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May 20, 2025. Super-resolution microscopy holds great promise for detailed structural analysis of proteins, yet its

application in the investigations of protein structures in situ remains sparse. Clathrin-coated pit-mediated
endocytosis (CME) plays a key role in human cancer. This study aimed to discover whether there are
structural changes in clathrin pits in cancer. Immunofluorescence combined with super-resolution
structured illumination microscopy (SR-SIM) on normal and cancerous prostate tissue was used to reveal
novel details of clathrin structure and biology. Clathrin (heavy-chain) plaques and pits, expression of
adaptor protein 2 (a clathrin adaptor protein), and epidermal growth factor receptor (a receptor target for
CME) at nanometer scale in human tissue were observed in situ with immunofluorescence-SR-SIM. The size
uk. of the clathrin pits in high-grade cancer was greater compared with that in low-grade or normal prostate
tissue. These results demonstrate that SR-SIM can be used to identify protein structures at high resolution
in clinical tissue sections and there is an increased cargo capacity due to the increase in the size of
clathrin pits as a mechanism that facilitates aggressiveness of cancer. These results shed new light on the
pathology of cancer and the role CME via clathrin may play in carcinogenesis. (Am J Pathol 2025, 195:
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Clathrin, comprising of heavy (180 to 190 kDa) and light (25
kDa) chains, is a scaffold protein that forms a triskelion
structure.” Clathrins form coated vesicles for exocytosis and
endocytosis in cells and material transport across the plasma
membrane by forming honeycomb lattice on the cytoplasmic
surface of coated pits. The clathrin pits are largely seen on the
plasma membrane but also occur in the trans-Golgi network.
Clathrin complex formation also requires adaptors, such as
the adaptor protein (AP1-5) family. For example, AP1 is
essential for clathrin-coated vesicles at the trans-Golgi net-
work, whereas AP2 is involved at the pinching site on the
plasma membrane.” These elements along with phosphati-
dylinositol-4,5-bisphosphate are essential for clathrin pit-
mediated endocytosis (CME), a disposal and recycling
system in mammalian cells.” A key function of CME is the
likely recycling of membrane signaling receptor proteins.

Copyright © 2025 American Society for Investigative Pathology. Published by Elsevier Inc.

Clathrin pit formation involves the assembly of clathrin-
coated vesicles into a curved clathrin lattice (eg, containing
cargo, such as membrane receptors), which is linked
through adaptor proteins (eg, AP2) on the cell surface.”
Increased availability of receptors, such as those for epi-
dermal growth factor receptor (EGFR) or Wnt signaling,
may have a direct consequence on cell proliferation.
Immunofluorescence microscopy shows that clathrin
expression is up-regulated in prostate cancer tissue and that
expression of clathrin progressively increased with cancer
aggressiveness in conjunction with increased colocalization
of EGFR receptor.’” There is an increased recycling of
EGFR as carcinogenesis progresses, although how this
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increased recycling may occur is not known. The shift from
EGFR from degradation to recycling can play a significant
role in the pathology of cancer.

The structure of clathrin has been extensively investigated
in model cellular systems, such as cancer cell lines, using
optical and electron microscopy (EM). However, little is
known about structural changes that may occur during
disease in human tissue. Such investigations are essential for
the understanding of structure and microdistribution of
clathrin and how it may be modulated during the patho-
genesis of cancer, with critical functional consequences.
This lack of structural insight, particularly in human tissue,
is most likely due to accessibility of human tissue and
highly specialized nature of EM. Although EM can achieve
resolution at subnanometer scale, the laborious nature of
sample preparation, limited application in a large number of
samples, technical knowhow, and limited accessibility are
major impediments in its use as a common microscopic
technique for the investigations of ultrastructure of pro-
teins,’ particularly in human tissue sections. Combining
super-resolution structured illumination microscopy (SR-
SIM) with commonly used immunofluorescence can help
elucidate three-dimensional structural details of proteins,
such as clathrin, to delineate their function and reg.gulation.7

SR-SIM can also achieve resolution at the nanometer scale,
that allows structural detail that is usually only achievable with
EM.*’ As SR microscopy becomes more accessible,” SR-SIM
can provide a more amenable and convenient method of
investigating structural characterization of proteins, as com-
pared to that with EM. SR-SIM is also advantageous over other
super-resolution microscopy methods because it retains some
ability to resolve objects smaller than the diffraction limit even
in thicker samples, such as tissue sections. Combining SR-SIM
with immunochemistry adds a layer of validation and detail for
the structural investigations of proteins and their role in the
pathology of epithelial cancers.

