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Abstract

Chromatin ‘readers’ are central interpreters of the epigenome that facilitate cell-specific
transcriptional programs and are therapeutic targets in cancer and inflammation. The Speckled
Protein (SP) family of chromatin ‘readers’ in humans consists of SP100, SP110, SP140, and
SP140L. SPs possess functional domains (SAND, PHD, bromodomain) that dock to DNA or post-
translationally modified histones and a caspase activation and recruitment domain (CARD) to
promote multimerization. Mutations within immune expressed SPs associate with numerous
immunological diseases including Crohn’s disease, multiple sclerosis, chronic lymphocytic
leukemia, veno-occlusive disease with immunodeficiency, as well as Mycobacterium tuberculosis
infection, underscoring their importance in immune regulation. In this review, we posit that SPs
are central chromatin regulators of gene silencing that establish immune cell identity and function.

SPs as Chromatin Regulators of Innate and Adaptive Immunity

SPs were first described as autoantigens in primary biliary cholangitis (see Glossary) [1-7]
and as components of promyelocytic leukemia (PML) nuclear bodies (NBs) in human cell
lines [4,8,9]. The SP family comprises SP100, SP110, SP140, and SP140-like protein
(SP140L), which are all characterized by the presence of a nuclear localization signal (NLS)
and multiple functional domains that implicate these proteins as chromatin ‘readers’ [10]
(Figure 1, Key Figure). A rare SAND domain (named after proteins that contain it: SP100,
Aire, NucP41/P75, and DEAF) interacts with DNA directly [11] or may promote protein—
protein interactions [12], a plant homeodomain (PHD) reads histone methylation, and a
bromodomain (BRD) reads histone acetylation [13]. SPs also share a CARD, previously
characterized as a SP100-like domain or a homogeneously staining region (HSR) domain
that may induce SP homo or heteromultimerization (Figure 1).

The SP genetic locus (Figure 2) experienced duplication or insertion events throughout
evolution. As a result, the locus is highly repetitive and contains pseudogenes, previously
making the creation of mouse genetic models difficult. Although all functional protein
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domains are highly conserved, there is only approximately 45% amino acid identity between
mouse and human homologs, necessitating the need for both mouse and human studies
(Figure 2). SP140L is not expressed in mice as it recently evolved in primates [1] (Figure 2).
Furthermore, human SPs have greater alternative isoform usage than mouse (Figure 3), but
the effect of alternative splicing on SP function remains unexplored.

Both innate and adaptive immune cell lineages as well as non-immune cells express SP100
and SP110 [4], but SP140 is exclusively expressed in immune cells [14] (Figure 4). Human
SP110and SP140 were initially shown to be highly expressed in peripheral blood leukocytes
and spleen [4,5,8]. As evidenced by RNA-seq data, all SPs are highly expressed in
developing and mature B cells, activated CD4* and CD8* T cells, and myeloid lineages [14]
(Figure 4). Moreover, SPs are interferon (IFN)-stimulated genes (I1SGs) [6,14-17]. Of
clinical relevance, SP110and SP140 mutations associate with a number of heritable and
acquired human immune disorders, such as Crohn’s disease (CD) [18,19], multiple
sclerosis (MS) [20], susceptibility to infection [21-25], and immunodeficiency [26]. These
disease associations underscore the vital role of the SP family for homeostatic immune cell
identity and function (Table 1).

The SP family has recently garnered interest for its role in chromatin and transcriptional
regulation in immune cells during homeostasis, immunity to bacterial and viral infections,
and the development of inflammatory diseases or immunodeficiency. Here, we discuss the
nuclear localization of SPs and their chromatin interactions that orchestrate immune cell
identity and function. It is also pertinent to note that SPs share high homology with
autoimmune regulator (Aire) (Figure 1). We thus highlight advances in our understanding
of Aire as a transcriptional regulator and draw parallels to inform future SP family studies.

in SPs Associate with Immunodeficiency, Inflammatory
and Infectious Disease in Humans

Patients with the autoimmune disease primary biliary cholangitis produce autoantibodies to
SP100, SP140, and SP140L [1-3,27]. Human SP110loss-of-function mutations associate
with an immunodeficiency of the adaptive immune system: veno-occlusive disease with
immunodeficiency (VODI) [26,28,29]. Furthermore, genome-wide association studies
(GWASS) have identified human SP110 SNPs that associate with Mycobacterium
tuberculosis (MTB) infection depending on disease subtype and genetic background [21-
25]. The SP110polymorphisms associated with MTB are unique from the insertions and
deletions that lead to VODI, and the result of the MTB-associated polymorphisms on SP110
function is unknown. GWASs have also identified loss-of-function SNPs in SP140that
associate with three acquired immunological diseases: CD [18,19], chronic lymphocytic
leukemia (CLL) [30], and MS [20] (Figure 1 and Table 1). Finally, many viruses have
evolved mechanisms to inhibit SP function in PML-NBs, organelles associated with viral
gene repression [31], suggesting that SPs mediate protective viral defense mechanisms.
Therefore, it will be interesting to determine whether SP mutations that associate with
inflammatory diseases are protective in the context of virus infection.
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SP110 Mutations Result in VODI

