified by their size and laminar distribution, their large nu-
cleus, and conspicuous nucleolus.?” We noticed that they also
have a distinct VAT1L somatic staining pattern (Figure 5G). Prior
reports place spindle neuron abundance at less than 1% of BA9
L5, with a very different distribution, usually being found in isola-
tion or in pairs.'® VAT1L staining of PFC recapitulated this obser-
vation, labeling sparse bipolar neurons in L5 and otherwise unre-
markable pyramidal neurons in the same location just as in the
MCX (Figure 5G). As predicted by the single-cell data, VAT1L+
cells were less abundant in the PFC (Figure S4D). As a secondary
validation, we performed immunofluorescent labeling of pan-
neuronal cell-filling marker NeuN, and the nuclear-localized tran-
scription factor POU3F1, which shows an almost identical RNA
expression profile as VAT1L (Figures 5A, 5B, and S4A). In MCX
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L5, we observed identical results to the VAT1L stain, observing
both Betz and non-Betz POU3F1+ cells (Figure S4E), but we
did not observe any POU3F1- neurons with Betz morphology.

Having transcriptionally identified differentially vulnerable
cell types and shown that they encompass morphologies impli-
cated in ALS and FTLD, we then investigated the VAT1L+ cells
that do not possess clear Betz or spindle morphology because
these make up the overwhelming majority of L5 VAT1L+ neu-
rons. It is unlikely that the extreme dysregulation observed in
L5 VAT1L+ cells is driven by the small subset of neurons with
disease-linked morphology, especially because they all appear
to share the same transcriptome. Furthermore, a similar tran-
scriptional profile has been previously identified in FI snRNA-
seq data and shown to encapsulate stereotypical VENs.”' We
thus have reason to believe that this identity may be conserved
across cortical regions and extend to vulnerable L5 cells in
other regions, such as the ACC. VAT1L has been proposed
as an ACC VEN marker,”* and indeed, IHC labeling of VAT1L
in the ACC of the same patients confirms a histological profile
similar to PFC, including the presence of canonical VENs (Fig-
ure 5G). This is significant because prior studies reported the
GABA receptor subunit, GABRQ, as a marker of differentially
vulnerable cells in the ACC of FTD cases and showed that
VENSs were a subset of a larger population of predominantly py-
ramidal L5 GABRQ+ neurons, which were largely depleted.”®"®
In our data, GABRQ is expressed in the same cluster as VATTL
(Figure 5A), indicating that this ACC population might represent
the same vulnerable and transcriptionally synonymous cells
present in the MCX, PFC, and FI. This implies that non-Betz
and non-spindle VAT1L+ neurons in the MCX, PFC, and
perhaps other brain regions might be differentially vulnerable,
independent of priorly known morphologically defined
subtypes.

Impact of disease on differentially vulnerable cell types

To answer the question of whether all L5 VAT7L+ neurons from
these brain regions are differentially vulnerable in ALS and/or
FTLD, or if Betz and spindle cells are solely driving the apparent
dysregulation and the likely depletion of this cluster, we per-
formed a series of histological analyses of VAT1L+ neurons.
We first confirmed TDP-43 pathology in the candidate neurons
(Figure 6A). We then performed histological quantification of L5
VAT1L+ cells in ALS and FTLD to determine if the observed dys-
regulation was consistent with neuronal loss (Figures 6B, 6C,
S6A, and S6B). In the MCX, we observed a 30% reduction (p =
0.003) of VAT1L+ cells in ALS, but not in FTLD (p = 0.186)
(Figures 6B, S6A, and S6B), despite substantial dysregulation
in the latter (Figure 4C). Conversely, we saw a 26.5% reduction
(p = 0.02) of VAT1L+ cells in the PFC of FTLD donors, but not
in ALS (p = 0.279). Next, we assessed if this loss was driven by
canonically implicated morphological subtypes or if it was
across all VAT1L+ cells. With this having been previously
confirmed in FTLD, albeit in a different brain region, we
focused on ALS MCX and repeated this analysis with
genotype resolution, distinguishing between Betz and non-
Betz pyramidal cells. We observed, among both sporadic and
C9 ALS cases, a severe loss of VAT1L+ cells with Betz
morphology, but more remarkably, we also observed the loss



Cell

¢ CellPress

Resource
A TOP-AJ pathalogy in LS VATILs neurcns B Hwmlclogical greantification G Loss of LS VATIL+ neyrons in ALS
VATIL TOR-43 pS40ar410 ol LS VAT 1L+ pavines loss riler gelon by marphalsgenl sublype
. . ' I . . | | .
-] || i
7 X : ' R - i .
By “f b x | —=— —_— gl | = 'I
3 ' 5l : | i
e o \ &> % 1 - k i 1 R i 1_ | |
| PR I
E - WL T : E Ll i | il ¢ pi |
o Ll oa g 5 | -
K D ’ e ’ 1 _ L it
'g " e = v N |3 W | o
od ¥ Lok E'-*-ﬂ. -
& | | . | T { :
y| y | |
P el F ¥ oma 1L T T - Sk el
D G0ierms andehed in DEGS of E Top DEGs e = Tt ] F Top reguimions
LE VATIL+ naurons paitremys of LS VATPL+ neurons of DEGa i LS
PR Aune] Dyl VATPL + nvircas
L g 8 e ] Oy =
mgS m ":;: 3
i THE ighh 38
Exl 38 s
é M m ]
e FLIAAT ¥ TR LAkl
‘E P . dnw METH, -
DFELF - FLaiLLy FwWEHL
T PRI TP
aroiiEe | BT CERREL
i s | o Bar
i L e
T [=-T-] ey
[ AL -
PR | Ly i i
[r e ﬁl sl s
) AR i_ FRAR i
[T ﬁ " i F [ty
g fan w =
e —— it il mw —
g e o AT [, ' A BT
st oot ] el | B CoEe e
= — p—— . PRERPS & W g,
i G TR & Pt
ﬁ PO . N e [ e
i " Ha i s s e =
. ¥ . EELL1]
el Fif ol |
—ipa| gy OWNIEE CREA rark
ey gy o s L} [
e | s - B TE ) 28 6
T il
H =no

Figure 6. Impact of disease on differentially vulnerable cell types

(A) Representative images of VAT1L and TDP-43 pS409/410 in diseased tissue samples by IHC. Black arrows denote intraneuronal inclusions. Scale bars, 50 pm.

