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ABSTRACT OF THE DISSERTATION 
 
 

Regulation and Function of SALL1 in Mouse Microglia  
 
 

by 
 
 

Bethany Rose Fixsen 
 
 

Doctor of Philosophy in Biomedical Sciences 
 
 

University of California San Diego, 2022 
 
 

Professor Christopher K. Glass  
 
 

 Spalt-Like Transcription Factor 1 (Sall1) is a critical regulator of microglia identity. 

Despite its importance, the transcriptional function of SALL1 and mechanisms 

regulating its expression are not fully understood. Here, we demonstrate that Sall1 is 

physically connected to a microglia-specific, environment-dependent super enhancer 

(SE) containing conserved binding sites for SMAD TFs downstream of TGF-beta 

signaling. Deletion of the SE in mice (EKO) led to selective loss of Sall1 transcript and 

SALL1 protein in microglia, resulting in downregulation of microglial identity genes and 

activation of inflammation- and aging-associated genes. Using ChIP-seq, we defined 

binding sites of SALL1 and leveraged EKO mice to probe how SALL1 shapes the 

regulatory landscape of microglia. We found thousands of putative enhancers whose 
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activity was increased or abrogated by loss of SALL1; we further classified these 

enhancers as being ‘directly’ or ‘indirectly’ regulated by SALL1 based on overlap with 

SALL1 binding sites. Unexpectedly, motifs for SMADs are enriched within enhancers 

predicted to be directly activated by SALL1, suggesting that collaborative interactions 

between SALL1 and SMADs are required to establish microglia-specific gene 

expression. To test this hypothesis, we generated a conditional KO of the common co-

SMAD Smad4 and determined the binding sites of SMAD4 in WT and EKO microglia. 

These studies demonstrated that SMAD4 binds to the Sall1 SE and controls Sall1 

expression, and that its ability to activate other major microglia genes is dependent on 

co-binding with SALL1. Collectively, these results suggest a molecular basis for many of 

the transcriptional characteristics of yolk sac-derived microglia.  
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Chapter 1: Background 

1A. Discovery of Macrophages and Microglia  

 Tissue resident macrophages (TRMs) comprise a group of heterogeneous, 

multifunctional myeloid cells that dwell within almost every tissue of the body. 

Macrophages are most well-known as phagocytic immune sentinels that quickly 

mobilize to sites of injury/infection and mount inflammatory responses against invading 

pathogens 1. However, it is now appreciated that TRMs exist in equilibrium with their 

surrounding tissue microenvironment, playing vital roles as mediators of tissue 

development and repair, and that dysregulation of these processes may lead to the 

development or progression of a variety of diseases 2-6. 

  Macrophages were first described by Elie Metchnikoff, a comparative 

embryologist, in the late 1800s 7, 8. Through his work examining the structure and 

development of simple marine organisms, he observed a migratory mesoderm-derived 

cell subset which ingested extracellular dyes, nutrients, and bacteria, and mobilized to 

sites of injury. Metchnikoff hypothesized that these cells, which he named “phagocytes”, 

were playing a role in host response against bacterial infection. Eventually, he identified 

these cells in a variety of organisms, which laid the foundations for the study of innate 

immunity 7.  

 Santiago Ramón y Cajal, a Spanish contemporary of Metchnikoff, leveraged his 

expertise in art, microscopy, and histology to elucidate neural structures and cellular 

circuitry within the brain. Ramón y Cajal’s observations of cellular organization and 

morphology made a lasting impact on the field of neuroscience through his discovery 

that the nervous system is made up of independent, individual nerve cells 9.  These 
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studies also described a nebulous group of poorly staining, adendritic cells which he 

termed the “third element”; this subset of cells is now understood to be the glial cells of 

the central nervous system 10. Pío del Río Hortega, another prominent Spanish 

neuroscientist, optimized silver staining methods to study this class of cells and 

resolved two distinct cell types, which he called microglia and oligodendroglia 11. More 

than 100 years after Pío del Río Hortega ’s observations, microglia are now known as 

the main tissue resident macrophage population of the central nervous system (CNS).  

 

1B. Microglia Function at Steady State 

 Under homeostatic conditions, microglia, like other TRMs, dynamically interact 

with neighboring cells and survey the tissue micro-environment, allowing for rapid 

activation and mobilization of microglia to sites of injury or inflammation 12-14. The ability 

of microglia to phagocytose a variety of materials plays a critical role in brain 

development and maintenance of brain homeostasis. For example, microglia utilize 

complement proteins to prune synapses via phagocytosis in the developing and 

postnatal mouse brain, allowing for the formation and maintenance of proper neural 

circuitry 15-17. Microglia also phagocytose neural progenitors and dead cells, promote 

myelination, and secrete trophic factors guiding cellular genesis and maintenance 18-21. 

Overall, microglial functions are essential for promoting brain development and health; 

perturbation of these processes has the potential to lead to brain pathology and 

dysfunction 22.  
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1C. Microglia in Disease  

 For many years, macrophage polarization was broadly characterized as a binary 

response including 1) inflammatory “classical” activation associated with stimuli such as 

lipopolysaccharide (LPS) or interferon gamma (IFN-y) or 2) “alternative” activation 

associated with resolution of inflammation after stimulation with the cytokines interleukin 

(IL)-4 and IL-13 23-25. However, it is now understood that macrophage activation states 

exist along a phenotypic spectrum associated with distinct transcriptional profiles 3, 26.  

 Microglia assume a wide variety of phenotypes when faced with environmental 

perturbations or inflammatory challenges. Several lines of evidence point towards 

microglial dysfunction as a factor underlying the development and progression of 

neurodegenerative, neurodevelopmental, and psychiatric conditions 27.  For example, in 

Alzheimer’s disease (AD), microglia can secrete inflammatory factors that are harmful to 

neurons, promote the loss of synapses, and contribute to tau pathology 28-30. The 

pathophysiology of brain-related disorders is thought to be controlled by a combination 

of genetic and environmental influences. Genome wide association studies (GWAS) 

have uncovered many single nucleotide polymorphisms (SNPs) associated with 

neurological and psychiatric disorders; the precise contribution of these SNPs to 

disease have not been completely elucidated. Interestingly, many of these GWAS hits 

are localized to gene regulatory regions 31. Studies of the microglial transcriptome and 

epigenome have revealed that a high proportion of expressed genes and active gene 

regulatory elements associated with disease risk loci are enriched in microglia 

compared to other brain cell types 32-36, further strengthening the link between microglia 

and brain-related diseases.  
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 Altered microglial transcriptomes have been identified in several mouse models. 

Recent work identified a subset of microglia known as disease-associated microglia 

(DAMs) in mouse models of neurodegeneration and demyelination 37-39. These 

microglia are defined by expression of Triggering Receptor Expressed on Myeloid Cells 

2 (Trem2), Cd9, Apolipoprotein E (Apoe), Cystatin F (Cst7), and Secreted 

Phosphoprotein 1 (Spp1). It is still unclear whether this microglia subset is causal for 

disease, promotes disease pathogenesis, or performs neuroprotective functions. 

Microglial transcriptomes even shift during non-pathogenic conditions, such as during 

aging. Throughout aging, microglia gene signatures begin changing, and the 

appearance of lipid droplet accumulating microglia (LDAM) is associated with the onset 

of inflammation in the hippocampus in the absence of other disease conditions 40, 41. 

 The involvement of microglia in brain-related diseases is beginning to be 

uncovered, but the precise transcriptional and environmental mechanisms controlling 

these interactions remain to be described. Development of disease modifying therapies 

will be contingent upon our understanding of whether microglia cause, exacerbate, or 

prevent disease.  

 

1D. Microglia Developmental Origins  

 As the largest TRM population of the CNS, microglia comprise 5-10% of the adult 

CNS cell population and are localized throughout the entire brain 42. Recent studies 

have begun to elucidate the origins and dynamics of microglia development, a key step 

in further understanding the role of microglia in both homeostatic and disease states. 

During embryonic development, two major sources of hematopoiesis contribute to the 
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pool of early myeloid progenitors that seed primitive tissues. These hematopoietic sites 

include the embryonic yolk sac (YS), starting with primitive hematopoiesis at embryonic 

day (E)7.5 and the production of erythromyeloid precursors (EMPs) at ~E8, followed by 

the fetal liver, starting at E11 43, 44. Microglia progenitors arise from YS EMPs 45 and 

migrate to the brain upon establishment of the circulatory system at ~E9.5 43. Microglial 

progenitors become distinct from their CNS-resident myeloid counterparts, border 

associated macrophages, in the YS prior to migration into the brain 46.   

 Several proteins are critical for both the development and survival for early 

microglia. The transcription factors (TFs) PU.1 and IRF8 are necessary for the 

development of microglia; lack of these TFs leads to a loss of EMPs in the yolk sac and 

the brain 47. External signals, such as tumor growth factor beta (TGFb), interleukin-34 

(IL-34) and CSF1 are critical for microglia development and maintenance 48-50; the 

receptors for these signals, TGFBR2 and CSF1R are highly expressed on microglia and 

are necessary for microglia development and survival 46, 51.  

 After taking up residence in the embryonic brain, microglial precursors begin to 

express genes associated with mature microglia and proliferate to fill the brain niche 43, 

45, 52. A remaining question was whether embryonic and adult microglia arise from 

different sources. Various studies have shown that fetal EMPs contribute to TRM 

populations throughout the body, and that several of these populations, such as heart-, 

pancreatic-, gut,- and dermis-resident macrophages are replaced over time with 

hematopoietic stem cells (HSCs) under steady-state conditions 4. Interestingly, lineage 

tracing studies revealed that YS-derived microglia persist in the adult brain, indicating 
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that a contribution from peripherally derived HSCs to the microglia population is unlikely 

at steady-state 53-56. 

 Additional work has shown that microglia are also capable of rapidly self-

renewing to fill their surrounding niche. When 99% of microglia are depleted 

pharmacologically, subsequent repopulation of the CNS is achieved by the ~1% of 

remaining microglia and not via a contribution from the periphery 57. This quorum 

sensing and subsequent self-renewal appears to be unique to microglia compared to 

other TRM populations; however, the mechanisms governing these aspects of 

microglial biology remain to be elucidated. 

 

1E. Transcriptional Regulation of Microglia Identity  

 TRMs have highly plastic phenotypes depending on their tissue environment and 

embryonic origin; this diversity is reflected in the transcriptional profile of each TRM 

population captured by RNA-sequencing (RNA-seq) 58-60. Studies examining the 

transcriptional profile of microglia have defined a set of key genes expressed highly in 

microglia compared to other TRMs, such as the zinc finger protein Spalt Like 

Transcription Factor 1 (Sall1), Purinergic Receptor P2Y12 (P2ry12), Transmembrane 

Protein 119 (Tmem119), Crystallin Beta B1 (Crybb1), Selectin P Ligand (Selplg), and 

Solute Carrier Family 2 Member 5 (Slc2a5) 58, 61. The expression of cellular identity 

genes is orchestrated through the selection of cell-type specific enhancers by 

transcription factors and environment and ontogeny-derived signals. 

 While the precise combination of environment- and ontogeny-derived signals 

guiding microglia identity are not fully understood, analysis of DNA regulatory elements 
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and their sequences has allowed for the identification of regulatory proteins and 

signaling pathways influencing microglia phenotype and function. Promoters, 

sequences of DNA that are typically immediately adjacent to a gene, provide the 

necessary transcriptional start site (TSS) needed for the induction of messenger RNA 

(mRNA) synthesis. Gene expression levels are fine-tuned throughout cellular 

differentiation, development, and homeostasis by the activity of distal regulatory 

elements called enhancers, which loop over long genomic intervals to target genes; 

enhancers can be defined by distinct histone modification patterns such as Histone 3 

Lysine 27 acetylation (H3K27ac) 62. While the mammalian genome contains a multitude 

of DNA sequences that can potentially function as enhancers 63, each cell type utilizes 

only several thousand of these regions to ensure robust, accurate, cell-type specific 

gene expression 64. Enhancer selection is achieved through a hierarchy of 

transcriptional regulators, beginning with lineage determining factors (LDTFs). TRMs 

rely on many of the same LDTFs, such as ETS family protein PU.1 65 , the CCAAT 

enhancer binding protein (CEBP) 66 and Runt-related Transcription Factor 1 (RUNX1) 

67, to establish key macrophage enhancer regions through their ability to bind to and 

remodel regions of inactive chromatin 64, 68. Local activation signals in the 

microenvironment induce signal-dependent TFs (SDTFs) to bind these primed 

enhancers, resulting in changes in gene expression that are cell- and environment-

specific. 64, 68. Further, super-enhancers (SEs), which are dense regions of enhancers 

marked by an abundance of H3K27ac modifications, are particularly important in 

controlling genes associated with cell identity and development; these regions contain 

binding sites for TFs important for cell identity and response to environmental signals 69, 
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70. Comparison of chromatin immunoprecipitation followed by sequencing (ChIP-seq) 

data for histone modifications associated with regulatory elements showed that 

microglia share many enhancers with other TRMs; however, approximately 20% of the 

enhancers studied were unique to microglia and associated with microglia-specific gene 

expression 58, 59.  

 When microglia are removed from the brain and plated in vitro, the chromatin 

landscape at key gene regulatory elements is quickly remodeled and key microglial 

genes, such as Sall1, Tmem119, and P2ry12, are no longer expressed 59, 61. Analysis of 

the environment-dependent enhancer landscape revealed an enrichment for sequence-

specific TF binding sites including the interferon regulatory factor family, MEF2C 59, 61, 

and SMADs, the latter which are thought to be downstream of TGF-beta signaling in 

microglia 71. TGF-beta expression in the CNS and expression of its receptor on 

microglia is critical for the development of microglia and the expression of key microglia 

genes, in addition the maintenance of a quiescent microglia phenotype 46, 50, 72, 73. Lack 

of Irf8 or Mef2c in microglia also leads to the disturbance of microglial gene expression 

and an activated microglial phenotype 74, 75.  

  While these factors are likely involved in shaping microglia identity, the full set of 

signals guiding microglia phenotypes is not fully known. For example, the altered gene 

expression and chromatin landscape observed in in vitro microglia is not rescued by 

treatment with recombinant cytokines such as TGFb and IL-34 46, 61.  Attempts to induce 

a fully microglia-like gene signature in vitro using human induced pluripotent stem cells 

(iPSCs) have failed thus far 76; however, transplant of iPSCs into genetically modified 

mice has successfully induced the expression of key microglial genes such as SALL1 77, 
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further cementing the importance of additional brain environment-derived signals in 

shaping microglia transcriptional identity.  

 In addition to requiring environment-derived signals, expression of the microglia 

gene expression signature is partially dependent on ontogeny. When peripheral 

hematopoietic progenitors are transplanted into mice with an empty CNS niche, whether 

due to irradiation or genetic depletion of microglia, the cells engraft long-term, assume 

microglia-like morphology, and express a subset of genes associated with microglia 

identity. However, these engrafted cells fail to become completely like yolk-sac derived 

microglia and do not upregulate one of the key microglial transcription factors, Sall1 78-

80. This indicates that while tissue environmental signals are key for induction of a 

microglia phenotype, other aspects such as ontogeny are critical for mediating microglia 

identity, likely through the formation of an initially permissive chromatin landscape; 

microglia gene expression is likely established by a combination of ontogeny-

determined and environment-dependent transcriptional networks. A thorough 

understanding of these transcriptional networks and gene regulatory mechanisms we 

will allow us to better predict and modify the function of microglia in disease.  

