The C9ort72-interacting protein SmcrS8 is
a negative regulator of autoimmunity and
lysosomal exocytosis
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While a mutation in COORF72 is the most common genetic contributor to amyotrophic lateral sclerosis (ALS), much
remains to be learned concerning the function of the protein normally encoded at this locus. To elaborate further on
functions for C9ORF72, we used quantitative mass spectrometry-based proteomics to identify interacting proteins
in motor neurons and found that its long isoform complexes with and stabilizes SMCRS, which further enables
interaction with WDR41. To study the organismal and cellular functions for this tripartite complex, we generated
Smcr8 loss-of-function mutant mice and found that they developed phenotypes also observed in C90rf72 loss-of-
function animals, including autoimmunity. Along with a loss of tolerance for many nervous system autoantigens,
we found increased lysosomal exocytosis in Smcr8 mutant macrophages. In addition to elevated surface Lamp1
(lysosome-associated membrane protein 1) expression, we also observed enhanced secretion of lysosomal compo-
nents—phenotypes that we subsequently observed in C90rf72 loss-of-function macrophages. Overall, our findings
demonstrate that COORF72 and SMCRS have interdependent functions in suppressing autoimmunity as well as

negatively regulating lysosomal exocytosis—processes of potential importance to ALS.
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Amyotrophic lateral sclerosis (ALS) is a progressive and le-
thal neurodegenerative disease that affects both the upper
and lower motor neurons (Robberecht and Philips 2013).
A GGGGCC repeat expansion mutation in CO9ORF72 is
the most commonly known genetic cause of ALS and fron-
totemporal lobar degeneration (FTLD/FTD)] (DeJesus-
Hernandez et al. 2011; Renton et al. 2011). In North Amer-
ica, this mutation is found in 40% of familial ALS cases
and 7% of sporadic ALS cases (Majounie et al. 2012).
The repeat expansion leads to the formation of RNA foci
(Donnelly et al. 2013) and dipeptide repeat protein aggre-
gates (Gendron et al. 2013; Mori et al. 2013a, b), both of
which can exhibit toxicity to neurons and may therefore
be contributing to disease progression (DeJesus-Hernan-
dez et al. 2011; Donnelly et al. 2013; Gendron et al.
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2013; Mori et al. 2013a,b; Kwon et al. 2014; May et al.
2014). In addition, a significant reduction of the gene prod-
uct normally encoded at C9ORF72 has been observed in
ALS patients both with and without the COORF72 repeat
expansion mutation (Belzil et al. 2013; Ciura et al. 2013;
Xi et al. 2013). Intriguingly, higher mRNA levels of
C9ORF72 transcript variant 1 (NM_145005.6) have been
associated with a longer survival after ALS onset (van Blit-
terswijk et al. 2015), consistent with the notion that insuf-
ficiency of this gene product may play a role in disease.
However, the extent to which each of the three ramifica-
tions of the repeat expansion described thus far contribute
to or collaborate to drive disease in patients remains unre-
solved (Shi et al. 2018).

The consequence of C9ORF72 haploinsufficiency in
ALS patients could be better understood if the function
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of the protein normally encoded at this locus could be
clarified. The protein sequence of COORF72 shares ho-
mology with the DENN (differentially expressed in nor-
mal and neoplasia) family of proteins and therefore has
been proposed to function as a GDP-GTP exchange factor
(GEF) for Rab GTPases and may regulate vesicular traf-
ficking (Zhang et al. 2012; Levine et al. 2013). Protein—
protein interaction studies showed that C9ORF72-
SMCR8-WDR41 formed a complex (Amick et al. 2016;
Ciura et al. 2016; Sellier et al. 2016; Sullivan et al. 2016;
Ugolino et al. 2016; Yang et al. 2016; Corbier and Sellier
2017) that had GEF activity for Rab8a and Rab39b (Sellier
et al. 2016). In addition, the COORF72 protein complex
also interacted with ULK1-FIP200-ATGI13, raising the
possibility that COORF72 could function in the autolyso-
some pathway (Sullivan et al. 2016; Webster et al. 2016;
Yang et al. 2016; Jung et al. 2017). Consistent with this
idea, lysosomal localization of C90rf72 and Smcr8 have
been reported (Amick et al. 2016), and deficiency of these
proteins altered the expression of autophagy markers p62
and LC3 (Sellier et al. 2016; Ugolino et al. 2016; Yang et al.
2016). However, the respective roles of C9ORF72 and
SMCRS in these processes have not been resolved, with
some studies indicating that this protein complex posi-
tively regulates autophagy (Sellier et al. 2016) and others
arguing that it has a negative effect on the pathway (Ugo-
lino et al. 2016). Adding ambiguity, it has also been pro-
posed that C9orf72 and Smcr8 could play opposing roles
in the autophagy pathway (Yang et al. 2016).

Previously, we and others found that loss-of-function
mutations in the mouse C9orf72 ortholog resulted in au-
toimmunity (Atanasio et al. 2016; Burberry et al. 2016;
O’Rourke et al. 2016). Abnormal p62 processing and accu-
mulation of lysosome-associated membrane protein 1
(Lampl)-positive vesicles have also been observed in mac-
rophages from these mutant mice (O’Rourke et al. 2016),
providing in vivo evidence supporting a role of C9orf72
in the autolysosome pathway. However, several major
questions remain to be answered: Are there additional un-
known C9orf72-interacting proteins that can be readily
identified? Does Smcr8 share in vivo functions with
C90rf72? Finally, what alterations in the autolysosome
pathway could be credible causes of the autoimmunity
seen in mutant animals?

We report here an alternative cellular system that al-
lowed us to perform cell type-dependent C9ORF72 pro-
tein—protein interaction studies by quantitative mass
spectrometry-based proteomics. Using this system, we
replicated the finding that COORF72 can form a complex
with SMCR8 and WDR41 in both human stem cells and
human spinal motor neurons derived from stem cells.
Coexpression studies led to the surprising finding that
C9o0rf72 and Smcr8 mutually stabilize each other. In addi-
tion, we produced Smcr8 loss-of-function mutant mice
and found that they exhibited central phenotypes ob-
served in C9orf72 mutant animals, including autoimmu-
nity. Further elaborating on the cell biological functions of
Smecr8, we found that its loss resulted in increased lyso-
somal exocytosis, a phenotype subsequently observed in
C9orf72-deficient macrophages that is essential for main-
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taining normal immune system function (Alter et al.
2004; Betts and Koup 2004). In all, our findings provide
new compelling evidence that the COORF72-SMCRS pro-
tein complex is a negative regulator of autoimmunity, a
condition that had been identified recently as often pre-
ceding the onset of ALS (Turner et al. 2013; Miller et al.
2016).

Results

A system for identifying isoform-specific cell
type-dependent COORF72-interacting proteins

Interactions between C9ORF72, SMCRS8, and WDR41
were reported recently (Amick et al. 2016; Sellier et al.
2016; Ugolino et al. 2016; Yang et al. 2016). It is known
that COORF72 has two different protein isoforms. Howev-
er, whether the two distinct protein isoforms interact
with the same set of proteins has not been carefully ad-
dressed. We sought to establish a system that would allow
us to study COORF72-interacting proteins and function in
an isoform- and cell type-specific manner. To this end, we
used homologous recombination at the AAVS1 locus to
establish HUES3 human embryonic stem (hES) cell lines
stably expressing either the long (C9-long) or short (C9-
short) protein isoforms of COORF72 fused to a C-terminal
hemagglutinin (HA) tag (Fig. 1A; Hockemeyer et al. 2009;
Lombardo et al. 2011). Proper COORF72-HA transgene in-
corporation into the AAVS1 locus was confirmed by PCR
(Supplemental Fig. 1A). HA-tagged C9ORF72 expression
in the engineered cell lines was further validated by quan-
titative real-time PCR (QPCR) and Western blotting (Sup-
plemental Fig. 1B,C). These polypeptides could be readily
immunoprecipitated from preparations of ES cells using
anti-HA antibodies (Supplemental Fig. 1C) and were also
recognized by established anti-C9ORF72 antibodies (Sup-
plemental Fig. 1D).

