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Abstract

As imaging techniques rapidly evolve to probe nanoscale genome organization at higher
resolution, it is critical to consider how the reagents and procedures involved in sample
preparation affect chromatin at the relevant length scales. Here, we investigate the effects of
fluorescent labeling of DNA sequences within chromatin using the gold standard technique of
three-dimensional fluorescence in situ hybridization (3D FISH). The chemical reagents involved
in the 3D FISH protocol, specifically formamide, cause significant alterations to the sub-200 nm
(sub-Mbp) chromatin structure. Alternatively, two labeling methods that do not rely on
formamide denaturation, resolution after single-strand exonuclease resection (RASER)-FISH and
clustered regularly interspaced short palindromic repeats (CRISPR)-Sirius, had minimal impact
on the three-dimensional organization of chromatin. We present a polymer physics-based analysis
of these protocols with guidelines for their interpretation when assessing chromatin structure

using currently available techniques.

| ntroduction

Chromatin organizes into hierarchical structures associated with maintaining cell-type-
specific gene expression. At the nucleosomal scale (<1 Kbp [1]), epigenetic modifications control
access for transcriptional proteins to genes of interest; at the level of topologically associating
domains (TADs, 100 Kbp — 1 Mbp [2,3]), architectural proteins maintain proximity between
linearly distant enhancers and promoters; and at the level of A/B compartments (1 — 100 Mbp
[4,5]), the phase separation between gene-rich and gene-poor regions of chromatin may increase

interactions between genes and proteins [6]. Recent work has established the existence of
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chromatin domains with sizes between the nucleosome and TAD length scales that are
functionally important for regulating transcription [7-9]. Within chromatin packing domains, the
chromatin polymer has a fractal-like behavior which is quantified by the power-law scaling
parameter, D (M ~ rP where M is mass, quantified for chromatin by the number of base pairs,
and r is the radius of the spherical volume under investigation) which is related to the contact
scaling s observed in high-throughput conformation capture and oligo-paint measures of TADs
[8,10,11]. Changes in chromatin scaling behavior have been correlated with altered gene
expression  patterns [12-14], phenotypic plasticity [14], carcinogenesis [15-17],
chemotherapeutic efficacy [12,14], and reduced survival in cancer patients [14,18,19].

As a reflection of the considerable interest in understanding how aberrant genome
organization leads to disease, there has been a massive expansion in imaging technologies and
sample preparation protocols that allow chromatin to be visualized at super-resolution and smaller
length scales [10,20-25]. The most common methods employ fluorescence in situ hybridization
(FISH) technigues or CRISPR/dCas9-based labeling strategies to identify the locations of specific
loci of interest. DNA (~1 nm) and histones (~10 nm) are well below the diffraction limit of light
(~200 nm) and therefore require labeling with fluorescent proteins or other large probes [10].
These specialized labeling techniques could perturb chromatin structure, which poses a
paradoxical challenge: it is only with labels that a locus can be identified, but the chromatin
structure of the labeled locus is not necessarily representative of its unlabeled, native state.

Prior work with both fluorescence and electron microscopy has demonstrated that the
ultrastructure of the genome is sensitive to such labeling methods [26-28], but how these
protocols relate to the structure of live cells is poorly understood. To address this knowledge gap,
we investigate global nuclear chromatin structure before and after labeling with a gold-standard
loci-specific method, 3D DNA FISH [29], to identify whether existing protocols are disrupting
the native chromatin structure. Further, we probe which specific reagents and steps in the 3D

FISH sample preparation protocol are deleterious to chromatin structure across the nucleus. We

2


https://doi.org/10.1101/2024.03.01.582995

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.01.582995; this version posted March 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

find that formamide exposure is the predominant cause of widespread alterations to chromatin
domains. Finally, we evaluate other DNA-sequence labeling methods that do not require
denaturation of double-stranded DNA, such as RASER-FISH [30] and CRISPR-Sirius [31], and
show that these protocols are far less damaging to chromatin packing domains when compared to

3D FISH.

Results

As chromatin packing domains have an average radius of ~80 nm [11], the domain
conformation within these subdiffractional structures cannot be effectively resolved by most
conventional optical techniques. However, though the structure of individual domains cannot be
resolved, it is possible to obtain information about their sub-diffractional organization in live cells
by utilizing label-free nanoscopic sensing modalities such as Partial Wave Spectroscopic (PWS)
microscopy [8,32]. In each diffraction-limited pixel, PWS microscopy captures the signal
originating from the heterogeneity of the nanoscale molecular density distribution [32]. Due to its
sensitivity to length scales between 20-200 nm (kin to sub-Mbp length scales) [33], the resulting
signal is sensitive to changes in conformation within chromatin packing domains down to the size
of the chromatin chain [11,21]. As a result, PWS microscopy offers several advantages over
traditional super-resolution microscopy that are vital for this study: 1) it is label-free, allowing for
careful study of nanoscale chromatin organization without perturbation; 2) both live and fixed
cells can be imaged, which provides an opportunity to compare labeling protocols requiring
fixation to the original, native chromatin structure; and 3) due to the fast acquisition time (<5
seconds) and a wide field of view (~10,000 um?), it is a high-throughput technique that provides

increased statistical power by simultaneously imaging hundreds of cells within minutes [8,32].
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Importantly, PWS microscopy is sensitive to length scales containing chromatin packing
domains [32,33], which are spatially separable regions that follow power-law scaling behavior
[8,11]. Analysis of PWS microscopy images allows for the identification of chromatin packing
domains and the measurement of the statistics of the chromatin chain conformation within these
domains [8,32]. In polymer physics, the space a polymer occupies (the radius of gyration, rg) can
be related to the size of the polymer (the number of bond segments, N) through the Flory
exponent, v, which describes the scaling behavior (ry ~ N) [34]. As chromatin is a complex
polymer, within a chromatin packing domain the mass of the chromatin contained within the
domain M is related to the size of the domain r through the scaling exponent D ( M ~ rD).
Chromatin packing domains were first identified in electron microscopy images by finding DNA-
dense domain centers, and then analyzing where the domain stops following power-law scaling to
determine the domain boundary [8,11]. Because the only factor that identifies a chromatin
packing domain is the ability to follow power-law scaling, every packing domain can have a
unique mass (M), radius (r), or scaling behavior (D) [8,11]. Given that D is the inverse of v, in the
absence of spatial constraints D can theoretically range from 5/3, if the chromatin within a
packing domain exhibits an expanded coil state (self-avoiding walk) [35], to 3, for chromatin
organized into a compact globule state [4,36]. However, polymers in a ® solvent, such as
chromatin, have the properties of a random walk (D ~ 2) [37,38], therefore values below this are
not a feasible model for chromatin organization within the nucleus [39,40], limiting the
theoretical range to 2 < D < 3 [41,42]. Consistent with this finding, past studies quantified that the

typical physiological range of D is 2.2-2.8, depending on the cell line [8,11,43].

Formamide significantly alters chromatin structurein 3D

FISH-labeled cdlls
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Since PWS microscopy can visualize the nanoscale chromatin organization of whole
nuclei in live and fixed cell populations, we imaged cells throughout each step in 3D FISH
labeling protocols to determine their effects on nuclear structure. To confirm that the standard 3D
DNA FISH protocol [29] is functional for the detection of specific genomic loci, we utilized this
complete protocol for labeling chromosome 3. With this protocol, we were able to attain clear
confocal images of foci within multiple nuclei (Fig 1A), which confirms that the protocol works
as intended and that the altered chromatin domains are an unintended consequence of the 3D
FISH labeling. Having demonstrated the suitability of this protocol for loci identification, we then
performed mock staining using the typical 3D FISH protocol. The whole nuclear changes induced
by each step were then compared to live untreated cells and cells fixed with 4%
paraformaldehyde (PFA) for 10 minutes, which had previously been shown to maintain a
correlation with the structures observed in live cells [44,45]. We conducted nuclear measurements
comparing the effects of each step in two ways. First, we measured changes due to the cumulative
effect of the protocol at each step (Fig 1B, light blue), to investigate whether any steps mitigate
downstream changes within the protocol. Next, we investigated changes that occurred due to the
individual reagents used in the 3D FISH protocol (Fig 1B, dark blue) by fixing the cells with
PFA, performing any necessary wash steps, and then adding the reagent of interest.