We hypothesize that there is an increase in the size of
clathrin-coated pits in aggressive cancer tissue compared
with that in low-grade prostate cancer tissue. This could
provide a mechanism allowing an increase in the cargo
carried by clathrin-coated vesicles. To test this hypothesis, a
combination of SR-SIM and immunofluorescence was used
to characterize the structure of clathrin in normal and can-
cerous human prostate tissue. SR-SIM was capable of
resolving clathrin pits of diameter less than the diffraction
limit in human tissue sections. Thus, an analysis of the
super-resolution images can be used to investigate key
mechanisms of carcinogenesis.

Materials and Methods

TA Construction and Immunohistochemistry

Ethical approval was granted by the joint research office of
University College London and University College Hospital
through East of Scotland Research Ethics Service (REC
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reference 13/ES/0092). Samples, described as cancer or
normal and of different stages of cancer, were diagnosed
before and after tissue array (TA) construction by an expert
pathologist (R.H.).

TAs used in this study have been described in detail
elsewhere.” Tissue from 15 patients was used to make tissue
arrays with 60 individual cores from cancer area and paired
cancer-adjacent normal area, as described previously.” TAs
were sectioned (using a HM355S automatic microtome;
Thermo Fisher Scientific, Waltham, MA) and stained with
hematoxylin and eosin for histologic examination or with
anti-clathrin (heavy chain; ab21679; Abcam, Cambridge,
UK; 1:2000 labeled with Opal 650), AP2 (ab2910; Abcam;
1:500; Opal 520), and EGFR (NCL-EGFR; Leica Bio-
systems, Sheffield, UK; 1:20; Opal 570) antibodies for
protein expression and structural analysis, as described
previously.” An extensive optimization procedure (eg, pH
and concentration dependence, antigen retrieval, and tem-
perature dependency) was used on whole prostate tissue
sections before the use of antibodies on TA sections.’
Multiplex staining of TAs is an established protocol in the
laboratory'”'' using the Bond RX automated staining sys-
tem (Leica Biosystems).

TA Imaging Using Fluorescence and Confocal
Microscopy

This has been previously described in detail.” Briefly, an
overview of the labeled TAs was obtained using AxioScan
Z1 scanner (Carl Zeiss, Jena, Germany) at x20 magnifica-
tion. To obtain higher-resolution images of clathrin, AP2,
and EGFR expression, confocal imaging was performed
using a Leica SP8 microscope (Leica Microsystems, Wet-
zlar, Germany).” Confocal images thus obtained were
deconvolved using Huygens Professional software version
23.10 (SVI, Hilversum, the Netherlands).

Super-Resolution Imaging of Human Prostate Tissue

Cancer and normal tissue samples on two tissue array slides
were imaged using a super-resolution ELYRA 7 (Zeiss)
lattice structured illumination microscope (Lattice SIM).
Various internal and quality controls were established and
care was taken to avoid any known artefacts, as described in
Supplemental Figure S1 and the text below. The optical
resolution of the microscope was verified by quantifying the
dimensions of TetraSpek nanobeads (Thermo Fisher Sci-
entific) as recommended by the manufacturer and by
assessment of both the illumination lattice in the raw images
and the SIM? reconstruction of the processed images in
Fourier space (Supplemental Figure S1).

The ELYRA 7 system in SIM mode uses five mutually
coherent light beams to generate an interference pattern,
which forms a lattice when projected through an objective
lens. The lattice pattern provides isotropic resolution
improvement in all three dimensions.'” The lattice structure
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itself was shifted laterally in 15 phases to generate Moiré
fringes. Images were acquired using a 63, 1.46 numerical
aperture objective lens, and excitation was achieved with
488-, 561-, and 638-nm laser lines for AP2, EGFR, and
clathrin heavy chain, respectively. Collected images were
processed using ZenBlack 3.0 SR SIM? software (Zeiss).