(B and C) Histological quantification of VAT1L+ neuron density in L5 across brain

regions and diseases. In (B), all L5 VAT1L+ neurons are quantified. In (C), only

neurons with Betz (left) or non-Betz (right) morphology are considered. Box and whisker plots show median and interquartile range values. (*) p < 0.05; (**) p < 0.01;

(***) p < 0.001; one-tailed t test.
See Figure S6A for a table of results.

(D) Enrichment of top-ranking GO terms in DEGs of L5 VAT1L+ neurons by brain region.
(E) Top DEGs of overrepresented GO term families enriched in L5 VAT1L+ neurons.
(F) Top-ranking ChEA3-predicted regulators of L5 VAT1L+ neurons DEGs. Values are the mean rank across ChEAS3 libraries.

See Figure S6.

of non-Betz VAT1L+ neurons (C9ALS: —30.6%, p = 6.8e—3;
SALS: —20.3%, p = 0.035) (Figures 6C, S6A, and S6B). However,
cells with Betz morphology were substantially more depleted
(COALS: —72.2%, p = 1.4e—4; SALS: —71.5%, p = 1.5e—4).
These data support the hypothesis that differential vulnerability
in ALS and FTLD transcends traditional morphologically impli-
cated cell types and that all cells sharing this molecular identity
are susceptible to enhanced dysregulation and cell death.

Having confirmed the disease relevance of L5 VAT1L+ neu-
rons in both ALS and FTLD, we focused on transcriptional alter-
ations in this population. For cell-type-specific DEG analysis, we
treated VAT1L+ cells as a single group due to the rarity of individ-
ual subtypes. This analysis was further limited by the lack of
sufficient cells in the PFC of FTLD cases. Because these were
terminal cases, this already rare population was too depleted
to perform a rigorous analysis.
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We observed changes to expected ALS-linked mechanisms
(e.g., axon development and repair, RNA processing,
OXPHOS, and nucleocytoplasmic transport) (Figures 6D and
6E),%%%" as well as DEGs and pathways related to innate immune
signaling, consistent with reports of double-stranded RNA accu-
mulation and innate immune activation in ALS and FTLD (Fig-
ure 6E).®>® In addition, we also noted several primary cilium-
related genes and terms, including cilium organization, cilium
movement, and motile cilium assembly (Figures 6D and 6E).
Although downregulation of these was observed in the pan-
excitatory analysis, these terms and genes are enriched in L5
VAT1L+ cells under normal conditions, suggesting that they
may be more dependent on these genes and making their loss
more damaging.

Ciliary-basal-body- and ciliopathy-linked gene BBS4 was
among the significantly downregulated genes in C9 cases (Fig-
ure 6E). BBS4 interacts with ALS-linked gene DCTN1,%* which
is one of the most strongly TxD-associated genes (Figure 4E)
and is enriched in L5 VAT7L+ neurons (Figure 4F). A causal link
between these primary cilium genes and ALS and FTLD is estab-
lished by the identification of ciliopathy disease gene cilia- and
flagella-associated protein 410 (CFAP410/C210rf2) as an ALS
risk gene.?>%¢

Top ChEA3-predicted®” DEG regulators in L5 VAT1L+ cells
included MYT1L and REST (Figure 6F), confirming a broad dys-
regulation of terms related to neuronal function and identity.®%°
Another top regulator, SREBF2, is a master regulator of choles-
terol biosynthesis® and has been shown to be dysregulated by
altered TDP-43 levels.®’

We also briefly highlight results from the potentially ALS- and/
or FTLD-relevant L3/5 SCN4B+ neurons. Just as L5 VAT1L+ and
L3/5 SCN4B+ neurons share molecular characteristics and
appear to be similarly dysregulated in the MCX, we found that
the disease-associated transcriptional changes are also similar.
Across ALS, these two subtypes showed the highest similarity in
their dysregulation patterns in terms of individual genes, en-
riched pathways, and predicted regulators relative to other
groups (Figures S6C-S6E), highlighting a potentially important
role for these neurons in ALS.

DISCUSSION

Our data demonstrate that cell-type-specific components of dis-
ease-induced gene dysregulation are conserved across ALS and
FTLD and that there is an unequivocally high similarity of spo-
radic versus familial (C9) ALS/FTLD-induced gene expression
changes. This suggests that the mechanisms of C90rf72 G4C»-
mediated toxicity likely precede most disease-associated tran-
scriptional alterations because downstream molecular and path-
ological changes are largely indistinguishable between sporadic
and C9 cases, although we identified a few divergent pathways.
ALS-linked protein, NEFL, is a robust biomarker of axonal
degeneration and was greatly upregulated in ALS without cell-
type specificity. This broad and potentially compensatory
response to axonal degradation might explain why NEFL is found
at high levels in the blood and CSF of ALS patients. In addition,
we observed impairment of cerebrovascular integrity and ho-
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meostasis indicated by loss of tight and adherens junction genes
and key regulators thereof and regulators of NK cell activity.

We identified differentially vulnerable cell populations and
demonstrated the convergence of population-level genetic risk
factors and transcriptional dysregulation using an approach
that could be extended to other disorders where differentially
vulnerable cell types are ill-defined or unknown. Among these
highly affected populations, we recovered motor and spindle
neuron populations and conclusively showed that they possess
almost indistinguishable transcriptional identities. The most
striking feature of this putative vulnerability signature is the
enrichment and co-expression of numerous ALS- and FTLD-
linked genes, which overlap with those reported to be preferen-
tially expressed in spinal cord LMNs. Other genes overrepre-
sented in this risk fingerprint include primary cilia and
axoneme-related genes, some of which have been previously
linked to ALS and numerous ciliopathies. Human ciliopathy dis-
orders are characterized by developmental axonal malforma-
tions and axonal pathfinding abnormalities,*°* and it is known
that primary cilium-related genes have important developmental
axonal functions. The enrichment of these genes in the most
vulnerable cell types suggests an unexplored determinant of
cell-type-enhanced vulnerability. We also identify a likely sus-
ceptible and highly dysregulated L3/5 SCN4B+ excitatory
neuron population in the MCX that shares many of these dis-
ease-relevant molecular characteristics with UMNs and spindle
neurons.