To identify CO9ORF72-interacting candidates, fractions
of hES cells were immunoprecipitated with anti-HA anti-
bodies and analyzed by quantitative liquid chromatogra-
phy-mass spectrometry with tandem mass tag (TMT)
labeling. In the subsequent data analysis, we considered
proteins identified by at least two unique peptides. We
found that C9ORF72 itself along with SMCRS8 and
WDR41 were significantly enriched following HA immu-
noprecipitation from the C9-long-HA cell line compared
with the parental nontransgenic control (defined as ad-
justed P < 0.05 by moderated t-test with more than two-
fold enrichment) (Fig. 1B; Supplemental Table 1).
Interestingly, these interactions were specific to the long
isoform of C9ORF72 and were not detected in the short
isoform-expressing sample (Supplemental Fig. 1E,F; Sup-
plemental Table 1). This protein complex was also identi-
fied by quantitative mass spectrometry in human motor
neurons derived from these hES cell lines (Supplemental
Fig. 1G; Supplemental Table 2). Therefore, using our sys-
tem, we reproducibly established that COORF72 interacts
with SMCR8 and WDR41 in multiple cellular contexts.
We also furthered our understanding of this complex by
showing that these interactions are specific to the long
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protein isoform of C9ORF72 but not the shorter protein
isoform. Using a similar approach by comparing proteins
enriched after immunoprecipitation from the C9-short-
expressing samples, we identified a different set of poten-
tial interacting proteins (Supplemental Table 1). However,
these candidates could not be readily validated in subse-
quent immunoprecipitation-Western blot experiments
and therefore were not pursued further in this study.

C9ORF72 stabilizes SMCRS protein expression

Recently, it had been shown that loss of C90rf72 function
leads to inflammatory disease in mice and that changes in
macrophage and microglial cells may contribute to this
phenotype (Burberry et al. 2016; O’Rourke et al. 2016).
In an attempt to understand how loss of C9o0rf72 function
could contribute to these phenotypes, we looked for pro-
teins that were differentially expressed in the bone mar-
row-derived macrophages (BMDM:s) isolated from wild-
type (+/+) and C9orf72 homozygous loss-of-function
(—/—) mice using quantitative mass spectrometry. Interest-
ingly, under basal conditions without immune stimulus,
two proteins were found to be significantly differentially
expressed between C90rf72*/* and C9orf72~/~ macrophag-
es: C9orf72 itself and Smcr8 (Fig. 1C; Supplemental
Table 3).

To further investigate how CO9ORF72 might regulate
the expression of SMCRS8, we used RN A to silence the ex-

pression of CY9ORF72 in human embryonic kidney
(HEK293) cells and quantified the SMCRS transcript and
protein. Treatment with siRNA against COORF72 was
specific and efficient, which resulted in a reduction of
70.8% of COORF72 mRNA expression compared with un-
treated controls and a 78.4% reduction when compared
with control siRNA-treated (siRED) samples. A moderate
but significant increase in SMCRS transcript level was ob-
served upon knockdown of C9ORF72 (Fig. 1D, P <0.05 [*]
and P <0.01 [**] by two-tailed Student’s t-test). In contrast,
Western blot analysis detected a 70.1% reduction of
SMCRS protein level in COORF72-deficient samples com-
pared with untreated controls and an 80.9% reduction
compared with control siRNA-treated samples (Fig. 1E,F:
P<0.01 [**] by two-tailed Student’s t-test). Moreover,
when the SMCRS8-GFP fusion protein was transfected
into HEK cells, coexpression of C9-long increased the pro-
portion and fluorescence intensity of GFP-positive cells
when analyzed by flow cytometry (Supplemental Fig.
2A-C). Such enhancement of SMCR8-GFP stability can
also be appreciated by fluorescent confocal imaging (Sup-
plemental Fig. 2D). In contrast, C9-short did not enhance
ectopic SMCRS8 expression. WDR41, the other protein
that we identified to interact with C9-long by coimmuno-
precipitation and mass spectrometry, may have a weak
stabilizing effect on the SMCRS8 protein when analyzed
by confocal imaging, an effect that was not appreciated
by flow cytometry (Supplemental Fig. 2A-D). Therefore,
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full-length COORF72 not only interacted with but also
stabilized the SMCRS protein.

Generation of Smcr8 knockout mice using
CRISPR/Cas9

Given that the C9-long protein isoform stabilized
SMCRS, we hypothesized that SMCRS could reciprocally
affect the stability of COORF72. If so, an Smcr8 knockout
mouse model could give more definitive insight into the
in vivo functions of the C9orf72-Smcr8 protein complex.
This strategy would circumvent the criticism that pheno-
types seen in C90rf72 mutant animals could be a result of
disrupting cis-acting elements in the C90rf72 genetic lo-
cus (Burberry et al. 2016; Joung et al. 2017b). To address
the in vivo effects of Smcr8 loss, we applied CRISPR/
Cas9-mediated genome editing in mouse zygotes. The
murine Smcr8 gene is composed of two exons encoding
two different protein isoforms that are 935 and 785 amino

acids in length, respectively. The first exon of Smcr8 is
common in both variants, encoding 84 % of the longer pro-
tein isoform and encompassing the entire shorter protein
isoform. We designed, validated, and selected two guide
RNAs immediately downstream from the start codon of
Smecr8 (5 targeting site) as well as two additional guide
RNAs near the end of the first exon (3’ targeting site)
(Fig. 2A). The on-target effect of the guide RNA cocktail
would give rise to two distinct types of mutations: inser-
tion/deletion (“indel”) mutations at the CRISPR\Cas9 tar-
get sites or a complete deletion of a 2200-nucleotide (nt)
intervening sequence (“2-kb deletion”) between the
5" and 3’ targeting sites (Fig. 2A).

