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ABSTRACT The spatial distribution of the human epidermal growth factor 2 (HER2) receptor in the plasma membrane of
SKBR3 and HCC1954 breast cancer cells was studied. The receptor was labeled with quantum dot nanoparticles, and fixed
whole cells were imaged in their native liquid state with environmental scanning electron microscopy using scanning transmis-
sion electron microscopy detection. The locations of individual HER2 positions were determined in a total plasma membrane
area of 991 um? for several SKBR3 cells and 1062 um? for HCC1954 cells. Some of the HER2 receptors were arranged in a
linear chain with interlabel distances of 40 = 7 and 32 = 10 nm in SKBR3 and HCC1954 cells, respectively. The finding
was tested against randomly occurring linear chains of six or more positions, from which it was concluded that the experimental
finding is significant and did not arise from random label distributions. Because the measured interlabel distance in the HER2
chains is similar to the 36-nm helix-repetition distance of actin filaments, it is proposed that a linking mechanism between
HER2 and actin filaments leads to linearly aligned oligomers.

INTRODUCTION

HER?2 is a member of the HER (ErbB) family of receptors, a
subfamily of four closely related receptor tyrosine kinases:
HER1 (EGFR, ErbB-1), HER2 (ErbB-2), HER3 (ErbB-3),
and HER4 (ErbB-4). This family of membrane proteins reg-
ulates cell proliferation, survival, and various other pro-
cesses. Under physiological circumstances, most HER
family members are activated by ligands and dimerize
with another activated HER protein. The activated dimer
protein complex then triggers intracellular processes. This
situation is different for the family member HER2, which
is overexpressed in a particularly aggressive subtype of
breast cancer (1). It is an orphan receptor that does not
have a known ligand, and it resides in the plasma membrane
in an open conformation, ready to form homodimers or het-
erodimers with other members of the HER receptor family.
As a consequence, intracellular signaling and cell growth is
frequently dysregulated in HER2-overexpressing cells (2).
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The signaling-active homodimerized form of HER2 prefer-
entially resides in membrane ruffles in the plasma mem-
brane (3), which serve as junctions for cellular signaling
and are known to drive motility, invasiveness, and metas-
tasis of cancer cells (4). We hypothesize that in HER2-over-
expressing cells, distinct spatial arrangements, aside from
the known dimerization of the signaling-active receptor
and its preference to form larger clusters (5), might
contribute to its functionality in overexpressing cancer cells.

In this study, we examined the spatial distribution of
HER2 in large areas (~1000 um?) of the intact plasma
membrane for two different cell lines. Our aim was to study
the receptor distribution beyond its mere presence as homo-
dimers found in membrane-ruffled areas versus monomers
in flat areas of the plasma membrane (3); the distribution
was found to alter upon incubation with the antibody-based
drug trastuzumab (6). For the detection of membrane-bound
HER2, we applied specific labeling with affibodies and
quantum dots (QDs) suitable for correlative fluorescence
and electron microscopy (7). Using environmental scanning
electron microscopy (ESEM)-scanning transmission elec-
tron microscopy (STEM), it is possible to detect the labels
with nanometer precision while the cells are kept in a liquid
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state so that the plasma membrane remains intact (8). Of key
importance for the study of receptor distributions is to avoid
relying on selected regions of single cells, given that large
differences occur between cells due to cancer cell heteroge-
neity (9). Membrane areas of a representative size of multi-
ple whole cells must be examined, whereas at the same time
single-molecule detection is required. Two human breast
cancer cell lines were used, SKBR3 and HCC1954. Both
are known to overexpress HER2 and serve as a model sys-
tem of HER2+ breast cancer in numerous studies (10).
The HCC1954 cell line is a trastuzumab-resistant cell line.
Among many thousands of labels, it was observed that
HER?2 sometimes aligned in linear chains with regular inter-
label distances, and the observation of these chains was
highly significant with respect to randomly occurring
patterns.

MATERIALS AND METHODS
Materials

SKBR3 and HCC1954cells were obtained from ATCC (Manassas, VA),
and authenticated by genotyping (Multiplexion, Heidelberg, Germany).
Biotin-conjugated anti-HER2 affibody molecule (HER2-AFF-B, type:
(ZHER2:477)2) was purchased from Affibody AB, Bromma, Sweden.
Dulbecco’s phosphate-buffered saline was from Lonza Cologne, Cologne,
Germany. Dulbecco’s modified Eagle’s medium GlutaMAX with high
glucose and pyruvate, RPMI Medium 1640 GlutaMAX, minimum essential
medium nonessential amino acids 100x solution, QD Qdot 655 streptavidin
conjugate (strep-QD), and fetal bovine serum were from Life Technologies,
Carlsbad, CA. Normal goat serum (GS) was purchased from Rockland
Immunochemicals, Gilbertsville, PA. High-performance liquid chromatog-
raphy (HPLC)-grade acetone and ethanol, phosphate-buffered saline (PBS)
10x solution, electron-microscopy-grade glutaraldehyde 25% solution,
D-glucose, D-saccharose, glycine, biotin-free and molecular-biology-grade
albumin Fraktion V (BSA), and sodium cacodylate trihydrate were from
Carl Roth KG, Karlsruhe, Germany. Electron-microscopy-grade formalde-
hyde 16% solution was from Electron Microscopy Sciences, Hatfield, PA.
HPLC-grade deionized water, poly-L-lysine (hydrobromide (mol wt
70,000-150,000), sodium tetraborate, boric acid, and gelatin from cold-
water fish skin (GEL) were from Sigma-Aldrich Chemie, Munich,
Germany. Custom-designed silicon microchips were purchased from
DENSsolution, Delft, the Netherlands. The microchips had outer dimen-
sions of 2.0 x 2.6 x 0.4 mm>, and each contained a silicon nitride (SiN)
membrane window with dimensions of 50 x 400 um? and a membrane
with a thickness of 50 nm.