We demonstrate that UMNs and spindle neurons in the MCX
and PFC both belong to a larger population of L5 VAT1L+ neu-
rons that is vulnerable and depleted in ALS and FTLD with re-
gion-phenotype specificity, expanding the scope of ALS- and
FTLD-implicated cell types and potential therapeutic targets.
Using stereological approaches, we find that there is further
granularity in susceptibility that can be broken down into
morphological subtypes, with Betz cells exhibiting more exten-
sive loss than their transcriptionally identical, non-Betz counter-
parts. This finding, along with previous reports in the ACC,
makes a compelling argument for using molecular identity as a
criterion for classifying vulnerable cell types in ALS and FTLD.
This, along with the conserved risk factors identified between
UMNs and LMNs, establishes a transcriptional link between
distinct susceptible populations across the nervous system
and the ALS-FTLD pathological spectrum.

Limitations of the study

Although the methods here have enabled the investigation of
cell-type-specific disease mechanisms, key limitations of the
snRNA-seq assay leave the opportunity for future studies and
improvements. Of recent interest to the field is the role of mi-
croglia in disease pathogenesis; yet, our data only partially
reflect microglial changes, given that nuclear profiling has
been found to have limited capability in detecting changes to
microglial activation genes in tissue.”® Another limitation of
the assay and use of human tissues is the expected variability
in dissections and nuclei capture resulting in highly variable
cell-type yields even from high-quality and rigorously dissected
tissues, making it a poor method for evaluating changes in cell-
type composition. This mandates the use of histology, or similar
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approaches, to validate such changes, similar to those in L5
VAT1L+ neurons. However, it may not be feasible to scale
this to many populations. The current limited understanding
of FTD genetics, relative to ALS, restricts our ability to present
a well-balanced analysis of the two diseases in many cases. A
well-powered FT(L)D GWAS would help bridge the gap in un-
derstanding the genetic landscape of the ALS-FTD disease
spectrum and enable the discovery of cell-type-specific genetic
drivers of pathology. Lastly, low cell yields make studying very
rare populations difficult, which, in this case, prevented us from
studying changes to L5 VAT1L+ neurons in FTLD PFC. Future
studies could tackle this using targeted cell-type recovery
methods.
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Antibodies
Rabbit polyclonal anti-ArpC3 LSBio Cat# LS-C409316;

Mouse monoclonal anti-Claudin-5

Mouse monoclonal anti-HLA-E

Guinea pig polyclonal anti-NeuN

Mouse monoclonal Anti-OCT6 (POU3F1)
Mouse monoclonal anti-pTDP-43 pS409/410
Rabbit polyclonal anti-VAT1L

Goat polyclonal anti-VE-cadherin

Thermo Fisher Scientific
Proteintech

Synaptic Systems
MilliporeSigma

Cosmo Bio

Thermo Fisher Scientific
R&D Systems

Cat# 352500; RRID: AB_2533200

Cat# 66530-1-Ig; RRID: AB_2881893

Cat# 266004; RRID: AB_2619988

Cat# MABN738; RRID: AB_2876862

Cat# CAC-TIP-PTD-MO01; RRID: AB_1961900
Cat# PA5-98934; RRID: AB_2813547

Cat# AF938; RRID: AB_355726

Biological samples

Human post-mortem brain samples Mayo Clinic Neuropathology N/A
Laboratory

Chemicals, peptides, and recombinant proteins

OptiPrep Density Gradient Medium (lodixanol) MilliporeSigma Cat# D1556

SUPERase-In RNase Inhibitor Thermo Fisher Scientific Cat# AM2696

Lycopersicon Esculentum (Tomato) lectin
DyLight 488

TrueBlack Lipofuscin Autofluorescence Quencher
3,3’-Diaminobenzidine

Vector Laboratories

Biotium
MilliporeSigma

Cat# DL-1174-1

Cat# 23007
Cat# D12384

Critical commercial assays

Chromium Next GEM Single Cell 3’ Kit v3.1
Chromium Next GEM Chip G Single Cell Kit
Dual Index Kit TT Set A

Vector Blue Substrate Kit, Alkaline Phosphatase

10x Genomics
10x Genomics
10x Genomics
Vector Laboratories

Cat# 1000268
Cat# 1000120
Cat# 1000215
Cat# SK-5300

Deposited data

Raw sequencing data

Processed gene expression counts

Metadata, tables of results, and supplemental data
ALS GWAS European summary statistics

This study
This study
This study

van Rheenen et al.”®

NCBI SRA: PRJNA1073234
Synapse: syn51105515
Synapse: syn51105515

https://www.ebi.ac.uk/gwas/studies/
GCST90027164

Experimental models: Organisms/strains

Mouse: C57BL/6J

The Jackson Laboratory

Cat #: 000664; RRID: IMSR_JAX:000664

Software and algorithms

Cell Ranger

ACTIONet
Batchelor

limma
SVA
fgsea

ChEA3
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10x Genomics

Mohammadi et al.”®

Haghverdi et al.®

Ritchie et al.””
Leek and Storey®®
Korotkevich et al.®

Keenan et al.?”

https://www.10xgenomics.com/support/software/
cell-ranger/latest

https://github.com/decomverse/ACTIONet

https://bioconductor.org/packages/release/bioc/
html/batchelor.html

https://bioconductor.org/packages/release/bioc/
html/limma.html

https://bioconductor.org/packages/release/bioc/
html/sva.html

https://bioconductor.org/packages/release/bioc/
html/fgsea.html

https://maayanlab.cloud/chea3/
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REAGENT or RESOURCE SOURCE IDENTIFIER

