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Abstract

Investigation of Heterochromatin Replication Dynamics Using a Novel Method of
Colocalization Analysis

by
Collin Hickmann
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley

Professor Gary H. Karpen, Chair

PeriCentric Heterochromatin (PCH) comprises roughly a third of the Drosophila
genome and is organized within a compact nuclear condensate known as the PCH
domain. PCH is characterized by the enrichment of methylation of histone H3 at lysine 9
(H3K9me2/3) and its reader Heterochromatin Protein 1a (HP1a), which plays a central
role in the establishment of the PCH domain. Heterochromatin replication is delayed
relative to euchromatin, but the mechanistic basis for this delay, its relationship to the
biophysical properties of the PCH domain, and the spatial organization of PCH
replication remain poorly understood.

Investigation of these questions using microscopy is frequently hampered by
limitations of existing image analysis methods. The irregular morphology, high variability,
and internal heterogeneity of the PCH domain make it difficult to reliably segment for
object-based colocalization techniques, and its relationship with replication foci is not
well described by correlation-based methods. Here, we describe FOC-Map, a new
technique for the quantification and visualization of colocalization, adjacent enrichment,
and exclusion. FOC-Map measures the volume-normalized overlap of segments in one
channel with voxels binned by percentile intensity and distance in the other, showing
how segmented replication foci are distributed across HP1a intensity bins and with
varying proximity to them.

We then apply FOC-Map to time-lapse Airyscan images of cultured Drosophila
cells and find that replication foci are enriched along the periphery of the PCH domain at
the onset of late S-phase, but distributed in interspersed regions of modest HP1a
intensity at later timepoints. Subsequent immunofluorescence staining for the rate-
limiting replication initiation factor CDC45 reveals it to be present at reduced levels
within the HP1a-rich PCH domain. We suggest a model in which exclusion of CDC45
from the HP1a-rich core of the PCH domain limits replication initiation to its periphery
and contributes to its late timing. Replication-induced decondensation at the periphery



of the domain then exposes deeper layers of PCH to nucleosolic CDC45 as the
interface progresses inwards until replication is complete.
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CHAPTER1

General Introduction

The eukaryotic genome is broadly divided into distinct organizational states
known as euchromatin and heterochromatin. While the DNA in euchromatin is
accessible, gene-rich, and transcriptionally active, heterochromatin is highly condensed,
largely noncoding, and repressive to the transcription of most genes (Allshire &
Madhani, 2018; Elgin & Reuter, 2013). Heterochromatic sequences surrounding the
centromeres, or PeriCentric Heterochromatin (PCH), comprise roughly 30% of the
genome in Drosophila melanogaster and most other metazoans (Hoskins et al., 2007).
Heterochromatin is characterized epigenetically by strong enrichment for the histone
post-translational modification di/trimethylation of histone H3 at lysine nine
(H3K9me2/3) (Lachner et al., 2001). This modification is bound by Heterochromatin
Protein 1a (HP1a), which recruits a large variety of factors involved in the maintenance
and regulation of heterochromatin. The proper establishment and maintenance of
heterochromatin is essential for chromosome segregation (Dernburg et al., 1996),
genome stability (Wang et al., 2013), transposon silencing (Jensen et al., 1999), and the
regulation of gene expression (Janssen et al., 2018).

For many years, it was thought that the compact nature of heterochromatic DNA
made it sterically inaccessible to transcription (Wallrath & Elgin, 1995). However, this
view struggled to explain why a subset of genes actually require a heterochromatic
environment to be expressed, or how repressive compaction could also allow processes
like replication and repair (Lu et al., 2000). More recently, it was revealed that weak,
multivalent interactions of HP1a and other PCH components drive the clustering of
heterochromatic loci into a liquid-like, membraneless nuclear body (or biocondensate)
known as the PCH domain, through the process of phase separation or similar
biophysical mechanisms (Larson et al., 2017; Strom et al., 2017). It has been suggested
that the selective permeability and fluidity of a liquid HP1a condensate could allow more
flexible control of biochemical processes at heterochromatic loci than simple
compaction, but these functional implications remain unexplored (Klosin & Hyman,
2017).

DNA replication provides a particularly valuable context for examining
heterochromatin accessibility, as replication machinery must reliably and directly access
heterochromatic DNA within the PCH domain every cell cycle. Because complete and
accurate replication of the genome is essential for chromosome segregation and
genome stability, cells must ensure that even highly condensed heterochromatic
sequences are replicated efficiently. This implies that either the replication machinery is
permitted regulated access into the PCH domain interior, or alternatively,
heterochromatic DNA may need to transiently become more accessible or relocate
outside the domain for replication to occur.

Factors affecting heterochromatin replication timing

While the entire genome must be duplicated during S-phase, it does so with a
characteristic temporal progression from euchromatin in early S-phase to



heterochromatin in late S-phase (Lima-de-Faria, 1959). The delayed timing of
heterochromatin replication is one of its defining hallmarks, and is conserved across
metazoans (Lima-De-Faria & Jaworska, 1968). Neither the mechanisms responsible for
the late replication of PCH nor its functional significance are well-understood, but a
growing body of evidence has ruled out some explanations while also identifying several
contributing factors (Marchal et al., 2019). In early cell cycles of Drosophila embryos,
the entire genome replicates synchronously in only a few minutes, demonstrating that
late replication isn’t intrinsic to heterochromatic sequences (Blumenthal et al., 1974). An
early leading hypothesis was that the compact organization of PCH reduced its
accessibility to both transcription and replication, leading to a delay in the replication of
PCH (Priest, 1968). It has since been shown that interphase condensation of PCH
precedes the onset of late replication in the early Drosophila embryo, indicating that
PCH compaction alone cannot account for its late replication timing (Shermoen et al.,
2010).

Before replication can occur, potential replication start sites, known as origins,
must be loaded with the MCM2/7 helicase to achieve origin licensing (Parker et al.,
2017). Licensing is limited to the G1 phase to prevent already replicated sites from
being re-licensed and re-replicated in S-phase, ensuring that each part of the genome is
replicated once and only once. Replication initiation occurs when several additional
replication factors, including CDC45 and the GINS complex, associate with a licensed
origin to form a complete replisome, allowing the origin to fire and replication to begin.
Replication initiation also requires activating phosphorylation by the conserved kinases
DDK and CDK2 (Costa & Diffley, 2022; Yeeles et al., 2015). Both origin licensing and
initiation contribute to replication timing and are sensitive to local chromatin features,
raising the possibility that the spatial organization of heterochromatin could influence
timing by modulating accessibility to the factors involved in these processes or
regulators of their activity (Fragkos et al., 2015).

Unlike yeast, where replication origins are defined by specific DNA sequence
motifs, origins in metazoans are not strictly determined by consensus sequences, and
replication initiation occurs stochastically from among many potential sites (Parker et al.,
2017). Several studies have claimed that replication timing may be influenced or even
explained by the distribution of licensed origins across the genome, with late replicating
regions having a lower density of origins than early replicating regions (Miotto et al.,
2016). Although genome-wide mapping of licensed origins has generally shown
enrichment in euchromatic early-replicating regions, the methods used typically involve
identifying peaks where origin licensing proteins are enriched, and these often disregard
the repetitive parts of the genome that comprise much of PCH, because they cannot be
uniquely mapped. This leaves open the possibility that licensing sites may be less
consistently positioned in heterochromatin and therefore harder to detect as discrete
peaks from population averages, even if they occur with similar frequency in individual
cells. Several other methods, including SNS-seq, bubble-seq, and DNA combing identify
active origins after their firing, but these techniques are unable to distinguish between
differences in rates of origin licensing and firing (Hu & Stillman, 2023; Hyrien, 2015).
This is because regions with high densities of active origins may reflect a higher density
of licensed origins that are detected after firing, a higher frequency of origin firing among



licensed origins, or a combination of the two. One recent study estimated rates of MCM
loading in Drosophila nuclei and observed that PCH reached similar levels of MCM
loading to euchromatin by the start of S-phase, which would not be expected if late
replication were the result of reduced origin licensing (Mei et al., 2022). It remains
possible that the distribution of licensed origins contribute to the late replication of PCH,
but the degree to which it does so remains a topic of active investigation.

In addition to origin licensing, replication timing is influenced by modulation of
replication initiation. One of the best studied regulators of replication timing is RIF1
(Rap1-Interacting Factor 1; (Richards et al., 2022)). RIF1 is a conserved factor that
localizes to heterochromatin and recruits Protein Phosphatase 1 (PP1) to antagonize
DDK, delaying initiation until it dissociates from heterochromatin later in S-phase (Cho
et al., 2022a). In the 14" round of division in Drosophila embryos (cycle 14),
heterochromatin replication becomes delayed relative to the replication of other
sequences, and this delay is driven by RIF1. RIF1’s role in this process occurs prior to
and independent of the recruitment of HP1a, the full heterochromatinization of PCH
sequences, or their assembly into the mature PCH domains (Seller & O’Farrell, 2018).
Despite this prominent early role, RIF1 plays only a minor role in the timing of PCH
replication beyond cycle 14.

By the 15" round of cell division in the Drosophila embryo (cycle 15), one of the
major PCH repeat sequences, the 359 bp repeat, is fully heterochromatinized, bound to
HP1a, and part of the PCH domain. These changes are associated with a much longer
delay in its replication, which persists even in the absence of RIF1. In hybrid embryos
where 359 repeats are not bound by HP1a, it does not become late replicating during
cycle 15, indicating that HP1a is necessary for the establishment of late replication
timing (beyond the smaller delay induced by RIF1) (Yuan & O’Farrell, 2016). When
HP1a is ectopically targeted to a repeat (the 1.686 satellite sequence) which ordinarily
is not heterochromatinized during this developmental stage, its replication timing is
delayed, similar to that of the 359 repeat. Smaller and less consistent effects on
replication timing have also been noticed following the knockdown of HP1a in cell
culture (Schwaiger et al., 2010). Together, these lines of evidence indicate that HP1a,
and perhaps the emergent properties of the HP1a-dependent PCH condensate, play a
major role in determining late replication of PCH independent of RIF1.

Spatial dynamics of PCH replication

Unlike RIF1, the mechanism by which HP1a delays heterochromatin replication
remains unclear. However, HP1a is essential for organizing heterochromatin into the
spatially-discrete PCH domain, and this structural role suggests a potential spatial
aspect to the regulation of heterochromatin replication timing (Chen & Buonomo, 2023;
Larson et al., 2017; Strom et al., 2017). While the general relationship between nuclear
organization and replication timing has been widely studied, the possibility that HP1a
modulates replication timing through its effects on PCH domain structure and
accessibility has not been directly tested. Nevertheless, several studies have
characterized where heterochromatin replication occurs relative to the PCH domain
(Chagin et al., 2019; Gelléri et al., 2024; Markaki et al., 2012; Quivy et al., 2004). It has
long been known that DNA replication occurs at distinct sites known as replication foci,



which can be visualized by fluorescent labelling of replisome components —most
commonly the sliding clamp PCNA (Proliferating Cell Nuclear Antigen) —or nucleotide
analogs introduced in pulse labelling analogs and incorporated into newly synthesized
DNA (Bravo & Macdonald-Bravo, 1987; Nakamura et al., 1986). Experiments using
these methods revealed a general progression of replication patterns consistent with the
knowledge of replication timing. Replication foci are widely distributed throughout the
nucleus in early S-phase, corresponding to the replication of euchromatin, which is
loosely organized and spread throughout most of the nuclear volume. As S-phase
progresses, replication is observed at a smaller number of larger and more consolidated
foci before eventually converging at the PCH domain in late S-phase, at which time
PCH replication occurs. While this general progression is well established, a more
detailed understanding of the organization of PCH replication has only begun to develop
in more recent years (Chagin et al., 2019).

Foundational work by the Almouzni group using nucleotide pulse-labeling in
mouse cells observed that late-S replication foci were restricted to the periphery of PCH
domains, where they formed a ring-like pattern (Quivy et al., 2004). Further pulse-chase
experiments detected recently replicated DNA within the PCH domain 45 minutes after
replication, even though active replication remained restricted to the periphery. This
suggested heterochromatic sequences may translocate to the domain surface for
replication and subsequently return to the interior after completion. This model is
consistent with the understanding of the PCH domain as a region of limited accessibility,
but it also offers a mechanism by which PCH sequences can be made accessible by
moving out of the PCH domain. The findings also offered intriguing parallels to the
translocation of heterochromatic Double Strand Breaks (DSBs) to the periphery and
exterior of the domain prior to repair by homologous recombination (Chiolo et al., 2011),
raising the possibility that translocation may be a more general mechanism regulating
the accessibility of heterochromatin in the PCH domain.

More recent studies have challenged some aspects of this understanding while
validating others. The Cremer group conducted similar experiments with nucleotide
pulse-labelling in mouse cells and imaged them using super-resolution Structured
lllumination Microscopy (SIM). Replication foci were observed in rings along the
periphery of PCH domain in some late S-cells, but also within less compact channels
within the PCH domain of others (Markaki et al., 2012; Gelléri et al., 2024). Work from
the Cardoso Lab further strengthened and built upon these findings using a variety of
labelling strategies in both fixed and live cells from mice and humans. They revealed a
characteristic progression in which replication foci are first observed along the periphery
of the PCH domain at the start of late S-Phase, then invade the interior of the domain
within regions of low chromatin compaction, before finally rising to the surface again just
before completion (Chagin et al., 2019). The authors proposed a model in which PCH
replication begins at the surface of the PCH domain, and is later permitted or
accompanied by local decondensation within the PCH domain interior, rather than
larger-scale translocation of chromatin to the domain surface. It was further suggested
that the earlier publications reporting a ring-like pattern of replication at the periphery of
the domain may represent a snapshot at the start or end of PCH replication, but were
broadly consistent with this larger progression.



Similar spatial organization has been reported in early Drosophila embryos,
where late replication was observed primarily in decondensed chromatin adjacent to or
surrounding condensed, HP1a-rich regions within the newly established PCH domain
(Shermoen et al., 2010). However, more detailed, high-resolution analysis of the
organization of PCH replication in Drosophila is lacking, and the dynamics of the
accelerated cycles of the early embryo may not be broadly representative. Additionally,
it remained unclear how the organization of PCH replication in Drosophila related to the
two competing models of translocation and local decondensation developed in prior
mammalian cell studies.

