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Ultrastructural visualization of chromatin in cancer 
pathogenesis using a simple small-molecule  
fluorescent probe
Jianquan Xu1, Xuejiao Sun1, Kwangho Kim2, Rhonda M. Brand3, Douglas Hartman4, 
Hongqiang Ma1, Randall E. Brand3, Mingfeng Bai5, Yang Liu1,3,6*

Imaging chromatin organization at the molecular-scale resolution remains an important endeavor in basic 
and translational research. Stochastic optical reconstruction microscopy (STORM) is a powerful superresolution 
imaging technique to visualize nanoscale molecular organization down to the resolution of ~20 to 30 nm. Despite 
the substantial progress in imaging chromatin organization in cells and model systems, its routine application 
on assessing pathological tissue remains limited. It is, in part, hampered by the lack of simple labels that con-
sistently generates high-quality STORM images on the highly processed clinical tissue. We developed a fast, sim-
ple, and robust small-molecule fluorescent probe—cyanine 5–conjugated Hoechst—for routine superresolution 
imaging of nanoscale nuclear architecture on clinical tissue. We demonstrated the biological and clinical signifi-
cance of imaging superresolved chromatin structure in cancer development and its potential clinical utility for 
cancer risk stratification.

INTRODUCTION
Recent advances in superresolution fluorescence nanoscopy have 
transformed biological imaging as it seamlessly combines nanoscale 
resolution with molecular specificity. It is now routinely used in basic 
biological research to visualize molecular structure. However, its util-
ity to assess clinically significant molecular structure during patho-
genesis is rather limited, largely due to the lack of known targets 
that are of clinical significance and the technical difficulty to obtain 
high-quality superresolution images on the highly processed clinical 
samples in a robust manner.

Alteration in nuclear architecture at the microscopic scale is one 
of the most characteristic features in cancer cells, which is routinely 
examined under conventional light microscope by pathologists to 
diagnose cancer or determine its phenotype. Motivated by this prom-
inent structural abnormality of chromatin in cancer cells, we aim to 
visualize its molecular-scale structural characteristics in malignant 
transformation, which cannot be easily assessed with conventional 
microscope. This information will be immensely valuable in under-
standing the pathogenesis of cancer and eventually lead to more 
accurate cancer detection and prognosis.

Among various types of superresolution microscopy techniques, 
stochastic optical reconstruction microscopy (STORM) stands out 
as one of the simplest yet most powerful superresolution microscopy 
systems because of its superior spatial resolution and the ability to 
use simple organic fluorophores. Our group recently improved the 
throughput and robustness of STORM-based superresolution mi-
croscopy and enabled robust reconstruction of superresolution images 

on a widely used type of clinical samples—formalin-fixed, paraffin- 
embedded (FFPE) tissue, referred to as PathSTORM (1). We also iden-
tified a potential superresolved structural target as markers for cells 
undergoing malignant transformation—cumulative disruption in 
nanoscale chromatin compaction—from multiple tumor types (1).

However, the routine use of STORM in imaging chromatin on 
clinical samples is largely hampered by the lack of simple and reliable 
chromatin labels that exhibit excellent and robust photoswitching 
properties on the highly processed clinical tissue samples. As STORM 
largely depends on its ability to localize sparsely distributed single 
fluorescent emitters at nanometer precision, the fluorophores with 
fast photo-switching properties, high photon number per switching 
cycle, low on-off duty cycle, and low background are needed to ensure 
a high-quality superresolution image with minimal artifacts (2). Al-
though many fluorophores show a certain level of photoswitching 
under high-power density of the illumination laser, Alexa Fluor 647 
or its close structural analog cyanine 5 (Cy5) remains the gold stan-
dard for STORM imaging, yielding the best image quality and highest 
resolution (2). However, these organic fluorophores cannot sponta-
neously target DNA in the cell or tissue, so immunofluorescence is 
the most commonly used method to label chromatin with Alexa647 
or Cy5 conjugated with antibodies that recognize chromatin pro-
teins (e.g., core histones, histone posttranslational modifications). 
However, this approach relies on the quality of antibody that often 
lacks consistency, limiting its routine clinical use. On the other hand, 
small-molecule DNA binding fluorescent dyes such as Hoechst or 
4′,6-diamidino-2-phenylindole (DAPI) are the most widely used 
fluorophores for staining genomic DNA in clinical and preclinical 
tissue samples. They are fast, specific to DNA with high staining ef-
ficiency, low cost, fluorogenic, and easy to use without the need of 
multiple washing steps as in immunofluorescence staining. However, 
current small-molecule DNA stains do not have optimal blinking 
properties for robust and high-quality STORM-based superresolu-
tion imaging.

The ideal DNA label for STORM imaging is a small-molecule 
DNA label that efficiently and spontaneously binds to DNA with 
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excellent photoswitching properties for STORM imaging. Hoechst 
tagging to a fluorophore of interest has been introduced as a modu-
lar strategy for live-cell nucleus fluorescence imaging (3, 4). For ex-
ample, Hoechst conjugated with carboxylated silicon–rhodamine (SiR) 
(5) and rhodamine (6) has been used for stimulated emission depletion– 
based superresolution imaging of DNA in live cells. Hoechst con-
jugated with Janelia Fluor dyes were also used for superresolution 
imaging of DNA in live cells based on point accumulation for imaging 
in nanoscale topography (7, 8) or STORM (9). However, these con-
jugates prioritize the need for live-cell DNA imaging on cell culture 
with suboptimal photo switching performance best suited for STORM 
imaging on highly processed clinical tissue. Inspired by Hoechst tag-
ging strategy, we conjugated one of the best-performing organic dyes 
for STORM, Cy5, with Hoechst as a simple and fast small-molecule 
DNA label for high-quality STORM imaging of genomic DNA on 
clinical tissue sections. We validated Hoechst-Cy5 for STORM 
imaging of chromatin structure on clinically prepared FFPE tissue 
section and benchmarked its performance against several small- 
molecule DNA fluorescent stains that were attempted for STORM 
imaging as well as traditional immunofluorescence staining. We 
further demonstrated the significance of superresolution imaging of 
molecular composition and structural characteristics of nuclear 
architecture in malignant transformation, which were not visible 
under conventional light microscopy in three applications: imag-
ing cumulative disruption of chromatin compaction at different 