MAGMA de Leeuw et al.'® https://ctg.cner.nl/software/magma

MungeSumstats Murphy et al.'”’ https://github.com/neurogenomics/
MungeSumstats

scDRS Zhang et al.'”? https://github.com/martinjzhang/scDRS

FlJI Schindelin et al.'%® https://imagej.net/software/fiji/

Other

KIMBLE KONTES Dounce tissue grinder, 2 mL DKW Life Sciences Cat# 885300-0002

Chromium Controller 10x Genomics Cat# 1000202

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Myriam Heiman (mheiman@
mit.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

o All raw sequencing data has been deposited to the NIH NCBI Sequence Read Archive (SRA) under BioProject accession
PRJNA1073234.

o All processed count matrices, full tables of results, and other supplemental data have been made available on Synapse (Project
SynID: syn51105515). These data can be accessed at https://www.synapse.org/#!Synapse:syn51105515.

o Code used to for snRNA-seq data processing, quality control, and cell type identification is available from https://github.com/
decomverse/ACTIONEet.

® Additional information regarding donor samples and data analysis, as well as code required to reanalyze the data reported in
this paper, may be obtained from the lead contact upon reasonable request.

o Additional clinical, pathological, and genotype information pertaining to human samples can be provided upon reasonable
request from the lead contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Data reporting
Statistical methods were not used to predetermine the sample size.

Human samples

Human tissue analysis was conducted as exempt human research. Fresh-frozen post-mortem brain samples were obtained from the
Mayo Clinic Neuropathology Laboratory (Jacksonville, FL USA). All cases were carefully analyzed by an experienced and certified
neuropathologist, and a final neuropathology diagnosis was available for all samples. TDP-43 pathology was confirmed in all ALS
and FTLD samples used for our studies based upon current consensus criteria, which investigates cortical and subcortical distribu-
tion of TDP-43 neuropathologic inclusions.'®*'%® A section of the cerebellum was screened for C9orf72-related pathology with P62
immunohistochemistry,'® and repeat expansions in all C9orf72-associated cases were confirmed via Southern blot. All samples
were carefully genotyped before being selected for our studies. Sporadic cases contained no positive family history of either ALS
or FTLD and had no defined genetic risk factors (no mutation in SOD1, TARDBP, FUS, C9orf72, NEK1, GRN, MAPT, or TBK1).
C9orf72+ cases were also negative for mutations in the other genes listed. Extent of upper and lower motor neuron involvement
was investigated in all samples using Luxol fast blue and IBA-1 immunohistochemistry in the motor cortex, midbrain, and medulla.
Diagnosis of motor neuron disease was positive for all ALS and negative for all FTLD and control samples selected. Criteria for exclu-
sion from consideration included noticeable discoloration from prolonged hypoxia, or a pathology report that suggested potentially
confounding non-ALS/FTLD neurological pathology, or neurological cause of death in control cases. We included a total of 73 indi-
viduals: 17 sporadic ALS (8 male; 9 female), 16 C9orf72 familial ALS (6 male; 10 female), 13 sporadic FTLD (7 male; 6 female), 11
C9orf72 familial FTLD (6 male; 5 female) and 16 pathologically normal (8 male; 8 female).
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Animals

All mouse experimental procedures were conducted with the approval of the Massachusetts Institute of Technology Animal Care and
Use Committee. Mouse studies were conducted on 8-week-old male C57BL/6J mice (The Jackson Laboratory, Strain# 000664).
Mice were housed under pathogen-free conditions, with food and water provided ad libitum on a standard 12h light/12h dark cycle.
No procedures were performed on the mice prior to the outlined experiments.

METHOD DETAILS

Human sample preparation

All cases underwent standard neuroanatomic sampling by a single neuropathologist (D.W.D) who performed the cutting of all autop-
sied procured brains (Mayo Clinic IRB 15-009452). For all brains harvested and received at the Mayo Clinic Neuropathology Labo-
ratory, the right hemibrain was frozen (-80°C) and the left hemibrain was fixed for long-term preservation. For the single-nucleus
study, BA9 (dorsolateral prefrontal) and BA4 (primary motor) were sampled from frozen tissue stored at -80°C. To maintain tissue
integrity, tissue was stored at -20°C for 30 min and subsequently at room temperature for 45 min to allow gradual thawing prior
to sampling. BA9 was sampled from the lateral surface in cases with an intact hemisphere, or at the level of the head of the caudate
in coronal slabs. BA4 was sampled from the lateral surface in cases with an intact hemisphere, or at the level of the pulvinar in coronal
slabs. For IHC, sections of BA4 and BA9 from the fixed hemibrain were used.

Mouse sample preparation

Mice were euthanized by decapitation and the whole brain was dissected on dry ice. Brain tissue was placed onto a chilled stainless-
steel matrix and cut coronally at the apex of the dorsal side. A 1.5mm punch biopsy with plunger was used to collect motor cortex
tissue. Tissue dissections were immediately submerged in a homogenization buffer for nuclear isolation.

Isolation of nuclei from post-mortem fresh frozen human and fresh mouse brain tissue

Nuclei isolation was performed as reported in Lee et al.'®” All procedures were performed on ice. For the human tissue samples,
150 mg of grey matter was sectioned and homogenized. Briefly, each tissue was homogenized in 700 pL of homogenization buffer
with a 2 mL tissue grinder using 10 strokes with a loose pestle, followed by 10 strokes with a tight pestle. Homogenized tissue was
filtered through a 40 pm cell strainer and mixed with 450 pL of working solution. The mixture was then slowly pipetted onto the top of
an iodixanol density gradient (300 uL 40% solution and 750 pL of 30% solution) inside a dolphin microcentrifuge tube. Nuclei were
pelleted at the 30%-40% interface of the density gradient by centrifugation at 10,000 x g for 5 min at 4°C using a fixed angle rotor. The
nuclear pellet was collected by aspirating ~100uL from the interface and transferring to a 1.5 mL siliconized microcentrifuge tube.
The pellet was washed with in PBS with 2% BSA containing 0.12 U/uL SUPERase-In RNase Inhibitor (Thermo Fisher Scientific). The
nuclei were pelleted by centrifugation at 300 x g for 3 min at 4°C using a swing-bucket rotor. The nuclei were again pelleted and
washed twice more under the same conditions. The nuclear pellet was resuspended in 100 pL of PBS with 2% BSA.