Although past studies showed that there was a change in chromatin structure only after
heat denaturation [30,26,27,46], we found that all phases of the 3D FISH protocol cause
significant changes to nanoscale chromatin structure in comparison to living cells (Figs 1B-C and
Table 1). Even brightfield imaging shows that nuclei are visibly damaged at every step after
Triton X-100 treatment (Fig 1C), without any evidence of mitigating effects on downstream
perturbations in the full sequence of sample preparation (Fig 1B). Indeed, the cumulative effects
compound to a decrease in D when compared to the individual reagents in every step (Fig 1B and
Table 1), indicating that rather than having a protective effect, the full 3D FISH protocol results

in a cumulative loss of information in comparison to the live-cell state.
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Fig 1. FISH damages chromatin domain structure across the nucleus. A) Representative image of a
nucleus labeled with a chromosome 3 probe (magenta) and a DAPI nuclear counterstain (blue). The two
chromosome 3 foci are denoted by a circle and an arrow. The image is a max projection of ~15 planes
within a z-stack. Scale bar: 5 um. B) The average D for each nucleus undergoing the cumulative 3D FISH
protocol (following the full protocol by performing each step consecutively; light blue) and treated with the
individual 3D FISH reagents (fixing cells first, then performing the step listed; dark blue) compared to a
live cell control and a 4% PFA fixed cell control (gray). The 3D FISH protocol has seven main steps: (1)
cell fixation with 4% PFA, (2) permeabilization with Triton X-100, (3) deproteinization with hydrochloric
acid (HCI), (4) degradation of RNA using RNase A, (5) lowering DNA melting point through formamide
treatment, (6) heat denaturation of DNA, and (7) hybridization of the probe to DNA during overnight
incubation. There are no protective benefits to performing the protocol in order. After completing the whole
protocol, the average D of nuclei is far below control cells. All data is an average of between 240-800
nuclei, across three biological replicates. Dashed lines within violins denote the 75" percentile, median, and

6


https://doi.org/10.1101/2024.03.01.582995

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.01.582995; this version posted March 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

25™ percentile from top to bottom. C) A comparison of brightfield and PWS microscopy images (brighter
red indicates higher D) after treatment with each reagent. Some treatments of the 3D FISH protocol cause
nuclei to appear vastly different, even on brightfield images. Since the nuclear membrane is visible after
heat treatment and overnight incubation, it is unlikely that these treatments are completely degrading the
nuclear membrane. However, it is impossible to visually detect the location of the nucleus after formamide
treatment without using a nuclear counterstain. Scale bar: 5 um. D) The probability distribution function
for D of each pixel within all analyzed nuclei in the live cell control, the fixed cell control, and the
formamide-treated cells. Formamide causes the PDF to shift towards a random distribution, centered
around D = 2.1. Formamide lowers the most probable D to ~1.8, much lower than the values observed in

healthy cells.

Because of the large amount of damage observed after conducting the 3D FISH protocol, we
sought to determine the point at which these changes were initiated. Therefore, we measured the
change in D following each step in the protocol (Fig 1B and Table 1). First, we found that
fixation alone causes a decrease in D (AD = —0.08) which is smaller than the natural standard
deviation of D in the live cell population (op = 0.13) and the standard deviation within the fixed
cells (ep =~ 0.13, Fig 1B and Table 1). All the steps after fixation caused a compression of the
violin plots (op < 0.13, Fig 1B and Table 1, Cumulative Protocol), indicating that the population
of cells undergoing mock preparation has less variability than would occur within the live-cell
population. The largest changes in average chromatin scaling were due to permeabilization by
Triton X-100 (live cell AD = —-0.37 and fixed cell AD = —-0.28) and deproteinization with
hydrochloric acid (HCI) treatment (live cell AD = —0.46 and fixed cell AD = -0.37; Fig 1B and
Table 1, Cumulative Protocol). On average, the lower D induced by both Triton X-100 and HCI
treatments indicate a shift towards more loosely packed chromatin. This could be caused by either
the increased flux of constituents between the nucleus and cytoplasm, which is facilitated by the

permeabilized nuclear membrane and the reduced intracellular protein concentration, or
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molecular denaturation that can be associated with detergent/acid exposures. The RNA

degradation step slightly increased D compared to the previous steps (live cell AD =~ -0.23 and

fixed cell AD = -0.15; Fig 1B and Table 1, Cumulative Protocol) but this change was not

sustained on further steps within the protocol.

Table 1. Statistics of the changein D resultant from each 3D FISH reagent.

Average Nuclear D +

% Changefrom Live

% Changefrom Fixed

% Difference

Standard Deviation Cdls Cedls Between
Reagent/ Cumulative
Treatment Cumulative | Individual | Cumulative | Individual | Cumulative | Individual | Protocol and
Protocoal Reagent Protocoal Reagent Protocoal Reagent Individual
Reagents
LiveCdls 2.62+0.13 (N=801 nuclei) N/A N/A N/A
10 min
2.53+0.13 (N=554 nuclei) -3.23% (p=7.82x10%) N/A N/A
PFA
2.25+0.11 2.3210.15 -13.97% -11.43% -11.10% -8.47%
10 min 2.92%
(N=285 (N=297 (p=4.01x (p=1.62x (p=1.66x (p=1.68x
Triton X-100 (p=2.21x107)
nuclei) nuclei) 10%" 107169 10™%) 107
2.16+0.10 2.3310.15 -11.14% -14.71% -8.18%
5min -17.46% 7.37%
(N=318 (N=280 (p=1.28x (p=2.28x (p=6.96x
HCI (p<1073%) (p=5.69x10"*)
nuclei) nuclei) 10™8) 102 107)
2.39+0.13 2.4510.16 -8.80% -6.54% -5.75% -3.42%
45 min 2.45%
(N=314 (N=307 (p=8.74x (p=2.22x (p=1.47x (p=3.89x
RNase A (p=2.79x10")
nuclei) nuclei) 10™"%) 10 10 10™)
1.79+0.06 1.97+0.07 -22.39% 9.39%
1 hour -31.63% -24.90% -29.35%
(N=314 (N=241 (p=1.98x (p=1.61x
Formamide (p<1073%) (p<107%) (p<107%)
nuclei) nuclei) 10°%) 1018)
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3min
1.88+0.08 1.96+0.08
Heat with -28.36% -25.09% -25.97% -22.59% 4.46%
(N=328 (N=362
Hybridization i i (p<107%) (p<107°%) (p<107%) (p<10°%) | (p=4.11x10%)
nuclei nuclei
Buffer
12-15hours 2.04+0.11 2.12+0.13 -19.08% -19.59% -16.38%
-22.18% 3.91%
Overnight (N=316 (N=240 (<107, (p=8.36x (p=8.90x (p=2.04x ( 310
p<10’ p=7.43x10°
Incubation nuclei) nuclei) 1029 102 10™%9)

While reagents used at the beginning of the protocol such as Triton X-100 and HCI
caused widespread changes in D, we observed that formamide exposure was the most deleterious
to the underlying nanoscale chromatin structure. In brightfield imaging, nuclei cannot be visually
detected after formamide treatment. To understand what changes are occurring within nuclei, we
compared the probability distribution function (PDF) of D (within each of the 250-nm voxels in
the nuclei) to understand how local scaling is altered due to the most damaging step in the
protocol (Fig 1D). Formamide not only caused the largest decrease in the average D (live cell AD
~ —0.83 and fixed cell AD = -0.74; Fig 1B and Table 1, Cumulative Protocol) but was also
associated with a complete shift in the PDF of D values within the population, causing the most
probable configuration within nuclei to decrease to ~1.74 as compared to ~2.88 for live cells (Fig
1D). For context, this is much lower than has previously been observed for viable cells [8,11] and
would be consistent with a polymer in an expanded coiled state [47]. Although formamide
resulted in disruption of nuclear structure, the nuclear membrane was visible at later steps of the
protocol indicating that formamide does not degrade the nuclear membrane but interacts with the
genetic material within the nucleus to change the polymeric structure of the genome.

Formamide is utilized within most FISH protocols because it (1) lowers the melting
temperature of DNA and (2) stabilizes the transition from the active helical state of DNA to the

denatured coil phase [48]. Mechanistically, formamide achieves this state as it forms stronger
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hydrogen bonds with water than other water-water or water-DNA hydrogen bonds, and therefore
displaces DNA hydrate, forms hydrogen-bonded networks, and destabilizes the DNA helix [49].
However, the remaining denatured coil phase of DNA is structurally distinct from the
physiological states of DNA within the nucleus and is much more homogenously folded. In the
context of chromatin forming domains to achieve preferentially accessible structures [39], these
findings indicate that formamide exposure results in homogeneous chromatin configurations that
are not representative of the structures observed in live cells [8,11].

