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SUMMARY 

Cohesin folds chromosomes via DNA loop extrusion.  Cohesin-mediated chromosome loops 

regulate transcription by shaping long-range enhancer-promoter interactions, among other 

mechanisms.  Mutations of cohesin subunits and regulators cause human developmental diseases 

termed cohesinopathy.  Vertebrate cohesin consists of SMC1, SMC3, RAD21, and either STAG1 

or STAG2.  To probe the physiological functions of cohesin, we created conditional knockout 

(cKO) mice with Stag2 deleted in the nervous system.  Stag2 cKO mice exhibit growth retardation, 

neurological defects, and premature death, in part due to insufficient myelination of nerve fibers.  

Stag2 cKO oligodendrocytes exhibit delayed maturation and downregulation of myelination-

related genes.  Stag2 loss reduces promoter-anchored loops at downregulated genes in 

oligodendrocytes.  Thus, STAG2-cohesin generates promoter-anchored loops at myelination-

promoting genes to facilitate their transcription.  Our study implicates defective myelination as a 

contributing factor to cohesinopathy and establishes oligodendrocytes as a relevant cell type to 

explore the mechanisms by which cohesin regulates transcription. 
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INTRODUCTION 

Chromosomes in a single human diploid cell, if linearly stitched together, span a length of more 

than two meters.  They need to be properly folded to be housed in the cell nucleus with a diameter 

of 10 µm.  Chromosome folding occurs in a dynamic, structured way that regulates gene 

expression, and DNA replication and repair.  Initially discovered as the molecular glue that tethers 

sister chromatids for segregation during mitosis (Haarhuis et al., 2014; Uhlmann, 2016; Yatskevich 

et al., 2019; Zheng and Yu, 2015), the cohesin complex has later been shown to be critical for 

structured chromosome folding and gene expression (Haarhuis et al., 2017; Rao et al., 2017; 

Schwarzer et al., 2017; Wutz et al., 2017). 

Cohesin is loaded on chromosomes by the cohesin loader NIPBL.  The cohesin–NIPBL 

complex can extrude DNA loops bi-directionally in an ATP-dependent manner (Davidson et al., 

2019; Kim et al., 2019; Vian et al., 2018).  The chromatin insulator CTCF has been proposed to 

block loop extrusion by cohesin, establishing topologically associated domains (TADs) and 

marking TAD boundaries.  Chromatin interactions within each TAD are favored whereas inter-

TAD interactions are disfavored.  Thus, chromosome loops and TADs shape long-range cis-

element interactions, such as promoter-enhancer interactions, thereby regulating transcription. 

The vertebrate cohesin complex contains four core subunits: the SMC1–SMC3 

heterodimeric ATPase, the kleisin subunit RAD21 that links the ATPase heads, and the HEAT-

repeat protein STAG1 or STAG2.  STAG1 and STAG2 bind to RAD21 in a mutually exclusive 

manner and create docking sites for several regulatory proteins, including CTCF (Hara et al., 2014; 

Li et al., 2020).  STAG1 and STAG2 also interact with DNA and the SMC1–SMC3 hinge domains 

(Shi et al., 2020).  STAG1 and STAG2 play redundant roles in sister-chromatid cohesion in 
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cultured human cells, as both need to be simultaneously depleted to produce overt cohesion defects 

(Hara et al., 2014). 

Mutations of NIPBL and cohesin subunits, including STAG2, result in human 

developmental diseases termed cohesinopathies, which affect multiple organs and systems 

(Remeseiro et al., 2013b; Soardi et al., 2017).  In patients with cohesinopathies, mental retardation 

and neurological abnormalities caused by brain development defects are common (Piche et al., 

2019).  Dysregulation of gene transcription as a result of reduced cohesin functions has been 

suggested to underlie these developmental defects (De Koninck and Losada, 2016; Remeseiro et 

al., 2013a).  In addition, several cohesin genes, including STAG2, are frequently mutated in a 

variety of human cancers (Martincorena and Campbell, 2015). 

To better understand the physiological roles of cohesin, we deleted Stag2 specifically in 

the nervous system in the mouse.  The Stag2 conditional knockout (cKO) mice exhibited deficient 

myelination.  Loss of STAG2 delayed the maturation of oligodendrocytes and reduced 

chromosome loops in oligodendrocytes and impaired the transcription of myelination-related 

genes.  Our findings establish the requirement for cohesin in proper gene expression in specific 

cell types and implicate defective myelination as a potential contributing factor to cohesinopathy. 
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RESULTS 

Stag2 ablation in the nervous system causes growth retardation and neurological defects 

Stag1 is required for mammalian embryonic development (Remeseiro et al., 2012), indicating that 

Stag2 cannot compensate for the loss of Stag1.  To examine the roles of Stag2 during development 

in the mouse, we targeted a critical exon (exon 8) of Stag2, which is located on the X chromosome, 

using CRISPR-Cas9 (Figure S1A).  The Stag2null embryos showed severe developmental defects 

and underwent necrosis by E11.5 days (Figure S1B).  Thus, Stag2 is required for mouse embryonic 

development, consistent with a recent report (De Koninck et al., 2020).  Stag1 and Stag2 have non-

redundant developmental functions. 