TAs were sectioned at 6 um to minimize any systematic
difference in z-position across the samples; the first imaged
z-slice was always collected within 1 um from the surface of
the section, ensuring that there was little or no z-aberration
differences when comparing across samples. As a fluo-
rescence super-resolution microscopy approach was used,
the images were collected in a manner that maximized the
signal yield and prevented bleaching of the specimen. Also,
quality control was conducted to eliminate artefacts and
determine the robustness of the technique as follows: First,
the signal-to-noise ratio (SNR) of the raw images was cal-
culated by using the minimum and maximum function on
the display tab in ZenBlack software. The median SNR was
calculated to be 7.6 4 3.5 fold (median + SD; 95% CI for
the median = 6.0—9.6; N = 8; n = 28) using the minimum
and maximum values on the distribution histogram using
ZenBlack software; the SNR was considered high enough'”
to permit selection of strong (high) SNR in the SIM? pro-
cessing tab in ZenBlack software. This also informed setting
the number of iterations to 25 and the regularization weight
to 0.007 automatically, and it is these values that are termed
strong for SIM? processing (ZenBlack software). The SIM?
processing parameters were kept constant across all Z-stacks
processed and displayed in this study. Furthermore, an
assessment of quality of the SIM? processed and unpro-
cessed images (Supplemental Figure S1) was made to
ensure that the lattice was visible in the unprocessed images
and not in the SIM? processed images.

For this study normal, Gleason grades 3 + 3, 4 + 4, and
4 + 5 were imaged using the ELYRA 7 microscope. As this
is a first report of the use of super-resolution microscopy to
analyze clathrin structure, the number of images to be
analyzed was oversampled. Thus, a total of 254 images were
accrued from two tissue array slides representing 15 indi-
vidual patients covering four different diagnoses: normal
(cancer adjacent) and Gleason grades 3 + 3, 4 + 4, and
4 + 5. The following samples from TA were imaged for
super-resolution analysis: normal (n = 76); 3 4+ 3 (n = 60);
44+4m=47);,and4 + 5 (@ = 71).

Data Acquisition and Analysis

The SR SIM? images were used to investigate the detailed
structural analysis of clathrin using the ZenBlack image
analysis software. Images were cropped to allow identi-
fication and measurement of individual clathrin pits, and the
line profile measurement tool was used to measure the
diameter of each pit. As this is a first such investigation of
clathrin pits using super-resolution microscopy, between 5
and 24 such measurements were made from each tissue core
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so as not to undersample the number of individual meas-
urements. Making such measurements from individual tis-
sue cores was also important to oversample because any
putative biological difference needed to have a robust
underpinning. Care was taken to use as many clathrin pits as
possible where AP2 expression was correlated. Quantifica-
tion of the intensity signal for clathrin expression in SIM?
processed images was conducted using the maximum pro-
jection tool histogram widget in ZenBlack software. The
diameters thus measured were used to calculate the clathrin
pit size and any differences in normal and cancer or within
different grades of prostate cancer. Statistical analysis was
performed using MedCalc (MedCalc Software Ltd., Ostend,
Belgium).

Results

TAs with tissue samples from cancer and normal human
prostate tissue were used for this study.” The tissue array was
previously probed with clathrin, AP2, and EGFR antibodies.”
Representative low-magnification (x20), fluorescence image
(Figure 1, A and B for cancer and normal tissue, respectively)
and high-magnification (x63) deconvolved confocal image
(Figure 1, C and D) are shown. For this study, TAs were
imaged using lattice structured illumination on an ELYRA 7
(Carl Zeiss) super-resolution microscope, using a 63x lens
with a numerical aperture of 1.46, which gave a pixel size of
0.02 um? following SIM? processing.

The raw images with the fluorophore signal for the heavy
chain of clathrin, AP2, and EGFR are shown in
Supplemental Figure S2 for cancer adjacent normal and
cancerous tissue, respectively. These images were processed
using the ELYRA 7°s SIM? tools for further analysis. First,
the expression and structure of clathrin in the SIM? pro-
cessed images were investigated (Figure 2). A z-series of
images exhibit a lattice structure in which clathrin plaques
(Figure 2A) can be seen. Several clathrin triskelion struc-
tures (Figure 2, B—D) were visible across these sequential
images (Supplemental Video S1 of the z-series). These
results indicate that clathrin in the form of plaques and pits
can be identified using super-resolution microscopy. These
images further suggested that the ultrastructure of clathrin
can be investigated, in large numbers of human tissue
samples with medium analytical throughput.