stages of colon carcinogenesis, two-color superresolution imag-
ing of chromatin nanodomains and transcriptional machinery 
or nuclear lamina, and cancer risk stratification from normal- 
appearing colon tissue. These results not only demonstrated the 
robust performance of STORM imaging on clinical samples but 
also provided strong evidence for biological and clinical signifi-
cance of imaging superresolved nuclear architecture beyond con-
ventional microscopic assessment in cancer research.

RESULTS
Validation of Hoechst-Cy5 for STORM-based superresolution 
imaging of genomic DNA in clinically prepared tissue
To take advantage of the excellent photoswitching properties of Cy5 for 
high-quality STORM imaging of genomic DNA and DNA binding 
capability of Hoechst, a small molecule dye, we developed Hoechst-
Cy5 conjugate by first synthesizing a conjugable analog of Hoechst, 
followed by bioconjugation with Cy5 (for synthetic routes, detailed 
steps, and validation, see fig. S1 and Supplementary Materials and 
Methods). As shown in Fig. 1, the absorption spectrum of Hoechst-
Cy5 showed the absorption for both Hoechst (around 365 nm) and 
Cy5 (around 650 nm), and their emission spectra showed emission 
peaked around 460 and 660 nm (Fig. 1B). When excited at 642 nm, 
Hoechst shows negligible fluorescence intensity compared with 
that of Cy5 and provided low background for STORM imaging of 

Fig. 1. Schematic illustration of Hoechst-Cy5 for superresolution imaging of genomic DNA on clinical tissue. (A) Chemical structure of Hoechst-Cy5. (B) Absorption 
spectra and emission spectra excited at 365 and 642 nm. a.u., arbitrary unit. (C) Schematic illustration of the Hoechst tagging strategy for DNA labeling with Cy5. 
(D) Schematic illustration of superresolution imaging of chromatin structure on pathological tissue for disease assessment.
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Cy5 channel. Their wide-field fluorescence image of tissue nuclei 
excited at 405 nm (for Hoechst) showed a good agreement (Pearson’s 
r value = 0.87) with that excited at 642 nm (Fig. 1D), suggesting that 
DNA was successfully labeled with Cy5 by its conjugation with 
Hoechst. Superresolution image of DNA can be obtained through 
STORM imaging of Cy5.

We then benchmarked the performance of Hoechst-Cy5 for 
STORM imaging of genomic DNA using tissue section of mouse 

intestinal tissue prepared with standard clinical protocol (formalin- 
fixed and paraffin-embedded), against three other small-molecule 
DNA binding dyes that were attempted and optimized for localization- 
based superresolution imaging, including TOTO-3 Iodide (TOTO-3) 
(1), NucSpot Live 650 (Live-650) (10), and Hoechst Janelia Fluor 646 
(Hoechst-JF646, a gift from L. Lavis) (7, 8). Staining or imaging con-
dition for each dye was optimized by adjusting concentration and 
imaging buffer to achieve the optimal image quality (see Methods 

Fig. 2. Performance comparison of DNA dyes for STORM imaging on FFPE tissue section. (A1 to D1) Single-frame raw image of DNA labeled with Hoechst-Cy5, 
TOTO-3, Hoechst-JF646, and Live-650. (A2 to D2) Superresolution images of genomic DNA stained with different dyes reconstructed with ThunderSTORM, from normal 
intestinal mouse tissue. (A3 to D3 and A4 to D4) Progressively zoomed regions of superresolution images from A2 to D2. Scale bars, 5 m, 1 m, and 200 nm in the orig-
inal and magnified images, respectively. (A5 to D5) Histogram distribution of SD (sigma) of individual emitters from Gaussian fitting using ThunderSTORM ImageJ plugin. 
The emitters with the fitted sigma value of larger than two pixels are considered as overlapping emitters. (E) Normalized line profiles across the emitter spots demonstrate 
the signal-to-noise ratio. Inset: An example of line profile. (F) Average background profiles estimated for each small-molecule DNA probe on the raw images. (G) The DNA 
nanodomain size calculated from the STORM images using four different DNA stains (n = 61, 53, 64, and 56 cells, respectively).
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and Materials for details). Figure 2 shows the comparison of a single- 
frame raw image of genomic DNA labeled with Hoechst-Cy5 and 
three other DNA dyes (for image stacks, see “Data and materials 
availability” section for details), respectively. The raw images from 
Hoechst-Cy5 (Fig. 2A1) showed the lowest background with highest 
signal-to-background contrast, sparse, and well-separated emitters. 
In comparison, the other three dyes are more difficult to bleach 
with significantly more overlapping fluorescent emitters, which in-
crease the background (Fig. 2, B1 to D1). The average background 
and line profile across the emitters for each fluorophore are shown 
in Fig. 2 (E and F). The presence of overlapping emitters is a major 
factor compromising the image resolution in localization-based super-
resolution imaging. To estimate the contribution of overlapping 
emitters to the reconstructed image, Fig. 2 (A5 to D5) shows the 
distribution of the SD (sigma) of individual emitters obtained from 
Gaussian fitting with ThunderSTORM ImageJ plugin (11), which is 
an indicator of overlapping emitters. It shows that Hoechst-Cy5 has 
~7% of localized emitters with sigma larger than two pixels (consid-
ered as overlapping emitters), while TOTO-3, Live-650, and Hoechst- 
JF646 exhibited approximately 81, 64, and 47%, respectively.