 

1F. Roles of SALL1 in Transcriptional Regulation  

 Spalt-Like Transcription Factor 1 (SALL1) has emerged as a candidate TF that 

promotes microglia identity and function at steady state 58, 61, 72, 81. This protein is a 

conserved C2H2 zinc finger transcription factor (TF) and is one of four closely related 

Spalt-Like proteins expressed in mammals. Spalt, the Drosophila homolog of SALL1, 

was originally described as a Tumor Growth Factor Beta (TGFb )-responsive homeotic 
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gene responsible for proper embryonic head, wing, and tail development 82, 83. In 

humans, heterozygous mutations in SALL1 resulting in a putative truncated protein 

were identified as causative for an autosomal dominant syndrome called Townes-

Brocks Syndrome (TBS), a disorder with heterogeneous clinical presentation typically 

characterized by imperforate anus, pre-axial polydactyly, triphalangeal thumbs, external 

ear malformations, and sensorineural hearing loss, urogenital malformations, cardiac 

malformations, and neurodevelopmental abnormalities 84-94. TBS is also known to be 

associated with urogenital malformations, cardiac malformations, and 

neurodevelopmental abnormalities. In line with the heterogeneity of clinical 

presentations for TBS, dozens of SALL1 mutations have been identified in patients with 

TBS, ranging from large deletions encompassing the SALL1 gene and surrounding 

regulatory regions to small indels resulting in a putatively truncated protein 88. It has 

been proposed that truncated SALL1 results in gain of function and interference with the 

normal copy of SALL1 and other SALL family members, and that milder cases of TBS 

may be caused by a dosage effect of heterozygous loss of SALL1 87, 88. 

 Studies of embryonic development have shed light on the transcriptional roles of 

SALL1. Proper expression of SALL1 is critical for development of organ systems 

including the kidney. Mice lacking Sall1 do not phenocopy TBS, rather, these Sall1 null 

mice die shortly after birth due to renal agenesis 95. Further work established that 

SALL1 is critical for formation of the metanephros 96, 97 and that it appears to be playing 

a role as both an activator of stemness-related genes and a repressor of genes related 

to terminal differentiation in nephron progenitors 98, 99. Similar results were observed in 

embryonic stem cells (ESCs), where SALL1 was noted to collaborate with the stem cell 
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factor NANOG to promote expression of genes related to pluripotency and self-renewal 

100, 101.  

 Several studies have focused on SALL1’s role as a transcriptional repressor; a 

‘SALL1 repression motif’ (SRM) located at the N-terminus of SALL1 was noted to 

associate with the NuRD histone remodeling complex, and SALL1 was found to repress 

gene expression in in vitro reporter assays 102-106,associate with heterochromatin, and 

directly bind AT-rich regions of DNA 99, 103, 107, 108. It was proposed that SALL1 may be 

playing a role maintaining/forming heterochromatin, or as a nonclassical TF regulating 

higher order chromatin structure 103. Prior work has also shown that phosphorylation of 

the SRM ablates SALL1’s repressive activity, and SALL1 subnuclear localization is 

affected by sumoylation 102, 109, 110. It is likely that context-dependent post-translational 

modifications of SALL1 mediate its role as a transcriptional repressor or activator.  

 Sall1 is more highly expressed in microglia than any other TRM 58. While 

SALL1’s function and regulation in microglia is not completely understood, various 

studies have pointed to its potential transcriptional roles and mechanisms of its 

regulation in microglia. Loss of Sall1 in microglia resulted in the induction of an 

inflammatory gene expression program, downregulation of multiple key microglia genes, 

and changes in microglia morphology associated with cellular activation 72, 81, indicating 

that Sall1 may be important for restraining an inflammatory phenotype in microglia. 

Studies of microglia development detected Sall1 transcript shortly after microglial 

precursors enter the embryonic mouse brain, indicating that Sall1 is induced by early 

signals in the brain 46, 52. This concept was further reinforced by studies showing that 

early deletion of TGFb in the CNS or its corresponding receptor, Tgfbr2, in microglia led 
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to ablation of Sall1 expression, decreased expression of key microglial genes and 

increased expression of inflammation-related genes 46, 50; the signaling cascade 

downstream of TGFb  is likely responsible for inducing and maintaining Sall1 expression 

in microglia. When microglia are placed in culture, Sall1 expression is completely lost 

and its surrounding chromatin landscape, including a putative super-enhancer, loses 

marks of active and open chromatin 59, 61. However, whether this regulatory element has 

a functional role in controlling Sall1 expression is unknown. The change in epigenetic 

landscape corresponding with removal from the brain environment suggests that this 

regulatory region controls expression of Sall1 in response to external factors. A better 

understanding of Sall1’s regulation and its transcriptional role in microglia will be critical 

for gaining a more complete knowledge of microglial biology, both in health and 

disease. 
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Chapter 2: Regulation and Function of SALL1 in Mouse Microglia  

2A. Abstract:  

 Spalt-Like Transcription Factor 1 (Sall1) is a critical regulator of organogenesis 

and microglia identity. Despite its known biological importance, mechanisms that specify 

the cell-specific expression of Sall1 and its transcriptional functions remain poorly 

understood. Here, we demonstrate that targeted deletion of a conserved microglia-

specific super enhancer interacting with the Sall1 promoter results in complete and 

specific loss of Sall1 expression in microglia.  Microglia in Sall1 enhancer knockout 

(EKO) mice exhibit more extensive downregulation of microglial identity genes and 

upregulation of genes associated with inflammation and aging than observed following 

conditional deletion of Sall1 in microglia of adult mice. We defined genomic binding sites 

of SALL1 in microglia and leveraged EKO mice to probe how SALL1 shapes the 

regulatory landscape of microglia. From these studies, we identified thousands of 

putative enhancers whose activity was increased or abrogated by loss of SALL1; we 

further classified these enhancers as being ‘directly’ or ‘indirectly’ regulated by SALL1 

based on overlap with SALL1 binding sites. Unexpectedly, motifs for SMAD proteins 

that mediate transcriptional effects of TGFb signaling were enriched within the set of 

enhancers predicted to be directly activated by SALL1, suggesting that collaborative 

interactions between SALL1 and SMADs are required to establish microglia-specific 

gene expression.  To test this hypothesis, we determined the transcriptional 

consequences of a conditional knockout of the common co-SMAD Smad4 and defined 

the genome-wide locations of SMAD4 in wild type and EKO microglia.  These studies 

revealed two layers of functional interdependence. First, we found that SMAD4 binds 
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directly to the Sall1 super enhancer and is required for Sall1 expression, suggesting an 

evolutionarily conserved relationship to the requirement of the TGFb homologue Dpp for 

cell-specific expression of Spalt in the Drosophila wing.  Second, we found that the 

ability of SMAD4 to bind to and activate a broad set of microglia-specific enhancers is 

dependent on co-binding with SALL1. Collectively, these results suggest molecular 

mechanisms by which SALL1 enforces microglia-specific functions of SMAD 

transcription factors that may be relevant to roles of SALL1 in other developmental 

contexts. 

 

2B. Introduction: 
 
 Microglia, the major tissue resident macrophage (TRM) population of the central 

nervous system (CNS), are self-renewing, yolk-sac derived cells whose functions 

include regulation of brain development, maintenance of neural circuitry, and response 

to injury/infection 27. Like other TRMs, microglia assume a spectrum of activation states 

and phenotypes in response to environmental signals and perturbations. In addition to 

their adaptive functions, numerous studies have implicated microglia as playing 

pathogenic roles in neurodevelopmental, psychiatric, and neurodegenerative diseases 

111. Unlike many populations of TRMs outside of the brain, microglia are not replaced by 

bone marrow derived macrophage precursors following birth under normal conditions.   

 Spalt-Like Transcription Factor 1(Sall1), a zinc-finger transcription factor, was 

recently identified through a loss of function study as a key transcriptional regulator of 

microglia identity and phenotype in the mouse 72, 81. Members of the Spalt family of 

transcription factors are highly conserved in metazoan organisms and play diverse roles 
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in organ development.  Heterozygous loss of function mutations of SALL1 in humans 

lead to Townes Brock syndrome, with features including dysplastic ears, preaxial 

polydactyly, imperforate anus and in some cases kidney and heart defects93, 112 .  Sall1 

deletion in mice results in perinatal lethality due to severe kidney defects 96.  At the 

molecular level, SALL1 has been proposed to function as a regulator of pericentric 

heterochromatin in embryonic stem cells through interactions with Nanog 100, 101.  In vitro 

studies have also provided evidence that SALL1 can function as both a transcriptional 

activator and a repressor 98, 103, 113, but the mechanisms that underly the diverse 

transcriptional and developmental phenotypes resulting from genetic loss of function of 

Sall1 or SALL1 in vivo are unknown.   

In the mouse, Sall1 expression is induced between embryonic days 11-12 in yolk 

sac derived hematopoietic progenitor cells (HPCs) that have entered the developing 

brain and are destined to become resident microglia 46, 52. Expression of Sall1 is 

dependent on TGFb1 signaling, which is broadly required for microglia differentiation 

and survival 46, 114.  Sall1 expression, in concert with many other microglia-specific 

genes, falls rapidly and dramatically when microglia are transferred from the brain to an 

in vitro environment, indicating a continuous requirement for brain environmental signals 

to maintain an in vivo microglia phenotype 59, 61.  The loss of Sall1 expression in vitro 

can only be modestly rescued by TGFb1 treatment, indicating essential roles of 

additional, unknown brain environmental factors61.  Interestingly, human iPSC-derived 

HPCs that are engrafted into the brain turn on Sall1 77, 115, 116, whereas HSC-derived 

cells engrafting the mouse brain following injury or microglia depletion never gain 

expression of Sall1 78-80. These findings indicate a qualitative, ontogeny-dependent 
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difference in how the Sall1 locus responds to brain environmental signals, suggesting 

that Sall1 is one of the critical determinants of the requirement for cells of yolk sac origin 

to subsequently acquire microglia identity.  

 Recent studies of mouse and human microglia identified clusters of putative 

microglia-specific enhancers located hundreds of kilobases upstream of the 

Sall1/SALL1 promoters 32, 61.  In human microglia, Proximity Ligation Assisted ChIP-

sequencing (PLAC-Seq) experiments demonstrated that these distant genomic regions 

form a close physical association with the SALL1 promoter 32.  Furthermore, the activity 

states of these enhancers as inferred by H3K27ac, a histone modification associated 

with active enhancers and promoters 62, dramatically declined in concert with 

Sall1/SALL1 mRNA levels when microglia were transferred from the brain to an in vitro 

environment59, 61. Collectively, these findings suggested that these genomic regions 

function to control Sall1/SALL1 expression in response to brain environmental signals.      

 Here we show that Sall1 expression in microglia is regulated by a microglia-

specific enhancer, and that loss of this gene regulatory element results in a similar but 

more severe molecular phenotype than conditional knockout of Sall1 in microglia in 

adult mice. We then define the genome-wide binding of SALL1 and leverage the 

enhancer knockout model to examine the transcriptional effects of SALL1, revealing that 

SALL1 is functioning as both an activator and a repressor in microglia. We provide 

evidence that signaling through SMAD4 maintains expression of Sall1, which in turn 

collaborates with SMAD4 at key gene regulatory elements associated with microglia 

identity and function.  
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2C. Results:  

Sall1 expression in microglia is regulated by a cell type-specific super-enhancer 
 
 To identify regions of open and active chromatin that may be putative enhancers 

regulating Sall1 transcription in microglia, we performed Assay for Transposase-

Accessible Chromatin (ATAC-seq), chromatin immunoprecipitation (ChIP-seq) for 

Histone H3 Lysine 27 acetylation (H3K27ac), and ChIP-seq for p300, a transcriptional 

co-activator (Figure 2.1A). We located a region located approximately -300 kb from the 

Sall1 promoter that was marked by a cluster of high levels of open chromatin, H3K27ac, 

and p300 that meets criteria described for super-enhancers (SEs), a class of regulatory 

elements known to control cell identity-defining genes (Figure 2.1A, yellow highlight; 

Supplement 2.1A) 69, 70, 117. We performed Proximity Ligation Assisted ChIP-seq (PLAC-

seq) using Histone H3 Lysine 4 trimethyl (H3K4me3) to detect interactions between 

active promoters and putative enhancers 32, 118, thereby allowing identification of target 

genes of enhancers and SEs. The SE proximal to Sall1 loops solely to the Sall1 gene 

(Figure 2.1A), similar to what is observed with the human microglia SALL1 gene and its 

putative enhancer region 32. Conservation of DNA sequences across species is often 

used to identify functional DNA-regulatory elements 119; indeed, the open chromatin 

regions within the Sall1 SE contain elements conserved across multiple vertebrate 

species (Figure 2.1A). Regions A and C of the Sall1 SE contain sequences with ~75% 

homology to open chromatin regions in the human microglia SALL1 SE (Supplement 

2.1B). Region C from mouse microglia overlaps the most prominent region of open 

chromatin and the most robust binding site of the microglia lineage determining 

transcription factor (LDTF) PU.1 in the human SALL1 SE (Supplement 2.1B). This site 
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also contains conserved TF binding motifs for SMADs, NR4A, PU.1, ETS, IRF, and 

RBPJ (Supplement 2.1B), suggesting that this region may be a point of convergence of 

multiple cellular signaling pathways that regulate Sall1 expression. Since SALL1 is also 

known as a critical regulator of kidney development, we examined H3K27ac datasets 

from mouse embryonic day 15 and early postnatal kidney and found no overlap 

between the microglia SE and kidney H3K27ac signal (Supplement 2.1C).  

  To probe in vivo function of the Sall1 SE in microglia, we utilized CRISPR/cas9-

mediated deletion to generate mice with a homozygous knockout spanning 13 kB of the 

SE (EKO) (Figure 2.1A, blue highlight). The deletion was confirmed by Sanger 

sequencing (data not shown), sequencing of microglia input DNA, and polymerase 

chain reaction (PCR) (Supplement 2.1D). Unlike previously reported Sall1 null mice 96, 

EKO mice survive after birth (Figure 2.1B) and through adulthood. Using RNA-

sequencing (RNA-seq), we found that levels of Sall1 transcript in microglia are affected 

in an enhancer-dosage dependent manner, with a 50% reduction of Sall1 mRNA in 

heterozygous enhancer knockout mice (Het KO) and a complete loss of Sall1 mRNA in 

EKO mice (Figure 2.1C). EKO led to complete loss of H3K27ac signal at the Sall1 locus 

in microglia, while H3K27ac signal at Sall1 in other brain cell types known to express 

Sall1, such as oligodendrocytes and neurons, was unaffected by the EKO (Figure 

2.1D). Together, these results provide evidence that the effect of the enhancer deletion 

on the chromatin landscape is highly specific to microglia.  

Immunofluorescence of SALL1 in whole mouse brain sections revealed that in 

WT brain, IBA1 positive microglia robustly express SALL1 in the nucleus; multiple bright 

puncta corresponding to SALL1 localize to regions of heterochromatin stained by DAPI 
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(Figure 2.1E), consistent with what has been described in other cell systems 103, 120. In 

addition, a diffuse staining pattern is observed in the nucleus between regions that are 

intensely stained by DAPI. In contrast, brain sections of EKO mice do not exhibit either 

punctate or diffuse SALL1 staining in microglia nuclei (confirming antibody specificity) 

but do exhibit SALL1 staining in other brain cell types, consistent with marks of active 

promoter and enhancer regions in neurons and oligodendrocytes (Figure 2.1D).  

Microglia in EKO mice have notably decreased surface area, increased soma size, and 

decreased density in the cortex (Figure 2.1E, Supplementary Figure 2.1E). Similar 

changes in surface area and soma size were observed in prior studies of Sall1 knockout 

microglia 72, 81, indicating that EKO microglia phenocopy morphological features of Sall1 

KO microglia. The loss of SALL1 was also confirmed by flow cytometry of brain nuclei 

stained with SALL1 and PU1 (Supplementary Figure 2.1F).   