To confirm that the structures observed in Figure 2 were
clathrin pits, the expression of clathrin with its associated
protein AP2 and the EGFR receptor protein, likely to be
expressed in the cell membrane, was investigated. The
expression of clathrin, AP2, and EGFR could be observed in
SIM? processed, low-magnification composite images
(Figure 3, A and G, for normal and cancerous prostate tissue
sample, respectively). The clathrin expression in the form of
pits was more discernible with intermediate digital magni-
fication (Figure 3, B and H, for normal and cancer,
respectively). Further digitally zoomed composite images
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Normal

x20

x63 Deconvolved

Figure 1

Cancer

Representative images of cancer and normal human prostate tissue probed for clathrin heavy chain (white), adaptor protein 2 (red), epidermal

growth factor receptor (green), and DAPI nuclear stain (blue) using fluorescence microscopy [normal (A) and cancer (B) tissue core, respectively], deconvolved
confocal microscopy images [normal (C) and cancer (D) tissue, respectively]. These images are shown for illustrative purposes only and as examples of the
source material for super-resolution microscopy. The tissue samples, such as the one shown in A and B, were used for microscopy using ELYRA 7 super-
resolution microscope. Scale bars: 200 pum (A and B); 18 um (C and D). Original magnifications: x20 (A and B); x63 (C and D).

(Figure 3, C and I, for normal and cancer, respectively)
clearly showed clathrin pits associated with AP2 and EGFR
proteins with the triskelion structure, characteristic of cla-
thrin pits (Figure 3, D—F and J—L, are single-fluorophore
source images used for the construction of composite
images). A three-dimensional rendering, with schematic
representation, of a clathrin pit, with a cup-like structure,
with associated AP2 and EGFR proteins is given in
Supplemental Figure S3.

Clathrin expression is increased in cancerous prostate
tissue compared with normal prostate, as indicated by
confocal imaging.” A semiquantitative analysis of clathrin
signal intensity confirmed these observations (Figure 4A).
There was a significant increase in the expression of clathrin
in all Gleason grades of prostate cancer investigated com-
pared with that in normal tissue. There was also a pro-
gressive increase in the expression of clathrin in different
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Gleason grades, except in the comparison between Gleason
grade 3 + 3 and 4 + 4 (Figure 4A).

An increase in the clathrin expression is indicative of its
critical role in CME and in carcinogenesis (Figure 4A).°
What is not clear is whether there is also modulation in
the size of the clathrin pits in prostate cancer, particularly in
different pathologic grades of prostate cancer. Therefore,
measurements were made of clathrin pits using the line
profile measurement tool in the ZenBlack software from the
SIM? processed images of human prostate tissue.

A total of 254 individual image frames were analyzed
across four different conditions (normal, prostate cancer
tissue of Gleason grades 3 + 3, 4 + 4, and 4 + 5, initially
characterized by an expert pathologist). The median pit
diameter (um) ranged between 0.10 (low, 0.05; and high,
0.23; with 95% CI of 0.09—0.11) for normal prostate tissue,
to 0.12 (low, 0.06; and high, 0.22; with 95% CI of
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Figure 2  Clathrin pits and a honeycomb lattice visible across a segment of human prostate tissue section using the ELYRA 7 super-resolution structured
illumination microscopy (SIM) system. The honeycomb is made up of polyhedral structures, pentagons, and hexagons that represent the assembly of the
characteristic triskelions (also see Supplemental Video S1). A—D: Axial data set of x, y images through area of clathrin-positive prostate tissue subsequent to
SIM? processing. Two known conformations of clathrin are apparent within the images, clathrin plaques (gray arrows) and clathrin pit structures (white
arrows). Both conformations are present in our data sets, and the images presented here are representative. The x-, y-, and z-scaling were set at 16, 16,

and101 nm, respectively. Scale bar = 200 nm (A—D).