Next, we evaluated the effect of heat denaturation on chromatin organization following
formamide exposure to see if this had any further effect on chromatin organization and notably
did not see substantial changes in chromatin packing. It is also important to note that every step
following formamide incubation continues to use formamide in its buffers, including heat
denaturation and overnight incubation. While heat-mediated DNA-denaturation is not an inert
process, the structure of chromatin was altered so significantly by the initial formamide treatment
that heat denaturation did not have any significant reversal nor deleterious effects as measured by
D (live cell AD = -0.74 and fixed cell AD = -0.66; Fig 1B and Table 1, Cumulative Protocol).
Therefore, in every step of the 3D FISH protocol following formamide incubation, the DNA is
likely to be in a stabilized coil state due to the strong formamide-water hydrogen bonds and
locally folded at random compared with the active helical state. Overnight incubation modestly
increased D (live cell AD = -0.58 and fixed cell AD = -0.50), however, the final state was
consistent with a random walk polymer (D = 2.04; Fig 1B and Table 1, Cumulative Protocol). In
sum, the 3D FISH-labeled cells experienced a shift toward lower D values such that cells had an
average nuclear D value of 2.04, as compared to live cells, which had an average D of 2.62.

As chromatin is a biopolymer that organizes following polymer scaling properties, this
suggests that chromatin following 3D FISH preparation has the average properties of a random
walk polymer (v ~ 1/D ~ %) [35]. Physiologically, the lowest D value observed in a packing

domain within a nucleus is ~2.2, as observed by electron microscopy [11]. This indicates that the
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3D FISH protocol causes reorganization of chromatin such that it behaves in a non-physiological
manner. In the context of genomic structures in the domain range (e.g. 100 Kbp — 1 Mbp
domain), with the chromatin polymer being composed of monomers that are a single nucleosome
each, the difference in observed domain radius from a D of ~2.6 to ~2 can be approximated using
the relationship of rgq ~ L. Here, L is the segment length, or the number of nucleosomes
multiplied by the nucleosome diameter (~11 nm), with ~200 bp per nucleosome [1]. With this
approximation, a 1.2 Mbp domain in live cells would occupy a volume with rg ~ 72 nm, but upon
preparation with 3D FISH, would be observed to have rq ~256 nm for D = 2 and rg ~ 456 nm for
D = 1.8. These sizes are concordant with the findings from multiplexed DNA paint to probe the
organization of topologically associated domains with 3D-FISH while using formamide

denaturation [10,20].

3D FISH protocol optimization isunable to prevent

formamide-induced damage to chromatin

Due to the large amount of damage observed after conducting the 3D FISH protocol, we
sought to determine if modifications at various stages in sample preparation could offset these
effects. FISH protocols are often optimized according to the cell type and the choice of probe to
ensure high labeling efficiency and minimal impact on cellular structures. Therefore, we
attempted to systematically adjust the steps to prevent formamide-induced damage or restore the
structure after treatment. In principle, the greatest effect in structural preservation results during
the process of fixation, as stronger fixatives or longer incubation times with fixatives can result in
a more highly crosslinked or condensed chromatin structure that can withstand alteration via
small molecules such as formamide. We performed measurements to determine the impact of
fixation in the following manner: we (1) treated cells with the most-used fixative

reagents/solutions and incubation times, (2) imaged the fixed cell populations with PWS, (3)
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treated all the fixed cells with the same formamide incubation treatment (2X SSC/50%
formamide/0.1% Tween 20 for 30 minutes at room temperature), and (4) imaged the cells again
with PWS. An ideal fixation step would induce minor changes in D inherently, reduce the change
that is caused by formamide, and allow for a high labeling efficiency to facilitate fluorescence
imaging of foci. Most 3D DNA FISH protocols use 4% PFA with short incubation times to
prevent over-fixation through excessive crosslinking [50]. We evaluated incubation lengths of 10,
30, and 90 minutes with 4% PFA and found that increasing the incubation time reduced the

change in D induced by fixation and by formamide treatment (Figs 2A-B and S1 Table).
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Fig 2. Optimization of the 3D FISH protocol does not prevent or reverse the formamide-induced
chromatin structural alterations. A) Formamide causes changes to chromatin structure regardless of the
mechanism or length of fixation. The most common fixative for FISH, 4% paraformaldehyde (PFA), is
normally varied in the length of incubation with in vitro cell cultures to ensure that the cell remains stable
over time and allows proper labeling of DNA with the desired probe. Increasing the incubation time indeed

better preserves the original chromatin structure by reducing the change in D due to fixation. Other fixation
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reagents such as glutaraldehyde (GA) mixed with PFA, ethanol, and methanol seem to perform as well or
better than increasing the incubation time. However, it is notable that ethanol fixation increases D, leading
to formamide appearing to have less of an impact. Methanol, while having negligible effect during fixation,
experiences the largest change because of formamide treatment. The 2% PFA with 2.5% GA solution has
the least impact on D during fixation and does not experience as great a change from formamide. All data is
an average of between 100-1000 nuclei, across three biological replicates. Dashed lines within violins
denote the 75" percentile, median, and 25" percentile from top to bottom. B) Representative PWS
microscopy images for live cell controls and fixed cells before and after formamide incubation (brighter red
indicates higher D). Although the 10-minute 4% PFA fixation causes the largest change in average nuclear
D values, qualitatively, the nuclei look the most like the chromatin structures visible in live cells. Most
other stronger fixatives contain smaller high D clumps (chromatin packing domains) as compared to the
live cells. After formamide treatment, however, none of the cells bear any resemblance to the original
chromatin organization seen in live cells. Scale bar: 5 um. C) The average nuclear D for two steps in the
3D FISH protocol that are commonly optimized to mitigate nuclear changes: heat denaturation and
overnight incubation. Regardless of the temperature chosen for the heating step, D is close to 2, indicating
that the temperature used for denaturing chromatin neither causes different chromatin structures nor
reorganizes chromatin more than formamide treatment alone. Although the overnight incubation step shows
a slight increase in D as the incubation time is increased, even a 48-hour incubation is not able to recover
the original chromatin structure. Plotted data are from between 210 and 430 nuclei across three biological
replicates. Dashed lines within violins denote the 75" percentile, median, and 25" percentile from top to
bottom. D) PWS microscopy images were collected from nuclei treated with different temperatures or
incubation times for the heat denaturation step and the overnight incubation step, respectively (brighter red

indicates higher D). Scale bar: 5 pm.

Although PFA fixation is commonly used in FISH labeling, other solutions have been
used to preserve intracellular structures. We assessed three additional solutions with reagents
known to have a stronger impact on cells and which therefore could prevent damage to chromatin
packing domains. First, we evaluated 10-minute incubation with a combination of 2% PFA and
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2.5% glutaraldehyde (GA). Mixing GA with PFA is often done to increase sample stability and
prevent DNA degradation over time [51-53]. We also evaluated two alcohol-based fixatives, 70%
ethanol, and 100% methanol, which are common alternatives to aldehydes as they are thought to
better preserve DNA structures [54] and could have higher labeling efficiency compared to
aldehydes due to the lack of crosslinks. Of these fixative solutions, the 2% PFA and 2.5% GA
solution had the most optimal results: the fixation itself caused almost no change to average
nuclear D (live cell AD =~ -0.01, n.s.) and was the least affected by formamide treatment (live cell
AD = -0.19 and fixed cell AD =~ -0.18; Fig 2A and S1 Table). Ethanol fixation seemed to have
the smallest change induced by formamide (live cell AD = -0.13), however, this is due to the
ethanol itself causing an increase in D (live cell AD =~ 0.21) after fixation, resulting in a fixed cell
AD = -0.34 (Fig 2A and S1 Table). Lastly, methanol fixation had a negligible impact on D (live
cell AD = —0.01) but resulted in one of the largest changes in D after formamide treatment (live
cell AD = -0.42 and fixed cell AD = -0.41; Fig 2A and S1 Table). The suboptimal results from
alcohol-based fixative solutions are likely due to the fixation mechanism: ethanol and methanol
both rely on cellular dehydration and condensation of proteins [51-53] which could leave DNA in
alcohol-fixed cells susceptible to formamide. Although some fixative solutions mitigated the
impact of formamide on chromatin structure, our results demonstrate that no reagent can
completely prevent damage from formamide. The resulting chromatin was visually quite distinct
from live cells (Fig 2B) and all of the fixed cells experienced a decrease in D of between 7-16%
due to formamide (S1 Table).