Library preparation and sequencing

Droplet-based snRNA sequencing libraries were prepared using the Chromium Next GEM Single Cell 3’ reagent kit v3.1 (10x Geno-
mics) according to the manufacturer’s protocol, targeting 7,000 nuclei per sample. Libraries were sequenced on a NovaSeq 6000 at
the Broad Institute Genomics Platform.

Sequencing data preprocessing
Cell Ranger v6.0 (10x Genomics) was used for genome alignment and feature-barcode matrix generation. Reads were aligned to the
human reference genome GRCh38 or mouse reference genome mm10 allowing mapping to intronic regions.

Immunofluorescent labeling and confocal microscopy

Fresh-frozen tissues from the right hemibrain were embedded in NEG-50 (Epredia) and cryo-sectioned onto glass slides at 20 um
thickness. Sections were dried at room temperature in a humidity chamber for 5 min and then fixed with cold acetone for 10 min under
gentle agitation. Slides were washed with 1X TBS, permeabilized with 1X TBS-T (1X TBS supplemented with 0.05% Tween-20)
for 15 min and blocked with blocking buffer (2% heat-inactivated donkey serum, 0.1% fish gelatin in 1X TBS-T) for 1 hour at
room temperature. Combinations of primary antibodies and/or fluorescently labeled lectin were incubated on slides in blocking buffer
overnight at 4 °C with the following dilutions: claudin-5 (Thermo Fisher Scientific, Cat# 352500; 1:200), ArpC3 (LSBio, Cat# LS-
C409316; 1:100), VE-cadherin (R&D Systems, Cat# AF938; 1:200), HLA-E (Proteintech, Cat# 66530-1-lg; 1:200), POU3F1
(MilliporeSigma, Cat# MABN738; 1:200), NeuN (Synaptic Systems, Cat# 266004; 1:1000), and DyLight 488 labeled tomato lectin
(Vector Laboratories, Cat# DL-1174-1; 1:50). The next day, slides were washed with 1X TBS, and incubated in Alexa Fluor-conju-
gated secondary antibodies (Thermo Fisher Scientific) diluted 1:500 in blocking buffer for 1 hour at room temperature. After washing
with 1X TBS, slides were treated with TrueBlack Lipofuscin Autofluorescence Quencher (Biotium) for 30 seconds to reduce
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autofluorescence. Slides were counterstained with DAPI and mounted with ProLong Gold antifade mounting media (Thermo Fisher
Scientific). A STELLARIS 5 confocal microscope (Leica Microsystems) with a 63X objective lens was used for imaging across the
entire section thickness using a step size of 0.3 um.

Immunofluorescent image quantification

Image processing was performed on sum projections in FIJ
ArpC3/lectin co-labeling

ArpC3, lectin, and DAPI were co-stained to compare ArpC3 protein expression between the PN and SALS endothelium in the motor
cortex. Lectin selectively labels blood vessels and was used to manually trace microvessels and thus quantify only vascular ArpC3
fluorescence. The average per pixel fluorescence intensity of three randomly selected avascular 40 x 40-micron regions was sub-
tracted from the per pixel intensity of ArpC3 fluorescence in each lectin-positive microvessel to correct for differences in tissue auto-
fluorescence across samples. Vascular ArpC3 fluorescence was then averaged across at least 16 microvessels per sample and
normalized to 1 for PN cases. Quantification of vascular lectin and ArpC3 immunofluorescence signal is relative to PN. Comparisons
were conducted across n =5 PN and n = 5 SALS donor individuals. Statistical significance was determined using an unpaired one-
tailed t-test. Anidentical approach was used to compare HLA-E protein expression across n = 6 PN and n = 6 SALS donor individuals.
Claudin-5/VE-cadherin co-labeling

Claudin-5, VE-cadherin, and DAPI were co-stained to assess junctional localization in the PN and SALS endothelium in the motor
cortex. Quantification represents the percentage of blood vessels with junctional localization of claudin-5 and VE-cadherin. Junc-
tional localization is defined as visible strands of claudin-5 or VE-cadherin immunofluorescence in VE-cadherin positive microves-
sels. Comparisons were conducted across n =5 PN and n = 5 SALS donor individuals. Statistical significance was determined using
an unpaired one-tailed t-test.

1'% and blinded to experimental group.

Immunohistochemistry and stereology

Formalin-fixed, paraffin-embedded tissues from the left hemibrain of MCX, DLPFC, and ACC were sectioned at 5 um thickness and
mounted on glass slides. Sections were dried at 60°C overnight. All tissues were from cases used in the snRNA-seq study.
VAT1L/TDP-43 co-labeling

Immunostaining was performed on the Thermo Scientific Autostainer 480S, using the Envision G/2 double stain kit (Dako). Horse-
radish peroxidase (HRP) labeling of mouse monoclonal anti-phospho-TDP-43 antibody (pTDP-43 pS409/410) (Cosmo Bio, Cat#
CAC-TIP-PTD-MO01; 1:5000) was visualized using 3,3’-diaminobenzidine (DAB+) as the chromogen. Alkaline phosphatase labeling
of rabbit polyclonal anti-VAT1L antibody (Thermo Fisher Scientific, Cat# PA5-98934; 1:500) was visualized using DAB+ and Vector
Blue Alkaline Phosphatase Substrate kit (Vector Laboratories).