0.11—-0.13), 0.12 (low, 0.06; and high, 0.18; with 95% CI of
0.11-0.12), and 0.16 (low, 0.05; and high, 0.27; with 95%
CI of 0.15—0.17) for Gleason grades 3 + 3, 4 + 4, and
4 + 5, respectively. These measured pit diameters compared

well with the published data on the clathrin pit size derived
largely through electron microscopy.'* A distribution his-
togram of the clathrin pit with a comparison between normal
and different Gleason grades is shown in Supplemental

Figure 3  Representative single-slice composite of clathrin heavy chain (white), adaptor protein AP2 (red), and epidermal growth factor receptor (green) in
human prostate tissue. A—L: An original structured illumination microscopy SIM? processed Z-stack [cancer adjacent normal (A) and cancer (G) prostate tissue
sections, respectively] showing a broad field of view and subsequently (white boxed areas) with digital zoom of increasing magnifications showing an
intermediate field (B and H) and zoomed-in field (C—F and I-L). D—F and J—L: Zoomed-in single-fluorophore images from which the zoomed-in composite
images C and I, respectively, were constructed. Scale bars: 2 um (A and G); 0.2 um (B and H); 0.05 um (C—F and I-L).
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Figure 4  A: Semiquantitative analysis of clathrin expression calculated as pixel intensity/area (um) from a sampled cohort. Images from an ELYRA 7
(Zeiss) microscope were processed using the structured illumination microscopy SIM? method and analyzed for clathrin signal using ZenBlack (Zeiss) intensity
measurement tool for normal, and Gleason grade 3 + 3, 4 + 4, and 4 + 5 prostate tissue. There was a significant increase in the expression of clathrin in
different cancer grades compared with cancer adjacent normal tissue (U-test); there was also a significant increase in the expression of clathrin in high-grade
(4 + 5) prostate cancer compared with Gleason grades 3 + 3 or 4 + 4; no significant difference between low grades 3 + 3 and 4 + 4 graded prostate cancer. B:
A box plot of pit size diameters for normal, and cancer grades 3 + 3, 4 + 4, and 4 + 5 prostate tissue. There was no significant change in the pit size in cancer
grade 3 + 3 or 4 + 4 when compared with normal prostate. There was a significant (P < 0.01) increase in the pit diameter in cancer grade 4 + 5 compared
with all other conditions (U-test). n = 13 to 15 (A). *P < 0.05, **P < 0.01, and ***P < 0.001. AU, arbitrary unit; NS, nonsignificant.
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Figure S4. An overall distribution for all samples is given in
Supplemental Figure S4A, followed by normal versus
Gleason grade (Supplemental Figure S4, B—D) and between
Gleason grades (Supplemental Figure S4, E—G). The pit
diameter distribution only showed a shift to the right of the
histogram when comparisons are made with high Gleason
grade (4 + 5) tissue samples. This observation was further
validated on significance testing (Figure 4B) where the only
significant differences measured were between normal or
Gleason grades 3 + 3 and 4 + 4 versus Gleason grade 4 + 5
samples. These results indicate that in addition to an
increase in the expression of clathrin in high Gleason grade
prostate cancer, there is also an increase in the clathrin pit
diameter (Figure 4B).

Discussion

CME and the structure of clathrin has a long history of
investigation in model cellular systems, such as cancer cell
lines, using optical and EM techniques. However, little is
known about structural changes that may occur during dis-
ease in human tissue. There is a particular paucity of such
information at high resolution as studies of the expression of
clathrin in tissue have used conventional diffraction-limited
optical microscopes.'”'® Although diffraction-limited opti-
cal microscopes are commonly used in histologic inves-
tigations, their resolving capabilities are insufficient to
visualize details below 200 nm in the lateral plane and cannot
resolve structures at the protein level.'” Although a novel set
of super-resolution optical microscopy techniques can fulfill
the resolution demands in such cases, the system complexity,
high operating cost, lack of multimodality, and low-
throughput imaging of these methods limit their wide adop-
tion for histologic analysis. The application of SR-SIM to
elucidate protein structure at nanometer scale in clinically
useful human tissue samples in situ, as conducted here for
clathrin, can further the understanding of both protein
structure and mechanisms of disease in an accessible manner.
The advent of techniques such as stochastic optical
reconstruction microscopy'® and stimulated emission
depletion microscopy'’ has allowed increased spatial reso-
lution of clathrin pit structures; however, these studies have
largely been restricted to cells grown in culture.'® " Here,
multilabeled immunohistochemistry was applied in con-
junction with super-resolution microscopy to present lattice
SIM imaging where clathrin pit structures have been suc-
cessfully resolved in clinical biopsy samples of human
prostate. To our knowledge, this is the first report of clathrin
pit structures being resolved successfully in human tissue.
The main goals of this study were threefold: i) to resolve
clathrin pit structures and count their numbers in high-
versus low-grade cancers; ii) to discern differences in size of
individual clathrin pits in high- and low-grade cancers; and
iii) to do so in numbers large enough that perhaps a bio-
logically relevant difference may become apparent.