Hepatic VODI is an autosomal-recessive primary immunodeficiency with a typical disease
onset before age 6 months. VODI is associated with combined T and B cell
immunodeficiencies, hypogammaglobulinemia, a lack of lymph node germinal centers and
tissue plasma cells, and hepatic vascular occlusion and fibrosis [26]. VODI patients exhibit
normal numbers of circulating mature B cells; however, they lack plasma cells and memory
B cells [26]. In addition, VODI patients harbor reduced numbers of memory T cells in
circulation and low T cell cytokine expression compared with healthy individuals [26]. Fine-
mapping genetic studies of families afflicted by VODI identified early exon deletions and
insertions in SP110that lead to protein truncation [26,28,29] (Figure 1). Sp110is expressed
throughout adaptive immune cell lineages (Figure 4), so it may influence adaptive immunity
via cell-intrinsic mechanisms. Whether mice that lack Sp110 have adaptive immune cell
defects similar to those of patients carrying SPZ10mutations is unknown. Nonetheless,
despite the essential responsibility of SP110 for adaptive immune cell development and
function, the mechanistic role of SP110 as a transcriptional regulator remains to be fully
characterized.

SP140 SNPs Associate with CD, MS, and CLL

The top human SP140 SNPs identified by GWASs that associate with CD [18,19], MS [20],
and CLL [30] are intronic but in perfect linkage disequilibrium (LD) with rs28445040, a
synonymous SNP in exon 7 (Figure 1). Exon 7 lies in the intrinsically disordered region
(IDR) (Box 1) that is exclusive to human SPs and is alternatively spliced into five protein-
coding SP140 mRNA isoforms. The presence of the 1528445040 mutation in minigene
assays led to the exclusion of exon 7 during splicing [32]. In agreement with this work,
peripheral blood mononuclear cells (PBMCs) from CD patients homozygous for SP140risk
alleles (SNP*/*) exhibited upregulation of one SP140isoform (SP140-C) (Figure 3) — devoid
of exons 7 and 11 — in addition to down-regulation of all other SP140isoforms, relative to
SP140expression in sex- and age-matched controls lacking SP140 SNPs (SNP~7) [14].
SP140 SNP** cells also displayed a pronounced loss of SP140 protein and a truncation in
the remaining protein as shown by immunoblot for endogenous SP140. Expression of
SP110, which shares a divergent promoter with SP140, was unchanged [14]. Thus, closely
linked SP140 SNPs associated with CD, MS, and CLL all resulted in a loss of SP140
expression.

The precise immunological outcome of reduced SP140 expression that contributes to three
complex immune diseases is an active area of investigation. Hematopoietic depletion of
Sp140via inducible short hairpin (sh)RNA-mediated knockdown exacerbated intestinal
inflammation in mice, thereby validating the GWAS association of SP140 with CD [14].
Moreover, SNP** PBMCs from CD patients exhibited a suppressed innate immune
signature that stratified them from other CD patients not carrying SP140variants, as
evidenced by unbiased RNA-seq and measurement of cytokine secretion upon Toll-like
receptor (TLR) stimulation [14]. Thus, SP140 is likely to control intestinal homeostasis
through the regulation of innate immune responses. Many inflammatory bowel disease
(IBD)-associated genes (NOD2, AIMZ, ATG16L 1, GPR65) are essential for innate
immunity and their loss or variation results in impaired barrier defense, decreased cytokine
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production, and an inability to maintain a gut microbial balance that ultimately enhances
intestinal inflammation [33,34]. Future investigations will need to determine the causality of
SP140mutations in MS and CLL, the precise cell types affected, and whether there is a
common mechanism by which SP140 loss drives pathology in three pathologically distinct
immune diseases. Emerging insight implicates innate immune function and dysbiosis in the
commensal ecosystem as risk factors for not only IBD [34] but also MS [35-38].
Furthermore, an association with CLL suggests that SP140 function in B cells is paramount
for immune homeostasis. Despite a lack of evidence for the role of humoral immunity in
driving MS pathogenesis, B cell depletion has therapeutic efficacy in MS patients [39].
Furthermore, many IBD-associated risk alleles (STAT4, BACHZ, PRDM]I) are enriched in B
cells [34], but the pathogenic role of B cells in IBD remains a matter of debate [33]. Given
the multifactorial nature of IBD, MS, and CLL, SP140mutations will nonetheless constitute
one of many factors that ultimately lead to disease susceptibility.