The complex staining pattern of SALL1 in microglia raised the question of 

whether it might play roles in genome organization, which has been proposed in past 

studies of SALL1 in other cell types 103, 107.  To better understand the consequences of 

the Sall1 super enhancer deletion and loss of Sall1 expression on three-dimensional 

chromatin architecture, we performed in situ high throughput chromatin conformation 

capture (Hi-C). In microglia isolated from wild type mice, the Sall1 locus was highly 

inter-connected, forming a topological associated domain (TAD), consistent with the 

results of the PLAC-seq assay (Figure 2.1F). In contrast, these interactions were almost 

completely lost in EKO microglia, with the corresponding PC1 values at the Sall1 locus 

shifting from positive values associated with euchromatin-containing “A” compartments 

(shaded black) to negative values associated with heterochromatin-containing “B” 
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compartments (shaded gray) (Figure 2.1F).  These results indicate that the 13Kb region 

deleted from the Sall1 super enhancer is essential for establishing the active regulatory 

features of this locus.  However, despite the complete loss of Sall1 expression, very few 

changes in chromatin connectivity or shifts in the PC1 component were observed at 

other loci. Of the nearly 104,000 PC1 values defined by these studies, only 406 are up 

(0.39%) and 219 down (0.21%) comparing EKO to WT microglia.  In concert, these data 

provide evidence that expression of Sall1 in microglia is regulated by a cell-specific 

super enhancer that is essential for the three-dimensional conformation of the Sall1 

locus and that SALL1 is not a global regulator of higher order chromatin structure in 

microglia.  
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Figure 2.1: Sall1 expression is regulated by a microglia-specific super-enhancer  
A. Genome browser tracks of ATAC-seq (sorted live cells), H3K27ac ChIP (sorted PU1+ nuclei) and p300 
ChIP (sorted PU1+/SALL1+ nuclei), in addition to PLAC-seq signal at the Sall1 locus. Green shading, 
Sall1 gene. Yellow shading, Sall1 super-enhancer. Labels A, B, and C denote the three main regions of 
open chromatin in the super-enhancer. Blue shading, region encompassing the Sall1 super enhancer 
knockout.  
B. Counts of WT, Het EKO, and EKO pups after weaning.  
C. Barplots for expression of Sall1 in WT, Het EKO, and EKO microglia. Data are from two or three 
experiments with n = 3 per group. The significance markers represent p-adj from DESeq2 comparing with 
WT. *p-adj < 0.05 and **p-adj <0.001. Error bars, SD.  
D. Genome browser tracks of H3K27ac ChIP in EKO and WT brain nuclei at the Sall1 locus. Microglia = 
PU1+ nuclei. Neurons = NeuN+ nuclei. Oligodendrocytes = Olig2+ nuclei. Green shading, Sall1 gene. 
Yellow shading, Sall1 SE.   
E. Confocal image of WT and EKO brain showing DAPI, Iba1, and SALL1.  White arrows denote location 
of SALL1 puncta in WT and lack of puncta in EKO.  
F. Hi-C contact frequency map at the Sall1 locus in WT and EKO microglia, normalized by coverage. PC1 
values denote “A” euchromatin compartment (black) and “B” heterochromatin compartment (grey).  
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Supplemental Figure 2.1 
A. Plot of WT microglia enhancers ranked by normalized H3K27ac tag count. Dotted line represents the 
cutoff for an enhancer to be considered a super-enhancer.  
B. Genome browser of the human SALL1 super-enhancer with H3K27ac ChIP, ATAC, and PU.1 ChIP. 
Regions conserved with the mouse Sall1 super-enhancer Region A and Region C are marked above the 
H3K27ac. Conserved TF binding sites are annotated in the region homologous to mouse Region C.  
C. Genome browser of the mouse Sall1 super-enhancer and the overlap of mouse H3K27ac in microglia 
and embryonic/early postnatal kidney.  
D. Genome browser showing input DNA from microglia and the Sall1 SE deletion. Primers used for 
genotyping are marked below, and results from genotyping are shown on the right.  
E. Imaging of WT and EKO brain sections stained for IBA1 and DAPI. Quantifications for n = 3 mice are 
shown on the right-hand side.  
F. Flow cytometry of brain nuclei stained for PU1 and SALL1 in WT and EKO microglia.  

0

1000

2000

3000

4000

5000

6000

7000

0 0.2 0.4 0.6 0.8 1

N
or
m
al
iz
ed

Ta
g
C
ou

nt

Ranked Peaks

Super-Enhancers Ranked by Normalized Tag Count

Sall1 SE

Super-enhancer threshold

Conserved TF motifs

Conserved with C

H3
K2

7a
c Conserved with A

AT
AC

PU
.1

Human SALL1 SE

2 -

2 -

W
T

EK
O

He
tK
O

EKO input

Deletion

WT input

DAPIIBA1 Merge

W
T

10μm

IBA1 DAPI Merge

EK
O

WT

D
en

si
ty

(IB
A1

+
ce
lls
/R
O
I)

50μm

EKO
WT EKO

0

100

200

300

400

500

Density

#Ib
a1
+c

ell
s/R

OI

✱✱

A B

f

D

FE

C

WT EKO
0

20

40

60

80

100

Soma Size

um
2

WT EKO
0

1000

2000

3000

4000

Surface Area

um
2

10 kb
236.58 _

P0 Kidney
E15 Kidney

Microglia

MicrogliaAT
AC

H3
K2

7a
c

Sall1 SE Sall1 SE

SMAD

SMAD

NR4A
PU.1IRF

RBPJ NFATETS



 24 

Reduced expression of SALL1 leads to disruption of homeostatic genes in a 

dose-dependent manner  

 Analysis of transcriptomes of WT, Het KO and EKO microglia revealed 

progressive changes in microglia gene expression that correlated with the changing 

levels of Sall1. Het KO microglia, which express Sall1 at around 50% of baseline levels 

(Figure 2.1C), exhibited upregulation of 111 genes and downregulation of 65 genes 

compared to WT microglia, while EKO microglia exhibited upregulation of 544 genes 

and downregulation 482 genes (fold-change >2 or <-2; adj. pvalue<0.05, Figure 2.2A, 

Supplementary Figure 2.2A).  Nearly all genes observed to be differentially regulated in 

Het KO microglia are contained in the sets of differentially regulated genes in EKO 

microglia (Figure 2.2B).  Differentially regulated genes in EKO microglia also overlapped 

the majority of genes observed to be differentially expressed following deletion of Sall1 

in mature mice using a conditional Cre recombinase expressed under the control of the 

Sall1 locus itself 72 (Supplementary Figure 2.2B).  The present studies identified a 

substantially larger set of differentially expressed genes, possibly due to the absence of 

Sall1 throughout microglia differentiation.  

Gene ontology analysis of differentially expressed genes in Het KO and EKO 

microglia reveals that genes with gained expression are significantly enriched for terms 

related to cytokine production, response to external stimuli, and regulation of immune 

system processes (Supplementary Figure 2.2C).  Examples are provided by Axl, Tnf, 

Apoe, and C3 genes (Figure 2.2C).  In contrast, genes downregulated in Het KO and 

EKO microglia include many microglia signature genes that are tied to processes 

including cell adhesion, cell morphogenesis, and cell junction organization 
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(Supplementary Figure 2.2C). Examples are provided by Selplg, Crybb1, Tmem119, 

and P2ry12 (Figure 2.2D).  

We defined a set of 328 highly specific microglia signature genes based on a 

>10-fold higher level of expression in microglia compared to their average expression 

across 7 different macrophage subtypes using data derived from consistent methods for 

macrophage isolation and library preparation 59, 121, 122. Notably, in this comparison, 

Sall1 is the most differentially expressed mRNA.  Of these microglia signature genes, 

108 were among the 482 genes down-regulated >2-fold in the EKO, whereas only 6 

overlapped with the 544 genes up-regulated >2-fold in the EKO (pvalue = 1.49e-63 and 

0.99, respectively, Figure 2.2E).  Although most of the highly Sall1-dependent genes 

are members of the microglia signature gene set (e.g., Upk1b, Myo18b, Nav3, 

Adamts16, Mrc2, Slc2a5, Figure 2.2A), very few have been systematically studied in 

microglia. Collectively, these findings confirm and extend the essential role of SALL1 in 

establishing microglia identity.    

We considered the possibility that some of these changes in gene expression 

could be due to loss of yolk sac-derived microglia and replacement by hematopoietic 

stem cell (HSC)-derived cells. Several independent studies documented that HSC-

derived cells that engraft the brain following depletion of embryonically derived microglia 

do not express Sall1 even after long residence times in the brain 78-80. These cells 

exhibit substantial differences in gene expression compared to yolk sac derived 

microglia, including some differences that are observed in Het KO and EKO microglia 

(Supplementary Figure 2.2D). However, HSC-derived cells cannot explain the altered 

pattern of gene expression in Het KO microglia, because ~95% of the microglia sorted 
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for gene expression express Sall1, albeit at ~50% of the level of WT microglia 

(Supplementary Figure 2.2E) and are thus of embryonic origin.  As noted above, nearly 

all the genes differentially regulated in Het EKO are contained within the set of 

differentially regulated genes in EKO microglia but are more highly differentially 

expressed in EKO microglia (Supplementary Figure 2.2F), consistent with progressive 

loss of function of Sall1 in embryonically derived cells.  In addition, there are differences 

in the patterns of gene expression of Het KO and EKO microglia with HSC-derived cells 

that engraft the brain that are incompatible with significant replacement of yolk sac 

derived microglia.  For example, Sall3 is a member of the Sall transcription factor family 

that, like Sall1, is expressed in yolk sac-derived microglia but not at all in HSC-derived 

cells 78-80.  Sall3 expression is unchanged in Het KO and EKO microglia (Figure 2.2F), 

which is inconsistent with significant replacement by HSC-derived cells. Conversely, 

HSC-derived cells express numerous genes that are not expressed by yolk sac-derived 

microglia, including Ccr2 and Lgals3, the latter of which has recently been described as 

a long-lasting marker of HSC-derived cells that engraft the brain 123.  Ccr2 and Lgals3 

are not expressed in WT, Het KO or EKO microglia as isolated for these studies (Figure 

2.2F). Lastly, gene expression changes in EKO microglia are largely concordant with 

changes resulting from conditional deletion of Sall1 in adult mice (Supplementary Figure 

2.2B).  In concert, these analyses are most consistent with Het KO and EKO microglia 

being of embryonic origin.    

  Recent studies have identified a spectrum of microglial phenotypes across 

multiple mouse models and disease states. We compared EKO gene expression (adj 

pvalue < 0.05) with previously published transcriptomic profiles from microglia in the 
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context of aging, microglia from the SOD1 model of ALS, microglia from mice after 

acute peripheral lipopolysaccharide (LPS) treatment 40, disease associated microglia 

(DAM) identified in the 5xFAD mouse model of Alzheimer’s disease, and lipid droplet 

accumulating microglia (LDAM) identified in aging 37, 41. Finally, we intersected mouse 

homologs of Alzheimer’s disease risk loci with the EKO gene signature116. The genes 

downregulated in EKO overlapped significantly with genes known to be important for 

homeostatic microglia identity50, 59, 61 and genes upregulated in LDAM (pvalue = 5.94e-

58, 9.68e-16, respectively) (Figure 2.2G, Supplementary Figure 2.2G). Genes 

upregulated in EKO microglia were most strongly related to genes upregulated in aged 

microglia, including Apoc2, Apoe, Axl, Cybb, and Mrc1 (pvalue = 3.18e-6) (Figure 2.2G, 

Supplementary Figure 2.2G). Genes upregulated in microglia from the SOD1 mouse 

model of ALS overlapping with EKO microglia included Abca1, Cst7, Dab2, and Irf7, 

and genes upregulated in microglia from LPS-stimulated mice shared upregulated 

expression of genes such as Adam9, Bcl6 and Ccl2 (pvalue = 3.58e-5, 0.95, 

respectively) (Figure 2.2G, Supplementary Figure 2.2H).  Several genes associated with 

AD risk loci were increased in expression in EKO, such as Aph1c, Ms4a6b, Ms4a6c, 

and Sorl1 (pvalue = 0.089) while another subset exhibit decreased expression in EKO, 

including B4galt4, Bin1 and Cass4 (Figure 2.2G, Supplementary Figure 2.2G). Notably, 

in addition to Ms4a6b and Ms4a6c, four other tightly linked genes in the Ms4a locus are 

strongly upregulated in EKO microglia (Supplementary Figure 2.2H).  EKO microglia 

also shared several upregulated genes with DAMs, such as Sorbs3, Lyz2, Cd72, and 

Clec7a (pvalue=0.58); however, key genes that are upregulated in DAM, such as Trem2 

and Cd9, were not upregulated in EKO (Figure 2.2G, Supplementary Figure 2.2G). In 
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concert with the observation that haploinsufficiency of SALL1 is associated with altered 

gene expression, these data suggest that quantitative reductions in SALL1 expression 

during aging or disease could contribute to pathogenic microglia phenotypes.  
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Figure 2.2: Loss of Sall1 leads to disruption of homeostatic gene expression in microglia  
A. MA plot of RNA-seq data comparing WT and EKO microglia. n=3 per group. DE genes were defined as 
p.adj < 0.05, logFC > 2 or < -2, and log2(TPM+1) > 4 in at least one group.  
B. Comparison of overlap between genes increased and decreased in EKO and Het KO microglia. p.values 
were calculated using Fisher exact test.  
C. Barplots for expression of upregulated genes in WT, Het KO, and EKO microglia. Red = WT, Grey = 
Het KO, and Blue = EKO. The significance markers represent p-adj from DESeq2 comparing with WT. ∗p-
adj < 0.05 and ∗∗∗p-adj < 0.001. Error bars, SD. 
D. Barplots for expression of downregulated genes across WT, Het KO, and EKO microglia. Red = WT, 
Grey = Het KO, and Blue = EKO. The significance markers represent p-adj from DESeq2 comparing with 
WT. ∗p-adj < 0.05 and ∗∗∗p-adj < 0.001. Error bars, SD. 
E. Overlap of significantly downregulated and upregulated genes in EKO versus genes expressed more 
highly in microglia than other tissue-resident macrophages (see supplementary table 1). Pvalue for 
overlaps was calculated using Fisher exact test.  
F. Barplots for expression of genes differentially expressed in a model of peripherally engrafted microglia-
like cells. The significance markers represent p-adj from DESeq2 comparing with circulating 
monocytes. ∗p-adj < 0.05 and ∗∗∗p-adj < 0.001. Error bars, SD. 
G. Heatmap of genes differentially expressed (p-adj from DEseq2 < 0.05) in EKO vs WT microglia that 
are associated with diverse microglia phenotypes. Each row is z-score normalized counts for each gene  
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Supplemental Figure 2.2:  
A. MA plot of RNA-seq data from WT versus Het EKO microglia. n=3  
B. Overlap of differential genes identified in EKO vs WT and Sall1 conditional knockout versus control 
(Defined by DEseq2 adj. pvalue < 0.05 and logFC >2). Pvalues for overlaps were calculated using Fisher 
exact test.  
C. Metascape GO analysis of genes significantly changed in EKO microglia  
D. Overlap of differential genes identified in EKO vs WT microglia and engrafted vs. endogenous microglia. 
Pvalues for overlaps were calculated using Fisher exact test.  
E. Flow cytometry of WT and Het brain nuclei stained for PU1 and SALL1. 
F. Boxplot of log2fold change of differential genes shared between Het and EKO microglia.  
G. Significance of gene set overlaps from Figure 2G. Dotted line represents pvalue = 0.05. 
H. Expression of Ms4 family genes in EKO and WT microglia  
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SALL1 functions as both a repressor and an activator in microglia 
 
 Despite substantial evidence pointing to SALL1 as an essential regulator of 

microglia identity, little is known about the genes that SALL1 may directly regulate or the 

underlying mechanisms.  To address these questions, we performed ChIP-seq for 

SALL1 in sorted SALL1+/PU1+ nuclei using a combination of formaldehyde and 

disuccinimidyl glutarate (DSG) to crosslink SALL1 to chromatin. 75% of the input DNA 

recovered for these experiments mapped to the A compartment of chromatin and 25% 

to the B component as defined by HiC data. Using this input DNA for ChIP-seq, we 

defined 20,139 reproducible SALL1 peaks, ~98% of which resided within the A 

compartment. ChIP-seq for SALL1 in EKO microglia recovered fewer than 100 

reproducible peaks, demonstrating the specificity of the antibody for SALL1.  The 

majority of SALL1 binding sites localized to intronic and intergenic regions, with a small 

portion of peaks falling within TSS-promoter regions (Figure 2.3A), including the Sall1 

promoter and enhancer itself (Supplementary Figure 2.3A).  Interestingly, SALL1 was 

also observed to bind at key microglia genes, such as Sparc and P2ry12 

(Supplementary Figure 2.3B.  