In this study, we set out to characterize the dynamics and organization of
heterochromatin replication in cultured Drosophila cells, using higher resolution imaging
by Airyscan microscopy and new analytic approaches to investigate these unresolved
questions. This effort was complicated by several challenges: the PCH domain is
irregular and lacks discrete boundaries, replication foci lie in such close proximity to the
domain that blur inflates their apparent overlap, and conventional colocalization
methods cannot distinguish between true overlap and peripheral enrichment without
over-interpreting partial signal coincidence. To overcome these obstacles and address
limitations of current analysis methods, we first developed a novel colocalization
analysis technique, FOC-Map, which combines binning of one channel and
segmentation of the other to enable the quantification and visualization of complex
spatial relationships between irregular objects. The development and characterization of
this method is reported in Chapter 2.

In Chapter 3, we successfully apply FOC-Map to elucidate the relationship
between replication foci and the PCH domain through the progression of late S-phase
and the duplication of PCH in Drosophila cultured cells. We find that replication foci at
the onset of late S-phase are confined to the outer boundary of the PCH domain,
forming a shell-like pattern with little overlap into the HP1a-rich interior. While similar
patterns have been reported previously, our analysis confirms that replication initially
occurs predominantly at the periphery of the domain rather than within the compacted
interior. The early restriction of replication to the periphery prompted us to examine the
nuclear distribution of the replication initiation factor CDC45, which we hypothesized
might limit the capacity for initiation within the domain. As late S-phase progresses, we
observe that replication begins to occur within the domain, localizing at foci within low-
HP1a channels interspersed between more condensed regions. This distribution
provides additional support for recent models proposing that local decondensation
permits replication without the need for large-scale translocation of heterochromatic
sequences to the surface of the domain (Chagin et al., 2019; Markaki et al., 2012).
Finally, the broader implications of these findings and avenues for further research are
discussed in Chapter 4.



CHAPTER 2

FOC-Map: A Novel Method for the Quantification and Visualization of Colocalization,
Exclusion, and Proximity in Microscopic Images

Abstract

While attempting to elucidate the spatio-temporal dynamics of heterochromatin
replication in live (time-lapse) and fixed samples, we observed that replication foci were
associated with the periphery of the PeriCentromeric Heterochromatin (PCH) domain
and with regions of low HP1a intensity. However, quantification using existing
colocalization analysis methods failed to produce consistent and meaningful results.
Correlation-based strategies such as the Pearson Correlation Coefficient (PCC)
performed poorly due to the complex, non-monotonic relationship between signals and
the large volume devoid of both signals within the nucleus. Object-based approaches
such as the Manders Colocalization Coefficient (MCC) produced inconsistent results
due to difficulty segmenting the nebulous, irregular, and highly variable PCH domain.
Line-intensity profiles clearly displayed the preferential localization of replication foci at
the periphery of the PCH domain, but were insufficiently quantitative and not amenable
to analysis of larger datasets. To address these challenges, in collaboration with Dr.
Srigokul Upadhyayula (UC Berkeley) we developed FOC-Map, a novel approach to
quantify and visualize colocalization. FOC-Map uses an object-based approach similar
to Manders, but requires only one channel to be segmented, making it well-suited for
analyzing colocalization when one channel contains nebulous features with poorly-
defined boundaries. FOC-Map also reveals more complex spatial associations, such as
adjacency and exclusion, and gives an overview of the relationship between channels
that is similar to a linescan, but is fully volumetric and more amenable to pooling in large
datasets. By combining the strengths of existing methods while minimizing their
limitations, FOC-Map offers a generalizable strategy for colocalization analysis that may
prove useful in a wide range of imaging contexts.



Introduction

One of the most common problems encountered in cellular biology is the need to
objectively quantify the spatial association or overlap between distinct features in a set
of microscopic images. Despite an abundance of research into the topic, there is no
gold-standard technique which is appropriate for quantifying colocalization in all images.
Given the large diversity of imaging techniques used, microscopic features visualized,
and types of spatial relationships measured in colocalization analysis, it is unlikely that
such a generalizable strategy is even possible. All existing techniques are affected by
pitfalls which limit their applicability or interpretability in certain situations, and
researchers must choose the analysis method that is most appropriate for their question
and dataset (Aaron et al., 2018; Bolte & Cordelieres, 2006).

Existing colocalization analysis techniques can be broadly divided into three
major categories: qualitative/semi-quantitative visualization methods such as line
intensity profiles and intensity scattergrams, pixel correlation-based methods such as
the Pearson’s Correlation Coefficient (PCC), and object-based methods such as the
Manders Colocalization Coefficient (MCC) (Bolte & Cordeliéres, 2006; Manders et al.,
1992, 1993). While there is considerable overlap in how these methods may be used,
they differ in their approach and in the parameters they are designed to measure (Dunn
et al., 2011). The MCC measures the overlap/co-occurrence of signals: How much of
the signal from one channel falls within regions occupied by the other and vice versa?
This necessarily requires that the signal be differentiated from the background by
segmentation, which can be challenging if the signal is not organized within well-defined
structures with clear boundaries, as is often true for dynamic biocondensates.

Pixel correlation-based approaches, such as the Pearson’s Correlation
Coefficient (PCC), measure not just whether the signals in each channel occupy the
same regions within a cell, but whether they are distributed in proportional amounts and
in a linear manner. Compared to the MCC, the PCC is an indirect measure of co-
occurrence. When the features in each channel extensively overlap/colocalize, high
intensity in one channel will be associated with high intensity in the other, and the same
will be true of low intensities. In this way, positive PCC values approaching 1 typically
reflect a high degree of co-occurrence. If the features in each channel are randomly
distributed with respect to one another, there will be no relationship between the
intensity in each channel, and the correlation should be low or near zero. If the features
tend to be mutually exclusive, high intensities in one channel are associated with low
intensities in the other, and a negative correlation approaching -1 is expected
(Cordelieres & Bolte, 2014). This sensitivity to both co-occurrence and correlation can
complicate interpretation of the results, as it can be unclear whether a difference in PCC
values reflects a difference in the amount of overlap or in the proportionality of the
signal. It has been argued that the PCC should only be used for images in which a
linear correlation between signals can be expected, and that it can be inaccurate or
misleading when applied to images with more complex relationships between channels
(Dunn et al., 2011). One variant of PCC, called the Spearman’s Rank Correlation
Coefficient (SRC) (Adler et al., 2008), eliminates the assumption of linearity, but it still
requires that the relationship between signals can be described by a monotonic function
that is always increasing or always decreasing across the full range of intensities. In



images where signals are associated but not well described by linear or monotonic
functions, PCC and Spearman’s tend to produce ambiguous and sometimes misleading
results. Despite these caveats, PCC is perhaps the most widely used quantifier of
colocalization, and in practice, is often used for its sensitivity to co-occurrence by
researchers who are uninterested in signal proportionality. The weaknesses of PCC are
often counterbalanced by its advantages over the MCC, namely its simplicity and the
fact that it does not require segmentation of the signal (Dunn et al., 2011). Given the
distinct strengths and limitations of these approaches, we began by assessing the
performance of several commonly used colocalization analysis methods for our specific
imaging data and research questions.

Results

Existing image analysis methods were inadequate for quantifying the organization and
dynamics of PCH replication in Drosophila

During our study of PeriCentric Heterochromatin (PCH) replication, we sought to
characterize the spatial relationship between replication foci and the PCH domain,
which is a liquid-like condensate displaying irregular and variable morphology.
Specifically, we aimed to determine whether PCH replication happens within the PCH
domain or is excluded from it. After collecting time-lapse images of Drosophila cultured
cells progressing through S-Phase, we assessed whether the replication foci (labelled
with PCNA) were inside the PCH domain (labelled with Heterochromatin Protein 1a or
HP1a) or excluded from it at the onset of PCH replication in late S-phase. At this stage,
our images displayed a qualitatively obvious relationship in which replication foci were
strongly associated with the outer periphery of the PCH domain, but largely absent from
its more HP1a-rich core (Fig. 1A). At later timepoints, replication foci appeared to be
localized within HP1a-poor channels or voids between the more compact portions of the
increasingly fragmented PCH domain (see Chapter 3 for detailed treatment).

We initially attempted to characterize this result with existing methods of
colocalization analysis, but encountered several complicating factors that impeded
accurate, consistent, and meaningful quantification. PCNA foci were clearly located at
the outer periphery of the PCH domain, but with such close proximity that there was
non-negligible overlap in the signals. If replication foci form an interface with the PCH
domain, it is expected that optical blur would produce some degree of overlap, even
after Airyscan Processing. Line intensity profiles (linescans) proved effective at
visualizing this relationship (Fig. 1B), but they suffer from several limitations that hinder
their utility in reaching a broader conclusion. First, linescans are not a volumetric
method of analysis. The intensities of a single line of voxels in a single image plane are
plotted, while the vast majority of information in the image is omitted. For this reason,
the choice of where to draw the line can greatly influence the output. The line cannot be
drawn randomly; it must pass through the center of the PCH domain and some of the
PCNA foci. This makes linescans potentially prone to bias and sampling issues (Bolte &
Cordeliéres, 2006). Furthermore, linescans are not amenable to quantitative
comparison or pooling across larger datasets. Averaging together the linescans of
complex features from separate cells will simply blur them together and obscure the
relationship between features that may be evident in the individual linescans.



Despite these limitations, the linescan is informative for understanding why
correlation-based metrics struggle with images of this type. The lefthand portion of the
profile (approximately 0 to 750 nm) shows PCNA and HP1a intensity rising together
above the nuclear background, as the line passes from the nucleoplasm into the region
surrounding the PCH domain (Fig. 1B). This portion of the profile contributes a positive
correlation between channels. At the peak of PCNA intensity, HP1a intensity dips
slightly, corresponding to the peripheral localization of replication foci at regions of
somewhat lower HP1a enrichment. Beyond the PCNA peak, PCNA intensity declines
while HP1a intensity continues to rise as the line enters the HP1a-rich core of the
domain. This portion of the profile produces a negative correlation. The relationship
between channels is therefore not only non-linear but non-monotonic, violating the
assumptions of both PCC, which assumes linearity, and the Spearman's Rank
Correlation (SRC), which relaxes the assumption of linearity but still requires that the
relationship be described by a monotonic function that is always increasing or always
decreasing across the full range of intensities (Adler et al., 2008; French et al., 2008).
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Figure 1. Commonly used colocalization metrics produce equivocal results in a
cell with peripheral localization of replication foci

A. A transiently transfected S2R+ cell in late S-phase exhibits a prominent association of replication
foci (mScarletl-PCNA) with the periphery of the PCH domain (mEGFP-HP1a). The yellow diagonal
line passing through the brightest region in each panel is the line used for the intensity profile
(linescan) plotted below. B. Linescans plotting the intensity of mScarletl-PCNA and mEGFP-HP1a at
positions along the diagonal line in the panels above. Intensity is in arbitrary units and was rescaled
using the max values to fit the plot. C. The values for the most commonly used quantifiers of
colocalization, which were calculated from the full nuclear volume in the case of PCC and SRC, and



for the thresholded Manders Colocalization Coefficients (tM4 and tM.). tMy and tM2 were quantified
using the overlap of segmented PCNA foci and of HP1a thresholded with varying levels of
stringency. The segments and their overlap are shown in Fig. 3A, which analyzed the same cell to
enable direct comparison with the results of FOC-Map. The widely varying outputs show that the
Manders coefficients are highly sensitive to differences in thresholding, while the intermediate values
of PCC and Spearman's do not allow meaningful conclusions to be reached.

Consistent with these observations, PCC yielded a weakly positive value of 0.29
for the full nuclear volume, and SRC performed no better (Fig. 1C). The weakly positive
values likely reflect the fact that both signals are elevated above the nuclear
background in the same general region of the nucleus, producing a net positive
correlation despite the fact that their peaks do not coincide and the signals diverge at
higher HP1a intensities. These intermediate values do not permit meaningful
conclusions about whether replication foci are colocalized with, excluded from, or
peripherally associated with the PCH domain. Large regions of mutual exclusion or
uncorrelated low intensity background are known to inflate the value of PCC, and as a
result, high PCC values have previously been documented even for signals that localize
in distinct organelles (Adler & Parmryd, 2010; Moser et al., 2017). All of the PCNA foci in
late S-phase are located in very close proximity to the PCH domain, where HP1a signal
intensity is substantially lower than in the high intensity regions of the PCH domain, but
still above the nuclear background level. Thresholding can be performed to the low
intensity background from the analysis, but this complicates interpretation of the result,
which would then strictly measure signal proportionality rather than co-occurrence
(Dunn et al., 2011). Even if PCNA foci are excluded from the high-HP1a regions of the
PCH domain and preferentially located in regions of lower HP1a-intensity at the
periphery of the domain, there is no reason to expect that the relationship between the
signals should be inversely proportional in a linear manner. For these reasons, PCC
was determined to be ill-suited for quantifying the exclusion or colocalization of
replication foci with the PCH domain.

We next attempted to quantify colocalization with the thresholded MCC (tM1 and
tM2), but encountered several distinct but closely related problems that severely limited
its utility. MCC requires the boundaries of features in both channels to be defined and
segmented, and works best for sharply defined features that can easily be converted to
a binary mask. However, the PCH domain is nebulous and lacks clear boundaries. It
contains regions of varying intensity, and there is no natural cutoff in intensity values
that could be used to guide the decision. Because replication foci are located at the
periphery of the PCH domain closely abutting regions of high HP1a-intensity, the way
the domain is defined can dramatically affect the amount of overlap measured, making
the result highly sensitive to the choice of threshold (Figs. 1C and 3A). When everything
above the nuclear background level was segmented, the voids and local minima in the
PCH domain were often included in it, giving the appearance of high overlap. Attempts
to more stringently segment the high intensity/compact regions of the domain while
excluding the voids and local minima failed to find a segmentation method that
consistently accomplished this, and even if one were possible, it felt too arbitrary, prone
to bias, and seemed to be a selective reporting of the results.
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Interpretation of MCC values also presents challenges. It is clear in the images
and the linescans that there is some overlap in signal at the periphery of the PCH
domain. While MCC can determine the fraction of signal in one channel that co-occurs
with features in the other, there is no clear level below which the PCH domain can be
said to exclude replication foci, or above which they can be said to overlap more than
would be expected in the case of adjacency. Further compounding this challenge, both
the MCC and the PCC discard spatial context and obscure the nature of the association
between the signals. In both the raw images and the linescans produced from them, it is
evident that replication foci are located at the boundaries of the PCH domain and within
local intensity minima of HP1a, but this is not reflected in either the PCC or the MCC
(nor can it be).