Role of SPs in Intracellular Pathogen Infections

Genetic Determinant of Intracellular Bacteria Resistance in Mice

The Super-susceptibility to tuberculosis (Sst1) locus, a mouse chromosome 1 region of
approximately 50 genes including all SP genes and pseudogenes, was discovered as a
genetic determinant of host susceptibility to MTB infection in C3HeB/FeJ (C3H) mice [40].
The Sst1 susceptible (Sst1°) allele derived from C3H mice confers loss of Sp110 and Sp140,
whereas Sp100 is unaffected [40,41]. Expression of the Sst1S allele in mice leads to
exacerbated MTB infection and rapid death, as well as necrotic lung inflammation during
infection with virulent MTB (Table 1) [40,42,43]. Besides MTB infection, Listeria
monocytogenes [44] and Chlamydia pneumoniae [45] burdens were also exacerbated in
infected SstZ° mice. Reconstitution of SstZ5 mice with a Sp210 (also known as /ori)
transgene reduced the bacterial burdens of MTB and L. monocytogenesin lung and in bone
marrow-derived macrophages (BMDMSs) [40], suggesting that Sp110 mediates protection
against intracellular bacterial infections. However, recent work demonstrated that Sp2107/~
mice exhibited unaltered MTB bacterial burdens and survival rates compared with B6 wild-
type (WT) controls [41]. By contrast, SpZ407/~ mice were more susceptible to MTB, L.
monocytogenes, and Legionella pneumophila infection [41]. By utilizing newly generated
knockout mice, this recent study indicated that SpZ40might be the key MTB resistance gene
in the SstZ locus (Table 1).

Conditional deletions in mice are required to definitively determine the cell types involved in
Sp110- or Sp140-mediated resistance to intracellular pathogen infections. However, recent
work corroborates a likely role of the SstZ locus in the type | IFN response; specifically,
BMDMs derived from SstZS mice or Sp2407'~ mice upregulated IFN-B expression /in vitro
after tumor necrosis factor (TNF) stimulation [41,46] or a C. pneumoniae infection model
[45], relative to WT cells. Furthermore, MTB-infected SstZ5 and Sp2407'~ mice exhibited
upregulated lung IFN-B expression /n vivo relative to WT mice [41,46]. Enhanced IFN
production in SstZ° mice contributed to increased MTB susceptibility via the induction of
/l1rn, which encodes interleukin (IL)-1 receptor antagonist (IL-1Ra). Blocking the IFN-a/p
receptor, heterozygous deficiency of //1rn, or antibody-mediated neutralization of IL-1Ra
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reversed bacterial burdens in the lungs of MTB-infected mice compared with SstZ5 mice or
mice that received PBS injections [46]. This observation is in line with extensive work
suggesting that elevated type I IFN signaling is deleterious during MTB infection in mice
and humans, as previously reviewed [47]. Thus, Sp140 expression is protective during
intracellular bacterial infections by negatively regulating the induction of the type I IFN
response [41]. Considering that these findings implicate Sp140 in type | IFN regulation, it is
possible that Sp140 loss of function may be beneficial during viral defense — a concept that
certainly merits further investigation.

SPs in PML-NB and Virus Defense Mechanisms

SPs each contain an NLS, so this family of proteins resides primarily in the nucleus.
Confocal immunofluorescence has demonstrated that human SP100, SP110, and SP140 can
localize to PML-NBs in human cell lines via endogenous or ectopic expression [4,5,8,9].
This subnuclear localization of SPs to PML-NBs may be dependent on cell type, cell cycle,
or experimental conditions. The role of PML-NBs as sites of DNA and RNA virus
replication restriction has been previously reviewed [31]. Many viruses have thus evolved
proteins that target PML-NB components directly, including PML and SP100 [48-55]. For
example, coexpression of human cytomegalovirus (HCMV) protein IE1 or the herpes
simplex virus type 1 (HSV-1) protein ICPO with SP100 in human cell lines resulted in
reduced SUMOylation and proteasomal degradation of SP100 [49,56,57]. Of note, SP140
also contains SUMOylation sites [58] and SUMO-interacting motifs (SIMs); however, the
importance of these features has not been investigated in the context of PML-NB
localization or viral defense.

Ultimately, degradation of SP100 by viral proteins or experimental knockdown of SP100 in
human cells results in enhanced viral gene expression and viral replication [49,59-61].
These results suggest that SP100 association with PML-NBs can restrict DNA virus
replication, but it is unknown whether SP100 directly regulates viral gene transcription or
acts via host DNA- or chromatin-binding capabilities. SP100 may bind to unmethylated
CpG viral DNA [62] via its SAND domain [62,63] and contains a heterochromatin protein 1
alpha (HP1-a)-binding domain [61], suggesting that SP100 may act as a viral transcriptional
repressor by binding to HP1-a and maintaining heterochromatin.