In parallel, we performed ATAC-seq and H3K27ac ChIP-seq in EKO microglia.  

Regardless of their developmental origin, EKO microglia represent myeloid cells 

residing in the brain environment that completely lack Sall1 expression. Comparison of 

the epigenetic landscapes of WT and EKO microglia thus provides a direct means of 

assessing the transcriptional functions of SALL1.  Analysis of ATAC seq data from WT 

and EKO microglia indicated that loss of SALL1 resulted in a >2-fold decrease in ATAC 

signal at 5139 distal sites and a >2-fold increase at 6599 distal sites (adj pvalue < 0.05, 
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Supplementary Figure 2.3C).  We then annotated every distal ATAC peak (> 3000 bp 

from TSS) with normalized H3K27ac tags (+/- 1000 bp from the peak center) in WT and 

EKO microglia to identify putative enhancers. Using a cutoff of >16 normalized H3K27ac 

tags, this analysis captured 38,864 ATAC peaks with features of active enhancers 

(Figure 2.3B). Among this set, 3213 distal regions exhibited a >2-fold increase in 

H3K27ac (blue points in Figure 2.3B) and 2493 distal regions exhibited a >2-fold 

decrease in H3K27ac (red points in Figure 2.3B) in EKO microglia (adj pvalue < 0.05) 

(Figure 2.3B).  We then intersected the putative enhancers that gained or lost H3K27ac 

in EKO microglia with SALL1 peaks. This analysis revealed that 714 regions with 

increased H3K27ac overlapped with at least one SALL1 binding site (22% of total 

upregulated peaks), while 1058 regions with decreased H3K27ac overlapped with at 

least one SALL1 binding site (42% of downregulated peaks) (dark red and dark blue 

points in Figure 2.3B).  These annotations were used to define four putative classes of 

enhancers (Figure 2.3C); those consistent with direct activation by SALL1 (presence of 

SALL1 and loss of H3K27ac in EKO n=1058), those consistent with direct repression by 

SALL1 (presence of SALL1 and gain of H3K27ac in EKO, n=714), those consistent with 

indirect activation by SALL1 (lack of SALL1 and loss of H3K27ac in EKO, n=1435)  and 

those consistent with indirect repression by SALL1 (lack of SALL1 and increase in 

H3K27ac, n=2499).   

Examples of putative enhancers exhibiting loss of H3K27ac in EKO microglia at 

sites of SALL1 binding are provided by a genomic region containing the microglia 

signature genes Tmem119 and Selplg (Figure 2.3D). These genes, which are strongly 

dependent on Sall1 for expression (Figure 2.2A), are located amidst multiple chromatin 
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loops defined by PLAC-seq that connect the Tmem119 and Selplg promoters to SALL1 

binding sites (shaded in lavender).  In addition to reduced levels of H3K27ac, these 

SALL1 binding sites also exhibit reduced binding of p300 in the EKO microglia, 

suggesting that SALL1 contributes directly to p300 recruitment, H3K27 acetylation, and 

enhancer activation at these locations.  A contrasting example is provided by a genomic 

region containing the Apoe, Apoc1, Apoc2, Apoc4 and Gm44805 genes.  These genes 

reside within an active chromatin compartment as defined by Hi-C assays of both WT 

and EKO microglia but are upregulated from 10-fold to more than 100-fold in EKO 

microglia.  These genes reside within PLAC-seq defined loops that are bounded at each 

end by SALL1 peaks (Figure 2.3D, blue stripes).  ATAC-seq and H3K27ac signal do not 

change at these SALL1 binding sites in the EKO microglia but are markedly increased 

at multiple enhancer-like locations within the PLAC-seq loops that are not bound by 

SALL1 (yellow stripes, Figure 2.3D), consistent with an indirect mechanism of 

repression of the genes within this region in WT cells.  Intriguingly, the genes 

immediately outside of the SALL1-bounded loops (Clptm1 and Tomm40) are expressed 

at the same levels in WT and EKO microglia, raising the possibility that SALL1 functions 

to insulate genes within the loop from regulatory elements controlling these and 

potentially other genes.  A similar pattern is observed within the Ms4a locus, where the 

tightly linked Ms4a7, Ms4a4a, Ms4a4b and Ms4a4c genes are upregulated more than 

50-fold in EKO microglia (Supplementary Figure 2.3E). 

To examine the relationships of changes in H3K27ac and SALL1 at distal regions 

with microglial gene expression at a genome-wide scale, we identified genes associated 

with each affected enhancer-like region and overlapped these genes with the EKO gene 
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signature (Figure 2.3E). Sites bound by SALL1 that lose H3K27ac in EKO are 

associated with 560 genes; 200 (36%) of these genes are significantly downregulated in 

EKO microglia, whereas only 16 (2.8%) are upregulated (adj pvalue <0.05).  

Conversely, sites bound by SALL1 that gain H3K27ac are associated with 439 genes, 

153 (35%) of which are upregulated in EKO microglia in comparison to 30 (6.8%) that 

are downregulated.  These findings are consistent with SALL1 acting to directly activate 

or repress gene expression via actions at nearby enhancers.  At putative enhancers that 

gain or lose H3K27ac in EKO that do not contain a SALL1 peak and indirectly regulated, 

changes in nearby gene expression are consistent with the corresponding gain or loss 

of enhancer H3K27ac (Figure 2.3E).  

 We next performed de novo motif analysis of the four classes of differentially 

regulated enhancers.  In all cases, the most highly enriched motif corresponded to the 

consensus binding site for PU.1, consistent with a major role in the selection of all four 

classes of microglia regulatory elements 47, 124 (Figure 2.3F, Supplementary Figure 

2.3C).  At the 1058 enhancer-like elements bound by SALL1 exhibiting loss of H3K27ac 

in EKO microglia, the next most significantly enriched sequences corresponded to 

motifs recognized by MEF transcription factors, a PU.1:IRF composite element, and 

motifs recognized by SMADs and MAF family members.  Mef2a, Mef2b and Mef2c are 

expressed in microglia, consistent with the possibility that the encoded proteins 

colocalize with SALL1 at these locations.  Mef2c has been reported to restrain microglia 

inflammatory responses in mice, and in humans is associated with risk alleles for 

Alzheimer’s disease 75, 125. The PU.1:IRF composite element is consistent with essential 

roles of PU.1:IRF8 ternary complexes in mediating a subset of PU.1 transcriptional 
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functions in microglia 47.  The presence of SMAD motifs was of particular interest 

because members of the SMAD transcription factor family mediate transcriptional 

responses to TGFb signaling, which is required for microglia development 46, 50.  

Deletion of Mafb in microglia has been demonstrated to disrupt developmental and 

immune functions 52.  These findings are consistent with SALL1 functioning as a 

transcriptional activator at these locations through collaborative interactions with PU.1, 

MEF, SMAD and MAF transcription factors.  

PU.1, PU.1:IRF and MEF motifs were also observed at enhancer like elements 

bound by SALL1 exhibiting gain of H3K27ac in EKO microglia (Figure 2.3F, 

Supplementary Figure 2.3C).  In addition, these regions exhibited preferential 

enrichment for motifs recognized by C/EBP and AP-1 family members, suggesting that 

SALL1 might function to directly repress their transcriptional activities at these locations.  

Peaks decreased in EKO not overlapping with SALL1 were enriched for ETV/ETS, AP1, 

the RFX family, and SMADs, indicating that these factors may be responsible for 

changes in chromatin independent of direct SALL1 binding (Supplementary Figure 

2.3C). Regions with increased H3K27ac and no overlap with SALL1 binding sites were 

enriched with motifs for the CEBP family, the PU1:IRF8 heterodimer, the AP1 family, 

and the MITF/TFE family of TFs. The presence of AP1 in upregulated H3K27ac peaks 

indicates that activity of the AP1 family may play a role in these observed changes, 

independent of SALL1 binding sites. We also examined the expression of TFs and their 

family members identified in the de novo motif analysis and found that expression of 

Irf7, Tfec, and Batf2 were significantly upregulated in EKO (fold change > 2,adj pvalue 

<0.05) and expression of Ets1 was significantly decreased in EKO (fold change < -2,adj 
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pvalue <0.05)(Supplementary Figure 2.3F), indicating that the changes in de novo 

motifs in differentially acetylated peaks may be driven by changes in TF activity 

unrelated to their level of expression. Collectively, these results support a model in 

which SALL1 acts as a both a repressor and as an activator in microglia to select and 

regulate the microglia-specific enhancer landscape.  
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Figure 2.3: SALL1 is an activator and repressor in microglia  
A. Pie Chart representing the distribution of the IDR-defined SALL1 binding sites in microglia. Data are 
from n=2 experiments.  
C. Scatterplot of distal ATAC-associated H3K27ac overlapping with SALL1 binding sites. ATAC data n=5 
per group. H3K27ac n = 2 per group. Color codes indicate significant changes (light red and light blue are 
p.adj < 0.05, FC >2) and significant changes overlapping with SALL1 binding sites (dark red and dark 
blue).  
C. Histograms of normalized H3K27ac and SALL1 counts from EKO and WT microglia at peak subsets 
defined in C. Red = WT. Blue = EKO.  
D. Genome browser tracks of WT SALL1, ATAC, H3K27ac, p300, and PLAC seq in addition to EKO 
ATAC, H3K27ac, and p300. Pink highlights indicate regions PLAC-connected to promoters where SALL1 
binds in WT and loses H3K27ac/p300 signal in EKO. Blue highlights indicate regions where SALL1 binds 
in regions PLAC-connected to promoters and yellow highlights indicate regions with an absence of SALL1 
binding and increased H3K27ac/p300 signal in EKO microglia.  
E. Overlap of genes nearest to each H3K27ac subset and genes differentially expressed in EKO 
microglia (p-adj from DESeq2 < 0.05)  
F. Enriched motifs in each subset of differential distal chromatin regions using GC-matched genomic 
background.  
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Supplemental Figure 2.3:  
A. Overlap of  WT and EKO SALL1 IDR ChIP peaks  
B. Genome browser of WT SALL1 ChIP signal at loci associated with key microglia genes.  
C. Scatterplot of ATAC peaks in WT vs EKO. N=5 per group. Color codes indicate significant changes 
(dark red and dark blue are p.adj < 0.05, FC >).  
D. De novo motifs identified in Figure F.  
d. De novo motifs identified from IDR-defined SALL1 peaks.  
E. Genome browser of WT SALL1 ChIP and ATAC/H3K27ac ChIP in WT and EKO microglia at the Ms4 
locus.  
F. Heatmap of expression of TFs identified in the motif analysis in 3C in EKO and WT microglia.   
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Smad4 and Sall1 regulate a common set of microglia identity genes  
 
 TGF-Beta signaling, which plays a critical role in forming microglia identity and 

promoting microglial survival 46, 50, is known to control expression of Sall1 and other key 

microglial genes 46, 50, 73, 126. Signaling via TGFBR2 induces the activation of the 

receptor-associated SMADs (R-SMADs), SMAD2 and SMAD3. These R-SMADS 

complex with SMAD4 and translocate to the nucleus, where they localize to SMAD-

binding elements at TGF-beta target genes 127. The enrichment of SMAD family motifs 

in the Sall1 SE and in enhancer-like regions losing H3K27ac in EKO suggested that 

SMADs may be both controlling Sall1 expression and playing a role as important 

binding partners of SALL1 in microglia. Since SMAD4 is a unique co-factor utilized by all 

receptor-activated SMADs, we used an inducible, conditional deletion of Smad4 

(Cx3cr1ERT2x Smad4fl/fl, Smad4 cKO, Supplement 2.4A) and measured the effects of 

Smad4 cKO on the microglial transcriptome. 832 genes were increased (logfold change 

>2, FDR < 0.05) in expression in Smad4 cKO microglia, and 595 genes were decreased 

in expression (logfold change <-2, adj pvalue < 0.05) (Figure 2.4A). Genes upregulated 

in Smad4 cKO microglia were related to cell cycle (Birc5, Bub1b, Tuba1c, Cdc25b, 

Apbb1), cytokine production (C3ar1, Il1b, Ccl2, Cd83), and response to external 

stimulus (C5ar1, Il6, Nfkbia, Tnf) (Supplementary Figure 2.4B).  The presence of cell 

cycle genes is likely related to Smad4’s role as a transducer of TGF-beta signaling in 

microglia development; indeed, numbers of microglia were somewhat reduced in 

Smad4 cKO microglia, congruent with what has been described in models disrupting 

TGF-beta signaling in early microglia 46, 50 (Supplementary Figure 4C). Downregulated 

genes were affiliated with categories such as regulation of cell adhesion (Smad3, 
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Smad7, Notch4, Apbb1ip, Inpp5d), cell junction organization (Cx3cr1, Itgam, Pecam1), 

and regulation of cell migration (Adam10, Ccr6, Sparc).  (Supplementary Figure 2.4B). 

Loss of Smad4 resulted in a 75% decrease in Sall1 expression (Figure 2.4C), consistent 

with prior studies demonstrating that Sall1 is positively regulated by TGFb1 and further 

suggesting that the Smad4 cKO should partially phenocopy the Sall1 EKO. 

  To examine similarities between EKO and Smad4 cKO transcriptional signatures, 

we overlapped the differentially expressed genes from each condition (Figure 2.4B). 

68% (370/545) of genes increased in EKO overlapped significantly with genes 

increased in Smad4 cKO microglia (pvalue = 9.69e-298). This subset of genes included 

Apoe, Axl and Mrc1 (Figure 2.4D). 60% (290/482) of genes decreased in EKO 

overlapped with genes increased in Smad4 cKO (p value = 6.67e-257), and included 

genes such as Crybb1, P2ry12, and Tmem119 (Figure 4C). We examined the genes 

differentially changed in Smad4 cKO alone and found that loss of Smad4 caused a 

decrease in Sall3 and members of the TGF-beta signaling pathway, such as Smad3, 

Smad7, and Skil, while EKO microglia did not have decreased levels of these genes 

(Figure 2.4E). Taken together, these results indicate that Smad4 is upstream of Sall1 

and may potentially collaborate with SALL1 at multiple loci important for microglia 

identity and inflammation.  
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Figure 2.4: Smad4 regulates the expression of microglial genes  
A. MA plot of RNA-seq data comparing WT and Smad4 cKO microglia.  
n=2-4 per group. DE genes were defined as p.adj < 0.05, logFC > 2 or < -2, and log2(TPM+1) > 4 in at 
least one group.  
B. Overlap of differential genes in EKO microglia versus Smad4 cKO microglia. pvalue was calculated 
using Fisher exact test.  
C. Barplots for expression of downregulated genes in WT and Smad4 cKO microglia. Orange = WT. 
Green = Smad4 cKO. The significance markers represent p-adj from DESeq2 comparing with WT. ∗p-
adj < 0.05 and ∗∗∗p-adj < 0.001. Error bars, SD. 
D. Barplots for expression of upregulated genes in WT and Smad4 cKO microglia. Orange = WT. Green = 
Smad4 cKO. The significance markers represent p-adj from DESeq2 comparing with WT. ∗p-adj < 0.05 
and ∗∗∗p-adj < 0.001. Error bars, SD. 
E. Barplots comparing expression of genes differentially expressed in WT versus EKO and WT versus 
Smad4 cKO. The significance markers represent p-adj from DESeq2 comparing with WT. ∗p-adj < 0.05 
and ∗∗∗p-adj < 0.001. Error bars, SD. 
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Supplemental Figure 2.4:  
A. Schematic of experimental setup for conditional Smad4 KO mice.  
B. Metascape GO analysis of genes significantly changed in Smad4 cKO microglia 
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SALL1 regulates DNA binding and function of SMAD4  
 
 To assess mechanisms underlying functional interactions between SMAD4 and 

SALL1 at the level of DNA binding, we performed ChIP-seq for SMAD4 in sorted 

microglia nuclei. We identified almost 8000 reproducible SMAD4 peaks, which localized 

primarily to distal intergenic and intronic regions (Figure 2.5A). De novo motif analysis 

revealed that SMAD4 peaks were enriched for PU.1, SMAD, IRF, and AT-rich MEF 

family motifs, indicating that SMAD4 binding is likely driven by collaborative interactions 

with microglia lineage determining factors (Supplementary Figure 2.5A).  As expected, 

SMAD4 binds to promoters and putative enhancers of genes that are dependent on 

TGFb signaling and are associated with microglia identity, such as Olfml3, as well as 

genes encoding known TGFb pathway regulators, such as Tgfbr2 and Skil 

(Supplementary Figure 2.5B).   Notably, SMAD4 binds strongly to regions A, B and C of 

the Sall1 super enhancer proximal to SALL1 and PU.1 (Figure 2.5A), consistent with the 

presence of conserved SMAD motifs (Supplementary Figure 2.1B).   

