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Hematopoiesis is the continuous, highly regulated process, during which all mature blood cell 

types are generated from a small pool of hematopoietic stem cells (HSCs). The commitment of 

HSCs and multipotent progenitors to specific lineages, namely, myeloid, erythroid, and 

lymphoid, is governed by a network of lineage-determining transcription factors, including PU.1 

(encoded by Spi1), GATA-1 (encoded by Gata1), and TCF1 (encoded by Tcf7). The activities of 

these transcription factors and their roles in hematopoietic cell differentiation are closely related 

to the epigenetic states of the chromatin at their gene loci. While sequencing methods such as 

ChIP-seq and CUT&RUN have established the genome-wide distribution of histone 

modifications in blood cells, these approaches are inherently limited by their inability to resolve 

cell-to-cell variation or to provide spatial information at the single-cell level.  

This thesis applies a recently developed method, Single Cell Evaluation of Post-

TRanslational Epigenetic Encoding (SCEPTRE), to murine hematopoietic cells. SCEPTRE 



 

integrates Expansion Microscopy (ExM), DNA fluorescence in situ hybridization (FISH), and 

immunofluorescence to simultaneously visualize histone modifications and specific gene loci in 

intact single cells. The first goal of this thesis was to validate ExM and DNA FISH as robust and 

reproducible methods for studying murine bone marrow derived macrophages (BMDMs), as 

SCEPTRE had not previously been applied to this primary cell type. The second goal was to 

begin the characterization of the spatial distribution of histone modifications and chromatin 

structures relative to the three lineage-defining gene loci: Spi1, Gata1, and Tcf7. 
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Chapter 1 Introduction 

1.1 Hematopoiesis 

Hematopoiesis, the continuous process of blood cell generation throughout an organism’s 

lifetime, is essential to the lives of all vertebrates.1–3 It is a highly complex, yet highly regulated 

process, controlled by the hematopoietic system and takes place primarily in the bone marrow 

for adults. The hematopoietic system is often viewed as a hierarchy, where the hematopoietic 

stem cells (HSCs) sit at the apex, characterized by their self-renewal abilities and pluripotency 

(Fig.1). As HSCs progressively differentiate into multipotent progenitors, and then into lineage-

specific, unipotent progenitors, they also lose their self-renewal abilities.4 Eventually, the 

progenitors differentiate into specialized cells, such as red blood cells, macrophages, platelets, 

and T cells, among others.5 There are three main lineages in the hematopoietic system: erythroid, 

myeloid, and lymphoid. Erythroid differentiation of HSPCs (hematopoietic stem and progenitor 

cells) produces blood components such as red blood cells and platelets; myeloid differentiation 

primarily produces innate immune cells, including granulocytes and macrophages; and lymphoid 

differentiation results in innate and adaptive immune cell types, including T-cells, B-cells, and 

natural killer cells.6,7 Matured blood cells have relatively short life spans (e.g. only several days 

for granulocytes), so they must be continuously replenished in large numbers.6,8 For example, a 

healthy adult human produces approximately 4-5 x 1011 mature blood cells every day, and for a 

healthy mouse, approximately 0.5-1.5 x 109 per day.9  

A balanced regulation of the hematopoietic system requires a large quantity but also with 

a high specificity. The accumulation or deprivation of any cell type can be problematic. For 

example, a reduction in the production of red blood cells causes anemia, an accumulation of 

undifferentiated myeloid precursors in the bone marrow leads to acute myeloid leukemia, and a 

disruption in the production of lymphocytes leads to lymphopenia, which can lead to further 

https://www.zotero.org/google-docs/?1cCnuE
https://www.zotero.org/google-docs/?hyMwyP
https://www.zotero.org/google-docs/?ct3uE8
https://www.zotero.org/google-docs/?u1xRS1
https://www.zotero.org/google-docs/?1ggntM
https://www.zotero.org/google-docs/?1YqyBr
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autoimmune conditions.10–12 The various diseases that can be caused by an improperly regulated 

hematopoietic system underline the importance of the strict control of cell fate determination, 

and a better understanding of the underlying mechanisms can have substantial clinical relevance, 

such as in the case of differentiation therapy.13  

 

Figure 1. Schematic of the hierarchy of the hematopoietic system. At the top are HSCs, that 

are pluripotent, self-renewal, and can differentiate into all the mature blood cell types. The next 

stage includes multipotent progenitors: CLP, common lymphoid progenitors, and CMP, common 

myeloid progenitors. The next stage below is committed progenitors which differentiate into 

https://www.zotero.org/google-docs/?XIoaOv
https://www.zotero.org/google-docs/?SlhdCk
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only one lineage. The last stage is when cells reach their final specialized and mature cell type. 

Created with BioRender.com. 

 

1.2 Chromatin organization as a determinant of gene expression 

 Gene expression is regulated at multiple scales. The macroscale considers the territories 

individual chromosomes occupy within the nucleus. The intermediate, mesoscale, considers the 

topologically associating domains (TADs) that facilitates enhancer-promoter communications. 