After pronuclear injection of the guide RNA and Cas9
mRNA, 32 mice were born and reached adulthood
(Smcr8 CRISPR FO mice). We applied PCR and next-gener-
ation sequencing to genotype these animals, as illustrated
in Figure 2A. To summarize, among the 32 mice, 15
(47%) carried both planned mutations, eight (25%)
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Figure 2. Generation of Smcr8 loss-of-function mouse model by CRISPR/Cas9. (A) A schematic illustration of Smcr8 knockout strategy.
Two CRISPR guides were designed for both the region immediately downstream from the ATG start codon and the region at the end
of exon 1 of Smcr8. On-target effects of these guides are expected to give rise to two different types of alleles: a large deletion of exon
1(“2kb del” or “2kb deletion”) or an insertion\deletion (indel) mutation created at each target site. Fwd, Rev-1, and Rev-2 were three prim-
ers used for identification of mutant alleles. Smcr8_a, Smcr8_b, and Smcr8_c were three qPCR primer pairs used for examination of Smcr8
mRNA expression. (B) A pie chart representing the relative proportion of Smcr8 CRISPR FO mice with each type of mutation, as indicated.
The type of mutation was determined by doing PCR using the three genotyping primers indicated in A and tail genomic DNA. (C,D) The
frequency of each indicated mutation subtype for each mouse examined by MiSeq. (C) Summary of the different types of the 2-kb deletion
in exon 1 of the Smcr8 gene. (D) Summary of the various types of indel mutations at the region immediately downstream from the ATG
start codon of the Smcr8 gene. (E) Smcr8 expression in peripheral blood of wild-type (WT) or Smcr8 CRISPR FO mice using three different
qPCR probe sets as indicated in A. n=8 for wild type; n=31 for Smcr8 CRISPR FO. (****) P <0.0001 by two-way analysis of variance

(ANOVA) with Dunnett’s multiple comparisons.
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predominantly carried the 2-kb deletion, and one (3%)
predominantly carried a 5 indel mutation (Fig. 2B-D).
To confirm the loss of Smc8 in these mosaic founder ani-
mals, we designed three pairs of qPCR probes amplifying
the 5" CRISPR targeted site (Smcr8_a), the excised region
located in between the two CRISPR sites (Smcr8_b), and
a downstream untargeted region in exon 2 (Smcr8_c, illus-
trated in Fig. 2A), respectively. Smcr8 transcripts contain-
ing an intact 5 CRISPR target site were abolished in the
peripheral blood of all founder mice, indicating the highly
efficient on-target effect of the CRISPR-Cas9 nucleases.
Transcripts normally located between the two CRISPR
sites were detected in a subset of mice, indicating mosai-
cism in these animals. Transcript sequences downstream
from the CRISPR target sites were detected but were sig-
nificantly reduced in abundance, suggestive of nonsense-
mediated decay of mutant transcripts (Fig. 2E, P <0.0001
[****] by two-way analysis of variance [ANOVA] with
Dunnett’s multiple comparisons).

Smcr8 CRISPR FO mice developed enlarged cervical
Iymph nodes, splenomegaly, and autoimmunity

Each of the Smcr8 CRISPR FO mice survived to adulthood.
By 290 d of age, one of the 32 mice developed an externally
visible cervical mass (Fig. 3A, panels i,ii), which was sim-
ilar to those observed in a subset of C90rf72~/~ mice. We
examined this particular mouse (mouse ID no. 32) togeth-
er with one littermate Smcr8 CRISPR FO mouse (mouse
ID no. 31) and one age-matched wild-type C57BL/6 mouse
(wild type). Both of the Smcr8 CRISPR FO mice examined
had enlarged cervical lymph nodes and enlarged spleens
(0.15 g for the spleen in the wild type age-matched control
and 0.71 g and 0.62 g, respectively, for the two Smcr8
CRISPR FO mice) (Fig. 3A, panels iii—xi). These pheno-
types have been observed in additional Smcr8 CRISPR
FO mice examined (Supplemental Fig. 3A). Subsequent
histological studies showed that, while the white and

B Spleen
wt

Smcr8 negatively regulates lysosomal exocytosis

red pulp boundary was clearly distinguishable in the
wild-type control spleen, it was disrupted in both of the
Smcr8 CRISPR FO mice examined (Fig. 3B). In addition,
we also noted immune cell infiltration into the livers
(Fig. 3C) of both mutant mice and into the lungs of one
of the mutant mice (Supplemental Fig. 3B).

The phenotypes that we found in FO mice could be ex-
plained by autoimmunity or lymphoma. As it has been
shown that C90rf727/~ mice developed autoimmunity,
we first looked for signs of autoimmunity in the Smcr8
mutant mice. To test this idea, we collected sequential
plasma samples when the animals were 150, 250, and
300 d old and measured the level of anti-dsDNA autoanti-
body, a marker for autoimmunity (Burberry et al. 2016). At
150 d of age, there was no significant difference between
the wild-type control (n=5) and Smcr8 CRISPR FO (n=
16) mice. However, the anti-dsDNA antibody concentra-
tion gradually increased as the mutant mice aged, and,
by 250 d of age, mutants displayed significantly more plas-
ma anti-dsDNA antibodies. This phenotype persisted
when tested 50 d later (Fig. 4A, P<0.001 [***] and P<
0.0001 [****] by two-way ANOVA with Dunnett’s multi-
ple comparisons).

To further confirm that the elevated anti-dsDNA
antibodies seen in the Smcr8~/~ mice were due to auto-
immunity instead of dramatic synchronized cell death,
we collected plasma from 250-d-old wild-type (n=3),
C901f727/~ (n=2), and Smcr8 CRISPR FO (n=21) mice
and analyzed the levels of autoantibodies against a panel
of 124 autoantigens (Li et al. 2005). Thirty-two of the
IgM autoantibodies were found significantly elevated in
Smcr8 CRISPR FO mouse plasma relative to wild-type
mouse plasma (Fig. 4B; Supplemental Table 4). The IgM
autoantibody activity in the plasma of 18 out of
21 Smcr8 CRISPR FO mice clustered more closely with
the C9orf727/~ samples (Fig. 4B). These observations
were most consistent with the notion that Smcr8 CRISPR
FO mice were developing an autoimmune condition.

=210
c
<
(]
=
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Figure 3. Smcr8 CRISPR FO mice develop enlarged cervical lymph nodes and immune cell infiltration in the spleen and liver. (A) Pictures
of the cervical regions of an age-matched wild-type (WT) mouse (panel i) and the Smcr8 CRISPR FO mouse (mouse no. 32; panel ii) at 300 d
old showing a cervical mass in the mutant mouse. Two of the Smcr8 CRISPR FO mice examined developed enlarged cervical lymph nodes
and enlarged spleens. (Panels iii-v) Age-matched wild-type control mouse. (Panels vi-viii) Smcr8 CRISPR FO mouse number 31. (Panels
ix—xi) FO mouse number 32. (B,C) H&E staining of the spleens (B) and livers (C) from the same wild-type mouse and two Smcr8 CRISPR FO
mice as shown in A. Bars: B (panel i), C (panel i), 500 pum; B (panel ii), C (panel ii), 50 pm.
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To test an alternative hypothesis that animals were de-
veloping lymphoma, we examined T-cell clonality by an-
alyzing V(DJJ recombination (Whitehurst et al. 1999) in a
subset of the CRISPR FO mice (Fig. 4C). Although we no-
ticed expansion of certain clones of T cells in three mu-
tant mice, the T cells of each of the mice tested
remained polyclonal. Furthermore, cell population analy-
sis on the spleens revealed that, similar to C9orf72~/~
mice, the Smcr8 CRISPR FO mice had an increased total
number of cells from multiple lineages, including
CDI19" B cells, CD3"\CD4* T cells, Cd11¢"\CD8~ den-
dritic cells, and Ly6G* neutrophils (Fig. 4D, not signifi-
cant [n.s.], P<0.05 [*], P<0.01 [**], and P<0.0001 [****]
by two-way ANOVA with Dunnett’s multiple compari-
sons). Our results indicated that the splenic cellular ex-
pansion in Smcr8 mutant mice was polyclonal in
nature, which was not consistent with lymphoma. There-
fore, we concluded that, similar to previous observations
in C9orf72 mutant animals, autoimmunity was the
most probable underlying cause of enlarged lymph nodes
and splenomegaly seen in the Smcr8 CRISPR FO mice.