Preparation of microchips with adhered cells

Microchips with thin SiN windows were used as a support for the SKBR3
cells for all experiments and were designed for ESEM-STEM under wet
conditions. The cells were seeded onto these microchips, and the samples
were prepared using a protocol described elsewhere in detail (11,12). In
brief, new microchips contained a protective photoresistant coating that
was removed with subsequent 2 min washes in acetone and ethanol. The
microchips were then plasma cleaned for 5 min to render the SiN surfaces
hydrophilic and placed in 0.01% poly-L-lysine for 5 min, rinsed two times
in water, and placed in an individual well of a 96-well plate filled with cell
media. The cells were seeded on the microchips by adding a droplet of
~20 uL cell suspension to each well. They settled on the window within
several minutes with a density of 5-15 per window area, as was verified
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from inspection using an upright microscope. Finally, the microchips
were incubated for several hours and inspected using a phase contrast light
microscope (Leica, Mannheim, Germany). If the density of cells had
reached the required number of 5-15 per SiN window, and if the cells
had flattened out, indicating cell adherence, the chips were ready for protein
labeling.

Labeling of HER2 on SKBR3 or HCC1954 cells

A two-step labeling method was used (3,12). First, the cells were incubated
with a biotinylated anti-HER2-affibody that binds to a single epitope at the
HER2-receptor (13), and second, the cells were fixed and incubated with
strep-QDs that bind in a one/one ratio to the biotin moiety of the affibody
(13). Before labeling, the cells were incubated in cell media without fetal
bovine serum for 24 hr in a CO, incubator. Serum starvation was performed
to improve labeling efficiency and ensure reproducibility between the
different experiments. 20 uM anti-HER2-affibody-biotin stock solution
was added to GS-GEL-BSA-PBS (1% GS, 0.5% BSA, 0.1% gelatin) to
obtain a 200-nM HER2-affibody-biotin labeling solution. The microchips
with adherent cells were rinsed twice in serum-free media, rinsed and incu-
bated for 5 min in GS-GEL-BSA-PBS, and subsequently incubated in the
200-nM HER2-affibody-biotin solution for ~10 min at room temperature.
Excess labeling agent was removed by rinsing four times with PBS and
once with 0.1 M cacodylate buffer, 0.1 M sucrose, pH 7.4 (CB), followed
by fixation with 3% formaldehyde in CB. The microchips were then rinsed
once with CB and three times with PBS and placed in GLY-PBS (0.1%
glycine in PBS) for 2 min. 1 uM strep-QD655 stock solution was diluted
in 40 mM Borate buffer and added to 1% bovine serum albumin (hBSA)-
PBS (1% BSA) to obtain a 5 nM solution. The fluorescent QD label was
allowed to bind to the biotin moiety by incubating the samples in the
strep-QD solution for 12 min. Note that without fixation before the incuba-
tion with strep-QDG655, label-induced clustering might occur (14). Finally,
all microchips were rinsed four times with hBSA-PBS. After fluorescence
microscopy (see next paragraph), the cells were fixed with 2% glutaralde-
hyde in CB to stabilize the samples for electron microscopy, and then rinsed
once with CB and three times with hBSA-PBS and stored in hBSA-PBS at
4°C until ESEM imaging. A control experiment was performed using the
same process and quantities described above, except that the cells were
not incubated in the anti-HER2-affibody-biotin solution before QD label-
ing, verifying that no unspecific binding of QDs occurred.

Fluorescence microscopy

The microchips with cells were imaged in an inverted fluorescence micro-
scope (DMI6000B Leica; Leica), in which the microchips were placed
upside down in a cell culture glass-bottom dish in hBSA-PBS after the
formaldehyde fixation. Cells were imaged with 20x and 40x objectives.
Direct interference contrast (DIC) images were acquired to study the cell
topography, whereas the fluorescence signal revealed the localization of
regions with a bound label.

ESEM

Intact cells in a liquid state were studied in an ESEM (Quanta 400 FEG;
FEI, Hillsboro, OR), using STEM in dark-field mode (8,15), to observe
the individual QD-HER?2 positions. The cells were maintained in a liquid
state under a thin layer of water by cooling the sample stage to 3°C and
adjusting to a pressure of 720-760 Pa. To maintain the cells in this wet state
(12), the microchip was rinsed three times with HPLC-grade water and then
placed in the sample stage of the microscope. Before the vacuum chamber
was closed, 3 uL of HPLC-grade water was dropped on the sample, and
three droplets of 3 uLL HPLC-grade water were placed on the stage near
the sample to provide moisture for the pumping and purging cycles. The



vacuum chamber was then evacuated to 900 Pa and cycled four to five times
between 900 and 1500 Pa. After the purging cycle, the chamber pressure
was set to 810 Pa, and a closed water layer was visible in the image. The
pressure was then adjusted to obtain optimal imaging conditions by regu-
lating it down until the water layer was thin enough for the electrons to
pass through to the STEM detector at the outer edges of the cells, providing
sufficient contrast to observe the QDs and maintaining a liquid layer
covering the sample (8). The pressure was adjusted to a value between
720 and 760 Pa depending on the sample.