Finally, a co-immunoprecipitation study demonstrated that human SP140 interacted with the
HIV-1 protein Vif in an infected HeLa cell line that expressed CD4 and SP140 [15],
suggesting that SP140 might also play roles during viral infection, which remain to be
assessed. Moreover, infection of HeLa-CD4 cells with HIV-1 resulted in dispersal of SP140
from the nucleus to the cytoplasm [15], consistent with other studies showing cytoplasmic
localization of PML-NB components after HIV-1 infection [64,65]. Like HSV-1, HCMV,
and other viruses, presumably, HIV-1 may have evolved effector proteins to interrupt the
normal function of antiviral PML-NBs. Given that SPs are ISGs, whether SPs can restrict
viruses by regulating viral transcription, host immune cell transcription, or both needs
clarification. Furthermore, the relationship between SP localization to PML-NBs and their
function as chromatin readers remains to be resolved.
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SPs Maintain Gene Silencing for Cell Identity and Function

An nderstanding of the mechanism by which SPs regulate host transcription has emerged
from recent work that identified SP140 as an essential orchestrator of macrophage
transcriptional programs [14]. By occupying and repressing lineage-inappropriate genes,
such as HOX. OLIG and FOX genes in human macrophages, SP140 ultimately maintains
macrophage cell identity [14] (Figure 5). Using ChlP-seq, the majority of endogenous
SP140 in primary human macrophages occupied promoters [14]. Furthermore, SP140
preferentially occupied heterochromatic regions with low chromatin accessibility and low
transcriptional activity, indicated by high histone H3 lysine 27 trimethylation
(H3K27me3) and low histone H3 lysine 4 trimethylation (H3K4me3), in human
macrophages [14]. Given that siRNA-mediated knockdown of SPZ40in human macrophages
resulted in increased chromatin accessibility and upregulated expression of normally
silenced lineage-inappropriate genes, such as HOX genes that were occupied by SP140 [14],
SP140 appears to predominantly be a repressor of gene expression. Knockdown of SP140in
mouse or human macrophages resulted in severely impaired cytokine responses to microbial
ligands as determined by RNA-seq and qPCR. This was deemed to be dependent on elevated
expression of silenced lineage-inappropriate genes, such HOX; as ChlP-seq revealed that
SP140 did not directly occupy cytokines in human macrophages, and double knockdown of
SP140 and HOXA9in human macrophages restored cytokine expression [14]. Thus,
regulation of proinflammatory cytokines by SP140 is likely to occur through indirect
mechanisms that regulate heterochromatin and cell state (Figure 5). PBMCs from CD
patients with SP140 SNPs have been shown to exhibit reduced expression of many
macrophage surface receptors compared with healthy controls and are hyporesponsive to
both TLR4 and TLR3 activation /in vitro [14]. SP140 is also abundantly expressed in B cells
(Figure 4) and suppression of HOX expression is a key determinant for B cell development
[66]; therefore, it is feasible that SP140 might also control B cell identity through similar
repressive mechanisms. Nevertheless, these possibilities warrant further investigation.

SPs and Aire Have Divergent Roles in Transcriptional Regulation

SPs and Aiire are highly homologous proteins (Figure 1). Thus, expansive work on the
structurally similar protein Aire may offer suggestions for how SPs are recruited to
chromatin, interact with protein complexes, and regulate transcription. Mass spectrometry
and many other experiments in Aire-expressing HEK293T cells, in addition to ChIP-seq and
assay for transposase-accessible chromatin sequencing (ATAC-seq) studies of mouse
medullary thymic epithelial cells (nTECs), have culminated in a model whereby Aire is
recruited to superenhancers and interacts with topoisomerase 1 (TOP1); this in turn
promotes the recruitment of DNA-damage response proteins (e.g., DNA-PK), topoisomerase
2 (TOP2), and other transcriptional regulators (e.g., RNA-pol I1) to stabilize enhancer RNA
(eRNA) transcription, depletes nucleosomes, and relieves DNA torsional stress [67,68].
Ultimately, Aire localization and protein complex formation at superenhancers promotes
transcription elongation at peripheral tissue antigen (PTA) transcription start sites (TSSs) via
chromosomal looping [67,69,70] and the localization of Aire specks (PML negative) to the
nuclear matrix [71].
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Although SPs share high sequence homology with Aire, they may have opposite modes of
action. SP140 appears to lock chromatin in an inactive state, particularly at TSSs, to prevent
the expression of silenced lineage-inappropriate genes in macrophages [14] (Figure 5).
Conversely, Aire promotes transcription, particularly by activating superenhancers [67].
These differences in function may involve defined reading of post-translationally modified
histones by SPs and Aire. However, localization to PML-NBs may also distinguish their
function, since, unlike SP proteins [4,9], Aire does not localize to PML-NBs [71], which are
known sites of transcriptional repression [31]. How other SPs compare with SP140 in terms
of chromatin associations and transcriptional regulation is unclear and further work is
necessary to determine whether SPs and Aire associate with similar or distinct protein
complexes.