After attempting to prevent damage through fixation, we hypothesized that heat
denaturation or overnight incubation for hybridization could reduce the impact of the 3D FISH
protocol on chromatin organization. As the chromatin structure was significantly altered by
formamide treatment in all tested fixative solutions, we next investigated the effect of varying
temperature during the heating step and varying incubation length for the overnight hybridization

step on cells fixed with 4% PFA for 10 minutes. We incubated cells with the formamide
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denaturation treatment (2X SSC/50% formamide/0.1% Tween 20 for 30 minutes at room
temperature), then performed the heat treatment in a hybridization buffer. We changed the
temperature used for the heat denaturation step from 70-80°C (Figs 2C-D), as this is the common
range of temperatures recommended for 3D FISH, and because the amount of formamide has
been shown to lower the melting temperature of DNA linearly [55]. Each of the cell populations
after heat treatment had an average population D of ~2-2.1, showing a slight inverse relationship
between the magnitude of change in D and the temperature. 70°C had the largest decrease (live
cell AD =~ -0.52 and fixed cell AD =~ -0.40), followed by 75°C (live cell AD =~ -0.47 and fixed
cell AD = -0.35), and 80°C (live cell AD = -0.42 and fixed cell AD =~ -0.30) (Fig 2C and S2
Table). Although increasing the temperature has a slight impact on the change induced by
formamide, the benefit is minimal.

To evaluate whether damage to chromatin packing domains can be reversed by changing
the overnight incubation step, we incubated cells with the formamide denaturation solution,
performed heat denaturation at 75°C, moved the denatured cells to a humid chamber set at 37°C
for hybridization, and measured nuclear chromatin organization after overnight (12-15 hours), 24-
hour, or 48-hour incubation (Figs 2C-D). Increasing the incubation time led to more recovery of
chromatin structure: the overnight incubation had the biggest decrease in D (live cell AD =~ -0.37
and fixed cell AD = —-0.25) whereas the 24-hour (live cell AD =~ -0.33 and fixed cell AD = -0.20)
and 48-hour (live cell AD = -0.30 and fixed cell AD =~ -0.18) incubations saw a marginally
smaller change. However, the average nuclear D value only increased to ~2.2 even with the
longest incubation (Fig 2C and S2 Table). Additionally, although the average nuclear D value is
within the physiologically relevant range, the chromatin packing domains in nuclei after
overnight incubation were visually much smaller than those in live cells (Figs 2B and D). Taken
together, our results indicate that modifying the denaturation and hybridization steps by changing

temperature or incubation time can reverse some of the effects of formamide on chromatin
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packing domains, but critically, these modifications cannot completely recover the native

structures seen in live cells.

Alternate labeling methods that do not require for mamide

have minimal impact on chromatin organization

As optimization of the 3D FISH protocol could not preserve the native chromatin
structure, we next applied other DNA labeling protocols that are either free of or use a minimal
amount of formamide. We identified one fixed-cell FISH method, which has the benefit of using
the same types of probes used in 3D FISH, and one live-cell CRISPR method, which allows for
visualization of the motion of loci in live cells, albeit with lower resolution. For the non-
denaturing FISH protocol, we selected RASER-FISH as it eliminates the need for formamide by
creating ssDNA through exonuclease 111 digestion of UV-induced nicks in DNA [30,56] and has
previously been used to compare TAD localization with DNA density based structural chromatin
domains [7]. While there is a myriad of CRISPR-based labeling methods, we chose to utilize
CRISPR-Sirius due to its enhanced guide RNA stability and brightness compared to earlier
iterations of CRISPR labeling [31]. We performed PWS microscopy imaging on cells that were
labeled with 3D FISH, RASER-FISH, and CRISPR-Sirius and compared resulting D values to
those of both live cell and fixed cell controls to determine how global nuclear structure is
impacted by each protocol (Figs 3A-B and Table 2). Labeling cells with a chromosome 3 probe
using the 3D FISH protocol caused significant changes to chromatin (live cell AD = -0.51 and
fixed cell AD = -0.49), whereas neither the RASER-FISH protocol with a chromosome 19 probe
(live cell AD = -0.03 and fixed cell AD = —0.005) nor the CRISPR-Sirius method targeting
XXYLT1 with a MS2 aptamer (live cell AD = —0.08 and fixed cell AD = -0.06) caused as much
of a change (Fig 3A and Table 2). Notably, both RASER-FISH and CRISPR-Sirius had a similar

effect as the fixation alone (live cell AD = -0.02; Fig 3A and Table 2). This result indicates that at
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the population level, both techniques are better at preserving chromatin structure compared to 3D

FISH.
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Fig 3. Alternate DNA sequence labdling methods have minimal impact on global nuclear chromatin
organization. A) The average D for nuclei labeled with either 3D FISH (light blue), RASER-FISH (light
blue), or CRISPR-Sirius (dark blue) compared to a live cell control (gray) and a 4% PFA fixed cell control
(gray). All data is an average of between 70 and 170 nuclei, across three biological replicates. Dashed lines
within violins denote the 75™ percentile, median, and 25™ percentile from top to bottom. B) A comparison
of brightfield and PWS microscopy images (brighter red indicates a higher D) for each DNA labeling
method. RASER-FISH labeled cells are visually different in both Brightfield and PWS, potentially due to
the two fixation steps and the presence of formamide in the hybridization buffer. CRISPR-Sirius labeled
cells look identical to the unstained live cells. Scale bar: 5 pm. C) The probability distribution function for
D of each pixel within the analyzed nuclei. 3D FISH dramatically shifts the PDF to lower D values, while

RASER-FISH and CRISPR-Sirius have almost no impact. D) Representative images of nuclei labeled with

17


https://doi.org/10.1101/2024.03.01.582995

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.01.582995; this version posted March 5, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

each of the three tested DNA labeling protocols. A chromosome 3 probe was used in the 3D FISH-labeled
cell and a chromosome 19 probe was used for the RASER-FISH-labeled cell. The CRISPR-Sirius cell was
labeled using a sgRNA targeting the XXYLT1 gene with the MS2 aptamer and stained using Janelia Fluor
646 (JF646). All cells were counterstained with DAPI. The magenta foci are denoted by a circle and an
arrow while the nucleus is pseudocolored in blue. Each image is a max projection of ~15 planes within a z-
stack. Scale bar: 5 um. E) Analysis of the labeling efficiency of each tested protocol. Between 15 to 20
confocal images containing nuclei were used to determine the number of foci within each nucleus. The 3D
FISH protocol (N=76 nuclei) had the most visible foci, followed by CRISPR-Sirius (N=81 nuclei) had the
fewest visible foci, and RASER-FISH (N=99 nuclei). The control sample (N=61 nuclei) had foci detected

in one nucleus.

Table 2. Comparison of DNA sequence labeling protocol effects on chromatin.

Average Nuclear D + % Changefrom | % Changefrom
Condition
Standard Deviation LiveCdls Fixed Cells
LiveCdls | 2.56x0.09 (N=104 nuclei) N/A N/A
Fixed Cells | 2.54+0.11 (N=154 nuclei) -0.79% (p=1) N/A
2.05+0.14 -19.86% -19.22%
3D FISH
(N=168 nuclei) (p=7.42x10"%) (p=1.39x10"%)
RASER- 2.54+0.17 -0.99% -0.20%
FISH (N=74 nuclei) (p=1) (p=1)
CRISPR- 2.48+0.10 -3.30% -2.53 %
Sirius (N=148 nuclei) (p=1.66x10") (p=2.41x10)

To determine whether the minimal impact of RASER-FISH and CRISPR-Sirius on
average nuclear organization preserves the native chromatin packing domain structure while
successfully labeling the targeted foci, we analyzed the histograms of pixel values within nuclei

imaged with PWS microscopy and the confocal images of the labeled foci. Like the results
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presented in Fig 1D, the 3D FISH protocol caused individual nuclei to have a distribution of pixel
D values centered around an average value of ~2, although the most common value seen within
nuclei was ~1.74 (Fig 3C). Conversely, the D histograms in nuclei labeled with RASER-FISH
and CRISPR-Sirius had an average value of ~2.5 and ~2.3, with a mode of ~2.94 and ~2.64
respectively (Fig 3C). Nuclei labeled with CRISPR-Sirius were also more like live cells
qualitatively: there were larger domain structures visible (more high D regions that cover a larger
portion of the pixels within the nucleus; Fig 3B). While RASER-FISH maintained a similar
histogram to CRISPR-Sirius, the nuclei had much smaller domains (Fig 3B), which could be
attributed to either the second fixation step used at the end of the protocol or the small volume of
formamide contained in the hybridization buffer. To ensure that the minimal impact on chromatin
from all three protocols was not due to improper labeling, we performed confocal imaging of
cells labeled with each of the three protocols and saw visible foci in several nuclei for each
condition (Fig 3D). Interestingly, the DAPI nuclear counterstain showed drastically different
chromatin organization. While the 3D FISH labeled cell had an almost uniform fluorescence
signal across the nucleus indicating the homogenization of chromatin structure, the RASER-FISH
and CRISPR-Sirius labeled cells contained larger variations in DNA interspersed through barren
regions (Fig 3D).