An electron energy of 30 kV, spot size of ~2 nm, probe current 0.6 nA,
and working distances between 6 and 7 mm were used for ESEM. First,
overview ESEM-STEM images were acquired, including an overview
image of the entire SiN window, which were compared to the previously
recorded fluorescence and DIC images. This correlative method allowed
for quick relocation of the cells during electron microscopy as well as
choosing representative cells for the high-resolution STEM imaging.
Images of cells showing individual labels were acquired at a magnification
of 60,000%, a pixel size of 2.2 nm, and a pixel dwell-time of 50 us. The
image size was 2048 x 1768 pixels, yielding a scanning area of
17.5 um2 per image. The electron dose was 4 X 10* ¢ /nm?, within the
known limit of radiation damage (8). Images of each analyzed cell were
acquired before and after zooming in to 60,000 x.

Particle detection

The QD positions were automatically determined using a locally designed
plugin in ImageJ (National Institutes of Health), as discussed elsewhere
(3). Briefly, the image was first noise filtered using a Gaussian filter
with a radius of one pixel. The background variations in the image
were then removed by applying a Fourier filter adjusted for the passage
of spatial frequencies between a factor of three smaller and a factor of
three higher than those of the approximate QD size of 8 nm. The image
was binarized using an automated threshold with a maximal entropy
setting. Finally, the particles were automatically detected using the
Analyze Particles tool, which selects particles with an area within a factor
of 5 of the expected area. The coordinates of detected particles of one
image were stored in a data set. The precision of the particle detection
amounted to a pixel size of 2.2 nm. The pair correlation function was
calculated using a plugin implemented in ImageJ based on an algorithm
described elsewhere (3).

Detection of linear particle chains

The obtained data sets with particle coordinates were analyzed for the pres-
ence of linear particle chains. The following criteria were used to identify
linear sequences of particles. 1) The sequence should consist of at least six
particles to reduce the likelihood of random line detection. The value was
chosen experimentally from visually analyzing the images for rarely occur-
ring lines; it was initially estimated that chains of six particles would not
occur by random chance, and this was later verified in a statistical analysis.
2) The distance between every two consecutive particles in the sequence
should be 36 + 15 nm, which centers around the actin-filament-repetition
distance and accounts for error in labeled positions and particle detection.
3) The particles in the sequence should be positioned on a line, with the
angle of connecting lines between three adjacent particles ranging between
150 and 210°. The ranges of variation in the interparticle distance and the
angles between particles were chosen from the approximate variability of
the distances and angles in lines as determined from visually analyzing the
images. To perform this analysis, a program was developed in MATLAB
(MATLAB and Statistics Toolbox Release 2015b, The MathWorks, Natick,
MA) based on the concept of an adjacency matrix constructed as follows.
Firstly, for a data set with N particles labeled p;...pn, the distance matrix D
was defined as a matrix with dimensions N x N. Every entry D, ; contained
the distance from particle p; to particle p;. Next, the adjacency matrix A
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was constructed, also with dimensions N x N. The entries of A were
defined as

Y10 else ‘

The matrix A thus contained a value of one for every pair of particles that
could be reached with a step of size 36 + 15 nm and zero for every other
pair of particles. The matrix A was considered as a graph in which every
row corresponded to a vertex and every nonzero entry corresponded to an
edge. Every path of length k except for cyclic paths corresponded to a
sequence of k particles in which each two consecutive particles were sepa-
rated by a distance of 36 = 15 nm. Two other distance ranges were tested
as well, 36 = 15 and 75 = 15 nm. The goal was then to find all such
paths in the graph. This was achieved by exploiting a specific property
of the adjacency matrix. Considering AF (e, A x A x ... k times), it
holds that Ak,-y j is equal to the number of paths of length k from particles
pi to p; (16). By computing A*, the number of paths of length k from p; to
p; can be determined for every pair of particles p; and p;. Particularly
for Aki,_,» > 0, it is known that at least one path of length k exists from
pi to p;. In these cases, Yen’s algorithm (17), which computes k shortest
loopless paths for a graph with a non-negative edge cost, was used to
compute each path.

The remaining criterion was that particles were positioned approximately
linearly, and this was enforced by filtering the resulting matrix. For every
identified path, the Pearson product-moment correlation coefficient (18)
was employed as a measure of linearity, and paths with an absolute linearity
<0.9 were discarded. As an additional local criterion, the angle between
every consecutive line segment of the path was computed. Paths for which
a line segment formed an angle of >30° with neighboring line segments
were also discarded, which helped to remove outliers from the data.

Simulation of random data

To safeguard against random detection events and statistically evaluate
our results, synthetic random data were generated. The data set was de-
signed to preserve the large features of the specimen but randomize the
positions of particles. This analysis allowed for the observation of the
localization and arrangement of HER2 receptors separately from the prob-
ability that particles at random positions will also form linear structures.
The synthetic data were generated as follows. Each experimental image
was divided into a grid of 8 x 8 segments. The particles in each segment
were randomized so that the segments contained the same number of par-
ticles as the actual image but at random positions; this approach preserved
the large-scale structure of the image, such as local protein densities, but
discarded the exact positioning of the particles. The statistical analysis
described above was executed on both experimental and randomized
data. The approach allowed us to compare the number of linear structures
detected in the experimental data to the number of random occurrences in
the synthetic data to exclude random effects as the source of our
observations.