SP CARD for Multimerization

Chromatin ‘readers’ contain structurally diverse protein domains that precisely recognize
and dock to covalent modifications of histones, DNA, or transcription factors. SP family
members contain the unique combination of a CARD, SAND, PHD, and BRD (Figure 1).
The N termini of SPs contain a previously termed ‘HSR’ domain that contains homology to
the CARD domain of other proteins, including Aire (Figure 1 and Figure 6). The role of SP
CARD domains is a nascent area of investigation, but the field may be able to hypothesize
its function based on Aire and other CARD-containing proteins demonstrating a role for the
CARD in forming large protein complexes. The CARD domain of Aire is a conserved
region where missense mutations are present in some autoimmune polyendocrine syndrome
type 1 (APS-1) patients [72,73]. Mutations, such as L28P (Figure 1), in the CARD domain
of Aire prevent homodimerization and punctate formation of Aire, as well as PTA
transcription [72,74]. The L28 residue is positioned in the hydrophobic core of the CARD
domain; hence, a mutation here may affect protein stabilization [72]. However, other
mutations that occur on the outside surface of the CARD tertiary structure may affect
protein—protein interactions [72]. Further work is necessary to determine whether SP
CARD:s are involved in homodimerization and it is unknown whether SP family members
can heterodimerize if they are coexpressed. Furthermore, it will be important to determine
whether individuals that are heterozygous for disease-associated SP mutations have impaired
immune cell function, considering that one protein molecule may ‘poison’ dimer
functionality similar to Aire dominant-negative mutations [75,76].

SPs Contain the Rare SAND DNA-Binding Domain

The SAND domain (named after a few proteins that contain it; Sp100, Aire, NucP41/P75,
and DEAF-1) was originally identified as a gene encoded by the yeast Saccharomyces
cerevisiae. Later, it was also found in proteins expressed in Caenorhabditis elegans,
Drosophila melanogaster, and the plant Arabidopsis thaliana [77,78]. For example, the
SAND domain-containing protein ULT1 functions as a chromatin remodeling factor that
activates genes in plants [78]. Moreover, DEAF-1 regulates innate immunity in Drosophila
via the activation of Toll pathway target genes [79,80]. Human NUDR, Drosophila DEAF-1,
and rat GMEB were shown to bind to DNA in a sequence-dependent manner via a conserved
KDWK amino acid motif in their SAND domains [81-84]. Likewise, mouse and human SPs
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contain a similar KNWK motif (Figure 6), and the human SP100-B SAND domain can bind
double-stranded DNA via the positively charged KNWK fold [11]. Unlike SPs, the Aire
SAND domain does not contain a KDWK-like motif and is not thought to bind DNA but
rather, directs protein—protein interactions [12,75]. Nevertheless, it is possible that SP
SAND:s are also needed for protein—protein interactions.

Chromatin Reader Domains: PHD and BRD

SP functional protein domains include a PHD that reads histone methylation and a BRD that
reads histone acetylation [13] (Figure 1). An early study that solved the structure of the
human SP140 PHD determined that it did not bind to H3K4meO or an array of modified or
unmodified histone peptides [85]. However, a later study showed that the expression of
SP140’s full C terminus comprising the PHD and BRD enabled binding to H3K4meO0 [86].
Similarly, Sp100-C was able to bind to H3K4meO0 as well as to H3K9me3, H3T3ph, and
H3S10ph and was crystallized with the heterochromatin-associated H3K9me3 peptide [86];
this suggested that SP PHDs enable docking to inactive chromatin regions. Of note, SP
family members contain one PHD domain that is similar in sequence to the PHD1 of Aire
(Figure 6) that was also shown to preferentially bind to unmethylated H3K4me0 in a histone
peptide microarray and peptide pulldown assays [86-90]. Furthermore, the two sides of
Aire’s folded PHD1 seem to have different functions of H3K4meO0 recognition versus
protein—protein interactions, as determined by the location of loss-of-function mutations in
APS-1 patients [89].

In addition to binding H3K4meO, the PHD of human SP140 was recently shown to mediate
SUMOylation of the adjacent BRD [58]. Canonical BRDs bind acetylated histones and the
BRD of SP140 was shown to bind promiscuously to acetylated H3 or H4 histone peptides
[13], but human SP100-C showed minimal binding to acetylated H3 or H4 peptides [86]. All
SP BRDs lack a canonical tyrosine residue found in most BRD-containing proteins,
rendering this BRD more atypical (Figure 6). Furthermore, since SP BRDs can be
SUMOylated [58], their BRD may also be necessary for interaction with PML-NBs. Thus, it
possible that the BRD of SPs may not be utilized for docking to histone acetylation that is
normally found at active and open chromatin but rather, for localization to PML-NBs that
are sites of repression. However, this hypothesis will evidently require formal testing.