Remarkably, we found that on a genome-wide scale 72% (5750/7985) of SMAD4 

peaks overlapped with a SALL1 binding site (Figure 2.5C), suggesting that in addition to 

roles in the activation of Sall1 expression, SMADs and SALL1 might also function as 

collaborative binding partners to regulate microglia-specific enhancers. To probe a 

potential relationship between SMAD4 and SALL1 binding, we leveraged the lack of 

SALL1 expression in EKO microglia to assess changes in SMAD4 binding at distal 

regulatory regions upon loss of SALL1.  We performed SMAD4 ChIP in EKO microglia 

and observed that 645 distal SMAD4 peaks were decreased and 667 distal SMAD4 

peaks were increased (>2-fold, FDR <0.05) in comparison to WT microglia (Figure 
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2.5D). Of the SMAD4 peaks that were reduced in EKO microglia, 75% (484/645) 

overlapped with a SALL1 peak (Figure 2.5D), consistent with SALL1 directly 

contributing to SMAD4 binding at these locations.  An example is provided at the 

genomic locus containing Tmem119 and Selplg, in which SMAD4 co-binds with SALL1 

at putative enhancer elements in WT microglia (Figure 2.5E, yellow highlights).  SMAD4 

binding is significantly reduced at these locations in EKO microglia.   

Of the SMAD4 peaks that were gained in EKO microglia, 46% (309/667) 

overlapped with a SALL1 peak in WT microglia (Figure 2.5D).  This result suggests that 

at these sites, SALL1 functions to directly restrict SMAD4 binding.  The 54% of SMAD4 

peaks that are gained in EKO microglia and do not overlap with SALL1 peaks provide 

evidence that the absence of SALL1 also enables redistribution of SMAD4 to alternative 

locations. An example of SMAD4 redistribution in EKO microglia is provided by the 

genomic locus containing Apoe, Apoc1, Apoc2, Apoc4 and Gm44805.  SMAD4 binding 

is largely absent at this locus in WT microglia, while substantial binding is observed at 

multiple enhancer-like regions in EKO microglia (Figure 2.5F, green highlights). 

A global analysis of H3K27ac signal at genomic locations exhibiting gain or loss 

of SMAD4 found that SMAD4 peaks that increased in EKO microglia, regardless of 

overlap with a SALL1 binding site, were characterized by an increase in EKO H3K27ac 

signal (Supplementary Figure 2.5C). Conversely, SMAD4 peaks that were 

downregulated in EKO microglia, regardless of overlap with a SALL1 binding site, were 

associated with reduced H3K27ac signal (Supplementary Figure 2.5C). These results 

indicate that SMAD4 is primarily acting as an activator of the chromatin landscape at 

sites that are directly or indirectly affected by SALL1. De novo motif analysis revealed 
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that all subsets of differential SMAD4 peaks shared enrichment for PU1, ETS and 

SMAD motifs (Supplemental Figure 2.5D). SMAD4 peaks gained and lost in EKO that 

overlapped with a SALL1 binding site were further enriched for AT-rich MEF motifs.  In 

contrast, SMAD4 peaks that were gained in EKO and non-overlapping with SALL1 

binding sites were enriched for AP1 motifs (Supplemental Figure 2.5D). It is known that 

SMADs can partner with the AP-1 complex 128, 129 which may indicate that SMAD4 

redistribution in EKO is in part driven by collaboration with AP-1.  

Lastly, we evaluated SMAD4 binding at each of the four categories of enhancers 

defined by gain or loss of H3K27ac in EKO microglia and the presence or absence of a 

SALL1 peak in WT microglia illustrated in Figure 2.3C.  High levels of SMAD4 binding 

were observed at enhancers occupied by SALL1 in WT microglia and in which H3K27ac 

levels fell in EKO microglia (directly activated enhancers).  Notably, SMAD4 binding was 

markedly reduced at these enhancers in EKO microglia (Figure 2.5G, upper left panel).  

Conversely, low levels of SMAD4 binding were observed at enhancers occupied by 

SALL1 in WT microglia and in which H3K27ac levels increased in EKO microglia 

(directly repressed enhancers).  At these locations, SMAD4 binding increased 

significantly in EKO microglia (Figure 2.5G, lower left panel).  SMAD4 binding was also 

observed to decrease at indirectly activated enhancers and increase at indirectly 

repressed enhancers in EKO microglia, but to a lesser extent than at enhancers bound 

by SALL1 in WT microglia (Figure 2.5G upper and lower right panels).  These findings 

provide evidence that SALL1 functions to specify the microglia-specific binding pattern 

of SMADs. 
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Figure 2.5: SALL1 and SMAD4 collaborate at key microglia genes  

A. Pie chart representing distribution of IDR-defined SMAD4 peaks. n=2. B. Genome browser tracks of 
H3K27ac ChIP, ATAC, SALL1, PU.1 and SMAD4 ChIP at the Sall1 super enhancer in WT microglia. 
Yellow highlights and A,B,C labels represent the three main regions of open chromatin in the super-
enhancer.  
C. Overlap of IDR-defined SALL1 and SMAD4 peaks in WT microglia.  
D. Scatterplot of distal SMAD4 peaks overlapping with SALL1 binding sites. Color codes indicate 
significant changes (light red and light blue are p.adj < 0.05, FC >2) and significant changes overlapping 
with SALL1 binding sites (dark red and dark blue).  
E. Genome browser tracks of WT ATAC, SALL1 and PLAC-seq, in addition to SMAD4 in EKO and WT at 
the Selplg/Tmem119 locus. Yellow highlights indicate regions where SMAD4 binding is diminished in 
EKO upon loss of SALL1 binding.  
F. Genome browser tracks of WT ATAC, SALL1 and PLAC-seq, in addition to SMAD4 in EKO and WT at 
the Apoe locus. Pink highlight shows region where loss of direct SALL1 binding leads to increased 
SMAD4 signal in EKO. Green highlights demonstrate regions where SMAD4 binding increases in EKO, 
independent of a SALL1 binding site.  
G. Histograms of normalized H3K27ac and SMAD4 counts from EKO and WT microglia at peak subsets 
defined in 3C. Red = WT. Blue = EKO. 
H. Schematic of the proposed collaboration between SALL1 and SMAD4 in determining microglia identity  
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Supplemental Figure 2.5:  
A. De novo motifs identified in IDR-defined SMAD4 peaks in WT microglia  
B. Genome browser of WT SMAD4 binding at microglia genes and TGF-beta responsive genes  
C. Histogram of H3K27ac and SMAD4 signal at differential, distal SMAD4 peaks in EKO vs WT.  
D. De novo motif analysis of the SMAD4 peak subsets identified in Supplementary Figure 5C 
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2D. Discussion:  

 Here we demonstrate that a conserved genomic region 300kb upstream of the 

Sall1 gene functions as a cell-specific super enhancer required for expression of Sall1 

in microglia.  The finding that this regulatory region is occupied by SMAD4 and that 

Sall1 expression requires TGFb signaling 50 is consistent with a model in which TGFb 

induces Sall1 in yolk sac-derived hematopoietic progenitor cells that enter the 

embryonic brain by directly activating the Sall1 super enhancer via SMADs (Figure 

2.5H, top left).  The observation that SALL1 itself binds to the super enhancer in concert 

with SMAD4 further suggests the possibility of a positive feedback loop that amplifies 

Sall1 expression. Remarkably, studies of the homologous Spalt gene in Drosophila 

demonstrated that its expression in specific regions of the wing requires Dpp, a 

Drosophila homologue of TGFb 83, 130. The conservation of a hierarchical relationship in 

which TGFb/Dpp regulate the expression of Sall1/Spalt in a cell-specific manner from 

Drosophila to mammalian cells suggests that the mechanisms by which Sall1 shapes 

the transcriptional response to expanded upon here in microglia may operate in other 

organ systems in which loss of Sall1 results in developmental defects.  Although TGFb 

signaling through SMADs is essential for developmental activation and homeostatic 

expression of Sall1, TGFb  is not sufficient to maintain Sall1 expression when microglia 

are transferred to an in vitro environment, or to activate Sall1 expression in microglia-

like cells that are differentiated from iPSCs in vitro 61, 76.  The identities of the additional 

signaling factors required to induce Sall1 expression within the brain remain enigmatic, 

but we speculate that they are likely exerting their effects through the Sall1 super 

enhancer. 
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The genome wide binding profiles of SALL1 and SMAD4, in concert with 

epigenetic analyses of WT and EKO microglia, provide strong evidence for an 

unexpected and additional layer of functional interactions between these two proteins 

that results in activation of hundreds of regulatory elements that are associated with the 

expression of microglia identity genes. We also find evidence that SALL1 can function 

as a transcriptional activator independently of SMAD4 and vice versa, which is likely 

occurring through collaborative interactions with other microglia lineage determining 

factors (microglia-specific enhancer box in model figure). Collectively, these findings 

support direct roles of SALL1 and SMADs acting together and independently in the 

selection and activation of a large fraction of the enhancers that regulate microglia-

specific patterns of gene expression.   

 The downstream relationship of Sall1 from the TGFb -SMAD signaling axis is 

sufficient to partially explain similarities in altered gene expression resulting from loss of 

expression of Sall1 in EKO microglia and conditional loss of expression of SMAD4. Past 

studies of SALL1’s role in microglia have focused primarily on its ability to repress an 

inflammatory gene expression profile and amoeboid phenotype in microglia 72, 81. 

However, studies of other cell systems, such as embryonic stem cells and kidney 

progenitors, revealed that SALL1 can potentially function as both an activator and as a 

repressor depending on posttranslational modifications of SALL1 and through its 

interactions with key cell lineage determining factors and the NuRD histone remodeling 

complex 100, 104, 105, 131, 132. 

Prior studies of Sall1 in other model systems have emphasized its roles as a 

transcriptional repressor 98, 103.  However, the genome wide binding profiles of SALL1 
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and SMAD4, in concert with epigenetic analyses of WT and EKO microglia, provide 

strong evidence for an unexpected layer of functional interactions between these two 

proteins that results in direct activation of hundreds of regulatory elements that are 

associated with the expression of microglia identity genes (Figure 2.5H, yellow box). We 

also find evidence that SALL1 can function as a transcriptional activator independently 

of SMAD4 and vice versa, likely through collaborative interactions with other microglia 

lineage determining factors (Figure 2.5H). Collectively, these findings support direct 

roles of SALL1 and SMADs acting together and independently in the selection and 

activation of a large fraction of the enhancers that regulate microglia-specific patterns of 

gene expression.   

The observation that hundreds of genes are upregulated in EKO microglia also 

supports functions of SALL1 as a transcriptional repressor that is required to maintain a 

microglia-specific and homeostatic phenotype.  We observe evidence for both direct 

and indirect mechanisms of repression.  Examples of direct repression are provided by 

the ~309 SMAD4 peaks that are gained in EKO cells at genomic locations that are 

occupied by SALL1 in WT microglia.  In these cases, SALL1 appears to exert a local 

repressive function by preventing access of SMADs that would otherwise contribute to 

enhancer activity (Figure 2.5H, pink box), thereby restricting the scope of TGFb/SMAD-

dependent gene expression to a microglia-specific pattern.  The observation that 

H3K27ac levels increase at more than 700 SALL1 binding sites in EKO microglia 

suggests that SALL1 plays similar roles to restrict the binding and function of 

transcription factors beyond the family of SMADs.  The mechanisms that determine 
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whether SALL1 acts to locally enhance or inhibit SMAD4 binding and functionality 

represent an important question for future investigation. 

The most numerous examples of upregulated enhancers in EKO microglia are 

not associated with local binding of SALL1, as exemplified by enhancers in the vicinities 

of the Apoe and Ms4a genes. At these locations, clusters of closely positioned genes in 

EKO microglia are upregulated up to 100s of fold above levels observed in WT 

microglia.  These regions reside within active chromatin domains as determined by Hi-C 

assays in WT microglia and exhibit basal levels of open chromatin and H3K27ac. Thus, 

the dramatic increases in H3K27ac and gene expression are not due to large scale 

shifts from heterochromatin to euchromatin.  Although there is preferential enrichment 

for AP-1 motifs within these regions, there is otherwise no evidence for increased 

expression of these factors. These findings suggest that SALL1 exerts indirect control 

over distal regions of chromatin by binding to key regulatory elements within or at the 

borders of such regions.  Such a mechanism would be consistent with the recent 

identification of coordinately regulated enhancers and genes within so called Cis 

Regulatory Domains 133, Variable Chromatin Domains 134 and Highly Inter-Connected 

Enhancers 135 in which the activities of many regulatory elements are proposed to be 

dependent on a master control element within the regulatory domain.  In this context, 

SALL1 could serve to prevent the activation of such a master control element or serve 

as an insulator defining the boundary of its activity (Figure 5H, green box).   In this 

model, loss of SALL1 would thus lead either to activation of an element controlling 

multiple genes and enhancers or allow such an element to act over a longer genomic 

distance. The positions of SALL1 peaks in the vicinity of the Apoe and Ms4a loci are 
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consistent with SALL1 functioning as an insulator to prevent activation of genes 

between these peaks from being activated by enhancers outside of the peaks.  

We identified a significant overlap between genes increased in aged microglia 

and genes increased in EKO microglia. Our RNA-seq data also identified several loci 

associated with Alzheimer’s disease whose expression is affected in EKO microglia. 

These data indicate that SALL1 may be playing a role in the transcriptional network 

associated with disease pathophysiology, and that changes in Sall1 expression, 

whether due to genetic variation or changes in signals acting at the super-enhancer, 

may influence the behavior of microglia in disease. 