VAT1L stereology

From 59 donor individuals (SALS n = 14, C9ALSn=12, SFTLDn =11, COFTLD n =7, PN n = 15), sections of MCX and PFC from each
case were immunostained with rabbit polyclonal anti-VAT1L antibody (Thermo Fisher Scientific, Cat# PA5-98934; 1:500) and visu-
alized using DAB+. Layer 5 cells were manually counted (two counts per slide) by a trained and blinded individual, with accepted
intra-count variability of less than 5%. VAT1L+ cells were not observed outside of layer 5. Betz cells were identified by laminar dis-
tribution, soma size, nucleus size, prominent nucleolus, and distinct cytosolic VAT1L staining pattern. Panoramic pictures of the
slides were obtained to measure the gray matter area using FlJI. The number of cells per area (cells/mm?) was obtained by dividing
the mean of the number of cells per count by the measured gray matter area. Statistical significance for each comparison was deter-
mined using an unpaired one-tailed t-test.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cell clustering and curation

We used the ACTIONet? "¢ R package for data cleaning, batch correction, clustering, imputation, and cell type annotation as in Lee
et al. with some modifications.'®” In brief, raw count matrices were prefiltered by removing barcodes containing less than 700 unique
genes or greater than 20% mtRNA content. Counts were depth-normalized across samples and log-transformed using the batchelor
R package.“® Further per-cluster filtering was performed by iteratively removing cells with abnormally low or high RNA content (rela-
tive to the distribution of the specific cluster), ambiguous overlapping profiles resembling dissimilar cell types (generally correspond-
ing to doublet nuclei), and cells corresponding to graph nodes with a low k-core or low centrality in the cell-cell similarity network
(generally corresponding to high ambient RNA content or doublet nuclei). We also filtered cells overexpressing immediate early genes
(e.g. FOS, JUN, JUNB, JUND) not correlated with phenotype, and indicative of hypoxia or cell damage. Following this rigorous
filtering regime, we retained 625,973 unique cellular profiles corresponding to ~8,500 post-quality control nuclei per donor, with
an average of ~14,000 unique transcripts, ~4,200 unique genes, and mtRNA content of 1.48% per nucleus (Figure S1B)

Cell type annotation

A curated set of known major cell type markers was used to annotate individual cells with their expected cell type and assign a con-
fidence score to each annotation. For ill-characterized or ambiguous subpopulations, we assigned identity based on visually distinct,
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well-defined gene expression domains reproducibly identified by Leiden'®® and archetypal analysis''® clustering at multiple resolu-

tions. Descriptive labels were determined by the unique co-expression of marker genes identified by ACTIONet for each cluster.

Alternative annotations
The choice of cell type annotations is an important element of experimental design that can impact the results and interpretation of a
profiling study such as this. The annotations presented here are not intended to serve as a rigorous characterization of the transcrip-
tional landscape of the motor or prefrontal cortices, as this has already been done.?*"® Rather, the number and choice of annotated
clusters in this study reflects the focus on known or novel cell populations that are or may be implicated in ALS and FTLD pathobi-
ology. This is further constrained by the need to obtain not only a suitable number of cells per cluster and per donor, but also have
representation from as many individual donors as possible within each cluster to conduct rigorous statistical analyses. For this
reason, we chose a course clustering resolution that non-redundantly captures disease-associated responses and relevant popula-
tions that are important in the context of our study, and that previous studies do not resolve, yet are central to some of our findings.
We understand that other researchers may wish to use the data generated in this study with different goals in mind. Therefore, we
have included the equivalent cell-level annotations published in Bakken et al. (Nature 2021)”° as a set of secondary cell-level anno-
tations (Figure S1K) to facilitate integration and comparison with other similar datasets.

To perform the label transfer we used the ACTIONet R package to generate a marker set from the Bakken human M1 dataset which
was then used to annotate the cells in our dataset. The accuracy of the label transfer was manually verified. These annotations can be
found in the metadata column titled “Bakken_M1" in the processed and annotated data available on Synapse.

Differential gene expression analysis

We employed a pseudo-bulk approach considering each donor individual as a single biological replicate. For the pan-neuronal anal-
ysis, neuronal subtypes were aggregated into excitatory and inhibitory classes. For the cell type-specific analysis, rare subclusters
that lacked sufficient representation were merged if they were similar enough to still reasonably be classified as one cell type. More
specifically, rare clusters were merged if their subclusters were directly adjacent and belonged to the same supercluster (e.g. sub-
clusters of PV neurons or the two L5 VAT1L+ subtypes) and could not be analyzed independently. Specifics on how clusters were
aggregated for both analyses are detailed in Table S3 and are visualized in Figure S1L. We required that a cluster be represented
across at least 4 disease and 4 control individuals, separately for each disease and brain region, and with at least 20 cells per indi-
vidual. If this criterion could not be met and rare clusters could not be merged with a larger group, these clusters were excluded from
analysis. The following clusters were excluded from most analyses based on these criteria: In SOM SST NPY, In 5HT3aR CDH4
SCGN, In 5HT3aR CDH4 CCK, Vasc Fibro CLMP KCNMAT1. These clusters comprised 2815 cells, or 0.45% of the data.

For each differential expression cluster, only genes present in at least 10% of cells were retained for analysis. Counts were depth
normalized, scaled by library-size, and log,-transformed. Pseudo-bulk expression profiles were computed by averaging normalized
log-counts within each cluster for each unique sample. We used surrogate variable analysis®® (implemented in the SVA R package) to
identify and remove sources of unknown variance. Pseudo-bulk differential gene expression analysis was performed using the limma
R package.®” We found Braak stage and Thal phase to be poor predictors of gene expression and omitted them from the design
formula.

In all figures showing DEG results, the magnitude of gene expression change is reported as the Z score of the log,-fold change
(LFCs) centered at 0. LFCs were converted to Z scores per cell type using the R function scale(x,center=0,scale=sd(x)), where x is
the vector of LFCs. Genes were considered differentially expressed if they had a Z score > 1, and a false discovery rate (FDR)-cor-
rected p value < 0.05. To ensure that these results were robust and confirm that our chosen thresholds were reasonable, we per-
formed permutation testing whereby we randomly shuffled covariate labels and repeated the pseudo-bulk analysis. This analysis
estimated the number of genes that would be classified as differentially expressed by chance (i.e. false positives). In all cases,
zero or close to zero DEGs were detected.