The quality of the raw data directly affects the subsequent image 
resolution and quantitative analysis of superresolved chromatin 
structure. As shown in Fig. 2A, the high-signal, low-background, and 
well-separated molecules from Hoechst-Cy5 result in the STORM 
images with the best-resolved DNA nanodomains (Fig. 2, A3 and 
A4) compared with those with the other three dyes (Fig. 2, B3 to D3 
and B4 to D4). The subsequent calculation of DNA nanodomain 
size in Fig. 2E further confirmed the above observation of chroma-
tin structure, where the analysis of superresolution images from 
Hoechst-Cy5 showed the smallest nanodomain size, consistent with 
the best-resolved chromatin nanodomains in the STORM images. 

To further improve the image resolution, we applied our previously 
developed PathSTORM (1) to account for the nonuniform back-
ground and the small percentage of overlapping emitters. As shown 
in fig. S2, PathSTORM image reconstruction algorithm improved 
the overall image quality for all fluorophores, but the STORM image 
from Hoechst-Cy5 remains the best. Therefore, all of the subsequent 
STORM image reconstructions were performed with PathSTORM 
unless otherwise stated.

Recognizing that Hoechst binds to AT-rich sequences, to further 
validate the superresolution image of genomic DNA labeled by 
Hoechst-Cy5 truly reflects the structure of genomic DNA in tissue, 
we compared the STORM images of genomic DNA labeled using 
Hoechst-Cy5 with both condensed heterochromatin regions marked 
by H3K9me3 and open euchromatin regions marked by H3K4me3 
that were labeled using immunofluorescence staining without se-
quence specificity. As shown in Fig. 3, the condensed region of ge-
nomic DNA largely overlaps with H3K9me3, and the open region 
overlaps well with H3K4me3. This result further confirms the struc-
tural integrity of genomic DNA labeled by Hoechst-Cy5 at the level 
of resolution of STORM imaging.

Superresolution imaging of genomic DNA in normal 
and pathological tissue
Imaging molecular-scale chromatin structure in tissue with well- 
preserved spatial context is especially important, as tissue is often 
heterogeneous with various cell types and mixed pathological enti-
ties. Using Hoechst-Cy5 and STORM imaging, we first assessed the 
nanoscale chromatin structure from different cell types of intestinal 
tissue, including intestinal stem cells, intestinal epithelial cells, and 
immune cells, where each cell type was identified with cell type–
specific markers or morphological locations. As shown in Fig. 4, the 

Fig. 3. Two-color superresolution images of DNA and histone marks on mouse intestinal tissue. (A) Representative two-color STORM images showing the spatial 
relationship between DNA and heterochromatin regions marked by H3K9me3. (B) Representative two-color STORM images showing the spatial relationship between 
DNA and euchromatin regions marked by H3K4me3. Scale bars, 10 m, 1 m, and 200 nm in the original and magnified images, respectively.
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STORM images clearly showed heterogeneous nanodomains formed 
by genomic DNA, consistent with the previous reports (1, 12). 
Three different cell types exhibited distinct structural characteristics 
in chromatin compaction. Intestinal stem cells (marked by Lgr5) 
assumed more open compaction over the entire nucleus (Fig. 4A), 
supporting the previous report that ground-state pluripotent stem 
cells had less dense clutches containing fewer nucleosomes and nu-
cleosome clutch size strongly correlated with their pluripotency 
(12). Epithelial cells located in the villi region of the intestinal tissue 
showed more condensed and clumpy regions, but both open and 
condensed regions are well delineated in the nucleus (Fig. 4B). Im-
mune cells (T cells marked by CD3) exhibit the most compact chro-
matin structure among the three cell types (Fig. 4C), consistent with 
the fact that immune cells are mostly maintained in their quiescent 
(resting) state. Quantitative analysis of nanodomain size and local-
izations per nanodomain formed by DNA further support their 
structural distinction.

Next, we focused on intestinal epithelial cells as they are the most 
diagnostically significant. We evaluated their nanoscale chromatin 
structure from normal, precancerous, and cancerous tissue of human 
colon from the clinically collected FFPE tissue blocks. Samples from 
four patients from each group with a total of 12 patients were ana-
lyzed. Figure 5 shows the hematoxylin and eosin–stained histology 
images and the superresolution STORM images of genomic DNA 

in colon epithelial cells. At the microscopic scale, nuclear architec-
ture from precancerous and cancerous tissues showed irregular shape 
and distinct chromatin texture compared with normal epithelial cells. 
While superresolution images of genomic DNA show characteristic 
DNA nanodomains from three distinct stages of colorectal carcino-
genesis. In normal cells, chromatin nanodomains are most compact, 
especially at the nuclear periphery. At precancerous stage, chroma-
tin compaction shows slight disruption. In most cancer cells, the 
compact chromatin structure is significantly disrupted, mostly prom-
inent at nuclear periphery, where the highly compact chromatin at 
nuclear periphery is indistinguishable from that at the interior of 
the nucleus. Of note, this structural disruption in compact chroma-
tin cannot be easily detected using conventional fluorescence mi-
croscopy (fig. S3). Overall, the nanodomain size of genomic DNA 
became progressively smaller during colorectal carcinogenesis, cor-
responding to more disrupted chromatin compaction (Fig. 5, D 
and E). This result is consistent with our previous finding that het-
erochromatin marked by H3K9me3 was progressively disrupted in 
precancerous and cancerous lesions in human colon tissue (1).