Because whole-body knockout of Stag2 caused embryonic lethality, we created a Stag2 

“floxed” mouse line (Stag2f/f) by homologous recombination with a template that contained two 

LoxP sites flanking exon 8 (Figure S2A,B).  To study the physiological function of STAG2 in 

adult mice, we crossed the Stag2f/f mice with mice bearing the Ert2-Cre genomic insertion and 

generated Stag2f/y;Ert2-Cre progenies.  The Stag2f/y;Ert2-Cre adult mice were injected with 

tamoxifen to induce Stag2 deletion in the whole body (Figure S2C).  Genotyping analysis of blood 

extracts showed that tamoxifen induced efficient disruption of the Stag2 gene locus in 

Stag2f/y;Ert2-Cre mice (Figure S2D,E).  These Stag2-deficient adult mice did not show early onset 

of spontaneous tumor formation, indicating that Stag2 mutation alone in somatic cells of mice is 

insufficient to induce tumorigenesis.  The Stag2-deficient mice also did not have other obvious 

adverse phenotypes (Figure S2F), except that they had slightly lower body weight (Figure S2G,H), 

probably due to tissue homeostasis alterations recently reported by others (De Koninck et al., 

2020). 
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STAG2 mutations are found in human cohesinopathy patients with mental retardation and 

neuropsychiatric behaviors (Soardi et al., 2017).  To study the function of STAG2 in the nervous 

system, we generated Stag2 conditional knockout mice (Stag2 cKO) by crossing Stag2f/f mice with 

Nestin-Cre mice (Giusti et al., 2014) (Figure 1A,B).  The progenies were born in the Mendelian 

ratio, but Stag2f/y;Cre pups presented growth retardation and premature death (Figure 1C-E).  More 

than 50% Stag2f/y;Cre mice died aged about 3 weeks while the rest died at about 4 months.  Stag2f/y 

mice did not show differences discernible from WT littermates.  Although Stag2f/y;Cre mice did 

not present microcephaly, they exhibited frequent hydrocephaly that might contribute to their 

premature death.  The Stag2f/y;Cre mice displayed normal drinking and feeding behaviors (Figure 

1F,G), but showed reduced plasma IGF-1 levels compared to the control mice (Figure 1H).  

Stag2f/y;Cre mice showed forepaw and hindlimb clasping (Figure 1I) and limb tremors (Movie 1), 

which were not seen in Stag2f/y mice.  These data indicate that Stag2 deficiency in the nervous 

system causes growth retardation and neurological defects. 

 

Stag2 ablation causes hypomyelination 

Hematoxylin and eosin staining of brain sections of Stag2f/y;Cre mice did not reveal overt 

anatomical defects (Figure S3A).  To understand the origins of neurological defects caused by 

Stag2 deletion, we analyzed the gene expression changes in Stag2f/y;Cre mouse brains by RNA-

sequencing (RNA-seq) (Figure 2A).  Compared with the control groups, 105 and 62 genes were 

significantly downregulated or upregulated by more than two folds, respectively, in the Stag2-

deficient brains.  The decreased expression of top differentially expressed genes (DEGs) was 

confirmed by reverse transcription quantitative PCR (RT-qPCR) (Figure 2B).  Among the 105 

downregulated DEGs in the brains of Stag2 cKO mice, 44 were enriched in myelin (Figure 2C) 
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(Thakurela et al., 2016).  The Ingenuity Pathway Analysis (IPA) pinpoints cholesterol biosynthesis 

pathways as the most affected canonical pathways (Figure 2D).  We further confirmed that the 

cholesterol biosynthesis precursors were reduced in Stag2f/y;Cre brains (Figure S3B). 

Myelin is the membrane sheath that wraps around axons to facilitate rapid nerve conduction 

and maintain metabolic supply (Williamson and Lyons, 2018).  Dynamic myelination in the central 

nervous system (CNS) is critical for proper neurodevelopment, and defective myelination is 

associated with autoimmune and neurodegenerative diseases (Mathys et al., 2019; Wolf et al., 

2021).  As cholesterol biosynthesis is essential for normal myelination (Hubler et al., 2018; Saher 

et al., 2005), we hypothesized that depletion of STAG2 caused myelination defects in the nervous 

system. 

Indeed, brain sections of Stag2f/y;Cre mice showed greatly reduced luxol fast blue (LFB) 

staining compared to those of Stag2f/y and Nestin-Cre heterozygous mice (Figure 3A and S4A).  