Pathway enrichment analysis

Pathway enrichment analysis was performed with Gene Set Enrichment Analysis®' using the FGSEA R package,’® and queried
against the relevant databases. For pathway enrichment analysis of DEGs, we used -logo(p value)*sign(LFC) as the ranking metric,
and for pathway enrichment of TxD-associated genes, we used -log4o(p value)*sign(p), where p is the correlation coefficient. In all
panels, we report the normalized enrichment score (NES) and nominal log4o(p value) of enrichment.

Predicting upstream regulators

Upstream transcription factors of statistically significant DEGs and TxD-associated genes were determined using ChEA3,%” which
runs enrichment tests against multiple transcription factor libraries. We exclusively report the mean rank results, which represent
the aggregate average ranking across all ChEA3 libraries.

Cross-region and cross-species comparisons

For each PN donor individual and mouse, pseudo-bulked gene expression profiles for each transcriptional subtype were generated
by averaging log-normalized counts. The mean expression of the pseudo-bulked profiles was used to compute the pairwise
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Pearson’s correlation of transcriptome-wide gene expression across subtypes of MCX and PFC in human (Figure 1F) and between
MCX of human and mouse (Figure S5B). For cross-species comparisons, only expression values of homologous genes were used to
compute the correlation. To minimize the contribution of ubiquitous housekeeping genes and to amplify the contribution of cell type-
specific signal, we regressed out the mean gene expression profile across all subtypes from the expression matrices before
computing the correlation.

Preprocessing pseudo-bulk expression for multiple analyses

For correlation analyses (Figure 2A), TxD score calculation (Figure 4C), and TxD association analyses (Figures 4E and S3A-S3D) we
generated normalized, covariate-corrected pseudo-bulk expression profiles for each transcriptional subtype. We incorporated the
same covariates as in the DEG analysis and used SVA to remove unwanted variance. These corrected expression profiles were
used as input for each analysis.

Calculation of transcriptional divergence scores

The TxD score is a quantification of transcriptional dysregulation. It represents the change in transcriptome-wide gene expression of
each subtype in disease from its respective PN expression profile. The divergence score is the Euclidean distance between the me-
dian disease and corresponding PN covariate-corrected, pseudo-bulk expression profiles for each cell type.

Scoring TxD association

To identify genes whose (co-)expression is correlated with transcriptional dysregulation, we used the covariate-corrected, pseudo-
bulk expression profile for each cluster in PN cases, which represents the mean endogenous expression of all genes per transcrip-
tional subtype among control samples. For each gene, we computed the Spearman correlation and correlation p value of gene
expression vs. TxD score per cluster for each disease and brain region, giving us a score and ranking of every gene in the transcrip-
tome for each disease-region combination. Scores (correlation coefficients) were considered statistically significant if they had an
FDR-corrected correlation p value < 0.01.

SNP-to-gene mapping and gene level GWAS statistics

GWAS-linked gene enrichment analyses and disease susceptibility scoring was based on the van Rheenen et al. (Nature Genetics
2021) MetaBrain analysis.”® GWAS summary statistics from this study were filtered and converted to standard format using the
MungeSumstats R package.'®" We mapped SNPs to genes with MAGMA'® and computed gene-level phenotype association sta-
tistics using a 10kb window up- and downstream of each gene.

Disease susceptibility scoring

We generated susceptibility scores using the single-cell disease relevance score (scDRS) python package.'?> Normalized and log-
transformed counts from PN cases were used as input, with donor, sex, and unique gene counts as covariates. Genes were filtered to
those expressed in >1% of cells. Cell scores were computed using the top 1000 most significant GWAS genes ranked by MAGMA Z
score. The same genes were used for the differential enrichment analysis in Figure 4B. As this method is sensitive to sequencing
depth and gene detection rate, raw scores were imputed using personalized PageRank''" implemented in the ACTIONet R package
before Z-scaling.

Differential enrichment analyses

Differential enrichment analyses of GWAS-linked genes (Figure 4B), disease and pathway-associated genes (Figures 4F, 5F, and
S4C) were performed across all clusters using the Wilcoxon rank-sum test. We performed 100 trials of each test, randomly sampling
150 cells from each cluster per trial. We reported the Z scores of the mean LFCs and mean FDR-corrected p values across all trials.
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A Demographics of profiled cohort
Cohort size  Sex Region Post-mortem interval Age at death Age at onset of symptoms Survival after onset
Group n n M/F n MCX/PFC  median (IQR), h median (IQR), y median (IQR), y median (IQR), y
SALS 17 8/9 1717 10.00 (7.00-15.00) 64.28 (60.29-71.62)  62.59 (55.98-69.80) 2.94 (1.42-3.67)
C9ALS 16 6/10 16/16 16.00 (9.75-27.00) 63.01 (59.75-67.96)  61.19 (57.64-65.33) 2.07 (1.91-3.00)
SFTLD 13 7/6 13/13 5.50 (4.50-10.50) 71.14 (69.50-74.04) 61.24 (58.45-64.15) 10.72 (9.02-12.42)
CYFTLD 11 6/5 10/11 6.00 (5.00-6.00)  75.00 (70.00-78.50)  65.96 (60.18-75.25) 8.50 (4.00-13.25)
PN 16 8/8 16/16 6.00 (5.12-15.75) 80.08 (63.49-84.97) n/a n/a

B Post-filtering sample quality metrics by subtype
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Figure S1. Cohort characteristics, data quality, and clustering annotations, related to Figure 1

(A) Summarized characteristics of profiled brain samples. Calculations include all individuals with available information: cohort size, sex, and region distribution,
post-mortem interval (PMI), age of death, age of symptom onset, survival after onset; IQR: interquartile range; h: hours; y: years.