The microscale considers the histone post-translational modifications (PTMs), and nucleosome 

positioning, and the accessibility of DNA sequences.14 The nucleosome (Fig.2), composed of 

approximately 147 base pairs of DNA wrapped around an octamer of 4 histone protein pairs 

(H2A, H2B, H3, and H4), is the fundamental repeating unit of chromatin. Linker histone H1 

binds intervening DNA between adjacent nucleosomes, also contributing to higher-order 

chromatin folding and compaction. This arrangement allows the nearly two meters of genomic 

DNA to fit within the confined space of the nucleus while still remaining accessible for regulated 

gene expression.15–17 

There are approximately 2.7 billion base pairs (Gbp) in the mouse genome, in any given 

cell type, a large fraction of the genes is transcriptionally silent or repressed. Consequently, 

though all nucleated cells in an organism contain essentially the same DNA content, different 

cell types and functions exist because of their differences in gene expression.17–19 As mentioned 

in Chapter 1.1, HSCs are characterized by their self-renewal abilities and pluripotency, and as 

they differentiate into specialized cells, the genes associated with self-renewal are silenced and 

cell-type specific genes are activated. There are regulatory elements that are sequences found on 

the DNA, such as promoters, enhancers, silencers, and insulators, that encode intricate programs 

https://www.zotero.org/google-docs/?JljfDx
https://www.zotero.org/google-docs/?UBQfDl
https://www.zotero.org/google-docs/?2OG1NG
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that control cellular functions. For example, they can recruit transcription factors (TFs) that 

control transcription initiation, the rate of chromatin compaction, and the release of RNA 

polymerase II.20 However, gene expression is multi-faceted, and additional regulatory 

information associated with cell differentiation exists beyond simply the DNA sequences.21 

Without changing the fundamental DNA sequences, epigenomic modifications such as 

DNA methylation and post-translational modifications (PTMs) to histone proteins (histone 

marks) also play a huge role in gene expression. The histone core is predominantly globular with 

the exception of their unstructured N-terminal “tails”, which allows for a large number and 

different types of modifications, including methylation, acetylation, phosphorylation, 

ubiquitination, and more. These modifications can alter the higher-level chromatin structures 

through two mechanisms: by recruiting nonhistone proteins with specific enzymatic activities 

that lead to chromatin-remodeling, or by directly disrupting the interactions between 

nucleosomes.22,23 

By changing the compaction of the chromatin structures, PTMs change DNA 

accessibility and control gene expression. Generally, the accessibility of chromatin is seen to be 

on a spectrum with two extremes (Fig.2). The most accessible form of chromatin is in an 

expanded, “open,” state and transcriptionally active, commonly known as “euchromatin”; the 

most compact, “closed,” and transcriptionally inactive form is commonly referred to as 

“heterochromatin.” Heterochromatin can be further categorized into constitutive 

heterochromatin, which are more stable and contains repetitive DNA elements, and facultative 

heterochromatin, which are more dynamic in comparison.24,25 Histone acetylation generally 

reduces chromatin compaction which promotes transcriptional activation, whereas histone 

deacetylation promotes compaction and represses transcriptional activities. Histone methylation 

https://www.zotero.org/google-docs/?T8091x
https://www.zotero.org/google-docs/?QgICvp
https://www.zotero.org/google-docs/?fUCnin
https://www.zotero.org/google-docs/?rzZRxc
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is more context-dependent, with modifications such as H3K4me3 associated with activation, and 

H3K27me3 associated with repression, both of which will be further discussed in Chapter 1.3. 

The chromatin states can impact cellular activities like DNA replication, DNA repair, and cell 

division. Importantly, chromatin organization is not static, and the actual spatial and temporal 

organization of chromatin is continuously changing in response to developmental and 

environmental cues.24,27  

 
Figure 2. Chromatin organization. The individual repeating units of chromatin are 

nucleosomes, which contain 147 bp wrapped around four pairs of histone proteins. The histone 

tails are subject to post-translational modifications, which result in different levels of compaction 

of the chromatin structure. Heterochromatin is more compact, less transcriptionally active. 

Euchromatin is more relaxed, more transcriptionally active. Created with BioRender.com. 

 

https://www.zotero.org/google-docs/?SVYD2H
https://www.zotero.org/google-docs/?bD33Fe
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1.3 The bivalency of H3K27me3 and H3K4me3 

In cell development, as pluripotent stem cells transition into more specialized cell types, 

they lose their pluripotency and acquire stable lineage-specific gene expressions. This transition 

does not involve changes in DNA sequence but is mediated by chromatin modifications, many of 

which are reversible. A key feature of early developmental potential is bivalency. Bivalency is a 

common occurrence in embryonic stem cells, where both activating (e.g. H3K4me3) and 

repressive (e.g. H3K27me3) marks are present at the same site. These marks are maintained by 

opposing enzymatic complexes; Trithorax group regulates H3K4me3 and promotes gene 

activation, while Polycomb complexes deposit H3K27me3 and enforces gene repression.28,29 The 

balance between the two complexes creates an intermediate state that allows genes to respond to 

developmental and environmental cues, where the genes can be repressed by losing the 

H3K4me3 modification, or become activated by losing the H3K27me3 modification. These 

changes are directed by lineage-defining transcription factors that recruiting chromatin-

modifying enzymes, such as histone acetyltransferases and histone deacetylases, to initiate 

chromatin changes near the binding sites, enabling precise control over gene expression as cells 

commit to particular fates.25,30  

 
1.4 Lineage-defining genes in the hematopoietic system 
 

To study the spatial distribution of lineage-defining genes in relation to chromatin 

structures and histone marks, we chose SPI1, GATA1, and Tcf7, representing the myeloid, 

erythroid, and lymphoid lineages, respectively.  