RESULTS
Detecting HER2 positions in SKBR3 cells

ESEM operated in wet STEM mode (15) was used to study
the localization of individual HER2 proteins in the intact
plasma membranes of SKBR3 breast cancer cells (3,8).
QD protein labels were used to indicate the presence of
HER2, because their cores consist of an electron-dense
material that provides atomic-number contrast in STEM
(19,20). QDs also generate a fluorescence signal, allowing
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for the testing of successful labeling using light microscopy.
SKBR3 cells grown on microchips suitable for ESEM-
STEM were incubated with a specific label consisting of
biotinylated HER2-affibody and strep-QDs. Using a two-
step labeling method (3,12), it was possible to label each
HER?2 receptor with only one QD (3). The aim of the exper-
iment was to study correlations in the localization of the
HER?2 receptors. Fig. 1, A and B show the DIC image and
fluorescence signal, respectively, from an area of a SiN win-
dow coated with several flattened SKBR3 cells. The cell
confluency was ~50%, such that most cells touched each
other at several locations, but the individual cells had
enough space to fully extend on the SiN substrate, providing
thin peripheral regions suitable for examination using
STEM. HER2 in the plasma membrane, represented by
the red fluorescent signal in Fig. | B, exhibited a predomi-
nantly heterogeneous distribution. The overall abundance
of HER2 differed not only between cellular regions but
also between the individual cells. The largest density of
HER2 occurred on membrane ruffles and outer edges of
cells. Membrane ruffles, or invadopodia, are highly dynamic
structures involved in migration and metastasis in cancer
cells (21), with typical widths of 0.5-1.5 um and lengths
of up to several tens of micrometers. These are visible, for
example, as thin elongated shapes in the cell marked with
an asterisk in both the DIC and fluorescence images in
Fig. 1, A and B. These areas consist of denser cellular mate-
rial resulting in stronger electron scattering and thus appear
brighter in the image.

Cellular regions with high HER2 concentrations in
the membrane were selected for ESEM-STEM. The cell

marked with an asterisk in Fig. 1, A and B is shown at
higher magnification in the ESEM image of Fig. 1 C.
This cell exhibits membrane ruffles close to its edge, visible
as bright lines in the cell topography and indicated by an
arrow. The thicker region around the cell nucleus appears
white under dark-field STEM contrast and was too thick
for high-resolution electron microscopy. Fig. 2 A depicts
a high-resolution image of the region outlined by a rect-
angle in Fig. 1 C. The bright shapes spanning the image
from the top right and splitting up to the bottom left reflect
a membrane ruffle, whereas another ruffle extends from the
left to the right side in the lower part of the image. Individ-
ual QD positions are visible as bright dots. HER2 was
highly abundant in the membrane ruffles, confirming previ-
ously published results (3). The QD-label positions were
automatically detected for further examination. Fig. 2 B
shows a selected region (indicated with b in Fig. 2 A)
with QDs outlined by yellow shapes resulting from auto-
mated position detection, each reflecting an individual
HER2 protein. The QD positions were detected with a
precision of 2 nm. HER2 appeared to be distributed into
many individual labels and pairs as well as some larger
clusters. Because the labeling was not 100% efficient, a
higher abundance of HER2 proteins may have been present
than indicated by the label positions.

A statistical analysis of the distances between pairs of
labels was conducted to detect possible preferred arrange-
ments. For this purpose, the pair correlation function g(r)
(22) was calculated for all detected labels in Fig. 2 A using
a method described elsewhere (3). The value of g(r)
equals 1 for a random label distribution. The g(r) shown

FIGURE 1

Micrographs showing SKBR3 cells grown on a silicon nitride (SiN) membrane. (A) A direct interference contrast (DIC) image of several cells

flattened out on the SiN supporting membrane is shown. (B) The fluorescence signal originating from quantum-dot (QD)-labeled HER2 proteins in the plasma
membranes of the cells is shown. (C) An image of the same sample acquired with environmental scanning electron microscopy (ESEM) using scanning
transmission electron microscopy (STEM) detection in a wet environment is shown. The cells were in a liquid state and covered by a thin water layer.
The large cell is the same as the cell marked with an asterisk in (A) and (B). The bright elongated shape marked by an arrow is an example of a membrane

ruffle. To see this figure in color, go online.
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FIGURE 2 ESEM-STEM micrograph of a region of a SKBR3 cell with QD-labeled HER2. (A) An image of the plasma membrane region at the edge of the
cell shown within the rectangle in Fig. 1 Cis given. The small white spots represent individual QDs. The brighter shade in the background reflects the mem-
brane ruffle. The image was filtered to improve the visibility of the QDs (Gauss filter with a size of 0.5 pixel and fast Fourier transform band-pass filter with a
range of 1-400 pixels). (B) The highlighted outlines of automatically detected QDs at location b in (A) are shown. Several QDs are positioned in a linear chain
between the dashed line. (C) QDs at location ¢ in (A) with a linear chain of QDs between the dashed line are shown. (D) The pair correlation function g(r) as

function of the radial distance between labels r calculated for all detected label positions in (A) is shown. To see this figure in color, go online.

in Fig. 2 D exhibits a peak at » = 20 nm, indicating that a
label pair distance of 20 nm occurs more frequently than
in a random distribution. This peak indicates the presence
of signaling-active HER2 homodimers, given that the
center-to-center distance between two QD labels attached
to such dimers equals 20 nm, with some variation due to
linker flexibility (3). The finding that this section of
the plasma membrane with membrane ruffles contains
HER2 homodimers is consistent with previously published
results (3).