However, the sensitivity of the Manders coefficients to changes in thresholding
also suggested a potential path forward. If each threshold yields a different answer, then
no single thresholded result can be considered authoritative, and selecting any one
threshold risks producing an answer that is both arbitrary and potentially misleading. Yet
the way in which the measured overlap varies in response to changing thresholds is not
simply noise. It reflects the underlying spatial distribution of signal relative to regions of
differing intensity, and may therefore contain substantially more information about the
relationship between channels than the coefficient at any single cutoff. A method that
systematically examines how the overlap between channels varies across the full range
of intensities, rather than collapsing it into a single threshold-dependent value, could
potentially extract this richer spatial information. We therefore developed the Fractional
Overlap Coefficient Map (FOC-Map), which was specifically designed to retain spatial
context, accommodate flexible binning strategies, and produce normalized, interpretable
metrics of colocalization suitable for pooled analysis of large datasets.

FOC-Map is a modular method for quantifying and visualizing colocalization,
exclusion, and spatial proximity in three-dimensional microscopy images and datasets.
FOC-Map combines the volumetric robustness of correlation- and object-based
methods with the spatial interpretability of linescans, while avoiding the need to select
an arbitrary threshold for features with diffuse boundaries and heterogenous signal. It
operates in five main stages: (1) segmentation of structures in one channel (e.g.
replication foci), (2) binning of voxels in the other channel (e.g. PCH) based on intensity
and proximity, (3) calculation of voxel-wise overlap within each bin, (4) normalization to
account for differences in volume, and (5) visualization of the results using spatial
heatmaps (Fig. 2).

Unlike traditional approaches that require both channels to be segmented, FOC-
Map segments structures in only one channel (e.g., replication foci) and quantifies their
distribution across percentile intensity bins in the other channel (e.g. HP1a/PCH).
Quantifying the normalized overlap of the segments with each percentile intensity bin
makes it possible to determine how objects in one channel are distributed with respect
to regions of varying intensity in the other, while avoiding the need for a single arbitrary
threshold. Voxels in the region of interest (i.e. the nucleus) are also binned by their
proximity to the voxels of each intensity bin, producing a normalized distance profile that
shows when segments in one channel are enriched in close proximity to high intensity
regions of the other. FOC-Map is most powerful when applied to datasets containing
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multiple cells, where pooling across samples reduces the influence of stochastic
variability and enables more confident detection of meaningful spatial relationships.
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Figure 2. Overview of FOC-Map

Simplified schematic showing the workflow of FOC-Map. While features in the red channel (e.g.
replication foci) are segmented, the green channel (e.g. PCH) undergoes intensity binning, and a
series of distance bins is made for each intensity bin using the distance between voxels in each
intensity bin of the green channel and those in segments of the red channel (Details in text and
Figure 3). The FOC is used to measure the normalized overlap between the red segments and each
of the green bins. These FOC values are then displayed in a heatmap. While the bin FOC values are
represented graphically here, their values are conveyed by color-scaling in actual heatmaps, as
shown in subsequent figures.

The Fractional Overlap Coefficient: a volume-normalized colocalization metric

At the core of FOC-Map is a normalized, object-based measure of colocalization
we call the Fractional Overlap Coefficient (FOC). While conceptually similar to the MCC,
the FOC introduces a normalization step that enables meaningful comparisons between
bins of different sizes. This approach is particularly valuable for quantifying the
distribution of objects in one channel at varying distances from high-intensity voxels in
the other, as is done during distance-binning, where bin volume increases greatly with
distance.

To determine how segments in one channel (e.g. replication foci) are distributed
across bins in the other (e.g. HP1a intensity or distance bins), one could calculate the
fraction of red segment volume that overlaps each green bin. However, when bins differ
in volume, larger bins will on average harbor a proportionally larger fraction of the red
segments even if the red segments are randomly distributed, preventing meaningful
comparison between bins of different sizes. The MCC would be equally prone to this
source of bias, as the fraction of red signal in each green bin would also be expected to
scale with bin volume in the null case of random distribution.
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An alternative approach might be to reverse the measurement: for each bin,
calculate the fraction of its volume that overlaps the red signal. This removes
dependence on bin size, but introduces a new problem: sensitivity to the total volume of
red segments. If the volume of red structures doubles while their spatial distribution
remains random, this fraction will increase proportionally, even though the relationship
between the channels has not changed. As a result, comparisons across different cells,
timepoints, or experimental conditions become ambiguous: it would be unclear whether
a change in overlap reflects a change in spatial association or simply a change in signal
volume. The FOC quantifies spatial association by comparing the observed overlap with
that expected under a random distribution, allowing both bin and segment volume to be
accounted for simultaneously. For a given bin in the green channel, the FOC is defined
as:

FOC. = YRedngin/VRed
°" ™ Vgin/Vro

where VRed, Vain, and Vrednsin are the volumes of segments in the red channel, the bin in
the green channel, and the overlap between them, respectively. Vro is the volume of
the region of interest (ROI), defined as the volume in which two signals could potentially
co-occur (e.g. the nucleus, for two nuclear proteins). Expressed in this way, the FOC
represents the fraction of red segment volume overlapping a bin in the green channel
normalized by the fraction of the total ROl volume occupied by that bin. If no spatial
relationship exists between features in the two channels and their distribution is random
with respect to each other, the fraction of red volume overlapping green will, on
average, be equal to the fraction of the ROI overlapping green, producing an FOC of 1.
An FOC of 2 would indicate the fractional overlap of the bin is twice that of the broader
ROI, and twice that which would be expected in the case of random distribution.
However, the FOC could just as easily be described by the inverse, as the fraction of
the bin volume overlapping red segments normalized by the fraction of the ROI volume
occupied by red segments. These definitions are mathematically identical. In contrast to
MCC, which must be calculated separately for each channel and lacks a consistent
baseline across bins, the FOC generates a single, interpretable measure that reflects
both enrichment and exclusion.

Segmentation and binning

FOC-Map requires only a single channel to be segmented. The channel with the
most well-defined features is typically chosen for this, allowing the channel with more
complex and nebulous features to be analyzed by binning instead. While no specialized
segmentation approach is required, we recommend choosing reasonably stringent
parameters. Stringent segmentation reduces the risk of false-positive overlap between
adjacent objects, improving measurement accuracy. However, excessively stringent
segmentation may exclude genuine features, reduce segmented volumes and increase
variability in measurements. A balanced approach to segmentation is therefore
beneficial.

Percentile intensity binning is used to avoid the need for segmentation in the
second channel. Unlike correlation-based methods, the FOC is an object-based
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measure, and thus requires defined objects to quantify overlap. Traditionally, this would
necessitate segmentation of both channels, which can be problematic if one channel
contains diffuse or poorly defined structures. Instead, percentile intensity binning sorts
voxels into groups of roughly equal size across the full intensity range, allowing the FOC
to quantify normalized overlap between segmented objects and regions of differing
intensity (Fig. 3a). This strategy ensures that subtle structural differences, such as those
between core and boundary regions, remain discernible.

Although intensity-based binning and FOC measurements effectively quantify
direct overlap between features, biological structures frequently exhibit more complex
spatial relationships. For example, when two structures are adjacent or peripherally
associated, some overlap at their interfaces is expected due to limitations in optical
resolution. Such overlap is biologically distinct from an equal amount of overlap that is
more evenly distributed throughout the entire structure, yet traditional colocalization
metrics often fail to differentiate between these scenarios. To detect and quantify these
more complex spatial associations, FOC-Map incorporates an additional layer of
analysis called "distance binning".

While percentile intensity binning partitions voxels by their intensity values,
distance binning classifies voxels based on their spatial proximity to the voxels in each
of these intensity bins. Each voxel in a given intensity bin is surrounded by concentric
spherical distance bins extending outward in discrete steps. All voxels in the region of
interest are then grouped into these distance bins according to their radial distance from
the center voxel. This process is repeated for each voxel within the intensity bin, and
distance bins of equivalent radius are pooled, generating a single set of pooled distance
bins containing the summed volumes and overlaps (Fig. 3b).

By quantifying overlap across these pooled distance bins, the FOC captures not
only direct spatial overlap but also the enrichment of segmented features at varying
distances from high intensity percentile bins (i.e. the dense regions within the features
of the green channel). This approach provides key interpretative context, revealing
whether overlap is evenly distributed throughout regions of high intensity or is
disproportionately found in neighboring regions. Such insights significantly enhance
biological interpretability, complementing direct intensity-based overlap measurements
and helping to distinguish meaningful spatial relationships from artifacts introduced by
imaging resolution or segmentation limitations.

Due to the multidimensional nature of FOC-Map data, conventional plots such as
scatterplots or line graphs are insufficient, making heatmaps a practical necessity. Each
element in the heatmap displaying the results corresponds to a specific combination of
an intensity percentile bin (X-axis) and a distance bin (Y-axis), with colors encoding the
corresponding FOC values. Although intensity bins are initially defined by percentile
ranks, the visualization of results typically benefits from positioning these bins along the
X-axis according to their average intensity. This approach addresses an important but
potentially unintuitive scaling issue. For example, consider a feature that occupies
roughly 10% of the diameter in a two-dimensional slice through the region of interest.
Due to the cubic relationship between diameter and volume, this same feature would
constitute less than 0.1% of the total three-dimensional volume. Representing all bins
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with equal widths along the X-axis would cause this feature to appear disproportionately
small or even visually indistinguishable on the heatmap. Scaling intensity bins by
average intensity rather than strict percentile spacing preserves the visibility and
proportionality of these biologically important regions, resulting in heatmaps that
intuitively reflect meaningful spatial relationships within the data.
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Figure 3. Visualization of FOC-Map processing steps and output in a single cell
exhibiting adjacent localization between channels

A. PCNA segments and HP1a Percentile Intensity Bins visualized in a single Z-plane of a live S2R+
Drosophila cell in late S-Phase. PCNA (magenta) foci border the PCH domain (green, visualized with
HP1a) but lack extensive overlap in the high-intensity core of the domain. Intensity bins are grouped
for visibility and conceptual clarity; scale bars are 1 um. The nucleus is outlined in grey in the first
panel, while the yellow inset is magnified and displayed in all subsequent panels. B. Graphical
representation of the distance binning procedure for a single intensity bin. Concentric distance bins
are generated from each voxel within the selected intensity bin and the distance bins from each
voxel are then pooled by their radii (distance from central voxel). In practice, the full set of distance
bins for each voxel spans the entirety of the ROI (e.g. the nucleus) such that each voxel of the ROI
is binned separately based on its distance to each voxel in the intensity bin. This process is then
repeated for each intensity bin. C. The resulting FOC-Map for the cell shown in A. The asterisk
indicates the region of peak association with PCNA segments (highest FOC value) ~500 nm away
from the top intensity bin, while the "/" tick at the right side of the x-axis shows the highest HP1a
intensity bin, where the FOC has a value of 2.5.
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Pooling across cells

The procedures described above outline how FOC-Map analyzes individual cells,
producing detailed profiles of spatial association for each. However, biological
interpretations typically require aggregating data across multiple cells to derive general
conclusions. To achieve this, FOC-Map incorporates pooling, whereby corresponding
intensity and distance bins from different cells within a dataset are combined prior to
calculating the FOC. Specifically, volumes of segmented objects, total bin volumes, and
overlapping volumes within equivalent bins from multiple cells are summed together,
and the FOC is subsequently computed from these pooled totals. This pooling strategy
reduces the impact of cell-to-cell variability and provides an integrated representation of
spatial associations applicable across an entire experimental condition. Although
alternative approaches, such as calculating individual FOCs per cell followed by
averaging, are also possible and might facilitate statistical analysis, pooling offers a
straightforward method for visualizing spatial trends that may otherwise be obscured by
inter-cellular noise or limited sample sizes.

Modularity of FOC-Map

FOC-Map is described here as an integrated pipeline, but its components can
also be selectively implemented or combined according to the needs of specific
research questions. When structures in both channels can be reliably segmented, the
FOC alone can be used as a normalized alternative to the MCC, providing robust
quantification of colocalization without additional binning steps. Alternatively, percentile
intensity binning can be implemented without distance binning if the research question
is focused specifically on direct overlap and there is no need to analyze peripheral
localization or expectation for it to occur. Conversely, distance binning can be performed
independently of intensity binning in cases where segmentation sufficiently defines
objects of interest and intensity variations within these objects are not biologically
meaningful, but assessing proximity or peripheral localization in addition to direct
overlap is still desired.

However, researchers should carefully consider these simplifications, as omitting
intensity or distance binning can limit the interpretative scope of the analysis and may
produce misleading results. Without distance binning, FOC values above one in a
particular intensity class might appear to reflect direct overlap with segmented objects.
But if enrichment is substantially greater in adjacent regions than at zero distance, the
apparent colocalization more likely reflects peripheral localization and optical blur at the
interface rather than extensive intermixing. Similarly, omitting intensity binning may
mask biologically meaningful internal variations in intensity, causing distinct
subpopulations of features to be analyzed collectively, thereby diluting or
misrepresenting spatial relationships that vary between regions of differing intensity.

Discussion
Interpretation of FOC-Map in Simple Control Cases

FOC-Map addresses limitations of conventional colocalization metrics by
incorporating volume-based normalization and binning, making it possible to detect and
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differentiate between colocalization, adjacent association, exclusion, and random
distribution. However, realizing the full potential of FOC-Map requires consideration of
several interpretive and methodological nuances, particularly concerning the selection
of appropriate reference volumes and the implications of pooling strategies.