Smcr8 reciprocally stabilizes the C9orf72 protein

Given that C9ORF72 stabilizes SMCRS8 and that Smcr8
mutant mice developed phenotypes characteristic of the
C90rf727/~ animals, it was natural to ask whether
Smecr8 reciprocally stabilizes the C9orf72 protein. We
therefore set out to generate an Smcr8 mutant mouse col-
ony composed of mice with a single loss-of-function al-
lele. We selected an Smcr8 CRISPR FO mouse harboring
a 2-kb deletion allele for further studies. This particular al-
lele corresponds to a 2276-nt deletion starting from the
15th nucleotide downstream from the ATG start codon,
resulting in the deletion of 758 amino acids and frameshift
of the remaining coding sequence. In this particular allele,
81% of the coding sequence for the longer protein isoform
(or 97 % for the shorter isoform)is completely lost without
insertion of random nucleotide sequence. We bred the
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lationsin the spleensof age-matched wild-type con-
trol, C9orf72~/~, and Smcr8 CRISPR FO mice. 11 =
4. (n.s.) Not significant; (*) P<0.05; (**) P<0.01;
(***) P <0.001;(****) P < 0.0001 by two-way ANOVA
with Dunnett’s multiple comparisons.
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Smcr8 CRISPR FO C57BL/6 founder mouse containing
this allele to wild-type C57BL/6 mice and intercrossed
the subsequent Smcr8*/~ mice to obtain the second filial
generation (F2) with three possible genotypes: wild type
(+/+), heterozygous deletion (+/—), and homozygous dele-
tion (—/—). The F2 mice were genotyped using a three-
primer PCR strategy (illustrated in Figs. 2A, 5A). Mice of
the three genotypes were born at the expected Mendelian
ratios (Fig. 5B), further supporting the view that loss of
Smcr8 is not embryonic or early postnatal lethal.

Using the qPCR assays described above (Fig. 2A), we
found a 50% reduction of Smcr8 transcripts in Smcr8*/~
peripheral blood and an absence of detectable Smcr8 tran-
script in the Smcr8/~ samples (Fig. 5C, not significant
[n.s.] and P <0.0001 [****] by two-way ANOVA with Dun-
nett’s multiple comparisons). Transcripts originating
from exon 2 (downstream from the deleted region) were
detected at comparable levels between the three geno-
types, suggesting that this particular mutation did not re-
sult in nonsense-mediated decay (Fig. 5C). It is worth
taking note that this particular 2-kb deletion allele in
Smcr8 did not lead to a detectable effect on C9orf72
mRNA expression (Fig. 5C).

To ask whether this mutation in Smcr8 affected
C9orf72 protein levels, we generated BMDMs from
Smcr8*/*, Smcr8*/~, and Smcr8~/~ animals (n = 3 per geno-
type) and measured C9orf72 protein expression by West-
ern blot. We found a 50% reduction of C90rf72 protein
in Smcr8*/~ BMDMs and a complete loss of C9orf72 in
Smcr8~/~ BMDMs (Fig. 5D,E, P<0.05 [*] by two-tailed
Student’s t-test). Therefore, we concluded that the protein
stabilities of C9orf72 and Smcr8 are reciprocally depen-
dent on each other.

Splenomegaly and autoimmunity reproducibly result
from loss of Smcr8

The genetic locus encoding C9orf72 is highly conserved
between humans and mice and is in close proximity to a
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Figure 5. The splenomegaly and autoimmunity pheno-
types are reproducibly caused by loss of Smcr8. (A) Exam-
ples of genotyping results. The upper band of 250 base
pairs (bp) was amplified from the wild-type allele with
probe sets Fwd and Rev-1, and the lower band of 150 bp
was amplified from the 2-kb deleted allele with probe sets
Fwd and Rev-2, asillustrated in Figure 2A. (B) The number
of mice born of each genotype from Smcr8*/~ x Smcr8*~
crosses. (C) Smcr8 and C90rf72 mRNA expression in the
peripheral blood of 150-d-old mice. Three sets of probes am-
plifying three different regions of the Smcr8 transcript, as
illustrated in Figure 2A, were used. n=6 Smcr8*/*; n=7
Smcr8*/~; n=5 Smecr8~/~. (n.s.) Not significant; (****) P <
0.0001 by two-way ANOVA with Dunnett’s multiple com-
parisons. (D) Representative Western blot images for
C90rf72 and Gapdh, respectively, in Smcr8*"*, Smer8*'~,
and Smcr8~/~ BMDMs. (E) Quantification of C90rf72 pro-
tein expression normalized to Gapdh in Smcr8",
Smcr8* -, and Smcr8~/~ BMDMs. n =3 per genotype.
(*) P <0.05by two-tailed Student’s t-test. (F) Representative
images of 50-d-old mouse spleens from all three genotypes,
aslabeled. (G) The weights of freshly isolated spleens from

Smorg 47+ Smer8 +/- Smerg /-

Smc'r8 +/4+ Smc'r8 +/-
. . | Plasma IgM autoantibodies
H Plasma anti-dsDNA antibody 2
*Smcr8 +/+ Smcr8 +/- 4 Smcr8 -/-

80000 . i g -
0s. 4 . PE S 2

— 60000 s N 2]
- Q
£ N N o]

'E 40000 n.s. e a Q]

5 == T 5 -
20000{ o o es . s

P o .

long noncoding RNA (IncRNA) locus (EMICERI) and
the gene encoding interferon  (Ifnk) (Joung et al. 2017b).
It had been demonstrated recently that expression of
IncRNAs found in the EMICERI locus are capable of af-
fecting the expression of nearby genes, including
C9orf72 and Ifnk (Joung et al. 2017b). Therefore, one out-
standing concern surrounding established C90rf72 loss-
of-function mutant mouse models is that the immune
phenotypes associated with these mice could be the result
of altering the expression of cis-acting IncRNAs and genes
found near the C9orf72 locus. As C90rf72 and Smcr8 pro-
teins stabilize each other, we reasoned that by studying
the phenotype of Smcr8 mutant animals harboring this
2-kb deletion mutation, we could address the in vivo func-
tion of the C9orf72-Smcr8 protein complex without inter-
rupting the local architecture of the C9orf72 genetic locus
and therefore avoid the confounding factors mentioned
above.

We noted that by 50 d of age, Smcr8~/~ mice had devel-
oped significantly enlarged spleens (Fig. 5F,G, not signifi-
cant [n.s.], P<0.001 [***], and P<0.0001 [****] by two-
tailed Student’s t-test). Histological study showed that
Smcr8~/~ F2 animals reproducibly displayed disrupted
spleen structure (Supplemental Fig. 3C) and lymphocyte
infiltration into the liver (Supplemental Fig. 3D) and lungs
(Supplemental Fig. 3E). By 100 d of age, Smcr8~/~ F2 ani-
mals developed signs of autoimmunity, with significantly
more elevated plasma anti-dsDNA antibody concentra-
tion compared with their littermate Smcr8*/* controls, a

Smér& -/

50-d-old mice. n = 13 for each genotype. (n.s.) Not signifi-
cant; (***) P<0.001; (****) P<0.0001 by two-tailed Stu-
dent’s t-test. (H) Time-course assessment of plasma anti-
dsDNA autoantibody concentration by ELISA. n=6
Smcr8**;n=7 Smcr8*~;n =5 Smcr8~/~. (n.s.) Not signifi-
cant; (*) P <0.05; (***] P <0.001 by two-way ANOVA with
Dunnett’s multiple comparisons. (I) Heat map of plasma
IgM activity against 124 different autoantigens in mice
with different genotypes, as labeled. n=5 for each geno-
type. Unsupervised clustering is shown at the right.

phenotype that persisted until at least 200 d of age (Fig.
5H, not significant [n.s.], P<0.05 [*], and P <0.001 [***]
by two-way ANOVA with Dunnett’s multiple compari-
sons). We next subjected the plasma from 250-d-old
mice to autoantibody array analysis (n =5 for each geno-
type). Sixty-three of 124 IgM autoantibodies were found
to be significantly elevated in Smcr8~/~ plasma relative
to Smcr8*/* plasma, eight of which were also significantly
elevated in Smcr8*/~ plasma (Supplemental Table 5, two-
way ANOVA with Dunnett multiple comparison). More-
over, Smcr8~/~ samples formed a distinct group apart from
the Smcr8*"* and Smcr8*/~ samples by hierarchical clus-
tering of the autoantibody quantification (Fig. 5I).