 Using ChIP-seq, we identified the putative binding sites of SALL1 in microglia; de 

novo motif analysis shows that SALL1 is likely binding at the same sites as several 

microglia LDTFs, such as PU.1, IRFs, and MEF family members. The enrichment of 

motifs for microglia lineage determining transcription factors at SALL1 binding sites is 

consistent with roles of these factors as collaborative binding partners that drive the 

selection and function of the microglia-specific regulatory landscape61, 68. Notably 

absent from the motif enrichment profiles of enhancer-like elements bound by SALL1 

and either gaining or losing H3K27ac, or of the entire set of SALL1 peaks, was the 

presence of a motif that could be uniquely connected to SALL1 itself. It is unlikely that 

this is due to lack of specificity of the ChIP assay because ChIP-Seq for SALL1 in EKO 

microglia yielded a pattern similar to input DNA with 68 peaks, only 63 of which 

overlapped with WT peaks (0.3% of the total reproducible peaks, Supplementary Figure 

3E).  SALL1 is a member of the C2H2 zinc finger family of transcription factors; while 

this family is fairly well-studied, the precise manner in which these factors interact with 
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DNA, RNA, and other proteins is not fully understood136.  Previous studies 

demonstrated that the fourth zinc finger of SALL1 and family members such as SALL4 

binds to AT-rich sequences associated with pericentric heterochromatin, a form of 

constitutive heterochromatin located in chromocenters, which can organize into clusters 

in the nucleus and play a role in meiosis100, 103, 107, 108, 137-139.  The present studies are 

limited with respect to interpretation of SALL1 binding and function at such 

heterochromatic regions in microglia due to the nearly exclusive representation of 

SALL1 peaks in regions of gene-rich open chromatin as defined by the PC1 component 

of HiC data. However, our findings are consistent with the major transcriptional effects 

of SALL1 in microglia being due to its binding to these gene-rich, euchromatin-

associated regions. Interestingly, AT-rich sequences were among the most highly 

enriched motifs at SALL1 binding sites, but were assigned to MEF family members, 

which are also expressed in microglia.   It is possible that SALL1 is using its multiple 

zinc finger clusters in different ways at positively and negatively regulated enhancers to 

either bind directly to DNA at MEF-like motifs or interact with DNA indirectly through 

collaborations with other transcriptional regulators.  Future studies will be necessary to 

clarify these mechanisms. However, most studies describing SALL1’s localization to AT-

rich regions of DNA focused on the role of SALL1 at pericentromeric heterochromatin 

(PCH), a form of constitutive heterochromatin located in chromocenters, which can 

organize into clusters in the nucleus and play a role in meiosis138, 139. Given the 

technical challenges associated with sequencing the repetitive tandem satellite repeats 

inherent to PCH, our observations of SALL1 binding sites in microglia are most likely 

representative of its function in gene-rich regions rather than at regions of 
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heterochromatin. It is possible that the binding sites we identified represent loci where 

SALL1 is using its multiple zinc finger clusters to either bind directly to DNA or interact 

with DNA indirectly through collaborations with other transcriptional regulators; future 

studies will be necessary to further clarify the DNA binding motif and binding partners of 

SALL1 in microglia.  

We show that staining for SALL1 in mouse brain sections reveals that SALL1 is 

localized to multiple bright puncta near DAPI-dense regions in the nucleus of microglia, 

and that these puncta disappear in EKO microglia, potentially reflecting its localization 

to chromocenters 103, 106. SALL1’s putative role in binding to PCH raises additional 

questions surrounding its function in basic microglial biology. Does SALL1 play a role in 

the formation and maintenance of PCH, and is this linked to SALL1’s known role as a 

factor maintaining pools of progenitor cells during development?  Microglia are one of 

the few TRM populations that rely on self-renewal to maintain appropriate cell 

numbers140, and Sall1 is uniquely expressed in microglia compared to other TRMs58; 

this raises the question as to whether SALL1 is involved in network of transcriptional 

regulators controlling the process of microglial self-renewal. Interestingly, we observe a 

lower density of Iba1+ cells in adult EKO versus WT brain sections, which indicates that 

loss of Sall1 may 1) affect the number of microglia precursors entering the brain early in 

development, 2) impede the ability of microglia to initiate or complete self-renewal or 3) 

result in the premature death of microglia with no replacement. Future studies of the 

EKO mice will be needed to further characterize the effects of SALL1 on microglia self-

renewal.  
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 In the studies described here, we show that the Sall1 super-enhancer is 

microglia-specific, and that deletion of this enhancer leads to loss of Sall1 transcript, a 

complete ablation of active chromatin defined by H3K27ac-seq signal, open chromatin 

defined by ATAC-seq, and binding of several transcription factors across the entire 

Sall1 locus in microglia. As expected, the chromatin at this locus switched from active 

chromatin in Compartment A to heterochromatin in Compartment B. These changes are 

reminiscent of what has been described for locus control regions (LCRs). LCRs are 

described as genomic regions that open chromosomal domains and enhance the 

tissue-specific,  and copy-number dependent of expression of linked genes141.  A closer 

look at the Sall1 locus in microglia reveals that the Sall1 gene is not the sole transcript 

in the region spanning from Sall1 to its associated super-enhancer. A microRNA 

(miRNA), mir8110, lies +2367bp away from the Sall1 gene. It is widely appreciated that 

miRNAs are expressed in microglia50 and potentially play a role in microglial activation 

during disease conditions 142, yet the full profile and functions of miRNAs expressed in 

microglia at steady-state have not been comprehensively studied. It is possible that 

mir8110 is regulated in tandem with the Sall1 gene by the SE in microglia; however, 

further work is needed to elucidate the function and regulation of this miRNA in 

microglia.  

 Interestingly, a long non-coding RNA (lncRNA) called Gm3134 (Sall1os) shares 

the Sall1 promoter and runs in the opposite direction of Sall1. The human SALL1 gene 

is similarly associated with a lncRNA, indicating that there may be conservation of the 

Sall1 gene’s association with a lncRNA. Promoter-associated noncoding RNAs 

(pancRNAs) are known to perform roles as cis-acting regulatory elements in the 
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transcription of neighboring genes through the recruitment of transcriptional regulators 

and the formation of active chromatin 143, 144. lncRNAs can also play cell and tissue 

type-specific roles in cellular differentiation and development 145, 146. Gm3134 is 

expressed in the adult and embryonic brain, kidney, and liver147, but its expression in 

steady-state microglia is unknown. It is possible that this pancRNA is modulating the 

induction or maintenance of Sall1 expression in a microglia-specific manner, but further 

studies will be required to validate its role in the regulation of Sall1.  

 Several predicted genes, including Gm35358, Gm6625, Gm5356, Gm35542, 

Gm26331, and Gm24212 are in the region spanning Sall1 and its SE. Whether these 

transcripts are detectable or functional in microglia remains to be determined. Taken 

together, the effect of the EKO on the Sall1 locus plus the presence of additional 

putative transcripts spanning this region suggests that the super-enhancer may be 

functioning as a LCR, however, more work, such as a more precise deletion of the 

Sall1-associated SE’s individual elements and in vitro reporter assays, will be required 

to test this hypothesis.  

 We also found that dose of the Sall1 SE and dose of Sall1 regulated microglia 

gene expression. Het EKO microglia, which express Sall1 at 50% of baseline levels, 

downregulate multiple key microglia genes and upregulate genes associated with 

inflammation, such as Apoe and Axl. This observation of full Sall1 expression being 

necessary for proper gene expression is consistent with what is observed in patients 

presenting with mild Townes Brocks Syndrome whose mutations fall outside of the 

protein-coding region of SALL1, rendering them SALL1 haploinsufficient 87. Our finding 

that Sall1 Het KO microglia exhibit altered transcriptional profiles has ramifications for 
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the neuroimmune field and the use of various transgenic mouse models. Multiple 

studies have utilized Sall1-GFP and Sall1creER mouse models to observe microglia and 

to knockout genes in what is thought to be a microglia-specific manner72, 81. However, 

given that these mouse models were created using a knock-in approach, all microglia in 

these mice will be heterozygous for Sall1.  Since we observe that Sall1 dose is 

important for the expression of some microglia genes and the repression of 

inflammatory genes, it begs the question as to whether these mouse models are 

appropriate for studying microglial biology during both steady-state and disease 

conditions.  

 It is also known that mouse microglia express other SALL family members, Sall2 

and Sall3, and that SALL family members can homo- and heterodimerize61, 148. We 

found that Sall1 does not regulate levels of Sall3 or Sall2 in microglia, which indicates 

that these factors might play a compensatory role in EKO microglia at regions where 

SALL1 binds. To better understand how SALL1 interacts with SALL2 and SALL3 in 

microglia to guide transcriptional responses to the brain environment, and therefore 

microglia identity, additional ChIP-seq assays will need to be performed in microglia 

throughout development and after perturbation. 

 Taken together, the completed studies are the first to examine the regulation of 

Sall1 by a putative gene regulatory element and the binding sites, transcriptional 

function, and collaborating factors associated with SALL1 in microglia. The results of 

these studies will bolster the present understanding of basic microglial biology and 

provide a stronger framework for understanding how basal microglial conditions are 

altered in disease states.  
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 In concert, the present studies identify a conserved microglia-specific super 

enhancer that is activated by SMADs and is required for expression of Sall1.  

Investigation of the genome wide binding of SALL1 and SMAD4 and the epigenetic 

consequences of the loss of each protein provide evidence for functional interactions 

between these proteins that enable TGFb to induce a microglia-specific program of 

gene expression. The finding that haploinsufficiency for Sall1 is associated with 

significant changes in the expression of genes associated with aging and 

neurodegenerative diseases raises the possibility that quantitative changes in its 

expression could contribute to disease phenotypes.  Among the intriguing and 

unanswered questions that remain to be solved are why activation of the Sall1 gene is 

restricted to hematopoietic progenitor cells and what are the identities of brain 

environmental factors required in addition to TGFb to turn on and maintain Sall1 

expression in microglia. Further studies of the Sall1 super enhancer are likely to provide 

insights into these questions. 
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2E. Materials and Methods: 
 
 
Mice  
 All animal procedures were approved by the University of California San Diego 

Animal Care and Use Committee in accordance with the University of California San 

Diego research guidelines for the care and use of laboratory animals. The following 

mice were used in this study: C57BL/6J (The Jackson Laboratory, Stock No. 00064), 

Sall1 EKO (generated by Glass lab and transgenic core facility, University of California, 

San Diego), Cx3cr1CreER 54(The Jackson Laboratory, Stock No. 020940), and Smad4fl/fl  

149(The Jackson Laboratory, Stock No. 017462). For experiments with C57BL/6J and 

Sall1 EKO, mice were used between 8-12 weeks of age. Experiments for targeted, 

inducible deletion of Smad4 were performed on mice at 2 weeks of age.   

Generation of Sall1 EKO Mouse 

sgRNA Design and Testing  

 sgRNAs targeting the selected 5’ and 3’ regions of the Sall1 enhancer were 

designed using the Broad Institute’s Genetic Perturbation Platform sgRNA Designer 

with the mouse reference genome and ‘NGG’ specified for enzyme 

(https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design). The top 5 

sgRNAs for each end of the deletion were further filtered using the Integrated DNA 

Technologies CRISPR-cas9 guide RNA design checker (https://www.idtdna.com 

/site/order/designtool /index/CRISPR_SEQUENCE), and the 3 guides per end of the 

enhancer with the highest scores were selected for additional testing in an in vitro 

cutting assay. To amplify DNA templates for the cutting assay, 50 ng of genomic DNA 

from C57Bl6J mice was amplified using 10 µM of primer pairs (primers: 
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TTGTACTCGAGTAGAGCCATGCTCGG, CAGGGCTCTGGGCTTTGATGCT , 

AGTGCTTCTGGGGCAACGTGGA , GGCTTCTGCAAAGTGAGGGCTCCA, 

CAGCAAGTGTTTGATGCTTATCTCCCGT, GCCCAAAGTTCAAAGACCTGCTGT, 

GGAGAGTGTTCTGGAAAGCAGGGAGA, CTGGCATCTGGAGTCCCAGACACT, 

CATCAGAGGTGGAAAGCCCAGCA,  CCACTTTGGGAGGTGACACATGGT), 25 µL of 

2x Xtreme buffer, 10 µL of 2mM dNTPs, 10 µL of nuclease free water, and 1 µL of KOD 

Xtreme Hot Start DNA polymerase. The DNA fragments were amplified according to the 

KOD manufacturer protocol, ran on a 1.5% agarose gel, and purified using Nucleospin 

gel extraction kits and eluted in 15 µL of nuclease free water. crRNAs and tracrRNAs 

were dissolved in IDTE (pH 7.5) at a concentration of 100 µM. To create 10 µM 

annealed guide RNA, 2 µL of crRNA, 2 µL of tracrRNA and 16 µL of IDTE (pH7.5) were 

mixed and incubated at 95℃ for 5 minutes with a ramp down of 5℃/min until 25℃. For 

in vitro digestion, 3 µL of Cas9 protein (300ng/ µL), 3 µL of 10 µM annealed guide RNA, 

3 µL of 10X Cas9 reaction buffer 6 µL of 150 ng/ µL PCR product, and 15 µL of 

nuclease free water was incubated at 37℃ for 1 hour. Equal amounts of each reaction 

were run on a 1.5% agarose gel, and the cutting efficiency was measured using ImageJ 

150. The two best-cutting guide RNAs for each end of the enhancer were selected for 

use in the germline deletion of the enhancer.  

Super Ovulation of mice 

 16 female mice were super-ovulated. Overnight matings were set up, and the 

following morning the oviducts of each female mouse were harvested. Injection of 

sgRNAs and Cas9 protein into pronuclei of one cell stage zygotes was performed by the 

UCSD Transgenic Animal Core.  
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Preparation of sgRNAs for injection into fertilized eggs  
 
 Preparation of sgRNAs was performed as previously described 151. On the 

morning of the injection day the reagents were prepared as follows: Each crRNA 

(protospacers: GAATGACCCTGGCAATCATG, TCCATAAGATAGCTTAGGGA, 

CTTGACAGACATT ACACAGG, CTAGAATCGGCTTTGGTGCT) was annealed to 

tracRNA in IDTE (pH 7.5) at 95℃ for 5 minutes ramped down to 25℃ at 5℃ per minute. 

Cas9 protein (NEB#M0646T) was diluted in IDTE (pH 7.5) and incubated with annealed 

guide RNAs for 10 minutes at room temperature. ssODN and IDTE were then mixed 

and incubated at room temperature for another 5 minutes, and spun at 10,000 rpm for 1 

minute. The supernatant was transferred to a new tube and transferred to the UCSD 

Transgenic Core for injection.  

Confirmation of enhancer deletion and genotyping of enhancer deletion mice 

 Genetically targeted mice from the CRISPR-mediated deletion were screened by 

PCR with KOD Xtreme Hot Start DNA polymerase (EMD Millipore) using three primers: 

5’F (GGAGAGTGTTCT GGAAAGCAGGGAGA), 5’R internal to the deletion 

(CTGGCATCTGGAGT CCCAGACACT) and 3’R (GCCCAAAGTTCAAAGACC 

TGCTGT). 5’F + 5’R internal amplified a 582-bp band from the WT allele and no band 

from the EKO allele. 5’F and 3’R amplified a 431 bp band from the EKO allele and no 

band from the WT allele. Sall1 EKO mice were crossed to C57BL/6J WT mice for at 

least three generations.  
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Tamoxifen-mediated deletion of Smad4  

 Cx3cr1CreER mice were crossed to Smad4fl/fl  mice to generate Cx3cr1CreER 

Smad4fl/fl mice. Mice were treated 2x with tamoxifen; 75µg  at P0 and 50µg  at P1 and 

microglia were harvested at P14. 