The American Journal of Pathology m ajp.amjpathol.org

Understanding the spatial relationship of these three
proteins (clathrin heavy chain, AP2, and EGFR) was also
important in the context of this study as a means of ver-
ifying that clathrin pits had been resolved. Where previous
studies resolved clathrin pit structures using techniques
such as stochastic optical reconstruction microscopy or
stimulated emission depletion microscopy,”'*” this was
not appropriate for imaging as the specimen must be grown
or mounted on a coverslip. This type of processing is not
possible for TAs as used here in an automated multiplex
staining configuration, essential to conduct this inves-
tigation. In the case of stimulated emission depletion
microscopy, there are limitations in use of commonly
available fluorophores that can hamper multiple protein
detection in samples. Lattice SIM offered an opportunity to
multiplex multiple fluorophores relatively easily. It helped
investigate the expression and structure of clathrin, the
accessory protein AP2, and the cargo EGFR. Although at
least two markers can be assessed simultaneously using
immuno-EM (eg, using small and large immunogold par-
ticles, albeit with difficulty), no protein colocalization
information can be gleaned from such an approach. While
stochastic optical reconstruction microscopy allows mul-
tiplexing of more than two markers,” it is technically
demanding and requires addition of special buffers to the
tissue specimen. This is a particular challenge when
investigating protein expression and structure in TAs with
precious human samples and for achieving standardization
with robust data acquisition using appropriate sample sizes.
The SR-SIM approach is also not without its drawback.”*
These, for example, include reconstruction-induced,”’
parameter-dependent,”® or structural mismatch artifacts.
Even with these drawbacks, for which various mitigation
strategies have been proposed,”*”° the ability of lattice
SIM to image large numbers of samples in clinical tissue
samples without the requirement to add buffers to already
stained samples (unlike stochastic optical reconstruction
microscopy) and easy multiplexing of fluorophores (eg,
compared with stimulated emission depletion microscopy)
offer a unique advantage for the investigations of structural
changes that may occur in human disease and one of the
main reasons lattice SIM was chosen for this study.

The results shed light not only on the structure of clathrin
in human tissue in situ but also reveal a biological and
mechanistic relevance of these changes in cancer. These
observations reveal a significant increase in the size of
clathrin pits in high-grade cancer. Considering the critical
role of CME in proliferative processes and overexpression
of clathrin in cancer compared with normal prostate tissue,
we proposed that a key role for CME may be in receptor
recycling.” A key consequence of such an increase in the
cargo capacity in cancer can be predicted to cause alteration
in cell signaling and nutrient uptake. Alteration in cell sig-
naling can include constitutive activation of EGF-EGFR
pathway that can promote receptor recycling, rather than
degradation and activation of downstream pathways that
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favor carcinogenesis. Similar increase in other key signaling
molecules, such as the Wnt pathway, may also occur.
Increased cargo capacity also activates nutrient uptake and
cellular resilience, promoting carcinogenesis through
growth advantage, particularly in tumor microenvironment
that is nutrient limited.”’”® A further consequence of
increased cargo capacity in CME is the disruption of cell
junctions and integrin modulation, both processes that will
lead to cancer progression and metastases.”” The results
presented here indicate that a key mechanism of achieving
increased receptor recycling could be manifested by an
increase in the clathrin pit size that may impact many dif-
ferent cellular processes, enhancing the fundamental
understanding of carcinogenic mechanisms, and provide
novel targets for cancer therapy.”’
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