In its simplest application, the FOC provides a straightforward measure of spatial
association, enabling direct interpretation of colocalization, exclusion, or random
distribution. Control analysis on images with known colocalization or exclusion shows
how the absolute FOC value reflects these relationships. In a positive control for
colocalization comparing segmented PCNA foci with PCNA intensity bins (Fig. 4A), the
FOC reaches a peak of over a hundred in the brightest bins (at bottom right of plot) and
falls off rapidly in lower-intensity regions (at lower values on x-axis), reflecting strong
colocalization as expected. In contrast, when analyzing early S-phase replication foci
that are known to be euchromatic and under-represented in the PCH domain, the FOC
falls well below 1 in high-HP1a bins, indicating exclusion (Fig. 4B, dark blue). These
examples demonstrate how the FOC can function as a direct and interpretable readout
of enrichment or depletion under appropriate experimental conditions.
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Figure 4. FOC-Map visualization of colocalization and exclusion

A. FOC-Map analysis of a positive control for colocalization visualizing the normalized overlap (FOC)
between segmented PCNA foci and PCNA percentile intensity bins. B. A live S2R+ cell in early S-
phase, when PCNA foci are enriched in euchromatic regions of the nucleus and depleted within the
PCH domain. The FOC-Map showing the distribution of PCNA Foci over bins of varying HP1a
intensity (x-axis) and bins of varying distance to each intensity bin (y-axis) for this cell. An FOC well
below 1 indicates depletion (dark blue) in the high intensity bins (5-10x Nuc. Avg.), while the FOC
above 1 reveals enrichment (orange-red) of PCNA foci in bins of low-moderate HP1a intensity (0-5x
Nuc. Avg.).
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Interpretive complexities, peripheral enrichment, and the influence of the ROl volume

While absolute FOC values provide clear interpretive value in cases like these,
more complex spatial relationships may yield misleading results if the analysis volume
does not align with the underlying biological question. This issue arises when the
features being analyzed are restricted to a small subregion of the ROI, such that large
volumes of mutual exclusion dominate the calculation of expected overlap. In these
cases, even modest contact between features can appear as strong enrichment, not
because of true colocalization, but because the null model is based on a much broader
spatial distribution that the features never realistically occupy.

This problem is illustrated by the distribution of PCNA foci around the PCH
domain in late S-phase (Fig. 3A). While replication foci are known to cluster tightly near
the PCH domain, they are largely absent from the rest of the nucleus. Calculating the
FOC across the entire nuclear volume produces values well above one even in the
highest HP1a bins (Fig. 3Ci, FOC = 2.5), but this apparent enrichment reflects the
improbability of any overlap under a nuclear-wide null model, rather than confirming true
colocalization. In this context, the biological question is not whether PCNA overlaps
HP1a more than would be expected if it were randomly distributed throughout the full
volume of the nucleus, but whether that overlap occurs preferentially at the interior or
periphery of the PCH domain, and whether it is concentrated in regions of high HP1a
intensity near the core or in regions of lower to moderate intensity. Since the analysis
volume includes large regions of the nucleus that are known a priori to be irrelevant to
this question, the absolute values of the FOC are inflated and difficult to interpret.

One potential solution is to redefine the ROI more narrowly, for example by
including only the region within 1-2 microns of the PCH domain. This adjustment would
yield an ROI that more closely matches the null model being tested and produces FOC
values with more directly interpretable magnitudes. However, this introduces new
sources of subjectivity and erodes some of the key strengths of FOC-Map, such as its
ability to avoid arbitrary thresholds that lack a distinct biological or physical basis. It also
increases the potential for biased analysis, in which the choice of ROl is consciously or
subconsciously influenced by the desired or expected result. For this reason, a more
general and robust approach is to retain the full ROl but evaluate relative FOC values
across bins. For example, in Fig. 3C, the FOC value for the highest HP1a intensity bin is
roughly 2.5 (Fig. 3Ci), which might appear to represent meaningful colocalization if
interpreted in isolation. However, when compared across bins, the FOC value of the
highest bin supports a very different conclusion, as it is only 10% of the peak value
located 500 nm away from the high-HP1a core of the PCH domain (Fig. 3C, asterisk).
Therefore, the high-intensity HP1a regions represent a sharp local minimum in the
frequency of overlap with replication foci, serving instead as the shoulder of a much
larger peak corresponding to the strong enrichment of replication foci in adjacent
regions of lower intensity. This relative comparison clearly shows that replication foci
preferentially associate with the periphery rather than the core, underscoring how
relative interpretation across bins provides clearer and more biologically meaningful
insights than absolute values alone.
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Alternative approaches to intensity binning and their implications for results and
interpretation

Like ROI selection, the choice of binning strategy substantially impacts the
quality and clarity of FOC-Map results, though it must also be tailored to accommodate
variability within and between cells. Percentile intensity binning standardizes bin
volumes, ensuring consistent statistical representation across cells. However, variability
in the volume of biological structures between cells can result in bins that combine
dissimilar voxel populations during pooling, potentially weakening or obscuring
biologically meaningful patterns. In such cases, alternative binning strategies, such as
intensity-range binning, may help ensure greater comparability between pooled bins.
Intensity-range binning assigns voxels to bins based on predefined intensity thresholds,
independent of percentile ranks. While this approach can mitigate pooling issues arising
from inter-cellular differences in structural volumes, it becomes more sensitive to
variability in absolute intensity levels between cells. Researchers should consider
percentile binning if intensity variation is high and intensity-range binning if volume
variability is more significant. Regardless of the binning approach, substantial intensity
variability within individual biological structures can cause dissimilar voxels to be
grouped within the same bin, diluting meaningful intensity-dependent patterns.
Additional preprocessing methods such as local background subtraction or intensity
normalization may help reduce these intracellular binning inconsistencies, but introduce
additional complexity and must be implemented carefully to avoid unintended distortions
of the underlying biological signal.

FOC-Map provides a versatile approach for analyzing spatial relationships
between features in microscopy images. Its hybrid design combines the spatial
interpretability of linescans with the fully volumetric analysis enabled by object- and
correlation-based methods, allowing quantification of colocalization, adjacency, and
exclusion within a unified framework. Because FOC-Map requires segmentation of only
a single channel and incorporates percentile intensity and distance-based binning, it is
especially well-suited to studies involving features with diffuse boundaries or biologically
meaningful intensity variation, as well as to those examining closely abutting or spatially
adjacent structures. FOC-Map offers a general strategy that is likely to be of broad utility
in studies involving colocalization analysis.

Although FOC-Map already supports a diverse array of analysis strategies, its
modularity permits further refinement and adaptation. Future extensions may
incorporate local background subtraction or other preprocessing steps to improve the
biological specificity of voxel binning within individual cells, particularly in cases of high
intracellular intensity variation. In addition, alternative binning strategies could help
standardize bin definitions across cells, improving consistency during pooling. Finally,
statistical models may be used to estimate uncertainty or assess significance across
pooled bins, enhancing the interpretability of spatial trends in aggregated datasets. As
the complexity and volume of microscopy datasets continue to increase, quantitative
approaches that retain spatial context while minimizing interpretive bias will become
increasingly essential. FOC-Map provides a foundation for such analysis, and its
continued development may help bridge the gap between qualitative image
interpretation and statistically rigorous spatial quantification in cell biology. In the next
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chapter, we demonstrate the utility of FOC-MAP by applying it to unresolved questions
about the spatiotemporal dynamics of PCH replication.

Methods

Image acquisition and processing

The images used to demonstrate FOC-Map in this chapter are a subset of the
live-cell time-lapse dataset described in Chapter 3. Full details of cell culture,
transfection, time-lapse imaging, and image preprocessing, including Airyscan
processing, nuclear segmentation, HP1a normalization, and PCNA foci segmentation,
are provided in the Chapter 3 Methods. Briefly, cultured S2R+ Drosophila cells were
transiently transfected with mEGFP-HP1a and mScarletl-PCNA under the control of the
copia promoter (pCopia). Live cells were imaged by Airyscan confocal microscopy, with
image stacks taken every 30 minutes as they progressed through S-phase. Individual
nuclei were segmented from the resulting images in the HP1a channel, the extra-
nuclear background was masked, and intranuclear voxels were normalized to the mean
nuclear intensity. PCNA foci were segmented to produce binary masks, which were
saved as a separate output file. The normalized HP1a intensity images and binary
PCNA foci masks for each nucleus served as the inputs for FOC-Map analysis.

FOC-Map processing and analysis

FOC-Map processing was performed with a custom Matlab script (MathWorks
R2023b). The script uses the pre-masked HP1a image input with a near-zero threshold
to define the region of interest (the full nuclear volume), and all subsequent analysis
steps are performed only for the voxels in this region of interest.

Within each nucleus, voxels with HP1a intensity above the nuclear background
were sorted into percentile intensity bins (0.1% increments spanning the Oth to 99.9th
percentile), and the average HP1a intensity of voxels in each bin was recorded. Voxel
coordinates were converted from image indices to physical distances in nanometers
using the voxel dimensions of the processed images (42 x 42 x 211 nm for live-cell
Airyscan data) to account for anisotropic voxel geometry. Pairwise Euclidean distances
were then computed between the voxels in each intensity bin and all other nuclear
voxels using the MATLAB function pdist2. For each voxel in a given intensity bin, all
nuclear voxels were assigned to distance bins with widths equal to the lateral voxel
dimension (42 nm for this dataset). Within each distance bin, the total number of nuclear
voxels and the number of PCNA foci voxels were counted. The counts from each set of
distance bins were then pooled across all voxels within the intensity bin to produce a
single set of distance bins for each intensity bin, as illustrated in Fig. 3B. This procedure
was repeated for each percentile intensity bin. The FOC was then calculated for each
combination of intensity bin and distance bin as defined in the main text.

The analyses presented in this chapter were performed on individual cells
without pooling across nuclei, in order to demonstrate the method's behavior and
interpretability at the single-cell level. Pooling of FOC-Map results across multiple cells
within experimental conditions is described and applied in Chapter 3. For the FOC-Map
shown in Fig. 4A, the PCNA foci mask was used as the segmented channel as in all
other analyses, but was compared against the PCNA intensity channel rather than the
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HP1a channel. This produced a FOC-Map of the distribution of segmented PCNA foci
with respect to PCNA intensity bins, serving as a positive control for strong
colocalization.

The binned voxel counts, average intensities, and distance bin assignments for
each nucleus were stored as arrays in MATLAB .mat files. Because the FOC is derived
from these stored counts, the results can be replotted with different visualization
parameters, rescaled, renormalized, or pooled across cells at a later time without
repeating the computationally intensive voxel-by-voxel distance and binning operations.
A separate MATLAB script was used to load these stored arrays, calculate the FOC,
and generate the final heatmap visualizations.

FOC-Map results were visualized as pseudocolor heatmaps with HP1a intensity
on the X-axis (scaled by average bin intensity rather than percentile rank), distance on
the Y-axis, and FOC encoded as color. Percentile bins left empty due to limited bit-depth
in the intensity values were excluded prior to plotting. Heatmaps were rendered using
interpolated shading. MATLAB scripts are available at
https://github.com/collin-hickmann/FOC-Map.
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CHAPTER 3

Outside-in Progression of Heterochromatin Replication and Exclusion of CDC45 from
the PCH Domain in Drosophila

Abstract

We investigated the organization and dynamics of PCH replication in Drosophila
melanogaster. Heterochromatin replication isn’t random or uniform, but occurs in a
characteristic spatial and temporal pattern. Previous mammalian studies produced
conflicting models of heterochromatin replication, suggesting either that replication
occurs exclusively at the periphery of the heterochromatin domain, accompanied by
large-scale translocation of DNA to the domain surface, or that it also occurs internally
via localized chromatin decondensation. We sought to clarify this organization in
Drosophila cells. Using the FOC-Map analytic approach described in Chapter 2, we
found that replication foci are initially concentrated at the periphery of the PCH domain
at the onset of late S-phase, but later localized within low-HP1a channels throughout
the domain. We then assessed the distribution of the replication initiation factor CDC45,
and found that it formed nuclear puncta depleted from the PCH domain throughout the
cell cycle. We propose a model in which low levels of CDC45 within the HP1a-rich PCH
domain limits replication initiation to the periphery, giving rise to the shell-like pattern of
replication foci that assemble at the boundary of the domain at the onset of late-S and
progressively work inward until PCH replication is complete.
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Introduction

Pericentric heterochromatin (PCH) is defined by enrichment for the histone
modification H3K9me2/3 and its reader protein HP1a, which together maintain a
condensed, largely transcriptionally repressed chromatin state. In Drosophila and other
metazoans, these heterochromatic sequences coalesce into a membraneless
biocondensate known as the PCH domain, which has been shown to form through
phase separation or similar biophysical mechanisms and to exhibit condensate-like
properties including selective permeability to macromolecules (Larson et al., 2017;
Strom et al., 2017). Despite its compaction, PCH must be faithfully replicated every cell
cycle, and it does so with a characteristic delay relative to euchromatin, a conserved
feature of metazoan cell biology whose mechanistic basis remains incompletely
understood. HP1a plays a central role in this delay: targeting HP1a to sequences that
are not ordinarily heterochromatinized is sufficient to delay their replication, and its loss
reduces the extent of late replication beyond what can be explained by other known
regulators such as RIF1 (Seller & O’Farrell, 2018; Yuan & O’Farrell, 2016). How HP1a
imposes this delay, whether the physical properties of the PCH domain it organizes
contribute to it, and how the mechanisms responsible for the temporal dynamics of PCH
replication relate to its spatial organization are open questions.

Previous studies in mammalian cells have produced two partially overlapping
models describing where heterochromatin replication occurs relative to the PCH
domain. Foundational work in fixed mammalian cells observed that sites of DNA
replication (replication foci) during late S-phase are confined to the surface of the PCH
domain, and suggested that that heterochromatic sequences may need to relocate to
the domain surface in order to be replicated (Quivy et al., 2004). Subsequent studies
using higher-resolution imaging found that replication foci also appeared within less
compacted regions inside the domain (Markaki et al., 2012). A later study in live cells
described a temporal progression in which replication begins at the periphery and later
extends into the interior within locally decondensed channels, without evidence for
large-scale translocation (Chagin et al., 2019). Heterochromatin replication dynamics
have also been characterized in the accelerated cell cycles of early Drosophila
embryos, where replication was observed in decondensed regions adjacent to the PCH-
domain (Shermoen et al., 2010). However, it remains unclear how these findings relate
to the models developed in mammalian cells and whether they hold true outside of the
rapid embryonic cell cycles.