Immunohistochemistry using antibodies against myelin proteins, MBP and PLP1, confirmed that 

Stag2 cKO mice had significant defects in myelin fiber formation (Figure 3B-F).  In both cerebral 

cortex and cerebellum, there were fewer and sparser myelin fibers in Stag2f/y;Cre mice, as 

compared to the Stag2f/y controls.  Axon myelin ensheathment was further examined using 

transmission electron microscopy (Figure 3G).  Stag2f/y;Cre mice had significantly fewer myelin-

wrapped axons at optic nerves.  Collectively, these data indicate insufficient myelination in the 

Stag2 cKO mice.  Myelination predominantly occurs at 3 weeks after birth in the mouse.  The 

timing of premature death of Stag2 cKO mice is thus consistent with defective myelination as a 

contributing factor to the lethality. 

 

STAG2 regulates transcription in OLs 
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We examined Stag1 and Stag2 expression patterns in wild-type mouse brains by in situ 

hybridization using isotope-labeled RNA probes (Figure S4B).  Both Stag1 and Stag2 were 

expressed at high levels in hippocampus, medial habenula, neocortex, and cerebellum granular 

layer.  Aside from these regions, the Stag2 transcripts were detected at relatively high levels in 

subventricular zone, thalamus, fiber tracts, midbrain, and hindbrain regions.  Stag2 is thus 

ubiquitously expressed in the brain. 

Oligodendrocytes (OLs) are responsible for myelination in the CNS.  To examine whether 

the OL lineage was affected by Stag2 deletion, we performed single-cell RNA sequencing 

(scRNA-seq) analysis of Stag2f/y;Cre and Stag2f/y forebrains.  As revealed by clusters in the t-SNE 

plot, the two genotype groups had similar cellular compositions (Figure 4A,B).  All cell clusters 

were present in Stag2f/y;Cre brains, indicating generally normal neural cell differentiation.  Cell-

type identities were discovered with feature gene expression (Figure S5A).  The OL lineage 

consisted of five clusters: cycling OL progenitors (OPCcycs), OL progenitors (OPCs), newly 

formed OLs (NFOLs), myelin-forming OLs (mFOLs), and fully matured OLs (MOLs).  

Quantification of the distributions of these five cell types within the OL lineage revealed a mild 

reduction in the number of MOLs in Stag2f/y forebrains (Figure 4C).  We noticed that a higher 

percentage of neurons was recovered in the Stag2f/y;Cre group.  Since the bulk RNA-seq results 

did not show global upregulation of neuron-specific genes, we suspect that neurons in Stag2f/y;Cre 

had fewer myelin-wrapped axons and were easier to be dissociated and kept alive during our 

library preparation for scRNA-seq.  Thus, from the transcriptome analysis, we did not observe 

overt defects in most neural cell differentiation in the Stag2-deficient forebrain regions. 

We then performed trajectory inference and pseudotime analysis of the OL lineage (Figure 

S5B,C).  Consistent with our cell-type assignment, pseudotime variables indicated continuous 
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differentiation from OPCs to NFOLs, mFOLs, and MOLs (Figure S5D,E).  The re-clustering of 

single cells in the OL lineage along the pseudotime path revealed that more cells were present in 

the terminal maturation stages in the Stag2f/y brains (Figure S5F,G).  Conversely, more cells were 

retained at the undifferentiated stages in the Stag2f/y;Cre brains.  Strikingly, some myelination 

genes, including Mal, were specifically repressed in Stag2f/y;Cre MOLs, with their expression in 

non-neural cells unaltered (Figures 4D and S6A).  These observations suggest that STAG2 

deficiency delays the maturation of OLs and compromises myelination-specific gene expression 

in mature OLs.  Interestingly, compared to Stag2 and genes encoding other cohesin core subunits, 

Stag1 transcripts are less abundant in the OL lineage, except for cycling OPCs (Figure S6B,C).  

The low expression of Stag1 in mature OLs might make these cells more dependent on Stag2 for 

function. 

To confirm the transcriptional defects in the OL lineage caused by Stag2 deletion, we 

isolated primary OLs at intermediate differentiation stages from Stag2f/y;Cre and Stag2f/y 

forebrains with antibody-conjugated magnetic beads and conducted bulk RNA-seq analysis 

(Figure 4E).  For both genotypes, the marker genes for NFOL and mFOLs were highly expressed 

in the isolated primary OLs (Figure S7A), suggesting that they mainly contained these two cell 

types.  In Stag2-deleted OLs, 271 and 292 genes were downregulated or upregulated by more than 

two folds, respectively (Figure 4F).  The top canonical pathway enriched in these DEGs was the 

cholesterol biosynthesis pathway (Figure 4G).  Intriguingly, the downregulated genes were 

generally highly expressed in WT cells, whereas the upregulated genes had low expression levels 

in WT cells (Figure S7B-D).  Among the 105 downregulated DEGs identified by RNA-seq 

analysis of the whole brain of Stag2-deficient mice, 42 were also differentially expressed in 

primary oligodendrocytes (Figure 4H).  The cholesterol biosynthesis pathways were recognized as 
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the major altered pathways (Figure S7E).  Thus, defective cholesterol biosynthesis likely underlies 

hypomyelination and neurological defects in Stag2 cKO mice. 