Data were acquired of five cells on two different micro-
chips, with a total of 48 images collected, representing a
membrane area of 840 um? and an average QD label density
of 86/um?. The experiment was then repeated on two cells
and six images for a total analyzed area of 151 um?, yielding
an average QD density of 121/um?”. These experiments are
summarized in Table 1.

Arrangement of HER2 in linear chains

An intriguing HER2 spatial distribution was observed in
several images. The dashed lines in Fig. 2, B and C enclose
seemingly linear chains of QD labels. It is highly unlikely

that linear chains of proteins formed by chance, indicating
that an underlying mechanism drives this specific arrange-
ment. It is known from previous work that there is a correla-
tion between epidermal-growth-factor-receptor (EGFR)
localization and the actin-filament-helix-repetition distance
of 36 nm (23). It is also known that the structures of EGFR
and HER2, both members of the EGFR-family, are very
similar. It was therefore hypothesized that the repetition
length of the actin filament structure could correlate to the
measured interlabel distance, with variation due to the struc-
tural flexibility of both the receptor protein and the QD linker.

Fourteen examples of linear chains are shown in Fig. 3.
Using this labeling and imaging method, it was possible to
investigate the localization and interlabel distances be-
tween HER?2 proteins oriented in linear chains (indicated
by D in Fig. 3 A). The angle between the two line seg-
ments connecting three adjacent HER2 proteins is indi-
cated by « in Fig. 3 A. The presence of linear chains of
HER?2 proteins was accordingly analyzed from a series
of images; the criteria for a linear chain were the detection
of six or more QDs with an interlabel distance of 36 =+
15 nm and a linear correlation factor of at least 0.9 (see
Materials and Methods). The average interlabel spacing

TABLE 1 Summarization of Data for SKBR3 and HCC1954 Cells for Both Initial and Repeated Experiments
Number of Number of
Number of Cells Number of Images  Image Area um®> QD Labels Label Density ~ Chains Found ~ Chain Density
SKBR3, Experiment 1 5 48 840 72,240 86/um? 85 0.10/um?
SKBR3, Experiment 2 2 6 151 18,271 121/um? 34 0.23/um>
HCC1954, Experiment 1 3 51 860 38,640 46/um> 2 0.0023/um?
HCC1954, Experiment 2 3 8 202 21,614 107/um? 15 0.084/um?

The linear chains of six or more labels were spaced with an interval of 36 = 15 nm. Overlapping lines were not counted.
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FIGURE 3 Selected regions of ESEM-STEM images showing QD-
HER?2 labels arranged in linear chains in the plasma membranes of different
SKBR3 cells. (A) A chain of labels is shown along the dashed white line.
(D) reflects the distance between two QDs. The angle of the line connecting
three adjacent QDs is indicated by a. (B)—(N) Further examples of linear
chains of QD-HER2 positions are shown. All scale bars, 50 nm. To see
this figure in color, go online.

for the lines shown in Fig. 3 was measured to be 41 =+
6 nm (Fig. 4 A), with the error margin describing the
SD. The linearity of the chains was analyzed using the
angle between the two line segments connecting three
particles (Fig. 4 B). For the 14 plotted examples, these
angles are 182 * 14° on average, indicating that there is
no preferred curvature. The analysis of all images from
both experiments (see Table 1) revealed the presence of
119 linear HER?2 chains in a total of 54 images, with a to-
tal area of analyzed SKBR3 cells of 991 um?. The linear
chains thus had a density of 0.12/um2, much lower than
the overall density of QD labels. The average label dis-
tance in all lines amounted to 40 * 7 nm, and the average
angle was 181 =+ 16°.

Safeguarding against false positives

A fundamental problem with all sufficiently sensitive
pattern-detection algorithms is that similar patterns may
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also be found with some probability in random data, an
effect generally known as false-positive identification.
Thus, the presence of particle chains found in the experi-
mental data does not necessarily imply successful labeling
of linear chains of proteins but could possibly be a statistical
effect of the detection algorithm. So, one must ask if
the number of particle chains exceeded the expected value
for random particle positions. To verify this, we conducted
control experiments on randomized data. For each image,
100 randomized data sets were generated with a similar
local density of the labels. The same particle chain detection
as was used for the experiments was then performed for the
randomized data sets. The data for SKBR3 cells are
included in Table 2.

Of 23 images in which lines occurred in the original data
and in the repeated experiment, the expected number of
linear chains of six particles was 4.2 per image; in the cor-
responding randomly generated data with 100 data sets for
each of the 23 images, the expected number of linear chains
was only 0.033 per image. A similar analysis on six images
with linear chains of seven or more particles yielded
3.1 linear chains per image in the original data and 0.01
linear chains per image in the randomly generated
data. The density of linear chains in the random data was
9.2 x 1074/,um2, over two orders of magnitude lower than
the linear chains found in the original data. The p-values
did not exceed 0.02 for any of the data sets, indicating
that the number of linear chains in the original data is
statistically significant and that linear chains formation in
SKBR3 cells did not occur because of random chance.