Prior efforts to characterize the spatial organization of PCH replication have
relied predominantly on markers of replication elongation, such as PCNA and nucleotide
analogs, to visualize sites of ongoing DNA synthesis. While informative for
characterizing where replication is actively occurring, these approaches provide limited
insight into the role of replication initiation in shaping these dynamics. The
comparatively few studies that have addressed initiation in this context have largely
focused on regulators that modulate the expression or activity of initiation factors, such
as the role of RIF1 in antagonizing DDK-dependent origin activation (Cho et al., 2022b;
Seller & O’Farrell, 2018). However, few have directly examined how the spatial
distribution of the initiation factors themselves might influence the dynamics of PCH
replication. The condensate-like properties of the PCH domain have been shown to
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influence the distribution of macromolecules within it through selective enrichment and
exclusion (Colmenares et al., 2025; Strom et al., 2017). Whether replication initiation
factors are also affected by these properties, and whether their distribution with respect
to the PCH domain influences the dynamics of heterochromatin replication, has not
been directly examined. To begin addressing these questions, we focused on CDC45, a
conserved component of the CMG helicase complex that is assembled at licensed
origins to initiate DNA synthesis (Costa & Diffley, 2022; llves et al., 2010). CDC45 is
present in limiting amounts relative to the MCM2-7 helicase loaded at origins, and its
availability is a primary constraint on the rate of origin firing (Edwards et al., 2002;
Kéhler et al., 2016; Tanaka et al., 2011; Wong et al., 2011), making its distribution within
the nucleus particularly likely to influence local rates of replication initiation, and by
extension, the dynamics of PCH replication.

In this chapter, we set out to characterize the spatial dynamics of PCH replication
in cultured Drosophila S2R+ cells and to investigate the distribution of CDCA45 relative to
the PCH domain. Using three-dimensional time-lapse Airyscan microscopy and the
FOC-Map analytical approach described in Chapter 2, we tracked the progression of
replication foci through late S-phase and quantified their spatial relationship to the
HP1a-rich PCH domain. We found that replication foci are initially concentrated at the
periphery of the PCH domain at the onset of late S-phase, forming a characteristic shell-
like pattern, and that replication later extends into low-HP1a regions interspersed
throughout the increasingly fragmented domain. We then assessed the distribution of
CDC45 by immunofluorescence and found that CDC45 foci are depleted within the PCH
domain throughout the cell cycle. Together, these results suggest a model in which the
reduced availability of CDC45 and potentially other initiation factors within the HP1a-rich
PCH domain limits the capacity for replication initiation in the domain interior, giving rise
to the peripheral pattern of replication observed at the onset of late S-phase and
contributing to the progressive, ‘outside-in’ replication of heterochromatin.

Results

Late-S replication foci are first enriched at the periphery of the HP1a-rich PCH domain
and later in interspersed low-intensity regions

To determine whether heterochromatin replication occurs primarily at the
periphery of the PCH domain or also in its interior, we used Airyscan microscopy to
perform three-dimensional time-lapse imaging of replication foci (visualized with
mScarletl-PCNA) and the PCH domain (visualized with mEGFP-HP1a) in cultured
Drosophila S2R+ cells progressing from early through late S-phase. Consistent with
prior work, cells in early S-phase exhibited numerous small, widely distributed
replication foci (Fig. 1A, —20% late-S progression), reflecting widespread euchromatin
replication (Bravo & Macdonald-Bravo, 1987; Nakamura et al., 1986). At the onset of
late S-phase, replication foci underwent a pronounced spatial reorganization to form a
distinctive shell-like pattern at the boundary of the HP1a-rich PCH domain (Fig. 1A, 20%
late-S progression). As late S-phase progressed, the morphology of the PCH domain
became increasingly fragmented and irregular, and replication began to occur at
internal, low-intensity channels separating highly condensed HP1a-rich regions.
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The pronounced changes in the morphology of the PCH domain during late S-
phase made it difficult to define its boundaries consistently and objectively, limiting the
effectiveness of analysis with existing colocalization methods. To determine where
replication foci were localized with respect to the PCH domain without the need for
arbitrary segmentation, we employed FOC-Map (described in Chapter 2). Briefly,
percentile binning was used to group the voxels within each nucleus by their relative
HP1a intensity, bypassing the need for segmentation of the PCH domain and making it
possible to measure how PCNA foci are distributed between regions of varying HP1a
intensity. To allow comparison between cells despite variation in late-S duration, we
aligned the time-lapse images from each cell by their relative progression through late-
S, expressed as a percentage. The HP1a-intensity bins were then pooled between the
cells of each timepoint, allowing a representative result to be determined for each
timepoint while minimizing the contribution of noise in single cells. PCNA enrichment is
calculated for each of the pooled bins using the Fractional Overlap Coefficient (FOC), a
measure of normalized overlap with PCNA foci.

In early/mid S-phase (Fig. 1B, -20% late-S progression), PCNA foci were
distributed across a broad range of intensity bins with relatively low HP1a intensity,
resulting in a lower peak FOC compared to later timepoints, and consistent with the
dispersed replication of euchromatin during this part of S-phase. At the onset of late S-
phase, replication foci became strongly enriched in bins with less than half the average
HP1a intensity of the top bin. The FOC in these moderate intensity bins reached a peak
of 15 (Fig. 1B, 20% late-S progression, arrow i), which is three times greater than the
amount detected in the highest intensity bin (arrow /i) and 15 times greater than would
be expected if replication foci were randomly distributed throughout the nucleus. This
enrichment in moderate intensity bins is consistent with the preferential localization of
replication foci along the periphery of the PCH domain, where HP1a intensity is lower
than in the domain’s core. The preferential association with lower intensity bins also
holds true for later stages of late S-phase, although with lower peak FOC values that
occur in bins with even lower relative HP1a intensity, consistent with the qualitative
association with low intensity regions (Fig. 1B, 60 — 100% late-S progression).
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Figure 1. Late-S replication foci are enriched at the periphery of the PCH domain
and in regions with relatively low levels of HP1a

A. Representative images from time-lapse analysis of cultured Drosophila S2R+ cells transiently
expressing mScarletl-PCNA and mEGFP-HP1a, at each of the S-phase timepoints used in subsequent
analysis. Replication foci form a shell at the periphery of the PCH domain at the onset of late-S, but
occupy lower intensity regions interspersed between areas of greater intensity later in S-phase.
Colocalization with the high-HP1a core of the PCH domain appears limited at all timepoints. Time lapses
were temporally aligned by their relative progression through late S-phase, with the initial convergence of
replication foci at the PCH domain defining the onset of late S-phase (0% late-S progression) and the last
timepoint with replication foci defining the end of S-phase (100% progression). B. Pooled plots of
fractional PCNA overlap vs. HP1a intensity at each timepoint (n = 10 nuclei). Nuclear voxels were binned
into percentile groups with a bin size of 0.1%, the Fractional Overlap Coefficient (FOC) with PCNA was
calculated for each, and the values were plotted against the average relative HP1a intensity of each bin.
PCNA overlap with the high-HP1a bins increases dramatically at the 20% timepoint following the onset of
late-S (arrow ii), but remains well below the peak overlap in much lower intensity bins (arrow /). C. Pooled
FOC-Maps of fractional PCNA overlap (color) vs. HP1a percentile intensity bins (x-axis, 0.1% bin size)
and binned distance from each intensity bin (y-axis, 43 nm bin size).

We next sought to quantify how fractional PCNA overlap varied with distance
from high-HP1a regions. Because PCNA foci appeared to form a shell surrounding the
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high intensity core of the PCH domain at the onset of late-S, we reasoned that the
pattern of overlap observed in the intensity plots could be an indirect reflection of this
spatial relationship. FOC-Map made it possible to visualize the spatial relationships
within the images by comparing the fractional overlap of PCNA foci with the high-HP1a
core of the PCH domain to that of adjacent regions. Nuclear voxels were binned by
distance from the voxel with the greatest intensity of HP1a, effectively creating a series
of spherical shells radiating outward from this maximum intensity voxel. This process
was repeated for each of the voxels in the highest intensity bin, and the resulting
distance bins from each voxel in this intensity bin were then pooled together. This was
then repeated for each intensity bin. Binning was performed for all cells at each
timepoint, bins were pooled between cells, and the FOC was calculated for each bin.
Since binning is now being performed in two dimensions (intensity and distance), the
results are plotted on a heatmap. The normalized PCNA overlap for each bin (FOC) is
displayed as color. The HP1a intensity bins run along the X-axis as before, but it can
now be seen how PCNA overlap varies with distance from the voxels in each intensity
bin in the Y-dimension (Fig. 1C). The progression of colors from the bottom to the top of
the chart at the far right displays how the FOC varies with distance from the voxels in
the highest HP1a intensity bin.

The FOC-Map for the first timepoint (Fig. 1C, -20% late-S progression) shows a
very broad distribution of replication foci without strong enrichment at any particular
intensity class or distance, reflecting the dispersed replication of euchromatin
throughout the nucleus in early/mid S-phase. In contrast, the FOC-Map for cells just
after the onset of late S-phase shows a pronounced peak in FOC values 300 — 600 nm
from the highest HP1a intensity bin (Fig. 1C, 20% late-S progression, asterisk), with
nearly twice the FOC value of any intensity bin at zero distance. This indicates that
PCNA is more highly enriched in the region adjacent to high-intensity HP1a voxels than
at any particular intensity level, and reflects the “shell” configuration of PCNA foci along
the boundary of the PCH domain visible in the images from this timepoint. The
relationship between HP1a and distance provides further support for this conclusion.
While the distance to the FOC peak for the highest intensity bin is nearly half a micron,
this distance decreases with HP1a intensity in lower bins, ultimately reaching zero for
the intensity bins with the highest direct overlap, which have less than half the HP1a
intensity of the top bins (Fig. 1C, 20% late-S progression, arrow i). The association of
PCNA foci with lower intensity bins at this time may be a consequence of the fact that
the HP1a-rich core of the PCH domain is surrounded by voxels with relatively lower
HP1a intensity that are still well above the nuclear background. This shows that at the
onset of late S-phase, replication foci directly overlap regions of low to moderate HP1a
intensity bordering higher intensity regions.

At later timepoints, the enrichment of replication foci adjacent to high intensity
regions decreases, and the trend in the FOC-Map is dominated by the association of
replication foci with lower intensity classes rather than their proximity to high intensity
regions (Fig. 1C, 100% late-S progression, asterisk). This is consistent with the
observed change in the distribution of replication foci in the latter half of S-phase, where
foci are primarily observed in regions of low HP1a intensity interspersed between higher
intensity regions.
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Rather than simply measuring the amount of overlap between replication foci and
the PCH domain, FOC-Map made it possible to visualize the aggregate distribution of
replication foci with respect to regions of varying HP1a intensity. This revealed that
PCNA foci are most strongly enriched not within high-HP1a regions themselves, but in
close proximity to them, concentrated in regions with less than half the peak HP1a
intensity, at distances of 300 - 600 nm from the highest intensity voxels. This enrichment
was strongest shortly after the onset of late S-phase, when the qualitative shell-like
pattern was most apparent, and diminished at later timepoints as replication foci
became increasingly associated with low-HP1a channels interspersed throughout the
fragmenting domain. Throughout this progression, direct overlap with the HP1a-rich
core remained consistently low relative to the enrichment observed in adjacent and
lower-intensity regions. These patterns are broadly consistent with qualitative
observations made here and in prior work, but the quantitative detail provided by FOC-
Map goes beyond what could be determined by visual inspection alone. In particular,
the ability to distinguish peripheral enrichment from direct overlap and to track how this
relationship changes with both intensity and distance reveals spatial structure in the
data that would otherwise be obscured. The near-absence of replication foci from the
domain interior at the onset of late S-phase raises the question of what constrains
replication to the periphery during this initial phase, and how this pattern might relate to
events upstream of the replication elongation visualized as replication foci.

CDC45 foci are depleted within the PCH domain

We reasoned that the observed restriction of replication to the surface of the
PCH domain at the onset of late S-phase could result from decreased replication
initiation in its interior. While there is no established method for the visualization of
initiation sites in situ, the initiation factor CDC45 is known to be rate limiting for
replication initiation, and its distribution within the nucleus would therefore be expected
to influence local rates of initiation. Motivated by the past work showing that the PCH
domain may partially exclude some factors by selective permeability (Strom et al.,
2017), we hypothesized that CDCA45 is excluded from the PCH domain. To test this
hypothesis, the distribution of CDC45 and its relationship to the PCH domain was
characterized by immunofluorescence staining in fixed S2R+ Drosophila cells.
Immunofluorescence allowed endogenous CDC45 to be visualized without the artefacts
that are known to occur with its ectopic expression in live cells (Kéhler et al., 2016). Cell
cycle stage was determined using a combination of EdU-labelled replication foci and
DNA content (integrated nuclear DAPI), allowing cells in G1 phase, early S-phase, late
S-phase, and G2 phase to be differentiated from each other.

Staining for CDCA45 revealed a punctate nuclear distribution in all stages of the
cell cycle, but with highly variable intensity between cells (Fig. 2A). Although prior
studies have shown that CDC45 remains associated with the replisome during
elongation (Aparicio et al., 1997), CDC45 puncta were distinct from replication foci
visualized by EdU labelling (Fig. 2A), with minimal apparent overlap between the two
signals. It is unclear whether the apparent lack of visible CDC45 enrichment at
elongating replication foci indicates that only a small fraction of CDCA45 is associated
with elongating replication forks at any given time in S-phase, or instead suggests that
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our antibody has difficulty accessing or recognizing the epitope in elongation-associated
CDCA45. Since the current aim is focused solely on CDC45’s role in replication initiation,
the negligible level of signal from elongation-associated CDC45 simplifies the
quantitation and interpretation of the results.
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Figure 2. CDC45 foci are excluded from the PCH domain

A. Representative immunofluorescence image of a fixed S2R+ cell in early S-phase stained for HP1a
(green) and CDC45 (gray) after pulse-labelling with EdU to mark replication foci (magenta). CDC45 forms
nuclear foci that seem to be present at reduced levels within the PCH domain relative to the rest of the
nucleus. B. Pooled FOC-Map of Fractional CDC45 overlap with nuclear voxels binned by percentile HP1a
intensity (X-axis, 0.05% bin size) and distance from each intensity bin (Y-axis, 35.5 nm bin size). During
all phases of the cell cycles, overlap of CDC45 foci with high HP1a-intensity bins is strongly reduced
below the nuclear average of 1.0. C. Representative image of EdU foci and HP1a in late S-Phase. EdU
foci appear to form a shell around high-HP1a regions that is qualitatively similar to PCNA in live cells, but
the reduced scale of the structures in fixed cells approaches the resolution limit and increases the
apparent overlap. D. Pooled FOC-Maps displaying the normalized overlap (FOC) of EdU foci with nuclear
voxels binned by percentile HP1a intensity (X-axis, 0.05% bin size) and distance from each intensity bin
(Y-axis, 35.5 nm bin size) in the same cells quantified in Fig. 2B.