Concluding Remarks

In summary, the SP family represents a novel class of chromatin regulators that mediate
gene silencing with designated roles in immune cells. All SPs are associated with
autoimmune, inflammatory, or infectious diseases in humans, underscoring their essential
role in maintaining immune homeostasis and proper functional responses to pathogens.
Nonetheless, we have only begun to understand the precise role of these proteins in the
immune system: SP100 may mediate host defense mechanisms against DNA virus
infections, SP110 or SP140 play roles in restricting intracellular pathogen infections, and
SP140 orchestrates macrophage transcriptional programs to maintain cellular identity.
Knowledge of their role in adaptive immune cells, in which they are abundant, is currently
completely lacking. Although SPs share high homology, individual SPs are likely to play
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distinct (and perhaps nonredundant) roles in transcriptional regulation by virtue of their
unique expression profiles and association with distinct diseases. However, currently there
are limited mouse models of individual SPs due to both the infancy of the field and the
repetitive nature of SP loci. Nonetheless, the low homology of mouse and human SPs does
emphasize the need to examine human SPs. Furthermore, it will be necessary to consider the
role of various SP mRNA spliced isoforms (see Outstanding Questions). Importantly,
studying the mechanisms of SPs in immune cells will provide an understanding of how
epigenetic alterations can contribute to immune disorders and will aid in the design of new
putative therapies for those diseases associated with SP loss. Furthermore, given the success
of targeting more ubiquitous chromatin ‘reader’ proteins for therapeutic benefit, immune-
expressed SP proteins may offer novel and more refined therapeutic avenues for taming
hyperactive immune responses through disruption of immune cell states.
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Assay for transposase-accessible chromatin sequencing (ATAC-seq)
technique for determining genome-wide chromatin accessibility characterized by a lack of
nucleosome occupancy

Autoimmune polyendocrine syndrome type 1 (APS-1)
multiorgan autoimmune disease caused by Aire mutations; characterized by autoimmune
infiltrates and autoantibodies in multiple endocrine organs

Autoimmune regulator (Aire)
transcriptional regulator of PTA genes in medullary thymic epithelial cells

ChlIP-seq
technique for identifying genome-wide DNA-binding sites of proteins

Chronic lymphocytic leukemia (CLL)
type of cancer that usually develops in older adults; characterized by the abnormal expansion
of a clonal population of B cells

Crohn’s disease (CD)
type of IBD; causes chronic inflammation in the gastrointestinal tract

Histone H3 lysine 4 trimethylation (H3K4me3)
associated with active or poised promoters

Histone H3 lysine 27 trimethylation (H3K27me3)
associated with transcriptionally repressed regions

Interferon (IFN)-stimulated genes (ISGs)
genes whose expression is induced by type I, 11, or 111 IFN signaling
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Linkage disequilibrium (LD)
SNPs in LD will segregate together in individuals during population dynamics

Multiple sclerosis (MS)

autoimmune disease in which T cells react to selfmyelin antigens and cause inflammation in
the central nervous system as well as destruction of the protective myelin sheath covering
nerve fibers, ultimately resulting in neurological deficits

Peripheral tissue antigen (PTA)
normally expressed in a specific peripheral organ; ectopic expression in medullary thymic
epithelial cells allows thymic T cell selection

Primary biliary cholangitis
previously known as primary biliary cirrhosis; autoimmune disease of the liver

Promyelocytic leukemia (PML) nuclear bodies (NBs)

nuclear organelles regulated by a variety of stimuli such as viral infection and DNA damage;
implicated in a range of cellular processes, including higher-order chromatin organization
and gene repression; viewed as specks via confocal immunofluorescence microscopy and
dependent on PML expression

SUMOylation
post-translational modification that stabilizes PML-NBs

Superenhancers
long chromatin regions densely occupied by general and cell-type-specific transcriptional
factors that drive high-level expression of target genes

Toll-like receptors (TLRs)

family of surface and endosomal pattern-recognition receptors that detect microbial
products; TLR3 senses double-stranded RNA; TLR4 senses bacterial lipopolysaccharide
(LPS)

Topoisomerases
enzymes that cleave and reseal DNA strands to relieve topological strain from DNA
supercoils

Type | interferon (IFN)
subgroup of cytokines including IFN-a and IFN-B. They function to prevent viral replication
in cells

Unmethylated CpG DNA

‘CpG’ is shorthand for the occurrence of a cytosine linked, through a phosphate bond, to a
guanine. In humans, 70-80% of cytosines in CpGs are methylated, which silences genes.
Unmethylated CpGs are often a signature of pathogen-associated DNA

Veno-occlusive disease with immunodeficiency (VODI)
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Box 1.
IDRs in Phase-Separated Proteins