Two-color superresolution imaging of genomic DNA 
and nuclear proteins in normal and pathological tissue
Chromatin compaction directly affects many cellular processes, and 
two-color superresolution imaging between chromatin compaction 

Fig. 4. Superresolution imaging of genomic DNA in different cell types from mouse intestinal tissue. (A and B) Superresolution images of DNA from intestinal stem 
cells (Lgr5 positive) and differentiated cell in the villi region (Lgr5 negative). (C) Superresolution images of DNA from immune cells marked by CD3. Scale bars: 10 and 
1 m in the original and magnified images, respectively. (D and E) Statistical analysis of the DNA nanodomain size and number of localizations per nanodomain for each 
group, and the numbers of nuclei analyzed were n = 73, 87, and 58, respectively.
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and functionally important nuclear proteins provides key insights 
into the underlying molecular composition of nuclear architecture. 
Transcription is a fundamental cellular process regulated by chro-
matin organization and generally up-regulated in cancer cells to 
maintain the enhanced metabolism and other cellular activities in 
cancer cells (13, 14). As chromatin compaction directly affects the 
transcriptional machinery, we first examined the nanoenvironment 
of chromatin compaction in normal and pathological colon tissue 
using two-color STORM imaging of genomic DNA and active 
RNAPII. As shown in Fig. 6, active RNAPII nanoclusters are largely 

overlapped with the open regions of DNA, where the condensed 
nuclear periphery shows no enrichment of active RNAPII. As ex-
pected, the nanoclusters formed by active RNAPII become larger in 
precancerous and cancerous tissues (Fig. 6D), consistent with the 
increased transcription activities in cancer cells (1). The degree of 
colocalization between active RNAPII nanoclusters and genomic 
DNA is also increased (Fig. 6E), suggesting possible interaction be-
tween them.

Nuclear membrane irregularity is another common morphologic 
finding in cancer cells (15). Intrigue by the above observation of 

Fig. 5. Superresolution imaging of genomic DNA in normal and pathological tissue. (A1 to C1) Representative hematoxylin and eosin (H&E)–stained histology images 
of the colorectal tissue from normal, precancerous (low-grade dysplasia/adenoma), and cancerous (adenocarcinoma) lesions. (A2 to C2, A3 to C3, and A4 to C4) Represent-
ative superresolution images of DNA and progressively zoomed regions from (A1) to (C1). Scale bars, 10 m, 1 m, and 200 nm in the original and magnified images, 
respectively. (D) Statistical analysis of the DNA nanodomain size for each group. (E) Probability density function of the average DNA nanodomain size with each nucleus 
for each group and n = 192, 148, and 152 cells from a total of 12 patients (4 patients per group), respectively.
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significantly disrupted chromatin compaction at the nuclear periph-
ery of cancer cells, we further examined the superresolved structure 
and physical association between nuclear lamina and chromatin on 
human colon pathological tissue. Nuclear lamina is a meshwork of 
intermediate filaments that are physically associated with condensed 
heterochromatin [referred to as lamina-associated domains (LADs)], 
providing links among the genome, nucleoskeleton, and cytoskeleton 
(16, 17). Altered expression level and/or localization of lamins have 
been reported in different types of tumors including colorectal can-
cer (18–20). Studies have also demonstrated the disruption of LADs 
and alteration in the epigenome in cancer (21). Figure 7 shows the 
two-color superresolution images of chromatin and nuclear lamina 
(marked by lamin A/C) in normal, precancerous, and cancerous tis-
sues from human colon. In normal colonic epithelial tissue (Fig. 7A), 

nuclear lamina shows continuous borders tethered to the condensed 
chromatin at the nuclear periphery. The cross-sectional profile shows 
well-separated nuclear lamina regions and condensed chromatin 
regions (Fig. 7D). In precancerous tissue (Fig. 7B), the disrupted chro-
matin compaction at the nuclear periphery is associated with more 
fragmented nuclear lamina lining at the nuclear periphery, with some 
spatial overlapping between nuclear lamina and chromatin (Fig. 7E). 
In cancer tissue (Fig. 7C), a more significant physical association 
can be seen between severely fragmented chromatin nanodomains and 
nuclear lamina. Overall, there is a progressively increased colocal-
ization between nuclear lamina and chromatin regions located at the 
nuclear periphery, as shown in Fig. 7G. In addition, the nanodomain 
size from chromatin and nuclear lamina is progressively reduced in 
precancerous and cancer cells, and their sizes were positively 

Fig. 6. Two-color superresolution imaging of genomic DNA and RNAPII in normal and pathological tissue. (A to C) Two-color STORM images of genomic DNA and 
RNAPII from normal patient and patients with precancerous (low-grade dysplasia/adenoma) and cancerous (adenocarcinoma) lesions. Scale bars, 10 m, 1 m, and 
200 nm in the original and magnified images, respectively. (D) Statistical analysis of the RNAPII nanodomain size for each group. (E) Degree of colocalization between 
genomic DNA and RNAPII; the numbers of cells analyzed were n = 129, 139, and 164 from a total of 12 patients (4 patients per group), respectively.
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correlated (Fig. 7H). This spatial association between the two nano-
domains supports the significance of lamina-associated chromatin 
domain in cancer. We also noticed a significant level of heterogeneity 
for both chromatin and lamina structures in cancer tissue. Although 
most cancer cells show severe disruption of chromatin compaction 
and nuclear lamina, a small fraction of the cancer cells still maintain 
relatively intact or less disruptive structure (fig. S4), which may be 
protected from drug exposure and resistant to treatment (22).