We performed chromatin immunoprecipitation sequencing (ChIP-seq) experiments to 

examine the enrichment of the active transcription mark H3K27ac in Stag2f/y and Stag2f/y;Cre OLs 

and found that Stag2 loss did not appreciably affect H3K27Ac enrichment at transcription start 

sites (TSS) (Figure S8A,B).  Consistent with our RNA-seq results, the upregulated genes had much 

lower H3K27ac enrichment near their TSS, indicating that they were less active.  We then checked 

the genomic distribution of STAG2 by ChIP-seq.  Among other genomic loci, STAG2 was 

enriched at TSS of stable and downregulated genes, including genes in the cholesterol biosynthesis 

pathways (Figure S8C,D).  It was enriched at the TSS of upregulated genes to a lesser extent, 

suggesting that Stag2 loss might have indirectly affected the expression of these less active genes. 

 

Stag2 deletion does not alter compartments or TADs in OLs 

To investigate whether chromosome conformation was altered by Stag2 deletion and whether that 

caused transcription dysregulation, we performed high-dimensional chromosome conformational 

capture (Hi-C) analysis of primary OLs isolated from Stag2f/y and Stag2f/y;Cre mice.  We observed 

few compartment switching events in Stag2-deleted cells (Figure 5A-C and S9A-C).  Virtually all 

genomic regions in Stag2-deleted cells were kept in their original compartment categories (AA or 

BB) (Figure 5C).  Only a very small number of genomic regions switched compartments (AB or 

BA).  Consistent with the RNA-seq data, analysis of average gene expression changes of DEGs in 

these genomic regions revealed that more genes located in the transcriptionally active A 

compartment (AA) were repressed in Stag2-deleted cells and more genes in the transcriptionally 

silent B compartment (BB) were upregulated (Figure 5D and S9D).  Genes that switched from the 
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A compartment to the B compartment were not more repressed compared to those that remained 

in the A compartment.  Likewise, compared to genes that stayed in the B compartment, genes 

located in chromatin regions that switched from compartment B to A were not significantly 

activated.  Acute depletion of all forms of cohesin eliminates TAD formation (Wutz et al., 2017).  

In contrast, deletion of Stag2 had minimal impact on TAD formation in oligodendrocytes (Figure 

5E-H, S9E,F), suggesting that STAG1-cohesin compensates for the loss of STAG2-cohesin in 

spatial organization of chromatin at larger than megabase scales.  Therefore, our findings are 

inconsistent with compartment switching and TAD alterations being the underlying cause for the 

observed gene expression changes in STAG2-deficient OLs. 

 

Promoter-anchored loops were reduced in Stag2-deleted OLs 

While TAD boundaries are largely conserved among species and cell types, chromatin interactions 

within each TAD are more flexible and variable in cells undergoing differentiation, tumorigenesis, 

and reprogramming (Dixon et al., 2015; Dixon et al., 2012).  Among the intra-TAD chromatin 

interactions, the enhancer-promoter loops are particularly important for transcription and are often 

cell-type specific.  We examined whether chromatin loops in OLs were affected by Stag2 loss.  

Compared to Stag2f/y OLs, Stag2f/y;Cre OLs had significantly fewer loops across almost all 

genomic distances (Figure 6A,B and S10).  Loops specific to Stag2f/y;Cre OLs, which were likely 

mediated by STAG1-cohesin, were longer than STAG2-dependent Stag2f/y-specific loops.  When 

genomic distances exceeded 0.25 Mb, the loops from Stag2f/y;Cre cells gradually gained higher 

scores over loops from Stag2f/y cells (Figure 6C).  Therefore, STAG1-cohesin cannot completely 

compensate for STAG2-cohesin during loop formation.  STAG1-cohesin-mediated loops are 
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relatively longer than STAG2-cohesin-mediated loops, consistent with published findings in HeLa 

cells (Wutz et al., 2020). 

We then tested whether the loop number decrease in Stag2-deficient cells could be a cause 

for transcriptional changes.  When examining the local Hi-C maps, we noticed that loops anchored 

at gene promoters, including those of downregulated genes, were reduced in Stag2f/y;Cre 

oligodendrocytes (Figure 6D and S11).  Promoter-anchored loops (P-loops) can potentially be 

promoter-promoter links, promoter-enhancer links, and gene loops.  The total number of P-loops 

was proportionally decreased in Stag2f/y;Cre cells (Figure S12A).  Moreover, the loops anchored 

at the downregulated genes were stronger than those at upregulated and stable genes (Figure 

S12B).  We then compared P-loops associated with DEGs using pileup analysis of local contact 

maps.  Loop enrichment at promoters of downregulated genes was reduced in Stag2f/y;Cre cells to 

a greater extent than that at promoters of upregulated and stable genes (Figure 6E).  Taken together, 

our results suggest that Stag2 loss diminishes short chromosome loops, including promoter-

anchored loops.  Highly expressed genes might be more reliant on these loops for transcription 

and are preferentially downregulated by Stag2 loss. 