Although CRISPR-Sirius had the least significant effect on native chromatin structure
and has the added benefit of being a live-cell technique, it is limited to labeling target sequences
containing repetitive regions and has a lower labeling efficiency. We used flow cytometry to
analyze the percent of cells transduced with CRISPR-Sirius components (i.e., MCP-HALORnIs,
dCas9, gRNA) and stained with the Janelia Fluor 646 HaloTag ligand. We found that 69% of the
transduced population contained a fluorescent signal as compared to 0.3% in the wild-type (WT)
control (S1 Fig). We next assessed the impact of the CRISPR-Sirius protocol on chromatin
packing domains by imaging a non-targeting empty vector control to compare to WT cells. The

empty vector control had little to no impact on the population D (WT AD = -0.02), thus, the
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transduction and staining steps do not affect nuclear chromatin organization (S2 Fig). To
determine whether the length of the DNA target sequence can change the impact of CRISPR-
Sirius on chromatin, we tested the effect of using two aptamers (MS2 and PP7) with four single
guide RNAs (sgRNAs) for several different pericentromeric and intronic regions, including the
pericentromeric region (PR1) of chromosome 19, and repeats on introns of the complement
receptor 1 gene (CR1), the xyloside xylosyltransferase gene (XXYLT1), and the fibrillin 3 gene
(FBN3). All four sgRNAs caused a similar change in chromatin structure (0.08 < AD < 0.12) of
the same scale as the natural variation that exists within a population (op =~ 0.08 in the WT
control; S2 Fig and S3 Table). Varying the aptamers used with the sgRNA similarly showed
trivial differences (S2 Fig and S3 Table), indicating that the choice of aptamer does not affect the
changes induced by the protocol on chromatin structure.

The choice of labeling protocol for a study is often based on the relative labeling
efficiency, therefore, we analyzed the confocal images taken for all three protocols to determine
the proportion of cells with foci. Only one cell in the unstained control had visible foci (2% of the
imaged cells), whereas 51% of 3D-FISH labeled cells, 35% of RASER-FISH labeled cells, and
38% of CRISPR-Sirius labeled cells had visible foci (Fig 3E). However, a small number of these
cells had three foci (3% of cells in 3D FISH, 1% in RASER-FISH, and 1% in CRISPR-Sirius; Fig
3E). Although all three targets should only have two foci within a single nucleus, the presence of
more than two foci could be due to noise in the confocal image, non-specific probe binding, or
copy number variation. Taken together, these results show that while RASER-FISH and CRISPR-
Sirius are less likely to perturb chromatin structure, they are limited by a reduction in labeling

efficiency compared to conventional 3D FISH.
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Discussion

As the reagents and sample preparation procedures in this study use the same steps as
other methods for labeling non-chromatin nuclear species (e.g., immunolabeling), knowing how
labeling protocols affect the observed structure of the nucleus is of multidisciplinary interest.
Every step of the 3D FISH protocol causes significant changes to chromatin in comparison to the
live-cell state (Figs 1A-B); this makes developing a protocol that is safe for the study of
nanoscale chromatin structure more complex than simply omitting one reagent or step.
Furthermore, data obtained from methods such as immunolabeling should be interpreted
cautiously. While these labeling techniques typically do not target chromatin, the contents of the
entire nucleus are altered by changes to the nuclear environment. We observe widespread changes
in chromatin packing in the range of 20-300 nm. Together with the formamide stabilization of the
denatured coil phase of DNA, the structural information from 3D FISH on the nanoscale is
unlikely to represent the in vivo chromatin structure of live cells. We note that the type of imaging
modality used could reveal different insights into the effect of 3D FISH on native chromatin
structure. In diffraction-limited techniques, such as confocal imaging, it’s possible that the
relative spatial positioning of the genome could remain intact [27].

The impact of the 3D FISH protocol is critical for determining whether the locations of
genes are altered in super-resolution imaging experiments. If a gene is located within a packing
domain, the 3D FISH protocol is unlikely to cause the migration of that gene outside of the
domain. However, it does cause the domain to be converted from an actively maintained,
heterogeneously structured complex to a swollen, randomly distributed conformation. Solovei et
al. showed that sample preparation using the 3D FISH protocol causes the disappearance of
heterochromatin, which they hypothesize is becoming more euchromatic [27]. This is consistent

with our observed decrease in D, and therefore, our results further suggest that this decrease could
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be ascribed to the disappearance of heterochromatin. Studies that attempt to visualize 3D
chromatin structures to compare to results from sequencing-based methodologies could especially
be affected by these changes to chromatin domains [10,20,57,58]. For example, techniques such
as the optical reconstruction of chromatin architecture (ORCA) [24,25] and Hi-M [23] which aim
to probe the internal physical organization of TADs may be impacted by the nanoscale structural
artifacts caused by 3D FISH labeling protocols. Although short-range contacts may not be
altered, the Kkilo-base-pair and mega-base-pair interactions are certainly affected by the loss of
heterogeneous chromatin structures and heterochromatin.

While we can conclude that the structure of chromatin within the nucleus is dramatically
altered by the formamide-based 3D FISH protocol, a limitation of this work is the inability to
understand the local structure surrounding an individual fluorescent probe. Additionally, although
RASER-FISH removes the need for formamide denaturation to create single-stranded DNA
(ssDNA), the use of UV light to induce double-stranded breaks at DNA locations labeled with
bromine-nucleotide analogs could change nanoscale chromatin organization at specific loci. This
is also a pertinent issue for methods such as CRISPR-Sirius since dCas9 binding results in the
bending and unwinding of the target site [59], although we see that the global chromatin structure
is not highly altered (Fig 3A). Without ground truth information for the native chromatin
organization, it is difficult to determine what changes are induced by the protocol at specific loci.
Combining a live cell labeling method with 3D FISH could allow for tracking of foci positioning
and changes to surrounding chromatin organization through the protocol. However, our current
CRISPR-Sirius labeling methodology has a low signal-to-noise ratio and minimal target
fluorescence, requiring confocal imaging with brief periods of laser excitation to prevent
photobleaching. An alternative method with low background and high signal stability that allows
for repeated imaging of single foci over time, potentially with conventional fluorescence
microscopy to reduce the likelihood of photobleaching, would be ideal for this study.

Specifically, the SunTag split-sfGFP CRISPR-dCas9 system, which has a low background signal
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and amplified target fluorescence [60], could be used to label a target sequence in live cells
before performing the 3D FISH protocol and imaging with PWS. The ability to use conventional
fluorescence microscopy would enable colocalization of fluorescence images with PWS
microscopy images for enhanced accuracy in the analysis of alterations to local chromatin
structure. Alternatively, as PWS microscopy has limited spatial resolution, a higher-resolution
imaging technigue that can probe chromatin structure without the use of exogenous labels would
be optimal for investigating the local chromatin changes induced by RASER-FISH and CRISPR-
Sirius.

Our results offer optimism for alternative DNA labeling techniques such as RASER-
FISH and CRISPR/dCas9-based methods. We see that globally, both RASER-FISH and CRISPR-
Sirius have minimal impact on chromatin packing domains and the distribution of D values
within nuclei compared to live, unstained cells. Therefore, while caution is still wise, we do not
see severe damage to nanoscale chromatin structure with these techniques, and we hope our
findings will encourage a shift from 3D FISH and other formamide-denaturation-based protocols

towards RASER-FISH and CRISPR-based approaches.