(B) Per subtype distributions of percentage of contaminant mitochondrial RNA (mtRNA; top), unique molecular identifier (UMI) counts (middle), and unique genes
detected (bottom). Horizontal lines denote median and interquartile range values.

(C—-J) UMAP clustering colored by (C) major cell class, (D) major cell type, (E) transcriptional subtype, (F) donor individual, (G) donor sex, (H) disease phenotype,
(l) disease genotype, and (J) brain region. Colors in (E) correspond to those in (B), as well as to those in Figures 1A-1D.

(K) UMAP clustering colored by equivalent MCX annotations from Bakken et al. (Nature 2021).”° These alternative annotations are provided in the annotated data.
See STAR Methods.

(L) Aggregation of subtype clusters for DEG analysis (see Table S3; STAR Methods). Left: aggregation of neuronal subtypes into excitatory and inhibitory clusters
for pan-neuronal DEG analysis. Right: aggregation of neuronal subtypes for cell-type-specific DEG analysis.
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Figure S2. Gene expression changes in inhibitory and non-neuronal populations in ALS and FTLD, related to Figures 2 and 3

(A) Comparison of inhibitory neuron DEGs across genotypes. In each panel, the Pearson correlation is shown in the top-left, and the number of overlapping DEGs
(FDR < 0.05 in both genotypes) is shown in the bottom-right.

(B) Select top-ranking GO terms enriched in DEGs of inhibitory neurons in ALS and FTLD cases.

(C) Top up- and downregulated genes shared across diseases in inhibitory neurons, per brain region.

(D) Differential expression of heat shock genes broadly dysregulated across inhibitory neurons. DE: differential expression.

(E-H) Top GO terms shared across diseases and brain regions in DEGs of (E) GFAP+ astrocytes, (F) GFAP— astrocytes, (G) microglia, and (H) oligodendrocytes.
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Figure S3. Drivers of cell-type-specific differential vulnerability, continued, related to Figure 4

(A) TxD association analysis of ALS- and FTD-linked genes. Extended version of Figure 4E.

(B) Top TxD-associated genes not previously genetically linked to ALS or FTD. Gray denotes not statistically significant. Combined legend for (A) and (B).

(C) Top-ranking genes in select overrepresented TxD-associated GO term families.

(D) Differential expression of top dysregulated TxD-associated genes. The top section represents the correlation of the TxD association. The bottom section
shows the differential expression of each gene across diseases and brain regions.
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Figure S4. Characterization of vulnerable L5 excitatory populations continued, related to Figure 5

(A) UMAP heatmaps showing relative expression of select, globally enriched markers of differentially vulnerable L5 VAT7L+ neurons.

(B) Select top-ranking GO terms enriched in marker genes of human L5 VAT7L+ subtypes. Extended version of Figure 5E.

(C) Differential enrichment of cilia- and microtubule-associated genes across excitatory neuron subtypes. Differentially vulnerable subtypes are denoted in red.
Extended version of Figure 5F.

(D) Histological quantification of VAT1L+ neuron density in L5 across brain regions of PN cases, irrespective of morphology.

(E) Representative image of immunofluorescent labeling of POU3F1 (green) and neuronal marker NeuN (magenta) in PN MCX. White arrow denotes a cell with
Betz morphology, and the black arrows denote cells with non-Betz pyramidal morphology. Scale bars, 50 pm.
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Figure S5. Identification and characterization of CSMN populations by homology to mouse primary motor cortex, related to Figure 5

(A) Annotated transcriptional subtypes in mouse MCX (45,206 cells). Inset: UMAP subplot of annotated excitatory neuron subtypes.

(B) Transcriptional similarity of excitatory neurons across human and mouse MCX. Putative UMN/CSMN-containing subtypes denoted in red.

(C—E) Heatmaps superimposed on the inset of (A) showing relative expression of (C) canonical mouse CSMN marker genes, (D) known and novel markers of
differentially vulnerable excitatory neuron subtypes (from Figure 5B), and (E) markers that distinguish subtypes of L5 VAT7L+ neurons in human (from Figure 5B
inset). Combined legend for (C)-(E).
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A Summary of VAT1L histological quantification results
) Sample size Cells in PN Cells in disease Change vs. PN —
Cells counted  Region vs. PN ) ) ) p-value  Significance
n PN/disease mean (cells/fmm?)  mean (cells/mm?) (%)
ALS 15/26 1.28 -29.98% 0.003 >
MCX 1.83
FTLD 15/18 1.66 -9.12% 0.186 ns
All VAT1L+
ALS 15/26 1.00 -7.05% 0.279 ns
PFC 1.08
FTLD 15/18 0.79 -26.45% 0.02 *
C9ALS 15/12 0.05 -72.15% 0.00014 i
Betz only MCX 0.19
SALS 15/14 0.05 -71.54% 0.00015 b
C9ALS 15/12 1.14 -30.61% 0.0068 >
Non-Betz only MCX 1.64
SALS 15/14 1.31 -20.32% 0.0351 *
B Immunohistochemical staining of VAT1L C Top DEGs among overrepresented pathways in
in motor and prefrontal cortex L5 L3/5 SCN4B+ neurons
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Figure S6. Impact of disease in differentially vulnerable cell types, continued, related to Figure 6

(A) Results of histological quantification of L5 VAT1L+ neuron loss. (*) p < 0.05; (**) p < 0.01; (***) p < 0.001; ns: not significant; one-tailed t test.

(B) Representative images of immunohistochemical labeling of VAT1L (brown) in motor and prefrontal cortex of PN, ALS, and FTLD cases used for stereological
analysis of L5 VAT1L+ neuron depletion. Scale bars, 100 pm.

(C) Top DEGs of overrepresented GO term families enriched in L3/5 SCN4B+ neurons and shared with L5 VAT7L+ neurons.

(D) Enrichment of top-ranking GO terms in DEGs of L3/5 SCN4B+ neurons by brain region.

(E) Top-ranking ChEA3-predicted regulators of L3/5 SCN4B+ neurons DEGs. Values are the mean rank across ChEAS libraries.