We also performed pileup analysis of local chromatin regions flanking transcription start 

sites (TSS) (Figure 6F).  Strikingly, we observed a clear stripe that extended from the TSS of 

downregulated gene only in the direction of transcription.  The formation of promoter-anchored 

stripes (P-stripes) on aggregated plots is consistent with one-sided loop extrusion from the 

promoter to the gene body.  The P-stripe was still present in Stag2f/y;Cre cells, suggesting that 

STAG1 could compensate for the loss of STAG2 and mediate its formation (Figure 6F and S12C). 
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DISCUSSION 

Cohesin is critical for the three-dimensional (3D) organization of the genome by extruding 

chromosome loops.  Acute depletion of cohesin abolishes chromosome loops and TADs, but has 

moderate effects on transcription.  The two forms of cohesin in vertebrate somatic cells, namely 

STAG1-cohesin and STAG2-cohesin, have largely redundant functions in supporting sister-

chromatid cohesion and cell viability, but they have non-redundant functions during development.  

In this study, we have established a myelination-promoting function of STAG2 in the central 

nervous system (CNS) in the mouse.  We further provide evidence linking hypomyelination caused 

by STAG2 loss to reduced promoter-anchored loops at myelination genes in oligodendrocytes. 

 

Myelination functions of STAG2 and implications for cohesinopathy 

Selective ablation of Stag2 in the nervous system in the mouse causes growth retardation, 

neurological defects, and premature death.  STAG2 loss delays the maturation of oligodendrocytes 

and reduces the expression of highly active myelin and cholesterol biosynthesis genes in 

oligodendrocytes, resulting in hypomyelination in the CNS.  Hypomyelination disorders in 

humans and mice are known to produce abnormal neurological behaviors similar to those seen in 

our Stag2 cKO mice, suggesting that hypomyelination is a major underlying cause for the 

phenotypes in Stag2 cKO mice.  The growth retardation in these mice can be explained by 

insufficient secretion of growth hormones, which may be a consequence of defective neuronal 

signaling. 

Mutations of cohesin subunits and regulators, including STAG2, cause the Cornelia de 

Lange syndrome (CdLS) and other similar developmental diseases, collectively termed 

cohesinopathy.  CdLS patients exhibit short stature and developmental defects in multiple tissues 
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and organs, including the brain.  Although STAG2 mutations are implicated in human 

cohesinopathy, these mutations are rare and hypomorphic (Soardi et al., 2017).  The cohesin loader 

NIPBL is the most frequently mutated cohesin regulator in cohesinopathy (Mannini et al., 2013).  

NIPBL deficiency is expected to affect the functions of both STAG1- and STAG2-cohesin.  It is 

possible that the partial loss of STAG2-cohesin function leads to subtle myelination defects in 

patients with cohesinopathy.  Indeed, lack of myelination in certain brain regions of CdLS patients 

has been reported (Avagliano et al., 2017; Vuilleumier et al., 2002).  As myelination of the CNS 

mostly occurs after birth and during childhood, strategies aimed at enhancing myelination might 

help to alleviate certain disease phenotypes and symptoms. 

 

Mechanisms by which STAG2 promotes myelination 

STAG2 promotes oligodendrocyte maturation and the expression of myelination genes in mature 

oligodendrocytes.  Because STAG2 does not have an established cohesin-independent function, it 

most likely activates the myelination-promoting transcriptional program as a core component of 

cohesin.  Consistent with previous reports (Rao et al., 2017), loss of STAG2-cohesin in 

oligodendrocytes does not affect genome compartmentalization, but reduces the number of 

relatively short chromosome loops, including promoter-anchored loops.  Promoter-anchored loops 

at downregulated genes are reduced to a greater extent than those at stable and upregulated genes.  

These findings suggest that STAG2-cohesin promotes the myelination transcriptional program by 

forming promoter-anchored loops. 

Pileup analysis of Hi-C maps reveals the formation of asymmetric promoter-anchored 

stripes in the direction of transcription at downregulated genes, indicative of active loading of 

cohesin at transcription start sites followed by one-sided loop extrusion from the promoter to the 
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gene body.  The stripes are, however, not reduced in STAG2-deficient cells.  Because both forms 

of cohesin are capable of loop extrusion, it is possible that STAG1-cohesin can compensate for the 

loss of STAG2-cohesin in loop extrusion.  It remains to be tested whether the intrinsic kinetics and 

processivity of loop extrusion mediated by the two forms of cohesin are differentially regulated by 

cellular factors or posttranslational modifications and whether these differences contribute to their 

non-redundant roles in transcription regulation. 