Superresolution imaging of genomic DNA in cancer  
risk stratification
We next explore whether superresolution imaging of genomic DNA 
can be used to detect cancer beyond conventional pathological 
assessment of tumor tissue. As a proof of concept, we assessed its 

ability to stratify cancer risk of patients with well-defined cancer 
risk. Given that the patients had no colon cancer at the time of the 
study, we analyzed their normal-appearing tissue biopsies. Patients 
with Lynch syndrome represent a well-established high-risk cohort 
with significantly increased risk of developing colorectal and endo-
metrial cancers and certain other types of cancer (23). Three groups 
of patients with increasing cancer risk were evaluated, including 
healthy controls; unaffected Lynch, defined as patients with a germ-
line DNA mismatch repair mutation but without a past history of 
cancer; and affected Lynch, defined as patients with a germline mis-
match repair mutation and a past history of colorectal cancer. None 
of them presented with tumor at the time of colonoscopy, and the 
normal-appearing colon tissue was biopsied. As shown in Fig. 8, 
both STORM images of genomic DNA and the quantitative analysis 

Fig. 7. Two-color superresolution imaging of genomic DNA and nuclear lamina in normal and pathological tissue. (A to C) Two-color STORM images of genomic DNA 
and lamin A/C from normal patients and patients with precancerous (low-grade dysplasia/adenoma) and cancerous (adenocarcinoma) lesions. Scale bars, 10 m, 1 m, and 
200 nm in the original and magnified images, respectively. (D to F) Intensity profile showing the spatial relationship between DNA and lamin A/C at the nuclear periphery. 
(G) Degree of colocalization between genomic DNA and lamin A/C (LMNAC) at the nuclear periphery. (H) Correlation between the nanodomain sizes formed by genomic 
DNA and lamin A/C (Pearson’s r = 0.48, P < 10−10); the numbers of nuclei analyzed were n = 101, 113, and 95 from a total of 12 patients (4 patients per group), respectively.
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of DNA nanodomain size show significantly more open chromatin 
or disrupted compaction in the cell nuclei of normal-appearing 
colonic epithelial tissue in affected Lynch patients compared with 
healthy controls, suggesting that the disrupted chromatin structure 
can occur in normal cells at risk for carcinogenesis. On the other 
hand, chromatin compaction from unaffected Lynch patients shows 
a larger spread between those of healthy controls and affected Lynch 
patient group, with some resembling the healthy controls and some 
resembling the affected Lynch patients, which may be associated with 
the penetrance of genetic predisposition. Overall, this result not only 
reveals the presence of disrupted chromatin compaction in the nor-
mal cells in patients with increasing cancer risk but also suggests the 
potential of superresolution chromatin imaging for cancer risk strat-
ification from nontumor cells.

DISCUSSION
Direct visualization of nanoscale nuclear architecture and chromatin 
compaction on pathological tissue is of immense importance in can-
cer research, from basic discovery of nanoscale molecular structure 
in cancer pathogenesis to translational research for identifying new 
biomarkers for improving cancer detection. The small-molecule fluo-
rescent probe as a simple and fast DNA stain presented in this work 
will facilitate the routine use of superresolution chromatin imaging to 
visualize molecular-scale nuclear architecture, especially on FFPE 
clinical tissue samples.

Several strategies have been developed for STORM imaging of 
genomic DNA or chromatin. In dSTORM imaging, Cy5 or Alexa647 
remains the gold standard, so the best strategy for STORM imaging 
often incorporates Cy5 or Alexa647 with the labeling target. A com-
mon method is using the azide derivative of Cy5 or Alexa647 to 

detect 5-ethynyl-2′-deoxyuridine (EdU) based on a click reaction, 
which is incorporated into DNA during active DNA synthesis on live 
cells (24, 25). Since EdU is only incorporated into the newly synthe-
sized DNA, an entire cell cycle is often required to fully label ge-
nomic DNA, and the labeling efficiency is also affected by the cell 
cycle status or proliferation rate. As shown in fig. S5, some cells 
without newly synthesized DNA during the labeling cycle were not 
labeled, while some cells with various proliferation rates showed 
different labeling efficiency or chromatin structure. Furthermore, 
this method is not applicable for cells without proliferation, such as 
primary cells or clinically processed patient samples. Therefore, 
instead of directly labeling DNA, immunofluorescence staining 
using antibodies against DNA-associated proteins conjugated with 
Alexa647 or Cy5 is often used for STORM imaging of chromatin in 
fixed cells and tissue (1, 12). However, this approach highly depends 
on the quality of the antibody, which can vary between batch to batch 
and usually require time-consuming antigen retrieval, staining, and 
washing steps.