SP140, and possibly other SPs, contain an IDR that is characteristic of proteins that are
capable of liquid-liquid phase separation. Rather than tight ‘lock-and-key’ protein—
protein interactions, IDRs mediate weak and flexible protein—protein interactions [95,96].
IDRs have evolved in higher organisms to perform a wider variety of tasks [97]. The IDR
of SP140 developed in primates and is absent in mouse Sp140. Not only is phase
separation crucial for signal transduction events in immune cells [98,99], but phase
separation of transcriptional machinery also plays an important role during gene
regulation [96,100]. Considering that a disease-associated mutation is found in the IDR
of SP140 and may alter alternative splicing of the IDR, it will be of interest to determine
the role of this mutation in SP140 phase separation, PML-NB localization, and
transcriptional regulation.
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By virtue of their localization to PML-NBs, SPs have been implicated in transcriptional
repression of host or viral genomes. The function of SP140 was recently elucidated
showing that it occupies heterochromatin and represses lineage-inappropriate genes such
as HOXto maintain macrophage identity in mice and humans.
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Highlights

The speckled protein (SP) family of chromatin ‘readers’ in humans comprises SP100,
SP110, SP140, and SP140L.

The mouse SP family comprises Sp100, Sp110, and Sp140 and is only ~45%
homologous to human SPs at the amino acid level, necessitating both mouse and human
studies of SPs.

SPs are highly expressed in innate and adaptive immune cells, with SP140 being immune
restricted. SPs are also interferon (IFN)-stimulated genes (ISGS).

Mutations in human SP140associate with three immunological diseases: Crohn’s
disease, chronic lymphocytic leukemia, and multiple sclerosis. Mutations in human
SP110 associate with veno-occlusive disease with immunodeficiency (VODI). Mouse
SPs can act as determinants of resistance to intracellular pathogen infections such as
Mycobacterium tuberculosis.

The SP family members possess a SAND domain, a plant homeodomain (PHD), and a
caspase activation and recruitment domain (CARD) that share high homology with these
domains found in autoimmune regulator (Aire); these domains suggest that SPs can bind
to DNA directly, ‘read’ histone methylation status, and multimerize, respectively. In
addition, SPs contain a bromodomain (BRD) that may read histone acetylation status.

Human SPs localize to promyelocytic leukemia (PML) nuclear bodies (NBs) in human
cell lines — dynamic nuclear protein aggregates interspersed between chromatin that can
measure up to 2 pm in diameter. The presence of an intrinsically disordered region (IDR)
exclusively in human SPs suggest that they may phase separate.
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Outstanding Questions

What is the function of individual speckled proteins (SPs) in regulating immune cell
identity and function? Is there redundancy between SP family members in terms of
functionality?

Given that SPs are ISGs and localize to promyelocytic (PML) nuclear bodies (NBs), what
is the role of SPs in antiviral defense?

What is the role of SPs in the adaptive immune system?

What are the mechanisms by which individual SPs regulate chromatin dynamics and
gene transcription, and which proteins associate with SPs during these events?

What is the function of SP caspase activation and recruitment (CARD) domains?

How does the unique combination of a SAND, a plant homeodomain, and a
bromodomain contribute to SP function?

What is the relationship of SPs to AIRE? If AIRE is expressed in cells outside the
thymus, does AIRE interact or compete with SPs?

Does the human SP140 intrinsically disordered region (IDR) mediate liquid-liquid phase
separation of SP140 and how does alternative splicing of the IDR alter function?

Is the alternative splicing of SPs differentially regulated in various cell lineages and
between cell states?

Do SPs localize to PML-NBs in all immune cells? How does PML-NB localization affect
the ability of SPs to regulate host chromatin organization and transcription?

How does SP140 dysfunction lead to diseases as diverse as CD, CLL, and MS?

Do SPs mediate homeostatic interactions between innate immunity at mucosae or skin
and commensal microbes?

Are SPs druggable like other chromatin readers? What chromatin reader domain should
be targeted?
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Figure 1. Functional Domains and Disease-Associated Mutations in Human Speckled Proteins
(SPs) and Autoimmune Regulator (Aire)

SPs and Aire express highly similar caspase activation and recruitment domains (CARDs),
Sp100, Aire, NucP41/75, DEAF-1 shared domains (SANDs), and plant homeodomains
(PHDs). The SP family PHD is similar to Aire’s PHD1. Aire contains two unique PHDs and
lacks a bromodomain (BRD). Highlighted are representative mutations associated with
immunological diseases. Depicted are full-length SP isoforms: SP100 isoform C (SP100-C),
SP110 isoform C (SP110-C), SP140 isoform A (SP140-A), and SP140-like (SP140L)
isoform A (SP140L-A). Protein domains are depicted with corresponding amino acid
residue positions underneath. The synonymous mutation depicted in SP140 is a cytidine-to-
thymidine nucleotide mutation. A1, one-nucleotide deletion; +7, seven-nucleotide insertion.
This figure was created using BioRender (https://biorender.com/).
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Figure 2. Genomic Organization of Speckled Protein (SP) Genes and Evolution of SP140.
(A) Schematic of SP genes on human chromosome 2 and Sp genes on mouse chromosome