M aterials and methods

Cdl culture

Human osteosarcoma U20S cells (ATCC, #HTB-96) were cultured in McCoy’s 5A
modified medium (Thermo Fisher Scientific, #16600082) supplemented with 10% fetal bovine
serum (FBS; Thermo Fisher Scientific, #26140095) and 100 pg/ml penicillin-streptomycin
(Thermo Fisher Scientific, #15140122). HEK293T cells (ATCC, #CRL-1573) were grown in

Dulbecco's Modified Eagle's Medium (DMEM; Thermo Fisher Scientific, #11965092)
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supplemented with 10% fetal bovine serum and 100 ug/ml penicillin-streptomycin. All cells were
cultured under recommended conditions at 37°C and 5% CO,. All cells in this study were
maintained between passages 5 and 20. Cells were allowed at least 247hours to re-adhere and
recover from trypsin-induced detachment between passages. All cells were negative for

mycoplasma contamination (ATCC, #30-1012K) before starting experiments.

3D FISH protocal

We followed a modified version of the 3D DNA FISH protocol described by Kocanova,
Goiffon, and Bystrcky [29]. Cells were plated in either 12-well glass-bottom plates (Cellvis,
#P12-1.5H-N) at 25k seeding density, 6-well glass-bottom plates (Cellvis, #P06-1.5H-N) at 50Kk,
or 35 mm glass-bottom dishes (Cellvis, #D35-14-1-N) at 50k. The plates were then incubated
under physiological conditions (5% CO,and 37°C) overnight before use. Cells were quickly
rinsed with DPBS (Thermo Fisher Scientific, #14190-144) and then fixed with 4%
paraformaldehyde (Electron Microscopy Sciences, #15710) in DPBS for 10 minutes at room
temperature. The cells were then washed with DPBS three times for 5 minutes each and treated
with freshly made 1 mg/mL sodium borohydride (Fisher Scientific, #S678-10) in DPBS for 10
minutes. The cells were washed with DPBS three times for 5 minutes each, then permeabilized
with 0.5% Triton X-100 (Sigma-Aldrich, #93443) in DPBS for 10 minutes at room temperature.
Cells were washed three times with DPBS for 5 minutes each and then treated with 0.1 M HCI
(Sigma-Aldrich, #320331) diluted with DPBS for 5 minutes at room temperature. After three 5-
minute DPBS washes, cells were treated with 0.1 mg/mL RNase A (Sigma-Aldrich, #RNASEA-
RO) in DPBS for 45 minutes at 37°C. Cells were then washed with 2x SSC (Sigma-Aldrich,
#335266) and incubated in a buffer of 2x SSC, 50% formamide (Sigma-Aldrich, #F7503), and
0.1% Tween 20 (Sigma-Aldrich, #P1379) for 30 minutes at room temperature. Cells were then

switched into 10 pL of hybridization buffer composed of 2x SSC, 50% formamide, and 20%
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dextran sulfate (Sigma-Aldrich, #42867) with 2 pL of a Chromosome 3 Control probe (Empire
Genomics, #CHR03-10-RE). Samples were protected from light from hereon. Cells were heated
on a heat block at 75°C for 3 minutes, then incubated for between 12-15 hours at 37°C in a humid
chamber. After the overnight incubation, cells were washed with a buffer of 2x SSC and 0.1%
Tween twice at 60°C for 15 minutes each, and then once at room temperature for 15 minutes.
Samples were counterstained using a 10-minute incubation with a 0.1 ug/mL DAPI solution

(Thermo Fisher Scientific, #62247) for visualization of nuclei.
RASER-FISH protocal

We followed the RASER-FISH protocol described by Brown et al [30]. Cells were plated
at 25k seeding density in 35 mm glass-bottom dishes. At the time of plating, a 3:1 BrdU/BrdC
mix (Sigma-Aldrich, #B5002, and Jena Bioscience, #N-DN-6496) was added to the cells. The
plates were then incubated under physiological conditions (5% CO, and 37°C) overnight before
use. Cells were washed with DPBS before being fixed in 4% paraformaldehyde and
permeabilized in 0.2% Triton X-100 in DPBS for 10 minutes. Cells were incubated with DAPI (1
ug/mL in PBS) and exposed to 254-nm wavelength of ultra-violet (UV) light for 15 minutes, and
then treated with Exonuclease 11l (New England Biolabs, #M0206L) at 37°C for 15 minutes.
Dishes were incubated with 2.5 uL of Chromosome 19 Control probe (Empire Genomics,
#CHR19-10-RE) in 2.5 pL of In Stu Hybridization Buffer (Empire Genomics, #40CJD216) for at
least 24 hours at 37°C in a humid chamber. Afterward, cells were washed with 4x SSC, 2x SSC,
and then 1x SSC. Cells were then switched to a post-detection fixation solution composed of 16%
PFA, 10x DPBS, and Milli-Q water to fix the probe signal. Cells were washed two times with
PBST (1x DPBS with 0.05% Tween 20) before staining with a 0.1 pg/mL DAPI solution for 10
minutes and then washed four times with PBST. Finally, cells are rinsed once in DPBS and once

in Milli-Q water before being stored in DPBS for imaging.
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CRISPR-Sirius labeling components

Plasmids were obtained from Addgene as bacterial stabs and streaked onto LB-ampicillin
plates. After overnight growth and single colony selection, a single colony was inoculated into an
LB-ampicillin liquid culture overnight. Plasmid DNA isolation was performed using the QlAprep
Spin Miniprep kit (Qiagen, #27104) following the manufacturer’s protocol. pHAGE-TO-dCas9-
P2A-HSA (Addgene plasmid #121936), pHAGE-EFS-MCP-HALOnNIs (Addgene plasmid
#121937), pHAGE-EFS-PCP-GFPnls (Addgene plasmid #121938), pLH-sgRNA-Sirius-8XMS2
(Addgene plasmid #121939), pPUR-hU6-sgRNA-Sirius-8XMS2 (Addgene plasmid #121942),
and pPUR-mUG-sgRNA-Sirius-8XPP7 (Addgene plasmid #121943) were gifts from Thoru
Pederson (UMass Chan Medical School, Worcester, MA) [31]. For labeling targets, one
pericentromeric region and three intronic regions were detected. A pericentromeric region (PR1)
on the p-arm of chromosome 19 was detected using the target sequence CCnGTTCACTGTCAC
(start 21049341, end 21099156, 160 copies) [31] with the forward primer 5 ACC GGT GAC
AGT GAA C 3'and the reverse primer 5 AAA CGT TCA CTG TCA C 3'. Repeats on an intronic
region of CR1 encoding for complement receptor 1 (CR1) were detected with the forward primer
5' ACC GGA GAG GCT GGG 3' and the reverse primer 5 AAA CCC CAG CCT CTC C 3.
Xyloside xylosyltransferase 1 (XXYLT1) repeats on an intronic region of the XXYLT1 gene
located on chromosome 3 were detected with the target sequence ATGATATCACAGTGG (start
195199025, end 195233876, 333 copies) [61] with the forward primer 5' ACC GTG ATA TCA
CAG 3'and the reverse primer 5 AAA CCT GTG ATA TCA C 3'. Repeats of fibrillin 3 (FBN3)
on an intron of the gene FBN3 located on chromosome 19 were detected with the target sequence
ATCCCTCCAACCNGG (start 8201581, end 8202360, 22 copies) [31] with the forward primer 5'

ACC GAT CCC TCC AAC C 3'and the reverse primer 5' AAA CGG TTG GAG GGA TC 3.

Lentiviral packaging
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Lentiviral particles were produced in HEK293T cells using Fugene HD (Promega,
#E2311) transfection reagent following the manufacturer’s protocol. The day before transfection,
HEK?293T cells at low passage (<P10) were split to reach a confluency of 70-80% at the time of
transfection. Lentiviral vectors were co-transfected with the lentiviral packaging plasmids
pCMV-VSV-G (Addgene plasmid #8454) and pCMV-dR8.2 (Addgene plasmid #8455) (gifts
from Robert Weinberg, MIT, Cambridge, MA) [62]. Transfection reactions were assembled in
Opti-MEM reduced serum media (Thermo Fisher Scientific, #31985-070). One day before
transfection, 1x10° HEK293T cells were plated into each well of a 12-well plate. The following
amounts of each plasmid were mixed for packaging each virus: 0.5 ug transfer vector + 0.45 ug
pCMV-dR8.2 + 0.05 ug pCMV-VSV-G. The empty vector control was generated by transfecting
with the pLH backbone plasmid without a SgRNA target. After 24 hours, the media was changed
into fresh DMEM with 10% FBS. Media was refreshed at 12 hours post-transfection, and the
virus was harvested at 36-48 hours post-transfection. Viral supernatants were filtered using a 33
mm diameter sterile syringe filter with a 0.45 um pore size hydrophilic PVDF membrane
(Millipore Sigma, #SLHVR33RS) and added to HEK293T cells. Polybrene (8 pug/mL; Sigma-
Aldrich, #TR-1003) was supplemented to enhance transduction efficiency. The virus was

immediately used or stored at —80°C.