Segmentation of CDCA45 foci allowed colocalization with HP1a to be measured
by the same FOC-Map approach used for PCNA, while also reducing the contribution of
low intensity background and autofluorescence. Quantitation revealed that fractional
overlap of CDC45 with high-HP1a regions is extremely low. The FOC of the highest
HP1a intensity bin was under 0.2 in both early and late S-phase, indicating that the level
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of overlap with these regions was less than one fifth of the average throughout the
nucleus. Similar depletion was also observed during G1 and G2 phase, suggesting that
the scarcity of CDC45 foci within the PCH domain isn’t simply a consequence of CDC45
sequestration at euchromatic initiation sites in early S-phase.

Notably, the HP1a-rich PCH domain has far less overlap with CDC45 foci than
was measured with PCNA foci in live cells (compare Fig. 2B and Fig. 1C). While the
FOC value for PCNA foci in high HP1a intensity bins is only a fraction of the peak FOC
in lower intensity bins and neighboring regions, it does not consistently exhibit true
depletion below the nuclear average, as would be indicated by FOC values of less than
one. This is in contrast to the broad depletion of CDC45 in high HP1a bins observed at
all stages of the cell cycle. While EdU labelling was primarily used to discern cell-cycle
stage, it also offers an orthogonal approach to visualize elongation sites and their
relationship to the PCH domain. More importantly, the amount of HP1a-overlap with
CDCA45 foci and replication foci (EdU) can be compared in the same cells. As expected,
EdU foci had a similar distribution and morphology to PCNA foci observed in live cells,
and their relationship with the PCH domain appeared qualitatively similar. Many cells in
late-S phase appeared to have a “shell” of EdU foci surrounding the PCH domain,
similar to what was observed for PCNA at the onset of late S-phase in live cells, while
others had a morphology resembling those in the latter half of late-S, with EdU foci
interspersed in channels of relatively low HP1a intensity sandwiched between higher
intensity regions (Fig. 2C). EdU foci exhibited more overlap and closer proximity to high-
intensity regions than was observed in live cells (Fig. 2D), but this is likely an artefact of
decreased effective resolution due to cell shrinkage during fixation or processing.
CDC45 colocalization with the PCH domain was likely also affected by the shrinking, but
this would be expected to bias the result towards greater colocalization with the domain.
The relatively strong depletion of CDC45 foci within the PCH domain detected despite
this issue strengthens the result, especially when it is compared to that observed for
both EAU and PCNA. We conclude that CDC45 foci are present at reduced levels within
the PCH domain throughout the cell cycle, and suggest that this may contribute to the
replication dynamics observed in live cells.

Discussion

Our results reveal that heterochromatin replication proceeds in an outside-in
progression, beginning at the periphery of the PCH domain at the onset of late S-phase
and later extending into low-HP1a regions interspersed throughout its interior,
consistent with the progression reported in recent mammalian studies (Chagin et al.,
2019; Gelléri et al., 2024; Markaki et al., 2012). Combined with the observed depletion
of CDC45 foci within the PCH domain, these results support a model in which reduced
levels of CDC45 in the PCH domain limit the frequency of replication initiation in its
interior. This model would help to explain multiple aspects of heterochromatin replication
dynamics. First, it would explain the characteristic shell pattern that is observed at the
onset of late S-Phase. If the exclusion of CDC45 suppresses initiation inside the PCH
domain, initiation of heterochromatin replication would be expected to preferentially
occur at the periphery of the domain, which forms an interface with the nucleosol. As
replication forks move inward or pull heterochromatin out, more heterochromatin would
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be made accessible at the advancing interface, and this process would continue until
replication is complete, consistent with the observations made here and in previous
work (Chagin et al., 2019; Quivy et al., 2004). Second, this model could help to explain
the temporal dynamics of heterochromatin replication. If replication initiation were
limited to the interface of the PCH domain, only a small fraction of heterochromatin
would be accessible for replication at any given time, which would be expected to delay
its overall timing. While this study focused on CDC45, it is possible that other initiation
factors are similarly depleted within the PCH domain, and this would be expected to
strengthen the impact on replication dynamics.
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Figure 3. A Model for the influence of CDC45 distribution on PCH replication
dynamics

A. CDC45 foci are depleted within the PCH domain throughout the cell cycle. Licensed origins are
present in excess to CDC45 throughout the nucleus, causing CDC45 to be the limiting factor for
replication initiation. B. At the start of S-phase, the higher concentration of CDC45 foci outside the PCH
domain causes euchromatic origins to fire at a higher rate than those inside the PCH domain. C. By mid-
S Phase, the concentration of licensed origins decreases as most of the chromatin outside the PCH
domain is replicated, and origin concentration becomes the limiting factor. D. As decreasing origin
concentration limits the rate of replication initiation outside the PCH-domain, the greater concentration of
origins at the interface between the PCH domain and the nucleosol leads to a higher relative rate of
replication initiation there. This creates the “shell” of replication foci and marks the start of late-S and
heterochromatin replication. CDC45 remains depleted within the PCH-domain, so replication is primarily
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initiated at the outer periphery. E. Replicated PCH at the periphery of the domain temporarily
decondenses and/or dissociates from HP1a, allowing CDC45 to initiate replication at the newly exposed
interface between deeper layers of unreplicated HP1a-rich PCH and the HP1a-poor regions where
replication is already underway.

How CDC45 depletion in the PCH domain relates to the distribution of replication foci in
early and late S-phase

In late G1 and at the start of S-phase, origins licensed with the MCM2-7 helicase
complex greatly outhnumber the initiation factor CDC45 (Fig. 3A-B). Only a small minority
of these origins initiate replication over the entirety of S-phase, with an even smaller
fraction active at any given point (Ibarra et al., 2008; Powell et al., 2015). Licensed
origins compete for the recruitment of CDC45, which was previously shown to be rate-
limiting for replication initiation in species ranging from budding yeast to mammals
(Edwards et al., 2002; Kohler et al., 2016; Tanaka et al., 2011; Wong et al., 2011). The
observed depletion of CDC45 within the PCH domain is therefore likely to have a
disproportionately large influence on the rate of replication initiation, resulting in a
reduced frequency of initiation events within the domain relative to the euchromatic
regions outside it. This difference in initiation rates provides a simple explanation for the
early-S pattern of replication foci, in which replication is predominantly observed
throughout euchromatic regions and largely excluded from the interior of the PCH
domain.

While this relationship is fairly straightforward in early S-phase, where the
distribution of CDC45 is broadly similar to the distribution of replication foci, it grows
more complex at the onset of late S-phase. This transition is characterized not only by a
decrease in euchromatin replication, but by an increase in heterochromatin replication
at the surface of the PCH domain, yet no corresponding increase in CDC45 is observed
at this location. We propose that this apparent contradiction can be resolved if two
effects are taken into consideration. First, as an increasingly high fraction of the
euchromatin distributed throughout the nucleus is replicated during early S-phase, there
is a decrease in the remaining number of licensed origins that may associate with
CDCA45 to initiate replication, while CDC45 is released from disassembled CMG
complexes at terminated replication forks and made available for initiation at new sites
(Fan et al., 2021). Eventually, the declining number of licensed origins becomes the
limiting factor for replication initiation outside of the PCH-domain. As a consequence,
fewer new replication foci would form in these regions, and an increasing proportion of
replication foci would be found at the domain’s surface where licensed origins remain in
excess (Fig. 3C). While this effect may explain the change in the distribution of
replication foci in relative terms, it is inadequate to account for the absolute increase in
the amount of replication occurring at the periphery of the PCH domain at the onset of
late S-phase, underlying the need for another mechanism that might be responsible for
the kinetics of this this transition.
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A possible role for increasing origin firing probability in the transition to late S-phase

Past efforts to model the relationship between origin licensing, activation, and
replication timing addressed a similar discrepancy by suggesting that origin firing
probability increases with the progression of S-phase, keeping the overall rate of
replication from declining prematurely as the number of unreplicated origins decreases
(Goldar et al., 2009; Rhind et al., 2010). When combined with the relative increase in
the fraction of initiation events occurring at the surface of the PCH domain, this effect
may explain the increased abundance of replication foci observed at this region during
the transition to late S-phase. The tight coordination between the decrease in
euchromatin replication and increase in PCH-associated replication foci may be
particularly well-explained by a negative feedback loop that globally regulates
replication initiation rates.

One intriguing candidate for such a role is the ATR-Chk1 pathway. While ATR-
Chk1 is well-known for its activation of the intra-S checkpoint in response to replication
stress, it is also activated at lower levels by DNA replication in unperturbed cells, where
it limits excessive origin firing in early S-phase (Ciardo et al., 2019; Menolfi et al., 2023;
Moiseeva et al., 2019). As licensed origins outside of the PCH domain grow sparse in
mid S-phase and the rate of new initiation events begins to decline, there may be a
corresponding decrease in activation of ATR-Chk1 and a relaxation of its antagonism of
further origin firing, increasing the firing probability for the remaining origins. This would
be expected to accelerate the completion of euchromatin replication outside the PCH
domain and to further promote the relaxation of inhibition by ATR-Chk1. The further
relaxation of inhibition from ATR-Chk1 would then cause an increase in the rate of origin
activation at the remaining CDC45-exposed origins, which are located at the interface
between the PCH domain and the rest of the nucleus. Together, these effects would
produce the abrupt transition to late S-phase and the shell-like pattern of replication foci
surrounding the PCH domain observed at this time. Supporting this hypothesis, prior
studies have shown that cells in early S-phase are more sensitive to the effects of ATR
inhibition than those in late S-phase, and that ATR-Chk1 suppresses CDK1-mediated
origin firing in early S-phase but not in late S-phase (Katsuno et al., 2009; Menolfi et al.,
2023).

Replication-induced decondensation is consistent with internal replication patterns but
insufficient to explain the initial restriction of replication to the periphery

Two distinct patterns of replication were observed during late S-phase. While
replication was initially limited to the periphery of the PCH domain at the start of late S-
phase, it was later observed in regions with relatively low HP1a levels interspersed
between regions of higher intensity. The low HP1a intensity in these regions may reflect
localized heterochromatin decondensation induced by ongoing or recent replication,
partial dissociation of HP1a, or a combination of the two. While the methods used here
cannot directly distinguish between these possibilities, our results closely match the
pattern of locally decondensed replication sites observed within the PCH-domain in prior
works, and the broader model is compatible with both potential mechanisms (Chagin et
al., 2019; Gelléri et al., 2024; Markaki et al., 2012).
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Because decondensation is a known consequence of replication, it may initially
seem to challenge the need for an additional mechanism to explain the relative scarcity
of replication within the highly compact, HP1a-rich core of the PCH domain. Any
replication occurring within these compact regions would necessarily induce local
decondensation and reduce HP1a intensity, creating an apparent exclusion of
replication foci from regions of high HP1a intensity. However, this is not sufficient to
explain the observed distribution of foci at the start of late S-phase, when they are
associated with the domain’s surface rather than decondensed regions within it. If
replication initiation occurred randomly in heterochromatin and were not influenced by
the organization of the PCH domain, replication foci should initially appear with
comparable frequency throughout the domain, each coinciding with localized regions of
low HP1a intensity caused by ongoing replication. Instead, replication foci were
observed predominantly at the periphery of the domain at the onset of late S-phase,
producing the characteristic shell-like pattern described above. Only later in the
progression of late S-phase did replication foci appear deeper within the PCH domain at
interspersed, locally decondensed regions. This sequential pattern strongly suggests
that replication-induced decondensation, while influencing local chromatin structure,
cannot itself explain the peripheral localization of replication foci observed at the start of
late S-phase. The distribution of CDC45 offers an explanation for these dynamics, as
described in the above proposed model.

Potential mechanisms underlying the depletion of CDC45 within the PCH domain,
relationship to the model, and implications for other initiation factors

While the experiments conducted are unable to determine why CDC45 is present
at reduced amounts within the PCH domain, the results are consistent with the partial
exclusion of CDC45. Such an effect may be mediated by the domain’s condensate
properties, which have previously been shown to produce selective permeability and
partially exclude inert macromolecular probes (Strom et al., 2017). It could also be the
result of affinity partitioning, in which a lack of favorable interactions with other
components of the PCH domain or presence of favorable interactions with
nucleoplasmic components would be expected to concentrate CDC45 in the
nucleoplasm and deplete it within the PCH domain (Larson & Narlikar, 2018; Walter &
Brooks, 1995). If CDC45's exclusion from the PCH domain is mediated by its
condensate properties, then replication-induced decondensation and dissociation of
HP1a at the domain's periphery would be expected to render these regions accessible
to CDCA45, exposing a new interface of unreplicated, condensed PCH. In this way,
initiation would remain limited to the interface between condensed and decondensed
regions, but successive rounds of replication and decondensation would progressively
advance this interface inward, consistent with the outside-in progression observed in the
time-lapse data.

Although the CDC45 FOC-Maps do not show an obvious increase in CDC45
overlap with the PCH domain during late S-phase, this is not necessarily inconsistent
with the model. CDC45 is not specifically enriched at sites of replication in the way that
PCNA and EdU are; rather, it is expected to be present at roughly nucleoplasmic levels
in any region not sufficiently condensed to exclude it. Regions that have decondensed
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during replication would fall into low-HP1a intensity bins rather than high-HP1a bins, so
CDCA45 in these regions would not register as overlap with the condensed domain
interior on FOC-Map. This contrasts with EAU and PCNA, which are specifically
concentrated at replication foci and therefore produce strong, localized enrichment that
is detectable even when resolution limitations spread some of their signal into higher-
intensity bins. Additionally, the fixed-cell data pools all late-S cells together regardless of
their progression through the inward replication sequence, so any increase in CDC45
access to newly decondensed regions at later stages would be diluted by cells at earlier
stages where the shell pattern predominates.