PU.1, encoded by the SPI1 gene, is a key transcription factor that regulates at least 3,000 

genes expressed in hematopoietic cells and functions in a dosage-dependent manner. It is central 

to cellular specification from pluripotent progenitor cells, particularly in regulating the balance 

https://www.zotero.org/google-docs/?dsZPyC
https://www.zotero.org/google-docs/?GEbGcI
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between lymphoid and myeloid development.13 PU.1 functions as a non-classical pioneer 

transcription factor, meaning it can enhance chromatin accessibility by recruiting remodeling 

complexes (e.g., the SWI/SNF complex), though it lacks the ability to access target sites in the 

nucleosome itself.31,32 In hematopoietic progenitors, PU.1 is expressed at an intermediate level, 

but during differentiation, a higher PU.1 level favors myeloid differentiation, and a lower level 

of PU.1 generally leads to lymphoid development. The expression levels of PU.1 is self-

regulated by positive feedback loops: high PU.1 levels in macrophages promote cell cycle 

lengthening, which in turn allows the stable maintenance of high PU.1 expression.33 

GATA-1 is a zinc-finger transcription factor central to the differentiation of erythroid and 

megakaryocytes but prevents the development of granulocyte-monocyte and lymphoid. A high 

level of GATA-1 expression is also observed in differentiated mast cells and eosinophils. 

GATA-1 does not act alone; its interactions with the Friend of GATA-1 (FOG-1) family is 

required in many GATA factor activities, including in erythroid and megakaryocyte 

development.34,35 GATA-1 and PU.1 engage in mutual antagonism, either transcriptionally or 

through direct protein-protein interactions, such that PU.1-dominant progenitors are pushed 

toward granulocyte, monocyte, and lymphoid fates, while GATA-1-dominant progenitors are 

directed toward erythroid.13 There is likely a stoichiometric relationship between PU.1 and 

GATA-1 that determines the gene expression associated with each lineage outcome. Despite 

their mutual repression in the aforementioned specifications, however, PU.1 and GATA also 

work together to promote the differentiation of eosinophil and mast cells. Mutations in GATA-1 

that result in a truncated protein lacking certain functional sites are associated with various 

hematologic disorders, such as acute megakaryoblastic leukemia and transient abnormal 

myelopoiesis in children with Down syndrome.13,36 

https://www.zotero.org/google-docs/?MCpRmX
https://www.zotero.org/google-docs/?8kFZp8
https://www.zotero.org/google-docs/?77Ueq4
https://www.zotero.org/google-docs/?JO19sr
https://www.zotero.org/google-docs/?mWdDaA
https://www.zotero.org/google-docs/?vB85cF
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T cell factor 1 (TCF1), encoded by Tcf7, is the earliest T cell specific transcription factor 

and acts as a lineage-determining factor that establishes the epigenetic identity of T cells. It is 

upregulated in early thymic progenitors in direct response to Notch1 signaling and is sustained 

through maturation.3 TCF1 acts upstream of several T cell identity genes, such as Gata3, Il2ra, 

and Bcl11b.37 In Tcf-7 deficient mice, T lineage-like cells do not have the same level of 

chromatin accessibility like normal T cells and are functionally limited, in terms of 

differentiation and persistence during infection. Additionally, TCF1 possesses intrinsic histone 

deacetylase (HDAC) activity, which establishes and maintains the dichotomy between CD4+ and 

CD8+ T cells, by repressing CD4+ T lineage-associated genes in CD8+ T cells.38 It targets silent 

chromatin regions, and some TCF1 binding events are associated with gaining active enhancer 

mark H3K27ac or losing repressive marks H3K27me3 and H3K9me3. Together, these 

transcriptional and chromatin remodeling functions directly link TCF1 to the epigenetic control 

of T cell identity.37,39 

 
1.5 Methodologies for histone mark detection: sequencing-based methods vs SCEPTRE 
 

There are several popular and well-established techniques that can be used to map the 

epigenome and measure chromatin accessibility, such as chromatin immunoprecipitation 

sequencing (ChIP-seq) or CUT&RUN.40,41 ChIP-seq is a powerful tool used for mapping histone 

modifications and transcription factor binding sites in a genome-wide manner at base-pair 

resolution. ChIP-seq has many advantages, including high resolution, low noise, and broad 

genome coverage.42 CUT&RUN is another high-throughput epigenomic profiling method, which 

maps protein-DNA interactions with the cells and nuclei staying intact. It has an even higher 

signal-to-noise ratio than ChIP-seq and is free of DNA accessibility artifacts.43 However, 

sequencing based approaches are limited to studying one histone modification at a time, 

https://www.zotero.org/google-docs/?dTwHoq
https://www.zotero.org/google-docs/?9Nt5B6
https://www.zotero.org/google-docs/?qfQUQY
https://www.zotero.org/google-docs/?sqgegp
https://www.zotero.org/google-docs/?GC76Se
https://www.zotero.org/google-docs/?h3NmP5
https://www.zotero.org/google-docs/?XxYQik
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generally in large ensembles, and are not able to capture cell to cell variations within a 

population. To visualize and quantify multiple histone modifications on a single cell level, 

Vaughan and Kueh labs developed a method called Single Cell Evaluation of Post-TRanslational 