In addition, we also observed a modest but significant
increase in the abundance of the autophagy marker pro-
tein p62 in Smcr8/~ spleen samples compared with
controls in two independent cohorts of mice (Supplemen-
tal Fig. 5C,D), a phenotype that has been reported previ-
ously in C9orf72 loss-of-function animals (O’Rourke
et al. 2016). In these regards, the phenotypes observed in
Smcr8~/~ animals were indistinguishable from those rou-
tinely found in C90rf72~/~ mice (Burberry et al. 2016).
While we did also detect significant elevation in autoim-
mune IgG titers in Smcr8 mutant mice (Supplemental
Figs. 4 [for Smcr8 CRISPR FO mice], 5A [for F2 mice]; Sup-
plemental Tables 6, 7), it was not as severe as that ob-
served in the C9orf727/~ animals. In addition, contrary
to the C90rf727/~ animals, we did not observe a signifi-
cant induction of inflammatory cytokine production in
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Smcr8~/~ mice (Supplemental Fig. 5B), leaving open the
question of whether this important and reproducible phe-
notype in C9orf72 mutant animals is due to a subtle dis-
tinction in genetic background or cis-acting effects of
the C9orf72 mutation.

Smcr8~/~ mice develop anemia and neutrophilia

It had been shown previously that the C90rf72~/~ mice de-
veloped anemia, thrombocytopenia, and neutrophilia
(Burberry et al. 2016). To see whether these phenotypes
were reproduced in Smcr8~/~ mice, we performed sequen-
tial complete blood cell counts on the peripheral blood of
Smcr8** (n=6), Smcr8*~ (n=7), and Smcr8~/~ (n=5)
mice. The same cohort of mice was repeatedly bled every
50 d until 250 d of age. Although total red blood cell
counts were not significantly different between the geno-
types across the time points examined (Supplemental Fig.
6A), multiple signs of anemia did develop in the Smcr8~/~
mice at 150 d of age and persisted until at least 250 d of
age, which included lower concentrations of hemoglobin,
a lower hematocrit, a lower mean corpuscular volume,
lower mean corpuscular hemoglobin, and higher red blood
cell width distribution. In total, these observations are

consistent with Smcr8~/~ animals developing a microcyt-
ic anemia similar to that found in C90rf72 mutant ani-
mals (Supplemental Fig. 6B-F). The platelet counts in
the Smcr8~/~ mice also became significantly reduced by
250 d of age (Supplemental Fig. 6G). At this age, the mu-
tant mice also developed higher levels of total white blood
cells in their peripheral blood (Supplemental Fig. 6H),
which was associated with a decreased percentage of lym-
phocytes (Supplemental Fig. 61,]J) and an increased total
number (Supplemental Fig. 6K) and percentage (Supple-
mental Fig. 6L) of neutrophils. Therefore, loss of Smcr8
led to changes in peripheral blood cell composition that
were indistinguishable from those observed in the
CYorf727/~ mice (Burberry et al. 2016), including anemia,
thrombocytopenia, and neutrophilia.

Loss of Smcr8 enhanced Iysosomal exocytosis in
macrophages

The cell biological functions of the C9orf72-Smcr8 pro-
tein complex have remained controversial. In particular,
how this complex functions to suppress chronic inflam-
mation and autoimmunity remains unknown. To generate
further hypotheses, we took an unbiased approach and
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Figure 6. Loss of Smcr8 results in down-regulation of lysosomal lumen protein expression. (A) Differentially expressed proteins in
Smcr8~/~ BMDMs compared with wild-type BMDMs by quantitative mass spectrometry. Data are represented as log, of protein expres-
sion fold change in Smcr8~/~ versus Smcr8*/* on the X-axis and log;o of adjusted P-value by moderated t-test on the Y-axis. (Orange dia-
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exosomes. (B] Summary of gene ontology cellular component enrichment analysis of differentially expressed proteins in Smcr8~/~
BMDMs. (C) Top biological processes that are enriched in the list of differentially expressed proteins in Smcr8~/~ BMDMs. (D) Secreted
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looked for differentially expressed proteins in Smcr8~/~
BMDMs relative to Smcr8*/* controls by quantitative
mass spectrometry. We selected macrophages as our cellu-
lar model for the following reasons: First, complete blood
cell counts (Supplemental Fig. 6) suggested that loss of
Smecr8 resulted in abnormalities in myeloid cells, includ-
ing macrophages. Second, it had been reported previously
that C90rf72~/~ macrophages and microglia (resident mac-
rophages in the central nervous system) showed changes in
lysosomal function (O’Rourke et al. 2016). We generated
independent BMDM cultures from three distinct mice of
each genotype. Protein samples were isolated from mature
BMDMs after 8 d of differentiation in medium supple-
mented with macrophage colony stimulation factor (M-
CSFs), and the whole proteome was analyzed by TMT
quantitative mass spectrometry. A total of 8096 proteins
was identified with at least two distinct peptide sequences
(Supplemental Table 8). A dramatic loss of peptides origi-
nating from Smcr8 was seen in the Smcr8~/~ samples
(Fig. 6A; Supplemental Table 9), confirming the depletion
of Smcr8 in our mouse model. Eighty-nine additional
proteins were found differentially expressed between
Smcr8~/~ and Smcr8*/* BMDMs (defined as adjusted P-val-
ue of <0.05 by moderated t-test) (Supplemental Table 9).
We queried the list of significantly differentially ex-
pressed gene products with the online gene ontology en-
richment analysis tool (http://geneontology.org/page/
go-enrichment-analysis) and looked for their subcellular
localization (cellular component). This list of differen-
tially expressed gene products was highly enriched for pro-
teins located to the lysosome (31 out of 90; P=9.39 x
107%7), the extracellular space (37 out of 90; P=1.21x
1071%), and extracellular exosomes (49 out of 90; P=
2.19x1072°) (Fig. 6B). Among the 31 lysosome-located
gene products, 30 were found decreased with loss of
Smcr8. Among the 10 lysosomal hydrolases cathepsins
that were detected in this experiment, five were signifi-
cantly decreased in Smcr8~/~ BMDMs. The remaining dif-
ferentially expressed proteins were either found in other
intracellular regions or organelles (20 proteins), found in
other extracellular regions (five proteins), or not annotat-
ed (seven proteins). Next, we asked which biological pro-
cesses were likely to be disrupted in the Smcr8~/~
macrophages using the same informatics tool. Differen-
tially expressed proteins were significantly enriched for
murine ganglioside and oligosaccharide catabolic process-
es (four genes; P = 1.85 x 107*). As we noticed that the hu-
man genes were better annotated for certain pathways, we
looked for human homologs of all of the significantly
changed genes in our mass spectrometry experiment.
This “humanized” list was highly enriched for human im-
mune cell activation pathways (30 out of 83 mapped
genes), converging to the neutrophil degranulation path-
way (P=4.92x 1072?) (Fig. 6C). The genes implicated in
these immune activation pathways fully overlapped
with the lysosomal-located genes, consistent with the im-
portance of the lysosome in leukocyte degranulation and
immune activation (Alter et al. 2004; Betts and Koup
2004). Unfortunately, peptides originating from C9orf72
were not detected in any genotype of the sample analyzed

Smcr8 negatively regulates lysosomal exocytosis

in this particular experiment, rendering it impossible to
independently confirm in this unbiased context whether
reduced Smcr8 levels led to reduced C9orf72 levels.