The results also argue against several alternative potential explanations. Unlike
PCNA, CDC45 was not observed to form foci colocalizing with sites of active replication,
so its relative scarcity in high-HP1a regions of the PCH domain cannot be expected to
occur solely as a consequence of replication-induced decondensation during S-phase.
Another possibility is that CDC45's localization within the nucleus might reflect its
recruitment to licensed origins. If this were the case, its uneven distribution might be
caused not by exclusion from the PCH domain, but by reduced recruitment to origins
inside the domain or preferential recruitment to origins elsewhere. This could occur for
multiple reasons. Heterochromatin-associated factors could directly or indirectly inhibit
the recruitment of CDC45. For example, RIF1 is known to be enriched in the PCH
domain and inhibit origin activation by antagonizing DDK activity (Cho et al., 2022b).
Because DDK activity is required for CDC45 recruitment, RIF1 could also suppress
CDC45 loading, although this has not yet been directly tested. Alternatively, if licensed
origins are sparser in heterochromatin than in euchromatin—as has been suggested by
some results but contested in others (MacAlpine et al., 2010; Mei et al., 2022; Miotto et
al., 2016; Powell et al., 2015)—this could also reduce CDC45 recruitment in the PCH
domain.

However, these mechanisms are less consistent with our results for multiple
reasons. First, if CDC45’s localization directly reflected its recruitment to or association
with licensed origins, its localization should shift to the PCH domain during
heterochromatin replication in late S-phase, after the exhaustion of euchromatic origins
outside of the PCH domain—yet no such shift was observed. Second, CDC45's
exclusion from the PCH domain was also observed in G1 cells that lacked origin
activation or replication and in G2 cells with no licensed origins at all. Therefore, while
differences in origin licensing and activation may contribute to replication dynamics and
timing, they cannot explain the reduced levels of CDC45 within the PCH domain and
their persistence throughout the cell cycle.

If selective permeability, affinity partitioning, or a similar mechanism is
responsible for CDC45’s partial exclusion from the PCH domain, it's possible and
perhaps likely that other factors required for replication initiation are also affected by
these mechanisms and distributed in a similar manner. If multiple initiation factors are
partially excluded from the PCH domain, this would be expected to produce a
synergistic effect on the rate of assembly of the mature CMG complex and consequent
origin firing. This could help to explain how the partial exclusion of CDC45 would result
in a near total absence of replication foci within the PCH domain until the final stage of
late S-phase, following extensive replication and decondensation at the domain's
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periphery. If licensed origins are more frequent in euchromatin than heterochromatin,
this might also contribute to the observed dynamics in a similar fashion, although the
stoichiometric excess of licensed origins makes it likely that its influence on replication
timing would be lesser than that of CDC45 and other initiation factors.

Interpretation of CDC45 foci and their relationship to replication initiation and elongation

The nuclear localization of CDC45 is in broad agreement with past results that
have visualized the protein, but its distribution within the nucleus has been more
variable between studies with differing cell types and visualization techniques. Some
studies observed colocalization with sites of ongoing replication, as might be expected
based upon CDC45’s membership in the replicative CMG complex, but the studies
reporting this localization did so only after removal of the soluble protein fraction prior to
fixation, within the atypical context of Chorion amplification, or after potentially disruptive
synchronization with thymidine blocks (Bauerschmidt et al., 2007; Loebel et al., 2000;
Polasek-Sedlackova et al., 2022). Other studies are in better agreement with the
localization observed in the present work, finding broad nuclear localization with diffuse
or punctate distribution that does not colocalize with replication foci (Broderick, 2012;
Kohler et al., 2016; Wong et al., 2011). The pan-nuclear distribution seems to be more
common when CDCA45 is visualized without removal of the soluble protein fraction, as is
the case in the present study. A lack of visible association with replication foci despite an
essential biochemical role in replication would not be unique to CDC45, as it has been
well documented for other replication proteins, most notably in the case of the MCM
complex (Dimitrova et al., 1999; Marinsek, 2010; Wong et al., 2011). This paradoxical
lack of colocalization may be caused by epitope masking within the fully assembled
CMG complex, although this explanation is made less likely in the present study by prior
validation of the antibody used here through immunoprecipitation of the full CMG
complex (Moyer et al., 2006; Polasek-Sedlackova et al., 2022). It might also result from
a large fraction of CDC45 that is soluble, bound to origins that have not yet fired, or
associated with other structures, in which case the signal from these other populations
might drown out the signal that is associated with replication foci. This possibility is
supported by the past findings that only a small fraction of CDC45 is stably bound to
chromatin at any given time and that CDC45 frequently binds to licensed origins for
lengthy periods without firing (Bauerschmidt et al., 2007; Terui et al., 2024). Whatever
the cause, the lack of colocalization with replication foci was an advantage in the
context of the current work, where CDC45 was selected because of its rate-limiting role
in replication initiation rather than its association with replication foci. If CDC45 had
strongly colocalized with replication foci, it would have simply recapitulated the results
produced with PCNA and would not have been informative.

The observed CDC45 foci are also unlikely to be specific to replication initiation
sites, as they were present throughout the cell cycle independent of replication or
licensing. Segmentation of CDC45 foci was performed not to identify putative initiation
sites but rather to reduce non-specific background signal, facilitate analysis with FOC-
Map, and ensure methodological consistency with the approach used for replication foci
to allow direct comparison of results. Our model uses the localization of CDC45 foci
primarily as a tractable proxy for assessing relative initiation potential rather than direct
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initiation events. Follow-up studies should seek to corroborate the localization observed
here using orthogonal methods to visualize CDC45, ideally with endogenous labelling in
live cells. No prior work has directly assessed the relationship between CDC45 and the

PCH domain, although the figures in at least one prior work appear to display relatively

little CDC45 within the DAPI-bright regions characteristic of PCH domains (Wong et al.,
2011).

The role of HP1a, outstanding questions, and future directions

Although our experimental design does not enable any conclusions about HP1a's
possible contribution to the observed dynamics, several pieces of evidence make it a
promising candidate for further study of the spatio-temporal regulation of PCH
replication. HP1a's central role in the organization and establishment of the PCH
domain through condensate formation suggest that it may help to orchestrate the
domain's exclusion of CDC45, and possibly of other replication factors whose
localization with respect to the PCH domain have not yet been characterized. If HP1a is
at least partially responsible for CDC45's exclusion, this could provide a mechanism for
its documented modulation of PCH replication timing (Schwaiger et al., 2010; Yuan &
O’Farrell, 2016). It would be informative to test whether depletion of HP1a lessens or
abolishes CDC45's exclusion, particularly in comparison to perturbations that reduce the
compaction of PCH without disrupting its recruitment of HP1a. Future work should also
determine whether low levels of CDC45 are more highly correlated with HP1a than they
are with chromatin compaction. It would also be of interest to assess whether artificially
increasing CDCA45 levels within the PCH domain would be sufficient to cause early
replication of PCH, or an interspersed pattern of replication within the domain at times
when replication would ordinarily be restricted to the periphery. Such a perturbation can
be achieved by tagging CDC45 with one of the recently identified weakly binding
variants of the HP1a interacting motif that could facilitate access to the domain without
causing strong enrichment (Colmenares et al., 2025).

This work provides additional support for an emerging consensus that
heterochromatin replication occurs not only at the outer periphery of the PCH domain,
but also in locally decondensed internal regions. It additionally suggests that large scale
relocalization of internal sequences to the surface of the domain may not be required for
replication. At the same time, our study validates earlier observations of replication foci
strongly enriched at the periphery of the PCH domain and is one of only two studies that
situates this pattern within a consistent temporal sequence using time-lapse imaging in
live cells. It also extends this understanding by suggesting a possible mechanistic
framework that relates these spatio-temporal dynamics to the newly observed exclusion
of CDC45 from the PCH domain. Future work should seek to validate these findings and
explore the new questions they raise, particularly regarding HP1a'’s role in the exclusion
of CDC45 from the PCH domain and the distribution of other replication initiation
factors.
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Methods
Transient transfection of S2R+ Drosophila cells

Cultured S2R+ cells (DGRC Stock 150; RRID:CVCL_Z831) in log-phase growth
were resuspended in Schneider’s Medium (Gibco Cat. 21720024) supplemented with
10% Fetal Bovine Serum (FBS) at a concentration of 1x10° cells/mL. 8-well chamber
slides (Ibidi Cat. 80826) were seeded with 200 uL of resuspended cells per chamber,
and cells were allowed to recover and adhere overnight at 25°C. Cells were transfected
the following day with plasmids containing mScarletl-PCNA and mEGFP-HP1a under
the control of the Copia promoter (pCopia). Plasmid transfection was performed with
TransIT-2020 (Mirus Cat. MIR 5400) transfection reagent using a modified version of the
manufacturer’s protocol. Briefly, each well was transfected with 100 ng of each plasmid
(200 ng total) complexed with 0.2 pL of Translt-2020 transfection reagent in 40 uL of
Serum-Free Schneider’s Medium. Transfection mixture was added dropwise after
incubating at room temperature for 30 minutes.

Time-lapse image acquisition and processing

Time-lapse imaging was performed 48-72 h after transfection. Images were
collected on a Zeiss LSM880 with a Plan-Apochromat 63%/1.4 NA Oil DIC M27 objective
and an Airyscan Detector in Fast Mode. Cells in early S-phase with numerous dispersed
PCNA foci were selected for imaging to allow subsequent progression through late S-
phase to be captured. Z-stacks were collected every 30 mins for 12-16 h with 2x line
averaging and frame-sequential channel-switching. A zoom of 4.0 was used with the SR
“optimal” presets for frame size and Z-interval, giving voxel dimensions of 43 x 43 x 211
nm. Both channels were imaged with a pixel dwell time of 0.55 us and Master Gain of
775 with the “MBS 488/561” main beam splitter. mScarletl-PCNA was excited with the
561 nm laser line at 0.7% power with the “BP 570-620 + LP 645" emission filter.
mEGFP-HP1a was excited with the 488 nm laser line at 0.5% power with the “BP 420-
480 + BP 495-550” emission filter. Images were deconvolved by 3D Airyscan
Processing in Zen Black (Zen 2.3 SP1) using the default processing strength.

Segmentation of nuclei was done in Arivis Vision4D (version 3.6) by setting a
threshold for diffuse nuclear HP1a, which is far above the cytoplasmic and extracellular
background. Prior to segmentation, the HP1a channel was denoised with a discrete
Gaussian filter with a diameter of 4.95 um. Segmentation was then performed with the
Watershed method, using a threshold of 150, a diameter of 8.75 um, and a split
sensitivity of 0.5%. Segments were then tracked to group the segments for each
nucleus across timepoints. The segments for each nuclear track were then converted to
saturated masks and exported as .ome.tiff files.

Nuclei were then normalized within a custom FIJI macro to reduce the effects of
photobleaching and variability in expression levels between transfected cells. For the
mEGFP-HP1a images, nuclear intensity values were divided by the average nuclear
intensity at each timepoint, yielding the relative intensity of each nuclear voxel. For the
mScarletl-PCNA channel, a single rescaling factor was calculated from the average
mean nuclear intensity of the first three timepoints and applied uniformly to all
timepoints. This approach was chosen to correct for differences in expression level
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between cells while preserving changes in overall PCNA intensity. Following
normalization, segmentation of PCNA foci from t was performed in Arivis Vision4D using
an adaptive mean threshold with a diameter of 0.341 um, a local threshold of 0.25, and
55% thinning.

To enable comparison between cells with different rates of S-phase progression,
the time-lapse data from each cell were temporally aligned by expressing each
timepoint as a percentage of the duration of late S-phase. The onset of late S-phase
was identified by visual inspection as the timepoint at which PCNA foci converged at the
PCH domain, and its completion was defined as the last timepoint at which segmented
PCNA foci were present. Timepoints in early and mid S-phase precede the onset of late
S-phase and therefore have negative progression values. From each time-lapse, the
timepoints closest to -20%, 20%, 60%, and 100% progression through late S-phase
were selected for subsequent analysis with FOC-Map.

Live cell FOC-Map analysis

As described in Chapter 2, FOC-Map was performed to quantify the distribution
of replication foci with respect to the HP1a-rich PCH domain. FOC-Map processing was
implemented in Matlab (Mathworks R2023b) using custom scripts. The normalized
HP1a intensity images and binary PCNA foci masks produced by the preceding steps
were used as inputs. Within each nucleus, voxels with HP1a intensity above the nuclear
background were sorted into 1000 percentile intensity bins (0.1% increments from the
Oth to 99.9th percentile), and the average HP1a intensity of voxels in each bin was
recorded. Voxel coordinates were converted from image indices to nanometers using
the Airyscan-processed voxel dimensions (42 x 42 x 211 nm) to account for anisotropic
voxel geometry. For each voxel in a given percentile intensity bin, all nuclear voxels
were binned by their distance from that voxel in 42 nm intervals. Within each distance
bin, the total number of nuclear voxels and the number of segmented PCNA foci voxels
were counted. This process was repeated for every voxel in the intensity bin, and the
resulting counts were pooled across voxels within each distance bin. The procedure
was then repeated for each percentile intensity bin. To generate pooled results for each
timepoint, the nuclear voxel counts and PCNA foci voxel counts for each combination of
intensity bin and distance bin were summed across all nuclei at that timepoint, as were
the total PCNA foci and nuclear volumes. The FOC was then calculated from these
pooled counts for each combination of intensity bin and distance bin. The average HP1a
intensity for each percentile bin was recalculated from the pooled intensity values
across all contributing nuclei.

For Figure 1B, the FOC values at zero distance (direct overlap) were extracted
for each intensity bin and plotted against the corresponding average HP1a intensity,
expressed as fold nuclear average. For Figure 1C, the full matrix of FOC values across
all intensity and distance bins was displayed as a pseudocolor heatmap with HP1a
intensity on the X-axis (scaled by average bin intensity rather than percentile rank),
distance on the Y-axis, and FOC encoded as color. Percentile bins left empty due to
limited bit-depth in the intensity values were excluded from the heatmap prior to plotting.
Heatmaps were plotted using interpolated shading with a color scale range of 0 to 25.
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EdU-labelling and immunofluorescence

Clean and sterile coverslips (22x22mm 1.5H) were incubated in 100% Fetal
Bovine Serum (FBS) for 2 h at 37°C to facilitate adsorption of extracellular matrix
components and promote cell adherence. After rinsing with 1x PBS, coverslips were
transferred to 6-well plates and seeded with 2 mL of 1x108 S2R+ cells/mL in
Schneider’s Medium supplemented with 10% FBS. Cells were allowed to adhere
overnight at 25°C. The following day, cells were treated with 10 uM EdU in conditioned
medium for five minutes, fixed for five minutes in 4% paraformaldehyde (PFA) in 1x
PBS, then permeabilized and washed in 1xPBS + 0.4% TritonX-100 (PBST) three times
for five minutes. Residual fixation was quenched by incubation in blocking buffer (1x
PBST + 5% FBS) for one hour at room temp. Labelling with Alexa647 picolyl azide was
performed with the Click-iT Plus kit (Invitrogen Cat. C10640) according to the
manufacturer’s protocol, but the Click-labeling step was performed twice to increase the
signal and compensate for the brief duration of pulse-labeling. After labeling, fixed
coverslips were stored overnight in blocking buffer at 4°C.