CRISPR-Siriustransduction

U20S cells were transduced 6-10 hours after plating. 50k cells were plated in a glass-
bottomed 6-well plate. 50 pL dCas9, 50 uL MCP-HALONIs or 50 pL PCP-GFPnls, and 100 puL
SgRNA lentiviral particles were added to each well. 24 hours after transduction, lentiviral
particles were removed by replacing media. Cells transduced with MCP-HALOnNIs were
incubated for 24 hours before overnight staining with HaloTag-JF646 (Promega, #GA1120) at 10

uM, followed by three washes with DPBS (Thermo Fisher Scientific, #14190-144) and further
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incubated at 37°C and 5% CO, with phenol-red free media (Cytiva, #SH30270.01) for 24 hours
before imaging. Cells were washed three times with DPBS (Gibco, #14190-144) and imaged in
phenol-red free media for live cell PWS microscopy. For confocal imaging, cells were fixed with
4% PFA in DPBS for 10 minutes at room temperature and counterstained with 0.1 ug/mL DAPI

for 10 minutes after the wash step.
Confocal microscopy imaging

Confocal images were obtained using the Nikon SoRa Spinning Disk confocal
microscope located at the Biological Imaging Facility at Northwestern University in Evanston, IL
(RRID: SCR_017767). The Nikon Ti2 inverted microscope is equipped with a Yokogawa CSU-
W1 dual-disk spinning disk with 50 pm pinholes, a 50 um pinhole with micro-lenses SoRa disk,
and an ORCA-Fusion Digital CMOS camera (Hamamatsu). Images were collected using a 60x
(1.42 NA) oil-immersion objective lens. 3D FISH and RASER-FISH images were obtained using
a 2.8x magnifier. For the FISH images, DAPI was excited with a 405 nm laser (50% power with
30 millisecond exposure), and red probes were excited with a 561 nm laser (65% with 200
millisecond exposure). CRISPR-Sirius images were captured with a 1x magnifier. For the
CRISPR-Sirius images, DAPI was excited with a 405 nm laser (50% power with 30-millisecond
exposure) and HaloTag-JF646 was excited with a 640 nm laser (50% with 200-millisecond

exposure). All imaging data were acquired by Nikon NIS Elements acquisition software.
Confocal microscopy image analysis

To localize the fluorescent puncta, we created a macro using ImageJ software. We first
generate max projections of the Z-stack confocal images. To visualize foci, we enhanced the

contrast of the images containing the fluorescent probe to saturate 0.001% of the pixels in the
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image. We then used the DAPI images to generate nuclear masks by first smoothing the images
with a Gaussian function with a standard deviation of 10 pixels and then using the auto threshold
function with the default parameters. After converting the thresholded image to a mask, we filled
holes in the mask and then used the built-in watershed function to split adjacent nuclei. We next
filter nuclei by running the analyze particles function to identify objects between 50-1000 pixels
in size. To identify foci, we applied a Gaussian function with a 5-pixel standard deviation to
smooth the image, found maxima with a prominence of 20, and output a mask with single pixels
identifying the center of each maximum. We then counted the number of single points found
within each DAPI-defined nuclear mask.

To generate representative confocal images, both the max projection of the confocal
images was split into the DAPI and fluorescent probe images. The contrast in both images was
enhanced to saturate 0.001% of the pixels within each image. The probe image was then
smoothed using a Gaussian function with a standard deviation of 5 pixels. Background
subtraction was performed using a rolling ball algorithm with a radius of 5 pixels. Maxima with a
prominence of 5000 were identified and all maxima within the tolerance were output as masks.
The masks were applied to the contrast-enhanced probe image and then overlaid onto the

contrast-enhanced DAPI image.

PW S microscopy instrumentation

The PWS microscopy optical instrument is built into a Nikon Ti-E inverted microscope
with an automated filter turret, a Ti-S-ER sample stage, and a 100x 1.49NA oil objective.
Broadband illumination is provided by a white X-Cite 120LED lamp (Excelitas Technologies).
To acquire spectral information, a VariSpec liquid crystal tunable filter (LCTF; Cambridge
Research & Instrumentation) has been added to the microscope. Spectral data cubes for captured

light intensity 1(%, X, y), where A is the wavelength and (x, y) correspond to pixel positions in the
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field of view, are collected with a high-speed ORCA-Flash4.0 V3 digital CMOS camera
(Hamamatsu) over the wavelength range 500-700 nm at 2 nm intervals [32]. Microscope control
and image acquisition are performed using a custom PWS microscopy acquisition plugin

(https://github.com/BackmanLab/PWSMicroManager) for uManager [63,64]. For live-cell

measurements, cells were imaged under physiological conditions (5% CO, and 37°C) via a stage
top incubator (Tokai Hit) with type 37 immersion oil (Electron Microscopy Sciences, #16914-
01). Fixed cells were imaged at room temperature (22°C) in trace CO, (open air) conditions using

type N immersion oil (Nikon, #MXA22203).
PW S microscopy imaging and analysis

PWS microscopy measures the spectral standard deviation of internal optical scattering
originating from nuclear chromatin, which is related to variations in the refractive index
distribution [32,33]. Analysis of spectral data to find the spectral variance is performed using a

custom Python code, PWSpy 0.2.13 (https://github.com/BackmanlLab/PWSpy), and the

associated code for the user interface, pwspy_gui 0.1.13

(https://github.com/BackmanLab/pwspy gui). Nuclear regions of interest (ROIs) were either

hand-drawn for live cells or generated from DAPI images for fixed cells. The calculated spectral
variance can be characterized by the mass scaling or chromatin packing scaling, D, therefore we
can calculate D from the variance using a modified autocorrelation function that models
chromatin packing domains following power-law scaling within domain boundaries, as described
previously [65]. The change in D due to each condition is quantified by first averaging D within
each cell nucleus, and then averaging the average nuclear D over hundreds of cells, taken across

three biological replicates.

When measuring the effect of individual reagents on changes in D, cells were treated

with 4% PFA for 10 minutes, washed, and then treated with the individual reagents for the length
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of time indicated in the 3D FISH protocol. Alternatively, when measuring the effect of the
cumulative protocol, the protocol was conducted as indicated, with images being taken after each
step (an average of more than three hundred cells taken across three biological replicates). For
comparison of fixatives, cells were first imaged live, fixed with the appropriate fixative, imaged
fixed, treated with the formamide solution (2x SSC, 50% formamide, and 0.1% Tween 20 for 30
minutes at room temperature), then imaged again. 4% PFA solutions were made in DPBS and
added to cells at room temperature for either 10, 30, or 90 minutes. To create the 2% PFA and
2.5% GA (Sigma-Aldrich, #G5882) solution, PFA and GA were mixed in DPBS and added to
cells for 10 minutes at room temperature. Both alcohol solutions, 100% methanol (Fisher
Scientific, #A452) and 70% ethanol (Sigma-Aldrich, # E7023) in DPBS, were prepared on ice
and added to cells for 10 minutes at room temperature. For the optimization of heat and overnight
incubation experiment, cells were fixed with 4% PFA for 10 minutes and incubated with
formamide solution (2x SSC, 50% formamide, and 0.1% Tween 20 for 30 minutes at room
temperature). Cells were then heated on a heating block at either 70°C, 75°C, or 80°C for 3
minutes, then imaged in DPBS. Cells heated at 75°C for 3 minutes were incubated either
overnight (between 12-15 hours), for 24 hours, or 48 hours in a humid incubator at 37°C, then
imaged in DPBS. In the experiment comparing 3D FISH, RASER-FISH, and CRISPR-Sirius,
samples were prepared with the appropriate protocol before imaging with PWS. 3D FISH and
RASER-FISH samples underwent fixed cell imaging in DPBS while CRISPR-Sirius samples
were imaged live in media. For all experiments, live and 10-minute 4% PFA fixed wild-type cells
were used as the control condition (unless otherwise indicated), and three DPBS washes were

performed for five minutes each after incubation with each used solution.