Next, we asked whether the reduction of total cellular
expression of lysosomal proteins could be due to enhanced
lysosomal exocytosis. To begin addressing this question,
we looked at the secretion of cathepsin B (CtsB), a lyso-
somal thiol protease, by measuring its concentration in
BMDM culture medium. We produced three independent
BMDM differentiations from Smcr8*/* and Smcr8~/~ mice
for this purpose. After 7 d of differentiation, 50,000 cells
were replated in a well of a 96-well plate. The day follow-
ing replating, cells were washed with PBS and refed with
fresh BMDM medium. Cell culture supernatant samples
were collected 1 d later and analyzed by Western blot.
We found that the amount of extracellular CtsB was sig-
nificantly increased in the cell culture supernatant of
Smcr8~/~ BMDMs (Fig. 6D,E, P<0.05 [*] by two-tailed
Student’s t-test) compared with controls.

Cells from the hematopoietic lineage are among the few
cell types that use modified lysosomes as their secretory
organelles, which are important in modulating the im-
mune responses (Blott and Griffiths 2002). In cytotoxic
T cells and natural killer cells, the cytotoxic granules
are essentially secretory lysosomes (Alter et al. 2004; Betts
and Koup 2004). Cell surface expression of Lampl (also
known as CD107a) has been widely used as a marker for
lysosomal exocytosis (Alter et al. 2004; Betts and Koup
2004). We therefore investigated expression of lampl on
the surface of Smcr8*/* and Smcr8~/~ BMDMs. Indepen-
dent BMDM cultures were generated from four mice of
each genotype. Mature BMDMs were washed with ice-
cold PBS to suppress endocytosis. To specifically label
cell surface Lampl that resulted from exocytosis, we
stained live cells with an antibody specifically recognizing
the portion of the protein found in the lysosomal lumens.
When analyzed by flow cytometry, we found that BMDMs
derived from Smcr8~/~ mice expressed significantly more
of this Lampl antigen on the cell surface when compared
with Smcr8*/* cells (Fig. 7A,B, P<0.05 [*] by two-tailed
Student’s t-test). We also performed immunofluorescent
staining of fixed but unpermeabilized BMDMs using
Lampl antibody recognizing the same luminal epitope.
While the Lamp1 signal was barely detected on Smcr8*/*
BMDMs, we detected a strong signal on unpermeabilized
Smcr8~/~ BMDMs (Fig. 7C).

We next proceeded to ask whether the increase in sur-
face Lampl expression that we observed in BMDMs in vi-
tro also occurred in vivo within Smcr8~/~ animals. To this
end, we collected and dissociated spleens from 50-d-old
presymptomatic mice and examined Lampl expression
in different myeloid lineages of cells by flow cytometry.
When splenocytes were fixed and permeabilized prior to
antibody labeling, we observed that Smcr8~/~ F4-80" mac-
rophages as well as dendritic cells expressed more total
Lampl protein (Fig. 7D, not significant [n.s.], P <0.05 [¥],
and P <0.0001 [****] by two-way ANOVA with Dunnett’s
multiple comparisons). When unpremeabilized spleno-
cytes were assessed, we also found that a significantly
larger proportion of Smcr8/~ macrophages expressed
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Lampl on their cell surface (Fig. 7E,F, not significant [n.s],
P <0.05 [*], P<0.01 [**], and P <0.0001 [****] by two-way
ANOVA with Dunnett’s multiple comparisons) compared
with cells from their wild-type control littermates. These
findings support the hypothesis that Smcr8 also restricts
the lysosomal exocytosis pathway in splenic macrophage
populations in vivo.

As our results suggested convergent roles for C9orf72
and Smcr8, we asked whether the enhanced accumulation
of lysosomal components on the cell surface that we
found in Smcr8~/~ splenic macrophages could also be
observed in C90rf72~/~ splenic macrophages. Upon exam-
ination of cell surface Lamp1 by flow cytometry, we found
that a significantly higher proportion of day 50 C9orf72~/~
splenic macrophages displayed cell surface Lampl expres-
sion compared with C9orf72*/* and C9orf72*/~ macro-
phages (Fig. 7G, not significant [n.s.], P<0.05 [*], and P <
0.01 [**] by two-way ANOVA with Dunnett’s multiple
comparisons).

Discussion

As C9ORF72 insufficiency may be a contributor to ALS in
patients harboring the repeat expansion at this locus, un-
derstanding the cell biological function of the COORF72
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protein is of critical importance. Our findings confirm ob-
servations by others that COORF72 reproducibly interacts
with the, until recently, largely unstudied proteins
SMCRS8 and WDR41. We also extend the knowledge sur-
rounding this complex by demonstrating that these inter-
actions are specific to C9-long and occur in a variety of
cell types, including human pluripotent stem cells and
motor neurons. A number of groups, including our own
(Sullivan et al. 2016; Webster et al. 2016; Yang et al.
2016; Jung et al. 2017), have found that these three inter-
acting proteins further interact with the autophagy initia-
tion complex composed of FIP200-ULK1-ATG13, leading
to the proposal that COORF72 somehow functions in the
autolysosomal pathway (O’Rourke et al. 2016; Sullivan
et al. 2016; Webster et al. 2016; Yang et al. 2016; Jung
et al. 2017). While multiple hypotheses have been put for-
ward concerning which cell biological aspects of this path-
way are regulated by COORF72, little consensus has been
reached.

In contrast, relatively more agreement has emerged
concerning the organismal effects of reduced COORF72
function. We, along with several other groups, have