Epigenetic Encoding (SCEPTRE), which was utilized for the research of this thesis.44 

SCEPTRE integrates three established techniques: Expansion Microscopy (ExM), DNA 

fluorescence in situ hybridization (FISH) and immunofluorescence to visualize and quantify 

histone mark signals in relation to individual gene loci. ExM is a technique that physically 

expands the sample of interest, 4-to 20-fold, on a swellable gel, which allows the examination of 

the cell features that are below the light diffraction limit. Conventional fluorescence microscopy 

is diffraction-limited to a resolution of roughly 200-300 nm, whereas 4x expansion brings the 

effective resolution to approximately 60 - 70 nm with a conventional microscope.44,45 FISH is a 

widely used and versatile technique that incorporates fluorophores to allow the visualization of 

nucleic acid sequences under a microscope, and immunofluorescence staining is used in parallel 

to visualize the distribution of histone modifications. Combining immunofluorescence with DNA 

FISH is typically challenging, because the harsh denaturing conditions required for DNA FISH 

can remove antibody labels prior to FISH. ExM overcomes the challenge by covalently 

anchoring immunostained labels to the hydrogel before expansion, preserving the signals through 

subsequent FISH steps.44 A bisbenzimide dye, Hoechst 33258, is used in parallel to label A-T 

rich DNA regions to visualize the overall chromatin structures.46 Together, these techniques 

enable simultaneous and high-resolution imaging of gene loci, histone modifications, and 

chromatin structures within intact single cells.  

ExM is a well-established method for studying tissue and cultured cells, but physical 

differences exist between specimens, so imaging registration of before and after expansion of the 

https://www.zotero.org/google-docs/?1MLLXC
https://www.zotero.org/google-docs/?prdv2s
https://www.zotero.org/google-docs/?D3KgAR
https://www.zotero.org/google-docs/?Hbrzzq
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same blood cells is important for validation. Comparing and aligning the before and after images 

of the same samples allows a distortion analysis to assess the quality of the expansion, and if 

optimization of the procedures is necessary. Image registration of before and after DNA FISH is 

also necessary to assess if the harsh hybridization conditions introduce artifacts or cause large 

distortions that could compromise spatial measurements (Figure 3b).  
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Figure 3. Overall workflow. a) 1) Immunostaining of histones. 2) Gelation, where 

sample and antibodies become linked to the hydrogel. 3) Digestion with proteinase K and 

Hoechst 33528 staining. 4) Expansion of sample, ~ 4x. A pre-post expansion registration and 

distortion analysis was performed. 5) DNA FISH. A pre-post DNA FISH registration and 

distortion analysis was performed. 6) Measured distance from gene loci to chromatin structures 

and nuclear edge. b) Schematic of image registration. 

 

1.6 Summary 

This thesis aims to achieve two goals: first, to validate ExM and DNA FISH as robust 

methods for studying murine BMDMs, and second, to begin the characterization of the spatial 

distribution of histone modifications and chromatin structures relative to three gene loci, namely, 

Spi1, Gata1, and Tcf7 in macrophages. Using SCEPTRE to achieve these goals enables single 

cell quantification of histone modification levels and allows observation of cell-to-cell variations 

that bulk sequencing methods cannot capture.  
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Chapter 2 Method Validation for the Spatial Distribution of Gene Loci  
 

2.1 Introduction 

 Super-resolution fluorescence microscopy techniques have been utilized to visualize the 

spatial organization of gene loci, histone marks, and nucleosomal clusters within individual cells. 

However, most studies were limited to viewing gene and histone marks separately due to the 

challenge of combining DNA FISH and immunofluorescence. To overcome this challenge, the 

Vaughan and Kueh labs have developed Single Cell Evaluation of Post-TRanslational Epigenetic 

Encoding (SCEPTRE) that allows the combination of the two methods by incorporating 

expansion microscopy (ExM). 44 By covalently anchoring the antibodies and proteins on a 

swellable gel, ExM is able to preserve the signals from immunofluorescence in the harsh 

environment (e.g. high denaturation temperature and high formamide concentration) during 

DNA FISH. Together, SCEPTRE allows the concurrent visualization and quantification of 

multiple histone modifications at non-repetitive gene loci in single cells.  

SCEPTRE has been established to work well with lab-derived cell lines such as h-TERT 

RPE1 cells, but it has not been used on mouse-derived primary cells. Additionally, despite 

ExM’s wide applications in different tissues and cultured cells, the expansion quality is 

dependent on sample properties, and there are still possibilities of distortion due to over-

crosslinking of proteins, low mechanical stability of the hydrogel, or incomplete sample 

homogenization. 47,48 Because pre-post ExM distortion analysis has never been performed on 

BMDMs, it is necessary to validate that expansion does not distort BMDMs. The stringent 

denaturation conditions of DNA FISH could introduce additional structural distortions beyond 

those from expansion, so a pre-post DNA FISH comparison is also necessary to assess the 

amount of distortion that might arise from FISH.  

https://www.zotero.org/google-docs/?lE9zAM
https://www.zotero.org/google-docs/?0V4mLi
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2.2 Results for pre-post analyses 

2.2.1 Pre-expansion vs post-expansion distortion analysis 

To simplify the process of locating the same cells before and after expansion, after fixing 

the cells, but before gelation and expansion, the bottom of the 8-well chamber slide was marked 

with a permanent marker before pre-expansion image acquisition. After gelation, and before 

expansion, the top right of the gel was cut off to aid orienting the gel correctly after expansion.  