To generate representative PWS microscopy images and histograms of D pixel intensity
within nuclei, each pixel in the PWS microscopy image is first converted to D using the

methodology described by Eid et al [65]. The nuclear ROIs that were created for each image are
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applied to the D image to extract the nuclear pixels. To plot the histogram of D values, all pixels
within all nuclei in a condition were combined and plotted. The PWS microscopy images were

created by using the nuclear ROIs to pseudocolor nuclei in red and other aspects of the image in

gray.

Flow cytometry

Flow cytometry analysis to determine transduction efficiency was performed on the BD
LSRFortessa Cell Analyzer FACSymphony S6 SORP system, located at the Robert H. Lurie
Comprehensive Cancer Center Flow Cytometry Core Facility at Northwestern University in
Evanston, IL. For all FACS analyses the same protocol was used. 48 hours post-transduction,
cells were harvested and fixed. Briefly, cells were washed with DPBS, trypsinized (Gibco,
#25200-056), neutralized with media, and then centrifuged at 500 x g for 5 minutes. Cells were
then resuspended in 500 uL of 2% PFA and DPBS and fixed for 10 minutes at room temperature,
followed by centrifugation and resuspension in cold FACS buffer composed of DPBS with 1% of
BSA and 2mM EDTA (Thermo Fisher Scientific, #1860851) at 4°C until analysis could be
performed the following day. At least 10, 000 events were recorded. Flow cytometric data were
analyzed using FlowJo software version 10.6.1. Gating to identify fluorescent cells was

performed using negative controls, and then applied across all collected samples.

Quantification and statistical analysis

Statistical analysis was performed in Python 3.9.13 using the SciPy 1.9.3 [66] and
statsmodels 0.14.1 packages. We used the multiple comparison function to run pairwise t-tests on
all sample pairs with a Bonferroni correction. Data are representative of at least three independent

experiments, each of which contained at least one hundred cells per treatment. All data are
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presented as the mean + standard deviation. Bonferroni corrected P values are reported. A p-value

of <0.05 was considered statistically significant.
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Supporting information

S1 Table. Effect of formamide on cells fixed with different reagents and incubation lengths.

Average Nuclear D
% Changefrom Live Célls % Change
Standard Deviation
Fixative from Fixed
Formamide Formamide
Fixed Cells Fixed Cells Cdlls
Treated Cdlls Treated Célls
Live Cdls 2.63+0.09 (N=1039 nuclei) N/A N/A
10 min 2.43+0.16 2.18+0.12 -71.62% -17.04% -10.19%
4% PFA | (N=144 nuclei) | (N=147 nuclei) | (p=3.24x10%) | (p=1.45x10°") | (p=1.22x10"*)
30 min 2.64+0.06 2.28+0.15 0.24% -13.33% -13.53%
4% PFA | (N=115nuclei) | (N=121 nuclei) (p=1) (p=2.54x10"%) | (p=8.24x10™")
90 min 2.59+0.07 2.33+0.10 -1.42% -11.46% -10.18%
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4% PFA | (N=129 nuclei) | (N=130nuclei) | (p=6.86x10") | (p=4.13x10"%) | (p=4.49x10°")
10 min
2.620.09 2.4410.11 -0.42% -7.30% -6.91%
2% PFA+
(N=131 nuclei) | (N=143 nuclei) (p=1) (p=1.72x10"%) | (p=4.33x10°%
2.5% GA
7.85%
10 min 2.8410.05 2.50+0.08 ’ -4.96% -11.87%
Ethanol | (N=122 nuclei) | (N=118 nuclei) (0=3.01x10"%) (p=9.96x10") | (p=2.28x10"%)
10 min 2.62+0.07 2.2120.12 -0.43% -16.11% -15.75%
Methanol | (N=113 nuclei) | (N=147 nuclei) (p=1) (p=2.34x10?%) | (p=1.01x10%)

S2 Table. Optimization of the heat and overnight steps do not fully recover the original

chromatin structures.

Average Nuclear D + % Changefrom Live | % Changefrom Fixed
Condition
Standard Deviation Cdls Cells
2.58+0.09
Live Cdls N/A N/A
(N=427 nuclei)
2.460.15 -4.66%
Fixed Cells N/A
(N=419 nuclei) (p=1.23x10™°)
2.06+0.15 -20.05% -16.15%
70°C
- (N=425 nuclei) (p=7.44x10"8) (p=1.56x10"%9)
o
g 2.11+0.16 -18.10% -14.10%
g 75°C
&C’ (N=395 nuclei) (p=9.27x102%) (p=1.29x10™%%)
5 2.16+0.24 -16.37% -12.29%
= 80°C
(N=396 nuclei) (p=9.22x10%°) (p=9.66x10"%)
12-15 2.21+0.12 -14.19% -10.00%
= 5
2 % | Hours (N=430 nuclei) (p=1.54x107%?) (p=2.00x10"%)
C o]
D =]
5 £ | 24Hours 2.26+0.14 112.60% 8.33%
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(N=332 nuclei) (p=1.07x10™" (p=9.42x10)
2.28+0.14 -11.74% -7.42%
48 Hours
(N=216 nuclei) (p=3.66x10"%) (p=1.98x10")

S3 Table. Effect of sgRNA and aptamer on chromatin structure.

Average Nuclear D = % Changefrom % Changefrom % Difference
sgRNA Standard Deviation Wild Type Empty Vector Between M 2
M S2 PP7 M S2 PP7 MS2 PP7 and PP7
Wild Type | 2.63+0.08 (N=1081 nuclei) N/A N/A N/A
Empty Vector | 2.62+0.10 (N=41 nuclei) -0.60% (p=1) N/A N/A
2.54+0.14 2.53+0.07 -3.68% -3.93% -3.34%
-3.09% 0.26%
PR1 (N=313 (N=798 (p=2.92x | (p=2.26x (p=3.18x
(p=0.021) (p=1)
nuclei) nuclei) 10) 10 10™)
2.54+0.09 2.51+0.11 -3.34% -4.64% -4.06%
-2.76% 1.35%
CR1 (N=88 (N=89 (p=7.26x | (p=2.61x (p=9.12x
(p=0.002) (p=0.898)
nuclei) nuclei) 10™9) 1034 10)
2.51+0.09 2.49+0.10 -4.67% -5.26% -4.09% -4.69%
0.63%
XXYLT1 (N=80 (N=80 (p=1.98x | (p=7.83x | (p=1.31x | (p=1.89x
(p=1)
nuclei) nuclei) 10%) 10 10°) 107)
2.55+0.08 2.52+0.09 -3.26% -4.28% -3.70%
-2.68% 1.06%
FBN3 (N=84 (N=86 (p=2.39x | (p=1.23x (p=4.48x
(p=0.003) (p=1)
nuclei) nuclei) 10" 10%) 10)
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CRISPR-Sirius

S1Fig. Transduction efficiency of CRISPR-Sirius. CRISPR-Sirius transduction efficiency as determined
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by the number of cells exhibiting fluorescence measured using flow cytometry. The XXYLT1 gene was

labeled with the MS2 aptamer and stained using Janelia Fluorophore 646 for visualization. In the control

sample, ~80,000 live cells were captured by flow cytometry, while the CRISPR-Sirius sample had ~70,000

live cells.
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S2 Fig. Impact of the CRISPR-Sirius aptamer and sgRNA on chromatin structure. PWS microscopy
imaging of cells labeled with CRISPR-Sirius using two different aptamers (MS2 and PP7) and four primers
targeting the pericentromeric region (PR1) on chromosome 19, repeats on the gene which codes for
complement receptor 1 (CR1) on chromosome 1, an intronic region on the gene for xyloside
xylosyltransferase 1 (XXYLT1) on chromosome 3, and repeats on an intron for the gene encoding fibrillin
3 (FBN3) on chromosome 19. Average nuclear D decreases slightly for both aptamers and all primers,
however, all CRISPR populations reach similar mean D values after lentiviral transduction, showing that
the choice of guide RNA and aptamer is not the driving factor for chromatin changes. Violins include data
from between 40-1100 nuclei. Dashed lines within violins denote the 75™ percentile, median, and 25"

percentile from top to bottom.
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