The most popular choice for direct labeling of DNA is small- 
molecule DNA-intercalating or DNA-binding dyes such as TOTO-3 
(1), Live-650 (10), YOYO-1 (26), SYTO (27), and Hoechst (28), al-
though some (e.g., TOTO-3 and SYTO) also bind to RNA, which 
requires additional ribonuclease (RNase) digestion. As most fluoro-
phores exhibit different levels of blinking properties under high laser 
power density and optimized imaging buffers (2), these small- 
molecule DNA stains have been used for STORM imaging of DNA in 
cultured cells with mixed success. However, none of them are well 
suited for STORM imaging of chromatin on clinical FFPE tissue 
section. As shown in Fig. 2, suboptimal photoswitching properties of 
the conventional small-molecule DNA fluorophores in tissue intro-
duce high and nonuniform background and overlapping emitters, 

Fig. 8. Superresolution imaging of genomic DNA for cancer risk stratification. (A to C) Representative superresolution images of DNA of colon tissue biopsies from 
patients of healthy controls (HCs), unaffected Lynch (UL) patients, and affected Lynch (AL) patients. All biopsies were from transverse colon, obtained endoscopically, 
processed with standard formalin fixation and paraffin embedding. Scale bars, 10 m, 1 m, and 200 nm in the original and magnified images, respectively. (D) Average 
DNA nanodomain size in three patient groups from a total of 15 patients. Each point is the average from over 100 cell nuclei for each patient.
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which significantly reduce image resolution and introduce seri-
ous artifacts.

In this work, by covalently linking one of the best-performing 
organic dyes (Cy5) for STORM with a commonly used small- 
molecule DNA-binding probe (Hoechst), we demonstrated that 
Hoechst-Cy5 achieved superior photoswitching performance for 
STORM imaging of chromatin on clinically prepared FFPE tissue 
section for robust and high-quality localization-based superresolution 
imaging. Given that FFPE tissue blocks represent a large resource of 
human tissue (29), Hoechst-Cy5 facilitates routine examination of 
chromatin ultrastructure that underlies various clinical conditions. 
In addition, Hoechst-Cy5 can also be used for superresolution im-
aging of genomic DNA in cell culture (fig. S6). For example, by com-
bining Hoechst-Cy5 staining of genomic DNA with pulse labeling 
with EdU, we can visualize the spatial relationship between genomic 
DNA and time-dependent formation of replication foci or newly 
synthesized DNA (see fig. S7).

We demonstrated the significance of superresolution chromatin 
imaging in several settings of cancer research, which cannot be easily 
obtained from conventional microscopy. First, we explored molecular- 
scale chromatin structure, which showed gradual disruption of 
chromatin compaction that correlates with malignant transformation 
of colon carcinogenesis in the precancerous and cancerous tissues 
(Fig. 5). Next, to demonstrate the potential of superresolution chro-
matin imaging to gain more insights of the functional significance 
of chromatin compaction in malignant transformation, we explored 
the spatial relationship between DNA and the functionally important 
proteins associated with nuclear architecture—RNAPII and nuclear 
lamina. RNAPII is the transcriptional machinery that is directly 
regulated by chromatin organization, which showed progressively 
increased nanoclusters (Fig. 6) correlating with the increased tran-
scriptional activities (1). Our two-color superresolution images of 
genomic DNA and active RNAPII showed significantly increased 
degree of colocalization between them, suggesting that the more open 
chromatin structure observed in the precancerous and cancer lesions 
was associated with the enhanced transcription activities. This re-
sult is consistent with our previous experiments performed in cells 
treated with siSUV39h1/h2 with more open chromatin structure, 
which showed markedly increased colocalization between genomic 
DNA and active RNAPII (1). Further inspired by our result of se-
verely disrupted chromatin compaction at the nuclear periphery and 
well-known shape irregularity in cancer cells, we examined nuclear 
lamina as it connects the inner nuclear envelope and nuclear periph-
ery. The superresolution images of nuclear lamina revealed gradu-
ally fragmented nuclear envelope at the nanoscale in precancerous 
and cancerous cells (Fig. 7). Our two-color superresolution images 
further revealed that disrupted nuclear lamina regions got closer to 
the fragmented chromatin nanodomains at the nuclear periphery in 
precancerous and cancer cells, and their nanodomain sizes were 
also correlated, supporting the previously reported physical associ-
ation between LADs and the nuclear lamina (16, 17).

Last, we explored the feasibility of superresolution imaging of 
genomic DNA for cancer risk stratification in a proof-of-concept 
study in patients with well-defined cancer risk. Our results showed 
highly disrupted chromatin structure even in the normal-appearing 
epithelial cells in Lynch patients with a germline mutation of DNA 
mismatch repair genes with the past history of colorectal cancer, 
compared with those from healthy controls. However, a larger vari-
ation in chromatin compaction observed in Lynch patients without 

a past history of cancer may be associated with their disease pene-
trance. This result shows the potential of superresolution imaging 
of chromatin compaction for cancer risk stratification even from 
nontumor cells.

Together, we demonstrated the small-molecule DNA-specific 
fluorophore Hoechst-Cy5 as a fast, simple, and robust DNA stain for 
high-quality superresolution chromatin imaging on clinically pro-
cessed tissue samples. It significantly facilitates routine examination of 
superresolved chromatin structure from various pathological con-
ditions directly on clinically processed tissue. We demonstrated the 
potential of superresolution chromatin imaging in providing new 
biological insights of nuclear architecture in malignant transforma-
tion and the use of nanoscale chromatin structure to risk-stratify 
patients at a higher risk for developing cancer. This approach opens 
new opportunities to explore the biological and clinical significance 
of superresolved chromatin structure for various diseases.

MATERIALS AND METHODS
Synthesis of Hoechst-Cy5
Hoechst-Cy5 was synthesized by Vanderbilt University Molecular 
Design and Synthesis Center. The schematics for synthesis route are 
described in fig. S1, and synthesis steps and validation are described 
in detail in the Supplementary Materials and Methods. The conjug-
able Hoechst analog was synthesized using the previously reported 
method (3). All chemicals and solvents were purchased from stan-
dard commercial sources. Dye purification and characterization were 
performed with semi-prep high-performance liquid chromatogra-
phy, 1H nuclear magnetic resonance, and liquid chromatography–
mass spectrometry at Vanderbilt University.