Pre-expansion images were acquired using a 20x objective to create a reference grid with 

dimensions of approximately ~ 665 μm x 3300 μm. An easily identifiable cluster was selected 

and was imaged with a 60x objective. A cluster of Hoechst 33258-stained BMDM nuclei were 

imaged pre-expansion, and the corresponding post-expansion images of the same nuclei were 

subsequently acquired. All images for pre-post comparison purposes were obtained on a 60x 

1.27 NA water-immersion objective on a homebuilt spinning disk confocal microscope. After 

image acquisition, each sample was cropped, processed, and analyzed using open-source 

software packages in imageJ, Elastix, and Python. 

Image registration was performed using Elastix, over a two-step process: an initial rigid 

(similarity) transformation (Fig. 1b) to correct for global translation, rotation, and magnification, 

followed by a non-rigid (B-spline) transformation (Fig. 1g) to capture local deformation. The 

post-expansion image after similarity transformation was compared to the pre-expansion image, 

and there was visually little distortion (Fig 1b-f). To quantify the distortion, points that were the 

same distances apart in the pre-expansion image were grouped together, and the root mean 

square error of each group was calculated based on how much the distances between the same 

points changed in the post-expansion image, and plotted against the true distance (Fig. 1h and i). 
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The overall distortions were very small, less than 0.2 μm over a typical macrophage nucleus of 

~10 μm.  
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Figure 1. Comparison of pre-expansion and post-expansion images of a murine BMDM 

nucleus, stained with Hoechst 33258, captured by confocal fluorescence microscopy. a) Overlay 

of the same macrophage nucleus pre (magenta) and post (green) expansion, where the pre-

expansion image was scaled 4.3x using ImageJ. b) Overlay of the same macrophage nucleus pre-

expansion (magenta) vs post-expansion after similarity registration (green). c) Overlay of the 

post expansion macrophage nucleus pre (magenta) and post (green) b-spline registration, where 

the image was locally “warped” so the post-expansion image would better fit the pre-expansion 

image. d-g) Zoom-in images of c) to show the distortion is relatively small. h) Schematic of how 

RMS error is calculated. i) Plot of RMS error against the distance between any two points in the 

original macrophage nucleus. All distances and scale bars shown are pre-expansion cell 

dimensions. Scale bars a, b, g) 2 μm, c-f) 500 nm. 

 
2.2.2 Pre-DNA FISH vs post-DNA FISH distortion analysis 

After gelation and expansion, a portion of the expanded gel with dimensions ~ 5 mm × 

10 mm was cut out. To better locate the same cells before and after DNA FISH, the top right 

corner of the gelled sample was cut off to help with correctly orienting the gel post-DNA FISH. 

Similar to the process of obtaining pre-expansion images, the pre-DNA-FISH samples were 

stained with SYBR GREEN I, and an area of the gel with dimensions of approximately ~ 665 

μm x 3300 μm was imaged using a 20x objective to create a grid that would assist the 

identification of the same cells post DNA FISH. An easily identifiable cluster of cells were 

selected and imaged with a 60x objective. These samples were saved as the pre-DNA FISH 

samples. After DNA FISH, the same cells were located and imaged again with a 60x objective. 

A similar image registration process was performed on the before and after DNA FISH 

images: a rigid transformation followed by a non-rigid transformation. Though some SYBR 
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GREEN I signals were lost during the DNA FISH process, the general features and overall shape 

of the nucleus remained the same in the post-DNA FISH (Fig. 2b) image compared to the pre-

DNA FISH image (Fig. 2a). To quantify the distortion, the rms error was again calculated and 

plotted against the true distance (Fig. 2d).  
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Figure 2. Comparison of pre-DNA FISH and post-DNA FISH images of a murine bone 

marrow derived macrophage nucleus, stained with SYBR GREEN I, captured by confocal 

fluorescence microscopy. a) Pre-DNA-FISH image. b) Post-DNA-FISH image. c) Pre DNA 

FISH shown in magenta, overlaid with post-DNA-FISH image after similarity transform in 

green. d) RMS error plot. All distances and scale bars shown are pre-expansion cell dimensions. 

Scale bar: 2μm. 

 
2.2.3 Trouble shooting pre-post DNA FISH 

 During the experiments, it was observed that the Hoechst 33258 signals were 

significantly diminished in the post-FISH samples (Fig. 4a-c). Even with an additional staining 

after FISH, the signals remained dim. Therefore, Alternative DNA stains were tested. The 

alternative DNA stain TO-PRO-3 (not shown) also photobleached quickly, and the signals 

became too faint for imaging. A third DNA stain, SYBR GREEN I (Fig. 4), offered the best 

results and was chosen for the pre-post-DNA FISH distortion analysis. 
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Figure 3. Comparison of pre-and-post-DNA FISH images, stained with Hoechst 33258. a) 

Pre DNA FISH captured with 60x. b) Pre DNA FISH captured with 20x. c) Post DNA FISH 

image, captured with 60x. All distances and scale bars shown are pre-expansion cell dimensions. 