Figure 7. Loss of Smcr8 results in enhanced lysosomal exocyto-
sis marked by increased cell surface Lamp1 expression. (A,B) Cell
surface Lampl expression by flow cytometry from BMDMs de-
rived from Smcr8*/* and Smcr8~/~ mice. n = 4 for each genotype.
(A) Representative histogram of FITC-Lampl intensity on the
surface of Smcr8*/* red) and Smcr8~/~ (blue) BMDMs. (B) Quan-
tification of cell surface FITC-Lampl intensity on BMDM:s differ-
entiated from four different mice for each genotype. (*) P <0.05 by
two-tailed Student’s t-test. (C) Representative image of Lampl
immunofluorescent staining on PFA-fixed but not permeabilized
BMDMs from Smcr8*/* and Smcr8~/~ mice. (D) Total Lamp1 ex-
pression in each of the indicated splenocyte populations in 50-d-
old Smcr8**, Smcr8*/~, and Smcr8~/~ presymptomatic mice an-
alyzed by flow cytometry. n = 3 for each genotype. (E) Representa-
tive histogram of cell surface Lampl expression intensity in the
same set of mice as in D. (F) The percentage of surface Lamp1-pos-
itive cells in each gated cell population from the spleens of the
same set of Smcr8 cohort of mice as in D. (G) The percentage of
cell surface Lampl-positive cells in each gated population from
the spleens of 50-d-old C9orf72*/*, C90rf72*/~, and C9orf72~/~
mice. n=4 for each genotype. (n.s.) Not significant; (*) P <0.05;
(**) P<0.01; (***) P<0.001 by two-way ANOVA with Dunnett’s
multiple comparisons. (H) Proposed model for the cell biological
function of the C9orf72-Smcr8 protein complex. Under normal
conditions, intracellular lysosomes were labeled by lysosome
membrane-associated protein Lampl and contained a certain
amount of lysosomal luminal hydrolases, among which CtsB is
one of the components. Some lysosomes undergo exocytosis,
which results in the secretion of lysosomal luminal proteins
and exposure of the luminal epitope of Lamp1 on the cell surface.
While the C9orf72-Smcr8 protein complex function is com-
promised, lysosomal exocytosis is intensified as marked by
(1) decreased total intracellular lysosomal protein content, (2] en-
hanced secretion of lysosomal luminal protein, and (3) the in-
creased presence of the luminal epitope of Lampl exposed on
the cell surface. Our model suggests that the C90rf72-Smcr8 pro-
tein complex could play a negative regulatory role in lysosomal
ex0Cytosis.



examined mice harboring loss-of-function variants in the
C90ORF72 ortholog and found that these animals devel-
oped autoimmune and inflammatory diseases of varying
severity. The remaining criticism of these collective stud-
ies has been that, in addition to disrupting expression of
C9orf72, the alleles studied thus far also might have dis-
rupted expression of a IncRNA that coregulates physically
linked genes known to function in the immune system
(Joung et al. 2017a). Our finding that C90rf72 and Smcr8
mutually stabilize one another provided a key opportuni-
ty to resolve whether removing the function of this com-
plex was indeed sufficient to lead to inflammatory and
autoimmune disease. By generating mice with loss-of-
function mutations in Smcr8, we could deplete mice of
the C9orf72 protein while leaving the physical C9orf72
gene and transcript intact and then ask whether these an-
imals developed a similar autoimmune and inflammatory
disease. We found that both FO mosaic founders and sub-
sequent F2 Smcr8~/~ animals developed autoimmune
phenotypes that mimicked the C9orf72 loss-of-function
mutants on a similar genetic background. While gene-ed-
iting approaches can have off-target effects, our findings
would seem to resolve any lingering doubt concerning
whether C9orf72 and its molecular collaborator, Smcr8,
normally function to suppress autoimmunity. First and
foremost, our findings further our previous conclusion
(Burberry et al. 2016) that any therapeutic efforts to reduce
the abundance of the gain-of-function products from pa-
tients carrying the C9ORF72 repeat expansion should
not come at the expense of reducing expression of its nor-
mal gene products.

Confirmation that the main function of the C9orf72-
Smcr8 protein complex is to regulate immune system
function further raises the possibility that COORF72 in-
sufficiency caused by the presence of the repeat expansion
mutation could alter an individual’s immune system
function. In fact, it has been proposed that autoimmune
and inflammatory biology is a key disease mechanism in
ALS (Pagani et al. 2011). It has been observed that immu-
noglobulins purified from the sera of some ALS patients
were neurotoxic (Pullen et al. 2004; Demestre et al.
2005). This toxicity mediated by ALS sera has been asso-
ciated with elevated autoantibodies recognizing various
nervous system self-antigens, including myelin (Lisak
et al. 1975), synaptic proteins (Demestre et al. 2005;
Pagani et al. 2006), voltage-gated calcium channels (Del-
bono et al. 1991; Smith et al. 1992; Kimura et al. 1994,
neurofilament (Couratier et al. 1998), and vascular com-
ponents (Greiner et al. 1992). More recently, retrospective
studies analyzing patient records have shown that individ-
uals with ALS\FTD, especially those carrying the
C90ORF72 repeat expansions, were significantly more
likely to have been diagnosed previously with autoim-
mune abnormalities (Turner et al. 2013; Miller et al.
2016). Whether patients with the COORF72 repeat expan-
sion have changes to theirimmune system that could con-
tribute to autoimmune phenoytpes observed previously
in ALS patients warrants future investigations.

Based on our findings in vivo, we went on to use quan-
titative deep-scale proteomics to explore the function of

Smcr8 negatively regulates lysosomal exocytosis

Smecr8 in macrophages and found that they may negative-
ly regulate lysosomal exocytosis. We found that loss of
Smcr8 significantly reduced the abundance of a group of
lysosomal lumen proteins inside macrophages, accompa-
nied by an elevated presence of the lysosomal lumen pro-
tein CtsB in the extracellular space. In addition, the cell
surface expression of luminal Lampl, a broadly used
marker for lysosomal exocytosis (Alter et al. 2004; Betts
and Koup 2004), was found to be significantly increased
in splenic macrophages acutely isolated from Smcr8~/~
and C90rf727/~ mice. Consistent with the idea that the
C90rf72-Smcr8 protein complex may function in the ly-
sosome compartment, it had been proposed recently
that the C9o0rf72 and Smcr8 protein complex may affect
lysosomal homeostasis in Caenorhabditis elegans (Cor-
rionero and Horvitz 2018). In addition, the third compo-
nent of the C9orf72 protein complex, Wdr41, had been
proposed to localize to the lysosome membrane (Schroder
et al. 2007). Our finding that there are modestly increased
levels of p62 in the spleens of both Smcr8 and C90rf72 mu-
tant mice further supports the notion that these two gene
products function in this pathway.

The identification of a role for the C9orf72-Smcr8 pro-
tein complex in lysosomal exocytosis is intriguing, as it
could provide a link between the cell biological function
of the protein complex and the in vivo autoimmune phe-
notypes seen in mutant animals. Lysosomal exocytosis is
thought to exist only in certain cell types, mainly in the
immune system (Blott and Griffiths 2002). This process
is essential for T-cell and natural killer cell degranulation
and cytotoxic activities (Betts et al. 2003; Alter et al. 2004)
and plays a role in antigen presentation and cytokine
secretion (Blott and Griffiths 2002; Luzio et al. 2007; Ge
et al. 2015). Therefore, a disruption in normal lysosomal
exocytosis may affect an individual’s susceptibility to
developing autoimmune and inflammatory diseases. Al-
though this is not in the scope of our study, if the autoim-
mune phenotypes seen in the C9orf72-Smcr8 mutant
animals could be rescued by suppressing lysosome exocy-
tosis, it would strengthen a causative link between the al-
tered cell biological function and in vivo phenotypes
caused by the loss of the functional C9orf72-Smcr8 pro-
tein complex, a long-standing important question in the
field. In the future, it will of interest to determine whether
it is loss of C9orf72 function in a particular lineage, such
as macrophage or dendritic cells, that drives the inflamma-
tory phenotypes that we observed.