Test for different intervals in linear chains

In addition to the proposed interval between HER2 labels of
36 + 15 nm, we also tested particle distances of 15 + 15
and 75 * 15 nm to ensure that the proposed interval is
meaningful. The test was performed for the data set of the
first experiment involving 48 images of five cells in total.
In 23 of those images, a total of 85 linear chains were found
(Table 1). These 23 images were analyzed for the different
intervals. Because a change in the interval also changes
the probability of finding random chains, the tests were
repeated for randomized data sets with the new intervals.
In the interval 15 = 15 nm, we found a single linear chain
with six particles in four different images. The correspond-
ing tests of the randomized data sets (100 for each image)
resulted in a single linear chain in one image and no linear
chains in all other experiments. It can thus be concluded that
these linear chains found in the experimental images are sig-
nificant. The number of linear chains was much smaller than
the 85 linear chains found for the interval of 36 + 15 nm.
In the interval 75 = 15 nm, we found 37 linear chains in
the images (Table 3). However, the larger interval also re-
sulted in a larger number of linear chains found in the ran-
domized data. The p-values were smaller than 0.05 for only
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FIGURE 4 Analysis of QD-HER2 chain posi-
tions for the images shown in Fig. 3. (A) Average
interlabel distance <D> measured from all QD
positions in a single chain. The chain indicator
(a—n) is the same as the panel indicator in
Fig. 3. The average value of all measurements is
included as a dashed line. (B) The average angle
<a> between all lines connecting three QDs for
QD-HER?2 Chain QD-HER?2 Chain each chain is given. The average for all measure-
ments is indicated by the dashed line.

<D > (nm)

four of the images, each of which included one linear chain. were found in the randomized images with similar label
The other images exhibited more than two linear chains in density. The lines found in those images were thus not sta-
the experimental image. However, several linear chains tistically significant. In effect, this interval showed only

TABLE 2 Comparison of Linear Particle Chains with an Interval of 36 + 15 nm Found in Experimental Data with Linear Chains
Found in Simulated Random Data for SKBR3 Cells

L=6 L>17
Number of Chains Number of Chains
Data Set Number of Chains in Random Data N p-Value Number of Chains in Random Data N p-Value
1 1 0 100x <0.01 0 0 100x <0.01
2 1 0 100x <0.01 0 0 100x <0.01
3 1 0 100x <0.01 0 0 100x <0.01
4 1 0 100x <0.01 0 0 100x <0.01
5 1 0 100x <0.01 0 0 100x <0.01
6 1 0 100x <0.01 0 0 100x <0.01
7 1 0 100x <0.01 0 0 100x <0.01
8 6 0 100x <0.01 0 0 100x <0.01
9 1 0 100x <0.01 0 0 100x <0.01
10 1 0 100x <0.01 0 0 100x <0.01
11 3 0 100x <0.01 0 0 100x <0.01
12 2 0 100x <0.01 1 0 100x <0.01
13 2 0 100x <0.01 0 0 100x <0.01
14 4 0 100x <0.01 3 0 100x <0.01
15 8 0 96 x <0.01 5 0 100x <0.01
- 1 3x - - 0 100x -
- 2 1x - - 0 100x -
16 7 0 97 x <0.01 1 0 100x <0.01
2 3x 0 100x
17 1 0 99 x <0.02 0 0 100x <0.01
- 3 1x - - 0 100x -
18 7 0 99 x <0.01 4 0 100x <0.01
- 1 1x - - 0 100x -
19 3 0 100x <0.01 0 0 100x <0.01
20 16 0 89x <0.01 2 0 98 x <0.02
1 Tx - - 1 1x -
- 2 1x - - 2 1x -
- 4 2% - - - - -
21 1 0 99 % <0.02 31 0 10x <0.1
- 1 1x - - - - -
22 1 0 99 x <0.02 0 0 100x <0.01
- 1 1x - - - - -
23 28 0 75x% <0.01 6 0 97 x <0.01
- 1 12x - - 1 1x -
- 2 8x - - 2 2% -
- 3 5x - - - - -

Particle chains of a length L = 6 and L > 7 were considered. For each experimental data set, 100 random data sets were simulated and analyzed, preserving
the local density of labels. For each data set, we list the number of chains found in the original image (column Number of chains). Each random data set might
contain a different number of particle chains, so we list the number of chains found in the random data sets (column Number of lines in random data) and in
how many random data sets this number occurred (column N). Additionally, we give the probability of finding at least the number of particle chains found in
the original image in a randomized data set, i.e., by chance (column p-value).
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TABLE 3 Comparison of Linear Particle Chains Found for an
Interval of 75 = 15 nm in Experimental Images of SKBR3 Cells
Compared with Simulated Random Data for SKBR3 Cells

Number of Number of Chains

Data Set Chains in Random Data N p-Value

8 1 0 100x <0.01

11 1 0 100 % <0.01

3 1 0 98 x <0.03

— 1 2% -

9 1 0 98 x <0.03
1 2%

1 2 0 93x >0.05
1 7%

2 3 0 95x >0.05
1 5x%

17 6 0 63x >0.05
1 7%

15 7 0 72x >0.05
1 22x
2 3x
3 3x

16 15 0 50 >0.05
1 12x
2 7x
3 1x

Particle chains of a length L = 6 were considered. For each experimental data
set, N random data sets were simulated and analyzed, preserving the local
density of labels. The data set numbers correspond with those in Table 2.

four significant linear chains. It can therefore be concluded
that the interval of 36 = 15 nm is meaningful.