Scale bar: a, c) 50 μm, b) 20μm. 
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Figure 4. Comparison of post-DNA FISH images stained with Hoechst 3325 and 

with SYBR GREEN I. Hoechst 33258 (left), SYBR GREEN I (right). The TO-PRO-3 signals 

photobleached very quickly and became even fainter than Hoechst-33258-stained cells and is 

therefore not shown. All distances and scale bars shown are pre-expansion cell dimensions. Scale 

bar: 50 μm.  

 

2.3 DNA FISH data for spi1, gata1, and tcf7 

2.3.1 Labeling efficiency  

 DNA FISH probes targeting Spi1, Gata1, and Tcf7 gene loci were designed using 

OligoMiner and applied to BMDMs following the validation process. The labeling efficiency for 

each gene loci was calculated as the number of cells with at least one gene locus labeled divided 

by the total number of cells in the sample.  

 Spi1 Gata1 Tcf7 

Concentration 600 nM 1200 nM 1200nM 

Labeling Efficiency ~90% ~83% ~83% 
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Table 1. Labeling efficiencies of the Spi1, Gata1, and Tcf7 FISH probes. 

2.3.2 Distance measurements of gene loci to the nuclear periphery  

The two-dimensional distance from each detected gene locus to the nearest nuclear periphery 

was measured in individual cells. To account for inter-cellular differences in nuclear size, the 

distance from gene loci to the nuclear periphery was divided by the length of the nucleus, 

measured as the longest diameter of the center slice of the nucleus.   

  

Figure 5. Distance measurement from gene loci to nuclear periphery. a) The shortest 

distance from the gene locus to the nuclear periphery was measured (yellow) and divided by the 

length of the nucleus (green). b) A violin plot of the data points measured using the method 

described in a), where Y axis is the distance from locus to nuclear periphery/length of nucleus, 

the line is the average, dot the median, and the vertical bar the interquartile range. 

 

 Analysis of the resulting distance distribution revealed a general tendency for Spi1 loci to 

occupy positions further away from the nuclear periphery relative to Gata1 and Tcf7 loci in 

BMDMs, consistent with the expectation that an actively transcribed myeloid-lineage gene 

would be positioned away from the transcriptionally repressed nuclear edge. However, the 
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differences were not statistically significant across the sample sizes studied, due to the 

substantial cell-to-cell variation. These findings suggest that while a spatial trend may exist, 

larger sample sizes and/or complementary measurements are required to robustly establish the 

relationships between Spi1, Gata1, and Tcf7 loci positioning.  

 

2.4 Future directions 

2.4.1 Dual-channel DNA FISH 

 The high cell-to-cell variability in gene loci positioning measurements prompted the 

development of a dual-channel DNA FISH approach, where Spi1 and Gata1 loci are 

simultaneously labeled within the same cell (Fig. 6). This approach allows the measurement of 

relative distances between two loci within the same nucleus, providing more control for reducing 

inter-cellular variation.  

 In addition to two-dimensional distances from gene loci to nuclear periphery, the next 

steps would also include three-dimensional distance measurement from loci to interior 

heterochromatin. The expected outcome is that the Spi1 gene loci would be positioned further 

away from the repressed heterochromatic region than Gata1.  
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Figure 6. Example of dual-channel DNA FISH image, stained with Hoechst 33258. Green is 

spi1, and red is gata1. Distances from gene loci to interior heterochromatin are measured as 

indicated by the yellow lines with arrows in 3D. Scale bar: 2 μm.  

  

2.4.2 SCEPTRE 

 Preliminary SCEPTRE images were acquired to assess the feasibility of simultaneously 

visualizing the gene loci of interest and histone modifications (H3K4me3 and H3K27me3) in 

expanded BMDMs.  

The next steps would include quantitative analysis of these signals, including the 

classification of individual alleles as active, repressive, or bivalent based on H3K4me3 and 

H3K27me3 intensity profiles.  
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Figure 7. Example image of SCEPTRE that distinguishes H3K4me3 v H3K27me3 at the 

gata1 gene loci. a) An expanded BMDM with immunolabeled H3K27me3 (green) and 

H3K4me3 (blue) marks, FISH-labeled Gata1 (magenta), and Hoechst 33258 in gray. b) The 

same image as a) without Hoechst staining for better visualization of immunolabels and FISH 

labels. c) Zoomed in view of the approximate center plane of the labeled Gata1 locus in b). Scale 

bar: a, b) 2μm, c) 200 nm. 
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Figure 8. Example image of SCEPTRE that distinguishes H3K4me3 v H3K27me3 at the 

tcf7 gene loci. a) An expanded BMDM with immunolabeled H3K27me3 (green) and H3K4me3 

(blue) marks, FISH-labeled Tcf7 (red), and Hoechst 33258 in gray. b) The same image as a) 

without Hoechst staining for better visualization of immunolabels and FISH labels. c) Zoomed in 

view of the approximate center plane of the labeled Tcf7 loci in b). Scale bar: a, b) 2μm, c) 200 

nm. 

 

2.5 Conclusions 

In conclusion, both ExM and DNA FISH introduce minimal distortion to the murine 

BMDMs and are robust methods for studying the spatial distribution of lineage-defining gene 
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loci, relative to the nuclear periphery and to the chromatin structures. The preliminary work was 

established for dual-channel DNA FISH and for SCEPTRE, targeting Spi1, Gata1, and Tcf7, and 

future can build upon current data to provide more quantitative analyses on the distribution of the 

histone marks in relation to these lineage-defining genes in hematopoiesis. 