DNA and immunofluorescence staining on mouse 
and human pathological tissue
For mouse tissue, all animal studies were performed in accordance 
with the institutional Animal Care and Use Committee at the Uni-
versity of Pittsburgh. Intestinal tissue from mice were fixed with 10% 
Neutral-Buffered Formalin Solution (Azer Scientific, catalog no. 
NBF-4-G) for 6 hours and then stored in 70% ethanol before em-
bedding, followed by paraffin embedding at University of Pittsburgh 
Biospecimen Core as the standard tissue fixation method. Wild-type 
mouse was used for most DNA staining. For intestinal stem cell 
staining, we used an enhanced green fluorescent protein (EGFP)–
labeled Lgr5 (Lgr5-EGFP-Ires-CreERT2) mouse (Jackson Labora-
tory) to examine the DNA structure of intestinal stem cells at the 
bottom of the crypt identified by Lgr5+ staining. GFP antibody was 
used to detect Lgr5 by immunostaining. The use of FFPE tissue blocks 
from deidentified patients was approved by the Institutional Review 
Board at the University of Pittsburgh. All tissues used in this study 
were formalin fixed and paraffin embedded accordingly to the stan-
dard clinical processing at University of Pittsburgh Medical Center.

All FFPE tissue blocks from both mouse and human tissue were 
sectioned at thickness of 3 m and mounted on poly-d-lysine–coated 
coverslips. Tissue treatment before staining was followed by stan-
dard paraffinization and rehydration, antigen retrieval process (30). 
Briefly, after being heated for 30 min in 60°C oven, tissue sections 
were deparaffinized in xylene and rehydrated in graded ethanol and 
finally in water. Tissue sections were then washed in phosphate- 
buffered saline (PBS) and treated with 0.1% solution of sodium bo-
rohydride in PBS to reduce autofluorescence. Tissue sections were 
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then incubated with Hoechst-Cy5 (1 M), Live-650 (1:1000 dilution 
from the original concentration, Biotium #40082), and Hoechst-
JF646 (1 M) for 1 hour at room temperature. Labeling density or 
staining concentration was optimized. For every dye, a standard 
concentration test was first conducted, and the optimal concentra-
tion was selected based on the following criteria: the bright fluores-
cence signal intensity in wide-field fluorescence images, the greatest 
localization density in individual clusters (nanodomains) in STORM 
images without introducing significant nonspecific binding outside 
the nucleus, and the low background signals from each imaging 
frame used for STORM image reconstruction. For TOTO-3 stain-
ing, tissues were first treated with deoxyribonuclease-free RNase 
(50 g/ml) at 37°C for 30 min for RNase digestion and then incu-
bated with 100 nM TOTO-3 for 1 hour at room temperature. After 
being washed three times in PBS, the fluorescent beads (FluoSpheres 
carboxylate, #F8803, Thermo Fisher Scientific) were deposited onto 
the coverslips as fiduciary markers used for drift correction based 
on our previously published method (31). The sample was ready for 
STORM imaging. STORM imaging buffer for tissue stained with 
different fluorescent probes was optimized for best blinking perform-
ance discussed previously such as fast photo-switching properties, 
high photon number per switching cycle, low on-off duty cycle, and 
low background (2). STORM imaging buffer for Hoechst-Cy5, Live-650, 
and Hoechst-JF646 consists of 60% 2,2-thiodiethanol (TDE) (v/v), 
10% (w/v) glucose, glucose oxidase 0.14 M -mercaptoethanol 
(0.56 mg/ml), and catalase (0.17 mg/ml). The same component, 
except -mercaptoethanol, was used in TOTO-3 imaging.

For tissue samples costained with DNA with Hoechst-Cy5 and 
proteins with antibody, after deparaffinization and rehydration, anti-
gen retrieval was conducted using Antigen Retriever from Electron 
Microscopy Sciences (catalog no. 62700-20) in eBioscience IHC 
Antigen Retrieval Solution (pH 9.0; catalog no. 00-4956-58). Tissue 
sections were blocked in 5% bovine serum albumin (BSA) for 1 hour 
at room temperature and then incubated with primary antibodies 
diluted to optimized concentrations at 4°C overnight: rabbit poly-
clonal to H3K4me3 (1:600; #07-473, Millipore), rabbit polyclonal to 
H3K9me3 (1:600; #ab8898, Abcam), mouse monoclonal to RNAP 
II (1:600; #ab5408, Abcam), mouse monoclonal to GFP (1:300; 
#sc-9996, Santa Cruz Biotechnology), CD3 (1:300; #ab35372, Abcam), 
and mouse anti–lamin A/C (1:300; #4777, Cell Signaling Technology). 
After washing, Hoechst-Cy5 and CF568-conjugated goat–anti- 
rabbit/mouse secondary antibody was applied to the sections at room 
temperature for 1 hour, protected from light. After being washed 
three times with PBS and deposition of fiduciary marker, the sam-
ples were ready for imaging.