Coverslips were then incubated at 4°C with blocking buffer containing 1 pg/mL
monoclonal mouse anti-HP1a (C1A9 from DGRC) and a 1:400 dilution of affinity purified
rabbit anti-CDC45 , which was kindly provided by Mike Botchan and has been validated
to recognize CDC45 within the fully assembled CMG complex (Moyer et al., 2006).
Primary antibody incubation was continued overnight at 4°C followed by 3x 5 min
washes in room temperature PBST. Secondary antibody staining was done with 1:500
dilutions of Alexa 568 goat anti-mouse (2 mg/mL; Invitrogen Cat. A21202) and Alexa488
goat anti-rabbit (2 mg/mL; Invitrogen Cat. A11034)) in blocking buffer incubated at room
temperature for 90 minutes. Coverslips were again washed 3x 5 minutes in PBST, then
post-fixed in 4% PFA in 1x PBST for 5 minutes. PFA was then washed off with 3x 5 min
incubations in PBST and quenched in blocking buffer for 1 hour. Nuclei were counter-
stained with DAPI in 1x PBS for five minutes, quickly rinsed in 1xPBS, and mounted on
slides with SlowFade Glass (Thermo Cat. S36917). Mounted slides were sealed with
nail polish and stored at -20°C before imaging.

Fixed cell image acquisition and processing

Z-stacks were acquired on the Zeiss LSM880 with a Plan-Apochromat 63%/1.4
NA Oil DIC M27 objective and an Airyscan Detector in Superresolution mode. Images
were acquired using 2x line averaging and frame-sequential channel-switching with a
pixel dwell time of 1.04 us, a zoom of 7.5, and the optimal frame size in SR mode,
giving voxel dimensions of 35 x 35 x 159 nm. All channels were imaged with a master
gain of 800 and bit-depth of 16 with the MBS 488/561/633 and MBS-405 main beam
splitters. The SBS LP 660 secondary beam splitter was used only when imaging
Alexa647-EdU to prevent bleed-through from Alexa568. Alexa647-EdU was excited with
the 633 nm laser at 2% power with the BP 570-670 + LP 645 emission filter. Alexa568-
labeled anti-HP1a was excited with the 561 nm laser line at 0.3% power using the BP
420-480 + BP 495-620 emission filter. Alexa488-labelled anti-CDC45 was excited with
the 488 nm laser line at 0.5% power. DAPI was excited with the 405 nm laser at 0.2%
power and the BP 420-480 + BP 495-550 emission filter.
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Images were deconvolved by 3D Airyscan Processing (SR Mode) using
processing strengths of 7.3 for Alexa647-EdU, 7.5 for Alexa568-HP1a, 7.0 for Alexa488-
CDC45, and 7.0 for DAPI in Zen 2.3 Blue Edition. Chromatic aberration was measured
from images of a tetraspeck bead slide acquired with the same settings used for fixed
cells. After airyscan processing, the shifts between channels were by corrected by
lateral channel alignment in Zen Black using the average shifts measured from three
bead images. After correction of chromatic aberration, nuclear segmentation was
performed in Arivis Vision4D. The HP1a and DAPI channels were each smoothed with a
discrete Gaussian filter (4 um diameter), summed, and the resulting combined image
was segmented using the Otsu method.

Background correction and normalization of fixed-cell images were performed
with a custom Fiji macro. A constant background intensity was estimated independently
for each channel using a conservative approach based on the minimum local average
intensity in the image. The top five and bottom twenty z-slices were excluded to avoid
edge artifacts from Airyscan processing and elevated background near the coverslip
surface. A mean filter was applied in XY (radius of 20 pixels) and in Z (radius of 2
slices), and the resulting smoothed stack was reduced by minimume-intensity z-
projection. The minimum value in the projection was taken as the estimated background
for each channel and subtracted as a constant from all voxels, with any resulting
negative values set to zero. The HP1a channel was normalized by dividing nuclear
voxel intensities by the mean nuclear intensity, yielding relative intensity values as
described for the live-cell images. To enable consistent segmentation of foci across cells
with varying absolute intensities, the EAU and CDC45 channels were linearly rescaled
within each nucleus such that the maximum nuclear voxel intensity was set to a fixed
standard of 10,000. Segmentation of EAU and CDC45 foci was then performed in Arivis
Vision4D using the adaptive mean method with a diameter of 0.213 pym, a local
threshold of 750, and 55% thinning. The resulting segments were converted to
saturated masks and exported as OME-TIFF files.

Classification of cell cycle phase in fixed cells

Cells in S-phase were distinguished from G-phase cells by the presence of EdU
foci. Cells in each image were manually annotated as being in early or late S-phase
using roughly the same strategy as in live cells, where cells with numerous dispersed
replication foci were annotated as being in early or mid S-phase, while those with a
smaller number of replication foci near the PCH domain were classified as being in late
S-phase. Cell cycle classification was checked against the count of segmented
replication foci and integrated DAPI signal, which both correlated well with S-phase
progression, with manual staging being used to more accurately classify the few outliers
where cell cycle stage was not captured by these more objective methods.

G-phase cells were classified as G1 or G2 based on integrated nuclear DAPI
intensity, which serves as a proxy for total DNA content. A histogram of integrated DAPI
among G-phase cells revealed a clear bimodal distribution, with one peak between 50
and 59 million arbitrary units and a second peak between 100 and 119 million arbitrary
units, consistent with pre- and post-replication DNA content respectively. Of the 228
cells for that were classified for cell cycle stage, 4 EdU-negative (G-phase) were
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excluded from analysis because their DNA content fell between the two peaks and did
not permit a reliable classification as G1 or G2.

FOC-Map analysis of fixed cells

FOC-Map analysis of fixed-cell images was performed using the same approach
described for live-cell time-lapse data, with modifications to account for differences in
image acquisition parameters and experimental design. The analysis was implemented
in custom MATLAB scripts and followed the same computational workflow of percentile
intensity binning, distance binning, and calculation of the Fractional Overlap Coefficient
(FOC) described in Chapter 2. HP1a intensity within each nucleus was normalized to
the mean nuclear value, as was done for live cells. Percentile intensity bins of 0.05%
were used (compared to 0.1% for live cells), and distance bins were set to 35.42 nm,
matching the lateral voxel dimensions of the fixed-cell Airyscan images. The analysis
was performed independently for EAU foci and CDC45 foci, each measured against the
HP1a channel, using the binary foci masks generated during segmentation.

Rather than aligning cells by temporal progression through late S-phase as was
done for live-cell time-lapse data, fixed cells were grouped by cell-cycle stage and
pooled within each group. Pooling was performed by summing the raw voxel counts for
each combination of intensity and distance bin across all cells in a given stage prior to
calculating the FOC, following the same pooling strategy used for live cells. The
resulting FOC-Maps represent the aggregate spatial relationship between foci and the
HP1a-labeled PCH domain for each cell-cycle stage.
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CHAPTER 4

General discussion and future directions

The faithful replication of heterochromatin is essential for genome stability and
chromosome segregation, yet the mechanisms governing when and where
heterochromatin replication occurs remain incompletely understood. Progress in this
area has been constrained in part by the analytical challenges posed by the PCH
domain's irregular morphology, and limited spatial and temporal resolution applied in
prior studies.

FOC-Map as a tool for the analysis and visualization of spatial relationships in
multichannel images

FOC-Map was developed to address the challenges encountered in our analysis
of PCH replication, but its modular design allows it to be modified and optimized for
projects with different needs. At the same time, the problems it was designed to
overcome are common in cellular biology and not unique to this study. By requiring
segmentation of only one channel and replacing threshold-based definitions of the other
with percentile intensity binning, FOC-Map avoids many of the arbitrary decisions that
complicate analysis of such images. Studies of chromatin, condensates, or any intra-
cellular bodies with irregular morphology and poorly defined boundaries are likely to
benefit from the reduced reliance on segmentation, especially when inconsistencies in
segmentation can obscure the signal that is being measured or visualized. FOC-Map
may also be of value for imaging-based studies of structures that share an interface, as
this often produces non-monotonic relationships that are problematic for pixel-based
approaches, and make the result highly dependent on thresholding if an object-based
approach is used. Finally, FOC-Map is particularly well-suited to studies where
exclusion and enrichment must both be measured using a single approach, as PCC
suffers from a bias toward positive values, while object-based approaches generally
show the absence of colocalization rather than the presence of exclusion or depletion
(Barlow et al., 2010; Moser et al., 2017). Several extensions of the method may further
strengthen its utility. The current implementation pools data across cells to reduce noise,
but does not include a statistical framework for assessing significance or estimating
uncertainty across pooled bins. Future work should also incorporate a statistical
approach to estimate uncertainty within bins and enable significance testing in
comparisons between bins or between plots.

Dynamics and organization of PCH replication

Previous studies of heterochromatin replication in mammalian cells produced two
distinct models for where replication occurs relative to the PCH domain. The first
proposed that heterochromatic sequences must translocate to the surface of the domain
in order to be replicated, based on the observation that replication foci in late S-phase
were restricted to a ring-like pattern at the domain periphery (Quivy et al., 2004).
Subsequent work using higher-resolution imaging and live-cell approaches found that
replication also occurs within less compacted regions inside the domain, leading to an

43



alternative model in which local decondensation permits replication without large-scale
movement of chromatin to the surface (Chagin et al., 2019; Markaki et al., 2012). Our
results in cultured Drosophila cells are broadly consistent with this latter model.
Replication foci were initially restricted to the periphery of the PCH domain at the onset
of late S-phase but were later observed within low-HP1a channels interspersed
throughout its interior, with no indication that internal sequences needed to relocate to
the domain surface. These findings add to a growing body of evidence favoring local
decondensation as the primary mode by which heterochromatic sequences within the
PCH domain are replicated. One limitation of the present work is that the temporal
resolution of our time-lapse imaging cannot fully exclude the possibility that transient,
localized decondensation immediately precedes replication at individual sites, rendering
chromatin accessible on a timescale shorter than our imaging intervals. Addressing this
would require higher temporal resolution or alternative approaches capable of capturing
such rapid transitions.

The model proposed in Chapter 3 suggests that the depletion of CDC45 within
the PCH domain limits replication initiation in its interior, confining the onset of
heterochromatin replication to the domain's periphery and giving rise to the outside-in
progression observed in our time-lapse data. If corroborated, this mechanism would
provide a unifying explanation for both the spatial and temporal dynamics of PCH
replication, linking the characteristic delay in heterochromatin replication timing to the
spatial organization of the domain itself. Rather than treating timing and spatial
organization as independent features of heterochromatin replication, the model frames
them as coupled consequences of the same underlying constraint on initiation. How this
mechanism interacts with other known regulators of replication timing, such as RIF1-
mediated antagonism of DDK activity and potential differences in origin licensing
density, remains an open question that warrants further investigation.

If CDCA45's depletion within the PCH domain reflects biophysical properties of the
domain such as selective permeability or affinity partitioning, it is likely that other factors
required for replication initiation are similarly affected. The assembly of a functional
CMG helicase at a licensed origin requires the coordinated recruitment of multiple
components, and the partial exclusion of even a few of these would be expected to
produce a synergistic reduction in the rate of origin firing within the domain. Future work
should assess the distribution of additional initiation factors relative to the PCH domain,
and the combined effects of their depletion should be modeled more quantitatively to
determine whether the magnitude of exclusion observed for CDC45 alone is sufficient to
account for the near-complete absence of replication foci from the domain interior at the
onset of late S-phase, or whether the exclusion of multiple factors is required.

A central question raised by these findings is whether HP1a itself, through its role
in organizing the PCH domain and establishing its condensate-like properties, is
responsible for the exclusion of CDC45. HP1a is essential for the formation of the PCH
domain (Strom et al., 2017) and has been shown to delay the replication of sequences it
is targeted to in Drosophila embryos (Yuan & O'Farrell, 2016). If depletion of HP1a were
found to restore CDC45 access to heterochromatic regions, this could provide a
mechanistic basis for HP1a's observed influence on replication timing, connecting a
well-documented but poorly understood phenotype to a specific effect on the distribution
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of a rate-limiting initiation factor. However, HP1a depletion would also disrupt numerous
other aspects of heterochromatin organization, making it difficult to attribute changes in
CDCA45 distribution or replication dynamics specifically to the loss of condensate
properties. Approaches that perturb the biophysical properties of the domain without
fully eliminating HP1a would be valuable in this regard, as they could more directly test
whether the condensate-like features of the domain are responsible for CDC45's
exclusion and whether altering these properties is sufficient to change replication
dynamics. To this end, it would be of interest to test the effect of HP1a mutations that
alter condensate properties in differing ways (Brennan et al., 2026).

A complementary approach would be to test whether targeting CDCA45 to the
PCH domain is sufficient to alter the spatial or temporal dynamics of replication. As
suggested in Chapter 3, this might be achieved by fusing CDC45 to a weakly interacting
HP1a-binding motif designed to facilitate access to the domain without causing artificial
enrichment beyond the level in the nucleosol. If this manipulation accelerated
heterochromatin replication or allowed replication foci to form within the domain interior
at the onset of late S-phase, it would provide direct functional evidence that CDC45
exclusion is a meaningful constraint on replication initiation within the domain. Such an
experiment would also help to isolate the contribution of CDC45 from other variables
that may influence heterochromatin replication timing, including RIF1-mediated
regulation of origin activation, potential differences in origin licensing, and the possible
exclusion of other replication factors that have not yet been characterized.

More broadly, the possibility that the biophysical properties of the PCH domain
influence the distribution of replication factors connects this work to ongoing efforts to
understand how condensate properties relate to biological function (Alberti et al., 2019;
Lyon et al., 2021). In many systems where phase separation or similar mechanisms
have been implicated, it remains difficult to determine whether the material properties of
a compartment are functionally relevant or incidental. Heterochromatin replication may
therefore provide a unique window into these questions.
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