We envision three possibilities that may account for why oligodendrocytes, but not other 

cell types, are more severely affected by Stag2 loss in the CNS.  First, STAG2-cohesin may be 

more abundant than STAG1-cohesin in post-mitotic OLs, making them more dependent on 

STAG2 for proper functions.  Second, STAG1-cohesin preferentially localizes to CTCF-enriched 

TAD boundaries whereas STAG2-cohesin is more enriched at enhancers lacking CTCF (Kojic et 

al., 2018).  Enhancers are critical for cell-type-specific gene transcriptional programs.  To 

cooperate with the axonal growth during postnatal neurodevelopment, enhancer-enriched 

transcription factors induce timely and robust gene expression in oligodendrocytes for proper 

myelination (Mitew et al., 2014).  The high-demand for enhancer function may render the 

transcription of myelination genes more reliant on STAG2-cohesin.  Finally, the C-terminal 

regions of STAG1 and STAG2 are divergent in sequence and may bind to different interacting 

proteins and be subjected to differential regulation.  STAG2 may interact with oligodendrocyte-

specific transcription factors and be preferentially recruited to myelination genes.  It will be 

interesting to investigate the interactomes of STAG1 and STAG2 in oligodendrocytes using mass 

spectrometry. 

 

STAG2-mediated chromosome looping and transcription 
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The mechanisms by which STAG2-dependent chromosome looping facilitates transcription are 

unclear at present.  We propose several models that are not mutually exclusive (Figure 7).  First, 

by forming promoter-enhancer loops, STAG2-cohesin brings the mediator complex and other 

enhancer-binding factors to the spatial proximity of the general transcriptional machinery at the 

promoter, thereby enhancing RNA polymerase II recruitment and transcription initiation.  The 

existence of P stripes at STAG2-dependent genes in the Hi-C maps suggests that STAG2-mediated 

promoter-enhancer loops may involve enhancers located in the gene body.  Second, loop extrusion 

by STAG2-cohesin may promote transcription elongation by regulating transcription-coupled pre-

mRNA processing.  For example, STAG2 has been shown to interact with RNA-DNA hybrid 

structures termed R-loops in vitro and in cells (Pan et al., 2020; Porter et al., 2021).  R-loops 

formed between the nascent pre-mRNA and the DNA template impede transcription elongation 

and need to be suppressed (Moore and Proudfoot, 2009).  When traveling with the transcription 

machinery on DNA, STAG2-cohesin might directly suppress R-loop formation or recruit other 

factors, such as the spliceosome, for co-transcriptional pre-mRNA processing and R-loop 

resolution.  Third, STAG2-cohesin may establish promoter-terminator gene loops to recycle the 

RNA polymerase II that has finished one cycle of transcription back to the transcription start site 

for another round of transcription.  Future experiments using high-resolution Hi-C methods in 

oligodendrocytes will allow us to better define the nature of STAG2-dependent promoter-anchored 

loops and stripes.  It will also be interesting to examine whether Stag2 deletion causes the 

accumulation of R-loops in downregulated genes and the incomplete splicing of their pre-mRNAs. 
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CONCLUSION 

We have discovered a requirement for the cohesin subunit STAG2 in the myelination of the central 

nervous system in mammals.  Our findings implicate hypomyelination as a contributing factor to 

certain phenotypes of cohesinopathy, including growth retardation and neurological disorders.  We 

provide evidence to suggest that STAG2 promotes the myelination transcriptional program in 

oligodendrocytes through the formation of promoter-anchored loops.  Our study establishes 

oligodendrocytes as a physiologically relevant cell system for dissecting the cellular functions and 

regulatory mechanisms of cohesin-mediated chromosome folding and genome organization. 
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Detailed methods are provided in the online version of this paper and include the following: 
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o Materials availability 

o Data and code availability 

• EXPERIMENTAL MODEL AND SUBJECT DETAILS 

o Generation of Stag2f/f and Stag2f/y mice and mouse husbandry 
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o Immunoblotting 

o Tissue histology and immunohistochemistry 

o Isolation of primary oligodendrocytes 

o TSE Metabolic cages analysis 

o Growth hormone and IGF-1 detection.   

o Sterol and oxysterol composition analysis 

o Electron Microscopy 

o Generation of RNA-seq libraries and sequencing 

o Differential expression and pathway analysis 

o RT-qPCR analysis 
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o Hi-C analysis 

o Loop analysis and RNA-seq integration 
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Figures 

 
Figure 1. Stag2 ablation in the mouse nervous system causes growth retardation and 

neurological defects. 

(A) PCR analysis of genomic DNA extracted from brains (BR) or livers (LV) of indicated mice. 

(B) Immunoblots of brain lysates of Stag2f/y and Stag2f/y;Cre mice. 