 

2.6 Methods and Reagents 

2.6.1 Reagents 

Reagents for expansion hydrogel polymerization and digestion: 40% (w/v) acrylamide (AA; Bio-

Rad Laboratories, cat. no. 161-0140), 2% (w/v) bis-acrylamide (BA; Bio-Rad Laboratories, cat. 

no. 161-0142), Sodium acrylate (SA; Sigma-Aldrich, cat. no. 408220), 

Tetramethylethylenediamine (TEMED, Bio-Rad, cat. no. 1610800), Ammonium persulfate 

(APS, Bio-Rad, cat. no.1610700), Sodium dodecyl sulfate (SDS; Sigma-Aldrich, cat. no. L3771),  

Sodium chloride (NaCl; Fisher Scientific, cat. no. 271). Proteinase K (Thermo Scientific, cat.no. 

EO0491), Tris-Acetate-EDTA Buffer (TAE, Invitrogen, 15558-042), Phosphate Buffer Saline 

(PBS, Gibco, 70011-044), Methacrylic acid N-hydroxysuccinimide (MA-NHS, Sigma-Aldrich, 

730300), Triton-X -100 (TX-100, Sigma Aldrich, cat. no.61-2754) 

Reagents for immunostaining: 32% paraformaldehyde aqueous solution (PFA, Electron 

Microscopy Sciences, RT15714), Glycine (Bio-Rad, 161-0718), Bovine serum albumin (BSA; 

Rockland Immunochemicals Inc, item no. BAS-50), Sodium Azide Granular (NaN3, Fisher 

Scientific, cat no. S2271) 

Reagents for cell culture: Ham’s F-12 Nutrient Mix liquid medium (1×; Gibco, cat. no. 11765-

054, HEPES (1 M; Gibco, cat. no. 15630-080) Penicillin–streptomycin–glutamine (PSG, 100×; 

Gibco, cat. no. 10378-016) Insulin–transferrin–selenium–ethanolamine (ITSX; 100×; Gibco, cat. 
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no. 51500-056), Polyvinyl alcohol (PVA; 87–90%-hydrolyzed; Sigma-alrich, cat. no. P8136), 

Dulbecco's Modified Eagle Medium (DMEM, Gibco, cat.no. 11995065), Penicillin-Streptomycin 

(10,000 U/mL) (Pen-Strep, Gibco, cat. no. 15140122), Fetal Bovine Serum (FBS, Gibco, 

26140079), Recombinant murine stem cell colony factor (SCF, Peprotech, cat. no. 250-03), 

Recombinant murine thrombopoietin (TPO, Peprotech, cat. no.315-14), Recombinant murine 

granulocyte-macrophage colony stimulating factor (GM-CSF, Peprotech, cat. no. 315-03), Hanks 

balanced salt solution (HBSS, Thermo Fisher Scientific, cat. No. 14025076) 

Reagents for primary conjugation: Sodium Bicarbonate (NaHCO3, Fisher Scientific, S233), 

Sodium Hydroxide (Fisher Scientific, S399), Alexa Fluor 488 NHS ester (Lumiphore, cat. No. 

11820) 

 

2.6.2 Isolation of bone marrow for primary cells 

8-week-old C57/BL6 male mice were obtained and euthanized with carbon dioxide for 5 minutes 

before cervical dislocation was performed. Mouse femora and tibiae were harvested for 

downstream culture of hematopoietic stem cells and bone-marrow-derived macrophages. All 

protocols and methods involving animals in this work were approved by the Institutional Animal 

Care and Use Committee at the University of Washington.   

 

2.6.3 Cell culture of bone marrow derived macrophages (BMDMs) 

Muscle tissue was removed from mouse femora and tibiae using a razor blade, before cleaned 

thoroughly with 70% ethanol. Each bone was flushed with 3 mL of HBH solution (0.5% (w/v) 

BSA, 10 mM HEPES in HBSS) using a 23-gauge needle. Bone marrow suspension was filtered 

through a 70-micron filter to remove bone chunks. The solution was centrifuged, and the 
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supernatant was removed. 5 mL of freshly made 1x red blood cell lysis buffer (149 mM NH4Cl, 

10mM NaHCO3, 1mM EDTA in water) was added, and the solution was incubated for 5 min at 

room temperature. Then 10 mL of macrophage media (10% heat inactivated FBS and 1x 

Penicillin-Streptomycin in high glucose DMEM) was added to the solution and centrifuged for 5 

minutes. The supernatant was removed before another 5 mL of macrophage media was added. 

The bone marrow cell solution was filtered through a 70 um filter. The cells were plated in a 24-

well or an 8-well chamber slide with a concentration of approximately 1e6 cells/well and spiked 

with GM-CSF (10 ng/mL). The media was changed on day 3, and the cells were fixed with 4% 

PFA for 10 minutes.  

 

2.6.4 Preparation for primary antibody conjugation 

The conjugation was performed in an eppendorf tube by mixing 40 uL of D x Hu antibody, 10 

uL of pH (~9.45) adjusted 1M NaHCO3, and 2-5 ug of NHS ester functionalized fluorophore. 

The reaction was left to react for 10 minutes, kept away from ambient light. A NAP5 column 

(GE Healthcare Life Sciences, 17085301) was obtained, and the reaction mixture was added to 

the column for purification. The purified sample was collected and characterized using 

ultraviolet/visible adsorption spectroscopy and immunostaining controls.  