In closing, we note that a recent ALS phase III clinical
trial showed efficacy for a combination therapy contain-
ing masitinib and riluzole. Patients treated with this reg-
imen had a significantly improved interim outcome with
a slower rate of functional decline when assessed by the
ALS functioning rate scale (ALSFRS) Rscore and an im-
proved quality of life (Khalid et al. 2017). It is worth not-
ing that masitinib is a selective inhibitor for the tyrosine
kinase KIT and functions to inhibit mast cell degranula-
tion (Dubreuil et al. 2009), a process dependent on lyso-
somal exocytosis, which we showed in this study to be
negatively regulated by the C9orf72-Smcr8 protein
complex.
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Materials and methods

Gene targeting for making COORF72-HA transgenic hES cell lines

Zinc finger nuclease targeting the AAVS1 locus was described
previously (Hockemeyer et al. 2009; Lombardo et al. 2011). Donor
targeting vector was modified from the donor vector used in the
same study by inserting COORF72 c¢cDNA with a C-terminal
HA tag driven by the CAG promoter between the end of the
PGK puromycin selection cassette and the 3’ homology arm.
hES cells were dissociated to single cells with Accutase (Innova-
tive Cell Technologies, AT-104-500). One microgram of ZFN
plasmid and 5 pg of donor plasmid were transfected into 5 million
dissociated cells by using the Neon transfection system from
Invitrogen. Cells were plated on Matrigel-coated (Thermo Fisher
Scientific, 08774552) 10-cm dishes in mTeSR1 (Stem Cell Tech-
nologies, 05850) supplemented with rock inhibitor (1 pM final
concentration; DNSK, Y27632) on the day of transfection. Puro-
mycin-resistant colonies were individually picked and PCR-
analyzed for proper transgene insertion.

c¢DNA expression vector and siRNA

SMCR8-MycDDK and SMCR8-GFP in pCMV6 backbones were
from Origene (RG212285). The following siRNAs were obtained
from Thermo Fisher Scientific: BLOCK-IT Alexa fluor red for con-
trol (no. 14750), siRNA targeting COORF72 (4392420-s47492),
SMCRS (4392420-s44397), and WDR41 (4392420-s30567).

HEK293 cells were cultured in DMEM\F12 with 10% fetal bo-
vine serum. Cells were passaged the day before and aimed for
70%-80% confluency for the time of transfection. For overex-
pression vector transfection, 1 pg for each DNA construct was di-
luted in 200 pL of Opti-Mem I (Life Technologies, 11058021) and
6 1L of polyethylenimine at 1 mg/mL (Thermo Fisher Scientific,
NC9197339) for one well of a six-well plate. An empty vector was
added to balance the total amount of transfected DNA. For
siRNA transfection, 100 pmol of siRNA was diluted in 245 pL
of Opti-Mem, and 5 pL of RNAiMax (Life Technologies,
13778075) was diluted in 245 pL of Opti-Mem for one well of a
six-well plate. The cocktail was incubated for 15 min at room
temperature and then added to the cells. Samples were collected
and analyzed 4 d after transfection.

Immunoprecipitation

Cells were washed on the plate with PBS and lysed in Pierce immu-
noprecipitation lysis buffer (Thermo Fisher Scientific, PI87787)
supplemented with Pierce Halt protease and phosphatase inhibi-
tor cocktail (no. 78443). Immunoprecipitation was performed by
incubating protein lysates with antibody-coupled magnetic beads
(anti-HA magnetic beads [Cell Signaling Technology, 11846S] and
anti-myc magnetic beads [Thermo Fisher Scientific, PI88842])
overnight at 4°C with rotation followed by three washes with lysis
buffer. Samples were either brought for mass spectrometry analy-
sis or eluted with SDS-PAGE gel loading buffer (Thermo Fisher
Scientific, 50194470) for Western blot analysis; otherwise, cells
were lysed in RIPA buffer supplemented with protease and phos-
phatase inhibitor cocktail for direct Western blot analysis.

Smcr8 CRISPR guide design and validation and mouse generation

CRISPR guides were designed using the online CRISPR design
tool (Hsu et al. 2013). Each selected guide sequence was inserted
between the Sp6 transcriptase promoter and terminator. The
guide was then transcribed into mRNA using MEGAscript Sp6
transcription kit (Ambion, AM1330M) and purified using MEGA-
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clear transcription clean-up kit (Ambion, AM1908). Wild-type
Cas9 nuclease mRNA was obtained from System Biosciences,
Inc. (CAS500A-1). The purified guide RNAs and Cas9 mRNA
were injected into mouse blastocysts at the Harvard Genome
Modification Facility. The exact mutation was analyzed by
MiSeq next-generation sequencing of PCR amplicons of the tar-
get site at the Broad Institute walk-up sequencing platform. The
sequencing result was analyzed using the online tool OutKnocker
1.2 (http://www.outknocker.org).

Mouse blood work and tissue processing

The complete blood count, cytokine measures, and anti-dsDNA
antibody titration were performed as described previously (Bur-
berry et al. 2016). Autoantibody reactivity against a panel of
124 autoantigens was measured using an autoantigen microarray
platform developed by University of Texas Southwestern Medi-
cal Center (https://microarray.swmed.edu/products/category/
protein-array) (Li et al. 2005, 2007). Mouse tissue collection, fixa-
tion, sectioning, and staining were done as described (Burberry
et al. 2016).

RNA extraction and gPCR

Total RNA extraction, generation of complementary DNA, and
qPCR were performed as described previously (Burberry et al. 2016).

Mouse bone marrow macrophage culture

Mouse bone marrow macrophages were made following an estab-
lished protocol (Weischenfeldt and Porse 2008). Briefly, bone mar-
row was extracted from the femurs of both hind legs and cultured
in RPMI-1640 containing 10% fetal bovine serum and glutamax
and supplemented with M-CSFs (Peprotech) at 20 ng/mL.

Fluorescence-activated cell sort (FACS)

Splenocyte isolation, antibody staining, gating, and analysis were
performed as described previously (Burberry et al. 2016). The
monoclonal antibody recognizing the luminal epitope of Lampl
was obtained from Biolegend (clone 1D4B).

Primary antibodies

The following primary antibodies were used: HA (Cell Signaling
Technology, CST3724), Flag (SigmaAldrich, F1804), Smcr8
(Abcam, ab202283), Wdr4l (Thermo Fisher Scientific,
PA524352), and Lamp] (Santa Cruz Biotechnology, sc-19992).

Mass spectrometry

Detailed mass spectrometry methods and data analysis are de-
scribed in the Supplemental Material. Briefly, for protein interac-
tion analyses, samples were reduced, alkylated, and digested on
bead with trypsin or in solution for global proteomics analysis.
Desalted peptides were labeled with TMT (10-plex or 6-plex)
reagents (Thermo Fisher Scientific), fractionated using basic re-
versed-phase chromatography (global proteomics only), and ana-
lyzed by online nanoflow liquid chromatography-tandem mass
spectrometry using a Q Exactive Plus mass spectrometer
(Thermo Fisher Scientific) coupled online to a Proxeon Easy-
nLC 1200 (Thermo Fisher Scientific). All data were analyzed us-
ing Spectrum Mill software package version 6.1 prerelease (Agi-
lent Technologies). Data were filtered to consider only proteins
with two or more unique peptides and median-normalized.


http://www.outknocker.org
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Statistics

All statistical analyses were performed using GraphPad Prism.
Two-tailed Student’s t-test was applied for comparison of one sin-
gle parameter between two groups. A moderated t-test was ap-
plied for all mass spectrometry analysis. Unless specified
otherwise, one-way ANOVA was used for comparison of one sin-
gle parameter between multiple groups, and two-way ANOVA
with Dunnett’s test was applied for comparison of two parame-
ters between multiple groups. Tukey’s multiple comparison
test was applied to compare the mean of every other group, and
Dunnett’s multiple comparison test was applied to compare ev-
ery mean with that of a control group.
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