1. (B) Here, we use SP140 as a model protein of the SP family to show the high degree of
evolution in these proteins and the importance of studying this family in both mouse and
human. Mouse Sp140, human SP140, rhesus monkey SP140, and zebrafish SP140 amino
acid sequences were aligned using ClustalW, which determined that there was 34.7%
pairwise identity between mouse and human at the amino acid level. Sequence similarity
was determined using the Blosum62 score matrix and a threshold of 1. A schematic of
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human SP140 with functional domains is shown above the alignment. The intrinsically
disordered region (IDR) is indicated on the human schematic but is mostly absent in the
mouse. Abbreviations: BRD, bromodomain; CARD, caspase activation and recruitment
domain; PHD, plant homeodomain; SAND, Sp100, Aire, NucP41/75, DEAF-1 shared
domain.
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Figure 3. Outline of All Known Human Isoforms of Speckled Proteins (SPs).
Functional domains are color coded and indicated in the key: CARD, caspase activation and

recruitment domain; SAND, Sp100, Aire, NucP41/75, DEAF-1 shared domain; PHD, plant
homeodomain; BRD, bromodomain; HMG, high-mobility group protein domain. SP110
isoform A (SP110-A) contains a truncated BRD. In the SP140 alignment, most isoforms
differ by exon usage in the intrinsically disordered region (IDR). Numbering above these
IDR exons corresponds to exon numbering in full-length human SP140 isoform A (SP140-
A). SP140L, SP140-like.
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Figure 4. Expression of Speckled Proteins (SPs) in Murine Immune Cell Subsets.
Sp100, Sp110, and Sp140expression in indicated mouse leukocytes based on RNA-seq data

(Immgen.org)i. Abbreviations; DC, dendritic cell; GN, granulocyte; HSC, hematopoietic
stem cell; ILCs, innate lymphoid cells; Mg, macrophage; Mo, monocyte.

lwww.immgen.org
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Figure 5. Mechanism of Action to date for Speckled Protein 140 (SP140) for Immune Cell
Identity and Function.

Lineage-defining transcription factors (TFs) for mature macrophages (such as PU.1) drive
SP140transcription. SP140 in turn docks to repressed chromatin marked by H3K27me3 and
maintains the silencing of lineage-inappropriate genes, such as HOX, OL/G, and FOX; for
the preservation of cell identity and function.
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Figure 6. Alignments of Functional Domains of Human Speckled Protein (SP) Isoforms and
Autoimmune Regulator (Aire).
Sequences were aligned in Geneious using ClustalW. Red shading of residue and bar graphs

above sequences corresponds to percentage identity at each residue. Stars indicate conserved
residues that are mutated in Aire in patients with autoimmune polyendocrine syndrome type
1 (APS-1). In (B), a black box indicates the KDWK-like DNA-binding motif [11]. In (D),
the arrow points to the position where SPs lack a conserved asparagine residue previously
reported to anchor bromodomains to histone tail acetyl groups via hydrogen bonds [13].
Abbreviations: BRD, bromodomain; CARD, caspase activation and recruitment domain;
PHD, plant homeodomain; SAND, Sp100, Aire, NucP41/75, DEAF-1 shared domain;
SP140L, SP140-like protein; SP100-C, SP100 isoform C.
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Table 1.

Summary of Disease Associations with SPs and Aire?

Page 27

Gene Human disease associations Mouse disease associations Refs
SP100 Autoantigen in primary biliary cholangitis | Unknown [3]
SP110 VODI Sst18 mice: [21-26,40,42-46]
Mycobacterium tuberculosis T™MTB (type | IFN and IL-1Ra dependent)
(TB 1 Listeria monocytogenes
* Chlamydiia pneumoniae
SP140 Autoantigen in primary biliary cholangitis | Hematopoietic SpZ40shRNA knockdown mice: | [14,18-20,27,30,40-46,91]
MS *DSS-induced colitis Sst7°and Sp1407~ mice:
CD TMTB (type | IFN and IL-1Ra dependent)
CLL 1 Listeria monocytogenes
1 Legionella pneumophila
SP140L | Autoantigen in primary biliary cholangitis | Unknown [1]
Aire APS-1 Aire"~ mice: [92-94]

Multiorgan autoimmune disease

aDSS, dextran sulfate sodium; B6, C57BL/6. The Sst1 allele derived from C3HeB/FeJ (C3H) mice contains mutations that confer loss of Sp110
[40] and Sp140[41] expression. Most recent work implicates SpZ40as the causative gene for MTB susceptibility in mice [41]. Upward arrows
denote increased disease associations.
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