 

2.6.5 Immunostaining 

Fixed BMDMs were incubated in block/perm (B/P) solution (3% (w/v) BSA, 0.5% (v/v) Triton-

X) at room temp for 60 minutes, then incubated in a primary antibody diluted in B/P for 1 hour at 

room temp, before solution was removed and washed 3 times with B/P. Then the cells were 

incubated in a secondary antibody diluted in B/P for 1 hour at room temperature. The solution 
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was removed before the cells were washed 3 times with B/P. Lastly, the cells were incubated in 

1:1000 Hoechst 33258 diluted in 1x PBS for 10 minutes at room temperature. Then the cells 

were washed with 1x PBS 3 times.  

 

2.6.6 Gelation and expansion  

Fixed BMDMs were treated with 5 mM MA-NHS for 20 minutes at room temperature, then 

washed with excess 1x PBS. The cells were then incubated with a pre-warmed (37ºC) ExM 

monomer solution (10% (v/v) 1x PBS, 2M NaCl, 8.525% (w/v) sodium acrylate, 2.5% (w/v) 

acrylamide, 0.15% (w/v) bis-acrylamide in DI water) for 15 minutes at room temperature. 1.5 µl 

of 10% TEMED, and 1.5 µl of 10% ammonium persulfate (APS) were added to 97 µl of the pre-

warmed (37ºC) ExM monomer solution in an Eppendorf tube. Immediately after adding APS, the 

solution was mixed quickly, then 60 µl of the gelation solution was pipetted onto a square 

coverslip, placed inside a lunchbox. The 12 mm cover glass was placed onto the gelation 

solution, with the cell side facing down. Nitrogen gas was pumped into the lunch box, which was 

then incubated at 37 ºC for 1 hour. After the incubation, the gel was carefully peeled off from the 

cover glass. The gel was transferred into a 12-well plate, containing 2 mL of freshly prepared 

digestion buffer (1x TAE buffer, 0.8 M guanidine-HCl, 0.5% Triton X-100) along with 2 uL of 

Hoechst 33258 and 20 uL of protein kinase. The gel was incubated overnight at 37 ºC. The gel 

was expanded in 3 exchanges of DI water for 30 minutes each on the second day. 

 

2.6.7 DNA FISH  

The DNA FISH probes were designed using OligoMiner by another lab member, Dr. Madeline 

Wong, in the Vaughan Group. 
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A gelled and fully expanded sample was cut into approximate dimensions of 5 mm by 10 mm. 

The sample was first incubated in 2x SCCT at room temperature for 10 minutes, then in 

hybridization buffer (50% (v/v) 4x SCCT and 50% (v/v) formamide) at room temperature for 10 

minutes. Then the sample was incubated in a new hybridization buffer at 60 C for 30 minutes. 

Then the sample was incubated in DNA FISH solution (10% (v/v) 20x SCC, 50% (v/v) 

formamide, 20% dextran sulfate, 1% sodium azide, with a final DNA probe concentration of 600 

nM for spi1, and 1200 nM for gata1 and tcf7) at 95 °C for 5 minutes. Then the sample was 

incubated in the same DNA FISH solution at 42 °C overnight. The sample was washed the 

second day with 2x SCCT at 60 °C, and then 37 °C, for 15 minutes each. The sample was re-

stained with Hoechst 33258 (1 ug/mL) or SYBR GREEN I (1x) for 10 minutes at room 

temperature, before it was washed with 2x SCCT at room temperature. The sample was 

expanded in DI water for at least 15 minutes before imaging.   

 

2.6.8 Image acquisition  

Gelled and expanded samples of size ~0.5 mm x 0.5 mm were adhered to a poly-L-lysine-coated 

rectangular no. 1.5 coverslip or an 8-well chamber slide. For samples imaged pre-expansion and 

pre-gelation, the cells were cultured and fixed directly in 8-well chamber slides and imaged 

while they were still inside the slides. All samples were imaged with a homebuilt spinning disk 

confocal microscope using a Nikon CFI60 Plan Apochromat 60x 1.27 NA water-immersion 

objective. 

 

2.6.9 Distortion analysis and Elastix  
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The open-source software Elastix was used for rigid (similarity, or euler) and non-rigid (B-

spline) registration of pre-and post-expansion or pre-and-post DNA FISH images. Elastix was 

controlled through Command Prompt. The typical command line is as follows: elastix -f 

fixed.mhd -m moving.mhd -p Parameters.txt -out ., where the fixed image is the pre-expansion or 

pre-DNA-FISH image, the moving image is the post-expansion or post-DNA-FISH image, and 

the parameters file contains the parameters and type of transformation (rigid or non-rigid) used 

for the registration. The registration was typically a two-step process, where a rigid 

transformation was performed first, before the resulting image from the rigid transformation was 

used as the fixed image for a non-rigid transformation. After the non-rigid transformation, the 

deformation information was stored in an automatically generated file called 

“TransformParameters.0.txt,” which was used for generating an RMS error plot. For pre-post 

expansion registration, the pre-expansion image was first manually adjusted (i.e., rotation, 

expansion, and intensity adjusted) to better fit the post-expansion image, which was also 

manually adjusted (i.e., gaussian blur). For pre-post-DNA-FISH, only the intensity of the pre-

DNA-FISH image was manually dimmed so it better matched the post image. 
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