DNA and immunofluorescence staining for cultured cells
U2OS cells were cultured in DMEM (Dulbecco’s Modified Eagle 
Medium) supplemented with 10% fetal bovine serum. Cells were plated 
onto the Poly-D-lysine (PDL)-coated coverslips at an initial confluency of 
about 60 to 70% and cultured overnight to let the cells attach. After being 
washed once with PBS, cells were fixed with 4% paraformaldehyde 
and permeabilized with 0.2% Triton X-100 in PBS. DNA dyes with 
appropriate concentration (the same concentration was used as the 
tissue staining described above) diluted in PBS were incubated with 
the sample for 1 hour at room temperature. As described above in 
tissue staining, RNase digestion was required for TOTO-3 staining. 
After three times of washing with PBS and deposition of fiduciary 
marker, the samples were ready for STORM imaging.

DNA staining with EdU in cultured cells was performed by us-
ing the Click-iT Plus EdU Alexa Fluor Imaging Kit (Thermo Fisher 
Scientific, #C10340), as described previously (25). For fully DNA 
labeling, cells were incubated with medium containing 1 M EdU for 
24 hours, and after fixation and permeabilization, cells were blocked 
with 3% BSA and incubated with EdU Click-iT Plus reaction cock-
tail for 30 min following the manufacturer’s instruction. DNA was 
detected by Azide Alexa-647.

For two-color staining of DNA and histone marks (H3K4me3), 
after being washed out of the reaction cocktail, cells were incubated 
with the primary antibody at 4°C overnight and secondary antibodies 
for 2 hours at room temperature. After being washed for three times 
with PBS and deposition of fiduciary marker, the samples were 
ready for STORM imaging.

For two-color staining of genomic DNA staining with Hoechst-
Cy5 and replication foci staining with EdU, cells were incubated 
with the medium containing 1 M EdU for a duration of 30 min, 
1 hour, and 3 hours. After fixation and permeabilization, Azide CF-568 
and Hoechst-Cy5 were diluted in the cocktail solution as described 
above and incubated with the cells for 1 hour at room temperature. 
Cells were ready for imaging after washing.

STORM imaging system
STORM images were acquired using our custom-built system on 
the Olympus IX71 inverted microscope frame with a 100×, numer-
ical aperture of 1.4 oil immersion objective (UPLSAPO 100XO; 
Olympus), and the system has been described in detail previously 
(25, 31). For single-color dSTORM imaging, the excitation laser at 
642 nm (VFL-P-1000-642-OEM3; MPB Communications, Point-Claire, 
Quebec, Canada) was used at power density of ~2.5 kW cm−2 for 
STORM imaging. The exposure time was 20 ms, and a total frame 
number of 30,000 were used. During the image acquisition, a small 
amount of activation power (~1 W) for the 405-nm laser (DL405-050, 
CrystaLaser, Reno, NV) was added at the 20,001st frame, and the 
power of the 405-nm laser was gradually increased at a rate of 0.2% 
per 1000 frames. Two-color dSTORM imaging was conducted se-
quentially, where the first 30,000 frames were acquired on Hoechst-
Cy5 with an exposure time of 20 ms for each frame, followed by 
30,000 frames of CF-568 with the same exposure time. The exci-
tation laser of 561 nm at laser power of 0.8 kW cm−2 (VFL-P-200-
560-OEM1, MPB Communications, Point-Claire, Quebec, Canada) 
was used for imaging CF-568–immunolabeled targets. Drift correc-
tion was independently performed every 200 frames (or 4 s) with 
fluorescent beads (Thermo Fisher Scientific, F8803) excited with 
488-nm laser (DL488-150, CrystaLaser, Reno, NV) as fiduciary markers 
throughout each image acquisition process, based on our estab-
lished method (31). The imaging conditions (exposure time, power 
density, activation, and frame number) remain the same for all ex-
periments reported in this study.

STORM image reconstruction and data analysis
The STORM images shown in Fig. 2 were reconstructed using 
ThunderSTORM ImageJ plugin, and the rest of the images were re-
constructed by PathSTORM described in our previous publication 
(1). The analysis method of nanodomain size was calculated using 
the watershed method, and the degree of colocalization was de-
scribed in our previous publications (1, 25) and briefed in the Supple-
mentary Materials and Methods. The statistical comparison between 
two groups was calculated using nonparametric Mann-Whitney U 
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test in GraphPad Prism 9.0, and two-tailed P value at 95% confi-
dence interval was presented throughout the manuscript.

To calculate nanodomain size, a Watershed segmentation algo-
rithm was used to segment the individual localized nanodomains 
(or clusters) based on the reconstructed STORM images as described 
previously (1). In brief, the localized point list coordinates from single- 
molecule localization were first converted to a superresolution image 
with a pixel size of 13 nm. The algorithm then finds the regional 
intensity maxima of the STORM image, conducted using the “imre-
gionalmax” function in MATLAB (MathWorks). The resultant bi-
nary map of maxima points was dilated using a disk-shaped kernel 
with a diameter of five pixels, and then a distance transform of the 
inverse dilated map was calculated using the “bwdist” function. The 
resultant distance map was amplified by a factor of 2 and then added 
to a binarized STORM image, which was then segmented using 
watershed function (built-in function in MATLAB). The examples 
of the watershed segmentation for the STORM images are shown 
in fig. S8.

To calculate degree of colocalization, we calculated the degree 
of colocalization (DoC) between DNA and other proteins by adapt-
ing a published Clus-DoC (32) software and was also described in 
our prior publication (25). In brief, for each localized spot from 
DNA, we first calculated the gradient density of DNA and a protein 
of interest (e.g., RNAPII) around this localized spot within circles of 
increasing radius (range of 20 to 500 nm at a step size of 10 nm 
used), respectively. This gradient density of DNA and a protein 
of interest was normalized by their respective gradient density 
within the area with the maximum radius and then used to calculate 
Spearman correlation.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm8293

View/request a protocol for this paper from Bio-protocol.
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