 

Flow Cytometry to Sort Live Microglia 

 Mouse brains were homogenized as previously described 59, 61 by gentle 

mechanical dissociation in staining buffer (1x HBSS (GIBCO), 1mM EDTA, 0.5% BSA) 

on ice using a 2mL polytetrafluoroehthylene pestle in 5 mL FACs tubes, followed by a 

2mL glass mortar. For PLAC-seq cell preparations, sodium butyrate was added to all 

buffers. Homogenates were filtered through 70 µM strainers and centrifuged for 10 

minutes at 400xg at 4°C. The pelleted homogenate was then resuspended in 10mL of 

33% isotonic Percoll in a 15 mL centrifuge tube. The tubes were centrifuged at 600xg 

for 30 minutes at 16-17°C, with no acceleration or deceleration. Supernatant was 

removed and the cell pellet was washed 3x with staining buffer. Cells were then 

incubated in staining buffer on ice with anti-CD16/32  blocking antibody (BioLegend 

101319) for 15 minutes, and then with anti-mouse anti-CD11b-APC (BioLegend 101212 

), anti-CD45-Alexa488 (BioLegend 103122), and anti-CX3CR1-PE (BioLegend 149006) 

for 25 minutes. Cell preparations for H3K27ac ChIP-seq, PLAC-seq, and Hi-C were 

fixed with 1% formaldehyde for 10 minutes and quenched with 0.125M glycine for 5 

minutes after staining, and subsequently washed three times. Cells were washed once 

and filtered through a 40 µM cell strainer. Sorting was performed on a Sony MA900 or 

MoFlo Astrios EQ cell sorter. Microglia were defined as events that were DAPI negative, 
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singlets, and CD11b+CD45lowCX3CR1+.  Isolated microglia were then processed 

according to protocols for RNA-seq, ATAC-seq and ChIP-seq, Hi-C, and PLAC-seq.  

 

Immunostaining for SALL1 and IBA1 

 8 weeks old female WT and Sall1 EKO mice were perfused with 2% PFA, and 

then the brains were harvested and fixed in 4% PFA in PBS overnight at 4°C. After 

fixation, the brains were washed three times in PBS and cryoprotected in 30% sucrose 

and embedded in Neg-50 (epredia) for subsequent cryosection. 20 μm sections were 

cut on cryostat, mounted on Superfrost plus slides (Thermo Scientific, Menzel-Glaser), 

dried at 37ºC and subjected to immunofluorescence staining. For immunofluorescence, 

sections were rehydrated, rinsed in PBS for three times, 5 min each. Sections were 

permeabilized in 0.3% Triton X-100 in PBS and blocked in Blocking Solution (5% 

normal donkey serum in PBST) in a humidified chamber for 1 hour at room temperature 

(RT). Slides were then incubated with the appropriate primary antibodies diluted in 

blocking solution at 4°C overnight. The primary antibodies were Rat anti-Sall1 

(Proprietary antibody, Thermo Fisher), and Rabbit anti-IBA1 (FijiFilm, 019-19741).The 

next day, sections were washed three times (10 min each) in PBST, incubated with 

appropriate fluorophore-conjugated secondary antibodies (Donkey anti-Rat 555, 

Invitrogen SA5-10027; Donkey anti-Rabbit 488, Invitrogen R37118) diluted in blocking 

solution at RT for 2 hrs, washed three times (10 min each) in PBST, counter-stained 

with DAPI for 10 min, rinsed once in PBS and mounted with Prolong Gold antifade 

reagent (Invitrogen, P36931).  
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Quantification of cell morphology and density  

 Deeply anesthetized mice were transcardially perfused at room temperature with 

0.9% saline followed by freshly prepared 4% paraformaldehyde (PFA) in phosphate-

buffered saline (PBS) and then post-fixed in 4% PFA at 4 °C for 24 h followed by 

cryoprotection for 24 h at 4 °C in 20% sucrose. Brains were frozen in a plastic mold 

containing Tissue Freezing Medium (General Data Inc.), and quickly frozen in 

isopentane on dry ice. Briefly, 30µM coronal slices were collected and kept in 0.01M 

PBS at 4°C until use. Sectioned brains were scored according to their distance from 

Bregma (Franklin & Paxinos, 2007). Brain slices containing the prefrontal cortex (PFC) 

(AP: +2.8 to +1.8) were permeabilized in optimized detergent (e.g. 0.1% Triton-X-100) 

and blocked in normal horse serum (Thermo Fisher) for 1 hour at room temperature. 

Sections were then incubated with primary antibodies overnight at 4 °C. Sections were 

then incubated with the corresponding secondary antibody for 2 h at room temperature. 

Finally, sections were mounted, dehydrated, and cover slipped with Immunoblot 

mounting medium (Thermo Fisher). Sections were imaged on a TCS SPE confocal 

microscope (Leica) (1024 × 1024 pixel, 16-bit depth, pixel size 0.63-micron, zoom 0.7). 

Images were acquired within brain regions using 40x-63x objectives.  Z-stack images 

containing 6-10 microglia per ROI (40 µm depth, 1 µm steps, 40x magnification, 

n=15/brain region) were obtained. Raw files were used for further analysis using ImageJ 

150. Microglia were then segmented, and morphology was assessed in two-dimensional 

(2D) and three-dimensional (3D) space. For 2D analysis, maximum intensity projections 

of the XY planes were used. ImageJ’s analysis for perimeter were measured in 2D for 

soma size and surface area was measured in 3D using the custom ‘3DShape’ plugin as 
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previously described152. Density was measured using maximum intensity projections of 

the XY plane and the ImageJ automated cell-counting plugin ITCN 153.  

 

Sorting crosslinked brain nuclei  
 
 Brain nuclei were isolated as previously described32, 154. Frozen brain tissue was 

homogenized in 1 mL of fixative (either 1% formaldehyde in Dulbecco’s phosphate 

buffered saline or 2mM DSG (Proteochem) in Dulbecco’s phosphate buffered saline) 

and incubated (10 minutes for formaldehyde or 30 minutes for DSG followed by 10 

minutes of 1% formaldehyde fixation) at room temperature. The fixation was quenched 

by adding 0.125 M glycine for 5 minutes at room temperature. The fixed homogenate 

was pelleted at 1600xg for 5 minutes at 4°C. The following steps were performed at 4°C 

or on ice. The homogenate was washed two times with NF1 buffer (10mM Tris-HCl pH 

8.0, 1mM EDTA, 5 mM MgCl2, 0.1M sucrose, 0.5% TritonX-100). The homogenate was 

then incubated on ice in 5mL NF1 buffer for 30 minutes and was subsequently dounced 

using a 7mL Wheaton Dounce Tissue grinder 20 times with the loose pestle and 5 times 

with the tight pestle. Homogenates were underlaid with a 1.2M sucrose cushion and 

centrifuged at 3900xg for 30 minutes at 4°C with no brake and no acceleration. Pelleted 

nuclei were washed one time with NF1 buffer and one time with FACs buffer (PBS, 1% 

BSA, 1mM EDTA). Nuclei were resuspended in 300 µL FACs buffer and stained 

overnight with PU.1-PE (Cell Signaling  81886S), OLIG2-AF488 (Abcam 225099) or 

SALL1 AF647 (Thermo, clone NRNSTNX 51-9279-82) or NEUN-AF488 (Millipore MAB 

377X). Nuclei were washed the following day with 4 mL FACs buffer, passed through a 

40 uM strainer, and stained with 0.5 µg/mL DAPI. Nuclei for each cell type were sorted 
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with a Beckman Coulter MoFlo Astrio EQ cell sorter and pelleted at 1600xg for 5 

minutes at 4°C in FACs buffer. Nuclei pellets were snap frozen and stored at -80°C prior 

to library preparation.  

 

ATAC-seq library preparation  

 ATAC-seq libraries were prepared as previously described 155, 156. Approximately 

50,000 sorted live microglia were washed once with cold lysis buffer (10mM Tris-HCl, 

pH 7.4, 10mM NaCl, 3mM MgCl2, 0.1% IGEPAL CA-630). Cells were then suspended 

in 50 µL 1X reaction buffer (25 µL Tagment Buffer, 2.5 µL Tagment DNA enzyme I, and 

22.5 µL water)(Nextera DNA Library Preparation Kit, Illumina) as previously described 

155. DNA was purified using ChIP DNA Clean & Concentrator kits (Zymo Research). 

DNA was amplified using the Nextera primer Ad1 and a unique Ad2.n barcoding primer 

using NEBNext High-Fidelity 2XPCR Master Mix (NEB) for 12 cycles. Resulting libraries 

were size selected by gel excision to 155-250 bp, purified, and single end sequenced 

using a HiSeq 4000 (Illumina) for 51 cycles according to the manufacturer’s instructions.  

 

RNA-seq library preparation  

 Approximately 100,000 sorted live microglia were pelleted at 450xg at 4°C for 10 

minutes. 100 µL of supernatant was left on the cell pellet and 500 µL of Trizol-LS 

(Thermo Fisher) was mixed with the sample prior to freezing at -80°C. Total RNA was 

isolated and purified using a Direct-zol RNA Microprep kit (Zymo Research) according 

to the manufacturer’s instructions. mRNAs were enriched by incubation with Oligo d(T) 

Magnetic beads (NEB, S1419S) in 2X DTBB buffer (20 mM Tris-HCl pH 7.5, 1 M LiCl, 
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2mM EDTA, 1% lithium dodecyl sulfate, 0.1% Triton X-100) at 65°C for 2 minutes and 

were incubated at room temperature while rotating for 15 minutes. The beads were then 

washed 1x with RNA Wash Buffer 1 (10mM TrisHCl pH 7.5, 0.15M LiCl, 1mM EDTA, 

0,1% lithium dodecyl sulfate 0.1% Triton X-100) and 1x with RNA Wash Buffer 3 (10mM 

Tris-HCl pH 7.5, 0.15 M NaCl, 1mM EDTA) before elution in RNA Elution Buffer (10mM 

Tris-HCl pH 7.5, 1mM EDTA) at 80°C for 2 minutes. PolyA selection was performed a 

second time, and samples were washed 1x with Wash Buffer 1, 1x with Wash Buffer 3, 

and 1x with 1x SuperScript III first-strand buffer. Beads were then resuspended in 10 µL 

2x SuperScript III buffer plus 10 mM DTT, and RNA was fragmented at 94°C for 9 

minutes and immediately chilled on ice before the next step. For first-strand synthesis, 

10 µL of fragmented mRNA, 0.5 µL Random primers (50 µM)(Thermo Fisher), 0.5 µL 

SUPERase-In (Ambion), 1µL dNTPs (10mM), and 1µL of DTT (10mM) were heated for 

50°C for one minute. At the end of incubation, 5.8 µL of water, 1 µL of DTT (100mM), 

0.1 µL Actinomycin D (2µg/uL), 0.2uL of 1% Tween-20 (Sigma) and 0.5µL of 

SuperScript III (Thermo Fisher Scientific) were added and incubated in a PCR machine 

using the following conditions: 25°C for 10 minutes, 50°C for 50 minutes, and a 4°C 

hold. The product was then purified with RNAClean XP beads (Beckman Coulter) 

according to manufacturer’s instruction and eluted with 10 µL nuclease-free wate. The 

RNA/cDNA double-stranded hybrid was then added to 1.5 µL Blue Buffer (Enzymatics), 

1.1 µL of dUTP mix (10mM dATP, dCTP, dGTP and 20 mM dUTP), 0.2 µL RNase H 

(5U/uL), 1.05 µL of water, 1µL of DNA Polymerase I (Enzymatics) and 0.15 µL of 1% 

Tween-20. The mixture was incubated at 16°C overnight. The following day, the dUTP 

marked dsDNA was purified using 28 µL of SpeedBeads (GE Healthcare), diluted with 
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20% PEG8000, 2.5M NaCl to a final concentration of 13% PEG, eluted with 40 µL 

elution buffer (DNA elution buffer from Zymo ChIP Clean and Concentrator Kit). The 

purified dsDNA underwent end repair by blunting, A-tailing, and adaptor ligation as 

previously described 157 using barcoded adapters (NextFlex, Bioo Scientific). Libraries 

were PCR amplified for 16 cycles, size for 200-500bp size range, quantified using a 

Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific) and sequenced on a HiSeq 4000 

for 51 cycles according to the manufacturer’s instructions.  

 

ChIP-seq Library Preparation 

 Chromatin immunoprecipitation was performed as previously described 158, 159. 

For H3K27ac ChIP, 500,000-1,000,000 fixed cells or nuclei were thawed on ice and 

resuspended in ice-cold LB3 (10mM Tris-HCl pH 7.5, 100mM NaCl, 1 mM EDTA, 

0.5mM EGTA, 0.1% Na-Deoxycholate, 0.5% N-lauroylsarcosine), 1x protease inhibitor 

cocktail (Sigma). Chromatin was sheared by sonication. Samples were sonicated in a 

96 Place microtube Rack (Covaris cat#500282) using a Covaris E220 for 12 cycles with 

the following setting: time 60 seconds, duty cycle 5.0, PIP 175, cycles, 200, amplitude 

0.0, velocity 0.0, dwell 0.0. Samples were recovered and spun down at max speed, 4°C 

for 10 minutes. The supernatant was then diluted 1.1-fold with ice-cold 10% Triton X-

100. One percent of the lysate was kept as ChIP input. 25 µL of Dynabeads Protein A 

were added per sample, in addition to 1µg of a specific antibody for H3K27ac (Active 

Motif 39685). The samples were rotated overnight at 4°C and were washed as follows 

the next day: 3x with Wash Buffer I (20mM Tris-HCl pH 7.5, 150 mM NaCl, 2mM EDTA, 

0.1% SDS, 1% Triton X-100) + protease inhibitor cocktail, 3x with Wash Buffer III 
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(10mM Tris-HCl pH 7.5, 250 mM LiCl, 1% Triton X-100, 1mM EDTA, 0.7% Sodium 

Deoxycholate)+ protease inhibitor cocktail, 2x with TET (0.2% Tween-20/TE) + 1/3 

protease inhibitor cocktail, 1x with TE-NaCl (50mM NaCl + TE), and 1x with IDTET 

(0.2% Tween-20, 10mM Tris pH8, 0,1mM EDTA). Samples were finally resuspended in 

TT buffer (10mM Tris pH 8 + 0.05% Tween 20) prior to on-bead library preparation. For 

SALL1, SMAD4, and P300 ChIPs, 500,0000-2million nuclei were thawed on ice and 

resuspended in ice-cold RLNR1 buffer (20mM Tris HCl pH 7.5, 150 mM NaCl, 1 mM 

EDTA, 0.5 mM EGTA, 0.4% sodium deoxycholate, 1% NP-40, 0,1% SDS, 0.5mM DTT) 

+ 1x protease inhibitor cocktail/PMSF. Samples were sonicated in a 96 Place microtube 

Rack (Covaris cat#500282) using a Covaris E220 for 20 cycles with the following 

setting: time 60 seconds, duty cycle 5.0, PIP 175, cycles, 200, amplitude 0.0, velocity 

0.0, dwell 0.0. Samples were recovered and spun down at max speed, 4°C for 10 

minutes. One percent of the lysate was kept as ChIP input. 10 µL of Dynabead Protein 

A and 10 µL of Dynabead Protein G beads per sample were coupled to either 4 µg of 

SALL1 antibody (Abcam, ab41974), SMAD4 antibody (1µg each of Cell 

Signaling technology 46535 and 38454), or P300 antibody (1 µg each of EMD Millipore 

RW128  and Diagenode C15200211). Beads/antibody was added to each sample, 

which were then rotated overnight at 4°C. The samples were washed with the following 

buffers: 3x RLNR1 + PIC/PMSF/DTT, 6x LWB-RCNR1 (10mM Tris HCl pH 7.5, 1mM 

EDTA, 0.7% sodium deoxycholate, 1% NP-40, 250mM LiCl)+ PIC/PMSF, 3x TET, 2x 

IDTET, and then resuspended in TT for on-bead library preparation. Libraries for ChIP 

and input samples were prepared with NEBNext Ultra II DNA library prep kit (NEB) 

reagents according to the manufacturer’s protocol on the beads suspended in 25 µL TT 
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(10mM Tris/HCl pH7.5, 0.05% Tween-20), with reagent volumes reduced by half. DNA 

was eluted and crosslinks reversed by adding 4 μL10% SDS, 4.5 μL 5 M NaCl, 3 μL 

EDTA, 4 μL EGTA, 1 μL proteinase K (20 mg/ml), 16 µL water, incubating for 1 h at 

55°C, then 30 minutes to overnight at 65°C. DNA was purified using 2 μL of 

SpeedBeads (GE Healthcare), diluted with 20% PEG8000, 1.5M NaCl to final of 12% 

PEG, eluted with 25 μL TT.  DNA contained in the eluate was then amplified for 12-14 

cycles in 25 μL PCR reactions using NEBNext High-Fidelity 2X PCR Master Mix (NEB) 

and 0.5 mM each of primers Solexa 1GA and Solexa 1GB. Resulting libraries were size 

selected by gel excision to 200-500 bp, purified, and single-end sequenced using a 

HiSeq 4000.  