(C) Representative images of Stag2f/y and Stag2f/y;Cre mice.  Scale bar = 2 cm. 
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(D) Body weight of Stag2f/y and Stag2f/y;Cre mice at different age.  Mean ± SD of at least three 

mice of the same age. 

(E) Survival curves of Stag2f/y (n = 12) and Stag2f/y;Cre (n = 21) mice. 

(F,G) Food (F) and water (G) consumption of 7- to 8-week-old Stag2f/y (n = 6) and Stag2f/y;Cre (n 

= 4) mice.  Mean ± SD; ns, not significant. 

(H) Plasma IGF-1 levels of two-month-old Stag2f/y (n = 5) and Stag2f/y;Cre (n = 6) mice.  Mean ± 

SD; ****p < 0.0001 

(I) Representative images of limb-clasping responses of Stag2f/y and Stag2f/y;Cre mice. 
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Figure 2. Stag2 ablation in mouse brains downregulates the expression of myelin genes. 

(A) Volcano plot of bulk RNA sequencing results of Stag2f/y and Stag2f/y;Cre brain extracts.  Top 

differentially expressed genes (DEGs) are colored blue and labeled.  n = 4 pairs of P21 Stag2f/y 

and Stag2f/y;Cre brain hemispheres were used for the comparison. 
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(B) RT-qPCR analysis of the top downregulated genes in the brain extracts. n = 4 pairs of Stag2f/y 

and Stag2f/y;Cre littermates were used.  Mean ± SD. 

(C) Heatmap of the expression of myelin-enriched genes that were down-regulated by more than 

two folds in Stag2f/y;Cre brains.  L1 and R1, left and right brain hemispheres of the Stag2f/y#1 

mouse.  L2 and R2, left and right brain hemispheres of the Stag2f/y#2 mouse.  L1’ and R1’, left and 

right brain hemispheres of the Stag2f/y;Cre #1 mouse.  L2’ and R2’, left and right brain hemispheres 

of the Stag2f/y;Cre#2 mouse.  The biological pathways of these genes are labeled on the right. 

(D) Top canonical pathways identified by ingenuity pathway analysis (IPA) of the DEGs. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 12, 2021. ; https://doi.org/10.1101/2021.10.10.463866doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.10.463866
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

Figure 3. Stag2 ablation in the nervous system compromises myelination during early 

postnatal development. 
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(A) Luxol fast blue staining of the sagittal sections of Stag2f/y and Stag2f/y;Cre brains.  n = 3 

animals per genotype.  Scale bar = 1 mm. 

(B) Immunohistochemistry staining with the anti-MBP antibody in the cerebral cortex (left panel).  

Antibody-stained areas and DAPI staining regions are marked with red and yellow dashed lines, 

respectively.  Scale bar = 200 μm.  Quantification of the percentage of the myelinated cortex is 

shown in the right panel.  n = 4 pairs of Stag2f/y and Stag2f/y;Cre littermates were used (P18 or 

P21) for the comparison.  **p < 0.01; Mean ± SD. 

(C) Immunohistochemistry staining with the anti-PLP1 antibody in the cerebellum (left panel).  

Antibody-stained areas and DAPI staining regions are marked with red and yellow dashed lines, 

respectively.  Scale bar = 200 μm.  Quantification of the percentage of the myelinated cerebellum 

granular layer is shown in the right panel.  n = 3 pairs of Stag2f/y and Stag2f/y;Cre littermates were 

used (P20 or P25) for the comparison.  *p < 0.05; Mean ± SD. 

(D) Higher magnification images (left panel) of the immunohistochemistry staining with the anti-

MBP antibody in (B).  Images processed through axial thinning are shown in the right panel.  Scale 

bar = 50 μm. 

(E,F) Total fiber length (E) and fiber coherency (F) measured using the processed images in (D).  

n = 4 pairs of Stag2f/y and Stag2f/y;Cre littermates were used (P18 or P21).  *p < 0.05, **p < 0.01; 

Mean ± SD. 

(G) Transmission electron microscopy images of the optic nerves (left panel). Scale bar = 2 μm. 

Quantification of myelinated axon distributions is shown in the right panel.  n = 4 pairs of P18 

Stag2f/y and Stag2f/y;Cre littermates were used.  n ³ 10 fields of each mouse were taken, and the 

average distribution of myelinated axons were calculated for each mouse and plotted.  **p < 0.01; 

Mean ± SD. 
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Figure 4. Deletion of Stag2 in mouse brains causes differentiation delay and transcriptional 

changes in oligodendrocytes. 
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(A) t-SNE plot of cell clusters in Stag2f/y and Stag2f/y;Cre forebrains analyzed by single-cell RNA-

seq (scRNA-seq).  n = 2 mice of each genotype were used in the scRNA-seq analysis.  

aNSCs/NPCs, active neural stem cells or neural progenitor cells; Astrocytes/qNSCs, astrocytes or 

quiescent neural stem cells; OPCcycs, cycling oligodendrocyte (OL) progenitor cells; OPCs, OL 

progenitor cells; NFOLs, newly formed OLs; mFOLs, myelin-forming OLs; MOLs, matured OLs; 

VLMCs, vascular and leptomeningeal cells; vSMCs, vascular smooth muscle cells. 