HER2 arrangement in HCC1954 cells

To evaluate whether the HER2 linear chains would also
appear in a different cell line, the same two-step labeling
method was used to investigate the localization of HER2
in HCC1954 breast cancer cells (Fig. 5 A). Like for
SKBR3 cells, fluorescence microscopy indicated that quan-
tum dots primarily concentrated at the edges of cells and in
membrane ruffles (Fig. 5 B); these areas were the focus of
ESEM imaging. Fig. 5 C shows several cells in an overview
ESEM-STEM image; Fig. 5 D is an example of a high-res-
olution image in which the QD labels are visible, with a
slightly higher density in brighter regions at the cell edge.
In the first experiment, a total of 51 images and a membrane
area of 861 um” were examined from three different cells,
yielding a density of QD labels of 46/um?, a factor of two
lower than that of the SKBR3 cells. Note that the edges of
a few images were discarded because they contained clipped
signals. The QD density of unspecific labeling from the con-
trol experiment, which excluded the HER2-affibody-biotin
labeling step, was measured to be 0.3 QDs/um?, two orders
of magnitude lower than for the HER2 labeling experiments.
The analysis was repeated on eight images obtained from
three additional cells for a total analyzed area of 202 um?>
and a QD density of 107/um>. A total of 17 linear chains
were found in this data, as summarized in Table 1.
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The linear chains in HCC1954 cells exhibited a somewhat
smaller interlabel distance of 32 = 10 nm. The relative SD
was higher than for the SKBR3, consistent with a lower
number of linear chains observed for the HCC1594 cells.
The density of linear chains was 0.016/um? for this cell
type, much lower than the density of linear chains in
SKBR3 cells (Table 1). It is not surprising that the density
of linear chains is lower than in SKBR3 cells due to the
lower density of QD labels; perhaps the labeling efficiency
was insufficient in this experiment. Additionally, HCC1594
tends to have fewer membrane ruffles and different pheno-
typic features than SKBR3, which likely leads to a different
HER?2 distribution and localization.

The same analysis on random chains was performed for
this cell line (Table 4). 17 linear chains of six particles
were found in six images in the original and repeated exper-
iment, leading to an expected value of three per image in
which linear chains were found; the random data sets, again
from 100 sets per image, yielded 0.021 chains per image
when linear chains occurred in the original image.
The random analysis yielded a density of 1.5 X
10~ chains/,umz, a factor of 100 lower than in the original
images. The simulated random control data contained
significantly (all p-values < 0.03) fewer chains compared
to the measured data for HCC1954 cells, as shown in
Table 4, indicating that the experimentally observed linear
arrangement is statistically significant. We can thus exclude
the possibility that the detected particle chains are a statisti-
cal effect of the detection algorithm. This analysis of
HCC1954 cells suggests that although the density HER2
line likely differs from the SKBR3 cell line due to different
phenotypic behavior, the linear particle chains were present
in a significant quantity in both cell lines.

DISCUSSION

to date, only a very few reports exist of membrane receptor
proteins organized in chain-like arrangements, among them
rhodopsin (24), TGRS, a bile acid-sensing G-protein
coupled receptor (25), and EGFR (26); interestingly, all of
these receptors function as dimers, which also applies to
HER?2. We report here on the linear spatial arrangement of
HER?2 detected in HER2-overexpressing breast cancer cell
lines. Chain-like arrangements of HER2 with interlabel dis-
tances of 40 = 7 and 32 = 10 nm were found in SKBR3
and HCC1954 cells, respectively. These linear structures
were found on the same membrane structures earlier identi-
fied as membrane ruffies, in which HER2 resided preferen-
tially in homodimeric form (3).

Liquid-phase electron microscopy was utilized to directly
image specifically labeled endogenous, single HER2 mole-
cules in the plasma membrane of intact cells in a wet envi-
ronment. HER2 was labeled with a small probe consisting of
an affibody and a QD (3), resulting in a <1:1 ratio of label
to molecule. Liquid-phase STEM provides a planar view of



the membrane, thereby allowing the detection of many thou-
sands of labeled HER?2 proteins in single cells. The study of
the spatial arrangement of membrane proteins at the nano-
scale was possible because of the 2-nm precision of the
ESEM-STEM method in combination with the capability
to analyze large areas approaching 1000 wm? of intact
plasma membrane. Several types of liquid-phase electron
microscopy systems exist for studying membrane proteins
in cells (3,27-30). Most other methods for analyzing mem-
brane proteins in cells do not achieve sufficient spatial res-
olution to resolve individual protein positions for
endogenous membrane proteins, as is the case for super-res-
olution fluorescence microscopy (31,32), or are incapable of
handling a series of whole cells, such as in cryo transmission
electron microscopy, which typically focuses on analyzing a
subsection of a cell (33). Indirect optical methods have been
used extensively to study receptors of the HER family, but
various open questions about their spatiotemporal organiza-
tion remain (34) because membrane proteins are notoriously
difficult to study in their native environment in the plasma
membrane.