 

PLAC-seq library preparation  

 PLAC-seq libraries were prepared for ex vivo microglia as previously described 

with minor modifications32, 61, 118. To isolate nuclei, cross-linked cells were resuspended 

in 200 μL lysis buffer (10 mM Tris-HCl (pH 8.0), 10 mM NaCl, 0.2% IPEGAL CA-630) 

and incubated on ice for 15 minutes. The suspension was then centrifuged at 2,500xg 

for 5 mins and the pellet was washed by resuspending in 300 μL lysis buffer and 

centrifuging at 2,500 xg for 5 mins. The pellet was resuspended in 50 μL 0.5% SDS and 

incubated for 10 mins at 62°C. 160 μL 1.56% Triton X-100 was added to the suspension 

and incubated for 15 mins at 37°C. 25 μl of 10X NEBuffer 2 and 100 U MboI were 

added to digest chromatin for 2 hours at 37°C with rotation (1,000 rpm). Enzymes were 

inactivated by heating for 20 mins at 62°C. Fragmented ends were biotin labeled by 

adding 50 μL of a mix containing 0.3 mM biotin-14-dATP, 0.3 mM dCTP, 0.3 mM dTTP, 
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0.3 mM dGTP, and 0.8 U μl-1 Klenow and incubated for 60 mins at 37°C with rotation 

(900 rpm). Ends were subsequently ligated by adding a 900 μL master mix containing 

120 μL 10X T4 DNA ligase buffer (NEB), 100 μL 10% TritionX-100, 6 μL 20 mg ml-1 

BSA, 10 μL 400 U μl- 1 T4 DNA Ligase (NEB, high concentration formula) and 664 μL 

H2O and incubated for 120 mins at 23°C with 300 rpm slow rotation. Nuclei were 

pelleted for 5 mins at 4°C with centrifugation at 2,500 xg. For the ChIP, nuclei were 

resuspended in RIPA Buffer (10 mM Tris (pH 8.0), 140 mM NaCl, 1 mM EDTA, 1% 

Triton X-100, 0.1% SDS, 0.1% sodium deoxycholate) with proteinase inhibitors and 

incubated on ice for 10 mins. Sonication was performed using a Covaris M220 

instrument (Power 75W, duty factor 10%, cycle per bust 200, time 10 mins, temperature 

7°C) and nuclei were spun for 15 mins at 14,000 rpm at 4°C. 5% of supernatant was 

taken as input DNA. To the remaining cell lysate was added anti-H3K4me3 antibody-

coated Dynabeads M-280 Sheep anti-Rabbit IgG (5 μg antibody per sample, Millipore, 

04-745), followed by rotation at 4°C overnight for immunoprecipitation. The sample was 

placed on a magnetic stand for 1 min and the beads were washed three times with 

RIPA buffer, two times with high-salt RIPA buffer (10 mM Tris pH 8.0, 300 mM NaCl, 1 

mM EDTA, 1% Triton X-100, 0.1% SDS, 0.1% deoxycholate), one time with LiCl buffer 

(10 mM Tris (pH 8.0), 250 mM LiCl, 1 mM EDTA, 0.5% IGEPAL CA-630, 0.1% sodium 

deoxycholate) and two times with TE buffer (10 mM Tris (pH 8.0), 0.1 mM EDTA). 

Washed beads were treated with 10 μg RNase A in extraction buffer (10 mM Tris (pH 

8.0), 350 mM NaCl, 0.1 mM EDTA, 1% SDS) for 1 hour at 37°C, and subsequently 20 

μg proteinase K was added at 65°C for 2 hours. ChIP DNA was purified with Zymo DNA 

clean and concentrator. For Biotin pull down, 25 μL of 10 mg ml-1 Dynabeads My One 
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T1 Streptavidin beads was washed with 400 μl of 1X Tween Wash Buffer (5 mM Tris-

HCl (pH 7.5), 0.5 mM EDTA, 1 M NaCl, 0.05% Tween) and supernatant removed after 

separation on a magnet. Beads were resuspended with 2X Binding Buffer (10 mM Tris-

HCl (pH 7.5), 1 mM EDTA, 2 M NaCl), added to the sample and incubated for 15 mins 

at room temperature. Beads were subsequently washed twice with 1X Tween Wash 

Buffer and in between heated on a thermomixer for 2 mins at 55°C with mixing and 

washed once with 1X NEB T4 DNA ligase buffer. Library prep was prepared using 

QIAseq Ultralow Input Library Kit (Qiagen, 180492). KAPA qPCR assay was performed 

to estimate concentration and cycle number for final PCR. Final PCR was directly 

amplified off the T1 beads according to the qPCR results, and DNA was size selected 

with 0.5X and 1X SPRI Cleanup and eluted in 1X Tris Buffer and paired-end 

sequenced.  

 
In Situ Hi-C Library Preparation  
 
 In situ Hi-C was performed as described previously with minor modifications 158. 

Nuclei were isolated by resuspending the cell pellet in 200 µL Wash Buffer (50 mM 

Tris/HCl pH 7.5, 10 mM NaCl, 1 mM EDTA, 0.5% SDS, 1x protease inhibitor cocktail 

(Sigma). Nuclei were incubated at 37°C for 60 minutes in PCR tubes in a PCR cycler. 

Nuclei were spun down at 1000xg for 5 minutes at room temperature. Most of the 

supernatant was discarded, leaving 10µL of liquid with the nuclei. Samples were 

resuspended in DpnII buffer (25 µ𝐿 10% TrixonX-100, 25 µ𝐿 10x DpnII buffer (NEB), 

188µ𝐿 water) and rotated for 15 minutes at 37°C. Chromatin was then digested 

overnight with 2 µ𝐿 (100U) DpnII (NEB) at 37°C, rotating end over end at 8 RPM. The 

next day, nuclei were spun down for 5 minutes, 1000xg. 225 µ𝐿	of the supernatant was 
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discarded, leaving ~25 µ𝐿 of liquid remaining with the nuclei pellet. Overhangs were 

filled in with Biotin-14-dATP (Thermo) by adding 75 µ𝐿 of Klenow master mix (54.45 µ𝐿 

water, 7.5 µ𝐿 NEBuffer 2 (NEB), 0.35 µ𝐿 dCTP, 0.35 µ𝐿 dTTP, 0.35 µ𝐿 dGTP, 7.5 µ𝐿 

0.4 mM Biotin-14-dATP, 2µ𝐿 10% TritonX-100, 2.4 µ𝐿 (12.5 U) Klenow Fragment 

(Enzymatics) and rotating end over end at room temperature for 40 minutes. Proximity 

ligation was performed by transferring the reaction into an Eppendorff tube and adding 

ligation master mix (322.75 µ𝐿 water, 40 µ𝐿 10x T4 ligase buffer (Enzymatics), 36 µ𝐿 

10% TritonX-100, 20% 1000x BSA, and HC T4 DNA ligase (Enzymatics). Samples were 

incubated at 16°C overnight rotating end over end. The following day, reactions were 

stopped by adding 20𝑢L 0.5M EDTA plus 1 µL 10 µg/µL RNAse A at 42°C for 15 

minutes. To reverse crosslinks and digest proteins, 31 µL 5M NaCl, 29 µL 10% SDS, 

and 5 µL 20mg/mL proteinase K were added to each sample. Samples were incubated 

at 55°C for 1 hour, then at 65°C overnight. The following day, DNA was extracted using 

600 µL pH 8-buffered phenol/chloroform/isoamyl alcohol (Invitrogen), followed by 550 

µL chloroform. DNA was then precipitated with 1.5	µL (15mg/mL) Glycoblue (Thermo) 

and 1400 µL 100% ethanol overnight at -20°C, pelleted for 20 minutes at 160000xg, 4°C 

and washed 2x with 1 mL 80% EtOH. The pellet was air-dried and dissolved in 131 µL 

TT buffer (0.05% Tween20/10 mM Tris pH 8). DNA was then sheared to ~300 bp 

average size in 130 µL TT on a Covaris E220 for 120 seconds, duty cycle 5 , PIP 175, 

and cycles per burst 200. Biotinylated DNA was incubated with 20𝑢L DynaBeads 

MyOne Streptavidin T1 beads that had been washed 1x with B&W buffer (2x B&W: 

10mM Tris HCl pH 7.5, 1mM EDTA, 2M NaCl) and resuspended in 130 µL 2x B&W 

buffer with 0.2% Tween 20. The binding reaction was incubated for 45 minutes at room 
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temperature, rotating end over end. The beads were washed 2x with 150 µL 1x B&W 

plus 0.1% TritonX-100, 1x with 180 µL TET (TE + 0.05% Tween-20) and resuspended 

in 30 µL ice cold NebNext Ultra II end prep mix (1.5 µL NebNext Ultra II EndPrep 

Enzyme, 3.5 µL EndPrep Buffer, 25 µL TT buffer) and incubated 20°C for 30 minutes 

followed by 65°C for 30 minutes. Beads were resuspended in ligation master mix (15 µL 

NebNext Ultra II ligation master mix, 0.5 µL ligation enhancer) and 1 µL of BIOO 

Nextflex DNA sequencing adapters were added. The mixture was incubated at 20°C for 

20 minutes and the reaction was stopped using 5 µL 0.5M EDTA. Following this, the 

beads were washed twice in 1x B&W with 0.1% TritonX-100, twice with TET, and 

resuspended in 20 µL TT buffer. Libraries were amplified by PCR for 10 cycles (98°C, 

30 sec; [98°C, 10 sec; 63°C, 25 sec; 72°C, 30sec]; 72°C 5 minutes, 4°C hold) using 10 

𝑢L of the bead resuspension in a 50 µL reaction with NEBNext Ultra II Q5 mastermix 

(NEB), 0.5 µM each Solexa 1GA/1GB primers (Solexa 1GA: 

AATGATACGGCGACCACC GA,  Solexa 1GB: CAAGCAGAAGA CGGCATACGA). 

Libraries were precipitated onto magnetic beads by adding 2 µL of Speedbeads, 40 µL 

20% PEG/2.5M NaCl and incubating for 15 minutes at room temperature. The beads 

were washed 2x with 180 𝑢L 80% EtOH and air dried. Samples were eluted by adding 

20 µL TT buffer per sample. Libraries were sequenced to a depth of approximately 500 

million paired end reads per experiment on Illumina NovaSeq.  
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Conservation of enhancer sequences and TF binding sites between mouse and 
human 
 
 The Sall1 enhancer sequences were extracted from the mm10 genome using 

HOMER v4.11.1 “homerTools extract” 157 and then aligned to the NCBI nt database v5 

using BLASTn 160 by specifying homo sapiens taxon ID 9606 and gap opening penalty 

at 5 and gap extension penalty at 2. We reported the top alignment of each sequence 

with E-value < 0.01. For successfully aligned enhancers, we scanned through both 

mouse enhancers and human homologs with position weight matrices (PWMs) from the 

JASPAR database161  to compute PWM scores 162. An array of PWM scores were 

computed for every sequence using MAGGIE v1.1 “find_motif” function163  and were 

used to identify motif matches based on a PWM score larger than four, meaning 16-fold 

more likely than random backgrounds to be bound by the corresponding TF. The motif 

matches at homologous positions were considered conserved between mouse and 

human.  

 

Data mapping 

 FASTQ files from sequencing experiments were mapped to mm10. RNA-seq files 

were mapped using STAR164 with default parameters. ATAC-seq and Hi-C FASTQ files 

were trimmed prior to mapping with Bowtie 2; ATAC-seq files were trimmed to 30 bp 

and Hi-C fastq files were trimmed at DpnII recognition sites (GATC). Following trimming, 

ATAC-seq and Hi-C FASTQ files were mapped using Bowtie 2165. After mapping, tag 

directories were created using the HOMER command makeTagDirectory (9).  
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RNA-seq Analysis  

 The gene expression raw counts were quantified by HOMER’s157 

analyzeRepeats command with the option “-condenseGenes -count exons -noadj”. TPM 

(transcript per kilobase million) were quantified for all genes matching accession 

number to raw counts. Differentially expressed genes were assessed with DESeq2166 at 

p-adj (adjusted pvalue) < 0.05 and FC (fold change) > 2 where indicated. Genes with 

TPM < 4 in all conditions were removed from analysis. Gene ontology enrichment 

analyses were performed using Metascape 167.  

 

Hi-C data Analysis and Visualization  

 Hi-C interaction matrices were generated using juicertools 168  and were 

visualized using juicebox 169. PC1 values for each sample were calculated using 

HOMER’s runHiCpca.pl with -res 50000 170and were visualized using the UCSC 

genome browser 171. TADs and loops were called using HOMER’s 

findTADsAndLoops.pl find with parameters -res 3000 and -window 15000. To compare 

TADs and loops between groups, TADs and loops were merged using merge2Dbed.pl -

tad and -loop, respectively. Differential enrichment of these features was then 

calculated using Homer’s getDiffExpression.pl.  

 

IDR analysis of ChIP and ATAC peaks  

 ChIP-seq experiments were performed in replicates with corresponding input 

experiments. Peaks were called with HOMER for each tag directory with relaxed peak 

finding parameters “-L 0 -C 0 -fdr 0.9”. ATAC peaks were called with additional 
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parameters “-minDist 200 -size 200”. IDR was used to test for reproducibility between 

replicates 172, only peaks with an IDR < 0.05 were used for downstream analyses. For 

sample groups with > 2 libraries, peak sets from all pairwise IDR comparisons were 

merged into a final set of peaks for further analysis.  

 

ATAC-seq and ChIP-seq analysis  

 To quantify the TF binding and chromatin accessibility between conditions, raw 

tag counts at merged IDR peaks identified by HOMER’s mergePeaks were identified 

using HOMER’s annotatePeaks with “-noadj,” “-size 500” for TF ChIP-seq peaks and “-

size 1000” for ATAC peaks annotated with H3K27ac reads. DESeq2 was used to 

identify differentially bound TF binding distal sites or differential distal chromatin 

accessibility (p-adj. < 0.05 and FC >2).  Super-enhancers were defined using the 

HOMER ‘findPeaks -style super’ command.  

 

PLAC-seq Analysis  

 H3K4me3 ChIP-seqs from purified ex-vivo microglia were performed in duplicate 

with input controls. Alignment, QC and peak calling were performed with the official 

ENCODE-ChIP-seq pipeline (https://github.com/ENCODE-DCC/chip-seq-pipeline2) as 

previously described32.PLAC-seq fastq-files were processed with MAPS 173 at 5000-bp 

resolution as previously described32; the H3K4me3-ChIP-seq peak files from the 

ENCODE pipeline were used as a template.  
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Motif Analysis  

 To identify motifs enriched in peak regions over the background, HOMER’s motif 

analysis (findMotifsGenome.pl) including known default motifs and de novo motifs was 

used157. The background peaks used random genome sequences generated 

automatically by HOMER. 

 

Data Visualization  

 Heatmap of RNA expression or tags of ATAC-Seq peaks were generated by 

pheatmap, an R package. Significance indicated by “∗” in bar-plot represents the p-adj 

defined by DESeq2. MA-plots were used to demonstrate the differentially expressed 

genes for RNA-Seq data with log2fold change against expression value TPM, 

additionally with the sizes of dots representing the significant p values. Scatterplots 

were used for direct comparison of two conditions, normalized tag counts were used for 

ChIP-/ATAC-Seq. Data were further visualized using the HOMER command 

makeMultiWigHub.pl and the UCSC genome browser. GraphPad Prism was used to 

create barplots of TPMs in individual gene comparisons. 
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