(B) t-SNE clustering as in (A) but colored by genotype. 

(C) Left panel: cell type composition and percentage as colored in (A).  Right panel: percentage 

of cell clusters of the oligodendrocyte lineage. 

(D) FeaturePlot of a representative gene (Mal) specifically suppressed in MOLs of Stag2f/y;Cre 

forebrains.  A maximum cutoff of 3 was used. 

(E) Experimental scheme of the magnetic-activated cell sorting (MACS) of primary OLs. 

(F) Volcano plot of bulk RNA-seq results of Stag2f/y and Stag2f/y;Cre primary OLs. 

(G) Top canonical pathways identified by IPA of the DEGs in (F). 

(H) Commons DEGs shared between bulk RNA-seq analyses of the whole brains (WB) and 

primary OLs. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 12, 2021. ; https://doi.org/10.1101/2021.10.10.463866doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.10.463866
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

Figure 5. Loss of Stag2 does not alter compartments and TADs in oligodendrocytes. 
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(A) Representative snapshots of balanced Hi-C contact matrices of chromosome 2.  Tracks of 

eigenvector-1 fixed with housekeeping genes are shown below, with A and B compartments shown 

in red and blue, respectively. 

(B) Hexbin plot of eigenvector-1 for genomic bins (100 kb) in Stag2f/y and Stag2f/y;Cre 

oligodendrocytes (OLs). 

(C) Chromatin bins were classified into four categories based on the eigenvector sign and whether 

it has switched with a delta bigger than 1.5.  AB, changing from compartment A in Stag2f/y to 

compartment B in Stag2f/y;Cre; BA, from B in Stag2f/y to A in Stag2f/y;Cre; AA, A in both Stag2f/y 

and Stag2f/y;Cre; BB, B in both Stag2f/y and Stag2f/y;Cre. 

(D) Boxplot of averaged gene expression change of DEGs (RNA logFC cutoff of ± 0.58) inside 

each genomic bin.  Bins counted: AA, 1646; AB, 56; BA, 69; BB, 910.  Red dots represent the 

mean value.  An unpaired Wilcoxon test was used for the statistical analysis.  *p < 0.05; **p < 

0.01; ***p < 0.001; ns, not significant. 

(E) Principal component analysis (PCA) plot of the insulation score. 

(F) Overlaps of TAD boundaries between genotypes and biological replicates. 

(G) Pile-up analysis of TAD boundary-centered local structure flanked by 400 kb chromatin 

regions. 

(H) Pile-up analysis of TAD local structure rescaled to an equal size. 
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Figure 6. Stag2 deletion impairs the formation of total and promoter-anchored loops in 

oligodendrocytes. 

(A) Loop counts (left panel) and length (right panel) in the indicated categories of Stag2f/y and 

Stag2f/y;Cre oligodendrocytes (OLs). 

(B) Loop counts plotted against loop length (from 0 to 5 Mb) of Stag2f/y and Stag2f/y;Cre OLs. 
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(C) Normalized contact counts for loops across different genomic distances in Stag2f/y and 

Stag2f/y;Cre OLs. 

(D) Representative snapshots of contact maps at the Pls1 gene locus.  Tracks and narrow peaks 

from STAG2 and H3K27ac ChIP-seq as well as the loops are plotted below.  Transcription 

direction is indicated by the black arrow. 

(E) Pile-up analysis of loop “dots”-centered local maps for the promoter-anchored loops of genes 

in the indicated categories.  The maps are balanced, normalized by distance, and plotted at 5 kb 

resolution.  The numbers indicate the enrichment of the central pixel over the upper left and bottom 

right corners. 

(F) Pile-up analysis of the local contact maps centered around the transcription start site (TSS) of 

genes in the indicated categories.  Transcription directions are indicated below.  1,000 stable genes 

are chosen randomly and used for the analysis.  The maps are balanced, normalized by distance, 

and plotted at 5kb resolution.  Diagonal pixels are omitted. 
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Figure 7. Proposed roles of STAG2-cohesin-mediated loop extrusion during transcription in 

oligodendrocytes. 

(A) STAG2-cohesin-mediated chromosome looping connects the enhancer and the promoter, thus 

facilitating interactions among oligodendrocyte-specific transcription factors, the mediator 

complex, and the general transcription machinery including RNA polymerase II. 

(B) STAG2-cohesin travels along the gene body via transcription-coupled loop extrusion to 

facilitate pre-mRNA processing. 

(C) STAG2-cohesin mediates the formation of gene loops that bring the terminator close to the 

promoter and facilitate Pol II recycling for multiple rounds of transcription. 
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