The observed densities of linear chains of six succes-
sively labeled proteins (0.12/um” and 0.018/um?* for

Linear Chains of HER2 Receptors

FIGURE 5 Analysis of HCC1954 cells with
QD-labeled HER2. (A) A DIC overview image
showing several adhered cells with flat edges is
presented. (B) A fluorescence image revealing
the locations of QD-labeled HER2 is shown. (C)
An ESEM-STEM micrograph of regions of
HCC1954 cells with QD-labeled HER?2 at the loca-
tion of the dashed rectangle in (A) and (B) is
shown. (D) A high-resolution image of the region
indicated with the rectangle in (C) is shown. Auto-
matically detected label positions are indicated as
colored spots, and the image was filtered as
described in Fig. 2. To see this figure in color, go
online.

SKBR3 and HCC1954 cells, respectively) were rather
low compared to the density of the individual labels of
~100/um?. The actual number of linear chains was poten-
tially much larger, but presumably not all HER2 receptors
were observed due to a limited labeling efficiency 7;
supposing that n = 0.5, the chance to observe a chain of
six would amount to 176 = 0.016. In other words, if all
HER?2 proteins were assembled in linear chains of 6,
only 1.6% would be observed. Longer chains have an
even lower probability of detection. Because the labeling
efficiency never reaches 100%, a large plasma membrane
area must be analyzed to observe the linear chains. This
would also be the case for genetically engineered fluores-
cent tags, for which bleaching and other factors lead to a
reduction in detected particles. The detection of linear
chains in the experimental data was proven to be highly
significant compared to random simulated data with similar
density patterns (Tables 2 and 3). Note that our analysis
does not preclude nor exclude the arrangement of HER
homodimers in linear chains.

A possible explanation for the linear organization of
HER?2 is a linkage between HER2 and actin filaments.
Actin, the main component of the -cytoskeleton, is

TABLE 4 Comparison of Linear Particle Chains Found in Experimental Data with Linear Chains with an Interval of 36 + 15 nm

Found in Simulated Random Data for HCC1954 Cells

L=6 L>7
Number of Chains Number of Chains

Data set Number of Chains in Random Data N p-Value Number of Chains in Random Data N p-Value
1 1 0 100x <0.01 0 0 100x <0.01
2 1 0 100x <0.01 0 0 100x <0.01
3 1 0 98 x <0.03 0 0 100x <0.01

2 2x
4 8 0 96 x <0.01 0 0 100x <0.01

2 3x

5 1x
5 4 0 100x <0.01 0 0 100x <0.01
6 2 0 100x <0.01 0 0 100x <0.01
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known to colocalize with HER2 in membrane ruffles of
HER2-overexpressing cells, as was shown by fluorescence
microscopy (35,36) and indirectly by immunoprecipitation.
The latter biochemical method does not provide spatial in-
formation, but the results indicate a direct interaction be-
tween HER2 and actin (37). However, direct interaction
seems to occur exclusively in cells with HER2 overexpres-
sion such as the cancer cell lines used in this study. Besides
direct binding, several membrane-bound and cytosolic pro-
teins can serve as linking molecules between HER2 and
actin, for instance, through integrins (38), which are trans-
membrane receptors essential for mediating cell-extracel-
lular matrix and cell-cell interactions. The linking
mechanism may involve more than one protein, as found
for instance in reporting by Wang et al. on the formation
of a HER2/actin complex in conjunction with guanine
nucleotide exchange factor (Vav2), Ras-related C3 botuli-
num toxin substrate 1 (Racl), serine/threonine-protein ki-
nase (Pakl), and actinin (37). Jeong et al. found
indications of the formation of a HER2/actin complex
involving two ion channels, namely sodium-hydrogen
exchanger regulatory factor 1 (NHERF1) and plasma mem-
brane calcium ATPase2 (PMCA?2), together with chaperone
HSP90 (39).

The average interlabel distance found in the HER2 chains
(23) agrees, within error, with the 36-nm helix-repetition
distance of actin filaments, which is reflected in the interval
length observed for myosin (40,41) and for talin proteins
that bind to cross-bridging actin filaments (42). The organi-
zation into linear chains was also proposed for the closely
related EGFR, a membrane receptor belonging to the
same family of tryrosine kinases as HER2 (43).

The chain-line arrangement with regular protein distances
may point to the assembly of HER?2 in a larger oligomer. For
the case of EGFR, such a larger oligomeric structure
enhances the potential for autophosphorylation, receptor
kinase activation, and phosphorylation, thereby increasing
the signaling potency of the receptor (44). The suggested
critical limit of at least four participating EGFRs would
result in a length of 32 nm (26), matching the average
HER?2 repeat value found in our images for the HCC1954
cell line. Using double-immunofluorescence labeling, it
has been demonstrated that the EGFR colocalizes with actin
filaments, both in control and EGF-stimulated cells (45).
Residues 984-996 in the C-terminus of EGFR have been
identified as a binding site for actin and may well be
involved in the formation of higher-order receptor oligo-
mers and/or receptor clustering after ligand activation of
the kinase domain (46). The arrangement of EGFR and
HER?2 along actin filaments could have a functional role
for connecting the cytoskeleton to the extracellular matrix
via integrin (47).

The organization of HER?2 into linear chains attached to
actin filaments points toward a fundamental principle
behind the spatial-functional organization of growth factor
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receptors in membrane ruffles in the plasma membrane via
assembly into larger oligomeric structures.
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